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ABSTRACT
Proof-carryingcodeand typed assemblylanguagesaim to mini-
mize the trustedcomputingbaseby directly certifying the actual
machinecode. Unfortunately, thesesystemscannotget rid of the
dependency on a trustedgarbagecollector. Indeed,constructinga
provably type-safegarbagecollectoris oneof themajoropenprob-
lemsin theareaof certifyingcompilation.

Building on an ideaby WangandAppel, we presenta seriesof
new techniquesfor writing type-safestop-and-copy garbagecollec-
tors. We show how to useintensionaltypeanalysisto capturethe
contractbetweenthemutatorandthecollector, andhow thesame
methodcanbe appliedto supportforwardingpointersandgener-
ations. Unlike Wang and Appel (which requireswhole-program
analysis),our new framework directly supportshigher-order fun-
tions and is compatiblewith separatecompilation;our collectors
arewritten in provably type-safelanguageswith rigorousseman-
tics andfully formalizedsoundnessproofs.

1. INTRODUCTION
The correctnessof most type-safesystemsrelies critically on

thecorrectnessof anunderlyinggarbagecollector(GC). This also
holds for Proof-CarryingCode(PCC) [14] andTyped Assembly
Languages(TAL) [13]—bothof whichaimto minimizethetrusted
computingbaseby directlycertifyingtheactualmachinecode.Un-
fortunately, thesesystemscannotget rid of the dependency on a
trustedgarbagecollector. Indeed,constructinga verifiably type-
safegarbagecollector is widely consideredas one of the major
openproblemsin theareaof certifyingcompilation[12, 3].

Recently, WangandAppel [25] proposedto tackletheproblem
by building a tracing garbagecollector on top of a region-based
calculus. Our work builds on theirsbut makesthe following new�
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significantcontributions:

� We show how to useintensionaltypeanalysis(ITA) [21, 8]
to accuratelydescribethecontractbetweenthemutatorand
thecollectorandhow thesameframework canbeappliedto
constructvariousdifferenttype-safeGCs.

� UsingITA to typecheckGCmayseemto beanobviousidea
to somepeople,however, noneof thepreviouswork [23, 17,
21] have succeededin gettingit to work. Indeed,Wangand
Appel [25] subsequentlygave up on using ITA. We show
why the problemis nontrivial (seeSection2.2) andhow to
modify thebasicITA framework to solve theproblem.

� Wang and Appel’s collector [25] relies on whole-program
analysisand codeduplication to supporthigher-order and
polymorphiclanguages;thisbreaksseparatecompilationand
is impractical.We show how to useruntimetypeanalysisto
write ourGCasa library (thusnocodeduplication)andhow
to directly supporthigher-orderpolymorphicfunctions.

� We exposein detail how to implementandcertify efficient
forwardingpointers.Making themtype-safeis surprisingly
subtle(seeSection7). WangandAppel [25] alsoclaim to
supportforwardingpointersbut their schemeis lessefficient
andit is unclearwhetherit is sound.

� We alsoshow how to handlegenerationswith a simpleex-
tensionof our basecalculus.

� A garbagecollectoris type-safeonly if it is writtenin aprov-
ably type-safelanguage.We have completetype-soundness
proofs for all our calculi (seethe companiontechnicalre-
port [11]).WangandAppel’scollectors[25, 24], on theother
hand,arenot fully formalized.

Although our paperis theoreticalin nature,we believe it will
beof greatintereststo thegeneralaudience,especiallythosewho
arelooking to applynew languagetheoryto solve importantprac-
tical problemssuchasmobile-codesafetyandcertifying compila-
tion. Wehavestartedimplementingourtype-safegarbagecollector
in the FLINT system[18], however, making the implementation
realisticstill involvessolving several problems(e.g.,breadth-first
copying, rememberedsets,anddatastructureswith cycles,which
we still cannotsupportsatisfactorily). Thusimplementationissues
arebeyond the scopeof this paper. Nevertheless,we believe our
currentcontributionsconstitutea significantsteptowardsthegoal
of providing a practicaltype-safegarbagecollector.



2. MOTIVATION AND APPROACH
Why dowe wanta type-safegarbagecollector?
Theexplosive growth of the Internethasinducednewfound in-

terestin mobilecomputationaswell assecurity. Increasingly, ap-
plicationsarebeingdevelopedat remotesitesandthendownloaded
for execution.A robustmobilecodesystemmustallow codefrom
potentiallyuntrustedsourcesto beexecuted.At thesametime, the
systemmustdetectandpreventtheexecutionof maliciouscode.

Thesafetyof suchasystemdependsnotonly onthepropertiesof
thecodebeingdownloaded,but alsoonthesecurityof thehostsys-
temitself, or morespecifically, its trustedcomputingbase(TCB).

Proof-carryingcodeand typed assemblylanguageshave been
proposedto reducethesizeof this TCB by bundling theuntrusted
code with a mechanicallycheckableproof of safety, where the
safetyis usuallydefinedas type-safety. Suchsystemsonly need
to trust their verifier and runtime systemratherthan their whole
compilersuite.

But all thesecertifying-compilerprojects(e.g.,PCC,TAL) still
crucially rely on thecorrectnessof a tracinggarbagecollectorfor
their safety. Recently, bothCrary[3] andMorrisett[12] have char-
acterizedtype-safegarbagecollection as one of the major open
problemsin theareaof certifyingcompilation.

A type-safeGC is notonly desirablefor reducingthesizeof the
TCB but also for making it possibleto ship custom-tailoredGC
alongwith mobilecode,or to choosebetweenmany moreGCvari-
antswithout risking theintegrity of thesystem.Writing GC inside
a type-safelanguageitself alsomakesit possibleto achieve princi-
pledinteroperationbetweengarbagecollectionandothermemory-
managementmechanisms(e.g.,thosebasedon malloc-freeandre-
gions). Indeed,one major software-engineeringbenefit is that a
type-safeGCmustmakeexplicit thecontractbetweenthecollector
andthemutatorandit mustmake surethat it is alwaysrespected.
Without typechecking,suchrulescanprove difficult to implement
correctlyandbugscanbeverydifficult to find.

2.1 The problem
Recently, WangandAppel [23] proposedto tackletheproblem

by layeringastop-and-copy tracinggarbagecollector[26] ontopof
a region basedcalculus,thusproviding both typesafetyandcom-
pletelyautomaticmemorymanagement.

A region calculus[19] annotatesthe type of every heapobject
with theregion in which it is allocated(suchas ������	
��� where
is the region), thusallowing to safelyreclaimmemoryby freeing
any region thatdoesnotappearin any of thecurrentlylive types.

The basicidea in building a type-safeGC is to concentrateon
type-safetyratherthancorrectness.Ratherthan try to prove that
the copy function faithfully copiesall the heap,we just needto
show thatit hasa typelookingsomewhatlike ����������������� T � F�����
where����� T � F��� standsfor thetype� wheretheregionannotationT
is substitutedfor F (seeFig. 1). Assumingwehavesucha function
andwedon’t keepany referenceto theregionF, theregioncalculus
will allow usto safelyreclaimF.

Clearly, thereis no correctnessguaranteein sightsincethecopy
function might return a completelydifferent value or might not
faithfully reproducetheoriginalgraph,but it ensurestype-safeexe-
cutionof thewholemutator-collectorsystemandevenoffersaform
of type-preservationguarantee.

The main problemis clearly to write this copy function which
needsto tracethrougharbitraryheapstructuresat runtime.There-
fore, the languageneedsto supportsomeform of runtimetype in-
formationin orderto do theactualcopy.
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Figure 1: Stop-and-Copyfr om region F to region T.243
is written in continuationpassingstyle (CPS). It takes the

currentregion, theheapanda continuationandbeginsby allocat-
ing a new region T with “ let region T in B ”. It then copiesthe
heapinto this new region andfreesthe old region implicitly with
“only T in B ” which tells that all regionsbut T canbe reclaimed.
This way of freeingregionswasintroducedby WangandAppel to
circumventproblemslinkedto aliasingof regions.

In their followup paper[25], Wang and Appel suggestto cir-
cumvent the problemof runtimetype informationusinga mix of
monomorphizationanddefunctionalization(a form of closurecon-
versiondueto Tolmach[20] whichreducesthelanguageto amono-
morphicfirst-ordercalculus).However, this approachsuffersfrom
severalmajordrawbacks:

� It canintroduceasignificantcodesizeincreaseandforcesthe
useof separatespecializedGC andcopy functionsfor each
typeappearingin theprogram.Insteadof thepromisedflex-
ibility to chooseamongvariousGC variants,this approach
locksyou into a single100%tailor-madecollector.� Monomorphizationis notapplicablein thepresenceof recur-
sivepolymorphismor existentialpackages,sotheir type-safe
GC cannothandlelanguageswith polymorphicrecursionor
abstracttypes.� Monomorphizationanddefunctionalizationall rely onwhole
programanalysiswhichareclearlyimcompatiblewith sepa-
ratecompilation.� Finally, althoughtheir type-safeGC doesproperly formal-
ize theinteractionbetweenthemutatorandthecollector, the
formalizationis hiddeninsidethe compilerandhencedoes
not allow to bring out openthe overly intimaterelationship
betweentheGCandthecompiler.

They alsotry to preservesharingusingforwardingpointers.The
roughsketchof thesolutionthey proposeis similar to theonewe
developed(which wasdoneindependently).It reliesmostly on a
form of castwhichallows covariantsubtypingof references.Mak-
ing surethat this castis sufficiently constrainedto besafeis diffi-
cult. Their informalpresentationis incompleteandpossiblyincor-
rect,andleavesmany importantquestionsunanswered.



2.2 Our solution
We want to do away with any form of whole programanalysis

soasto make themutatorandthecollectorindependentin orderto
reapthe promisedbenefitsof moreflexibility andclearerinterac-
tion betweenmutatorandGC.

In thispaper, wepresentadifferentapproachfor writing thecopy
function,relyingonruntimetypeanalysis.Thesubstitutionpresent
in the returntype of copyaswell asthe needto observe typesat
runtime leadsonevery naturally to useintensionaltype analysis
(ITA) [21, 8]. In fact,anearlierpaperof WangandAppel [23] was
titled “safe garbagecollection= regions+ intensionaltype analy-
sis” but they subsequentlygave up on usingITA andoptedfor the
solutionmentionedabove [25]. Sahaetal. [17,21] alsotriedto use
ITA to write thecopyfunction,but their attemptis missingcrucial
detailsanddidn’t reallywork either.

2.2.1 Intensionaltypeanalysis
A full descriptionof ITA is outsidethescopeof this paper, but

in short,ITA providesa typecase termto examineat runtimethe
actualtypewith whichatypevariablewasinstantiated(usingsome
form of runtimetypedescriptor)anda typerec type to write type
functionsthatdo theequivalentof a fold to maponetype into an-
other. You canthusdefinea type function that replacesall occur-
rencesof Int with Bool. One importantpropertyis that typerec
functions only analysetype constructorsand linger when faced
with a typevariableuntil thatvariableis instantiated.

2.2.2 A casefor symmetry
Sowhatis theproblem?It seemsthatITA providesuswith just

theright tools.Wecanfor examplewrite asimpletyperec function
ST C F ���D� whichsubstitutesregionannotationsT for F by recursively
analyzingthetype � . At thetermlevel, in thebodyof copy, wecan
similarly usetypecase to determinethe actualtype of the object
we arecopying.

But that meansthat the type grows eachtime we go through
theGC, from � to ST C F ���D� to S 	 C T � ST C F ���D�����E�%� . This mayseem
unimportantsinceS shouldbereducedawayanyway. But S 	 C T �����
cannotbe reducedfurther until � is instantiated:FA��� ST C F ���G� is a
normalform. Sotheaccumulationof S operatorsis arealproblem,
sinceS 	 C F ����� is notequalto S 	 C T � ST C F ������� .

We couldarrangefor S 	 C T � ST C F ���D��� to reduceto S 	 C F ����� . But
thenall typesbecomeS 	 C F ���D� (whereF is the“initial region”) ex-
cept beforethe first collection. Also it is very ad-hocand only
worksif S obeys thiskind of idempotency.

A betterapproachis to ensurethat theinput andoutputtypesof
copyaresymmetric.We first redefineS 	 ����� which simply substi-
tutes for any regionannotation(why botherwith aninitial region)
andthenredefinecopyto have type � F � � T � ������� SF ������� ST �������
which getsusrid of thespecialcasebeforethefirst collectionand
doesnotrequireany specialreductionrule for S sinceGC doesnot
increasethesizeof thetypeany more.

2.2.3 A casefor tags
The above solution looks gooduntil we try to copy existential

packagesF'�+HJIK� � , usedto encodeclosures.The I annotationis
usedto boundthesetof regionsthatcanappearin thewitnesstype
hiddenunderthetypevariable� .

Openingan existentialpackageof type F'�LH+M F NO� SF ����� , gives
us the value � of � (i.e. the witnesstype) and a value of type
SF ����� . Recursively applyingcopy to that valuewill returna new
valueof typeST ����� , but how canwe constructthenew existential
packageof type F'�PHQM T NR� ST ���G� ? Reusing� for thewitnesstype

will notdosince� is not constrainedto M T N but to M F N . A witness
of ST ����� cannotwork either;theonly correctlytypedpackagewe
canproduceis ST� 5 ST ���D�U<WV * �YX which hastype FZ�KH4M T NR� � .

Clearly, weareagaintrying to pushanew S ontothetyperather
than replacingan S with another. So we can againarrangefor
ST � SF ������� to reduceto ST ���D� , but wereallydonotwantto tie our
handswith suchanad-hocandrestrictive scheme.

Instead,we canpaya bit moreattentionto whatwe do andob-
serve that S 	 ����� makesregion annotationson � completelyuse-
less, so insteadof trying to get thoseannotationsright only to
seethem substitutedwe can simply definea parallel setof non-
annotatedtypes[ (that we will call tags). Sincetagshave no re-
gion annotations,we canhidethemin tagvariableswithout any I
constraint,whichside-stepstheproblemwhencopying existentials
conveniently. Note thatcontraryto commonpractice,our tagsare
not attachedto their correspondingobjectsbut aremanagedcom-
pletelyindependently.

Sucha split betweentypesandtagsis not a new conceptsince
it wasalreadyusedin thework on intensionaltypeanalysiswhere
tagswerecalledconstructors [8, 5]. But here,tagstake on more
significancesincethey correspondto a source-level notionof type
and will be mappedto different actual typeswith different type
functionsM (formerly S) which are usedto encapsulateall the
constraintsthatmutatordatahasto satisfyin orderfor thecollec-
tor to do its job. As you will seein sections7 and8 we will use
a non-trivial M mappingto force themutatorto provide spacefor
forwardingpointersandto enforcetheinvariantthatreferencesdo
notpoint from theold generationto thenew.

3. SOURCELANGUAGE \^]4_O`Ja
For simplicity of thepresentation,thesourcelanguagewe pro-

poseto compileandgarbagecollectis thesimply typed 9 -calculus.
In orderto beableto useour regioncalculus,weneedto convert

the sourceprograminto a continuationpassingstyle form (CPS).
And we alsoneedto closeour codeto make all datamanipulation
explicit, soweturnall closuresinto existentialpackages.

We will not go into the detailsof how to do the CPSconver-
sion[7] andtheclosureconversionusingexistentials[10, 9].

ThelanguageusedafterCPSconversionandclosureconversion
is thelanguage9:bEcedgf shown below.

� types� [ *-* 5 Int h%iGh%[j�Y�Q[A��h%[8�0?khlFAiE� [� values� V *-* 5nm hloKh%;Ph)��V � <pV � �
hlSTi 5 [ � <�V * [ � X� terms� B *-* 5 let ; 5 V in Bqh let ; 5nrts V in Bh>V � ��V � �@h open V as STi><�;@X in Bqh halt V� programs� &u*-* 5 letrec
.1.�.,.j.,.,.j.,.��o 5 9:��; * [t�U� B in B

Sincefunctionsarein CPS,they never return,which we repre-
sentwith thearbitraryreturntype? , oftenpronouncedvoid. ��V � <�V � �
builds a pair while

rts V selectsits vUwWx element. To representclo-
sures,thelanguageincludesexistentialpackagesof type FAiE� [ � and
constructedby STi 5 [j�U<1V * [A�EX . Theconstruct

open V as STiE<p;�X in B
takesanexistentialpackageV , bindsthewitnesstype to i andthe
valueto ; , andthenexecutesB . Thecompleteprogram

letrec
.U.�.�.,.j.,.�.�.�.,.U�o st5 9:��; s * [ s �U� B s in B

consistsof a list of mutuallyrecursive closedfunctiondeclarations
followedby themaintermto beexecuted.



� regions�  *-* 56y h%z� kinds� { *-* 5}| h | . � |
� tags� [ *-* 5 iDh Int h%[ � �Q[ � h%[8�0?khlFAiE� [hj9ji>� [~h%[��W[A�� types� � *-* 5 int h%���������Dh%�t�T�ip��� �zR��� ������0?khlFAiE� �h>� at kh M 	 ��[t�
� values� V *-* 5nm h%;�h y � �Yh)��V � <�V � �thlSTi 5 [:<pV * �DXhj9:� �iW��� �z'��� .�.��; * ���U� B� operations� $'&^*-* 5 V^h r
s VKh put � )��VKh get V� terms� B *-* 5 V�� �[���� �)��� �V��th let ; 5 $'& in BJh halt Vh ifgc �B:��B��Dh open V as STi><W;�X in Bh let region z in BJh only I in Bh typecase [ of ��B i � BR� � i � i � � B:� � i>�g� BR�,�

Figure2: Syntax of 9:�>b

4. TARGET LANGUAGE \^��]
We translate9:bEcedgf programsinto our target language9:�>b . The

target languageis also usedto write the garbagecollector. Fig-
ure2 givesthesyntaxof 9 �>b ; thesemanticsarepresentedin Sec-
tion 6). 9:�>b extends 9:b%cedgf with regions[19] and(fully reflexive)
intensionaltypeanalysis[21]. Functionsarealsofully closedand
useCPSbut they canadditionallybe polymorphicover tagsand
regions.

4.1 Regions
Our regioncalculususesreferencevalues

y � � of type ��� at
y � . y

is theregionin whichtheobjectis allocatedand� is theactualloca-
tion within thatregion. Objectallocationandmemoryaccessesare
madeexplicit with put andget. In orderto triggerGC, ifgc allows
usto checkwhethera region is full. Ensuringtimely collectionus-
ing heaplimit checksor othermechanismsis outsidethescopeof
this paper, soput never fails,evenif theregion is “full”.

Region allocationandreclamationis donewith let region and
only. Deallocationof aregionis implicit sinceonly liststheregions
that shouldbe kept. This neatlyworks aroundaliasingproblems,
at thecostof a moreexpensive deallocationoperation(only needs
to go throughthe list of all regionsto find which onesneedto be
reclaimed).In our case,we have very few regionsanddeallocate
themonly occasionally, soit is a goodtradeoff.

4.2 Functions and code
Sinceprogramsin 9:�>b arecompletelyclosed,we canseparate

codefrom data.Thememoryconfigurationenforcesthisby having
a separatededicatedregion cd for all the codeblocks. A value9:�T�ip�1� �z'�1� .�.p�; * ���U� B is only anarrayof instructions(which cancontain
referencesto othervaluesin cd) andneedsto beput into aregionto
geta functionpointerbeforeonecancall it. In practice,functions
areplacedinto thecd regionwhentranslatingcodefrom 9 bEcedgf and
never directlyappearin 9:�>b code.

Theindirectionprovidedby memoryreferencesallows us to do
awaywith letrec. For convenience,wewill usefix oA� B in examples,
but in reality, B will beplacedat thelocation� in thecd regionand
all occurrencesof o will bereplacedby cd � � .
4.3 Intensional type analysis

As explainedearlier, we have split the notion of type into two.
Tagsrepresenttheruntimetypedescriptorsandmapverydirectlyto
source-level typeswithoutany regionannotations.Theonly differ-

��� 9:bEc1dgf���9:�>b
����� m � m ����� o+� cd � � �Uo:� ����� ;���;��� � V � ��Vj� � ��� � V � ��Vj����� � ��V � <�V � ��� put � zZ�1��Vj� � <�Vj�� ������ V~��V ������ STi 5 [���<1V * [l�EX�� put � zZ�eSTi 5 [���<�V � * M �>��[l�E�UX
����� V��G��V � � ����� V:����V ����� � V��g��V:�E����V � � � ��� zZ����V � � �

����� V~�0V ���� � halt V~� halt V ���� �
Bk�0BO� ��� � VP�0Vj���� � open V as STi><W;�X in Bk� open � get Vj�W� as STi><�;�X in BR���� � Bk�0B � ����� VP�0V ���� � let ; 5 V in Bk� let ; 5 V � in B ���� �
Bk�0BO� ��� � VP�0Vj���� � let ; 5�rts V in Bk� let ; 5nrts � get V � � in B �
��� �
Bk�0BO��� 5 � �Uo:���� �Uo 5 9:��; * [
�U� B��� 9:� ��� z'����; * M � ��[
���U� ifgc z���¡ # � [���� z'��� cd � �O<1;@����BR�� 5 MRo)��¢���l�g<E�>�E��<Eo>£^¢���'£,N��� � o s 5 9:��; s * [ s �U� B s ��ol�s ��� �
BQ��BR��:¤

letrec
.�.�.�.�.,.j.,.�.�.�.��o st5 9:��; s * [ s �U� B s in B�¥�UM cd ¢��MU� � ¢��o �� <E�E�%�¦NRNO< let region z in B � �

Figure3: Translation of 9 bEcedgf terms.

entbetween9:bEcedgf typesand 9:�>b tagsis theadditionof tag func-
tions 9�iE� [ and tag applications[ � [ � , which are neededfor type
analysisof existentials[21]. To dotheactualanalysisof tags,terms
includea refining typecase construct,i.e. a more refinedtag is
substitutedfor [ in eacharmof thetypecase. Finally, insteadof a
full-blown typerec constructwe only provide a hard-codedM, to
keepthepresentationsimpler. M 	 ��[
� is the typecorrespondingto
thetag [ complementedwith region annotations :

M 	 � Int � 5 � int
M 	 ��[ � �Q[ � � 5 �§� M 	 ��[ � �G� M 	 ��[ � ��� at 
M 	 �UFli>� [t� 5 �§�UFAiE�M 	 ��[t��� at 
M 	 ��[u�¨?�� 5 ���t� ��� z'��� M � ��[
�e���0? at cd

This definitionof M forcesthemutatorto maintaintheinvariant
that all objectsareallocatedin the sameregion, which is all our
garbagecollectorrequires.

5. TRANSLATING \ ]�_O`qa TO \ ��]
The translationof termsfrom 9:bEced�f to 9:�>b shown in Fig. 3 is

mostlydirectedby the type translationM 	 presentedearlier: each



fix ¡ # � i���� z � ���Uo * �t� ��� z'��� M � ��iE�e����?�<�; * M �g© ��iE�e�U�
let region zj� in
let ( 5 #%$'&)( � ip��� z � <pz � ����;@� in
only M�zj�>N in o:� ��� zj�e��� ( �

fix #%$'&)( � ip��� z,��<�zj������; * M �g©%��iE��� * M �Wªl��iE�U�
typecase i of

Int �«;� �«;iZ�Y�Qi>��� let ;�� 5 #%$'&)( � i'����� z,�%<�zj�p��� r �g� get ;@��� in
let ;�� 5 #%$'&)( � i>�p��� z,�%<�zj�p��� r �E� get ;@��� in
put � z � ����; � <1; � �F'i � � open � get ;@� as STiE< ( X in
let ¬ 5 #%$'&)( � i>�pip��� z � <�z � ��� ( � in
put � zj�p�1STi 5 iE<p¬ * M ��ªj��i � iE�eX

Figure4: The garbagecollector proper.

function takes the current region as an argumentand begins by
checkingif a garbagecollection is necessary. All operationson
dataareslightly rewritten to accountfor theneedto allocatethem
in theregionor to fetchthemfrom theregion. For examplea 9:bEcedgf
functionlike:

fix e®Y¯ & ��; * Int � Int �U�
let ;@° 5nr � ; in let ;@± 5nr � ; in let ;�� 5 ��;t±)<�;@°R� in halt ?

will beturnedinto thefollowing 9:�>b function:

cd � � 5 9:� ��� zZ�1��; * � int � int � at z,�U�
ifgc zJ��¡ # � Int � Int��� zZ��� cd � �)<�;t���

let ; 5 get ; in
let ;@° 5nr �p; in
let ;@± 5nr �1; in
let ; � 5 put � zZ����;@±)<1;@°R� in
halt ?

Themappingbetween9:bEcedgf identifierslike �®Y¯ & and 9:�>b loca-
tion likecd � � is keptin

�
. Thenew argumentz refersto thecurrent

region. It is initially createdat thevery beginningof theprogram
andis changedaftereachgarbagecollection.

An importantdetail hereis that the garbagecollector receives
the tag [ ratherthanthetype � of theargument.TheGC receives
the tagsfor analysisasthey werein 9 b%cedgf ratherthanasthey are
translatedin 9:�>b . This maintainsa cleardistinctionbetweenthe
types the programmerthinks he manipulatesand the underlying
typesthey mapto.

Anotherinterestingdetailis thatif theregion is full, thefunction
calls the garbagecollector with itself as the return function. I.e.
whenthecollectionis finished,thecollectorwill jump backto the
functionwhich will thenredothecheck.We couldinsteadcall the
garbagecollectorwith anotherfunctionasargument. That would
saveusfrom redoingtheifgc but wouldrequiremany tiny functions
which arejustnotworth botheringwith.

The translationin Fig. 3 uses9 �>b in a somewhat looseway to
keepthe presentationconcise. More specifically, it will generate
termssuchas let ; 5nr s � get V�� in B insteadof

let ; � 5 get V in let ; 5nrts ; � in B .
Turningsuchcodebackinto thestrict 9 �>b is verystraightforward.

On the other hand,the garbage-collectioncodein Fig. 4 uses
not only somesyntacticsugarbut even resortsto usinga direct-
style presentationof the #%$'&)( function. This is only for clarity

of presentation,of course. The companiontechnicalreport [11]
presentsa fully CPS-andclosure-convertedcodethatis equivalent
but moredifficult to read.

Thegarbagecollectoritself is verysimple:it first allocatestheto
region,asks#%$'&)( to move everythinginto it andthenfreethefrom
region beforejumpingto its continuation,usingthenew region.

The #g$R&)( function is similarly straightforward, recursingover
the whole heapandcopying in a depth-firstway. Clearly, the di-
rect style herehidesthe stack. When the codeis CPSconverted
andclosed, we have to allocatethat stackof continuationsin an
additionaltemporaryregion andunlessour languageis extended
with somenotion of stack,noneof thosecontinuationswould be
collecteduntil the endof the whole garbagecollection. The size
of this temporaryregion canbe boundedby the sizeof the to re-
gionsincewecan’t allocatemorethanonecontinuationpercopied
object,so it is still algorithmicallyefficient, althoughthis memory
overheadis a considerableshortcoming.

6. A CLOSER LOOK AT \^��]
Programsin 9:�>b usean allocationsemanticswhich makes the

allocationof datain memoryexplicit. The semantics,definedin
Fig. 5, mapsa machinestate² to a new machinestate² � . A ma-
chinestateis a pair ��³´<�Bj� of a memory ³ anda term B being
executed.A memoryconsistsof a setof regions; hence,it is de-
finedformally asa mapbetweenregion names

y
andregions µ . A

region, in turn, is a mapfrom offsets� to storablevaluesV . There-
fore,anaddressis givenby a pair of a regionandanoffset

y � � . We
assigna typeto every locationallocatedin a region with themem-
ory environment ¶ . Fig. 6 shows the form of environmentswhile
Fig. 7 presentsthestaticsemantics.

6.1 Functions and code
Sincefunction bodiescancontainreferencesto otherfunctions

in cd but we do not have an easyway for the garbagecollector
to analyzea function body to tracethroughthosereferences,cd
enjoys a specialstatus. It cannotbe freed and can only contain
functions,nootherkind of data.

An alternativewouldbeto requireall functionsto befully closed,
but thatwould requiretheadditionof recursive typesfor theenvi-
ronmentcontainingpointersto all functionsandpassedaroundev-
erywhere. It would save us from so many cd specialcases,and
would allow garbagecollecting code, but on the other hand, it
would belessrealisticsinceit would amountto disallowing direct
functioncalls.

6.2 The type calculus
Thetargetlanguagemustbeexpressiveenoughto write atracing

garbagecollector. Sincethe garbagecollectorneedsto know the
typeof valuesat runtime,the language9:�>b mustsupporttherun-
time analysisof types.Therefore,conceptually, typesneedto play
a dualrole in this language.As in thesourcelanguage9:bEcedgf , they
areusedat compiletime to type-checkwell formedterms. How-
ever, they arealsousedat runtime,astags,to be inspectedby the
garbagecollector(and,in general,by any typeanalyzingfunction).
To enforcethisdistinction,we split typesinto a taglanguageanda
typelanguage.Thetagscorrespondto theruntimeentity, while the
typescorrespondto thecompiletime entity.

During the translationfrom 9:b%cedgf to 9:�>b , the tag for a value
mustbeconstructedfrom its type,sothetagsin 9:�>b closelyresem-
ble the type languagein 9 bEcedgf . To supporttag analysis,we need
to add tag-level functions( 9�iE� [ ) and tag-level applications([,[�� )
which in turn requiresaddingthefunctionkind

| . � |
.



��³·< y � �R� �[ � ��� �A��� �V����
where³�� y � �O� 5 �U9:� �ip��� �zR��� �; * ����U� Bj� 5 ����³·<pB�� ��< �[ � < �V�� �z,<Z�iE< �;,���

��³·< let ; 5 V in B�� 5 ����³·<pB�� V��U;,�����³·< let ; 5nr s ��V � <pV � � in Bj� 5 ����³·<pB�� V s ��;,�����³·< let ; 5 put � y �¦V in Bj� 5 ����³�M y � �4¢�0V�NO<1Bj� y � �)�U;,��� where�~�HK¸ $'¹ ��³�� y �����³·< let ; 5 get
y � � in Bj� 5 ����³·<pB�� V��U;,��� where³�� y � �R� 5 V��³·< open STi 5 [:��<�V * �DX as STi><�;�X in Bj� 5 ����³·<pB�� [ � <1V��Ui><�;��1���³·< ifgc �B:��B��%� 5 ����³·<pB � � if  is full��³·< ifgc �B:��B��%� 5 ����³·<pB,�g� if  is not full��³·< let region z in Bj� 5 ����³�M y ¢�ºMONONR<eB�� y ��zZ�1� where

y8»H+¸ $'¹ ��³����³·< only I in Bj� 5 ����³�h-¼G<�Bj���³·< typecase Int of ��B i � B � � iZ�Wi>�E� B � � i � � BR�,��� 5 ����³·<pB s ���³·< typecase [8�¨? of ��B i � BR� � i � i � � B:� � iE�%� BR�,��� 5 ����³·<pB � ���³·< typecase [ � �k[ � of ��B i � BR� � i � i � � B�� � iE�%� BR�:��� 5 ����³·<pB � � [��%<�[l�>��i'��<1i>�p�����³·< typecase Fli>� [ of ��B i � BR� � i � i � � B:� � i>�%� B � ��� 5 ����³·<pBO����9ji>� [@�Ui � ���
Figure5: Operational semanticsof 9 �>b .
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Figure6: 9:�>b envir onments

Typesareusedto classifyterms.Thetypelanguageincludesthe
existentialtypefor typing closuresandthecodetype �
� �iW��� �zR��� ��D���? for fully closedCPSfunctions. Moreover, types in the target
languagemustincludetheregion in which thecorrespondingvalue
resides. Therefore,we usethe notation � at  for the type of a
valueof type � in region  .

To reasonaboutthesafetyof programsin this language,we will
oftenneedto assumethatavalueresidesin aparticularregiononly.
For example,after thecopy function is finished,we mustbeable
to assumethatall thedatais containedonly in thenew region; so
that the old region canbe safelyfreed. Therefore,to ensuretype
safety, we mustbe ableto enforcethis invariantat the type level.
For this, we usethebuilt-in typeoperatorM. The typeM 	 ��[
� can
only containvaluesthatarein region  . This shouldbecontrasted
with valuesof type � at  which cancontainreferencesto other
regionsthat  .

6.3 The term calculus
Thetermlanguagemustsupportregion basedmemorymanage-

mentandruntimetype analysis.New regionsarecreatedthrough
the let region z in B constructwhich allocatesa new region

y
at

runtimeandbinds z to it. A term of the form put � )��V allocatesa
value V in the region  . Data is readfrom a region in two ways.
Functionsare readimplicitly througha function call. Data may
alsobereadthroughtheget V construct.

Operationally, get takesa memoryaddress
y � � anddereferences

it. Sinceour region calculusdoesnot admit danglingreferences,
andsinceeachreferenceimplicitly carriesaregionhandle,get does
notneeda regionargument,asopposedto put.

Deallocationis handledimplicitly throughtheonly I in B con-
struct[23]. It assertsstaticallythat theexpressionB canbeevalu-
atedusingonly thesetof regionsin I � (i.e. I extendedwith the
cd region), which is a subsetof theregionscurrentlyin scope.At
runtime,animplementationwould treatthesetof regionsin I � as
live andreclaimall otherregions.

I�� 5 IK< cd ¶Jh ¼ÄÃ � I4� � ½ � À�h ¼ÄÃ � BÅI4�tÆÇI4� �¶ � I4� � � ½ � À � only I in B
Theconstructh ¼ Ã restrictsan environmentto the setof regions

in I � . I.e. ¶Jh ¼ÄÃ is thesubsetof theheaprestrictedto theregions
in I � . Similarly, À�h ¼ Ã eliminatesfrom À all variableswhosetype
refersto regionsnotmentionedin I � .

Theuseof only waschosenfor its simplicity. Otherapproaches
eitherdonotwork with aCPSlanguageor carryasignificantadded
complexity to handletheproblemof aliasingwherebytheprogram
requeststhedeletionof region z � while z � is still in useandmight
refer to thesameregion. only sidestepsthis difficulty by making
theactualdeletionimplicit: insteadof requestingdeletionof z � , the
programwill requestto keepzj� which will prevent z,� from being
deletedif z,� andzj� happento bealiases.

The runtimetype analysisis handledthrougha typecase con-
struct(it shouldarguablybecalledtagcase sinceit analysestags
ratherthan types). Dependingon the headof the tag beingana-
lyzed,typecase choosesoneof thebranchesfor execution.When
analyzinga tagvariable i , we refinetypescontainingi in eachof
thebranches[6]. ½ � i * |¶ � I � ½ � À�� int �Ui�� � B s � int �Ui���E�E�¶ � I � ½ � À � typecase i of ��B i � BR� � i � i � � B:� � iE�%� BR�,�
In the B s branch,we know that the tag variable i is boundto Int
andcanthereforesubstituteit away. A similar rule is appliedto the
othercases.



½ � [ * {
¾ �

Int * | ½4��iE� 5 {½ � i * { ½ � [�� * | ½ � [A� * |½ � [ � �Q[ � * |
½ � [ s * |½ � �[8�0? * | ½J<pi * | � [ * |½ � FAiE� [ * |

½J<�i * | � [ * |½ � 9�iE� [ * | . � | ½ � [�� * | . � | ½ � [l� * |½ � [ � [ � * |
I � ½ � �

I � ½ � int
I � ½ � ��� I � ½ � ���I � ½ � � � �Q� �

M �z,N � �i * { � � sI � ½ � �t�È�i * {Z��� �zR��� ������¨?
I � ½J<�i * { � �I � ½ � FAi * {:� �

I � ½ � � ~HLII � ½ � � at  ½ � [ * | ~H�II � ½ � M 	 ��[
�
¶ � I � ½ � À � V * � ¶ � I � ½ � À � $'&�* �

¶ � I � ½ � À � m * int
À���;@� 5 �¶ � I � ½ � À � ; * �

¶4� y � �R� 5 �É¸ $'¹ ��¶4� � ¾ � � at
y

¶ � I � ½ � À � y � � * � at
y

cd < �z � �i � � s ¶Jh cd � cd < �z � .E�i * { � .�.p�; * � � B¶ � I � ½ � À � 9:� �i * {>��� �z'��� .p.W�; * ���U� B * �
� �i * {'��� �zZ�1� ������0?
¶ � I � ½ � À � V � * � � ¶ � I � ½ � À � V � * � �¶ � I � ½ � À � ��V��g<1V,�%� * ���Y�����

¶ � I � ½ � À � V * ���Y�k���¶ � I � ½ � À � r s V * � s
¶ � I � ½ � À � V * � at ¶ � I � ½ � À � get V * �

½ � [ * {¥¶ � I � ½ � À � V * �D� [t��i��¶ � I � ½ � À � STi 5 [:<WV * �GX * Fli * {:� �
¶ � I � ½ � À � V * � ~H�I¶ � I � ½ � À � put � )�¦V * � at 

¶ � I � ½ � À � B
¶ � I � ½ � À � V * �
� �i * {>�1� �z'�1� ������0? at ¶ � I � ½ � À � V s * � s � ��< �[t� �z�<Z�iW� ½ � [ s * { s  s H8I¶ � I � ½ � À � V�� �[���� �)�1� �V��

¶ � I � ½ � À � $'&L* � ¶ � I � ½ � À�<�; * � � B¶ � I � ½ � À � let ; 5 $'& in B
¶ � I � ½ � À � V * Fli�� * {:� � ¶ � I � ½J<pi * { � À�<�; * �D� i>�Ui�� � � B¶ � I � ½ � À � open V as STi><�;�X in B

¶ � I � ½ � À � B:�Ê¶ � I � ½ � À � B��Ë~H8I¶ � I � ½ � À � ifgc �B��:B��
¶ � IK<�z � ½ � À � B¶ � I � ½ � À � let region z in B ¶ � I � ½ � À � V * int¶ � I � ½ � À � halt V

I � 5 I � � < cd ¶Jh ¼ÄÃ � I � � ½ � À�h ¼ÄÃ � BÅI � ÆÇI¶ � I � ½ � À � only I � � in B
¶ � I � ½ � À � B i¶ � I � ½ � À � typecase Int of ��B i � B � � i'�piE�E� B � � i � � BR�:�
¶ � I � ½ � À � BR�¶ � I � ½ � À � typecase �[��0? of ��B i � B � � iZ�Wi>�E� B � � i � � BR�,�

¶ � I � ½ � À � B:�@� [ � <p[ � ��i � <�i � �¶ � I � ½ � À � typecase ��[ � �Q[ � � of ��B i � BR� � i � i � � B:� � i>�%� BR�,�
¶ � I � ½ � À � BR�,�¦9�i>� [@�Ui � �¶ � I � ½ � À � typecase Fli>� [ of ��B i � B � � iZ�Wi>�%� B � � i � � BR�,�

½ � i * |¶ � I � ½ � À�� int �Ui�� � B i � int �Ui��¶ � I � ½ � À � BR�¶ � I � ½J<�i'� * | <�i>� * | � À�� i'���Qi>�E�Ui�� � B � � i'�Y�Qi>�E�Ui��¶ � I � ½J<�i>� * | . � | � À��¦Fli>� i>�Wi>�Ui�� � BR�,�¦FAiE� iE�piE��i��¶ � I � ½ � À � typecase i of ��B i � B � � iZ�Wi>�%� B � � i � � BR�,�

Figure7: Static semanticsof 9:�>b .
6.4 Formal propertiesof the language

In this section,we show that type checkingin 9 �>b is decidable
and that the calculusis sound. We omit the proofsdue to space
constraints.The readermay refer to the companiontechnicalre-
port [11] for details.

Proposition6.1 Reductionof well formedtypesis strongly nor-
malizing.

Proposition6.2 Reductionof well formedtypesis confluent.

Definition 6.3 Thejudgment
� ��³·<pB�� saysthat themachinestate��³´<�Bj� is well-formed.It is definedby:

� ³ * ¶ ¶ � ¸ $R¹ ��¶4� � ¾ � ¾ � B� ��³´<�Bj�
Contraryto theotherenvironments,¶ is notexplicitly constructed
in any of thestaticrules,sinceit reflectsdynamicinformation. In-
stead,thesoundnessproof, or morespecificallythetypepreserva-
tion proof, needsto constructsomewitness ¶�� for the new state��³ � <�B � � basedon the ¶ of theinitial state��³·<�Bj� .
Proposition6.4(Type Preservation) If

� ��³´<�Bj� and��³·<pB�� 5 �º��³¿�1<�BR�W� then
� ��³¿��<1BR�W� .

Proposition6.5(Progress) If
� ��³´<�Bj� theneither B 5 halt V or

there existsa ��³¿��<pBO�p� such that ��³´<�Bj� 5 �Ì��³´��<�BR�p� .



¶ � I � ½ � À � V * � ¶ � I � ½ � À � B
¶ � I � ½ � À � V * left �¶ � I � ½ � À � strip V * � ¶ � I � ½ � À � V * right �¶ � I � ½ � À � strip V * �
¶ � I � ½ � À � V * �¶ � I � ½ � À � inl V * left � ¶ � I � ½ � À � V * �¶ � I � ½ � À � inr V * right �
¶ � I � ½ � À � V * left � � I � ½ � right � �¶ � I � ½ � À � V * left ���tÍ right ���

¶ � I � ½ � À � V * ���tÍ����¶ � I � ½ � À�<1; * � � � BjÎ�¶ � I � ½ � À�<p; * � � � B �¶ � I � ½ � À � ifleft ; 5 VÈB Î BA�
¶ � I � ½ � À � B¶ � I � ½ � À � V�� * � at  ¶ � I � ½ � À � V:� * �¶ � I � ½ � À � set V�� * 5 V:� � B

¶ � I � ½ � À � V * M 	 ��[t�¶Jh cd � cd <��<� � � ½Jh 	�	 Ã � ; * C 	 C 	 Ã ��[
� � B¶ � I � ½ � À � let ; 5 widen � j� ��� [j����V�� in B
Figure8: Static semanticsfor 9 �>b�Ï Ð�Ñ Ò .

7. FORWARDING POINTERS
Thebasealgorithmpresentedbeforeis unrealisticin anumberof

ways.Thefirst is thefactthat the #%$'&)( functiondoesnot preserve
sharingandthusturnsany DAG into a tree.

We henceneedto addsomeform of forwarding pointers. Wang
andAppel [25] proposeto pair up every objectwith its forwarding
pointer, incurringa significantmemorycost.This additionalword
is not unheardof, sincereplicatinggarbagecollectors[16, 1] incur
asimilaroverhead,justifiedby thedesireto provideconcurrentcol-
lectionwhile avoiding thecostof a read-barrier. We want instead
to representobjectsasa sum ���ÓÍ fwd ��� , which requiresa sin-
glebit perobjectandcorrespondsmuchmorecloselyto traditional
implementations.To this end, 9 �>b�Ï Ð�Ñ Ò extends 9 �>b with new types
andtermsfor tagbitsandsumtypesaswell asmemoryassignment.
We do not needa new fwd or ref typesincewe canusetheregion
calculus’referencesfor thatpurpose.

Anotherrequirementfor arealisticGCis thatthemutatorshould
notneedto constantlycheckfor thepresenceof forwardingpointers
sincesucharead-barrierwouldonly bejustifiedfor anincremental
GC. In otherwords,the typeasseenby themutatorshouldnot be
a sum, althoughit shouldstill containthe single-bit tag that the
GCwill useto distinguishbetweenforwardingpointers.Also there
shouldbe a way to switch from the mutator’s view of the type of
anobjectto theoneof thecollector. Sowe alsoneedto adda form
of castthatwe call widen which we will useat thebeginningof a
collectionto give thecollectoraccessto theforwardingpointers:

� *-* 5 �E�E��h left ��h right ��h left � � Í right � � h C 	 C 	 Ã ��[t�V *-* 5 �E�E��h inl VKh inr V$'&^*-* 5 �E�E��h strip VB *-* 5 �E�E��h ifleft ; 5 V�B Î BA��h set V�� * 5 V,� � Bh let ; 5 widen � )��� [�����V�� in B
Figure 8 shows the relevant new rules of the static semantics.

Here, inl and inr (andtheir type-level counterpartsleft andright)
canbethoughtof asaddinga singletagbit to anobjectwhile strip
getsbacktheuntaggedobjectandifleft checksthetagbit. Theidea
is to representobjectsas � left ��� to the mutator(andwithout the
“ right � ” alternative to avoid the needfor checks)andcastthem
with thewiden operatorto � left �PÍ right ��� at i $ ��� whenentering
thegarbagecollector(here“to” denotestheregionfor theto-space).

Sinceasinglesource-level typenow mapsto two differentpossi-
ble types,we needtwo typeoperators:M 	 ��[
� to mapsourcetypes
to themutator’s view of thedataandC 	 C 	 Ã ��[t� to mapsourcetypes
to thecollector’s view (which addsforwardingpointers).M 	 ��[t� is
thesameasbeforefor basetypesandfor codetypes,but is changed
for existentialsandpairsby addingthe left constructorthat con-
strainsthemutatorto provide the tagbit neededto distinguishthe
forwardedpointerfrom thenon-forwardeddata.

M 	 � Int � 5 � int
M 	 ��[u�¨?�� 5 �«�t� ��� z'��� M �E��[t�����0? at cd
M 	 �UFli>� [t� 5 ��� left �UFli>�M 	 ��[
����� at 
M 	 ��[����Q[A�%� 5 ��� left � M 	 ��[��U��� M 	 ��[A�g����� at 
C 	 C 	 Ã � Int � 5 � int
C 	 C 	 Ã ��[8�¨?�� 5 � M 	 ��[8�¨?��
C 	 C 	 Ã �UFli>� [t� 5 ��� left �UFli>� C 	 C 	 Ã ��[
����Í right � M 	 Ã �UFAiE� [
����� at 
C 	 C 	 Ã ��[ � �Q[ � � 5 ����Í left � C 	 C 	 Ã ��[ � ��� C 	 C 	 Ã ��[ � ���

right � M 	 Ã ��[����Q[A�%��� � at 
It is worth noting againherehow the M type operatorscleanly

encapsulatetheinvariantsimposedon themutatorby thecollector.
In this case,it forcesthemutatorto provide thecollectorwith free
bit thatthecollectorcanthenuseto distinguishforwardingpointers
from non-forwardeddata. And we alsoseehow thesamemecha-
nism canbe usedto expressthe differencebetweenthe restricted
view offered to the mutatorand the full blown accessto internal
datathatthecollectorneeds.

The operationalsemanticsof the new operationsis straightfor-
ward,especiallysincewe canimplementtheassignmentoperator
by reusingtheindirectionthroughthememory:

��³·< let ; 5 strip � inl V�� in B�� 5 �§��³·<�Bj� V���;��1���³·< let ; 5 strip � inr V�� in Bj� 5 �§��³·<�Bj� V���;��1���³·< ifleft ; 5 � inl V��jB Î BA�>� 5 �§��³·<�B Î � inl V��U;,�����³·< ifleft ; 5 � inr V���B Î BA�>� 5 �§��³·<�BA�Z� inr V���;,�����³·< set
y � � * 5 V � Bj� 5 �§��³«M y � �J¢��V�NR<�Bj���³·< let ; 5 widen � )��� [�����V�� in Bj� 5 �§��³·<�Bj� V���;��1�

Thetranslationfrom 9:bEc1dgf to this 9:�>bpÏ Ð�Ñ Ò is not shown sinceit
is basicallythesameasbeforeexceptfor theinsertionof all the inl
andstrip. Thegarbagecollectorcanbeseenin Fig.9. Comparedto
theoriginal algorithm,theonly differencein the ¡ # function itself
is the wideningof the heapfrom M �>� to C �E� C �g� andthe fact that
we have to bundle the o and ; argumentsinto a pair in order to
passit throughthewiden operatorandunbundleit afterwards.The#%$'&)( functionalsoneedsto bechangedof course:whencopying a
heapobjectsuchasa pair, it now hasto checkwith ifleft whether
theobjectwasforwarded,if soit just returnstheforwardedobject,
otherwiseit doesthecopy asbeforeandhastooverwrite(usingset)
theoriginalobjectwith theforwardingpointerbeforereturningthe
copiedobject. Sincethe copy is still fundamentallydepth-first,it
will loopindefinitelyin thepresenceof acycle. Oursourcecalculus
cannotcreatecyclesin theheap,but for morerealisticlanguages,
this is a significantrestriction.



fix ¡ # � i���� z � ���Uo * M �g© ��i��0?��U<p; * M �g© ��iE�e�U�
let region zj� in
let ® 5 widen � z � ���-��iY�0?u��iE�T��� put � z � ��� inl �UoA<�;@����� in
ifleft ® 5 get ® then

let ® 5 strip ® in
let ( 5 #%$'&)( � i���� z,�%<�zj�p��� r �1®�� in
only M�zj�>N in � r �W®���� ��� zj�1��� ( �

else
halt ?

fix #%$'&)( � ip��� z,��<�zj������; * C ��© C ��ªA��i%��� * M �Wªl��iE�U�
typecase i of

Int �«;� �«;iZ�Y�Qi>��� let ( 5 get ; in
ifleft ( 5 ( then

let ;�� 5 #g$R&O( � iZ����� z,�%<pzj�p��� r �g� strip ( ��� in
let ;�� 5 #g$R&O( � iE�p��� z,�%<pzj�p��� r �E� strip ( ��� in
let ¬ 5 put � z � ��� inl ��; � <�; � ��� in
set ; * 5 inr ¬ � ¬

else
strip (F'iE�Ô� let ( 5 get ; in

ifleft ( 5 ( then
open � strip ( � as STi>< ( X in
let ( 5 #%$'&)( � i � i���� z,�%<�zj�p��� ( � in
let ¬ 5 put � zj�p��� inl STi 5 iE< (�* M �WªA��i � iE��Xe� in
set ; * 5 inr ¬ � ¬

else
strip (

Figure9: GC with forwarding pointers.

7.1 How to widen safely
Theonlynon-trivial extensioniswiden whichallowsthegarbage

collectorto have a differentview of theexistingmemory, provided
thetwo views aresomehow compatible. It seemsdifficult to solve
theproblemof allowing two views on thesamedatawithout such
a form of cast.At first, it seemswearejustapplyinga form of sub-
typing, but this form of subtypingis very powerful sinceit allows
covariantsubtypingof references.This meansthataliasingissues
have to behandledwith extremecare.

Whenfacedwith the sameproblem,WangandAppel cameup
independentlywith a similar idea.But their suggestedcast leaves
many questionsopenandmight needmorework to bemadetype-
safe.Also its operationalsemanticsactuallydoesa completecopy
of theheapfrom oneregion to theother. This might make it easier
to prove soundnessbut makes it unclearwhetherit canreally be
implementedas a nop. In contrast,the operationalsemanticsof
widen is a nopandwe have a proofof its soundness.

In order to handlethe problemof aliasingmentionedabove, it
might be possibleto rely on someform of linear typing or alias
types[22], but giventheinherentgeneralityof a garbagecollector,
it seemsdifficult. Our approachis to rely on the consistentap-
plication of thesamecastover the wholeheap,so thataliasesare
guaranteedto becastin thesameway (or discarded,sinceall free
variablesarethrown away).

Ratherthanan ad-hocwiden we could provide a moregeneral
cast thatconsistentlyappliesagiventypetransformations(aslong
asit obeys thenotionof subtypingextendedwith covariantsubtyp-
ing of references)to any particularsetof regions,but thecomplex-

ity of suchanoperatoris outof thescopeof this paper.
In Figure8, thetyping rule for widen shows thattheexpressionB is typedin anenvironmentthatonly contains; . In essence; rep-

resentstheentireheap.Further, ; is obtainedfrom thevalueV that
hastype M 	 ��[t� . Looking at the definition of M, we canseethat
all valuesreachablefrom V will have a type of the form M 	 ��[ � � .
SincebothM andC areiterators,we cannow definea castingop-
erationfrom onetype to theotherasan iterator. This iteratorwill
traversetheentireheapandsystematicallyconvert from onetypeto
the other; this systematicconversionis necessaryto avoid ending
up with a valuethathasa particulartypealongonepath,but hasa
differenttypealonganotherpath.

Theproof of soundnessof widen is ratherintricate. It startsby
ignoringsomedeadobjectsfrom theheap,so thatonly objectsof
typeM 	 ��[
� areleft, whichgetcastto C 	 C 	 Ã ��[
� . For thatreason,we
needto loosenour notionof a well formedmachinestateto allow
restricting the consideredmemory ³ to just a well-typed suffi-
cientsubset³ , where“sufficient” meansthatno objectoutsideof³ is neededto completeexecution. This safelypermitsill-typed
garbage.

Definition 7.1 Themachinestate ��³·<�Bj� is well formediff

³ÕÆn³ � ³ * ¶ ¶ � ¸ $R¹ ��¶4� � ¾ � ¾ � ¾ � B� ��³´<�Bj�
Themainstumblingblock in thesoundnessproof is to show type

preservationfor widen. Theproofbeginsby constructing³ which
only containsobjectswhosetype matchessomeM 	 ��[t� . The re-
sultingstateis still well formedsinceall live datais of sucha type
whenwe reachwiden. We then castevery heapobject from its
M 	 ��[
� type to C 	 C 	 Ã ��[t� andshow, usingthe subsumptionrule on
sumtypes,that the resultingstateis alsowell-formedandthat it
correspondsto the stateafterwiden. Seethe companionTR [11]
for thecompletesoundnessproof.

8. GENERATION AL COLLECTION
Anotherimportantaspectof amodernGCis thesupportfor gen-

erationalgarbagecollection. If we first restrictourselvesto a side-
effect free language,thenwe cancollect a singlegenerationat a
time so long aswe can expressthe fact that an object in the old
generationcannotpoint to anobjectin theyounggeneration.

To thatendweneedto extend 9 �>b with existentialquantification
over regions,so that themutatordoesnot needto carewhetheran
object is allocatedin the youngor the old region. We alsoneed
to addsomeway to checkin which region an object is allocated
sothatGC candetectwhenanobjectis in theold generation(and
hencedoesnotneedcopying):

� *-* 5 �%�E�DhlFlz�H�IK����� at z,�V *-* 5 �%�E�DhlSTzkH�I 5 �<�V * �GXB *-* 5 �%�E�Dh open V as STzl<W;�X in BJh ifreg ��
� 5 ��%�,B:�:B,�
Apart from thosenew constructs(whosestaticsemanticsis pre-

sentedin Fig. 10), theM typeoperatoralsoneedsto bemodifiedto
reflectthenew invariantimposedon themutator. It is now indexed
by two regions(theold andthenew) andhasto enforcethefactthat
objectsin theold region cannothave referencesto thenew region:

M 	gÖ C 	%× � Int � 5 � int
M 	 Ö C 	 × ��[u�0?�� 5 �«�t� ��� zlØl<�zjÙW�1� M � Ö C � × ��[t�e���¨? at cd
M 	gÖ C 	%× �UFli>� [
� 5 �ÚFlzDH4MU Ø <� Ù NO�����UFli>�M � C 	%× ��[
��� at z��
M 	 Ö C 	 × ��[ � ��[ � � 5 �ÚFlzDH4MU�ØR<��ÙENO����� M � C 	 × ��[ � ��� M � C 	 × ��[ � ��� at z��



I � ½ � � ¶ � I � ½ � À � V * � ¶ � I � ½ � À � B
I4�tÆÇI IK<1z � ½ � �I � ½ � FAz�H�I4�W����� at z,� ½

� [ * | 
�DHLI ���H�II � ½ � M 	 © C 	 ª ��[t�

¶ � I � ½ � À � V * ��� ���zZ� at ÛPH8I � I � ÆÇI¶ � I � ½ � À � STzKH8I � 5 �<�V * �GX * Flz�H�I � ����� at z��
¶ � I � ½ � À � V * FlzDH�I � ����� at z,�¶ � IK<�z � ½ � À�<�; * � at z � B¶ � I � ½ � À � open V as STz)<p;�X in B

¶ � IQ� z)<�z,��z,�%<�zj�p� � ½ � ÀG� zl<pz,��z,�%<pzj�p� � B��U� z)<�z,��z,�%<�zj�p�¶ � I � ½ � À � B � zL�H�I¶ � I � ½ � À � ifreg ��z,� 5 zj�g�,B:��B��
¶ � Ik� y ��zZ� � ½ � ÀG� y ��zZ� � B��g� y ��zZ� ¶ � I � ½ � À � B��¶ � I � ½ � À � ifreg ��z 56y �jB:��B��¶ � I � ½ � À � ifreg � yQ5 z,�jB � B �

¶ � I � ½ � À � B �¶ � I � ½ � À � ifreg � y � 5Üy �%�,B:��B��
¶ � I � ½ � À � B:�¶ � I � ½ � À � ifreg � y � 5Üy � �,B � B �

Figure10: Static semanticsof 9 �>b�ÝWÞUß .

By usingthe set MUzl<��ÙEN we make surethat if z is the old gen-
eration,pointersreachablefrom it cannotpoint back to the new
generation.

Theoperationalsemanticsareagainrathersimple:

��³´< open STzKH�I 56y <�V * �DX as STzl<W;�X in Bj� 5 �Ú��³´<�Bj� y <pV��Uzl<�;,�����³´< ifreg � yQ56y �,B:�:B��E� 5 �Ú��³´<�B:�����³´< ifreg � y � 56y �E��B:��B��%� 5 �Ú��³´<�B��%�
Although the operationalsemanticsdo not take advantageof it

(in orderto simplify thesoundnessproof),we definedtheexisten-
tials over regions in sucha way that they canbe implementedas
nop sincethe encapsulatedreferenceusuallyalreadyencodesthe
region in its bit-pattern(or in its

y � � ).
Thenew termtranslationis againnotshown sinceit is sosimilar

to theoriginal one.Thenew typeconstraintis trivially alwayssat-
isfiedaslongasthemutatoronly allocatesfrom theyoungergener-
ationandaslong asthememoryis immutable.If side-effectswere
to be necessary, it shouldbe possibleto extend this schemewith
one mutableregion (keepingall othersimmutable)which would
beconsideredsimilarly to theoldergenerationbut scannedat each
collection.Obviously, this would first requireaddingsomeway to
scana region,but shouldnot presentany seriousdifficulty.

TheGCitself canbeseenin figure11. Themaindifferencewith
the basicGC of figure 4 is that it doesnot copy to a new region
but to an existing oneandstopstraversingthe treeassoonaswe
encountera referenceto theold generation.

When hitting suchan external reference,we have to repackit
just to helpthetype-systemunderstandthatthisreferenceis of type
M 	 Ö C 	 × ��[t� . But thoseoperationsarefreeanyway.

fix ¡ # � i���� zlØl<�zjÙp���Uo * M � Ö C � × ��i��0?:�U<�; * M � Ö C � × ��i%���U�
let ( 5 #g$R&)( � i���� z Ø <�z Ù ����;@� in
only MUzjÙ>N in let region zlØ in o:� ��� zlØA<�zjÙW�1� ( �

fix #g$R&O( � ip�1� zlØ)<�zjÙp����; * M � Ö C � × ��iE�e� * M � × C � × ��iE�U�
typecase i of

Int �«;� �«;i � �Qi � � open ; as STz)<�;�X in
ifreg z 5 z Ù then STzkHLMUz Ù N 5 z Ù <�;�X else

let ;�� 5 #%$'&)( � i'����� z Ø <pz Ù ��� r �g� get ;t��� in
let ; � 5 #%$'&)( � i � ��� zlØl<pzjÙp��� r � � get ;t��� inSTzKH�M�z Ù N 5 z Ù < put � zZ����;��g<�;��E�UXFZi>�Ô� open ; as STz)<�;�X in

ifreg z 5 z Ù then STzkHLMUz Ù N 5 z Ù <�;�X else
open � get ;@� as STiE< ( X in
let ¬ 5 #%$'&)( � i � i���� z Ø <�z Ù ��� ( � inSTzKH�M�z Ù N 5 z Ù < put � zZ�1STi 5 iE<p¬ * M � C � × ��i � iE��X�X
Figure11: GenerationalGC.

Notethatanotherfunctionneedsto bewritten to garbagecollect
theold generation,but thatoneis thesameasthenon-generational
one.

At first sight, the 9 �>b�ÝWÞUß languagemay seemunsoundbecause
we allow existentialsover regions. However, thesetypesarenot
existentialsin a realsensesincethey do not hidea region within a
type. Rather, in the type FAzQHuIK����� at z�� , the set I is an upper
boundon the regions that the variable z may rangeover. In this
sense,our existentialis closerto a boundedquantification.

SeethecompanionTR [11] for theproof of soundness.

9. RELATED WORK
WangandAppel [23] proposedto build a tracinggarbagecol-

lectoron top of a region-basedcalculus,thusproviding both type
safetyandcompletelyautomaticmemorymanagement.Themain
weaknessof their proposalis that it relieson a closureconversion
algorithmdueto Tolmach[20] thatrepresentsclosuresasdatatypes.
Thismakesclosurestransparent,makingit easierfor thecopy func-
tion to analyze,but it requireswholeprogramanalysisandhasma-
jor drawbacksin thepresenceof separatecompilation.We believe
it is morenaturalto representclosuresasexistentials[10,9] andwe
show how to useintensionaltypeanalysis(onquantifiedtypes[21])
to typechecktheGC-copy function.

Intensionaltypeanalysiswasfirst proposedby HarperandMor-
risett[8]. They introducedtheideaof having explicit typeanalysis
operatorswhich inductively traversethe structureof types. How-
ever, to retaindecidabilityof typechecking,they restricttheanaly-
sisto apredicativesubsetof thetypelanguage.Craryetal. [5] pro-
posea very powerful typeanalysisframework. They definea rich
kind calculusthat includessumkinds and inductive kinds. They
alsoprovide primitive recursionat the type level. Therefore,they
candefinenew kindswithin theircalculusanddirectlyencodetype
analysisoperatorswithin their language.They alsoincludeanovel
refinementoperationat the term level. Sahaet al [21] shows how
to handlepolymorphicfunctionsthat analyzethe quantifiedtype
variable—thisallows the type analysisto handlearbitraryquanti-
fied types. The typerecoperators(e.g., ³ 	 ) usedin this paperdo
not requirethe full power of what is provided in [21] becauseour
sourcelanguageis only a simply typedlambdacalculus.

Tofte and Talpin [19] proposedto useregion calculusto type



checkmemorymanagementfor higher-orderfunctionallanguages.
Craryà et al [4] presenteda low-level typedintermediatelanguage
that canexpressexplicit region allocationanddeallocation. Our9�á�â languageborrows thebasicorganizationof memoriesandre-
gionsfrom Craryet al [4]. Themaindifferenceis thatwe don’t re-
quireexplicit capabilities—region deallocationis handledthrough
theonly primitive.

Necula and Lee [14, 15] proposedthe idea of proof-carrying
codeandshowedhow to constructacertifyingcompilerfor a type-
safesubsetof C. Morrisettet al. [13] showed that type-preserving
compilationvia typedassemblylanguageis a goodbasisfor build-
ing certifying compilers.This papershows that low-level runtime
servicessuchasgarbagecollectioncanalsobeexpressedin atype-
safelanguage.

10. CONCLUSIONS AND FUTURE WORK
We have presenteda type-safeintermediatelanguagewith re-

gionsandintensionaltype analysisandshow how it canbe used
to provide a simpleandprovably type-safestop-and-copy tracing
garbagecollector. Our key idea is to useintensionaltype analy-
sis on quantifiedtypes(i.e., existentials)to expressthe garbage-
collection invariantson the mutatordataobjects. We show how
this sameidea can be usedto expressmore realistic scavengers
with efficient forwarding pointersand generations.Becausein-
tensionaltype analysisis also applicableto polymorphiclambda
calculus[21], webelieve our typesafecollectorcanbeextendedto
handlepolymorphiclanguagesaswell.

We intend to extend our collector with the following features,
which amoderngarbagecollectorshouldbeableto provide:� Polymorphism.Intensionaltypeanalysisisapowerful frame-

work. Adding supportfor polymorphismis straightforward
but tediousbecausethetypesystembecomesa lot heavier.� Cyclic datastructures. It might be possibleto extend the
currentdepth-firstcopying approachto properlyhandlecy-
cles,but we aremoreinterestedin a Cheney-style breadth-
first copy [2].� Side-effectsandgenerations.A first approachcouldbeto ex-
tendour currentgenerationschemewith a third region con-
tainingall themutabledata. But ultimatelywe will needto
useeithercard-markingor remembered-sets[26].� Explicit tagstorage.Sincetagsexist at run time,we needto
garbagecollect themaswell. Themostpromisingapproach
is to reify theminto specialtermsaswasdoneby Crary et
al [6, 5]. This will also allow us to usea simpler closure
conversionalgorithmfor polymorphiccode,eliminatingthe
needfor translucenttypes.
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