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ABSTRACT

Proof-carryingcode and typed assemblylanguagesaim to mini-
mize the trustedcomputingbaseby directly certifying the actual
machinecode. Unfortunately thesesystemscannotgetrid of the
dependencon atrustedgarbagecollector Indeed,constructinga
provably type-safegarbagecollectoris oneof themajoropenprob-
lemsin the areaof certifying compilation.

Building on anideaby Wangand Appel, we presenta seriesof
new techniquedor writing type-safestop-and-cop garbagesollec-
tors. We shav how to useintensionaltype analysisto capturethe
contractbetweenthe mutatorandthe collector andhow the same
methodcanbe appliedto supportforwarding pointersand genef
ations. Unlike Wang and Appel (which requireswhole-program
analysis),our new frameawvork directly supportshigherorderfun-
tions andis compatiblewith separatecompilation; our collectors
arewritten in provably type-safelanguageswith rigorousseman-
tics andfully formalizedsoundnesproofs.

1. INTRODUCTION

The correctnesof most type-safesystemsrelies critically on
the correctnes®f anunderlyinggarbagecollector(GC). This also
holds for Proof-CarryingCode (PCC)[14] and Typed Assembly
Language$TAL) [13]—bothof whichaimto minimizethetrusted
computingbaseby directly certifyingtheactualmachinecode.Un-
fortunately thesesystemscannotget rid of the dependencon a
trustedgarbagecollector Indeed,constructinga verifiably type-
safe garbagecollector is widely consideredas one of the major
openproblemsin the areaof certifying compilation[12, 3].

Recently Wangand Appel [25] proposedo tacklethe problem
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:

e We shav how to useintensionaltype analysis(ITA) [21, 8]
to accuratelydescribethe contractbetweenthe mutatorand
the collectorandhow the sameframenork canbe appliedto
constructvariousdifferenttype-safeGCs.

e UsingITA to typecheckGC mayseemnto beanobviousidea
to somepeople hawever, noneof the previouswork [23, 17,
21] have succeedeth gettingit to work. Indeed,Wangand
Appel [25] subsequentlygave up on using ITA. We shav
why the problemis nontrivial (seeSection2.2) andhow to
modify thebasiclTA framevork to solve the problem.

e Wang and Appel’s collector [25] relies on whole-program
analysisand code duplicationto supporthigherorder and
polymorphiclanguagesthis breaksseparateompilationand
is impractical. We shav how to useruntimetype analysisto
write our GC asalibrary (thusno codeduplication)andhow
to directly supporthigherorderpolymorphicfunctions.

e We exposein detail how to implementand certify efficient
forwardingpointers. Making themtype-safes surprisingly
subtle(seeSection7). Wangand Appel [25] alsoclaim to
supportforwardingpointersbut their schemas lessefficient
andit is unclearwhetherit is sound.

e We alsoshav how to handlegenerationsvith a simple ex-
tensionof our basecalculus.

e A garbageollectoris type-safeonly if it is writtenin aprov-
ably type-safdanguage.We have completetype-soundness
proofsfor all our calculi (seethe companiontechnicalre-
port[11]).WangandAppel’s collectors[25, 24], onthe other
hand,arenot fully formalized.

Although our paperis theoreticalin nature,we believe it will
be of greatinterestgto the generalaudienceespeciallythosewho
arelooking to apply new languagetheoryto solve importantprac-
tical problemssuchasmobile-codesafetyandcertifying compila-
tion. We have startedmplementingour type-safegarbageollector
in the FLINT system[18], however, making the implementation
realisticstill involves solving several problems(e.g., breadth-first
copying, rememberedets,and datastructureswith cycles,which
we still cannotsupportsatistctorily). Thusimplementatiorissues
are beyond the scopeof this paper Neverthelesswe believe our
currentcontributions constitutea significantsteptowardsthe goal
of providing a practicaltype-safegarbagecollector



2. MOTIVATION AND APPROACH

Why dowe wantatype-safegarbagecollector?

The explosive growth of the Internethasinducednenfoundin-
terestin mobile computationaswell assecurity Increasingly ap-
plicationsarebeingdevelopedat remotesitesandthendownloaded
for execution. A robustmobile codesystemmustallow codefrom
potentiallyuntrustedsourcego be executed.At the sametime, the
systemmustdetectandpreventthe executionof maliciouscode.

Thesafetyof suchasystenmdependsotonly onthepropertieof
thecodebeingdowvnloaded put alsoonthesecurityof the hostsys-
temitself, or morespecifically its trustedcomputingbase(TCB).

Proof-carryingcode and typed assemblylanguageshave been
proposedo reducethe sizeof this TCB by bundling the untrusted
code with a mechanicallycheckableproof of safety where the
safetyis usually definedastype-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 the correctnes®f a tracinggarbagecollectorfor
their safety Recentlyboth Crary[3] andMorrisett[12] have char
acterizedtype-safegarbagecollection as one of the major open
problemsin the areaof certifying compilation.

A type-safeGCis notonly desirablefor reducingthe sizeof the
TCB but alsofor makingit possibleto ship custom-tailoredGC
alongwith mobilecode,or to choosebetweermary moreGC vari-
antswithout risking the integrity of the system.Writing GC inside
atype-safdanguagetself alsomalesit possibleto achieve princi-
pledinteroperatiorbetweergarbagecollectionandothermemory-
managemennechanismége.g.,thosebasedn malloc-freeandre-
gions). Indeed,one major software-engineerindpenefitis that a
type-safeGC mustmale explicit thecontractbetweerthecollector

andthe mutatorandit mustmale surethatit is alwaysrespected.

Without typecheckingsuchrulescanprove difficult to implement
correctlyandbugscanbevery difficult to find.

2.1 The problem

Recently Wangand Appel [23] proposedo tacklethe problem
by layeringastop-and-coptracinggarbagesollector[26] ontop of
aregion basedcalculus,thusproviding both type safetyandcom-
pletelyautomaticnemorymanagement.

A region calculus[19] annotateghe type of every heapobject
with theregion in which it is allocated(suchaso; x” o2 wherep
is the region), thusallowing to safelyreclaimmemoryby freeing
ary regionthatdoesnotappeatin ary of thecurrentlylive types.

The basicideain building a type-safeGC is to concentrateon
type-safetyratherthan correctness.Ratherthantry to prove that
the copy function faithfully copiesall the heap,we just needto
shaw thatit hasatypelookingsomevhatlike Vo.(a — («[T/F]))
where(a[T/F]) standgor thetypea wheretheregionannotatioril
is substitutedor F (seeFig. 1). Assumingwe have suchafunction
andwedon' keepary referenceo theregionF, theregioncalculus
will allow usto safelyreclaimF.

Clearly, thereis no correctnesguaranteén sightsincethe copy
function might return a completelydifferent value or might not
faithfully reproduceheoriginalgraph but it ensuresype-safeexe-
cutionof thewholemutatorcollectorsystemandevenoffersaform
of type-preserationguarantee.

The main problemis clearly to write this copyfunction which
needgo tracethrougharbitraryheapstructuresat runtime. There-
fore, the languageneedso supportsomeform of runtimetypein-
formationin orderto dotheactualcopy.
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copy : YVFNTNVa.(a — a[T/F])

GC = AF.AaX(z:a,k:Vp.a[p/F] — 0)
letregion T in
let y = copy(F][T][e](x) in
only Tin k[T](y)

Figure 1: Stop-and-Copyfrom regionF to regionT.

GC' is written in continuationpassingstyle (CPS). It takes the
currentregion, the heapanda continuationand begins by allocat-
ing a new region T with “let region T in ¢”. It thencopiesthe
heapinto this new region andfreesthe old region implicitly with
“only T in ¢” which tells thatall regionsbut T canbe reclaimed.
Thisway of freeingregionswasintroducedby WangandAppelto
circumwentproblemdinkedto aliasingof regions.

In their followup paper[25], Wang and Appel suggesto cir-
cumwent the problemof runtime type informationusinga mix of
monomorphizatiomnddefunctionalizatiorfa form of closurecon-
versiondueto Tolmach[20] whichreduceshelanguageo amono-
morphicfirst-ordercalculus).However, this approactsuffersfrom
severalmajordravbacks:

e It canintroduceasignificantcodesizeincreaseandforcesthe
useof separatespecializedsC and copyfunctionsfor each
type appearingn the program.Insteadof the promisedflex-
ibility to chooseamongvariousGC variants,this approach
locksyouinto a single100%tailor-madecollector

e Monomorphizations notapplicablen thepresencef recur
sive polymorphisnor existentialpackagessotheirtype-safe
GC cannothandlelanguagesvith polymorphicrecursionor
abstractypes.

e Monomorphizatioranddefunctionalizatiorall rely onwhole
programanalysiswhich areclearlyimcompatiblewith sepa-
ratecompilation.

e Finally, althoughtheir type-safeGC doesproperly formal-
ize theinteractionbetweerthe mutatorandthe collector the
formalizationis hiddeninside the compilerandhencedoes
not allow to bring out openthe overly intimaterelationship
betweerthe GC andthecompiler

They alsotry to presere sharingusingforwardingpointers.The
roughsketchof the solutionthey proposes similar to the onewe
developed(which was doneindependently).It reliesmostly on a
form of castwhich allows covariantsubtypingof referencesMak-
ing surethatthis castis suficiently constrainedo be safeis diffi-
cult. Theirinformal presentatioris incompleteandpossiblyincor
rect,andleavesmary importantquestionsinanswered.



2.2 Our solution

We wantto do away with ary form of whole programanalysis
soasto make the mutatorandthe collectorindependenin orderto
reapthe promisedbenefitsof moreflexibility and clearerinterac-
tion betweermutatorandGC.

In thispaperwe presentaudifferentapproacHor writing thecopy
function,relyingonruntimetypeanalysis.Thesubstitutiorpresent
in the returntype of copyaswell asthe needto obsere typesat
runtime leadsone very naturally to useintensionaltype analysis
(ITA) [21, 8]. In fact,anearlierpaperof WangandAppel [23] was
titled “safe garbagecollection= regions+ intensionaltype analy-
sis” but they subsequentlgave up on usingITA andoptedfor the
solutionmentionedabove [25]. Saheetal. [17, 21] alsotriedto use
ITA to write the copyfunction, but their attemptis missingcrucial
detailsanddidn’t really work either

2.2.1 Intensionaltypeanalysis

A full descriptionof ITA is outsidethe scopeof this paper but
in short,ITA providesatypecase termto examineat runtimethe
actualtypewith which atypevariablewasinstantiatequsingsome
form of runtimetype descriptor)anda typerec type to write type
functionsthatdo the equivalentof a fold to maponetypeinto an-
other You canthusdefinea type functionthatreplacesall occur
rencesof Int with Bool. Oneimportantpropertyis that typerec
functions only analysetype constructorsand linger when faced
with atypevariableuntil thatvariableis instantiated.

2.2.2 Acasefor symmetry

Sowhatis the problem?It seemshatITA providesuswith just
therighttools. We canfor examplewrite asimpletyperec function
St.r(o) whichsubstitutesegionannotationd for F by recursvely
analyzingthetypeo. At thetermlevel, in thebodyof copy, we can
similarly usetypecase to determinethe actualtype of the object
we arecopying.

But that meansthat the type grows eachtime we go through
the GC, from o to St (o) to S, 1(St,r(0)) ... . Thismayseem
unimportansinceS shouldbereducedaway aryway. But S, +(«)
cannotbe reducedurther until « is instantiated:3a.Sr (o) is a
normalform. Sotheaccumulatiorof S operatorss arealproblem,
sinceS, r(a) isnotequalto S, + (St r(a)).

We couldarrangefor S, +(St (o)) to reduceto S, (o). But
thenall typesbecomeS, (o) (whereF is the“initial region”) ex-
cept beforethe first collection. Also it is very ad-hocand only
worksif S obeys thiskind of idempoteny.

A betterapproachs to ensurethatthe input andoutputtypesof
copyaresymmetric.We first redefineS, (o) which simply substi-
tutesp for ary regionannotatior{why botherwith aninitial region)
andthenredefinecopyto have type VF.VT.Va.(Sg(a) — St(a))
which getsusrid of the specialcasebeforethefirst collectionand
doesnotrequireary specialreductionrulefor S sinceGC doesnot
increasehe sizeof thetypeary more.

2.2.3 Acasefor tags

The abore solutionlooks good until we try to copy existential
packagesia € A.o, usedto encodeclosures.The A annotationis
usedto boundthe setof regionsthatcanappeain thewitnesstype
hiddenunderthetypevariablea.

Openingan existential packageof type Ja € {F}.Sg(«), gives
us the value o of a (i.e. the witnesstype) and a value of type
Se(o). Recursvely applyingcopyto thatvaluewill returna new
valueof type St(o), but how canwe constructhe new existential
packageof typeJa € {T}.St(«)? Reusingo for the witnesstype

will notdosinceo is notconstrainedo {T} butto {F}. A witness
of St(o) cannotwork either;the only correctlytypedpackageve
canproduceis (&« =St(c),v: ) which hastypeda € {T}.a.

Clearly, we areagaintrying to pushanew S ontothetyperather
thanreplacingan S with another So we can againarrangefor
St(Sk(0)) toreduceto St (o), but we really do notwantto tie our
handswith suchanad-hocandrestrictve scheme.

Instead,we canpay a bit moreattentionto whatwe do andob-
sene thatS, (o) makesregion annotationson o completelyuse-
less, so insteadof trying to get thoseannotationsright only to
seethem substitutedwe can simply definea parallel setof non-
annotatedypesr (thatwe will call tags). Sincetagshave no re-
gion annotationsye canhidethemin tagvariableswithoutany A
constraintwhich side-stepshe problemwhencopying existentials
corveniently Notethatcontraryto commonpractice,our tagsare
not attachedo their correspondingbjectsbut are managed:om-
pletelyindependently

Sucha split betweentypesandtagsis not a new conceptsince
it wasalreadyusedin thework on intensionakype analysiswhere
tagswere called constructos [8, 5]. But here,tagstake on more
significancesincethey correspondo a source-lgel notion of type
andwill be mappedto different actualtypeswith different type
functionsM (formerly S) which are usedto encapsulatall the
constraintghat mutatordatahasto satisfyin orderfor the collec-
tor to doits job. As you will seein sections7 and8 we will use
anon-trivial M mappingto force the mutatorto provide spacefor
forwardingpointersandto enforcethe invariantthatreferenceslo
not point from theold generatiorto the new.

3. SOURCELANGUAGE Ac|0s

For simplicity of the presentationthe sourcelanguagewe pro-
poseto compileandgarbageollectis thesimply typedA-calculus.

In orderto beableto useour region calculus we needto convert
the sourceprograminto a continuationpassingstyle form (CPS).
And we alsoneedto closeour codeto make all datamanipulation
explicit, sowe turn all closurednto existentialpackages.

We will not go into the detailsof how to do the CPScorver
sion[7] andthe closureconversionusingexistentials[10, 9].

Thelanguageusedafter CPSconversionandclosurecorversion
is thelanguage\cLos shavn below.

(types Tu=Int|t|m X2 |7 —0]|3t7
(values vae=n|flz]| (vi,v2)]| {E=71,v:72)
(termg e = |etx—vine\|etx—7rwine

| vi(v2) |open v as (t,z) ine| haltv
(programg  p = letrec f = A(z:7).eine

Sincefunctionsarein CPS,they never return,which we repre-
sentwith thearbitraryreturntype0, oftenpronouncedoid. (v1, v2)
builds a pair while ;v selectsits i*" element. To representlo-
suresthelanguagencludesexistentialpackage®f type3t.m» and
constructedy (t =71, v:72). Theconstruct

openwvas (t,z)ine

takesan existentialpackagev, bindsthe witnesstypeto ¢t andthe
valueto z, andthenexecutes. Thecompleteprogram

- .
letrec f; = A(zs:73).esine

consistof alist of mutuallyrecursve closedfunctiondeclarations
followed by the maintermto be executed.



(regions) p u=v|r

(kindg k a=Q|Q—Q

(tags) T ou=t|Int|m x| —0]|3tT
| At.T | 7172

(types o s=int| o1 x o2 | Y[H[F(&) — 0| t.o
7t p| My(r)

(values v n=n|z|vd]|(v,v)| {t=T,v:0)

| XA (75).e
op =:=wv | mv | putp]v | getv
e ==v[7][p](V)|letz =opine] haltv
|ifgc pei ez |Openvas (t,z) ine
| letregionrine|only Aine
| typecase T of (ej; e—; titz.ex;te.€3)

(opefations)
(terms

Figure 2: Syntaxof Agc

4. TARGET LANGUAGE A\¢c

We translate)cLos programsinto our targetlanguage\gc. The
target languageis also usedto write the garbagecollector Fig-
ure 2 givesthe syntaxof Agc; the semanticarepresentedn Sec-
tion 6). Agc extendsAcLos with regions[19] and (fully reflexive)
intensionattype analysis[21]. Functionsarealsofully closedand
use CPShut they canadditionally be polymorphicover tagsand
regions.

4.1 Regions

Ourregion calculususesrefeencevaluesy.f of type (o at v). v
istheregionin whichtheobjectis allocatedand/ is theactualloca-
tion within thatregion. Objectallocationandmemoryaccesseare
madeexplicit with put andget. In orderto trigger GC, ifgc allows
usto checkwhetheraregionis full. Ensuringtimely collectionus-
ing heaplimit checksor othermechanismss outsidethe scopeof
this paper soput never fails, evenif theregionis “full”.

Region allocationandreclamationis donewith let region and
only. Deallocatiorof aregionis implicit sinceonly liststheregions
that shouldbe kept. This neatlyworks aroundaliasingproblems,
atthe costof amoreexpensve deallocatioroperation(only needs
to go throughthe list of all regionsto find which onesneedto be
reclaimed).In our case we have very few regionsanddeallocate
themonly occasionallysoit is agoodtradeof.

4.2 Functionsand code

Sinceprogramsin A\gc arecompletelyclosed,we canseparate
codefrom data. Thememaoryconfiguratiorenforceghis by having
a separataledicatedregion cd for all the codeblocks. A value
M{[7](z73).€ is only anarrayof instructions(which cancontain
referenceso othervaluesin cd) andneeddo beput into aregionto
getafunction pointerbeforeonecancall it. In practice functions
areplacednto thecd regionwhentranslatingcodefrom Acos and
never directly appeain Agc code.

Theindirectionprovided by memoryreferencesllows usto do
away with letrec. For conveniencewe will usefix f.e in examples,
butin reality, e will beplacedatthelocation? in thecd regionand
all occurrencesf f will bereplacedy cd./.

4.3 Intensional type analysis

As explainedearlier we have split the notion of typeinto two.
Tagsrepresentheruntimetypedescriptorandmapverydirectlyto
source-lgel typeswithoutary region annotationsThe only differ-

[F F AcLos = /\Gc]

Ftyn=n Fkyf=cdF(f) Fhryaz=z

Fryvi =0 Flyv= v
F by (v1,v2) = put[r](vi, v)

Fry,v=1
Fhy (t=711,v:1) = put[r]{t=T11,v :My(12))

Flyv =0 Flyu =)
F e vi(v2) = wvi[][r](vz)

Flr,v=2
F . haltv = haltv’

Flree=e Flryv=
F +-. openw as (t,z) ine = open (getv') as (t, z) in e’

Ftree=¢€ Fr,v=1
Fl.letzx=vine=letx=v"ine

Free=e Flryv=1
Frelete =muine = letx = m;(getv’) ine’

Flree=¢

Fr(f=Xz:7).€) _
= M|[r](x:M.(7)).ifgc r (gc[7][r](cd.£, x)) €’

t=F(f)

F={fi—"li,...,fn—Ln}
Flyfi=MNaxiimi)e: = fi Flree=¢

%
Fp letrec f; = A(wi:7s).esine
= ({cd— {€1 — f1,...}},letregion rine’)

Figure 3: Translation of Acios terms.

entbetween\c os typesand A¢c tagsis the additionof tag func-
tions At.7 andtag applicationsri 2, which are neededfor type
analysisof existentialg21]. To dotheactualanalysisof tags,terms
include a refining typecase construct,i.e. a morerefinedtag is
substitutedor 7 in eacharmof thetypecase. Finally, insteadof a
full-blown typerec constructwe only provide a hard-codeaV, to
keepthe presentatiorsimpler M, () is the type correspondingo
thetagr complementeavith region annotation:

This definitionof M forcesthe mutatorto maintainthe invariant
that all objectsare allocatedin the sameregion, which is all our
garbagecollectorrequires.

5. TRANSLATING AcLos TO Agc

The translationof termsfrom AcLos t0 Acc shawn in Fig. 3 is
mostly directedby the type translationM, presenteckarlier: each



fix gc[t)[r](f:V[|[r](Mr(2)) — 0,2: My, (£)).
let region r in
lety = copy|t][ri,r2](x) in
only {ra} in f[][r2](y)

fix copy|[t][ri, r2](x: My () :
typecase t of
Int =2
- =
t1 X t2 = letz1 = copylti][ri, r2](w1(get x)) in
let 2 = copylta][r1, r2](m2(get z)) in
put[ra](z1, 2)
dte =-open (getz)as (t,y) in
let z = copyltet]ri, r2](y) in
put[ra]{t=t,z:Mp, (tet))

My, (2).

Figure 4: The garbagecollector proper.

function takes the currentregion as an argumentand begins by
checkingif a garbagecollectionis necessary All operationson
dataareslightly rewritten to accountfor the needto allocatethem
in theregion or to fetchthemfrom theregion. For examplea Acios
functionlike:

fix swap(x:Int x Int).
letzl = mxinletz2 = mozinletz’ = (22, z1) inhalt0

will beturnedinto thefollowing Agc function:

cd.£ = A[J[r](x: (int x int) at ).
ifgc r (ge[Int x Int][r](cd.¢, x))
letz = getzin
letzl =mxin
let 22 = max in
let z' = put[r](x2, z1) in
halt 0

Themappingbetween\ ¢ os identifierslike swap andAgc loca-
tionlikecd./ is keptin F'. Thenew agument- refersto thecurrent
region. It is initially createdat the very beginning of the program
andis changedhftereachgarbagecollection.

An importantdetail hereis that the garbagecollector receves
thetag~ ratherthanthetype o of theargument.The GC receves
thetagsfor analysisasthey werein AcLos ratherthanasthey are
translatedn Agc. This maintainsa clear distinction betweenthe
typesthe programmerthinks he manipulatesand the underlying
typesthey mapto.

Anotherinterestingdetailis thatif theregionis full, thefunction
calls the garbagecollector with itself asthe returnfunction. l.e.
whenthe collectionis finished,the collectorwill jump backto the
functionwhich will thenredothe check.We couldinsteadcall the
garbagecollectorwith anotherfunction asargument. That would
sare usfromredoingtheifgc but would requiremary tiny functions
which arejust notworth botheringwith.

The translationin Fig. 3 usesAgc in a somavhatlooseway to
keepthe presentatiorconcise. More specifically it will generate
termssuchas let x = m;(get v) in e insteadof

letz’ = getvinletz = w2z’ ine.

Turningsuchcodebackinto thestrict Agc is very straightforvard.
On the other hand, the garbage-collectiowodein Fig. 4 uses

not only somesyntacticsugarbut even resortsto using a direct-

style presentatiorof the copy function. This is only for clarity

of presentationpf course. The companiontechnicalreport[11]
presentafully CPS-andclosure-comertedcodethatis equivalent
but moredifficult to read.

Thegarbagecollectoritself is very simple:it first allocatesheto
region, askscopy to move everythinginto it andthenfreethefrom
region beforejumpingto its continuationusingthe new region.

The copy function is similarly straightforvard, recursingover
the whole heapand copying in a depth-firstway. Clearly, the di-
rect style herehidesthe stack. Whenthe codeis CPScorverted
andclosed, we have to allocatethat stackof continuationsn an
additionaltemporaryregion and unlessour languageis extended
with somenotion of stack,noneof thosecontinuationsvould be
collecteduntil the end of the whole garbagecollection. The size
of this temporaryregion canbe boundedby the size of the to re-
gionsincewe cant allocatemorethanonecontinuationpercopied
object,soit is still algorithmicallyefficient, althoughthis memory
overheads a considerableshortcoming.

6. A CLOSER LOOK AT Agc

Programsn Agc usean allocationsemanticsvhich makesthe
allocationof datain memoryexplicit. The semanticsdefinedin
Fig. 5, mapsa machinestateP to a nev machinestateP’. A ma-
chine stateis a pair (M, ¢) of amemory M anda term e being
executed. A memoryconsistsof a setof regions; hence,it is de-
finedformally asa mapbetweerregion names’ andregionsR. A
region, in turn, is amapfrom offsets/ to storablevaluesv. There-
fore,anaddresss givenby apair of aregionandanoffsetv.£. We
assignatypeto every locationallocatedn aregion with themem-
ory ervironment¥. Fig. 6 shavs the form of environmentswhile
Fig. 7 presentshe staticsemantics.

6.1 Functionsand code

Sincefunction bodiescancontainreferencedo otherfunctions
in cd but we do not have an easyway for the garbagecollector
to analyzea function body to tracethroughthosereferencesgcd
enjoys a specialstatus. It cannotbe freed and can only contain
functions,no otherkind of data.

An alternatve would beto requireall functionsto befully closed,
but thatwould requirethe additionof recursve typesfor the ervi-
ronmentcontainingpointersto all functionsandpassedroundev-
erywhere. It would save us from so mary cd specialcasesand
would allow garbagecollecting code, but on the other hand, it
would belessrealisticsinceit would amountto disalloving direct
functioncalls.

6.2 Thetype calculus

Thetamgetlanguageanustbe expressie enoughto write atracing
garbagecollector Sincethe garbagecollectorneedsto know the
type of valuesat runtime, the language\gc mustsupportthe run-
time analysisof types. Therefore conceptuallytypesneedto play
adualrolein thislanguage As in the sourcelanguage\ci os, they
areusedat compiletime to type-checkwell formedterms. How-
ever, they arealsousedat runtime,astags,to beinspectedy the
garbagecollector(and,in generalpy ary typeanalyzingfunction).
To enforcethis distinction,we split typesinto ataglanguageanda
typelanguage Thetagscorrespondo theruntimeentity, while the
typescorrespondo the compiletime entity.

During the translationfrom Ac os t0 Agc, the tag for a value
mustbeconstructedrom its type,sothetagsin Acc closelyresem-
ble the typelanguagen AcLos. To supporttag analysis,we need
to addtag-level functions(At.7) andtag-level applications(rr1)
whichin turnrequiresaddingthe functionkind 2 — €.



(M, v.L[7][7)(¥))
whereM (v.4) =

(M,letz =vine)

(M,letz = m;(vi,v2) ine)

(M, letz = put[v]vine)

(M,letz =getv.line)

(M,open (t=7",v:0) as (t,z) in e)
(M, ifgc p e1 e2)

(M,ifgc p e1 e2)
(
(
(
(
(
(

(AAF(@:6).¢)

M, letregion rin e)

M,only Aline)

M, typecase Int of (ej; e—;titz.ex;te.€3))

M, typecase T — 0 of (ej; e—;t1tz.ex;te.€3))
M, typecase 1 x 2 Of (¢j; e—;tila.ex;te.3))
M, typecase 3t.7 of (¢j; e—; tita-ex;te.c3))

I

M, e[g, 7', 5/7. ¢, 7))

M, elv/z])

M, elvi/x])

MA{v.t — v}, elvl/x]) wherel ¢ Dom(M(v))
M,e[v/x]) whereM (v.f) =v

M, e[r',v/t,x])
M,e1) if pisfull
M,es) if pisnotfull
M{v > {}},ely/r])
M|a,e)

M, e;)

M,e_.)
M,ex[m,m2/t1,t2])
M, es[At.7/te])

wherev ¢ Dom(M)

Figure5: Operational semanticsof Agc.

(terv) O :=-]0,t:k

(verv) I «=-|T,z:0

(renv) Au=-]Ap

(regiontypeg Y = {l1:01,...,ln:0n}

(memtypeg ¥ == {cd: Ty, v1: T, 00 T}
(regions R :={li —vi,....0n— vy}

(memoriey M := {cd — RCd’ vi — Ri,...,vn— Ry}
(states P == (M,e)

Figure6: \gc ervironments

Typesareusedto classifyterms.Thetypelanguagencludesthe
existentialtype for typing closuresandthe codetype V|[i][7](¢) —
0 for fully closedCPSfunctions. Moreover, typesin the target
languagamustincludetheregionin whichthecorrespondingalue
resides. Therefore,we usethe notationo at p for the type of a
valueof typeo in region p.

To reasoraboutthe safetyof programsn this languagewe will
oftenneedto assumehatavalueresidesn aparticularregiononly.
For example,afterthe copy functionis finished,we mustbe able
to assumehatall the datais containedonly in the new region; so
thatthe old region canbe safelyfreed. Therefore to ensuretype
safety we mustbe ableto enforcethis invariantat the type level.
For this, we usethe built-in type operatorM. ThetypeM,(7) can
only containvaluesthatarein region p. This shouldbe contrasted
with valuesof type o at p which cancontainreferencego other
regionsthatp.

6.3 Theterm calculus

Thetermlanguagemustsupportregion basednemorymanage-
mentandruntimetype analysis.New regionsare createdthrough
the let region r in e constructwhich allocatesa new region v at
runtimeandbindsr to it. A term of the form put[p]v allocatesa
valuewv in theregion p. Datais readfrom aregion in two ways.
Functionsare readimplicitly througha function call. Datamay
alsobereadthroughtheget v construct.

Operationallyget takesa memoryaddress.¢ anddereferences
it. Sinceour region calculusdoesnot admit danglingreferences,
andsinceeachreferencemplicitly carriesaregionhandleget does
notneedaregion agument.asopposedo put.

Deallocationis handledimplicitly throughtheonly A in e con-
struct[23]. It assertstaticallythatthe expressione canbe evalu-
atedusingonly the setof regionsin A’ (i.e. A extendedwith the
cd region), which is a subseif theregionscurrentlyin scope.At
runtime,animplementatiorwould treatthe setof regionsin A’ as
live andreclaimall otherregions.

AIZA,Cd \I/|AI;A/;6;F|AI|—€ A" cA”
U;A”:0;TFonlyAine

The construct| o/ restrictsan ervironmentto the setof regions
in A’. lL.e. ¥|/ is the subsebf the heaprestrictedto the regions
in A’. Similarly, T'| o+ eliminatesfrom T all variableswhosetype
refersto regionsnotmentionedn A’.

Theuseof only waschoserfor its simplicity. Otherapproaches
eitherdo notwork with aCPSlanguageor carryasignificantadded
compleity to handlethe problemof aliasingwherebythe program
requestshedeletionof region 1 while 2 is still in useandmight
referto the sameregion. only side stepsthis difficulty by making
theactualdeletionimplicit: insteadf requestingleletionof 1, the
programwill requesto keepras which will preventr; from being
deletedf i andrs happerto bealiases.

The runtimetype analysisis handledthrougha typecase con-
struct(it shouldarguablybe calledtagcase sinceit analysesags
ratherthantypes). Dependingon the headof the tag being ana-
lyzed,typecase choose®neof thebranchedor execution.When
analyzinga tag variablet, we refinetypescontainingt in eachof
thebrancheg6].

OFt:Q
U; A; ©;T[int/t] - es[int/¢]

U; A; ©;T - typecase t of (ej; e—; tita.ex;te.e3)

In the e; branch,we know that the tag variablet is boundto Int
andcanthereforesubstitutdat away. A similarruleis appliedto the
othercases.



o) =k OF7m :Q OFmn:Q
-Fint: Q OFt:k OF T XT2:Q
OFT:Q 0,t:QF7:Q
OFT7T—0:Q OF3dtr:Q
0,t:QF71:Q OF7m: 00— OFm:Q
OFAT:Q—Q OFrmim:Q
A;OF oy A;OF oq
A;© Fint A;OF o1 X 02
{F}Qt?'fi_o'i A;Ot:kk o
A; O FV[tK][F(F) — 0 A;OF Jt:ko
A;OF o peEA OFT:Q pEA
A;OFoatp A; O F My(T)
;A0 THw o \IJ;A;G);FFop:U]
INz)=0

U:A;0;TFn:int U A;60;TkFz:0

U(vl) =0 Dom(¥);-+oatv
U A;0;T vl ocaty

cd, =t oy \IJ|Cd;Cd,Fgm;ml—e

U A;O;T F At k][ (T7).¢ : V[t x][F](F) — O

U A;0; T F oy

101 U A;0; T F v : o2
U;A;0;T F (v1,v2) : 01 X 02
U A;0;T oo X og U:A;0;THov:oatp

U, A;0; T Fmv : o U:A;0;T - getw

Lo

OF71:rk U;A;0;TFuv: o[r/t]
U;A;0;T - (t=7,v:0) : It:k.o

U, A0 THv: o pEA
U;A;0;T F putfplv : catp

Figure7: Stati

6.4 Formal propertiesof the language

In this section,we shav thattype checkingin Agc is decidable
andthat the calculusis sound. We omit the proofs dueto space
constraints. The readermay refer to the companiontechnicalre-
port[11] for details.

Proposition 6.1 Reductionof well formedtypesis strongly nor-
malizing

Proposition 6.2 Reductiorof well formedtypesis confluent.

Definition 6.3 Thejudgment- (M, e) saysthatthemadinestate
(M, e) is well-formed.lt is definedby:

W;A;0;T o : V[t:k][F](F) — Oatp
U A;0;T v @ oi]p, 7/, 1] OFm
;A 0: 1 o7 [A]()

:Ri piEA

U;A;0;THop: o U;A;0;T,z:0F e
U;A;0;THletz=opine

U:A;0; T Fo: 3t ko U;A;0,t:5;0,x:0t/t| Fe
¥;A;0;'-openvas (t,x)ine

U:A;0;TFer U;A;0;T Feq
U; A;0;T Fifgec per e

pEeEA

U, A r0;T ke
U; A; ;T + letregionrine

U:A;0;T Fw:int
U; A;0;T + haltv

A'=A"cd TanA;0;T|ar e
U:A;0;T Fonly A" ine

A CA

U A; 05T ¢
U; A; ©;T - typecase Int of (ej; e—; titz.ex;te.c3)

U A;0;T Fe
U; A;O;T - typecase 7 — 0 of (ei; e_;tita.ex;te.e3)

U A;O; T F e [ri, T2/t t2]
U; A;0;T - typecase (11 x 72) Of (ej; e—; titz.ex;te.€3)

U; A;O;T F eg[At.T/te]
U; A; ©;T - typecase 3t.7 of (ef; e—; tita.ex;te.e3)

OFt:Q

U; A;©; T'[int/t] F e;[int/1]

U A;0;T Feo

U A;0,t1:Q,t2:Q; Tt X ta/t] Fex[tr X t2/t]
U;A;0,te:Q — Q; T[3t.tet/t] F ea[It.tet/t]
U; A; ©;T - typecase t Of (¢j; e—; tita.ex; te.e3)

¢ semanticsof Agc.

FM:U U; Dom(¥); - Fe

F(M,e)

Contraryto the otherervironments,¥ is notexplicitly constructed
in ary of the staticrules,sinceit reflectsdynamicinformation. In-
stead the soundnesgroof, or morespecificallythe type presera-
tion proof, needsto constructsomewitness¥’ for the new state
(M',€") basedonthe ¥ of theinitial state(M, e).

Proposition 6.4 (Type Presewation) If - (M, e) and
(M,e) = (M, €') thent (M, €").

Proposition 6.5 (Progress) If - (M, e) theneithere = halt v or
ther existsa (M, e) sud that (M, e) = (M', e’).



U, A0 THv: 0o U;A;0;TFe

U; A0 T o :lefteo U;A;0;T Fw:righto
U:A;0;T Fstripv:o U;A;0;TFstripv: o

;A0 TFv:o
U:A;0;TFinlwv :

U, A0 THv:o
leftoc U;A;0;T Finrov : righto

U:A;0;THw: lefto; A; O Fright o2
U:A;0;T F v : left oy + right o2

U:A;0;T v o1+ o2
U A0 Tzt ey U;A;0;T,2:02 - er

U, A;0;T Hifleftz = v e er

U;A;0;T Fe
U:A;0;T v toatp U;A;0;T w0

U;A;0; T Fsetvr :=w2 5 €

U; A;0;T F o My(7)
Ulegscd, p, 05O, 2:Cp (1) e

U; A;©;T F let z = widen[p'][7](v) ine

Figure 8: Static semanticsfor Aacforw-

7. FORWARDING POINTERS

Thebasealgorithmpresentedbeforeis unrealistidn anumberof
ways. Thefirst is the factthatthe copy functiondoesnot presere
sharingandthusturnsary DAG into atree.

We henceneedto addsomeform of forwarding pointers. Wang
andAppel [25] proposeto pair up every objectwith its forwarding
pointer incurring a significantmemorycost. This additionalword
is notunheardf, sincereplicatinggarbagecollectors[16, 1] incur
asimilaroverheadjustifiedby thedesireto provide concurrentol-
lectionwhile avoiding the costof aread-barrier We wantinstead
to represenbbjectsasa sum (o + fwd o), which requiresa sin-
gle bit perobjectandcorrespondsnuchmorecloselyto traditional
implementationsTo this end, Agcrorw €XtendsAce with new types

andtermsfor tagbits andsumtypesaswell asmemoryassignment.

We do not needa new fwd or ref type sincewe canusetheregion
calculus’referencegor thatpurpose.

Anotherrequiremenfor arealisticGCis thatthemutatorshould
notneedo constantlycheckfor thepresencef forwardingpointers
sincesucharead-barriewould only bejustifiedfor anincremental
GC. In otherwords,the type asseenby the mutatorshouldnot be
a sum, althoughit shouldstill containthe single-bittag that the
GCwill useto distinguishbetweerforwardingpointers.Also there
shouldbe a way to switch from the mutators view of the type of
anobjectto theoneof thecollector Sowe alsoneedto addaform
of castthatwe call widen which we will useatthe beginningof a
collectionto give the collectoraccesgo theforwardingpointers:

o u=...|lefto|righto|left oy +rightos | C, . (T)
v z=...|inlvinrv
op=...|stripv

e u=...|ifleftz=ve e, |setvii=v2; e
| Iet x = widen[p][7](v) ine

Figure 8 shaws the relevant new rules of the static semantics.

Here,inl andinr (andtheir type-level counterpartdeft andright)
canbethoughtof asaddinga singletagbit to anobjectwhile strip
getsbacktheuntaggedbjectandifleft checkshetagbit. Theidea
is to represenbbijectsas (left o) to the mutator(andwithout the
“right ¢” alternatve to avoid the needfor checks)and castthem
with thewiden operatorto (left o + right(o at to)) whenentering
thegarbageollector(here“to” denotesheregionfor theto-space).
Sinceasinglesource-lgel typenow mapsto two differentpossi-
ble types,we needtwo type operatorsM, (7) to mapsourcetypes
to themutators view of thedataandC, /() to mapsourcetypes
to the collectors view (which addsforwardingpointers).M,(7) is
thesameasheforefor basetypesandfor codetypes,butis changed
for existentialsand pairs by addingthe left constructorthat con-
strainsthe mutatorto provide the tag bit neededo distinguishthe
forwardedpointerfrom the non-fornardeddata.

»(Int) = int

= V[][r](M,(7)) — Oatcd
o(3t.7) = (left(3t.M,(7))) at p

= (left(Mp(71) x My(72))) at p

C,, (Int) = int
C, (T —0) = My(1 —0)
C

= (left(3t.C,, /(7)) + right(M,/ (3t.7))) at p

left(C, , (1) X C, 0 (72))

Copr (11 X T2) = (+right(Mpf (11 % 72))

)atp

It is worth noting againherehow the M type operatorscleanly
encapsulatéhe invariantsimposedon the mutatorby the collector
In this casejt forcesthe mutatorto provide the collectorwith free
bit thatthecollectorcanthenuseto distinguishforwardingpointers
from non-forwardeddata. And we alsoseehow the samemecha-
nism canbe usedto expressthe differencebetweenthe restricted
view offeredto the mutatorandthe full blown accesgo internal
datathatthecollectorneeds.

The operationalsemanticf the nev operationds straightfor
ward, especiallysincewe canimplementthe assignmenbperator
by reusingtheindirectionthroughthe memory:

(M,letz = strip (inlv)ine) = (M,efv/z])
(M,letx = strip (inrv)ine) = (M,e[v/z])

(M, ifleft x = (inlv) e; er) = (M, ei]inlv/z])
(M, ifleft z = (inrv) e; e,) = (M, e[inrv/z])
(M,setv.l:=wv; e) = (M{vL — v}, e)
(M, let z = widen[p][7](v) in e) => (M, e[v/x])

Thetranslationfrom AcLos to this Agcronw IS NOt Shawn sinceit
is basicallythe sameasheforeexceptfor theinsertionof all theinl
andstrip. Thegarbagesollectorcanbeseenin Fig. 9. Comparedo
the original algorithm,the only differencein the gc functionitself
is the widening of the heapfrom M, to C,1 2 andthe factthat
we have to bundlethe f andz amgumentsinto a pair in orderto
passt throughthewiden operatorandunbundleit afterwards.The
copy functionalsoneedgo bechangedf course:whencopying a
heapobjectsuchasa pair, it now hasto checkwith ifleft whether
the objectwasforwarded,if soit justreturnstheforwardedobject,
otherwiset doesthecopy asbeforeandhasto overwrite (usingset)
theoriginal objectwith theforwardingpointerbeforereturningthe
copiedobject. Sincethe copy is still fundamentallydepth-first,it
will loopindefinitelyin thepresencef acycle. Oursourcecalculus
cannotcreatecyclesin the heap,but for morerealisticlanguages,
thisis a significantrestriction.



fix ge[t][r1](f:Mp, (t — 0),2: My, (2)).
let region r5 in
let w = widen[ra][(t — 0 x t)](put[r](inl (f,x))) in
ifleft w = get w then
let w = strip w in
lety = copy[t] [r1,72](m2w) in
only {rz} in (mw)(|[r2](y)
else
halt 0

fix copy[t][r1, 72) (2 Cry 1o () = My, (1)
typecase t of
Int ==z
— =
t1 X ta = lety = getzin
ifleft y = y then
let z; = copylti][r1, r2](mi(sStrip y)) in
let 2o = copyl[t2][r1,r2](m2(strip y)) in
let z = put[r2](inl (z1,z2)) in
setx:=inrz; z
else
strip y
dte = lety =getxin
iflefty = y then
open (strip y) as (t, y) in
lety = copyltct][ri, r2](y) in
let z = put[r2](inl (t=t,y: My, (tct))) in
setx:=inrz; z
else
strip y

Figure9: GC with forwarding pointers.

7.1 How to widen safely

Theonly non-trivial extensionis widen whichallowsthegarbage
collectorto have adifferentview of the existingmemory provided
thetwo views aresomeha compatible It seemdifficult to solve
the problemof allowing two views on the samedatawithout such
aform of cast.At first, it seemawve arejustapplyingaform of sub-
typing, but this form of subtypingis very powerful sinceit allows
covariantsubtypingof referencesThis meanshataliasingissues
have to behandledwith extremecare.

Whenfacedwith the sameproblem,Wangand Appel cameup
independentlyvith a similar idea. But their suggestedast leaves
mary questionopenandmight needmorework to be madetype-
safe.Also its operationakemanticactuallydoesa completecopy
of theheapfrom oneregionto theother This might male it easier
to prove soundnes$ut makesit unclearwhetherit canreally be
implementedas a nop. In contrast,the operationalsemanticsof
widen is anopandwe have a proof of its soundness.

In orderto handlethe problemof aliasingmentionedabove, it
might be possibleto rely on someform of linear typing or alias
types[22], but giventheinherentgeneralityof a garbagecollector
it seemddifficult. Our approachis to rely on the consistentap-
plication of the samecastover the whole heap,sothat aliasesare
guaranteedo be castin the sameway (or discardedsinceall free
variablesarethrown away).

Ratherthanan ad-hocwiden we could provide a moregeneral
cast thatconsistentlyappliesa giventypetransformationgaslong
asit obeys thenotionof subtypingextendedwith covariantsubtyp-
ing of referencesjo ary particularsetof regions,but the complec-

ity of suchanoperatoiis out of the scopeof this paper

In Figure8, thetyping rule for widen shavs thatthe expression
e is typedin anervironmentthatonly containse. In essence rep-
resentgheentireheap.Further z is obtainedrom thevaluew that
hastype M, (7). Looking at the definition of M, we canseethat
all valuesreachabldrom v will have a type of the form M, (7).
SincebothM andC areiterators,we cannow definea castingop-
erationfrom onetypeto the otherasaniterator This iteratorwill
traversetheentireheapandsystematicallyconvertfrom onetypeto
the other; this systematiacorversionis necessaryo avoid ending
up with avaluethathasa particulartype alongonepath,but hasa
differenttype alonganotherpath.

The proof of soundnessf widen is ratherintricate. It startsby
ignoring somedeadobjectsfrom the heap,sothatonly objectsof
typeM, (7) areleft, whichgetcastto C,, - (7). Forthatreasonywe
needto loosenour notion of awell formedmachinestateto allow
restrictingthe consideredmemory M to just a well-typed suffi-
cientsubsetl/, where“sufficient” meanghatno objectoutsideof
M is neededo completeexecution. This safelypermitsill-typed
garbage.

Definition 7.1 Themadinestate(M, e) is well formediff

McM +=M:% U Dom(¥);-;--Fe
F(M,e)

Themainstumblingblockin thesoundnesproofis to shaw type
preserationfor widen. Theproofbeginsby constructingl which
only containsobjectswhosetype matchessomeM, (7). There-
sulting stateis still well formedsinceall live datais of suchatype
whenwe reachwiden. We then castevery heapobjectfrom its
M, (7) typeto C, ,(7) andshaw, usingthe subsumptiorrule on
sumtypes,that the resultingstateis alsowell-formedandthat it
correspondso the stateafterwiden. Seethe companionTR [11]
for thecompletesoundnesgroof.

8. GENERATIONAL COLLECTION

Anotherimportantaspecbf amodernGCis thesupportfor gen-
erationalgarbagecollection. If we first restrictoursehesto a side-
effect free languagethenwe can collect a single generationat a
time so long aswe can expressthe fact that an objectin the old
generatiorcannotpointto anobjectin theyounggeneration.

To thatendwe needto extend Agc with existentialquantification
over regions,sothatthe mutatordoesnot needto carewhetheran
objectis allocatedin the youngor the old region. We alsoneed
to add someway to checkin which region an objectis allocated
sothatGC candetectwhenanobjectis in the old generation(and
hencedoesnot needcopying):

ocu=...|3reA(catr)
vi=...|[(reA=pv:0o)
ex=...|openwvas (r,x)ine]|ifreg (p1 = p2) €1 e2

Apartfrom thosenew construct§whosestaticsemanticss pre-
sentedn Fig. 10),the M typeoperatoralsoneedgo be modifiedto
reflectthe new invariantimposedon themutator It is now indexed
by two regions(theold andthenew) andhasto enforcethefactthat
objectsin the old region cannothave referenceso the new region:

M,,, 0, (IN) = int

Moy 0o (T = 0) == V(][ry, 70](Mr, r, (7)) — 0 atcd

Mpy .00 (F8.7) == Tr€{py, po}.((3t-Mr,p, (7)) at )

Moy 00 (T1 X 72) == 37 €{py, po}-(Mr,p, (11) X Mrp, (72)) &t 7)

PyPo
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ACcA AnrOFo
A;OF3reA’(oatr)

OFT:Q p]GA pQGA
A;0 F My, 0, (T)

U, A;0; T Fov:olp/rlatp pe A’ A'CA
VA0, (re A =pvio): IreA’(oatr)

U:A;0;T o :3reA’ (oatr)
U, A0 T e:ocatrte

¥;A;0;I'-openwvas (r,z)ine

v A[T! T/rlﬂ T2]; CH F[Ts T/Tlﬂ TQ] F 61[T, T/rlﬂ T2]
U A;0;T Fes ré¢ A

\I/;A;@;F I ifreg (T1 = Tz) e1 e

W Alv/r];©;0v/r] Feiv/r] U;A;0;T F ez

U;A;0;T Fifreg (r=v)er e
U;A;0;T Fifreg (v =r)er e

U:A;0;T F eg
\IJ; A;@;F = ifreg (V1 = 112) €1 €3

U A;0;T F e
U; A;0;T Fifreg (11 =v1) er ea

Figure 10: Static semanticsof Agcgen-

By usingthe set{r, p,} we male surethatif r is the old gen-
eration, pointersreachablefrom it cannotpoint back to the new
generation.

The operationakemanticareagainrathersimple:

(M,open (r € A =v,v:0)as (r,z)ine) = (M, e[v,v/r, z])
(M,ifreg (v =) e1 e2) = (M, e1)
(]\4, ifreg (l/1 = 1/2) el 62) = (]\4, 62)

Although the operationalsemanticslo not take adwantageof it
(in orderto simplify the soundnesgroof), we definedthe existen-
tials over regionsin sucha way that they canbe implementedas
nop sincethe encapsulatedeferenceusually alreadyencodeshe
regionin its bit-pattern(or in its v.£).

Thenew termtranslatioris againnot shavn sinceit is sosimilar
to theoriginal one. The new type constraints trivially alwayssat-
isfiedaslong asthe mutatoronly allocatedrom theyoungergener
ationandaslong asthe memoryis immutable.If side-efectswere
to be necessaryit shouldbe possibleto extendthis schemewith
one mutableregion (keepingall othersimmutable)which would
be consideredimilarly to the oldergeneratiorbut scannedht each
collection. Obviously, this would first requireaddingsomeway to
scanaregion, but shouldnot presentary seriouddifficulty.

TheGCitself canbeseenn figure11. Themaindifferencewith
the basicGC of figure 4 is thatit doesnot copy to a new region
but to an existing one and stopstraversingthe treeassoonaswe
encounterareferenceo theold generation.

When hitting suchan external reference we have to repackit
justto helpthetype-systemunderstandhatthisreferencas of type
Mo, .0, (7). Butthoseoperationsarefree aryway.

fix gelt][ry, ro](f :Mry,ro (t — 0),2:Myry 7, (1)).
lety = copyl[t][ry, ro](z) in
only {r.} inletregion ry in f[][ry, ] (¥)

ﬁx COpy[t] [Ty’ T‘o] (CE : M”'y sTo (t)) : M"‘oﬂ'o (t)
typecase t of
Int ==z
i =&
t1 X t2 = openx as (r,x) in
ifreg r = ro then (r € {ro} = o, x) else
let z1 = copyl[ti][ry, o] (m1(get z)) in
let z2 = copylta][ry, o] (m2(get 2)) In
(re{ro} =ro,put[r](z1, 22))
Jte = openzas (r,z)in
ifreg r = ro then (r € {ro} =ro,x) else
open (get x) as (t,y) in
let z = copyltet][ry, ro](y) IN
(r € {ro} = ro, put[r](t=t, z: My r, (tct)))

Figure 11: Generational GC.

Notethatanotherfunctionneedgo bewritten to garbagecollect
theold generationbut thatoneis the sameasthenon-generational
one.

At first sight, the Agcgen languagemay seemunsoundbecause
we allow existentialsover regions. However, thesetypesare not
existentialsin a realsensesincethey do not hide a region within a
type. Rather in thetype3dr € A.(o at r), the setA is anupper
boundon the regionsthat the variabler may rangeover. In this
sensepur existentialis closerto a boundedquantification.

SeethecompanionTR [11] for the proof of soundness.

9. RELATED WORK

Wangand Appel [23] proposedo build a tracing garbagecol-
lectoron top of a region-basedtalculus,thusproviding both type
safetyand completelyautomaticmemorymanagementThe main
weaknes®f their proposalis thatit relieson a closureconversion
algorithmdueto Tolmach[20] thatrepresentslosuresasdatatypes.
Thismalesclosuregransparentnakingit easieifor thecopy func-
tion to analyze put it requireswhole programanalysisandhasma-
jor drawbacksin the presencef separateompilation. We believe
it is morenaturalto representlosuresasexistentialg10, 9] andwe
shav how to useintensionatypeanalysigonquantifiectypes[21])
to typecheckhe GC-coyy function.

Intensionatype analysiswasfirst proposedy HarperandMor-
risett[8]. They introducedheideaof having explicit type analysis
operatorswhich inductively traversethe structureof types. How-
ever, to retaindecidabilityof type checking they restricttheanaly-
sisto a predicatve subsebf thetypelanguageCraryetal. [5] pro-
posea very powerful type analysisframewvork. They definearich
kind calculusthat includessum kinds andinductive kinds. They
alsoprovide primitive recursionat the type level. Therefore they
candefinenew kindswithin their calculusanddirectly encodeype
analysisoperatorswithin theirlanguageThey alsoincludeanovel
refinementbperationat the termlevel. Sahaet al [21] shavs how
to handlepolymorphicfunctionsthat analyzethe quantifiedtype
variable—thisallows the type analysisto handlearbitrary quanti-
fied types. The typerecoperatorge.g., M,) usedin this paperdo
not requirethe full power of whatis providedin [21] becauseur
sourcelanguagas only a simply typedlambdacalculus.

Tofte and Talpin [19] proposedto useregion calculusto type



checkmemorymanagemerfor higherorderfunctionallanguages.

Crawy et al [4] presentedh low-level typedintermediatdanguage
that can expressexplicit region allocationand deallocation. Our
Acc languageborrowns the basicorganizationof memoriesandre-
gionsfrom Craryetal [4]. Themaindifferences thatwe don't re-
quire explicit capabilities—rgion deallocations handledthrough

the

only primitive.

Neculaand Lee [14, 15] proposedthe idea of proof-carrying
codeandshavedhow to constructa certifying compilerfor atype-

safesubsef C. Morrisettet al. [13] shaved thattype-preserving

compilationvia typedassemblyanguagés a goodbasisfor build-

ing

certifying compilers. This papershavs thatlow-level runtime

servicesuchasgarbageollectioncanalsobe expressedn atype-
safelanguage.

10. CONCLUSIONS AND FUTURE WORK

We have presented type-safeintermediatelanguagewith re-
gions andintensionaltype analysisand shav how it canbe used
to provide a simple and provably type-safestop-and-coyp tracing
garbagecollector Our key ideais to useintensionaltype analy-
sis on quantifiedtypes(i.e., existentials)to expressthe garbage-
collection invariantson the mutatordataobjects. We shav how
this sameidea can be usedto expressmore realistic scavengers
with efficient forwarding pointersand generations. Becausen-
tensionaltype analysisis also applicableto polymorphiclambda
calculus[21], we believe our type safecollectorcanbe extendedo
handlepolymorphiclanguagesswell.

We intend to extend our collectorwith the following features,
which amoderngarbagecollectorshouldbe ableto provide:

e Polymorphismintensionatypeanalysids apowerful frame-
work. Adding supportfor polymorphismis straightforvard
but tediousbecausehetype systembecomes lot heavier.

e Cyclic datastructures. It might be possibleto extend the
currentdepth-firstcopying approacho properly handlecy-
cles, but we aremoreinterestedn a Cheng-style breadth-
first copy [2].

e Side-efectsandgenerationsA first approacltouldbeto ex-
tendour currentgeneratiorschemewith athird region con-
taining all the mutabledata. But ultimately we will needto
useeithercard-markingor remembered-sefg6].

e Explicit tag storage . Sincetagsexist atruntime, we needto
garbagecollectthemaswell. The mostpromisingapproach
is to reify theminto specialtermsaswasdoneby Crary et
al [6, 5]. This will alsoallow usto usea simplerclosure
corversionalgorithmfor polymorphiccode,eliminatingthe
needfor translucentypes.
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