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Abstract. Traditiond garba@ collection technique designé for languag systems
operatimg over transiemdatdo not readily migraeto apersistehcontext The size com-
plexity, and permanenecharacteristisof apersistehobjed store mean that an automatic
storag reclamatiao systemin addition to ensurirg that all unreachakdand only unreach-
able datais reclaimed mug also maintain store consisteng while limiting 1/0 overhead
when collecting secondary-memgrdata.

Researh has shown tha carefu selectiom of which area of a store to colled can sig-
nificantly increa® the amour of reclaimel storag while reducirg the I/0 costs Many
garba@ collectoss for existing stores however, eitha are off-line or rely on reclaiming
spae in a predefing orda. This pape preseng a new incrementagarbag collection
algorithm specifically designe for reclaimirg persistenhobjed storage The collecta ex-
tends the Mature Objed Spae algorithm to ensue incrementaliy in a persistehcontext,
to achieve reaverability, and to impose minimum constrains on the orde of collection
of area of the persistehaddres space.

Keywords: persistencegarba@ collection memoy managementmatue objed space train algo-
rithm

Int roduction

The principd intention of automatt storage reclamatim is to relieve the programme of the burden-
sone and often errar-pronre task of indicating which memogy can bereused |t can also help reaganize
da@in an effort to improve performanceTo acheve this a collecta mug distinguis reachals from
unreachald objecs and reclam the storag occupieal by garbageAn importart aspetof any collector
istha it iscomplete it will, after afinite numbe of invocationsreclam all unreachald storage.

In a persistenstore automatt reclamatio still need to med the criteria above. Indeed lack of
completeneswil | beamoreacueproblenthanintransietsystens sincefailuretoreclamall garbage
leads to permanenspae loss Although many garbag@ collectos for main-memoy programming
language ard systens have been designedbuilt, and measurd (see Wilson's suvey [Wilson, 199]
for agoad introduction) the collection of garbag for a persistehstore raises additiond concerns:

e The shee size of many persistehstores suggest tha semi-spae technique will be unwork-
able becaus they approximate} doubk spae requirementsLikewise, "stop-theworld" style
collectionwould resut in prohibitively long pauses.

e Becaus pointess in thes stores refer to objecs in secondar memoy, update resultirg from
objed movemer in copying and compactirg collectois can incur high 1/0 costs.



e Persistenstores exhibit sorre notion of stability wherely aconsistehstat can alwaysberecon-
structel after a crash Most existing collecta algorithns are nat inherenty atomic and are thus
unsuitabéin this context.

We presem here a new garba@ collection algorithm for persisteh objed stores called PMOS,
tailored to addres the issues above. The PMOS collecta is essentialf an extensio of the Mature
Objed Spae (MOS) algorithm [Hudsm & Moss 199°] (colloquially known as "the train algorithm™)
which is an incrementdmain-memoy copying collecta specifically designe to colled large, older
generatios of a generationschene in a non-disruptve manne. There are a numbe of essential
features of MOS tha make it an attractve startirg point:

The collecta limitsthe amoun of data moved during ead) incrementinvocation.

It naturallyy suppors compactiom ard clustering.

It can beimplemente on stok hardvare and does nat require specidoperatimg systens support
sud as pinning or extern& page control.

It has been implementedproved to be complete and to achieve the statel objecive of bounded
time for any single collection [Seligmam & Grarup 1995].

The PMOS collecta partitiors the persistehaddres spa@ into distind area and retairs many of
the sane features and mechanisraof MOS, but with two importart extensions:

e Unlike MOS, the algorithm does nat impose any constraing on the orde of collection of the
areas Work by Cook Wolf, and Zorn [Cook et al., 19945, Codk et al., 1994] suggest tha a
flexibleselectiom policy allowing acollecta to choog which partition to colled can significantly
reduel/O ardincreagtheamourt of spa@reclaimed One of the desigrgoakfor PMOSwasto
free the algorithm from imposirg any collection orde thus allowing the implementa to provide
apolicy appropria¢to the application.

e Resulsfromthe MaStA I/O cod modé work [Scheuelret al., 1995 Munro et al., 1995 suggest
tha no single recvery mechanim gives the beg performane unde differert workloads and
configurations Hence one of the aims of the PMOS desigh was to provide atomicity to the
MOS collecta without binding it to a particula remvery mechanism.

Related Work

There are two bodies of prior related work in garba@ collecting databaseand objed stores The
first, older, body is concernd primarily with designirg garbag collection scheme tha will work
in the concurreh and atomic world of databasg(i.e., in the presene of concurreng, concurrency
control and cras recovery). See for example[Detlefs 1990, Kolodne, 1987, Kolodne et al., 1989,
Kolodne, 1990] The second more recent body is more concernd with policies and performance
[Cook et al., 19948 Codk et al., 1994]. Our schene differs from the first group in that it uses parti-
tions (we cal them blocks or carg and uses them to colled in a coarse-graingincrementaway, but
at leag somewha obeyirg the existing objed clusterirg pattern Grantedthe earlia schems outlined
abovework on apage by page basis but our partitiors may belarger than apage and might vary in size,
as convenient Also, thes earlie schemstend to impose a specifc orde of collecting pages (breadth



first copying). The essentibdifferen® is tha this earlie body of work was concernd with devising
corred algorithms in the face of concurreng and/a failures We conside the correctnesissie to be
solved and are more concernd with issues of performane (but also portability, clean interfacesetc.).
Furthe, the correctnes of remvery and concurreng contrd with our algorithm is simple to argue,
wherea sore previous schems had more subtle integratel algorithms.

The more recen body of work uses partitions and is concernd with performancebut uses algo-
rithmsthat do not guarante completenesOur schene offerscompletenessnd allows (even requires
in sonme sensgobjecsto be reclusterd as they are collected The work of Cook Wolf, and Zorn has
dore a usefd job in starting the investigatian of suitabk policies for selectig an orde in which to
colled partitions To our knowledge Bishap introducel the notion of partitioned gc [Bishop, 1977].

There are numeros papes on concurremand/a distributed garba@ collection and undoubtedly
more on persistenstore or objed bas collection as well, but the reference discussd above are rep-
resentate of the prior and current art in objed bas garbag collection algorithns and performance.

Review of the Mature Object Space Algorithm

While generationaschems help redue the lengh of time the average collection takes the oldest
generatios terd to be large, and in any case collecting them involves collecting all generatios at
once Theresut istha while sud collectiors are infrequeng they are unpleasanyl slow when they do
happenMature Objed Spae was designeé to overcone this problem.

The bast idea of MOSisto divide the oldeg generatio into anumbe of f i xed size blocks and to
colled just one block at atime?! The hard patt isto guarante tha all garba@ is collectal eventually.
Completenesisachieved by organizirg the collectiorsin away explainel by using ametaphortrains
macke up of cars.

Ead block of MOSisacar, and eat ca belongsto atrain. The carsof atrain are orderal by age,
with the oldeg car at the “front” of the train. New cars are addel to the “rear”’ or erd of the train. It is
assumd there are at leag two trains (it is a policy isste as to the numbe of trains) and tha the trains
are also orderal from oldeg to newed (in ternms of the time the trains were created).

The god of the MOS algorithm is to copy reachal® dat out of the oldeg train into othe trains,
ard then to discad the oldeg train when it contairs no reachat# data In this way, cycles of garbage
larger than asingle car can be reclaimedlif we can get them into a single train. At ead collection we
copy all reachal# data out of the oldeg car of the oldeg train. However, we are carefd as to where
we copy the data:

1. Datalocally reachablé fromglobd variables the program stack and registers, or fromyourger
geneations is copial to any othe train, addirg a car to tha train if neededThe youngestrain
might be agoad destinatio for the objecs moved.

2. Datalocally reachal® from othe trainsis copied to those traing addirg a car if needed If an
objed is reachal# from more than one othe train, it may be copied to any train from which it
isreachal® (one might pick the youngestrain to put off copying the data agan soon).

1The technigue can handk objecs large than ablock as well; see [Hudsm & Moss 199] for details.

°To be precisewe say an objed Y in the oldeg car islocally reachal® from asoure objed X if therisadired pointer
from X to 'Y, or thereisachan of pointes X, Y1, Y2, ..., Y wher X hasapointe to Y1, Y1 hasapointe to Y2, etc, and
all the Yi objecs arein the oldeg ca.



3. Datalocally reachal# from othe cars of this train is copied to the younges car of this train,
addirng anew ca asneeded.

4. Remainirg da@isunreachabé and isreclamed immediatey.

Note tha the above stegs are performel in order. Stegs 1, 2, and 3 can be performal effi ciently if we
keep per-ca rememberd sets One more rule we neel isthe following:

0. If no objed in the oldeg train is reachal# from outsice the train, reclam the entire train. If
necessa, creak anothe train (to insure tha there are always at leas two trains).

The preconditia of this rule can be determineé by keepirg a court of the numbe of reference from
outsice the oldeg train to objecsinsideit. This court is the sum of suc couns for ead car, and can
be maintaine fairly simply by keepirg the court for eat car and adjustirg the totd court after each
collection.

Changes Needa to Support Object Store Collection

The MOS algorithm seens appropria¢ for garba@ collecting objed basesit works ablock at atime
(wha we called a coase-gained incrementé approab base on partitions), and it guaranteg all
garbag will be collectad eventuall (it is complete) However, as pointed out above, MOS is not
suitabk for objed store garbag collection as it stands principally becaus of the forced collection
orde and the I/0O cossinduced by pointe updates.

The MOS algorithm records only pointess from newer cars (and reference from outsice MOS) to
older cars Since only the oldeg car is ever collected this works out nicely in two ways First, (only)
the oldeg cars rememberé sd information includes all reference from outsice tha car. Thus the
knowledge required by the algorithm is available when needed Second pointess from the oldeg car
appeain no rememberé set and thus othe cars rememberd set never neal to have items renoved
only added.

Inorde to colled carsin any orde (whichisnat particula to objed bas garbag collection but can
als be usa for main memoy garbag collection) complee remsé information is needd for every
ca, ard sonme way of updatirg tha information isrequired as cars are collected Maintaining complete
remse information for cars does not pose conceptubproblems but it does raise performane issues.
For simplicity and performane when collecting it would be preferabéif acarsremse be stored with
the car. However, keepirg tha remsé accuraé mears fetching updating and writing bad that remset
any time apointe to any objed in the car is createl or destoyed.

We propo® to solve the problam in the following way. When a car isred in, its outgoirg refer-
ences (referencs to object in othe carg are summarized When a modified car is abou to written
back its outgoirg referencs are summarizd again and the difference recorded namey references
destoyed ard reference created Note that collecting a car causs all of its outgoirg referencsto be
destoyed and new referenceto be createl (from othe carg from copied suniving objects Therem-
sd changsare noted along with the car changesand atable of changsnat yet applied is maintained,
called a Aref set. When acar isreal in, any changsthat are pendirg for tha carsremse can then be
applied This procesisillustrated in Figure 1.

Initially, an objed in Car A refersto objed o in Car B. The pointe is modified to refer to object
o' in Ca C, which resulsin two entriesin the Aref set one indicating tha areferene from Car A to
objed o has bean droppedard one indicating that areferenefrom Car A to objed 0’ hasbeen added.
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Figure 1: Illustration of algorithm handlirg creation/deletio of references

(Objed "names" sulc 0 and 0’ are considerd to include the identity of the car currently containing
the object) Note tha the remses for Car B ard Car C are not updatel yet When Car Cisreal in, we
updatits remse and renove the + ently from the Aref set Likewise, when Car B isread we delete
the remse item and the — entry in the Aref set The poirt is tha pointer changs require immediate
acces only to the car being modified and the Aref set and actud remsé additiors and deletiors can
be deferral to a later time. The Aref se would probaby be maintaing in primary memoy, ard only
moved to disk asalag resort Presumalyl there would be backgroud actiors scheduld to read cars so
asto purgethe Aref set It isnow well known tha sud scheduld I/O is quite advantageoscompared
with synchronosg /0.

A similar proces is followed for dealirg with movemern of object from one place to anothe,
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Figure 2: lllustration of algorithm handlirg movemert of objects

using a Aloc set as shown in Figure 2. Here objed o in Ca B is moved to Ca C when Ca B is
collected The new objed addres is n, ard we creae an ently in the Aloc s indicating tha Car A
has areferene to objed o which has now moved to location n. When Car A isnex rea in, the Aloc
entry is applied updatirg the pointer and " consuming" thaloc entry. The principle behird the Aloc
sd isthe sane as for the Aref set to allow update to modify only locally available information and
to defa the remainirg work to a later time.

The Aref andAloc ses can bethough of asaspecidkind of log, and indeed one could implement
recvery of the Aref and Aloc information tha way. However, it may be more conveniert to use an
underlyirg logging mechanim ard to view the Aref and Aloc ses as just additiond databas data.
In thisway we achieve independeneof any specific reavery mechanism Likewise when updating
aca, we nea only lock (or apply othe appropriaé concurreng contro) that car, even even just the
accesse subpars of the car. We do neal to apply concurrenyg contrd to the data structure used for
the Aref and Aloc set as well, but their se semantis will allow high-concurreng semantics-based
techniqusto be applied if necessa; to achievethe beg performance.

The completenesof the origind MOS algorithm substantialf depend on the orde in which the
cars are collected This comes abou through the rule tha places object reachab# from othe trains
into (one of) those trains If cars are allowed to be collectal in any orde, completenesmay be lost.
For example objecs might just shufle badk and forth betwee two trainsif the objecs refer badk and
forth, and acycle of such garbag@ objecs may never be collected The propose solutionisto maintain
anotion of orde (or agg of the traing and allow objecs to be copied from one train to anothe only
in one direction Thisisadequag for insuring completenessf combinal with arule that every train
has every car collected eventualy. Note tha this does not affect the choiae of which car to collect, but
may affect the degre of progres mace in collecting any particula car.

The Persistert MO S Algorithm

We now presemthe PMOS algorithm itself. We will offer detailal pseudo-codin an online technical
report sine spae precludspresentigit here For presehpurposeswe offer adescriptionin English,
at asomewha greate level of detal than the overview given above.



Data Structures

The PMOS algorithms da@a structuresinclude a stare, trains cars, objectsremsetsa Aloc set a Aref
set and buffers.

Staes A store s consiss primarily of a se of trains used to grouyp cars as in the origind MOS
algorithm a se of cars, which contain the objecs of the store and associaté information for the
algorithm (and ead of which is associateé with atrain), and a se of root objects designatd by their
locationsin the store An objed location is a unique nane for an objed within the store We assume
tha we can determire an objects car from its location and thus acces the object but locatiors need
nat have any particula form (i.e., they may be physicd addresse®bjed identifiers etc.) A storalso
has an associated\loc se¢ andAref set and a se of buffers.

Trains Trainsare numbere 1, 2, 3, ..., with new trains assignd numbes highea than any existing
train. We assune tha we can readily determire the train of any car, and of any object in practie this
probaby requires maintainirg various tables and keepirg them residen in main memoy insdfar as
possible Ead train also has associaté with it an externd reference count summarizig the number
of reference from outsice the train to objecs storad in cars of the train; this includes roat references
(membes of the containirg storés root objed set) Ead train also has a se of zerw or one old root
refeencesand zero or one old cross-tain refaenceswhos us isexplaingl later.

Cars. Evely car has an associatd identifier, unique amory the cars of a store We assune we can
find and retrieve a car ard its associatd information given the car sidentifier. A simple way to assign
ca identifiersis from a persistehglobd counte, but any schene insuring uniqgueneswill work. We
assune that it is possibé to examire the objecsin a car and determire the reference they contan to
objecsin othe cars Thes are termed outgoirg refeences While acar may contan (objecs having)
multiple referenceto the same object ead referene occus only oncein the outgoirg reference set.
We note that any given objed is containel in only one car at atime.

Objects An objed is identified by its unique location (or "name™) We are not much concerned
with the internd structue of objects excep tha we assune we can find and updag outgoirg pointers
from any given object and so we ignore detaik of objed format copying their contentsetc.

Remsets Every ca has an associatd rememberd set containirg information abou incoming
refeences Ead ently in aremse identifies the objed that is the target of the referene ard the car
containirg the soure of the reference If a car has multiple referencs to the sane object they are
summarizd by asingle remse entry.

Aloc sets A Aloc sé records information abou objecs tha have moved, so tha referenceto
those object can be updatel at sone later time. The algorithns maintan a single Aloc se for the
entire store summarizig all objed referencetha neal updating We use separat entriesfor ead car
needirg updatirg to avoid the problem of knowing when to discad objed relocatian information if all
we recordel was the old and new addres of ead object.

Aref sets A Aref sd record information abou cross-careference tha have been createl or
deleted (A pointe chang istreatel as a deletian plus a creation) This information is usel to update
the remse of atarge car at sone later time. The algorithnms maintah a single Aref s¢ summarizing
all remse updatesthat are pending.

Buffers. A buffer holds amain memoy versian of acar, so it has all the data structurstha the car
has Additionally, eat buffer has an old outgoirg refaence set which summarize the car's outgoing
pointes asthey were when the car wasread in (an emply se for anewly createl car). Notetha buffers
arelost in cae of asysten failure.

For the momen we will assune tha ead carsremse can be stored with the car, and tha the Aloc



sd andAref sd fit in main memoy. We will discus later how we can relax thes assumptions.

Algorithms

We descrile how PMOS performs a numbe of operatiors on the store ead in turn. For brevity we
omit anumbe of simple and obvious operationssud as initializing new storestrains and cars.

Adding aroot Thismug add the roat to the storés roat se and incremer the externa reference
court of the train containirg the new roct object.

Renoving aroot Weremovetheroaot from the storésroot se and decrementhe externdreference
court of the train containirg the deletel root object.

Readimg in a car: We creat a buffer, real in the car, summarie and save the car's outgoing
refereneset and then updatin the buffer the car sreferenceand remse (separatalgorithns below).

Updating a car's refaences This consiss of locating any Aloc entries for this car and applying
them to eath objed referenein the buffer, and in the saved outgoirg referene set The appliedAloc
entries are deletel from the Aloc set.

Updating a car's remse entries For eachAref ently indicating that a new remse entry need to
be added add the entry and delek the Aref item. Likewise, for eachAref entry indicating tha an
existing remsé entry shoutl be deleteddelet the ently from the remsé and delee the Aref item from
the Arefset.

Writing a buffer back to the stare (updatirg a car): Scan the buffer and build a new outgoing
referene set Compae it with the saved outgoirg referene set For old items that no longe appea,
add a Aref item indicating tha this car no longe refers to the target object Similarly, for new items
that did not previously appea, add a Aref item indicating tha this car now refers to the target object.
Then we write the car to persistehstorage.

Garbage collecting a buffer: For object locally reachala from roots move themto any carin a
highea numbere (younger/mwer) train. For objecs locally reachal# from highe numbeed trains,
move them to any car of areferring train. For objecs locally reachal# from othe cars of the current
train, or only from lower numbere (older) traing move the object to anothe car of the currert train.
The precedig stes mug be applied in order, see below for detaik of adjustmerg to data structures
when objecsmove. All othe objectsare unreachaldand can be discardedWe use the saved outgoing
referene se to generat new Aref entries to indicate that the reference from this car are now gone.
The car ard buffer can now be deleted Note tha garba@ collecting doesrequire having presemnall the
carsto which we are moving objects With additiona data structureswe could define a holding set for
objecs "in transit" am avoid this requirementbut we are not certanisisagoad idea becausit may
place too high ademanl on primaty memory yet it may be worthy of further investigation.

Moving an objed from one car to another Let us call the origind location of the objed itssouce
car ard its new location the destination car. We allocak spae in the destinatio car and copy the
objectscontentsFor eat remse entry of the sour@ car pertainirg to the moved object we deleethe
remse entry from the sour@ car and add a correspondig entty to the destinatio car. If the cars are
in differert traing we neal to decrementhe soure train's extern&referene court appropriatel, and
incremeit the destinatia train's externa referene count Whethe a particula remse entry causs a
decremen(increment depend on whethe the soure (destinatioftrain also contairsthe car referring
to the objed being moved For ead remsé entry we mug also add an item to the Aloc set.

Additionally, we mug also insure tha we updat any referencefrom residem buffersto the moved
object that we updat the roct sd if the objed being moved isaroot, and tha we updae the Aloc set
if there reman pendirg entries from a previous move of the object.



Collectingawholetrain: If atrain'sexternareferene court goesto zerg we can colled the entire
train. However, we mug make sure tha any residen cars of the train are entirely up to date since
in-memok modificatiors may have createl pointers etc.

Insuring progress The algorithnms describ@ above do not absolutey insure progressAs with the
origind MOS algorithm a running progran can chang pointess in betwee collectiors and prevent
the algorithm from renoving object from a given train. We give a series of necessarchangs here,
to avoid cluttering the descriptiors of the algorithis offered above.

Wha is needd isto recod for ead train, one externdreferencelt may be an old roct refaence
or an old cross-tain refeene (from a highe numberé train only). Wherever we creae a new root
(cross-traifn referene to a given train, we save it as the "old" referene if we do not alread have an
"old" referene saved When we colled a car in the train, if there are no currert root or cross-train
referencsthat allow us to move objecs from the car, then we ched the train's "old" root and cross-
train referenceslf eithea mentiors an objed in the currert car, we move tha objed (as for aregular
root or cross-tram reference) If there are referencs tha allow us to move at leag one objed out of
the currert train, we clea out the train’s old root and cross-tram referencessince their only purpo®is
to guarante progres and we mace progress.

Correctnes Argument

Now tha we have describe the algorithm we sketch a correctnesargument in severd stages:

1. Remse Invariant: Tha remsetsonce updatel from Aref, refled exactly all cross-carefer-
ences.

2. Location Invariant: Objed referencesonce updatel from Aloc, correctly refled the object
graph.

3. Train Count Invariant: Train couns accuratey refled the numbe of cross-tram plus root
referencesln particula, if atrain’'scourt iszerq then no objecsin it arereachable.

4. Safety. Tha no objed reachal®from aroat is ever collected.

5. Completeness That if every car is collected eventuall, then all garbagis collectal eventually.

Remsé Accuracy
Theinvariart is eay to establi initially. There are four changsto the world tha we mug consider:

1. Adding across ca reference Thisis handle by the algorithm for writing a modified car back
to the store It detecs a new referene and adds it to the Aref set If the target car is resident,
we will updae theremsé before writing the car back if the car isnat residentit will beread in
eventually and the remse updat applied by the car readirg algorithm at that time.

2. Deleting a cross car reference This is handlel analogoust to addirg a referenceusing a —
entty rathe than a+ ently in the Aref set.

3. Moving an objed tha isatarget of cross-careferenceslin this cas the objet moving algorithm
populatesthe new objects carsremse from the remse of the old car, and the old remsé entries
are discardedwhich correctly accounsfor the change.



4. Moving an objed tha contairs cross-careferencesWhen we write bad the car containirg the
new object we will deted¢ the new reference and add any necessar new remse entries The
ca collecting algorithm takes care of noting that the old remseé entries neeal to be deleted.

Referenae Accuracy

The invariart istrivially establishd initially. The only thing that can affect it is movemert of objects,
which insers entries into Aloc basel on the old objects car's remse entries (which we just argued
are correct) For anon-residetreferring car thes entries are applied when the car isnex read in. We
have severd optiorsasto how to update any referencetha are currentl residem (immediatedeferred,
etc.) but we assune they are taken care of sonetime before the residen cars are written back Things
still work if an objed shoutl move multiple times before areferring car is real in, becaus the object
moving routine also takes care of updatirg pendingAloc entries.

Train Count Accuracy

Again, theinvariart is eay to establi& initially. The root manipulatirg algorithnms adjug the court in
the obvious way, and the car writing algorithm adjuss couns in exactly those places tha references
are sean to be createl or destoyed (and thoe reference are from one train to another).

Safety

There are two ways in which object are discardedfrom single car collectiors and from the dropping
of entire trains Given that train couns are corred as just argued droppirg a train whose court is0
is correct since a 0 court mears the train has no roaot object ard there are no reference from other
trains to objecs in it. Hence there is no pah from any roct objed to any objed in the train. (Note
tha we mud take care that any residem cars do not have unrecordd referenceto objecsin the train;
hencewe may neel to "synchronizé our knowledge of the contens of residen cars.)

Correctnesof ca collectionisalso fairly straightforwvard We move, ard thus preseve, all objects
in that car reachal# from roots (and "relocaté those roots) We also move all objeck reachald from
outsick the car. Hence anything left is nat reachale from outsice the car and is garbage.

Completenes|: Progress Evacuating the Lowed Train

One way in which the algorithirs could fail to colled all garbag eventuall is if they do not make
progress While we require that ead car be collectal eventuall, and (as we shal see later) the al-
gorithm is complet as describe so far, thisis true only provided tha the mutato (running program)
does nat move pointesand roots arourd in betwee car collections The MOS algorithm has the same
problem noted ard fixed by Grarp [Seligmam & Grarup 1995] Hereisadescriptia of the problem
viaan example Suppos we have a cycle of objecslying intwo cars and one of the objecsisaroot.
If we colled both cars we would exped to remove all the objecs to anothe train, but conside the
following sequeneof actions We colled the car not containirg therocot (the objecs stay inthe current
train since they are reachals from the car with the root). The mutata movestheroat to the car we just
collected We now have a picture like before which can perpetuag indefinitely.

The solution isto remembe an "old root" ard tred it asindeal aroot This old roct referene it
guarantestha if the mutato creates aroot, and hen@ sone objed was reachal# by the mutata at
tha time, we will move the objed out of the train later. If the objed become garbagetheniit is not
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aroat when it is moved ard in any caseit is not addel to the new train's old root se (naot the least
becausgsince the objed is garbagethe mutato canna acces it to designag it aroot). Thus the old
root technigwe will not cau® garbag to be retainal forever.

Similar to moving roots around the mutata could move arourd pointess from somne othe train.
The old cross-tramn referene solves this problam in the sane way that the old roat referene does for
roots Ther is one difference though we neal worry only abou reference from highe numbered
trains since we canna move an objed to alower numbere train.

We arrive at the foll owing progres argument Conside the se of cars of the lowed numberé train
at sametimet. Eventuall, wewill collea ead of those cars Either thetrain'scourt hasgoreto 0, and
the entiretrain has been collecteal (progresyor the courtisnat O. If thecourt isnat 0, and the train had
an "old" referene (roct or cross-traif at t, then we will have move at leag the "old" objed to another
train, reducirg the numbe of objectin the lowed numberd train. If the train had no "old" objed at t
ard did not gain any, then we will have encounterd ead of the root and cross-tram referencsin the
origind count and thus will have mace progress|f there was no "old" referencewe gaineal one and
now have none then we mack progresssince the "old" referenceare clearel out only when we make
progress Finally, if we have an "old" referencewhen we proces the car referral to, we will make
progress Thus from any point in time, there will always be a future time when the lowed numbered
train will haveits court go to 0 or we will renove an objed from it. The one additiona thing we need
isfor the mutata not to allocak new objectin the lowed numbere train - therwe can guarantethat
the lowed numberd train will always shrink.

Completenesll : Progress Reclaiming Garbage

Suppos aparticula objed o becoms unreachatd from any root. We argue tha it will eventuall be
reclaimedFirst, if o was mentionel asan "old" objed from atime when it was still reachablewe will
mowve 0 once thereafte, it can never be an "old" objed agan (becaus the mutata canna refer to it,
since it is unreachable)Now conside the cag in which no objed refersto o. If ois"old", it can be
moved once but after that it will be collectad in alocd collection Thus trees and DAGs of garbage
will disappeafrom their roots down, since ead objed will eventually not have any referenceto it.

Tha leaves only cycles of garbag for consideration First, we know tha eventually ead car
containirg the cycle will be collected and thus any "old" reference from the time before the cycle
was garba@ will be processedOnce tha has happenedconside an objed of the cycletha isin the
highes numbere train containirg any objed of the cycle None of the cycle object can be moved
to any highe numberd train than that and by the progres argument lower numberé trains are
eventually evacuatedso in the worg cas the cycle will eventually lie entirely in the lowed numbered
train. There will be no "old" referenceto any of the cyclésobjects and so once all reachal# objects
are removed from thistrain, the train’s court will be 0 and the cycle will be reclaimed.

Rewvery Issues

We assune tha there is sone underlyirg serializabé transactio system in this view, a transaction
update cars and as a "side-dfect" createsAref and Aloc entries Note that collecting a car can be
viewed as a transactiontoo. The main point is tha just as the changs to cars neal to be recorded
atomicall, so also mug we recod changs to the Aloc and Aref sets While we may wish to apply
"special (i.e., semantis base& concurreng contro) techniqus to take advantage of the maximum
possibk concurrenyg, there is no neel to develop specializé algorithns to permt garbag collection.
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Itispossibétha garbag collectingwill introdue additiond concurreng contrd conflicts becaus of
its neal to updat cars tha receve additiond objects However, with suitabl sophisticatd semantics
basel concurreng control we can avoid mog sud conflictswhileintroducirg only amodera¢ amount
of additiona implementatio complexiyy.

Extensions

The PMOS algorithm as describe assune tha remses never overflow carsard tha the Aloc andAref
set can be maintaing in primary memog. How can we relax thes restrictions?

Large Aref and Aloc sets

It is not too difficult to handk large Aref or Aloc sets One techniqee is to store them in a suitably
sortal seconday memoy structue (e.g, aB-tree) with acachirg mechanisto hold recenty accessed
chunlksin primaty memoy. Thisinduces extra overhea in sone cases Note that we can keg recent
updatein a primary memoy buffer before addirg them to the secondar memoy structure and thus
batd our updatesto that structure.

An alternaive stratey isto schedu affected cars to be real in, so that we can apply the pending
update and remove them from the Aloc and Aref sets This approab seens promisirg in tha the
costk of scheduld I/O are likely to be substantialf less than the synchronogread introducel by the
secondar memoy data structue approach.

Largeremsets

Large remses may be more difficult to handke well. One need to handk an overflow immediatey.
In sud "emegency situatiors amemoy residen overflow table sound like agoad alternaive. One
could also add to the affected car a pointe to a remse overflow area stored elsewhere in secondary
storage In any casethe car will probaby neel to be maiked as having overflowed A combinatia of
main memok and seconday memoy overflow tables can probaby be tuned to work well, given more
knowledge than we currentl have asto the distribution of the numbe of remse entriessneede by each
ca. Notetha it isnot a goad idea to attemp the " popula object” idea of the MOS algorithm the
MOS algorithnis collection orde can discad ard rebuild remsetswhered PMOS really need them
maintaing at all times Finally, it may be reasonald to conside splitting a car into two cars ead of
which may then have a smalle remset Thiswill nat work if the large numbe of referenceare all to
one particula object In that case we really mug empby an overflow mechanism.

Conclusions

We have presentd a new databas/ persistehstore garba@ collection algorithm PMOS (Persistent
Mature Objed Space)and sketchal argumens asto its correctnessPMOS isincrementé(at the level
of blocks of memory and isguarantedto colled all garba@ eventuall, provided only tha ead block
is eventuall collected individually. While PMOS is bas& on copying techniquesit does nat require
semi-spacest only need enoudy spae to copy the block being collected and then that block will be
freed The desigh of PMOS is sud tha one can use any serializabé concurreng contrd and recovery
schene to suppot it in aresiliert multi-use environment No prior schems had thes attributes of
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incrementaliy, completenessarnd independeneof specifc transactio mechanismsWe look forward
to implementirg PMOS and evaluatirg its performanein practice.
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