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Abstract. Traditional garbage collection techniques designed for language systems
operating over transient datado not readily migrateto apersistent context. Thesize, com-
plexity, and permanencecharacteristicsof apersistent object storemean that an automatic
storagereclamationsystem, in addition to ensuring that all unreachableand only unreach-
able data is reclaimed, must also maintain store consistency while limiting I/O overhead
when collecting secondary-memory data.

Research has shown that careful selection of which area of a store to collect can sig-
nificantly increase the amount of reclaimed storage while reducing the I/O costs. Many
garbage collectors for existing stores, however, either are off-line or rely on reclaiming
space in a predefined order. This paper presents a new incremental garbage collection
algorithm specifically designed for reclaiming persistent object storage. Thecollector ex-
tends theMatureObject Spacealgorithm to ensure incrementality in a persistent context,
to achieve recoverability, and to impose minimum constraints on the order of collection
of areasof thepersistent addressspace.

Keywords: persistence, garbage collection, memory management, mature object space, train algo-
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Int roduction

The principal intention of automatic storage reclamation is to relieve the programmer of the burden-
someand often error-pronetask of indicating which memory can bereused. It can also help reorganize
data in an effort to improve performance. To achieve this a collector must distinguish reachable from
unreachableobjectsand reclaim thestorageoccupiedby garbage. An important aspect of any collector
is that it iscomplete: it will , after a finitenumber of invocations, reclaim all unreachablestorage.

In a persistent store, automatic reclamation still needs to meet the criteria above. Indeed, lack of
completenesswil l beamoreacuteproblemthan in transient systemssincefailureto reclaimall garbage
leads to permanent space loss. Although many garbage collectors for main-memory programming
languages and systems have been designed, built, and measured (see Wilson’s survey [Wilson, 1992]
for agood introduction), thecollection of garbagefor a persistent store raisesadditional concerns:

� The sheer size of many persistent stores suggests that semi-space techniques wil l be unwork-
able because they approximately double space requirements. Likewise, "stop-the-world" style
collection would result in prohibitively long pauses.

� Because pointers in these stores refer to objects in secondary memory, updates resulting from
object movement in copying and compacting collectorscan incur high I/O costs.



� Persistent storesexhibit somenotion of stability whereby aconsistent statecan alwaysberecon-
structed after a crash. Most existing collector algorithmsare not inherently atomic and are thus
unsuitable in thiscontext.

We present here a new garbage collection algorithm for persistent object stores, called PMOS,
tailored to address the issues above. The PMOS collector is essentially an extension of the Mature
Object Space(MOS) algorithm [Hudson & Moss, 1992] (colloquially known as"the train algorithm")
which is an incremental main-memory copying collector specifically designed to collect large, older
generations of a generational scheme in a non-disruptive manner. There are a number of essential
featuresof MOSthat make it an attractivestarting point:

� The collector limits theamount of datamoved during each incremental invocation.

� It naturally supportscompaction and clustering.

� It can beimplemented on stock hardwareand doesnot requirespecial operatingsystemssupport
such aspinning or external pager control.

� It hasbeen implemented, proved to be complete, and to achievethestated objectiveof bounded
time for any singlecollection [Seligmann & Grarup, 1995].

The PMOS collector partitions the persistent addressspace into distinct areasand retainsmany of
thesame featuresand mechanismsof MOS, but with two important extensions:

� Unlike MOS, the algorithm does not impose any constraints on the order of collection of the
areas. Work by Cook, Wolf, and Zorn [Cook et al., 1994a, Cook et al., 1994b] suggests that a
flexibleselectionpolicy allowingacollector to choosewhichpartition tocollect cansignificantly
reduceI/Oand increasetheamount of spacereclaimed. Oneof thedesigngoalsfor PMOSwasto
freethealgorithm from imposing any collection order thusallowing the implementor to provide
apolicy appropriateto theapplication.

� ResultsfromtheMaStA I/O cost model work [Scheuerl et al., 1995, Munro et al., 1995] suggest
that no single recovery mechanism gives the best performance under different workloads and
configurations. Hence one of the aims of the PMOS design was to provide atomicity to the
MOScollector without binding it to aparticular recovery mechanism.

Related Work

There are two bodies of prior related work in garbage collecting databases and object stores. The
first, older, body is concerned primarily with designing garbage collection schemes that wil l work
in the concurrent and atomic world of databases (i.e., in the presence of concurrency, concurrency
control, and crash recovery). See, for example, [Detlefs, 1990, Kolodner, 1987, Kolodner et al., 1989,
Kolodner, 1990]. The second, more recent, body is more concerned with policies and performance
[Cook et al., 1994a, Cook et al., 1994b]. Our scheme differs from the first group in that it uses parti-
tions (we call them blocks or cars) and uses them to collect in a coarse-grained incremental way, but
at least somewhat obeying theexisting object clustering pattern. Granted, theearlier schemesoutlined
abovework on apageby pagebasis, but our partitionsmay belarger thanapageand might vary in size,
asconvenient. Also, theseearlier schemestend to imposea specific order of collecting pages(breadth
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first copying). The essential difference is that this earlier body of work was concerned with devising
correct algorithms, in the face of concurrency and/or failures. We consider the correctness issue to be
solved and aremoreconcerned with issuesof performance (but also portability, clean interfaces, etc.).
Further, the correctness of recovery and concurrency control with our algorithm is simple to argue,
whereassome previousschemeshad more subtle, integrated algorithms.

The more recent body of work uses partitions, and is concerned with performance, but uses algo-
rithmsthat do not guaranteecompleteness. Our schemeofferscompleteness, and allows(even requires
in some sense) objects to be reclustered as they are collected. The work of Cook, Wolf, and Zorn has
done a useful job in starting the investigation of suitable policies for selecting an order in which to
collect partitions. To our knowledge, Bishop introduced thenotion of partitioned gc [Bishop, 1977].

There are numerous papers on concurrent and/or distributed garbage collection, and undoubtedly
more on persistent store or object base collection as well, but the referencesdiscussed above are rep-
resentativeof theprior and current art in object basegarbagecollection algorithmsand performance.

Review of theMatureObject SpaceAlgorithm

While generational schemes help reduce the length of time the average collection takes, the oldest
generations tend to be large, and in any case, collecting them involves collecting all generations at
once. Theresult is that whilesuch collectionsare infrequent, they areunpleasantly slow when they do
happen. MatureObject Spacewasdesigned to overcomethisproblem.

The basic ideaof MOSis to dividetheoldest generation into anumber of f i xed sizeblocks, and to
collect just one block at a time.1 The hard part is to guarantee that all garbage is collected eventually.
Completenessisachievedby organizing thecollectionsin away explainedby using ametaphor: trains
madeup of cars.

Each block of MOSisacar, and each car belongsto a train. Thecarsof a train areordered by age,
with theoldest car at the “front” of the train. New carsareadded to the “rear” or end of the train. It is
assumed thereare at least two trains (it is a policy issue as to the number of trains), and that the trains
arealso ordered from oldest to newest (in termsof the time the trainswerecreated).

The goal of the MOS algorithm is to copy reachable data out of the oldest train into other trains,
and then to discard the oldest train when it containsno reachabledata. In this way, cyclesof garbage
larger than a singlecar can bereclaimed, if we can get them into a single train. At each collection, we
copy all reachable data out of the oldest car of the oldest train. However, we are careful as to where
we copy thedata:

1. Datalocally reachable2 fromglobal variables, theprogramstack and registers, or fromyounger
generations, is copied to any other train, adding a car to that train if needed. The youngest train
might be agood destination for theobjectsmoved.

2. Data locally reachable from other trains is copied to those trains, adding a car if needed. If an
object is reachable from more than one other train, it may be copied to any train from which it
is reachable(onemight pick theyoungest train to put off copying thedataagain soon).

1The technique can handle objects larger than ablock aswell; see [Hudson & Moss, 1992] for details.
2To beprecise, wesay an object Y in theoldest car is locally reachable from asourceobject X if thereisadirect pointer

from X to Y, or there isa chain of pointersX, Y1, Y2, ..., Y whereX hasa pointer to Y1, Y1 hasa pointer to Y2, etc., and
all theYi objectsare in theoldest car.
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3. Data locally reachable from other cars of this train is copied to the youngest car of this train,
adding a new car asneeded.

4. Remaining data isunreachableand is reclaimed immediately.

Note that the abovesteps are performed in order. Steps 1, 2, and 3 can be performed effi ciently if we
keep per-car remembered sets. One more rulewe need is the following:

0. If no object in the oldest train is reachable from outside the train, reclaim the entire train. If
necessary, createanother train (to insure that therearealwaysat least two trains).

The precondition of this rule can be determined by keeping a count of the number of references from
outside the oldest train to objects inside it. This count is the sum of such counts for each car, and can
be maintained fairly simply by keeping the count for each car and adjusting the total count after each
collection.

Changes Needed to Support Object Store Collection

The MOS algorithm seems appropriate for garbage collecting object bases: it works a block at a time
(what we called a coarse-grained incremental approach based on partitions), and it guarantees all
garbage wil l be collected eventually (it is complete). However, as pointed out above, MOS is not
suitable for object store garbage collection as it stands, principally because of the forced collection
order and the I/O costs induced by pointer updates.

The MOS algorithm recordsonly pointers from newer cars (and references from outside MOS) to
older cars. Since only the oldest car is ever collected, this works out nicely in two ways. First, (only)
the oldest car’s remembered set information includes all references from outside that car. Thus, the
knowledge required by the algorithm is available when needed. Second, pointers from the oldest car
appear in no remembered set, and thusother cars’ remembered setsnever need to have items removed,
only added.

In order to collect carsin any order (which isnot particular to object basegarbagecollectionbut can
also be used for main memory garbage collection), complete remset information is needed for every
car, and someway of updating that information isrequired ascarsarecollected. Maintaining complete
remset information for cars does not pose conceptual problems, but it does raise performance issues.
For simplicity and performancewhen collecting, it would bepreferableif acar’sremset bestored with
thecar. However, keeping that remset accuratemeansfetching, updating, and writing back that remset
any time apointer to any object in thecar iscreated or destroyed.

We propose to solve the problem in the following way. When a car is read in, its outgoing refer-
ences (references to objects in other cars) are summarized. When a modified car is about to written
back, its outgoing references are summarized again, and the differences recorded, namely references
destroyed and referencescreated. Note that collecting a car causesall of its outgoing references to be
destroyed, and new referencesto becreated (from other cars) from copied surviving objects. Therem-
set changesarenoted along with thecar changes, and atableof changesnot yet applied ismaintained,
called a�ref set. When acar is read in, any changesthat arepending for that car’s remset can then be
applied. This process is illustrated in Figure1.

Initially, an object in Car A refers to object o in Car B. The pointer is modified to refer to object
o’ in Car C, which results in two entries in the�ref set, one indicating that a referencefrom Car A to
object o hasbeen dropped, and one indicating that areferencefrom Car A to object o’ hasbeen added.
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Figure1: Illustration of algorithm handling creation/deletion of references

(Object "names" such o and o’ are considered to include the identity of the car currently containing
theobject.) Note that the remsets for Car B and Car C are not updated yet. When Car C is read in, we
update its remset and remove the+ entry from the�ref set. Likewise, when Car B is read, we delete
the remset item and the� entry in the�ref set. The point is that pointer changes require immediate
access only to the car being modified and the�ref set, and actual remset additions and deletions can
be deferred to a later time. The�ref set would probably be maintained in primary memory, and only
moved to disk asalast resort. Presumably therewould bebackground actionsscheduled to read carsso
asto purgethe�ref set. It isnow well known that such scheduled I/O isquiteadvantageouscompared
with synchronous I/O.

A similar process is followed for dealing with movement of objects from one place to another,
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Figure2: Illustration of algorithm handling movement of objects

using a�loc set, as shown in Figure 2. Here object o in Car B is moved to Car C when Car B is
collected. The new object address is n, and we create an entry in the�loc set indicating that Car A
has a referenceto object o which has now moved to location n. When Car A is next read in, the�loc
entry isapplied, updating thepointer and " consuming" the�loc entry. The principlebehind the�loc
set is the same as for the�ref set: to allow updates to modify only locally available information, and
to defer the remaining work to a later time.

The�ref and�loc setscan bethought of asaspecial kind of log, and indeed, onecould implement
recovery of the�ref and�loc information that way. However, it may be more convenient to use an
underlying logging mechanism and to view the�ref and�loc sets as just additional database data.
In this way we achieve independence of any specific recovery mechanism. Likewise, when updating
a car, we need only lock (or apply other appropriate concurrency control) that car, even even just the
accessed subparts of the car. We do need to apply concurrency control to the data structures used for
the�ref and�loc sets as well, but their set semantics wil l allow high-concurrency semantics-based
techniquesto beapplied, if necessary, to achievethebest performance.

The completeness of the original MOS algorithm substantially depends on the order in which the
cars are collected. This comes about through the rule that places objects reachable from other trains
into (one of) those trains. If cars are allowed to be collected in any order, completeness may be lost.
For example, objectsmight just shuffleback and forth between two trains if theobjectsrefer back and
forth, and acycleof such garbageobjectsmay never becollected. Theproposed solution isto maintain
a notion of order (or age) of the trains, and allow objects to be copied from one train to another only
in one direction. This is adequate for insuring completeness, if combined with a rule that every train
hasevery car collected eventually. Note that thisdoesnot affect thechoiceof which car to collect, but
may affect thedegreeof progressmade in collecting any particular car.

ThePersistent MOS Algorithm

We now present the PMOS algorithm itself. We wil l offer detailed pseudo-code in an online technical
report, sincespaceprecludespresenting it here. For present purposes, weoffer adescription in English,
at a somewhat greater level of detail than theoverview given above.
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Data Structures

ThePMOSalgorithms’ datastructuresincludeastore, trains, cars, objects, remsets, a�loc set, a�ref
set, and buffers.

Stores: A store s consists primarily of a set of trains, used to group cars as in the original MOS
algorithm, a set of cars, which contain the objects of the store and associated information for the
algorithm (and each of which is associated with a train), and a set of root objects, designated by their
locations in the store. An object location is a unique name for an object within the store. We assume
that we can determine an object’scar from its location, and thus access the object, but locationsneed
not haveany particular form (i.e., they may bephysical addresses, object identifiers, etc.). A storealso
hasan associated�loc set and�ref set, and aset of buffers.

Trains: Trainsarenumbered 1, 2, 3, ..., with new trainsassigned numbershigher than any existing
train. We assume that we can readily determinethe train of any car, and of any object; in practice this
probably requires maintaining various tables and keeping them resident in main memory insofar as
possible. Each train also has associated with it an external reference count, summarizing the number
of references from outside the train to objects stored in cars of the train; this includes root references
(members of the containing store’s root object set). Each train also has a set of zero or one old root
references, and zero or oneold cross-train references, whoseuse isexplained later.

Cars: Every car has an associated identifier, uniqueamong the carsof a store. We assume we can
find and retrievea car and itsassociated information given thecar’s identifier. A simple way to assign
car identifiers is from a persistent global counter, but any scheme insuring uniqueness wil l work. We
assume that it is possible to examine the objects in a car and determine the references they contain to
objects in other cars. These are termed outgoing references. Whilea car may contain (objectshaving)
multiple referencesto thesame object, each referenceoccursonly once in theoutgoing referencesset.
We note that any given object iscontained in only onecar at a time.

Objects: An object is identified by its unique location (or "name"). We are not much concerned
with the internal structureof objects, except that we assume we can find and updateoutgoing pointers
from any given object, and so we ignoredetailsof object format, copying their contents, etc.

Remsets: Every car has an associated remembered set, containing information about incoming
references. Each entry in a remset identifies the object that is the target of the reference and the car
containing the source of the reference. If a car has multiple references to the same object, they are
summarized by asingle remset entry.
�loc sets: A �loc set records information about objects that have moved, so that references to

those objects can be updated at some later time. The algorithms maintain a single�loc set for the
entirestore, summarizing all object referencesthat need updating. Weuseseparateentriesfor each car
needing updating to avoid theproblem of knowing when to discard object relocation information if all
we recorded was theold and new addressof each object.
�ref sets: A �ref set records information about cross-car references that have been created or

deleted. (A pointer change is treated as a deletion plus a creation.) This information is used to update
the remset of a target car at some later time. The algorithms maintain a single�ref set summarizing
all remset updatesthat arepending.

Buffers: A buffer holdsamain memory version of acar, so it hasall thedatastructuresthat thecar
has. Additionally, each buffer hasan old outgoing referenceset, which summarizes the car’soutgoing
pointersasthey werewhen thecar wasread in (an empty set for anewly created car). Notethat buffers
are lost in caseof asystem failure.

For themoment wewil l assumethat each car’sremset can bestored with thecar, and that the�loc
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set and�ref set fit in main memory. We wil l discuss later how we can relax theseassumptions.

Algorithms

We describe how PMOS performs a number of operations on the store, each in turn. For brevity we
omit anumber of simpleand obviousoperations, such as initializing new stores, trains, and cars.

Adding a root: This must add the root to the store’s root set and increment the external reference
count of the train containing thenew root object.

Removing a root: Weremovetheroot from thestore’sroot set and decrement theexternal reference
count of the train containing thedeleted root object.

Reading in a car: We create a buffer, read in the car, summarize and save the car’s outgoing
referenceset, and then updatein thebuffer thecar’sreferencesand remset (separatealgorithmsbelow).

Updating a car’s references: This consists of locating any �loc entries for this car and applying
them to each object reference in the buffer, and in the saved outgoing referenceset. The applied�loc
entriesaredeleted from the�loc set.

Updating a car’s remset entries: For each�ref entry indicating that a new remset entry needs to
be added, add the entry and delete the�ref item. Likewise, for each�ref entry indicating that an
existing remset entry should bedeleted, deletetheentry from theremset and deletethe�ref item from
the�refset.

Writing a buffer back to the store (updating a car): Scan the buffer and build a new outgoing
reference set. Compare it with the saved outgoing reference set. For old items that no longer appear,
add a�ref item indicating that this car no longer refers to the target object. Similarly, for new items
that did not previously appear, add a�ref item indicating that this car now refers to the target object.
Then wewrite thecar to persistent storage.

Garbage collecting a buffer: For objects locally reachable from roots, move them to any car in a
higher numbered (younger/newer) train. For objects locally reachable from higher numbered trains,
move them to any car of a referring train. For objects locally reachable from other cars of the current
train, or only from lower numbered (older) trains, move the objects to another car of thecurrent train.
The preceding steps must be applied in order; see below for details of adjustments to data structures
when objectsmove. Al l other objectsareunreachableand can bediscarded. Weusethesaved outgoing
reference set to generate new �ref entries to indicate that the references from this car are now gone.
Thecar and buffer can now bedeleted. Notethat garbagecollectingdoesrequirehaving present all the
carsto which wearemoving objects. With additional datastructures, wecould defineaholding set for
objects " in transit" and avoid this requirement, but we arenot certain is isa good idea, because it may
place too high a demand on primary memory; yet it may beworthy of further investigation.

Moving an object fromone car to another: Let uscall the original location of theobject itssource
car and its new location the destination car. We allocate space in the destination car and copy the
object’scontents. For each remset entry of thesourcecar pertaining to themoved object, wedeletethe
remset entry from the source car and add a corresponding entry to the destination car. If the cars are
in different trains, we need to decrement the source train’sexternal referencecount appropriately, and
increment the destination train’s external referencecount. Whether a particular remset entry causes a
decrement (increment) dependson whether thesource(destination) train also containsthecar referring
to theobject being moved. For each remset entry we must also add an item to the�loc set.

Additionally, wemust also insurethat weupdateany referencesfrom resident buffersto themoved
object, that we update the root set if the object being moved isa root, and that we update the�loc set
if there remain pending entries from a previousmoveof theobject.
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Collectinga wholetrain: If a train’sexternal referencecount goesto zero, wecan collect theentire
train. However, we must make sure that any resident cars of the train are entirely up to date, since
in-memory modificationsmay havecreated pointers, etc.

Insuring progress: The algorithmsdescribed abovedo not absolutely insure progress. As with the
original MOS algorithm, a running program can change pointers in between collections and prevent
the algorithm from removing objects from a given train. We give a series of necessary changes here,
to avoid cluttering thedescriptionsof thealgorithmsoffered above.

What is needed is to record for each train, one external reference. It may be an old root reference
or an old cross-train reference (from a higher numbered train only). Whenever we create a new root
(cross-train) reference to a given train, we save it as the "old" reference if we do not already have an
"old" reference saved. When we collect a car in the train, if there are no current root or cross-train
references that allow us to move objects from the car, then we check the train’s "old" root and cross-
train references. If either mentions an object in the current car, we move that object (as for a regular
root or cross-train reference). If there are references that allow us to move at least one object out of
thecurrent train, weclear out the train’sold root and cross-train references, sincetheir only purpose is
to guaranteeprogressand we madeprogress.

Correctness Argument

Now that we havedescribed thealgorithm, we sketch a correctnessargument, in several stages:

1. Remset Invariant : That remsets, once updated from �ref, reflect exactly all cross-car refer-
ences.

2. Location Invariant : Object references, once updated from �loc, correctly reflect the object
graph.

3. Train Count Invariant : Train counts accurately reflect the number of cross-train plus root
references. In particular, if a train’scount iszero, then no objects in it are reachable.

4. Safety: That no object reachablefrom a root isever collected.

5. Completeness: That if every car iscollectedeventually, then all garbageiscollectedeventually.

Remset Accuracy

The invariant iseasy to establish initially. Thereare four changesto theworld that wemust consider:

1. Adding a cross car reference: This is handled by the algorithm for writing a modified car back
to the store. It detects a new reference and adds it to the�ref set. If the target car is resident,
wewil l update theremset beforewriting thecar back; if thecar isnot resident, it wil l beread in
eventually and the remset updateapplied by thecar reading algorithm at that time.

2. Deleting a cross car reference: This is handled analogously to adding a reference, using a �
entry rather than a+ entry in the�ref set.

3. Moving an object that isa target of cross-car references: In thiscasetheobjet moving algorithm
populatesthenew object’scar’sremset from theremset of theold car, and theold remset entries
arediscarded, which correctly accountsfor thechange.

9



4. Moving an object that containscross-car references: When wewriteback thecar containing the
new object, we wil l detect the new references and add any necessary new remset entries. The
car collecting algorithm takescareof noting that theold remset entriesneed to bedeleted.

ReferenceAccuracy

The invariant is trivially established initially. The only thing that can affect it is movement of objects,
which inserts entries into �loc based on the old object’s car’s remset entries (which we just argued
arecorrect). For a non-resident referring car theseentriesareapplied when the car isnext read in. We
haveseveral optionsastohow toupdateany referencesthat arecurrently resident (immediate, deferred,
etc.), but weassumethey are taken careof sometimebeforetheresident carsarewritten back. Things
still work if an object should move multiple times before a referring car is read in, because the object
moving routinealso takescareof updating pending�loc entries.

Train Count Accuracy

Again, the invariant is easy to establish initially. The root manipulating algorithmsadjust the count in
the obvious way, and the car writing algorithm adjusts counts in exactly those places that references
areseen to be created or destroyed (and those referencesare from one train to another).

Safety

There are two ways in which objectsarediscarded: from singlecar collectionsand from thedropping
of entire trains. Given that train counts are correct as just argued, dropping a train whose count is 0
is correct, since a 0 count means the train has no root objects and there are no references from other
trains to objects in it. Hence there is no path from any root object to any object in the train. (Note
that we must take care that any resident carsdo not haveunrecorded referencesto objects in the train;
hence, we may need to "synchronize" our knowledgeof thecontentsof resident cars.)

Correctnessof car collection isalso fairly straightforward. Wemove, and thuspreserve, all objects
in that car reachable from roots (and "relocate" those roots). We also move all objects reachable from
outside thecar. Hence, anything left isnot reachablefrom outside thecar and isgarbage.

Completeness I : ProgressEvacuating the Lowest Train

One way in which the algorithms could fail to collect all garbage eventually is if they do not make
progress. While we require that each car be collected eventually, and (as we shall see later) the al-
gorithm is complete as described so far, this is true only provided that the mutator (running program)
doesnot movepointersand rootsaround in between car collections. TheMOSalgorithm has thesame
problem, noted and fixed by Grarup [Seligmann & Grarup, 1995]. Here isadescription of theproblem
viaan example. Supposewe havea cycleof objects lying in two cars, and one of theobjects isa root.
If we collect both cars, we would expect to remove all the objects to another train, but consider the
followingsequenceof actions. Wecollect thecar not containing theroot (theobjectsstay in thecurrent
train sincethey arereachablefrom thecar with theroot). Themutator movestheroot to thecar we just
collected. We now havea picture likebefore, which can perpetuate indefinitely.

The solution is to remember an "old root" and treat it as indeed a root. This old root reference it
guarantees that if the mutator creates a root, and hence some object was reachable by the mutator at
that time, we wil l move the object out of the train later. If the object becomes garbage, then it is not

10



a root when it is moved, and in any case, it is not added to the new train’s old root set (not the least
because, since the object is garbage, the mutator cannot access it to designate it a root). Thus the old
root techniquewil l not causegarbageto be retained forever.

Similar to moving roots around, the mutator could move around pointers from some other train.
The old cross-train referencesolves this problem in the same way that the old root reference does for
roots. There is one difference, though: we need worry only about references from higher numbered
trains, sincewe cannot movean object to a lower numbered train.

Wearriveat thefollowing progressargument. Consider theset of carsof thelowest numbered train
at sometime t. Eventually, wewil l collect each of thosecars. Either thetrain’scount hasgoneto 0, and
theentiretrain hasbeen collected(progress) or thecount isnot 0. If thecount isnot 0, and thetrain had
an "old" reference(root or cross-train) at t, then wewil l havemoveat least the"old" object to another
train, reducing thenumber of objects in the lowest numbered train. If the train had no "old" object at t
and did not gain any, then we wil l have encountered each of the root and cross-train references in the
original count, and thuswil l have made progress. If therewas no "old" reference, we gained one, and
now havenone, then wemadeprogress, since the"old" referencesarecleared out only when wemake
progress. Finally, if we have an "old" reference, when we process the car referred to, we wil l make
progress. Thus, from any point in time, there wil l always be a future time when the lowest numbered
train wil l have itscount go to 0or wewil l removean object from it. Theoneadditional thing weneed
is for themutator not to allocatenew objectsin the lowest numbered train - then wecan guaranteethat
the lowest numbered train wil l alwaysshrink.

Completeness II : ProgressReclaiming Garbage

Suppose aparticular object o becomesunreachable from any root. We argue that it wil l eventually be
reclaimed. First, if o wasmentioned asan "old" object from atimewhen it wasstill reachable, wewill
move o once; thereafter, it can never be an "old" object again (because the mutator cannot refer to it,
since it is unreachable). Now consider the case in which no object refers to o. If o is "old", it can be
moved once, but after that it wil l be collected in a local collection. Thus, trees and DAGs of garbage
wil l disappear from their rootsdown, sinceeach object wil l eventually not haveany referencesto it.

That leaves only cycles of garbage for consideration. First, we know that eventually each car
containing the cycle wil l be collected, and thus any "old" references from the time before the cycle
was garbage wil l be processed. Once that has happened, consider an object of the cycle that is in the
highest numbered train containing any object of the cycle. None of the cycle objects can be moved
to any higher numbered train than that, and, by the progress argument, lower numbered trains are
eventually evacuated, so in theworst case thecyclewil l eventually lieentirely in the lowest numbered
train. Therewil l beno "old" referencesto any of thecycle’sobjects, and so onceall reachableobjects
are removed from this train, the train’scount wil l be 0 and thecyclewil l be reclaimed.

Recovery Issues

We assume that there is some underlying serializable transaction system. in this view, a transaction
updates cars, and as a "side-effect" creates�ref and�loc entries. Note that collecting a car can be
viewed as a transaction, too. The main point is that just as the changes to cars need to be recorded
atomically, so also must we record changes to the�loc and�ref sets. While we may wish to apply
"special" (i.e., semantics based concurrency control) techniques to take advantage of the maximum
possible concurrency, there is no need to develop specialized algorithms to permit garbagecollection.
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It ispossiblethat garbagecollectingwil l introduceadditional concurrency control conflicts, becauseof
its need to updatecars that receiveadditional objects. However, with suitably sophisticated semantics
basedconcurrency control, wecanavoidmost suchconflictswhileintroducingonly amoderateamount
of additional implementation complexity.

Extensions

ThePMOSalgorithmasdescribedassumethat remsetsnever overflow carsand that the�loc and�ref
setscan be maintained in primary memory. How can werelax these restrictions?

Large�ref and�loc sets

It is not too difficult to handle large�ref or �loc sets. One technique is to store them in a suitably
sortedsecondary memory structure(e.g., aB-tree), withacachingmechanismtoholdrecently accessed
chunks in primary memory. This inducesextra overhead in some cases. Note that we can keep recent
updates in a primary memory buffer before adding them to the secondary memory structure, and thus
batch our updatesto that structure.

An alternativestrategy is to scheduleaffected cars to be read in, so that we can apply the pending
updates and remove them from the�loc and�ref sets. This approach seems promising in that the
costs of scheduled I/O are likely to be substantially less than the synchronous reads introduced by the
secondary memory datastructureapproach.

Large remsets

Large remsets may be more difficult to handle well. One needs to handle an overflow immediately.
In such "emergency" situationsa memory resident overflow tablesounds like agood alternative. One
could also add to the affected car a pointer to a remset overflow area stored elsewhere in secondary
storage. In any case, thecar wil l probably need to be marked ashaving overflowed. A combination of
main memory and secondary memory overflow tablescan probably be tuned to work well, given more
knowledgethan wecurrently haveasto thedistributionof thenumber of remset entriesneededby each
car. Note that it is not a good idea to attempt the " popular object" ideas of the MOS algorithm: the
MOS algorithm’scollection order can discard and rebuild remsets, whereas PMOS really needs them
maintained at all times. Finally, it may be reasonable to consider splitting a car into two cars, each of
which may then have a smaller remset. This wil l not work if the large number of referencesare all to
oneparticular object. In that casewereally must employ an overflow mechanism.

Conclusions

We have presented a new database / persistent store garbage collection algorithm, PMOS (Persistent
MatureObject Space), and sketched argumentsasto itscorrectness. PMOSis incremental (at the level
of blocksof memory) and isguaranteed to collect all garbageeventually, provided only that each block
is eventually collected individually. While PMOS is based on copying techniques, it does not require
semi-spaces: it only needsenough spaceto copy theblock being collected, and then that block wil l be
freed. Thedesign of PMOSissuch that onecan useany serializableconcurrency control and recovery
scheme to support it in a resilient multi-user environment. No prior schemes had these attributes of
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incrementality, completeness, and independenceof specific transaction mechanisms. We look forward
to implementing PMOS and evaluating itsperformancein practice.
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