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Abstract

Traditional garbage collection technigugssigned forlanguagesystemsoperatingover
transient data dmot readily migrate to apersistent context. Theize, complexity, and
permanence characteristics of a persistent olggee mean that an automatistorage
reclamation system, in addition to ensuring that all unreachable and only unreachable data is
reclaimed, must also maintain store consistency while limit@goverhead when collecting
secondary-memory data.

PMOS is anincremental garbage collection algorithm specificallgsigned for
reclaiming persistent objecstorage. The collector extends the Mature Object Space
algorithm (sometimes know as thrain algorithm) to ensurencrementality in gersistent
context, to achieve recoverabilitpnd to imposeminimum constraints orthe order of
collection of areas of theersistent address spadée goal of thd®MOS algorithm is to
break the collection of garbage into small enough units so that disruption can be minimised.
PMOS is able to collect the small units in arbitrary orders weliistinating cyclic garbage,
guaranteeing progress and minimising the impact on the I/O.

Our initial implementation of the®MOS collector demonstrated the efficacy of the
algorithm but highlighted some architectusasumptions and performance drawbacks. We
have designed anew implementatiorincorporating numeroutessonslearned. Here we
report on the architecture of tteecondimplementationand our plans for aange of
experiments on collector policies.

1. Introduction

PMOS [MMH96, MBH+99] is arincremental garbage collectdesigned specifically to
reclaimspace in a persistent objextbre. It is one of d&amily of incremental collectors
targeted at reclamation of different levels of the storage hierarchy. The Mature Object Space
(MOS) algorithm [HM92] (colloquially known as“the Train Algorithm”) is an
incremental main-memorgopying collector specificallydesigned tocollect large,older
generations of a generational scheme in a non-disruptive mann®O8 the address

space is partitioned into a number of areas that cawleeted independently. THBMOS
collector [ HMM+97] is a complete,non-blocking, incremental collectdor distributed

object systems that does not require global tracing.

The principal features dMOS are safety, completeness (the collector reclaims all
garbagewithin a finite number ofinvocations),non-disruptiveness and incrementality. In
addition,PMOS is acopying collector and naturalljupportscompaction and clustering
without the needor semi-space techniqgues. It can be implementestack hardware and
does notrequire special operatingystems support such as pinning external pager
control. The collector does not impose any constraints on the order of collection of the areas
thus allowing the implementor to provide a policy appropriate to the application. It provides
techniques to reduce the I/O impact of pointer updates and object movement.

1.1 The PMOS Algorithm

The original PMOS algorithm and architecture is fully described in [MMH96] and we refer
the reader to that paper for a detailed description of the algorithm.



The PMOS collector is described using the metapharagis made up otars The
addressspace of thestore isdivided into anumber of disjoint blocks (cars). Omar (or
more) is collected in eadhvocation of the collector, bgopying its potentiallyreachable
objects into other cars. Since orpptentially reachable data is copied, afireachable
structures contained within the one car will be collected immediately.

To collect cyclicgarbage thaspansmore than onear, carsare grouped togethento
trains. By ensuringhat all thecars in a trainare collected bycopying thepotentially
reachable data into other trains, cyclic garbage will bebkdfind and can beollected, once
it is marshalled into the same train. It is shown that to guarantee completeness it is sufficient
to orderthe trains in terms of the (logicati)ne they are created. Hence wadl refer to
trains beingplder or youngerthan other trains.

In [MBH+99] and the last IDEAvorkshop we presentdtie lessondearntfrom our
prototypePMOS implementation outlining a stratedgr a new implementation that more
readily addresseghe goals ofthe PMOS algorithm. In this paper we report on the
architecture of the new implementatiddMOS#2, which meetsall the design goals of
PMOS. In particular it allows us, at each collector invocation, to select any car for collection.
We outline our plans for a set of experiments on car-selection policy.

2. The PMOS#2 Architecture

The PMOS#2 architecture can be divided into three layers, an object ocathewhich
applicationsinteract, astable persistent heap of objects managedPMOS#2 and an
explicitly buffered stable storeThe key differencedbetweenthis architecture and the
previous implementation are that an object cache is used, pgiatates in the stable heap
have an immediateffect on car remembereskts andthe underlying stable storage is
explicitly buffered rather than being memory-mapped.

2.1 The Object Cache

The presence of an objecache between the stable hempd applications allows the
working set of objects to be clustered together in menforyefficient access. As a
consequence, the stable heap is not alaasgse of thecurrent state ofll objects or the
presence or absence of pointers between them. Complete knowledge asailalye when

the object cache writes baell new and changed objects prior to a checkpoint of the
persistent store. Since a goal PIMOS is tocollect individualcarswith a minimum of
disruption a checkpoint prior teach incremental collection it desirable. Aralternative
strategy adopted for PMOS#2 is that the object cache passesamnental collection a list

of all persistent objects for which it holds a pointer. The object cache then modifies it's copy
of any pointers that are modified by the collection.

Generating the list gbointers to persistent objects requities object cache to either
maintain a permanent list of known pointers or to scan all its objects searching for persistent
pointers.The latteroption is usedvith PMOS#2 since garbage collection of thabject
cache must already look at every pointer and the change hagpact onany other part of
the object cache implementation. Following an incremental collestame pointers may
need to be updated requiriafl pointers inthe object cache to be checké&dhis check is
also performed during garbage collection of the object cache. In a mark-sweep collector the
list of known pointers would be generated during the mark phasBMRES#2incremental
collector invoked and then tipminters fixed up duringhe collectionphase. In arn-place
compacting collector the list of known pointers would be genediddg the first pointer
reversal phase, tteMOS#2incremental collector invokednd then thepointers fixed up
during the compaction phase.

2.2 The Stable Heap

The collection of a car requires accurate information in it's remembered set regdridimg
objects in the car may be reachafstam other cars. Irthe previous implementation of
PMOS rememberedetswereonly updatedvhen a car waseturned to disk. Thisneant



that updated cars that were still in memory could contain pointers into acathtatwere

not recorded in the other car's remembesetd Toovercomethis difficulty every updated

car in memory had to be scanned prior to each collection. Therefore, even the collection of a
single car required all in memory cars to be traced which is potentially expdPgi@S#2
addresses thigverhead by eagerly updating remembesetsthereby allowingindividual

cars to be collected without reference to other cars.

When a car is faulted into memory a list of all pointers to other cars is recorded in an
out going references list. In PMOS#2 thst is augmentedavith a count of the number of
occurrences of each reference. Whenever the otgebe writes gersistent object back to
the persistent heap each updated pointer field is checked. If the opdaigites pointer to
another car, the pointer's occurrence count is decremented. If the new yalugeoints to
anothercar, the newpointer's occurrence count is incremented. If an occurrence count
becomes O or aew pointer is added to the ogbing referenceéist, then the car that is
pointed to has its remembered set modifiednmediately. In this way every car's
remembered set is always up to date with respect to the contents of othEmedlys.when
a car is returned to disk no furtheork is required sincall remembered set updateave
already been performed.

This change tahe PMOS algorithm still leaves theproblem of pointer updates
performed in the objeatache some ofwhich maynot havebeen propagated to the stable
heap. To ensure no objects are collected when they are really still reachable, theaohgect
supplies a list of all pointer values it knows about. This list of known pointerseid as an
additional set ofroots for acollection. Thus,PMOS#2 isactually able to collect an
individual car withreference only taoots but noother cars. Thimddresseshe primary
goal of thePMOS algorithm, namely the ability t@erform incremental collections of
arbitrary cars with minimal I/O overheads or disruption.

2.3 The Stable Store

The first implementation ofPMOS usedshadow paging and memory mapped files to
perform thel/O. Consequently, it was n@ossible to control/O behaviour or measure it
effectively. To facilitate greatel/O control and toallow it to be accurately measured,
PMOS#2 uses an explicit buffering mechanism to access the underlying stable storage. The
stable storage is still based on after-look shadow paging but digialy®e delayed until a

page must be written out. The stable heap implementation now directs which patgseof
storagewill be written out, when thepageswill be written out, whichpages must be
discarded to service a page fault and how large an in-mdoodigr is maintained. A side

effect ofthis change ishat the implementatioshould bemore portable since no system
dependent memory mapping facilities are used.

3. Car Selection Policy Experimentation

Over the last thirtyyears or so significant researbas been undertaken in the design,
construction and measurement of garbage colledimrsmain-memory programming
languages and systems. Muchtloé cited reclamatiotechniques are inappropridi@ use
in a persistent objedtore since they do naddressthe characteristics o$econdary-
memory objects or thsize,complexity and stability properties of thestwres.Therefore
there is much research still to be donestiady and understaritie behaviour ofecondary
storage reclamation. Such work attie design ofefficient algorithms but islso acrucial
guide to policy decisions

Any PMOS implementationmust establish a number of policy decisiaugh car
size, remembered ssize, object allocation policyyumber of cars pdrain, when to create
new trains, tradeoffs on the sizes of firefs andAloc set,popular object handlingtc etc.
Two important policy decisions that can have a significant impact on the performance of any
incremental, partitioned collector are when or hHogguently toinvoke the collector and
which partition(s) to selector collection. Simulatiorstudies of these policies iobject
database collectors b@ook et al [CWZ94] suggedhat a flexible selection policthat



allows a collector tachoosewhich partition to collect carsignificantly reducel/O and
increase the amount of space reclaintéalvever there are mumber of drawbacks tieir
experimental base :-

* Their database size is (very) small — smaller than most RAM sizes in modern PCs.

* The rememberedetsare non-persistent and henbave to bereconstructed at system
startup requiring a complete scan of the object database.

* There is no account of the impact of how remembered sets are stored and where they are

stored.

Buffering costs of remembered sets are uncosted.

No account is taken for popular objects that potentially require large remembered sets.

No cycle detection for inter-partition cyclic garbage is measured.

No analysis or discussion is presentedti@ benefits/drawbacks of multi-partition

selection.

No account is taken of the relative costs of the partition selection algorithms,

* The object database access patterssd andthe garbage creation mechanisms are
unrealistic.

With our new PMOS#2 implementation we are in @osition to re-examineheir
experiments and findings on car selection policy in a real system.

4. Conclusions

The PMOS algorithm presentsimplementorswith a wide range of important policy
decisions that can significantly impact the potential performance of the algorittimeAaf
writing we have almost completed construction of a more effective implementationill his
give us aversionwith full flexibility to experimentwith important policyissuesthat affect
performance.
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