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Abstract

The Persistent Mature Object Spa@MOS, garbagecollection algorithm isdesigned toincrementally

collect all garbage in aotentially large persistent object store. The goal of the PMOS algorithm is to
breakthe collection ofgarbageinto small enough units so that disruption to the running system is
insignificant. PMOS is able to collect the small unitsanbitrary orderswhilst eliminatingcyclic garbage

and being able to guarantee progress. In this paper, we present the lessons learnt from our Pko@S8/pe
implementation and outline a strategy for a new implementation that more readily addresses the goals of the
PMOS algorithm. A keyfeature ofthe newdesign isthe ability to support aide range ofexperiments

with the policies that may affect the performance of the PMOS algorithm.

1. Introduction

The Persistent Mature Object SpaddOS, garbagecollection algorithm [MMH96] isdesigned to
incrementally collect all garbage in a potentially large persistent object store. In largerstore, a stop-
the-world collector would prove extremedysruptive. The goal of the PMOS algorithm is lieak the
collection ofgarbageinto small enough units that disruption to the running system is insignificant. The
PMOS algorithm is an extension of the earlier Mature Object Space, MOS, algorithm [HMg2MOS
algorithm is a main-memory collector that collects one small unit of store at a timeyrédedined order.

The PMOSextendsthis algorithm by allowing small units of store to dalected in an arbitrarprder,
some of which may be on disk, without necessarily incurring large overheads. In this papersem the
lessons learnt from our prototypMOS implementation [MBMM98]and outline a strategy for a new
implementation that more readily addresses the goals of the PMOS algorithm.

2. The PMOS Algorithm and Architecture

The PMOS algorithm and architecture is fully described in [MMH96]. For brevity we assurmeatiee has
a working knowledge ofthe algorithm. Our prototype implementation highlighted a number of
undocumented assumptions that must be considered in an implementation.

Firstly, the PMOS algorithm has assumed architectutbat includes afirst generation, a locdieap or

object cache, where all new objects are createliransient objectgan be quickly reclaimednly objects

that survive a number of collections of the first generation are considered mature objects and are promoted to
the Persistent Mature Object Space. The mature ofpacke is organisddto aseries offixed size cars.
Carsarefurther organised tdorm two or more trains tharethemselverdered byage. The role of the

PMOS algorithm is to select a singtar andremoveall potentially reachableobjects fromit. Reachable

objects in a car armoved tothe same train as one of the objects tefdrenceshe reachableobject, but

never to an oldetrain. Overtime all reachableobjectsare removedrom the oldest train which is then
discarded. Also, any cycles of garbage migrate into the same train after a finite number of invocations of the
collector. Whenever a train is found to have no references to it from other trains, any objects that it contains
must be garbage and the train is discarded.

The PMOS algorithm treats cars in-memory very differently from those onfgisthcar has anassociated
remembered set that records which of its objaotseferenced bywhich other cars. Theememberedet is

held within the car. To allow updates to be made to this data structure without loading the car into memory,
a separate delta-refmtastructure is maintained. Whencar isreadinto memory, itsrememberedset is
updated from the delta-refs.

In the interests oéfficiency,the PMOS algorithm also assumes tbptlates toin-memory cars are not
detected untithe car is written out to disk. Only at that poimire changes tdhe car'sexternalreferences
checked and the delta-refs for other cars updated. This heffebigthat any collection mustraverseall in-



memory cars since referencesoriginating in an in-memorygar may never have been propagated to the
remembered sets of the referenced cars.

Finally, the PMOS algorithm assumes that all objefgrences are direct addresdest must bdixed up

when a reachable object is removed from a car being collected. This requires the supjpieitesioaations
datastructure to ensure objectferences incars on-diskwill be fixed up when thosecars arereadinto

memory. Since all in-memory cars are traversed by a collection, abfernces ircarsin-memorycan be
fixed up immediately.

3. Limitations & Lessons

The prototype PMOS implementatioreplaces the stable heap layer ofthe Napier88 persistent
programming system [MBC+93,BDM+90] in order to minimise the development effort required. The stable
heap presents an objesgace tathe higherarchitecturethat providesobject creationread and write calls
together with calls to initiate checkpoints and garbage collection. In most Napier88 implementhtoahs a
heap isplacedbetweenthe runtime systenandthe stable heap [Bro94]. Since themuiremenfor a local

heap is unclear inhe original PMOSpaper it was elided from the prototype design. Thisresented a
number of challenges and is the primary reason for poor performance.

In the absence of docal heap, all new objectare createdlirectly in matureobject spaceresulting in
frequent invocations of thEMOS collector. Moshew objectsare short-lived causing the store tapidly

fill with garbage. To limit the effect of this, a polidecision was takethat all new objectare placed in

the youngest train. This train is collected in full once a minimum of 4MB of new objectzebasreated.

A side effect of this is that checkpoints of the object store require all cars in the youngest train to be written
to disk including a significant number of transient objects #n@about tobecome garbage. Thmst of

this effect is further exaggerated by the implementation of the underlying stable virtual memory layer.

The stable virtual memory is implementasing memorymappedfiles and has toeagerly shadow copy

pages due to its lack of control over whepdatedpagesare written to disk [Bro99]. Consequentlgvery
checkpoint has to write out 4MB+ of the youngest train and then immediately write it out again as part of
the eager shadow copying process. As a result every checkpoint of the stable heap required at least 10MB of
writes even if little persistent data has changed.

The presence of atable virtual memongaffectsthe treatment of in-memorgndon-disk cars. Thectual
movement of cars between disk and memory is left to the host operating system's virtual systeony
The act of modifying a car incurs some shadow copying overheanddnto provide stability. When a car
is brought into memory the PMOS algoritheguiresany outstanding delta-locatioasd delta-refentries
to be applied to the car, that is, the car must be modified. In order to minimise the cisdafcopying

it was decided toonly treatcars aslogically in-memory if theyare to bemodified. So just prior to
modifying a car, any outstanding delta-locations and delta-refs eateé@amediately applied. Cars that are
not beingmodified are treated degically on-diskbut may bepagedinto memoryfor read-only access.
When it is decided to treat a car as logically on-disk, any changes to its external object refeeensed to
update the remembered sets or delta-refs entries for other cars.

This approachhas theadvantage ofllowing direct addressing obbjects without incurring angoftware
translation overheads. This is especially important as the Napien@ighe system iglirectly operating on
objects so addressing has to be as efficient as possillewAside ofthis approach ighat the in-memory
cars have taemain in-memory over checkpointat is, theyare immediatelyshadow copied after a
checkpoint in anticipation durther modificationsThis is the samelouble write effect suffered by the
youngest train.

The issue of popular objects, those with massive remembered sets, is minimised in the prototype by taking
advantage of the Napier88 Persistent Abstract Machine's architdRAlve[CBC+89]. Whenthe PAM is
initialised it creates aoot object containingeferences tall the predefinedNapier88 objects including a

null pointer, null string, etcThese objectsirereferenced bymost other objectsreated bythe PAM, are
therefore extremely popular and never become garbagedén to eliminate theneed tobuild remembered

sets for these objects it was decided to create a root train. The root train ceveajrtbject createdprior

to the first checkpoint of the systeamd isalways logically in-memory. AIPMOS collections start by
assuming that every reference in an object in the root train is a root for garbage collection. Npeuilaér
treatment is given to popular objects, a user defined object that becomes popular will cause the prototype to
fail.



The prototype PMOS implementation does not attempt to implement crossefem@ncecounters or any
sophisticatectar selection policies. Irorder toguarantee progredbe prototype PMOSollector always

selects the entire oldest train for collection. The entire youngest train isdliscted sathat the majority

of transient objects are reclaimed very quickly. This leads to significant pause timew aars have to be
allocated for two trains worth of livdatawhich in turn incurs theager shadowopying overheads of the
stable virtual memory. Aurther overhead ighe fact that all logically in-memorycars also have to be

traversed to ensure no reachable objects are accidently treated as garbage.

The relocation of reachable objects during a colleat@mjuires amechanism to ensuil references to the
moved objectsare updatectorrectly. Since all the in-memorgars are traversed it igossible toleave
forwarding pointers behind so that the traversal can automatically fix ugeférencesHowever,references
from on-disk cars require special treatment. The delta-locations table is insufficient. Since |ayiahfiit
cars can be paged into memory the stable virtual memory is instructed to treat cars with possiligteut of
references as inaccessible. When one of thaseis subsequenthgferenced, page fault isgenerated and
the car ismadelogically in-memory. Thideads toall outstandingdelta-locationsand delta-refentries for

the car being applied immediately.

4. Planned Second Implementation

A new PMOS implementation is beingdesignedhat attempts to betteaddressthe goals of thePMOS

algorithm by concentrating on thetendedPMOS architectureand experimentation with policiedzirstly,

the newdesign includes a locdleap. This removes theeed tohandlemost transient objectgreatly
reduceghe cost of checkpointand reduceshe number ofand pausetimes due to PMOS collections.
However, a mechanism igquired toallow the localheap to efficientlydiscoverwhich objects aPMOS

collection moves. The use of a local heap atshuceghe needfor the direct addressing adbjects so it is
not necessary taise a stable virtual memory with iggtendedproblems. Policies that will beonsidered
include where to place new objects, where to move reachable athjeictg acollection, howfrequently to
collect, how to select cars for collection and how to accommodate popular objects [SG95].

The placement of new objects may involve placing objects in the youngest train subject to sbmi. fill
It may be desirable to limit the number of new objgdéeed in aparticular train in the hopthat objects
created together will become garbdggether. This mayjead tomore trains beingeclaimed due t@ross-
train reference counts without the need to collect individual cars.

When a car is collected there may be a choice aghtye tomove thereachableobjects. Moving them to

the youngest train may limit future copying but may preserve them longer than is required. Alternatively, it
may be better to leave the objects alone but link the collected car into a younger tedardfofhow full

each car is, could be used to build a cost/benefit function for use in selecting cars to be collected.

The frequency ofcollectionscould be controlled bytracking therate atwhich space is recovered. If
collectionsrecoversignificant space eactime, their frequencymay be reduced.Alternatively, if little
progress is being made, much more frequent collections may be necessary.

The selection of cars to be collected is essential to guarantibeimyogresand completeness of BMOS
collector. It is necessary to ensure that every car is eventually collected and that progress is evaleially
Progress can be guaranteed by remembering a crosgefaagnce andsing this as a rodbr collection if

no progress is apparent [MMH96]

Objects thatarereferencedrom a very large number of othears causeroblems withremembered set
sizes. The most common popular objemts dealwith by maintaining a root trairHowever, this only
dealswith predefinedpopular objectsand not userdefined popular objects. An alternative toomplete
remembered sets needs to be considered.

5. Benchmarking

The measurement of the second implementatidhuse benchmarks in addition t®&O1 [CS92].001 is
actually very checkpoint intensivand, asdescribedabove, this is the majoveakness othe prototype
implementation. The entire OOlbenchmark ranwith only a few collections but several hundred
checkpoints. The integration of PMOS into thapier88 architecturallows anyNapier88 program to be
run with PMOS and measured. For example, a Napier88 implementation of OO7 [CDN93] is available.

Within the implementation detailed measuaesrequired ofpausetimes due toPMOS collectionsgdue to
local heap collections and due to checkpoint requests. The sizesrefriimberedets, delta-refs andlelta-



locations must also be tracked. It is not cle@etherdistributing rememberedgets amongars isbetter or

worse than keeping atememberedet information in a singleentraldatastructure. It may be thahost

information is duplicated inthe central delta-refsanyway so distributedememberedsets may just be
unnecessary overhead. iill also be interesting tdrack car/traindistributions tosee if changing the
policies on when to create new trains affects the progress and effectiveness of collections.

6. Conclusions

The PMOS algorithnpresents implementors with wide range ofimportant policy decisionsthat can
significantly impact the potentiaperformance ofthe algorithm. Havingcompleted a prototype
implementation of PMOS our basic understanding of the algorithm has greatly improvede W& in a
position to construct a momffectiveimplementation thatan focus orthe important policy issues that
will make or break the algorithm.
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