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Abstract. Dynamicstorageallocationandautomaticgarbagecollectionareamong
the most popular featuresthat high-level languagescan offer. However, time-
critical applicationscannotbe written in suchlanguagesunlessthe time taken
to allocateanddeallocatestoragecanbe reasonablybounded.In this paper, we
presentalgorithmsfor automaticstorageallocationthatareappropriatefor real-
time andembeddedsystems.We have implementedthesealgorithms,andresults
arepresentedthatvalidatethepredictabilityandef�ciency of our approach.

1 Intr oduction

Languagesfeaturingdynamicstorageallocationandautomaticgarbagecollectioncon-
tinue to grow in popularity—suchlanguagesincludeJava (Java is a registeredtrade-
markof SunMicrosystems)andML. Following standardterminology, storagerequests
are satis�ed by allocating storagefrom a storage heap. Suchstorageis live or busy
until suchtime asthestorageis declareddead. For languageslike Java, an automatic
garbagecollectionalgorithmcandetectdeadobjects.Otherlanguagesoffer primitives
for dynamicallyassertingthe deathof an object. In any case,oncethe object is de-
clareddead,the storageassociatedwith the objectcanbe deallocated, which makes
thatstorageavailablefor subsequentreallocation.

Developersof real-timeandembeddedsystemshave beenslow to embraceauto-
maticstoragemanagementfor thefollowing reasons.

– Real-timeapplicationsrequirepredictableexecution.Automaticstoragemanage-
ment incursoverheadthat canbe dif�cult or impossibleto predict.In this paper,
weexaminethis issuewith respectto storageallocation.For real-timeapplications,
allocationtime mustbebounded.
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– Embeddedsystemsrequirepredictablestoragebounds.Embeddedsystemsaretyp-
ically deployedwithouttheadvantagesof avirtualmemorybackingstore.Thus,the
heapcannotbeextendedwithout physicallyinsertingmoreRAM into thesystem.
As aresult,thestoragerequirementsfor thesekindsof applicationsmustbeknown
in advance.For ourpurposes,this impliesthatthesizeof therun-timeheapis �x ed
andknown a priori .

Unfortunately, theperformanceof automaticstoragemanagementcontinuesto be
problematicfor developersof embeddedor real-timesystems.While thereare cur-
rently several reasonsfor this, oneconcernis that the time taken to performstorage-
managementfunctionscannoteasilybebounded.Time-criticalapplicationscannotabide
suchbehavior. In ourview, thetermtime-criticalappliesto bothof thefollowing.

– An applicationmay be time-critical in the sensethat someinstructionsequences
mustexecutein a reliabletimeframe.Embeddedandreal-timeapplicationsoften
have thisproperty.

– Hardware supportfor storage-managementfunctionscan be time-critical in the
sensethatsuchhardwaremustbeclockedat a predeterminedratefor synchronous
operation.In this situation,it is better to perform a little work at eachstorage-
managementoperationthan to have someoperationsexecutefor-free andothers
takea very long time.

Ironically, Javawasinitially designedasalanguagefor embedded-systemsapplications,
but its storagemanagementremainsproblematicfor thefollowing reasons.

– Storageallocation[9] usuallyinvolvessearchinga free-listof storageblocks.For
garbage-collectedprograms,thefree-listtendsto diminishuntil thepointof collec-
tion. Following collection,the free-list typically containsa large numberof (for-
mer)objects.To satisfya singlestoragerequest,searchingthefree-list could take
time proportionalto thesizeof thelist—unacceptablefor time-criticalsituations.

– Garbagecollection [8] techniquesusually requiremarking(a subsetof) the pro-
gram's live objects;the storagefor the unmarked objectscanthenbe returnedto
the storagemanagerfor reallocation.Collectioncyclescanhappenunexpectedly
andcantake considerabletime;moreover, negativeeffectson thedataandinstruc-
tion cachesaredrastic[4, 2,1].

– As theprogramexecutes,theheapbecomesfragmented: relatively smallholesde-
velopin theheapstoragearea.To defragmenttheheap,objectsareeithercopiedor
compactedduringthecollectioncycle, takingmoreexecutiontime andtoll on the
cache.

If thetime takento executestorage-managementfunctionscanbereasonablybounded,
thenlanguagessuchasJava couldbettersupporttime-criticalapplications.Moreover,
it thenbecomespossibleto relegatestorage-managementactivities to hardwarewhere
betterperformancemight beobtained.

Ourpaper'scontributionscanbesummarizedasfollows.

– ResultsarepresentedusingKnuth'sbuddysystem[6], whichboundsthetimetaken
to satisfya storageallocationrequest.



– A variationof thebuddysystemis presentedthatdelaysrecombination.Wepresent
resultson theeffectivenessandef�ciency of thisvariation.

– An algorithmis presentedfor defragmentinga buddysystemheap.Thealgorithm
is specializedtowardsatisfyingasinglerequest,ratherthanamassdefragmentation
of theheapwhichcanbedisruptiveto programexecution.

Our paperis organizedasfollows:Section2 explainsour approachandimplemen-
tationusingsimpleexamples.Section3 presentsexperimentsbasedon this implemen-
tation.Section4 presentsconclusionsandideasfor futurework in this area.

2 Approach

In thissection,wedescribeourapproachfor obtainingfreeblocksof storagein bounded
time.Wilson presentsanexcellentsurvey of storageallocation[9], andthebuddysys-
temuponwhichwebaseourwork is describedwell by Knuth [6].

Fig.1. Unstructuredlist allocator

2.1 Moti vation for SegregatedFree-Lists

We �rst considera commonstorageallocationtechnique,basedon maintaininga rela-
tively unstructuredlist of availableblocks,asshown in Figure1. A storagerequestis
satis�edby searchingthatfree-listfor (typically) the�rst block thatis suf�ciently large
to satisfytherequest.While this approachworkswell in practice,it is possiblethatthe
only block thatcansatisfya givenrequestis at thefar endof thefree-list.Becausethe
free-list structureis a function of the allocatingprogram's behavior, it is not easyto
boundthetime neededto satisfyanallocationrequest,even if we assumethe free-list
containsablockof suitablesize.

By contrast,considera storageallocatorwhosefree-listsaresegregatedby size,as
shown in Figure2. For ef�ciency in obtaininga block of thedesiredsize,anindexable
slot is reservedto heada linkedlist for eachpossibleblock size.A requestfor a block
of a given sizecanbe satis�ed by simply returninga block from the appropriatelist.
This takesconstanttime,assumingthata block is availableon theappropriatelist.



Fig.2. Datastructurefor buddysystem;objectsaresegregatedby size,andeachlist of equally-
sizedblocksis referencedfrom thelist display, shown at theleft

2.2 Buddy SystemAllocation

Ourapproachfor storageallocationis asegregated-by-sizetechnique,basedonKnuth's
buddysystem[6]. Eachstoragerequestis resolvedto a block of size �
	 for somepos-
itive, integral valueof � . Figure3(a) shows the buddy system's structurein its initial
state,assumingtheheapis 256bytes.

(a) (b)

Fig.3. A blockcanbedividedinto two sub-blocks

Thebuddysystemoperatesasfollows:



1. Whentheprogramrequestsmemory, theallocator�rst calculatesthesmallestpower
of 2 thatis largerthanor equalto thesizerequested.Morespeci�cally, a requestof
size � is translatedinto a requestof size �

	�


�����������

�

��� .
2. Thefree-listat index � is consultedfor anavailableblock.
3. If a blockof size ��	 is notavailable,thentwo suchblockscanbeobtainedthrough

bisectionof a block of size ��	���� . Figure3(b) shows the resultof subdividing the
initial heapinto two sub-blocks.

4. Applying this strategy recursively, increasinglylarger blocks can be subdivided
until a blockof size ��	 canbeobtained.

For example,theheapin Figure2 hasblocksavailableof size16. Thus,a requestfor
a block of size10canbesatis�edimmediately, with theresultingblock returnedin the
time it takesto unlink a block from thesize-16free-list.

Further, considera requestfor a blockof size8. Becausethelist of blocksof size8
is empty, thebuddysystemhuntsupwardsfor a largerblock thatcanbesubdividedto
obtainthedesiredsize.The time necessaryfor that searchis �� "!$#&%' )(+*,* where ( is
thesizeof thestorageheap.For embeddedandreal-timesystems,we assumethat the
heapsizeis �x edandthat �� $!"#&%- $(+*.* time is consideredef�cient.

2.3 Buddy SystemDeallocation

Whenblocksaredeallocated,a commonproblemfor moststorage-managementalgo-
rithmsis thecoalescingof freeblocksthathappento lie consecutively into largerblocks.
The buddy systemgreatlysimpli�es this task.Whena block of size �
	���� is bisected
into two blocksof size ��	 , theresultingblocksaresaidto bebuddiesof eachother. A
buddyof size �

	 canimplicitly computeits buddy'saddressby �ipping apredetermined
bit of its own address—typicallybit � wherebit / is therightmostbit.1

Fig.4. Allocationusingthebuddysystem

1 Without lossof generality, we assumetheheap's origin is address0.



Figure4 showstheresultof requestingablockof size16giventheinitial condition
shown in Figure2.Theinitial blockis recursivelysubdivideduntil two blocksof size16
areobtained.Oneof thoseblocksis returnedto satisfytheallocationrequest,andthe
otherblock remainson thefree-listfor blocksof size16.

Whenstorageis returned,the buddy systemeagerlyjoins buddiesto createever
largerblocks.Thus,if theblock allocatedin Figure4 is immediatelydeallocated,bud-
diesarejoinedtogetherrepeatedlyuntil theheapis returnedto thestateshown in Fig-
ure2.

2.4 Buddy SystemImplementation and Behavior

As shown in Figure 2, the buddy systemnormally keepsan array of linked lists of
identically-sizedblocks.Eachelementof the arrayheadsthe linked list for blocksof
a givenpower of two. Whena block is deallocated,a checkis performedto seeif that
block'sbuddyis alsofree.In supportof this test,eachblock is equippedwith onebit to
re�ect whetherit is busy. Thebit mustbepresentwhentheblock is actuallyin useby
theallocatingprogram.

Whena block is not in use,it is kept on a linked list asshown in Figure2. The
blocksareactuallymaintainedin a doubly-linked list, which facilitatesquick deletion
of a block from its linked list. Spacefor theselinks cancomefrom the block itself,
sincewhile onthefree-list,thespaceis nototherwisein use.In addition,it is necessary
for the block to keeptrack of its size,which implies that the smallestblock that can
bemanagedusingthebuddysystemmustbeableto accommodatetwo pointers,along
with thesizeof theblock.

Althoughthebuddysystemhastheadvantagesstatedin this paper, it hasnot been
widely usedfor storageallocationin programming-languagesystemsfor thefollowing
reasons.

1. Thebuddysystemtendsto fragmentstorage[6]. Thismeansthattheheapmaycon-
tain suf�cient storageto satisfya request,but thestorageis not contiguouswithin
a buddy'sboundary. Therearetwo sourcesof fragmentation:
Inter nal fragmentation occurswithin ablock,whenarequestfor storageis rounded

up to a powerof two. Considera requestfor a block of size � thatis translated
into a requestfor size ��	 . For sucha request,the numberof wastedbytes 0

mustsatisfy /�120+34��	65-� .
External fragmentation occursbecausefree storagecan be distributed among

blockswhosebuddiesarebusy—still in useby the allocatingprogram.Such
freeblockscannot(atpresent)becombined.

From the above, we seethat internal fragmentationcould wasteup to half of a
program's datastore.We claim that the advantagesof the buddy systemmitigate
suchwaste.Moreover, we assumethat whoever runs a programcan establisha
reasonablesizefor theheap,basedonprogrambehavior andinputdata—thismust
be true for embeddedsystemswhich cannottypically afford a backingstore.The
boundfor theheap'ssizecouldbemultipliedby 1.5to obtainaheapwhereinternal
fragmentationneednotbea concern.



Alternatively, if thesizeof datatypesis known a priori , thenworst-caseanalysis
can identify a (perhapsbetter)boundon internal fragmentation.This boundcan
becalculatedby �nding thedatatypethatmaximizestheamountof internalfrag-
mentation.Clearly, the worst-caserun of the programwould be onein which all
allocationsareof this type.Thus,theworst-caseboundon internalfragmentation
would be the level of internal fragmentationcreatedby allocatingthe worst-case
datatype.
Externalfragmentationremainsproblematic,becausethe allocatingprogramcan
causetheheapto reacha statewheresuf�cient storageexistsbut is unallocatable
dueto its positionin the heap.In this paperwe presentan algorithmfor defrag-
mentinga buddy heap.The algorithmoperateson-demand,anddefragmentsjust
enoughstorageto satisfyagivenrequest.

2. Performancecanbepoorfor programsthatcreateobjectswith veryshortlifetimes.
In fact,atypicalassumptionof Lisp-likeprogramsis thatnew objectswill diesoon.
In the limiting case,thestateof the free-list couldoscillatebetweenFigure2 and
Figure4; if this is repeatedmany times,thebuddysystemsuffersfrom overheadas
blocksarejoinedtogetheronly to besplit againby thenext allocationrequest.
We presenta variationof the buddy systemin this paper. Dubbedthe estranged
buddy system, we delay block recombination[5] until large storageblocks are
needed.

For thepurposesof this paper, it is importantto understandtheextentto which the
buddysystemoperateswithin boundedtime.Thereareessentiallythreestepsto allocate
a blockof size ��	 .

1. Startingat index � , searchupwardsfor anavailableblock.
2. Recursively bisectthediscoveredblockuntil a blockof size ��	 is obtained.
3. Returntheaddressof thatblock.

The �rst two stepscantake time proportionalto the sizeof the list displayshown in
Figure2. For a heapof size ( , the list displayis 78 )(+* . The �nal steptakesconstant
time.Mostprogramminglanguagesystemsinsistthatany storagereturnedby analloca-
tor beproperlyinitialized,typically to all-zeros.As reportedin Section3, it is expected
that moststoragerequestsarefor blocksof relatively small size—16bytes.For a 16
Mbyte heap,assuming16 is the smallestrequest,at most20 slotscould be inspected
beforea suitableblock is found.This boundis quite reasonablewhencomparedwith
theunknown lengthof anunstructuredfree-list.

2.5 EstrangedBuddy System

As statedin Section1, if blocksareallocatedandimmediatelydeallocated,thenthe
buddysystemcouldoscillatebetweensubdividing blocksandreunitingbuddies.Given
our assumptions,suchbehavior causesno asymptoticdif�culties. As a practicalcon-
cern,particularlyfor continuousgarbagecollection,weinvestigatedtheextentto which
suchwastefulbehavior canbeeliminatedandwe reporton thoseresultsin this paper.
Thebasicideais to avoid unnecessaryblock recombination.Althoughdelayedrecom-
binationhasbeenpreviously proposed[5], our goal wasto obtainan implementation
ef�cient in termsof its useby embeddedandreal-timeJavaapplications.



2.6 Moti vation for DelayedRecombination

We next examinetheconditionsunderwhichblocksof storagearedeallocated.

Occasionalcollection is thetraditionalapproachfor garbagecollection.Thecollector
runson-demand,whenstoragebecomesscarceor in responseto the application
programrequestingacollectioncycle.Fromthedeallocator'spointof view, objects
arereturnedin relatively largeburstsratherthanin a continuousstream.

Continuouscollection returnsobjectsin anticipationof future demands.Sucha col-
lectorcouldrunasalow-priority thread,collectingobjectscontinuouslyasallowed
by availableCPU resources.Othertechniquesincludecontaminatedgarbagecol-
lection[1], which returnsobjectsuponmethodreturn.

For occasionalcollection,programsappearto alternatebetweenallocatinganddeallo-
catingstates.Objectsarenot returnedin a trickle, but seeminglyall at oncewhenthe
collectorruns.For suchanapproach,it maynotbepossibleto deallocatea givenblock
immediatelyafter theblock is allocated.Thedeallocationwould have to wait until the
next collectioncycle.

On theotherhand,a continuouscollectorcanexhibit thebehavior thatcallsfor de-
layedrecombination.For this paper, our experimentsusedoccasionalratherthancon-
tinuouscollection.Futureresearchwill investigatethe resultsof the estrangedbuddy
systemfor suchcollectors.

2.7 EstrangedBuddy Allocation

Theestrangedbuddysystemis a variationof Knuth'sbuddysystemthatdelaysrecom-
binationof free blocks.Whena block is deallocated,it is viewed asestranged from
its buddy andthusreluctantto rejoin. Although this ideawas�rst proposedby Kauf-
mann[5], no implementationdetailswereprovided.Below, wedescribeour implemen-
tationwhich is biasedtowardthebehavior weexpectfrom Javaprograms:

– Programstendto requestmany blocksof thesamesize.In Java,equaltypeimplies
equalsize,except for arrays.Sinceprogramstypically instantiatemany objects
of the sametype,a requestfor a block of size � implies the likelihoodof similar
requestsin thefuture.

– Programstendto allocaterelatively smallblocks.Goodobject-orienteddesignpre-
scribessimple objectswith relatively few �elds. Thus,most objectsin Java are
small.

In ourimplementationof delayedrecombination,theestrangedbuddysystemmain-
tainstwo free-listspersize,asshown in Figure5.

Buddy-busy containsblockswhosebuddiesarebusy. Theobjectsin suchblocksare
presumablystill in useby theallocatingprogram.

Buddy-fr ee containsblockswhosebuddiesarefree.Notethatonly oneof thetwo free
buddiesappearsonany list. Theotherbuddy'savailability is impliedby its buddy's
presenceon thebuddy-freelist.



Fig.5. Estrangedbuddylist structure

The two lists are usedso that buddy-busy blocks can be allocatedin preferenceto
buddy-freeblocks, the latter being saved for recombinationshouldlarger blocks be
scarce.

Delayedrecombinationallowsincreased�e xibility in satisfyingallocationrequests.
We implementedthefollowing heuristicto satisfya requestof size ��	 :

1. Thebuddy-busylist at index � is examined.
2. Thebuddy-freelist at index � is examined.
3. We examinethebuddy-freelist at index ��9;: , sothat two blocksof half thenec-

essarysizecanbecombined.Therecombinationof suchblockswasdelayedin the
estrangedbuddysystem.

4. We applytheusualbuddyalgorithmandsearchabovefor a largeblock thatcanbe
subdivided.

5. We try to gluefrom thebuddy-freelists of thelowestlevel up to level � .

Essentiallywe favor constant-timestrategiesoversearchesof thelist display. Also, by
favoringbuddy-busyoverbuddy-freewe tendto preserveopportunitiesfor recombina-
tion.

2.8 Defragmentinga Buddy Heap

In thissectionweexamineanalgorithmfor defragmentingabuddyheap.Thealgorithm
is appropriatefor Knuth's buddy systemaswell asour estrangedbuddy system.We
assumedefragmentationbecomesnecessarywhentheheapcontainssuf�cient storage
to satisfya request,but suchspaceis thesumof storage“holes” thatarenot joinablein
thebuddysense.Wedonotpenalizetheheapfor internalfragmentation—weassumeall
storagerequestsareexpressedaspowersof two, andthatwastedspacewithin a block
is notallocatable.

With our focuson real-time,embeddedsystems,a defragmentationalgorithmmust
have thefollowing properties:



– Theheapcannotbeextended.For anembeddedsystem,theheapsizeis �x edwhen
theproductis delivered.Thus,defragmentationmusthappenin place.

– Thedefragmentationmustoccurin boundedtime,sincetheneedfor defragmenta-
tion cannotbeanticipatedby theallocatingprogram.

In fact, fragmentationcan plagueany allocator if blocks of storagecan be returned
ad hoc. Most allocatorsentera compactionphase,during which storageis massively
reorganized.All live objectsarepushedto oneendof theheap,andall “holes” pushed
towardtheotherend.Theholesarethencombinedinto onelargeblock thatis suitable
for subsequentallocations.For real-timesystems,this approachcannotbe reasonably
bounded.Wethereforedevelopedanapproachthatliberatessuf�cient storageto satisfy
only therequestat hand.

ConsiderKnuth'sbuddysystemin asituationwhereanallocationrequestof size �
	

cannotbesatis�edyetspaceis available.Thefollowing mustbetrue:

– Thereis no block availablein any list of size �=<




!?>�� . Otherwise,sucha block
couldbebisecteduntil a blockof size ��	 is obtained.

– Thereareno free blocksanywherethat canbe combined.This follows from the
eagerrecombinationof Knuth'sbuddysystem.

Thus,theonly spacethatis availablemustbebelow level � . Defragmentationmustthen
consistof relocatingobjectssoasto freebuddiesthatcanbecombinedto obtainablock
of size ��	 .

Fig.6. Defragmentationalgorithm

Thekey observationis shown in Figure6. If two blocksareonsomefree-listat level
@

, thenthey arenecessarilynot buddies,asdescribedabove.However, eachmusthave
a buddy that is currentlybusy. By exchangingoneblock's busy buddy with the other
freeblock, two joinableblocksresult.This approachcanbeappliedrecursively down
thesizedisplayto obtaina blockat level � .

Applicationof theabovedefragmentationalgorithmto ourestrangedbuddysystem
is straightforward.



3 Experiments

Basedon the implementationdescribedabove, we presentexperimentsto investigate
thefollowing:

1. How doesthe performanceof our bounded-timeallocatorcomparewith a stan-
dard,unstructured-listallocator?Weareinterestedin worst-caseaswell asaverage
performanceonstandardbenchmarks.

2. How doestheperformanceof our estrangedbuddysystemcomparewith Knuth's
buddysystem?

3. Whatsizeobjectsaretypically allocatedby Java programs?

We implementedour approachin thecontext of Sun'sJava system,JDK 1.1.8.Our
changeswerecon�ned to thoseportionsof its JavaVirtual Machine(JVM) [7] thatdeal
with storageallocation,in particularthe realObjAlloc methodof thegc module.
Sun's1.1.8systemoffersthefollowing JVM interpreters:

– A referenceinterpreteris provided,writtenentirelyin C.
– A moreef�cient interpreterimplementsthe mostfrequentlyexecutedportionsin

(Sparc)assemblylanguage.

To facilitateour implementation,we basedour work on the C version.However, the
changeswe madearecompatiblewith thearchitectureof the(speedier)assemblyver-
sion.

Sun'sJVM interpretermanagesobjectsusinghandles. Eachhandlecontainsapointer
to theobject'scurrentlocationaswell asa referenceto anappropriatemethodtablefor
(virtual) method-lookup.Oneobjectcanreferenceanotheronly indirectly throughthe
handles.Thus,if objectsarerelocated(duringgarbagecollection,for example),only the
handle's pointerto theobjectneedsto be updated.To simplify our work, we retained
theSunJVM'suseof handleseventhoughourapproachavoidsrelocatingobjects.

ThetimingswereobtainedonaSparcUltra 1 runningat167MHzwith 128megabytes
of RAM. Our benchmarksconsistedof the SPEC benchmarks[3], usingtheir “large”
problemsize.Figure7 summarizesthe propertiesof thesebenchmarks,including the
numberof objectscreatedandthe executiontime on the standardJDK 1.1.8system.
The timesreportedarefor the unstructured-listallocator, asshippedwith JDK 1.1.8.
As shown in Figure7, thempegaudio andcompress benchmarkstake signi�cant
computationaltimewithoutallocatingmany objects.Wethereforedonot reportfurther
resultsfor thosebenchmarks,but concentrateinsteadon theothers,whichdoallocatea
substantialnumberof objects.

3.1 Worst-CasePerformanceof Buddy over Unstructur ed-List

A buddysystemworkswell for real-timeandembeddedsystems,notespeciallydueto
its averageperformance,but moredueto theboundednatureof its worst-casealloca-
tion performance.We comparedtheJDK 1.1.8(unstructured-list)allocatoragainstthe
buddysystemon thefollowing contrivedexample:

1. A objectsof constantsize � areallocated,�lling mostof theheap.



Name Description Lines Objects Execution
of source created Time (sec)

compress Modi�ed Lempel-Ziv 6,396 10129
jess ExpertSystem 5707,923,782 1802
raytrace RayTracer 37506,346,487 2101
db DatabaseManager 10203,210,520 3766
javac Java Compiler 94855,902,305 1969
mpegaudioMPEG-3decompressor N/A 7,555 8519
mtrt RayTracer, threaded 37506,586,584 2223
jack PCCTStool N/A 6,579,042 2336

Fig.7. SPEC benchmarkproperties

Fig.8. Speedupof buddysystemon acontrivedexample



2. Referencesto everyotherobjectarepurged,renderingACB=� objectsdead.
3. A garbagecollectioncycle is performed.At theconclusionof thecycle thefree-list

containsACBD� blocksof size � , anda larger“remainder”blockat theend.
4. An objectof largersizeis thenrequested.

Theabovescenariocausestheunstructured-listallocatorto searchto theendof its free-
list to �nd a block of suitablesize.By contrast,the buddy systemwould have such
blockssegregatedby sizesothey canbefoundquickly. In Figure8 weshow theresults
for thisexample:thebuddysystemis 72timesfasterthantheunstructured-listallocator.
Becausethat speedupdependson the lengthof the unstructuredlist, it is possibleto
make thespeeduparbitrarilyhigh for a contrivedexample.

While a contrived examplemay be unfair, it is importantto note that a real pro-
gramcould misbehave andthat the unstructured-listallocatorcanprovide no reason-
ableboundonallocationtime.

3.2 Averageperformanceof Knuth' sBuddy and EstrangedBuddy Systems

BenchmarkEstrangedKnuth
jess 1.04 1.02
raytrace 1.03 0.92
db 1.01 1.01
javac 1.00 1.00
mtrt 1.10 1.02
jack 1.04 1.03

Fig.9. Speedupof thebuddysystemsover JDK 1.1.8's unstructured-listallocator

We next comparethe ef�ciency of the unstructured-listallocator, Knuth's buddy
system,andour estrangedbuddy systemon the SPEC benchmarks.We ran the SPEC

benchmarks,largesize(100)underthefollowing conditions:

– TheJDK 1.1.8systemis equippedwith astandard,unstructured-listallocator.
– Knuth'sbuddysystemeagerlyrecombinesblocks.
– Theestrangedbuddysystemdelaysrecombinationasdescribedin Section2.

Figure 9 shows that Knuth's buddy systemoperateswell on thesebenchmarks,but
sometimeslosesperformance.On the otherhand,the estrangedbuddy systemcanbe
up to 10percentfasterthanthe(JDK 1.1.8)unstructured-listallocator.

Admittedly, neitherapproachoffers tremendousimprovement.However, thesere-
sultsshow that theadvantagesof bothsystemsin termsof worst-caseperformancedo
notcomewith alossin averageperformance,especiallywhenrecombinationis delayed.



(a)

(b)

Fig.10.Handlingof requestsby (a) Knuth's buddysystemallocatorand(b) theestrangedbuddy
systemallocator



3.3 Qualitati veAnalysisof EstrangedBuddy

We implementedtheestrangedbuddysystemdescribedin Section2. While theexecu-
tion timesreportedabove areanoverall indicationof our allocator's performance,we
investigatedqualitatively howrequestsaresatis�ed.Theshadedportionsof Figure10
show thepercentageof allocationrequeststhatweresatis�edimmediately, by �nding a
blockof size ��	 availablein slot � of thesizedisplay. Figure10showsthatby delaying
recombination,signi�cantly moreblockscanbe foundwithout having to breaklarger
blocksor gluesmallerblocks.Theestrangedbuddysystem�nds ablockavailablein the
buddy-freeor buddy-busylist almost90%of thetime,while theKnuth implementation
�nds a block immediatelyonly 50%of thetime.

3.4 Object Size

We show in this sectionthat onereasonfor the estrangedbuddy system's successis
thatmostallocationrequestsby Javaprogramsarefor blocksof relatively smallsize.In
fact,JDK 1.1.8cannotallocatefewer than16bytesfor anobject,anda largenumberof
requestsarefor size-16blocks.Wenext examinetwo of theSPEC benchmarksin detail,
showing their distributionof allocationrequests.

Theraytrace applicationis typicalof thoseSPEC benchmarksthatallocatemany
objects.Figure11(a)shows thedistribution of allocationrequestsfor thatraytrace .
Ontheotherhand,thecompress benchmarkallocatesrelatively few objects,but Fig-
ure11(b)shows thatsomeof thoseobjectsarelarge,presumablyusedfor holdingthe
datafor compression.

4 Conclusions

Fromtheexperimentswe haveconducted,we haveshown thefollowing:

1. An allocatorhat segregatesthe free-list by sizeoffers a reasonableboundon the
amountof timerequiredfor memoryallocationanddeallocation.

2. Delayedrecombinationof memoryblocks(as in estrangedbuddy) increasessig-
ni�cantly the chancesthatmemoryblockswill be availableimmediatelyuponan
allocationrequest.

3. Theestrangedbuddysystemoffersperformancegainsover Knuth's buddysystem
andthestandardlist allocator.

Arguably, thestructured-listallocatoris bounded,but its boundis �� )(+* —in fact,it is
dif�cult to imagineanallocatorwhoseperformanceis worstthan �� $(+* . For real-time
applications,costanalysisof anoperationmustconsiderworst-casebehavior. A worst-
caseassumptionof �� )(+* for object instantiationscausesgrossoverprovisioningfor
mostallocationsbut is a necessarilyconservativebound.Asymptotically, bothKnuth's
buddy systemand the estrangedbuddy systemoperatein �� ��E�=�F(+* time, where (

is the size of the heap.For real-timeand embeddedsystems,this boundshouldbe
suf�cient to obtainreasonableperformancewithout overly provisioningfor allocation
times.



(a) raytrace

(b) comrpess

Fig.11.Allocation requests



For futurework, we will investigatetheextent to which thetime for respondingto
anallocationrequestcouldbeeffectively constant. To obtainsuchanimprovement,the
allocatormustgobeyondsegregationby size.
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