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Abstract. Dynamicstorageallocationandautomatigarbageollectionareamong
the most popularfeaturesthat high-level languagescan offer. However, time-
critical applicationscannotbe written in suchlanguagesunlessthe time taken
to allocateand deallocatestoragecanbe reasonablypoundedn this paper we
presentlgorithmsfor automaticstorageallocationthat are appropriatefor real-
time andembeddedystemsWe have implementedhesealgorithms,andresults
arepresentedhatvalidatethe predictabilityandef ciency of our approach.

1 Intr oduction

Languageg$eaturingdynamicstorageallocationandautomaticgarbagecollectioncon-
tinue to grow in popularity—sucHanguagesnclude Java (Javais a registeredtrade-
markof SunMicrosystemsandML. Following standarderminology storageequests
are satis ed by allocating storagefrom a storage heap Suchstorageis live or busy
until suchtime asthe storageis declareddead For languagedik e Java, an automatic
garbage collectionalgorithmcandetectdeadobjects.Otherlanguage®ffer primitives
for dynamicallyassertingthe deathof an object.In any case,oncethe objectis de-
clareddead,the storageassociatedvith the object can be deallocated which makes
thatstorageavailablefor subsequenteallocation.

Developersof real-timeand embeddedystemshave beenslow to embraceauto-
maticstoragananagemeribr the following reasons.

— Real-timeapplicationsrequire predictableexecution.Automatic storagemanage-
mentincursoverheadhat canbe dif cult or impossibleto predict.In this paper
we examinethisissuewith respecto storageallocation.For real-timeapplications,
allocationtime mustbebounded.
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— EmbeddedystemsequirepredictablestoragehoundsEmbeddedystemsaretyp-
ically deployedwithouttheadwvantage®f avirtual memorybackingstore.Thus,the
heapcannotbe extendedwithout physicallyinsertingmoreRAM into the system.
As aresult,thestoragaequirementgor thesekinds of applicationamustbe known
in advance For our purposesthis impliesthatthe sizeof therun-timeheapis x ed
andknown a priori.

Unfortunately the performanceof automaticstoragemanagementontinuesto be
problematicfor developersof embeddedr real-time systemsWhile there are cur-
rently several reasondor this, one concernis that the time takento performstorage-
managemerfunctionscannoteasilybeboundedTime-criticalapplicationcannotabide
suchbehavior. In our view, thetermtime-critical appliesto both of the following.

— An applicationmay be time-critical in the sensethat someinstructionsequences
mustexecutein a reliabletimeframe.Embeddedandreal-timeapplicationsoften
have this property

— Hardware supportfor storage-managemefinctionscan be time-critical in the
sensehatsuchhardwaremustbe clocked at a predeterminedatefor synchronous
operation.In this situation,it is betterto performa little work at eachstorage-
managemenbperationthanto have someoperationsexecutefor-free and others
take averylongtime.

Ironically, Javawasinitially designedisalanguagdor embedded-systenapplications,
but its storagemanagememntemainsproblematidor the following reasons.

— Storageallocation[9] usuallyinvolvessearchinga free-listof storageblocks. For
garbage-collectegrogramsthefree-listtendsto diminishuntil the point of collec-
tion. Following collection, the free-list typically containsa large numberof (for-
mer) objects.To satisfya single storagerequestsearchinghe free-list could take
time proportionalto the sizeof thelist—unacceptabléor time-critical situations.

— Garbagecollection[8] techniquesusually requiremarking (a subsetof) the pro-
gram’s live objects;the storagefor the unmarled objectscanthen be returnedto
the storagemanageifor reallocation.Collection cycles canhappenunexpectedly
andcantake considerabléime; moreoer, negative effectson the dataandinstruc-
tion cachesaredrastic[4, 2,1].

— As the programexecutesthe heapbecomedragmentedrelatively smallholesde-
velopin theheapstoragearea.To defragmenthe heap,objectsareeithercopiedor
compactediuringthe collectioncycle, taking moreexecutiontime andtoll onthe
cache.

If thetime takento executestorage-managemefunctionscanbereasonablyounded,
thenlanguagesuchasJava could bettersupporttime-critical applications Moreover,
it thenbecomegpossibleto relegatestorage-managemeattivities to hardwarewhere
betterperformancemight be obtained.

Our papers contributionscanbe summarizedasfollows.

— ResultsarepresentedisingKnuth's buddysystenj6], whichboundsthetime taken
to satisfya storageallocationrequest.



— A variationof thebuddysystemnis presentedhatdelaysrecombinationWe present
resultson the effectivenessandef ciency of this variation.

— An algorithmis presentedor defragmenting buddy systemheap.The algorithm
is specializedowardsatisfyingasinglerequestratherthanamassdefragmentation
of theheapwhich canbe disruptive to programexecution.

Our paperis organizedasfollows: Section2 explainsour approactandimplemen-

tationusingsimpleexamples.Section3 present&xperimentdbasedon this implemen-
tation. Sectiond presentsonclusionsandideasfor futurework in this area.

2 Approach

In thissectionwe describeourapproachor obtainingfreeblocksof storageén bounded
time. Wilson presentsan excellentsuney of storageallocation[9], andthe buddy sys-
temuponwhich we baseourwork is describedvell by Knuth [6].
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Fig. 1. Unstructuredist allocator

2.1 Motivation for SegregatedFree-Lists

We rst considera commonstorageallocationtechnique pbasedon maintaininga rela-
tively unstructuredist of availableblocks,asshavn in Figurel. A storagerequestis
satis edby searchinghatfree-listfor (typically) the rst blockthatis sufciently large
to satisfytherequestWhile this approactworkswell in practicejt is possiblethatthe
only block thatcansatisfya givenrequesis at thefar endof the free-list. Becausehe
free-list structureis a function of the allocatingprograms behaior, it is not easyto
boundthetime neededo satisfyanallocationrequestevenif we assumehe free-list
containsa block of suitablesize.

By contrastconsidera storageallocatorwhosefree-listsaresegregatedby size,as
shavn in Figure2. For ef ciency in obtaininga block of the desiredsize,anindexable
slotis resenedto heada linkedist for eachpossibleblock size.A requesfor ablock
of a givensizecanbe satis ed by simply returninga block from the appropriatdist.
Thistakesconstantime, assuminghata block is availableon the appropriatdist.
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Fig. 2. Datastructurefor buddy system;objectsare sggregatedby size,andeachlist of equally-
sizedblocksis referencedrom thelist display, shovn attheleft

2.2 Buddy SystemAllocation

OurapproacHor storageallocationis asegregated-by-sizéechniquepasedn Knuth's
buddy system[6]. Eachstoragerequesis resohedto a block of size  for somepos-
itive, integral valueof . Figure 3(a) shawns the buddy systems structurein its initial

state,assumingheheapis 256 bytes.
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Fig. 3. A block canbedividedinto two sub-blocks

Thebuddy systemoperatesasfollows:



1. Whentheprogranrequestsnemorytheallocator rst calculateshesmallespower
of 2 thatis largerthanor equalto thesizerequestedMore speci cally, arequesbf
size istranslatednto arequesbf size .

2. Thefree-listatindex is consultedor anavailableblock.

3. If ablockof size is notavailable,thentwo suchblockscanbeobtainedthrough
bisectionof a block of size . Figure 3(b) shaws the resultof subdviding the
initial heapinto two sub-blocks.

4. Applying this stratgy recursvely, increasinglylarger blocks can be subdvided
until ablock of size  canbeobtained.

For example,the heapin Figure2 hasblocksavailableof size 16. Thus,a requestfor
ablock of size10 canbe satis edimmediatelywith theresultingblock returnedn the
timeit takesto unlink a block from the size-16free-list.

Further considerarequesfor ablock of size8. Becausehelist of blocksof size8
is empty the buddy systemhuntsupwardsfor a largerblock thatcanbe subdvidedto

obtainthe desiredsize. The time necessaryor that searchis where is
the sizeof the storageheap.For embeddedndreal-timesystemswe assumehatthe
heapsizeis x edandthat time is considereckf cient.

2.3 Buddy SystemDeallocation

Whenblocksaredeallocateda commonproblemfor moststorage-managemealgo-
rithmsis thecoalescingf freeblocksthathapperto lie consecutielyinto largerblocks.
The buddy systemgreatly simpli es this task. Whena block of size is bisected
into two blocksof size , theresultingblocksaresaidto be buddiesof eachother A
buddyof size canimplicitly computets buddy'saddresdy ipping apredetermined
bit of its own address—typicallpit wherebit is therightmostbit.
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Fig. 4. Allocation usingthe buddy system

1 without lossof generalitywe assumehe heaps origin is addres®.



Figure4 shavstheresultof requestingablock of size16 giventheinitial condition
shavnin Figure2. Theinitial blockis recursvely subdivideduntil two blocksof size16
areobtained.Oneof thoseblocksis returnedto satisfythe allocationrequestandthe
otherblock remainson the free-listfor blocksof size16.

When storageis returned,the buddy systemeagerlyjoins buddiesto createever
largerblocks.Thus,if theblock allocatedin Figure4 is immediatelydeallocatedbud-
diesarejoinedtogetherepeatedlyuntil the heapis returnedto the stateshown in Fig-
ure2.

2.4 Buddy Systemlimplementation and Behavior

As shawn in Figure 2, the buddy systemnormally keepsan array of linked lists of
identically-sizedblocks. Eachelementof the array headsthe linked list for blocks of
a givenpower of two. Whena block is deallocateda checkis performedto seeif that
block's buddyis alsofree.In supportof thistest,eachblockis equippedwith onebit to
re ect whetherit is busy Thebit mustbe presentwhentheblockis actuallyin useby
theallocatingprogram.

Whena block is not in use,it is kepton a linked list asshowvn in Figure 2. The
blocksareactuallymaintainedn a doubly-linked list, which facilitatesquick deletion
of a block from its linked list. Spacefor theselinks cancomefrom the block itself,
sincewhile onthefree-list,the spacds nototherwisean use.In addition,it is necessary
for the block to keeptrack of its size,which implies that the smallestblock that can
be managedisingthe buddy systemmustbe ableto accommodatéwo pointers,along
with the sizeof theblock.

Althoughthe buddy systemhasthe advantagesstatedin this paperit hasnotbeen
widely usedfor storageallocationin programming-languagsystemdor thefollowing
reasons.

1. Thebuddysystentendsto fragmentstoragg6]. Thismeanghattheheapmaycon-
tain sufcient storageto satisfyarequestput the storages not contiguouswithin
abuddy'sboundaryTherearetwo sourcesf fragmentation:

Inter nal fragmentation occurswithin ablock,whenarequesfor storagas rounded
up to a power of two. Considerarequesfor ablock of size thatis translated
into a requestfor size . For sucha requestthe numberof wastedbytes
mustsatisfy .

External fragmentation occursbecauseree storagecan be distributed among
blockswhosebuddiesare busy—still in useby the allocatingprogram.Such
freeblockscannot(at presentbecombined.

From the above, we seethat internal fragmentationcould wasteup to half of a
programs datastore.We claim that the advantagesf the buddy systemmitigate
suchwaste.Moreover, we assumethat whoerer runs a programcan establisha
reasonablsizefor the heap basedn programbehaior andinput data—thismust
be true for embeddedystemsvhich cannottypically afford a backingstore.The
boundfor theheaps sizecouldbemultiplied by 1.5to obtainaheapwhereinternal
fragmentatiomeednot beaconcern.



Alternatively, if the sizeof datatypesis known a priori, thenworst-caseanalysis
canidentify a (perhapsetter)boundon internal fragmentation.This boundcan
be calculatedby nding the datatype that maximizesthe amountof internalfrag-
mentation.Clearly, the worst-caseaun of the programwould be onein which all
allocationsare of this type. Thus,the worst-caséboundon internalfragmentation
would be the level of internalfragmentatiorcreatedby allocatingthe worst-case
datatype.

Externalfragmentatiorremainsproblematic,becausehe allocatingprogramcan
causethe heapto reacha statewheresufcient storageexistsbut is unallocatable
dueto its positionin the heap.In this paperwe presentan algorithmfor defrag-
mentinga buddy heap.The algorithm operateson-demandand defragmentgust
enoughstorageo satisfyagivenrequest.

2. Performanceanbepoorfor programghatcreateobjectswith very shortlifetimes.
In fact,atypicalassumptiomf Lisp-like programss thatnew objectswill diesoon.
In thelimiting case the stateof the free-list could oscillatebetweenFigure 2 and
Figure4; if thisis repeatednary times,thebuddy systemsuffersfrom overheadas
blocksarejoinedtogetheronly to be split againby the next allocationrequest.

We presenta variation of the buddy systemin this paper Dubbedthe estianged
buddy system we delay block recombination[5] until large storageblocks are
needed.

For the purpose®f this paperit is importantto understandhe extentto whichthe
buddysystenmoperatesvithin boundedime. Thereareessentiallfthreestepgo allocate
ablock of size

1. Startingatindex , searchupwardsfor anavailableblock.
2. Recursiely bisectthediscoveredblock until ablock of size  is obtained.
3. Returntheaddres®f thatblock.

The rst two stepscantake time proportionalto the size of the list display shovn in
Figure2. For a heapof size , thelist displayis . The nal steptakesconstant
time.Mostprogrammindanguagesystemsnsistthatary storageeturnecby analloca-
tor be properlyinitialized, typically to all-zeros As reportedn Section3, it is expected
that moststoragerequestsare for blocks of relatively small size—16bytes.For a 16
Mbyte heap,assumingl6 is the smallestrequestat most 20 slots could be inspected
beforea suitableblock is found. This boundis quite reasonablevhencomparedwith
theunknawn lengthof anunstructuredree-list.

2.5 EstrangedBuddy System

As statedin Sectionl, if blocksare allocatedandimmediatelydeallocatedthenthe

buddy systemcouldoscillatebetweersubdviding blocksandreunitingbuddies Given

our assumptionssuchbehaior causeso asymptoticdif culties. As a practicalcon-

cern,particularlyfor continuougyjarbagecollection,we investigatedhe extentto which

suchwastefulbehaior canbe eliminatedandwe reporton thoseresultsin this paper

The basicideais to avoid unnecessarklock recombinationAlthough delayedrecom-
binationhasbeenpreviously proposed5], our goalwasto obtainanimplementation
ef cient in termsof its useby embeddedndreal-timeJasa applications.



2.6 Motivation for Delayed Recombination
We next examinethe conditionsunderwhich blocksof storagearedeallocated.

Occasionalcollection is thetraditionalapproactor garbagecollection. Thecollector
runs on-demandwhen storagebecomesscarceor in responsdo the application
programrequestinga collectioncycle. Fromthedeallocators point of view, objects
arereturnedn relatively large burstsratherthanin a continuousstream.

Continuous collection returnsobjectsin anticipationof future demandsSucha col-
lectorcouldrunasalow-priority thread collectingobjectscontinuouslyasallowed
by available CPU resourcesOthertechniquesnclude contaminatedjarbagecol-
lection[1], which returnsobjectsuponmethodreturn.

For occasionatollection,programsappeaito alternatebetweerallocatinganddeallo-
catingstates Objectsarenot returnedin atrickle, but seeminglyall at oncewhenthe
collectorruns.For suchanapproachit maynotbe possibleto deallocatea givenblock
immediatelyafterthe block is allocated.The deallocationvould have to wait until the
next collectioncycle.

Ontheotherhand,a continuouscollectorcanexhibit thebehaior thatcallsfor de-
layedrecombinationFor this paper our experimentsusedoccasionatatherthancon-
tinuouscollection. Futureresearchwill investigatethe resultsof the estrangeduddy
systemfor suchcollectors.

2.7 EstrangedBuddy Allocation

The estrangedbuddy systemis a variationof Knuth's buddy systemthatdelaysrecom-
bination of free blocks.Whena block is deallocatedit is viewed as estranged from
its buddy andthusreluctantto rejoin. Although this ideawas rst proposedy Kauf-
mann[5], noimplementatiordetailswereprovided.Below, we describeourimplemen-
tationwhich is biasedtowardthe behaior we expectfrom Java programs:

— Programgendto requesinary blocksof the samesize.In Java, equaltypeimplies
equalsize, exceptfor arrays.Since programstypically instantiatemary objects
of the sametype, a requestfor a block of size impliesthelikelihoodof similar
requestsn the future.

— Programgendto allocaterelatively smallblocks.Goodobject-orientediesignpre-
scribessimple objectswith relatively few elds. Thus, mostobjectsin Java are
small.

In ourimplementatiorof delayed-ecombinationtheestrangeduddysystenmain-
tainstwo free-listspersize,asshavn in Figure5.

Buddy-busy containsblockswhosebuddiesarebusy. The objectsin suchblocksare
presumablstill in useby theallocatingprogram.

Buddy-fr ee containsblockswhosebuddiesarefree.Notethatonly oneof thetwo free
buddiesappear®nary list. Theotherbuddy's availability is implied by its buddy's
presencenthebuddy-freelist.
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Fig. 5. Estrangeduddylist structure

The two lists are usedso that buddy-husy blocks can be allocatedin preferenceo
buddy-freeblocks, the latter being savzed for recombinationshouldlarger blocks be
scarce.

Delayedrecombinatiorallowsincreasede xibility in satisfyingallocationrequests.
We implementedhefollowing heuristicto satisfyarequesbf size

1. Thebuddy-husylist atindex is examined.
2. Thebuddy-freelist atindex is examined.

3. We examinethe buddy-freelist atindex , sothattwo blocksof half the nec-
essarysizecanbecombined.Therecombinatiorof suchblockswasdelayedn the
estrangeduddy system.

4. We applytheusualbuddyalgorithmandsearchabove for alargeblock thatcanbe
subdiided.

5. Wetry to gluefrom the buddy-freelists of thelowestlevel upto level .

Essentiallywe favor constant-timestratgiesover searchesf thelist display Also, by
favoring buddy-kusyover buddy-freewe tendto presere opportunitiefor recombina-
tion.

2.8 Defragmentinga Buddy Heap

In this sectiorwe examineanalgorithmfor defragmenting buddyheap.Thealgorithm
is appropriatefor Knuth's buddy systemaswell asour estrangeduddy system.We
assumalefragmentatiofbecomegecessaryhenthe heapcontainssufcient storage
to satisfyarequestput suchspaces the sumof storage'holes” thatarenot joinablein
thebuddysenseWe donotpenalizeheheapfor internalfragmentation—wassumaell
storagerequestare expressedaspowersof two, andthatwastedspacewithin a block
is notallocatable.

With our focusonreal-time,embeddedystemsa defragmentatiomlgorithmmust
have thefollowing properties:



— Theheapcannotbeextended For anembeddedystemtheheapsizeis x edwhen
theproductis delivered.Thus,defragmentatiomusthapperin place.

— Thedefragmentatiomustoccurin boundedime, sincethe needfor defragmenta-
tion cannotbe anticipatedy theallocatingprogram.

In fact, fragmentationcan plagueary allocatorif blocks of storagecan be returned
ad hoc. Most allocatorsentera compactionphase during which storageis massvely
reoganizedAll live objectsarepushedo oneendof the heap,andall “holes” pushed
towardthe otherend.The holesarethencombinednto onelargeblock thatis suitable
for subsequendllocations.For real-timesystemsthis approactcannotbe reasonably
boundedWe thereforedevelopedanapproachhatliberatessuf cient storageo satisfy
only therequestt hand.

ConsideKnuth'sbuddysystenin asituationwhereanallocationrequesbf size
cannotbesatis edyet spaces available. Thefollowing mustbetrue:

— Thereis no block availablein ary list of size . Otherwise sucha block
couldbebisecteduntil ablock of size is obtained.

— Thereare no free blocks anywherethat can be combined.This follows from the
eagemrecombinatiorof Knuth's buddy system.

Thus,theonly spacehatis availablemustbebelaw level . Defragmentatiomustthen
consisof relocatingobjectssoasto freebuddiesthatcanbecombinedo obtainablock
of size

Fig. 6. Defragmentatioralgorithm

Thekey obsenationis shavnin Figure6. If two blocksareon somefree-listatlevel
, thenthey arenecessarilynot buddies,asdescribedabore. However, eachmusthave
a buddy thatis currentlybusy By exchangingone block's busy buddy with the other
free block, two joinableblocksresult. This approachcanbe appliedrecursvely down
thesizedisplayto obtainablock atlevel
Applicationof theabove defragmentatiomalgorithmto our estrangeduddy system
is straightforvard.



3 Experiments

Basedon the implementationdescribedabove, we presentexperimentsto investigate
thefollowing:

1. How doesthe performanceof our bounded-timeallocatorcomparewith a stan-
dard,unstructured-lisallocatorVe areinterestedn worst-casaswell asaverage
performancen standardbenchmarks.

2. How doesthe performanceof our estrangeduddy systemcomparewith Knuth's
buddy system?

3. Whatsizeobjectsaretypically allocatedoy Java programs?

We implementedur approachn the context of Sun's Java system,JDK 1.1.8.0ur
changesverecon ned to thoseportionsof its Java Virtual Machine(JVM) [7] thatdeal
with storageallocation,in particularthe realObjAlloc methodof the gc module.
Sun's 1.1.8systemoffersthefollowing JVM interpreters:

— A referencenterpreteiis provided,written entirelyin C.
— A moreefcient interpreterimplementsthe mostfrequentlyexecutedportionsin
(Sparc)assemblyanguage.

To facilitate our implementationwe basedour work on the C version.However, the
changeave madearecompatiblewith the architectureof the (speedierpssemblyer-
sion.

Sun'sJVM interpretemanagesbjectsusinghandlesEachhandlecontainsapointer
to theobject's currentlocationaswell asareferenceo anappropriatenethodtablefor
(virtual) method-lookupOneobjectcanreferenceanotheronly indirectly throughthe
handlesThus,if objectsarerelocatedduringgarbagesollection,for example)only the
handles pointerto the objectneedso be updated.To simplify our work, we retained
the SunJVM's useof handlesaventhoughour approactavoidsrelocatingobjects.

Thetimingswereobtainecona SpardJltra 1 runningat 167MHzwith 128megabytes
of RAM. Our benchmarksonsistedf the sPEc benchmarkg3], usingtheir “large”
problemsize.Figure 7 summarizeshe propertiesof thesebenchmarksincluding the
numberof objectscreatedandthe executiontime on the standardIDK 1.1.8system.
The timesreportedarefor the unstructured-lisallocator as shippedwith JDK 1.1.8.
As shown in Figure7, the mpegaudio andcompress benchmarkgake signi cant
computationatime withoutallocatingmary objects We thereforedo not reportfurther
resultsfor thosebenchmarkshut concentraténsteadon the otherswhich do allocatea
substantiahumberof objects.

3.1 Worst-CasePerformance of Buddy over Unstructur ed-List

A buddysystemworkswell for real-timeandembeddedystemsnot especiallydueto
its averageperformancebut moredueto the boundedhatureof its worst-caselloca-
tion performance We comparedhe JDK 1.1.8(unstructured-listallocatoragainsthe
buddy systemon the following contrivedexample:

1. objectsof constansize areallocated,lling mostof theheap.



Name Description Lines Objects Execution
of source created Time (sec)
compress Modi ed Lempel-Zv 6,396 10129

jess ExpertSystem 5707,923,782 1802
raytrace RayTracer 37506,346,487 2101
db Databasélanager 10203,210,520 3766
javac JavaCompiler 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 benchmarlproperties

Fig. 8. Speedumf buddy systemon a contrived example



2. Referenceso every otherobjectarepurged,rendering objectsdead.

3. A garbageollectioncycleis performed At theconclusionof thecyclethefree-list
contains blocksof size , andalarger“remainder”block atthe end.

4. An objectof largersizeis thenrequested.

Theabove scenariccausesheunstructured-lisallocatorto searcho theendof its free-
list to nd a block of suitablesize.By contrast,the buddy systemwould have such
blockssegregatedby sizesothey canbefoundquickly. In Figure8 we shaw theresults
for thisexample:thebuddysystenis 72 timesfasterthantheunstructured-lisallocator
Becausethat speedupdependon the length of the unstructuredist, it is possibleto
make the speedugrbitrarily high for a contrivedexample.

While a contrived examplemay be unfair, it is importantto note that a real pro-
gramcould misbehae andthatthe unstructured-lisallocatorcan provide no reason-
ableboundon allocationtime.

3.2 Averageperformanceof Knuth' sBuddy and Estranged Buddy 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. Speedumf thebuddy systemsver JDK 1.1.85 unstructured-lisallocator

We next comparethe ef ciency of the unstructured-listllocator Knuth's buddy
system,and our estrangeduddy systemon the SPEC benchmarksWe ran the speC
benchmarkslarge size(100)underthefollowing conditions:

— TheJDK 1.1.8systemis equippedwith a standardunstructured-lisallocator
— Knuth'sbuddysystemeagerlyrecombine$locks.
— Theestrangeduddy systemdelaysrecombinatiorasdescribedn Section2.

Figure 9 shaws that Knuth's buddy systemoperateswell on thesebenchmarkshut
sometimedosesperformanceOn the otherhand,the estrangeduddy systemcanbe
upto 10 percenffasterthanthe (JDK 1.1.8)unstructured-lisallocator

Admittedly, neitherapproactoffers tremendousmprovement.However, thesere-
sultsshaw thatthe advantageof both systemsn termsof worst-caseperformancealo
notcomewith alossin averageperformancegspeciallywhenrecombinations delayed.
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Fig. 10. Handlingof requestdy (a) Knuth's buddy systemallocatorand(b) the estrangedhuddy
systemallocator



3.3 Qualitati ve Analysis of Estranged Buddy

We implementedhe estrangeduddy systemdescribedn Section2. While the execu-
tion timesreportedabove arean overall indicationof our allocators performancewe

investigatedjualitatively how requestsaresatis ed. The shadedbortionsof Figure 10

shawv the percentagef allocationrequestshatweresatis edimmediatelyby nding a

blockof size availablein slot of thesizedisplay Figure10 shavsthatby delaying
recombinationgigni cantly moreblocks canbe found without having to breaklarger

blocksor gluesmallerblocks.Theestrangetbuddysystemnds ablockavailablein the

buddy-freeor buddy-kusylist almost90% of thetime, while the Knuthimplementation
nds ablockimmediatelyonly 50% of thetime.

3.4 Object Size

We shaw in this sectionthat one reasonfor the estrangeduddy systems successs
thatmostallocationrequestdy Java programsarefor blocksof relatively smallsize.In
fact,JDK 1.1.8cannotallocatefewerthan16 bytesfor anobject,andalarge numberof
requestarefor size-16blocks.We next examinetwo of the sPEC benchmarkén detail,
shawing their distribution of allocationrequests.

Theraytrace applicationis typical of thosespeEC benchmarkshatallocatemary
objects Figure11(a)shavs thedistribution of allocationrequestdor thatraytrace
Ontheotherhand thecompress benchmarlallocategelatively few objects but Fig-
ure 11(b) shawvs that someof thoseobjectsarelarge, presumablyusedfor holdingthe
datafor compression.

4 Conclusions

Fromtheexperimentsve have conductedye have shavn thefollowing:

1. An allocatorhat segregatesthe free-list by size offers a reasonabléoundon the
amountof time requiredfor memoryallocationanddeallocation.

2. Delayedrecombinatiorof memoryblocks (asin estrangeduddy) increasesig-
ni cantly the chanceghat memoryblockswill be availableimmediatelyuponan
allocationrequest.

3. Theestrangeduddy systemoffers performanceagainsover Knuth's buddy system
andthe standardist allocator

Arguably the structured-listllocatoris boundedput its boundis —in fact,it is
dif cult to imagineanallocatorwhoseperformances worstthan . For real-time
applicationscostanalysisof anoperatiormustconsidemworst-casdehaior. A worst-
caseassumptiorof for objectinstantiationscausegyrossoverprovisioning for
mostallocationsbut is a necessarilyconserative bound.Asymptotically both Knuth's
buddy systemand the estrangeduddy systemoperatein time, where

is the size of the heap.For real-time and embeddedsystems this bound should be
sufcient to obtainreasonabl@erformanceavithout overly provisioningfor allocation
times.



(a)raytrace
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Fig.11. Allocation requests



For futurework, we will investigatehe extentto which thetime for respondingo
anallocationrequestouldbeeffectively constant To obtainsuchanimprovementthe
allocatormustgo beyond segregationby size.
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