CS213,Fall 1999
Lab Assignment.3: Implementinga DynamicStorageAllocator
Assigned:Thur, Oct. 7, Due: Wed.,Oct. 20,11:59PM

Khalil Amiri (ami ri +@s. cnu. edu) is theleadpersorfor thislab.

Intr oduction

In this lab you will be writing a dynamicstorageallocatorfor C programs,.e., your own versionof the
mal | oc andf r ee routinesfrom thestandardC library. Yourtaskis to developanallocatorthatis correct,
memoryefficient, andfast. All implementatiordecisionsareup to you! Youwill needto bevery creatve
to write agoodallocator

Logistics

As usual,youmayworkin agroupof upto 2 people.
Any clarificationsandrevisionsto theassignmentvill be postedon the classbboardandWWW page.

Your programswill be evaluatedby their correctnesandperformanceon the “fish” cluster However, you
candoyour codedevelopmenbn ary machingyou mayneedto editthe Makefileif you changeplatforms).

Thetarfile
[/ af s/ cs. cnu. edu/ cl ass/ academ c/ 15213-f 99/ L3/ L3. tar

containghefiles you'll needfor this assignmentYouwill beturningin thefile mal | oc. c, afterfilling in
theemptyfunctionswith yourimplementation.

Youcanhandin theassignmentia“gnmake handi n NAME=user nane”, with “VERSI ON=ver si on_nunt
if necessarjor hand-insaftertheinitial one.



Specification

Your dynamicstorageallocatorconsistof thefollowing threefunctions,which aredeclaredn mal | oc. h
anddefinedin mal | oc. ¢ with emptyfunctionbodies.

i nt mm_i ni t (voi d)
char *mm_mal | oc(si ze_t size);
void mmfree(void *bl ock);

Youwill fill in theseemptyfunctionbodies(andpossiblydefineotherprivatefunctions)asyour solutionto
this lab assignmentYou are not allowed to changethe interfaces,nor to call any systemroutinesthat
managedynamic storage(e.g. mal | oc, free, sbrk, etc.) You arealsonot allowedto declareother
variablego hold the controldatafor your allocator;you shouldstorethesein the heaparea.

Your dynamicstorageallocatorinteractswith an arbitrary applicationprogramin the following way: As
partof its initialization phasethe applicationcallsyour mmi ni t functionto performinitialization of the
heap.Youmustallocatethenecessarinitial heapareaandinitialize all structureyouneed.Theapplication
thenmakesa seriesof callsto mmumal | oc andnmf r ee.

You areallowedto usethefollowing functionsfromnmem i b. ¢ in yourallocator:

e memshbr k: You usethis function to expandthe heaparea. The lower and upperboundarief
the heapareaarecontainedn dseg_| o anddseg_hi respectiely. You areallowedto readthese
variablesput you shouldnot modify themin ary way. You mustcall mnemsbr k in orderto change
theupperbound. This functionacceptsa positive integeragument,whichis the amountof bytesby
which the upperboundshouldbe expanded.Thereturnvalueis the begining of the newly allocated
heaparea,or NULL if therewasnt ary memoryleft. Theinterfaceof memsbr k is very similar to
thatof thesbr k systemcall, but you shouldusenemsbr k. You cannotdecrease¢he heapareain
size,only increaset, sobecarefulhow youcallmemsbr k. In effect,eachtimeyoucall mremsbr k,
thevalueof dseg_hi isincrementedy the amountyou requestput the actualmemoryallocated
is alwaysin multiplesof the systempagesize,soit mightbe a goodideato call mremsbr k with an

incrementhatis a multiple of the pagesize. You cancall mem _pagesi ze() tofind outthesystem
pagesize.

e memusage: Thisissimply ashorthandhatreturnsthecurrentsizeof the heapin bytes.

Thefunctionsyou needto implementarethefollowing:

e Mmi ni t: Beforecalling nmmal | oc or nmf r ee, the applicationprogramcalls rmi ni t to
performary necessanynitializations, including the allocationof the initial heaparea. The return
value shouldbe -1 if therewasa problemin performingthe initialization, O otherwise. We will
gradeyour implementatiorin several phases.To facilitate our testing,write nmi ni t suchthatit
reinitializesall statewhenit is called. We will useit to reinitialize your dynamicstorageallocator
betweereachtestphase.

e mMmnual | oc: The nmmal | oc routine returnsa pointerto an allocatedregion of at leastsi ze
bytes. The pointermustbe alignedto 8 bytes,andthe entireallocatedregion shouldlie within the
memoryregionfromdseg_| otodseg_hi .

e mmf r ee: Themmf r ee routineis only guaranteedo work whenit is passegointersto allocated
blocksthatwere returnedby previous callsto mmmal | oc. The mmf r ee routineshouldaddthe
blockto the pool of unallocatedlocks,makingthe memoryavailableto futurenmmmal | oc calls.
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Testdriver

Thefile dri ver . ¢ containsthe actualdriver programwe will useto testyour allocator Feelfreeto use
ary othertestingmethodyou wish while developingyour code. The testdriver shouldprovide you with
someusefulinformationfor dehuggingyour program.Thecommandine optionsit acceptsareasfollows:

-f tracefile... Useaparticulartracefilefor testing;canrepeathis optionto loadmultiple tracefiles.
If notracefilesarespecifiedthedefaultsetof tracefileds used.

-V Verbosemode;print out somedetaileddehugginginfo (default).

-q Quietmode.

-h Printahelp(usagemessage.

-C Runthe system(l i bc) mallocin additionto yoursandreportthe throughputstats
for both.

-C Runthesystemmalloc by itself andreportits throughputtats.

-d Generatea dumpof your allocators internaloperation( e.g. the pointersit returns

andthemem sbr k callsit initiates)into a text file.
-t tolerance  Specifyanerrortoleranceor thetime measuremeni&efault:0.05)

Pleaseavoid excessve useof the - ¢ and- C flags especiallywhen a lot of usersare sharingthe same
machinefor development.Theseoptionsareimplementedo provide you with a basisfor comparisorand
shouldbe avoidedunderhigh load. Becausehey causethe programto consumea significantamountof

memory their excessve usecanmakemachinesharingincorvenientwhenthe numberof concurrenusers
is high.

Grading Criteria

Your dynamicstorageallocatorwill be evaluatedin four areas:correctnessmemoryefficiengy, running
time, andstyle. Thereareatotal of 60 points.

Correctnesq20 points)

To becorrect,your mrmnmal | oc routinemustreturnNULL if it cannotfind a sufficiently large free block.
Otherwisejt mustreturnapointer, alignedto 8 bytes to anallocatedvlock of atleasttherequestedize(the
block might belargerbecaus®f alignmentconstraintor placemenpoliciesin your allocator). The block
mustbelocatedwithin theallocatecheap(betweerdseg_I| o anddseg_hi ), andnopartof theblock may
bereturnedby subsequertallsto nmmal | oc until it hasbeenreleasedy acall to nmf r ee.

The correctnesgriteria areall or nothing. If your implementatioris correctby this definition, you will
receve all 20 points,otherwiseyouwill receve 0 points.

Performance (35 points)

Therearetwo mainaspectso the performancef thememoryallocator:spaceautilizationandrunningtime.

Yourimplementationwill beevaluatedbothon spacautilizationaswell asthroughpu{operation€ompleted
perunit time). A numberof traceswill be usedto testyour allocator;someare artificially generatedor

the purposeof testingthe behaiour of your codein varioussituationsandothershave beenobtainedfrom

real-worldapplications We areproviding you with all thetraceghatwe will useto evaluateyourallocator

Thesecanbefoundat/ af s/ cs/ academni c/ cl ass/ 15213-f99/ L3/ traces/.



We will usetwo performancenetricsto evaluateyour allocator Thefirst metricis spaceutilization andthe
seconds throughput

Spacautilizationis definedasthe aggrggateamountof memoryrequestedby thedriver (via nm_mal | oc)
andnot yet freed (via nm _f r ee) to the size of the heapusedby your allocator(dseg_hi - dseg_| 0).
Spaceutilization fluctuatesduring the executionof the testsasthe heapis expandedand as memoryis
allocatedandfreed. The performancemetric we will usefor spaceutilization is the peakutilization, U,
definedasthe maximumamountof memoryallocated(andnot yet freed)by theapplicationatarny pointin
time duringits executionto thefinal heapsize.

The optimal spaceutilization is, of course,U,,; = 1, which correspondso 0% spacelost to overhead
andfragmentation.Although U, is unachieable,you shouldcomequite closeto it. Thereare several

factorsthatinfluencespaceutilization, themostimportantof whichis the allocationpolicy. Your allocation
policy shouldminimize fragmentationOneway to ensurehatfragmentatiordoesnot getout of handis to

coalescadjacenfreeblocks. You caneitherdo immediatecoalescingn nmf r ee, or do lazy coalescing
- aslongasmmunmal | oc never fails whenenoughmemoryis availablein consecutie free blocks. Space
utilization is alsoinfluencedby the amountof overheadthe spaceusedby your allocatorfor its internal

housekeeping.

The secondmetricis throughput,7’, definedasthe total numberof operationgersecond.To do well on
this metric, you have to expenda minimal numberof instructionswhen allocatingand freeing memory
in the commoncase. The memorymanagets a critical part of the runtime system. Therefore,it is very
importantto optimizeit in every way possible. We will be measuringhe speedof your implementation
usinga numberof differentworkloads. You shouldthink abouthow to write the codein sucha way asto
minimizethe numberof instructionsrequiredfor the commoncase Whendesigningyour implementation,
try to makechoicesthat simplify the code,e.qg. thatresultin fewer instructions needfewer conditionals,
etc.

The performancef your allocatoris summarizedy a performancendex, P, whichis alinearsumof the
utilization andthroughpuimetrics.Theindex is slightly biasedtowardsthefirst (defaultw = .65):

T T
P=w v + (1 —-w)Min(l, /—) = wU + (1 — w)Min(1, —)
opt Tiibe Tiibe

Thefirst partof the performancendex, w - U, is the contribution of the spaceutilization metric. At best,
thistermis equalto w, which occurswhenyour spaceutilization U is 1.

The secondoartof theindex, (1 — w) - Min(1, %) is contributedby the throughputmetric. 77;. is the

throughpubf | i bc malloc. At bestwhenyourthroughputequalsor exceedghatof | i bc, Ty, this part
isequalto 1 — w. Thus,ideallytheperformancendexis P = w + (1 — w) = 1 or 100%.

Thereasorfor the Min in the secondermis to makesurethata very fast solutionthatexceedd i bc’s

throughputwhile doing poorly on spaceutilization doesnot geta high performancendex. The motivation
is that spaceandtime are both expensve resourcesandyour solultion shouldbe balancedn optimzing
for both. Becausdghe summaryperformancendex dependdoth on the spaceandtime performanceyou

should not optimize speedat the expenseof memory overhead,or vice-versa. Oneof the challenging
aspect®f thisassignmenwill beto achieve a properbalancebetweerthosetwo.

Thedriver programreportsthe performancendex, P, of yourallocatorasapercentage.

Over the entiresetof defaulttracesyour throughputshouldapproximatel;;;.. Thel i bc allocatorincurs
substantiallynoreoverheadn theoperatingsystenthanyour allocator Yourallocatorusessimulateds br k
callswhich aremuchfasterthanthereal callsinvokedby | i bc malloc. Moreover, thel i bc allocatoris
allocatingthe memoryusedby the driver program. Therefore,a smartimplementatiorshouldbe ableto
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comecloseto 7};,. andevensupercedd.

The final gradingwill be doneon a cure, after we have reviewed the performanceaesultsfrom all your
implementationsYou canseehow goodyourimplementatioris by checkingthe statisticsvebpage.Note
thatif youfail thecorrectnesgests,youwill notgetary pointsfor performance.

Style (5 points)

Your codeshouldbereadablendcommentedDefinemacrosor subroutinessnecessaryo makethecode
moreunderstandabléeepin mindthatwhenyourcodegetsmoreandmorecomplicatedyourperformance
is likely to suffer. Smartdesigndecisionsandoptimizationswill tendto makeyour codesmaller

Automated Testing/Grading System

Feelfreeto modify dri ver . ¢ to do your own testinganddehugging,but it would be a goodideaif you
useddr i ver. c locatedn/ af s/ cs/ academ c/ cl ass/ 15213-f99/ L3/ src/ foryourfinal tests.

You canevaluatethe performancef your allocatorby runningthetestslocally. Notethatdueto variability
in load on the clustermachinesthe performanceaeportedby the local driver may be inaccuratgusually
slightly slower)thanwhatit would bewhenyour solutionis graded.

We will beusinga Web-basediutomatedestingand gradingsystem. You cansubmityour mal | oc. ¢
to this testingand grading systemat ary time, and as mary times as you wish, by doing a “gnmake
updat e NAMVE=user nane’. Your codewill be testedfor the above criteria, and the resultswill be
postedo aweb pageevery few minutes.Thiswill allow you to checkyourimplementatiorfor correctness
andto gaugethe performancef yourimplementatioragainsthoseof othergroups.

Youcanhandin yourassignmeny doing“gmake handi n user =USERNANME', with ver si on=VERSI O\’
if necessarjor hand-insaftertheinitial one.

Hints

e Dehugging: Dynamicmemoryallocatorsare notoriouslytricky beastdo programcorrectlyand ef-
ficiently. They aredifficult to programcorrectly becausehey involve a lot of (voi d *) pointer
referenceslt may be helpful to write functionsthat print the stateof your allocators datastructures
whichyou canusewhendeluggingyour program.

e Dumps:For deluggingpurposesyou mayfind the- d option helpful. Feelfreeto modify thedump
routinesto reportmoreinformationif you like.

e Traces:During initial development,usingshortertracesmay simplify dehuggingandtesting. We
have placedtwo shorttracefilesin L3/ t races/ short/short {1, 2} . r ep thatyou canuseby
invokingthe- f optionof thedriver.

e PerformanceWhenoptimizing performanceyou may find thegpr of tool helpful. This tool pro-
ducesanexecutionprofile of your program.It calculateshe amountof time spentin eachroutine.To
usegpr of , youwill needto turnonthegpr of flagswhencompilingyour program:

bass>gmake cl ean
bass>gmake GPROF=- pg
bass>gmake GPROF=- pg



Whenyou run your executable saymal | oc, a file namedgnon. out is createdin your current
working currentdirectory To view the profile informationin this file, you caninvoke gpr of as
follows:

bass>gpr of mal |l oc gnon. out



