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Abstract

The importanceof goodtoolsto evaluateand understandhe performancenf variousas-
pectsof a computingervironmentis far too often underestimatedThe thoughtof goinginto
a hospitalbecausseyou arefeelingill andhaving a sugeonmaove you into an operatingroom
to replaceyour, heart,liver, or kidney without first conductingextensive andconclusve tests
seemsabsurd.

Andyetananalogousituationtakesplaceonaregularbasisin thecomputemndcommuni-
cationsindustry Whenapplicationssystemsor servicesarent performingup to expectations,
it is fartoo oftenthe casethatsuficient diagnosticsarenot performedor thatthey lack the so-
phisticationrequiredto accuratelypinpointthe sourceof the problem. Oftenapplicationsand
subsystemaremodifiedor replacedpr extramemory disks,bandwidthandevenmachinesre
addedo theervironment—all in thehopethesechangesvill solve theproblem(andoftenthey
do). Unfortunately the approachusedto malke the decisionregardingwhatactionto take too
frequentlylackssolid evidencethat pointsdirectly to the bottleneck Additionally it is seldom
clearfrom the information provided what actionis appropriate.Being ableto quickly, easily
andaccurateljocateandalleviate performancgroblemsn complicatedsystemss becoming
increasinglycritical andincreasinglydifficult.

In thisdocumentve provide ahigh-level overvien of someof theresearchbeingconducted
relatedto this problem.

*A final versionreflectingfeedbackrom thetalk anddiscussionsvill be submitted.
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1 Intr oduction

While implementing testing,anddehuggingapplications systemsandservice$ will continueto
beamajorconcernn mostsoftwaredevelopmenprojects agrowing concerns theirperformance.
Thisis especiallytruein ervironmentswheresignificantmonetarygainscanbe obtainedoy offer-
ing a competitve advantageor throughcostsavings dueto a reductionin the requiredresources.
As aresult,significantinterestandresearchn performancéasbeenfocussedn areaswith large
monetaryincentves (e.g., computerarchitecturedesign,databasesind e-commerceseners) or
areaswith high performancelemandsge.g.,parallelcomputingandembeddedystems).

In orderto demonstrablymprove performancenemustbe ableto: identify the ervironment
andworkloadin which performances anissue,determineappropriateperformancenetrics,reli-
ably measureperformancausing a representatie ervironmentandworkload, modify the system
understudy re-measurgerformanceandto draw statisticallysignificantconclusionsegarding
thedifferencesn performance.

In this documentwe provide a high-level overvien of someof the researctbeingconducted
relatedto measuringthe performanceof applications,systemsand services. We loosely divide
the currentwork into categoriesandthenprovide a slightly moredetailedexampleof oneor two
piecesof work in eachcategory. Thegoalatthistimeis notto provide adetailedsurwey of work in
this area,but insteadto provide a high-level roadmapin orderto further explore areasof mutual
interestandto identify possibleavenuedor moredetailedexploration.

Sincethe ultimate goal of this projectis to investigateand develop techniqguesand tools to
more quickly and easily pin-point bottlenecksand to help to determinemethodsfor alleviating
thosebottleneckswe focusonwork relatedto measurementatherthanmodellingor simulation.

We assumehatthereaderis reasonablyamiliar with issuegelatedto performancevaluation
(for backgroundnformationsee[33] [24]). As aresultwe forego the usualdiscussiorrelatedto
theprosandconsof analyticmodels simulationandempiricalmeasurement$Ve alsotry to avoid
replicatingsomeof themorecommoninformationthatis availableelsavhere.For example we do
not discussnformationregardingstandardJNIX tools,techniquesandtoolsthataredescribedn
bookslike[17] [14] [27], or webpagegelatedto thesubject{57] [42] [22].2

2 PossibleCategorizations

Onedifficulty in summarizinga significantbody of work is trying to make senseof andprovide
insightsinto the relationshipsand similarities betweenelementsf thatwork. An approachthat
is often helpful in this regardis to attemptto cateyorize the work andto placeeachindividual
contributioninto anappropriatecategory.

While we attemptonesuchcategorizationhere,our goalis not to devise anall encompassing
categorizationbut to provide a simple framewnork within which to begin describingsomeof the
researchrelatedto performanceneasurement

we will frequentlyjustusethetermsystemdo referto applicationssystemsandservices.

2'm in theproces®f building awebpagethatwill provide links to variouscompaniestesearclprojectsandother
sourcef informationrelatedto thetopic. With permission] would like to make this informationpublicly available
— of coursel would acknavledgeSUN's supportfor its creation.

3Feedbackegardingthis andotherpossiblecateyorizationswvould be appreciated.



Our currentcateyorizationis derived from the tools andtechniquesisedto measureand an-
alyzeperformance At thefirst level we divide techniquesandtools accordingto whetheror not
they directly or indirectly obsene the performanceof the target application,systemor service
(sometimeseferredto simply asthe system) while operatingundernormalconditions.

An exampleof directobsenationmight beto run andmeasurdghe executiontime of anappli-
cationin orderto understandhow it executeson a particularmachine.On the otherhand,indirect
obsenation mightinvolve runninga setof benchmarlapplicationgbut not the actualapplication
of interest)on the particularmachineandthenattemptingo drav conclusionaboutthe behaiour
of the applicationof intereston thatmachinebasedon the obsenationsobtainedfrom the bench-
mark. Anotherexampleof indirectobsenationmightinvolve the useof a programlike net per f
[25] to obsene the bandwidthof network transfersbetweenwo hostsin anattemptto determine
if thenetwork maybeabottleneck.

While directobsenationis typically preferablejt maynotalwaysbe possibleor appropriate.

We further sub-dvide direct obsenationinto catejoriesthat requireor do not requireinstru-
mentingthe systembeingobsered. Hereinstrumentatiorof the systeminvolves modifying the
executionof the systemby modifying its underlyingsourcecode, libraries, run-time system,or
executables.

Before delving into eachof thesecateoriesin detail we briefly summarizethembelov and
includesomeexamplesof the typesof toolsandtechniqueshatwould fall undereachcategory.

Dir ect Observation

e Instrumentingfechniques

Instrumentinga systemrequiresthat a personor programeitherunderstandshe systemor
is somehav ableto discernits behaiour. For this reasonthis approachcanbe viewed as
a white-boxapproachbecausesomeunderstandingf what the systemis doing is usedin
orderto instrumentts behaiour. Examplesof techniqueghatfall underthis category are:

— Manualinsertionof timing andor statisticsgatheringcode.
— Compilerbasedautomaticprofiling (e.g.,gprof).

— Usingshims,wrappersor sharedibrary interposition.

— Rewriting the executable.

e Non-instrumentingfechniques

If instrumentations notbeingusedthesystencanbetreatedasablack-box.In thiscasethe
original systemis not modifiedandexternalaidsareusedto measuréoehaiour. Examples
of someof thetoolsandtechniqueshatwould fall underthis cateyory are:

— Tracingexecutionusinga simulator
— Usinghardwareprofiling (e.g.,performanceountersandregisters).
— Tracingexecution(e.g.,usingst r ace, t r uss or somethingsimilar).



Indir ect Observation

e Benchmarkdo examinethe performancef the system.

— Splash-2arallelapplicationbenchmarks.
— ht t per f workloadgeneratofor measuringvebsener performance

e Systenmeasuremerandobsenationtools(e.g.,net per f , pi ng,vnst at ,i ost at and
net st at ).

2.1 An Alter nate Categorization

Anotherpossibleapproactio categorizationwould beto consideithe scopewith which thetool or
techniquecanbe applied.For example,the division might reflectwhetherthe tool or techniqueas
designedo measure¢he performancef:

Theunderlyinghardware.

The OperatingSystem.

Libraries.

An application.This may befurtherdividedinto categorieslik e:

— Single-threadedserapplications.

— Multi-threadeduserapplications.

— Paralleland/ordistributedapplications.

— Specializedsenerapplicationge.g.,DNS, databasesttpd, etc.)

Aspectsof anetwork.
e A combinationof someof theabove.

e A serviceor combinationof serviceqe.g.,multi-tieredinternetservice).

Throughouthis documenwe’ll attemptto placeeachtool andtechniquento oneof the main
categoriesoutlinedabore (directobsenation with instrumentationdirect obsenation without in-
strumentationor indirectobsenation)andalsotry to outlinethe scopeof applicability.

3 DirectObservation Using Instrumentation

The mostpopulartechniquefor observingthe performanceof an application,systemor service
is to instrumentthat system,run that system,directly obsene and measurdts behaiour andto
analyzeits performanceArguablythe mostactive areaof recentresearctappearso bein thearea
of instrumentionof systemdor directobsenation. In additionto naturalimprovementsmadeto



existing techniquestecentdevelopmentsn rewriting programexecutablegandbinarytranslations
have leadto someinterestingoreakthrough this area.

Figurel shows possiblepointsat which instrumentatiorcodecanbeinsertedinto anapplica-
tion (denotedby thegrayareas) We next briefly describeanddiscusghetechniquesisedto insert
instrumentatiorcodeat eachof thesepoints.

Language Specific Source Code

Preprocessor

Source Code

i

Object Files

Library

U

Executable

Platform Specific

Figurel: Pointsof possiblenstrumentatior{diagramfrom [53])

3.1 SourceCodelnsertion

This approachnvolvesmodifying the sourcecodeof a systemto insertcodeto trackinformation
of interest.Most of thework in this area[29] [52] [13] involvesdevelopingmacrosandlibraries
thattheprogrammecancall. Thesemacrosandlibrariesimplementcommonportionsof codethat
would oftenbeusedwheninstrumentinga programto measurets performanceExampleof such
supportinclude startingand endingtimings, print timing information, andtrackingand printing
statisticsor visualizingcollecteddata.

3.1.1 Pros:

e As portableastheinstrumentedourcecode.
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e Canobtaindetailedinformationon targetedinformationof interest.

e Canbe usefulwherecompilerbasedprofiling is weak (e.g.,threaded/parallehpplications
andfor includingthingslik e overheadslueto C++templatesandvirtual functions).

e Quiteagoodscopeof applicability.

3.1.2 Cons:

Requiressourcecode.

Time consuming.

Error prone.

Requiredairly detailedunderstandingf the system.

May belesseffective in distributedand/orclient-sener applications.

3.1.3 Scopeof Applicability

Becausavhatis beingmeasureds directly controlledby the programmerthis approacthasper

hapsthe widestscopeof applicability. If usedwith hardwareperformanceounterst canbeused
to monitor hardwareperformancelt canalsobe usedto measurehe performanceof anapplica-
tion, operatingsystemandnetwork, andpossiblycombinationf the above. With the supportof

anexternalmethodfor synchronizingclocks(e.g.,NTP or GPSrecevers),it canevenbe usedto

measureseveralaspect®f client/serer or distributedsystems.

3.1.4 PossibleAvenuesfor Investigation

e It might be possibleto develop techniquegso automatethe processof codeinsertionfor
certaintypesof measurement$or example,it would betrivial to instrumentspecifiedunc-
tions by insertingtiming codeat function entry andexit points. More interestinghowever,
might be to develop a systemor languagethat permitsoneto specify code fragmentsor
patternge.g.,usingregularexpressionthatareto instrumented.

e It also seemsthat bettersupportcould be provided to assistprogrammersvhenthey are
addingmeasurementode.

3.2 Compiler-basedCodeInsertion

The notion of insertingextra instructionsinto the instructionstreamin orderto helpto measure
andunderstandhe performanceof applicationshasbeenaroundfor quite sometime. A tool like
gprof usesa combinationof compilerinsertednstructionsandinterruptsto collectdataregarding
theexecutionof anapplication.Themainideais to periodicallyinterruptthe executingapplication
and, while in the interrupthandler readthe programcounterandincrementan appropriatedata



structure If theinterruptsarerelatively frequentandtheapplicationexecutedor suficiently long,
theresultis afairly accurateictureof wheretheapplications spendingnostof its time executing.

Thecompileris usedto insertcodeto storeandlatergatherinformationaboutprocedurecalls.
This codeis usedto producea call graphandto countthe numberof timeseachfunctionis called.
Similarly, basic-blockcountingis implementedoy insertinginstructionsto incrementan element
of a zero-initializedstaticarray prior to enteringeachnew block (i.e., for eachi f statement).
Eachelementof thearrayis usedto countthe numberof timeseachbasicblockis executed After
executionthe datais written andlater correlatedvith the programs sourcecode.

The power of this approachlies in the ability to directly pinpoint wherethe applicationis
spendingmostof its time executingby correlatingthe collectedexecutiondatawith the source
code. Therefore,if onewantsto improve the applications performanceone knows wherefocus
attention— onthosepartsof the programthataccountor thegreatesportionof theexecutiontime.

A modificationto this approachwasrequiredfor parallelor threadedapplications.Quartz[4]
alsointerruptsthe executionof the applicationand sampleshe programcounter but during the
interruptit alsochecksto seehow mary of the otherCPUsarebusy. This informationis usedto
computethe normalizedprocessotime:

P

>

=1

Whenreportingnormalizedorocessotime, eachtermis summedseparatelyandthetime spent
in eachstateis alsoreported(e.g.,busy, spinning,blocked,ready).

Figure2 shavsanexampleof thetypeof outputthatmightbeproducedisingatool like Quartz
(the exampleis a slightly modifiedversionof the oneusedin the original paper{4]). For eachof
the possiblenumbersof processorshat could be usedit shavs a breakdavn of the normalized
processotime spenton eachof the mainroutines. Here one canseethat a significantportion of
thetime is spentexecutingthe “cone” routinesequentially As aresult,it providesguidancethat
indicatesthatif onecould parallelizethis routine,the executiontime of the applicationcould be
significantlyreducedandbetterspeedupsouldbe obtained.

TheQuartzpaperalsodescribegurtherimprovementsnmadeto the exampleprogramandother
experiencesusingtheir tool to improve parallelprograms.

Time_with_i_cpus_busy

(1)

]

3.2.1 Pros:

e Easyto use(little or no barrierto entry).
e Languagendependent.
e No understandingf systenrequired.

e Focusesttentionin theright placethroughstrongtieswith the sourcecode.

3.2.2 Cons:

e Requiressourcecodeandrecompiling.
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1 2 3 4 5 6 7 8
Bwork 126 70.3%
O cone 36 20.2%
Oinput 1.2 6.7%
B main 05 2.8%

Figure2: Normalizedprocessotime (diagrammodifiedfrom [4])

e Mostly helpsto figure out whereto work on performanceand not much help in how to
improve performance.

e Fairly limited scopeof applicability (compiledapplication).

3.2.3 Scopeof Applicability

The scopeof applicabilityis fairly limited here. It is mainly helpful in trying to determinewhere
aprogramis spendingnuchof its time executingandnot necessarilyhy. It is generallynotvery
helpfulin understandinghe performancef anything exceptanapplication.

3.2.4 PossibleAvenuesfor Investigation

e Supportfor complex systemsandservicesIn applicationghatconsistof multiple executing
programgpossiblyexecutingon differenthosts),it might be possibleto profile eachof the
programsandto someh@ combineandcorrelatethe collecteddata. Seethe work doneby
Digital/Compagon ContinuousProfiling [3] for an exampleof a similar approachwith a
largerscopeof applicability.
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3.3 Link er-basedCodelnsertion

Onetechniquethat hasbeendeployed for sometime but until recentlyhasnt beendiscussedn
detailis the useof a methodfor sharedibrary interpositionsuchasa shimor wrapper* Recent
work hasdescribedhis techniquein detail anddemonstratedhow it canbe deployed[41] [28].
While the authorsof this work make no claim thatthe ideais original (asthey’ve heardnumerous
anecdotesf thisor similartechniquedeingusedby others)thisis thefirstknown work describing
theapproachn detailanddemonstratingnow it canbeusedto measureareal system.

A shi mis a thin pieceof materialplacedbetweentwo objects. In software, it is a small
functionthatessentiallyreplacegherealfunctionandis usedto collectperformancelataregarding
callsto the real function. The shimis responsibldor implementingthe sameinterface,passing
all parameterghroughto andcalling therealfunction, collectingary performancelataof interest,
andreturningresultsto thecalling (if thereareary).

Thistechniquecanbeappliedwheneertheinterfaceto thefunctionbeinginstrumenteds well
known. Figure3 shavs thatthe shim canbe placedbetweerthe callerandthe calleebecausehe
interfaceis known.

funcA funcB funcA funcB

shim

Figure3: Usingshimsto insertinstrumentatiorcode(diagramfrom [41])

In anenvironmentthatsupportsharedibraries,eachshimimplementgheinterfaceto thereal
functionusingthatfunction’sname.In thisway theshimwill becalledinsteadof therealfunction.
Thekey is beingableto call therealfunctionfrom within the shim.

This is accomplishedfor example,by compiling the shimsinto a dynamicallylinked library
named i bshi ndo. so andthenrenamingthatlibrary to the nameusedby the original library
(e.g.] i bdo. so) butstoringtheshimlibrary in adifferentdirectory(e.g.,/usr/lib/shims/libdo.so).
Next, thesearchorderfor dynamicallylinkedlibrariesis changedothattheshimlibrary is found
andusedprior to the original library (e.g.,/ usr/ | i b/ | i bdo. so). Thisordercanbe changed
on mary systemsyy changingthe ervironmentvariableLD_LI BRARY_PATH. Thenthe program
beinginstrumenteds relinkedusinganoptionthatinstructsthelinker/loadetto call aninitialization
function,i ni t _shi ms() whenthe dynamiclibrariesareloaded. In someernvironmentsthis is
doneby passingheoption-i nit i nit _shi s tothelinker. Whenthe programis run andthe
dynamiclibrariesareloadedit callsthefunctioni ni t _shi s, whichloadstheactuallibrary and

4This approachs reportedlyusedin the SUN ThreadEventAnalyzer[62].
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renameghe functionsto the namesusedby the calling shim function. Examplesof a function’s
prototype,shim,andinitialization codeareshavn in Figure4.

int do(int paran); /'l prototype
int do(int param /1l instrument the real function
{

int tnp;

do_cal | _count ++;

start _tinme(do);

tnmp = real _do(param;

stop_and record_tine(do, do_call _count);
return(tnp);

}
void init_shins() /1 load and |ink the real function
{
dynlib = dl open("/usr/lib/libdo.so");
real _do = dl sym(dynlib, "do");
}

Figure4: Exampleprototype ,shimandinitialization code

A similar approachis commonlyknown and usedat the sourcecode level, but the the key
adwantageof usinga shimis thatit canbe usedwithout the sourcecodefor the programbeing
instrumentedndit canbeeasilyinsertedandremoved.

3.3.1 Pros:

Doesnt requiresourcecode.

Cancollectdataof interest.

Languagendependent.

Doesnotrequirea detailedunderstandingf the system.

3.3.2 Cons:

e Limited opportunitiedor instrumentatior{canreally only instrumeniatinterfaces).

e Potentiallytime consumingandsomeavhaterrorprone(needto createthe shims).

12



e Fairly limited scopeof applicability (informationcapturedmainly appliesto theapplication,
librariesand/orthe operatingsystem).

3.3.3 Scopeof Applicability

If usedwith hardware performancecountersthis techniquecould be usedto monitor hardware
performance.lt canalsobe usedto measureghe performanceof an application,librariesand/or
aspectsan operatingsystemand possiblycombinationsof the above. The papersdescribingthis
technique[41] [28] useit to measurethe performanceof a distributed computingervironment
(DCE) andarequitesuccessfuatidentifyingwheretimeis beingspentin adistributedapplication.

3.3.4 PossibleAvenuesfor Investigation

e The useof shimsseemso offer considerablebenefitswhile being relatively easyto use.
Thedifficulty lies mainly in creatingthe shimsandin determiningwhatto measure There
might be considerablevaluein producinga setof shimsthatcould be widely used.A user
couldthenlink with the versionsof thelibrariescontainingthe shimsandcontroloptionsto
specifywhich shimfunctionswould collectdataandwhatdatawould be collected.

¢ It mightalsobeinterestingo examinetechniquegor automaticallygenerating setof shims.
Thatis, givena setof function prototypesnight onebe ableto automaticallygenerate set
of usefulshims.

3.4 Rewriting Binariesto Insert Code

Recentlymuchresearc19] [7] [54] [31] [32] [5] [46] hasbeenconductednto techniquesand
tools for rewriting programexecutablesafter they have beencompiledand linked so that they
containadditionalcodein orderto instrumentsomeaspectof the applicationor systembeing
studied. Interestingly someof this researcthasinvolved modifying executablest run-time[45]
[20] [37] [59] [12] in orderto dynamicallyinsertanddeleteinstrumentatiorcode. Previous work
haddynamicallymodifiedcodefor deluggingpurpose$26] [10].

Typically eachof thestudiesdescribedbove alsoincludesadescriptiorof how they’ve applied
theirtool or techniquan orderto measureandimprove the performancef anexisting system.

Furthermorethe ability to instrumentexecutableshasalsobeenusedto develop othertools,
someof which arenot strictly designedor measuringperformance For examplea tool hasbeen
developedfor: detectingdataracesn multi-threadegrogramg49], instrumentinghreadedappli-
cationg[63], andimplementingfine-grainedlistributedsharedmemorysystemg64] [51] [50].

One of the earlier known tools that utilized binary rewriting techniquess pixie [15] [38].
Pixie reliesonthe compilerto instrumentanexecutabldo collectperformanceelateddataduring
execution.After executionit usesthatdatato rewrite the binaryto improve performancdasedn
the previous executionor executionsof thatprogramg

SSeveralpaperslassifyPixie asabinaryrewriting tool but Pixie mayactuallyrequireoneto recompiletheprogram
andthe compilermay utilize the collectedperformancelatato generatenoreefficient code.

13



The collecteddatais usedto generatanoreefficient code. For example,the programmay be
mademoreefficient by having betterinformationregardingbranchpredictionsandthe numberof
timesloopsexecute(for loop unrolling).

Theprocedurausedto rewrite binaryfilesin orderto instrumentprogrambehaiour (including
performance)s asfollows:

1. Determinethelocationwhereinstrumentatiorcodeis to beinserted.

2. Patchthe executableto include the new instrumentatiorcode but ensurethat all existing
instructionsareexecutedproperly

For example,a typical tool might instrumentall loadsand storesin orderto obtainmemory
referenceraces,conductcachestudies,or implementa fine-graineddistributed sharedmemory
system.Figure5 shavs anexampleof how aninstruction(e.g.,aload or store)might bereplaced
with codethat calls or trampolines to instrumentatiorcode and transfersexecutionbackto the
originalinstructions.

instr x instr Xx
instr x+1 call <code patch>
instr x+2 instr x+2

<code patch>

/]l inserted neasurenment code
instr x+1 // or equival ent

/1 branch back to next instruction

Figure5: Exampleof rewriting executablecode

The modificationof codecanchangethe addressesf existing instructions. Therefore these
addressemay needto be modifiedin the new executablebeingproduced.The approacttypically
usedroughlythreephasegbasedn the descriptionin [5]):

1. Analysis

e Breakprograminto functionsandbasic-blocks.
e Analyzecontroltransfergjumps,branchescalls).
e Generataflow controlgraphfor the program.

2. Instrumentation

e Insert,changeremove code.

14



3. Regeneration

e Computeaddresgranslations.

e Generatatranslationtableif required.

e Regeneratehebasic-blockspatchingcontroltransfersatthattime.
e Updatesymboltableandrelocationinformationif required.

Fairly earlyin theproces®f developingbinaryrewriting techniquepeoplerealizedthesizable
amountof effort that would be involvedin developinga new tool that employs binary rewriting
techniques.As a result, muchinitial work concentratean tools for developingbinary rewriting
tools. A typical exampleof onesuchtool is EEL [32]. EEL providesa setof APIs anda C++
library to easethe procesf binary rewriting. EEL handledoadingthe executableand produc-
ing a control-flov graph;it alsoprovidesaccesgo anditeratorsfor applyinginstrumentatiorto
commonlyinstrumentegortionsof a program.For example,onecaniterateacrossevery routine,
basicblock andedgein the control-flov graphanddeleteinstructionsor add codeusing snippets
whichencapsulatenachine-specifimstructionsandprovide context dependentegisterallocation.
Additionally, EEL handleghe modificationof calls,branchesndjumpsto ensurethatthe control
flow is correctin the editedprogram.

Provided oneis ableto easilydescribeandlocatepointsin the executableat which codeis to
be insertedor modified, the techniqueof rewriting executablesanbe utilized to implementvery
powerful tools. Althoughit is not strictly designedasatool for performanceneasuremengraser
[49] is a goodexampleof onesuchtool. Erasers designedo detectandreporton dataracesin
multithreadedorograms. This is doneby rewriting binariesto instrumentevery shared-memory
referenceand by verifying thatlocks are usedconsistently Unprotectedaccesseso shareddata
arereportedaswell asinconsistenuseof locks. The generalideabehindhow this works canbe
seerby examiningtheirfirst locksetalgorithmwhichis usedto trackthe setof locksusedby each
thread[49]. The algorithmis subsequentlyefinedlaterin the paperbut this versionprovidesa
goodunderstanding.

Let locks_held(t) bethesetof locksheldby threadt
For eachsharedvariablev, initialize the candidatdocks C'(v) to the setof all locks.
Oneachaccesgo v by threadt,

setC(v) = C(v) Nlocks_held(t)

if C(v) = {}, thenissueawarning

Oneof the reasondor describingthis approachin detailis thatit might be possibleto usea
similar approachin orderto measurdock performanceandpossiblyevento provide suggestions
regardinglock splitting. Thisis discussedh slightly moredetailin thesectionon possibleavenues
for investigation(Section3.4.4)8

A more flexible approachto performancemeasurementsan be achiezed by modifying the
programbinary dynamicallyduringits execution[20]. Oneof the key advantage®f dynamicin-
strumentations thatit permitsthe programto executeun-instrumentedintil it reacheghe point

50newould have to seeif this is a betterapproactthanusingdynamicinstrumentatiorfor threadedprogramsas
describedn [63].
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of interest.This notonly avoidsthe overheadslueto instrumentatiorprior to the point of interest
but alsocansignificantlyreducethe amountof datacollected(becausenstrumentingcodecanbe
addedanddeletedvhenneeded)This approachasbeenusedto build a systemfor measuringhe
performanceof parallelapplicationsand systemscalled Paradyn[37]. In Paradyn,instrumenta-
tion is controlledby the Performance&onsultantmodule whichis usedto automaticallydirectthe
placemenbf instrumentatiorcode. Sinceit hasinformationregardingperformancebottlenecks
andprogramstructureit canassociatdottleneckswith specificpartsof a program.Additionally,
overheaddueto instrumentatiorcanbe limited by settinga usercontrolledthresholdand perfor
mancedatacanbevisualizedusinga suppliedvisualizationlibrary.

This work on dynamicinstrumentatiorhascontinuedby extendingthetechniquesothatit can
alsobe usedwith threadedapplicationg63] andoperatingsystemd59]. Additionally, work has
beendoneto make the codeavailableandto publishan API for runtimecodepatching[12].

3.4.1 Pros:

e Doesnt requiresourcecode.
e Languagendependent.
e In somecasedlirectcorrelationbetweerperformancalataandsourcecode(e.g.,[37]).

e Fairly goodopportunitiedor instrumentatior{canreally instrumentat mary places/leels).

3.4.2 Cons:

¢ It would seenmthata greatemumberof usefultoolswould have beengenerated.

Fairly large barrierto entryunlessthereexistsatool thatmeasuresvhatyou want.

Potentiallytime consuming(if learningandusingonetool to generate new tool).

Fairly limited scopeof applicability (informationcapturedmainly appliesto theapplication,
librariesand/orthe operatingsystem).

3.4.3 Scopeof Applicability

If usedwith hardwareperformanceounterghistechniquecouldbeusedto monitorhardwareper
formanceashasbeendonein [2]. It canalsobeusedto measureheperformancef anapplication,
librariesand/oraspect@anoperatingsystemandpossiblycombinationsf theabove.

3.4.4 PossibleAvenuesfor Investigation

e Utilize the technologyto createusefultools. Might it be possibleto createsomethingik e
Eraserbut useit for measuringoverheaddueto locksandlock contentionandfor providing
insightsinto how to split locks. For example,might onebe ableto monitorthe shareddata
thatis protectedby thesamdock but notaccessedoncurrentlyanddetermindghatthesingle
lock might be split.
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e More andbetterdemonstrationsf utility of thetoolsandtechniquesTypically papershov
arelatively trivial applicationof the tools or techniqueto improve the executionof a fairly
simpleprogram.

e Look at methodsfor improving the scopeof applicability For example,could oneinstru-
mentseveralprogramssothatapplicationsonsistingof multiple executingprogramsand/or
processegpossiblycommunicatingcould be measuredThis might be plausiblegiventhe
work thathasbeendonewith Shastd50].

4 DirectObservation Without Instrumentation

This category of tools and techniquesnvolves executingthe systemof interestwithout making
ary modifications. In this case,performancds obsened using methodsthat are externalto the
executingsystem.Commontechniquesncludeinstructionsetsimulation,hardwareprofiling, and
executiontracing.

4.1 Instruction SetSimulation

Simulationhasbeendeployed as a tool for performanceanalysisfor a long time. One of the
problemsis thatit typically involvestrading off speedof simulationfor accurag in whatis be-
ing simulated.Advancesn instructionsetsimulation[8] [16] [36] [30] [39] [35], combinedwith
increasingorocessospeedfiave madeit feasibleto provide highly accuratanstructionsetsimu-
lators. Using suchsimulatorsoneis ableto take unmodifiedbinariesthathave beencompiledand
linkedfor thetargetarchitectureandexecutethemon a simulator

Someof the importantwork in this areahasbeenthe developmentof techniquedor greatly
improving the speedof the simulationwhile maintainingaccurag. Shade[16] drasticallyim-
proved simulationspeeddy cross-compilingnstructionsfor the target machineinto instructions
for the hostmachinethatis runningthe simulator By cachinghost-codeandby integratingtrace
informationinto the host-coddhey areableto amortizethe costof cross-compilatiorandenable
high-speedimulationanddatacollection.

An alternateapproachtaken by SimGen[30] and subsequenivork on SimICS[39] usesan
intermediateaepresentatioffior instructionswhich is designedo be easyto simulatein software.
SimGentakesa definitionof thetargetinstructionsetandgenerates highly-efficientintermediate
representationinstructiondecoderdisassembleencoderandrequiredserviceroutines. The be-
lief is thatthisapproachs ableto generatesimulatorghatexecutemorequickly thanthosethatcan
be generatednanually Oneway thatspeeds improvedis by generatingversionsof the simula-
tor thatcollectinformationaboutthe executionof the simulatorandthenfeedingthatinformation
aboutthe simulators behaiour backinto the generatoto producea fasterversion. Thesepapers
typically includesomemeasuremerdf the slowdown of anapplicationexecutingonthe simulator
Thisis how muchslowertheprogramexecutenthesimulatorwhencomparedvith theexecution
ontheactualtargetmachine.In the caseof the benchmarksisedin [39] slowdownsaretypically
in therangeof 30-50timesslower.

Originally simulatorswererestrictedto executingonly individual programs.However, recent
advanced47] [35] have enabledhe simulationof hardwaredevicesandnow enablethe full scale
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simulationof a completeoperatingsystem.A standardoperatingsystemis bootedandexecuted
insidethe simulator This providesuserswith new insightsconcerningooth the executionof the
operatingsystemandthebehaiour of complex systemsindermorerealisticandmixedworkloads.

4.1.1 Pros:

e Runexecutable®n simulator

Languagendependent.

Doesnot requirea detailedunderstandingf the systemin orderto useit (but might to
interprettheresults).

Quitegoodscopeof applicability.

Simulatorcanbe asdetailedasdesired.Cancollectary or all dataof interest.

4.1.2 Cons:
e Slowdownsaretoo largeto make this approactpracticalfor someapplications.

e Performancénformationprovidedis typically gearedmoretowardshardwaredesignerand
compilerwriters because¢hesehave usuallybeenthe peoplewho have developedandused
suchsimulators. Informationthat is typical concernscachemisses,instructionstalls, and
informationregardingbranchpredictions.

4.1.3 Scopeof Applicability

Becauseéhe simulatorcanbe modified,onecancollectary or all informationthatis of interest.
This enableglatato be collectedregardingthe underlyinghardware, theapplication Jibraries,and
theoperatingsystem.

4.1.4 PossibleAvenuesfor Investigation

e While simulatorscanprovide significantinsightsit is not clearthatthey hasbeenusedvery
widely. It would be interestingto studyandrectify this situation. For example, it is quite
likely thattheinformationprovided by simulatorss atalevel thatis too low for theaverage
user

e Onemight be ableto simulatemore complex ervironmentsby connectingseveralmachine
simulatorg(possiblyevenexecutingon differenthosts).This might be used for example,to
moreeffectively studyclient/senerandor distributedsystems.

e It mightalsobepossibleto combinethe useof machinesimulatorswith anetwork simulator
like ns [60] [6] to provide a more completeervironmentanda very detailedpicture of the
performancef fairly complex systems.
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4.2 Hardware Profiling

As modernprocessodesignhasbecomemore complex and asworkloadsexecutingon systems
built usingtheseprocessohave increasedn diversity, the setof tradeofs madewhendesigning
processorfiasbecomeoverwhelming. Onetechniquebeingusedby designersn orderto better
understandboththe efficagy of their designsandthe workloadsbeingexecutedon themhasbeen
to includemethoddor obtaininginformationrelatedto performancealirectly from the processar

Thisis doneby includingoneor morecontrolandcountingregistersdirectly onthe processar
By manipulatinghecontrolregister(s) theprogrammers ableto controlwhatinformationis to be
collectedin the performancecountingregisters. While executing,the processoupdatesounters
asguidedby the controlregister(s).An interruptcanbe generateavhena countemegisteris about
to overflow in orderfor the valueto be recordedin software. As a result,an advantageof this
techniquds thatit canpotentiallyoffer very accuratenformationwith extremelylow overhead A
few examplesof the typesof datathatcanbe collectedare: instructioncounts,instructionstalls,
andcachereadswritesandmisses.

Hardwareperformanceountersanbeusedin oneof two ways. Firstaprogramcanbeinstru-
mentedto make directcallsto obtainthe datafrom the counterg(this would fit underthe classifi-
cationof instrumentegrograms).Thiswould beclassifiedasa directobsenationtechniqueusing
instrumentationThe otherway they canbe usedis to utilize the performanceountersat a differ-
entlevel, thusnotrequiringmodificationgo the programbeingmeasuredT hiswould beclassified
asadirect obsenation approachwithout instrumentatiorandhasbeenusedin Digital/Compadgs
ContinuougProfiling Infrastructurg DCPI) [3].

4.2.1 Hardware Performance Counters and Instrumentation

Althoughout of placewith respecto the othertechniquesn this cateyory we now briefly discuss
issuesrelatedto instrumentingprogramsto usehardware performancecounters.This is donein
orderto keepthediscussiorof thetwo differentusesof hardwareperformanceounterdogether

Oneof the problemsfacing peoplewho wantto usetheseperformancecountersis that each
processoprovidesdifferentcountersaanddifferentmethoddor controllingtheiruse.Theproblem
is exacerbatedby thefactthateachoperatingsystemprovidesa differentmechanisnfor accessing
thesecountersln orderto provide a cleanandportableinterface,somework hasbegunto provide
a standardibrary for accessingerformancecounterson commonplatforms. PCL (Performance
CounterLibrary) [9] providessuchsupportby designingandimplementinga library thathasbeen
portedto severalcombination®f processorandoperatingsystems.

A competingproject,PAPI (Performancé\PI) [11] is attemptingto definea standardhatcan
be usedto programandaccesgerformancecounterson differentplatforms. They have defined
two interfaces.Thefirstis ahigh-levelinterfacefor acquiringsimplemeasuremen@ndthesecond
is afully programmablethreadsafe,low-level interfacefor more sophisticatedisers.PAPI pro-
videssomeimportantfeatureghatarenot supportedoy PCL. For examplePCL doesnot provide
methoddor handlingcounteroverflow or for softwaremultiplexing.

As hardwaredesignersarenotyetreadyto commitmuchreal estateto whatis often perceved
asfrivolousfunctionality suchasperformancecountingregisters,the numberof counterss typi-
cally severelylimited andasa resultthe dataoneis ableto gatherat onetime is severely limited.

19



As aresultDCPI[3] andPAPI [11] supportthe multiplexing of hardwareperformanceountersn
orderto provide amorecompletepictureof a programs execution.

It is interestingto note that somework [2] hascombinedthe useof hardware performance
counterswith programinstrumentatioriechniques.

4.2.2 UsingHardware Performance Counters Without Instrumentation

TheDigital/CompagContinuoudProfiling Infrastructurg DCPI) [3] utilizeshardwareperformance
countersto implementa sampling-basegrofiling systemdesignedo run continuouslyon pro-
ductionsystemswith relatively low overhead1-3% slowdown for mostworkloads). The system
consistof two parts:adatacollectionsystenthatrelieson periodicinterruptsgeneratedby perfor
mancecountersavailableon Alphaprocessorso sampleprogramcountergperiodicallyrecording
themto disk) andtools for analyzingthe storeddata. Collecteddatais usedto producetypical
informationof interest,suchasthe time spentperimage,proceduresourceline andinstruction.
In addition,a morecomplex analysistool is ableto determinethe averagenumberof cyclesspent
executingeachinstruction.

The power of this techniqueof continuousprofiling is thatbecausef its low overheadt can
be usedon productionsystemgo examinecommercialworkloads. Much of the paperdescribes
thetechniquesisedin orderto supportthe high samplingrate.

4.2.3 Pros:

e One of the advantagesof performancecountersis that they can often be usedto obtain
information at a much higher resolutionthan other techniques. As an example,one can
obtaina countof the actualnumberof instructionsusedto executea function.

e Thetechniqueof continuousprofiling doesnt requiresourcecodeandit is languagande-
pendent.

e Continuousprofiling hasa very low barrierto entry Essentiallyall programsare being
measuredso it's a matterof usingthe analysistools to determineinformation regarding
performance.

4.2.4 Cons:

e As is the casefor simulators,performancdanformation provided is typically gearedmore
towardshardwaredesignerandcompilerwritersbecaus¢hesehave usuallybeenthepeople
who have developedand usedhardware performancecounters.Informationthatis typical
concerngachemissesandinstructionstalls.

e Correlatingthe information obtainedwith the sourcecodeis typically not aseasyasone
wouldlike.
4.2.5 Scopeof Applicability

This techniquecanalso be usedto measurehe performanceof an the underlyingprocessqran
applicationJibrariesand/oraspect®f anoperatingsystemandpossiblycombination®f theabove.
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4.2.6 PossibleAvenuesfor Investigation

e While mostmicroprocessorsontainhardware profile countersit’s not clear that they are
beingutilized, exceptperhapdy the mostperformancénungryusersof parallelcomputers.
Onewould think that bettertools could be developedthat would make it easierto useper
formancecountersandthatwould provide a moreclearlink betweerthe performancelata
andwhereandhow the systenmwould be modifiedto improve performance.

e Onemightbeableto useinformationfrom separatesystemsunningcontinuougrofiling to
obtainbetterandmoredetailednformationabouttheperformancef morecomplec systems.
For example,client/senerand/ordistributedsystems.

4.3 ExecutionTracing

Thereexist sometools that permit oneto tracean existing programwithout modificationto that
program.An exampleis thoseprogramsdesignedo tracesystemcalls, which include: st r ace
[34], t russ [58], andt usc [21].

We’re not aware of researchrelatedto suchtools but wantedto include them becausdhey
canbe very powerful for understandingnd delugging systemshat arent working. We're also
not surehow oftenthey areusedto measureerformancebut perhapshey could be extendedor
improvedto make themmoreeffective or morewidely applicable.

4.3.1 Pros:
e Doesnt requiresourcecodeandis languagendependent.

e Veryeasyto use.

4.3.2 Cons:
e Only provide informationrelatedto systemcallsandsignals.

e Fairly limited scopeof applicability.

4.3.3 Scopeof Applicability

Theexisting toolsreporton all systemcallsandsignalsandwith the properoptionswill reporton
thetime thatelapsedetweereachsystemcall.

4.3.4 PossibleAvenuesfor Investigation

e Might it bepossibleto modify st r ace to includethetime spentin eachsystemcall andto
provide asummaryreportatthe endof the execution.

e Might it be possibleto producea similar tool that can be usedfor a broaderscopethan
systemcall. For example,might onebe ableto leverageshimtechnologyto build atool that
insteadof tracingandreportingon systemcallsreportsonlibrary calls. Canthis beextended
to includeall functioncalls?
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5 Indir ect Observation

Thereis a subtlebut importantdifferencebetweenour cateyory of “Direct Obsenation Without
Instrumentation”and “Indirect Obsenation”. The key differenceis whetherthe actual system
thatonewould like to improve is executedwhile measurementarebeingmade.If the systemof
interestis runningwhile datais being collected,we view this asdirect obsenration. If it is not
runningwhile datais beingcollectedor only a portion of the systemis running,we considerthis
to beindirectobsenation.

The techniqueof indirect obsenation is often usedwhenthe systemof interestcant be ex-
ecutedin orderto measureperformanceor the metric of interestcant be obtainedduring the
systems execution.

As an example,considera web sener that is not providing the level of desiredthroughput.
One might suspecthatthe 1 Gbpsnetwork connectionis a bottleneckand obseresthat during
executiona goodputof 560 Mbps is obtained. Theremay not be muchthat canbe donein the
contet of therunningweb sener to testthis hypothesis An indirectapproachmight beto runan
externalprogram(for example,net per f [25] usingappropriatesizesfor the averagerequestind
responsendto obsenre the goodputobtainedover the suspectedbottieneckink. If the obsened
goodputwith net per f is near560 Mbps thusmay indicatethat the network is a potentialbot-
tleneck.However, if the goodputobtainedusingnet per f is significantlyhigherthan560Mbps
thatwould indicatethatthe network bandwidthis lik ely not the bottleneck.

5.1 Benchmarksand Workload Generators

Therearealargenumberandvarietyof methoddor performingindirectmeasurement3wo of the
main approacheareto usebenchmark®r workloadgenerator®f somesort (which mayinclude
artificial or tracedrivenworkloads)or to usesomeform of specialpurposeobsenationtool. We
now very briefly give examplesof somework beingconductedn eachcategory.

5.1.1 Parallel Application Benchmarks

An example of somebenchmarkghat have beenproducedand studiedin somedepthare the
SPLASHparallelapplicationbenchmark$61]. This setof benchmarlapplicationshasbeenused
for a variety of purposedncluding: microprocessodesign,multiprocessointerconnectesign,
compilerdesignandimplementationandevaluatingand comparingcachecoherenceschemesn
multiprocessoanddistributedvirtual sharednemorysystemsTheseapplicationshave beenused
in multiprocessoenvironmentsin muchthe sameway thatthe SPECbenchmark$iave beenused
in uniprocessoervironments.

5.1.2 World-W ide-WebWorkload Generators

A significanttopic of interestis the performanceof web and proxy seners. As a result, several
techniquesave beenusedto measureheir performance.Onetechniques to usedataobtained
from traceggatheredrom realwebsitesandthento usethetracego drive queriesfrom aworkload
generatar
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Oneof theproblemsawith theseapproachess thatit hasnt beenclearhow to scaletheworkload
for larger systemanor how to generatea workloadthatis significantlymoredemandinghanthe
seneris capableof handling.Oneapproacho offering sustainedoadandoverloadfor webseners
is providedin theht t per f [40] tool. Thekey obsenationmadein thiswork is thatonceseners
becomesaturatedthey are unableto acceptand processnen connectiondrom clientsandasa
resultworkloadgeneratorsresignificantlyslowedbecaus®f delaysandtimeoutscausedy TCP
In orderto maintaina high rateof requestsclientsthataregeneratingoad mustalsotimeoutand
terminateunresponsie connections.

5.1.3 Pros

e If benchmarksare representatie and repeatablehey can be usedto gain very powerful
insights.

e Onecandevelopbenchmarkshatarebasedon predictionsof futureworkloads.

5.1.4 Cons

e Thebenchmarksnustberepresentate of realworkload.

e Systemdesignerandbuilderscanspendoo muchtime developingsystemghatrun bench-
marksreally well.

¢ Runningbenchmarksndanalyzingthe datacanconsumeconsiderabléime andeffort. For
example,benchmarkinga highly-scalablemulti-tiered e-servicearchitecturecould require
considerablenardware, software and humanresourcegust to get to the point wherethe
systemcouldbetested.

5.1.5 PossibleAvenuesfor Investigation

It would seenthatthisis anareawherethereis muchpotentialfor futurework. Somepossibilities
include:

e How doesonedesignworkloadsthatscalein orderto effectively drive large scalesystems
andsupposedlscalablesystems?

¢ It would be interestingto investigatetechniquedor monitoring and reportingweb sener
responsdgimesasseenby clients. Onewould likely startby looking at productsthat have
appearean the market recentlythatreportedlyprovide this service.

e A difficult problemfor e-serviceprovidersis figuring out how to measuretheir systems
performancen suchaway thatbottlenecksareidentified. It would seemthatthereis much
work thatcouldbedonein this area.
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5.2 Obserwvation Tools

Tools designedfor observingthe performanceof a systemcould be usedto conductdirect or
indirectobsenations.However, becaussomeof thesaoolsareunableto provide only information
regardinga specificprogramor subsystemve discusgshemhere,underthe category of techniques
andtoolsfor indirectobsenation.

Two examplesof recentwork conductedn this areainvolve tools for observingnetwork per
formance.

Thefirst exampleis cl i nk [18] which wasdevelopedasa resultof conductingexperiments
andobservingproblemswith theaccurag of the bandwidthandlatencieseportedoy pat hchar
[23]. By usingbetterandadaptve samplingtechnique<! i nk is ableto provide moreaccurate
results,oftenin ashortertime.

A secondexampleis St i ng [48] which hasbeendevelopedto measurenetwork paclet loss
rates.Someof theadwantage®f St i ng are:

e It is ableto measurgaclet lossratesin both forward andbackward directions.pi ng and
t racer out e (see[55] [56] for more information) cant handleloss asymmetryand are
susceptibleéo ICMP filtering.

e It doessowithout requiringmeasuremennfrastructuresuchassoftwaredaemonsunning
onboththe sendeandrecever of interestasrequiredby existing approachef3] [1] [44].

In orderto measurgaclketlossoneneedgo know the numberof pacletssentandthe number
of pacletsreceved. A one-way lossrateis calculatedas1 — %. At thesourceyou can
know the numberof pacletssentbut notthe numberrecevedandat the destinationyou know the
numberof pacletsrecevedbut notthe numbersent. The key questionis thenhow do you obtain
suchmeasurementsithout usingmeasuremernnfrastructure.

The big contribution madein this work is to recognizethat one canuse TCP’s error control
mechanism#o derive theunknowvn variable.Sting cleverly useghesemechanismandknowledge
of TCP’s behaiour in orderto first sendsomedata(a phasethey call data-seedingandthento
discover which pacletswerelost (a phasethey call hole-filling). Hole-filling is accomplishedy
first sendinga pacletwith asequencaumberthatis onelargerthanthelastpacletsentin thedata-
seedingphasellf thedestinatiorrespondsvith anacknavledgementit eitherindicateswherethe
holeis or thatthereis no hole (becausél CP usesinclusive ACKS andit will ACK the last last
paclet sent).For eachholediscoveredthe sourceretransmitghemissingpacket andthe procedure

is repeatedintil all holeshave beendiscoveredandfilled.

5.2.1 Pros
e Thesetoolsaretypically very easyto use.

e They canbeuseddirectly while the systemof interestis executingor indirectly.

5.2.2 Cons

e Someof theseoolsprovide only generakystemwide informationsoit canoftenbedifficult
to determinehe performancef anindividual entity of interest.
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e Sometoolsaredesignedo very specificallymeasureor obsere only oneaspecbf system
behaiour.

5.2.3 PossibleAvenuesfor Investigation

e Of courseoneimaginesthereis alwaysa needfor new andbettertools. Oneapproachere
would be to determinewhat aspectof performancearent coveredwell by existing tools.
Anotherapproachmight be to extend existing tools (e.g.,to perhapsdirect more focused
attentionto particularaspect®f the system).

For example ,we arenotawareof atool or optionsto atool thatcanbeusedto show the net-
work bandwidthbeingconsumedy anindividual processlt might prove usefulto develop
atool thatoperatedik e top but thatcanbe usedto showv the bandwidthbeingconsumedy
eachprocesgandonwhichinterface),aswell asthe bandwidthbeingconsumean eachin-
terface,andthetotalamountof bandwidthbeingconsumedn theentiresystem Becausehis
may requirekernelsupportaninterestingquestionwould be, couldthis be doneefficiently.

e We expectthat morework could be donetowardseffectively using information obtained
from combinationsof toolsto provide betterinsightsinto systemperformanceandto help
pinpoint bottlenecks.A startingpoint heremight be to determinethe main weaknesseef
SE[17].

6 Summary

Becauseapplications,systemsand servicesare becomingincreasinglytied with a corporations
bottomline, thereis a growving concernwith their performance.ln mary instanceggood perfor
manceis essentiat- or moreto the point, poor performancecanbe costly. As aresult,muchtime
andeffort is expendedmeasuringjmproving and continuallymonitoringthe performanceof key
computerandcommunicatiorcomponentsWe believe thattheamountof time andeffort spenton
theseendeaourscanbe significantlyreducedoy usingtools andtechniqueghatclearly pinpoint
problemareas.With the growing compleity of computerand communicatiorsystemst is also
becomingmore importantfor thesetools to not only help determinewhere problemslie but to
provide helpin determininghow to alleviatetheseproblems.

6.1 SomePotential Opportunities

Our goalis to identify key areasof needandto investigatetools and techniquedor to helpto
quickly, easily and accuratelydiagnoseand solve performanceproblems. To this end we now
briefly discussafew of the moreinterestingor importantareasvherewe believe existing research
couldbeimprovedor extendedor wherenew opportunitiegnight exist.

6.1.1 Measuring and Impr oving Performancein Complex Environments

Many applicationsandservicesarebeingcreatedoy combiningseveralcommunicatingprograms,
often executingon differentsystems.We believe that further work is requiredto bettersene the
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needsof this type of ervironment. This may requirenew approachesndnew tools or perhaps
a combinationof existing methodscan be deployed simultaneously Interestingquestionshere
are how doesone: determinethe right combinationof tools, avoid excessve overhead,andcan
collecteddatabe correlatedn suchaway thatit canidentify problemareasandprovide insights
into alleviating the problems.

6.1.2 Newand Impr oved Toolsthat LeverageExisting Technology

Someof therecentlydevelopedechnologie®ffer considerabl®pportunitiesf utilized effectively.
Sincesomeof thesetechniquesave only recentlybeendevelopedandbecausedools developed
duringresearclarequite oftendesignednainly asa proof of conceptfor theunderlyingmethods,
someexisting tools could be significantlyimproved. Sometools appearto be fairly difficult to
deploy, producedatathatwill bedifficult for anaveragepersono interpret,do not supplyenough
informationwith regardsto pinpointingthe sourceof theproblem,arenotvery helpfulwhentrying
modify the systemto alleviate problems,or all of the above. Potentialwork in this arewould be
to moreeffectively utilize existingtechnologyto morequickly, easilyanddirectly locateproblems
andimprove performance.

6.1.3 Binary Rewriting to ReduceLock Contention

This work would examinethe useof binary rewriting technologyin orderto track the time and
applicationspendsholding variouslocks, track shareddataaccessedvhile thoselocks are held
andinvestigatetechniquedor determiningwherelocks might be split and/ormovedin orderto
enhanceerformance.This would operatein a fashionthatis similar to Eraserbut with a signif-
icantly differentgoal. Information could also be gatheredduring this time that might be useful
in projectingboundson parallelapplicationperformancevhenexecutingin larger multiprocessor
ervironments.

Although it is not clear whetherit would be possible,ultimately a tool suchas this would
rewrite the binariesto automaticallysplit locksand/ormove locksto reducelock contention.

6.1.4 A Note on Tuning Notes— Autotuning

Even beforethe adwent of the World-Wide-Web, but especiallysinceits developmentcompanies
andorganizationave produceda numberof shortdocumentgsometimesvhite paperskexplain-
ing how to tuneanapplicationor operatingsystemin orderto improve performanceGoodexam-
plesof this type of documeniarethe vastnumberof web pagesdevotedto tuning your particular
combinationof operatingsystemandweb sener in orderto obtainpeakperformance.Thereare
often several differentversionsavailablethat have beenproducedoy the organizationwho devel-
opedthe operatingsystem,the organizationthat producedthe web sener, andindividualswho
aretrying to help othersby providing themwith insightsthey’ve gainedwhile trying to improve
performancen theirernvironment.

Oneof the biggestcomplaintsl’ ve heardandexperiencednyselfwith thesedocumentss that
they fail to explain which of thetensor hundredsof “tweaks” apply underwhich circumstances,
which arethe mostimportant,andtheimpactthey arelikely to have on performance.
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Useful work in this areacould involve conductinga systematicstudy of the impactof such
proposedweaksandto documenttheir impacton performancen orderto provide more useful
informationto thosewho arefacedwith the prospecbf tuningsystemperformance.

However, a moreinteresting challengingandpotentiallyrewardingapproachwould beto in-
vestigatemethodsfor automaticallymeasuringand tuning systems. The ideawould be to run
a representavie workload (or eventhe actualworkload), gatherperformancelata,automatically
analyzethe data,make thosetweaksdeterminedo mostlik ely be helpful, andto repeatthe pro-
cess.ldeally performanceavould corvergesothatpeak-performanceould beobtainedafterafew
iterations.

This would first requirefirst ensuringthat mechanismsexist for easily changingimportant
performancgarameter§.e., suchanapproactwouldbe muchlesshelpfulif eachtestrunrequires
recompilingthe kerneland/orrebootingthe operatingsystem).

7 FutureWork

Clearly mary performanceneasuremerand analysistools are beingdevelopedby a numberof
companiesmary of which specializein performanceools. Beforereirventingan existing tool,
furtherwork is requiredto sunwey existing products.Thiswill bemoredifficult thansurwey existing
researchsincein somecasesthe only way to understandvhat a tool is really capableof is to
purshaseand usethat tool. An additionaldifficult with respectto developing new techniques
is that companiesdo not like to disclosethe methodsusedto obtaininformation usedby their
tools. Hopefully theincreasan the numberof availabledemoversionsof toolswill amelioratehe
problemwith testingexpensve software.
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