Chapter 9

Measuring Program Execution Time

Onecommonquestiormpeopleaskis “How fastdoesProgram runonMachine ?” Suchaquestiormight
beraisedby aprogrammetrying to optimizeprogramperformanceor by acustometrying to decidewhich
machineo buy. In ourearlierdiscussiorof performanceptimization(Chaptels), we assumedhis question
couldbeansweredvith perfectaccurag. We weretrying to establisithecyclesperelemen{CPE)measure
for programsdown to two decimalplaces.Thisrequiresanaccurag of 0.1%for aprocedurénaving a CPE
of 10. In this chapterwe addresshis problemanddiscover thatit is surprisinglycomple.

You might expectthat makingnearperfecttiming measurementsn a computersystemwould be straight-
forward. After all, for a particularcombinationof programand data, the machinewill executea x ed

sequencef instructions. Instructionexecutionis controlledby a processoiclock that is regulatedby a

precisionoscillator Therearemary factorshowever, thatcanvary from oneexecutionof a programto an-

other Computerglo notsimply executeoneprogramatatime. They continuallyswitchfrom oneprocesdo

anotherexecutingsomecodeon behalfof oneprocesdeforemoving onto thenext. The exactscheduling
of processoresource$or oneprogramdepend®n suchfactorsasthe numberof userssharingthe system,
thenetwork traf c, andthetiming of disk operations.The accespatterngo the cacheslependhotjuston

the referencesnadeby the programwe aretrying to measureput on thoseof otherprocessegxecuting
concurrently Finally, the branchpredictionlogic triesto guessvhetherranchesvill betakenor notbased
on pasthistory This historycanvary from oneexecutionof a programto another

In this chapterwe describewo basicmechanismsisedby computerdo recordthe passag®f time—one
basedon a low frequenyg timer that periodicallyinterruptsthe processoandonebasedon a counterthat
is incrementedvery clock cycle. Application programmergangainaccesgo the rst timing mechanism
by calling library functions. Cycle timerscanbe accessetby library functionson somesystemsput they
requirewriting assemblycodeon others. We have deferredthe discussionof programtiming until now,
becausdt requiresunderstandingspectof both the CPU hardware and the way the operatingsystem
managegprocessexecution.

Usingthetwo timing mechanismsye investigatanethoddo getreliablemeasurementsf programperfor
mance.We will seethattiming variationsdueto contect switchingtendto be very large andthusmustbe
eliminated. Variationscausedyy otherfactorssuchascacheandbranchpredictionaregenerallymanaged
by evaluatingprogramoperatiorundercarefullycontrolledconditions.Generallywe cangetaccuratanea-
surement$or durationghatareeithervery short(lessthanaroundl0 millisecond)or verylong (greatethan
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Figure9.1: Time scale of computer system events. The processor hardware works at a microscopic a
time scale in which events having durations on the order of a few nanoseconds (ns). The OS must deal on
a macroscopic time scale with events having durations on the order of a few milliseconds (ms).

aroundl second)gevenon hearily loadedmachines.Timesbetweeraround10 millisecondsand1 second
requirespecialcareto measureaccurately

Much of theunderstandingf performancaneasuremeris partof the folklore of computersystems Dif-
ferentgroupsandindividualshave developedtheirown technique$or measuringprogramperformancebut
thereis no widely available body of literatureon the subject. Companiesandresearchgroupsconcerned
with getting highly accurateperformanceneasurementsften setup speciallycon gured machineshat
minimize ary sourcesf timing irregularity, suchasby limiting accessaindby disablingmary OSandnet-
working services We wantmethodghatapplicationprogrammerganuseon ordinarymachinesbut there
arenowidely availabletoolsfor this. Insteadwe will developourown.

In this presentationye work throughthe issuessystematically We describethe designandevaluationof
anumberof experimentghathelpedus arrive at methodgo achieze accurataneasurementsn a small set
of systems.lIt is unusualto nd a detailedexperimentalstudyin a book at this level. Generally people
expectthe nal answersnot a descriptionof how thoseanswersvere determined.In this case however,
we cannotprovide de niti ve answeron how to measurgrogramexecutiontime for anarbitraryprogram
on anarbitrarysystem.Therearetoo mary variationsof timing mechanismspperatingsystembehaiors,
andrun-timeervironmentto have onesingle,simplesolution. Instead we anticipatethatyou will needto
run your own experimentsanddevelop your own performanceneasuremertode. We hopethat our case
studywill helpyouin this task. We summarizeour ndings in the form of a protocolthat canguideyour
experiments.

9.1 The Flow of Time on a Computer System

Computeroperateontwo fundamentalhydifferenttime scales At amicroscopidevel, they executeinstruc-
tionsatarateof oneor moreperclock cycle, whereeachclock cycle requiresonly aroundonenanosecond
(abbreiated“ns”), or secondsOnamacroscopiscale the processomustrespondo externalevents
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that occuron time scalesmeasuredn milliseconds(abbreiated “ms”), or seconds. For example,
duringvideo playback.the graphicsdisplayfor mostcomputeranustberefreshedevery 33 ms. A world-

recordtypistcanonly typekeystrolesat arateof aroundoneevery 50 milliseconds Diskstypically require
around10 msto initiate a disk transfer The processocontinuallyswitchesbetweerthesemary taskson a

macroscopidime scale,devoting around5 to 20 millisecondsto eachtaskat atime. At this rate,the user
percevesthetasksasbeingperformedsimultaneouslysincea humancannotdiscerntime durationsshorter
thanaround100ms. Within thattime the processocanexecutemillions of instructions.

Figure9.1plotsthedurationsof differenteventtypeson alogarithmicscale with microscopiceventshaving
durationameasuredh nanosecondsndmacroscopieventshaving durationameasureéh milliseconds.The
macroscopi@ventsaremanagedy OS routinesthatrequirearound5,000to 200,000clock cycles. These
time rangesare measuredn microsecondgabbreiated s, where is the Greekletter“mu”). Although
thatmay soundlike a lot of computationijt is somuchfasterthanthe macroscopi@ventsbeingprocessed
thattheseroutinesplaceonly asmallload on the processor

Practice Problem9.1:

Whenauseris editing®leswith areal-timeeditorsuchaseEMACS, every keystroke generateaninterrupt
signal. Theoperatingsystemmustthenschedulgheeditorprocesgo take theappropriateactionfor this
keystroke. Supposeve hada systemwith a 1 GHz clock, andwe had100usersrunningEMACS typing
at arateof 100 wordsper minute. Assumean averageof 6 characterperword. Assumealsothatthe
OSroutinehandlingkeystrokesrequirespon average 100,000clock cyclesperkeystroke. Whatfraction
of the processotoadis consumedy all of thekeystroke processing?

Notethatthisis avery pessimistianalysisof theloadinducedby keyboardusageIt's hardto imagine
areal-life scenariavith somary userstyping this fast.

9.1.1 ProcessSchedulingand Timer Interrupts

Externaleventssuchaskeystroles,disk operationsandnetwork activity generaténterruptsignalshatmale

the operatingsystemscheduletake over andpossiblyswitchto a differentprocess Evenin the absencef

suchevents,we wantthe processoto switchfrom oneprocesgo anothersothatit will appeato the users
asif theprocessors executingmary programssimultaneouslyFor thisreasoncomputersave anexternal
timer that periodicallygeneratesn interruptsignalto the processor The spacingbetweertheseinterrupt
signalsis calledtheintervaltime Whenatimerinterruptoccurstheoperatingsystemschedulecanchoose
to eitherresumethe currentlyexecutingprocessr to switchto adifferentprocessThisinternal mustbe set
shortenoughto ensurghatthe processowill switchbetweertasksoftenenoughto provide theillusion of

performingmary taskssimultaneouslyOn the otherhand,switchingfrom oneprocesgo anotherequires
thousand®f clock cyclesto save the stateof the currentprocessandto setup the statefor the next, andso
settingtheintenal too shortwould causepoorperformanceTypicaltimerintervalsrangebetweernl and10

millisecondsdependingnthe processoandhow it is con gured.

Aside: Scalingof Computer Performance

It isinterestingo compareheperformancef aDigital EquipmeniCorporationVAX-11/780computeito amodern
processorThis machinewasintroducedn 1977with anentry price of around$200,000.It becamehe ®rst widely
usedmachinerunningthe Unix operatingsystem.Note thatthe timer interval on this machinewastypically setto
10 ms, eventhoughits CPU was over 1000times slower thanthat of a modernmachine. The macroscopidime
scalehasnot changedventhoughthe microscopidime scalehasbecomemuchfaster End Aside.
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Figure 9.2: System's vs. applications view of time. The system switches from process to process,
operating in either user or kernel mode. The application only gets useful computation done when its process
is executing in user mode.

Figure9.2(a)illustratesthe systems perspectie of a hypotheticall50 ms of operationon a systemwith a
10 mstimerintenal. During this periodtherearetwo active processesA andB. Theprocessoalternately
executespartof processA, thenpartof B, andsoon. As it executesheseprocessest operateitherin
usermode executingtheinstructionsof the applicationprogram;or in kernelmode performingoperating
systenfunctionson behalfof theprogram suchas,handlingpagefaults,input, or output. Recallthatkernel
operationis consideredart of eachregular procesgatherthana separatgrocess.The operatingsystem
scheduleiis invoked every time thereis an external event or a timer interrupt. The occurrence®f timer
interruptsareindicatedby thetick marksin the gure. This meanghatthereis actuallysomeamountof
kernelactiity ateverytick mark,but for simplicity we do notshaw it in the gure.

Whenthe scheduleswitchesfrom processA to processB, it mustenterkernelmodeto save the stateof

proces® (still consideregbartof process\) andto restoreghestateof proces® (consideregbartof process
B). Thus,thereis kernelactvity duringeachtransitionfrom oneprocesdo another At othertimes,kernel
actvity canoccurwithout switchingprocessessuchaswhena pagefault canbe satis ed by usinga page
thatis alreadyin memory

9.1.2 Time from an Application Program's Perspectie

From the perspectie of an applicationprogram,the o w of time can be viewed as alternatingbetween
periodswhenthe programis active(executingits instructions) andinactive(waiting to be scheduledy the
operatingsystem).It only performsusefulcomputationwvhenits processs operatingn usermode.Figure
9.2(b)illustrateshow programA would view the o w of time. It is active duringthelight-coloredregions,
whenprocess is executingin usermode;otherwiseit is inactive.

As a way to quantify the alternationsbetweenactive andinactve time periods,we wrote a programthat
continuouslymonitorsitself anddeterminesvhentherehave beenlong periodsof inactvity. It thengener
atesatraceshawing thealternationsetweerperiodsof actvity andinactvity. Detailsof this programare
describedaterin the chapter An exampleof sucha traceis shavn in Figure9.3, generatedvhile running
on a Linux machinewith a clock rateof around550 MHz. Eachperiodis labeledaseitheractive (“A”) or
inactive “I”). The periodsarenumbered to 9 for identi cation. For eachperiod,the starttime (relatve
to the baginning of the trace)andthe durationareindicated. Timesareexpressedn both clock cyclesand
milliseconds.This traceshawvs atotal of 20 time periods(10 actve and 10 inactive) having atotal duration
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Figure9.3: Example trace showing activity periods.
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From the perspective of an application program,

processor operation alternates between periods when the program is actively executing (italicized) and
when it is inactive. This trace shows a log of these periods for a program over a total duration of 66.9 ms.

The program was active for 95.1% of this time.
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Figure9.4: Graphical representation of trace in Figure 9.3.
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A48  Time 191514104 (349.40 ms), Duration 5224961 (9.532449 ms)

148 Time 196739065 (358.93 ms), Duration 247557 (0.451644 ms)
A49  Time 196986622 (359.38 ms), Duration 858571 (1.566382 ms)
149 Time 197845193 (360.95 ms), Duration 8297 (0.015137 ms)

A50 Time 197853490 (360.97 ms), Duration 4357437 (7.949733 ms)
150 Time 202210927 (368.91 ms), Duration 5718758 (10.433335 ms)
A51 Time 207929685 (379.35 ms), Duration 2047118 (3.734774 ms)
151 Time 209976803 (383.08 ms), Duration 7153 (0.013050 ms)
A52  Time 209983956 (383.10 ms), Duration 3170650 (5.784552 ms)
152 Time 213154606 (388.88 ms), Duration 5726129 (10.446783 ms)
A53 Time 218880735 (399.33 ms), Duration 5217543 (9.518916 ms)
153 Time 224098278 (408.85 ms), Duration 5718135 (10.432199 ms)
A54  Time 229816413 (419.28 ms), Duration 2359281 (4.304286 ms)
154 Time 232175694 (423.58 ms), Duration 7096 (0.012946 ms)
A55  Time 232182790 (423.60 ms), Duration 2859227 (5.216390 ms)
155 Time 235042017 (428.81 ms), Duration 5718793 (10.433399 ms)

Figure9.5: Example trace showing activity periods on loaded machine. When other active processes
are present, the tracing process is inactive for longer periods of time. This trace shows a log of these
periods for a program over a total duration of 89.8 ms. The process was active for 53.0% of this time.

of 66.9ms. In this example,the periodsof inactvity arefairly short,with thelongestbeing0.50ms. Most

of theseperiodsof inactiity werecausedy timer interrupts.The processvasactive for around95.1%of

thetotal time monitored.Figure 9.4 shavs a graphicalrenditionof the traceshavn in Figure9.3. Obsenre

the regular spacingof the boundariebetweenthe actiity periodsindicatedby the blue triangles. These
boundariesrecausedy timer interrupts.

Figure 9.5 shaws a portion of a tracewhenthereis one otheractive processsharingthe processor The
graphicalrenditionof this traceis shavn in Figure9.6. Note thatthe time scalesdo not line up, sincethe
portionof thetracewe shaw in Figure 9.5 startedat 349.40msinto thetracingprocessin this examplewe
canseethatwhile handlingsomeof the timer interrupts,the OS alsodecidesto switch context from one
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Figure9.6: Graphical representation of activity periods for trace in Figure 9.5. Timer interrupts are
indicated by blue triangles
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Figure9.7: Process timing by inter val counting. With a timer interval of 10 ms, every 10 ms segment
is assigned to a process as part of either its user (u) or system (s) time. This accounting provides only an
approximate measure of program execution time.

procesgo another As aresult,eachprocesss only active around50% of thetime.

Practice Problem9.2
This problemconcerngheinterpretatiorof the sectionof thetraceshavn in Figure9.5.

A. At whattimesduring this portion of the tracedid timer interruptsoccur? (Someof thesetime
pointscanbe extracteddirectly from the trace,while othersmustbe estimatedy interpolation.)

w

Which of theseoccurredwhile thetracingprocessvasactive, andwhich while it wasinactive?

O

Why arethelongestperiodsof inactivity longerthanthelongestperiodsof actiity?

D. Basedon the patternof active andinactive periodsshownn in this trace,what percentof the time
would you expectthetracingprocesgo beinactive whenaveragecover alongertime scale?

9.2 Measuring Time by Inter val Counting

The operatingsystemalsousesthe timer to recordthe cumulatve time usedby eachprocess.This infor-

mationprovidesa somavhatimprecisemeasureof programexecutiontime. Figure9.7 providesa graphic
illustration of how this accountingworksfor the exampleof systemoperationshavn in Figure9.2. In this
discussionye referto the periodduringwhich just oneprocessxecutesasatime sggment

9.2.1 Operation

The operatingsystemmaintainscountsof the amountof usertime andthe amountof systemtime usedby
eachprocess.Whena timer interruptoccurs,the operatingsystemdeterminesvhich processwvas active
andincrementoneof the countsfor thatprocessy thetimerintenal. It incrementghe systemtime if the
systemwasexecutingin kernelmode,andthe usertime otherwise. The exampleshovn in Figure9.7(a)
indicatesthis accountingor thetwo processesThetick marksindicatethe occurrencesf timerinterrupts.
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Eachis labeledby the countthat getsincremented:either Au or As for processA’'s useror systemtime,
or Bu or Bs for processB's useror systemtime. Eachtick markis labeledaccordingto the actiity to its
immediatdeft. The nal accountingshavsthatprocessA usedatotal of 150milliseconds:1100f usertime
and40 of systentime. It shaws thatB useda total of 100 milliseconds:70 of usertime and30 of system
time.

9.2.2 Readingthe ProcessTimers

”

Whenexecutingacommandrom the Unix shell,theusercanpre x thecommandwith theword“time ” to
measurghe executiontime of thecommand.This commandiseghevaluescomputedusingtheaccounting
schemeadescribedabove. For example,to time the executiontime of programprog with commandine
agumentsn 17, theusercansimply typethecommand

unix> time prog -n 17

After the programhasexecutedthe shellwill print aline summarizinghe run time statistics,suchasthe
following:

2.230u 0.260s 0:06.52 38.1% 0+0k 0+0io 80pf+Ow

The rst threenumbersshavn in this line aretimes. The rst two shav the secondf userand system

time. Obsere how both of theseshav a 0 in the third decimalplace. With a timer intenal of 10 ms,

all timings are multiples of hundredthsf seconds.The third numberis the total elapsedime, given in

minutesand seconds.Obsere that the systemand usertime sumto 2.49 seconds)essthan half of the

elapsedime of 6.52secondsindicatingthatthe processowasexecutingotherprocessesat the sametime.

The percentagéndicateswhatfractionthe combineduserandsystentimeswereof the elapsedime, e.qg.,
. Theremainingstatisticssummarizeghe pagingandl/O behaior.

Programmersanalsoreadthe procesgimersby callingthelibrary functiontimes , declaredasfollows:

#include  <sys/times.h>

struct  tms
clock _t tms_utime; /[/* wuser time */
clock t tms_stime; [* system time */
clock t tms_cutime; /* wuser time of reaped children *
clock t tms_cstime; /* system time of reaped children */

clock _t times(struct tms *buf);

Returns:numberof clock ticks elapsedincesystemstarted

Thesetime measuremen@reexpressedn termsof aunit calledclodk ticks Thede ned constanCLK TCK
speci esthe numberof clock ticks per second.The datatype clock _t is typically de ned to bealong
integer The elds indicatingchild timesgive theaccumulatedimesusedby childrenthathave terminated
andhave beerreaped.Thus,times cannotbeusedto monitorthetime usedby ary ongoingchildren.As a
returnvalue,times returnsthetotal numberof clock ticks thathave elapsedsincethe systemwasstarted.
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We canthereforecomputethetotal time (in clockticks) betweertwo differentpointsin aprogramexecution
by makingtwo callsto times andcomputingthe differenceof thereturnvalues.

TheANSI C standaralsode nesafunctionclock thatmeasurethetotaltimeusedoy thecurrentprocess:

#include <time.h>

clock _t clock(void);
Returns:total time usedby process

Althoughthe returnvalueis declaredto be the sametype clock _t usedwith thetimes function, the
two functionsdo not, in generalexpresstime in the sameunits. To scalethetime reportedby clock to

secondsit shouldbedividedby thede ned constantCLOCKSPER SEC This valueneednot bethe same
astheconstanCLK TCK

9.2.3 Accuracy of ProcessTimers

As the exampleillustratedin Figure9.7 shaws, this timing mechanismis only approximate. Figure9.7(b)
shavs the actualtimesusedby thetwo processesProces executedor atotal of 153.3ms,with 120.0in
usermodeand33.3in kernelmode.Proces®8 executedfor atotal of 96.7ms,with 73.3in usermodeand
23.3in kernelmode.Theintenal accountingschememakesno attemptto resole time more nely thanthe
timerintenal.

Practice Problem 9.3,

Whatwould the operatingsystemreportasthe userandsystemtimesfor the executionsequencdlus-
tratedbelon. Assumea 10 mstimer interval.

v ey rrrierrrryYor

Practice Problem 9.4

On asystemwith atimer interval of 10 ms,somesegmentof processA is recordedasrequiring70 ms,
combiningboth systemandusertime. Whatarethe minimum and maximumactualtimesusedby this
sgment?

Practice Problem 9.5,

Whatwould the countersrecordasthe systemandusertimesfor the traceshavn in Figure9.3? How
doesthis comparewith the actualtime duringwhich the processvasactive?

For programghatrun long enough(at leastseseral seconds)theinaccuraciesn this schemeendto com-
pensatdor eachother The executiontimesof somesegmentsareunderestimatedihile thoseof othersare
overestimatedAveragedveranumberof sgmentstheexpectederrorapproachesero.Fromatheoretical
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Figure 9.8: Measuring inter val counting accuracy. The error is unacceptably high when measuring
activities less than around 100 ms (10 timer intervals). Beyond this, the error rate is generally less than
10% regardless of whether running on lightly loaded (Load 1) or heavily loaded (Load 11) machine.
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perspectie, however, thereis no guaranteedhoundon how far thesemeasurementgary from thetrue run
times.

To testthe accurag of this timing method,we ran a seriesof experimentsthat comparedthe time
measuredy the operatingsystemfor a samplecomputatiorwith our estimateof whatthetime  would
beif the systemresourcesverededicatedsolelyto performingthis computation.In general,  will differ
from  for severalreasons:

1. Theinherentinaccuracie®f the intenal countingschemecancause  to beeitherlessor greater
than

2. Thekernelactvity causedy thetimerinterruptconsumed to 5% of thetotal CPU cycles,but these
cyclesarenotaccountedor properly As canbeseenn thetraceillustratedin Figure9.4,thisactiity
nishes beforethe next timer interruptand hencedoesnot get countedexplicitly. Instead,t simply
reduceghe numberof cyclesavailablefor the processxecutingduring the next time interval. This
will tendtoincrease relativeto

3. Whenthe processoswitchesfrom onetaskto anotherthe cachetendsto performpoorly for a tran-
sient period until the instructionsand datafor the new task getloadedinto the cache. Thus, the
processodoesnot run asefciently whenswitchingbetweenour programandotheractvities asit
wouldif it executedour programcontinuously This factorwill tendtoincrease relative to

We discusshow we candeterminghevalueof  for our samplecomputatioaterin this chapter

Figure9.8 shaws theresultsof this experimentrunningundertwo differentloadingconditions.Thegraphs
shav our measurementsf the errorrate,de ned asthe value of asafunctionof . This
errormeasures negatve when  underestimates andis positve when  overestimates . Thetwo
seriesshav measurementskenundertwo differentloadingconditions.Theseriedabeled‘Load 1" shavs
thecasewherethe procesgperformingthe samplecomputatioris theonly active processTheseriedabeled
“Load 11” shaws the casewherel10 otherprocessearealsoattemptingthe samecomputation.The latter
represents very heary load condition; the systemis noticeablyslov respondingo keystrokes andother
servicerequestsObserethewiderangeof errorvaluesshavn onthisgraph.In generalpnly measurements
thatarewithin  10% of thetrue valueareacceptableandhencewe wantonly errorsrangingfrom around
to

Below around100 ms (10 timer intenals), the measurementare not at all accuratedue to the coarse-
nessof the timing method. Interval countingis only usefulfor measuringelatively long computations—
100,000,00@&lock cyclesor more.Beyondthis, we seethatthe errorgenerallyrangesetween and
thatis, up to 10% error. Thereis no noticeabledifferencebetweenthe two differentloading conditions.
Notice alsothatthe errorshave a positive bias: The averageerrorfor all measurementsith ms
is 1.04,dueto thefactthatthetimerinterruptsareconsumingaround4% of the CPUtime.

Theseexperimentsshav thatthe procesgimersareusefulonly for gettingapproximatevaluesof program
performanceThey aretoo coarseggrainedto usefor ary measuremertaving durationof lessthan100ms.
On this machinethey have a systematidias, overestimatingcomputationtimesby an averageof around
4%. The mainvirtue of this timing mechanisms thatits accurag doesnot dependstronglyon the system
load.
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9.3 Cycle Counters

To provide greaterprecisionfor timing measurementsyary processorgalsocontainatimerthatoperatest
theclockcycle level. Thistimeris a specialregisterthatgetsincrementeavery singleclock cycle. Special
machineinstructionscanbe usedto readthe value of the counter Not all processorfiaze suchcounters,
andthosethatdo vary in theimplementatiordetails.As aresult,thereis no uniform, platform-independent
interface by which programmersan make use of thesecounters. On the other hand, with just a small
amountof assemblycode,it is generallyeasyto createa programinterfacefor ary speci ¢ machine.

9.3.1 1A32 Cycle Counters

All of thetimingswe have reportedthusfar weremeasuredisingthe IA32 cycle counter With the IA32
architecturegycle countersvereintroducedn conjunctionwith the“P6” microarchitecturéthePentiumPro
andits successors)hecycle counteris a64-bit, unsignechumber For a processooperatingwith al GHz
clock, this counterwill wrap aroundfrom to only onceevery secondsor every 570
years.Ontheotherhand ,if we consideronly thelow order32bits of this counterasanunsignednteger, this
valuewill wraparoundevery 4.3secondsOnecanthereforeunderstandvhy the IA32 designerslecidedo
implementa 64-bit counter

ThelA32 counteris accessewith therdtsc  (for “readtime stampcounter”)instruction. This instruction
takesno aguments.It setsregister%edx to the high-order32 bits of the counterandregister%eax to the
low-order32 bits. To provide a C programinterface,we would like to encapsulatéhis instructionwithin a
procedure:

‘void access _counter(unsigned *hi,  unsigned *lo); ‘

This procedureshouldsetlocationhi to the high-order32 bits of the counterandlo to the low-order32
bits. Implementingaccess _counter is a simpleexercisein usingthe embeddedissemblyfeatureof
GCC, asdescribedn Section3.15. Thecodeis shavn in Figure9.9.

Basedon this routine, we can now implementa pair of functionsthat can be usedto measurehe total
numberof cyclesthatelapsebetweerary two time points:

#include "clock.h"

void start _counter();

double get _counter();
Returns:numberof cyclessincelastcall to start _counter

We returnthe time asa double to avoid the possibleover ow problemsof usingjust a 32-bit integer.
The codefor thesetwo routinesis alsoshavn in Figure 9.9. It builds on our understandingf unsigned
arithmeticto performthe double-precisiosubtractiorandto corverttheresultto adouble .
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code/perf/clok.c

1 /* Initialize the cycle counter */

2 static unsigned cyc_hi = 0;

3 static unsigned cyc lo = 0;

4

5

6 /* Set *hi and *lo to the high and low order bits of the cycle counter.
7 Implementation requires  assembly code to use the rdtsc instruction. *
8 void access_counter(unsigned *hi, unsigned *lo)

9 {

10 asm("rdtsc; movl %%edx,%0; movl %%eax,%1" /* Read cycle counter */
11 "=r"  (*hi), "=r"  (*lo) /* and move results to *
12 /* No input */ /* the two outputs */

13 "%edx", "%eax");

14 }

15

16 /* Record the current value of the cycle counter. */

17 void start_counter()

18 {

19 access_counter(&cyc_hi, &cyc_lo);

20 }

21

22 [* Return the number of cycles since the last call to start counter. */
23 double get _counter()

24 {

25 unsigned ncyc_hi, ncyc_lo;

26 unsigned hi, lo, borrow;

27 double result;

28

29 /* Get cycle counter */

30 access_counter(&ncyc_hi, &ncyc_lo);

31

32 /* Do double precision subtraction */

33 lo = ncyc lo - cyc lo;

34 borrow = lo > ncyc lo;

35 hi = ncyc_hi - cyc hi - borrow;

36 result = (double) hi * (1 << 30) * 4 + lo;

37 if (result < 0) {

38 fprintf(stderr, "Error: counter returns neg value:  %.0f\n", result);
39 }

40 return  result;

41 }

code/perf/clok.c

Figure9.9: Code implementing program interface to IA32 cycle counter . Assembly code is required to
make use of the counter reading instruction.
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code/perf/clok.c

1 /* Estimate the clock rate by measuring the cycles that elapse */
2 [* while sleeping for sleeptime seconds */

3 double mhz(int verbose, int sleeptime)

4 {

5 double rate;

6

7 start_counter();

8 sleep(sleeptime);

9 rate = get_counter() | (le6*sleeptime);

10 if (verbose)

11 printf("Processor clock rate "= %.1f MHz\n", rate);
12 return  rate;

13 }

code/perf/clok.c

Figure9.10: Function mhz Determines the clock rate of a processor .

9.4 Measuring Program Execution Time with Cycle Counters

Cyclecountergprovide averypreciseool for measuringhetimethatelapsedetweertwo differentpointsin

the executionof aprogram.Typically, however, we areinterestedn measuringhetime requiredto execute
somepatrticularpieceof code. Our cycle counterroutinescomputethe total numberof cyclesbetweena
calltostart _counter andacalltoget _counter . They donotkeeptrackof whichprocessiseshose
cyclesor whetherthe processors operatingn kernelor usermode.We mustbe carefulwhenusingsucha
measuringlevice to determineaxecutiontime. We investigatesomeof thesedif culties andhow they can
be overcome.

As anexampleof codethatusesthe cycle counter theroutinein Figure9.10providesaway to determine
the clock rate of a processor Testingthis function on several systemswith parametesleeptime  equal
to 1 shaws thatit reportsa clock ratewithin 1.0%of the ratedperformancdor the processorThis example
clearly shavs that our routinesmeasureelapsedtime ratherthanthe time usedby a particularprocess.
Whenour programcalls sleep , the operatingsystemwill not resumethe procesauntil the sleeptime of
oneseconchasexpired. The cyclesthatelapseduringthattime arespentexecutingotherprocesses.

9.4.1 The Effects of Context Switching

A naive way of measuringhe run time of someprocedureP is simply to usethe cycle counterto time one
executionof P, asin thefollowing code:

double time_P()
{

start_counter();

P(;

return  get_counter();

a b~ w N B
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Figure 9.11: Measurements of long duration procedure under diff erent loading conditions. On a
lightly loaded system, the results are consistent across samples, but on a heavily loaded system, many of
the measurements overestimate the true execution time.

6 }

This could easilyyield misleadingresultsif someotherprocessalsoexecutesbetweernthetwo callsto the
counterroutines. This is especiallyproblematicf eitherthe machineis heavily loaded,or if the runtime
for P is especiallylong. This phenomenons illustratedin Figure9.11. This gure shaws the resultof
repeatedlymeasuringa programthat computeshe sumof an arrayof 131,072integers. The timeshave
beencorvertedinto milliseconds.Notethattheruntimesareall over 36 ms, greateithanthetimerintenal.
Two trials wererun, eachmeasuringl8 executionsof the exact sameprocedure.The seriedabeled‘Load
1” indicatestheruntimeson alightly loadedmachine wherethis is the only processactively running. All
of themeasurementarewithin 3.4%of the minimumruntime. The serieslabeled‘Load 4” indicatesthe
run timeswhenthreeotherprocessemakingheary useof the CPU andmemorysystemarealsorunning.
The rst seven of thesesampleshave timeswithin 2% of the fastestLoad 1 sample,but othersrangeas
muchas4.3timesgreater

As this exampleillustrates,contet switchingcausesextremevariationsin executiontime. If a processs
swappedout for anentiretime intenal, it will fall behindby millions of instructions.Clearly ary scheme
we deviseto measurgorogramexecutiontimesmustavoid suchlarge errors.

9.4.2 Cachingand Other Effects

The effectsof cachingandbranchpredictioncreatesmallertiming variationsthandoescontext switching.
As anexample,Figure9.12shaws a seriesof measurementsimilar to thosein Figure9.11,exceptthatthe
arrayis 4 timessmaller yielding executiontimesof around8 ms. Theseexecutiontimesareshorterthan
the timer interval andthereforethe executionsarelesslikely to be affectedby context switching. We see
signi cant variationsamongthe measurements—ttaowestis 1.1 timesslower thanthe fastestbut none
of thesevariationsareasextremeaswould be causedy contet switching.



646 CHAPTER9. MEASURING PROGRAM EXECUTION TIME

IN692nLeeUf 6xgWble2: 2W9]|| JLLIA

10 ]

[é]

Tl

T
S e =
© o rosq 1
§. e__ - 09Qq <
g

3T

.

-

.

I 5§ 3 ¢« 2 € A 8 9 TOJTT IS I3 T T2 Te T\ T8
29Wwbie

Figure 9.12: measurements of short duration procedure under diff erent loading conditions. The
variations are not as extreme as they were in Figure 9.11, but they are still unacceptably large.

Measurement Call Cycles
1 procA(bl) 399
2 procA(b2) 132
3 procA(b3) 134
4 procA(bl) 100
5 procB(b1) 317
6 procB(b2) 100

Figure9.13: Measurement sequence with identical procedures operating on identical data sets. The
variations in these measurements are due to different miss conditions in the instruction and data caches.

Thevariationsshavn in Figure9.12 areduemainly to cacheeffects. The time to executea block of code
candependgreatlyon whetheror not the dataandtheinstructionsusedby this codearepresenin thedata
andinstructioncachesatthe bgginning of execution.

As an example,we wrote two identical proceduresprocA andprocB , thataregiven a pointerof type
double * andsettheeightconsecutie elementsstartingat this pointerto 0.0. We measuredhe number
of clock cyclesfor variouscallsto theseproceduresvith threedifferentpointers:bl1, b2, andb3. Thecall

sequencandtheresultingmeasurementreshavn in Figure9.13. Thetimingsvary by almosta factorof

4, eventhoughthe callsperformidenticalcomputationsBecauséherewereno conditionalbranchesn this

code,we concludethatthevariationsmustbe dueto cacheeffects.

Practice Problem 9.6

Let bethenumberof cyclesthatwould be requiredby a call to procA or procB if therewereno
cachemisses For eachcomputationthe cycleswasteddueto cachemissesanbe apportionedetween
thedifferentitemsneedingo be broughtinto the cache:
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The instructionsimplementingthe measurementode(e.g.,start _counter , get _counter
andsoon). Let thenumberof cyclesfor this be

Theinstructionamplementinghe procedurdeingmeasuredprocA or procB ). Letthenumber

of cyclesfor thisbe .
Thedatalocationsbeingupdateddesignatedby b1, b2, or b3). Let thenumberof cyclesfor this
be .

Basedonthe measurementshavn in Figure9.13,give estimate®f thevaluesof , , ,and .

Giventhevariationsshavn in thesemeasurements, naturalquestionto askis “Which oneis right?” Un-
fortunately thereis no simpleanswerto this question.It dependson both the conditionsunderwhich our
codewill actuallybeused aswell astheconditionsunderwhichwe canobtainreliablemeasurement©ne
problemis thatthe measuremenigrenot even consistenfrom onerunto the next. Themeasuremerntble
shavn in Figure9.13shav the datafor just onetestingrun. In repeatedests,we have seenMeasurement
1 rangefrom 317 to 606, and Measuremenb rangefrom 301 to 326. On the otherhand,the otherfour
measurementgry only by at mosta few cyclesfrom onerunto another

Clearly Measurementl is an overestimatebecauset includesthe costof loadingthe measurementode
and datastructuresinto cache. Furthermore,it is the most subjectto wide variations. Measuremenb
includesthe costof loadingprocB into thecache.Thisis alsosubjectto signi cant variations.In mostreal
applicationsthe samecodeis executedrepeatedlyAs aresult,thetime to loadthe codeinto theinstruction
cachewill berelatvely insigni cant. Our examplemeasurementzresomavhatarti cial in thatthe effects
of instructioncachemisseswereproportionallygreatetthanwhatwould occurin arealapplication.

To measureghetime requiredby a procedureé® wherethe effectsof instructioncachemissesareminimized,
we canexecutethefollowing code:

1 double time_P_warm()

2 {

3 P(); /* Warmup the cache *
4 start_counter();

5 PO;

6 return  get_counter();

7}

ExecutingP oncebeforestartingthe measuremenwill have the effect of bringingthe codeusedby P into
theinstructioncache.

This codealso minimizesthe effects of datacachemisses,sincethe rst executionof P will alsohave
the effect of bringing the dataaccessedby P into the datacache. For proceduregprocA or procB , a
measuremernty time _P_warm would yield 100 cycles. This would be the right conditionsto measuref
we expectour codeto accesshe samedatarepeatedlyFor someapplicationshowever, we would be more
likely to accessen datawith eachexecution.For example,aprocedurghatcopiesdatafrom oneregion of
memoryto anothemvould mostlikely be calledunderconditionswhereneitherblock is cached Procedure
time_P_warm would tend to underestimatehe executiontime for sucha procedure. For procA or
procB , it wouldyield 100, ratherthanthe 132to 134 measureavhenthe procedures appliedto uncached
data.
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To force the timing codeto measurehe performanceof a procedurewherenoneof the datais initially
cachedwe can ush thecacheof ary usefuldatabeforeperformingtheactualmeasuremeniThefollowing
proceduraloesthis for asystemwith cachef no morethan512KB:

code/perf/timep.c

1 /* Number of bytes in the largest cache to be cleared */
2 #define CBYTES (1<<19)

3 #define  CINTS (CBYTES/sizeof(int))

4

5 /* Alarge array to bring into cache *

6 static int  dummy[CINTS];

7 volatile int  sink;

8

9 [* Evict the existing blocks from the data caches */
10 void clear_cache()

11 {

12 int i

13 int sum = O;

14

15 for (i = 0; i < CINTS; i++)

16 dummylfi] = 3;

17 for (i = 0; i < CINTS; i++)

18 sum += dummyfi];

19 sink = sum;

20 }

code/perf/timep.c

This proceduresimply performsa computationover a very large arraydummy; effectively evicting every-

thing elsefrom the cache.The codehasseveral peculiarfeaturesto avoid commonpitfalls. It both stores
valuesinto dummyandreadsthemback so thatit will be cachedregardlessof the cacheallocationpol-

icy. It performsa computationusingarrayvaluesandstoresthe resultto a globalinteger (the declaration
volatile indicatesthatary updateto this variablemustbe performed) sothata clever optimizingcom-

piler will notoptimizeaway this partof thecode.

With this procedurewe cangeta measurementf P underconditionsin which its instructionsarecached,
but its dataarenot, by usingthefollowing procedure:

double time_P_cold()
{

P(); /* Warm up instruction cache */
clear_cache(); /* Clear data cache */
start_counter();

PO;

return  get_counter();

0 N O WDN PP

—

Of coursegventhismethodhasde ciencies.Onamachinewith auni ed L2 cacheprocedurelear _cache
will causeall instructionsfrom P to be evicted. Fortunatelytheinstructionsn theL1 instructioncachewill
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remain. Procedureclear _cache alsoevicts muchof the run-time stackfrom the cache leadingto an
overestimatef thetime requiredby P undermorerealisticconditions.

As this discussiorshaws, the effectsof cachingposeparticulardif culties for performancaneasurement.
Programmer$ave little control over whatinstructionsand dataget loadedinto the cachesandwhat gets
evicted whennew valuesmustbe loaded. At best,we cansetup measurementonditionsthat somevhat
matchthe anticipatedconditionsof our applicationby somecombinationof cache ushing andloading.

As mentionedearlier the branchpredictionlogic also in uences programperformance sincethe time
penaltycausedoy branchinstructionis muchlesswhenthe branchdirectionandtamet are correctly pre-
dicted. Thislogic makesits predictionshasedn the pasthistory of branchinstructionghathave beenexe-
cuted.Whenthe systemswitchesfrom oneprocesgo anotherit initially makespredictionsaboutbranches
in thenew procesdaseddn thoseexecutedn the previous processin practice however, theseeffectscre-
ateonly minor performancevariationsfrom oneexecutionof a programto another The predictionsdepend
moststronglyon recentbranchesandhencethein uence by oneprocessn anotheris very small.

9.4.3 The -BestMeasurementScheme

Although our measurementssing cycle timers are vulnerableto errorsdueto context switching, cache
operationandbranchprediction,oneimportantfeatureis thatthe errorswill alwayscauseoverestimatesf
thetrue executiontime. Nothingdoneby the processocanarti cially speedip a program.We canexploit
this propertyto getreliablemeasurementsf executiontimesevenwhentherearevarianceslueto context
switchingandothereffects.

Supposeave repeatedlyexecutea procedureandmeasurehe numberof cyclesusingeithertime_P_warm
ortime_P_cold .Werecordthe (e.g.,three)fastestimes.If we nd thesemeasuremenisgreewithin
somesmall tolerance (e.g.,0.1%),thenit seemseasonabléhat the fastestof theserepresentshe true
executiontime of the procedure.As an example,supposdor the runsshavn in Figure 9.11 we setthe
toleranceo 1.0%. Thenthefastessix measurement®r Load 1 arewithin thistoleranceasarethefastest
threefor Load4. We would thereforeconcludethatthe runtimesare35.98msand35.89ms, respectiely.
FortheLoad4 casewe alsoseemeasurementdusteredaroundl125.3ms,andsix around155.8ms, but we
cansafelydiscardtheseasoverestimates.

We call this approacho measuremerthe” -BestSchemeé. It requiressettingthreeparameters:

. Thenumberof measurementse requireto bewithin somecloserangeof thefastest.

: How closethe measurementmustbe. Thatis, if the measurements ascendingorder are labeled
, thenwe require

: Themaximumnumberof measurementseforewe give up.

Ourimplementatiorperformsa seriesof trials andmaintainsanarrayof the  fastestimesin sortedorder
With eachnev measurementt checkswhetherit is fasterthanthe currentonein arrayposition . If so,
it replacesarrayelement andthenperformsa seriesof interchangebetweeradjacentarraypositionsto
move thisvalueto theappropriatgositionin thearray This processontinueauntil eithertheerrorcriterion
is satis ed,in which casewe indicatethatthe measurementsave “converged; or we exceedthelimit
in which casewe indicatethatthe measurementwiledto corverge.



