
Chapter 9

Measuring Program ExecutionTime

Onecommonquestionpeopleaskis “How fastdoesProgram
�

runonMachine� ?” Suchaquestionmight
beraisedby aprogrammertrying to optimizeprogramperformance,or by acustomertrying to decidewhich
machineto buy. In ourearlierdiscussionof performanceoptimization(Chapter5),weassumedthisquestion
couldbeansweredwith perfectaccuracy. Weweretrying to establishthecyclesperelement(CPE)measure
for programsdown to two decimalplaces.This requiresanaccuracy of 0.1%for aprocedurehaving aCPE
of 10. In thischapter, we addressthisproblemanddiscover thatit is surprisinglycomplex.

You might expectthatmakingnear-perfecttiming measurementson a computersystemwould bestraight-
forward. After all, for a particularcombinationof programand data, the machinewill executea �x ed
sequenceof instructions. Instructionexecutionis controlledby a processorclock that is regulatedby a
precisionoscillator. Therearemany factors,however, thatcanvary from oneexecutionof aprogramto an-
other. Computersdonotsimplyexecuteoneprogramatatime. They continuallyswitchfrom oneprocessto
another, executingsomecodeon behalfof oneprocessbeforemoving on to thenext. Theexactscheduling
of processorresourcesfor oneprogramdependson suchfactorsasthenumberof userssharingthesystem,
thenetwork traf�c, andthetiming of disk operations.Theaccesspatternsto thecachesdependnot just on
the referencesmadeby the programwe aretrying to measure,but on thoseof otherprocessesexecuting
concurrently. Finally, thebranchpredictionlogic triesto guesswhetherbrancheswill betakenor notbased
on pasthistory. This historycanvary from oneexecutionof aprogramto another.

In this chapter, we describetwo basicmechanismsusedby computersto recordthepassageof time—one
basedon a low frequency timer that periodicallyinterruptstheprocessorandonebasedon a counterthat
is incrementedevery clock cycle. Applicationprogrammerscangainaccessto the�rst timing mechanism
by calling library functions.Cycle timerscanbeaccessedby library functionson somesystems,but they
requirewriting assemblycodeon others. We have deferredthe discussionof programtiming until now,
becauseit requiresunderstandingaspectsof both the CPU hardware and the way the operatingsystem
managesprocessexecution.

Usingthetwo timing mechanisms,we investigatemethodsto getreliablemeasurementsof programperfor-
mance.We will seethat timing variationsdueto context switchingtendto bevery largeandthusmustbe
eliminated.Variationscausedby otherfactorssuchascacheandbranchpredictionaregenerallymanaged
by evaluatingprogramoperationundercarefullycontrolledconditions.Generally, wecangetaccuratemea-
surementsfor durationsthatareeitherveryshort(lessthanaround10millisecond)or verylong(greaterthan
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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).

around1 second),evenon heavily loadedmachines.Timesbetweenaround10 millisecondsand1 second
requirespecialcareto measureaccurately.

Much of theunderstandingof performancemeasurementis partof thefolklore of computersystems.Dif-
ferentgroupsandindividualshavedevelopedtheirown techniquesfor measuringprogramperformance,but
thereis no widely availablebody of literatureon the subject. Companiesandresearchgroupsconcerned
with gettinghighly accurateperformancemeasurementsoften setup speciallycon�gured machinesthat
minimizeany sourcesof timing irregularity, suchasby limiting accessandby disablingmany OSandnet-
working services.Wewantmethodsthatapplicationprogrammerscanuseon ordinarymachines,but there
arenowidely availabletoolsfor this. Instead,wewill developourown.

In this presentation,we work throughthe issuessystematically. We describethedesignandevaluationof
a numberof experimentsthathelpedusarrive at methodsto achieve accuratemeasurementson a smallset
of systems.It is unusualto �nd a detailedexperimentalstudyin a book at this level. Generally, people
expectthe �nal answers,not a descriptionof how thoseanswersweredetermined.In this case,however,
we cannotprovide de�niti ve answerson how to measureprogramexecutiontime for anarbitraryprogram
on anarbitrarysystem.Therearetoo many variationsof timing mechanisms,operatingsystembehaviors,
andrun-timeenvironmentto have onesingle,simplesolution. Instead,we anticipatethatyou will needto
run your own experimentsanddevelopyour own performancemeasurementcode. We hopethatour case
studywill helpyou in this task. We summarizeour �ndings in the form of a protocolthatcanguideyour
experiments.

9.1 The Flow of Time on a Computer System

Computersoperateontwo fundamentallydifferenttimescales.At amicroscopiclevel, they executeinstruc-
tionsata rateof oneor moreperclockcycle,whereeachclockcycle requiresonly aroundonenanosecond
(abbreviated“ns”), or ������� seconds.Onamacroscopicscale,theprocessormustrespondto externalevents
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that occuron time scalesmeasuredin milliseconds(abbreviated “ms”), or ��� �

�

seconds.For example,
duringvideoplayback,thegraphicsdisplayfor mostcomputersmustberefreshedevery 33 ms. A world-
recordtypistcanonly typekeystrokesata rateof aroundoneevery50milliseconds.Diskstypically require
around10 msto initiatea disk transfer. Theprocessorcontinuallyswitchesbetweenthesemany taskson a
macroscopictime scale,devoting around5 to 20 millisecondsto eachtaskat a time. At this rate,theuser
perceivesthetasksasbeingperformedsimultaneously, sinceahumancannotdiscerntimedurationsshorter
thanaround100ms.Within thattime theprocessorcanexecutemillions of instructions.

Figure9.1plotsthedurationsof differenteventtypesonalogarithmicscale,with microscopiceventshaving
durationsmeasuredin nanosecondsandmacroscopiceventshaving durationsmeasuredin milliseconds.The
macroscopiceventsaremanagedby OSroutinesthat requirearound5,000to 200,000clock cycles.These
time rangesaremeasuredin microseconds(abbreviated � s, where � is the Greekletter “mu”). Although
thatmaysoundlike a lot of computation,it is somuchfasterthanthemacroscopiceventsbeingprocessed
thattheseroutinesplaceonly asmall loadon theprocessor.

PracticeProblem9.1:

Whenauseris editing®leswith areal-timeeditorsuchasEMACS, everykeystrokegeneratesaninterrupt
signal.Theoperatingsystemmustthenscheduletheeditorprocessto taketheappropriateactionfor this
keystroke. Supposewe hada systemwith a 1 GHz clock,andwe had100usersrunningEMACS typing
at a rateof 100wordsperminute. Assumeanaverageof 6 charactersperword. Assumealsothat the
OSroutinehandlingkeystrokesrequires,onaverage,100,000clockcyclesperkeystroke. Whatfraction
of theprocessorloadis consumedby all of thekeystrokeprocessing?

Notethatthis is a verypessimisticanalysisof theloadinducedby keyboardusage.It' s hardto imagine
a real-lifescenariowith somany userstyping this fast.

9.1.1 ProcessSchedulingand Timer Interrupts

Externaleventssuchaskeystrokes,diskoperations,andnetworkactivity generateinterruptsignalsthatmake
theoperatingsystemschedulertake over andpossiblyswitchto a differentprocess.Evenin theabsenceof
suchevents,we wanttheprocessorto switchfrom oneprocessto anothersothatit will appearto theusers
asif theprocessoris executingmany programssimultaneously. For this reason,computershaveanexternal
timer thatperiodicallygeneratesan interruptsignalto theprocessor. Thespacingbetweentheseinterrupt
signalsis calledtheinterval time. Whenatimer interruptoccurs,theoperatingsystemschedulercanchoose
to eitherresumethecurrentlyexecutingprocessor to switchto adifferentprocess.This interval mustbeset
shortenoughto ensurethattheprocessorwill switchbetweentasksoftenenoughto provide theillusion of
performingmany taskssimultaneously. On theotherhand,switchingfrom oneprocessto anotherrequires
thousandsof clock cyclesto save thestateof thecurrentprocessandto setup thestatefor thenext, andso
settingtheinterval tooshortwouldcausepoorperformance.Typical timer intervalsrangebetween1 and10
milliseconds,dependingon theprocessorandhow it is con�gured.

Aside: Scalingof Computer Performance
It is interestingto comparetheperformanceof aDigital EquipmentCorporationVAX-11/780computerto amodern
processor. This machinewasintroducedin 1977with anentrypriceof around$200,000.It becamethe®rst widely
usedmachinerunningtheUnix operatingsystem.Notethat thetimer interval on this machinewastypically setto
10 ms, even thoughits CPU wasover 1000timesslower thanthat of a modernmachine.The macroscopictime
scalehasnotchangedeventhoughthemicroscopictime 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)illustratesthesystem's perspective of a hypothetical150msof operationon a systemwith a
10 mstimer interval. During this periodtherearetwo active processes:A andB. Theprocessoralternately
executespartof processA, thenpart of B, andso on. As it executestheseprocesses,it operateseitherin
usermode, executingthe instructionsof theapplicationprogram;or in kernelmode, performingoperating
systemfunctionsonbehalfof theprogram,suchas,handlingpagefaults,input,or output.Recallthatkernel
operationis consideredpart of eachregular processratherthana separateprocess.The operatingsystem
scheduleris invoked every time thereis an externalevent or a timer interrupt. The occurrencesof timer
interruptsareindicatedby the tick marksin the �gure. This meansthat thereis actuallysomeamountof
kernelactivity at every tick mark,but for simplicity wedo notshow it in the�gure.

Whentheschedulerswitchesfrom processA to processB, it mustenterkernelmodeto save the stateof
processA (still consideredpartof processA) andto restorethestateof processB (consideredpartof process
B). Thus,thereis kernelactivity duringeachtransitionfrom oneprocessto another. At othertimes,kernel
activity canoccurwithout switchingprocesses,suchaswhena pagefault canbesatis�edby usinga page
thatis alreadyin memory.

9.1.2 Time fr om an Application Program's Perspective

From the perspective of an applicationprogram,the �o w of time canbe viewed as alternatingbetween
periodswhentheprogramis active(executingits instructions),andinactive(waitingto bescheduledby the
operatingsystem).It only performsusefulcomputationwhenits processis operatingin usermode.Figure
9.2(b)illustrateshow programA would view the�o w of time. It is active duringthelight-coloredregions,
whenprocessA is executingin usermode;otherwiseit is inactive.

As a way to quantify the alternationsbetweenactive andinactive time periods,we wrote a programthat
continuouslymonitorsitself anddetermineswhentherehave beenlong periodsof inactivity. It thengener-
atesa traceshowing thealternationsbetweenperiodsof activity andinactivity. Detailsof this programare
describedlater in thechapter. An exampleof sucha traceis shown in Figure9.3,generatedwhile running
on a Linux machinewith a clock rateof around550MHz. Eachperiodis labeledaseitheractive (“A”) or
inactive “I”). The periodsarenumbered0 to 9 for identi�cation. For eachperiod,the start time (relative
to thebeginningof thetrace)andthedurationareindicated.Timesareexpressedin bothclock cyclesand
milliseconds.This traceshows a total of 20 time periods(10active and10 inactive) having a total duration



9.1. THE FLOW OFTIME ON A COMPUTERSYSTEM 635

A0 Time 0 (0.00 ms), Duration 3726508 (6.776448 ms)
I0 Time 3726508 (6.78 ms), Duration 275025 (0.500118 ms)
A1 Time 4001533 (7.28 ms), Duration 0 (0.000000 ms)
I1 Time 4001533 (7.28 ms), Duration 7598 (0.013817 ms)
A2 Time 4009131 (7.29 ms), Duration 5189247 (9.436358 ms)
I2 Time 9198378 (16.73 ms), Duration 251609 (0.457537 ms)
A3 Time 9449987 (17.18 ms), Duration 2250102 (4.091686 ms)
I3 Time 11700089 (21.28 ms), Duration 14116 (0.025669 ms)
A4 Time 11714205 (21.30 ms), Duration 2955974 (5.375275 ms)
I4 Time 14670179 (26.68 ms), Duration 248500 (0.451883 ms)
A5 Time 14918679 (27.13 ms), Duration 5223342 (9.498358 ms)
I5 Time 20142021 (36.63 ms), Duration 247113 (0.449361 ms)
A6 Time 20389134 (37.08 ms), Duration 5224777 (9.500967 ms)
I6 Time 25613911 (46.58 ms), Duration 254340 (0.462503 ms)
A7 Time 25868251 (47.04 ms), Duration 3678102 (6.688425 ms)
I7 Time 29546353 (53.73 ms), Duration 8139 (0.014800 ms)
A8 Time 29554492 (53.74 ms), Duration 1531187 (2.784379 ms)
I8 Time 31085679 (56.53 ms), Duration 248360 (0.451629 ms)
A9 Time 31334039 (56.98 ms), Duration 5223581 (9.498792 ms)
I9 Time 36557620 (66.48 ms), Duration 247395 (0.449874 ms)

Figure9.3: Example trace sho wing activity periods. 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.

Activity periods, load = 1
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Time (ms)
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Figure9.4: Graphical representation of trace in Figure 9.3. Timer interrupts are indicated with blue
triangles.
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A48 Time 191514104 (349.40 ms), Duration 5224961 (9.532449 ms)
I48 Time 196739065 (358.93 ms), Duration 247557 (0.451644 ms)

A49 Time 196986622 (359.38 ms), Duration 858571 (1.566382 ms)
I49 Time 197845193 (360.95 ms), Duration 8297 (0.015137 ms)

A50 Time 197853490 (360.97 ms), Duration 4357437 (7.949733 ms)
I50 Time 202210927 (368.91 ms), Duration 5718758 (10.433335 ms)

A51 Time 207929685 (379.35 ms), Duration 2047118 (3.734774 ms)
I51 Time 209976803 (383.08 ms), Duration 7153 (0.013050 ms)

A52 Time 209983956 (383.10 ms), Duration 3170650 (5.784552 ms)
I52 Time 213154606 (388.88 ms), Duration 5726129 (10.446783 ms)

A53 Time 218880735 (399.33 ms), Duration 5217543 (9.518916 ms)
I53 Time 224098278 (408.85 ms), Duration 5718135 (10.432199 ms)

A54 Time 229816413 (419.28 ms), Duration 2359281 (4.304286 ms)
I54 Time 232175694 (423.58 ms), Duration 7096 (0.012946 ms)

A55 Time 232182790 (423.60 ms), Duration 2859227 (5.216390 ms)
I55 Time 235042017 (428.81 ms), Duration 5718793 (10.433399 ms)

Figure9.5: Example trace sho wing 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,theperiodsof inactivity arefairly short,with thelongestbeing0.50ms. Most
of theseperiodsof inactivity werecausedby timer interrupts.Theprocesswasactive for around95.1%of
thetotal time monitored.Figure9.4shows a graphicalrenditionof thetraceshown in Figure9.3. Observe
the regular spacingof the boundariesbetweenthe activity periodsindicatedby the blue triangles. These
boundariesarecausedby timer interrupts.

Figure9.5 shows a portion of a tracewhenthereis oneotheractive processsharingthe processor. The
graphicalrenditionof this traceis shown in Figure9.6. Note that the time scalesdo not line up, sincethe
portionof thetracewe show in Figure9.5startedat 349.40msinto thetracingprocess.In thisexamplewe
canseethat while handlingsomeof the timer interrupts,the OS alsodecidesto switch context from one

Activity periods, load = 2
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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.

processto another. As a result,eachprocessis only active around50%of thetime.

PracticeProblem9.2:

This problemconcernstheinterpretationof thesectionof thetraceshown in Figure9.5.

A. At what timesduring this portion of the tracedid timer interruptsoccur? (Someof thesetime
pointscanbeextracteddirectly from thetrace,while othersmustbeestimatedby interpolation.)

B. Whichof theseoccurredwhile thetracingprocesswasactive,andwhichwhile it wasinactive?

C. Why arethelongestperiodsof inactivity longerthanthelongestperiodsof activity?

D. Basedon thepatternof active andinactive periodsshown in this trace,whatpercentof the time
would youexpectthetracingprocessto beinactivewhenaveragedovera longertimescale?

9.2 Measuring Time by Inter val Counting

Theoperatingsystemalsousesthe timer to recordthecumulative time usedby eachprocess.This infor-
mationprovidesa somewhat imprecisemeasureof programexecutiontime. Figure9.7 providesa graphic
illustrationof how this accountingworksfor theexampleof systemoperationshown in Figure9.2. In this
discussion,we referto theperiodduringwhich justoneprocessexecutesasa timesegment.

9.2.1 Operation

Theoperatingsystemmaintainscountsof theamountof usertime andtheamountof systemtime usedby
eachprocess.Whena timer interruptoccurs,the operatingsystemdetermineswhich processwasactive
andincrementsoneof thecountsfor thatprocessby thetimer interval. It incrementsthesystemtime if the
systemwasexecutingin kernelmode,andthe usertime otherwise.The exampleshown in Figure9.7(a)
indicatesthisaccountingfor thetwo processes.Thetick marksindicatetheoccurrencesof timer interrupts.
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Eachis labeledby the countthat getsincremented:eitherAu or As for processA's useror systemtime,
or Bu or Bs for processB's useror systemtime. Eachtick mark is labeledaccordingto theactivity to its
immediateleft. The�nal accountingshowsthatprocessA usedatotalof 150milliseconds:110of usertime
and40 of systemtime. It shows thatB useda total of 100milliseconds:70 of usertime and30 of system
time.

9.2.2 Readingthe ProcessTimers

Whenexecutingacommandfrom theUnix shell,theusercanpre�x thecommandwith theword“ time ” to
measuretheexecutiontimeof thecommand.Thiscommandusesthevaluescomputedusingtheaccounting
schemedescribedabove. For example,to time the executiontime of programprog with commandline
arguments-n 17, theusercansimply typethecommand

unix> time prog -n 17

After theprogramhasexecuted,theshellwill print a line summarizingthe run time statistics,suchasthe
following:

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

The �rst threenumbersshown in this line aretimes. The �rst two show the secondsof userandsystem
time. Observe how both of theseshow a 0 in the third decimalplace. With a timer interval of 10 ms,
all timings aremultiplesof hundredthsof seconds.The third numberis the total elapsedtime, given in
minutesandseconds.Observe that the systemandusertime sumto 2.49 seconds,lessthanhalf of the
elapsedtime of 6.52seconds,indicatingthattheprocessorwasexecutingotherprocessesat thesametime.
Thepercentageindicateswhat fractionthecombineduserandsystemtimeswereof theelapsedtime,e.g.,

���������	�

�

����
���
�
��������

�

�����

� . TheremainingstatisticssummarizethepagingandI/O behavior.

Programmerscanalsoreadtheprocesstimersby calling thelibrary functiontimes , declaredasfollows:

#include <sys/times.h>

struct tms �

clock t tms utime; /* user time */
clock t tms stime; /* system time */
clock t tms cutime; /* user time of reaped children */
clock t tms cstime; /* system time of reaped children */

�

;

clock t times(struct tms *buf);
Returns:numberof clock tickselapsedsincesystemstarted

Thesetimemeasurementsareexpressedin termsof aunit calledclock ticks. Thede�nedconstantCLK TCK
speci�es the numberof clock ticks per second.The datatype clock t is typically de�ned to be a long
integer. The�elds indicatingchild timesgive theaccumulatedtimesusedby childrenthathave terminated
andhavebeenreaped.Thus,times cannotbeusedto monitorthetimeusedby any ongoingchildren.As a
returnvalue,times returnsthetotal numberof clock ticks thathave elapsedsincethesystemwasstarted.
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Wecanthereforecomputethetotal time(in clockticks)betweentwo differentpointsin aprogramexecution
by makingtwo callsto times andcomputingthedifferenceof thereturnvalues.

TheANSI Cstandardalsode�nesafunctionclock thatmeasuresthetotaltimeusedby thecurrentprocess:

#include <time.h>

clock t clock(void);
Returns:total timeusedby process

Although the returnvalue is declaredto be the sametype clock t usedwith the times function, the
two functionsdo not, in general,expresstime in thesameunits. To scalethe time reportedby clock to
seconds,it shouldbedividedby thede�ned constantCLOCKSPERSEC. This valueneednot bethesame
astheconstantCLK TCK.

9.2.3 Accuracy of ProcessTimers

As theexampleillustratedin Figure9.7 shows, this timing mechanismis only approximate.Figure9.7(b)
shows theactualtimesusedby thetwo processes.ProcessA executedfor a totalof 153.3ms,with 120.0in
usermodeand33.3in kernelmode.ProcessB executedfor a total of 96.7ms,with 73.3in usermodeand
23.3in kernelmode.Theinterval accountingschememakesnoattemptto resolve timemore�nely thanthe
timer interval.

PracticeProblem9.3:

Whatwould theoperatingsystemreportastheuserandsystemtimesfor theexecutionsequenceillus-
tratedbelow. Assumea 10mstimer interval.

B BAA A

PracticeProblem9.4:

On a systemwith a timer interval of 10 ms,somesegmentof processA is recordedasrequiring70 ms,
combiningbothsystemandusertime. Whataretheminimumandmaximumactualtimesusedby this
segment?

PracticeProblem9.5:

Whatwould thecountersrecordasthesystemandusertimesfor the traceshown in Figure9.3? How
doesthis comparewith theactualtimeduringwhich theprocesswasactive?

For programsthatrun long enough,(at leastseveralseconds),theinaccuraciesin this schemetendto com-
pensatefor eachother. Theexecutiontimesof somesegmentsareunderestimatedwhile thoseof othersare
overestimated.Averagedoveranumberof segments,theexpectederrorapproacheszero.Fromatheoretical
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Figure9.8: Measuring inter val counting accurac y. 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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perspective, however, thereis no guaranteedboundon how far thesemeasurementsvary from thetruerun
times.

To test the accuracy of this timing method,we ran a seriesof experimentsthat comparedthe time ���

measuredby theoperatingsystemfor a samplecomputationwith our estimateof what the time ��� would
beif thesystemresourceswerededicatedsolely to performingthis computation.In general,� � will differ
from ��� for severalreasons:

1. The inherentinaccuraciesof the interval countingschemecancause��� to be eitherlessor greater
than � �

.

2. Thekernelactivity causedby thetimer interruptconsumes4 to 5%of thetotalCPUcycles,but these
cyclesarenotaccountedfor properly. As canbeseenin thetraceillustratedin Figure9.4,thisactivity
�nishes beforethenext timer interruptandhencedoesnot getcountedexplicitly. Instead,it simply
reducesthenumberof cyclesavailablefor theprocessexecutingduring thenext time interval. This
will tendto increase�

� relative to ��� .

3. Whentheprocessorswitchesfrom onetaskto another, thecachetendsto performpoorly for a tran-
sient period until the instructionsand datafor the new task get loadedinto the cache. Thus, the
processordoesnot run asef�ciently whenswitchingbetweenour programandotheractivities asit
would if it executedourprogramcontinuously. This factorwill tendto increase��� relative to �

�
.

Wediscusshow we candeterminethevalueof �
� for oursamplecomputationlaterin thischapter.

Figure9.8shows theresultsof thisexperimentrunningundertwo differentloadingconditions.Thegraphs
show our measurementsof theerror rate,de�ned asthevalueof

�

�	��
��
�

��


�
� asa functionof �

� . This
errormeasureis negative when ��� underestimates�

�
andis positive when ��� overestimates�

�
. Thetwo

seriesshow measurementstakenundertwo differentloadingconditions.Theserieslabeled“Load 1” shows
thecasewheretheprocessperformingthesamplecomputationis theonly activeprocess.Theserieslabeled
“Load 11” shows thecasewhere10 otherprocessesarealsoattemptingthesamecomputation.The latter
representsa very heavy load condition; thesystemis noticeablyslow respondingto keystrokesandother
servicerequests.Observethewiderangeof errorvaluesshown onthisgraph.In general,only measurements
thatarewithin 
 10%of thetruevalueareacceptable,andhencewe wantonly errorsrangingfrom around


 �

�

� to
�

�

�

� .

Below around100 ms (10 timer intervals), the measurementsare not at all accuratedue to the coarse-
nessof the timing method. Interval countingis only usefulfor measuringrelatively long computations—
100,000,000clockcyclesor more.Beyondthis,weseethattheerrorgenerallyrangesbetween�

�

� and �

�

� ,
that is, up to 10% error. Thereis no noticeabledifferencebetweenthe two different loadingconditions.
Noticealsothat theerrorshave a positive bias:Theaverageerrorfor all measurementswith �

���
��� � ms

is 1.04,dueto thefactthatthetimer interruptsareconsumingaround4%of theCPUtime.

Theseexperimentsshow thattheprocesstimersareusefulonly for gettingapproximatevaluesof program
performance.They aretoocoarsegrainedto usefor any measurementhaving durationof lessthan100ms.
On this machinethey have a systematicbias,overestimatingcomputationtimesby an averageof around
4%. Themainvirtue of this timing mechanismis that its accuracy doesnot dependstronglyon thesystem
load.
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9.3 CycleCounters

To providegreaterprecisionfor timing measurements,many processorsalsocontaina timer thatoperatesat
theclockcycle level. This timer is aspecialregisterthatgetsincrementedeverysingleclockcycle. Special
machineinstructionscanbe usedto readthevalueof thecounter. Not all processorshave suchcounters,
andthosethatdovary in theimplementationdetails.As a result,thereis no uniform,platform-independent
interfaceby which programmerscan make useof thesecounters. On the otherhand,with just a small
amountof assemblycode,it is generallyeasyto createaprograminterfacefor any speci�c machine.

9.3.1 IA32 CycleCounters

All of the timingswe have reportedthusfar weremeasuredusingthe IA32 cycle counter. With the IA32
architecture,cyclecounterswereintroducedin conjunctionwith the“P6” microarchitecture(thePentiumPro
andits successors).Thecyclecounteris a64-bit,unsignednumber. For aprocessoroperatingwith a1 GHz
clock, this counterwill wraparoundfrom

�����


 � to � only onceevery �

�����

���

���

seconds,or every 570
years.Ontheotherhand,if weconsideronly thelow order32bitsof thiscounterasanunsignedinteger, this
valuewill wraparoundevery4.3seconds.Onecanthereforeunderstandwhy theIA32 designersdecidedto
implementa64-bit counter.

TheIA32 counteris accessedwith therdtsc (for “readtime stampcounter”)instruction.This instruction
takesno arguments.It setsregister%edx to thehigh-order32 bits of thecounterandregister%eax to the
low-order32 bits. To provide a C programinterface,we would like to encapsulatethis instructionwithin a
procedure:

void access counter(unsigned *hi, unsigned *lo);

This procedureshouldsetlocationhi to thehigh-order32 bits of thecounterandlo to the low-order32
bits. Implementingaccess counter is a simpleexercisein usingthe embeddedassemblyfeatureof
GCC, asdescribedin Section3.15.Thecodeis shown in Figure9.9.

Basedon this routine,we can now implementa pair of functionsthat canbe usedto measurethe total
numberof cyclesthatelapsebetweenany two timepoints:

#include "clock.h"

void start counter();

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

We return the time asa double to avoid the possibleover�ow problemsof using just a 32-bit integer.
The codefor thesetwo routinesis alsoshown in Figure9.9. It builds on our understandingof unsigned
arithmeticto performthedouble-precisionsubtractionandto convert theresultto a double .
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code/perf/clock.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/clock.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/clock.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() / (1e6*sleeptime);

10 if (verbose)
11 printf("Processor clock rate ˜= %.1f MHz\n", rate);
12 return rate;
13 }

code/perf/clock.c

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

9.4 Measuring Program ExecutionTime with Cycle Counters

Cyclecountersprovideaveryprecisetool for measuringthetimethatelapsesbetweentwodifferentpointsin
theexecutionof aprogram.Typically, however, weareinterestedin measuringthetimerequiredto execute
someparticularpieceof code. Our cycle counterroutinescomputethe total numberof cyclesbetweena
call to start counter andacall to get counter . They donotkeeptrackof whichprocessusesthose
cyclesor whethertheprocessoris operatingin kernelor usermode.Wemustbecarefulwhenusingsucha
measuringdevice to determineexecutiontime. We investigatesomeof thesedif�culties andhow they can
beovercome.

As anexampleof codethatusesthecycle counter, theroutinein Figure9.10providesa way to determine
theclock rateof a processor. Testingthis functionon severalsystemswith parametersleeptime equal
to 1 shows thatit reportsaclock ratewithin 1.0%of theratedperformancefor theprocessor. Thisexample
clearly shows that our routinesmeasureelapsedtime ratherthan the time usedby a particularprocess.
Whenour programcalls sleep , theoperatingsystemwill not resumetheprocessuntil thesleeptime of
onesecondhasexpired.Thecyclesthatelapseduringthattimearespentexecutingotherprocesses.

9.4.1 The Effectsof Context Switching

A naive way of measuringtherun time of someprocedureP is simply to usethecycle counterto time one
executionof P, asin thefollowing code:

1 double time_P()
2 {
3 start_counter();
4 P();
5 return get_counter();
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Measurement examples: large array
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Figure9.11: 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 couldeasilyyield misleadingresultsif someotherprocessalsoexecutesbetweenthetwo calls to the
counterroutines.This is especiallyproblematicif eitherthemachineis heavily loaded,or if the run time
for P is especiallylong. This phenomenonis illustratedin Figure9.11. This �gure shows the resultof
repeatedlymeasuringa programthat computesthe sumof an arrayof 131,072integers. The timeshave
beenconvertedinto milliseconds.Notethattherun timesareall over36 ms,greaterthanthetimer interval.
Two trials wererun, eachmeasuring18 executionsof theexactsameprocedure.Theserieslabeled“Load
1” indicatestherun timeson a lightly loadedmachine,wherethis is theonly processactively running.All
of themeasurementsarewithin 3.4%of theminimumrun time. Theserieslabeled“Load 4” indicatesthe
run timeswhenthreeotherprocessesmakingheavy useof theCPUandmemorysystemarealsorunning.
The �rst seven of thesesampleshave timeswithin 2% of the fastestLoad 1 sample,but othersrangeas
muchas4.3timesgreater.

As this exampleillustrates,context switchingcausesextremevariationsin executiontime. If a processis
swappedout for anentiretime interval, it will fall behindby millions of instructions.Clearly, any scheme
wedeviseto measureprogramexecutiontimesmustavoid suchlargeerrors.

9.4.2 Cachingand Other Effects

Theeffectsof cachingandbranchpredictioncreatesmallertiming variationsthandoescontext switching.
As anexample,Figure9.12shows a seriesof measurementssimilar to thosein Figure9.11,exceptthatthe
arrayis 4 timessmaller, yielding executiontimesof around8 ms. Theseexecutiontimesareshorterthan
the timer interval andthereforetheexecutionsarelesslikely to be affectedby context switching. We see
signi�cant variationsamongthemeasurements—theslowestis 1.1 timesslower thanthe fastest,but none
of thesevariationsareasextremeaswouldbecausedby context switching.
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Measurement examples: small array
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Figure 9.12: measurements of shor t 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(b1) 399
2 procA(b2) 132
3 procA(b3) 134
4 procA(b1) 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.

Thevariationsshown in Figure9.12areduemainly to cacheeffects. Thetime to executea block of code
candependgreatlyon whetheror not thedataandtheinstructionsusedby this codearepresentin thedata
andinstructioncachesat thebeginningof execution.

As an example,we wrote two identicalprocedures,procA andprocB , that aregiven a pointerof type
double * andsettheeightconsecutive elementsstartingat this pointerto 0.0. We measuredthenumber
of clockcyclesfor variouscallsto theseprocedureswith threedifferentpointers:b1, b2, andb3. Thecall
sequenceandtheresultingmeasurementsareshown in Figure9.13.Thetimingsvaryby almosta factorof
4, eventhoughthecallsperformidenticalcomputations.Becausetherewerenoconditionalbranchesin this
code,weconcludethatthevariationsmustbedueto cacheeffects.

PracticeProblem9.6:

Let � be the numberof cyclesthat would be requiredby a call to procA or procB if therewereno
cachemisses.For eachcomputation,thecycleswasteddueto cachemissescanbeapportionedbetween
thedifferentitemsneedingto bebroughtinto thecache:
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� The instructionsimplementingthemeasurementcode(e.g.,start counter , get counter ,
andsoon). Let thenumberof cyclesfor this be � .

� Theinstructionsimplementingtheprocedurebeingmeasured(procA or procB ). Let thenumber
of cyclesfor thisbe � .

� Thedatalocationsbeingupdated(designatedby b1, b2, or b3). Let thenumberof cyclesfor this
be � .

Basedon themeasurementsshown in Figure9.13,giveestimatesof thevaluesof � , � , � , and � .

Giventhevariationsshown in thesemeasurements,a naturalquestionto askis “Which oneis right?” Un-
fortunately, thereis no simpleanswerto this question.It dependson both theconditionsunderwhich our
codewill actuallybeused,aswell astheconditionsunderwhichwecanobtainreliablemeasurements.One
problemis thatthemeasurementsarenot evenconsistentfrom onerun to thenext. Themeasurementtable
shown in Figure9.13show thedatafor just onetestingrun. In repeatedtests,we have seenMeasurement
1 rangefrom 317 to 606, andMeasurement5 rangefrom 301 to 326. On the otherhand,the otherfour
measurementsvaryonly by atmosta few cyclesfrom onerun to another.

Clearly Measurement1 is an overestimate,becauseit includesthe costof loadingthe measurementcode
and datastructuresinto cache. Furthermore,it is the most subjectto wide variations. Measurement5
includesthecostof loadingprocB into thecache.This is alsosubjectto signi�cant variations.In mostreal
applications,thesamecodeis executedrepeatedly. As aresult,thetime to loadthecodeinto theinstruction
cachewill berelatively insigni�cant. Our examplemeasurementsaresomewhatarti�cial in thattheeffects
of instructioncachemisseswereproportionallygreaterthanwhatwouldoccurin a realapplication.

To measurethetimerequiredby aprocedureP wheretheeffectsof instructioncachemissesareminimized,
wecanexecutethefollowing code:

1 double time_P_warm()
2 {
3 P(); /* Warm up the cache */
4 start_counter();
5 P();
6 return get_counter();
7 }

ExecutingP oncebeforestartingthemeasurementwill have theeffect of bringingthecodeusedby P into
theinstructioncache.

This codealso minimizesthe effectsof datacachemisses,sincethe �rst executionof P will also have
the effect of bringing the dataaccessedby P into the datacache. For proceduresprocA or procB , a
measurementby time P warm would yield 100cycles. This would betheright conditionsto measureif
weexpectour codeto accessthesamedatarepeatedly. For someapplications,however, wewould bemore
likely to accessnew datawith eachexecution.For example,aprocedurethatcopiesdatafrom oneregionof
memoryto anotherwould mostlikely becalledunderconditionswhereneitherblock is cached.Procedure
time_P_warm would tend to underestimatethe executiontime for sucha procedure. For procA or
procB , it wouldyield 100,ratherthanthe132to 134measuredwhentheprocedureis appliedto uncached
data.
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To force the timing codeto measurethe performanceof a procedurewherenoneof the datais initially
cached,wecan�ush thecacheof any usefuldatabeforeperformingtheactualmeasurement.Thefollowing
proceduredoesthis for asystemwith cachesof nomorethan512KB:

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 /* A large 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 = 0;
14

15 for (i = 0; i < CINTS; i++)
16 dummy[i] = 3;
17 for (i = 0; i < CINTS; i++)
18 sum += dummy[i];
19 sink = sum;
20 }

code/perf/timep.c

This proceduresimply performsa computationover a very large arraydummy, effectively evicting every-
thing elsefrom thecache.Thecodehasseveralpeculiarfeaturesto avoid commonpitfalls. It bothstores
valuesinto dummyandreadsthembackso that it will be cachedregardlessof the cacheallocationpol-
icy. It performsa computationusingarrayvaluesandstoresthe resultto a global integer (thedeclaration
volatile indicatesthatany updateto this variablemustbeperformed),sothata clever optimizingcom-
piler will notoptimizeaway thispartof thecode.

With this procedure,we cangeta measurementof P underconditionsin which its instructionsarecached,
but its dataarenot,by usingthefollowing procedure:

1 double time_P_cold()
2 {
3 P(); /* Warm up instruction cache */
4 clear_cache(); /* Clear data cache */
5 start_counter();
6 P();
7 return get_counter();
8 }

Of course,eventhismethodhasde�ciencies.Onamachinewith auni�ed L2 cache,procedureclear cache
will causeall instructionsfrom P to beevicted.Fortunately, theinstructionsin theL1 instructioncachewill
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remain. Procedureclear cache alsoevicts muchof the run-timestackfrom the cache,leadingto an
overestimateof thetimerequiredby P undermorerealisticconditions.

As this discussionshows, theeffectsof cachingposeparticulardif�culties for performancemeasurement.
Programmershave little control over what instructionsanddataget loadedinto the cachesandwhat gets
evicted whennew valuesmustbe loaded.At best,we cansetup measurementconditionsthat somewhat
matchtheanticipatedconditionsof ourapplicationby somecombinationof cache�ushing andloading.

As mentionedearlier, the branchprediction logic also in�uences programperformance,sincethe time
penaltycausedby branchinstructionis muchlesswhenthe branchdirectionandtarget arecorrectlypre-
dicted.This logic makesits predictionsbasedon thepasthistoryof branchinstructionsthathave beenexe-
cuted.Whenthesystemswitchesfrom oneprocessto another, it initially makespredictionsaboutbranches
in thenew processbasedon thoseexecutedin thepreviousprocess.In practice,however, theseeffectscre-
ateonly minorperformancevariationsfrom oneexecutionof aprogramto another. Thepredictionsdepend
moststronglyon recentbranches,andhencethein�uence by oneprocessonanotheris verysmall.

9.4.3 The � -BestMeasurementScheme

Although our measurementsusingcycle timers arevulnerableto errorsdue to context switching,cache
operation,andbranchprediction,oneimportantfeatureis thattheerrorswill alwayscauseoverestimatesof
thetrueexecutiontime. Nothingdoneby theprocessorcanarti�cially speedup a program.We canexploit
this propertyto getreliablemeasurementsof executiontimesevenwhentherearevariancesdueto context
switchingandothereffects.

Supposewerepeatedlyexecuteaprocedureandmeasurethenumberof cyclesusingeithertime_P_warm
or time_P_cold . Werecordthe � (e.g.,three)fastesttimes.If we �nd thesemeasurementsagreewithin
somesmall tolerance� (e.g.,0.1%), thenit seemsreasonablethat the fastestof theserepresentsthe true
executiontime of the procedure.As an example,supposefor the runsshown in Figure9.11 we set the
toleranceto 1.0%.Thenthefastestsix measurementsfor Load1 arewithin this tolerance,asarethefastest
threefor Load4. We would thereforeconcludethattherun timesare35.98msand35.89ms,respectively.
For theLoad4 case,wealsoseemeasurementsclusteredaround125.3ms,andsix around155.8ms,but we
cansafelydiscardtheseasoverestimates.

Wecall thisapproachto measurementthe“ � -BestScheme.” It requiressettingthreeparameters:

� : Thenumberof measurementswe requireto bewithin somecloserangeof thefastest.

� : How closethe measurementsmust be. That is, if the measurementsin ascendingorder are labeled
�
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, thenwe require
�

�

�

�

�

�

�

�
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 .
�

: Themaximumnumberof measurementsbeforewegiveup.

Our implementationperformsaseriesof trialsandmaintainsanarrayof the � fastesttimesin sortedorder.
With eachnew measurement,it checkswhetherit is fasterthanthecurrentonein arrayposition � . If so,
it replacesarrayelement� andthenperformsa seriesof interchangesbetweenadjacentarraypositionsto
movethisvalueto theappropriatepositionin thearray. Thisprocesscontinuesuntil eithertheerrorcriterion
is satis�ed, in which casewe indicatethatthemeasurementshave “converged,” or we exceedthelimit

�

,
in whichcasewe indicatethatthemeasurementsfailedto converge.


