Time MeasurementOct. 24, 2002Time MeasurementOct. 24, 2002nnInterval countingnCycle countersnK-best measurement scheme�The course that gives CMU its Zip!�

2Computer Time ScalesComputer Time ScalesTwo Fundamental Time ScalesTwo Fundamental Time ScalesnProcessor: sec.nExternal events: sec.lllnCan execute manyinstructions while waitingfor external event to onCan alternate amongprocesses without any

Time Scale (1 Machine)ms1 ms

Disk Access

2Measurement ChallengeMeasurement ChallengeHow Much Time Does Program X Require?How Much Time Does Program X Require?nCPU timelHow many total seconds are used when executing X?lMeasure used for most alSmall dependence on other system actinActual (�Wall�) TimelHow many seconds elapse between the start and thecompletion of X?lDepends on system load, I/O times, etc.Confounding FactorsConfounding FactorsnHow does time get measured?ncomputing resourceslTransient effects when switching from one process to anotherlSuddenly, the effects of alternating among processes become

2�Time� on a Computer System�Time� on a Computer System real (wall clock) time= user time (time executing instructions in the user p+= real (wall clock) tiWe will use the word �time� to refer to user time.= system time (time executing instructions in kernel on of user proces+= some other user�s time (time executing instructions different user�s process)cumulative user time

2Activity Periods: Light LoadActivity Periods: Light LoadnMost of the time spentexecuting one procenPeriodic interrupts everylInterval timerlnOther interruptslDue to I/O activitynInactivity periodslSystem time spentl 01

2Activity Periods: Heavy LoadActivity Periods: Heavy LoadnSharing processor with one other active procnFrom perspective of this process, system appears to be�inactive� for ~50% of the timelOther process is exec 01

2Interval CountingInterval CountingOS Measures Runtimes Using Interval OS Measures Runtimes Using Interval nMaintain 2 counts per processlUser timelSystem timenEach time get timer interrupt, increment counter forexecuting processlUser time if running in user modelSystem time if running in kernel mode

2Interval Counting ExampleInterval Counting Example

AuAuAuAsBuBsBuBuBuBuAsAuAuAuAuAuBsBuBuBsAuAuAuAsAsA110

( I m B B A A A ( b ) T e s B A A B A 1 . . 060708090100000000A

BuAsAuAuAuAuAuBsBuBuBsAuAuAuAsAsA1104B70 3 ( I A A A AuAuAuAsBuBsBuBuBuBuAsAuAuAuAuAuBsBuBuBsAuAuAuAsAsA110 I m B B A A A ( b ) T e s B A A B A 1 . . 060708090100000000A( A A B A 1 . . B . . 06070809

000A

2Unix CommandUnix Commandnl82 timer intervalsn0.30 seconds system timel30 timer intervalsn1.32 seconds wall timen84.8% of total was used running these processesl(.82+0.3)/1.32 =

2Accuracy of Interval CountingAccuracy of Interval CountingWorst Case AnalysisWorst Case AnalysisndnSingle process segment measurement can be off by nNo bound on error for multiple segmentslCould consistently underestimate, or consistently overestimate0 AA0 AA¥Computed time = 70ms¥Min Actual = 60 + e¥Max Actual = 80 — e

2Accuracy of Int. Cntg. (cont.)Accuracy of Int. Cntg. (cont.)Average Case AnalysisAverage Case AnalysisnOver/underestimates tend to balance outnAs long as total run time is sufficiently largelMin run time ~1 secondl100 timer intervalsnConsistently miss 4% overhead due to timer interrupts0 AA0 AA¥Computed time = 70ms¥Min Actual = 60 + e¥Max Actual = 80 — e

2Cycle CountersCycle CountersnMost modern systems have built in registers that arelVery fine grainedlMaintained as part of process state¨In Linux, counts elapsed global timention to accessnOn (recent model) Intel machines:l64 bit counter.lRDTSC instruction sets to high order 32-bits, %eax to loworder 32-bits

2Cycle Counter PeriodCycle Counter PeriodWrap Around Times for 550 MHz machineWrap Around Times for 550 MHz machinenLow order 32 bits wrap around every 2nHigh order 64 bits wrap around every 26l1065 yearsFor 2 GHz machineFor 2 GHz machinenLow order 32-bits every 2.1 secondsn

2Measuring with Cycle CounterMeasuring with Cycle CounternGet current value of cycle counterlstore as pair of unsigned�s cyc and cyc_lonCompute somethingnGet new value of cycle counternPerform double precision subtraction to get elapsed c{}

2Accessing the Cycle .Accessing the Cycle .nGCC allows inline assembly code with mechanism formatching registers with program variablesnCode only works on x86 machine compiling with GCCnEmit assembly with and two instructions{}

2Closer Look at Extended ASMCloser Look at Extended ASMInstruction StringInstruction StringnSeries of assembly commandslSeparated by � or �\n�lUse �%%� where normally would use %�"}{}

2Closer Look at Extended ASMCloser Look at Extended ASMnExpressions indicating destinations for values , , �, jlEnclosed in parenthelMust be ¨Value that can appear on LHS of assignmentnTag indicates that symbolic value (, etc.), should be"}{}

2Closer Look at Extended ASMCloser Look at Extended ASMInput ListInput ListnSeries of expressions indicating sour, ,�lEnclosed in parenthelAny expression returning nTag indicates that symbolic value (, etc.) will come from"}{}

2Closer Look at Extended ASMCloser Look at Extended ASMClobbers ListClobbers ListnList of register names that get altered by assembly instructionnCompiler will make sure doesn�t store something in one of theseoss lValue set before & used after"}{}

2Accessing the Cycle . (cont.)Accessing the Cycle . (cont.)Emitted Assembly CodeEmitted Assembly CodenUsed for (replacing )nUsed for (replacing )nDoes not use or for value that must be carriedmovl 8(%ebp),%esi# himovl 12(%ebp),%edi# lo#APPrdtsc; movl %edx,%ecx; movl %eax,%ebxmovl %ecx,(%esi)at *himovl %ebx,(%edi)at *lo

2Completing MeasurementCompleting MeasurementnGet new value of cycle counternPerform double precision subtraction to get elapsed cn to avoid overflow problems{}

2Timing With Cycle CounterTiming With Cycle CounterDetermine Clock Rate of ProcessorDetermine Clock Rate of ProcessornCount number of cycles required for some fixed number ofTime Function PTime Function PnFirst attempt: Simply count cycles for one execution of P

2Measurement PitfallsMeasurement PitfallsnCalling incurs small amount of overheadnWant to measure long enough code sequence Unexpected Cache EffectsUnexpected Cache Effectsnne.g., these measurements were taken with the Alpha cyclefoo1(array1, array2, array3); cycles */foo2(array1, array2, array3); cycles */foo2(array1, array2, array3); cycles */foo1(array1, array2, array3); cycles */

2Dealing with Overhead & CacheDealing with Overhead & CachenAlways execute function once to �warm up� cachenKeep doubling number of times execute P() until reach somelUsed CMIN = 50000;;/

2Multitasking EffectsMultitasking EffectsCycle Counter Measures Elapsed TimeCycle Counter Measures Elapsed TimenKeeps accumulating during periods of inactivitylSystem activitylRunning other processesKey ObservationKey Observationntimates program run timenK-Best Measurement SchemeK-Best Measurement SchemenPerform up to N (e.g., 20) measurements of functionnSee if fastest K (e.g., 3) within some relative factor e K

2nWithin one timer intervalnEven when heavily lnLight load: ~4% errorlnHeavy load: Very high error

Il Peium

n1010

3050pt (m

L1L

2For TimerFor TimerSubtract Timer OverheadSubtract Timer OverheadnEstimate overhead of singleinterrupt by measuring pof inactivitynCall interval timer to denumber of interrupts that hanLight load: 0.2% errornHeavy load: Still very higherrorK = 3, = 0.001

Intel Pentium III, Li

r Tim Ir 010 )

2on NTon NTnScheduler allows process torun multiple intervalsnLight load: 2% errornHeavy load: Generally high errorK = 3, = 0.001 II, Win

1011110

15020300

e (ms)

a

ad1

2Time of Day ClockTime of Day ClocknUnix functionnReturn elapsed time since reference time (Jan 1, 1970)nlUses interval counting on some machines¨Coarse grainedlUses cycle counter on others¨Fine grained, but significant overhead and only 1microsecond resoluti

2K-Best Using K-Best Using nAs good as using cynFor times > 10 micnImplemented by innToo coarse-grained

Using ttio

-4-3-2-

34500

0Ee U

iNTLixLi

2Measurement SummaryMeasurement SummaryTiming is highly case and system dependentTiming is highly case and system dependentnWhat is overall duration being measured?l> 1 second: interval counting is OKl<< 1 second: must use cycle countenOn what hardware / OS / OS version?lAccessing counters¨ is implementedlTimer interrupt overheadlScheduling policyDevising a Measurement MethodDevising a Measurement MethodnLong durations: use Unix timing functionsnShort durationslIf possible, use lOtherwise must work with cycle lK-best scheme most successful