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Purpose:

The purpose of this note isto explain some fine points regarding performance
measurement, especially the timing of computer software. Aswith any tool, understanding
what the tool does and what it does not do isimportant to practical use of the tool.
Thereforeit is necessary to understand in detail what atiming function really does.

Problems:

This study arose because we noticed some anomalies in trying to time some MPI*
programs using the freeware MPICH library?:

* Different processes running on the same processor would frequently report
different timer resolutions.

* Timings of MPICH processes were inconsistent and scattered.

When running MPI programs under the shared memory option of MPICH, we have each
process initialize various constants. In particular, the processor’ stimer resolution is
initialized. Thisresolution isthe so-called tick value. Asall processes under shared
memory run on the same processor, all processes should determine the sametick value. As
they do not, the program chtick.c that calculates the tick value is not afunction. An
alternative program is presented below.

Unfortunately, the mpich library code for determining the timer resolution (the so-called
tick) fails because it takes the minimum of severa readings. Reading the high resolution
timer once takes several ticks. Independent determinations of the resolution are therefore
not consistent. We correct this problem by defining atick function that takes the greatest
common denominator of severa short, independent unsigned integer timeintervals. Each
interval calculated isthe unsigned difference of two integer times, accurately determining
any interval shorter than the recycling time of thetimer. For example, 3-1022 =5 given a
timer that returns aten-bit unsigned integer time. The greatest common denominator of a
few such differences will converge to the timer resolution.

/* This returns a value that is probably

the best value for mninmuminteger val that
could be returned. It makes several
separate stabs at conputing the tick val ue,
and cal cul ates the greatest common divi sor

of all the differences.

* % ok X X %

*/

fulltinme RK tick() {
fulltime To, dT, gcdT = (fulltime)O;

i nt cnt, icnt;
To = RK time((fulltine)0); [* 0 == product of all */
for (icnt=0; icnt<10; icnt++) {
cnt = 10000; /[* To == TimeJd */
while (cnt--) {
dT = RK tine(To); [* dT == TineK - TineJd */
if (dT) break; };
/* assune dT is elapsed time * dT%ick == 0 */
/[* To += dT; /* To == TineK */
do { gcdT % dT; /[* 0 <= gcdT=D0 < dT=D1 */
dT -= gcdT; /* 0=gcdT-D0 < dT=D1-D0 */

gcdT += dT; [* dT=D1- D0 < gcdT=D1 */



dT = gcdT - dT; [* dT=D0 < gcdT=D1 */
} while (dT); [* dT == 0 */
/* gedT%ick == 0 */ };
/* P(gcdT == tick) is high */
return gcdT; }

A program that was supposed to measure round trip interprocess communication speed
showed that communicating with a different process is sometimes two orders of magnitude
dower than a process communicating with itself. However, the measurements show much
variance. What isthe source of that variance? Much of that variance arises largely from
system interrupts, such as those that maintain the console screen saver.

What do our measurements mean, if anything? The analysis below shows how to extract
meaningful results from noisy timing data.

Approach:

| defined a benchmark function that should runin linear time as a function of its parameter,
which is of the same integer type as the timer uses to represent times:

/* This procedure counts to N and stops.

* |t provides a standard for testing tiners.
*/

typedef hrtime t fulltine;

void RK count( fulltime N) {
while(--N /*no-op*/; }
My approach was:

1. totimeaprogram that should runintimethat isalinear function of aparameter N,

2. tocorrelate actua run timeswith various values of N (mathematically and graphically in
Excd),

3. torefine the benchmark software and analytic techniques as necessary.

Idedlly, the graph should be linear, with the Y -intercept showing the overhead independent
of the calling program’ s parameter. Other properties of the timer should be apparent in the
shape of the graph.

Experiments:

Thefirst experiment obtains timings T(N) for various values of N. Various bumpsin the
graphs for two runs can be attributed to sources outside the program (such as interrupts),
because the minimum of the two curves appearslinear. Any run will take a certain required
amount of time to accomplishitsown task. Any time that one run takes which another does
not, was not required by the computation. We should therefore combine data for the same
experiment from several runs by taking the minimum value rather than the average value,
which has no significance in the timings we are trying to determine. We copy the timing
datato an Excel spreadsheet for analysis and plotting:
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Plotting T1, T2, ..., Y, =minimum(Tk, for k=1,2,...) versus X,, =N for various large values
on N shows adiagona line with small bumps. The bumps are small relative to the range of
T(N). A least squaresfit of the datato a straight line is obtained statistically with:

* Y, =f(Xy) = Yot X *dY approximately

® dY = covariance(X,Y)/variance(X) = extratime required when N isincremented

* Yo=mean(Y) - dY*mean(X) = overhead time required independent of N
asshown in an old timing study®.

Smal| excesstimes over the straight line projection of required times, T1, - Y, T2, - Yy, -y
should plot as ahorizontal line, greatly magnifying the bumps that represent the excess
times:
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We expected the excess times graph to have a horizontal minimum, but it started negative
and rose slowly. Expecting that interrupts are more likely during long runs, we increased
the number of runs (showing only afew below) and reduced the range of N:
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Seeing the discretization, but not desiring the rounded curves, we marked the data points and
suppressed data smoothing in Excel’ s graph plotting package:
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Why are the steps not horizontal? We eventually determined that roundoff error relating to
the timer resolution causes this strange behavior as akind of Moiré pattern. The timer
resolution (500 ns) is alittle larger than the unit cost (359 ns per step), resulting in akind of
beat. This problem depends on the resolution of the timer. Correcting this problem
depends on determining the resolution of the timer.

Changing the linear subtrahend to alinear step function cures the above Moiré problem.
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Some of the excesses are negative because our estimate of the required timeisinflated by
interrupts that support the console screen saver of the host processor. Interrupts are more
likely to occur when longer benchmarks are running; these interrupts tend to increase
timings for longer runs. Projections for very short runswill then be overestimated, leading
to negative excesstimes. Finding abetter fit to the data alleviates this problem:

* GivendaaX,>0,Y,>0forN=1,..,S1

* FindYo,dY suchthat f(X,) =[Yot+ X *dY] <=Y,,

* where ¥ (Y, -f(X))=2Y -YorY1-dY*YX isminimal,
® which occurswhen Yo + dY*mean(X) is maximal.

Thisisalinear programming problem resulting in a“least vauesfit” with no negative
excesses. A genera solution to such a problem combines data from many trials without
requiring specific trialsto be rerun. The data used above (excepting case X, = 0, whichis
ignored) resultsin agood least valuesfit (the X axis) lying just under al the data points:
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Running on a host without a console removes many interfering interrupts. Increasing the
number of runs reduces the overestimates, resulting in a horizonta line for the minimum
timing (within the timer resolution), even for alarger range for N:
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The timing data can be analyzed asit is collected by determining the lower half of the
convex hull of timings as plotted against the iterations parameter. A forthcoming paper”
will discuss atechnique for accurately analyzing such ill-conditioned data.

We have shown how to get accurate timings for asimple benchmark program. We can use
the same techniques to get good timing data for other programs. Just define afunction that



should require timethat islinear with its parameter. Correlating minimal timings with N
reveals the unit cost of incrementing N to a greater precision than the timer resolution
suggests. TheY intercept indicates all the fixed overhead in doing the timing.

For example, defining a program that performs a block copy of N bytes resultsin timings
that reveal the block copy cost per byte. Declaring all buffersto be of some large fixed size
makes any cost related to the buffer size constant.

For another example, consider a program that sets up some situation a hundred times,
performing some action to be measured in N of those situations. Correlation will revea the
actual time required for the action as the dope of the last-valuesfit to the data. This method
lets us time parts of a program that are not easy to run separately.

Conclusions:
The above study resulted in the following conclusions:

Independent timings should not be averaged.

The time required by aprogram is the smallest timing possible.

Excess over required time represents system overhead.

The minimum possible nonzero timing may exceed the timer resolution.

Thetick value divides every small timeinterval, so the greatest common denominator
convergesto thetick value.

The average of independent timingsisjust the required time plus the average noise. In
analyzing a program, we need to know the direct effects of that program. In predicting
typical performance of aprogram, we can include average noise separately.

No timing of aprogram can show lesstime than the time required by the program. The
smallest timing thereforeis closest to the required time.

Subtracting the estimated required time (in ticks) from the measured time of aprogram
shows the excess, which is noise due to system overhead. The excessisidedly zero, and
plotting that excess against the parameter N magnifies the discrepancies.

Anidea timer would have very high resolution, so that accessing the timer may take many
ticks. We assume that timer updates are always accomplished by adding some multiple of
thetick value to some unsigned K-bit counter, so small differences will be unsigned
multiples of thetick value.
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Expectations:
The MPICH program chtick.c should be repaired, perhaps as shown in my tick function.
We will post this note as a web page and notify various interested groups of its existence.

Our timing studies will surely benefit from thisanalysis. The PGMT scheduler will need
accurate timing datato do itsjob well.

This note tells how to improve timing studies. Applying itslessonswill ultimately result in
better understanding and improved software performance.
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