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Abstract

Thiswork attemptdo determinehe performanceharacteristicef a network of
workstations. A simple programis written in C to determinethe peakprocessing
speedandthecachesizes(L1 and/orL2) of agivenworkstation.AnotherC program
usingthe MPI librariesincorporatingmessagsend/receiesis usedto determinghe
messageatart-uptime, incrementamessageostandthe communicatiorbandwidth
of a given network of workstations(NOWSs). The variation of the communication
bandwidthwith the numberof processorss studied.

1 Approach

Performancesharacteristicef two machinesare soughtin this work: COCQA and
the CSEPond101 network of workstations. COCQA (COsteffective COmputing
Array) is a PennStateDepartmenbf Aerospaceéengineeringnitiative to bring low
costparallelcomputingto the departmentalevel. COCQA is a 50 processoclus-
ter of off the shelf PCs(Dual Pentium-11400 Mhz with 512 MB RAM) connected
via fast-etherne€100 Mbit/sec)andrunsLinux for the operatingsystem.A single
Baynetvorks 24-portfast-etherneswitch with a backplanebandwidthof 2.5 Gbps
is usedfor the networking. Themachinesn Pond101 consistof 40-oddSUNSpa¥
¢ workstations(of varying speedsonnectedsia a switched100 Mbit/secnetwork
(fastethernetywith two 24 hubslinkedtogethertthrougha singleethernetonnection.

An explanationof the performationmetricsthatwe arelooking for, is explained
below:

1. Mflops: “Mflops” is astandardneasuref performancdor any processoused
primarily for numericalcomputationsandis calculatedoy keepingtrackof all
thefloating point operationgadditions,subtractionsinultiplicationsanddivi-
sions)thatarecarriedonduringtheexecutionof aprogram.Thesecalculations
areonly countedwhenperformedonf | oat ordoubl e typevariablesandnot
for integers(sinceinteger arithmeticis relatvely simplerandis handledin a



differentway by the processor)OneMflops standsor onemillion (10°) float-
ing point operationgper second. Mflops rating is indicative of a processos
performancdor numericalcomputationsandis usuallydirectly proportional
to it's clock speedfor the sameclassof processors).

. Cache

e L1 cache:Level 1 (L1) Cacheconsistsof high speednemorybuilt into
the processor By usingthis cache the processocanaccesdrequently-
requestediatamore quickly. The amountof Level 1 cachevariesfrom
processoto processqrandis not upgradable.L1 cacheusually range
from 8 KB to 128KB.

e L2 cache: Level 2 (L2) Cacheis separatdrom the processomndit is
upgradeable.lt is an order of magnitudeslower thanthe L1 cachebut
several times fasterthan the main memory (RAM). The Level 2 cache
works in conjunctionwith the microprocessos’ internal cache(L1) to
provide maximumperformance.The total amountof supported_evel 2
Cachealsovariesfrom computer L2 cacheusuallyrangefrom 128 KB
to 4 MB.

Otherhardwarebeingthe same,n mostcasesa larger cachesizeusually(but
not necessarilyJeadsto fasterperformance.Whenthe problemfits entirely
withing the cachesize, the performanceof the programcan be seseral times
fasterthanon a machinewithout cache.Thus,the knowledgeof cachesizeis
quite beneficialin predictingthe performancef a specificnumericalcode.

. Messagestart-up time (ts) or Latency: Lateng, a synorym for delay is an
expressionof how muchtime it takes for a paclet of datato get from one
designategboint on the network to another Anotherway of looking atit is to
visualizeit asthetime takento establisha connectiorbetweertwo pointsona
network, beforeary communicatiortakesplace.Whenthereareseveralsmall
messagebeingtransmitted/echangd on a network at differenttimes(which
is a farely commonoccurencdor alot of applications))ateny is the biggest
bottleneckfor the performance.

. Incrementalmessagecost (t,): Thisis thetime takento transmit/receie ev-
ery additionalbyte of informationbetweentwo nodesin a network, oncethe
communications establishedbetweerthem. Thisis justanotherform of mea-
suringcommunicatiorspeedasits reciprocalgivesthe achievable communi-
cation bandwidth(i.e., the amountof datathat canbe transmittedin a fixed
amountof time), whichis amorecommonlyusedperformanceanetric.

Two small programsarewritten in ANSI C usingthe MPI (MessagePassinginter-
face)librariesfor messag@assingthusmakingthe implementatiorportableacross
all UNIX platforms. The first programbarely usesMPI calls exceptfor the tim-
ing routine (using Pl "W i ne()), andis usedto determinethe peak Mflops rat-
ing andthe cachesizesof the processor To measureghe peakMflops of the pro-
cessar this programdoesa simple set of floating point calculationsof the form
X = ay + byi+1 + ¢yir2 + dyi+3 usingloop unrolling to minimize the costdueto
loop overhead.To measurehe cachesizesthearraysx andy; areinitially allocated
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alarge numberof elementg10° in our case),andonly a continuoussubsebf their
elementsare accessedh increasingorderto determinethe Mflops. Then,the dis-
continuitiesin the array size vs Mflops graph,if ary, depictthe cachesizesof the
processor

ThesecondrogramusesvPl _Send() /MPI _Recv() callsin MPI to communicate
betweerprocessorsThesizeof themessag®eingcommunicateds variedin aloop
to determindts effect on the communicatiortime, andthe sameprocesss repeated
for severalpairsof processorsommunicatingn parallel. Thegraphthenrevealsthe
lateny andbandwidthfor the network, andthe effect duetheincreasinghumberof
communicatingpairs.

Boththeprogramsareattachedatthe endof thereportfor perusal.

2 Results

The output from the first programis usedto generatethe plots in Figuresl and
2. The programswere compiledusingthe bestpossibleoptimizationflags for the
given architecture(i.e, npi cc -fast onthe PondLab machinesandnpi cc - 06
-mpentiunmpro -funroll-1o0ops onCOCQA). They wererunatthehighestpriori-
ty (usingtheni ce - 19 commandn UNIX), asotherwisealot of noiseis generated
in the resultsowing to the constaniswappingin andout of the processesueto the
multitaskingnatureof the operatingsystem.

Looking atFigurel, it is clearthatthe L1 cacheon oneof themachinesn Pond
101,mel mak. cse. psu. edu, is 32KB, sincewe getasharpdiscontinuityaroundthat
point. The otherdiscontinuity althoughnot sosharp leadsusto believe thatthe L2
cacheis mostlikely 1 MB (i.e., 1024KB) asthe performancestartsto deteriorate
muchmore sharplybeyond that point [Note: The cachesizesare usuallya power
of 2, hencewe eliminatepredictionssuchas900 KB or 1100KB]. The plot also
revealsthe peakprocessingspeedof nel mak to be around175 Mflops, which is
obtainedwhenthe problemfits entirelyin the L1 cache.Oncethe problembecomes
large enoughto notfit in eitherthelL1 or L2 cachethe processingpeedyoesdonn
drasticallyandbecomes constan84 Mflops.

Similarly, looking at Figure 2, we find thatthe L1 andL2 cachesizesfor the
COCQA sener (Intel Pentiumll Xeon 450 Mhz processorare 16 KB and1 MB
respectiely, while thatfor the the COCQA client nodes(Intel Pentiumll 400 Mhz
processorsare16 KB and512KB respectiely. A possibleexplanationfor the per
formancedrop-of around16 KB, which is well belav the Intel specifiedsize of 32
KB for boththe CPUs,is becausé¢he statedL1 cacheactuallyconsistsof two parts:
16 KB of datacacheand16 KB of instructioncache.For our application,it is the
datacachethatis relevant (andis measured)asthe instructioncacheis primarily
utilized for the CPU instructions(asthe nameclearly states).The peakprocessing
speedn this caseis seento be 255Mflops for the Pentiumll Xeon450Mhz proces-
sorand225Mflopsfor thePentiumll 400Mhz processo(note:255/450~ 225/400
as0.567= 0.563,whichshavsthatthespeedsiredirectly proportionalto theirclock
speeds)Oncetheproblemsizebecomesargeenoughto notfit in eitherof thecache,
the processingpeeddropsdown to a constanof about70 Mflopsin boththecases.



Relatingtheseperformancdiguresto the relaxationproblemthatwasdiscussed
in Assignmenttl, we cansaythat the peakMflops rateis only achevable for the
problemif the total datasize of the problemfits entirely in the L1 datacacheof
the processor(which is 32 KB for someof the PondLab machines,and 16 KB
for COCQA). Assumingthat we are running the secondversionof the relaxation
algorithm,which usesonly a singlek x k arrayof type doubl e (8 bytes),we canfit
aproblemwith agrid aslargeas45x 45in 16 KB of L1 datacacheand64 x 64 in
32KB of L1 datacache.

The outputfrom the secondprogram(run on COCQA) is usedto generatehe
plotsin Figures3 and4. Figure 3 plotsthe communicatiortime vs messagaizefor
all the processopairsasa scatterandfits two straightlineson the data,oneeachfor
thetwo differentslopesclearly seenin the plot. Thediscontinuityis seenat around
a messagesize of 1500 bytes, which can be easily explained by the fact that the
Maximum TransferUnit (MTU) seton the ethernetcardsfor eachof the nodeson
COCQA is also1500bytes. Thus, messagesmallerthan 1500 bytesoftenendup
leaving holesin thepaclet, thusdecreasinghebandwidth.Fromthefigure,thestart-
up time (ts: y-interceptof theline) for messagespto 1500bytesis notedas181.6
pse¢ andthat for messagetarger than 1500 bytesis seento be 275.2usec The
incrementamessageost(t,: slopeof theline) for messagemallerthan1500bytes
is seento be 0.1509usedbyte, correspondingo a bandwidthof 53.02 Mbits/sec.
For messagegreatetthanor equalto 1500bytes,theincrementamessageostgoes
down to 0.0918psedbyte, correspondingo a bandwidthof 87.15Mbits/sec. The
run on the PondLab machinescould not be completeddueto the unavailability of
suflicient resourcesindthe lack of time, but a preliminaryanalysisshaved thatthe
start-uptime of its network wasapproximatel\240 usecfor smallmessagsizes.

Fromfigure 4, we canseethatalthoughthe netcommunicatiorbandwidth(i.e.,
sumof communicatiorbandwidthsof eachcommunicatingpair of processorsjn-
creasesvith the numberof processorst is notexactly linear Whenthe numberof
simultaneaouslgommunicatingporocessopairsbecomedarge, the communication
time betweenevery pair increasesasthe backplanebandwidthof the switch gets
saturatedandthe messagesanno longerbe communicatedit the samespeed. It
canbe clearly seenin the figure, that the 12 processorcaseis slowver by about50
psecascomparedo the 2 or 6 processorcase. Oncethe numberof communicat-
ing pair becomesuficiently large, the netcommunicatiorbandwidthwill be solely
dictatedby the backplanéandwidthof the switch (whichis 2.4 Gbpsin the caseof
COCQ), andcanin no circumstancesxceedthat.

3 Conclusions

Theperformanceharacteristicgor anetwork of workstationshasbeensuccessfully
measuredh this work with the help of thetwo programddiscussedbore. The peak
processingspeedfor nel mak. cse. psu. edu was measuredo be 170 Mflops, for
the COCQA sener (P-11 Xeon450)to be 255 Mflops, andfor eachof the COCQA
client nodes(P-Il 400) to be 225 Mflops. The L1 andL2 cachesizes(datacache
only) for nel mak wasfound to be 32 KB and 1024 KB respeciiely, for COCQA
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sener to be 16 KB and1024KB respecirely, andfor the COCQA client nodesto

be 16 KB and512 KB respectiely. It canbe seenthatthe processingpeeddrops
drasticallyoncethe problemsize grows larger thanthe L1 andL2 cache(A drop
175— 130— 84 Mflopsis seenfor nel mak, 255— 207 — 65 Mflops for COCCA

sener, and225— 166— 75for the COCQA clientnodescorrespondingo thedata
residingin L1 cachel.2 cacheandmainmemory respectrely). To achieve thepeak
processingpeedgcareshouldbetakento make theproblemfit entirelyin theL1 data
cacheandthebestoptimizationflagsfor the availablecompilershouldbe used.

For the communicationcharacteristicsit is seenthat asthe messagesize goes
abore 1500bytes(for COCQA), the messagestart-uptime (i.e., lateny) increases
(from 0.182msto 0.275ms, i.e., 51% increase) but so doesthe communication
bandwidth(from 53.02Mb/s to 87.15Mb/s, i.e, 64% increase).This hasbeenex-
plainedduethe MTU on the ethernetcard (or raw paclet size) beingsetas 1500
bytes.Also, it is impressie to notethata communicatiorbandwidthashigh as87%
of the peaktheoreticalbandwidth(of 100 Mb/s) canbe obtainedon COCQA. It is
alsoseenthatthe netcommunicatiorbandwidthtendsto saturatewith theincrease
in thenumberof communicatingpairs. This canbe attributedto thefinite backplane
bandwidthof theswitchandthepossibilityof otherprocessoréownedby otheruser
s) communicatingat the sametime.
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/* "progl.c" */
/****************************************************************************/
#incl ude <stdio. h>

#incl ude <stdlib.h>

#include <math. h>

#include "npi.h"
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#define STOPCOUNT 19
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int main(int argc, char *argv[])

{

int maxsi ze, nsanples, unroll =4, count;

int i, k, isize, ipl, ip2, ip3;

doubl e *X, *y, a, b, ¢, d;

doubl e drand48();

doubl e factor, flops_per_|loop, nflops, nflops, size, starttine, tine;
FILE *out;

out = fopen("progl.out","w');
MPI _I ni t (&argc, &argv);
maxsi ze = 1000000; // 2 arrays of this size = 16MBytes

(double *) malloc (maxsize * sizeof(double));
(double *) malloc (maxsize * sizeof(double));

X =
y =
printf("Mxsize = % KB\n", maxsi ze*si zeof (doubl )/ 1024. 0) ;

isize = 200; factor = 1.6; flops_per_loop = 28.0, count = 1;

/1 main |oop, keep increasing active set size until as large as allocated memory
while (isize < (maxsize - unroll))

{

/'l set nsanples large relative to tick, but not too |arge

nsanpl es = 1000;

size = nsanples * sizeof (double);

/1 total number of flops per tining (note done as doubl e)

nflops = flops_per_| oop*nsanpl es*1. 0%i si ze/ unrol | ;

[/ initialize and get active set in cache
for (i =0; i <isizetunroll; i++4)

x[1] = drand48(); y[i] = drand48();

}
a = drand48(); b = drand48(); c = drand48(); d = drand48();
/1 timng |oop

starttime = MPI_Wime();
for (k = 0; k < nsanpl es; k++)

{
/1 actual calculation, unrolling to mnimze indexing overhead
for (i =0; i <isize; i += unroll)
{
ipl = i+l; ip2 =i+2; ip3 =i+3;
x[i] ~=a*y[i] + b*y[ipl] + c*y[ip2] + d*y[ip3];
x[ipl] = b*y[i] + c*y[ipl] + d*y[ip2] + a*y[ip3];
x[ip2] = c*y[i] + d*y[ipl] + a*y[ip2] + b*y[ip3];
x[ip3] = d*y[i] + a*y[ipl] + d*y[ip2] + c*y[ip3];
}
}

time = MPl_Winme() - starttinme;

/1 calculate and print



nflops = nflops * 1.0e-6 / tine;

printf("size(%) = % KB; nflops(%l) = %;\n", count,
2.0*isize*8.0/1024.0, count, nflops);

fprintf(out,"% %\n", 2*isize*8.0/1024.0, nflops);

fflush(out);

count ++;

if (count == STOPCOUNT) break;

isize = (int) (factor * ((double) isize));

}

fclose(out);
MPl _Finalize();
return 0;
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/* "prog2.c" */
/****************************************************************************/
#include <stdio. h>

#include <stdlib.h>

#include <unistd. h>

#include <math. h>

#include "npi.h"
l****************************************************************************/
/1 Program 2 outline

#define START_LEN 0

#define FINISH_LEN 101000

#define NUM I NCR 101

#define NUM_SAMPLES 1000

#define SLEEP_VAL 1

#define MASTER (nyid == 0)
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int main(int argc, char **argv)

char *buffer;

int count1, count2;

int dest, order;

| ong s_val = SLEEP_VAL;

int np, nyid, p, i, j, start_len, finish_len, inc;

double timel, tine2, work, t;
FILE *out = NULL;
MPI _Status npi stat;

start_len = START_LEN,
finish_len = FINI SH_LEN;
inc = (finish_len-start_len)/NUM I NCR

MPI _I ni t (&argc, &argv);
MPl _Conm si ze( MPl _COMM WORLD, &np) ;
MPl _Conm r ank( MPl _COWM WORLD, &nyi d);

printf("nyid = %, np = %\n", nyid, np);
fflush(stdout);

if (MASTER)
out = fopen("prog2.out", "w');

if ((myid %2) == 0)

dest = nyid + 1;
order = 0;

}

el se

dest = nyid - 1;
order = 1;

}

/1 character array for sending back and forth...
buffer = (char *) malloc(sizeof(char)*finish_|len);

countl = 1;
/1 1oop over pairs of processors...
/'l increase the number of pairs by 2 each time through...
for (p=2;, p<=np; p+=2)
{

count2 = 1;

i = start_len;
while (i < finish_len)

10



/1 sync everyone up...
MPl _Barrier(MPI _COW WORLD) ;

timel = WPl _Wine();

if (nyid < p)
{
for (j =0; j < NUM_SAWPLES; | ++)

{

if (order == 0)

MPl _Send(buffer,i, VPl _BYTE, dest, 11, MPl _COVM WORLD) ;

MPl _Recv(buffer,i, VPl _BYTE, dest, 11, MPl _COVMM WORLD, &npi stat ) ;

}

el se

MPl _Recv(buffer,i, VPl _BYTE, dest, 11, MPl _COVMM WORLD, &npi stat ) ;
MPI _Send(buffer,i, Ml _BYTE, dest, 11, VPl _COW WORLD) ;
}
}

}
time2 = MPI_Wine();

/1 wait a small amount of tine to avoid interrupting
Il other processes
sleep(s_val);

/1 get the avg of the tines across the participating procs
t = tinme2-tinel;
work =t;
NPl _Al | reduce(&work, &, 1, MPl _DOUBLE, MPI _SUM MPI _COVMM WORLD);
t /=p;
if (MASTER)
{
int mcrosec = floor(t/(2*NUM SAVPLES) *1. 0e+6);
printf("size = % bytes, t = %l mcrosec, %l processors\n",
i, mcrosec, p);
fprintf(out,"% % % % %\n",i, mcrosec, p,
countl, count2);
fflush(stdout);
fflush(out);
}
count 2++;
/1 some rule for incrementing message size with inc
i +=inc;
}
count 1++;
if (MASTER)

fprintf(out,"\n");
fflush(out);

}
free(buffer);

if (MASTER)
fclose(out);

MPl _Final i ze();

return 0;

}
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