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Abstract

Thiswork attemptsto determinetheperformancecharacteristicsof anetwork of
workstations.A simpleprogramis written in C to determinethe peakprocessing
speedandthecachesizes(L1 and/orL2) of agivenworkstation.AnotherC program
usingtheMPI librariesincorporatingmessagesend/receivesis usedto determinethe
messagestart-uptime, incrementalmessagecostandthecommunicationbandwidth
of a given network of workstations(NOWs). The variationof the communication
bandwidthwith thenumberof processorsis studied.

1 Approach

Performancecharacteristicsof two machinesaresoughtin this work: COCOA and
the CSEPond101 network of workstations.COCOA (COsteffective COmputing
Array) is a PennStateDepartmentof AerospaceEngineeringinitiative to bring low
costparallelcomputingto thedepartmentallevel. COCOA is a 50 processorclus-
ter of off theshelf PCs(Dual Pentium-II400Mhz with 512 MB RAM) connected
via fast-ethernet(100 Mbit/sec)andrunsLinux for the operatingsystem.A single
Baynetworks 24-portfast-ethernetswitch with a backplanebandwidthof 2.5 Gbps
is usedfor thenetworking. Themachinesin Pond101consistsof 40-oddSUNSpar-
c workstations(of varyingspeeds)connectedvia a switched100Mbit/secnetwork
(fastethernet)with two 24hubslinkedtogetherthroughasingleethernetconnection.

An explanationof theperformationmetricsthatwe arelooking for, is explained
below:

1. Mflops: “Mflops” is astandardmeasureof performancefor any processorused
primarily for numericalcomputations,andis calculatedby keepingtrackof all
thefloatingpoint operations(additions,subtractions,multiplicationsanddivi-
sions)thatarecarriedonduringtheexecutionof aprogram.Thesecalculations
areonly countedwhenperformedonfloat or double typevariables,andnot
for integers(sinceinteger arithmeticis relatively simplerandis handledin a
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differentwayby theprocessor).OneMflopsstandsfor onemillion (106) float-
ing point operationsper second.Mflops rating is indicative of a processor’s
performancefor numericalcomputations,andis usuallydirectly proportional
to it’s clockspeed(for thesameclassof processors).

2. Cache:
� L1 cache: Level 1 (L1) Cacheconsistsof high speedmemorybuilt into

theprocessor. By usingthis cache,theprocessorcanaccessfrequently-
requesteddatamorequickly. The amountof Level 1 cachevariesfrom
processorto processor, and is not upgradable.L1 cacheusually range
from 8 KB to 128KB.

� L2 cache: Level 2 (L2) Cacheis separatefrom the processorand it is
upgradeable.It is an orderof magnitudeslower than the L1 cachebut
several times fasterthan the main memory(RAM). The Level 2 cache
works in conjunctionwith the microprocessor’s internal cache(L1) to
provide maximumperformance.The total amountof supportedLevel 2
Cachealsovariesfrom computer. L2 cacheusuallyrangefrom 128KB
to 4 MB.

Otherhardwarebeingthesame,in mostcases,a largercachesizeusually(but
not necessarily)leadsto fasterperformance.Whenthe problemfits entirely
withing the cachesize,the performanceof the programcanbe several times
fasterthanon a machinewithout cache.Thus,theknowledgeof cachesizeis
quitebeneficialin predictingtheperformanceof aspecificnumericalcode.

3. Messagestart-up time (ts) or Latency: Latency, a synonym for delay, is an
expressionof how much time it takes for a packet of datato get from one
designatedpoint on thenetwork to another. Anotherway of looking at it is to
visualizeit asthetimetakento establishaconnectionbetweentwo pointsona
network, beforeany communicationtakesplace.Whenthereareseveralsmall
messagesbeingtransmitted/exchanged on a network at differenttimes(which
is a farelycommonoccurencefor a lot of applications),latency is thebiggest
bottleneckfor theperformance.

4. Incrementalmessagecost (tw): This is thetime takento transmit/receive ev-
ery additionalbyteof informationbetweentwo nodesin a network, oncethe
communicationis establishedbetweenthem.This is justanotherform of mea-
suringcommunicationspeed,asits reciprocalgivestheachievablecommuni-
cationbandwidth(i.e., the amountof datathat canbe transmittedin a fixed
amountof time),which is amorecommonlyusedperformancemetric.

Two smallprogramsarewritten in ANSI C usingtheMPI (MessagePassingInter-
face)librariesfor messagepassing,thusmakingtheimplementationportableacross
all UNIX platforms. The first programbarelyusesMPI calls except for the tim-
ing routine (using MPI Wtime()), and is usedto determinethe peakMflops rat-
ing andthe cachesizesof the processor. To measurethe peakMflops of the pro-
cessor, this programdoesa simple set of floating point calculationsof the form
xi

� ayi
�

byi � 1
�

cyi � 2
�

dyi � 3 using loop unrolling to minimize the cost due to
loopoverhead.To measurethecachesizes,thearraysxi andyi areinitially allocated

2



a large numberof elements(106 in our case),andonly a continuoussubsetof their
elementsareaccessedin increasingorder to determinethe Mflops. Then,the dis-
continuitiesin the arraysizevs Mflops graph,if any, depict the cachesizesof the
processor.

ThesecondprogramusesMPI Send()/MPI Recv() callsin MPI to communicate
betweenprocessors.Thesizeof themessagebeingcommunicatedis variedin aloop
to determineits effect on thecommunicationtime,andthesameprocessis repeated
for severalpairsof processorscommunicatingin parallel.Thegraphthenrevealsthe
latency andbandwidthfor thenetwork, andtheeffect duetheincreasingnumberof
communicatingpairs.

Both theprogramsareattachedat theendof thereportfor perusal.

2 Results

The output from the first programis usedto generatethe plots in Figures1 and
2. The programswerecompiledusingthe bestpossibleoptimizationflags for the
given architecture(i.e, mpicc -fast on the PondLab machines,andmpicc -O6
-mpentiumpro -funroll-loops onCOCOA). They wererunat thehighestpriori-
ty (usingthenice -19 commandin UNIX), asotherwise,a lot of noiseis generated
in theresultsowing to theconstantswappingin andout of theprocessesdueto the
multitaskingnatureof theoperatingsystem.

LookingatFigure1, it is clearthattheL1 cacheononeof themachinesin Pond
101,melmak.cse.psu.edu, is 32KB, sincewegetasharpdiscontinuityaroundthat
point. Theotherdiscontinuity, althoughnot sosharp,leadsusto believe thattheL2
cacheis most likely 1 MB (i.e., 1024KB) asthe performancestartsto deteriorate
muchmoresharplybeyond that point [Note: The cachesizesareusuallya power
of 2, hencewe eliminatepredictionssuchas900 KB or 1100KB]. The plot also
reveals the peakprocessingspeedof melmak to be around175 Mflops, which is
obtainedwhentheproblemfits entirelyin theL1 cache.Oncetheproblembecomes
largeenoughto not fit in eithertheL1 or L2 cache,theprocessingspeedgoesdown
drasticallyandbecomesaconstant84Mflops.

Similarly, looking at Figure2, we find that the L1 andL2 cachesizesfor the
COCOA server (Intel PentiumII Xeon 450 Mhz processor)are16 KB and1 MB
respectively, while that for the theCOCOA client nodes(Intel PentiumII 400Mhz
processors)are16 KB and512KB respectively. A possibleexplanationfor theper-
formancedrop-off around16 KB, which is well below theIntel specifiedsizeof 32
KB for boththeCPUs,is becausethestatedL1 cacheactuallyconsistsof two parts:
16 KB of datacacheand16 KB of instructioncache.For our application,it is the
datacachethat is relevant (andis measured),as the instructioncacheis primarily
utilized for theCPU instructions(asthenameclearlystates).Thepeakprocessing
speedin thiscaseis seento be255Mflops for thePentiumII Xeon450Mhz proces-
sorand225Mflopsfor thePentiumII 400Mhz processor(note:255� 450 � 225� 400
as0 � 567 � 0 � 563,whichshowsthatthespeedsaredirectlyproportionalto theirclock
speeds).Oncetheproblemsizebecomeslargeenoughto notfit in eitherof thecache,
theprocessingspeeddropsdown to aconstantof about70 Mflops in boththecases.
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Relatingtheseperformancefiguresto therelaxationproblemthatwasdiscussed
in Assignment#1, we cansaythat the peakMflops rate is only acheivable 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 COCOA). Assumingthat we are running the secondversionof the relaxation
algorithm,which usesonly a singlek � k arrayof typedouble (8 bytes),we canfit
a problemwith a grid aslargeas45 � 45 in 16 KB of L1 datacache,and64 � 64 in
32KB of L1 datacache.

The output from the secondprogram(run on COCOA) is usedto generatethe
plotsin Figures3 and4. Figure3 plotsthecommunicationtime vs messagesizefor
all theprocessorpairsasascatterandfits two straightlineson thedata,oneeachfor
thetwo differentslopesclearlyseenin theplot. Thediscontinuityis seenat around
a messagesize of 1500 bytes,which can be easily explainedby the fact that the
Maximum TransferUnit (MTU) seton theethernetcardsfor eachof the nodeson
COCOA is also1500bytes. Thus,messagessmallerthan1500bytesoften endup
leaving holesin thepacket, thusdecreasingthebandwidth.Fromthefigure,thestart-
up time (ts: y-interceptof the line) for messagesupto1500bytesis notedas181.6
µsec, and that for messageslarger than1500bytesis seento be 275.2µsec. The
incrementalmessagecost(tw: slopeof theline) for messagesmallerthan1500bytes
is seento be 0.1509µsec/byte, correspondingto a bandwidthof 53.02Mbits/sec.
For messagesgreaterthanor equalto 1500bytes,theincrementalmessagecostgoes
down to 0.0918µsec/byte, correspondingto a bandwidthof 87.15Mbits/sec. The
run on thePondLab machinescould not be completeddueto theunavailability of
sufficient resourcesandthelack of time, but a preliminaryanalysisshowedthat the
start-uptimeof its network wasapproximately240µsecfor smallmessagesizes.

Fromfigure4, we canseethatalthoughthenetcommunicationbandwidth(i.e.,
sumof communicationbandwidthsof eachcommunicatingpair of processors)in-
creaseswith thenumberof processors,it is not exactly linear. Whenthenumberof
simultaneaouslycommunicatingprocessorpairsbecomeslarge,thecommunication
time betweenevery pair increases,as the backplanebandwidthof the switch gets
saturated,andthe messagescanno longerbe communicatedat the samespeed.It
canbe clearly seenin the figure, that the 12 processorcaseis slower by about50
µsecascomparedto the 2 or 6 processorcase. Oncethe numberof communicat-
ing pairbecomessufficiently large,thenetcommunicationbandwidthwill besolely
dictatedby thebackplanebandwidthof theswitch(which is 2.4Gbpsin thecaseof
COCOA), andcanin nocircumstancesexceedthat.

3 Conclusions

Theperformancecharacteristicsfor anetwork of workstationshasbeensuccessfully
measuredin this work with thehelpof thetwo programsdiscussedabove. Thepeak
processingspeedfor melmak.cse.psu.edu was measuredto be 170 Mflops, for
theCOCOA server (P-II Xeon450) to be255Mflops, andfor eachof theCOCOA
client nodes(P-II 400) to be 225 Mflops. The L1 andL2 cachesizes(datacache
only) for melmak wasfound to be 32 KB and1024KB respectively, for COCOA
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server to be 16 KB and1024KB respectively, andfor theCOCOA client nodesto
be16 KB and512KB respectively. It canbe seenthat theprocessingspeeddrops
drasticallyoncethe problemsizegrows larger than the L1 andL2 cache(A drop
175 � 130 � 84 Mflops is seenfor melmak, 255 � 207 � 65 Mflops for COCOA
server, and225 � 166 � 75 for theCOCOA clientnodes,correspondingto thedata
residingin L1 cache,L2 cache,andmainmemory, respectively). To achievethepeak
processingspeed,careshouldbetakento maketheproblemfit entirelyin theL1 data
cache,andthebestoptimizationflagsfor theavailablecompilershouldbeused.

For the communicationcharacteristics,it is seenthat asthe messagesizegoes
above 1500bytes(for COCOA), the messagestart-uptime (i.e., latency) increases
(from 0.182ms to 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-
plaineddue the MTU on the ethernetcard(or raw packet size)beingsetas1500
bytes.Also, it is impressive to notethatacommunicationbandwidthashighas87%
of the peaktheoreticalbandwidth(of 100 Mb/s) canbe obtainedon COCOA. It is
alsoseenthat thenetcommunicationbandwidthtendsto saturatewith the increase
in thenumberof communicatingpairs.Thiscanbeattributedto thefinite backplane
bandwidthof theswitchandthepossibilityof otherprocessors(ownedby otheruser-
s) communicatingat thesametime.
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/****************************************************************************/
/* "prog1.c" */
/****************************************************************************/
#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include "mpi.h"
/****************************************************************************/
#define STOPCOUNT 19
/****************************************************************************/
int main(int argc, char *argv[])
{
int maxsize, nsamples, unroll = 4, count;
int i, k, isize, ip1, ip2, ip3;
double *x, *y, a, b, c, d;
double drand48();
double factor, flops_per_loop, nflops, mflops, size, starttime, time;
FILE *out;

out = fopen("prog1.out","w");

MPI_Init(&argc,&argv);

maxsize = 1000000; // 2 arrays of this size = 16MBytes

x = (double *) malloc (maxsize * sizeof(double));
y = (double *) malloc (maxsize * sizeof(double));

printf("Maxsize = %g KB\n",maxsize*sizeof(double)/1024.0);

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

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

{
// set nsamples large relative to tick, but not too large
nsamples = 1000;
size = nsamples * sizeof(double);
// total number of flops per timing (note done as double)
nflops = flops_per_loop*nsamples*1.0*isize/unroll;

// initialize and get active set in cache
for (i = 0; i < isize+unroll; i++)

{
x[i] = drand48(); y[i] = drand48();
}

a = drand48(); b = drand48(); c = drand48(); d = drand48();

// timing loop
starttime = MPI_Wtime();
for (k = 0; k < nsamples; k++)

{
// actual calculation, unrolling to minimize indexing overhead
for (i = 0; i < isize; i += unroll)

{
ip1 = i+1; ip2 = i+2; ip3 = i+3;
x[i] = a*y[i] + b*y[ip1] + c*y[ip2] + d*y[ip3];
x[ip1] = b*y[i] + c*y[ip1] + d*y[ip2] + a*y[ip3];
x[ip2] = c*y[i] + d*y[ip1] + a*y[ip2] + b*y[ip3];
x[ip3] = d*y[i] + a*y[ip1] + d*y[ip2] + c*y[ip3];

}
}

time = MPI_Wtime() - starttime;

// calculate and print
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mflops = nflops * 1.0e-6 / time;
printf("size(%d) = %g KB; mflops(%d) = %e;\n", count,

2.0*isize*8.0/1024.0, count, mflops);
fprintf(out,"%g %g\n", 2*isize*8.0/1024.0, mflops);
fflush(out);
count++;

if (count == STOPCOUNT) break;

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

fclose(out);
MPI_Finalize();
return 0;
}
/****************************************************************************/
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/****************************************************************************/
/* "prog2.c" */
/****************************************************************************/
#include <stdio.h>
#include <stdlib.h>
#include <unistd.h>
#include <math.h>
#include "mpi.h"
/****************************************************************************/
// Program 2 outline
#define START_LEN 0
#define FINISH_LEN 101000
#define NUM_INCR 101
#define NUM_SAMPLES 1000
#define SLEEP_VAL 1
#define MASTER (myid == 0)
/****************************************************************************/
int main(int argc, char **argv)
{
char *buffer;
int count1, count2;
int dest, order;
long s_val = SLEEP_VAL;
int np, myid, p, i, j, start_len, finish_len, inc;
double time1, time2, work, t;
FILE *out = NULL;
MPI_Status mpistat;

start_len = START_LEN;
finish_len = FINISH_LEN;
inc = (finish_len-start_len)/NUM_INCR;

MPI_Init(&argc,&argv);
MPI_Comm_size(MPI_COMM_WORLD,&np);
MPI_Comm_rank(MPI_COMM_WORLD,&myid);

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

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

if ((myid % 2) == 0)
{
dest = myid + 1;
order = 0;
}

else
{
dest = myid - 1;
order = 1;
}

// character array for sending back and forth...
buffer = (char *) malloc(sizeof(char)*finish_len);

count1 = 1;
// loop over pairs of processors...
// 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)

{
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// sync everyone up...
MPI_Barrier(MPI_COMM_WORLD);

time1 = MPI_Wtime();
if (myid < p)

{
for (j = 0; j < NUM_SAMPLES; j++)

{
if (order == 0)

{
MPI_Send(buffer,i,MPI_BYTE,dest,11,MPI_COMM_WORLD);
MPI_Recv(buffer,i,MPI_BYTE,dest,11,MPI_COMM_WORLD,&mpistat);

}
else

{
MPI_Recv(buffer,i,MPI_BYTE,dest,11,MPI_COMM_WORLD,&mpistat);
MPI_Send(buffer,i,MPI_BYTE,dest,11,MPI_COMM_WORLD);

}
}

}
time2 = MPI_Wtime();

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

// get the avg of the times across the participating procs
t = time2-time1;
work = t;
MPI_Allreduce(&work,&t,1,MPI_DOUBLE,MPI_SUM,MPI_COMM_WORLD);
t /= p;
if (MASTER)

{
int microsec = floor(t/(2*NUM_SAMPLES)*1.0e+6);
printf("size = %d bytes, t = %d microsec, %d processors\n",

i, microsec, p);
fprintf(out,"%d %d %d %d %d\n",i, microsec, p,

count1, count2);
fflush(stdout);
fflush(out);

}
count2++;
// some rule for incrementing message size with inc
i += inc;
}

count1++;
if (MASTER)

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

}

free(buffer);

if (MASTER)
fclose(out);

MPI_Finalize();

return 0;
}
/****************************************************************************/
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