
CS213,Fall 2000
LabAssignmentL3

Assigned:October12
Due: November1, 11:59PM(Notedatechange)

Logistics

BiancaSchroeder(bianca@cs.cmu.edu) is the leadpersonfor this assignment.The files for this as-
signmentcanberetrievedfrom

/afs/cs.cmu.edu/academic/class/15213-f00/L3/L3.tar

Onceyou’vecopiedthisfile into a(private)directory, runthecommandtar xvf L3.tar andfill in your
teaminformationin thestructureat thebeginningof thefile conversion.c. Whenyou have completed
the lab, you will handin two files: conversion.c andconversion_through.c thatcontainyour
solution.For thefirst partyouwill begradedontheperformanceof yourcodefor theroutinegood_cache
in conversion.c. For thesecondpartyouwill begradedontheperformanceof yourcodefor theroutine
good_throughput in conversion_through.c. Your gradewill bedeterminedby how well your
routinesperformcomparedto anoptimizedreferencesolution.

Introduction

Thepurposeof thisassignmentis to gainexperiencein optimizingcodefor amemoryintensiveapplication.
We considertheproblemof convertinga directedgraph� into its undirectedcounterpart��� . ��� hasanedge
from vertex � to vertex � if f thereis anedgefrom � to � or from � to � in theoriginalgraph� . Thegraph�
is representedby its adjacency matrix � asfollows. If � is thenumberof verticesin � then � is an ���	�
matrix andits entriesareall either0 or 1. Supposetheverticesof � arenamed��

����������������������������� . Then��� � �!� "�� is 1 if thereis anedgefrom ��# to ��$ and0 otherwise.Figure1 showsanexamplefor adirectedgraph� , thecorrespondingundirectedgraph ��� andtheadjacency matricesof the two graphs.Observe, that the
elementsonthediagonalof anadjacency matrixarealways1 andthattheadjacency matrixof anundirected
graphis symmetric.

Theadjacency matrix of a directedgraphcanbeconvertedinto theadjacency matrix of thecorresponding
undirectedgraphin asimplenestedloop:
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Figure1: Thegraphs� (left) and ��� (right) andtheiradjacency matrices

int i, j;
for (i = 0; i < dim; i++)
for (j = 0; j < dim; j++)
G[RIDX(j,i,dim)] = G[RIDX(j,i,dim)] || G[RIDX(i,j,dim)];

wheretheargumentsto theprocedureareapointerto theadjacency matrix (G), aswell asthematrixsize �
(dim). ThemacroRIDX is definedasfollows:

#define RIDX(i,j,n) ((i)*(n)+(j))

This codefor converting � into an undirectedgraphgoesthroughthe entriesof G column-wiseandand
checksfor eachentrywhetherthereis anedgein eitherdirectionbetweenthecorrespondingvertices.Your
job is to devise a conversionroutinethat is asfastaspossibleusingthe techniqueswe saw in class(e.g.,
loopunrollingandblocking).

Table1 and2 summarizetheperformanceof thenaive implementationin termsof thecachebehavior and
the throughputfor 5 different valuesof � . We evaluatethe cacheperformanceof a conversionroutine
by looking at the total numberof cachemissescomparedto the sizeof the matrix. More precisely, we
usethe miss score of the routine to measurethe cacheperformance,wherethe miss scoreis definedas9;:=<�>�>�?@>
ACB �D�E�GF . Sincethemissscoreis directly proportionalto thetotal numberof misses,thecache
behavior of an implementationis the betterthe lower the missscoreis. The throughputis measuredin
megabytespersecondononeof ourPentiumIII Xeonmachines.Thatis, if convertingan �H�I� adjacency
matrix requiresJ seconds,thenthethroughputis

B �K�L�K�NM	� 0�1 �PO F A J .

If you look at Table1, you’ll find thatthenaive implementationhasanaveragemissscoreof 0.47which is
quitehigh. In particular, for the largergraphsthemissscoreis very high. Therefore,a goodpoint to start
is to try to reducethenumberof cachemisses.This is exactly whatyou areaskedto do in part1. Then,in
part2 of thelabyouwill focussolelyon maximizingthethroughput.

To make life easier, you canassumethat � is a multiple of 32. Your codemustrun correctlyfor all such
valuesof � , but wewill measureits performanceonly for the5 valuesshown in Table1. To summarizethe
overall effect of your optimizations,we will computethegeometric mean of theresultsfor these5 values,
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Testcase 1 2 3 4 5
Method N 32 64 128 256 1024 Geom.Mean
Naive 0.1269 0.1345 1.1076 1.1198 1.1238 0.4735
Performance we were able to achieve in our solutions to Parts I and II:
GoodCache(Part I) 0.1279 0.1259 0.1253 0.1250 0.1628 0.1327
GoodThroughput(Part II) 0.1279 0.1262 0.1254 0.1251 0.1767 0.1349

Table1: SimulatedCacheMiss Scoresfor ConversionRoutines

i.e. if the measuredresults(throughputsor miss scores)are QSR�� , QTOVU , QW�X��Y , QT��Z�O , and Q[�X
��VU then we
computetheoverall performanceas

Q \ ]^ QTR��;�LQTOVU_�LQ[�X��Y;�LQT��Z�O;�LQ[�X
��VU
Part I: Optimizing Simulated Cache Performance

A goodway to improve theperformanceof the implementationis to first focuson its cachebehavior. To
measurethecachebehavior we will run the implementationagainsta simulated16 KB 4-way associative
cachewith 32 byte lines. This is the sameconfigurationastheL1 cacheof the Pentiumsystemyou will
target in Part II to, soagoodimplementationherewill serve youwell whenoptimizingthroughput.

We instrumentthe implementationof the conversionroutineto capturememoryaccessesusingcache-
prof, which is a public-domaincachesimulator(http://www.cacheprof.org/). cacheprof
instrumentsassemblycodeto capturethe source(destination)addressesof read(write) instructions,and
usesthemto counthits andmissesin a simulatedcache.As mentionedabove, we will measurethecache
performancein termsof themiss score which is definedas#

:=<�>�>�?P>�ACB �`�L�aF .
Your task for this part of the assignmentis to modify the codefor the routinenamedgood_cache in
conversion.c to achieve aslow a missscoreasyou can. We provide you with a driver programthat
generatestestgraphsfor the graphsizesin Table1 andrunsyour routinegood_cache on it. To check
your progressfirst compilethecodeon your machinewith thecommandmake driver. After that,you
canusetwo scriptsto testyoursolution.Thefirst oneisdriver one test whichrunsthedriverprogram
for a specifictestcase,i.e. a specificmatrix size. For example,to run your solutionfor �b\dc
M vertices,
youwould type:

% driver_one_test 2

Theprogramwill outputcacheperformancestatistics(andthroughputresultsthatarepertinentto Part II)
from the cachesimulator(the total numberof misses,andthe numberof readandwrite misses)andthe
missscore,which will be usedto to measurethe cacheperformanceof your program. You canalsorun
all the test casesin onceusingdriver all. Table 1 shows the improvementour implementationof
good_cache wasableto obtain.As youcansee,for thelargermatricesit is possibleto improve uponthe
naive implementationby almosta factorof 10!
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Testcase 1 2 3 4 5
Method 32 64 128 256 1024 Geom.Mean
Naive 72.3 79.3 51.5 41.36 19.4 47.3
Performance we were able to achieve in our solutions to Parts I and II:
GoodCache 142.9 143.3 137.9 136.16 114.5 134.5
GoodThroughput 139.5 176.8 172.8 174.62 142.1 160.2

Table2: MeasuredThroughputof ConversionRoutines(MB/s)

If you arehaving problemsdebuggingyour code,you shouldchangetheMakefile by un-commenting
theline:

CFLAGS=-Wall -g $(DEFINES)

andcommentingout thelines:

conversion.o: conversion.c
$(CACHEPROF) $(CACHEPROFFLAGS) $(CC) $(CFLAGS) $(INCDIR) -c -o $*.o $<

andusingmake clean; make driver. This will disablecacheprof andincludedebugginginfor-
mationneededby gdb.

You may alsowant to disablecacheprofonceyou aredonewith Part I, so you don’t have to wait for the
cachesimulationto completewhenworking on Part II. You cando so by commentingout the following
linesin theMakefile:

conversion.o: conversion.c
$(CACHEPROF) $(CACHEPROFFLAGS) $(CC) $(CFLAGS) $(INCDIR) -c -o $*.o $<

andrunningmake clean; make driver.

Part II: Optimizing Measured Throughput

Your taskfor secondpartof this assignmentis to write a routinegood_throughput thathasashigh a
throughputaspossible.Yourgradewill dependonthegeometricmeanof thethroughputsyouachieveacross
the 5 valuesof � . Improving the actualperformanceof your routinerequiresa fair amountof low-level
codeoptimization.Thebestmethodis to repeatedlytransformthecode,andcheckthegeneratedassembly
to seehow muchsimplificationyou’ve obtained,andbenchmarkthecode.You mayfind it helpful to also
look at thecacheperformancefor good_throughput. You cando soby un-commentingthefollowing
linesin theMakefile:

conversion_through.o: conversion_through.c
$(CACHEPROF) $(CACHEPROFFLAGS) $(CC) $(CFLAGS) $(INCDIR) -c -o $*.o $<
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andusingmake clean; make driver. cacheprof will theninstrumentgood throughput, al-
lowing youto examineits cacheperformanceasyouoptimizeit. Rememberthatcachesimulatorwill reduce
your throughput,sowhenyouaresatisfiedwith thecacheperformanceyoushouldre-commentthoselines.

You might noticeyour throughputresultsvarying betweendifferentruns,sinceyou aresharingmachines
with othergroupsworking at thesametime. To getmoreaccurateresults,you cansubmityour implemen-
tationto theclassserver. Pleaselook at theWWW pageof this lab for how to do this.

Rules

Youmaywrite any codeyouwant,aslongasit satisfiesthefollowing:

e It mustbein ANSI C. Youmaynotuseany embeddedassemblylanguagestatements.e It mustnot interferewith the cachesimulationor time measurementmechanism.You will alsobe
penalizedif yourcodeprintsany extraneousinformation.

You areallowed to definemacros,additionalglobalvariables,andotherproceduresin thefilesconver-
sion.c andconversion through.c. If youmodify any otherfiles,makesureyourconversion.c
andconversion through.c still compileandrunwith theoriginal versionsof thesefiles.

Evaluation

We will usetheperformanceof the “Good Cache”and“Good Throughput”routinesgiven in Table1 and
Table2 asa referencesolution.

Yourgradewill bebasedon thefollowing:

e Correctness:You will getNO CREDIT for buggy code! This includescodethat correctlyconverts
theprovidedtestmatrices,but incorrectlyconvertsothermatrices.e Cacheperformance:Youwill getfull creditfor Part I if your implementationis correctandachievesa
meanmissscoreof at most0.1327.You will getpartialcredit for a correctimplementationthatdoes
betterthanthesuppliednaive one.e Throughput:Youwill getfull creditfor Part II if your implementationis correctandachievesamean
throughputof at least160.2.You will getpartialcredit for a correctimplementationthatdoesbetter
thanthesuppliednaive one.

Hand In

PleaseseetheWWW pageof this lab for how to handit your solutionsto theclassserver.

5


