CS740,Fall 2000
Homawork AssignmentL

Assigned:WednesdaySeptembel3
Due: Friday, Septembeg2,10:30AM

The purposeof this assignmenis to developtechniquedor measuringcodeperformanceto practicerea-
soningaboutlow-level codeoptimization,andto betterunderstand\pha procedurecalling cornventions.

Policy

Youmaywork in agroupof upto threepeoplein solvingthe problemdor this assignmentTurnin asingle
writeuppergroup,indicatingall groupmembers.

Logistics

Any clarificationsandrevisionsto theassignmentvill bepostedonWebpageassi gns. ht m intheclass
WWW directory

In thefollowing, HOMEDIRrefersto the directory:
/ af s/ cs. crmu. edu/ academi c/ cl ass/ 15740-f 00/ publ i c

andASSTDIRefersto thesubdirectoryHOMEDIR asst/ asst 1.

You mayhandin your assignmengitherasa hardcopyor elseby emailingit to Prof. Mowry att cmas.
If youhandit in asa hardcopy, formattedtext is preferredover hand-writtertext.

Using Interval Timers

Measuringperformanceds fundamentako the study of computersystems. When comparingmachines,
or whenoptimizing code,it is often usefulto measurghe amountof time thatit takes(preferablyat the
resolutionof processorlock cycles)to executea particularoperationor procedure.Somemachineshave
specialfacilities to assistin measuringperformance. Even without suchfacilities, almostall machines
provideintervaltimers—arelatively crudemethodof computingelapsedimes.In thisassignmentyou will
investigatehow to reasoraboutandcontrolthe accurag of timing informationthatcanbe gatheredusing
interval timers. One of the goalsis to develop a functiontimer which accuratelymeasureshe execution
time of ary functiononary machine.

The overall operationof aninterval timer is illustratedin Figurel. The systemmaintainsa (usersettable)
countervaluewhich is updatedperiodically Thatis, onceevery A time units, the counteris incremented
by A. Usingthe Unix library routineget i ti mer, the usercanpoll the valueof this counter Thus,to
measurehe elapsedime of someoperationOp, the usercanpoll the counterto get a startingvalue 7,
performthe operation andpoll the counterto getafinal valueT;. The elapsedime for the operationcan
beapproximatedasT .- = Ty — T’s. As thefigureillustrates however, theactualelapsedime T, ¢4
may differ from 7,;,.,.q4 Significantly dueto the coarsenessf thetimer resolution.Sincethevalueof A
is around10 milliseconddor mostsystemsthis errorcanbevery significant.
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Figurel: Time Measurementith aninterval Timer

We have encapsulatedhe Unix interval timer routinesfor you in a handytimer packagecalled ASST

DIR/ et i me. c. Youshouldusethis packagédor all measurementa theassignmentSeeASSTDIRexanpl e. ¢
for asimpleexampleof how to usethepackageOnenotablefeatureis thatit corvertsthe measurements
units of secondsgxpressedisa C doubl e. Theprocedurdor timing operationOp is then:

init_etime();

Ts = get_etinme();

Op;

Tf = get_etinme()

T observed = Tf - Ts;

Problem 1: Bounded Measurement Error

Considera processowith a 800 MHz clock ratewherepreciselyoneadditionoperationcanbe performed
everyclockcycle,andwherethevalueof A for theintervaltimeris 10 milliseconds.Youwouldlike to time
a sectionof code(Op) consistingourelyof asequencef back-to-bacladditions.

Whatis the minimum numberof additionswithin Qp suchthatthe relatve measuremergrrorof T,pscrved
with respecto T, .;.q; iS guaranteetb belessthan2%? As always,shawv all of yourwork.

Problem 2: Measuring A for Your Timer

Write a C procedurdhat usesmeasurement® estimate(asaccuratelyaspossible)he valueof A onary
UNIX machine Provide a listing of your codealongwith a brief descriptionof your scheme.

We canimprovetheaccurag of themeasurementsy makingsurethattheactivity we measuréassufficient
durationto overcometheimprecisiorof intervaltimers. Thatis, we canaccuratelyneasure¢hetimerequired
by Op by executingit » timesfor asufficiently large valueof n:

init_etime();

Ts = get_etinme();

for (i=0; i<n; i++) {
Op;

}

Tf = get_etine()



T_aggregate = Tf - Ts;
T_average = T_aggregate/n;

How dowe choosea large enoughvalueof »? Theideais thatn mustbelargeenoughsuchthat?,,,cgq¢c
is largerthanthe minimum value(T31.,.sk014) Which guaranteea relative measuremergrrorlessthanthe
desiredupperboundof F. Thevalueof T}4..sh014 CA@Nbe computedbasedbn A and E. However, sincethe
elapsedimefor Op is unknovn, we cannotcomputethe minimumvalueof » aheadf time.

Oneapproachs to startwith » = 1, andcontinuedoublingit until theobsened,,,,.,q.:. iS largeenough
to guaranteesufiicientaccurag (i.e. it is largerthanT}y,csnoiq)-

Problem 3: Implementing a Function Timer

Implementa functiontimer in C that usesthe doublingschemeoutlined above to accuratelyneasureghe
runningtime of ary functionon ary system.Your functiontimer shouldhave the following interface

typdef void (*test_funct)(void);
doubl e func_tinme(test_funct P, double E);

where P is the functionto betimedand F is the maximumrelatve measuremergrror Theseprototypes
arealreadydefinedfor you in ASSTDIRf unc_t i me. h. Implementyourf unc_ti me() functionin a
separatdile calledf unc_ti ne. c.

Your functiontimer should:(1) determinghetimer periodA usingthe schemdrom the previousproblem;
(2) calculateTy,.shota @sa functionof A and E; andthen (3) repeatedlydoublern until T, 4gregate >

Tinresnotd- It sShouldwork for ary functionon ary systemregardlesof the runningtime of the functionor
thetimer periodof the system.

Problem 4: Testing Your Function Timer

Testyour function timer usingthe programASSTDIRT r eq. ¢, which usesf unc_t i me() to estimate
the clock frequeng of your machine.This routineassumeshatyour machinesxecutesanintegeraddition
in oneclock cycle. Thisis a safeassumptiorior mostmodernprocessors.

Turnin theoutputstringfrom freq.candthetype of systemyouranit on(e.g.,Sparch).

Problem 5: Alternative Timer Algorithms

Recallthatin Problem3, you repeatediydoubledthe value of » until it wassufficiently large (i.e. until
Taggregate > Tinreshold). NOW considetthefollowing threealgorithmsfor increasinghevalueof n:

Algorithm 1: Setn = 1 initially, andrepeatedlynultiply n by afactorof 2 until » is sufficiently large (i.e.
thealgorithmusedin Problem3).

Algorithm 2: Setn = 1 initially, andrepeatedlynultiply » by afactorof 10 until » is sufficiently large.

Algorithm 3: Setn = 1 initially, andrepeatedlyadd (not multiply!) 100 to » until » is sufficiently large.

Yourgoalisto minimizethetotalamountof timethatyourtiming routinetakeso accuratelyime afunction.
In this problem,you will evaluatethethreealgorithmsdescribedibose basednthis criteria.



Part 1. Assumingthat7}y,.sn0o1¢ = 100 millisecondsandassuminghatthetiming loop surroundingOp
involveszerooverheadcomputehow longit wouldtakefor eachof thethreealgorithmsfor increasing
n to accuratelytime Op for eachof the following threecases:(i) T,ciuar = 12.0 milliseconds (i)
Tyctuar = 99.0 microsecondsand(iii) 7y et4q; = 110.0 microseconds.

Part 2: Basedon a quantitatve analysisof their worst-casebehaiors, evaluatewhich of the threealgo-
rithmsfor increasingr is mostdesirablefor measuringunctionswhereT, .+..,; IS anarbitraryvalue
no greatethanamicrosecon@ndwhereA for theinterval timeris atleast10 milliseconds.

Optimizingthest r cat () Routine

The purposeof thesenext problemsis to gethands-orexperiencewith machine-lgel programming.Our
interestis in beingableto understandmeasureand optimizethe machinecodegeneratedy a compiler
This is a far moreusefulskill thanbeingableto churnout pagesof assemblycodeby hand. Parts of this
assignmeninvolve compiling, disassemblingand runningcodeon oneof our Alpha-basednachines For
informationon how to accesghesemachinespleaseaeferto thelink labeled‘Information aboutour Alpha
systems’onthe classWWW page.

In the next several problems,we will be focusingon the performanceof the st r cat () routine,which
is partof the C library. The following paraphrasedxcerptsfrom thestr cat () manpagedescribeits
interfaceandbehaior:

char *strcat(char *dest, const char *src);

e Thestrcat () functionappendghesr c stringto thedest string,overwritingthe‘\0’ character
attheendof dest . A pointerto theresultingstring,dest , is returned.

e Thesrc anddest stringsmustnot overlap,andthe dest string musthave enoughspacefor the
result.

¢ If youpassanoutof boundsor NULL pointerto strcat,thefunctiongenerates sggmentatiorviola-
tion.

e Therearenoreturnvaluesreseredto indicateanerror.

Thefile ASSTDIRSt r cat _nai ve. ¢ containsastraightforwardbut naive, from a performanceerspec-
tive)implementatiorof st r cat () in Ccalled“ny_strcat ()”. Thefile ASSTDIRstrcat _nai ve. s
containghe Alphaassemblycodegeneratedisingthecommandgcc -O -S strcat _nai ve. c

Thefile ASSTDIRst r cat . di s containsa disassemblegersionof thest r cat () routinetakenfrom
the Unix library / usr/1i b/ 1i bc.a on oneof our Alpha machines.(This wasdisassemblewith the
x/ 30i strcat commanddfgdb.)

Problem 6: Understandingthest r cat () Assembly Code

Generatan“annotated’versionof bothASSTDIRSst r cat _nai ve. s andASSTDIRstr cat . di s us-
ing thefollowing corventions:

e Putcommentsatthetop of acodesegmentdescribingegisterusageandinitial conditions.
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e Putcommentsalongtheright handsidedescribingvhateachinstructiondoes.

NOTE: Comment®ftheform:

# 1 won’t tell you anything about the registers.
s8addq rl1, r2, r2 #r2 =8*rl1 +r2
I dg r3, 0(r2) # 13 Meni r 2]

areuselessandwill receve little (if any) credit. Instead,we would like to seecommentdike the
following:

# Throughout the loop: rl holds i, r7 holds n
# At the beginning of the loop: r2 = &v[0]
s8addq rl1, r2, r2 #r2 = 8*i + &IJ0]

I dg r3, 0(r2) #r3 = v[i]

In otherwords, your commentsshouldconvey semantidnformationfrom the sourcecode,andnot
simply reiteratewhatwould be obviousto anyonewho canreadAlphaassemblycode.

Problem 7: Measuring the Performance of thest r cat () Routines

Use your interval timer codeto measurethe performanceof both the my strcat () routinein ASST
DIR/ st r cat _nai ve. ¢ andDEC C library implementatiorof st r cat () onthevariousst r cat ()

callscontainedn ASSTDIRSst r cat _t est . c. Notethatyoushouldproduceseparatéiming numberdor
eachthesendividual callsto st r cat (), andbesureto call theinitializationroutinein this file beforeyou
starttiming thingsto ensurehatthe cacheis warm.

Discusgherelative performancalifferencedetweerthetwo versionf theroutine,andwhetherthey make
sensagjivenyour analysisof theassemblycode.

Problem 8: Implementing a Better Versionof strcat () inC

Write yourown versionof st r cat () in C. Yourcodemustbehae correctly but atthesametimeit should
be asefficient aspossible.You shouldcreatea versionof your codewhich only usesC constructgi.e. no
explicit assemblycode). In addition,you may optionally createa secondversionof your codewhich uses
the GCCassemblycodedirectives(i.e. “ASM) if it furtherenhanceperformanceFor furtherinformation
on how to useassemblycodedirectivesin gcc, seethe “info” pageson gcc(under“C extensions”).These
info pagesarereproducedn the Assignmenand examinformationclassweb pageunderAssignmentl.
Useaminimal numberof ASMstatements—doot simplyreproducdargeamountf hand-codedssembly
in your C code.Be sureto compileyour codeusingthe®- O’ optimizationflag.

Measurehe performanceof your C-only codeandyour assembly-augmentexbde(if applicable).If your
assembly-augmenteddeachievesbetterperformancehanyour C-only code discussvhy youarenotable
to achieve comparablgperformanceausing only hormal C constructs.Also, compareyour codewith both
the naive andUNIX library versionsof st rcat (). If your performancdalls shortof the UNIX library
version,explainwhy.




Problem 9: Measuringst r cat () on aDifferent Architecture

Using your interval timer code, measureand comparethe performanceof both your C-only version of
strcat () andthenative (i.e. UNIX C library) versionof st r cat () onamachineotherthanan Alpha
machine Discusswvhethertheseresultsarewhatyou expected or whetherthey aresurprising.

Problem 10: Stack Framesand Procedure Calls

Thefile ASSTDIRSst ruct ur e. ¢ shows the C codefor a function that demonstratesnary interesting
featuref implementingC on anAlphamachine.Thecodegeneratedby ccc with the- Oflagis shavnin
thefile ASSTDIRstructure. s

Documenthefollowing:

A. Shaw thelayoutof thedatastructurd i st _el e.
Explainhow the programimplementghereturningof astructureby suml i st .
Describetheregisterallocationusedin suml i st .

Shaw thelayoutof thestackframeusedby suml i st .

m U O ®

Createanannotatedrersionof theassemblycodefor suml i st usingour usualformattingcornven-
tions.

Long Jumps

(NOTE: this last sectionis for extra credit only.)

In this section,you will enhance/our understandingf Alpha calling andreturningconventionsby exam-
ining theUnix set j np library, whichin effect cheatoon thestandardgrocedurecalling corventions.

set j np providesamechanisnfor nonlocalprocedurexits. By usingset j np andl ongj np, aprocedure
canexit to afunctionalongway up the procedurechain,bypassingts calling procedure.

Thisis typically usedfor errorhandling,in thefollowing style:

j mp_buf env;
mai n()
{

int jval;

if ((jval = setjnp(env)) !'=0) {

/* Do error recovery and cl eanup. */

/* And possibly try to execute again. */
} else {

/* Do normal case. */



Thefirsttimeset j np() is called,it setsupthebuffer erv with enoughnformationto reconstructhe state
of theregistersandthestack.It returns0 to the calling function.

The calling functionthendoesothercode,anddeepwithin somecomplicatechierarchyof otherfunctions,
it mayfind someerror:

deep_wi t hi n_sonme_conpl i cated_hierarchy ()
{
if (error_detected) {
| ongj mp(env, ERROR_CONSTANT);
}

| ongj mp() restoredhe statethatwassaredin set j np() andresetghe stackpointerto the positionit
wasin whenset j np() wascalled.

Thefile | j denp. ¢ containsa somavhat contrived exampleof theuseof set j np() andl ongj np().
Studythis codeto betterunderstandhebehaior of theseconstructsTry compilingandrunningit (it should
work on ary Unix machine).

Problem 11: (For Extra Credit) Under standing the | mplementation of L ong Jumps

Thefile ASSTDIRI ongj np. di s containsadisassemblypfthecodefor ___setj np() and_I ongj np(),
whicharesimplifiedversionsofset j np() andl ongj np() . In addition,thefile alsoincludes__| ongj unp_resune()
whichis calledby _I ongj np() This codewasextractedfrom the Unix library/ usr/1ib/1ibc. aon

oneof our AlphamachinesYourjobis to createannotatedersionsf thesethreeproceduresShow clearly

what stateis being saved andrestored.and how longjmp subvertsthe Alpha calling routinesto appearto

‘return’ to a placeotherthanthatfrom whichit wascalled.

It mayhelpyou understandhe codeto write down whatdatais storedin which placesn thej np_buf . If
you write thisinformationdown, turn thatin too.

Hints: e Thel dt andstt instructiondoadandstore64-bitnumbersnto/fromthe floating-poirt reg-
isterfile. Theirbehaior is analogouso | dq andst g for integerdata.

e ThevalueOxacedbade is usedasa “magic token” to identify a buffer that has(probably)
beensetbyset j np() (A momentsthoughtshouldcorvinceyouthatdoingal ongj np() to
abuffer thathasnotbeensetupby set j np() islikely to resultin errorsthatarevery difficult
to trackdown.) This valueis generatedby a combinationof threeinstructions:

I dah r1, 22135(r31)
lda r1, -8849(r1l)
addq r1, r1, r1l

e Thel dah instruction which standdor Load AddressHigh, multipliesa signed16-bitconstant
by 65536,andthenaddsthis valueinto the destinationregister Thel da instruction,which
standdor Load Address,generateshe effective addressaaddressn the destinatiorregister (in
this casejt subtract88849fromr 1).




