
CS740,Fall 2000
Homework Assignment1

Assigned:Wednesday, September13
Due: Friday, September22,10:30AM

Thepurposeof this assignmentis to developtechniquesfor measuringcodeperformance,to practicerea-
soningaboutlow-level codeoptimization,andto betterunderstandAlphaprocedurecallingconventions.

Policy

Youmaywork in agroupof upto threepeoplein solvingtheproblemsfor thisassignment.Turn in asingle
writeuppergroup,indicatingall groupmembers.

Logistics

Any clarificationsandrevisionsto theassignmentwill bepostedonWebpageassigns.html in theclass
WWW directory.

In thefollowing,HOMEDIRrefersto thedirectory:

/afs/cs.cmu.edu/academic/class/15740-f00/public

andASSTDIRrefersto thesubdirectoryHOMEDIR/asst/asst1.

You mayhandin your assignmenteitherasa hardcopyor elseby emailingit to Prof. Mowry attcm@cs.
If youhandit in asa hardcopy, formattedtext is preferredover hand-writtentext.

Using Interval Timers

Measuringperformanceis fundamentalto the study of computersystems. When comparingmachines,
or whenoptimizing code,it is often usefulto measurethe amountof time that it takes(preferablyat the
resolutionof processorclock cycles)to executea particularoperationor procedure.Somemachineshave
specialfacilities to assistin measuringperformance.Even without suchfacilities, almostall machines
provide interval timers—arelativelycrudemethodof computingelapsedtimes.In thisassignment,youwill
investigatehow to reasonaboutandcontroltheaccuracy of timing informationthatcanbegatheredusing
interval timers. Oneof the goalsis to develop a functiontimer which accuratelymeasuresthe execution
timeof any functiononany machine.

Theoverall operationof aninterval timer is illustratedin Figure1. Thesystemmaintainsa (user-settable)
countervaluewhich is updatedperiodically. That is, onceevery

�
time units, thecounteris incremented

by
�

. Using the Unix library routinegetitimer, the usercanpoll the valueof this counter. Thus,to
measurethe elapsedtime of someoperationOp, the usercanpoll the counterto get a startingvalue ��� ,
performtheoperation,andpoll thecounterto geta final value ��� . Theelapsedtime for theoperationcan
beapproximatedas ����� �	��

���	��� � ��� � � . As thefigureillustrates,however, theactualelapsedtime �������������
maydiffer from � �
� �	��

����� significantly, dueto thecoarsenessof thetimer resolution.Sincethevalueof

�
is around10millisecondsfor mostsystems,thiserrorcanbeverysignificant.
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Figure1: Time Measurementwith anInterval Timer

We have encapsulatedthe Unix interval timer routinesfor you in a handytimer packagecalled ASST-
DIR/etime.c. Youshouldusethispackagefor all measurementsin theassignment.SeeASSTDIR/example.c
for asimpleexampleof how to usethepackage.Onenotablefeatureis thatit convertsthemeasurementsto
unitsof seconds,expressedasaC double. Theprocedurefor timing operationOp is then:

init_etime();
Ts = get_etime();
Op;
Tf = get_etime()
T_observed = Tf - Ts;

Problem 1: Bounded Measurement Error

Considera processorwith a 800MHz clock ratewherepreciselyoneadditionoperationcanbeperformed
everyclockcycle,andwherethevalueof

�
for theinterval timer is 10milliseconds.Youwould like to time

a sectionof code(Op) consistingpurelyof asequenceof back-to-backadditions.

What is theminimumnumberof additionswithin Op suchthat therelative measurementerrorof � �
� �	��

�����
with respectto � ����������� is guaranteedto belessthan2%?As always,show all of yourwork.

.

Problem 2: Measuring � for Your Timer

Write a C procedurethatusesmeasurementsto estimate(asaccuratelyaspossible)thevalueof
�

on any
UNIX machine.Providea listing of yourcodealongwith abrief descriptionof yourscheme.

.

Wecanimprovetheaccuracy of themeasurementsby makingsurethattheactivity wemeasurehassufficient
durationtoovercometheimprecisionof interval timers.Thatis,wecanaccuratelymeasurethetimerequired
by Op by executingit � timesfor asufficiently largevalueof � :

init_etime();
Ts = get_etime();
for (i=0; i<n; i++) {

Op;
}
Tf = get_etime()
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T_aggregate = Tf - Ts;
T_average = T_aggregate/n;

How dowe choosea largeenoughvalueof � ? Theideais that � mustbelargeenoughsuchthat � � �!� 
!� �"�!� �
is larger thantheminimumvalue( � ��# 
 �	� #$�
� � ) which guaranteesa relative measurementerror lessthanthe
desiredupperboundof % . Thevalueof � ��# 
 �	� #$�
� � canbecomputedbasedon

�
and % . However, sincethe

elapsedtime for Op is unknown,wecannotcomputetheminimumvalueof � aheadof time.

Oneapproachis to startwith � �'& , andcontinuedoublingit until theobserved � � �!� 
!� �"�!� � is largeenough
to guaranteesufficientaccuracy (i.e. it is largerthan � �(# 
!��� #$�
� � ).
Problem 3: Implementing a Function Timer

Implementa function timer in C that usesthe doublingschemeoutlinedabove to accuratelymeasurethe
runningtimeof any functiononany system.Your functiontimershouldhave thefollowing interface

typdef void (*test_funct)(void);
double func_time(test_funct P, double E);

where ) is the functionto betimedand % is themaximumrelative measurementerror. Theseprototypes
arealreadydefinedfor you in ASSTDIR/func time.h. Implementyour func time() function in a
separatefile calledfunc time.c.

Your functiontimer should:(1) determinethetimerperiod
�

usingtheschemefrom thepreviousproblem;
(2) calculate�*��# 
 �	� #$�
� � asa function of

�
and % ; and then (3) repeatedlydouble � until ��� �!� 
!� �$�!� �,+

� �(# 
!��� #$��� � . It shouldwork for any functiononany system,regardlessof therunningtime of thefunctionor
thetimerperiodof thesystem.

.

Problem 4: Testing Your Function Timer

Testyour function timer usingthe programASSTDIR/freq.c, which usesfunc_time() to estimate
theclock frequency of your machine.This routineassumesthatyour machineexecutesanintegeraddition
in oneclockcycle. This is a safeassumptionfor mostmodernprocessors.

Turn in theoutputstringfrom freq.candthetypeof systemyou ranit on(e.g.,Sparc5).

.

Problem 5: Alternative Timer Algorithms

Recall that in Problem3, you repeatedlydoubledthe valueof � until it wassufficiently large (i.e. until
���
�-� 
!� �"�-� �.+ �/�(# 
!�	� #$�
� � ). Now considerthefollowing threealgorithmsfor increasingthevalueof � :

Algorithm 1: Set � �0& initially, andrepeatedlymultiply � by afactorof 2 until � is sufficiently large(i.e.
thealgorithmusedin Problem3).

Algorithm 2: Set � �0& initially, andrepeatedlymultiply � by a factorof 10 until � is sufficiently large.

Algorithm 3: Set � �0& initially, andrepeatedlyadd (not multiply!) 100 to � until � is sufficiently large.

Yourgoalis to minimizethetotalamountof timethatyourtimingroutinetakesto accuratelytimeafunction.
In thisproblem,you will evaluatethethreealgorithmsdescribedabove basedonthiscriteria.
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Part 1: Assumingthat � �(# 
!��� #$�
� � �1&�232 milliseconds,andassumingthat the timing loop surroundingOp
involveszerooverhead,computehow longit wouldtakefor eachof thethreealgorithmsfor increasing
� to accuratelytime Op for eachof the following threecases:(i) ������������� �4&�57682 milliseconds,(ii)
� ����������� �:93976;2 microseconds,and(iii) � ����������� �0&3&�276;2 microseconds.

Part 2: Basedon a quantitative analysisof their worst-casebehaviors, evaluatewhich of the threealgo-
rithmsfor increasing� is mostdesirablefor measuringfunctionswhere � ����������� is anarbitraryvalue
nogreaterthanamicrosecondandwhere

�
for theinterval timer is at least10milliseconds.

.

Optimizing the strcat() Routine

The purposeof thesenext problemsis to get hands-onexperiencewith machine-level programming.Our
interestis in beingableto understand,measure,andoptimizethe machinecodegeneratedby a compiler.
This is a far moreusefulskill thanbeingableto churnout pagesof assemblycodeby hand. Partsof this
assignmentinvolvecompiling,disassembling,andrunningcodeon oneof our Alpha-basedmachines.For
informationonhow to accessthesemachines,pleasereferto thelink labeled“InformationaboutourAlpha
systems”on theclassWWW page.

In the next several problems,we will be focusingon the performanceof thestrcat() routine,which
is part of the C library. The following paraphrasedexcerptsfrom thestrcat() manpagedescribeits
interfaceandbehavior:

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

< Thestrcat() functionappendsthesrc stringto thedest string,overwriting the ‘ = 0’ character
at theendof dest. A pointerto theresultingstring,dest, is returned.

< Thesrc anddest stringsmustnot overlap,andthedest string musthave enoughspacefor the
result.

< If you passanout of boundsor NULL pointerto strcat,thefunctiongeneratesa segmentationviola-
tion.

< Thereareno returnvaluesreservedto indicateanerror.

Thefile ASSTDIR/strcat naive.c containsastraightforward(but naive, from aperformanceperspec-
tive) implementationof strcat() in C called“my strcat()”. Thefile ASSTDIR/strcat naive.s
containstheAlphaassemblycodegeneratedusingthecommand:gcc -O -S strcat_naive.c

The file ASSTDIR/strcat.dis containsa disassembledversionof thestrcat() routinetakenfrom
the Unix library /usr/lib/libc.a on oneof our Alpha machines.(This wasdisassembledwith the
x/30i strcat commandof gdb.)

Problem 6: Understanding the strcat() Assembly Code

Generatean“annotated”versionof bothASSTDIR/strcat naive.s andASSTDIR/strcat.dis us-
ing thefollowing conventions:

< Putcommentsat thetopof acodesegmentdescribingregisterusageandinitial conditions.

4



< Putcommentsalongtheright handsidedescribingwhateachinstructiondoes.

NOTE: Commentsof theform:

# I won’t tell you anything about the registers.
s8addq r1, r2, r2 # r2 = 8*r1 + r2
ldq r3, 0(r2) # r3 = Mem[r2]

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

# Throughout the loop: r1 holds i, r7 holds n
# At the beginning of the loop: r2 = &v[0]
s8addq r1, r2, r2 # r2 = 8*i + &v[0]
ldq r3, 0(r2) # r3 = v[i]

In otherwords,your commentsshouldconvey semanticinformationfrom the sourcecode,andnot
simply reiteratewhatwouldbeobviousto anyonewhocanreadAlphaassemblycode.

.

Problem 7: Measuring the Performance of the strcat() Routines

Use your interval timer codeto measurethe performanceof both the my strcat() routine in ASST-
DIR/strcat naive.c andDEC C library implementationof strcat() on the variousstrcat()
callscontainedin ASSTDIR/strcat test.c. Notethatyoushouldproduceseparatetiming numbersfor
eachtheseindividualcallstostrcat(), andbesureto call theinitializationroutinein thisfile beforeyou
starttiming thingsto ensurethatthecacheis warm.

Discusstherelativeperformancedifferencesbetweenthetwoversionsof theroutine,andwhetherthey make
sensegivenyouranalysisof theassemblycode.

.

Problem 8: Implementing a Better Version of strcat() in C

Write yourown versionof strcat() in C.Yourcodemustbehavecorrectly, but at thesametimeit should
beasefficient aspossible.You shouldcreatea versionof your codewhich only usesC constructs(i.e. no
explicit assemblycode). In addition,you mayoptionallycreatea secondversionof your codewhich uses
theGCCassemblycodedirectives(i.e. “ASM”) if it furtherenhancesperformance.For furtherinformation
on how to useassemblycodedirectivesin gcc,seethe“info” pageson gcc(under“C extensions”).These
info pagesarereproducedon the AssignmentandexaminformationclasswebpageunderAssignment1.
Useaminimalnumberof ASM statements—donotsimplyreproducelargeamountsof hand-codedassembly
in yourC code.Besureto compileyourcodeusingthe“-O” optimizationflag.

Measuretheperformanceof your C-onlycodeandyour assembly-augmentedcode(if applicable).If your
assembly-augmentedcodeachievesbetterperformancethanyourC-onlycode,discusswhy youarenotable
to achieve comparableperformanceusingonly normalC constructs.Also, compareyour codewith both
the naive andUNIX library versionsof strcat(). If your performancefalls shortof the UNIX library
version,explainwhy.

.
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Problem 9: Measuring strcat() on a Different Architecture

Using your interval timer code,measureand comparethe performanceof both your C-only versionof
strcat() andthenative (i.e. UNIX C library) versionof strcat() on a machineotherthananAlpha
machine.Discusswhethertheseresultsarewhatyou expected,or whetherthey aresurprising.

.

Problem 10: Stack Frames and Procedure Calls

The file ASSTDIR/structure.c shows the C codefor a function that demonstratesmany interesting
featuresof implementingC onanAlphamachine.Thecodegeneratedby GCC with the-O flag is shown in
thefile ASSTDIR/structure.s

Documentthefollowing:

A. Show thelayoutof thedatastructurelist ele.

B. Explainhow theprogramimplementsthereturningof astructureby sum list.

C. Describetheregisterallocationusedin sum list.

D. Show thelayoutof thestackframeusedby sum list.

E. Createanannotatedversionof theassemblycodefor sum list usingourusualformattingconven-
tions.

.

Long Jumps

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

In this section,you will enhanceyour understandingof Alpha calling andreturningconventionsby exam-
ining theUnix setjmp library, which in effect cheatson thestandardprocedurecallingconventions.

setjmp providesamechanismfor nonlocalprocedureexits. By usingsetjmp andlongjmp, aprocedure
canexit to a functiona longwayup theprocedurechain,bypassingits callingprocedure.

This is typically usedfor errorhandling,in thefollowing style:

jmp_buf env;

main()
{

int jval;
if ((jval = setjmp(env)) != 0) {
/* Do error recovery and cleanup. */
/* And possibly try to execute again. */

} else {
/* Do normal case. */
...

}
}
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Thefirst timesetjmp() is called,it setsupthebuffer env with enoughinformationto reconstructthestate
of theregistersandthestack.It returns0 to thecalling function.

Thecalling functionthendoesothercode,anddeepwithin somecomplicatedhierarchyof otherfunctions,
it mayfind someerror:

deep_within_some_complicated_hierarchy ()
{

if (error_detected) {
longjmp(env, ERROR_CONSTANT);

}
...

}

longjmp() restoresthestatethatwassavedin setjmp() andresetsthestackpointerto thepositionit
wasin whensetjmp() wascalled.

Thefile ljdemo.c containsa somewhatcontrivedexampleof theuseof setjmp() andlongjmp().
Studythiscodeto betterunderstandthebehavior of theseconstructs.Try compilingandrunningit (it should
work onany Unix machine).

Problem 11: (For Extra Credit) Understanding the Implementation of Long Jumps

Thefile ASSTDIR/longjmp.discontainsadisassemblyof thecodefor ___setjmp()and_longjmp(),
whicharesimplifiedversionsofsetjmp() andlongjmp(). In addition,thefile alsoincludes__longjump_resume(),
which is calledby _longjmp() This codewasextractedfrom theUnix library /usr/lib/libc.a on
oneof ourAlphamachines.Your job is to createannotatedversionsof thesethreeprocedures.Show clearly
what stateis beingsavedandrestored,andhow longjmpsubvertsthe Alpha calling routinesto appearto
‘return’ to aplaceotherthanthatfrom which it wascalled.

It mayhelpyou understandthecodeto write down whatdatais storedin which placesin thejmp_buf. If
you write this informationdown, turn thatin too.

Hints: < Theldt andstt instructionsloadandstore64-bitnumbersinto/fromthefloating-point reg-
isterfile. Theirbehavior is analogousto ldq andstq for integerdata.

< The value0xacedbade is usedasa “magic token” to identify a buffer that has(probably)
beensetbysetjmp() (A moment’sthoughtshouldconvinceyouthatdoingalongjmp() to
abuffer thathasnotbeensetupbysetjmp() is likely to resultin errorsthatareverydifficult
to trackdown.) Thisvalueis generatedby a combinationof threeinstructions:

ldah r1, 22135(r31)
lda r1, -8849(r1)
addq r1, r1, r1

< Theldah instruction,whichstandsfor LoadAddressHigh, multipliesasigned16-bitconstant
by 65536,andthenaddsthis valueinto the destinationregister. The lda instruction,which
standsfor LoadAddress,generatesthe effective addressaddressin the destinationregister(in
thiscase,it subtracts8849from r1).

.
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