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ABSTRACT

This paperdescribesPLTO, a link-time instrumentatiorand opti-
mizationtool we have developedfor theIntel IA-32 architecture A
numker of characteristicsf this architecturecomplicatethetaskof
link-time optimization. Theseincludea large numberof op-codes
andaddressig modeswhich increaseshe compleity of program
analysisyariable-lengh instructionswhich complicateslisassem-
bly of machinecode;a paucityof availableregisters,which limits
the extent of someoptimizations;and a relianceon using mem-
ory locationsfor holding valuesandfor parametepassing which
complicategprogramanalysisand optimization. We describehow
PLTO addressetheseproblemsandthe resultingperformancem-
provementsit is ableto achieve.

1. INTRODUCTION

Resultsfrom a number of recentprojectsindicatethat post-link-
time codeoptimizationof executablegprogramsanyield significant
improvemers in performancegven for programsthat have been
subjectedo extensie compile-timecodeoptimization[6, 14, 16,
17]. Much of this work hasbeencarriedoutin the contet of pro-
cessorawith RISC architectureswhich typically have a relatively
smallsetof op-codesandaddressingnodesanda large numberof
general-pmoseregisters.By contrast,CISCarchitecturesuchas
thewidely-usedintel IA-32 have characteristicthatmale the task
of link-time codemodificationandoptimizationconsideraly more
challengig. Examplesf theseincludealargenumberof op-codes
andaddressig modeswhich increaseshe compleity of program
analysisyariable-lengh instructionswhich complicateslisassem-
bly of machinecode;a paucityof availableregisters,which limits
the extent of someoptimizations;and a relianceon using mem-
ory locationsfor holding valuesandfor parametepassing which
complicategprogramanalysisandoptimization.

This paperdescribesPLTO, a link-time instrumentatiorand op-
timizationtool we have developedfor the Intel IA-32 architecture.
We describehow PLTO addresseshe problemsmentiona above
andtheresultingperformarce improvementsit is ableto achieve.
We focus purely on static optimization; dynamic optimization,
wherecodetransformationgre carriedout at runtime, is not (yet)
consideed. Our goalis to carry out aggressie whole-progranop-
timization,possiblyincludingstaticallylinkedlibraries[1]. Forthis
reasonwe cannotrule out the presencef handoptimizedassem-
bly codethat might not adhereto the applicationbinary interface
(ABI) for the systemor thatmight not follow familiar corvertions
suchasasingleentrypoint perfunction. Consequetty, we attempt
to make asfew assumgionsaspossibleaboutthe input executable
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code. For example,we do not assumehatthe codeusesary spe-
cific codeidioms that a particularcompiler may generateor that
it adheredo standardcalling corventions. The main contribution
of this paperis to describethe analysesand codetransformations
we usefor link-time optimizationwheresuchoptimizationis non-
trivial, both becauseof architecturalfeaturesthat make it harder
to reasonaboutthe structureand behavior of executabl€files, and
becausef our desireto hande a wide variety of executaltes, in-
cludingthosecontainirg staticallylinked librariesandhand-caled
assemblyoutines.

2. SYSTEM OVERVIEW

The PLTO systemconsistsof a front end for readingin exe-
cutables,modues for code transformationsand a back end for
emitting machinecode. At presentPLTO optimizesx86 executa-
bles,in the ExecutableandLinkable Format(ELF), underRedHat
Linux. To enhare portability, we usethe GNU Binary File De-
scriptor Library (1 i bbf d); supportingother executableformats,
e.g.,the COFF(CommonObjectFile Format)formatusedin Win-
dows executaltes,would requiremakingonly minor changedo the
front end. PLTO requiresthatthe input executalte containreloca-
tion information (this currently implies statically linked executa-
bles,sincethelinker| d refusedo retainrelocationinformationfor
non-statically-linled executables) Relocationinformationis used
to distinguishbetweenaddressesind non-addessconstantsithis
distinctionis essentiabecauseodeaddressemustbe updatedo
reflectthe resultsof optimizations,while the valuesof constants
cannd be changd. Most linkers, if not all, can be instructedto
leave relocationinformationinsidethe executable.

An executablefile is processedn two stagego producean op-
timized versionof the program. In the first stage,describedin
Section4, PLTO insertsinstrumentationcodeinto the binary to
gatherexecutionprofiles. The userthenexecutesthe resultingin-
strumentechinary on a training input setto producerepresenta-
tive weightsfor the edgesn theinterprocedral controlflow graph
(ICFG) of the program.In the secomnl stage PLTO usestheseedge
profilesto analyzeandtransformthe programasfollows:

ICFG Construction and Simplification. PLTO first disas-
semblesall sgmentscontainingcode createsa single in-
struction stream,and constructsan interprocedral control
flow graphfor the entire program. It usesrelocationinfor-
mationandknowledge aboutinstructionsemanticgo guide
thesesteps. PLTO then examinesthe initial ICFG to elimi-
nateunreachale code;oftenupto 10%of theinstructionsin
the original programcanbe removed. We do this optimiza-
tion now (andagainlater) becaus it reduceshe numberof
calling contexts for mary functionsandthusimproveslater
analyses.



Code Optimization. PLTO thenbegins trying to simplify
codeby performingaroundof constam propagatiorthrough
registersandthe runtime stack. Constantoperamls of arith-
meticinstructionsarethenreplacedy immediateconstants,
while condtional brancheswith constam operandsare sim-
plified away by deletingthe control flow edgethat will not
be taken. This reduceghe numberof registerand memory
referencesndusuallyresultsin moredeadandunreachhble
codethat canlater be eliminated. Next, we inline functions
that meetcertaincriteria (seeSection5.1 for details). This
reducesthe numberof calling contets and opensthe way
for asecondroundof constanpropagtion. Thisis followed
by load/storeforwarding to reducethe numberof memory
loads(seeSection5.2). Finally, PLTO doeslivenessanalyses
of registers,the runtime stack,andthe programstatusword
(PSW),asdiscussedn Section3.5. This livenessnforma-
tion is usedto eliminateinstructionsthatstoreeitherto dead
registersor to deadlocationson the stack.

Repair and Layout. During the courseof its optimizations,
PLTOislikelytoruinarny attempthelinkeror compilermade
to schedle instructionsintelligently. In addition, no-ops
insertedby the compilerfor alignmen purposs have been
eliminated.Consequetly, PLTO redoesnstructionschedul-
ing andalignmentin orderto improve decodingand execu-
tion efficiengy. Basichlocksarealsopositionedto improve
instructioncacheutilization and reducethe frequeny with
which jumpsaretaken [15]. Alignmentno-ops areinserted
whereappropriateto improve instruction-fetchhit rates. Fi-
nally, relocationinformationis usedto updateary addresses
thatarereferencedn theexecutableandthebinaryis written
out.

Sections3 and 5 describethe mostinterestinganalysesand opti-
mizationsthat PLTO performs.

3. ANALYSES

PLTO usesa numberof differentanalyse to suppat the opti-
mizationsit carriesout. This sectiondescribeshe mostimportant
of theseanalyss.

3.1 Disassemblyand Control Flow Analysis

Disassemblhbegins at the entry point of the program,asspeci-
fiedin the headerf the executablfile. Instructionsaredisassem-
bled in sequere, asthey are encounteredsee[3]). One poten-
tial problemthatarisess thatof dataor alignmentbytesappearing
in codesggmentswhich cancomplicatethe disassemblingf ma-
chinecode.As anexamge, in oneof thestringlibrarieson our sys-
tem (RedHatLinux), we foundthatthe programmemhadinserteda
NULL byte (0x00) at one point, presumaly for alignment. Un-
fortunately during disassemblyhislookslike avalid add instruc-
tion; becauseof the 1A-32 architectures variable-lengh instruc-
tions, this causeghe restof the disassemblyrom thatpoint on to
be erroneous.To dealwith suchproblems,PLTO currentlylooks
for tamgetsof jumpsandrelocationsthat may point to the middle
of anothe instruction. If thereis a jump into the middle of an
alreadydisassembledhstruction,then an error was madein con-
structingtheinstructionstream.In this casePLTO repairsthe error
andrestartghe disassemblyprocessrom the targetof thejump or
relocation.

Oncedisassemly is complete PLTO constru¢saninterproced-
ral controlflow graph(ICFG)for the program.Severalissuescom-
plicatethe constructionof the ICFG: indirectcalls, indirectjumps
throughtables,and dataappearingn segments,suchas. t ext,
that aretypically resened for instructions. Indirect calls through
registersare modeledusing a specialpseudenodein the ICFG,

BueLL. This nodebelongsto a specialpseua-function, Fyg | .
BothByg L andFpg L areusedby mary of theanalyss andopti-
mizationsto represehworst-casescenariosFor example,Bygy | is
assumedo useall registersdefineall registers,andpossiblywrite
to all possible(writable) memorylocations,possibly overwriting
datain the stackframesof ary callers. This ensureghatall analy-
sesperformedby PLTO areconserative.

Indirectjumpsthrougha table of addresseare often generated
by a compilerfor multi-way branchessuchasswi t ch constructs
in C. PLTO attemptdo recover thepossibletargetsof thesendirect
jumpshy tracingbackwards throughthe instructionstreamto find
the size and baseaddressof the table, using the bounds checkto
infer thetablesize[5]. Jumpswhosetargetscanrot beresohedare
modeledusingthe specialnodeByg, | .

3.2 Stack Analysis

Oneof ouroptimizationgoalsfor PLTOis to allow functioninlin-
ing andthe subseqgent propagatiorof the actualparametergrom
the call siteinto the (cloned)body of theinlined function?® In par
ticular, we wantto be ableto optimizeaway conditionalbranche
in theinlined codebasedn constanamumerisin thecaller Since
function amgumentsare passedn the stackin the IA-32 architec-
ture,thisrequiregheability to reasoraboutthecaller’s stackframe
andits relationshipto the callees stackframe. This is donevia
stackanalysis.To the bestof our knowledge this analysiss novel:
othercomparabléinaryrewriting systemslonotimplementasim-
ilar analysis.

The ideacan be illustrated by the following sourcecodefrag-
ments:

int f(...)
{

g(123, 456);

void g(int x, int vy)

if (y !=0)

At the machinecodelevel, the codefor thesefunctionsresembles
thefollowing:

f:

bﬁéh $456 # push arg 2
push $123 # push arg 1
call g
addl $8, %esp # pop args

g: push %bp # save old frame ptr
movl %esp, %bp # update frame ptr
subl $32, %esp # all ocate stack frane
ﬁbVI 8(%bp), %ax # load y
testl %ax, %eax #y!=07?
jne ...
| eave # deal | ocate frane
ret

We would like to inline g() into thebody of f () , propagtethe
valueof the (constantsecom argumen into theinlined body, and
therebyeliminatethe testand conditionalbranchcorresponihg to
thestatementi f (y != 0) ..., aswell asthepush opera-
tion(s)atthecall sitefor parametepassing.To do this, we have to
beableto infer the following aboutthe location£ written to by the
instruction‘push $456’ inf ():

1. £ is the sameas that referencedby the instruction‘novl
8(%bp), %ax’ing(), in orderto propayatethevalue
of theamgumentinto thebodyof g() .

1We expectthe compilerto have alreadycarriedout any compile-
time inlining it is ableto. Our focusis oninlining acrossmodue
andlibrary boundaies.



2. Lisnotoverwrittenby ary prior storeoperatioswithin g() .

3. £ beconesdeadonceall referencego it in thebody of g( )
have beenreplacedby the constantvalueof theargumern.

To male theseinferenceswe have to be ableto determinethe po-
sition of thelocation/ addressedy theinstruction‘push $456’
relative to boththe“old” framepointerin f () aswell asthe“new”
frame pointerin g() andto reasonaboutthe livenessof specific
memorylocationswithin the stackframeof f () afterthe call to
g() hasbeeninlined. We dothis usinga stackanalysighatallows
usto modelthe stackframeof afunctionasanarrayof words;sub-
sequen analyseghenreasonaboutthe contentsivenessegtc., of
locationswithin this array

To determinghesizeof afunction’s stackframe,we examinethe
basicblocksof thefunctionandcompue themaximumvalueof the
differencebetweertheframepointerregister¥ebp andthetop-of-
stackpointerregister¥esp. Theessentiaintuition is to keeptrack
of operationghat updatethe stackand frame pointers. Whenwe
cometo afunctioncall, we canrotin generalassumehatthe stack
will have thesameheightonreturnfrom thecalleeasit did onentry
to it. Henceto determinethe sizeof the stackframewhencontrol
returnsfrom the callee,we have to take into account the behavior
of the callee. To this end, we first carry out a well-behaedress
analysigo identify functionsthatleave the stackatthe sameheight
asit hadwhenthefunctionwasentered.

A function f is saidto be well-behavedf thereis no netchang
in the heightof the runtime stackdue to the executionof f, for
all possibleexecutionpathsthrough f. Well-beharednessanalysis
is donein two phases.First, we mark aswell-behaed all those
functionsthat (i) pushthe frame pointer%ebp on entry; and ii)
executethel eave instructionimmediatelybeforereturningto the
caller The effect of this combiration is to restorethe stackand
framepointersto thevaluesthey hadjustbeforeentryto f. Second,
asdescribedelow, we propayateinformationaboutchargesin the
heightof theruntimestackdueto the executionof eachbasicblock
in the programandusethis to identify functionswheretheruntime
stackis atthe sameheighton returnasit wason entry.

Giveninformationaboutwell-behaednesof functions we an-
alyze eachfunction to determinethe (maximum)size of its stack
frame (including the spacefor actualparameterswhich is shared
with the caller). This is doneasonewould expect. We first deter
mine, for eachbasicblock in the function, the chang in the stack
size dueto the executionof that block. This is then propagted
throughthe controlflow graphof the function. If abasicblock has
morethanonepredecesspanddifferentincomingedgeshave dif-
ferentvaluesfor thechangein stacksizealongthatexecutionpath,
thenthe stackframeheightat the entry to that block is setto un-
known This procedurss iterated,in a mannervery similarto that
for constantpropagationuntil the stackheightatthe entryto, and
exit from, eachbasicblock hasstabilized. This allows usto deter
minethe chang in stacksizeatthe entryto eachblock relative to
that at entry to the function, and thencethe maximumsize of its
stackframe.

3.3 Use-Depthand Kill-Depth Analysis

The relatively small numberof compilervisible generalpur-
poseregistersin the I1A-32 architectureoften causesvaluesto be
placedin (or spilled to) a function’s stackframe. In the absene
of ary otherinformation,programanalysesnustmake worst-case
assumption aboutthe effectsof function callson suchvalues.For
example, constantpropagation(Section3.4) must assumethat a
function call candestry all suchvalues,because function might
write to any memorylocation,while stacklivenessanalysis(Sec-
tion 3.5) mustassumethat stacklocationsare live becausehey
may be accessedby a function call. Suchworst-caseassumgions

canaffect the precisionof our analyseguite significantly To ad-
dressthis, we useusedepthandkill depthanalysego estimatethe
effect of function callson the runtimestack.

The usedepthof a function is eithera non-n@ative integer or
thevalueoo; it representsinupperboundon thedepthin the stack,
relative to thetop of stackwhenthe functionis called,from which
the functionmayreada value. The psuedo-fustion Fyg| |, which
is usedto modelindirect function calls, is assumedo have a use
depthof . Theusedepthof the otherfunctionsin the programare
computedn two phases:

1. [Local analysig. Theinstructionsn eachfunctionareexam-
inedto determin€rom how fardown thestackthey mayload
avalue. Indirectloadsareassumedo be ableto load from
ary location,andresultin a usedepthof . Thisformsan
initial approximaion to the usedepthof eachfunction.

2. [Iterative propagationl. Usedepthinformationis iteratively
propagate@longthecall graphof the programfrom calleeto
caller In a giveniteration,considera function f whoseuse
depthis currentlysetto m. Supposethat f calls functions
d1,---,0 from call sitesCy,. .. ,Cy respectiely, andthatthe
usedepthsof the functionsgy, . .., 0k aresetto ny, ..., ny re-
spectvely. Moreover, suppae that the heightof f’s stack
frame,determinedrom the stackanalysisdescribedn Sec-
tion 3.2, at the call site G is pj, 1 <i < k. Let d; bethe
maximumdepthin the stackthatcanbe accessethy thecall
to g, 1 <i <k, relative to the stacktop atthetime f was
called.We computed; asfollows:

— If pj = unknown, we do notknow how large f’s stack
frameis at thatcall site. In this case the deepstloca-
tion in the stackthat canbe accessedy a load opera-
tion in thecalleeg; cannotbe deepetthann; relative to
thetop of thestackatthecall siteG; in f. It followsthat
this locationcannotbe deepetthatn relative to thetop
of the stackwhen f wascalled(since f's stackframe
cannd have nggative size). Sowe setd, = n;.

— If p; # unknawvn, we have two possibilities.If p > n,
thenloadoperatioswithin thecalleecannotaccessry
stacklocation outside f's stackframe. On the other
hand if pj < nj thenthedeepestocationaccessé by a
load operationwithin g;, relative to the stacktop atthe
pointwhenf wascalled,is atmostn; — p;. In thiscase,
thereforewe have d = max0,n; — p;).

Theusedepthof f isthenupdatedo maxm,dy,...,dy). This
is repeateduntil a fixpoint is reachedand the usedepthof
every functionstabilizes.

Thekill depthof a function is analogos to that of usedepth: it
is eithera non-regative integer or the value o, andrepresentsan
upperboundon the depthin the stack, relative to the top of the
stackwhenthefunctionis called,to which thatfunction maywrite
avalue. Thecomputatiorof kill depthsis exactly analogosto that
of usedepths.

3.4 Constant Propagation

Our experien@ with the alto system[14] shaved that constant
propagtion—which at link time propagatesaddresse and con-
stantargumentsacrossfunction and modue boundaies—canbe
animportantsourceof performarce improvementsresultingfrom
link-time optimization. To carry out constan propagatioron ma-
chinecode,however, it is necessaryo specify in someform, the
semanticof the instructionsof the underlyingarchitecture. The



IA-32 instructionsetcontainsa large numbe (over 300) of differ-
entinstructionclasse$ makingthis a tediousandtime-consuming
propasition. It turns out, however, that a relatively small num-
ber of differentinstruction classesaccouwnt for the vast majority
of all instructionsactuallyencounteredn executablefiles in prac-
tice. PLTO thereforeusessemanticknowledgeaboutonly a small
subsef all possiblelA-32 instructionclassesbasedon anexam-
ination of the staticand dynamicdistribution of instructionsin the
codefor all of the SPEC95 benchmark programs;the remaining
instructionclasse@retreatedconsevatively andtheir resultstaken
to be unknown. This allows usto handlethe vastmajority of in-
structionsencouneredin practicewithout requiring an exorbitant
implementatioreffort. Thisresultsin some31 differentinstruction
classeghat are consideredby the constam propagator;however,
with knowledgeaboutthe semanticof these31 instructionclasses
it is ableto processall of our benchmarkswithout significantloss
of information.

The constantpropagationalgorithm PLTO usesis straightfor
ward conditionalconstantpropagatiof19]; processostatusword
(PSW)bits aretreatedasone-bitregisters.The notionof kill depth,
discussedn Section3.3, is usedto estimatethe effect of function
calls on the runtime stack. This allows usto limit the amountof
stackwhosecontentshave to beinvalidatedduring constantprop-
agationwhena function call is encourtered. For example, if the
calleehasakill depthof 8, thenonly the top 8 bytesof the stack
canbeaffected,andthe valuesof deepelocationsneednot bedis-
cardedby the constanpropagtor.

3.5 LivenessAnalysis

ThelA-32 haseightgeneraburposeegisters—sixaregenerally
availableto a compiler; two areresened for the stackand frame
pointer This small setof usableregistersresultsin the compiler
generatingcodethat operatedirectly on memory ratherthan ex-
plicitly loading modifying and storing values. For this reason,t
is insufficient to restrictlivenessanalysego registers.To this end,
PLTO modds andanalyzeghe runtimestackin additionto the set
of registers. For livenessanalysispurposesmorewer, PSW bits
aretreatedasone-bitregisters.

PLTO usesa standardcontect sensitve approah to compuing
registerlivenessnformation[9, 12]. Muth found thaton a RISC
architecturethe CompagAlpha, the useof a context sensitve live-
nessanalysisincreasedhe numberof deadregistersavailable per
basicblock in the SPEGnt-95 benchmarksuite, on the average,
fromabou 3.0to 5.2,compaedto acontet insensitve appro@h—
an increaseof about70% [12]. By contrast,in PLTO a context-
sensitve analysisfinds an averageof 1.8 deadregistersper basic
block in the SPECNt-95 suite, up from 1.67 deadregistersper
block obtainedwith a context-insensitve analysis:animprovement
of only 7.8%. Thisincrementaimprovemen increasds muchless
thanMuth'’s usingal t o, but this is not entirely surprisinggiven
thattherearesofew registersto work with.

It turnsout thatwhena function storescallee-saed registersto
the stack(via push instructionsuponentry),the useof thesereg-
isterspropagtesbackto the caller This resultsin the callee-saed
registersbeinglive in blocksprior to the functioncall. A straight-
forward livenessanalysisdoesnot recogrize thatcallee-saed reg-
istersarerestoredviapop instructionsonfunctionexit) priortore-
turning controlto thecaller Onewould like to know thatalthough
theseregistersare used,their valuesare not examinedexcept for
the save on entry andrestoreon exit. To solve this problem,PLT0O
performsalocal analysisfor eachfunctionto determindf acallee-

2An instructionclasscorrespons, roughly; to an operation,e.qg.,
add or load; within a particularinstruction classthere may be
several different op-cocks, specifying different kinds or sizesof
operamis.

saved registeris used. It is usedif the conteris of the registerare
used(ignoring the action of saving the register) beforebeing de-
fined, if thelocationto which it wasstoredon the stackis used,or

if theregisteris restoredandthenused. Theresultsfrom thelocal

analysisare theniteratively propagtedalongthe call graphuntil

a fixpoint is reached. Indirect loadsthroughregistersare treated
conseratively—we assumehatthey could comefrom anywhere,
includingslotson the stack.Our contet sensitve analysiss tuned
to subtracttheregistersthat PLTO findsasbeingcallee-sgedfrom

the setof registersusedby thatfunction.

PLTO’s livenessanalysisof the runtime stackis similar to that
of registers with 4-byteslotson the stacktakingtheir place. Indi-
rectloadsfrom registersaretreatedconseratively—they mayload
from anywhere, including the stack. Indirect storesthroughreg-
istersare alsotreatedconseratively; in mostcaseswe cansafely
saythat they definenothing i.e., ary live stackslot remainslive
afteranindirectstore.Theanalysiss interprocedual, andusesthe
usedepthof a function, discussedn Section3.3, to estimatethe
may-usebehaior for functioncalls.

4. INSTRUMENTATION

Marny of theoptimizationscarriedoutby PLTO rely onlow-level
profile information. SinceRedHat Linux doesnot currentlycome
with instrumentatiortoolsfor gatheringsuchlow-level profiles,we
have built this functionalityinto PLTO.

A commandline option canbe usedto instructPLTO to addin-
strumentatiorcodefor gatheringedgeprofiles. This causeghein-
sertionof profiling blocks along eachedgein the interprocedual
control flow graphof the original program. Eachsuchblock con-
tainscodeto updatea (64-bit) courter that recordsthe numberof
timesthe correspamding edgehasbeentraversed.The datasection
of the program is expardedto accommodee thesecounters.PLTO
alsoaddsa procedue to the codethatwritesthe edgeprofilesto a
file, andinsertsa call to this procedue just beforethe programexit
point. The profilesgatheredy executingthis instrumentedinary
on representate training input aresubseqgantly readin by PLTO
andusedto guideoptimizationdecisions.

PLTO alsosupportshe gatheringanduseof value profiles[13].
A value profile for a variablex at a programpoint p is a partial
probability distribution of thevaluestakenonby x at p. If this dis-
tribution is found to be sufficiently skewed to a particularvaluea,
we cangeneratespecializedcodewhenthe value of x is a at pro-
grampoint p. In particular whencontrolreachegp we testwhether
x hasvaluea and,if so, branchto the specializedcode. Whether
suchspecializationis worthwhile is determinedusing a low-level
cost-benefinalysis[13]. We usegoal-directedvalue profiling to
reducethe cost of gatheringvalue profiles[18]. The resultsde-
scribedin this paper however, did notrely on valueprofiles.

5. OPTIMIZA TIONS

PLTO performsnumerows codeoptimizationsassummarizedn
Section2. Below we describesomeof the moreimportantof these
optimizations.

5.1 Inlining

Inlining is awell-known optimizationwhereacall to afunction f
is replacecby acopy of thebody of thecalleef [2, 8]. Wheninlin-
ing is carriedouton executablegprogramsafterlinking, thegoalisto
inline acrossmoduleandlibrary boundaries. The main benefitsof
inlining—apartfrom locality effectsarisingfrom bringingthecode
for thecallerandcalleeclosertogethelin memory—arehree-fold.
The first is to eliminate the function call/return overhead. Usu-
ally, inlining a function call getsrid of 2-5 instructions: the call
andreturninstructions,and—if the calleeis not a leaf function—
instructionsto allocatea stackframeon entry anddeallocatet on



return. The secondenefitis to reduceor eliminatethe overheadf
argumentpassingby eliminatingpush operationsat the call site
andmemoryloadswithin the callee. The third benefitis to exploit
callsite-specifianformationin the callee. For example, constant
amumentvaluescanbeexploitedto eliminatecondtional brancles
within the calleethat usethosevalues;and memoryaliasingrela-
tionshipsbetweenthe caller's codeandthe callees codemay be-
comeeasierto determineafterinlining, whenthey would refer to
the samestackframeratherthantwo differentframes. The main
potentialdisadwantageto inlining is code growth; doing inlining
withoutattendingto its effectson cachebehaior canhave a signif-
icantnegative effect on programperformancethis is dramatically
evidert in, for example,the SPEGnt-95 benchmarkprogramgo).

The criteria usedfor inlining within PLTO areasfollows. If a
function hasa single call site, or if its body containsat most5
instructionsjt is alwaysinlined, sincethis cannotresultin any code
growth. Otherwiseafunction f isinlinedinto acall siteC provided
thateachof thefollowing hold:

1. Theinlining can be expectedto yield a reasonhle perfor
mancemprovemern. We conside two possibilities. Thefirst
isthatC isa“hot” call site,i.e., it is executedsuficiently of-
tenthatthebendit of eliminatingtheoverhealsof parameter
passingand control transferis likely to be significant. The
seconds thatC passesonstanargumernisto f, and f uses
its argumentsor passeshemto otherfunctionsthatusethem,
suchthat optimizing f’s codeusinginformationaboutcon-
stantargumentsatC canyield performancéenefits.

2. Inlining f into C will not causeexcessve code growth or
interferewith otheroptimizationswithin PLTo. Underthis
criterionwe check for example,thatC is notarecursve call
andthattheinlining will not adwerselyaffect stackanalysis
(Section3.2). Thecachemodelwe useto estimatethe effect
of inlining ontheinstructioncacheutilization of theprogram
canbethougtt of asasimplifiedversionof McFarling’s[11].

We arecurrentlyinvestigatingechniqusto improve our estimation
of the benefitsof knowing constanfargumentgo a function.

5.2 Load/Store Forwarding

Load/storeforwardingis an optimizationthat attemptsgto elimi-
nateunnecessaryfoad operationdrom memory Theideais to find
a pair of instructionsl andJ suchthat: (i) | is aload instruction
ro < load(?); (i) J loadsa registerry from, or storesr; to, the
location/; (iii ) J dominated; and(iv) we canguaranteahat the
conteris of memorylocation/ do not changebetween] andl. In
this case providedthatsomeadditionalconditionsaresatisfiedwe
canreplacetheloadoperationl by aregisterto-registermove from
ry torg (or, if ro =ry, simplyeliminatel). Theoptimizationcanbe
thought of asa specialcaseof commonsubepressionelimination.

The implementatiorof load/storeforwardingin PLTO works as
follows. We considersituationsof the form

[* BlockBy*/ J:ri<1load(f) or £+ store(r;)

/* BlockBn* 1 fo « load(¢)

wherethe sequencef basicblocksB; ... By formsanextendedba-
sic block. In otherwords,if we tracebackfrom B, up to By, each
block along the way (exceptpossiblyB;) hasexactly one prede-
cessar To ensurethat the contentsof location £ are not modified
betweeninstructionsJ and |, we examine eachstoreinstruction
betweentheseinstructionsto seewhetherthe target location may
overlap{. Thisis doneusingthefollowing memorydisambiguéion
rules:

1. anindirectmemoryreferencecanoverlapary othermemory
reference;

2. anabsolutememorylocationdoesnot overlapa stackloca-
tion; and

3. two memoryreferencesre non-overlappingif they usethe
samebaseandindex registers,andthe samescalefactor but
have differentdisplacemets.

If ro # r1, we have to inserta registermove instructionto copy rq

into rg; thisis insertedaslatein the extendedbasicblock B; ... Bp

aspossible while ensuringthat at the insertionpoint r1 still con-
tains the value loadedfrom location ¢ and that registerrg is not
live atthatpoint. As a pragmaticmeasureve allow only onesuch
copy operationto be insertedperload operationbeingeliminated;
this hasthe effect of allowing at most one of the registersrg or

r1 (none,if ro = rp) to be modified betweeninstructionsJ andl.

We alsoensurethatthe executionfrequeng of the programpoint
wherethis copy operationis inserteds low enowgh, relative to that
of instructionl, sothatits runtimecostdoesnot exceedthe benefit
of eliminatinginstructionl.

5.3 CMOV Intr oduction

Thentel P6 processoincorporatesomeinstructionsnot found
in older Pentiumprocessorsincluding conditiond move (CMQOV)
instructionsfor integer andfloating point operand. The effect of
aCMOV instructionis to copy its sourceoperando its destination
if the condition specifiedholds. If PLToO encowntersa branchin-
structionwhoseonly effect is to conditionally jump over a move
operation,it optimizesthis to replacethe conditionalbranchand
move operationwith an appropriateCMOV instruction. The ef-
fect of this optimizationis to eliminate potentially unpredictabte
branchs. Among the SPECIint-95 benchmark, the m88ksimpro-
gram experiencesa significant performanceimprovemen dueto
this optimization.

6. EXPERIMENT AL RESULTS

We evaluated the performanceimprovements obtained from
PLTO using the SPECInt-95 benchmarksuite. Our experiments
wererun on an otherwiseunloaced 600 MHz Pentiumlil system
with 128MB of mainmemoryrunningRedHatLinux 6.2. Thepro-
gramswerecompiledwith gccversionegcs-2.91.6@&toptimization
level - O3. Theprogramawvereprofiledusingthe SPECtrainingin-
puts,optimizedby PLTO usingtheseprofiles,andthentimedonthe
SPECreferencenputs.

Theexecutiontimesfor our prograns, beforeandafteroptimiza-
tion, areshawvn in Table1. Eachnumber wasobtainedby running
the corresponihg executalte 7 times, discardingthe highestand
lowesttimes,andcomputing the arithmeticmeanof the remaining
5 times. Thelastline of Tablel shavs the averagespeedmprove-
mentobtained computedasthe geometrianeanof thespeedatios
for the individual programs.The m88ksimbenchmarkobtainsthe
greatesperformancamprovementof a little over 15%, while the
gcc vortex, and perl benchmarks obtain improvementsof 8.6%,
7.4%,and6.4%respectiely. Onaveragewe seeanimprovemert
of 6.2%.

We alsomeasuredhe effectsof PLTO onthelow-level execution
behaior of prograns. Theseweremeasuredisingthe Rabbitper
formancecounterdibrary [10], with eachnumbe obtainedasthe
averageof threerunson an otherwiseunloadedmachine.Someof
theresultsareshavn in Figurel:

Memory Operations : Improvementsin the numberof memory
operationsareshavn in Figure 1(a). For several programs,
PLTO is ableto achiese significantreductionsin the numker
of memoryoperationsdue primarily to the effectsof inlin-
ing andload/storeforwarding, with li achieving a reduction
of over 9% andvortex a reductionof over 7%. On average,
thenumbe of memoryoperationss reducecby abou 5.6%.



Program ExecutionTime (secs) Ratio

Original (Tg) | Optimized(T1) T1/To
compess 116.96 113.89 0.974
gcc 79.89 72.98 0.914
go 123.12 121.05 0.983
ijpeg 128.56 127.45 0.991
li 100.45 94.79 0.944
m88ksim 115.27 97.63 0.847
perl 77.30 72.38 0.936
vortex 132.75 122.95 0.926

| GEOMETRIC MEAN: [ 0938 |

Table 1: Executiontime improvements dueto PLTO

Taken Branches : Thenumberof takenbranchesshovnin Figure
1(b),is reduceddramaticallyby abou 64.5%o0ntheaverage.
This is due primarily to codelayout. The vortex program
experiencs the greatestimprovemen, with a reductionof
closeto 74%.

Mispredicted Branches : The improvementin the number of
mispredictedbranchesis shavn in Figure 1(c). Most of
the benchmark experiencesignificantimprovementsin the
numbe of branchmispredictionswith m88ksimand vortex
having improvementsof around 30%, while gcc and perl
experiencesmaller—but still significant—impreementsof
over 12%. Overall, the programsexperiencea 12.7%im-
provemert in the numberof mispredictedranctes.

Instruction Fetches : The numberof instructionfetchesdecreases
for all programs,asshavn in Figure 1(d). The largestim-
provemerts are seenfor m88ksim with a 13.6% reduction
in the numberof instructionsfetched,and m88ksim with a
7.9%reduction. The averagereductionin the numter of in-
structionsfetchedis 5.5%.

Instruction Cache Misses : Changs in the numker of instruction
cachemissesareshavn in Figurel(e). Unfortunately these
numbes aresignificantlyworsethanwe would like: several
programsexperierce significantincreasesn the numbe of
i-cachemisseswith goincurringa 121%increaseandli in-
curring a 12-fold(!) increase.On the otherhand,somepro-
gramsexhibit significantreductiorsin the numberof i-cache
misseswith m88ksimand perl experiencingimprovements
of 76.5%and36% respectiely. Overall, the programssuffer
a 15.3%increasan the numberof i-cachemisses.

Wearecurrentlyinvestigatinghereasongor thesancreases,
andanticipatefurtherimprovemers in the overall speedup
PLTO is able to achieve when this problem has beenad-
dressed.

An interestingaspecbf our experiencesvith PLTO wasin thein-
teractionbetweercodelayoutandthe BranchTargetBuffer (BTB)
mana@mentalgorithm. Our experimentsindicatedthat profile-
guidedcodelayout using the Pettis-Hanserlgorithm [15] led to
a hugeincreasdby roughly two ordersof magnitude)n the num-
berof BTB missesThis initially raisedthe possibilitythatprofile-
guidedcodelayoutmayhave beeninadwertantlyintroducingsignif-
icantruntimeoverhead arisingfrom theseBTB misses.We even-
tually tracked the problemdown to thefactthaton the Pentiumill
processq a conditionalbranchdoesnot enterthe BTB until it has
beentaken. Recallthatthe Pettis-Hanserode layout algorithm
is setup so that conditional branche fall through—i.e., are not
taken—wheever possible. Eachsuchbranchcan, therefore give
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Figure 1: Effects of PLTO on Low Level Program Behavior



riseto a BTB misseachtime it is encowntereduntil eventudly it
entersheBTB (if it does).Fortunatelyit turnsoutthatin this par
ticular casethe BTB missdoesnotincur ary performancepenalty
However—apartfrom the factthatthis behaior wasinitially quite
disconerting—it also meansthat the “unpenalized”BTB misses
arisingfrom profile-guidedcodelayoutcanmaskBTB misseslse-
wherein the programthatdo incur a performarce penalty thereby
makingit harderto identify andrectify the latter.

7. RELATED WORK

Binary rewriting andlink-time codeoptimizationhave beencon-
sideredby a numberof researchersThework mostcloselyrelated
to oursarethosefocusingon staticoptimizationof executalbe bina-
ries. Mostof thework in thiscontext, including Spike[6], alto [14],
andOM [17], hasfocusedon RISCarchitecturesuchasthe Com-
pagAlpha. Comparedo suchRISC architecturesthe Intel IA-32
architecturetargetedby PLTO offers very different challengesto
link-time optimization.

The Etch system like PLTO, is aimedat modifying IA-32 exe-
cutableq16]. Its primarygoalappeardo beinstrumentatiomather
thanoptimization.It implementsarelatively smallsetof optimiza-
tions;the only onespecificallymentionedby the authorsis profile-
guidedcodelayout. Othersystemsaimedat instrumentatiorand
analysisof I1A-32 programsncludeNT-Atom andHiProf [7].

Also relatedis UQBT, a binarytranslationsystemthatis ableto
processdA-32 executableqg4]. The primary focusof this work is
on the translationof executableprogramsacrossplatformsrather
thanaggressie optimizationwithin the context of a particularplat-
form. This differencein focusbetweenUQBT and PLTO leadsto
significantdifferencesn their internalarchitectureaswell asthe
assumption they make aboutinput binaries;in particular UQBT
doesnot attemptto optimize codethat doesnot conformto high-
level specificationssuchashand-gtimizedassemblycodewithin
libraries.

8. CONCLUSIONS

We have describedPLTO, alink-time optimizerfor the Intel 1A-
32 architecture The goal of our systemis to optimize executables
thathave beenaggressiely optimizedby the compiler andwhich
may containstatically linked libraries and/orhand-opimized as-
semblycodethatneednot adhereto higherlevel conventions.Our
systemimplementsseveral analyss that are, to the bestof our
knowledge, new: exampges include the stackanalysis,usedepth
andkill depthanalysesetc. We currentlyobtainreasonale perfor
manceimprovementson medium-sizedorograns, as exemplified
by the SPECit-95benchmarksuite,which experiencea speedm-
provement of alittle over 6% ontheaverage.
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