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Abstract

We introducea novel optimizationenginefor META4, anew objectorientedanguage
currently underdevelopment. It usesStatic Single Assignment(henceforthSSA)
form coupledwith certainreasonablealbeit very uncommonlanguagefeaturesnot
usuallyfoundin existing systems.This reduceghe codefootprint andincreasedhe
optimizers “reuse”factor This engineperformsthe following optimizations;Dead
CodeElimination (DCE), CommonSubepressionElimination (CSE) and Constant
Propagation (CP) at both runtime and compile time with linear compleity time
requirementCPis essentiallfree,whethethevaluesarereallysource-codeonstants
or specificvaluesgenerateat runtime. CPrunsalongsidewith theotheroptimization
passesthusallowing the efficient runtimespecializatiorof the codeduringary point
of theprogramslifetime.

1. I ntroduction

A recurringthemein this work is that powerful expensve analysisandoptimization
facilities are not necessaryor generatinggoodcode Rather by usinginformation
ignoredby previouswork, we have built afacility thatproducegoodcodewith simple
lineartime algorithms.Thisreportwill focuson the optimizationpartsof the system.
More detailedreportson META47?; ? aswell asthe compilerareunderdevelopment.

Section0.2 will introducethe scopeof the optimizationalgorithmspresented
in this work. Sectionl. will dicusssomeof the importantdefinitionsand concepts
relatedothe META4 programmindanguagendtheoptimizerusedby thealgorithms
presentetherein. Thespeciafeaturef META4 allow for linear(or nearlinear)com-
plexity optimization,alongwith anessentiallyfreerun-timeconstanpropagatiorihat
isimplementedy asimple,compacengine.Thecodesizefor theentireoptimization
engine(without the headerandsupportroutines)is lessthan250lines of semi-dense
C+* code.

Section2. will discussin more detail the backgroundnformationon the opti-
mizationalgorithmswhicharepresentedh section3. (anddiscussedvith moredetail
in ?). Sections4. and5. endwith discussionof relatedwork, lessondearnedand
futuredirections.

11 Optimization

Optimizationghatdo notdirectlymodify controlflow, suchasDeadCodeElimination

(DCE), ConstantPropagationfCP), CommonSube&pressiorElimination (CSE),and

evenRuntimeConstanPropagation(RCP)canbeimplementedn atwo passalgaithm

— eachoptimizatiort hasaprepasslgorithmthatgeneratetheneededlatastructures.
They sharea singlepostpasalgorithmwhich actuallycarriesoutall actions.

Let N bethesizeof the progrant andlet h(p) bethe costof the hashfunction
for keys of someconstantengthp. Then,aswe will seein 3.6,theprepasss atmost
O(h(p)N) andthepostpasss O(N). If h(p) is aconstantthisreduceshecomplexity
to O(N), i.e. lineartime3?



META4 implementdartial Evaluation(henceforttPE)?; ?; ? asCPatexecution
time. Theprogrammeirs ableto generatandinvoke specializedrersionsof anycode
segmeniwith specificruntimevaluedreatedasconstantsindpropagatethrough(and
re-optimized)atanytimeduringthelifetime of theprogram.META4 supportgR)CP
aswell asunrestrictedRun Time CodeGeneration.

This work will alsoshav that CR evenat runtimedoesnot explicitly requirea
separatgrepassut canrun asa part of the otheroptimizationsfeaturedhere. The
programmeronly needsto specify that a particularinstanceis a knownvalue and
instructthe optimizerto generatea specializedform of the routine(s)that usethis
value. To thebestof theauthors knowledge thisis thefirst work thatcombineghese
optimizationsalongwith runtime CP thatis executedby a single unifiedenginein
linear(or nearlinear)time.

2. META4: Language Design Compiler Basics

Beforetheactualoptimizationenginecanbediscussedh detail, it is first necessaryo
briefly mentionthe someof theimportantattributesof the META4? languagewhich
activelycontributeto the optimizationprocess.

Thefirst definitionaddressethe issueof storage. A unit of storagein META4
is known asaninstance; andis identifiedby a pair of numbers. The first number
identifiesa uniqueinstancewhich correspondo atextual variablenamein thesource
code,andthe secondspecifieghe StaticSingle Assignmert? index for thatinstance.
The SSAindex guaranteethataninstance hasoneuniquepointof creation.Storage
or datamember=f classedlo existin META4, but they arenot directly accessible.
Ratherwe introducea singleconceptproperty thatgeneralizeandexpandson data
membersandmemberfunctions.

A property is a behaioral trait of a classthat is typed, named,inheritable,
specializablegeneralizable.lt may requirearguments,and may also returnvalues
aswell. A crudeanalogwould be a virtual memberfunction of a classin C** or
Java* Note that within META4, the only way an instancecan be accessedrom a
classis througha property?. Furthermorethe property is the only mechanisnfor
communicatingvith anobjectin META4. Operationghat are generallyconsidered
asprimitives (suchas add, subtractetc..) are also properties(of the integer class).
Theunificationof storageandfunctioninvocationallows META4 languageo separate
storagdrominheritance lts definitionalsospecifieshetypesanddata-flav directions
of all parameters.In additiona propertymay be declaredasa predictableproperty
whichwill bedescribedater

An invocation is anabstractvrapperfor thebindingof a propertywith its actual
arguments. Thereare two main typesof invocation, a concretestatement which
binds agumentsto the property being invoked and a metastatement which is a
subtypeof invocation usedfor encapsulatingontrol flow change.A nonemptylist
of properties senesasthe “continuation’? For example,a “loop” metastatement
containstwo properties, a “test” continuationranda “body” continuation.The latter
is conditionally (re)executedpendingthe resultfrom the “test”. Thetwo subclasses
of invocation, metastatement and statement, are combinedto form structured
control-flov? equivalentof the program.

All codeseggmentsa.k.a.implementations, aresequencesf invocations. An
implementation definesthe body of a property. It is anarrayof invocations that



also containsinformation on the instancesusedwithin that implementation. If a

propertycanacceptasargumentsnultiple typesfor the sameparameterthenit has
more than oneimplementation. As long as the actualtype for that parameteiis

known at compiletime®, a new implementation canbe generatedhat bettermeets
the agumentspecifications.This canpotentiallyaid in producingbetter(i.e., faster
executing)codeby avoiding dynamicdispatchor invocationsaswell asthroughRCPR

This alsodirectly supportgolyvariantspecializatiorandpolyvariantdivision? asa

propertycanhave animplementatiorthataregeneratedor specificagumentvalues
aswell asspecifictypes

2.1 Synergistic Cooper ation Between Programmer,
Compiler and the Language

In META4, certainkeywordsare provided, so thatthe programmeicanusethemto
inform the compiler of informationthat would be very usefulanddifficult to obtain
automatically Theseareanalogougo certainannotationsisedin variousPE engines
forthelanguageC?; ?; ?. Similarideasareusedhereto helptheoptimizerin improving
thecode.However, in thiswork, “annotations’arenotaddedonto anexistinglanguage,
butareanintegralpartof theprogrammingprocesshathasbeendesignedromground
up to supportprincipleduseof Run Time CodeGeneration(RTCG). This enticesthe
programmeto work with thelanguageandthe compilerin producinggoodcode.

The programmespecifieghe dataflav to andfrom a property. Thusthe com-
piler knows exactly which parameterémport datato the property(i.e. areincoming
parametersivhich parameterseturndata(i.e. areoutgoingparametersjandwhich
parameterslo both (i.e. arein/out parameters).Also, mary “primitive” functions,
suchasinteger operationshave predictableresults(i.e., giventhe sameinput, they
alwaysproducehesameoutput,andhave no side-efects.). This predictabilitycanbe
exploitedin numerousptimizatiors. Many userdefinedporopetiesarealsopredctalde
in the samemanneras“primiti ves; but automaticallydetectinghis is generallydiffi-
cult. However, in META4, dueto theexplicit dataflow, SSAandcarefuldefinition of
primitives,guaranteeinghe correctnessf predictabilityis easy It isimpossiblefor a
programmeto mark a nonpredictabl@ropertyaspredictable.Regardlesswhenthe
programmerorrectlymarksa propertyaspredictable poththe programmeiandthe
compilerbenefitfrom this explicit presencef semantidnformation. Thereforewe
encouragéhe programmeto specifytheseaspredictableproperties

Thesekeywords,alongwith thenatureof properties andpredictable properties
sene to shortcutsomeof the analysisthata compilerwould needto carry out. They
play acritical role in optimizationaswell asduringRTCG andPE.

3. Optimizationin META4

Previously reportedoptimizationalgorithms?; ?; ? operateon intermediateforms of
“primiti ve” operationsandsometimegroupoptimizationalgorithmsogetheto form
more expensve® and more powerful combinedoptimization?; ? that allows them
to find andoptimize complec structurenot amenabldo repeateasse®f separate
optimizations.

The linear compleity algorithmspresentedhereare arguablywealer thanthe
moreexpensve combinedapproaches ?; ? but make up for it by allowing for the
directmanipulatiorof userdefinel propertiesnotjust“primitives” Forpurposesfthe
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optimizationalgorithmspresentedhere thereareno differencedetweertprimiti ve”

propertiesanduserdefinedproperties The only differenceis that“primiti ves” have

directmachinecodeform, while userdefinedpropertiesareusuallycomposeaf these
“primiti ves”.

Theseaid compilationin threeways. First, commonsubepressiorelimination
cannow eliminatecommoncalls to complex userdefinedproperties. Second the
compilerknows exactly which parameterso a propertywill change andwhich will
not, thatis data-flav is madeexplicit to bothprogrammeandcompiler andis strongly
enforced. Third, SSA addsadditionaldata-flav informationto the compiler i.e. a
tighterknowledgeof whatchangesvhere.

Ratherthanusinga powerful andexpensve analysisenginewhich triesto guess
which partis known, specializablepr not known, the knowledgeof the programmer
is exploited, and by supplyingenoughtools and fast, simple yet effective analysis
routines,the programmercan specialize(manuallyor otherwise)during ary phase
of its life cycle (even at runtime of the programitself) ary algorithm that can be
specialized.In addition,the compileritself is availableto the programmemasa class
andcanbespecializedincreasingheefficiencgy for appropriatd¢asks.

Duringtheoptimizationpasgwheneerthatmaybe),invocationsof predictable
propertiesthat have all incoming parameter&NOWN can be marked DEAD and
oncethe invocationis activated, all outgoingparametergan be marked KNOWN.
This operationcanoccuratary time duringthelifetime of the program.Sincevalues
generatedt runtimecanbe marked asknownandbe propagatedthisis a valid form
of runtimespecializatiorof the program.

In reiteration the specializatioroptionsavailableareruntimeconstanpropaga-
tion andprogrammecontrolledinlining/unrolling of statements/loops

4, Algorithmsand Implementation

The overall designof the optimizationenginein the META4 compileris extremely
simpleyet powerful in its capabilities. Eachapplicationof the optimizationengine
is composedf oneor two passes.DCE and CSErequirea prepasso generatehe
informationrequiredin thesecondass.

Thereis amaindriverroutinecalledtraveisgimpl, op) whichtraverseghrough
theintermediateepresentatioampl.® Theargumentop is a routinewhich processes
aninvocation. traveisg)) invokesop on eachinvocationin impl. The secondpass
is merely the applicationof traversg) to the implementation impl with a special
op calledpostpassapply(). Thefollowing sections3.2, and 3.3 explain the prepass
algorithms.The postpasslgorithmis explainedin section3.5.

4.1 Helper Routines

IntheSSAworld, aninstancevhichis createdy assignmentasapredecessowhich
is theright handargument. e.g. assumingr; = y;, thenthe predecessdr;) is y;.
SSAenforceghatz; containghe exactsamevalueasy;.

The routineisdeadi, impl) returnsTRUE if the agumenti is DEAD within
impl. A variablev is DEAD if it alreadyhasa predecessoandits only useis to
constructhervariables.If avariableis only usedasa copy for anotherandit hasa
predecessothenthevariableneednotbe createdandthe predecessaranbe usedin
its place.



4.2 Dead Code Elimination (DCE)

In this SSAworld, deadcodeis ary invocationwhich modifiesnon-ecternalvariables.
Thesevariablesalso mustnot be usedasincoming parameterso otherinvocations.
Deadconditionalbranch eliminationis handledaspartof the postpassAs traveisg)
processesachinvocation the specialpostpas®speratopostpassapply() handlesary
cleanupdutiesrequiredfor metastatementsuchaskilling off ary deadbranchesind
aligning the SSA indicesof variables. The actualDCE prepassalgorithmis called
prepdcg) andis usedasanoperatoargumento traversg). prepdcé) actuallymarks
statement&IVE, if they useor modify anargument(e.g. externalparameterjo the
propertythatimpl implements.All statementsot markedLIVE will be considered
for removal duringthe postpass.

4.3 Common Subexpression Elimination (CSE)

Assumesomepredictableproperty fp andwithin someimplementation impl, the
set of chronologicallyorderedlist of invocationsof fp in impl called S. There
exists a subsewf S called S,4,i, With oneor moreinvocationss;, suchthatfor all
incomingparameterg; in fp andfor all s4, s IN Sequiv, nth —arg—of(s,, 1) equals
nth — arg — of (sp, ). Trivially, eachinvocationin S canbeits own Segy0, but the
goal hereis to partition S into its largestequivalentsubsetsgiven the currentstate
of informationavailable to the compiler All invocationsin Seqyi, are considered
to be equivalent Thusall but the chronologicallyfirst invocationsy, in Segyiy Can
be marked DEAD andthe future usesof the outgoingparametergor the restof the
statements Seq44i, Canbereplacedy therespecire outgoingargumentof s;.

When traversggenerate_S) below is appliedto an implementationimpl, it
generatethesetS for eachpredictablepropertyinvokedin impl.

generate_S(statement s, impl)
prop = invoked_property(s)
if prop is a predictable, then add s to the end of S for prop.

Prepcsé), the secondorepassor CSEpartitionseachS generatedbove into a
list of Sequiv-

prepcse(implementation impl) :
for_each entry S in impl.S_ list
if (partition(S, list_of_S_equiv))
for_each entry f in list_of _S_equiv DO

statement base is first invocation in f

for_each remaining statement s; in f { mark s; DEAD
for_each outgoing parameter arg; of s;

predecessor(arg;) = args(base, i) }

In prepcsé), list_of_S_equiv is a hashtablecontainingalist of invocationsthat
partitionsa particularS. The hashkey usedto accesdist_of_S_equiv is anarrayof
instances’ comprisef theincomingparametersf theinvocation.

Thefollowing routineactuallypartitionssS into nonintersectingsetsof invoca-
tions Sequiv, andreturnsTRUE if atleastoneS,,.:, hasmorethanoneinvocationin
it. Of courseh() is thehashfunctionfor aninstancdist.

partition(invocation_idx_list S, list_of_S_equiv)
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integer ¢ = 0; for_each invocation pi in S {
hkey = concatenation of all incoming params of pi.
if hkey is already in list_of _S_equiv then c = c + 1;
insert pi into the end of list_of_S_equiv[h(hkey)]l }
return S.size() > c;

4.4 Breaking the Single Assignment Chain (BSAC)

Prepbsad) findsall chainsof non-useful(i.e., non-overlapping)generatiorof vari-
ablesandmarksthemDEAD andsetsthe predecessdior thekilled variables.(Run-
time) Constanipropagatiorwill work, even afterthe SSA chainhasbeenbroken, as
ary SSAchainsthathadconflicting usagerontiersareNOT broken. Theonly other
requiremenits thatthe meta-leelinformationfor all relatedentitiesbeavailablewhen
creatinga new implementatiorof a property

prep_bsac(statement s, ‘mpl)
if s is not DEAD or LIVE; then prop = invoked_property(s)
if is_assignment(prop) and last use of right hand arg of s is s then
mark s DEAD; mark the left hand argument of s DEAD;
set the left hand argument’s predecessor as the right
hand side of s

45 The Post Pass Algorithm and thedriver

Thepostpassapply() routineusestheinformationgeneratedn the prepasandactu-
ally carriesout the optimization/specializatioasneeded.The activate) call within
postpassapply() invokesthe propertyboundto the currentstatemenandupdateghe
StorageTag'? recordsof all outgoingparametersThesenew knownvaluescanthen
be usedasargumentdo otherproperties.

postpass_apply(statement s, impl)
if s is not DEAD or LIVE then prop = invoked_property(s);
for_each argument instance arg
if isdead(arg) then replace arg with predecessor(arg)
if all incoming args are KNOWN and is_predictable(prop)
activate(s)* and mark s DEAD; mark all outgoing params KNOWN;

This next routineis the main driving engine: The argumentop is ary of the
routinesabove that have the correctinterface. The job of the op.pre_proces$) and
op.postprocess$) is to handleany setupandcleanuprequiredfor processingnetas-
tatements.The only operatorthat hasa definedpre process(Jand postprocess()s
postpassapply(). Specifically it kills ary deadbranches.Decidingto kill a branch
is assimpleasconsideringhe numberof live invocationsin the implementation of
thatbranch. If it is zero,thenthe branchcanbekilled. At runtime,for loopsand
conditionalsjf thetestvariableis KNOWN, thantheappropriatdranchcanbekilled.

traverse (impl, op) : for each invocation s in impl
if is_metastatement(s) then op.pre_process(s);
for_each continuation ¢ in s traverse(c.impl, op)
op.post_process(s)
else op(s, impl)
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4.6 Costs of the Passes

Eachoperatorargumentto traverse() is executedonceperinvocation.AssumingC' is
the costof theoperatorand NV the sizeof the program the costof the optimizationis
O(CN). C is eitherlin thecaseof genemte.y), or is proportionalto the numberof
parametesp to aproperty which canbeconsidered constant.Theroutineprepcsé)
is executedonceper passnot onceperinvocationlik e the otheroperators prepcsé)
processegachcandidatanvocationexactly once,andthe total numberof candidate
invocationgs trivially lessthanN. Thereforets compleity is O (h(p) N') whereh(p)
is the hashpredictablefor the constaniengthp. It is arguablethatfor an optimistic
view of the hashingcost,this reduceghe overall compleity to O(N).!!

5. Related Work

In ?, Click and Cooperreportthat that an optimizationframeavork simultaneously
combiningconstantpropagationglobal value numbering(a form of CSE)anddead
codeeliminationis possible.The costis quadratidn the sizeof the program but this
costis mitigatedby the fact that the combinedframevork can detectand optimize
away someprogramstructuresindetectedh separatdferatedapplicationf its parts.
Thereis anexplicit tradeof with theoptimizationenginepresentethere.While being
linearin compleity, the CSEenginepresentedn section3.3is arguablywealerthan
the global valuenumberingbasedexpressiormatchergresentedn ? andreworked
in ?; ? sinceit cannotdirectly detectequivalentcompoundstructureof “primiti ves”
(e.g., two loopsthat calculatethe samevalue). However, this lack is mitigatedby
the fact that additionalprogrammeicontrolledinformationis available aslanguage
featulesto thecompiler Specifically it is possibleto groupcertaininvocationsetsas
a userdefined“predictableproperty” which will allow equivalentinvocationsof the
propertyto beweededut by the CSEenginethusencouragingprogrammer$o work
with thecompilerin generatinggoodcode.

Along with a sacrificein power of the CSEengine,anotherfeaturehereis that
constantpropagationis essentiallyfree. Thatis, thereneednt be a separatepass
of the enginefor propagatingthem. All that needsto be doneis a certainmeta-
level instance(that correspondo a realinstancepe marked KNOWN at somepoint
duringthelifetime of the program,andthe next time the postpasss run, the constant
propagatiomproceedsideby side,similarin spiritto whatthemorecomplex combined
optimization?; ?; ?; ? framavorksdo. Theonly requirementereis thatalongwith
the actualmachinecodeof the routinebeingspecializedthe meta-level information
(specificallytheimplementation for thepropertyandall otherrelatedstructuresinust
beavailableto thecompileratspecializatiortime. Of coursetheactivate) call would
notbemadeunlessALL parameterareKNOWN atthattime.

Theneedfor guessingvhento carryoutinterprocedurabnalysis?; ? is neatly
avoidedhereaswell. Theonly time interproceduraknalysisis performedis at the
beckandcall of theprogrammerthatis whenthe programmehintsthataninvocation
isinlined atits call siteor whentherearemetastatements within animplementation
(metastatements are always “inlined”). This is in keepingwith the philosophy
espousedhere,which is thatthe programmeicanprovide necessaryints so thatthe
compilercando its job efficiently and productively, andthesehints are provided as
necessaryanguagefeaturesexplicit in the program,not from an outsideanalysis
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facility. However, this doesnot precludethe future addition of an analysisengine
shouldthe needarise.

6. Conclusion

As softwareincreasef sizeandcompleity, it is vitally importanthatit beorganized,
designedand producedin a reusable,updatablemanner This inevitably leadsto
abstractionghat negatively impact performance. Yet by allowing the programmer
to remwve suchabstractionlayersby specializationwhen neededt is possibleto
recapturesomeof theinherentperformancdostto theabstractiodayers.

The SELF programminglanguage? and compilerfeatureautomateduntime
profiling, which is currently missingfrom the algorithmspresentedereand would
likely be a useful addition. Also, the currentlack of certain control-flon related
optimizationssuch as strengthreductionand invariant code motion (especiallythe
latter)will haveto beaddressedh the future.

In principle,the metastatement abstractionis powerful enoughto encapsulate
languagelevel parallel constructs. The authorhopesto extend META4 to handle
parallelanddistributedcomputatiorin thefuture.

While availableliteratureis filled with separateesearcleffortsregardingspecial-
ization?; ?, optimization?; ?, runtimecodegeneratior?; ?; ?; ? andobject-oriented
programmingthereareprecioudew thatexploretheintersectiorof theseresearclar-
eas.Despitethelack of aformal partialevaluationframewvork, theauthorypothesizes
thatthe combinationof the approachegresentedn this work (e.g, thelanguagdea-
tures theRTCG/PEfacilitiesandtheefficientoptimizationengine)s powerfulenough
for all principled usesof specializatiorandRTCG in anobject-orientedievelopment
system.Shaving evidenceto suchis left for futureresearch.

Notes

1. exceptfor (R)CP which do notrequirea prepass.

2. SSAdoesaddadditionalbulk to thecodesize. However thebloatis aconstanfactorbecaus¢he
addedcodeis a simplerewrite of assignmentandcontrol-flav joins. In practice the expansionis a small
constant.

3. Unfortunately hashfunctionsarevery difficult to analyzeexactly, but experiencandicatesthat
agoodhashfunctioncanbe considered constanfor mostkindsof inputsof fixedsize.

4. Therenamings necessanasthese‘properties”in META4 arenotstrictly equivalentto member
functionsin otherlanguagesuchasJavaor Ct+2.

5. Wheneerthatmaybe.

6. i.e, quadraticor Nlog(N)? compleity, asopposedo linear

7. Theinlining/unrolling algorithmsareomittedfor spacereasons

8. As definedin 1., the “intermediateform” worked on by the optimizeris the implementation,
whichis anarrayof statements andmetastatements.

9. Sinceapairof numbersienoteaninstanceaninstance_list is alsoalist of numbers.

10.Whenaninstancei is assigned StorageTag s, thisimpliesthats: now hasa valueassociated

with it. Thisvaluedoesnotnecessarilymply aphysicaladdress.Thenameis somevhatmisleadingdout its
useis retainedfor historicalreasons.

11. For thosethat are interested,a more detailedoutline of the linearity of thesealgorithmsare
presentedh ?.
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