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Abstract
Weintroduceanoveloptimizationenginefor META4, anew objectorientedlanguage
currently underdevelopment. It usesStatic Single Assignment(henceforthSSA)
form coupledwith certainreasonable,albeit very uncommonlanguagefeaturesnot
usuallyfoundin existing systems.This reducesthecodefootprint andincreasedthe
optimizer’s “reuse” factor. This engineperformsthe following optimizations;Dead
CodeElimination (DCE), CommonSubexpressionElimination (CSE)andConstant
Propagation (CP) at both runtime and compile time with linear complexity time
requirement.CPisessentiallyfree,whetherthevaluesarereallysource-codeconstants
or specificvaluesgeneratedatruntime.CPrunsalongsidewith theotheroptimization
passes,thusallowing theefficient runtimespecializationof thecodeduringany point
of theprogram’slifetime.

1. Introduction
A recurringthemein this work is thatpowerful expensive analysisandoptimization
facilities arenot necessaryfor generatinggoodcode. Rather, by usinginformation
ignoredby previouswork,wehavebuilt afacility thatproducesgoodcodewith simple
lineartimealgorithms.This reportwill focuson theoptimizationpartsof thesystem.
MoredetailedreportsonMETA4?; ? aswell asthecompilerareunderdevelopment.

Section0.2 will introducethe scopeof the optimizationalgorithmspresented
in this work. Section1. will dicusssomeof the importantdefinitionsandconcepts
relatedto theMETA4 programminglanguageandtheoptimizerusedby thealgorithms
presentedherein.Thespecialfeaturesof META4 allow for linear(ornear-linear)com-
plexity optimization,alongwith anessentiallyfreerun-timeconstantpropagationthat
is implementedby asimple,compactengine.Thecodesizefor theentireoptimization
engine(without theheaderandsupportroutines)is lessthan250linesof semi-dense
C++ code.

Section2. will discussin moredetail the backgroundinformationon the opti-
mizationalgorithms,whicharepresentedin section3. (anddiscussedwith moredetail
in ?). Sections4. and5. endwith discussionof relatedwork, lessonslearnedand
futuredirections.

1.1 Optimization
Optimizationsthatdonotdirectlymodifycontrolflow, suchasDeadCodeElimination
(DCE),ConstantPropagation(CP),CommonSubexpressionElimination(CSE),and
evenRuntimeConstantPropagation(RCP)canbeimplementedin atwopassalgorithm
— eachoptimization� hasaprepassalgorithmthatgeneratestheneededdatastructures.
They shareasinglepostpassalgorithmwhichactuallycarriesoutall actions.

Let � bethesizeof theprogram� andlet h ���
	 bethecostof thehashfunction
for keysof someconstantlength� . Then,aswewill seein 3.6,theprepassis atmost� ������
	���	 andthepostpassis

� ���	 . If h ����	 is aconstant,thisreducesthecomplexity
to
� ����	 , i.e. lineartime.�
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META4 implementsPartialEvaluation(henceforthPE)?; ?; ? asCPatexecution
time. Theprogrammeris ableto generateandinvokespecializedversionsof anycode
segmentwith specificruntimevaluestreatedasconstantsandpropagatedthrough(and
re-optimized)atanytimeduringthelifetime of theprogram.META4 supports(R)CP
aswell asunrestrictedRunTimeCodeGeneration.

This work will alsoshow thatCP, evenat runtimedoesnot explicitly requirea
separateprepassbut canrun asa part of the otheroptimizationsfeaturedhere. The
programmeronly needsto specify that a particular instanceis a knownvalue and
instruct the optimizer to generatea specializedform of the routine(s)that usethis
value.To thebestof theauthor’sknowledge,this is thefirst work thatcombinesthese
optimizationsalongwith runtimeCP that is executedby a single, unifiedenginein
linear(or nearlinear)time.

2. META4: Language Design Compiler Basics
Beforetheactualoptimizationenginecanbediscussedin detail,it is first necessaryto
briefly mentionthesomeof theimportantattributesof theMETA4? languagewhich
activelycontributeto theoptimizationprocess.

Thefirst definitionaddressesthe issueof storage. A unit of storagein META4
is known asan instance; andis identifiedby a pair of numbers.The first number
identifiesa uniqueinstancewhichcorrespondto a textual variablenamein thesource
code,andthesecondspecifiestheStaticSingleAssignment? index for that instance.
TheSSAindex guaranteesthataninstance hasoneuniquepointof creation.Storage
or datamembersof classesdo exist in META4, but they arenot directly accessible.
Ratherwe introducea singleconcept,property thatgeneralizesandexpandson data
membersandmemberfunctions.

A property is a behavioral trait of a classthat is typed, named,inheritable,
specializable,generalizable.It may requirearguments,andmay alsoreturnvalues
aswell. A crudeanalogwould be a virtual memberfunction of a classin C++ or
Java.� Note that within META4, the only way an instancecan be accessedfrom a
classis througha property?. Furthermorethe property is the only mechanismfor
communicatingwith anobjectin META4. Operationsthat aregenerallyconsidered
asprimitives(suchasadd,subtractetc..) arealsoproperties(of the integer class).
Theunificationof storageandfunctioninvocationallowsMETA4 languagetoseparate
storagefrominheritance.Itsdefinitionalsospecifiesthetypesanddata-flow directions
of all parameters.In additiona propertymay be declaredasa predictableproperty
whichwill bedescribedlater.

An invocation is anabstractwrapperfor thebindingof apropertywith its actual
arguments. Thereare two main typesof invocation, a concretestatement which
binds argumentsto the propertybeing invoked and a metastatement which is a
subtypeof invocation usedfor encapsulatingcontrol flow change.A nonemptylist
of properties servesasthe “continuation.” For example,a “loop” metastatement
containstwo properties, a “test” continuationanda “body” continuation.Thelatter
is conditionally(re)executedpendingthe resultfrom the “test”. The two subclasses
of invocation, metastatement and statement, are combinedto form structured
control-flow? equivalentof theprogram.

All codesegments,a.k.a. implementations, aresequencesof invocations. An
implementation definesthe body of a property. It is an arrayof invocations that
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also containsinformation on the instancesusedwithin that implementation. If a
propertycanacceptasargumentsmultiple typesfor the sameparameter, thenit has
more than one implementation. As long as the actual type for that parameteris
known at compiletime� , a new implementation canbe generatedthat bettermeets
theargumentspecifications.This canpotentiallyaid in producingbetter(i.e., faster
executing)codeby avoidingdynamicdispatchfor invocationsaswell asthroughRCP.
This alsodirectly supportspolyvariantspecializationandpolyvariantdivision? asa
propertycanhave an implementationthataregeneratedfor specificargumentvalues
aswell asspecifictypes.

2.1 Synergistic Cooperation Between Programmer,
Compiler and the Language

In META4, certainkeywordsareprovided,so that the programmercanusethemto
inform thecompilerof informationthat would be very usefulanddifficult to obtain
automatically. Theseareanalogousto certainannotationsusedin variousPEengines
for thelanguageC?; ?; ?. Similarideasareusedheretohelptheoptimizerin improving
thecode.However, in thiswork,“annotations”arenotaddedontoanexistinglanguage,
butareanintegralpartof theprogrammingprocessthathasbeendesignedfromground
up to supportprincipleduseof RunTime CodeGeneration(RTCG).This enticesthe
programmerto work with thelanguageandthecompilerin producinggoodcode.

Theprogrammerspecifiesthedataflow to andfrom a property. Thusthecom-
piler knows exactly which parametersimport datato theproperty(i.e. are incoming
parameters),which parametersreturndata(i.e. areoutgoingparameters),andwhich
parametersdo both (i.e. are in/out parameters).Also, many “primiti ve” functions,
suchas integer operationshave predictableresults(i.e., given the sameinput, they
alwaysproducethesameoutput,andhavenoside-effects.).Thispredictabilitycanbe
exploitedin numerousoptimizations.Many userdefinedpropertiesarealsopredictable
in thesamemanneras“primiti ves,” but automaticallydetectingthis is generallydiffi-
cult. However, in META4, dueto theexplicit dataflow, SSAandcarefuldefinitionof
primitives,guaranteeingthecorrectnessof predictabilityis easy. It is impossiblefor a
programmerto marka nonpredictablepropertyaspredictable.Regardless,whenthe
programmercorrectlymarksa propertyaspredictable,both theprogrammerandthe
compilerbenefitfrom this explicit presenceof semanticinformation. Therefore,we
encouragetheprogrammerto specifytheseaspredictableproperties.

Thesekeywords,alongwith thenatureofproperties andpredictable properties
serve to shortcutsomeof theanalysisthata compilerwould needto carryout. They
playa critical role in optimizationaswell asduringRTCGandPE.

3. Optimization in META4
Previously reportedoptimizationalgorithms?; ?; ? operateon intermediateformsof
“primiti ve” operations,andsometimesgroupoptimizationalgorithmstogetherto form
moreexpensive� andmorepowerful combinedoptimization?; ? that allows them
to find andoptimizecomplex structuresnot amenableto repeatedpassesof separate
optimizations.

The linear complexity algorithmspresentedherearearguablyweaker thanthe
moreexpensive combinedapproachesin ?; ? but make up for it by allowing for the
directmanipulationof userdefinedproperties,notjust“primiti ves.” Forpurposesof the
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optimizationalgorithmspresentedhere,thereareno differencesbetween“primiti ve”
propertiesanduserdefinedproperties. Theonly differenceis that “primiti ves” have
directmachinecodeform,while userdefinedpropertiesareusuallycomposedof these
“primiti ves”.

Theseaid compilationin threeways. First, commonsubexpressionelimination
can now eliminatecommoncalls to complex userdefinedproperties. Second,the
compilerknows exactly which parametersto a propertywill change,andwhich will
not,thatis data-flow ismadeexplicit tobothprogrammerandcompiler, andisstrongly
enforced. Third, SSA addsadditionaldata-flow informationto the compiler, i.e. a
tighterknowledgeof whatchangeswhere.

Ratherthanusinga powerful andexpensiveanalysisenginewhich triesto guess
which part is known, specializable,or not known, theknowledgeof theprogrammer
is exploited, and by supplyingenoughtools and fast, simpleyet effective analysis
routines,the programmercan specialize(manuallyor otherwise)during any phase
of its life cycle (even at runtime of the programitself) any algorithm that can be
specialized.In addition,thecompileritself is availableto theprogrammerasa class
andcanbespecialized,increasingtheefficiency for appropriatetasks.

Duringtheoptimizationpass(wheneverthatmaybe),invocationsof predictable
propertiesthat have all incoming parametersKNOWN can be marked DEAD and
oncethe invocationis activated,all outgoingparameterscan be marked KNOWN.
Thisoperationcanoccuratany timeduringthelifetime of theprogram.Sincevalues
generatedat runtimecanbemarkedasknownandbepropagated,this is a valid form
of runtimespecializationof theprogram.

In reiteration,thespecializationoptionsavailableareruntimeconstantpropaga-
tion andprogrammercontrolledinlining/unrollingof statements/loops� .
4. Algorithms and Implementation
The overall designof the optimizationenginein the META4 compiler is extremely
simpleyet powerful in its capabilities. Eachapplicationof the optimizationengine
is composedof oneor two passes.DCE andCSErequirea prepassto generatethe
informationrequiredin thesecondpass.

Thereis amaindriverroutinecalledtraverse�������
���! "��	 whichtraversesthrough
theintermediaterepresentation�#�$�%� . & Theargument "� is a routinewhich processes
an invocation. traverse�#	 invokes  "� on eachinvocationin ���$�%� . The secondpass
is merely the applicationof traverse�	 to the implementation �#�$�%� with a special
 "� calledpostpassapply�#	 . The following sections3.2, and3.3 explain the prepass
algorithms.Thepostpassalgorithmis explainedin section3.5.

4.1 Helper Routines
In theSSAworld,aninstancewhichis createdbyassignmenthasapredecessor, which
is the right handargument. e.g. assuming'
(*),+.- , thenthe predecessor�/'%(�	 is +.- .
SSAenforcesthat '%( containstheexactsamevalueas +.- .

The routine isdead���0�!�����
�	 returnsTRUE if the argument � is DEAD within
�#�$�%� . A variable 1 is DEAD if it alreadyhasa predecessorand its only useis to
constructothervariables.If a variableis only usedasa copy for another, andit hasa
predecessor, thenthevariableneednotbecreated,andthepredecessorcanbeusedin
its place.



v

4.2 Dead Code Elimination (DCE)
In thisSSAworld,deadcodeis any invocationwhichmodifiesnon-externalvariables.
Thesevariablesalsomustnot be usedasincomingparametersto otherinvocations.
Deadconditionalbranch eliminationis handledaspartof thepostpass.As traverse�	
processeseachinvocation,thespecialpostpassoperatorpostpassapply�	 handlesany
cleanupdutiesrequiredfor metastatements,suchaskilling off any deadbranchesand
aligning the SSA indicesof variables. The actualDCE prepassalgorithmis called
prepdce�#	 andis usedasanoperatorargumentto traverse�#	 . prepdce�#	 actuallymarks
statementsLIVE, if they useor modify anargument(e.g. externalparameter)to the
propertythat ���$�%� implements.All statementsnot markedLIVE will beconsidered
for removal duringthepostpass.

4.3 Common Subexpression Elimination (CSE)
Assumesomepredictableproperty 23� andwithin someimplementation �����
� , the
set of chronologicallyorderedlist of invocationsof 23� in �����
� called 4 . There
exists a subsetof 4 called 465�7�8 (:9 with oneor moreinvocations;.< suchthat for all
incomingparameters� ( in 23� andfor all ;>=3�";.? in 465�7�8 (@9 , ACB��*DFEHG>IJDF K2L�;.=M�!�N	 equals
ACB��ODPE3GQIRDP K2L�; ? ����	 . Trivially, eachinvocationin 4 canbeits own 4 5�7�8 (:9 , but the
goal hereis to partition 4 into its largestequivalentsubsets,given the currentstate
of informationavailable to the compiler. All invocationsin 4 5�7�8 (:9 are considered
to be equivalent. Thusall but the chronologicallyfirst invocation ; � , in 4 5�7�8 (:9 can
be markedDEAD andthe future usesof the outgoingparametersfor the restof the
statementsin 4 5�7�8 (:9 canbereplacedby therespectiveoutgoingargumentsof ; � .

When traverse�SIUT>A6T>G.E3B�T 4V	 below is applied to an implementation�#�$�%� , it
generatestheset 4 for eachpredictablepropertyinvokedin �����
� .

WYXQZHX>[Y\>]YXK^>_�`�ab]K\>]KX"cMXQZ.]edgfih/jlkUmnkMoqp�ksrutbZKvYw>xYX.yY^bzK[KwqzYX>[.]>{C`�dQntq|}zK[YwQz~t.a�\�zK[YX.y3t.�q]Y\Q�H�QX�f*].�HXQZ�\.y�y�d�]Yw�].�HX�XQZYy�w.|���|Kw>[�k3oQp�k��
Prepcse�#	 , thesecondprepassfor CSEpartitionseach4 generatedabove into a

list of 4 5�7�8 (@9 .
zK[YXQzM��a>X�`0t�cYz3�>X0cMXQZ�]K\Q]Mt�wqZ�h/jlkUmn
�|Kw>[H^.X�\Y���}XQZK]�[�{��,tbZ�h/j�kUm� � m:hd0�tq|�`#zH\>[�]Mt�]MtQwqZ6`N��f*m:hd"� p>� � �b�q�Mh/�Mn�n|Kw>[H^.X�\Y���}XQZK]�[�{���tbZ�m:hd"� p>� � �b�Q�3h����H�aq]Y\>]YXbcUXQZK]��0�Hdb��t.a�|3t�[3aq]PtbZKvYwY�>\>]MtqwQZ�tbZ��|Kw>[H^.X�\Y���e[YXbcU\HtbZUtbZKW�aq]Y\>]YXbcUXQZK]�d� �tbZ��¢¡�cU\>[�x�d� }��£�¤��|Kw>[H^.X�\Y���}wQ¥K]�WYwHtbZKW�zH\>[Y\bcUX>]YXQ[��Yo�¦>§¨w.|�d  zK[YX.yKXY�>XYa�aQwQ[C`���o�¦ § n�r©\>[�W3a%`��0�Hdb�ªflhNn�«

In prepcse�	 , list of S equiv is a hashtablecontaininga list of invocationsthat
partitionsa particular 4 . Thehashkey usedto accesslist of S equiv is anarrayof
instances¬ comprisedof theincomingparametersof theinvocation.

Thefollowing routineactuallypartitions 4 into nonintersectingsetsof invoca-
tions 465�7�8 (@9 , andreturnsTRUE if at leastone 465�7�8 (:9 hasmorethanoneinvocationin
it. Of course,h �	 is thehashfunctionfor aninstancelist.

zH\>[�]Mt�]MtQwQZ6`!tbZ�v�wK�>\Q]3tqwQZY^Kt�y>H^.��t>aq]e��f$m@h#d0� p>� � �b�Q�3h��Mn
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tbZK]YX>WYX>[e®�rP¯C°±|Kw>[H^.X�\Y����tbZKvYwY�>\>]MtqwQZ�kMhRtbZ��²¡³3´ �bµ�r~�>wQZM�>\>]YXQZY\>]HtqwqZ}w.|�\K����tbZM�>wbc%tbZKW�zH\>[Y\bcªa�w.|�k3h.�tq| ³M´ ��µ¢t.a}\K�Q[YX�\.y.{�tbZ©m:hd"� p>� � �b�q�Mh/�P].�HXQZ���r~�}¶s·g°tbZMa>X>[�]Ok3hRtbZK]Yw�].�HX�XQZYy�w.|�m:hd0� p.� � ���q�Mh/�¹¸ h º ³M´ �bµH»�¼P«[YX>].¥K[.Z��*��aKtq½KX�`0n�¾P�
°

4.4 Breaking the Single Assignment Chain (BSAC)
Prep bsac�	 findsall chainsof non-useful(i.e., non-overlapping)generationof vari-
ablesandmarksthemDEAD andsetsthepredecessorfor thekilled variables.(Run-
time) Constantpropagationwill work, evenafter theSSAchainhasbeenbroken,as
any SSAchainsthathadconflictingusagefrontiersareNOT broken. Theonly other
requirementis thatthemeta-level informationfor all relatedentitiesbeavailablewhen
creatinga new implementationof aproperty.

zK[YXQz3^q�Ma>\Y�ª`!a�]K\q]YX"cMXqZ�]edgfih/j�kUm�ntq|©d�t.a�ZHw>]���£�¤���w>[�¿3À�Á�£Â°�].�HXQZ�kMoQp�k¢r�tbZKvYw>xYX.yY^qz�[KwQzYXq[.]�{C`Nd>ntq|�t.a.^.\Ya�aKt�W.ZqcMXqZK]�`:kMo�p!k%nF\QZYy��.\Yaq]}¥Ma>X�w.|}[Mt�W.�K]}�H\QZYy�\>[�W�w.|�d�t.a}d�].�HXQZcU\>[�x�d���£�¤��Â°ÃcU\>[�x}].�HX��.X.|.]��H\QZYy�\>[�W.¥QcUXQZK]ew.|�d���£�¤��Â°a>X>]�].�HX��.X.|.]��H\QZYy�\>[�W.¥QcUXQZK]ÂÄNa$zK[YX.yKXY�>XYa�aQw>[�\Ya�].�HX�[Mt�W.�K]�H\QZYy�aKtqyKX}w.|©d

4.5 The Post Pass Algorithm and the driver
Thepostpassapply�	 routineusestheinformationgeneratedin theprepassandactu-
ally carriesout theoptimization/specializationasneeded.Theactivate�#	 call within
postpassapply�	 invokesthepropertyboundto thecurrentstatementandupdatesthe
StorageTag ��Å recordsof all outgoingparameters.Thesenew knownvaluescanthen
beusedasargumentsto otherproperties.

zHwYaq].zH\Ya�a.^>\Qz.zH��{6`�a�]K\Q]YX0cMXqZK]�dªf¨h/j�kUmntq|©d�t.a�ZHw>]���£�¤���w>[�¿3À�Á�£}].�HXQZ�zK[YwQz�rutbZKvYw>xYX.yY^qz.[KwqzHXQ[.]>{C`�dQn%°|Kw>[H^.X�\Y����\>[�W.¥QcUXQZK]�tbZMaq]Y\QZM�>XF�Yo�¦tq|Pt.aQyKX�\.yC`��Koq¦Un�].�HXQZ�[YXQz3�.\Y�>Xe\>[�W}ÆUt�].��zK[YX.yKXY�>XYa�aqwQ[6`#��o�¦Untq|�\K����tbZM�>wbc%tbZKW�\>[�W3a�\>[YXeÇ�ÈH�qÉKÈ�\QZYyPt.a.^qzK[YX.y3t.��]K\��H�.X
`:kMo�p�k
n\Y�q]Mt�vY\>]YX�`Nd>n>ÊF\QZYy�cU\>[�x�d���£�¤��Â°ÃcU\>[�x�\K����wQ¥K]�WYwHtbZKW�zH\>[Y\bcªa�Ç�ÈH�qÉKÈÂ°

This next routine is the main driving engine: The argument  "� is any of the
routinesabove that have the correctinterface. The job of the op.pre process�	 and
op.postprocess�	 is to handleany setupandcleanuprequiredfor processingmetas-
tatements.The only operatorthat hasa definedpre process()andpostprocess()is
postpassapply�	 . Specifically, it kills any deadbranches.Decidingto kill a branch
is assimpleasconsideringthenumberof live invocationsin the implementation of
that branch. If it is zero, thenthe branchcanbe killed. At runtime, for loopsand
conditionals,if thetestvariableis KNOWN, thantheappropriatebranchcanbekilled.

]�[Y\>vYX>[3a>X�`#h/j�kUm"f*p�k
nË�¨|Kw>[©X�\Y����tbZKvYwY�>\>]MtQwqZ�d�tbZ�h/j�kMmtq|~t.a.^"cUX>]Y\Yab]Y\Q]KX"cMXQZ.]C`Nd>nR].�HXQZ�wQz¹��zK[YXK^qzK[KwK�qXYa.aª`Nd>nª°|Kw>[H^.X�\Y�����>wQZK]MtbZ�¥H\>]3tQwqZ�®�tbZ©d�]�[Y\>vYX>[3a>X�`�®Q� h/j�kUm"f�p�k
nwQz¹��zHwYaq]H^qz.[YwK�QXKa.a%`�d.nXK�Ka>XÌwQzÂ`�dgfÍh�jlkUmn
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4.6 Costs of the Passes
Eachoperatorargumentto traverse�#	 is executedonceperinvocation.AssumingÎ is
thecostof theoperatorand � thesizeof theprogram,thecostof theoptimizationis� �ÎÍ��	 . Î is either1 in thecaseof generate S�#	 , or is proportionalto thenumberof
parameters � to aproperty, whichcanbeconsideredaconstant.Theroutineprepcse�	
is executedonceperpass,not onceperinvocationlike theotheroperators.prepcse�	
processeseachcandidateinvocationexactly once,andthe total numberof candidate
invocationsis trivially lessthanN. Thereforeits complexity is

� �������	���	 where�Â���
	
is thehashpredictablefor theconstantlength � . It is arguablethat for anoptimistic
view of thehashingcost,this reducestheoverallcomplexity to

� ����	 . �0�

5. Related Work
In ?, Click and Cooperreport that that an optimizationframework simultaneously
combiningconstantpropagation,global valuenumbering(a form of CSE)anddead
codeeliminationis possible.Thecostis quadraticin thesizeof theprogram,but this
cost is mitigatedby the fact that the combinedframework candetectandoptimize
awaysomeprogramstructuresundetectedin separate,iteratedapplicationsof its parts.
Thereis anexplicit tradeoff with theoptimizationenginepresentedhere.While being
linearin complexity, theCSEenginepresentedin section3.3 is arguablyweaker than
theglobal valuenumberingbasedexpressionmatcherspresentedin ? andreworked
in ?; ? sinceit cannotdirectlydetectequivalentcompoundstructuresof “primiti ves.”
(e.g., two loops that calculatethe samevalue). However, this lack is mitigatedby
the fact that additionalprogrammer-controlledinformationis availableas language
featuresto thecompiler. Specifically, it is possibleto groupcertaininvocationsetsas
a userdefined“predictableproperty”which will allow equivalentinvocationsof the
propertyto beweededoutby theCSEengine;thusencouragingprogrammersto work
with thecompilerin generatinggoodcode.

Along with a sacrificein power of theCSEengine,anotherfeaturehereis that
constantpropagationis essentiallyfree. That is, thereneedn’t be a separatepass
of the enginefor propagatingthem. All that needsto be doneis a certainmeta-
level instance(thatcorrespondto a real instance)bemarkedKNOWN at somepoint
duringthelifetime of theprogram,andthenext time thepostpassis run, theconstant
propagationproceedssidebyside,similarin spirit towhatthemorecomplex combined
optimization?; ?; ?; ? frameworksdo. Theonly requirementhereis thatalongwith
theactualmachinecodeof theroutinebeingspecialized,themeta-level information
(specificallytheimplementation for thepropertyandall otherrelatedstructures)must
beavailableto thecompileratspecializationtime. Of course,theactivate�#	 call would
notbemadeunlessALL parametersareKNOWN at thattime.

Theneedfor guessingwhento carryout inter-proceduralanalysis?; ? is neatly
avoidedhereaswell. Theonly time inter-proceduralanalysisis performedis at the
beckandcall of theprogrammer, thatis whentheprogrammerhintsthataninvocation
is inlined at its call siteor whentherearemetastatements within animplementation
(metastatements are always “inlined”). This is in keepingwith the philosophy
espousedhere,which is that theprogrammercanprovide necessaryhintsso that the
compilercando its job efficiently andproductively, andthesehints areprovidedas
necessarylanguagefeaturesexplicit in the program,not from an outsideanalysis
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facility. However, this doesnot precludethe future additionof an analysisengine
shouldtheneedarise.

6. Conclusion
Assoftwareincreasesin sizeandcomplexity, it isvitally importantthatit beorganized,
designedand producedin a reusable,updatablemanner. This inevitably leadsto
abstractionsthat negatively impactperformance.Yet by allowing the programmer
to remove suchabstractionlayersby specializationwhen needed,it is possibleto
recapturesomeof theinherentperformancelost to theabstractionlayers.

The SELF programminglanguage? andcompiler featureautomatedruntime
profiling, which is currentlymissingfrom the algorithmspresentedhereandwould
likely be a useful addition. Also, the current lack of certaincontrol-flow related
optimizationssuchas strengthreductionand invariantcodemotion (especiallythe
latter)will haveto beaddressedin thefuture.

In principle,themetastatement abstractionis powerful enoughto encapsulate
languagelevel parallel constructs. The authorhopesto extend META4 to handle
parallelanddistributedcomputationin thefuture.

Whileavailableliteratureisfilled with separateresearcheffortsregardingspecial-
ization?; ?, optimization?; ?, runtimecodegeneration?; ?; ?; ? andobject-oriented
programming,therearepreciousfew thatexploretheintersectionof theseresearchar-
eas.Despitethelackof aformalpartialevaluationframework,theauthorhypothesizes
that thecombinationof theapproachespresentedin this work (e.g, the languagefea-
tures,theRTCG/PEfacilitiesandtheefficientoptimizationengine)ispowerfulenough
for all principledusesof specializationandRTCG in anobject-orienteddevelopment
system.Showing evidenceto suchis left for futureresearch.

Notes
1. exceptfor (R)CP, whichdonot requireaprepass.

2. SSAdoesaddadditionalbulk to thecodesize.However thebloatis aconstantfactorbecausethe
addedcodeis a simplerewrite of assignmentsandcontrol-flow joins. In practice,theexpansionis a small
constant.

3. Unfortunately, hashfunctionsarevery difficult to analyzeexactly, but experienceindicatesthat
agoodhashfunctioncanbeconsideredaconstantfor mostkindsof inputsof fixedsize.

4. Therenamingis necessary, asthese“properties”in META4 arenotstrictly equivalentto member
functionsin otherlanguagessuchasJavaor C++?.

5. Whenever thatmaybe.

6. i.e., quadraticor ÏlÐ�Ñ0Ò�ÓSÏlÔ ? complexity, asopposedto linear

7. Theinlining/unrollingalgorithmsareomittedfor spacereasons

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

9. Sinceapairof numbersdenoteaninstance,an instance list is alsoa list of numbers.

10.Whenan instanceÕ is assigneda StorageTag Ö , this implies that Õ now hasa valueassociated
with it. Thisvaluedoesnotnecessarilyimply aphysicaladdress.Thenameis somewhatmisleadingbut its
useis retainedfor historicalreasons.

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