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Abstract

The Static Single Informaton (SSI) form is a conpiler intermediate repre-
sentation that allows efficient sparsemplemenétions of predicated analysis and
backwarddataflav algorithms. It pos®ssesseverd attractve graph-heoretic prop-
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1 Intr oduction

This pagper introducesa conpiler intermediaterepresentation Stattc Single Infor-
mation (SSI) form. This IR is the core of the FLEX compiler project, which is
primarily investigating intelligentcompiation technquesfor distributed systens.
This thesis,in presenting the IR, atemps to keep bath the mathematicianand
the programner in mind. SSI form has both a rigorousmahematicalsemants
and a fadored form which aids efficient implementation of advanced analyses.
| believe that it effectively straddés the gap between datafbw-oriented,graph-
structued, andcontrol-flow drivenIRs, while maintaining the sparsiy neededto
adhieve practicalefficiengy. The constructon algorithmsare linearin the size of
theprogam

Our discusion of the Static Singe Informatian form will be at timestied to
the sourcelanguageof the FLEX comgpler, Java. Unlike mary abstactIRs, the
choicesmade in the desigh of SSI form have beendictated by the necessies
of conpiling a real-world imperative language. Java, however, hasseverd the-
oretical propertes that make programanalysis more tractabé. In particular we
menton here Java’s strict constaintson pointervariables. Poinersin earlierlan-
guagessuch asC canbe alusedin many ways thatJava disallavs.

Ultimately the choice of compiler internalrepresentationis fundamental. Ad-
vancesin IRs translaé into advancesin conpilers. SSI form represent a clean
andsimple unification of many extantideas,andour hopeis thatit will allow the
FLEX compier to achieve a similar integration of practical implementaton and
mathematicalelegance.

2 Context and goals

Strongetal. [40]* first advocatedthe use of compier intermediaterepresentatias
in a 1958 committee report. Their idealidic “universal intermediate language”
wascdled UNCOL. Thirty yearslater, the Static Single Assgnment (SSA) form

LAttribution by Aho [1].



was introduced by Alpern, Rosen,Wegman and Zadeckas a tool for efficient
optimizationin a pair of POR. paperg2, 35], andthreeyearsafterthat Cytron
andFerrante joined Rosen,Wegman,and Zadeckin explaining how to compute
SHA form efficiently in what has sincebecomethe “canonical” SSA paper[10].
Johnsa and Pingali [20] tracethe developmentof SSA form back to Shapiro
and Saintin [37], while Havlak [17] views ¢-functionsas descadantsof the
“birthpoints” introducedn [34].

Despte industy adogion of SSA form in prodiction conpilers[8, 9], aca-
demic researchnto altemative represergtions cortinues. Recentpropcalshave
includedvalueDependenc&raphd45], ProgramDependence Webg[5], thePro-
gramStructure Tree[19], DJ graphdg 39], andDepedencé&low Graphg20].

In comparisonto these representatiors, the dominant charateridics of our
Statc Single Information form may be sunmarizedasfollows:

e |t namesnformation units.

It is conplete.

It is smple.

It is efficient.

It hasno explicit contol dependencies.
¢ It suppats both forwardandreverse daaflow analyses.

SS9 formis usedasan IR for the FLEX conpiler for the Java progranming lan-
guage, which informs sone of thesedesign decisims. The FLEX compiler does
deepanalysisandwill supprt hardware/softvare co-desgn. S addres®sthese
needsconcentating on analysis ratherthan optimization. We will addresseach
desgn paint in turn.

It names information units. SSA form (which we will describe further in
section 4) assgnsunique nanes to unique static values of a variable. However,
it ignoresthe value informaion which may be addedto a variable at program
branchpoints. SSIform renamesvariableat branchpoints, which allows us to

8



associateiniguenanmeswith uniqueinformation aboutstatc values. For exanple,
aprogammay test thevalueof anintegeragairstzero beforeusing it asadivisor.
After the branchon the tesed predicate, it is possible to make statementsabaut
values(regarding equality or inequality to zero)which wereimpossble to make
previously. SSIform allows us to exploit this additionalinformation

It is complete By this we meanthatthere exists an executablesemantis for
thelR thatdoes notrequre theuseof informationexternalto theIR. Theoriginal
SSA form—and most delivatives—equire use of the original program contol
flow graphduring analyss, translaton, or dired executon. In fact, ¢-functions
are intimately tied with the precisenput edgestructureof the controlflow graph,
andswitch nodegwherecortrol flow splits) are undeciplerablewithoutrefering
to the controlflow graph.

In practice this seens nat a great disadvantage—it merelyforcesusto main-
tainamappng of SSA statenentsto nodes(equvalently, bast blocks)of theorig-
inal controlflow graph. But maintairing this correspondenceonplicatesediting
thelR. Also, it conplicates the interpretaton of the progam asa setof simulta-
neousequatons,which SS form will allow usto do. Finally, explicit contol flow
may limit the available parallelism of the program.

SSI*, asit will be presented in section 7, overcomes thesedifficulties and
presentsa completerepresendtion of programmeaning as a setof simultaneous
equatims, withoutresort to grgph information.

It issimple. A bestary of new ¢-like functionshave beenintroducedin the
pastdeade,including u-, y-, andn-functionsin [5, 43], Y- and mt-functionsin
[24], interproceduralp-functiors in [26], u- and x-functiors in [9], p- andn-
functionsin [14],> and A-functionsin [27], among others.Sone of these are or-
thogonalto our work—the technigwes of [24] can be usedto extend SS form
to explicitly pamllel sourcelanguages, andthose of [9] to languages with local
variable aliasing (absentn Java). Ourgoalis to achieze minimal concepuual com-
plexity in SS form; thatis, to introducethe minimum setof ¢-like functions
necesay to representhe*interestig” propertiesof the compied program

2Compaeto [5, 43].



It is efficient. Congruction of SS form shoud befast andspacerequrements
should bereasonable. The original SSA algorithms requiredO (E 4+ Vssa|DF| +
NVssa) time2 This bound was dominatedby the time and spacerequred to
congructthedominancefrontier, as|DF|, thesize of thedominancefrontier, could
be O(N?) for conmon cases.Taking the dominant term, we abbreiate thetime
conplexity of the Cytron's SSA-constuction algorithm asO(N2V).

Our algorithms do not requre the congruction of a dominancefrontier—
building on recentwork on efficient SSA constuction in this regard—andrun in
so-called “linear”time. A more detiled analyss will begivenin section5.4, but
suffice for now to saythat our constuctionand analyss algoritimsare efficient?

All explicit contr ol deperdenciesare eliminated. Some reseachers(includ
ing [4] and[32]) view controldependencasa fundamentalpropertyof the CFG,
and[5, 4] suggest thatacairate knowledge of controldependencerelatiansis the
sole key to aubmatc parallelization Often,incompete intermediate representa-
tions’ are augmented with control-dependencedgesto expressproperprogram
semantics—seeg[20] on DFGsand[45] on VDGs, for examge.

Unfortunately, explicit controtflow edgegendto serialze conputaton more
thandtrictly necessary Figure 7.1 on page69, for exampk, containstwo para-
lel loopswhich would be serialzed by the explicit control depenéncy between
them. Prior work oftenfocusedon fine-grainintra-loop pardlelism andignored
this coarseiinter-loop parallelsm® Our objective in this work is to fully utilize
coarsgoardlelism by removing sourcelanguagecontrol-dependncy artifacts.

It is efficient for both forward and backward dataflow analyses. It is often
obsewed that traditonal SSA form canrot hande backward datafbw analysis.
Johnsa and Pingali note this, and suggestarticipatability as an examge of a

3Seesection 3 for defiritions of the variables usedin the conplexity bounds of thesetwo
paragaphs.

4Dhamdrere[12] quite correctly stateshat Cytron’s original algaithm hasa worst-caseime
bound of O(N?3). This is also true for our algarithms. However, theseworst-case time bounds are

not tight; we will presentexperimental evidencethatruntimeson realprogramsareO(N).
5Seepage9 for our definition of “conpleteres$ in anlIR.
5We discussthe dataflav-architectue work of Traub[42] in paticularin sectia 7.5.
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backwards datafbw analyss wheretheir dependenceflow graphrepresentatin
bettersSSA form[20]. Lo etal. suggest theuseof an “SSU” form to addessmuch
thesamdassue[27]. Therearein fad mary analyseswhereboth useanddefinition
information is utilized, andwhetre datafbw in bath forwardand reversedirections
occurs. S form is able to hande both of thesecases,as we demamstratein
section6.1.

3 Definitions

We next provide sorre definitions. Our conplexity metricswill usuallybein terms
of thefollowing variables:

N isthenumberof nodesin the programcontrolflow graph.Eachnoderepre-
sentsitherasingle statementor abasicblock; thedifferencds unimpatant
for compexity metrics.

E is the nunber of edgesin the programcontrol flow graph. For mog pro-
gramskE is reasombly assimedto be O(N), since maost nodeshave either
oneor two suces®rs (smple assgnments and conditional branchesye-
spectvely). Unusualuse of computed-goto andswit ch statemerg may
invalidate this assunption; but in these case<t is generallya bettermetric
of program‘complexity” than N. For thisreasonwe will caseO(E) “lin ear
in programsize”.

V isthenunberof variablesin the program.
U is thetotal numberof variabk usesin the program.

As the transfornations we will describe split andrename variables, we will use
subgripts to denotethe number of variables,uses, or definitions in a particular
transforned versian of a program. For exanple, Ussa is the nunber of usesin
the SSA form (seesectbn 4) of a program. Whenit is nee@ssry to explicitly
denotea metric on the untransformedorogram,a zero sulscript will be used; for
exanple, Vo.

11



Graphswill be direded unlessspecifi@ otherwie. If X andY are nodesin
somegraphG, anedgefrom XtoYiswrittenX — Y. ApahX =sy = s1 — ... 5 s, =Y
iswritten X =5 Y. A simple path is onein which all thenodess; in it aredistinct.

Control-flow graphsareassuned to beconrected,andto contan uniqueSTART
andENDnodes marking procedureentry andexit points respectrely. To ensire
thatgraphsrepresentig infinite loopsareconnectedan edgewil | typically exist
bewwveenthe STARTand ENDnodes. The presence of unique START and END
nodesensures that bath the dominance and post-domnancerelation define trees
rootedat START andEND respecirely.

For simplicity, we will assuethat every nodein the control-flow graphwith
one succasor andone predeessor contans exactly one statenent. A node with
no predecssorsand anodewith nosuccasors(STARTandEND are empty; they
contin no statemerdg. Nodeswith multiple sucees®rs or multiple predecessors
arealso empty for corventiond progranrepresendtions but maycontin multiple
¢&- or o-function assgnment statementsn the SSA andSSlformswewill discuss.
No nodemay containboth multiple predecessom@ndmultiple succasors.

The symiol 1 will beusedfor the datafbw “meet’ operator The operata C
isthepartial orderingrelationfor alattice, and x C y iff x C y and x # v.

4 Static Single Assignment form

Statc Single Information (S3) form denives mary featuresfrom Statc Single
Assigmment(SSA) form, asdescriled by Cytronin [10]. To provide context for
our definition of SSI form in sectim 5, we review SSA form.

41 Definition of SSA form

Statc Single-Assgnmentform is a sparsgrogam represengtion in which each
variablehas exactly onedefiniion point. As a consegence,only oneassignment
canreacheach use, whichmeansthat SSA form canbeviewedasatypeof sparse
def-use chain [1].

12



P (X#2) Po — (Xo #2)

if P jump if Py jump
false Nf false N‘e
Y—4+X Y—6+X Y1 « 4+ Xo Y2 « 6+ Xp
Z+5 Z1 5

Y3 — ¢ (Y7,Y2)

Zy — & (Zo,Z1)
Y—Y+1 Y4 —Y3+1

/* no further usesof X or Z */ /* nofurther usesof X or Z */

Figure4.1: A smple program(left) andits single assignrmentversion(right).

For straigh-line code, the SSA transfornation is straightforward: each as-
signmentto a varable is given a unique nane (corventianally indicatedby the
useof a subgripted version of the original variable name)and eachuse is re-
namedto matchits reading definition. Specialg-functions mustbe insertedat
join points to presere the single-assgnment property Thesed-functions have
the form vy «— ¢(v1,v2) and perform an assignmentaccordirg to the path by
which contol flow reacheghe ¢-function. Figure4.1 shavs a simple program
andits SSA form; the ¢-function Y3 « ¢(Yq, Y2) in the SSA verson on theright
assigsY; thevalueof Y, if controlflow reachedt alongthefalse branchof theif
statenent. If the truebranchis taken,Y; will get the valueof Y, atthe ¢-function.

Formally, aprogram is saidto bein SSA form if thefollowingthreecondtions

hold:

1. If two nonnul pathsX -5 Z andY &5 Z convergeatanode Z, andnodesX
andY contan assgnmensto [a variable] V (in the original progam), then
atrivial ¢-functionV « ¢(V,...,V) hasbee insertedat Z (in the new
program).

13



2. Eachmention of V in theoriginal programor in aninsertedp-function has
beenreplacel by amenton of a new variableV;, leaving the new program
in SSA form.

3. Alongany control flow path,corsiderary use of avariableV (in theoriginal
program) andthe corresponding useof V; (in the newv program). ThenV
andV; have thesane value.

This formulation of this definition is dueto Cytron et a. [11]. Note that the
definiton doesnot prohibit “extra” ¢-functionsnot strictly requred by condiion
1.

4.2 Minimal and pruned SSAforms

Cytronetal. [11] definesminimal SSAform asan SSAform using the smallest
numberof ¢-functionssuchthatthe above threeconditionshad. The SSA form
in the previousexamge (Figure4.1onthe preeding page)is minimal.

A variation on minimal SSA form, called pruned form, avoids placing ¢-
funcionswhich define variableswhich arenever used.The ¢-functionsin pruned
form areasubsetof those in minimalform, andassuchnaote thatprunediorm does
nat strictly satidy the given SSA criteria. In most casesthe more regular prop-
ertiesof minimal SSA form outweigh the prunedform’s slightincrease in space
efficiengy. Choi, Cytron,and Ferante[7] give aformal definiion and constuc-
tion algorithm for prunedSSA.

Figure4.2 on the next page conparesminimal and prunedSSA form for our
example program.

5 Static Single Information form

SS9 form extendsSSA form to achiere symmetry for both forward and reverse
datflow. SSIform recognizeghatinformatian about variablesis gener#ed at
branchesandgenerges new namesat thesepoints. This providesuswith a one-
to-onemappirg between variable names and informaton about the variabkes at

14



Po « (Xo # 2) Po — (Xo #2)
if Py jump if Py jump
false true false true
Y1 4+ Xo Y2 «— 6+ Xo Y1 « 4+ Xo Y2 « 6+ Xp
Z1 «—5 Z1 «—5
Y3 — $(Y7,Y2) Y3 — ¢ (Y7,Y2)
Zy — & (Zo, Z1)
Y4 —Y3+1 Yq — Y3 +1
/* no further usesof X or Z */ /* nofurther usesof X or Z */

Figure4.2: Minimal (left) andpruned(right) SSAforms.

eah pointin the progam Analysescanthenassaiate informaion with vari-
ablenamesandpropagatehis informatia efficiently anddirectly both with and
agairst the control-flow diredion.

5.1 Definition of SSI form

Building SS form involves adding pseudo-asgnments for avariable V:

(¢) atacontrotflow megewhen disjoint pathsfrom a condtionalbranchcome
togetherand atleastone of the paths contairs a definition of V; and

(o) atlocationswherecorrol-flow sgits and at leastone of the disjoint pahs
from the split usesthevalueof V.

Figure 5.1 on the following page conpares the SSA and SSI forms for the
exanple of Figure4.1. Note thatX is renamedatthe condiional branch, allowing
thecompler to distinguish betweenX; (which is alwaysthe consént 2) from X,
(whichis neverequalto 2).

15



l l

Po — (Xo #2) Po — (X0 #2)
if P jump if Py jump
(X1,X2) — o(Xp)

ffV true fa:V true

Y1 «— 44+ Xo Y2 +— 6+ Xp Y1 «—4+X, Y, — 6+ X3
Z1 5 Z](—5

~ 7 N 7

X3 — ¢ (X1,X2)
Y3 — ¢ (Y1,Y2) Y3 — ¢ (Y1,Y2)
Zy — & (Zo,Z1) Zy — & (Zo,Z1)
Y4 —Y3+1 Y4 — Y3z +1
/* nofurther uses of X or Z */ /* nofurtheruses of X or Z */

l !

Figure5.1: A comparism of SSA (left) andSSl (right) forms.

Formally, a programtrangormationto SSIform satigiesthefollowing condk

tions:

1. If two nonnul pathsX 55 Z and Y 5 Z exist having only the nodeZ where
they corverge in common, andnodesX and Y containeitherassgnments
to avariableV in the original program or a ¢- or o-function for V in the
new progam, thena ¢-function for V hasbeeninsertedat Z in the new
program. [Placement of ¢-functions]

. If two nonnul pathsZ &5 X andZ =5 Y exist having only the node Z
where they divergein comnon, andnodes X and Y containeitherusesof a
variableV in the original programor a ¢- or o-function for V in the new
program, thena o-function for V hasbeeninsertecat Z in the new program.
[Placementof o-functions.]

. For everynode X cortaining adefinition of avariable V in the new program
andnoce Y containing a useof that variable,there exists at leastone path

16



X =5 Y and no suchpath containsa definition of V otherthan atX. [Naming
after ¢-functions.]

4. For evetry pair of nodesX andY containng uses of a variable V defined at
noce Z in the new progam eitherevery pathZ =5 X mustcontain Y or
everypathZ -5 Y mustcontain X. [Naming after o-functions]

5. For thepurpasesof this definition, the STARTnodeis assimedto contin a
definitionandthe ENDnode ause for everyvariable in the original program.
[Boundarycondtions.]

6. Alongary possble cortrol-flow pathin a programbeingexecutedconsider
ary useof avariableV in theoriginal programandthecorresponding useof
V; in thenew progam Then, at every occuranceof the useon the path V
andV; have the samevalue.Thepathneednat becyclefree.[Corred¢ness.]

As with the SSA condiions this definition doesnot prohibit “extra” ¢- or
o-functionsnotrequred by condtions 1 and?2.

Property 5.1. There exists exactly onereading definiion of V' at every non-¢-
function useof V in the new program.

Proof. Offner [29] definesareaching definiion asfollows:

A definition of a variabke v reachesthe point P in the progam iff
thereis a pathfrom the definition to P on which...there is no other
definitionof v....

Fromthis definiion andcondition 3 we directly obtainthe property O

Note that condiion 3 and this propetty do not requre thereto be exactly
one definition of any variabk V, just that at every use only a single definition
is relevant Therenaning algorithm we will present enforces the stricter single-
definition constaint.
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Property 5.2. Everycycle-feepath S 5 Y fromthe START nodeto a node Y
contining a non-¢-function use of a variable must contin exactly one node X
defiring that variable in the new program Likewise every path X -5 E froma
node X containing a non-o-function defintion of a variable to the END nodemust
contin every nodeY which is a useof thatvariable in the new program.

Proof. Let uscall the variablev. Condtions5 and6 ensure thatthereexists at
leastonedefinition node X for v fromwhich Y is reachable—eonditions 5 and 6
substtute the START node, from which every noce is reachablefor any use of
v not reachabldy same otherdefiniion in the original program.So assune this
definifon nodeX exists, but is nat onthe pathS 5 Y. ThenX 5 Y andS 5 Y
musthave someealiestnode N in comman. But N mustthen have a ¢-function
for v by condition 1, which violates either our chace of Y asa non-b-function
use (if N =) or elsecondiion 3 which prohbits definitionsotherthanat X. If
S 5 Y containsmorethanonenodeX; defining v, thenthe pathX, = Y between
the first and Y alsoviolatescondtion 3. SoS =5 Y must coniin exactly one
definiion X of v.

Thesemondpatt is symmetric. Assunmethere exists sonenodeY usingv which
is notcontainedon some pah X = E. ThepathX = Y mustexist by condtions3
and5. And X &5 E and X &5 Y must have somefinal noce N in comnon,
which must have a o-function for v by condtion 2. Thecase N = X violatesthe
choice of X asanon-o-functiondefinition. Butif N # X, thencondtion 3, which
prohibits pathswith multiple definitions, is violated. ThusX &5 E mug contain
everyuse of v. O

Property 5.3. Everydefinitionof a variable V dominaesall non-¢-function uses
of V andeveryuse of V post-daninats anynon-o-function reating defintion of
V in thenew program.

Proof. Thedomnancerelation is definedin Offner[29] as.

If x andy aretwo elenentsin aflow graphG, thenx dominatesy (x
iIsadomnator of y) iff every pathfrom s [START] to y includesx.
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Post-domnanceisthedualonaflow graphwith edgegeversed:x postdominates
y iff every pathfrom END to y includesx.

Thepreviousproperty shavedthatevery pah from STARTto anon-$-function
usecontaired auniquedefinition nodeX. If two pathsfrom STARTto Y con@ained
differentdefinition nodesX;, thenY would be a ¢-function, which it was chosen
notto be. So every non-$-functon useis dominatedby thesingledefinition node.
Likewise the previous property showed that every path from a non-o-function
definition to ENDmust include every use; therefore every use post-daminates a
non-o-function definition. O

5.2 Minimal and pruned SS forms

Minimal andpruned SSIforms can be definedwhich paralleltheir SSA countr-
parts. Minimal SSIform would have the smallest number of ¢- and o-functions
suchthat the abore condiions are satisfied. Pruned SSI form is the minimal
form with arny unusedd- ando-functiors deletedithatis, it contairs no ¢- or o-
functionsafter whichthereareno subsegent non-}- or o-functionusesof any of
thevariablesdefinedontheleft-hand side.” Figure5.2 on the next pagecompares
minimal andprunedSSIform for our example program.

Note that,asin SSA form, prured SSI doesnot strictly satiy the S con-
strains becauseit omitsdeadd- ando-functiors otherwiserequiredoy condiions
1 and2 of the definition. In practice,a subtradive definition of prured form —
generge minimal form andthenremoved the unused¢- and o-functions — is
most useful, but a constructive definition canbe generatedrom the standardsS
form definition asfollows:

1. Thecornvergence/dvergence node Z of conditions1 and2 mug alsosatidy:
“and thereexistsa path from Z =5 U to a U, a useof V in the original
programwhich does not contain anoherdefinition of V.

“An evenmore compact SSIform may be producedby remaving o-functions for which there
areusesfor exactlyone of the varigbleson the left-hand side but by doing so one loses the ahlity
to perform renaning at control-flow splitswhich gererateadditional value informatin.
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Po + (X0 #2) Po + (Xo #2)

if P jump if Py jump
(X1,X2) + 0(Xo) (X1,X2) & 0(Xo)
fTM N‘e fV Nﬁ?
Y1 4+ X, Y — 6+ X2 Y1 4+ X, Y, — 6+ X2
Z] «—5 Z] «—5

AN AN

.

X3 « ¢ (X1,X2)
Y3 — ¢ (Y1,Y2) Y3 — ¢ (Y1,Y2)
Zy — & (Zo,Z1)
Ys Y3 +1 Y4 Y3z +1
/* nofurther uses of X or Z */ /* nofurtheruses of X or Z */

l !

Figure5.2: Minimal (left) andpruned(right) SSIforms.

2. The boundxry condition 5 at END can be loosenedas follows (emphasis
indicatesmodificalions): “For the purposesof this definition, the START
nodeis assunedto cortain a definition for every vanablein the original
program and the ENDnodes a usefor every variable live at END in the
original progrant.

Prunedform is defined ashaving the minimal set of ¢- and o-functionsthat
satisfy the amendedccondtions. It caneasly be verified that the madifications
auffice to eliminateunusedd- and o-functions: if the variabledefinedin a ¢- or
o-function is used, theremustexistapathZ -5 U asmandatedy amendmentL,
where amendnent 2 lets U = END for variableslive exiting the procedureand
thususefully defined.

Property 5.4. A nodeZ getsa ¢- or o-function for somevariable V; in pruned
SS formonly if thecorresponehg variableV is live at Z in theoriginal program.

Proof. Thisisatrivial restatemenbf amendnentl. A variable v is said to belive
atsamenodeN if there existsanode U using v anda pathN 5 U on which no
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definitionsof v areto befound. If V isnotliveatZ thennopathZ - U satisfying
theamendedcondtions 1 and 2 canbe foundand neither a ¢- or o-function can
beplaced. Amendment2 ensureshis holdstrueatbourdaies. O

5.3 Fad construction of SSI form

The mog common constructon algorithm for SSA form [11] usesdominance
frontiers and suffers from a possble quadraticblow-up in the size of the dom-
inancefrontier for certaincomnon programning congructs. Variousimproved
algorithmsusesuchthings asDJ grapts [38] andthe dependenceflow graph[20]
to achieve O(EV) time compexity for ¢-function placenent. We build on this
work to achieze O(EV) constuction of SSI form, and present a new algorithm
for variabk renaning in SSI form after ¢- ando-functionsareplaced.

Our constuction algorithm begins with a program structuretree of single-
entry single-it (SESE)regions, corstructedasdescribedy Johnsn, Peason,
andPingali [19]. We will review the algaithms involved, astheir publishedde-
scriptions[18] containa numberof errors.

We begin with afew definitions from [19].

Definition 5.1. Edgesa andb are sad to be edgecycle-ealivalent in a graph
iff every cyclecontining a cortains b, and vice-ve'sa. Similarly, two nodes are
said to be node cycleequivalent iff every cycle contaning one of the nodesalso
contanstheother

Definition 5.2. A SESE region in a graph G is an ordered edge pair (a, b) of
distinct control flow edgesa andb whee

1. a domingesb,
2. b postdbminaesa, and
3. everycycle contining a alsocontainsb andvice-\ersa.

Edgesa andb are called theentry and exit edges,respectely.

Definition 5.3. A SESEregion (a, b) is canonicalprovided
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1. b domnatesb’ for any SESEegion (a,b’), and
2. a postiomiratesa’ for any SESEegion (a’, b).

We will givetimeboundsintermsof N andE, thenunberof nodesandedges
of the contol-flow graph respectrely. Placemenbf ¢- and o-functiors is also
depenént on V, the number of variablesin the progam Since SSI renaning
increaseshenunberof variabkes, we will useV, andVss; to indicatethe nunmber
of variablesn theoriginal program andSS form, respedively.

Note that V is O(N) at most sinceour representation only allows a corstant
numberof variabledefinitions pernode. Typically V, will be muchsmalkr than
N, but Vssr neednotbe. Also E may be aslarge asO(N?), but in mostcontrot
flow graphsis O(N) instead, asnodearitiesaretypically limited by a consant.

53.1 Cycle-equivalency

The identfication of SESEregionsbeginsby conputing the cycle-equivaleng of
the edgesin the programcontol flow graph. The cycle-equvalengy algorithm
works on undirectedgrgphs, so we preparethe directedcontrol flow graphG as
follows:

1. Add an edgefrom ENDto START in G. It is common practice to addan
edge from STARTto END in orderto root the contol dependene grgph at
START[10]. However, our gaal is not rooted cortrol dependencéut to
make the control flow graphinto a single strongly conrected compment;
for this reasorthedirectian of theedgeis from ENDto START instead.

2. Create an equivalent undirected graph. Jdnsonet al. prove that the
node expanson illustratedin Figure 5.3 on the facing pageresults in an
undirectedgraphwith the same cycle-equvaleng propetiesastheoriginal
directed graph.More precisey, nodesa andb in directedgraphG arecycle-
eqguvalentif and only if nodes a’ andb’ are cycle-equialentin transformed
undirectedgraphG’. The nodesn; andn, genergéed by the expansim are
termednat represenative thenoden'’ in G’ is saidto be represendtive of
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Figure5.3: Transformatn from dirededto undirectedgraph(from [18]).
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o
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noce n in G. Obviousl, this correspondencanud berecordedduring the
transfornation sowe may properly atribute the cycle-equvaleng proper-
tiesof n’ ton later

3. Perform a pre-order numbering of nodesin G’. This is done with a
simple depthfirst seart of G’. Whenwe visit anodea; or a,, we prefer
tovisit a’ before any otherneighba. This ensureshatrepresendtive nodes
areinteriornodesin the DFS spannirg tree The START nodeis numbered
0, andsuwcceedingnodesin the traversal getincreaing nunbers. Thuslow-
nunberel nodesareclosest to START andwe will call them*highest in
theDFSspannngtree.

The above stepsform anundirectedgraphG’ from the cortrol-flow graphG.
Theremainayr of the cycle-equvaleny algorithm is presenteds Algorithm 5.1
onpage25, with theabove procedureorrespnding to thestatenent G': =Pre proce ss(G) .
The algorithm hasbeencorrectedfrom the published versionin [18]; in addi-
tion it hasbeenextended to compute bath nodeandedgeequivalencieqin effect,
meiging the algorithm of [19]). Lines modfied from the presentation in [18]
are indicatedin the figure with a vertical barin the left magin. The daatype
Bra cketL ist andthe nodeandedgepropertiesusedin the algorithm arede-
scribedin Figure5.4 on the following page. Theinterestedealer is encouraged
to consult [18] for addtional detail on thesedatastructuresandrepresentatiors.
Figure 5.5 on page26 shaws cycle-equvalentregionsin a simple contol-flow
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DatatypeBrack et Li st :

credae(): BracketList : Make an empy BradetList structure
size(bl:BracketList): integer : Numbe of elemensin BracketLig structure
push(bl:BracketList, e:bracket): BracketList : Pushe ontop of bl
top(bl:Bra cketList): bracket : Topmostbradet in bl
delete(bl:BracketList, e:bracket): BracketList : Delgeefrombl
concat(bll,bl2:BracketList): BracketList : Concatenatbll and bl2

Operaionson nodes:

Number(n:node): integer : DFS preorder numbe of node
NQClass(n:node):intege : Cyde-equivalercy classof node
BList(n:node): BracketList : List of bracketsof node

Hi(n:node): integer : Higheg dedination node of any edge originating from a descen-
dart of node n

Operaionson edges:

EQClass(enode): integer : Cyde-equivaleng classof edge
RecentSizée:edge) integer : Size of bradet setwhen e was mostrecently the topmost
bracketfor arepresenative node

RecentClassg:edge): integer : Cyde-equivalercy class numbe of represatative node
for which e wasmostrecertly thetopmostbradket

Figure 5.4: Datatypesandoperatimsfor the cycle-eguivaleng algorithm.
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{I:Drocedure cycle _equiv (G: CRG)

/* Preprocessing *
G := Preprocess (G); /* descri bed in text */

/* Comput e CD equiva le nce cl asses */
for each node n of G, in reverse depth-fi rst order, do {
f* Compute Hi(n) */
/* hi0 is highest using backedges only *
hi 0 : = min{ Number (t ?] | (t ,n) is a backedge }
/* hil is highest through chil dren */
hil :=min{ H(c) | cis a chil d of n}
| f* hi2 is lowest through children *
| hi2 := max{ H(c) | cis a chil dof n}

Hi(n) := min{ hi0O, hil };
/* Comput e BLis t(n ) */
BList (n) := create ();
for each chil d ¢ of n, do
BList (n) := concat (BLis t(n ), BLi st (c) );
for each backedge <d, n> from a descendant d of n to n, do
BList (n) := delete (BList(n ), <d, n>)
| for each cappin g backedge <d, n> of n, do
| BList (n) := delete (BList(n ), <d, n>);

for each backedge <n, a> from n to an ancestor a of n, do {
BList (n) = push (BLis t( n), <n, a>) )
RecentSiz e(<n, a>) := -1; /* not a representative node *

if n has mae than one child, then {
BList (n) := push (BLis t( n), <n, hi2>); /* capping backedge */
| RecentSiz e(<n, hi2 >) := -1
| } add <n, hi2 > to cappin g backedges list of hi 2;

f* Compute N lass (n) */
if nis a representati ve node, then {
if RecentSize (t op (BList(n ))) != size (BList( n)), then {
/[* start a new equiv al ence cl ass */
RecentSiz e (to p (BLi st (n) := si ze (BLi st (n));
RecentCla ss (t op (BLis t(n ) = new-cl ass- hame();

I}\IQ(Ih ss (n) := RecentClass (t op (Blist (n)) );

} /* for each node */

Algorithm 5.1 Thecycle-equivaleng algorithm (correctedfrom [18]).
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START

(START, 1) =¢4 (16,END
(1,2) =¢q (8,16)
(2,3) =cq (3,4) =¢q (7,8)
(4,5) =¢q (5,7)
(4,6) =¢q (6,7)
(1,9) =cq (9,10) =cq (14,15) =4 (15, 16)
(10,11) =4 (11,13)

END

Figure5.5: Contol flow graphand cycle-equvalent edges.

graph.We usethenotation (a, b) =4 (c, d) to indicatethatthe CFG edge from
node a to nodeb is edgecycle-equvalentto the edgefrom nodec to node d.

Calculating cycle-equvalent regionsis basedon a sinde reversedepthfirst
traversal of G, soaslongasall datatye operatimsin Figure5.4 canbeconpleted
in consant time (and [18] shavs how to do so),this conputatonis O(E).

53.2 SESE regionsand the program structuretree

Jomson,Peasmn, and Pingali show how to corstructatreestructureof nested
SESEregionsfrom thecycle-equvalency informationin [19]. Thecycle-equvalent
regionsaresortedby dominanceusng a simple deph-first traversalof thegraph,
andthencanonicalSESEregionsarefoundby taking adjacenpairsof edgedrom
the cycle-equivalenceclasses.Another depthfirst seart of the CFG suficesto
obtain to nesing of theseregions,whichis representedin a data structue called
the program structure tree  The algorithm and datastructuregequiredare pre-
sentedin Figure 5.6 and Algorithm 5.2 Figure5.7 on page29 shavs the SESE
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Datatype EdgeList :

size(el:Edgelist): intege : Numberof elementsin Edgelist structure
head(d:EdgeList): edge : Firstedgein el

tail(el:Edgelist): EdgeList : EdgeListlike el but missng first element
append(el:Bra cketList, e:edge: EdgeList : Add eto theend of el

Datatype Regio n:

NewRegion(eledge e2edgd: Regon : Createsanew regionwith entry elandexit e2
ard no parert

Entry(r:Region): Edge : Theenty edgeofr

Exit(r: Region): Edge : Theexit edgeof r

Parent(r:Region): Region : Theparentofr, or nil if none
Nodes¢:Region): NodeList : A list of nodesinr

Link Regon(rl,r2:Region): void : Setsthe parert of r2to berl

Opeations on nodes:

Mar k(n:node): boolean : Visited staus during DFS
SESE(n:node): Region : The canorical SESEof n

Opeations on edges:
EntryRegion(e:edge: Region : the region with ertry e, or nil  if none exists

ExitRegion(e:edge): Regon : theregion with exit e, orni | if noneexists

Figure5.6: Datatypesandoperationsusedin corstructon of the PST
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NestedSESHG: CFG) =

1: /* initialize */

2: for all nodesn of G do
3:  Mark(n) « fal se

4: for all edgese of G do

5.  EntryRegion(e) « ni |
6: ExitRegion(e) « nil
7-
8

. I* orderedgeswithin cycle-equivalency clasgsby dominarce*/
: for each edge e of G in depth firstorderdo

10: CQList (EQQasqe)) « append(CQListEQUasge)), e)
11: /* ge all cananical SESEregions*/

12: for all equivaleng classes q do

13: 1+ CQList(q)

14:  whilesizg(l) > 1do

15: r «— NewRgjion(head1), headtail(1)))

16: EntryRegion(Entry(r)) « r

17: ExitRegion(Exit(r)) «

18: /* deermire proper nesting of SESE regions */

19: VisitNode(START, to p- re gi on)

[(e]

VisitNode(n: node,r: Region) =
1: if Mark(n) =f al se then
2: Mark(n) «true
3:  [* recordmapping fromn tor */
4. SESEnN) 1
5.  Nodeqr) « apperd(Nodes(r),n)
6.
7
8
9

for each edge(n,n’) fromnton’do
1 + EntryRegion((n,n'))
T2 « ExitRegion((n,n'))

10: if r=1r70rr=r;then

11: rN — Parent(r) /* exiting currert region*/
12: else

13: ™ T

14: if 1 #£nil andry # rthen

15: LinkRegion(rn, 1) /* entkering new region */
16: ™ ¢ T

17: if r» Znil andry # rthen

18: LinkRegion(rn, 12) /* entering new region */
19: TN — T2

20: VisitNode(n', rn)

Algorithm 5.2: Computing nesed SESEregionsand the PST.
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END

Figure5.7: SESE regionsandPST for the CFG of Figure5.5(from [19]).

regionsontheleft and program structuretree on theright for the examge of Fig-
ure5.50npage268

Thetime comgexity for corstructing the PST is easilyseento be O(E). Al-
gorithm 5.2 onthefadng pagebegins with adepthfirsttraversalof G to congruct
anorderal edge list for eachcycle-equvalent region; the traversalis O (E) and the
list-appendopeaton can be dore in constanttime. We then iteratethroughthe
cycle-equvalence classesandthe edgelists of eachcongructing SESE regions.
No edge can be on morethanonelist, so this stepis O(E). Finally, we do afinal
O(E) depthfirsttraversalof G, performirg the constanttime operatios appe nd
andLinkRe gion . All stepsareO(E) and their sequentl compsition is aso
O(E).

5.3.3 Placing ¢- and o-functions

8In addtion, the regions c, d, e andf, g areseqertially compsed[19]. However, our SSI
corstrudion algaithm doesnt usethis propetty.
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PlacdG: CFQ) =

1: letr bethetopdevel regionfor G

2: for each variablevin G do

3:  PlaecOnédr, v, fa Is e) /* place phis */
4:  PlaeOnér, v, tr ue) /* placesigmas*/

PlaceOne(r: region, v: variable, ps: boolear): bodean =

1: /* Post-ordertraversd */
2: flag « false
3: for each child regionr’ do
4: if PlaceOnér’', v, ps) then
5: flag « true
6:
7. for each node n in region r nat contaned in a child region do
8: if psisfal se andn containsaddinitionof v then
9: flag « true
10: if psistru e andn containsauseof v then
11: flag « true
12:
13: /* add phis/sigmas to meges/plits wherev may belive */
14: if flag= true then
15:  for each noden in region r nat contained in achild region do
16: if Maybelive(v, n) = truethen
17: if psisfal se ardtheinputarity of n exceals1 then
18: placea phifunctionfor v atn
19: if psistru e andtheoutput arity of n exceals1 then
20: placea sigmafunctionfor v atn
21:
22: return flag

Algorithm 5.3: Plagng ¢- and o-functions
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As with the presengtion of SSA form in [11], we split constuction of SS
form into two parts: pladng ¢- and o-functions and renamng variables. The
placemenglgorithm runsin O(NV,) time, and is presenteésAlgorithm 5.3on
the precaling page. No new nock propetties or datatypes are required;however,
it is parameterizean a function cdled MaybeLive . For minimal S form,
MaybeLiv e shoutl alwaysreturntrue . Fasterpractical run-ime may be ob-
tainedif prured SSI form is the desired goal by allowing MaybeLiv e to return
ary conserative approxmation of variable livenessinformaton, whichwill allow
ealy suppressionof unusedd- and o-functiors. Notethat MaybeLiv e neednot
beprecise,conserative valueswill only resultin anexcessf ¢- ando-functiors,
not aninvalid SSIform. Sedion 5.3.6describesa post-pra@essng algorithm to
efficiently remove the excessgp- ando-functions? Theremairder of this secton
will bedevotedto a correctnesgproof of Algorithm5.3.

Lemmab.1. Nod-functions(o-funcions)for avariablev areneededn an SESE
region not contining a definition (use)of v.

Proof. Letusassimea ¢-functionforvisneededitsomenodeZ insdeanSESE
not contining a definition of v. Thenby condtion 1 of the SSIform definition,
thereexist pahs X =5 Z andY -5 Z having no nodesbut Z in comnon whereX
andY containeitherdefinitonsof v or ¢- or o-functionsfor v. Choo® any such
paths

Casel: Both X andY areoutsidethe SESE.Then,as there is only oneentance
edgeinto the SESE, thepatts X =5 Z andY &5 Z mustcontainsone node
in common other thanZ. But this contradictsour choiceof X and Y.

Casell : At leastone of X andY mustbe inside the SESE. If both X andY are
not definitions of v but rather ¢- or o-functionsfor v, thenby recursve
application of this prod theremustexist some chdce of X, Y, andZ inside

9Note that ecuivalentresults could be obtainedby adding a ¢-function for every variable at
every merge and a o-function for every varialde at every split, and post-processing In factthe
sametime bounds (O(NV,)) would be obtained There is a large practical differerce in adual
runtime andspae costs, however, which motivatesour more efficient agproach
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this SESEwhere atleastoneof X andY is adefinition. But X or Y cannot
be adefinition of v be@useahey areinside the SESEof Z which waschosen
to containno definiionsof v.

A symmetric argument holds for o-functons for v, using condition 2 of the
SS9 form definition, andthefad that there existsone exit edgefromtheSESE. [

The above lemma justifies line 14 of the algorithm on page 30, which skips
over any SESE region not containing a definition (use)of v when placing ¢-
functons(o-functions)for v.

Lemmab5.2. If adefiniion (use)or a ¢- or o-function for a variable v is present
at somenodeD (U), thena ¢-function (o-function)for v is neededat everynoce
N:

1. of input (output) arity greaer thanl,

2. readablefromD (fromwhich U is reachable),

3. whos smallest encloshg SEE contans D (U), and

4. which is notdomingedby D (nat pos-domnatedby U).

Proof. Wewill firstprovethatanodeN failing any one of thecondiions doesnot
needa ¢- or o-function.

e Condtions1 and2 of the SS form definition requirenodeN to bethefirst
convemgene (divergence)of same pathsX =5 N andY 55 N (N &5 X and
N 35 Y). If theinputarity isless than 2 or thereis no pathfrom a definition
of v, thanit fails the ¢-placenentcriterion 1. If theoutputarity islessthan
2 or thereis no pathto auseof v, then it fails the o-placementcriterion 2.

e If thereexistsa SESEcontaining N thatdoesnot cortain ary definition, ¢-
or o-function D for v, then N doesnot requre a ¢- or o-function for v by
lemma5.1.
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e Let us supmseevery D; contining a definition, ¢- or o-function for v
dominatesN. If N requiresa ¢-function for v, thereexist pathsD; =5 N
andD, 5 N cortaining no nodesin conmonbut N. We usethesepaths
to constructsimple pathsSTART 5 D; -5 N andSTART &5 D, 5
N. By the definition of a dominatot every pathfrom START to N mug
contan every D;. But D; -5 N cannotcontain D5, andif START 5 D;
contans D,, we canmake a pathSTART 5 D, =5 N which doesnot
contah D; by usng the D;-freepathD, -5 N. Theassumption leadsto a
contradction; thus,there mustexist sone D; which doesnot donminate N
if N is requiredto have a ¢-function for v. The symmetricargumentholds
for pog-dominanceand o-functions

This provesthatthe condtionsarenecessarylt is obviousfrom an examination
of conditions 1 and 2 of the SSI form definiion and lemma 5.1 that they are
sufficient O

In practice, the condtions of lemma 5.2 are too expensive to implementdi-
rectly. Insteadwe use aconserative approximation to SSI form, whichallows us
to placemore ¢- and o-functionsthanminimal S requires(for example, a ¢-
function for v atthecirclednodein Figure 5.8), while satisfyng the condtions of
the SSIform definition. Our algorithmalsoallows usto do pre-prunng of the SS
form duringplacement. The resultis not prunedSSl, but containsatight superset
of the ¢- ando-functionsthatprunedform requres.

Theorem 5.1. Algorithm 5.3 places all the ¢- and o-functions required by con-
ditions 1 and 2 of the SSIform defintion.

Proof. Lemmab.1 stateghatthe child region exclusionof Algorithm 5.3 does not
causerequred ¢- or o-functionsto be omitted. Propetty 5.4 allows the omission
of ¢- ando-functionsfor v atnodes where v is dead whencreatng prunedform,
MaybelLiv e may not returnf alse for nodes wherev is not dead,but may
returntru e atnodeswherev is deadwithout harming the correctnesf the ¢-
ando-functionplacement. O
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Figure 5.8: An flowgraphwhereAl gorithm 5.3 placesp-functions corsevatively.

53.4 Computing liveness

Incorporatng livenessnformatian into the credion of prunedSS form appeas
to leadto a chicken-and-gg problem: althowgh the prunedSSI framework al-

lows highly efficient livenessanalyss, obtairing the livenessnformation from

the original programcan be problenatic. The fastessparse algorithm hasstated
time boundsof O(E + N2) [7], whichis likely to be more expensgive than therest
of the SSIform converson. Luckily, Kam andUIlIman [21], in conjunction with

anemgprical study by Knuth [23], shav thatlivenessanalyss is highly likely to

be linear for reducibk flow-graphs.In our work this question is avoided,aswe
obtain our livenessnformationdirectly from properties of the Java bytecoddiles
thatare ourinput to the conpiler. Butin any caseour algorithmsallow consrva-
tive apgroximation to livenesssoevenin the caseof non-reducibleflow graphst

shouldnot be difficult to quickly generatea roughapproximation.

53.5 Variable renaming

Algorithm5.4 performsvariablerenaming on aflow-graphwith placed¢- and
o-functionsin asinge deph-firsttraversal. Whenthe algorithmis conplete,the
contol flow-graphwill bein proper SS form. Thevariabk renaming algorithm
requresan Enviro nment datatye which is defined in Figure5.9. Using an
imperatve progamming style, it is possble to perform a sequencef ary N op-
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Datatype Envir onment :

create(): Environment :
makeanenvironmert with no mappngs.

put(€: Environment,vy: variable, v,: variable) :
exterd ernvironment& with amapping from vy tov;.

get(€: Environment, v: variable). variable :
return the current mappng in £ for v.

beginScpe(€: Environment) :
save the current mayping of £ for later resoration.

endScope(&: Environment) :
restare the mappng of £ to tha present atthelastbegi nScope on €.

Figure5.9: Environmentdatatypeor the SSlrenaning algorithm.

RermameG: CFG) =

1 Init(G)

2. for eachedge e leaving START do
3. Seach(e)

Init(G: CFG) =

1: for eachedgeein G do
2 Markede] « f al se

3. for eachvariabde V in G do

4 C(V)«0

5. £ = creae() /* creak anew environment */

Inc(€: Environment V: variable): variable =
L i C(V)+1

2. Clv) «1i

3 E.pu(V,Vy)

4: return'Vy

Algorithm 5.4: SSI renaming algorithm.
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Search((s, d): edge)=
Require: s to beanode cortaining ¢- or o-funcions,or START
Require: Marked(s,d)] =fals e

1. Marked[(s, d)] « tru e

2: beginScope(€)

3: if s isanode cortaining ¢-functionsthen

4. for each ¢-functionP in s do

5 replacethedestnation V of P by Inc(&, V)

6: elseif s is anode contaning o-functionsthen

7:  for each o-functionS in s do

8 j « WhichSuc¢(s, d))

9 replacethej-th destinaion V of S by Inc(&, V)
10: loop/* now rename indde basc block */
11: if d isanode containing ¢-functonsthen

12: for eath ¢p-functionP in d do

13: j « WhichPred(s, d))

14: replacethe j-th operand V of P by get(€, V)
15: break /* erd of basc block */

16:  elseif s isanode cortaining o-functionsthen
17: for eath o-function S in d do

18: replacethe operandV of S by get(&, V)

19: break /* erd of basc block */

20:  [* ordnaryassgnment, atmog one sLecessa */
21: for eachvariable Vin RHS(d) do

22: replaceV by get(€, V) in RHS(d)

23: for eachvariable Vin LHS(d) do

24: replaceV by Inc(€, V) in LHS(d)

25: if d hasnosucessao then

26: break /* erd of basc block */
27 s« d

28: d ¢« sucesa ofd

29: end loop

30: for each successorn of d do

31: if not Marked[(d, n)] then

32: Seach({(d,n)) /* dfsreaurson*/
33: endScopeg(€)

34: return

Algorithm 5.5: SSI renaming algorithm, cont
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eraonsonEnviro nment asdefinedin thefigurein O(N) time;in afunctional
programnmng style arny N operationscan be conpletedin O(N logN) timel° As

thecoarse strucureof Algorithm5.41is asimple depth-fist seach, it iseasyto see
thatthe Search procedurecanbe invokedfromline 3 on page35andline 32on

page36 atotal of O(E) times;likewiseits innerloop (lines 10 to 29) canbe exe-
cutedatotal of E timesaaossall invocaticnsof Search . A totalof Usga +Dsgsa

cdls to the operaionsof theEnvir onment datatypewill bemade within all ex-

eautions of Searc h. For the impemtve implementation of Envir onment a
total time boundsof O(E + Ussa + Dssa ) for the variable renaning algaithmis

obtained.

We have shown thatAlgorithm 5.3 placesall the requiredd- and o-functions
in the cortrol-flow graphaccordingto SSI form condiions 1, 2, and5; we will
now show that this algarithm renamesvariablesconsstentwith conditions3 and
4 to prove thatthesealgaithms combinedsuffice to convert a programinto SS
form. The SSIformis nat necessary minimal, aswe showedin section5.3.3; the
next sectia will show how to postproeessto createminimal or prunedSS form.

Lemmab.3. Thestad trace of callsto Sear ch definesa unigue path throughG
fromSTART.

Proof. We will prove this lemma by congruction For every corseative pair
of cdls to Searc h we constructa pathX = Y startng with the edge(X, No)
which is the agumentof thefirst call, and ending with the edge (N,,, Y) which
is the agumentof the secondcall. From line 28 of the Searc h procedureon
page36 we nate thatevery edge(N;, Ni,1) betweenthefirst andlast hasexactly
onesucceasor. Furthermore, the cdl to seach on line 32 definesa pathstartng
with the edge which our segmentX -5 Y ends with; thereforethe pats can be
combhned.By sodoing from thebottom of the call stackto thetop we constucta
uniquepathfrom START. O

For brevity, we will hereafterreferto the canonicalpath constuctedin the
manneiof lemmab.3 correspodingto the stackof callsto Search whenan edge

10Thecuriousreackris referredto sectio 5.1 of Appel [4] for implementationdetails
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e is first encoungred as CP(e). Every edgein the CFG is encounteredxactly
once by Sear ch, so CP(e) exists andis uniquefor every edgee in the CFG.

Lemma5.4. SSIform condiion 3 (¢-function naming) holds for variablesre-
named acoordingto Algorithm5.4.

Proof We restte SSIform condtion 3 for reference

For every node X containing a definition of a variableV in the new
program andnodeY contaning a useof thatvariable, there exists at
leastonepathX =5 Y andno suchpath cortains a definition of V
otherthanat X.

We consder the canonical path CP({(Y’,Y)) = START = Y’ — Y for sone
use of a variablev at Y, constructedaccording to lemma5.3 from a stadk trace
of callsto Searc h. is encountered.This pathis unique,althoughmorethanone
canoncal pathmay terminateatY at nodeswith morethanonepredecessoiT hese
pahsaredistinguisedby theincoming edgeto Y.1! We identify eachoperand v;
of a ¢-funcion with the appropiate incoming edgee to ensurethatCP(e) iswell
definedanduniquein the conext of auseof v;.

The canonical pathSTART =5 Y mustcontin X, a definition of v, if Y uses
avariabk definedin X, asSearch renamesll definitions(in lines5, 9, and24)
anddestrgs the name mappng in £ justbefore it returns The cdl to Search
which createshedefinition of v musttherebre alwaysbeon the stadk, and thusin
thepathCP(({Y’,Y)), for ary useto receve athe nanev. Notethatthisis truefor
¢-functiors as well, which receve nameswhenthe appropria¢ incoming edge
(Y')Y) is traversed,nat neessrily whenthe node Y cortaining the ¢-functionis
firstencoutered.

Note that the natation (N, N’) for dending edgesdoesnat alwaysdende anedge unanbi-
giously; imagne a corditional branchwhete both the true and fals e cas lead to the same
label. In such casesan additional identifieris neessay to distinguish the edges. Alternaively,
one may split sich edyesto remove the ambiguity. We treatedyesas uniquely identifiade and
leave the implemenationto thereadcer.
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We have proved that START 5 X =5 Y exists now we must prove that no
other pathfrom X to Y contairs a definition of v. Call this other definition D.
Obvioudy D cannotbe on our canorical path START 5 X =5 Y, or line 24
would have causedy to usea differentname. But aswe just stated,all variable
namemapping done by D will be removed whenthe call to Search which
touchedD is taken off the call stack.So D mug be onthecdl stadk, andthuson
the canmical path; a contradicton. Sinceassunng the existenceof someother
pathX Ay contining adefinition of v leadsto cortradiction no othersuchpath
may exist, comgeting the proof of thelemmna. 0

Lemmab.5. SS form condiion 4 (o-function naming) holds for variablesre-
namedaccordingto Algarithm 5.4.

Proof WerestateSS form condition 4 for referance:

For every par of nodesX andY containing usesof a variabke V de-
fined at nodeZ in the new program,eitherevery pathZ -5 X mug
contan Y or every pathZ -5 Y mustcontain X.

Let usassurre therearepatts Z 5 X andZ = Y violating this condtion; thatis,
let uschosenodes X andY whichuseV andZ defining V such thatthereexists a
pathP; from Z to X nat containing Y and apathP, from Z to Y not contining X.
By theargumentof the previouslemme, there existsa canaical pathP; = CP(e)
from STARTto X through Z correspodingto a stacktrace of Sear ch; notethat
P3; neal notcontain P;. Thereare two cases:

Casel: P3 doesnotcortainsY. Thenthere is sonelastnodeN presenbn bath
P,:Z 5 N 5 YandP; : STARTS Z 5 N 5 X. By S9 condition 2 this
node N requiresa o-functionfor V. If N # Z thenline 5 of Algorithm5.4
would rename V alongP3; andX would notusethe sane variableZ defined;
if N = Z, thenline 9 would have ensuredthatX andY used differentnames.
Eithercasecontadictsour chdcesof X, Y, andZ.

Casell : P; doescontainY. Thenconsder the pathSTART =5 Z &5 Y along
P3, which doesnot contan X. Theargumentof case | applieswith X andY
reversed.
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Any assunad violation of condtion 4 leadsto contadiction, proving the lemna.
L]

Every pathCP(e) correspodsto a executon statein acdl to Search atthe
paint wheree is firstenmuntered.The value of theenvironmentmappng £ at this
paint in theexecutonof Algorithm5.4wewill denoteas&¢. ForanodeN having
asinglepredees®r N, and singe succasorN,, wewill denotegN»-N) asgl,
andgMNN) as N Itis obviousthat £l = Eore andEN,, = EN: . whenN,,
andNjg, respectrely, arealsosingle-predecessaingle-successarodes.

Lemma5.6. SSIform condition 6 (correctnesgholdsfor variables renamed ac-
cording to Algarithm 5.4. That is, alongany possble control-flow pathin a pro-
grambeing exeated a use of a variable V; in the new programwil | alwayshave
thesamevalueasa use of the correspnding variable V in the origi nal program.

Proof. Wewill useinductionalongthepathNy — Ny — ... — N,,. Weconsder
ex = (N, Ny41), the (k + 1)th edgein the path,andassune that, for all j < k,
eachvariabk V in the origind programagreeswith thevalueof £¢[V] = V; in
thenew progam We shaw that£¢<[V] agreewith V atedge ey in the path.

Casel: k = 0. Thebasecaseis trivial: the STARTnode (N,) coninsno state-
ments,andalong eachedg e leaving start&¢[V] = V,. By definition V,
agreesvith V attheentryto theprocedure.

Casell: k > 0 andNy hasexadly one predees®r andone succasor. If Ny
Is single-entrysingle-«it, thenit is nat a ¢- or o-function As anordinary
assgnment,it will behandledby lines20to 24 of Algorithm5.5 onpage36.
By theinduction hypathesis(which tells usthatthe usesat Ny correspond
to the sane values asthe uses in the original program) andthe semantics
of assignment,themappig £}, is easly verifiedto bevalid when&¥k . is
valid. Thusthe valueof every original variableV correspondto the value
of thenew variablegyk [V] = £°<[V] one.

Caselll: k > 0andN; hasmultiple predecessos andonesuccesso. In this case
Ny may have multiple ¢-functionsin the new progam andby the defini-
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tion in sed¢ion 3 Ny hasno statemert in the original progam Thusthe
valueof ary variableV intheoriginal programalorg ede ey is idenical to
its value along edge e, ;. We needonly shaw thatthe value of the variable
E£-1[V] isthesame asthevalue of thevariabk £¢<[V] in thenew program.

For ary variabke V not mentioned in a ¢-function at Ny this is obvious.
Eachvariabledefinedin a ¢-functionwill getthe valueof theopemlandcor-

responthg to the incoming control-flow path edge. The relevantlines in

Algorithm 5.5 startwith 13 and 14, wherewe seethat the operandcorre-
spanding to edee e_; of a ¢-function for V correctlygets&e<-1[V]. At

line 5, we see that the destnation of the ¢-function is correctly £<[V].

Thusthevalue of every original variableV corredly correpordsto £¢<[V]

by theinduction hyptothesis andthe semants of the ¢-functions.

CaselV: k > 0 and Ny hasone predeessr andmultiple suces®rs. Here Ny
mayhave multiple o-functionsin thenew program andisempty in theorig-
inal program.Theargument goes asfor the previouscase.lt is obviousthat
variables not mentionedin the o-functions correspondat ey if they did at
ex_1. For variablesmentonedin o-functions, line 18 shawvs thatoperands
correctly get€e1[V] andline 9 shavsthatthedestnation correspamdingto
ey correctly gets £¢<[V]. Thereforethe valuesof original variablesV corre-
spand to the value of £¢+[V] by theinduction hypothesisandthe semants
of the o-functions.

CaseV: Ny hasmultiple predecessos andmultiple sucees®rs. Forbiddenby the
CFG definiton in sectio 3.

Therebre, on every edgeof the chosenpath,the values of the original variables
correspndto thevaluesof therenanedSSI form variables. Thevaluecorrespon-
denceat the pathendpoint (auseof samevariable V) foll ows. ]

Theorem 5.2. Algorithm5.4 renames variablessud that SSI form corditions3,
4,and 6 hadd.

Proof Directfromlemnas5.4,5.5,and5.6. O
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Theorem5.3. Algorithms 5.3 and 5.4 correctly transfom a program into S9
form.

Proof. Theorem 5.1 provesthatd- and o-functiors areplacedcorredly to satisfy
condtions 1, 2 and5 of the S form definition, and theorem5.2 proves that
variablesarerenaned correctly to satisfy condtions3, 4 and6. O

53.6 Pruning SSI form

The SSlalgorithm can be run using ary corsewnative apgroximation to the live-

nessinformaton (including the function MaybeL ive (v,n) = t rue ) if unused
codeelimination'? is performedto remave extra ¢- and o-functiors adced and
crede pruned SSI. Figure 5.10 and Algorithm 5.6 presentan algorithm to iden-

tify unused codein O(NVsg) time, after which a simple O(N) passsuffices
to renove it. The complexity analysis is smple: nodesand variablesare vis-

ited at most once,raising their valuein the analysis lattive from unusedto used

Nodes marked usedarenever visted. So MarkNo deUseful isinvoked at most
N times,and MarkV arUse ful is invoked at most Vss; times. The calls to

MakNo deUseful may examine at most every variabk usein the programin

lines 3-5, taking O(Uss;) time at worst. Eachcall to Mark VarUs eful  exam

inesat most onenode (the sinde definition nodefor the variable, if it exists)and
in consant time pushesat mostonenodeon to theworklist for atotal of O(Vss;)

time. Sothetotal run time of Fin dUsef ul isO(Uss; + Vssi) = O(Ussi).

5.3.7 Discussion

Note that our algorithm for placing¢- and o-functionsin SSI form is pessimidic;
thatis, we at first assumeevery node in the control-flow graphwith input arity
largerthan one requiresa ¢-function for every variable andevery nodewith out
arity largerthanone requiresa o-function for every variable andthen usethe PST,

2\e follow [44] in distinguishing unreachable code elimination, which removescodethatcan
never be executed from unusedcode elimination, which deletessectiors of codewhoseresultsare
never used.Both areoften called“deadcocke eliminatior?’ in theliteratue.
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FindUsefu(G: CFG) =
1. let W bean empt work list
2. for eachvariadev in G do
3. VaUsefu(v) « fals e
4. for eachnoden in G in any order do
5. NodeUsdul(n) « fa Ise
6: if nisaCALL, RETURN or other nodewith side-dfectsthen
7. addn to W
8
9

while W is not empty do
10.  letn beary elementfromWwW
111 remoen fromW
12 MarkNodeUséul(n, W)

MarkNodeUsetil(n: node, W: WorkL.ist) =
- NodeUseful(n) « tru e
. I* everything usedby a uselul nodeis useful */
. for eachvariade v in Uses(n) do
if nat VarUselul(v) then
MarkVarUsefu (v, W)

MarkVarUsdul (v: variable, W: WorkList) =
: VarUseful(v) « tr ue
. I* Thedefinition of auseful vanable is usdul */
. for eachnoden in Definitiongv) do
[* In SSlform, size( Definitiongv)) < 1*/
if not NodeUseful(n) then
addn to W

Algorithm 5.6: Idenifying unused code using SSI form.
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Operdionson nodes:

NodeUseful(n:node): bodean : Whetherthereslts of this nodeare ever usel
Usesf:node): setof variables : Variables for which this node contansause

Operaionson variables:

VarUseful(v:variable): boolean : Whether thereis same n for which Uses(n) cortains
v and NodeUseful(n) istru e

Definiti ons(v.vari able). setof nodes : Nodeswhich contain a definition for v

Figure5.10: Datatypesandoperdionsusedin unusd code elimination.

livenessnformation,and unusedcodeelimination to detemmine safe placesto omit
¢®- or o-functions. Most SSA constructon algorithms, by contast are optimistic;
they assmmeno ¢- or o-functionsarenealed and attemptto deermine wherethey
areprovably neessry. In my experience,optimistic algorithmstendto have poar
time bourds beaus of the posshility of input graphslike the oneill ustratedn
Figure 5.11 on the next page. Proving thatall but two nodesrequire - and/a
o-functionsfor the variable a in this example seemdo inherently requireO(N)
passgs overthegraph;each passcanprove tha ¢- or o-functionsarerequiredfor
only thosenodes adjacentto nodestagged in the previous pass.Starting with the
circled node,the ¢- and o-functions spreadone nodeleft on ea pass On the
otherhand,an pessimistic algorithm assimesthe correct answerat the start, fails
to shaw that arny ¢- or o-functions can beremoved,andtemminatesin one pass.

54 Time and space complexity of S form

Discussonsof timeandspacecomplexity for sparse evaluation frameworksin the
literatureareoften misleadirgly cadled*linear” regardliessof what the O-notation
runime bound are.A canonca example is[38], which statesthatfor SSAform,
“the numberof ¢-nodesneededremainslinear’ Typically Cytron[11] is cited;
however, thatreference actuall reads
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START

END

Figure5.11: A worstcaseCFG for “optimistic” algorithms.

For the prograns we tested, the plot in [Figure21 of Cytron’s paper]
shaws that the number of ¢-functionsis also linearin the size of the
original progam

It is impatant to note that Cytron's claim is basednot on algorithmic worst-
bourds conplexity, but on enpirical evidence. This reasonig is not unjugified,;
Knuth [23] showedin 1974 that*human-geneaited”programsalmostwithout ex-
ception show propertiegavorableto analyss; in particularshalbw maximumloop
nestng deph. Wegman and Zaded [44] clearly make this distinction by noting
that:

In theorythe size [of the SSA form represendtion] can be O(EV),
but empirical evidenceindicates that the work requred to compute
the SSAgraphis linearin the programsize.

Our worst-cae spaceconplexity boundsfor S form are identicalto SSA form
— O(EV) — butin this sedion we will endeaourto shav thattypical complex-
itiesare likewise“linear in the programsize.”

The total runtime for SSI placanent and subgquent pruning, including the
time to constuct the PST, is O(E + NV, + Ussy). For maost programsk will
be a small consant factor multiple of N; asWegmanand Zadeck [44] note,mod
controlflow graphnodeswill haveat mog two successorsFor thosegraphswvhere
E isnot O(N), it canbe arguedthatE is the more relevantmeasureof program
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Linearity of uses in SSI form
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Figure5.13 Numberof origind variables asa function of procedurdength
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compkxity.®

Thusthe“lineaiity” of our SSIcongruction algorithm ress on the quantiies
NV, andUssy. Figuresb.12 and5.13presentempricd datafor V, and Uss; on
a sanple of 1,048 Java methals. The method variedin lengh from 4 to 6,642
statenentsandweretaken from thedynamc cdl-graphof the FLEX conmpiler it-
self,which includeslargeportionsof thestandardlava clasdibraries. Figure5.12
shaws corvincingly that Uss; grows asN for large proceduresand Figure5.13
supmrtsan agunmentthatV, grows very dowly andthatthe quantity NV, would
tendto grow asN'-3. Thiswould arguefor anearlinearpractical run-time.

In contast, Cytron’s original algorithm for SSA form had theoreticalcom-
plexity O(E + Vssa|DF| + NVssa). Cytron doesnot presentemprical data for
Vssa, but onecaninfer from the data he presentgor “numberof introduced ¢-
functions” thatVssa behaes similarly to Vss; — thatis, it grovsasN, notasV,,.
It isfrequenty pointedout!* that the|DF| term, the size of thedominancefrontier,
can be O(N2) for common programming constucts (repea t-un til  loops),
which indicates thatthe Vssa|DF| term in Cytron’s algarithm will be O(N?) at
bestandat timesasbadasO (N3).

Notethatthespacecomplexity of SS form, whichmaybeO(EV) in theworst
case (¢- ando-functionsfor every variableinsertedatevery node) is certainly not
greder thanUss;, and thusFigure5.12shawvslinea practicalspae use.

6 Usesand applicationsof S3

Theprinciple benefitsof usingSS form are the abili ty to do predicatecandback-
warddatafbw analyss efficienty. Predicatedanalyss meanghatwe can usein-
formation extractedfrom branchcondiionsandcontrolflow. The o-functionsin
SSIform provide anvariablenaming thatallows usto sparselyassociatthe pred-

Bwe will not follow Cytron[11] in defining anew varableR to derotemax(N, E, .. .) to avoid
following him in declarirg worst-caseonplexity O(R3) andleaving it to the readerto puzzle out
whether O(N®) (1) is really being implied.

l4seeDhandhere[12] for exanple.
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ication informatian with variable namesat contol flow splits. The o-functions
als provide a reversesynmetryto SSlform thatallow efficient backward data-
flow analyseslike livenessand anticipatability.

In this secton, we will briefly sketchhow SS form canbe appied to bad-
wardsdatafbw analyses,including anticipatability, an importantcomporent of
partia redunancy elimination We will thendescriben detail our SparsePred-
icated Typed Congant propa@tion algorithm, which shavs how the predication
informatian of SSIform may be usedto advantagein practicd applications, in-
cluding therenoval of array bound andnull-pointer checks Lastly, we will de-
scribe an extensian to SPTC thatallows bitwidth analysis andthe possble uses
of thisinformation.

6.1 Backward Dataflow Analysis

Badkward dataflow analysesare thosein which informatian is propagtedin the
direction opposte that of program executian [29]. Thereis geneal agreement [20,
7, 45] that SSA form is unableto diredly handle backwardsdataflav analyses;
liveness is oftencitedasa canoncal exampk.

However, SSIform allows the sparsecompuiation of suchbackwardsproper
ties. Livenessfor exanple, comes*“for free” from prunedSSI form: every vari-
abke is live in the region between its useandsole definition. Propeity 5.2 states
thatevery non-¢-function useof avariabk is domnatedby thed€finition; Cytron
[11] has shawvn that ¢-functionswill alwaysbefoundonthedomnancefrortier.
Thus the live region betweendefinition anduse canbe enumerded with a sim-
ple depth-firstsearchtaking advantageof the topological sorting by dominance
that DFS provides[29]. Becau® of ¢-function uses, the DFSwill have to look
one node pastits spaning-treeleavesto seethe ¢-functions on the dominance
frontier; this doesnot changethe algorithmic conmplexity.

Compuationof otherdatafbw propertieswil | usethis sameenumeratia row-
tine to propagte valuescomputed on the sparseSSI graphto the intermedate
nodeson the controtflow graph. Formally, we can say thatthe datafbw property
for variable v at node N is dependenbnly on the propertiesat nodes D and U,
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defining andusing v, for which there is a path D 5 U contining N. Theris a
“defaul” propertywhichholds for nodeson no suchpathfrom adefiniion to use;
for livenesghe default propertyis “not live? The remainderof this sectionwil |
concentrat®n the datafbw propertes at useanddefinition points.

A dlightly more comgicatedbadkward dataflav property is very busyexpres-
sions; thisandysisis somewhatobsolet asit servesto save codespae, nat time.
Thisin turnis related to partial andtotal anticipatahility.

Definition 6.1. Anexpressione is very busy at a paint P of the programiff it is
alwayssubsequentt usedbefaeit is killed [29].

Definition 6.2. Anexpresson e is totally (partially) anticipatable at a point P
if, on every (some)path in the CFG from P to END, there is a computaton of e
before anassgnmento anyof thevariablesin e [20].

Johngn andPingali [20] shav how to reducethesepropertes of expressims
to propertieson variables. We will therefore consder propertiesBSY(v, N),
ANT (v, N), and PAN(v, N) denoing very busy, totally anicipatabk, and par-
tially anticipatablevariablesv at sone programpaint N.

To compute BSY, we startwith prured SSI form. Any variabledefinedin a ¢-
or o-function is usedat sone point, by definition. Sofor statementsata point P
we have therules:

v=... BSYi,(v,P) =f alse

.=V BSYin(v,P) =t rue
x=®(Yo,...,Yn) BSYin(yi, P) = BSYoulx, P)
(x0,...,%n) = 0(y) BSYin(y,P) = AlLo BSYoul(xi, P)

Total anticipatabilty, in the single variablecase,is identicd to BSY. Partial
anticipatability for avariable v atpoint P followstherules:

v=... PANi,(v,P) =f alse

.=V PANi,(v,P) =t rue

x =d(Yo,..-,Yn)  PANin(yi, P) = PANou(x, P)
(x0,...,%n) = 0(y) PANin(y,P) = ViLo PANou(xs, P)
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The presentsection is concened more with feasbility than the mechanics
of implemenatiory we refer the interestedeaderto [29] and[20] for details on
how to turn the efficient computationof BSY, PAN andANT into pradical code-
haisting andpartial-redundang eliminatian routines,respectiely.

We notein pasing thatthe sophisticated strengthreducton andcode-moibn
techniquesof SSAPRE [22] areapplicableto an SSkbasedepresentatin,aswell,
andmay benefitfrom the predicationinformaion availablein SSI. The remain
derof this section will focuson pradical implemenétions of predicatecanalyses
usng SSlform.

6.2 SparsePredcated Typed Constant Propagation

SparsePredicatedlypedConsant (SPTQ Propagatonis apowerful analysistool
which derivesits efficiengy from S form. It is built on WegmanandZadecks
SparseConditionalConsant(SQC) algorithm [44] andrenovesunnecessararray-
boundsandnull-pointer checks conputesvanabletypes and performs floating
paint- and string-consant-propagtion in addition to the integer consant propa-
gation of standrd SCC

We will describethis algorithm incrementally, beginning with the standrd
SCC constantpropagation algorithm for review. Wegman andZadecks algorithm
operateson a programin SSA form; we will cdl this SCC/SSA to differentate
it from SCC/SSI, using the SSI form, which we will describein sectin 6.2.2.
Sedion 6.3 on page67 will discus anextensionto SPTC which doesbit-width
analysis.

6.2.1 Wegmanand Zaded’'s SCC/SA algorithm

The SCC agorithm works on a simple three-level value lattice associated
with variabledefinition pointsandatwo-level exeautability lattice associatedwith
flow-graphedges.Thesdatticesareshovn in Figure6.1 onpage53. Assaiating
a lattice value with a definition point is a conserative statementthat,for al pos
sible program patls, the value of thatvariable hasa certainproperty The value
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nlL ¢ d(#c¢c) T d|L d T
1|L c d T 1| L d T
clc c T T clc cpd T
T|T T T T T|T T T

Table6.1: Meetandbinary operatiorruleson the SCC valuelattice.

Init(G:CFG) =

1 Ee 0

2 B0

3. for eachvariadev in G do
4 if same node n definesv then

5: V] « L

6 else
7 V[v] « T I* Procedure algumens, etc. */

Analyze(G:CFG) =
1: let r bethe stat nodeof graphG

2. B — E U{r}
3 W, « {r}
4 W, « 0
5
6. repeat
7. if W, isnotempty then
8: remove samenoden from W,
9 if n hasonly oneoutgoing edgee ande ¢ E. then
10: RaiseEg)
1L Visit(n)
12 if W, is notempty then
13 remove samevariable v from W,
14 for each node n containing ause of v do

15: Visit(n)
16. until bothW,, and W,, are empy

Algorithm 6.1: SCC algorithm for SSA form.
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RaiseE(e:edge) =
. [* Whencaled, e ¢ E¢ */
P Ee — EcU{e}
: letn bethededination of edge e
if n ¢ E,, then
En — E,U{n}
Wy — W U{n}

RaiseV (v:variable, L:latticevalue) =
1: if Vlv] C Lthen
2. Vi «L
3 W, «— W, U{v}

Visit(n:node) =
1: for each assgnment“v « x®y” inn do
2: RaieV(v, V[x] ® VIy]) I* binoprule: seetable 6.1*/

3:
4: for each assgnment “v «+— MEM(...)” or“v « CALL(...)" inn do
5. RaieV(, T)
6:
7: for each assgnment “v « ¢(x1,...,%xn)" inndo
8: for each variable x; correspondng to predeas®r edgee; of n do
9: if e; € E¢ then
10: RaieV(v, Vvl 1 V[xi]) I* med rule: seetable 6.1*/
11:
12: for each brarch“if v gato e elsee;” inn do
13: L« V]

14: if L=T orL = c wherec signifies“true’ ard e; ¢ E. then
15: Rai®E()
16: if L =T orL = c wherec signifies “false” ande; ¢ E. then
17: Rai®E(;)

Algorithm 6.2: SCC agorithm for SSA form, cont
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T

cee =20 1 0 1 2 ...

Figure6.1: Three-level valuelattice and two-level executabilit y lattice for SCC.

lattice is, formally, Int] ; thelattice value L signifiesthatno informaton about the
value is known, the lattice value T indicatesthatit is possble thatthe variable
hasmorethan onedynamc value,andthe otherlattice enties(corresponding to
integer consants and ocauping a flat spae between T and L) indicatethat the
variable canbeprovento have asinge congantvalue in all runsof theprogram*®
Similarly, the exeautability lattice indicateswheterit is possilde thatthe contol
flow edgeis traversed in sonme executian of the program (marked “executab¢”),
or if it canbe proven thatthe edgeis never traversed in ary valid program path
(marked“not executabé”). Thealgorithmworkswith SSA form, andis presented
asAlgorithm 6.1. Binaly operatios onlattice values andcombination at ¢-nodes
follow therulesin Table 6.1; natice that the med operation(11) is simply the least
upperboundon thelattice. The time compkxity of SCC/SSA canbefound eas-
ily: theproedue Rais eE putseach nodeon the W,, worklist at mostonce and
Rai seV putsa variableon the W, worklist at most D — 1 times,where D is
the maximum lattice depth. The Visi t procedue can thusbeinvoked a maxi-
mum of N times by line 11 of the Analy ze procedureof Algorithm 6.1, and a
maximumof Ussa (D — 1) timesby line 15, where Ussa is the numberof vari-
able usesin the SSA represengtion of the program. The lattice depth D is the

SNote thatwe follow the T and L cornvertions usedin sematics andabstrat interpretation;
autlors in dataflov analysis (including Wegman and Zadeckin their SCC pgper[44]) often use
contrary ddfinitions, letting T meanundefinedard L indicateoverddfinition. As section7.3 will
disciss the sematics of SSI' at lengh, we thought it beg to adchere to one setof defiritions
corsigertly, insteadof switching mid-payer.
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foo = (), foo o = f( );
if (foo == 1) if (foo, == 1)
(foo 1,f 00,) = o(foo o)
bar = foo + 1; bar, = foo, + 1;
els e else
bar = 2; bar, = 2
bar , = ¢(bar ¢, bar )

Figure 6.2: A smple constarpropagatn example.

congant3 in this version of thealgaithm, soit dropsout of the expressim. The
RaiseE proceduratselfis called at mog E times. Thetime compkxity is thus
O(E+ N + Ussa (D — 1)) whichsmplifies to O(E + Ussa ).

6.2.2 SCC/SSI:predication using o-functions.

Portingthe SCC algaiithm from SSA to SS form immediately increases the
number of constans we can find. A simple exanple is shown in Figure 6.2:
the version of the programon the right is in S form, and SCC/S3—unlike
SCC/SA—can determnethatfoo , is aconstantwith value 1 (althoughnothing
canbesaid aboutthe valueof fo o or f 00,) and therdorethatbar o, bar ;, and
bar , are consaintswith thevalue2. SSIform createsa new namefor bar atthe
condtionalbranchto indicatethatmore informaton aboutits value is known.

Only theVis it proceduremust beupdatedfor SCC/SSI: lattice updaterules
for o-functionsmustbeadded Algorithm 6.3showsanew Visi t procedurefor
the two-level integer consant lattice of Wegmanand Zadecks SCC/SSA; with
this resticted value setonly integer equaliy teststap the algorithm’s full power.
The utility of SCC/SSI's predicated analysiswill become more evidentas the
valuelattice is extendedto cover moreconsant types.

Thetime complexity of theupdatedalgorithmisidentical to thatof SCC/SSA:
O(E + Ussa ), by thesame argunmentasbefore.
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Visit(n:node) =
1. /* Assignment rules ason page52*/

2
3
4
5
6:
7-
8
9

10:
11
12
13
14
15
16
17
18
19

. for eachbranch “if x =y gotoe; eleey” inndo

if L[x] = T orL[y] = T then
RaiseEeg)
RaiseEeg»)
eleif L[x] =candL[y] = d then
if c = d then
RaiseEge)
else
RaiseEeg,)
for each assgnment” (vy,v,) + o(vp)” assaiatedwith this branch do
if edgee; € E. andvariablevy isthex or y in theted then
RaiseV{, min(L[x], Lyl))
elseif edgee; € E,. then
RaiseVM ) L[\)o])
if edgee, € E. then /* Falsebranch*/
RaiseV@z, L[\)o])

20: /* Obviousgererdization applies for tess like “x #y” */

Algorithm 6.3: A revisedVisit  procealure for SCC/SS.
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NN

floa t double int long String

Figure6.3: SCC valuelattice extendedto Java primitive value doman.

6.2.3 Extending the value domain

Thefirst simple extenson of the SCCvaluelattice enabésusto representioating
paint andother values. For this work, we extended the doman to cover the full
typesydemof Java bytecodg15]; the extendedlattice is presentedin Figure6.3.
The figure also introdwces the abbreviated lattice notation we will use through
thefollowing sectons;it is understoodthatthe lattice entrylabelled “int” stands
for afinite-but-large setof incomgarablelattice elemens, conssting (in this case)
of the menbers of the Java i nt integertype. Java int s are 32 bits long, so
the“int” entry abbreriates23? lattice elenents. Similarly, the “double” entry en-
codesottheinfinite domainof real numbers,but thedomainspanred by the Java
double type which hasfewer than 2%* menbers.'® The Java String type s
also included, to allow simple consant string coalescingo be pefformed. The
propagation algorithm over this latticeis a trivial modificaton to Algorithm 6.3,
andwill be omittedfor brevity. In the next sectiors, the“int” and “long” entries
in this lattice will be sunmarizedas*l nteger Constant, the“fl oat’ and“double”
enties as”Floating-pant Constant, andthe “String” entryas “String Constant.
As thelattice is still only threelevelsdeepthe asymptotic runtime conmplexity is
identicalto thatof the previousalgorithm.

6.2.4 Typeanalyss

In Figure6.4we extendthelattice to conpute Javatypeinformation. The new

18In IEEE-stamlad floating-point, somepassble bit patterrs arenat valid numberenmdings.
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Typed
String Floating-pant Integer
Conrstant Congart Constant
1

Figure 6.4: SCC valuelattice extendedwith typeinformation.

Fl'yped . ; . e oYt
: java.lang.Objet non-void primitive types
java.lang.Nurber java.langString e i D, latice

java.langinteger

oo .

String Floating-point Integer
N Constant Constant Constanh
Constant

Figure 6.5 “Typed” category of Figure6.4 shown expanded.
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int @int = int
long @ {int ,lo ng} = long
float &{int ,long,flo at} = floa t
double &{int ,lo ng,flo at ,double } = double

Strin g®{int,long ,fl oat ,double ,Ohect ,...} = Stri ng

Figure 6.6: Javatyping rules for binary operations.

Hierarchy Sourcelanguage | Clas®s | Avg. depth | Max. deph
FLEX infrastructure| Java 550 1.9 5
j avac compiler Java 304 2.8 7
NeXTStep3.2f Objedive-C 488 3.5 8
Objectworks 4.1 Smaltalk 774 4.4 10

1 indicates data obtained from Muthukrishranand Mller [28].

Table6.2 Classhierarchystatsticsfor several large O-O projects
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Visit(n:node) =
1. for eachassgnment‘v «+ x @ y” inn do
2. RaiseV(v, VIx] @ Vly]) I* binop rule: seefigure 6.6 */

3

4. for eachassgnment“v « MEM(...)” or “v « CALL(...)” inn do
5. lett bethetypeof the MEMor CALL expresson

6. RaiseV(v,t)
7.
8
o

for eachassgnment‘v « &(x1,...,xn)” inn do
for each variable x; correspndingto predecesoredge e; of n do

10 if e; € E¢ then
11 RaiseV, LI {VIV], VIxil}) I* meetrule: useleastupperbound */
12
13: for eachbranch “if x =y gotoe; elee,” inn do
14 if TypedC L[x] or TypedC L[y] then
15: RaiseEg)
16: RaiseEeg»)
17,  elsif L[x] = candL[y] = d then /* if x andy are corstans... */
18 if c = d then

19 RaiseEg)

20: else

21 RaiseEeg,)

22 for each assgnment”(vy,v;) « o(vy)” assaiatedwith this branch do
23 if edgee; € E. andvariablevy isthex or y intheted then

24: I* typeerror in saurce programif L[x] ard L[y] areincompaable */
25: RaiseV({1, min(L[x], L[y]))

26 elseif edgee; € E. then

27 RaiseV({1, Lvo])

28 if edgee, € E. then /* Falsebranch*/

29 RaiseV({v,, Lvo])

30:

31 /* Obviousgererdization applies for tessk like “x #y” */
32 [* Obviousgererdization applies for tess like “x instanceof C” */

Algorithm6.4: Vis it procedurdor typed SCC/SSI.
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lattice entry marked “Typed” is adually forest-sructuredasshovn in Figure6.5;

it is asdeep asthe class hierardwy, and the rootsandleavesareall conpamable
to T and L. Only theVi sit proceduremust be maodified; the new procelureis

given asAlgorithm 6.4. Becau the lattice L is degper, the asynptotic rurtime
conplexity isnow O(E + UssaD.) whereD. is the maximum depthof the class
hierarchy To form anestmateof the magnitude of D, Table 6.2 comparesclass
hierarchystatistics for several large object-oriented projedsin varioussoucelan-

guages. Ouwr FLEX conypiler infrastructue, as a typical Java examge, has an
averageclassdepthof 1.91' In aforced exanple, of course,one can make the
classdepthO(N); however, onecaninferfrom thedata giventhatin red codethe
D. termis notlikely to make thealgorithm signficanty nonlinear

A briefword ontherootsof thehierarchy forest in Figure6.5is calledfor: Java
hasbath aclasshierarchy rootedatjav a.lan g.Ob ject , andseveralprimitive
types,which we will alsouseas roots. The primitive typesincludein t, | ong,
fl oat ,anddouble .'® Integerconstantsnthelattice arecomparabléo andless
thantheint orlong type;floating-pont constans arelikewise conparable to
andlessthaneitherfloat or double . String consants arecomparableto and
lessthanthejava .lan g.St ring non-primtive classtype

Thevoid type, whichis thetype of theexpressonnull , isalsoa primitive
typein Java; however we wish to keepx My identical to | |; {x, y} (theleast upper
boundof x and y) while satsfyingtheJavatypingrulethat nul | Mx = x whenx
isanon-primtivetypeandnotaconsant. Thisrequireguting void conparmble
to but lessthanevery non-prinitive leafin the class hierardy lattice.

The Java class hierardwy als includes interfaces, which are the meansby
which Javaimplementamultiple inheritance. Base interface clas®s (which donot
extend other interfaces)are addiional roots in the hierarchyforest althaughno
examplesof thisare shown in Figure 6.5.

Sinceuntypeable variablesaregeneally forbidden, no operationshoud ever
raisea lattice value above “Typed”to T. The otherwise-unnecessarly element

"MeasuedAugust?2, 1999; the infrastricture is under continuing developmert.
8|n the type system our infrastructure uses(which is borrowed from Java bytecale) the char ,

boolean ,short ardbyte typesarefoldedintoint .
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Typed
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Norrnull Typed

T N

Fixed-lengh Integer Floatingpoint String Null
Array  Constat  Constant Corstant Constanm

Figure 6.7: Value lattice extendedwith array andnull information.

is retaired to indicateerror corditions.

This variantof the corstant-propgation algorithm allows usto eliminateun-
necesaly inst anceo f chedks dueto type-cating or type-safetychecks.Sec-
tion 6.2.6will provide experimentalvalidationof its utility.

Finally, notethatthe ability to representul | asthevoid typein thelattice
beginsto allow usto addressull-pointer checksathough beauenull Mx =x
for non-primitive typeswe canonly reason aboutvariableswhich canbe proven
to be null, nat those which might be proven to be non-nul (which is the more
usefulcase).Thenext sectionwill provide amore satigactorytreatment.

6.2.5 Addressingarray-boundsand null-pointer cheds

At this point, we can expandthe value lattice once more to allow elimina-
tion of unne@ssry array-boundsandnull-pointerchecks,basedn our congant-
propagtion algorithm. The new lattice is shavn in Figure 6.7; we have split
the“Typed” lattice enty to enablethe algorithm to distinguish betweemon-nul
and possbly-null values!® and addeda lattice level for arays of known con-
stantlengh. Some formal definition of the new valuelatticecanbe found in Fig-

Bvalueswhich are always-null were discussed in the previous sectio; they areidertified as
having primitive typevoid .
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VC e C|aS$ Cnon-nul L Cpossiby-null

VC e Clasﬁon-rullv UL{VOid »C} € Clas%ossihry-null
VC € Clas$ossiby-nui, Voi d C C

VC € Clas$on-ri, (voi d,C) ¢ C

Let A(C,n) beafunctiontoturnalattice enty representiganon-nul aray class
type C into the lattice entry representig a said array classwith known integer
congantlengthn. Then for any non-nullarray classC and integersi andj,

A(C,i)C C
(A(C,1),A(C,j)) € C if andonlyif i =3

Figure 6.8: Extendedvaluelattice inequalties.

X =5 + 6;
do {
y = new int[x |;
z = x-1;
if (0 <=2z &% z < y.le ngth)
ylz] =0
else
X-;
} while (P);

Figure 6.9: An exampk ill ustratirg the power of comhbnedanalyss.
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Visit(n:node) =
1. /* Binop ard ¢-functionrules asin algorithm 6.4*/

2
3. for eachassgnment“v « MEM(...)" or “v « CALL(...)" inndo
4:  lett € Classossibly-null U Classyimitive bethetype of the MEMor CALL
5 RaseV(v,t)
6:
7. for eacharray creaton expression “v « new T[x]” do
8  if L[x] isanintegerconstant then
o: RaiseV(, A(T, L[x]))
100 else
11 RaiseV, Thon-rull)
12

13 for eacharray length asignmen “v « arraylength(x)” do
14:  if L[x] isanarray of known constant length n then

15: RaiseV, n)
16 els

17 RaiseV(, i nt)
18

19 /* Brand rulesasin algorithm 6.4, with the obvious extersion to allow testsaganst
nul | tolowera lattice value from Clas$osspiy-nuil t0 ClasSon-nui- */

Algorithm 6.5: Visit  procedure outlinewith array andnull information.
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if (10 < 0)
throw new Negative Array Size Exception ();
intf ] A= new int[ 10];
if (0 <0 O >= Ale ngth)
throw new Arra yind exOut OfBoundsE xcep tion ();
A[0] = 1,

for (int i=1; i < 10; i++) {
if (i <O i >= Alen gth)
t hrow new Arra yinde xOut OfBoundsExcep tion( );
Alil = 0;
}

Figure 6.10: Implicit boundscheckgunderlined)on Java array references.

ure 6.8; the med rule is still the leastupperboundon the lattice. Modifications
to the Vi sit  procedue areoutlined in Algorithm 6.5. Notice that we exploit
the pre-existing integer-consant propagation to identify consant-length arrays,
andthat our integratedapproachallows one-pas®ptimization of the programin
Figure 6.9.

Note that the variable renaning performedby the SS form at cortrol-flow
splits is essenal in allowing the algorithm to do null-pointer checkelimination.
However, the lattice we are using can remaove boundchecks from an expresson
A[k] whenk is a consant, but not when k is an boundedinduction variable. In
the exampk of Figure6.10,the first two implicit chedks are optimized away by
this versionof thealgaithm, but theloop-bornetestis nat.

A typical array-bound check(asshown in the example on the currentpage)
verifiesthat theindex i of the array referencesatisfiesthe cordition 0 < i < n,
where n is the lengh of the array?® By identifying integer congantsas either
positive, negative, or zero the first half of the bound check may be eliminated.
This requiresa simple extensia of the integerconstantportion of thelattice, out

20 anguagesn which arrayindicesstart at 1 can be hardledby slight modificationsto the same
techiques.
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Figure6.11 An integer lattice for signedintegers. A classificaion into negative
(M), postive (P), or zero (2) is graftedonto the standad flat integer consant
domain. The ( M-P) entry is duplicated to aid clarity.

lined in Figure6.11, with negligible performancecost However, handlng upper
bourds compktely requiresa symbdic analysis thatis out of the currentscope
of this work. Futurework will useinduction variabk analsis and integratean
existing integer linearprogramning approad [36] to fully addressrray-bounls
cheds.

6.2.6 Experimental results

Thefull SPTCanalysisandoptmization has been implemenéd in the FLEX java
compler platform?' Somequanitative measureof the utility of SPTC is given
asFigure 6.12. The “run-times” given areintermediate representation dynamic
statenentcounts geneatedby the FLEX compiler SSI IR interpreter The FLEX
infrastructue is still underdevelopment,andits badkends arenot stableenowgh
to allow directly exeautable code. As such, the numbersbeara tenuaus relation
to redity; in particularbranch delayson realarchitectures, which the elimination
of null-pointer checks seeksto eliminate, are unrepresenéd. Furthermoe, the

21Seesection 8 for details of mettodology.
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Figure 6.12: SPTCoptimizationpeiformance

intermediateepresentativinterpretergivesthe samecycle-counto two-operand
instructonsasto loadingconstans, which tendsto negatemost of the benefit of
congantpropagition. Asis obviousfromthefigure,thestandard Wegman-Zadeck
SCC algorithm, which hasprovenuutility in practice shavs noimprosementover
unoptimizedcodedueto the metric used.Evenso, SPTC shavs a10%speed-up.
It is expeded thattheimprovementgivenin actual pradice will begreder.

Note that the speed-upis constantdespite widely differing testcases. The
“Hello world” example actually executes quite a bit of library code in the Java
implementation; this includes numerouselementby-elementarray initializations
(dueto the senantics of java bytecode)which we expectSPTCto excd at opti-
mizing. But SPTCdoesjustaswell on thefull FLEX conpiler (68,82 linesof
source at thetime the benchnark wasrun), which shows thatthe speed-up is not
limitedto constantinitialization code.
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6.3 Bit-width analyds

The SPTC algorithm canbe extendedto allow efficientbit-width analysis Bit-
width analysisis avariation of constantpropagation with the goal of determining
value rangesfor variabks. In this sensdt is similar to, but simpler than, array-
bourds analysis no symbdic manipulation is required andthe valuelattice has
N levels (where N is the maximum bitwidth of the underlyng datatype) instead
of 2N. For C andJava programsthis meanshat only 32 levels needbe added to
thelattice; thusthe bit-width analyss canbe made efficient

Bit-width analyss allows optimization for modernmedia-processqg instruc-
tion set extensiors which typically offer vectorprocessng of limited-widh types.
Inte'sMMX extensons,for examge, offer paclked8-bit, 16-bit, 32-bit and64-bit
vectors [30]. To take advantageof thesefunctiond units withoutexplicit human
annotaion, the conpiler must be able to guarateethat the data in a vector can
be expressedisng the limited bit-width available. A simpler bit-width analyss
in apreviouswork [3] showedthata large amountof width-limit informaion can
be extractedfrom appropiate sourceprograns; however, thatwork wasnot able
to intelligently compute widths of loop-bound variables dueto the limitatiors of
the SSA form. Extendirg the bitwidth algorithm to SSIform allows inducton
variables width-limited by loop-bound to be deteded.

Bit-width analyss is alsoa vital stepin conmpiling a high-level languege to
a hardware descripion. Generapurposeprogamming languagesio not con@ain
the fine-grained bit-width information that a hardware implemenégtion cantake
advantageof, sothe conpiler mustextractit itself. The work cited shaved that
thisis viableandefficient

Thebit-width analysisalgorithm hasbeenimplementedin the FLEX conpiler
infrastructuie. Becaise mosttypesin Java are sigred, it is necessaryo separate
bit-width information into “positive width” and “negatve width.” This is just
an extensio of the signedvaluelattice of Figure 6.11to variablebit-widths. In
pradice the bit-widths are representetly a tuple, extending the integer consant
lattice with (Int x Int) , underthenaturaltotal orderingof Int. Thetuple (0, 0) is
idenical to the corstant0, andthe tuple (0, 16) representsn ordinary unsgned
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—(M,P) = (PM)
(My, P1) + (M., P,) (1 +max(M, M,), T+ maxPy, P,))
(M, P) x (M, Pr) = (maxMy + Py, Py + M), max(My + My, Py + P))
(0,P) A0, P,y = (0,min(Py,P;))
(M, PO A M, P,y = (maxM, M,), max(Py, P,))

Figure6.13: Some combhnatian rulesfor bit-width analyss.

16-bit datatype. The T elements represented by anappropriatetuplereflecting
the souce-languagesemants of the values type. Figure 6.13presentdit-width
combinationrulesfor some unarynegationandbinaryaddtion, multiplicationand
bitwise-and. In practice,the rules would be extendedto more preasely hande
operandsof zero, one,andother small constans.

7 An executablerepresatation

The StaticSingle Informatian (SSI) form, aspresentedin thefirst half of thisthe-
sis, requirescontrol-flow graphinformation in orderto be executable. We would
like to have ademand-drvenoperaional semants for SSI form thatdoesnotre-
quire controllow information; thus freeingusto moreflexibly reorder executon.

In particular we would like arepresentatiothateliminates unnecesar con
trol dependenciesuchasexist in the programof Figure 7.1 on the next page.A
contol-flow graph for this program as it is written, will explicitly specify that
no assignmentsto B[] will take placeuntil all elementsof A[] have been as-
signed;that is, the secondoopwill be cortrol-dependenbn thefirst We would
like to remove this controldependence in orderto provide greatemparallelsm—in
this case,to allow the assggnments to A[] and B[] to take place in pardlel, if
possilde.
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for (i nt i=0; i<10; i++)

All] = x;
for (i nt j=0; j<10; j++)
Blil =V

Figure7.1: An exampk of unnecessargontol dependencethe secondoopis
control-dependent on the first andso assgnmentsto A[] and B[] cannottake
placein parallel.

In addiion, an executablerepresentatin allows us to more easly apply the
techniqiesof abstractinterpretaton [31]. Althoughabstact interpretatiormay
be appled to the origina S form using information extraded from the contol
flow graph,an exeautable SSI form allows more concise(and thus, more easly
dervedandverified) abgdrad interpretaton algorithms.

The modificaions outlined hereextendSS form to provide a usefuland de-
scriptive operationalsemantis. We will cdl the extendedform SSI*. For clarity,
SSIform asoriginally presentedve will call SSh. Wewill descrbealgorithmsto
contructSS™ efficiently, and illu strateanalysesand optimizationsusing theform.

7.1 Deficienciesin SSlg

Althoughademand-drien executbn modd canbeconstruogd for S, it failsto
handleloops andimperative constucts well. SSI* form addresss thesedeficien-
cies.

7.1.1 Imperative constructs, pointer variables,and side-effects

Thepresendtion of S ignoredpointers, concantratingon so-calledegister vari-
ables.Extendirg SSly to handlethese imperatve congructsis quite easy: we sim-
ply definea“variable” S to representanupdatablestore.Thisvariableis renamed
andnumberedasbefore,sothatS, represents theinitial conents of the storeand
Si,1 > 0 representshe cortentsof the storeafter somesequencef writes. Fig-
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I/ swapA[i] and B[j] I/ SS* form:

x = A[]; xo = FETCQH(Sy, Ao +1o)

y = B[]}, Yo = FETCH(So, Bo +jo)

Alll =, Sy = STORE(So, Ao+io, Yo);
Blil] =X S; = STORE(Sy, Bo+jo, Xo);

Figure7.2: Useof the“store variable”S, in SI* form.

ure7.2 shows a simple imperatve programin SS* form. Note that maodifications
to thestare typically take the previouscontens of the storeasinput,andthatsub
routineswith side-effectsmodfying the storemustbewrittenin SSI form such
thatthey both take a stare andreturn a store.

The single morolithic store may provide aliasng at too coarse a resolution
to be useful. Decommsing the stare into smeller regionsis a straigh-forward
applcation of pointer analyss, which may benefit from aninitial corversion of
register variablesto S, form. In type-safelanguagesdefiningmultiple stares
for differing type setsis a trivial implemenétion of basicpointer analyss; Fig-
ure7.3shavs asimple example of this form of decompsition usng two different
subtypes (I ntege r andFloa t) of a common base class(Number ). Poirter
analyss is a hugeandrapidly-growing field which we cannotattemp to sumnma-
rize here; suffice to saythat the may-pointto relaion from pointer analysis may
be usedto define afine-grainedmodelof the store

Proper sequencinganmong statementswith side-efecs may be handledin a
similar way: a specialSS nameis useddefinedwhere side-efects occurto im-
poseanimplicit ordering For maximumsynmetrywith the ‘store’ case,we will
name this specialvariable S™. This variable may be further deconposedusing
effectanalyss for more precision.

Note that precie analyss of side-efects andthestareis muchmoreimportant
in C-like languages.The exanple on the left in Figure 7.4 shaows the difficul-
ties one may encounterin deding with pointer variablesthat may rewrite SSI
temporaries. It is possilde to dealwith this in the mannerof Figure 7.3 usng
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F N : Number, I:Integer, F : Float

ICc NandFC N
if(P ) /I SST form:
N=I,
else No = ¢ (1o, Fo)
N=F;
F.ad d(3. 14159); ST = CALL(add, S}, Fo, 3.14159)
N.ad d(5) ; <S§,55> = CALL(add, S, S¥, No,5)

Figure7.3: Factoringthestore(S,) usng typeinformationin atype-safdanguage.

int x=1; X0 = 1
int y=2; Yo=2
int *p = &; po = {x} // Pis of type “location set”
if (P)

p = &y; p1=1{y}

P2 = &(po, 1)

p =3 (x1,y1) = DERE(p2, 3)
retur n x; ret urn x;

Figure7.4: Pointer manipulaion of locd variabkesin C.

explicit stores,and with suficient analysis one may write the SSI representabin
on therightin the figure. The sourcelanguagefor our FLEX compler doesnot
encountethis difficulty: Java has no paintersto basetypes,andso the conpiler
doesnot have to worry aboutvalues changing'behindits bak” asin theexanple.

7.1.2 Loop constructs

The center column of Figure 7.5 on the following pageshaws a typica loop in
SSlp form. Note first that an explicit “control flow” expressim (goto L1) is
requiredin orderto make sensef theprogram. Notealsothat i,, i, andi; are po-
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/I a simge loop Il SS, form: /I SSt form:
J:l, jO = ] jO = ]

i=0; =0 =0

do L1 L8] = (@&

{ i1 = P (i, 13) i1 = ¢(io, 15)
i+=j L=1+7jo =11+

1 while  (i<5) Py = (i, < 5) Po = (i < 5)

i f Po got o L1 <i3,i4> = O'(Po,iz)

(i3,14) = o(i2)

Figure7.5 A simpleloop,in SS9, andSS* forms.

tentially dynamically assigned mary times, althoughstaically they have only one
definiton ead. This complcatesany sat of demand-drven senantics: should
the ¢-function demandthe value of iy, or i3, whenit is evaluated the first time?
Which of the values of i; doesit receive whenthe ¢-function is subgquently

evaluaed? A token-basedlatflow interpretaton fails as well: it is easyto see
thattokensfor i, flow aroundtheloopbeforeflowing out at the end, but thetoken
for jo seemdo be “used up” in thefirst iteration.

SS* introducesa &-function in the block of ¢-functonsto clarify the loop
semantics. The left-handcolumnof Figure7.5 illustrates the natureof this func-
tion. The &-functionarbitrates loopiteration, and will bedefinedpreciselyby the
operationalsemantis of SSI* form. For now notethatit relatesiteration variables
(the top tuple of the paraneterand result vectors)to loop invariants(the bottom
tupleof thevectors).We followedthe statemenbrdering of SSh in thefigure, but
unlike Sy, the statenents of S* could appea in ary orderwithout affecting
their meaning—and so the statenent label L1 of the SSl, representatin and its
implicit conrol-flow edge areunnecessarin SSI*.
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7.2 De€finitions

The sigreture charaterigic of SSIF arethe &-functions. These &-functions ex-
ist in the same places ¢-functionsdo, andcontrol loop iteration. The exact se-
mantcs may vary—the sectionsbelow presentwo different valid semantsfor a
&-functioms—hut informally they canbe viewed as“time-warp” operdors. They
take valuesfrom the“past” (previousiteraionsof theloop or loopinvarians valid
whenthe loop began)andprojecttheminto the “future” (the current loop itera-
tion).

There is at mod one &-function per ¢-function block, and it always precedes
the ¢-functions. Congructionof &-functiors takesplacebeforethe renamimg step
associateavith SS form, andthe &-functionsarethenrenamedin the sane man-
neras any otherdefinition. The top tuple of the constructedé-function contans
the namesof all variables reachingthe guaded ¢-functionvia a bacledge,and
the bottom tuple containsall variablesusedinside the guardedoop that are not
mentonedin theheaders ¢-function.

The SSI" form alsohastriggered constants The time-orientedsemantis of
SSI* dictatethat eachconsant must be as®ciatedwith a trigger specifying for
what times(cyclesloop iteratiors) the value of the corstantis valid. Theseare
similar to the constantgeneata's in sone datafbw machires [42]. The triggers
for aconsantc come from thevariablesdefinedin theealiestapplicable instruc-
tion post-daminated by the consant definition statementv = ¢. Thisis desgned
to generatethe triggeras soonasit is known that the constantdefinition state-
mentwill always execute. In pradice it is necessaryto introducea bogts trigger
variable, Ct which is generatedat the START nodeand usedto triggerany con-
stans othemwise without a sutable generator. If the useof the constantdoesnot
postdominatethe START node, Ct will have to be threadedthroudh ¢- and o-
functionsto reachthe earliestpostdominatednoce.
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7.3 Semantics

We will basethe operdional semantis of S3* on a demanedriven dataflav
model. Wewill definebothacycle-oriened semanticsandanevent-drivensenan-
tics, which (incidentally) correspondto synchronasandasynchronushardware
models.

Following the lead of Pingali [31], we present Plotkin-style semantics [33]
in which configurations are rewritten insteadof progans. The corfigurations
represenprogamstateandtranstionscorrespondto stepsn progamexecuton.
The set of valid transtionsis generged from the program text.

Thesemantts operateover a lifted valuedoman V = Int, . Whensorne vari-
ablet = 1y wesayit is undefined converselyt 1 1y indicateghat thevariabke
is defined “Store” metavariabks S, are not explicitly handled by the senantics,
but the extenson is trivial with anappropriateredefnition of thevaluedomain V.
Floating-pont andother typesare alsotrivial extensions Themetavariablesc and
v stand for elementf V.

We adsodefineadomain of variablenamesNam= {ny, ny, . ..}. Themetvari-
ables t andP standfor elementsn Nam, althoughP will bereseredfor naning
branchpredcates.

A fixed set of “built-in” operatorsop, is defined,of type V¥ — V. If ary
operator argunment is L, the resut is also L. Consants are implementedas a
special case of the generaloperata rule: anop producinga consant hasa single
triggerinput which doesnot affect the output.

73.1 Cycle-oriented semantics

In thecycle-orientedemantics,corfigurationscorsistof anenvironmentp, which
mapsnamesn Namto valuesin V.

Definition 7.1.

1. An environmentp : N — V is a finite function—ts doman N C Nam
is finite. Thenotation p[t — c] represents an ervironment identicalto p
except for namet which is mapped to c.
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t= Op('t], »tn) .
t=dd(ty,...,t):
<t] ) ) tn) - O-(P) t)
<‘t ..... tn> <t{ !!!! t4x>
[(tn-:—h...,tm)il - El( |:<t;1+1 ..... th
{1 et (thth)
[t mj—ﬂhfm

pltl= LA (plts]l LA ... Aplty] O 1)
p — plt — op(plti], ..., pltal)]

pltl = L Apl;] O L Aallotherp[ty],...,plt ] =L

p — plt — plt;]]
plPl=v I LAplt, 1] =LApltl 3L
p — plty_1+— pltl]
where(0 <v<n-—1)
pltjl = L Apltyl O L
p — plty = plt]]]
where (1 <j <n)

plt/ ] LA APt IO L

p— pplts = plta]l... [tn — pltn]]
[tnr1 = plty ]l [t = plty]]

Figure7.6 Cycle-orientedtranstion rulesfor SS*.

2. Thenull environmentpy mgpseveryt € Nto Ly,.

3. A configuraton conssts of an ervironment. The initial configuration is
pglCt — 0] extended with mgppings for procedue parametes. Thatis,
all namesn N are mgopedto 1\ exceptfor thedefadt consanttrigger Ct

mapyed to 0,22 and any procedue parametes mapyed to their properentry
values.

Figure 7.6 shaws the cycle-orientedtransition rules for SSI* form. The left
column conssts of definitionsand the right column shows a precondiion on top
of theline,andatransiton belav the line. If the definition in theleft columm is
presenin the SSI* form andthe preconditon on top of thelineis satidied, then
thetranstion shavn below theline canbe performed.

22Any k O Ly would do.
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t_d)(t1) )tn) <E[‘t1:\):|,s> - <E[t:V])S>
<t]) )tn> - O-(P) t) <E[t :V][P - 1]) S> — <E[tl :V], S>
. (E[t{ =V],S) —
[t ] =l St ]y (Elt =215 = SKIU (6,
nem where1 <i<n
(t1ytn) T _ (thth) 1. SIK] = {{t1,v1),..., {tn,vn)}
[<t*‘+‘ """ tm>] B aK([@im ----- th)]) ' (Elthyq =vnsl.. [t =vm], S) —

(Elt1 =w1]...[tm =vml], S)

Figure 7.7: Event-driven transiton rulesfor S3*. In the lasttwo rulesK is a
statement-dentifier constantwhichis uniquefor eachsourceé-function.

7.3.2 Event-dri ven semantics

In theevent-drivensemantis, configuratios corsistof aneventset andaninvari-
ant store. Theeventset E cortainsdefinitionsof theform t = ¢, and theinvariant
storeis amappng from numberal é-functionsin the souce SSI* form to a set of
tuplesrepresentig saved values for loop invariants.

We definethefollowing domains:

e Evt = Namx Visthe eventdomain. An eventconsiss of aname-alue pair.
Themetavariable e stand for elementof Evt

e Xif C Intisusedto nunber &-functionsin the saurce SSI* form. Theris
somemapping functionwhich relatest -functionsto uniqueelenents of Xif.
Themetavariable K standsfor anelementn Xif.

A formaldefinition of our configuratio domainis now possble:

Definition 7.2.
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1. AneventsetE : Evt*. Thenofation E[t = c] representsaneventsetidentical
to E exceptthat it contans the event (t,c). We say a namet is defined if
(t,v) € Efor somev. For all (t;,v;), (t2,v2) € E, t; andt, differ. Thisis
equivaent to sayingthat no namet is mutkiply definedn aneventset. This
constaint is enfacedby thetranstion rules, not by the defintion of E.

2. Aninvariantstore S : Xif — Evt* is a finite magping from &-functionsto
eventsets.

3. Acorfigurationisatuple (E, S) : Evt* x (Xif — Evt*) consstingof anevent
setandan invariant stare. Theinitial confguration for procedue parame-
terspo, . .., pn Mappedtonon-L valuesvy, ..., vy is{Cr = 0,0 = Vo, - - -, Pn = VnJew, UxifEvt)
that is, it congstsof anempy eventsetextendedvith eventsfor default con-

stanttrigger Ct and the procedue parametes, and an empty mapping for
theinvariant store.

Figure 7.7 on the facing pageshaws the event-driventranstion rulesfor SSI
form. As before theleft colunm consstsof definitionsandtherightcolumnshaws
anoptional precordition above aline, andatransiton. If the definition in theleft
columm is presenin the SS* form andthe precndition (if ary) above thelineis
satigied, thenthe transtion canbe performed.Note thatmosttranstionsremove
sone eventfrom theeventsetE, replacingt with anew event. Theinvariantstore
S storesthe valuesof loop invariants for regeneratio atead loop iterdion.

7.4 Construction

Constructon of SS* is only a slight variation on the congructionalgorithms for
SSly. First, dominatorandpost-domnata treesare prodwedusingthe Lengauer-
Tarjan[25] or Harel[16] algorithm. The nodesof thedominator treeare numbered
in pre-ordersuchthat for all nodes N, numN] > numiidom[N]]. Then,in a
single traversalof the post-domnator tree, we find the lowestnumberednode
postdominatedby arny given node. We add triggersto congantsfrom vanables
defined at this lowestnodepost-domnatedby the constantuse; usng the defaut
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triggerCt where necessary We thenplace ¢- and o-functionsfor all variables,
including consant triggers, using Algorithm 5.3.

Wethen generaté -functions. A standard interval analyss createsloop nest
ingtree,andeachoop is scanedfor invariantsand other definitiongusedo crede
the properé-function tuples.Renamng is doneusng Algorithm 5.4, asbefore.

75 Dataflow and control deperdence

The SSI* semants aredata-drven,and thusbring to mind work oncomplersfor
datflow machines.Beck,Jomson,and Pingali have previously written [6] on the
benefitsof datafbw-orientedintermediateepresendétions However, the previous
work on dataflow compilers (Traub[42], for examge) hasconcentrate@n intra-
loop dependenciexften leaving in pseudo-combl-flow edgesto serialze non
loopstructues. This strategy resutsin the sortof fine-grainintra-loopparallelsm
suitable for parallel datafbw machines,vector processors,andVLIW machines.

The current work corcentrateson removing unnecessargiepaxdenciesbe-
tweenloops, which allows a coarseparallelsm which doesnot requre asmary
functonal units to take advanige of. Moreover, we extract parallel sequential
threadsthatarenat loop-based.Obviousl bothfine-grainandcoarse-gren par
allelism are important, but we feel the currentindustry trendstowardsloosely
coupded multiproces®rssugort our coarsefgrained approach which has,to dak,
seemingly beennegleded by dataflav approaches.

76 Hardware compilation.

The ob=rvantreademmayhave noticedthat thetwo operationalsemantsgivenin
section 7.3 closelyresemble circuit implemenétionsfor the progamaccordingo
synchronousandasyrchronousdesignmethalologies. In fact, SSI* wasdesigned
specifically to facilitate rendeling a high-level progaminto hardware. The two
semanticsdiffer primarily on how cyclic depenéncies (i.e. loops)are handed.
Trandation of high-level languagedlirectly to hardware has long beena goal
of researbers.Tanaka et al. constructeda systembasedon FORTRAN [41], and
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Gallowvay’s C-basedardwaredescription languagg13] inspiredanew interest in

applying geneal-purposelanguageso the task. Therecentgeneraluse of type-
safeobect-orientedanguage$fiasenmuraged speculation that themorefavorable
analyss properties of thesestricter languageswould enablefurther advancesin

gener&usehardware compilation. In this context, the well-definedsemants and
data-fbw orientation of SSI" solve thelocal-level hardware compilation problem
andallow effort to beconcentratedon the moredifficult intra-proceduradnalyses
required.

8 Methodology

The SSI intermedate representation described in this paperns the corelR for the
FLEX comgpler infrastucture project,started in July 1998and currently cortain-
ing about 70,000lines of Java souce code. The FLEX conpiler reals in Java
bytecodes,and tamgetsboth the VM (for high-level portablecode transforma-
tions) and several conbinations of machinearchitedures and runtime systens.
Currenty the bytecodeand ARM proces®r baclendsare nearcomgetion. In-
terpretes exist for the various intermediaterepresentabinsusedin the conpiler,
allowing the correctnessf the ealier pasgs of the conpiler to be verified. The
compier will correctly comple itselfto IR andinterprée itself.

The FLEX compier implementsthe algorihmsdescribedn this paper vali-
dating their correctnessVariablecounting for the graphsof se¢ion 5.4 wasdone
by a specialstatigics module thatcouldbe apgied to theresuls of ary pass. The
full bitwidth-extendedSPTCcorstantpropagaton algaithm wasimplemented,
althaugh we currently do not use the bitwidth information prodwced. SS* and
hardware conpilation arethe focusof currentwork.

9 Conclusions

The Static Single Informaion form extends SSAwithou addng unneedeadtom-
plexity to allow efficient predicated analyss and backward daaflow analyses.
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Futher, the SSI* variantremovesall explicit control-dependenceelatians, allow-
ing extradion of parallelsmfrom thecode and passesseacompkteandstraight
forward semantics which makesit usefulfor, amongotherthings abstracinter
pretaton andhardwarecomgplation.

We have denonstratedefficient corstruction of S form, and several opti-
mizatiors which useit to obtain efficiengy improvementsover previous mehods.
The many SSA-variantpapersin the literatureattestto limitations of standrd
SA form; we believe SSIform solvesthese problensin asimple and symmetic
manner The FLEX compiler infrastructire demorstratesthe practicality of SSI
form.
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