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Predicateccompilation

e New responsibilitiesppportunitiedor the EPIC compiler
e Multiple actve pathsof controlthroughpredication

— Keepingoptimizationseffective

— Managingnew schedulingregisterallocationproblems

— New form for explicit speculation
— Enablingnew optimizations

e Predicatiorentailsmuchmorethanjustremoving branches
— Predicateoptimization[Aug99]
— Flexible controlflow expressiofAHM97]

— IntegratedoptimizationandschedulingnodeldCar99][EMMOQ]
— Predicate-aareregisterallocation[ED95][GI196]
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Predicateccompilationexample

if  (x>-8&&x<8) { p2_uf = (0=0) p3_ut,p2 _uf = (0=0)
StmtA, pl_ut,p2 _of = (r1>-8) p3_at,p2 _of = (r1>-8)
if (x == 0) (pl) p3_utp2 _of = (r1<8) p3_at,p2 _of = (r1<8)
stmtB; (p3) p4_ut = (r1=0) p4_ut = (r1=0)
} (p2) p5.ut = (r1<0) p5_ut = (rl<=-8)
else { (p3) stmtA (p3) stmtA
stmtC; (p2) stmtC (p4) stmtB
if (x < 0) (p4) stmtB (p2) stmtC
stmtD,; (p5) stmtD (p5) stmtD
}
Source code If-converted Optimized

e |f-conversion changedranchego predication
e Predicatalefinesemanticsunconditional, or, and

e Schedulingeordergredicatedperations
e Predicateoptimizationflattenspredicatesxpression$Aug99]

— Guardpredicateemoval
— Conditionknowledgerequiredfor p4 andpb.
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Why do we needanothempredicateanalysis?

e PredicateHierarcly Graph[Mah92]

— Genealogicapredicataelations
— Lackof canonicitylimits accurag

o P-facts[ED95]

— Extractsinvariantsfrom conditions predicates
— Generalexpressiorsolver

e PredicateQuerySystem(PQS)[JS96][Gil96]
— Graphbasedn partitionsfoundin if-convertedcode
— Expression-basedataflav model

e Non-if-conversionuseof predication

e New compilationmodels

e Needfor high accurag, flexible featureintegration, production-
readyalgorithms
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ThePredicatéAnalysisSystem

Query Interface

e Objectves:

— Efficientrepresentatioandquery

— Integratedanalysisof predicatesand
conditions

— Supportgeneraluseof predication
e Map programlogic onto Boolean sub- -
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— Predicatesemantics

.. . SSA/ContrqI Flow
— Conditionrelations Abstraction
— Controlflow [ Program ]
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ReducedOrderedBinary DecisionDiagramgBRB90]

e Canonicalgivenavariableorder HT Xty

— Unigque“formula” for eachfunction F:Xy.' G=x+y
— Optimalreuseof subepressions

— Memoization @ @

o G=ITE(F,T,E)or{F,T,E} A Ry
= ITE(v,{F,, Ty, E,}, {Fy, Ty, Ey}) @
e Example:l = FG = I = ITE(F, G, 0) Y
[ = ITE(y. (£, Gy, O3, {£3. Gy, 0] 1
— ITE(y, {A, 1,0} [0, A.0Y)
=1TE(y.A0)=F | clse
N Formulaemustbedeflnedattime of use - - - Invert
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Controlflow abstraction

e Relevantreachingdefinitionsmustbe uniquelyidentified
o Traversepredicatalefinitionsin topologicalorder
e Threelevelsof supportfor predicatdiveness:

(@) (b) | pe= (€) [_p1=
p1= ". ". (pp2= |
(PLp2= | (PLp2= | (P1) ;
(p1) \ (p1) \\ p1= ;

(a) Forwardflow, singledefinition: p-lessSSA
(b) Forwardflow, multiple definition: GSA
(c) Generalcyclic) flow: GSA, virtual unrolling
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Cyclic controlflow andvirtual unrolling

Example Loop SSA Form Virtually unrolled

Vo ||| X

0/\0 [

D_UGateo!(p Lo
Function Lo
Predicate ‘L( L\‘-;:::\ |

Use S ;
Lo

!

Predicate defines
correlated on
input value

Determine:

[0 Relation of
predicate uses

e “Virtually unroll” loopswith new SSAnames
e Providesoneapplicationof loop “filter” to unknavns
e Usegatingto correlatevalues
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Mappingconditionfamiliesto Booleanspace

e Conditionfamily: setof logically relatedcomparisons

— Membervaluesuniquelydeterminedjivenan“outcome”
— Mutually excluswve, collectvely exhaustve outcomes

e Finite domain: use|log, n| variablesto represent: outcomes

pl.0 ut,p2.0_uf=(0=0)
pl.1l at,p2.1 of=(r1>-8) Co - 7
pl.2_at,p2.2 of=(r1<8) C, v, c 5 c 54
p4.0_ut=(r1=0) C, v O 1 0 x 1 14
p5.0_ut=(rl<=-8) C, ol T
" | P v+, VoV Vg
Co > 1
< Cl 11 |3 I4 2 {
“C3 ] 2 10 I, Co3]z] |Cs [313
2 2
< -8(-7 -1( 0|1 7| 8 > V1% v+,
I I P P l,
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Mappingconditionfamiliesto BDD

e Finite domain: use|log, n| variablesto represent: outcomes
e Conditionformulaeform basisfor predicategraph

o 1 lalz 4 G G 9 6
(r1>-8) (r1<8) | | S . | |
C /27// C /27// | | | @ @ \
0 1 4 | | I \ . |
2 7 N . .
V. +V V.V, V \ @ |
1™V V1Yo @ @ @ @ ; @ | @
(r1=0) (r1<=-8) L 7 ) —
I
(1) { 2 .’ : I
/ 7 :
c 2 2 | 4 c 3 3 | 4 \ / e “ N I
2L 2 \\ i then \ K
V,Vn v, +V 27 [P clse %
1°0 1Y _
1 - — = - invert 1

e BDD garbagecollectsnodedeft from outcomeenumeration

JohnW. Sias
IMPACT CompilerResearclGroup 10




33rd Annual ACM/IEEE InternationalSymposiunon Microarchitecture

Predicataelations

e Eachpredicatedeposittype mapsto anITE formula,e.g.

Mappingpredicateo

efinesemantics

- (pg) pZ]—Ut =C= Pij = ITE<07 Pyg; O)
- (pg) ij_at =C= Pij = ITE(pga ITE(C7 Pij—1, 0)7 p’i-j—l)

pl.0_ut,p2.0_uf=(0=0)

pl.1_at,p2.1_of=(r1>-8)

pl.2_at,p2.2_of=(r1<8)
p4.0_ut=(r1=0)
p5.0_ut=(rl<=-8)

p2.2
pl.1

p5.0

pl.2 p2.1

C1 h /
c, @ ,
& &

pl.0 \

p4.0

e Queriesalsoby ITE: subsetjntersectionunion-subsumes
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Sizeof therepresentation

o All Booleanfunctionrepresentationsan“explode”

_ EXI:)I()SIC)r'"'e(qLIIres>< 2number0f variables
— In BDD form, this equatego afull binarytree
— Circuit examplefor BDD: integermultiplier

e “Intermediatesize” of functiondetermine8DD size
— T1T9 + XT3L4 + ... + Top—1Ton
— T1Tpt1 + T2Tp42 T - T TpTop
— b bits necessaryo representli ve variables”
— BDD encodesll possiblepaths=- sizex 2°

e Variableorderingkey to controlledgrowth

JohnW. Sias
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Sizeof therepresentation

PredicateBDD growth
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Number of Predicate Definitions

Original order

BDD size in nodes
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Number of Predicate Definitions

e Ordering“naturally” deliversreasonablsize
e Potentialexponentialgrowth canbe short-circuited
e Semantianappingachiezedanefficient representation

After variable sifting
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