micro28-mss 1H

Critical Path Reduction for Scalar ProgramsMike Schlansker & Vinod KathailHewlett-Packard Laboratories micro28-mss 2H

What Problem is Addressed?Generate high performance code for processors with substantial ILPDependences limit performance with increasing ILP (width · latency)Alleviate dependence bottlenecks with software rather than hardwareProblem addressed using Critical Path Reduction (CPR)Need a comprehensive theory of CPRfor data & controlfor loops & scalarImportance of CPR depends upon:amount of hardware parallelismapplication characteristics

ScalarCodeLoopingCodeDataDependencesBranchDependences

Key CPR principles are re-used in many engineering settings

micro28-mss 3H

Simplify Hardware forEnforcing Branch Dependences-indicates Br1 shadow

Br0 if f1

Br1 if f2

Br2 if f3Br3 if f4

BranchUnit

Load /StoreUnit

Load /StoreUnitALUUnit

ALUUnit

CONTROL

Br4 if f3Br5 if f4Record of Execution

each branch conditionally nullifies succesor ops

branch

operation

c1E2branchc2E3branchc0E1Substantial ILP means geographically distributedHardwareHardware must enforcebranch dependences

micro28-mss 4H

Alleviate rigid constraints in superblock schedulingSuperblock and hyperblock schedulingcurrently in use within our compilerBenefits of superblock scheduling:avoids complexity of program mergeslocal scheduling technologyno compensation codeno compensation blocksProblems with traditional superblock scheduling:excessive schedule lengthbranches are sequential & trapped on tracenon-speculative ops trapped between branches

Entry

c3branchc2c1c0E1E2E3E4E5cmpstoreBranch dependenceswithin a superblockstorestorestorecmpcmpcmpbranchbranchbranch

micro28-mss 5H

Prior WorkData height reductionTree height reduction: KuckMultiflow compiler: Lowney et. al. 1993Cydrome compiler: Dehnert et. al. 1993Data recurrences on vector processors: Y. Tenaka et. al. 1988Data recurrences on ILP processors: Schlansker & Kathail 1993Control height reductionSpeculation: Fisher, Ellis, Nicolau, Ebcioglu, Hwu, TirumalaExchanging branch order: Fisher, Ellis, Nicolau, Moon & EbciogluHardware for concurrent branch:Fisher 1980 - Multiflow Trace architecture;Moon 1992Control recurrences in loops: - Schlansker & Kathail & Anik 1994Predictability of program traces - Fisher & Freudenberger 92 micro28-mss 6H

ResultsCPR techniques have been developed for:software pipeline loops (prior work)superblock scheduling (here)predicated execution (HPL PlayDoh)joint treatment of control and data dependencesResults are in two forms:Code transformations to reduce critical path lengthScheduling techniques compatible with CPRCPR transformations are presented which:Minimize dependence heightMinimize redundant computationA scheduling approach is presented which:Takes full advantage of CPRPreserves the simplicity of superblock schedulingProvides a simple approach for scheduling compensation code micro28-mss 7H

Basic Idea - Control CPR using branches

c0E1E2branchL5branchc1E3branchc2E4branchc3tooff tracecode branchbranchbranchE1E2E3E4c0c1c2

branchc3fall-throughbranchE5never occursc3c2c1c0

branchbranchbranchE1E2E3c0c1c2fall through to

branchnever occursc3fall-throughbranchE5c3c2c1c0tooff tracecodeSuperblockCFGInsert lookahead BranchMove non-lookahead branchesoff-trace

micro28-mss 8H

Control CPR using Fully-Resolved Predicates

Entry

c3branchc2c1c0E1E2E3E4E5cmpstorestorestorestorecmpcmpcmpbranchbranchbranch E1 E0cmpcmpcmp

f0=T f1 e2 f0 e1 store 1

f2 e3 store 3 store 0 E2 E3 e4

cmp f3 store 2fall-throughbranch E5 e5 Fully-resolved predicatesfor all exitsare mutually exclusiveBranch dependencesin a superblockFRPs - branch dependence � data dependence

micro28-mss 9H

Data CPRblocked back-substituted c[b]

+c+conventional + micro28-mss 10H

Blocked Back-Substitution of FRP

cmpcmpcmp store 1 store 3 store 0cmp store 2fall-throughbranch c0c1c2c3andstorestorestorestore E3 E2 E4

E1storec0�c1�c2�c3�andstorestorestorefall-throughbranch

on-trace codepotentially off-trace code

micro28-mss 11H

PlayDoh �Wired and� Expedites the Lookahead FRPResult is initializedOps issued in anyorderOps may issue insame cycleIf they write thesame value, theresult is well-defined

predicate out

predicate in

dataCMP a?benabled?value

enable out...PlayDoh wired-and class compares - target action modifiers AN and ACPredicateinputResult ofcomparisonAN(true)AC(complement)00----01----100--11--0

micro28-mss 12H

FRPs Alleviate Live-out Dependences

L1=op L2=op

L1 live-outs L3=op L2 live-outsL3 live-outs

L1=op L2=op L3=op

L1 live-outsL2 live-outsL3 live-outsSuperblock live-outs withordered branchesSuperblock live-outs with unordered branches

micro28-mss 13H

Scheduling Model for Use With CPR E1Block 1 E2Block 2 E3Block 3 E4 B

BOriginal code

E2 E1 E3

E4 off-trace codecode at target offall-through branch

fall-through branchE1branchE2 branchE3branch

on-trace codeCode after superblock schedulingcode at target of fall-through branch E4on-trace code off-trace code

fall-through branchE1branchE2branchE3branch

Reversing the fall-through branch

micro28-mss 14H

Benefits of Control CPRSoftware transformations accommodate branch latencyTransformed code is efficient in operation countmay result in fewer on-trace operations than original codefewer branches are traversed than in original codeCPR can be performed with or without predicate hardwareCPR can be hindered by:Memory aliasingUnpredictable branching micro28-mss 15H

CPR SummaryApplicable to superscalar & VLIW processorsApplicable to loops (previous work)Applicable to scalar codes (presented here)The Promise:Combined control and data CPR can move usfrom limited & fixed application ILPto scaleable ILP which saturates hardware