Randal E. Bryant‘Carnegie Mellon UniversityCS:APPCS:APP Chapter 4Computer ArchitecturePipelinedImplementationPart ICS:APP Chapter 4CS:APP Chapter 4Computer ArchitectureComputer ArchitecturePipelinedPipelinedImplementationImplementationPart IPart Ihttp://csapp.cs.cmu.edu

— 2 —CS:APPOverviewOverviewGeneral Principles of PipeliningGeneral Principles of PipeliningnGoalnDifficultiesCreating a Pipelined Y86 ProcessorCreating a Pipelined Y86 ProcessornRearranging SEQnInserting pipeline registersnProblems with data and control hazards

— 3 —CS:APPReal-World Pipelines: Car WashesReal-World Pipelines: Car WashesIdeaIdeanDivide process intoindependent stagesnMove objects through stagesin sequencenAt any given times, multipleobjects being processedSequentialParallelPipelined

— 4 —CS:APPComputational ExampleComputational ExampleSystemSystemnComputation requires total of 300 picosecondsnAdditional 20 picoseconds to save result in registernCan must have clock cycle of at least 320 psCombinationallogicReg300 ps20 ps

ClockDelay = 320 psThroughput = 3.12 GOPS

— 5 —CS:APP3-Way Pipelined Version3-Way Pipelined VersionSystemSystemnDivide combinational logic into 3 blocks of 100 ps eachnCan begin new operation as soon as previous one passesthrough stage A.lBegin new operation every 120 psnOverall latency increasesl360 ps from start to finishReg

ClockComb.logicAReg

Comb.logicBReg

Comb.logicC100 ps20 ps100 ps20 ps100 ps20 ps

Delay = 360 psThroughput = 8.33 GOPS

— 6 —CS:APPPipeline DiagramsPipeline DiagramsUnpipelinedUnpipelinednCannot start new operation until previous one completes3-Way Pipelined3-Way PipelinednUp to 3 operations in process simultaneously

TimeOP1OP2OP3

TimeABCABCABCOP1OP2OP3

— 7 —CS:APPOperating a PipelineOperating a PipelineTimeOP1OP2OP3ABCABCABC

0120240360480640

ClockReg

ClockComb.logicAReg

Comb.logicBReg

Comb.logicC100 ps20 ps100 ps20 ps100 ps20 ps

239Reg

241Reg

RegReg100 ps20 ps100 ps20 ps100 ps20 ps

Comb.logicA

Comb.logicB

Comb.logicCClock

300Reg 359

— 8 —CS:APPLimitations: Nonuniform DelaysLimitations: Nonuniform DelaysnThroughput limited by slowest stagenOther stages sit idle for much of the timenChallenging to partition system into balanced stagesReg

ClockReg

Comb.logicBReg

Comb.logicC50 ps20 ps150 ps20 ps100 ps20 ps

Delay = 510 psThroughput = 5.88 GOPSComb.logicA

TimeOP1OP2OP3ABCABCABC

— 9 —CS:APPLimitations: Register OverheadLimitations: Register OverheadnAs try to deepen pipeline, overhead of loading registersbecomes more significantnPercentage of clock cycle spent loading register:l1-stage pipeline: 6.25%l3-stage pipeline: 16.67%l6-stage pipeline: 28.57%nHigh speeds of modern processor designs obtained throughvery deep pipeliningDelay = 420 ps, Throughput = 14.29 GOPS

ClockReg

Comb.logic50 ps20 psReg

Comb.logic50 ps20 ps

— 10 —CS:APPData DependenciesData DependenciesSystemSystemnEach operation depends on result from preceding one

ClockCombinationallogicReg

TimeOP1OP2OP3

— 11 —CS:APPData HazardsData HazardsnResult does not feed back around in time for next operationnPipelining has changed behavior of systemReg

ClockComb.logicAReg

Comb.logicBReg

Comb.logicC

TimeOP1OP2OP3ABCABCABCOP4ABC

— 12 —CS:APPData Dependencies in ProcessorsData Dependencies in ProcessorsnResult from one instruction used as operand for anotherlRead-after-write (RAW) dependencynVery common in actual programsnMust make sure our pipeline handles these properlylGet correct resultslMinimize performance impact1 irmovl $50, %eax2 addl %eax , %ebx3 mrmovl 100( %ebx ), %edx

— 13 —CS:APPSEQ HardwareSEQ HardwarenStages occur in sequencenOne operation in processat a time

InstructionmemoryInstructio

e mo r y PC in cre m e nt P C in cr e t CC C C AL U ALUDatamemo

atam e mo r y NewPCrB

dstEdstMALUA B Mem.controlAddrsrcAsrcBr

write

ALUfun.FetchDecodeExec

emoryW rit e b ack d a ta ou t Re gis te le Re g ist e r f ile A B M E g e r f A B M E BchdstEdstMsrcAsrcBicode

valCvalPvalBvalA

DatavalE

— 14 —CS:APP

InstructionmemoryInstructi

m or y P C in cr e me n t PC in cre m CC CC A L U ALUDatamemory a me m o ry PCrBdstEdstMALUAALUBMem.cont srcAsrcBreadwriteALUfun.F

DecodeExecuteMemoryWr ite ba ck da u t Re g ist e r f ile Re gis te r fi le M E g e r f r M E BchdstEdstM

icodeifunrApBch

pValMpValCpValPpIcode

PCvalCvalP alB valMPCSEQ+ HardwareSEQ+ HardwarenStill sequentialimplementationnReorder PC stage to put atbeginningPC StagePC StagenTask is to select PC forcurrent instructionnBased on resultscomputed by previousinstructionProcessor StateProcessor StatenPC is no longer stored inregisternBut, can determine PCbased on other storedinformation

— 15 —CS:APP

InstructionmemoryInstructionmemoryPCin

C inc r ement CC CC A LU ALUDatamemor

memory

FetchDecodeExecuteMemory ba ck i code

, ifun r A, r B val C Regi s ter f Regi ste r fi le A B M E Regi s ter f il ste r fi le A B M E p S tate

valPsr

rcBdstA, dstB

valA, valBaluA, aluBBchval

ddr, Data

valMPCvalE, valMvalMicode, v

valPPCAdding Pipeline RegistersAdding Pipeline Registers

PCincrementPCincrem C C AL U ALUDatamemoryDatamemory

FetchD

ExecuteMemoryWrite ba ck Regi

ster fi le fi le A B M E Regi

ster fi le Regis ter M E valPd_srcA, d_srcBvalA, val

uA, aluBBch

valEAddr, DatavalMPC

alE, W_valM, W_dstE, W_dstM

W_icode, W

Micode, ifun,rA

, rB , v alC E M W F alP f_PCpredPCInstructionmemoryInstr

memory

M_icode, M_Bch, M_valA

— 16 —CS:APPPipeline StagesPipeline StagesFetchFetchnSelect current PCnRead instructionnCompute incremented PCDecodeDecodenRead program registersExecuteExecutenOperate ALUMemoryMemorynRead or write data memoryWrite BackWrite BacknUpdate register file

PCincrementPCincrementCCCCAL

DatamemoryDatamemory

FetchDecodeExecute

oryWrite ba ck Regi

ster fi le Regis ter fi le A E Regi

ster fi le Regis ter A B M E val srcA, d_srcB

valA, valBaluA, aluB

valEAddr, DatavalMPCW_valE, W_

_dstE, W_dstM

W_icode, W_valMic rA , rB , v alC E M W F D valPf_PC C InstructionmemoryInstructionmemoryM_i

M_Bch, M_valA

— 17 —CS:APPPIPE- HardwarePIPE- HardwarenPipeline registers holdintermediate valuesfrom instructionexecutionForward (Upward) PathsForward (Upward) PathsnValues passed from onestage to nextnCannot jump paststagesle.g., valC passesthrough decode

EMWFDInstructionmemoryInstruct

mor y PC i nc re ment PC i nc re ment R egi s te il e R egi s te r f il e A LU ALUData

Datamemory

SelectPCrBdstEdstMSelect UA ALUBMem.controlAddrsrcAsrcBread e ALUfun.FetchDecodeExecuteMemo

rite

back i cod e data outdata nAB M E M_valAW_valMW_valEM_valAW_valMd_ A f _ PC PredictPCvalEvalMdstEdstM

codevalE val A d stE dst M icodeifun

valAvalBdstEdst M srcA

srcB va lC val P i cod fu n rA p red PC CCCCd_srcBd_srcA Bch M_Bch

— 18 —CS:APPFeedback PathsFeedback PathsPredicted PCPredicted PCnGuess value of next PCBranch informationBranch informationnJump taken/not-takennFall-through or targetaddressReturn pointReturn pointnRead from memoryRegister updatesRegister updatesnTo register file writeports

EMWFDInstructionmemoryInstruct

mor y PC i nc re ment PC i nc re ment R egi s te il e R egi s te r f il e A LU ALUData

Datamemory

SelectPCrBdstEdstMSelect UA ALUBMem.controlAddrsrcAsrcBread e ALUfun.FetchDecodeExecuteMemo

rite

back i cod e data outdata nAB M E M_valAW_valMW_valEM_valAW_valMd_ A f _ PC PredictPCvalEvalMdstEdstM

codevalE val A d stE dst M icodeifun

valAvalBdstEdst M srcA

srcB va lC val P i cod fu n rA p red PC CCCCd_srcBd_srcA Bch M_Bch

— 19 —CS:APPPredicting thePCPredicting thePCnStart fetch of new instruction after current one has completedfetch stagelNot enough time to reliably determine next instructionnGuess which instruction will followlRecover if prediction was incorrectFD

rBM_icodePredictPCvalCvalPicodeif ns tr uc ti o n m emor y I ns tr uc ti o n y PC i n cr eme nt PC i n cr eme nt predPC

dregids

NeedvalCInstrvalidAlig

lignSplitSplit

Bytes 1-5Byte 0SelectPC

M_BchM_valAW_icodeW_valM

— 20 —CS:APPOur Prediction StrategyOur Prediction StrategyInstructions that Don�t Transfer ControlInstructions that Don�t Transfer ControlnPredict next PC to be valPnAlways reliableCall and Unconditional JumpsCall and Unconditional JumpsnPredict next PC to be valC (destination)nAlways reliableConditional JumpsConditional JumpsnPredict next PC to be valC (destination)nOnly correct if branch is takenlTypically right 60% of timeReturn InstructionReturn InstructionnDon�t try to predict

— 21 —CS:APPRecoveringfrom PCMispredictionRecoveringfrom PCMispredictionnMispredicted JumplWill see branch flag once instruction reaches memory stagelCan get fall-through PC from valAnReturn InstructionlWill get return PC when ret reaches write-back stageFD

rBM_icodePredictPCvalCvalPicodeif ns tr uc ti o n m emor y I ns tr uc ti o n y PC i n cr eme nt PC i n cr eme nt predPC

dregids

NeedvalCInstrvalidAlig

lignSplitSplit

Bytes 1-5Byte 0SelectPC

M_BchM_valAW_icodeW_valM

— 22 —CS:APPPipeline DemonstrationPipeline DemonstrationFile: File: demo-basic.demo-basic.ysysirmovl $1,%eax #I1123456789FDEMWirmovl $2,%ecx #I2FDEMWirmovl $3,%edx #I3FDEMWirmovl $4,%ebx #I4FDEMWhalt #I5FDEMW

Cycle 5WI1MI2EI3DI4FI5

— 23 —CS:APPData Dependencies: 3 Nop�sData Dependencies: 3 Nop�s0x000: irmovl $10,%edx123456789FDEMWFDEMW0x006: irmovl $3,%eaxFDEMWFDEMW0x00c: nopFDEMWFDEMW0x00d: nopFDEMWFDEMW0x00e: nopFDEMWFDEMW0x00f: addl%edx,%eaxFDEMWFDEMW

10WR[%eax] f3WR[%eax] f3DvalAfR[%edx] = 10valBfR[%eax] = 3DvalAfR[%edx] = 10valBfR[%eax] = 3# demo-h3.ysCycle 6110x011: haltFDEMWFDEMW

Cycle 7

— 24 —CS:APPData Dependencies: 2 Nop�sData Dependencies: 2 Nop�s0x000: irmovl $10,%edx123456789FDEMWFDEMW0x006: irmovl $3,%eaxFDEMWFDEMW0x00c: nopFDEMWFDEMW0x00d: nopFDEMWFDEMW0x00e: addl%edx,%eaxFDEMWFDEMW0x010: haltFDEMWFDEMW

10# demo-h2.ysWR[%eax] f3DvalAfR[%edx] = 10valBfR[%eax] = 0¥¥¥WR[%eax] f3WR[%eax] f3DvalAfR[%edx] = 10valBfR[%eax] = 0DvalAfR[%edx] = 10valBfR[%eax] = 0¥¥¥Cycle 6

Error

— 25 —CS:APPData Dependencies: 1 NopData Dependencies: 1 Nop0x000: irmovl $10,%edx123456789FDEMW0x006: irmovl $3,%eaxFDEMW0x00c: nopFDEMWFDEMW0x00d: addl%edx,%eaxFDEMWFDEMW0x00f: haltFDEMWFDEMW# demo-h1.ys

WR[%edx] f10WR[%edx] f10DvalAfR[%edx] = 0valBfR[%eax] = 0DvalAfR[%edx] = 0valBfR[%eax] = 0¥¥¥Cycle 5

ErrorMM_valE= 3M_dstE= %eax

— 26 —CS:APPData Dependencies: No NopData Dependencies: No Nop0x000: irmovl $10,%edx12345678FDEMW0x006: irmovl $3,%eaxFDEMWFDEMW0x00c: addl%edx,%eaxFDEMW0x00e: halt# demo-h0.ys

EDvalAfR[%edx] = 0valBfR[%eax] = 0DvalAfR[%edx] = 0valBfR[%eax] = 0Cycle 4

ErrorMM_valE= 10M_dstE= %edx e_valEf0 + 3 = 3 E_dstE= %eax

— 27 —CS:APPBranch Misprediction ExampleBranch Misprediction ExamplenShould only execute first 8 instructions 0x000: xorl %eax,%eax 0x002: jne t # Not taken 0x007: irmovl $1, %eax # Fall through 0x00d: nop 0x00e: nop 0x00f: nop 0x010: halt 0x011: t: irmovl $3, %edx # Target (Should not execute) 0x017: irmovl $4, %ecx # Should not execute 0x01d: irmovl $5, %edx # Should not executedemo-j.ys

— 28 —CS:APPBranch Misprediction TraceBranch Misprediction Trace0x000: xorl %eax,%eax1234567 8 9 F D E M W 0x 002 :

t t ak en F D E M W 0x 011 : t: ir mov l $3, %e dx # Ta rge t F D 017 : ir mov l $4, %e cx # Ta rge t+ 1 F D E M W 0x 007 : ir ax # Fa ll Th rou gh F D E M W # dem o- j F D E M W Cy c E f 3 dstE = %e dx E val E f 3 dstE = %e dx M M_Bc h = 0 M_va lA = 0x 007 D dstE = %e cx D val C = 4 dstE = %e cx F val C f 1 rB f %e ax F val f %e ax nIncorrectly execute twoinstructions at branch target

— 29 —CS:APP 0x000: irmovl Stack,%esp # Intialize stack pointer 0x006: nop # Avoid hazard on %esp 0x007: nop 0x008: nop 0x009: call p # Procedure call 0x00e: irmovl $5,%esi # Return point 0x014: halt 0x020: .pos 0x20 0x020: p: nop# procedure 0x021: nop 0x022: nop 0x023: ret 0x024: irmovl $1,%eax # Should not be executed 0x02a: irmovl $2,%ecx # Should not be executed 0x030: irmovl $3,%edx # Should not be executed 0x036: irmovl $4,%ebx # Should not be executed 0x100: .pos 0x100 0x100: Stack: # Stack: Stack pointerReturn ExampleReturn ExamplenRequire lots of nops to avoid data hazardsdemo-ret.ys

— 30 —CS:APPIncorrect Return ExampleIncorrect Return Example0x023: retFDEMW0x024: irmovl $1, %ea x # O ops ! F D E M W 0x

vl $2, %ec x # O ops ! F D E M W 0x 030 : i rmo vl $3, %ed x # O ops ! W 0x 00e : i rmo vl $5, %es i # R etu rn F D E M W # dem o-r et F E val E f 2 dst E = %e cx M val E = 1 dst E = %e ax D val C = 3 dst F C f 5 rB f %e si WvalM= 0x0e0x023: retFDEM

irmovl $1, %ea x # O ops ! F D E M W 0x 02a : i rmo vl $2, %ec x # O E M W 0x 030 : i rmo vl $3, %ed x # O ops ! F D E M W 0x 00e : i i # R etu rn F D E M W # dem o-r et F D E M W E val E f 2 val E f 2 dst E = %e cx M val E = 1 dst E = %e ax M val E = 1 dst E C = 3 E = dx D val C = 3 dst E = %e dx F C f 5 F C f 5 f WvalM= 0x0eWvalM= 0x0enIncorrectly execute 3instructions following ret

— 31 —CS:APPPipeline SummaryPipeline SummaryConceptConceptnBreak instruction execution into 5 stagesnRun instructions through in pipelined modeLimitationsLimitationsnCan�t handle dependencies between instructions wheninstructions follow too closelynData dependencieslOne instruction writes register, later one reads itnControl dependencylInstruction sets PC in way that pipeline did not predict correctlylMispredicted branch and returnFixing the PipelineFixing the PipelinenWe�ll do that next time