Randal E. BryantCarnegie Mellon UniversityCS:APP Chapter 4Computer ArchitectureCS:APP Chapter 4CS:APP Chapter 4Computer ArchitectureComputer Architecturecsapp.cs.cmu.edu

Wrap-Up of PIPE DesignWrap-Up of PIPE DesignnnFetch stage designnExceptional conditionsModern High-Performance ProcessorsModern High-Performance ProcessorsnOut-of-order execution

Performance MetricsPerformance MetricsClock rateClock ratenMeasured in Megahertz or GigahertznFunction of stage partitioning and circuit designlKeep amount of work per stage smallRate at which instructions executedRate at which instructions executednCPI: cycles per instructionnOn average, how many clock cycles does each instructionrequire?nFunction of pipeline design and benchmark programslE.g., how frequently are branches ?

CPI CPI »» 1.0 1.0nFetch instruction each clock cyclenEffectively process new instruction almost every lAlthough each individual instruction has latency of 5 cyclesCPI CPI >> 1.0 1.0nSometimes must stall or cancel branchesComputing CPIComputing CPInnI instructions executed to completionnB bubbles injected (C = I + B)npenalty due to bubbles

CPI for PIPE (Cont.)CPI for PIPE (Cont.)nLP: Penalty due to load/use hazard stallinglFraction of instructions that are loadslFraction of load instructions requiring stalllNumber of bubbles injected each time1�LP = 0.25 * 0.20 * 1 = 0.05nMP: Penalty due to mispredicted lFraction of instructions that are . jumps lFraction of cond. jumps lNumber of bubbles injected each time 2�MP = 0.20 * 0.40 * 2 = 0.16nRP: Penalty due to ret lFraction of instructions that are returnslNumber of bubbles injected each time 3�RP = 0.02 * 3 = 0.n�CPI = 1.27 (Not baTypical Values

Fetch Logic RevisitedFetch Logic RevisitedDuring Fetch CycleDuring Fetch CyclennRead bytes frominstruction memorynicode toinstruction lengthnIncrement PCnsignificant amountof timeFD

rBMPrtvC

unrAI m o I n i m t m t pdrdInstrv

nSpSpB Byte 0tMhMAW_icW_vM

Standard Fetch TimingStandard Fetch TimingnMust Perform Everything in SequencenCan�t compute incremented PC until know how much toincrement it by

Select PC

. Readregids, need_

1 clock cycle

A Fast PC Increment CircuitA Fast PC Increment Circuit3-bit adder regids0- 01

Modified Fetch TimingModified Fetch Timing29-Bit 29-Bit nnOutput not needed until final MUXn

Select PC

. Readregids, need_

1 clock cycle

Standard cycle

More Realistic Fetch LogicMore Realistic Fetch LogicFetch BoxFetch BoxnIntegrated into instruction cachennSelects current instruction from current blocknWorks ahead to fetch next blocklAs reaches end of current blocklAt branch targetneIC

BytesByte 0CckNck

FCl

nConditions under which pipeline cannot continue normalnHalt instructionnBad address for instruction or datanInvalid instructionnDesired ActionDesired ActionnComplete some instructionslEither current or previous (depends on exception nDiscard othersnCall exception handlerlLike an unexpected procedure call

Exception ExamplesException ExamplesDetect in Fetch StageDetect in Fetch Stageeax %eaxress jmpgetDetect in Memory StageDetect in Memory Stage

Exceptions in Pipeline Processor #1Exceptions in Pipeline Processor #1Desired BehaviorDesired Behaviorn should cause exceptionyseax %eaxress nop1234FDEMFDEFDFW5MED

Exception detected

Exceptions in Pipeline Processor #2Exceptions in Pipeline Processor #2Desired BehaviorDesired Behaviorn No exception should occurys %eax,% $1,%eax $2,%edx123FDEFDF

Exception detected4MEFDW5MDFEEDM6MEW7WM8W9

Maintaining Exception OrderingMaintaining Exception OrderingnAdd exception status field to pipeline registersnFetch stage sets to either �AOK,� �ADR� (when bad fetchaddress), or �INS� (illegal instruction)nalues throughnMemory either passes through or sets to �ADR�nException triggered only when instruction hits write backFWdstEMdstEEvalCdstEsrcAsrcBDrBvalCrA

Side Effects in Pipeline ProcessorSide Effects in Pipeline ProcessorDesired BehaviorDesired Behaviorn should cause exceptionnNo following instruction should have any effectyseax %eaxress addl %eax,%eax1234FDEMFDEFDW5ME

Exception detected

Condition code set

Avoiding Side EffectsAvoiding Side EffectsPresence of Exception Should Disable State UpdatePresence of Exception Should Disable State UpdatenWhen detect exception in memory stagelDisable condition code setting in execulMust happen in same clock cyclenWhen exception passes to write-back stagelDisable memory write in memory stagelDisable condition code setting in execute stagenHardwired into the design of the PIPE simulatornYou have no control over this

Rest of Exception HandlingRest of Exception HandlingCalling Exception HandlerCalling Exception HandlernPush PC onto stacklEither PC of faulting instruction or of next instructionlUsually pass through pipeline along with exception statusnJump to handler addresslUsually fixed addresslDefined as part of ISAnHaven�t tried it yet!

Modern CPU DesignModern CPU DesignEtnExutionFutiolUn

i o n tr o l I n st r u ct i r o l g A d d M u lt /D L o a d o s tru c ti o n C a F e h C tro l u c ti D o d e r sOK?tadA

nelIn

tnsulRetintUtgrFile

Instruction ControlInstruction ControlGrabs Instruction Bytes From MemoryGrabs Instruction Bytes From MemorynBased on Current PC + Predicted Targets for Predicted BranchnHardware dynamically guesses whether branches taken/not takenand (possibly) branch targetTranslates Instructions Into Translates Instructions Into nPrimitive steps required to perform instructionnTypical instruction requires 1—3 operationsConverts Register References Into Converts Register References Into nAbstract identifier linking destination of one operation with sourcesof later operationsInstructiontrolInst r u ct i

s tru c ti o n C a c F e h n tro l u c ti D o d uRentitgr In iontrolInstructi r o l s tru c ti o F e h n tro l u c ti D o d e ru Rentitgr

nMultiple functional unitslEach can operate in nOperations performed as soon as operands alNot necessarily in program orderlWithin limits of functional unitsnControl logiclEnsures behavior equivalent to sequential program execution .

CPU Capabilities of Pentium IIICPU Capabilities of Pentium IIIMultiple Instructions Can Execute in ParaMultiple Instructions Can Execute in Paran1 loadn1 storen2 integer (one may be branch)n1 FP Additionn1 FP Multiplication or Divis, but Can be Pipelined, but Can be PipelinednnLoad / Store31nInteger Multiply41nInteger DividenDouble/Single FP Multiply52nDouble/Single FP Add31nDouble/Single FP Divide

Block Diagram Block DiagramP6 P6 nnPentium IInPentium III

Operation OperationTranslates instructions dynamically into �Translates instructions dynamically into �UopsUops�n118 bits widenHolds operation, two sources, and destination Uops Uops with �Out of Order� engine with �Out of Order� enginen executed whenlOperands availablelFunctional unit avanExecution controlled by �Reservation SlKeeps track of data dependencies between uopslAllocates resources

Branch Prediction Branch PredictionCritical to PerformanceCritical to Performancen mispredictionBranch Target BufferBranch Target Buffernn4 bits of historynAdaptive algorithmlCan recognize repeated patterns, e.g., alternating taken—notHandling BTB missesHandling BTB missesnnPredict taken for negative offset, not taken for positivelLoops vs. condition

Example Branch PredictionExample Branch PredictionBranch HistoryBranch HistorynEncode information about prior history of branchnPredict whether or not branch will be takenState MachineState MachinenEach time branch taken, transition to rightnWhen not taken, transition to leftnPredict branch taken when in state Yes! or Yes?TTT

NTTNTNTNT

Pentium 4 Block DiagramPentium 4 Block DiagramnNext generation Intel Tech. JournalQ1, 2001

Pentium 4 FeaturesPentium 4 FeaturesTrace CacheTrace CachenReplaces traditional instruction cachenCaches instructions in decoded formnReduces required rate for instruction decoderDouble-Pumped Double-Pumped nSimple instructions (add) run at 2X clock rateVery Deep PipelineVery Deep PipelinennnSlower than Pentium III for a given clock rateL2 Cache .

Design TechniqueDesign TechniquenCreate uniform framework for all instructionslWant to share hardware among instructionsnConnect standard logic blocks with bits of control logicnState held in memories and clocked regisnComputation done by combinational logicnClocking of registers/memories sufficient to control overallEnhancing PerformanceEnhancing PerformancenPipelining increases throughput and improves rnMust make sure maintains ISA behavior