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System OverviewSystem Overview

�� RISC instruction SetRISC instruction Set

�� 6464--bit processorbit processor

�� 15 million transistors15 million transistors

�� 11stst Alpha w/ outAlpha w/ out--ofof--order executionorder execution

�� Speculative executionSpeculative execution



Alpha 21264 Key FeaturesAlpha 21264 Key Features

�� FourFour--wide Instruction Fetchwide Instruction Fetch
�� Line and Branch PredictorLine and Branch Predictor

�� Tournament prediction using bothTournament prediction using both locallocal && globalglobal historyhistory
�� Dynamic JSR/JMP predictionDynamic JSR/JMP prediction

�� OutOut--ofof--Order Execution PipelinesOrder Execution Pipelines
�� QuadQuad--speculativespeculative--issue integer pipelineissue integer pipeline
�� DualDual--speculativespeculative--issue floatingissue floating--point pipelinepoint pipeline

�� One ADD, One MULTIPLYOne ADD, One MULTIPLY
�� Also DIV (6 bits/cycle) and SQRT (2 bits/cycle)Also DIV (6 bits/cycle) and SQRT (2 bits/cycle)

�� Memory SystemMemory System
�� Two outTwo out--ofof--order memory references per cycleorder memory references per cycle
�� Up to 16 outstanding offUp to 16 outstanding off--chip memory referenceschip memory references

�� 8 fills and 8 victims8 fills and 8 victims



Alpha 21264 Key Features (2)Alpha 21264 Key Features (2)
�� 80 In80 In--flight Instructionsflight Instructions
�� Registers: 80 Integer, 72 Floating PointRegisters: 80 Integer, 72 Floating Point
�� Queue Entries: 20 Integer, 15 Floating PointQueue Entries: 20 Integer, 15 Floating Point
�� 128128--Entry Fully Associative DTBEntry Fully Associative DTB
�� 128128--Entry Fully Associative ITBEntry Fully Associative ITB
�� 64 KB L1 On64 KB L1 On--Chip Instruction CacheChip Instruction Cache

�� Virtual Index/TagVirtual Index/Tag
�� 22--Way Set PredictWay Set Predict

�� 64 KB L1 On64 KB L1 On--Chip Data CacheChip Data Cache
�� Virtual Index/Physical tagVirtual Index/Physical tag
�� 22--Way Set AssociativeWay Set Associative
�� CacheCache--hit prediction logic enhances speculative issuehit prediction logic enhances speculative issue



Differences from 21164Differences from 21164

�� Out of order issueOut of order issue

�� Smaller pipelineSmaller pipeline

�� Increased memory bandwidthIncreased memory bandwidth

�� Memory references can be accessed inMemory references can be accessed in
parallel to cachesparallel to caches

�� One pipeline for both floating point andOne pipeline for both floating point and
integer operationsinteger operations

�� 4x the bandwidth4x the bandwidth



Previous instruction typesPrevious instruction types

�� BranchBranch

�� Floating pointFloating point

�� MemoryMemory

�� Memory/Function codeMemory/Function code

�� Memory/branchMemory/branch

�� OperateOperate

�� PALcodePALcode



New instructionsNew instructions

�� Floating PointFloating Point

�� Cache prefetchingCache prefetching

�� MVI (motion video instructions)MVI (motion video instructions)



Alpha 21264 Instruction FetchAlpha 21264 Instruction Fetch
Bandwidth EnablersBandwidth Enablers
�� The 64 KB twoThe 64 KB two--way associative instruction cacheway associative instruction cache

supplies four instructions every cyclesupplies four instructions every cycle

�� TheThe nextnext--fetchfetch andand set predictorsset predictors provide fastprovide fast
cache access of a directcache access of a direct--mapped cache andmapped cache and
eliminate bubbles in noneliminate bubbles in non--sequential control flowssequential control flows

�� The instruction fetcher speculates through up toThe instruction fetcher speculates through up to
20 branch predictions to supply a continuous20 branch predictions to supply a continuous
stream of instructionsstream of instructions

�� The tournament branch predictor dynamicallyThe tournament branch predictor dynamically
selects betweenselects between LocalLocal andand GlobalGlobal history tohistory to
minimize mispredictsminimize mispredicts
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Alpha 21264 Instruction StreamAlpha 21264 Instruction Stream
ImprovementsImprovements
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Instruction Fetch,Issue and Retire UnitInstruction Fetch,Issue and Retire Unit

�� Virtual Program Counter LogicVirtual Program Counter Logic

�� Branch PredictorBranch Predictor

�� InstructionInstruction --Stream Translation Buffer(ITB)Stream Translation Buffer(ITB)

�� Instruction fetch logicInstruction fetch logic

�� Register rename mapsRegister rename maps

�� Integer and FloatingInteger and Floating--Point issue QueuesPoint issue Queues

�� Exception and Interrupt LogicException and Interrupt Logic

�� Retire LogicRetire Logic



Virtual Program Counter LogicVirtual Program Counter Logic

�� The virtual program counter (VPC) logicThe virtual program counter (VPC) logic
maintains the virtual addresses for instructionsmaintains the virtual addresses for instructions
that are in flight. There can be up to 80that are in flight. There can be up to 80
instructions, in 20 successive fetch slots, ininstructions, in 20 successive fetch slots, in--flightflight
between the register rename mappers and thebetween the register rename mappers and the
end of the pipeline. The VPC logic contains a 20end of the pipeline. The VPC logic contains a 20--
entry table to store these fetched VPC addresses.entry table to store these fetched VPC addresses.



Alpha 21264 Tournament BranchAlpha 21264 Tournament Branch
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Branch Prediction: MotivationBranch Prediction: Motivation

�� Highly pipelined design introduces additionalHighly pipelined design introduces additional
misprediction penalty cycles .misprediction penalty cycles .

�� Instructions typically spend 4Instructions typically spend 4--5 cycles in5 cycles in
instruction queueinstruction queue ---- more delay!more delay!

�� Minimum penalty: 7 cyclesMinimum penalty: 7 cycles

�� Average penalty: > 11 cyclesAverage penalty: > 11 cycles

�� 22--cycle instruction cache adds another cycle tocycle instruction cache adds another cycle to
branch misprediction penaltybranch misprediction penalty ---- sounds like a lot,sounds like a lot,
but only 10%but only 10%



Local PredictorLocal Predictor



Global PredictorGlobal Predictor



Choice PredictorChoice Predictor



Other Branch Prediction StuffOther Branch Prediction Stuff

�� 32 entry return32 entry return--address stack to predict target ofaddress stack to predict target of
subroutine returns. Situated near the instructionsubroutine returns. Situated near the instruction
cache and accessed in parallel.cache and accessed in parallel.

�� 35K bits of storage for branch history information35K bits of storage for branch history information
= 2% of die area.= 2% of die area.

�� 48K bits of target address information stored in48K bits of target address information stored in
cache .cache .

�� 77--10 mispredictions per 1000 instructions on10 mispredictions per 1000 instructions on
SPECint95 * 11 cycles per misprediction = .1 CPISPECint95 * 11 cycles per misprediction = .1 CPI
loss.loss.



Branch Prediction ProblemsBranch Prediction Problems

�� Instructions must always be grouped in fours, withInstructions must always be grouped in fours, with
predictedpredicted--taken branch in slot four, and branchtaken branch in slot four, and branch
targets in slot one, in order to issue fourtargets in slot one, in order to issue four
instructions on a branch.instructions on a branch.

�� Context switchingContext switching ---- every time the CPU does aevery time the CPU does a
context switch, branch prediction tables are reset.context switch, branch prediction tables are reset.



InstructionInstruction--StreamStream
Translation Buffer(ITB)Translation Buffer(ITB)

�� 128128--entry, fully associative ITB.entry, fully associative ITB.

�� Store recently used instructionStore recently used instruction--stream(Istream)stream(Istream)
address translations and page protectionaddress translations and page protection
information.information.

�� ITB is accessed only for the Istream referencesITB is accessed only for the Istream references
that miss in the Icache.that miss in the Icache.



Instruction Fetch LogicInstruction Fetch Logic

�� Up to four aligned instructions are fetched fromUp to four aligned instructions are fetched from
the Icache, in program order.the Icache, in program order.

�� The branch prediction tables are also accessed inThe branch prediction tables are also accessed in
this cycle( instruction fetch cycle or Stage 0).this cycle( instruction fetch cycle or Stage 0).

�� The branch predictor uses tables and a branchThe branch predictor uses tables and a branch
history algorithm to predict a branch instructionhistory algorithm to predict a branch instruction
target address for one branch or memory format.target address for one branch or memory format.

�� Branch prediction and line prediction bitsBranch prediction and line prediction bits
accompany the four instructions.accompany the four instructions.



II--CacheCache

�� Large 64 k byte, twoLarge 64 k byte, two--way set associativeway set associative
instruction cache.instruction cache.

�� Each fetch block of four instructions includes aEach fetch block of four instructions includes a
line and set prediction.line and set prediction.

�� Prediction indicates where to fetch the next blockPrediction indicates where to fetch the next block
of instructions from,including which set should beof instructions from,including which set should be
used.used.

�� Remove the bubble if the branch is predicted toRemove the bubble if the branch is predicted to
be taken by the branch predictor.be taken by the branch predictor.



II--Cache(continued)Cache(continued)

�� On cache fills, the line predictor value at eachOn cache fills, the line predictor value at each
fetch line is initialized with the index of the nextfetch line is initialized with the index of the next
sequential fetch line, and later retrained by thesequential fetch line, and later retrained by the
branch predictor if necessary.branch predictor if necessary.

�� The line predictor does not train on everyThe line predictor does not train on every
mispredict.mispredict.

�� The mispredict cost is typically a single cycleThe mispredict cost is typically a single cycle
bubble.bubble.

�� Line predictor is also trained for jumps that useLine predictor is also trained for jumps that use
direct register addressing.direct register addressing.



Instruction Fetch Logic(continued)Instruction Fetch Logic(continued)

�� In the slot stage(stage1), the branch predictorIn the slot stage(stage1), the branch predictor
compares the next Icache index that it generatescompares the next Icache index that it generates
to the index that was generated by the lineto the index that was generated by the line
predictor.predictor.

�� If there is a mismatch, the branch predictor winsIf there is a mismatch, the branch predictor wins
and results in one bubble.and results in one bubble.

�� The line predictor takes precedence over theThe line predictor takes precedence over the
branch predictor during memory format calls orbranch predictor during memory format calls or
jump.jump.



Register Rename MapsRegister Rename Maps

�� In addition to the 64 architectural registers,up toIn addition to the 64 architectural registers,up to
41 integer registers and 41 floating point41 integer registers and 41 floating point
registers.registers.

�� Eliminates writeEliminates write--afterafter--read(WAR) and writeread(WAR) and write--afterafter--
write(WAR) while preserving true readwrite(WAR) while preserving true read--afterafter--
write(RAW) dependence's.write(RAW) dependence's.

�� Provides a means of speculatively executingProvides a means of speculatively executing
instructions.instructions.

�� Each instruction is assigned a unique 8Each instruction is assigned a unique 8--bitbit
number, called annumber, called an inuminum, which is used to identify, which is used to identify
the instruction and it’s program order.the instruction and it’s program order.



Register Rename Maps(continued)Register Rename Maps(continued)

�� Map logic can process four instructions per cycle.Map logic can process four instructions per cycle.

�� Physical register is not returned to the free listPhysical register is not returned to the free list
until the instruction using it has been retired.until the instruction using it has been retired.

�� If a branch mispredict or exception occurs, theIf a branch mispredict or exception occurs, the
map logic backs up the contents of the registermap logic backs up the contents of the register
rename maps to the state associated with therename maps to the state associated with the
instruction that triggered the condition,and theinstruction that triggered the condition,and the
prefetcher restarts at the appropriate VPC.prefetcher restarts at the appropriate VPC.

�� Map logic can back up the contents of the mapsMap logic can back up the contents of the maps
to the state associated with any of 80 instructionsto the state associated with any of 80 instructions
in flight in a single cycle.in flight in a single cycle.



Alpha 21264 Mapper and Queue StagesAlpha 21264 Mapper and Queue Stages
Block DiagramBlock Diagram
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Integer Issue Queue(IQ)Integer Issue Queue(IQ)

�� The 20The 20--integer issue queue, associated with theinteger issue queue, associated with the
integer execution units, issues instructions at theinteger execution units, issues instructions at the
maximum rate of four per cycle.maximum rate of four per cycle.

�� Each queue entry asserts four request signal(oneEach queue entry asserts four request signal(one
for each subfor each sub--cluster( U0,U1,L0 &L1).cluster( U0,U1,L0 &L1).

�� There are two arbitersThere are two arbiters--one for the upper subone for the upper sub--
clusters and one for the lower subclusters and one for the lower sub--clusters.clusters.

�� Some instructions like load and store can only goSome instructions like load and store can only go
to lower subto lower sub--clusters and shift instructions canclusters and shift instructions can
only go to the upper subonly go to the upper sub--clusters.clusters.



Integer Issue Queue(continued)Integer Issue Queue(continued)

�� Other instructions , such as addition and logicOther instructions , such as addition and logic
operations, can execute in any suboperations, can execute in any sub--clusters andclusters and
are statically assigned before being placed in theare statically assigned before being placed in the
IQ.IQ.

�� The IQ chooses between simultaneousThe IQ chooses between simultaneous
requesters of a subrequesters of a sub--cluster based on the age ofcluster based on the age of
the requestthe request-- older request are given priority overolder request are given priority over
newer requests.newer requests.



FloatingFloating--Point Issue Queue(FQ)Point Issue Queue(FQ)
�� The 15The 15--entry FPQ is associated with the floatingentry FPQ is associated with the floating

point execution units.point execution units.

�� Each queue entry has three request linesEach queue entry has three request lines--one forone for
the add pipeline,one for the multiply pipeline andthe add pipeline,one for the multiply pipeline and
one for the two store pipelines.one for the two store pipelines.

�� There are three arbiters(one for each). The addThere are three arbiters(one for each). The add
and multiply arbiters pick one per cycle,while theand multiply arbiters pick one per cycle,while the
store pipeline arbiter picks two requesters perstore pipeline arbiter picks two requesters per
cycle.cycle.

�� The FQ arbiter picks between simultaneousThe FQ arbiter picks between simultaneous
requesters of a pipeline based on the age of therequesters of a pipeline based on the age of the
requests.requests.



Alpha 21264 Register and Execute StagesAlpha 21264 Register and Execute Stages
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Exception and Interrupt LogicException and Interrupt Logic
�� Two types of exception:faults and synchronousTwo types of exception:faults and synchronous

traps.Arithmetic exceptions are precise and aretraps.Arithmetic exceptions are precise and are
reported as synchronous traps.reported as synchronous traps.

�� There are four types of interrupts:Two areThere are four types of interrupts:Two are
hardware, one is software interrupt and the last ishardware, one is software interrupt and the last is
Asynchronous systems trapsAsynchronous systems traps



Retire LogicRetire Logic
�� The Instruction box(Ibox) fetches instructions inThe Instruction box(Ibox) fetches instructions in

program order,executes them out of order, andprogram order,executes them out of order, and
then retires them in order.then retires them in order.

�� The Ibox retire logic maintains the architecturalThe Ibox retire logic maintains the architectural
state of the machine by retiring an instruction onlystate of the machine by retiring an instruction only
if all previous instructions have executed withoutif all previous instructions have executed without
generating exceptions or branch mispredictions.generating exceptions or branch mispredictions.

�� Retiring an instruction commits the machine toRetiring an instruction commits the machine to
any changes the instruction may have made toany changes the instruction may have made to
the softwarethe software--visible state.visible state.



Retire Logic(continued)Retire Logic(continued)
�� The three softwareThe three software--visible states are:visible states are:

�� Integer and floatingInteger and floating--point registerspoint registers

�� MemoryMemory

�� Internal processor registersInternal processor registers

�� The retire logic can sustain a maximum retire rateThe retire logic can sustain a maximum retire rate
of 8 instructions per cycle,and can retire up to asof 8 instructions per cycle,and can retire up to as
many as 11 instructions in a single cycle.many as 11 instructions in a single cycle.


