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ObjectivesObjectives

ss Unveil the technology behind the nextUnveil the technology behind the next
generation ISAgeneration ISA
ll Today’s focus on architecture, not implementationToday’s focus on architecture, not implementation

ss ContextContext
ll HistoryHistory
ll MotivationMotivation

ss ISA PreviewISA Preview
ll A few key featuresA few key features
ll BenefitsBenefits
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Intel and HP Technology AllianceIntel and HP Technology Alliance
ss IntelIntel

ll Microprocessor / platform technologyMicroprocessor / platform technology
ll 64-bit architecture definition64-bit architecture definition

ss HPHP
ll Enterprise systems technology expertiseEnterprise systems technology expertise
ll Architecture research advancementsArchitecture research advancements

ss Jointly defined next generation 64-bitJointly defined next generation 64-bit
instruction setinstruction set
ll Instruction set specificationInstruction set specification
ll Compiler optimizationCompiler optimization
ll Performance simulation and projectionPerformance simulation and projection
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Instruction Set Architecture (ISA)Instruction Set Architecture (ISA)
ObjectivesObjectives

ss Enable industry leading system performanceEnable industry leading system performance
ll Breakthrough performanceBreakthrough performance
ll HeadroomHeadroom

ss Enable compatibility with today’s IA-32Enable compatibility with today’s IA-32
software & PA-RISC softwaresoftware & PA-RISC software

ss Allow scalability over a wide range ofAllow scalability over a wide range of
implementationsimplementations

ss Full 64-bit computingFull 64-bit computing
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Current State of The ArtCurrent State of The Art

CISCCISC RISCRISC

OOOOOO SuperScalar SuperScalar
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��Complex, variable length instructionsComplex, variable length instructions
��Sequencing done in hardwareSequencing done in hardware

��Simple, fixed length instructionsSimple, fixed length instructions

��Sequencing done by compilerSequencing done by compiler

��H/W detects implicit parallelismH/W detects implicit parallelism
��H/W O-O-O scheduling & speculationH/W O-O-O scheduling & speculation

��H/W renames 8-32 registers to 64+H/W renames 8-32 registers to 64+

What’s next, beyond traditional architectures?What’s next, beyond traditional architectures?What’s next, beyond traditional architectures?

Arch.Arch.
ResearchResearch
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Current PerformanceCurrent Performance Limiters Limiters::
BranchesBranches
ss MispredictsMispredicts limit performance limit performance
ss Small blocks restrict code scheduling freedomSmall blocks restrict code scheduling freedom

ll FragmentationFragmentation
ll Poor utilization of wide machinesPoor utilization of wide machines

ldld R1 R1

 use R1 use R1

stst R2 R2

ldld R4 R4

 use R4 use R4

IFIF

THENTHEN
ELSEELSE

unusedunused
execution slotsexecution slots
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ss Memory latency increasing relative to processorMemory latency increasing relative to processor
speedspeed

ss Load delay compounded by machine widthLoad delay compounded by machine width
ll Latency hiding requires more parallelism in a wide machineLatency hiding requires more parallelism in a wide machine

Current PerformanceCurrent Performance Limiters Limiters::
Latency to MemoryLatency to Memory

branch is abranch is a
barrierbarrierbranchbranch

loadload

useuse

branchbranch
loadload

useuse

ScalarScalar 4-way4-way Superscalar Superscalar
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Current PerformanceCurrent Performance Limiters Limiters::
Extracting ParallelismExtracting Parallelism
ss  Sequential execution modelSequential execution model

Implicit parallelism limits performanceImplicit parallelism limits performanceImplicit parallelism limits performance

ss  Compiler has limited, indirect view of hardwareCompiler has limited, indirect view of hardware

parallelizedparallelized
codecode

parallelized
code

parallelizedparallelized
codecode

.  .  .

hardwarecompiler

multiplemultiple
 functional units functional units

original source
code

sequential machine
code



9
®®

Better Strategy: Explicit ParallelismBetter Strategy: Explicit Parallelism

““ExposeExpose””

“Enhance”“Enhance” “Exploit”“Exploit”

original source
code

parallel machine
code

Compiler exposes, enhances, and exploits parallelism in theCompiler exposes, enhances, and exploits parallelism in the
source program and makes it source program and makes it explicitexplicit in the machine code. in the machine code.

compiler
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Next Generation Architecture TechnologyNext Generation Architecture Technology
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CISCCISC RISCRISC

OOOOOO SuperScalar SuperScalar

TimeTime

��Complex, variable length instructions.Complex, variable length instructions.

��Sequencing done in hardwareSequencing done in hardware

��Simple, fixed length instructionsSimple, fixed length instructions
��Sequencing done by compilerSequencing done by compiler

��H/W detects implicit parallelismH/W detects implicit parallelism
��H/W O-O-O scheduling & speculationH/W O-O-O scheduling & speculation

��H/W renames 8-32 registers to 64+H/W renames 8-32 registers to 64+

EPICEPIC
Explicitly

Parallel

Instruction

Computing

EExplicitlyxplicitly

PParallelarallel

IInstructionnstruction

CComputingomputing

Arch.Arch.
ResearchResearch
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Next Generation TerminologyNext Generation Terminology

ss EPIC is the next generation technologyEPIC is the next generation technology
ll e.g.,  RISC, CISCe.g.,  RISC, CISC

ss IA-64 is the architecture that incorporatesIA-64 is the architecture that incorporates
EPIC TechnologyEPIC Technology
ll e.g., IA-32, PA-RISCe.g., IA-32, PA-RISC

ss Merced™ processor is the first IA-64-basedMerced™ processor is the first IA-64-based
implementationimplementation
ll e.g., Pentiume.g., Pentium®®  II processor, PA-8500  II processor, PA-8500
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Key 64-bit ISA Features within IA-64Key 64-bit ISA Features within IA-64
ss Architecture ResourcesArchitecture Resources

ss Instruction FormatInstruction Format

ss PredicationPredication

ss SpeculationSpeculation

s (Branch Architecture)

s (Floating-Point Architecture)

s (Multimedia Architecture)

s (Memory Management & Protection)

s (Compatibility)
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Architecture Resources Provide forArchitecture Resources Provide for
Parallel Execution & ScalabilityParallel Execution & Scalability

128
GRs
128128
GRsGRs

128
FRs
128128
FRsFRs
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ss MassivelyMassively resourced resourced - large register files  - large register files 
ll Traditional architectures are forced to rename registersTraditional architectures are forced to rename registers

ss Inherently scalable - replicated function unitsInherently scalable - replicated function units
ss ExplictlyExplictly parallel - transistors used more effectively parallel - transistors used more effectively

Execution
Units
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Instruction Format: Explicit ParallelismInstruction Format: Explicit Parallelism

ss Modest code size expansionModest code size expansion

Instruction 2Instruction 2 Instruction 1Instruction 1 Instruction 0Instruction 0 TemplateTemplate

128-bit bundle128-bit bundle

00127127

The new instruction format enables scalability w/ compatibilityThe new instruction format enables scalability w/ compatibilityThe new instruction format enables scalability w/ compatibility

ss Breaking the sequential execution paradigmBreaking the sequential execution paradigm
ll Explicit instruction dependency: templateExplicit instruction dependency: template
ll Flexibly groups any number of independent instructionsFlexibly groups any number of independent instructions

ss Explicitly scheduled parallelismExplicitly scheduled parallelism
ll Enables compiler to create greater parallelismEnables compiler to create greater parallelism
ll Simplifies hardware by removing dynamic mechanismsSimplifies hardware by removing dynamic mechanisms
ll Fully interlocked- hardware provides compatibilityFully interlocked- hardware provides compatibility
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Branches Limit PerformanceBranches Limit Performance
Traditional Architectures: 4 basic blocksTraditional Architectures: 4 basic blocks

Control flow introduces branchesControl flow introduces branchesControl flow introduces branches

instr 1

instr 3
instr 4
:

jump

instr 5

instr 6
:

instr 7
instr 8
:

instr 2
:
p1, p2 <-cmp(a==b)
jump p2

else

then

if



(p2)

(p2)

(p1)

(p1)

The predicate can remove branchesThe predicate can remove branchesThe predicate can remove branches

PredicationPredication

else

then

if
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Predication Enhances ParallelismPredication Enhances Parallelism

instrinstr 1 1
instrinstr 2 2
::
p1, p2 <-p1, p2 <- cmp cmp(a==b)(a==b)

::

instrinstr 5 5
instrinstr 6 6

 (p2) (p2)
 (p2) (p2)

::

instrinstr 3 3
instrinstr 4 4

 (p1) (p1)
 (p1) (p1)

instrinstr 7 7
instrinstr 8 8
::

new Basic Blocknew Basic Block

Traditional ArchitecturesTraditional Architectures: 4 basic blocks: 4 basic blocks EPIC ArchitecturesEPIC Architectures: 1 basic block: 1 basic block

Predication enables more effective use of parallel hardwarePredication enables more effective use of parallel hardwarePredication enables more effective use of parallel hardware

instrinstr 3 3

instrinstr 4 4
::

jumpjump

instrinstr 5 5

instrinstr 6 6

::

instrinstr 7 7
instrinstr 8 8
::

instrinstr 2 2
::
p1, p2 <-p1, p2 <-cmpcmp(a==b)(a==b)

jump p2jump p2

elseelse

thenthen
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Predication: Features and BenefitsPredication: Features and Benefits

ss Compiler given larger scheduling scopeCompiler given larger scheduling scope
ll Nearly all instructions can be predicatedNearly all instructions can be predicated

ll State updated if an instruction’s predicate is true, otherwiseState updated if an instruction’s predicate is true, otherwise
acts as a NOPacts as a NOP

ll Compiler assigns predicates, compare instructions set themCompiler assigns predicates, compare instructions set them

ll Architecture provides 64 1-bit predicate registers (PR)Architecture provides 64 1-bit predicate registers (PR)

ss Predicated execution removes branchesPredicated execution removes branches
ll Convert a control dependence to a data dependenceConvert a control dependence to a data dependence

ll ReduceReduce mispredict mispredict penalties penalties

ss Parallel execution through larger basicParallel execution through larger basic
blocksblocks
ll Effective use of parallel hardwareEffective use of parallel hardware
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Predication Increases PerformancePredication Increases Performance

Source: ISCA ‘95 S.Source: ISCA ‘95 S.MahlkeMahlke, et.al., et.al.

On average, over half of all branches are removedOn average, over half of all branches are removedOn average, over half of all branches are removed

Branches Branches 
Removed Removed 

MispredictsMispredicts  
RemovedRemoved
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Memory Latency Causes DelaysMemory Latency Causes Delays

ss Loads significantly affect performanceLoads significantly affect performance
ll Often first instruction in dependency chain of instructionsOften first instruction in dependency chain of instructions
ll Can incur high latenciesCan incur high latencies

instrinstr 1 1
instrinstr 2 2
. . .. . .
jump_jump_equequ

LoadLoad
useuse

BarrierBarrier

Traditional ArchitecturesTraditional Architectures

ss Loads can cause exceptionsLoads can cause exceptions
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SpeculationSpeculation

ss Separate load behavior from exception behaviorSeparate load behavior from exception behavior
ll Speculative load instruction (Speculative load instruction (ldld.s.s) initiates a load operation) initiates a load operation

and detects exceptionsand detects exceptions
ll Propagate an exception Propagate an exception “token”“token” (stored with destination (stored with destination

register) fromregister) from  ldld.s.s to to  chkchk.s.s
ll Speculative check instruction (Speculative check instruction (chkchk.s.s) delivers any) delivers any

exceptions detected byexceptions detected by ld ld.s.s

ldld.s.s
instrinstr 1 1
instrinstr 2 2

jump_jump_equequ

chkchk.s.s
useuse  
Home  BlockHome  Block  

;Exception Detection;Exception Detection

;Exception Delivery;Exception Delivery

EPIC ArchitecturesEPIC Architectures

PropagatePropagate
ExceptionException
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Speculation Minimizes the Effect ofSpeculation Minimizes the Effect of
Memory LatencyMemory Latency

ss Give scheduling freedom to the compilerGive scheduling freedom to the compiler
ll AllowsAllows  ldld.s.s to be scheduled above branches to be scheduled above branches
ll chkchk.s.s remains in home block, branches to remains in home block, branches to fixup fixup code if an code if an

exception is propagatedexception is propagated

ldld.s.s
instrinstr 1 1
instrinstr 2 2

jump_jump_equequ

chkchk.s.s
useuse  
Home  BlockHome  Block  

PropagatePropagate
ExceptionException

;Exception Detection;Exception Detection

;Exception Delivery;Exception Delivery

EPIC ArchitecturesEPIC Architectures

instrinstr 1 1
instrinstr 2 2
. . .. . .
jump_jump_equequ

LoadLoad
useuse

BarrierBarrier

Traditional ArchitecturesTraditional Architectures
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Example: 8 Queens LoopExample: 8 Queens Loop
if ((b[j] == true) && (a[i+j] == true) && (c[i-j+7] == true))if ((b[j] == true) && (a[i+j] == true) && (c[i-j+7] == true))

Original CodeOriginal Code

13 cycles13 cycles
3 potential3 potential mispredicts mispredicts

1212

1313

88

11

22
44

R1=&b[j]R1=&b[j]
R3=&a[i+j]R3=&a[i+j]
R5=&c[i-j+7]R5=&c[i-j+7]
ldld R2=[R1] R2=[R1]
P1,P2 <-P1,P2 <-cmpcmp(R2==true)(R2==true)
<P2><P2> br br exit exit

ldld R4=[R3] R4=[R3]
P3,P4 <-P3,P4 <-cmpcmp(R4==true)(R4==true)
<P4><P4> br br exit exit

ldld R6=[R5] R6=[R5]
P5,P6 <-P5,P6 <-cmpcmp(R5==true)(R5==true)
<P5><P5> br br then then
elseelse

55

66

99

1010

TrueTrue     Mispred     Mispred
 38% 38% 43%43%

72%        33%72%        33%

47%        39%47%        39%
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if ((b[j] == true) && (a[i+j] == true) && (c[i-j+7] == true))if ((b[j] == true) && (a[i+j] == true) && (c[i-j+7] == true))

R1=&b[j]R1=&b[j]
R3=&a[i+j]R3=&a[i+j]
R5=&c[i-j+7]R5=&c[i-j+7]
ldld R2=[R1] R2=[R1]
ldld.s R4=[R3].s R4=[R3]
ldld.s R6=[R5].s R6=[R5]
P1,P2 <-P1,P2 <-cmpcmp(R2==true)(R2==true)
<P2><P2> br br exit exit

chkchk.s R4.s R4
P3,P4 <-P3,P4 <-cmpcmp(R4==true)(R4==true)
<P4><P4> br br exit exit

chkchk.s R6.s R6
P5,P6 <-P5,P6 <-cmpcmp(R5==true)(R5==true)
<P5><P5> br br then then
elseelse

SpeculationSpeculation

9 cycles9 cycles
3 potential3 potential mispredicts mispredicts

Example: 8 Queens LoopExample: 8 Queens Loop

13 cycles13 cycles
3 potential3 potential mispredicts mispredicts

11

22

44

55

66

77

88

99

Original CodeOriginal Code

1212

1313

88

11

22
44

R1=&b[j]R1=&b[j]
R3=&a[i+j]R3=&a[i+j]
R5=&c[i-j+7]R5=&c[i-j+7]
ldld R2=[R1] R2=[R1]
P1,P2 <-P1,P2 <-cmpcmp(R2==true)(R2==true)
<P2><P2> br br exit exit

ldld R4=[R3] R4=[R3]
P3,P4 <-P3,P4 <-cmpcmp(R4==true)(R4==true)
<P4><P4> br br exit exit

ldld R6=[R5] R6=[R5]
P5,P6 <-P5,P6 <-cmpcmp(R5==true)(R5==true)
<P5><P5> br br then then
elseelse

55

66

99

1010
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if ((b[j] == true) && (a[i+j] == true) && (c[i-j+7] == true))if ((b[j] == true) && (a[i+j] == true) && (c[i-j+7] == true))

PredicationPredication

7 cycles7 cycles
1 potential1 potential mispredict mispredict

Example: 8 Queens LoopExample: 8 Queens Loop

SpeculationSpeculation

9 cycles9 cycles
3 potential3 potential mispredicts mispredicts

R1=&b[j]R1=&b[j]
R3=&a[i+j]R3=&a[i+j]
R5=&c[i-j+7]R5=&c[i-j+7]
ldld R2=[R1] R2=[R1]
ldld.s R4=[R3].s R4=[R3]
ldld.s R6=[R5].s R6=[R5]
P1,P2 <-P1,P2 <-cmpcmp(R2==true)(R2==true)
<P2><P2> br br exit exit
<p1><p1>  chkchk.s R4.s R4
<p1><p1>  P3,P4 <-P3,P4 <-cmpcmp(R4==true)(R4==true)
<P4><P4> br br exit exit
<p3><p3>  chkchk.s R6.s R6
<p3><p3>  P5,P6 <-P5,P6 <-cmpcmp(R5==true)(R5==true)
<P5><P5> br br then then
elseelse

11

22

44

55

66

77

TrueTrue  Mispred  Mispred
 12%     16% 12%     16%

R1=&b[j]R1=&b[j]
R3=&a[i+j]R3=&a[i+j]
R5=&c[i-j+7]R5=&c[i-j+7]
ldld R2=[R1] R2=[R1]
ldld.s R4=[R3].s R4=[R3]
ldld.s R6=[R5].s R6=[R5]
P1,P2 <-P1,P2 <-cmpcmp(R2==true)(R2==true)
<P2><P2> br br exit exit

chkchk.s R4.s R4
P3,P4 <-P3,P4 <-cmpcmp(R4==true)(R4==true)
<P4><P4> br br exit exit

chkchk.s R6.s R6
P5,P6 <-P5,P6 <-cmpcmp(R5==true)(R5==true)
<P5><P5> br br then then
elseelse

11

22

44

55

66

77

88

99
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R1=&b[j]R1=&b[j]
R3=&a[i+j]R3=&a[i+j]
R5=&c[i-j+7]R5=&c[i-j+7]
ldld R2=[R1] R2=[R1]
ldld.s R4=[R3].s R4=[R3]
ldld.s R6=[R5].s R6=[R5]
P1,P2 <-P1,P2 <-cmpcmp(R2==true)(R2==true)
<P2><P2> br br exit exit
<p1><p1>  chkchk.s R4.s R4
<p1><p1>  P3,P4 <-P3,P4 <-cmpcmp(R4==true)(R4==true)
<P4><P4> br br exit exit
<p3><p3>  chkchk.s R6.s R6
<p3><p3>  P5,P6 <-P5,P6 <-cmpcmp(R5==true)(R5==true)
<P5><P5> br br then then
elseelse

11

22

44

55

66

77
1212

1313

88
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22
44

R1=&b[j]R1=&b[j]
R3=&a[i+j]R3=&a[i+j]
R5=&c[i-j+7]R5=&c[i-j+7]
ldld R2=[R1] R2=[R1]
P1,P2 <-P1,P2 <-cmpcmp(R2==true)(R2==true)
<P2><P2> br br exit exit

ldld R4=[R3] R4=[R3]
P3,P4 <-P3,P4 <-cmpcmp(R4==true)(R4==true)
<P4><P4> br br exit exit

ldld R6=[R5] R6=[R5]
P5,P6 <-P5,P6 <-cmpcmp(R5==true)(R5==true)
<P5><P5> br br then then
elseelse

55

66

99

1010

7 cycles7 cycles
1 potential1 potential mispredict mispredict

13 cycles13 cycles
3 potential3 potential mispredicts mispredicts

Original CodeOriginal Code

if ((b[j] == true) && (a[i+j] == true) && (c[i-j+7] == true))if ((b[j] == true) && (a[i+j] == true) && (c[i-j+7] == true))

RESULT: Almost half the required cycles are reduced
and 2/3 of the potential mispredicts are eliminated.

RESULT: Almost half the required cycles are reducedRESULT: Almost half the required cycles are reduced
and 2/3 of the potentialand 2/3 of the potential mispredicts mispredicts are eliminated. are eliminated.

Example: 8 Queens LoopExample: 8 Queens Loop

PredicationPredication
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EPIC is the Next Generation TechnologyEPIC is the Next Generation Technology
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OOOOOO SuperScalar SuperScalar

TimeTime

��Complex, variable length instructions.Complex, variable length instructions.
��Sequencing done in hardwareSequencing done in hardware

��Simple, fixed length instructionsSimple, fixed length instructions
��Sequencing done by CompilerSequencing done by Compiler

��H/W detects Independent InstructionsH/W detects Independent Instructions
��H/W O-O-O Scheduling & SpeculationH/W O-O-O Scheduling & Speculation
��H/W Renames 8-32 Registers to 64+H/W Renames 8-32 Registers to 64+

��No Binary CompatibilityNo Binary Compatibility
��No Performance ScalingNo Performance Scaling
��Code Size ExplosionCode Size Explosion

EPICEPIC

ss Explicit parallelismExplicit parallelism
ll ILP is explicit in machine codeILP is explicit in machine code

ll Compiler schedules across a wide scopeCompiler schedules across a wide scope

ll Binary compatibility across all familyBinary compatibility across all family
membersmembers

ss Features that enhance ILPFeatures that enhance ILP
ll PredicationPredication

ll SpeculationSpeculation

ll Others...Others...

ss Resources for parallel executionResources for parallel execution
ll Many registersMany registers

ll Many functional unitsMany functional units

ll Inherently scalableInherently scalable

EExplicitlyxplicitly  PParallelarallel  IInstructionnstruction  CComputingomputing
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IA-64: EPIC Technology AppliedIA-64: EPIC Technology Applied

ss Enables industry leading performance and capabilityEnables industry leading performance and capability
ll Explicitly parallel: Beyond the limitations of current architecturesExplicitly parallel: Beyond the limitations of current architectures

ll Inherently scalable, massivelyInherently scalable, massively resourced resourced: Provides headroom for future: Provides headroom for future
market requirementsmarket requirements

ll Fully compatible: For existing applications and the futureFully compatible: For existing applications and the future

ss Addresses server and workstation marketAddresses server and workstation market
requirementsrequirements
ll Enterprise transaction processingEnterprise transaction processing

ll Decision supportDecision support

ll Graphical imagingGraphical imaging

ll Volume renderingVolume rendering

ll Many othersMany others

The Next Generation in Computer ArchitectureThe Next Generation in Computer ArchitectureThe Next Generation in Computer Architecture


