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Outline

● Super-scalar Processor

● Out-of-order Processor

○ Dynamic Scheduling in Hardware
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Parallelism
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● Previously: pipeline-level parallelism

○ Work on execute of one instruction in parallel with decode of next

● Next: instruction-level parallelism (ILP)

○ Execute multiple independent instructions fully in parallel

● Static & dynamic scheduling

○ Extract much more ILP

● Data-level parallelism (DLP)

○ Single-instruction, multiple data (e.g. one instruction, four 32-bit 

adds)



Parallelism
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● Idea of instruction-level parallelism

● Superscalar hardware issues

○ Bypassing and register file

○ Stall logic

○ fetch

○ Superscalar vs VLIW/EPIC



Flynn Bottleneck
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● Flynn bottleneck

○ Single issue performance limit is CPI = IPC = 1

○ hazards + overhead => CPI >= 1 (IPC <= 1)

○ diminishing returns from super-pipelining

○ Solution: issue multiple instructions per cycle



Instruction-level Parallelism (ILP)
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● But consider:

ADD  r3, r1, r2

ADD  r6, r4, r5

○ Why not execute them at the same time? (We can!)

● What about:

SUB  r3, r1, r2

SUB  r6, r4, r3

○ In this case, dependences prevent parallel execution

○ What about three (or more) instructions at a time?



Multiple-Issue (Super-scalar) Pipeline
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5-Stage Dual-Issue Pipeline
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How Much ILP is There?
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● The compiler tries to "schedule" code to avoid stalls

○ Even for scalar machines (to fill load-use delay slot)

○ Even harder to schedule multiple-issue (superscalar)

● How much ILP is common?

○ Greatly depends on the application

■ Consider memory copy

■ Unroll loop, lots of independent operations

○ Other programs, less so



How Much ILP is There?
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● Even given unbounded ILP, superscalar has 

implementation limits

○ IPC (or CPI) vs clock frequency trade-off

○ Given these challenges, what is reasonable today?

■ ~4 instruction per cycle maximum



Super-scalar Pipeline Diagrams - Ideal
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Super-scalar Stalls
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● Invariant: stalls propagate upstream to younger instructions

● What if older instruction in issue "pair" (inst0) stalls?

○ Younger instruction (inst1) stalls too, cannot pass it

● What if younger instruction (inst1) stalls?

○ Can older instruction from next group (inst2) move up?



Super-scalar Pipeline Diagrams - Realistic
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Rigid pipe



Super-scalar Challenges – Front End
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Challenges of Super-scalar Fetch
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Wide Fetch
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Trace Cache
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Trace Cache Example
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Wide Decode
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N2 Dependence Cross-Check
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What Checking Is Required?
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Wide Execute
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N2 Bypass
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Not All N2 Created Equal
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Mitigating N2 Bypass & Register File
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Mitigating N2 RegFile with Clustering
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Wide Memory Access
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Wide Memory Access
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Wide Memory Access
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Wide Writeback
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Very Long Instruction Word (VLIW)
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Very Long Instruction Word (VLIW)
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Very Long Instruction Word (VLIW)
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Very Long Instruction Word (VLIW)
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Multiple-Issue Implementations
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Trends in Single-Processor Multiple Issue
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Multiple Issue Summary
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Out-of-Order Processor

39



In-Order Limitations
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Out-of-Order Pipeline
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Out-of-Order Execution
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Dependence Types
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Register Renaming
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Register Renaming Example
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arch reg phys reg

x1 p1

x2 p2

x3 p3

x4 p4

x5 p5

free list

p6

p7

p8

p9

p10

original insns renamed insns

xor x3,x1,x2 xor p6,p1,p2

add x4,x3,x4 add p7,p6,p4

sub x3,x5,x2 sub p8,p5,p2

addi x1,x3,1 addi p9,p8,1

true/false

dependencies

p6

p7

p8

p9



Register Renaming Algorithm
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Dynamic Scheduling Overview
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Dynamic Scheduling Algorithm
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Dispatch
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Dispatch Steps
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Dispatch Example
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Dispatch Example
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Dispatch Example
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Dispatch Example
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Dispatch Example
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Out-of-order Pipeline
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Issue = Select + Wakeup
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Issue = Select + Wakeup

58



Issue
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Re-order Buffer (ROB)
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Register Renaming Revisited
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Recovery
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Reg Renaming Recovery Example
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original insns renamed insns overwritten

beq ... beq ...

xor x3,x1,x2 xor p6,p1,p2 x3:p3

add x4,x3,x4 add p7,p6,p4 x4:p4

sub x3,x5,x2 sub p8,p5,p2 x3:p6

addi x1,x3,1 addi p9,p8,1 x1:p1

arch reg phys reg

x1 p9

x2 p2

x3 p8

x4 p7

x5 p5

free list

p6

p7

p8

p9

p10

p6

p4

p3

p1

beq is 

midpredicted, but 

other insns have 

already been 

renamed. How do 

we restore map 

table & free list?



Commit
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Free over-written register
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Register Renaming Commit Example
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original insns renamed insns overwritten

xor x3,x1,x2 xor p6,p1,p2 x3:p3

add x4,x3,x4 add p7,p6,p4 x4:p4

sub x3,x5,x2 sub p8,p5,p2 x3:p6

addi x1,x3,1 addi p9,p8,1 x1:p1

arch reg phys reg

x1 p9

x2 p2

x3 p8

x4 p7

x5 p5

free list

p10

p3

p4

p6

p1

commit insns

in-order, freeing 

phys registers



Dynamic Scheduling Example
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Dynamic Scheduling Example
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Out-of-Order Pipeline – Cycle 0
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Out-of-Order Pipeline – Cycle 1a
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Out-of-Order Pipeline – Cycle 1b
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Out-of-Order Pipeline – Cycle 1c
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Out-of-Order Pipeline – Cycle 2a
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Out-of-Order Pipeline – Cycle 2b
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Out-of-Order Pipeline – Cycle 2c
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Out-of-Order Pipeline – Cycle 3
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Out-of-Order Pipeline – Cycle 4
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Out-of-Order Pipeline – Cycle 5a
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Out-of-Order Pipeline – Cycle 5b
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Out-of-Order Pipeline – Cycle 6
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Out-of-Order Pipeline – Cycle 7
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Out-of-Order Pipeline – Cycle 8a
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Out-of-Order Pipeline – Cycle 8b
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Out-of-Order Pipeline – Cycle 9a
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Out-of-Order Pipeline – Cycle 9b
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Out-of-Order Pipeline – Cycle 10
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Out-of-Order Pipeline – Done!
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Conclusion

● OoO Everywhere

● Apple Cyclone core
○ part of A7 chip, launched in iPhone 5S in 2013

○ issue 6 insns per cycle

○ 192-entry ROB

○ 4 integer ALUs

○ 2 Load/Store units

○ 14-19 cycle branch misprediction penalty
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