Out of Order Execution

Tying up loose ends in our processor
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Outline

 |dentifying the weirdness in our execution model

* Resolving this weirdness!
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Review: the L1/L.2 Cache Hierarchy

How big are the cache :
blocks in these caches? 64 bytes!
Takeaway: by decoding
all instructions in a Data
cache block, we can J
eliminate additional ‘

Instruction cache

lookups. Instead, store tion : : :
in an instruction queue he Data Cache If we fetch Qne mstruct.lon at a_tlme, _we should
benefit from spatial locality... right?

in the CPU!

L2 Cache What would happen if we fetch the entire cache
block?
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Updated Data Path with Instruction Queue
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Instruction Queue

* By fetching all instructions in a cache block, we have a sequence of
Instructions that are ready to be issued into the processor data path

e Some of these instructions will be the incorrect instruction relative to the
intended program order... detect with the hazard checking unit and resolve

accordingly!

* This allows the processor to implement further optimizations, such as multi-
Issue processors if there are multiple functional units (e.g., 3 adders, 2
multipliers) instead of a single ALU for computation &d send the instruction to

the functional unit when it’s ready!

CS181CA-PO: Computer Architecture 6 Spring 2026, Out-of-Order Execution



Iw

bne

Jmp

Review: Slow to Resolve Branches

Fetch

Decode Execute | Memory | Memory | Memory

Fetch Decode
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Cache missJ
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Can’t resolve hazard
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Execute Memory | Writeback

&

Problem! We don’t want to
writeback the state of an

instruction if we don’t know that
this instruction was the right one

to execute!

J

CS181CA-PO: Computer Architecture

( )
Speculative processors have a
temporary buffer where data is written Register
back to called the “Reorder Buffer” File
(ROB), which decouples instruction
2227
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bne rO, rl, 2

Register Renaming a0 71, 2, 73

add r4, rl, r4
end

Logical Physical || Physical
Reg Addr| | Reg Addr| | Registers

rl

* The register file maintains a map of logical
reqgisters (e.g., what your program thinks a PC

register is) to physical registers (a4 more

physical registers than logical registers! r2 + 3

R1[PC1]
+ r4

 When fetching data from a register, the
processor reads data from the physical
reg|3ter mapped to the Ioglcal reg|5ter Suppose this branch was incorrectly

relative to the program state so far predicted not taken. How would you use
the register renaming in the register file to

“revert” our register state to before the

r4

BRE

BE

-
BiEH

 To commit an instruction, update the

_ branch? What if the branch was correctly
renaming map! predicted — how would the instruction be
committed?
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Running Out of Physical Registers!

* Whenever we want to write a register value in a speculative state, we need to allocate a new
physical register to that uncommitted instruction...

* Register renaming works well if we have enough physical registers to do the renaming of
logical registers!

* |f we do not have enough physical registers, then we have hit our maximum speculative
depth! We should not “issue” an instruction unless there are enough physical registers
available to map the registers for that instruction

 To commit the instruction, ensure that the only mapping of the logical reqgister is the
committed instruction’s physical register

* To discard (sometimes referred to as “squash”) an instruction, remove the mapping to its
physical registers
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Register Renaming in Practice
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to multiple physical registers across several
speculative instructions, there is a new dependence T e —
&d a register name dependence: which version of a

logical register should be used?

0.1

0.01

0.001

1E-04

1E-05

1E-06

* We want to avoid these as much as possible, so we
would like to free these registers whenever we can! 2 seos

istets that have >k-instruction lifetime
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 The majority of uncommitted registers are only used £
q; 1E-12 |
o
for a few cycles, but some have really lon =
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lifetimes... open problem_ woperl.  aobiw  vdsc  d10bwaves 16 games:
429.mcf 433.milc 434.zeusmp 435.grom... 436.cuct...
——437.leslie3d —444.namd 445.gobmk 447 .dealll 450.soplex
453.povray 454.calculix 456.hmmer 458.sjeng 459.Gem...
462.libqg... 464.h264ref 465.tonto 470.lbm 471.omn...
473.astar 481.wrf 482.sphin... 483.xalan... 600.perl...
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Putting it all together — Out-of-Order (O3)

e |f two Instructions in the instruction queue are
Independent, then they can be executed by the -
processor in any order! This means that an add  nazard. in
operation can be performed

* |nstructions are fetched in-order (PC 0 is fetched
before PC 1) and instructions are committed in-
order to give the illusion of in-order execution

* The role of the reorder buffer (ROB) is to track the
current sequence of executing instructions so that
executed instructions are committed in order once
all control hazards are resolved
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lwrl, O(r:)
lw r2, 8(r)
mul r4, rl, r2 Dynamically

. scheduled by
addir6, r6, -1 | processor to run

. when available in
addi PZ’ PZ’ 16 the instruction
bne r6, r0O, -6 queue
end
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