


Changelog

13 Dec 2023: fixup incorrect register renaming in “register
renaming: missing pieces” example of pushq transformation



last time

branch prediction

guess target

run instructions based on guess

detect if guess wrong later

“squash” (cancel) instructions if guess wrong

alternative pipelines and forwarding

branch prediction strategies
backwards-taken, forward-not-taken



anonymous feedback

(from before lecture Thurs, but after | revised slides)

how do condition codes work?

set by cmp, test, arithmetic instructions

used by conditional jump instructions (jl [jump if less than], etc.)
extra registers

in five-stage pipeline: part of execute stage

execute v memory stage:

memory stage: accesses to memory (other than initial machine code)
execute stage: arithmetic (including address computations)



predict: repeat last
PC of branch

Ox40042A

R

hash function |-

index prediction/

R o

last result?

taken (1)

not taken (0)

taken (1)

taken (1)

not taken (0)

taken (1)




predict: repeat last

PC of branch
Ox40042A

L hash function |-

index prediction/

E"">O
. |

e 14

last result?

taken (1)

not taken (0)

taken (1)

taken (1)

not taken (0)

typical choice: some bits of branch address
for our example: will use bits 4-7




predict: repeat last
PC of branch

0x40042A

index

0

R

hash function

1

]

3

14
15

prediction/
last result?

taken (1)

not taken (0)

taken (1)

taken (1)

not taken (0)

taken (1)




predict: repeat last

PC of branch
Ox40042A index Prediction/

last result?
‘ 0 taken (1)
; 1 not taken (0
hash function [ (0)

»2  [taken (1)
3 taken (1)

14 |not taken (0)
15 |taken (1)

\4
prediction
to fetch stage



predict: repeat last

PC of branch actual outcome
Ox40042A index Prediction/ (from later stage)
last result?
0 taken (1)
‘ X 1 not taken (0)
hash function [ .2 [aken (1) <—

3 taken (1)

14 |not taken (0)
15 |taken (1)

\4
prediction
to fetch stage



example
PC of branch

Ox40042A

hash function

0]
1

0x40041B

»0x400423

movq $4, %rax

: |Ox400429

decq %rax

lox40042A

jnz 0x400423

0x40042B

> 2
3

14
15

 Prediction /

last result?

actual outcome
from later stage

taken (1)

not taken (0)

not taken (0)

taken (1)

not taken (0)

taken (1)

\4
prediction
to fetch stage
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example
PC of branch

actual outcome

-y

0x40042A idx Prediction/ from later stage
last result?
O [taken (1)
hash functi 1 |not taken (0)
as unction —
155 [not taken (0)
0x40041B |movq $4, %rax 3 |taken (1)
0x400423 |- - -
1]Ox400429 |decq %rax
{0x40042A |jnz Ox400423 14|not taken (0)
0x40042B |- - - 15taken (1)
assembly version of: Y
i=4; do { ...; i -=1; } while (i) prediction

to fetch stage
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example
PC of branch

Ox40042A

hash function [

0]
1

0x40041B

movq $4, %rax

»0x400423

: |Ox400429

decq %rax

> 2
3

 Prediction /

last result?

actual outcome
from later stage

taken (1)

not taken (0)

not taken (0)

taken (1)

lox40042A

iteration

prediction

outcome

0x40042B

jnz 0x400423

1

taken

not taken
[

\4
prediction
to fetch stage
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example
PC of branch

Ox40042A

hash function [

0]
1

0x40041B

movq $4, %rax

»0x400423

: |Ox400429

decq %rax

> 2
3

 Prediction /

last result?

actual outcome
from later stage

taken (1)

not taken (0)

not taken (0)

taken (1)

lox40042A

iteration

prediction

outcome

0x40042B

jnz 0x400423

1

taken

not taken
[

\4
prediction
to fetch stage
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example
PC of branch

Ox40042A

hash function [

0x40041B

>0x400423

movq $4, %rax

: |Ox400429

decq %rax

idx prediction/
last result?

actual outcome
from later stage

O [taken (1)

1 |not taken (0)

2 |rot-taken taken (1)

3 [taken (1)

lox40042A

jnz 0x400423

iteration

I
prediction |outcome

0x40042B

1

not taken |[taken
[

\4
prediction
to fetch stage
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example
PC of branch

Ox40042A

hash function [

idx prediction/
last result?

O [taken (1)

1 |not taken (0)

0x40041B

»0x400423

movq $4, %rax

: |Ox400429

decq %rax

> [rot-taken taken (1)

actual outcome
from later stage

3 [taken (1)

lox40042A

jnz 0x400423

prediction

0x40042B

iteration outcome
1 not taken |[taken
2 taken taken

\4

prediction
to fetch stage
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example
PC of branch

Ox40042A

hash function [

idx prediction/
last result?

O [taken (1)

1 |not taken (0)

0x40041B

»0x400423

movq $4, %rax

: |Ox400429

decq %rax

> [rot-taken taken (1)

actual outcome
from later stage

3 [taken (1)

lox40042A

jnz 0x400423

prediction

0x40042B

iteration outcome
1 not taken |[taken
2 taken taken

\/

prediction
to fetch stage
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example
PC of branch

Ox40042A

hash function [

idx prediction/
last result?

actual outcome
from later stage

O [taken (1)

1 |not taken (0)

0x40041B

movq $4, %rax

>0x400423

: |Ox400429

decq %rax

> [rot-taken taken (1)

3 [taken (1)

lox40042A

iteration

prediction

outcome

0x40042B

jnz 0x400423

not taken

taken

taken

taken

taken

taken

taken

not taken

O [ [HIWIN |

not taken

taken

+alean

falran

\4
prediction
to fetch stage
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example
PC of branch

Ox40042A

hash function [

idx prediction/
last result?

actual outcome
from later stage

O [taken (1)

1 |not taken (0)

0x40041B

movq $4, %rax

>0x400423

: |Ox400429

decq %rax

> [rot-taken taken (1)

3 [taken (1)

lox40042A

iteration

prediction

outcome

0x40042B

jnz 0x400423

not taken

taken

taken

taken

taken

taken

taken

not taken

O [ [HIWIN |

not taken

taken

+alean

falran

\4
prediction
to fetch stage
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example
PC of branch

Ox40042A

hash function [

idx prediction/
last result?

actual outcome
from later stage

O |[taken (1)

1 |not taken (0)

p-2 |net-taken taken (1)

0x40041B

movq $4, %rax

>0x400423

: |Ox400429

decq %rax

3 |taken (1)

lox40042A

iteration

prediction

outcome

0x40042B

jnz 0x400423

not taken

taken

taken

taken

taken

taken

taken

not taken

O [ [HIWIN |

not taken

taken

+alean

falran

\4
prediction
to fetch stage

5



other predictors

using more history:

whether branch taken/not taken last few times?
pattern (e.g. taken every Nth time?)

combining history from multiple branches

predicting branch targets, instead of just outcomes

example: function returns, (some) switch statements, polymorphic
method calls



beyond pipelining: multiple issue
start more than one instruction/cycle
multiple parallel pipelines; many-input/output register file

hazard handling much more complex

cycle# © 1 2 3 4 5 6 7 8
addq %r8, %r9 F DE MW
subq %rl10, %rll F D E{\M W
xorq %r9, %rll F DI'E M W
subq %r10, %rbx F DE M W



beyond pipelining: out-of-order
find later instructions to do instead of stalling

lists of available instructions in pipeline registers
take any instruction with available values

provide illusion that work is still done in order
much more complicated hazard handling logic

cycle# 0 1 2 3 4 5 6 7
mov O (%rbx), %r8 F DR I EM M M
sub %r8, %r9 F DR I
add %rl1o, %rll FDRIEW
xXor %rl2, %rl3 FDRTIE

8 91011
W C
EWC

w



interlude: real CPUs
modern CPUs:

execute multiple instructions at once

execute instructions out of order — whenever values available



out-of-order and hazards

out-of-order execution makes hazards harder to handle

problems for forwarding:

value in last stage may not be most up-to-date
older value may be written back before newer value?

problems for branch prediction:
mispredicted instructions may complete execution before squashing

which instructions to dispatch?
how to quickly find instructions that are ready?

10



out-of-order and hazards

out-of-order execution makes hazards harder to handle

problems for forwarding:

value in last stage may not be most up-to-date
older value may be written back before newer value?

problems for branch prediction:
mispredicted instructions may complete execution before squashing

which instructions to dispatch?
how to quickly find instructions that are ready?
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read-after-write examples (1)

cycle # |10 (1(2|3|4
addq %r10, %r8 FID/E|M|W
addq %rll, %r8 FID|EM
addq %r12, %r8 F DlE

5

w
M

normal plpellne. two options for %r8?
choose the one from earliest stage
because it's from the most recent instruction

12



read-after-write examples (1)

out-of-order execution:
2dd %r8 from earliest stage might be from delayed instruction
9 can’t use same forwarding logic

addq UT LT Iy 70T O 1 |4 I_xll A}
addq %r12, %r8 FIDVE

cycle# 0 1 2 3 4
addq %r10, %r8 F

o o=
o.m o | =
=
= = o

movq $100, %r8 FDEMW
addq %ri13, %r8 F DYE M W



register version tracking

goal: track different versions of registers

out-of-order execution: may compute versions at different times
only forward the correct version

strategy for doing this: preprocess instructions represent version
info

makes forwarding, etc. lookup easier

13



rewriting hazard examples (1)
addq %rl10, %r8 |addq %rl0, %r8,; — %r8,,
addg %rll, %r8|addq %rll, %r8,, — %r8ys
addg %r12, %r8|addq %rl2, %r8,3 — %r8y
read different version than the one written
represent with three argument psuedo-instructions

forwarding a value? must match version exactly

for now: version numbers

later: something simpler to implement

14



write-after-write example
cycle# 0 1 2 3 45 6 7 8

addq %rl10, %r8
movq %rll, %r8

movq $100, %r8
addq %r13, %r8

F

D E M[W
FDEMW
D E
FDEWM

F

DEMW

M W

DEMW
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write-after-write example
cycle# 0 1 2 3 45 6 7 8

addq %rl10, %r8 F D E M|W
M W
movq %rll, %r8 FDEMW
M W
movqg $100, %r8 FDEMW
addq %r13, %r8 F DEMW

out-of-order execution:
if we don't do something, newest value could be overwritten!
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write-after-write example

cycle# 0 1 2 3 45 6 7 8

addq %r10, %rs8 F D EM|W
movq %r8, (%rax) F

movq %rll, %r8 FDEMW

movq %r8, 8(%rax) F D E
mov(q $lOG), %r8 FDEMW
addq %r13, %r8 F

two instructions that haven't been started
could need different versions of %r8!

DEMW

M W

DEMW
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write-after-write example
cycle# 0 1 2 3 45 6 7 8

addq %r10, %rs8 F D EM|W

movq %r8, (%rax) F D EMW
movq %rll, %r8 FDEMW

movq %r8, 8(%rax) F DEMW
mov(q $lOG), %r8 FDEMW

addq %r13, %r8 F DEMW



keeping multiple versions

for write-after-write problem: need to keep copies of multiple
versions

both the new version and the old version needed by delayed instructions
for read-after-write problem: need to distinguish different versions
solution: have lots of extra registers

..and assign each version a new ‘real’ register
called register renaming

16



register renaming

rename architectural registers to physical registers
different physical register for each version of architectural
track which physical registers are ready

compare physical register numbers to do forwarding

17



an 00O pipeline

cache

instr. |_|

i~

~

decode

~

rename
and
dispatch

more
branch
predict

;I_/

instr.

__ queue(s)

)

issue
and
register
read
or
forward

N—/

—

reg.
ready
info

register|
file

A

A

ALU

pt 2

store

{ \ { \
write .
— P-|commit
back
\ 7 \ v
A
y
reorder
buffer
N

}

19



an 00O pipeline

~

) rename
> |nstr:. — P|decode and
cache dispatch
N \. J \. J
‘ 4
M
more
bragf:h l>-|branch
[prEEeE predict
———

instr.

_ queue(s)

)

issue
and
register
read |
or
forward

N—/

—

reg.
ready
info

register|
file

A

A

J

ALU

pt 2

{ \ { \
write .
— P-|commit
back
\ 7 \ v
A
y
reorder
buffer

}

branch prediction needs to happen before instructions decoded
done with cache-like tables of information about recent branches
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an 00O pipeline

instr.
cache

— P

decode

~

~

rename
and
dispatch

more
branch
predict

;I_/

instr.

_ queue(s)

)

issue
and
register
read
or
forward

N—/

—

reg.
ready
info

register|
file

A

A

J

ALU

pt 2

{ \ { \
write .
— P-|commit
back
\ 7 \ v
A
y
reorder
buffer
N

}

register renaming done here
stage needs to keep mapping from architectural to physical names
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an 00O pipeline

instr.
cache

— P

decode

~

~

rename
and
dispatch

more
branch
predict

;I_/

instr.

_ queue(s)

)

issue
and
register
read
or
forward

N—/

—

reg.
ready
info

register|
file

A

A

J

ALU

pt 2

{ \ { \
write .
— P-|commit
back
\ 7 \ v
A
y
reorder
buffer
N

}

instruction queue holds pending renamed instructions
combined with register-ready info to issue instructions

(icciie — <tart exectitine)

19



an 00O pipeline

instr.
cache

— P

decode

~

~

rename
and
dispatch

more
branch
predict

;I_/

instr.

_ queue(s)

)

issue
and
register
read
or
forward

——/

—

reg.
ready
info

register|
file

A

A

ALU
3
pt 2

{ \ { \
write .
— P-|commit
back
\ 7 \ v
A
y
reorder
buffer
N

}

read from much larger register file and handle forwarding

register file: typically read 6+ registers at a time
(extra data pnathe wires for forwardine not <shown)
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an 00O pipeline

instr.
cache

— P

~

decode

~

rename
and
dispatch

more
branch
predict

;I_/

instr.

_ queue(s)

)

issue
and
register
read |
or
forward

N—/

—

reg.
ready
info

register|
file

A

A

) write
ALU . back

— P

commit

pt 2

ALU ALU ___J
- 3 3
t

4

reorder
buffer

}

many execution units actually do math or memory load/store

some may have multiple pipeline stages
come mav Fake variahle time (data cache intecer divide
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an 00O pipeline

instr.
cache

— P

decode

~

~

rename
and
dispatch

more
branch
predict

;I_/

instr.

_ queue(s)

)

issue
and
register
read
or
forward

N—/

—

reg.
ready
info

register|
file

A

A

J

ALU

pt 2

{ \ { \
write .
— P-|commit
back
. 7 \ v
A
y
reorder
buffer
N

}

writeback results to physical registers
register file: typically support writing 34 registers at a time
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an 00O pipeline

instr.
cache

— P

decode

~

~

rename
and
dispatch

more
branch
predict

;I_/

instr.

_ queue(s)

)

issue
and
register
read |
or
forward

N—/

—

reg.
ready
info

register|
file

A

A

J

ALU

pt 2

{ \ { \
write .
— P-|commit
back
\ 7 \ 7
A
y
reorder
buffer
N

}

new commit (sometimes retire) stage finalizes instruction
figures out when physical registers can be reused again
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an 00O pipeline

\ — queue(s) [\ Y ] ' \ ] e N
_ | { |JALU >
issue 1
) rename apd -
N instr. |_| bldecodel— -] and |- b | register ) _»wrlte_ - [
cache dispatch read | | | JALU > back
or 2
forward —
A L ) L ) ALU ALU ___J \ J
A $ = b1 3 3 b
r—$ pt 1 pt 2
ree. register A
more rfeafdy %ile load
|, |branch info | oa > reorder
predict A A store buffer
N N I N N
\— f

commit stage also handles branch misprediction
reorder buffer tracks enough information to undo mispredicted instrs.

I



an 00O pipeline diagram

addq %ro1,
addq %ro2,

addq4@r93,
cmpq %ro4,

jne ...
addq %ro1,
addq %ro2,

addq /Or®3 9
cmpq %ro4,

cycle # 0

%ro5 F

%ros5 F

%ro4
%ro8

%ros5
%ro5
%ro4
%ro8

1

m m O O

2

m m O O XU O

3
I

m m O O XU X

H H m b

m © O XU X

H mm = »n

O XU X0 H

HmHAMS=== O O

H m=m= O O

o

m

m

1011

=00

20



an 00O pipeline diagram
cycle # 0

addq %ro1,
addq %ro2,

addq4@r93,
cmpq %ro4,

jne ...
addq %ro1,
addq %ro2,

addq,or03,
cmpq %ro4,

%ro5

%ros5

%ro4
%ro8

%ro5
%ro5
%ro4
%ro8

F
F

1

m Mm|9S O

2

m Mm99 O XU

3
I

4 5 6 7 8 91011
EwWC
I EwC

fetch instructions in order,
several per cycle
unless instruction queue full

m MmO O XU O

R IEW C
I E

D R W C
D R I EwWC
F|D I EwWOC
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an 00O pipeline diagram

cycle# 0 1 2 3 4 5 6 7 8 91011
addq %rol, %ro5 F DRI|I|EWC
addq %r02, %ro5 F DR I/lE W C
addq %ro3, %ro4 F D R |[I| E]|issue instructions
cmpq %ro4, %ro8 F DR I | (to “execution units")
jne ... F DR when operands ready
addq %rol, %ro5 F DRIIIEW C
addq %r02, %ro5 F DRII|IEW C
addq %r03, %ro4 F DR I/lE W C
cmpq %r04, %ro8 F DR I/E W C




an 00O pipeline diagram

cycle# © 1 2 3 4
addq %rol, %ro5 FDRTIE
addq %r02, %ro5 F DR I
addq %rOR—%rRa C_D D T

o, ~| COMmMIt instructions in order
cmpq %rof .
] waiting until next complete
jne ... —Do T
addq %rol, %ro5 F DR
addq %r02, %ro5 F D
addq %r03, %ro4 F D
cmpq %ro4, %ro8 F

H mm = »n

O XU X0 H

6 7 8 91011

C

W|C

wi|C

E W|C

I E W|C

E W C

I EW C
I E w|C

R I E W|C

20



branch target buffer

what if we can't decode LABEL from machine code for jmp
LABEL or jle LABEL fast?

will happen in more complex pipelines

what if we can't decode that there's a RET, CALL, etc. fast?

21



BTB: cache for branch targets

idx valid [tag ofst |type target (more info?) | |valid |-
Ox00 |1 0Ox400 5 Ixx Ox3FFFF3 1
0x01 |1 0x401 C JMP 0x401035 T 0
0x02 |0 - i i - - 0]
0x03 |1 0x400 9 RET I (0]
OxXFF |1 Ox3FF 8 CALL 0x404033 0
Ox3FFFF3: movq %rax, %rsi
Ox3FFFF7: pushq % rbx
Ox3FFFF8: call 0x404033
0x400001: popq %rbx
0x400003: cmpq %rbx, %rax
0x400005: Jjle Ox3FFFF3

ret

0x400031:

22



BTB: cache for branch targets

idx valid [tag ofst |type target (more info?) | |valid |-
Ox00 |1 0Ox400 5 Ixx Ox3FFFF3 1
0x01 |1 0x401 C JMP 0x401035 T 0
Ox02 |0 - i i - - 0]
0x03 |1 0x400 9 RET I (0]
OXFF |1 Ox3FF 8 CALL 0x404033 0
Ox3FFFF3: movq %rax, %rsi
Ox3FFFF7: pushq % rbx
Ox3FFFF8: call 0x404033
0x400001: popq %rbx
0x400003: cmpq %rbx, %rax
0x400005: Jjle Ox3FFFF3

ret

0x400031:
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BTB: cache for branch targets

idx valid [tag ofst |type target (more info?) | |valid |-
Ox00 |1 Ox400 5 Ixx OXx3FFFF3 1
Ox01 |1 0x401 C JIMP 0x401035 - 0]
Ox02 |0 - i i - - 0
0x03 |1 0x400 9 RET I (0]
OXFF |1 Ox3FF 8 CALL 0x404033 0
Ox3FFFF3: movq %rax, %rsi
Ox3FFFF7: pushq % rbx
Ox3FFFF8: call 0x404033
0x400001: popq %rbx
0x400003: cmpq %rbx, %rax
0x400005: Jjle OXx3FFFF3

ret

0x400031:
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an 00O pipeline

cache

instr. |_|

i~

~

decode

\

rename
and
dispatch

more
branch
predict

;I_/

instr.

__ queue(s)

)

issue
and
register
read
or
forward

N—/

—

reg.
ready
info

register|
file

A

A

ALU

pt 2

store

{ \ { \
write .
— P-|commit
back
\ 7 \ v
A
y
reorder
buffer
N

}
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register renaming

rename architectural registers to physical registers
architectural = part of instruction set architecture

different name for each version of architectural register

24



register renaming state

add %

original
rio, %r8

add %rl1, %r8

add %r12, %r8

arch — phys register map
%rax |%x04

%rex  |1%x09

%r8 %x13

%r9 %x17

%rl10 |[%x19

%rl1l |%x07

%rl12 |%x05

renamed

free reg list

%x18
%x20
%x21
%x23
%x24

25



register renaming state

original rerfamed :
add %rlg@, %8 .- table for architectural (external)
add %ril, %r8 - and physical (internal) name

0/ 0/ .
add %r12, %r8 (for next instr. to process)

arch — phys register map

%rax_ |%x04 free reg list
(074 0/
:3rcx :3x09 %x18

0/
%r8 __ [%x13 £x20
%r9 %x17 :’Sx23
%rle [%x19 ;’?x24
%rll |%x07 =
%rl12  |%x05




register renaming state

original renamed
add %r10, %r8
add %ril, %r8 - list of available physical registers

add %r12, %r8 . ) i
’ added to as instructions finish

arch — phys register map

%rax_ |%x04 free reg list
0z 0/
frcx fx09 %x18

0/
%ré _ [%x13 £x20
%r9 %x17 $x23
%ri0  |%x19 ey
%rll  |%x07 =
%rl12 |%x05




register renaming example (1)

original renamed
add %rl10, %r8
add %rll, %r8
add %rl12, %r8

arch — phys register map

%rax _|%x04 free reg list
074 0/
frcx fx09 %X 18

0/
0/ 0/ %x20
%r8 %x13 %x2 1

%ro  [%x17 -0
%r10 [%x19 e
%rll |%x07 =

%rl2 |%x05
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register renaming example (1)

original renamed
add %r10, %rs8 [add %x19, %x13 — %x18 |
add %rl1, %r8
add %r12, %r8

arch — phys register map

%rax |%x04 free reg list
%rex  [9%x09 VENS)
oo ooe OANLO

0/
%r8  [exi3%x18 X280
%r9  Bsx17 e
%rl0 [%x19 $x24
%rill |%x07 =
%rl2  |%x05

26



register renaming example (1)

original renamed
add %r10, %r8 add %x19, %x13 — %x18
add %r1l, %r8 |add %x07, %x18 — %x20 |
add %ri2, ér8

arch — phys register map

%rax |%x04 free reg list
%rex  [9%x09 VENY)

.o .oe OANLO
0/r8 07 0/ o/X20 0(.’)X20

o X 3%x 8% %x21
%r9 %x17 %x23
%ri1i0 [%x19 9

0/
%ril  [%x07 %6x24
%ril2 %x05




register renaming example (1)

oﬁghwal
add %r10, %r8 add %x19,
add %rl1, %r8 add %x07,

renamed
%x13 — %x18
%x18 — %x20

add %r12, %r8 [add %x05,

%x20 — %x21

arch — phys register map

%rax |%x04 free reg list
%rex  [9%x09 VENY)

oo LI1] OALO

/4 /. / / / 06X20
%r8  Pex13%x18%x26%x21 S ]
%r9 __ [%x17 53
%rlo  [%x19 Wx24
%rill |%x07 =

%rl2 |%x05

26



register renaming

original
add %r10, %r8 add %x19,
add %rll, %r8 add %x07,
add %r12, %r8 add %x05,

arch — phys register map

example (1)

renamed

%x13 — %x18
%x18 — %x20
%x20 — %x21

%rl2 |%x05

%rax _|%x04 free reg list
%rex  9%x09 ENY)
oo LI1] OALO

0/
%r8  [96x139%x18%x20%x21 6% 29
%r9 %x17 IS
0/ 0/ %x23
%rlo %x19 %x2 4
%rill |%x07 =

26



register renaming example (2)

original renamed
addq %r10, %r8
movq %r8, (%rax)
subq %r8, %rill
movq 8(%rll), %rll
movq $100, %r8
addq %rl1l, %r8

arch — phys register map free
drax  |%x04
%rex  1%x09 rees
vos .on 96)(18
%r8 %x13 %x20
%r9 Bx17 %x21
%rlo  |%x19 %6x23
%rll  %x07 %x24
%rl2 |%x05 oo

27



register renaming example (2)

original renamed

addq %r1e, %rs8 [addqg %x19, %x13 — %x18

movq %r8, (%rax)
subq %r8, %rill
movq 8(%rll), %rll
movqg $100, %r8
addq %rl1l, %r8

arch — phys register map

free
%rax |%x04

regs
%rcx %x09 g
o 9 S
%r8 %% 13%x 18 %x20
%r9 %x17 %x21
%rlO %x19 %x23
%r1l |%x07 %x24

%rl12 |%x05 oo

27



register renaming example (2)

original renamed
addq %r10, %r8 addq %x19, %x13 %x18
movq %r8, (%rax) Imovq %x18, (%x04) — (memory)

subq %r8, %rill
movq 8(%rll), %rll
movqg $100, %r8
addq %rl1l, %r8

arch — phys register map

free
%rax |%x04

%rcx %x09 regs
.o 06X l 8
%r8 % %x18 %x20
%r9 %x17 %x21
%rlO %x19 %x23
%r1l |%x07 %x24

%rl12 |%x05 oo




register renaming example (2)

original renamed
addq %r10, %r8 addq %x19, %x13 %x18
[movqg %r8, (%rax) Imovq %x18, (%x04) — (memory)

subq %r8, %rll
Imovg 8(%rll), %rll |
movq $100, %r8

addq %rl1l, %r8 could be that %rax = 8+%rl11
h h . could load before value written!
arch — phys register map possible data hazard!

%rax  |%x04 not handled via register renaming
%rcx %x09 option 1: run load-stores in order

%I 8 o %x18 option 2: compare load/store addressei

%r9 %x17 %x21
%rlO %x19 %6x23

%r1l |%x07 %x24
%rl2 |%x05 27




register renaming example (2)

renamed
%x13 — %x18
%x04) — (memory)

original
addq %r10, %r8 addq %x19,
movq %r8, (%rax) movq %x18,
subqg %r8, %riil |[subq %x18,

NXXOT — %x20

movq 8(%rll), %rll
movqg $100, %r8
addq %rl1l, %r8

arch — phys register map

%rax |%x04

%rex  |1%x09

free
regs

0/~ 1 Q
OANTLTO

%r8 % %x18

0/v/ D Q)
7OAZ YU

%r9 26x17

%x21

%rlo  [%x19

%x23

26r1ll  9oxB+%x20

%rl12 |%x05

%x24

27



register renaming example (2)

original renamed
addq %r10, %r8 addq %x19, %x13 — %x18
movq %r8, (%rax) movq %x18, (%x04) — (memory)
subq 2 r8, %rill subq %x18, %x07 — %x20

movq 8(%rll), %rll [movq 8(%x20), (memory) — %x21

movqg $100, %r8
addq %rl1l, %r8

arch — phys register map

free
%rax |%x04

%rcx %x09 regs
.o 06X l 8
%r8 % %x18 %% 26
%r9 %x17 Ol
%rlO %x19 %x23
%rl1l  9xBFx20%x21 %x24

%rl12 |%x05 e

27



register renaming example (2)

addq %

subq %

original
6r10, %r8
movq %r8, (%rax)
6r8, %rill
movq 8(%rll), &
movq $100, %r8

6rl1l

renamed
addq %x19, %x13 %x18
movq %x18, (%x04) — (memory)
subqg %x18, %x07 %x20
movq 8(%x20), (memory) — %x21

[movg $100 — %x23

addq %rl1l, %r8
arch — phys register map free
Xrax  |%x04
r
%rcx %x09 &>
%6x18
%r8 % % %6x23 6% 26
%r9 Bx17 %21
%rlO %x19 %6%23
%ril % % %6x21 %x24
%rl12 |%x05 oo

27



register renaming example (2)

original renamed
addq %r10, %r8 addq %x19, %x13 — %x18
movq %r8, (%rax) movq %x18, (%x04) — (memory)
subq 2 r8, %rill subq %x18, %x07 — %x20
movq 8(%rll), %rll  movq 8(%x20), (memory) — %x21
movq $100, %r8 movq $100 — %x23
addq %r11l, %r8 [addq %x21, %x23 — %x24
arch — phys register map free
drax  |%x04
%rcx %x09 rees
%% 18
%Br8  PexIa9%x18%x23%x24 %x20
%r9 Bx17 %21
%rlO %x19 %23
%rll % % %x21 %5x24
%rl12 |%x05

27



register renaming exercise

original renamed
addq %r8, %r9
movq $100, %rl0
subq %rl10, %r8
xorq %r8, %r9
andq %rax, %r9
arch — phys

free
%rax |%x04
%recx  |%x09 regs
.o . %X l 8
%r8 %x13 %x20
%r9 %x17 %x21
%r10 |%x19 %x23
%r1l |%x29 %x24
%rl2  |%x05 o
%rl13 |%x02

28



an 00O pipeline

cache

instr. |_|

i~

~

decode

~

rename
and
dispatch

more
branch
predict

;I_/

instr.

__ queue(s)

)

issue
and
register
read
or
forward

N—/

—

reg.
ready
info

register|
file

A

A

ALU

pt 2

store

{ \ { \
write .
— P-|commit
back
\ 7 \ v
A
y
reorder
buffer
N

}
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instruction queue and dispatch

instruction queue

instruction

addq %x01, %x05 — %x06
addq %x02, %x06 — %x07
addq %x03, %x07 — %x08
cmpq %x04, %x08 — %x09.cc
jne %x09.cc, ...

addq %x01, %x08 — %x10
addq %x02, %x10 — %x11
addq %x03, %x11 — %x12
cmpq %x04, %x12 — %x13.cc

©OO\I@U'I-PUJI\JI—‘%

execution unit
ALU 1
ALU 2

scoreboard

reg |status
%X01 |ready
%x02 |ready
%x03  [ready
%x04 |ready
%x05 [ready
%x06 |pending
%x07 |pending
%x08 |pending
%x09 |pending
%x10 |pending
%x11 |pending
%x12 |pending

%x13

pending
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instruction queue and dispatch

instruction queue

instruction

addq %x01, %x05 — %x06
addq %x02, %x06 — %x07
addq %x03, %x07 — %x08
cmpq %x04, %x08 — %x09.cc
jne %x09.cc, ...

addq %x01, %x08 — %x10
addq %x02, %x10 — %x11
addq %x03, %x11 — %x12
cmpq %x04, %x12 — %x13.cc

@OO\I@U‘I-PUJI\JD—‘%

execution unit  cycle# 1
ALU 1 1
ALU 2

scoreboard

reg |status
%x01 |ready
%x02 |ready
%x03  [ready
%x04 |ready
%x05 |ready
%x06 |pending
%x07 |pending
%x08 |pending
%x09 |pending
%x10 |pending
%x11 |pending
%x12 |pending

%x13

pending

30



instruction queue and dispatch

instruction queue

instruction

addq %x01, %x05 — %x06
addq %x02, %x06 — %x07
addq %x03, %x07 — %x08
cmpq %x04, %x08 — %x09.cc
jne %x09.cc, ...

addq %x01, %x08 — %x10
addq %x02, %x10 — %x11
addq %x03, %x11 — %x12
cmpq %x04, %x12 — %x13.cc

©OO\I@U'I-PUJI\)I—‘%

execution unit  cycle# 1
ALU 1 1
ALU 2

scoreboard

reg |status
%X01 |ready
%x02 |ready
%x03  [ready
%x04 |ready
%x05 [ready
%X06 [pending
%x07 |pending
%x08 |pending
%x09 |pending
%x10 |pending
%x11 |pending
%x12 |pending

%x13

pending

30



scoreboard

instruction queue and dispatch

reg  |status
instruction queue %x01 |ready
%x02 |ready
# linstruction %X03 |ready
1 |addq %x01, %x05 — %x06 %x04 |ready
2 |addq %x02, %x06 — %x07 %x05 |ready
3 |addq %x03, %x07 — %x08 %x06 |pending ready
4 |cmpq %x04, %x08 — %x09.cc %x07 |pending
5 |jne %x09.cc, ... %x08 [pending
6 |addq %x01, %x08 — %x10 %x09 |pending
7 |addqg %x02, %x10 — %x11 %x10 |pending
8 |addq %x03, %x11 — %x12 %x11 |pending
9 [cmpq %x04, %x12 — %x13.cc %x12 |pending
%x13 |pending

execution unit  cycle# 1
ALU 1 1
ALU 2 —



scoreboard

instruction queue and dispatch

reg  |status
instruction queue %x0L |[ready
%x02 |ready
# linstruction %X03 |ready
< | addqtax %85 VAT %x04 |ready
2 |addq %x02, %x06 — %x07 %x05 |ready
3 |addq %x03, %x07 — %x08 %x06 |pending ready
4 |cmpq %x04, %x08 — %x09.cc %x07 |pending ready
5 |jne %x09.cc, ... %x08 [pending
6 |addq %x01, %x08 — %x10 %x09 |pending
7 |addqg %x02, %x10 — %x11 %x10 |pending
8 |addq %x03, %x11 — %x12 %x11 |pending
9 [cmpq %x04, %x12 — %x13.cc %x12 |pending
%x13 |pending

execution unit  cycle# 1 2
ALU 1 1 2
ALU 2 — —



scoreboard

instruction queue and dispatch

reg  |status
instruction queue %x01 |ready
%x02 |ready
# linstruction %X03 |ready
< | addqtax %85 VAT %x04 |ready
2< |addqSx 025X 86— 9%+ %Xx05 |ready
3 |addq %x03, %x07 — %x08 %x06 |pending ready
4 [cmpq %x04, %x08 — %x09.cc %x07 |pending ready
5 |jne %x09.cc, ... %x08 |pending ready
6 |addq %x01, %x08 — %x10 %x09 |pending
7 |addqg %x02, %x10 — %x11 %x10 |pending
8 |addq %x03, %x11 — %x12 %x11 |pending
9 [cmpq %x04, %x12 — %x13.cc %x12 |pending
%x13 |pending

execution unit  cycle# 1 2 3
ALU 1 1 2 3
ALU 2 e —
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scoreboard

instruction queue and dispatch

reg  |status
instruction queue %x01 |ready
%x02 |ready
# linstruction %X03 |ready
< | addqtax %85 VAT %x04 |ready
2< | a0 X2 4B OF %x05 |ready
< | a0 RO % x B 0S %x06 |pending ready
4 [cmpq %x04, %x08 — %x09.cc %x07 |pending ready
5 |jne %x09.cc, ... %x08 |pending ready
6 |addq %x01, %x08 — %x10 %x09 |pending
7 |addqg %x02, %x10 — %x11 %x10 |pending
8 |addq %x03, %x11 — %x12 %x11 |pending
9 [cmpq %x04, %x12 — %x13.cc %x12 |pending
%x13 |pending

execution unit  cycle# 1 2 3
ALU 1 1 2 3
ALU 2 e —

30



scoreboard

instruction queue and dispatch

reg |status
instruction queue %x01 |ready
%x02 |ready
# linstruction %X03 |ready
< | addqtax %85 VAT %x04 |ready
2< | a0 X2 4B OF %x05 |ready
< | a0 RO % x B 0S %x06 |pending ready
4 |cmpq %x04, %x08 — %x09.cc %x0T  |pending ready
5 |jne %x09.cc, ... %x08 |pending ready
6 |addq %x01, %x08 — %x10 %x09 |pending ready
7 |addq %x02, %x10 — %x11 %x10 [pending ready
8 |addq %x03, %x11 — %x12 %x11 |pending
9 [cmpq %x04, %x12 — %x13.cc %x12 |pending
%x13 |pending

execution unit  cycle# 1 2 3 4
ALU 1 1 2 3 4
ALU 2 e — 6

30



instruction queue and dispatch

instruction queue
instruction
A X T %% 5306

AT X2 —%x06—%*0F
A X3 %X e F— %08
TP SX 6% 88—%x00
jne %x09.cc, ...
AT X O T %% 8% 10
addq %x02, %x10 — %x11
addq %x03, %x11 — %x12
cmpq %x04, %x12 — %x13.cc

[TPERFIRERE

BN

execution unit  cycle# 1 2 3
ALU 1 1 2 3
ALU 2 - — 6

N

scoreboard

reg |status

%X01 |ready

%x02 |ready

%x03  [ready

%x04 |ready

%x05 [ready

%x06 |pending ready
%X07 |pending ready
%x08 |pending ready
%x09  |pending ready
%x10 |pending ready
%x11 |pending
%x12 |pending
%x13 |pending




instruction queue and dispatch

instruction queue

scoreboard

reg

status

%6X01

ready

%x02

ready

2%6x03

ready

%x04

ready

2%6X05

ready

%6X06

‘pending ready

%x07

‘pending ready

2%6Xx08

‘pending ready

%Xx09

‘pending ready

%x10

‘pending ready

%x11

pending

%x12

pending

# |instruction

< | addqtax %85 YIAYA
2< | a0 X2 4B OF

< | TAAq A3k %30S
< | CIpO %X A —96x0.8—%%0S
< 'lne XS

6< :zdthjaxej:;za:ee CVET
< | a0 X2 %%t

8 |addqg %x03, %x11 — %x12

9 |[cmpq %x04, %x12 — %x13.cc

execution unit  cycle# 1

ALU 1
ALU 2

%x13

pending

BN

N
~N O &y




instruction queue and dispatch

instruction queue
instruction
A X T %% 5306

AT X2 %X 3% OF
A EX O3 —2%x0F—r%x 08
z
CMp X QA ——%4-88—-2% %09
'1ne X OO
:zdthjax@i,—:f*a:&ﬁ %310
ETe el - ec v = N S VL K|
o3Ik
AAAq2exX 3~ = %x12

cmpq %x04, %x12 — %Xx

.CC

T

execution unit  cycle# 1 2 3 4
ALU 1 1 2 3 4
ALU 2 - — - 6

scoreboard

reg

status

%6X01

ready

%x02

ready

2%6x03

ready

%x04

ready

2%6X05

ready

%6X06

‘pending ready

%x07

‘pending ready

2%6Xx08

‘pending ready

%Xx09

‘pending ready

%x10

‘pending ready

%x11

‘pending ready

%x12

pending

%x13

pending




instruction queue and dispatch

instruction queue

execution unit
ALU 1
ALU 2

# |instruction

< a_d_dq X T —24xE85 %x06
< | 200 HX OO Io% OF
3< | aOd X035 %% e F—% 58
M Cﬂpﬂmﬁ FaYe) [JEVIAYe)
< jIe X ST

6 | add X T —%xB 8= 1O
< |addqaxa2—%x3E8 oI
&<a_d_dq vy —— %x-12
O< | CP O a2 E2 012

cycle# 1
1

scoreboard

reg

status

%6X01

ready

%x02

ready

2%6x03

ready

%x04

ready

2%6X05

ready

%6X06

‘pending ready

%x07

‘pending ready

2%6Xx08

‘pending ready

%Xx09

‘pending ready

%x10

‘pending ready

%x11

‘pending ready

%x12

‘pending ready

%x13

pending

1

0 S
~N

30



instruction queue and dispatch

scoreboard

reg |status
instruction queue %6x01 |ready
%x02 |ready
# linstruction %x03 [ready
< | addqtax %85 VAT %x04 |ready
>< | a0 dq x> —%xE6 NTA%2 %x05 ready
3< | ad AT X O %% B F— %% B8 %X06 |pending ready
< | D 006208 %% B0 %X07 |pending ready
5< | e X9 %x08 |pending ready
®< a:dthjax:@i,‘:%:% [VETAY %x09 peﬁehﬁg ready
< |addq a2 —%x1o %x11 %x10 |pending ready
< |addq a3 —%x33 TVET) %x11l |pending ready
o< |CMPpO_Sax i —dx12 [IVEE-) %x12 |pending ready
%x13 |pending ready
execution unit  cycle# 1 2 3 4 5 6 7
ALU 1 1 2 3 4 5 8 9
ALU 2 e 6 7T —

30



instruction queue and dispatch

instruction queue scoreboard
# |instruction reg |status
1 |mrmovq (%x04) — %x06 %x01 [ready
2 |mrmovq (%x05) — %x07 %x02 |ready
3 |addqg %x01, %x02 — %x08 %x03  |ready
4 |addq %x01, %x06 — %x09 %x04 |ready
5 |addq %x01, %x07 — %x10 %Xx05 |ready

2%6X06

%6X07

2%x08

2%6Xx09

%x10

execution unit  cycle# 1 2 3 4 5 6 7
ALU
data cache

?



an 00O pipeline

N\ — qUeUe(S) [\ M 7\ ] ' N\ ] 4 )
Y A ,
issue 1
- rename af‘ct’ "
instr. register ' write .
> — b — | and |H b > b — b
cache decode dispatch read | | [ JALU > back commit
or 2
forward —
FaN| \ 7 \ 7 \ J ALU ALU \ 7 \ v
1 '_t - P 3 3 b
rL pt 1 pt 2
ree. register 4
more rfeady %ile —
b»-|branch info || | load > reorder
predict A A store buffer
N N PN N N
——— f
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execution units AKA functional units (1)

where actual work of instruction is done

e.g. the actual ALU, or data cache

sometimes pipelined:
(here: 1 op/cycle; 3 cycle latency)

input values
(one/cycle)

ALU

(stage 1)

ALU
(stage 2)

ALU

(stage 3)

output values
(one/cycle)

33



execution units AKA functional units (1)

where actual work of instruction is done

e.g. the actual ALU, or data cache

sometimes pipelined:
(here: 1 op/cycle; 3 cycle latency)

input values
(one/cycle)

exercise: how long to compute A x (B x (C' x D))?

ALU

(stage 1)

ALU
(stage 2)

ALU

(stage 3)

output values
(one/cycle)

33



execution units AKA functional units (1)

where actual work of instruction is done

e.g. the actual ALU, or data cache

sometimes pipelined:
(here: 1 op/cycle; 3 cycle latency)

input values
(one/cycle)

exercise: how long to compute A x (B x (C' x D))?

ALU

(stage 1)

ALU
(stage 2)

ALU

(stage 3)

3 x 3 cycles + any time to forward values
no parallelism!

output values
(one/cycle)



execution units AKA functional units (2)

where actual work of instruction is done

e.g. the actual ALU, or data cache

sometimes unpipelined:

input values
(when ready)

ready for next input? <——

divide

output value
(when done)

— done?

34



instruction queue and dispatch (multigygle)

instruction queue

RIS

instruction

add %x01, %x02 — %x03

imul %x04, %x05 — %x06

imul %x03, %x07 — %x08

cmp %x03, %x08 — %x09.cc

jle %x09.cc, ...

add %x01, %x03 — %x11

imul %x04, %x06 — %x12

imul %x03, %x08 — %x13

cmp %x11, %x13 — %x14.cc

i (=[O [N [a[s[w[o]—

0 |jle %x14.cc, ...

execution unit

ALU 1 (add, cmp, jxx)
ALU 2 (add, cmp, jxx)
ALU 3 (mul) start
ALU 3 (mul) end

reg |status
%x01 ready
%x02  |ready
%x03  [pending
%x04 ready
%x05  [ready
%x06 [pending
%x07 ready
%x08  [pending
%x09  [pending
%x10  [pending
%x11l [pending
%x12  |pending
%x13  [pending

%x14

pending
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instruction queue and dispatch (multigygle)

instruction queue

RIS

instruction

add %x01, %x02 — %x03

imul %x04, %x05 — %x06

imul %x03, %x07 — %x08

cmp %x03, %x08 — %x09.cc

jle %x09.cc, ...

add %x01, %x03 — %x11

imul %x04, %x06 — %x12

imul %x03, %x08 — %x13

cmp %x11, %x13 — %x14.cc

i (=[O [N [a[s[w[o]—

0 |jle %x14.cc, ...

execution unit

ALU 1 (add, cmp, jxx)
ALU 2 (add, cmp, jxx)
ALU 3 (mul) start
ALU 3 (mul) end

reg |status
%x01 ready
%x02  |ready
%x03  [pending
%x04 ready
%x05  [ready
%x06 [pending
%x07 ready
%x08  [pending
%x09  [pending
%x10  [pending
%x11l [pending
%x12  |pending
%x13  [pending

%x14

pending

35



instruction queue and dispatch (multigygle)

instruction queue

RIS

instruction

add %x01, %x02 — %x03

imul %x04, %x05 — %x06

imul %x03, %x07 — %x08

cmp %x03, %x08 — %x09.cc

jle %x09.cc, ...

add %x01, %x03 — %x11

imul %x04, %x06 — %x12

imul %x03, %x08 — %x13

cmp %x11, %x13 — %x14.cc

i [mTofoo[N[o[a[s[w[o]—

jle %x14.cc, ...

execution unit cycle# 1

ALU 1 (add, cmp, jxx) 1

ALU 2 (add, cmp, jxx) -
ALU 3 (mul) start 2
ALU 3 (mul) end

reg |status
%x01 ready
%x02  |ready
%x03  [pending
%x04 ready
%x05  [ready
%x06 [pending
%x07 ready
%x08  [pending
%x09  [pending
%x10  [pending
%x11l [pending
%x12  |pending
%x13  [pending

%x14

pending

35



instruction queue and dispatch (multigygle)

instruction queue

# |instruction

D< | a0 AR AT —%x 020303

2>< [T A A% xS 06

3 |imul %x03, %x07 — %x08

4 |cmp %x03, %x08 — %x09.cc

5 |jle %x09.cc, ...

6 |add %x01, %x03 — %x11

7 |[imul %x04, %x06 — %x12

8 [imul %x03, %x08 — %x13

9 |cmp %x11, %x13 — %x14.cc

10 |jle %x14.cc, ...

execution unit  cycle# 1 2

ALU 1 (add, cmp, jxx) 1 6

ALU 2 (add, cmp, jxx) - -
ALU 3 (mul) start 2 3
ALU 3 (mul) end 2

reg |status
%x01 ready

%x02  |ready

%x03  |pending ready
%x04 ready

%x05  [ready

9%x06  [pending (still)
%x07 ready

%x08  [pending
%x09  [pending
%x10  [pending
%x11l [pending

%x12  |pending

%x13  [pending

%x14

pending
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instruction queue and dispatch (multigygle)

instruction queue

# |instruction

< | a0 XA 2% 02— Rs%03

2>< [T XA %% %06

< [T 3—%x O F—r 95 %8S

4 |cmp %x03, %x08 — %x09.cc

5 |jle %x09.cc, ...

6< |ada At %X B3——tox Ak

7 |imul %x04, %x06 — %x12

8 [imul %x03, %x08 — %x13

9 |cmp %x11, %x13 — %x14.cc

10 |jle %x14.cc, ...

execution unit  cycle# 1 2 3

ALU 1 (add, cmp, jxx) 1 6 —
ALU 2 (add, cmp, jxx) - - -

ALU 3 (mul) start 2 3 7

ALU 3 (mul) end 2 3

reg |status
%x01 [ready

%x02  |ready

%x03  |pending ready
%x04  [ready

%x05  [ready

%x06  |pending ready
%x07  [ready

%x08  [pending (still)
%x09  [pending
%x10  [pending
%x11l  |pending ready
%x12  |pending

%x13  [pending

%x14

pending
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instruction queue and dispatch (multigygle)

instruction queue reg  |status
; ; %X01
# linstruction itk ready
—— %X ready
D< | S XTS5~ 7303 Toending ready
2< tmmsxaz;%:ﬁf 06 %x04 ready
31 XIS %x05  [ready
< | CMP X 3260804309 %x06 [pending ready
5 |jle %x09.cc, ... %X07 |ready
6< |addEx O T —%x0 3=t 11 %x08 |pending ready
< [1MIax 0 —%xe6 FoxI2 %x09  |pending ready
8 |imul %x03, %x08 — %x13 %x10 [pending
9 |cmp %x11, %x13 — %x1l4.cc %x11l |pending ready
10 [jle %x14.cc, ... %x12 |pending (still)
%x13  [pending
%x14  [pending
execution unit  cycle# 1 2 3 4
ALU 1 (add, cmp, jxx) 1 6 - 4
ALU 2 (add, cmp, jxx) - - - -
ALU 3 (mul) start 2 3 7 8
ALU 3 (mul) end 2 3 7 8



instruction queue and dispatch (multigygle)

instruction queue

execution unit

ALU 1 (add, cmp, jxx)
ALU 2 (add, cmp, jxx)
ALU 3 (mul) start
ALU 3 (mul) end

# |instruction

< | add XAt —2sx@2——rt03
2< [T A4 %O S 06
$< 3 Z 0\: f\s
< |CMp X O3 —%x08 RY2VIAYe)
< E 1D AUAS e

6< | add X T —2%x 03— 33
< [ T2 x B 6= 12
8 |[imul %x03, %x08 — %x13
9 |cmp %x11, %x13 — %x1l4.cc
10 |jle %x14.cc, ...

cycle# 1
1

2

N

&~ N

o

oo

reg |status
%x01 ready

%x02  |ready

%x03  |pending ready
%x04 ready

%x05  [ready

%x06  |pending ready
%x07 ready

%x08  |pending ready
%x09  |pending ready
%x10  [pending

%x11l |pending ready
%x12  |pending ready
%x13  [pending (still)

%x14

pending
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instruction queue and dispatch (multigygle)

instruction queue

# |instruction

< |add oA —%x 02— 03

2< [T A4 %O S 06

3|1 = %% 08

< |CMp X O3 —%x08 2705

< E XSS .

6< | a0 Sax AT 25O 3o L E

< | IR A% x Bk 2

< | IR OS2 B8 9313

0 |cmp %x11, %x13 — %x14.cc

10 [jle %x1l4.cc, ...

execution unit  cycle# 1 2

ALU 1 (add, cmp, jxx) 1 6
ALU 2 (add, cmp, jxx) - -

ALU 3 (mul) start 2 3

ALU 3 (mul) end 2

EE N

LS

reg  |status
%x01 [ready

%x02  |ready

%x03  |pending ready
%x04  [ready

%x05  [ready

%x06  |pending ready
2%6X07 ready

%x08 |pending ready
%6x09 pending ready
%6x10 pending

%x11 |pending ready
%x12 |pending ready
%x13  |pending ready

%x14

pending

35



instruction queue and dispatch (multigygle)

instruction queue

instruction

(o1 IAY
add SO T—9%x02- )

2
3
M XA —%x 0 5—r% %06
X0

E

=
CMP2aX O3 —%x08 %09

Jle2ax09Tcs

ETo 0 i aom mmmrs 2 c = STV
Z2VET

IO T X3 % X8 8=
%

1
1
MU 2ax O —2%x 86— 312
12
!
4

T4 o1
CMp_2axX 1 1——26x% AV I/ -

BXIRIXXIXR[ XX X | ¥

jle %x14.cc, ..

execution unit  cycle# 1

ALU 1 (add, cmp, jxx) 1

ALU 2 (add, cmp, jxx) -

ALU 3 (mul) start 2
ALU 3 (mul) end

N

EE N

reg  |status
%x01 [ready

%x02  |ready

%x03  |pending ready
%x04  [ready

%x05  [ready

%x06  |pending ready
%x07 ready

%x08  |pending ready
%x09  |pending ready
%6x10 pending

%x11 |pending ready
%x12 |pending ready
%x13  |pending ready
%x14  |pending ready
9
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instruction queue and dispatch (multigygle)

instruction queue

instruction

(o1 IAY
add SO T—9%x02- )

2
3
M XA —%x 0 5—r% %06
X0

E

=
CMP2aX O3 —%x08 %09

Jle2ax09Tcs

ETo 0 i aom mmmrs 2 c = STV
Z2VET

IO T X3 % X8 8=
%

1
1
MU 2ax O —2%x 86— 312
12
!
4

01 0/ 1

Tow. e

C |:§ Sext
1

RIXIXIXIRIXRX]X X |3

1
Jle XA e

execution unit  cycle# 1

ALU 1 (add, cmp, jxx) 1
ALU 2 (add, cmp, jxx) -
ALU 3 (mul) start 2

ALU 3 (mul) end

N

EE N

reg  |status
%x01 [ready

%x02  |ready

%x03  |pending ready
%x04  [ready

%x05  [ready

%x06  |pending ready
%x07 ready

%x08  |pending ready
%x09  |pending ready
%6x10 pending

%x11 |pending ready
%x12 |pending ready
%x13  |pending ready
%x14 H ready
9 10
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register renaming: missing pieces

what about “hidden” inputs like %rsp, condition codes?

one solution: translate to intructions with additional register

parameters

making %rsp explicit parameter

turning hidden condition codes into operands!

bonus: can also translate complex instructions to simpler ones

popq %rax —g| addq $8, %rsp
movq 8(%rsp), %rax

I addq $8, %x17 — %x18
movqg (%x18) — %x19

cmpq %rax, %rbx
jle foo

cmpq %rax, %rbx, %CC
jle %CC, foo

cmpq %x01, %x04 — %x17
jle %x17, foo
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exercise

use 1-bit predictor on this loop
executed in outer loop (not shown) many, many times

what is the conditional jump misprediction rate?
int i = 0;
while (true) {
if (i %3 == 0)
goto next;
next:
i += 1;
if (i == 50)
break;



exercise

use 1-bit predictor on this loop

executed in outer loop (not shown) many, many times

what is the conditional jump misprediction rate?

int i = 0;
while (true) {
if (1% ==
goto next;
next:
i+=1;
if (i == 50)
break;

0)

NP = O ™

branch
mod 3
== 50
mod 3
== 50

pred
77
77
=
F

outcome

m T m

correct?
77
77

v
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exercise

use 1-bit predictor on this loop

executed in outer loop (not shown) many, many times

what is the conditional jump misprediction rate?

int i = 0;
while (true) {
if (1% ==
goto next;
next:
i+=1;
if (i == 50)
break;

0)

NP = O ™

branch
mod 3
== 50
mod 3
== 50

pred
77
77
T
F

outcome

m T T

correct?
77
77

v

38



exercise soln (1)

branch predicted outcome correct? mod 3: correct for i=2,5,8,..,49 (16/50

0 mod3 7?77 T 77 break: correct for i=2,3,...,48 (48/50)
1 ==50 777 N 77 overall: 64/100
1 mod3 T N int 5 = 0-
2 ==5 N N v while (trL,Je) {
2 mod3 N N v if (i % 3 == 0) goto next;
3 ==50 N N v e
3 mod3 N T next:
4 ==50 N N v A
if (i == 50) break;
48 mod3 N T }
49 ==50 N N v
49 mod3 T N
50 ==50 N T
0 mod3 N T
1 N T N 40



exercise soln (1)

branch predicted outcome correct? mod 3: correct for i=2,5,8,..,49 (16/50

0 mod3 7?77 T 77 break: correct for i=2,3,...,48 (48/50)
1 ==50 777 N 77 overall: 64/100
1 mod3 T N int 5 = 0-
2 ==5 N N v while (trL,Je) {
2 mod3 N N v if (i % 3 == 0) goto next;
3 ==50 N N v e
3 mod3 N T next:
4 ==50 N N v A
if (i == 50) break;
48 mod3 N T }
49 ==50 N N v
49 mod3 T N
50 ==50 N T
0 mod3 N T
1 N T N 40



exercise soln (1)

branch predicted outcome correct? mod 3: correct for i=2,5,8,..,49 (16/50

0 mod3 7?77 T 77 break: correct for i=2,3,...,48 (48/50)
1 ==50 7?77 N 77 overall: 64/100
1 mod3 T N int 5 = o:
2 ==50 N N v while (trL,Je) {
2 mod3 N N v if (i % 3 == 0) goto next;
3 ==50 N N v e
3 mod3 N T next:
4 ==50 N N v 1 += 13
if (i == 50) break;
48 mod3 N T }
49 ==50 N N v
49 mod3 T N
50 ==50 N T
0 mod3 N T
1 N T N 40



exercise soln (1)

branch predicted outcome correct? mod 3: correct for i=2,5,8,..,49 (16/50

0 mod3 7?77 T 77 break: correct for i=2,3,...,48 (48/50)
1 ==50 777 N 77 overall: 64/100
1 mod3 T N int 5 = 0-
2 ==5 N N v while (trL,Je) {
2 mod3 N N v if (i % 3 == 0) goto next;
3 ==50 N N v e
3 mod3 N T next:
4 ==50 N N v A
if (i == 50) break;
48 mod3 N T }
49 ==50 N N v
49 mod3 T N
50 ==50 N T
0 mod3 N T
1 N T N 40



exercise soln (1)

branch predicted outcome correct? mod 3: correct for i=2,5,8,..,49 (16/50

0 mod3 7?77 T 77 break: correct for i=2,3,...,48 (48/50)
1 ==50 777 N 77 overall: 64/100
1 mod3 T N int 5 = 0-
2 ==5 N N v while (trL,Je) {
2 mod3 N N v if (i % 3 == 0) goto next;
3 ==50 N N v e
3 mod3 N T next:
4 ==50 N N v A
if (i == 50) break;
48 mod3 N T }
49 ==50 N N v
49 mod3 T N
50 ==50 N T
0 mod3 N T
1 N T N 40



predicting ret: ministack of return addresses

predicting ret — ministack in processor registers
push on ministack on call; pop on ret

ministack overflows? discard oldest, mispredict it later

baz saved registers

baz return address

bar saved registers

baz return address

bar return address
bar return address

foo local variables
foo return address

foo saved registers
foo return address (pal’tlal?) StaCk
foo saved registers in CPU registers

stack in memory



4-entry return address stack
4-entry return address stack in CPU

current |, saved
ind idx |return
index addresses
1k 0 (0x12345
el 0x44432 — next prediction for ret
2 0x44F92
3 |0x22331 |
next saved
return address
from call

on call: increment index, save return address in that slot
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indirect branch prediction
jmp *%rax or jmp *(%rax, %rcx, 8)
BTB can provide a prediction

but can do better with more context

example—predict based on other recent computed jumps
good for polymophic method calls

table lookup with Hash(last few jmps)
instead of Hash(this jmp)
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an 00O pipeline

cache

instr. |_|

i~

~

decode

~

rename
and
dispatch

more
branch
predict

;I_/

instr.

__ queue(s)

)

issue
and
register
read
or
forward

N—/

—

reg.
ready
info

register|
file

A

A

ALU

pt 2

store

{ \ { \
write .
— P-|commit
back
\ 7 \ 7
A
y
reorder
buffer
N

}
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reorder buffer: on rename

arch — phys reg
for new instrs

arch. |phys.

reg |reg

%rax |%x12

%rcx  |%x17

%rbx [%x13

%rdx |%x07

free list
%x19
%x23




reorder buffer:

arch — phys reg
for new instrs

arch. |phys.

reg |reg

%rax |%x12

%rcx  |%x17

%rbx [%x13

%rdx |%x07

free list
%x19
%x23

on rename

reorder buffer (ROB)

:':rtl: PC dest. reg done? ::sz;:g? /
14 0x1233[%rbx / %x23

15 0x1239(%rax / %x30

16 |0x1242|%rcx / %x31

17 |0x1244|%rcx / %x32

18 0x1248(%rdx / %x34

19 0x1249|(%rax / %x38

20 0x1254|PC

21 0x1260[%rcx / %x17

31 Ox129f|%rax / %x12

reorder buffer contains instructions started,

but not fully finished new entries created on rename
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reorder buffer:

arch — phys reg
for new instrs

arch. |phys.

reg |reg

%rax |%x12

%rcx  |%x17

%rbx [%x13

%rdx |%x07

free list
%x19
%x23

on rename

remove
here
on commit

add here
on rename

reorder buffer (ROB)

:':rtl: PC dest. reg done? ::sz;:g? /
—»14 [0x1233|%rbx / %x23
15 0x1239(%rax / %x30
16 |0x1242|%rcx / %x31
17 |0x1244|%rcx / %x32
18 0x1248(%rdx / %x34
19 0x1249|(%rax / %x38
20 0x1254|PC
21 0x1260[%rcx / %x17
31 Ox129f|%rax / %x12
—

remember at least its destination register

place newly started instruction at end of buffer
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reorder buffer

arch — phys reg

for new instrs

reg

arch.

phys.
reg

%rax

%x12

%rcx

%x17

%rbx

%x13

%rdx

% %6x19

free list

9% ES

%x23

on rename

reorder buffer (ROB)

- - >
remove MU PC [dest. reg done? (’J_‘:('jg")‘:‘.f /
here —{14  |ox1233[%rbx / %x23
on commit 15 0x1239(%rax / %x30
16 |0x1242|%rcx / %x31
17 |0x1244|%rcx / %x32
18 0x1248(%rdx / %x34
19 0x1249|(%rax / %x38
20 0x1254|PC
21 0x1260[%rcx / %x17
add here 31 Ox129f|%rax / %x12
—»32 0x1230|[%rdx / %x19
on rename

next renamed instruction goes in next slot, etc.
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reorder buffer

arch — phys reg

for new instrs

reg

arch.

phys.
reg

%rax

%x12

%rcx

%x17

%rbx

%x13

%rdx

% %x19

free list

9% ES

%x23

on rename

reorder buffer (ROB)

- - >
remove MU PC [dest. reg done? (’J_‘:('jg")‘:‘.f /

here —{14  |ox1233[%rbx / %x23

on commit 15 0x1239(%rax / %x30

16 |0x1242|%rcx / %x31

17 |0x1244|%rcx / %x32

18 0x1248(%rdx / %x34

19 0x1249|(%rax / %x38

20 0x1254|PC

21 0x1260[%rcx / %x17

31 Ox129f|%rax / %x12

32 0x1230(%rdx / %x19

add here —

on rename
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reorder buffer

arch — phys. reg

for new instrs

reg

arch.

phys.
reg

%rax

%x12

%rcx

%x17

%rbx

%x13

%rdx

% %x19

free list

9% ES

%x13

on commit

reorder buffer (ROB)

- - >
remove 'r':lf: PC  |dest. reg done? 2:('52")‘:2 /

here —»14  [ox1233[%rbx / %x24

on commit 15 |0x1239|%rax / %x30

16 |0x1242|%rcx / %x31

17 |0x1244|%rcx / %x32

18 0x1248|%rdx / %x34

19 0x1249|(%rax / %x38

20 0x1254|PC
21 0Ox1260[%rcx / %x17
31 Ox129f|%rax / %x12

47



reorder buffer

arch — phys. reg

for new instrs

reg

arch.

phys.
reg

%rax

%x12

%rcx

%x17

%rbx

%x13

%rdx

% %x19

free list

9% ES

%x13

on commit

reorder buffer (ROB)

remove | pC |dest. reg done? (’;:('zz")‘:‘;? /
here —»14  [ox1233[%rbx / %x24

on commit 15 |0x1239|%rax / %x30
16 |0x1242(%rcx / %x31 |/
17 |0x1244|%rcx / %x32
18 |0x1248|%rdx / %x34 |/
19 |0x1249|%rax / %x38 |/
20 0x1254(PC
21 0Ox1260[%rcx / %x17
31 |ox129f|%rax / %x12 N4

instructions marked done in reorder buffer when computed
but not removed (‘committed’) yet
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reorder buffer: on commit

arch — phys. reg
for new instrs

reorder buffer (ROB)

for committed instructions

arch. [phys. instr mispred? /
phy remove | |PC  [dest. reg done?|0 P
reg |reg here —»-{14 |ox1233%rbx / %x24
0z 0/
erax ;‘jxii arch — phys re€  on commit 15 |ox1239f%rax / %x30
;°rgx ;°X13 for committed 16 |ox1242f%rcx / %x31 |v
%rbx [ox 17 |ox1244|%rcx / %x32
srdx_pexe7 sxig | arch. phys. 18 |ox1248[erdx / %x34 |V
reg |reg 19 0x1249(%rax / %x38 |V
%rax [%x30 20 |ox1254[pC
free list %rex |%x28 21 |ox1260[%rox / %xit
%rbx |%x23
%rdx [%x21 o/ os
%x13 31 Ox129f[%rax / %x12 v
commit stage tracks architectural to physical register map
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reorder buffer: on commit

arch — phys. reg

for new instrs

reorder buffer (ROB)

update this register map and free register list

and remove instr. from reorder buffer

arch. [phys. instr mispred? /
phy remove NS PC [dest. reg done?|0 P

reg reg here —»|14 |ox1233[%rbx / %x24 [/
0z 0/
orax ;°X12 arch — phys reg 1 commit 15 |ox1239%rax / %x30
;°rgx ;°Xg for committed 16 |ox12420%rox / %x31 |v
Brbx %6x 17 |ox1244[%rcx / %x32
%rdx_[ex67 %x10 | [arch. phys. 18 |ox1248%rdx / %x34 |v

reg |reg 19 0x1249(%rax / %x38 |V

%rax [%x30 20 |ox1254[PC
free list Brex [%x28 21 |ox1260[%rcx / %x17

%rbx [%x23 %x24
%x13 %rdx [%x21 31 |ox129f|%rax / %x12 v
70

32 0x1230|[%rdx / %x19

%x23 when next-to-commit instruction is done
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reorder buffer: on commit

arch — phys. reg
for new instrs

reorder buffer (ROB)

update this register map and free register list

and remove instr. from reorder buffer

arch. phys instr PC dest. reg done? mispred? /
num. except?
reg |reg PR PP Y TR YNEY
% % remove here i o e ke
%rax [%x12 arch — phys reg _ —»-[15 |ox1239%rax / %x30
%rex |%x17 for committdyhen committed 16 |ox1242/%rcx / %x31 |v
%rox |%x13 17 |ox1244%rcx / %x32
. y y arch. |phys. i -
%rdx |% %6x19 phy 18 |0x1248|%rdx / %x34 |
reg |reg 19 0x1249(%rax / %x38 |V
%rax |%x30 20 0x1254|pC
free list Brex [%x28 21 |0x1260[%rox / %xi7
%rbx [%x23 %x24
%x13 rdx px21 31 |ox129f|%rax / %x12 7
32 0x1230(%rdx / %x19
%x23 when next-to-commit instruction is done
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reorder buffer: commit mispredict (one way)

arch — phys reg
for new instrs

arch — phys reg

for committed

reorder buffer (ROB)

arch. |phys.
reg |reg

%rax |[%x30 %x38
Brex  [%x3E %x32
%rbx |% %x24
%rdx

arch. |phys.
reg |reg
%rax |%x12
%rex  [%x17
%rbx [%x13
%rdx |%x19
free list
%x19S

2%6x13

9621 %x34

instr mispred? /
. ?
num. PC dest. reg done? except?
14 13_2_1'9\;1»»_5_, I/ VL W] 7
15 L. 1% II [} 31\ 7
16 IRV | [y Y
7 < v
1Z ARVE B W W1 (742 ’/ A - —
18 AtV | (Y| / YN 7
19 B 24519% o L Sa8—t
20 0x1254(PC v v
21 0x1260[%rcx / %x17
31 Ox129f|%rax / %x12 |V
32 0x1230(%rdx / %x19

48



reorder buffer: commit mispredict (one way)

arch — phys reg
for new instrs

arch — phys reg
for committed

reorder buffer (ROB)

arch. |phys. arch. |phys. instr [5c lgest. reg done? gsgrig? /
reg |reg reg |reg FYRESPWEETTITR yrEyEnS -
%rax [%x12 %rax [%x36 %x38 15 2230l % a3 o—|
%rex  [%x17 %rcx % %x32 16 el e HorI
%rbx [%x13 %rbx |% %x24 17 1o 11442;, w3t —
%rdx [%x19 %rdx  |%x2% %x34 12 VP IDP PNV

o FEVT CrS e y—

—»20 [ox1254|PC v v
free list 21 |ox1260%rcx / %x17
%x19
%x13 31 |0x129f|%rax / %x12 |V
32 0x1230(%rdx / %x19
when committing a mispredicted instruction

this is where we undo mispredicted instructions
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reorder buffer commit mlspredlct (one way)

arch — phys reg
for new instrs

arch — phys reg
for committed

reorder buffer (ROB)

: . —
arch. |phys. . |arch. phys. instr 1o Jgest. reg donez|MisPred? /
H num. except?
reg |reg : [reg |reg 14 1223k by
%rax |[%x38 o %rax  |%x36 %x38 15 2230l % a3 o—|
%rex  |%x32 4_5 %rex % %x32 16 1o eSS
%rbx [%x24 i [%rbx |%x23 %x24 17 loraaaalsretsnar— —
%rdx |%x34 Do %rdx  [%x23 %x34 13 o o533y
ko . e o 10 Nvi1340l0/ I/ FAVEY-S 7
................................ 20 lox1254lpC 17
free list 21  |ox1260%rcx / %x17
i 3 o %x12
%x13 1 Ox129f[%rax / %x v
32 |0x1230|%rdx / %x19
copy commit register map into rename register map
so we can start fetching from the correct PC
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reorder buffer commit mlspredlct (one way)

arch — phys reg : arch — phys reg
for new instrs i for committed : reorder buffer (ROB)
arch. phys arch. phys :‘usrt': PC dest. reg done? 2::2;2?? /
reg |reg i reg |reg L Jorinsalmrbr ot n
%rax |%x38 %rax [%x36 %x38/| : T VLT Y PO YNEY S
%rex  |%x32 < [%rox [%x31 %x32] 16 loraaialrentimai—
%rbx [%x24 Po%rbx [%x23 %x24 | 17 loxaasdliretinas—y —
%rdx [%x34 Do %rdx  [%x2E %x34 | 18 P o533y
. ooe ; ooe o E 10 P 0/ / FYNEY) .
................................ 50 Tox125aIPC Y
free list 21— (8312605 rex—Inct
/ '-l1 VA Ko Yo ¥l VAN VAN AL T2VE B
%x13 — Lt Y
1321651 236{%r b HtD
..and discard all the mispredicted instructions 1
(without committing them)
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better? alternatives

can take snapshots of register map on each branch

don't need to reconstruct the table
(but how to efficiently store them)

can reconstruct register map before we commit the branch
instruction

need to let reorder buffer be accessed even more?

can track more/different information in reorder buffer
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exceptions and 00O (one strategy)

Fetch

—|

Decode

—|

Rename

Instr
Queue

—>’execute unit 1}—>

—>’execute unit 2}—>

—>’execute unit 3}—>

—>]execute unit 4}—>

Reorder
Buffer
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exceptions and 00O (one strategy)

Fetch

—» Decode —»

Rename

free regs for new instrs

X19
X23

arch. |phys.
reg |reg
RAX  |X15
RCX  |X17
RBX  |X13
RBX  |X07

Instr
Queue

—>’execute unit 1}—>

—>’execute unit 2}—>

—>’execute unit 3}—>

—>]execute unit 4}—>

Reorder
Buffer
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exceptions and 00O (one strategy)

Fetch

—» Decode

—|

Rename

Instr
Queue

free regs for new instrs

X19
X23

arch. |phys.
reg |reg
RAX  |X15
RCX  |X17
RBX  |X13
RBX  |X07

—>’execute unit 1}—>

—>’execute unit 2}—>

—>’execute unit 3}—>

done instrs

committed in order

P new inctre added

—>]execute unit 4}—>

Reorder
Buffer

instr |5, dest. reg done?|except?
num.
17  |ex1244[rCX / X32
18 |ox1248[RDX / X34
19 |ox1249[RAX / X38 v
20 [6x1254|R8 / X05

21

0x1260

R8 / X06




exceptions and 00O (one strategy)

—>’execute unit 1}—>

—>’execute unit 2}—>

Instr —>’execute unit 3}_> Reorder
Queue —»[execute unit 4] Buffer

Fetch —»| Decode —»| Rename —>|

free regs for new instrs for complete instrs

instr y R 7
X19 | |arch. |phys. arch. [phys. ¢num, PC  |dest. reg done?|except
'>§23 ree o8 reg res {17 JoxizaaRox /x32 |/
T RAX [X21 | . 18 |ox1248[RDX / X34
Rer KT RCX X2 X32 |4 19 |ox1249[RAX / X38  |v
REY 13 RBX X438 20 |ox1254R8 / X05
i RDX (X37 21 |0x1260[R8 / X06 —




exceptions and 00O (one strategy)

Fetch

—» Decode —»

Rename —»

free regs for new instrs for complete inst

Instr
Queue

—>’execute unit 1}—>

—>’execute unit 2}—>

—>’execute unit 3}—>

—>]execute unit 4}—»

rs

X19
X23

arch. |phys. arch. [phys.
reg |reg reg |reg
RAX  |X15 RAX  [X21
RCX  |X17 RCX  [%2 X32
RBX |X13 RBX |X48
RBX |XO7 RDX  |X37

Reorder
Buffer

instr PC dest. reg done?|except?
¢num.

7 O I244REN—H32 v

18 0x1248[RDX / X34

19 Ox1249[RAX / X38 Vv

20 0x1254[R8 / X05

21 0x1260[R8 / X06 A
N N o [ AYJ




exceptions and 00O (one strategy)

Fetch

—» Decode —»

Rename —»

Instr
Queue

—>’execute unit 1}—>

—>’execute unit 2}—>

—>’execute unit 3}—>

—>]execute unit 4}—»

Reorder
Buffer

instr 20 has exception

first, recorded in reorder-buffer

X19
X23

arch. |phys. arch. [phys.
reg |reg reg |reg
RAX  |X15 RAX  [X21
RCX  |X17 RCX  [%2 X32
RBX |X13 RBX |X48
RBX |X07 RDX  |X37

instr PC dest. reg done?|except?
¢num.

i3 3 O 244TREX— K32 v

18 0x1248[RDX / X34

19 Ox1249[RAX / X38 Vv

20 0x1254[R8 / X05 N v

21 0x1260[R8 / X06 A

N N o [ AYJ




exceptions and 00O (one strategy)

Fetch

—» Decode —»

Rename —»

Instr
Queue

—>’execute unit 1}—>

—>’execute unit 2}—>

—>’execute unit 3}—>

—>]execute unit 4}—»

Reorder
Buffer

wait for earlier instructions to finish
and update registers for them

X19
X23

arch. |phys. arch. [phys.
reg |reg reg |reg
RAX  |X15 RAX |2t X38
RCX  |X17 RCX  [%2 X32
RBX |X13 RBX |X48
RBX |X07 RDX  |%37 X34

instr PC dest. reg done?|except?
¢num.

F3d O 244REX—X32 v
18----10x1248 R.D.X./..X.34 ...... [V CEEEEE TR
19 0x1249 RA.X./..X.38 ...... ‘/ .................
20 0x1254(R8 / X05 v v

21 0x1260[R8 / X06 A
o o R T




exceptions and 00O (one strategy)

Fetch

—» Decode —»

Rename —»

free regs for new instrs for comple

Instr
Queue

—>’execute unit 1}—>

—>’execute unit 2}—>

—>’execute unit 3}—>

[ ko it A

Reorder
Buffer

then use completed registers
as registers for new instructions
+ record PC from reorder buffer

+ jump to exception handler

X19
X23

arch. phys. arch. [phys.
reg |reg reg |reg
RAX |X38 RAX  |[%2* X38
RCX  [X32 =[RCX  [¥2 X32
RBX |X48 RBX |X48
RBX |X34 RDX  |[%37 X34

nstr PC dest. reg done?|except?
¢num.

1z ool aalRCY [ Y29

17 O 244TREX— K32 v

1Q FaYVk BaW. Relin 1 a A\ AN AL sV, |

TO UK TSSO =4 v

10 o122 40lRAVY [ VY2 O

T X TZF I RAST v

20 0x1254[R8 / X05 v v

21 0x1260[R8 / X06 A

N N o [ AYJ




exceptions and 00O (one strategy)

Fetch

—» Decode —»

Rename —»

free regs for new instrs for comple

Instr
Queue

—>’execute unit 1}—>

—>’execute unit 2}—>

—>’execute unit 3}—>

[ ko it A

Reorder
Buffer

then use completed registers
as registers for new instructions
+ record PC from reorder buffer

+ jump to exception handler

X19
X23

arch. phys. arch. [phys.
reg |reg reg |reg
RAX |X38 RAX  |[%2* X38
RCX  [X32 =[RCX  [¥2 X32
RBX |X48 RBX |X48
RBX |X34 RDX  |[%37 X34

nstr PC dest. reg done?|except?
¢num.

1z ool aalRCY [ Y29

17 O 244TREX— K32 v

1Q FaYVk BaW. Relin 1 a A\ AN AL sV, |

TO UK TSSO =4 v

10 o122 40lRAVY [ VY2 O

T X TZF I RAST v

20 0x1254[R8 / X05 v v

21 0x1260[R8 / X06 A

N N o [ AYJ




exceptions and 00O (one strategy)

Fetch

—» Decode

—p

Rename

—>’execute unit 1}—>

—>’execute unit 2}—>

Instr —>’execute unit 3}_> Reorder
Queue —>lexecute unit 4> Buffer

variation: could store architectual reg. values
instead of mapping for completed instrs.

(and copy values instead of mapping on exception)

- complete Instrs

X19
X23

instr dest. re ?|lexcept?
arch. phys arch. ¢num. PC g done? p
reg Tee reg value PR PRSI YAV R VET S—
L RAX _ 0x12343 18 |ox1248[RDX / X34 |V
REX 7 RCX  |0x234543 19 |0x1249|RAX / X38  |v
ih2es RBX _0x56782 20 |ox1254R8 /X05 | |V
REX_ Qo RDX  |0xF83A4 21 |ox1260R8 / X06 —




exceptions and 00O (one strategy)

—>’execute unit 1}—>

Fetch

—» Decode —»

Rename

—>’execute unit 2}—>

Instr —>’execute unit 3}_> Reorder
Queue —»[execute unit 4] Buffer

stopping instructions in progress for exception

«] similar to how ‘squashing’ mispredicted instructions

instr

X19
X23

PC dest. reg done?|except?
arch. |phys. arch. |phys. ¢““'"-
reg |reg reg |reg e A E R
RAX IX15 RAX P2t X38 18 |0x1248[RDX / X34 |/
RCX [X17 RCX X2 X32 19 |0x1249RAX / X38 |V
RBX [X13 RBX |X48 20 |0x1254R8 / X05 v |
RBX X607 RDX X3+ X34 21 |0x1260]R8 / X06 .




handling memory accesses?
one idea:

list of done + uncommited loads-+stores

execute load early + double-check on commit

have data cache watch for changes to addresses on list
if changed, treat like branch misprediction

loads check list of stores so you read back own values

actually finish store on commit
maybe treat like branch misprediction if conflict?
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the

open-source BROOM pipeline

Fetch (3 cycles) Decode Issue Register Read
Rename select
&
Dispatch

Mem Issue Queue }

Branch Fetch
predictor | Buffer

i

FP Issue Queue

Bl L

I

ALU Issue Queue

i

Physical INT| &
Register | :
File (6R3W)

Physical FP
Register
F1 le (3R2W)

Execute Writeback

To Int

, ,,B FDv Regflle

Figure from Celio et al., “BROOM: An Open Source Out-Of- Order Processor W't'h RESTNEAL LOW- Voltage O'pereﬂen-m 28-nm. GMOS 52



data flow model and limits

®_>

sum (final)

for (int i = 0; i < N; i += K) {
sum += A[1i];
sum += A[i+1];
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data flow model and limits

®_>

sum (final)

each yellow box = instruction
arrows = dependences

@ 0 instructions only executed when dependencies

53



data flow model and limits

A+

‘@

/‘

sum (final)

three ops/cycle (if each one cycle)
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data flow model and limits

&)
» »
Y

sum (final)




better data-flow

A+ilA+i+1

‘ ciim (final) ‘
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better data-flow
A -I— i|A —I— i —|— 1

suml @ 4+ sum2

%‘@ @l@

6 ops/time
two sum adds/tlme

‘ ciim (final) ‘
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better data-flow

suml

I

Y

@

A+i

A+i+1

4 adds of time — 7 adds

‘ cIrm (ﬁn;\l\ ‘

sum2

@«GH%
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