000



beyond pipelining: multiple issue

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

hazard handling much more complex

cycle # 0 1 2 3 4
addqg %r8, %r9 F D E M W
subqg %rl10, %rll F D Evf M W
xorq %r9, %rll F DM E M
subqg %rl10, %rbx F D E M



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# © 1 2 3 4 5 6 7 8 9 10 11
mov O (%rbx), %r8 F D R I E M M M W C
sub %r8, %r9 F D R I E W C
add %r10, %rll F D R I E W C
Xor %rl2, %rl3 F D R I E 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?



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?



read-after-write examples (1)

cycle# |10 | 1|2 |3 |4

addq %r10, %r8 FID|IE|M|W

D|E | M

movqg $100, %r8 F | D|E
addq %rl12, %r8 F DL




read-after-write examples (1)

cycle#| 0 | 123 |4|5|6|7]8
addq %r10, %r8 FID|IE|M|W
movq , ( ) F|{D|E|M|W
movqg $100, %r8 FID|E{(M|W
addq %rl12, %r8 F DL E| M| W

normal pipeline: two options for %r8?

choose the one from earliest stage
because it’s from the most recent instruction




read-after-write examples (1)

addq %r10, %r8

movqg $100, %r8
addq %rl12, %r8

addq %r10, %r8

movqg $100, %r8
addq %r13, %r8

cycle #

314|5]|6
M| W
M| W
DELMW
FIDVE|M
4 5 6 7
D E. M
E M W
DY E




read-after-write examples (1)

cycle#| 0|12 |3|4|5|6|7]|8
addq %r10, qout-of-order execution:

nova %rs, (4%r8 from earliest stage might be from delayed instruction
novq $100, 4Can t use same forwarding logic

addq %rl12, %r8 FIDVTE| M| W

addq %r10, %r8 F D E

| M W
movq %r8, ( ) F DI E M W
movq $100, %r8 F D E M Wl'I
addq %r13, %r8 F D+ E 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



rewriting hazard examples (1)

addq %r10, %r8 | addq %r10,,4, %r8,,1 — %r8,-
addq %r11, %r8 | addq %ri1,,4, %r8,» — %r8,3
addq %r12, %r8 | addq %r12,,4, %r8,,3 — %r8,4

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



write-after-write example

cycle# © 1 2 3

addq %r10, %r8 F

mov(q , ( ) F

movq %rll, %r8 F D E
mov(q , 8( ) F

movq $100, %r8 F D

addq %rl13, %r8 F




write-after-write example

cycle# 0 1 2 3 4 5 6 7 8

addq %r10, %r8 F D E M| W

movq %r8, (%rax) F D E M W
movq %rll, %r8 F D E M| W

movq %r8, 8(%rax) F D E M W

movq $100, %r8 F D E M| W

addq %r13, %r8 F D E M W

many instructions producing differnt version of %r8

most recently run instruction may be writing outdated version



write-after-write example

cycle# 0 1 2 3 4 5 6 7 8

addq %r10, %r8 F D E M| W k\
movq %r8, (%rax) F D E M W
movq %rll, %r8 F D E M| W

movq %r8, 8(%rax) F \D E M W

movq $100, %r8 F D E M E\
addq %rl13, %r8 F D E M W

multiple instructions that haven’t started
could need different versions of %r8




write-after-write example

cycle# © 1 2 3

addq %r10, %r8 F

movq %r8, (%rax) F

movq %rll, %r8 F D E
movq %r8, 8(%rax) F

movq $100, %r8 F D

addq %r13, %r8 F

5 6 7 8
DEM_TJ

D E M W
W




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

10



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



an 00O pipeline

rename
and
dispatch

instr.

queue(s)

instr. decode
cache
) )
more
brag_ch branch
predict predict
— —

Issue
and
register
read
or
forward

. J

A

Y

Y

reg.
ready
info

register
file

T

T

2
w
(-

write
back

'—F
N

commit

reorder
buffer

?
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an 000 pipeline (branch prediction)

Instr.
4 A 4 A queue(s) 4 A ) ) 4 A
ALU
issue 1
—/
- rename af“i "
instr. register ) write .
and -
cache decode dispatch read || ALU back commit
or 2
forward —
L ) L ) ALU ALU — L )
\ A i # 3 3
— — t1 t 2
reg. - G )N iR
ore ready re%illseer —_—
bran_ch branch info load reorder
predict oredict T store buffer
— — ?

branch prediction needs to happen before instructions decoded

done with cache-like tables of information about recent branches



an 000 pipeline (register renaming)

Instr.
4 A 4 D queue(s) 4 A ) ) 4 A
ALU
issue 1
—/
- rename af“i "
instr. register ) write .
and -
cache decode dispatch read || ALU back commit
or 2
forward —
L ) L ) ALU ALU — L )
\ A i # 3 3
— — t1 t 2
reg. - G )N iR
e ready re%illseer
bran_ch branch info load reorder
predict oredict T store buffer

register renaming after decoding

where mapping from architectural to physical names kept



Instr.
cache

)

branch
predict

decode

;I_J

—

)

more
branch
predict

;I_J

an 000 pipeline (register renaming)

instr.
p \ queue(s) , \
Issue
rename and
and _>reg|ster
dispatch read | _
or
forward
\_ _J \_ _J
A A
Y Y
reg. <
ready re%-lls <
info e

T

- W

2
>
C

N

write
back

commit

G J

|

reorder
buffer

?

“dispatch” instructions = add to instruction queue

also requires preparing reorder buffer (for handling squashing)
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Instr.
cache

)

branch
predict

decode

;I_J

—

)

more
branch
predict

rename
and
dispatch

instr.

queue(s)

@ Y

issue

an 000 pipeline (instruction queue)

and
e register
read
or
forward
\_ Y
A
Y Y
reg. _
ready re%-llster
info e

write
back

commit

G J

|

reorder
buffer

instruction queue holds pending renamed instructions

combined with register-ready info to issue instructions
(issue = start executing)
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Instr.
cache

)

branch
predict

decode

;I_J

—

)

more
branch
predict

;I_J

after selecting from instruction queue,

instr.
- \ queue(s) . \
issue
rename and
and _>reg|ster
dispatch read | _
or
forward
\_ Y \_ Y
A A
Y Y
reg. <
ready re%-lls e
info e

T

- W

2
>
C

N

an 000 pipeline (starting instruction)

write
back

commit

G J

|

reorder
buffer

?

read from large register file and handle forwarding
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an 000 pipeline (starting instruction)

instr.
4 A 4 A queue(s) 4 ) ) ) 4 A
ALU
issue 1
- rename a_”fcl "
instr. register — write .
and e )
cache decode dispatch read | | ALU back commit
or 2
forward Nt
L ) g ) ALU ALU — L )
\ J\ i # 3 3
t1 2
’ ‘ ’ ‘ reg. - LR N GIED
e ready re%illseer
bran_ch branch info load reorder
predict oredict T T store buffer

typically read 6+ registers at a time

extra data paths for forwarding (not drawn)



Instr.
cache

)

branch
predict

decode

—

)

more
branch
predict

;I_J

rename
and
dispatch

instr.

queue(s)

@ Y

Issue
and
register
read
or
forward

an 000 pipeline (execution units)

G J

A

Y

Y

reg.
ready
info

register

file

write
back

commit

G J

|

reorder
buffer

many execution units actually do math or cache load/store

some may have multiple pipeline stages
some may take variable time (data cache, integer divide, ...)
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an 000 pipeline (writeback)

Instr.
4 A 4 A queue(s) 4 A ) ) 4 A
ALU
issue 1
—/
- rename af“i "
instr. register ) write .
and e
cache decode dispatch read || ALU back commit
or 2
forward —
. ) . J ALU)| |(ALU) _— . J
\ A i # 3 3
— — t1 t 2
reg. - G )N iR
e ready re%illseer —_—
bran_ch branch info load reorder
predict oredict T store buffer

writeback to physical registers

register file typically supports writing 3+ registers at a time



an 000 pipeline (commit)

Instr.
4 A 4 A queue(s) 4 A ) ) 4 A
ALU
issue 1
—/
- rename af“i "
instr. register ) write .
and e
cache decode dispatch read || ALU back commit
or 2
forward —
. ) . J ALU)| |(ALU) - L )
\ A i # 3 3
— — t1 t 2
reg. - G )N iR
e ready re%illseer —_—
bran_ch branch info load reorder
predict oredict T store buffer

new commit (sometimes retire) stage finalized instruction

figures out when physical registers can be reused



an 000 pipeline (commit)

Instr.
4 A 4 A queue(s) 4 A ) ) 4 A
ALU
issue 1
—/
- rename af“i "
instr. register ) write .
and - g
cache decode dispatch read || ALU back commit
or 2
forward —
. ) . J ALU)| |(ALU) - L )
\ A i # 3 3
— — t1 t 2
reg. - G )N iR
e ready re%illseer —_—
bran_ch branch info load reorder
predict oredict T store buffer

also tracks bookkeeping information if we need to undo instruction

(because of branch misprediction/segfault/etc.)



an 00O pipeline diagram



an 00O pipeline diagram

addq %rol,
addqg %ro02,
addq %r03,
cmpqg %ro4,
jne ...

addq %ro1l,
addqg %ro02,
addq %r03,

cmpqg %ro4,

%ro5
X¥ro5
%ro4

%rO8

2%ro5
%ro5
%ro4

%rO8

cycle # 0
F

F

1

o O

2
R
R
D
D

o ©O X A

T

o ©O X A

o X X

= = O O

10 11

= O O

20



an 00O pipeline diagram

cycle# © 1 2 3 4 5 6 7 8 9 10 11

addqg %r0l, %ro5 R I E W C
addq %r02, %ro5 R I E W C
addqg %ro3, %ro4

4 orvs, = B fetch instructions in order,
cmpqg %ro4, %ro8 D R |several per cycle
. unless instruction queue full
jne ... F | D 7
addqg %rol, %ro5 F 1D I E W C
addqg %ro2, %ro5 R I E W C
addqg %ro3, %ro4 R I E W C
cmpq %ro4, %ro8 D R I E W C



an 00O pipeline diagram

addqg %rol,
addq %ro2,
addq %ro3,
cmpqg %ro4,
jne ...

addq %ro1l,
addq %ro2,
addqg %ro3,

cmpqg %ro4,

%ro5
%ro5
%ro4

%roO8

%ro5
%rO5
%ro4

%rO8

cycle # 0
F
F

1

o O

2
R
R
D
D

Issue Iinstructions
(to “execution units”)
when operands ready

20



an 00O pipeline diagram

addqg %rol,
addq %ro2,
addq %ro3,
cmpqg %ro4,
jne ...

addq %ro1l,
addq %ro2,
addqg %ro3,

cmpq %ro4,

%rO5
%rO5
%ro4

X%ro8

%rO5
%ro5
%ro4

%rO8

cycle## 0 1 2
F D R

F D R

F D

commit instructions in order
waiting until next complete

F
F

R

D
D
F

R

R
D
D

I

o A QO

8

9 10 11

20



a Y
instr. decode
cache

) )
more
brag_ch branch
predict predict
— —

rename
and
dispatch

an 000 pipeline (register renaming)

instr.
queue(s) \
issue
and
- register
read ||
or
forward
\_ Y
A
Y Y
reg. _
ready re%-llster
info e

T

T

2
w
(-

write
back

'—F
N

commit

. J

|

reorder
buffer

?
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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



register renaming state



register renaming state

original renamed
add %rl10, %r8
add %rl1l, %r8
add %r12, %rs

arch — phys register map

%Irax %Xx04 free reg list
Xrcx %x09
%x18
%x20
%r8 %x13 o,
o o /0X21
/0r9 /OXl7 O/X23
70
%rl1e %x19 o' D4
70
%rll N
%rl2 %x0O5

23



register renaming state

original renamed
add %r10, %r8
add %r1l1, %r8 | |
add‘;rlz, érg 3 and physical (internal) name
7/ , 7/ -
(for next instr. to process)

table for architectural (external)

arch — phys register map

%X 04 free reg list
(074
i %x18
%x20
%x13 °
%x21
Y a N
%x23
26X19 Y
%XOT ©
%xX05




register renaming state

original renamed
add %rl10, %r8
add %rl1l, %r8

add %r12, %r8 list of available physical registers
added to as instructions finish

arch — phys register map

%Irax %Xx04 free reg list
Xrcx %x09
%x18
%x20
%r8 %x13 o)
o o /Ole
/Or9 /0Xl7 O/X23
70
%rl1o %x19 o' D4
70
%rll N
%rl2 %x0O5

23



register renaming example (1)



register renaming example (1)

original renamed
add %r10, %rs8
add %rll, %r8
add %rl12, %r8

arch — phys register map

%rax %X 04 free reg list
Xrcx %x09
%x18
Xx20
o o, /Ole
%r9 %X17( %x23
70
%rl10 %X19 %% 24
70
%rll XxXO7
%rl2 %xX05

24



register renaming example (1)

original renamed
add %r10, %rs8 add %x19, %x13 — %x18

add %rll, %r8
add %r12, %rs8

arch — phys register map

%rax %x04 free reg list
%1 CX 2%6x09 YNET:)
0/
%18 96x13%x 18 X2
%x21
%r9 X 17 0r% 23
70
%rl1o %x19 Y
70
%rll 2%6X0O7
%rl12 26X05

24



register renaming example (1)

original renamed
add %rl10, %r8 add %x19, %x13 — %x18

add %rll, %r8 add %x07, %x18 — %x20

add %r12, %r8

arch — phys register map

%rax %x04 free reg list
%rCX %xX0O9 %18
X226
%r8 0% 05 %X20
%x21
%r9 XxX17 0r% 23
%rlo %x19 $X24
%r1l %X 07 &
¥rl2 %xX05




register renaming example (1)

original renamed
add %rl10, %r8 add %x19, %x13 — %x18
add %rll, %r8 add %x07, %x18 — %x20

add %rl12, %r8 add %x05, %x20 — %x21

arch — phys register map

%rax %xX04 free reg list
2%rcx 2%6X09 %18
%r8 % 9% oz %Xx21 ::_}@
2%6r9 2%xX17 0r% 23
2%rlo 2%x19 o

%r11 %X 07 ox 24
%rl2 2%6xX05




register renaming example (1)

add %
add %
add %

original
r10, %r8 add %x19,
ri1l, %r8 add %x07,
r12, %r8 add %x05,

arch — phys register map

renamed
2%xX13 — 2%x18
2%X18 — %x20
2%X20 — 2%x21

%rax %X 04 free reg list

2BrcX %x09 00518
0/352 @

0/ (074 (074 (074 (074

%r8 %X21 o

0/ (074

%r9 26X17 %x23
70

%rl10o %x19 %% 24
70

%rll Y ON

%rl2 %x05

24



register renaming example (2)



register renaming example (2)

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

arch — phys register map

%rax %X 04 free
2%Brcx %6Xx09 regs
%X 18
%r8 %6x13 2%6%x20
%r9 2BX17 2%x21
%rl1o %x19 %x23
%rll 2%6X0O7 %X24
%rl2 %6Xx05
%rl3 %6X02

25



register renaming example (2)

original renamed

addqg %r10, %r8 laddq %x19, %x13 — %x18

movq %r8, (%rax)
subq %r8, %rll
movq 8(%rl1ll), %rll
movqg $100, %r8
addq %rl1l, %r8

arch — phys register map

%rax 2%6x04 free
%Ircx %x09 regs
0/

%r8 IxF3%Xx18 2%6X20
%r9 2%X17 2%6x21
%rle %Xx19 %6%x23
%rll 2%6X0O7 2%X24
%rl2 2%6X05

%rl13 %6x02

25



register renaming example (2)

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

subq %r8, %rll
movq 8(%rl1ll), %rll
movqg $100, %r8
addq %rl1l, %r8

arch — phys register map

%rax 2%6x04 free
% CX %x09 regs
X% 1S
%r8 Y% E3%x 18 2%6x20
%r9 2%X17 2%6x21
%rl1o %6X19 %6%x23
%rll 2%6X0O7 2%X24
%rl2 2%6X05
%rl13 %6X02

25



register renaming example (2)

original renamed
addq %r10, %r8 addqg %x19, %x13 — %x18
mova %r8, (srax) ________ Jmovq %x18, (%x04) — (memory)
subq %r8, %rll
movq 8(%rll), %rll
movqg $100, %r8
addq %rl1l, %r8

could be that %rax = 8+%r11
could load before value written!
possible data hazard!

arch — phys register map

%rax %x04 not handled via register renaming
%rcx %x09 option 1: run load-stores in order
option 2: compare load/store addresses

%18 5 %6x18 %X20

%r9 %6xX17 %6x21

%r10 %x19 %X23

%rll 26X07 2%X24

%r12 2%6X05

%rl3

%X0O2

25



addq %rl10, %r8
movq %r8, (%rax)
subq %r8, %rll

original

addq %x19,
movq %x18,

register renaming example (2)

renamed
%x13 — %x18
(%x04) — (memory)

|subq %x18,

XXOT — %x20

movq 8(%rl1ll), %rll
movqg $100, %r8
addq %rl1l, %r8

arch — phys register map

free
regs

0/3538

X260

%x21

%X23

%x24

%rax 2%x04
%rcx 2%6X09
%r8 9%5333%x 18
%r9 2%6X17
%rl1o %x19
%rll IHOF%X20
%rl2 2%6X05
%rl13 %6X02

25



register renaming example (2)

original renamed
addq %r10, %r8 addq %x19, %x13 — %x18
movq %r8 (%rax) movq %x18, (%x04) — (memory)
subq %r8, %rill subq %x18, %XOT — %x20
movq 8(%rll), %rill Imovq 8 (%x20), (memory) — %x21

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

arch — phys register map

%rax 2%x04 free
% CX %x09 regs

eoe 9696__8_
%r8 Y% E3%x 18 %% 26
%r9 %6X17 9x 21
%rl1o %6X19 %6%x23
%rll 9% % %x21 %6X24
%rl2 2%6X05 e
%rl13 %6X02

25



register renaming example (2)

original renamed
addq %r10, %r8 addq %x19, %x13 — %x18
movq %r8 (%rax) movq %x18, (%x04) — (memory)
subq %r8, %rill subq %x18, %XOT — %x20
movq 8(%rll), %rll movq 8(%x20), (memory) — %x21
movq $100, %r8 [movg $100 — %x23

addq %rl1l, %r8

arch — phys register map

%rax 2%6x04 free
% CX %x09 regs

eoe 9696__8_
%r8 Y% I3%x1-8%x 2 3 %% 26
%r9 %X17 X%x2+
%rl1o %6X19 %
%rll 9% 9% 26X21 %Xx24
%rl2 2%6X05 e
%rl13 %6X02

25



register renaming example (2)

original renamed
addq %r10, %r8 addq %x19, %x13 — %x18
movq %r8 (%rax) movq %x18, (%x04) — (memory)
subq %r8, %rill subq %x18, %XOT — %x20
movq 8(%rll), %rll movq 8(%x20), (memory) — %x21
movq $100, %r8 movq $100 — %x23
addq %ri1l, %r8 l[addq %x21, %x23 — %x24

arch — phys register map

%rax 2%6x04 free
%Ircx %x09 regs
%x18
%r8 I A% A8%5x23%Xx 24 %X 260
%r9 %6X17 %x2
%rle %6X19 %23
%rll 9% % %6x21 -
%rl2 2%6X05
%rl13 %6X02




register renaming exercise

original renamed
addq %r8, %r9
movqg $100, %rl0
subq %rl10, %r8
xorq %r8, %r9
andq %rax, %r9

arch — phys

%rax %x 04 free

%I CX %x09 regs
%x18

%r8 %x13 %x20

%r9 2%X17 2%x21

2%rl1o %X 19 %X23

%rll %X29 %Xx24

%rl2 2%X05

%rl3 %xX02

26



a Y
instr. decode
cache

) )
more
brag_ch branch
predict predict
— —

rename
and
dispatch

Instr.
queue(s) \
issue
and
- register
read | |
or
forward
\_ Y
A
Y Y
reg. _
ready re%-llster
info e

T

T

2
w
(-

an 000 pipeline (starting instruction)

write
back

'—F
N

commit

. J

|

reorder
buffer

?
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instruction queue and dispatch



instruction queue and dispatch

Instruction queue

instruction

addqg %x01, %x05 — %x06

addqg %x02, %x06 — %x07

addq %x03, %x07 — %x08

cmpqg %x04, %x08 — %x09.cc

jne %x09.cc, ...

addqg %x01, %x08 — %x10

addqg %x02, %x10 — %x11

addq %x03, %x11 — %x12

: [O]o[N[O[O]RTW[NTFT

cmpq %x04, %x12 — %x13.ccC

scoreboard
reg status
2%X01 |ready
2%6X02 |ready
%x03 |ready
%x04 |ready
%x05 |ready
%6x06 |pending
2%X07 |pending
%6xX08 |pending
%x09 |pending
%x10 |pending
%x11 |pending
%x12 |pending

execution unit
ALU 1
ALU 2

%x13

pending

28



instruction queue and dispatch

Instruction queue

instruction

addqg %x01, %x05 — %x06

addqg %x02, %x06 — %x07

addq %x03, %x07 — %x08

cmpq %x04, %x08 — %x09.

CC

jne %x09.cc, ...

addqg %x01, %x08 — %x10

addqg %x02, %x10 — %x11

addq %x03, %x11 — %x12

: [Ofo[N[o[O]RTW[OTFT

cmpq %x04, %x12 — %x13.

CC

scoreboard
reg status
2%X01 |ready
2%6X02 |ready
%x03 |ready
%x04 |ready
%xX05 |ready
%6x06 |pending
2%X07 |pending
%6xX08 |pending
%x09 |pending
%x10 |pending
%x11 |pending
%x12 |pending

execution unit
ALU 1
ALU 2

cycle# 1
1

%x13

pending

28



instruction queue and dispatch

Instruction queue

instruction

addqg %x01, %x05 — %x06

addqg %x02, %x06 — %x07

addq %x03, %x07 — %x08

cmpq %x04, %x08 — %x09.

CC

jne %x09.cc, ...

addqg %x01, %x08 — %x10

addqg %x02, %x10 — %x11

addq %x03, %x11 — %x12

: [O]o[N[O[OR W[N]

cmpq %x04, %x12 — %x13.

CC

scoreboard
reg status
2%X01 |ready
%x02 |ready
%x03 |ready
%x04 |ready
%x05 |ready
%6x06 |pending
2%X07 |pending
%6xX08 |pending
%x09 |pending
%x10 |pending
%x11 |pending
%x12 |pending

execution unit
ALU 1
ALU 2

cycle# 1
1

%x13

pending

28



instruction queue and dispatch

Instruction queue

instruction

addqg %x01, %x05 — %x06

addqg %x02, %x06 — %x07

addq %x03, %x07 — %x08

cmpq %x04, %x08 — %x09.

CC

jne %x09.cc, ...

addqg %x01, %x08 — %x10

addqg %x02, %x10 — %x11

addq %x03, %x11 — %x12

: [Ofo[N[o[O]RTW[OTFT

cmpq %x04, %x12 — %x13.

CC

scoreboard

reg status

2%X01 |ready

2%6X02 |ready

%x03 |ready

%x04 |ready

%x05 |ready

2%X06 |pending ready
2%X07 |pending
%6xX08 |pending
%x09 |pending
%x10 |pending
%x11 |pending
%x12 |pending

execution unit
ALU 1
ALU 2

cycle# 1
1

%x13

pending

28



instruction queue and dispatch

Instruction queue

instruction

addqg %x02, %x06 —

XxXO7

addq %x03, %x07 —

2%xX08

cmpq %x04, %x08 —

%X09.

CC

jne %x09.cc, ...

addq %x01, %x08 —

%x10

addqg %x02, %x10 —

%x11

addq %x03, %x11 —

%x12

;@@ﬂ@mhwwxzﬁt

cmpq %x04, %x12 — %x13.ccC

scoreboard

reg status

2%X01 |ready

%x02 |ready

%x03 |ready

%x04 |ready

%x05 |ready

%X06 |pending ready
%X07 |pending ready
%6xX08 |pending

%x09 |pending

%x10 |pending

%x11 |pending
%x12 |pending

execution unit

ALU 1
ALU 2

cycle# 1
1

%x13

pending

28



instruction queue and dispatch

Instruction queue

instruction

a 20 o - %

addq %x03, %x07 — %x08

cmpqg %x04, %x08 — %x09.cc

jne %x09.cc, ...

addqg %x01, %x08 — %x10

addqg %x02, %x10 — %x11

addq %x03, %x11 — %x12

cmpq %x04, %x12 — %x13.ccC

scoreboard

reg status

2%X01 |ready

2%6X02 |ready

%x03 |ready

%x04 |ready

%x05 |ready

%X06 |pending ready
%X07 |pending ready
%x08 |pending ready
%x09 |pending
%x10 |pending
%x11 |pending
%x12 |pending

execution unit cycle# 1

ALU 1
ALU 2

1

%x13

pending

28



instruction queue and dispatch

Instruction queue

instruction

cmpqg %x04, %x08 — %x09.cc

jne %x09.cc, ...

addqg %x01, %x08 — %x10

addqg %x02, %x10 — %x11

addq %x03, %x11 — %x12

cmpq %x04, %x12 — %x13.ccC

scoreboard

reg status

2%X01 |ready

2%6X02 |ready

%x03 |ready

%x04 |ready

%x05 |ready

%X06 |pending ready
%X07 |pending ready
%x08 |pending ready
%x09 |pending
%x10 |pending
%x11 |pending
%x12 |pending

execution unit cycle# 1

ALU 1
ALU 2

1

%x13

pending

28



instruction queue and dispatch

Instruction queue

instruction

cmpqg %x04, %x08 — %x09.cc

jne %x09.cc, ...

addqg %x01, %x08 — %x10

addqg %x02, %x10 — %x11

addq %x03, %x11 — %x12

cmpq %x04, %x12 — %x13.ccC

scoreboard

reg status

2%X01 |ready

2%6X02 |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

execution unit cycle# 1

ALU 1
ALU 2

1

%x13

pending

28



instruction queue and dispatch

Instruction queue

instruction

jne %x09.cc, ...

Q00 X O T 25082

addqg %x02, %x10 — %x11

addq %x03, %x11 — %x12

T CAXEIXIRIX|X ™

cmpq %x04, %x12 — %x13.ccC

scoreboard

reg status

2%X01 |ready

2%6X02 |ready

%x03 |ready

%x04 |ready

%x05 |ready

%X06 |pending ready
%X07 |pending ready
X008 |pending ready
%X09 |pending ready
%X10 |pending ready
%x11 |pending
%x12 |pending

execution unit cycle# 1

ALU 1
ALU 2

1

%x13

pending

28



instruction queue and dispatch

Instruction queue

instruction

-/ \/ v
A U A ODAITC U
(014
20 QA
J

addq %x03, %x11 — %x12

T RIXIXIR]RIX|X] ™

cmpq %x04, %x12 — %x13.ccC

execution unit cycle# 1

ALU 1
ALU 2

1

scoreboard
reg status
2%X01 |ready
2%6X02 |ready
%xX03 [ready
%x04 |ready
%xX05 [ready
%X06 |pending ready
%X07 |pending ready
X008 |pending ready
%X09 |pending ready
%X10 |pending ready
%x11 |pending ready
%x12 |pending
%x13 |pending
5

28



instruction queue and dispatch

Instruction queue

instruction

XXX IR RIX|X| ™

cmpq %x04, %x12 — %x13.ccC

scoreboard

reg status

2%X01 |ready

2%6X02 |ready

%x03 |ready

%x04 |ready

%x05 |ready

%X06 |pending ready
%X07 |pending ready
%X08 |pending ready
%X09 |pending ready
%x10 |pending ready
%x11l |pending ready
%x12 |pending

execution unit cycle# 1

ALU 1
ALU 2

1

%x13

pending

28



instruction queue and dispatch

Instruction queue

instruction

70

XIXIRIXIXIR]RIX|X| ™

execution unit cycle# 1

ALU 1
ALU 2

1

scoreboard

reg status
X%xXO1 ready
2%6X02 |ready
%x03 |ready
%6X04 |ready
%6X05 |ready
%X06 |pending ready
%X07 |pending ready
%X08 |pending ready
%x09 |pending ready
%x10 |pending ready
%X11 |pending ready
%X12 |pending ready
%6x13 |pending

6 4

28



instruction queue and dispatch

Instruction queue

instruction

70

XIXIRIXIXIR]RIX|X| ™

execution unit cycle# 1

ALU 1
ALU 2

1

scoreboard

reg status
X%xXO1 ready
2%6X02 |ready
%x03 |ready
%6X04 |ready
%6X05 |ready
%X06 |pending ready
%X07 |pending ready
%X08 |pending ready
%x09 |pending ready
%x10 |pending ready
%X11 |pending ready
%X12 |pending ready
%X13 |pending ready

6 7

8 9

28



instruction queue and dispatch

Instruction queue

instruction

70

XIXIRIXIXIR]RIX|X| ™

execution unit cycle# 1

ALU 1
ALU 2

1

scoreboard

reg status
X%xXO1 ready
2%6X02 |ready
%x03 |ready
%6X04 |ready
%6X05 |ready
%X06 |pending ready
%X07 |pending ready
%X08 |pending ready
%x09 |pending ready
%x10 |pending ready
%X11 |pending ready
%X12 |pending ready
%Xx13 |pending ready

6 7

8 9

28



instruction queue and dispatch ex



instruction queue and dispatch ex

Instruction queue

instruction

movq (%x04) — %x06

movqg (%x05) — %x07

addqg %x01, %x02 — %x08

addqg %x01, %x06 — %x09

go'l-hool\)l—\;ﬁt

addq %x01, %x07 — %x10

execution unit cycle# 1
ALU

data cache

assume 1 cycle

2

scoreboard
reg status
%X01 |ready
2%X02 |ready
%6X03 |ready
7%6X04 |ready
%X05 [ready
2%6X06
2%6X0O7
2%6X08
2%6X09
2%6x10
6 4

29
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execution units AKA functional units (1a)

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)

_>

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

output values
(one/cycle)



execution units AKA functional units (1a)

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

output values
(one/cycle)



execution units AKA functional units (1b)

input values ALU ALU ALU output values
(one/cycle) (stage 1) (stage 2) (stage 3) (one/cycle)

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



execution units AKA functional units (1b)

input values ALU
(one/cycle) (stage 1)

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

assuming just one ALU:

ALU
(stage 2)

ALU
(stage 3)

_>

1 2 3 4 5 6 7

AxB 1 2 3

C x D
final

1 2 3

1 2 3

exercise part 2: how much would second ALU help?

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

g (when done)

> done?



instruction queue and dispatch (multicycle)



instruction queue and dispatch (multicycle)

Instruction queue

Th

instruction

add %x01, %x02 — %x03

imul %x04, %x05 — %x06

imul %x03, %x07 — %x08

cmp %x03, %x08 — %x09.cc

jle %x09.cc,

add ¢ x@l,/ox®3—> 6x11

imul %x04, %x06 — %x12

imul ? X®3,/0X®8—> 6x13

cmp %x11, %x13 — %x14.cc

: [(mRo]oo[~N[a g[S [w[N]—

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
%X0O2 ready
%x03 pending
%x04 ready
%X0O5 ready
%xX06 pending
XxXO7 ready
%x08 pending
%x09 pending
%x10  |pending
%x11  |pending
%6x12 pending
%6x13 pending
%6x14 pending

34



instruction queue and dispatch (multicycle)

Instruction queue

Th

instruction

add %x01, %x02 — %x03

imul %x04, %x05 — %x06

imul %x03, %x07 — %x08

cmp %x03, %x08 — %x09.cc

jle %x09.cc,

add ¢ x@l,/ox®3—> 6x11

imul %x04, %x06 — %x12

imul ? X®3,/0X®8—> 6x13

cmp %x11, %x13 — %x14.cc

: [(mRo]oo[~N[a g[S [w[N]—

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
%X0O2 ready
%x03 pending
%x04 ready
%X0O5 ready
%xX06 pending
XxXO7 ready
%x08 pending
%x09 pending
%x10  |pending
%x11  |pending
%6x12 pending
%6x13 pending
%6x14 pending

34



instruction queue and dispatch (multicycle)

Instruction queue

# |instruction
1 |add %x01, %x02 — %x03
2 |imul %$x04, %x05 — %x06
3 |imul %x03, %x07 — %x08
4 |cmp %x03, %x08 — %x09.cc
5 |jle %x09.cc,
6 |add? x@l, /oX@3 — %x11
7 |Imul %x04, %x06 — %x12
8 |Imul %x03, %x08 — %x13
0 |cmp %x11, %x13 — %x14.ccC
10 |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
%X0O2 ready
%x03 pending
%x04 ready
%X0O5 ready
%xX06 pending
XxXO7 ready
%x08 pending
%x09 pending
%x10  |pending
%x11  |pending
%6x12 pending
%6x13 pending
%6x14 pending

34



instruction queue and dispatch (multicycle)

Instruction queue

instruction

M

XX%

/
20

imul X@3,/0X@7—> ¢x08

cmp %x03, %x08 — %x09.cc

jle %x09.cc,

add ¢ xG)l,/oxG)3—> 6x11

imul %x04, %x06 — %x12

imul ? X®3,/0X@8—> 6x13

cmp %x11, %x13 — %x14.cc

PO |INO OB~ W

0 |jle %x14.cc, ...

execution unit cyclezt 1

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

ALU 3 (mul) end

SN

N O

reg status

%x01 ready

%X0O2 ready

%Xx03  |pending ready
%x04 ready

%X0O5 ready

%X06  |pending (still)
2%6X07 ready

%6X08 pending

%6X09 pending

%x10  |pending

%x11  |pending

26X12 pending

%x13  |pending

%x14  |pending

34



instruction queue and dispatch (multicycle)

Instruction queue

instruction

/
add X O T X0 22— D B
= /

[ 2o X A 25X o——dtrco——

J

/

20

J

cmp %x03, %x08 — %x09.cc

jle %x09.cc, ...

AN

add X T—4x0 33—} Fe—

imul %x04, %x06 — %x12

imul %x03, %¥x08 — %x13

cmp %x11, %x13 — %x14.ccC

: =[O0

jle %x14.cc, ...

execution unit cyclezt 1

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

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

S N

N W

reg status

%x01 ready

%X0O2 ready

%x03  |pending ready
%x04 ready

%X0O5 ready

%xX06 pending ready
XxXO7 ready

%X08 pending (still)
%x09 pending

%x10  |pending

%x11l |pending ready
26X12 pending

%x13  |pending

%x14  |pending

34



instruction queue and dispatch (multicycle)

instruction queue reg status
# |instruction ©x01  |ready
o< |3 — , y %X0O2 ready
Z - %6x03 pending ready
>< —emtﬂme#—»-?ae@e% %x04 ready
<L 20X (I3 - 2%6X05 ready
< : 20X %xX06  |pending ready
5 |Jle %x09.cc, ... %X07  |ready
< |add X O T 26X 03— e %x08  |pending ready
< | TS O =2 XD Y WGP %x09  |pending ready
8 |imul %x03, %x08 — %x13 %x10 |pending
0 |cmp %x11, %x13 — %x14.cc %x11l |pending ready
10 |jle %x14.cc, ... %x12  |pending (still)
%x13  |pending
%6x14 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 (multicycle)

instruction queue reg status
# |instruction ©x01  |ready
o< |3 — , y %X0O2 ready
ads LA ) %xX03 pending ready
2>< —emtﬂme#—»-?ae@e% %x04 ready
< T — 2%X05 ready
< AT %X06  |pending ready
<K m()c’ CcCy vorv 2%6X07 ready
< |add X O T 26X 03— e %x08  |pending ready
< | TS A= x B 69 P %x09  |pending ready
8 |imul %x03, %x08 — %x13 %x10  |pending
0 |cmp %x11, %x13 — %x14.cc %x11l |pending ready
10 |jle %x14.cc, ... #X12  |pending ready
%X13  |pending (still)
%6x14 pending
execution unit cycle# 1 o, 3 4 5
ALU 1 (add, cmp, jxx) 1 6 — 4 5
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 (multicycle)

instruction queue reg status
# linstruction %x01  Jready
y 26x02 ready
D< | add x4 X0 2 W D B ; X053 Tpending ready
2< e %x04 ready
Ca — g 2%X05 ready
< X3 26 %X06  |pending ready
<K m()c’ CcCy vorv 2%6X07 ready
< |add X O T 26X 03— e %x08  |pending ready
< [T X —%x 86953 32— %x09  |pending ready
K 20X 35 5 %x10 pending
9 |cmp %x11, %x13 — %x14.cc %x11l |pending ready
10 [Jjle %x14.cc, ... %x12  |pending ready
%x13  |pending ready
%6x14 pending
execution unit cycle# 1 2 3 4 5
ALU 1 (add, cmp, jxx) 1 6 — 4 5
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 (multicycle)

Instruction queue

Z# |instruction

P X3 ,

< ERAI %

6< | addxat—2% /

< | 1M XA —2%x-06—==93F P
P X3 p

< e —— % c
10 |jle %x14.cc, ...

execution unit cyclezt 1

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

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

SN

N W

B~ N

~ OO

o O

reg status

2%6x01 ready

2%6xX02 ready

%x03  |pending ready
2%6x04 ready

2%6X05 ready

%X06  |pending ready
2%6xX07 ready

%x08  |pending ready
%X09  |pending ready
%x10 pending

%x11 |pending ready
%x12  |pending ready
%x13  |pending ready
%6x14

pending ready

34



instruction queue and dispatch (multicycle)

Instruction queue

instruction

/
E1s [s 7oy dommem= 2o S e AT O B
0 /

J

O KO x DS X

20

(024 ~

[RRRXRX[RIR[X[R ™

execution unit cyclezt 1

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

ALU 3 (mul) end

SN

N W

B~ N

~ OO

reg status

2%6x01 ready

2%6xX02 ready

%x03  |pending ready
2%6x04 ready

2%6X05 ready

%X06  |pending ready
2%6xX07 ready

%x08  |pending ready
%X09  |pending ready
%x10 pending

%x11 |pending ready
%x12  |pending ready
%x13  |pending ready
%6x14

pending ready

34



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 }-_» movqg (%rsp), %rax
addqg $8, %rsp

_>

cmpqg %rax, %rbx
jle foo

movqg (%x17) — %x19
addg $8, %x17 — %x18

cmpq %rax, %rbx, %CC

jle %CC, foo

cmpg %x01, %x04 — %x17
jle %x17, foo

35



data flow visualization

((a xb) xc)xd

L

)

imulg %rbx, %rax
imulg %rcx, %rax
Tmulg %rdx, %rax
%rax| | %rbx| | %rcx

Y%rdx

(a X b) X (¢ xd)

imu !

Ko
imu L

C

imu lLc

%rbx,
2% CX,
%rdx,

%rax
%rdx
%rax

Obrax

%%rbx

L d
T

Orex

Y%ordx

)
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000 limitations

can’t always find instructions to run
plenty of instructions, but all depend on unfinished ones
programmer can adjust program to help this

need to track all uncommitted instructions
can only go so far ahead

e.g. Intel Skylake: 224-entry reorder buffer, 168 physical registers

branch misprediction has a big cost (relative to pipelined)
e.g. Intel Skylake: up to approx. 16 cycles (v. 2 for simple pipelined CPU)
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000 limitations

can’t always find instructions to run
plenty of instructions, but all depend on unfinished ones
programmer can adjust program to help this

need to track all uncommitted instructions
can only go so far ahead

e.g. Intel Skylake: 224-entry reorder buffer, 168 physical registers

branch misprediction has a big cost (relative to pipelined)
e.g. Intel Skylake: up to approx. 16 cycles (v. 2 for simple pipelined CPU)
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some performance examples



some performance examples

examplel:

movg $10000000000, %ra
loopl:

addqg %rbx, %rcx

decq %rax
jge loopl
ret

about 30B instructions
my desktop: approx 2.65 sec

example2:

movg $10000000000, %ra
loop?2:

addqg %rbx, %rcx

addqg %r8, %r9
decqg %rax

jge loop2

ret

about 40B instructions
my desktop: approx 2.65 sec
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some performance examples

examplel:

movg $10000000000, %ra
loopl:

addqg %rbx, %rcx

decq %rax
jge loopl
ret

about 30B instructions
my desktop: approx 2.65 sec

example2:

movg $10000000000, %ra
loop?2:

addqg %rbx, %rcx

addg %r8, %r9
decqg %rax

jge loop2

ret

about 40B instructions
my desktop: approx 2.65 sec

38



data flow model and limits



data flow model and limits

for (int 1 = 0; 1 < Nj; i += K) {
sum += A[1];
sum += A[1+1];

sum (final)




data flow model and limits

A+

N

arrows = dependences
instructions only executed when dependencies ready

each yellow box = instruction

sum (final)
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data flow model and limits

three ops/cycle (if each one cycle)

sum (final)




data flow model and limits

A+

Y
sum o > A + N7

o can only do sums one at a time

- » sum (final) > A+ N7
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data flow model and limits (1)



data flow model and limits (1)

@/
S

@

A4
%rcx (final)

%rbx

%r9

7
G

@

Y

%r9 (final)

%r8

Obrax

g

loop2:

addqg %rbx, %rcx
addqg %r8, %r9
decq %rax

jge loop?2




data flow model and limits (1)

Orex

/

%rcx (final)

%rbx

%r9

Y

%r9 (final)

%r8 Y%orax

g

each yellow box =
Instruction

arrows = dependences

instructions only executed
when dependencies ready
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data flow visualization

((a xb) xc)xd

L

)

imulg %rbx, %rax
imulg %rcx, %rax
Tmulg %rdx, %rax
%rax| | %rbx| | %rcx

Y%rdx

(a X b) X (¢ xd)

imu !

Ko
imu L

C

imu lLc

%rbx,
2% CX,
%rdx,

%rax
%rdx
%rax

Obrax

%%rbx

L d
T

Orex

Y%ordx

)
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Intel Skylake OOO design

2015 Intel design — codename ‘Skylake’
94-entry instruction queue-equivalent
168 physical integer registers

168 physical floating point registers

4 ALU functional units
but some can handle more/different types of operations than others

2 load functional units
but pipelined: supports multiple pending cache misses in parallel

1 store functional unit

224-entry reorder buffer
determines how far ahead branch mispredictions, etc. can happen

44



indirect branch prediction

jmp *%rax or jmp *(%rax, %rcx, 8) orcall *%raxor...
example: implementing switch statement
example: implementing polymorphic method call

want to predict target address
BTB could store one possibility

really want to take advantage of context
example: guess whether we'll call Rectangle.GetArea or Circle.GetArea

prediction idea: instead of tables containing taken/not taken...

... have table containing predicted target
one implementation: hashtable keyed by recent branches taken
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reorder buffer: on rename



reorder buffer: on rename

arch — phys reg
for new instrs

arch.
reg

%rax |%x12
%rex  |%x17
%rbox [%x13
%rdx [%x07

phys. reg

free list
%x19
%x23




reorder buffer: on rename

arch — phys reg
for new instrs

arch.

reg phys. reg
%rax |%x12
%rex  |%x17
%rbox [%x13
%rdx [%x07

free list

%Xx19

%6X23

reorder buffer (ROB)

'nnusg PC dest. reg done? g(lcsep;ig? /
14 Ox1233|%rbx / %x23

15 Ox1239|%rax / %x30

16 Ox1242|%rcx / %x31

17 Ox1244(%rcx / %x32

18 Ox1248|%rdx / %x34

19 Ox1249|%rax / %x38

20 |0x1254|PC

21 Ox1260|%rcx / %x17

31 Ox129f|%rax / %x12

reorder buffer contains instructions started,

but not fully finished new entries created on rename

(not enough space? stall rename stage)

46



reorder buffer: on rename

arch — phys reg
for new instrs

reorder buffer (ROB)

. : .
o e o o
%rax |%x12 here =914 |0x1233|%rbx / %x23
%rex  |%x17 on commit 15  |0x1239|%rax / %x30
%rbx |[%x13 16 |0x1242|%rcx / %x31
%rdx |%x07 17  |0x1244|%rcx / %x32

18 Ox1248|%rdx / %x34

19 Ox1249|%rax / %x38

20 Ox1254|PC
free list 21  |ox1260\%rcx / %x17
2%x19
%X23 31  |ox129f]%rax / %x12

add here —
on rename

place newly started instruction at end of buffer
remember at least its destination register
(both architectural and physical versions)
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reorder buffer: on rename

arch — phys reg
for new instrs

arch. hvs re
reg pnys. reg
¥rax |(%x12
Xrex |%x17
%rbx |%x13
%rdx % %x19
free list

o/afag

%x23

reorder buffer (ROB)

remove :,nj:,: PC dest. reg done? (I;,‘;'csep;ig? /

here =14  |0x1233|%rbx / %x23
on commit 15 |6x1239(%rax / %x30
16 Ox1242|%rcx / %x31
17 Ox1244(%rcx / %x32
18 Ox1248|%rdx / %x34
19 Ox1249|%rax / %x38

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

add here - -
—p-32 Ox1230(%rdx / %x19
on rename

next renamed instruction goes in next slot, etc.
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reorder buffer: on rename

arch — phys reg

for new instrs reorder buffer (ROB)
: : -
S
%rax |%x12 here =14  |0x1233|%rbx / %x23
%rex  |%x17 on commit 15  |0x1239|%rax / %x30
%rbx |[%x13 16 |0x1242|%rcx / %x31
%“rdx 1% 4% 19 17 Ox1244|%rcx [/ %x32

18 Ox1248|%rdx / %x34

19 Ox1249|%rax / %x38

20 Ox1254|PC

free list 21 |0x1260|%rcx / %x17
O/EEJ 9
%x23 31 Ox129f|%rax / %x12
4d h 32 Ox1230(%rdx / %x19
d ere
_>

on rename



reorder buffer: on commit



reorder buffer: on commit

arch — phys. reg
for new instrs

arch.
reg

phys. reg

Xrax

%x12

XrCcx

%xX17

%rbx

%x13

%rdx

9% %x19

free list

0/3539

%x13

reorder buffer (ROB)

remove lr:f:r: PC dest. reg done? ::(Izep;?cf?l? /
here —9-{14 |0x1233|%rbx / %x24
on commit 15 |0x1239|%rax / %x30
16 Ox1242|%rcx / %x31
17 Ox1244|%rcx / %x32
18 Ox1248|%rdx / %x34
19 Ox1249|%rax / %x38
20 |0x1254|PC
21 Ox1260|%rcx / %x17
31 Ox129f|%rax / %x12

a7



reorder buffer: on commit

arch — phys. reg
for new instrs

arch.
reg

phys. reg

Xrax

%x12

XrCcx

%xX17

%rbx

%x13

%rdx

%6 %6x19

free list

0/3539

%x13

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

reorder buffer (ROB)

emove |y [PC |dest. reg  |done7|T oPre0? /
here —-{14  |0x1233|%rbx / %x24

on commit 15 |0x1239[%rax / %x30
16 Ox1242|%rcx / %x31 |/
17 Ox1244|%rcx / %x32
18 Ox1248|%rdx / %x34 |/
19 Ox1249|%rax / %x38 |/
20 |0x1254|PC
21 Ox1260|%rcx / %x17
31 |Ox129f|%rax / %x12 v

a7



reorder buffer: on commit

arch — phys. reg
for new instrs

arch. phys. reg
reg
%rax |2%x12
%rex  (%x1T arch — phys reg
%rbox [%x13 for committed
%rdx |% %x19 | |arch.
phys. reg

reg

%rax |%x30
’ _ %rex |%x28
ree list %rbx [%x23
HoxES %rdx |%x21
%6x13

commit stage tracks architectural to physical register map
for committed instructions

reorder buffer (ROB)

emove |y [PC |dest. reg  |done7|T oPre0? /
here —-{14  |0x1233|%rbx / %x24

on commit 15 |0x1239[%rax / %x30
16 Ox1242|%rcx / %x31 |V
17 Ox1244|%rcx / %x32
18 Ox1248|%rdx / %x34 |V
19 Ox1249|%rax / %x38 |V
20 |0x1254|PC
21 Ox1260|%rcx / %x17
31 |Ox129f|%rax / %x12 v

a7



reorder buffer: on commit

arch — phys. reg
for new instrs

reorder buffer (ROB)

arch. instr mispred? /
reg phys. res remove num. PC dest. reg done? except?
%rax |%x12 here =914 |0x1233|%rbx / %x24 |/
%rex  |%x17 arch — phys reg on commit 15 |0x1239|%rax / %x30
%rbx [%x13 for committed 16 |0x1242(%rcx [/ %x31 |V
%rdx [% %x19 | [arch. 17 Ox1244|%rcx [/ %x32

reg phys. reg 18 |ox1248|%rdx / %x34 |/

%rax |%x30 19 |0x1249|%rax / %x38 |V

%rcx |%x28 20 Ox1254|PC
free list %rbx |%x23 %x24 21 |0x1260|%rcx [/ %x17
0/353 9

%rdx |%x21
%6x13 31 Ox129f|%rax / %x12 v

... : : Ox1230|%rdx / %x19

PE when next-to-commit instruction is done 32 X brdx / %
70

update this register map and free register list
and remove instr. from reorder buffer

a7



reorder buffer: on commit

arch — phys. reg
for new instrs

remove here

arch — phys reg when committed

arch. hvs. re
reg pnys. reg
%rax |%x12
%rcx (%x17
%rbx [%x13 for committed
%rdx |% %x19 | |arch.
phys. reg

reg

Xrax [%x30
: list Xrex |(%x28
ree lis

%rbx (923 %x24
0/
%19 %rdx [%x21
%x13
— when next-to-commit instruction is done
/OX23

update this register map and free register list

and remove instr. from reorder buffer

reorder buffer (ROB)

—» 15

instr PC dest. reg done? mispred? /

num. except?

4 NPEEE YA YNEY, .
Ox1239|%rax / %x30

16 Ox1242|%rcx / %x31 |V

17 Ox1244|%rcx / %x32

18 Ox1248|%rdx / %x34 |V

19 Ox1249|%rax / %x38 |V

20 |0x1254|PC

21 Ox1260|%rcx / %x17

31 |Ox129f|%rax / %x12 v

32 Ox1230|%rdx / %x19

a7



reorder buffer: commit mispredict (one way)



reorder buffer: commit mispredict (one way)

arch — phys reg

for new instrs

arch — phys reg

for committed

arch. phys. reg
reg

drax |% %6X38
Brex |93t %x32
%Brox [% %x24
%rdx |% %X 34

arch. ——
reg pnys. reg
¥rax |(%x12
Xrex |%x17
%rbx (%x13
%rdx (%x19
free list

0/3539

%x13

reorder buffer (

ROB)

dest. reg

done?

mispred? /

except?

(014 /

—20

0x1254|PC v v
21 Ox1260|%rcx / %x17
31 Ox129f|%rax / %x12 |V
32  |0x1230|%rdx / %x19
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reorder buffer: commit mispredict (one way)

arch — phys reg

for new instrs

arch — phys reg

for committed

arch. phys. reg
reg

drax |% %6X38
Brex |93t %x32
%Brox [% %x24
%rdx |% %X 34

arch. ——
reg pnys. reg
¥rax |(%x12
Xrex |%x17
%rbx (%x13
%rdx (%x19
free list

0/3539

%x13

reorder buffer (

ROB)

instr

num.

PC

dest. reg

done?

mispred? /

except?

(014 /

(014 /

(04 /

(014 /

(014 /

—20

0x1254|PC v v
21 Ox1260|%rcx / %x17
31 Ox129f|%rax / %x12 |V
32  |0x1230|%rdx / %x19

48



reorder buffer: commit mispredict (one way)

arch — phys reg arch — phys reg

for new instrs : for committed reorder buffer (ROB)
arch. : larch. instr mispred? /
: _ ?
- phys. reg : reg phys. reg aum. |PC dest. reg done except?
%rax |%x38 %Urax |9 %% 38 R A by A A e L S I
%rcx  |%x32 —— |%rcx  |%x31 %x32 . ;
%rbx |%x24 %rbx |% %X24 o i
%rdx |%x34 L% rdx 1% %% 34 AT a2 A T L S L E
. o/ /
lllllllllllllllllllllllllllll O/ -
—p-20 |0x1254|PC v v
free list 21 |Ox1260|%rcx / %x17
0/353 9
2%x13 31 Ox129f|%rax / %x12 |/
: : , : 32 Ox1230|%rdx / %x19
copy commit register map into rename register map
so we can start fetching from the correct PC

48



reorder buffer: commit mispredict (one way)

arch — phys reg
for new instrs

arch — phys reg
for committed

arch. e — : [arch. e —
reg pnys. reg : Ireg pnys. reg
%rax |%x38 |%rax % %x38
%rcx  [%x32 — (%rCcX |%6x3E %Xx32
%rbx |%x24 : %rbx |9%x23 %x24
%rdx |%x34 - 1%rdx  |% %X34
free list

0/3539

%x13

..and discard all the mispredicted instructions
(without committing them)

reorder buffer (

ROB)

dest. reg

done?

mispred? /
except?

Ox1254|PC v v
21 B s o i o
32 Q%1 230/%rehe/—%>35

48



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 000 (one strategy)



exceptions and 000 (one strategy)

—p- execute unit 1
—»- execute unit 2 >
Instr —p-execute unit 3 - Reorder
Fetch —»| Decode | Rename _>Queue Buffe
_ uffer
—»-execute unit 4 >




exceptions and 000 (one strategy)

Fetch —| Decode —¥| Rename
free regs for new instrs
arch.
X19 phys. reg
X23 reg
RAX X15
RCX X17
RBX X13
RBX X0O7

Instr
Queue

execute unit 1

execute unit 2

execute unit 3

v Y vy

execute unit 4

Reorder
Buffer

50



exceptions and 000 (one strategy)

Fetch —»| Decode —»| Rename
free regs for new instrs
arch.
X19 phys. reg
X23 reg
RAX X15
RCX X17
RBX X13
RBX X0O7

—p- execute unit 1 -
—»- execute unit 2 >
I —» execute unit 3 > Reorder
: |Queue ) Buffer
: —»-execute unit 4 >
lnnusg PC dest. reg done?|except?
done instrs¢ —
committed in order
17 |0x1244|RCX / X32
18 Ox1248|RDX / X34
19 Ox1249|RAX / X38 v
20 Ox1254|R8 / X05
- 21 Ox1260/R8 / X06
: new instrs added
o m mEEEEE EEE EEEEEEEEEEEE®SSEEEEEEE >=

50



exceptions and 000 (one strategy)

—» execute unit 1 >
—- execute unit 2 >
Instr —> execute unit 3 >
Fetch —»| Decode | Rename _>Queue RBeL?;Fjeir
—» execute unit 4 >
free regs for new instrs for complete instrs ——
PC dest. reg done?|except?
X19 arch. arch. num.
phys. reg phys. reg ¢
X23 reg reg
RAX  [X15 RAX [X21 | e 17 |0x1244RCX / X32 v
RCX X17 RCX X2 X32 4 18 Ox1248|RDX / X34
RBX  [X13 RBX |X48 19 |06x1249RAX / X38 v
RBX X007 RDX X37 20 |Ox1254/R8 / X05
21 Ox1260/R8 / X06

50



v Y vy

Instr
Fetch —»| Decode | Rename —»

Queue
free regs for new instrs for complete instrs
X19 arch. arch.

phys. re phys. reg
X23 reg S reg
RAX X15 RAX X21
RCX X17 RCX *x2 X32
RBX X13 RBX X48
RBX X007 RDX X37

exceptions and 000 (one strategy)

execute unit 1 -
execute unit 2 >
execute unit 3 > Reorder
) Buffer
execute unit 4 >
Instr PC dest. reg done?|except?
¢I’II.II’I’I.
1 =7 N.,1N DYV [/ VDON /
LI UANA L 4 INC/N ) NI 4 v
18 Ox1248|RDX / X34
19 Ox1249|RAX / X38 v
20 Ox1254|R8 / X05
21 Ox1260/R8 / X06

50



exceptions and 000 (one strategy)

—» execute unit 1 >
—» execute unit 2 >
Instr —»-execute unit 3 > Reorder
Fetch —»| Decode | Rename —»
Queue ) Buffer
—»execute unit 4 >
“““““ ’.,’ Instr 20 has except|on
Ry first, recorded in reorder-buffer
free regs for new instrs for complete instrs oty
h h num PC dest. reg done?|except?
arch. arch. :
X19 phys. reg phys. reg ¢
X23 reg reg 17 Ol RCY [ V29 y
RAX X15 RAX XZl T 1 OXTZ ARy uy aay A vw . vV
RCX  |X17 RCX  [%2 X32 18 |0x1248RDX / X34
RBX |[X13 RBX  [X48 19 |06x1249RAX / X38 v
RBX |X07 RDX  |X37 20 |0x1254/R8 / X05 v v
21 Ox1260|R8 / X06

50



exceptions and 000 (one strategy)

—» execute unit 1 >
—» execute unit 2 >
Instr —»-(execute unit 3 > Reorder
Fetch | Decode —»| Rename _>Queue Buffer
—» execute unit 4 >
o wait for earlier instructions to finish
o and update registers for them
free regs for new instrs for complete instrs oty
h h num PC dest. reg done?|except?
arch. arch. :
X19 phys. reg phys. reg ¢
X23 reg reg 17 Nc1N DCV_ [/ V29 y4
RAX  [X15 RAX  [X2% X38 10X 244REX %32 v
RCX X17 RCX XZ X32 L2 O RDA oA '
RBX X13 RBX X48
RBX |X0O7 RDX  |[X3F X34 20 |0x1254|R8 / XO5 v oW
21 Ox1260/R8 / X06




exceptions and 000 (one strategy)

—» execute unit 1 >
—> execute unit 2 >
Instr —»-execute unit 3 > Reorder
Fetch —»| Decode | Rename _>Queue Buffer
—» execute unit 4 >
then use completed registers
,o” as registers for new instructions
o + record PC from reorder buffer
o + jump to exception handler
free regs for new instrs for complete instrs oty
h h num PC dest. reg done?|except?
arch. arch. :
X19 phys. reg phys. reg ¢
X23 reg reg 17 Ia o) DCV_ [/ V29 y4
RAX  [X38 RAX  [%2% X38 S L AT EANEAR A v
RCX  [X32 <|RCX  [¥2 X32 F— X248 RBX—34 v
RBX  [X48 RBX |X48 FO—T0xF249RAX—43S v
RBX |X34 RDX  [X3F X34 20 |0x1254|R8 / X0O5 v oW
21 Ox1260|R8 / X06




exceptions and 000 (one strategy)

—» execute unit 1 >
—» execute unit 2 >
Instr —»-execute unit 3 > Reorder
Fetch —»| Decode —»{ Rename _>Queue Buffer
—»execute unit 4 >
then use completed registers
,o" as registers for new instructions
o + record PC from reorder buffer
o + jump to exception handler
free regs for new instrs for complete instrs oty
h h num PC dest. reg done?|except?
arch. arch. :
X19 phys. reg phys. reg ¢
X23 reg reg 17 Q ) RCY [ V29 y
RAX |X38 RAX  [X2% X38 S L AT EANEAR A v
RCX  |X32 <€|RCX X2 X32 H—10x 248 REX——34 v
RBX  [X48 RBX  [X48 F— 10X F24 S RAX— 43S v
RBX |X34 RDX  |[%37 X34 20 |0x1254R8 / XOS5 v IV
21 Ox1260|R8 / X06




exceptions and 000 (one strategy)

execute unit 1

-

execute unit 2

-

execute unit 3

v Y vy

> Reorder

Buffer

execute unit 4

-

variation: could store architectual reg. values
instead of mapping for completed instrs.
(and copy values instead of mapping on exception)

Instr
Fetch —»| Decode —»| Rename —»

Queue
free regs for new instrs for complete instrs
X19 arch. h

phys. reg arch.
X23 reg reg value
RAX X15
RCX X17 RAX Ox12343
RBX X13 RCX 0Ox234543
RBX X07 RBX Ox56782
RDX OxF83A4

Instr PC dest. reg done?|except?
¢I’II.II’I’I.

17 Ol RCY [ V29 y

LT UAN L4 INC/NT /NI 4 v

18 |0x1248|RDX / X34 v

19 |0x1249|RAX / X38 v

20 |0x1254|R8 / X0O5 S v

21 Ox1260|R8 / X06

50



exceptions and 000 (one strategy)

—> execute unit 1 >
—»-execute unit 2 >
Instr —» execute unit 3 > Reorder
Fetch —»{ Decode > Rename —»
Queue ) Buffer
—»execute unit 4 >
o stopping instructions in progress for exception
o similar to how ‘squashing’ mispredicted instructions
free regs for new instrs for complete instrs e str
PC dest. reg done?|except?
X19 arch. arch. num.
phys. reg phys. reg ¢
X23 reg reg 17 Ol RCY [ V29 y
RAX X15 RAX X231+ X38 1 URTZ NS 7oz v
RCX  |X17 RCX  [¥2 X32 18 |0x1248RDX / X34 Vv
RBX X13 RBX X48 19 Ox1249|RAX / X38 v
RBX [X07 RDX  [%37 X34 20  |6x1254|R8 / XO5 v v
21 Ox1260|R8 / X06

50



the open-source BROOM pipeline

Fetch (3 cycles) Decode Issue Register Read Execute Writeback
Rename select
Dispatch : :

Mem Issue Queue

I Physical INT |
Register | :

File (6R3W)

Branch

predictor | Buffer ALU Issue Queue ]

(D) Q . 2
b = : LA E
O = A — : 5

GJ | ]
() A o 3 A ] -

FP Issue Queue

Physical FP To Int
I Register B FDv: Regflle

File (3R2ZW)

A ]
Figure from Celio et al., "BROOM: An Open Source Out- -Order Proc-esser With- Resﬂlent. Ain =y
nm CMOQOS” 51




data flow model and limits



data flow model and limits

for (int 1 = 0; 1 < Nj; i += K) {
sum += A[1];
sum += A[1+1];

sum (final)




data flow model and limits

A+

N

arrows = dependences
instructions only executed when dependencies ready

each yellow box = instruction

sum (final)
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data flow model and limits

three ops/cycle (if each one cycle)

sum (final)




data flow model and limits

A+

Y
sum o > A + N7

o can only do sums one at a time

- » sum (final) > A+ N7




better data-flow

int suml = 0, sum2 = 0;
for (int i = 0; i < Nj; i += 2) {
suml += array[1]

sum2 += array[i1+1]

}

sum = suml + sum2;

53



better data-flow

int suml = 0, sum2 = 0;

for (int 1 = 0; 1 < Nj; 1 += 2) {
suml += array[1]
sum2 += array[i1+1]

}

sum = suml + sum2;

sum (final)
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better data-flow

int suml = 0, sum2 = 0;
for (int 1 = 0; 1 < Nj; 1 += 2) {
suml += array[1]

sum2 += array[i1+1]

}

sum = suml + sum2;
suml

6 ops/time
two sum adds/time

sum (final)

53



better data-flow

suml = 0, sum2 = 0;
(int 1 = 0; 1 < Nj; 1 += 2) {
A A+i+1 suml += arrayl[1i]

sum2 += array[i1+1]

suml1l

()
4 adds of time — 7 add

©

sum (final)
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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 }-_» movqg (%rsp), %rax
addqg $8, %rsp

_>

cmpqg %rax, %rbx
jle foo

movqg (%x17) — %x19
addg $8, %x17 — %x18

cmpq %rax, %rbx, %CC

jle %CC, foo

cmpg %x01, %x04 — %x17
jle %x17, foo
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data flow as loop optimization



data flow model and limits



data flow model and limits

for (int 1 = 0; 1 < Nj; i += K) {
sum += A[1];
sum += A[1+1];

sum (final)




data flow model and limits

A+

N

arrows = dependences
instructions only executed when dependencies ready

each yellow box = instruction

sum (final)
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data flow model and limits

three ops/cycle (if each one cycle)

sum (final)




data flow model and limits

A+

Y
sum o > A + N7

o can only do sums one at a time

- » sum (final) > A+ N7




better data-flow

int suml = 0, sum2 = 0;
for (int i = 0; i < Nj; i += 2) {
suml += array[1]

sum2 += array[i1+1]

}

sum = suml + sum2;

57



better data-flow

int suml = 0, sum2 = 0;

for (int 1 = 0; 1 < Nj; 1 += 2) {
suml += array[1]
sum2 += array[i1+1]

}

sum = suml + sum2;

sum (final)
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better data-flow

int suml = 0, sum2 = 0;
for (int 1 = 0; 1 < Nj; 1 += 2) {
suml += array[1]

sum2 += array[i1+1]

}

sum = suml + sum2;
suml

6 ops/time
two sum adds/time

sum (final)

57



better data-flow

suml = 0, sum2 = 0;
(int 1 = 0; 1 < Nj; 1 += 2) {
A A+i+1 suml += arrayl[1i]

sum2 += array[i1+1]

suml1l

()
4 adds of time — 7 add

©

sum (final)

57



