


last time

loop orders — cache-blocking
often increase locality in one thing — decrease in another
instead: choose middle-point instead of extreme
instead: explicitly choose what should be cached
work on groups of data that close-to-fill cache
then move on to next group

loop unrolling
have K copies of body + changei +=1toi +=K
reduces bookkeeping code (i adjustments) by factor of K
useful when lots of bookkeeping relative to ‘work’ of loop
real CPUs: multiple issue, out-of-order



quiz Q1 (1)

int array[12];

/* ... code omitted */

int sum = 0;

for (int i = 0; i < 3; i += 1) {

for (int j = 0; j < 4; j += 1) {
if (sum > array[i + j * 3]) {
sum += array[i + j * 3];

}

}
}

03691471024811



quiz

Q1 (2)

03691471024811

miss
miss
miss
miss
hit,

N~NbhPHRHOOWO

hit,

set 0 {0+1,--} set 1 {--,--}
set 0 {0+1,--} set 1 {2+3,--}
set 0 {0+1,--} set 1 {2+3,6+7}
set 0 {0+1,8+9} set 1 {2+3,6+7}
update LSU

miss, set 0 {0+1,4+5} set 1 {2+3,6+7}

update LSU

10 miss set 0 {0+1,4+5} set 1 {10+11,6+7}

2 miss
5 hit,
8 miss

11 hit,

set 0 {0+1,4+5} set 1 {10+11,2+3}

update LSU

set 0 {8+9,4+5} set 1 {10+11,2+3}
update LSU



quiz Q3

for (int j = 05 j < Nj j += 1) {
for (int i = 0; i < j; i += 1) {
/* note that this loop runs 1 + 2 + 3 + .. + N-2 = approx.
A[i * N+ j] += D[ * N + 4] + E[i * N + j] + B[i] * C[§];
}
}

E[1], E[2], E[N+2], E[3], E[N+3], E[2N+3], E[4], E[N+4], ..
mostly skipping by N — mostly misses




quiz Q4

for (int j = 0; j < N; j += 1) {

for (int i = 0; i < j; i

+= 1) {

/* note that this loop runs 1 + 2 + 3 + .. + N-2 = approx.
A[i * N + j] +=D[j * N + 4] + E[i * N + j] + B[i] * C[j];

}
}

B[0], B[0], B[1], B[0], B[], B[2

"B[0], B[1], B2], B[3]

mostly +1 — if 4 elements/cac

he block, mostly 1/4ths misses



quiz Q5

for (int i = 0; i < Nj; i += 2) {
for (int j = 0; j < N; j += 2) {
A[i] += B[i * N + j] * C[J * N + 1]
A[i] += B[i * N + j+1] * C[(j+1) * N + 1i];
A[i + 1] += B[(i + 1) * N+ j] * C[jJ * N + 1 + 1];
A[i + 1] += B[(i + 1) * N + j+1] * C[(j + 1) * N + i + 1];

}
}

only option with spatial locality in B and C




interlude: real CPUs
modern CPUs:

execute multiple instructions at once

execute instructions out of order — whenever values available



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# © 1 2 3 4 5 6 7 8 9 1011

mrmovq O(%rbx), %r8 F D E M M M W C

subq %r8, %r9 F D E W C

addq %rl1o, %rll F D E W C
xorq %rl2, %rl3 F D E W C

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?

11



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|E|M
addq %r12, %r8 F Dl E

5

w
M

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

13



read-after-write examples (1)

out-of-order execution:
%r8 from earliest stage might be from delayed instruction

addq , : .
can't use same forwarding logic
addq UT LT Iy 70T O 1 |4 I_xll A}
addq %ri12, %r8 FIDVYE|M|W
cycle# 0 1 2 3 456 7 8
addq %r10, %r8 F DEMW
" E M
irmovq $100, %r8 FDEMMW

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

14



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 — %r8ys
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

15



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

addq %rl10, %r8
rrmovq %rll, %r8

irmovq $100, %r8
addq %r13, %r8

F

D EM

FDEMW

FDEMW
F

W

16



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

addq %rl10, %r8
rrmovq %rll, %r8

irmovq $100, %r8
addq %r13, %r8

F

D EM

FDEMW

FDEMW
F

W

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

16



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

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

rrmovq %rll, %r8 FDEMW
rmmovq %r8, 8(%rax) F D E
irmovq $l®0, %r8 FDEMW
addq %r13, %r8 F

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

DEMW

M W

DEMW

16



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

addq %r10, %rs8 F D EM|W

rmmovq %r8, (%rax) F DEMW
rrmovq %rll, %r8 FDEMW

rmmovq %r8, 8(%rax) F DEMW
irmovq $l®0, %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

17



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

18



an 00O pipeline

\ — queue(s) [\ Y ] ' \ ] ( A
|| | ALy
issue 1
) rename apd -
N instr. |_| bldecodel— -] and | b | register ’_\ALU _»wrlte_ bl commit
cache dispatch read | | | > back
or 2
forward —
A - { ) (ALU)[ ] (AU _J ¢ J
A $ = b1 3 3 b
rL pt 1 pt 2
res. register A
more rfeady %ile
|, |branch info | load > reorder
predict A A store buffer
N N I N N
\— f

20



an 00O pipeline

instr.
cache

— P

~

~

rename

decode and
dispatch

\ 7 \ 7

‘ 4
)
more
branch
predict

;I_J

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

~

~

;I_/

rename

decode and
dispatch

\ 7 \ 7

‘ 4
)
more
branch
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
N

}

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

(issue = start executing)
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an 00O pipeline

instr.
cache

— P

~

~

rename

decode and
dispatch

\ 7 \ 7

‘ 4
)
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 paths wires for forwarding not shown)
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an 00O pipeline

instr.
cache

— P

~

~

rename
decode and

dispatch
\ 7 \ 7

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

}

many execution units actually do math or memory load/store
some may have multiple pipeline stages
some may take variable time (data cache, integer divide,

2)
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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

~

~

rename

decode and
dispatch

\ 7 \ 7

‘ 4
)
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

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

}

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

20



an 00O pipeline diagram
cycle # 0

addq %ro1,
addq %ro2,
addq %ro3,
cmpq %ro4,
jne ...

addq %ro1,
addq %ro2,
addq %ro3,
cmpq %ro4,

%ro5
%ros5
%ro4
%ro8

%ros5
%ro5
%ro4
%ros8

F
F

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 = »

O XU X0 H

HmHAM:== = O O

H m=m=OoO O

o

m

m

1011

=00
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an 00O pipeline diagram
cycle# © 1 2 3 4 5 6 7 8 91011

addq %rol, %ro5 FID R I EWC

addq %r02, %ro5 FID R I EwWC

addq %roe3, %ro4 F|D R|fetch instructions in order,
cmpq %r04, %ro8 F|D R|several per cycle

jne ... E | p | unless instruction queue full
addq %rol, %ro5 FID R I EW C

addq %ro2, %ros5 FID R I EW C
addq %r03, %ro4 FID R I EwWC
cmpq %ro04, %ro8 FID R I EWwWC




an 00O pipeline diagram

cycle# 0 1 2 3 4 5 6 7 8 91011
addq %rol, %ro5 F D R|II|EWC
addq %ro02, %re5 F DR I/E W C
addq %ro03, %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, %ros FDRI|I|IEW ¢
addq %r03, %ro4 F DR IlE W C
cmpq %r04, %ro8 F DR I/E W C




an 00O pipeline diagram

cycle# 0 1 2 3 4 5 6 7 8 91011
addq %rol, %ro5 FDRIEW|C
addq %ro02, %re5 F DR I E W|C
addq %ropg—%eaad L-n Db T . F W|C
cmpq %ro cor.n_mlt ms‘Fructlons in order I E wlc
] waiting until next complete
jne ... —o—T I E W|C
addq %rol, %ro5 FDRIEW C
addq %r02, %ros FDRIEW |C
addq %r03, %ro4 F DR I E W|C
cmpq %r04, %ro8 F DR I E W|C

21



an 00O pipeline

. — queue(s) _ o, .
|| | ALy
issue 1
. rename and — .
N . instr. |_| b ldecodel— b and | b | register ’_\ALU _»wrlte_ bl commit
cache dispatch read [ | L] > back
or 2
forward —
A \ J . ) ___J (ALO\[](ALU - L )
1 '_t = | 3 3 A
rL pt 1 pt 2
8 |register, !
more ready %ile —
b»-|branch info || | load > reorder
predict 4 4 store buffer
N N Il N 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

23



register renaming state

original renamed
add %rl1o, %r8
add %rll, %r8
add %rl12, %r8

arch — phys

register map
%rax_ |%x04 free reg list
%rcx %XO9 %x18
7 7 %6x20
%r8 2%x13 %x21

%r9  |%x17 0
%ri®  |%x19 ;‘:gi
%rll |%x07 =

%rl2 |%x05




register renaming state

original

add %r10, %r8
add %rl11, %r8
add %r12, %r8

renamed

table for architectural (external)

arch — phys
register map

%Xrax |%x04

%rcx  |%x09

%r8 %x13

%r9 2%x17

%rlo  [%x19

%rll |%x07

%rl1l2  [%x05

and physical (internal) name
(for next instr. to process)

free reg list

%x18
%x20
%x21
%x23
%x24

24



register renaming state

original

add %r10, %r8
add %rl11, %r8
add %r12, %r8

arch — phys
register map

%rax |%x04

%recx  |%x09

%r8 %x13

%r9 %x17

%rl0 |%x19

%r1l |%x07

%rl2 |%x05

renamed

list of available physical registers
added to as instructions finish

free reg list

%x18
%x20
%x21
%x23
%x24

24



register renaming example (1)

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

arch — phys

register map
%rax _ |%x04 free reg list
0z 0/
frcx fx09 %X 18

0/

%r8 __ [%x13 X280
%r9 _ ex17 53
%rl0 |%x19 $x24
%rll |%x07 =
%rl2 |%x05




register renaming example (1)

original renamed
add %r10, %rs8 [add %x19, %x13 — %x18 |
add %rl11, %r8
add %r12, %r8

arch — phys

register map
%rax_ |%x04 free reg list
%rex  |%x09 Ve
%r8  [oxi3%x18 X280
%r9 _ [ex17 53
%rl0 |%x19 $x24
%rll |%x07 =
%rl2  |%x05




register renaming example (1)

original renamed
add %r10, %r8 add %x19, %x13 — %x18
add %r1l, %r8 |add %x07, %x18 — %x20 |
add %rl12, ér8

arch — phys

register map
%rax_ |%x04 free reg list
%rex  |%x09 TV
.0.:r-8 ;)./. 0/ o/X20 0(.’)X20
70 9% E3%6x18% o7
%r9  |%x17 ;‘jg%
%rl0 |%x19 $x24
%rill  [%x07 =
%rl2  |%x05

25



register renaming example (1)

orlglnal renamed
add %rl10, %r8 add %x19, %x13 — %x18
add %rl1, %r8 add %x07, %x18 — %x20
add %rl12, %r8 |add %x05, %x20 — %x21 |

arch — phys

register map
%rax_ |%x04 free reg list
%rex  |%x09 TV
%18
%r8  PoxE3%xEBIxDOUXDL  FasE
%ro _ [%ex17 XL
%ri®  |%x19 °’§§2
%rll |%x07 =
%rl2  |%x05
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register renaming example (1)

original renamed
add %r10, %r8 add %x19, %x13 — %x18
add %ri1l, %r8 add %x07, %x18 — %x20
add %rl12, %r8 add %x05, %x20 — %x21

arch — phys

register map
%rax _ |%x04 free reg list
%rex  |%x09 %18
%8 Iexidiexifix20ux2l = X2Y
%ro _ [%ex17 DX
%r10 [%x19 e
%rll |%x07 =

%rl2 |%x05

25



register renaming example (2)

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

arch — phys

register map free
drax |%x04
%rex  1%x09 rees
vos .os 96)(18
%r8 %x13 %x20
%r9 %x17 %x21
2%rl10  |%x19 %6x23
%rll  %x07 %x24
%rl2  |%x05 o
%rl3 [%x02
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register renaming example (2)

original renamed

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

rmmovq %r8, (%rax)
subq %r8, %rill
mrmovq 8(%rl1l), %rll
irmovq $100, %r8
addq %rl1l, %r8

arch — phys
register map free
drax  |%x04
%rcx %x09 rees
oo %% 18
%r8 26x13%%x18 %x20
%r9 26x17 %6x21
%rl@ %6x19 %6x23
%rll  %x07 %x24
%rl2 |%x05 o
%rl3 [%x02

26



register renaming example (2)

original renamed
addq %r10, %r8 addq %x19, %x13 %x18

rmmovq %r8, (%rax) [rmmovq %x18, (%x04) — (memory) |
subq %r8, %rill
mrmovq 8(%rl1l), %rll
irmovq $100, %r8
addq %rl1l, %r8

arch — phys
register map free
drax  |%x04
%rcx %x09 rees
.o 06X18
%r8 % %x18 %x20
%r9 26x17 %6x21
%rl@ %6x19 %6x23
%rll  %x07 %x24
%rl2 |%x05 o
%rl3 [%x02




register renaming example (2)

original renamed
addq %r10, %r8 addq %x19, %x13 — %x18
[rmmovq %r8, (%rax) |rmmovq %x18, (%x04) — (memory)
subq %r8, %rll
[mrmovqg 8(%rll), %rll|
irmovq $100, %r8
addq %ri1l, %r8

could be that %rax = 8+%rl11
could load before value written!
possible data hazard!

arch — phys
register map

%rax |%x04 not handled via register renaming

%rcx %6x09 option 1: run load+stores in order
%r8 0 13%x 18 option 2: compare load/store addressei
%r9 26x17 %6x21

%rl@ %6x19 %6x23

%r1ll  |%x07 %x24

%rl2  |%x05 oor

2%rl3  |%x02 26




register renaming example (2)

original renamed
addq %r10, %r8 addq %x19, %x13 — %x18
rmmovq %r8, (%rax)  rmmovq %x18, (%x04) — (memory)
subqg %r8, %ril [subqg %x18, mXO? — %x20 |

mrmovq 8(%rl1l), %rll
irmovq $100, %r8
addq %rl1l, %r8

arch — phys
register map free
drax  |%x04
%rcx %x09 rees
.o 06X18
%r8 % %x18 %x20
%r9 26x17 %6x21
%rl@ %6x19 %6x23
2Br1l  [%xBF%x20 %x24
%rl2 |%x05 o
%rl3 [%x02




register renaming example (2)

original renamed
addq %r10, %r8 addq %x19, %x13 — %x18
rmmovq %r8, (%rax)  rmmovq %x18, x04) — (memory)
subq %r8, %rill subq %x18, me7 — %x20

mrmovq 8 (%rll), %rll [mrmovq 8(%x20), (memory) — %x21 |
irmovq $100, %r8
addq %rl1l, %r8

arch — phys
register map free
drax  |%x04
regs
%rcx %x09 &
oee 0/ 1 Q
ONLO
%r8 % %x18 %x20
%r9 %x17 2ox21
%rlO %6x19 %6x23
Brl1l  %xBFx260%x21 %x24
%rl2 |%x05 o
%rl3 [%x02

26



register renaming example (2)

original renamed
addq %r10, %r8 addq %x19, %x13 — %x18
rmmovq %r8, (%rax)  rmmovq %x18, x04) — (memory)
subq %r8, %rill subq %x18, /0X07 — %x20
mrmovq 8(%rll), %rll mrmovq 8(%x20), (memory) — %x21
irmovqg $100, %r8 [irmovqg $100 — %x23
addq %rl1l, %r8
arch — phys
register map free
Xrax  |%x04
%rcx %x09 regs
%x18
%r8 %% E3%x18%x23 %% 20
%r9 26x17 %21
%rl@ %x19 %23
%ril % % %6x21 %x24
%rl2 |%x05 o
%ri13  [%x02




register renaming example (2)

original renamed
addq %r10, %r8 addq %x19, %x13 — %x18
rmmovq %r8, (%rax)  rmmovq %x18, x04) — (memory)
subq %r8, %rill subq %x18, /0X07 — %x20
mrmovq 8 (%r1l), %rll mrmovq 8(%x20), (memory) — %x21
irmovq $100, %r8 irmovq $100 — %x23
addq %rll, %r8 [addq %x21, %x23 — %x24
arch — phys
register map free
Xrax  |%x04
%rcx %x09 regs
%18
%r8 %% A 3%xI8%x23%X24 %% 20
%r9 Bx17 %21
%rl@ %x19 %x23
%rll % % %x21 %5x24
%rl2 |%x05 o
%ri13  [%x02




register renaming exercise

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

arch — phys

register map free
%rax |%x04
%recx  |%x09 regs
eee .ee 96)(18
%r8 %x13 %x20
%r9 %x17 %x21
%r10 |%x19 %x23
%r1l |%x29 %x24
%rl2  |%x05 o
%r1l3 |%x02
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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 == movq (

—p| movqg (%x17) — %x19,
addqg $8, %x17 — %x18

cmpq %rax, %rbx
jle foo

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

%CC

cmpq %x01, %x04 — %x17
jle %x17, foo
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an 00O pipeline

\ — queue(s) [\ Y ] ' \ ] ( A
|| | ALy
issue 1
) rename apd -
N instr. |_| bldecodel— -] and | b | register ’_\ALU _»wrlte_ bl commit
cache dispatch read | | | > back
or 2
forward —
A [ L ) (ALU)[ ] (AU _J ¢ J
A $ = b1 3 3 b
rL pt 1 pt 2
res. register A
more r.eady %ile
|, |branch info | load > reorder
predict A A store buffer
N N I N N
\— f
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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

%x12 — %x13.cc

000\10001#(,0[\)!—‘%

cmpq %x04,

execution unit

ALU 1
ALU 2

scoreboard
reg |status
%X01 [ready
%x02 |ready
%x03  |ready
%x04 [ready
%Xx05 |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,

2%x05 — %x06

addq %x02,

%x06 — %x07

addq %x03,

%X07 — %x08

cmpq %x04,

2%x08 — %x09.

ccC

jne %x09.cc, ...

addq %x01,

%x08 — %x10

addq %x02,

%x10 — %x11

addq %x03,

%x11 — %x12

%x12 — %x13

.CC

000\10001#(,0[\)!—‘%

cmpq %x04,

execution unit

ALU 1
ALU 2

cycle# 1
1

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 — %x07T

addq %x03,

%X07 — %x08

cmpq %x04,

2%x08 — %x09.

ccC

jne %x09.cc, ...

addq %x01,

%x08 — %x10

addq %x02,

%x10 — %x11

addq %x03,

%x11 — %x12

%x12 — %x13

.CC

000\10001#0.)[\)!—‘%

cmpq %x04,

execution unit

ALU 1
ALU 2

cycle# 1
1

scoreboard
reg |status
%X01 [ready
%x02 |ready
%x03  |ready
%x04 [ready
%Xx05 |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 scoreboard
# |instruction reg |status
1 |addq %x01, %x05 — %x06 %x01 [ready
2 |addq %x02, %x06 — %x07 %x02 |ready
3 |addqg %x03, %x07 — %x08 %x03  |ready
4 [cmpqg %x04, %x08 — %x09.cc %x04 [ready
5 |jne %x09.cc, ... %x05 |ready
6 |addqg %x01, %x08 — %x10 %x06 |pending ready
7 |addqg %x02, %x10 — %x11 %x07 |pending
8 |addqg %x03, %x11 — %x12 %x08 |pending
9 |cmpqg %x04, %x12 — %x13.cc %x09 [pending
%x10 |pending
%x11 |pending
%x12 |pending
%x13 |pending

execution unit  cycle# 1
ALU 1 1
ALU 2 -



instruction queue and dispatch

instruction queue scoreboard
# |instruction reg |status
D< | A a4 %06 %X01 |ready
2 |addqg %x02, %x06 — %x07 %x02 |ready
3 |addqg %x03, %x07 — %x08 %x03  |ready
4 [cmpqg %x04, %x08 — %x09.cc %x04 [ready
5 |jne %x09.cc, ... %x05 |ready
6 |addqg %x01, %x08 — %x10 %x06 |pending ready
7 |addqg %x02, %x10 — %x11 %X07 |pending ready
8 |addq %x03, %x11 — %x12 %x08 |pending
9 |cmpqg %x04, %x12 — %x13.cc %x09 [pending
%x10 |pending
%x11 |pending
%x12 |pending
%x13 |pending

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



instruction queue and dispatch

instruction queue scoreboard
# |instruction reg |status
D< | A a4 %06 %X01 |ready
2< | add X224 3 O+ %x02 |ready
3 |addq %x03, %x07 — %x08 %x03  |ready
4 [cmpqg %x04, %x08 — %x09.cc %x04 [ready
5 |jne %x09.cc, ... %x05 |ready
6 |addqg %x01, %x08 — %x10 %X06 |pending ready
7 |addqg %x02, %x10 — %x11 %X07 |pending ready
8 |addq %x03, %x11 — %x12 %x08 |pending ready
9 |cmpqg %x04, %x12 — %x13.cc %x09 [pending
%x10 |pending
%x11 |pending
%x12 |pending
%x13 |pending

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



instruction queue and dispatch

instruction queue scoreboard
# |instruction reg |status
D< | A a4 %06 %x01 |ready
2< | add X224 3 O+ %x02 |ready
< W—/ VTAY-) %x03 ready
4 [cmpqg %x04, %x08 — %x09.cc %x04 [ready
5 |jne %x09.cc, ... %x05 |ready
6 |addqg %x01, %x08 — %x10 %X06 |pending ready
7 |addqg %x02, %x10 — %x11 %X07 |pending ready
8 |addq %x03, %x11 — %x12 %x08 |pending ready
9 |cmpqg %x04, %x12 — %x13.cc %x09 [pending
%x10 |pending
%x11 |pending
%x12 |pending
%x13 |pending

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



instruction queue and dispatch

instruction queue scoreboard
# |instruction reg |status
D< | A a4 %06 %X01 |ready
o< |addq ax 02 —2%5x06 SN DF %x02 |ready
< W—/ VTAY-) %x03 ready
4 [cmpqg %x04, %x08 — %x09.cc %x04 [ready
5 |jne %x09.cc, ... %x05 |ready
6 |addqg %x01, %x08 — %x10 %X06 |pending ready
7 |addqg %x02, %x10 — %x11 %X07 |pending ready
8 |addq %x03, %x11 — %x12 %x08 |pending ready
9 |[cmpqg %x04, %x12 — %x13.cc %X09 |pending ready
%Xx10 |pending ready
%x11 |pending
%x12 |pending
%x13 |pending

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



instruction queue and dispatch

instruction queue scoreboard
# |instruction reg |status
D< | A a4 %06 %x01 |ready
o< |addq ax 02 —2%5x06 SN DF %x02 |ready
3< |addq X035 2% eF—% 58 %x03 |ready
< | IO XA X 88—5%00 %x04 |ready
5 |jne %x09.cc, ... %x05 |ready
6>< | a0 A SaxX Ot 2% 08— 9630 %X06 |pending ready
7 |addqg %x02, %x10 — %x11 %x07 |pending ready
8 |addq %x03, %x11 — %x12 %x08 |pending ready
9 |cmpqg %x04, %x12 — %x13.cc %X09 |pending ready
%x10 |pending ready
%x11 |pending
%x12 |pending
%x13 |pending

BN

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

N



instruction queue and dispatch

instruction queue scoreboard
# |instruction reg |status
< | addqtax %85 2NV %Xx01 |ready
o< |addq ax 02 —2%5x06 SN DF %x02 |ready
< W—/ VTAY-) %x03 ready
< | CID 2252 88— % 05 %x04 |ready
5< e axfS e %Xx05 |ready
6< |addq x0T —26x 88020 %x06 |pending ready
< | T A 02— x =T %x07 |pending ready
8 |addqg %x03, %x11 — %x12 %X08 |pending ready
9 |[cmpqg %x04, %x12 — %x13.cc %x09 |pending ready
%x10 |pending ready
%x11 |pending
%x12 |pending
%x13 |pending
execution unit ~ cycle# 1 2 3 4 5
ALU 1 1 2 3 4 5
ALU 2 S — 6 7
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instruction queue and dispatch

instruction queue scoreboard
# |instruction reg |status
D< | A a4 %06 %x01 |ready
o< |addq ax 02 —2%5x06 SN DF %x02 |ready
< W&—/ VTAY-) %x03 ready
< | P28 %89 %Xx04 |ready
5< e axfS e %Xx05 |ready
6< |add g ax O I —2%x 8= 310 %x06 |pending ready
< | a0 A X 022w oS3 %x07 |pending ready
< |addg ez —%x33 9oxd2 %X08 |pending ready
9 [cmpq %x04, %x12 — %x13.cc %Xx09 |pending ready

%x10 |pending ready

%x11 |pending ready

%x12 |pending

%x13 |pending

execution unit  cycle# 1 2 3 4 5 6
ALU 1 1 2 3 4 5 8
ALU 2 - — 6 7T —
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instruction queue and dispatch

instruction queue scoreboard
# linstruction reg |status
< | add a8 306 %x01 [ready
>< W YV %x02 ready
$< W—r VTAY-) %x03 ready
e e T — %x04_|ready
5< e axfS e %x05 |ready
6< | a2 T2 x B 8= 10 %x06 |pending ready
< | T A 02— xE =T %x07 |pending ready
< |addg ez —%x33 9oxd2 %X08 |pending ready
O | CIP X262 %% 13 %X09 |pending ready
%x10 |pending ready
%x11 |pending ready
%x12 |pending ready
%x13 |pending
execution unit  cycle# 1 2 3 4 5 6 7
ALU 1 1 2 3 4 5 38 9
ALU 2 - — - 6 7T —
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instruction queue and dispatch

instruction queue scoreboard
# |instruction reg |status
< | add a8 306 %x01 [ready
< W YV %x02 ready
< W—r VTAY-) %x03 ready
e e T — %x04_|ready
5< e axfS e %x05 |ready
6< |add g ax O I —2%x 8= 310 %x06 |pending ready
< | T A 02— xE =T %x07 |pending ready
< |addg ez —%x33 9oxd2 %X08 |pending ready
O | CIP X262 %% 13 %X09 |pending ready
%x10 |pending ready
%x11 |pending ready
%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 —
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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 |addqg %x01, %x06 — %x09 %x04 |ready
5 |addq %x01, %x07 — %x10 %X05 |ready

2%6X06

2%6X07

%6x08

2%6Xx09

%x10

execution unit  cycle# 1 2 3 4 5 6 7

ALU
data cache

?

assume
1 cycle/access



an 00O pipeline

N [ queue(s) N 1 1 N [ ( N
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 —
PaN| \ 7 \ 7 \ J ALU ALU \ 7 \ v
‘ 1 '_t - P 3 3 b
— t 1 t 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)
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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)

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)
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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)

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?
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instruction queue and dispatch (multicycle)

instruction queue

RN

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

RO |N|O |G WIN]| -

jle %x14.cc, ...

execution unit

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

scoreboard
reg  |status
%X01 ready
%x02  [ready
%x03  |pending
%X04 ready
%x05  [ready
%x06 |pending
%X0O7T ready
%x08 |pending
%x09 |pending
%x10 |pending
%x11 |pending
%x12 |pending
%x13 |pending

%x14

pending
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instruction queue and dispatch (multicycle)

instruction queue

RN

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

RO |N|O |G WIN]| -

jle %x14.cc, ...

execution unit

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

scoreboard
reg  |status
%X01 ready
%x02  [ready
%x03  |pending
%X04 ready
%x05  [ready
%x06 |pending
%X0O7T ready
%x08 |pending
%x09 |pending
%x10 |pending
%x11 |pending
%x12 |pending
%x13 |pending

%x14

pending
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instruction queue and dispatch (multicycle)

instruction queue scoreboard

# |instruction reg |status
1 |add %x01, %x02 — %x03 %X01 |ready
2 [imul %x04, %x05 — %x06 %6x02  |ready

3 [imul %x03, %x07 — %x08 %x03  |pending
4 |cmp %x03, %x08 — %x09.cc zfx04 ready
5 [jle %x09.cc, ... ;‘jxgg ready

6 |add %x01, %x03 — %x11 ;?XG)? pending
7 |imul %x04, %x06 — %x12 :”zos readdy.

8 [imul %x03, %x08 — %x13 ;2x09 zi:d:zi
9 |cmp %x11, %x13 — %x1l4.cc = -

- %x10  |pending

10 |jle %x14.cc, ... %X11 [pending

%x12 |pending

%x13 |pending

%x14 |pending

execution unit cycle# 1

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

ALU 3 (mul) end 2



instruction queue and dispatch (multicycle)

instruction queue scoreboard
# |instruction reg  |status
< mﬁi %x03 %X01 ready
2< | TS x OB 5% 06 %x02  |ready
3 |imul %x03, %x07 — %x08 %x03 |pending ready
4 |cmp %x03, %x08 — %x09.cc z°ng ready
5 |jle %x09.cc, ... X ready :
6 |add %x01, %x03 — %x1L e —fpending (stil)
7 |imul %x04, %x06 — %x12 %x08 reandy.n
8 [imul %x03, %x08 — %x13 92x09 pind:ng
9 |cmp %x11, %x13 — %x14.cc e
- = %X pending
10 |jle %x14.cc, ... %x11 |pending
%x12 |pending
%x13 |pending
%x14 |pending
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



instruction queue and dispatch (multicycle)

instruction queue scoreboard
# |instruction é€ |status
>X<|a X %% 03 %X01 ready
2< | M Ex0—%x65 %x06 %x02  [ready
< | I ax 352650 F—95% 08 %x03 |pending ready
4 |cmp %x03, %x08 — %x09.cc %x04 |ready
5 |jle %x09.cc, ... %x05 |ready
o F—YE y %x06  |pending ready
6< | addaxat——%x [TVEE] i
2 > 07
7 |imul %x04, %x06 — %x12 o?igs readdy- i
8 |imul %x03, %x08 — %x13 - pending (still)
. %x09  [pending
9 |cmp %x11, %x13 — %x1l4.cc %10 :
- = %X pending
10 |jle %x14.cc, ... %x11 |pending ready

%x12 |pending

%x13 |pending

%x14 |pending

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 ) ] 7



instruction queue and dispatch (multicycle)

instruction queue scoreboard
# linstruction reg  |status
< mﬁi %x03 %X01 ready
2< | I XA —26x 0556306 %X02 |ready
< | I T X O3 %X 07— 530S %x03 |pending ready
< | O %X 03, 08—%% B9 “x04 |ready
5 |jle %x09.cc, ... zfXOS ready.
< | a0 X O3S T X096 [pending ready
=1 v Al %X07 |ready
MU X O —26x86—Rox 2 %X08 |pending
8 |imul %x03, %x08 — %x13 %209 ‘pending :Z:jy
9 |cmp %x11, %x13 — %x1l4.cc %x10 |pending >
10 |jle %x14.cc, ... %x11 [pending ready
%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 ) ] 7 Q



instruction queue and dispatch (multicycle)

instruction queue scoreboard
# |instruction €€ |status
D< | a0 X O 2%x B2 56303 %x01 |ready
2< | IOt X042 x85—r96x06 %02 Jready
3< | IO SaxB3—S6xBF—r %05 %x03 |pending ready
— - %x04
D< |CMpSxAS,—#x08—-#x89 0 ::::5
5< [JLe XA CCs - %Xx06  |pending read
6< |add2ax 0T —%xe3 AR T %x07  |ready :
< | TS BA—%x B 65— 32 o .
1 %x08 |pending read
8 |imul %x03, %x08 — %x13 92x09 pending read§
9 <.:mp 9§x11, %x13 — %x14.cc %x10 [pending
10 |jle %x14.cc, ... %x11 [pending ready
%x12  |pending ready
%x13  |pending (still)
%x14 |pending
execution unit ~ cycle# 1 2 3
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 ) 7



instruction queue and dispatch (multicycle)

instruction queue scoreboard
# linstruction rég |status
< mﬁi %x03 %X01 ready
2< | I XA —26x 0556306 %X02 |ready
< | T x5S x 07— 908 %03 |pending ready
< |CMp%XO3—%xH8 [2VIAYe) %X04  |ready
M i‘@ o X T TCX 3 S %XOS ready
< | S AT 283l 06 |pending ready
v %X07 |ready
< [T O %% 06— %2 = a
— —— %x08 |pending ready
< mlo/ nst,w 0/°u + %x09  |pending ready
9 cmp /?Xll, %x13 — %x14.cc %x10 |pending
10 |jle %x14.cc, ... %x11 [pending ready
%x12 |pending ready
%x13  |pending ready
%x14 |pending
execution unit ~ cycle# 1 2 3
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 ) ] 7 q



instruction queue and dispatch (multicycle)

instruction queue

instruction

AT AT 232D

CMP2eX O3 —%>08 260

1L e aXTI9Cx

= 7

EYo o w7y dommem=aoC S e 2R

1

EX

/. ko)

IR o T T2 o)

MO 2ax 03 %x08 %13
4

+3— 0.1
g!!EmXLI’ Tow = S6x1 y

BIRIRXRRRRIX X[

jle %x14.cc, ...

execution unit

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

cycle# 1
1

2

()]

scoreboard
reg |status
%xX01 |ready
%x02 |ready
%x03  |pending ready
%X04 ready
%x05  |ready
%x06  |pending ready
%X07 |ready
%x08  |pending ready
%x09  |pending ready
%x10 |pending
%x11 |pending ready
%x12  |pending ready
%x13  |pending ready
%x14  |pending ready
6
4 5 9
8 —
7 Q
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instruction queue and dispatch (multicycle)

instruction queue scoreboard
# linstruction rég |status
< |add Xt —2sx02- 03 %x01 [ready
2< | I XA —26x 0556306 %X02 |ready
< | T x5S x 07— 908 %03 |pending ready
< |CMp%XO3—%xH8 VIAYe %X04  |ready
5< |3 Lesexae—ccs X095 Jready
o< | add X O %83 FE} 06 |pending ready
v %X07 |ready
< | T 2ax A= 06—t 12 %X ;

— —— %x08 |pending ready
< [TmIL niuq'lﬂ,n X9 °u1:1¢ %x09  |pending ready
< %ﬂJXL ——— 3 %x10 |pending
K | te XA %x11  |pending ready
%x12 |pending ready

%x13  |pending ready
%x14  |pending ready
execution unit ~ cycle# 1 2 3 6 7
ALU 1 (add, cmp, jxx) 1 6 - 4 5 9 10
ALU 2 (add, cmp, jxx) - - - - - - -
ALU 3 (mul) start 2 3 7 8 -
ALU 3 (mul) end ) 2 7 Q 35



00O 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: approx 16 cycles (v. 2 for pipehw2 CPU)

36



00O 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: approx 16 cycles (v. 2 for pipehw2 CPU)

36



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

A+

‘@

/‘

sum (final)

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

v

| et
(load)
(load)

A+i

Y

%
O

sum (final)

need to do additions
one-at-a-time

book’s name: critical path
time needed: sum of latencies
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data flow model and limits
A+

@—» sum (final)
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reassociation
assume a single pipelined, 5-cycle latency multiplier

exercise: how long does each take? assume instant forwarding.
(hint: think about data-flow graph)

((axb) xc)xd (@ xb) x (cxd)
imulqg %rbx, %rax imulqg %rbx, %rax
imulqg %rcx, %rax imulqg %rcx, %rdx
imulqg %rdx, %rax imulg %rdx, %rax
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reassociation

assume a single pipelined, 5-cycle latency multiplier

exercise: how long does each take? assume instant forwarding.
(hint: think about data-flow graph)

((a x b) x

c) X d

imulqg
imulqg
imulqg

%rbx, %rax
%rcx, %rax
%rdx, %rax

15
cycles

%rax

%rbx

%rcx | | Y%rdx

(O
B

(O

imulqg %
imulqg

(@ xb) x (cxd)
imulqg %rbx, %rax

rcx, %rdx

%rdx, %rax

11
cycles

%rax

96rbx

96rcx %rdx

J
Ry



reassociation
assume a single pipelined, 5-cycle latency multiplier

exercise: how long does each take? assume instant forwarding.
(hint: think about data-flow graph)

((axb) xc)xd (@ xb) x (cxd)
imulqg %rbx, %rax imulqg %rbx, %rax
imulqg %rcx, %rax imulqg %rcx, %rdx
imulqg %rdx, %rax imulqg %rdx, %rax

%rax | | Y%rbx | | %rcx| | %rdx %rax | | Y%rbx| | %rcx| | %rdx
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better data-flow

A+ilA+i+1

sum (final)
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better data-flow

A—I—i A—|—'—|-1

suml @ 4+

sum2

T @l@

6 ops/time

sum (final)

two sum adds/tlme
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better data-flow

suml

I

Y

@

A+ilA+i+1

4 adds of time — 7 adds

sum (flnal)

sum2

@«GH%
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