register renaming example (1)

original renamed
add %r10, %r8
add %ri1l, %r8
add %r12, %r8

arch — phys

register map
%rax |%x04 free reg list
(074 (074
Arex ex03 %x18

0/

%8 [%x13 EX2D
%r9  [%x17 53
%ri0 [%x19 $x24
%rll |%x07 =
%rl2  |%x05

53






register renaming example (1)

original

renamed
X]7+ 3 —

free reg list

[zt

%X20

%x21

%x23

Xx24

add %r10, %r8

add %rl1l, %r8

add %r12, %r8
arch — phys
register map

%rax |%x04

%rex  |%x09

%r8 1933 %18

%r9 2oX17

—1%rl1l0 |%x19
%rl1l [%x07
%r1l2 |%x05

1€

53



register renaming example (1)

original

renamed

add %r10, %r8

add %x19, %x13 — %x18

add %rl1l, %r8
add %r12, %r8

X/ ty & 2 x20

arch — phys
register map
%rax__ |%x04 free reg list
%rex  %x09 TIE
> |%r8 %x13%x18 Qi%?
%r9  |%x17 753
%rl0 |%x19 $x24
—>%rll  |%x07 =
%rl2  |%x05

53



register renaming example (1)

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

arch — phys

register map
%rax__ |%x04 free reg list
(074 [0 74
frcx fx09 TVEN
%r8  [exi3%x18%x20 oX2Y
70 70 0/
%r9  %ex17 gxsl
%rl0 |%x19 x> 1
%rll  |%x07 =
2%r1l2 |%x05




register renaming example (1)

original renamed
add %r10, %r8 add %x19, %x13 — %x18
add %r1l, %r8 add %x07, %x18 — %x20
add %rl12, %r8 |add %x05, %x20 — %x21

arch — phys

register map
%rax__ |%x04 free reg list
(074 [0 74
frcx fx09 TVEN

%26

%r8 : x18%x20%x2 1 URZ
%r9  |%x17 ORL
%r10 |%x19 ix23
%rll |%x07 =
%rl12 1%x05

53



register renaming example (1)

original renamed

add %r10, %r8 add %x19, %x13 — %x18
add %r1l, %r8 add %x07, %x18 — %x20
add %rl12, %r8 add %x05, %x20 — %x21

arch — phys

register map
%rax |%x04 free reg list
%rex  12%6x09 TN
eoe ooe /ON L O

[V VAVAS WA

%Br8  PexE3%x18%x20%x21 or LY
%r9 __ %x17 ALT T
%r10 |%x19 Sx23
%rll |%x07 =
2%rl2 |%x05

53



register renaming example (2)

original renamed
addq %rl10, %r8
rmmovq %r8 %rax)
subqg %r8, mrll
mrmovqg 8 (%rl1ll), %rll

irmovq $100, %r8
addq %r1l, %r8

arch — phys

register map free
drax  |%x04
%rex [%x09 e8>
. . 96)(18
%r8 %6x13 %6x20
%r9 2oxX17 26x21
%rlO |%x19 26X23
2rll |26x07 26Xx24
%rl2 |%x05 o
%r1l3 |%x02




register renaming example (2)

original renamed
addq %r10, %r8 addq %x19, %x13 — %x18
rmmovq %r8, (%rax) ¥y - /V[Lxﬂ

subq %r8, mrll
mrmovq 8 (%rl1l), %rll

irmovqg $100, %r8
addq %rl11, %r8

arch — phys

register map free
%rax |%x04
Xrex  |%x09 regs
oo eoe 96,\(18
Xr8 9% 13%x18 %xX20
%ro Xx17 %x21
%rl1e [%x19 %x23
¥rl1ll [%x07 %x24
¥rl2 |%x05 oo
X¥rl3 [(%x02
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register renaming example (2)

original
addq %rl10, mr8

renamed

addqg %x19, %x13 — %x18

rmmovq %r8

rmmovq %x18,

%x04) — (memory)

subq %r
mrmovq(8

irmovq $1®®, %r8
addq %rl1l1l, %r8

%rll

arch — phys
register map

Xrax |%x04

%rcx %xX09

Xr8 5 %x18

%r9 Xx17

%rlO 2%6x19

¥rll |%x07

¥rl12 |%x05

2%r1l3  |%x02

free
regs

0/353 8
%x20
%x21
%x23
Xx24
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register renaming example (2)

original
addq %r10 : 9
[rmmovq %r8, (%rax)
subq %f’gfmrll
Imrmovq 8(%rl1l), %rll

irmovq $100, %r8
addq %r11, %r8

arch — phys
register map

renamed
addq %x19, %x13 — %x18

rmmovq %x18, (%x04) — (memory)

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

%rax |%x04

%rcx %xX0O9

not handled via register renaming
~option 1: run load+stores in order

%r8 : 26x18

%r9 ¥x17

option 2: compare load/store addresses

%x21

%rlO 2%x19

%x23

2%rll |%x07

2%rl2 |%x05

Xx24

¥r1l3l3 |%x02
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register renaming example (2)

original renamed
addq %rl10, %r8 addqg %x19, %x13 — %x18
rmmovq %r8, (%rax)  rmmovq %x18, (%x04) — (memory)
subq %r8, %rll subq %x18, mX@? — %Xx20

mrmovq 8(%rl1ll), %rll

irmovqg $100, %r8
addq %rl1l1l, %r8

arch — phys
register map free
¥rax |%x04
%rcx 2%x09 regs
oo eoe %HS.
%r8 5 %x18 %X 26
%ro Xx17 %x21
%rlO %x19 %x23
%rl1l [990+F%x20 %x24
¥rl12 |%x05 s
%rl13 |%x02

54



register renaming example (2)

original renamed
addq %rl10, %r8 addqg %x19, %x13 — %x18
rmmovq %r8, (%rax)  rmmovq %x18, (%x04) — (memory)
subq %r8, mrll subq %x18, mX@? — %x20

mrmovq 8 (%r1l), %rill|mrmovq 8(%x20), (memory) — %x21

irmovqg $100, %r8
addq %rl1l1l, %r8

arch — phys
register map free
X¥rax |%x04
regs
%rcx %xX09 &
. eoe %HS.
Xr8 5 %x18 X206
%ro Xx17 23
%rlO %x19 %x23
Nrll [SoOFex260%x21 %X24
¥rl2 |%x05 s
%rl13 (%x02
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register renaming example (2)

addq

oﬁghuﬂ

rmmovq %r8 (%rax)
8, ,orll subqg %x18, /oX®7 %x20

subq %

mrmovq 8(or11),
irmovq $100, %r8

renamed

addqg %x19, %x13 — %x18

rmmovq %x18, (%x04) — (memory)

%r1l mrmovq 8(%x20), (memory) — %x21

irmovqg $100 — %x23)

addq %rl1l1l, %r8

arch — phys
register map free
X¥rax |%x04
Fregs
%rcx %xX09 &
. eoe %HS.
Xr8 9613963 F8%x 23 %26
%ro Xx17 23
%rlO %x19 Wx23
%rll 5 %x21 Xx24
¥rl2 |%x05
%r13 |%x02
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register renaming example (2)

original renamed
addq %rl10, %r8 addqg %x19, %x13 — %x18
rmmovq %r8 (%rax)  rmmovq %x18, (%x04) — (memory)
subq %r8, ,orll subq %x18, /oX®7 %X20
mrmovq 8(%ri1l), %rill mrmovq/\/(/xzm (memory) — %x21
vrmovq $100, %r8 irmovqg $100 — %x23
addq %rll, %r8 addq %x21, %x23 — %x24
arch — phys
register map free
%rax  |%x04
%rcx 2%6X09 rees
o0 oo 07(/,>(18
%r8 XX AI36x I8N K23%X24 2% 20
%r9 X177 X221
%rlO 26Xx19 K23
2%rll 5 5 26X21 X224
%rl2 |%x05
%rl3 [%x02

54



register renaming exercise

original q 2 2 renamed
addq %r8, %r9 '3 v %)) >
movqg $100, %rl0 ol —/x20
subq %r10, %rs8 .
xorq %r8, %r9 s
andq %rax, %r9 /
arch — phys x .
register map free
drax  |%x04
%rcx x@9 regs
%r8 %*1—3 X2\ %%
%r9  |%xdF— ¥& w25 w2 96XZ1
%ril  |%x2§ AT
2%rl2 |%x05
2%r1l3  |%x02
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register renaming: mMissing 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 —p| addq $8, %rsp

rmmovq 8(%rsp), %rax
| 4

cmpq %rax, %rbx
jle foo

——

—

addg $8, %x17 — %x18
mrmovq 8(%x04) — %x19

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

%CC cmpg %x01, %x04 — %x17

jle %x17, foo
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1

7z
Instr. 1 »-|ldecodel—
cache
S —
more
bracr;_ch L»-|branch
predict predict
/N
—1— —T—

F

D

-

an 00O pipeline

Instr. 7/8 ) /7
— queue(s) _ — ~— N M
U
~ s L AL
register N
read S write )
rename > > q ALU back >-|commit
Vrorward jr 2
" (77)
— — [ALU)| [(ALU — —
A t 3 3
reg. pt 1 pt 2
ready register
mfo file
load : reorder
store buffer
/N lal ——/ lal ?
C0 =

AR

7'>M70~57



instruction queue and dispatch

instruction queue

instruction

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

addq %x01, %x08 — %x10
addq %x02, %x09 — %x11
addq %x03, %x10 — %x12
cmpqg %x04, %x11 — %x13.cc

@OO\IO\U'I-PUOMH%

execution unit
ALU 1
ALU 2

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

%x13

pending
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instruction queue and dispatch

instruction queue

instruction

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

addq %x01, %x08 — %x10
addq %x02, %x09 — %x11
addq %x03, %x10 — %x12
cmpqg %x04, %x11 — %x13.cc

@OO\IO\U'I-PUOI\.)I—I%

execution unit  cycle# 1
ALU 1 1
ALU 2

scoreboard
reg |status
%x01 |ready
%x02 |ready
%x03 |ready
%x04 |ready
%X05 [ready
%x06 |pending
%x07 |pending
%x08 |pending
%x09 |pending
%x10 |pending
%x11 |pending
%x12 |pending
%x13 |pending
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instruction queue and dispatch

instruction queue

instruction

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

addq %x01, %x08 — %x10
addq %x02, %x09 — %x11
addq %x03, %x10 — %x12
cmpqg %x04, %x11 — %x13.cc

@OO\IO\U'I-PUOMH%

execution unit  cycle# 1
ALU 1 1
ALU 2

scoreboard
reg |status
%x01 |ready
%x02 |ready
%x03 |ready
%x04 |ready
%x05 |ready
%x06 |pending
%x07 |pending
%x08 |pending
%x09 |pending
%x10 |pending
%x11 |pending
%x12 |pending
%x13 |pending
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instruction queue and dispatch

instruction queue

instruction

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

addq %x01, %x08 — %x10
addq %x02, %x09 — %x11
addq %x03, %x10 — %x12
cmpqg %x04, %x11 — %x13.cc

@OO\IO\U'I-PUOI\.)I—I%

execution unit  cycle# 1
ALU 1 1
ALU 2 —

scoreboard

reg |status

%x01 |ready

%x02 |ready

%x03 |ready

%x04 |ready

%x05 |ready

%X06 |pending ready
%x07 |pending
%x08 |pending
%x09 |pending

%x10 |pending
%x11 |pending
%x12 |pending

%x13 |pending

58



instruction queue and dispatch

instruction queue

instruction

QA X T —2%x-E S r S —

addq %x02, %x06 — %x07

addq %x03, %x07 — %x08

cmpq %x04, %x08 — %x09.

CccC

jne %x09.cc, ...

addq %x01, %x08 — %x10

addq %x02, %x09 — %x11

addq %x03, %x10 — %x12

.CC

5©OO\IO\U1-I>wI\)XQH:

cmpq %x04, %x11 — %x13

execution unit
ALU 1
ALU 2

cycle# 1
1

scoreboard

reg |status

%x01 |ready

%x02 |ready

%x03 |ready

%x04 |ready

%x05 |ready

%x06 |pending ready
%X0T |pending ready
%x08 |pending
%x09 |pending

%x10 |pending
%x11 |pending
%x12 |pending

%x13 |pending
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instruction queue and dispatch

Instruction queue scoreboard
# linstruction reg |status
D< | SO X O 24X 85— I3 0o %x01 |ready
2< | ad O a2 24X oI D %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 |addq %x02, %x09 — %x11 %X07 |pending ready
8 |addq %x03, %x10 — %x12 %X08 |pending ready
0 |cmpqg %x04, %x11 — %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




instruction queue and dispatch

Instruction queue scoreboard
# |instruction reg |status
< | a0 X O T4 % o3 — %X01 |ready
2< | ad O a2 24X oI D %x02 |ready
< | TAAT IO A X D Fme YN S %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 |addq %x02, %x09 — %x11 %X07 |pending ready
8 |addq %x03, %x10 — %x12 %X08 |pending ready
0 |cmpqg %x04, %x11 — %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




instruction queue and dispatch

Instruction queue scoreboard
# |instruction reg |status
< | a0 X O T4 % o3 — %X01 |ready
2< | ad O a2 24X oI D %x02 |ready
< | TAAT IO A X D Fme YN S %X03 |ready
4 |cmpqg %x04, %x08 — %x09.cc %x04 |ready
5 |jne %x09.cc, ... %X05 |[ready
6 |addq %x01, %x08 — %x10 %X06 |pending ready
7 |addq %x02, %x09 — %x11 %X07 |pending ready
8 |addq %x03, %x10 — %x12 %X08 |pending ready
0 |cmpqg %x04, %x11 — %x13.cc %X09 |pending ready
%x10 peﬁérng ready
%x11 |pending
%x12 |pending
%x13 |pending

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




instruction queue and dispatch

instruction queue

scoreboard

instruction

reg

status

%x01

ready

2%xX02

ready

%x03

ready

%x04

ready

jne %x09.cc, ...

%xX05

ready

1o [0 [o b7ov:aummmmr = SE22 S m BV SR

addqg %x02, %x09 — %x11

%xX06

pending ready

addq %x03, %x10 — %x12

%xXO7

pending ready

%x08

pending ready

[TPTRPIRRREE.

cmpqg %x04, %x11 — %x13.cc

execution unit  cycle# 1

ALU 1
ALU 2

%x09

pending ready

%x10

pending ready

%x11

pending

%x12

pending

%x13

pending

&~ N

(@)




instruction queue and dispatch

instruction queue

instruction

addq %x03,

%x10 — %x12

%x1l — %x13.cc

XXX X KIXX]

cmpq %x04 ,

execution unit  cycle# 1
ALU 1 1
ALU 2

oA~ A

scoreboard

reg

status

%x01

ready

2%xX02

ready

%x03

ready

%x04

ready

%xX05

ready

%xX06

pending ready

%xXO7

pending ready

%x08

pending ready

%x09

pending ready

%x10

pending ready

%x11

pending

%x12

pending

%x13

pending

~N O O
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instruction queue and dispatch

Instruction queue scoreboard
# |instruction reg |status
D Lo e Lo o e — %X01 |ready
> | AT x4 B3 % 07 %x02 |ready
3< | ad AT X O Sx O F e I DG %X03 |ready
< | D X O —26508—% 3@ Oee— %x04 |ready
5< | A XA T —rr———————— %X05 |[ready
6< | AT X O %B B O—— %x06 |pending ready
< | a2 X2 XO O N T %X07 |pending ready
8< | At O3 2X O R A %x08 |pending ready
9 |cmpq %x04, %x11 — %x13.cc %x09 |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 § { —



instruction queue and dispatch

Instruction queue Scoreboard
# |instruction reg |status
< | S X O %Xt o—— %x01 |ready
2< | a0 O a2 24X o e Do %Xx02 |[ready
3< | AT X O34 Dy H DG %X03 |[ready
< | CMPU2aX 04— %3082 4 ) G e— %x04 |ready
5< | NE BT, I %X05 |ready
6< | AAAT X488 I3 o——— %X06 |pending ready
< | a0 2245 O Y T %X07 |pending ready
8 | A A a3 X N F P %Xx08 |pending ready
O< | CID xS X A Bree— %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 3 9
ALU 2 § {



instruction queue and dispatch

Instruction queue Scoreboard
# |instruction reg |status
< | S X O %Xt o—— %x01 |ready
2< | a0 O a2 24X o e Do %Xx02 |[ready
3< | AT X O34 Dy H DG %X03 |[ready
< | CMPU2aX 04— %3082 4 ) G e— %x04 |ready
5< | NE BT, I %X05 |ready
6< | AAAT X488 I3 o——— %X06 |pending ready
< | a0 2245 O Y T %X07 |pending ready
8 | A A a3 X N F P %Xx08 |pending ready
O< | CID xS X A Bree— %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 3 9
ALU 2 § {



instruction queue and dispatch

Instruction queue Scoreboard
# |instruction reg |status
< | a0 a4 3 D e—r %X01 |ready
2< | A AT X2 =X I W Do %Xx02 |[ready
3< | AT X O34 Dy H DG %X03 |[ready
< | CMPU2aX 04— %3082 4 ) G e— %x04 |ready
5< | NE BT, I %X05 |ready
6< | AAAT oA O 24X I3 O %X06 |pending ready
< | a0 2245 O Y T %X07 |pending ready
< | a0 X AR x W T P %x08 |pending ready
O< | I oSt % ¥ 3ree %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 3 9
ALU 2 § {



instruction queue and dispatch

Instruction queue scoreboard

# |instruction reg |status

11—imrmovqg (%x04) —%x06- %X01 |ready

2 [Mrmove—~(%x05) —%x07— %xX02 |ready

3 % % % %x03 |ready

4—raddq %x015—%x06—%x09 %x04 |ready

5 |addq %x01, %x07 — %x10 %x05 |ready

%X06 |

2B6XOT7 | A
%6X08 ~
2%6X09 e
2%x10

execution unit  cycle# 1 2 3 4 5 6 7

ALU 3 U S
data cache 1 A
assume

1 cycle/access
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an 000 pipeline

_ queue(s) . _____ — o~ [ ———
| AIiU
register —
o L] instr | | [ decodel b-lrenamel— b NN read SEER L writel | Lo mit
cache and | | LJALUL back
forward 2
—/
N — — ALU)| |(ALU ——/ —
I A t — | 3 3
eg.
—— — g _ pt 1| | (pt 2
cady register
b h more info file ( )
_, |branc L, |branch | || load | reorder
predict oredict store buffer
/N I’ ’N ’N al ’N '
—T —T 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 ALU ALU ALU

>

(one/cycle) (stage 1) (stage 2) (stage 3) [

output values
(one/cycle)




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 ALU ALU ALU

>

(one/cycle) (stage 1) (stage 2) (stage 3) [

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

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 ALU ALU ALU

>

(one/cycle) (stage 1) (stage 2) (stage 3) [

output values
(one/cycle)

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

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

61



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 output value

(when ready) . (when done)
divide

ready for next input? <—— —> done?

62



instruction queue and dispatch (multicycle)

instruction queue scoreboard

# |instruction reg |status

1 |add %x01, %x02 — %x03 %x01  |ready

2 |[imul %x04, %x05 — %x06 %x02 [ready

3 |imul %x03, %x07 — %x08 %x03 |pending

4 |cmp %x03, %x08 — %x09.cc %x04  |ready

5 [jle %x09.cc, ... ©X05 _|ready

6 [add %x01, %x03 — %x11 X096 |pending

7 [imul %x04, %x06 — %x12 ;zig; readdy_

8 [imul %x03, %x08 — %x13 55 E::d::g

9 |cmp %x11, %x13 — %x14.cC o pendini

10 |jle %x14.cc, ... %xXI1 |pending

TXI2 oandine
%x13 |pending
%x14 |pending

execution unit

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



instruction queue and dispatch (multicycle)

instruction queue scoreboard

# |instruction reg |status

1 |add %x01, %x02 — %x03 %x01  |ready

2 |[imul %x04, %x05 — %x06 %x02 [ready

3 |imul %x03, %x07 — %x08 %x03 |pending

4 |cmp %x03, %x08 — %x09.cc %x04  |ready

5 [jle %x09.cc, ... ©X05 _|ready

6 [add %x01, %x03 — %x11 X096 |pending

7 [imul %x04, %x06 — %x12 ;zig; readdy_

8 [imul %x03, %x08 — %x13 55 E::d::g

9 |cmp %x11, %x13 — %x14.cC o pendini

10 |jle %x14.cc, ... %xXI1 |pending

TXI2 oandine
%x13 |pending
%x14 |pending

execution unit

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



instruction queue and dispatch (multicycle)

Instruction queue scoreboard

# |instruction reg |status

1 |add %x01, %x02 — %x03 %x01 [ready

2 [imul %x04, %x05 — %x06 %x02  |ready

3 [imul %x03, %x07 — %x08 %x03  |pending

4 |cmp %x03, %x08 — %x09.cc §§x04 ready

5 |jle %x09.cc, ... ;‘jXGS ready

6 |add %x01, %x03 — %x11 ~x2° pending

7 [imul %x04, %x06 — %x12 et rzan‘jjyin

8 |imul %x03, %x08 — %x13 70T pending

9 |cmp %x11, %x13 — %x14.cc %x10 |pending

10 [jle %x14.cc, ... %x11 |pending

X127 Tpending
%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
< | 008X O T 24X 02—y ) B %x01 [ready
2< | T 2O 26X S 3 e %x02 [ready
3 [imul %x03, %x07 — %x08 %x03  |pending ready
4 |cmp %x03, %x08 — %x09.cc ;‘:X04 ready
5 |jle %x09.cc, ... ex05 |ready .
6 |add %x01, %x03 — %x11 6x06  |pending (still)
7 [imul %x04, %x06 — %x12 G ready_
8 [imul %x03, %x08 — %x13 e p:nd:ng
9 |cmp %x11, %x13 — %x14.ccC et
: %x 14 70 pending
10 J-l.e /OX . CC 9 o e e 96Xll pending
FXIT Toonding
%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 p, 3



instruction queue and dispatch (multicycle)

instruction queue scoreboard
# |instruction reg |status
< | 008X O T 24X 02—y ) B %x01 [ready
2< | T 2O 26X S 3 e %x02 [ready
Rl 11110 H Wy o e A YRV, ¥ M—— %x03 |pending ready
4 |cmp %x03, %x08 — %x09.cc §6X<94 ready
5 [jle %x09.cc, ... 6x05 |ready
< 7 %X06  |pending ready

add SOt =3l %BXO7

7 [imul %x04, %x06 — %x12 o,xeg ready .
8 [imul %x03, %x08 — %x13 5o jeonding (still)
9 |cmp %x11, %x13 — %x14.cc o Eending
10 |jle %x14.cc, ... o 11 Fng 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 p) 3 7



instruction queue and dispatch (multicycle)

Instruction queue scoreboard
# |instruction reg |status
< | 008X O T 24X 02—y ) B %X0L1 |ready
< | I Sa XA 24X D S Y P e %X02 |ready
< [T O34 XD F 95 3G %x03  [pending ready
2 7 %x04 read
< % — g X y
5 |jle %x09.cc, ... 6x05  |ready
> 7 %x06  |pending ready
[ 16 L6 I7-a 0w =2 - = SRS 2V K BE— =
< | Tmm y %X07 |ready
: %X08 |pending read
8 |imul %x03, %x08 — %x13 %X00 ¥ ::di
9 c.mp ic:,xll, %x13 — %x14.cc %X10 |pending
10 J-l.e /0Xl4.CC, ¢« oo %x 11 ¥ 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 p) 3 7 8



instruction queue and dispatch (multicycle)

instruction queue scoreboard
# |instruction reg  |status
D< | S0 RO T2 x SR D 3——— %x01 |ready
DT L Y — ©x02 |ready
3< | MU X A3 26x 0 F 3 08— X03  |pending ready
CTTD %X R34 X8 XD Geee—— 6x04 d
< X0 g TR
5< i = — % ready
B e o S—— %X 06 : d
o< - 6X pending ready
= addoaxt ’ ; %X07 |ready
W —Soxd2 %X08 |pending
8 [imul %x03, %x08 — %x13 bt M::ij
9 |cmp %x11, %x13 — %x14.cc TXT0 Toending
10 |jle %x14.cc, ... %X11 |pending ready

%x12  |pending ready

%x13  |pending (still)

%x14 |pending

execution unit ~ cyclezt 1 2 3 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 scoreboard
# |instruction reg |status
< | 008X O T 24X 02—y ) B %X0L1 |ready
< | I Sa XA 24X D S Y P e %X02 |ready
AR e - A T T A Y- M— %x03  |pending ready
< mﬂ% %x04 ready
e e e ———— %x05 _[ready
>< .Lmj'“ é::)93' - TR %x06  |pending ready
< y %x07 ready
< | Tmrte: 7 %X08 |pending ready
< [ M TS X AR %X 8 NI %Xx00 |pending ready
9 c.mp %6x11, %x13 — %x14.cc %X10 |pending
10 |jle %x14.cc, ... 11 g 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 p) 3 7 8



instruction queue and dispatch (multicycle)

Instruction queue

instruction

SIXX XXX XK XX

jlé %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

I © N

N W

scoreboard

reg

status

%x01

ready

%xX02

ready

%x03

pending ready

%x04

ready

%x05

ready

%xX06

pending ready

%x07

ready

%xX08

pending ready

%x09

pending ready

%x10

pending

%x11

pending ready

%x12

pending ready

%x13

pending ready

%x 14

pending ready

I & 4

~ OO

0
9

63



instruction queue and dispatch (multicycle)

Instruction queue

instruction

RIRRIRRRRIRRXE

execution unit

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

cycle#* 1

1

2

I © N

N W

scoreboard

reg

status

%x01

ready

%xX02

ready

%x03

pending ready

%x04

ready

%x05

ready

%xX06

pending ready

%x07

ready

%xX08

pending ready

%x09

pending ready

%x10

pending

%x11

pending ready

%x12

pending ready

%x13

pending ready

%x 14

pending ready

I & 4

~ OO

6
9 1

[
0

63



OO0O 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)
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