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register tolerances
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register input i ECC |G



register tolerances
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register input & i must not
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register tolerances

register output -

register input & i must not

change




times three pipeline timing

[
>

ADD [1
L

Y

At +2) g 2% A (t41) ADD
A >
A(t+1) 3x A (t+0)
-—> < > < > «—>
10 ps 50 ps 10 ps 50 ps 10 ps



times three pipeline timing

[
>

Y

ADD |_|
L

At +2) g 2% A (t41) ADD
A >
A(L+1) 3x A (t+0)
D < > «—> < > «—>
10 ps 50 ps 10 ps 50 ps 10 ps
exercise: minimum clock cycle time:
A. 50 ps B. 60 ps C. 65 ps D. 70 ps E. 130 ps



deeper pipeline

A (t +4)

[
>

D b
'/2‘><AA 2% A (t+2)
partial_results 1 -

N >
A (t+2)

A (t+3)

3x A
partial results

3x A (t+0)



deeper pipeline

[
>

A(t+4) '/QAA 2 x

X
partial_results

S
P S—

Y

; 3x A 3x A (t+0)
A (t+3) partial results

- P> — > > — > —> >
10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps

A(t+2)



deeper pipeline

[
>

A(t+4) '/QAA 2 x

X
partial_results

S
P S—

Y

3x A 3x A (t+0)

. A(t+2 :
A (t+3) (t+2) partial results
- P> — > > — > —> >
10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps

Problem: How much faster can we get?

Problem: Can we even do this?



deeper pipeline

[
>

X
partial_results

A (t+4) A

Y

S
P S—

3x A 3x A (t+0)

. A(t+2 :
A (t+3) (t+2) partial results
- P> — > > — > —> >
10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps

exercise: throughput now?
A. 1/(25 ps) B. 1/(30 ps)
C. 1/(35 ps) D. something else



deeper pipeline

[
>

D D >
2P A
A(t+4) 2x A 2x A (t+2)
partigl results 1 -
Ial T 3x A 3xA(t+0)
A (t+3) At+2) partial results

-—> P — > > — > —> —>
10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps



deeper pipeline

[
>

A(t+4) '/QAA 2 x

X
partial_results

S
P S—

Y

3x A 3x A (t+0)

. A(t+2 :
A (t+3) (t+2) partial results
- P> — > > — > —> >
10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps

Problem: How much faster can we get?

Problem: Can we even do this?



diminishing returns: register delays

110 ps ae ) Q
per cycle :
100 ps 10 ps

60 ps : .
logic (1/2) —P@—b logic (2/2) —>@
per cycle

50 ps 10 ps 50 ps 10 ps

43 ps : _
logic (1/3) —»Q—b logic (2/3) —»Q—» logic (3/3) —»Q
per cycle

33ps 10ps 33ps 10ps 33ps 10 ps

It Ml I W W

1ps 10ps 1ps 10ps 1ps 10 ps 1 ps 10 ps
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diminishing returns: register delays
120

100 | )

P =) Qo
-} -} e
T T T
°

°
! ! !

time per completion (ps)
[\
(e}
[}

-}

number of stages
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diminishing returns: register delays
120

100 | )

P =) Qo
-} -} e
T T T
°

°
! ! !

DO
)
T

time per completion (ps)

_register delay
2 4 6 8 10 12 14

number of stages

-}

11



diminishing returns: register delays

time per completion (ps)

120
100

N = O
o o o o O

»—1.83x speedup
i e o, . 1.02x speedup
(] ) ° oo |
| | _register delay | |
2 4 6 8 10 12 14

number of stages

11



diminishing ret

throughput (ops/ns)

100

DO e~ D o0
) -} e -
T

)

urns: register delays

._T 1.83x throughput

1.02x throughput
o9 |

2 4 6

8

10

number of stages

12

14

12



diminishing returns: register delays

100 F=-mmmmmmmmmmmm oo R R
max. rate of register updates

o0
@)
T

1.02x throughput
o |

D
)
T

W
(@)
T

._T 1.83x throughput

throughput (ops/ns)

DO
@)
T

)

2 4 6 8 10 12 14
number of stages



deeper pipeline

[
>

A(t+4) '/QAA 2 x

X
partial_results

S
P S—

Y

3x A 3x A (t+0)

. A(t+2 :
A (t+3) (t+2) partial results
- P> — > > — > —> >
10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps

Problem: How much faster can we get?

Problem: Can we even do this?

13



deeper pipeline

[
>

Y

o |
N

A

A(t+4) =/2‘><AA 2x A (t+2)

f
partial_results 1 -
; A(ItA—lirQ) 3xA 3xA({t+0)
A (t+3) partial results
-+ +—r> > — -+ — > —r> <>
10 ps 25 ps 10 ps 25 ps 10 ps 2}@5 10 ps 2%5 10 ps

30 ps 20 ps

exercise: throughput now? (didn't split second add evenly)

14



deeper pipeline

[
>

=
P 1

A (t+4) A

X 2x A (t+2)
partial_results 1 -
; A(ItA—lirQ) g 3><A 3x A (t+0)
A (t+3) partial results
<+ +— I —r 4 > >
10 ps 25 ps 10 ps 25 ps 10 ps 2%5 10 ps 2}@5 10 ps
30 ps 20 ps

exercise: throughput now? (didn't split second add evenly)
A. 1/(25 ps) B. 1/(30 ps)
C. 1/(35 ps) D. 1/(40 ps) E. something else

15



deeper pipeline

[
>

o |
N

A(t+4) A

Y

X 2x A(t+2
partial_results 1 -
N >
A (t+3) A(t+2)
<+ +— > —r <>
10 ps 25 ps 10 ps 25 ps 10 ps

3x A
partial results

-—> <>

3x A (t+0)

>
2%5 10 ps 2}@5 10 ps
30 ps

20 ps

15



diminishing returns: uneven split

Can we split up some logic (e.g. adder) arbitrarily?

Probably not...

110 ps
per cycle

70 ps
per cycle

50 ps
per cycle

logic (all) ’
100 ps 10 ps
logic (1/2) logic (2/2)
60 ps 10 ps 45ps 10 ps

logic
/3 |

ZaN

logic
(3/3)

40 ps 10 ps 40 ps 10 ps30 ps10 ps



diminishing returns: uneven split

Can we split up some logic (e.g. adder) arbitrarily?

Probably not...

110 ps
per cycle

70 ps
per cycle

50 ps
per cycle

logic (all) ’
100 ps 10 ps
logic (1/2) logic (2/2)
60 ps 10 ps 45 ps 10 ps

logic
/3 |

ZaN

logic
(3/3)

40 ps 10 ps 40 ps 10 ps30 ps10 ps



diminishing returns: uneven split

Can we split up some logic (e.g. adder) arbitrarily?

Probably not...

110 ps
per cycle

70 ps
per cycle

50 ps
per cycle

logic (all) ’
100 ps 10 ps
logic (1/2) logic (2/2)
60 ps 10 ps 45ps 10 ps

logic
/3 |

ZaN

logic
(3/3)

40 ps 10 ps 40 ps 10 ps30 ps10 ps



textbook SEQ ‘stages’

conceptual order only

Fetch: read instruction memory
Decode: read register file
Execute: arithmetic (ALU)
Memory: read/write data memory
Weriteback: write register file

PC Update: write PC register

17



textbook SEQ ‘stages’

conceptual order only

Fetch: read instruction memory
Decode: read register file
Execute: arithmetic (ALU)
Memory: read/write data memory
Weriteback: write register file

PC Update: write PC register

writes happen
at end of cycle




textbook SEQ ‘stages’

conceptual order only

Fetch: read instruction memory

Decode: read register file reads — “magic”

like combinatorial logic

Execute: arithmetic (ALU) | 1abl
as values available

Memory: read/write data memory
Weriteback: write register file

PC Update: write PC register



textbook stages
coneeptual-erder-only pipeline stages

Fetch/PC Update: read instruction memory;
compute next PC

Decode: read register file
Execute: arithmetic (ALU)
Memory: read/write data memory

Writeback: write register file

18



textbook stages

coneeptual-order-only pipeline stages

Fetch/PC Update: read instruction memory;

compute next PC

Decode: read register file

Execute: arithmetic (ALU)

Memory: read/write data memory

5 stages
one instruction in each
compute next to start immediatelly

Writeback: write register file

18



addq CPU

Instr. I |split
Mem.

fetch and
PC update

OxF >

register file

srcA  RIsrcA]
R[srcB]

srcB

dstM

dstE

next R[dstM]

next R[dstE]

>DD

-

19



addq CPU

decode

register file

srcA

R[srcA]

R[srcB]

O fptel

dstE

Instr. - lsplit
Mem.

fetch and
PC update

next R[dstM]
next R[dstE]

execute

1
Y

writeback

19



addq CPU

signal skips two stages

decode

register file

srcA R[srcA]

R[srcB]

PC

fetch and
PC update

srcB

dstE

next R[dstM]
next R[dstE]

execute

writeback

19



addq CPU

decode

execute

‘ register file

srcA R[srcA]

| R[srcB]
srcB

H Instr. I |split
u Mem.

PC
fetch and
PC update

OX jprntesbayin

dstE

next R[dstM]
next R[dstE]

writeback

1
Y

19



pipelined addq processor

Instr.
Mem.

>

fetch and
PC update

decode

execute

register file

srcA

srcB

R[srcA]r
R[srcB]H

dstE

next R[dstM]
next R[dstE]

1
Y

D1

ADD -

writeback

PP

20



pipelined addq processor

ab ]

N

Instr.

Mem.

>

D 1P 1

OxF >

register file

srcA  RIsrcA]
R[srcB]

srcB

dstM

dstE

next R[dstM]

next R[dstE]

1
J’a\|

ADD—

D 1P 1

20



pipelined addq processor

ab ]

N

Instr.

Mem.

>

fetch/de

decode/execute
R

T:Odr%gister file

J’a\|

reA  RIsrcA]

srcB :E:

R[srcB]

|

dstM
dstE ADD—

next R[dstM] —
next R[dstE]

PP

execute/writeback

20



pipelined addq processor

decode/execute
A
fetCh/der:Odr%gister file
fetch /fetch D1 derea  RisreAl
l R[srcB]H
*E» srcB L,

oxF+dstM
q Instr. » dstE ADD—
Mem.

next R[dstM] —
PC next R[dstE]
T -
o
Jax

execute/writeback



addqg execution
addq %r8, %r9 // (1)

addq %rle, %rll // (2) decode/execute
N
register file
fetch /fetch T RlsrcA]-
srcA
fetch /ddcode Al L Rme}jﬁil’
oxF+ldstM
d phetr. dstE ADD|—
next R[dstM]
PC next R[dstE]
F
—
N
]
N

execute /writeback )



addqg execution

addq %r8, %r9 // (1)
addq %r10, %ril // (2)

fetch /fetch

PC

address of (2)

decode/execute

register file

rcA RIsrcA]

R[srcB]

fetch /ddcode :E%l

Instr.

OxF |

Mem. 4

addq %r8, %r9 //(1)

srcB
dstM
dstE

next R[dstM]
next R[dstE]

1-H

.

ADD —

DD ]

execute /writeback

21



addqg execution
addq %r8, %r9 // (1)

A
reg #s 8, 9 from (1) register file
fetch /fetch A RIsrcAl-
fetch /d R[sch]-E;L
srcB
dstM
1 I'\;I‘:f; dstE ADD|—
: next R[dstM]
PC addq %r1e, %ril //(2) next R[dstE]
F
=
N
]
N

execute /writeback

21



addqg execution
addq %r8, %r9 // (1)

addq %r10, %rll // (2) decode/execute
LR
reg #s 10, 11 from (2) -, register file |} valuesfor (1)
fetch /fetch oa RIsrcAlH o
fetCh/d ' B R[srcB]H L
dstM
1 Man dstE ADD—
next R[dstM]
PC next R[dstE]
F
—
|ZaN|
[]
7N

execute /writeback )



addq processor timing
// initially

%r8 = 800,

. register file

// %¥r9 = 900, etc. QLWA RlsrcAl

addq %r8, %r9 L

oxF-dstM  R[srcB]|

addq %r1e, %rill

addq %r12, %rl3 5 hext RIdstM]
o’ os next R[dstE]

r r

addq %r9 sy 70 8 E
fetch | fetch/decode decode/execute execute/writeback ﬁ

cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE

(0] Ox0

1 0Ox2 8 9

2 Ox4 10 11 800 900 9

3 Ox6 12 13 1000 |1100 (11 1700 9

4 9 8 1200 |1300 (13 2100 11

5 1700 |800 8 2500 13

6 2500 8

22



addq processor timing
// initially

%rg8 = 800,

. register file

// %r9 = 900, etc. ﬂiﬂﬁ Rl

addq %r8, %ro9 L

oxF-dstM  R[srcB]|

addq %r1e, %rill

addq %r12, %rl3 5 hext RIdstM]
o’ os next R[dstE]

r r

addq %r9 sy 70 8 E
fetch | fetch/decode decode/execute execute/writeback ﬁ

cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE

(0] 0x0

1 0Ox2 8 9

2 Ox4 10 11 800 900 G

3 Ox6 12 13 1000 |1100 (11 1700 9

4 9 8 1200 |1300 (13 2100 11

5 1700 |800 8 2500 13

6 2500 8

22



addq processor timing

// initially %r8 = 800, : N
o _ ‘ register file
// %r9 = 900, etc. o wee—13
addq %r8, %r9 L L
addq %r10, %rill e &L :
addq %r12, %rl3 5 st Ridst]
next R[dstE]

addqg %r9, %r8 L*

fetch | fetch/decode decode/execute execute/writeback %
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
0] 0x0
1 0x2 8 9
2 0x4 10 11 800 900 9
3 0x6 12 13 1000 (1100 |11 1700 9
4 9 8 1200 |1300 |13 2100 11
5 1700 |800 8 2500 13
6 2500 8

22



addq processor timing

// initially %r8 = 800, : N
o _ ‘ register file
// %r9 = 900, etc. o wee—13
addq %r8, %r9 L L
addq %r10, %rll oz &L :
addq %rl2, %ril3 = next R[dstM]
next R[dstE]

addqg %r9, %r8 L*

fetch | fetch/decode decode/execute execute/writeback %
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
0] 0x0
1 0x2 8 9
2 0x4 10 11 800 900 9
3 0x6 12 13 1000 (1100 |11 1700 9
4 9 8 1200 |[1300 |13 2100 11
5 1700 |800 8 2500 13
6 2500 8

22



addq processor timing

// initially %r8 = 800, - ‘0
. register file
// %r9 = 900, etc. &LM Rl
addq %r8, %r9 L
oxF-dstM  R[srcB]|
addq %r1e, %rill
addq %r12, %rl3 5 st Ridst]
o/ 0, next R[dstE]
addq %r9, %r8 =
fetch | fetch/decode decode/execute execute/writeback ()
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
0] 0x0
1 0x2 8 9
2 0x4 10 11 800 900 9
3 0Ox6 12 13 1000 (1100 |11 1700 9
4 9 8 1200 |1300 |13 2100 11
5 1700 |800 8 2500 13
6 2500 8

22



critical path

every path from state output to state input needs enough time

output — may change on rising edge of clock
input — must be stable sufficiently before rising edge of clock

critical path: slowest of all these paths — determines cycle time
times three: slowest stage ended up mattering

have to choose one clock cycle length
can't vary clock depending on what instruction is running

matters with or without pipelining

23



SEQ paths

Data in
Data out
Addr in

write?

register file
A oA RIsrcA]
R[srcB
B—%rsp=D—|srcB [sreB]
OxF dstM
Instr.
Mem. %PSh dstE
—[next R[dstM]
next R[dstE]
instr. F
length

function
of opcode

24



SEQ paths

path 1: 25 picoseconds

R

PC

Data in
Data out
Addr in

write?

register file
A oA RIsrcA]
R[srcB
B—%rsp=D—|srcB [srcB]
OxF dstM
Instr.
Mem. %P5p dstE
—[next R[dstM]
next R[dstE]
instr. F
length

function
of opcode

24



SEQ paths

path 1: 25 picoseconds  path 2: 50 picoseconds

register file

rA oA RIsrcA]

R[srcB

B—%rsp=D—|srcB [ ]

B dstM
- Instr > j Data in
P . o OXF dstE Data out

Mem. %rsp: oata
write?

—next R[dstM] o
PC next R[dstE] of opcode

_ | instr. F

length

o




SEQ paths

path 1: 25 picoseconds
path 3: 400 picoseconds

path 2: 50 picoseconds

register file ‘ PCt0
. L
STCA ISEASA |
R[srcB
B—%rsp=D—|srcB [ ]
dstM Dota
i ata in
P '|\;|1§,|‘.I‘ dstE Data out
o Addr in
write?
—next R[dstM] o
PC rnext R[dstE] of opcode
== Instr.
= |length

24



SEQ paths

path 1: 25 picoseconds  path 2: 50 picoseconds
path 3: 400 picoseconds path 4: 900 picoseconds

register file ‘ PC49
1 L
" STCA [‘" =] D
R[srcB
B %rsp=D—|srcB [ ] AL
I U
- i ot e Data in
— -MM L w dstE valE m?gwﬂ
o aluB E% dr in
[ write?
B r\[dth] function
PC next R[dstE] of opcode
instr.
= llength




SEQ paths

path 1: 25 picoseconds

path 2: 50 picoseconds

path 3: 400 picoseconds path 4: 900 picoseconds

R

PC

LInstr

register file ‘ PC+9
o L
a3 SPCA SEASA| P
B Zrsp—P—{srcB R[sch]-‘
T ALY

Mem.

..and man

y, many more paths

instr.

length

|

TTEXT r\;dth]
next R[dstE]

———

[

Data in

write?

function
of opcode

24



sequential addq paths

Instr.
Mem.

b-(split

register file
rcA RIsrcA]
R[srcB]
srcB
OxF+dstM
dstE

next R[dstM]

’—— next R[dstE]

25



sequential addq paths

path 1: 25 picoseconds

Instr.

PC

Mem.

b-(split

OxF »|

register file

rcA RIsrcA]
R[srcB]

srcB

dstM

dstE

next R[dstM]

next R[dstE]

25



sequential addq paths

path 1: 25 picoseconds
path 2: 375 picoseconds

Instr.

OxF »|

PC

Mem.

lit

register file
rcA RIsrcA]
R[srcB]
srcB
dstM
dstE A
next R[dstM]
next R[dstE]

25



sequential addq paths

lostr.

PC

Mem.

path 1: 25 picoseconds
path 2: 375 picoseconds
path 3: 500 picoseconds

lit

register file

DL Do

STCA ==

R[srcB]
srcB
OxF+dstM
P dstE

next R[dstM]
next R[dstE]

25



sequential addq paths

path 1: 25 picoseconds

path 2: 375 picoseconds
path 3: 500 picoseconds
path 4: 500 picoseconds

register file

PC

OxF+ldstM

next R[dstM]

ﬁnext R[dstE]

25



sequential addq paths

path 1: 25 picoseconds

path 2: 375 picoseconds

path 3: 500 picoseconds

path 4: 500 picoseconds

overall cycle time: 500 picoseconds (longest path)

register file

OxF+ldstM

PC

next R[dstM]

ﬁnext R[dstE]

25



pipelined addq paths

register file

—
7aN

N srcA

dstM

R[srcA]

>

>J Morn dstE
next R[dstM]
PC rext=RpdstE]
_@_' path 1: 80 picoseconds
path 2: 210 picoseconds —4
path 3: 210 picoseconds |ZaN
path 4: 135 picoseconds E

path 5: 110 picoseconds
path 6: 135 picoseconds

overall cycle time: 210 picoseconds

26



pipelined

addq paths

—
N
register file

) | rcA RIsrcA]—

P

PC

dstM \
dstE >ADD —

next R[dstM]

ext=Ridst E]
path 1: 80 picoseconds
path 2: 210 picoseconds —
path 3: 210 picoseconds AN
path 4: 135 picoseconds E

path 5: 110 picoseconds
path 6: 135 picoseconds

overall cycle time: 210 picoseconds

26



addq processor performance

example delays: N
path t| me ‘ register file
add 2 80 ps e i
instruction memory 200 ps B s .
register file read 125 ps
add 100 ps PLI

register file write 125 ps

no pipelining: 1 instruction per 550 ps
add up everything but add 2 (critical (slowest) path)

pipelining: 1 instruction per 200 ps + pipeline register delays
slowest path through stage + pipeline register delays
latency: 800 ps + pipeline register delays (4 cycles)

27



addq processor timing exercise 1

example delays:
path

‘ register file

time

add 2

register file read
add

register file write 125 ps

80 ps
instruction memory 200 ps ‘Fem

125 ps pC

TP fn Rl ——03
I |

100 ps

exercise 1: when instruction 1 stores its result in %rbx, what did
instruction 3 just complete?
addq %rax, %rbx /* 1 */
addq %rcx, %rdx

addq %r8, %r9

A. fetch
D. writeback

/* 3%/

B. decode (register read) C. execute
E. nothing (it's not running)

28



addq processor performance exercise 2

%)
example delays: ‘ register file

path time Eazg R[SrcAli.&L
add 2 80 ps B oot ol )\
instruction memory 200 ps I - » L
register file read 125 ps PC e

add 100 ps —

register file write 125 ps
now, cycle time = 200 ps + register delays per cycle

exercise 2:

suppose we combine add and register file read together — new cycle
time?

A. 200 ps + reg delay B. 225 ps + reg delay

C. 250 ps + reg delay D. 280 ps + reg delay

E. 325 ps + reg delay E. something else



pipeline register naming convention
d_dstE

PC

Instr.
Mem.

r
register file
R[srcA]

srcA
R[srcB]

W_dst

srcB

~dstM

dstE

next R[dstM]
next R[dstE]

E_dstE
/

J
E—{0H < e dstE—

30



pipeline register naming convention
f — fetch sends values here
D — decode receives values here

d — decode sends values here

31



addq HCL

/* D: to decode

/* f: from fetch */ d: from decode */

f_rA = ilOGbytes[12..16]; d_dstE = D_rB;

f_rB = ilObytes[8..12]; /* use register file: */
reg_srcA = D_rA;

/* fetch to decode */ d_valA = reg_outputA;

/* f_rA -> D_rA, etc. */
register fD {

rA : 4 = REG_NONE; /* decode to execute */
rB : 4 = REG_NONE; register dE {
} dstE : 4 = REG_NONE;

valA : 64 = 0;
valB : 64 = 0;



addq fetch/decode

unpipelined
/* Fetch+PC Update*/
pc = P_pc;
p_pc = pc + 2;
rA = i10bytes[12..16];
rB = ilObytes[8..12];

/* Decode */

reg_srcA = rA;
reg_srcB = rB;
reg_dstE = rB;

valA = reg_outputA;
valB reg_outputB;

pipelined
/* Fetch+PC Update*/
pc = P_pc;
p_pc = pc + 2;
f_rA = i10bytes[12..16];
f_rB = i10bytes[8..12];

/* Decode */
reg_srcA = D_rA;

= D_rB;
D_rB;
reg_outputA;
reg_outputB;

33



addq pipeline registers

register pP {
pc : 64 = 0;
15

/* Fetch+PC Updatex/
register fD {

rA : 4 = REG_NONE; rB : 4 = REG_NONE;
}s5

/* Decode */
register dE {

valA : 64
}

/* Execute *x/
register eW {

valE : 64
}

/* Writeback */

0; valB : 64 = 0; dstE : 4 = REG_NONE;

0; dstE : 4 = REG_NONE;



SEQ without stages

Instr.

register file

rA srcA R[srcA]
R[srcB

rB—%rsp=D—{srcB [ ]

R
OxF—

OxF—

%rsp—

Mem.

instr.
length

[

dstM
dstE

next R[dstM]
next R[dstE]

PC+9

ALU

aluA
valE
aluB

Data in
Data out
Addr in

write?
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SEQ with stages

decode
execute
memory
fetch register file ‘ pclo
Il
A srcA  RIsreA]
B~ %rsp=D—{srcB RlereBlT—
dstM ALU
L Instr OxF— —— p-laluA Data in
— : L OXF— dstE valE Data out
> Mem. %rsp: 0*ﬁ_>a|"8 -|]|_I__>D—>Ads:itier?1
—[next R[fistM]
PC next R[distE]
instr. [‘
.Hlength
writeback




SEQ with stages

decode
execute
memory
fetch | register file ‘ pclo
I
A srcA RIsreAl
BIH—
- e —rermsrcB R[srcB]
[ dstM ALU
> Instr — "/D”a'"A Data in
ma Mem. Q,OXE— dstE valEfy Data out
> . #rsp= < r—>aIuB [ [ |—>Addr in
° I write?

—[next R[fistM]

instr.
length

PC ’-snext R[¢IstE]

;

writeback




SEQ with stages

retcn

Instr.

PC

;

Mem.

instr.

" llength

decode
execute
- memory
rule: signal to next stage (except flow control)
register file ‘ pcho
Il
A srcA  RlsrcAl
B Zrsp—=D—isrcB RlsreB]—
dstM ALU
OxF=| ——| ~{aluA Data in
o OXF =] dstE valEfy Data out
s ol ST > —|Addr i
2 I -
—[next R[fistM]
’-snext R[¢IstE]
writeback
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SEQ with stages (actually sequential)

decode
execute
“%gﬂ memory
%PEp=]
fetch . -
| register file ‘ PC}9
I
A srcA RlsreAl
R[srcB]H—

L— aluA Data in

*rBﬁ‘.WDﬂsch L

Instr.

— dstE valE Data out
->D> Mem. 0*@—>alu8 g_.>D—>Addr in

write?

T—

—[next R[fistM]

instr.
length

PC ’-snext R[¢IstE]

;

writeback




adding pipeline registers

fetch

decode

OxF—
%P¥p—
[—.

—

Instr.

PC

;

Mem.

instr.

" llength

%
(A

register file
srcA R[srcA]H
R[srcB]H

srcB

dstM
dstE

next R[fistM]
next R[distE]

valE

aluB

execute
memory
ALU
L— aluA Data in

write?

Data out

[F—~|Addr in

writeback
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adding pipeline registers

decode

execute
—— memory
not shown — control logic | «#=
1ELCH register file ‘
srcA  RIsrcAl
R[srcB]H
%rsp srcB
dstM ALU
L. Instr N ——| plaluA Data in
— ’ dstE valE Data outf
> Mem. G-»ﬁ_>3|"3 D—’Addr in
write?

—next R[¢istM]

PC next R[dIstE]
instr. [‘

" llength

;

writeback




passing values in pipeline
read prior stage's outputs

e.g. decode: get from fetch via pipeline registers (D_1icode, ..)

send inputs for next stage
e.g. decode: send to execute via pipeline registers (d_icode, ..)

exceptions: deliberate sharing between instructions

via register file/memory/etc.
via control flow instructions
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memory read/write logic

address ~
data
data memory

output

data

input

icode — is read?
from instr. mem m

40



memory read/write logic

address ~
data
data memory
output
data
input
—| is read?

is write?




memory read/write logic

address ~
data
data memory
output
data
input
from —| is read?
instr.
mem. iS Write?
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memory read/write: SEQ code

icode = 110bytes[4..8];
mem_readbit = [
icode == MRMOVQ || ...: 1;
0
13
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memory read/write: PIPE code

f_icode = ilObytes[4..8];

register fD { /* and dE and eM and mW */
icode : 4 = NOP;

+

d_dcode

D_dicode;

e_icode = E_dcode;

mem_readbit = [
M_icode == MRMOVQ || ...: 1;
0;

13
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memory read/write: PIPE code

f_icode = ilObytes[4..8];

register fD { /* and dE and eM and mW */
icode : 4 = NOP;

+

d_dcode

D_dicode;

e_icode = E_dcode;

mem_readbit = [
M_icode == MRMOVQ || ...: 1;
0;

13
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addq processor: data hazard

// initially %r8 = 800,

// %r9 = 900, etc.
addq %r8, %r9

addq %r9, %r8

‘ register file
L —fsrea RisreA]
D eree

oxFdstM  RsrcB]

next R[dstM]

ER[dstE]
A
&

aqu ce o
addq
fetch | fetch/decode decode/execute execute/writeback
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
0] 0x0
1 0x2 8 9
2 9 8 800 900 9
3 900 800 8 1700 9
4 1700 8
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addq processor: data hazard

// initially %r8 = 800, " ()
P register file
// %r9 = 900, etc. &Lm o
addq %r8, %r9 &LZCZ
oxF+dstM  RisrcB]
addq 96|"9 ’ 96r8 ~D~ split] dstE
addq ... R
add PC next R[dstE]
q =
fetch | fetch/decode decode/execute execute/writeback ()
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
0] 0x0
1 0x2 8 9
2 9 8 gee 00 9
3 900 800 8 1700 9
4 1700 8

should be 1700
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data hazard
addq %r8, %r9 // (1)
addq %r9, %r8 // (2)
step# |pipeline implementation ISA specification
1 read r8, r9 for (1) read r8, r9 for (1)
2 read r9, r8 for (2) write r9 for (1)
3 write r9 for (1) read r9, r8 for (2)
4 write r8 for (2) write r8 ror (2)

pipeline reads older value...

instead of value ISA says was just written




data hazard compiler solution

addq %r8, %r9
nop
nop
addq %r9, %r8

one solution: change the ISA
all addgs take effect three instructions later

make it compiler’s job

problem: recompile everytime processor changes?
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data hazard hardware solution

addq %r8, %r9
// hardware inserts: nop
// hardware inserts: nop
addq %r9, %r8

how about hardware add nops?
called stalling

extra logic:

sometimes don't change PC
sometimes put do-nothing values in pipeline registers
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addqg processor: data hazard stall

// initially %r8 = 800,

// %r9 900, etc.
addq %r8, %r9

// hardware stalls twice
addq %r9, %r8

addq %r10, %rll

Instr. n
-T Mo, [Flsplit

‘ register file
L —fsrea RisreA]
D eree

oxfldstM  Risrc]

’—dstE
arian

Pq

+ stalling logic (not shown)

—f

add ™z

fetch | fetch—decode decode—execute execute—writeback
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
[0] ox0
1 Ox2* |8 9
2 Ox2* |F F 800 900 9
3 0x2 F F - - F 1700 9
4 Ox4 9 8 - - F - F
5 10 11 1700 |800 8 - F
6 1000 [1100 |11 2500 8
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addqg processor: data hazard stall

// initially %r8 = 800,

// %r9 900, etc.
addq %r8, %r9

// hardware stalls twice
addq %r9, %r8

addq %r10, %rll

Instr. n
-T Mo, [Flsplit

‘ register file
L —fsrea RisreA]
D eree

oxfldstM  Risrc]

’—dstE
arian

Pq

+ stalling logic (not shown)

—f

add ™z

fetch | fetch—decode decode—execute execute—writeback
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
[0] ox0
1 Ox2* |8 9
2 Ox2* |F F 800 900 9
3 0x2 F F - - F 1700 9
4 Ox4 9 8 - - F - F
5 10 11 1700 |800 8 - F
6 1000 [1100 |11 2500 8

47



addqg processor: data hazard stall

// initially %r8 = 800,

// %r9 = 900, etc.
addq %r8, %r9

// hardware stalls twice
addq %r9, %r8

addq %r10, %rll

Instr. n
-T Mo, [Flsplit

D]

‘ register file
T ren Risrea]
By LI

oxfldstM  Risrc]

’—der
arian

e

Pq

+ stalling logic (not shown)

—f

add ™z

fetch | fetch—decode decode—execute execute—writeback
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
[0] ox0
1 Ox2* |8 9
2 Ox2* |F F 800 900 9
3 0x2 F F - - F 1700 9
4 Ox4 9 8 - - F - F
5 10 11 1700 |800 8 - F
6 1000 [1100 |11 2500 8

R[9] written during cycle 3; read during cycle 4
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addq stall

addq %r8, %r9

// hardware stalls twice
addq %r9, %r8

addq %r1o, %rill

lcycle [fetch ldecode lexecute \writeback

0 laddq %r8, %r9 |

1 Jaddq %rg, %r8ﬁdAdq %8, %r9\\‘

2 Jaddg %rg, %r8 |nop "bubble”  |addq %r8, %rg\\‘

3 Jaddq %r9, %r8 [nop “bubble”  Jnop “bubble”  [addq %r8, %r9 |
4 Jaddq %r10, %r@q %9, %rSicip “bubble”  |nop “bubble” |
e laddq %r10, %r11 |addq %r9, %r8 |nop “bubble” |
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hazards versus dependencies

dependency — X needs result of instruction Y?

has potential for being messed up by pipeline
(since part of X may run before Y finishes)

hazard — will it not work in some pipeline?

before extra work is done to “resolve” hazards
multiple kinds: so far, data hazards

49



data hazard exericse

addq %r8, %r9 N
0/ 0/ register file
addqg %r1o, %rill ) [ |
addq %r9, %rs8 oL L
oxFldstM  RisreB]l— |

addq %rll, %rl0 B s I = AN

next R[dstM] L
PC R[dstE]

to resolve data hazards with stalling, how many stalls are needed?

hint: complete timeline
instr cycle: 0 1 2 3
addq R8, R9 FDEW
addq R10, R11 F

addq R9, R8
addq R11, R10




data hazard exericse solution

(not on this version of the slides)
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revisiting data hazards
stalling worked

but very unsatisfying — wait 2 extra cycles to use anything?!
..or more with 5-stage pipeline

observation: value ready before it would be needed
(just not stored in a way that let's us get it)

52



motivation location of values during cycle 2:

L
‘ register file
T —sea  RiseAl——OHAH
-E»J—»srcs L
OxF-ldstM R[srcs]i-g-1
"\‘A“Z:‘ split dstE L
// initially %r8 = 800, o R
0/ - next R[dstE]
%r9 = 900, etc.
// o e’ ’ add2
addq %r8, %r9 i
addq %r9, %r8 =
addq ...
addq ...
fetch | fetch/decode decode/execute execute/writeback
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
[0] 0x0
1 0x2 8 9
2 9 8 lsee  Joee o
3 900 [gee [8  [[17oe
4 JI7e0

should be 1700



motivation

location of values during cycle 2:

N
‘ register file
ThH—ren RlsreAl——OrF
-E»J—»sch L
oM RisreB] 11
"\‘A“Z:‘ split dstE L A
// 'Ln'Lt'Lally %r8 = 80@, next RidstM]
P(‘ next stl
// %r9 = 900, etc. - [ e
ladd 2
addq %r8, %r9 -
addq %r9, %r8 =
addq ...
addq
fetch | fetch/decode decode/execute execute/writeback
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] IdstE
0 0x0
1 0x2 8 9
2 9 8  Isee Joee Jo
3 900 800 8 | 1700 D
4 I700

should be 1700
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forwarding
addq %r8, %r9 // (1)
addq %r9, %r8 // (2)

register file
,E» srcA R[srcA]
& l srcB R[srcB]

OxF+dstM
1 Instr. > dstE
Mem.

ADD—

next R[dstM]
PC next R[dstE]
|ﬂ
—
%N
]
7N
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forwarding
addq %r8, %r9 // (1)
addq %r9, %r8 // (2)

B
QL

Y

4. reg # 9,
~‘,.:;.-“' R8=800; R9=9(0 (1)

ADD—

reg #s 9, 8 from (2) -, register file
5@» ‘ srcA  RIsrcA]
ﬂ» srcB R[srcB]
OxF+dstM
Instr. .
- Mem. > dstE
next R[dstM]
PC next R[dstE]
add 2 |ﬂ
—
|7aN
[
[N
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forwarding
addq %r8, %r9 // (1)
addq %r9, %r8 // (2) T

oId R9=900,

,E» rcA R[srcA]—-lZl— =800
| L
& srcB R[sch]——@T

register file . (@)

OxF+dstM
1 Instr. ’ dstE ADD —
Mem.
next R[dstM]
PC next R[dstE]
add 2 |ﬂ @
= - new R9=1700 (1)
7N




forwarding

addq %r8, %r9 // (1)
addq %r9, %r8 // (2)

-

PC

Instr.

Mem.

>

1-H

register file
»E»‘ srcA

& srcB R[src
OxF+dstM
dstE

next R[dstM]

next

R[dstE]

B]—-——@7

. (2

R3

~F old R9=900,
R[srcA] %

i

ADD—
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forwarding

addq %r8, %r9 // (1)
addq %r9, %r8 // (2)

-

PC

Instr.

Mem.

>

register file
& ‘ srcA RIsrcA]H r
& srcB R[srcB]
oxF+dstM
dstE
next R[dstM]

Aiwo

¥ R8=800

"EL

: R9=1700 (forwq

ADD—

rded)

next R[dstE]
T EJJ
Y new R9=1700 (1)
7N
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forwarding
addq %r8, %r9 // (1)
addq—sros—%e8—77 (7)

rded)

addq %r1e, %r9 // (2b) register file glbo):looo,
b srcA R[srcA]-v—[:m 4 RQ=1700 (forwa
*E“ srcB RlsreBIl—1 L
oxF-+ldstM [ ] ’B_,Qj
[ II\Z:_:] ’ dstE ADD —
next R[dstM]
PC next R[dstE]
add 2| |ﬂ
=
=] new R9=1700 (1)
N
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forwarding: MUX conditions

addq %r8, %r9 // (1)

1-H

addq %r9, %r8 // (2)

register file

=

srcA

R[srcA]

&L

l
*E» srcB
R[srcB]
OxF+{dstM :' Q_I
II\;I]:E: > dstE
next R[dstM]
PC next R[dstE]
add 2 {*
|
7N
[]
7\
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forwarding: MUX conditions

addq %r8, %r9 // (1)

addq %r9, %r8 // (2)

register file

1l
It

srcA

OxF

Instr. b-(split
Mem.
PC

srcB
dstM
dstE

R[srcA]

R[srcB]

next R[dstM]
next R[dstE]

add 2 {*

I

D 1D 1
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forwarding: MUX conditions

addq %r8, %r9 // (1)
addq %r9, %r8 // (2)

register file
,E» orcA  RIsrcA]
*E»l srcB RlsrcB
ﬂ — oxF+dstM [s ‘ ]
d_valA= [ dstE
condition : e_valE;
1 : reg_outputA; next R[dstM]

13

What could condition be?

a. W_rA == reg_srcA
b. W_dstE == reg_srcA
c. e_dstE == reg_srcA
d. d_rB == reg_srcA

e. something else

next R[dstE]

(

I

D 1D 1
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forwarding: MUX conditions

addq %r8, %r9 // (1)

addq %r9, %r8 // (2)

register file

1l
It

srcA

OxF

Instr. b-(split
Mem.
PC

srcB
dstM
dstE

R[srcA]

R[srcB]

next R[dstM]
next R[dstE]

add 2 {*

I

D 1D 1

55



forwarding: MUX conditions

addq %r8, %r9 // (1)

addq %r9, %r8 // (2)

1l
It

OxF

Instr. b-(split
Mem.
PC

register file
orcA  RIsrcA]
srcB R[srcB]
dstM

dstE

next R[dstM]
next R[dstE]

add 2 {*

I

D 1D 1
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computing destinations early

destination register
computed in decode

OxF4+
PR ne W g

available early
for forwarding/etc. logic

Data in
Data out
Addr in

write?

register file
srcA  RIsrcA]
R[srcB]
%rsp srcB
( dstM
L
_»D» Instr. A dstE
. Mem.
—[next R[dstM]
PC next R[dstE]
instr. [‘
length
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textbook convention on destinations

dstE/dstM computed mostly in decode
passed through pipeline as d_dstE, e_dstE, ..

valE /valM only set to value to be stored in dstE/dstM
passed through pipeline as e_valE, m_valE, ..

simplifies forwarding/stalling logic
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stalling versus forwarding (1)

with stalling:

cycle # 1.2:3:4
addq %r8, %r9 DIE:W
addq %r9, %r8 XX FID
with forwarding:

cycle # 1.2:3:4
addq %r8, %r9 D E;W
addq %r9, %r8 F Dl E:W
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more possible forwarding

OxF—
%P
[—.

_': Instr.
,D> Mem.
PC
instr.
a3 length

register file

R[srcA]

%rsp::@_’

srcA
R[srcB]
srcB

dstM

dstE

next R[dstM]
next R[dstE]

L

Data in
Data out
Addr in

write?

[
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more possible forwarding

OxF— é
— %8p—]
[—’ |

register file i ‘
srcA R[srcA]!
R[srcB]H
%rsp srcB N
( dstM Data i
L ata In
B II\ZSU' a dstE Data outf~]
™ em. o Addr in
write?

—[next R[dstM]

length

PC next R[dstE]
instr. [‘



INVALID forwarding path

OxF—
%8p—]
[—.

_': Instr.
,D> Mem.
PC
instr.
a3 length

register file

reA RIsreA]

S|
%rsp::@—’

R[sreB]
srcB

dstM
dstE

next R[dstM]
next R[dstE]

L},au
va
alu

(o

-

Data in

Data outf~j

Addr in

write?

|
el
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oops, extra long

INVALID forwarding path critical path!

OxF— [ ]
— %8p—]
I
register file ‘
srcA RIsrcA] I
R[sreB]
%rsp srcB
( dstM
> Instr. A
B dstE Data
_,D> Mem. o M
—{next R[dstM]

length

PC next R[dstE]
instr. [‘



forwarding more?

// initially %rax = 0,
// %rs = 800,
// %r9
addq %r8, %r9
addq %rax, %rax
addq %r9, %rlo

900, etc.

location of values during cycle 3:

‘ register file
T —lsea  RlseAl——O
D eree

oxFdstM  RsrcB]

next R[dstM]
next R[dstE]

3

should be 1700

fetch fetch /decode decode/execute execute/writeback
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
[0] 0x0
1 0x2 8 9
2 Ox4 0 0] 800 900 9
3 9 10 0 0 0 [1700 b
4 [000 [1eee |10 0 0
5 1900 10
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forwarding two stages?
addq %r8, %r9 // (1) R9 <- R8 (800) + R9 (900)

addq %rax, %rax // (2)

addq %r9, %rlie // (3) R10 <- R9 (1700) + R10 (1000)

—
el reg # 9,
register file E?glzgg(:) .
reg #s 9, 10 from (3) g @» A R[srcA]J—J\ @ -
. ‘ src — | —|
@ sreB R[srcB]h VQ— —
oxF+dstM L —
Instr. ’ dstE ADD—
Mem.
next R[dstM]
PC next R[dstE]
add 2
——
=

reg #9, R9=1700 from (1) (LAY RAX values from (2)

62



some forwarding paths

cycle #
addq %r8, %r9
subq %r9, %rill
mrmovq 4 (%rll), %rlo
rmmovq %r9, 8(%rll)
xorq %rl0, %r9

0
F

1
D
F

m O mN

m o mx W

mMmom=z= »
omx =

=
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some forwarding paths

cycle #
addq %r8, %r9
subq %r9, %rill
mrmovq 4 (%rll), %rlo
rmmovq %r9, 8(%rll)
xorq %rl0, %r9

0
F

1
D
F

MmMmom=ZT W
mMmom=z= »
omx =

=

63



some forwarding paths

cycle #
addq %r8, %r9
subq %r9, %rill
mrmovq 4 (%rll), %rlo
rmmovq %r9, 8(%rll)
xorq %rl0, %r9

0
F

1
D
F

MmMmom=ZT W
mMmom=z= »
omx =

=

63



some forwarding paths

cycle #
addq %r8, %r9
subq %r9, %rill
mrmovq 4 (%rll), %rlo
rmmovq %r9, 8(%rll)
xorq %rl0, %r9

0
F

1
D
F

MmMmom=ZT W
mMmom=zZ= »
omx =

=

63



some forwarding paths

cycle #
addq %r8, %r9
subq %r9, %rll
mrmovq 4 (%rll), %rlo
rmmovq %r9, 8(%rll)
xorq %rl0, %r9

0
F

1
D
F

-norn.zi-b
omx =

=

63



some forwarding paths

cycle #
addq %r8, %r9
subq %r9, %rll
mrmovq 4 (%rll), %rlo
rmmovq %r9, 8(%rll)
xorq %rl0, %r9

0
F

1
D
F

-norn.zi-b
omx =

=

63



some forwarding paths

cycle #
addq %r8, %r9
subq %r9, %rill
mrmovq 4 (%rll), %rl@
rmmovq %r9, 8(%rll)
xorq %rl0@, %r9

0
F

1
D
F

-norn.zi-b

=

63



some forwarding paths

cycle #
addq %r8, %r9
subq %r9, %rill
mrmovq 4 (%rll), %rlo
rmmovq %r9, 8(%rll)
xorq %rl0, %r9

0
F

1
D
F

-norn.zi-b

=

63



some forwarding paths

cycle #
addq %r8, %r9
subq %r9, %rill
mrmovq 4 (%rll), %rlo
rmmovq %r9, 8(%rll)
xorq %rl0, %r9

0
F

1
D
F

-norn.zi-b

=
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multiple forwarding paths (1)

addq %ri10,
addq %ril,
addq %ri2,

%r8
%r8
%r8

cycle #

0
F

1
D
F

2

E
D
F

4

m =< =

5

w
M
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multiple forwarding paths (1)

addq %ri10,
addq %ril,
addq %ri2,

%r8
%r8
%r8

cycle #

0
F

1
D
F

2

E
D
F

4

m =< =

5

w
M
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multiple forwarding HCL (1)

/* decode output: valA */
d_valA = [

reg_srcA == e_dstE : e_valkE;
/* forward from end of execute */

reg_srcA == m_dstE : m_valE;

/* forward from end of memory */

1 : reg_outputA;
13
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multiple forwarding paths (2)

addq %ri10,
addq %ril,
addq %ri2,

%r8
%rl12
%r8

cycle #

0
F

1
D
F

2

E
D
F

3
M
E
D

4

m < =

5

w
M
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multiple forwarding paths (2)

addq %ri10,
addq %ril,
addq %ri2,

%r8
%rl12
%r8

cycle #

0
F

1
D
F

2

E
D
F

3
M
E
D

4

m < =

5

w
M
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multiple forwarding paths (2)

addq %ri10,
addq %ril,
addq %ri2,

%r8
%rl12
%r8

cycle #

0
F

1
D
F

2

E
D
F

3
M
E
D

4

m < =

5

w
M
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multiple forwarding HCL (2)

d valA = [
reg_srcA == e_dstE

1 : reg_outputA;
13

d valB = [

reg_srcB == m_dstE :

1 : reg_outputB;
13

: e_valkE;

m_valkE;
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exercise: forwarding paths

cycle# 0 1 2 3 456 7 8
addq %r8, %r9 FDEMW
subq %r8, %rl10 FDEMW
xorq %r8, %r9 FDEMW
andq %r9, %r8 FDEMW
in subq, %r8 is addgq.
in xorq, %r9 is addq.
in andq, %r9 is addq.
in andq, %r9 is Xorq.

A: not forwarded from
B-D: forwarded to decode from {execute,memory,writeback} stage of
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unsolved problem

cycle #0123
mrmovq O (%rax) , %rbx |F|D
subqg %rbx, %rcx F|D|EY

m
=
= = b
= ol
o
~
o

combine stalling and forwarding to resolve hazard

assumption in diagram: hazard detected in subq's decode stage
(since easier than detecting it in fetch stage)

typically what you'll implement
intuition: try to forward, but detect that it won't work
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unsolved problem

cycle #0123
mrmovq O (%rax), %rbx |F|D|E M‘W

IN
Ul
o
~
o

subq %rbx, %rcx F|| D D*E M| W

stall

combine stalling and forwarding to resolve hazard

assumption in diagram: hazard detected in subq's decode stage
(since easier than detecting it in fetch stage)

typically what you'll implement
intuition: try to forward, but detect that it won't work
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solveable problem

cycle #10/1|2|3|4|5/6|7|8
mrmovq O (%rax), %rbx |F|D|E le
rmmovq %rbx, 0 (%rcx) FID E'M|W

common for real processors to do this
but our textbook only forwards to the end of decode
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aside: forwarding timings

forwarding: adds MUXes for forwarding to critical path
might slightly increase cycle time, considered acceptable

should not add much more to critical path:
example: can't use value read from memory in ALU in same cycle
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pipeline with different hazards

example: 4-stage pipeline:
fetch/decode/execute+memory /writeback

addq %rax, %r8
subq %rax, %r9
xorq %rax, %rl0
andq %r8, %rll

// 4 stage
//

// W

// EM

// D

// 5 stage
// W
// M
// E
// D
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pipeline with different hazards

example: 4-stage pipeline:
fetch/decode/execute+memory /writeback

// 4 stage // 5 stage

addq %rax, %r8 // // W
subq %rax, %r9 // W // M
xorq %rax, %rl® // EM // E
andq %r8, %rll // D // D

addq/andq is hazard with 5-stage pipeline

addq/andq is not a hazard with 4-stage pipeline
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exercise: different pipeline
split execute into two stages: F/D/E1/E2/M/W

result only available near end of second execute stage

where does forwarding, stalls occur?

cycle# © 1 2 3 4 5 6 7 8
(1) addq %rcx, %r9 F D E1LE2 M W
(2) addq %r9, %rbx
(3) addq %rax, %r9
(4) rmmovqg %r9, (%rbx)
(5) rrmovqg %rcx, %r9
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exercise: different pipeline

split execute into two stages: F/D/E1/E2/M/W
cycle# © 1 2 3 4 5 6 7 8

addq %rcx, %r9 F DE1E2 M W
addq %r9, %rbx

addq %rax, %r9

rmmovq %r9, (%rbx)
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exercise: different pipeline

split execute into two stages: F/D/E1/E2/M/W
cycle# © 1 2 3 4 5 6 7 8

addq %rcx, %r9 F DE1E2 M W
addq %r9, %rbx F DE1LE2 M W
addq %rax, %r9 F D ELE2 M W

rmmovq %r9, (%rbx) F D E1LE2 M W
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exercise: different pipeline

split execute into two stages: F/D/E1/E2/M/W
cycle# © 1 2 3 4 5 6 7 8

addq %rcx, %r9 F DE1E2 M W
addq %r9, %rbx F D DE1E2 M W
addq %rax, %r9 F F D E1E2 M W

rmmovq %r9, (%rbx) F D E1E2 M W
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exercise: different pipeline

split execute into two stages: F/D/E1/E2/M/W
cycle# © 1 2 3 4 5 6 7 8

addq %rcx, %r9 F DE1E2 M W
addq %r9, %rbx F D DE1E2 M W
addq %rax, %r9 F F D E1E2 M W

rmmovq %r9, (%rbx) F D E1E2 M W

74



exercise: different pipeline

split execute into two stages: F/D/E1/E2/M/W
cycle# © 1 2 3 4 5 6 7 8

addq %rcx, %r9 F DE1E2 M W

addq %r9, %rbx F D DE1E2 M W

addq %rax, %r9 F F D E1E2 M W
rmmovq %r9, (%rbx) F D E1E2 M W

rrmovq %rcx, %r9 F DE1LE2 M W
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control hazard

subq %r8, %r9
je  OXFFFF
addq %rlo, %rill
fetch fetch—decode decode—execute execute—writeback
cycle |PC SF/ZF [rA [rB |RIsrcA] [R[srcB] [dstE [next R[dstE] [dstE
¢} Ox0 0/1
1 Ox2 0/1 8 9
2 222 |o/1 JoxF JoxF [see [oee o
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control hazard

subq %r8, %r9
je  OXFFFF
addq %rlo, %rill

fetch fetch—decode decode—execute execute—writeback
cycle  |PC SF/ZF [rA [rB |RIsrcA] [R[srcB] [dstE [next R[dstE] [dstE
¢} Ox0 0/1
1 e a/1 8 9
2 222 |d/1 JoxF  JoxF [see Joee o |

OxFFFF if R[8] = R[9]; Ox12 otherwise



control hazard: stall

addq %r8, %r9

// insert two nops
je  OxFFFF

addq %rlo, %rll
fetch fetch—decode decode—execute execute—writeback
cycle |PC SF/ZF |rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
(0] Ox0 0/1
1 Ox2*x |0/1 8 9
2 Ox2%x |0/1 OxF OxF (800 900 9
3 0x2 0/0 OxF OxF |=—~ - OxF |1700 9
4 0x10 |0/0 OxF OxF |[=—~ - OxF |[——— OxF
5 10 11 - - OxF |[——— OxF
6 1000 (1100 |11 - OxF

76



control hazard: stall

addq %r8, %r9

// insert two nops
je  OXFFFF

addq %rlo, %rll

fetch I fetch—decode I decode—execute I execute—writeback
ocle |PC_ Hwait for two cycles for addq to update SF/ZF
0 FAYTAY —
1 ox2*x |4/1 8 9
2 ox2*x |4/1 OxF OxF (800 900 9
3 % 0/0 OxF OxF [~ - OxF (1700 9
4 0x10 |0/0 OxF OxF [T7= - OxF [=——~ OxF
5 10 11 - == OxF [==~ OxF
6 1000 (1100 (11 - OxF




control hazard: stall

addq %r8,

%r9

// insert two nops

je  OXFFFF
addq %rlo, %rll

fetch fetch—decode decode—rexecute execute—writeback
cycle |PC SF/ZF |rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
(0] Ox0 0/1
1 jox2x lexecute je instruction (use SF/ZF)|
2 Dok /L UAT UAT [e3VAV JUU
3 0x2 q4/0 OxF OxF |~~~ - OxF |1700 9
4 oxre=—=0/0 OxF OxF |7~ - OxF [=——~ OxF
5 10 11 == - OxF [=——~ OxF
6 1000 |1100 (11 T OxF
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stalling costs

with only stalling:

up to 3 extra cycles for data dependencies
extra 3 cycles (total 4) for every ret

extra 2 cycles (total 3) for conditional jmp

7



ex.: dependencies and hazards (2)
mrmovq  Q(%rax) %rbx

addq %rbx %rCX
jne foo

foo: addq %rcx %rdx
mrmovdq %rdx) %rcx

where are dependencies?
which are hazards in our pipeline?
which are resolved with forwarding?

78



making guesses

subq %rcx, %rax
jne LABEL

xXorq %r10, %rll
Xorq %rl2, %ril3

LABEL: addq %r8, %r9
rmmovq %rl@, 0(%rll)

speculate: jne will goto LABEL

right: 2 cycles faster!

wrong: forget before execute finishes
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when do instructions change things?

.. other than pipeline registers/PC:

stage changes
fetch (none)
decode  (none)

execute  condition codes
memory  memory writes
writeback register writes/stat changes




when do instructions change things?

.. other than pipeline registers/PC:

stage changes
fetch (none)
decode  (none)

execute  condition codes
memory  memory writes
writeback register writes/stat changes

to “undo” instruction during fetch/decode:
forget everything in pipeline registers

80



jXX: speculating right

subq %r8, %rs8

jne LABEL
LABEL: addq %r8, %r9
rmmovq %rl@, 0(%rll)
irmovqg $1, %rill
timelfetch decode  [execute [memory  |writeback |
1 |subq
2 |jne subq
3 l|addq [?] jne subq (set ZF)
4 |rmmovq [?] |addq [?] |jne (use ZF) |OPq
5 lirmovq rmmovq |addq jne (done) |OPq |
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jXX: speculating right

subq %r8, %rs8
jne LABEL

LABEL: addq %r8, %r9
rmmovq %rl@, 0(%rll)
irmovqg $1, %rill

time|fetch decode [execute [memory  |writeback |
1 |subq

2 |jne subq

3 laddg [?] _ line suba (set ZF) |

4 lrmmovq [?] laddq [?] ljjwere waiting/nothing

5 |irmovq rmmovq |addq line (done) |OPq |
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jXX: speculating wrong

subq %r8, %rs8

jne LABEL

xorq %rlo,

%rill

LABEL: addq %r8, %r9
rmmovq %rl@, 0(%rll)
timelfetch decode  [execute [memory  |writeback |
1 |subq
2 |jne subq
3 l|addq [?] jne subq (set ZF)
4 |rmmovq [?] |addq [?] |jne (use ZF) |OPq
5 [xorq nothing  |nothing jne (done) |OPq |
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jXX: speculating wrong

subq %r8, %rs8
jne LABEL
xorq %rl0, %rll

LABEL: addq %r8, %r9
rmmovq %rl@, 0(%rll)
time|fetch decode [execute I[memory  |writeback |
1 Squ i ”"
2 jne squash wrong guesses
3 l|addq [?] jne subq (set ZF)
4 |rmmovq [?] |addqg [?] [|jne (use ZF) |OPq
5  [xorq nothing  [nothing ine (done) |OPq |
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jXX: speculating wrong

subq %r8, %rs8
jne LABEL
xorq %rl0, %rll

LABEL: addq %r8, %r9
rmmovq %rl0, 0(%rll)
time|fetch decode [execute [memory  |writeback |
1 |subq
2 |jne subq |
? ' ' — :
3 faddq [7] > ) fetch correct next instruction |
4 rmmovq [?] |dweq—prreteeee=r o
5  |xorq nothing  [nothing jne (done) |OPq |
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performance

hypothetical instruction mix

kind| portion| cycles (predict) cycles (stall)
not-taken jXX 3% 3 3
taken jXX 5% 1 3

ret 1% 4 4

others)]  91% 1* 1*

* — ignoring data hazards 83



performance

hypothetical instruction mix

kind| portion| cycles (predict) cycles (stall)
not-taken jXX 3% 3 3
taken jXX 5% 1 3

ret 1% 4 4

others)]  91% 1* 1*

* — ignoring data hazards 84



fetch/decode logic — advance or not

from instr. memory —

MUX

N
rA, rB, etc.

should we stall?



fetch/decode logic — bubble or not

no-op value — OXF ——
MUX

—_—]

rA

should we send
no-op value (“bubble™)?

86



HCLRS signals

register aB {

}
HCLRS: every register bank has these MUXes built-in

stal'l_B: keep old value for all registers

register input <— register output
pipeline: keep same instruction in this stage next cycle

bubble_B: use default value for all registers

register input < default value
pipeline: put no-operation in this stage next cycle
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exercise

register aB {

} value @ 8 = OxFF; stall: keep old value
. bubble: store default value
time a_value B_value stall_B bubble_B

0 Ox01 OXFF 0] 0

1 Ox02 222 1 0

2 Ox03 222 0] 0

3 Ox04 222 0] 1

4 Ox05 222 0 0

5 Ox06 222 0] 0

6 0x07 2272 1 0

7 Ox08 2272 1 0

8 222
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exercise result

register aB {

value : 8 = OxFF;
+
time a_value B_value |stall_B bubble_B
0 Ox01 OxFF 0 0
1 Ox02 Ox01 1 0
2 0x03 Ox01 0 0
3 0x04 0x03 0 1
4 0x05 OxFF 0 0
5 Ox06 Ox05 0 0
6 Ox07 Ox06 1 0
7 Ox08 Ox06 1 0
8 Ox06
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exercise: squash + stall (1)

time|fetch decode  |execute  |memory |writeback |

t . p __Jc B A |
*v~~‘~~"‘k? ~‘~~‘~;?~~‘~~‘~L? ~‘~~"‘L?

2 [ nop [c nop B |

stall (S) = keep old value; normal (N) = use new value
bubble (B) = use default (no-op);

exercise: what are the ?s
write down your answers,
then compare with your neighbors
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exercise: squash + stall (2)

timelfetch |decode  |execute  [memory |writeback |
TE b B k]

?*~‘~-_‘~‘?~‘~-_‘~‘?~‘~-_‘~‘?~‘~~_~‘A?
N S R I N

stall (S) = keep old value; normal (N) = use new value
bubble (B) = use default (no-op);
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exercise: squash + stall (2)

time|fetch decode  |execute  |memory |writeback |

T S S N N S
y i‘ii"‘L‘, ~‘~"‘~;? i‘ii"‘L? ~‘~"‘~;?

2 E e [nop B |

stall (S) = keep old value; normal (N) = use new value
bubble (B) = use default (no-op);

exercise: what are the ?s
write down your answers,
then compare with your neighbors
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implementing stalling + prediction

need to handle updating PC:
stalling: retry same PC
prediction: use predicted PC
misprediction: correct mispredicted PC

need to updating pipeline registers:
repeat stage in stall: keep same values
don't go to next stage in stall: insert nop values
ignore instructions from misprediction: insert nop values

92



stalling: bubbles + stall

cycle #10/1|2|3|4|5/6|7|8
mrmovq O (%rax), %rbx |F|(D|E|[M|W
subq %rbx, %rcx FID D E[{MW
inserted nop EIMW
irmovq $10, %rbx FIFID/E/MW

need way to keep pipeline register unchanged to repeat a stage

(and to replace instruction with a nop)



stalling: bubbles + stall

cycle #10/1|2|3|4|5/6|7|8
mrmovq O (%rax), %rbx |F|(D|E|[M|W
subq %rbx, %rcx FIDID|IE|{M|W
inserted nop EIMW
irmovq $10, %rbx FIFID/E|M|W

keep same instruction in cycle 3
during cycle 2:

stall_D =1

stall_F = 1 or extra f_pc MUX

need way to keep pipeline register unchanged to repeat a stage

(and to replace instruction with a nop)



stalling: bubbles + stall

cycle #
mrmovq O (%rax) , %rbx
subq %rbx, %rcx
inserted nop
irmovq $10, %rbx

need way to keep pipeline register unchanged to repeat a stage

012|314
FIDIE[M|W
FIDID|E
E(M
FIF|D

= =

W

M

insert nop in cycle 3

during cycle 2:
bubble_E =1

(and to replace instruction with a nop)
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jump misprediction: bubbles

cyclez# 0 1 2 3 4
addq %r8, %r9 FDEMW
jle target (not taken) FDEM
target: xorq %rax, %rax (mispredicted) F D,
inserted nop lE
andq %rbx, %rcx (mispredicted) F -
inserted nop lD
subqg %r9, %r10 (instr. after jle) F

need option: replace instruction with nop (“bubble”)

m
=
=

7
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squashing with stall/bubble

[time|fetch [decode  [execute [memory  |writeback |
1 |subg |
NN
2 [ne lsubq |
3 |addq [7] line lsubq (set ZF) |

4 lrmmovq [?] laddq [?] [jne (use ZF) |subq |

5 [xorq Inothing  |nothing line (done) |subg |

stall (S) = keep old value; normal (N) = use new value
bubble (B) = use default (no-op);
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squashing with stall/bubble

[time|fetch [decode  [execute [memory  |writeback |
1 |subg |
N
2 [ne lsubq |
N N
3 |addq [7] line lsubq (set ZF) |
4 lrmmovq [?] laddq [?] [jne (use ZF) |subq |

5 [xorq [nothing

[nothing line (done) |subg |

stall (S) = keep old value; normal (N) = use new value
bubble (B) = use default (no-op);
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squashing with stall/bubble

[time|fetch [decode  [execute [memory  |writeback |
1 |subg |

N
2 [ne lsubq |

N

3 |addq [7] line lsubq (set ZF) |

Y [ E—
4 lrmmovq [?] laddqg [?] [jne (use ZF) |subq |

5 [xorq [nothing

[nothing line (done) |subg |

stall (S) = keep old value; normal (N) = use new value
bubble (B) = use default (no-op);
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squashing with stall/bubble

[time|fetch [decode  [execute [memory  |writeback |
1 |subg |
N
2 [ne lsubq |
N
3 |addq [7] line lsubq (set ZF) |
N N N
4 lrmmovq [?] laddq [?] [ne (usew |
EEE:
B N

5 [xorq [nothing

N
[nothing line (done) |subg |

stall (S) = keep old value; normal (N) = use new value
bubble (B) = use default (no-op);
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squashing with stall/bubble

[time|fetch [decode  [execute [memory  |writeback |
1 |subg |

N
]2 Ijne |subq \

N N
3 |addq [7] line lsubq (set ZF) |
4 lrmmovq [?] laddq [?] [jne (use ZF) |subq |
F e BN
5 [ o [ . [. [ 1 NI | qu

can compute bubble signal based on execute phase
stal won't even start CC write for addq ew value
bubbre TB] = use default (no-opJ;
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squashing HCLRS

just_detected_mispredict =

e _jcode == IJXX && !e _branchTaken;

bubble_D = just_detected_mispredict
bubble_E just_detected_mispredict

)
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ret bubbles

cycle## @ 1 2 3 4 5
addq %r8, %r9 FDEMW
ret FDEMW
?2?? F
inserted nop lD E M
?7? F
inserted nop LD E
?72? F E
inserted nop iD
rrmovq %rax, %r8 (return address) \ F

need option: replace instruction with nop (“bubble™)

W

=
=

m

8
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ret stall

time |fetch decode |execute [memory  |writeback |
0 call
N
1 ret |call |
2 |wait for ret [ret |call |
3 |wait for ret |nothing [ret |call (store) |
4 |wait for ret |nothing [nothing ret (load) |call |
5 Jaddg Inothing  |nothing [nothing  |ret |

stall (S) = keep old value; normal (N) = use new value
bubble (B) = use default (no-op);

98



ret stall

time |fetch decode |execute [memory  |writeback |
0 call
N

1 ret |call |

FFE N
2 |wait for ret [ret |call |
3 |wait for ret |nothing [ret |call (store) |
4 |wait for ret |nothing [nothing ret (load) |call |
5 Jaddg Inothing  |nothing [nothing  |ret |

stall (S) = keep old value; normal (N) = use new value
bubble (B) = use default (no-op);
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ret stall
time |fetch decode |execute [memory  |writeback |
0 call
N
1 ret |call |
FFE
2 |wait for ret [ret |call |
3 |wait for ret |nothing [ret |call (store) |
4 |wait for ret |nothing [nothing ret (load) |call |
5 Jaddg Inothing  |nothing [nothing  |ret |

stall (S) = keep old value; normal (N) = use new value
bubble (B) = use default (no-op);
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ret stall
time |fetch decode |execute [memory  |writeback |
0 call
N

1 ret |call |

FFF
2 |wait for ret [ret |call |
3 |wait for ret |nothing [ret |call (store) |
4 |wait for ret |nothing [nothing ret (load) |call |
5 Jaddg Inothing  |nothing [nothing  |ret |

stall (S) = keep old value; normal (N) = use new value
bubble (B) = use default (no-op);
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ret stall
timelfetch decode [execute [memory  |writeback |
0 call
N

1 ret |call |

FFF
2 |wait for ret [ret |call |
3 |wait for ret |nothing [ret |call (store) |
4 |wait for ret |nothing [nothing ret (load) |call |
5 Jaddg Inothing  |nothing [nothing  |ret |

stall (S) = keep old value; normal (N) = use new value
bubble (B) = use default (no-op);
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HCLRS bubble example

register fD {
jcode : 4 = NOP;
rA : 4 REG_NONE;
rB : 4 REG_NONE;

+s5

wire need_ret_bubble : 1;

need_ret_bubble = ( D_icode == RET ||
E_icode == RET ||
M_icode == RET );

bubble_D = ( need_ret_bubble ||
/* other cases */ );
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building the PC update (one possibility)

(1) normal case: PC <= PC + instr len

to instr. mem

sb_ ]

+ instr. length
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building the PC update (one possibility)

(1) normal case: PC <= PC + instr len

(2) immediate: call /jmp, and prediction for cond. jumps

>l
-

predicted PC

+ instr. length

immediate value

to instr. mem
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building the PC update (one possibility)

(1) normal case: PC <= PC + instr len
(2) immediate: call /jmp, and prediction for cond. jumps
(3) repeat previous PC for stalls (load/use hazard, halt, ret?)

L
—

r predicted PC

+ instr. length

immediate value

to instr. mem
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building the PC update (one possibility)

(1) normal case: PC <= PC + instr len
(2) immediate: call /jmp, and prediction for cond. jumps
(3) repeat previous PC for stalls (load/use hazard, halt, ret?)

(4) correct for misprediction of conditional jump

ﬁw {P§

predlcted PC

+ instr. length

immediate value

next PC from cond. jump

to instr. mem
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building the PC update (one possibility)

(1) normal case: PC «— PC + instr len

(2) immediate: call /jmp, and prediction for cond. jumps

(3) repeat previous PC for stalls (load/use hazard, halt, ret?)
(4) correct for misprediction of conditional jump

(5) correct for missing return address for ret

immediate value

return address from ret
next PC from cond. jump

— MUX #Q— to instr. mem

predlcted PC

+ instr. length
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building the PC update (one possibility)

(1) normal case: PC «— PC + instr len

(2) immediate: call /jmp, and prediction for cond. jumps

(3) repeat previous PC for stalls (load/use hazard, halt, ret?)
(4) correct for misprediction of conditional jump

(5) correct for missing return address for ret
lvia instr. meml— immediate value

return address from ret
V|a execute/memory pipeline regs next PC from cond. jump

— MUX #B— to instr. mem

predlcted PC

+ instr. length

100



PC update overview
predict based on instruction length 4+ immediate

override prediction with stalling sometimes

correct when prediction is wrong just before fetching
retrieve corrections from pipeline register outputs for jCC/ret instruction

above is what textbook does

alternative: could instead correct prediction just before setting PC
register

retrieve corrections into PC cycle before corrections used

moves logic from beginning-of-fetch to end-of-previous-fetch

| think this is more intuitive, but consistency with textbook is less confusing...
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after forwarding/prediction

where do we still need to stall?

memory output needed in fetch
ret followed by anything

memory output needed in exceute

mrmovqg or popq + use
(in immediatelly following instruction)
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overall CPU

5 stage pipeline

1 instruction completes every cycle — except hazards
most data hazards: solved by forwarding

load /use hazard: 1 cycle of stalling

jXX control hazard: branch prediction + squashing
2 cycle penalty for misprediction
(correct misprediction after jXX finishes execute)

ret control hazard: 3 cycles of stalling
(fetch next instruction after ret finishes memory)
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backup slides
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addq processor performance

example delays: N
path time ‘ register file
add 2 80 ps 2 T FL
instruction memory 200 ps B s .
register file read 125 ps
add 100 ps PLI
register file write 125 ps

no pipelining: 1 instruction per 550 ps
add up everything but add 2 (critical (slowest) path)

pipelining: 1 instruction per 200 ps + pipeline register delays
slowest path through stage + pipeline register delays
latency: 800 ps + pipeline register delays (4 cycles)

105



stalling for conditional jmps

subqg %r8, %r8
je label
label: 1drmovq
time |fetch decode |execute [memory |writeback |
1 |OPq
2 |icC OPq
3 |wait for jJCC[jCC OPq (set ZF)
4 |wait for jCC |nothing |jJCC (use ZF) |OPq
5  l|irmovq nothing  [nothing jCC (done) |OPq |
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stalling for conditional jmps

subq %r8, %r8
je label
label: 1drmovq
time |fetch decode |execute [memory |writeback |
1 |OPq
2 |iCC OPq
3 |wait for jJCC[;CC OPq (set ZF)
4 |wait for jCC |nothing [JCC (use ZF) |OPq
5  lirmovq nothing  |nothing jCC (done) |OPq |

106



stalling for conditional jmps

subq %r8, %r8
je label

label: 1drmovq

time |fetch decode |execute [memory |writeback |

1 |OPq

2 |icC OPq

3 |wait for jCC[jCC OPq (set ZF) ‘L ZF sent via register
4 |wait for jCC |nothing [JCC (use ZF) |OPq

5  l|irmovq nothing  [nothing jCC (done) |OPq |
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stalling for conditional jmps

subq %r8, %r8
je label

label: 1drmovq

time |fetch decode |execute [memory |writeback |
1 |OPq

2 |icC OPq

3 |wait for jJCC[jCC OPq (set ZF)

4 wait for jCC |nothing—{jCC (use ZF) |OPq

5 |irmovq nothing  |nothing jCC (done) |OPq |

“taken” sent from execute to fetch
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stalling for ret

call empty
addq %r8, %r9
empty: ret
time |fetch decode |execute [memory |writeback |
1 call
2 ret call
3 |wait for ret |ret call
4 |wait for ret |nothing |ret call (store)
5 |wait for ret |nothing |nothing ret (load) |call
6 |addq nothing |nothing nothing ret
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stalling for ret

call empty
addq %r8, %r9
empty: ret
time|fetch decode |execute Imemory  |writeback |
1 call
2 ret call
3 |wait for ret Iret call_return address stored here
4 |wait for ret |nothing |ret call (store)
5 |wait for ret |nothing |nothing ret (load) |call
6 |addq nothing |nothing nothing ret
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stalling for ret

call empty
addq %r8, %r9
empty: ret
time |fetch decode |execute Imemory  |writeback |
1 call
2 ret call
3 |wait for ret |ret call |
4 |wait for ret |nothing |Jret r€turn 3@9.f§§§v!9?ded here
5 |wait for ret |nothing |nothing ret (load) |call
6 |addq nothing |nothing nothing ret
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PC update (adding prediction, stall)

to instr. mem

PC

a2
—.

L{Convert iCOde| icode (from instr. mem)
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PC update (adding prediction, stall)

to instr. mem

PC
DN
—— MUX U 0

~ aas

L{Convert iCOde| icode (from instr. mem)

jump target

addr. after mispredicted jump/ret address

-~ |control Iogic\i need to stall?

‘taken” (from execute), et ready?
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PC update (rearranged)

address after mispred. jum.;.)- — :
address from ret — " T to instr. mem.

— to stall logic

A icontrol logic| taken?: etc
predicted PC
laces PC
(replaces PC)
MUX

~— jump/call target

\—{COnvert icode icode (from instr. mem)

need to stall?
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PC update (rearranged)

address after mispred. jum.;.)- — :
address from ret — "% T to instr. mem.

— to stall logic

A control logic| taken?; etc
predicted PC
I PC
(replaces PC)
MUX

~— jump/call target

\—{COnvert icode icode (from instr. mem)

need to stall?
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PC update (rearranged)

same logic as before — but happens in next cycle

inputs are from slightly different place...

dUUTesSS diLler mlbpreu. JU”lp —
address from ret —

MUX to instr. mem.

— to stall logic

N icontrol logic| taken?; etc

predicted PC
(replaces PC)

MUX
~— jump/call target

\—{COnvert icode icode (from instr. mem)

need to stall?
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PC update (rearranged)

address after mispred. jum.;.)- — :
address from ret — "% T to instr. mem.

— to stall logic

taken?: etc

N icontrol logic|
predicted PC

(replaces PC) /
MUX <[10]
~— jump/call target

\—{COnvert icode icode (from instr. mem)

need to stall?
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rearranged PC update in HCL

/* replacing the PC register: %/
register fF {

predictedPC: 64 = 0;
+

/* actual input to instruction memory */
pc = [
conditionCodesSaidNotTaken : jumpValP;
/* from later in pipeline */

1l: F_predictedPC;
15
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why rearrange PC update?

either works

correct PC at beginning or end of cycle?
still some time in cycle to do so..

maybe easier to think about branch prediction this way?
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fetch/decode logic — advance or not

from instr. memory —

MUX

N

rA, rB, etc.

should we stall?
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ex.: dependencies and hazards (1)

addq %rax, %rbx
subq %rax, %rCx

irmovq $100, %I Cx

addq %rCX, %r1lo
addq %rbx, %r10

where are dependencies?
which are hazards in our pipeline?
which are resolved wiht forwarding?
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ex.: dependencies and hazards (1)
addq

subq
irmovq
addq
addq %r10

where are dependencies?
which are hazards in our pipeline?
which are resolved wiht forwarding?
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ex.: dependencies and hazards (1)
addq

subq
irmovq
addq
addq 6rbx ., %r1lo

where are dependencies?
which are hazards in our pipeline?
which are resolved wiht forwarding?
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ex.: dependencies and hazards (1)
addq

subq
irmovq
addq
addq

where are dependencies?
which are hazards in our pipeline?
which are resolved wiht forwarding?
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exercise

path time -
a2 50 ps =
instruction memory 200 ps lJFEt;;; leB]i&L
register file read 125 ps B W
add 100 ps I B

register file write 125 ps LE

pipeline register delay: 10ps

how will throughput improve if we double the speed of the
instruction memory?

A. 2.00x B. 1.70x to 1.99x

C. 1.60x to 1.69x D. 1.50x to 1.59x

E. less than 1.50x
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exercise

path time -
a2 50 ps =
instruction memory 200 ps lJFEt;;; leB]i&L
register file read 125 ps B W
add 100 ps I B

register file write 125 ps LE

pipeline register delay: 10ps

how will throughput improve if we double the speed of the
instruction memory?

A. 2.00x B. 1.70x to 1.99x

C. 1.60x to 1.69x D. 1.50x to 1.59x

E. less than 1.50x
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ret paths

decode
execute
Mﬂi% memory
o %PEp=]
fetch - -
register file ‘
. jmp Earget ) orcA  RIsrcAlr
rom other stage |
4%‘@{)_'5“:8 R[srcB]
_—
L dstM ALU .
Instr. A dstE AT E DDati " t
. S va ata out—
— Mem. G_,ﬁ—»aluB D—>Addr in
write?
—next R[¢istM]
pred. next R[dIstE]
PC instr
Es length
L
writeback
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ret paths

fetch

jmp target

(from other stage)

decode
execute
Mﬂi% memory
o %PEp=]
E—
register file ‘
srcA  RIsrcAl
R[srcB]H
%rsp srcB ALU
Instr 5 —>/D'>a|uA Data in
M ’ a dstE valE Data outf
Sk G_,ﬁ—»aluB D—>Addr in
write?
next R[fistM]
next R[dIstE]
instr.
length
L
writeback
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ret paths

fetch

jmp target
(from other stage)

—

R

Instr.

decode

l

(

very long critical

=

Mem.
pred.
PC v |instr.
= |length

execute
xﬂi% memory
%PEp—
s
register file ‘ -9
1§
srcA R[srcA]H -
R[srcB]H |
athf
p Data in

o= Dat =
0| aluB W
write?
next R[fistM]
’-snext R[§IstE]
\
writeback
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