pipelining: forwarding/ ..



last time
dividing single-cycle processor into pipeline stages

critical paths and clock cycle lengths
paths from rising edge event to next rising edge event
not double-counting register delays
slowest path determines cycle time

hazards and dependencies
dependency = instruction needs another result
hazard = pipeline handles dependency wrong (w/o help)

data hazards: reading data before written

solving hazards with stalling: hardware inserts nops

forwarding
use about-to-be-written value in place of read



quiz Q1

critical path = longest path

selected candidates:
PC — instr mem — PC incr — PC
120 + 20 ps + small reg delay
PC — instr mem — pipeline registers
120 ps + small reg delay
pipeline registers — register read — ALU — memory write
100 + 200 + 150 + small reg delay
pipeline registers — register read — ALU — memory read — register
write
100 + 200 + 120 + 100 + small reg delay = 520 + small reg delay



quiz Q3
3000 ps with 1 stage

with 8 stages, ideal case:
3000/8 = 375 ps stages + very tiny register delays

with 8 stages, worst case:

one stages does almost 3000 ps of work + register delays
could be worse than original processor

told in problem there is a performance improvement

375,3000



quiz Q4

pipeline registers from FD (first stage) to EMW (second stage)

v’ opcode field

second stage needs to know what to do with memory, etc.

v’ one or more register indices
to implement writing to those registers

the result of an ALU operation
not computed in fetch or decode

v’ the values of registers read from the register file

computed by decode
needed (at least sometimes) by all later stages



quiz Q5
stages: F / DE / MW

cycle 1 2 3 4 5 6 7
addq %r8, %r9 F DE MW

addq %rl1lo, %r9 F x DE MW

addq %r8, %rio F DE Mw

addq %r8, %r9 F DE Mw



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

register file

@l srca RlsreAl————[
& srcB R[srcB]———— L
OxF+dstM [ ] -E-I

1 Instr. e |split dstE ADD
Mem.
next R[dstM]

PC next R[dstE]

|ﬂ

DD ]




forwarding
addq %r8, %r9 // (1)
addq %r9, %r8 // (2) o7

. . 4. reg # 9,
reg #s 9, 8 from (2) -, register file ¥ Re—800; R9=9d

oA RfsrcAl—— _@’_
‘QE% = L_,

srcB R[sch]——Qj
OxF+dstM

1 Instr. e |split dstE ADD |
Mem.
next R[dstM]

PC next R[dstE]
add 2| {*

DD ]




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—




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




forwarding
addq %r8, %r9 // (1)
addq—sros—%e8—77 (7)

addq %r1e, %r9 // (2b)

regi

ster file

1o

srcA

{QJ

OxF |

q Instr. e lsplit
Mem.

PC
add 2

srcB
dstM
dstE

next

next

R[dstM]
R[dstE]

. (2b)
{7 R10=1000,

R[srcAJF—>] 11 R9=1700 (forwa
R[srcB] -'__:9—-—@7 L

ADD —

)
- new R9=1700 (1)

rded)

=
7N




forwarding: MUX conditions

addq %r8, %r9 // (1)

1-H

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]

:———j’PE}Lay
1___jhvgh

;

|ﬂ

I

D 1D 1




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




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




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




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




computing destinations early

available early

destlnatlo.n register for forwarding/etc. logic
computed in decode

OxF4+
— %P¥pT —
A ¥ ’ i
register file
srcA  RIsreAlH
R[srcB]H
%rsp srcB
( dstM Data i
L ata in
B ll\zstr. A dstE Data out
™ em. Addr in
write?

—[next R[dstM]

PC ’-snext R[dstE]

instr.
length




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)
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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

m O mN

m o mx W

mMmom=z= »
omx =

=
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some forwarding paths

cycle #
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some forwarding paths

cycle #
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some forwarding paths

cycle #
addq %r8, %r9
subq %r9, %rill
mrmovq 4 (%rll), %rlo
rmmovq %r9, 8(%rll)
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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
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some forwarding paths

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

=

16



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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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;

20



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

21



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

22



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

22



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

23



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?

24



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?

24



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

25



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

26



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

26



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

27



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)

28



exercise: different pipeline

split execute into

two stages: F/D/E1/E2/M/W

cycle# 0 1 2 3 4 5 6 7 8

addq %rcx, %r9 F DELE2 M W
addq %r9, %rbx F D'E1LE2 M W

addq %rax, %r

r9 not available yet — can’t forward here
so try stalling in addq's decode...

rmmovq %r9, (%rbx) F D E1LE2 M W

28



exercise: different pipeline

split execute into

two stages: F/D/E1/E2/M/W

cycle# 0 1 2 3 4 5 6 7 8

addq %rcx, %r
addq %r9, %rb
addq %rax, %r

rmmovq %r9,

9 FDElE}XMW

X F D D'E1E2 M W

after stalling once, now we can forward
F F D E1E2 M W

%rbx) F DE1LE2 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 D E1 E2\ My W
addq %r9, %rbx F D D'ElJE2 M W
addq %rax, %r9 F F D‘LEl E2 M W

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

28



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 D E1 Ez\ My W

addq %r9, %rbx F D D'E] E% M W

addq %rax, %r9 F F D‘LEl E2 My W
rmmovq %r9, (%rbx) F D‘LEl EZX 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

30



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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backup slides
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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.;.)- —

P
predicted PC

(replaces PC)

address from ret — " to instr. mem.
— to stall logic

control logic|

taken?: etc

MUX
~— jump/call target

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

need to stall?

33



PC update (rearranged)

—_—

address after mispred. jum.;.)- —

P
predicted PC

(replaces PC)

address from ret — "% to instr. mem.
— to stall logic

control logic| taken?: etc

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...

dUdrcess arter Tmispred.  Juimnp —

MUX i
address from ret — to instr. mem.

P
predicted PC

(replaces PC)

— to stall logic

icontrol logic| taken?; etc

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

predicted PC

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

N \ icontrol logic|

\—{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



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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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)
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fetch/decode logic — advance or not

from instr. memory —

MUX

N
rA, rB, etc.

should we stall?



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 -
add 2 50 ps SOl
instruction memory 200 ps lJF@tj;; 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 1
C. 1.60x to 1.69x D. 1.50x to 1.59x -+ o = 1.56x — D
E. less than 1.50x 135~ 210
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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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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)
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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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