


last time

registers to separate stages
single-cycle design: adder, memory, etc. holds computed/retrieved value
pipelined: want adder, memory, etc. to do something else next
solution: add registers to hold values

combining fetch and PC update stages
need next PC as soon as possible
problem: can't always know in time (control hazard — later)

adding pipelining to the single-cycle processor
signals (through pipeline registers) from one stage to next only

critical paths

control signals and pipelining
keep values from one instruction together!
icode, etc. likely to be passed to make control signals work



addq processor: data hazard

)

// initially %r8 = 800,
egister file
// %r9 = 900, etc. &L;A' o
addq %r8, %r9 LH e
oxFdstM  RisrcB]|
addq %r9, %r8 ﬂ e
addq Y next R[dstM]
addq PC next R[dstE]
=
fetch | fetch/decode decode/execute execute/writeback N
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




addq processor: data hazard

)

// initially %r8 = 800,
egister file
// %r9 = 900, etc. &L;A' o
addq %r8, %r9 LH e
oxFdstM  RisrcB]|
addq %r9, %r8 ﬂ e
addq Y next R[dstM]
addq PC next R[dstE]
=
fetch | fetch/decode decode/execute execute/writeback N
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
0 0x0
1 0x2 8 9
2 9 8 868 00 9
3 900 800 8 1700 9
4 1700 8

should be 1700




data hazard

addg %r8, %r9 // (1)

addqg %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?



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



addqg processor: data hazard stall

// initially %r8 800, —
register file
// %r9 = 900, etc. E

)

addq %r8, %r9

i
. oxFdstM R{srcB]
// hardware stalls twice {T rdna [

addq %r9, %r8

Pd lling logi h
addq %rlO, %rll + stalling logic (not shown)
add 2~ p—
&
fetch | fetch—decode decode—execute execute—writeback HAL
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
0 Ox0
1 Ox2*x (8 9
2 Ox2x |F F 800 900 9
3 0Ox2 F F - - F 1700 9
4 0x4 9 8 - - = F - = F
5 10 11 1700 |800 8 - F
6 1000 (1100 (11 2500 8




addqg processor: data hazard stall

// initially %r8 800, —
register file
// %r9 = 900, etc. E

)

addq %r8, %r9

i
. oxFdstM R{srcB]
// hardware stalls twice {T rdna [

addq %r9, %r8

addq %rl0 , %r1l PG+ stalling logic (not shown)
add 2 —
&
fetch | fetch—decode decode—execute execute—writeback HAL
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
0 0x0
1 Ox2* (8 9
2 Ox2x |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




addqg processor: data hazard stall
// initially %r8
//
addq %r8, %r9
// hardware stalls twice

addq %r9,

%r9

%r8

addq %r10, %rll

800,
900, etc.

Instr. N
e

N
N
‘ register file
JhH—dsrea  RlsreAl————[\H
i I
OxFdstM  R{srcB]——+
rdstE Eh

P(

+ stalling logic (not shown)

add 2~

fetch | fetch—decode decode—rexecute execute—writeback
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
0 0x0
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

Eg




addq stall

addq %r8, %r9

// hardware stalls twice
addq %r9, %r8

addq %rlo, %rill

lcycle [fetch ldecode lexecute \writeback

0 Jaddq %r8, %r9 |

1 Jaddq %rg, %r8mdq %8, %r9\\A

2 Jaddgq %rg, %r8 |nop "bubble”  |addq %8, %rg\\‘

3 Jaddg %r9, %r8 [nop “bubble”  [nop “"bubble”  laddq %r8, %r9 |
4 laddq %r10, %r@q %9, %rsicip “bubble”  |nop "bubble” |
5 |- laddq %r10, %r11]addq %r9, %r8 |nop “bubble” |




hazards versus dependencies

dependency — X needs result of instruction Y7

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



data hazard exericse
addq %r8, %r9 N

register file

addq %r1o, %rll RlsreA—— H
e

addq %r9, %r8 e
a d d q 96 r l l ) 96 r 10 B |"5:‘ 0xF~d::M R[srcmi»@

Mem.
PC
add 2

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

hint: complete timeline

instr cycle: 0 1 2 3 4 5 6 7
addq R8, R9 FDEW

addq R10, R11 F

addq R9, R8

addq R11, R10




data hazard exericse solution

‘ register file :
e T
B Instr. OXF.dZM R[sch]7>Eh
‘( next R[dstM]
PC xt R[dstE]
p—
(]
()
Cycle#012345678
addq %r8, %r9 FiD:EiW
addq %r10, %ril F-D:EIW
addq %r9, %rs8 X F*D E:W
addq %ri11, %rlo Pl :F':}D:E W




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:

// initially %r8 = 800,
// %ro = 900, etc. "
addq %r8, %r9 2dd2
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 8 800 00 9 .
3 900 800 8 l 1700 p
4 1700

should be 1700

register file

[ F—srea  RlsreAl

srcB.
OxF+|dstM
dstE

RlsrcB]|

next R[dstM]

[next R[dstE]
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motivation location of values during cycle 2:
A
‘ register file
TH—tren  RseAl——Or[
D —sreB
// in-l.t'l.ally %r8 = 8@0, T next RldstM]
// %r9 = 900, etc. - e
addq %r8, %r9 add2
addqg %r9, %r8
addq ...
addq
fetch | fetch/decode decode/execute execute/writeback
cycle |PC rA |rB R[srcA] IR[sch] |dstE next R[dstE] |dstE
0 0x0
1 0x2 8 9
2 9 8  [see  oee o
3 900 BOO 8 | 1700 D
4 i700

should be 1700
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forwarding

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

register file
,E, orcA  RIsrcA]
& l sreB R[srcB]

oxF+dstM
Instr. .
> p-Isplit dstE

next R[dstM]

PC

next R[dstE]
add 2| {*

ADD —

DD ]

14



forwarding

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

reg #s 9, 8 from (2)

., register file

‘ srcB

oxF+dstM
Instr. .
- p-Isplit dstE

next R[dstM]

R[srcB]

PC

i

next R[dstE]
add 2| {*

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

QL

ADD—

DD ]

14



forwarding

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

register file

oxF+dstM
Instr. .
> p-Isplit dstE
Mem. S

next R[dstM]

PC next R[dstE]
|ﬂ

1-H

old R9=900,

b ——srea RlsreAl——— -@— =800
| L_»
& sreB R[sch]—_@.|

. (2)

ADD —

515

" new R9=1700 (1)

14



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

addq %r9, %r8 // (2) T
register file [ (2)
& old R9=900,
rcA R[srcA]% R8

AN
1 l

srcB R[sch]—l——Q-l

&

oxF+|dstM :
1
1 Instr. > dstE : ADD
Mem. ]
:
hext R[dstM] :
1
PC next R[dstE] !
1
1
add 2 L
gl I
Y- new Ro=1700 (1)
N

14



forwarding

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

register file
,E, srcA R[srcAJH r’
& l sreB R[srcB]

oxF+dstM
Instr. .
> p~split dstE

next R[dstM]

PC next R[dstE]
|ﬂ

.,._L

|+ R9=1700 (forwg

" R8=800

1

ADD —

]
g‘l new R9=1700 (1)
N

rded)

14



forwarding

addq %r8, %r9 // (1)
addq—Ssro—%=8—77"17)

addqg %rl1lo, %r9 2b ) .
4 , %9 // (2b) register file Ezzlbo):moo,
,E, orcA  RIsrcA] 1 R9=1700 (forwa
&l srcB R[srcB]
oxF+dstM
[ II\;IIZE: ’ dstE ADD —
next R[dstM]
PC next R[dstE]
|ﬂ
)
| new R9=1700 (1)
[ZaN

rded)

14



forwarding: MUX conditions

addq %r8, %r9 // (1)

addq %r9, %r8 // (2)

register file

1-H

ok
'l

srcA

OxF
Ve *
PC

|ﬂ

srcB

+|dstM

dstE

R[srcA]

R[srcB]

next R[dstM]
next R[dstE]

;———ijE}Lay
1___jhkgh

;

I

D 1D ]

15



forwarding: MUX conditions

addq %r8, %r9 // (1)

addq %r9, %r8 // (2)

register file

ok
'l

srcA

OxF
Ve *
PC

add 2 {*

srcB

+|dstM

dstE

R[srcA]

R[srcB]

next R[dstM]
next R[dstE]

I

D 1D ]

15



forwarding: MUX conditions

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

register file

ok
'l

srcA

i

d_valA= [
condition : e_valE;
1 : reg_outputA;
1;
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

OxF

srcB
dstM
dstE

R[srcA]

R[srcB]

next R[dstM]
next R[dstE]

V

I

D 1D ]

15



forwarding: MUX conditions

addq %r8, %r9 // (1)

addq %r9, %r8 // (2)

register file

ok
'l

srcA

OxF
Ve *
PC

add 2 {*

srcB

+|dstM

dstE

R[srcA]

R[srcB]

next R[dstM]
next R[dstE]

I

D 1D ]

15



forwarding: MUX conditions

addq %r8, %r9 // (1)

addq %r9, %r8 // (2)

register file

ok
'l

srcA

OxF
Ve *
PC

add 2 {*

srcB

+|dstM

dstE

R[srcA]

R[srcB]

next R[dstM]
next R[dstE]

I

D 1D ]

15



computing destinations early

available early

destination register for forwarding/etc. logic

computed in decode

OxF4
— %PEp T e
_ lé S
register file
sreA  RlsreAlH
R[srcB]H
%rsp srcB
( dstM Data i
ata In
'I\;|15tr. N dstE Data out
em- Addr in
L | write?
—[next R[dstM]
PC next 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

17



stalling versus forwarding (1)

with stalling:

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

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

18



forwarding more? location of values during cycle 3:

‘ register file
H e Rlsren]
‘EJ—SRB
. . . OxF-dstM  RsrcB]|
// initially %rax = 0, Mo e
// %I’8 = 800, next R[dstM]
// 0’/’9 — 900 etC PC next R[dstE]
L ’ ’ add 2
addq %r8, %r9
addq %rax, %rax
addq %r9, %rl0
fetch | fetch/decode decode/execute execute/writeback
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
0 Ox0
1 0x2 8 9
2 0x4 0 0 800 900 9
3 9 10 0 0 0 [1700 b
4 [0 [reee |10 0 0
5 1900 10
should be 1700



forwarding two stages?
addq %r8, %r9 // (1) R9 <- R8 (800) + R9 (900)

addqg %rax, %rax // (2)

addq %r9, %rl0 // (3) R10 <- R9 (1700) + R10 (10600)

—
D[l reg # 9,
register file E‘iglzggé .
reg #s 9, 10 from (3) g @» A R[srcA]J—J\ Q -
. ‘ Ssrc — | —
’E» sreB R[srcB]h r@' —
0xF +dstM i pma
Instr. ’ dstE ADDL—
Mem.
next R[dstM]
PC next R[dstE]
add 2
—
=

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

20



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

m O mN

m o mx W

Mmoo m=z= b
om=z =

=

=

21



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

MmMom=Z W
Mmoo m=z= b
om=z =

=

=

21



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

MmMom=Z W
Mmoo m=z= b
om=z =

=

=

21



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

MmMom=Z W
Mmoo m=z= b
om=z =

=

=

21



some forwarding paths

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

0
F

1
D
F

Mmoo m=z= b
om=z =

=

=

21



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

Mmoo m=z== b
om=z =

=

=

21



some forwarding paths

cycle #
addq %r8, %r9
subq %r9, %rll
mrmovq 4 (%rl1l), %rl0@
rmmovq %r9, 8(%rll)
xorq %rl@, %r9

0
F

1
D
F

mMmom=z= N

=

=

21



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

mMmom=z= N

=

=

21



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

mMmom=z= N

=

=

21



multiple forwarding paths (1)

addq %r10,
addq %ri1,
addq %ri12,

%r8
%r8
%r8

cycle #

0
F

1
D
F

2

E
D
F

4

m < =

5

W
M

22



multiple forwarding paths (1)

addq %r10,
addq %ri1,
addq %ri12,

%r8
%r8
%r8

cycle #

0
F

1
D
F

2

E
D
F

4

m < =

5

W
M

22



multiple forwarding HCL (1)

/* decode output: valA */
d_valA = [

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

reg_srcA == m_dstE : m_valk;

/* forward from end of memory */

1 : reg_outputA;
13
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multiple forwarding paths (2)

addq %r10,
addq %ri1,
addq %ri12,

%r8
%rl2
%r8

cycle #

0
F

1
D
F

2

E
D
F

3
M
E
D

4

m < =

5

W
M

24



multiple forwarding paths (2)

addq %r10,
addq %ri1,
addq %ri12,

%r8
%rl2
%r8

cycle #

0
F

1
D
F

2

E
D
F

3
M
E
D

4

m < =

5

W
M

24



multiple forwarding paths (2)

addq %r10,
addq %ri1,
addq %ri2,

%r8
%ril2
%r8

cycle #

0
F

1
D
F

2

E
D
F

3
M
E
D

4

m < =

5

W
M

24



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_valE;

m_valkE;

25



exercise: forwarding paths

cycle# 0 1 2 3 45 6 7 8
addq %r8, %r9 FDEMW
subq %r8, %rl10 FDEMW
xorq %r8, %r9 FDEMW
andq %r9, %r8 FDEMMW
in subq, %r8 is addq.
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



unsolved problem
cycle # |0 (1|23

mrmovq O (%rax) , %rbx |F |D
subq %rbx, %rcx FID EYM|W

m

=

= b
o
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

27



unsolved problem
cycle # |0 (1|23
mrmovq O (%rax), %rbx |F|D|E M‘W

N
o
o
~
o

subq %rbx, %rcx FI|D D*E MW
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

27



solveable problem

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

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

28
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