


last time

pipelining idea
assembly line of circuit “stages”
registers hold value for stage to work
on rising edge — take next value

diminishing returns from register delays

stage time = computation + register delays
stage time determines cycle time



deeper pipeline
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Problem: How much faster can we get?

Problem: Can we even do this?



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



deeper pipeline

A (t +4)
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; A(ItA—iI—Q) T3x A 3xA(t40)
A (t+3) partial results
— I —r 4 > >
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‘ 30 ps, 20 ps
1
throughput: —— ~ 25 G ops/sec
ughput: o ps/



diminishing returns: uneven split

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

Probably not...
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per cycle

50 ps
per cycle

logic (all)

100 ps

10 ps

logic (1/2)
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diminishing returns: uneven split
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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



textbook SEQ ‘stages’

conceptual order only

Fetch: read instruction memory

writes happen

Decode: read register file at end of cycle

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

PC Update: write PC register



textbook SEQ ‘stages’

conceptual order only

Fetch: read instruction memory

. : reads — “magic”
Decode: read register file like combinatorial logic
Execute: arithmetic (ALU) as values available

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

PC Update: write PC register



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

Weriteback: write register file



textbook stages

coneeptual-order-only pipeline stages

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

Decode: read register file 5 stages
one instruction in each
compute next to start immediatelly

Execute: arithmetic (ALU)

Memory: read/write data memory

Weriteback: write register file



addq CPU

ab ]

N

Instr. e Jsplit
Mem.

fetch and
PC update

OXF »|

register file

srcA  RlsrcA]
R[srcB]

srcB

dstM

dstE

next R[dstM]

next R[dstE]

’_I

>DD

-




addq CPU

decode execute

register file
srcA  RIsrcA]
R[srcB]
srcB
O prtearinivd
Instr. ’ dstE DD
Mem.

next R[dstM]
next R[dstE]

ab ]

fetch and
PC update

1
Y

writeback




addq CPU

decode execute
signal skips tvyo stages register file
N srcA  RlsrcA]
: R[srcB]
H srcB
dstE DD
u next R[dstM]
PC next R[dstE]
fetch and writeback

PC update



addq CPU

Instr.

’

e
|

fetch and

add 2 PC

update

decode execute
register file
srcA  RlsrcA]
R[srcB]
Ssrc
dstE DD
next R[dstM]
- next R[dstE]
writeback




pipelined addq processor

decode execute
—
] AN
register file
srcA  RIsrcAld
R[srcB]H
— srcB .|
H Ox ptaksiebh
,'\;I‘Z:] » dstE ADD-
u next R[dstM] ™
PC - next R[dstE]
Sdd 2 fetch and ( writeback
PC update

P >



pipelined addq processor

ab ]

N

Instr.
Mem.

>

D 1P 1

OXF »|

register file

srcA  RlsrcA]
R[srcB]

srcB

dstM

dstE

next R[dstM]

next R[dstE]

D]

ADD

P 1P 1
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pipelined addq processor

decode/execute

I
fetCh/defoq%gister file

s R[srcA]
% l ;Zg R[srcB]

oxFdstM
Instr. » dstE ADD
Mem.

next R[dstM] —

next R[dstE]
add 2 F

=

ab ]

PP

execute /writeback



pipelined addq processor

fetch /fetch

PC

Instr.
Mem.

>

fetch/de

decode/execute

]

7a\|

srcA

srcB

+dstM

dstE

next R[dstM] —
next R[dstE]

foq‘%gister file

R[srcA]
R[srcB]

=

ADD

PP

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

addq %r10, %ril // (2) decode /execute
1-H
register file
fetch /fetch n RIscAl -
fetCh/d B R[srcB]> L
dstM
Instr.
Momr: dstE ADD
next R[dstM]
PC next R[dstE]
L=
%N
[]
%N

execute/writeback



addqg execution

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

fetch /fetch

PC

address of (2)

decode/execute

1-H

register file

srcA R[srcA]

R[srcB]

Instr.
Mem. |4

addq %r8, %r9 //(1)

srcB

dstM

dstE

next R[dstM]
next R[dstE]

ADD

DD 1

execute/writeback

11



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

-
reg #s 8, 9 from (1) register file
fetch /fetch R wep  RisrcAlH
fetch/d RreBl | |
srcB
dstM
II\;I]:E: dstE ADD
: next R[dstM]
PC addq %r16, %rll //(2) next R[dstE]
T ]
7N
[
7N

execute/writeback

11



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

addq %r10, %ril // (2) decode /execute
ey
reg #s 10, 11 from (2) -, register file values for (1)
fetch /fetch 0 wen  RErAIHF
fetCh/d | B R[srcB]> L
dstM
W lspl dstE ADD
next R[dstM]
PC next R[dstE]
L=
|ZaN|
[]
|ZaN|

execute/writeback



addq processor timing

// initially %r8 = 800,
// %r9 = 900, etc.
addq %r8, %r9 %
addq %r10, %rill
addq %rl12, %rl3
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 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

ot
N

‘ register file
! Jgea  RlsreA]
% j_ch R[srcB]

OxF-ldstM
dstE

next R[dstM]

I:next R[dstE]

(c200)

12



addq processor timing

// initially %r8 = 800,
// %r9 = 900, etc.
addq %r8, %r9 4.
addq %r10, %rill
addqg %rl2, %ri3
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 0x6 12 13 1000 |1100 |11 1700 ©
4 9 8 1200 |1300 |13 2100 11
5 1700 |800 8 2500 13
6 2500 8

ot
N

‘ register file
! Jgea  RlsreA]
% j_ch R[srcB]

OxF-ldstM
dstE

next R[dstM]

I:next R[dstE]

(c200)

12



addq processor timing

// initially %r8 = 800,
// %r9 = 900, etc.
addq %r8, %r9 4.
addq %r1o, %rill
addq %r12, %rl3
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 0x6 12 13 1000 |1160 |11 1700 9
4 9 8 1200 |1300 |13 2100 11
5 1700 |800 8 2500 13
6 2500 8

ot
N

‘ register file
! Jgea  RlsreA]
% j_ch R[srcB]

OxF-ldstM
dstE

next R[dstM]

I:next R[dstE]

(c200)

12



addq processor timing

// initially %r8 = 800,
// %r9 = 900, etc.
addq %r8, %r9 4.
addq %r10, %rill
addq %ri12, %ri3
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 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

ot
N

‘ register file
! Jgea  RlsreA]
% j_ch R[srcB]

OxF-ldstM
dstE

next R[dstM]

I:next R[dstE]

(c200)

12



addq processor timing

// initially %r8 = 800,
// %r9 = 900, etc.
addq %r8, %r9 4.
addq %r10, %rill
addqg %rl2, %ri3
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 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

ot
N

‘ register file
! Jgea  RlsreA]
% j_ch R[srcB]

OxF-ldstM
dstE

next R[dstM]

I:next R[dstE]

(c200)

12



addq processor performance

example delays:

path time
add 2 80 ps
instruction memory 200 ps
register file read 125 ps
add 100 ps
register file write 125 ps

e

1

register file

L A RlscAl]
R[srcB]H

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)

13



pipeline register naming convention

PC

Instr.
Mem.

D. rA
register file
R[srcA]

d_dstE

N

R[srcB]H

srcA

srcB

E_dstE

rd

W__dstl

L
xF+dstM
dstE >ADD
next R[dstM] —
next R[dstE]
[]
E—»-ﬁ—%

14



pipeline register naming convention

f — fetch sends values here
D — decode receives values here

d — decode sends values here

15



addq HCL

/* f: from fetch */
f_rA = il0bytes[12..16];
f_rB = ilebytes[8..12];

/* fetch to decode */
/* f_rA -> D_rA, etc. */
register fD {
rA : 4
rB : 4

REG_NONE;
REG_NONE;

/* D: to decode

d: from decode */
D_rB;
/* use register file: */
= D_rA;
reg_outputA;

d_dstE =

reg_srcA
d_valA =

/* decode to execute */
register dE {

dstE

valA :
valB :

.
64

64 =

REG_NONE;
03
03

16



addq fetch/decode

/* Fetch+PC Update*/

ilObytes[12..16];
il0bytes[8..12];

unpipelined

rA;
rB;
rB;

pc = P_pc;
p_pc = pc + 2;
rA =

rB =

/* Decode */
reg_srcA =
reg_srcB =
reg_dstE =
valA =

valB

reg_outputA;
reg_outputB;

pipelined

/* Fetch+PC Update*/

pc = P_pc;

p_pc = pc + 2;

f_rA = i10bytes[12..16];
f_rB = il0bytes[8..12];
/* Decode */

reg_srcA = D_rA;

reg_srcB = D_rB;
d_dstE = D_rB;
d_valA = reg_outputA;

d_valB reg_outputB;

17



addq pipeline registers

register pP {
pc : 64 = 0;
s

/* Fetch+PC Updatex/
register fD {
rA : 4 = REG_NONE; rB : 4 = REG_NONE;
b
/* Decode */
register dE {
valA : 64 = 0; valB : 64 = E; dstE : 4 = REG_NONE;
}

/* Execute *x/
register eW {

valE : 64
+

/* Writeback x/

0; dstE : 4 = REG_NONE;

18



SEQ without stages

register file

srcA  RIsrcA]

OxF—

Instr.
Mem.
PC
instr.
as length

OxXF—

%rsp—

B %rsp—=—(srcB

dstM
dstE

—>

R[srcB]—

‘ PC+9
ALU
— aluA
valEn
@*ﬁ—> aluB [_,

next R[dstM]
next R[dstE]

Data in
Data out
Addr in

write?

19



SEQ with stages

decode

fetch

execute

iRA;

PC

Instr.
Mem.

instr.
length

register file

srcA

B~ Zrsp—=P—{srcB

[

dstM
dstE

—next R[

next R[

R[srcA]

PC

memory

-9

| R[srcB]H—
aluA
valE

@_,ﬁ—> aluB lll_

Data in
Data out

stM]
stE]

2/ F—~|Addr in

write?

writeback




SEQ with stages

decode
execute
memory
fetch register file ‘ pclo
I}
—rA——————(srcA RisrcA]
— 1 rB—%rsp=D—{srcB RlereBl—]
-] OXF =) dstM ALU )
L | Instr. - e aluA . DDati in .
—>| o, OXF =i S va ata out
~ Mem. %rsp==i 0*ﬁ_>a|u3 |1|__>D—>Ad3:itier?1
—[next R[§lstM]
PC next R[§istE]
instr. (
] length

writeback




SEQ with stages

decode
execute
: memory
rule: signal to next stage (except flow control)
cten | register file ‘ PC}9
1§
oA fea  RIsreA]
— 1 rB—%rsp=D—{srcB RlsreB]i—
-] OXF =] dstM ALU )
> Instr. OxF dstE i IE DDa::a”:) t
— o OXF =] va ut
~ Mem. %rsp ﬁ_>3|u3 lll__,D—>Ad:\j’:itier;
—[next R[§lstM]
PC next R[§istE]
instr. [‘
= length
writeback




SEQ with stages (actually sequential)

decode
execute
OxF—
memory
g
fetch | register file ‘ Pc}o
1§
| R[srcA]
rA srcA
7*rB‘%A@-’D—’SFCB RlereBl—]
——— ——
dstM ALU .
| Instr. e aluA . DDati in .
—| S va ata out
> Mem. 0_,ﬁ—»aluB .,D—>Addr in
write?
—[next R[§lstM]
PC next R[§istE]
instr. (
] length
[ L
writeback




adding pipeline registers

decode
execute
OXF—
memory
— g
fetch | register file ‘
| R[srcAJH
rA srcA
*rB‘%AW-’D—’SFCB RlereBl]
—_——
( AL
_: Instr. Ja\ dstE i uvalE Daaia”:)ut—
. Mem. 0_,@—» aluB D—»Addr in
write?
—[next R[§lstM]
PC next R[§istE]
instr. (
] length
[ L
writeback




adding pipeline registers

decode

execute
OxF—
—_— memory
not shown — control logic | «#%=]
eten | register file ‘
| R[srcAJH
rA srcA
*rB‘%AW-’D—’SFCB RisrcB] AL
—_—
L Instr ( A a aluA Data in
— ’ dstE valE Data out[
~— Mem. 0_,@—» aluB D—»Addr in
write?
—[next R[§lstM]
PC next R[§istE]
instr. (
= length
l L
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_1icode, ..)

exceptions: deliberate sharing between instructions

via register file/memory/etc.
via control flow instructions

23



memory read/write logic

address ~
data
data memory

output

data

input

icode —|is read? |
from instr. mem @

24



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?

24



memory read/write: SEQ code

icode = 110bytes[4..8];
mem_readbit = [
icode == MRMOVQ || ...: 1;
0;
13

25



memory read/write: PIPE code

f_icode = il0bytes[4..8];

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

}

d_icode = D_1icode;

e_icode = E_dcode;

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

1;

26



memory read/write: PIPE code

f_icode = il0bytes[4..8];

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

}

d_icode = D_1icode;

e_icode = E_dcode;

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

1;

26



addq processor: data hazard

// initially %r8 = 800,
// %r9 = 900, etc.
addq %rs8, %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] |dstE
0 0x0
1 0x2 8 9
2 9 8 800 900 9
3 900 800 8 1700 9
4 1700 8

=N

-

ot
N

‘ register file

R[srcA]
R[srcB]

—srcA
srcB
OxF-ldstM
dstE

next R[dstM]

I:next R[dstE]

(c200)
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addq processor: data hazard

// initially %r8 = 800,

// %r9 = 900, etc.
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] |dstE
0 0x0
1 0x2 8 9
2 9 8 g8 00 9
3 900 800 8 1700 9
4 1700 8

should be 1700

-

N
‘ register file
! Jgea  RlsreA]
% L;’; RlsrcB]

oxF-ldstM
dstE

next R[dstM]

I:next R[dstE]

(c200)

27



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

28



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

usually not acceptable

29



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

30



addqg processor: data hazard stall

// initially %r8 = 800,

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

// hardware stalls twice
addq %r9, %r8

addq %rl1lo, %rill

ot
N

OxF-dstM

rdstE

t
P + stalling logic (not shown) |

add 2]

fetch | fetch—decode decode—execute execute—writeback
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

‘ register file
! Jgea  RlsreA]
Tt

‘Lg,
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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 %rl1lo, %rill

ot
N

OxF-/dstM

rdstE

t
P + stalling logic (not shown) |

add 2]

fetch | fetch—decode decode—execute 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

‘ register file
! Jgea  RlsreA]
Tt

31



addqg processor: data hazard stall

// initially %r8 = 800,

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

// hardware stalls twice
addq %r9, %r8

addq %rl1lo, %rill

TFea  Rlsrel
rc
ks
OxF-/dstM
Instr. R

‘ register file

t
P + stalling logic (not shown) |

add 2]

fetch | fetch—decode decode—execute 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

— &

‘Lg,,

31



addq stall

addq %r8, %r9

// hardware stalls twice
addq %r9, %r8

addq %rl1lo, %rill

lcycle [fetch ldecode lexecute \writeback

laddq %r8, %r9 |

\

1 Jaddg %r9, %r8 |addq %r8, %r9 |

Y ——
2 laddq %r9, %r8 |nop "bubble”  |addq %r8, %r9 |

Y ey
3 Jaddg %r9, %@iof “bubble”  [nop “bubble”  addq %r8, %r9 |
4 laddq %r10, %r%cl‘dq %r9, %rsicip “bubble”  |nop "bubble” |
5 |- laddq %r10, %r11 addq %r9, %r8 |nop “bubble” |

32



hazard exericse

addq %r8, %r9
addq %r1e, %rill
addqg %r9, %r8
addq %rl1l, %rlo

i

1

register file

ron  RlsrcA]

& R[srcB]H
sch
oxF-dstM
M em. dstE

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

33



hazard exericse solution

Il
‘ register file
'B‘ en RlsrcAlH
RlsrcB]H
(I
F-{dstM
M ol dstE
next R[dst
[next R[dst|

cycle #:0:11i12:i3:14: 5678
addq %r8, %r9 FiD:EiW
addq %r10, %rill F D:EIW
addq %r9, %rs8 X F*D E:W
addq %ri1l, %rl0 . . 1 F '}D E:W




exercise: pipelining improvement (1)

1% of instructions executed need to stall 4 cycles for hazard
2% stall exactly 3
10% stall exactly 2

15% stall exactly 1

how many cycles per instruction? (compute the mean)

35



exercise: pipelining improvement (1)

1% of instructions executed need to stall 4 cycles for hazard
2% stall exactly 3
10% stall exactly 2

15% stall exactly 1

how many cycles per instruction? (compute the mean)

I+ 15x14+.10x24+.02x3+.01 x4=145

35



exercise: pipelining improvement (2)

1% of instructions executed need to stall 4 cycles for hazard
2% stall exactly 3

10% stall exactly 2

15% stall exactly 1

how many cycles per instruction? 1.45

original cycle time: 1200 ps; new cycle time: 300 ps

how much better throughput?

36



exercise: pipelining improvement (2)

1% of instructions executed need to stall 4 cycles for hazard
2% stall exactly 3

10% stall exactly 2

15% stall exactly 1

how many cycles per instruction? 1.45

original cycle time: 1200 ps; new cycle time: 300 ps

how much better throughput?
1 every (1.45 x 300 = 435 ps) versus 1 every 1200 — 2.76 faster

36



control hazard

subq %r8, %r9
je  OxFFFF
addq %rl10, %rli
fetch fetch—decode decode—rexecute execute—writeback
cycle [PC SF/ZF [rA [rB |RIsrcA] [R[srcB] [dstE [next R[dstE] [dstE
0 ox0  |0/1
1 ox2 |o/1 |8 9
2 222 |o/1 JexF  JexF [see Joee [0 |
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control hazard

subq %r8, %r9
je  OxFFFF
addq %rl10, %rli

fetch fetch—decode decode—rexecute execute—writeback
cycle  |PC SF/ZF A [rB |RIsrcA] [R[srcB] [dstE [next R[dstE] [dstE
0 Ox0 0/1
1 O a/1 |8 9
2 222 |d/1 JexF  JoxF [see Joee [0 |

OxFFFF if R[8] = R[9]; @x12 otherwise



control hazard: stall

addq %r

8,

%r9

// insert two nops
je  OXFFFF

addq %rl1lo, %rll
fetch fetch—decode decode—execute execute—writeback
cycle |PC SF/ZF |rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
0 0Ox0 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

38



control hazard: stall

addq %r8, %r9

// insert two nops
je  OXFFFF

addq %rl1lo, %rll

fetch I fetch—decode I decode—execute I execute—writeback
ode |PC_ Hwait for two cycles for addq to update SF/ZF
0 FAYVTAY m—
1 ox2* |4/1 |8 9
2 ox2* |d/1 |oxF [oxF [800 [900 |9
3 &% €/0  |oxF  |oxF [--= |--— |oxF [1700 9
4 0x10 [0/0 [oxF  [oxF [-== [-== |exF |--—- OxF
5 10 11 |[-—— |- |exF |-—- OxF
6 1000 [1100 (11 |-—- OxF




control hazard: stall

addq %r8, %r9
// insert two nops

je  OXFFFF
addq %rl1lo, %rll

fetch fetch—decode decode—execute execute—writeback
cycle [PC SF/ZF |rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
0 0Ox0 0/1
1|+ [execute je instruction (use SF/ZF)]|
2 DD /L UAT UAT [eAVAV] JUU 7
3 0x2 qg/0 OxF OxF |=—- - OxF |1700 9
4 Oxro=—0/0 OxF OxF |7~ - OxF [=——~ OxF
5 10 11 == - OxF [=—~ OxF
6 1000 (1100 (11 - OxF

38



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)
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 |iICC OPq
3 |wait for jJCC|jCC OPq (set ZF)
4 |wait for jCC |nothing [JCC (use ZF) |OPq
5 lirmovq nothing |nothing jCC (done) |OPq |

39



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[iCC OPq (set ZF)Jﬁ ZF sent via register
4 |wait for jCC |nothing [JCC (use ZF) |OPq
5 l|irmovq nothing |nothing jCC (done) |OPq |

39



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

“taken” sent from execute to fetch

39



stalling for ret

call empty
addq %r8, %r9
empty: ret
time [fetch decode |execute [memory  |writeback |
1 Jcall
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

40



stalling for ret

call empty
addq %r8, %r9

empty: ret

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

2 ret call

3 lwait 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




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 |Jret €turn ad_g.feé%u!gfjded here
5 |wait for ret |nothing |nothing ret (load) |call

6 |addq nothing  [nothing nothing ret




pipeline stages

fetch — instruction memory, most PC computation
decode — reading register file
execute — computation, condition code read/write
memory — memory read /write

writeback — writing register file, writing Stat register

41



pipeline stages

fetch — instruction memory, most PC computation

decode — reading register fil

common case: fetch next instruction in next cycle
e , " :
can't for conditional jump, return

1924

memory — memory read /write

writeback — writing register file, writing Stat register

41



pipeline stages

fetch — instruction memory, most PC computation

decode

— reading register file

execute — computation, condition code read /write

memory — memory read/write “

writeba

read /write in same stage avoids reading wrong value
get value updated for prior instruction (not earlier/later)

41



pipeline stages

fetch — instruction memory, most PC computation
decode — reading register file
execute — computation, condition code read/write
memory — memory read /write

writeback — writing register file, writing Stat register

don’t want to halt until everything else is done

41



stalling costs

with only stalling:
extra 3 cycles (total 4) for every ret
extra 2 cycles (total 3) for conditional jmp

up to 3 extra cycles for data dependencies

42



stalling costs

with only stalling:
extra 3 cycles (total 4) for every ret
extra 2 cycles (total 3) for conditional jmp

up to 3 extra cycles for data dependencies

can we do better?
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stalling costs

with only stalling:

extra 3 cycles (total 4) for every ret

extra 2 cycles (total 3) for conditionaN

up to 3 extra cycles for data depe

can't easily read memory early
might be written in previous instruction

can we do better?

44



stalling costs

with only stalling:

extra 3 cycles (total 4) for every ret

extra 2 cycles (total 3) for conditional jmp

up to 3 extra cycles for data dependencies_

can we do better?

trick: use values waiting to get to register file

45



backup slides
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pipelined times three

[
>

.

A(t+2)

Y

ADD

Y

Y

ADD 4>|;|

3x A (t+0)
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pipelined times three

Y

ADD |_|
L

At +2) g 2% A(t+1) ADD
A >
A1) 3x A (t+0)
A (t+
A (t+
2x A (t+
3xXA(t+

47



register tolerances
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register tolerances
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register tolerances
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times three pipeline timing

A(t+2)

10 ps

[
>

Y

ADD |_|
L

g 2x A (t+1) ADD
A >
A(t+1) 3x A (t+0)
< > < >
50 ps 10 ps 50 ps 10 ps
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times three pipeline timing

[
>

Y

ADD [1
L

At +2) g 2% A (1+1) ADD
A >
A(t+1) 3x A (t+0)
-—> < > -~ < > «—>
10 ps 50 ps 10 ps 50 ps 10 ps
< 7 B> |
throughput ~ 16 G operations/sec

: 60 ps

49



deeper pipeline

A (t +4)

[
>

D D -
ax A 2% A (t+2)
partial results 1 -

L1 >
A (t+3) Alt+2)

3x A
partial results

3x A (t+0)

50



deeper pipeline

s ]
L

Y

Y

[
>

A (t+4) 2x A 2x A (t+2)
partial results 1 -
; A(ItA—lirQ) T3x A 3x A (t+0)
A (t+3) partial results
<+ — I —r 4 I — >
10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps

50



deeper pipeline

s ]
L

Y

Y

[
>

A (t+4) 2x A 2x A (t+2)
partial results 1 -
; A(ItA—lirQ) T3x A 3x A (t+0)
A (t+3) partial results
<+ — I —r 4 I — >
10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps

exercise: throughput now?
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deeper pipeline

s ]
L

Y

Y

[
>

A (t+4) 2x A 2xA(t+2)
partial results 1 -
; A(ItA—iI—Q) T3x A 3x A (t+0)
A (t+3) partial results
<+ — I —r 4 I — >
10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps

< [
<<% >

1
throughput: 35 s ~ 28 G ops/sec
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diminishing returns: register delays

L

110 ps :
logic (all)
per cycle Q
100 ps 10 ps
60 ps . :
logic (1/2) —»Q—» logic (2/2)
per cycle
50 ps 10 ps 50 ps
43 ps = :
o (1/3) - La-llosie (219) > -
per cycle
33ps 10ps 33ps 10ps

10 ps

logic (3/3)

33 ps

L

10 ps

L I R Y B B

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

time per completion (ps)

120
100
80
60
40
20
0

6 8 10 12
number of stages
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diminishing returns: register delays

time per completion (ps)

120
100
80
60
40
20
0

_ register delay |

6 8 10 12
number of stages
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diminishing returns: register delays

time per completion (ps)

120
100
80
60
40
20
0

»—1.83x speedup

1.02x speedup

o—o

_ register delay | |

6 8 10 12 14
number of stages

52



diminishing returns: register delays

100

80 |

60 1.02x throughput

407 ° ® *

throughput (ops/ns)

20 ¢ *
._T 1.83x throughput

2 4 6 8 10 12 14
number of stages



diminishing returns: register delays

100 -----------__--------_‘_------‘.-:_-_--‘. .....................
max. rate of register updates
£ 80 |
S 1.02x throughput
— 60| o« o—*
5 « o °
(o ° °
_go 40 [ ° ® |
> [
e °
s 20| * :
o—T1.83x throughput
0 2 4 6 8 10 12 14

number of stages



addq stall (alternative)

addq %r8, %r9

// hardware stalls twice
addq %r9, %r8

addq %rl1lo, %rill

lcycle [fetch ldecode lexecute \writeback

0 Jaddq %r8, %r9 |

il laddq %9, %rSIcidq %r8, %r9\\A

2 Jaddgq %r%O, %r11 [addq %rg, %r8  |addq %r8, %r9\\‘

3 Jaddgq %r%O, %r11 [addgq %rg, %r8 |nop “bubble” laddq %r8, %r9 |
4 laddq %r10, %r%d‘dq %9, %rsicip “bubble”  |nop "bubble” |
5 |- laddq %r10, %r11]addg %r9, %r8 |nop “bubble” |




addq processor: data hazard stall (alternative)

// initially %r8 = 800,

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

// hardware stalls twice
addq %r9, %r8

addq %rl1lo, %rill

TH—foren
ks
0xF-ldstM

Instr.
—i=lE

‘ register file

P + stalling logic (not shown)

add 2]

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* [9% 8% 800 900 9
3 Ox4* (9% 8% - - F* 1700 9
4 Ox4 9 8 - - Fx* - F
5 10 11 1700 |800 8 - F
6 1000 |1100 |11 2500 8

R[srcA]
R[srcB]

‘Lg,

ot
N

55



addq processor: data hazard stall (alternative)

// initially %r8 = 800,

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

// hardware stalls twice
addq %r9, %r8

addq %rl1lo, %rill

THaen
ks
0xF-ldstM

Instr. R

‘ register file

P + stalling logic (not shown)

add 2]

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* [9% 8% 800 900 9
3 Ox4* [9% 8% - - F* 1700 9
4 Ox4 9 8 - - Fx* - F
5 10 11 1700 |800 8 - F
6 1000 |1100 |11 2500 8

R[srcA]
R[srcB]

‘Lg,

ot
N

55



addq processor: data hazard stall (alternative)

// initially

//

%r8
%r9

addq %r8, %r9
// hardware stalls twice

= 800,

900,

etc.

& orca RIsreA]
rc
ks
OxF-/dstM
Instr. R

ot
N

‘ register file

t
P + stalling logic (not shown) |

addq %r9, %r8
addq %r1e, %ril add 2"
fetch | fetch—decode decode—execute execute—writeback
cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
0] 0Ox0
1 0Ox2 8 9
2 Ox4* [9% 8% 800 900 9
3 Ox4* |9% 8% - - Fx* 1700 9
4 0x4 9 8 - - Fx - F
5 10 11 1700 |800 8 - F
6 1000 |1100 |11 2500 8

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

‘Lg,
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