pipelining 1



last time

stages walkthrough
idea: table of what needs to happen for each instruction

special cases for stack instructions

book's strategy of adding zero

pipelining idea with laundry
higher latency — time from start to finish

higher throughput — work done per unit time



HCL4 aside

assignment: implement rest of single-cycle processor

includes push/pop/call/ret



HCLRS testing aside
test lists updated 14 Sep

a few may want to redownload
(but extra tests are basically subsets of other tests)



times three circuit
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times three c

ADD—> 3 x A
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times three circuit
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ADD — 2 x A —»

[
>

ADD—> 3 x A

100 ps latency = 10 results/ns throughput
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imes three and repeat
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imes three and repeat

0 ps

A

add A+ A
2x A

add 2A + A
3 x A
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add A+ A
2x A

add 24 + A
3x A
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pipelined times three
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register tolerances

register output - ]
register input © I



register tolerances

register input ‘must not

change




register tolerances

register input ‘must not

change




times three pipeline timing
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times three pipeline timing

|
ADD LI >
A(t+2) 2xA(t+1) ADD
A >
A(L+1) 3x A (t+0)
D < > D < > «—>
10 ps 50 ps 10 ps 50 ps 10 ps

exercise: minimum clock cycle time:
A. 50 ps B. 60 ps B. 65 ps C. 70 ps E. 130 ps



times three pipeline timing

|
ADD LI >
A(t+2) 2x A (t+1) ADD
A >
A(t+1) 3x A (t+0)
D < > D < > «—>
10 ps 50 ps 10 ps 50 ps 10 ps

[
>

1
throughput: ——— ~ 16 G operations/sec
60 ps

10



deeper pipeline

A (t +4)

— _ |_|
D IAI >
_> L
/Q?A 2x A (t+2)
partialresults 1 -
N >
A (t+2)

A (t+3)

3xA
partial results

3x A (t+0)

12



deeper pipeline

— > N —

=
P 1

A (t+4) gy

partialresults

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
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deeper pipeline

— > N —

=
P 1

A (t+4) gy

partialresults

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

— > N —

=
P 1

A (t+4) gy

partialresults

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

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

14



deeper pipeline

— > N —

=
P 1

A

A (t+4) gy

X 2xA(t+2)
partialresults 1 -
; A(Iﬁz) T3x A 3xA(t40)
A (t+3) partial results
<+ +— I t—r 4 > >
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

14



deeper pipeline

— > N —

=
P 1

A (t+4) gy

partialresults

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?
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diminishing returns: register delays

110 ps e
per cycle : Q
100 ps 10 ps

60 ps p .
logic (1/2) —PQ—» logic (2/2) —»@
per cycle

50 ps 10 ps 50 ps 10 ps

43 ps . .
logic (1/3) —>E—> logic (2/3) —PQ—» logic (3/3) —PQ
per cycle

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

T I Y B B

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

ps)

(

—_
DO e~ D 0] )
@) ) ) ) ()
T
®
|

time per completion

)

number of stages

17



diminishing returns: register delays
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diminishing returns: register delays
120

o—1.83x speedup

ps)
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diminishing returns: register delays
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diminishing returns: register delays

100 f------ | | |
f register updates

o0
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1.02x throughput
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deeper pipeline

— > N —

=
P 1

A (t+4) gy

partialresults

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?

19



deeper pipeline

— > N —

pD

A

A (t+4) gy

partialresults

2)

Y

P S—
+

3xA 3xA(t+0)

A (t+3) At+2) partial results
- > —> > — > —> >
10 ps 25 ps 10 ps 25 ps 10 ps 25@5 10 ps 2%5 10 ps
30 ps 20 ps

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

— __ |_|
D IAI >
5 L
A (t+4) o~y 2% A (t+2
partialresults 1 -
‘ A(ﬂ2) 3x A 3xA(t+0)
A (t+3) partial results
<> +—r > <t— -+ +——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)
A. 1/(25 ps) B. 1/(30 ps)
C. 1/(35 ps) D. 1/(40 ps) E. something else

21



deeper pipeline

— __ |_|
D IAI >
5 L
A(t+4) oy 2% A (t+2)
partialresults 1 -
; A(Iﬁz) 3x A 3xA(t+0)
A (t+3) partial results
<> +—r > <t— -+ +——r > —> <>
10 ps 25 ps 10 ps 25 ps 10 ps 2}@5 10 ps 25@5 10 ps

¢ 30 ps, 20 ps

1
throughput: 10 s ~ 25 G ops/sec

21



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 |

] logic 1
N

40 ps 10 ps 40 ps 10 ps30 ps10 ps



diminishing returns: uneven split
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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 |

] logic 1
N

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

23



textbook SEQ ‘stages’

conceptual order only

Fetch: read instruction memory

Decode: read register file writes happen

Execute: arithmetic (ALU) at end of cycle

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

PC Update: write PC register



textbook SEQ ‘stages’

conceptual order only

Fetch: read instruction memory

Decode: read register file reads — “magic”

Execute: arithmetic (ALU) like clombmat.cI)rlsll logic
as values available

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

PC Update: write PC register

23



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

Writeback: write register file

24



textbook stages

conceptual-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

Writeback: write register file

5 stages
one instruction in each
compute next to start immediatelly

24



addq CPU

Instr. e |split
Mem.

fetch and
PC update

OxF |

register file

srcA  RlsrcA]
R[srcB]

srcB

dstM

dstE

next R[dstM]
next R[dstE]

>DD

-

25



addq CPU

decode

register file

srcA  RlsrcA]

R[srcB]

Instr. e |split
Mem.

fetch and
PC update

Y

dstE

next R[dstM]
next R[dstE]

execute

writeback

25



addq CPU

signal skips two stages

decode

register file

srcA  RlsrcA]

PC

fetch and
PC update

R[srcB]

srcB

dstE

next R[dstM]
next R[dstE]

execute

writeback

25



addq CPU

decode

execute

register file

srcA  RlsrcA]
R[srcB]

Instr.

’

e
|

PC
fetch and
PC update

srcB

Y

dstE

next R[dstM]
next R[dstE]

writeback

25



pipelined addq processor

decode

Instr. e |split
Mem.

fetch and
PC update

execute
—
Tl
register file
srcA  RIsrcAld
R[srcB]H
srcB .|
O prmratarinivd
dstE ADD —
next R[dstM] ™
b~next R[dstE]
{ writeback
A
N

26



pipelined addq processor

ab ]

N

Instr.

Mem.

>

register file

D 1P 1

srcA

srcB

OxF |

dstM
dstE

R[srcA]
R[srcB]

next R[dstM]
next R[dstE]

]
’a\|

ADD—

D 1P 1

26



pipelined addq processor

ab ]

N

Instr.

Mem.

>

fetch/de

decode/execute
R

f

7a\|
oq%gister file

srcA  RlsrcA]

R[srcB]

=

srcB
xFdstM

|—~next R[dstE]

dstE ADD —

next R[dstM] —

PP

execute /writeback

26



pipelined addq processor

decode/execute
N,
fetCh/dequ%gister file
fetCh/fetCh orc R[srcA]-
&l A R[srcB]H L
'E» srcB

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 %r10, %rill // (2)

fetch /fetch

PC
add 2

Instr.
Mem.

decode/execute
register file
orcA  RIsrcAl

R[srcB]~ L

srcB
dstM
dstE ADD —
next R[dstM]
next R[dstE]

]

|ZaN|

N

|ZaN|

execute /writeback

27



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

2
register file
fetch /fetch n RIscAl -
fetch /d RlreBl | |
srcB
dstM
I'\;;:; dstE ADD—
: next R[dstM]
PC addq %r8, %ro //(1) next R[dstE]
T —
address of (2) %
N

execute /writeback .



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

1h
reg #s 8, 9 from (1) register file
fetch /fetch R wep  RisrcAlH
fetch/d RlreBl | |
srcB
dstM
et . dstE ADD—
: next R[dstM]
PC addq %r16, %rll //(2) next R[dstE]
T
—
7N
[]
7N}

execute /writeback

27



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

addq %r10, %ril // (2) decode /execute
LR Te7s
reg #s 10, 11 from (2) register file values for (1)
fetch /fetch R won  RsrcAlHH
fetCh/d | B R[srcB]> L
dstM
W spl dstE ADD—
next R[dstM]
PC next R[dstE]
T
—
%N
[
7\

execute /writeback .



addq processor timing

)

// initially %r8 = 800,
register file
// %r9 = 900, etc. ﬂiﬂﬁ P
addq %r8, %r9 LH e
oxFdstM  RisrcB]|
addq %r10, %ril
addq %ri12, %ri3 S
P(‘ next s
addq %r9, %r8 e
=
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 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

28



addq processor timing

)

// initially %r8 = 800,
register file
// %¥r9 = 900, etc. ﬂiﬂﬂ P
addq %r8, %r9 e
oxFdstM  RisrcB]|
addq %r1e, %ril
addq %ri12, %ri3 S
P(‘ next s
addq %r9, %rs8 e
=
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 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

28



addq processor timing

// initially %r8 = 800, . N
o, 9 _ 900 t ‘ register file
// %r9 = 900, etc. ) [ ol
addq %r8, %r9 LH e
oxFdstM  RisrcB]| -
addq %r10, %ril 2y
addq %ri12, %rl3 S
P(‘ next s
addq %r9, %r8 e
=
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 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

28



addq processor timing

// initially %r8 = 800, N
o, _ ‘ register file
// %¥r9 = 900, etc. G L e N
addq %r8, %r9 LH e
oxFdstM  RisrcB]| -
addq %r10, %ril o
addqg %rl2, %ri3 e s
P(‘ next s
addq %r9, %r8 e
=
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 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

28



addq processor timing

// initially %r8 = 800,

)

register file
// %¥r9 = 900, etc. ﬂiﬂﬂ P
addq %r8, %r9 LH e
oxFdstM  RisrcB]|
addq %r10, %ril
addq %r12, %ri3 s
P(‘ next s
addq %r9, %r8 e
=
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 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

28



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

29



SEQ paths

register file
rA srcA R[SFCA]
R[srcB]
B —%rsp=D—{srcB
B oxF dstM Data in
Instr. oxF dstE Data out
Mem. %rsp Addr in
write?

—next R[dstM] function
f d
PC next R[dstE] o opeoce

instr. r
-Flength




SEQ paths

path 1. 25 picoseconds

register file

rA orcA  RIsrcA]

R[srcB

B —%rsp=D—{srcB [ ]
I il doeh Data in

e o OXF dstE Data out

Mem. %rsp: Dt c
write?

—next R[dstM] ke
PC next R[dStE] of opcode

instr. (

length




SEQ paths

path 1: 25 picoseconds  path 2: 50 picoseconds

register file
rA orcA  RIsrcA]
R[srcB
B —%rsp=D—{srcB [ ]
B dstM
Instr il ) Data in
M - %%E dstE Data out
o Addr in
write?
—next R[dstM] ke
PC next R[dstE] of opcode
s Instr. (
= |length




SEQ paths

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

PC

register file PC+9
- L
TA 1§ I\-I‘\J
R[srcB
B —%rsp=D—{srcB [ ]
i il et Data in
II\;IEE: %2%F dstE Data out
' Addr in
write?
—next R[dstM] ke
rnext R[dstE] of opcode
s Instr.
= |length

30



SEQ paths

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

register file ‘ PC40
i L1
A 1§ I\-I‘\J
R[srcB
rB—%rsp=D—isrcB [ ]
T oxF—| JidstM
Instr 40%.; ® Data in
Mem. o255 JdstE m?%?i_:ﬂf=
1 write?
[ “TUIStM] function
PC next R[dstE] of opcode
instr.
—' |length

30



SEQ paths

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

register file ‘ PC+9
L
. . )
B Zrsp—p—{srcB RlsrcB] ALU
B 4”\—» N
Instr d — th Data in
..and many, many more patns Da =
Y, many more p D
write?
= TTEXT r\;u'StM] function
PC next R[dstE] of opcode
instr.
= |length

30



sequential addq paths

Instr.
Mem.

b-Isplit

register file
orcA  RIsrcA]

R[srcB]
srcB

xF+dstM

dstE

next R[dstM]
next R[dstE]

,_I

31



sequential addq paths

path 1: 25 picoseconds

Instr.

PC

Mem.

b-Isplit

OxF +

register file

orcA  RIsrcA]
R[srcB]

srcB

dstM

dstE

next R[dstM]
next R[dstE]

,_I

31



sequential addq paths

path 1: 25 picoseconds
path 2: 375 picoseconds

Instr.

OxF +

register file

orcA  RIsrcA]
R[srcB]

srcB

dstM

dstE

PC

Mem.

lit

next R[dstM]
next R[dstE]

,_I

31



sequential addq paths

Instr

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

register file

DL Al
ISTEAR]

R[srcB]

OxF +

srcB

dstM

PC

Mem.

lit

dstE

next R[dstM]

next R[dstE]

31



sequential addq paths

path 1: 25 picoseconds

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

register file

Dol
SPCA ==l

TO

OxF+dstM

N
dstE

PC

7

Mem.

next R[dstM]

pnext R[dstE]

31



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

Dol
SPCA ==l

_——RlscB]

TO

OxF+dstM

N
dstE

7

Mem.

next R[dstM]

PC pnext R[dstE]




pipelined addq paths

T Instr.

register file

|

'J Mem.
PC

—add—2* parh 2
path 2:
path 3:
path 4:
path 5:
path 6:

80 picoseconds

210 picoseconds
210 picoseconds
135 picoseconds
110 picoseconds
135 picoseconds

srcA

dstM

dstE

R[srcA]

next R[dstM]

& :-#\JbLE]

—
A

Py N

DD ]

overall cycle time: 210 picoseconds

32



pipelined addq paths

register file

T Instr.

|
'J Mem.
PC
—add—2* parh %
path 2:
path 3:
path 4:
path 5:
path 6:

overall cycle time: 210 picoseconds

80 picoseconds
210 picoseconds
210 picoseconds
135 picoseconds
110 picoseconds
135 picoseconds

srcA

dstM

dstE

R[srcA]

next R[dstM]

—
A

32



addq processor performance

example delays:

b

path time ‘ register file

add 2 80 ps B T
instruction memory 200 ps B e Lo Sl e N
register file read 125 ps ‘( : I

add 100 ps re et Rlde]

register file write 125 ps L

(G

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)

33



addq processor timing exercise 1

™
example delays: ‘ register il =
path time E%: R m—
add 2 80 ps P s ———(h
instruction memory 200 ps B‘( - o
register file read 125 ps PC pest Rige]
add 100 ps LE

register file write 125 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 /* 3 */



addq processor performance exercise

b

example delays: ‘
path time

register file

TP fen Rlmen——— K
LH—sreB

add 2 80 ps P el ———

instruction memory 200 ps -

register file read 125 ps PC st Rids

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?



pipeline register naming convention

d_dstE E_dstE
\ /

f rA )T
register file
\ R[srcA]

*@»L’sch R[srcB]

Elgi]

Ly
OxF+dstM
Instr.
Mem. dstE
next R[dstM] —
PC next R[dstE]
add 2 |ﬂ

—
W_dstE—tH <e—dstE—

36



pipeline register naming convention

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

d — decode sends values here

37



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

/* Fetch+PC Update*/
pc = P_

p_pc =

rA = ilebytes[12..16];
rB = ilObytes[8..12];

unpipelined

pc;
pc+2;

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

D_rA;

D_rB;
_rB;
reg_outputA;
reg_outputB;

o
<
Q
r—l
>
In1nn
(oA TR
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addq pipeline registers

register pP {
pc : 64 = 0;
s

/* Fetch+PC Updatex/
register fD {

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

/* Decode x*/
register dE {

valA : 64
}

/* Execute */
register eW {

valE : 64
}

/* Writeback */

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

0; dstE : 4 = REG_NONE;



SEQ without stages

register file

srcA  RlsrcA]

B %rsp—=D—|srcB

Instr.
Mem.
PC
instr.
as length

OxF—| dstM
o OXF—) dstE
%rsp—

[

R[srcB]

next R[dstM]
next R[dstE]

PC+9
L
L ALU
— aluA
valEn
0> aluB I

Data in
Data out
Addr in

write?
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SEQ with stages

ecode
execute
memory
fetch | register file ‘ pclo
1§
rA srcA R[srcA]
B~ %rsp=D—(srcB RlsreBl—)
B oxF—| dstM /D»Arl;u Data i
| — alu ata In
=d Il\;wlstr. LOxXF— dstE valE| Data out
o em. rsp: 0_>ﬁ—>aluB I .>D—>Addrin
I write?
—next R[§istM]
PC next R[flstE]
instr. [‘
] length
writeback




SEQ with stages

ecode
execute
memory
fetch register file ‘ Pc}o
1§
rA srcA R[SrCA]
B~ %rsp=D—(srcB RisreB]i—
dstM ALU
| . OxF=] —>}D->a|uA Data in
— : L OXF=) dstE valE Data out[
~ Mem. %rsp 0*ﬁ_>a|u3 |1|__>D—>Advc\jl:'itier;
—[next R[§lstM]
PC next R[§istE]
instr. [‘
= length
writeback
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SEQ with stages

ecode
execute
- memory
rule: signal to next stage (except flow control)
Tetct] register file ‘ Pcto
1§
A srcA R[srcA]
— B Zrsp—)—[srcB RlsreB]i—
5 ALU
OXF =} stM .
_': Instr. = dstE i IE DS:a”:)ut—
> Mem. %1 Sp =] 0*ﬁ_>a|u3 |l|__>D—>Advc\j“:tier;
—[next R[§lstM]
PC next R[§istE]
instr. [‘
= length
writeback
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SEQ with sta%

es (actually sequential)

ecode
execute
““%1 memory
%PEp=
fetch - -
register file ‘ PCo
18
A e RlsrcA]
R[srcB]H L
"B %rsp srcB
> Instr - _>D>ﬁjl;u Data in
— M ’ dstE valE Data out

™ (e 0_,ﬁ—»aluB I .,D—>Addr in
—lp write?

—[next R[§lstM]

PC next R[§istE]

instr.
= length
l L
writeback
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adding pipeline registers
decode

OXF—
— %P8
[—.

execute

memory

fetch [ register file ‘

R[srcAlf

srcA

R[srcB]H
%rsp srcB
AN

dstM .
Data in

Data out

[F—~|Addr in

write?

Instr.

IE
Mem. dstE va
0> r—>aIuB

—[next R[§lstM]
PC next R[§istE]

instr. [‘
= length

iRA;

writeback




adding pipeline registers
decode

not shown — control logic

Tetch

—

iRA;

PC

Instr.

OXF—
%P8

execute

memory

Mem.

instr.
length

I

%rsp

register file ‘

srcA

srcB

dstM
dstE

(2=

next R]
next R]

R[srcAlf

R[srcB]H
ALU

stM]
stE]

Data in

write?

Data out

[F—~|Addr in

writeback
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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
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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

47



memory read/write: PIPE code

f_dicode = il10bytes[4..8];

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

}

d_1dcode

D_dicode;

e_icode = E_dcode;

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

13
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memory read/write: PIPE code

f_dicode = il10bytes[4..8];

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

}

d_1dcode

D_dicode;

e_icode = E_dcode;

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

13

48
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