Pipelining



Changelog

Changes made in this version not seen in first lecture:

5 October 2017: put addq timing slide before critical path slides

5 October 2017: slide 25: arrows to fetch/decode registers point to
outputs, not inputs

5 October 2017: slide 27: sum with no pipelining was 550 ps, not 500 ps
5 October 2017: slide 33: e_dstE and W_dstE labels were swapped

5 October 2017: slide 34: rA should have been D_rA, e_valA should
have been d_valA



logistics

exam graded — scores on gradebook
keys on Collab
view exam, submit regrade requests via TPEGS
note: two questions dropped outside of TPEGS

median: 83.5; 25th percentile: 77.3; 75th percentile: 90.7

HCL homework due next Wednesday
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Human pipeline: laundry
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Latency — Time for One
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Latency — Time for One
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Latency — Time for One
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Throughput — Rate of Many

11:00

Washer

Dryer

Folding
Table

12:00

colors

time between finishes (0.83 h)

1300 14:00
sheets
colors sheets
colors
>

sheets



Throughput — Rate of Many
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Throughput — Rate of Many

time between starts (0.83 h)

11:00 12:00 13:00 14:00
1

Washer colors sheets

Dryer colors sheets

Folding colors

Table

—p

time between finishes (0.83 h)

1 load
0.83h

= 1.2 loads/h

sheets



times three circuit
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times three circuit

A — ADD — 2 x A —»

> ADD — 3 x A

FIIIIIIIIIIIII ISP

Y Y Y Y Y Y Y Y Y Y YY)
7777777777777 7777777770
Y Y Y

3 X




times three circuit
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pipelined times three
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pipelined times three
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register tolerances
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times three pipeline timing
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times three pipeline timing

[
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ADD [1
L

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

: 60 ps
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deeper pipeline
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deeper pipeline
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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
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deeper pipeline
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partial results 1 -
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Problem: How much faster can we get?

Problem: Can we even do this?
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diminishing returns: register delays
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diminishing returns: register delays
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diminishing returns: register delays
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diminishing returns: register delays
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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



deeper pipeline
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Problem: How much faster can we get?

Problem: Can we even do this?
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deeper pipeline

A (t +4)

10 ps
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exercise: throughput now? (didn't split second add evenly)
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deeper pipeline
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diminishing returns: uneven split

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

Probably not...
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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

21



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

21



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
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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]

.

-

>DD
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addq CPU

decode execute

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

next R[dstM]
next R[dstE]

ab ]

fetch and
PC update

1
Y

writeback




addq CPU

signal skips two stages

PC
add 2

fetch and
PC update

decode execute

register file
srcA  RIsrcAld

R[srcB]H
srcB
dstE DD
next R[dstM]
next R[dstE]

writeback
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addq CPU

Instr.

’

e
|

PC
fetch and
PC update

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

23



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

25



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
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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)
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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)
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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)
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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)

26



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)
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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)
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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 part of ALU ended up mattering

matters with or without pipelining
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SEQ paths

—— B —%rsp=D—isrcB

register file
A srcA R[srcA]
R[srcB]

oxF— JdstM
_8xF—| J—dstE
%1 sp—|

Instr.
Mem.
PC
instr.
-
length

Data in
Data out
Addr in

write?

—|next R[dstM]

r next R[dstE]

function
of opcode
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SEQ paths

path 1. 25 picoseconds

B %rsp=D—{srcB

Instr.

register file
A orcA  RIsrcA]
R[srcB]

PC

Mem.

OxF—| dstM
o OXF— dstE
%rsp—|

instr.

“llength

—|next R[dstM]

Data in
Data out
Addr in

write?

r next R[dstE]

function
of opcode
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SEQ paths

path 1: 25 picoseconds  path 2: 50 picoseconds

register file
A orcA  RIsrcA]
R[srcB]

B %rsp=D—srcB

Data in
Data out
Addr in

write?

T oxF— J—ldstM
Instr.
ot o OXF— dstE
Mem. %rsp—|

—{next R[dstM]

function

PC

instr.
length

( next R[dStE] of opcode

A
|




SEQ paths

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

register file PC+9

RL

Al

lnstr

B Zrsp—p—srcB

PC

Mem.

instr.

A
|

length

OxF— dstM
o OXF— dstE
%rsp—|

—

L

Az

rnext R[dstE]

R[srcB]

next R[dstM]

Data in
Data out
Addr in

write?

function
of opcode




SEQ paths

path 1. 25 picoseconds

path 2: 50 picoseconds

path 3: 400 picoseconds path 4: 900 picoseconds

register file

PC

Instr

OxF—

Mem.

instr.

length

OxF—|

%rsp—|

B Zrsp—p—srcB

dstM
dstE

L
| SAA |

R[srcB]

pr—

TTEXT r\;u'StM]
next R[dstE]

[

Data in

write?

function
of opcode
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SEQ paths

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

register file ‘ PC+9
L
. o )
B Zrsp—p—srcB RlsrcB] ALU
B 4—:{\—» N
Instr an - el h Data in
e ..and many, many more paths Data-ortS
= write?
= TTCXT r\;u'StM] function
PC next R[dstE] of opcode
instr.
= |length
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sequential addq paths

Instr.
Mem.

b-Isplit

OxF

register file

orcA  RIsrcA]
R[srcB]

srcB

dstM

dstE

next R[dstM]
next R[dstE]

;
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sequential addq paths

path 1: 25 picoseconds

Instr.

PC

Mem.

b-Isplit

OxF

register file

orcA  RIsrcA]
R[srcB]

src

dstM

dstE

next R[dstM]

next R[dstE]

;
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sequential addq paths

path 1: 25 picoseconds
path 2: 375 picoseconds

Instr.

OxF

PC

Mem.

lit!

register file

orcA  RIsrcA]
R[srcB]

src

dstM

dstE

next R[dstM]

next R[dstE]

;
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sequential addq paths

Instr

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

PC

Mem.

lit!

register file
DL A
STCA ==
R[srcB]
src
OxF+dstM
PidstE
next R[dstM]
next R[dstE]
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sequential addq paths

path 1: 25 picoseconds

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

register file

A

DL
SPCA ==l

o RlsrcB)

ST

OxF+dstM

N
dstE

Mem.

7

next R[dstM]

PC pnext R[dstE]




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

A

DL
SPCA ==l

o RlsrcB)

TO

OxF+dstM

N
dstE

Mem.

7

next R[dstM]

PC pnext R[dstE]




pipelined

addq paths

Instr.

PC

Mem.

path 1:
path 2:
path 3:
path 4:
path 5:
path 6:

80 picoseconds

210 picoseconds
210 picoseconds
135 picoseconds
110 picoseconds
135 picoseconds

—
7\
register file
orcA  RIsrcA] —»
A
dstM
dstE
next R[dstM]
RdstE]
[ 4
]d‘
=
7\

overall cycle time: 210 picoseconds
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pipelined

addq paths

Instr.

PC

Mem.

path 1
path 2:
path 3:
path 4:
path 5:
path 6:

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

—
7\
register file
orcA  RIsrcA] —»
A
dstM
dstE
next R[dstM]
RdstE]
[ 4
]d‘
=
7\

overall cycle time: 210 picoseconds
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exercise
path

time

add 2

instruction memory
register file read
add

register file write

50 ps
200 ps

125 ps

pipeline register delay: 10ps

125 ps LTI o
100 ps dd L

register file

1
[

& ‘ en  RIsrcAlH

R[srcB]H

how will throughput improve if we double the speed of the

instruction memory?
A. 2.00x

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

E. less than 1.50x

B. 1.70x to 1.99x
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exercise

path time

add 2 50 ps

instruction memory 200 ps
register file read 125 ps
add 100 ps
register file write 125 ps

pipeline register delay: 10ps

register file

1
[

& ‘ en  RIsrcAlH
sv

R[srcB]H

s
M o st
next R[dst
next R[dstl
ladd 2]

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

135 210

1
+~ —=156x—D
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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—%
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pipeline register naming convention

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

d — decode sends values here

34



addq HCL

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

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

REG_NONE;
REG_NONE;

/* D: to decode

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

d_dstE =

reg_srcA
d_valA =

/* decode to execute *x/
register dE {

dstE

valA :
valB :

. 4
64

64 =

REG_NONE;
0;
0;

35



SEQ without stages

OxF—
%P8

register file ‘ PC+9
A srcA RlsreAl
R[srcB]— L
B %rsp srcB
dstM ALU -
Instr e L——| ~(aluA Dsta in
. st valER ata out
Mem. T_:ﬁ-»;,ma [:,'D#Adj:tier;
—[next R[dstM]
PC next R[dstE]
instr. T
G
s length




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 ||
fetch | register file ‘
| R[srcAJH
rA srcA
*rB‘%AW-’D—’SFCB RisrcB]
———
L. Instr ( N ek ,g‘ul; Data in
— ’ dstE valE Data out
L Mem. 0*ﬁ—> aluB D—>Addr in
write?
—next R[§istM]
PC next R[§istE]
instr. [‘
= length
L
writeback




