Pipelining (part 1)

Human pipeline: laundry
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colors

Dryer whites colors
Folding colors
Table
Human pipeline: laundry Waste (1)
11:00 12&00 13:00 14:‘00
Washer colors
11:00 12:00 13:00 14:00
Dryer whites colors 8 :
Washer Sl colors || sheets |
Folding N .
| colors
Table Dryer e colors | sheets
11:00 12:00 13:00 14:00 Folding . colors | |sheets
Table
Washer Sl colors || sheets
Dryer e colors | sheets
Folding _
Table colors | |sheets




Waste (1)

Waste (2)

wasted time! 11:00 14:00
‘ Washer e
11:00 12:09 13:00 14:00
: : Dryer sheets
Washer W colors |:[ sheets |: :
‘ Folding e colors sheets
Dryer e colors | sheets Table
Folding _
Table colors | [sheets
Latency — Time for One Latency — Time for One
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pipelined latency (2.1 h)




Latency — Time for One

Throughput — Rate of Many

11:00 12:00 13%00 14:‘00 11:00 12i00 13i00 14:00
Washer colors |:: Washer e colors sheets
Dryer colors Dryer colors sheets
Folding Folding _
Table coIori Table colors sheets
pipelined latency (2.1 h)
[ —
colors colors | colors |: time between finishes (0.83 h)
normal latency (1.8 h)
Throughput — Rate of Many Throughput — Rate of Many
11:00 12i00 13i00 14:00 11:00 12i00 13i00 14:00
Washer e colors sheets Washer e colors sheets
Dryer colors sheets Dryer colors sheets
Folding _ Folding _
Table colors sheets Table colors sheets
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time between finishes (0.83 h)

1 load
0.83h

= 1.2 loads/h

time between starts (0.83 h)

>
time between finishes (0.83 h)

1 load
0.83h

= 1.2 loads/h




times three circuit

times three circuit

A — ADD 2 X A—> A — ADD 2 x A —>
> ADD 3x A = ADD 3x A
0 ps 50 ps 100 ps
A N
add A+ A: /
2x A
add 2A+ A
3x A
times three circuit times three and repeat
A — ADD — 2 x A —]
> ADD 3x A

>

>

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

2x A 14 34 8 2 46
add 24+ A R i
3x A 21 b1 12 3 069
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pipelined times three
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A (t+2) 2 X

Y
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ADD

3x A (t+0)

pipelined times three

ADD D >
A(t+2) g 2xA(t+1) ADD
A >
A(f+1) 3x A (t+0)
A(t+2
A(t+1
2x A(t+1
3xA(t+0

register tolerances

register input ::
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register tolerances

register output -

input
register input :: ‘

'must not
change =

register tolerances

'must not

—_—
register output - 1 input
register input :: :

10 10
times three pipeline timing times three pipeline timing
ADD ADD
A(t+2) g 2xA(t+1) ADD A(t+2) g 2xA(t+1) ADD
L— L—
A(t+1) 3xA(t+0) A(t+1) 3x A (t+0)

<> <> <> <> <>

10 ps 50 ps 10 ps 50 ps 10 ps 10 ps 50 ps 10 ps 50 ps 10 ps

<t 7 P
throughput: m ~ 16 G operations/sec
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deeper pipeline

A(t+4)

Y

D >
ax A 2% A (t+2)
partigl results | -

N >
A(t+2)

A(t+3)

3x A
partial results

3x A (t+0)

deeper pipeline
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A(t+4) 2x A 2xA(t+2)
partigl results | R
A#im T3x A 3xA(t+0)
A(t+3) partial results
<> > > > <>
10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps
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deeper pipeline deeper pipeline
A (t+4) oA 2% A (t+2) A (t+4) oA 2% A (t+2)
partial results 1 R partigl results 1 R
Il Il
A+ 2) I_ixA 3xA(t+0) A(t+2) I_%XA 3xA(t+0)
A (t+3) partial results A(t+3) partial results
<> —— P —r > I —> > <> —— P —r > I —> >
10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps 10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps
) through } ! 28 G ops/
exercise: throughput now? roughput- ¢ ps Ops/s€c
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deeper pipeline

diminishing returns: register delays

110 FI)S logic (all) —»Q
per cycle
100 ps 10 ps
> 60 ps
A (t + 4) 2% A 2% A (f + 2) er c C[Te logic (1/2) —»l;l—» logic (2/2) —»Q
partigl results | - P Y
> 50 ps 10 ps 50 ps 10 ps
A(Ité—lF?) 3xA  3xA(t+0) 13
A(t+3) partial results PS g 1/3) ->Q—> logic (2/3) ->Q—> logic (3/3) ->Q
<> > > — > —> > er cycle
10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps p y 33 ps 10 ps 33 ps 10 ps 33 ps 10 ps
Problem: How much faster can we get? : : : :
11 ps
Problem: Can we even do this? per cycle D ; D ; D ; D Q
1ps 10ps 1ps 10ps 1ps 10ps 1ps 10 ps
13 14
diminishing returns: register delays diminishing returns: register delays
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c c
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diminishing returns: register delays
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diminishing returns: register delays
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._T 1.83x throughput
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number of stages
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diminishing returns: register delays

100 -_____________________‘_______‘__: _____ L]
max. rate of register updates
% 80 -
3 1.02x throughput
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e °
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o—T1.83x throughput
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number of stages
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deeper pipeline
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A(t+4) 2x A 2x A (t+2)
partigl results | R
A(ItA-;l-Q) T3x A 3xA(t+0)
A(t+3) partial results
<> —— P —r > I —> >
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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deeper pipeline

»
>

deeper pipeline

»
>

(t

A (t+4) i / A A (t+4) oA 2 x A (t+2) f
partigl results | - partigl results | -
3% A 3xA(t+0) Il 3% A 3xA(t+0)
A (t+3) At+2) partial results A(t+3) At+2) partial results
- “—> > —r > > - P — > > — > —> >
10 ps 25ps 10ps 25 ps 10 ps 25¢s 10 ps  25¢s 10 ps 10 ps 25ps 10ps 25 ps 10 ps 25¢s 10 ps  25<s 10 ps
30 ps 20 ps ¢ 30 ps, 20 ps
1
exercise: throughput now? (didn’t split second add evenly) throughput: 40 ps 25 G ops/sec
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diminishing returns: uneven split diminishing returns: uneven split
Can we split up some logic (e.g. adder) arbitrarily? Can we split up some logic (e.g. adder) arbitrarily?
Probably not... Probably not...
110 ps 110 ps
P logic (all) ’ P logic (all) ’
per cycle per cycle
100 ps 10 ps 100 ps 10 ps
70 ps : : 70 ps : :
logic (1/2) logic (2/2) logic (1/2) logic (2/2)
per cycle per cycle
60 ps 10 ps 45ps 10 ps 60 ps 10 ps 45 ps 10 ps
50 pS logic ] logic ] logic 50 PS logic ] logic ] logic
per cycle L0 [ em || 6A per cycle L0 [ em || 6A
40 ps 10 ps 40 ps 10 ps30 ps10 ps 40 ps 10 ps 40 ps 10 ps30 ps10 ps
: ‘ 19 : ‘ 19




diminishing returns: uneven split

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

Probably not...

110 ps :
logic (all) ’
per cycle
100 ps 10 ps
70 ps : :
logic (1/2) logic (2/2)
per cycle
60ps 10ps 45ps 10 ps
50 pS lorgie ] logic ] logic
per cycle LB || €A || GB)

40 ps 10 ps 40 ps 10 ps30 ps10 ps
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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
Writeback: write register file

PC Update: write PC register
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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

20

textbook SEQ ‘stages’

conceptual order only

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

PC Update: write PC register

reads — “magic”
like combinatorial logic
as values available

20




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

21

textbook stages

conceptual-order-only pipeline stages

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

Decode: read register file 5 stages

Execute: arithmetic (ALU)

one instruction in each
compute next to start immediatelly

Memory: read/write data memory

Writeback: write register file

21
addq CPU addq CPU
decode execute
register file register file
. R[srcA] - R[srcAJH
e R[srcB] . R[srcBJH
srcB ——srcB |
OxF+dstM O x jabapinped:
phetr. . —dstE >DD phetr. » dstE >DD—
next R[dstM] next R[dstM] (™
PC next R[dstE] PC ~next R[dstE] 7
fetch and F fetch and ’7 ;
writeback
PC update PC update
22 22




addq CPU

addq CPU

decode execute decode execute
signal skips tVYO stages register file register file
sreaA RlsreAlr " Jsrca RisreA]r
B R[srcBJH N B R[srcBJH N
dstE >DD - "\;l‘:; » dstE >DD -
next R[dstM] (™ next R[dstM] (™
PC ¢ h q next R[dstE] 7 PC ¢ h q ~next R[dstE] 7
etch an H etch an H
writeback writeback
PC update PC update
22 22
pipelined addq processor pipelined addq processor
decode execute
| ]
a\|
register file register file
srcA RIsrcAlrs ] srcA RlsreA]
%J—'sch R[srcB]H» N i B R[srcB]
Ox jabapinped: OxF+dstM
:\;:1':1: ’ i o mztn: . dstE ADD
next R[dstM] > next R[dstM]
PC ¢ h q ~next R[dstE] 7 PC next R[dstE]
etch an ’7 writeback F
PC updute . -
A A
23 23




pipelined addq processor

decode/execute

1H
fetCh/dekoq%gister file

pipelined addq processor

decode/execute

TH
fetCh/dekoq%gister file

| l,a  RsrcAllH fetch/fetch | A RIsrcAl-
‘E‘J—'sch R[srcB]-+ L ‘E‘J—'sch R[srcB]H L
0xF+dstM 0xF+dstM
:\;:: ’ stE ADD . m:tn: . dstE ADD
next R[dstM] next R[dstM]
PC next R[dstE] PC next R[dstE]
F ) F )
X X
=J =J
execute/writeback execute/writeback
23 23
addqg execution addqg execution
addq %r8, %r9 // (1) addq %r8, %r9 // (1)
addq %r10, %rll // (2) decode/execute addq %r10, %rll // (2) decode/execute
A A
register file register file
fetch /fetch on  RIsrcAlH fetch /fetch op  RIsrcAlH
fetch/d R[srcB]-H L fetch/d R[srcB]-H L
- srcB srcB
dstM dstM
. et dstE ADD . et : dstE ADD
next R[dstM] : next R[dstM]
PC next R[dstE] PC addq %rs, %ro //(1) next R[dstE]
F ) jadd 2 F )
N : N
@ address of (2) @
execute /writeback execute /writeback
24 24




addqg execution

addq %r8, %r9 // (1)
addq %ri10, %ri1 // (2)

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

[ % 0/
decode/execute addq %ri0, %ril // (2) decode/execute
TH LR
reg #s 8, 9 from (1) -, - register file reg #s 10, 11 from (2) -, register file values for (1)
fetch /fetch op  RIsrcAl fetch /fetch on RIsrcAlHF
R[srcB]H L fetCh/d R[srcB]H L
srcB srcB
dstM dstM
» dstE ADD » et dstE ADD
: next R[dstM] next R[dstM]
PC addq %r1e, %ril //(2) next R[dstE] PC next R[dstE]
add 2 F ) add 2 F )
Al Al
A A
N . e .
execute/writeback execute/writeback
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addq processor timing addq processor timing
1 1
. . . i fil . . . i i
// initially %r8 = 800, &arefsf[:@ // initially %r8 = 800, &arefsf[f:@
// %r9 = 900, etc. A (il // %r9 = 900, etc. LS et
xF+dstM oxF+{dst|
addq %r8, %ro B L addq %r8, %r9 B M L
addq %r10, %rll e R addq %r10, %rll e R
addq %r12, %ri3 "C o 1o addq %r12, %ri3 "C e 1
addq %r9, %r8 A addq %r9, %r8 A
Y Y
fetch fetch/decode decode/execute execute/writeback fetch fetch/decode decode/execute execute/writeback
cycle |PC A [rB RlsrcA] [R[srcB] [dstE  [next R[dstE]  [dstE cycle |PC rA [rB RlsrcA] [R[srcB] [dstE [next R[dstE]  [dstE
0 0x0 [¢] 0x0
1 0Ox2 8 9 1 0Ox2 8 9
2 0x4 10 11 800 900 9 2 Ox4 10 11 800 900 9
3 Ox6 12 13 1000 (1100 |11 1700 9 3 Ox6 12 13 1000 (1100 |11 1700 9
4 9 8 1200 1300 13 2100 11 4 9 8 1200 1300 13 2100 11
5 1700 |800 8 2500 13 5 1700 |800 8 2500 13
6 2500 8 6 2500 8
25 25




addq processor timing

addq processor timing

// initially %r8 = 800, &%:fi“ijji'f,@ // initially %r8 = 800, &%:fi“i;i'f,@
// %r9 = 900, etc. A il // %r9 = 900, etc. LG et
addq %r8, %r9 B - L addq %r8, %r9 B M e L
addqg %rio, %rill o R addq %r10, %rll -
addq %r12, %ri3 - e o addq %r12, %ri3 - e 1o
addq %r9, %rs add2 o addq %r9, %rs add2 o

“y “y

fetch fetch/decode decode/execute execute/writeback fetch fetch/decode decode/execute execute/writeback
cycle |PC A [rB RlsrcA] [R[srcB] [dstE  [next R[dstE]  [dstE cycle |PC rA [rB RlsrcA] [R[srcB] [dstE_ [next R[dstE]  [dstE
[¢] 0x0 [¢] 0Ox0
1 0x2 8 9 1 0x2 8 9
2 Ox4 10 11 800 900 9 2 Ox4 10 11 800 900 9
3 0x6 12 13 1000 (1100 (11 1700 9 3 0x6 12 13 1000 (1100 (11 1700 9
4 9 8 1200 (1300 |13 2100 11 4 9 8 1200 (1300 (13 2100 11
5 1700 (800 8 2500 13 5 1700 (800 8 2500 13
6 2500 8 6 2500 8
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addq processor timing addq processor performance
. . . os _ ‘ register file exam Ie dela S: ‘ register file

// initially %r8 = 800, Tl Lon sl p ys: . Tl Lon sl
// %r9 = 900, etc. HiTs e path time e i
addq %r8, %ro9 | et add 2 80 ps | M et
addq %r1e, %ril - instruction memory 200 ps e
addq %r12, %ri3 re poc g register file read 125 ps b e Rl
addq %r9, %r8 add 2 add 100 ps add 2

&) register file write 125 ps &

fetch fetch/decode decode/execute execute/writeback
;ycle (I:fo rA er R[srcA] ‘R[sch] ldstE next R[dstE] ldstE no plpe|lnlng 1 instruction per 550 ps
1 ox2 |8 9 add up everything but add 2 (critical (slowest) path)
2 Ox4 10 11 800 900 9
3 |ex6 12 13 J10ee |1100 |11  [1760 9 pipelining: 1 instruction per 200 ps + pipeline register delays
4 9 8 1200 (1300 (13 2100 11 . . .
< =0 e B 5500 3 slowest path through stage + pipeline register delays
6 2500 8 latency: 800 ps + pipeline register delays (4 cycles)
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