Changelog
o Changes made in this version not seen in first lecture:
Plpellnlng 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
1
logistics Human pipeline: laundry

11:00 12:‘00 13:00 14:‘00

Washer

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

colors

Dryer whites

colors

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

colors

HCL homework due next Wednesday




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 . :
Washer S colors [{ sheets |
Folding L :
colors
Table Dryer e colors | sheets
11:00 12:00 13:00 14:00 Folding . colors | [EHEEES
Table
Washer < colors || sheets
Dryer e colors | sheets
Folding _
Table colors| |[sheets
Waste (1) Waste (2)
wasted time! 11:00 12:00 14:00
‘ Washer SJ colors #
11:00 12:00 13i00 14:‘00
: : Dryer e colors sheets
Washer Sl colors || sheets |: :
Folding e colors sheets
Dryer e colors | sheets Table
Folding _
Table colors | [sheets




Latency — Time for One

Latency — Time for One

11:00 12:00 13:00 14:00 11:00 12:00 13:00 14:00
Washer colors Washer colors |
Dryer colors Dryer colors
Folding | Folding colors
Table colors Table -~ _
pipelined latency (2.1 h)

Latency — Time for One Throughput — Rate of Many

11:00 12:00 13:00 14:00 11:00 12:00 13:00 14:00
Washer colors : Washer e colors sheets
Dryer colors Dryer colors sheets
Folding Folding _
Table colors Table colors sheets

pipelined latency (2.1 h)

colors

colors colors

<

»

“normal latency (1.8 h)r

>

time between finishes (0.83 h)




Throughput — Rate of Many

11:00 12:00 13:00 14:00
Washer e colors sheets
Dryer colors sheets
Folding
e colors sheets
Table
>

time between finishes (0.83 h)

Throughput — Rate of Many

11:00 12:00 13:00 14:00
Washer e colors sheets
Dryer colors sheets
Folding
e colors sheets
Table

time between starts (0.83 h)

>

time between finishes (0.83 h)

1 load 1 load
_1 =121 h
0.53h 1.2 loads/h 0.3h oads/
times three circuit times three circuit
A — ADD 2x A —> A — ADD 2 x A —»

Y

ADD 3x A

> ADD 3x A




times three circuit

A — ADD 2x A—>
> ADD 3x A

100 ps latency = 10 results/ns throughput

Y2222 22
a 777777777777777777777777
Y YV

add 2A + A
Ix A

times three and repeat

add 2A + A 25500
Ix A

times three and repeat

,,,,,,,,, . srrrirss rrrsrsrrsrss
20005055 00000000 25005050 L0000000 000005000
a R e (0000000

3x A 21 b1 12 3 069

pipelined times three

ADD D >
A(t+2) > 2x A(t+1) ADD
[] .
A(ﬂn 3x A (t+0)

10




pipelined times three

register tolerances

A (t+2) 2xA(t+1)
M >
A(Iﬁn 3x A (t+0)
register output - ]
A(t+2 register input i
A(t+1
2xA(t+1 14 34
3xA(t+0
10 11
register tolerances register tolerances
register output - i input register output - i input
register input 11 i ‘must not register input i1 ¢ smust not :
11 11




times three pipeline timing

A(t+2)

10 ps

»
>

]

ADD :
g 2xA(t+1)
[] .
{f >
A(t+1)
50 ps 10 ps

ADD

50 ps

3x A (t+0)

>
10 ps

12

times three pipeline timing

A(t+2)

>
10 ps

<

»
>

]

ADD :
g 2xA(t+1)
[] .
{f >
A(t+1)
-~
50 ps 10 ps

>
>

<

ADD

50 ps

1
throughput: 6645; ~ 16 G operations/sec

3x A (t+0)

>
10 ps

12

deeper pipeline

A(t+4)

»
>

D >
x4 2% A (t+2)
partial results 1 R

N ~ .
A(t+3) At+2)

partial results

3x A

3x A (t+0)

13

deeper pipeline

I3

»
>

»
>

1

Y

A(t+4) 2x A 2xA(t+2)
partigl results 1 R
’N|
A+ 2) I_%><A 3xA(t+0)
A(t+3) partial results
<> —— I —r 4 > >

10 ps

25 ps

10 ps

25 ps

10 ps

25 ps

10 ps

25 ps 10 ps

13




deeper pipeline

Y

»
>

A(t+4) 2x A 2xA(t+2)
partigl results | R
A#im TFB3x 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

exercise: throughput now?

deeper pipeline

Y

»
>

A(t+4) 2x A 2x A (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

< »
< >

1
throughput: —— ~ 28 G ops/sec
ughput: o= ps/

13 13
deeper pipeline diminishing returns: register delays
> 110 ps
logic (all
per cycle se Q
100 ps 10 ps
> 60 ps
A (t+4) 2x A 2xA(t+2) pmwwj; ogc(1/2) | b s | |
partial results 1 > 50 ps 10 ps 50 ps 10 ps
A&im 3x A 3xA(t+0) 13
A (t+3) partial results PS Mg : :
ogic (1/3) logic (2/3) logic (3/3)
<> P> > — > —> > per cycle
10 ps 25ps  10ps 25 ps 10 ps 25ps  10ps 25 ps 10 ps 33ps 10ps 33 ps 10ps 33ps 10 ps
Problem: How much faster can we get? : : : :
11 ps
Problem: Can we even do this? per cycIeD ’ ; 'D ’ ; 'D ’ ; 'D ’ ; >
1ps 10ps 1ps 10ps 1ps 10ps 1ps 10 ps
14 15




diminishing returns: register delays

120
100 |

e~ (@) o
ja) o o
T T T
°

°

time per completion (ps)
S
.
.
.
.
.
.
.

e}

2 4 6 8 10 12 14
number of stages

16

diminishing returns: register delays

120
100
80
60
40
20

time per completion (ps)

0

register delay

2 4 6

8 10

number of stages

12

16

diminishing returns: register delays

120 ‘ ‘
.83x speedup
100 |-

e (o) 0]
o ) o
T T T

°

e ., 1.02x speedup

° ° ° —o

\)
e}
T

time per completion (ps)

_register delay ‘ :

e}

2 4 6 8 10 12 14
number of stages

16

diminishing returns: register delays

100

80

60

40

throughput (ops/ns)

20

._T 1.83x throughput

1.02x throughput
° o

2 4 6

8 10

number of stages

12

14

17




diminishing returns: register delays

deeper pipeline

100 F-----mmmmmmm e T L >
max. rate of register updates ﬂ
é 80 | : u >
3 1.02x throughput >
— 60 R A(t+4) 2x A 2x A(t+2)
a « o ° partigl results | R
° P>
5 40| e ° . A(ﬂz) 3xA  3xA(t+0)
o o A(t+3) partial results
< 9 . ] - P — > > — > —> >
+ 10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps
oJ 1.83x throughput
0 ! ‘ ! ! ! ‘ ! Problem: How much faster can we get?
2 4 6 8 10 12 14
number of stages Problem: Can we even do this?
17 18
deeper pipeline deeper pipeline
> u A > u A
A(t+4) 2x A 2xA(t+2) A(t+4) 2x A 2xA(t+2)
partial results 1 R partigl results 1 R
lal TYT3x A 3xA(t+0) lal TYT3x A 3xA(t+0)
A (t+3) At+2) partial results A(t+3) At+2) partial results
- —> > — > - —> > — >
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
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

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
60 ps 10 ps 45ps 10 ps
50 Ps JREC ] logic ] logic
per cycle LB || €A || GB)

40 ps 10 ps 40 ps 10 ps30 ps10 ps

20 20
diminishing returns: uneven split textbook SEQ ‘stages’
Can we split up some logic (e.g. adder) arbitrarily? conceptual order only
Probably not...
110 ps ’ Fetch: read instruction memory
logic (all)
per cycle Decode: read register file
100 ps 10 ps
70 ps : : Execute: arithmetic (ALU)
er Cycle logic (1/2) logic (2/2) .
P 60ps 10ps 45ps 10 ps Memory: read/write data memory
50 ps [ege T e logic l Writeback: write register file
ercycle L3 |~ @B || BB | .
Per ey 40 ps 10 ps 40 ps 10 ps30 ps10 ps PC Update: write PC register
20 21




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

writes happen
at end of cycle

21

textbook SEQ ‘stages’

conceptual order only

Fetch: read instruction memory

reads — “magic”
like combinatorial logic
as values available

Decode: read register file

Execute: arithmetic (ALU)

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

21

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

22

textbook stages

conceptual-order-only pipeline stages

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

5 stages
one instruction in each
compute next to start immediatelly

Decode: read register file

Execute: arithmetic (ALU)

Memory: read/write data memory

Writeback: write register file

22




addq CPU

addq CPU

decode execute
register file register file
; R[srcA] I R[srcAJH
e R[srcB] . R[srcBJH
— srcB ——srcB |
oxF+dstM 0
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
23 23
addq CPU addq CPU
decode execute decode execute
signal skips tVYO stages register file ‘ register file
sreA RIsreAlr " Jsrca RisreA]r
s R[srcBJH N s R[srcBJH N
O X o
dstE >DD - "\;l‘:; » dstE >DD -
next R[dstM] (™ next R[dstM] (™
PC - hext R[dstE] L PC - hext R[dstE] L
fetch and ’7 ; fetch and ’7 ;
writeback writeback
PC update PC update
23 23




pipelined addq processor

decode

pipelined addq processor

execute
| ]
N
register file register file
srcA RIsrcAlrs ] srcA RlsreA]
\ % ||, RisreBln 1 i % Rt
O jpmratarinfvd 0xF+dstM
:\;:1':1: ’ i o m:tn: . dstE ADD
next R[dstM] > next R[dstM]
PC ~next R[dstE] 7 PC next R[dstE]
fetch and ( ; (+
writeback
PC update N .
N N
24 24
pipelined addq processor pipelined addq processor
decode/execute decode/execute
N N
fetCh/dekoq%gister file fetCh/deTOdﬁ%gister file
TH— e R[srcA]—»E:‘ fetch/fetch TH— e R[srcA]—:E:‘
‘E‘J—'sch R[srcB]-+ L ‘E‘J—'sch R[srcB]H L
0xF+dstM 0xF+dstM
'I\;Ls;; ’ stE ADD . m:tn: . dstE ADD
next R[dstM] next R[dstM]
PC next R[dstE] PC next R[dstE]
F ) F )
A A
=J . =J :
execute/writeback execute/writeback
24 24




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

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

addq %r10, %rll // (2) decode/execute addq %r10, %rll // (2) decode/execute
AH A H
register file register file
fetch /fetch on RIsrcAlH fetch /fetch on  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] f' next R[dstM]
PC next R[dstE] PC addq %r8, %ro //(1) next R[dstE]
) jadd 2| F )
N : N
@ address of (2) @
execute /writeback execute /writeback
25 25
addqg execution addqg execution
addq %r8, %r9 // (1) addq %r8, %r9 // (1)
addq %r10, %rll // (2) decode/execute addq %r10, %rll // (2) decode/execute
2 T R—Tee7:
reg #s 8, 9 from (1) -, register file reg #s 10, 11 from (2) . register file values for (1)
fetch /fetch on  RIsrcAlH fetch /fetch on RIsrcAlHF
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 addq %ri6, %ril //(2) next R[dstE] PC next R[dstE]
F ) F =
N N
N N
= . = .
execute /writeback execute /writeback
25

25




addq processor timing

register file

addq processor timing

M
7N} 7N}
. . _ P . _ ister fil
// initially %r8 = 800, &LM - // initially %r8 = 800, ‘ e
// %r9 = 900, etc. TN // %r9 = 900, etc. BT e
addq %r8, %r9 et : addq %r8, %r9 M e :
addq %r10, %rll ot Rlds] addq %ri10, %rll ot Rpgs)
, / pC next R[dst , /
addq %ri2, %ri3 Rl addq %ri2, %ri3 re poc Rl
addq %r9, %rs8 add2 R addq %r9, %rs8 add2 R
&J &J
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 0] 0x0
1 0Ox2 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
26 26
addq processor timing addq processor timing
o o
. . . , _ register file . . . , ister fil
// initially %r8 = 800, &LM o] // initially %r8 = 800, &L'efsf[f,
// %r9 = 900, etc. T // %r9 = 900, etc. i S
addq %r8, %r9 et : addq %r8, %ro9 M e :
addq %r10, %rll o R addq %r10, %rll e R
, / pC next R[dst /
addq %rl2, %ri3 s addq %ri2, %ri3 "C e 1
addq %r9, %r8 add2 N addq %r9, %r8 Lol N
el el
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 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
26 26




addq processor timing

N

. . . , _ register file
// initially %r8 = 800, &L N R[S'CA]E%
// %r9 = 900, etc. LS et
oxF+dstM
addq %r8, %r9 B e L
addq %ri10, %rill -

. / pC e s
addq %ri12, %ri3 Flee
addq %r9, %rs8 add2

Iy
&J

fetch | fetch/decode decode/execute execute/writeback
cycle |PC rA [rB R[srcA] [R[sch] [dstE next R[dstE] [dstE
0] 0x0
1 0Ox2 8 9
2 Ox4 10 11 800 900 9
3 0Ox6 12 13 1000 (1100 (11 1700 9
4 9 8 1200 (1300 (13 2100 11
5 1700 (800 8 2500 13
6 2500 8

addq processor performance

N

example delays: ‘ register file
path time BT w it
add 2 80 ps B oo L ‘
instruction memory 200 ps L -
register file read 125 ps pC st Rlgsie]
add 100 ps
register file write 125 ps &y

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)

26 27
critical path SEQ paths
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 register file
times three: slowest part of ALU ended up mattering " srca RIsreA]
B %rsp=D—|srcB RlsrcB]
[ OxF—] dstM .
. . . . L Instr. Data in
matters with or without pipelining ’D» phetr. %%EjidstE Data out
—{next R[dstM] f:::::n
PC next R[dstE] of epcode
instr. r
I
length
28 29




SEQ paths

path 1: 25 picoseconds

SEQ paths

path 1: 25 picoseconds

path 2: 50 picoseconds

register file | PC+9 register file
rA srcA RlsreA] A rcA RIsrcA]
R[srcB R[srcB
B—Zrsp=D—srcB [oreB] L B—%rsp=D—srcB [oreB]
r 0xF4§dstM All;U Daa' - S DldstM Daa
L Instr. alu, ata in L Instr. ata in
5 OXF— dstE valE| Data out 4 OXF— dstE Data out
Mem. oree 0->ﬁ—>aluB ]} Addr in Mem. Krsp Addr in
write? write?
—{next R[dstM] function —{next R[dstM] function
PC next R[dstE] of opeode PC next R[dstE] of opcode
- Instr. r - |Instr. r
= |length =" llength
29 29
path 1: 25 picoseconds  path 2: 50 picoseconds path 1: 25 picoseconds  path 2: 50 picoseconds
path 3: 400 picoseconds path 3: 400 picoseconds path 4: 900 picoseconds
register file | PC+9
DL A -
T 15 N T
R[srcB
B %rsp=D—(srcB [sreE] B~ grsp=D—|src
[ OxF—| dstM ALU Data i i OxF—] Data i
L ata in L ata in
,'\;I‘S" oOXF= DldstE o Data out I'\;I“" 2 | Dataect
em- 0_,ﬁ—»aluB Addr in em- dr in
write? write?
—>|next R[dStM] function == [TTEXT r\?u:.LM] function
PC r“eXt R[dstE] of opeode PC rnext R[dstE] of opcode
- | Instr. - |Instr.
= llength =" llength
29 29




SEQ paths

path 1: 25 picoseconds

path 2: 50 picoseconds

path 3: 400 picoseconds path 4: 900 picoseconds

register file | PC+9
L
v Rfsrerd D
B %rsp=D—(srcB RlsreB] ALU
 —r= N
- Instr ((:I . — h Data in
Y~ ..and many, many more pat sIr | Data-ert
= write?
— [11EXT r\?u:.LM] function
PC rnext R[dstE] of opcode
1 |instr.
=" llength

sequential addq paths

register file
rcA RIsrcAl
R[srcB]
srcB
oxF+dstM
Instr. .
Mem. > dstE
next R[dstM]

>m

’—~next R[dstE]

29 30
sequential addq paths sequential addq paths
path 1: 25 picoseconds path 1: 25 picoseconds
path 2: 375 picoseconds
register file register file
srcA RlsreAl rcA RIsrcA]
R[srcB] R[srcB]
srcB srcB
oxF+dstM oxF+dstM
"\;l‘:; > dstE >DD "\;l‘;: lit P dstE >DD
next R[dstM] next R[dstM]
PC ’—~next R[dstE] PC ’—~next R[dstE]
30 30




sequential addq paths

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

register file
RL
==
R[srcB]
srcB
OxF+dstM
st P dstE :
Mem.

next R[dstM]
next R[dstE]

PC r

sequential addq paths

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

register file

OxF+dstM

»+E
Pastt

next R[dstM]

PC rnext R[dstE]

DD

30 30
sequential addq paths pipelined addq paths
-
path 1: 25 picoseconds . A
path 2: 375 picoseconds register file
path 3: 500 picoseconds cn RlsrcA]
overall cycle time: 500 picoseconds (longest path)
OxF+dstM \
register file Wetl_orfic dstE >ADD
_D_’RiS.EL’B‘i next R[dstM]
° PC RbdstE
OxF+dstM Hosttl
N . L path 1: 80 picoseconds
et path 2: 210 picoseconds A
path 3: 210 picoseconds ]
next R[dstM] path 4: 135 picoseconds A
PC next R[dstE] path 5: 110 picoseconds
r path 6: 135 picoseconds
) gverall cycle time: 210 picoseconds
30 31




pipelined addq paths exercise
th t|me ‘ register file e
E pa —dsrcA R[srcA]H-|
register file add 2 50 ps ] A ot TEl] |
R[srcA] instruction memory 200 ps l L
srcA R
register file read 125 ps L s
dstM \ add 100 ps ad =
il dstE >ADD register file write 125 ps &
~ next R[dstM] pipeline register delay: 10ps
—
. path 1: 80 picoseconds how will throughput improve if we double the speed of the
path 2: 219 picaseconds L4 instruction memory?
Eiih 4: 135 ;Jllc(;c;z(igsgss A A. 2.00x B. 1.70x to 1.99x
gzm (55 }ég g:zgzizggjz C. 1.60x to 1.69x D. 1.50x to 1.59x
. E. less than 1.50x
overall cycle time: 210 picoseconds
31 32
exercise pipeline register naming convention
path t| me ‘ register file e
add 2 50 ps EC oot Tel] | d_dstE E_dstE
instruction memory 200 ps l e L N yrd
register file read 125 ps L pe s f_rA e e
add 100 ps dd % "%
register file write 125 ps ey

pipeline register delay: 10ps

how will throughput improve if we double the speed of the

instruction memory?
A. 2.00x B.

C. 1.60x to 1.69x
E. less than 1.50x

1.70x to 1.99x

D. 1.50x to 1.59x ! !

— +—=156x—D
135 210

32

srcA [
&J—'sch R[sch]—:E:‘L

Instr.

Mem.
] next R[dstM]
PC next R[dstE]
F =
%N
W_dstE—- <+ ¢ dstE
S—

33




pipeline register naming convention

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

d — decode sends values here

addq HCL

/* f: from fetch *x/
f_rA il0bytes[12..16];
f_rB i10bytes[12..16];

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

/* D: to decode

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

/* decode to execute *x/
register dE {

} dstE : 4 = REG_NONE;
valA : 64 = 0;
valB : 64 = 0;
+
34
SEQ without stages SEQ with stages
oxF— decode
execute
%%E:ﬂ memory
register file PC+9

A A RIsrcA] fetch | register file | pcho

" src |

rB‘%‘WD—sch RlsrcB] LA rcA RIsrcA]
L] dstM ':‘I‘UIXU o ™ R[srcB]H

D» i II\;;str. dstE valER D—> £ OXFHidStM Ly A|I;U baa
> em. aluB I—' L ] Instr. o . a uva|E-| Saia”;ut
—next R[dstM] *D» Mem. oree Kﬁ—»alus I _,D—»Ad::lt::
PC next R[dstE] —{next R[fistM]
o instr. r PC next RstE]
length | instr.
‘ ] length
writeback
36




SEQ with stages

SEQ with stages

decode decode
execute | execute
——
memory - memory
rule: signal to next stage (except flow control)
fetch register file | pclo etell | register file | pclo
| |
—rA srcA RlsrcA] —rA srcA RlsrcA]
—B—%rsp=D—{srcB RlsrcB] —B—%rsp=D—{srcB RlsreB];
1 OxF—={ J=dstM ALU ) - OxF—={ J=dstM ALU -
*D» el eE =k aIUAa”E DDa:a”;ut b Inets OxF =] dstE aIuAaIE DDa;:a”:)ut
\ Mem. %rsp=| —_:‘ }_,am; I —~|Addr in > Mem. rsp= = )—»alu; I [X| —|Addr in
i write? i write?
—{next R[fistM] —{next R[fistM]
PC next R[§istE] PC next R[fistE]
instr. r instr. r
.Plength .Plength
writeback writeback
37 37
SEQ with stages (actually sequential) adding pipeline registers
decode decode
i, execute i, — execute
- memory - memory
L= — %P8p=]
fetch register file | pclo fetch | register file | o
—rA srcA RlsreAl : | A e RIsrcAlH
— 1 rB—%rsp=D—{srcB RlsrcB] —B—%rsp=D—{srcB R[SYCB]--A
dstM ALU ) dstM ALU )
*D> e dstE P DStf - b Liciie A dstE P [ DS”? -
S va ata ou val ata ou
= Mem. —_:‘ las ) |addr in >~ Mem. ——_:‘ F—latuB I T~ Addr in
0:"]_ write? i write?
—{next R[fistM] —{next R[fistM]
PC next R[fistE] PC next R[fistE]
instr. r instr. r
.klength .klength
\ L L
writeback writeback
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adding pipeline registers

decode
. execute
OxF:
_ memory
not shown — control logic |||
fetch | register file | o
— A srcA RlsrcA]iH
7rB490JF’p,.D—‘SI’CB R[SYCB]--A
dstM ALU
L aluA Data in
N

i Instr.
_ dstE valE Data out
*D> Mem. —;;ﬁ—n.ms I T~ Addr in

write?

—{next R[fistM]

next R[§istE]
instr. r

“llength

writeback
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