


simple CPU

> PC

1$

-+ instr |

len

read

register
file

write

A4

math

D$




running instructions

math

>
> PC $ _ read .
register
+ instr [ file
len write 3

D$

0x100: addq %r8, %r9
0x108: movqg 0x1234(%rl0), %ril

%r8: Ox800
%r9: 0x900

%rl0: Ox1000
%rll: Ox1100




running instructions

Ox1

1
Ox100 P> 0x1100

PC I$ 8| read |0x800 math

—) >
. Ox900
register — D$
08 + instr [ file
len write :

0x100: addqg %r8, %r9
0x108: movqg 0x1234(%rl0), %ril

%r8: Ox800

%r9: 0x1100
%rl0: O0x1000
%rll: 0x1100




running instructions

1]
Ox108 -
d
| register I D$
Ox110 + instr | f||e

len

write |M[0x2234]
g

%r8: Ox800

%r9: 0x1100
%rl0: O0x1000
%rll: M[Ox2234]

0x100: addq %r8, %r9
0x108: movqg 0x1234(%rl106), %rll




Human pipeline:

11:00

Washer BWIIGES

Dryer

Folding
Table

12}00

laundry
13:00 14:00
colors
colors
colors




Human pipeline:

laundry

11:00 12:00 13:00 14:00
Washer BWIGES colors
Dryer colors
Folding colors
Table
13:00 14:00
sheets
Dryer Whlit=cll colors | sheets
Folding
colors| |sheets
Table




Waste (1)

11:00

Washer BlIHES

Dryer

Folding
Table

12:00 13:00
colors sheets
colors | sheets
colors | |sheets

14:00
|



Waste (1)

11:00

Washer

Dryer

Folding
Table

whites

wasted time!

12:(/ \/ 13:00
\\ |

colors || sheets |:

colors | sheets

colors

sheets

14:00
|



Waste (2)

11:00

Washer

Dryer

whites

Folding
Table

12:00

colors

sheets |

14:00
|

whites colors

sheets

whites

colors

sheets




Latency — Time for One

11:00

13:00 14:00
! |
Washer
Dryer colors
Folding e
Table




Latency — Time for One

11:00

Washer

Dryer

Folding
Table

13:00
|

A

colors

colors

———

pipelined latency (2.1 h)

14:00
|



Latency — Time for One

11:00

13:00 14:00
| |

Washer

Dryer colors

Folding colors

Table

A

———

pipelined latency (2.1 h)

colors colors | colors |::

< [

“normal latency (1.8 h)'




Throughput — Rate of Many

11:00

Washer

Dryer

Folding
Table

12:00 13:00 14:00
colors sheets
colors sheets
colors

time between finishes (0.83 h)

)

sheets



Throughput — Rate of Many

11:00 12:00 13:00 14:00
1 1
Washer e colors sheets
Dryer colors sheets
Folding
s colors sheets
Table
1

time between finishes (0.83 h)

1 load
0.83h

= 1.2 loads/h



Throughput — Rate of Many

11:00 12:00 13:00 14:00
1 1
Washer e colors sheets
Dryer colors sheets
Folding
s colors sheets
Table

time between starts (0.83 h)

)

time between finishes (0.83 h)

1 load
0.83h

= 1.2 loads/h



adding stages (one way)

execute

math

memory

P

fetch decode
u p-
(P C g 1$ LN read >
register
q -+ instr | file
len T
writeback

divide running instruction into steps
one way: fetch / decode / execute / memory / writeback




adding stages (one way)

fetch execute —, Memory

decode

> PC 115 | ) el U math 1]
T | re%.IISter D$ 1
> -+ Instr | e \

len Write |
1

writeback

add ‘pipeline registers’ to hold values from instruction




running some instructions

:

fetch

-

1$

decode

execute

-+ instr L

len

read

register
file

write

writeback

math

D$ -]
A_

memory

10



running some instructions

— fetch decode

execute —, Memory

9x100
(

Q X
[oRy

oxlos + instr |_ file

*IAC 115 | W el i math 1]
| register D$

len Write |
1

writebackcyde 4

0x100: add %r8, %r9
0x108: mov 0x1234(%rl0), %rll
Ox110: xor %rl2, %rl3

Ol1 2 3 456 738
FID E

F D E

F'D

10



running some instructions

memory

fetch execute
— decode
9x108
L >
(mov )
»Ii |$ || 8 (for‘add)| U] math
9 (for add)
» register
0x110 + instr |
len
wrltebackcyde# ol1
0x100: add %r8, %r9 F|D
0x108: mov 0x1234(%rl0), %rll F
Ox110: xor %rl2, %rl3

10



running some instructions

fetch execute — ~Memory
— decode
9x110 | U
(xor | | .
¢ 1 18 L (?egrd mow-) | pHC X800 T0rs) JgLE
- 0x900 (r9)
» register e D$
+ instr
d len ] A=-|
writeback.) e 4 9 1[2]3 4 5 6 7 8
0x100: add %r8, %r9 F D|E
Ox108: mov 0x1234(%rl0), %rll FID|E
Ox110: xor %rl2, %rl3 FID E W




running some instructions

execute

-

12 (for xor) >0x1234'
13 (for xor) 0x1000 (rl0
I 1

memory

H=0x1100 (sum)=—
) | 2

D$

fetch decode
> PC{ 19
register
q + instr |
len
0x100: add %r8, %r9
0x108: mov 0x1234(%rl0), %rll
Ox110: xor %rl2, %rl3

writebackcyde 4




running some instructions

I
x1300 (ri3 MOx2234—(mov addr)
|
D$
Aé

execute —, Memory

x12001(ri2

~— —

writeback o 4 9 1 2 3[2l5 6 7 8

fetch decode
| =
> PC 1 15 )0 fe.ad il ,8
register
o | instr| file
len 0x1100 (sum)
0x100: add %r8, %r9
0x108: mov 0x1234(%rl0), %rll
Ox110: xor %rl2, %rl3

F DE W

FDEIMW,
FolE[mMiw




why registers?
example: fetch/decode

need to store current instruction somewhere ..while fetching next
one

11



exercise: throughput/latency (1)
cyce# © 12 34567 8

0x100: add %r8, %r9 FDE
0x108: mov 0x1234(%r1e), %ril F D

0Ox110: ..

suppose cycle time is 500 ps

exercise: latency of one instruction?
A. 100 ps B. 500 ps C.2000ps D. 2500 ps E.something else

12



exercise: throughput/latency (1)
cycle# 0 1 2 3 456 7 8

0x100: add %r8, %r9 FDEMW,
0x108: mov 0x1234(%r10), %ril FDE[MW

0Ox110: ..

suppose cycle time is 500 ps

exercise: latency of one instruction?
A. 100 ps B. 500 ps C.2000ps D. 2500 ps E.something else

exercise: throughput overall?
A. 1instr/100 ps B. 1 instr/500 ps C. 1 instr/2000ps D. 1 instr/2500 ps

E. something el
something else 1



exercise: throughput/latency (2)

cycle # 0 1 2 3 4
Ox100: add %r8, %r9 F D E
Ox108: mov Ox1234(%rl0), %rll F
Ox110: ..

cycle# © 1 2 3 456 7 8
Ox100: add %r8, %r9 F1F2D1D2E1E2
0x108: mov 0x1234(%rl0), %rll F1F2D1D2E1E2

Ox110: ..

double number of pipeline stages (to 10) + decrease cycle time

from 500 ps to 250 ps — throughput?
A. 1instr/100 ps B. 1 instr/250 ps C. 1 instr/1000ps D. 1 instr/5000 ps
E. something else

13



diminishing returns: register delays

110 ps ae ) Q
per cycle :
100 ps 10 ps

60 ps s .
logic (1/2) —»@—» logic (2/2) —>@
per cycle

50 ps 10 ps 50 ps 10 ps

43 ps : _
logic (1/3) —»Q—b logic (2/3) —»Q—» logic (3/3) —»Q
per cycle

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

It Ml I W W

1ps 10ps 1 ps 10 ps 1 ps 10 ps 1 ps 10 ps

14



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 45 ps 10 ps
logic logic logic 1
3 A @3 | A 63

40 ps 10 ps 40 ps 10 ps30 ps10 ps

15



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 45 ps 10 ps
logic logic logic 1
3 A @3 A B3

40 ps 10 ps 40 ps 10 ps30 ps10 ps

15



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 45 ps 10 ps
logic logic logic 1
3 A @3 | A 63

40 ps 10 ps 40 ps 10 ps 30 pslo ps

15



a data hazard

fetch decode

execute

memory

math

D$

e s 1 T

// initially %r8 = 800, ! regiter
// %r9 = 900, etc. =] m.ﬁ,
addq 96F8, 96r9 // R8 + R9 -> R9 writeback
addq %r9, %r8 // R9 + R8 -> R9
addq ...
addq ...

fetch | fetch/decode decode/execute execute/memory [memory/writeback|
cycle |PC rA |rB R[rB] |R[rB] |rB sum |rB sum |rB
0 0x0
1 Ox2 8 9
2 9 8 800 900 9
3 900 800 8 1700 9
4 1700 8 1700 9
5 1700 8

16



a data hazard

fetch

execute

memory

math

D$

decode
1$ : U read
// initially %r8 = 800, a regiter
// %r9 = 900, etc. fen | m.ﬁ,
addq 96F8, 96r9 // R8 + R9 -> R9 writeback
addq %r9, %r8 // R9 + R8 -> R9
addq ...
addq ...
fetch | fetch/decode decode/execute execute/memory [memory/writeback|
cycle |PC rA |rB R[rB] |R[rB] |rB sum |rB sum |rB
0 0x0
1 Ox2 8 9
2 9 8 860 00 9
3 900 800 8 1700 9
4 1700 8 1700 9
5 should be 1700 1700 |8

16



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




data hazard compiler solution

addq %r8, %r9

nop

nop

addq %r9, %r8

one solution: change the ISA

all addgs take effect three instructions later
(assuming can read register value while it is being written back)

make it compiler’s job

problem: recompile everytime processor changes?

18



data hazard compiler solution

addq %r8, %r9
nop
nop
addq %r9, %r8

one solution: change the ISA

all addqs take effect three instructions later
(assuming can read register value while it is being written back)

make it compiler’s job

problem: recompile everytime processor changes?

18



stalling/nop pipeline diagram (1)
cycle# 0 1 2 3 45 6 7 8

add %r8, %r9
nop

nop

addq %r9, %r8

FID
F

F

E
0 E
F D

E

3

19



stalling/nop pipeline diagram (1)

add %r8
nop
nop

addqg %r9

, %r9 FDE
F

cycle# © 1 2 3 45 6 7 8

D E

F D.E
, %r8 FID]E|
assumption:

if writing register value
register file will return that value for reads

not actually way register file worked in single-cycle CPU
(e.g. can read old %r9 while writing new %r9)
19



stalling/nop pipeline diagram (2)

add %r8, %r9
nop

nop

nop

addq %r9, %r8

cycle# 0 1 2 3 456 7 8

FiD
F

20



stalling/nop pipeline diagram (2)
cycle# 0 1 2 3 45 6 7 8

add %r8, %r9 F D
nop F
nop
nop

addq %r9, %r8

if we didn't modify the register file, we'd need an extra cycle

20



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

21



control hazard

Ox00: cmpqgq %r8, %r9
0x08: je OXFFFF
0x10: addq %rlo, %rll
fetch | fetch—decode decode—execut{ execute—writel execute—writeback |-
cycle  [PC A [rB RIA] [R[B] [result
0] Ox0
1 0x8 8 9
2 272 - - 800 (900
3 m”n - - I less than |

22



control hazard

0x00:

0x08: je
0x10: addq %rlo, %rll

cmpqg %r8, %r9

OXFFFF

fetch | fetch—decode decode—execut{ execute—writel execute—writeback |-
cycle  [PC rA [rB RIA] [R[B] [result
0] Ox0
1 D38 9
2 272 —— - 800 (900
3 - - I less than | | |

OxFFFF if R[8] = R[9]; Ox10 otherwise

22



jXX: stalling?

cmpq %r8, %r9
jne LABEL // not taken
xorq %rl0, %rll

0z 0s
movq /orll, O(wrlz) Cycle # 0 l 2 3 4 5 6 7 8

cmpq 96t;8, %r9 F
jne LABEL

(do nothing)

(do nothing)

xorq %rl0, %rll

movq %rll, 0(%rl2)

23



jXX: stalling?

cmpq %r8, %r9
jne LABEL // not taken
xorq %rl0, %rll

0z 0s
movq /orll, O(wrlz) Cycle # 0 l 2 3 4 5 6 7 8

cmpq 96r.8, %r9 compare sets flags
jne LABEL F D
(do nothing)

(do nothing)

xorq %rl0, %rll
movq %rll, 0(%rl2)

23



jXX: stalling?

cmpq %r8, %r9
jne LABEL // not taken
xorq %rl0, %rll

0z 0s
movq /orll, O(wrlz) Cycle # 0 l 2 3 4 5 6 7 8

cmpq 96t;8, %r9
jne LABEL compute if jump goes to LABEL
(do nothing)

(do nothing)

xorq %rl0, %rll
movq %rll, 0(%rl2)

23



jXX: stalling?

cmpq %r8, %r9
jne LABEL // not taken
xorq %rl0, %rll

movq %ril, 0(%ri2) cycle# © 1 2 3 4 5 6 7 8
cmpq %r8, %ro FDE
jne LABEL F'D
(do nothing) F

(do nothing)

xorq %rl0, %rll use computed result
movq %rll, 0(%rl2) F

23



making guesses

cmpq %r8, %r9

jne LABEL

xorq %rl0, %rll
movq %rll, 0(%rl2)

LABEL: addq %r8, %r9
imul %rl3, %rl4

speculate (guess): jne won't go to LABEL

right: 2 cycles faster!; wrong: undo guess before too late



jXX: speculating right (1)
cmpq %r8, %r9
jne LABEL

xorq %rl0, %rll
movqg %rll, 0(%rl2)

LABEL: addq %r8, %r9
imul %rl3, %rl4

cycle# © 1 2 3 45 6 7 8

cmpq %r8, %r9 FWE
FDE|
F D E

jne LABEL
movq %ril, 0(%rl2) F D

xorq %rl0, %rll




jXX: speculating wrong
cycle# © 1 2 3 4 5 6 7 8
cmpq %r8, %r9 F W
jne LABEL
xorq %rlo, %rll

(inserted nop)
movq %rll, 0(%rl2)
(inserted nop) D
LABEL: addq %r8, %r9 F
imul %rl3, %rl4




jXX: speculating wrong
cycle# 0 1 2 3 456 7 8

cmpq %r8, %r9 F W E
jne LABEL F DE
xorq %rl0, %rll F | D | instruction “squashed”

(inserted nop) E -

movq %rll, 0(%rl2) F | instruction “squashed”
(inserted nop) D E
LABEL: addq %r8, %r9 F D
imul %rl3, %rl4 F

E
o E

26



“squashed” instructions
on misprediction need to undo partially executed instructions
mostly: remove from pipeline registers

more complicated pipelines: replace written values in
cache/registers/etc.

27



opportunity

// initially
//

%r8 = 800,

%r9 = 900, etc.

Ox0: addq %r8, %r9
Ox2: addq %r9, %r8

fetch | fetch/decode decode/execute execute/memory [memory/writeback|
cycle |PC rA |rB R[rB |R[rB] |rB sum |rB sum |rB
[0] 0x0
1 Ox2 8 9
2 9 8 1800 00 9 .
3 900 8O0 8 I 1700 D
4 1700 1700 9
5 should be 1700 1700 |8

28



exploiting the opportunity

decode ]
P

math

memory

fetch
>PCH-| IS Ll read gy
register
ol T instr |_ file
len R
writeback

29



exploiting the opportunity

memor
fetch decode Aeeeﬁ_ y
u >

- read - |y/™
PC Mgt math || [

ister{

MUX




opportunity 2

// initially %r8 = 800,
// %r9 = 900, etc.
Ox0: addq %r8, %r9
Ox2: nop
0x3: addq %r9, %r8

fetch | fetch/decode decode/execute execute/memory [memory/writeback|
cycle |PC rA |rB R[rB |R[rB] |rB sum |rB sum |rB
0 0x0
1 0x2 8 9
2 0x3 s - 800 900 9
3 9 8 4= T - 1700 9 i —
4 900 [gee [8 - -— [[z700  [p
Z ShOUld be 1700 ke 2 1700 9

30



exploiting the opportunity

memor
fetch decode Aeeeﬁ_ y
u >

- read - |y/*
PC ) math || [

ister{|’

MUX




exercise: forwarding paths

cycle# 0 1 2 3 4 5 6 7 8
addq %r8, %r9 FDEMW
subq %r8, %rl10 FDEMW
xorq %r8, %r9 FDEMW
andq %r9, %r8 FDEMW
in subg, %r8 is addq.
in xorq, %r9 is addq.
in andq, %r9 is addq.
in andq, %r9 is xordq.

A: not forwarded from
B-D: forwarded to decode from {execute,memory,writeback} stage of 32



unsolved problem

cycle #10/1|2|3|4|5|6|7|8
movq 0 (%rax) , %rbx FIDE|M|W
subq %rbx, %rcx FIDIEYM|W

combine stalling and forwarding to resolve hazard

assumption in diagram: hazard detected in subq's decode stage
(since easier than detecting it in fetch stage)

33



unsolved problem

cycle #0123
movq 0 (%rax) , %rbx FID|E M¥W

IN
Ul
o
~
o

subq %rbx, %rcx F|| D D*E M| W

stall

combine stalling and forwarding to resolve hazard

assumption in diagram: hazard detected in subq's decode stage
(since easier than detecting it in fetch stage)



solveable problem
cycle # | O

movq 0 (%rax) , %rbx F

movq %rbx, 0(%rcx)

11234
DIE|M|W
FIDIETM

5

w

34



why

can’'t we...

fetch q . execute ., Mmemory
ecode : e
u a |
1 18 [ | read [] ‘, math " |
registerfl || L ——
q +Iinstr i file

clock cycle needs to be long enough
to go through data cache AND
to go through math circuits!
(which we were trying to avoid by putting them in separate stages)

39



why can’t we...

fetch execute ~— Memory
decode -
>PCHP-| 1S [ | read | math | :
register| | | ——
| T instr | file %
l < =

clock cycle needs to be long enough
to go through data cache AND
to go through math circuits!

(which we were trying to avoid by putting them in separate stages)
30




hazards versus dependencies

dependency — X needs result of instruction Y?

has potential for being messed up by pipeline
(since part of X may run before Y finishes)

hazard — will it not work in some pipeline?

before extra work is done to “resolve” hazards
multiple kinds: so far, data hazards, control hazards

36



ex.: dependencies and hazards (1)

addq %rax, %rbx
subq %rax, %rCX
movq $100, %rcx
addq %rCX, %r1o
addq %rbx, %r10

where are dependencies?
which are hazards in our pipeline?
which are resolved with forwarding?




ex.: dependencies and hazards (1)
addq

subq

mov(q
addq
addq %r10

where are dependencies?
which are hazards in our pipeline?
which are resolved with forwarding?

37



ex.: dependencies and hazards (1)
addq

subq
movq
addq
addq 6rbx ., %r1lo

where are dependencies?
which are hazards in our pipeline?
which are resolved with forwarding?

37



ex.: dependencies and hazards (1)
addq

subq
movq
addq
addq

where are dependencies?
which are hazards in our pipeline?
which are resolved with forwarding?

37



pipeline with different hazards

example: 4-stage pipeline:
fetch/decode/execute+memory/writeback

addq %rax, %r8
subqg %rax, %r9
xorq %rax, %rl0

andq %r8,

%rll

// 4 stage
//

// W

// EM

// D

// 5 stage
// W
// M
// E
// D

38



pipeline with different hazards

example: 4-stage pipeline:
fetch/decode/execute+memory/writeback
// 4 stage // 5 stage

addq %rax, %r8 // // W
subqg %rax, %r9 // W // M
xorq %rax, %rl@ // EM // E
andq %r8, %rll // D // D

(assuming register file does not read while writing)
addq/andq is hazard with 5-stage pipeline
addq/andq is not a hazard with 4-stage pipeline

38



pipeline with different hazards

example: 4-stage pipeline:
fetch/decode/execute+memory/writeback
// 4 stage // 5 stage

addq %rax, %r8 // // W
subqg %rax, %r9 // W // M
xorq %rax, %rl@ // EM // E
andq %r8, %rll // D // D

more hazards with more pipeline stages

38



exercise: different pipeline
split execute into two stages: F/D/E1/E2/M/W

result only available near end of second execute stage

where does forwarding, stalls occur?

cycle# © 1 2 3 4 5 6 7 8
(1) addq %rcx, %r9 F D E1LE2 M W
(2) addq %r9, %rbx
(3) addq %rax, %r9
(4) movq %r9, 8(%rbx)
(5) movq %rcx, %r9

39



exercise: different pipeline

split execute into two stages: F/D/E1/E2/M/W
cycle# © 1 2 3 4 5 6 7 8

addq %rcx, %r9 F DE1E2 M W
addq %r9, %rbx

addq %rax, %r9

movq %r9, 8(%rbx)

40



exercise: different pipeline

split execute into

two stages: F/D/E1/E2/M/W

cycle# 0 1 2 3 4 5 6 7 8

addq %rcx, %r9 F DELE2 M W
addq %r9, %rbx F D'ELE2 M W

addq %rax, %r

r9 not available yet — can’t forward here
so try stalling in addq's decode...

movq %r9, 8(%rbx)

F D E1LE2 M W

40



exercise: different pipeline

split execute into two stages: F/D/E1/E2/M/W
cycle# © 1 2 3 4 5 6 7 8

addq %rcx, %r9 F D E1 E2\ M W

addq %r9, %rbx F D D'E1E2 M W
after stalling once, now we can forward

addq %rax, %r F F DE1E2 M W

movq %r9, 8(%rbx) F DE1LE2 M W

40



exercise: different pipeline

split execute into two stages: F/D/E1/E2/M/W
cycle# © 1 2 3 4 5 6 7 8

addq %rcx, %r9 F D E1 EzX My W
addq %r9, %rbx F D D'EllJE2 M W
addq %rax, %r9 F F D‘LEl E2 M W

movq %r9, 8(%rbx) F DE1LE2 M W

40



exercise: different pipeline

split execute into two stages: F/D/E1/E2/M/W
cycle# © 1 2 3 4 5 6 7 8

addq %rcx, %r9 F D E1 Ez\ My W

addq %r9, %rbx F D D'EX E% MW

addq %rax, %r9 F F D‘LEl E2 My W
movq %r9, 8(%rbx) F D‘LEl EZX M W

movq %rcx, %r9 F DE1LE2 M W
40



backup slides

41



exercise: forwarding paths (2)

cycle# 0 1 2 3 456 7 8
addq %r8, %r9
subq %r8, %r9
ret (goes to andq)
andq %rl10, %r9

in subq, %r8 is addq.
in subq, %r9 is addq.
in andq, %r9 is subgq.
in andq, %r9 is addq.

A: not forwarded from
R-D- forwarded +o decode from {execiite memorv writebackl ctace of 42



diminishing returns: register delays

time per completion (ps)

120
100
80
60
40
20
0

number of stages

43



diminishing returns: register delays

time per completion (ps)

120
100
80
60
40
20
0

_register delay

6 8 10
number of stages

43



diminishing returns: register delays

time per completion (ps)
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diminishing ret

throughput (ops/ns)
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diminishing returns: register delays

throughput (ops/ns)

100

DO =~ (o)) Qo
- - -} -} -}
T

max. rate of register updates

1.02x throughput
P )

] 1.83x throughput

2 4 6 8 10 12 14
number of stages

44



importance of prediction

5-stage pipeline, predict not-taken versus always stall

hypothetical instruction mix

cycles cycles

taken jXX 3% (predic (stalB
non-taken K| PO not-taken) no predict)
others 92% 1* 1*

* — ignoring data hazards
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importance of prediction

5-stage pipeline, predict not-taken versus always stall

hypothetical instruction mix

cycles cycles
taken jXX 3% (predic (stalB
non-taken TXK| POTH5% not-taken) no predict)
others 92% 1* 1*

predict: 3x.03+1x.054+1x .92 = 1.06 cycles/instr.

stall: 3 x.03+3x.00+1x .92
(1.16 + 1.06

= 1.16 cycles/instr.
1.09x faster)

* — ignoring data hazards



prediction and 000

deeper pipeline — much higher misprediction penalty
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