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Teams Each Take One Organization

®x Same trace for all — we have already seen 2-way set associative

® Direct mapped, 4-way set associative, fully associative

® Direct plus vitim buffer, 4-way plus victim buffer
x Note type of hit/miss
x H = hit, C = compulsory miss, X = conflict miss, V = victim hit

. Reminder that conflict miss happens when a line was in cache previously



Results

Hit Compulsory Conflict Victim Hit Total Hits
Direct 16 22 2 - 16
2-way SA 16 22 2 - 16
4-way SA 16 22 2 - 16
Fully Assoc 18 22 0 - 18
Direct + VB 16 22 1 1 1 E74

4-way + VB 17 22 0 1 18



000090000600 000608
NN N N Y NN NN NN N Y

YA
NN NN NSNS YYD NS IIDIDIN
YY) D0 0000000000000 000000000000008000000000 0068
0RO L0000 0000000000000000000000000000000009 008
PR PO PP 000000000000 00000000000 R0000000000000009 000
00RO 000000000000 0000000000000000000000000000000000608

YEN) DO OO 0P 0L 0000000000000 060000000000 00000000. 0 NCYOYCYYOYY)

0 @) )

00000 . ©000 ] foi0000.00000000 000000
slsleloleisiele/elei0cie /000 e 00000000 0100000 &33333684?$?i&%&%ﬂv,‘ :

B lel0lole 0 00 0 016 00 0000000000000 00 0/0.076.6.00/000000600006060006060
lelelololeelcieiee0e0es0ceo Y0000 0 00000000000
000 (RIEXIOS

o
4
9
J
)
)
\J
9,
o,
9,
o,
o,
9,

—) -
by
0
0
o8
2
23
20
o®
o8
o8,
=3
o8
b
o%
%
000
o

A

)
X

0O
))
J
®
))
J
23
3
o2
23
o8
850!
o°

.
J
®
J
-
)
J
\J
"4
\J
9

00
Q%
Qu
D)
°

°]
°
®
o
8.
o
\) <
®.
JJ
Q
L
52

)

3
.3)

33
o,
3

2}
5
3
®
o,
oL,
e
o
o
®
)

00
e,

0
Y00 foelels e o0
mv\wu oo 00000000000 ssssssnss

-
J
)
J
o
)
®
J
9,
)

w
J
S
J
J
®
®
°
©
8
e
25
°
3
33
()
JJ

-
23
®

®
J

3
2

4
\.)

J
J
.
>
J
o
©
o,
L)
ss
e2e0e.
o®

-
e®.
<3
o®
)J
\))
8
QJ
L)
23
@,
)

) 0000 e
U %ﬂﬂﬁﬁwmmw
00000000000

- -
333
R
050
o5
34
%6
53
800!

°

00000000000

-t
JjJ
009,
0 o0
333
000,
20
3
320
5323
o

~
4

Oo®

O5®
J
J
)
o
)
9
P

i

' P P
020,00
D050
0.9 059
00500
09 J
J .9,
00,0060
I
6909090950
IR
o9

9

-
9.9
J
)
S
o
=2y
e
e®.
33
®

0500050,
I

0.0 _ 0.9
008 ®
LIS
00050500
333
0505506
05050505

82008 o
RN

111111

-

—

9
43
))
JJ
)J
JJ
o
o>
)J
2

e

©
®
)
©
J
)
L)
{P=
sese

-
J
j)
<3
e®
o>
® o
3
®
I
o0
o8

000000000000 X
)/090/0/00/00000 ®
00000000000 J
00000000000
0/0/0/0/0/0000000

) 000000000000

J J
)
0.6
<)
)
0.9
=0
. 0o
0.0
0.0
33)3

o)
4
o
4
J
J
o
S,
3
o®
9,
9,

—
J
J
J
J
I
J
)
L)
°
o
°
°

} \ J
3232393
PP P
D 2@ @ @
D@y ®p® s
333
B0 O ®
820200
IXILILI
05050003
00050202
sg0g0se
j§§p~J
P

3
3
_) J
859
&
°®.
o®.
3
‘)‘)
J\)
JJ
000
54
a33

200

J
9
J
9
)
v
o,
9
®
\J

v

Yoot
-
-’

J
J
J
J
S
S
J
3
J
J
9

\J

50658
:)jj ©
J J
333333
I
82020 o
850 ® o
32
B8 o0 o
oo
PP
050
egeg00
%
<

-
J
)
o)
9
2
s
o
°
e%e®
o®

OOC
10000

50 =S
S 2 o

3
>
®
3
o
®
9
o
3
J
L J
82

J

A
J
J
2
2
J
S
)
o,
)
o,
o

J
)_J
o
o0
_)J
<
o®
))
33
‘)\)
JJ
L)

o
JJ
®,

D
8>

33
)J
e ®
"0
2 ®
20
34
Y
®
0®.
L)
o0
L)

J
°®
jJ
J)
Ss!
o
o®.
o®

o
o®

S
o9,
o

J
o
J
J
J
®

)
®
)
9,
)
9,

0000000000000 00ee 0000000
910/0/0/010/0/0/0/0/0/0 00 aaaa 00 00000101010
) 00)00/00000.00000.0 YOX ) LX) L — 0000000 UUTUUTDOC000000000C00000000000C0000 00 ) ) 0000000
9900000000000 00000 . , 00! 000000000( P00000000000e0e0e0000000000000000000000000000000000 00 Q%QJJJJJJJJ
00000/0/000000000000 { 0000000000000 ©00000000000000000000000000000060000060000060 ©000000000000080
1010100 UJJJJJ JJJJ))))J).JJJJ 5 ooooooo 0.6&&40« _ oooooooooooooooo eee ooooocoooooooooooooooooooooooooooooooo I oﬁawwt \WNJJJJJJJJ)J)J))JJ
0000000000 ) Y 0000000000000000)

2
2
o
s
°
o
D
J
2
J

1010/0/0/90)00/00 ] 00000
,JHMJJJJ))J%ﬁNﬁV X Q&%ﬂ%ﬁyJ))J .
909000000000000 00 ‘QJQQJJJJ)))

wbibO)J)JJJJJJJJ 00 0000000

/;;JJ%ﬂHﬁJ)J 2 7 Jymmﬁ%xﬂﬁwﬂﬂ
) 100000 3&%, 000000000

o
eg0
oo0
©g0
000
000
33
020,

4
9
S
3
)
)
3
o,
e
e
e
o,
33
o
o
o
o
o
o
3

oSe
aﬁ
o
ege
o6
%s
%e
o8
28
23
23
8

<)

O

®
oo
L)
")
)
©
@
-
L)

J
)
J

J

J

Q.

o
L)
3
oo
o

o

S

<3

®

o

o
58
3
3
J

)

9
22
8%

J

33
‘)3
23

33
o8
23
23

°
850
3
343
ego
JJJ
i3
090

%
ege
o®

050!
850,
333
6%
0.0
3
09
Ou®
)
A

Do ®. 0, 
e%s®.
®
o
o
)
®,

@

2}

\J
\J
9,
o
J
J
J
J

ayj
®
ege0
oges:
0509
ogeg
N
s0e®
323

o,
)
b
@
)
)
J
J
J

a?i;)
33
oo

o

J\)
<3
o5
3
28
o8
23

J
)=
05"
o,
J
J

o
o,
©
o
)
,
J
b
J
A
J

)
)
o,
9
)
J
)
J
J
2

oeoee
OOCX)
00

oo
02620 °
Y
ose
sed
J
3
coss
J
o ®
J
=)
2
J
)

o5
o®
\)J
o
S
33
S
=
J
o
2
J
g
J
J
)
J
) |
J

o,
S
e®.
o0
800
\)‘)
®
o8|
2
)J
S5

00

S,
o
®,
)
J
o,
9,
o,
J
J
J
J
J
J
&
o
J

33
jg
33
°®
3
o
>
<3
©
@
J
D

BPIRIID0
010/0/0.0/06000060008 eoeoeo000000

°
o,
o,
J
\J
)
)
9,
J
J
4
J

\J
9,
J
8%,
o

ess e s e s eo e o eoeoeoreeoeeoeeoseoseoseosas
| sooscoeensesscsscssesssss Coeee e e ee e e e eeeeselelsislels
006 ! ..i Qmmﬁ%m& %w«t,ﬁc .«O Q- Q.VJ\QJJJJJJ)J)J 000000
) R 00000000 @0 00000000000000000000
XXX Aww ‘ _'ﬂ,mﬁrﬁw o000 0 000 0 0 0 0.0 000 0000000 esseessseeseess
\wﬁJJJJ%fJJJJJ)JJJU)J))J, N

e e e e e e e e e e o e e e e e e e e e e e e s e e e e e s e e e s e ele s e el e ele eleleletlelelel
..\ﬁﬁﬂxmy i mwwoVWWYwvamvQ&WﬁNWmxwwmwhﬁxxwmwhﬂﬂﬂwﬁo%mw:Wﬂﬂx‘;_m.:
, 008 . %) (XEIPPIII AN I I AN IV LANND

526
<
©
@
9
J
D
® .
J
O
D
2
S
J

0000000 0000000 )
100000.90.0000000.0.0000000000 ‘
100000000000 0000000000000000000060000000000




Basic lgdea

x Fvery Instruction goes through fetch-execute

®x \\e can fetch the next instruction while executing the current one
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Notice that after the pipe Is full there are always two instructions active at
ONCeE

Each stage does half the work of the fetch-execute cycle

We can clock the logic twice as fast because less work needs to be done In
each stage

A dual register (next/current IR) is needed between the stages to hold the
output of the first and the input of the second



®x Not shown: Control Unit splits into Fetch Control and Execute Control
®x [Fetch Control doesn’t depend on IR contents

x Execute Control drives execution based on the instruction in the IR



2X speedup Is good!
Only had to add a register and rearrange existing logic, so cost is low
Can we do more?

Recall that Fetch/Execute had more than just two steps for most
instructions. What are they?



Classic Pipeline

® [etch

®x Decode / Register Operand Fetch
x Execute ALU Operation

® Memory ACCeSS

x \\Vrite (result) Back to Registers
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®x How many cycles did it take to execute these five instructions?
® Execution Is complete In Write Back

® S0 9 cycles
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How many cycles will it take to execute N instructions In this five-stage
pipe’?

Keep In mind that the cycle time can be roughly five times faster than for a
non-pipelined fetch-execute processor

INn the non-pipelined processor, Instructions take different numbers of cycles
[0 execute

With a pipeline, every instruction goes through every stage, but may do
nothing iIn some stages



®x Assuming the average non-pipelined instruction takes 1 cycle of 2 ns, what
IS the speedup for executing 20 Instructions In a five-stage pipeline where
the clock cycle is 0.4 ns??

®x Speedup = Old time / New time



Old time = 20 instructions * 2 ns = 40 ns
New time = (5 fill cycles + 19 additional) * 0.4 ns = 9.6 ns

Speedup =40/9.6 =4.17

As the number of instructions Increases, the speedup asymptotically
approaches the ratio of the clock speeds (2 / 0.4 = 5)

Note that our simulation only counts cycles, but by only allowing one
instruction to pass through the pipe at a time, you get an approximation



x How many cycles will it take to execute N instructions in an M-stage pipe”?

x \Why don’t we build pipes that are arbitrarily long?



