caching 2



last time (1)

setting stall /bubble signals

plan: what instructions should be where next cycle
look at pipeline registers to find what instruction is where

PC update
textbook design: get updates for jXX/ret during beginning of fetch

caches — small, fast memories backed by big slow memories

locality — hope for most accesses using caches only

temporal — values accessed again soon
spatial — nearby values accessed soon



last time (2)

direct-mapped cache:
divide up cache data + memory into fixed-sized blocks
assign memory block to one cache block

certain “index " bits of address determine which cache block
consequence of using power-of-two sizes

metadata: valid bit (have data?), tag bits (what address?)

Cache Memory
index valid tag value addresses
00 (0] 00 | 00 00 +---00000-00001

01 01

AA BB

&——+00010 00011

55 55

ﬁ“r*OOlOO 00101

1
10 1 00
11 0 00

00 00

 ->00110-00111

N\ '91000-01001
1,'01010-01011
N NQ1100-01101

bytes
00 11

22 33

55 55

66 77

88 99

AA BB

cCC DD



terminology

row = set
preview: change how much is in a row



Tag-Index-Offset (T10)

address 001111 (stores value OxFF)

cache tag index offset
2 byte blocks, 4 sets 777 77?7 777
2 byte blocks, 8 sets 777 777 777
4 byte blocks, 2 sets 777 777 777
2 byte blocks, 4 sets 2 byte blocks, 8 sets
index valid tag value index valid tag value
00 1 000 00 11 000 1 00 00 11
01 1 001 AA BB 001 1 01 F1F2
10 0 — JE— 010 0 — — -
11 1 001 EE FF 011 0 — — -
4 byte blocks, 2 sets 100 © — —
index valid tag value 161 1 90 AA BB
0 1 00 00 11 22 33 110 © — —
1 1 01 CC DD EE FF 111 1 90 EEFF




Tag-Index-Offset (T10)

address 001111 (stores value OxFF)
cache tag index offset
2 byte blocks, 4 sets 777 777 1

2 byte blocks, 8 sets 777 777 1

4 byte blocks, 2 sets 777 777 777

2 byte blocks, 4 sets 2 byte blocks, 8 sets
index valid tag value ind sealid too salue
00 1 000 00 11 9 — 9l bytes in block 211
01 1 001 AA BB . . F1F2
10 I I p— 1 bit to say which byte [——
11 1 001 EE FF 011 0 == -

4 byte blocks, 2 sets 100 © — —
) . 101 1 00 AA BB
index valid tag value
0 1 00 00 11 22 33 110 © _ —
1 1 01 CC DD EE FF 111 1 90 EEFF




Tag-Index-Offset (T10)

address 001111 (stores value OxFF)

cache tag index offset

2 byte blocks, 4 sets 777 777 1

2 byte blocks, 8 sets 777 777 1

4 byte blocks, 2 sets 777 777 11

2 byte blocks, 4 sets 2 byte blocks, 8 sets
index valid tag value index valid tag value
00 1 000 00 11 000 1 00 00 11
01 1 001 AA BB 001 1 01 F1F2
10 0 Y . 0 — — -
1 —H4 = 27 bytes in plock T ——
A byt 2 bits to say which byte o | - | —--—-

index valid tag vé\/ﬁe T 1 00 AA BB
0 1 00 00 11 22 33 110 © — —
1 1 01 CC DD EE FF 111 1 90 EEFF




Tag-Index-Offset (T10)

address 001111 (stores value OxFF)

cache tag index offset

2 byte blocks, 4 sets 777 11 1

2 byte blocks, 8 sets 777 1

4 byte blocks, 2 sets 777 1 11

2 byte blocks, 4 sets 2 byte blocks, 8 sets
index valid tag value index valid tag value
00 1 000 00 11 oYoYol [ 1+ | an 00 11
01 1 001 | AABB 22 — 4 sets F1F2
10 0 - —— ) . -—--
11 1 001 EE FF 2 bits to mdex set —
4 byte blocks, 2 sets 100 © — —

) . 101 1 00 AA BB
index valid tag value
0 1 00 00 11 22 33 110 © — —
1 1 01 CC DD EE FF 111 1 90 EEFF




Tag-Index-Offset (T10)

address 001111 (stores value OxFF)

index offset

cache tag

2 byte blocks, 4 sets 777 11

2 byte blocks, 8 sets 777 111

4 byte blocks, 2 sets 777 1

2 byte blocks, 4 sets
index valid tag value index
00 1 000 00 11 000
01 1 001 AA BB 001
10 0] —— —— —— 010
n [ 199 — 8 sets oL
4 ) . 100

e o 3 bits to index set 101
0 1 05 00 11 22 33 1106
1 1 01 CC DD EE FF 111

1
1
11
2 byte blocks, 8 sets
valid tag value
1 00 00 11
1 01 F1F2
0 PR _—_
0 [y —_—
0 -_— —_—
1 00 AA BB
0 __ N
1 00 EE FF




Tag-Index-Offset (T10)

address 001111 (stores value OxFF)
cache tag index offset
2 byte blocks, 4 sets 777 11 1
2 byte blocks, 8 sets 777 111 1

4 byte blocks, 2 sets 777 1 11
2 byte blocks, 4 sets 2 byte blocks, 8 sets

index valid tag value index valid tag value
00 1 000 00 11 000 1 00 00 11
01 1 001 AA BB 001 1 01 F1F2
10 0 -- —— 010 0 -- -—--
11 1 001 EE FF 0 —-

42t =2 sets -

4 byte blocks, 2 sets . .

index valid tag value 11 1 blt to |ndex set [B
0 1 00 00 11 22 33 -7 I ~
1 1 01 CC DD EE FF 111 [ 2 90 EEFF




Tag-Index-Offset (T10)

address 001111 (stores value OxFF)
cache

tag

index offset

2 byte blocks, 4 sets 001
2 byte blocks, 8 sets 00

4 byte blocks, 2 sets 001 1

tag — whatever is left over

00
01
10
11

index
0
1

1 000 00 11
1 001 AA BB
o - —
1 001 EE FF
4 byte blocks, 2 sets
valid tag value
1 00 00 11 22 33
1 01 CC DD EE FF

1
111 1
11
2 byte blocks, 8 sets
index valid tag value
000 1 00 00 11
001 1 01 F1F2
010 (0] - - -
011 (0] -= - =
100 (0] -= -— -
101 1 00 AA BB
110 (0] - - ==
111 1 00 EE FF




Tag-Index-Offset formulas (direct-mapped

only)
m memory addreses bits (Y86-64: 64)
S =2° number of sets
s (set) index bits
B=2" block size
b (block) offset bits

t=m— (s+b) tag bits
C=BxS cache size (if direct-mapped)



TI10: exercise
64-byte blocks, 128 set cache
stores 64 x 128 = 8192 bytes

if addresses 32-bits, then how many tag/index/offset bits?

which bytes are stored in the same block as byte from 0x10377
A. byte from 0x1011
B. byte from 6x1021
C. byte from 0x1035
D. byte from 0x1041



TI10: exercise
64-byte blocks, 128 set cache
stores 64 x 128 = 8192 bytes

if addresses 32-bits, then how many tag/index/offset bits?

which bytes are stored in the same block as byte from 0x10377
A. byte from 0x1011
B. byte from 6x1021
C. byte from 0x1035
D. byte from 0x1041



example access pattern (1)
2 byte blocks, 4 sets

address (hex)

result |

00000000 (00)

00000001 (01)

01100011 (63)

01100001 (61)

01100010 (62)

00000000 (00)

01100100 (64)

index

00

01

10

11

valid

tag

value

0

0

10



example access pattern (1)

2 byte blocks, 4 sets

address (hex) |result | index |valid| tag value
00000000 (00) 00 o

00000001 (01)

01100011 (63) o1 o

01100001 (61)

01100010 (62) Lo o

00000000 (00)

01100100 (64) 11 o

m = 8 bit addresses B = 2 = 2° byte block size

S =4 = 2% sets

b =1 (block) offset bits

s = 2 (set) index bits t =m — (s+0b) =5 tag bits

10



example access pattern (1)
2 byte blocks, 4 sets

address (hex) result ‘ index |valid tag value
00000000 (00) 00 0
00000001 (01)

01100011 (63) o1 | o
01100001 (61)

01100010 (62) 10 0
00000000 (00)

01100100 (64)

_ 11 0

tag indexoffset

m = 8 bit addresses B = 2 = 2° byte block size
S =4 = 2" sets b =1 (block) offset bits

s = 2 (set) index bits t =m — (s +0b) =5 tag bits

10



example access pattern (1)
2 byte blocks, 4 sets

address (hex) result index |valid| tag value
00000000 (00) |miss 00 1 | 00000 |MeML0X@0]
00000001 (01) mem[Ox01]
01100011 (63) o1 0

01100001 (61)

01100010 (62) 10 0

00000000 (00)

01100100 (64)

. 11 (C]

tag indexoffset

m = 8 bit addresses B = 2 = 2° byte block size

S =4 =2 sets b =1 (block) offset bits

s = 2 (set) index bits t =m — (s +0b) =5 tag bits



example access pattern (1)
2 byte blocks, 4 sets

address (hex) result index |valid| tag value
00000000 (00) |miss mem[Ox00 ]
00 1 |00000
00000001 (01) |hit mem[0x01]
01100011 (63) o1 0
01100001 (61)
01100010 (62) 10 0
00000000 (00)
01100100 (64)
. 11 (0]
tag indexoffset
m = 8 bit addresses B = 2 = 2° byte block size
S =4 =2 sets b =1 (block) offset bits

s = 2 (set) index bits t =m — (s +0b) =5 tag bits



example access pattern (1)
2 byte blocks, 4 sets

address (hex) result index |valid| tag value

00000000 (00) |miss mem[Ox00]
00 1 00000

00000001 (01) hit mem[Ox01]

01100011 (63) |miss o1 1 |o1100 |MeMLOX62]

01100001 (61) mem[Ox63]

01100010 (62) 10 0

00000000 (00)

01100100 (64) 11 0

tag indexoffset

m = 8 bit addresses B = 2 = 2° byte block size
S =4 =2 sets b =1 (block) offset bits
s = 2 (set) index bits t =m — (s +0b) =5 tag bits



example access pattern (1)
2 byte blocks, 4 sets

address (hex) result index |valid| tag value
00000000 (00) |miss mem[0Xx60]
00 1 |01100
00000001 (01) |hit mem[Ox61]
01100011 (63) |miss mem[Ox62 ]
01 1 |01100
01100001 (61) |miss mem[Ox63]
01100010 (62) 10 0
00000000 (00)
01100100 (64)
. 11 (C]
tag indexoffset
m = 8 bit addresses B = 2 = 2° byte block size
S =4 =2 sets b =1 (block) offset bits

s = 2 (set) index bits t =m — (s +0b) =5 tag bits



example access pattern (1)
2 byte blocks, 4 sets

address (hex) result index |valid| tag value
00000000 (00) |miss mem[Ox60]
00 1 01100
00000001 (01) |hit mem[Ox61]
01100011 (63) |miss mem[Ox62 ]
01 1 01100
01100001 (61) |miss mem[Ox63]
01100010 (62) |hit
10 0
00000000 (00)
01100100 (64) 11 0

tag indexoffset

m = 8 bit addresses B = 2 = 2° byte block size
S=4=2° .sets . b =1 (block) offset bits
s = 2 (set) index bits t =m — (s +0b) =5 tag bits



example access pattern (1)
2 byte blocks, 4 sets

address (hex) result index |valid| tag value
00000000 (00) |miss mem[0x00]
00 1 |00000
00000001 (01) |hit mem[Ox01]
01100011 (63) |miss mem[Ox62 ]
01 1 |01100
01100001 (61) |miss mem[Ox63]
01100010 (62) |hit 10 0
00000000 (00) |miss
01100100 (64)
. 11 (C]
tag indexoffset
m = 8 bit addresses B = 2 = 2° byte block size
S =4 =2 sets b =1 (block) offset bits

s = 2 (set) index bits t =m — (s +0b) =5 tag bits



example access pattern (1)
2 byte blocks, 4 sets

address (hex) result index |valid| tag value

00000000 (00) |miss mem[Ox00]
0] 1

00000001 (01) |hit © 00000 | em[ox01]

01100011 (63) |miss mem[Ox62 ]
1 1

01100001 (61) |miss © 91100 mem[Ox63]

01100010 (62) |hit mem[Ox64 ]
1 1

00000000 (00) |miss © 01100 em[ox65]

01100100 (64) |miss

. 11 0
tag indexoffset

m = 8 bit addresses B = 2 = 2° byte block size
S=4=2° .sets . b =1 (block) offset bits
s = 2 (set) index bits t =m — (s +0b) =5 tag bits



example access pattern (1)
2 byte blocks, 4 sets

address (hex) result index |valid| tag value

00000000 (00) |miss mem[Ox00]
0] 1

00000001 (01) |hit © 00000 | em[ox01]

01100011 (63) |miss mem[Ox62 ]
1 1

01100001 (61) |miss © 91100 mem[Ox63]

01100010 (62) |hit mem[Ox64 ]
1 1

00000000 (00) |miss © 01100 em[ox65]

01100100 (64) |miss

. 11 0
tag indexoffset

m = 8 bit addresses B = 2 = 2° byte block size
S=4=2° .sets . b =1 (block) offset bits
s = 2 (set) index bits t =m — (s +0b) =5 tag bits



example access pattern (1)
2 byte blocks, 4 sets

tag indexoffset
m = 8 bit addresses
S =4 =2° sets
s = 2 (set) index bits

address (hex) result index |valid| tag value
00000000 (00) |miss mem[Ox00]
00 1 |00000

00000001 (01) |hit mem[Ox01]

01100011 (63) |miss mem[Ox62 ]
- 01 1 |01100

01100001 (61) |miss mem[Ox63]

01100016 (62) hit 10 + | n11nn | mem[0x64]

00000000 (00) |miss miss caused by conflict £5]

01100100 (64) |miss 11 o

B = 2 = 2° byte block size
b =1 (block) offset bits
t=m— (s+b) =5 tag bits

10



exercise

address (hex)

result

00000000 (00)

00000001 (01)

01100011 (63)

01100001 (61)

01100010 (62)

00000000 (00)

01100100 (64)

index

00

01

10

11

4 byte blocks, 4 sets

valid

tag

value

11



exercise
4 byte blocks, 4 sets

address (hex) result index |valid| tag value
00000000 (00)

00
00000001 (01)
01100011 (63)

01
01100001 (61)
01100010 (62)

10
00000000 (00)
01100100 (64) 11

how is the 8-bit address 61 (01100001) split | b block offset bits;

b -
into tag/index/offset? B = 2° byte block size;
P g/l X/ s set index bits; S = 2° sets ;

t =m — (s +b) tag bits (leftov

11



exercise

address (hex)

result

index

00000000 (00)

00000001 (01)

00

01100011 (63)

01

01100001 (61)

01100010 (62)

10

00000000 (00)

01100100 (64)

11

m = 8 bit addresses

S =4 = 2° sets

s = 2 (set) index bits

B = 4 = 2° byte block size
b = 2 (block) offset bits
t=m— (s+b) =4 tag bits

4 byte blocks, 4 sets

valid

tag

value

11



exercise
4 byte blocks, 4 sets

address (hex) |result index |valid| tag value
00000000 (00)
00
00000001 (01)
01100011 (63)
01
01100001 (61)
01100010 (62)
10
00000000 (00)
01100100 (64) 11
tag index offset
m = 8 bit addresses B = 4 = 2° byte block size
S =4=2° sets b = 2 (block) offset bits

s = 2 (set) index bits t =m — (s+b) = 4 tag bits



exercise

4 byte blocks, 4 sets

tag

value

address (hex) result index |valid
00000000 (00)
00
00000001 (01)
01100011 (63)
01
01100001 (61)
01100010 (62)
10
00000000 (00)
01100100 (64)
: 11
tag index offset
exercise: which accesses are hits?

11



example access pattern (1)
2 byte blocks, 4 sets

tag indexoffset

m = 8 bit addresses
S =4 = 2% sets
s = 2 (set) index bits

address (hex) result index |valid| tag value
00000000 (00) |miss mem[Ox00]
00 1 |00000

00000001 (01) |hit mem[0x01]

01100011 (63) |miss mem[Ox62 ]
- 01 1 |01100

01100001 (61) |miss mem[Ox63]

01100010 (62) |hit 10 . | ari s [ mem[0Xx64]

00000000 (00) |miss miss caused by conflict £5]

01100100 (64) |miss 11 o

B = 2 = 2° byte block size
b =1 (block) offset bits
t=m— (s+b) =5 tag bits

12



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value
0 0 0
1 0 0

multiple places to put values with same index
avoid conflict misses




adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value

0 0 set 0 0

1 0 set 1 0




adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value
0 0 0

way 0 way 1 ——
1 (0] | 0 |

13



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value
0 0 0
1 0 0

m = 8 bit addresses B = 2 = 2" byte block size
S =2=2"sets b =1 (block) offset bits
s =1 (set) index bits t =m — (s+b) = 6 tag bits

13



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value
mem[Ox00]

(0] 1 |000000 mem[0x01] (C]

1 0 0

address (hex) result
00000000 (00) |miss

00000001 (01)
01100011 (63)
01100001 (61)
01100010 (62)
00000000 (00)
01100100 (64)
tag indexoffset




adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag value valid| tag value
mem[Ox00]

(0] 1 |000000 mem[0x01] (C]

1 0 0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

01100001 (61)

01100010 (62)

00000000 (00)

01100100 (64)

tag indexoffset

13



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag

value

valid

tag

value

0 1 |000000

mem[Ox00]
mem[Ox01]

0

1 1 |011000

mem[Ox62 ]
mem[Ox63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)

01100010 (62)

00000000 (00)

01100100 (64)

tag indexoffset

13



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag

value

valid

tag

value

0 1 |000000

mem[Ox00]
mem[Ox01]

1

011000

mem[Ox60 ]
mem[Ox61]

1 1 |011000

mem[Ox62 ]
mem[0Ox63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)

miss

01100010 (62)

00000000 (00)

01100100 (64)

tag indexoffset

13



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag

value

valid

tag

value

0 1 |000000

mem[Ox00]
mem[Ox01]

1

011000

mem[Ox60]
mem[Ox61]

1 1 |011000

mem[Ox62 ]
mem[0Ox63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)

miss

01100010 (62)

hit

00000000 (00)

01100100 (64)

tag indexoffset

13



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag

value

valid

tag

value

0 1 |000000

mem[Ox00]
mem[Ox01]

1

011000

mem[Ox60]
mem[Ox61]

1 1 |011000

mem[Ox62 ]
mem[0Ox63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)

miss

01100010 (62)

hit

00000000 (00)

hit

01100100 (64)

tag indexoffset

13



adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag

value

valid

tag

value

0 1 |000000

mem| 0x00 |
mem[Ox01]

1

011000

memLGxGﬁl

mem[0Ox61]

1 1 |011000

mem[Ox62 ]
mem[0Ox63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)

migs

01100010 (62)

hitl hee

00000000 (00)

ds to replace block in set 0!

hit

01100100 (64)

miss

tag indexoffset




adding associativity

2-way set associative, 2 byte blocks, 2 sets

index |valid| tag

value

valid

tag

value

0 1 |000000

mem[Ox00]
mem[Ox01]

1

011000

mem[Ox60]
mem[Ox61]

1 1 [011000

mem[Ox62 ]
mem[0Ox63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)

miss

01100010 (62)

hit

00000000 (00)

hit

01100100 (64)

miss

tag indexoffset

13



cache operation (associative)

iiiiil@@Ei: offset
. [valid[tag [data |[validltag |data
v 1 ]10 [e@11][ 1 |00 |AABB
|ndex
8 LT 11 BaB5| 1 01 13344
Q
L —%IAND) ,f; *

14



cache operation (associative)

tiilgi:];ég:)ij.: offset
. [valid[tag [data |[validltag |data
v 1 ]10 [e@11][ 1 |00 |AABB
|ndex
8 LT 11 BaB5| 1 01 13344
data
(B5)
; \4
o — e
N

>
=
UJ

Jor >— is hit? (1)

14



cache operation (associative)

iiiiiiié(:)iii offset
. [valid[tag [data |[validltag |data
v 1 ]10 [e@11][ 1 |00 |AABB
|ndex
8 LT 11 BaB5| 1 01 13344
= —

>
=
UJ

data
(B5)

=

is hit? (1)

14



associative lookup possibilities
none of the blocks for the index are valid

none of the valid blocks for the index match the tag
something else is stored there

one of the blocks for the index is valid and matches the tag

15



associativity terminology
direct-mapped — one block per set

FE-way set associative — E' blocks per set
E ways in the cache

fully associative — one set total (everything in one set)

16



Tag-Index-Offset formulas (complete)

m

E

S =2°

S

B=2

b

t=m— (s+Db)
C=BxSxE

memory addreses bits (Y86-64: 64)
number of blocks per set (“ways”)
number of sets

(set) index bits

block size

(block) offset bits

tag bits

cache size (excluding metadata)

17



Tag-Index-Offset exercise

m memory addreses bits (Y86-64: 64)
E number of blocks per set (“ways")
S=2° number of sets

s (set) index bits

B=2" block size

b (block) offset bits
t=m—(s+0b) tag bits

C' =B x S x FE cache size (excluding metadata)
My desktop:

L1 Data Cache: 32 KB, 8 blocks/set, 64 byte blocks
L2 Cache: 256 KB, 4 blocks/set, 64 byte blocks
L3 Cache: 8 MB, 16 blocks/set, 64 byte blocks

Divide the address ©x34567 into tag, index, offset for each cache.

18



backup slides
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building a (direct-mapped) cache

Cache Memory

value addresses bytes

00 00 00000-00001 00 11

00 00 00010-00011 22 33

00 00 00100-00101 55 55

00 00 00110-00111 66 77
01000-01001 88 99

cache block: 2 bytes 01010-01011 AA BB
01100-01101 |CC DD

01110-01111 EE FF

10000-10001 FO F1



building a (direct-mapped) cache
read byte at 010117

Cache Memory

value addresses bytes

00 00 00000-00001 00 11

00 00 00010-00011 22 33

00 00 00100-00101 55 55

00 00 00110-00111 66 77
01000-01001 88 99

cache block: 2 bytes 01010-01011 AA BB
01100-01101 |CC DD

01110-01111 EE FF

10000-10001 FO F1



building a (direct-mapped) cache

read byte at 010117

Cache

index
00
01
10
11

exactly one place for each address
spread out what can go in a block

Memory
value addresses bytes
00 00 j+--+00000-00001 0O 11

00 00

#-->00010-00011 22 33

00 00

- ~00100-00101 55 55

00 00

= ->00110-00111 66 77

cache block: 2 bytes

direct-mapped

N '91000-01001 88 99
1 ,'91010-01011 AA BB
*101100-01101 [CC DD
'91110-01111 [EE FF
10000-10001 [FO F1

20



building a (direct-mapped) cache

read byte at 010117

Cache

index
00
01
10
11

exactly one place for each address
spread out what can go in a block

Memory
value addresses bytes
00 00 +--+00000-00001 0O 11

00 00

--+00010-00011 22 33

00 00

- ~00100-00101 55 55

00 00

= ->00110-00111 66 77

cache block: 2 bytes

direct-mapped

N\ '91000-01001 88 99
1 ,'01010-01011 AA BB
1 '91100-01101 (CC DD
'91110-01111 [EE FF
10000-10001 [FO F1

20



building a (direct-mapped) cache

read byte at 010117

exactly one place for each address
spread out what can go in a block

Cache Memory
index value addresses bytes
00 00 00 §--+~00A0O-00001 [0 11
01 00 00 j--+00010-00011 [22 33
10 00 00 '~ ~00100-00101 55 55
11 00 00 E\\\»@@ll@—@@lll 66 77

2N \'01000-01001 88 99
cache block: 2 bytes \\\\\(_:)1@1@_@1(_:)11 AA BB
direct-mapped ~%01100-01101 |CC DD

‘91110-01111 [EE FF
10000-10001 [FO F1

20



building a (direct-mapped) cache
read byte at 010117

Cache Memory
index valid value addresses bytes
00 0 1 00 00 L s this even a value? }1
01 6 00 UUUIU-UUUILl ZZ 33
10 9 | need extra bit to know P~09101 55 55
11 0] (VAVERVAV] vur0-00111 66 77

01000-016001 88 99
cache block: 2 bytes 01010-01011 IAA BB
direct-mapped 01100-01101 [CC DD

01110-01111 EE FF

10000-10001

FO F1

20



building a (direct-mapped) cache

read byte at 010117

invalid, fetch
Cache

index valid

00 0]

01 1

10 (0]

11 0]

value

00 00

AA BB

00 00

00 00

cache block: 2 bytes
direct-mapped

Memory

addresses

00000-00001
00010-00011
00100-00101
00110-00111
01000-01001
01010-01011
01100-01101
01110-01111
10000-10001

bytes

00 11

22 33

55 55

66 77

88 99

AA BB

CC DD

EE FF

FO F1

20



building a (direct-mapped) cache
read byte at 010117
invalid, fetch

Cache

index valid tag value

00
01
10
11

l\/lamnr\l

value from 01010 or 000107

S Uytres
/; 00000-00001 00 11

00010-00011 22 33

00100-0010601 |55 55

0 | 00 |00 00
1| 01 [AABB
0 | o000 00
0

need tag to know |00110-00111 |66 77

01000-0100601 |88 99

cache block: 2 bytes
direct-mapped

01010-01011 AA BB
01100-01101 CC DD
01110-01111 EE FF
10000-10001 FO F1

20



building a (direct-mapped) cache
read byte at 010117

invalid, fetch
Cache Memory
index valid tag value addresses bytes
00 0 00 |00 00 00000-0006001 PO 11
01 1 01 | AA BB 00010-00011 22 33
10 (0] 00 | 00 00 00100-00101 55 55
11 0] 00 |00 00 00110-00111 66 77
01000-0100601 88 99
cache block: 2 bytes 01010-01011 AA BB
direct-mapped 01100-01101 [CC DD
01110-01111 EE FF
10000-10001 FO F1



cache operation (read)

valid tag data

1 10 00 11 22 33

---1 11 B4 B5 B6 B7




cache operation (read)

0b1110010
E valid tag data
1 10 00 11 22 33
index
tag E
'----41 11 B4 B5 B6 B7
'

AND is hit? (l)

Yy




cache operation (read)

Ob1110010—— offset
E valid tag data
1 10 00 11 22 33
index
tag E
---1 11 B4 B5 B6 B7
' ——F ) data (B6)

©

AND is hit? (l)

Yy
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