CS3330: Caching
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cache: real memory

address — — value
Data Memory

AKA

: P L1 Data Cache
input (if writing) — — ready?

write enable —




cache: real memory

address —

input (if writing) —
write enable —

Data Memory
AKA
L1 Data Cache

— value

— ready?

*
L2 Cache



the place of cache

read OxXABCD?

read Ox12347

[
>

CPU

<
<

OxABCD is 100

Cache

ead OXABCD?

[
>

([}

0x1234 is 4000

<
<

xABCD is 100

RAM
or
another
cache




memory hierarchy goals

performance of the fastest memory
hide 100x latency difference? 99-+% hit rate

capacity of the largest memory



building a (direct-mapped) cache

Cache Memory

value addresses bytes

00 00 00000-0060001 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 IAA BB
01100-011601 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
01000-0106001 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 exactly one place for each address

spread out what can go in a block

Cache Memory
index value addresses bytes
00 00 00 p--+00000-00001 PO 11
01 00 00 r*--*OOG)lO 00011 22 33
10 00 00 *\--+00100 00101 55 55
11 00 00 :*——»00110 00111 |66 77

1\ %01000-01001 [88 99
cache block: 2 bytes "\ %91010-01011 AA BB
direct-mapped " %01100-01101 (CC DD

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




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 p--+00000-00001 PO 11
01 00 00 r*--*OOG)lO 00011 22 33
10 00 00 *\--+00100 00101 55 55
11 00 00 rﬂ——\+00110 00111 |66 77

1\ %01000-01001 [88 99
cache block: 2 bytes "\ %91010-01011 |AA BB
direct-mapped " %01100-01101 (CC DD

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




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 p--+00000-00001 PO 11
01 00 00 :*——*OOOlO 00011 22 33
10 00 00 *\--*OOlOO 00101 |55 55
11 00 00 r*——»@@llo 00111 |66 77

1\ %01000-01001 [88 99
cache block: 2 bytes "\ %91010-01011 |AA BB
direct-mapped " %01100-01101 |CC DD

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




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 60— 00 UUULU-UUUIL ZZ 33

10 O I'need extra bit to know P-00101 |55 55

11 0 U UyU vorr0-00111 66 77

01000-01001 |88 99
cache block: 2 bytes 01010-01011 IAA BB
direct-mapped 01100-01101 |CC DD

01110-01111 EE FF
10000-10001 [FO F1




building a (direct-mapped) cache

read byte at 010117

invalid, fetch
Cache Memory
index valid value addresses bytes
00 0] 00 00 0000O0-006001 OO 11
01 1 AA BB 00010-00011 22 33
10 0] 00 00 00100-00101 55 55
11 0] 00 00 00110-00111 66 77
01000-0106001 88 99
cache blOCkZ 2 bytes 01010-01011 AA BB
direct-mapped 01100-01101 |CC DD
01110-01111 EE FF
10000-10001 FO F1



building a (direct-mapped) cache

read byte at 010117
invalid, fetch

index valid tag value /yﬂs vytes
00 0 00 | 00 00 00000-00001 00 11

01 1 01 |AA BB 00010-00011 22 33
10 0 | o] 00 00 00100-00101 55 55
11 0] need tag to knOW 00110-00111 66 77
01000-01001 88 99
cache block: 2 bytes 01010-01011 AA BB
direct-mapped 01100-01101 |CC DD
01110-01111 EE FF
10000-10001 |FO F1

l\/lamr\r\l
Cache

value from 01010 or OOO107




building a (direct-mapped) cache

read byte at 010117

invalid, fetch
Cache Memory
index valid tag value addresses bytes
00 0] 00 | 00 006 0000O0-006001 OO 11
01 1 01 | AA BB 00010-00011 22 33
10 0] 00 | 00 006 00100-00101 55 55
11 0] 00 |00 006 00110-00111 66 77
01000-0106001 88 99
cache blOCkZ 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

10 |00 11 22 33

index 1

----1 11 |B4 B5 B6 B7




cache operation (read)

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

is hit? (1)



cache operation (read)

valid [tag |data
1 10 |00 11 22 33

----1 11 |B4 B5 B6 B7

Y

‘—E — data ( BG)
:)—'

is hit? (




Tag-Index-Offset (T10)

address 001111 = FF

cache tag index offset

2 byte blocks, 4 sets 777 777 777

2 byte blocks, 8 sets 777 777 777

4 byte blocks, 2 sets 777 7?7 777

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 F1 F2
10 0 — —— 010 0 — ——
11 1 001 EE FF 011 (0] - - -
4 byte blocks, 2 sets 100 © — —

. . 101 1 00 AA BB
index valid tag value
[ 1 00 00 11 22 33 116 © — —
1 1 01 CC DD EE FF 111 1 90 EEFF




Tag-Index-Offset (T10)

address 001111 = FF
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 7?7 777

2 byte blocks, 4 sets 2 byte blocks, 8 sets
index valid tag value sealid fac value
00 1 000 00 11 92 — 21 bytes in block 211
01 1 001 AA BB F1F2
10 I S E— 1 bit to say which byte —
11 1 001 EE FF 011 0 = —— -

4 byte blocks, 2 sets 100 9 _ S
index valid tag value 101 1 96 AA BB
0 1 00 00 11 22 33 110 © — —
1 1 01 CC DD EE FF 111 1 00 EEFF




Tag-Index-Offset (T10)

address 001111 = FF
cache tag

index offset

2 byte blocks, 8 sets

2 byte blocks, 4 sets 777 777
2 byte blocks, 8 sets 777 777
4 byte blocks, 2 sets 777 777
2 byte blocks, 4 sets
index valid tag value index
00 1 000 00 11 000
01 1 001 AA BB 001
- 4 = 2° bytes in block
A byt 2 bits to say which byte
index valid tag vé\ﬁe U
0 1 00 00 11 22 33 110
1 1 01 CC DD EE FF 111

valid tag value
1 00 00 11
1 01 F1F2
0 J— —_———
0 J— —_—
0 — —_ ——
1 00 AA BB
0 J— —_———
1 00 EE FF




Tag-Index-Offset (T10)

address 001111 = FF

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 AeA [ + | aa 00 11
01 1 001 AA BB 22 — 4 sets F1F2
10 0 — — ) . —
11 1 001 EE FF 2 bits to index set |-
4 byte blocks, 2 sets 100 © — —

. . 101 1 00 AA BB
index valid tag value
[ 1 00 00 11 22 33 116 © — —
1 1 01 CC DD EE FF 111 1 90 EEFF




Tag-Index-Offset (T10)

address 001111 = FF
cache tag

index offset

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
o [ 193 = 8 sets oLl
4 ) . 100

. 3 bits to index set 101
index val =
0 1 00 00 11 22 33 110
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 F1 F2
0 — —_— =
0 — —_
0 —_— —_—— ——
1 00 AA BB
0 — —_— =
1 00 EE FF




Tag-Index-Offset (T10)

address 001111 = FF

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 | AABB 001 1 01 F1 F2
10 0 — —— 010 0 — ——
11 1 001 EE FF (0] -
1 2l = 92 sets -
4 byte blocks, 2 sets . )

index valid tag value 11 1 b|t to |ndeX set [B8
0 1 00 00 11 22 33 -7 2 —
1 1 01 CC DD EE FF 111 = 90 EEFF




Tag-Index-Offset (T10)

address 001111 = FF
cache

tag

index offset

2 byte blocks, 4 sets 001 11
2 byte blocks, 8 sets 00
4 byte blocks, 2 sets 001 1

111

tag — whatever is left over

00
01
10
11

index
0
1

index
1 000 00 11 000
1 001 AA BB 001
0 —— -— 010
1 001 EE FF 011
100
4 byte blocks, 2 sets
. 101
valid tag value 110
1 00 00 11 22 33
111
1 01 CC DD EE FF

2 byte blocks, 8 sets

valid tag value
1 00 00 11
1 01 F1F2
0 J— —_———
0 J— —_—
0 — —_ ——
1 00 AA BB
0 J— —_———
1 00 EE FF




Tag-Index-Offset formulas

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)



example access pattern (1)

address (hex)

result |

00000000 (00)

00000001 (01)

01100011 (63)

01100001 (61)

01100010 (62)

00000000 (00)

01100100 (64)

index

00

01

10

11

2 byte blocks, 4 sets

valid

tag

value

0

0

10



example access pattern (1)

2 byte blocks, 4 sets

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

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

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

00 0
01 0
10 0
11 0

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

10



example access pattern (1)

2 byte blocks, 4 sets

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

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

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

00 0
01 0
10 0
11 0

B = 2 = 2° byte block size
b =1 (block) offset bits
t=m— (s+b) =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 mem[Ox00]
00000001 (01) mem[0x01]
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+b) =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) 1o 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+b) =5 tag bits



example access pattern (1)

2 byte blocks, 4 sets

address (hex) result

00000000 (00) |miss

00000001 (01) |hit

01100011 (63) |miss

01100001 (61)
01100010 (62)
00000000 (00)
01100100 (64)
tag indexoffset

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

index |valid| tag value
00 1 | 00000 $§$E8§8$%
01 1 01100 $2$E8§2§%
10 0

11 0

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

10



example access pattern (1)

2 byte blocks, 4 sets

address (hex) result index |valid| tag value
00000000 (00) |miss mem[0Ox60 ]
00 1 (01100

00000001 (01) |hit mem[Ox61]
01100011 (63) miss 01 1 le1100 mem[Ox62 ]
01100001 (61) |miss mem[Ox63]
01100010 (62) 1o 0
00000000 (00)
01100100 (64)

. 11 0
tag indexoffset

m = 8 bit addresses

S =4 = 2% sets

s = 2 (set) index bits

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

10



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 11

01100001 (61) |miss 91100 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+b) =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 |006000

00000001 (01) hit © mem[Ox01]

01100011 (63) |miss mem[0x62 ]
01 1

01100001 (61) |miss 91100 mem[Ox63]

01100010 (62) |hit 10 0

00000000 (0O) |miss

01100100 (64) 11 0

tag indexoffset

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



example access pattern (1)

address (hex) result

index

00000000 (00) |miss

00

00000001 (01) |hit

01100011 (63) |miss

01100001 (61) |miss

01

01100010 (62) |hit

10

00000000 (00) |miss

01100100 (64) |miss

11

tag indexoffset

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

2 byte blocks, 4 sets
valid| tag value
mem[Ox00]
1 00000 mem[Ox01]
mem[0Ox62 ]
1 |011060 mem[Ox63]
mem[0x64 ]
1 |0611060 mem[Ox65]
0

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

10



example access pattern (1)

address (hex) result

index

00000000 (00) |miss

00

00000001 (01) |hit

01100011 (63) |miss

01100001 (61) |miss

01

01100010 (62) |hit

10

00000000 (00) |miss

01100100 (64) |miss

11

tag indexoffset

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

2 byte blocks, 4 sets
valid| tag value
mem[Ox00]
1 00000 mem[Ox01]
mem[0Ox62 ]
1 |011060 mem[Ox63]
mem[0x64 ]
1 |011060 mem[Ox65]
0

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

10



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 . | aian | mem[0x64]

00000000 (00) |miss miss caused by conflict P53

01100100 (64) |miss

. 11 (0]
tag indexoffset

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

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

10



adding associativity

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

index |valid| tag value valid| tag value

0 0 0

1 0 0




adding associativity

index

0

1 0 set 1 0

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

valid

tag

value

valid

tag

value

0

set 0

0

11



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

11



adding associativity

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

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

address (hex) [result |
00000000 (00)
00000001 (01)
01100011 (63)
01100001 (61)
01100010 (62)
00000000 (00)
01100100 (64)




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)

11



adding associativity

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

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

0] 1 |000000 mem[Ox01] (0]

1 0 0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

01100001 (61)

01100010 (62)

00000000 (00)

01100100 (64)

11



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[0Ox63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)
01100010 (62)
00000000 (00)
01100100 (64)

11



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[0x62 ]
mem[0x63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)

miss

01100010 (62)
00000000 (00)
01100100 (64)

11



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[0x62 ]
mem[0x63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)

miss

01100010 (62)

hit

00000000 (00)
01100100 (64)

11



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[0x62 ]
mem[0x63]

0

address (hex)

result

00000000 (00)

miss

00000001 (01)

hit

01100011 (63)

miss

01100001 (61)

miss

01100010 (62)

hit

00000000 (00)

hit

01100100 (64)

11



adding associativity

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

index |valid| tag value valid| tag value
mem| Ox00 | memLG')xEGl

0 1l |000000 mem[Ox01] 1l |011000 mem[Ox61]
mem[0x62 ]

1 1 (011000 mem[0x63] 0

address (hex) result

00000000 (00) |miss

00000001 (01) |hit

01100011 (63) |miss

01100001 (61) |miss

01100010 (62) |hit] nee

ds to replace block in set 0!

00000000 (00) |hit

01100100 (64) |miss

11



cache operation (associative)

ilﬂl@Oﬁ: offset
. [valid|tag [data |[valid|tag [data
v [ 1 10 [e011][ 1 |00 |AA BB
|ndex
B8 LT 11 BaB5| 1 01 13344
data
"(85)
1 — { |t
ﬁD S

(= Jor>— is hit? (1)

AND
12



cache operation (associative)

t].ﬁ:!.il@@iji: offset
. [valid|tag [data |[valid|tag [data
v [ 1 10 [e011][ 1 |00 |AA BB
|ndex
8 TT1 BaB5 || 1 01 13344
data
| (B5)
; —
Q) =
B0 - e
— = Jor >— is hit? (1)

12



cache operation (associative)

t].ﬁ:!.il@@iji: offset
. [valid|tag [data |[valid|tag [data
v [ 1 10 [e011][ 1 |00 |AA BB
|ndex
8 TT1 BaB5 || 1 01 13344
data
| (B5)
; —
Q) 1A H
B0 - e
— = Jor >— is hit? (1)

12



replacement policies

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

index |valid| tag value ||valid| tag value
1 mem[Ox00 ] 1 mem[0Ox60 ]
000000mem[@xOl] OllGGOmem[OxGl]
mem[®x62]
l OllOOO mem[ﬂ\x63] O

laddress (hex)

result

|

000

000

how to decide where to insert 0x647

UUUL (UL

Tt

01100011 (63)

miss

01100001 (61)

miss

01100010 (62)

hit

00000000 (00)

hit

01100100 (64)

miss

13



replacement policies

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

index |valid| tag value valid| tag value LRU
mem[Ox00 ] mem[0Ox60 ]

0 1 |000000|nemioxo1]|| 1 [011000nenroxe1]|| 1
mem[0x62]

address (hex) [result |

00000000 (00) \mi track which block was read least recently

00000001 (01) |hit

91100011 (63) |mi updated on every access

01100001 (61) |miss

01100010 (62) |hit

00000000 (00) |hit

01100100 (64) |miss 13




example replacement policies

least recently used and approximations
take advantage of temporal locality

exact: [log,(E!)] bits per set for E-way cache
good approximations: F to 2FE bits
first-in, first-out

counter per set — where to replace next

(pseudo-)random
no extra information!

14



associativity terminology

direct-mapped — one block per set
FE-way set associative — E' blocks per set

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

15



Tag-Index-Offset formulas (2)

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)

16



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 xS xE cache size (excluding metadata)

My laptop:
L1 Cache: 32KB, 8 blocks/set, 64 byte blocks
L2 Cache: 256KB, 4 blocks/set, 64 byte blocks
L3 Cache: 4096KB, 16 blocks/set, 64 byte blocks

Divide the address ©x34567 into tag, index, offset
for each cache.
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T-1-O exercise: L1

quantity value for L1

block size (given) B = 64Byte

B = 2" (b: block offset bits)
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T-1-O exercise: L1

quantity

value for L1

block size (given)

B = 64Byte

block offset bits

B = 2" (b: block offset bits)
b=06
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T-1-O exercise: L1

quantity value for L1

block size (given) B = 64Byte

B = 2" (b: block offset bits)
block offset bits b=26

blocks/set (given) E =38

cache size (given) C =32KByte=FE x B x S

18



T-1-O exercise: L1

quantity value for L1
block size (given) B = 64Byte
B = 2" (b: block offset bits)
block offset bits b =16
blocks/set (given) E =38
cache size (given) C =32KByte=FE x B x S
o C
BxE

(S: number of sets)

18



T-1-O exercise: L1

quantity value for L1
block size (given) B = 64Byte
B = 2" (b: block offset bits)
block offset bits b =16
blocks/set (given) E =38
cache size (given) C =32KByte=FE x B x S

S = ngK% (S: number of sets)
number of sets S = _o-rbyte 64

" 64Byte x 8

18



T-1-O exercise: L1

quantity value for L1
block size (given) B = 64Byte
B = 2" (b: block offset bits)
block offset bits b =16
blocks/set (given) E =38
cache size (given) C =32KByte=FE x B x S

S = ngK% (S: number of sets)
t
number of sets = 64I3’ytey><eS = 64

S = 2° (s: set index bits)
set index bits s =log,(64) =6

18



T-1-0O results

L1 L2 L3

sets 64 1024 4096
block offset bits 6 6 6
set index bits 6 10 12
tag bits (the rest)

19



T-1-0O: splitting

L1 L2 L3
block offset bits 6 6 6
set index bits 6 10 12
tag bits (the rest)

3 4 5 6 I
0011 0100 0601601 060110 0111

Ox34567:

bits 0-5 (all offsets): 100111 = Ox27

20



T-1-0O: splitting

L1 L2 L3
block offset bits 6 6 6
set index bits 6 10 12
tag bits (the rest)

3 4 5 6 I
0011 0100 0601601 06110 0111

Ox34567:

bits 0-5 (all offsets): 100111 = Ox27
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T-1-0O: splitting

L1 L2 L3
block offset bits 6 6 6
set index bits 6 10 12
tag bits (the rest)

3 4 5 6 I
0011 0100 0101 060110 0111

Ox34567:

bits 0-5 (all offsets): 100111 = Ox27

L1:

bits 6-11 (L1 set): 01 0101 = 0x15
bits 12- (L1 tag): 0x34
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T-1-0O: splitting

L1 L2 L3
block offset bits 6 6 6
set index bits 6 10 12
tag bits (the rest)

3 4 5 6 I
0011 0100 01601 6110 0111

Ox34567:

bits 0-5 (all offsets): 100111 = Ox27

L1:

bits 6-11 (L1 set): 61 0101 = 0x15
bits 12- (L1 tag): 0x34
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T-1-0O: splitting

L1 L2 L3
block offset bits 6 6 6
set index bits 6 10 12
tag bits (the rest)

3 4 5 6 I
0011 0100 0101 060110 0111

Ox34567:

bits 0-5 (all offsets): 100111 = Ox27

L2:

bits 6-15 (set for L2): 01 0001 0101 = 0x115
bits 16-: Ox3
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T-1-0O: splitting

L1 L2 L3
block offset bits 6 6 6
set index bits 6 10 12
tag bits (the rest)

3 4 5 6 I
0011 0100 0601601 060110 0111

Ox34567:

bits 0-5 (all offsets): 100111 = Ox27

L2:

bits 6-15 (set for L2): 01 0001 0101 = 0x115
bits 16-: Ox3

20



T-1-0O: splitting

L1 L2 L3
block offset bits 6 6 6
set index bits 6 10 12
tag bits (the rest)

3 4 5 6 I
0011 0100 060101 060110 0111

Ox34567:

bits 0-5 (all offsets): 100111 = Ox27

L3:

bits 6-17 (set for L3): 1101 0001 0101 = 0xD15
bits 18-: Ox0

20



T-1-O: answers

L1 L2 L3
offset Ox27 0Ox27 0Ox27
index Ox15 0x115 0xD15
tag Ox34 0Ox3 Ox0

21



writing to caches

CPU

write 10
to OxXABCD

[
>

Cache

RAM
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writing to caches

CPU

write 10
to OxXABCD

[
>

Cache

write 10
to OXABCD

[
>

RAM

option 1: write-through — always
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writing to caches

CPU

write 10

to OXABCL

option 2: write-back (later)

[
>

Caghe

ABCD: 10
(dirty)

RAM
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writing to caches

CPU

write 10
to OxABC[ option 2: write-back (later)
read 10 Caghe (later)
(conflicts) Irt to ABCD
N\

1

RAM

.. when replaced — send value to memory

e

22



writeback policy

index

changed value!

2-way set associati\v\ 2 byte blocks, 2 sets

valid| tag | value |dirty\valid| tag | value |dirty||LRU
0x00 0x60
1 |000000[memiores) © 1 |011000mentoxeile 1 1
0Ox62
1 |011000)mniones] O 0 / 0

1 = dirty (different than memory)
needs to be written if evicted

23



allocate on write?

processor writes less than whole cache block
block not yet in cache

two options:

write-allocate
fetch rest of cache block, replace written part

write-no-allocate

send write through to memory
guess: not read soon?

24



write-allocate

2-way set associative, LRU, writeback

index |valid| tag | value |dirty |valid| tag | value |dirty |[LRU

mem[Ox00] mem[Ox60]x

0 1 [000000memfoxor]] © 1 |011000|memfox61] 1 1
0x62
1 | 1 |011000penrocs] © || © ©

writing OxFF into address Ox047
index 0, tag 000001

25



write-allocate

index

2-way set associative, LRU, writeback

valid| tag | value |dirty||valid] tag | value |dirty||LRU
0x00 Ox60]p
1 |000000mniores] © || 1 |011000femtorestt 1 1
[06x62]
1 (011000 |menfoxes] © 0 0

writing OxFF into address Ox047
index 0, tag 000001
step 1: find least recently used block

25



write-allocate

index

0

1

2-way set associative, LRU, writeback

valid| tag | value |dirty||valid] tag | value |dirty||LRU
0x00 Ox60]p
1 |000000mnores] © || 1 |011000femtoreslt + 1
[06x62]
1 |011000|memioxes] © 0 0

writing OxFF into address Ox047
index 0, tag 000001
step 1: find least recently used block
step 2: possibly writeback old block

25




write-allocate

index

0

1

2-way set associative, LRU, writeback

valid| tag | value |dirty||valid| tag | value |dirty| |LRU
0x00 OxFF
1 (000000 mmioes] @ 1 |011000|memfoxes)| 1 0
0x62
1 |011000[mntores] © 0 0

writing OxFF into address Ox047
index 0, tag 000001
step 1: find least recently used block
step 2: possibly writeback old block
step 3a: read in new block — to get mem[0x05]
step 3b: update LRU information

25




write-no-allocate

index

2-way set associative, LRU, writeback

valid| tag | value |dirty||valid] tag | value |dirty||LRU
0x00 Ox60]p
1 |000000mniores] © || 1 |011000femtorestt 1 1
[06x62]
1 (011000 |menfoxes] © 0 0

writing OxFF into address Ox047
step 1: is it in cache yet?

step 2: no, just send it to memory
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fast writes

CPU

write 10
to OxABCD

|

Y

Cache

write buffer

0xABCD: 10

Y

RAM
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