Cache

Set-Associativity and Eviction



Memory Hierarchy

LO: Regs CPU registers hold words retrieved from
: the L1 cache.
#Smaller L1 / L1 cache L1 cache holds cache lines retrieved
’ | from the L2 cache.

faster, (SRAM)

and

costlier L2: L2 cache L2 cache holds cache lines

retrieved from L3 cache

(per byte) (SRAM)
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L6: Remote secondary storage
(e.g., cloud, web servers)




Principle of Locality

Programs tend to use data and instructions with addresses near or
equal to those they have used recently

Temporal locality: W

* Recently referenced items are likely
to be referenced again soon

Spatial locality: o
* |tems with nearby addresses tend
to be referenced close together in time
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Address of data: * index | offset | e.g., OXFE 28 96 E7

— I 0 .
- Step 1: find cache line
v Of1121314]5]6]|7
Step 4: grab data at offset
v] [EE8e] [ofx[2[=]4[s]¢]”
Listof
Cache Lines v - Oji]2]3f4]>]6]7 1. Use the address to find the cache line
©00000000000000000000 2. Compare the tag (must match)
v - Oji]2]3f4]>]6]7 3. Check the valid bit (must be valid)

4. Grab data at offset into cache line

Do the first two steps sound familiar? 4



O S
. . & & .,\,Q)
Set Associative Cache O
S N
<& \OQO O
Example with 2 lines per set Address of data: [ag] index | offset

011]2]3]4]5]|6]7

1. Use the address to find the cache line
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2. Compare to each tag (must match)

Ptag ] [o]1]2]3]4

- 4. Grab data at offset into cache line

3. Check the valid bit (must be valid)
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Practice with Set Associative Cache

Cache
Memory Se'i 0 SetA 1
Ox14 {Valid Tag Data Block \ {Valid Tag Data Block ]
0x10 Line 0 | )| tineo |[] [ |
ne0 LB " Assume 8-byte data blocks
0x0c Line1 [[] 2 | )| tine1 |[] [ |
0x08
0x04
000 | ose0 | ser

0000 0000 0x00
0000 0100 rd 0x04
0001 0100 rd 0xl14
0000 0000 rd 0x00
0000 0100 rd 0x04
0001 0100 rd 0x14 Y
0010 0100 rd 0x20 °




Practice with Set Associative Cache

Cache

Memory Sﬁo Sﬁl
Ox14 {Valid Tag Data Block \ {Valid Tag Data Block ]
0x10 Lineo |[] [ | || Lineo |[] I |
Assume 8-byte data blocks
What kind of hit? 0x0c Line 1 [[] O | | tine: [T y
0x08
0x04
0%00 o ose0 | osetr |

0000 0000 0x00 0000 000 m @O 13 14
@l 17 18

0000 0100 rd 0x04 0000 100 h

0001 0100 rd 0x14 0001 100

m

0000 0000 rd 0x00 0000 000 h
0000 0100 rd 0x04 0000 100 h
h

m

0
0
0
0
0001 0100 rd 0x14 0001 0O_ 100
0010 0100 rd 0x20 (0010 @ 000



Eviction from the Cache

 On a cache miss, a new block is loaded into the cache

* |In direct-mapped cache a valid block at the same location must be evicted
(there is no other no choice)

* In §et-gssociative cache (assuming all lines are valid), one line must be
evicte

 Random policy

* FIFO

LIFO

Least-recently used; requires extra data in each set
Most-recently used; requires extra data in each set
Most-frequently used; requires extra data in each set
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Practice with Set Associative Cache

Cache

0000
0100
0100
0000
0100
0100
0100

Memory

Ox14
0x10
0x0c
0x08
0x04
0x00

rd
rd
rd
rd
rd
rd

0x00
0x04
Ox14
0x00
0x04
Ox14
0x20

0000
0000
0001

0000
0000

0001
0010

Line O

Line 1

000
100
100
000
100

100
000

Setl

A

Data Block

Set 0
[ . \ [
Valid Tag Data Block Valid Tag
O 3 | || Lineo |[] B |
O | || tine1 |[][EEE |

|

Assume 8-byte data blocks

 se0 | ser

1 0 13 14

m
h
m
h
h
h
m

1 1 17 18




Practice with Set Associative Cache

Cache

Memory Sﬁo Sﬁl
Ox14 {Valid Tag Data Block \ {Valid Tag Data Block ]
O0x10 Lineo [[] 0 | | Lineo [[] |
0%0 | Assume 8-byte data blocks
XUC tine1 |[] I | || Linel |[] ] |
0x08
0x04
0%00  set0 | seti |

0000 0000 0x00 0000 000 m 10 13 14

0000 0100 rd 0x04 0000 O 100 h

0001 0100 rd 0x14 0001 O 100 m 11 17 18

0000 0000 rd 0x00 (0Qo0 O 000 h

0000 0100 rd 0x04 0000 O 100 h

0001 0100 rd 0x14 gpol 0O 100 h '
0010 0100 rd 0x20 Q10 O 000 m 1 2 21 22 0



Caching Organization Summarized

e A cache consists of lines

* A line contains
e A block of bytes, the data values from memory
* A tag, indicating where in memory the values are from
* Avalid bit, indicating if the data are valid

* Lines are organized into sets
* One set per line in direct-mapped cache
* Klines per set in k-way associative cache
* N lines per set in fully associative cache
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Caching Vocabulary

Size: the total number of bytes that can be stored in the cache

Cache Hit: the desired value is in the cache and quickly returned
Hite rate: the fraction of accesses that are hits
Hit time: the time to process a hit

Cache Miss: the desired value is not in the cache and must be fetched elsewhere
Miss rate: the fraction of accesses that are misses

Miss penalty: the additional time to process a miss

Average access time: hit-time + miss-rate * miss-penalty
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Categorizing Misses
* Compulsory: first-reference to a block (no way to hit)

* Capacity: cache is too small to hold all data (no way to fit)
* Conflict: collisions in a specific set (bad luck or poor planning)

* Average access time: hit-time + miss-rate * miss-penalty
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Categorize each miss as one of
1. Compulsory

2. Capacity

3. Conflict

Based on your categorizations, would you recommend
1. increasing the block size

2. increasing the associativity

3. increasing the total cache size

h/m
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Typical Intel Core i7 Hierarchy

Processor package

L1 L1 L1 L1
d-cache || i-cache d-cache || i-cache
L2 unified cache L2 unified cache

L3 unified cache
(shared by all cores)

Register reference:
Access: 1 cycle

L1 d-cache and i-cache:
32 KB, 8-way,
Access: 4 cycles

L2 unified cache:
256 KB, 8-way,
Access: 10 cycles

L3 unified cache:
8 MB, 16-way,
Access: 40-75 cycles

Block size: 64 bytes for
all caches.
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