Multicore Computer Architecture - Storage and Interconnects

Lecture 4
Introduction to Cache Memory
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Processor Memory Performance Gap
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1980: no cache in microprocessor;
1995 2-level cache



Relationship of Caches and Pipeline

Memory
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Role of memory

** Programmers want unlimited amount of fast memory

*» Create the illusion of a very large and fast memory

* Implement the memory of a computer as a hierarchy

“» Multiple levels of memory with different speeds and sizes

*» Entire addressable memory space available in largest, slowest
memory

*» Keep the smaller and faster memories close to the processor and
the slower, large memory below that.



Memory Hierarchy
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Cache Memory - Introduction

% Cache is a small, fast buffer between processor and memory

¢ Old values will be removed from cache to make space for new
values

¢ Principle of Locality : Programs access a relatively small portion
of their address space at any instant of time

* Temporal Locality : If an item is referenced, it will tend to be
referenced again soon

s Spatial Locality : If an item is referenced, items whose addresses
are close by will tend to be referenced soon



Access Patterns
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Cache Fundamentals
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Block/Line : Minimum unit of information that can be either present or
not present in a cache level

Hit : An access where the data requested by the processor is present in
the cache

Miss : An access where the data requested by the processor is not
present in the cache

Hit Time : Time to access the cache memory block and return the data
to the processor.

Hit Rate / Miss Rate: Fraction of memory access found (not found) in
the cache

Miss Penalty : Time to replace a block in the cache with the
corresponding block from the next level.



CPU - Cache Interaction

*The transfer unit
between the CPU
register file and the

cache is a 4-byte word line O

line 1[L_____

s+ The transfer unit
between the cache and
main memory is a 4-
word block (16B)

**The tiny, very fast CPU
register file has room for four 4-
byte words

<+*The small fast L1 cache has
room for two 4-word blocks

**The big slow main memory
has room for many 4-word
blocks



General Organization of a Cache

<% Cache is an array of 1 valid bt

sets

ss»Each set contains
one or more lines
ssEach line holds a
block of data <

S = 25 sets

t tag bits B = 25 bytes
perline  perline  percache block
(I '
valid|| tag 011 B-1
set0: valid|| tag 01 B-1
[valid][ tag ][0 1 e+~ B-1]
set 1. valid|| tag 01 B-1
valid|| tag 01 B-1
(s,et S-11 [valid tag 01 B—1

Cache size: C=B x E x S data bytes

}

E lines
per set



Addressing Caches

CP

set O:

U wants = Address A:
(V][ tag J[O]1]--: BT
[v] [ tag J[O0]1]--- BT

t bits s bits b bits
| | | |

-1 v J \ v )\ v 0
<tag> <set i‘ndex><block offset>

set 1:

lv] [ tag [[O[1]e--[B1]]

a

EL Onling Course : 4eusti-Core 'TI.'JH':J.JIi:-r A

set S-1;

lv| | tag || O]1]---[B-1
v | [ tag |[O[1]eeeB-1f
[v] [ tag |[[O[1]c<--[B-1]

**The word at address A is in the cache if
the tag bits in one of the <valid> lines in
set <set index> match <tag>

**The word contents begin at offset
<block offset> bytes from the beginning of
the block



Addressing Caches

CPU wants - Address A:

t bits s bits b bits

-1 )\ J 0
\'%

Y Y
<tag> <set Index><b|ock offset>

a

0

4

v || tag [[ O] 1]eee[B-1

setO: | [v] [ tag J[0[1[+++ b1
lv| [ tag [[O]1[e+ee[B-1

t1- FL Online Course : ¢Musti-Core Jomputer A
selLl vl Ctag J[0[1[---B-1]
lv| [ tag [[O[1]e<e[B-1]
setS-13 V] [tag J[0[1[--+ 11

L)

4

L)

L0

Locate the set based on <set index>
Locate the line in the set based on
<tag>

Check that the line is valid

Locate the data in the line based on
<block offset>



Four cache memory design choices

* Where can a block be placed in the cache?

— Block Placement
*» How is a block found if it is in the upper level?

— Block Identification
** Which block should be replaced on a miss?

— Block Replacement
* What happens on a write?

— Write Strategy



Block Placement

Block Number 0123456789

e i A S A A A A A s

Memory

3
1

Set Number

Cache
Fully
Associative
block 12 anywhere

can be placed

01234567

(]

Direct
Mapped

(2-way) Set
Associative

only into
block 4
(12 mod 8)

anywhere in
set O
(12 mod 4)



Cache Mapping / Block Placement

¢ Direct mapped

¢ Block can be placed in only one location
¢ (Block Number) Modulo (Number of blocks in cache)
s Set associative

¢ Block can be placed in one among a list of locations
¢ (Block Number) Modulo (Number of sets)

¢ Fully associative

¢ Block can be placed anywhere



Direct-Mapped Cache

% Simplest kind of cache, easy to build
 Only 1 tag compare required per access

*» Characterized by exactly one line per set.

set O: i Va|ld - r'tag N cacﬁe b|OCk 1 } E=1 lines per set
set 1:|Lvalid taqg cache block
set S-1-|Lvalid tag cache block

Cache size: C =B x S data bytes



Accessing Direct-Mapped Caches

*» Set selection is done by the set index bits

t bits S bits b bits
00001
m-1 tag set index block offset O
set 0:| lvalid tag cache block
set 1:| lvalid tag cache block |

set S-1:| Ivalid tag cache block




Accessing Direct-Mapped Caches

¢ Block matching: Find a valid block in the selected set with a
matching tag

+» Word selection: Then extract the word

=1? (1) The valid bit must be set

ur 0 1 2 3 4 5 6 V4
selected set (i): I—_—I | 0110 | by | by| b, | b,

(2) The tag bits in the | 'f(1) and (2), then cache hitT If cache hit,
cache line must — 9 block offset
match the tag bits < bits b bits selects starting
In the addreSQr—E‘%t:Qk i o0 byte.

m-1

tag setindex block offset °



Block Identification — Direct mapped

Block
Offset

. e

t B "5
Vi Tag Data Block

g b R b bt b | lines

HIT— —

Data Word or Byte



Direct Mapped Cache

Eg: 1KB direct mapped cache with 32 B cache line

P
<«

»
»

31 Block address g 4 0
Cache Tag | Cache Index | Byte Select
Example: 0x50 Ex: 0x01 Ex: 0x00
Stored as part of the cache “state” |

Valid Bit Cache Tag Cache Data

0 Byte 31 " Byte 1 Byt¥0 |0

1 0x50 M Byte63 | " |Byte33 |Byte32 |1 +—

2 2

3 3

31 Byte 1023 _ Byte 992 131




Set Associative Cache

*» Characterized by more than one line per set

valid tag cache block _

set O: : E=2
valid taq cache block .

lines per set
. ‘[validl [ tag | | _ cacheblock |

set 1. valid taq cache block

valid taq cache block
set S-1: -

valid taq cache block

2-way associative cache



Accessing Set Associative Caches

s Set selection is identical to direct-mapped cache

t bits S bits b bits
0001
m-1  tag setindex  block offset ©

| [valid] [_tag —_cache block _

set 0 valid tag cache block

_ valid tag cache block

setl: valid tag cache block

valid tag cache block

set S-1: valid taq cache block




Accessing Set Associative Caches

*» Block matching is done by comparing the tag in each valid line in the
selected set.

' Y

0 1

2

3

=17 (1) The valid bit must be set

6

7

e

e ( 1001 L

I be=g=sr=y

selected set (i):

[z 1 [JoLwo

b, |

= I

(2) The tag bits in one of
the cache lines must

v v

=7
match the tag bits in the)[

address r

~

t bits

If (1) and (2), then cache hit

S bits

b bits

m-1

0110

100

tag

set index block offset ©




Accessing Set Associative Caches

*» Word selection is done same as direct mapped cache but chosen only
on the line has produced a hit.

=17 (1) The valid bit must be set

i 0 1 2 3 4 5 6 7
selected set (I): | [1 ] [Joio | b, b b, b,

(2) The tag bits in one of

the cache lines must | (3) If cache hit,

. =7? block offset
match the tag bits in JZ _
the address p N p \ selects starting

t bits S bits b bits byte.

0710 j 100 |
M1 tag setindex block offset °




Block Identification — Set Associative

Ta Index Block |—x<
I g Offset] b

V| Tag |Data Block V Tag Data Block

—to 9 FHOSERR i Rt 3
At
i !
e ( _ Data
Word
_Y or Byte
L
HIT




Set Associative Cache

<+ 2-way set associative: 2 direct mapped caches in parallel

+*Cache Index selects a set from the cache

**The two tags in the set are compared to the input in parallel

ssData is selected based on the tag result

Vzﬂ d Cache Tag

Cache Index

Cache Data

Cache Data

Cache Tag Valid

Cache Block Cache Block J

S Ny Adr Tag |
i j‘ >\SG|11 Mux 0 Se'9/—<:‘_




Block Identification — Fully Associative

V| Tag Data Block

HIT

ffset

Data
—— _ |:|_> Word
or Byte

Block
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Cache Indexing

t bits S bits b bits
00001
m-1 tag set index Dblock offsetO

s Decoders are used for indexing
** Indexing time depends on decoder size (' S: 29)

* Smaller number of sets, less indexing time.



Why Use Middle Bits as Index?

4-line Cache

00 High-Order Bit Indexing
01 0000
10 0001
11 0010
. . : 0011
High-Order Bit Indexing %%8(1)
< Adjacent memory lines ET
would map to same 1000
1001
cache entry 1610
- 1011
X Poor use of spatial 7100
locality 1101
1110
1111




Why Use Middle Bits as Index?

4-line Cache

00
01
10
11

Middle-Order Bit Indexing

s Consecutive memory
lines map to different
cache lines

*»Better use of spacial
locality without
replacement

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

High-Order
Bit Indexing

0000

Middle-Order
Bit Indexing

0001

0010

0011

0100

0101

0110

0111

1000

1001

1010

1011

1100

1101

1110

1111
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