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Processor Memory Performance Gap

= Processor vs Memory Performance
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1980: no cache in microprocessor;
1995 2-level cache



Relationship of Caches and Pipeline
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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

weMultiple levels,of memorywith different. speeds and Sizes) |1 cuwahat

*» 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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Size: 1000 bytes 64 KB 256 KB 2—4 MB 4-16 GB
Speed: 300 ps 1ns 3—10 ns 10—-20ns 50—-100 ns
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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
vpofitheinaddress spaceat@mnyinstant ofdtime pr. Jonn Jose, IIT Guwahat

* 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

s 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

0

¢ Miss : An access where the data requested by the processor IS_not
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s Hit Time : Time to access the cache memory block and return the data
to the processor.

s 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 transter unit +The tiny, very fast CPU
between the CPU register file has room for four 4-
register file and the I byte words
cache is a 4-byte word :

line O
NPTEL Online Course : ndvahng Hhemmemdl . i The small fast .1 cache has;
*+The transfer unit room for two 4-word blocks

between the cache and
block 10 abcd

main memory is a 4- < The big slow main memory
word block (16B) block 21 Bals has room for many 4-word
blocks

block 30WXY Z



General Organization of a Cache
t tag bits B = 2 bytes

#Cache is an array of 1 valid bit

sets per line perline  per cache block
. \ I 1
“*Each set contains [ valid|| tag O[1 e B-1 E i
. L) |neS
one or more lines set 0: :
_ ‘| Lvalid||{ tag O[1 [eeeB-1
*t:JEa(éh Ilnel_ hofldds a 1 = : I r_per ?ett
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bloc Ofkdr'lail:la‘fl JUT M C ‘—Tvallc J tag 0 1 hr =1 | L |
S = 2° sets < set 11 valid][ tag O[1[eeeB-1
valid|| tag O[1 [eeeB-1
et > [valid)[tag J[0[11---B-1

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



Addressing Caches

CPU wants > Address A: t bits — S bits | b bits |
-1 AN )\ 0
15 s <t£g> <set index><block offset>
setO: | (V] [tag J[0[I[+-- B
| [v ] | tagllOIlllu-IB—l': — —
< e e saareca A o e e
e T the tag b.its in one of the <valid> lines in
setS-1] 1 e eI ——51 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: __tPtS____ shits  Dbbits
-1 v J \ v J v 9
t O[1]--°[B-1 :
| Cea JoTL T B <tag> <set jndex><block offset>
setO: | V] [tag J[0[Z--- BT
thPTE'LlVlI'l tagllOIil‘LlB;l" F ' —
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|_9_| tag 11011 B ] <« Locate the set based on <set index>
—— — +» Locate the line in the set based on
V q [ I B ] J—
] L) <ta >
setS-1 V] [tag J[O[1[.--B-1 | |, X

L X4

L)

4

o0

L)

Check that the line is valid
Locate the data in the line based on
<block offset>



Index and Offset Calculations

A cache has 512 KB capacity, 4B word, 64B block size and 8-way set
associative. The system is using 32 bit address. Given the address
0X ABC89984, which set of cache will be searched and specify which
word of the selected cache block will be forwarded if it is a hit in
cache?

VHSELS S CSIBSKA) L 219/(26%23) < P10 102 SRt OV
1 word = 4B , Hence 64 byte block has 16 words

Tag = 16 Index =10 Offset=6 (4+2)

Ox ABC89984 = 1001 1001 1000 0100 - Set 614, word 1

Ox 485669AC = 0110 1001 1010 1100 - Set 422, word 11



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?
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** Which block should be replaced on a miss?

— Block Replacement
* What happens on a write?

— Write Strategy



Block Placement

222222222233
Block Number 0123455789(1}1%é}4éf13%éé 012345678901
Memory ‘
: her . o . 2 3 01234567, _
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Cache
Fully (2-way) Set Direct
Associative Associative Mapped
block 12 anywhere anywhere in only into

can be placed

set O

(12 mod 4)

block 4
(12 mod 8)



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
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< 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.

NPTEL 6. TR T 18g 1T Cache Blogk ~ ] }~'E=1findh per'ast’
set 1:|Lvalid tag cache block
set S-1-|Lvalid taqg 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
NPTEL Online Course : Advanced Computer Architecture : Dr. John Jose, |IT Guwahat
set 0:| lvalid tag cache block
set 1:| valid tag cache block |
set S-1:| lvalid 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

a

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

NPTEL Pnlip 0 Coursel-Advanced Compufhr Ar L4lohnSio: Sywabat
selected set (i) [1] [o110 | by [ b, | b, [ b,

(2) The tag bits in the If (1) and (2), then cache hitT If cache hit,
cache line must : 2 block offset
match the tag bits _ _ selects starting
in the address.—RUS, S bits b bits byte.

0110 | 100 |
m-1

tag

setindex block offset ©



Block Identification — Direct mapped

Block
Offset

\
N

Vy Tag Data Block
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lines

HIT= I Data Word or Byte



Set Associative Cache

% Characterized by more than one line per set

valid tag cache block _
set O: . E=2
valid tag cache block .
lines per set
NEPTEL Onlim ATNT Ty 4 Va (VI=TaTal=Ta M S aTy  TgTHI 7= = = 2 " [IF e, |[IT Guwahat
kli“ - valid tag F cache block e
set 1. valid taq cache block
valid tag 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 ©
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set0: valid tag cache block
1 valid tag cache block
set L. 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.

=17 (1) The valid bit must be set
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(2) The tag bits in one of
the cache lines must

\ 4 \ 4

=7
match the tag bits in thelZ

address r

N\

t bits

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

S bits

b

bits

m-1

0110

1

-

tag

setindex 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

11 0 1 2 3 4 5 6 7
NPT r1||| = SJ Jrae s vIL; QO et Acbbitobt g e T
selec e et (i 1 0110 by 1 b, ] b, | b.
2) Thetag bits in one of :
) J _ o (3) If cache hit,
the cache lines must _

o =? block offset
match the tag bits in _
‘he address p N - \ selects starting

t bits S bits b bits byte.
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Block Identification — Set Associative
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Block Identification — Fully Associative

V| Tag Data Block
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Cache Indexing

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

¢ Decoders are used for indexing
NPI&H@@@}@@{[@Q @@@nggw:@@@@d@wgqﬁge(:g-'.zii)h“ Jose, IIT Guwahat

* Smaller number of sets, less indexing time.



Why Use Middle Bits as Index?

4-line Cache

00
01
10
11

High-Order Bit Indexing
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*+ Adjacent memory lines
would map to same
cache entry

s Poor use of spatial
locality

High-Order Bit Indexing

0000
0001
0010
0011
0100

0110
0111
1000
1001
1010
1011
1100
1101
1110
1111
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Why Use Middle Bits as Index?

4-line Cache

00
01
10
11

Middle-Order Bit Indexing
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s Consecutive memory
lines map to different
cache lines

*»Better use of spacial
locality without
replacement

Bit Indexing

0110
0111
1000

High-Order
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