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Relevant Course Information

» hw15 due Friday (5/06)
+» Mid-quarter Survey due Saturday (5/07)

+» hw16 due Monday (5/09)
+» Lab 3 due Wednesday (5/11)

" You will have everything you need for this now!

= Some discussion in section this week

= Last part of hwl5 (due Fri 5/06) is useful for Lab 3
+» hw17 due next Friday (5/13)

" Don’t wait too long, this is a BIG hw

CSE351, Spring 2022



WA UNIVERSITY of WASHINGTON L18: Caches Ill CSE351, Spring 2022

Making memory accesses fast!

» Cache basics
+ Principle of locality
+» Memory hierarchies

+» Cache organization
= Direct-mapped (sets; index + tag)
= Associativity (ways)
= Replacement policy
®" Handling writes

+» Program optimizations that consider caches
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Reading Review

+» Terminology:
= Associativity: sets, fully-associative cache
= Replacement policies: least recently used (LRU)
" Cache line: cache block + management bits (valid, tag)
" Cache misses: compulsory, conflict, capacity
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O bt addesses
Review: Direct-Mapped Cache

____ 9‘_'
Memory \ _—_~ B é—ache

Block Num Block Data “l’(ﬂt{ b Index Tag Block Data
O oofod PP T o0 [oo] [T 1T 11~
00[01 11 01 11 11| Here K =4 B
oofzo [ T T 1 10 [o1 1 ~andC/K =4
00|11 L1 11 o1 L1 |
01{00| [ I @ o) 1o (|
01{o1 L :
— Hash function: (block number)
ojin £ v 1 mod (# of blocks in cache)
1oloo [ T T 1
0lol [y 1 = Each memory address maps to
oo | T exactly one index in the cache
10[11 Lo
Llod T = Fast (and simpler) to find a block
11{01 L
11|10f N
19 11[11 T
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. oL 001 0|00
Direct-Mapped Cache Problem grok 2L l
— ZLI oL O 1! 0 00
M Cach s |l
emory ache o ofsct
Block Num Block Data Index Tag Block Data
oofoo] [CTTT=T=] 00 [=2° T T
Mk 00/01 1o o "/ 01 ?7? o1 | Here K =48B
X‘_ag_gi%p"@lole S < ‘1‘2 Cz.l, CAIT 2 and C/K =4
01/00] “: : : — 00|0|| wlu -
o1joqf [*==F T 1 :
“g"f,/_) o PR +» What happens if we access the
ol1y [ v 1 following addresses?
1o0/000 | | | | Miss MisSMiae MisSMisS
10|01 T = §,24,8,24,8,..7
18 i‘;‘ o = Conflict in cache (misses!)
[ T
11{oo | 1 1 i = Rest of cache goes unused
1oy f F 0 :
1o [ » Solution?
11|11 I I
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Associativity

+» What if we could store data in any place in the cache?

= More complicated hardware = more power consumed, slower

+ So we combine the two ideas:
= Each address maps to exactly one set
= Each set can store block in more than one way

1-way: @ 8-way:
ets,

8 sets, 4 sets, 1 set,
1 block each 2 blocks each 4 blocks each 8 blocks
0 Set Set Set
1 Y st [ S—— I P—
2 1 O ............................................................................................
3 | 0 b
4 2 WtV Gl b e
> 1
6 3
7
< direct-mapped ) fully associative
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Note: The textbook
uses “b” for offset bits

Cache Organization (3)

+ Associativity (E'): # of ways for each set
" Such a cache is called an “E-way set associative cache”

= We now index into cache sets, of which thereare S = C/K/E
" Use lowestlog,(C/K/E) = s bits of block address

- Direct-mapped: E =1,so0s =log,(C/K) as we saw previously

- Fully associative: E = C/K, so s =0 bits

R [ode I
Used for tag compari Selects the set | Selects the byte from block

m bbb T T T
tfotal Tag (1) Index (s) d Offset (k)

==

: . — Increasing ass«i ciativity
Decreasing associativity «—

| Fully associative

Direct mapped | (only one set)
(only one way)
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block size: 16B

Example Placement capacity: 8 blocks

address: 16 bits

= Where would data from address 0x1833 be placed?
" Binary: Ob 0001 1000 0011 0011

=, N
\f—e-.; off ser
=m-s-k s=log,(C/K/E) k=log,(K)
m-bit address: Tag (1) Index (s) Offset (k)
s=7 s=7 s=7
Direct-mapped 2-way set associative 4-way set associative
Set Data Set Data Set Data
(ooo) 0 5
(ool) 1 (000 ()0
(. “010) 2 oN1 >
> OW) 3 V4 -
() 4 VA
Co) 5 Uo%2 Gy 11 v4
(o) 6 & J \ V4
Gn) 7 V3 v VA
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Block Placement and Replacement

« Any empty block in the correct set may be used to store block
= Valid bit for each cache block indicates if data is valid (1) or garbage (0)

+ If there are no empty blocks, which one should we replace?

= No choice for direct-mapped caches

= Caches typically use something close to least recently used (LRU)
(hardware usually implements “not most recently used”)

Direct-mapped 2-way set associative 4-way set associative
Set V Data Set V Data Set V Data
0 0
1
0
2 1
3
4 2
5
1
6 3
7

10
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Polling Questions
ﬂc:z“g 1
+» We have a cache of size 2 KiB with block size of 128 B.

If our cache has 2 sets, what is its associativity?

ache holds C/K= =7 = o
= \/ote in Ed Lessons Cache hods 27729"=16 Llocks

A wlocka

A.
B. 4 ¢et O S= C/k/E

CaCL c’\' Lwox E - (C/k)/S
c. 8] LI rs - l6/2~ 8
D. 16 f e size

SeA' 1. (
E. We're lost... 8
m=16 <~ )
+ If addresses are 16 bits wide, how wide is the Tag

field? k= }o-%ZCK) + b, s- 103((5) 1o, €=m-s-k= m

11
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&80 ol \l‘f\\/
General Cache Organization (S, E, K)
5@\‘5 block
size
E = blocks (or lines) per set
r A N\ @
(4) cache \Qr ___ q\/
00 2
T~ D(block plus
coe management bits)
S sets < coe le&
=S 0 \o\od( (3\6\'0‘)
: : : Q) l'me
° ° ° @ $€+
oo @ Qa(,‘r\e
\.
, “mongaement bits” O Bleck
Cache size: /\A_/\ (((a\‘\k‘w\s L)/"'eS)
C =K X E XS data bytes - — -1, .‘:. —
(doesn’t include V or Tag) —\L i
7

N —
valid bit Y
K = bytes per block 1
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WA UNIVERSITY of WASHINGTON

Notation Review

+» We just introduced a lot of new variable names!

= Please be mindful of block size notation when you look at
past exam questions or are watching videos

T T T

Block size K (B in book)
Cache size C
M=2"om=log, M
Associativity E S=25os=1log,S
Number of Sets S K=2"eolk=Ilog, K
Address space M
C=KXEXS
Address width m s =log,(C/K/E)
Tag field width m=:i+s+k
Index field width S

Offset field width % (b in book)

13



WA UNIVERSITY of WASHINGTON

L18: Caches llI

CSE351, Spring 2022

Example Cache Parameters Problem

Z’D 871'45 (— 10 bits

Rodess «> 10 Lds wde

2 ﬂ(ﬁ address space, 125 cycles to go to memory.

Fill in the following table:

C
K
£
RT
MR
£ = m-s- l<
< Lo (CA/E)

k = flo%LOO

AMATS HT +MR P

2o bk
2
Cache Size 648 —}-2° Pyde s
Block Size 8B 2° Bydes
Associativity (@-waz )

Hit Time é*tyt‘@s 6 2§ 3
Miss Rate 20% | g‘

TagBits [(0°37- 5 B comm—
Index Bits 2 B Al
Offset Bits 3

AMAT 340.2(ng)= )8 C‘ojk
cyees

14
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Cache Read C4) tocate set >

2) Check if any line in set
is valid and has

E = blocks/lines per set matching tag: hit
- A ~ 3) Locate data starting
r at offset
[ 3 I J
Address of byte in memory:
eee &bits | s bits | k bits
S=# SEtS< eeoo
e I
=2 index Joffset
o000
[ 3 I J
\.
data begins at this offset
Vv Tag OJ1]2] seece- K-1
] ) N— 7
valid bit M

K = bytes per block .
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Example: Direct-Mapped Cache (E =1)

Direct-mapped: One line per set

Block Size K =8B =
&R ix blo & B IDW
4 Address of int:
Vv Tag ol1l2]3]4]|5]l6]7 et O :
 bits 0..01 | 100
Vv T ol1]213]4|s5]6]7 A \
2 find set
5=2% sets <
Vv Tag ol1l2]3]4]ls5]l6]|7 et 2
[ 2 I )
Y, Tag ol1]213]4a]|s5]l6]7|lsed S-L
\.

16
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Example: Direct-Mapped Cache (E =1)

Direct-mapped: One line per set
Block Size K =8 B
oyl

Address of int:
 bits 0..01 | 100

valid? + match?: yes = hit

NG = .

\ Tag Oj1]21]3

block offset

17
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Example: Direct-Mapped Cache (E =1)

Direct-mapped: One line per set
Block Size K =8 B

mulligle long”
of 4 Address of 'yr(t:
id? + ?: = hi
valid match?: yes = hit / BRI 001 | 100
l 72 7 7 1
v o
v Tag of1f2]z]a]s]e|7 j}———r>
rultiple
A & block offset
int (4 B)is here . .
(48) This is why we
want alighment!
No match? Then old line gets evicted and replaced N0 Unnecesio vy et ra

(acL\e alCsse s G\CYOJ)

H ocle \counda\th
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Example: Set-Associative Cache (£ = 2)

2-way: Two lines per set

Block Size K =8 B Address of short int:

G bits 0..01 | 100

ey O vy |
V| | Tag | |of1]2]3f4af5]6]7 V Tag_01234567)sc¥o
Sﬁ"'l.'
V| [ 1ag | [ols]2f3]a]slelz]| ILv] [ tae | [olzf2]3]2]s5]6]7 find set
V] [[1ee | [o]al2laTalsTe 71| HVv] [[Tae ] [olal2]z]a]s]6]7]] < 2
oo
v| [Ltag | lo]al2]3la]slel7]| [Lv] Lme | [olal2]3]a]5]6]7

19
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Example: Set-Associative Cache (£ = 2)

2-way: Two lines per set

Block Size K =8 B Address ofshort' int:

& bits 0..01 | 100

compare both

valid? + | match: yes = hit

v| Lrag | [o]al2]3la]slel7z]| [Iv] [ mee | Lolal2]3]4]5]6]7

block offset

20
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Example: Set-Associative Cache (£ = 2)

2-way: Two lines per set

N/.\
Block Size K =8 B Address of short int:

& bits 0..01 | 100
compare both ~_
valid? + | match: yes = hit
v| [mee | lols]2f3lals]lelz]| ILv] [ e | [olaf2]3]2]5]6]7

block offset

short int (2 B)is here

No match?
* One line in set is selected for eviction and replacement
* Replacement policies: random, least recently used (LRU), ...

21
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Types of Cache Misses: 3 C’s!

% Compulsory (cold) miss

= Qccurs on first access to a block

+ Conflict miss
= Conflict misses occur when the cache is large enough, but multiple data
objects all map to the same slot

- e.g. referencing blocks 0, 8, 0, 8, ... could miss every time
= Direct-mapped caches have more conflict misses than
E-way set-associative (where E > 1)
« Capacity miss

" Occurs when the set of active cache blocks (the working set)
is larger than the cache (just won’t fit, even if cache was fully-
associative)

= Note: Fully-associative only has Compulsory and Capacity misses

22
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Example Code Analysis Problem

e

his,

» Assuming the cache starts cold (all blocks i

and j are stored |rLreg|sters calculate the r
Sk S=2 bits, k=75 ks

- m—12b|ts,C 256B K=32B,E=2

Va“i'!i!l

Ad sum, 1,

25 %

@ #define SIZE 8
e Upl r[SIZE] [SIZE], sum = 0; // @
4§ for (in = 0; i < SIZE; i++)
for (int 7. = 0; j < SIZE; J++)
sum += ar[i][]]>;
B} N ‘\'03 index o’(’fs et N
long § 0v (0} [0) 2Messy L 100 500D —
lock - l/\'/\—_-’ﬁ “’E(ﬂ%ﬂ —> 5 000 3880 ) 000 > H
block : —:\n_i_,_,l v COVTZ] > 0L 00 O | O | 000 — H
N H K H ar (O > 0k 1o 6|0 O 1000 — H
N% LBTU\’J > 0o 1000 O (O 000L—" An
H
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