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Relevant Course Information

+» HW15 due TONIGHT, Monday (11/04) @ 11:59 pm
+» HW16 due Wednesday (11/06) @ 11:59 pm

+» Lab 3 due Mon 11/11

" Encouraged to aim for Fri 11/08, actual deadline Mon 11/11
" You have everything you need to do the lab as of 10/28
= |ast part of HW15 is useful for Lab 3

% Mid-quarter Survey due Saturday (11/09)
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Memory Hierarchies (Review)

+» Some fundamental and enduring properties of
hardware and software systems:

" Faster storage technologies almost always cost more per
byte and have lower capacity

" The gaps between memory technology speeds are widening
- True for: registers <> cache, cache <> DRAM, DRAM < disk, etc.
= Well-written programs tend to exhibit good locality

+» These properties complement each other beautifully
" They suggest an approach for organizing memory and
storage systems known as a memory hierarchy

- For each level x, the faster, smaller device at level x serves as a cache
for the larger, slower device at level x+1
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An Example Memory Hierarchy (1)

A
B
\(ad\e GF
CPU registers hold words retrieved from L1 cache
» on-chip L1
Sma"er, cache (SRAM) L1 cachp holds cache lines retrieved from L2 cache
faster,
costlier .
byt off-chip L2
er e
P y cache (SRAM) LY cache holds cache lines retrieved
from main memory
Larger, L\«C main memory
(e (DRAM) Main memory holds disk blocks
slower, . )
retrieved from local disks
cheaper
per byte local secondary storage _ _
| | disk Local disks hold files
( ocal ais S) retrieved from disks on
remote network servers
remote seconda ry storage
(distributed file systems, web servers)
v
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An Example Memory Hierarchy

<1

1ns

_cache (SRAM)

sdd

5rbx )

FZ )Z ré\><)

Zax

on-chip L1

‘/

costlier

per byte 5-10 ns off-chip L2 1-2 min
cache (SRA
cache (SRAM).
Larger, 100 ns ain memory 15-30 min
slower, RAM
cheaper
erbvte 00N ssp 31 days
per by local secondary storage
10,000,000 ns Disk (local disks)
(10 ms)
1-150 ms remote secondary storage
(distributed file systems, web servers)

1-15years
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Registers vs. Memory

A
explicitly program-controlled
- - P y prog ) :
registers (e.g. refer to exactly %rax, %rbx)
on-chip L1
?mt‘“‘"er' EEB (L) program sees “memory”;
aster, .
costlier hardware manages caching
off-chip L2 t
ransparentl
per byte cache (SRAM) P y
Larger, main memory
slower, (DRAM)
cheaper
per byte local secondary storage
(local disks)
remote seconda ry storage
(distributed file systems, web servers)
\ 4
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Intel Core i7 Cache Hierarchy

L3 unified cache:
8 MiB, 16-way,
Access: 30-40 cycles

/

L3 unified cache
(shared by all cores)

Processor package

FCoreO ________________________________ m ______________ Block size:

Regs Regs Wall caches
I:g-cache and d-cache:
e ] u 1 | u ’ 32KiB, 8-way,
d-cache| |i-cache . /d/—cache ;cache Access: 4 cycles |
L2 unified cache:

L2 unified cache L;ynified cache 256 KiB, 8-way,
Access: 11 cycles

Main memory
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Making memory accesses fast!

*

Cache basics

Principle of locality

Memory hierarchies

Cache organization

" Direct-mapped (sets; index + tag)
= Associativity (wayg

= Replacement policy

* Handling writes

Program optimizations that consider caches

CSE351, Autumn 2024
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Reading Review

+» Terminology:
" Memory hierarchy
" Cache parameters: block size (Q, cache size (C)
= Addresses: block offset field (k bits wide)
" Cache organization: direct-mapped cache, index field
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Review Questions

+ We have a direct-mapped cache with the following
parameters:

= Block size of 8 bytes K - 2% B

= Cache size of 4 KiB = 5
/(22° C/ 17_.
+ How many blocks can the cache hold? C/K / 'Z Z,{fs

—

« How many bits wide is the biock offset field? )oozl/\ = 3 bhs

-—§'

+» Which of the following addresses would fall under

block number 37
L 3/8,= sn /z 808, = S5C/3,=F

A. C. 0X30 D. Ox38
Ob. vOO o1 OHHI ob - 00 0ob.-.61l000

bhde o \O\W 2 Mok ¢

10
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BIOCk Size (1) [ Note: The textbook ]

uses “B” for block size

. . T
+|Block Size (K): unit of transfer between $ and Mem

= Given in bytes and always a power of 2 (e.g., 64 B)
= Blocks consist of adjacent bytes (differ in address by 1)

- Spatial locality! _
g[obL( Si2ze
" Small example (K. = 4 B):
Block O Block 1 Block 3
Ox0O Ox2 Ox4 Ox6 Ox8 OxA OxC OxE
start of Mem — //7 <« end of Mem
_— ox1  ox3ll oxs  ex7| oxo9  oxAl exp  oxr —

Mores< Spee = ) 6 bb)\ies

11
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Note: The textbook
uses “B” for block size

Block Size (2)

+ Block Size (K): unit of transfer between $ and Mem
= Given in bytes and always a power of 2 (e.g., 64 B)

= Blocks consist of adjacent bytes (differ in address by 1)
- Spatial locality!

Lab la: u‘%L;mSGmeBlmk . éﬁ E‘]J'C B Oc’t
> - _ 4[ “Black o ; 6 b =
= o 2 e,

L 0L 0O, .. 00| DO
E,S: OL O... OOl 11\ o (,}QH 123
Mem: 7 Z
64: OpO ... O\ oo 030 . VA T .
(23 OLO._O‘ (L1 I\ Mkl

. —_
\olock \b(’oCk
Ao e ™ Q’(;Fsc’('

which Hack T 7 N here i WockT

12
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BIOCk Size (3) [ Note: The textbook ]

uses “b” for offset bits

+ Block Size (K): unit of transfer between $ and Mem
= Given in bytes and always a power of 2 (e.g., 64 B)

= Blocks consist of adjacent bytes (differ in address by 1)
- Spatial locality!

« Offset field

" Low-order log,(K) = k bits of address tell you which byte
within a block

- (address) mod 2™ = n lowest bits of address Roto many F\JB do L
. V\EC()L “'D Sreu%’ ’QWY
" (address) modulo (# of bytes in a block) bde T o blok?

m — k bits ¢ bits
(/7 m-éit address: Block Number Block Offset
o byte in memory)

13
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. Note: The textbook
BIOCk Size (4) [ uses “b” for offset bits ]

+ Block Size (K): unit of transfer between $ and Mem
= Given in bytes and always a power of 2 (e.g., 64 B)
= Blocks consist of adjacent bytes (differ in address by 1)

- Spatial locality!
+» Example:

m
" |f we have 6-bit addresses and block size K =4 B, which
block and byte does ©x 15 refer to?

—

1 = ;
Ox o (}\4/15
address.' ()b Q __l_ Ej&l ;
)Ol oClc NW M O‘F‘fse“' })(UC\'\ hU\W‘LeY S § ’ ]%///l |
(wlue B AW 1) O’F'fjd' : 00 O\ 10 ||

o sek itk = j,%(K): Dy, (4) = 2 s

14
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Cache Size

+ Cache Size (C): amount of data the $ can store

= Cache can only hold so much data (subset of next level)

= Given in bytes (C) or number of blocks (C /K)
= Example: C = 32 KiB = 512 blocks if using 64 B blocks

2> 1°2"8 52 = 2" Yods
+» Where should data go in the cache?

*" We need a mapping from memory addresses to specific
locations in the cache to make checking the cache for an
address fast

{. What is a data structure that provides fast Iookup?/)
Hash table!

15
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Hash Tables for Fast Lookup

M dd
Insert:

( 5
Bode |33

BT

\ 119

32

Apply hash functiorto map data
to “buckets”

0

1

2 _loZ
3

4

s[5
0
Tzt
8

9

19

Tabl
Si240

16
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Co )\Q_S(uﬁ & 8yhs K =Blocle Sre = 427%'5’

[

AresSes sre. b bA<

—

Place Data in Cache by ashmg Addref

X N
c,MOe‘mlooryH Cache ocle 3 B ociy of e
‘Block Num :§Iock Data_ Index Block Data

Lo ~00 Lo ]
OO 1 1 1 1 1 1 Here K =4 B
oogo] [ v 1 1 ///Zfi;:\ o —and C/K =4
oquif { , 4 e= I _

SJ 0100 o1 oHset: 00 OL 10 11
0101 o .

| o110 s/ Map to cache index from block

N L1

| o [ number S5=C/K

i 1000 L L L .

2| o0 [Ty = Use next[lo/gz(C/K) = s bits|

- 1812 — = (block number) mod (# blocks in

] ] ]
1100 o1 cache)
1101 L Hou Mary bis do T
1110 | | | need To 5990-(/ every/
1111 T B set/mdex In LY (ache 7
17
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Place Data in Cache by Hashing Address

Memory Cache
Block Num Block Data Index Block Data _
(oopo |, 00 [
00pL I 01 I | HereK=4B
00LO 1 10 T 1 1 andC/K =4
(0Ol . S _
[/, 0100 o1
0101 ol :
o110 [ Map to cache index from block
0111 11 1 number
1000 Lo . o
1001 | 1 1 " Allows adjacent blocks to fit in
o0 t I ! cache simultaneously!
1011 L . . .
1100 T - Consecutive blocks go in consecutive
1101 I 1 1 cache indices
1110 L1
1111 T

18
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Polling Question

K3 Wé-bit addresses, block size K = 4 B, and our cache
holds S = 4 blocks.= C/K | s= fag,(4)= 2 bits
+ A request for address Ox2A results in a cache miss.

Which index does this block get loaded into and
which 3 other addresses are loaded along with it?

= \/ote on Ed Lessons

o« 2., A
address: Ob 1N Qﬁ—% ( Thndex 2 (OL;IO;(

;h(}\ex
Qalme 2) Cualue 2)
B A VR NI
coche: ° l:OXU\B
Ot lag o0 an 28 . -

——)lo ¥\/|\, 27] V
[ |

S—

19
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Place Data in Cache by Hashing Address

Block Num Block Data

|
2
3
4
5
o
7
&
7
[0

0000
0001
0010
0011
0100
0101
ool
0111
1000
1001
o
1011
1100
1101
1110
1111

Memory

Index

»00

01

Cache
Block Data

-

_HereK=4B
and C/K =4

Collision!

= Solution?

" This might confuse the cache later
when we access the data

20
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Tags Differentiate Blocks in Same Index

Memory Cache
Block Num Block Data Index | Tag Block Data _
o000 [ | | | »00 |[ 00 T
0001 111 01 111 _HereK=4B
oot y I I 1 10 01l) I andC/K =4
0011 L 7
0100 B o
pESN v/ Tag = res ofaddress bits
d' L 1| &= o}d Gt
0111 T - bltS—Sﬁf’
1000 [T T 22
1001 [ 1 1 m Check this durmgacache lookup
o0 [ T T
1011 L
1100 o1
1101 o
1110 '
1111 T

21
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Checking for a Requested Address

« CPU sends address request for chunk of data

= Address and requested data are not the same thing!
- Analogy: your friend # their phone number

« Tl1O address breakdown:
m-bit address:ﬁ Tag (1) Index (s) A Offset (k)

L= /)

Y 7
Block Nud}ber

@ " Index field tells you where to look in cache
@

2) = field lets you check that data is the block you want
(D = Offset field selects specified start byte within block

" Note: ¢ and s sizes will change based on hash function

22
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Cache Puzzle

+ Based on the following behavior, which of the
following block sizes is NOT possible for our cache?

" Cache starts empty, also known as a cold cache _
L hit: block o dalx o\readyin
" Access (addr: hit/miss) stream: =\ 44 a0 $ ulls. bodk colinies A
+ (14: miss), (15: hit), (16: miss) From Mem
L—?@ ((, s In @ A'l‘(‘(\erer\‘\’ Lloc,k

[Not in Ed|Lessons] 4 $15 are inthe same block

A )] (,\,\\\5 bl sk Q,Vda]g H isto $ /
byfeadde: 0 ( 22345 6F 8T Lk 3141516
. — [ TTT1 (1))
o sowes e
C. 16bytes |~ == o Tl
=0: \ ocl= _/
[D. 3Zbytes| k=K B
—_ . Y\/
<=2 block

E. We're lost... [Ko-18, K. =8|

23
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Summary: Direct-Mapped Cache

Memory Cache
Block Num Block Data Index|\ Tag Block Data _
oojoof | | , | »00 \[o0 T
00]01 111 01 11 11 Here K=48B
00|10 1l 10 | o1 o —andC/K =4
oofry | 4 4 11 fo1 Tl
01(00] | I I
01/01 L :
0110 Hash function: (block number)
| | |
S o [ L mod (# of blocks in cache)
1ofoof [ T T 1
olod] [ 1 1 i = Each memory address maps to
e [ . exactly one index in the cache
10|11
oo T = Fast (and simpler) to find a block
11{01 -
11|10 Lo
11|11 11 1

24
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Direct-Mapped Cache Problem o

2: 0b 00110 00
Memory Cache 24 Ob O( [Q 00
tog index| offcet

Block Num Block Data Index Tag Block Data
00 OOI QITlTZ2T73] 00 2o : : : —
00/01 i|5|z|? 01 27 111 _HereK=4B
oofiol | ¥ 1L el 10 I and C/K =4
ool1y |, | | 11 |22 L.
orfoof |1 1 1
orfox| [*F T ! :
o1frol === +» What happens if we access the
oy f v 1 fqllowm gresses?
10/00| L iss  Miss I'\.
10[01 I = 38, 24,8, 24, 8, ...7
(| I . . s
181? —t—1 = Conflictin cache (misses!)
| | |
11{ool | 1 1 i = Rest of cache goes unused
11(01 N _
ol [ 1 + Solution?
1jaaf [ 0

25
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