s Programmers want unlimited amounts of memory with
low latency

= Fast memory technology is more expensive per bit than
slower memory

= Solution: organize memory system into a hierarchy

= Entire addressable memory space available in largest, slowest
memory

= |ncrementally smaller and faster memories, each containing a
subset of the memory below it, proceed in steps up toward the
processor

= Temporal and spatial locality insures that nearly all
references can be found in smaller memories

= Gives the allusion of a large, fast memory being presented to the
processor

L1 L2 L3
C C C § Memory
CPU = = = bus Memory VObus| Disk storage
? : ;
- 2 ¢ Disk
memo
Register Level 1 Level 2 Level 3 Memory rmmnge
reference Cache Cache Cache reference
reference  reference  reference
Size: 1000 bytes 64 KB 256 KB 2-4 MBE 4-16 GB 4-16TB
Speed: 300ps 1ns 3-10ns  10-20ns 50-100 ns 5-10 ms

(a) Memory hierarchy for server

= Aggregate peak bandwidth grows with # cores:

« Intel Core i7 can generate two references per core per clock
« Fourcoresand 3.2 GHz clock
= 25.6 billion 64-bit data references/second +

» 12.8 billion 128-bit instruction references 1 0k R—Fj/aﬂ(l(
= 40%3_(3@//3!,
- DRAM \bjndwidth is only 6%|of this (25 GB/s) B 3.2 ¢hg, 38
= Requires: ' +
= Multi-port, pipelined caches 1 wite @ B
= Two levels of cache per core —
» Shared third-level cache on chip X L/ Cares

Wekrics - Ava Access Tme = @\} ra}t)(ln\* ﬁm{) v (wis (AR)(MSS tfw\f)
Ava Powen = &((ac'hve )e\n‘ces)(ma Ajnml‘c ()owﬁ.r)



= WWhen a word is not found in the cache, a miss
OCCUTrs:

= Fetch word from lower level in hierarchy, requiring a
higher latency reference
= Lower level may be another cache or the main
memory
= Also fetch the other words contained within the block
= lakes advantage of spatial locality

= Place block into cache in any location within its set,
determined by address
= block address MOD number of sets

block eddress

/\/\/—’—\‘
AdRESS [ s | K
R ok bhok 28 /e
SG" 0>§(GSS) 9\5 55"3

AR=5
( W- l b i M Y ¥B-wnd “C'AJIIL U“k” o \ﬁ{nt”

s Miss rate
» Fraction of cache access that resultin a miss

s Causes of misses

" COlTlpUlSOl'y + Colnex(;\\(,\a + 00h+<b<+ S\p°\+0‘\ix\6
« Firstreference toa block

» Capacity
» Blocks discarded and later retrieved

= Conflict

» Program makes repeated references to multiple addresses
from different blocks that map to the same location in the

cache CMQW, J?,\M\Mes

= Note that speculative and multithreaded = mus whike oec &
processors may execute other instructions OJwM C) Lo /w,}”,gh'mg
during a miss
= Reduces performance impact of misses



We can hide latency if we can
1. Do more work than we do Reads and Writes

2. Re-use things by keeping them handy

LocJﬁL;l

Memory Reference Patterns

Sis the set of locations

accessed during AL “ﬂ
Working set: a h — SP Q.f’

slowly wrt
access time.

Working set skze, |5/

program

‘——'““> T _ﬁm/oard/(

AL ime

Exploiting the Memory Hierarchy

Approach 1(Cray, others): Expose Hierarchy

- Fegisters, Main Memory,

Disk each available as B MAIN
storage alternatives; i

* Tell programmers: “Use them cleverly” cPU

Approach 2: Hide Hierarchy

* Programming model: SINGLE Kind of memory, singlgladdress space

» Maching{AUTOMATICALLY assigns locations)to fast or slow

memory, depending on usage patterns.

(cPuf—{ =
X7 CACHE
’ "SWAF SFACE”

EO04 - Sormg 2009 4708 115~ Mamory Hemachy 12



Typical Memory Hierarchy:
Everything is a Cache for Something Else

Access time

Capacity Managed by

Tape

Registers | lcycle ~500B m L 3 ?
—_— ’
] X3 ) x 100
CPU LY ?
Chip Level 1 Cache | |-3cycles —64KB v
' xx 3 X IOO
Level 2 Gache |5 jgeycles 1-10MB \
| \"0 )xl/k Larézr 3%(3
Chips DRAM
P ~100cycles ~10GB 'rA )[\ ?
—_— xx lOs )xl,k — eQersle
Mechanical
Devices 106-107cycles T3 Clo (A.IA@?L .9

C. Kozyrakis

mroAnnL VAL

Processor

A

7

hit

R\ Miss
/
\

3
|
3
I

Dat

)

27

///é/f /47%%6 .
(/St'hj whet 90{

‘ \ Blocki(akaﬂi_@: unit of

- May be(multiple words

If accessed data is present in upper level

—’J—F@access satisfied by(upper level )
e Hit raﬁo:(ﬁits/accesses) HR

If accessed data is absent

—(@ block[copied]from lower level
. Timetaken: Noymises MR

is transferred . Miss ratio: Neccesses

=1-hit ratio HR = Mk /N«cerses
— Then data supplied to CPU from upper level

--- What size is appropriate?
--- Is flexibility important?



7/&1_]_‘ ﬁ/;rlc ;f R/W O}in v+ cache h’lf"lfwe

¢+ Needto deﬁnean{aig@_w@-\\ "i’-\% ‘ , /J( /\j:-/\
— Since some will be fast and some slow (h'+ ré t)(%.%%c) + /MKS re C)(WIISS 'b/mC)

Access time =|hit time + miss rate x miss penalty = (I_MKb —R(d' + MR(T;C(CS'J’ M .Th'fl'B

— The hope is that thwiII bnd thsince — Tt ((-me) 1\MR) * MR Tgecess

the miss penalty is so much larger than the hit time T
= Tyt +MR( Tdccess)
\-’v-—/

* Average Memory Access Time (AMAT) .
- Formula can be applied tq(any level of the hierarchy Tiss /QWMT

» Access time for that level
entire hierarchy

+ Average access time that thefprocessor sees|for a reference

— (an be generalized for the

Mﬂzf omgorTam v
Ovnill fccess Zf’m@}

How Processor Handles a Miss ﬂ(/v-(’/(l;}zé( srer. &l /Zem,@
and sl Mﬂ[/wbﬁéus.

* Assume that cache access occurs in 1 cycle

— great, and basic -
CPI penalty = miss rate x miss penalty CFe Ipenaﬂjrg (cwcles) = MR" """‘ﬂa lacd) CR(ﬁi‘ﬁ‘)
Al

talls the pipeline (for a instruction or data miss)
- @ he pipeline (you don’t have the data it needs)
Send the address)that missed to the memory

— Instruct main memory to(perform a read and wait Gemma_ﬁ%

— When access completes,(feturn the datalto the processor o rincgl Tﬂpel move L/Q
)

— | Restart the instruction '
COMPLETE Cop 4 region,

How To Build A Cache?]| 8. w/ distance et |

¢ Big question:(locating data)in the cache
— I need toallargeladdress spacelinto aénall memory

 Howdol do that?

!

Can build full associative lookup in hardware, but complex
— Need to find a(simple butfeﬂ’ective}solution
— Two common techniques:
«/(Direct)Ma ed
OR PP

e Furtheriquestions 7 4 © ]
. N UL . . Adl’\/ I;( ?
Blocke (crucial for spatial locality) 4 4 7L .
Replacement)policy (crucial for temporal locality) wAery wha

policy (writes are always more complex) wétn/[\/éﬂf P




Associativity: Parallel Lookup

Find “Bitdiddle, Ben” |

_E
‘ E E

40’ (J res 5
CQQ'CV;‘ QOWQX~ C\fel STﬂe 186 || Data
Lok o MAR _ s, v
&l\ "f SQW TI.VI\Q The extreme In assoclativity: m

paralle =7
T m could be
MAR \ Tag : ! located Inw
- TAG || Data
Sowe, pov'\' 20 °3c a»ress s_l'o'leé ‘*‘/ Ad& @ L/_[} @

Direct-Mapped Cache ;fem Lot /L(' A ‘Lt

(non-associzte) /aa,cl dng cmp\ry_ ‘

Find "Bitdiddle, Ben” NO Parallelism:
Look I(JUST ONE place.
dete ':-»r parameters of

Incoming request (address bits)

Spas

.. can use ordinary RAM as table
Need: Address Mapping Functlon! *
Maps Incoming BIG address to r' “D B iT W lT
small CACHE address... tells
ﬁuw:;ch slngle cache locatlon
Direct Mapped: Just use a subset __Find "Bitwit || FRDBLEM:
- o T Contentlon among B's.... each
e W vy TS 985
o y. competes for same cache
- line!
A slet l_ ook aj‘ = )
s ot + CANT cache both
— exX e 3 oneé. “Bitdiddle” & "Bitwit”
.. Suppose B's tend
to come at once?
I ——

\QETTER DEA: N (

_ FllebyLAST letter! )




Direct Mapped Cache

Low-cost extreme:

Single comparator K SM“"C"‘/ @J;(‘e;{ L"-(? M
Use ordinary (fast) static EAM for c4che tags & data: LS ﬂ(/J"@SS’ 4 M—Cl)e j{m 0
‘ 2T + D)=kt static y J
ké Incoming Address /'7/49( = e CM\ QX')
‘ V M Tag Data -~ .
| T I f, | k\l ] —— stele T L\JYS 4 e as 7‘2}
. _ DISADVANTAGE: —_—
Bi & end L T | K L JICR D Byfe- addvessible 4B woovds

‘ ) 7 4 COLLISIONS ]
T \m"s nmcm@ N address
€ 1‘&3 ! 00--2 aofs

\ 00.-
TUpper-address bits v l,\)orb¢ 00--% lo(; -9-1 wof>¢
£ ; D-bit data word 00._0 ||
QUESTION, whxnot)um(mGHwABr e

3t ferd
C > 000y vo L z
bits as Cach Data Out &)6\'31 % vyt
E004 - Sprng 2009 42i0E .

115 - Mamory Herarshy 60--01 01 [g (M(AJ
S P— S0 o]
.. : : 000113,
* Location in cache determined by (main) memory address 3
¢ Direct mapped: only one choice A [Fae
— (Block address) modulo (#Blocks in cache) —
small-end 3-bids of gddress = N dex 64 cache s (o’{”
Cach
gegsgder e #Blocks is a power of 2
cache y Use low-order address bits
I \
Y ///2 fﬂ /k'é’f‘- U’\ﬂ‘f/)(
// Y sp reads  colliions by 001090
meéemar TK MJ!.)( L'n'}:{
‘ / \ . L)
&l(ess & 00001 00101 01001 01101 10001 1010 11001 11101 .
b — “emorv = ‘_JK_. 3 Sm”eygé lgffj aré Q[/ ) 3Am€
| +1000 —|

—> same vndex
e How dowe know@parﬁcula is store@a@ﬁm??
- @tore block addressjas well as the data
— Actually, only|need|the| high-order bits 'Bljjmé EA’—‘
— Called the tag

e What if there is no data in a location|?

—( Valid bit:))1 = present, 0 = not present
— Initially O




E.G.

e 8-blocks,\1 word/block) direct mapped >
* (Initial state) START V!

— L)OOT} ,ﬂo'w?
Index \% Tag Data - W / ?
000 N ? > hal{ on SRAM
001 N ? ? 5
010 N 7 > Process sw4p
011 N ? ? — Sys'fem 4C7L,3,,,5 °
100 N ? ? '
101 N 2 ?
110 N ? ?
111 N ? ?
3-bis fo iwdex (gnore bifs fu byte offset into werd ) [ $2)
Lw ¥ 8( 52
MAR
Word addr Binary addr Hit/miss Cache block 10110 .ﬂ>2
(10(110 ) | wmiss 110 {,‘ ?RQ
Compulsory - - W(}(o( / h\l.XeB C4C ?6 .
Jik ciche
Index \% Tag Data//nn‘p S (< C?
000 N susTeuction
001 N d Can we avoid cold misses?
010 N B
011 N .
100 N o J IVALID —> MISS
101 N
Ql@ Y) |@o) Mem[10110] = (1234 | | mem 6'/'Cl\j Yt’nu,
= A V4 04d, rester |
Hit/miss | Cache block LW $3 ¢ (* )_f_)

26 | (i1lo1o (Mussﬁ 010 /
compulsary(Cold[Mis 11010 8%
[ ™

Index
000
001
“>(010)
011
100
101
110
111

Lkl ol
jodd cestect

11 Mem[11010] = |ABCD | |

Z|IK|1Z|Z2|2(<,Z2|Z2]|<

10 Mem[10110] = | Z 34§




M

Word addr Binary addr, Hit/miss Cache block
22 10 Hit 110 SW $5/ 0(‘4)
Hit = L(L‘I'%TO Cﬂ/ >0 5678 ‘ 11010 | §¥
7 . $5/R5 Ry
Index V Tag Data 2 as
000 N
001 N _ 5’677_
$( 010)  ¢Y) [11 (Mem[110103 m
011 N
100 N
101 N
110 Y 10 Mem[10110]
111 N
MAR sW $7 9($5)
Word addr Binary addr, Hit/miss Cache block
18 §1g0165 I Miss 010 [ABF ﬂ'? M#X
Replacement
wrd‘e hew 'I't; \/wM +
Index V Tag Data alliciny i Tlf\j "M/S‘hy.{ltcﬁ\
000 Y 10 I Mem[10000]  , o ..
001 N /12 BF / = Wiss collision
25 010 y (10 Mem[10010] /5678 ,
011 Y 00 Mem[00011] L«)rﬂLe prior AJ« /(67/16*170’%
100 N Read dala goau enon
101 N
110 Y 10 Mem[10110] M'w M/’hit;, C"’“J“?
111 N
61+f. ofEC+ ijma reé
Address (showing bit positions) [ ] Assumpﬁons J
3130 --- 131311- - - 10
MAR [T T e
Hit Tag Hg@ _W?\ bﬂ SJ@X B
\ naex
[ =

Index  Valid Tag

Data

— 1024 blocks(1 word/block

® Steps
1. Us tofrom
cache

2( Comparejread tag)with tag from

address

32

3 & hit signal
4(Dtherwiseyreturn miss)




Direct Mapped Problems: Conflict misses

¢ | Two blocks‘that are usedconcurrently

and/map to same ind@

— Only one can fit in the cache, regardless of cache size

INO flexibilitylin placing 2" block elsewhere

o Zrashing T fshng.

Same Tass
LW (voelio )
LW (010\|lo)

SW (Cilog10)
W (ooi 110 )

— If@accesses alternate) one block will replace the other before reuse
—(No benefit from caching) [y e 'se ’ﬁ,\J\V\ ho C&cl'\e

e Consider the following example code:

|

kX 2B cache
28 = 8 AB

I

afi] al ]

double a[8192], b[8192], <¢c[8192];
Bk x¥b 8
void vectAc;\r_szm() 'k‘ g‘k gB
t S’l(x
int i;
LA
for (i = 0; i < 8192; i++) b[4] l —T ‘)[
c[i] = a[i]l + b[il]l:
}

— Arrays a, b, and c will tend to(gnﬂict in small caches )
— Code will get cache misses with(every array acces5(3 per loop)

<

Any stride in increments of
2M0 X 2"3 Bytes causes
same problem: indices are
identical, but tags differ.

How can we fix this?

imdey bits >10°
,QL;W,é‘?a. MJ\JLQ

Program mer’s Ml'si'a,}(,g, ?

tial locality savings)from blocks will b

e How can the severity of the conflicts be reduced-

k x88 J

6k

[

addr 10— 3 —
ale] [ 0000] imdex ool gixgg > 4
jo . SRive
blo] [ 1000 ivdex o | T

N

m

TAG
wz)ax 51+s'- /0
A 1 kxgB
M eollide,

How to make system
crawl, worst case?

13 /5
3k %38 1x8k x8
wa{zdﬂ ne caléunrnﬁ

% ledé Pane 4 coiteat/



arger Block\Size — " WDTAS/Bloc)c\
Motivation: exploit

spatial locality\&amortize overheads

e This example: 64 blocks, 16 bytes/block

— To what block number does address 1200 map?
— Block address =1200/16 = 75

(’L fﬁ’mcg) /(,1 w,m\s)
— Block index = 75 modulo 64 = 11 Block % Boﬁ’wj
31

10 9 4 ;\)‘/\0 /
SR B cache Tag

Index | Offset

LY Blocks 16 4¥b wals
22 bits @ [ bits T T

e Whatis theE'lpact of larger blocks on tag/index sizé

e What is the impact of larger blocks on th

e(cache overhea(_\,s? ( & Blocl@ (‘l )("2 B)
— Overhead 4_/

)

MM

b ~ 2000 V3
- 22 lé = LD 9\ ~
QZ’“ i (222 1) CCAST kesks 1 gap W
st P N VS ) Rcache Dnes I N
block: "76‘6 v (22+1) 2" 5 23-2% b ~3KB (2' l%l.c)':J'LS)(y*'B}("2 B)
~ 387
RN

ger block sizes\take advantage of spatial locality

— Also incurg(larger miss penaltysince it takes

longer to transfer| the J A
efeﬂl
block into the cache mk\,‘“
+
— Large block can also increase the average time or the miss rate orjd"}" ion
¢ Tradeoff in selecting block size

‘Averag_ e Access Tlrﬁ’ rt Time o (1- Mlq-l-E/l—lgPenalty . Mj

Miss

Miss

e

Block Size

Average
A S
Time

xploits Spatial Localit

Fewer blocks:
compromises
temparal locality

Increased Miss Penalty
& Miss Rate

Block Size

Block Size
Gesome | Bomdunddh T memowy
'pi'er

Tl coch, Ay X Blacks = %



Fully-assoc| vs| Direct-mapped

Full y—aﬁﬁﬂclatlv@ ache:

» M tag comparators, registers used
for tag/data storage ($59%)

» Location A might be(cached n am

(@F the Neache lines(pa restrictions]

Eeplacement strateay)(e.a.. LEL)
used to pick which line to use when
loading new word(s) Into cache

.F‘EEIE-LEI'-'I: (';f t";ﬂl)

Pirect-ma FJP-E.EI-E! he:
[ tag compacatonler AN

taa/data storage (§)

sed for

= Location A I{mm&d Ina 5p5ﬂﬁcll@
of the cache deferminad by s
address; address “collislons” possi

@s@amm str not needed;
each word can only be cached In ons

specHic cache line
Jeaﬂ/

-FEDELE@

m Juks

Cost vs Contention
two observations..,

he slzs)/..

1. Frobabllily of collision diminishes

- 50 lets bulldHUGE direct-mapped caches)using cheap SEAM!

(Contentioh mostly occurs between
Independ "hﬂtﬁpﬂ'r.ﬁ-
stac

v Instruction fetchesvs k frame vs data
ctructures, atc

- Abllity to simultansouslycachs a few (27 47 &

N

hﬁ&p%dlmmﬂﬁ most collisions ) L
# _.solet that allow each location to be )
x modest parallelism

small sat of N linas
* modest parallelism deals with most contentlon at modast cost

storad In some restricted set of cache line

(rather thanin mnt@gj[dlmut mapped) or
gvery ling [fully assoclative).

Insight: a
« parallel lookup (assoclativity): rastrictad

* can Implsmrrt(gﬂrq N direct-mapped cacheg

G0 - Zpring 2002

AT

way setf-associafivd cache afford

runriing In parallel

LT - ik e T

=

Fasdt data access



N-way Set Associative

' etween direct-mapped and fully associative
— Each(memory block)can(go to one of N entries)in cache

» How to think of a N-way associative cache with X sets

@view N direct mapped caches each

. Caches(\earch in parallel’)

* Need tc(oordlnate on data-and 5|gnalln
|ew X fully associative|caches eachlwith N entries €ac

'@e cache searche)n each case

WV]W . S& = ¢ qu’ Associative ( 2-wiy )

_)}'x‘-;\ é—-——é
5 Direct mapped ,(SE' associ tiue_‘ Fully associative
108X 3 l X set s¢
‘.&r\
Block# 01234567 Set # Drflﬂ\m
e N
Data Data Data
1 1 1
T T
Tag 2 ag 2 ag 2
Search -" Search Search
O T
para

. 561'



3-way Set-Associative Cache Y
ty iy i o Dt Mepped
MAK 3 direct-mapped caches, sach with Z* lines f; 3 '
— I _-#-.F _I-: = ,r | Ir E C&C‘W’ =
N k +‘| B-Naa Associdl'nifc
L—Pﬁa\e 5% TAG | Ik TReT ) € ¢, Myz
\l £\ adoeictijwe,
L-»T‘JA |";*‘|E_| M e E .4 cach Ane s
5 & B | e diedmeprd
' ralit f cache =8 seks

M DR« qu—'
Ht <

E.G.

* Compare 4-block cgches

N

set associative

L

e o

VS.

(fully associative)
0,8,0,6,8\ 3 different plock addresses

— Block access sequenceJ

L ]
Direct mapped 3 ch
[ b EEE X
Cache Hit/miss Cache content after access
l 000 1= (0 miss || Mem[0] S t=o0
800 4>( 0 miss Mem][8] collision
. 000 1> 0) miss Mem[0] coll igion
Tiwe 6 104(2) miss Memi0] Mem[6]
8 001 0) miss "Meml&! Mem[6] lccz\{s',m
Kt{ 2-bit
tndex

Ty



* 2-way set associative

]|,L RU
aPac' A'”

—
Cache Hit/miss iache content after accesp
ADDRESS index Set 0 Set 1
009 0 miss Mem[0
800 0 miss Mem .
0 o0 0 hit Mem]|0 Mem[8]
TIME 6 10 0 miss Mem[0] Mem[6]
g 00 0 miss Mem[8] | Mem[6] _J
L] 1"]0'-\—
g index ,
* Fully associative MO //sldﬁ)c
ADDKESS Hit/miss Cache content after access
000 miss
\(' g 09 miss Mem[0]
0 o9 Chit) Mem][0] Mem[8]
TI™ 5 10 miss Mem[0] | Mem[a]
g o0 (hity | Mem[0] em[8] Mem[6]
= okt
G ondox
SPACE
QVERHEAD ? ‘s'roasb IN CACHE
31 a-1 _1 0
AMRESS ( Cache Tag o 7
N . o stoRep
¢ Observation

— For fixed size
— Associative cache

=

s incur(m

7 ases with the associativity
ore overhead|for tags




Associativity vs. miss rate

l-waa
» HAF: Figure 5.9
2-wd .
\2\ Assoclativity
i il .
" e s | ry 'a% —+— T-way [direct-mapped)
55 ra
[ Bt —u— 2wy
/» 4 li. —— vy
Y,
‘F'A ¥ i l';‘_ E-lllﬂy
4 S Y —fully assoc.
%
A . b -
l ' L "' }hec) t be Dene
0 —t— — '
MR e 3w e i e zm — Tola) U,J\c $"}€.
Cache slze (bytes)

- B-way |s (almost) as effective as fully-assoclative
« rule of thumb: N-line direct-mapped == N/2-line 2-way set assoc.

Pnither Job i
e Simulation of a system with 64KB D-cache, 16-word blocks, SPEC2000
1-way: 10.3%
2-way: 8.6%
4-way: 8.3%
8-way: 8.1%

J/ Mwu»/b\wg cloans °




Replacement Methods

¢ Which line do you replace on a miss? (A
¢ Direct Mapped
| ‘(\
— Easy, you have only one choice ?

— Replace the line at the index you need

* N-way Set Associative ‘)C )0” G n —
— Need to choose which way to replace
— Random (choose one at random)
— Least Recently Used (LRU) (the one used least recently) ’

¢ Often difficult to calculate, so people use approximations. Often they are
really not recently used

C. Kozyrakis EE 108b Lecture 12

Handling of WRITES il | "3 s

Hou W\&ng rea>~ (ﬂm—wﬁ‘(?

Observation: Most (20+%) of memory accesses are READs. How should we

handle writes? Issues: ﬁ ;(n wr.l.l:( . »
C'."u'r'lt&-thrﬂugh: rF'LJ writes are cached, but also written to maln memory re Cache "
(stalling the CFL untll write Is completed). Memory always holds “the ’ ‘

truth”. {

(Wnt&bshlnﬁﬁj writes are cached; writes to main memory may be Mo Sf&”

tuffered, perhaps pipelined. CFU keeps exscuting whils writas are | n
completed (In order) In the background ﬁ* a
{ Wnt-sw-ba.:bi:yfl?l.l writes are cached, but not immeadlately written to maln
memory. Memory contents can be "stale”. :m
Our cache thus far uses write-through. res ciche e w:"l'e o
Canwe Improve write performance?
ref(aéc ment
47T 16 - Corhor w1 a{

004 - Sgrry 2005
z[/'ne

* Interesting observation
— Processor does not need to “wait” until the store completes



. ‘Erite-through l{write data go to cache and memory) M@W’? MpJ&'}eJ—?CO”‘iS-fe“—/’ l‘
¢

— Main memory is updated on each cache write w(‘\“lg {'o cmllc, GA)é})ef a)&'('& wm Cac

) . : : Prior worites a.lrea)tj ™ Vne!w\)
- Wa cache entry is simple (just overwrite new block) __ STALLS

— Memory write causes significant delay if pipeline must stall  _ 1,04 MEM USAGE

——

\M‘ write data only goes to the cache) Oncmsiflleﬂ{'

— Only the cache entry is updated on each cache write so main memory Memo

r
and the cache data arg inconsistent ;
- Add(""dirti"’ bit}to the cache entry to indicate whether the data in the J(r“'-\-w’ )Co’z
cache entry must be committed to memory ,MP/“%C”{ ”(f[-“
— |Replacing(a cache entr@the data back to memory
before replacing\the entry if it is “dirty” + fwa, STALLS
—m—

+ LOW MEM USAGE

Write-through | e o wid
- Missesarand(cheaper)[nowrite-backto memory) | “ ?

—(Easier to implement 4 Lorifes dre

¢ Keep in mind for lab 4 Wwords
* But requires buffering to be practical (see following slide) = [ower banc)mjﬂ ?

— Uses & lot of bandwidth tojthe next level 0 bt overo g‘%%?

* [ Write-back wrifebacks  are ook
- Writes ar = high mem éu\chJw’-A A

ultiple writeg within @equire onlyone “writeback”)later > Mple wrikes
; . .- Per ank
block transfer on writg back to memory at eviction . j
— > fow bandw /It

Cache
Processor DRAM

L [TT}—

Write Buffer

¢ Use Write Buffer between cache and memory
— Processor writes data into the cache and the write buffer

— (Memory controllenslowly\“drains” buffer to memory

¢ Write Buffer: a first-in-first-out buffer (FIFO)
— Typically holds a small number of writes

— Can{absorb small burstgas long as the long term rate of writing to the
buffer does not exceed th of writing




¢ |f a|lwrite-through cachelhas a|write buffer| what should happen on
d ‘ j i CAOLQ Wen

* Are write-buffers of any use for write-back caches?

whel fo do on Write Wiss ?

Write word

Allocate
block?

(mem-write word)/ N

~ Vaiy 7

non-dirty write-back or write-through

Invalidate,
Mem-write victim,
cache-writes.

_—=> PROC Cache |

write-back only Yehd 5ee]

Choose victim.

iot?
Evict® ead block to cache,

cache-write word
(mem-write word).

non-dirty write-back, or write-through

hew Hcck

write-back w/ dirty replacement



WY*’. Miss

Typical Choices

. nO Mew

* | Write-back caches reg i mem e»/l'(.'t— weite wdtil

— Write{allocate, fetchfon-miss (why?) fetch, replaces

L— CAclf\e LJYl R

e | Write-through caches 4 wem A 4

— Writeqallocate, fetch-on-miss o vielm

<— ﬁ¢+CL\ ‘-{-

@) — Writeqallocate, no-fet—ﬂ-on miss mem/ucl'lc wriTe @“’

&) — No-write- allocate,[ﬁrrlte arounA‘
chease V"
@ %’D /r)vq,’ Jo:"z worS @ Tj
tache er

lt
e Which program patterns match each policy? hem wr mem write

mly
e Modern HW support multiple policies

— Selected by OS on at some coarse granularity (e.g. 4KB)
C. Kozyrakis EE 108b Lecture 12

Be Careful, Even with Write Hits

* \Reading/from a cache 1. R J (Ta (H,)
Readtagyandaty - (STall or Ao STaH>

— If it hits, return the data, else go to lower level

« (Writing)a cache can take more time 1 Read (Tda) (S-M] or 1o d.&”)

- F|rstto determme.{acces@ 7. wrile deta

— Then|overwrite on a hit (acces
¢ Otherwise, you may overwrite dirty data or write the wrong cache way

* (Can you ever access tag and write data in parallel?



MEM

Splitting Caches

* Most processors have(separate cacheg forfinstruction
— Often noted a

. Advgﬂgges
- GExtrpccesdport)
_o specific access patterns
* ( Disadvantages
- Capamt@

*— smaller Cf»b\\es

Multilevel Caches

Primary|(L1) caches attached to CPU IMEM DMEM

‘bu fast
— Focusing Dnrather than hit rate

Level-2 cache services misses from primary cache L,Q

- Larger, but still faster than main memory
- nstructicn and data (why?)

— Focusing Dnrather than hit time (why?)

Main memory services L-2 cache misses

— Some high-end systems include L-3 cache

TMEM
DMEM

M\CQ;\+ LQ,,C upuge> space




E. 5, w/o Lz

* Given , | 6.7 s
— CPU base ICF‘I 1, clock rate — { crete = Z/zfcc =
Wy /)(,h‘f/@y = 100 Y\S('i l' le) = 70& 47"(
* With just a primary|(L1)/cache 2y ns
- (fiss penalty=100n/0.25ns X400 cycles)
— Effective CPI=1+0.02x400=9 MR
Cpr = (7)(L ey B )+ (&7) (W0 gk sl + 1 el
= 048+ 002 (voo) + 002 (1)
Ec Gl l”/ LL

= 1+ o.ol(z/oo :?

Now add L-2 cache

— Access time = 5ns

0. 5
7 MeM
CACRE
_to main memory =. PRoC

Primary miss with L-2 hit

Lfoo
— Penalty = 5ns/0.25ns = 20 cycles

* Primary miss wit

REG
— Extra penalty = ;\ ::7::/
{ °'1C[€ /X X /‘ N, imstr
e CPI=1+0.02x20+0.005x400=3.4 [L.1
29, N
J0 ct,ClcS /L N2
» Performanceratio=9/3.4=2.6 A
C. Kozyrakis LZ-. \ l
CpT = XY cles _ - |
NW\ST\’UC-th L/OO cqc’CS N3 ‘/270 N
O[Ot )0 () ) oG] et
N,= BIN Naz= 4N Ny = N=(N,+As) > (Nyany) = N-N, = 2%N

[Nm Lo9N(20) + '/LZN(I;oo)]/N = 098 +0.02(20) +0.005(%00) = 3.4



| 2ue |

M

F-uey HMB LY per cCore

1b-w a\g §ms
Shared  L73

Per core:

Shared

—
=
o
=l
=

Intel Nehalem P6 QUAA

AMD Opteron X4

q

L1 caches $1
iper core;

$D

L1 I-cache: @ 64-byte blocks
way,@pprox LRUYeplacement, hit

time n/a
L1 D-cachei 32KB}64—bvte blo

od 2
way, approx LRU replacement, write-

wa replacement, hit time 3

cycles

L1 D-cache:[32KB, 64-byte block
way, LRU replacement, [write-k

( _E_ack/allocatej hit time n/a

'back}allocatel hit time 3 cycles

L1 I-cache:(32KB) 64-byte block@

®

——

-32KB, 4-way L1 $I
-32KB, 8-way L1 $D
-256KB, 8-way L2

- 8 MB, 16-way L3

f-ugy (4)me I
44 (me D

per coré

hit
3 6,74/¢ S

het

£

cache

(per core)

(256KB) 64-byte blocks\8-way) approx
KLRU)replacement, |write-]

|back/allocate, hit time n/a

64—byte blocks( 16—wa£)
“approx LRU replacement, [writed

[back/allocate] hit time 9 cycles

A

ol
it

? L3 unified >

(

cache
(shared)

' 8MB,§64-byte blocks 16-wa
replacement n/a,write
back/allocate] hit time n/a

]back/allocate,l hit time 38 cycles

64-byte blocks replace

block shared by fewest coregjwrite}

1

9 3( a,c/CJ

n/a: data not available

648 Blocks = 16 32-bit wodds

g 6Y- it wods



Interface Signals

{Read/Write—> Read/Write
| (valid X | (Vvalid
§Address}——> 32 Address 32 X
CPU Write(Data)> 32 | Cache Write Data 128
 — . »
<— Read(Data) 32 Read Data 28
N——
@ Ready
Multiple cycles
per access

Memory

See (LC3-based cache projects):

http://pages.cs.wisc.edu/~karu/courses/cs552/spring2009/wiki/index.php/Main/CacheModule

http://www.ece.ncsu.edu/muse/courses/ece406spr09/labs/proj2/proj2 spr09.pdf




Cache Controller FSM

Idle H ‘.+

miss

clu-"'é MM{ 7% M/’W[é

Write-Back
Allocate

+
Mem. RuJ

[E—————— —
rozyrakis 41




= SRAM
= Requires low power to retain bit
= Requires 6 transistors/bit

» DRAM
» Must be re-written after being read

» Must also be periodically refeshed
« Every~8ms
« Each row can be refreshed simultaneously

s One transistor/bit

» Address lines are multiplexed:
« Upper half of address: row access strobe (RAS)
« Lower half of address: columnaccess strobe (CAS)

x Some optimizations:

» Multiple accesses to same row

» Synchronous DRAM
» Added clock to DRAM interface
» Burst mode with critical word first

» Widerinterfaces
» Double data rate (DDR)
» Multiple banks on each DRAM device



. Bits in a DRAM)are organized as @

— DRAM accesses an

Fow Sress

_Wsu ppWW with reduced latency

bvfj send & ‘]'

* Double data rate

(@ DRAM

— Transfer on(rising and falling

* Quad data rate f@ DRAM
— Four transfers per cycle

* DIMMs: small boards with multiple DRAM chips connected in parallel

— Functions as a higher capacity, wider interface DRAM chip

DOR + L C)da LUS (!N/ou+> i,;L w

X X clookf H

— Easier to manipulate, replace, ...

Row access strobe (RAS)

Slowest

Fastest

a.+a. ou"l‘ L—

rege

wod = =[b, %b

Row

AALL ot

'\"\,\/

bit plm

b

Column access strobe (CAS)/ Cycle

Production year Chip size DRAM Type DRAM (ns) DRAM (ns) data transfer time (ns)  time (ns)
1980 64K bit DRAM 180 150 75 250
1983 256K bit DRAM 150 120 50 220
1986 1M bit DRAM 120 100 25 190
1989 4M bit DRAM 100 80 20 165
1992 16M bit DRAM 80 60 15 120
1996 64M bit SDRAM 70 50 12 110
1998 128M bit SDRAM 70 50 10 100
2000 256M bit DDRI1 63 45 7 90
2002 S512M bit DDRI1 60 40 5 80
2004 1G bit DDR2 55 35 5 70
2006 26 bit DDRE2 50 30 2.5 60
2010 4G bit DDR3 6 28 1 37
2012 8G bit DDR3 30 24 0.5 31




DRAM Generations & Trends

Year | Capacity | $/GB
1980 | 64Kbit $1500000
1983 | 256Kbit | $500000
1985 | 1Mbit $200000
1989 | 4Mbit $50000
1992 | 16Mbit | $15000
1996 | 64Mbit | $10000
1998 | 128Mbit | $4000
2000 | 256Mbit | $1000
2004 | 512Mbit | $250
2007 1Gbit $50

Access time (ns)

300

250

N
(=1
o

150

100

50

._ X
\ Tol& Ka “b oM

.
N\
\ \ N o’e/“’] I’"‘U{‘W]

'80 '83 '85 '89 '92 '96 "98 '00 '04 '07 «’7 C(.)\
Year col.
F e a ddr

£00 voul coll col

5 o]
Buest




Standard Clockrate (MHz) M transfers per second DRAMname  MB/sec /DIMM DIMM name

DDR 133 266 DDR266 2128 PC2100
DDR 150 300 DDR300 2400 PC2400
DDR 200 400 DDR400 3200 PC3200
DDR2 266 533 DDR2-533 4264 PC4300
DDR2 333 667 DDR2-667 5336 PC5300
DDR2 400 300 DDR2-800 6400 PC6400
DDR3 533 1066 DDR3-1066 8528 PC8500
DDR3 666 1333 DDR3-1333 10,664 PC10700
DDR3 800 1600 DDR3-1600 12,800 PC12800
DDR4 10661600 2133-3200 DDR4-3200 17.056-25.600 PC25600
= DDR:
« DDR2

= Lower power (2.5V ->1.8V)

= Higher clock rates (266 MHz, 333 MHz, 400 MHz)
=« DDR3

« 15V

= 800 MHz
« DDR4

« 1-1.2V

= 1600 MHz

m Graphics memory:

= Achieve 2-5 X bandwidth per DRAM vs. DDR3
« Widerinterfaces (32 vs. 16 bit)

= Higher clock rate

n Possible because they are attached via soldering instead of
socketted DIMM modules

600
500 = Memory is susceptible to cosmic rays
% 400 = Soft errors: dynamic errors
c B Read, write, terminate = Detected and fixed by error correcting codes
'% 300 + power (ECC)
g 2001 0 Activate power s Hard errors: permanent errors
o 8 Background power .
100 - I = Use sparse rows to replace defective rows
0 T T

Low Typical Fully
power usage active
mode

Chipkill: a RAID-like error recovery technique



Procassaor

<

Cache

_.-r""": —
Bus

T~

Memory

a. One-word-wide
memory organization

Processor

T

_—Multiplexor
[ Cache |

e Tm—
I —

Bus

4

Memory

b. Wider memaory organization

Procassor

Increasing Memory Bandwidth

30 ]lius [ 3
wer
//_/7 ( = waor 3

Memory
bank 2

Memory || Memory
bank 0 bank 1

M
ban

ory
k3

c. Interleaved memory organization

4-word(wide memor

- (Wiss penalty)= 1 + 15 + 1 =(17 bus cyels

per womf;

= Bandwidth = 16 bytes / 17 cycles = 0.94 B/cycle
4-bank interleaved memory

= Miss penalty = 1 + 15 +(4 X 1)=20 bus cycleg e ¥ L&)oY‘AS

= Bandwidth = 16 bytes / 20 cycles = 0.8 B/cycle

A
| B | C G
Y eBus  — — 1| AboR ] AbBDdI Hﬁ\'—/jﬁ'
" 1 ] o ‘/"’_f o mem 2 ‘ memy k
o B L L=
1% ey oles Daba -
I egele T s 1#10+4._cychs
L/ WUraS 171 WOKDS




» Six basic cache optimizations:
» Largerblock size — seatiX \oc_c..\é(v«

« Reduces compulsory misses
» Increases capacity and conflict misses, increases miss penalty

Larger total cache capacity to reduce miss rate
« Increases hit time, increases power consumption

Higher associativity I
= Reduces colnﬂlict misses . E\b é ] é "
= Increases hit time, increases power consumption © S)

Higher number of cache levels
« Reduces overall memory access time

Giving priority to read misses over writes
« Reduces miss penalty Mmne recds them wides

Avoiding address translation in cache indexing
« Reduces hit time







