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Graphics
Co-Processor

Frontside bus
|
Backside bus II-— AGP p2p

CPU
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PCI bus
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SCsi - _ . . Network
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I/O Devices <::>

South Bridge <:::> Mouse

FIGURE Ov.3: Typical PC organization. The memory subsystem is one part of a relatively complex whole. This figure illustrates a
two-way multiprocessor, with each processor having its own dedicated off-chip cache. The parts most relevant to this text are
shaded in grey: the CPU and its cache system, the system and memory controllers, the DIMMs and their component DRAMs, and

the hard drive/s. Bruce Jacob, Memory Systems: Cache, DRAM, Disk, 2008
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CacheXJ4-E5

seiaoraEsn . CP(=)

Program
execution : 200 400 600 800 1000 1200 1400
Time T | | | | | |
order
(in instructions)
Id x1, 100(x4) nenicion Reg| ALU | DAt Reg %4-25
i Data
Id X2, 200(x4) 200 ps | "Sacton Reg| ALU | jocess |ReD
Id X3, 400(x4) 200 ps | "™ [Res| AU | 278 |Reg
200 ps 200ps 200 ps 200 ps 200 ps
Cc Meamory
1O bus
ol : oo Memory 1O devicse
| Registera | h
g Cisk
mamaory
Register Cache Memory referanca
reference referencs referanca
Sze: 500 bytee 64 KB 1 GB 1TB
Spead: 250pe 1na 100 ns 10 ma



~ CacheXIRFRLEIAHIF, MM

Core

- FhERnPR: BUESEU

>

« RZE5H:

>

LOAD ME
M
#$

SRCache

/D CPUERIETE

- BIWEA: —BUE, HFATE

ME
M

c4

R

FHEH
HEh

cs
G
REG ME REG
M

ME REG
M
ME REG
M

Fetch

Decode

Execute

[-Cache

EES

CPURNIIO=EFa)E£1F

}

Memory

Memory

Write-back

D-Cache

4 processor memory
-+ I / ﬁ—
/O Interface /0 Interface
(adapter) (adapter)
i 1
¥ +
/O device /O device




Cache miss: PEZEZ{ (blocking, stall%?/NEI,H

mm16 B =
=
— ALU result 32
— A ¥
0
1 32 _
) 1< = 5
I-Cache .5 A = BusA i A 2 D-Cache %
-— — u
Instruction jmp 5 =5 8 bueB - T >l|j = Address i g
- (73] jr—
Address = B : Data_out juyep, =
RW & NP e 0 = Data_in
. BusW |
| : T - 32 —
a -'32 ol : =
g I " g I
Rd \ N | o
| | I
-
o S w
g [E s |-Cache miss or D-Cache miss 3 o 3
= e . . S m
ERER E causes pipeline to stall g 3| J s
-~ &) w 2 ] ]
o0 = £ o0 (a) o
Y Y

Interface to L2 Cache or Main Memory




“Cache - £F" 5 "X7=F - 7" BEXHX5!

AR Ak ‘ S
m Cache - £.4” E#& IThH -MA” ER
& BTHALEEBEORE | A THAALAEFTHLE cPU |
B EX RR Y-S vy o B A 20 |
.............. L pe e
5 71k A0 BOAA : Cache
I . . H r
(gmﬁ; F —4K) JLrt LA it
o . ot [ &
SR # sk () Kb LtAF ¥ JLH B JLFAFT T 4
CPUX % =~ 444 o ga s s S .
A T AL 7 ¥t E R AT
K HCPUAF s b bria | Lk f2

Virtual Memory Mapping
Cache Mapping

e

-
«

Blocks Pages

€ >
Words




{5 vaIa)X, A,

5.7

a. Before the reference to X,

s IZYIGART, XnA{ECacheR

*© FNA)RR

— EUERUERRIL?
— WA RS an

rh?

]

b. After the reference to X,

Word Trans

~A—

Block Transter

f(’ s r\-k__‘ﬁ

Cache l

Main Memory \
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FTALFEECache?
— 4ge. &1

CacheBUERVIEICEN
- [SEYRIE: B8], =(E
=W CachermpPERIPIEER
CachefIEAZE1, 5.3
CacheRYIEE#{FdiE, 5.3, 5.8

Cache-MEMBRESH&I, 5.4, 5.8

CachefyE#asHg, 5.4, 5.8
Cacheizflg8: 5.9, 5.12

Cache—&1%
fEZEx{Cache

RBSHRIL?

Cache a5 ¥r

Cache Coherence, 5.10

TEI IR R

JEF G iR

NZS: CacheR#r (H4MEE))

=1 KERA: PWR
the mapping function (L&)

— the link between a block's address
iIn memory and its location in the
cache;

— Block Placement Schemes
the write policy

— how the processor writes data to
the cache so that main memory
eventually gets updated,;

the replacement algorithm

— the method used to figure out
which block to remove from the
cache in order to free up a line.

COD5
- 5.3,54,5.8, 5.9, 5.12

FE: 4.3, [fizR4A



e opaTea e

&) & &R 4 temporal locality

- BEMHEAR (59HIR) REAEER

ARG KEIRB5IE]
« JREHEIEAMbIE
— R {REdata, EH
e o ey
Z518][FER M spatial locality

- —NEFRIERYTI AR AR SR "
. HESIER SR SENE — X
— KBS {RERdatalEAERE, FUEX

. PSR

#l: FEEERE? alEEpE?

— fori:=0to 10000 do
Ali] :=0;

AT FERIESEI: REDR

= (8] R

2 'n
o
o
9 L] o

Address
Instruction
fetches
subroutine
Stack call . s\return

Data
accesses

0000000000

argument access
o
e‘.'ae °
;a o

\Y °
[+]

scalar accesses
e o o © o © © o Tlme

Typical Access Address Pattern

Hf 1] Jry 1



B, Fof. SR

« Cachemp® (hit)

\'\’1:'3-11"_::1-:f(‘r r_\_k_’,_‘
- §ki)’j— |\Dj HI\J ;E&. J Ii'| {igg{? I: :l CPU : > Cache B > Main Memor ¥
— AR RHTIE]

« CacheA#pdh (miss, s/ "34" )
— CPUBIAIRIEEEA{ECacheN, Ei&

S

SHETTRL

« EBLUERTEEFIR (block) —RMERAN

o fREIRESE (penalty) : BJE] = mem->cache->cpu
— CPUTJFEZE (blocking, stall) ¢3EFEZE (non-blocking)

e ApHPER (Hit rate)

— CPUE GRS EEECache JRILLE,

B A ERREECachefURIE,
o AApHE (Miss rate)

A

A

o
B
"Kfm




B CacheBEARZEMIBHL

R (17) KW 1— 32

GledasliN]IE] 1—209¢9EH (BAl1)

RS (5KHBC) HI1E) 8——100R T $ EHA
@alaEE), (6——60RTEHEIHR)
(1&1XAd18)) (2——AORTEFEIER)

NI 0.5%——10%

CacheB= 1KB——1MB

Cache-line size match the width of S
the DRAM simplified the design. CcPU "| cache T  Main Memory




AFEoR (block, FR) , —RZE=E

Memory address

0000 0000 0000 0000 00 00
0000 0000 0000 0000 0001
0000 0000 0000 0000 00 10
0000 0000 0000 D000 00 11
0000 0000 0000 0000 01 00
0000 0000 0000 0000 01 01
0000 0000 0000 0000 01 10
0000 0000 0000 000001 11
0000 0000 0000 0000 10 00
0000 0000 0000 0000 1001
0000 0000 0000 0000 10 10
0000 0000 0000 0000 10 11

S R T

1 1 1 1 |

S R T

: : S :
1111 1111 1111 1111 11 00
1111 1111 1111 11111111
1111 1111 1111 1111 11 10
1111 1111 1111 11111111

F b AE

Data

2)

a4 ::Ig:ag a1 ag

Block identification

dax azpg a;

Block 0 N " Y
4/~words . e
Bits identifying block Bits identifying
offset
Block 1
101001010110100101 10
..--"""7 ‘\"-..
Block ID = 169.381p Offset of 2 into block

Block 2

¥ Each gray block (one data)

represents an addressable ~ —Cacheblock (4% data)

memaory location
containing a word

Block 2% — 1 = 262 143

BRARNZDEIE?



Cache/Main Memory Structure: ﬁ/

Line Memory
Number Tag Block address
0 ~Hht 0
] ik 1 i
2 2 Block
3 (K words)
C -1
oy >
(a) Cache
WAESH (FH) , Cachesr 4T, —4iT7—H (FH)
Cache line (Cache Block) size = Mem Block size  |--------4
Main memory = 2" words = 2"/ K blocks Block
Cache has C lines of K words each
Tag — to identifies line—— “J& b hE510]” 2" 1
<_Wt:)rd —
Length

Line = way (b) Main memory



Cache Line Structure

Cache Line =tag + block( K words ) + VCD

o —iT—I8 (FHh) , —h%E/ data, — data— | word

e Tag: to identifies block, = RNFRE"?

e control bits:
— B (valid) : B2 EER?

VCD

« TRCEHE: cold start/process migration/first reference

o HEAEWMLREE (Invalidated)

— ESfI (overwrite, Dirty) : iR EIEMN?

- BB RS

— U (Count) : HIEBRE?

V. Tag

o BHERIEFERRA

Data (K words)

J18

132

132

256
entries

Memory
address

0

1
2
3

Block
(K words)

Word
Length

Processor



CacheijsEig[riIgfE, $5.3.2

aRG JEA: —RRIEEmAE
}
CPU % 15 (7 ikl L FFAT « » —>
l ,/’//’ Waords Blocks
Y N -
o2 ]
Y
. @

+ ¥ N l 1l Fetch —{ I-Cache
vildCacheit | [ UFIMEMELH! | | 45 BT HIMEMELR AT B 58 o | | Decode Memory
{5 BikCPU {Z 2i%CPU i ACacher | EE AL S ﬁxecute

emory D-Cache
1 l 1 1 Write-back
AT P Cacheld] i miss?
ny/—_ —4o'a 0a
+ FH1T: CPUZEITHIZE+CacheizHlzs
e |$ miss
FE—t . /N e (s = =]
— PHZEZ(: CPU stall, FEE(Frk, EHEEE
o HANMEH?

« D$ miss: SI$ZELL, dirtyFRHEESMEM
— PEZ/AFREZET( (O0O0)



~write policy, $5.3.3

Processor
. las .
—  Ej&E (Write-through/Store-through, 581X/ "BZFE" ) “eem
EiFS A\ CachefIMEM HH
BEMEM=200cc: 5% ;f (write buf, store buf) ., &, FHZE
— Bl (Write-back, "BEiR[E]" )

RECache, BDirty (F—%) , BRIIERITSEMEM (SEED) Ty
S "
— B9 (write allocate) : MmemiEE ANCache[aBE

th Frfetch on write, MIPS3H, CPU

-  BA4%H(no write allocate, write around): REmem

scach

ERAT SRR SRENS " E;e

- EBEREHTLL, SERASHE N

o EEYE (Invalidated) . ZgrEEEScache T .memory
-  HEZE7, [EfEEEEESF Cache 1/ alid (/&0

*a *100

KUR(ES TR 1o
SHR{FIERE?




Cache5

‘a

A

CPU

ecache

100
200

‘memory

100

200

*l/O

oa'

* CPU writes to a

CPU

ecache

*550

200

‘memory

100

200

*l/O

oa'

FTERNA—Zg)ER: $5.3.3

CPU

ecache

*100
«200

‘memory

100

*440

EAL processor | | memory
_ p—
I/O Interface I/O Interface
(adapter) (adapter)
/O device /O device

*l/O

* |O writes b

P Fhinconsistents &
1. CPUE #:1F
2. DMAS#/E: HP ‘10 —# "
Fvl. BEvalidfiy;
J7i%2: simple flush the
cache before DMA write



2
N\

/

E B e $5.3.3 [ER] , $5.8%

- #E¥J: Store buf (= Write buf? zi&store-loads=8&) , Write-back buf
- ElOl: AgEE#EECache, B[Rk
— @

« CC1 (= ppIIMEEHE) : swBEstore buf, 55Tk, Cacheizdlzs#I¥rEEds.
e CC2 (unusedf@EB) : EAD$, HCacheiz#lg85emk.
— miss: WNFESHE, WERFR->IENTERFR (EDBE) ->cpus
- write-back buf: FHIFEAmemfIpELR, RIRFFIAIEARFR
- BiE: oJE&5SCache, —"CC5k
— write buf ($5.8.4) : IR=iA(E]

Store-to-load

forwardin
IF —th-—hEx—bME.—th/' g
3 lw
~ B> L1 misses
I-$ T D-$ <4—P»| Main
N S TTT L] [ || memory
Store buffer write-back buffer
+ +
write buffer

% (Parallel Computer Organization and Design) Fig4.8. Fig7.3, lIxx&E%:



SERAEE, $5.3.1 (168

N [ —— 3 A SLS ] Y 4 %
c EEF, WKIEE—1EL 5|22 e -k
Rk :
- H%ngiig?i I )_LECC (1E§i§ Cache Miss
AN
M M np a8 ) CPU Time CPU Time
¢ ﬁﬁjﬁl‘ﬂ?ﬂﬁ_ Miss Penalty N
« MERMMAEGF, NTHRFITIRIGESR 5t e so o o
® yu 1@';@//'\(: P U{%[Eﬁ ? Cache Miss
_ EEESE (ear|y restart) CPU Time e iy . CPU Time

o MIREIBFFIRIEEA., —BIEKFIR
[B], CPUIZENFFIRENEL. &TI$.

Cache ling! & % HXHIN)F
0,1.2,3.4,5.6,7,8,9,10,11,12,13,14,15

— BEXRZSA (requested word first) | _Cac'wMiss |
. BRI, CPUSTRMREH,
17, EIFFITEEEGERPAVFRIFEL ’

| Cache linerp ZCHE VR HUI T -
*6,7.8.9.10,11,12,13,14.15.0,1.2,3.4,5

&, BEE%E., &TD0$ (7)) .



1 MM FROEES

E\Eﬁ addre
cache 0Bk }Bm

WKN =0 @
7]

mﬁ‘i /E/F;,; 1 :[:j% (K words)
pric 0B
PRI 1k

frid | BE2S-1H Y N | | e
2™ 1k zn'meﬂ}
E itk FERS RA RIS
Tag = m {ii oS

*Cache‘tricfil” %2, BEBR{EH<(miL)
LURIREZ (BRAMIR) , mPLlEEs: (CAM)

RN RE=-FR% | FTIRZ




1. £HHEAMS (£E)

T RN
HhdiE
H EliE

EE/ERTS

1
22

7

i —

Rt

2 3 4 5 6 7 8
2% 2 2 16 4 16 18
2| (2] |22 |22 |22] |22] |22
% | |26| |26 |26] |26| |26]| |26
-1 =1 1-11|16] 16| [16] |16
=== 4] 4] |4
- t=1 =1 1-=11-11-1118

i o m A R e R

4t
P

a

~ & O A W N = O

[



£}

* If m blocks exist then

ERBRGI &R

m-way {

Valid Tag

Data

< m comparators are needed to match tag A ddiian
4 Cache data size = m x 2 bytes Tag [offset
V Tag Block Data V Tag Block Data V Tag Block Data V Tag Block Data
? 1 ? ! !
2 * 2
=) ) =
» * »
HHELRE: 4% ' = Sl
“‘\\ mux /

m-way associative

o
>

o (Hetagfiv) o, AT, e

fi HH EL A s V7 R 2 F AT or s AT ?

Data I

mT “/NCache”




Comparator: #{E K/)s, A%

* magnitude comparator }32 == T
B :io—I __I'- Bl
A B 1 o g
fh"-'l . ' A”}<}& ‘Dju 4,—B % = F_
IiN 'I B, :b—ic 4,>B, ;
N-1] j,’ I_g E s
A<B : -
: A o
* equality comparator Bas
A B g0 o
*4 ,|’4 E_J’;':i }_ Equal
- 5
| Ay

Equal B, :L|_ Jo—

-



£F8EkCachefyTagtli:, $5.4.2 [¥5HE

CAM(Content Addressable Memory)

i LRU '&ﬂx!&,

address

- MR

» (CAMD +—f

> —

L 8

- |
|

e

CPU[—| Cache |~—q AT !
|

-

[ | P _— {}@{}{}

Cache T 1E )5 # (]

« CAMIZStagiEztae: thiktag, 15%1T
- THEXE=8EEAY{SEFICAM




| EEREMSICache: BRETER

SKHTT: FH =20 T, % Cached T H) B

Cache—{7—k, =th#g: C=2c Cache EFiEes
F/==1h* - =7m FIRO FIRO
“E%iw‘ M= TR TR
FEFRSERFIEGIRE: i=jmod C
8% i=j mod 2¢ FiR2-1 FiR2-1
2
ERS | | RS e
0 0, C, ......, 2M-C ca =
1 1, C+1, ..., 2m-C + 1 =21
............ Ty
C-1 C-1, 2C1, ......, 2m-1 FR2
AN FFERS | CachefTS |HRPA=HBAE FHR2m-1

m=t+c{\ b{iz



{5 : direct mapped Cache

= — res CacheZ&& = 8 words
EFUL EFERS | CachelTS |FRposrithit H¥s (7FH =1 word
. AN ;
Cache F1F(Ese Cache ijl.” : £8 IlneS
=1 P\ Tl Cac/hejgdr 885528 r-r m. N8N T (), 74
FiR2e-1 FiR2:-1 {
\\ FiR2¢< 1 i 2%
FHR2e+1 A FHRAEME—FE e Hihkphoe?
N
FH2-1-1 / \ P N A, tag=?
FRE I 2
FHRom-1

VT
| I \

K45-8
/

-
a
/

Mem addr 50001 00101 (01001 01101 10001 10101 «11001 11101
Ex bk Ex00 Bro1 Memory Egqq 11

il Tag (Bt#) | Index (Cacheline#) | BlockOffset | ByteOffset



index | v | tag | vata  [Mlwdex| v | Tag | bata |
000 000

N N
. 001 N 001 N
|: Cache access - -
° 011 N 011 N
100 N 100 N
IZEI 5_9 01 | N 01 | N

110 N 110 Y 104, Memory (10110,
111 N 111 N

. 9/A1§El ' {¥ a. The initial state of the cache after power-on b. After handling a miss of address (10110y,,,)

000 N 1040 Memory (10000,,,)
—_— / 001 N 001 N

o aC e — ¢f I 010 Y 1140 Memory (11010, 010 Y 1140 Memory (11010,,,)
011 N 011 N
100 N 100 N
3 l! A3 o ] 101 | N 101 | N

— %’ 'y ’\' fﬁ V: N 10 | ¥ 1040 Memory (10110,,.) 10 | ¥ 1040 Memory (10110,.)
|:| I 11 | N 111 | N

c. After handling a miss of address (11010y,,,) d. After handling a miss of address (10000,,,,)

Cache Iﬁﬁ%‘ﬁ 100 Memory (10000,,,) 1040 Memory (10000,,)
=FiRo R0 001 | N o001 | N

. . 010 Y 1140 Memory (11010y,,) 010 Y 1040 Memory (10010,,,)

FiRL FiRL 011 Y 0040 Memory (00011,,.) 011 Y 004, Memory (00011}
100 N 100 N
FiR2c-1 Fih2c-1 101 N 101 N

110 Y 1040 Memory (101104} 110 Y 1040 Memory (101104}
111 N 111 N

e. After handling a miss of address (00011,,.) f. After handling a miss of address (10010,,,,)
Decimal address Binary address Hit or miss Assigned cache block

Fi2e+l of reference of reference in cache (where found or placed)

10110, miss (5.9b) (10110, mod 8) = 110,

Firam.-1 26 11'01(?!‘““u miss (5.9c) (11010m mod 8) = OlOm

22 10110, hit (10110,,, mod 8) = 110 _

FEMLH FFERE | Cache(TS |HRAFtE 26 11010, hit (11010__mod 8) = 010__

16 10000,, miss (5.9d) (10000, mod 8) = 000,

3 00011, miss (5.9¢) (00011, mod 8) =011

16 10000m hit (10000m mod 8) = OOOM

18 10010, miss (5.9f) (10010,,, mod 8) = 010,

16 1OODOM hit (1DDOOM mod 8) = OO[}M




{5

EIRME, B

Address (showing bit positions)

Data

3130 --- 131211---2 10
5-10
IZS Byte
offset
Hit +20 .10
. Tag
Index
Index Valid Tag Data
0
1
2
1021
1022
1023
420 432

Cache Ecdi
FHRo Fio
Firl FiRl

FiR2e-1 \ FiR2e-1
\ FiR2<

ZFHh2<+1

?_ﬁz c+l_ 1
$t*2c+ 1

Firam-1

A5): data = 1 word;
R =AtbE= BlockOffset= Oy

Tag5DataFt{T

Tag (E#) | Index (Cacheline#) | BlockOffset | ByteOffset



FastMATHYNERES . EEzRREY

» A} - - & @ ® & 8 % w ﬂ_
ARM:E i1 A & Intrinsity  ~) 141365210 L1 mishes
$5.3.4: WriteBuf& &= ~N14T o L (€ e
: 418 48 44 Byte 1] Data
'Tt Tag offset
Index “# L Block offset
18 bits 512bits =167y, —AfTZ ¥
V Tag Data
A
256
g 4 B ? entries
Y
118 432 32 132
( Mux )
o J32 i~
Emiss: mem->Cache->cpu ) $5-12

5. HEMERIATE? BRI



HizlRgCacheip|o): Hiflg (=) 9

17 e ] 2 3 4 5 6 7 8
itk 2 % 22 2% 16 4 16 18 FH=
B ECIE T, _ - - - | 16| |16 16| |16 0

=110 == =111
~1 [26] |26] |26| |26| |26| |26]| |18

L= -] 4] 4] |4

22 (22 |22 |22 (22 |22 |22| |22

~ O h = W M

HEERS iR S S U EE G i
ISR 2611872



- HERRIG=
» (i SCHEER

— £ Jltli;-il'ﬁy&%j VA=

= [E7E

—IREbR . REF

— Fast: datafcFtagkbis

— FToEcount{y]

o TRER: JHEE, 1K,
‘ S ZEﬂijﬂj'r_ VRPN EFR (B2
FHEFIRXIRNEI— N Cache=riR) |

- AAS T EFR

FRCETA

P LA ERYE

Cache, WAS KRS IS,

AV

S ?iﬂ’,iﬂiEl’Jﬁ‘kW VA=E:SCl
Ejﬁjﬁmmﬁﬁ aﬁ?ﬂ%x‘%é\l'fiéﬁr e alenatienn

AR X2
HREHN



2. tHIBERBRSR (2 way-set- assouat

F=hitis

\
Cache’r4H, Cache (r=1) iiko
A RS | PR | FR1 ¥
BORAh=41%0 [t =t [T W L |
=7 T — R —
e Sz
TR an! ¥ e
............ T
Tag = &5 g
r=09?cdllg, B |MC | FIR20-2 } o/ \\ |
r=c?14cig, % bric | FR2e-1 )
F Ak =ihocr+l
FERIFC | Ak | SRttt
S=t+r{\/ q=c-rfif oz \|L__-
FR2m-1
mfiz 1




2 NEZ (X) (EHEEEAS (&)

- JRHE
R,

. JBCache> HQ(=29H, BHBR(=2"

I
H

N

=] mod Q
, INEFNHES, [REFIIRS

— EEFRMICachefYHZIE], NEFRFKE;

— EFRAILARGIZRI AR T —IR, J92iH
HAIRSRAIKRR.

° 1:5 H%

—r.
_r=

=, degree of associativity
—HAYEREN (88N, 1750
0, BE#XftHEX; r=c, 21HEK.




- Ex: 4-way set associative Cach

-- Set--associative mapping

[ L — BO ) BO
set 0 3 — Bl Bl
‘ L B2 | IN ST
L - B3 » B31
— B4 ) B32
set 1 < B> B33
-Hﬁ llllll
L B7
T 7-biltag — B63
e m— L - B64
L B124 T
set 31 < B125 | Ww [ ...
e — B126 B4095
| B127 y
7T bits Shbils 4 bats

16-bit address

e e A B e e

Lag set

wiord




Ex: 4-way set associative Cache

S R

8

Index

V Tag Data

V Tag

Data  V Tag Data

V Tag Data

131211109 87654 37210

N

RV

5-18

(L=
|

Encoder

WJ

4

th (data) ks, BA/N, Cache X/, WIFEERA/N, RTFER/N?

Data

FAHIE

EFFHRIFC | Attt

FERAIE

s=t+riy q=c-rfiz

mfi

bfiz

—2H4% (line)
——F (47T

T fizset
[t ¥itag
RPN

Index Valid Tag Data

20

!




FEEURRIECachePAIUE, $5.4.4

Set associative Fully associative

Direct mapped
Two-way set associative

Block# 01234567 Set# 0 1 2 3
Data Data Data
%|5-14
FArH512
1 1 1
Tz T
Tag 5 ag| |, ag 5
Search [ Search ’ T Search T [ l “ [ l ‘ T

- EIEIREY: AFRES mod CacheiRZ]

— (Block number) modulo (Number of blocks in the cache)

- ‘BiEEX: WIFEHRS mod Cache?BEY, HW{E—

— (Block number) modulo (Number of sets in the cache)

- £HHEX: {F—




Hassociativity = Number of ways

Two-way set associative

HEIEA

One-way set associative
(direct mapped) Set Tag Data Tag Data

2

Block Tag Data 0 FHEERE (B$ED Ehn, X

0 A kD
%]5-15 1 ; BN, Ay BLECET TR

s 3 “2AIBH T/ ECache” !

3

4 Four-way set associative Cache® = (RATED

2 Set Tag Data Tag Data Tag Data Tag Data =HE X F H@ég

6 0

7 1

Eight-way set associative (fully associative)

Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data

Used for tag comparison Selects the set  Selects the word in the block
I | |
Index Block offsetBytd offset —
: BRATIRE, I
—— Increasing associativity 1) CachefiMem7y;Hit;
Decreasing associativity < 2) Cache’:4, Mem4yEs
‘ |Fu||y associative
Direct mapped | (only one set)

(only one way)



EiZiRgT, 2IR4BIREX

* N comparators vs. 1

« ZHAHEE: Extra MUX delay for the data

— Seikway, Fikword

— Data comes AFTER Hit/Miss decision and set selection

o ELREHLY
— X1 way

— Cache Block is available BEFORE Hit/Miss

Block number Block offset
A .
(

Tag Index Offset req address

,4_]
b k b
LV Tag Data Block

Tl T T T Zk
R G P QR

lines
v

HIT ﬁ \—l—/— Data Word or Byte

Tag

Index

s

k
Data Block

V Tag Data Block

t
|\ Y




CachefpH=:

- FE. WEMEKE (BETAIN) S0CacheE
« CacheBE®A, ffw*f_mo
— HCahceBFEXEI—EERS, mPERASESTERNGK
mMmiBERE.
— CacheB&EX, RAE00, THFEIEN,

BBBBB

Cache&F =
BBBBB >
2" -1
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CacheBE. B (17) K/ ﬁ‘ﬁ':F"—?—‘

10% A 3% P E e e A =2 F R e e A A E % FE e E A A %% F R E A A A E Y F R e e A =% FE E e e A A A r e A e r e Cacheﬁg
/ 4K
[\E
Miss I}'II e s s m d dd L L E R R R Y R LR RN RN JJdd R RN EEEEEJd kR LEEEEEJdd EEEEEEEEddd RN NN NN Jdd B LI NN ENJddd AN RN NN Ndd
rate 0 °

=) - QEAH{
._——_‘——————‘—
0% , e n * 256K
16 32 64 128 256
5-11 Block size -
A
. . 1
BN, o P —
Cache e B [Hl5, Ho/NI, BRI, e % A //\ﬁi
AN, SR SR
$5.3.5: “HRHIERI S IR AR 7 N
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RERSHEXE

PREIFFTUELER :
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C
> 0.1
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H&P $5.2, firrf1itf[i]: 2 teoaf
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2-wayslt4-waysti1.02~1.111% 1e-05 |
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$5.4.105, AapPERSHEKE

AL

Contents of cache blocks after reference

- ERAREY E————

miss Memory[O]
8 miss Memory[8]
0 miss Memaory[O]
6 miss Memaory[0] Memory[6]
8 miss Memory[8] Memory[&]

Contents of cache blocks after reference

| contons of cache locksster roorence
JERZAFEEX Emm

miss Memory[0]
8 miss Memory[0] Memory[&]
0 hit Memory[0] Memory[8]
6 miss Memory[0] Memory[6]
8 miss Memory[8] Memory[6]
. @*ﬁ H?é E
block accossed [ Blocko | Block1 | Block2 | Block3 |
0 miss Memory[ 0]
B miss Memaory[0] Memory[8]
0 hit Memory[0] Memory[8]
6 miss Memory[0] Memory[8] | Memory[&]
8 hit Memory[O] Memory[8] Memory[&]




g

- [ZCachefUREEREFAISE, RN
95%, NI .Cachejmf-fﬁ‘ghﬂ‘? 7
RS 15)a)Ad8)=0.95*t+0.05*5t=1.5t
MEEEIEFH=51/1.5t=3.33/%

Word, byte access Block transter

: = Cache . o
Fast Slow
Processor — ——
Write mMeEmory
> =
Fast buffer Slow
Word, byle acoess

. o |

Slonar

Figure 4.19 ARM Cache and Write Buffer
William Stallings, Computer Organization and Architecture, 8" Edition, 2010
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« HEPCFEFEEES2048I, H1L512B,Cache

N&=8KB, \7jl6ij& FR512B,

- HEEMSE, FENHEDJLER? Cachefric
JUsI?

— FHEHERIZR, Cachefric) Lz?

— FHZEtEEXIS:, Cachefg4H21T (BH2R, ™
AHEER) |, EFEMIDAIE? SETIR?
Cachefric) L{iz?

= H PRIRS

4
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- fHll2:

iR cachel B EN2KF, BMHRAIL6F, X
(1) i%cacheE] FNZS /DR
2) RFEEFNBER256KE, NIFZ /D R?
(3) EFAMIE S /N? cachetBit T Z /M ?
(4) FERMEEIVT, EFFPHISIRIGE]cache R EF— N RAR?
(5) IH{THEUEAVERT, TRAEEESATMEIES AR LER? RERD BB S /M
fF: (1) cachedFF2048/16=1281 R,
(2) F1FHE256K/16=16384 8,
(3) EF B E/J256K=218=F, FiBura18(\,
cacheBRRE 2K=211=¢, it F11{5,
(4) EEEMERIVT, EEFFPRISEiRIEE]cachemR5E | mod 128N RH,
(5) RS\, RE AT, RAFHBUI4,

18 11

B 5 BN HBHE
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Bifi: $5.4.3
« LItR (line) AE

A\

- HE: 13T

Block Transfer

~A

Word Transfer

~A

- HiEEK: EEH, EFRE (17)

=/

- BEMREY: EElT

Direct mapped Set associative Fully associative
Block# 01234567 Set# 0 1 2 3
Data I Data ] Data [
1 1 1
T T
Tag 2 ag > g 5
h

Main Memory \

CPU

i 4 Bk '

r% ________ s = _

| £ X B ||

| ¥ - |

I i & Cache |

| 5 ha I .

| # Mulm | # T | s

| = Hl# ol

| MA ik | :
—
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=B (OPT) : KA AIgeEEE
— EfEIAYBIASHEERRTT: FukOwork sets

- MEHli&, FIFO, &AM, =/hia)
~ FIFO: sCIlG{&E, {(BAEEIEERIRIZERFRIEERE
Ja—ﬁ‘ﬁﬁ)\ﬁﬁ—?—ikmjﬁ'éx?sﬁ I EEFRFLR,
» LRU: sbas/MERE
- IHAE (48%Y) : BitAY&i<HIcache line
- 1180E (ELl) © BRiTEsEKE —I=nRIREL
« —{\71T#%: NRU (SIERER) | %ﬁﬁﬁm e s
— BitER, Bl (or fEY]) o] [ooFm Tortzr [000m3 Tor iz
- WITEL
— ERA .
— HEREIE K, SCURAS ;

| -

158AC | 01 00F29 (01
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~ Implementing LRU replacement )

« LRU: Fl:%, Zﬂ Cache Line = VCD + tag + block( K words )

» 1. 4-waysZHIHEX, KEKITEL, REITEEGEKE

— Hit
11
- Increment lower counters, #yrhE{g L|Blocko
* Reset counter to 00 10 || Block 1
: > Set 0
— Miss 01|/ Block 2
* Replace the 11 %
Block 3
. Setto 00 o¢ y
* |Increment all other counters Offset

| Teg |0 b g R
15]2 2- Waysfﬁﬁﬁﬂié 0 X 0x??  Ox?? Ox?? Ox?? m

— HEITE e 1 X 0x??  Ox??  Ox?? Ox??
ndex — —
0 X 0x??  Ox?? Ox?? Ox?? m

1 X Ox?? Ox?? Ox?? Ox?? X

1
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IR MERE
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R, CacheZS|a]/g3LR, bt

P1, P2, P1, P5, P5, P1, P3, P4, P3, P4

fSHFIFO. LRUMM TUEBIREAXTIX 3R

CachefyfsERIE!
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SIREAN. Bl




FIFOE#RE X
i IR ] 2 3 4 5 6 7 8
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Bnfg(Thrashing)Ig:: Cache /?‘
Ve 1 2 3 4 5 6 7 8
wihkHes 20 1 9 7 6 2 U 9
RA®EN 2] 2] |2 2| [6] |6] |66

— | {an | (1| 12 (]| [2) |2] |2
- l=1 19l ]9 9] 9] [12] |12
- l-=1(-1170 17117017119

BAERA I A MR R B B BB B
Seit i B 45 20T [ cache YA BB 1%
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L RU stack&%

. stack The LRU Stack Algorithm
distance Refaronce Sting
— 151e)Elinely 0313236041424705152580313
HErx4HY
VA=1
&g_\/—,\ A
— 55 U\ﬁi“ﬂ
i = & s @]l o [ 2l 4T

[ DO00D00ERREEsER ZREEFERDEE
o EX —4=" .
EHRIE—17 8 e B EEe A

_ YA 9 ID00000000000000000CEREIEEE
Distanee o o0 202005006 26 2005 06 26 20596 2
* histogram e S\ //
Rty e | 7 55 (f[s
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A Simple Cache: FEKAE, $5.9,

« Direct mapped cache

* Block size is 4 words (16 bytes or 128 bits)

« Cache size is 16 KB, so it holds 1024 blocks
32bit byte addresses breakdown

— Cache index is 10 bits

— Block offset is 4 bits
— Tag size is 32 - (10 + 4) or 18 bits (256K1R)

Write-back using write allocate
— Includes a valid bit and dirty bit per block

Used for tag comparison Selects the set  Selects the word in the block

I l 1




A Simple Cache: 1‘%5%511‘2?%

 CPU <-> Cache (Blocking cache)

— 1bit Read or Write signal
— 1bit Valid signal, a cache operation? ——2&15[a]Cache?
— 32Dbit address
— 32Dbit data from processor to cache
— 32Dbit data from cache to processor
— 1bit Ready signal, cache operation is complete

« Cache <->MEM . =
— 1bit Read or Write signal
— 1bit Valid signal, a memory operation? cPu
— 32Dbit address

.| cacHE |*—
SUE SUE

A 3 S e

— 128bit data (&) from cache to memory
— 128bit data from memory to cache
— 1bit Ready signal, memory operation is complete

e CPU<->MEM: CPUAEEIHEMEM!
— 5[l AP ESE



STALL

PIPE STAGE X ‘

________ oP

ADDR

DATA —_—— e —————

L

Y

PIPE STAGE Y

CACHE

TO L2 CACHE
AND/OR

BUS INTERFACE
UNIT

CACHE

CONTROLLER

BH %& \blocking Cache, Id/stig4

i

LOAD DATA

MHAFEEZ A2 ST T T T

PIPE STAGE Z

Nonblocking ($5.13)

v

HIT

Bruce L. Jacob, et al. Memory Systems: Cache, DRAM, Disk[M]. Morgan Kaufmann Publishers Inc. 2008.
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~ Cache&\Ai &0

address

&
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% + =55

data RAM

compare F

hit

Combinational
control logic

Quiputs <

Datapath cont

nputs
A

Inputs from cache

1T

State

m

gister

I

datapath

FIGURE 5.38

MNext state
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cpu_req.addr
(showing bit positions) |cpu_req.data
31 - 1413---4 3210 e data.data
"'"-.JB 1[] 2 By-te ' [ ] [ w [ ] W ; C e '
Tag Index offset Mux > ( Mux > ( Mux ) ( Mux )
| | | | /
18 bits Data Write
J 128
V D Tag ~
Data
1024
—® b g - entries
J18 J.128
: . Data Read
Block offset ! r A
Hit oc se 4
Mux RV$5.12, FIGURE €5.12.3
32 DataRead, DataWrite?

Hit4y 4 B 18] vs. Dataistz B i [a] 2

= = =AY
Data 5Tag, ECache, I



ERIRGI =625

IEEmissiHEfEZEHR (HESM])
¥[@]2> (CPU-Cache, Cache-MEM)
— PEZER Cache: missAfiES
- CPURERSSAIMEM

— IF -
- R BEEEAN,

« Cache line\/EMfE—:
- BYFF:

__'%':

—cc (FliFhit, #FEEH)
i BN (CleanEfE N, dirty5[aE]) |,

Writeback using write allocate
. anF' B[ (Scache, &dirtyfif) |,
« e Bofe, #A (Cleanéhdﬁ)\ dirty5[a]) ,

CPU

CACHE

B5Cache,

%Z“\cc

Hi=

!

CPURLLATFihE

Y

|
g7

N

HhiTHiaN

g s

¥

ol 2 R S el fe e

ihlalICacheRY
HiE@iEcPU

EFEER
ifl A Cachech

l
=R




Cache Hit Compare Tag
2Z[=E H Mark Cache Read
z7 J D],Hs y ( If Valid && Hit ,
=| Set Valid, SetTag,
CompTag Valid CPU request f Write Set Dirty

— @R SERkiEScache
— Miss: "SR N, BiES
« JEfE: Allocate (E9EE) , Zcc
« BE: Write-Back (fcE[El, BE%ES) , Zcc
Cache Controller<-> MEM controller

Cache Cache
Miss Miss
and and

— MEM Ready: ABRHTMIETF, FEZ Old Block | Ok Block
S is Clean Is Dirty
o

. . Q¥

5CPURS: IFEMEMJEZE &

- E,Hﬂéi:’? ‘ﬁ ¥

ATtAG? -

— }FFﬁj\CompTaglijfﬁf\ Allocate ) Memory Ready V:ri:' C:E

— 1'%2'7J|]WritEBUf, ﬁﬂ&ﬂ% thead ”h‘:w block Block to

_ |d|eLlZ\2JFi? rom Memory Memory

— FKH?

B%H? SJRR5.24

51E, EA0HD, BiHEL, SEiaskig? 4]5-39, Moore#/l?



- %Z%Cache: $5.4.4
+ REFEEAEREDIRIETE]

— HCachefp R, T1FIT2725AMWE
alEgiE], WRSFLIRIAYIEITS

+ Ts = T1xH+ (1-H) x (T1+T2)

FhEERHYD

—

MAIN MEMORY
] 16T T 50
' 14 1
12 f T ¢
o 17 130 &
o =08 £
L2 Cache = 08 L0 5
04 o~
110 2
0.2 rate
. t f 0 | | | | 0
L.2 Bus Interface 8KB 32KB 64KB 128KB 48KB  96KB 192KB 384KB T768KB  1.5MB
1 L1 Data cache size L2 cache size
2 = N =
Processor ':E L1: #E, ﬁ%ﬂ»?xﬂp(ﬂﬁﬁ}ﬁ} M) 2
I-Cache =1 core [ Cr:e L2: R, MR K




Cache Effects

Cache affinity: #
— RUATREZ B LS BRI AT 1, BORIR B B AR

8] Jg 35 1 5

A

VAS R

T

VEREH: KE D TFE MV AR A EIXHE, $5.4.5

— JEHRBIE R () EAF A & A7 RO e U

M B KB BE #4725 [ Je s ke
Suppose: Cache size = one line
— storing multidimensional arrays in linear memory

— a program accesses the array one row at a time.
— row-major order?

— column-major order?

* That would result in 16 cache misses

2

3

4

| 1
|5
9

b

7

8

10

ik

12

13

Row major >
—

14

15

16

4
A

Tay

1

2

3

4

5

6

7

8

9

10

1"

12

[13]14]15] 16|

4 cache misses

Memory
address

0

1
2
3

2" -1

Word
Length

Cache
blocks

Block
(K words)

Block



T CachellIfEFR R AL AL

- {E,EH (Loop Interchange)

— JRFEJF (column major) ———
+ a[100][5000]=.. //¥Ia 1, T enF
or(-0; <6000, 1-1+1) T i
for(iZO; |<1001 |:|+1){ 13 |14 |15 |16 >
alil[i] = 2 * alil[j]; &FKEA Aol A
} RCaChef{}E:l entry 4 cache misses
}
— 3 (row major)

- a[100][5000]=...//¥]4E1k
for(i=0; i1<100; i=i+1) {
for(j=0; j<5000; j=j+1) {
alillil = 2 * a[il[j]; &L T X [cacheiT K/)]
}
}
« &I (Loop fusion) : ZAMEIMEFE AN —NFE AL
o fEMSsrE (Blocking) : DGEMMZEE ( $5.4.5, $5.15)
« Cache-oblivious algorithm: 5 cache%h#) 7555 1) H i3

[Ixx@ustc.edu.cn *66/62



~ PentiumIEESHERE]

- hd 5332
Cachq(8KB |
256&1 |
FREVE SEMX : _
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gign [ | Vil .
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3213 |
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i
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- Pentium&#BERRY " AIDCache

S LRUE  AFiE KA L RS
-W@E%;MHJI »<128 0 00F49 |01 h27 [o0oF5 o1 |127
A, wESTAY O 5 s T 00F59 |01
4X8=32B) . X AC 1O 29 {0
‘%}ﬂ “—‘EJE]” ﬁiﬂ]% 1

, AIBNASEASCRE ¢

Ej\%” :

LRU: ZHit#g, % 0

Eiﬁ*}_[, 0 0 0
Wk LTHIES: 7

PIAR=H

frEkI=] % Cache tpmitsm [ 20 7 3 2

(320 gmm om= owF P

REPL: AFIIRES, 7ECache—ZEtEHHil (MESI H1{#H .,



Cache coherence, $5.10

- EERFREN “—EUE”
TERR, W E—ZERNEREEPeE BRI E S ENE

. yk s X7
— Cache coherence: ER{(EREUTAE (BRERZRER? )

« write serialization: FNCPUXE—N BB {EERRGCPU
=g EZi=]E

- Write invalidate protocol . EF/&snooping
- Memory consistency: SHER{ELERMAATEI I
« W NMUERBEEINFRT—EL
- lIixx: —BEEHFHES, BXREMBZRINGERIFEREK.

A Bus-Based Multiprocessor System
Memory @
Time Cache contents for | Cache contents contents for J @ @ @
step CPU A for CPUB location X Cache Cache Cache Cache
0

| | |
|

CPU Areads X
Mem Controller (MC)

|
Main Memory

o| o

2 CPU B reads X 0

3 CPU A stores 1 into X

FIGURE 5.40

[

Bus




Cache—&{4ESCH )

« Write invalidate protocol: R&isrtiN

— B NfEEfECache IBIARTA

« ZCacheldlTE & FRISE/E. INERAMCacher
BAUsteit, NEILtEEER ISR

FIGURE 5.41 Contents of
Contents of Contents of memory
Processor activity Bus activity CPU A’s cache | CPU B’s cache | location X
0

N

SHHEIRY

CPU A reads X Cache miss for X 0 0
CPU B reads X Cache miss for X 0 0 0
CPU A writesa 1to X Invalidation for X 1 0
CPU B reads X Cache miss for X 1 1

FIGURE 5.40
A Bus-Based Multiprocessor System

Memory
Time Cache contents for | Cache contents contents for @ @ @ CIP
step CPUA forCPUB location X Cache || Cache || Cache || Cache

| | | |
0 Bus
1 CPU Areads X 4] 0 Mem Controller (MC)
2 CPU B reads X 0 0 T
3 CFU A stores 1 into X 1 Main Memory




{At=false sharing, $5.11
- WERFZTELEARNEE, BT
=

m]—Cache linedh, S AVER—IE4E
PR
- R L: ERFRREdmEsskitto]gfR




/Nehi: 4FpCache Misses, ($5.85 “3

Compulsory CIA%R)
— cold start. first reference. process migration
— “Cold” fact of life: not a whole lot you can do about it

— Note: If you are going to run “billions” of instruction, Compulsory
Misses are insignificant .

Capacity: cache X’/)N, block A7) |

— Cache cannot contain all blocks f\\

— Solution: increase cache size 2B

Conflict (collision): HHELREE ’
— Multiple memory locations mapped to the same cache location

— Solution 1: increase cache size H,
— Solution 2: increase associativity

Coherence (Invalidation) : MP/MC
— other process (e.g., I/0) updates memory




Deeper Pipelines: MIPS R4000(-.

IF 5 1S ; RF | EX ; DF 5 DS ; TC ; WB
- —{5) |
Instruction memory i Reg | } gt Data memory I Reg
Direct-mapped 1$ allows use of 0
instruction before tag check complete C ~240 cycles
Main Memory

* Longer pipeline results in
— Decreased cycle time
— Increased load-use delay latency
— Increased branch resolution latency
— More bypass paths
+ P CachelVEREE?
« EU 1cycle, L1$ ~ 3 cycles

» System Bus

()




EiEBRET Cache 545 S HEIAE

I-Cache PC 2"-entry direct-mapped BTB
Entry PC Valid || predicted
| target PC
Y
T N
. 1k
<

: match valid target
1 '



Word, byte access Block transfer
- # Cache -
Fast Slow
=]

Processor Write .| memory

« Cache&®®tE

— CacheRHEPEHNEEIBIR?
— Cache missHY[REH? oo UraItemory Wapong
— CacheliSide effect

- —¥i&: Cache5FFRZA. (\

- BACPU, ZCPU, DMA gy B s B N
- SCATME: IHEETERYFREN:
- EEKRE, (=

- ZQECaCheEI’M’E)Eﬁ. B EER
» CacheZB{R%EY, 15198, METHIHE, EHasREg
— NAIEEARERIREER?
- ©FE%E: Tag=RE, 1%ig, 3P (CNELEEE) |, RI{EFACAM
- HIEMREY: Tag=ER5, ZlinefoER, EfiiZFlline, — ELEEE
- N-way set: Tag=E&S, 1ZRBHFDER, EIFIAH, %K, NLLRES
— =St A S EEERh S e L?
— HFESCHILRU?
- {EM: 5.5, 5.11, 5.24
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