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ppl: CPI=1? #k{&? )

Program
execution : 200 400 600 800 1000 1200 1400
Time T | | | | | | -

order
(in instructions)

id x1, 100(x4) nercion)  |Reg| AU | DA i Reg 4-25

Id x2, 200(x4) 200 ps 'nﬂftgﬂﬂn Reg| ALU agg;zs Reg

Id x3, 400(x4) 200 ps | "Shaeton Reg| ALU | 2@ |Reg

200 ps 200ps 200 ps 200 ps 200 ps

Cc Mamaory
CPU a bus
| Registera | ;‘:
)
Cisk
memory
Register Cache Memory referancs
reference refarencs referencs
Size: 500 bytee 64 KB 1GB 1TB

Spead: 250pe ins 100 ns 10 ma



Memory Wall: 1995, Wulf@Univ of V|r

Performance

- EEEEIRA_ECPUMEE(25MHZAY80386 2 fF)
—  100MHzEJPentium&-IE28 1 10nsH17—5%5<, MDRAMEE
AU15|a)AY[E]60 ~ 120ns,
- 1BSMKEG: BEERAEF
o "UMESEMEERNY R FRIREMDRAM BT FRY
Processor-DRAM Memory Gap
100,000 pProc 1.20/yr.
“Moore’s Law”
10.000 [rrerrssracssnnacroncerosssssonsransnrssnnsranseacssassncrsssnsinasnasanassnnesssnssesnasnasensaeessssanensnssssssenes uviles s aruiiiee. .
pProc 1.52/yr.
1.000 } Cer T ity s ooivasnamaiubmnanunssanas@alie e s neonternasaassnonnnesnsessonsnts obsnans
DRAM
7%lyr.
1015 B oo A T A T ey T P A T o P s oA ey --Pfoeessor-Memory ............... (2X/10yrs)
Performance Gap:
(grows 50% / year) p— §
10 e e e S S e el ¥ sl
11980 1985 19190 19l95 202)0 20:)5 2010

Year



BEiR iz e, B

CPU

== )

Processor

|

LR T ERcopy |

1r

10)

CPU
RegFile

(=

holds frequently used data

I

Data are transferred

K]5-2

Big, Slow Memory
DRAM




“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




PCHFRIFNE T RS

Backside bus

Frontside bus

Graphics
Co-Processor

CPU

SCSI bus

/
=

ﬁ-ﬂ— AGP

&

SCSI
Controller

DRAM bus
I
I

p2p /
I

Other Low-BW
I/O Devices

DIMMs
MNorth Bridge
PCI bus
4»-"'"—"—._—
- . - . Network
Interface
<::> Controller
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



AHAZ: CacheZRSE (Hp4hIEE))

- T AFEECache?
— 4ge. &1

the write policy

. CacheRAIERTEONIY - how the processor wies data o
- FERERE: WA, i) eventually gets updated;
+  FCachersRERAYAR - the mapping function
« CachefYEZARZEY, 5.3 — the link between a block's address
. CachellJiEEiRfEdi2, 5.3, 5.8 Lna{:nh%r;nory and its location in the
»  Cache—E% — Block Placement Schemes
- PEZEEI(Cache * the replacement algorithm
« Cache-MEMBRESHHI, 5.4 — thﬁ- rpletroclI(used to figL#re ouL
© REORL? Cache in order (o 16 Up A b,
- Cachef9E#aseHg, 5.4
» Cachef=#lg§: 5.9, 5.12 « CODS5S

« Cache #5501 — 5.3,5.4,5.9,5.12, 5.8
. EF R E: 4.3, HiF4A
e Cache Coherence, 5.10

© HIERGHR



CacheXd &St 4 EeaY8200

Main Memory

System Bus

L3_0Controller

& ~3 GyCICS L3_1 Controller

5

IF IS RF EX DF
First-half Second-half

MIPS R400048 4 m /K%
DS TC WE

First-half Second-half Tag check

B ' Data memory Reg

Instruction memory Reg
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~ CacheXy ARG MAHIF MM

- TFhEsEitsE: BUESEIES
fACache

Core

>

- BZkh

>

J: CPUFII/IO%

D CPUIRRIETRR
- BIWER: —Bu%, BYRRaIFmlliE

LoAD

us)

BhRER

a
ME REG ME REG
M i M
1 ME REG ME REC
M H M
ME REG

} Memory

Fetch [-Cache
Decode
Execute
Memory D-Cache
Write-back

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




e opaTea e

&) /E 2Bt temporal locality
~ SIS (SR RATRAER

AHIRERBIRAT31E)

— FHES5 BN HEIEERXERIER TR netruction

- R {REBdata, EH
. PRt
S8 FER M spatial locality

- —PHERERYHETTE IR IR
- {FEShREFEETERE— X,
- REg&: (REAdatalREAEME, TREN

. PSR

15
— fori:=0to 10000 do
Ali] :=0;

FHEBIESEI: REDR

Address n loop iterations .
o (-] -] o DD
o (] o -t T o [+]
(-] o (-] o

fetches
subroutine subroutine
Stack call . s—Jreturn
oooooooooo
accesses AN /
argument access
=]
)
vaoc’e o’
Data °

accesses

scalar accesses

e © o ©o © o © o Tlme

Typical Access Address Pattern



o N

Cacherp¥ (hit) Wod Tt U
A~ N > K F 2'\'\- - ~A
- ﬁAlﬁ|ﬁ]E§§&_}¢.{ij§'f¥E: CPU ™ Cache E E Main Memor y
— A HREY(E]
CacheAm9 (miss, HR5L)
— CPUBKILIRIRIEEEA{ECache ), E&FEIRK

- EBEUEFIELEFR (block) —IRMETEN
« CPURJPEZE (blocking, stall) =¢3EFBZE (non-blocking)

— K34

= (Hit rate)
— CPUEGIaIYEE BfECache RAIELER,

- BRI HEREEECachefI%ER,

AanF

N2 (Miss rate)

< (penalty) : BY/&] = mem->cache->cpu



- P]: Cached&Ag

KIS M

*Cache-line size match the width of

the DRAM simplified the design.

R (17) Kb 1—32¢

CielasliN]E] 1—2B9t/EHE (BRL91)
SR FChYE] 8——100R T $4 FEIHA
(V5IalAda]) (6——60RTEEHR)
({&1XATE]) (2——A40RT5/EHR)
NI 0.5%——10%
Cache®= 1KB——1MB

Main M

CPU g Cache

emory




NFEoR (block, FFR) , —RZB=

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

ik

Data

2)

a4 ::Ig:ag a1 ag

Block identification

dax azpg a;

Block 0 N " Y
4/~data NI TR
Bits identifying block Bits identifying
offset
Block 1

101001010110100101 10

..--""'.7 ‘\“--..
Block ID = 169.3811¢ Offset of 2 1nto block

Block 2

¥ Each gray block (one data)

represents an addressable —ICache block (4-f-data)

memaory location
containing a word

Block 2% — 1 = 262 143

BRARNZADEIE?



Cache/Main Memory Structure: ﬁ/

Line Memory
Number Tag Block address
0 FHihE 0 \
1 1 T
2 2 Block
3 (K words)
C -1
Block L h
(?(CWO?SS;
(a) Cache
WAESH (FFH) , Cachesr 4T, —4i7—H (FH)
Cache line (Cache Block) size = Mem Block size  |-——————-_
Main memory = 2" words = 2"/ K blocks Block
Cache has C lines of K words each
Tag — to identifies line on_ 4
ngr?g;?h_’

Line = way (b) Main memory



Cache Line Structure

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

o —{T—th (FHh) , —th&/ \data, —/~data—"word
e Tag: to identifies block, = RNFRE"?

Memory

address

WK =0

}

Block
(K words)

Block

256

entries

e control bits: VCD
- B (valid) : HIELEEN? -
« TRCEHE: cold start/process migration/first reference
o HEAERMEEREE (Invalidated)
— ESfI (overwrite, Dirty) : iR EIEMN?
« ITEMTFESM?
— THEUZ (Count) : 1[EBRE?
o BWEIVRIEFIRIN
V Tag Data (K words)
=
E
2IEIEBI&E| &I 5
(4]
F|l8a|&8| 8| A : r
S
Data = one word
118 | 32 | 32




-I’Elsl:ﬂxn_ﬁ‘_i]lz

5.7

Il
- NTFEG

a. Before the reference to X,

)R

JERUEMR)L?

— WA R R

Word Transfer

~A—

Cache

b. After the reference to X,

Block Transter

Main Memory \




~ Cachejzip|aidfE, $5.3.2

T4 A, — MR AR

| Fetch [-Cache
CPU i 7 Hb ik o | | Decode Memory
| o< Execute
Y N O Memo
2 1 ry D-Cache
Q Y Write-back
Cacheji?
C) N l P ~CachelF] i miss ?
1 [l CacheHx 7 ] MEMER H A4 ETFIMEME: PATE s
H{Z Hi%ECPU £ B1%CPU i NCacherf i an kel A
| | }
'
ZhR
.
« QMIBEEFIEFHIBg+CachetzHillzE
e [|$ miss
O T —r=/==> = [ B o o kv3
— PEZEEZ(: CPU stall, FFE8(E>k, EFFEUS
o HEANMRH?

— JEBEZES: Oo0Oii7kEk
+ D$ miss: S5I$3%{L, dirtyHf#HFEEMEM



~ Cache miss: JHZEI (stall%

@) 2 ()

mm16 B =
£
—_ ALU result 32
— A ¥
0
1 32 _
) 1< = 5
I-Cache S — BusA 2 o) D-Cache ®©
3 RA L ) = S
Instruction jmp{ = =B 2 BusB > T < Address - g
- (73] jr—
Address = B : Data_out juyep, =
RW & NP e 0 = Data_in
. BusW |
| : T - 32 —
’a -'32 N % . % N %
ra | W 2 2 =
| | I
-
0 o °
R--i4 = . . -
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 ] ]
m X = m @) o
Y Y

Interface to L2 Cache or Main Memory




1 ARG FIMIEERE

F A7 l“fé?é’;l'
cache 260 B 2 Block
m:t+C{gZ gﬁ 1 ﬁ% 3 (K words)

prid wsote S~/ 1" 1 @ |
Frid H1Hh
Fric A < 1 N S — }

gg 2m_ 1 ﬁ% 2 «Word __

E=iik EXC32 = IRA RS HBLE
Tag =m =t+cC b{sL

Cache“tRicli” 25, LUERUENIS(M{L)

LERREZS (BRIAMIR) |, BRcAMEEERER (CAM)




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

[



& B AR BT R

Valid Tag Data

» |f m blocks exist then m{

< m comparators are needed to match tag Atoann

< Cache data size = m x 2° bytes Tag

? V Tag Block Data V Tag Block Data V Tag Block Data \ Tag Block Data

o Nt SN B | o
7FE ﬂ%ﬁ 4}%‘ % ~--__.f1 ] 3 ] 4
m-way associative ; : I_/" Di"l‘L

AN

el
N

i (EEBtagfiVv) , 4T, ET? H



comparator

» magnitude comparator * T € }. —
B j)o—; __I'- Bl
A B 1 o g
In _kn A e L
IiN ,-"I B Ib—ic 4, > B, ;
N -1] j: rg Fs
A<B -
: A3 T_ED—
* equality comparator Bas
A B g0 o
*4 ,|’4 E_J’;':i }_ Equal
- 5
| Ao

Equal B, :LI_ Jo—



£iHEXCachefY4514

iLRU%}!Qﬁ;

: address

| iF | :
_ Qﬂ.‘ m?ﬁ:ﬁa g tag CAM |

CAM(Content Addressable Memory)

e —————————

> .

L

- |
|

e

CPU[—| Cache |-——q AT !
|

-

|- P _— {}@{}{}

Cache T 1 J& 2 ]

 LbERtag, %17, EF
- $5.4.2 [¥5fR] 1EEStagiERIERE, THELE=8I&AT{EFACAM




| EEREMSICache: BRETER

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

Cache—{7—1R, =Fth#q: C=2c Cache FFliEes
7=t Ky - —9m FIR0 =iR0
“E%iw‘ M= i1 F11
FTESEFMEIXRZ: i=jmod C
g i=j mod 2¢ FiR2<-1 FiR2<-1
FHRDC
EERS | | £G5S ;ﬁc”
0 o, C, ......, 2m-C
1 1, C+1, ......, 2"-C+1 =pRocH 11
............ e
C-1 C-1, 2C1, ......, 2Mm-1 FIR2
FFAMU FFRE | CachefTS |HR=HELL Fihom-1

m=t+c{i] bfiI



{5 : direct mapped Cache )

CacheZ & = 8 words

—IK?;;: izfjg s (7P =1 word
FH1 =1 | Mm: 78 lines
NN\ I O T 7.
il \GN Cacheaddr S85552-- M. WfFaEsR (B 840F, 4r4B
\;ffil T 1{T=1tR=1
e iy Yl EME—E R H g
FHRoe1
i 1E83¢ AN far T, tag=?
=FHaam-1 / AR ‘ ’ tag—.
H IR ?
! !
%/5-8 % RN
// 4 / \ \l\ N
'y | T
|

| |4 \
I

Mem addr 50001 00101 (01001 01101 10001 10101 «11001 11101
E%00 Bto1 Memory g 11

(Block address ) modulo (Number of blocks in the cache)



Decimal address Binary address Hit or miss Assigned cache block
of reference of reference in cache (where found or placed)

C aC h e acce SS 10110, miss (5.9b) (10110, mod 8) = 110,
26 11010, miss (5.9¢) (11010,,_mod 8) = 010, _

29 10110, hit (10110, mod 8) = 110,

26 11010 hit (11010, _mod 8) =010, _

\ /_’ N R 16 ;gg‘ﬁm miss (5.9d) (10000, , mod 8) j 000,,,

° 9 / A1¢E-L }j {¥ 3 e miss (5.9¢) (00011, mod 8) = 011,,_
>, 16 10000, hit (10000,,_mod 8) = 000, _

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

o hit (10000, mod 8) = 000, _

« Cache=8ik & 1

index | v | tag | Data  [llwdex| v | Tag | Data |
000

000 N N
S A > I—‘Q V_ N 001 N 001 | N
— % n S i / — 010 | N 010 | N
011 N 011 N
100 N 100 N
Cache iﬁﬁggg IZEI 5-Q9 [0 [ 101 | N
110 N 110 Y 1040 Memory (10110,,,,)
$i*0 $t*0 111 N 111 N
$i*1 $t*1 a. The initial state of the cache after power-on b. After handling a miss of address (10110y,,,)
000 N 1040 Memory (10000,,,)
$i*2¢-1 $t*20-1 001 | N 001 | N
010 Y 1140 Memory (11010,,,,) 010 Y 1140 Memory (11010,,,)
011 N 011 N
100 N 100 N
101 N 101 N
110 Y 1040 Memory (10110,,,) 110 Y 1040 Memory (10110,,,)
111 N 111 N
c. After handling a miss of address (11010y,,,) d. After handling a miss of address (10000,,,,)
=i+ mnm— mnm“
q- 2 1040 Memory (10000,,,,) 1040 Memory (10000,,,,)
e 001 N 001 N
010 Y 1140 Memory (11010,,) 010 Y 1040 Memory (10010,,,)
$ik 2“‘\_1 011 Y 0040 Memeory (00011,,,,) 011 Y 0040 Memory (00011,,,)
100 N 100 N
101 N 101 N
Pl — | 110 Y 1040 Memory (10110,,,) 110 Y 104, Memory (10110,,,)
EFMIUL EFRE | CachefTS | RIS | = TR

m — t+ C{_L-‘.- e. After handling a miss of address (00011,,.) f. After handling a miss of address (10010,,,,)



gk

Hit

Address (showing bit positions)

EIRME, B

ETFE

FFRE |CachefTE |RAFHHLL

Data

3130 --- 131211---2 10
Byte
offset
420 10
Tag
Index
Index Valid Tag Data
0
1
2
1021
1022
1023
420 | 32

K|5-10

m=t+c{i]
Cache EXedi
FiR0 FiRO
FH1 N 1

FHh2e-1 \ FH2¢-1
\ ?"_1*21:

FiR2c+1

FHRoc1.]
=FHa2c+l

Fr2m-1

data = 1 word; BRNSEHENE=013]

Index = line #
Tag = E&#




EiEMETISEIuArch

Address from CPU
I Select
valid yvy l l l
Flag  Block Number Value
1 101 7625 ‘ s
| n bits o | MUX |t | Equal?
| 3130 20 131211‘1“;2
0 101 9999111
Inc(i]ex Valid Tag Data ( I n bits | ¢¢¢ Sﬂf:ﬂt Ma[chr?
2 SN .
o N
T = 0 101 9999111 { E ]
- ‘ | n bits — ache
I — H &sam Hit

Direct-Mapped Cache




- EEHKIEE, $5.3.1

» Cache missBYZi51T, AR >CPUSER?
- RBEF (early restart)
— MEUEIICIRab IR, —Biak=iR(E], LhIEss
VEIFREFEGE. &T1$.
s IBXKFNIG (requested word first)
— MBS FFIRIE, QMBS ADREMIT, BEE

SURRPHIRIREWE, EE%5ERl, &EFDS (7 ) .

5

>

™ | ™ | ©
o o) —

s | 5| sl =l S

Fl o]l o =1

=4

= |

5]

]

lid




~write policy, $5.3.3

Processor

- FNOER: BEFGH? Cachellfa5F1E7—3?

c R -
— BjF (Write-through, Store-through, BEIX)
BEIRTS A\ CachefIMEM HHH
5MEM=200cc: B%&/F (write buffer) , i, FEZE e

—  KJg (Write-back)

RE5Cache, EDirty(, EiRISBEITEEMEM (BEZH) CPU

AN
° N (-
Z_ A scache

— B9 (write allocate) : MmemiEA\Cache[GEBES 2| 550
i Frfetch on write, MIPS3FH.

o) «200
—  BZA%FE(no write allocate, write around): REmem
BT SR S -memory
al  +100
o ([EFRGE (Invalidated) . ZgrEFEZEcache S o

- HEZEZZ, [FA1FE4EEEEAICache sV alid [i780




Cache5

CPU

ecache

a' *100

200

‘memory

100

200

*l/O

5DMAZ H.:

5

(1) HEvalidfis;

oa'

CPU

ecache

*550

200

-~

‘memory

100

200

A

*l/O

*Not
coherent

1) CPU writes to a

oa'

i:ﬁEl’\]inconsistent/coherentﬂzﬂ

In single CPU system

CPU
scache *not
coherent
*100
/\
200 “
‘memory
*100
£ ‘processﬂ | memory |
- VO Interface | [ 1O Interface
(adapter) (adapter)
! !
(/O device| | /O device |
|/O

«2) 10 writes b
(2) simple flush the cache before DMA write




- ImE 5" #2{F, $5.3.3 [#5##]

« {FZ&ZMstore buf
— CC1: swiEdEXbufH+ran?

— CC2: TtunusedEEIE AD$

¢ :’ﬁlgﬁ;qunte bUf: —I%Iiﬁ Word, byte access Block transfer
P S Fat | Cache Slow =
- B0 o Main
e [ [ Write .| memory
— —/I\CCﬁ}iz Fast buffer Slow
« KIo]gg Pwrite-back buf , S e
= Sy
— EFHRIAIE]
Store-to-load
f di
F +—» D | » EX : ME —»! we orwarding i
~
~
3 lw :
> L1 misses N
$ t o [€—>| Main \
L . | | || memory ;“
Store buffer write-back buffer ,}
write buffer

(Parallel Computer Organization and Design) , 2012, Z*%Fig4.8. Fig7.3, lIxx&E %



FastMATHYNERES . EEzRREY

Hit

A

» N - - ® & 8 'l {m_
ARME\)#L’%ﬁ/z}ﬁJIntrmsny 31 1413---65---210 L1 miskes
¢
| L1
418 48 44 Byte
\ Tag offset
Index ?ﬁ% Block offset
18 bits_ 512 bits :16$, —ﬁg?
V Tag Data
L
256
* ? ? entries
r
118 432 432 432
Mux
(ma )
SEAE. BiEMERAE? |2 45-12

ol

Data




| EEMEIE

o (im: SCHfEER
-5 Jﬁiﬂéﬁ%ﬁﬂ\/ E EZE

—IREEE . HEF i@ﬂﬂhtﬁ’]%ﬁbh/ﬂ%%%ﬁ
%Tﬁmﬁ ?ﬁ%ﬁ&%f

— Fast: datastFtagbti
— === countfi]

o TRET: PSS, RWERE,
— #735 N EF iJ&ExEﬂi’ﬂJ‘F‘ VENMEFR (B2
FEFRXIMW[E—Cache=1R) , WRIX2

—T—ik':"%lﬁ/\_‘ AR MNALNEFEF i?%%ﬂ)\
Cache, WIAS KA,




_'_T;zHy&%“&Cachew’iln]

et 1= 1 2 4 5 6 7 8
bk 22 2% 2 2% 16 4 16 18 FH%
BRI _ - - - | 16| |16 |16]| |16

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

E |

HEERS iR S S U EE G i
ISR 2611872



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 )
EEa:iih: =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

!




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




CacheBt&i/5=: EiEEE, $5.40)

Direct mapped Set associative Fully associative
Two-way set associative
Block# 01234567 Set# 0 1 2 3
Data Data Data
&]5-14
FAHHF12
1 1 1
T: Ta Ta
a0 2 I 2 9 2
Search T Search l T Search T ’ l “ [ l ‘ T
Used for tag comparison Selects the set  Selects the word in the block
I ,T I th, 13, B, 48, BB
Index Block offsefjBytqg offset 1) CachefIiMemZ43Et;
— Increasing associativity 2) Cachesr4d, Mem7y;Ex
Decreasing associativity ~—
. | Fully associative “FHEH T /NAF ECache” !
Direct mapped | (only one set)

(only one way)

FHIREEI N, Ay A B0, i o ) 385



CachefpH=:

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

BBBBB

Cache&F =
BBBBB >
2" -1

nnnnnn




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




ab

-I?‘i

RERSHEXE

PREIFFTUELER :

Afg UL B RAN . 3
C
> 0.1
0.01 '
0.001 '
. :
H&P $5.2, firrf1itf[i]: 2 teoaf
B ML Eh2-waysti1.2~1.54% : '
2-wayslt4-waysti1.02~1.111% 1e-05 |
4-ways bt 2 FHEc P 1.0~1.081% l
1e-0& -
“—2ZCache: . 4 : ) ) |

INH TR CEFRILE) , yab vy A s [a] ! 1K aK 16K 64K 256K 1M Inf

cache slze


http://zh.wikipedia.org/wiki/File:Cache,missrate.png

$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, \731619& FR512B,

- HEEMSE, FENHEDJLER? Cachefric
JUsI?

— FHEHERIZR, Cachefric) Lz?

— FH4HtHEXIRSR, Cachef® iﬂzi;& (BP: FRERZEHE
BR) , FEEMNKISAJLER? BERJLER? Cache
*TxlE)’M_L?

= H PRIRS

4
33
4




- 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
A




&k
« 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 | :
—

mm e A
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=B (OPT) : KA AIgeEEE
— EfEIAYBIASHEERRTT: FukOwork sets

- MEHli&, FIFO, &AM, =/hia)
~ FIFO: LG {E, {BABEIEHNRIRERFIIEER T
Ja—ﬁ‘ﬁﬁ)\ﬁﬁ—?—iﬁém_fﬁﬁﬁﬁ I EEFRFLR,
- LRU: mifs/MEH
- IHAE (48%Y) : BitAY&i<HIcache line

| -

- 1TE0E (EN) © BTSsEAE—IRRDARET
- —\Iit¥: NRU (R(EF) , ZA! )
- B, B (or A1) (o] [ooreforfm [ [orjum
|'7,°;_|'1 1 *5‘( 8 1664C |01 005 {0t
— HERIA |

— tHEREIER, SEIR

/1

Y




FIFOE#RE X
i IR ] 2 3 4 5 6 7 8
bty 2 11 2 9 7 6 4 3
BAERR (5] (2] (2] 21 [2] [l [s] [
| Tl (] [l (] (] [al [4
1= T=11Tol ls] [o] [o] [3
=1 =1 1=V 171171 [7] |7
BAERE W R e R R B B B




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

VRS AR R R B B B B

SeiE s B 4077 20T Y cache A 2% R 1S 1
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fll: R4/ XpIHA AR MER CachelRIEAHEIRAYIR,

viliE 1 2

whktes 20 11 2 9 7
BBt [ 5 5 5 5 | [ o=
- (|21 || 12 || 11 ||12*|| 6
- - - 9 9 9 || 9*
- - - - 7 7 7 || 7*

ol b A~
Wl o &~ wW ©o

AR W AR drdh HEE REE B BH Bk

FRONRG B A —— R
THUESKHL: BRIILRUM 3R ?
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IR MERE

A

R, CacheZS|a]/g3LR, bt

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

fSHFIFO. LRUMM TUEBIREAXTIX 3R

CachefyfsERIE!

\

SIREAN. Bl




A t 1123456l 7]8]9]l10] st
Hh-7 PL | P2 | PL|P5|P4|PL|P3|P4]|pP2|pa|fmfikdl

1 [ (x| 4|4 |4 |ax] 9
gilkemEE 7 2 e o[ ] 1 1x] 4
(FIF0 5 V0 5 | 5 |5« |3 ]3] 3|3«

N R (b TR |2 0 B | B0 v | 0 | B | 20K

B
%ﬁ%&ﬁiﬁﬁﬁ%% 2 (2 [2x |44 s[4 ]4]4
WRUHE 000 5 | o | x| 3| 3 |33
AN RN [ (RN (B e b | B e b | B e R | 44K
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Implementing LRU replacement \=

- LRU: %, &H Cache Line = VCD + tag + block( K words )
1 : - 4 - ~
fi1: 4-waysfEEEX |
— Hit
« Increment lower counters 10|/ Block 1
> Set 0
* Reset counter to 00 01| Block 2
— Miss 00| Block 3
* Replace the 11 ock: /
« Setto 00

* Increment all other counters

H2: 2-waysZBFEEL .----

0 X
0

1 X
Index ——
0 X
1
1 X

Offset

Ox??
Ox?? Ox?? Ox?? Ox»?
Ox?? Ox?? Ox?? Ox?? m

Ox?? Ox?? Ox?? Ox?? X



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

1 2 3 45 6 7 8 9 oo



Stack distance profiles histogra

 Stack distance of an access in a cache set
— the position of the line in the LRU stack when this line is accessed

(EX: AEtklineFR BELRURHRINE)
— = number of distinct cache lines accessed since previous access
to the same line (iF[aIE—lineBYBIfSIEIFRIAZN)
« Stack distance profile (histogram) of a cache set

— counts (frequencies) of accesses depending on their stack
distance (FIEEAIEEN)

| III I s T A ) B2 R s 2
- llllll_l__ B
9 2 3 4 5 G 7 8 2] 10 11 12 13 14

15 16 17

Access frequency

000 004 008 012

Stack distance



~ ASimple Cache: FEKIE, $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

« 32Dbit byte addresses breakdown N R

. . . accesses 4—Pp
— Cache index is 10 bits S g

— Block offset is 4 bits butfer (biock address and data)

— Tag size is 32 - (10 + 4) or 18 bits (256K1R)
* Write-back using write allocate

— Includes a valid bit and dirty bit per block
« CPU I/F: Blocking cache——stall

— F[EE: readyiEF
« DRAM I/F: Async DRAM (readyt

tag set word

'I'N
1l
L




~ A Simple Cache: 7|‘Eh:121‘|‘2?ﬁ?

All L1 misses
° CPU <-> CaChe . accesses | —»
— 1bit Read or Write signal & L
— 1bit Valid signal, a cache operation? butfer (block address and data)
— 32bit address

— 32Dbit data from processor to cache
— 32Dbit data from cache to processor
— 1bit Ready signal, saying the cache operation is complete

« Cache <->MEM
— 1bit Read or Write signal
— 1bit Valid signal, a memory operation?
— 32bit address
— 128bit data from cache to memory
— 128bit data from memory to cache
— 1bit Ready signal, saying the memory operation is complete

e CPU<->MEM: CPUAEEIHEMEM!
— P 5EE, AapFELHE



Cache,UJZIK

. dCcesses

All

gt

SRR

% + =55

L1 misses
L1

—> | P

L2

write-back
buffer (block

address

address and data)

data RAM

Combinational —
control logic

Quiputs <

Datapath cont

nputs
A

compare F

hit

Hihk i,

data

4k (tag. data)

Inputs from cache

1T

datapath

FIGURE 5.38

MNext state

rol QUTputs



cpu_req.addr
(showing bit positions) |cpu_req.data
31 - 1413---4 3210 —E
;_JB 10 2 B]fte L ] 2 ¥ ¥ ] ¥ 3 ¥ ¥ & fir
Tag Index offset Mux > ( Muix > ( Mux ) ( Mux )
] ] I ]
18 bits Data Write
J 128
V D Tag ~
Data
1024
e - entries
J18 J.128
. . Data Read
RIRX;
Hit Block offset ' Mu_x
32

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

Data

RV$5.12, FIGURE e5.12.3




BT cacheslzzizit ()

« Cache: missHJig< stall

+ Cache ImeLLEﬂE—: IEEmissiTEfEER (IHES[E)
« I
- P BEEEA
— Aap: PHET, BBABIE (BE: B[E. Clean: HEIZEA)
« 5. Writeback using write allocate
— fph: %IEI (Bcache, Edirty{i)
- A Bofe, MABE (fE: BB, Clean: BEIEAN)

i
|
= A > CPULHihTFiiht
- o
ﬁ |‘|||\ Y
CPU ks “leellel] -
- i RN
o [T cacHE el
2 ibECacheRl | _| GHFAIERFR
ZE H{SEiXCPU i@\ Cacheth

}
ER




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

— @ FERiEScache
— Miss: "SR N, BiES
- JEBE: AllocateRz, B
- BE: Write-BackiRZ, 7cERl, BESDE
Cache Controller<-> MEM controller: &£

Cache Cache
Miss Miss
and and

— MEM Ready: A SERIETF Old Block | Old Block
a’a'bﬁ is Clean is Dirty
S5CPUR: IFE{MEMEER >
- E,Hﬂéi:’? Y
ﬂﬁfjﬂ’? Allocate ) Memory Ready ﬁwﬁézzk

- ﬁJ\COmpTagﬂﬁ,%ﬁ Read new block e O
_ fEhnwriteBuf, fEBEER \ O oY

— |d|eLlZ\2Jf'j7

_ ke

557 HIHER? SHEREE? E5-39, Moorekl?



Pipeline and L1 Cache Interface(

STALL
PIPELINE
CONTROL
FPIPE STAGE X ¢ ¢ * ‘

———————— OP ADDR DATA |[—|————= ===

Y Y Y

-~ oo
CACHE I EHﬁ-lNTERFADE
PIPE STAGE Y
CACHE
CONTROLLER - X1 BH2EH Cache,
l |d/stfg 2> AT K HH2
EZN

————————————— LOADDATA} — — — — — — — — — — — —
PIPE STAGE Z

v

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



. BfCache SISHLEH

- MEFESIIZFE L Ia)ETE]
— HCachefp R, T1FIT2725AMWE
alEdiE, MERSFGEEETs

c Ts =Tl xH+ (1-H) x (T1+T2)

FhEERHYD

—

MAIN MEMORY

|

L2 Cache

L2 Bus Interface

Processor _
I-Cache |e—— -—
Core

D-Cac




IPC

Z/Cache =2 )

- L1 BE, E/IFXNIPCRERIN?
+ L2: s, EIRRX

1.0 + - 30 16 1 — 50
IPC o all
)
0.8 T = 140
- ;g 1.2 +
T S
0.6 + o O T30
5 Zos
0.4 L1 miss rate ©
1 120
+10 © 0.6 -
m -
0.2 + 0 0.4 1 L2 miss L 10
- 021 rate
0.0 i i 0
8KB 32KB 64KB 128KB 0 I ’ ‘ I 0

48KB  96KB  192KB 384KB 768KB 1.5MB

L1 Data cache size _
L2 cache size

H—%Cache: /NHWH (HBBLD , 98D ar I TE !

L2 cache miss rate



Cache Effects

« Cache affinity: ##. Tk

— RJREZ K D BN a7 3 4E,  oRBR K%

B ] Jey 3 1

o VEEEM: K& FEAUEE KA B
— TR X RAEAFAE A% T B O BB E AT B

R PR BE B A 4 2 1) Jmy o 2 5

— Suppose: cachefI&=N—17!
 storing multidimensional arrays in linear memory

* a program accesses the array one row at a time.

o HAHVRF: —$5.4.5,
— row-major order, column-major order
— Cache size = one line, How about column major ?

* That would result in 16 cache misses

(14 ﬁj\ﬁ% ”»

1

2

3

4

—

b

[

8

9

10

ik

12

13

Row major >
i

14

15

16

xdarray

Memory
address

0

Block

1
2
3

(K words)

Block

Length

2

4

6

8

10

11

12

13

14

15

16

4 cache misses

Cache
blocks



P>

— JRFEJF (column major) _C

~Cache RS

- {E,EH (Loop Interchange)

12

15kl

- a[100][5000]=...//¥]4E1k

Row major >
I

16

for(j=0: j<5000; j=j+1) { ™
for(i=0; i<100: i=i+1) {
alilli] = 2 * a[i][jl; AN G
}
}

— ¥ (row major)

- a[100][5000]=...//¥]4E1k
for(i=0; i1<100; i=i+1) {
for(j=0; j<5000; j=j+1) {

}
}

« P E (Blocking)

[Ixx@ustc.edu.cn

rray

ai]lj] = 2 * a[il[jl; FI&ES:ar 4 Tk [cachefT K/

&3+ (Loop fusion) : ZAMEMMKRIE N —AFEALR

Cache-oblivious algorithm: 5jcache4s#) 76k ) 53k

1]
[~
[
of|f~

Cache
blocks

—y
=]
-
!
=
8]

=

w
-
=
—
(3]

4 cache misses

*69/62



~ PentiumIEESHERE]

- hd 5332
Cachq(8KB |
256&1 |
FREVE SEMX : _
645 32 32 7 REATT
gign [ | Vil .
: 641/
BHMALU | BMALU mulETT
32 ‘ 32 ‘
e 3%
BUSHFRE i
3213 |
| | ik 28
i

ache



- Pentium&#BERRY " AIDCache

S LRUAs: At KA il RE&

-W@E%;MHJI »<128 0 00F49 |01 h27 [o0oF5 o1 |127

A, wESTAY O 5 s T 00F59 |01

4X8=32B) . - LA ek

‘%}ﬂ “—‘EJE]” ﬁiﬂ]% 1

, AR EM T ¢

—“%,E:ji” :

LRU: ZHit#g, % 0

i L

BL ‘ 0 0 0

WKL HTES: IE

PAAR <]

freklel 5 Cache wemasn [ 20 | 7 3 2
(F3241) Rt He F T

REPL: AFIRES, 7ECache—ZEtEHHil (MESID H{#H .,




/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

()




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:
- EEKR, (=

- ZQECaCheEI’M’E)Eﬁ. B EER
» CacheZB{R%EY, 15198, METHIHE, EHasREg
— NUEERERIRSTER?
- ©FE%E: Tag=RE, %I, £ZPLIR (CNELEEE) |, RI{EFACAM
- HIEMREY: Tag=ER5, ZlinefoER, EfiiZFlline, — ELEEE
- N-way set: Tag=E&S, KEMDER, TUBNAH, 5B, NS
— =St A S EEENMERER?
— HFESCHILRU?
« {BMlk: 5.5, 5.11
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