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Performance
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Graphics
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PCIl bus

/ —
sScsi Network
Controller Interface

e} <::> Keyboard
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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 DRAMSs, and

the hard drive/s.

Bruce Jacob, Memory Systems: Cache, DRAM, Disk, 2008
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miIss -> hit:
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a. Before the reference to X,

+ XA ABC (fapHP=)
— mapping function : #dEHRA/N, B
=t AS el

— write policy : coherence, 4gE
— replacement algorithm : Cachej#?

b. After the reference to X,

Waord Transfer
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Block Transfer
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Cache miss stall: 2Z/D/NEJHA? e
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Nt 4FEECache?

— MRE. &5

Cache BRI ICEN

- FEPMRIE: BYiE), =E

s/l Cachern PERHEE
CachefYEAZEM, 5.3
CacheHNIEE#{FIIFE, 5.3, 5.8
« Cache—3%

- PHZzEZ(Cache
Cache-MEMBREI#/H, 5.4, 5.8
o HUER)L?
Cachef9&#askHg, 5.4, 5.8
Cachefz#lg8g: 5.9, 5.12
Cache Coherence, 5.10
Cache 45507

o FHEWLRLGHR

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 5.10, 5.12

FE: 4.3, [fizR4A



RIS

EIRS: EEFN
ETIEﬂ%“Britemporal locality

—- RERYHIAI (FE<AUE) RAEERARNS

SEEIRBLAIE]
2 lin V] S sichil

Recency vs. Frequency [#]

— KHE&: {REBdata, EF
Pt — et
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- FESBREFESETERE— X
RE&: (REBdatale HiBIEE, FIEY

A pE=Ed]

: BIEIEERE? alFEpk?

— fori:=0to 10000 do
A[i] := 0;
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Typical Access Address Pattern

TaFER Y HHBTEER
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accesses
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Instruction °© © o 777 e o
fetches ° °

call __ s~Jreturn
accesses A ce e e e j\
° -] e o [+] o

° argument access © ©0 o o

o

scalar accesses

o o o -] o o -] o

subroutine subroutine
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®h, R, SRR $5.1

Word Transfer ('\-"L-"\

Cachenp® (hit) ~A
- BRI Con o \

« addr, valid
— fpFHTIE]hit time, Time for a hit
« CacheAmpH (miss) IR "&sc” , SHR "53¢ | & "8 )
— CPURKIAIRIIEIEATECachey, EEUELZ [? )
« FHREUERTETFR (block) —XRMEEANSELA [? ]

— CPURJBEZE (blocking, stall) =¢3EFEZE (non-blocking)
- [FEEheHE=EAR! ! ! ]

— TREEIRSE (penalty) : ZF{FAYIE] = mem->cache->cpu
o @FE (Hitrate) : BEHATE=ECachelIRER,

- CPUIBIERYEE ECacheIATLLER, o
o AapHER (Miss rate)

>

CacheZ&F &

.
>




Bil: CacheFtAs: %%

®(17) KM 1—32F (? )
Rl 1—oRSREEE (BR1? ) | M
fRee (sF) BFE) | 8——100RT$t/EHA
(31aRT1E]) (6——6ORT$H/EIHR)
CSESINIE (2——4O0RT4hEER)
PN 0.5%——10%
m
for L1 caches for L2 caches paged memory for a TLB
Total size in blocks 2502000 2500-25,000 16,000-250,000 40-1024
Total size in kilobytes 125-2000 1.000,000-1,000,000,000 0.25-16
Block size in bytes 16-64 64-128 AD00-64,000 4-32
Miss penalty in clocks 10-25 100-1000 10,000,000-100,000.000 101000
Miss rates (global for L2) 2%—5% 0.1%2% 0.00001%-0.0001% 0.01%2%
Block Transfer
P \) o — e Word Transfer r“-)‘v"'\
‘CacheBE: BXBE, LIS E ~A

*Cache-line size match the width of .
the DRAM simplified the design. i Cache I: Main Memory




Cacheizip|alid?E, $5.3.1~2

TFh B —RRANERE

Core

1 Fetch —{ [-Cache
Decode
JIEN L e — M
CPU Vs A7 Hiuhl: /,/;:'F? T Execute ey
¥ N R //' Memory D-Cache
%> ¥ Write-back
ir? = 1
"l ’ M
Cachei#? — .
@ i NCache[Efdmiss?
|

vy [n]Cache X 7 I MEMHT FEHT HFIMEM R AT

H{E Bi%ECPU = HiECPU 1 A Cacherh 12 H AL
l ] |
!
ZhR
* |$ miss
— [EZEZ(: CPU stall, i5REEURFTEEFR (block) —RMEREN, BAHEHIG, FFHEEE
. AMEH?
« D$ miss: IEITIESI$ZELL,
— Dirtyff#HEEEMEM

HATHIM: CPUIRHIES+CacheizHlas+MMIzHES
BEZE/AFFEZET (O00)



~write policy, $5.3.3

Processor
. ﬁ—EEP 3
—  5jE (Write-through/Store-through, 5EiX) T
EIAYES CachefI F—4kCache/MEM [Fc/fidirtyfi? ] e
EMEM=200cc: B4 4 (write buf) , %, PHZE
— 5la] (Write-back)

HECache, EDirty (A% , BiaiBEITSREMEM (SEIEH) o
— B9 (write allocate) : MmemiEE ANCache[aBE
i Fxfetch on write, MIPS3HH. «CPU

- BEA%Ed(no write allocate, write around): REmem, AEcache

«cach
BEATERERDEENS ' ?:;308
-  GEREEHALL [(BR]  SRRASSE N
o EEYE (Invalidated) . ZgrEEEScache T .memory
-  REZAXMCachef X7, KEHEMELIEESCachefBNIRE inValided
a +100

e Cache coherence[g)#i: CachelB5FfF, Z#ZAIL1 Cache
. | 200
-  BEiE{EMse?
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* 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

FFRinconsistentiz s :
1. CPUSIRE: ik "SE"
2. DMAB2{E:
HPFR 1/10—Z0/KE”
7351l Bvalidfiz;
J5i%2: simple flush the
cache before DMA write



Cache/Main Memory Structure: ﬁ/

Line Memory

Number Tag Block address
0 itk O
1 1
2 2
3
C-1
Block Length
(K Words)
(a) Cache

WM Cachedk (FH) , —47—H (FHO
Main memory = 2" words = 2"/ K blocks
Cache has C lines of K words each

Tag — to identifies line—— “$#Hhhl- 5 i)

Cache line size = Tag+Mem Block size + VCD 2N _ 1

Word
Length

T
Block
(K words)

Block

Line1T = way% (b) 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

itk

Data

2)

a4 ::Ig:ag a1 ag

Block identification

dax azpg a;

Block 0 N " Y
44 words L e o L
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 —*Cache block 4/~data/%

memaory location
containing a word

Block 2% — 1 = 262 143

RXNSDEIE?



Cache Line Structure

address

Cache Line =tag + block( K words ) + VCD 5 }?fﬂ;fds)
o —{T—R (iR, data) , —{datam]ZZ 4™word |
e Tag: to identifies block, = RNFRE"?
e control bits: VCD

- B (Valid) : HiEREHN

« TEREHE: cold start/process migration/first reference/coherence |
o HEAERMILAEE (Invalidated) Block

— EB(U (overwrite, Dirty) : et [ “5&” £? 1
R R BT

“— o
NETRE o~ eng
— #Z (Count) : TA[EBIE
° %?ﬁﬁyziij:%*i‘iﬂ 5 12 Procassor
V Tag Data (K words) = '
1
|
256 .
] ¢ 1 ' entries
e
“_‘15 "'--.32 N,_.._32 ‘h\32 RN




1 SEEMS: FROEES

¥ A7 aneéf%i
cache o 0 R 2 Block
mﬁ‘l-. gﬁ 1 ﬁ% 3 (K words)
R wote €~/ 1 |
fric A =
e | B /o NN | ] }
gg 2m_ 1 ﬁ% 2 Word
FE1Filik FERS RA (RS
Tag = m {3 s

-Cache'tRiciz” %, PUEBEUS(MmAL)
HEBRREZ (BRAMIR) |, mEEERER (CAM)
-RAIE="rR | FT W%




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

[



£}

BRBRETEHE R TR

Valid Tag

<+ If m blocks exist then CacheZsm-way (4%){

< m comparators are needed to match tag

Address
4 Cache data size = m x 2° bytes Tag |offset
| v Tag Block Data V Tag BlockData V Tag Block Data V Tag Block Data
' ! ! ? ! ! !
P P 1 1
(=) L 1s(=) »=) »=)
3
» el L] >
N N
H | AR
s / ' '
m-way associative .l Data |

HCPUNIMMI#: 1. Hit/dataZs[n) ?
feihht “HbE” AR BT, FHT
&t “/NCache”

BE: 47 [4E§1‘EH9€Cache]
P (Eeiktagflv) |, &7, [iE
LR SRR HFTorsR177?

=7 ]



CAM: £tHBtCachefYTagbbiR, $5.4.2 [#5H#A

CAM(Content Addressable Memory)

] LRU ?2&:;!& , .

' L ::::::::::::::?::gglre|'::S::S::::::::::::::!:I::=:::::é

7 gg - NS E R ; {7 : ' ' '
» (CAMY P tag CAM | data RAM |

= _EI__ ] o

|
CRU— Cache }*—m!f?ﬁ'—‘ :
E: |

. 4
— S oS
Cache I 1E J& # 5]

¥4

h SElElelelalele !:!:!:!:!:!:!:!:EE

A MAHRR- SR AS-SHR,
BT (EHEE—LR) FHT (SRR, FREA)

MRESEIE: MEERMAE GER. FFE) . S%sHT?

— Tag5DatafzZfigtHo =, 1HEAE =88R tagfEFACAM, Litag ik —i R % T,



Pipeline and L1 Cache Interface(-

pplipfFEO:
ek, #HIE, W (R/W)
IRZE (ready/busy, err, HIT) |

STALL
PIPELINE
CONTROL
Cache <=> MEM$Z[
MoiE BE, &5 (RIW) PpESTAGEX Y ' ]

e
W& (ready/busy, err, MISS) o PR A I
Y Y Y
I iE
w | o) At e -~ Joon
- Bl 5 CACHE ~—1—» BUSINTERFACE
_ﬁ mmmmm Y. :l pa “ 17 PipesTAGE Y
S } CACHE
- L= CONTROLLER [—
fEZEZ{, (blocking/lockup) : stallSCIR? i
Hazard Detection Unit: stal  ~ @-———————————- LOADDATAp — = = — —— ——————
w/swiSHATASE) (FEERR) ? v
Nonblocking/lockup-free ($5 13) El, Bruce L. Jacob, et al. Memory Systems: Cache, DRAM, Disk[M]. Morgan

Kaufmann Publishers Inc. 2008.



2. BEI¥EMETCache: BRETRZ

FFOR (FHR=2=F) , HixCache

oty VAN
1780

Cache—f7—1R, Hcf7, B=FHE: C=2° Ccache

R, EFFHREL M=2m

FFfEss

F1R0

FiR1

FiR2<-1

FIR2c

FiR2c+1

?_1*2&1 -1

$1*2c+1

FERS5EFREIRE: i=jmod C FiR0

8% i=j mod 2¢ FIR1
BIFIRE | | EFRE | FiR2<-1
0 0, C, ... om_C
1 1. C+1, .o om_C + 1
C-1 C-1, 2C-1, ... om_1

FibiE| =782 | Cache!TE |Hrpy==itbiit
m=t+c{i b3l

FiRr2m-1




{5: direct mapped Cache

VT

ye= Cache®& = 8 words
FiFHhE g =! = = " =
= FEERS  |CachelT5 |HRAFEHELE HH2 (=40) = 1 word
VAN ;
Cache i Cache }rlu . £8 lines
FHRO ETTIN e erororo. WFRF
FRL QR FiR Cachef7S 88zz2err M WEER8IMFE (R) , H4R
FHh2e-1 FHh2e-1 {
\\ 5‘_1*2:: | rei=y O — s =
T2 1 g FRIBW—RERE: tibfss?
N
B AP N ®ehs, tag=?
R FEBEE?
=Fiaam-1

5-8
/

-
ya
/

Mem =Faddr 00001 00101 (01001 01101 10001 10101 11001 11101
E& it E%00 Ez01 Memory Enqg E%11

ihitE; (E]5-12) : Tag (E&#) | Index (Cacheline#) | BlockOffset (word) | ByteOffset



HizlRgCacheip|o): Hiflg (=)

T R 1 2 3 4 5 6 7 8
2250 0| 2 2% 2 % 16 4 16 18 FHs
B idE . _ = - - | [16] |16 |16] |16 0
_ - = = - - - = 1
iﬁﬁizﬁ 2; zz 22 2: 12 46 12 1: Fihs - :6 26 16 26 26 26 18 2
wamER (5] (2] [2] [22] [22] [22] [22] [22] ©

EEEEEEE . L e e e e 3
Bi=f=ishatofofol S p I I I I I i O I I I
T 2| |22] |22 (22| |22 |22 (22| |22| ¢
- - - - - - - - 7

WRIERS R R AR AT B R A B
WIERZ [EiELRIR)267018, app=R="




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

1§!J . CaC h e access 10110, miss (5.9b) (10110,,_mod 8) = 110, _
. 26 11010, _ miss (5.9¢) (11010, mod 8) = 010,__
22 10110, hit (10110, _mod 8) = 110__

26 = 11010, hit (11010__mod 8) = 010,__

° %}J ;ZA% AN V 1?—_ N 16 10000, miss (5.9d) (10000, mod 8) = 000,
A - 1 M= 3 00011, miss (5.9¢) (00011, _mod 8) = 011, _

h . ,— i 16 10000, _ hit (10000, _ mod 8) = 000, _

Cac e Slze = 8{? ( k) 18 9 10010, miss (5.9f) (10010, mod 8) = 010,

16 10000, hit (10000, mod 8) = 000,

e ORIEE
. COEEETE OO
%8/K: g?ﬁ 000 000

N N
001 N 001 N
Hih1k18/267H58 o | o |
/ 011 N 011 N
100 | N 100 | N yi
101 | N 101 | N w
110 N 110 Y 104, Memory (10110,,,)
Cache E1zfigse 1 1w
$m0 a. The initial state of the cache after power-on b. After handling a miss of address (10110y,,,)
e
FiR1 index | v | Tag |  Data mnﬁ“
000 N 000 Y 1040 Memory (100004}
: 001 N 001 N
$t*2c_1 010 Y 1o Memory (11010y,,,) 010 Y 1140 Memory (11010,,,)
011 N 011 N
100 | N 100 | N W4
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,,,,)
FiR2e+1 I I Iﬂ“_ mn__
100 Memory (10000,,,) 1040 l Memory (10000,,)
s 001 N 001 | N
"'"i*zm 1 010 Y 1140 Memory (11010,,,) '9 010 Y 1040 Memory (10010y,,)
-+ - 011 Y 0040 Memory (0001 14,) 011 Y 0040 Memory (0001 1,,)
100 N 100 N
101 N 101 N
JAN == = | =n
E{j—riﬁﬂiﬂ: E@Ez"ﬁ Cacheﬁ-:s ﬂm%tﬁ%ﬂt 110 | ¥ 1040 Memory (10110,,,) 110 | ¥ 1040 Memory (10110y,,)
111 N 111 N

e. After handling a miss of address (00011,,.) f. After handling a miss of address (10010,,,.)



Bl: SUBIEIEER,

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

Hit

E]5-10

Tag

(1

Address (showing bit positions)
131211---2 10

3130 ---

Byte
offset

Index

410

Index

Valid Tag

Data

1021
1022
1023

Data

CacheBE: BN 4KB, SCFR?

foHR? Miss?

Cache

R0 | —
il

FhEzs

Fiko

FiR1

N\

FiR2¢-1

Affll: data = 1 word(4 bytes);
RA=FIBE= BlockOffset= 011

\ Fip2e-1
\ :‘7"_1:*21:
Fh2<+1

$t*2c+1_ 1

e+l

Fir2m-1

Fith2fs
TagttiR EBDatan] 747 (3%41)
fohATdatalR!

AapR? ?

5cruflmemfdiEz?

Hit{EFSXM?

—>

SRR

L1 mis

EES

vy

L2




- BEMSRES

o LR SCIEE

=)

— HUERIRGT I &
—IRELER

— Fast:

_ %%]:ﬁ

o TR BT

*7]5 =

datascF

i

/N

Hhrh

B!

7/ \ﬁ'ﬁ*l

EEEHINT, SRATHAERTE
—tagbtik [AIEil]

‘_ﬁiﬂzﬂtﬁ’]%ﬁbu (index)
FIREBMEEFT,

FoZEcount{yf

EFER

158, WK,

=]

EHINREMEFR (B2

FTEFHRY AN [E— ) Cache=iR) , fNERIX2)
RN LEREFEF i?%%iﬁ)\

Cache, WIASAEEIHZE,



FastMATHYNERES . EEzRREY

Intrinsity & 31 1413---65---210 iEEmiss: mem->Cache->cpu

MIPSZEHS, 124%ppl 5: SEMSEEE!

CacheB&? WFA/N? 3 5 7 Byte WriteBUfS 2117, SUEBIR? ..,

Tt Tag B ) " offset
Index ?—ijil Block offset
18 bits 512 bits =165F, —{TEBF
V Tag Data
L
256
— |9 ™ | entries
J18 4.32 432 432
- N Mux }
E]5-12: dirty{iz? {2




Deeper Pipelines: MIPS R4000(

X s ST e

Commit Point

Data memory

Instfuction memoryér Reg

J

WB

o
il

Direct-mapped 1$ allows use of

mstructron' Eefore ‘tag check complete

\_’

« Longer pipeline results In

— Decreased cycle tim

— Increased load-use delay latency
— Increased branch resolution latency

— More bypass paths

Main Memory

e

« EU 1cycle, L1$ #pF

HE] ~3 cycles

Reg

» System Bus




BHiZMEIBTBE: BEF “EfiSihed” [Sig

oZFuNZE s (BTB) Hic: L & 1PCXIMAINPC
EVIERTLAPC{RK(Z=5|BTB, XN T—5:48<

— not-match: NHFHESAENDTIES, MMISEE
- —BfsER, FIEMAINPCEFHBTBHAVELMICSE

KL {Computer Architecture-A Constructive Approach) , 2012

I-Cache PC 2"-entry direct-mapped BTB
Entry PC 1lvalid predicted
— target PC
. k . . .
< “ = @
o e . o
me—" match valid target
1 L J




3. HfHBAIRSR (2 way-set-associate

1z 1

>E&

“Caches34H,
SR | Cache (r=1) F1RO0
R | —
ATt =10 } 50 FH1
Eﬁj( / J\ — Zﬁéﬁ *Zl_iia ?—ﬂ&l """
" FRic =iho
= HPNIREN - 1 %1 —=1hocr
r NIREL = =103 } i R2cr-1
fEEXE=I8EL =iRoc
............ el
Tag = F =t 11 X\ | -
RC | FIR20-2 o
r=07?chHIE, B =0 | =Haoe.1 }%2 -1
r=c?14Hclg, &
EFihE =ihocr+l
FEFHRIFC | it | SRPOHEHE
S=t+r{\/ q=c-rfif oz \|L__-
=ipom.1
mf{iz 1




NES (X) (EEEMS (4)

° }?F TE',Cache \ij( ZQ)QE /_QE'E_R(:Zr)
R,

I=) mod Q
- Hp, WEFES, HEFIRS
— EEFRFICachelVHZ B, NERMSEKE;

— FFRE] LRSS BIRT A B AN AT—IR, £
ERERRHIR R

- FHELE, degree of associativity
—r: —ZHRYREL (F8EN, 17E0
—-r=0, EZEEX; r=c, 2K,




- Ex: 4-way set associative Cach

-- Set--associative mapping

—£x0

—x1

[ 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

B R

8

Index

V Tag Data  V Tag

Data

V Tag Data

V Tag Data

131211109 87654 37210

N

RV

Encoder

l
l
L

4'%5
jj

4

= 5'18 UDJ
L Hir

Data

EAEH
FEFHRIRG | Attt | FEREREIE
s=t+r{i q=c-rf\z bfiz

mfiz

—2H4F% (wayl/line)
—I% (BR) —=F (4F1)

“EfiIset (index)
LURA N R RItag&V

RIS N —

b

Hit Tag :’\
n

20

jg IEREAUR )

th (data) K/, BA/N, Cachek/N; RTEERAR/N, BB, WBEAN?




tHEXE associativity = ways per set

One-way set associative Two-way set associative

(direct mapped) Set Tag Data Tag Data i*/ ?i/ Eg I gﬂ/ﬁﬁ
Block Tag Data 1) CaChe*DMeméj\i;&,
2) Caches?H, MM%3ES

2

E]5-15

Ly P = O

Data = n words

Four-way set associative

ol — N s Bl
Set Tag Data Tag Data Tag Data Tag Data CaCheeE ('U\1j-§&)

0 =ZHE < HERE

= @ W & LW M = O

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
| Index Block 'offsetjBytd offset
— Increasing associativity . N . "
Decreasing associativity ~—— 1BERE "—RR92~16" |, $5.8.1
. | Fully associative £1HERAT/\Cache” !
Direct mapped | (only one set)

(only one way)



BT vs 2R ZAFHEX:

tagbt B JT4%: N comparators vs. 1

- YHAH¥k: Extra MUX delay for the data .
N N N Zs T IH] .
- Juifiset, fikway, fikword C ELBU H2-waystel 2~1.50%
— Data comes AFTER Hit/Miss decision and set selection - 2-waystt4-waysfi1.02~1.111%
o ELEEWUS: ArRA Sdatafkiif s D] s iR ook
— X1 way
— Cache Block is available BEFORE Hit/Miss
o FHERE (BEEO BGhn, avrbhEBGhn, b a g //.—45:4 words
Block number Block offset Tag IV'B‘E" s
1 Offset b
{ —— Far= i
Index Offset req address k
—] [ V Tag Data Bloc V Tag Data Block

Tag
S -
t A o (11 [T1

HH

= |lines
|

14 t (ER—— [ Data
e (_ Word
—l r or Byte
' ' s T my,

T —5 >3
Data Word or Byte \ 7 HIT
Z—4%| Jlatency~ = =



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—




i $5.4.3, $5.8.3

L%i?; +£ ine) JIER] —
- é*ﬁa_ B2 Cache Atz HE—17
— ZAFHEX fF%x”E?HP\J TR —1T
- ET%EIJH&%U‘ SElT, HE—
° :i’)j {¥j:§ im:t”: I *&5 I I:ID 7 I ’lklu\

Ll\'nl

M bk
o e
Direct mapped Set associative Fully associative I
Block# 01234567 Set# 0 1 2 3 | x
I 2
Data Data Data I ﬂ
ceul|| ® *
Tag ! Tag ! Ta ! | ﬂ #
h ; S h - S : I #
© I e 11 T | =
|| MA
L e e _ ==
T




- BMEIA: Recency, Frequen.

L RERERAFREERE

. JikOwork sets

- EiE#R (OPT)

EREIKIBIASBERRYT:

- FEYLE, FIFO, &AMUSG, &=MaIE]

BEN: TROCGREELRUSZYL.1ME, {BaJgetbim{LRUYF, $5.8.3

FIFO: ZsCHl, {BABEIFARMIEFHYEERMT
. ?%ﬁ)\ﬁ’]?ﬁ&‘lﬁ‘é&ﬁ%ﬁ FTEERENFIR, 0

- LRU: mir&/MER

THEE (2@50‘) it Exi<AYcache line
HEGE (ER) - Bt AcE —IZRRiRE

- NRU (RIEAKRfER) @ —(nt#y,

- NRU #ric& M wayRIfERIER: AL, KA

LRUAs

it KA

fie k&

00F49

01

127

000F5

01

0
0
1

158AC

01

00F59

01

0

2 [fE) -

0

» HEIFE—NAORIUETFRER. NRMEMEENL, WEENE—MIEFR.

— YR8, BEIEC (or fEVL)

e NMRU (not most recently used) =

HEIA
PLRU
FEERE K, LIPS

LRU for 2-way set-associative caches

127



BREE ST

[ A] t 121314 6 | 7189 |10 3£F
H b7 Pl | P2 | PL |P5| P4 |PL|P3|pP4|pP2|psg |0 dikEK

;/1 LT x4 |4 | 4|4k 2 Bélady’s anomaly:

i y £y Hh 2R

Sl e S {//A 2 2 |2« [ 1 [ 1|1 |1x] 4] #Hikcache, firfix
7

9
(FIFOSY) 0 5 | 5 |5 |3 | 3|3 |3 Bt T 1
TN [ (RN | B | B it | 2 48 A (B0 8 8| 20K
B
TERAEHEE] 2 | 2 [ox | 4[4 |4 | a4 ]4
(WU 0 5 | 5% | 5% | 3 | 3 | 3¢ | 3
TN [ (A (RN | Bk | e | B4 e (B e (| 4R
| | | | 1 | 1% | 3% [ 3% | 3 3
Eigsss 7 2|22 a2 ]2]o Belady's OPT
OPTEIE 0 5x | 4 [aa a4
DN AN A AN e N e A S A Sl i ol R/
=P TR 4 BN (Rl — A DU 0 FE

Rl

LU




Implementing LRU replacement (=

- ITERER: i (R) |, &, BS
— CacheLine = VCD + tag + block( K words )

» f5l1: 4-waysZBIHEXK, IZISITEN, MRHITEUERAE

— Hit: 11 ||Block 0
o ApPE{FEF, Increment lower counters
- Reset counter to 00 -] Block | ' Set 0
— Miss: Replace the 11, Setto 00 I1]Block 2
* Increment all other counters 00 || Block 3 )
y Offset
Y SRR o ——
- 0 X Ox?? Ox?? Ox?? Ox??
nd °1x 0x??  Ox?? Ox?? oOx?? X
X 1_0)( 0x?? O0x?? Ox?? Ox?? E

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



L RU stacki/iZ%: HtRiEE

. stack distance The LRU Stack Algorithm
— a5 linefd Refaronce Sting
ig?j_z’\;,'fi?g{ll 0313236041424705152580313
RE
IR 1 [ol3l[a][3][2[ 3] s [e] 4]l
- £—XREE 20oE: BEEOER
= w o3 LIIOIOL NPEELD
" ,— g4 LIUILILToJol[¥]2](3]s](6fo]o| (2[4 [7][7 o o] d[2]sl[#]s]
o EHAWF—1T7? 5 0O EeEE R OE - EE R T REEE
TS [ DD 0O0MzEREE s ZREE7 R
— MRl 7 OO0 00O00000EE sl elsls SR EEIEE]
+ histogram 8 0000000000006 EEEEE 4 [LEE

8 I O W 1 | 55

- EEREME Dﬂmmmzmzmwﬁznm %6 26 2m/952
- REE

Histogram 7 3 5 fg
1 2 3 4 5 6 7 8 9 o




psudo-LRU: Tree LRU

. —MARREFERcache: —2B41F (LO, L1, L2, L3)
« LRUfZ: BEEEwW-1IFT=. Arorirc=4z, [Hit#? BE?
- IFEBEYZYHN: LRUHNE—IFRR— 19X A
— REEFEH: (NEFHFMRT R2ARIHT SRR LA RIRE.
1Fx=aefiaa)left, 0F~imAright, fll: ref toZk
. SfEHESE, £ELRUAERSE

- EinE: olleftF 4y, 1Mright#4, fI: B, IRER. replaced

are all 4 lines valid?

/ \
yes no, use an
| invalid line
|
bit 0 == 0?
/ \
Y n
/ \
bit 1 == 0? bit 2 == 0?
/ \ F \
y n y n
/ A / \
line 0 line 1 1line 2 line 3

('_

IRZARrOrir2
ref to | next state
_______ e
line 0 | 11
line_1 | 10_
line 2 | 01
line 3 | 0 0

' meane unchanged)

]

replace#
state | replace
..... RS
00x | 1line_ 0
01x | line 1
1x0 | 1line 2
1x1 | 1line 3
('x' means

don't care)



41k
=
Cache design i T
& JEannai |
Block size cPu i =R
‘ L ;_ |_'_-‘;"i"i"§ CACHE 12
Block organization =
Direct-mapped . —
Fully associative o | 3 4 ik z
Set-associative 5y i P2 fit 5 2 O
| & i L pumme
Block replacement policy reg )| B i 5 | | mrsmne
FIFO
LRU or approximations of LRU such as NMRU
Random
Write policy
Writeback
Write-through
F.CPU: Write-allocate

the size of the cache;

the number of caches (i.e., multiple levels or a split cache);
PWRS: placement, write, replacement, size (Cache®=, RX/N, HKX/N)

Write-no-allocate



Pipeline and L1 Cache Interface(=.

| pplBTFE
Mok ) e | Sk ik, %8, B (RIW)
S— — - RZ (ready/busy, err, HIT)

e .|  memory
Fast | baffer [ Slow T PIPELINE
Word, byte acoess N CONTROL
Slovar |
PIPE STAGE X * * * ‘

———————— oP ADDR DATA |[—|— ——————

Y L

P
" Hazard )
— setuction |
\ it
— contm [
e Bk

[ET=T%]
: rj
-

@F_ _/F ﬁ S
lmlm“ i e (O] | AN L e L | » T0l20ACHE

| " _”%] - I all CACHE |, BUSINTERFACE

| ‘ - UNIT
i e _T ! PIPE STAGE Y
— CACHE

Fe—t - = CONTROLLER
fEZEZ{ (blocking/lockup) : stall3CIf? HIT

wiswiIHATINE (EIERL) ? |
Nonblocking/lockup-free ($5.13) oeeemaces T LOADDATAf — — — — —— — — — — — —

v

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



A Simple Cache: PWRSFEX#E, $5.9, $

 Direct-mapped cache [P, R]
— Block size is 4 words (16 bytes or 128 bits) [S]
— Cache size is 16 KB, so it holds 1024 blocks [S]
 Write-back using write allocate [W]
— Includes a valid bit and dirty bit per block

» 32bit byte addresses breakdown
— Cache index is 10 bits
— Block offset is 4 bits
— Tag size is 32 — (10 + 4) or 18 bits (256K31R)

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

I l 1




Direct-mapped cachefT /9

S4W/
| 7
‘L Cache
r Memory Address ) Tag  Data
(Tag] Line T Word |
Lo
o 4 Y wy
|
; 29
-
§~1/ | |
8 g =
W l L
Compare 5 // > ) ‘
thit in cache) |
1 if match E 2
0 if no match |
o |
L wm-1
0 if match
1 if no match

Main Memory

EEIE: B, a7

#=O:
CPU<->Cache?
hitfF5
Cache<->MM?
miss(5&
CPU<->MM?

~



A Simple Cache: 1‘%5%511‘2?%

e CPU <-> Cache (Blocking cache, —RREZ—MEK)
— 1bit Read or Write signal
— 1bit Valid signal, a cache operation? [BXisESEK? ~AECLEMS! )
— 32Dbit address
— 32Dbit data from processor to cache
— 32Dbit data from cache to processor
— 1bit Ready signal, cache operation is complete

[=hit? | ] § "
« Cache <->MEM ¥
— 1bit Read or Write signal e N N 7
— 1bit Valid signal, a memory operation? 3 [ LCACHE [ o
— 32bit address —
— 128bit data (%) from cache to memory Lalcz=4mE

T
— 128bit data from memory to cache AL, iR, e, RE

— 1bit Ready signal, memory operation is complete
[miss? Dl Emap51]
. CPU<>MEM: AEEHE? [a4SE, AeotsHi, ]



FIGURE 5.37

e IXxPUZiE: ofF, FUEENE, s, &85

« 7ERAM [F17] : tag RAM, data RAM




add =S — S \
shormreaaddr e ireacad] PHEET\SRIE ZIRGS CacheRUEUREERS
31 -~ 1413--- 4 3210 —
418 10 2 Byte ¥ ¥ C—— vy 1 v
Tag Index offset Mux >< Mux >< Mux )( Mux )
| |
18 bits Data Write /
- J128
V D Tag ~
Data
1024
—® b g - entries
J18 J128
Data Read
H Block offset * r Al
it
Mux RV$5.12, FIGURE €5.12.3
B#pH: EHCL=>DataRead=>DataWrite 32 7T ERAM: tag, data

cpu_req.data=>DataWrite=>CL é&?ﬁﬁ Ai%: HTag [ W&5-38]1 , Hlal?

Data



B iEMSTCachefz= 28

 Cache lineBM—: SEEmissATEfEE R
- B ZRH, FRERZ
— FEZE=Cache: missHYCPU stall (1bit Ready signal)
- CPUAEHEAIAMEM: SESHE
— IE
« @ EEEEA, —CC ( "Hlfthit’ 5 "UEEE" FHT)
« AdpH: RN (cleanE#EHEAN, dityBEEIMMEEE) , £CC (BEMK) , CPUEIE
— 5 Writeback using write allocate
- @ Bcache, Edirtyfii, — CC
o FRapHh: RN (cleanEiFER AN, dirty5[E]) , Z/CC, CPUEECache

Hia
jif 4 !
CPURHihTFiht
- ' N
dbLi Y <o

w

CPU

HiTE N
b——| CACHE [~—— AR
ihlEICachelR || 1S8R EGFR
HiERiECPU ifl A.Cacherh

AR AT A
L

=R




a Direct mapped Cache Controller, $5.

/" Compare Tag
If Valid && Hit ,
if Write Set Dirty

Set Valid, SetTag

CompTag

— fvH: sghkiz’E cache
A SEGRTEE T

— Miss: Elﬁ]gﬁ\@ﬂ, % C Valid CPU request
« JEJE: Allocate (547 Valid: CPUi#%k
o JE: HE, HaoRC Cachable?

Cache Hit
Mark Cache Ready (

Compare Tag

If Valid && Hit ,

Set Valid, SetTag,
if Write Set Dirty

-

Valid: CachefTIR#s
Cache Controller4t i\
— L5CPUF:: IFEEMEMEBHZE, Hit (Ready) Cache Cache
B K Miss and
— Cache Controller<-> MEM controller ?}Tg Block ?}Td Block
- MEM Ready: # A$H5eiliiE T, FHED is Clean is Dirty
N &Q‘
Aot 5
— {f4rCompTagirZs = Y
— EINWriteBuf, {FFEk
|di E%%?24 Allocat Write-Back
— e NI ocate ) Memory Ready .
_ {jzﬁj(/ﬂﬁ? Read new block V;Jrgsk?l)d
from Memory
Lk, AL
MR TS 2

B, B E5-38



RVIESEERICMO extension

v RISC

« Cache Management Operations
— FrEDEERELY . CPUSRTZE, EFES5SRE
— X¥FscratchpadflSttaEIRSS2es (EXcache)
- FEAHE
. EFEHIESER, 2021
— IFFENCE(2FRmem barrier) 5<%
— TREN: BN FBRERMTRATEAUENEFNEIERF
- BFUE: [l EFXmEEpkscratchpad
— ZFaE (flush)
— EfBIAE R R
- MEM.DISCARD EEZRUEFXIE,: IFTAHEUE, BHRWwWB
- MEM.REWRITE AEBR{EEEVIIRHEFXEMASEREGE




EEHARIER, $5.3.1 [1¥#)

¢ EE—NF, WRARES— MR 0

Tag
Data
Data

— TROCATEEEE T CPUSIR
« <HJE[A)RR

— BigMMET, IBRAJIECC

— tNEMMARE, MEHEHITHREESR

¢ ;II:HEJ;EJZ//I\ CPU stall? Miss Penalty |\

Cache liner [ SR EINT . \
0.1,2,3.4.5,6.7.8,9,10.11.,12,13,14,15”

Data
Count and valid

Cache Miss

- REBE&EF (early restart) Cache Mis
¢ }Aikﬁylﬁl\%ﬁyﬁigé)\o —Eiﬁiiié CPU Time CPU Time

- "EBRF" = & TmisspUisS Cache linel |5 H& LN

0.1.2,3.4,5,6,7,8,9,10,11,12,13,14,15

— IBKFLSG (requested word first) Cache Miss
¢ }‘A'I%E*?—%;F I%iéﬁ: CPUEED'V‘RE?R CPU Time CPU Time

17, [EBYCachet £ H{TENBIEHELR P
NF Z By : “ache lineH 2 £ HUINGF -
"PRORIRER, X5, Bty
« &EFDS$ (?)




NE "B #2F: ss33 [ @ =2 1, 3584

- B#EfF: "LtXJtag+v+D, Bdata” , FINE
— 1) store-buf (# “Write-buf” , 1&=F) , write-back-buf (3&ER) , 2) K
- BiE: oJE#&5SCache, —"CC5ak "ttXdtag || Bdata” [? ]
— write-buf ($5.8.4, &Z=Fif|a))
. SE: FEEEEHSCache
— #ph: —\CCH
+ CC1 (= ppIIMEMEHR) : swEstore-buf, 155k, Cachef=HIggFIMTESRm.
« CC2 (unusedfEHR) : '&store-bufEAD$, HiCachef=#lZE5ERL.
— miss: FotbXdtag, fpFEBES
- F/NCCTERk
- WMFEBHE, WSERER (write-back buf) ->IEEANFTERFER (E5DHEC) ->store-buf5
« —/ANCC: PBwrite-buf&E, kit

Store-to-load

forwardin - ' ‘/
F +—» ID —» EX —P» ME —P{ WB g : n
B N
Iw ".\ l'u
> L1 misses Mai :
. +—> ain
I-$ W D-$ —H:D—-) memory ; puter
. Store buffer write-back buffer * ’: P oD
> 111 |
write buffer

lIxxEe4s, &% (Parallel Computer Organization and Design) Fig4.8. E7.5. Fig7.3%



write-back vs. Write-through $5.8.5

e Write-back:

Individual words can be written by the processor at the rate that the cache,
rather than the memory, can accept them.

[ESRAMITIAEDRAM, fR! ]
Multiple writes within a block require only one write to the lower level in the
hierarchy. [ZRBE—xM4SRE], &! ]
When blocks are written back, the system can make effective use of a high
bandwidth transfer, since the entire block is written. [ZR, B! ]
more complicated when dealing w/ multiple cores sharing memory

[ Cache coherencejal@ ZZFHEITIC]

Write-through: {HEI‘J'—jmemiFIIICaChe7]

Misses are simpler and cheaper because theLnever require a block to be
written back to the lower level. [missBtFZRE B T~—2K

IS easier to implement than write-back, although to be realistic, a write-
through cache will still need to use a write buffer.

Is slower but memory is always consistent

allows the update of only the modified portion of a cacheline as memory
always has the most up-to-date copy

o FREF—ITPRIEROIAVERD, MAERE T [ "update” 1I8RITHIRTAT]
_J#ﬁ. $5.3.3 "rahE



Cachefmp =

- FE. RIFEERE (EX/), RETAT) FMCachexi=,
+ Cache®xEWKX, MmPEMS.,
— HCahceBREXRE|—EER, PRI RSTENEXNMBERS.
— Cache®B&EX, RLAIEIN, IHFELEIN,

ine Memory
Number Tag Block address

Block

(K words) frehZ A

N = O
WN =0
—

Cache&F =
Block >
2" -1




Cache®&. R (17) AX/\. ﬁ‘EEIJ’-?ﬁ

.......................................................................................... Cache?é".%
4K
[\E

T P

10%

Miss
rate

= - QEAH{
1.-—_________‘_
0% , i : | 256K
16 32 64 128 256
E5-11 Block size -
SRo/MEN, RS, 1 gt
CacheBSBIER, BN, BEMEIEE, Sbale; |
ERA/MEIN, missTRAKIENN.
$5.35: "EAMMIBRAIEEmissE’ ? e




RETFSEELER: 4

il R AR

miss rate

0.1

0.01 '
0.001 .
1e-04 .,
1e-05 ;

1e-06

1K

aK

16K 64K 256K 1M Int

cache slze

Miss rate

15%

12% ~

9% A

6% A

3% A

64 KiB _. 128 KiB .

One-way

Two-way Four-way Eight-way
Associativity


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

$5.4.1451 .

— 5)Rmiss

— 4R miss

- 21HEX

— 3/Rmiss

AN
Ap

R SRR

AL

Contents of cache blocks after reference

. ETsEBA

- PR

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
| Set0 | Set0 | Set1 | Set1 |
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]
Address of memory Contents of cache blocks after reference
[ 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[&]




~ Cachelfgg: 3Ct=REY, $5.8.5

Compulsory misses: tFRcold-start misses

— F—xipiafdatatkig@Fimiss [8E51, ET30#]

Capacity misses: BE/NTEFITEEIET
Conflict misses: tFRcollision misses.
— Z N datatRm R E— 1N EFEAT

/

[

— FETEER/ERIRET, RFEXNISHERAFE

At
- RXEE: RN, MR BRER?
- = "BE 5 PR BIXRR?

— [4CH=2EY] : Coherence/Consistency miss
"TRE . RIKMMapE

— CPUtime = IC x (CPIppl + MemAccess per instr x MissRate

X MissPenalty) x clock cycle time



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?

o
{3
o

RS H IR/IRS




- 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

s = R
A




JEREZECache (lockup-free) : MLP, $

. PEEmissIER, EEEIER e
— OOO zé%*EnE RMO%LZ\ZE Cache Request | Type | Addr | Dan | Reply | Type | Addr | Da
- REMESNER: B S
— PN hit under miss, miss under miss T —
[
S Machine
. gﬁmzjm:*@ L L 1 Ii
N . NP Srarus f\cl.-if -:m
— =HIE: BiEko AR, CpéFDCcmﬁj\%Uﬂ‘fE MSHRs
- #nreq: RMEIFER, C ; | r |
¢ Z:E%EP req. E?I—F_g& 1 %?%:'\l}g@ 1 Ccm [ Message Format and Send ] [ Message Receive ]
. . . To Network From Network
— MSHR: laioutstandlngﬂgmlss [Dest |RdReq | Addr | [RdReply [ Addr |Dam |
. . . | Dest | Writehack | Addr | Dara | | Request | Addr |
-/@/I\mlssg% Iﬁ " [Dest [ Reply | Addr | Dara | | ‘n“:rc:\uk | Addr |

— Bitbit. CachefT5. loadBHIReg...
— Protocol FSM: CCP (2%, E8) {on-chip networks) 2.8
« Dest: DirtM¥A9homeT5AID

— . Ny 2
o [FE—BttEImissZiR gLt E— —
— primary miss & | 3| C@ﬁgue

o FROAE/FREN : EERFNRmiss Lockupree

— secondary miss: #lRmissiEFRIETE, FEKENA
-+ EMSHRAHIER, BATE. HEEREEERATLE (Dubois) [4-9



2% Cache: Cache Inclusion Policy, $

e Inclusive policy: L2B8EL1, AE
— WNERL1/L2EBmiss, WMmemAiEEALL/L2
- L2AE5L1A%%HIERE [d)
- WRL2Y, L2FLlg "RETH ESULPEEMHE
- Exclusive, GE

— WNERL1/L2EBmiss, MISIsEALL

— WNERL1 miss, L2 hit, MML2ERZL1
« WNRUCATLRE, WARIL2

« NINE (non-inclusive non-exclusive)

L1 - L1 “ L1 n L1 L1 - L1 n L1 “ L1
= ] i) —
. .B E.E.§.B

Y

L2 L2 L2 L2 L2 L2 L2 L2
= = L] ] ] =4
= = £ =1 ] ] (3

lsiate e e, BXTomd B Yiomi2 ROV, .. v T o Wil i

(@ and L2. and L2. @ (b) (© (d)

(b) (c)



ZZiCache: $5.4.40|BENEAS ‘E"‘*
» MEFMEEEINFMEIERIRTE]

PER, TIFT20 B MRS
AJETE], WZRSEaETETS

H/9Cachedp

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

MAIN MEMORY

|

L2 Cache

IPC

L.2 Bus Interface

8KB 32KB 64KB 128KB

Processor

L1 Data cache size

I-Cache |e—> —

Core

L1: FEJIFMIPCIRER
L2: HDEF'—I— ?/ﬂ[']@j(

D-Cache |e—

A

FhEesAn

rate

T 50

+40 ©

—

L3 @
£

20 £
T 5]
©

110 3

0

Ak

48KB  96KB  192KB 384KB 768KB

L2 cache size

1.5MB



Cache Effects

Cache affinity: #
— RAREZ KN S B AT B A, SR IREERI ARSI

Jaa i
EEEI

A

VAS R

T

117 B KPR P 1 4 2 ) Jmy B 12k
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

b

7

8

| 1
|5
9

10

ik

12

13

Row major >
—

14

15

16

4
A

ray

ORIV HEAA A KX, $5.4.5
— FEEFEXT R D) FEAEAE s AR e B, M

1

2

3

4

5

6

7

8

9

10

1"

12

[13]14]15] 16|

4 cache misses

Memory
address

0

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 *73/62



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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