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Memory Wall: 1995, wulf@Univ of Virginia, $175

+  FFREREIRA_ECPUMEE(25MHZAY803862/5)

—  100MHzfPentium{bEESEF I 10nsH{T—5%1ES, MDRAMEL
A5 a1 [E)60 ~ 120ns,

- 1Bk BERERRGE
«  "NEESRMEERIT I R RITRBADRAM S BEF TR
Processor-DRAM Memory Gap
W uProc 1.20/yr.

LI

“Moore’s Law”
10.000 [reerrsssacsssnserss K4S e R I AR ARBAT S SRS RS ANSEe A AT NIX A SRS AR SR AR AARISE SRS SRS ayaveansassensossussnnes T L

pProc 1.52/yr.

§ 1,000 : y B T e RN (NSNS~ A N (RN A TIPS S

z DRAM

8 7%Iyr.

&’ 00 [iaarnsannsspnassansssnassnsanaiansne sanasssssnsaaarsansrpsens il RAH s aashaas ...Pfoeesser.Memory ............... (2x/1 0 yrS)
Performance Gap:
(grows 50% / year) a— §

10 Bl T e RRENIEEER (o G S R ST L)
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Memory Wall: 1995, wult@univ of virgil

row-by-row operation

FE—22% (in-memory vty | | [
e.g., L o =R b
Computing) , 20104 | Embedded:

- EEEENTHED, Ll T | S
R BRI 7 — M=
sty

Input

Output
—5

! Compute Ehgine
‘ (e g., MAC array)

Conventional all-digital Proposed in-memory

implementation computing
3¢ rLOP n
1005091 HW FLOPS: 90000x / 20 yrs (3.1x/2yrs)
DRAM BW: 30x /20 yrs (1.4x2yrs)
10050 Inteconnect BW: 30x /20 yrs (1.4 2yrs)
1 O
CERC
: 100
:
* 10
A
<
2
0.3
003 - - - ' '
1994 199% 2002 S00% 2008 2000 2034 2037 00



PCHIREITERE T RS ik

Graphics
Co-Processor

Frontside bus
Backside bus II—-— AGP p2p

CPU

&

North Bridge

SCSI bus
PCIl bus

/ 4—-"""';—-_‘
SCSI Network
Controller Interface

o) <::> Keyboard

Other Low-BW Controller
IYO Devices <:>

South Bridge <::> Mouse

FIGURE 0v.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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Processor

|

L3B
L3_0 L3 0

L2

L3_0 Controller

MCU “CoP
L3_1 Controller

L2

. e

I
Cache: 2%
'
+FEE T ERcopy Data are transferred
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El5-2, BIRICFERSE
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BEIXILTEFERS

Registers

~1 KB (=100 b/core) 3 ns

256 KB (64 KB/core) 1.1 ns

—
% 1 MB (256KB/core) L2 Cache YS ns
=
8 MV L3Cache \2.8 ns
128 MEV L4 Cache Y24 ns

32 GB / $5-10/GBMain Memory Vzg ns

~200 G}/— 1 TE s067/6B  Solid State (flash) Drive \1

Faster

2-7é S50TB  Disk Drive \3 m




CacheXJAabIE

seaEuEsIE . CP(e)

Program
execution . 200 400 600 800 1000 1200 1400
Time T | | | | | |
order
(in instructions)
Id x1, 100(x4) nstuction)  Reg| AU | D2 geg E4-29
i Data
Id X2, 200(x4) 200 ps | " aaten Reg| ALU | oocess |ReD
1d X3, 400(x4) 200 ps | "™ [Res| AU | 278 |Reg
200 ps 200ps 200 ps 200 ps 200 ps
Cc Meamory
1O bus
ol 2 oo Memory 1O devicse
| Registers | h
+ Cigk
meamaory
Registar Cache Memory referanca
reference refersncs referancs
Size: 500 bytee 64 KB 1 GB 1TB
Spead: 250pe 1na 100 ns 10 ma



Deeper Pipelines: MIPS R4000(

Instf*uction memoryir Reg

X EE e S TURMIER e

Commit Point

Data memory

e/

WB

o
7

Direct-mapped 1$ allows use of

instruction before tag check complete

« Longer pipeline results in
Decreased cycle time

Increased load-use delay latency
Increased branch resolution latency

« EU1cycle, L1$ ApF

More bypass paths

Main Memory

H1E] ~3 cycles

Reg

» System Bus




| Cache S RGN

* —I:IMQEB\_‘L
o TKEFERRTR: IFBUESEMMEURIES, 537Cache (split Cache)
« Rz HEWFEshared memory+HE R

-  BUES5HIEES, CPUMIIIOERNARIERE, meEsk
—  Cache: (\FARMESER L, P CPUIGRIER

. EEM’IE}EE iﬁlﬁ (Cache mm/cache-cache) , RIFEOIFTMI4E

FA
processor | | memory

[we ] 1 i
M 1 | i |
| ve | ] REG | | i
M ! '
G Ve c | ! I W I
: : '1 /
e} i ME | ] REG I
M M

Core

/O Interface /O Interface
o W (ad anter ) (ad anter )
Erooute N*Memy : :
Memory D-Cache /O device /O device
Write-back

B NCache[EHImiss?




ATEERIFl : stallZZ /D NEIHE? e
Cache miss: [HZEZ{, (blocking) /AERHZETL,, stall

Imm16 R E_CE)
E ALU result 32
A v
— 0
: 2 -
o < S
I-Cache s —= BusA 2 o D-Cache 0 @
. RA I ) A ~ S
Instruction jup| = =B 2 BusB 5 L >l|j < Address 32 g
— m fr—
= Address 2 B : Data_out fepep| . =
RW ¢ Y g b 0 o Data_in
BusW —
- T Y T T 32 2
q —'32 od z b
Rd U N Lo
clk 11 | 1
| ] |
L4
o 3 w
@ @ o 3 @
o stk - - . 1= E -
B E I-Cache miss or D-Cache miss g ol J38
- 3] , . S o
tEN E causes pipeline to stall ER: e
o |2 Q= @ o a
v A4

Interface to L2 Cache or Main Memory




“Cache - £FF" 5§ "£1F - #F" BEXAIX5A!

FE Y- . L o
WAk 5 A Cache — £H/7 BER FH -HMA ER
H ) A THAEARENAR | ATHIETHAEFTHAL
AT I EX 38:): L) W AR AT AR AT 5 L
At Jupt— JUE Ve
(Y 55 =350 g
B () A A+AFD LEEFAFD : 1
e ——— ] e el ——
& — ; paa ke L ——— 1 v
FRFX T ARG F) Mg — i pross
% A CPUR bk &> YodeE o q A2
v

h

Virtual Memory Mapping

Cache Mapping

[ ™

-

A

/\

Y

o

Y

Words

Blocks

Pages




fil: iBiEX, BifSCache3sft: miss -Xhi

X, X,

5.7 . X
XH—E Xn—2

o IRFIBET, Xn X, _ X, _.
AfE£Cacher X, X,
X,

Xs X3

a. Before the reference to X, b. After the reference to X,

. %%ﬁ rl:ﬂ ﬁ Block Transfer
— BRI BUESRAUN, HEEWIL? it "

- WHIFIRrEREaT? :L:' e
— EHRE&: Cacheji? J |

- B%M%: Cache5SMM—E?




ZN!

Nt 24FECache?

— MR, &4
CacheBMHHIIEICEAL

- FEMRIE: BYE, =E
solmCacherp PRAIEE
CachelIEARZEM, 5.3
CachefUIXE#{FI*E, 5.3, 5.8
« Cache—E%

- [EZE{Cache
Cache-MEMBRESH\&I, 5.4, 5.8
«  HRURER)L?
Cachefy&#%RH&, 5.4, 5.8
Cacheiz#lgs: 5.9, 5.12
Cache Coherence, 5.10

o TEWARRGEMIR

Cache 1#a&771r

o FHEWILRLGHR

NZS: CacheZ&St (BpgbIEER))

=REARR: PWR
the mapping function (BRET)

— the link between a block's address
in 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
- 5.3,5.4,5.8,5.9, 5.10, 5.12

FE: 4.3, [§IFR4A



SRR, p25§ )

Okt

RS HER

o GRS ELFN
A8 EEB 4 temporal locality
- ORYEEI (FESETE) RAIsEEAR

Typical Access Address Pattern

REI’JJ SRER #7319 ZABERME: HHEEAR
ST R bk Address /rmgoitim .
- ﬁlﬂ% 1% data }Eﬁ Instruction T e” o °o°o°
- NEHWA—TEEF! fetches | |
«  T[E][FEBMspatial locality ubrosting .
- —MNARHIEAIETE IR ESR Seck “/ oooooooo \
s FESHREFERSETERE—XE [o° argument acoess 7 *eNe e o o

- g (RERdataREMEBE, FE .
© PIFRBILE Data /&‘@/
15” HT_I-[E—J%%B'HE? ?EI‘EUEJE‘B'E'P accesses 4. °  scalar accesses

— fori:=0to 10000 do O Time
Al =0 THESE: SR

= EER el : WED R

~ ok, ESHA



S, Fm, S

Cache@p® (hit)

— AKARNEREEFF
— fp9PHJ|E]hit time, Time for a hit
CacheAfpH (miss, TR/ "S£3" )

— CPUBKIIRJRYEUREAECache, B EHETCRN
- ERBLCEAAEEFR (block) —RMEREA
- TRSIRSE (penalty) : HB¥[E] = mem->cache->cpu
— CPURJBHEZE (blocking, stall) ¢3EBHZE (non-blocking)
mHER (Hit rate)

— CPUE/ ORI SEEECache IRILLZR

« [EEARPERFEECachefIRIR, 1

1

Aaph=R (Miss rate) /

"ﬁﬁ




Bil: Cachets 2 ) 5%y

®R(17) K 1—32=F (? )
ApPAYIE] 1— 2B /EHR (BAL91? )
fRee (sF2) BFE] | 8——100RT st /EIEA
@aE:RE (6——60RTEH/EIHA)
({&1XRTE]) (2——A40RTER/EIER)
PN 0.5%——10%
E5-33 Cached= 1KB——1MB
e
for L1 caches for L2 caches paged memory for a TLB
Total size in blocks 250-2000 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 G64-128 A000-64,000 4-32
Miss penalty in clocks 10-25 100-1000 10,000,000-100,000.000 10-1000
Miss rates (global for L2) 2%—5% 0.1%2% 0.00001%-0.0001% 0.01%2%
Block Transfer
s ) i = e Word Transfer ("-)‘-ﬂ"'\
‘CacheBE: BXBE, XIRBSE ~A

*Cache-line size match the width of _ —|: »
the DRAM simplified the design. b Cache Main Memory




NFEDER (block, &) , —HREB=F

Memory address

0000 0000 0000 0000 00 00
0000 0000 0000 0000 00 01
0000 0000 0000 0000 00 10
0000 0000 0000 0000 00 11
0000 0000 0000 0000 01 00
0000 0000 0000 0000 01 01
0000 0000 0000 0000 01 10
0000 0000 0000 0000 01 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 11111101
IT11 1111 1111 111111 10
1111 1111 1111 11111111

ik

Data

2)

14 ::Ig:ag a1 ag

Block identification

dax azw da;7

Block O N v Y
4 words ey e o .
Bits identifying block  Bits identifying
offset
Block 1
101001010110100101 10
..--"""7 “""‘-..
Block ID = 169.3811p Offset of 2 into block

Block 2

¥ Each gray block (one data)

represents an addressable =~ —7Cache block (44-data)

memory location
containing a word

Block 29%%) — 1 = 262 143

RRNEDEIE?



Cache/Main Memory Structure: ﬁ/

Line Memory
Number Tag Block address
0 =ibib O
; FeE i
2 2 Block
3 (K words)
C -1
—KWorsgy ———
(a) Cache
NFFEMCachesrd (8D , —47—H (FHO
Cache line size = Tag+Mem Block size + VCD |- —-------
Main memory = 2" words = 2"/ K blocks Block
Cache has C lines of K words each
Tag — to identifies line—— “JHbhE51R]” 2" -1
<« Word _

_ P Length
LinefT = way# (b) Main memory



Cache Line Structure

Cache Line =tag + block( K words ) + VCD 5 }f‘éﬁm
e —f{7T—If (&R, data) , —datazzq™word 0 ||

e Tag: to identifies block, = NFRE"?
e control bits: VCD
- BRI (vald) : HIEESHEK?

o IXHARE: cold start/process migration/first reference [T
« HEAERMELRGE (Invalidated) Block

— ESfI (overwrite, Dirty) : HIERGBEL?

_ — 2" .1
* /?Tﬂgij:% Htj‘ %?g‘—"ﬁ IEI ‘_L‘J:r?g;(tjh_’
— THEUZ (Count) : iG[EBRE?
° %Tﬁ%ﬁﬁiﬁ?&*ﬂ:iﬂ 5_12 Processor
V Tag Data (K words) '
| W
256 -
1 h i entries
-
418 432 432 J32 1




Cacheisip|niIgig, $5.3.1~2

T BEA: —RENERE
!
CPU 1 1j A7 Hh FT < . «
l ////// Wards Blocks

A Y
Cachej#?

N
+ ¥ l 1l Fetch —{ I-Cache
yjlil Cache i VIFIMEMERH | | B HTHIMEM R T B o | | Decode Memory
1= BiXCPU = 2i%CPU i ACacher | EE AL S Execute
1 1 l Memory D-Cache
l Write-back
ghifi 1 NCache[EHJmiss?
* |$ miss
— PEZEIL: CPU stall, GRS ERFTEERR (block) —RMERAAN, EfAzHIiI, EHEBUEE
o HANMEE?
« D$ miss: WEIESI$SU, FHZEAEEZEZ (000)
— DirtyRJ#aHEEEMEM

« PUTHIAE: CPUEHIES+Cachef=iblag +MMEEHIES



~write policy, $5.3.3

Processor
AN
«  @pHp

—  5jE (Write-through/Store-through, EEi1X/ "BEZFF&E" ) 228
ERFS N\ CachefIMEM H
EMEM=200cc: B%4&% (write buf, store buf) , &, [BZE

—  Blg (Write-back, "Bix[E]" )

HB5Cache, &Dirty (A3 , BENBEETSREMEM (BRI%ZH) aaa|
IV N-Las
— B4 Ee (write allocate) : MmemiE A Cache[5BE
. i Fxfetch on write, MIPS3FH. +CPU
- BA%Ho(no write allocate, write around): REmm, AEcache wcache
BERATEERERDSENS | +550
-  EFEmEEALl, BERRESSE ol 00

o EERGF (Invalidated) : ZgrFEEScache T smemory

-  RHEZXMCacheflER, BEMAMESICachetBNIRE inValided

—HMEERR: CachelE5FF, Z#&AIL1 Cache
S {Eltae?

*a +100

*b| +200




Cache5

A

CPU

ecache

100
«200

‘memory

*100

200

*I/O

* CPU writes to a

CPU

ecache

*550

200

‘memory

*100

200

*l/O

FEINA—EO)RR: $5.3.3

CPU

scache

100
200

‘memory

100

*440

Al processor | | memory
_ o
I/O Interface I/O Interface
(adapter) (adapter)
I/O device /O device

*l/O

* |O writes b

FFHinconsistentiz = :
1. CPUBEHE
2. DMABIR{E: HP 1/0O—Z114”
&L Bvalidfiz;
Fi%2: simple flush the
cache before DMA write



mE "B" #{E: $5.3.3 [EHR] | $5.84

« ZEKJ: Store buf (= Write buf? Sz#store-load==Eg&) , Write-back buf
« H[E: AgEE#&EESCache, LRIk
— R FANEES
« CC1 (= pplBIMMEER) : swEstore buf, 5452k, CachelfdlSe¥ M2 R,
« CC2 (unusedfEHR) : IGstoreburEAD$, HCacheiz#lzS5Ehk.

— miss: WFEEH, NWERIHR-ZFATZERFR (EoHL) ->storebuf5
- write-back buf: FEBIEFBEAMemfYiELR, RIRFIBIENRFR
- 5i&: ag#ESCache, —/|"CC5EHX,
— write buf ($5.8.4) : &Z=iA(0)

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

2% (Parallel Computer Organization and Design) Fig4.8. Fig7.3, IlIxx&%



FERAEE, $5.3.1 (362

. EE—AF, WHARES Mk
- TRKIIEIEET, JLBECC (Rir

Data
Count and valid

Tag
Data
Data

MMap ) |
) -&Hj’ﬁl‘ﬂ?@ ‘ | ache Miss ‘
° QD%M MZ:ﬁ_EEFI , mutﬂ*ﬁj:ﬂ?iﬂﬁESR CPU Time | y CPU Time
Miss Penal N

° ﬁ[l 15_[;)52//“ CP U{%'-E)Fj’? Cache linet U IO -\

0.1,2,3.4.5,6.7.8,9,10.11,12,13,14,15”

- RBER (early restart) Cache Mis
« MEREIRAMIgIEAN. —BiIERFIR CPU Time CPU Time
B, CPUSIEIFHARRY. &EFIS.
"B . BEF TmissHYIES Y
— BEXRFSE (requested word first) Cache Miss
o MIEK=FAMFFIAIEE, CPUNZEIIREH CPU Time CPU Time
17, B THEIZERERPRIRIRE Miss Pefalty
iE, BESME, G TASIONL DI 41501 2345

« &FDS$ (?)



1 MEEME: FROBEES

cache
m{iZ
Fric 5o
tRC 1
e | B 251k
F it

1
gﬁ 0 ij% ; Block
g,g 1 ij% 3 (K words)
/5‘:]% 2m_ 1 ﬁ% 2 Word }
EFRS RA RIS
Tag = m {i b{sL

*Cache'tmicfil” 2, EUE{EH< (M)

HEROREZ (BRAMIR) |, m N EERER (CAM)

-RAwE=FR% | FT w5




1. £HHEAMS (£8)

17 IR NPT
Hhdik
B ECtETL

EE/ERTS

1
22

ohe)

i —

Rt

2 3 4 5 6 1 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

d

~ O O A W N = O

[



EHHERIRGI S IaT T2

Valid Tag Data
< If m blocks exist then m-way (4%{
< m comparators are needed to match tag Addiass
< Cache data size = m x 2° bytes Tag ¢

V Tag Block Data V Tag Block Data V Tag Block Data V Tag Block Data

- o £1 | £
O S = |
m-way associative :—\: f/ Dil‘L/

ap (Eb&tagiVv) |, %17, 1557 apPLlR SRR H EF1Tors177?
i ”/J\Cache”




£FHEkCachefyTagttsk, $5.4.2 [#5hE

: , : CAM(Content Addressable Memory)
| LRU SR iBsE

K3y \ |

'gﬁ.,: (CAMD  f——bi

Ir |
|

|

CRU— Cache l’—vy 2 Frd |
|

' |

— Sl

Cache | 1) 28 5]
+ TagSDatafFi#tEDE
- CAMIEStagiEZM4RE: tkiktag, %17, Si%FHT?
. THEXE=8IRET{EFHCAM

b Bt




2. E¥EMETCache: BRETRER

SR (Fhh= 20
Cache—fT—HR, #cfT, RFHEL C=2° Cache

F) , BixCachelTEIDER.

FEFRE: M=2m

ESE i

FIR0

FiR1

FiR2<-1

FIR2¢

FiR2<+1

"q"'_i*ZcH_']

=rphc+1

FHEERFMEIRE: i=j mod C F1R0
8 i=j mod 2¢ FiR1
BERS | | EEFERE] FiR2c-1
0 0, C, ... , 2m-C
1 1, C+1, ..., 2M-C +1
C-1 C-1, 2C-1, ...... , 2m-1
Fitnt| FFERS | CachelTS | HRA=FHBAE
m=t+c{i bfsI

FiRr2m-1




{5 : direct mapped Cache

M FEES [ CachelTs [RATHIE ] i i = 1 worc

: 438 lines

Cache F1=iEEE Cache

AL Q] R CachefTS 88sse22r-r W REERSTF (R) , 74
S\ = F YT=1t=1==
Fhr2<-1 \ FiR2¢e-1 4
FiR2¢ e —— o=
\ :g'a_?t;ez=+1 | FIRCEE—EE: telbhzs?
Tzl AR, tag=?
= BRE?
Firam-1
l
[£]5-8 N
// \|\ AN
'] | [e
|

Mem =faddr 00001 00101 (01001 01101 10001 10101 11001 11101
Bttt Ex00 FRo1 Memory Eg10 ER11

e, (B5-12) : Tag (E&#) | Index (Cacheline#) | BlockOffset | ByteOffset



T
Hibik
BB EL

\‘l|\‘|‘|||‘\|{j‘5u
IR R EICIE R
||\‘\‘\|\‘||§‘{3‘5w
‘l|\‘\‘\|\‘||}:{f‘ﬁ‘g¢

= b
EENNEDEE]

BiBRE AR EE AR wh

7 RN
L2555 il
o BCIE UL

it

—
|5
NG)LHAWN—*D%

[

[3¥]
o
KR EI IR,
&E | OV N [+

O NI R ESE EYET
o i e ]
- N EREREI R -

i
=S
=
s

EREIRES

40

BiEZMsCacheif|a]:

i (EE)

22 2% 22 26 16 4 16

- - 16| |16 |16

- 26| (26 |26 (26| (26| |26

- - - 4 4

22| |22 |22 |22) |22 |22 | |22

8
18 FH=T
16 0
- 1
18 2
- 3
4 4
B 5
22 6
B 7

W R e e

Rz

[SIZEZEE170]26F0187?

R R d A



index | v | tag | vata  WMwdex| v ]| teg | vata |
000 N N

000

° 001 N 001 N
|: Cache access - o
° 011 N 011 N
100 N 100 N
101 N 101 N

110 N 110 Y 1040 Memory (10110,,,)
/ — 111 N 111 N

( : aC h e : 81 I ( ik ) a. The initial state of the cache after power-on b. After handling a miss of address (10110,
YT1h M g _ index | v | Tag |  Data | mnm“

— % n N i V— N 000 N 1040 Memory (10000,,,)
I 001 N 001 N

\ ’_’ \d— 010 Y 11400 Memory (11010,,,) 010 Y 1140 Memory (11010y,.)
9 / A'L\\E'L ? 011 | N oL | N
7 100 N 100 N
101 N 101 N

_ 8 N7 * 7 110 | ¥ 1040 Memory (10110,,.) 110 | ¥ 10p., Memory (10110,,,)
/ A . . 111 | N 111 | N

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

Cache Iﬁﬁgﬁ 100 Memory (10000,,,,) 1040 Memory (10000y,,)
=Fiho =Fir0 001 | N 001 | N

=th1 =ihy 010 Y 11400 Memory (11010,,) '9 010 Y 1040 Memory (10010,,,)

FiR FiR 011 Y 0040 Memory (00011,,,) 011 Y 0040 Memory (00011,,.)
100 N 100 N
Fin2¢<-1 Fia2¢-1 101 N 101 N

110 Y 1040 Memory (10110,,.) 110 Y 1040 Memory (10110y,.)
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

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

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

FiR2am-1 26 11010m miss (5.9¢) (11010M mod 8) = Dle

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

EFHIE FFES | CachelT5 |BRAFHRLE 26 = 11010, hit (11010,,, mod 8) = 010y,

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

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

16 10000m hit (1OOOOM mod 8) = OOOM

18 9 10010,,, miss (5.9f) (10010,,, mod 8) = 010,

16 10000m hit (1OOOOM mod 8) = OOOM




. M EEUEBE, ap? ?
NP ==
15” 12LI>RT FEXI/h 1B LT, MISS
Tag (E&#) | Index (Cacheline#) | BlockOffset | ByteOffset C;;: Ez:fjg
Address (showing bit positions) FHh1 N Tl
[&]5-10 3130 --- 131211---2 10 \
B}"'tE Fik2<-1 \ Fir2e-1
offset \ Fih2¢
Hit - HEEI' .5‘1 0 Fii2e+1
A Tag
Index Data Fi2<1-1
el
Index Valid Tag Data $t;é£m-1
0
1 A5: data =1 word;
2 =i = BlockOffset= Ofi]
=28 8| WAL
TagttiR SE{DataF 1T
1021 N
1022 5CPUfmempaYi=[]?
HitE S %82
420 J32
—p
= L1 misges
@ ]
CacheBd&: B\N4KB, 3LFR? ERailng




FastMATHA&M

A58 BT

Intrinsity 28] 31 1413.--65:-:210 i¥miss: mem->Cache->cpu

MIPSZRHS, 12%%ppl 5: BEMNEEAE!

CacheFE? WFK/N? 5 s {4 By WiteBUIRENLT, BUREIE?

I-‘|L|t Tag " ) " offset
Index IR Block offset
18 bits 512 bits =16, —{TE=F
V Tag Data
L
256
—? 1 * entries
ARE 432 432 432
( Mux )
E5-12 Je2




EEH*§4U1\\\

» {Lm: SCINEER g &

— RGN E [E|RE 5
—IRtbaR . REF “_ﬁiﬂzﬂtm%mu (index)
BiEF, PAIHEEFRERTEEFT.

— Fast: datajcFtagbbi

— FoZEcount(i]

o TREA: JPEE, WK,
- AABNEFREEHITNENEFR (B2
FEFRIN [E—NCache=1tR) , INFRIX2N
FRPERASREANL R EES i)&%ﬂ)\

Cache, WA RS,




3. ZH{HEXMRSR (2 way-set-assoc

lat

= N
Cache734H, Cache (r=1) i‘?eo
e N T | P FIRL ¢
EBA/h=28% |+trd =1 [N |
A *b _ /—\‘ —
r = (APHREY - 1 @a it;ez }% . T
tEEARE FRic =3 -
FR2e
............ ]

Tag = 2S5 >
r=07ciELER, B |PRC | FER20-2 } s/ \\ |
r=c?14Hckk & |TFMC | FiR2e-1 )

FE1Fittk ?_ij&ZC r+1
FEHRIFC | itk | SRPOEIE
S=t+r{\/ gq=c-rfif o\
=ipom-1
mf{iz 1



NE§ (X) (EIEEMS ()

- [RIE: TE',Cache \ij( ZQ)QE ’_QEER(:Zr)
R,

I=) mod Q
- Hrh, iINEFNAESE, [ NEFHIRE
—- EFEERMCachefVHZ B, NEEMSEKEEK;

— EFREILABRGIZIXI N ZHARIER—IR, AEHH
ERBRERAYKER.

- tHEKE, degree of associativity
—r: —ZHRUREY (E8EN, 1740)
-r=0, E#tEEX; r=c, 218K,




- Ex: 4-way set associative Cach

-- Set--associative mapping

—£%0

—x1

| | BU ) BO
sel O Bl Bi
‘ [ B2 | ING ST/
= — B3 J B31
| = Bd -1 B32
set 1 < [ B> B33
-Bﬁ llllll
L
= 7obil tag B B63
- - B64
L B124 63
set 31 < B125 | W& [ ..o
— B126 B4095
| B127 .
T bits Shits 4 hits
-~ —
16-bit address tag set | word




Ex: 4-way set associative Cache

YRR  « a0 wsis % o 1312111098 76543210
EFHbE
\\ FEFHERIRC | Bittht | FHRHhE
8 S=t+rhl  q=C-T bl
mfiz

Index V Tag Data V Tag Data V Tag Data V Tag Data

«—2H4F% (line)
—i& (BR) —=F (4=F)

““Efifset (index)
tlﬁisztag&v

RIS FE

l
l
L

Encoder | 2
RVE]5-18 5 :
L Hir

Data [f/
« IR (data) K/, HK/, CacheX/N, RFERA/N, HWEFERN?




CFEGEIRECache PRI,

Fully associative

Set associative

Direct mapped
Two-way set associative

Block# 01234567 Set# 0 1 2 3
Data Data Data
K|5-14
FArH512
1 1 1
T T
Tag 5 ag| |, ag 5
Search [ Search ’ T Search T { l 1 T l I T

- BEEMET: WFRE mod CachetR#E]

— (Block number) modulo (Number of blocks in the cache)
. ZHiEEL: RNTFEHRLE mod CacheBE, BR{F—

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

« Z£fHEX: {F—




s

tEEXEE associativity = Num# of ways(

One-way set associative Two-way set associative -

(direct mapped) Set Tag Data Tag Data t*/ ?T/ Eg ] ?.E/Eﬁ

Block Tag Data 1) CaChe*DMemﬁj\i;%,
2) Cachef#H, MM ER

E]5-15

Ly P = O

Data = n words

Four-way set associative

=B (BE
Set Tag Data Tag Data Tag Data Tag Data CaCheﬁi ('L'\tB&)

0 =ZHE) < tHEXE

= @ 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 'offset|Bytd offset
— Increasing associativity . " . "
Decreasing associativity ~— tHERE "—fg/92~16" , $5.8.1
. | Fully associative £tHERAT/)\Cache” !
Direct mapped | (only one set)

(only one way)



- Cacheap =K
- =, REHIHEELE (ETAT) S20nCachesiiE=s,

» Cache® =X, @pF
— HCahceBFEIX

miARRS.

X

Z—EERY, wnn

S

— Cache&B=A, RAIENN, THFEEN.

MMMMM

Block
(K words)

i 4
1

A

SRR

CacheZ=
P




CacheB=. IR (17) X/)\. ﬁ‘EEF"—?—‘

10% e hm e e e Er e e rEE E =Y ErrE E E ==Y R e s E E E T e e e e e E e E == e e Cacheﬁg
[\E
Miss I:"II e s s B d s L L E E R R R R L LS E NN JJdd R RN NN Jd E kL EEEENJddd kR L EEEEEddd kRN EEENJdd EEEEEEEEddd NN EEdd
rate °°

—{_» - 35-’-1-“
‘F_——'—_————.A.—
0% , —i e * 056K
16 a2 64 128 256
E]5-11 Block size -

h/ NN, AychERign; : .
CacheBREE, HANEM, BRSEIEE, Skiel; | "
i/ BN, SeRuRscten. /\
$535: "TANEIERATHELNE" 2 e




TSR SRS

miss rate

0.1

0.01

0.001

1e-04

1e=05

1e-06

Direct
2-way
d-way =—

Y —

4F8LA K ]
1K dIH 1I;I{ EJ:;-H EE;H 1;1 Int

cache slze

Miss rate

15%

12% ~

9% A

6% A

3% A

128 KiB
ad

One-way

Two-way
Associativity

Four-way Eight-way


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

EEMET vs 2F&4E%

« tagtt#JT44: N comparators vs. 1

- ZHAHEE: Extra MUX delay for the data

— Jeikway, FHikword

— Data comes AFTER Hit/Miss decision and set selection

o EBM: A S datatt AT

— {¥1 way
— Cache Block is available BEFORE Hit/Miss

o FHIREZ (BREO N, dnrhEmhn, e g

req address

Block number Block offset
A S .
[
Tag Index Offset
= 1
k

Data B oc/

D S—|
t
\\V Tag

2k

lines

1005

i Data Word or Byte

H&P $5.2, iy il
BT L 2-waysti1.2~1. 5%
2-waystt4-ways{i1.02~1.11%%
4-wayslt 4 AHBR1.0~1.081%

Tag IV'EIEk “
ot | b
— il
t 7
k
V Tag Data Bloc

V Tag Data Block

Data
Word

or Byte

—

N\
\—(@7 HIT
Z—2R| Jlatency~ = =



Deeper Pipelines: MIPS R4000(

X EE e S TURMIER e

Commit Point

Data memory

Instf*uction memoryir Reg

e/

WB

o
7

Direct-mapped 1$ allows use of

instructiory before }ag check complete

~ -

« Longer pipeline results in

— Decreased cycle tim

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

— More bypass paths
« EU1cycle, L1$ ApF

Main Memory

e

H1E] ~3 cycles

Reg

» System Bus




$5.4.101, apPRSHIKE

AL

Address of memo Contents of cache blocks after reference
block accossed o | 1 | 2 | 3

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

- EFIRGT

Contents of cache blocks after reference

[
Jﬂﬁéﬂd‘ﬁﬂééﬁmm

miss Memory[0]
8 miss Memory[0] Memory[8]
0 hit Memory[0] Meamaory[8]
6 miss Memory[0] Memaory[E]
A miss Memory[8] Memaory[E]

Contents of cache blocks after reference

=l I e T T

0 miss Memory[ 0]

8 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[&]




i

» iZCachefUREEFFAISE, BFERN
95%, MK _Cachemf-=‘ﬁ*ﬁfmﬂ7 /2
R F Y1509 8]=0.95*t+0.05*5t=1.5t
MBEFRF=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



-~ flla:

« HPCEESE=52048IR, FER512B,Cache

N&=8KB, \731619& Fih512B,

—- HEEMSRAE, RN JLER? Cachefric
A3

— FHEHEERME:, Cachetric)L?

— F¢BtEELIRSE, CacheBE4B21T (E4H22E, H
IXZBHEER) . EFMEID AILER? BEXJ1LR?
Cachetmid)L{iz?

RS H /RS FIFT




- f2:

IRBE— " cachelIBEI2KF, B RAL6ZF, K
(1) iZcache RIS /DN ER?
) NRFENSER256KE, NGB HR?
(3) FFAUMU B Z/MI? cacheitBtitE /M5 ?
(4) EEEMGESIVE, EEPRIFSiRIREGRE ] cacheFREf— P tRAR?
(5) HHTHELRME AT, TRAESEAIMELED BRI LER? BERDBIEEZ /MM
fF: (1) cachedFFH2048/16=128" R,
(2) FETFH256K/16=163841 R,
(3) EFBE/H256K=218=F, FltFH18(,
cacheBRE H2K=211=2, =ihht/911{i,
(4) EEERMELSIVE, EEHPRIFIREMGEEcached 55 | mod 128 tRA,
(5) RS 7i, TRENTL, RAFHREUE M,

18 11

= HWE | Rtk
A




SSSSSS

+ LU (Iine) JIER(

- 2%
- ?Hﬂ‘ﬁﬂf

. 1757_ =

R

2T

i $5.4.3, $5.8.3

EEH, 1

?;zﬂyéﬁi Em)

R (17)

L MelE, R, w9, RS

Fully associative
[ Cpru
1

5 hF Bk
===
|
| £ m
| &
18w th
|

#f # ¥ —Cache
e
| oL
| MA
o e

o




i':iE;J:ﬁ

- RINER

57

(OPT) : 5E5EE—7T'_J efE
- EMRRKIEASHERNT

&

. ¥mEOwork sets

- BENE, FIFO, A5, |

- BEHL: KIEELRUS

a—ﬁ‘lfi I=1

£91.14%, {HRgetbi{PILRUYF,

— FIFO: SETWMA{E, (BARCIERMERAEERE

. H—%L)\E’J—T—ikm_fﬁﬁ?zﬁ Bt
+ LRU: Sifs/MER

— 'L_|'H__|'/£
- %

THRERNFR,

(483 : Biitir&i#cache line

(OE) : BERTHERE—/

- —UitE: NRU (RRER) - ZH!
~ B, B (or BET)
* FNILTER

- %A
— PLRU

— TR

ZR)IREL

$5.8.3

LRUAx i K&

e KA

Q Q0F49

01

127

000F5

01 127

158AC

01

00F59

01

- OO




BRE SRR &
HE £ St @
s (7] ¢ L2 (13|45 |67 ]|819]10] 5Lk

k37 Pl | P2 [PL | P5 | P4 | Pl |P3|P4|P2| P4 |frHiREL
1|1 ] a4 fax]ax] 2]
geilEmEE ) 2 e e[| 1 [1x] 4
(FIF0O 53 V0 5 | 5 |5+ | 3 | 3] 3|3«
TN RN G RN (B4 | B i |8 3 b |8 30 B 20k
B
SERAEHEE 2 |2 o[ a4 x| a4
(WU 000 5 | 5% | 5x | 3 | 3 | 3¢ |3«
TN [N (A e RN | B3 [ (B 3 | P |8 g || 40K
| 1 | | 1 | I%x | 3% | 3% | 3 3
EibEgsE ) 2 2|2 x| 22220
PSR 0 o | a4 | a | a]a]a]4
PN RN [ TN | B3 | P | B8 [ b (e R | Bk
MO T e N (Rl — S T LR R R e R




Implementing LRU replacement {-,

LTEUE:

— CachelLine = VCD + tag + block( K words )
» f51: 4-waysZBiHEX, IRIETTEN, BREITEHSEAE

=S,

1 SH A
:Rgﬂ r IEGEE

e AN =+
_ |
Hit: AP %1%?\‘.1‘ 11 {|Block 0
* Increment lower counters 1 Boer 1
* Reset counter to 00 - > Set 0

— Miss: Replace the 11, Setto 00 01 Block 2
* |Increment all other counters 00 || Block 3

_/

- Bl2: 2-ways/BIEEA g Sl
A R0 G NG G I

0 X Ox?? Ox?? Ox?? Ox?? m
0
1 X 0x?? Ox?? Ox?? o0x?? X
Index X Ox?? Ox?? Ox?? Ox??
0 XPr X?r XPr X?r
. LRU

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



psudo-LRU: Tree LRU

o —MAKRBERIERCcache: —2H447 (LO, L1, L2, L3)
- LRU{Z: FAR&EIw-1{i3F%72<, #0rOrlr2
o JAABEEZNH: LRUNNE—(IFr—1T9 XA
— REEH: NEFEEALMHT R LT AR,
- 1ZFRaEsiAipialleft, 0FRiaEright, f5l: ref toZ
- SMEHIEE, £EPLRUMEREE

- EMEE: OllleftFy, 1WrightF1g, 5. BRI, replacez

are all 4 lines wvalid?

/ \
yes no, use an

| invalid line

| ref to | next state
bit 0 == 02  =————— S
/ \ line 0 | 11_
y n line 1 | 10_
/ \ line_2 | 0_1
bit 1 == 07 bit 2 == 07? line 3 | 0.0
/ \ / \
Yy n y n (' ' means uachanged)
/ \ / \

line 0 1line 1 1line 2 1line 3

state | replace
______ e
00x | 1line 0
0l1x | 1line 1
1x0 | 1line 2
1x1 | 1line 3

('x' means
don't care)



LRU stack&Hi%: HiEIEE

e stack distance

— iHa)Elineld
HITt3aI{
8 (FE)

— E—/Ripa)R

» EHRIF—1T7?
— W[AI54ER
 histogram

!

RERE

The LRU Stack Algorithm

Reference String
0313236041424705152580313

2 [ J[ol8[1138][2] 0]
S EEOCND [12{5]E]0)[0
§4DDDD@@H@B@EEEHHE HORREER
5 D00 OeneRpE s R «EEERREE]
[ s D000 0O0nzRIEEsER ZRE 7R

SDDDDDDDDDDDDDDDE@EE@@ﬂ@EH
-8 I O 1 | 53

Distance

string mmmjmzmwﬁZW wh 26 Zm/gﬁ 2

Histogram 7 3 5 { 0
1 2 3 4 5 6 7 8 9 o

[2][ sl slfol3]1]




Cache Design: Parameters,

Cache design

Block size

Block organization

Direct-mapped
Fully associative
Set-associative

Block replacement policy

FIFO

Random

Write policy

Writeback
Write-through

-
ol Talalals 11
5 NERRRE
CPU g o et
= | cacuE
7| EEE e/ i
| p—
w [(—] [ - —
" : i A5 % #
: : %
— 4B W | |—
B ] 3 h7.8 ISt

Write-allocate
Write-no-allocate

LRU or approximations of LRU such as NMRU



Pipeline and L1 Cache Interface(:~

Word, byte access Block transfer
w  Cache -
Fast Slow

Processor Write N

Fast buffer Slow

Word, bvte access
Slow

pphiaEEO:
welk, EUE, &< (RW)

s
|
i
I I
i

1
ey
EREREAL
J_!_s|
Rk A}
i
|

RE (ready/busy, err)

STALL

PIPELINE
CONTROL

¥l

FHZE{blocking Cache
Iw/swaIHITATE] (FEIHREL) 2

Nonblocking ($5.13)

PIPE STAGE X * *
———————— oP ADDR DATA |[—|— — —————
TO L2 CACHE
- > AND/OR
CACHE BUS INTERFACE
- = uNIT
PIPE STAGE Y
CACHE
CONTROLLER
i HIT
————————————— LOADDATA} — — — — — — — — — — — —
PIPE STAGE Z

v

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



A Simple Cache: =K, $5.9, s.

« 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 I T

| Ly P .
y




Direct-mapped cachefT /9

| uy
‘L Cache
r Memory Address N Tag  Data
(Tag] Line T Word |
Lo
$'f// '// W//
|
' L J
-
b P |
7 | .
“w 1 L
Compare S a3 > S '
thit in cache) ¢
1 if match E
0 if no match |
L J
L w-)
0 if match
1 if no match
(miss in cache)

Main Memory

L
S

=O:
CPU<->Cache?
Cache<->MM?
CPU<->MM?



A Simple Cache: 1‘%%&1‘#2?%

 CPU <-> Cache (Blocking cache)

— 1bit Read or Write signal
— 1bit Valid signal, a cache operation? ——2&tiFiARICache?

— 32bit address

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

e Cache <->MEM

— 1bit Read or Write signal

— 1bit Valid signal, a memory operation?

— 32bit address

— 128bit data (3R) from cache to memory
— 128bit data from memory to cache

CFU

R T Sy

SIE

.. | CACHE [*

hEEO:
wihk, EuE,

— 1bit Ready signal, memory operation is complete niy==?

. CPU<->MEM' AEERHE?

— a5 E,

BHSHE,

SIE

wme, W&



CacheiRiT: 24

Combinat I ——
trol logic ——— Datapath contro
Dutput —
nputs
A
T \ ‘ [ “ | tat
state register
Inputs from cache ;
datapath T
data

FIGURE 5.38

o IXxPUZ5E: DfR, EUREE, =BHEE, &5
« 93/RAM: tag RAM, data RAM




e A 4 \
cpu_req.addr |cpu_req.data Ej:ﬁ Hg&%jc ache EI\JZI?:& J[=] EE
(showing bit positions)
31 -+ 1413---4 3210 mem data.data
h._‘JB 1[] 2 By-te e [ [ & ; C'] - o
Tag Index offset Mux > ( Mux > ( Mux ) ( Mux )
| | /
18 bits Data Write
- J 128
V D Tag ™
Data
1024
— ? - entries
J18 J.128
Data Read
Block offset e ; r Al
Hit oC Se
Mux RV$5.12, FIGURE e5.12.3
32 DataRead, DataWrite{/ERS?

HitigiHAY18] vs. DataiEHAE]? Data HIEE: BTag, ECache, E[A?



EEIgTCachefz g8

« Cache linefEM—: EEmissiEEE R

- BF: ZAEH, FEZ
— [HZE={Cache: missBfCPU stall (1bit Ready signal)
_ &puxggiﬁﬁmwz SIEISE )iy
— &

g BEAZAN, —cc (Fldfhit, #gEEHE, 7H17)

« A A (clean, dirtyBEIMM, EMM) , Zcc (BRLK) , CPUEIE
— 5. Writeback using write allocate

- fp: Bcache, Edirtyfif, —{ cc

o AdpHR: A (cleanE#EHEAN, dirty5[[]) , Z4{cc, CPUEECache

Hia
il !
CPUR ittt
- ' N

d LR Y <o

w

CPU

RiTEEN
to | cache | ERT
-

Gl 2 HE it fad el e
L

iflEICachell | | BFFRIEFIR
HiERiECPU ifl A.Cacherh

=R




a Direct mapped Cache Controller, $5.

E]5-39

COTpTag e Y :{?Ch: HFi: " Compare Tag
— i SEpkiE’s cache/ B arieache feady ( If Valid && Hit
o AT S BRI S AT ~| Set Valid. SetTag,

Valid CPU request

if Write Set Dirty

C

— Miss: HFRIE4HHE, £
« JEfE: Allocate (B4
L OME: S, A

Cache Controller<-> MEM controller
— MEM Ready: #: A#tH5EkET,

Cache Cache
Miss Miss
and and

Old Block Old Block
QCPU@}/F ”:E{ZMEM_EQIEH%, H|t is Clean is Dirty
— = R
AL “
— #r/rCompTagik7s
B bDWriteBuf ’ ﬁﬂ&tﬁ% Write-Back
— Idleszi? Allocate Memory Ready Write O1d

s > Read new block Block
{JID7J(/H:‘ ‘ from Memory M:;Utr?'
Hegh? ——>J5.24

5iE, 5400, AR, B



Z N Cache:

$5.4.445| 7%

 HEEEEERIEESIRIETE]

— HJyCachefp

e Ts = TLxH+ (1-H) x (TL+T2)

MAIN MEMORY
], o
©
o 2 2
L.2 Cache = 5
:
4 0.0 : : 0
L2 Bus Interface 8KB 32KB B4KB 128KB
1 L1 Data cache size
i g
Processor | < L1: BE2/LFENIPCIRER
I-Cache =1 " core [T ;.? L2: =R, FIEEREX

ZZ_ ‘EE7|=7I<

PR, TIMT20 5 AMEFERERI
BJHTIE], xJ%zﬁﬁlrﬂEﬂEﬂTs

rate

A0

48KB 96KB  192KB 384KB 768KB  1.5MB
L2 cache size

T 50

+40 ©

—

L3 &

£

20 £
T [5]
©

110 3Q

0



Cache Effects

Cache affinity: &3, Tk
— JRAREZ N e B B R AT R, SR PR B B R 5

ENEELES

FEE: KE T EANVAFAR A E, $5.4.5

— IRWEHEE R L) EAF R4 A A U 3 B

AT 85 K PR 8 ) 4 20 1) Je B 12
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
—
g

b

7

8

10

1

12

Row major >
—

13

14

15

16

4
A

ray

1

2

3

4

5

6

7

8

9

10

11

12

[13[14]15 16

4 cache misses

Memory
address

0

1
2
3

2" -1

Word
Length

Cache
blocks

Block
(K words)

Block



5T CacheFJEAASILAL

o TEIAZZH (Loop Interchange)

— JEFEF (column major) _
* a[lOO][SOOO]:_,,//%)J;zéMJC g S s e . [5 (6 |7 |8 | Cache
for(j=0; j<5000; j=j+1) { St it ma—l ma’°jr> blocks
for(i=0; i<100; i=i+1) { 13[4 |15 |16 g ———
afil[j] = 2 * afil[j]; & JHA freh e —
} 1 Cache¥==1 entry 4 cache misses
}
— 2 (row major)

- a[100][5000]=...//¥14E1k
for(i=0; i<100; i=i+1) {
for(j=0; j<5000; j=j+1) {
alilli] = 2 * a[i][j]; rliELLar 4Tk [cache T K/)]
}
}

o EMEIE (Loop fusion) : ZAPEIRAFEAN—AIEALR
. fEHrEL (Blocking) : DGEMM& W ( $5.4.5, $5.15)
« Cache-oblivious algorithm: 5 cache%#) 76 3% f) H.i%
lIxx@ustc.edu.cn *68/62



SR EEE (81%) RS, $5.10

- EFRAIRERTA "IERET  IFER T, SRR E
- BiERFR, MME—TEREEREREIEERINEE.
o W HZEFEZLIERS (SMP, &7F1) BIR—FESHE (UMA)
— F—FEEFHIEUMA: Z4AbEEEHEEMain Memory, XIEFRIGFERER
— Memory consistencyt&f! (—EMAEEMAELYE) | BRIESC++, DBMS
o IMFE—EUHREISC: S MRS N EREMENS ISR EINF AT —E
© BHA—EUEREIRC: MR (Relaxed) IFEEK, 7RFFO00, WIRVWMO
— Cache coherencelf¥ (FUB—EUE/E—%E) : ZFFMCM, XIFERFRIEH

Address (showing bit positions)

A Bus-Based Multiprocessor System 3130 --- 131211 - -T 2

‘ ‘ offset
®» ® ® 6
| J J I ndex
Cache Cache Cache Cache sex  Valid Tag Data
0
| | | | ;

‘ Bus

Mem Controller (MC)

| 1023

J20 J32

Main Memory rzp




Z4MEBEECache coherence, $5.10)

« Cache—EEk
- ZREHE: BEBRE ERF) | tBEFRE (—3UE)
- B&iT: BN CPUMIE—(ENFIRSIREEE CPUERMAINFER
« fll: PIERMMEIXEL, P2igmMMEIXE2, FraitiEssReestisEdll, BigEl2
« Cache coherencetM¥{ CCP: EE##{/FHITIZFE
- RIS EREGEHE: BREEEFMatCPURIFAB Cache (L1$) ?
« B3RS invalidation others, JBXRI=>ACK=>5
- EEHRE: RS EHFTECache copy, FECache2Cacheftig?
— B&8T: WEEEN, @idCachemF &AM, SLIETH

FIGURE 5.39, iRCPU A&,

AiCachefDMEMER[E—(IE (ﬂ‘i_j,iﬂ:)() A EA— A Eg-sased Multiprocessor System
Memory | @ @ @
Time Cache contents for | Cache contents | contents for Cache || Cache || Cache || Cache
step CPUA for CPUB location X | | I I
0 0 ‘ Bus
1 CPU A reads X 0 0 Mem Controller (MC)
2 CPU B reads X 0 0] 0 Main Nllcmory
3 CPU A stores 1 into X 1 (o) C1)




Cache—&4sCHl, $5.10, $5.1

« CCP: VI, EI. MSI, MESI, MOESI,
— IREEE M copyAPIRZS: Snooping buszf,, DirectoryzS,
o Bl WUF—FPEYMYL, Write invalidation protocol
— FCachelilft (snooping) SZk ERISHRE
— HCacheBEARY, {FHftiCachedRIREIATTH

FIGURE 5.40, B[a], X% (F417cpuAEHRT, cpuBf "==H" ) , —

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

A Bus-Based Multiprocessor System

D

® ®

®

Cache

Cache Cache

Mem Controller (MC)

Main Memory

0 I ]
1 1
CPU A reads X Cache miss for X 0 0 ! |
]
CPU B reads X Cache miss for X 0 0 0 | :
CPU A writes a 1 to X Invalidation for X 1 ﬂ 0 REA : o 1 .- :
CPU B reads X Cache miss for X 1 (1) 1 OBl '____1____ "_l:_"l
N—
............ R
FIGURE 5.39, BEX, 7~—% | FSM 8;8
Memory : |
- coche o | e | e Outstanding (= !
' Trans. Table - noa::per)
° ° ' A
1 CPU A rends X o o . Coherence Controller - - - - - — _
2 CPU B reads X 0 P 0 Bus L
3| cruastorestintox : (2 ) L We Gds, OHMTZRA RS . 2016




S|M|V| Cacheline
MSI: $512 S = Shared Bit M = Modified Bit V = Valid Bit
MESI: /b &2l AE
- Kla: Aika

- E: M, BERBEL
+ TACPUIS.
o RETHE: KIWIHABCPUY) (a)

OwnGetS or

] I 2K ECUNS = °
— Ig]b Biiéa LE
« S: JLE, BoRBK, Hith
CPUT] LL¥aZi N H.Cache La]
— Kc: BEa o
o IRETFE: 1M A B
— Kd: ARXita %I -M

- BfaBHEERAA! ?




CacheffjF£Z=false sharing, $5.10iéé

« Cache—E41iMXIEE LLCacheline IR E4E
PEOE—3UE
— HLeMY AR EE B e B
s = WIESERZEMIEARNTE, BEA]
HI7E[E—Cache lines
S AW ‘%E’J—iﬁl R

y iﬂ@#ﬁ% . TR REmIFERRIEE S0 L B

CPU Cache Line

iy

—/“Cache block (4 data)

L] wemey [ [ [T TTIS




/Nei: 4FpCache Misses, ($5.85 “3

Compulsory (2A%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/}, block A /) !

_ Cache cannot contain all blocks f\\

— Solution: increase cache size 2B

Conflict (collision): FHEKE =
— 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




« BTBH itk T BAPCH M HINPC

o IIERTIEIEPCEHKBTBE T —2%F84

1R Cache 5 43 S Pl 22

— —H T imeE %, KA EaﬁaE@nPcE%ﬁBTBEPWHma%

I-Cache PC 2"-entry direct-mapped BTB
Entry PC Valid__ predicted
target PC
. k . . .
© - .~ ny
° < . o
i — match valid target
’
Kl . {Computer Architecture-A Constructive Approach) , 2012



Block transfer

Slow

Word, byte access
I \et - > Cache
Fast
=] = |

o lT' :Jf;:'; Slow ml:l::T
« CacheB3&E et s
— Cache{Z=F1FERHIE E15FR?
— Cache missgyJREH? o Vb Wopr
— CacheH3Side effect (\
- —HU%: Cache5EFAZA.
- BACPU, ZCPU, DMA g B rng By
- SCHTME: TfRRTEIAYEEE
- EERKXER, IH=ZE

— Ki¥ECachefY{ER: FIFABERME

« CachefHZREHY, E51ITE, MEIHE, SHETRES

— ST FEEARERIBRETRIL?

- £HE: Tag=1RS, &k, £3PLE (CELEER) |, BIfERCAM
- BEERIRGT: Tag=ES, RKlinefE, EfBlline, —ELHKER
- N-way set: Tag=E 5, REHTE, EMEIH, 1%k, NPKRES

— =MREy SN REEENMEREIR?
— EFESCHILRU?
e {EJl: 5.5, 5.11, 5.24
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