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

Performance

1E<QKE: RREELTE

+  EFFEEERA_LCPUMEE(25MHZAY80386 2 /5)
—  100MHzBYPentiumihIEEE I 10nsHIT—5%35<, MDRAMEEY
13[8)ATE)60 ~ 120ns,
o "OMHEESMEEIR AT R RHIREAM DRAM M RERTIE S
Processor-DRAM Memory Gap
e uProc 1.20/yr.
“Moore’s Law”
10.000 [rrerrnssacsonnaeroncirasnsssonsransnrssnucsanssassasnsncrsnsnsinasnssanassnnesssnssesnasnasenyaeessssanensssssssenes uvilles s onanuiiiiore, .
pProc 1.52/yr.
1.000 } R e RtV hinigy « s o ivh o namaiebunanans 455V RCAIPTR 754K e o Rt 0o s uas kI SR ARON ST iRt ohs s onn
DRAM
70/o/yr.
00 [aansnsannsapnassanstsnsesxsanaiansns sanasnsnesanoanvaasssissssaliiiaesssasssansd --Pfoeessor-Memory ............... (2X/1 0 yrs)
Performance Gap:
(grows 50% / year) a— §
10 Bt s o S el e e ¥ s
11 980 1985 1 9190 1 9l95 202)0 20105 2010

Year



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



=RENE: ERE. BE. IT0FE. 1)

4

Registers A P
~1 KB (~100 b 3 rocessor
256 KB (64 KB/core n
—
8’) 1 MB (256KB/core) L2 Cache 3.3ns '(‘T.)
2 »
o — ©
— 8 MB L3Cache 12.8 ns L .
128 MB L4 Cache 42.4 ns
— 4 A N Cache: &%
32 GB / $5-10/GB Main Memory \L 9 ns
~200 7/* I TB 506768 Solid State (flash) Drive \ ms _ ‘
2.5 5 o . LEERTEBcopy| Data are transferred
Vh /’3 isk Drive \
1[

=

L3_0 Controller

L3_1 Controller

E5-2, BRUWEHERSE (Zcopy]

" CacheBEFE RIS S8 METREREREAY—K



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



Core

~ CacheXJR S SRS

S

.+ AUKSEEERIER:

IFEiESMMEURIES,

. B&tzs: HERWFshared memory+HEREL
BIESEURIEE, CPUFNIIORAIENER, BREL%
Cache: s/ F4MIREEH |,

E{EFA: coherence (cache-mm/cache-cache)

Fetch

Decode

Execute

[-Cache

Memory

Memory

Write-back

D-Cache

B CPUIREIERE

9xZCache (split Cache)

, SRRl R
£ processor memory
-+ I / h—
/O Interface /O Interface
(adapter) (adapter)
1 1
v v
/O device /O device

N Cache[EHdmiss?




miISssS -> hit:

X, X,
5.7 . X
XH—E Xn—E
IZHIERT, Xn X,_ X,_
AfECache X, X,
X
Xs X3

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

-+ XHEEJA: ABC (@pF

5g)

o mapping fUnCtiOI’]: iﬁﬁikj(d\, ﬁi% Block Transfer

- EESwhFI

Word Transfer

— write policy : coherence, f4AE E:E: Maln Memory

— replacement algorithm : Cachej#s?




A RRa]FualtE : stallsz/b/\NEHB? 9

Cache miss: PAZEZ{ (blocking) /AEPEZEZ (unlocked) , stall
Imm16 ]
> E
E -C) ALU result 32
— D M ’
/ ) 32 _
1 — "
I-Cache c 2 BusA 2 o D-Cache 0 ©
2 RA L 3 A 2 ©
Instruction jms 3 ,ST_’. B = L >L &I Address 32 Q
O 5 RB » BusB E — Data_out fip, e
a Address = ) 1 _ 1 =
RW & | 2 [™] @ 0 o Data_in
BusW —
- T Y T T 32 -
Q) 432 I :E B
v Y X b4 £
| | I
) E - ®
s g j@ . . s 2| |.
S K I-Cache miss or D-Cache miss 3 | |
x D z . . o S m
N K causes pipeline tg stall ER: s
o X £ o @) o

Interface to L2 Cache or Main Memory




“Cache - £FF" 5 "£1F - #F" BXAIXS!

Bt ER
©w _ = m . woz N - n g :k
WA 5 Cache - £/~ BER FH-HA &
Bl &) ATHALARBENIR | BT HIEAETHIL
Xl kS FEWE AR ER WA AR AT K
PR R U~ T
(F— 85 )
R e () Ko LAAFH LHILFAFS : £
P ——— S ol I——
g — - 5t — g L . —t— i A 4
A X T DA ) MR- T pross
wumorvezom | ( Awk ) bR E] At AE
\/
Virtual Memory Mapping
Cache Mapping /\
CPU Big, Slow Memory
RegFile <:> <> DRAM < > < > < >
Words Blocks Pages
holds frequently used data




ZN!

N4 FECache?

— MERE. &4

Cache B MERYIEICEA

- FEMRE: BfE, =E

s/l Cacherp PERHIEFE
CacheBUEARZEN, 5.3
CachefUIXE#{FI*E, 5.3, 5.8
« Cache—E%

- [BZEz{Cache
Cache-MEMBRSS#1#I, 5.4, 5.8
«  HURER)L?
Cachef9&inkE%, 5.4, 5.8
Cacheizflg8: 5.9, 5.12
Cache Coherence, 5.10
Cache 1455071

o FHENIEFLTR

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



- A =+ M- . rad—kvird e
RS MESEEEEE, p25§)
o 75']1%@2%1‘”, i%i;ﬁﬁﬁ& Typical Access Address Pattern
- [FEEERtEtemporal locality ZSEEERY: tHEEEER
~ RIRESIEI (JEMUE) RATBMER  Addess  nloopitemions
Rﬂ'ﬂﬁ%ﬁ?ﬂ%ﬁiﬁlﬂ Instruction o o o e e
« YMERIAEA MBI fetches | ,°
B %Iﬂ% 1%%3(:]313, gﬁﬁ subroutine subroutine
- AERMIEA—EEH! Stack call___ s—return
+  ZFa)fFEBEspatial locality RS [
- —NHRRAOVHI TR T .
- FESHIFHESRTSERIE—XE Data (o
- %Iﬂ%: 1%%Jdata&H¢ E@B% 1 ﬁjﬂy accesses e ° scalar accesses
° Wﬁﬂﬂiﬂ:ﬁgﬁl © © © © o ©o o o Time
- Bl FEREERE? SEEERE? AHESERN: R —ERAT A
— fori:=0to 10000 do
Ali] := 0;

IS EEBMESCIN: 75 BRALH
- BRI EERK



@, Fah, @t

Cachemp® (hit)

B
==

°
[ ]
Word Transfi

~A—

— AKARREIEEEFT

CPU

$5.1

Block Transfer

~A

— ap9PHF|E]hit time, Time for a hit
CacheAapH (miss) [#pkRcoD “Hrsk”
— CPUBRIAIEIRIEEEAECache

‘; -
Cac

he s " Main Memory

. SRRV "53]

, BlE

- BREUERTEEFR (block) —XMEREA

— CPUTJBEZE (blocking, stall) B

Zy s

,3EFEZE (non-blocking)

- TRECHRSC (penalty) : ZFFAYIE] = mem->cache->cpu

mHER (Hitrate) : BE

AapH= (Miss rate)

JFErE CacheBYER,
- CPUIZERYERTECache REYLLER, -y

/ B




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




Cacheistip|aidfE, $5.3.1~2

FF A —RRAVSERFE
'

CPU % 1 17 H b T

! o

N R
% ST
Y
|
Vjli Cachet Uy [e MEMEX H HHHIMEMER AT B
H 15 2iECPU 5 2iXCPU i ACacherf LB

| ! }
!

21

Core

e |$ miss

Fetch —{ I-Cache
Decode Memory
Execute
Memory D-Cache
Write-back
B NCache[E]HTmiss?

— PBEZI(: CPU stall, ipfFBEIERIEEFR (block) —RIMEEAN, EfdEHIN, EFHEYS

- BARH?

« D$ miss: IEIESISEILL, PBE/AEBZ=EL, (0O00)

— Dty HEEEMEM
« HUTHING: CPUIEHIEE+Cachelzblag+MMIzHI2S



~write policy, $5.3.3

Processor
AN
« @

—  Ej& (Write-through/Store-through, EEHIX) 228
BRfES CachefI F—Z% Cache/MEM [FRdirtyfiz? ]
EMEM=200cc: B H (write buf) , &, PEE

— B[ (Write-back)

RBCache, EDity (F—%) , BRANEEGSEMEM (SEE) Ty
. T =
— B9 (write allocate) : MmemiEACache[gEES
i Fxfetch on write, MIPS3FH. +CPU
—  BA5#i(no write allocate, write around): REmem, REcache .
EERTSR R RN W
- BEREEAILL [BE] | SRRBESHET N
o EERGF (Invalidated) : ZgrFEEScache T smemory
-  REAXMCacheflERF, BHEBIEESCachetBNIRE inValided
a|  +100

« Cache coherencejg)#i: CachelBE5=ETF, Z#ZHIL1 Cache
e |  +200
- EiE{Eltae?




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. CPUE#E{E: F[A
2. DMABGHE: HP 1/10O—Z(/%”
&L Bvalidfiz;
Fi%2: simple flush the
cache before DMA write



E "B" #4E: 533 [ @ w2 1, $584

- BiEE: "ttXJtag, Hdata”

— JIE: store-buf (= Write-buf? %=¢) , write-back-buf (3%ih)
- HE: fgEE#&SCache

- @ —ICC

* CC1 (= pplBOMMEIRA) : swEstore-buf, 1§ 5Emk. CacheizflzgFIMiE R+,
« CC2 (unusedEHB) : l&store-bufEAD$, HCachelz|SE85emk.

— miss: FNEEETERE (ARG A—CC)
. WNESHR, WSEEHR (write-back buf) ->IEAFFERER (BEHE) ->store-bufs
- Ei&: aJH##ECache, —|"\CC5Epk “tkXdtag || Edata” [? ]
— write-buf ($5.8.4, ¥&Z==iAiA))

Store-to-load
forwardin
IF —th-—hEx—bME—bwa/' g
3 Iw
~ 1 d L1 misses
I-$ T D-$ 4+—»| Main
N STTT ] [ || memory
Store buffer write-back buffer
N )
write buffer

lIxxEE4&, &% (Parallel Computer Organization and Design) Fig4.8. E7.5. Fig7.3%



SEATER, $5.3.1 [162)

C WE—AF, BHAIES Mk
— BRAAIEIEET: CPUSIR
* IKATZE[R)RR
- RigMMaEsHR, FERJLECC
~ IEMMART, MEDSATRITESR [ crurne

+ AMENEANCPU stall? oy |

Cache liner P ECHE BEIUOUT =\
0.1.2.34.5,6.7.8,9,10.11,12,13,14,15”

Data
Count and valid

Tag
Data
Data

Cache Miss

- REE&EJF (early restart)
° }Aikﬁya%ﬁyaii)\o _Eigﬁz*?i}g. CPU Time CPU Time

[, CPUSZBPFFAAERE. iETIS. T
"EE " E‘;‘ﬁ?ﬂff fmiSSE’\JTE’%\ Cache line/ | &3 R HLINGT) 7

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

— 15T (requested word first) .
° }Aiﬁj??%ﬁyﬁii, CPUEED’VRE*;L CPU Time CPU Time

17, [EIRYCachedf L1 TEN BIZEIR Niss Py
FHIRREGR, EE5RE. SR
+ EFDS (7)




Write-through vs. Write-back

Write-through
— 1s 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

Write-back

— Is faster but more complicated when dealing w/ multiple cores
sharing memory [Cache coherence|a]gi ]

— dictates that the update has to be on cacheline granularity as
there is only one dirty bit per cacheline and the memory does not
know which words/bytes are dirty

Both policies read an entire cacheline on a cache miss

Evictions do not need to write to memory with a writethrough
policy but need to write to memory with a writeback policy



Cache/Main Memory Structure: ﬁ/

Line Memory
Number Tag Block address
0 =it O
1 Fitbht 1 .
2 2 Block
3 (K words)
C -1
B
(a) Cache
NHMCacher it (ZH8) , —4T7—H (FHO
Main memory = 2" words = 2"/K'blocks = |-—eeeao—1
Cache has C lines of K words each
Tag — to identifies line—— “Jg kil {5 1n] 7 Block
Cache line size = Tag+Mem Block size + VCD 2N _ 4

Word
Length

Line1T = Way% (b) 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 —*Cache block 4/ data/>

memory location
containing a word

Block 29%%) — 1 = 262 143

RRNEDEIE?



Cache Line Structure

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

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

« TXEHE: cold start/process migration/first reference/coherence |77
o HEAERMELRGE (nvalidated) Block

— E5f{ (overwrite, Dirty) : HIEEGB [5FEL? ]

_ — 2" .1
° /?Tﬂgij:% Htj‘ %?g‘—"ﬁ IEI ‘_L".f'evr(]);tl:lh —_
— 1THEUZ (Count) : IG[EBRE
° %Tﬁ%ﬁﬁiﬁ?&*ﬂ‘lﬂ 5_12 Processor
V Tag Data (K words) '
| W
256 .
* [ ) entries

118 432 J32 132 mEEEn




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

[



EHHERIRGT 2R

FE

Valid Tag
<+ If m blocks exist then m-way (4%){
< m comparators are needed to match tag e
% Cache data size = m x 2° bytes Tag  |offset
V Tag Block Data V Tag BlockData V Tag Block Data V Tag Block Data
? 1 1R ! !
P % I
=1 —=) »=) =)
r‘j (O 1 E
h b ST | < ._J_./
N L] "MLl
— .‘G * ¥ ¥ 2
u\ / \  Mux ,,/
m-way associative B Data |

B=: MT
P (Et&tagflVv) |, %17, 15557

PR SRR TorsR T

5CPUMMMI#Z O Hit/dataZs i ?
P LR PR AT, AT
& T “/NCache”




£FHEkCachefyTagttsk, $5.4.2 [#5hE

CAM(Content Addressable Memory)

]Lnuﬁ'ﬂi!ﬁi:

: L addlre|'SS:
58 [ mwmesns v 55 ————
n (CAMY tag CAM  § | data RAM |
'y . -

|
CPU+— Cache }o—q A AT :
* | |
— Sl B

Cache T 1E J§ ¥ [#]

A

H SElElelelalele !:!:!:!:!:!:!:!:EE

. NS MHHED R ASSHER,
T (HHHE—LR) FHT (SIREE, FA)

. HAEIHE: AEEENEE GBR. ) . SiESIT?
— Tag5DatafZigBH9 =, HEAE=8EEH tagEHCAM, Lltag AKEEF—IR % T,




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



HizlR5Cacheiplo): Hiflg (=)

1 RN 1 2 3 4 5 6 7 3

itk 22 % 2 2% 16 4 16 18 FH=
BBt E . _ - - - 16| 16| |16]| |16
iﬁlﬂgﬁ 2; zz 2; 2: 12 FHRT - :’6 26 16 26 26 26 18
SomER  [n) (2] [2] E El ~ B B _ B _ _
HEE Sl ] LA

~N ® kW N = O

Ll I )
I REEEL]

H.
gLl -]=l&[8=
&E || (=2}

RN I
o = =3 | b2
K EEEIEI I

=
&

22| |22 |22 |22 |22 |22 |22 |22

" !

Bl @ A AR SR A

|
&k

BIERA O A ah TR IR b B
UNER 2 feiELEEHa)26F0187




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




Bl SEERELUEIRLRS, fpH? Miss?

Tag (E%#) | Index (Cacheline#) | BlockOffset | ByteOffset Cj;: Ef:fjﬁ
¥ ¥
Address (showing bit positions) ;J&lb =Rl
5-10 3130 - 131211---2 10 > \ =
Byte Fha2e-1 FiR2¢-1
offset \ Fihoc
Hit +20 +10 FHR2e+1
A Tag
Index Data FHR2e+ 11
Fihoc+l
Index  Valid Tag Data Som 1
0
1 A5 data = 1 word(4 bytes);
2 R iBiE= BlockOffset= 0fiz
FaEE2{7
TagttiR SH{DataF 1T
1021 N
1022 5CPUfmempaYi=[]?
HitfE S 2
120 132
| —p
= L1 mispes
[ i -
Cache®RE: B N4KB, SLFR? L




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\\\

o (Lm: SCILfEER
— SR RIRET (B E

1021
1022
1023
20

—IREEE: RFEF “_ﬁiﬂzﬂtm%mu (index)
BHiFr, MAfEfrRFREREERFF.
— Fast: datajcFtagbbi
— F5Ecountfiz
s TR IEIHEE, WER(RK,
- AN EFREETNENMEFR (B2
FFFHRXN[E—CachextR) , JNER X2
RSN EHEFE i)%%lﬂ)\

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

L o i e e 131211109 87654 3210

Index

V Tag Data V Tag Data

8 N

V Tag Data V Tag Data

l
l
L

RV

= 5'18 UDJ
L Hir

R (data) A/N, HAN,

CacheX/)\,

Encoder T\T/

Data

RFERK/N,

bk
FEFHRIFC | Bttt | FHRAMIE
s=t+r{\ q=c-rf\z bf\z
mfiL

«—2H4F% (line)
—i& (BR) —=F (4=F)

““Efifset (index)

tlﬁisztag&v
GG —N—

!

BRE, REXRN?

20




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

fHEXE associativity = ways/set

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

HP $5.2, iy i)
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

~ L -

« 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




. $5.4.3, $5.8.3

- LABR (ine) JOBA{i]
. BIE
—éﬁ& B CacheAEiEE—1T
— BEEX: FFEARISERE T
- BT RE(T, ME—

° ijj—'f??% : iﬂj;iﬂ:, ’kﬁ : FIIJV / 'Ij(lu\

H Ak B
o e
Direct mapped Set associative Fully associative I
Block# 01234567 Set# 0 1 2 3 I ;
Data Data Data I ﬂ
cpul(| ® E
| * .
L Rl ™ : 1K
EEEEE I Search|1 S TITT]T]I i H
! MA
L e e ——— e — ===
B iR 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

Hutk 37 Pl | P2 | P1 | P5 | P4 | Pl |P3|P4| P2 | P4 |fofikEK
L1 |1 x| 4] 4 [4%x]4x] 2|2
Jeitt s L ;7//4{2 221 [1]1 ]
/IR EEE

(FIFO &%) -
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«
PN RN [ N | B3 | | B [ b | o R | 49K
| | | | 1 | I%x | 3% | 3% | 3 3
RESREE ) 2 |22 26022222 BeadysopT
PSR 0 o | a4 | a | a]a]a]4

LN SR VN L i (e s e e ol IRV ¢
=P TR SR [ — A U AL ) o P L




Implementing LRU replacement {-,

- ITEUA: Kig (R) |, ®HE, Ba
— CachelLine = VCD + tag + block( K words )

» B1: 4-waysHHER, IRESITEL, REITHGEAS

- HItA 11 ||Block 0
- TpFEREE, Increment lower counters - _
* Reset counter to 00 Block 1 " Set 0
— Miss: Replace the 11, Setto 00 01|/ Block 2
* Increment all other counters 00]|Block 3 )
Offset
2: 2-waysZ
PSSR o —
i ¢ 0 0 X Ox?? Ox?? Ox?? Ox??
ey L X 0x??  0x??  Ox??  Ox?? X
0 X 0x?? Ox?? Ox?? Ox?? m
1

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



psudo-LRU: Tree LRU

o —MAKRBERIERCcache: —2H447 (LO, L1, L2, L3)
- LRU{: BESEw-1{iz==, rorlr2, [HirE? B5? ]
- FEBEEZXYH: LRUNIB—UFRT-—T9 YR
— REEH (NEFREMA M AR LT IR
- 1ZFRaEsiAipialleft, 0FRiaEright, f5l: ref toZ
. S(IRHEESE, SEMLRUMERSE
o B OlleftA, 1WrightFig, 6l EHaY. replace®

are all 4 lines wvalid?

/ \
yes no, use an

| invalid line

| ref to | next state state | replace
bit 0 == 02 = Tm====== P e e
/ \ line 0 | 11 00x | 1line 0
y n line 1 | 10_ 0l1x | 1line 1
/ \ line 2 | 01 1x0 | 1line 2
bit 1 == 07 bit 2 == 0? line 3 | 00 1x1 | 1line 3
/ \ / \
y n y n (' ' means uachanged) ('x' means
/ % ¥4 \ don't care)

line 0 1line 1 1line 2 1line 3



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(

| PPl
bt . Ui fiht, R, B (RIW)
Processor — . R (ready/busy, err, HIT)

- mEmary
Fast buffer Slow i STALL
PIPELINE
Word, byte access - CONTROL
Slow

PIPE STAGE X ‘ * *

———————— oP ADDR DATA |[—|— — —————

y | _';B l —ﬁ— ; Y Y Y
N e I— T g b
-0 -
‘W CACHE e+ BUSINTERFACE
|| - PIPE STAGE Y
CACHE
e : . CONTROLLER
BEZEZ{, (blocking/lockup) : stallSEIR? HIT
wiswhIHATAE (HA%D ? |
Nonblocking/lockup-free ($5.13) ooeemers T LOADDATAf — — — — — — — — — — — —

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, —/RR#EZ—MNEK)
— 1bit Read or Write signal
— 1bit Valid signal, a cache operation? [B%uHEER? RECLEXI]
— 32bit address
— 32Dbit data from processor to cache
— 32bit data from cache to processor
— 1bit Ready signal, cache operation is complete [hit? ]

« Cache <->MEM | -

— 1bit Read or Write signal * ,,,,,,
— 1bit Valid signal, a memory operation? v T,h__ L £
— 32bit address i ET LR
— 128bit data (3R) from cache to memory A
. .
— 128bit data from memory to cache Wt BiE £, %S

— 1bit Ready signal, memory operation is complete niy==?
. CPU<->MEM' AEEREFE? |
- 5E, AaphEoE.



CacheiRiT: 24

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

FIGURE 5.38

 IXxPUZE: R, BUEER, BHEE, &5
» 9ERAM: tag RAM, data RAM




T
a

cpu_req.addr |cpu_req.data E;% Hg&%jc ache EI\J%& \% E

(showing bit positions)

31 - 1413---4 3210 mem. data.data
""'-.JB 1[] 2 By-te e C I ] W C 7 [ [ C 7 l; C o N
Tag Index offset Mux > ( Mux > ( Mux ) ( Mux )
| | | | /
18 bits Data Write
' ' J 128
V D Tag B
Data
1024
—9 * - entries
J18 J.128
! Data Read
Block offset e ; r A
Hit oc se
Mux RV$5.12, FIGURE e5.12.3
BapH: EHCL=>DataRead=>DataWrite 32 DataRead, DataWrite{EFE?

cpu_reg.data=>DataWrite=>CL HIEEK: STag, ECache, 5[A?

Data



EEIgTCachefz g8

« Cache linefEM—: EEmissiEEE R

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

. BEEAZEAN, —1CC (Flirhit, #HUEEHE, 717)

« Aapd: A (clean, dirtyB[EMM, EMM) , Z4CC (BHBK) , CPUEIE
— 5. Writeback using write allocate

« fp: Bcache, Edirtyfi, —NCC

o Féph: ¥ (cleanEEHZN, dityEE) , 84/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

Cache Hit
Mark Cache Ready (

CompTag

— frH: SEAkIEE cache
o I SRR E

— Miss: HRIG50, £
o HEJE: Allocate (E 4
o JBE: HME, FHaR

Cache Controller4 jil 25424
— 5CPU[E%: IFsEMEMEH%E, Hit

Compare Tag

If Valid && Hit ,

Set \alid_SetTag,
if Write Set Dirty

1
C

Valid CPU request

Cache Cache
Miss Miss

o JEEE=? R and and

— Cache Controller<-> MEM controller Old Block | Old Block
« MEM Ready: i A 52 MaE T, FE4E K is Clean is Dirty

Q\a
AL &

— FrrrCompTagiizs !

— FnNWriteBuf, 775

— |dlepiZii? Write-Back

B {ﬁ‘ﬂ(ﬂc? Hea?il:woec:tt':ock Remon Redy Write Old

Block to
from Memory

Gi%, HR?
YU, Fedstng 2
Eogrh? ——>)115.24



JEfEZECache (lockup-free) :

- [REEER, REHRMIER: RMOKM
FRTAEZSMEK: &5
- EpEE
~ PSR BEROATE, C,HIC, HBIRLE
e REEER, C,

Cache Request | Type | Addr.

MLP\+
{on-chip networks)

( Core )

¥
| Drara |

Repl}' I Type I Adde. | Dhara
ot

Cache

[ _

{ Protocol Finite State 1

NP N Machine
Z:’H%EFI : E{[E—F_g& ] %?%J&IE ] Ccm ! ! 1
— MSHR: iE&X5hkHImiss Adds
S/ miss=E—IR MSHRs
Bk, CachefT2, loadEHIReg ] ' : |
— . £z Ny [ Message Format and Send ] [ Message Receive ]
i H_i&i_'tm ISS&/AEE To Network From Metwork
. ) [Dest  |RdReq [ Addr | [RdReply | Addr [Dana |
- prlmary MISS | Drear | Wrireback | Addr | Drara | | Request | Addr |
—_ Secondary mISS %}J I\JjEELIETU ' | Dest | Reply |:-\|:|.dr | Data | I WriteAck |:\|:|d1 I
—  FRONEFREN: ERFRmiss
PSSS
'ISI Iw  1st primary miss (200 cycles) yu PSSS
Lower ﬁﬁ 2nd primary miss (200 cycles) PSSS
@4—} &l SO <+ cache ﬁﬁ 3rd primary miss (200 cycles) u PSSS
L°%*;“gﬁgee tevel PSSS ﬁﬁ 4th primary miss (200 cycles} uu
PSSS

{Dubois) Kl4-9 PSSS

it

PSSS (Dubois) K4-10



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%
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B A ST TR ZE . 3T “ BB

« BTBHidx I BNPCXMNAINPC

o HUFRRIPIPCIRKAZ R 5IBTB, B F—2%%5%

— not-match: NIXMETIESA 7 T8, MMISHUE

- —H il giR, FIEFRnPCE#BTBH YA M i3

I-Cache PC 2"-entry direct-mapped BTB
Entry PC Valid predicted
m— | | targetPC |
. 1 k . . -
© “ .~ @
° 3 . @
—_— match valid target
L
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Memory Wall:

1995, Wulf@Univ of Vlrglnla"@*

FHE &2 (in-memory

Computing)

— {EfffA IR AT B RE

i F AR AT T 4ER = 4

el ) 1P e =
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20104E
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3¢ FLOP
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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




b

L

Six traitskiit

the size of the cache;

the size of a block, which when combined with the size of the cache defines the
number of lines:

the number of caches (i.e., multiple levels or a split cache);

the mapping function (the link between a block's address in memory and its
location in the cache);

the replacement algorithm (the method used to figure out which block to remove
from the cache in order to free up a line);

the write policy (how the processor writes data to the cache so that main memory
eventually gets updated).
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