Aoknoeic Caches
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Aoknon 1n

OewpNOTE Eva cUCTNUO LVAUNG ME pHla cache:
*4-way set associative
*peyEBouc 256KB,

*ue cache line 8 Aé€swv.

XapoKTNPLOTIKA CUOTAMATOC LVAUNG:
*peyeboc Tnc Ag€nc eivar 32 bits.

1 byte n uikpoTEPN povado SeSOUEVWV ITOU UTTOPEL VOl
SlevBuvolodotnBei

*64 bit eUpoc dlevBLVVoEWV pVNUNC
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/NTOUUEVO

[lo Ta EMUEPOUC Iedial ota omoia ywpiletal pio StevBuvon
MVAMNG O€ pia TETola opyavwon cache, umoAoyiote tov
opLOuo Twv bits Tou kKaBevoc.

Mapouoilaote Eva dtaypappa mou vor SeLYVEL TTwG

Slaxwpiletal n 6tevBuvon ota edla auta, Kol EENYELOTE TN
onpaocia Tov KoBevoc.
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> KETTTLKO

Mia dieuBuvon 64 Abits
: \

63 oo 191817161514131211109 8 7 6 54 3 2 1 0

xwpiletal oTa Tedia

BLOCK ADDRESS BLOCK OFFSET

V4

N

TAG INDEX BLOCK OFFSET

[16oa bits gival To eUpo¢ KABE TrEdiOU;
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To péyeboc tnc Aé€nc eival 32 bits

e >
32bits = 4Bytes
32b =4B
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To péyeboc tnc Aé€nc eival 32 bits

... cache block 8 Aé€ewv
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€va cache block amoteAeital ano 8 words
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Mia d1euBuvon 64 bits
{ \

TAG (?) INDEX (?) BLOCK OFFSET

63 oo 191817161514131211109 8 7 6 54 3 2 1 0

8 words 4 words 2 words 1word 2 bytes

32 bytes 16 bytes 8 bytes 4 bytes
gva cache block amoteAsital amo 8 words

BLOCK OFFSET = 5 bits

N
log,32 =5 bits
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To péyeboc tnc Aé€nc eival 32 bits

— >
32bits = 4Bytes
32b =4B

€va cache block amoteAeital ano 8 words
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To péyeboc tnc Aé€nc eival 32 bits

— >
32bits = 4Bytes
32b =4B

... 4-way set associative

cslab@ntua 2018-2019
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... 4-way set associative
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... Ley€Bouc 256KBytes

L ypappég
L ypappég
L ypappég

L ypappég
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... Ley€Bouc 256KBytes

AnA. 4% Lx 8 x4Bytes= 256KBytes

L ypappeg
L ypappég
L ypappég

L ypappég
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... Ley€Bouc 256KBytes

AnA. 4xLx 8 x4Bytes= 256KBytes

Apa, L =2K =2048, 6nA. kaBe way €xel 2048 ypappec (blocks).
Juvenwc xpeLdlovtal 11 bits yia to index.

L ypappeg
L ypappég
L ypappég

L ypappég
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Arl)\ 64 bits
A

( \

TAG INDEX BLOCK OFFSET
63 oo o 191817161514131211109 8 7 6 54 3 2 1 0
\ A A J

\ \ Y
48 bits 11 bits 5 bits
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Zntoupuevo (2)

2€ oleC B€oelg TN cache pmopet va anelkovioTel to byte
otn dtevBuvon pviung 5000, ;
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5000,, =1001110001000, n omoia SLACGTIATOL OTOL EMUIUEPOUG
nedia:

TAG INDEX BLOCK OFFSET
0...0000000000000000000 00010011100 01000
\ A A J
\ \ Y
48 bits 11 bits 5 bits
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TAG INDEX BLOCK OFFSET

0...0000000000000000000 00010011100 01000
\ A A J
Y Y \
48 bits 11 hits 5 bits

To byte Oa Bpioketal otnv 8n (01000,) O£on tou block.

To block auto, pnopei va aneltkoviotel o€ omoLadnmote ano
TG 4 O¢oelg (4 way-set associative) pe tyuq 156 (10011100,)
t™n¢ cache.
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«To block auto, pnopei va aneitkoviotei o€ onoladAnote amno ti¢ 4
Boeig (4 way-set associative) pe tipun 156 (10011100,) tng cache.»

Block/Line 156

assocliativity set 1

Block/Line 156
associativity set 2

Block/Line 156
—

associativity set 3

Block/Line 156
—

associativity set 4
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Zntoupuevo (3)

Moleg OE0ELC HVANG KITOPOUV VOL OTTELKOVLOTOUV OTO
oUvoAo 244 tn¢ cache;
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Arnavinon

TAG INDEX BLOCK OFFSET
X« DO XXX XX XXXXX 00011110100 XXXXX
\ A A J
Y Y Y
48 bits 11 bits 5 bits

OAec oL HLeuBUvVoEeLg pvAuNG tov ta index bits sivat 244
(00011110100,)
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Zntoupuevo (4)

TL TOOOGTO TOU CUVOALKOU peYEBOUC TNnC cache adlepwveTal
yla ta bits tou tag;
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Arnavinon

48 bits 256 bits

‘Eva cache block (cache line) amoteAsito ano 256 bits dsdopEvwy, Ko
TOU avtiotolxel 1 tag.

Enopévwe (Eotw ot 6 AapBavoupue untoyn to valid bit), To mocooto
Tou peYEBouC tnG cache movu adiepwvetal yia ta bits touv tag sivat
48/(48+256) = 15.78%.
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Aoknon 2n

@ewpoupe To aKOAOUBO KOPUATI KWAIKA

#define N 4

#define M 8

double c[N], a[N][M], b[M];
int 1i,73;

for(i = 0; i < N; i++)
for(j = 0; jJ < M; j++)
c[i] c[i] + a[i][]J] * b[3]:

e

» K&Be oToIxeio Tou TTivaka £xel pEyebog 8 bytes

* YTrapxel 1 emitredo KpuPnS HvNUNG, TTANPWGS CUCXETIOTIKNG, M€ LRU TTOAITIKN
avTIKATaoTaong, atroreAovuuevn atro 4 blocks dedopévwy peyEBoucg 16 bytes

* OAeg o1 peTaANTEC aTTOONKEUOVTAI OE KATAXWPNTES EKTOC ATTO TA OTOIXEID TWV
TTIVAKWV

* O1 TTivakeg atroBnkKeuovTal KATA YPANMES

* H ocipd pe TNV o1T0ia YivovTal oI ava@opEg gival ¢, a, b, c.

* ApXIKG n cache gival adeia

Bpeite To OUVOAIKO TTOOOOTO aaToxia¢ (Miss rate) yia Tov maparmavw KwolKa
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1 block = 16 bytes o€ 1 block Tng cache 6a
artreikovifovral 2 d1adoxIKA

1 aToixeio = 8 bytes — s .
OTOIXEIQ TOU TTivaKa, TT.X.

* TTIVOKOG ATTOONKEUMEVO e
KAT& YPOAUMEG ° ali]i], afi]li+1]
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avaEopd 0TN UVAUN TTEPIEXOUEVA cache

1=0,]=0 compulsory c[0] c[1]
c[0] mis
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ava@opd TN VAN TTEPIEYOUEVA cache

1=0,j=0 c[0] cfy] |+«—— LRU
c[0] compulsory miss a[0][0] | a[O][1]
a[0][0] compulsory miss
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ava@opd 0TN UVAUN TTEPIEYOUEVA cache

i=0,j=0 c[0] cfy] |+«— LRU
c[0] compulsory miss a[o][0] | a[o[1]
a[0][0] compulsory miss b{0] b[1]
b[0] compulsory miss
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ava@opd aTn UvAuUN

1=0,j=0
c[O]
a[0][0]
b[0]

c[0]

compulsory miss
compulsory miss

compulsory miss

hit

TTEPIEXOUEVA cache

c[0]

c[1]

a[0][0]

a[o1] |+— LRU

b[0]

b[1]

cslab@ntua 2018-2019
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ava@opd TN VAN TTEPIEYOUEVA cache

1=0,j=1 c[0] c[1]
c[0] hit a[o]o] | afo)1] |«—— LRU
b[0] b[1]
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ava@opd TN VAN TTEPIEYOUEVA cache

c(0] hit alo][o] | a[o][1]
a[0][1] hit b[0] b[1] |+«— LRU
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ava@opd TN UVAUN TTEPIEYOUEVA cache

i=0,j=1 c[0] o |+—— LRU
c[O] hit a[0][0] | a[o][1]
a[0][1]  hit b[O] bl 1]
b[1] hit
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ava@opd TN VAN TTEPIEYOUEVA cache

1=0,j=1 c[0] c[1]
c[0] hit a[o]o] | afo)1] |«—— LRU
a[0][1] hit b[0] b[1]

b[1] hit
c[O] hit
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ava@opd TN VAN TTEPIEYOUEVA cache

1=0,j=2 c[0] c[1]
c[0] hit a[o]o] | afo)1] |«—— LRU
b[0] b[1]
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ava@opd TN VAN TTEPIEYOUEVA cache

i:O,j:Z C[O] C[l]
c[o] hit a0l0] | aoja] | +—— LRU
a[0][2] compulsory miss b[0] b[1]

a[0][2] | a[0][3]
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ava@opd 0TN UVAUN TTEPIEYOUEVA cache

i:O,j:2 c[0] c[1]
c[O] hit b[2] b[3]

a[0][2] compulsory miss b[0] bia] |[+«—— LRU
al0][2] | a[0][3]

b[2] compulsory miss

© © © © National Technical University of Athens

QO
cslab@ntua 2018-2019 88@ S Lab



ava@opd aTn UvAuUN

1=0,j=2
c[O]
al0][2]
b[2]

c[0]

hit
compulsory miss

compulsory miss

hit

TTEPIEXOUEVA cache

c[0]

c[1]

b[2]

b[3]

b[0]

b[1]] |«—— LRU

a[0][2]

a[0][3]

cslab@ntua 2018-2019
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ava@opd TN VAN TTEPIEYOUEVA cache

i:O,j =3 c[0] c[1]
c[O] hit b[2] b[3]
b[O] b[1] |<—— LRU
a[0][2] a[0](3]
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ava@opd TN VAN TTEPIEYOUEVA cache

i:O,j:3 c[0] c[1]
c[O] hit bi2] b[3]

a[0][3]  hit o] | bl |+«—— LRU
al0][2] | a[O][3]
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ava@opd 0TN UVAUN TTEPIEYOUEVA cache

1=0,]=3 c[0] c[1]
c[0] hit b[2] b[3]
ao][3]  hit ool | bl |+—— LRU
a[0][2] | a[0][3]

b[3] hit
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ava@opd TN VAN TTEPIEYOUEVA cache

i:O,j =3 c[0] c[1]
c[0] hit b[2] b[3]
a[0][3] hit ;30[;3[]2] I[D(E]l[]S] «— LRU
a a
b[3] hit
c[0] hit

© © © © National Technical University of Athens

QO
cslab@ntua 2018-2019 88@ S Lab



ava@opd TN VAN TTEPIEYOUEVA cache

i:O,j =4 c[0] c[1]
c[O] hit b[2] b[3]
b[O] b[1] |<—— LRU
a[0][2] a[0](3]
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ava@opd TN VAN TTEPIEYOUEVA cache

i:O,j =4 c[0] c[1]
c[0] hit b2l | b3
al0][4] | a[0][3]
a[o][2] | a[o]3] |+— LRU

a[0][4] compulsory miss
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ava@opd 0TN UVAUN TTEPIEYOUEVA cache

c[O] hit b[2] b3 |+«— LRU
a[0][4]  compulsory miss al0][4] | a[o][S]

: b[4] b[5]
b[4] compulsory miss
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ava@opd aTn UvAuUN

1=0,j=4
c[O]
a[0][4]
b[4]

c[0]

hit
compulsory miss

compulsory miss

hit

TTEPIEXOUEVA cache

c[0]

c[1]

b[2]

b[3] — |LRU

a[0][4]

a[0][5]

b[4]

b[5]

cslab@ntua 2018-2019
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ava@opd TN VAN TTEPIEYOUEVA cache

i:O,j:S c[0] c[1]
c[0] hit b[2] b[3) |+«— LRU
a[0][5] hit a[0][4] al0][5]
b[4] b[5]
b[5] hit
c[0] hit
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ava@opd TN UVAUN ATTOTEAEC U

cO a00 b0 cO m m m h

cO a0l bl cO h h h h

cO0 a02 b2 cO h m mh 9 misses
cO a03 b3 cO h h h h 23 hits
cO a04 b4 c0 h m mh

cO a05 b5 c0 h h hh

cO a06 b6 cO h mmh

cO a07 b7 cO h h h h

cl al0 b0 cl h m mh

cl all bl cl h h h h

cl al2 b2 cl h m m h 8 misses
cl al3 b3 cl h h h h 24 hits
cl al4 b4 cl h m m h

cl al5 b5 ci h h h h

cl al6 b6 cl h m mh

cl al7 b7 cl h h h h
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avageopa oTn JVAUN ATTOTEAEOUA
c2 a20 b0 c2 m m m h
c2 a2l bl c2 h h h h
c2 a22 b2 c2 h m m h .

9 misses
c2 a23 b3 c2 h h h h 23 hits
c2 a24 b4 c2 h m m h
c2 a25 b5 c2 h h h h
c2 a26 b6 c2 h m m h
c2 a27 b7 c2 h h h h
c3 a30 b0 c3 h m m h
c3 a3l bl c3 h h h h
c3 a32 b2 c3 h m m h .

8 misses
c3 a33 b3 c3 h h h h 24 hits
c3 a34 b4 c3 h m m h
c3 a35 b5 c3 h h h h
c3 a36 b6 c3 h m m h
c3 a37 b7 c3 h h h h
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2 UVOAIKQ

Accesses
Misses

128
: 34

cslab@ntua 2018-2019

Miss rate = 0.266
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Aoknon 3n

OcwpOoUUE TO aKOAOUBO KouUaT Kwolka
int i,j;
double result, a[l1l10][4];

for(i=0,; i<4; i++)
for (§=0; j<100; J++)
result += a[j]l[i]l*a[j+1][1i] + O.5;

Yobéoeig:

- KaBe arolxeio Tou tTivaka Exel uEyeBoc 8 bytes

- urrapxel 1 mmimedo KpuPn¢ uvnung, mARPwS oUaxXETIOTIKNG, e LRU 1TOAITIKA
avrikaraoraonc, armroreAouuevn armro 100 blocks dedouévwy

- 10 uéyebBoc tou block givar 32 bytes

- 0 TTivakag &ival ammobnKeuuéEvoS aTnv KOpIa Uvnun Kara ypauués, kai givai
«EUBUYypauuUIoUEVOC» WOTE TO 1° gToIXEIO TOU va artreikovileTal oThnv apxn uag

ypauung tng cache
- apxIKa n cache eivar adeia
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- Bpeire mmoie¢ a1To TIG ava@opES OTA OTOIXEIA TOU TTIVAKA a
yia OAn TNV EKTEAEDT TOU TTAPATTIAVW KWOIKA KATAANyouv
O& misses arnv cache.

- YTooeiére 1moia gival compulsory, moia givai capacity, kai
roia conflict.

- Awaore Tov ouvoAIKO apiBuo Twv misses.
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* 1 block = 32 bytes o€ 1 block Tn¢ cache 6a
« 1 gTOIXEIO = 8 bytes aTreikovidovtal 4 dladoxIKa

, . OTOIXEia TOU TTivaKa, TT.X.
* TTiVOKAG ATTOBNKEUNEVOC

KOTA YPOUMES a[i]i], ali]b+1], a[i]i+2], a[i][j+3]
ETTITTAEOV

* TTiVaKQG o€ 1 block 1n¢ cache Ba

EUBUYPAUUIOUEVOG arreikovidetal 1 oAOKANpPN

YPOUUN TOU TTivaka, dnAadn
a[i]i], alijb+1], ali]j+2], a[i](+3]

oTTou j%4=0
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ovVoOOPd OTN LLVNUN

1=0,]J=0
a[0][0] compulsory miss

nepleyousva, cache

a[0][0]

a[0][1]

a[0][2]

a[0][3]

oniaon,
ovopepouoote yio. 1"
POpa, oTOL AVTIOTOLY O

blocks...
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oVoQOPd 6TN LLVNUN

i=0,j=0
a[0][0]
a[1][0]

compulsory miss
compulsory miss

nepleyoueva, cache

a[0][0]

a[0][1]

a[0][2]

a[0][3]

a[1][0]

a[1][1]

a[1][2]

a[1][3]
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oVoQOPd 6TN LLVNUN

i=0,j=0
a[0][0]
a[1][0]

i=0,j=1
a[1][0]

compulsory miss
compulsory miss

hit

nepleyoueva, cache

a[0][0]

a[0][1]

a[0][2]

a[0][3]

a[1][0]

a[1][1]

a[1][2]

a[1][3]
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ovVoOOPd TN LVNUN

i=0,j=0
a[0][0]
a[1][0]

i=0,j=1
a[1][0]
a[2][0]

compulsory miss
compulsory miss

hit
compulsory miss

nepleyousva cache

a[0][0] [ a[O][1] | alOl[2] | a[O][3]
a[1][0] | a[i][1] |all][l2] | a[l][3]
a[2][0] [al2][1] |al2][2] | a[2][3]
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ovVoOOPd TN LVNUN nepleyousva cache

i=0,j=0 a[0][0] [ a[0o][1] | alOl[2] | a[0][3]
a[0][0] compulsory miss a[1][0]  [a[1][1] | a[ll[2] | a[1][3]
a[1][0] compulsory miss a[2][0] | al2l[1] | al2][2] | al2][3]
i=0,j=1

a[1][0] hit

a[2][0] compulsory miss

‘Eto1 yia i=0, j=1...99 Ba £xoupue 1
hit + 1 comp. miss yia KkGBe
ETTAVAANYN TOU j
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oVoOOPd OTN LLVNUN nepleyoueva, cache

i=0,j=0 a[0][0] [ a[0][1] | alOl[2] | a[0][3]
a[0][0] compulsory miss a[1][0]  [a[1][1] | all][2] | a[1][3]
a[1][0] compulsory miss a[2][0] |[al2][1] |al2][2] | a[2][3]
i=0,j=1

a[1][0] hit

a[2][0] compulsory miss

‘Etol yia i=0, j=1...99 Ba £xoupue 1
hit + 1 comp. miss yia KAa6¢
ETTAVAANYN TOU |

l

yia i=0 Ba €xoupue 2+99=101
misses, OAa compulsory
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oVoOOPd OTN LLVNUN nepleyousva cache

i=0,j=99 A0I0] [ alo)t] [ alo][2] [ al0]i3]
a[o9][0]  hit a0l [a[t] | a2 [ als]
a210]  [al2t] [ al2)[2] [ al2]is]
aBI0]  [aElt] | al3l2] | alss]
a4l0] [ a4l [ a2 | al41is]

a[98][0] | a[981[1] | a[98][2] | a[9s[3]
a[oo][0] | afo91[1] | aeo1[21 | areois]
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ovVoQOPd TN LVNUN

1=0,j=99
a[99][0] hit
a[100][0] compulsory miss

|

avTikatéoTnoe 1o LRU
block 1Tou uTiiPXE
oTnv cache

nepleyousva cache

a[100][0] | a[100][1] | a[100][2] | a[100][3]
a[1][0] a[l][1] | a[l][2] | a[l][3]
a[2][0] al2][1] | a[2][2] | a[2][3]
a[3][0] a[3][1] | af3][2] | a[3][3]
a[4][0] a[4][1] | a[4][2] | a[4][3]
a[98][0] | a[98][1] | a[98][2] | a[98][3]
a[99][0] | a[991[1] | a[99][2] | a[99][3]
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oVoOOPd OTN LLVNUN

i=1,j=0
a[0][1]

capacity miss

\

nepleyousva cache

01011 avtikataoTadnke
Adyw ElAeryng yawpov to
block mov eiye épOer otnv
cache katd to wapelBov

KO TO TEPIEIYE

a[100][0] | a[100][1] | a[100][2] | a[100][3]
a[0][0] | a[0][1] | a[0][2] | a[O][3]
al2][0] | a[2[1] |a[2][2] | a[2][3]
a[3][0] | af3][1] |a[3][2] | al3][3]
a[4][0] | a[4][1] |a[4][2] | a[4][3]
a[98][0] | a[98][1] | a[98][2] | a[98][3]
a[99][0] | a[99][1] | a[991[2] | a[99][3]

© © © © National Technical University of Athens

cslab@ntua 2018-2019

:CSLab




oVoOOPd OTN LLVNUN

i=1,j=0
a[0][1]
a[1][1]

capacity miss

capacity miss

nepleyoueva, cache

a[100][0] | a[100][1] | a[100][2] | a[100][3]
al0][0] | a[0][1] | a[0][2] | a[O][3]
a[l][0] | a[l][1] |a[l][2] | a[l][3]
a[3][0] | af3][1] |a[3][2] | al3][3]
a[4][0] | a[4][1] |a[4][2] | a[4][3]
a[98][0] | a[98][1] | a[98][2] | a[98][3]
a[99][0] | a[99][1] | a[991[2] | a[99][3]
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oVoOOPd OTN LLVNUN

1I=1,J]=0
a[0][1] capacity miss
a[1][1] capacity miss
i=1,j=1
a[1][1] hit

nepleyoueva, cache

a[100][0] | a[100][1] | a[100][2] | a[100][3]
al0][0] | a[0][1] | a[0][2] | a[O][3]
a[l][0] | a[l][1] |a[l][2] | a[l][3]
a[3][0] | af3][1] |a[3][2] | al3][3]
a[4][0] | a[4][1] |a[4][2] | a[4][3]
a[98][0] | a[98][1] | a[98][2] | a[98][3]
a[99][0] | a[99][1] | a[991[2] | a[99][3]
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oVoOOPd OTN LLVNUN

i=1,j=0
a[0][1]
a[1][1]
i=1,j=1
a[1][1]
a[2][1]

capacity miss
capacity miss
hit

capacity miss

nepleyoueva, cache

a[100][0] | a[100][1] | a[100][2] | a[100][3]
al0][0] | a[0][1] | a[0][2] | a[O][3]
a[l][0] | a[l][1] [a[l][2] | a[l][3]
a[2][0] | a[2][1] |a[2][2] | a[2][3]
a[4][0] | a[4][1] |a[4][2] | a[4][3]
a[98][0] | a[98][1] | a[98][2] | a[98][3]
a[99][0] | a[99][1] | a[991[2] | a[99][3]
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ovVoQOPd TN LVNUN

i=1,j=0

a[O][1]
a[1][1]
i=1,j=1
a[1][1]
a[2][1]

capacity miss
capacity miss
hit

capacity miss

nepleyousva cache

a[100][0] | a[100][1] | a[100][2] | a[100][3]
al0][0] | a[0][1] | a[0][2] | a[O][3]
a[l][0] | a[l][1] |a[l][2] | a[l][3]
a[2][0] | a[2][1] |a[2][2] | a[2][3]
a[4][0] | a[4][1] |a[4][2] | a[4][3]
a[98][0] | a[98][1] | a[98][2] | a[98][3]
a[99][0] | a[99][1] | a[991[2] | a[99][3]

2TIG ETTOUEVEG ETTAVAANWEIC Ba £XOUUE KUKAIKEG avTIKAaTaoTAao€lg blocks,
OTTOTE TA Misses Kal Ta hits 8a akoAouBouv T0 id10 POoTIBO OTTWG Kal yia

1=0.
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ovVoQOPd TN ULVNUN

nepleyousva cache

i=1,j=0 a[100][0] | a[100][1] | a[100][2] | a[100][3]
a[0][1] capacity miss a[0][0] a[0][1] a[0][2] a[0][3]
a[1][1] capacity miss a[1][0] a[1][1] a[1][2] a[1][3]
o a[20] |al2][] |al2][2] |al2][3]
I=1J=1 | A40] | a4l | aldli2] | al4l3]
a[1][1] hit
a[2][1] capacity miss a[98][0] | a[98][1] | a[98][2] | a[98][3]
a[99][0] | a[99][1] | a[99][2] | a[99][3]

2TIC ETTOUEVEC ETTAVAAAWEIC Ba £XOUUE KUKAIKEG avTIKaTaoTaoelg blocks,
OTTOTE TA Misses Kal Ta hits 8a akoAouBouv T0 id10 YOoTIBO OTTWC Kal yia

i=0. l

oUVvOAIKG Ba €xoupue 4*101=404 misses
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ovVoQOPd TN LLVNUN

i=1,j=0
a[0][1]
a[1][1]
i=1,j=1
a[1][1]
a[2][1]

capacity miss
capacity miss
hit

capacity miss

nepleyoueva, cache

a[100][0] | a[100][1] | a[100][2] | a[100][3]
al0][0] | a[0][1] | a[0][2] | a[O][3]
a[l][0] | a[l][1] |a[l][2] | a[l][3]
a[2][0] | a[2][1] |a[2][2] | a[2][3]
a[4][0] | a[4][1] |a[4][2] | a[4][3]
a[98][0] | a[98][1] | a[98][2] | a[98][3]
a[99][0] | a[99][1] | a[99][2] | a[99][3]

Conflict misses dev €xoupue d10TI n cache givai fully associative — Ta
blocks dedouévwy UTTOPOUV va ATTEIKOVIOTOUV OTTOUDNTTOTE OTNV cache
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Ocwpeiore TaAI Tov apxIko KwAIKa. lNoia yvwaTn 1exViKn BeATioTomToinong 6a
epapuolare arov KWAIKA WOTE va UeiwBouv Ta misses;

for (i=0; i<4; i++)
for (j=0; j<100; j++)
result += a[j][i]*a[j+1][i] + O0.5;

OTO Owpa Tou loop O&v UTTIAPYXOUV ECAPTNOEIG, ETTOMEVWG MTTOPOUME va
epapuoooupe avadiaraén Bpoxwyv (loop interchange)

for (3j=0; j<100; j++)
for (i=0; i<4; i++)
result += a[j][i]l*a[j+1][i] + O0.5;

TWPA O TVOKAG TTPOOTTEAQUVETAl OTTWG Eival aTTOBNKEUPEVOG — KOAUTEEN
TOTTIKOTNTA AVAPOPWY, OPOU YEITOVIKA OTOIXEId TTPOCTTEAQUVOVTal OE OIAOOXIKEG
ETTAVAANWEIC TOU ECWTEPIKOU loop

misses oupfaivouv OTav ava@epOPaoTE OTO TTPWTO OTOIXEIO KABE ypauung (i=0)
— OUVOAIKA €xoupe 101 misses
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Aoknon 4n

Oscwpouue 1o akOAouBo kouuart KwoIKA:

#define N 1024
float A[N], B[N];
for (i=0; i<N; i+=1)
B[i] += 2*A[i];

Kavouue 1i¢ €n¢ utTOBEOEIC:

- To mpoypauua eKTeAEiTal o€ Evav TEEELYATTN UE UOVO éva ETTITTEOD
KpUu@N¢ uvnung dedouévwy, n orroia apxika givar adeia. H kpuen
uviun €ivar direct mapped, write-allocate, kar éxer uéyebo¢ 2KB.
To uéyeBoc¢ Tou block givar 16 bytes.

- To uéyeBo¢ evoc float givar 4 bytes.

- AnAwaon diadoxikwv ueraBAntwyv (BaBuwrwv Kai un) oTo mpoypauua
OUVETTAYETAI QTTOBNKEUAN TOUG O€ OIAdOXIKEG BEOEIC T UvNun.
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Bpeite 10 OUVOAIKO TTOOOOTO aaroyiag (miss rate) yia 1IC ava@opES TTOU
vivovral atnv uvnun arov mapamavw KwolKa

#define N 1024

float A[N], B[N];

for (i=0; i<N; i+=1)
B[i] += 2*A[i];

. #blocks=2048/16 = 128

. o€ KABe block => 16/4 = 4 gToIx€ia evog TTivaka

. lou arreikoviCovral ta Afi], Bfi] ; oto idio block... yiari;
—  Apa: read B[0] (m), read A[0] (m), write B[O] (m)
read B[1] (n) yiari;, read A[1] (m), write B[1] (m)

read B[2] (h), read A[2] (m), write B[2] (m)
read B[3] (h), read A[3] (m), write B[3] (m)
read B[4] (m), read A[4] (m), write B[4] (m)
. Ava 4 etravaAnyelc: 9 misses, 3 hits => miss rate = 9/12 = 75%
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[loie¢ Q1T TIC TTAPAKATW TEXVIKEC BEATIOTOTTOINONC EMITTEOOU AOYIOUIKOU Oa
_aKoAouBouaare TTPOKEIUEVOU va BEATIWTETE TNV AIT0000N TOU KWOIKQ,

- Loop unrolling

- Merging arrays
- Loop blocking

- Loop distribution
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Loop unrolling

for (i=0; i<N; i+=1) {
B[i] += 2*A[i];
B[i+1] += 2*A[i+1];
B[i+2] += 2*A[i+2];
B[i+3] += 2*A[i+3];

. BonoOdacl;
—  [loU agroxeuel n Texvikn autn;
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Loop blocking

for (i=0; i<N; i+=bs)
for(ii=i; ii<min (i+bs,N); ii++)

B[ii] += 2*A[ii];

. BonBael;
—  [loU oroxeuel n TeExVIKN autn;

—  [loio to mpoLAnua amrodoonc Tou apxIKoU KwWAIKa 000V
aQpopd 1a Misses;
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Loop distribution

for (i=0; i<N; i+=1) {
B[i] += 2*A[i]; => P79

. 2& TI OTOXEUEI N TEXVIKN AQUTN;
. Y110 mroie¢ mpourroBéacic 6a BonBouaose,
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Merging arrays

float A[N], B[N];
for (i=0; i<N; i+=1)
B[i] += 2*A[i];
0 KwOIKA¢ yiveral:
struct merge ({
float a;
float b; };
struct merge merge array[1024];
for (i=0; i<N; i+=1)

merge array[i] .b += 2*merge arrayl[i].a

. 2.€ KaB¢e block Twpa £xoupe 2 oToixeia Tou A kai 2 Tou B
— [a Cuya i: 1 miss o€ 3 accesses
— [la yova i: kavéva miss o€ 3 accesses

. Apa miss rate = 1/6 = 16.67%
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[loie¢ arTo TIC TTAPAKATW TEXVIKEC BEATIOTOTTOINONC EMITTESOU UAIKOU O
akoAouBouoare TTPOKEIUEVOU va BEATIWOETE TNV ATTOO00N TOU KWOIIKA,

- auénon block size o€ 32 bytes (ue diatnpnon TNC XwWPNTIKOTNTAC)

- auénaon associativity o€ 2-way (ue diatnPEnNon TNS XwpPnNTIKOTNTAS
Tn¢ cache)

- TTPOOBNKN victim cache
- xpnon unxaviouou hardware prefetching

[loio 1o TPOBANUa arrodoong ToUu ApxIKOU KwOoIKA OO0V apopd 1da
misses, Kal TTw¢ UTTopEi va Bonbnael n KABe TEXVIKN;
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Aoknon 5n

Eécralouue tnv ekTéAcan Tou akoAouBou Bpoxou (avTiuerabeon mmivaka):

for (i=0; i<256; i++)
for (j=0; j<256; j++)
b[i] []J] = al[jl[il~

. arolixeia Kivntng utrodiaaToAng dImmAng akpifeiag (8 bytes)

. éva emritredo data cache: fully associative, write-allocate, 16 KB, LRU
TTOAITIKN) QVTIKATAOTAONC

. block size = 64 bytes

. Ol TTIVAKEG gival ATTOBNKEUUEVOI KATA YPAUUES, Kal “seuBuypauuiouévor”
WOTE TO TTPWTO OTOIXEIO TOUC va darrelkoviCeralr artnv apxn uag

ypauung tng cache
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Bpeite To ouvoAIKO miss rate.

for (i=0; i<256; i++)
for (3=0; 3<256; Jj++)
b[i][]J] = al[j]lI[i]l~’

. cache line 64 bytes => 8 agToixeia mrivaka o€ 1 cache line

. [la TV atmoBnkeuon 1 ypauung Tou Trivaka => 8*256=2048
bytes, ] 32 cache lines

. [la Tnv atmoBnkeuon 1 oTRANG => 64*256 bytes (yiari;) = 16KB
N 256 cache lines

— Ta oToixeia piag otnAng dgv PtTopouyv va
eTTAVAXPNOIYOTTOINBOUV
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for (i=0; i<256; i++)
for (j=0; j<256; j++)
b[i][3] = al3jl[i];

[la TNV 1n eTTavaAnyn Tou eEWTEPIKOU loop:
a0,0 b0,0 m m
al,0 b0,1 m h
a2,0 b0,2 m h

az,0 b0,7 m_h
a8,0 b0,8 m m (véa cache line yia Tov b)
a9,0 b0,9 m h

als.0 b0,15 m h
al6,0 b0,16 m m

To miss pattern erravaAapBaveral ava 8 eTTavaAfWEIC TOU ECWTEPIKOU loop
Apa ouvoAika Ba €xoupue 256/8 * 9 misses = 288 yia 1 eravaAnyn Tou €€. loop
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for (i=0; i<256; i++)
for (j=0; 3j<256; j++)
b[i][3] = al3jl[i];

[la TNV 1n eTTavaAnyn Tou €EWTEPIKOU loop:
a0,0 b0,0 m m
al,0 b0,1 m h
a2,0 b0,2 m h

a’z,0 b0,7 m__h
a8,0 b0,8 m m (véa cache line yia Tov b)
a9,0 b0,9 m h

als.,0 b0,15 m h
al6,0 b0,16 m m

2. TNV ETTOMEVN €TTAVAANWN TOU £€. loop eV UTTAPXEI ETTAVAXPENCIYOTIOINON VI KAVEVAV ATTO
TOUG 2 TTIVOKEG:

0 b dlatpExeTal oUTWGS 1 AAAWG KATA YPAPUEG...
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for (i=0; i<256; i++)
for (j=0; 3j<256; j++)
b[i][3] = al3jl[i];

[la TNV 1n eTTavaAnyn Tou €EWTEPIKOU loop:
a0,0 b0,0 m m
al,0 b0,1 m h
a2,0 b0,2 m h

a’z,0 b0,7 m__h
a8,0 b0,8 m m (véa cache line yia Tov b)
a9,0 b0,9 m h

al5,0 b0,15 m_h
ale,0 b0,16 m m
2uurrépaoua:

To miss pattern cival 1o id10 yia KAOE eTTaAvVAANWN TOU £EWTEPIKOU loop

Misses = 256*288 = 73728 , o€ oUVOAO 2*256*256 avapopwyv => miss rate =
56.25%
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Epapuoore blocking divovrag tov BeAriororroinuévo Kwaika. lloio
block size Oa emAfvare wg KATAAANAQTEQO Kal vIarTi:

for (i=0; i<256; i++)
for (j=0; j<256; j++)
b[i][]J] = aljl[il~

=>

for (1i=0; i<256; i+=bs)
for (J=0; j<256; j+=bs)
for(ii=i; ii<i+bs; ii++)
for(jj=j; jj<jtbs; jj++)
b[ii][j]J] = a[jJl[ii];

. [Noio block size;

— Ta 2 blocks mrpéTTel va xwpdave otnv cache => kdB¢ block 8KB 1 1024 oToixeia =
32x32 oToixeia => bs =32
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[loio 10 TOOOOTO aaroyiag yia Tov blocked Kwoika,

for (i=0; i<256; i+=32)
for (j=0; j<256; j+=32)
for(ii=i; ii<i+32; ii++)
for(jj=j; jj<j+32; jj++)
b[ii][]j]j] = al[3jJl[ii];

THUR
I

[a Tnv 1n eTavaAnyn tou loop

a0,0b0,0 mm al6,0b0,16 mm
al0ob0,1 mh al7,0b0,27 mh
a2,0b0,2 mh

a23,0b0,23 mh
a7,0b0,7 mh l

a24,0b0,24 mm

a25,0b0,25 mh

a31,0b0,31 mh

(1144

. ava 8 eravaAqyelg Tou “jj” To miss pattern eravalaupaveral => 4*9 = 36 misses
OUVOAIKQ
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[loio 10 TOOOOTO aaroyiag yia Tov blocked Kwoika,

for (i=0; i<256; i+=32)
for (j=0; j<256; j+=32)
for (ii=i; ii<i+32; ii++)
for (33=3j; ji<j+32; jj++)
b[ii] [jj] = aljjl[ii];
2TNv 2n €ravainyn Tou loop “ii”, Ba €Xxouue eTTavaxPNOINOTIOINCN OTA OTOIXEIQ TOU a:

a0,1b1,0 hm al6,1 bl,16 hm
al,1b1,1 hh al7,1b1,17 hh
a2,1b1,2 hh
. a23,1b1,23 hh
a7,1b1,7 hh l
a24,1bl1,24 hm
a25,1 b1,25 hh
a31,1b1,31 hh
. 2.€ QUTAV TNV TTEPITITWON £XOUME CUVOAIKA 4*1=4 misses
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[loio 10 TOOOOTO aaroyiag yia Tov blocked Kwoika,

for (i=0; i<256; i+=32)
for (§j=0; j<256; j+=32)
for (ii=i; ii<i+32; ii++)
for (33=3j; ji<j+32; jj++)
b[ii] [jj] = aljjl[ii];
H eTavaxpnoiygoTroinon oTta oToiXEia Tou a 8a ouvexloTei yia ii=2,3,...7 (yiari;)

a0,1b1,0 hm al16,1b1,16 hm
al,1bl,1 hh al7,1b1,17 hh
a2,1bl,2 hh
. a23,1b1,23 hh
a7,1b1,7 hh l
a24,1b1,24 hm
a25,1 b1,25 hh
a31,1b1,31 hh
. 2 UVOAIKQ, yia ii=0,...,7 Ba €xoupe 36+7*4=64 misses
. ...TO pattern auto Ba etravaAaupaveTal yia ii=8...15, ii=16...23, ii=24...31 (o1

N OTAAN yIa TOV a WOTE VA QOPTWVETAI Kalvoupld cacl@% (i FpayonatTechmeal Unversy o Athens
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[loio 1o TToo0C0TO aaroyiac yia Tov blocked KwaIKa,

for (i=0; i<256; i+=32)
for (j=0; 3j<256; j+=32)
for(ii=i; 1ii<i+32; ii++)
for(jj=3j; 3j<j+32; jj++)
b[ii][j3] = aljjl[ii];

a0,1b1,0 hm al6,1bl,16 hm
al,lbl,l hh al7,1bl1,17 hh
a2,1bl,2 hh

a23,1b1,23 hh

hh l
a24,1bl1,24 hm
a25,1 b1,25 hh

a7,1bl,7

a31,1b1,31 hh

cslab@ntua 2018-2019

2UVOAIKG eTTOUEVWIG, VIA LIa TTANPN
EKTEAEDN TWV 2 ECWTEPIKOTELWV
loops (yia Tnv ekTéAcan dnAadn Tou
aAyopiBuou oc ermitredo block
mivaka), Ba Exouue 4*64 = 256
misses o€ oUvoAo 2*32*32=2048
avaQpopwy.

To miss pattern auto
emavalauBaverai yia OAEC TIC
ETAVAANWEIS TV 2 EEWTEPIKOTELWV
loops, yia 0Aoug¢ dnAadn roug
ouvouaououg blocks Twv mmivakwy a
Kal b (dev utrapyel
ETTAVAXPNOILOTTOINCN OE ETTITTEOO
block, uovo oe emiredo aroixEiwv
EVTOC TOU block).

Emmouévwc, To miss rate = 256/2048
=12.5%
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Aoknon 6n

AlveTol n mapakatw okoAouBia tpoomeAAcEWV

AiegBuvon (hex)

0x0D8 Miss
0Ox0C8 Miss
Ox0ODC Hit

* Mnkoc dtevBuvoncg 9 bits

* JUVOALKO pEyeBoc tag array 48 bits

e EAaxlotn povada 6eSoUEVWVY IOV UTTOPEL vaL
dlevBuvolodotnBel to 1 byte

e 2-way set associative, moAttikn aviwkataotoong LRU
e Apylka n cache eival adsla
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Aoknon 6n

(i) Bpeite o peyeboc tne cache

48 bits x 1 block
24 bits x 2 blocks

16 bits x 3 blocks

12 bits x 4 blocks

o : 8 bits x 6 blocks
Tag array 48 bits 6 bits x 8 blocks
4 bits x 12 blocks
3 bits x 16 blocks

2 bits x 24 blocks

1 bit x 48 block

X X X X X

X

X X
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Aoknon 6n

* [watag unkouc 6 bits ko 8 blocks (index = 2)

TAG I
Ox0D8 : miss - |0 1101 1po ]-
=

OXOC8 : miss - O 1100 1000
Ox0DC a/hf% > [0 1101 1heb

e [watag punkouc 3 bits kot 16 blocks (index = 3)

TAG IND
Ox0D8 : miss ~»|0 1101 1 9@]-
v

Ox0C8 : miss > @ 1100 1000
@xoDC : hit [0 1101 100

e YuvoAwa 16 blocks peyeBouc 8 bytes (?) = 128 bytes cache
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Aoknon 6n

set

tag

0x151 — 1 0101 0001 — miss 000

001

010

101

011

100

101

110

111
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Aoknon 6n

set
0x151 — 1 0101 0001 — miss 000

0x155 — 1 0101 0101 — hit 001

010
011
100
101
110
111
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tag

101
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Aoknon 6n

set
0x151 — 1 0101 0001 — miss 000

0x155 — 1 0101 0101 — hit 001
0x020 — 0 0010 0000 — miss 010

011
100
101
110
111
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tag

101

000
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Aoknon 6n

set

tag

0x151 — 1 0101 0001 — miss 000

0x155 — 1 0101 0101 — hit 001

0x020 — 0 0010 0000 — miss 010

101

100

0x191 — 1 0001 0001 — miss 011

100

000

101

110

111
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Aoknon 6n

set tag
0x151 — 1 0101 0001 — miss 000
0x155 — 1 0101 0101 — hit 001 :
0x020 — 0 0010 0000 — miss 010 111 ! 100
0x191 — 1 0001 0001 — miss 011 '
0x1d4 — 1 1101 0100— miss 1001 000

101

110

111
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Aoknon 6n

set tag
0x151 — 1 0101 0001 — miss 000
0x155 — 1 0101 0101 — hit 001 :
0x020 — 0 0010 0000 — miss ool 111 | 101
0x191 — 1 0001 0001 — miss 011 '
0x1d4 — 1 1101 0100 — miss 100l o000
0x153 — 1 0101 0011 — miss 101

110

111
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Aoknon 6n

set tag
0x151 — 1 0101 0001 — miss 000
0x155 — 1 0101 0101 — hit 001 :
0x020 — 0 0010 0000 — miss ool 111 | 101
0x191 — 1 0001 0001 — miss 011 |
Ox1d4 — 1 1101 0100 — miss 100] 000 | 100
0x153 — 1 0101 0011 — miss 101 '
0x123 — 1 0010 0011 — miss 110

111
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Aoknon 6n

set tag

0x151 — 1 0101 0001 — miss 000

0x155 — 1 0101 0101 — hit 001 :
0x020 — 0 0010 0000 — miss ool 111 | 101
0x191 — 1 0001 0001 — miss 011 |
Ox1d4 — 1 1101 0100 — miss 100] 000 | 100
0x153 — 1 0101 0011 — miss 101 '
0x123 — 1 0010 0011 — miss 110

0x021 — 1 0010 0001 —> hit 111
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