Ewkovikn Mvniun (virtual memory)

[MoAAQ poypappaTa EKTEAOUVTOL TOLUTOXPOVA
O€ €vO. UTTOAOYLOTN

H GUVOALKN MV IOV aTtaLteitoL elva
HeyaAutepn amo to peyeboc tnc RAM

Apxn TorukotnNTac (N LvNn XpnNOLUOTIOLELTOL
Qo T EVEPYA THAUOATA TWV TIPOYPAMUMUATWY —
working sets)

Mpemnel va e€aopaliocov e mpootaoia PETAEY
TWV TIPOYP AL LATWV
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Ewkovikn Mvniun (virtual memory)

* Tnv wpa tou compile, bev yvwpilovpue nota
npoypappota 6o popalovtal Tn MvAun
— AUVOULKN EKTEAECN TIPOYPOLULUATWV

* @elovpe KABOe mpoypappa vor VOLLLZEL OTL EXEL
TN OLKN TOU YvNAUN

* @gAovpe KAOe mpoypappa VO VOLLL(EL OTL EXEL
anepLopLlotn pvnun (LeyaAutepn amo tn
RAM)
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Ewkovikn Mvniun (virtual memory)

H Virtual memory eAéyyel 2 enimeda tn¢ Lepapxiac LvAunG:
e Kupla pviun (DRAM)
* Malkn anobnkevon (ouvnOwc payvntikot diokot)

H kUpLat pvnun 6LaLp8LtaL o€ blocks kataveunueves oe SLAPOPETLKEC TPEXOUOEC
Slepyaoiec Tou cUOTAUATOC:

* Blocks kaBoplopévou peyéBouc: Pages (pnEyeboc 4k €wc 64k bytes).
* Blocks petafAntou peyébouc : Segments (LEyeBoc o TOAU 216 pgxpl 232)

Ye SedopEvo Xpovo, yla KaBe tpexovoa dlepyaoia, Eva KOPUATL TwV SeSOUEVWVY N
TOU KWOLKa GOoPTWVETAL OTNV KUPLA VAN EVW TO UTtOAoLTo €ival SltaBEoipo povo

OTOUC poyvnTLlkoucg dlokouc.

Eva block kwdika i dedopevwy mou xpelaletal yia tnv eKtéEAeon pLag dtepyaoiag
aAAQ Sev UTTAPYXEL OTN KUPLA VAN €XEL WG amoTteAeopa eva page fault (address
fault) ko to block mpémnetl va poptwOel otnNv KUPLA LvAUN ATto To SLOKO N ToV
XELPLOTNA TOU Asttoupylkov cuotnuatoc (OS handler).

‘Eva tpOypaLUo UTTOPEL vaL eKTEAECTEL 0 omoladnmote B€on TN KUPLAG UVANG N
Tou SlOKOU XPNOLUOTIOLWVTOC EVAV MNXOVIOUO EnavatonofEtnong o onolog va
e?\éyxemt Qo TO AELTOUPYLKO CUCTNA TTOU VO OVTLOTOLXEL TLG 6Leu6()v0aq arno
Tov Ywpo twv virtual addresses (logical program address) oto ywpo twv phy5|cal
addresses (kupla pviun, dlokoc). 5
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Ewkovikn Mvniun (virtual memory)

* Ewkovikn Mvnun vAomolel petadpaon tou
XwWpou HLevBVVOEWV EVOC TIPOYPAUUOTOC OF
dUoLKeC SleuBUvoELC

e Aladlkaoia peTadpaonc EVIOXVEL TNV
npootooia

(Etkovikn pvnun potadet e tnv cache)
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Tt BAgne n eapuoyi....

Elkovikeg AlevBUvoELC
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Metadpaon twv Virtual Addresses

Virtual page
number

Page table

Physical page or Physical memory

Valid disk address

v

- o = = o - = =) = = = N

Disk storage

< S

il
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Tt couuBaivet otnv npayuatikotnra!!

Ewkovikéc AlevBUVOELC Duotkég AlsuOUvVoELg

Metadpaon AtevBuvoewv

other process

other process

AlsvOuvoELg
Aiokou
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Ewkovikl Mviun

* AlevBuvon xwpiletal og SUO TUNUATO
— aplOpoc swkoviknc oeAidac (virtual page number)
— OXETLKN amnootaon oeAidoc (page offset)

Ewkoviknl Ate0BOuvon

3130292827 ¢ o0 141312;11109 876543210

Y

npoodlopilel peyebog oeAidog
m.X. 4KB

Virtual Page Number Page Offset
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Metadpaon ZeAidwv

220 virtual pages Ewkovikn) AlevBuvon 4GB virtual space
3130292827 ¢ o o 141312511109 876543210
Virtual Page Number Page Offset

4KB page size

v

Physical Page Number Page Offset

2928 ¢ o0 14131211109 8 7 6 5/4/3/2/1 0

218 physical pages Duown AtevBbuvon 1GB physical space (RAM)
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MAgovekTApaTA

— Exoupe tnv YevdaicOnon otL SlaBETOUVUE TIEPLOCOTEPN
duoLKN KUPLAL LVA N

— ErutpEnel tnv emovatonoBETnon TwV TPOYPAUULATWY

— Mpootatevel amo mapatuTn mpocfacn otn UvRun

Virtual address

3130 29 28 27 15 14 13 12 1110 9 8 3 2 10

oooooooooooooooooo

Virtual page number Page offset

CTransIation )

29 28 27 15 14 13 12 1110 9 8 ¢ 3 2 10
L

oooooooooooo ¢ e

P hysical page number Page offset

Physical address

OOOO-A 1 Tech 1

i
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IXEOLAOTIKEC ETLAOYEC

* YYnAO kooto¢ aotoyiac — opaApa oeAidac (page fault)
— MepLexopeva oto dioko (100.000 dpopec Lo apyoc)

e 2xeOLAOTIKEC ATTOPAOCELC VLA ATTODUYH ALOTOYLWV
— «Meyalec» oehidec (4KB — 16KB)
— Fully associative tornoB6£tnon oeAldwv otn pvnun

— YdAaApato avTlpeTwni{oviol e AOYLOULKO — Tilo €EUTTVOL
aAyoplBpuol emihoync/tonobetnonc oeAidwv

— Movo write-back (yiati oxt write through;)
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Zxedraoctika Aaon

e JuvnOwc virtual address eival peyoAUtepn amno
physical address

— TL.X. vs 1GB physical space (RAM)
e Tuyilvetol otav peyeboc dltevBuvonc eneepyaotn
glval ULKPO OE OXEON UE TLC TEXVOAOYLEC PVNUWV;

— TL.X. MTtopw ToAU dptnva va ayopdcw 8GB RAM, aAAd
KUKAodpopoUV povo 32bit uTToOAOYLOTEC
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2xedraotika Aadn

* Me 32bit utoAoyloth umopoupue BewpnTIKA va
npoornieAdocoupe 4GB kal otnv mpaén yupw ota 3 —
3,5GB

* BA. memory mapped devices

* BA. OS kernel address space
* TtepLOoOTEPA oTta AeLlToupyLlka 2votnpoto — POH'Y
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Metadpaon ZeAidwv — Mivakag ZeAidwv

3130292827 ¢ o0 14131211109 8 7 6 54 3 2 10
Virtual Pa%e Number Page Offset
Page Valid  Physical Page Number
Table >
~Register

20b

Av Valid punéév, n ceAida
dev BplokeTal otn pvAuUN

18b

\ 4

Physical Page Number Page Offset

2928 ¢ o0 141312
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Metadpaon Zedidwv — Mivakoag ZeALdwvV

Virtual Page Number

Physical Memory

Physical Page Number or
Disk address

Valid

RPORRPRORRORRR

Disk Swap Space
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[ 4 e [
Metadpaon Virtual -> Physical Addresses
Virtual Physical
address: address:
0 A 0
4K B 4K C
8K C 8K
12K D 12K Physical
— 16K A main memaory
Virtual memory 20K
— 24K B
28K Ou Physical O€os1g
twv blocks A, B, C
ZUVEXOMEVOG XWPOG TWV
virtual addresses
EVOC MPOYPAULATOS S
L A—_—
Disk
D
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Ewkoviknl Mviun

* Av puolkn pvnun yepatn (ouvolo
TIPOYPOLUUOATWY UTIOPEL LEYAAUTEPO ATTO
dUOoLKN KVNUN), YIVETOL AVTIKATAOTOON
— 2eAida dirty ypadetal oto dioko (swap space)

— Nea oeAida epyetal otn PUOLKA MVAUN
— [MNpoypappa cuvexilel ekteleon

* AAyOpLOpuoc avtikataotaonc LRU (pac Bupilet

Timota;) oe software-operating system
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Méye0o¢ Mivaka ZeAidwv

3130292827 ¢ oo 14131211109 8 7 6 54 3 2 1 0
Virtual Pa*gre Number Page Offset
::tﬁi Vglid Physical Page Number
Regist ‘—’(’Dewp?lﬁue OTL KABe KaTaxwpnon
20b EXEL peyeboc 4 bytes

18b

— 220x 4B=4MB

Physical Page Number

Page Offset

29

28

e e o 14

13

12
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Méey

Page
Table

€00¢ Nivaka ZeAdwvV

3130292827 14131211109 8 7 6 54 3 2 1 0
Virtual Page Number Page Offset
1
Valid  Physical Page Number
—>Oewpolpe OTL KABE KaTaxwpnon
20b EXEL HEYEDOC 4 bytes

18b

— 220x 4B=4MB
AnA. yot KABe poypappLa TTOU
ekteAettal, Eodsvoupe 4MB

dUOLKNC LVAMNG YLa TTivaKa
~ oeAidwv!!!

Physical Page Number

Page Offset

2928

e e o 14

13

12
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Page Table

Page table register

Virtual address
31 30 29 28 27 e e s e e e o5 2000000000 15 14 13 12 11 10 9 8 « e e o 3 210
Virtual page number Page offset
N.2° 4.2
AVV alid P hysical page number
Xpewalovrou 2
NPOOTIEAACELG LVANG:
*0TO page table ?
©0TO OLVTIKEipEVO F28e Bble
A\ \\18
If 0 then page is not
presentin memory
29 28 27 e e e e e e e e e eecee "---- 15 14 13 12 11 1098--"---3210
Physical page number Page offset

Physical address
QOO0 I Techmcal y of Athens
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Avtiotoixion twv Virtual Addresses og Physical Addresses

HEow eVOC ivaka oeAidwv (Page Table)

Virtual address

‘ Virtual page number ‘ Page offset I

- Main
s memory

Page
table Physical address
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Hierarchical Page Tables

Multilevel Paging

Katatunon tov xwpou Steubuvoewv o€

rnoAAamAa page tables
Two-level, three-level, etc

Ta TuApoto Tou Tiivako oeAldwv mou Oev
xpetalovtal 6ev Bplokovtal oTn LVAUN.

cslab@ntua 2015-2016
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Two-Level Page Table (1)

0
| o0
B ! N
/ = 100 :
500 o
e :
: 708
outer page \\» 929 .
table B \ 00
900 | :
page of 929
page table
page table :
memory
QOO0 I Techmcal y of Athens
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Two-Level Page Table (2)

e 32-bit machine, 4K page size:
— page number : 20 bits
— page offset : 12 bits

e YeAlbomolov e kal tov page table:
— p, 10-bit page number
— p, 10-bit page offset

page number page offset
P1 P2 d
10 10 12
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Two-Level Page Table (3)

 Metadpaon dtevBuvonc

logical address

oF P, d

{

e

outer-page d
lable

page of
page table
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Three-Level Page Table

outer page ., inner page offset

* 64-bit machine, 4K page size ===t

I2nd outer pagei outer page iinner page, offset
32 ' 10 ' 10 12
* x86 system, PAE mode, kernel 2.6 T

— PGD 4 entries - 2 bits (30-31)

— PMD 512 entries = 9 bits (21-29)
— PTE 512 entries — 9 bits (12-20)

— page offset — 12 bits

e four-level, x86 64

(48-bit virtual address)

— PML4 512 entries - 9 bits
— PGD 512 entries - 9 bits
— PMD 512 entries = 9 bits
— PTE 512 entries - 9 bits
— page offset - 12 bits
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Multi-level Page Table & Translation

* [MAeovekTApoTo
— A€opeuon povo oocwv page table entries eival amapattnteg yio
tnv edappoyn
— EUkoAn 6€opevon pvung (memory allocation)
— EUkoAog Stapolpacpocg (o€ emimedo segment | page).

* MelovekTipata

— Evac deiktng ylo kaBe ceAida

— Contiguous page tables

— 2 lookups (yia 2-level, n ywa n-level) yia kaB¢ reference
* AkplBo!
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Inverted Page Table - Kivntpo

* Mapadeyua:
— 64-bit machine
— 4K page size
— 512M duokn pvnun

* [Moon pvNun xpeltalOUOoTE yLa TNV amobnkevon
TOU TtIlvaKka OEALOWV?
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Single-level Page Table

Mia eyypadn otov mivaka oeAOWV ava eLKOVIKN oeALba

— Ewovikn SlevBuvon 64 bits, 12 bits offset = 2°2 kataYWPNOEL GTOV TivaKa

oeAOWV

MeyeBoc eyypadnc riivaka ceAldwv
— KaBe eyypadn nepLexeL:

» Access control bits + Physical page number
— 512M duokn pvnun = 22° bytes
* Quowkn 6tevBuvon 29 bits, 12 bits offset = 217 ogAideg
» Xpelwalovtal 17 bits yia to physical page number
— Méyeboc eyypadnc mivaka oeAidwv = 4 bytes
e 17 bits physical page number = 3 bytes

e Access control bits = 1 byte

MeyeBoc nivaka oeAldwv
— 2°%2eyypadéc x 22 bytes = 2°4 bytes (16 Petabytes)

cslab@ntua 2015-2016

64-bit machine
4K page size
512M @uOIKn hvAuN

NMoAAR pvAun!
Ava digpyaoia...




Multi-level Page Table

* [Mooa enineda xpelalOMAOTE yLa VA
eéaodpaliooupe OTL KABEe Tivakac oeAlOwv amaltel
Hovo pia oeAidba (4K)?

— KaBe eyypadn tou page table amattel 4 bytes
— KaBe eminmedo Ba £xeL 4K/4 bytes = 1024 syypadeEc

— 1024 = 2% =10 bits ava eninebdo - 64-bit machine
. / , - 4K page size
— N 52 bits xpelalopaote 6 emimeda - 512M guoikd pviun

6 etriTreda — 6 TTpoofaceic oTN HVAMN — APYO!
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MNapatnpnon

 512M puOoIKNC HVAUNG
— 22° bytes/21? offset = 217 puokec oeAldeg
* YIAPXEL TPOTIOC VAL ATtOONKEVCOUVE LOVO Ll
gyypadn ava puolkn oeALda oTov Ttivaka
oeAlbwv?
— MmopoUE VAL LELWOOULE TO HEYEBOC TOU TTivaKka
oeAlOwv akopa Kot ota 2M.

e QewpwvTac OTL KABe eyypadn £xeL unkoc 16 bytes
— 2% gyypadeg x 24 bytes = 221 = 2M

Inverted Page Table Xpeiraletal pévo €vag KaBOAIKOG TTiVAKAG
oeAidwyv (61 ava digpyaoia)
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Inverted Page Table (1)

2uvOuaouoc page table kat frame table o€ pia doun.
KaBe eyypadr Tou mivaka eEPLEXEL

— Process ID (mivakoc oeAldwv glval KOWOC YLt OAEC TLC
dlepyaoiec)

— Virtual page number
Mia eyypadn yia kabe puolkn oceAidba
2TO MOPASEYUA HOC:

— Eotw 16 bits ywa to process ID, 52 bits virtual page number, 12
access bits - 64-bit machine

. : . _ - 4K page size
80 bits cuvolo =10 bytes 512M QUGIKA LVALN

e 10 bytes x 27 eyypadéc = 1.3M (yLo 0Ao to cuotnual)
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Inverted Page Table (2)

pid vpn offset

Index
0x0
Ox18F1B o Ox1 ) Ox18F1B 0x123
ppn offset
Ox18F1C 3 Ox31AB

Lookup time?
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Hashed Inverted Page Table (1)

To Inverted Page Table amattel moAAEC nmpooBaoelg
v UG yia to lookup.

MmopoUE VoL KPOTAUE VA EMLITAEOV €MLITESO MIPLV TO

NPAYUATIKO page table (hash anchor table)

— AvtlotolyileL evyn process ID, virtual page number o€
gyypodEC ToU TivaKka oeALOwV

* Xpnon nediov Next otov Ttivaoka ceAldwV yLa emiAuon cUYKPOUCEWVY

Mnyaivoupue npwta otov hash anchor table

— JUyKplon process ID kot virtual page number
e Av tatptalouv tote BpeBnKe N KATAAANAN gyypadn

* Av OxL akoAouBoupe to edio Next HEXPL VO PTACOUE OTNV KATAAANAN
eyypodn
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Hashed Inverted Page Table (2)

pid vpn offset

0 0x123

o

@ - Table Index Index PID VPN Next
as —
OX18F1C 0x0 \ oxr63  (Ox18F1B)
OXAFO13 0x18F1B) | 0 -
k. Cox0 ) 0xI8FIC | 3 O0x31AB  Ox0A921
Ox18F1B 0x123
ppn offset
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Hashed Inverted Page Table (3)

Xpnon hash tables ywa tov meploplopo tng avalAtnong os
1 (7 Alya) page table entries.

physical

.. . logical address [ 4 address
Collision chains (o [ d] [ [a—

Hash function:
Optimised for |
speed not coverage GJD—. — |a] sFIhI Pl 1| _lT amory
O&eAKTLKO yLa 64-bit
OPXLTEKTOVLKEC

hash table

Napadeiypota xpnongc:
— PowerPC, UltraSPARC, I1A-64
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Translation-Lookaside Buffer (TLB)

Virtual Page .
E Physical Memory

Number . e
TLB (fully assosiative) DAV
Virtual Page # Physical Page #

=W Reference

© © = © DIgaY

2
S
1
1
1
0

Page Table

=} Reference

=Valid
SADirty

o
[y
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Evépyelec Metadpaonc AteuOuvoewv

Ewovikn __, MpoomneAaon TLB

AlevBuvon

Exception

Avayvwaon page armno dioko
otn RAM kot evhuépwaon
Page Table

Evotoyia TLB hit  Puolki

Not

, —> cache...
TLB; AitevBuvon
TLB miss
MpoomeAaon
Page Table
Page Table hit Evotoyia
i TLB;
Exception
Page Table miss H oeAiba Sev undpyet.
Mpopavwc Aado¢
Yrdpyet npoorneAaon uviunc. H
Olepyaoia OKOTWVETAL.

oTo

] Segmentation Fault...
oloko;

QOO0 I Technical y of Athens
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Virtuad addrass

TLEB miss
excapbon

Dellver data
1o the CPU

Cacha miss stall
while read block

cslab@ntua 2015-2016
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Paging & Segmentation

Code Data
Paging
Segmentation
Page Segment
Words per address One Two (segment and offset)
Programmer visible? Invisible to application programmer May be visible to application programmer
Replacing a block Trivial (all blocks are the same size) Hard (must find contiguous, variable-size,
unused portion of main memory)
Memory use Internal fragmentation (unused portion  External fragmentation (unused pieces of main
inefficiency of page) memory)
Efficient disk traffic Yes (adjust page size to balance access  Not always (small segments may transfer just a
time and transfer time) few bytes)

QOO0O N I Technical U y of Athens
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Turukég mapapetpot Cache kat Virtual Memory

Parameter

First-level cache

Virtual memory

Block (page) size

16-128 bytes

4096-65,5306 bytes

Hit time

[-2 clock cycles

40-100 clock cycles

Miss penalty
(Access time)

(Transfer time)

8-100 clock cycles
(6-60 clock cycles)
(2-40 clock cycles)

700,000-6,000,000 clock cycles
(500,000-4,000,000 clock cycles)
(200,000-2,000,000 clock cycles)

Miss rate

0.5-10%

0.00001- 0.001%

Data memory size

0.016-1MB

16-8192 MB
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Virtual Memory: ZtpatnywKeC

TomtoBetnon tou block otnv kUpLa pvAun: H fully associative texvikn
XPNOLUOTIOLELTAL YLla TNV EAATTWON TOU Miss rate.

Avtikataotaon tou block: The least recently used (LRU) block avtiwkaBiotatal
otav €va véo block €pxetal otn pvApn amno to dioko.

2TPATNYLKA eyypadwyv: Xpnolpomoleital n texvikn write back kat povo ot dirty
oeAidec petadEpovral ano tnv kKUpLa pvAun oto dioko.

Mo tnv ToroBtnon twv blocks otnv KUpLOL VAN xpnotuonmewat Evolc page
table. O page table dsiktodoteitol amo Tov elkoVIKO aplBuod oeAidac (virtual
page number) kol tepLexet tn puoikn dtevBuvon (physical address) tou block.

— Paging: To Offset ocuyxwvevetoun pe tn dtevBuvon tng puciknc oeAidag.

— Segmentation: To Offset npootiBetan otn ievOuvon tou physical
segment.

Mo TV aélomoinon tn¢ address locality, xpnolpomoleitat cuviRBwe o
translation look-aside buffer (TLB) yloL TNV armoBnKeUon Twv MPooPATWE
uerad)paousvwv SlevBuvoewv wote va anodeVYETOL TPOOTIEAACSH TNC LVAMNG
TPOKELEVOU va SlaBaoTtel o ivakag oeAidbwv (page table).

Al 1 Tack 1 18 y ' ns
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Virtual address

Cache nit =—{__ |~ <i>

432
A

Data

QOOOnN 1 Technical U y of Athens
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Page Faults

* Page faults: the data is not in memory, retrieve it
from disk

— huge miss penalty, thus pages should be fairly large (e.g.,
4KB)

— reducing page faults is important (LRU is worth the price)
— can handle the faults in software instead of hardware
— using write-through is too expensive so we use writeback
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Ermwtayxuvon tnc petadpaonc Stevbuvoswv

Translation Lookaside Buffer (TLB)

TLB: Mia pikpn on-chip fully-associative cache mou ypnotuomnoteito yia th
pnetadppaon dtevBuvoswv.
Av pia virtual address unapyet peoca oto TLB (TLB hit), 6ev mpoomeAadletal o
nilvakog oAl WV TNG KUPLOG KVAUNG.

Physical Memory

Disk Storage

Physical Page TLB (on-chip)
Virtual Page | }’a“" Tag Address 128-256 Entries
Number 1
1
—>| 1
1
0
128-256 T
TLB Entries
Physical Page
valid ©f Disk Address
1 «
1 —
1 —
1 o«
0 ’74
. Page.TabIe F —
(in main memory) T 7 ‘| |
0 7 | l
1 v /
0 7
1 o
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Intrinsity fastMATH processor

Virtual addross

81 80 2 1413 12 1 10 8- 8210
| VirlLial page e Paga ofse:
J=o 1_|=
Valid Dirty Tag Physical page numbar
. Ej_
32 bit address space/byte ™ oE= .
addressing 2=
EJ-—
B ED]
*4KB/page
. . . Physlcal page numbar | Page césat
oTLB fully associative: 16 entries s T ““""""r"'é::.'m., [k || e
-+1El Je Ja 1‘2
48
412 Data
Valid Tag
Cache
—{ >
{=
Gmnna—ﬂ- \|>
—
432
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TLB & Cache Operation (Intrinsity FastMATH)

TLB Operation
Virtual address
TLB access
l Cache is physically-addressed
TLB miss No Yes
use page table _l Physical address

No Yes

W rite ?

Cache operation

N~

Try to read data

Cache miss stall

from cache

l

No Yes

No

Write protection
exception

Cache hit?

Deliver data
to the CPU

W rite access
biton?

A 4

W rite data into cache,
update the tag, and put
the data and the address
into the write buffer

Q000

I Technical y of Athens
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TLB, virtual memory, cache cuvéuacopot

TLB | Page Table | Cache | Possible? If so under what circumstance?
hit hit miss | Possible, although the page table is never really
checked if TLB hits
miss hit hit TLB misses, but entry found in page table; after retry,
data is found in cache
miss hit miss | TLB misses, but entry found in page table; after retry
data misses in cache
miss miss miss | TLB misses and is followed by a page fault; after retry,
data must miss in cache
hit miss miss | Impossible: cannot have a translation in TLB if page is
not present in memory
hit Mmiss hit Impossible: cannot have a translation in TLB if page is
not present in memory
miss miss hit Impossible: data cannot be allowed in cache if the page

IS not in memory
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Memory map, page table, physical memory

real memory
memory map

512GB page table

‘x
-
~free memory

/

text
0 .

All three segments, text, data
(data+bss), and heap’ are mapped to $ cat /proc/23114/maps
real memory through the page table.

(a) 00400000-00401000 r-xp ... /scratch/esumbar/map
(b) 00500000-00501000 rw-p ... /scratch/esumbar/map

The figure shows that the heap (c) 00501000-02d01000 rwxp ..
(d) 2a95556000-2a95557000 rw-p ...
segment expands and contracts as () 2a95578000-2a9697c000 rw-p ...
memory IS allocated and deallocated. (f) 330c300000-330¢315000 r-xp ... /lib64/ld-2.3.4.s0

(9) 330c414000-330c416000 rw-p ... /lib64/1d-2.3.4.s0
(h) 330c500000-330c62a000 r-xp ... /lib64/tls/libc-2.3.4.s0

Consequently, page table entries are (i) 330c62a000-330c729000 ---p ...

added or deleted as necessary.
QOO0O N I Tech y of Athens
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Process memory map

memory map
512GB

showing text, data, and bss
s segments.

" data

-
Jtext
e/ data
U __.-. ,,_‘..-_‘.. J/r’,’_/

.size of bss and other

vy size _
.}/ -~ ELF information
P

ELF file on disk

512GB

512GB . stack
showing heap ! showing stack
i ! raan ! for subroutine
=28 heap segment expands and I
" contracts as memory is data calls
- allocated and deallocated. text
o page table entries are added or

deleted as necessary.
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Pentium P4 / AMD Opteron

characertc ol pontiom P4 MDOploron

Wirtual addrass 32 bits 48 pits
Physical addrass | 36 bis A0 s
Page size 1 KB, 2,4 MB 4 KB, 2,4 MBE
TLE organization | 1 TLE for Instructlons and 1 TLE o | 2 TLES Tor Instructlons and 2 TLBS Tor data
data Both L1 TLES Tully assoclathve, LRU
Both are fourway set assoclative replacemant
Both use pseudo-LRU replacement | Both L2 TLES are fourway sot assoclativity,
Both have 128 entrles rouncHrabin LRU
TLE mis=as handied In hardwars Both L1 TLEs have 40 entries
Both L2 TLES have 512 antries
TLE misses handied In hardwars

FIGURE 7.34 Address translation and TLB hardware for the Intel Pentium P4 and AMD
Opteron. The word size sets the maximum size of the virtual address, but a processor need not use all bits.
The physical address size is independent of word size. The P4 has one TLE for instructions and a separate
identical TLB for data, while the Opteron has both an L1 TLE and an L2 TLE tor instructions and identical
L1 and L2 TLEs for data. Both processors provide support for large pages, which are used for things like the
aperating system or mapping a frame buffer. The large-page scheme avoids using a large number of entries
to map a single object that 15 always present.

QOO0O N I Technical U y of Athens
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Pentium P4 / AMD Opteron

Chamciwitc | meipentimpt WD opteron

L1 cache organlzation

Split Instructlon and data caches

Split Instructlon and data cachas

L1 cache slzs

8 KB for data, 5 KB tracs cacha tor
RISC Instructions (12K RISC

operations)

&4 KB each Tor Instructlons fdata

L1 cache assoclativity

d-way el assoclatve

2way st assoclative

L1 replacameant

Approximated LRU raplacemant

LEL raplacemant

L1 block slze Gd bytes &4 bytas

L1 write pollcy Writethrough Wrta-back

L2 cache organization | Unimad (Instruction and data) Unifled {Instruction and data)
L2 cache slia 512 KB 1324 KB (1 MB)

L2 cache assoclativity

B-way el assoclatve

16-way set assoclathva

L2 replacament

Approximated LRU raplacemant

Approximatad LRLU replacament

L2 block slze

128 hytes

&4 bytes

L2 write pollcy

Wite-back

Wntae-pack

FIGURE 7.35 Firstdevel and second-level caches in the Intel Pentium P4 and AMD
Opteron. The primary caches in the P4 are physically indexed and tagged; for a discussion of the alterna-
tives, see the Elaboration on page 527.

QOO0O N I Technical U y of Athens
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Desktop/embedded/server microprocessors (2004)

* Things are getting complicated!

R - - PV PP [
Intal PXAZSD
Instruction set architecture 1432, AMDS4 MIPS32 SPARC vO
Intended appllcation SErver ambadidad IZIEI5|":'|IID Im'-'-mwar embeddad | sanvar
Dl slze (mm=) (2004) 193 122 217 356
Instructions ssusd felock 3 2 3 RISC 0ps 1 A x 2
Clock rate {2004) 2.0 GHz 2.0 GHz 3.2 GHz 0.4 GHz 1.2 GHz
Instruction cache &4 KB, 16 KB, 12000 RISC op trace 32 KE, 32 KB,
Zoway sat cirect mappe cache {~S6 KB) az-way set 4wy set
aEanc|gthva sl gtlve assoatlve
Latency (clocks) 37 4 a 1 2
Data cache &4 KB, 16 KB, 8 KB, 32 KE, Gd KB,
Zoway sat 1wy A-way azaay set 4wy set
aEanc|gthva 2ot gesoclative sol assoclative sl gtlve assoatlve
Latency (clocks) 3 3 2 1 2
TLE entries (I/0/L2 TLE) 40,/40,5127 16 128/128 32,32 128,512
512
Minimum page slze 4 KB 4 KB 4 KB 1 KE 8 KB
on-chip L2 cache 1024 KB, 1024 KB, 512 KB, — —
1y sat Ay sat Bway St
assnclativa asscdlatlve assoclativa
oft-chip L2 cache — — — — 16 MB, 2-way
2ol gesoclatve
Block slze (L1/L2, bytas) &4 6 84,/128 3z 3z

FAGURE 7.36 Dasktop, eambaddad, and server microprocassors in 2004, From a memory hisrarchy perspective, the primary ditfer-
ences between categories is the L2 cache. There is no L2 cache for the low-power embedded, a large on-chip L2 for the embedded and desktop, and 14
ME off chip for the server. The processor clock rates alss vary: 0.4 GHz for low-power embedded, 1 GHz or higher for the rest. Maote that UkraSPARC
I% has two processors on the chip.
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H Aswtoupyia tou Alpha AXP 21064 Data TLB katd tn petadppoacn twv
StevBuvoswv

Page-frame Page
address offset Virtual address TLB = 32 blocks

<30> <1 3/ Data cache = 256 blocks
I-_- H npéopaon ota TLB

<1><2><2> <30> <21> yivetal cuviOwg pe tnv
@ @ VR W Tag Physical address teXVIKA pipeline

Y YYY

(Low-order 13 bits
Sz <9~ of address)
¥ £ » 34-bit

7
@——| 32:1 Mux I <21> @ physical
» address

Write (High-order 21 bits of address)
Permission

Valid

Read
Permission

O O O O Natonal Tech y of Athens
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Zuvoyn

Virtual page Page CcPrPuU Data virtual page Page
number <35> offset<13> > Store queue/ number —  offset<=13>
ASN PC | T § Instruction data out ASN [#_LI—. i
S e I ¥ 128> —6a= 8> Data in <64>
IF g 3
i Q @ =8> <4=> <1 >@ =35> = =31 @
=D B> e ) o ASNProt Vv Tag Physical address
1 [index | W orreet @9 _+ <128 T = 4 <64>
e = <sa=1t L @5l =
A (1024 ASN Prot V Tag Way Line Data = =3
C blocks) =8> =4><1><33> <=1> <11><512
H [ 1 1 [ T T — —
E L | | | 1 B = ! R R | T ]
- g
I I L I ke = Y v vy
v ] (High-order 28 or 31 bits © 128:1 mux
(=2 )@ ; Predl_ict @ physical address)/<31> I‘#
*-é?) D I cd
9>y <=6>
D Index Block @
8> <d4><1> =35> 31> c offset @
ASNProtV Ta Physical address
! 29 Y. A Vvalid Tag Data
i C —_1= 29> ==12> 4
L S (<57
B E
o] [ | ' i:?:
(High-order 28 or 31 bits TTTYyywvw
of physical address) @ _._[ 128-1 mux . @ |
_ 4/ =31=> | ]
B ! Instruction prefetcher 'IA ;;_97 = 2:1 mux
@@—— Tag <38> Data <512> (DY S I
¥+ ¥ ¥
Address G _.. |} @D [ Address—38= Data <512=
T (=31
| S - =
! D < vieom [ B
buffer 1
! X
I 4:1 mux .
Alpha 21264 @ @
—a44=> ’I’ =128=>4" =15> .+~ <=64> {1
—
- -1 17 v D Tag Data l_ M System chip
[ Tag> | ‘ I<nde>x ' =lz=1> 1= 1 @ A memory crossbar
e —— - 1
. N 56> 4 =256=>
2 o — @
c a31.072 M [_omam ]
— blocks) == oo E
= - I M = SEr
= . S i ]
A
11
v
@ @ v
wuuu y or amnens g
2 m
00 i
[ (=3 | e————
© I H é
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Read/Write (Intrinsity FastMATH cpu)

Virtuad addrass

TLEB miss
sxcapton

Cache miss stat
while read biock

Dellver data
1o the CPU

Cacha miss stail No Cache hit? Yes
while read block
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