Ewkovikn MvAun (virtual memory)

[TOAAQL TTPOYPAUUOTO EKTEAOUVTOAL TOUTOXPOVA
O€ €va LTTOAOYLOTH

H cuvoALKA LvALN TTOU amaltteital ival
neyoAutepn amno to peyeboc tnc RAM

Apxn TorkotTntac (N LvnUN XpnotlLomoLeital
QIO TOL EVEPYA TN AT TWV TIPOYPALLUATWY —
working sets)

Mpemnel va e€aocdaliocov e mpootaoia PeETAEU
TWV TIPOYPOAUUATWY

Q000 I Techmcal

GRERNE]
y of Athens _(‘c{ ';‘:- A
00 LAY B
:*CSLab %
cslab@ntua 2012-2013 QO o, &an




Ewkovikn MvAun (virtual memory)

* Tnv wpa tou compile, bev yvwpilouvpe nola
npoypappato Ba potpalovral Tn LVNUN
— AUVOLULKN EKTEAEON TIPOYPAUUATWVY

e @celoupe KaBe poypappa va VOULLEL OTL EXEL
™ KN TOU pvNuN

e @eloupe KaBe poypappa va VOULZEL OTL EXEL
arneplopLlotn pvnun (LeyaAvtepn amo tn
RAM)
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Ewkovikn MvAun (virtual memory)

H Virtual memory eAéyxel 2 enimeda tng Lepapxiog LvRUNG:
e Kupla pviun (DRAM)
* Madlikn} arnoBnkevon (ouvnBbwc payvntkoli diokol)

H kUpLat pvnpn 6LOLLp€LTO(L o€ blocks katavepunueves oe SLPOPETLKEC TPEXOUOEC
Sdlepyaoiec Tou CUOTAMATOC:

* Blocks kaBoplopévou peyéBouc: Pages (nEyeboc 4k ewg 64k bytes).
* Blocks petapAntol peyEbouc : Segments (pLEyeboc o OAU 216 pExpL 232)

Ye 6edouEvo Xpovo, yla kaBe tpExovoa dlepyaoia, Eva KOPUATL TwV SESOUEVWV N
TOU KwOLKA GOPTWVETAL OTNV KUPLA LVAN EVW TO UTTOAOLTO ival SLaBEoLpo povo

OTOUC payvntikouc diokouc.

Eva block kwdika R 6860uévwv Tov xpELdZstaL ylo tnv sKté}\ecn uLac Stepyaoiog
aAAa eV UTTAPYEL ot KUPLOL VAN €XEL WG anors)\eoua gva page fault (address
fault) kot to block mpénet va cbopthEL oTNnV KUPLA Uvpn amno to 6ioko f tov
XELPLOTH) TOU AeLtoupyLlkoU cuotrpatoc (OS handler).

‘Eva mtpoypappa Pmopel va ekteAeotel o€ onoladnmote B€on TS KUPLAG UVANG N
ToU SLOKOU XPNOLUOTIOLWVTAC EVAV LNXOVIOMO ETTOVATOTIOBETNONG O OTtoloC VAt
e)\évxewt arto TO AELTOUPYLKO CUOTNHO TIOU VO AVTLOTOLXEL TLG 6Leu60vostq ano
Tov Ywpo Twv virtual addresses (logical program address) oto Ywpo twv phyS|caI
addresses (kUpta pvun, 6tokog). ;

cslab@ntua 2012-2013



Ewkovikn MvAun (virtual memory)

* Ewkovikn) Mvnun vAomolet petadppaon tou
XWpPou OLeuBUVoEWV EVOC TIPOYPAUUOTOC OE
duolkec SlevBuvoeLg

e Aladlkaoio petadppaonc eVIOXVEL TNV
npootooia

(Etkovikn pvnun potalet pe tnv cache)

Q000 I Techmcal

GRERNE]
y of Athens _(‘c‘f ';‘:- A
Q0 LAY Y TH
:*CSLab %
cslab@ntua 2012-2013 QO o, &an



Tt BAgmeL n eapuoyi....

Ewkovikéc AlevBUVOoELC

4GB
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Metadpaon twv Virtual Addresses

Virtual page
number

Page table

P hysical page or Physical memory

Valid disk address

v

= o - - o = = o = = = =

Disk storage

< S

il

cslab@ntua 2012-2013



Tt ouuBaivet otnv npayuatikotnta!!

Ewkovikéc AlevOUvoeLC Duolkég AleuOuvoeLg

Metadpaon AleubBuvoewv

other process

other process

AlsuOuvoeLg
Aiokou
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Ewkoviknl Mviun

* AleUBuvon ywpiletal og SUO TUAHATA
— aplOpoc swkoviknc oeAidac (virtual page number)
— OXETLKN amnootaon oeAidac (page offset)

Ewkovikn) Ate0Buvon

3130292827 ¢ oo 141312%11109 876543210

—

npoodlopilel peyeboc oeAidag
n.X. 4KB

Virtual Page Number Page Offset
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Metadpaon ZeAtdbwv

220 virtual pages Eltkovikn AlevBuvon 4GB virtual space

3130292827 ¢ oo 141312%11109 876543210

Virtual Page Number Page Offset

4KB page size

v

Physical Page Number Page Offset

2928 ¢ oo 1413121110987 6 5/4/3/2|1|0

218 physical pages @uown Atevbuvon 1GB physical space (RAM)

cslab@ntua 2012-2013



MAgovekTAMOTA

— Exoupe tnv PevdaicOnon otL StoBeTou e MEPLOCOTEPN
dUOoLKA KUPLOL VAN

— Emutpemnel tov emavatonof£Tnon Twy MPOYPOLUUATWY

— lMpootatevel amo napATunn pocBacn otn Hvnun

Virtual address

3130 29 28 27 15 14 13 12 1110 9 8 3 210

oooooooooooooooooo

Virtual page number Page offset

l
(Crramsioon )

29 28 27 15 14 13 12 11 10 9 8 ¢ 3 210
L

oooooooooooo ¢ e

P hysical page number Page offset

Physical address

OOOO-A 1 Tech 1
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IxeOLAOTIKEC EMIAOYEC

* YYnAO kootoc aotoyiac — opaApa oeAidac (page fault)
— MepLexyopeva oto dioko (100.000 dpopec Lo apyoc)

e YYeOLAOTIKEC OIMOPACELC VIO artodUYN OLOTOXLWV
— «Meyalec» oehidec (4KB — 16KB)
— Fully associative tomoBgtnon oeAldwv otn pvAun

— 2paApoata avilpetwril{ovtal Pe AOYLOMLKO — TtLo €EUTTvol
aAyoplBpot emdoync/TtonoBeTnonc oeAldwv

— Movo write-back (yiati oxt write through;)
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Zxedraotika Aadn

e JuvnBwc virtual address eival peyaAutepn amo
physical address

— TLX. vs 1GB physical space (RAM)
e Tuylvetal otav peyeBoc dtevBuvonc eneéepyaotn
elVaL ULKPO OE OXEON ME TLC TEXVOAOYLEC MVNUWV;

— TL.X. UItopw TTOAU ptnva va ayopdow 8GB RAM, aAAa
KUKAopopoUv pnovo 32bit uTtoAoOyLOTEG
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Zxedrlaotika Aaon

* Me 32bit utoAoylotn pnopoupe BewpnTika va
npoornieAacoupe 4GB kat otnv mpaén yupw ota 3 —
3,5GB

* BA. memory mapped devices

* BA. OS kernel address space
* TIEpLOCOTEPA oTA AstToupyLka Zuotnuata — POH Y

0000 T
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Metadpaon ZeAidwv — Mivakag ZeAidwv

3130292827 * * ¢ 14131211109 8 7 6 5 4 3 2 1 0
Virtual Pa%e Number Page Offset
Page Valid  Physical Page Number
Table >
~Register

20b

Av Valid unéév, n oeAida
dev Bploketal otn PvRun

18b

y

Physical Page Number Page Offset

2928 ¢ o0 141312
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Metadpaon ZeAidwv - Mivakag ZeAldwv

Virtual Page Number

Physical Memory

Physical Page Number or
Disk address

Valid

RPORRPRORRPRORRR

Disk Swap Space
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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 B¢oclg
twv blocks A, B, C
ZUVEXOMEVOC XWPOG TWV
virtual addresses
EVOG MPOYPAHOTOG S
[—
Disk
D
0000 I Technical y of Athens
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Ewkovik Mviun

* Av puoikn pvnun vepatn (ouvolo
TIPOYPOLUUATWY UITOPEL LEYAAUTEPO ATIO
dUOLKN KVAUN), VIVETOL QVTIKATAOTOON
— 2eAida dirty ypadetal oto dloko (swap space)

— Nea oeAida epyetal otn PUOLKN MVAUN
— [Mpoypappa cuvexilel ekteleon

* AAyOpLOuoc avtikataotaonc LRU (pac Bupilet

Timota;) og software-operating system
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MsvsBoq Nivaka ZeAidwv

3130292827 ° 14131211109 8 7 6 5 4 3 2 1 0
Virtual Pa§e Number Page Offset
::SZ Vglid Physical Page Number
Regist — QewpOoUE OTL KABE KaTaxwpnon

20b EXEL HEVEDOC 4 bytes

— 220x 4B =4MB

18b

Physical Page Number Page Offset

2928 ¢ o0 141312
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MsvsBoq I'Iwou(a ZeAdwv

3130292

827

14

1312

11109 8 7 6 54 3 2 1 0

Virtual Pa%e Number

Page Offset

Page
Table

20b

Valid

Physical Page Number

18b

— QewpoUE OTL KABE KaTaxwpnon
EXEL HEVEDOC 4 bytes

— 20x 4B =4MB
AnA. ylot KABe poOypappLa TTIOU
ekteAettal, Eodevoupe 4MB

dUOLKAG LVAMNG YLO TTivaKa
— oeAidwv!!!

Physical Page Number

Page Offset

29

28

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 et o2 2000000000 15 14 13 12 11 10 9 8 « e oo oo 3210
Virtual page number Page offset
N.2° NG
~ Valid P hysical page number
Xpewalovtou 2
NPOOCTMEAACELC LVAUNG:
eoTO page table ?
*0TO OVTIKELpEVO Fage @ble
r \\18
If 0 then page is not
presentin memory
29 28 27 e e e e e s s s s s s e e « e e e 15 14 13 12 11 10 9 8 ««}J«=+ 3 2 1 O
P hysical page number Page offset

Physical address
QOO0 I Techmical y of Athens
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Avtiotoixion twv Virtual Addresses o€ Physical Addresses
REOw evOC ivaka oeAidwyv (Page Table)

Virtual address

‘ Virtual page number ‘ Page offset I

- Main
s memory

Page
table Physical address
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MoAveninedol Nivakec ZeALdwvV

\\*

FTE

Ta TuApoTa Tov nivakog oeAidwv mou dev
xpewalovtal, dev Bplokoviol oTn HVAUN.
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Translation-Lookaside Buffer (TLB)

Virtual Page
Number

~AValid
= Dirty

TLB (fully assosiative)

Virtual Page # Physical Page #

== EUEY Reference

© © = © DlgaY

2
S
1
1
1
0

Page Table

=) Reference

Physical Memory

ALV
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Evépyerlec Metadpaong AtcuOuvoewv

Ewovikn __, MpoomnéAlaon TLB

AlevBuvon

Exception

Avayvwon page amno bioko
otn RAM ko evnuépwan
Page Table

Evotoyia TLB hit Quokn

Not

, —> cache...
TLB; AlevBuvon
TLB miss
Mpoomelaon
Page Table

Page Table hit Evotoyia

‘ TLB;
Exception

Page Table miss H oeAiba Sev unapyet.

Moopavwc¢ Aadoc

npoorneAdaon uviunc. H
dlepyaoio oKOTWVETAL.

Segmentation Fault...

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 2012-2013
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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)

QOO N I Technical U y of Athens
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Turnikec 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: ZtpatnyLKEC

TomoB<tnon tou block otnv kUpLa pvpn: H fully associative texvikn
XPNOLUOTIOLE(TOL YL TNV EAATTWON TOU Miss rate.

Avtikatdaotaon tou block: The least recently used (LRU) block avtikaBiotatal
otav €va veo block €pyetal otn pvAun amno to dioko.

2TpATNYLKN Eyypadwv: Xpr]OLuOTtOLELTOLL n TEXVLKN write back kal povo ot dirty
oeAlbec petadEpovtal amo tnv KUpLa pvun oto dioko.

Mo tnv TomoBetnon twv blocks otnv KupLa VAN Xpr]OLp.OT[OLELTOLL EVoC page
table. O page table deiktodoteital amo Tov lkoViKO aplOuo ceAidac (virtual
page number) ko tepLExeL tn duotkn dtevBuvon (physical address) tou block.

— Paging: To Offset ouyywvetetal pe tn dtevBuvon tn¢ puoikng oeAidac.

— Segmentation: To Offset npootiBetal otn 61elOuvon tou physical
segment.

Mo tnv aélomoinon tng address locality, xpnotponoteitat cuvRBwc o
translation look-aside buffer (TLB) yia tnv amoBrikevon tTwv npoodpatwg
netappaopEVwY SleuBUVoEWY WOTE Vol amoPeVYETAL TTPOCTIEAACN TNG UVALNG
TIPOKELUEVOUL va Slafaotel o Ttivakag oeAidwv (page table).

Al 1 Tack 118 y ' ns
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Virtual address

Cache nit =—{__ |~ <i>

432
A

Data

QOO N 1 Tech 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

cslab@ntua 2012-2013



Ermwtayuvvon tnc petadpaonc Stevbuvoswv

Translation Lookaside Buffer (TLB)

TLB: Mia pwkpn on-chip fully-associative cache mou ypnotpomnoteiton yia tn
netadppaon dtevBuvoeswv.
Av pia virtual address vntapyet peéca oto TLB (TLB hit), bev mpoomneAadletal o
Tiivakog oeAldwv TNS KUPLAC LVANG.

Valid

Physical Page
Address

Tag

Virtual Page |

|

Number

128-256
TLB Entries

Page Table
(in main memory)

Rrlolr]|r]|r]-

Physical Page

valid ©f Disk Address

Wl

/ »:

TLB (on-chip)
128-256 Entries

Physical Memory

Disk Storage

p
N
N

4

\
N

Q\
N\
N

Q
N

v
Rrlo|lr|r|lolr|r]|o|r]|r]|r]-

i
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Intrinsity fastMATH processor

Virtual addross

@1 30 29 1413 12 110 g a210
| VirlLial page e Paga ofse:
J=o 1_|=
Valid Dirty Tag Physical page numbar
. 'E-'—
32 bit address space/byte ™ O .
addressing 2=
Ej-—
B ED]
*4KB/page
. . . Physlcal page numbar | Page césat
eTLB fully associative: 16 entries sl sidrmsntug || Goonener | B0k | | B
-+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

l

TLB access

l Cache is physically-addressed

§TLB miss

éuse page table Physical address

Cache operation

.| Trytoread data
from cache W rite access
biton?
Wri r ion
:icpeo:;c:o W rite data into cache,
No Yes P update the tag, and put
Cache miss stall [« Cache hit? the data and the address
into the write buffer

Deliver data
to the CPU

cslab@ntua 2012-2013



TLB, virtual memory, cache cuvévaopoi

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 miss 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

/

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) 330c300000-330c315000 r-xp ... /lib64/ld-2.3.4.s0

(g) 330c414000-330¢416000 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.
QOO 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

513GE 512GB
] stack I .
showing heap showing stack

o ! raan ! for subroutine
b heap segment expands and Il
o 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.

QOO N I Tech 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.

QOO 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 Aewtouvpyia tou Alpha AXP 21064 Data TLB katd tn petadpoacn twv
SlevOuvoewv

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

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

<1><2><2> <30> <21> yivetal cuvOwg pe tnv
@ @ V R W Tag PhySica| address TEXVIKA pipeline

¥

¥

Y

(Low-order 13 bits
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