Ewkovikn Mviun (virtual memory)

[MoAAQ TTpOYypAMMOTO EKTEAOUVTAL TAUTOXPOVA
O€ €vVa UTTOAOYLOTH

H cuVvOALKN pvAUN IOV aTtatteitol eiva
ueyoAutepn aro to peyeboc tnc RAM

Apxn torukotnTac (N Lvnpn XpNoLULOTIoLELTALL
QIO TAL EVEPYQ TUNLOTO TWV TTPOYPOLULUATWY —
working sets)

Mpemnel va e€aocpalilooupe pootaoia LETAEU
TWV TIPOYPOLUUATWV
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Ewkovikn Mviun (virtual memory)

* Tnv wpa tou compile, 6ev yvwpillov e nola
npoypappata 6a potpalovrol Tn Hvnun
— AUVOLULKN EKTEAECN MTPOYPOLUUATWVY

e O@eAoupE KOBE TPOYPOUUO VO VOULIEL OTL EXEL
N KN TOU MV

e @eloupe KaBe mpoypoppo va VOULZEL OTL EXEL
amnepLopLotTn pvnun (LeyaAvtepn oo tn
RAM)
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Ewkovikn Mviun (virtual memory)

H Virtual memory gAéyxel 2 enimeda tn¢ Lepapxiog LvAUnC:
e Kupla pvpun (DRAM)
* Madlikn anoBnkevon (ouvnBwc payvntwkoi diokol)

H kUpLa pvnpn 6LaLpELtou o€ blocks katavepunuevec oe SLAPOPETIKEC TPEXOUOEC
dlepyaoiec tou cuoTHOTOC:

* Blocks kaBoplopgvou peyéBouc: Pages (nEyeBoc 4k ewc 64k bytes).
* Blocks petapAntol peygbouc : Segments (pLEyeboc To TTOAU 216 pExpL 232)

Ye dedopEvo Xpovo, yla KaBe tpExovoa dlepyaoia, Eva KOUUATL TwV SESOUEVWV N
TOU KwOLKA GOPTWVETAL OTNV KUPLA LWVALN EVW TO UTTOAOLTTO £ival SLaBEoLpo povo

OTOUC payvntikoug dilokouc.

Eva block kwdika 6860|Jévwv Tou xpeu&(erou ylo tnv EKté}\eon uLag dtepyaoiog
aAAQ v UTTAPXEL ot KUPLOL VAN EXEL WG anore)\eoua gva page fault (add ress
fault) kot to block mpemnet va c|>optwest oTnV KUPLA KV amo to dloko f tov
XELPLOTA TOU AeLtoupyLlkov cuotipatoc (OS handler).

‘Eva tpoypapupa popet va ekteAeotel o€ onotadnmote B€on tTNS KUPLOC UVANG N
Tou SloKOU XPNOLUOTIOLWVTOC VAV LNXOVIOUO ETTAVATOTIO0ETNONG O OTtoloC Vat
e)\évxerat Qo TO AELTOUPYLKO CUOTN O TIOU VO OVTLOTOLXEL TLC éteuet')voaq arno
Tov Ywpo tTwv virtual addresses (logical program address) oto xwpo twv phy5|cal
addresses (kUpLa pvnpn, ditokoc). 0000 w ,,ﬂhm,,,m,,m,,,,h, S
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Ewkovikn Mviun (virtual memory)

* Ewkovikn Mvnun vAomolet petadpoon Tou
Xwpou OLevuBUvoewv EVOC TIPOYPAUMUOTOC OE
duoLkec SlevBUVOoELC

o Aladlkaoio petadpaonc eVIOXVEL TNV
npootooia

(Ewkovikn pvnun potalel pe tnv cache)
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Tt BAemeL n epapuoyi....

EwkovIKEG AleuBUVOELG
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Metadpaon twv Virtual Addresses

Virtual page
number

Page table

P hysical page or Physical memory

Valid disk address
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Disk storage
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Tt cuuBaivet otnv npayuatikotnra!!

EwkoviKEG AleuBOUVOELQ Duokeg AleuOuvoeLg

Metadpaon AtevB0voewv

other process

other process

AwevOUvoEeLC
Aiokou

4GB

© © © © Natonal Technical University of Athens
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Ewkoviknl Mviun

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

Ewkovikn AlevBuvon

3130292827 ¢ oo 141312;11109 876543210

Y

npoaodilopilel péyeBoc oelidog
r.x. 4KB

Virtual Page Number Page Offset
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Metadpoaon ZeEAdwV

22% virtual pages Eltkoviki AtevBuvon 4GB virtual space
3130292827 ¢ oo 141312;11109 876543210
Virtual Page Number Page Offset

4KB page size

\ 4

Physical Page Number Page Offset
2928 ¢ oo 1413121110‘9 876543210
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MAgovekTRMOTA

— Exoupe tnv PevdaiocBnon otL StoBeToLE TEPLOCOTEPN
bUOLKA KUPLO LVAN

— Emutpemnel tnv emavatonof£Tnon Twy MPOoyPOLUUATWY

— MpootateVel amo napATumnn poocBacn otn Hvnun

Virtual address

3130 29 28 27 15 14 13 12 11 10 9 8 3 2 10

oooooooooooooooooo

Virtual page number Page offset

<Translation )

29 28 27 15 14 13 12 11 10 9 8 3 2 10

............ ..*..CO

P hysical page number Page offset

Physical address

O O © © Nahonal Technical University of Athens
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IxXeOLAOTIKEC EMLAOYEC

* YYnAO kooto¢ aoto)iac — opaApa oeAidac (page fault)
— Neplexopeva oto dioko (100.000 popec o apyog)

e YYeOLAOTIKEC OITOPACELC YLOL aItodUYN QLOTOXLWV
— «MeyaAec» oehidec (4KB — 16KB)
— Fully associative tomoBgtnon oeAidwv otn pvAun

— 2daApata aviipetwrii{ovtal e AOYLOULKO — TILo €EUTTVOL
aAyopLOpol emdoync/tonoBETnong oeAidwv

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

e JuvnBwc virtual address gival peyoAutepn amno
physical address

— TL.X. vs 1GB physical space (RAM)
e Tuylvetal otav peyeboc dievBuvonc enetepyaotn
elVOL ULKPO OE OXEON ME TLC TEXVOAOYLEC MVNUWV;

— TL.X. UItopw TOAU ¢ptnva va ayopdocw 8GB RAM, aAAa
KUKAopopoUV pnovo 32bit uTtoAoyLOTEC

OOOO
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Zxedlaotika Aadn

* Me 32bit utoAoylotn pmopoupe BewpnTika vo
npoonieAacovpe 4GB kal otnv Mpaén yupw ota 3 —
3,5GB

* BA. memory mapped devices

* BA. OS kernel address space
* TIEpLOCOTEPA oTA AslToUpyLKA Zuotnuata — POH Y
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Metadpaon ZeAidbwv - Mivakag ZeAidwv

3130292827 ¢ o0 14131211109 8 7 6 5 43 2 1 0

Virtual Pa§e Number Page Offset
Page Valid  Physical Page Number
Table >
- Register

20b

Av Valid pnééev, n oeAida
dev Bploketal otn pvun

18b

y

Physical Page Number Page Offset

2928 * **  14131211109/8 7 6 5432 1 0
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Metadpaon ZeAidwv — Nivakag ZeAidwv

Virtual Page Number

Physical Memory

~ Physical Page Number or
Valid Disk address

RPORRPRORRORRR

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 2]
28K Ot Physical Béceig

Twv blocks A, B, C
ZUVEXOMEVOC XWPOG TWV
virtual addresses

EVOG MPOYPAMHUOTOC

\

Disk
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Ewkovikn Mviun

* Av duokn pvnun vepatn (ovvolo
TPOYPOALLATWY UTTOPEL LEYAAUTEPO ATTO
dUOLKN HVNUN), YIVETOL QVTIKATAOTAON

— 2eAida dirty ypadetal oto dloko (swap space)
— Nea oeAida epyetal otn PUOLKN MVAUN
— [Mpoypappa ouvvexilel ekteleon

* AAyOplOpoc avtikataotaonc LRU (poac Bupilel

Timota;) o€ software-operating system

OOOO
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Méeye0o¢ NMivaka ZeAidwv

3130292827 ¢

° 14131211109 8 7 6 5 43 2 1 0

Virtual Pa§e Number Page Offset
::;Z Valid  Physical Page Number
. ——> OewpOoUE OTL KAOE KATAXWPNO
_Register POUL Xxwpnon

20b ExeL peyeboc 4 bytes

— 220x 4B =4MB

18b

Physical Page Number Page Offset

2928 * **  14131211109/8 7 6 5432 1 0
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Méeye0o¢ NMivaka ZeAidwv

3130292827 14131211109 8 7 6 54 3 2 1 0
Virtual Pagre Number Page Offset
:atﬁe Valid  Physical Page Number
R a. € —>Oewpolpe OTL KABE KATAXWPNON

20b EXeL HEyeBOC 4 bytes

— 220x 4B =4MB
AnA. ya KABe POy TTOU
ekteleital, Eodevoupe 4MB

dUOLKAC LVAMNG YLa TTivoKa
~ oeAidwv!!!

18b

Physical Page Number Page Offset

2928 ¢ o0 141312111019 876543210
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Page Table

Page table register

Virtual address
31 30 29 28 27 e e s e e 0 e s 2000000000 15 14 13 12 11 10 9 8 « e e o 3 2 10
Virtual page number Page offset
\\20 4.2
AVVa lid P hysical page number
Xpewalovtat 2
NPOOCTIEAACELG LVHNG:
eoTO page table ?
*0TO OVTIKEipEVO Fage @ble
‘} \\18
If O then page is not
presentin memory
29 28 27 e e e e e e e s s e eecee ".... 15 14 13 12 11 1098.-"...3210
P hysical page number Page offset

Physical address
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Avtiotoixion twv Virtual Addresses og Physical Addresses

HEOW evOoc mivaka oeAidwv (Page Table)

Virual address

‘ Virtual page number ‘ Page offset I

TS Main
L

Page
memory

table Physical address
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Hierarchical Page Tables

Multilevel Paging

Katatpunon tou xwpou dlevbuvoewy o€

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

Ta TpApoTa Tou Ttivaka oeALOwV Ttou Ogv
xpeLalovtal dev Bplokovtoal otTn Hvnun.

cslab@ntua 2018-2019
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Two-Level Page Table (1)

0]
| e
P ! |
/ = 100 >
500 oy
B 100 500
R | .
% 708
outer page \\, 929 .
table = i 900
900 | :
page of 929
page table
page table :
memory

© © © © National Technical University 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
* YeAlbomolouLLe Kol Tov page table:
— p, 10-bit page number
— p, 10-bit page offset

page number page offset
P1 P2 d
10 10 12

OOOO
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Two-Level Page Table (3)

* Metadpoaon dtevBuvonc

logical address

o8 P, d

A

e

ouler-page

lable

page of
page table

cslab@ntua 2018-2019



Three-Level Page Table

. . . outer page ., inner page offset
* 64-bit machine, 4K page size = F— _ ===
2nd outer page, outer page  innerpage,; offset
|

| I
32 : 10 ' 10 12

* Xx86 system, PAE mode, kernel 2.6
— 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

* four-level, x86_64

(48-bit virtual address)

— PML4 512 entries - 9 bits FTE
— PGD 512 entries - 9 bits
— PMD 512 entries = 9 bits
— PTE 512 entries - 9 bits
— page offset — 12 bits

© © © © National Technical University of Athens
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Multi-level Page Table & Translation

* [MAeovekTnpata
— Ag€opevon povo oowv page table entries eival amapaitnteg yla
v epappoyn
— EUkoAn 6€opevon pvnunc (memory allocation)
— EukoAocg Stapolpacpoc (os enimedo segment n page).

* MelovekTnpata

— Evo deiktne yia kaBe oeAida

— Contiguous page tables

— 2 lookups (yia 2-level, n ywa n-level) yia kaBe reference
e AkplBO!

cslab@ntua 2018-2019



Inverted Page Table - Kivntpo

* [apadelyua:
— 64-bit machine
— 4K page size
— 512M ¢puokn pvnun

e [1oon pvnun xpelolOPaoTE yia TtV anodnkeuon
TOU Ttivaka oeALOwv?

OOOO
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Single-level Page Table

* Mia eyypadn otov niivoka oeAldwv ava ELKOVIKA oeAda

— Ewovikn SlevBuvon 64 bits, 12 bits offset = 2°2 kataAXWPOELS GTOV TTiVOKAL
oeAibwv

* MeyeBoc eyypadnc riivoka oeAidwv
— Kabe eyypadn meplexet:

* Access control bits + Physical page number

64-bit machine
4K page size
512M @uUOIKn hvAun

— 512M duokn pvnun = 2%° bytes
* Quolkn dlevBuvaon 29 bits, 12 bits offset = 217 oeAideg
» Xpelalovtal 17 bits yia to physical page number

— MeéeyeBoc eyypadnic nivaka oeAidwv = 4 bytes
e 17 bits physical page number = 3 bytes
e Access control bits = 1 byte

* Meyebog nivaka oceAldwv MoAAR pVAN!
— 2°2gyypadeg x 22 bytes = 254 bytes (16 Petabytes) Avd Sigpyaaida...

© © © © National Technical University of Athens
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Multi-level Page Table

* [Nooa enineda YpelalOMOOTE yLa VA
eéaodpaliocovpe OTL KAOE ivakac oeAldwV amalttel
Lovo pia oeAidba (4K)?

— KaBe eyypadn tou page table amattel 4 bytes
— KaBe eninedo Ba €xel 4K/4 bytes = 1024 eyypadec

— 1024 =219 = 10 bits ava eniredo - 64-bit machine
. , , - 4K page size
— [ 52 bits xpelafopaote 6 emMUTEdA - 512M uoikd pvrpn

6 emiTreda — 6 TTpooBdacelig TN VAU — APYO!

© © © © National Technical University of Athens
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Napatipnon

e 512M puUOIKNC UVAUNC
— 22° bytes/21? offset = 217 puokec oeAideg
* YApXEL TPOTIOC VoL artoBNKEV OOV E HOVO ML
geyypadn ava puolkn oeAida otov mivaka
oeAlbwv?
— MmnopoUuE VoL LELWOOUUE TO MEYEDOC ToU TTivakal
oeAldwv akopa kot ota 2M.

* Qewpwvtac OtL KaBe eyypadn £xeL unkoc 16 bytes
— 217 eyypadecg x 24 bytes = 221 = 2M

Inverted Page Table Xpei1aleral po6vo Evag KaBOAIKOG Trivakag
ogAidwyv (6x1 ava digpyacia)

© © © © National Technical University of Athens
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Inverted Page Table (1)

2uvouaopoc page table kat frame table oe pua dopun.
KaBe eyypadr Tou Tivako meEPLEXEL

— Process ID (mivakag oeAildwv elval KOwog yla OAEG TLG
Slepyaoiec)

— Virtual page number
Mia eyypadn yia kaBe puolkn oeAida
2TO NopAdELYUA LLOC:

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

. : . _ - 4K page size
80 bits ouvoAo = 10 bytes 512M GUGIKA PVAUN

* 10 bytes x 217 geyypadec = 1.3M (yLa 6Ao T0 cuotnua!)
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Inverted Page Table (2)

pid vpn offset

Index
0x0
Ox18F1B 0 x> Ox18F1B 0x123
ppn offset
Ox18F1C 3 Ox31AB

Lookup time?
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Hashed Inverted Page Table (1)

To Inverted Page Table amalttel moAAEC MPOGPAOCELC
LvALNG yia to lookup.

MropoULLE va KpATAWE Eval ETILITAEOV €TtiESO TIPLV TO

nPAyUaTKO page table (hash anchor table)

— Avtlotowyilel (euyn process ID, virtual page number o€
eyypadEC Tou mivaka oeAldwv

» Xprion nediou Next otov mivaka oeAldwv yla emiAuon cuyKpoUCEWV

Mnyaivoupe pwta otov hash anchor table
— JUykplon process ID kat virtual page number
* Av tatptalouv tote BpEOnKe N KATAAANAN eyypadn
* Av OxL akoAouBoU e to tedio Next pexpL va pTtacoupe otnV KATAAANAN

gyypaodr)

© © © © National Technical University of Athens
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Hashed Inverted Page Table (2)

pid vpn offset

r@ 0x123

o Table Index Index \_PID | VPN | Next
as —
0X18F1C 0x0 \ 0XA63 @18F@j

P\
OXAFO13 0x18F1B) | O
L_, Cox0 ) 0x18FIC | 3 O0x31AB  0x0A921
0x18F1B 0x123
ppn offset
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Hashed Inverted Page Table (3)

Xpnon hash tables yia tov neploplopo tn¢ avalntnong os
1 (A Alya) page table entries.

. ° . logical address l | gZ)éfiecsasl
Collision chains TR EaCE

Hash function:
Optimised for

speed not coverage QZ*D_.
OeAKTkO vl 64-bit

OPXLTEKTOVLKEC

| physical
-—»ansWhlp'ra_lT--- memory

hash table

Noapadeiypata xpnonc:
— PowerPC, UltraSPARC, I1A-64

© © © © Nahonal Technical Un
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Translation-Lookaside Buffer (TLB)

Virtual Page
Number

i
S
1
1
1
0

== =UEY Reference

© © = © DIgaY

=} Reference

“Valid
A Dirty

Physical Memory

TLB (fully assosiative) AN
Virtual Page # Physical Page #

Page Table
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Evépyele¢ Metadpaonc AtcuOuvoewv

Ewovikn __, MNpoomnéAaon TLB

AlevBuvon

Exception

Avayvwaon page armo 6ioko
otn RAM kot evhuépwaon
Page Table

Not

Evotoyia TLB hit  Quowkn cache...
TLB; AlevBuvon
TLB miss
Mpoomnelaon
Page Table

Page Table hit Evotoyia

\ TLB;
Exception

Page Table miss H oeAiba Sev undpyet.

Moopavwc Aadoc

npooneAaon uviunc. H
dlepyaoia okOoTWVETOL.

Segmentation Fault...

© © © © Natonal Technical University of Athens

Q0
@
cslab@ntua 2018-2019 Ogé S L a b



Virtuad addrass

TLB miss
excapton

Dellver data
1o the CPU

Cacha mss stall
while read block

cslab@ntua 2018-2019

Write cata nto cache,
update the dirty bit, and
put the data and the
addrass into the write bufier

© © © © Natonal Technical University of Athens
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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)

© © © © Nahonal Techmical University of Athens
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Turikég mapapetpot Cache kat Virtual Memory

Parameter

First-level cache

Virtual memory

Block (page) size

16-128 bytes

4096-65.536 bytes

Hit time

-2 clock cycles

4(-100 clock cycles

Miss penalty

(Access time)

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

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

(Transfer time) (2-40 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

© © © © Nahonal Techmical University of Athens
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Virtual Memory: ZtpatnyLKeC

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

Avtikatdaotoon tou block: The least recently used (LRU) block avtikaBiotatot
otav €va veo block €pyetatl otn pvun ano to dioko.

2TPATNYLKN EYypadPwV: Xpr]OLp.OT[OLELTOLL n TEXVLKN write back kat povo ot dirty
oeAidec petadEpovrat amo tnv KUpLa pvrpn oto dioko.

Mo tnv TomoBetnon twv blocks otnv KUpLOL LVA N xpr]cnuonmstrou Evoc page
table. O page table dewktodoteital amno tov elkoviko aplBuo ceAidac (virtual
page number) ko tepLexeL tn puoikn dtevBuvon (physical address) tou block.

— Paging: To Offset ocuyyxwvevetal pe tn dtevBuvon tng puoiknc oeAidac.

— Segmentation: To Offset npootiBeta otn StevOuvon tou physical
segment.

Mo tnv aélomoinon tn¢ address locality, xpnotponoleitat cuvnBwc o
translation look-aside buffer (TLB) yia tnv amoBrikevon twv npoodatwg
netappaopeEVWY SlevBUVoewV WoTe va armodeVyETAL TTPOOTIEAACN TNE MVANG
NPOKeLPEVOU va dlaBaotel o ivakag oeAldwv (page table).

O O © © Nahonal Technical University of Athens
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Cache nit =—{__ |~ <i>

«‘\32
A

Data

© © © © National Techmical University 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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Ermwtayvvon tng petadppaonc StevBuvoewv

Translation Lookaside Buffer (TLB)

TLB: Mia pwkpn on-chip fully-associative cache mou ypnotpormnoteital yio tn
netadppaon dtevBuvoewv.

Av pia virtual address vntapyet péoa oto TLB (TLB hit), bev mpoomeAadletal o
Tilvakag oeALOwV TNE KUPLAC LVALNG.

Physical Page TLB (on-chip)
Virtual Page | }/alid Tag Address 128-256 Entries
Number 1 -~ .
1 - Physical Memory
»| 1 @
1 ha
0
128-256 1 -
TLB Entries
Physical Page
valid ©f Disk Address
1 P
1 -—
1 — .
1 s Disk Storage
0 —_
. Page.TabIe n >
(in main memory) 1 — / | |
0 Y | |
1 “/ / i |
1 o /
0 :/7/ © © © © Nahonal Technical University of Athens
1
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Intrinsity fastMATH processor

Virtual address

@1 30 29 1413 12 1 10 g a210
| Virlual page ru e Paga ofse:
J=o +|=
Valid Dirty Tag Physical page numbar
. 'E:l—
32 bit address space/byte ™ O .
addressing 2
Ej-—
B ED]
*4KB/page
. . . Physlcal page numbar | Page césat
oTLB fully associative: 16 entries s simsn g || Goonender | B0k | | B
-+_1El Je Ja 1‘2
48
Jrz Data
Walid Tag
Cache
{=
c:mnua—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 Cache operation

W rite ?

Try to read data

Cache miss stall

from cache

l

No Yes

Write protection
exception

Cache hit? l

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

© © © © National Technical University of Athens
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TLB, virtual memory, cache cuvéuvaocpot

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

™
-
~free memory

/

0

All three segments, text, data
(data+bss), and heapa 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 d (d) 2a95556000-2a95557000 rw-p ...
segment expands and contracts as (€) 2a95578000-2a9697¢000 rw-p ...
memory IS allocated and deallocated. (f) 330c300000-330c315000 r-xp ... /lib64/1d-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.
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Process memory map

memory map

512GBE

showing text, data, and bss
s segments.

.l/'
/data

Jtext
e/ data
ea, / S

N4 _size of bss and other

L K A .
.}/ _~" ELF information
p

ELF file on disk

512GBE

showing heap I showing stack

""""" | 11 for subroutine
heap segment expands and

. contracts as memory is data calls
allocated and deallocated. —
text . 0 i
0 page table entries are added or

deleted as necessary.
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Pentium P4 / AMD Opteron

charatoai el Pontim P4 | MDOploron

Wirtual addrass A2 bits 48 s
Physlcal addrass | 36 bis A0 ts
Page size 4 KB, 24 ME 4 KB, 2/4 MB
TLE organtzation | 1 TLE for Instructlons and 1 TLE for | 2 TLBS Tor Instructlons and 2 TLBS Tor data
data Both L1 TLES Tully assoclathve, LRLU
Both are four-way set assoclative replacement
Both use pseudo-LRU replacement | Both L2 TLES are Tourway set assoclativity,
Both have 128 entnas roundHrabin LRU
TLE missas handied In hardwara Both L1 TLEs have 40 entries
Both L2 TLES have 512 antries
TLE misses handled In hardwars

FIGURE 7.34 Address translation and TLB hardware for the Intel Pentium P4 and AMD

Opteron. The word size sets the maximm size of the virtual address, but a processor need notuse 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 TLB and an L2 TLE tor instructions and identical

L1 and L2 TLBEs for data. Both processors provide support for large pages, which are used for things like the
operating system or mapping a frame buffer. The large-page scheme avoids using a large number of entries

to map a single object that 1s always present.
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Pentium P4 / AMD Opteron

Chamcwise | meipentimpt——— [AMDopteron

L1 cache organization

Split Instructlon and data caches

Splt Instruction and data caches

L1 cache size

8 KB tor data, &5 KB traca cachea tor
RISC Instructions (12K RISC
operatlons)

&4 KB each Tor Instructlons /data

L1 cache assollativity

4-way set assollative

2way sat assoclative

L1 replacameant

Approximated LREU raplacemant

LRL raplacemant

L1 block slze G4 Dytes G4 bytas

L1 write pollcy Writethrough Writa-Dack

L2 cache organization | Unifed (Instruction and data) Unifled {Instruction and data)
L2 cache slza 512 KB 1024 KB (1 MB)

L2 cache assoclatvily

B-way set assoclative

15-way sat assoclative

L2 replacameant

Approximated LREU raplacemeant

Approximatad LRLU replacament

L2 block slze

128 hytes

&4 bytes

L2 wiite pollcy

Write-back

Wnta-pack

FIGURE 7.35 Firstdevel and seconddevel 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.
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Desktop/embedded/server microprocessors (2004)

* Things are getting complicated!

O - - PV PP [
Intal PXAZEO
Instruction set architecture 1432, AMDS4 MIPS32 SPARC vO
Intended appllcation SErver ambadidad IZIEI5|":'|IID Im'-'-mwar embeddad | sanvar
Dle slze (mm=) (2004) 193 122 217 356
Instructions Issusd 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,
Z-way Sat cirect mappedl cache {~S6 KB) az-way set -y set
a=anc|ativa assod] gtlve assollative
Latency (clocks) 37 4 a 1 2
Data cache &4 KB, 16 KB, 8 KB, 32 KE, Gd KB,
Z-way Sat 1wy A-way azavay set -y 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,/512 7 16 128/128 32,32 128,512
512
Minimum pags slze 4 KB 4 HB 4 KB 1 KB 8 KB
on-chip L2 cache 1024 KB, 1024 KB, 512 KB, — —
1Eaway st Ay set Bwiay ot
Aassnclathva assolatlve assoclathva
off-chip L2 cache — — — — 16 MB, 2-way
2ol gEsoclative
Block slze (L1/L2, bytas) & G 84,/128 32 32

FIGURE 7.36 Desktop, eanbadded, and server microprocessors in 2004, From a memory hisrarchy perspective, the primary differ-
ences between categories 15 the L2 cache. There is no L2 cache for the low-power embedded, a large on-chip L2 for the embedded and desktop, and 15
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 UltraSPARC
W has two processors on the chip.
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H Aewtoupyia tou Alpha AXP 21064 Data TLB katd tn petadpaon tTwv

SteuOuvoswv
Page-frame Page
address offset Virtual address TLB = 32 blocks
<30> <1 3/ Data cache = 256 blocks
I-_- H npéoBaocn ota TLB
<1><2><2> <30> <21> yivetat cuvOwg pe tnv
@ @ VR W Tag Physical address TeEXVIKN pipeline

Y YY Y

(Low-order 13 bits

¥ / = 34-bit
Valid : | I 4 :
32:1 Mux <21 @ physical
e . » address
ea 3 .
Permission Write (High-order 21 bits of address)

Permission
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Zovoyn

(=53

| <64>
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OPOMHOEYS .

o

i

nvpporos

Virtual page Page CcPrPuU Data virtual page Page
ASN number <35> offset<13> . Storequeual. < number —~ offset<=13>
PC | T I Instruction data out .
8> . - 128> 4= 8= Data in <64=>
1Ga } F
¥ Q @ =8> <4> <1 >‘€3) =35> D31~
:9=:6> Block &) D QSI\Prot v Tag Physical address
(I: offset = @9 4 <128= Ui — 1
~— <sa=1} L @5l =
A (1024 ASN Prot V Tag WayLine Data =1 =3
C blocks) =8> =4><1><33> <1> <11><512
H [ 1 | I | I T T —— —
E L | =] | | L =T 7 1 T ]
N O EE I b = IR EER
v ] (Highjorder 28 or 31 bits O 128:1 mux
(=2 )@ f Predl_ict @ physical address),,<31> I‘#
*f:?) D I
9>y <6>
D Index Block @
8> <d4><1> <35> 31> c offset @
ASNProtV Ta Physical address
! a9 Y. A Vvalid Tag Data
5 i C 1> 9> 512> R
¥ H @
B E
= 1 T | ] i 5:,;:
(High-order 28 or 31 bits SO oF, (0 7% 4
of physical address) @ _._{ 128-1 mux . @ |
_ - =31=1 S ;2 ]
<aa= L (@ Instruction prefetcher I ;:_97 2:1 mux
@@—— Tag 38> Data <s12> (DY S5
+ ¥ ¥
Address G8) —aa= |+ @ | Address<38> Data <512>
. “)—1
— e
! S —— < vicum [ B
buffer 1
|
! " s
l 4:1 mux .
Alpha 21264 @ @
—44>=> zl’ =128=>4" =15> .+~ <=64> {1
—
© = 17 v D Tag Data M System chip
- = ‘ =17= =1><1> =<21> 512> ‘ @ A memory crossbar
> I Taﬁ [ Index ' f
E: N 56> 4 =256=>
= [©) IS == @
c (31072 m [ oy ]
— blocks) = oo E
= . I M e =
; _ g ST
A
151
h 4
D =3 v



Read/Write (Intrinsity FastMATH cpu)

Virtuad addrass

TLE miss
excapton

while read block

Dellver data
1o thae CPU

Cache miss stail No Cache he? Yes
while read block
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