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Ell) XAPAKTHPI2ZTIKA IEPAPXIA2Z MNHMH2

XpnonuoTtroinon TTAeovekTiparog TotmikoTnTag(locality). Na trapouoidooupue otov
XPoTn 6on Pvrun PTTopouuE aTNV TTI0 PONVA TEXVoAoyia, oTnv TaxuTnTa TToU
TTPOOPEPEI N TTIO YPAYOPN TEXVOAOYia

Augavopuevn
aTTéoTACHN ATIO
ETTECEPYOOTI) O€
XPOVO
TTPOCTTEAQONG
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Virtual Memory (YITOOETH MNHMH)
0 Xprion TnG Kupiwg hvnung ocav “cache” yia deutepevouoa
HvAuN
e ATTOTEAECMATIKA KAl ACPAAEC XPron MvAMNS ATt TTOAAATTAG
TTpoypauuaTa
e IKavOTNTA TPECINOU TTPOYPOANMATWY MEYAAUTEPWY ATTO TNV KUPIA
HvAuN
e ATTAOTTOIQ TNV POPTWON EVOC TTPOYPAMMATOC VIO EKTEAEDN
TTAPAXWPEWVTAG EUKOAN KATAVOUNON TOU KWOIKA TNV MVAMN
(i.e., the code can be loaded anywhere in main memory)
0 MNwc douAevel? — TomkoTnTa (Principle of Locality)!!!

e 'Eva mrpoypapua mOavo va TTPooTTEAACEl MIKPO KOUPATI TOU
KWOIKO TOU KATA MIA MIKPN XPOVIKA JIAPKEIQ.

0 To k&Be TTpoypappa petappaleral (compiled) oto dIkO
Tou address space — €va “virtual” address space

e Kata tnv ekT€EAEON, TO KAB¢e virtual address TTPETTEl va AVTIOTOIXE!
o€ €va physical address (an address in main memory)
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Avo MNMpoypauparta poipalovral To Physical Memory

0 To address space €vO¢ TTPOYPAMMATOC XWPIZETAI O€
pages/oeAidec (all one fixed size) r} segments (variable sizes)

e H €vapcn Tng kGBe oeAidag (either in main memory or in secondary
memory) €UpioKeTAl ATTO TO page table KABe TTpOypPANMATOC
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Address Translation / Meta@paon AieuOnvoewg

0 Mia virtual address petagpaderal o€ pia physical address
uE ouvOlaouo Kal hardware kai software

Virtual Address (VA)

31 30 12 11 Co 0
Virtual page number Page offset
Physical page number Page offset
29 Co 12 11

Physical Address (PA)

0 Apa KaBe {ntnon YVAUNG TEWTA ATTAITEI HETAPPOON
dleuBnvaonc atro 1o virtual space oT1o physical space

e ‘Eva virtual memory miss (i.e., when the page is not in physical
memory) ovopadletal page fault
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Mnyaviouoi Metappdoewc Aleubnvoew
Virtual page # Offset

Physical page #

Offset

Physical page
V _ base addr
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Disk storage
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Virtual Addressing oTnv Trapoucia Cache

0 Apa Traipvel Eva extra memory access YIa VO JETaPPATEl
10 VA (virtual address) o€ PA (physical address)

VA PA miss |

Trans- Main
CPU lation Cache Memory

hit —I
data !

0 AuTO Kavel TNV TTpoaTtreAaon uvnung (cache) moAu akpin
(Gua KABe TTpooTTEAQCN £XEI OTNV oudia 2 TTPOCTTEAQCEIC)

0 To hardware yiveral ye Tnv xprion evog Translation
Lookaside Buffer (TLB) — €éva pikpo cache 1Tou kKpartdel
TTPOCPATA XPNONUOTIOINUEVEC AVTIOTOIXEIEC DIEUBNVOEWYV YIa
va unNv Xpeladetal va Waxvel otov Trivaka oeAidwyv (page table)
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BEATIONONTAZ THN META®PAXH AIEYOHN2ZHZ MNHMHZ

Virtual page # Physical page
V Tag base addr
1 e
1 «\
1 \\
0 AN
1 AN
TLB
Physical page
V  base addr
1 -~
1 — — |
1 o—
> 1 o><
1 o
1 —
0 — |
1 — Main memory
0 ’\/ \
1 o«
0 ’\ \\s
Page Table \
(in physical memory) —

Disk storage
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Translation Lookaside Buffers (TLBs)

0 O1mrwcg kKaBe cache, to TLB ytropei va opyavwBei oav fully
associative, set associative, n direct mapped

V | Virtual Page # | Physical Page # |Dirty | Ref |Access

0 O xpovog mrpootreAaong Tou TLB (access time) givai
ouvNBWC TTIO JIKPOG ATTO TO XPOVO TTPOCTI. TOU cache
(etre1dn Ta TLBs €ival TToAU 1110 PJIKPA 110 T caches)

e TLBs ouvnBwcg d¢v cival peyaAutepa atrd 128 péxpl 256 entries
aKOpa Kal o€ high-end utroAoyIoTEG
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To TLB oT1nv lepapyia Tng MvAung

CPU

VA

—

TLB
Lookup

hit
PA

missl

Trans-
lation

—

Cache

miss

hit

data

Main
Memory

0 ‘Eva TLB miss — ival page fault  amAa éva TLB miss?

e Av uttdpxel dnAadn n oeAida oTnv KUpIa pvAun, 10T1€ TOTLB miss ytropei
va TaktoTtroinBei (o€ hardware ry software) @optwvovTag 10 translation
information atrd 1o page table o1o TLB

- Maipver 10’s KUKAWV yia va BpeBei kal va gopTwOEi n petd@paon (translation)
oto TLB

e Av n oelida dev BpiokeTal oTNV UVAMPN, TOTE gival TTpaypaTtikd page fault
- Maipver 1,000,000’s KUKAWV yIa eEutTnPETNON £VOG page fault

0 Ta TLB misses €ival TToAU 110 ouxva atrd 1a true page faults

HMY 312 L06 VM-TLBs.10

O¢goxapidng,HMY, 2006



Opiopéveg Mapapérpol yia Virtual Memory Design

Paged VM TLBs
Total size 16,000 to 16 to 512
250,000 words | entries
Total size (KB) 250,000 to 0.25to 16
1,000,000,000
Block size (B) 4000 to 64,000 |4 to 32
Miss penalty (clocks) |10,000,000to |10 to 1000
100,000,000
Miss rates 0.00001% to 0.01% to
0.0001% 2%
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Auo EtreepyaoTtég: NMapaperpol Cache

Intel P4 AMD Opteron
TLB organization | 1 TLB for instructions 2 TLBs for instructions and

and 1TLB for data 2 TLBs for data

Both 4-way set Both L1 TLBs fully

associative associative with ~LRU

Both use ~LRU replacement

replacement Both L2 TLBs are 4-way set
associative with round-robin
LRU

_ Both L1 TLBs have 40

Both have 128 entries entries
Both L2 TLBs have 512
entries

TLB misses handled in | TBL misses handled in

hardware hardware
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2uvolaopog M'eyovoTtwy TLB

TLB Page | Cache | Possible? Under what circumstances?
Table

Hit Hit Hit Yes — what we want!

Hit Hit Miss | Yes — although the page table is not
checked if the TLB hits

Miss Hit Hit | Yes — TLB miss, PA in page table
Miss Hit Miss |Yes — TLB miss, PA in page table, but data

not in cache
Miss Miss Miss | Yes — page fault
Hit Miss | Miss/ |Impossible — TLB translation not possible if

Hit | Page is not present in memory

Miss Miss Hit | Impossible — data not allowed in cache if
page is not in memory
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MeiwvovTtag 1o Translation Time

0 Mtropoupe va TTapaAAnAnooupue (overlap) TNV TTPOCTT.
Tou cache pe Tnv TrpootréAaon Tou TLB

e AouAeuel otav Ta high order bits Tou VA xpnonuoTtroiouvrai yid

|BIOCk offset 2-way Associative Cache
Index

VA Ta PA

g Tag Tag| Data Tag| Data

l PA Tag

. — l V. \ 4 \ 4 \ 4 \ 4

TLB Hit e — | | I
*V *V
& &
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Cache Hit Desired word

mTpooTtréAaon Tou TLB evw ta low order bits xpnonuotrolouvrai
yia index oTo cache
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Narti Oyl 'Eva Virtually Addressed Cache?

0 ‘Eva virtually addressed cache 0a 18eAe yovo address
translation yia cache misses

PA

\4

Trans- Main
CPU lation Memory
Cache |,
hit
a )\ )\G data

e AUo dla@opeTika virtual addresses avTioTolxouv OTO idI0
physical address (when processes are sharing data), i.e.,
two different cache entries hold data for the same physical
address — synonyms

- Must update all cache entries with the same physical address or
the memory becomes inconsistent
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Ta ouvopa petagu Hardware/Software (Boundary)

a lNoia peEpn TNG petagppaonc virtual oe physical address
EKTEAOUVTAI ‘N uttoonBaral n ekTEAeon ye hardware?
e To Translation Lookaside Buffer (TLB) 1Tou KpaTtd TIG TTI0 TTPOCPATES
OIEUBNVOEIG
- To TLB access time cival y¢pog Tou cache hit time
- MTropoupe va €xoupue £va extra stage oto pipeline yia TLB access

e Page table storage, fault detection kai updating

- Ta Page faults ecuttakououv interrupts (precise) Ta otroia Ta xeipieral 1o
OS (AeiToupyikd cUOTNUA)

- To hardware trpétrel va uttootnpiel (i.e., update appropriately) Dirty kai
Reference bits (e.g., ~LRU) ota Page Tables

e TotmroBetnon oto dioko (Disk placement)

- Bootstrap (e.g., out of disk sector 0) woTe T0 CUCTNUA VO PTTOPEI VA
XEIPIOTEI Eva TTEPIOPIOUEVO apIBUO page faults TTpiv TO AeIToUupyIKO
ouoTtnua (OS) va popTwOEi
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MNepiAnwn

a The Principle of Locality - TotrikotnTa:

Program likely to access a relatively small portion of the
address space at any instant of time.

- Temporal Locality: Locality in Time
- Spatial Locality: Locality in Space

0 Caches, TLBs, Virtual Memory pytropouv va
KaTavonOouv atraviwvTac OTIC £CEiC 4 EPWTNOEIC:

1.
2.
3.
4,

Where can block be placed?
How is block found?

What block is replaced on miss?
How are writes handled?

0 Page tables map virtual address to physical address
e TLBs are important for fast translation
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Next Lecture and Reminders

0 Next lecture
- 1/0 and Storage (RAIDs)

0 Reminders
e HW1 Date Change — Due February 215,
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