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MC542

Arquitetura de Computadores

Sistemas de Memoria
Virtual

"DDCA" - (Capitulo 8)
"COD" - (Capitulo 7)
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Sumdrio

* Memoria Virtual

» Paginas: Virtual Memory Blocks

* Virtual Page Number X Physical Page Number
* Page Tables (PT)

» Politica de Substituigdo e Tamanho da Page Table
+ TLB: Translation Lookaside Buffer

- TLB e cache (DEC 3100)

+ TLB, Virtual memory e Cache

* Protegdo com Virtual Memory

+ Tratamento de Page Faults e TLB misses

* Miss rate vs set associativity
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Hierarquia de Memorias

Technology | cost/GB | Access time
A
SRAM ~$10,000| ~1ns
Cache
W
? DRAM ~ $100 ~100 ns
9] .
Q. Main Memory
Hard Disk ~ $1 ~ 10,000,000 ns
Virtual Memory
Capacity

* Physical Memory: DRAM
* Virtual Memory: Hard disk
- Lento, 6Grande, Barato
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Hard Disk

)=

Magnetic
Disks

Q Read/Write
Head

Gasta-se Milisegundos para localizar
(seek ) a posigdo no disco
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Memoria Virtual

+ Ilusdo de uma memoria maior do que a que realmente se tem
(sem os altos custos da DRAM)

* A meméria fisica (Physical Memory - DRAM) age como uma
cache para a memoria virtual (Virtual memory - hard disk)

+ Somente um sub-conjunto da memoria virtual esté na memoria
fisica

- 0O Pr'ocesador' gera ender'egos virtuais (virtual addresses) porém
faz acesso a memoria fisica (physical addresses)

+ Enderegos virtuais tém que serem traduzidos em enderecos
fisicos
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Memoria Virtual

+ Page Size: Quantidade de memoria transferida do
disco para a DRAM (bloco)

- Address Translation: determina o enderego fisico a
partir do endereco virtual

* Page Table: lookup table usada para traduzir o
endereco virtual em endereco fisico
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Memoria Virtual

* Memoria principal age como uma cache para o
armazenamento secundario (disco)

Virtual addresses Physical addresses
Address translation

\4

i

Disk addresses

- Vantagens:

- Tlusdo de que ha mais memoéria fisica (programa independente da
configuragao do hardware)

- Relocagdo de programa
- Protegdo (do espago de enderegamento)
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Cache/Virtual Memory

Cache Virtual Memory
Block Page
Block Size Page Size

Block Offset

Page Offset

Miss

Page Fault

Tag

Virtual Page Number
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Pdginas: Virtual Memory Blocks

- Page faults: O dado ndo estdé na memoria, deve ser
buscado no disco

- miss penalty elevado, assim as pdginas devem ser
relativamente grandes (ié., 4KB)

- Redugdo de faults é importante (LRU)
- Pode-se tratar as faults por software no lugar de hardware

- Uso de write-through é muito caro, usa-se write-back
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Virtual Page Number X Physical Page Number

12 bits: 4 KB
VPN: 20 bits
1M page
Virtual address 4 GB
31 30 29 28 27 15141312 111098 3210

L 2N B TR K B N I B B ) LU I I ]

Virtual page number Page offset
Translation .
PPN: 18 bits

256 K page
292827 . .| ....., 15141312 111098 | . 3210 1 GB
A4
Physical page number Page offset
Physical address
McC722
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Virtual Memory - Exemplo

* Virtual address size: 31 bits

- Physical address size: 27 bits
- Page size: 4 KB = 212 bytes

- Assim,

- Virtual memory size = 23! bytes = 2 GB

- Physical memory size = 227 bytes = 128 MB
- Page offset = 12 bits

- 2317212 = 219 virtual pages (VPN = 19 bits)
- 2%7/212 = 215 physical pages (PPN = 15 bits)
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- 19-bit virtual page numbers
- 15-bit physical page numbers

Physical
Page
Number

Virtual Memory - Exemplo

Physical Addresses

Virtual Addresses

Ox7FFFF000 - 0X7FFFFFFF

0x7FFFE000 - Ox7FFFEFFF

0x7FFFD00O - 0x7FFFDFFF

0x7FFFCO000 - 0x7FFFCFFF

0x7FFFBO000 - 0x7FFFBFFF

0x7FFFAQQQ - Ox7FFFAFFF

Ox7FFF9000 - OX7FFFI9FFF

0x00006000 - Ox00006FFF

7FFF

0x7FFFO00 - Ox7FFFFFF

0x00005000 - 0x00005FFF

7FFE

0001
0000

0x7FFEQOQOQ - OX/FFEFFF

0x00004000 - 0x00004FFF

0x00003000 - Ox00003FFF

0x00002000 - Ox00002FFF

0x0001000 - 0x0001FFF

0x00001000 - Ox00001FFF

0x0000000 - 0x0000FFF

0x00000000 - OXx00000FFF

Physical Memory

Virtual Memory

© 2007 Elsevier, Inc. All rights reserved

Virtual
Page
Number

7FFFF
7FFFE
7FFFD
7FFFC
7FFFB
7FFFA
7FFF9

00006
00005
00004
00003
00002
00001
00000
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Qual o physical address para
o virtual address 0x247C?

Physical
Page
Number

Virtual Memory - Exemplo

Physical Addresses

Virtual Addresses

Ox7FFFF000 - 0X7FFFFFFF

0x7FFFE000 - Ox7FFFEFFF

0x7FFFD00O - 0x7FFFDFFF

Ox7FFFCO00 - Ox7FFFCFFF

0x7FFFBO000 - 0x7FFFBFFF

0x7FFFAQQQ - Ox7FFFAFFF

Ox7FFF9000 - OX7FFFI9FFF

0x00006000 - Ox00006FFF

7FFF

0x7FFFO00 - Ox7FFFFFF

0x00005000 - 0x00005FFF

7FFE

0001
0000

0x7FFEQOQOQ - OX/FFEFFF

0x00004000 - 0x00004FFF

0x00003000 - Ox00003FFF

0x00002000 - Ox00002FFF

0x0001000 - 0x0001FFF

0x00001000 - Ox00001FFF

0x0000000 - 0x0000FFF

0x00000000 - OXx00000FFF

Physical Memory

Virtual Memory

© 2007 Elsevier, Inc. All rights reserved

Virtual
Page

Number

7FFFF
7FFFE
7FFFD
7FFFC
7FFFB
7FFFA
7FFF9

00006
00005
00004
00003
00002
00001
00000
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Virtual Memory Example

Qual o physical address para o
virtual address 0x247C?

VPN = 0x2
VPN Ox2 maps to PPN Ox7FFF

The lower 12 bits (page offset) is the
same for virtual and physical
addresses (0x47C)

Physical address = Ox7FFF47C

Physical

Page

Number  Physical Addresses

7FFF
7FFE

0001
0000

0x7FFFO00 - Ox7FFFFFF
0x7FFE00O - Ox7FFEFFF

0x0001000 - 0x0001FFF
0x0000000 - OxO0000FFF

Physical Memory

Virtual Addresses

Ox7FFFF000 - 0X7FFFFFFF

0x7FFFE000 - Ox7FFFEFFF

0x7FFFD00O - 0x7FFFDFFF

0x7FFFCO000 - 0x7FFFCFFF

0x7FFFBO000 - 0x7FFFBFFF

0x7FFFAQQQ - Ox7FFFAFFF

Ox7FFF9000 - OX7FFFI9FFF

0x00006000 - Ox00006FFF

0x00005000 - 0x00005FFF

0x00004000 - 0x00004FFF

0x00003000 - Ox00003FFF

0x00002000 - Ox00002FFF

0x00001000 - Ox00001FFF

0x00000000 - OXx00000FFF

Virtual Memory

© 2007 Elsevier, Inc. All rights reserved

Virtual
Page
Number

7FFFF
7FFFE
7FFFD
7FFFC
7FFFB
7FFFA
7FFF9

00006
00005
00004
00003
00002
00001
00000
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Como Tranduzir os Enderecgos?

* Page Table

- Uma entrada para cada pdgina virtual

- Cada entrada indica:

» Aonde a pdgina virtual esta localizada na memoéria fisica (ou se
ela deve ser buscada no disco)

» O Physical Page Number aonde ela esta localizada

MC722
6.16



Page Table - Exemplo

Virtual Page
Page Number Offset

Virtual
Addresé 0x00002 | 47C |
19 12
Physical
Vv Page Number
0
0
VPN is index 1 0x0000
info page table 0 o
0 -
: (o
. ()
O
0 &
0
1 0x0001
0
0
ok 0x7FFF
0
\o
Hit 15 12
Physical
Address\ 0x7FFE | 47C |
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Virtual page

number

Page Tables

Page table
Physical page or
Valid disk address

v

i

—- o= | = |O|=| = || =] ===

Physical memory

Disk storage

o T

N
N
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- uma PT por processo
- estado:

*PT

- PC

* registradores

Page Tables

Page table register
Virtual address
3130202827 - 5141312111098 - 3210
Virtual page number Page offset
\\20 \\12
;Valid Physical page number
® ®
Page table
v \\18
If 0 then page is not
present in menmory
m2827 ................. ”.... 15141312111098.."...3210
Physical page number Page offset
Physical address
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Politica de Substituicdo e Tamanho da PT

+ Se page fault (bit valido= 0)
- sistema operacional executa a carga da pdgina

- Para minimizar page faults, politica de substituigdo mais
usada: LRU

+ Tamanho da PT (p/ end 32 bits, pag. de 4KB, 4B /
linha da PT)

- nimero de linhas: 232 / 212 = 220
- famanho da PT = 4 MB
- 1 PT por programa ativo

- para reduzir drea dedicada para PT: registradores de limite
superior e inferior

* PT também sdo paginados

MC722
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Page Table- Desafios

+ A Page Table é grande, assim usualmente estd
localizada na memoria fisica

* Cada processo de load/store requer dois acessos a
memoria:

- 1 para a translagdo do enderego (read page table)
- 1 para o accesso do dado

- Translation Lookaside Buffer (TLB)

- Pequena Cache dos enderegos mais recentes transladados

- Reduz o ndmero de acessos a memoria requeridos por cada
load/store de dois para um

MC722
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TLB: Translation Lookaside Buffer

Typical values
TLB size: 32 - 4,096 entries
Block size: 1 - 2 page table entries
Hit time: 0.5 - 1 clock cycle

-
-
v

Virtual page Physical page Miss penalty: 10 - 30 clock ¢
. - :10 - ycle
fumber  Valid  Tag address " Miss rate: 0.01%- 1%
| - map direto ou fully associativo
1 ~
1 '\\‘__ Physical memory
> N o~ .
> 1 o ~ ,l
1 o«
0
1 -~
Page table
Physical page
Valid or disk address
1 o«
1 —
1 — Disk storage
0 074 I
7 L |
1 « / ,
0 ‘*7/ /// | I
1 /S ] |
1 v / ~—
0
1 I’ MC722
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Exemplo: Two-Entry TLB

Virtual Page
Page Number Offset

0x00002 47C
19 12

Virtual
Address

Entry 1 Entry O
| | | |

Virtual Physical Virtual Physical
V Page Number Page Number Vv Page Number Page Number

0x7FFFD | 0x0000 |1 0x00002 | Ox7FFF |TLB

19 15 19 15
| |
Hit, Hit, i Hit,
. Physical 15 12
Hit Address Ox7FFF 47C
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TLB Virtual address
313029 crrrreens 5141312111098 -+ - 3210
e COC he Virtual page nunber Page offset
(DEC 3100) 1
Valid Dirty Tag Physical page number
TLB O
* mapeamento S
fully associative ~ TLBhit«— g: )
Ok
Ol
420
! |
Physical number | Page offset
A pae Physical address 9
Physical address tag r' Cache index sgt
NG 14 sz
* mapeamento
direto
Valid Tag Data
* pior caso: Cache '
. —p| ®
3 misses
TLB, PT, cache
A 432
N N
' Data
Cache hite—_ _—
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TLBs e Caches (DEC 3100)

Virtual address L. ~ . . .
1 « nesta maquina nao ha write hit

- write through
» linha de uma palavra

TLBaccess - write buffer
TLB miss No Yes
exception Physical address
No . Yes
Write?
,| Trytoread data
from cache
| |
Wrggeg%c:on Write data into cache,
_ No Yes update the tag, and put
Cache miss stall the data and the address
into the write buffer
Deliver data
to the CPU
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TLB, Virtual memory e Cache (pag 595)

Miss [Hit |Hit Possible, although the page table is never really checked if TLB hits.

Hit Miss | Hit TLB misses, but entry found in page table; after retry data is found in cache.
Miss |Miss | Hit 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.
Miss [Hit |Miss Impossible: cannot have a translation in TLB if page is not present in memory.
Hit Hit | Miss Impossible: cannot have a translation in TLB if page is not present in memory.
Hit Miss | Miss Impossible: data cannot be allowed in cache if the page is not in memory.

MC722
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Protegcdo com Virtual Memory

- Suporte a pelo menos dois modos de operagdo
- user process
- operating system process (kernel, supervisor, executive)

- CPU garante que um user process pode ler mas nado
escreve nha page table e na TLB

- Instrugdes especiais que somente sdo disponiveis no modo
supervisor

- Mecanismo que permite a CPU mudar de modo wuser para modo
supervisor , e vice-versa

- user para supervisor : system call exception
- supervisor para user : return from exception (RFE)

+ OBS: page tables (no espago de enderegamento do
siatema operacional)
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Tratamento de Page Faults e TLB misses

+ TLB miss (software ou hardware).

- Se a pdgina estd presente na memoria, é necessdrio criar
uma entrada na TLB.

- Se a pdgina ndo esta presente na memoria, é necessdrio
transferir o controle para o SO para tratar a page fault.

* Page fault (exception mechanism).
- SO salva o estado do processo ativo.
- EPC = virtual address da faulting page.

- SO deve executar trés tarefas :

» Consultar a page table usando o virtual address e encontrar a
localizagdo da referida pagina no disco.

» Escolher uma physical page para troca-la; se a pdgina escolhida
esta dirty, ela deve ser escrita no disco antes de colocar a
nova pdgina na pdgina fisica que ela ocupa.

» Iniciar a leitura, no disco, da referida pdgina e coloca-la na
pagina fisica escolhida.
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Hierarquia de Memorias

- Aonde um Bloco deve ser colocado?

Scheme name

Number of sets

Block per set

Direct mapped

Number of blocks in cache

1

Set associative

Number of blocks in cache

Associativity

Associativity (typically 2 —8)

Fully associative

1

Number of block in the cache

Typical values

Typical values for

Typical values

Feature for cache page memory fora TLB
Total size in blocks 1000 —100,000 2000 — 250,000 32 -4,000
Total size in kilobytes 8 — 8,000 8000 — 8,000,000 0.254 — 32
Block size in bytes 16 — 256 4000 — 64,000 4 — 32
Miss penalty in clocks 10 —-100 1,000,000 — 10,000,000 10—-100

Miss rate

0.1% -- 10% 0.00001% -- 0.0001%

0.01% -- 2%

MC722
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Miss rate

15%

12%

9%

6%

3%

0%

Miss Rate vs Set Associativity

\

—

\ — -
—
|

—=

J

One-way Two-way Four-way
Associativity = 1 KB
m 2 KB

e 4 KB
e 8 KB

Eight-way
<+ 16 KB
<+ 32 KB

= 64 KB
- 128KB V722



Hierarquia de Memorias

- Como Encontrar um bloco?

Associativity

Location method

Comparisons required

Direct mapped

Index

1

Set associative

Index the set, search among elements

Degree of associativity

Full

Search all cache entries

Size of the cache

Separate lookup table

0

- OBS.: Em virtual memory systems

- Full associativy € bom, ja que um miss tem alto custo

- Full associativity permite que, por software, se use
esquemas de reposigdo sofisticados projetados para
reduzirem o miss rate.
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Hierarquia de Memorias

* Qual Bloco Deve Ser Trocado em um Cache Miss?

- Random : o bloco candidato é selecionado
randomicamente, possivelmene usando algum hardware.

- Least Recently Used (LRU): O bloco trocado é aquele
que foi ndo foi usado a mais tempo

MC722
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Hierarquia de Memorias

* O que Ocorre em um Write?

- Write-through

» Misses sdo simples e baratos ja que o bloco ndo precisar ser
escrito no lower level.

» Mais facil de implementar do que write-back, porém em
sistemas com alta velocidade, para ser usdvel, uma write-
through cache necessita usar um write buffer

- Write-back (copy-back)

» Words individuais podem ser escritas pelo processador na
velocidade da cache e ndo da memoria.

» Mdltiplos writes em um mesmo bloco requer somenteuma
escrita no lower level na hierarquia.

» Quando um bloco é escrito na meméria, o sistema pode fazer
uso efetivo de high bandwidth transfer.
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Sistemas Modernos

Characteristic Intel Pentium Pro PowerPC 604

Virtual address |32 bits 52 bits

Physical address |32 bits 32 bits

|Page size 4 KB. 4 NB 4 KB, selectable. and 256 VB

TLB organization [A TLB for instructions and a TLB for data A TLB for instructions and a TLB for data
Both four-way set associative Both two-way set associative
Pseudo-LRU replacement LLRU replacement
Instruction TLB: 32 entries Instruction TLB: 128 entries
Data TLB: 64 entries Data TLB: 128 entries

T1 B misses handled in hardware

TLB misses handled in hardwal

Characteristic Intel Pentium Pro PowerPC 604
Cache organization Split instruction and data caches [Spilit intruction and data caches
Cache size 8 KB each for instructions/data |16 KB each for instructions/data
Cache associativity Four-way set associative Four-way set associative
Replacement Approximated LRU replacement [LRU replacement
Block size 32 bytes 32 bytes
Write policy Write-back Write-back or write-through 722
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ERROR: undefined
OFFENDING COMMAND: pp_by2

STACK:

-180
4250

/pp_sy
331

/pp_by?2



