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Outline

1. Memory Problems 3. How do we implement VM?
 Not enough memory e Create and store page tables
* Holes in address space * Fast address translation

* Programs overwriting

2. What is Virtual Memory? 4. Virtual Memory and Caches

* Prevent cache performance

e Layer of indirection
Y degradation when using VM

e How does indirection solve above
* Page tables and translation
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Page Tables

* The Page Table is the mapping from Virtual to Physical address

e So far we have had 1 Page Table Entry (PTE) for every Virtual Address

Translation

VA > PA Physical Address Space

Virtual Address Space

Processor “

Data for $R3
LD $R3, 0x100 (S5R0) 0x98 3 PA 4 Data for S$R2

LD $R2, 0x98(5R0) A 0x99 0x99 Disk 4 —P Data for $R5

ADD $R4, S$R2, S$R3 .
LD S3R5, 0x99(SR0) 0x100 2

0x101 101




Page Tables

* The Page Table is the mapping from Virtual to Physical address

e So far we have had 1 Page Table Entry (PTE) for every Virtual Address

Q: Given 1 Page Table Entry per Virtual Address,
how many entries do we need in our Page Table?
1 for each Byte... 232 [4 billion]
1 for each Word... 230 [1 billion]
1 for each Register... 32
Translation * Undetermined

VA > PA Physical Address Space

Virtual Address Space

0x98 3 Data for $R3
LD $R3, 0x100 (S5R0) L¢ PA 4 Data for S$R2
LD $R2, 0x98(5R0) A 0X99 0x99 Disk 4 —P Data for $R5
ADD $R4, $R2, $R3 .
LD S3R5, 0x99(SR0) 0x100 2

0x101 101




Page Tables

* The Page Table is the mapping from Virtual to Physical address

e So far we have had 1 Page Table Entry (PTE) for every Virtual Address

Q: Given 1 Page Table Entry per Virtual Address,
how many entries do we need in our Page Table?
* 1 foreach Byte... 232 [4 billion]

* 1 foreach Word... 230 [1 billion]

* 1 for each Register... 32

Translation * Undetermined

VA -2 PA .
Physical Address S . .

Virtual Address Space Jeicer Address shace A: 1 for each Word... 23° [1 billion entries]

0x98 3 bata for $R3 Memory is word-aligned and we need to
LD $R3, 0x100 (S5R0) PA 4 Data for S$R2 ,
LD $R2, 0x98 (SRO) 0x99 0x99  Disk4 — Data for SRS access every word. That’s a total of 1GB
ADD $R4, SR2, $R3 . VA st for this table!
LD SR5, 0x99(SRO) 0x100 2 Just Tor this table!

0x101 101




Illustration o thie tex_book

Virtual page
number

Page table
Physical page or Physical memory
Valid disk address

Disk storage
- ~

DA

e L= el Bt ) el e = ) el el

FIGURE 5.28 The page table maps each page In virtual memory to elther a page In main
memory or a page stored on disk, which Is the next level In the hlerarchy. The virtual page
number is used to index the page table. If the valid bit is on, the page table supplies the physical page number
(Le., the starting address of the page in memory) corresponding to the virtual page. If the valid bit is off, the
page currently resides only on disk, at a specified disk address. In many systems, the table of physical page
addresses and disk page addresses, while logically one table, is stored in two separate data structures. Dual
tables are justified in part because we must keep the disk addresses of all the pages, even if they are currently
in main memory. Remember that the pages in main memory and the pages on disk are the same size.
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* We need to translate every address in address space

* Our programs have a 32-bit Virtual Address space
e 230 entries in our (as seen so far)
* Must have a or we cannot perform translation

* How can we make this more manageable?
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Page Table 5i7e

* We need to translate every address in address space

* Our programs have a 32-bit Virtual Address space
e 230 entries in our (as seen so far)
* Must have a or we cannot perform translation

* How can we make this more manageable?
* Segment table into chunks of addresses (pages) instead of singular addresses

VA > PA

Fine-Grain Approach:

0x98 3
1 address per entry X

0x99 bisk 4
0x100 2
0x101 101



Page Table 5i7e

* We need to translate every address in address space

* Our programs have a 32-bit Virtual Address space
e 230 entries in our (as seen so far)
* Must have a or we cannot perform translation

* How can we make this more manageable?
* Segment table into chunks of addresses (pages) instead of singular addresses

Page Table

VA => PA VA to PA Mapping

Fine-Grain Approach: Coarse-Grain Approach:
0x98 3 _ _
1 address per entry Many addresses per entry. 0-4095 S - I
0x99  Disk4
Can map same number of
0x100 2

addresses in smaller area.
0x101 101




Page Table 5i7e

* We need to translate every address in address space

* Our programs have a 32-bit Virtual Address space
e 230 entries in our (as seen so far)
* Must have a or we cannot perform translation

* How can we make this more manageable?
* Segment table into chunks of addresses (pages) instead of singular addresses

Page Table
VA => PA 4 KB Page! VA to PA Mapping
Fine-Grain Approach: Coarse-Grain Approach:
0x98 3 0 - 4095 4096 - 8191
1 address per entry Many addresses per entry.
0x99  Disk4
Can map same number of
0x100 2 .
addresses in smaller area.
0x101 101




Page Entries, not' \Word. zntries

* The Page Table now manages pages of data, not word entries

Page Table

VA to PA Mapping

0-—4095 4096 - 8191




Page Entries, not' \Word. zntries

* The Page Table now manages pages of data, not word entries
+ We need fewer entries to cover the entire address space

Page Table

VA to PA Mapping

0-—4095 4096 - 8191




Page Entries, not' \Word. zntries

* The Page Table now manages pages of data, not word entries
+ We need fewer entries to cover the entire address space
-- BUT less flexible in how we allocate RAM

Page Table

VA to PA Mapping

0-—4095 4096 - 8191




Page Entries, not' \Word. zntries

* The Page Table now manages pages of data, not word entries
+ We need fewer entries to cover the entire address space
-- BUT less flexible in how we allocate RAM

* Today it is common to use 4 kB pages [1,024 words per page]
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Page Entries, not' \Word. zntries

* The Page Table now manages pages of data, not word entries
+ We need fewer entries to cover the entire address space
-- BUT less flexible in how we allocate RAM

* Today it is common to use 4 kB pages [1,024 words per page]

/ Page Table

Q: How many entries do we need VA to PA Mapping
in our Page Table with 4kB pages
on a 32-bit machine?

232 [4 billion]

230 [1 billion]

220 [1 million]

218 [1/4 million]

0-—4095 4096 - 8191




Page Entries, not' \Word. zntries

* The Page Table now manages pages of data, not word entries
+ We need fewer entries to cover the entire address space
-- BUT less flexible in how we allocate RAM

* Today it is common to use 4 kB pages [1,024 words per page]

_——

Page Table

Q: How many entries do we need
in our Page Table with 4kB pages
on a 32-bit machine?

A VA to PA Mapping
A: 220 [1 million]

232 [4 billion] We need to address 232 Bytes total 0 — 4095 4096 - 8191
230 [1 billion] but we partition pages into 212 (4 kB)
220 [1 million] chunks. By simple division we need

218 [1/4 million] 220, or 1 million entries.
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How do we iap addresses withiti ¢ page?

Virtual Address Space Physical Address Space
Page Table

VA to PA Mapping

T

0-4095 4096 - 8191
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Virtual Address Space Physical Address Space
Page Table
v
0-4095 4096 - 8191
4095
0
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0-4095 4096 - 8191

8191

4096
4095




How do WEQM !E!EyesF\A“hmg page?’

Virtual Address Space Physical Address Space
Page Table
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Virtual Address Space Physical Address Space

Page Table

16,383

T
12,288

0-4095 4096 - 8191 12,287

8192
8191

4096
4095




How do WeQeM !\E!Eyest\”hmg

Page Table

T

0-4095

4096 - 8191

page?

Virtual Address Space

16,383

12,288
12,287

8192
8191

4096
4095

Physical Address Space

12,287

8192
8191

4096
4095
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Page Table

T

0-4095

4096 - 8191

page?

Virtual Address Space

16,383

12,288
12,287

8192
8191

4096
4095

Physical Address Space

12,287

8192
8191

4096
4095
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Virtual Address Space Physical Address Space

Page Table

16,383

o
12,288

0-4095 4096 - 8191 12,287 12,287

8192 8192

8191 8191

J\ 4096 4096

Q: Vz\l/hat is the PA for VA 4? 4095 4095
* 4096
« 4100

e |don’t know... 0
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Virtual Address Space Physical Address Space
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Computer Specs: — 32-bit Virtual Address
32-bit ISA, 256 MB of RAM, 4 kB pages 28-bit Physical Address

Physical Address 28 bits



Address Tr Mii}pcy Flint

Computer Specs: — 32-bit Virtual Address
32-bit ISA, 256 MB of RAM, 4 kB pages 28-bit Physical Address

Virtual Address 32 bits

PAGE TABLE

Physical Address 28 bits
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Computer Specs:
32-bit ISA, 256 MB of RAM, 4 kB pages

Virtual Address

—

32-bit Virtual Address
28-bit Physical Address

12-bit Page Offset [Index]

32 bits

PAGE TABLE

Physical Address

28 bits
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Computer Specs:
32-bit ISA, 256 MB of RAM, 4 kB pages

Virtual Address

Physical Address

—

32-bit Virtual Address
28-bit Physical Address

12-bit Page Offset [Index]
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Computer Specs: — 32-bit Virtual Address

12-bi
32-bit ISA, 256 MB of RAM, 4 kB pages 28-bit Physical Address bit Page Offset [Index]

Virtual Address 32 bits
Each Page Table Entry handles
4 kB of address space...
PAGE TABLE

Physical Address 28 bits
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Computer Specs: — 32-bit Virtual Address

12-bi
32-bit ISA, 256 MB of RAM, 4 kB pages 28-bit Physical Address bit Page Offset [Index]

Virtual Address 32 bits
Each Page Table Entry handles
4 kB of address space...
PAGE TABLE

For every page, 4096 addresses
[12 bits] do not get translated.
28 bits

Physical Address
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Computer Specs: — 32-bit Virtual Address

12-bi
32-bit ISA, 256 MB of RAM, 4 kB pages 28-bit Physical Address bit Page Offset [Index]

Virtual Address 20 bits 12 bits
Each Page Table Entry handles
4 kB of address space...
PAGE TABLE

For every page, 4096 addresses
[12 bits] do not get translated.
28 bits

Physical Address
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Computer Specs:
32-bit ISA, 256 MB of RAM, 4 kB pages

—

32-bit Virtual Address
28-bit Physical Address

12-bit Page Offset [Index]

Virtual Address 20 bits 12 bits
PAGE TABLE

Physical Address

Each Page Table Entry handles

4 kB of address space...

For every page, 4096 addresses
[12 bits] do not get translated.
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Computer Specs:
32-bit ISA, 256 MB of RAM, 4 kB pages

—

32-bit Virtual Address
28-bit Physical Address

12-bit Page Offset [Index]

Virtual Address 20 bits 12 bits

PAGE TABLE

Each Page Table Entry handles

4 kB of address space...

For every page, 4096 addresses
[12 bits] do not get translated.

Physical Address 16 bits 12 bits
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Computer Specs:
32-bit ISA, 256 MB of RAM, 4 kB pages

—

32-bit Virtual Address
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\
\

PAGE TABLE

Physical Address 16 bits 12 bits

Each Page Table Entry handles

4 kB of address space...

For every page, 4096 addresses
[12 bits] do not get translated.
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Computer Specs:
32-bit ISA, 256 MB of RAM, 4 kB pages

—

32-bit Virtual Address
28-bit Physical Address

12-bit Page Offset [Index]

Virtual Address 20 bits 12 bits

\
\

PAGE TABLE

Each Page Table Entry handles

4 kB of address space...

For every page, 4096 addresses
[12 bits] do not get translated.

Physical Address 16 bits 12 bits



Illustration 1o thie tex_book

Virtual address

190908897 cevnsrsmocasmnanssins 1514539911 T0 9B wuvvernseen, 99 0

Virtual page number Page offset

\

( Translation )

29 28 27 sssmersasdpentananess 1514131211 1098 «sacpeceess 3210

Physical page number Page offset

Physical address

FIGURE 5.26 Mapping from a virtual to a physical address. The page size is 2'* = 4 KiB. The
number of physical pages allowed in memory is 2', since the physical page number has 18 bits in it. Thus,
main memory can have at most 1 GiB, while the virtual address space is 4 GiB.
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Page table register

Virtual address
31 30 29 28 27+rrverrsrrverrerveneese15 14 13 12 11 10 9 8 w+oe=3 2 1 0

Virtual page number Page offset

420 112
Valid Physical page number

Page table

18
N

If 0 then page is not
present in memory

29 28 27 vrrrevrrrvavnes rvrrrireve eeedeee15 14 13 12 11 10 9 8F+3 210

Physical page number Page offset

Physical address

FIGURE 5.27 The page table Is Indexed with the virtual page number to obtain the
corresponding portion of the physical address. We assume a 32-bit address. The page table pointer
gives the starting address of the page table. In this figure, the page size is 2' bytes, or 4 KiB. The virtual
address space 1s 27 bytes, or 4 GIB, and the physical address space is 2* bytes, which allows main memory
of up to 1 GiB. The number of entrles in the page table is 2%, or 1 million entries. The valid bit for each entry
indicates whether the mapping is legal. If it is off, then the page is not present in memory. Although the
page table entry shown here need only be 19 bits wide, 1t would typically be rounded up to 32 bits for ease of
indexing. The extra bits would be used to store additional information that needs to be kept on a per-page
basis, such as protection.
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Address Tr ‘g&;p cy Eﬁﬂ@f RAM, 4 kB pages

Virtual Address Space

Address
16,383

12,288
12,287

8192
8191

4096
4095

32-bit Virtual Address
28-bit Physical Address

12-bit Page Offset [Index]




Address Tr ‘g&;p cy Eﬁmgf RAM, 4 kB pages

Virtual Address Space

Page Number Address
16,383

3]

12,288
12,287
2]

8192
8191

[1]

4096
4095

0]

32-bit Virtual Address
28-bit Physical Address

12-bit Page Offset [Index]




Address Tr ‘g&;p cy Eﬁﬂ@f RAM, 4 kB pages

Virtual Address Space

Page Number Address
16,383

3]

12,288
12,287
2]

8192
8191

[1]

4096
4095

0]

32-bit Virtual Address
28-bit Physical Address

12-bit Page Offset [Index]




Address Tr ‘g&;p cy Eﬁﬂ@f RAM, 4 kB pages

Virtual Address Space

Page Number Address
16,383

3]

12,288
12,287
2]

8192
8191

[1]

4096

4095
Selects a page!

i, =) [0]

' 0
|

32-bit Virtual Address
28-bit Physical Address

12-bit Page Offset [Index]




Address Tr ‘g&;p cy Eﬁﬂ@f RAM, 4 kB pages

Virtual Address Space

Page Number Address
16,383

3]

12,288
12,287
2]

8192
8191

[1]

4096

4095
Selects a page!

~=> [0]

32-bit Virtual Address
28-bit Physical Address

12-bit Page Offset [Index]




Address Tr ‘g&;p cy Eﬁmgf RAM, 4 kB pages

Virtual Address Space

Page Number Address
16,383

3]

12,288
12,287

2]
8192
8191

[1]

4096

4095
Selects a page!

== [0]
| 0

Selects a Word
within a page!

4---

32-bit Virtual Address
28-bit Physical Address

12-bit Page Offset [Index]




Address Tr ‘g&;p cy Eﬁﬂ@f RAM, 4 kB pages

Virtual Address Space

Page Number Address
16,383

3]

12,288
12,287
2]

8192
8191

[1]

4096

4095
Selects a page! Selects a Word
|- =-p [0] within a page!

32-bit Virtual Address
28-bit Physical Address

12-bit Page Offset [Index]

Physical Address Space

Address
12,287

8192
8191

4096
4095




Address Tr ‘g&;p cy Eﬁﬂ@f RAM, 4 kB pages

32-bit Virtual Address

Virtual Address Space 28-bit Physical Address 12-bit Page Offset [Index]

Page Number Address
16,383

[3] Physical Address Space

12,288 Page Number Address
12,287 12,287
[2] [2] 4 kB
8192 8192
8191 8191

[1] [1]

4096 4096
Select | 4095 4095
elects a page!
Selects a Word
| > [0] within a page! [0]
' 0 == 0




Address Tr ‘g&;p cy Eﬁﬂ@f RAM, 4 kB pages

Virtual Address Space

Page Number Address
16,383

3]

12,288
12,287

2]
8192
8191

[1]

4096

4095
Selects a page!

i, =) [0]

' 0
|

32-bit Virtual Address
28-bit Physical Address

12-bit Page Offset [Index]

Selects a Word
within a page!

Physical Address Space

Page Number Address
12,287

[2]
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Virtual Address Space

Page Number Address
16,383

3]

12,288
12,287

[2]

8192
8191
[1]
4096
4095
Selects a page!
~=> [0]
[ 0 ==

32-bit Virtual Address
28-bit Physical Address

12-bit Page Offset [Index]

Selects a Word
within a page!

Physical Address Space

Page Number Address
12,287
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Virtual Address Space

Page Number Address
16,383

3]

12,288
12,287

2]
8192
8191

[1]

4096

4095
Selects a page!

i, =) [0]

' 0
|

32-bit Virtual Address
28-bit Physical Address

12-bit Page Offset [Index]

Selects a Word
within a page!

Physical Address Space

Page Number Address
12,287
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32-bit Virtual Address

Virtual Address Space 28-bit Physical Address

Page Number Address
16,383

12-bit Page Offset [Index]

[3] Physical Address Space

12,288
12,287

Page Number Address
12,287

[2]

8192
8191
[1]
4096
4095
Selects a page! Selects a Word
I- => [O] within a page!
I 0 L N
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32-bit Virtual Address

Virtual Address Space 28-bit Physical Address

Page Number Address
16,383

12-bit Page Offset [Index]

[3] Physical Address Space

12,288
12,287

Page Number Address
12,287

2]
8192
8191

[1]

4096

4095
Selects a page!

i, =) [0]

Selects a Word
within a page!
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Q: Why do we have more Virtual Page Number bits
than Physical Page Number bits in this example?

Virtual Address 20 bits 12 bits

AY
\

PAGE TABLE

Physical Address 16 bits 12 bits
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Address Trarslaition

Q: Why do we have more Virtual Page Number bits

% than Physical Page Number bits in this example?

Virtual Address [fuieeees e A: The virtual address space is larger than our physical
RAM in this example (here assumed to be 256 MB).

*------

‘--

. Physical Page Page
Physical Address T Offset




Address Trarslaition

Virtual Address

Physical Address

Con HuU 2r T oS
32-F t1 A 25 N of RAM, 4 kB pages

Q: Why do we have more Virtual Page Number bits
than Physical Page Number bits in this example?

—

Virtual Page
Number

Page
Offset

‘--

A: The virtual address space is larger than our physical
RAM in this example (here assumed to be 256 MB).

Physical Page
Number

Page
Offset

Q: What would change if we now have 8 GB of RAM
installed (instead of 256MB)?




Address Trarslaition

Virtual Address

Physical Address

Con HuU 2r T oS
32-F t1 A 25 N of RAM, 4 kB pages

Q: Why do we have more Virtual Page Number bits
than Physical Page Number bits in this example?

—

Virtual Page
Number

Page
Offset

‘--

A: The virtual address space is larger than our physical
RAM in this example (here assumed to be 256 MB).

Physical Page
Number

Page
Offset

Q: What would change if we now have 8 GB of RAM
installed (instead of 256MB)?

A: The physical address space is now larger than our
virtual address space. We need 33 bits to address all
Words in memory. Our Physical Page is now 21 bits.




Address Trarslaition

Virtual Address

Physical Address

Con HuU 2r T oS
32-F t1 A 25 N of RAM, 4 kB pages

Q: Why do we have more Virtual Page Number bits

% than Physical Page Number bits in this example?

A: The virtual address space is larger than our physical
RAM in this example (here assumed to be 256 MB).

Virtual Page Page
Number Offset
A Y |
\ I
N I
X I
|
|
|
|
- I
|
1
\ 4 v
Physical Page Page
Number / Offset

Q: What would change if we now have 8 GB of RAM
installed (instead of 256MB)?

A: The physical address space is now larger than our
virtual address space. We need 33 bits to address all
Words in memory. Our Physical Page is now 21 bits.
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Address Tr Mi!}%pl:e Comure) sou nourterms:

RAM: 256 MB E> 28-bit Physical Address
Page Size: 4 kB 12-bit Page Offset
Virtual Address 32 bits
[32 bit]
Physical Page #
DISK
0x0001
Page Table
. 0x0004
[20 bits]

0x0007

Physical Address
[28 bits]
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Address Tr Mi!}%pl:e Comure) sou nourterms:

RAM: 256 MB E> 28-bit Physical Address
Page Size: 4 kB 12-bit Page Offset
Virtual Address 20 bits 12 bits
[32 bit]
Physical Page #
DISK
0x0001
Page Table
. 0x0004
[20 bits]

0x0007

Physical Address 16 bits 12 bits
[28 bits]
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Address Tr Mi!}%pl:e Comure) sou nourterms:

RAM: 256 MB E> 28-bit Physical Address
Page Size: 4 kB 12-bit Page Offset
Virtual Address 20 bits 12 bits
[32 bit]
Physical Page #
DISK
0x0001
Page Table
. 0x0004
[20 bits]

0x0007

Physical Address 16 bits 12 bits
[28 bits]



o
Address Tr Mi!}%pl:e Comure) sou nourterms:

RAM: 256 MB E> 28-bit Physical Address
Page Size: 4 kB 12-bit Page Offset
Virtual Address 20 bits 12 bits
[32 bit]
Physical Page #
DISK
0x0001
Page Table
. 0x0004
[20 bits]

0x0007

Physical Address 16 bits 12 bits
[28 bits]



o
Address Tr Mi!}%pl:e Comure) sou nourterms:

RAM: 256 MB E> 28-bit Physical Address
Page Size: 4 kB 12-bit Page Offset
Virtual Address 20 bits 12 bits
[32 bit]
Physical Page #
DISK
0x0001
Page Table
. 0x0004
[20 bits]

0x0007

Physical Address 16 bits 12 bits
[28 bits]
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ter S :
ISA: 32-bit
RAM: 256 MB

Page Size: 4 kB

In our terms:

32-bit Virtual Address
28-bit Physical Address
12-bit Page Offset

Virtual Address 20 bits 12 bits
[32 bit]

Physical Page #
DISK
0x0001
0x0004
0x0007

Page Table
[20 bits]

Physical Address

16 bits 12 bits
[28 bits]




Address Tr Mii}%pl:e

ter S :
ISA: 32-bit
RAM: 256 MB

Page Size: 4 kB

In our terms:

32-bit Virtual Address
28-bit Physical Address
12-bit Page Offset

Virtual Address 20 bits 12 bits
[32 bit]

Physical Page #
DISK
0x0001
0x0004
0x0007

Page Table
[20 bits]

Physical Address

16 bits 12 bits
[28 bits]




o
Address Tr Mi!}%pl:e Comure) sou nourterms:

RAM: 256 MB E> 28-bit Physical Address
Page Size: 4 kB 12-bit Page Offset

Virtual Address 20 bits 12 bits
[32 bit]

Physical Page #

DISK
0x0001
0x@004

Page Table
[20 bits]

Physical Address
[28 bits]

16 bits 12 bits
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Virtual Address
[32 bit]

Page Table
[20 bits]

Physical Address
[28 bits]

DISK

Physical Page #

0x0001

0x(

004

ter' S :
ISA: 32-bit
RAM: 256 MB

Page Size: 4 kB

In our terms:

32-bit Virtual Address
28-bit Physical Address
12-bit Page Offset

16 bits 12 bits




Address Tr Mi!}WpFe

ter' S : In our terms:
ISA: 32-bit I:> 32-bit Virtual Address
RAM: 256 MB 28-bit Physical Address

Page Size: 4 kB

12-bit Page Offset

[32 bit] 31 12 11

Physical Page #

DISK
0x0001
Page Table
. 0x0004
[20 bits]

0x0007

Physical Address

S - |- SN

27 12 11

0

EXAMPLE:

Using the page table to the
left, find the Physical Address
associated with Virtual Address
0x00003103




Address Tr Mi!}WpFe

ter' S : In our terms:
ISA: 32-bit I:> 32-bit Virtual Address
RAM: 256 MB 28-bit Physical Address

Page Size: 4 kB

12-bit Page Offset

[32bit] '3y

Physical Page #

DISK
0x0001
Page Table
. 0x0004
[20 bits]

0x0007

Physical Address

S - |- SN

12 11

27

12 11

0

EXAMPLE:

Using the page table to the
left, find the Physical Address
associated with Virtual Address
0x00003103

VA: 0x00003 103



Address Tr Mi!}WpFe

ter' S : In our terms:
ISA: 32-bit I:> 32-bit Virtual Address
RAM: 256 MB 28-bit Physical Address

Page Size: 4 kB

12-bit Page Offset

[32bit] '3y

Physical Page #

DISK
0x0001
Page Table
. 0x0004
[20 bits]

0x0007

Physical Address

S - |- SN

12 11

27

12 11

0

EXAMPLE:

Using the page table to the
left, find the Physical Address
associated with Virtual Address
0x00003103

VA: 0x00003 103
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Virtual Address
[32 bit] 31

Physical Page #

DISK
0x0001
Page Table
. 0x0004
[20 bits]

0x0007

Physical Address

S - |- SN

12 11

27

12 11

ter' S : In our terms:
ISA: 32-bit I:> 32-bit Virtual Address
RAM: 256 MB 28-bit Physical Address

Page Size: 4 kB

12-bit Page Offset

EXAMPLE:

Using the page table to the
left, find the Physical Address
associated with Virtual Address
0x00003103

VA: 0x00003 103



o
Address Tr Mi!}WpFe CmputerSpecss | lnourtemns:
1 ; -bit 2-bit Virtual Address

RAM: 256 MB E> 28-bit Physical Address
Page Size: 4 kB 12-bit Page Offset

[32 bit] 31 12 11 0

Physical Page # EXAMPLE:
Using the page table to the
DISK
left, find the Physical Address
Pace Table 0x0001 associated with Virtual Address
[ §0 . 0%0004 0x00003103
Its

0x0007

VA: 0x00003 103

Physical Address
[28 bits]

27 12 11 0
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Address Tr Mi!}WpFe CmputerSpecss | lnourtemns:
1 ; -bit 2-bit Virtual Address

RAM: 256 MB E> 28-bit Physical Address
Page Size: 4 kB 12-bit Page Offset

[32 bit] 31 12 11 0

Physical Page # EXAMPLE:
Using the page table to the
DISK
left, find the Physical Address
Pace Table 0x0001 associated with Virtual Address
[ §0 . 0%0004 0x00003103
Its

0x0007

VA: 0x00003 103

Physical Address
[28 bits]

27 12 11 0
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Address Tr Mi!}WpFe CmputerSpecss | lnourtemns:
1 ; -bit 2-bit Virtual Address

RAM: 256 MB E> 28-bit Physical Address
Page Size: 4 kB 12-bit Page Offset

[32 bit] 31 12 11 0

Physical Page # EXAMPLE:
Using the page table to the
DISK
left, find the Physical Address
Pace Table 0x0001 associated with Virtual Address
[ §0 . 0%0004 0x00003103
Its

0x0007

VA: 0x00003 103

Physical Address
[28 bits]

27 12 11 0
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Address Tr Mi!}WpFe CmputerSpecss | lnourtemns:
1 ; -bit 2-bit Virtual Address

RAM: 256 MB E> 28-bit Physical Address
Page Size: 4 kB 12-bit Page Offset
Virtual Address 0x0 0003 103
[32bit] 37 12 11 0
Physical Page # EXAMPLE:
Using the page table to the
DLSK left, find the Physical Address
Page Tabl 0x0001 associated with Virtual Address
age lable 0%0004 0x00003103
[20 bits]

0x0007

VA: 0x00003 103

Physical Address

[28 bits]
27 12 11 0



Address Tr

Virtual Address 0x0 0003
[32 bit]

Physical Page #
DISK
0x0001
0x0004
0x0007

Page Table
[20 bits]

Physical Address
[28 bits]

27 12 11

ter' S : In our terms:
ISA: 32-bit I:> 32-bit Virtual Address
RAM: 256 MB 28-bit Physical Address

Page Size: 4 kB 12-bit Page Offset

EXAMPLE:

Using the page table to the
left, find the Physical Address
associated with Virtual Address
0x00003103

VA: 0x00003 103



Address Tr

Virtual Address 0x0 0003
[32 bit]

Physical Page #
DISK
0x0001
0x0004
0x0007

Page Table
[20 bits]

Physical Address
[28 bits]

27 12 11

ter' S : In our terms:
ISA: 32-bit I:> 32-bit Virtual Address
RAM: 256 MB 28-bit Physical Address

Page Size: 4 kB 12-bit Page Offset

EXAMPLE:

Using the page table to the
left, find the Physical Address
associated with Virtual Address
0x00003103

VA: 0x00003 103



Ad d reSS Tr te: S : In our terms:
ISA: 32-bit I:> 32-bit Virtual Address
RAM: 256 MB 28-bit Physical Address

Page Size: 4 kB 12-bit Page Offset

Virtual Address 0x0 0003
[32 bit]

EXAMPLE:

Using the page table to the
left, find the Physical Address
associated with Virtual Address
0x00003103

Physical Page #
DISK
0x0001
0x0004
0x0007

Page Table
[20 bits]

VA: 0x00003 103

Physical Address
[28 bits]

27 12 11 0



Ad d reSS Tr te: S : In our terms:
ISA: 32-bit I:> 32-bit Virtual Address
RAM: 256 MB 28-bit Physical Address

Page Size: 4 kB 12-bit Page Offset

Virtual Address 0x0 0003
[32 bit]

EXAMPLE:

Using the page table to the
left, find the Physical Address
associated with Virtual Address
0x00003103

Physical Page #
DISK
0x0001
0x0004

Page Table

[20 bits] 0x0007
VA: 0x00003 103
Physical Address 0x0 0007
[28 bits]

27 12 11 0



t

S : In our terms:

Address Tr Mi!}WPFe

RAM:

32-bit I:> 32-bit Virtual Address
256 MB 28-bit Physical Address

Page Size: 4 kB 12-bit Page Offset

Virtual Address 0x0 0003
[32 bit]

Physical Page #
DISK
0x0001
0x0004
0x0007

Page Table
[20 bits]

Physical Address 0x0 0007
[28 bits]

27 12 11 0

EXAMPLE:

Using the page table to the
left, find the Physical Address
associated with Virtual Address
0x00003103

VA: 0x00003 103

5
PA: 0x00007 103



Address Tr MilvnE;%pFe

ter' S : In our terms:
ISA: 32-bit I:> 32-bit Virtual Address
RAM: 256 MB 28-bit Physical Address

Page Size: 4 kB

12-bit Page Offset

[32 bit] 31 12 11

Physical Page #

DISK
0x0001
Page Table
. 0x0004
[20 bits]

0x0007

Physical Address

S - |- SN

27 12 11

0

EXAMPLE:

Using the page table to the
left, find the Physical Address
associated with Virtual Address
0x00000504




Address Tr Mi!}p‘&%pl:e

ter' S : In our terms:
ISA: 32-bit I:> 32-bit Virtual Address
RAM: 256 MB 28-bit Physical Address

Page Size: 4 kB

12-bit Page Offset

[32 bit] 31 12 11

Physical Page #

DISK
0x0001
Page Table
. 0x0004
[20 bits]

0x0007

Physical Address

S - |- SN

27 12 11

0

EXAMPLE:

Using the page table to the
left, find the Physical Address
associated with Virtual Address
0x00000504

Virtual Address 0x00000
points to the disk, we
don’t know from the
given information.
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RAM: 256 MB
Page Size: 64 kB

In our terms:

32-bit Virtual Address
28-bit Physical Address
??-bit Page Offset

[32 bit] 31 7?7 0

12
13
16
18

Page Table

Q: What if we use 64 kB pages instead. How
many bits do we need for the page offset?

Physical Address
[28 bits]

27 7 ?? 0
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27 ?2?

Virtual Address
[32 bit]

Page Table

Physical Address
[28 bits]

27

2?7 ??

®

ter' S :
ISA: 32-bit
RAM: 256 MB

Page Size: 64 kB

In our terms:

32-bit Virtual Address
28-bit Physical Address
??-bit Page Offset

0

12
13
16
18

Q: What if we use 64 kB pages instead. How
many bits do we need for the page offset?

A: 16

We need 16 bits to index every Word in a
Page. This means my Virtual Page Number
is now 16 bits (32-16) and my Physical
Page Number is 12 bits (28-16).

0
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®

ter' S :
ISA: 32-bit
RAM: 256 MB

Page Size: 64 kB

In our terms:

32-bit Virtual Address
28-bit Physical Address
16-bit Page Offset

[32bit] '3y

Physical Page #

DISK
0x001

Page Table
0x004

Physical Address

S - |- SR

27

16 15

16 15

0

Q: What if we use 64 kB pages instead. How
many bits do we need for the page offset?

e 12

e 13

e 16

e 18

A: 16

We need 16 bits to index every Word in a
Page. This means my Virtual Page Number
is now 16 bits (32-16) and my Physical
Page Number is 12 bits (28-16).




Address Tr Mi!}WpFe

®

ter' S :
ISA: 32-bit
RAM: 256 MB

Page Size: 64 kB

In our terms:

32-bit Virtual Address
28-bit Physical Address
16-bit Page Offset

[32bit] '3y

Physical Page #

DISK
0x001
Page Table
0x004
16 bits wide

Physical Address

S - |- SR

27

16 15

16 15

0

Q: What if we use 64 kB pages instead. How
many bits do we need for the page offset?

e 12

e 13

e 16

e 18

A: 16

We need 16 bits to index every Word in a
Page. This means my Virtual Page Number
is now 16 bits (32-16) and my Physical
Page Number is 12 bits (28-16).
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®

ter' S :
ISA: 32-bit
RAM: 256 MB

Page Size: 64 kB

In our terms:

32-bit Virtual Address
28-bit Physical Address
16-bit Page Offset

[32bit] '3y

Physical Page #

DISK
0x001
Page Table
0x004
16 bits wide

Physical Address

S - |- SR

27

16 15

16 15

12 bits wide

0

Q: What if we use 64 kB pages instead. How
many bits do we need for the page offset?

e 12

e 13

e 16

e 18

A: 16

We need 16 bits to index every Word in a
Page. This means my Virtual Page Number
is now 16 bits (32-16) and my Physical
Page Number is 12 bits (28-16).




Illustration o thie tex_book

TLB
Virtual page Physical page
number Valid Dirty Ref Tag address
I |

1[0[1 .
111 e, Physical memory
1(1]1 — s -

S Y E B
0[0]0
1]0[1 8.

Page table
Physical page
Valid Dirty Ref or disk address /

1[0 e T
1/0[0 B i
e il 2 Disk storage
101 —
0[0]0 a7 )
1]0][1 Cd [ |
107 e
0[0]0 | |
111 L1 - | |
111 < / =
0|0]0 (o= N
111 i

FIGURE 5.29 The TLB acts as a cache of the page table for the entrles that map to
physical pages only. The TLE contains a subset of the virtual-to-physical page mappings that are in the
page table. The TLB mappings are shown in color. Because the TLB is a cache, it must have a tag field. If there
1s no matching entry in the TLB for a page, the page table must be examined. The page table either supplies a
physical page number for the page (which can then be used to build a TLB entry) or indicates that the page
resides on disk, in which case a page fault occurs. Since the page table has an entry for every virtual page, no
tag field is needed; In other words, unlike a TLB, a page table 1s nof a cache.



Page Table Caotry cxanip.e Format

Figure 5-1#@. Format of a Page Tahle Entry

k| 12 11
u
PAGE FRAME ADDRESS 31..12 AVAIL |8 a|Da|@ A~/ |~

5

P — PRESENT

R4 — READAURITE

-8 — USER~SUPERUISOR

D — DIRTY

AUAIL - AUAILABLE FOR SYSTEMS PROGRAMMER USE

MOTE: @ IWDICATES IWTEL RESERUED. DO MOT DEFIME.



Page Table Caotry cxanip.e Format

Figure 5-1#@. Format of a Page Tahle Entry

i 12 11
u
/f PAGE FRAME ADDRESS 31..12 AVAIL |8 a|Da|@ A~/ |~

5

P — PRESENT

R4 — READAURITE

-8 — USER~SUPERUISOR

D — DIRTY

AUAIL - AUAILABLE FOR SYSTEMS PROGRAMMER USE

MOTE: @ IWDICATES IWTEL RESERUED. DO MOT DEFIME.



Page Table Caotry cxanip.e Format

Dirty Bit
Figure 5-1#@. Format of a Page Tahle Entry
31 12 11
u
/f PAGE FRAME ADDRESS 31..12 AUAIL |8 E|Dji|@ a)/]|~
s
P — PRESENT
R-Y — READAURITE
u-s — USER/SUPERUISOR
D — DIRTY
AUAIL - AUVAILABLE FOR SYSTEMS PROGRAMMER USE

MOTE: @ IWDICATES IWTEL RESERUED. DO MOT DEFIME.



Page Table Catry cxariip.e Format

Dirty Bit Valid Bit

Figure 5-1#@. Format of a Page Tahle Entry

i 12 11 A
U|HR
/f PAGE FRAME ADDRESS 31..12 AVAIL |8 E|D|1|@ a|~|- |P
S|u
P — PRESENT
R4 — READAURITE
-8 — USER~SUPERUISOR
D — DIRTY
AUAIL - AUAILABLE FOR SYSTEMS PROGRAMMER USE

MOTE: @ IWDICATES IWTEL RESERUED. DO MOT DEFIME.
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