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When starting with paging:

* The hardware defines the following:
— Pointer size
— Word size
— Page size
— Frames in memory
— Paging scheme (Single level, etc).

* From that, you figure out how to lay out
your address space.



Example #1: Suppose:

Memory = 160 bytes. Then:
Word size = 32 bits.
Pointers access bytes.
Pointers are 16 bits.
Page size = 4 words.

Pages are 16 bytes.
Offset = 4 bits.
Page # = 12 bits.

Single-level paging
With PTBR/PTLR.

Page # Offset
AA

Pointer:




Memory

Example #1: Suppose:
' Frame O
Memory = 160 bytes.
Word size = 32 bits. Frame 1
Pointers access bytes.
2
Pointers are 16 bits. Frame
Page size = 4 words. Frame 3
Single-level paging Frame 4
With PTBR/PTLR.
Frame 5
Frame 6
There are 10 frames - .
in main memory. rame
Frame 8
Frame 9




Here 1s a picture where

Memory
|

there are two ' ' Frame 0
processes 1n memory:
Frame 1
Pl P2
0x0000 0x0000 Frame 2
0x0004 0x0004
gro0ge gro0ge
X C X C
0x0010 0x0010 Frame 3
0x0014 0x0014
OX001C OX001C F 4
0x0020 fame
0x0024 | l
0x0028
0x0070 0x002¢ H Frame 5
0x0074 0x0030
0x0078 0x0034
0x007c 0x0038
0x003c Frame 6
Addresses: Addresses:
0x0020 - 0Ox006f 0x0040 - Oxfff Frame 7/
and are illegal.
Ox0080 - Oxfff Ox?2
are illegal. Ox0 Frame 8
Ox9
Frame 9




Suppose process P1 1s running:

0x0000
0x0004
0x0008
0x000c
0x0010
0x0014
0x0018
0x001c

0x0070
0x0074
0x0078
0x007c

Addresses:
0x0020 - 0Ox006f

and
Ox0080 - Oxfff

are illegal.

PTBR 0x003 }——— "

PTLR 0x2

The PTBR and
PTLR are set
so that the hardware
will find the right
words.

Ox?2

Ox0

0x9

Frame 0
Frame 1
Frame 2
Frame 3
Frame 4
Frame 5
Frame 6
Frame 7
Frame &

Frame 9



Suppose process P1 1s running:

Pl

0x0000
0x0004
0x0008
0x000c
0x0010
0x0014
0x0018
0x001c

0x0070
0x0074
0x0078
0x007c

Addresses:

0x0020 -

and
O0x0080 -

0x006f
Oxf f f

are illegal.

RO .
R1

PTBR 0x003
PTLR 0x?2

Suppose global
variable j is at
user location 0x0018,
and we execute:

m #4 -> %0
st %0 -> |

Memory

Ox?2

Ox0
0x9

0x0000
0x0004
0x0008
0x000c
0x0010
0x0014
0x0018
0x001c
0x0020
0x0024
0x0028
0x002c
0x0030
0x0034
0x0038

0x003c¢
0x0040

0x0044
0x0048
0x004c
0x0050
0x0054
0x0058
0x005c¢c
0x0060
0x0064
0x0068
0x006¢c
0x0070
0x0074
0x0078
0x007c
0x0080
0x0084
0x0088
0x008c
0x0090
0x0094
0x0098
0x009c



Suppose process P1 1s running:

0x0000
0x0004
0x0008
0x000c
0x0010
0x0014
0x0018
0x001c

0x0070
0x0074
0x0078
0x007c

Pl

Addresses:
0x0020 -

and

0x0080 -
are illegal.

0x006f
Oxf f f

RO 0x4
R]_ _

PTBR
PTLR

0x003
Ox?2

Suppose global
variable j is at
user location 0x0018,
and we execute:

m #4 -> %0
st %0 -> |

Memory

Ox?2

Ox0
0x9

0x0000
0x0004
0x0008
0x000c
0x0010
0x0014
0x0018
0x001c
0x0020
0x0024
0x0028
0x002c
0x0030
0x0034
0x0038

0%0046

0x0044
0x0048
0x004c
0x0050
0x0054
0x0058
0x005c
0x0060
0x0064
0x0068
0x006¢c
0x0070
0x0074
0x0078
0x007c
0x0080
0x0084
0x0088
0x008c
0x0090
0x0094
0x0098
0x009c



Suppose process P1 1s running:

0x0000
0x0004
0x0008
0x000c
0x0010
0x0014
0x0018
0x001c

0x0070
0x0074
0x0078
0x007c

Pl

Addresses:
0x0020 -

and

0x0080 -
are illegal.

0x006f
Oxf f f

RO 0x4

R1 -
PTBR [_Ox003
PTLR [ Ox2
Suppose global

variable j is at
user location 0x0018,

and we execute:

m #4 -> %0
st %0 -> |
0x0018 =

00000000 0001

1000

Frame 1

Memory

X
Ox?2

Ox0
0x9

0x0000
0x0004
0x0008
0x000c
0x0010
0x0014
0x0018
0x001c
0x0020
0x0024
0x0028
0x002c
0x0030
0x0034
0x0038

0%0046

0x0044
0x0048
0x004c
0x0050
0x0054
0x0058
0x005c
0x0060
0x0064
0x0068
0x006¢c
0x0070
0x0074
0x0078
0x007c
0x0080
0x0084
0x0088
0x008c
0x0090
0x0094
0x0098
0x009c



Suppose process P1 1s running:

0x0000
0x0004
0x0008
0x000c
0x0010
0x0014
0x0018
0x001c

0x0070
0x0074
0x0078
0x007c

Pl

Addresses:
0x0020 -

and

0x0080 -
are illegal.

0x006f
Oxf f f

RO 0x4

R1 -
PTBR [_0Ox003
PTLR [ Ox2
Suppose global

variable j is at
user location 0x0018,

and we execute:

m #4 -> %0
st %0 -> |

0x0018

00000000 00011000

Offset 8

Memory

X
Ox?2
Ox0
0x9

0x0000
0x0004
0x0008
0x000c
0x0010
0x0014
0x0018
0x001c
0x0020
0x0024
0x0028
0x002c
0x0030
0x0034
0x0038

0%0046

0x0044
0x0048
0x004c
0x0050
0x0054
0x0058
0x005c
0x0060
0x0064
0x0068
0x006¢c
0x0070
0x0074
0x0078
0x007c
0x0080
0x0084
0x0088
0x008c
0x0090
0x0094
0x0098
0x009c



Suppose process P1 1s running:

So, user address 0x0018 is physical address 0x0078.

RO 0x4
R1 _
Pl
0x0000
0x0004
0x0008 PTBR [ 0Ox003
0x000c PTLR 0Ox?2
0x0010
0x0014
0x0018
0x001c
Suppose global
0x0070 variable j 1s at
D - user location 0x0018,
brabre and we execute:
Addresses: _ 0
0x0020 - 0x006f m ’%4 > %0
and st %0 -> |
Ox0080 - Oxfff
are illegal.
0x0018 =
00000000 0001/1000

Offset 8

Memory

X
Ox?2
Ox0
0x9

0x0000
0x0004
0x0008
0x000c
0x0010
0x0014
0x0018
0x001c
0x0020
0x0024
0x0028
0x002c
0x0030
0x0034
0x0038

0%0046

0x0044
0x0048
0x004c
0x0050
0x0054
0x0058
0x005c
0x0060
0x0064
0x0068
0x006¢c
0x0070
0x0074
0x0078
0x007c
0x0080
0x0084
0x0088
0x008c
0x0090
0x0094
0x0098
0x009c



To run process P2, you need to

switch the PTBR/PTLR:

0x0000
0x0004
0x0008
0x000c
0x0010
0x0014
0x0018
0x001c
0x0020
0x0024
0x0028
0x002c
0x0030
0x0034
0x0038
0x003c

P2

I

Addresses:
O0x0040 - Oxfff

are illegal.

RO
R1

PTBR
PTLR

Ox4

0x008

Ox1

Memory

X
Ox?2

Ox0
0x9

0x0000
0x0004
0x0008
0x000c
0x0010
0x0014
0x0018
0x001c
0x0020
0x0024
0x0028
0x002c
0x0030
0x0034
0x0038

0%0046

0x0044
0x0048
0x004c
0x0050
0x0054
0x0058
0x005c
0x0060
0x0064
0x0068
0x006¢c
0x0070
0x0074
0x0078
0x007c
0x0080
0x0084
0x0088
0x008c
0x0090
0x0094
0x0098
0x009c



What is user address 0x003e?

0x0000
0x0004
0x0008
0x000c
0x0010
0x0014
0x0018
0x001c
0x0020
0x0024
0x0028
0x002c
0x0030
0x0034
0x0038
0x003c

I

Addresses:

0x0040 -

Oxf f f

are illegal.

RO 0x4
R1 -
PTBR 0x008
PTLR 0x1
0x003e =

00000000 00111110

:

Page 0x3 =
Frame 0x9 Offset e

\ /

Physical address 0x009e.

Memory

0x7

-1

PP

0x2

0x0
_0xO

0x0000
0x0004
0x0008
0x000c
0x0010
0x0014
0x0018
0x001c
0x0020
0x0024
0x0028
0x002c
0x0030
0x0034
0x0038

0%0046

0x0044
0x0048
0x004c
0x0050
0x0054
0x0058
0x005c
0x0060
0x0064
0x0068
0x006¢c
0x0070
0x0074
0x0078
0x007c
0x0080
0x0084
0x0088
0x008c
0x0090
0x0094
0x0098
0x009c



VM 1n JOS:

t ypedef struct {

PTE **t abl e;
I nt t abl eSi ze;
} PageTabl e;

typedef struct {

I nt physi cal Fr ane;
bool val i d;
bool dirty;
bool use;
} PTE;

Real Memory

oxO ——._— |

JOS memory {
mai n_nmenory .

Pages
dedicated for
user memory

mai n_menor y+1024*1024

PageSize = 512.
So there are 2K pages
dedicated for users.

JOS memory

Frame
2047



Redraw it so it looks cleaner.
(It 1s not this way, but logically
it 1s equivalent to this drawing)

typedef struct {

PTE **tabl e;

I nt t abl eSi ze;
} PageTabl e;

typedef struct {

I nt physi cal Frane;
bool val i d;
bool dirty;
bool use;
} PTE;

JOS memory

mai n_menory

Real Memory

Frame 0O

Pages
dedicated for
user memory

mai n_nmenor y+1024* 1024

Frame
2047




Now, suppose you have Real Memory
a process whose address
space 1s as follows:

0x0800- Oox1f ff: Code
0x2000- 0x234c: Globals
Ox7f f 000- Ox7fffff: Stack

typedef struct {

PTE **t abl e;
i nt t abl eSi ze:
} PageTabl e;

t ypedef struct {

I nt physi cal Fr ane;
bool val i d;

bool dirty;

bool use;

} PTE




Now, suppose you have

a process whose address

space is as follows:

0x0800- 0x1f f f; Code

0x2000- 0x234c: Globals

Ox7f f000-Ox7fffff: Stack —

typedef struct {

PTE **tabl e;

I nt t abl eSi ze;
} PageTabl e;

t ypedef struct {
I nt physi cal Fr ane;
val i d;
dirty;
use;

bool
bool
bool
} PTE;

(sp = starting page)

12 pages: SP 4
2 pages: SP 16
8 pages: SP 16376

Real Memory




0x0800-0x11fff: Code —— 12 pages: SP 1 Real Memory

0x2000-0x234c: Globals — 2 pages: SP 16
0x71d000-0x 7{tfff: Stack — 8 pages: SP 16376
(PTE *)’s
PageTable PTE’s
-1 0100
16384 EE
4 110[0
0-20: 3 11010
2 110[0
1 110[0
5 110[0
7 110[0
10 110[0
9 110[0
6 110[0
8 110[0
11 110[0
12 110[0
13 110[0
_ . 14 1/0]0
16375-16383: 12 aram
S
tyg_tle_gef Stiyfgbfe; \ 18 11010
i nt t abl eSi ze; 19 1{0]0
} PageTabl e; 20 1{0]0
21 110[0
t ypedef struct { 22 11010
i nt physi cal Fr ane;
bool val i d;
bool dirty;
bool use;

} PTE




New Example - Our machine has:

- 256M of RAM.

- 1K pages.

- 32-bit pointers; byte-addressed.

- PTE’s are 4 bytes & point to actual frame numbers.
- PTE’s also have valid, write, execute, dirty, use bits.
- Page tables are allocated from user memory.

- User processes laid out as follows:

- 2G address spaces

- Page 0 1s NULL

- Code starts at page 1

- 1 NULL page between code & globals

- Heap starts 512M from beginning of address space.

- Stack starts at the last address & grows up, but 1s of
fixed size.



New Example - Our machine has:

- 256M of RAM. . :

TR pases. Q1: Show what a pointer
- 32-bit pointers; byte-addressed. . .

- PTE’s are 4 bytes & point to actual frame numbers. IOOkS llke 1 terms Of

- PTE’s also have valid, write, execute, dirty, use bits. .

- Page tables are allocated from user memory. p age number / Offset

- User processes laid out as follows:

- 2G address spaces

- Page 0 is NULL

- Code starts at page 1

- 1 NULL page between code & globals

- Heap starts 512M from beginning of address space

- Stack starts at the last address & grows up, but is of
fixed size.

22 bits 10 bits




New Example - Our machine has:

it Q2: Suppose we have a user

:I?’%'I?; Z?Ln;egs;t:ztzjggicrllrtétis:gt.uaI frame number_s. prOCeSS Wlth 3 pages Of COde’
e e e s oo ®* 2 pages of globals, 4 pages of
- User processes laid out as follows: heap and a 4_page StaCk

- 2G address spaces
- Page 0 is NULL

-C .

1 ?udSLSEZZZ:th?\?VZ;n code & globals Specn‘y the contents of each
-H tarts 512M fi beginni f add u )

- Steeii Sstaartz at the I;OsTadedgrSsr!néS? g(;ro?/vs lrJepS,SblSJ??scgf byte Of the Ser S addreSS

fixed size. SpaCe



New Example - Our machine has:

- 256M of RAM.
- 1K pages.

- 32-bit pointers; byte-addressed.
- PTE’s are 4 bytes & point to actual frame numbers.
- PTE’s also have valid, write, execute, dirty, use bits.

- Page tables are allocated from user memory.

- User processes laid out as follows:

- 2G address spaces

- Page 0 is NULL

- Code starts at page 1

- 1 NULL page between code & globals
- Heap starts 512M from beginning of address space
- Stack starts at the last address & grows up, but is of

Q2: Suppose we have a user
process with 3 pages of code,
2 pages of globals, 4 pages of

heap, and a 4-page stack.

Specify the contents of each
byte of the user’s address

fixed size.
space:

0x00000000 0x000003f f NUL L - Page: 0x0
0x00000400 0x00000f f f Code - Pages 0Ox1 - 0Ox3
0x00001000 0x000013f f NUL L - Page: 0x4
0x00001400 0x00001bf f A obals - Pages 0x5 - 0x6
0x00001c00 Ox1fffffff NULL - Pages Ox7 - Ox7ffff
0x20000000 0x20000f f f Heap - Pages 0x80000 - 0x80003
0x20001000 Ox7fffefff NUL L - Pages 0x80004 - Ox1ffffb
Ox7ffff000 Ox7fffffff St ack - Pages Ox1ffffc - Ox1fffff




New Example - Our machine has:

- 256M of RAM.
- 1K pages.

- 32-bit pointers; byte-addressed.
- PTE’s are 4 bytes & point to actual frame numbers.
- PTE’s also have valid, write, execute, dirty, use bits.

- Page tables are allocated from user memory.

- User processes laid out as follows:

- 2G address spaces

- Page 0 is NULL

- Code starts at page 1

- 1 NULL page between code & globals
- Heap starts 512M from beginning of address space
- Stack starts at the last address & grows up, but is of

Q3: Now, suppose we have a
single-level page table,
implemented with a
PTBR/PTLR.

Draw an example memory.

fixed size.
0x00000000 0x000003f f NUL L - Page: 0x0
0x00000400 0x00000f f f Code - Pages 0Ox1 - 0Ox3
0x00001000 0x000013f f NUL L - Page: 0x4
0x00001400 0x00001bf f A obals - Pages 0x5 - 0x6
0x00001c00 Ox1fffffff NULL - Pages Ox7 - Ox7ffff
0x20000000 0x20000f f f Heap - Pages 0x80000 - 0x80003
0x20001000 Ox7fffefff NUL L - Pages 0x80004 - Ox1ffffb
Ox7ffff000 Ox7fffffff St ack - Pages Ox1ffffc - Ox1fffff




Single-Level Page Table

0x00000000 -
0x00000400 -
0x00001000 -
0x00001400 -
0x00001c00 -
0x20000000 -
0x20001000 -
Ox7ffff000 -

0x000003f f
0x00000f f f
0x000013f f
0x00001b
Ox1ffff
0x20000
Ox7fffe

f

ff
ff
ff
ff
OX7fffffff

f
f
f
f

NUL L
Code
NUL L
d obal s
NUL L
Heap
NUL L
St ack

- Page:
- Pages
- Page:
- Pages
- Pages
- Pages
- Pages
- Pages

0x0
Ox1 -
0x4
0x5 -
Ox7 -

0x3

0Ox6
OxX7ffff
0x80000 -
0x80004 -
Ox1ffffc -

0x80003
Ox1ffffb
Ox1fffff

PTBH

PTLH

0x2000 = 8192 Pages

A

0x0
Ox1
0x2
0x3
0x4
0x5
0Ox6
Ox7

Ox7ffff
0x80000
0x80001
0x80002
0x80003
0x80004

e L L] L [} O === O|—=|—= | O = ==
e L L] L [} O === (@] LN [an)] [an) [aw)] [aw) [ao)

(== (e [en) [an] (w) (o) (e [en] [ew) (an) () OIo|SO|—= =[S

Main
Memory

\\{}

Free

Free

Free

Free

Free

Pages
0-8191

8192
8193
8194
8195
8196
8197
8198
8199
8200
8201
8202
8203
8204
8205
8206
8207
8208
8209



Single-Level Page Table

0x00000000 - O0Ox000003ff NULL - Page: 0x0
0x00000400 - Ox00000fff Code - Pages Ox1 - 0x3 M n
0x00001000 - O0Ox000013ff NULL - Page: 0x4 al
0x00001400 - 0Ox00001bff A obals - Pages 0Ox5 - 0x6
0x00001c00 - Ox1fffffff NULL - Pages Ox7 - Ox7ffff Memory
0x20000000 - O0Ox20000fff Heap - Pages 0x80000 - 0x80003
0x20001000 - Ox7fffefff NULL - Pages 0x80004 - Ox1ffffb
Ox7ffff000 - Ox7fffffff St ack - Pages Ox1ffffc - Ox1fffff
Pages
0-8191
PTBR 0
PTLR 8192
8192
8193
0x0 -1 0]/0]0 8194
Ox1 8192 110]1 8195
0x2 8193 1/0]1 8196
0x3|__8194 1/0]1 8197
0x4 -1 0]/0]0 8198
0x5| 8195 1/1]0 8199
0x6| 8196 1/1]0 8200
0x7 -1 0]10]0 8201
8202
Ox7ffff -1 0|0|0 8203
o 0x80000 8197 11110 8204
0x2000 = 8192 Pages 0x80001 |__8198 _[1]1]0 Free 8205
0x80002 8199 1/1]0 Free 8206
0x80003 8200 11110 Free 8207
0x80004 -1 0]10]0 Free 8208
Free 8209
Ox1ffffb -1 0|0]0
Ox1ffffc 8201 11110
Ox1ffffd 8202 11110
Ox1lffffe 8203 11110
Ox1fffff 8204 11110




Single-Level Page Table

0x2006 0x24 = .

Physi cal

page 8198,

of f set 0x24:

0010 0000 0000 0110

00 0010 0100

0000 0000 1000 0000 0001 1000 0010 0100 =
0x00801824

page of the heap.

Let’s find byte 0x20000424, which is in the second

0x20000424 =

= 0010000000000000000001 0000100100

PTBR 0
PTLR

0x2000 = 8192 Pages

= 0x80001 0x24

0010 0000 0000 0000 0000 0100 0010 0100

0x0
Ox1
0x2
0x3
0x4
0x5
0x6
Ox7

Ox7ffff
0x80000
0x80001
0x80002
0x80003
0x80004

0

1

1

1

0

0

0

0

0

0

111(0

111(0

0[0]0

0[0]0

8201 111(0
8202 111(0
8203 111(0
8204 111[0

Main

Memory

Pages
0-8191

8192

8193

8194

8195

8196

8197
8198
8199

8200

8201

8202

8203

8204

8205

8206

8207

8208

8209




New Example - Our machine has:

- 256M of RAM.

- 1K pages.

- 32-bit pointers; byte-addressed.

- PTE’s are 4 bytes & point to actual frame numbers.
- PTE’s also have valid, write, execute, dirty, use bits.
- Page tables are allocated from user memory.

- User processes laid out as follows:

- 2G address spaces

- Page 0 is NULL

- Code starts at page 1

- 1 NULL page between code & globals

- Heap starts 512M from beginning of address space
- Stack starts at the last address & grows up, but is of

Now, try a two-level

page table:
14bits  8bits 10 bits
pl p2 d

d =10 bits: 1K pages
p2 = 8 bits: 256 PTEs/Page
pl = 14 bits: Remainder

fixed size.
There are 2'3 = 8K first-level PTE’s.
Why? The first bit is always 0.
0x00000000 - 0Ox000003ff - NULL - Page: 0x0
0x00000400 Ox00000f f f Code - Pages Ox1 - 0x3
0x00001000 0x000013f f NULL - Page: 0x4
0x00001400 0x00001bf f A obals - Pages 0x5 - 0x6
0x00001c00 Ox1fffffff NULL - Pages Ox7 - Ox7ffff
0x20000000 0x20000f f f Heap - Pages 0x80000 - 0x80003
0x20001000 Ox7fffefff NULL - Pages 0x80004 - Ox1ffffb
Ox7ffff000 Ox7fffffff St ack - Pages Ox1ffffc - Ox1fffff




Two-Level Page Table

0x00000000 - 0x000003ff - NULL Page: O0xO
0x00000400 - 0Ox00000f ff Code Pages Ox1 - 0x3 .
0x00001000 - 0x000013ff - NULL Page: Ox4 Main
0x00001400 - 0Ox00001Dbff d obal s Pages 0x5 - 0x6
0x00001c00 - OxLfffffff - NULL Pages Ox7 - Ox7ffff Memory
0x20000000 - 0x20000fff - Heap Pages 0x80000 - 0x80003
0x20001000 - Ox7fffefff - NULL Pages 0x80004 - Ox1ffffb
Ox7ffff000 - Ox7fffffff - Stack Pages Ox1ffffc - Ox1fffff
0x0 -1 0[0[0
Ox1 35 1[0]1
0x2 36 1[0]1
PTBR 0 0x3 37 1[0]1
PTLR 32 Ox4 -1 ofofoj
0x5 38 Hifo——
0x6 39 1[1]0
Ox7 -1 0[0[0
& 0xf f 1 [0]0]0]
OD i
53 0x0 32 11[1 0x0 40 111]0
Ox1 -1 0]10[0 Ox1 41 11110
I 0x2 | 0[0[0 Ox2 42 1[1[0
¢ 0x3 43 1{1(0 Free
I Ox7f 1 o[oJo 0x4 -1 olo]o Free
Ne) 0x80 33 11110 Free
;’\17 0x80 -1 0ololo Oxf f| -1 [0]0]0] Free
~ Free
N Ox1ff[__ -1 0f0J0] _— ™ Free
— Ox1f f 34 1[1]0 0xO| -1 [0]0]0] Free
oo Free
Oxf Y -1 0/0]|0 Free
Oxf @ 44 11110
Oxf @ 45 11110
Oxf 6 46 11110
Oxf f 47 11110

33
34

36
37

39
40

42
43

45
46

48
49

51
52

54
55

Pages
0-31



Two-Level Page Table

0x00000000 - 0x000003f f NUL L Page: 0x0
0x00000400 - 0Ox00000f ff Code Pages Ox1 - 0x3 .
0x00001000 - 0x000013ff - NULL Page: Ox4 Main
0x00001400 - 0Ox00001Dbff d obal s Pages 0x5 - 0x6
0x00001c00 - OxLfffffff - NULL Pages Ox7 - Ox7ffff Memory
0x20000000 - 0x20000f f f Heap Pages 0x80000 - 0x80003
0x20001000 - Ox7fffefff NUL L Pages 0x80004 - Ox1ffffb
Ox7ffff000 - Ox7fffffff - Stack Pages Ox1ffffc - Ox1fffff
0x0 -1 0]0]0
Ox1 35 1[0[1
0x2 36 1[0[1
PTBR 0 0x3 37 1[0[1
PTLR 32 Ox4 -1 ofofo]
0x5 38 ifol——"
0x6 39 1[1]0
Ox7 -1 0[0]0
5 oxf f=1___ToJo]o]
= ,
A 0x0 32 111]1 0x0 40 1[1[0
Ox1 -1 0[0]0 0x1 41 1[1]0
g 0x2 1 ololo 0x2 42 111]0
0x3 43 1{1(0 Free
I Ox 7f -1 0]0]0 Ox4 -1 0[0]0 Free
Ne) 0x80 33 11110 Free
g3 0x80 1 olo]o Oxf f| -1 [0]0]0] Free
N Free
N Ox1f f 0[0[0] " ™ Free
— Ox1f f 34 1[1]0 0xO| -1 [0]0]0] Free
o0 Free
Oxf Y -1 0/0]|0 Free
Oxf @ 44 11110
Oxf @ 45 11110
Oxf 6 46 11110
Oxf f 47 11110

33
34

36
37

39
40

42
43

45
46

48
49

51
52

54
55

Pages
0-31



PTB

=32 Pages

8192/256

Physi cal

page 41,

of f set 0x24:
00 0010 0100 =

Pages
0-31

Two-Level Page Table 0x29 0x24 = .. 0000 0010 1001
0000 0000 0000 0000 1010 0100 0010 0100 =
0x0000a424
Let’s find byte 0x20000424, which is in the second .
page of the heap. Main
Memory
0x20000424 = 0010 0000 0000 0000 0000 0100 0010 0100
= 00100000000000 00000001 0000100100
= 0x800 Ox1 0x24
32
33
0x0 -1 0[0]0 34
Ox1 35 1{0]1 35
0x2 36 1{0]1 36
0x3 37 1[0]1 37
32 ox4[_ -1 ofofo] 38
Ox5l 38 Tilifo—— 39
0Ox6 39 1[1]0 40
Ox7 -1 0[0]0 41
. 42
Oxf f| -1 [0]0]0 43
44
1[1]1 0 45
0[(0]0 46
0/0]0 0 47
0 48
0(0]0 0 49
50
0/0]0 0 51
- Free 52
Ox1f f -1 0]0 o///////”—“\\‘ Free 53
Ox1f f 34 1[1]0 0xO| -1 [0]0]0 Free 54
- Free 55
Oxf 4 -1 0]0/0 Free 56
Oxf g 44 1[1[0
Oxf g 45 1[1[0
Oxf 4 46 1[1[0
Oxf f 47 1[1[0



New Example - Our machine has:

- 256M of RAM.

- 1K pages.

- 32-bit pointers; byte-addressed.

- PTE’s are 4 bytes & point to actual frame numbers.
- PTE’s also have valid, write, execute, dirty, use bits.
- Page tables are allocated from user memory.

- User processes laid out as follows:

- 2G address spaces

- Page 0 is NULL

- Code starts at page 1

- 1 NULL page between code & globals

- Heap starts 512M from beginning of address space
- Stack starts at the last address & grows up, but is of

How about a 3-level page table:

6 bits & bits 8 bits 10 bits
pl p2 p3 d

d =10 bits: 1K pages
p2/3 = 8 bits: 256 PTEs/Page
pl = 6 bits: Remainder

fixed size.
There are 2° = 32 first-level PTE’s.

0x00000000 - 0Ox000003ff - NULL - Page: 0x0
0x00000400 Ox00000f f f Code - Pages 0Ox1 - 0Ox3
0x00001000 0x000013f f NUL L - Page: 0x4
0x00001400 0x00001bf f A obals - Pages 0x5 - 0x6
0x00001c00 Ox1fffffff NULL - Pages Ox7 - Ox7ffff
0x20000000 0x20000f f f Heap - Pages 0x80000 - 0x80003
0x20001000 Ox7fffefff NULL - Pages 0x80004 - Ox1ffffb
Ox7ffff000 Ox7fffffff St ack - Pages Ox1ffffc - Ox1fffff




Three-Level Page Table

0x00000000 - 0x000003ff - NULL - Page: 0x0
0x00000400 0x00000fff - Code - Pages 0Ox1 - 0x3
0x00001000 - 0x000013ff - NULL - Page: 0x4
0x00001400 0x00001bff - G obals - Pages Ox5 - 0x6
0x00001c00 Ox1fffffff - NULL - Pages Ox7 - Ox7ffff .
0x20000000 - 0x20000fff - Heap - Pages 0x80000 - 0x80003 Main
0x20001000 - Ox7fffefff - NULL - Pages 0x80004 - Oxiffffb
Ox7ffff000 - Ox7fffffff - Stack - Pages Ox1ffffc - Ox1fffff Memory
| |
0x0 -1 0]0[0
PTBR Ox1 7 1[0]1
PTLR 0x2 8 101
0x3 9 101 |
Ox4 -1 0[o0]0 |
0x5 10 1[1]0
0x6 11 1[1]0
Ox7 1 010 o\
0x0 4 1[1]1
Ox1 S mm—TT oxf f[_=1___Tolol0]
'K ’/
Oxi 1 IO (" oy —15—ifilol——
0x0 I Ox2 )
O 1 =i Sl X 14 ijo—
0x3 15 1[1]0 —>
0x7 [_=1_JoJoJo] \ Ox0 Ox4 | [ A —
0x8 111]0 Ox1
0x9 -1 [0]0]0 Oxtf -1 folofo] — -
oxf f IO Free
8X1e -1 01010 1___Jolo]o] Free
x1f 1[1]0 Froc
0x20 ] olofo o] 0ToTo Froe
0x0 16 [1][1]0
Oxfe -1 01010 7 T1To
Oxf f -1 0l0]0 Oxfe
Oxf f 18 1[1]0
19 1[1]0

OCoOoONAN NPk WN—O




Physi cal page 13, offset 0x24:
Three-Level Page Table 0x0d 0x24 = .. 0000 0000 1101 00 0010 0100 =
0000 0000 0000 0000 0011 0100 0010 0100 =
0x00003424

Let’s find byte 0x20000424, which is in the second
page of the heap.

0x20000424 = 0010 0000 0000 0O0OOO0 0000 0100 0010 0100 DVIajIl
= 001000 00000000 00000001 00000100100
= 0Ox8 0x00 Ox1 0x24 Memory
| ] 0
1
0x0 -1 0/0]0 2
PTB Ox1 7 1[0]1 3
PTL 1 0x2 8 1{0]1 4
0x3 9 110]1 | 5
0x4 -1 olo]o | 6
0x5 10 1[1]0 7
0x6 11 11110 8
0x7__1__ 10 00\\\\\\\*I 9
s 10
0x0 4 1{1]1
oxib—<1 Tololo oxfff_-1___Tolo]0] i
12 111]0 13
14
o9 14 11 0::::::::::::::: 15
15 111]0 —> 16
—»
[OxB] -T__To[o[o] — 19
Free 20
O).(.ie Free 21
Ox 1f -1 [0]0]0] Free 22
0% 20 Free 23
-1 0(0]0 Free 24
Oxf e 16 111]0
Oxf f 17 111]0
18 111]0
19 111]0




New Example - Our machine has:

- 256M of RAM.

- 1K pages.

- 32-bit pointers; byte-addressed.

- PTE’s are 4 bytes & point to actual frame numbers.
- PTE’s also have valid, write, execute, dirty, use bits.
- Page tables are allocated from user memory.

- User processes laid out as follows:

- 2G address spaces

- Page 0 is NULL

- Code starts at page 1

- 1 NULL page between code & globals

- Heap starts 512M from beginning of address space
- Stack starts at the last address & grows up, but is of

Now, how about a segmented
scheme as follows:

3 bits 19 bits 10 bits
S p d

There are just four segments,
defined by four STBR/STLR pairs

fixed size.

of registers.
0x00000000 - 0Ox000003ff - NULL - Page: 0x0
0x00000400 Ox00000f f f Code - Pages 0Ox1 - 0Ox3
0x00001000 0x000013f f NUL L - Page: 0x4
0x00001400 0x00001bf f A obals - Pages 0x5 - 0x6
0x00001c00 Ox1fffffff NULL - Pages Ox7 - Ox7ffff
0x20000000 0x20000f f f Heap - Pages 0x80000 - 0x80003
0x20001000 Ox7fffefff NUL L - Pages 0x80004 - Ox1ffffb
Ox7ffff000 Ox7fffffff St ack - Pages Ox1ffffc - Ox1fffff




2050
2051
2052
2053
2054
2055
2056
2057
2058
2059
2060
2061
2062
2063
2064
2065
2066
2067
2068
2069
2070
2071

Pages
2-2049

Segmented Page Table | Memory usage: 2063 KB: Bad! |
0x00000000 - 0Ox000003ff NULL Page: 0x0
0x00000400 - 0Ox00000f ff Code Pages Ox1 - 0x3 .
0x00001000 - 0x000013ff - NULL Page: Ox4 Main
0x00001400 - 0Ox00001Dbff d obal s Pages 0x5 - 0x6 M
0x00001c00 - Ox1fffffff NULL Pages Ox7 - Ox7ffff
0x20000000 - 0x20000f ff Heap Pages 0x80000 - 0x80003 emory
0x20001000 - Ox7fffefff NUL L Pages 0x80004 - Ox1ffffb
Ox7ffff000 - Ox7fffffff St ack Pages Ox1ffffc - Ox1fffff
gxg -1 010]0
. X 2050 1{0]1
Segment Registers 0x2 2051 1Tol
0x3 2052 1{0]1
STBROO 0 [1[1]1 0x4 -1 0[]0 O_,,,ﬂ—-”’””+
STLROO 1 0x5 2053 1]1 0_”~#””,,,,f—+
STBRO1 1 [1[1]0 0Ox6 2054 1{1]0
STLRO1 1 Ox7 -1 0/0]0
STBR10 -1 [0]0]0 e
STLR10 ] oxff [ =1 _JoJolo]
STBR11 2 J111]0
STLR11 2048 0x0 2055 1[1]0
Ox1 2056 1[1]0
0x2 2057 1[1]0
0x3 2058 1{1]0 Free
Ox4 -l 0[0[0 Free
.. Free
Oxff | -l [0[0]0] Free
Free
Free
0x0 -1 [0[0]0] Free
e Free
ox7fffb -1 0/0]0 Free
Ox7fffc 2059 1{1]0
Ox7fffd 2060 1{1]0
Ox7fffe 2061 1{1]0
OxX7ffff 2062 1{1]0




Physi cal page 2056, offset 0x24:
Segmented Page Table 0x808 0x24 = .. 1000 0000 1000 00 0010 0100 =
0000 0000 0010 0000 0010 0000 0010 0100 =
0x00202024
Let’s find byte 0x20000424, which is in the second .
page of the heap. Ma|n
0x20000424 = 0010 0000 0000 0000 0000 0100 0010 0100 Memory
= 001 0000000000000000001 00000100100 0
= Ox1 Ox1 0Ox24 1
Pages
2 -2049
0x0 1 ololo
. 0x1 2050 [1]0][1 2050
Segment Registers 0x2 2051 [1]0[1 2051
0x3 2052 [1]0[1 2052
STBROO 0 1M1 0x4 -1 ofolo] 2053
0x5 2053 [1[1]0 2054
0x6 2054 [1[1]0 2055
0x7 -1 ololo 2056
10]0[0 2057
STLR10 -1 | -1 [0[0]0] 2058
STBR11 2 111110 2059
STLR11 2048 0 2060
2061
0x2 2057 [1[1]0 2062
0x3 2058 [1[1]0 Free 2063
Ox4 -1 ololo Free 2064
Free 2065
oxff | -1 lolo[o] Free 2066
Free 2067
Free 2068
0x0 — lolo[o] Free 2069
Free 2070
Ox7fffb -1 0(0]0 Free 2071
ox7fffc 2059 [1[1]0
ox7fffd[__2060 [1[1]0
ox7fffe_2061 [1[1]0
ox7ffff 2062 [1[1]0




New Example - Our machine has:

Finally, let’s add another

- 256M of RAM.

- 1K pages. . .

- 32-bit pointers; byte-addressed. layer Of paglng .

- PTE’s are 4 bytes & point to actual frame numbers.

- PTE’s also have valid, write, execute, dirty, use bits.

- Page tables are allocated from user memory.

- User processes laid out as follows: 3 bits 11 bits 8 bits 10 bits
- 2G address spaces S pl p2 d
- Page 0 is NULL
- Code starts at page 1
- 1 NULL page between code & globals
- Heap starts 512M from beginning of address space
- Stack starts at the last address & grows up, but is of

fixed size.
0x00000000 - 0Ox000003ff - NULL - Page: 0x0
0x00000400 0x00000f f f Code - Pages Ox1 - 0x3
0x00001000 0x000013f f NULL - Page: 0x4
0x00001400 0x00001bf f G obals - Pages 0x5 - 0x6
0x00001c00 Ox1fffffff NULL - Pages Ox7 - Ox7ffff
0x20000000 0x20000f f f Heap - Pages 0x80000 - 0x80003
0x20001000 Ox7fffefff NULL - Pages 0x80004 - Oxiffffb
Ox7ffff000 Ox7fffffff St ack - Pages Ox1ffffc - Ox1fffff



Two-Level Segments

LW NN NI NI DI DN DI DI M= = = e e e e et e W w
»—O\OOO\]O\UILUJI\)'—‘O\OOO\]O\UILL,JN,_‘O\OOO\]O\ SN o — O

0x00000000 - 0x000003ff - NULL - Page: 0x0 :
0x00000400 - 0x00000fff - Code - Pages Ox1 - 0x3 Main Memory
0x00001000 - 0x000013ff - NULL - Page: 0x4 I |
0x00001400 - Ox00001bff - dobals - Pages 0Ox5 - 0x6
0x00001c00 - Ox1fffffff - NULL - Pages Ox7 - Ox7ffff
0x20000000 - 0Ox20000fff - Heap - Pages 0x80000 - 0x80003
0x20001000 - Ox7fffefff - NULL - Pages 0x80004 - Ox1lffffb
Ox7ffff000 - Ox7fffffff - Stack - Pages Ox1ffffc - OxAfffff
Segment Registers 0x0 -l 0[0]0
8)(% 14 1[0]1
STBROI[ 1 Til1]0 Ox4 -1___[0[o]o |
STBRLO|___-1___[0]0]0 0x6 18 111110
STLR10 1 0x7 -1 0[0 0\
STBR11 2 1[170}. | 0x0
STLR11 = 1) o 1 Tololo Ox{ 1 | 0]
0x0 o T1[1 0 
0x2 21 11 0/
0x3 22 1[1]0 —>
00 Ox4 -1 0lo[o —>
ox1 g
Oxff [ -1 [0]o]0] —>
Free
Oxff [SIOOT0] Free
-1 [0]0]0] Free
Free
-1 0[(0]0 Free
0x0 23 1[1]0
24 1[1]0
e r——(
26 1[1]0




Physi cal page 20, offset 0x24:
Two-Level Segments 0x14 0x24 = .. 0000 0001 1000 00 0010 0100 =
0000 0000 0000 0000 0110 0000 0010 0100 =
0x00006024
Let’s find byte 0x20000424, which is in the second Main Memory

page of the heap. I IEIJ
0x20000424 = 0010 0000 O0O0OO 0000 0OOOO 0100 0010 0100 %
= 001 00000000000 00000001 00000100100 4
= Ox1 Ox0 Ox1 0x24 5
6
7
, 8
Segment Registers 0x0 -1 0[o 9
Ox1 14 1[0 10
0x2 15 1[0 11
§$E588 0 [l 0x3 16 1[0 12
STBRO1 0x4 -1 0/0 13
STLRO1 0x5 17 111 14
STBR10 [0]0f0 0x6 18 11 15
STLRI10 1 0x7 -1 010 16
STBR11 2___[111]0 17
STLRI11 8 -1 10lo 18
19 101 20
[o]o]0] 21
21 11 22
22 11 23
-1 010 24
25
9 [0]0 26
Free 27
Free 28
-1 [o[0]0] Free 29
Free 30
-1 0/0]0 Free 31

23 1[1]0

24 1[1]0

25 1[1]0

26 1[110




Two-Level Segments

Let’s find byte 0x20000424, which is in the second
page of the heap.

0x20000424 =

= 001 00000000000 OOO0O0O001 00000100100
= Ox1 Ox0 Ox1 0x24

Segment Registers

STBROO
STLROO
STBRO1
STLRO1
STBR10
STLR10
STBR11
STLR11

0 [1[1]1
1

1 [1[1]0
1

-1 [0]0]0
-1

2 [1[1]0
8

0x0 1 111
ox1 -1 o0lolo
oxff [ [o[0]0]
0x0
Ox1

0x0
ox7ef
OX7f f

0010 0000 0000 0000 0000 0100 0010 0100

Physi cal page 2056, offset 0x24:
0x808 0x24 = .. 1000 0000 1000 00 0010 0100 =
0000 0000 0010 0000 0010 0000 0010 0100 =
0x00202024 ]
Main Memory
| |

0x0 -1 0/0]0
Ox1 14 101
0x2 15 101
0x3 16 101
0x4 -1 0/0]0
0x5 17 1[1(0
0x6 18 1[1(0
0ox7 -1 0l010
Oxf f | = [o[o]0
0x0 19 1[1(0
Ox1 20 1[1(0
0x2 21 1[1(0
0x3 22 1[1(0
0x4 -1 0/0[0
Oxf f | = lo[o]o

Free

Free

-1 lolo[o] Free

Free

-1 0[0[0 Eree
23 1[1(0
24 1[1(0
25 1[1(0
26 1[1(0

OCONOOADWN-_O



Inverted Page Table

0x00000000 - 0x000003ff - NULL - Page: 0x0
0x00000400 - 0x00000fff - Code - Pages Ox1 - 0x3
0x00001000 - 0x000013ff - NULL - Page: 0x4
0x00001400 0x00001bf f A obals - Pages 0Ox5 - 0x6
0x00001c00 Ox1fffffff NULL - Pages Ox7 - Ox7ffff
0x20000000 - 0x20000fff - Heap - Pages 0x80000 - 0x80003
0x20001000 - Ox7fffefff - NULL - Pages 0x80004 - Ox1ffffb
Ox7ffff000 - Ox7fffffff - Stack - Pages Ox1ffffc - Ox1fffff
In this example, we draw the inv page vwx  pid
Pie, edg the inverted , 0x0 0x1 1]0]1 551
page table as not sharing the processes ox1 0x2__ [1][0[1] 551
: 0x2 |_0x80000 [1[1[0] 551
memory. In this example, we splatter ox3 [ oxiffe TIT1T0r 221
the pages of the address space among 0x4 -1 0/0]0 -1
the first 13 pages. We also assume that 8§2 Oxgégm ] ] 8 gg]
i Ox7 [__Ox1ffffc [{1[1]|0 551
the PID of the process is 551. ol — e g o=
0x9 [ 0x80003 [1[1][0] 551
P : Oxa | Ox1ffffd [1/1]|0 -1
So, the code is in physmgl pages 0, 1 oxb T 0x80007 TH To 557
and 12. The globals are in pages 13 0xC 0x3  [1[o[1] 551
Oxd 0x5  [1[1]0o[ 551
and 5. The heap pages are 2, 6, 11 Oxe 1 ololo 1
and 9. The stack is in pages 7, 10,
3 and 8. ox3fffe [__-1__Jolo[0] -1
Ox3f f f f -1 oloJo -1

Since there are 256x1024 pages of main
memory, there are 256x1024 PTE's in the
inverted page table.

Main Memory

OCONOOADWN-_O



Inverted Page Table

Let’s find byte 0x20000424, which is in the second

page of the heap.

0x20000424 = 0010 0000 0000 0000 0000 0100 0010 0100
= 0010000000000000000001 00000100100

= 0x80001 0x24

We perform a linear search of the
inverted page table until we find page
0x80001 and PID 551. That is page
0x6.

So the address is 0x6 0x24:

110 0000100100 = 0x1824

0x0
Ox1
0x2
0x3
0x4
0x5
0Ox6
Ox7
0Ox8
0x9
Oxa
Oxb
Oxc
Oxd
Oxe

Ox3f
Ox3f

—n —h
—n —h
-0

page V W X pid
0x1 110]1 551
0x2 110]1 551
0x80000 [1(1]0 551
Ox1ffffe  [1]1]0 551
-1 0]10]0 -1
0x6 11110 551
Ox1ffffc  [1({1{0 551
Ox1fffff [1/1]0 551
0x80003 [1/1]0 551
Ox1ffffld [1]1]0 -1
0x80002 [1{1]0 551
0x3 11011 551
0x5 11110 551
-1 0|00 -1

-1 01010 -1

-1 0/0[0 -1

Main Memory

OCONOOADWN-_O



With a TLB & Cache

TLB: Translation Lookaside Buffer

p frame
Lookup o) frame
p frame
p frame
p frame

Segment Registers

-

Associative Memory:
Small:
128-512 entries

1
1

[cecceces)
SRR XX
NOHINRN
]
FpoNEPN

83&9 = oxf '-mmm

Ox T f DD B§
X <
o 2o I |
%21 > dﬂﬂﬁj""’/

B9 Oxf f =IO

Oxf T IR

OXO—F::C@
B3 -

NN
DL




With a TLB & Cache

TLB: Translation Lookaside Buffer

P frame
Lookup b frame
0) frame
p frame
P frame

Segment Registers =
X2 5
X3 fl%
a X
= xp— 18 11
! o —
8’)29 Oxf C=T—1000!

OxT f 00 8§
X4
X4

X -
81 Oxf =IO
OxT T I

X
0x0 ] g‘{z el
gx4¢ 5T




With a TLB & Cache

Cache: Set-associative, bigger

. < frame
frame
frame
TLB: Translation Lookaside Buffer frame
frame
0) frame
LOOkUp D frame
p frame
p frame
9] frame
Segment Registers X =
X2 [}
X3 [}
| =
X 17 1
X 18 N
( X 7=
1 83&9 Oxf =100
(006 s 0110 B§ >
X »
3 27 1
0% A= dﬂﬁi"/
X Oxf =IO

OxT T IR

|

o

cooe e
XXX X
MmO~
NININON)
DL




With a TLB & Cache

Cache: Set-associative, bigger

frame
frame
frame
TLB: Translation Lookaside Buffer frame
frame
p frame
Lookup o) frame
0] frame
0] frame
N Ote Segment Registers X0 —57
Xe—1p
Caches store | ==
X 18 1
. 1 |
physical addresses. | 00 0x =TT
OxT =l (8
> Ea i
8x9 Oxf =000l

Oxf T IR

e S

o
x

MmO~

NN
DL

XXX X
—r—tr—tr—tr—h
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