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Cache and virtual memory

Cache Virtual memory

» Accelerate access » Increase addressable space
(+ faster access) (+ space)

» Transfer by blocks or lines » Transfer per page

» Blocks: 32-64 bytes » Pages: 4-8 KiB

» Translation: » Translation:
mapping algorithm Fully associative

» Immediate or deferred » Deferred writing
writing
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Program and process

» Program: a set of data and instructions arranged in order to
perform a specific task or job.

Disk

Executable
file
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Program and process

» Program: a set of data and instructions arranged in order to
perform a specific task or job.

For its execution, it must be loaded in memory.

Main memory

Operating
System

Disk

Executable
file
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Program and process

» Process: running program.

Main memory

Operating
System
instructions ]
data _ process, Disk
stack
Executable
file
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Program and process

» Process: running program.

It is possible to run the same program several times
(resulting in several processes)

Main memory

Operating
System

instructions

data

stack

— process,

Disk

Executable
file
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Image of a process

» Memory image: set of memory addresses assigned to the program
being executed (and content)

Main memory

Operating
System

instructions

data

stack

instructions

data

stack

instructions

data

memory image of a l
running program

— process,

Executable
file

— process,

Reserved addresses to grow
the data and stack sections

ARCOS @ UC3M

Félix Garcia Carballeira, Alejandro Calderén Mateos



Systems without virtual memory

» In systems without virtual memory, the program is
completely loaded in memory before the execution.

Main
Memory

Operating Disk
System
PC : /\
instructions
data \—/
Program

executing

Ly . Executable
SP /‘ stac file

~
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Systems without virtual memory

» In systems without virtual memory,
the program is completely loaded
in memory before the execution.

» Main issues (1/2):

Relocation: image must be able to be uploaded to any assigned location.

Protection: prevent access outside the allocated space.

Main memory

Operatin
SP ste ”g Disk

Memory
image of the
process file
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Systems without virtual memory

» In systems without virtual memory,
the program is completely loaded
in memory before the execution.

» Main issues (2/2):

If the memory image of a process is larger than the main memory,
its execution is not possible.

The large size of the memory image of a process may prevent the
execution of other processes.

Main memory

Operating Dis|
s ISK
Memory
image of the
process file
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Hypothetical executable file

int v[1000]; // global

int 1i;

for (i=0; i < 1000; 1i++)
v[ii] = 0;
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Hypothetical executable file

int v[1000]; // global

int 1i;

for (i=0; i < 1000; 1i++)
v[ii] = 0;

|

.data

v: .space 4000
.text
main: 1i t0, O

1i tl, O
1i t2, 1000
bucle: bge t0, t2, fin
SW x0, v(tl)
addi t0, tO0, 1
addi tl1, tl1, 4
J bucle
fin:

13
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Hypothetical executable file

int v[1000]; // global
int i;
for (i=0; i < 1000; 1i++)
v[ii] = 0;
assembly
.data
v: .space 4000
.text
main: 1i t0, O
1i tl, O
1i t2, 1000
bucle: bge t0, t2, fin
SW x0, v(tl)
addi t0, t0, 1
addi tl1, tl1, 4
J bucle
fin:
14

96
100
104
108
112
116
120
124
128
132

executable

Header

1i t0, O

1i tl, O

1i t2, 1000
bge t0, t2, 1
SW x0, 2000 (
addi t0, tO0, 1
addi tl, tl1, 4
J -20

Address 2000 is assigned to v
Assumes that program starts in address 0

ARCOS @ UC3M
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Loading the program in memory

» The Operating System reserves a contiguous free portion
in memory for the entire process image.

96
100
104
108
112
116
120
124
128
132
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executable
Header
11 t0, 0
11 t1, 0

1i t2, 1000

bge tO0, t2, 1
SW x0, 2000 (
addi t0, tO0, 1
addi tl1, t1, 4
7 -20

10000
10004
10008
10012
10016
10020
10024
10028
10032

memory
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Loading the program in memory

» In the executable file the address 0 is considered as the
initial address

Logical address
» In memory, the initial address is|0000
Physical address

» Address translation is needed
From logical address to physical

» The array in memory is in:
The logical address 2000
The physical address 2000 + 10000

» This process is called relocation
Software relocation
Hardware relocation
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Software relocation

» Occurs in the loading process

96
100
104
108
112
116
120
124
128
132
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executable
Header
11 t0, 0
11 t1, 0

1i t2, 1000
bge tO0, t2, 1
SW x0, 2000 (
addi t0, tO0, 1
addi tl1, t1, 4
7 -20

10000
10004
10008
10012
10016
10020
10024
10028
10032

memory
1i t0, O
1i tl, O
1i t2, 1000
bge t0, t2, 16
SW x0, 2000 (tl)
addi tO0, tO, 1
addi tl, tl, 4
J -20

ARCOS @ UC3M
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Software relocation

» What happens with the instructions loaded in 10012 and
10028 addresses?

executable memory
0
| H
eader
96
100 11 t0, 0 10000 | 11 tO0, O
104 11 t1, 0 10004 | 11 t1, O
108 11 t2, 1000 10008 | 11 t2, 1000
112 bge t0, t2, 16 10012 | bge t0, t2, 16
116 sw x0, 2000 (t1l) 10016 | sw  x0, 2000 (tl)
120 addi t0, tO0, 1 10020 | addi t0, tO0, 1
124 addi t1, tl1, 4 10024 | addi t1, tl1, 4
128 g -20 10028 | -20
132 10032
18 ARCOS @ UC3M
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Hardware relocation

» The translation occurs in the execution

» Special HW is needed.

96
100
104
108
112
116
120
124
128
132
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executable
Header
11 t0, 0
11 t1, 0

1i t2, 1000
bge tO0, t2, 1
SW x0, 2000 (
addi t0, tO0, 1
addi tl1, t1, 4
7 -20

10000
10004
10008
10012
10016
10020
10024
10028
10032

memory
1i  to, O
1i t1, O

1i t2, 1000
bge t0, t2, 1
SwW x0, 2000 (
addi t0, tO, 1
addi tl, tl1, 4

ARCOS @ UC3M
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Example of hardware support

» Base register: program start address in memory

memory
MAR
10000 | 14 tO0, O
10004 | 11 t1, ©
10008 | 11  t2, 1000
10012 | bge t0, t2, 16
10016 | sw  x0, 2000 (tl)
10020 | addi tO0, tO0, 1
10024 | addi t1, t1, 4
Base Reg. 10028 | - o0
10032
20 ARCOS @ UC3M
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Example of hardware support

» Base register: program start address in memory

MAR

Base Reg.

21

/

Logical starting

OK

10000

10000
10004
10008
10012
10016
10020
10024
10028
10032

memory
1i t0, O
1i tl, O
1i t2, 1000
bge tO0, t2, 6
SW x0, 2000 (tl)

1

(
addi t0, tO0, 1
addi t1, tl1, 4
3 -20
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Example of hardware support

» Base register: program start address in memory

memory
MAR 0
10000 | 11 t0, O
10004 | 11 t1, 0
10008 | 11 t2, 1000
10012 | bge t0, t2, 16
10016 | sw  x0, 2000 (t1)
10020 | addi t0, t0, 1
10024 | addi t1, t1, 4
Base Reg. 10000 + ) 10000 10028 | §  -20
10032
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Multiple programs loaded in memory

Main memory

Operating
System
instructions

data

process,

stack

I\

instructions
data

— process,

stack
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Multiple programs loaded in memory

Main memory

Operating
PC — System _

instructions

data

stack
s —

instructions
data

process,

I\

— process,

stack
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Multiple programs loaded in memory

Main memory

Operating
System
instructions

data

process,

stack

I\

instructions
data

— process,

stack
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Multiple programs loaded in memory

Main memory

Operating
System
instructions

data

process,

stack

_U
@
I\

instructions
data

— process,

S P / stack |
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Multiprogramming: memory protection

» A computer can store several programs in memory

» Each program needs an address space in memory (memory
image)

We need to ensure that a program
does not access to the address space of
other program
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Problem with memory protection

» What happens if the program executes these
instructions!?

11 t0, 8
sw t0, 0 (x0)
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Problem with memory protection

» What happens if the program executes these
instructions!?

1i t0O, 8
sw t0, 0 (x0)

lllegal access to physical address O that is not
assigned to the program
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Hardware relocation (with limit register)

» Translation and testing is performed during execution.

» Special hardware is needed. Ensure protection.

96
100
104
108
112
116
120
124
128
132

30

executable
Header
11 t0, 0
11 t1, 0

1i t2, 1000
bge tO0, t2, 1
SW x0, 2000 (
addi t0, tO0, 1
addi tl1, t1, 4
7 -20

10000
10004
10008
10012
10016
10020
10024
10028
10032

memory
1i  to, O
1i t1, O

1i t2, 1000
bge t0, t2, 1
SwW x0, 2000 (
addi t0, tO, 1
addi tl, tl1, 4
J -20
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Example of hardware support

» Limit register: maximum logical address assigned to the program

» Base register: program initial address in memory

memory

MAR

10000 | 11 t0, O
10004 | 11 tl, O
10008 | 11 t2, 1000

Limit Reg. 10012 | bge t0, t2, 16
10016 | sw =0, 2000 (t1)
10020 | addi t0, t0, 1
10024 | addi t1, t1, 4
Base Reg. 10028 | - o0
10032
31 ARCOS @ UC3M
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Example of hardware support

» Limit register: maximum logical address assigned to the program

» Base register: program initial address in memory

memory

Logical starting

/ address

¥

MAR 0

10000 | 14 t0, O
10004 | 14 t1, O
10008 | 1i  t2, 1000
Limit Reg. 6000 10012 | bge t0, t2, 1
10016 | sw  x0, 2000 (
10020 | addi t0, tO, 1
10024 | addi t1, tl1, 4
10028 | 7 -20
10032

Base Reg. 10000

32 ARCOS @ UC3M

Félix Garcia Carballeira, Alejandro Calderén Mateos



Example of hardware support

» Limit register: maximum logical address assigned to the program

» Base register: program initial address in memory

MAR

Limit Reg.

Base Reg.

33

6000

10000

yes

excepcion

10000
10004
10008
10012
10016
10020
10024
10028
10032

memory
1i  to, O
1i t1, O

1i t2, 1000
bge t0, t2, 1
SW x0, 2000 (
addi t0, tO, 1
addi tl, tl1, 4

ARCOS @ UC3M

Félix Garcia Carballeira, Alejandro Calderén Mateos



Example of hardware support

» Limit register: maximum logical address assigned to the program

» Base register: program initial address in memory

MAR

Limit Reg.

Base Reg.

34

6000

10000
10004
10008
10012
10016
10020
10024
10028
10032

memory
1i  t0, 0
1i t1, O

1i t2, 1000
bge tO0, t2, 1
SW x0, 2000 (
addi t0, tO, 1
addi tl, tl1, 4
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Example of hardware support

» Limit register: maximum logical address assigned to the program

» Base register: program initial address in memory

MAR

Limit Reg.

Base Reg.

35

6000

10000

no

10000

10000
10004
10008
10012
10016
10020
10024
10028
10032

memory
1i  to, O
1i t1, O

1i t2, 1000
bge t0, t2, 1
SW x0, 2000 (
addi t0, tO, 1
addi tl, tl1, 4

ARCOS @ UC3M
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Systems without virtual memory
Main problems (summary)

» Relocation and protection.

» If the process image is bigger than the available memory,
the process can not be executed.
» The number of active programs in memory is limited.

In a 32-bit computer:
What is the theoretical maximum size of a program?
What if this size if the memory has 512 MB?
If each program occupies 100 MiB, how many can | run?

36 ARCOS @ UC3M

Félix Garcia Carballeira, Alejandro Calderén Mateos



Overlays

» In the years 1950-85 the
IBM Mainframe-PC had
little memory and no

virtual memory.
7 = '

» Using overlays was a
popular technique for
loading part of the
program when it was
used, and unloading to
make room when it was
not needed.
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Overlays

» In the years 1950-85 the

IBM Mainf- ?C had
little \no
e o
f—\\) | (A\N’A( ((\e(.(\o
¢ \
| \lS‘O‘| \\,\ \I'\(‘*\)?smg overlays was a
. O\IC(\O ,\?}(\ O popular technique for
Y \ofgo’ P ot’e- loading part of the

program when it was

‘ used, and unloading to
make room when it was

not needed.

38 ARCOS @ UC3M

Félix Garcia Carballeira, Alejandro Calderén Mateos



Systems with virtual memory

Operating
System

» Programs are partially loaded into main stack
memory for execution:

When a part of it is needed, it is loaded in .
main memory. instr.

When it is not needed, it is moved to
secondary memory (e.g., SSD, hard disk, etc.)

data

» Main advantages:

A program bigger than the main memory
available can be execute.

More programs can be executed at the
same time.

Each program has its own memory space.

39 ARCOS @ UC3M
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Systems with virtual memory

Process memory image Main memory
instructions stack
data
l stack
data instr.
stack . .
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Main concepts on virtual memory

Virtual memory uses:
a Main memory: RAM
Q Secondary memory: ssd, disk, ...

Mvirtual memory map
(addresses generate by the program)

Physical address -
(hit) Main memory

v

Virtual 7

Processor address MMU /‘\

Disk
Page fail
oS transferw

S
\ page to memory Qvifip)/
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Different models of virtual memory

» Virtual memory paged
» Virtual memory segmented

» Virtual memory with paged segmentation
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Paged virtual memory

» The addresses generated by the processor are virtual
addresses.

» The virtual address space is divided into chunks of equal
size called pages.

» The main memory is divided into chunks of equal size to
the pages called page frames.

» The disk area that supports the virtual memory is divided
into equal-sized chunks called swap pages or swap pages.
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Virtual address space

information for

/tra nslation

PR a8
HHHT eeassas

0es eeeee
oo sesee
ee0ee ansases:
o 0000000
00000000000 500004
,,,,,, 20000 ¢

30000 ¢
0000 o o0
000000 o o

i 4 virtual address

Virtual M.
l

» Virtual address space (Virtual M.)
The programs manage a virtual space that resides at MP+disk

MMU: Memory Management Unit
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Fundamentals of virtual memory

45

=

information for

/tra nslation

Virtual M.
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Fundamentals of virtual memory

46

lw t0 vector

)

virtual address

information for

/tra nslation

Virtual M.
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Fundamentals of virtual memory

47

lw t0 vector

)

Virtual M.

information for

/tra nslation
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Fundamentals of virtual memory

information for

/tra nslation

Iw t0 vector | >
R |
o > * >4 M
S _ _
Virtual M. Main M. Secondary M.
I
Virtual address content is not in
Main M., it is in Secondary M.
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Fundamentals of virtual memory

Page fault information for

<4 /translation

Virtual M. Main M. Secondary M.

“\@\’x

» Page fault is an exception that causes the processor to execute the
associated processing routine (the process that generated the page
fault is suspended and it cannot continue its execution).

» It is implemented in the operating system.

ARCOS @ UC3M
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Fundamentals of virtual memory

)

Virtual M.

information for

/tra nslation

» The operating system asks to transfer the requested 'block’ to main
memory (the operating system sets another process to execute)

50
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Fundamentals of virtual memory

information for

/tra nslation

Virtual M. Main M.

Secondary M.

» The operating system is interrupted/when the requested 'block’ is
already in main memory and updates the translation information

o1 ARCOS @ UC3M
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Fundamentals of virtual memory

information for

/tra nslation

lw t0 vector

aeen
3
3

> %

Virtual M.

» The execution of the process that caused the failure is resumed and
the execution of the instruction that caused the failure is resumed.
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Fundamentals of virtual memory

information for

Hit :
/tra nslation

Iw t0 vector+4 |

S
O
o

Virtual M.
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Virtual memory: windows

2 Administrador de tareas

Archivo Opciones Vista

Procesos Rendimiento

Nombre

] vmmem

@ firefox.exe

@ firefox.exe

@ firefox.exe

‘= explorer.exe

@ firefox.exe

@ firefox.exe

@ firefox.exe

@ firefox.exe

. OmenCommandCent...
@ firefox.exe

@ POWERPNT.EXE
SearchApp.exe
MsMpEng.exe
@ firefox.exe
NVIDIA Broadcast.exe
@ firefox.exe

@ firefox.exe

@ firefox.exe

@ firefox.exe
dwm.exe

) Menos detalles

54

Historial de aplicaciones

PID
12344
20192
2284
20324
10248
15728
19876
18772
20032
14124
20692
13268
11348
5952
14576
4268
11516
8736
20020
23004
1832

Estado

En ejecucion
En ejecucion
En ejecucion
En ejecucion
En ejecucion
En ejecucion
En ejecucion
En ejecucion
En ejecucion
En ejecucion
En ejecucion
En ejecucion
Suspendido
En ejecucion
En ejecucion
En ejecucion
En ejecucion
En ejecucion
En ejecucion
En ejecucion
En ejecucion

Inicio  Usuarios

CPU Espacio maxi...

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
01

1441916 K
1.453.808 K
619.744 K
723.144 K
657.404 K
625.320 K
507.448 K
417.088 K
404.616 K
310.596 K
504.408 K
310.764 K
278.592 K
893472 K
262.540 K
224456 K
257.252 K
262.104 K
245512 K
267.684 K
362.268 K

Detalles Servicios

Tamafio de asig...
1.440.732 K
952.152 K
548.144 K
1.049.092 K
258.764 K
388.416 K
333428 K
266.080 K
266.908 K
235.660 K
238.300 K
241.548 K
193.240 K
302.164 K
184.328 K
681.952 K
173.380 K
169.856 K
158.676 K
146.736 K
502.292 K

Bloque paginado Bloque no pagin...

4 K
1470 K
584 K
1.624 K
1.828 K
765 K
845 K
634 K
595 K
1.119 K
648 K
4.016 K
1.143 K
588 K
597 K
1.529 K
582 K
683 K
637 K
597 K
872 K

0K
287 K
105 K
204 K
181K
96 K
91K
69 K
69 K
120 K
70 K
91K
120 K
102 K
51K
36 K
48 K
51K
47 K
51K
91K

Errores de pégins

Bytes .. Bytes ..

0 0
19.026.. 7.767..
50.095.. 34.927...
3.751... 120.55...
1.475... 599.46..
114.66.. 208.82...
169.70.. 1.005...

M 26742. 1.014..

24.727... 66.542...
174.98... 10.743...

& 42.110.. 126.64...

16.575.. 119.046
40.963.. 23.637..
18.314.. 613.47...

M 45.066... 23.459..

5.628... 2.329..
31.678.. 92.144...
41.391.. 128.82...
40.375.. 47.792...
14.799... 11.489...
72124 207

Bytes ...
0
65.210...
29.014
174.572
157.72...
36.550
34.022
29.824
27.760
88.235...
29.770
830478
1.916...
1.207....
27.512
344.48...
27.664
28.728
28.448
27.646
1.226....

Finalizar tarea

ARCOS @ UC3M
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Virtual memory: linux

GO E—————KDETaskManer——— °
‘ File  Refresh Rate Help
Processes List | Petfarmance heter |
— Running Processes
Mame |F'ID |Llser I | CPLU |Time | Mice | status Bhemory | Resident §shared | Comimand line
@ ktop BOE2Z s 6.57% 045 0 Run 5332 41260 4626 fktop
b i 313% 2:08 0 Sleep 824 fusr #1171 REMDin
1 tosh 134 cs 0.00% 0:00 0 sleep 1003 -tcsh
W ostart< o o 0.00% 0:00 0 Sleep a60 sh
X xinit 230 cs 0.00% 0:00 0 Sleep 176G =init
[ sh 254 s 0.00% 0:00 0 Sleep 880 zh
[ kwn cob o3 0.00% 002 05leap 4512 kwm
@l kaudioserver 266 cs 0.00% 0:00 0 Zombie 0
@ kfin 268 £s 0.00% 0:04 0 Sleep 53486 kfm
[=0 kraotwm 269 s 0.00% 000 0 Sleep 431Z krootwm i/
I~ P
1 Show Tree Chwn processes | Refresh Mow Kill task
|54 Processes  |Memary: 53900 kB used, 3603 kB free | Swap: 1540 kB used, 66464 KB free
55 ARCOS @ UC3M
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Paged virtual memory
summary

» The addresses generated by the processor are virtual
addresses.

» The virtual address space is divided into chunks of equal
size called pages.

» The main memory is divided into chunks of equal size to
the pages called page frames.

» The disk area that supports the virtual memory is divided
into equal-sized chunks called swap pages or swap pages.

56 ARCOS @ UC3M
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Physical address and virtual address
Translation

» Virtual address space:

» Memory addresses that use the processor.

» Physical address space:

» Main memory addresses.

Virtual Physical
address

address

e HW Physical

translation memory

57 ARCOS @ UC3M
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Paged virtual memory

» The memory image of the programs are stored in disk

58

instructions

data

l
i

stack

VA 0

VA N

g ===

Secondary M. (swap)

ARCOS @ UC3M

Félix Garcia Carballeira, Alejandro Calderén Mateos



Address translation

VA PA

MMU

A 4

v

processor

Page is at memory
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Address translation

processor > MMU >
memory
Page is not in
memory
Exception
60 ARCOS @ UC3M
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Address translation

VA

processor > MMU

memory

Page is not in
Memory

Exception (page fault)

l

Operating system

61 ARCOS @ UC3M
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Address translation

processor

VA

62

Operating system

A 4

MMU

v

~  memory

Secondary M. (swap)
ARCOS @ UC3M
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Address translation

VA PA

MMU 4
Page is in memory memory

A 4

processor

63 ARCOS @ UC3M
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Address translation

VA MMU PA -

/ memory

A 4

processor

A

The data is sent to the processor
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Example
32 bits

= 011010001001010
22 bits

1111100100000

virtual address

Physical
address/MM

Secondary M. (swap)
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Example

32 bits
011010001001010
22 bits
virtual address 1111100100000
Physical
address/MM

Secondary M. (swap)
blocks with the same size -> pages
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Example

20 bits 12 bits
page # Offset _
22 bits
virtual address 1111100100000
Physical
address/MM

page #

blocks with the same size -> pages
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Example

20 bits 12 bits
page # Offset _
10 bits 12 bits
virtual address Frame Offset
Physical
address/M

Page Frame

page #

blocks with the same size -> pages
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Example

20 bits 12 bits
page # Offset _
' 10 bits 12 bits
virtual address Frame Offset
Physical
\ address/MM
RN Page
Frame
Page table

page #

Mapping between page # (ID) and frame -> Page T.
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Example

20 bits 12 bits
page # Offset _
10 bits 12 bits
virtual address Frame Offset
Physical
address/MM
Page
Frame
Page table
page # PM  + control bits Frame #

Mapping between page # (page ID) and frame -> Page Table
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Example

20 bits 12 bits
page # Offset _
10 bits 12 bits
virtual address Frame Offset
Physical
address/MM
Page
Bit ”’present” Frame
Page table
09
page # 10 = , —> |0 1 M+ control bits Frame #
I
71 ARCOS @ UC3M
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Example

20 bits 12 bits
page # Offset _
10 bits 12 bits
virtual address Frame Offset
Physical
address/MM
Page
Bit ”’present” Frame
Page table
09
page # 10 = . —> 10 0M + control bits Frame #
I
swap

Secondary M. (swap)
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Structure of a virtual address

» A n-bits computer has:
Address of n bits

n-1 0

Can address up to 2" bytes
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Structure of a virtual address

» The memory image is composed of pages of equal size
(2P bytes)

n-1 0
Number of page (page ID) |  Offset

m bits p bits
»n=m+p
» Addressable memory: 2" bytes
» Page size: 2P bytes

» Maximum number of pages: 2™ pages

74 ARCOS @ UC3M

Félix Garcia Carballeira, Alejandro Calderén Mateos



Exercise

We work with a 32-bit computer has a memory of 512 MB
and pages of 4 KB.

» Answer:

Indicate the format of a virtual address and the number of
page frames.
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Exercise (solution)

» Virtual address format:
D 32bits
A

Page id. offset
\ A }

Y | 0
32-12 = 20 bits log2(4KB) = 12 bits

» Number of page frames:

Main memory size 512 MB 512 * 220
Page size 4 KB 4 %710

128 * 210
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Paged Virtual memory
Page tables

n-1 p p-1 0
Virtual page Displacement Virtual address
Translation
m-1 l pp-1 \ 0
Physical page | Displacement Physical addres

77 Estructura de Computadores
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Page table

Page table

Present

ETP | \as LN

No

I

Main Disk
memory

Virtual address space
of a program

Page
Page 0 frame

Page 1

Page 2

Page 3

Page 4

Page 5
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Page table entries
(typical format)

B virtual address

: 20 bits 12 bits
i : Number of page Offset
i - ”

—_——’

n Entrada de la tabla de paginas

Tr>P M Other control bits Number of frame

* P bit: indicates whether the page is present in M.M.
* M bit: indicates whether the page has been modified in M.M.
» Other bits: protection (read, write, execute, etc.), mgmr. (cow, etc.)
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Page table structure

» Operating system creates the page table when a program
is going to be executed

» The page table is accessed by the MMU in the translation
process

» The page table is modified by the operating system when
a page fail occurs
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Example

» Pages of | KB

» Process of 8 KB
Number of pages: 8

» Size of sections:
Instructions: 1.5 KB
Data: | KB
Stack: 0.2 KB
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Example

82

Instr.
Instr.

Data

Stack

Page 0
Page 1
Page 2
Page 3
Page 4
Page 5

Page 6
Page 7

» Pages of | KB

» Process of 8 KB
Number of pages: 8

» Size of sections:
Instructions: 1.5 KB -> 2 pages
Data: | KB -> | page
Stack: 0.2 KB -> | page

ARCOS @ UC3M
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Example

83

Instr.
Instr.

Data

Stack

Page 0
Page 1
Page 2
Page 3
Page 4
Page 5

Page 6
Page 7

» Init virtual address (VA): 0
» Final virtual address: 8191

» Pages 3,4,5 and 6 are not assigned
to the program at the beginning

ARCOS @ UC3M
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Example

Process image initially in disk

84

Instr.
Instr.

Data

Stack

Page 0
Page 1
Page 2
Page 3
Page 4
Page 5

Page 6
Page 7

Swap

2 Pages of the process

coONO Ul WNPEFO
o

ARCOS @ UC3M
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Example
OS creates the page table

P M frame/swap

cl) 8 8 i All pages in swap at the
21010 5 begining
Instr. Page 0 2 8 8 8
Instr. Page 1 5[0]0] 0
6[0]0 0
Data Page 2 - ToTo g
Page 3
Page 4 ;
Page 5 1 Swap
2 0
Page 6 ;
Stack Page 7 4 1
5 2 Pages of the process
6
7
8 7
9
10
11
12
8 ARCOS @ UC3M
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Example

Access to VA O

processor

86

VA=0

A 4

MMU

Instr.
Instr.

Data

Stack

Pag.
Pag.
Pag.
Pag.
Pag.
Pag.
Pag.
Pag.

~NOoO o1k~ wWwN - O

~Noorh whNdE O

P M frame/swap

2

OO|O|0O|O0|O|Oo|O

O |O|0o|O|o|o|o|o

O |Oo|o|o|o|o|>

Swap

0
1
2 0
3
4 1
5 2 Pages of the process
6
7
8 7
9

10

11

12

ARCOS @ UC3M
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Example

Access to VA O

processor > |\/||\/|U
VA=0

VA=0 |0 0
PN O

Instr.

Instr.

Data

Stack

87

Pag. 0
Pag. 1
Pag. 2
Pag. 3
Pag. 4
Pag. 5
Pag. 6
Pag. 7

~Noorh whNdE O

P M frame/swap

2

OO|O|0O|O0|O|Oo|O

O |O|0o|O|o|o|o|o

O |Oo|o|o|o|o|>

Swap

0
1
2 0
3
4 1
5 2 Pages of the process
6
7
8 7
9

10

11

12

ARCOS @ UC3M
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Example
Access to VA O

P M frame/swap

0[o0]0 2
1 FoTo 2 Page fa_ult _
2[0]o0 5 Page 0 IS not In memory
3[0]0 0
4{0]0 0
500 0
processor > MMU 6lolo 0
VA= 0 70010 8
0
: Swap
VA=0 [ 07 [ 0 | 20
PN O 3
4 1
5 2 Pages of the process
Instr. Pag.O 6
Instr. Pag. 1 7
Data E:gg 8 7
Pag. 4 9
Pag. 5 10
Pag. 6 11
Pag. 7 12
Stack
88 ARCOS @ UC3M
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Example

handling the page fault Memory
0
1
2
P M frame/swap 3
o070 2 4
1[0]0 4 5
2[00 5 6
3[0[0 0 7
4alolo 0 8
500 0 9
processor > |\/||\/|U 6lolo 0 10
71010 8
0
. wap
VA=0 | 0 | o0 | 2 0
PN 0 3
4 1
5 2 Pages of the process
6
. 7
The O.S. reserves a free page frame in 8 7
memory (5) and copies the block 2 1?)
In the frame 5 11
12
89 ARCOS @ UC3M
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Example
handling the page fault Memory

0
1
2
P M frame/swap 3
o[1]0 5 4
1[0]0 2 5 [0
2[00 5 6
3[o0]0 0 7
40]0 0 8
5(0[0 0 9
processor > MMU 6lol0 0 10
710]o0 8
0
: Swap
VA=0 [0 [ 0 | 2 0
PN O 3
4 1
5 2 Pages of the process
6
7
The O.S. updates the page table s 7
9
10
11
12
90 ARCOS @ UC3M
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Example

Resuming the process Memory
0
1
2
P M frame/swap 3
o[1]0 5 4
17070 4 5 N0
2[00 5 6
3/0]0 0 7
4alolo 0 8
5/0]0 0 9
processor > MMU 61010 0 10
VA= 0 7100 8
0
: Swap
VA=0 | 0 [ o0 | 2 0
PN 0 3
4 1
5 2 Pages of the process
6
_ _ 7
VA 0 is generated again s 7
9
10
11
12
91 ARCOS @ UC3M
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Example

Resuming the process Memory
0
1
2
P M frame/swap 3
o[1]0 5 4
17070 4 5 N0
2[00 5 6
3/0]0 0 7
4alolo 0 8
5/0]0 0 9
processor > MMU 6lol0 0 10
VA= 0 7100 8
0
: Swap
VA=0 | 07 [ o0 | 2 0
PN 0 3
4 1
5 2 Pages of the process
6
_ _ 7
VA 0 is generated again s 7
9
10
11
12
92 ARCOS @ UC3M
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Example

Resuming the process

processor >, MMU
VA=0
VA=0 [ 0 [ 0 |
PN o)
Page in memory
Obtain the physical address
93

PA

~Noorh whNdE O

P M frame/swap

| 5

| 4

(ole] o] (o] (o] o] le) §

O |O|0o|O|o|o|o|o

(eo)e] (o] [e] [a] 6]

I

/
I
I
I
I

Memory

QOwWwoo~NoO o~ wNDPEFE O

[E=y

o1

FN

ARCOS @ UC3M
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Example

Resuming the process

processor » MMU
VA= 0
VA=0 [ 0 [ 0
PN o)
Access to memory
94

~Noorh whNdE O

Memory
0
1
2
P M frame/swap 3
110 5 4
010 4 5 N0
0]0 5 6
0]0 0 7
0]0 0 8
0]0 0 9
00 0 10
00 8
5 0 |
FN 0

ARCOS @ UC3M
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Exercise

A computer that addresses memory by byte uses 32-bit
virtual addresses.

Each entry in the page table requires 32 bits, and the system
uses 4 KB pages.

» Answer:

What is the addressable memory space for a running
program!?

What is the maximum page table size on this computer?

95 ARCOS @ UC3M
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Exercise (solution)

» The memory space addressable by a running program is determined by the
number of bits of the virtual address:

232 =4GiB

Virtual
address

Virtual M.

96 ARCOS @ UC3M
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Exercise (solution)

» The size of the page table will depend on the maximum number of page frames
and the size of each table entry:

220 * 4 bytes (32 bits) =4 MB
€D 32 bits
A

Page id. offset
\ A }

| | 0
32-12 = 20 bits log2(4KB) = 12 bits

o If there is as much main memory as virtual memory, the
page frame identifiers will also be 20 bits long.
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Exercise

Let be a computer with 32-bit virtual addresses and 4 KB pages.
In this computer is executed a program whose page table is:

98

P

M

Perm.

Frame/
Block

1036

4097

3000

7190

212|277

3200

oOjJ]o|j]o|J]o]|]o|]o|]o | oo

oO|jl]o|J]o|]o]|]o|]o|o | oo

2400

oOjlo|j]o|]o|]o|]o|o|o|o|o]|]o]|o]|o]|—]|©c

oO|l]o|]o|]o|]o|]o|]o|]o|l]o|l]o|]o|]o|lo]|o | oo

2|2

3000

» Please answer:

Size occupied by the program
memory image.

If the first virtual address of the
program is 0x00000000, enter the
last virtual address of the program.

Given the following virtual addresses,
indicate whether they generate page
fault or not:

0x00001000
0x0000101C
0x00004000

ARCOS @ UC3M
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Exercise (solution)

P M Perm. Frame/
Block » The size of the program's memory image
o |0 |R 1036 will depend on the total number of pages
' o [R 4057 assigned to it and the size of the page:
0 0 \2% 3000
o 1o |w 719 » 7*4KB=28KB
0 0 \2% 3200
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 \2% 2400
0 0 \2% 3000
99 ARCOS @ UC3M
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Exercise (solution)

P M Perm. Frame/
Block
0 0 R 1036
I 0 R 4097
0 0 W 3000
0 0 W 7190
0 0 W 3200
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 W 2400
0 0 W 3000

100

4

If the total size of the program is 28 KB
and the first virtual address is

0x00000000,
the last address will be :

» 28% 1024 - |

ARCOS @ UC3M
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Exercise (solution)

» The first thing to do is to know the
format of the virtual address:

P M Perm. Frame/
Block
D 32 it
0 0 R 1036 [ A \
: 0 R 4097 Page Id. offset
0 0 W 3000 | | )
v v
0 0 w 7190
T Tw 00 O 3 12-200bi log2(4KB) = 12 bits 6
0 0 0 0
o |o |o 0 » For each virtual address, extract the page
o [0 |o 0 identifier, search the Page table for its
0 % |9 0 entry, and see if the present bit (P) is set
0 0 0 0 to I:
0 0 0 0
o |o o 0 0x00001000 -> no
°© 19 |9 0 0x000010IC -> no
L = 0x00004000 -> yes
0 0 W 3000
101 ARCOS @ UC3M
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Page table management

» Initially:

Operating system creates the page table when a program is going to
be executed

» Usage:
The page table is accessed by the MMU in the translation process

» Updated:

The page table is modified by the operating system when a page fail
occurs
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Translation

Virtual address

Physical address

Frame
num.

Offset

Translation mechanism

I
Pag. Offset I
Num. I
|
I Register
Page table
| pointer
[
[
I >
| g 8
) |°
Z
|
|
|
|
Program |
| |
103

Page table

|| Frame # ||_

Offset

— ]- Frame

Main memory

ARCOS @ UC3M
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Memory protection

Virtual address space
of process 1

Main memory

/

Frame for page A

Virtual address 0 - Page table of
Virtual page 0 ~ process 1
Frame A
Virtual pagek ~ — | Frame C \
Virtual address space Page table of
of process 2 process 2

Virtual address 0

Frame for page B

—— "\ Different physical

addresses

Frame for page C

Virtual page 0 | — Frame B 7

\

Frame D

Frame for page D

Virtual page j —

104
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Two-level page table

Virtual page
o T
Virtual address 1st level | 2nd level Byte
"o I .—-// f
Page table 3
Base register - >
First level
Page table
Sencond level
Page table
105 ARCOS @ UC3M
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Inverted page table

Virtual address

PID Virtual page Byte
1
pid| Pagina virtuall
Inverted page
Table
106

h 4 v

1 Byte

Physical address

ARCOS @ UC3M
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Page movement

» Initially:
Non-resident page is marked absent

The address of the swap block containing it is saved

» Secondary M. to Main M. (on demand):
Access to non-resident page: Page failure

O.S. reads page from Secondary M. and takes it to Main M.

» Main M. to Secondary M. (by expulsion):
There is no space in Main M. to bring in page
A resident page is replaced (stealing)

O.S. writes replaced page to Secondary M. (if bit M=1)

107 ARCOS @ UC3M
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Page movement

» Initially:

Non-resident page is marked absent

The address of the swap block containing it is saved

» Secondary M. to Main M. (on demand):
Access to non-resident page: Page failure

O.S. reads page from Secondary M. and takes it to Main M.

» Main M. to Secondary M. (by expulsion):
There is no space in Main M. to bring in page
A resident page is replaced (stealing)

O.S. writes replaced page to Secondary M. (if bit M=1)
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Replacement policies

» Which page is to be replaced (operating system)

» The page to be replaced must be the one that has the
least chance of being referenced in the near future.

» Most policies attempt to predict future behavior on the
basis of past behavior.

» Example of policies: LRU, FIFO, etc.
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Non-replacement policies

» Frame locking (pinned pages):

When a frame is locked, the page loaded in that frame cannot
be replaced.

» Examples of when a frame is pinned:
Most of the operating system kernel.

Control structures.
I/O buffers.

» Pinning is achieved by associating a lock bit to
each frame.

BPM Other control bits Frame number
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Translation cache
TLB (Translation Lookaside Buffer)

» Virtual memory based on page tables:

Problem: memory access overhead (2 access)
One to the page table that resides in MM
Another to the page containing the data

Solution: TLB.

» TLB: forward translation buffer:

Associative cache memory that stores the most recently used
page table entries.

Allows to speed up the frame search process.

111 ARCOS @ UC3M
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TLB (Translation Lookaside Bufter)

» TLB is used to optimize the memory access:
Table with reduced access time located in the MMU

Each entry has the page number and the corresponding page
table entry

In case of hit, the page table is not accessed

» Two types:

TLB with process identification

TLB without process identification

112 ARCOS @ UC3M
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TLB without process identification

Virtual address

Page

Offset

TLB

Physical address

A 4

To memory

Frame

Offset

—

P M R/W I frame

1

113

A 4

Page

TP entry

Yes

No

TP entry

Consult page table

»

|

ARCOS @ UC3M
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TLB witht process identification

Virtual address

Physical address

A 4

To memory

Frame

Offset

—

P M R/W I frame

1

Page Offset
TLB
» PID Page TP entry
PID Process identification
register
114

Yes

No

TP entry

Consult page table

»

|

ARCOS @ UC3M
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Cache and virtual memory

» Accelerate access » Increase addressable space

» Transfer by blocks or lines » Transfer per page

» Blocks: 32-64 bytes » Pages: 4-8 KiB

» Translation: » Translation:
mapping algorithm Fully associative

» Immediate or deferred » Deferred writing
writing
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Virtual memory and cache memory

Main memory

Pr r
0Cesso L2 cache
Virtual MMU L1 cache
address Physical line
address . «—

- > TLB - > ) line

) word

page
Disk (swap)
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Read access with cache and virtual memory

word
yes
Transfer line
From MM to Cache
cache No
Physical Yes
Virtual address
address
Yes
— Access .| Cache T
To PT entry
Physical address ¢
of PT entry No no
Transfer line Page fault
From MM to
Cache
Transfer page to
MM and update the
Page table
l
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