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Virtual Memory That is Larger Than Physical Memory
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Virtual-address Space
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Enables sparse address spaces with
holes left for growth, dynamically
linked libraries, etc

Operating System Concepts with Java — 7th Edition, Nov 15, 2006 9.5 Silberschatz, Galvin and Gagne ©2007




Shared Library Using Virtual Memory
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- | 0| & (Demand Paging)
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Transfer of a Paged Memory to Contiguous Disk Space
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£+ HO0|H : Valid-Invalid Bit

O With each page table entry a valid—invalid bit is associated
(v = in-memory, i = not-in-memory)

O Initially valid—invalid bit is set to i on all entries
O Example of a page table snapshot:

Frame # valid-invalid bit

page table
0 During address translation, if valid—invalid bit in page table entry

Is | = page fault

e
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Aspects of Demand Paging

O Extreme case — start process with no pages in memory

= OS sets instruction pointer to first instruction of process,
non-memory-resident -> page fault

= And for every other process pages on first access
m Pure demand paging
O Actually, a given instruction could access multiple pages
-> multiple page faults
= Pain decreased because of locality of reference
O Hardware support needed for demand paging
= Page table with valid / invalid bit
= Secondary memory (swap device with swap space)
\J, ® Instruction restart
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Page Table When Some Pages Are Not in Main Memory
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Steps in Handling a Page Fault
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Steps Iin Handling a Page Fault
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Demand Pagingl ds

O Page Fault Rate 0<p <1.0
= If p = 0 no page faults
= If p =1, every reference is a fault

O Effective Access Time (EAT)
EAT = (1 — p) X memory access
+ p (page fault overhead
+ swap page out
+ swap page in
+ restart overhead )

TEME M O|X| EXH7F /e mjorct
C|AZ0|A 1 I O|X|7} L2t Mi7tX| 7|Ctedof 3tE 2
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Demand Paging Example

O Memory access time = 200 nanoseconds
O Average page-fault service time = 8 milliseconds
O EAT = (1 —p) x 200 + p x (8 milliseconds)
=(1-p) x 200 + p x 8,000,000
= 1x200 — p x 200 + p x 8,000,000
=200 + p x 7,999,800

O If one access out of 1,000 causes a page
fault(0.0001), then

EAT = 8.2 microseconds.
This is a slowdown by a factor of 40!!
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Copy-on-Write
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Copy-on-Write

physical
process, memory process,

_I—’- pageA =«

Before Process 1
Modifies Page C —EEEE— |

» pageC «——

physical
process, memory process,

After Process 1 page A
Modifies Page C -
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Copy of page C
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| O| X| 1 X| &1 2|=(Page Replacement)

o I O|X| mXN| &1 2|&(Page Replacement Algorithm)
= Page Fault7| 23510 M|lE22 I{|O|X| & 4 22| =
IS AX 2l Bl ?E gle 8% 7[&2| I|0[X| & StLE

CIA3Z 2| id A hO]X| S "*XHOPW Of &f
= O I, A= HO|X|Z 1=7]| ?[5h A& L= E122|F

O OI-_I_E|7<O| ‘rr
= BeladyQ| =X &1 2| S(OPT &1 2|F)
m FIFO(First-In First-Out) €1 2|&
= LRU(Least Recently Used) &1 2|&
» LFU(Least Frequently Used) €1 2|5
), ™ NUR(Not Used Recently) €112|F
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Need For Page Replacement

valid—invalid

0 H frame bit
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Page Replacement

|frame valid—invalid bit
T _—
swap out
change victim
0 |i to invalid page
v ®/v
@ f| victim ©
reset page
table for
page table
new page @ swap
desired
page in
physical
memory
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Page and Frame Replacement Algorithms

O Frame-allocation algorithm determines
= How many frames to give each process
= Which frames to replace

O Page-replacement algorithm

= Want lowest page-fault rate on both first access and
re-access

O In all our examples, the reference string is
7,0,1,2,0,3,0,4,2,3,0,3,0,3,2,1,2,0,1,7,0,1

A --‘ -j‘ s
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Graph of Page Faults Versus
€ Number of Frames
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First-In-First-Out (FIFO) Algorithm

O Reference string:
7,0,1,2,0,3,04,2,3,0,3,0,3,2,1,2,0,1,7,0,1

O 3 frames (3 pages can be in memory at a time
per process)

712 4 0 7
210/ 3 210 15 page faults

3|/1/0 3 2 1

% P o
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FIFO Page Replacement

reference string

/7 0 1 2 0O 3 0 4 2 3 0 3 2 1 2 0 1 7 0 1
2] 2] 4] 4] 4] 0] of |0
| |o] o] o 1] [of o
L B) B [ o] [of [of f3] [s

page frames

Page Fault : 15

o
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First-In-First-Out (FIFO) Algorithm

O Reference string: 1,2, 3,4,1,2,5,1,2,3,4,5
O 3 frames (3 pages can be in memory at a time per

process)

1114 5
2 12| 1 3 9page faults
3132 4
1115 4

O 4 frames
2 |21 5 10page faults
3 (3|2
4 143

. Anomaly: more frames = more page faults

Silberschatz, Galvin and Gagnhe ©2007
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FIFO lllustrating Belady’s Anomaly
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Belady2| |5 & 112|F(0OPT)
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Optimal Algorithm

O Replace page that will not be used for longest period
of time

O 4 frames example
1,2,3,4,1,2,5,1,2,3,4,5

1| 4 6 page
faults

2
3
4|5

o How do you know this?
O Used for measuring how well your algorithm performs

b b, e & N
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Optimal Page Replacement

reference string
0 4

/7 0 1 2 0 3 2 3 0 3 2 1 2 0 1
o] o] o] o o o o
HRERERi

page frames

Page Fault : 9
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Least Recently Used (LRU) Algorithm

|301I e S0 AtEoLAl 2= HIOIXIS
wilol= JIE

0o LRU JI& 2] (4
= Reference string: 1,2,3,4,1,2,5,1,2,3,4,5

11 11/1]|5
212|222
3(|5(|95]||4]||4
4 (43|33
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LRU Page Replacement

reference string

/7 0 1 2 0 3 0 4 2 3 0 3 2 1 2 0 1 7 0 1
4] 4] 4] [0]
| o] o] jo] [o o] |o] |3] |3] o o
HaERERd

page frames

Page Fault : 12
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LRU Algorithm (Cont.)

0 LRU €.1)2|&2 A& E
= Counter 0| & & &8
o JFE 22 HIOIKI B XRAIZ2ES
o HOIXl WME ?IoH counterES & 240l OF g

= Stack2 0|8t &
o keep a stack of page numbers in a double link form:

o Page referenced:
= move it to the top
= requires 6 pointers to be changed

wHE HOIASE #J| ?Iet ZH0 2LES
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Use Of A Stack to Record The Most Recent Page References

reference string
4 7 o0 7 1 0 1 2 1 2 @1 2
; a1
N a b
1 2
0 1
—
( 7) 0
b
4 4
stack stack
before after
a b
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ALRU(Approximatiing LRU) Algorithms

o JHE
= LRU J| 20| counter &t = stackﬂ_} 22 =2 Ijl%%
R 0oE £ reference bitE 0|2t &AM 2& B

O Reference bit
= With each page associate a bit, initially = 0
= When page is referenced bit setto 1
= Replace the one which is O (if one exists)
o We do not know the order, however

o 5 P 55
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Second-Chance (clock) Page-Replacement Algorithm
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reference —pages reference —pages
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Jictm o]
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g —0
HEE]
circular queue of pages circular queue of pages
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J|E} Counting 218+ Algorithms

O LFU(Least Frequently Used) Algorithm

= APE Bl JHY 22 HOIAIE WMot JIE

Z= Ho[x|| 2 3 1 3 1 2 . 9]

&
=]
Rl
o
o
Co
o

|H
z
il

O = |w|m
O] —=|w|ro

o MFU Algorithm(Most Frequently Used)
s AHEBIED =2 HIOIKIE WAHlol= JI™

b b, e & N
Operating System Concepts with Java — 7th Edition, Nov 15, 2006 9.36 Silberschatz, Galvin and Gagne ©2007



J|Et Algorithms

O NUR(Not Used Recently)
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A H
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1 1 4
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o
of

o0 HO[X| =255 Z2MAFHA ZHidlF= L E
= 75 T (Equal Allocation)
0 BE ZEMA0A L2 o =S S U

-

o Priority Allocation

. g -’ 4 v
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10
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Global vs. Local Allocation

O Global replacement — process selects a
replacement frame from the set of all frames; one
process can take a frame from another

= But then process execution time can vary greatly
= But greater throughput so more common

O Local replacement — each process selects from
only its own set of allocated frames

= More consistent per-process performance
= But possibly underutilized memory
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Allocation in NUMA

O NUMA = Non-Uniform Memory Access
» HE22[7FHERIE S5l HEEO U=
= XA X[HAZHE 2= M2 =g &F

Mode 0 Mode 1 Mode 2 Mode 3

e e % N 7 " T N 7 " T 3 & O AT A
CPU| |CPU| |CPU| |CPU] |CPU| |ICPU||CPU||CPU]| |CPU||CPU||CPU||CPU| |CPU||CPU||CPU||CPU

IR e T R i
{ { { {

Chipset Chipset Chipset

g =
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A el Al (Thrashing)
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Thrashing (Cont.)

| >
| thrashing

CPU utilization

degree of multiprogramming

3
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AelAl(Thrashing) &4 oll 2 & &
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S A(Locality) : 2
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Working-Set Model

o Working Set2| 9|
n HASOI T2 AT EZ T S0 &2 10| X| =2
XISt
H 4

)

OF

o H% T2 M A0 A &
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Page-Fault Frequency

O More direct approach than WSS

O Establish “acceptable” page-fault frequency
rate and use local replacement policy

E If actual rate too low, process loses frame

increase number
of frames

upper bound

page-fault rate

lower bound
decrease number
of frames

Y

number of frames
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Working Sets and Page Fault Rates

working set
1
page
fault
rate
0 >
time

i
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Memory-Mapped Files

O Memory-mapped file I1/O allows file I/O to be treated
as routine memory access by mapping a disk block
to a page in memory

O Afile is initially read using demand paging

= A page-sized portion of the file is read from the file
system into a physical page

= Subsequent reads/writes to/from the file are treated as
ordinary memory accesses

O Simplifies and speeds file access by driving file I/O
through memory rather than read() and write()

system calls

O Also allows several processes to map the same file
Jallowing the pages in memory to be shared

4
4
4 h 2
-
S k
_J'{
\
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Memory-Mapped File Technique for all I/O

O Some OSes uses memory mapped files for standard 1/O

O Process can explicitly request memory mapping a file via
mmap () system call

= Now file mapped into process address space

o For standard I/0 (open(), read(), write(),
close()), mmap anyway
= But map file into kernel address space
= Process still does read() and write()
Copies data to and from kernel space and user space
= Uses efficient memory management subsystem
Avoids needing separate subsystem
COW can be used for read/write non-shared pages

eémory mapped files can be used for shared -_:::

OperatmgSyste(.aJmutgh aga,lm M\la ﬁepara‘tﬁg SyStem Ca”SI)erschatz Galvin and gnt; ©2007




Memory Mapped Files
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1 - - - — - ol - - 4
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4 | 4+-, RN
5 15 > 6 =i
6 —T':'I—'l" 1 : : I
b ! by !
T = e B 1
processA ' 'l [ T3 5 « ——}—! | I processB
virtual memory: :- i = 1 :virtual memory
1 1
Lo !
} Ll z ~ind o Sl
-———————: 2 ‘_-_____-.
physical memory
L—— I —
(1 [2[3[4[5]6]
disk file
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Memory-Mapped Shared Memory

In Windows
process,
shared T e, - memory-mapped
memory R - file
T shared
T memory
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Allocating Kernel Memory

O Treated differently from user memory

O Often allocated from a free-memory pool
= Kernel requests memory for structures of varying sizes

= Some kernel memory needs to be contiguous
o l.e. for device I/O

b S
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Buddy System Allocator

physically contiguous pages

256 KB

128 KB 128 KB

64 KB 64 KB
B Bp,
| |
a2 KB| |32 KB
S CR

b
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Slab Allocation

kernel objects caches slabs

- /J' - ]
3-KB R

objects
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End of Chapter 9
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