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Evolution of Operating Systems

* Early Systems (1950)

* Simple Batch Systems (1960)
Multiprogra d Batch Systems (1970)
*  Time-Sharing(1970)

*  Personal/Desktop Systems (1980)

*  Multiprocessor Systems (1980)

*  Networked/Distributed Systems (1980)

¢ Real-Time (1970) and Handheld (1990)
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(hun?/nwnn) nonnak AW o .NI0N 7712 IR MNIY — Limit register o
ooNa PN o AR RIN DT NHOZ YINND ND'T e
NN X7 NTEO NN o o
YUnnwni 7 N3N annY yinn non o monitor
1210 73) System call — N3N NXAP IN NIIN'N NR'09 "V ZINNIN G102 XM P-INd - ® 256000
.(niz'oon 1o g
300040 300040
NMIx'n NiR'os job 2 base register
,NT 70NY7 1IX'N YR APy D021 7NN 7Y DT ntawn K NAIXN NgioD e 420940 @
INQAIT? ,017N MINN 'wnnY? 210" 1"70NNY NRD N1IX2 nyxani [ha limit register
u/07 o
880000
meo o 1obis
nminawd o 1024000
:Protection Hardware - nanin nian
Instruction cycle with interrupts NN NT7 N722m X7 W2 W D7U5N0N NDIYNYT 110110 2¥N] D'YINTWURD e
Fetch Cycle Execute Cycle Interrupt Cycle wnnwnal
'8 NXNPN NITIRD) privileged a10n |0 limit -lbase DMVOAN VAV NIVVN NITD @

Interrupts .(prIVIIeged aion
Disabled Allvialiagahysniral NXIN7 NNy privileged aion NITIRS e

Check fe
Fetch Next Execute S
Instruction Instruction Interrupt; . .
o Bl Logic of Protection Hardware
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.079/07j7 210N N791VN X7 22 NNX NYEA P - 107100 V79/V7 TAW K77 ©

DI'0 X77 YNNWNN NON7 NITIN NU™Y ,7'NNN 079/077W INKYT (1ND1'0-R V7D V77 e
.079/0'%7 N7WO

719 0’07 NIdDN? YnNwnn N1DN7 NIYINYT N7W9Nn Ndwnn nwpa o
.system call - v'79/0%7

,NAMD 110 DX 17211 V79/0777 [PNN 73 11 Y N'7n — Device status table o
.axni

VN DR DYWL [PNNN 7 1a¥n IR VARY7 7 IT 07207 Mo nysnn ndwn - o
.Nj7'09 D7 n720a

111210 1N21'0-X
r ing pr .
user equesti 'g process requesting process user
waiting A 3 A
s N
device driver device driver
(] [}
kernel < 1 interrupt handler 1 1 interrupt handler r kernel
1 (W ]
hardware hardware
b data transfer e L - = data transfer
~ 7
time =— time ——p
(@ (b)

Device Status table

device: card reader 1
status: idle
device: line printer 3 | request for L
status: busy " line printer
address: 38546
device: disk unit 1 length: 1372
status: idle
device: disk unit 2
status: idle
device: disk unit 3 =
stea\:f:' bLIISS un! | request for request for _-l'
Sy disk unit 3 disk unit 3
file: xxx file: yyy
operation: read operation: write
address: 43046 address: 03458
length: 20000 length: 500

1/0O Protection — 079/077 N1an

.D'UNNUNN "'y NY17 Yin'wn 012am nrnt 0oy u7o/o%n apnn 'n e

.privileged a10n |n V79/VPN NITIED D

N71IY9 NYX¥INn UnNnUnn NIIN 'R ,privileged 210N |0 079/077 NITIFO DX :N'Wa e
?0%9/077

Unnunn NifIimn - (system calls) nDyn NIXAR (NN e

System calls - n>wn NIk
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N'NDNA NDINAN ARAN ATIRON NXRAN ,n|7'09'7 NYPL|'KOX o
.Interrupt Handler n'7y9n1 N'NdNN NI2MN 7W AXINN NAWN ,NP'09S NdNNOXR e

Interrupt Handler
NIYATIN NITIZON DX NYXANI NP'09N Y10 DX NYIAIZ TUXR NN @
AT D27 MV NuMwUn e
NNIXA J'UNNY NNYOR N'NY NI 7Y N709INY N'1DIMY NOTH ITN? NAMN n07wn e
N'2INN NPOSIN N DT
NI7> ,NIDINN 2¥N DX 1NMY7 11X D7, 010N DIpn ‘D2 NNR7 27D N7'0ON NT e
U1DIomak ,PC pin

NIMIX'N NIFZ'OD 7Y NIXIOI NI
7172 (Interrupt Handler) Interrupt service routine —'7 NU™7WN NX N1QaYn N'0SN o
NN'YN NNR'ON NAIMD ' DX 791 WK (interrupt vector) n*09n 1101 T 7'
.service routines -
.Nj7'090 NTIPS 7¥ NAMdN NX 1NYY7 N1"N Nj7'09N NIVPUDIR e
lost ) N'09N NX TaK? X7 "> NIPON NIP'0D 7U N7ap 'K "1 ,Nj?'0D NYXIAN TUKD
.(interrupt

(Interrupt driven I/0) np'09 vain 079/V7p
NINT-1 yN'? 0'70! Taynnt 079/0% NN e
NN W 010N 210 M2 W 'RINK [PNN7AM ‘D e
.(local buffer) "7xj717 yxin W' [pnin 7mn 757 e
.D'INPI7 0'¥IN NIYXAXD [ND'TAN VTR 72pn/anyn Tavnn e
"2V 'RONRY [N 70 INIR 7 9RPI70 yXIND 78 [PNinnn 1Qvin u79/077 e
NIIX'N NP'09 'V M71Y9 NXK 0"0 KINY Tayn7 YT [pnn /i e

Interrupt Time Line for a Process doing I/0

CPU  user

process
executing |_| |_|

/O interrupt

processing
I/0 idle =
device transferring |
110 transfer 110 transfer
request done request  done

1/O Structure/Methods - ¥79/0% NIV'W/N1an
INKY? 1 WYNNwnn NNONY7 NTIN NV, 2NNN 079/077W AINKYT 11ND1'0 V7D/V7)7 e
.079/0%77 N9 Do
.INQN N'09N TV Twnn IK NNYA NTIRD o
.(JNoT7 nwa 'y 7arn) ndnn AR o




104 \inn 22 Tmy

External
Interrupts

Traps

System
calls

Operating System Services - N7y95n NN MN'Y

NNIR YON71NDT7 NN Y07 N7A100 NDIVNN — NIOIM NN e

N 7R N7IWO YN D7D R Wnhvn NIDIMY (I — 079/0%7 NI7IWS vixa e
7R D7D Y¥27 10T wnnwn? NYOKN N7uonn Ndwn

.0'¥2P PINNY71 11X ,2MdY7 kNP7 N7 — 0'¥apn Ndwn 7won e

D2IW DAWNN 'V IX 2WNNN MIX 7V 0¥ YUK 0DY70N 2 VTN N97Nn — MIYpn - e
message IX shared memory - 'oIn'w N7 "y win'n) nwa 1N "y TN DNAaINnY
(passing

1NN L,|NDTNITAYAN NNNIND NIRAY T MY D12YAN NIT'— NIRAY T e
.UNnwnn NIrmai v'7e/v7y

Common System Components — 0'¥191 N>yN AN

Process Management - 170N 71N e
XN T2 NDM RN YN o
(...079/0%77 ,|N>'T ,Tayn AT) NdIWN ARWA NIXPA7 X J7AN7 o
.0D7NN ¥ MIYPNL [N210 ,N7'NN DT IIRINK N72WoNn ndwn o

Main Memory Management - '"&X1 [ND'T 71N o
IN2'T? NYO' 0DY7NN 17K 0NN ©
.M "YUyl 0'RYMY N2 0PN IR P o
.70"TN 7y 0'P1712 D' INWI 0D'ININTENDIMAN 077N — 2RI0NT ND'T ©

File Management — o'xap 71N e
0¥ 0'¥27 " T2 .yarn X Y 0YTAM ,0NIYR DIM1 7Y QO0IX KN YAl o
.01imai (both source and object forms) nidIN

NINAN N7'WON 7V NI'RINK N72WONN NN o
.0NaP 7 PNy .
BT S I T iyl aVa Tl i DU
Qrpm/oap nex719an7 oMo D'mn- .
1Yn IONX7 D'¥aP 19M =
(N2 nINY) N ArTn 7y oA A .

I/0 System Management - 079/0%7 9NN 71N e
.11 7'V NDNYT TINA D'W? DN V79/0V77 ENN
a1 17K N7 Dwyanw (device drivers) DA™ T NEO0N N7Y9NN NdWN
NIm
M7 T wWn o
(buffer-caching system) [mun-yxin n>yn =
(general device driver interface) "773 1AM Tpwnn =
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N7U9NN N>WNN NNRon N71Y9 wpan 17NN e
T NN NVHYN .DRP'OON NIVPIA 'DYO0 DIPMY? trap 7w NMIXa wnnwn >"T1a .1
ax¥n? 7Nnikn Mode bit -n 1 17U5NN N>IWNA NN'WN M'VN 7R N'09N 1IVjI
0N
.NYPIN DX VXNl 0YINE 01101 DN DNVANSNY XTI NdWwnan .2
.(system call) n>aynn NXE INK7Y NRRIWYD DITIEON 7R nvwn YW tn .3

Use of A System Call to Perform 1/0 - 0'79/0%77 N71IV9 YIX'2A7 NDWN NP WIN'W

¥ resident
case n B
monitor

trap to rEEE] perform 17O
monitor —|

return
to user
user

system call n program

CPU Protection — Tayn nian
AMYN n7U5nn NOWNY N'0anY? T3 '9X90 AT INKY N7'097 DI — (Timer) M0 o
v {Yh il
QWY TN ' T mton o
.Nj7'09 nyxann 0-7 yan MM"on WKRd o
.privileged 21001 X'N N0 7Y NIWO NTRD e

.Time Sharing ynm“? 1"01 yIm winw e

Interrupt Types and Attributes - nndNI NIR'0D 10
MNIP'09 NN XN N7YON NdWwn - e
.External interrupts — niix'n niz'o® o
Traps—nimdm o
.System calls — n>wwn NIk o
MDD I e
NIND1'0-X [N MNIN/NIMIX'N NI7'0D
NIDIN/NIM1I9 NIR'0D [N NDIWN NIRAFI NITIDN
.NX¥IN NIDM7 NINN2'O [ NI'AD NIF'0D
JNIYIIDN X7 IRYN ,NIYII9N |0 DDA NIRAP
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NRN AT - 110NN WixA

D'WIXQ I9WI (17 NDIWN MVNID 1Y wnwn

D"TNY DAI9WYT NIDY 1Y WInW

(D'wnnwn-'07n NdWN W) DWNNYN 2N 'WXNRD WNwn
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System calls - nown nixNyp

.N7U9NN Nd>WnN7 N¥1 NN |2 PYnn Nipoon
"72NOX NITIRO9> N'MTOY" T ©
NDWN NIXNPZ Y¥271 72n0K NITRe 9°7Nn'7 NNWoRn C,C++ INd NI'7'W NISY o
PYTNNWY!
N7U90N N2IWN7 N¥1 NDM 2 DN0VATS NNAYN NNYORN NINPY NIV Ui
.0MVo T 0MLVNIS NN L1
I0N19 NNWIM 17207 NINdA N2 17102 DM DX NYY? .2
.00
n>wn "y 0N No*wi ndIMAN 'y n1onnn MY 0nuvnon v no'nT .3
.n7wonn
Passing parameters as a table

register

X: parameters
for call

use | code for
load address X = from table X system

system call 13 = > call 13

user program

operating system

System Programs - N>2yn NI1dIN

([[770'7 AWOR ,IN¥INI NN NIN'DY7 NI N2Q0 NIFOON N2IVA NIdIN
0P 'Y/ o

Status information - 2xn yTm

NIDN NIDYA DN

INXINI NIMDIN N0

mivpn

n¥PPOR NIDM o

O O O O

X7 ,Mdynn NN My MUOIND D'WNNWAN M1'Ya n72V9Nn NdIYN 7Y nitnn an
.JAXY NDWNN NIROP

System Design Goals - n>ayn [11ON2a 0*Ty!

NNV ,NIMKR ,TINY? N7 ,WIn'w%? DN N7 DY N7Y90 NdYN — D'WNNYN Ty
.l

,AYM2A P DAIL,APITANT,WINTM ,|1ON7 277 DI 121¥ nWon Ndwwn — Ndyn Ty
7N, NIRAY K77,

Mechanisms and Policies - ni*ninron

Nyt X NN AR NITN ,AYY INYN 'R VIR 01101

NI'TAN NIV7NN DX NIWMA DIN'OZN AWORNY TIXN 2WN |NRY INT DN NTION
TNyannnhun
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0"9¥O0 NININ AmI7 0NaAMT .

External Storage Management - 1IX'n [IONX 71N
A1 AR IONK 'WXYARD 70 T2 NIYNNWN NIMTINN AWNNN NDWN 1N o
.yTnl nIdin
NINAN NIM7'WON 7V NI'RINK N7Y9NN DN o
70'T2 'woIn Dipn 71N =
IONX DI 27U ARYjIN =
porTATn =

Networking — niw
(Communication network) MIYZN NYA 1T DNIYRE NN DDANN o
(protocol) 717101N® NIWXNK2 NY¥INN MIYPN 0
D12120 NDWN ARWNYT NYA UNNWN7? NIYOKRN MY N> o
(Shared resource) "'woxrn qniwn akwN? N o
DA 7Y XN "
MM yTAN NMd DR n72yn =
nnmxI2n .

Command-Interpreter System - NITIZS NNYS Nd>yn
.N7u9NN NdWnN 'Y NIININ NITIRON DR NYXINI NRIIPY NDWNN- o
command.com (MS-DOS), shell (UNIX) :nixnarT o
Windows, ) WIMP — 0119n1 125y 0'021 7V KIn pwnnin windows NdDIyNa o
(Icons, Menu and Pointing device

Protection System - n1an nd>wn
NN ARWUN7 D'YNNWA IX ,0D70N ,NINDIN 7¢ N2l 07w 0Tdn o
wunnwni
NV ATOTDN o
Jnom X77nom wmnm'y 127 1an? =
QX7 Y'Y NUMWUN DR V97 =
NOON 'WXNX {7907 =

Error Detection/Response - NIXAY 'IN'T
Error Detection o
NIMIXNINIMI9 DININ NIKAY. =
[ND'TNIKAY @
[N 7w e

NDIN NIKAY =
N'UNNIXK MY e
|N2'T 'AIZ'A7 NNIOR WA @

Response Detection o
NYZ7OK7 NNAY VTN DWW VIWD - =
N71Y9N NX 1YW Y¥17 noN =
n7wonnx70va =

Accounting

WUNNYN XN NDIYN "ARYN NT'RINND Wnnwn 75 1y nawni napw
NOAYN AXYNI YIN'Y MNX NIZ'00'000 NOSOIX - o
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The kernel o
7uni (system calls) N>yn NI Pwnn? NNNN X¥MY nn D 7on =
.nninn
NIYAIDIL,IN'TY 7101 ,TAYNN 1At 07N 2N NN NX 7o0n =
JINK N7 NIYAI9 7 TINA 21 1901 .NNNK 17Y90 Ndvn

(the users)

shells and commands
compilers and interpreters
system libraries

system-call interface to the kernel

signals terminal file system CPU scheduling
handling swapping block I/O page replacement

character I/O system system demand paging

terminal drivers disk and tape drivers virtual memory

kernel interface to the hardware

terminal controllers device controllers memory controllers
terminals disks and tapes physical memory

Layered Approach - TA nwna

NP DD DTN 7Y 12 TNR 7 ,(NmN) DA 1907 nann A7wonn ndvn e
YNNYNN NNT KD N nkan anan,(layer 0) Nninn XN N 2NN NN
.(layer N)

.1NN 0'DIN1 DTN 7Y DMN'WYI NP9 WNNWN? 7D TAan D e

An operating system layer

hidden layer M~ 1

—»
operations
—>

existing
operations

General OS layers

Applications

Management
CPU Managemsant
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System Implementation - N>yn win'm
.N'7'W oW ANdY NI7ID' N2Y9N NN DI 700X NOYA NAIMD 'MIIoN 91K @
MY NOYIDIVIY TI e
NN N7 7 o
'vponIp NIt o
AT NN ane o
NAND XN WKRD (port) NINKY NNX MNINA N7Y90 NdWN 11vn? %7 ANrnain e

'Y nowa

System Generation

N2XIYN NIMY N2'N NDWNN ,NNDNA ¥ OR7 72 7V TW7 NN N7Y5N NDwn e
.'9'¥950 2WNN 7y 10y

IDWNN 7Y "NINn NPXIIA0IIE 1Y YT NOOIK SYSGEN N'1dIN e

.kernel — 0 Mo "y awnnn nnnn — (Booting) 7INNX e

Yn'7rkernel - 0 NX XI¥n? 71> WX ROM |ND'T 7V 1IN TI7 — Bootstrap program e
.MIX

Structure of Operating-System - n'2y9n N>wn 7w ni1an

:N7W9N NDWN W wn/jInR/nan e
Monolithic — m™nm o
Layered— 1200 ©
Microkernel o

Virtual Machines - ni"7x10 I NDWN @

MS-DOS System Structure - 01T 7w n1an

DIPN DIN'N] NIFRIYIIS DIN'OPNN NXNN7 NAND1 OIT e
Monolithic — 0*7rrm? nZ2iImm X7 o
NITI%M 'R NIFIXRIIYZION NN D'PYANN NN N7 W'W NNn? - o

application program

resident system program

MS-DOS device drivers

ROM BIOS device drivers

UNIX System Structure - opaI' 7w ni1an

.N1aNn DM ANUN NAERN N7Y90 NWNY ,NTNin DRI My n72am UNIX e
‘0'T9m 0'P7n 2 UNIX-7 e
System programs o
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(IPC) Inter-Process Communication o
'0'021 DM 710 o

.UNNYN 1¥N1 0'¥IY 090N My 0{79I0n N7Y9nn Ndyn YW 0N DN
Device drivers o
D'¥ap Nd>wn o
MNRI0 ND'T o

.Message passing MT YnNwn 717N |2 NUMNN MIYpn
N7 NNNIA 07NN 12 Message passing -7 (system calls) n>ayn nikp no97nn
D0'Wwix11
nnnn
flexibility - niwma o
Extensibility/Reliability — ninmax ,nann? a7 o
NTM p_pn =
0'901 DMWY q'oNY? 77 =
NTOPA PITA7 P N — v fvA =
Portability — nim o
1 D'UY1 UTN Tayn? NN DX 1aynY " Wy ' nrnw .
.DTMN'YUN IRYA X7 'Y
Distributed system —2 n>n o
TV Mpn DYT? A NNl nivTin .
D'nYY N'NIIN N7Y9N MdWn - o
7annn7 071'w 0N DNTAIN D'PYAN DY D'OPMIX DN DD .
N11IM 20N

Mach 3 Microkernel Structure

sk
D&z
HPLE
43 B50
iache and 1P il arwadllng
B BTy
Mack
Figure A1 f13 sorusciure

Mach 3 Microkernel Structure
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Older Windows System Layers

User

Application

Win 2.1 shell

DOSWin 95Win 98

BIOS

Hardware

0S/2 Layer Structure

application application application

application - programming interface | API extension I

Supsystem | e

system

kernel * memory management
« task dispatching
* device management

device driver device driver device driver device driver
=Y = ~ =4
| —=1 | —=N | —=N | ——==1

Communication Models - Miwpn "71Tn

(message passing )NIYTIN NN™Y7W NIY¥NNA IX (shared memory) '9IMY |N>'TAWINY e

process A E process A

shared memory

process B E process B

Microkernel System Structure

Unnwnn ann 7x (kernel) 'viann NIfoRIrYzI9 DIN'OPN NN e
'VI2Q NI NYAID 190N N e

'0M"9 ND'T 7N o

ni'os1 v79/0'%R N1 o
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NIZRIVIN NNDAN DX XY NI 7Y D'9NIWN AUNNN 7Y D'T'9N DARYUNN e
17Un Tayn wnnwn 757 1780 AN XY 200 Tavnn [mtne o |
NO9TN "7l DRIV NRNP '0'01D D'790N File system,Spooling o
.D"7NI0N
MRIDIN MIDNN 7Y 710110 wnwn 98mMN '9MY-NT UNNwn 71'na0 e

Win32
application
1
1

System models

kemel

processes

Windows NT 4.0 Architecture

processes

processes processes
ﬂ T -
v
programming Sagoal B I
u .~ interface kemel kernel
Kemel VM1 VM2 VM3 POSIX & ecwrl b
virtual machine Fulroys tem, e
implementation | User Mode
hardware hardware i Kernel lode
3
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Figure Z.13 Windows WNT 4.0 Architecture
Java Virtual Machine
Java Virtual "y nixam platform-neutral byte codes [0 Java-2 ni7onipn ndIN- e The Neutrino Microkernel
‘Machine Interface Microkemel Objects
NN VM e
Thread
gy wiv o = Thresad
nFNn XTI o Eched
Croen nescticn
N¥N T DANN o =vnch =
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.0WINAN DX 07 Tan — JIT Compilers e Signal 4@
hl=s sag e
Channel
Timer ector
e
Clock ».
Interrupt .

Virtual machines - nI'7x107" PN
NNIN? NoON'NN XN .07 N1170 N17oN7 DTN NYWA NX NNRI? NY7RI0Y NIDND @
.Nnin 700 1 7' nwnn nown 'yl
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3 nxxn

(Processes) nin'wn / p'>"70n'7 nnTi7n

07NN 7Y NINN 2120 NI NIMN'WN-21 A72W9NN NN ‘7D e
NXINANDN—7NN e

Job, Step, Load Module, Task, Thread :omiTo'nim o
:0'0IN20 377D PN e

vopu / TP :NDN ©

NN NN DM o

DI0UNID NV NNITYND? NIXMP 1AY :NoNn o

J'70N 11y 11272 D'VINA0/DMITN

Address (hex)
FFFF

Stack |

Data

Text
0000

3"70n 7w nnpn? analt
Process ID—nntn e

Parent process ID —ax )'"nn NN e
User ID—wnnunnntn e

Process state —'7NN OIUXVO o
Program counter — N1DN NN~ e

CPU Registers — Tayn MaIX @

7NN7 DN DDA DNITR @
O'NINO DX e

NIy e

Accounting information —INAN yTNn e

Process Block Control (PCB) — 1'"7an ¥ najpa gi'a

process

pointer i

process number

program counter

registers

memory limits

list of open files

PCB -0 7w namn
370N 7> oy DNIWpEn 0m1 - PCB e
7NN v T 0S -n My (17NNN NPN) D'WNTA DAIMIN DN (VXA TWpn) PCB o
J"7NNN DM TV DMl o
7NN T naml o
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‘ The Java Virtual Machine

T e
Java program’y __ | class loader -~ Java AP|
.class files .class files

bytecodes R

Java
interpreter

host system
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Process Control Information (in PCB) - PCB 12 )*7an 7¥ najza aima
— 00NN A MIYpn e
IPC 12y 0*Mol 0'2T P'TNNIPNY o
—NWMIIRUN Ny e
I/0 1PN ,0'¥2P NNMD WIN'W1IXWUN O
(... 1/0 ,Tayn 7 W) win'y 7w nnivot o
— (Access Control) 1'7nn n?2no e
...IdDIDRYNY ,|N>'T2 0'M'Ion D'I'n? nwa o
— N7 e
NT *7NN7 DN TMy/vanao nik7a0? nvaxn o

Process States — 3*70n 'axn
:0'axn 3 oy 7'nn
— Running State — nxn axn .1
(Tn* CPU) N¥MaW 17NN .a
Ready State — pmaxn .2
yixa? pma)an mD a
Blocked/Waiting state — pm/nion axn .3
(I/0 v oro ,'aT7) D'WNINN D'ANON D'WN'RY TY Y¥INNYT 710' K7 170N KD .a

nfayna 3 77

rspatch

Time-ont

Ewvent

Oceuwrs
D'%0n Nayn

Ready = Running e

UTN 1'70N YON7 1N MAYAN L ATR VAN WURD - ©
Running > Ready e
7¢ AT YN DX 0D"0 YW '7NNn o
AN NNR2A NI9TY 72w2 170N YW 1IN (Interrupt) 709mM YW 7N o
.Ready a¥xnma

Wait

Running - Blocked e
I'INNT X 172WY YN Ypan 17NN UNRD o
Y¥27 N1dIN NIR OS -V (Service) nnw =
I"TY N1'AT NI'R ANUN7 WA =
NRXMY7 'NAN? 2'ni /0 'nnkn =
07 P )NnnY dnn =
Blocked - Ready e
YMNN NdNN KIN F7RY VN'RNWNRD - ©
Other Useful States - p'anX 0"'win'y n'axn
— New State—wTnaxn e
7NN DX IXYT TD NIXINID NI7IYON DR nyx1 0S-n o
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70NN 0IVXRVO 7Y DAMI  ©
I7Ann M2 v nam o

Process Location Information - 3*7nna Dip'n *ama
NN MIMN D e
(wmwaw N> 71N NNdoa 7N) JINo NRMd NV "My KW 1 o
(Shared) qniwni (Private) '019 NIAMd NINN2 2 wnAnwn? 70 o
.Process Table -2 X¥xn1 Dip'mn e
JYUNIN N2 NAYY 2N 170NN NIMNA 270 NINS7 1NN DR 7NN 0S-nw '

Process Identification Information - 73"7an ua't "aima

‘D'INN DTN 190N WIN'Y AL DNY e
Unique process ID (PID) — *TiIn* "7nn nn™m o
70NN N7A0 JMY (Y IK 'Y DINY) D'OpTIRD T
User ID (UID) —wnnwn nntn o
NTAY? 'RANKNWNNwnn =
(PPID) nTh 17NN NX XY 17NN W Antn o
.0"NNN 0'TAY DNIYRN 07200 NINY 7IX

Processor State Information - 3''2nn o1VXVO "IN

70NN NAIR 7w D'DN e
(User-visible registers) wnnwn? o'x11n DMAIK - ©
D172 0IVRVO NMAIR - ©
naonn 'vaxn o

(Program Status Word — PSW) n'1d>n najpan'7n e
OILUXLO 1M O'7DN o
.0I'019N NNIPNA EFLAGS -n Mk 17 o

Process Control Information — 1"70n 7w najpa aima

axnl MTh ama - e
(...ol0n ,pm y1,aT?) Pnnaxn o
7N W NPTV o
(nlon DX) N 7NNN YR YN o
D2IM1 NN 2N e
277N W 01wR 170N "W onim'? 0Nk PCBs -7 n'waxn 't PRt o
.0nNX Dnanl
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2 2% 3'7%n 'nn

(batch job) nuxx NnTAY 7w non
Jannn wnnwn
(yaip nooTn 'a17) wnnwn? nnw 71avn'? 113 0S -n "y x¥n
-onp 7N My
0'2'7NN 190N 7Y DY AMONY7 N7 WNNWNn NN o

2an narye

.0''70N Yy DX DNNKR 070N DX 0INAY ,092 D700 ¥ AR 170N
ANWUN QMY

DANYNN 7D X 0PN DMAIAXR ©

NN AXWAN P70 0PN 0m o

DRYN D'P7IN K7 QIR ©

'7'3?7]3 D'YXJONN 0DN1IAR o
DNAN D07 DDNN NI ©

(Address Space) niam> ann
AN DY A o
DIN7 NN DN W' A7 o
(UNIX -2 a1
wTn 70N Ny fork mwvn kg o
7Y N2 NINN DX 9*7Nn7 T fork "1NX7 win'wa exec MOwn NRA7 - o
.NYUTN NON2 7nnn

UNIX ndIyna o'5'70n yy

pagedaemon I swapper I init l

I
e N .

| user 1 | user2 | user 3

< ]
C

I_ll—l i

I
TN T'7n]'\ NNt NRX 7N

370N NANNY NiNn nxpn

370N 7w M pia nnxn
(...0™ap X 1/0 2pnn '’ ,New XIN 2¥n ,2T7) 7TNn MM W NN o

D'A'RNN DY DTN
AN MTH? Nwnwn NMYIn Nn'wa7 170N nooin (117 o
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190N N Y =
70NN 7017 nunTh n7ao nyr .

(no1dIn X7 TIY) 17NN DX Y¥27 NA'NNN K7 IR ©
D'722 DANYNDY DN =

Exit/Terminated State — DI'o/nx''axn e

IT 7207 17NN NXYAYN NN 00 o

VIXQ? NI DIRINRT O

— VI'0 N'1DN 1Y NIAT DIMY DONK DM NIK7A0 o

D'YNNYN 2I'N NIX7 ANWUN UIN'Y NAIXD DDA 7100 NN :aT? .

VTN X NP XYW 0NN (179 nIR'ALNI) 1PNnn e

naxnn 5 71m

Release

:Q01n vanal

adm itted exit
interrupt

schedular dispaich

/0 or event

- IO or event
completion

wait
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[T niN'Yn ' 71yn

Schedulers — nainTn
MY xar 070N / NN 17K AN - Long-term scheduler (or jobs scheduler) .1
pmn Amn
9701 3*7nN / NN TR 1N — Medium-term scheduler (or emergency scheduler) .2
.N1IYL NDWNN TWUND
.CPU 2%l X2n7 y¥12* 170N NT'R N2 — Short-term scheduler (or CPU scheduler) .3

Long-term scheduler
.T2WYT NOWNYT 1011 NIMDN 7'R V1l e
.multiprogramming N MAT7Y V7Y e
:DDMNN TIY D'ODIN DX e
.CPU 2 NI 210 WIN'Y — INON' DD'7NNN 70U N7 710 ©
.CPU NI U7 77N W' 7NN D7 ©
.1/0 bound -1 bound 2'7nn — TIAW 7w NANYN YMYL? 7D e

Short-Term Scheduling
(CPU scheduling Da X1jn) Xan'7 y¥a' 170N TR VaIp e
(non P7n XINW) wNd DAYIT e
WIXQ7 0K 170N 1'NA7 727 7' Mpm K e
WY NI'0S
1/0 nijr0o
NITR'7N1 0S NIRAP
(sginals) n1n'o

O O O O

Diispatch

a) State transition diagram

Queue
Enter Irispatch . Exit
h

Pawss

(b} Quening diagram
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2 o'non 170N 'nn
Halt NN NR'YMN DIXK NTAY @
PNINN Wnnun e
DI'07 NN'Y NY71 YyXIn 17NN e
AN (ki) Amax e
fault-1 Error 'xIn o

J*2an orro? nn'o
Nmnoro e
|ATAN7NN NN e
I'MT X7 ND'T e
INT NN 7w DO @
TA72 NRNP7 RINY Y27 N2 (AT7 — AN NIRAY. e
N'UNNINK IRAY e
Time overrun e
YN'R7 DIN'OPRANN NI 'MNN 7NN o
/O 7wn e
0'2IN1 Y¥17 0'01N TWUKD UNNNN — N'DY IRIIN @
N9 KN e
IX9'7 wNMNNWD 7wn? > — 0S-n NDWNn - e
AN NN D07 WpaINn AN e
D"NON QN '7NNY NDd D"NON X @

UNIX -2 7*7an or'o
(exit) 0"0% OS -Nn Ypani NINNXRN NIXIINN DX Y¥IN 170N e
(wait niy¥nxa) ak7 pnn pnMa vYe o
Process’ resources are deallocated by operating system. o
(abort) 2 17NN 7w yIxa D"ON X e
DARYAN IRXPAN N A ©
N AYNT IR Q7 DXPINY N'Yn o
INXI'AR O
0"0 ANN OX 'YNN7 Q7 "W X?0S-n =
(cascade) nww nro =
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((0S 7 7 2¥nn 7Y YTM) WNINN DDA 17 YN'RD WK ©
Ready Suspend --> Ready e

|M2'T2 021N DDY7NN TV 'RIYND ©
(A0 NY7) Ready--> Ready Suspend

N7 NIRRT N7 1INW7 DRMNEDNAION DDY7NN 'RIYURD O

Dispatcher (short-term scheduler) - 71aun
ANKYT TR 70NN Taynn R Naynn 0S-n 7w DN e
TN TAY Y 7DNMm YN e
.INTNN DNNNRX 97 IRTN 'wnn munn e
.B"7nn% A 7"7nnn n97nnn N awnnn NI Y TANCPU N e

Various Process Queues - 170N YW 0'2IW DN
.N>YN2 0NN 7 7Y qOIX — Process queue
D'MNNI DI L'WRIN N7 DY 070NN 7D 7w qOIX — Ready queue o

hNahy
.0/l [pnin'? DN 070NN 75 7Y QoI — Device queues  ®

Ready Queue Release
Admit 1 Dispatch 9
——— RN

A ]

Timeout

Event 1 Queue . .
Event 1 | l ] l l 1 Event 1 Wait
Occurs [ I S

Event 2 Queue

l:)::'::rf I | | | I | ‘ Event 2 Wait

n Queue

t:):i' urs _| | | | I

‘ Event # Wait

*  When event n occurs, the corresponding process is moved into the ready queue
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-1¥ND — DINTN
NN X7 0Mw? X1 Long-term scheduler -0 @

(seconds, minutes) = (may be slow).
.(milliseconds) = (must be fast) niaNyp oM'w? X1 Short-term scheduler -n o

Medium-Term Scheduling
JYRIN N7 (D770 NINDY IX) NI DN N DD'YANN D, D TV e
.IDIYNN 2'0n Y12 0N 0D AN NNMY IRI0YNDT OY (79K e
.NN19 NNTN 09*7NNY7 TXILPOT? OD'NN 9*7NN7 DX 0S -0 e
.multiprogramming 7017 1IXN 7V N1oon N97NnN NIKNN - e

Dynamics of Swapping - DI'nX1*T Ni97na
NITN X2mM NIMY T8I, backing store -7 |N>'T7 YINn DIAT 970 N7 720' 190N e

VXA w7 N>

75 212w [ND'TN NIRMDA 7W 0PN [0OX7 I'T 7M1 1'n 70T — Backing store @
97X ND'T NI DY w2 7avn 20N ;0'wnnunn

;(transfer time) NNavnn AT XIN N97NNN AT AN DN e
.97NINY |N2'TN NINdY *“IXIIIDND 0 *2'DN nnavnn |t

NITN D9™7NNYT TXI 70 T7 N¥INN 097NN ,AT7 ,00%0N NNd NIYwn? NdDNX 0S-n e
.Nn1o
‘D'a¥N 20'9'0IN DX e
.70'T7 NXINN 197NIMY D'mion 070N :Blocked Suspend o
.70'T7 NXINN 197N1INY 022N 070N :Ready Suspend o

1'7an v 0nawn 7 77in

= Suspend
S e

-

Dispatch Release

Event
Occurs

New state transitions - D'wTn 2¥n Nayn

Blocked --> Blocked Suspend o
.pm 7N X2N7 T N3 Dipn YWY 0S - ,0'MIoN 0DD'NNN D IWUNRd o
Blocked Suspend --> Ready Suspend e
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Context Switch - "'wpn AN

&N 70NN 7Y 2¥nn DX MY N2UN NDWNN,NK 170N7 annn CPU-NWURD e
UTNN 770NN 112V 1Y 2¥NN DX 1Yo

.context switch Wwpn anm xp nr e

.NNINN N>MM 17N NP7 ATV ath e

;MIEN RIN Context-switch M7 @
AMMN NTANYIN'Y NTAY NYIY X7 NDwnn

0'2'70N |2 Annn Tayn

process Py operating system process P,

interrupt or system call

executing ﬂ
T3 save state into PCB,,
reload state from PCB,

interrupt or system call

save state into PCB,

reload state from PCB
P

idle

r idle

executing

idle

executing U

Steps in Context Switch - [DIn AM'Na D1A%7Y
.DNK DNAIKINDN NI DD 7NN W vpn My e
.01 QnIYn yTni 7 UINN 2¥A0 0Y Y20 17000 W PCB -0 DTV @
.ready, blocked — o'xnnn N7 PCBN1avn e

YIXQ7 qon NN NN e
NN NN ‘W PCB -0 DTY @
2NN 7NNn 7w am CPU W ITY e

p1 p2 p3 kernel lle}
scheduler

device driver
scheduler

11O request

Time slice exceeded

|} scheduler

Interrupt
device driverﬂ&

scheduler

Mode Switching - |9IX Nn97nn
AYPN AN XN K7 DR'0OY M PN e
.N'05N N'DN7 TN N7 NVYWUN e
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Ready Queue and various I/0 Device Queues - /O 7nn 7w D'IY DINI DI IN

queue header PCB, PCB,
ready head - - e
queue tail N registers registers
mag head —
tape . =
unit O tail T =
;‘nag head b ——
ape =
unitp1 tail 1 PCB, PCB,, PCBg
- > =
disk head 1
unit O tail g
PCBg
terminal head et b ——
unit 0 @l

? 3701 (switch) ann'? 'nn
M72un ,Tavnn Y n0Y7Y nawn 0S - DY D1 WNONN? 70 7NN AN e

Supervisor Call o
.(yarz nnmo ',a17) n1onn "y nwnen nwpa =
.olon N P7NNNY N7 110
Trap o
NINNRD DARIINNN NNRYMY DRAY =
.Exit 2¥n7 22w7 170N oNa? 7o
Interrupt o
NDNN ARIINN 79 YIXAY7 21¥'N KD DAN .
.Interrupt Handler -7 n1aym nvu“wn

320N ai'% ni'o

:: ready queue L »| CPU
— —
1/0 queue H 1/0 request |<—

time slice
expired

//cm fork a
e/ chie

=

interrupt wait for an <
occurs interrupt
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.N1I0NN2 1NYNY 0DNY TAyNn a¥n 1ima PITR e

.(Interrupt Handler iM% 0'0121 TWKD 7177 a¥N7 wnnwn) mode switching X1 N7 ©
? Thread ‘7T '7md 170N
AYPEN ANTM Y 0> PCB N NK PTY7 X 'R NIPN NIND - @

Proce\ss 1 Proce‘ss 1 ProcTss 1 Pro&I:ess threads -1 TNWNY XN 3-3
1 Process Characteristics - 170N 1"9xn
User XN 7NNYT —aRkwn NIV v NTne e
space 70NN NXDA DX 2'TNNY “TO NNd NINN- o
(...I/0 pnin ,0¥ap) D'arkwn Nnd W UMY o
Thread Thread AN IX INR NN T XN 2N RID P9NN — 0w Y nTne e
DNNX 027NN TI9IM N7 70! yixa o
*s(s;'lee' { Kernel Kernel AW NI9FTYIVIX XN W AN o
@) (b)
:n7UoN NN NNd MY 'RNXY [DIN] 079101 17X DIMORN Y e
TNX Thread oY X" 0D70N WY - a D2 (NINIVO'N NIA'ON) IX NN'WND NONIM ™12 AKWAN NIa Y aTRn .1
Threads 3 oy TNk 1"7"nn—b AQfnnd
Light-Weight ‘77wn 7j7 170N IX (Thread) 2'0> nonrn X" T Wy 7w a2
Process (LWP).
Application benefits of threads - Threads -n n'xﬂ'ﬁDN n2yvm .'wn nNIXA Threads 1@on nirn? oot .
¥ YN'7 0'DMX K7W 'RNXY D770 19001 N1DIMN NNPIOR U N e TNX Thread Dy nn'wnY Nt -Weight Process (HWP) -0
.Thread -> oW nA? 70 N ‘D e (Dmn11vn) N9I7N% DINT M7 DAYIND D'WNAYN 17NN NN'YN DAYINN IR ¢

NNIXN NX Thread -7 annn nxinnt pn',1/0 -7 'nn non TNX Thread ©WUXD o
(MNX NxP7oR7 9*7NNY7I NNIK DION7 DIZNA) Y P'79R
Tasks and Threads - Threads -1 nn'wn

1UN DY TNR WWPNYT7 0710 DN ,0¥AP1 NDT 0'P7INn 170N MIKN Threads -w [1on e ((hn'wna threads -n 7 "'y D'O9NIWN) NN 'S e
.Kernel -7 xn77 72n 370NN NXNA DX 2'ThnN MND NN o
7U napy X7 R 727 K9 D 02w Threads 7 NI7'W9N DK 10107 2N P7 @ .orAamnanun o
.ndnn VTN .0NK DARwNI /0 ,0'%a77 NNVAIRN DY ©

‘Thread '0No o
(running, ready...) n¥xInaxn o
Examples of benefits of threads - Threads ‘W n'2ym? a7 DMAIX QOIN ,N1DN NN ©
YN Nk Thread -nv a1 wnnwnn V77 IR XUPETA9N ¥ TNX Thread @127 o n¥ N naonn o
responsive MNI' ¥ P*79RN — WNNWN NITRO
.LAN -n M2 WEB/D'™¥a7 MY :2 AT e
¥ [pTa D TInY/D'¥ap NIYia 'ona 7907 Y o
.Y 72 1y TNt Thread (oNn'21) ™7 AN 2w p7 - o
.01V D'TIYN] N1V7IN'o Y¥annY? 07 threads 19on :SMP nd>wvm o
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Benefits of Threads - Threads 7w nvinn

ITTIA MUND NINA M2 N7apn Ni7'wo 0worn Threads
.yIN7 7' Ain'wn nnixa 1w Thread ,'Mnni DoN1 TNR MW Tread TUXD o
.(Mamd ninn Ty 0¥ X7 [10n) 170N 1wRn Thread Dt0'7 X7 T NIND - o
.0"%0N 2 WK Threads 2 2 ann? (AT NIND
.0 TIRA XD N0101 Threads 2 MWD o

Perceived Benefits - nnam ni7yin
DANYN QN e
NIMAAN e
apon e
0'2'7NN NANN NNIVPUDIR 7Y 71X e
NINYNN NNIVPVDIR 7Y 7IX0

Thread Characteristics - Threads 7w n1"oxn
yixawWwpn/axn 7 v e
YXINN K7 RIN WK MW Thread -n ywpn e
.0'"ipn 09Nwn 1Y Thread 75 10y IONK DAl yIXANaonn v e
17W NN'WUN7 DNIYED D'ARWUNT7E ND'TN ANN? nwa v e
TR DPIN NN'WNn 7w Threads ' o
D'RN Threads -n IR 75 ,(*019 XY7) N7 21 Nwn DYon Thread WX ©
JINT
.0NKN ‘D7 7 ,0M0n Thread 1y NINS yalg o

Threads States - Threads 7 naxn
.running, ready, blocked :p"niynwun naxn 3 e
NINN MIX X 0'77IN NN'WN MNIKAY Threads -0 2W [Idn n'wnaxn on7 ' e
.namd
Threads -0 '3 7w n'nwin D 772 Thread 7w (n97nn AT7) n'wn PR o
.AN'YUn NNixa
.N'wn NNIXA Threads -0 75 Nk 0"On ,AN'Yn 7w 0o e
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Word Processor — Thread -2 win'w'7 a1

=
Kernel

Keyboard Disk

WEB Server — Thread -2 win'w'? a1

Web server process

|
¥

Dispatcher thread
Worker thread User
space
Web page cache
Kernel } :::::ZI
Netwotfk
Web Server Threads
while (TRUE) { while (TRUE) {
get_next_request(&buf); wait_for_work(&buf)
handoff_work(&buf); look _for_page_in_cache(&buf, &page);
} if (page _not_in_cache(&page)

read_page_from_disk(&buf, &page);
return_page(&page);

(a) (b)

(a) Dispatcher thread
(b) Worker thread
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Combinations of Threads and Processes Single and Multithreaded Processes - Threads 'ann n*>*7nni 0*T'N* 070N
1
1 | code ‘ | data | | files | | code | | data | | files |
I
1] | stack | | registers || registers H registers ‘
1
] | stack | [ stack | [ stack |
1
I
one process 1 one process
one thread 1 multiple threads thread —» g g ; g.__ thread
L L b L T T T
1
I
1
1
1
I single-threaded multithreaded
1
1
1
I Multithreading vs. Single threading - TTIA Thread 1212 Threads 12N
mul'isﬂ; processes : multiple I:{ﬂfm% .Thread -n V90117 NX NN X7 OS -n YWD :Single threading o
one thread per process multiple threads per process . .
L A " ol nn'wn qMa Threads 7w nann ‘on yixaa ndnin 0S -0 YWKD — Multithreading
DT
43 .single thread -1 NTTA YNnNwn Nn'wnl NN MS-DOS -0 e
. . . . ) Thread -2 77 NdNIN X WnNwN %00 7w nann 'ona ndnIM N NNaan UNIX e
Multithreading Levels/Models - Multithreading ‘% nina/n'71in
.nn'wn 75% IR
nm e .0aNn Threads -2 NN Windows NT -1 Solaris noyn e
(User-Level Threads (ULT)) wnnunn nn12 o
(Kernel-Level Threads (KLT)) n2a*7n nn1a o
(Hybrid ULT/KLT Approach) nawn awa - o Single Threaded and Multithreaded Models
DTN e
Many-to-One o Single-Threaded Multithreaded
One-to-One Process Model Process Model
_Thread _ Thread _ Thread _
Many—to—Many : : Thread : l Thread : : Thread :
Process User i| Contrsl [I || Control || | Cantrsl |I
Control Stack 1| Block |; 1| Block || 1| Block |;
Block 1 I I : I I
User-Level Threads (ULT) ; ! ! I !
i § | I I
Thr 2w oniIE7? W 'R Kernel -0 o Process | j| User |i || User [j || User |i
eads 7v ! v ernet = User Kernel Control | I| Stack : 1| Stack : 1| Stack :
.Thread -0 N'M901 wIN'y N ¥?*79R "y nwyl Thread -n 7m0 D @ Address Stack Block | | i i i
Space 1 Iy o |
-Kernel -nn nIa%?amo wIT X7 Thread amm o ! Pt pol ]
N19¥D0 N¥?79K K'N Scheduling e User | || Kernet |i ! Kernet [i' 1| Kernet [t
Address | ! Stack || Il Stack || || Stack ||
Space 1 : ! : ! :
- Ynn eV L L === o
Ay TP 0791 Thread -n N0 e
.Threads 7w nonni !

.Threads |2 D1MI NIYTIN NN
.Thread w vix2 inTn
.Threads ¥ WtnwiI "Ny

O O O O
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* Threads supported by the Kernel.
e Examples

- Windows NT/2000/XP

-0S/2

- Solaris 2

- Tru64 UNIX

- BeOS

- Linux

Linux Threads

104 inn 49 Ty

Kernel activity for ULTs - ULTs 112y Kernel -n ni7?'vo
A"70NN NPV DX 700 KIN TV X Threads -0 NI7'wo7 yTin X7 Kernel -0
.nonn Nn'wnn 73 ,System Call yxan Thread "URd o

.running 2¥N1 |*TY TN Thread -n ,Thread -N N*190 1Y X o
A"70NNn a¥na 09N K7 Thread -n QXN T @

Advantages and inconveniences of ULT - ULT 7 nini Yoini ninnn'

ninn 'x nnnn'

.(processes IX) Threads -2 "wXN NI (tasks) NiN'wnd Dn'78 on'nn

.clone() - System Call niyxnxa n'wya Thread nax!

.(™7nn) Xaxn N'wn 7w nRINdN NINN DX 21707 |2 Nn'wn'? 1wWeKn clone() -n
Thread > 2ANINN7 N7931IWNN |20 NN'WN? IWORN NIAINDN NINA 7Y AT QMY

.19

Advantages and inconveniences of KLT

-ni nmoin System Calls-n 2N e |I'N :Kernel-2 9> n'X Thread an'n e

.0"7nn noin Kernel

3"7nnn M2 Threads -n ‘2w 2
.mon'

0'2'70N N7 1 70! Kernel -n

.axn anm
N'9'¥D0 NXPYIOR NINYT 71D INTh
AN 210N DNIRZRN DX 1N
.0S 73 v yn'7 0*71>* ULTs

.0'TaynY .Thread -n N0 NX ¥ N
0'70' X7 170N MIX M2 Threads 2
.0'Tayn 2 7y nant . yny

ninn 'x

nnnn'

N3 70N MIX N2 Threads amm- ¢

.Kernel -a
.thread amm 737 anm 1yn 2 naw

JMynwn NiroR axe e

N211N NV72N'o |ATNY? 713! Kernel -n
N2 W "N mixn Threads
.0'Twn

.Thread -0 N2 n'wy1 nn'on
nrrnY? N7 Kernel -n naw
multithreaded

Hybrid ULT/KLT Approaches - N271wn nwn

Unnwnn NiNn n'wyl thread -n nax!

YUnNNwnn NINN2 nwya threads -n 7w [1N210n1 [InThia 2N

.KLTs -0 'on nx 0'xN* N1dDNNN
NI0'WN 2 ¥ AN 210N DX A7 PR
.Solaris 'A17

Many-to-One
One-to-One
Many-to-Many

071

Kernel-Level Threads (KLT)
.Kernel -n nn1a nwya Thread-n 7Inn ' e
.Kernel -7 APl ny' X Thread n"90 'k o

.Threads -711"7nn7 Wwpn yTn 'TNn Kernel -0
.Kernel -n NX wAIT Threads-n A an'n e
.Thread 0'02 7y InTN o

Implementing Threads in the Kernel - Kernel -2 Threads niy"

Process Thread
Kernel El
Z }
Process Thread
table table
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Many-to-Many Model Many-to-One Model
7w (N IX) NI o 'on'? D'9IMN NINY Wnnwn NNNA threads 7w 121 YWoKn e .single kernel-level thread -7 n'omn wnnwnn nn12 Threads n2n e

. Kernel -n nn12 threads ; é
; ; -~ user thread
- user thread|

~4—— kernel thread

~— kernel thread

— (MmN Ix xp7oK 737 '9'¥90) kernel threads 7w 7'o0n 'on 11x*7 0S -7 "\wWorn e

.Uma mn LW T D wnnwnn ninn My nwyl Thread -0 70 e
T e 0'71>' X7 threads 7w 21 'on , i1 2 Kernel -7 nwa? 7210 TNX Thread v juidn
Solaris2 — .0'Tayn 111 v nifrapna yn
RIX — .(KLT) Kernel threads -2 npNIN 'Y NdAyn 72y ULT niMoo "y winwa e
HP-UX — AT e
Tru64 UNIX — .Solaris 2 -7 n1nt thread n"90 — Green Threads o

Windows NT/2000 with the ThreadFiber package. —

One-to-One Model
.Kernel -n nn1a thread -7 nonn wnnwn nn1a thread 7D o

<«—  user thread

ek) CB é 894— kernel thread

‘many-to-one 77N TWURN NMAT-D NI 72yn e

.nom thread TwXd YN7 InX thread -7 Wwoxn o
.0'Tayn 'on 7y 72pna yn'4 threads 7w nann 'on'7 "woxn
.Kernel thread 7w nn'xnn M¥' wIT wnnwn thread narx!
T
Windows NT/2000/XP
0s/2

O O O O O
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DN2* I7¢ UTNN VTN WK 70N DIONY? D'¥N X ,DION 2101 KIN YXINNI TN e
.yxinn 7w (overflow) noxn?
.YUpan RIN WK 'AT YT 'R DX PIX 170N DIoN7 D'¥N DX D-InD - e

Idea for Producer/Consumer Solution - [NX'/|21X N"ya [INN97 |I'V)
.in, out -0MVS 2-1 '72yn YN MY DIONN YXINN X UNn1 - e
.YXINQ X2N 09N DIpn 7Y vyt in 10119 e
.YXINQ IURIN K700 DIZNN 7V yaxt out 101D e

Bounded-Buffer — Shared-memory Solution -DIONN YXINY '9IN'Y [NJ'T NIY¥NAN] [NND

UOINWY ND'T e
Bounded-Buffer — Shared Data
#define BUFFER_SIZE 10
typedef struct {

}item;

item buffer[BUFFER_SIZE];
intin=0;

intout =0;

Bounded-Buffer — Producer Process - DION yXIN — N¥' 370N

Bounded-Buffer — Producer Process
item nextProduced;
while (1) {
while (((in + 1) % BUFFER_SIZE) == out); //do nothing
buffer[in] = nextProduced;
in = (in + 1) % BUFFER_SIZE;

Bounded-Buffer — Consumer Process - DION YXIN — 22X 770N

Bounded-Buffer — Consumer Process

item nextConsumed;

while (1) {
while (in == out); /* do nothing */
nextConsumed = buffer[out];
out = (out + 1) % BUFFER_SIZE;

Problems with concurrent execution -N'9IN'Y N¥INA NI'Ya
DAXYNI YT'A 71707 0DX NIANE DNY7 271V '9SNWN DIDYAN IXDDY7AN @
.(D'¥aP IX 'DM'Y [IND'T NIYXNANA FTRINN)
APy X7 VTR 7R 1INY aXn nNE 70 eImien vy nwnan W nolhY 'NDX - e
D170 DN N7W90N 'PNWN 0DYNNN NIYYNKA Y¥I7 DYNY N7I¥90Y D7 DNar T e
.0*Y70NN 7w n¥Inn 1T0a

Inconsistent View Example -nrapy 'X7 Xxnait

Static char a;
Void echo()
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4 Axxn

Cooperating Processes - N71¥9 'onwn 070N

nnTEn
ANKR NN YN Y YIOwN IX YOWIN 'K 'RNXY 17NN e

NKR 70N NN 7V V'OWRYT IR YOWIN NIFY 7D N71Ye qnun 1nn e
N7WO 'ONYN 0NN NONN' e
N'¥NIIDYIR QMY o

DAIYN N¥XN ©
nMATIN o
ninn o

Cooperation Among Processes by Sharing - QIn'w niyynxa 0'2'70n |2 n'21yo qnw
.011M1 ToNn1,0'¥1j7 ,09NYA 1D 'OIN'Y YT'N DIDTYNI D'WANWN DDY7NN e
0'OIX TWXRD NNRNN X7 1721'Y YNN axn ynn? 1 DTINS-NTTA N7 D2n namd - e

.0nmn
.07M1N NI'AX X D'790N D"V D'YOIN
IX (deadlock) IX9'j7 2¥N7 Yy'an7 K7 ,INIX 2DY7 'K '0Nj7 YOPN WUpan 170N UKD e
.(starvation) ayn

DMIYPN NIYXARA 070N |2 N1y Q'
DNIY N7'W 12 DRNYI 2107 NT NP90N MIYPN e
JIN9'7 2¥N7 VAN NNWOXR o
ANKR NN YT DN YN D o
2V 2¥N7 VAN NNWOR - e
.NYTING NdNN INK 170N TIva w7 TNR DIYTIN 0'N7IW 099NN QY o

Producer/Consumer (P/C) Problem - Da¥/¥* nvya
.PIX 70N MY 1IN WK VTN XA X 70N - 000N 12 070 Q'Y Nnamo. e
.N09TN ™Y 0IXI WK DN 7900 NOOTN MM — 1 XNAIT - ©
.(loader) ivn ™y 1I¥1 WK 77N VPRI XA 17AN0K — 2 KNAIT - ©
(27X PN INKYI DN¥AY DN MNY YK YXIN DY AR @
.YXINN 7w 17712 2V '0j719 DoN 'R — DION X7 YXIN ©
.YXIN7 vy 772 W'Y 0'NIN — DION YXIN© ©

Multiple Producers and Consumers

Producer | Consumer A

U

Buffer quene
Producer2 Consumer B

Producer/Consumer (P/C) Dynamics — [21¥/QX' N2'N1*T
P NN MY INIWUR VTN X DX )TN e
VTN X" 2y Ny 7N N manr'na e
VTN a7 nixd7 a7 P 7NN NWo maprtma e
7T RID QWK TV YXIND MMYAN7 X yTnn e
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Counter = registerl
12 NdN NOWA NWnINA NI n73* counter-- NTIFON
Register2 = counter
Register2 = register2 - 1
Counter = register2
71X NIDAN NOWA NITIRON ,|ATN MIN YXIND DX DTY? 001N DINI X 0DY7NN DX
N7
.P¥N 7NN1 XD 70N T 17N NITRen v al'wn
MITIRON 7w A7'w .5-7 1'7'NN 7NNIKN NIINNY NN XNAIT
Producer: registerl = counter (register1=>5)
Producer: registerl = registerl + 1 (register1=6)
Consumer: register2 = counter (register2=5)
Consumer: register2 =register2 — 1(register2=4)
Producer: counter = registerl (counter=6)
Consumer: counter = register2 (counter=4)
.5 X' MmN ARYIND TIva L6 I 4 A namn W
.(Race Condition) Ynn X172 n™ 2¥n

Race Condition — ynn

3'70N2 17N 19100 1WA .NIAT 2 'OIN'Y VTN D1WN/0'Wa1 0D 70N 1901 1 2xn
.JNNX D'Nonv
.N71V9 'SNWUN 0'2'70NN |2 OXNYI 12107 W' 0'¥Nn yinY? "1

Race condition updating a variable - NInwn [I>TYa yNn

Shared double balance;

Code for p1: Code for p2:
Balance += amount; Balance += amount;
Code for p1: Code for p2:
Load R1, balance Load R1, balance
Load R2, amount Load R2, amount
Add R1, R2 Add R1, R2
Store R1, balance Store R1, balance

Race condition updating a variable

104 qinn 55 Tny

Cin>>a;
Cout<<a;

.a NINYNN MIX7 NY2 DNIYY71 NIITYIN9N NNIK DX 0¥ P2-1 P1 090N

.7t 722 0'w19In Nira'? 07 0NN

T~,171D Y2 P2 1"70nN1 wnanwnnn 02M1 NUYE INRY7 y1om nirn? jwxd P1 7*7nn ox
.P2 70N "y xap'w AT Nt P1 70N MY aNov NN

Data Consistency — 01In1 nIapy

'9NYN DDYNN 7Y NXINN 1TO DX XTINY DTN NWAIT DN NIMPY NIThN
.N7Yoe
AT IMIX2 DNINY D019 N-1 AWONA 'OIN'Y |IND'T NNTYA DIONN YXINY [NN9N
.0IYO X7 KIN TN INIKA N DMWY NN9N
XY Dy 7521 0-7 7nNIXN YUK counter DWA WTN NINWN D0'9'0IN DXINDY ©
.1-2 > NX N1 V119 D'O'oIN

Bounded-Buffer — Shared Counter
#define BUFFER_SIZE 10
typedef struct {

}item;

item buffer[BUFFER_SIZE];
intin=0;

intout =0;

int counter =0;

Bounded-Buffer — Producer Process

item nextProduced;
while (1) {
while (counter == BUFFER_SIZE); /* do nothing */
buffer[in] = nextProduced;
in = (in + 1) % BUFFER_SIZE;
counter+t;
}

Bounded-Buffer — Consumer Process

item nextConsumed;

while (1) {
while (counter ==0); /* do nothing */
nextConsumed = buffer[out];
out = (out + 1) % BUFFER_SIZE;
counter--;

Bounded-Buffer — Shared Counter — '9In'¥ NN

.(atomically) nmIuX N1IX2 Y¥INNYT NIDMY counter—,counter++ — NITIZON
nN"MoNY N TIPS NnIwnwn (Atomic/Indivisible) npi'Pn? nina MY1/nmIok NTIEO
.NY19N K77 Nnin7wa
13 NN NdSYWA WM NI n7* counter++ NTI7ON
Registerl = counter
Registerl = registerl + 1
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Process 2

YN'7 210" 'R INK 7N QR TR LI7W 'O KA Pipran ok . Frocess 1
7w onpn ITRa read x
DNXPIDTRIAN NIFNYT ODMX D'0NP DT @ . [ T
DY N'9I01'R NXR7I77 01007 KW Ty e
17 210K ,17W 'O TITRA 2'09N/VPN] INWI'R 7NN DX @
DINX D'2'70NY7 yonY
Progress —nnTpnn o pl pl pl
AITRY 01207 D'YNW DD'7NN W1 L,'0NPN TR IR 7NN QR DOR = read x xi=x+ write x
(223 K77 NINT'RY 07D N1'R 0TI 01 M 7Y nL7NNN ,DNYY '
17 7WOKT? X 01D'N7 NXN TAK 17NN 71 OX @
N™¥n7 1Ix¥ DN TAX ,010'N7 D'XN MNP IX DMWY DR @ time
Bounded Waiting — (nnion) 't n"nwn o
01207 DNYOINN D'INK DD'7NNY D'YON 190N 7Y DON N7 1Y =

read x Proc:
1

write X section

- xi=:

section

p2 p2 p2
7w '0PN ITR? 01007 W2 17NN INRYT DY 10PN ITRY read x xi=x+1 write x
.NMY1 X7 NNTIPN NYPAN IT Y 1971
09X II'NY NTAYX¥IMN 17NN 7D D NN e Critical section to prevent a race condition
.09%0Nn N 2w n'on' nN'n a7 NN 'R e pl ise_x_ch;ded from
its critical section
7'90NY NNNY ,NIN"ZNN NIYATI NWYY DXD ,UXN NNS 2 11 2m7 07D nx- e pl pl P1
210 NI'R [NN9NY TANYT T NN"pnn X7 NNRY ‘e“f‘ ’“T*l WT‘
Types of solutions to CS problem - '"0"zn JITXN N'"WA7 INND 1210 time [ [
p2 p2 p2
read X xi=x+1 write X
N1DIN NNNNS e p2 is excluded from

its critical section
D'TANN X ,N'7'YNNIxa DIPNNd Wnhwn Nl n'n,?n QWOXN Multiprogramming e
D'TANN IX .D"0"MP DAITKA nai n'n,?n DWONN K7 DX |)|7 .YNn 'axni nnina
NN 0ODIT AN Tll'l'l'lrln oyn

JNNK NNYWN 72y ANNON 'K IMNDIAWUR DNNNR O

NN NRANNS e
NITNIM NP NITIES 7Y jpnon o
n7yon N>wn NDNNS e
NM90/N>WN NIXNP 17T NIDNNY DAMI 121 NIYZII 190N 7907 o
(System/Library calls)
NN NOY NINND o
Linguistic constructs provided as part of a language o

The Critical-Section Problem - '0npn JITRN DA
JOIN'Y VTN ININA WNNWA? DNNn 0710 ,0070N N - e

SOM'WY YyTNY7 D'wan 17X WK (Critical Section) CS X1 T yopn W' 170N 727 e
7w CS-7 nwa7 10K INK 170N N7 ,17W CS-1 Y1 17NN WY N7 W — v e

Software Solutions - N1JIN NNNNY

.0D%NN 2 7%9 npn 27NN YN 0N IR e
:N'YAN DX IMO7 'M7NNN 'oa e
:(Pj K10 mwN) Pinn w9 man o
Dof
Entry section

CS Problem Dynamics - 'O @0 MITXN N"WA Nz T

DNIX OX ,ANYN IX 'DIN'Y VTN 7Y NIX7I990 Y¥IN WK TI7 YN 170N TUxd - e
.("om'w Yy INIRY?) '0MPn TR KXY 1NNnY
TAX 7NN 77 N1 AT 722 — NTTN-NCTING NIFY NdNY DU0NP DNITRA DXNN
.(0'Tavn Nnd wr AWK 17'9K) '0MEN TR YN D'Wan
10PN ITRYT 01007 NIV win? 0TI )X 170N P

.(Entry Section) ES Xaj; IT nWpa wnnnn Tipgn yopn e

.CS nr'o a1jy7 71>* (Leaving/Exit Section) LS e

.(Reminder Section) RS X1y TI7gn INY

N7 N71W5NY D 1 wnnwa? (721" 0'NNNY ARI0ND 1DN7 X' 0PN ATRN N e
.ONX¥N 1TON NYSYIN ‘NN

Critical section
Leave section
Remainder section
twhile(1);
DN71Y9 NIX 111010' QWK DINYN NNd 21707 07D 0D%NN o
Larry/Jimnota—1'on DN e
‘D'9ONIYN DINYN o
String Turn; // initially turn="Larry" or "Jim" (no matter)

. Solution to Critical-Section Problem - '"0'apn 2ITXN N*Y2 JNND
Turn ="Larry"; // Larry can enter his CS - ' :

Process Larry:
y 01 NNO7 NIWNT 3 e

Dof .
Mutual Exclusion = *TTn pin o
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Bolean flag-larry, flag-jim;
//initially flag-larry=flag-jim=flase
Flag-larry = true; // larry ready to enter his CS
Process Larry:
Dof
Flag-larry=true;
While(flag-jim);
Critical section
Flag-larry=false;
Remainder section
twhile(1);

:Pi/Pj n0oNa — 3 'on DNNAR

0'vnivn DInwn - o

Bolean flag[2];
//initially flag[0]=flag[1]=flase
Flag[i] = true; // Piready to enter his CS
Process Pi:
Dof
Flag[i]=true;
While(flag[j]);
Critical section
Flag[i]=false;
Remainder section
twhile(1);

Bounded ,Progress :n!*"ynn X7 1 nn"pnn Mutual Exclusion nwT o

waiting

:Larry/Jim nota — 4 'on DNMRR

3/2 ,1 pmnna R 7w 217w 0'ONIYN DINYN ©
Process Larry o

Dof
Flag-larry=true;
Turn ="Jim";
While(flag-jim and turn ="Jim");
Critical section
Flag-larry=false;
Remainder section
twhile(1);

:Pi/Pj n0ON2 — 4 'on DNNIAR

3/2 ,1 pmna'x 7w 217w 0'ONIYN DONWn
Process Pi
Dof
Flag[i]=true;
Turn =j;
While(flag[j] and turn =j);
Critical section
Flag[i]=false;

o

o
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While(turn = "Larry");
Critical section
Turn ="Jim";
Remainder section
twhile(1);
(Jim/Larry) n219n LIWO XK' Jim NOTA
:Pi/Pjm0oNa — 1 'on DNNAR
‘D'ONIYN DINYN o
int Turn; // initially turn=0
Turn = Pi; // Pi can enter his CS
Process Pi:
Dof
While(turn !=i);
Critical section
Turn=j;
Remainder section
twhile(1);
Bounded ,Mutual Exclusion) D'm"'pnn n"Int anawal 'TTa I NIYAT o
D"nn X' Progress X (waiting
:Larry/Jim nona — 2 'on nnn'x
‘D'ONIYN DINYN o
Bolean flag-larry, flag-jim;
//initially flag-larry=flag-jim=flase
Flag-larry = true; // larry ready to enter his CS
Process Larry:
Dof
While(flag-jim);
Flag-larry=true;
Critical section
Flag-larry=false;
Remainder section
twhile(1);
:Pi/Pj n0ON2 — 2 'on DNNIAR
‘D'ONIYN DINYN o
Bolean flag[2];
//initially flag[0]=flag[1]=flase
Flag[i] = true; // Piready to enter his CS
Process Pi:
Dof
While(flag[j]);
Flag[i]=true;
Critical section
Flag[i]=false;
Remainder section
twhile(1);
Bounded ,Mutual Exclusion :nm"pnn X7 | nn"jnn Progress NWT o
waiting

:Larry/Jim nota — 3 'on DNMRR
‘D'ONIYN DINYN O
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}while (1);

What about process failures? - 29"70n nini7wn 017 nn

7w RS-2 170N |17WD T21 [ON [N 20 [NNO ,NIN"PRN NIYATA DWW D Ox -
'9101'X RS 72777 md XIN RS I7w0w (1D o
7w CS-2 90N 7wd Ta1 jon Nt X7210 NN9 ,NRT NNWY? - e
"TY Pi DAY , 00NN IRY? 12 W vrTin k7 [ CS AW WK Pinn o
7w CS-n27wa k¥ym

Drawbacks of software solutions - N12IN NRNNS 7w NRNON

.07"TY X0 DN NIDN NDNNS e
NI¥ X77 Tayn AT 0IX) NIDN'7A D'RIoY DN CS-7 010'N7 D'WN YUK DDYAN e
7 N oy v CS-7 7 i 7
CS-7 01>'n7 DDNNY 0DD7NN DIONY? Q'VPOX NI 'Y ,0DNKR DN CSOX  ©

Hardware solutions: interrupt disabling - nanin nnNNo
Process Pi:

Repeat
Disable interrupts
Critical section
Enable interrupts
Remainder section
Forever
— DT N¥N N7 IR NNWl Mutual Exclusion — (Uniprocessor) NNX N2 Tayna e
.RS -2 D'X¥NIW DINK DD70N DY N¥N 277 D7D X7 XK ,CS YUK
‘NNW1 K7 Mutual Exclusion — (MultiProcessor) Ni2*7 nnd Dy Tayna e
X7 7TTN PINN R IOR 'WdY CS o
7apnn Nne X7 9D aIva o

Hardware solutions: special machine instructions - "anIN NINNYS
N2 DIPNn INIK? NINXR DY NYIM D277 NW2 7800 [9IKY @
N7 DIZA INIX 7Y NIMIOKR NI71Y9 2 NIYXINW MDA NITIPD IY'¥N D'AXYN :DaNn e
.(Mmd1 nxnyp)
.MultiProcessor Tayn"? na Mutual Exclusion X' 11> nanIn e
D"7?'Y 0N 0T1ON D7WUNY W' X TN PINM 27907 "D IT NTIZ91 WNNWN7 TWOXR e
.CS-n n"ya? nivonN NIWNTN 2 NX

The test-and-set instruction
(Mutual Exclusion) 'TTn 71NN 112y test-set-1 WNNWNW DNRIN -

.0-7 7nnixn b qniwn mnwn o
CS-7 0121 b NX 7NNXNY IWXIN Pi 7NN o
Process Pi:
Repeat
Repeat{}
Until testset(b);
[
B=0;
Forever
‘test-set INTMW C++ TIP ©
Bool testset(int& i)
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Remainder section
twhile(1);

070N 2 12y CS Ny NX NID ,NINUENIN NYATAI WY D o

Larry/Jimnota — 5 'on pnnR e
|"TV DXN — NID7NIN entry section 7U NITRPON 20y X 4 DN Md - o
21121 NN
Process Larry o
Dof
Turn="Jim";
Flag-larry = true
While(flag-jim and turn ="Jim");
Critical section
Flag-larry=false;
Remainder section
twhile(1);

:Bakery DnnR e
:DDNN N QY 'R IITR o
TN .(N'9XN2 1Nd) 190N 72N 7NN 10PN ITR? 01N 197 =
0PN NITRY 0121 AN ININ 150N
...... 1,2,3,3,3,4,5,6 — Tnn n'72y 1702 X'N DND0NN N NNDO T
N DWAIR OFTI'RN 97 TR ,190NN MIX NXR D*7Apn Pj-1 Pi"7nnox =
Pj nINX ,IURY MY i OPTI'R DY 170N TX i<j DX, [IWXY 010!
("t X0 PID D D'nn)
A%0Nn NN o
i=0...n-1 27 k>ai -w )3 ,Max(a0,al...an-1) =k :naman =
:(Ticket #, PID #) '07a17'0777 1 T0 1AV IN'0 ©
b<d — I a<=c ox D"pnn (a,b)<(c,d) =
MOMY VTN o
Bolean choosing[n];
Int number[n];
nnxnna 0-1 false -7 D*7NNIXN DM 12N
DNNINRD O
do {
choosing[i] = true;
number(i] = max(number[0], ..., number[n — 1]) +1;
choosing[i] = false;
for (j=0;j<n; j++){
while (choosing[j]) ;
while ((number[j] !=0) && ((number][j],j) < (numberf[il,i))) ;
}
critical section
numberli] =0;
remainder section
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Swap(lock,key);
cs
Lock=false;
RS

Semaphores — D"119N0

.DNR NNNN WAIT X7W (N7v90n Ndwn My 79100) [N210 *7D e
2T 'R DYWL TWOKR 7INNINN YINY Integer 210N MNWA XIN S 11900 ,N'a7 N1'Nan e
:(Mutual Exclusion) N*TT NIFINTIE NIMIOX NI7IWD
Wait(s) o
Signal(s) o

Critical Section of n Processes — 070N n 1Ay 'O WTX
MOMWY YN e
Semaphore mutex;_//initially mutex=1
‘Process Pi e
Dof
Wait(mutex);
(&)
Signal(mutex);
RS
} while(1);

Semaphores —JUnn - DNI9N0
MIMIOR NI7W9 2 NTNIYA e

Wait(s):

While s<=0 do no-op;
s

signal(s):

St++;

070NN 7Y 1IN IMIX 0'W1 NDN7 1NY 770N TWKD :NDNK MINNNA VIN7 "D IR e
.UN'R MIX 12y 0'ONNY 0'MIoN

:(Man) NnIwN XIN 11900 07 e
Type semaphore = record
Count : integer;
Queue : list of process
End;
Var s: semaphore ;
191000 1M7 01011 DONY KIN LS 119107 NDN7 2N 17NN UKD e
N2 MIXK MY IMNAN TRX 170N nTm (FIFO 120 Naain NIt nan) signal Ny e
.022MN 07NN

Semaphore’s operations - 119000 NI7WO
Wait(s):
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{
If(i==0){
=1;
Return true;
}
Else{
Return false;
}
}

TestAndSet Synchronization Hardware
((MNY712 XONA) MIVK [DIKA 17D PN NMYI 7T @
Bolean testandset(Bolean& target){
Bolean RV = target;

Target = true;
Return RV;

Mutual Exclusion with TestAndSet
OMYYTN e

Bolean lock = false;

‘Process Pi e

Dof
While(testandset(lock));
cs
Lock=false;

RS
}

Swap Synchronization Hardware

Void swap(bolean& a,Bolean& b){
Bolean temp =3;
A=b;
B=temp;
}

Mutual Exclusion with TestAndSet
OMYYTN e

Bolean lock = false;
‘Process Pi e
Dof
Key=true;
While(key==true)
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Signal(flag) B

Deadlock and Starvation - DAyl |IN9'7

"y 771 DAY 70'w yN'RYT 7122 877 00Nn e Ik 090N 2 — (Deadlock) Ixo e
.01"MNnn 0DNNNN TNX
1-7 0'NNIXNY DNI9N0 1Y Q-1 52 N1 e
PO P1
Wait(S); Wait(Q);
Wait(Q); Wait(S);

signal(S); signal (Q);
signal(Q); signal (S);

AWK 119100 1NN 101 X7 0717 K 70N J7ma XY7 nn'on — (Starvation) v e
.MIX NnwN

Binary Semaphores - \X1'2 11910

.counting (integer) semaphores 0O'R1j71 N> TV DM NTY DNI9NON @
‘D'INIQ DNISN0 DA DM e
IR XRIN count NINWNNWY 71 counting semaphores — 7 omIT o
.D'IXI DMI9N0 MITYA D'wninn Nirn'? 071> Counting semaphores o
X7 DN — YwUn%) counting semaphores "WxN wIN'w? D'wp MNP 'O |91k ©
(k>1 79007 D*7nNIxN NIrn%? 071!

waitB(s):
if(s.value = 1){
s.value =0;
lelse{

Block this process;
Place this process in s.queue;

signalB(S):
if (S.queue is empty) {
S.value = 1;
}else {
remove a process P from S.queue
place this process P on ready list

Two Types of Semaphores - 11900 '10 1Y

22am X7 DINN2 vy 710! integer alon nInwn — Counting semaphores o
nrnY? 715' — 171 0-1 niNna vy 710' integer 210N NINWnN — Binary semaphores o
Yinm4v N uiyo

counter -n 7V |an"7 7221) binary semaphore -3 counting semaphore wnn% n7D' AR e
(v
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s.count--;
if(s.count<0){
block this process

place this process in s.queue

}

signal(s):

s.count++;

if(s.count <=0){
remove a process p from s.queue
place this process p on ready list

Semaphore Implementation - 1195n0n Winm e
:N1AND NIDNON NXITAN ©

Typedef struct{
Int value;
Struct process *L;
}semaphore;
MIVIYO N7IYD 2 NN o
17 XY '7nNn DX Nnwn — Block =
P nionn 170NN 7w IM71y9 NX Ywnn — Wakeup(P) =

2 NNTAN 90N NI7IWD NYD - ©
Wait(s):
s.value-—;
if(s.value <0){
add this process to s.L;
block;

signal(s):
s.value++;
if(s.value <=0){
removes a process P fromss.L;
wakeup(P)
}

Semaphore as a General Synchronization Tool —'7'73 IN210 722 D"MI9N0O

.Pi 970N nyxann A 27WOW INR? 71 P 1PNM B N7WO NR YN e
.0-77nnINnY 115N0 T2 WNNUN e
TR e

Pi Pj

A wait(flag)
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:5 naxyIn

Introduction to Concurrency - ni'7'agn'? anTEn

. Classical Problems of Concurrency - ni'7apn 7w nirox7p niva

0NN 3 KN L,ARO NN Y e

Bounded buffer problem - nion y¥in n''ya o

‘DNI1IdSN0 3 DX K

YXIN? w2 1Y mutual exclusion 112y mutex 119N0 o

7901 DY PIXI X' 0DY70N DX 2107 7 full 119Nn0 e
X7 WWORY D'0NION

7900 OY DI¥I X' 070N [IND10 11 empty 11910 @
D'7ON NinpEnn

oMY yTn "
Semaphore mutex, full, empty;

// initially: full=0, empty=n, mutex=1

:Bounded-Buffer - Producer Process =

Dof

produce an item in nextp

Wait(empty);

add nextp to buffer

signal(mutex);

signal(full);
}while (1);

:Bounded-Buffer - Consumer Process =

Dof

Wait(full);
Wait(mutex);

Remove an item from buffer to nextc

signal(mutex);
signal(full);

Consum the item in nextc

}while (1);
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Implementing S as a Binary Semaphore - \IX1'2 119102 S 1I195N0 Win'M

‘DImMINan e
Binary-semaphore S1,52;
Int C;
INNXR e
S1=1;
S2=0;
C=initial value of semaphore S;

Wait operation:

Waitb(S1);

C-;

If(C<0){
Signalb(S1);
Waitb(S2);

}

Signal(S1);

signal operation:
Waitb(S1);
C+4;
If(C<=0){
Signalb(S2);
}
Else{
signalb(S1);
}

DNI95N0 DOy Ni'va

.0'2'70N |2 DAN7I Mutual Exclusion qDX? T2 27N *70 0'790N DNI9SN0

0T DX AN7 Y D7 ,0'%0N 1901 112 NNTIoN Signal(S) ,Wait(S) ni7wo I8 e
.Onyoswin

.0D%NNN D IDINFM7 )X DNIYINY e

.DNNX D7D NN 7Y DY DAY 700 TRR (AT IK) VI 17NN e
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Reader Reader
Reader
must wait
Reader Database
‘Writer - Reader
Writer
must wait
but enters Access to database
when all
readers

leave

IXY NI7D DD ARTR NS 7w son'n .

.01M1 XNjP7 NXIN ARP N7V N1 T ‘D =

.DIININ DX NYY NXIN DA N7WO (M) AT 'da =

NN X7 'DIN'WN VTN DK NIYN/AND Namd 17NNy nma =
"R NYAT Q10K N2MD/NRN}

AT 2 qnIvnn YT nwa? 0% ok ooan v son'n .

NNDIY D2ND-0'RA1Z NAIDN OY NIRONAO0N W

AN 70N P OX X7 ,ND0NNY KR 170N 0N R7Y DWAIT MIYKRIN N'Yan
JOIN'Y VTN AT MIN NWN

UTN X7 NNYT 'K ,'ND RIN ANDY YNIYW X'N YT 1'Iwn Nyl
.(AxN{) m7we nx 7'nnin"

.02NID 0NN 1Y 2V 7Y ¥ DY 7' WD Mpn? [nnoa

.0'R1IP 070N 11w QY1 7Y ax¥n NIFne 70 1wn npn? [nnoa

MIYRIN N'YaN Ay jnns

9IN'Y VTN
Semaphore mutex,wrt;
Int readcount;
// initially
mutex =1, wrt =1, readcount =0

JW> ORI 070N NNd 1910 - Readcount
readcount 12TV 112V mutual exclusion 7901 mutex 119510
NP0 1Y Uin'wa D nd ,01aNdN 1Y mutual exclusion Poon wrt 11910
.CS TN 0121/RXI'Y [NNX/IUKRIN
First Readers-Writers - Writer Process - AN 170N

Wait(wrt);
Writing is performed

Signal(wrt);

First Readers-Writers - Reader Process - X1lIj7 170NN

Wait(mutex);
Readcount++;
If(readcount==1){

o

o
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:Notes on Bounded-Buffer Solution - DioN yxIn NN 2y nNyn =
X7 (CS-7 yinn nipnma) n¥ 7w CS-n YmAa signal(full) pw'? e
NXINY 197 0NI19000 W7 NDNYT 1Y PIXNIINKA Y'Own
J'wnn
X' NONKX ,wait(mutex) 197 wait(full) yxa7 a*n paxn e
.7 YXINN AWK CS 7 012" PN DX |IND')?
...NYP NDNIX IT DNISN0A WINY e

Readers-Writers Problem - p'anid>-n'x1ip n''ya

IXY NI7D' DD ARTP NS 7w son ' .

.01M1 XNjP7 NXIN ARZ N7V N1 a7t ‘D =

.DIININ DX NYY NXIN DA N7WO M) AT 'da =

7NN X7 'DIN'WN VTN DX NIYN/AND Namd 17NNy nma. =
"R NYAT Q10K N2MD/NRNY

DIAT 2 qnIvnn YT nwa? 0% o' oDMan v son'n .

Readers-Writers with active readers

Reader

Readers
can enter

‘Writer
Writers
must wait
Readers-writers with an active writer

Reader Database

Reader

POG

Access to database

Readers
must wait

Writer Database

0

Writers
must wait

Should readers wait for waiting writer?

Access to database
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forever

AN R Qoo .
fork 72 72y TNXIGNO
Fork: array[0..4] of semaphores e
-7INNX e
Fork[i].count=1 o
Fori=0..4 o

0j7'009I'¥N 7W NN 7'NNN qI017'9 73 DX [IX9')? — [IWXIN |I'0Y =
SINnwUn

:0"72IXN 0'91017'9n N*'ya 2 'on N9 ©
20 NY'IN7 0'YOX NDNNS =
.17 IN7wn T N7 N X71 0'91017'0 4-7 1WONT e
INNYUN 0j'00DI'YN NIX 1NN 0AIT 'R DAVIND 0'9I017'ON @
.0"IN'N X 1NN DYAITN DXAYINA 0'9I017'901,0IUKR)

:D"72IXN 0'9I1017'9n n'wa 3 'on NN o

Process Pi:
Repeat
think;
wait(T);
wait(fork[i]);
wait(fork[i+1 mod 5]);
eat;
signal(fork[i+1 mod 5]);
signal(fork[i]);
signal(T);
forever

.7 12 70DK7 0'01nw 0910179 4 1 odn *

CTNR Oj'0091Y O'?'TNN DINKN NYWITWY TIva 7DKR7 70 TR P77 =

190N NX 4-7 722 WK T qoNn 1ISn0d wnnwn? o' ik =
.JN7IYN 210 DAVIY 0'91017'ON

T.count=4 NN =

.'TY.[NANY MiIna 71'75 X7 9100 I XN, N'7'na inkA oy 12009 n'ominn? awa

: Critical Regions - D'"'U"P DTN
Y7 D'ONIYNN DINYA NNWY IX PTY? 1YY 17DNN R UTR KD — 'O TR @
M"Y KIN P71 NP 0TAIYN 0NN

N 17 critical section-2 X¥N1 70N TWROW AIKT? XIN TDWNN 7Y AWND ["OXNN - @
D0'WOPA 070NN DX, NRD NN 7Y '0ME0 YOR7 01007 1 X7 INK 170N
.nm (n*1V72) mutually exclusive XN Dn'7w D"0PN

: 2U¥ann T )N — D'V DNITR

.High-level linguistic synchronization construct e
vishared t:7d> 70 t 2100 v qNIYn NINwn - e
N7 10 BAWKRD S IR NWIY B IWKD v TR 1001 1 v NINWNYT7 DY e
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Wait(wrt);
}

Signal(mutex);
Reading is performed

Wait(mutex);
Readcount--;
If(readcount==0){
Signal(wrt);
}

Signal(mutex);

Dining Philosophers Problem - D''DIX 0'91017'® n"'ya o

Ay n71w 210 o'oI017'0 5w =

JARDY WP W' DN TAR‘D m =

.0'0j'0091'Y 5 W'w D ,0p'vooIN W AT D A .

,72IN N 190N I017'9 TWNXD D7 ,TIX 7DX7 "D D'O7'00DI'YK 2 0DNXY =
DX D70 DI'X n-1 ,n+1 0'91017'9

AV IRD' 72 DD'NN 2 DANYN 7Y RPN WIPD IRIXKNN AT =

DNIX N1 )X KINY D'07'00SINN NX NPI7 ,LYN AWIN TAR'D =
.'9101'X 72ym

AVY/)IRD'? 2¥N7 Y1anYT 720 0'o'u0SI'Y7 MWIR 72N KIN ANKN .

73 .0j7'0091% NNZ7 N'INT 2 0'0IN 07D WX WMNN7 7' [IN9')7 =
NIN 10D O'VODINNY |II'D YNl ,"INAY 0j7'00DIY DN TNX
ANK UM Y “Rnun

:Dining Philosophers Solution - p"nixn 0'o1017'90 n''yai ‘on jNne o

Process Pi:

Repeat
think;
wait(fork[i]);
wait(fork[i+1 mod 5]);
eat;
signal(fork[i+1 mod 5]);
signal(forkli]);
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([N 2N NN 237 'KINN DX NI7Y9NN NIXIDIRD - e
qon 17N 7w Ny TV TTA 70N nfnwn - Cwait o
N7 'R NNYIN 70N 'R DX, TNR DNYIN 170N 7¥ yixa nwTnn —_Csignal o
nyown
N"NWN 1Nan Cwait(x) NTIoN , Y 1 X D'RIN 7¢ NNM Q¥ NIKYT7 MK @
Xma*7nn

queues associated with

entry queue
shared data

x, y conditions {

operations

initialization
code

NIAYN %Y NMYOX ap'NNI'T? XNt
'NINN M TNRA IX NRYNY D010 1M 01 NAN 0DY7NNN e
wait(Cn) NTIPo 'y Cn 'XIN MY INXY 000 170N @
Cn 'RINN 7¥ 2NN M TNX 7'70N nwn? no'1on Csignal(Cn) NTiRo e
urgent queue? INIX NO'1DNI K1j71N J*70Nn X Nnoin Csignal(Cn) NTio p7 e

queuc of

Dynamics =

monitor waiting arca Entrunce
-

I’LI MONITOR

condition <1 E I local data |

5 cwait{cl)

I condition variables |

i Procedure 1

¢ =L e .

condition cur

Sraistcr) Procedure k

0—0(0—d

urgent qucuc

= 4

c=ignal T I initialization code I
F]lr—‘
Exit
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VNN nwat 70 'R INK 7NN R LWINQL SUNRD e
.0N1910 "'y wIN'n? NUoR e
.ATN JWN1 2w X TNX 0D'771Y QNIYN NINYN NIX? D'ON'NNN DNITR @
INQN 170NN YXANN '0NP NITR7 NYA7 N0 17N UKD e
Bwpwpma o
yxann "7nnn True W ox o
nnw' B 7w paww Ty 'mn nnn False D ox - o

:_Bounded buffer — Critical Regions
INIX? D'Y2IN DDTNN Y 7¢ NIYAINN VN7 171 yXIN WNNWR7 XD VN e
0P ITR
N9 T e

struct buffer {
int pool[n]:

int counter, in, outs
QNIYNN YXINN JIN7 N2D Q¥ DX 0101 DX 170N o
region buffer when(counter < n) {

pPpoollin] = nextps
in = (dn+1) % n:
counter—+-+3

H

N2 [DIX¥N NN 0'1011 YXIND [N LINYX X'¥I P )7ANn o
region buffer when (counter = 0) {
nextc = poollout]s
out = (out+1) 2 mn:

counter--;

H

:_D'nawn - Monitors

NLVHYYT AN 0P X DNI9RN0Y7 DYIN'WI D'ATH DN2N DN D'NRYN e
D'NIAYN 7¥ D210 N2N DY e
NIX'AI 7709 N> N NIdWA DY @
DNIOXNO "'V DY N1 e
7510 "IN 7T XIN_Monitor e
(nr¥9IX) AN IR TAR PN ©
2NNK ¥ o
D'nipn Data 1Mnwn o
: NAYNN 1"OKN e
7171 nuwnn nnav "'y 0'apipnn 0DOnwn? nwna o
17¥ nNawn TNR? Ak "y niwn? o 19N o
M1 AT 22 NAWN NINYY? 720 TNR 7NN o
o

N1 X7Y DIX2 TN TNX AXWN NINSY? — Mutual exclusion n'uvan niawn
NN AWK .AXWN WNNwn? 710' TNX 170N 71 DY D1, N1 . i
i i
.NI9N' ANWUNNY TV 'MNN7 Y7X' RIN L7710 AXUND DR Wit TNX
QnIwnn yT'Nn DX 72vn XN — pMa x¥mn Data v an niawnn oxva p2 o

: (Monitor Conditions) niawnn "Xan
ANXINN 'RIN NINYA DYPNNY 2'N NRYNN M2 NNYY? 17N7 1WOR? "D e
(Condition X XmarT?) wxn
DINN N [N NWA7 N2 D71 Nnwn? 0717 DN "IN Nwn. e
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: Pay/ja¥tn nuya
NWaN X PIND )7NNY QNYNMIDIR X QNN D DDYAN AI0 W D MDD e
N7nNn XN WWKRD J7aan Naxn — Bounded buffer 7w a¥n ntpnn qwxo nawnn
ANIR [N PIXAY INNT )X X0
‘NN My NNo e
DYy 7 77vn oxva kinw Buffern nx jonx' nawnn o
JIT NWA NNTMI97 0'90N NAYN 'RIN Y O
N'7n 'R yxinnw |'xn — Csignal(notfull) =
1 'R yxinnw |'¥n — Csignal(notempty) =
:N'Wan NIM9Y 0'o0n DANWN o
YXIN7 QOoINn7 Talyw xan oxy7? yaxn — Nextin - =
Nw Xan oxy? yaxn — Nextout =
Y¥IN2 Ya1d 0'R¥YMY D'nxyn 19on - Count =

‘unm e
IN'9I01R NX7I72 0'RAN 0D7NN W TR D NTR PN YN o
oyt o
Procedurev =
Append(v) =
iPX o

Take(v) =
Consume(v) =

Monitor boundedbuffer:
buffer: array[0..k-1] of items;
nextin:=0, nextout:=0, count:=0: integer;
notfull, notempty: condition;

append(v) :
if (count=k) cwait (notfull);
buffer[nextin]:= v;
nextin:= nextin+l mod k;
count++;
csignal (notempty);

take (v):
if (count=0) cwait (notempty);
v:= buffer[nextout];
nextout:= nextout+l mod k;
count—-—;
csignal (notfull); A. Frank - P. Weisberg

:_D'TVION D'91017'90 N''ya

STNR N9YIN 9PN W MINDY 2 95 192 .51 NIV 210 DY) DDA 5: NN e

DN.I2T2Y DIOND NXIT NDIPA DI .NDINR MIPN MWD PIPT NDIDA Y HI1OND Min vy

HPNPN NINAYNY HPNRN NN 190 INNRD PN P HY HPNRN IR NDONN NP N0 5
NRD NOIDAN 7Y PO 71D

TNRYNM UMY "V IT N7 INNO PIXN NAXN e
TN INIRA 179X X7 DDV QWY N'02AN NN ©
NAYIN PNN X [IXD' 7¥ axnn 'on [NN9N o
20-23 'y 5.2 na¥n nx1 XM NN97 o
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0V0'N1 DI NMDN 75¥ YNwn 17wUn NN 21NN ¥' 07'AIR 7T 27 07'nna e
.00 YRYT RID DRI W ITRON, VPTAIRD 7TIN MIR 7¢ N'M7NNNN N2mdY?
D0'ORMIND QAW 7wU D10 2 01w e
L'ovo Y o
MX1"7 NIND 2NN X DORPMIRD AW )t o
N1'WLN 77N 7w 'M7NNNN N2MdA 1 Vo' NI NYTNN N'ON' MIMdN o
(A0 )

Load module
(from linker)

200 N

=TeTe) CALL O

700
\ Object
‘,> module

6co[  MOVERTOX

s00 l

400 BRANCH TO 600 3

300 CALL 400 1

5 = = et iesitias it \ Object
200 MOVE P TO X > module
A
100 [
o I BRANCH TO 200 Y

DMRYTIYR O
¢ NW5NN YaI) NI'WON 7T DY INKY DWW DORMAIRD A PRI o
(ndIMn
IMRITIWY W D10 Y 17T o
D'77INY NN pYr n7uonn Yaipa — (Load Time) N1wo (pra Wy =
N'1DINN N1'WO [AT2 N9 12T 0MIXN
AWK 71 0MIX'N 07 TMY NIM9N - (Run Time) N¥N AWy =
, 72UTAN 11NN 7TINA A TAMY 17NNY7 N'wnn RN NyXann
X7 775 Nn1OMN 17N 0 nunnun K7W 17NNV XN 2T Nivawn
wnnn naTY o

N1DINN N9 7 J1N3'Ta 77T1a
NINNS 1WA |IT1, N7 NIXPZNY? 071" IXY N7 N9IN 7ITa N'IDINN N9IY X' N'Wan e
I DMIYON
: Overlays.1 o
27w IN AT 722 N2 NDINNY YTANINIKINA DX 71 27N =
.im
NN DTN 7TINY AN'RNN DDINNY Npna N Tay. .
nOMN XN K7 P71 7woNN Nown My X721 ndnnn 'y wnimn =
.N7¥ NTNIM
Nalon XN overlays %W n1ana ndMN Ay =

: Dynamic Linking (Libraries — DIlI's).2 o
N¥N1 TIPN [N 772 YOPN QUKD WIN'Y KID MXITAYRAYNY =
.|t |n VY 7N P YInwa
NP1 KINY VA2 0 N7 o1 nn .
N7 N'1DINN 17NN D' XY DDYAN - NDTR YW NI 71y =
N2 T nyor
N1dIMN AND "y wnmn — nsnn N>wnn N>'NN NN AYNTRY? =
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"wnn (12T 7101 17 AxxIN

37000 NAN07I NDT? NNIK "KANY" 27NN W NDM YN7 O L aNaom e

|N2'T2 070N 22 NN7 T2 MNINNEN7Y9N NN MY Nyl [ND'T 7N e
'WRIN

NIRNNN NX2N NNDON MY DATIAY D7W NND |2 12YN WOT YNN NDINY "D @
1 N2T7 170N Mo

~

Source
P rograrm
—

.

o iler o cormmsile
assermiblaer T

e

:(Object module) vp'ixn 770

10NN NITYN DR 790 07"aIRD 77N @
N N7 D TN9IRNY NIRAIN 7W nn'wn 790 — Relocation dictionary o
nnmd
npnNn TIp o
myy ndmn—Data o
7w Nn'wn 7On1 0NNR VAR 7T "y 1 Tan — External names table o
DINKN D'UPAIRD NINY [N [N7Y DTIN9IRNY NIKIN
DNR V"IN '7TIN WIn'w'? — Public names table o
7Tmn 10T Tip — Module identification o
nori Linker N 1N'W7 D1'N NITYUN IRY , 'wnnn [NO'T? Y0 mpnn Tigl Datan gy e
AN NI

DOPMIR 7TINT XKNAT e
Object module A

400 |
300 CALL B
200 MOVE P TO X
100
ol___BRANCHTO200 |
: Linker -n
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370N 297 21X AWK NI Y PNIYR MIK? WA 10N D7 WK 9TV o
T91 Ny
.01IN1 N1aN MIX? D'NYY? NYA7 n7W9 qmM'wa 0Isn 09N W o

: Logical Organization.4

1NV |I'9X "7V1 NIDIN DAND D'YNNYNn - e
.TA72 yix? NONIA NIMDING o
T272 N2AMO/NRMP DWORNN YT TN o
.0"nIs 077N 0"v1S DY7TIAN N PN o
JMN7? MNINNEN7Y90N N>Nn 7Y 7' 91K YNNWAN NIMDIM Oy TTMNN? D e
NYITIN NNVARNI IN'WN DX 7907 D2 77N 7w '0'01 |9IXA

: Physical Organization.5

TIX [ONXN 'WRIN [ND'T 17'RI)NK NN0YT YT'ANINIMDIMN DX [ONKN AIX'NN |[NO'TD e
WIN'Y1 Y20 VTN NMDINN

NNY? 2V X7 TINNIND'TA 71017 TINA NAIWA QPR [NDT NN Y 2 VTAN NN @
.N1INN NN9N 7W IT2 NINT NINNX

- UTNN DI'Na )ixn

no'NT IX (Swapping) Dizn N97NN 7w 0N Y¥A7 nwonNn NN 7w XN Y e
"I"n" 97002 |N2'T2 NRIY NIAMd2 X¥N? 7' 170N (compaction)
YA N7 270 X7 170N MY NAMd W Vo' WA NI AT e
TS NAMOY? N7 NAMD 2 NMNan Y WYl an NN e
'WRIN [N2'T2 NN KD (N'0I7I0aK DA NK7) — DT'9 NAMD - ©
NU7N M7 NN N7 019N KN (NYRIVYY DA NRYP) — DA NAmd o
NN 7Y TION INY
Nl [0 N2'T7 NM5NN D 1 TR 7'on 17onipn e
N7NNN 12 YIT' 2TIZIN VO NINNN NAND — N'ON*' NAUND XK' NAIZ NAUND? RAAUT @
(nral? namd 7w AN Win'wn 2100 DA INT) NDINN

- UTNN Dig'na Nndo

NINKRW |ND'TA NINSA 25 UKD 'WNIN |IW)'T'7 D1IY01 UThn DIP'N DAYONRNN DTN e
Jontn NMixa

JWXIN DNIRAND YR NAYIND NT'O NAIMD e

.Mninn "y NYxann N7 NI namda nnn e

: Memory-Management Unit (MMU)

JIT'D NIMDY NIMI? NQIMD N9ANY NTNIN2ADY XD [ND'TH 27N DTN e

|N>'T7 Taynn [0 NQMD NNAINN DXV ATN e

.(Nn»o nx1) N7 NAMY D¥PITRMIN 100N K¥YMIY YN NOOIN NINT YXIn e

NT 17NN 7Y AN NNRAN NT'9N NAMDN DX [U¥Nn VM7 LIC DA DR e

NAMON 7 2919 K78 N'T'ON NANdN DX RN K7 D71Y7 (process) 1'™7nnn o
.27 nNIoIN
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MNI'T Y'P Y¥Xann '

.(197 yxannv '0vVOY7 TIAN) NDINN VIXA AT? ANT WW'N =

. TN NMAYN INKY? T2 wNnwn Stub XN TIpn 7w o vo .

.NNIX Y¥2NI NAYN NAMDA INXY DX q*7nn Stubn =

77N> N2'T2 INXNI NNAWN DR PITA7 DX A72W9Nn ndwn =
Qnnn

NINDYY IX [7D7 NIDSNIWNN NIMS02 TNIMA 7V MmN T AWyp =
.NNIa NiI7yo

MNITD YD DN
TIXD 720 11¥'N 7T W NIY RO WNNwN? 07D n7yonn 'ap =
DNIX PTYY?
70'T2 |IONX DI Y0IN — 2UX'N 77N MIX? WIipn 7N ‘D =
TP QNYY 0713 07NN — NNX DYD 71 |ND'T7 YO' 2IX'N 7TIN MIK- =
N> q10n7 Pl
DLL '¥aj7 DN D™IX'NN D*7TNN DRI7N 2 RNAUT =

1N2'T 21t nIwNT
AN P71 NIAT A DDYANN 0 jOF 77N P WRID DO Ivu7 . .
P'7, 19 N Taynni V79/V7E7 NINNN W AN I DYNNN
nnd 1 71957 751w nin 7y naiv Mxa nn ame noTav awn
.[n1 7w no%an
1 O'RAN 0'RWNY DA DN NN7 wrqona =
Relocation .1
Protection
Sharing
Logical Organization
Physical Organization

o rwhi

:(wTnn ni'm) Relocation.1

.N7V9NN INKY7 ND'T [ONIXKN N'DINA P NWT? 7D 'K NdNNN @
: N7U9NN NdWN 7w NI7IYon NRXIMD DIFn NAYWY? 2190 170N e
D7D W N 7rma Naxn n7yonn n>wn nNwexn ne97nn — Swapping o
VX117 00N
JONKY *T22 A1V [NI'T NI 79NN Ndwn? NWorn no'nT— Compaction o
DI

:(n1an) Protection.2

NN'RNN DRYIN K77 0K 190N7 Dxpmn N7 nwa? 0N W R e

DPN7 N7 NDIWYNNY 190 XN IR N'¥7'9NIPN [AT2 NIDIN2 NAMD 2IM7 NI X7 e
UTNNn NdINN DX

.MNINN MY YIXN A1 7207 NDIX NINd7 019N e

}(qn'w) Sharing.3

7V AWONNYT *72an 'WRIN [ND'TA YO MINT? NWA7 0D7NN NNd7 WWORN QMY e
.NNLVIX
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[112'T ‘71012 171100
JIR107MD |NDTA VIO DI, 1AV NINYR MY NIRAdL 190N e
Fixed/Static Partitioning .1
Variable/Dynamic Partitioning .2
Simple/Basic Paging .3
Simple/Basic Segmentation .4

: Fixed/Static Partitioning .1

(Partition) n¥'nn X171 770 75, 0'99IN X7 WRIN NOTA NPIIN e
D'7TI22 DIV IX DY N7 07D NIX'ANN '7Ta e
internal fragmentation X172 NN NNNWN INKRY7 N¥'NNQ NN JIONRD NVY @

N'0VO NPI7NA NNYN DN'IATIX

J"70N NDINY 1IV07 N1 N9 NX'NN NIY' DX — DT NIX'NN 9T ©
qN1) NN TR YN X7 ANT NIX'NAN 7D 77w on .
7077 Swap vxal TNX 17NN 1M NIXM DX'Nnn 7> ox- =

MUY DIW"? DDOOT 2 pYU' — DAY NIX'Nn 7Ta o
12N N3N NNdaAYINY o
DO'XN' KID N7R AN NVPD NX'NNN M7 NN D nxpn .
nx'nn 7T 7 amovp .
Ny X internal fragmentation n VPOX NX W7 NOI NXT NV =
O'R70 INYNY [AT2 07 N7 07212 0DInn 79N nwa

$TTR N NN WY o
DO'XN' KID N7R AN NVPD NX'NNN M7 NN D nxpn .
internal awn 7y Multiprogramming 7 opox "nIr M =
fragmentation

N'VVO NPI7NA NF'NXI'T

N2INYT PO'N7 'RYI DX'NNN 7TAN NINS 17TRW 7NN ‘D e
N¥'NN NI9NI Swap Y¥IN N72W9NN NN NIXA NIX'NNAN 7D OR - @
overlays NNTY2 N1IDN7 MONNN W NTTA N¥'NNY7 D'RNNT "2 T A7IM DM DR e

ninyn

OI9NN X'N NV NN TV NIYN X7 NIDIN DY 191 7'V 11'K N'0VO NPI7N1 YIN'Wn e
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Demand Paging o
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swap out
change victim
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@ f victim
reset page
table for
page table new page
pag swap
desired
page in
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valid—invalid
0 H frame\‘ bit 0 | monitor -
/,/ \
1 load M 3 (v 1 l
PC —
2 J 41V 2 D
5 |v
3 M i 3 H
logical memory page table 4 load M
for user 1 for user 1
5 J
6 A
valid—invalid 7 E E
[o] A frame bit
¥ physical
1 B 6| v memory
2 D !
2| v
3 E 71 v
logical memory page table
for user 2 for user 2
Steps in handling a Page Fault
N page is on
<3) backing store
operating
system .-
(2)
reference trap
()
load M i
(e)
restart page table
instruction
free frame — 1w
() €D
reset page bring in
table missing page
physical
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But variable length segments introduce external fragmentation andare o
more difficult to swap in and out.
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frame number -n ATNM ,(hit) NX¥M XN DX ©
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n2I7n NAMdN DX 1'AN7 712 (TLB-n 0Tip =
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:Demand Paging 'wix e
:(0<=p<=1) page faultaxyp o
page faults 'k ,p=0DX =
page fault w* nu9 7D 1Ay ,p=1nox =
EAT — Effective Access Time o
EAT = (1-p) * memory access + p * (page =
fault overhead + [swap page out] + swap
page in + restart overhead)

QAT o
Memory access time = 1 microsec =
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Page Fault Rate
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Page size
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?wuninn trashing N7 e
NO'TA 7TIan T nrtREI7n W 0Tan ono - o

trashing -7 "2'0n
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Taynn 7w DM N7Xa o
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The Page Size Issue - 9Tn 7712 XWn
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Ty 7722 yaipnn 77n .demand paging M1V X171 Yalg ,n'7'Nn
NP NAMD/NIRAP T'O 9T JNY7 DX¥aEn Nwn "y X7
.JN2'T7 NI720 NIYW2D NIoNMA yaur'?/yapnn

NINAP DIpm N>t T file 1/0-7 nion*nn "y yaip? nwa vwon
write() ,read() — (system calls) n>ayn

0'9T7 WWONNY ,YAUIZN MIX DX NI9NT 07NN NNd7 TWOKRN D-INd
.0'oNIYN N7 N>

process A
virtual memory

process B
virtual memory

physical memory

1]2]3[4]5]6
disk file
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Program structure
int A[][] = new int[1024][1024];
Each row is stored in one page.
Program 1: for (j = 0; j < A.length; j++)
for (i = 0; i < A.length; i++)
Alij] =0;
we have 1024 x 1024 page faults
Program 2: for (i = 0; i < A.length; i++)
for (j = 0; j < A.length; j++)
Afij] =0;
we have 1024 page faults
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.page replacement DNA7X

Why frames used for I/O must be in memory

buffer ,_" =Sc=>

magnetic-tape
drive

Process Creation - 1™7nn n'y!
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MY TR TR 1 ,9NIWNn 9T mun 09'%Nnn TR OX .|[N2'Ta
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Memory-mapped files o
onim nrrn? V79/0%7 yaIP'? "'WoKRN — Memory-mapped file /O =
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