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B MY E(thread) 7HE A7
Thread API
B Multithreaded T2 2 Q 281 0|4
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B A2 E(Thread)
= CPUO|EL| 7[Z & EHF
B CHe M| E(Single threaded) Processes
» USHO ZENL ST 2 HRZE
B Ct= M| E(Multithreaded) Process
= O 2l MY ESE A= T2
> ot ZZ M7 SA[0f StLt O] 2| &Y = 75
. TEHel Z2 N A0 o

Process

(single threaded) multithreaded process

I threads

v il




M E

B Thread At X}&
» 42 ZTZN MO £ CHE thread =1t
code, data, OS X} H(Y: open file, signal) ==
» stack, CPU register X &-&7H2 thread M&&7F A}

St

ra
o =

olo 40

B Thread Control Block (TCB)
» MY 20 Cliot HEE EIH(EE M A2 PCB2F SA
= thread ID
« thread &g AHER
= program counter, register set - thread context
= Stack
= thread specific | 2 2| &7t (static H| 2 2|)



X LS 20 E Z2 ML

code

data

files

registers

thread —

stack

single-threaded process

code data fles |1 ghare
registers‘ registers |[f registers
[ separate
stack ‘ stack stack
<«— thread

multithreaded process



2fF 11 IA |-7=|E.|=.|T|. IA
[=X=] = kl e O o = kl
Single-threaded Multithreaded
process model process model
Thread Thread Thread

=" == ===

. || Thread : I| Thread : || Thread :

Process l-."““'_ : control |1 : control |l : control |l

control stack Il block : | block : | block :

block : ' : | : I

| Iy Ly |

| || | |

: - Process | !| User |, 1f User ([ 1f User [

User Kernel I - I el I el

address ek control I stack : : stack { I stack :

space — | | L |

. [ LS L I I I

| L L |

| L L !

User I| Kernel : || Kernel { || Kernel :

address : stack |1 : stack i l stack i

space | : I : I :

. ) ] = ]

traditional process
- heavy-weight process
thread - light-weight process
thread 8- 0] 2 2ot At 0| process 440 ot AHHECHALCH> ZE
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m Cf

—

2 38 Z20H0[ o 7S] = sAl0
word processor: $lH == + 7|2 E Q& + Al
web browser: IHZEH + L EQ| 0| A H|O|E =4 ...
web server: 2] 7(x=H 7| E 7}s)9| cliente] 2 X
OS kernel: & X| 22|, 9IHEE K| 59| 02| &Y ...

a7t US

o i~
oY o

2= ot

QR

CI= o 2 M| A(multiple processes) > T2 A|A MA QHS|E
Chs MP|E Z2 ML > M2 Md0| 2ash XH0| HOolM, 28X

(2) create new

(1) request thread to service
the request
client >  server » thread
(3) resume listening multithreaded server

for additional
client requests



A ™ (Benefits)

B 3t M (Responsiveness)
« T Z22H0| AL T} blockT| AL, 71 &
(interactive) 21 0| A& XIS T
B X3 55 (Resource Sharing)
n J|E2EXOZE T2 MNAO HEZ e ARS
» A2 T4 S0 o 7he| CFHE A
« 7HE MH|A S=910]| thread 7H0|| EAI
B 2K Ad(Economy)

» thread /4, S =, context switch0|| A2 &| = @H3|| = 7}tprocessO|
HISiM B2 - XH&l, AZF 2

= (0f) Solaris : 444 > 30} B}, context switching = 5H| Wit =
B 12 2AMd(Scalability), M-&/d
» O3 Z2MAM(BE[ZO) £ Z0|M threadE= B2 ME| 7t



A2 HE|ZO =238 Y

B CF2 3O A|AEIOA Q| Hl (concurrent) Al SH

single core

B ZE| 3O A|LEO M EE (parallel) 2

core 1

core 2

T4

To

T3

Ta

T4

To

T3

time




= (Parallel) 1} el

(Concurrency)

» HEA|AH (parallel system) S A|Of 17 O|AFO| EFHQ AaH
« EHSHA| AE (concurrent system)2 17| O|AtO| taskE X| 810 R E Xt

20| RAHE|A
B Amdahl’'s Law
« N7HO| Z2MAME ARSI Y2 & Ul 7Hs3 M5 0|5

1
speedup = = S: &
gy 18 -

= N> 0|, speedup > 1/S
(0f]) S=0.25 O|™ X|CH 4Ho| ME5TFAtO| 7t
B HE Ml(parallelism)e| |3

= data parallel - B 0| Ef 2| S5 TEtol oA S it 53
» task parallel — 2+ LLE)HWIZI} F 09 AA 3

» [{FE 7328 28 BEO| 2=/
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4.3 [} MY E B

B AI2XFMYHEAHYE MY E
= Userthreads : 712 X|& §lO| ArEAL =& (HE ?l) 0l
thread libraryOf 2|sjA X| & &l
= Kernel threads : OS {490 A 2& X| Q|0 22| =,
B D= S 29X K= kernel threadsS X| &t
= Windows, Solaris, Linux, Mac OS X

B AEXA D2 Ol MY EQF AHYE MY E ZH0| 2k 2hA| 7 =Y
= Many-to-One 2 El
= One-to-One 2 &
= Many-to-Many 2 &l

_—
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Many-to-One H !

Ct4=9| user-level thread 7} 5t 71 2| kernel thread (process)Of ¢zt

thread 27| Z 21t 57|27t ALEXE 57t9] thread library| A =38
A
o

context

A LAt =7|3} overhead 7}
KON B

user process

________________________________________________

S

Ol -

ot thread”} blocking system callS ; é 5
_-_x-é-l_o:l b|OCkE| H X x-” proce537|- i ; gd—userthread i
block ! i ’
& 712 0| user-level thread?Q|
=& €A e
Multiprocessor A| A EIQj| A
thread=2| = Aldl =7}

_______________________________________________

<«<— Kkernel thread

process

Solaris Green Threads
GNU Portable Thread
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One-to-One D &l

B Z} user-level thread7} $t 7 ©| kernel threadOff &2
NS
ono -

» O B2 g A, HE A (multiprocessor)
= Sf thread”?} blocking system callS =50 blockk| ™
HE 2 &2 processl| CHE thread 2 AA|=E

. MEﬂ': Al Ol context A QA QHS|E
= HE ALE 2ES A8 AHE 2= 5“85H0F o
= 712 0| M thread context switchingO| O| &
= Z[Cff thread <=0 X|2HO] U=

= Windows
. : <«— user thread !
= Linux | |

= Solaris 9 0|3 H{H

<«—Xkernel thread
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Many-to-Many &l

B C}==9| user-level thread”7} Ct£=2| kernel threadOf &2t
= kernel threadol 2=+= user-level threadQ| =2} &HL} &S

=
» kernel thread=2 user-level thread= 0| multiplexs} O] AFE
= kernel thread 7H-¢-E 28 T2 1 O0|Lt machined [L2fA] 2™ =
ISR

= One-to-one T E N} Z+e HHSH/H 2
« ZQ5t 0FE 9| kernel thread?} AL = 4
= blocking system callS @ ZSI0] e i
blockz| = [ 0f| CtE threadS g ; '
A= i é
= user-level thread7l| =2 C} X & i
kernel thread= A3 2= Q01 A
kernel thread 2=2| X||3H0]| Y&t

multiplexing

<«—— Kkernel thread
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One-to-One B4

Ml 7}X| thread 13l B &

Thread control blocks
Many-to-One 2 & . . (TCBs)

( \ Many-to-Many 2 &
Process context

P, + thread library
. Thread control blocks
e (TCBs)
k . . / Mapping performed
\ /‘/ by thread library
. Process control blocks

(PCBs)




Two-level 2 E!

B many-to-many 2 ElO| H3y o &l
B 2= user-level thread0| CHSH A one-to-one A& 5| &

n OFL}O| user-level thread 7} StLIC| kernel thread | BF A 2t= &= RIS
B 0: IRIX, HP-UX, Tru64 UNIX, Solaris 8 and earlier

_____________________________________________________________________________________

user process
S S}

Threads User
library space
Kernel

space

bound

multiplexing

________________________________________________________________________________
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Solaris0j| A&|2] Many-to-Many R & (Two-level B &)

B LWP(lightweight process)”/| user thread2} kernel thread 7t2| & 7H
s L A SH
= T O
Threads
’ user threads are
Process PCB mapped into LWPs
context
+
thread
library Thread. control blocks
Mapping performed
by thread library
LWP control blocks

! Kernel thread control blocks

Selected KTCB 17



4.4 Thread 2}0|H2{2|

B Thread 2}O|E 2{ |
» threadE MAMSID ZH2|5H7| 2|SHAPI Hl&
B thread 2}0|E2{2| F+&
= user-level Iibrary' 2t M S| user space| A L2
« library 8t =2 user space A Q| et =2 0|0 &
» kernel-level library : library2| [ E 2} G| O|E 7} kernel spaced|| =Xl
« library &t S =2 {20 CHSt system call 3EZ 0| &
B =2 AL L= 37}X| Thread libraries
1. POSIX Pthreads: user- or kernel-level library

2. Windows thread: kernel-level library

3. Java Thread: Java thread APl > @ A E A|AHIOM AR 7tS St
thread library 2 191
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Pthreads

B Thread 4/d 8l 57|3}E &2t POSIX & API (IEEE 1003.1c)
« thread library2| =Zt0f| C{St & A|(specification)
» o ES BASHA
= UNIX A E OSO|A EIE O 2 N5 & (Solaris, Linux, Mac OS X)
B Pthread library &=
= pthread create() - thread /4
» pthread_join() — thread S 2 & 7|CIE
= pthread_exit() — thread &=
» pthread_attr_init() — thread attribute S default {}S = Xx7|3}



Pthreads APIE A8 %t Multithreaded C program

#include <pthread. h>
#include <stdio. h>

int sum; /* this data is shared by the thread(s) */
void *runner (void *param); /* the thread */

main(int argc, char *argv[])

{

¥

pthread_t tid; /* the thread identifier */

pthread_attr_t attr; /¥ set of attributes for the thread */
/* get the default attributes */

pthread_attr_init(&attr);

/* create the thread */

pthread_create(&tid, &attr,runner,argv[1]);

/* now wait for the thread to exit ¥/
pthread_join(tid,NULL);

printf("sum = %d\n",sum);

void *runner (void *param) {

int upper = atoi(param);

int i;

sum = O;

if (upper > 0) {
for (A =1; i <= upper; i++)

; sum += 1i;

pthread_exit(0);

20



Windows Threads

B CreateThread() — thread 24
B WaitForSingleObject() — ot thread =& 7|C}2
B WaitForMultipleObjects() - 0 2 thread & 7|C}2!

B Example code
#include <stdio.h>
#include <windows. h>
DWORD Sum; /* data is shared by the thread(s) */

/* the thread runs in this separate function */
DWORD WINAPI Summation(LPVOID Param)

{
DWORD Upper = *(DWORD *)Param;
DWORD 1i;
printf(“start summation Thread ...\n");
for (i = 0; i <= Upper; i++)
sum += i;
) return 0;

21



Windows Threads (A=)

int main(int argc, char *argv([])

{

DWORD ThreadId;

HANDLE ThreadHandle;

int Param;

// do some basic error checking

if (argc !'= 2) {
fprintf(stderr,”An integer parameter 1is required\n");
return -1;

¥

Param = atoi(argv([1]);

if (Param < 0) {
fprintf(stderr, "an integer >= 0 is required \n");
return -1;

¥

// create the thread

ThreadHandle = CreateThread(NuLL, 0, Summation, &Param, 0, &ThreadIid);

if (ThreadHandle '= NuLL) {
waitForSingleobject (ThreaddHandle, INFINITE);
CloseHandle(ThreadHandle);
printf( sum = %d\n" ,Sum);

¥

22



Java Threads

B Java threads
« 2FN A7 OFH Java 10| =F0f| A X| &3t JVMO| Eh2|gt
= main() method@to 2 /4%l Java program= JVMO| A Bt thread =2

AlS
B

B Thread 24/ gt
1. Extending Thread class (L4 2 M)
2. Implementing the Runnable interface (@l E L O| A 13d)

public interface Runnable

{

public abstract void run();

23



Extending the Thread Class

class Workerl extends Thread

—— public void run(Q) { // do not call run() directly
System.out.printin(”"I am a Worker Thread");
}

}

public class First

public static void main(String args[]) {
Thread thrd = new Workerl();

thrd.start(); // start a new thread
System.out.printIin(”"I am the main thread");

= Thread’s start() method

24



Implementing the Runnable Interface

class Worker2 implements Runnable

public void run() {
System.out.printin(“I am a Worker Thread”);

3
¥
?ub1ic class Second
public static void main(String args[]) {
Runnable runner = new Worker2();
Thread thrd = new Thread(runner);
thrd.start(Q);
) System.out.println(“I am the main thread”);
¥
public interface Runnable
{
Thread thrd = new Thread(new Worker2()) public abstract void run();
}

25



Joining Threads

class Joinableworker implements Runnable

public void run() {
System.out.printin("worker working");

}
}
?ub1ic class JoinExample
public static void main(String[] args) {
Thread task = new Thread(new Joinableworker());
task.start();
try { task.join(); }
catch (Interruptedexception ie) { }
} System.out.printin("worker done");
3

= Thread’s join() method

26



4.5 FAH 22T

B =AM M| (Implicit Threading)
s Thread MM 2 E 82 T2 =0 J|E2FX}7F Of U
compiler@t runtime library{| A ©A43+= A
« HE[DO HE N2 ZE AES= ZE203 A0 A

B AL HOAM B E[2YH T XA
= Open MP
= GCD (Grand Central Dispatch)
B FE|MY T 2| EE
= Thread Pool

27



Thread Pools

B Multithreaded serverj| A Q| XA 24| &
» thread 44 @HF| E . R7F0OIC} thread & 4 d5t= O A[ZH0] 22 &
= thread =7} S7t0f HE X2 1 & 7hs57d > thread 5=0f| X[2t0| ER
B S| 2% = Thread pool

» ZENAF ARS OO YTt 52| thread =S thread pool0f| O|2| 4
g5t Of 7| &
» RFE 2= WOFCE pooldf U= 2 threadE TR M AHE

" EPNES
o ad
N Server
s HIE =05 - A thread 2 A Q A|ZFELC}
7|—’F—thread§ MH|ASH=E 40| O HHE S
» SA| X thread == K|t — pool2| A 7| @
« task MM B S taskO M 22| 5HH NN -
task 413 cﬂ% CrE Az o = RS - / | N\ Pending
77| A, AMAIZF 2 Al 5 ] [ [ requests
Clients
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OpenMP

B OpenMP (Open Multi-Processing)

s C, C++, Fortran AL 29| directivel}l APIZ multithreaded
T2 249 XL,

» S HEE 280 B 2= Y X| &

#include <omp.h>
#include <stdio.h>

int main(int argc, char *argv[])
{

/* sequential code */

#pragma omp parallel T 7o MY E MM

printf ("I am a parallel region.");

}

/* sequential code */

return 0;

29



GCD

B GCD (Grand Central Dispatch)
Apple Mac OS X, i0OS X[ H oM K|«
a C/C++ 20| 9| =%k, API, runtime library2 X|-&

« HZ MM 1HE0] M S 22 XY -22 FA N )
“{ printf("I am a block"); }
» =5 =2 dispatch queued| 210, queuelf Al X|7H= [0 thread pool

-, qu
0l A 718 threadofl A E4st0f SHetst
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4.6 MY E B 0|2

B fork(), exec() A|AEHlI S =
» threadOjA] fork()& =2 &¢ Mo 5&=27
B S L] fork() P g
» process?| B E thread§2 24| : fork — no execl| B0 AIE
« MME| T 2 A= multi-threaded
s Of|Tt thread 3t B X : fork — execl| 20| At
« MME =2 MAE single threaded

@m@ [}%@
exec




UNIXO0{| A 2| Signal handling

B Signal (ProcessO]| Cl{ 3t signal2 CPUQ|| Cli st interrupt2} H|==gh)

= UNIXO| A Z2 M| A0H S event ZElS L AF7| fI5HM AFE

» 7|4l signal —(ex) illegal memory access, division by zero

» H|&7|4Al signal (ex) Cirl-CE &=

signal handler — signal(=> signal number)= X 2|5}7| &l At E

= signal2 54 eventdf| 2|5 <44 =|0f processO| A & =

= process?| signal handlerOf Al X 2|=! process
B 5= S5X09| signal handler signal

= A default signal handler o g

= A user-defined signal handler

B Multithreaded process0O| A 2| signal M M signal

= signalO| & Z threadOf| Al M & handler
s 2= threadQ| Al ME

» UE threadOj|A| MEIM O = MY

» Signals MEEH= thread X|

signal®| A0 [}2FA] signal HEF 2t 0| ™Hs| A

o -
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Thread F A

B Thread |2~ (cancellation)

target thread7} T2 E|7| MO threadE Z M2 SCHA|7|= A

PPN e BN

= H|S7|(asynchronous) F&: ZA| target threadE F 2

« X|Q(deferred) Fa : FT7|HO 2 M ASL0] target threadE F &
B thread F 40| 02 M

Atel O] 2EE|0f AL S+ HIO[HE Ailotn QU= threadS F 23
[ of] 2ol O'|E:|EO| H“‘”O.:.*

H|S 7] 2 40N XA 20 X B 7ts8

K& F A LAY M= F A AT (cancellation point)Of| A QHE B F| A

‘ts 5= dASHY F &
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Thread-Local A %&rA

B Thread-Local Storage(TLS)

» thread A}4l BHO| M2 7ts2t A& St
B [ F &2 thread library?} TLS X| & 7| & N&
B TLS, local variable, static variable®| H| 11

» local HE= -3t S & SOH0||OF LA O ZE AL

« static H— T2 03 AN SO et Lfe| 7|A-A~E 74X

GRS R = Af%&% thread= 2 static 7| A& A~ 559)

s TLS — static H==9f H|==5}X|Tt, Zt threadE 2 22| =l 7| AR A AR
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Scheduler Activations

"

2F I 2 M| A (lightweight process: LWP)

Many-to-many 2 2! 0|| A= user-level thread2} kernel thread A}O|Of
LWP(lightweight process)2t 1l ot= S7t X2 X AtE2510] A4

Zt LWP+= kernel thread0| &4 &|H user-thread libraryQj| A| virtual
processor Z0| 2 Z! > 718 LWPO| user-level thread=2 278

S 80| LATHLWP 4

CPU-bound §&: 17[|°] LWPO|H & «— user thread
/O intensive 8. {2 72| LWP *L'R

B Scheduler Activation

upcall: thread”7} block=| L} eventZ}

HIMSIH 7 20| A signalS 2L { LWP ] <+ lightweight process
thread library2| upcall handler& ) |
=5t i """""""""""""""""""""""""
= upcall handler= A LWPE &2 gtop | k j<—kemnel thread
2|41 CHE thread0f 7| A71| 2
B 2K A|= kernel threadE A A =2 ¢
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