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Condition Variables

A parent waiting for its child

yo1d *xchild(void. *arqg) 4%
praincf ("ehildin"™);
// XXX how to indicate we are done?

Eerturn NULL: o

}

int main(int argc, char *argv[]) {
printf ("parent: begin\n");
pthread_t c;
Pthread_create(&c, NULL, child, NULL);
// XXX bow to wait for child?
printf ("parent: end\n");
return 0;
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// create child



Spin-based Approach

Using a shared variable, parent spins until child set it to 1

1 volatile int done = 0;

2

3 void xchild(void =xarg) {

4 PrintciNehs 1B}

5 done = 1;

6 return NULL;

/4 }

8

9 IOt main{int axrgcy char xargvll) 4
10 printf ("parent: begin\n");

11 pthread_t c;

12 Pthread_create(&c, NULL, child, NULL); // create child
13 while (ane == () :)

14 ¢ LF sElin

15 printf("gfisfﬁi_gndkn");

16 return 0;

1% }
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Spin-based Approach

Using a shared variable, parent spins until child set it to 1

1 volatile int done = 0;

2

3 void xchild(void =xarg) {

4 PrintciNehs 1B}

5 done = 1;

6 return NULL; .

7 What’s the problem of this approach?
8

9 IOt main{int axrgcy char xargvll) 4

10 printf ("parent: begin\n");

11 pthread_t c;

12 Pthread_create(&c, NULL, child, NULL); // create child
13 while (done == 0)

14 ¢ WLF sElin

15 printf ("parent: end\n");

16 return 0;

1% }
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Condition Variables (CV)

* Definition:
* An explicit queue that threads can put themselves

when some condition is not as desired (by waiting on
the condition)

« Other thread can wake one of those waiting threads
to allow them to continue (by signaling on the
condition)

 Pthread CV

pthread cw pthread_cond_t( *xc,) pthread_mutex_t xm);
pthread cond 81gnal (pthread_cond_t =*c); )

—
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CV-based Approach

void xchild(void =xarg) {
printrt("chi1d\n");
thr exit (); ??

Teturn NULL;

int main(int argc, char =xargv[]) {
printf ("parent: begin\n");
pthread_t p;
Pthread create (&p, NULL, child, NULL);

thr. Join ()5 ??
printf ("parent: end\n");

return 0;
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Broken Implementation 1

— =

void *child(void *arg) f{ | 15 void|thr_exit ()] {

printf("chilfiﬂlli—____—————" Pthread_mutex_lock (&m) ;
thr_exit (); Pthread cond signal (&c);

return NULL; Pthread_mutex_unlock (&m) ;

T

void \thr jOln(’
Pthread_mutex_lock ( &m)
&(////7 Pthread_cond_wait (&c, &m);
Pthread mutex_unlock (& ),
R

i 3
[1) {\/ -

—
O NN O U = W N

\O

int main(int argc, char =xa
printf ("parent: begj
pthread_t p;
Pthread creat
thr Joint]:
prEint f{"patent: endxn®);
return 0O;

§p; ‘NULL,; ehild,' NULLJ);
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Broken Implementation 1

void *xchild(void xarg void thr exit () {
PEIREFE(Tchi1d\n") ; Pthread_mutex_lock (&m) ;
Ehe exit () ; Pthread_cond_signal (&c) ;
return NULL; Pthread_mutex_unlock (&m) ;

}

void thr Join() o
Pthread_mutex_lock (&m) ;
Pthread_cond_wait (&c, &m);
Pthread_mutex_unlock (&m) ;

N’
—~—
O 00 N & O = W N

11

int main(int argc, char =xa Gk
printf ("parent: begjism\n");
pthread_t p;
Pthread_createf{&p, NULL, child, NULL);
thr. Jeini):
prEint f{"patent: endxn®);
return 0O;

If parent comes after child, parent
sleeps forever
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Broken Implementation 1

‘bim@
void thread exit() { void thread join() {
Mutex_lock(&m); // a Mutex_LocK(&m);
Cond_signal(&c); // b Cond_wait(&c, &m);
Mutex_unlock(&m); i/l € Mutex_unlock(&m);



Broken Implementation 1

IR
Parent: _x/@’ el Z
Child: a c ]
void thread _exit() { void thread_join() {
Mutex_lock(&m); // a Mutex_lock(&m); R
Cond_signal(&c); // b Cond_wait(&c, &m); /]y
Mutex_unlock(&m); // c Mutex_unlock(&m); /! @



Broken Implementation 1

Parent: x vy z
. GOOD!
Child: a b c
void thread _exit() { void thread_join() {
Mutex_lock(&m); // a Mutex_lock(&m);
Cond_signal(&c); // b Cond_wait(&c, &m);
Mutex_unlock(&m); i/l € Mutex_unlock(&m);

// X
/]y



Broken Implementation 1

void thread_exit() { void thread_join() {
Mutex_lock(&m); // a Mutex_lock(&m); // X
Cond_signal(&c); // b Cond_wait(&c, &m); /]y
Mutex_unlock(&m); i/l € Mutex_unlock(&m); // z



Broken Implementation 1

Parent: X @ ---- Ll
T \est .
Child: a b c
void thread _exit() { void thread_join() {
Mutex_lock(&m); // a Mutex_lock(&m); R
Cond_signal(&c); // b Cond_wait(&c, &m); /]y
Mutex_unlock(&m); i/l € Mutex_unlock(&m); // z



Broken Implementation 1

Parent: X Yy ... sleeeeeeeeeep forever ...

Child: a b c¢

void thread_exit() { void thread_join() {
Mutex_lock(&m); // a Mutex_lock(&m);
Cond_signal(&c); // b Cond_wait(&c, &m);
Mutex_unlock(&m); i/l € Mutex_unlock(&m);

// X
/]y



Broken Implementation 2

[ —
void *child(void xarg) { 1 void thr_exit () {
printf ("child\n"); > done = 1;
o '
Ehpuexie(l: — 3 Pthread_cond_signal (&c) ;
return NULL; 4 ) T
} 5
6 void thr_join () {
7 if (done == 0) 7Y
8 Pthread_cond_wait (&c) ;
}
k. \

int main(int argc, char *xafgv[]) {
printf ("parent: begfn\n");
pthread_t p;
Pthread creat
thr. Join{);
printE("parent: end\xn™);
return 0O;

&p, NULL, child, NULL);
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Broken Implementation 2

void thr_exit () {
—>  done = 1;
Pthread_cond_signal (&c) ;

void xchild(void =xarg) {
peintE (Tehild\a™});
thr exit(); ~—
return NULL;

}

void thr_join () {
1f f(dopie == §)
Pthread_cond_wait (&c) ;

—
0O NI N U v W N =

No mutual exclusion, hence child
may signal before parent calls

) ; cond_wait (). In this case, parent
sleeps forever!

int main(int argc,
printf ("parent:
pthread_t p;
Pthread_creat NULL, child, NULL);
thr. Join{);
printE("parent: end\xn™);
return 0O;
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Broken Implementation 2

void thread_exit() { void thread_join() {
done = 1; // a Mutex_lock(&m); // W
Cond_signal(&c); i/ B if (done == 0) 1l X
} Cond_wait(&c, &m); // y
Mutex_unlock(&m); I] Z



Broken Implementation 2

\
Parent: w X y
Child: 'a b
c~— Sy —
void thread_exit() { void thread_join() {
done = 1; // a Mutex_lock(&m); // W
Cond_signal(&c); i/ B if (done == 0) .
} Cond_wait(&c, &m); //Cy)

Mutex_unlock(&nm); rk Z



Broken Implementation 2

Parent: w X y ... Sleeeeeeeeep forever ...
Child: a b
void thread _exit() { void thread_join() {
done = 1; // a Mutex_lock(&m); // W
Cond_signal(&c); i/ B if (done == 0) 1l X
} Cond_wait(&c, &m); // vy
Mutex_unlock(&m); rk z

20



Broken Implementation 2

Parent: w X y ... Sleeeeeeeeep forever ...
Child: a b
void thread_exit() { void thread_join() {
done = 1; // a Mutex_lock(&m); // W
Cond_signal(&c); i/ B if (done == 0) 1l X
} Cond_wait(&c, &m); // vy
g Mutex_unlock(&m); rk z

How to fix?

21



Broken Implementation 2

Parent: w X y ... Sleeeeeeeeep forever ...
Child: a b
O
T s |
yuteF—
void thread_exj { void thread_join() {
done = 1; // a . Mutex_lock(&m); /] W
Cond_signal(&c); // b while =if=(done == 0) i X

Cond wait(&c, &m);”// y

}
Mutex_unlock(&m); <k; // z

My+
~-Unloc ( &m})

22



Trap 1 When Using CV

» thread

wait
Condition Variable wait

» thread
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Trap 1 When Using CV

wait

» thread

wait

signal o _
thread Condition Variable

Y. Cheng GMU CS571 Spring 2020

» thread
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Trap 1 When Using CV

Condition Variable wait
» thread
\./\
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Trap 1 When Using CV

Condition Variable wait
» thread

Only one thread gets a signal
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Trap 2 When Using CV

Condition Variable
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Trap 2 When Using CV

signal o _
thread Condition Variable
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Trap 2 When Using CV

Condition Variable
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Trap 2 When Using CV

wait
» thread
Condition Variable
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Trap 2 When Using CV

wait

» thread

Condition Variable
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waits forever...
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Trap 2 When Using CV

wait
» thread

Condition Variable

waits forever...

Signal lost if nobody waiting at that time

Y. Cheng GMU CS571 Spring 2020

32



Guarantee

Upon signal, there has to be at least one thread waiting;
If there are threads waiting, at least one thread will wake

signal o _
thread Condition Variable

FLEO

—

wait
» thread

wait

» thread
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int done = 0;
pthread_mutex t m = PTHREAD_MUTEX_ INITIALIZER;

pthread _cond_t ¢ = PTHREAD_COND_INITIALIZER;
void thr_exit () {
Pthread_mutex_lock (&m) ; . .
K — CV-based Parent-wait-for-child

Pthread_cond_signal (&c);

Pthread _mutex_unlock (&m) ; Appr03Ch
}

void wschild (void *arg] 4
peibt el Idn™j.:
th exit () :
return NULL;

}

vold thr Join{) {
Pthread_mutex_lock (&m) ;
while (done == 0)

Pthread_cond_wait (&c, &m);
Pthread_mutex_unlock (&m) ;

}

int mainfint ‘argc, char *argv[l) {
printf ("parent: begin\n");
pthread_t p;
Pthread_create (&p, NULL, child, NULL);
the Jeinl);
printf ("parent: end\n");

return 0;
} Y.Cheng GMU CS571 Spring 2020
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int done = 0;
pthread_mutex t m = PTHREAD_MUTEX_ INITIALIZER;

pthread _cond_t ¢ = PTHREAD_COND_INITIALIZER;
void thr_exit () {
Pthread_mutex_lock (&m) ; . .
K — CV-based Parent-wait-for-child

Pthread_cond_signal (&c);

Pthread _mutex_unlock (&m) ; Appr03Ch
}

void *xchild(void warqg) {
inEFf"childXn" )
e sty Good Rule of Thumb

return NULL; Always do 1. wait and 2. signal while holding the lock

} A~~~ -
vold thr Join{) {
Pthread_mutex_lock (&m) ; .
while_(done == 0) Why: To prevent lost signal

Pthread_cond_wait (&c, &m);
Pthread_mutex_unlock (&m) ;

}

int mainfint ‘argc, char *argv[l) {
printf ("parent: begin\n");
pthread_t p;
Pthread_create(&p, NULL, child, NULL);
the Jeinl);
printf ("parent: end\n");

return 0;
} Y.Cheng GMU CS571 Spring 2020 35



Classical Problems of Synchronization

* Producer-consumer problem
» CV-based version

» Readers-writers problem

 Dining-philosophers problem



CV-based Producer-Consumer Implementation 1

Single CV and if statement 1 int buffer;
A 2 int count = 0; // initially, empty
/\m
3
4 void put (int wvalue) {
5 & 3 assert (count 0);
cond__ cona; count = 1;
mutex_t mutex; buffer = value;

void *producer (void xarg) {

il o O I
for (1 = 0; i <\oops} i++) {
Pthread_mut &gmutex) ;

int get () {

// pl assert (count == [1);
if (count == 1) /] p2 1 count = 0; J
Pthread_cond_wait (&cond, utex); // p3 3 return buffer;
put (1) ; & | - /) pa [ }
Pthread_cond_signal (&cond) ; £F 15

Put and Get routines
Single buffer

Pthread_mutex_unlock{4&mutex) ; fif

[a—

}

void *consumer (void xarg) {

IRE, 15
for (1 = 0; i < loops; i++) {

Pthread_mutex_lock (&mutex) ; Al
if (count == 0§ — c2

Pthread_cond_wait (&cond, &mute il 163
int tmp = get(); // cd
Pthread_cond_signal (&cond) ; // ¢5
Pthread_mutex_unlock (&mutex) ; // c6

printf ("$d\n", tmp);

} 37



CV-based Producer-Consumer Implementation 1

Single CV and if statement

cond_t
mutex_t

cond;
mutex;

void *producer (void xarg) {

Int
for

}

i;
(1 = 0; 1 < loops; i++) {
Pthread_mutex_lock (&mutex) ;
if (count == 1)
Pthread_cond_wait (&cond,
put (i) ;
Pthread_cond_signal (&cond) ;
Pthread_mutex_unlock (&mutex) ;

&mutex) ;

void *consumer (void =xarg) {

int
for

17
(1 = 0; 1 < loops; i++) {
Pthread_mutex_lock (&mutex) ;
if (count == 0)
Pthread_cond_wait (&cond,
int tmp = get();
Pthread_cond_signal (&cond) ;
Pthread_mutex_unlock (&mutex) ;
BEIHEE ("SI ", thp)

gmutex) ;

ik
dil
il
ik
//
'

i
//
ik
Lk
//
A

P2
p3
p4
PS5
pPo6

cd:
c2
c3
cd
cH
cb6

O 0 NN N G W N

e e T
= W N = O

int buffer;

int count = 0; // initially, empty

void put (int wvalue) {

assert (count == 0);
count = 1;
buffer = wvalue;

}

int get () {
assert (count == 1);
count = 0;

return buffer;

Put and Get routines
Single buffer

What’s the problem of this
approach?

38



void xconsumer (void xarg

—\

CV-based Producer-Consumer Implementation 1

j & - C1 running

void xproducer (void xarg) {

int as ATt A
for (i = 0; i < loops; i++) { ’__“-—1 for: (i = 0;: i < loops; d++) {
Pthread_mutex_lock (&mutex) ; i el Pthread_mutex_lock (&mutex) ;
if (count == 0) 1/ ic2 if (count == 1)
Pthread_cond_wait (&cond, &mutex);|// c3 Pthread_cond_wait (&cond,
int tmp = get(); // c4 put (i) ;
Pthread_cond_signal (&cond) ; Ll e Pthread_cond_signal (&cond) ;
Pthread_mutex_unlock (&mutex) ; // cb6 Pthread_mutex_unlock (&mutex) ;
PELIRLE ("sdNn", tup); ' }
BN o B S "
j State | Tco State | Tp, State | (Counp | Comment
cl  Running Ready Ready 0 o
c2 Running Ready Ready 0
3 Sleep Ready Ready 0 Nothing to get

&mutex) ;

F
il
i
ol
//
8

pl
P2
p3
p4
PS5
p6



CV-based Producer-Consumer Implementation 1

void *consumer (void *arg) { void xproducer (void xarg) { - P running
inE ays int i;
for (i = 0; i < loops; i++) { for: (i = 0;: i < loops; d++) {
RS R S T SR (RS 77 SThTesd Toter Took aroter)s T
! if (count == 0) (f e2 : if (count == 1) // p2
............. Pthread cond wait (&cond, s&mutex); // c3 i Pthread_cond_wait (¢écond, &mutex); // p3
int tmp = get(); // c4 put (i) ; // p4
Pthread_cond_signal (&cond) ; i a5 Pthread_cond_signal (&cond) ; // p5
Pthread_mutex_unlock (&mutex) ; L &b Pthread_mutex_unlock (&mutex) ; // p6
printf ("sd\n", tmp); }
} }
}
Tad State i B2 State i State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready

3 Sleep Ready Ready

0

0
Sleep Ready pl  Running
Sleep Ready p2  Running @

Nothing to get




CV-based Producer-Consumer Implementation 1

void xconsumer (void xarg) {

void xproducer (void xarg) {

- P running
{

inE ays int i;
for (i = 0; i < loops; i++) { for: (i = 0; i < loops; d++)
DBt hTEAd T MUt X IOk (EmutERY e VV"ETE Pthread_mutex_lock (&mutex) ; [/ Pl
if (count == 0) (f e2 : if (count == 1) // p2
............. Pthread_cond_wait (&cond, smutex); // c3} Pthread cond wait (&cond, smutex); // @I
int tmp = get(); // c4 | put (i) ; // _p4
Pthread_cond_signal (&cond) ; Ll e Pthread_cond_signal (&cond) ; // p5
Pthread_mutex_unlock (&mutex) ; 1L b Pthread_mutex_unlock (&mutex) ; // p6
PELIRLE ("sdNn", tup); }
} }
}
Tad State i B2 State i State Count Comment
cl Running Ready Read 0
c2 Running Ready Ready 0
3 Sleep Ready Ready 0 Nothing to get
Sleep Ready pl  Running 0
Sleep Ready p2  Running 0
Sleep Ready p4  Running 1 Buffer now full
A - -/——~



CV-based Producer-Consumer Implementation 1

void xconsumer (void xarg) {

void xproducer (void xarg) {

- P running
{

ing as int i;
for (i = 0; i < loops; i++) { for: (i = 0; i < loops; d++)
PUBEhrEdd  mMutex U ISEK Myt EX) 777ETL Pthread_mutex_lock (&mutex) ; 1/ pL
§ if (count == 0) (f e2 : if (count == 1) // p2
N Pthread cond wait (&cond, s&mutex); // c3 i Pthread_cond wait (&cond, &mutex); // p3
int tmp = get (); // c4 put(d):: // pi
Pthread_cond_signal (&cond) ; i a5 IPthread_cond_signal(&cond); // p5|
Pthread_mutex_unlock (&mutex) ; L &b Pthread_mutex_unlock (&mutex) ; // p6
printf ("sd\n", tmp):; }
}
}
@ State i B2 State i State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
3 Sleep Ready Ready 0 Nothing to get
Sleep Ready pl  Running 0
Sleep Ready p2  Running 0
Sleep Ready 4 Running 1 Buffer now full
Ready Ready @ Running 1 T.1 awoken



CV-based Producer-Consumer Implementation 1

void xconsumer (void xarg) { void xproducer (void xarg) { P runnin
int as ATt A - g
for (i = 0; i < loops; i++) { for: (i ='0; i < loops; d++) {
PUBEhrEdd  mMutex U ISEK Myt EX) 777ETL Pthread_mutex_lock (&mutex) ; Bl
if (count == 0) (£ €l i [if (count == 1) // p2 |
frvsgens ECNEcHd sonc na i lecolioy salitelin Ju (o Pthread_cond_wait (&cond, &mutex); // p3
int tmp = get(); // c4 put (i) ; // p4
Pthread_cond_signal (&cond) ; Ll e Pthread_cond_signal (&cond) ; 1/ ©5
Pthread mutex unlock (&mutex); // c6 Pthread_mutex_unlock (&mutex) ; // p6
printf ("sd\n", tmp):; }
} }
}
Tad State i B2 State i State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
3 Sleep Ready Ready 0 Nothing to get
Sleep Ready pl  Running 0
Sleep Ready p2  Running 0
Sleep Ready p4  Running 1 Buffer now full
Ready Ready 5  Running 1 T.1 awoken
Ready Ready éﬁ Running 1
Ready Ready pl  Running 1
Ready Ready p2  Running 1




CV-based Producer-Consumer Implementation 1

void xconsumer (void xarg) { void xproducer (void xarg) { P runnin
int as ATt A - g
for (i = 0; i < loops; i++) { for: (i = 0;: i < loops; d++) {
PUBEhrEdd  mMutex U ISEK Myt EX) 777ETL Pthread_mutex_lock (&mutex) ; Bl
if (count == 0) (£ €l i [if (count == 1) // p2 |
frvsgens ECNEcHd sonc na i lecolioy salitelin Ju (o Pthread_cond_wait (&cond, &mutex); // p3
int tmp = get(); // c4 put (i) ; // p4
Pthread_cond_signal (&cond) ; Ll e Pthread_cond_signal (&cond) ; 1/ ©5
Pthread mutex unlock (&mutex); // c6 Pthread_mutex_unlock (&mutex) ; // p6
printf ("sd\n", tmp):; }
} }
}
Tad State i B2 State i State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
3 Sleep Ready Ready 0 Nothing to get
Sleep Ready pl  Running 0
Sleep Ready p2  Running 0
Sleep Ready p4  Running 1 Buffer now ful
Ready Ready p5  Running 1 T.1 awoken
Ready Ready p6  Running 1
Ready Ready pl  Running 1
Ready Ready p2  Running 1




CV-based Producer-Consumer Implementation 1

void *consumer (void xarg) { - C1 runnab|e void *producer (void =xarg) {

int i NN, int i;
for (i = 0; i1 < loops; i++) { for: (i = 0;: i < loops; d++) {
S RS LSRR (BRI 77t s eling = Buseti oI i
; & (ooune == ) Y AELAGOUAE 22 L) e £/ B2,
frvsgens ECNEcHd sonc na i lecolioy salitelin Ju (o E.......bthread cond wait (scond, &mutex);. [/ P3.:
int tmp = get(); // c4 pat (49 ; // p4
Pthread_cond_signal (&cond) ; Ll e Pthread_cond_signal (&cond) ; 1/ ©5
Pthread mutex_unlock (&mutex) ; // cé6 Pthread_mutex_unlock (&mutex) ; // p6
printf ("sd\n", tmp):; }
} }
}
Tad State i B2 State i State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
3 Sleep Ready Ready 0 Nothing to get
Sleep Ready pl  Running 0
Sleep Ready p2  Running 0
Sleep Ready p4  Running 1 Buffer now full
Ready Ready p5  Running 1 T.1 awoken
Ready Ready p6  Running 1
Ready Ready pl  Running 1
Ready Ready p2  Running 1
Ready Ready p3 Sleep 1 Buffer full; sleep




CV-based Producer-Consumer Implementation 1

void *consumer (void xarg) { - C2 running void xproducer (void xarg) {
ing as int i;
for (i = 0; i1 < loops; i++) { for: (i = 0;: i < loops; d++) {
| Pthread_mutex_lock (&mutex) ; i el | Pthread_mutex_lock (&mutex) ; 1/ pL
A depmn s Db /] e2 LAEMCOUNE == 1) eeeeeeeeeeeeegeemesss s [/.R2.
Pthread cond_wait (&cond, &mutex); // 033 e BChread, cond wait (&cond, &mutex); // p3.:
int tmp = get(); // c4 pat (49 ; // p4
Pthread_cond_signal (&cond) ; Ll e Pthread_cond_signal (&cond) ; 1/ ©5
Pthread_mutex_unlock (&mutex) ; // c6 Pthread_mutex_unlock (&mutex) ; // p6
printf ("sd\n", tmp):; }
} }
}
Tad State i B2 State i State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
3 Sleep Ready Ready 0 Nothing to get
Sleep Ready pl  Running 0
Sleep Ready p2  Running 0
Sleep Ready p4  Running 1 Buffer now full
Ready Ready p5  Running 1 T.1 awoken
Ready Ready p6  Running 1
Ready Ready pl  Running 1
Ready Ready p2  Running 1
Ready Ready p3 Sleep 1 Buffer full; sleep
Ready cl  Running Sleep 1 ‘w




CV-based Producer-Consumer Implementation 1

void *consumer (void =*arg) { C2 runnin void xproducer (void =xarg) {
int as - 8 ATt A
for (i = 0; i < loops; i++) { fer: (i = Uy 1L « loops; asty 1
Pthread_mutex_lock (&mutex) ; 1 el Pthread_mutex_lock (&mutex) ; 1/ pL
wk. Geennt == O o A O e P2
DEhres Joane e bECoNdy SlEbesly /U (o e BRBZCEd cOnd walt (Scond, smutex); [/ .p3.:
[_int tmp = get(); // c4] put (i) ; // p4
Pthread_cond_signal (&cond) ; i a5 Pthread_cond_signal (&cond) ; 1/ ©5
Pthread_mutex_unlock (&mutex) ; // cé Pthread_mutex_unlock (&mutex) ; // p6
printf ("sd\n", tmp):; }
J }
}
Tad State i B2 State i State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
3 Sleep Ready Ready 0 Nothing to get
Sleep Ready pl  Running 0
Sleep Ready p2  Running 0
Sleep Ready p4  Running 1 Buffer now full
Ready Ready p5  Running 1 T.1 awoken
Ready Ready p6  Running 1
Ready Ready pl  Running 1
Ready Ready p2  Running 1
Ready Ready p3 Sleep 1 Buffer full; sleep
Ready cl Running Sleep 1 T2 sneaksin ...
Ready c2 Running Sleep /|
Ready c4 Running Sleep 0 ... and grabs data




CV-based Producer-Consumer Implementation 1

void *consumer (void xarg) { C2 i void *producer (void =xarg) {
o inioij er (vo arg - running ing i g
for (i = 0; i < loops; i++) { for (i = 0; i < loops; it+) {
Pthread_mutex_lock (&mutex) ; 1 el Pthread_mutex_lock (&mutex) ; 1/ pL
a5 legng = ) o A O e P2
BEhEe=d Jeane b (ECoNdy CMEkca)y 74 (o e BRBZCEd cOnd walt (Scond, smutex); [/ .p3.:
int tmp = get(); // c4 pat (49 ; // p4
|_Pthread cond _signal (&cond); 1/ 5 | Pthread_cond_signal (&cond) ; // p5
Pthread_mutex_unlock (&mutex) ; // cé Pthread_mutex_unlock (&mutex) ; // p6
printf ("sd\n", tmp):; }
J }
}
Tad State i B2 State i State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
3 Sleep Ready Ready 0 Nothing to get
Sleep Ready pl  Running 0
Sleep Ready p2  Running 0
Sleep Ready p4  Running 1 Buffer now full
Ready Ready p5  Running 1 T.1 awoken
Ready Ready p6  Running 1
Ready Ready pl  Running 1
Ready Ready p2  Running 1
Ready Ready p3 Sleep 1 Buffer full; sleep
Ready cl Running Sleep 1 T2 sneaksin ...
Ready c2 Running Sleep i
Ready c4 Running Sleep 2 0 ... and grabs data
Ready €D Running Ready T, awoken




CV-based Producer-Consumer Implementation 1

void *consumer (void xarg) { C2 i void *producer (void =xarg) {
o inioij er (vo arg - running ini i g
for (i = 0; i < loops; i++) { for (i = 0; i < loops; it+) {
Pthread_mutex_lock (&mutex) ; 1 el Pthread_mutex_lock (&mutex) ; 1/ pL
wk. Geennt == O o A O e P2
BEhEe=d Jeane b (ECoNdy CMEkca)y 74 (o E.......bthread cond wait (scond, &mutex);. [/ P3.:
int tmp = get(); // c4 pat (49 ; // p4
Pthread_cond_signal (&cond) ; £ ©5 Pthread_cond_signal (&cond) ; // p5
| Pthread mutex unlock (&mutex) ; // c6 | Pthread_mutex_unlock (&mutex) ; // p6
printf ("sd\n", tmp):; }
} }
}
Tad State i B2 State i State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
3 Sleep Ready Ready 0 Nothing to get
Sleep Ready pl  Running 0
Sleep Ready p2  Running 0
Sleep Ready p4  Running 1 Buffer now full
Ready Ready p5  Running 1 T.1 awoken
Ready Ready p6  Running 1
Ready Ready pl  Running 1
Ready Ready p2  Running 1
Ready Ready p3 Sleep 1 Buffer full; sleep
Ready cl Running Sleep 1 T2 sneaksin ...
Ready c2 Running Sleep /|
Ready c4 Running Sleep 0 ... and grabs data
Ready €D Running Ready 0 T, awoken
Ready c6 Running Ready 0




CV-based Producer-Consumer Implementation 1

void *consumer (void xarg) { C1 i void *producer (void =xarg) {
o inioij er (vo arg - running ing i g
for (i = 0; i < loops; i++) { for (i = 0; i < loops; it+) {
Pthread_mutex_lock (&mutex) ; 1 el Pthread_mutex_lock (&mutex) ; 1/ pL
wk. Geennt == O i L L LR,
Ehfedd Sond Mo bl tcolidy SATEeRhy 7 Q ......Bthread cond wait (scond, smutex); [/ .p3.i
[_int tmp = get(); // cé pat (49 ; // p4
Pthread_cond_signal (&cond) ; i a5 Pthread_cond_signal (&cond) ; 1/ ©5
Pthread mutex_unlock (&mutex) ; // cé6 Pthread_mutex_unlock (&mutex) ; // p6
printf ("sd\n", tmp):; }
} }
}
Tad ate i B2 State i State Count Comment
unning Ready Ready 0
c2 Running Ready Ready 0
3 Sleep Ready Ready 0 Nothing to get
Sleep Ready pl  Running 0
Sleep Ready p2  Running 0
Sleep Ready p4  Running 1 Buffer now full
Ready Ready p5  Running 1 T.1 awoken
Ready Ready p6  Running 1
Ready Ready pl  Running 1
Ready Ready p2  Running 1
Ready Ready p3 Sleep 1 Buffer full; sleep
Ready cl Running Sleep 1 T2 sneaksin ...
Ready c2 Running Sleep /|
Ready c4 Running Sleep 0 ... and grabs data
Ready €D Running Ready 0 T, awoken
Ready c6 Running Ready 0
c4 Running Ready Ready 0 Oh oh! No data
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CV-based Producer-Consumer Implementation 2

eond € ‘cond;
mutex_t mutex;

void xproducer (void =*ar
1TE a8
for {1 =i 2 < o0

Pthread_mutex_lock (&mutex) ;

while (count ==

Pthread_cond_wait (&cond,

put (1) ;

Pthread_cond_signal (&cond) ;
Pthread_mutex_unlock (&mutex) ;

}

volid *consumer (void =xar
it a3z
for-41 =0; i < Joo

Pthread_mutex_lock (&mutex) ;

while (count ==

Pthread_cond_wait (&cond,

int tmp = get ()

Pthread_cond_signal (&cond) ;
Pthread_mutex_unlock (&mutex) ;

printE ("sdn”;

g): i
B AibE)

1)

g) |
ps; i++)

)

¥

tmp) ;

{

{

<

Single CV and while

LN

&mutex) ;

&mutex) ;

i
//
il
//
i
4

LF
//
//
L
/L1
L

51
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CV-based Producer-Consumer Implementation 2

eond € ‘cond;
mutex_t mutex;

void xproducer (void =*ar
1TE a8
for {1 =i 2 < o0

Pthread_mutex_lock (&mutex) ;

while (count ==

Pthread_cond_wait (&cond,

put (1) ;

Pthread_cond_signal (&cond) ;
Pthread_mutex_unlock (&mutex) ;

}

volid *consumer (void =xar
it a3z
Far—4i: =0 & < 1060

Pthread_mutex_lock (&mutex) ;

while (count ==

Pthread_cond_wait (&cond,

int tmp = get ()

Pthread_cond_signal (&cond) ;
Pthread_mutex_unlock (&mutex) ;

printE ("sdn”;

g) {

ps: i4+)

)

gy i
B L)

)

¥

tmp) ;

{

{

Single CV and while

&mutex) ;

What’s the problem of this
approach?

&mutex) ;

i
//
il
//
i
4

//
//
//
L
/L1
L

cl
€2
c3
cé
&5
od

52



void *consumer (void *arg) { - C1 running void *producer (void *arg) {

int i int if _ _
for (i = 0; i < loops; i++) { for (i = 0; i< .looeps; ditt) {
Pthread_mutex_lock (&mutex) ; // el Ptbread_mutex_lock(&mutex);
while (count == 0) /] c2 while (count == 1) _
Pthread_cond_wait (&cond, &mutex); // c3 ?thread_cond_walt(&cond, &mutex) ;
int tmp = get (); /] cé put (1) ; _
Pthread_cond_signal (&cond) ; // c5 Pthread_cond_signal (&cond) ;
Pthread_mutex_unlock (&mutex) ; // c6 Pthread_mutex_unlock (&mutex) ;
: . '\d—"\
printf("sd\n'", tmp); }
} }
J Ty State | Tec2 State | Tp State | Count | Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
< Sleep Ready Ready 0 Nothing to get

on LW et R
“\‘\\\) C/\ﬁ-& )

[ 5lee? T

g worst
\DC\L&')

il
!/
s
//
4 i
i

pl
P2
p3
p4
p5
P6



void *consumer (void =*arg) { - C2 running void *producer (void =*arg) {
int i; i o B BT
for (i = 0; i < loops; i++) { for {3 = 0; i< Joepsy ai+tt) |
Pthread_mutex_lock (&mutex) ; // cl Ptk.lread_mutex_lock (&mutex) ;
while (count == 0) // c2 while (count == 1) _
Pthread_cond_wait (&cond, &mutex); // c3 ?thread_cond__walt (&cond, &mutex);
int tmp = get(); /7 cd put (i) ; .
Pthread_cond_signal (&cond) ; // c5 Pthread_cond_signal (&cond) ;
Pthread_mutex_unlock (&mutex) ; // c6 Pthread_mutex_unlock (&mutex) ;
printf ("%d\n", tmp); }
} }
’ f State Teo State Ty State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
<3 Sleep Ready Ready 0 Nothing to get
Sleep cl Running Ready 0
Sleep c2 Running Ready 0
Sleep c3 Sleep Ready 0 Nothing to get

S—

il
!/
s
//
4 i
i

pl
P2
p3
p4
p5
P6



void xconsumer (void *arg) { void *producer(void *arg) { - P running

int 1i; int i;
for (1 = 0; i < loops; i++) { foxr (1= 0; i< loops; d++) |
Pthread_mutex_lock (&mutex) ; il €l Pthread_mutex_lock (&mutex); // pl
while (count == 0) Ll €2 while (count == 1) // p2
et TR R AT TSR R SR T T L T R )
T e e SRt A AR A ETET 7751
Pthread_cond_signal (&cond) ; 17 &5 Pthread_cond_signal (&cond) ; /1 p5
Pthread_mutex_unlock (¢mutex) ; // c6 Pthread_mutex_unlock (&mutex) ; // p6
printf ("$d\n", tmp); ) J
}
s 1.4 State i P State Ty State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
<3 Sleep Ready Ready 0 Nothing to get
Sleep cl Running Ready 0
Sleep c2 Running Ready 0
Sleep c3 Sleep Ready 0 Nothing to get
Sleep Sleep pl  Running 0
Sleep Sleep p2  Running 0
Sleep Sleep p4 Running @ Buffer now full



void xconsumer (void *arg) { void *producer(void *arg) { - P running

int i; Int, i
for (i = 0; i < loops; i++) { for/(i= 0; i< loops; d++) {
Pthread_mutex_lock (&mutex) ; il €l Pthread_mutex_lock (&mutex); // pl
while (count == 0) I c2 while (count == 1) // p2
et TR R AT TSR R SR T T L T R )
T e e SRt A AR A Sl f od
Pthread_cond_signal (&cond) ; 1/ €5 [ Pthread cond_signal (&cond); //_p5]
Pthread_mutex_unlock (&mutex) ; // c6 Pthread mutex_unlock (&mutex) ; /] p6
printE ("sd\n"™, tmp); } }
}
J Te1 State i P State Ty State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
<3 Sleep Ready Ready 0 Nothing to get
Sleep cl Running Ready 0
Sleep c2 Running Ready 0
Sleep c3 Sleep Ready 0 Nothing to get
Sleep Sleep pl  Running 0
Sleep Sleep p2  Running 0
Sleep eep p4  Running /| Buffer now full
Ready p5 Running d Tc1 awoken

—"\/'_\—\



void consumer (void arg) ({ GG *PEOdECEr (o Eng) A - P sleeping

int 1i; int i;
for (1 = 0; i < loops; i++) { foxr (1= 0; i< loops; d++) |
Pthread_mutex_lock (&mutex) ; il €l Pthread_mutex_lock (&mutex); // pl
while (count == 0) Ll €2 while (count == 1) // _p2
g ............ .P.‘E}.llfé.a..a:alo.}.{a:;/:l.é:i:f.(.&.56}.{&;.".&}Hﬁf.é.).(.)";""77."é.3.i I Pthread cond wait (&cond, &mutex); // p3|
T e e SRt A AR A P——T 7 ol
Pthread_cond_signal (&cond) ; // c5 Pthread_cond_signal (&cond) ; “ po
Pthread_mutex_unlock (&mutex) ; // c6 Pthread _mutex_unlock (¢mutex) ; // p6
printE ("sd\n"™, tmp); } }
}
s 1.4 State i P State Ty State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
<3 Sleep Ready Ready 0 Nothing to get
Sleep cl Running Ready 0
Sleep c2 Running Ready 0
Sleep c3 Sleep Ready 0 Nothing to get
Sleep Sleep pl  Running 0
Sleep Sleep p2  Running 0
Sleep Sleep p4  Running /| Buffer now full
Ready Sleep 5  Running 1 T.1 awoken
Ready Sleep p6l Running 1
Ready Sleep pll Running 1
Ready Sleep p2| Running 1
Ready Sleep Sleep k Must sleep (full)




void *consumer (void *arg) { - C1 running void *producer (void *arg) {

int i; Int, i
for (i = 0; i < loops; i++) { for/(i= 0; i< loops; d++) {
Pthread_mutex_lock (&mutex) ; il €l Pthread_mutex_lock (&mutex); // pl
[while (count == 0) 77 <7 L T e et Kt — &6 P
( . Pthread_cond_wait (scond, &mutex); // c3 — Pthread cond walt (&cond,. smutex)i../[.R3:
int tmp = get (Y — // c4 put (i) ; // p4
Pthread_cond_signal (&cond) ; £F 65 Pthread_cond_signal (&cond) ; // p5
Pthread_mutex_unlock (&mutex) ; // c6 Pthread mutex_unlock (&mutex) ; /] p6
printf("sd\n'", tmp); } }
}
J Te1 State i P State Ty State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
<3 Sleep Ready Ready 0 Nothing to get
Sleep cl Running Ready 0
Sleep c2 Running Ready 0
Sleep c3 Sleep Ready 0 Nothing to get
Sleep Sleep pl  Running 0
Sleep Sleep p2  Running 0
Sleep Sleep p4  Running /| Buffer now full
Ready Sleep p5 Running d T.1 awoken
Ready Sleep p6  Running 1
Ready Sleep pl  Running 1
Ready Sleep p2  Running 1
Ready Sleep p3 Sleep k Must sleep (full)
c2 Running Sleep Sleep 1 Recheck condition




void *consumer (void *arg) { - C1 running void *producer (void *arg) {

int i; Int, i
for (i = 0; i < loops; i++) { for (1 = 0; i < loops; i++) {
Pthread_mutex_lock (&mutex) ; f/ el Pthread mutex_lock (&mutex); /7 pl
while (count == 0) {1 €2 e (oo Kt &6 P
Pthread_cond_wait (&cond, &mutex); // c3 — Pthread cond wait (§cond.. smutex).i..[/.R3:
| int tmp = get(); //@ put (i) ; . // p4
Pthread_cond_signal (¢cond) ; 77 cb Pthread_cond_signal (&cond) ; i/ (i o)
Pthread_mutex_unlock (&mutex) ; // c6 Pthread mutex_unlock (&mutex) ; /] p6
printf ("%d\n", tmp); ) J
}
J Te1 State i P State Ty State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
<3 Sleep Ready Ready 0 Nothing to get
Sleep cl Running Ready 0
Sleep c2 Running Ready 0
Sleep c3 Sleep Ready 0 Nothing to get
Sleep Sleep pl  Running 0
Sleep Sleep p2  Running 0
Sleep Sleep p4  Running /| Buffer now full
Ready Sleep p5 Running d T.1 awoken
Ready Sleep p6  Running 1
Ready Sleep pl  Running 1
Ready Sleep p2  Running 1
Ready Sleep p3 Sleep k Must sleep (full)
c2 Running Sleep Sleep 1 Recheck condition
c4 Running Sleep Sleep 0 Tc.1 grabs data




void *consumer (void *arg) { - C1 running void *producer (void *arg) {

int i; Int, i
for (i = 0; i < loops; i++) { for (1 = 0; i < loops; i++) {
Pthread_mutex_lock (&mutex) ; f/ el Pthread mutex_lock (&mutex); /7 pl
while (count == 0) AL &2 Lhile (count == 1) s [1.R2,
Pthread_cond_wait (&cond, &mutex); // c3 — Pthread cond walt (&cond,. smutex)i../[.R3:
int tmp = get(); // put (i) ; // ph
| Pthread cond signal (&cond) ; // (? Pthread_cond_signal (&cond) ; “ po
Pthread_mutex_unlock (&mutex) ; // Pthread mutex_unlock (&mutex) ; /] p6
printf ("%d\n", tmp); ) J
}
J Te1 State i P State Ty State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
<3 Sleep Ready Ready 0 Nothing to get
Sleep cl Running Ready 0
Sleep c2 Running Ready 0
Sleep c3 Sleep Ready 0 Nothing to get
Sleep Sleep pl  Running 0
Sleep Sleep p2  Running 0
Sleep Sleep p4  Running /| Buffer now full
Ready Sleep p5 Running d T.1 awoken
Ready Sleep p6  Running 1
Ready Sleep pl  Running 1
Ready Sleep p2  Running 1
Ready Sleep p3 Sleep k Must sleep (full)
c2 Running Sleep 1 Recheck condition
c4 Running ( Sleep> {Slee 0 T.1 grabs data
—<5  Running Ready Sleep 0



void xproducer (void =xarg) {

void *consumer (void =*arg) { - C1 sleeping

int i; Int, i
for (i = 0; i < loops; i++) { for (1 = 0; i < loops; i++) {
Pthread_mutex_lock (&mutex) ; f/ el Pthread mutex_lock (&mutex); /7 pl
while (count == 0) AL &2 Lhile (count == 1) s [1.R2,
| Pthread_cond_wait (&cond, &MULex); 77 CJ  feeeeeeeesedd Pthread cond. wait (scond,. smutex) ./l .R3i
int tmp = get(); // c4 put (i) ; // ph
Pthread_cond_signal (&cond) ; // c5 Pthread_cond_signal (&cond) ; i/ (i o)
Pthread_mutex_unlock (&mutex) ; // c6 Pthread mutex_unlock (&mutex) ; /] p6
printf ("%d\n", tmp); ) J
}
J Te1 State i P State Ty State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
<3 Sleep Ready Ready 0 Nothing to get
Sleep cl Running Ready 0
Sleep c2 Running Ready 0
Sleep c3 Sleep Ready 0 Nothing to get
Sleep Sleep pl  Running 0
Sleep Sleep p2  Running 0
Sleep Sleep p4  Running /| Buffer now full
Ready Sleep p5 Running d T.1 awoken
Ready Sleep p6  Running 1
Ready Sleep pl  Running 1
Ready Sleep p2  Running 1
Ready Sleep p3 Sleep k Must sleep (full)
c2 Running Sleep Sleep 1 Recheck condition
c4 Running Sleep Sleep 0 Tc.1 grabs data
cb Running Ready Sleep 0 Oops! Woke T2
c6 Running Ready Sleep 0
cl Running Ready Sleep 0
c2 Running Ready Sleep 0
c3 Sleep Ready Sleep 0 Nothing to get



void *consumer (void *arg) { - C2 running void *producer (void *arg) {

int i; Int, i
for (i = 0; i < loops; i++) { for (1 = 0; i < loops; i++) {
Pthread_mutex_lock (&mutex) ; V4 Pthread _mutex_lock (&mutex); /7 pl
while (count == 0) // L T e et Kt — &6 P
""""""" Pthread cond walt{&cond, &mutex); 7/ b read cond walt (scond,. smutex) i .//.R3:
T e AR e g 77 o
Pthread_cond_signal (&cond) ; // c5 Pthread_cond_signal (&cond) ; i/ (i o)
Pthread_mutex_unlock (&mutex) ; // c6 Pthread mutex_unlock (&mutex) ; /] p6
printf ("%d\n", tmp); ) J
}
J Te1 State <\Tc2 Stat Ty State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
<3 Sleep Ready Ready 0 Nothing to get
Sleep cl Running Ready 0
Sleep c2 Running Ready 0
Sleep c3 Sleep Ready 0 Nothing to get
Sleep Sleep pl  Running 0
Sleep Sleep p2  Running 0
Sleep Sleep p4  Running /| Buffer now full
Ready Sleep p5 Running d T.1 awoken
Ready Sleep p6  Running 1
Ready Sleep pl  Running 1
Ready Sleep p2  Running 1
Ready Sleep p3 Sleep k Must sleep (full)
c2 Running Sleep Sleep 1 Recheck condition
c4 Running Sleep Sleep 0 Tc.1 grabs data
cb Running Ready Sleep 0 Oops! Woke T2
c6 Running Ready Sleep 0
cl Running Ready Sleep 0
c2 Running Ready Sleep 0
c3 Sleep Ready Sleep 0 Nothing to get
Sleep c2 Running Sleep 0
Sleep c3 Sleep Sleep 0 Everyone asleep...




void *consumer (void *arg) { C2 sleeping void *producer (void *arg) {

int i; Int, i
for (i = 0; i < loops; i++) { for (1 = 0; i < loops; i++) {
Pthread_mutex_lock (&mutex) ; [l el Pthread mutex_lock (&mutex); /7
while (count == 0) /] c2 while (count == 1) &/
Pthread_cond_wait (&cond, &mutex); // c3 Pthread_cond_wait (&cond, &mutex); //
int tmp = get(); // c4 put (i) ; i
Pthread_cond_signal (&cond) ; // c5 Pthread_cond_signal (&cond) ; 4 i
Pthread_mutex_unlock (&mutex) ; // c6 Pthread mutex_unlock (&mutex); L
printf ("%d\n", tmp); ) ’ -
}
J Te1 State i P State Ty State Count Comment
cl Running Ready Ready 0
c2 Running Ready Ready 0
<3 Sleep Ready Ready 0 Nothing to get
Sleep cl Running Ready 0
Sleep c2 Running Ready 0
Sleep c3 Sleep Ready 0 Nothing to get
Sleep Sleep pl  Running 0
Sleep Sleep p2  Running 0
Sleep Sleep p4  Running 1 Buffer now full
Ready Sleep p5 Running d T.1 awoken
Ready Sleep p6  Running 1
Ready Sleep pl  Running 1
Ready Sleep p2  Running 1
Ready Sleep p3 Sleep k Must sleep (full)
c2 Running Sleep Sleep 1 Recheck condition
c4 Running Sleep Sleep 0 T.1 grabs data
cb Running Ready Sleep 0 Oops! Woke T2
c6 Running Ready Sleep 0
cl Running Ready Sleep 0
c2 Running Ready Sleep 0
c3 Sleep Ready Sleep 0 Nothing to get
Sleep c2 Running Sleep 0 —
Sleep c3 Sleep Sleep 0 C\Everyone asleeID
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CV-based Producer-Consumer Implementation 3

cond_t emptzi 1 a1 00 - D
mutex_t mutex;
void xproducer (void =xarg) { TWO CVS and Whlle
int i; T P ~N—
for {1 = B 1T = 'loeeps; i+t] 4
Pthread_mutex_lock (&mutex) ;
while (count == 1)
Pthread_cond_wait (&empty, &mutex);
put (1) ;
Pthread_cond_signal (&fill);
Pthread_mutex_unlock (&mutex) ;

}

void *xconsumer (void xarg) {
IRE 1
for (1 =10; 1 < loops; 1t+] 4
Pthread_mutex_lock (&mutex) ;
while (count == 0)

Pthread_cond_wait (&fil1ll, &mutex);
int tmp = get();
Pthread_cond_signal (&empty) ;
Pthread_mutex_unlock (&mutex) ;
prancE ("t \n; Emp);
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CV-based Producer-Consumer Implementation 3

cond_t Cempty, filli::)
mutex_t muteX;

void xproducer (void =xarg) { TWO CVS and Wh||e
FRE 2
for {1 = B 1T = 'loeeps; i+t] 4
Pthread_mutex_lock (&mutex) ;

whi{g (count == 1)
(:? Pthread_cond_wait(&%EPty, &mutex) ;
put (1) ;
Pthread_cond_signal(&ﬁi Lo
Pthread_mutex_unlock (&mutex) ;

Using two CVs to distinguish two

} types of threads; in order to properly

void xconsumer(void *arg) ({ signal which thread should wake up
e 1 =i B < Sivesey Ladld - Producer waits on empty
Pthread _mutex_lock (&mutfex) ; « Consumer WaitS,On\fu"

while (count == 0)

Pthread_cond_wait (&fil1ll, &mutex);
int tmp = get OF
Pthread_cond_signal (&empty) ;
Pthread;ﬁaiex_unlock(&mutex);
prancE ("t \n; Emp);




Readers-Writers Problem



Readers-Writers Problem

» A data object (e.g. a file) is to be shared among
several concurrent processes/threads

» A writer process/thread must have exclusive
access to the data object

» Multiple reader processes/threads may access
the shared data simultaneously without a
problem
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Reader-Writer Lock pwlock

typedef struct _rwlock_t {

sem_t lock; // binary semaphore (basic lock)
sem_t writelock; // used to allow ONE writer or MANY readers
ANt readers; // count of readers reading in critical section

} rwlock: t;

void rwlock_init (rwlock_t *rw) {
rw—>readers = 0;
sem_init (&rw—>lock, 0, 1);
sem_init (&rw—>writelock, 0, 1);

void rwlock_acquire_readlock (rwlock_t xrw) {
sem_wait (&rw—>1lock) ;
rw—>readers++;
if (rw—->readers == 1)
sem_wait (&rw—>writelock); // first reader acquires writelock
sem_post (&rw—>1lock) ;

void rwlock_release_readlock (rwlock_t *rw) {
sem_wailt (&rw—>1lock) ;
rw—>readers——;
if (rw—->readers == 0)
sem_post (&§rw->writelock); // last reader releases writelock
sem_post (&rw—>1lock) ;

void rwlock_acquire_writelock (rwlock_t x*rw) {
sem_wait (&rw—>writelock) ;

}

void rwlock_release_writelock (rwlock_t =xrw) {
sem_post (&rw—>writelock) ;

68
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Reader-Writer Lock

typedef'ﬁiiggt,trwlock_t
sem_t |LLock; // binary semaphore (basic lock) |

sem_t wrltéloaﬁ; // used to allow ONE writer or MANY readers
ANt readers // count of readers reading in critical section

} rwlock: t;

void rwlock_init (rwlock_t *rw) {
rw—>readers = 0;
sem_init (&rw—>lock, 0, 1);
sem_init (&rw—>writelock, 0, 1);

void rwlock_acquire_readlock (rwlock_t xrw) {
sem_wait (&rw—>1lock) ;
rw—>readers++;
if (rw—->readers == 1)
sem_wait (&rw—>writelock); // first reader acquires writelock
sem_post (&xrw—>1lock) ;

void rwlock_release_readlock (rwlock_t *rw) {
sem_wailt (&rw—>1lock) ;
rw—>readers——;
if (rw—->readers == 0)
sem_post (&§rw->writelock); // last reader releases writelock
sem_post (&rw—>1lock) ;

void rwlock_acquire_writelock (rwlock_t x*rw) {
sem_wait (&rw—>writelock) ;

}

void rwlock_release_writelock (rwlock_t =xrw) {
sem_post (&rw—>writelock) ;

69
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Reader-Writer Lock

typedef struct _rwlock_t {

sem_tllock; // binary semaphore (basic lock) |
sem_t writelock; // used to allow ONE writer or MANY readers
ANt readers; // count of readers reading in critical section

} rwlock: t;

void rwlock_ 1n1t (rwlock_t xrw) {&—\ Inltla”y, # readers |S__0__
rw-zeaders @ 2y binary sem lock set to 1

sem 1n1t(&rw >lock

sem_init (¢§rw->writelock, “ writelock setto 1
W\W

void rwlock_acquire_readlock (rwlock_t xrw) {
sem_wait (&rw—>1lock) ;
rw—>readers++;
if (rw—->readers == 1)
sem_wait (&rw—>writelock); // first reader acquires writelock
sem_post (&rw—>1lock) ;

void rwlock_ release_ readlock (rwlock_t =xrw) {
sem_wailt (&rw—>1lock) ;
rw—>readers——;
if (rw—->readers == 0)
sem_post (&§rw->writelock); // last reader releases writelock
sem_post (&rw—>1lock) ;

}

void rwlock_acquire_writelock (rwlock_t x*rw) {
sem_wait (&rw—>writelock) ;

}

void rwlock_release_writelock (rwlock_t =xrw) {
sem_post (&rw—>writelock) ; 70
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Reader-Writer Lock

typedef struct _rwlock_t {

sem_tllock; // binary semaphore (basic lock) |
sem_t writelock; // used to allow ONE writer or MANY readers
ANt readers; // count of readers reading in critical section

} rwlock: t;

void rwlock_init (rwlock_t =*rw) { Inltla”y, # readersis O
rw—>readers = 0; i
sem_init (&rw—>lock, 0, 1); bln_ary S lOCk Set tO 1
sem_init (¢§rw—>writelock, 0, 1); writelock setto 1

}

void rwlock_acqujzenreadlock (rwlock_t xrw) {
sem_wailt (&rw-— @ ; N

rw—>readers++; f—\
if (rw->reader )

sem_wait (&rw—>writelock); |// first reader acquires{writelock‘
sem_post (&§rw—->lock) ; N i

}

void rwlock_ release_ readlock (rwlock_t =xrw) {
sem_wailt (&rw—>1lock) ;
rw—>readers——;
if (rw—->readers == 0)
sem_post (&§rw->writelock); // last reader releases writelock
sem_post (&rw—>1lock) ;

}

void rwlock_acquire_writelock (rwlock_t x*rw) {
sem_wait (&rw—>writelock) ;

}

void rwlock_release_writelock (rwlock_t =xrw) {
sem_post (&rw—>writelock) ; 71
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Reader-Writer Lock

typedef struct _rwlock_t {

sem_tllock; // binary semaphore (basic lock) |
sem_t writelock; // used to allow ONE writer or MANY readers
ANt readers; // count of readers reading in critical section

} rwlock: t;

void rwlock_init (rwlock_t =*rw) { Inltla”y, # readersis O
rw—>readers = 0; i
sem_init (&rw—>lock, 0, 1); bln_ary S lOCk Set tO 1
sem_init (¢§rw—>writelock, 0, 1); writelock setto 1

}

void rwlock_acquire_readlock (rwlock_t xrw) {
sem_wait (&rw—>1lock) ;
rw—>readers++;
if (rw—->readers == 1)
sem_wait (&rw—>writelock); |// first reader acquires writelock
sem_post (&rw—>1lock) ;

}

void rwlock_gglease readlock (rwlock_t xrw) {
sem_wailt (&rw—>1lock) ;
—

rw—>readers——;
if (rw—->readers == 0)
sem_post (&§rw->writelock); |// last reader releases writelock

sem_post (&rw—>1lock) ; —_—— —
M

}

void rwlock_acquire_writelock (rwlock_t x*rw) {
sem_wait (&rw—>writelock) ;

}

void rwlock_release_writelock (rwlock_t =xrw) {
sem_post (&rw—>writelock) ;

}
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Reader-Writer Lock

typedef struct _rwlock_t {

sem_tllock; // binary semaphore (basic lock) |
sem_t writelock; // used to allow ONE writer or MANY readers
ANt readers; // count of readers reading in critical section

}- ‘Ewliock: By

void rwlock_ init (rwlock t xrw) { Inltla”y, # readersis O
rw—>readers = 0; :
sem_init (&rw—>lock, 0, 1); bln_ary S €l lOCk Set tO 1
sem_init (¢§rw—>writelock, 0, 1); writelock setto 1

}

void rwlock_acquire_readlock (rwlock_t xrw) {
sem_wailt (&rw—>1lock) ;
rw—>readers++;
if (rw—->readers == 1)
sem_wait (&rw—>writelock); |// first reader acquires writelock
sem_post (&rw—>1lock) ;

}

\ Writer cannot

void rwlock_ release readlock (rwlock_ t =*rw) { be in CS When
sem_wailt (&rw—>1lock) ;
rw->readers—-; readers are!
if (rw->readers == 0) /
sem_post (&§rw->writelock); |// last reader releases writelock
sem_post (&rw—>1lock) ;

}

void rwlock_acquire_writelock (rwlock_t x*rw) {
sem_wait (&rw—>writelock) ;

}

void rwlock_release_writelock (rwlock_t =xrw) {
sem_post (&rw—>writelock) ; 73

}



Readers-Writers Problem:
Writer Thread

rwlock acquire writelock(rw);
\W

write is performed \&CS

rwlock release writelock(rw);
~———— T —



Readers-Writers Problem:
Reader Thread

rwlock acquire readlock(rw)
A g g N W N
read is performed J/ CS

rwlock release readlock(rw)
V\___\

Well, is this solution Okay?
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Readers-Writers Problem:
Reader Thread

rwlock acquire readlock(rw)
read is performed

rwlock release readlock(rw)

Well, is this solution Okay?
A: Technically it works. But

starvation may happen



Starvation

A process/thread that is forced to wait
iIndefinitely in a synchronization program is said
to be subject to starvation

* [n some execution scenarios, that process does not
make any progress

* Deadlocks imply starvation, but the reverse is not
true \_/é
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Dining-Philosophers Problem



Dining-Philosophers Problem

f? Philosopher 0 while(food available)
{pick up 2 ad,j. forks;
eat;
put down forks;
think awhile;

Philosopher 4

}

Philosopher 1

« 5 philosophers share a common circular
table. There are 5 forks (or chopsticks)
and food (in the middle). When a
philosopher gets hungry, he tries to pick
up the closest forks

Philosopher 3 Q}Z/ Q\X

e A philosopher may pick up only one fork
Shared data at a time, and cannot pick up a fork
sem t forks[5]; already in use. When done, he puts
down both of his forks, one after the

e T
Initially all semaphore values are@
other 79



Dining-Philosophers Problem

* The basic loop of a philosopher

while (1) {

Ehink (]
BleEEaERS (]
eact)y

put forks () ;

7

— Critical section
T 27

80
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The Helper Functions

int dleft{int p) { return
1hE ‘T1rght (int pP)] 4 Treturn

}
(e &+ 1)

v_—\——\A

sem t forks[5]

« Each fork initialized to 1

—_—

void getforks () {
sem_wailit (forks[left (p)
sem_wailt (forks[right (p
}

void putforks ()
sem_post (forks[left (p)
sem_post (forks[right (p
}

1);
¥ 1Y

1);
)1);

Is this solution correct?

8l



Simplest Example of A Deadlock
o tﬁo £1 Tl

Thread O \Interleaving l Thread 1

e

sem wait(fork[0]) sem wait(fork[1l])
sem wait(fork[1l]) sem wait(fork[0])
sem signal(fork[0]) sem signal(fork[1l])

sem signal(fork[1l]) sem signal(fork[0])
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Simplest Example of A Deadlock

Thread O

sem wait(fork[0])
sem wait(fork[1l])
sem signal (fork[0])
sem signal (fork[1l])

Interleaving

sem wait(fork[0])

Thread 1

sem wait(fork[1l])
sem wait(fork[0])
sem signal(fork[1l])
sem signal(fork[0])
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Simplest Example of A Deadlock

Thread O

sem wait(fork[0])
sem wait(fork[1l])
sem signal (fork[0])
sem signal (fork[1l])

Interleaving

sem wait(fork[0])

sem wait(fork[1l])

Thread 1

sem wait(fork[1l])
sem wait(fork[0])
sem signal(fork[1l])
sem signal(fork[0])
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Simplest Example of A Deadlock

Thread O

sem wait(fork[0])
sem wait(fork[1l])
sem signal (fork[0])
sem signal (fork[1l])

Interleaving

sem wait(fork[0])

sem wait(fork[1l])

sem wait(fork[0])

Thread 1

sem wait(fork[1l])
sem wait(fork[0])
sem signal(fork[1l])
sem signal(fork[0])
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Simplest Example of A Deadlock

Thread 0

sem wait(fork[0])
sem wait(fork[1l])
sem signal(fork[0])
sem signal(fork[1l])

Interleaving Thread 1

sem wait(fork[1l])
sem wait(fork[0])
sem signal(fork[1l])
sem signal(fork[0])

sem wait(fork[0])

sem wait(fork[1l]

sem wait(fork[0])
wait...

sem wait(fork[1l])

S —
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Simplest Example of A Deadlock

Thread 0

sem wait(fork[0])
sem wait(fork[1l])
sem signal(fork[0])
sem signal(fork[1l])

Interleaving

sem wait(fork[0])

sem wait(fork[1l])

sem wait(fork[0])
wait...

sem wait(fork[1l])
wait...

Thread 1

sem wait(fork[1l])
sem wait(fork[0])
sem signal(fork[1l])
sem signal(fork[0])

87



Simplest Example of A Deadlock

Q: Would the previous 5DP implementation cause exactly the
same form of a deadlock as shown below?

Thread 0 Interleaving

sem wait(fork[0]) .
sem wait(fork[1]) sem wait(fork[0])
sem signal(fork[0])

sem signal(fork[1l])
sem wait(fork[1l])

sem wait(fork[0])
wait...

sem wait(fork[1l])
V’L I 23 wait...

Thread 1

sem wait(fork[1l])
sem wait(fork[0])
sem signal(fork[1l])
sem signal(fork[0])

88



Review: Conditions for Deadlocks

* Mutually exclusive access of shared resources
« Binary semaphore fork[0] and fork[1]
VN\/'\/\



Review: Conditions for Deadlocks

* Mutually exclusive access of shared resources
« Binary semaphore fork[0] and fork[1]

« Circular waiting
» Thread O waits for Thread 1 to signal(fork[1]) and
« Thread 1 waits for Thread O to signal(fork[0])



Review: Conditions for Deadlocks

* Mutually exclusive access of shared resources
« Binary semaphore fork[0] and fork[1]

« Circular waiting
» Thread O waits for Thread 1 to signal(fork[1]) and
« Thread 1 waits for Thread O to signal(fork[0])

Hold and walit

* Holding either fork[0] or fork[1] while waiting on
the other



Review: Conditions for Deadlocks

* Mutually exclusive access of shared resources
« Binary semaphore fork[0] and fork[1]

« Circular waiting
» Thread O waits for Thread 1 to signal(fork[1]) and
« Thread 1 waits for Thread O to signal(fork[0])

 Hold and walit

* Holding either fork[0] or fork[1] while waiting on
the other

* No preemption

* Neither fork[0] and fork[1] can be removed from
their respective holding threads




Why 5DP is Interesting?

* How to eat with your fellows without causing
deadlocks
« Circular arguments (the circular wait condition)
« Not giving up on firmly held things (no preemption)
* |Infinite patience with half-baked schemes (hold some
& wait for more)

* Why starvation exists and what we can do about
it"



Why 5DP is Interesting?

._I=|r\\l\l Nt vanth v follonwazo vanthou it cnticiNA
\WAA R O AL GIR'A'ANE | Y\JU| IV vvo VVIILT IVUL UGAU VI |3

—deadtoeks— How to mess with your fellows!
« Circular arguments (the circular wait condition)

« Not giving up on firmly held things (no preemption)
* |Infinite patience with half-baked schemes (hold some
& wait for more)

* Why starvation exists and what we can do about
it"
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Dijkstra’s Solution:
Break the Circular Wait Condition

« Change how forks are acquired by at least one
of the philosophers

* Assume PO — P4,@is the highest number

1 void getforks () {

2 if (p == 4) {

3 sem_wait (forks[right (p)]1);
4 sem_wailit (forks[left (p)]);
5 } else { E—
6

7

8

9

sem_wait (forks[left (p)
sem_wailt (forks[right (p

1);
B
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Again, Starvation

» Subtle difference between deadlock and
starvation

» Once a set of processes are in a deadlock, there is
no future execution sequence that can get them out
of it!

* |n starvation, there does exist hope — some execution
order may be favorable to the starving process
although no guarantee it would ever occur

* Rollback and retry are prone to starvation

« Continuous arrival of higher priority process is
another common starvation situation



Building a Semaphore w/ CV
Worksheet



