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Concurrency Objectives



Concurrency Objectives

e Mutual exclusion



Concurrency Objectives

e A& B don’trun at the same time



Concurrency Objectives

e Solved using locks



Concurrency Objectives

* Ordering



Concurrency Objectives

e Aruns after B



Concurrency Objectives

e Solved with?



Concurrency Objectives

e JoIn



Concurrency Objectives

* Implemented using condition variables



Condition Variaples



Condition Variaples

- Condition variable



Condition Variaples

* Queue of sleeping threads



Condition Variaples

* Thread add themselves to queue with wait



Condition Variaples

* Thread wake up threads on the queue with signal



Condition Variaples

- Condition variable

* Queue of sleeping threads

* Thread add themselves to queue with wait

* Thread wake up threads on the queue with signal




Condition Variaples



Condition Variaples

- wait (cond_t *cv, mutex_t *lock)



Condition Variaples

 Assumes lock is held when wait() is called



Condition Variaples

* Puts caller to sleep + atomically releases lock



Condition Variaples

* \When awoken, reacquires lock before returning



Condition Variaples

 Assumes lock is held when wait() is called

* Puts caller to sleep + atomically releases lock

* \WWhen awoken, reacquires lock before returning
- signal (cond_t *cv)



Condition Variaples

* Wake a single waiting thread



Condition Variaples

* |f there is no waiting thread, just return, do nothing



—Xercise: order using condition variaples
Write thread_exit() and thread_join() using CV's

wait (cond_t *cv, mutex_t *lock)
Assumes lock is held when wait() is called
Puts caller to sleep + atomically releases lock
When awoken, reacquires lock before returning
signal (cond_t *cv)
Wake a single waiting thread
If there is no waiting thread, just return, do nothing

1 void *child(void *arg) {
2 printf("child\n");

3 thread exit()

4 return NULL; }

/7 Int main(int argc, char *argv[]) {

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

9  pthread_t ¢

10 Pthread create(&c, NULL, child, NULL); // create child
11 thread_join()

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

13 return O; }



Sule of Thumb #71



Sule of Thumb #71

e [n addition to condition variables use another
variable to capture state



Sule of Thumb #71

* CVs can be used to nudge threads when state
changes



—Xercise: order using condition variaples
Correct Solution

1 void *child(void *arg) {
2 printf("child\n");

3 thread exit()

4 return NULL; }

/7 Int main(int argc, char *argv[]) {

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

9  pthread_t ¢

10 Pthread create(&c, NULL, child, NULL); // create child
11 thread_join()

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

13 return O; }



—Xercise: order using condition variaples

Correct Solution
void thread_exit {

mutex_lock(&m)
Done =1
cond_signal(&c)
mutex_unlock(&m)

[
2
3
/A
/

3
9

void *child(void *arg) {

printf("child\n");
thread exit()
return NULL; }

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

10
11
12
13

printf("parent: begin\n");
pthread_t ¢;
Pthread create(&c, NULL, child, NULL); // create child
thread_join()
printf("parent: end\n");
return O; }



—Xercise: order using condition variaples

Correct Solution
void thread_exit {

void thread_join {
mutex_lock(&m) //w
while (done==0) 11X
cond_wait(&c, &m) //y
mutex_unlock(&m) } //z

mutex_lock(&m)
Done =1
cond_signal(&c)
mutex_unlock(&m)

[
2
3
/A
/

3
9

void *child(void *arg) {

printf("child\n");
thread exit()
return NULL; }

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

10
11
12
13

printf("parent: begin\n");
pthread_t ¢;
Pthread create(&c, NULL, child, NULL); // create child
thread_join()
printf("parent: end\n");
return O; }



Rule of Thumb #2



Rule of Thumb #2

 Wait and signal while holding the lock



1he

Producer Consumer

Proplem



The Producer Consumer Problem

 Producers produce data and place it on a shared
resource



The Producer Consumer Problem

e Example:



The Producer Consumer Problem

 Multi-threaded web server:



The Producer Consumer Problem

 Multiple request coming in concurrently -
Producers



The Producer Consumer Problem

* Multiple responses concurrently - Consumers



The Producer Consumer Problem

e Bounded buffer



1he

Producer Consumer

- grep foo file.txt | wc -

Proplem



The Producer Consumer Problem

* The grep process Is the producer.



The Producer Consumer Problem

 [he wc process Is the consumer.



The Producer Consumer Problem

e Between them is an in-kernel bounded buftter.




The Producer Consumer Problem

 Producers produce data and place it on a shared
'esource
 Example:

 Multi-threaded web server:

* Multiple request coming in concurrently -

Producers

* Multiple responses concurrently - Consumers
 Bounded bufter

- grep foo file.txt | wc -

* The grep process Is the producer.

* [he wc process is the consumer.
 Between them is an in-kernel bounded bulffer.




1he

Producer Consumer Problem

Bounded Buffer

10



1he

Producer Consumer Problem

Bounded Buffer

10



The Producer Consumer Problem

Producer adds to the buffer

Bounded Buffer

10



The Producer Consumer Problem

Producer adds to the buffer

Bounded Buffer

11



The Producer Consumer Problem

Producer adds to the buffer

Consumer removes from the buffer

Bounded Buffer

11



The Producer Consumer Problem

Buf

er Full - Producer(s) have to walit

Bounded Buffer

12



The Producer Consumer Problem

Buffer Empty - Consumer(s) have to wait

Bounded Buffer

13



The Producer Consumer
(Buffer size =1)

Nt buffer;
int count =0; //initially, empty

1

2

3

4 void put(int value) {
5 assert(count == 0);
6 count=1,
/ buffer = value;
3
9

}

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

return buffer;

;

N W N = O

Proplem

14



The Producer Consumer Problem

(Buffer size =1)

Nt buffer;
int count =0; //initially, empty

1

2

3

4 void put(int value) {
5 assert(count == 0);
6 count=1,
/ buffer = value;
3

9

}

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

return buffer;

;

N W N = O

Insert into buffer (produce)
only if bufter is empty

15



1he
(Buffer size =1)

1
2
3
/
5
6
/
3
9
l
1

N W N = O

Producer Consumer Problem

Nt buffer;
int count =0; //initially, empty

void put(int value) {
assert(count == 0);
count=1;

buffer = value;

}

int get() { Delete from butfer (consume)

assert(count == 1); only if buffer is full
count = 0;

return buffer;

;

16



The Producer Consumer Problem

* O 00 N O U1 A LN —

u N W N — O

[os

Uffer size =1) [Attempt #1]

void *producer(void *arg) {
Nt i,

Nt loops = (int) arg;

for (i=0;i<loops; i++) {
put(l);

}

}

void *consumer(void *arg) {
Nt i;
while (1) {
inttmp = get();
printf("%d\n", tmp);
}
}

17



The Producer Consumer Problem
(Buffer size =1) [Attempt #1]

void *producer(void *arg) {

Nt i;

Nt loops = (int) arg;

for (i = 0; i < loops; i++) { Producer puts an integer into the shared
put(i); buffer loops number of times.

}
}

void *consumer(void *arg) {
Nt i;
while (1) {
inttmp = get();
printf("%d\n", tmp);
}
}

> O 0o d U1 A WDN —

u N W N — O
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The Producer Consumer Problem
(Buffer size =1) [Attempt #1]

void *producer(void *arg) {
Nt ;

Nt loops = (int) arg;

for (i=0;i<loops; i++) {
put(i);

}

}

0O 4N O Ul A DN —

9 void *consumer(void *arg) {
10 Inti

11 while (1) {

12 int tmp = get();

13 printf("%d\n", tmp);

14 }

15 }

Consumer gets data out of the buffer.

19



The Producer Consumer Problem

* O 00 N O U1 A LN —

u N W N — O

[os

Uffer size =1) [Attempt #1]

void *producer(void *arg) {
Nt i,

Nt loops = (int) arg;

for (i=0;i<loops; i++) {
put(l);

}

}

void *consumer(void *arg) {
Nt i;
while (1) {
inttmp = get();
printf("%d\n", tmp);
}
}

20



The Producer Consumer Problem

* O 00 N O U1 A LN —

u N W N — O

[os

Uffer size =1) [Attempt #1]

void *producer(void *arg) {
Nt i,

Nt loops = (int) arg;

for (i=0;i<loops; i++) {
put(l);

}

}

What's the problem

void *consumer(void *arg) {
Nt i;
while (1) {
inttmp = get();
printf("%d\n", tmp);
}
}

20



1he

* O 00 N O U1 A LN —

u N W N — O

[os

Producer Consumer Problem

Uffer size =1) [Attempt #1]

void *producer(void *arg) {
Nt i,

Nt loops = (int) arg;

for (i=0;i<loops; i++) {
put(l);

}

}

void *consumer(void *arg) {
Nt i;
while (1) {
inttmp = get();
printf("%d\n", tmp);
}
}

What's the problem
with this approach?

20



1he

* O 00 N O U1 A LN —

u N W N — O

[os

Producer Consumer Problem

Uffer size =1) [Attempt #1]

void *producer(void *arg) {
Nt i,

Nt loops = (int) arg;

for (i=0;i<loops; i++) {
put(l);

}

}

void *consumer(void *arg) {
Nt i;
while (1) {
inttmp = get();
printf("%d\n", tmp);
}
}

What's the problem
with this approach?

20



1he

* O 00 N O U1 A LN —

u N W N — O

[os

Producer Consumer Problem

Uffer size =1) [Attempt #1]

void *producer(void *arg) {
Nt i,

Nt loops = (int) arg;

for (i=0;i<loops; i++) {
put(l);

}

}

void *consumer(void *arg) {
Nt i;
while (1) {
inttmp = get();
printf("%d\n", tmp);
}
}

What's the problem
with this approach?

Multiple threads accessing

20
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* O 00 N O U1 A LN —

u N W N — O

[os

Producer Consumer Problem

Uffer size =1) [Attempt #1]

void *producer(void *arg) {
Nt i,

Nt loops = (int) arg;

for (i=0;i<loops; i++) {
put(l);

}

}

void *consumer(void *arg) {
inti;
while (1) {
Nt tmp = get(),
printf("%d\n", tmp);
}
}

What's the problem
with this approach?

Multiple threads accessing
shared resource without locking

20



The Producer Consumer Problem
Utfer size =1) [Attempt #2]

[os

void *producer(void *arg) {
Nt i;
Nt loops = (int) arg;
for (i=0;i<loops; i++){
Pthread mutex lock(&mutex);
put(i);
Pthread mutex unlock(&mutex);}
}
void *consumer(void *arg) {
intI;
while (1) { Pthread_mutex_lock(&mutex);
Nt tmp = get(),
Pthread mutex unlock(&mutex);
printf("%d\n", tmp);

;)

> O 0O NN O UV A W DN —

U N W N O
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The Producer Consumer Problem
Utfer size =1) [Attempt #2]

[os

void *producer(void *arg) {
Nt i;
intloops = (int) arg; What's the problem
for (i=0;i<loops; i++){
Pthread mutex lock(&mutex);
put(i);
Pthread mutex unlock(&mutex);}
}
void *consumer(void *arg) {
intI;
while (1) { Pthread_mutex_lock(&mutex);
Nt tmp = get(),
Pthread mutex _unlock(&mutex);
printf("%d\n", tmp);

;)

> O 0O NN O UV A W DN —

U N W N O

21



The Producer Consumer Problem
Utfer size =1) [Attempt #2]

[os

void *producer(void *arg) {
Nt i;
int loops = (int) arg; What's the problem

or(i=0;1<loops; i+4){ with this approach?
Pthread mutex lock(&mutex);

put(i);

Pthread mutex unlock(&mutex);}

}
void *consumer(void *arg) {
intI;
while (1) { Pthread_mutex_lock(&mutex);
Nt tmp = get(),
Pthread mutex unlock(&mutex);
printf("%d\n", tmp);

;)

> O 0O NN O UV A W DN —

U N W N O

21



The Producer Consumer Problem
Utfer size =1) [Attempt #2]

[os

void *producer(void *arg) {
Nt i;
int loops = (int) arg; What's the problem

or(i=0;1<loops; i+4){ with this approach?
Pthread mutex lock(&mutex);

put(i);

Pthread mutex unlock(&mutex);}

}
void *consumer(void *arg) {
intI;
while (1) { Pthread_mutex_lock(&mutex);
Nt tmp = get(),
Pthread mutex unlock(&mutex);
printf("%d\n", tmp);

;)

> O 0O NN O UV A W DN —

U N W N O

21



The Producer Consumer Problem
Utfer size =1) [Attempt #2]

[os

void *producer(void *arg) {
Nt i;
int loops = (int) arg; What's the problem

or(i=0;1<loops; i+4){ with this approach?
Pthread mutex lock(&mutex);

put(i);
Pthread mutex unlock(&mutex);}
}
void *consumer(void *arg) {
intI;
while (1) { Pthread_mutex_lock(&mutex);
Nt tmp = get(),
Pthread mutex unlock(&mutex);
printf("%d\n", tmp);

;)

No explicit walting

> O 0O NN O UV A W DN —

U N W N O
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The Producer Consumer Problem
Utfer size =1) [Attempt #2]

[os

void *producer(void *arg) {
Nt i;
int loops = (int) arg; What's the problem

or(i=0;1<loops; i+4){ with this approach?
Pthread mutex lock(&mutex);

put(i); . L
Pthread_mutex_unlock(&mutex);} No explicit waiting
) on empty and full bufter
void *consumer(void *arg) {
Nt i;
while (1) { Pthread _mutex_lock(&mutex);
Nt tmp = get(),
Pthread _mutex unlock(&mutex);
printf("%d\n", tmp);

;)

> O 0O NN O UV A W DN —

U N W N O

21



The Producer Consumer Problem
(Buffer size =1) [Attempt #3)

void *producer(void *arg) { void *consumer(void *arg) {
for (inti=0;i<loops; i++) { for (inti=0;i<loops; i++){
Pthread_mutex_lock(&mutex); // p1 | Pthread_mutex_lock(&mutex); /] C]
f (count == 1) // p2 | IT(count==0) /] C2

Pthread_cond_wait(&cond, &mutex)// p3 | Pthread_cond_wait(&cond, &mutex)// c3
put(i); //pA | Inttmp = get(); /I c4
Pthread_cond_signal(&cond); // p5 | Pthread_cond_signal(&cond); /1 C5
Pthread_mutex_unlock(&mutex);  // p6 Pthread_mutex_unlock(&mutex),  // c6
} printf("%d\n", tmp);
} }

}
20




1he

Producer Consumer Problem
(Buffer size =1) [Attempt #3)

Write some traces/orderings of consumer/producer to see it
this works tor single producer and single consumer?

void *producer(void *arg) {

for (inti=0;i<loops; i++){

Pthread_mutex_lock(&mutex); /1P
T (count == 1) /] p2
Pthread_cond_wait(&cond, &mutex)// p3
put(); /] 04
Pthread_cond_signal(&cona), /] D5

Pthread mutex_unlock(&mutex); /] P6

}
}

void *consumer(void *arg) {

for (inti=0;i<loops; i++) {

Pthread_mutex_lock(&mutex); /] CT

T (count == 0) /] C2
Pthread _cond wait(&cond, &mutex)// c3

Nt tmp = get(); /] c4
Pthread_cond_signal(&cond); /] c5
Pthread mutex_unlock(&mutex); /] CH

printf("%d\n", tmp);
;
}

22



The Producer Consumer Problem
(Buffer size =1) [Attempt #3)

Lock held by:?

void *producer(void *arg) { void *consumer(void *arg) {
for (inti=0;i<loops; i++) { for (inti=0;i<loops; i++){
Pthread_mutex_lock(&mutex); // p1 | Pthread_mutex_lock(&mutex); /] C]
f (count == 1) // p2 | 1T (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// p3 | Pthread_cond_wait(&cond, &mutex)// c3
put(i); //pA | Inttmp = get(); /I c4
Pthread_cond_signal(&cond); // p5 | Pthread_cond_signal(&cond); /1 C5
Pthread_mutex_unlock(&mutex);  // p6 Pthread_mutex_unlock(&mutex),  // c6
} printf("%d\n", tmp);
} }

}
23




The Producer Consumer Problem
(Buffer size =1) [Attempt #3)

Lock held by: Producer

P1

void *producer(void *arg) { void *consumer(void *arg) {
for (inti=0;i<loops; i++) { for (inti=0;i<loops; i++){
Pthread_mutex_lock(&mutex); // p1 | Pthread_mutex_lock(&mutex); /] C]
f (count == 1) // p2 | 1T (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// p3 Pthread_cond_wait(&cond, &mutex)// c3
put(i); /] D4 inttmp = get(); // c4
Pthread_cond_signal(&cond); // p5 | Pthread_cond_signal(&cond); /] C5
Pthread_mutex_unlock(&mutex);  // p6 Pthread_mutex_unlock(&mutex);,  // c6
} printf("%d\n", tmp);
} }

}
24
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(Buffer size =1) |Atterr

Lock held by: Producer

P1 P2

void *producer(void *arg) {

for (inti=0;i<loops; i++) {

Pthread _mutex_lock(&mutex); /1P
T (count ==1) /] p2
Pthread_cond_wait(&cond, &mutex)// p3
put(i); /] p4
Pthread_cond_signal(&cond); /] p5
Pthread_mutex_unlock(&mutex); /] p6
¥
¥

Producer Consumer

Proplem

ot #3]

Comments:count!=1

void *consumer(void *arg) {

for (inti=0;i<loops; i++) {
Pthread mutex_lock(&mutex);
T (count == 0)

//
/] C2

Pthread cond wait(&cond, &mutex)// c3
Nt tmp = get(), /] c4
Pthread_cond_signal(&cond); /] c5
Pthread_mutex_unlock(&mutex); /] CH

printf("%d\n", tmp);
}
}

25



The Producer Consumer Problem

(Buffer size =1) |Atterr

ot #3]

Lock held by: Producer

P1 P2 P4

void *producer(void *arg) {

for (inti=0;i<loops; i++) {

Pthread _mutex_lock(&mutex); /1P
T (count ==1) /] p2
Pthread_cond_wait(&cond, &mutex)// p3
pUt(i); /] p4
Pthread_cond_signal(&cond); /] D5

Pthread_mutex_unlock(&mutex); /] D6

}
}

void *consumer(void *arg) {

for (inti=0;i<loops; i++) {

Pthread_mutex_lock(&mutex); /] CT

T (count == 0) /] C2
Pthread cond wait(&cond, &mutex)// c3

Nt tmp = get(); /] c4
Pthread_cond_signal(&cond); /] c5
Pthread_mutex_unlock(&mutex); /] CH

printf("%d\n", tmp);
}
}

26



The Producer Consumer Problem

(Buffer size =1) |Atterr

ot #3]

Lock held by: Producer

P1 P2 P4 C1

void *producer(void *arg) {

for (inti=0;i<loops; i++) {

Pthread _mutex_lock(&mutex); /1P
T (count ==1) /] p2
Pthread_cond_wait(&cond, &mutex)// p3
pUt(i); /] p4
Pthread_cond_signal(&cond); /] D5

Pthread_mutex_unlock(&mutex); /] D6

}
}

void *consumer(void *arg) {

for (inti=0;i<loops; i++) {

Pthread_mutex_lock(&mutex); /] CT

T (count == 0) /] C2
Pthread cond wait(&cond, &mutex)// c3

Nt tmp = get(); /] c4
Pthread_cond_signal(&cond); /] c5
Pthread_mutex_unlock(&mutex); /] CH

printf("%d\n", tmp);
}
}

27



The Producer Consumer Problem
(Buffer size =1) [Attempt #3)

Comments: No waiting thread, just returns..

Lock held by: Producer

P1 P2 P4 C1P5

void *producer(void *arg) { void *consumer(void *arg) {
for (inti=0;i<loops; i++) { for (inti=0;1i<loops; i++){
Pthread_mutex_lock(&mutex); // p1 | Pthread_mutex_lock(&mutex); /] C]
f (count == 1) // p2 | TT(count==0) /] C2

Pthread_cond_wait(&cond, &mutex)// p3 | Pthread_cond_wait(&cond, &mutex)// c3
put(i); /] 04 inttmp = get(); /] c4
Pthread_cond_signal(&cond); // D5 Pthread_cond_signal(&cond), // C5
Pthread_mutex_unlock(&mutex):  // p6 Pthread_mutex_unlock(&mutex);  // c6
} printf("%d\n", tmp);
} }

}
o8




The Producer Consumer Problem
(Buffer size =1) [Attempt #3)

Comments: Unlocked ..

Lock held by: ?

P1 P2 P4 C1P5 P6

void *producer(void *arg) { void *consumer(void *arg) {
for (inti=0;i<loops; i++) { for (inti=0;1i<loops; i++){
Pthread_mutex_lock(&mutex); // p1 | Pthread_mutex_lock(&mutex); /] C]
f (count == 1) // p2 | 1T (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// p3 | Pthread_cond_wait(&cond, &mutex)// c3
put(i); /] D4 inttmp = get(); // c4
Pthread_cond_signal(&cond); // D5 Pthread_cond_signal(&cond), // C5
Pthread_mutex_unlock(&mutex):  // p6 Pthread_mutex_unlock(&mutex);  // c6
} printf("%d\n", tmp);
} }

}
29




The Producer Consumer Problem
(Buffer size =1) [Attempt #3)

Comments: Producer will wait till buffer isn't empty

Lock held by: Producer

P1 P2 P4 C1P5 P6 P1 P2 P3

void *producer(void *arg) { void *consumer(void *arg) {
for (inti=0;i<loops; i++) { for (inti=0;1i<loops; i++){
Pthread_mutex_lock(&mutex); // p1 | Pthread_mutex_lock(&mutex); /] C]
f (count == 1) // p2 | 1T (count == 0) [/ C2

Pthread_cond_wait(&cond, &mutex)// p3 | Pthread_cond_wait(&cond, &mutex)// c3
put(i); /] D4 inttmp = get(); /] c4
Pthread_cond_signal(&cond); // D5 Pthread_cond_signal(&cond), // C5
Pthread_mutex_unlock(&mutex):  // p6 Pthread_mutex_unlock(&mutex);  // c6
} printf("%d\n", tmp);
} }

}
30




The Producer Consumer Problem
(Buffer size =1) [Attempt #3)

Comments: wait released lock, which consumer takes

Lock held by: ?

P1 P2 P4 C1 P5 P6 P1 P2 P3 C1

void *producer(void *arg) { void *consumer(void *arg) {
for (inti=0;i<loops; i++) { for (inti=0;1i<loops; i++){
Pthread_mutex_lock(&mutex); // p1 | Pthread_mutex_lock(&mutex); /] C]
f (count == 1) // p2 | 1T (count == 0) [/ C2
Pthread_cond_wait(&cond, &mutex)// p3 | Pthread_cond_wait(&cond, &mutex)// c3
put(i); /] 04 inttmp = get(); /] c4
Pthread_cond_signal(&cond); // D5 Pthread_cond_signal(&cond), // C5
Pthread_mutex_unlock(&mutex):  // p6 Pthread_mutex_unlock(&mutex);  // c6
} printf("%d\n", tmp);
} }
}
31




The Producer Consumer Problem
(Buffer size =1) [Attempt #3)

Comments: wait released lock, which consumer takes

Lock held by: Consumer

P1 P2 P4 C1 P5Po P1 P2 P3 C1C2 C4

void *producer(void *arg) { void *consumer(void *arg) {
for (inti=0;i<loops; i++) { for (inti=0;1i<loops; i++){
Pthread_mutex_lock(&mutex); // p1 | Pthread_mutex_lock(&mutex); /] C]
f (count == 1) // p2 | 1T (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// p3 | Pthread_cond_wait(&cond, &mutex)// c3
put(i); /] 04 inttmp = get(); /] c4
Pthread_cond_signal(&cond); // D5 Pthread_cond_signal(&cond), // C5
Pthread_mutex_unlock(&mutex):  // p6 Pthread_mutex_unlock(&mutex);  // c6
} printf("%d\n", tmp);
} }

}
30




The Producer Consumer Problem
(Buffer size =1) [Attempt #3)

Count: 1 Comments: producer woken up —> can run now

Lock held by: Consumer

P{ P2 P4 C1P5P6 P1 P2 P3 C1C2 C4 C5

void *producer(void *arg) { void *consumer(void *arg) {
for (inti=0;i<loops; i++) { for (inti=0;1i<loops; i++){
Pthread_mutex_lock(&mutex); // p1 | Pthread_mutex_lock(&mutex); /] C]
f (count == 1) // p2 | 1T (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// p3 | Pthread_cond_wait(&cond, &mutex)// c3
put(i); /] 04 inttmp = get(); /] c4
Pthread_cond_signal(&cond); // D5 Pthread_cond_signal(&cond), // C5
Pthread_mutex_unlock(&mutex):  // p6 Pthread_mutex_unlock(&mutex);  // c6
} printf("%d\n", tmp);
} }

}
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The Producer Consumer Problem
(Buffer size =1) [Attempt #3)

void *producer(void *arg) { void *consumer(void *arg) {
for (inti=0;i<loops; i++) { for (inti=0;i<loops; i++){
Pthread_mutex_lock(&mutex); // p1 | Pthread_mutex_lock(&mutex); /] C]
f (count == 1) // p2 | IT(count==0) /] C2

Pthread_cond_wait(&cond, &mutex)// p3 | Pthread_cond_wait(&cond, &mutex)// c3
put(i); /] 04 inttmp = get(); /] c4
Pthread_cond_signal(&cond); // D5 Pthread_cond_signal(&cond); /1 C5
Pthread_mutex_unlock(&mutex);  // p6 Pthread_mutex_unlock(&mutex),  // c6
} printf("%d\n", tmp);
} }

}
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Producer Consumer Problem
(Buffer size =1) [Attempt #3)

Write some traces/orderings of consumer/producer to see it
this works for single producer and 2 consumers”

void *producer(void *arg) {

for (inti=0;i<loops; i++){

Pthread_mutex_lock(&mutex); /1P
T (count == 1) /] p2
Pthread_cond_wait(&cond, &mutex)// p3
put(); /] 04
Pthread_cond_signal(&cona), /] D5

Pthread mutex_unlock(&mutex); /] P6

}
}

void *consumer(void *arg) {

for (inti=0;i<loops; i++) {

Pthread_mutex_lock(&mutex); /] CT

T (count == 0) /] C2
Pthread _cond wait(&cond, &mutex)// c3

Nt tmp = get(); /] c4
Pthread_cond_signal(&cond); /] c5
Pthread mutex_unlock(&mutex); /] CH

printf("%d\n", tmp);
;
}

34



The Producer Consumer Problem

(Buffer size =

Pthread_mutex_lock(&mutex); /] P
T (count==1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3
put(i); /] p4
Pthread_cond_signal(&cond); /] p5

Pthread_mutex_unlock(&mutex); /] p6

Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// c3
Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5

Pthread_mutex_unlock(&mutex); /] C6

1) [Attempt #3]



1he
(Buffer size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); // p4
Pthread_cond_signal(&cond); /1 p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] 2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter




1he

Ufter size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); // p4
Pthread_cond_signal(&cond); /1 p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] 2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

Comment




1he

Ufter size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); // p4
Pthread_cond_signal(&cond); /1 p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] 2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

State

Comment

Running




1he

Ufter size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); // p4
Pthread_cond_signal(&cond); /1 p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] 2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

T;C State Téc State T_p State Count Comment
LGl | Running o Ready | .. Ready | O
c2 Running Ready | | Ready [ 0 |
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Ufter size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); // p4
Pthread_cond_signal(&cond); /1 p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] 2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

T;C State Téc State T_p State Count Comment
el [ Running ) Ready | .| Ready | O
Lc2 | Running |l Ready | .| Ready | O

c3 Sleep Ready Ready 0 Nothing to get




lis

e
Ufter size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); // p4
Pthread_cond_signal(&cond); /1 p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] 2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

T;C State Téc State T_p State Count Comment
el [ Running ) Ready | .| Ready | .. O e
Lc2 | Running |l Ready | .| Ready | . O e

c3 Sleep Ready Ready 0 Nothing to get

Sleep Ready p1 Running 0




1he
Suffer size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); // p4
Pthread_cond_signal(&cond); /1 p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] 2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

T;C State Téc State T_p State Count Comment

c Running Ready Ready o)
w2 | huning | 1 Reagy | | Ready | 0 | ...

c3 Sleep Ready Ready 0 Nothing to get
] s | ] Ready | pt | Ruming | o |
] s || Ready | p2 | Ruming | o |
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Suffer size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); // p4
Pthread_cond_signal(&cond); /1 p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

T;C State Téc State T_p State Count Comment
c Running Ready Ready o)

2 | muming | | Ready | | Ready | o0 | ..
c3 Sleep Ready Ready 0 Nothing to get
] sk | | Ready | p1 | Ruming | o |
] see | | Ready | p2 | Ruming | o |
] s | ] Ready | p4 | Rumning | 1 | Buffernowful




1he
B

Ufter size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); // p4
Pthread_cond_signal(&cond); /1 p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

T;C State Téc State T_p State Count Comment

c Running Ready Ready o)
w2 | huning | 1 Reagy | | Ready | 0 | ...

c3 Sleep Ready Ready 0 Nothing to get
] s | ] Ready | pt | Ruming | o |
] s || Ready | p2 | Ruming | o |
| sk || Ready | p4 | Ruming | 1 | Buffernowful
"""""""""" Ready | | Ready | p5 | Runing | 1 | T.clawoken




1he
Suffer size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); // p4
Pthread_cond_signal(&cond); /] p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

T;C State Téc State T_p State Count Comment

c Running Ready Ready o)
w2 | huning | 1 Reagy | | Ready | 0 | ...

c3 Sleep Ready Ready 0 Nothing to get
] s | ] Ready | pt | Ruming | o |
] s || Ready | p2 | Ruming | o |
| sk || Ready | p4 | Ruming | 1 | Buffernowful
"""""""""" Ready | | Ready | p5 | Runing | 1 | T.clawoken
"""""""""" Ready | | Ready | p6 | Ruming | 1 |




1he
Suffer size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); // p4
Pthread_cond_signal(&cond); /] p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

T;C State Téc State T_p State Count Comment

c Running Ready Ready o)
w2 | huning | 1 Reagy | | Ready | 0 | ...

c3 Sleep Ready Ready 0 Nothing to get
] s | ] Ready | pt | Ruming | o |
] s || Ready | p2 | Ruming | o |
| sk || Ready | p4 | Ruming | 1 | Buffernowful
"""""""""" Ready | | Ready | p5 | Runing | 1 | T.clawoken
"""""""""" Ready | | Ready | p6 | Ruming | 1 |
"""""""""" Ready | | Ready | pt | Runing | 1 |




1he
Suffer size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); // p4
Pthread_cond_signal(&cond); /] p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

T;C State Téc State T_p State Count Comment

c Running Ready Ready o)
w2 | huning | 1 Reagy | | Ready | 0 | ...

c3 Sleep Ready Ready 0 Nothing to get
] s | ] Ready | pt | Ruming | o |
] s || Ready | p2 | Ruming | o |
| sk || Ready | p4 | Ruming | 1 | Buffernowful
"""""""""" Ready | | Ready | p5 | Runing | 1 | T.clawoken
"""""""""" Ready | | Ready | p6 | Ruming | 1 |
"""""""""" Ready | | Ready | pt | Runing | 1 |
"""""""""" Ready | | Ready | p2 | Running | 1 |




1he
B

Ufter size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); /] p4
Pthread_cond_signal(&cond); /] p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

T;C State Téc State T_p State Count Comment

c Running Ready Ready o)
w2 | huning | 1 Reagy | | Ready | 0 | ...

c3 Sleep Ready Ready 0 Nothing to get
] s | ] Ready | pt | Ruming | o |
] s || Ready | p2 | Ruming | o |
| sk || Ready | p4 | Ruming | 1 | Buffernowful
"""""""""" Ready | | Ready | p5 | Runing | 1 | T.clawoken
"""""""""" Ready | | Ready | p6 | Ruming | 1 |
"""""""""" Ready | | Ready | pt | Runing | 1 |
"""""""""" Ready | | Ready | p2 | Running | 1 |
] Ready | | Ready | p3 | Sleep | 1 | Bufferfull sleep
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Suffer size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); /] p4
Pthread_cond_signal(&cond); /] p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

; State 5 State T_p State Count Comment

c Running Ready Ready o)
w2 | huning | 1 Reagy | | Ready | 0 | ...

c3 Sleep Ready Ready 0 Nothing to get
] s | ] Ready | pt | Ruming | o |
] s || Ready | p2 | Ruming | o |
| sk || Ready | p4 | Ruming | 1 | Buffernowful
"""""""""" Ready | | Ready | p5 | Runing | 1 | T.clawoken
"""""""""" Ready | | Ready | p6 | Ruming | 1 |
"""""""""" Ready | | Ready | pt | Runing | 1 |
"""""""""" Ready | | Ready | p2 | Running | 1 |
] Ready | | Ready | p3 | Sleep | 1 | Bufferfull sleep
"""""""""" Ready | c¢1 | Ruming | | Seep | 1 | T.c2sneaksin
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Suffer size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); /] p4
Pthread_cond_signal(&cond); /] p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

; State 5 State T_p State Count Comment

c Running Ready Ready o)
w2 | huning | 1 Reagy | | Ready | 0 | ...

c3 Sleep Ready Ready 0 Nothing to get
] s | ] Ready | pt | Ruming | o |
] s || Ready | p2 | Ruming | o |
| sk || Ready | p4 | Ruming | 1 | Buffernowful
"""""""""" Ready | | Ready | p5 | Runing | 1 | T.clawoken
"""""""""" Ready | | Ready | p6 | Ruming | 1 |
"""""""""" Ready | | Ready | pt | Runing | 1 |
"""""""""" Ready | | Ready | p2 | Running | 1 |
] Ready | | Ready | p3 | Sleep | 1 | Bufferfull sleep
"""""""""" Ready | c¢1 | Ruming | | Seep | 1 | T.c2sneaksin
"""""""""" Ready | c2 | Ruming | | Seep | 1 |
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Ufter size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); /] p4
Pthread_cond_signal(&cond); /] p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

T;C State Téc State T_p State Count Comment

c Running Ready Ready o)
w2 | huning | 1 Reagy | | Ready | 0 | ...

c3 Sleep Ready Ready 0 Nothing to get
] s | ] Ready | pt | Ruming | o |
] s || Ready | p2 | Ruming | o |
| sk || Ready | p4 | Ruming | 1 | Buffernowful
"""""""""" Ready | | Ready | p5 | Runing | 1 | T.clawoken
"""""""""" Ready | | Ready | p6 | Ruming | 1 |
"""""""""" Ready | | Ready | pt | Runing | 1 |
"""""""""" Ready | | Ready | p2 | Running | 1 |
] Ready | | Ready | p3 | Sleep | 1 | Bufferfull sleep
"""""""""" Ready | c¢1 | Ruming | | Seep | 1 | T.c2sneaksin
"""""""""" Ready | c2 | Ruming | | Seep | 1 |

Ready c4 Running Sleep 0 ... and graps
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Ufter size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); /] p4
Pthread_cond_signal(&cond); /] p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

T;C State TEC State T_p State Count Comment
c Running Ready Ready o)

2 | muming | | Ready | | Ready | o0 | ..
c3 Sleep Ready Ready 0 Nothing to get
| s || Ready | p1 | Rumning | o |
| s || Ready | p2 | Ruming | o |
] s | ] Ready | p4 | Rumning | 1 | Buffernowful
"""""""""" Ready | | Ready | p5 | Ruming | 1 | T.clawoken
"""""""""" Ready | | Ready | p6 | Ruming | 1 |
"""""""""" Ready | | Ready | pt | Runing | 1 |
"""""""""" Ready | | Ready | p2 | Runing | 1 |
] Ready | | Ready | p3 | Sleep | 1 | Bufferfull sleep
"""""""""" Ready | c1 | Ruming | | Sleep | 1 | T_c2sneaksin
"""""""""" Ready | c2 | Ruming | | Seep | 1 |
____________________ ey |0 | Poenne LS O

Ready Cco Running Ready 0 T_p awoken
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Ufter size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); /] p4
Pthread_cond_signal(&cond); /] p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

T;C State TEC State T_p State Count Comment
c Running Ready Ready o)

o2 | Auning || meady || Ready | 0 |
c3 Sleep Ready Ready 0 Nothing to get
] s | ] Ready | pt | Ruming | o |
] s || Ready | p2 | Ruming | o |
| sk || Ready | p4 | Ruming | 1 | Buffernowful
"""""""""" Ready | | Ready | p5 | Runing | 1 | T.clawoken
"""""""""" Ready | | Ready | p6 | Ruming | 1 |
"""""""""" Ready | | Ready | pt | Runing | 1 |
"""""""""" Ready | | Ready | p2 | Running | 1 |
] Ready | | Ready | p3 | Sleep | 1 | Bufferfull sleep
"""""""""" Ready | c¢1 | Ruming | | Seep | 1 | T.c2sneaksin
"""""""""" Ready | c2 | Ruming | | Seep | 1 |
____________________ sy |4 [ Reing | Seee Lo e
____________________ Ready | .c5 | Running | | Ready | O [ __T.pawoken

Ready co Running Ready
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Ufter size =

Pthread_mutex_lock(&mutex); /] P
T (count == 1) /]l p2
Pthread_cond_wait(&cond, &mutex)// p3

put(i); /] p4
Pthread_cond_signal(&cond); /] p5
Pthread_mutex_unlock(&mutex); /] p6
Pthread _mutex_lock(&mutex); /] C1
if (count == 0) /] C2

Pthread_cond_wait(&cond, &mutex)// c3

Inttmp = get(), /] c4
Pthread_cond_signal(&cond); /] 5
Pthread_mutex_unlock(&mutex); /] C6

Producer Consu
1) |Atter

State

Comment

Running

Running

Whoops 35
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void *producer(void *arg) {

for (inti=0;i<loops; i++){
Pthread mutex_lock(&mutex);
While (count==1)
Pthread_cond_wait(&cond, &mutex)// p3
put(); /] 04
Pthread_cond_signal(&cona), /] D5
Pthread mutex_unlock(&mutex); /] P6
¥
¥

/] pT

/] p2

Producer Consumer Problem
(Buffer size =1) |[Attempt #4]

void *consumer(void *arg) {

for (inti=0;i<loops; i++) {

Pthread_mutex_lock(&mutex); /] CT

while (count == 0) /] C2
Pthread _cond wait(&cond, &mutex)// c3

Nt tmp = get(); /] c4
Pthread_cond_signal(&cond); /] c5
Pthread_mutex_unlock(&mutex); /] CH

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

36
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Producer Consumer Problem
(Buffer size =1) |[Attempt #4]

Replace it with while —> check condition again. Good rule of

thumbp!

void *producer(void *arg) {

for (inti=0;i<loops; i++){

Pthread_mutex_lock(&mutex); /1P

While (count==1) /] p2
Pthread_cond_wait(&cond, &mutex)// p3

put(); /] 04
Pthread_cond_signal(&cona), /] D5
Pthread mutex_unlock(&mutex); /] P6

}
}

void *consumer(void *arg) {

for (inti=0;i<loops; i++) {

Pthread_mutex_lock(&mutex); /] CT

while (count == 0) /] C2
Pthread _cond wait(&cond, &mutex)// c3

Nt tmp = get(); /] c4
Pthread_cond_signal(&cond); /] c5
Pthread mutex_unlock(&mutex); /] CH

printf("%d\n", tmp);
;
}

36



