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Altering the Control Flow"
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System context for exceptions"
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Exceptions"

User Process OS 

exception 
exception processing 
by exception handler 

exception  
return (optional) 

event  current"
next"
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Interrupt Vectors"

  Each type of event has a 
unique exception number k"

  Index into jump table (a.k.a., 
interrupt vector)"

  Jump table entry k points to 
a function (exception 
handler)."

  Handler k is called each 
time exception k occurs. "

interrupt 
vector 

0 
1 
2 ... 

n-1 

code for   
exception handler 0 

code for  
exception handler 1 

code for 
exception handler 2 

code for  
exception handler n-1 

... 

Exception "
numbers"
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Asynchronous Exceptions (Interrupts)"
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Synchronous Exceptions"
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Trap Example"

User Process OS 

exception 
Open file 

return 

int 
pop 

0804d070 <__libc_open>: 
 . . . 
 804d082:  cd 80                 int    $0x80 
 804d084:  5b                    pop    %ebx 
 . . . 



– 11 –!

Fault Example #1"

User Process OS 

page fault 
Create page and load 
into memory return 

event  movl 

int a[1000]; 
main () 
{ 
    a[500] = 13; 
} 

 80483b7:  c7 05 10 9d 04 08 0d  movl   $0xd,0x8049d10 



– 12 –!

Fault Example #2"

User Process OS 

page fault 

Detect invalid address 
event  movl 

int a[1000]; 
main () 
{ 
    a[5000] = 13; 
} 

 80483b7:  c7 05 60 e3 04 08 0d  movl   $0xd,0x804e360 

Signal process 
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Processes"
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Logical Control Flows"

Time"

Process A" Process B" Process C"

Each process has its own logical control flow"
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Concurrent Processes"

Time"

Process A" Process B" Process C"
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User View of Concurrent Processes"

Time"

Process A" Process B" Process C"



– 17 –!

Context Switching"

Process A"
code"

Process B"
code"

user code"

kernel code"

user code"

kernel code"

user code"

Time"
context switch"

context switch"
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Private Address Spaces"

kernel virtual memory!
(code, data, heap, stack)!

memory mapped region for!
shared libraries!

run-time heap!
(managed by malloc)!

user stack!
(created at runtime)!

unused!0!

%esp (stack pointer)!

memory!
invisible to!
user code!

brk!

0xc0000000 

0x08048000 

0x40000000 

read/write segment!
(.data, .bss)!

read-only segment!
(.init, .text, .rodata)!

loaded from the !
executable file!

0xffffffff 



– 19 –!

fork: Creating new processes"

if (fork() == 0) { 
   printf("hello from child\n"); 
} else {  
   printf("hello from parent\n"); 
} 

Fork is interesting"
(and often confusing)"
because it is called"
once but returns twice"



– 20 –!

Fork Example #1"

void fork1() 
{ 
    int x = 1; 
    pid_t pid = fork(); 
    if (pid == 0) { 

 printf("Child has x = %d\n", ++x); 
    } else { 

 printf("Parent has x = %d\n", --x); 
    } 
    printf("Bye from process %d with x = %d\n", getpid(), x); 
} 
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Fork Example #2"

void fork2() 
{ 
    printf("L0\n"); 
    fork(); 
    printf("L1\n");     
    fork(); 
    printf("Bye\n"); 
} 

L0 L1 

L1 

Bye 

Bye 

Bye 

Bye 
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Fork Example #3"

void fork3() 
{ 
    printf("L0\n"); 
    fork(); 
    printf("L1\n");     
    fork(); 
    printf("L2\n");     
    fork(); 
    printf("Bye\n"); 
} 

L1 L2 

L2 

Bye 

Bye 

Bye 

Bye 

L1 L2 

L2 

Bye 

Bye 

Bye 

Bye 

L0 
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Fork Example #4"

void fork4() 
{ 
    printf("L0\n"); 
    if (fork() != 0) { 

 printf("L1\n");     
 if (fork() != 0) { 
     printf("L2\n"); 
     fork(); 
 } 

    } 
    printf("Bye\n"); 
} 

L0 L1 

Bye 

L2 

Bye 

Bye 

Bye 
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Fork Example #5"

void fork5() 
{ 
    printf("L0\n"); 
    if (fork() == 0) { 

 printf("L1\n");     
 if (fork() == 0) { 
     printf("L2\n"); 
     fork(); 
 } 

    } 
    printf("Bye\n"); 
} 

L0 Bye 

L1 

Bye 

Bye 

Bye 

L2 
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exit: Destroying Process"

void cleanup(void) { 
   printf("cleaning up\n"); 
} 

void fork6() { 
   atexit(cleanup); 
   fork(); 
   exit(0); 
} 
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Zombies"
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linux> ./forks 7 & 
[1] 6639 
Running Parent, PID = 6639 
Terminating Child, PID = 6640 
linux> ps 
  PID TTY          TIME CMD 
 6585 ttyp9    00:00:00 tcsh 
 6639 ttyp9    00:00:03 forks 
 6640 ttyp9    00:00:00 forks <defunct> 
 6641 ttyp9    00:00:00 ps 
linux> kill 6639 
[1]    Terminated 
linux> ps 
  PID TTY          TIME CMD 
 6585 ttyp9    00:00:00 tcsh 
 6642 ttyp9    00:00:00 ps 

Zombie 
Example"

  ps shows child 
process as “defunct”"

  Killing parent allows 
child to be reaped"

void fork7() 
{ 
    if (fork() == 0) { 

 /* Child */ 
 printf("Terminating Child, PID = %d\n", 
        getpid()); 
 exit(0); 

    } else { 
 printf("Running Parent, PID = %d\n", 
        getpid()); 
 while (1) 
     ; /* Infinite loop */ 

    } 
} 
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linux> ./forks 8 
Terminating Parent, PID = 6675 
Running Child, PID = 6676 
linux> ps 
  PID TTY          TIME CMD 
 6585 ttyp9    00:00:00 tcsh 
 6676 ttyp9    00:00:06 forks 
 6677 ttyp9    00:00:00 ps 
linux> kill 6676 
linux> ps 
  PID TTY          TIME CMD 
 6585 ttyp9    00:00:00 tcsh 
 6678 ttyp9    00:00:00 ps 

Nonterminating 
Child  
Example"

  Child process still active 
even though parent has 
terminated"

  Must kill explicitly, or else 
will keep running 
indefinitely"

void fork8() 
{ 
    if (fork() == 0) { 

 /* Child */ 
 printf("Running Child, PID = %d\n", 
        getpid()); 
 while (1) 
     ; /* Infinite loop */ 

    } else { 
 printf("Terminating Parent, PID = %d\n", 
        getpid()); 
 exit(0); 

    } 
} 
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wait: Synchronizing with children"
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wait: Synchronizing with children"
void fork9() { 
   int child_status;   

   if (fork() == 0) { 
      printf("HC: hello from child\n"); 
   } 
   else { 
      printf("HP: hello from parent\n"); 
      wait(&child_status); 
      printf("CT: child has terminated\n"); 
   } 
   printf("Bye\n"); 
   exit(); 
} 

HP 

HC Bye 

CT Bye 
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Wait Example"
  If multiple children completed, will take in arbitrary order"
  Can use macros WIFEXITED and WEXITSTATUS to get 

information about exit status"
void fork10() 
{ 
    pid_t pid[N]; 
    int i; 
    int child_status; 
    for (i = 0; i < N; i++) 

 if ((pid[i] = fork()) == 0) 
     exit(100+i); /* Child */ 

    for (i = 0; i < N; i++) { 
 pid_t wpid = wait(&child_status); 
 if (WIFEXITED(child_status)) 
     printf("Child %d terminated with exit status %d

\n", 
     wpid, WEXITSTATUS(child_status)); 
 else 
     printf("Child %d terminate abnormally\n", wpid); 

    } 
} 
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Waitpid"
  waitpid(pid, &status, options) 

  Can wait for specific process"
  Various options"

void fork11() 
{ 
    pid_t pid[N]; 
    int i; 
    int child_status; 
    for (i = 0; i < N; i++) 

 if ((pid[i] = fork()) == 0) 
     exit(100+i); /* Child */ 

    for (i = 0; i < N; i++) { 
 pid_t wpid = waitpid(pid[i], &child_status, 0); 
 if (WIFEXITED(child_status)) 
     printf("Child %d terminated with exit status %d\n", 
     wpid, WEXITSTATUS(child_status)); 
 else 
     printf("Child %d terminated abnormally\n", wpid); 

    } 
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Wait/Waitpid Example Outputs"

Child 3565 terminated with exit status 103 
Child 3564 terminated with exit status 102 
Child 3563 terminated with exit status 101 
Child 3562 terminated with exit status 100 
Child 3566 terminated with exit status 104 

Child 3568 terminated with exit status 100 
Child 3569 terminated with exit status 101 
Child 3570 terminated with exit status 102 
Child 3571 terminated with exit status 103 
Child 3572 terminated with exit status 104 

Using wait (fork10)"

Using waitpid (fork11)"
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exec: Running new programs"

main() { 
   if (fork() == 0) { 
      execl("/usr/bin/cp", "cp", "foo", "bar", 0); 
   } 
   wait(NULL); 
   printf("copy completed\n"); 
   exit(); 
} 
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Summarizing"
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Summarizing (cont.)"


