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Implementing Utility Locks
Using State Abstraction-based Synchronization

Atsuo OukI™ and Yasusur Kunof!

“State Abstraction” is a framework in which states of a data structure (or an
object) are divided into small number of exclusive sets (“Abstract States,” or
AST), and current abstract state is explicitly managed by the code. In “State
Abstraction-based Synchronization” (or AST-sync), abstract states of the data
structure guarded by a critical region are similary managed, and an activity can
enter the region only when the current state is included in the pre-specified set.
In our previous research, we have implemented AST-sync inside an OS-kernel
and have shown its effectiviness (in readability and performance) for standard
conditional synchronization (aka. bounded buffers). In this paper, we demon-
strate use of AST-sync to construct more complex synchronization mechanisms
such as read-write locks or barriers, in simple and efficient manner.
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Table 1 Synchronization API of AST-sync.
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Fig.1 Data structures in kernel land.
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Fig.2 State transition of read-write locks.
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#define S_FREE 0x00000001 /* OO x*/
#define S_READ 0x00000002 /+ OO =*/
#define S_WRITE 0x00000004 /+ OO =*/
#define S_RTOW 0x00000008 /+* 00000 */
ast_mutex_t mutex;
volatile int rcnt = 0, wecnt = O;
void rwinit() { ast_mutex_init(&mutex, S_FREE); }
void rwclose() { ast_mutex_destroy(&mutex); }
void rdlock() {
ast_mutex_enter (&mutex, S_FREE|S_READ);
++rcnt;
ast_mutex_exit (&mutex, wcnt?S_RTOW:S_READ);
¥
void rdfree() {
ast_mutex_enter (&mutex, S_READ|S_RTOW);
if (--rcnt)
ast_mutex_exit (&mutex, wcnt?S_RTOW:S_READ);
else
ast_mutex_exit (&mutex, S_FREE);
¥
void wrlock() {
ast_mutex_enter (&mutex, S_FREE|S_READ|S_RTOW);
if (rent) {
++wecnt;
ast_mutex_exit (&mutex, S_RTOW);
ast_mutex_enter (&mutex, S_FREE);
--wcnt;
}
ast_mutex_exit (&mutex, S_WRITE); /*x/
}
void wrfree() {
ast_mutex_enter (&mutex, S_WRITE); /*x*/
ast_mutex_exit (&mutex, S_FREE);
¥
03 OJ0OOoooooobooooooo
Fig.3 Read-write locks with AST-sync.
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Fig.4 State transition of augmented read-write locks.
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pthread_mutex_t mutex;

pthread_cond_t rsignal, wsignal;

volatile int state, wcnt;

void rwinit() {
state = wcnt = 0;
pthread_mutex_init (&mutex, NULL);
pthread_cond_init (&rsignal, NULL);
pthread_cond_init (&wsignal, NULL);

}

void rwclose() {
pthread_mutex_destroy(&mutex) ;
pthread_cond_destroy(&rsignal);
pthread_cond_destroy(&wsignal);

}

void rdlock() {
pthread_mutex_lock(&mutex) ;
while(went > 0 || state < 0)

pthread_cond_wait (&rsignal, &mutex);

++state;
pthread_mutex_unlock(&mutex) ;

}

void rdfree() {
pthread_mutex_lock(&mutex) ;
if (--state == 0) {

if (went > 0) pthread_cond_signal(&wsignal);

¥
pthread_mutex_unlock(&mutex) ;

}

05 JO000O0OO0O0OOooOooooo

Fig.5 Read-write locks with condition variables.
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void wrlock() {
pthread_mutex_lock(&mutex) ;
while(state !'= 0) {
++went;

pthread_cond_wait (&wsignal, &mutex);

--wcnt;
}
state = -1;
pthread_mutex_unlock(&mutex) ;

}

03 ODoOoOooooooboOoOooob 1:1000000 1:10

Table 3 Performance of read-write locks (threads ratio 1:1, read-write ratio 1:1).

ooooo ooooo SEGEEEE oooo
1 rwlock 1.165(0.095) | 34.802(1.011) | 13.341(0.364)
2 cond 1.168(0.088) | 34.611(0.785) | 13.292(0.280)

2’0(@oooon)
3 ast-mutex

30(@ooon)
3b ast_mutex’

3b0(0o0oo)

0.467(0.063)
1.144(0.117)
0.572(0.060)
0.523(0.067)
0.331(0.054)

20.452(0.532)
40.728(1.026)
20.430(0.437)
28.569(0.386)
22.191(0.419)

8.680(0.168)
15.847(0.318)
9.307(0.143)
13.615(0.157)
9.899(0.156)

void wrfree() {

pthread_mutex_lock(&mutex) ;
if (went) {

pthread_cond_signal (&wsignal) ;
} else {

pthread_cond_broadcast (&rsignal) ;
}
state = 0;
pthread_mutex_unlock(&mutex) ;

065 O0OO000O0O00O0O0O0O0O0O0O0O00O0O0

Fig.5 Read-write locks with condition variables (cont.).
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04 0O00O0OO0OOO0OO0ODOOOOOODO 10:1000000 1:10
Table 4 Performance of read-write locks (threads ratio 10: 1, read-write ratio 1:1).

07 000O0O0OO0OO0OOOOOOOOO0O 2000:1000000 100:10
Table 7 Performance of read-write locks (threads ratio 2000 : 1, read-write ratio 100:1).

ooooo ooooo SEEGEEE oooo
1 rwlock 1.191(0.092) | 36.187(0.759) | 14.007(0.227)
2 cond 1.209(0.097) | 36.371(0.621) | 14.081(0.207)

2’0(@oDooon)
3 ast-mutex

3’0(@ooon)
3b ast_mutex’

3b'0(00000)

0.473(0.076)
1.104(0.097)
0.575(0.063)
0.527(0.061)
0.311(0.053)
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40.648(0.653)
20.654(0.355)
28.367(0.336)
21.757(0.326)

9.102(0.182)
15.818(0.192)
9.444(0.112)
13.480(0.114)
9.653(0.118)

ooooo ooooo 0oooooo 0ooo
1 rwlock 0.357(0.048) | 15.295(0.647) | 6.495(0.193)
2 cond 0.320(0.051) | 15.443(0.621) | 6.532(0.187)

2’0(@ooDoon)
3 ast-mutex
30(@Oo000)
3b ast_-mutex’
3b'0(00000)
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6.346(0.100)
6.460(0.099)
6.424(0.068)
6.519(0.068)
6.483(0.102)
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05 D000000000000000 100:1000000 1:10 -t S'ggrqgw/lock
Table 5 Performance of read-write locks (threads ratio 100: 1, read-write ratio 1:1). === 3 ast
1
ooooo e EEEEE 0ooo elapsed time (sec) ____3 a'zlts‘".’/lOCk
1 rwlock 1.210(0.112) | 36.859(0.740) | 14.267(0.240) —-—- 3b' ast' w/lock
2 cond 1.249(0.092) | 37.215(0.695) | 14.375(0.223) > A
20(00000) | 0.559(0.076) | 22.928(1.107) 9.708(0.363) /|
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/ - SEETTETTT T
® M’/
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Table 6 Performance of read-write locks (threads ratio 250: 1, read-write ratio 10:1). 4
ooooo ooooo oooooo oooo
1 rwlock 0.413(0.056) | 16.602(0.417) | 6.998(0.126) 2
2 cond 0.397(0.048) | 16.581(0.424) | 6.989(0.138)
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Fig.6 Plot of elapsed time.
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Fig.7 Plot of time required for one operation.
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Fig.8 State transition of barrier synchronization.
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#define S_STAT1 0x00000001
#define S_STAT2 0x00000002
ast_mutex_t mutexl, mutex2;
volatile int init, count, curr, next;
void barinit(int n) {
init = count = n; curr = S_STAT1; next = S_STAT2;
ast_mutex_init (&mutex1, S_STAT1);
ast_mutex_init (&mutex2, S_STAT1);
}
void barclose() {
ast_mutex_destroy(&mutexl) ;
ast_mutex_destroy(&mutex2) ;
}
void barrier() {
int ¢ = curr, n = next;
ast_mutex_enter (&mutexl, S_STAT1);
if (--count) {
ast_mutex_exit (&mutexl, S_STAT1);
ast_mutex_enter (&mutex2, n); /x O */
ast_mutex_exit (&mutex2, n); /x O */
} else {
count = init; curr = n; next = c;
ast_mutex_exit (&mutex1, STAT1);
ast_mutex_enter (&mutex2, c);
ast_mutex_exit (&mutex2, n);

09 ODOoopoOoooOoooooo
Fig.9 Barrier synchronization with AST-sync.
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pthread_mutex_t mutex;
pthread_cond_t cond;
volatile int number, count;
void barinit(int n) {
number = count = n;
pthread_mutex_init (&mutex, NULL);
pthread_cond_init(&cond, NULL);
}
void barclose() {
pthread_mutex_destroy(&mutex) ;
pthread_cond_destroy(&cond) ;
}
void barrier() {
pthread_mutex_lock(&mutex) ;
if (-—count) {
pthread_cond_wait(&cond, &mutex);
} else {
count = number; pthread_cond_broadcast(&cond) ;
}

pthread_mutex_unlock(&mutex) ;

010 0O00OO0OOCOOOOOO

Fig. 10 Barrier synchronization with condition variables.
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Fig.11 State transition of elastic barrier synchronization.
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void elastic_barrier_enter() {
ast_mutex_enter (&mutex1l, S_OPEN);
if (-—count1) {
ast_mutex_exit(&mutex1l, S_OPEN);
} else {
countl = init;
ast_mutex_exit(&mutex1l, S_CLOSE);
ast_mutex_enter (&mutex2, S_CLOSE);
ast_mutex_exit (&mutex2, S_OPEN);
}
}
void elastic_barrier_leave() {
ast_mutex_enter (&mutex2, S_OPEN);
if (--count2) {
ast_mutex_exit (&mutex2, S_OPEN);
} else {
count2 = init;
ast_mutex_exit (&mutex2, S_CLOSE);
ast_mutex_enter (&mutexl, S_CLOSE);
ast_mutex_exit(&mutex1l, S_OPEN);

012 0QO00O0OO0O0O0OO0O0OO0O0O00O0
Fig. 12 Elastic barrier synchronization with AST-sync.

08 OD000O0O0OO0OOO0O0DOOO0D0O20 x 100000
Table 8 Performance of barrier synchronization ; small number of threads (20 x 10000).

09 0DO0O0000O0O0OOO0O0O000B200 x 10000

Table 9 Performance of barrier synchronization ; moderate number of threads (200 x 1000).
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Table 10 Performance of barrier synchronization ; large number of threads (2000 x 100).
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