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Implementation of Multiple Threads by Using Nested Functions

YUSUKE TABATA,! MASAHIRO YASUGI, it TSUNEYASU KOMIYAt
and TAIICHI YUASAT

Using OS-level threads for all threads described in a program incurs a large overhead. Thus
it is better to use user-level threads. In this paper, we propose a method to implement
user-level multiple threads, more precisely, high-level language threads realized by a language
system by using nested functions. A nested function can access the lexically scoped variables
in the definition-time environment and its pointer can be used as a kind of closure. To imple-
ment multiple threads, every function has its own nested function to continue its equivalent
computation and save the pointer of the nested function to be called later to early execute the
thread’s unprocessed computation (continuation). Since the naive implementation using GNU
C Compiler’s nested functions incurs a considerable overhead, we also discuss an improvement
to enhance performance.
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Fig.1 Compilation using XC-cube.
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int f(int a){
_ label__L;
int x;
int f_in(int b){

X = a+b; " int g(int (*fn)(int)){
goto L; fn(10);
return O; return O;

| -}

x = g(f_in);

f_in(5);

L:

return x;

}
02 0000000

Fig.2 An example of nested function.
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Fig.3 An invocation of nested function.
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Fig.4 Status of a thread.
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Fig.5 Status of a thread.
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(define (int (f (int n)))
(h (g n)))
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Fig.6 Function call and return (original code).

int f(cont c_p, int n){
int 1n = 0;
int t1, t2;
int tmpl, tmp2;
void *f_c(thst_ptr cp, reason rsn){
switch(rsn){
case rsn_cont:
switch(1ln){
case 1: goto L1; case 2: goto L2;
} return;
case rsn_retval:
switch(1ln){
case 1: return (void *)&t1;
case 2: return (void *)&t2;
} return;
} return;
1n 1;
t1 = g(f_c, n);
L1i:

= t1;
2;
h(f_c, tmpl);
L2:
tmp2 = t2;
*(int *) (c_p(cp, rsn_retval)) = tmp2;
cp->c = c_p; cp->stat = thr_runnable;
return;
}
1n = 1;
tmpl =
1n = 2;
tmp2 = h(f_c, tmpl);
return tmp2;

g(f_c, n);
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Fig.7 Function call and return (translated code).
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(thread-create ((int i (+ x 2)) (int j (x y 2)))
(g (xi 1)) (b (+3 3)))
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Fig.8 Thread creation and termination (original code).

v = X + 2
v2 =y * 25
1n = label-num; thst_top->c = nested-func;
thst_top->stat = thr_new_runnable;
thst_top++;
{

int i = vy; int j = vo;

int 1n = 0;

void *nthr_c(thst_ptr cp, reason rsn){
switch(rsn){
case rsn_cont:
switch(1n){
case 1: goto L1; case 2: goto L2;
} return;
case rsn_retval:
switch(1n){} return;
} return;
1n = 1;
g(nthr_c, i * i);
L1:
1n = 2;
h(nthr_c, j + j);
L2:
return;
}
1ln = 1;
g(nthr_c, i * i);
1ln = 2;
h(athr_c, j + j);
}
if ((thst_top-1)->stat != thr_new_runnable)
scheduling();
else thst_top—-—;

09 O000OODODOOOOOOOOOOOAO0
Fig.9 Thread creation and termination (translated
code).
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(thread-suspend (cc) (set! x cc))

010 OOOOOOOOOOOOOO
Fig.10 Thread suspention (original code).

thst_ptr cc = cp;

cc->c = nested-func;
cc->stat = thr_suspended;
X = cc;

1n = label-num;

return;

Liabel-num :
011 QOOOOOOOOOOOOOoOoOoOoDObobOO

Fig.11 Thread suspention (translated code for nested

function).

thst_ptr cc = thst_top++;
cc->c = nested-func;
cc->stat = thr_new_suspended;
X = cc;
1n = label-num;
scheduling();

}

012 Q0OOO0OOOOooOOOOOOObOOOOO
Fig.12 Thread suspention (translated normal code).
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(define (void (f))
(let ((cont a) (cont b))
(thread-create ()
(thread-suspend (c) (set! b c))
(while 1 (£2 (ref a) (ref b))))
(while 1 (£2 (ref b) (ref a)))))

(define (void (f2 ((ref cont) ar)
((ref cont) br)))
(thread-resume (deref ar))
(thread-suspend (c) (set! (deref br) c)))

013 0000000000 O0O0DD
Fig.13 Example of unshrinkable stack.
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Fig.14 Unshrinkable stack.
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Table 1 Result of fibonacci function (seconds).
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02 0O00D0000000O0O0O000O0
Table 2 Result of Fibonacci function (seconds).

Sparc PentiumIII
cooooooo 0.24 0.25
gooooooo 1.54 0.70
ooooooooo 0.56 0.37
StackThreads/MP 3.6 2.1
POSIXOOOOOOOO 28.2 -

(define (int (pfib (int n)))
(if (<= n 2) 1
(let ((int x) (int y)
(int nn 0) (cont c 0))
(thread-create
O
(set! x (pfib (- n 1)))
(begin
(set! nn (+ nn 1))
(if (<= nn 0)
(thread-resume c))))
(set! y (pfib (- n 2)))

(begin
(set! nn (- nn 1))
(if (< nn 0)

(thread-suspend (c0)
(set! c c0))))
+xy))))
015 00000000

Fig.15 Fibonacci function.
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Table 3 Thread suspenstion and resumption (micro
seconds).
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A.l O000OO0O0OOOODOOOOO

(defstruct sync
(int n)
(cont ¢))

(define
(void (f-notify ((ref (struct sync)) s)))
(set! (fref (deref s) n)
(+ (fref (deref s) n) 1))
(if (<= (fref (deref s) n) 0)
(thread-resume (fref (deref s) c))))
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(define (void (f-wait ((ref (struct sync)) s)))
(set! (fref (deref s) n)
(- (fref (deref s) n) 1))
(if (< (fref (deref s) n) 0)
(thread-suspend
(c0) (set! (fref (deref s) c) c0))))

(define (int (g (int x) (int y))) (/ (+ x y) 2))

(define (void (fwl (int n1) (int n2)
((array int) tabl)
((array int) tab2)
((ref (struct sync)) si)
((ref (struct sync)) s2)))
(let ((int i nl))
(while (< i n2)
(set! (aref tab2 i)
(g (aref tabl i)
(aref tabl (- i 1))))
(set! i (+ i 1))))
(f-notify s1)
(f-wait s2)
(let ((int i nl))
(while (< i n2)
(set! (aref tabl i)
(g (aref tabl (+ i 1))
(aref tabl i)))
(set! i (+ i 1))))
(f-notify s1)
(f-wait s2))

(define (void (divide-work (int n) (int m)))
(let (((array int) tabl (make-array int n))
((array int) tab2 (make-array int n))
((struct sync) si
(make-struct
sync :n O :cont 0))
((struct sync) s2
(make-struct
sync :n 0 :cont 0))
(int i 0))
(while (< i m)
(thread-create
O (Ewl 1 (- (/n2) 1)
tabl tab2 (ref s1) (ref s2)))
(fwl (/ n2) (-n 2)
tabl tab2 (ref s2) (ref sl1))
(set! i (+ 1 1)))))

A2 00000 0ODOOOODOOOO
#include <stdio.h>
struct _thstelm;

/* 0000000000000 00 */
typedef enum { rsn_cont, rsn_retval } reason;

/* 0000000000000 =/
typedef void *(*cont) (struct _thstelm *,
reason) ;

/* 0000 0000000000 =/
typedef struct _thstelm {
/* 0000000000 %/
cont c;
/* 0000000000 */
enum {
/* 0000000000000 =/
thr_new_suspended,

/* 00000 00000000 =/
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thr_new_runnable,
/* 0D0000000000000O */
thr_suspended,
/ 0000000000000 00 %/
thr_runnable,
/* 00000 (cont c)O OO */
thr_scheduled
} stat;
} thstelm, *thst_ptr;

thstelm thst([65536]; / D000 0000000

/x 000000000000000 %/
thst_ptr thst_top = thst;

typedef void (*schdexit) ();

/ 0000000000000 =/
schdexit cur_schd_exit = 0;
thst_ptr cur_schd_thst_top = thst;

void scheduling(){
__label__ LO;
/» 00000000000 =/
schdexit prev_exit = cur_schd_exit;
thst_ptr prev_thst_top = cur_schd_thst_top;
/» 00000000000 =/
thst_ptr mythst_top = thst_top;
void nonlocalexit(){ goto LO; }
LO:
cur_schd_exit = nonlocalexit;
cur_schd_thst_top = thst_top = mythst_top;
for(;;){
{/+« 0000000000000
ooooooooo =/
thst_ptr cp;
for(cp = prev_thst_top;
cp < mythst_top ; cp++)
if (cp->stat != thr_scheduled) break;
/* 00000 thr_scheduled OO */
if(cp == mythst_top) if(prev_exit)
prev_exit();

}
/* runnable OO0 00000 %/
{

thst_ptr cp;

cont cc;

for(cp = thst_top-1 ; cp >= thst; cp--)

if (cp->stat == thr_runnable
|| cp->stat == thr_new_runnable)
break;

if(cp < thst){

/ 0000000000000D0000000O0

Oooooooo =/
/» 00000000 =/

fprintf (stderr, "No active thread!\n");

exit(1);
}

/* cp 0 runnable 000 0O0000O00OCOOOO =/

do{
cc = cp->c;
cp->c = 0; cp->stat = thr_scheduled;
cc(cp, rsn_cont);

}while(cp->stat == thr_runnable);

}

/* 000 new_runnable 0 Opopd O
ooooooooo */

if (thst_top > thst &&

(thst_top-1)->stat == thr_new_runnable){

thst_top--; break;
}
}
/+ 000000000000 00 =/

cur_schd_exit = prev_exit;
cur_schd_thst_top = prev_thst_top;
}

/* thread-resume */
void thr_resume(thst_ptr cp){
if (cp->stat == thr_suspended)
cp—->stat = thr_runnable;
else if (cp—->stat == thr_new_suspended)
cp—->stat = thr_new_runnable;

}

struct sync {
int n;

thst_ptr c;
};

void f_notify(cont c_p, struct sync *s){
s->n++; if(s->n <= 0) thr_resume(s->c);

}

void f_wait(cont c_p, struct sync * s){
int 1n = 0;
void *f_wait_c(thst_ptr cp, reason rsn){
switch(rsn){
case rsn_cont:
switch(ln){ case 1: goto L1; } return;
case rsn_retval:
switch(ln){ } return;
} return;
{
s=>n--;
if(s->n < 0) {
/* thread-suspend */
thst_ptr cO = cp;
cO0->c = f_wait_c;
cO->stat = thr_suspended;
s->c = c0;

1n = 1;
return;
}
}
L1:
cp->c = c_p; cp->stat = thr_runnable;
return;
}
{
s=>n--;

if(s->n < 0) {
/* thread-suspend */
thst_ptr cO = thst_top++;
cO0->c = f_wait_c;
cO->stat = thr_new_suspended;
s->c = c0;
1n = 1;
scheduling() ;

¥

}
}

int g(cont c_p, int x, int y){
return (x+y)/2;
}

void
fwi(cont c_p, int nl, int n2,
int *tabl, int *tab2,
struct sync *sl, struct sync *s2){
int 1n = 0;
int i = nl; int i2;
int t1, t4;
void *fwl_c(thst_ptr cp, reason rsn){
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switch(rsn){

case rsn_cont:
switch(1n){
case 1: goto L1; case 2: goto L2;
case 3: goto L3; case 4: goto L4;
case 5: goto L5; case 6: goto L6;
} return;

case rsn_retval:
switch(1ln){
case 1: return (void *)&t1;
case 4: return (void *)&t4;

} return;
} return;
while(i < n2) {
1n = 1;
tl = g(fwl_c, tabl[i], tabi[i-1]);
L1:
tab2[i] = t1;
i++;
}
1ln = 2;
f_notify(fwl_c, s1);
L2:
1n = 3;
f_wait(fwl_c, s2);
L3:
i2 = ni;
while(i2 < n2){
1n = 4;
t4 = g(fwl_c, tab2[i+1], tab2[il);
L4:
tab1[i] = t4;
i2++;
}
1n = 5;
f_notify(fwl_c, s1);
L5:
1n = 6;
f_wait(fwl_c, s2);
L6:

cp->c = c_p; cp->stat = thr_runnable;
return;

}
while(i < n2) {
1n = 1;
tab2[i] = g(fwl_c, tabl[i], tabl[i-1]);
i++;
}
1n = 2;
f_notify(fwl_c, s1);
1n = 3;
f_wait(fwl_c, s2);
i2 = nl;
while(i2 < n2){
1n = 4;
tab1[i] = g(fwl_c, tab2[i+1], tab2[il);
i2++;
}
1n = 5;
f_notify(fwl_c, s1);
1ln = 6;
f_wait(fwl_c, s2);
return;

void divide_work (cont c_p, int n, int m){

int 1ln;

int tabi[n];

int tab2[n];

struct sync si1 = {0, 0}, s2 = {0, 0};

int i = 0;

void *divide_work_c(thst_ptr cp, reason rsn){

}
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switch(rsn){
case rsn_cont:
switch(ln)
{ case 1: goto L1; case 2: goto L2; }
return;
case rsn_retval:
switch(ln){ 1} return;
} return;
while(i<m){
{
/* thread-create */
1n = 1;
thst_top->c = divide_work_c;
thst_top->stat = thr_new_runnable;
thst_top++;
{
int 1n = 0;
void *nthr_c(thst_ptr cp, reason rsn){
switch(rsn){
case rsn_cont:
/* continue */
switch(ln){ case 1: goto L1; }
return;
case rsn_retval:
/* return return value location */
switch(ln){ } return;
} return;
fwl(nthr_c, 1, n/2-1,
tabl, tab2, &si1, &s2);
Li:
return;
}
1n = 1;
fwl(nthr_c, 1, n/2-1,
tabl, tab2, &sl, &s2);
}
if ((thst_top-1)->stat
!= thr_new_runnable) scheduling();
else thst_top--;
}
L1:
1n = 2;
fwil(divide_work_c, n/2, n-2,
tabl, tab2, &s2, &s1);
L2:

i++;
}
cp—->c = c_p; cp->stat = thr_runnable;
return;

while (i<m){

/* thread-create */
{
1n = 1;
thst_top->c = divide_work_c;
thst_top->stat = thr_new_runnable;
thst_top++;
{
int 1ln = 0;
void *nthr_c(thst_ptr cp, reason rsn){
switch(rsn){
case rsn_cont:
/* continue */
switch(ln){ case 1: goto L1; }
return;
case rsn_retval:
/* return return value location */
switch(In){ 1} return;
} return;
fwl(nthr_c, 1, n/2-1,
tabl, tab2, &s1, &s2);
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L1:
return;

}

o0 0ObOoDbOoDbo
19690 0019910000000
ln = 1; oooooooooooboooo99s
fwl(nthr_c, 1, n/2-1, L 4
tabl, tab2, &sl, &s2); gbooobooboobooobobogon
}
if ((thst_top-1)->stat != thr_new_runnable) ‘ R

scheduling(); gooboooobooooobooo
else thst_top—-;

3 goddd0dodbOo0o0oooOooobooooooa
1n = 2; goO00ooo9sooooooooooooooa
fwi(divide_work_c, n/2, n-2,
tabl, tab2, &s2, &si); OOo000O00000O0000O0O0mooboooao
}i++; O0ooO0OO00O00000DOobooO0o0o0oOooo 8oo
} Oo0oo00oOOoODO0O0OOoOoaOoao
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