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#define FETCH_AND_ STORE 1
#define COMPARE_AND_SWAP 2

void fetch and _store(int64_t addr, int64_t size, void xfetch_data, void xstore_data) {
DMI__atomic(addr, size, store_data, size, fetch_data, sizey FETCH_AND_STORE, PUT);
return;

}

int compare__and_swap(int64_t addr, int64_t size, void *compare _data, void xswap_data) {

int result;

void *in__data = malloc(size * 2);

memcpy (in__data, compare__data, size);

memcpy (in__data + size, swap__data, size);

DMI_ atomic(addr, size, in_data, size * 2, &result, sizeof(int), COMPARE_AND_ SWAP,
PUT);

free(in_data);

return result;

}

void DMI__rmw(void xpage, int64_t size, void *in__data, int64_t in_ size,
void *out__data, int64_t out_size, int tag) {
switch (tag) {
case FETCH_ AND STORE:
memcpy (out__data, page, size);
memcpy(page, in__data, size);
break;
case COMPARE AND SWAP:
if (memcmp(page, in_data, size) == 0) {
memcpy(page, in__data + size, size);
((int*)out_data)[0] = 0;
} else {
((intx) out__data)[0] = 1;

break;

return;
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#define ALLREDUCE 3

int allreduce(int64_t addr, int sub__sum, int n) {
int sum, in_data[2];
int64_t wait_addr = addr + sizeof(int) * 2;
in__datal0] = sub__sum;
in_data[l] = n;
DMI_ atomic(addr, sizeof(int) x 2, in_ data, sizeof(int) * 2,
& sum, sizeof(int), ALLREDUCE, PUT);
if (sum ! = WAIT A MOMENT) {
DMI_ write(wait_addr, sizeof(int), &sum, PUT);
} else {
do { /* (#) */
DMI read(wait_addr, sizeof(int), &sum, UPDATE); /* (##) */
} while (sum == WAIT_A_MOMENT);

return sum;

}

void DMI__rmw(void *page, int64_t size, void *in__data, int64_t in_ size,
void xout_data, int64_t out_size, int tag) {
int xsum = &((int*)page)[0];
int xcount = &((int*)page)[1];
int *sub_sum = &((int*)in_ data)[0];
int *n = &((int*)in__data)[1];
int xret = &((int*)out_data)[0];
switch (tag) {
case ALLREDUCE:
ksum + = xsub__sum; [* (#H#H#) */
xcount + = 1;
if (xcount == xn) {
*ret = *xsum;
xsum = xcount = 0;
} else {
xret = WAIT A MOMENT;

}
break;
}

return;
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01: #include "dmi_ api.h"
02: #define PROC__MAX 128
03: #define CORE_MAX 16

04:

05: typedef struct arg_t {

06: DMI__mutex_ t mutezx;
07: int value; /* a counter */
08: int64_t flag_addr;

09: }arg t;

10:

11: #define MUTEX (arg__addr) ((int64_t)&(((arg_t*)arg_addr)— >mutez))
12: #define VALUE(arg__addr) ((int64_t)&(((arg_t*)arg__addr)— >wvalue))
13: #define FLAG_ADDR(arg__addr) ((int64_t)&(((arg_t*)arg_addr)— >flag__addr))

14:

15: void DMI_main(int argc, char **xargv) {

16: DMI_ proc_t proc;

17: DMI__thread_t handle[PROC_MAX][CORE_MAX];

18: int 1, value, flag, my__pid;

19: int64_t arg__addr, flag__addr;

20:

21: DMI__pid(&my__pid); /* know the process id of this process */

22: DMI_mmap(&arg__addr, sizeof(arg_t), 1); /* allocate a global address space for storing arguments for a thread */

23: DMI_mmap(&flag__addr, sizeof(int), PROC_MAX);
/* allocate a global address space for notifying threads of their termination */
24: DMI_mutex__init(MUTEX (arg__addr));
25: value = 0;
26: DMI_write(VALUE(arg__addr), sizeof(int), &value, EXCLUSIVE);
27: DMI_write(FLAG__ADDR(arg__addr), sizeof(int64_t), &flag__addr, EXCLUSIVE);

28:

29: while (1) {

30: DMI_ poll(&proc); /* poll a process which wishes to join or leave */

31: if (proc.state == DMI_OPEN) { /* if the process wishes to join */

32: DMI__welcome(proc.pid); /* the process joins */

33: flag = 0;

34: DMI_write(flag_addr + proc.pid * sizeof(int), sizeof(int), & flag, EXCLUSIVE);

35: for (i = 0; @ < proc.core; i++) { /* create threads on the process */

36: DMI_ create(&handle[proc.pid][i], proc.pid, arg__addr);

37: }

38: } else if (proc.state == DMI_CLOSE) { /* if the process wishes to leave */

39: flag = 1;

40: DMI__write(flag_addr + proc.pid * sizeof(int), sizeof(int), &flag, EXCLUSIVE);
/* notify threads on the process of their termination */

41: for (i = 0; ¢« < proc.core; i++) { /* join the threads */

42: DMI_join(handle[proc.pid][i], NULL);

43:

44: DMI__goodbye(proc.pid); /* the process leaves */

45: if (proc.pid == my_ pid) break;

46: }

47: }

48:

49: DMI_read(VALUE(arg__addr), sizeof(int), &value, GET);

50: printf("The final value is %d\n", value);

51: DMI_mutex_ destroy(MUTEX (arg__addr));

52: DMI__munmap(flag__addr); /* deallocate the global address space */

53: DMI_munmap(arg__addr); /* deallocate the global address space */
54: return;

55: }

56:

57: int64__t DMI_thread(int64_t arg_addr) { /* each thread */

58: int value, flag, my__pid;

59: int64_t flag__addr;

60:

61: DMI_ pid(&my_ pid);
62: DMI_read(FLAG_ADDR(arg__addr), sizeof(int64_t), &flag_addr, GET);
63: while (1) {

64: DMI_read(flag__addr + my_ pid * sizeof(int), sizeof(int), &flag, UPDATE);

65: if (flag == 1) break; /* terminate this thread if the termination of this thread is notified */
66: DMI__mutex_lock(MUTEX (arg__addr)); /* lock */

67: DMI_read(VALUE(arg__addr), sizeof(int), &value, INVALIDATE); /* read the counter */
68: value++; /* increment the counter */

69: DMI_write(VALUE(arg__addr), sizeof(int), &value, PUT); /* update the counter */

70: DMI_mutex__unlock(MUTEX (arg__addr)); /* unlock */

71:

72: ieturn DMI_NULL;

73: }

039 000000000000 /00D00000000DDOO00O00ODOOO0O0O0ODO
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000300000 w.buffer=00000000000000000000000O0O0OOOOO0
Oooooo0o00 buffer000ODODOODODO0O0OO0OOOOOO0OOOOOOOOOOODOODOODOD
Oo0000Wuffer00000000DOOODODOOOOOOODOOOOODOOOOOOODOOOODOOO
000000000000 000000000000000000 PUTOOOO writeOOODOODO
ooboooboooooocoooOoooooOooOoooOoocOoOoOoOoOoOoOoOoOoOoOoOoobooOoooDoboOooon
goobobobooooooboobobOobOobobooUob00DooobUobUobobooboooooo
0000 PUTOOOO writeDOOOOOOO0OO0O0O0O0O0OOOODDOOOODOOOOOOO0O0OOOO
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4.2.4.2 00000000 read

000000 4800 4900 4.1000 4110000000000 0ODOODOODOO0ODO 4800
4900 4.1000 4.11000D0OCOO00ODCOODOOO0OOOOOODOOOODOODOOOODOOO
goboobooobogoobooobbooboooboobooobbooobooboboobboobobo
OO0 INVO INVALIDODOWN O DOWN_VALIDOUPO UP_VALIDOOOOOO

0000 i0reaed0000000O0O0O%.state = DOWN_VALID 000 i.state = UP_ VALID
000000 dstate D read 00 0000000000000 DOOOO0OOO0O00OO ¢.buffer O
00000000000 read 0000000000000 O0read000000000read 00O
00000000000000 480A000000 43000000000000004.state 000
O00000000O0Ddstate =DOWN_VALIDOOOOOO UPDATEODOOOOOOOOO
i.state=UP_VALID O0OO0OUOO0O INVALIDATEOUOOUOOO GETOOUOOODOOOOO
O0O0OO0:‘0Oread 0000000 0000000000000 20000000000000
010 v.state _array[i] = INVALID 0O O

() 0000 000000000 INVALIDATEOOODOOOOOOOOD vOO
v.state _array[i] = DOWN_VALID 00O 0Ov.waelid 0 10000UPDATECODOOODODO
000000 vO0Ow.state_arrayfi)] = UP_VALIDOOOOOOOw.welid 0 10000 GET
goobooboboboooooon

(2) INVALIDATEOOOOUDOO0O UPDATEOODOOOOOOOOOOO »000000 (00O
00000000 v.state_arrayi) 000000 read 0000000000000 OO0OOO
O000480BODGET 0000000 OOread 0000000000000 OOOOOOO
O000OO0read00000000O0O00OOOOOOOOOOO

(3) INVALIDATEOODOOOO UPDATEDOOOUOUOOOOread 00000000 0OODO ¢0OD0O
i.state O v.state _array[i) 0000 Od.probable 0 v 0000 Dibuffer 0000000 0O0ODO
000 480 CHOObuffer 000000 read 00000000 ODO0OGETOODOOOOOOO
read 00000000000 ¢00¢.probable 0 vO0 000000 0read 0000000000
O000O0O0OO0OreadOD0COODOO

gmoooooooo

00000000000 read00000 4state0 read 000000000000 0000O0ODO
000000000 00000 ;000000 read000CO000O0O0OCOOOOOOOCOOOO
reed 0000000 0000000000O0O0OOCOODO:000000000O0O0OODOOOO
gooooooocooooooobMICOOOOOOOOOOOOOOOOOOCOOOOOOOO0O
00000ooo0oo00ooooo0oo00ooDooo00oobo0O0readd000D00OOOO0OO
000000 read 0000000000000 O00OO00O0DOOOO00OOOOIDODOOOOOOD
000000000000 read0000000000000000O000O0O0O00O00O

(1) 0002000 0O0D 000000000 GETOODOOOD INVALIDATEOOOOQDOO

- 75 -



4, 0DO00O0O0O0ODODOOOOOODODOODODbDOOO

(2)

(3)

00 w.state_array[il = UP_VALID 000 v.state_array[i{] 0 DOWN_VALIDOOOOOO
000000000000 UPDATEDDODDOODODO w.state_array[i] = DOWN_VALID
000 v.state_arrayfi] 0 UP_VALIDOOOODOO

0000 000000¢0000Ow.state_array[i) D0D000 reed 0000000000

goboooooogono

reaed 0000000000 40Did.state O v.state_array[i) 000 O Oi.probable 0 v 0 00

O00dbuffer 000000 read 0000000

4.2.4.3 00000000 write

O000¢0write 0000000000 0000000000 dwaelid=100000020 4.buffer
00000000000 write 0OODOOO0OO0OOO0OCOO0OOO0O write0DOOODOODOODOQO write O
gobooooooooobooobooooooog

olooooopPUTOOOOOO

(1)

(2)
3)

0000:00000000000d0000 writeDOOOOOOO0O o 000O00O0OOOO
4.90 A0

write 00000000000 000000000 dOO0DOOO v.buffer000000
0000 vO0Ow.owner 0 FALSEOOOOOOODUOODOOOOODOOOODOOOO vOO
v.state _array[j] = DOWN_VALID OOOOOO0OOO0OOO j(# v) 0000 Oinvalidate O
O0000OO0O0oOoOoOoOoOoOoOoOoOoOoOoOOOinvalidate 00 0ODOO0OO0OO0OOOOOO jO00000
v.state _array[j] O INVALID 00 00 Ov.waelid O 100 0 O v.state_array[j] = UP_VALID
000000000000 j(#09) 00000000 d0000 uwpdateOODODOODOOODOO
oobDo0ooooo 490BOO

invalidate 0000000000 OO jOOj.state 0 INVALID OO0 00O O j.probable 0 v 0O
00000000000 v0000 invalidate00O0O0O0O0O0DDO 4.90 COO

update 000000000 OODO 000000000 d0O0OO0OD0O j.buffer 00000
j.probable 0 v 0O O0DO0D000O0O0O00O w0000 update 000000 ODOO 4.90CODO
0000000000000 O0O0OOO invalidate 000 update 000000 invalidate O O
OupdateD0O0O0O0O0OCOOOv.owner D TRUEODOODOOOOOOOOOOOOOOOO
O0D:00000write0O0O00O0OOO0OO0O0OO0OODOOOODOOOD400DODOO0O0O0O
Owvownerd FALSEOOOODOODOOOODO TRUEOODOODOOOOOOODDODOOOOOO
gbooboboooooobuoboboootboorobob0obob0oobbo0bo»0bOo0On
00000000000 Ow.probable(=v) 000000000000 0OODODOOOODOO
go0obooooboooooDooooDobDobDd writeDODODOOOOOOOOOODOOOOOO
read 000 write 000000000000 OOOOOO

write 00000000000 ¢004.probable 0 vO0OO00000 490 E00 write 000 O
gog
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Oooooo0 EXCLUSIVEOOOOOO
oooo;00000000000DOO00O0O010DO00YC00DOO0O0OObOODO 0000000
ooooooooooosebOoOvy0oOoOoOoOooooon

(1)
(2)

(7)

0000 :000000000000000 0000000000 4.100A00
o0oo0o0oO0oO0o0o0ooOo0o0v000000v0000000000O0000+:0000
0o0o000oooooooooooooOoCoOoooOooooooo 4100BO0D000ooOoo
0000 v.probable 0 :000000000000C00000O0O0 v.probabled :000000O0O
gboboooooboobooooboooboooooobooobooooo400b000b0000O0O0DOO0
probeble 0000000000000 O0O0O0DOOO0OO0DOOO0OOOOOOOOO0OOOOO
000000000000000000000000000000 v.prebabled :O000000
gboboboboooooobobobobooooon
O00000000000000000 vO0w.probebled 0000000 4100COD0O0O0O
gboobdoboboooooboobooboboboooob

0000 vO00w.owner D FALSEOOOOOODOOOOODOODODOOOOD:00000DO0O
v.state_array 000 v.seq_array 0 voalid 0000000000000 0O0COOOOOO
0000000000000 v.state_array[i]) =INVALID OOOOO0OO0ODOO¢0000000
00000000 0w.state_array[il] 0 DOWN_VALID O0O0O0OOw.waelid 0 1000000
000000o0o0oooooooooooooo 4.100 BOO
000000000000000D00 0000 4.state_array 000 4.seq_array O i.valid
0000000000000 v.state_array 000 v.seq array 0 v.velid 000000000
0000000000000 0000D00000 d.buffer 00000000000 O¢.probable
0:0000000 4.100C00
0000+0000000000000000 dbuffer 0000000000 ¢00%.0wner O
FALSEOOOOOOOOOOO0ODOO0O0O0O0D00O0000MmIOO EXCLUSIVEOOOOODOOO
O0000O0Oinvalidate 000 update 00 0000000000000 O0O0O0O0OODOOOO
00 4.100 bODO

0000 +000000 invalidate 00000 update 0000000000 invalidate 0 00O
OO0 update 000000000 O%.0wner0 TRUEOOOOOOOOOOODOODO 4.100 EOTD

4.2.4.4 0O00O00OO0O0OO

O0000:00000000000000000O¢.stated INVALIDOOOOOO4.buffer 0000
ooboooooooooboboobovyvbO0oboboboOooboOooobooooobboobobooooboooooon
O00:000000000000000000A0 d.state 0 INVALIDOOOOOO d.buffer DO0ODO
0000000000 000000 4000¢.stated d.buffer 0000000000000 0OOOOO
goboooooboooobbooobooooooooooDo

0000 :000000000000000000O4.state=INVALIDOOOOOOOOOOOOO
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(A)

O

®) © (o)
seomLER( e LisaE( )
@ DOWN @ DOWN @mv
DOWN OINV @DOWN OINV =) DOWN OINV
up DOWN INV up DOWN INV up DOWN INV up DOWN

INV
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0411 O0O000O0OO0OCOOOOOOOOO

goboooobogoooboobobooboooboobboooboooboobboobbooboo
000000000 4110 AOD

(1)

0000000000000 00 v O0Ow.state_array[i)] = DOWN_VALID 00O O
v.state__arrayli] = UP_VALID O 0 O wv.state_array[i] O INVALID 000 0 Owv.valid O
100000b00bv000O00:0b0b00b00ob00ob00obObob0bO0ob0obOoDOobDobOOon
0000 4110BO00000O0 +#0 000030 00000000s=200000000
000000000000 4(=+) 0000 INVALIDOOOOOODOOOODODODODOOODO
goobobobo0ooooooboobobobom3sooooobobobobooo
0000000000000 00 ¢004.state 0 INVALID 000 O O4.probable 0 v 0 OO0
000 4.110DOO

000000000002 0000000000000 000000 v0000O00OO0O
0000000« 000000000000000000000000000000000O0
4110COO 00000000000 v.probable D v 0000000000000 O0OO0OOO
v.probable 0 ' 00 0000000000000 O0O0OOOOODOOOOOOOOOOOOO
4000000000

00000000000000000 vO0Ow.probeble 0 v 0000000 4.110DO0O OO
gobbooboobbooboobboobooboboo

0000 v0O0wv.owner J FALSEOOOOOOOOOOOOOOODOOOo»O000O0OO
00000000 v.state_array 000 v.seq_array 0 vwaid 00000000000 0O0OO
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0000000000000 00D00000O v.state_array[’] =INVALIDODOODOODOO
002 000000000000 000Ou.state_array[v'] 0 DOWN_VALID 00000
voaid 0 10000000000000000O0DOO0ODOOOOOO0O 4.110COD00O00O
000002 0000.0000000000000000000000000000000
goobooboooobooobooboboobbooboooboobobooboboobboo
000000o0o0ooooOoOoY000000o0oooo
000000000000000000 o 0000 v.state_array 000 v'.seq_array O
velid 0000000000000 v.state_array 000 v.seq_array O v.valid 0000
000000000000 000000000000000 Y.buffer000000000O0O0O
v.owner 0 TRUEOOOOOOODOOODOOOV .probable 0 v 0000000 4.110 DOD
gt oobobobboboboobon

ooboooboboobboobooobooboboobboobbooboobobooboboooo
gooooooooogo
4.2.4.5 000000 read-modify-write

3.5.200000000000 read-modify-write 0000000000000 0000O00OOO write
000000000000 000 writeOODODOOOD writeOODOODODODOODODOOODOO
00000 DMI_function() 00000000000
4.2.4.6 0000O0O0OOOO

3.5.300000 DMI _watch()DOOODOOOO0OOO «00D0O00DO0ODOO0OdOODOODOO
oo obbobobbbbbbobobbodddUUUuUuUg o

()

OO0OUPDATEOUOUOO reaed 000000read D0OO0ODMI watch() DOODOOODOO
0000 e0D0O0O0O0OOOO0dOOOOODOODOOOOOOOODODOOOOODOOODOODOO
00000000000 uwdate0 00000000 D0O0OO00O0OO0OO0O0O0OOUPDATEODOOO
read 000000000000 «00000000000O0DOD0OO0OO0O0O0OO0OO updated
gobooobooooboooo

O0000O00uwdate 00000000000 O0O0O00 «0ODOOOO0OOdOODOODOOO
goboooboooobooooooooooobooooboboooDbboooobooooDooOooonD
O000O00wdate D0OO0O00O00OO0OO0O0DODOOOODO
obooobooooobooobobooobooooobob eOODOO0ODOOOOOOOOOOO
O invalidate 000000000000 Dinvalidate 0000000000000 UPDATE
O000read 0000000000000 O0OO0wdateO0OOOOOOOODOOOODO

4.2.4.7 000000000O0O0O00O00OO
coboooooboooboobooobOboOobooobOOooboOobooOooOoOoboooboOooOoOobobooboOon

0000 O000oood 0000000000000 probableowner 100000000000

goboobooooOoobooobooooobOboOoooboOobooooOoOoOoboOobOoOoOoOobooobOoOoobooOooon
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(A) (B)
o V() VIE) V(tier) V(teay) see | =es V(oo v(tC)D

0412 0DO00O0O0OO0OOODOODODOODUOODOODOO0MAOW(t,)0DODODOODOOD
00D000mMBOw(t,)0DDOODOO0ODODODOODOOOODO

0000000000000000000000000000000000000000000000
00000000000000000000000000

0000 20 2/ =z.probable 1000 00000000000000000000 # 00000
00000000000 0000000000000 2/ 000000000000000 «/0
0000000000000 0000000000000 #/000000000000000000
0000000000000 00000000000000000000000000000000
000+ 0000000000000000000000D00000000 /000000000
00000000000 200 probeble 1000000000 000000000 /000000
0000000000000 00000000000000000000000000000000
000000000D0000000000000 t,040¢0...000000 ¢ 00000000
00000 () 0000000000000000000000000000000000000
v(to) — v(ty) — v(ty) —...0000000000000000 /0000000000000 ¢ 0
000000000000000

v(to) = v(t1) — ... = v(tk—1) — v(te)(=2") = v(tetr) — ... (Vi >k vy #2')

goood

0000 I0w(tk+) 0000000000NMODOO0O0OO0OO 20000000000 1010
v(itr+1) 000D 0DO00D000w(t)(=2)00000000000000000O0DO0O0ODOOODOO
000000000 yDOOOOODOQOUODOUODOUODOOODO0O0ODDOUOOUODOOODOOOO y.probable O
000000000000 MO000D000D0D0 w(tg)(=2)00000ODO0O0O0O0O0O0ODOODO
v(itp)(=2)00000000000000000000000000 vu(tg).probable(= a’.probable)
0 Ov(tpi1)0v(tkre)0v(tess)d...000000000000000000 4.120A00000000
0000 2’00000 00000000000 «'.prebeble 000000000000 O0O0OOOO
gboobobobooooooobobobobooooooobooboboo

0200 000(tkx+1) 0000000000 Ow(t,)(=2)00D000O0D00O000O00O0O0ODOO
0000000000000 o(t)(=2)0000000000000000000O0O0O0OOOO0O0
ODv(ty)(=2')00000000000000000000000u(k)(=2)0000000000
0000000000000 00D00 write 0000000000000 DODO owner O FALSE O
000000O0d0o0O00oCo0d0oOo0o0oO0O0oOoOoooOoUDoOwritebOOOODOODODOODOOOD
00000000000 v(tg).probable(= o’ .probable) 000 v(tx) 000D ODO00ODOO0OODOOODO
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(A) Ty Deem Oy (B) o () Eem P
B 25 G- &F o
@ 6o 2 66 @ ©® . /®®

@ @ @@ @ @@

0413 0000000 /000000000000DO0O000DOOMADODOOOODMBO
goooooooo

00000 v(ty)(=2") 000000000000 000000 4120BO0000000O0O0O0O0O 2/
00000 00000000000 2'.probable(=2)00000000000000O0OO0OOOO
0000000000000 0 2/ 000000000000000000000002’ 00000
0000000000000000000000 2/ 000000000000000O0O000o0aQ
goboooobuoooobooboboobooobuoobboobboobooboboobbooDbOoo
007/ 000000000000000000000000000000I0000000O00O00aQ
0000000000000 00MID0000000000 2 00000 0000000000
O a'.probable 0000 0000000000000 D0O0D0OO0ODOOOOOOOOOOOOOOOOO
gooboboboooooo

0000000000000000 0000000000000 200000000000 2’0
000000000000 00000 200000 200000000000 2'.probable 00000
000000000000 M0O00000 2/0000000000000000 00000000
gooooobgobooboooboooboobooboobooboobooboboooboobOo™@Dbo
gobboobooboboobbooboooboobobooboooboobboobbooboo
gobooooboooboobbooboooboobboobbo0boooboobboobboo
gooboobooooo

4.25 00000O0OOOOOO/O00
4.2.,5.1 0O00O0OOOO

oooooooooooooboooooooobo10000000o0oooooOoobocoOoOoOoooooon .
goboo0o j00ooo0oobo0oooboooooboooooooooobOooD

() D000 000000 jOODO0ODOODOODOOOO

(2) 00000000000 D jO000000000O000DO0ODO

(3 0000 0000000000000 DO00OOOOOODOOOOODOODOOOOOD
j.probable 00 DO OO
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(4 0000:000000000D0O0O0DODUODDO0O0OODOO0OO d.owner O FALSEODO
i.probable O j.probable O Oi.state 0 INVALID OO O UOO0O0O0OO0OOOOOOOOOOOO
00D00+¢000000000 read/write 000D 00D0 read/write 0000000000
goooooooooooddgdddbbugg ™
O0O0Oread/write 0000000000000 000D00000O00000O0OO0O0ODO0OO
O i.probable O j.probable 00000000000 :probeble 00D DD O0ODO0O0O0OOOOOO
J0000000o000oodU0oo0ooooouoog 4.130 A0

(5) 0000 :000000D000O00DO0OOLU0ODOOODODOOODODOOOO

(6) 000000000000 D0OOOODOO

4.2,5.2 0OO00O0OOOO
gboob.00000000000bO00boboo

() D000 00000000000 DO0OOOO

(2) 0000 :000000¢000000000O0DO0OO0OO0OO0OD0OO0ODOOOUOO0OOOO
gooooo

(3y 0000 :000000000000000000000000O000O000O00O000

(4 0000:0000000000000000O0D0OO0O0O0O0O0O0 i.probable0D0O00ODODO
00000000000 kOOk.probable=:00000000000000000 k.probable
O ¢.probeble 000000000000 00000O00O0OO0O0O0O0O0O0O0O0O0OO00O0ODO0OO
1000000000000 0000DO0U00O0D0O0 4.13(B)M

(5 0000 :00000000000000D0O0OOD0OO0OODODO

() 000 :00000000ODO0U0OOOOD jODODOOODODOOODOO

() D0D0DO00O0O000000D j0000000000000000

4.3 004000

DMIODOOODOOOOOODODOODOOOOOO sweeper 000000000 OOOODODOOCOO
gobobobobobobobobobobobobboboooooooooooboobooboobDOoDo
gobooobooboooboobooobooboobobooboboonoo

010000000000000000000000D0000:00000000000000¢buffer
gobboooboooboobbooboooboobobooboboooboooboobbooboo
goboboooooboobgoboobooobobooboboboooobo4.2440000000D0OD0O
goboooooOooboOoOoboOoOooOoOoOob.0bDO00DOOO0bOO00ODbDOO00ODOODbOOOD
goboboooboobbooboo

(H)OODO00DO0DO0O0U0D0OUOOUOODOOINVALIDOOOODOD
(2) DOWN_VALIDOOOOO UP_VALIDOOOOOOOOOOOO¢00O0O0OO0O0OO0ODOOO0OO
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oooo

(3 0000 0000000000000 D00 000 DOWN_VALIDOOOOO UP_VALID
goboooboooooobooooboooo

(4 0000000000000 000000000 DOWN_VALIDOOOOO UP_VALID
goboooboooobooooooooon

ooOoooDbDMIOODmM20—-030—-0400000000000000000C00O00DO0OODOO
00000000 000000D00D00000O0D000000O0O0D0000000000000
O0ODMI save(int64 t addr, int64d t size) 000 0000000000000 000000 [addr,
addr+size) 00 0000000000000 00000D000O00O00O0O000OO0OOOOOOOO
0000000000000 0000 DMI_unsave(int64 _t addr, int64_t size) 00000000

O200000000000000000000D0O0010002000300000000000
0000000000000000000+:00000000 INVALIDOOOOOOOO0O0OO000O0
gboboboboboboboboboboobooboboOooooobooboobooboboobooboobo
0000000000000000000000000000000400000000000000
0000000000 00000000000000000000000000000000000O0
goboboboboboboboboboboboboboooooooooooboobDoboboDo
0000000000000000000000000000000000O00000000000O0
gboboboboboboboboboooboboobooooooooboobooobooboobooboboDbo
0000000000 00000000000000000O0000000O0000000O0000O0
0000000000000 0000000D00000000000 gossip-based 00000000
0000000000 00000000000000000O0000000O00000DO00O0000O0
000000000000 00000000000000000000000000

0000o00o0O0000oooO0000oOooO0O0!loo00O0O00U0bOO0O0D0D0DOOoDOOOoOooOD
0/0000000sweeper 00000000000 OOO0O0O0OOOOOOOOOOOOOOOOO
O0O0Osweeper 0000000000000 DOOOOIODDOOOOODOOOOOOTIODOOOOD
000000000000000O00b000!0000000000000000O000D00O0DO
ooooooooooOoooooO0ooooooOoO0ooolooo0ooooOoO0o0DooOooOoooooOD
goboboboboboboboboboboooobooooooooooooboboboboboDbo
000000000000000000000000000000000000000000000O0
gbobobooooooooooon

4.4 (UO0O0O0OO0OO0OOOQOOOO

3.42000000000DMIOCOOO0O00000000000000000000000O0000
gobobobobobobobobobobobobobooooooooooobooboDobDobDOoDo
goboopobooboobbooboobboobd pboobbOo0obOo0obbOob0bOo0oboo
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01: when a global address space M is allocated:

02:  p.time := 0 for all pages p € M

03:  p.N := {(the owner of the page p)} for all pages p € M
04:  p.stampli] := 0 for all processes i, for all pages p € M

05:
06: when the receiver thread of a process v receives a message m:
07:  wv.d:= v.l+(the estimated amount of the data transfer

that the message m will request from the process v)
08:  put the message m into a FIFO queue v.q

09:

10: when the handler thread of a process v gets a message m from a FIFO queue v.q:
11:  v.l := v.l—(the estimated amount of the data transfer of the message m)

12: ¢ := the source process of the message m

13:  p:= the page that the message m requests
14: s := the size of the page p
15:  if the process v is the owner of the page p
and the page p has to be transfered to the process ¢ then

16: if s > T, and v.l > T; then

17: select j s.t. p.stamp[j] is minimum for Vj € p.N
18: p.stamplj] := p.time

19: p.stampli] := p.time + 1

20: p.time := p.time + 2

21: delegate to the process j a transfer of the page p to the process i
22: else

23: p.stampli] := p.time

24: p.time := p.time + 1

25: transfer the page p to the process ¢ directly

26: endif

27: p.N :=p.NU{i}

28: else

29: handle the message m normally

30:  endif

31:  if the process v is the owner of the page p

and is going to invalidate the cached page p on the process i then
32: p.N := p.N\{i}
33: endif

0414 DOOOOOOOOOOOOOOOCOOOOOOOO

goboopoogo

0001 OO00pOO0O0COO0OO0O0COOOOOCODOOCOCODOOCOCOOCOOmMODOOOO
cooboooobooobooooooooooboooboOoooboo

0002 O000O0OO0O0OO0O00b puobOOCOO0OOO0OO0OOO0ODOOOODOCOOODOOOO0O0O0
coooooooocooboooooboboo

ogoooooooobo41400000000000000C0O

41 000000000DMIOODOOOD0O0OO receiver 00000 handler OO0O0O00O0O0O00OO
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(A)
mutex cond |
7,
while true do
read | write | |read-modify-write| Noncritical Section

Entry Section

Critical Section

LYY G- e e
ess [Po—nurrLzzm|

B Exit Section
(B) endwhile
| read | | write | |mutex| | cond |
Haoiie [Fo—rwrrLzzEE] [ token] 0416 0DOODOOOO

oooooooooooooo

0415 0000000000000 AOread/write O read-
modify-write 00 0 0000000000000 O BOread/write
Otoken00000000000O0O0OOOO

0000000o0oooooo0oooO000ooooooDoo0ooD000d0Otoken 0000000
tbobobobobooboboboboobobdbooooboboboobobobOoboOoboOoDbOon
token 0000000 OCO0O0O0O000O0O0DOODOCOCODOO00 tokenOOODODOOO0O0O0O0ODO token
goboobooooboooboboooooobobooooooboooooo4.20000000000000
0000000000000 00000000000000000000000tken00O0O0O0ODO
goboooboooobooooooooooooobooooooooOoOooooooobooooDbboOooon
gobobooooboocooooooooOoooOooOoooOoboOoOoOoOoOoOoOoOoOoOoboOooboboOooDbboOooon
read/write0 0 0 0 0 00 read-modify-write0 D00 000000000000 00O000O00OO0OO
00o00000000000000000000000000000000000000 4.150

4.5.2 0J0OO0O0OOOOOOOOOO

cooo0ooooooboooooooooboooOobDOobOOooOoOooOOobOOobOOoO0oOoOobOOooOOoonooOno
00000000000000Oread/write 000 read-modify-write 00 000000000000
goboooboocoooboooooooooooooooooooooOooooooboooobboOooon
00000 416000000000000000000000000000O000000CO0O0Entry
Section 0 Exit Section 0 00 0000000000000 0O0ODDO [82,187, 75000000000
0000000 MCSOOODOOOO 417000 [75]0

O0O0OO0Opthread 000000 /00000000000D0000D0DOO000ODOO0OOOO APIOO
gobooobooooooooboooD 41e00000000D00000O0O0O0O0OOOODOOOODO
Oo00o0O00000000000000000000 416000000000Entry Section O Exit
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struct node_t {
int locked;
struct node_t xnext;

b

struct node_t xtail = NULL;
/* shared to all processes */

void each_ process() {
struct node_t node, xpred, *xp = &node;
while (1) {
NoncriticalSection();
/* begin of the EntrySection */
p— >next = NULL;
pred = fetch__and_ store(&tail, p);
if (pred ! = NULL) {
p— >locked = 1;
pred— >next = p;
while (p— >locked == 1); /* spin */

/* end of the EntrySection */
CriticalSection();
/* begin of the ExitSection */
if (p— >next == NULL) {
if (lcompare and_swap(&tail, p, NULL)) {
while (p— >next == NULL); /* spin */
p— >next— >locked = 0;

}
} else {
p— >next— >locked = 0;

}
/* end of the ExitSection */

struct vars_t {
...; /* necessary variables for
both EntrySection and ExitSection */

b

struct mutex_t {
...; /* necessary variables
for the mutual exclusion */
struct vars_t xvars;

h

void lock(struct mutex_ t xmutex) {
struct vars_t xvars;
vars = malloc(sizeof(struct vars_t));
EntrySection();
muter— >vars =
return;

}

void unlock(struct mutex_t *mutez) {
struct vars_t xvars;
vars = mutex— >vars;
ExitSection();
free(vars);
return;

vars;

04.17 MCSODODOOODO

0 4.18 Entry Section/Exit Section O
pthread 000000 /00000000
gooooboo

Section 00 0000000000000 00ODOOOOOO0OOODOOOO0OOOOpthread 0000
00o00o00o0oOoU0oO0oOo0o0o0oOU0oO0oUoO0DOoU0O0oODDOUOLOOoUOOoDoOOoo
000 41600000000 0Entry Section 0 Exit Section 00 0000000000000 0OODO
O0D00000D0O0OEntry Section 0000 pthread 000000000000 OExit Section 00
OO0 pthread 00 0000000000000 O0O00O0O0O0O0O0O0OO0OOOO0ODO 4170 MCSODO
0000000Entry Section 00000 node 000 Exit Section 00 0000000000000
0000000000000 00000000000Entry Section 0 Exit Section 0 0000000
gooobooboboboobooboboooboboooboobUobDUooboobOo 418000DO
0000000000000 00Entry Section 0 Exit Section 0000000000 Entry Section
0000 malloc 00 0OEntry Section 0000000 OEntry Section 00000000 O0OOOO
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01: struct mutex_ t {

02: int xhead; 37: if (compare_and_swap(
03: int *next; &m— >head, m— >p1, NULL)) {
04: int *pl; 38: m— >p2 = m— >head;
05:  int *p2; 39: curr = revert(m— >p2);
06: }; /* address reversion */
07: 40: xcurr = 1;
08: void init(struct mutex_t *m) { 41: }
09: m— >head = NULL; 42:  } else {
10:  m— >next = NULL; 43: curr = revert(m— >next);
11:  m— >pl1 = NULL; /* address reversion */
12:  m— >p2 = NULL; 44: scurr = 1;
13: } 45:  }
14: 46: }
15: void lock(struct mutex_t xm) { 47:
16: int flag; 48: void destroy(struct mutex_t *m) {
17:  int *prev, xcurr; 49: }
18: 50:
19:  flag = 0; 51: int* convert(int *curr, int *p, int *q) {
20:  curr = convert(&flag, m— >pl1, m— >p2); 52: int v, v2, d;

/* address conversion */ 53:
21:  prev = fetch_and_store(&m— >head, curr); 54: vl = (intptr_t)p & 0x3;
22:  if (prev == NULL) { 55:  v2 = (intptr_t)g & 0x3;
23: m— >pl = curr; 56: d = 0;
24:  }else{ 57: if (d == vl || d == v2) {
25: watch(&flag, 0); /* wait until flag != 0 */ 58: d=1,
26:  } 59: if (d==vl || d==12){
27:  m— >next = prev; 60: d =2
28: } 61: }
29: 62:
30: void unlock(struct mutex_ t *m) { 63: return (int+)((intptr_t)curr + d);
31:  int xcurr; 64: }
32: 65:
33:  if (m— >next == NULL 66: int* revert(int scurr) {

[| m— >next == m->p1) { 67:  return (int«)((intptr_t)curr

34: if (m— >next == m— >pl1) { — ((intptr__t)curr & 0x3));
35: m— >pl = m— >p2; 68: }
36: }

0 4.19 Permission Word 0 000000000 Opthread 00 000000000000 init()
00 /destroy() O O /lock() O O /unlock() 00O OO0

000 mute: 00000000000 ODOODODODOEXit Section D000 mutex 00000000
00000000 Exit Section 0000000 0Exit Section 0000 free0 0000000000
0000000000000 0000 malloe/free00000000000000O0DOO0DOODOODO
pthread 000000/00000000000O00000OO0OOOOOOOO0 APIOOOOOOO
0000000 Entry Section O Exit Section0 0000000000000 0000O00O0OODO
goboogon
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(A) [ ] B) [ 2
o1 | o1
nextﬂ/ next \I[
head—> NULL | head—>} flag(1) >} NULL |
T ' Owoh
© [p2]
o1
next; \I[
head%| ﬂag(4)H f|ag(3)H fIag(Z)H flag(1) > NULL !
T OwHrh
(D) [p2 !
o1
next— — . .
head—>} flag(4) %l flag(3) H flag(2) '9 flag(1) > NULL i
 OwSrh 7>avhs
() [
o1
next q/
head%| flag(1) H flag(5) I% flag(4) %| flag(3) H flag(2) '9‘ flag(1)F—>} NULL !
T OwDrh 7yOvo
) [p2]
o1
next w
head%| flag(1) H flag(5) I% flag(4) | ﬂag(3)ﬁ| flag(2) '% flag(1) > NULL
T ryaws dwvod
G) [ ]
o1
next; \I/
head—>{ flag(1) [—>! flag(5) —>| flag(4) i —>{ flag(3)i—} flag(2) >} flag(1)i—>1 NULL |
T PIOwSD DOwow
(H) [ 2]
o1
next I q/ I I I . )
head—>} flag(1) i—>1 flag(5) > flag(4) i —>! flag(3)i—>} flag(2)i—>! flag(1)i—>} NULL }
T Owoh 7oOws

0420 04190000000 Permission Word 0O OODOOODOO
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4.5.3 Permission Word O OO OOOOOODOOO

DMIO OO0 4190000000000000000000000000000COCOOOCQOEntry
Section 0 Exit Section 000 0000000000000 0O0OOOOO0OOOOOOOOOOOOO
goboooobooooboooobOooooOoOoOoooObOOoOoOobOOoOobOOoOobobOOoOobobOOoOoboOooboon
00000 Permission Word 00D 0008000000000 0O0OO0OOOOOOOOOO
000000 Permission Word D0 000000 41600000000000000000000O
Entry Section O Exit Section 0 0000000000000 OODOOOOODOOO0O00OOOOO
00 Permission Word D0 0000000000000 0O0O

e 10000000000 DO0ODOOONODOOODDOODONOOODDOODOEntry Section O Exit
Section 0000000000 DDOO0ODOOOOOOO

e read/writel fetch-and-stored compare-and-swap0 D00 00000000000000O00O

eJ00000D0DODOODDODOODODOOODDOODODOOODDOODOD O)OOOD

e Weak Fairness 0 0 0 00O

00000042000000000041900000000000000000000 42000
O000fleg(i) 00000040000 lock() 0000 flag0000000000000000 fag(d)
0000 lock() 000000000000 00000000 flag 00000000000 flag(i) 00
000 lock() 00000000000000000000 flag00000000

(1)

O000O000headOnextOpi0p2 0000 NULLODOOOO 4200 A0 head DO0DO OO0
0000000000000 00O0000O00000O000000000O0000Rext00O0O0O
goboobooooboooobooobooobboobbooboooboobboobboobbo
gooooooooOoOoOOOOOODOOOOOODOODOOOOOOPIO p2000000O0O
0000020000 convert() 000 39000 43000 revert() 000000000000
0000 101leck() 00000000 0ODOO0OO0ODO0OD 1021000 head JDOODO fetch-
and-store 0000000000000 O0O0O0O NULLOOODOOO22000i# 000000
0000000000000 00000000Uleck()DOO0DOODODOOO 4.200BOO
0000200000 300000401lock()D000D00DMOOOODNO 21000 fetch-and-store
00o00ooooooo4200Co0oooooo

000010 unlock() 00000000000 DO0O0O0ODOO 10 next000D0000O0ODODOO
00000000000 nexrt 0 NULLODODOODODOOOODODOOODOOODOOOOOOO
0000 heed DDO0DD0000O00D0O0O00OOOARead DO0O0DD0O00O0OO00ODODOOOODO
0037000 compare-and-swap 0000038000 p200000 40000000000
00 p20000040 flag0 0000000000040 0000000 40000000
000000040 25000 watch()ODOOOOO0OD2700000 nerx 00000 3000
00000lck()DODDOOOODO 4.200DO0
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gogboooboboobuooboboobobooboobooboga

()

(6)

000050000010 leck() 00000000 DOODOO21000 fetch-and-store 0000
000050000010 heedDOOOOOOO 4.200E0OD

000040 unlock()DDDO0O0O0OD0OOUO0OD0ODUOOUD 400next00000D0ODODOO
304400000000000000003025000 watch()OOOODOOO0ODOOO 30
next 00000 200000000lock()00000ODODO 4.200FIO

00000000 30 unlock() DO0ODDOOOO0DOODOO0DDOO0OD 300next000D0O0O
000020440000000000000000 20 25000 watch()DODODOOOO
00020 nexrt 00000 10000000Olock()000DO0ODOO 4.200GOO
goobooooooo 4-000D0 3—-000D 2—-.- 0000000000 0OO0OOOOO
goboooboo 2000000000000 00O0CO00OCO0O0DOO0OOOO0O0O0OO0OO0
ooboooboboproobobo0oO0obOOobOOO00ObOOOObOO0cOO0ODOOoO0obDoOoOoOoonDn. p2
00000000 20 unlock() 0000000000 DO0O0O330000000 nextD p1 00
obooooboooooooooooooobooOoOoOoOoOoboOoOoOoobobobOoOooobOOoOooooboo
OO0 head DODDO0OO0OO0O0O0O0DDOOO0OODOO0O03000000000 p2000 p1000OO0
gobooboooooooOooooOooOoobOboOobOoOo0oooOoo pr 0000000 0OO0O0ODOO
omooboooboooooooooobooooooo=0D000000000D0O000OOO0
goboobooobooboooboOooooodoboog pedb0O pr000O0O0OO0CODOODO
oooobooooboooboooboooon pr0O0oboOo0oOoOoooDOOoOobDbO0ObOOoOoOoDn
oo0o0ooOooo0ooooOoooO0ooDO0p2000000000000O0ODOOOOOOO
gobOoOo3guuoboooooooossobooooboooooooooooboooooooon
oobp2000000000000DOODOOOOOOOODOOOOOOOODOMOO
boooobOoooooboooboooOoOOoOobOOoObobO py000O00COO00O0O0O0OO00ODO
00000 4200HO0000 p1 0 p200000000000DOOCOOOOODOOOOO
goooobooooooboooooooboobbooobodgoo pzr 000000000000
oobooobooooo=00000000000O0C0O00O0C0O00DOO0C0000 p20O0O0O

O0OOOconvert() OO0 revert() 000000000000 4.200BO0D00O0O0O0O0O0O0O 1000

0000000000000 0000000000 10lck()D0DDOODOODODODOOOODOlock()D
0000000000 0000000 fleg0 000000000000 O0OOOOOOO pI 0O head
0 flag0000D0000000ODO0ODODOOODOO 10 wnlock()00DOOODOODOODOODOOOOO
O000Ohead D0DDD00O0OD00OD0O0ODOODOOOORead 000000 0ODOODOOODOODODO
oooooooooboOoboosroocoobOoOobocOooOoooOoOoooOooooDbDOoOoboOooOoboooo
0000000 4200E000000000 1000 lock()00000000000000O0 lock()O
000 flagQOODOOOD 10 1lock()0D0D0OOO0OOOD flag000O0O0O0ODOOOODOO
000000000000 0000 4200GO000000000 20 unlock() DOODO 37000
compare-and-swap 0 0000000000 heed 00 D000D00DO00ODDO0ODODOODOOODOOO
OOhead O p1 0000000000000 0OO0OOOReed D000 000ODODODOOOOOOOO
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OO00O000OO0OoOOoOOoODODOODODOOO0Permission Word DOOOOOOOOOOOOODODODODODOD
000 flag0000000D0O0O0O0ODOOO0OOO0OOOOODlock()000D0O0O0DO0ODOOO flagO
0000000000000 0D0O00D0O00O0O0O0O0O0OOlck()DODDODOODOODOOODOO
flagODOOOOOOOOOOOOOO0DOOO0DOOODOODODODODODOODODOOOOOOOOODOODOO
0000000000000 0O0O0pi0Op20fleg00000CO000O0ODOODOOOODOOOOOOO
000000000000 00D00D00Oceonvert() 00 0DD0O0ODO0O0ODOOO 20000000
0000000000000 0000000 revert() 0000000000000 OOOOODO

4.6 0O

00o0000o000o00o0oo0o0o0o0o0oo0o0oooooooooooooooooo/
goobobobobobobobobobobobobobbobooobooooboobooboDobDOoDo
000o0o0o0o0o0o0o0o0o0oo0oo0oo0ooo0o0o0o0ooo0o0ooooooon/o0oo
gbooboboboooooobooboboboboooooon
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050

Jooobooooboodddtttn
Joooooood

coooooooooooooboooobooooobooooooooooooboooooooooOono
gobooobooooooooboooooooooooooooooooooooboooooooon
00000000000 APIUODOO Oread-write-set 0000000000

5.1 UU0O0OO0Ooooooooobn

coobOooooooooooboooooOobooboboOoooOooOoooOoooooOoboOoOoOoOoOoooOon
gobooobooo210000000oooooo0oooboooooooobbo0oooDbooooooD
0000000000000 0000000000000000000NAS Parallel Benchmark[51]
0O FT O MGO Himeno Benchmark[3| 000 0000000000000 0O00O000O0O0O00OOO
uobboooboooooooooooooooooOoooooooooooOoobooOooboboOoon
gobooooboocoooboboooooooooooooooooobooOooobooooboboOooobboOooon
goboooooooooobooboooboooooboooobooooo
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e 000 ZO0OnOOOOUOOODODOODODODOOD ;000000 writeset; 0O0D0O00ODOOO
O0D0:¢## 5000 writeset; O writeset; 000 00000000000 210000000000
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00000000000 2100000000 00 readseto 0 {0,4,5,1,2,9}000 10 readset;
0 {1,2,3,7,0,5,6}0 00 20 readset: O {6,8,9,2,4,5} 0000

e 100 :000000000D00D0DODODOODO readset; 1000000000000 OOOOOO
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00000 writeset, 0000000000000 O0OOOOOOO0OOOOOOO0O0O0 00O
oooboooooOooobooooooo

5.2 00O

5.2.1 0OO0O0OOOOO

2.1.23000000000s1000000000DO0DODOOLODODODODDODODOOODO
goboooboocoooooooooooOooOoooOooOoOooOoOoOoOoOoOoOoOooOoobooOoooboboOooon
0000000 D0OOread-writeset 0000 APIDODODOO0OOOOOOOOOOOOOOOOODO
gobodoobooooooooooooooOoooboOoooooooooooOooboboOooobooboOooon
0000000 APIDOO0OOOOOOOOOO0OOOOOOOOOOOOOODOOD 2700000
oo0oooOooooooOoooOooooOb0 220000000000000000000D0000O
ooooooog2ryoooooooo0O0 1000000000000 00O0O0O00O0O0O0OO0OO
O00000000000000 read/write 0000000000000 0DOOOOOODOODOO1
000000000000000000000 read/write 0000000000000 00DO0ODO
gobooooboooooboooooboooooooooooooooooooooooboooobboOooon
000000000000 000O00s1000000000000000000O0O0O000OO API
goboooooooooo

00000000000 4000 APIDOOOOO

rwset decompose() 0000000000000 writeset; 0000000000000O0O0
00000 APIO

rwset build() 000:0000000000000 readset; 100000000000000
00000 APIO

rwset read() OO0 ¢00000readset; 0000000000 read 00 APIO

rwset write() 000 00000 writeset; 0000000000 write O APID

000000000 APIOOOOOOOOOOOO0O00
5.2.2 API

rwset = rwset__init(element num, domain _num) read-write-set 00 000000000
element _num 0000 0Odomaein_num 000000000000000 read-write-set 0 O
00000 10000000000 rwset 0000000 read-write-set 000000 OCODO

rwset destroy(rwset) read-write-set rwset 000000

rwset decompose(rwset, i, writeset;) read-write-set rwset 0000000 0000000
O writeset; 000000 writeset; 00 000000000000000O000O00O0OO0OO
00000 i00000Orwset_decompose(rwset, i, writeset;) 00000000000000O
gobooobooboo
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5.

gogboobbooboobbooboobboooboon

main() {
rwset = rwset__init(10, 3);
create 3 threads;
join 3 threads;
rwset_ destroy (rwset);
return;

}

each_ thread(s, /* processor i */

rwset /* a read-write-set handle */ ) {

if (i == 0) writeset[0..2] = {0,4,5};

else if (i == 1) writeset[0..3] = {1,2,3,7};

else if (i == 2) writeset[0..2] = {6,8,9};

rwset__decompose(rwset, i, writeset); /* define a writeset */
barrier();

if (i == 0) readset[0..5] = {0,4,5,1,2,9};

else if (i == 1) readset[0..6] = {1,2,3,7,0,5,6};

else if (i == 2) readset[0..5] = {6,8,9,2,4,5};

rwset__handle = rwset__build(rwset, i, readset); /* define a readset */

for (iter = 0; /* until convergence */; iter++) {
barrier();
rwset_ write(rwset__handle, wbuf); /* write the values of the writeset */
barrier();
rwset_read(rwset__handle, rbuf); /* read the values of the readset */
...; /* calculation based on connectivity */

O 5.1 read-write-set JO0000 21 00000000000000000O

rwset _handle, = rwset _build(rwset, i, readset;) read-write-set rwset 0000000 00

000000000 readset; 0000000000 rwset_handle, 100 ;0000000
000000 rwset_read() 00 /rwset_write() 000 00000000000 read/write
00000000rwset_handle, 000000 Oreadset; O writeset; 00000000000
OO0Orwset build) 00000000000 0O000O000O0O00DOOOOOOOOOOOO
OO0 Orwset_build) 000000000000 0000 ¢0000 rwset_decompose(rwset,
i,writeseti)DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
000000 :0000 rwset _decompose(rwset, i, writeset;) 0000000000000
ooboooboooobooon

rwset write(rwset _handle,, wbuf;) wbuf, 000000000000000 writeset; 000

0000000000000 0o0oo0o0oU0o0oo0o0oUo0DoOwbef, 000000
0000000+:00000000000000000000000000000 wbuf, 0 j
OO0O00000000 writeset; O jO0O00O00O0OOOOOOOOOODOOOOOO0OO
O writeset, 00000000000 whuf, 0000000000000 O0O00O0O0O0OOOO
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ooobooooooon

rwset _read(rwset__handle,, rbuf;) 0000 readset; 000000000000000000
0000000000 rf,00000000000000O0¢000000O0O0OODOOO
O00000000000000ruf; 00000000000000 readset; 0 700000
O00OOrwuf, 0 j000000000000000000 readset, 000000O000O0OO
rbuf, 0000000000000 OCOOO

read-write-set 0 APIDO0OO00D0 5100000 5100000000 0 writeset[0]=00 write-
set[1]=40 writeset[2]=5 O O writeset]0..2]={0,4,5}0 0000 0 0 0 0O O read-write-set 0000 0O
gboboboooooooboobobobo

(1) 00000 30 rwset_decompose() 00000000 000000000

(2) D0DODO00OO0DoOOOoDOooOOo

(3) D000 ¢0 rwset_build) DO0ODO0D0O0OOD ¢000000D0D0ODODOOOD0000DO
good

(4) 00000000000 Orwset_write() 00000000000000000 Orwset_read()
goodbdddooooooooooooooboon

000000000000 40000 rwset_decompose() 000 rwset_build() 000000000
0i000000D0APIODOODOOODOO0OO0DOO0OO0ONO0O0ONO00O0O00000000000
readset; 10 00000000000000000000000000000000D00000000
00i000000Orwset_read() 000000000000 00000000000000000
000 i00000000000000000000000000000000000000000
000000 [116)]0000000readset; D0000000000000000000000000
0000000000000000000000000000000000000000000000
000000000000

5.3 U0

read-write-set 000000000000 APIOOOOODOOUOOOO0OOOOOODOODOOOO
gbooboooobooboobobooobgob 220000000 booO0obDUOobObODOoOoUDOobDO
O00000000000000000000Oread-write-set 00000000000000O00O0O
gobbooboooboobbooboooboobobooboooboobboobbooboo
000000000 Orwset_init() 000 0 00 Mrwset_destroy() 0 00 O O Mrwset_ decompose()
00000000 Mrwset_build() 00000000000 Mrwset_write() 00000000 write(D
rwset read() 00000000000 readD00000000000O0DO0O0O0 5.200 5.300 5.40
055005700 560000000000 00O0OCO0ODOOOOODDOOODOOOOOOOOOD
goboogon
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5, DO0O0O0OOOOODOODODODOOObOObObOOObOOO

gtmpl

Jmp3 rwset = rwset_init(10, 3);

(1) A=V TR ERIET S

DMI_mmap(&gtmpl, 3,1);
DMI_mmap(&gtmp2, 3,4);

6] 1 2
gtmpl

0 1 2 3 4 5 6 7 8 9

omp2l [ T T T T [ T [ ]

0 5.2 rwset_init() 000000

JoevHl
rwset_decompose rwset_decompose

(rwset, 0, {©,@,®}); (wset, 1, {©,®,®,D});

57) HREEETZDD %) RREEERTB/HD
O—/NL7RLRZEB%ERIRY D O—/NL7RLRAEEAERRT D

DMI_mmap(&g0,3,1); DMI_mmap(&g1,4,1);

Zotyio

012 0123
©@@E s®@EI®
(3) QODLEFAT KL 2% (3) IDEHT KL 2%
gtmpLICEZRAL gtmplICEZRAL
gtmp1[0]=&g0[0]; gtmp1[1]=&g1[0];

1

0 2
gtmp1|&g0[0]|&g1[0] | &g2[0]

@ BARNEEINZ/O—/NL
TRL2&gmp2Ic EXAL

gtmp2[11=&g1[0]; PUTE— KD

@ BARPEEINDTO—/\)L
TRLZZGmp2IlESAD

:PUTE—F®D

gtmp2[0]=&g0| =
gtmp?[ ] &90[ group write() g%mgﬂ-gg} 3 group_write()
9tmp2]5}=&g0[2 gtmp2[71-&g1[3]} 521
0 1 2 3 4 5 6 7 8 9
gtmp2([&90[0][&g1(0] [@g1(1][&g1[2] &g0[1] [&g0[2][&g2[0]&91[3] [g2[1] &g2(2]
0 5.3 rwset_decompose() 000000
5.3.1 0O0OO

ZOotv2
rwset_decompose

(rwset, 2, {®,®,0});

(2 NRAEEBESD/HD
JO—/NILTRL AL EHIRT S

DMI_mmap(&g2,3,1);

01 2
2®®®

(3) 2D AT KL RE
gtmpLICEZRAL

gtmp1[2]=&g2[0];

(4L§~I7§I,.5\\7‘J‘\%‘fi‘5hé7tl—/\*}b
TRLZ&EGmp2llEEAT

gtmp2[6]=&g2[0]; PUTE—F®D
gimg%{ ] &92‘ group_write()
" CER

rwset _init(element num, domain_num) D000 00000domain_ num 000000000
0000000000 gtmp! O0element num OO000000000000O00000O0 gtmp2 O
000000 b201000000element num 000000000000 Ogtmp200000000
O00o0O00O0000bO0000O000O000O0b0000000DOgmp200000000000O0OO0
0000000000000 gtmp20000000domain_numx2000000000000000
O000Orwset_init() 000000000 read-write-set 00000 rwset 00O gtmpl O gtmp2

gobogoboooboo

5.3.2 OO
COoO0o0O0oO0Ooo0ood gtmpl1 O gtmp2 0O0OD0OOO

5.3.3 0OO4OOO

rwset _decompose(rwset, i, writeset;) 0000000000 100 |writeset;) 00000000
ooo0D0O0o00bo0ob0 ¢z 0000000 530200g; 00000O0D:000DOOCOODOOOOD
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ZOtv4o oty Jotyviy2
rwset_handle[0, wplaceQ rwset_handle[1 wplac rwset_handle[2 wplac
=rwset build[ 1 rplace0[0..5] =rwset build[ ] rpIacel[O 6] =rwset build[ 1 rplacez[o 5]
(rwset, 0, {©),®,®,D,,®p); (rwset, 1, {D,®,®,®,©,5,®}); (rwset, 2, {®,®,©,,®,®});
5) ARAEEETSHD/O0—/\L 5) NRAEBETSHO/O0—/\L (5) AREEETZHDTO—/NL
§ )|~I/Zf<‘rwplace0k_m9>\;_t, § )I~I/7\%wplacell._m9>\;_t, T RL 2 %wplace2(lF AT
wplace0=gtmp1[0]; wplacel=gtmp1[1]; wplace2=gtmp1[2];
wplaceom wplacelm wplacezm
(6) ERREN RN BEBINTND 57) BRAEAENEEINTND (6) ERREM RN BEBINTND
J0—/NL7 KL 2 %rplace0ll s A L O—/N)L7 KL R %rplace LICETA5A T 70—V RL R % place2|l 5 AHA T
rplace0[0]=gtmp2[0; rplace[0]=gtmp2[1]; rplace2[0]=gtmp2[6];
rplaceQl1l=gimp2ia ol GETE—RD el mbal3l: GETE— K rplace2{{]-gtmp2 3]: GETE—R®D
r'r.amnq;g{mgl DMI_group_read() :Blgggiz—g%uﬂ DMI_group_read() mace%‘gl:gtm%‘gl; DMI_group_read()
0[4]=gtmp2[2]; = rplace2[4]=gtmp. T
;ﬁ oce0ls :gtm0 s : TRB :Blggg% g _g%mg% g TRR rplace2[5 :g(m 2[5]; CRR
0 1 2 3 4 5 0 1 2 3 4 5 6 0 1 2 3 4 5
rplaceo|&go[o][egor1][egor2][&g1[ol[eg1[1][&g2(2]]: rplace1[&gLi0]@g1i1][&g12][&g1[3][&gO0]]&g02][&g2(0] | rplace2(&g2[0]&g21][&g2[2][8 g1 1][8gOL][&g0[2]]

0 5.4 rwset_build() 000000

Z0&vHo i7atyyl Jotyt2
wplaceom Wplaceom wplaceO
1 2 3 1 2 3 4 5 6 0 1 2 3 4 5
rplaceo[&gom][&gou][&90[21[&91[0][&91[1][&92[2]] rplace1] &91[011&91[1][&91[2][&91[31[&90[01[&90[21[&92[011 rplace2[&92[0] &g2[1][&02[2]| &g1[1][&g0[1][&g0[2]]
012 01 2 3 012
90 gl g2

0 5.5 rwset build) 0000000000000

0000000000000000000{00000000000000000000000000
0000g 000 100000000000000000g 00000000 |writeset; 00000 2
O0g 000000000000 gtmp[i]0000000 5303000 3000000 writeset; 00
0000000000000 ,;000000000000000000 ¢;0000000300gtmp2[j]
0000000 5304000000000 0000000000000 0000 g[0]0000 40
00 g[1]0000 5000 ¢[2]00000000000000¢gmp2[0]00 gl0]000000O0
O00000gtmp2(4| 00 go[1] 000000000000 gmp2(5]00 g[2]00000000000
0000000000000000000000000000000000000000000000
PUTOOOO group write() 0000000000000 000g¢gtmp2|j]00000 j00000
0000000000000000000000000000000 00000rwset_decompose()
000000000000 O0gmp2000000

D000000000000000000000Orwset_decompose() 00000000000
O(|writeset;|) DO OO

5.3.4 0U0OOOOO0OOO

0000 ¢0000 rwset_build(rwset, ¢, readset;) 0000000000 100g¢gtmpl[i] 00
000000 ;00000000000 wplace, 000000000 53050000000 wplace,;
oombo;0b0booboboooboobDbobobo0 goooboobooboboobooboDbo
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ZJOotyHo oyl Jotyi2
) @©@® . 0)8l6o) ) ®®®
rwset_write rwset_write rwset_write
(rwset_handle[0], wbuf0); (rwset_handle[1], wbuf1l); (rwset_handle[2], wbuf2);
WhUfOIC IS IS N TL BRI S DES WhufLICHE IS h TWBH mDfEE Whuf2[CHE SN TW DA SR DfE%E
JO—NIVT7RLRZEBICEZAD JO—NIVTPRLRZEBICEEAD JO—/NIVT7RLRZERBICESAD
BRI DCWSVET Ko | e BXCLUSVEE 10 kel BcLUsvEr 1o
wBIaceO 2l=wbufo[2], DMI_write() TEIR Wﬁﬁggl Sl=wbufil2 ! DMI_write() TR} wBIaceZ 2l=wbuf2[2], DMI_write() TR
012 0123 012
Q@) ot 2©®®0

0 5.6 rwset write() DO00OO00ODO

rwset _decompose() D00 rwset_build() 0000000000 ¢gtmpl 00000 ¢, 000000
O00000000000D00 ¢0000 rwset_decompose() D00 rwset_build) 00 O00OO0OO
00000000000oooo0o0O0O0000 2000000 readset; 00000000 700000
O000o0o0ooo0o ¢gmp2[j]000000000000«000000000O00O0DOO
rplace; 000000 5306000000000 000000000000000 readset; 0000
0000 4000 5000 1000 2000 9000000000000 rplacey[0] O gtmp2[0] D00 O
rplaceg[1] O gtmp2[4] 00 O O rplacey[2] O gtmp2[5]0000...0000000000000000
0000000000000 00D0O000D0O000D0O000DOD0OGETDOOO group_read()
0000000000000 0O0gmp2j]00000 jOOO0D0OD0OO0O0O0ODO0ODOOODOOOODOOO
00000000000 000000001rplace,[j]D000000 readset; 0 jO0D000000OD0
0000000000000000000000O00rwset_bulld)000O00D0O0O0OO0 000
00 rwset_handle, 000 wplace; D00 rplace; 000000000

rwset_build) 00000000000 O(|readset;|) D000

0000000000 rwset_build) 00000000 DO0OOO0OO 5500000000000
goooobOooboboooobog gmp200000000000DOO0OODOO0ODOO gtmp200O0
000000000000 00000000000gmp2 00000 GETOOOO group_read() O
OO0 PUTOOOO group_write() 000000000000 ODOO0U0ODOODOODOODOODOO
gogbogopoboobooboo

5.3.5 0O0O0OO0O write

rwset_write(rwset _handle,, wbuf,) 000 0000000000000 0000O000 wbuf; O
0000000000000 000 ¢, 0 EXCLUSIVEOOOO writeDO OO0 5.600
rwset_write() D0 0000000000000 O0OOO0OOOOO

5.3.6 00O0OO0OOODOQO read

rwset _read(rwset _handle,, rbuf,) 00000000000000000000000 rplace; OO
gobobobobobobobobobobobobobooooooobooboobobobobDOoDo
rbuf, 000000000 S7I 000000000000 0O00O0O000O0O0O000O0O0O00O0OGET
0000 group_read() 00 0O0O0DOOOOO
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ZJAatyHo

rwset_read
(rwset_handle[0], rbuf0);
WEEMARDEETO—/NLTRLR
22 A rbuf0lc FidsAT

rbuf0[0]=*(rplaceQ
rbuf0[1]=*(rplace0
rbuf0[2]=*(rplace0

pi

pi

pi

GETE—R®D
group_read() TR

ace0
ace0
ace0

TREWNFO

2 3 45

01
mut@[@EIRIO

Aty
rwset_read
(rwset_handle[1], rbufl);

HNREARDEETO—/NILTRLR
EEASroufICFiAAL

acel
acel

rbuf1[0]=*(rpl
=

placel

=

=

GETE—R®D
group_read() X1}

acel
acel
acel

JAWNFO

0 123456
bunDRRIDOE®

0 5.7 rwset_read() 000000

ZJatyi2
rwset _read
(rwset_handle[2], rbuf2);

AEEARDEETO—/NLTRLR
EREASroufICFiAAL

place2|
place2|
place2|
place2|
place2,
place2

| GETE—F®
t group_read()TER

TR WNFO

IN

5

0123
b2 @@I@IR[@[E)

rwset_read() 00000000000 Oreadset; 00000000000 k0000 O(k;) OO
O0000Orwset write() D0DD00000000OOrwset read() 0000000000000

ooboogo

54 00O

coobOoooooooooobooOoOoOoOooOoOoOobocOooOooOoOoOOoOoOoOocOobOOOoOoobooOon
goboooobooooboooooboooooooooooooooooooooooobooooDbboOooon
gobodoobooooooooooooooooooOoooOoOooooOoOoOooboOoobOboOooboboOooon
000000000 000000 APIOOO Oread-write-set 0000000000
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6. 00 I0D0D0O00DOO000DO0OO00DOOO00ODODDOO0ODODOO

064

D0 loodoooooooooooon
Joooooood

ooobooboo3dooooobobo400000000DOOOOOOOODOOOOOOOODOOO
goboooboooobooooooooooooooooooooooooooooooooooon
gobooooooooooocoobooooOoooOobooCOoOonn

6.1 UOUOO

cooboooooosoboooobooooooOoboOoobooOoooboboOooool0bOoOoOoooono
OO0 10Gbit 0O OOOODO 1600000000 1280000000000000000O0O0OOODO
000000 61000000000000000RAIDOODDOOOOOOD20TBOOOOOOO
0000o0O0O000000O0O0NFSOOOODODOOOOODOOOO0OD0DOO0OO0e6.3.5000000
000000000 HDDOOOOODOOOO0ODO0O0O0O000000D0O0000000000 NFS
gobooooooooooboocoon

061 ODO0O0OO0OOO0OOO0OOOOOOOOOOO

oooo Dell PowerEdge R610

CPU Intel Xeon E5530x2

OcCcpUDOOO0ODODOO 400000000000000O00O0OCOO08OOOODOO
OcCpPUDOOOOO L1064 KBx40 L20 256 KBx40 L30 8 MBx1

ooo 2 GBx1200000 1066 MHz

gooood 24 GB

HDD 500 GBx2

NIC NetXtreme II BCM57711 10Gigabit PCled 10Gbit 00 0000
(O8] GNU LinuxO O OO0 2.6.26-2-amd64
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6. 00 I0D0D0O00DOO000DO0OO00DOOO00ODODDOO0ODODOO

1 let10

Lot09 ceseeecee
0.1 / e o*°®

let08 r/
1et07 /'/'

g

let06 /.
100000 '/

q
1e-05 10000
1 10 100 1000 10000 100000 1et06 1et07 1et08 let09 1 10 100 1000 10000 100000 1et06 1et07 1et08 let09

data [log(byte)] data [log(byte)]

0.001

latency [log(sec)]

bandwidth [log(byte/sec)]

P

0.0001 .
¢00go000000

061 00000 TCPOOOOODO 062 00000 TCPOODOOO

00000000000 0000000 TCPOOOO0OO0OO0O0O000OO0ODO0OO0O00ODDOOLinux
0000 2.6.26-2-amd64 0000 cubic000000000TCP_NODELAY 00000 ONagle O
00000000000000000000000 200000 pingpong00000000000
000000000000 000006.10062000000000000 100000000000
0000000000000000000D00000000D0 60000000000000000
000000000000000 876 GBit/ODO0O

O000000000000 gee4320000000000000000000-03000000
DMIOOOOOODOOOOOOODOO MPIOODOOOODOO0OOOOODOOOOOODODOO
DMIO MPIODOOOCOO0OO0OO0OO00OO0OOOOOOOODOODOODOOO0OODO0OOOOooOnd
MPIODOOOOOOOODOOOOOO0OO0OOOOOODOO000OO0O0O00 MPIOOOOOOOOOO
000000000000 0HPCOOOOOOODOOOODOOODOODOOOOODOOOOOO
0000000000000 00000000000000000MPIODO0OO000000000
0000O00HPCOOOOOODOOODOOOOODOODOODODOOOODOOOOMPIODOOO
000 Ompich2 1.2.1p1 0 OpenMPI 1.42000000MPIO n00000000000000O8
00 MPIODODOOD |»/8/ 0000000000000 n—-8x(n/8) 00 MPIODODDOODO 1
0000000000000 O0DMIO nO0O00O00O00D0O00DO00OO0O0D0O 100 DMIO
0000000000008 00DMIOODOO |»/8/ 0000000000000 n—28x |n/8]
O0DMIOOOOOOD100000000000000000000000 100 DMIOOOO
000 100MPIODOOOOODODOOODOO0OOOODOOOO0OOODO0O0OOODO0OO0O0DOoG
00000000 mMDMIOOOOOOO MPIOOOOOOOOOOOOOOOOOODOOOOOO
0006.3.5000000000000000000DMIOOOOOODO0OODODODOODOOO
24GBOOOOOO

0000000000000000000 2 +2% 410000640000 MOD0O0 [200]0
000000000000 000000000000000
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6. 00 I0D0D0O00DOO000DO0OO00DOOO00ODODDOO0ODODOO

6.2 0OOUO0OOOO

goboobodoboboobdoobobooobuooboobbooboobobooo

0100ddboobooboobobobobobooboboobooes310bobooboobooo
0000 read/write 0000000000000 DO0O0O0O06.3.20000000000000000
0000000 read/write 00000000000 06.3.30000Allreduce 0000000000
00000 read/write 00 0000000000000000000DO00E6.3.40000Broadcast
0000000000000 U0Uooo0o0o0o000UdUe.3.50000STREAM OO OOOO
gl ooooooo read/writel:l[ll]l:l[ll]DDDDDDDDDDDD

02000000000000000000O0000O00O00OO0DOOe6.5.1000 6.5.9000000
U 0O OONAS Parallel Benchmark 0 EPO0O0OO0O0OCOO0U0000O0O0OOOOOOOOOOOOOO
O0Fx 0OODODO0D0O0ODODO0OODODOOOOODOODOODOOODODOOONOODOODDOOOOO
PDEOOODOODOODOOODMIO MPIDODOOODOODOODODODOODOOODODODODODO
6.5.2 0 0 NAS Parallel Benchmark 0 EP 0 6.5.40000000000000000DMIOO0O
0000000000000 000000/00000000000000006.5.50000000
0000O00pDOoodD 6.5.600 FoxODOODOOOODOODOODODOODODODODODOOODOODOO
000dd0oooDOoOo0oO0o00o0oDoDoOoObOo0o0ooooeS. 700 000D0ODODOOOOOOODOOO
000 read/write 0000000000000 0O00DDOO0OOOO

0300000000000 DO00DO0O000bOO000DDODO0OoDDO0o0ODDOUOeB.6.1000 6.6.300
0000000000000 0oo0o00oo00o00o0o0o0DoooDoDOo0nD WebOOQOO
0000000000000 WebOOOOODOOOOOODOOODMID MPIODOOODODOO
0000oooooooeé.6.40000DMIOOOODOODO PGASOOOOOOOOOOOOOOO
00oooOoWebOOOODODOOOODOOODODOOOODODOODOOODOOOODOOOODODOO

6.3 UUUOooooog

6.3.1 read/write0OJOQOOO0O

6.3.1.1 0O0O0OO

DMIOOOO read/write 100000000000 1O00DMI read() 000000000 OODO
00000000000 INVALIDATEOOOO reaed00000read 000000000 0O0OOOO
0000000000000 0MOo0oo0o0d0tetal IDOO0O00D0OO0OO0OCODOODODOOOOD
gooobooobooboobooboobuobobobobobboUlmemepyt 0000 OO0DOO
0000000000000 00D0000000O communicationfD 000000 200DMI_ write()
000000000 00oDoo000oooo00 PUTOODOD writeDOOODOwrite DO OOO
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0 0 Omemepy+communication O total 0000000 22%~30% 00000000000000O0
000000000000 00000000000 128 MB OO0 00O Omemcpy+communication [
total 0000000 90% 000000

0200DMI write() DOOO0O0O0O0Owrite 000000000000000000000O0write
oo0o0o0ooOOo0oDOOo0obOOoOoDOObDOODO0OO0OOeesdb6e60000O0OODOODOOO 100
000D0O00000DC0O00O0 650000000000 8KBOOOOOmemcpy O total 00O

- 108 -



6. 00 I0D0D0O00DOO000DO0OO00DOOO00ODODDOO0ODODOO

total —@— ‘ ‘ Total —@—
memcpy —#— memcpy — - .

0.1k memcpytcommunication —4—

0.001

0.001

o
{}5‘ w
»oumuo*"""\'

time [log(sec)]
time [log(sec)]

feo 7% o4 [ V, .o "
0.0001 ] \g/ v \ | \'.‘/‘ . 0.000] §46 s 6 e 6666 4
1e-05 /.‘ v\'“-/ 1e-05 =
. Em l.. n mm .I.
1e=06 b "= ..-..l 1006 gy " “l.-
1e-07 : : 1e-07 :
1 10 100 1000 10000 100000 1et06 1et07 1et08 1et09 1 10 100 1000 10000 100000 1et06 1et07 1et08 1et09
data [log(byte)] data [log(byte)]
065 writeJODOODOODOODOOOOODO 066 writeJODODODOODOODOOOOODO
gooooo goooo

0000 1.0%~62% 0000000000000 2MBO0OO0OOYS% 0000000000000
00D0660000000000 1KBODOOOOOmemcpy+communicationd total 0000000
23%~30% 0000000000000 32MBOODOOOYN% 0000000000000 0O0O
000000000000 0000D000Oinvalidate 000 update 000000000 OODOODO
ooooooooooooooooogod
0000000000000 0ODMI_read() DO /DMI_write() DOOO0D0DODOO0OO0DOOOO
0000000000000 00 read/write 00 0000000000000 00O0O0ODO0O3.2.60
gooooOoooobMIODOODODOODODOODODODODODUODOODOOOOOOOOODOODODODODODDO1IO
0 DMI_read() 00 /DMI_write() 000000000000000000000000 read/write
00000000 0ODMIO APIOOODOOOOODOOOOODOOOOOOOOOOOO

6.3.2 UU000OUO0OO0OO0OOOOOOOOO read/writeDDD
6.3.2.1 0OO0OO

0419000000000000000000000000000 read/write000000000
041900000000000000000 mutex tO000000O000OO00O2300027000
3500038000 write 0021 000 fetch-and-store 0 037 00 O compare-and-swap 0 0 0O O
200000003300000038000000reaed0000000000O0OD0 read/write/fetch-
and-store/compare-and-swap 0 000 0000000000000 O0000000O0O0OO0O0O0O0OO
0000000000000 000D0000UO0ODOD 4000 writed 1000 fetch-and-store O
1000 compare-and-swap 0000 X OOODOOODODOOO 3000 reaed0000 YOOODOODO
O0000mMXO0YOD=0OPUTOGETOOD XO0YO =0PUTOINVALIDATEOD XO YO =0PUTO
UPDATEOD XOY0O=0EXCLUSIVEOGETOD XOYO=0 EXCLUSIVEOINVALIDATEID X0O
YO =0OEXCLUSIVEOUPDATEOO 6 0000000000120 000000000000003
00 3000000000lock() 000 unlock() 00000000 ODODOUODOODOOOODODOUODO

- 109 -



6. 00 I0D0D0O00DOO000DO0OO00DOOO00ODODDOO0ODODOO

062 mutexOOOODODOOO0O0OD0ODO0O read/write 00 000000012800000000M

000XO0YO 0000 [sec]
PUTO GET 0.1142
PUTO INVALIDATE 0.1477
PUTO UPDATE 0.1361
EXCLUSIVEO GET 0.1838
EXCLUSIVED INVALIDATE 0.1810
EXCLUSIVEO UPDATE 0.1714

gbobO10000000000000000b00b00b01280000000000000000O0
000000000000 00000000000 write/fetch-and-store/compare-and-swap 0 O O
OO0OO0OwriteOOOOOOOOOODODOO

6.3.2.2 00O0O0O0O

00000000ooooooo0 100000000000000 6200000 620000X0O
YO=0PUTOGETOOOOOOOOOOOOOODOOOOXOYO=0EXCLUSIVEOGETOOOO
00 60%0000000read 0000000000000 00000O0O0O0OOOPUTOODOOO
O EXCLUSIVEOOOOOOOOOOOOO0D0O00000 writeJODOOODODOOODOOOOODODOO
EXCLUSIVEOUOOOOODOOOOOOOO0O0ooooooo0o0o0ooooooooooooooo
oooooOooooOOOOO0OOOO0OO0OO0O0O0O00O0O0Owrite0ODOOOOO PUTODOOOOOOOO
O0OGETOOOOOO INVALIDATEOOOO UPDATEODOOOOOODOOOOOODOOOOOD
000000000000 write J00O0OO0O0D00O00O0O read 000000 read 000000000
0000000000000 0000000000O000000D0O00000000000 invalidate
D00 udate 00 0000000000000 000000O0O0writeJOOOOO0O readd000
000000000000 read/write 0000000000000 D0OO00O0DOOOODO

6.3.3 Allreduce 000000000000 read/write0JOO OO

6.3.3.1 0O0O0ODO

0 380 Allreduce 00 0000000000000 read/write 00 0000000000000
O00000Allreduce 0000000000000 0O0DOODOOOOODOOODOOOOOODOOOD
goboobooooooooooooooooobooooooooobe.e.10000000O000O
0000637000 BiCGSafe 000 ODOO0O0O0D0OO0OOOBICGSafe000 100000000
000 2200 Allreduce 000000000000
cooobooooboboedooboOOoOoOOOOODOOO

e0380000 (##)000000 DMI_read() 0000000 GETOODODOOD0OODMI
0 GETOD
¢0380000 (##)000000 DMI_read() 0000000 INVALIDATEOOODODODO

- 110 -



6. 00 I0D0D0O00DOO000DO0OO00DOOO00ODODDOO0ODODOO

0.04

'DMI (watch) —@— A N —e—

T
DMI (update) 4 DMI(w/o load balance)
0.035 - DMI(invalidate) —&— A mpich2 —&—
DMI(get) —&— 10 OpenMPI —&—
mpich2 /
0.03 - OpenMPT
; — 8
0.0 - 5 S DR B
B 2 P
O ’ ~ "
= 0.2 / ER o
o / —
=
o 2 /.
0.015 i, o
0.01 // e e ] e
, / o+
// 2 . A *
0.005 a
. / [E— /q
@ 24
e —t— . {V
6‘ 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
# of processors # of processors
0 6.7 Allreduce 000000 0 6.8 Broadcast 0O OOOO

00 DMIO INVALIDATEOD
e 380000 (##4) 000000 DMI_read() 0000000 UPDATEOODOODODO
O DMIO UPDATEOD
¢3.5.3000000000DMI read) 0000000000000 00OO0OODOOODOOOO
DMI watch()DO0OODO0OO0OO0OO0OOO0OOOOOOOOODMIOwatch(ID
e mpich2 0 MPI_Allreduce() 0 000000 00 mpich20
e OpenMPI O MPI_Allreduce() 000000000 OpenMPIM

0000000000000 0000000000O 30000 AllreduceJ0D00O0O0ODOOOOODO
0000000000000 000000 3000000 Allreduce0 00000000 DOOODOOOO
00000000000 Allreduce000DOO0DOD 005(¢i+1)/n0000000000000O0
goboooobooooooooooooobooooooooooooooooooobooooDbboOooD
O00000000000000 AllreduceJ00O00000D000O0OO0O0O0OOOOO0O Allreduce O
0000000000000 000oO000oDOO00oDooOoOo0ooDO Allreduce00O0O0ODO
0000000000000 Allreduce 000000000000 0DOO0O0O0OO nO0D000DOOOO
000 30000 Allreduce 000000000 n—10 Allreduce 000000000 O0OOOOO
Allreducel 00000000000 DOO0DOOOOOOOO0O0OO n—1000000000000O
000000000000 000D00000 Allreduce0 00000000 OOOOO
6.3.3.2 0O0O0OO0OO

O00000D000000000 Allreducel 00000000000 G6.7O0000128000000
00000000DMIO GETMDMII INVALIDATEM DMIO UPDATEM DMID watch(Tmpich20
OpenMPI OO OOOOOOOOO 0.0391 O 00.00430 O 00.00358 O 0 0.00269 O 0 0.000152 0O O
0.000423 000000 100DMIODGETOOOOOOOOOOOOOOOOD 38000000
0000000000000 (##)0 DMI read() 00000000000 DOOODOOODOO
0000000000000 00000O0 20000000 DMIOGETO >DMIOINVALIDATEO

- 111 -



6. 00 I0D0D0O00DOO000DO0OO00DOOO00ODODDOO0ODODOO

>DMIOUPDATED OO0 O0O0OO0OOOOODOUOOOOOODOOOOOOOODOOOOOOooOOn
DMIO UPDATEOO 0000 Dwait_addr 00000 update 0000000000000 0(#4)
0ODMI read) 0000000000000 00DODO0O0O0O1000 Allreduce0O0D0D0 1000
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0000000000000 000PUTOOOO write0DODOODODOO 12 GB/64 MB=192
ooobooooboOoliooooooboooobooooooooobooooDboOoo
DMIOODOO0OO0DO00D00D00D00 read/write 000000000000 ODMIOasynclD
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solve Ax =0b:

K = preconditioned matrix of A

ro =b— Ax

initialize vectors g, o, 7y, Po, Uo, Yo, Vo Properly

initialize G_1, &p, no properly

for n=0,1,2,... until convergence do
Pn=K 'rn+ B 1(Pn-1 — Un—1)
App = AK vy 4 B 1(Apr_1 — Atyp_1)
an = (rg,7n)/ (15, APn)
€n = ((Yn, Yn) (Vn, Tn) = (Yn: Tn) (Vn, Yn))/ (Vs V) (Yn: Yn) — (Yns Un) (Vn: Yn))
M = ((Vn, Vn) (Yns Tn) = (Yns Vn) (Vn, 7n)) /[ (Vs Vn) (Yn, Yn) — (Yn, Vn) (Vn, Yn))
Unp = Kﬁl(gnApn + nnyn) + M Br—1Un—1
2 = E Ky F nzn_1 — anun
Ynt1 = anKflrn + NYn — anAuy,
Tpitl = Tp + ApPp + 2Zn
Tntl =Tn — 0 ADn — Ynt1

Br = (an/&n)(Tg, Tnt1/ (15, Tn))
endfor
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e 00000 G, 000000 DODOODLOOOODODOOOODOD GUOOOO 12800000
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p(d) = — - o~(nd=p)/o)?/2

do/2m
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0000000 p0 »,00000000000000000000000000O0O0O0OO0O0
000 p|E|000000000000000O0D000O0000O (1-p)|Ej00D0O0O0ODOO
0000000000000000000000 E0000O00p0000000000000
000000000000 * 0
e 100000000 100000000000000000O0

00000000000 0000000D0 64000 4000000000000000r,0000
000000000000000000¢0000000 G280 Ginjr2s410 - - .0 Glagaynyi2s 0 O
0000* 0000000 G;000000000000000000 G,000000000000
0000000 G;00000000000000000000000 medium0.01 O medium0.1 0
00001280000000000000000000000000000 64000 64100000
64000 6410000000000 1.035 x 1064+0.04%000000000 3.5 x 10640.11% 0 O
0000001280000 00000000000000000000000000O00000000
6.6.2.2 0000

WebODOO G=(V,E)0000 v, €V 0000000 adj™(v;)000 adj~(v;) 0000000

Doooo
adj™ (vi) = {v; | (vi,v;) € B}, adj™ (vi) = {v; | (vj,v:) € E}.

00000000 % 0000000000000000000000000 rank(v;,t) 000000
0000 [129]0

1/n if t =0,

6.1
(L=co)/n+c)y cadi- (o) rank(vj,t — 1)/ladj* (v;)| if t > 1. (6.1)

rank(v;,t) = {
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01: each_ thread(subgraph G;):
02: while 1 do

03: changed = do__iteration_ asynchronously(G;)
04: if changed == 0 then

05: changed = do__iteration_synchronously(G;)
06: changed__sum = allreduce(changed, SUM)
07: if changed sum == 0 then

08: break;

09: endif

10: endif

11: endwhile
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01: void DMI main(int arge, char sxargv) {
02:  struct data_t data; /* the data to be checkpointed and restored */
03:  int node_num = atoi(argv[l]); /* the initial number of nodes */

04:  ...; /* an initialization phase of this application */

05:  int64 t addr = DMI mmap(sizeof(data), 1); /* allocate a global address space */
06:  data.iter = 0; /* a current iteration number */

07:  DMI__write(addr, sizeof(data), &data, PUT); /* write to the global address space */
08:  DMI_gather_nodes(node_num); /* wait until node_num nodes gather */

09:  DMI_rescale(addr);
10:  DMI_munmap(addr); /* deallocate the global address space */
11:  ..; /* a finalization phase of this application */

14: int DMI__itergroup(int rank, int pnum, int64_t addr) {
15:  struct data_t data;

16: int iter;

17:  DMI_read(addr, sizeof(data), &data, GET); /* restore */

18:  ...; /* calculate the role of this thread based on rank and pnum */

19:  for (iter = 0; iter < 100 && data.iter < ITER_MAX; iter++, data.iter++) {
20: ...; /* the body of each iteration */

21:

22:  DMI_ write(addr, sizeof(data), &data, PUT); /* checkpoint */
23:  return data.iter ! = ITER_MAX;,
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01: void DMI main(int arge, char sxargv) {
02:  struct data_t data; /* the data to be checkpointed and restored */

03:  int node_num = atoi(argv[l]); /* the initial number of nodes */

04:  ...; /* an initialization phase of this application */

05:  int64 t addr = DMI mmap(sizeof(data), 1); /* allocate a global address space */
06:  data.iter = 0; /* a current iteration number */

07:  DMI_ write(addr, sizeof(data), &data, PUT); /* write to the global address space */
08:  DMI_gather_nodes(node_num); /* wait until node_num nodes gather */

09:  DMI_rescale(addr);

10:  DMI_munmap(addr); /* deallocate the global address space */
11:  ..; /* a finalization phase of this application */

12: }

13:

14: int DMI__itergroup(int rank, int pnum, int64_t addr) {

15:  struct data_t data;

16:  DMI_read(addr, sizeof(data), &data, GET); /* restore */

17 ..; /* calculate the role of this thread based on rank and pnum */
18:  while (data.iter < ITER_MAX) {

19: if (DMI_check reconf()) {

20: break;

21:

22: ...; /* the body of each iteration */

23: data.iter++;

24:

}
25:  DMI_ write(addr, sizeof(data), &data, PUT); /* checkpoint */
26:  return data.iter | = ITER_MAX;
27: }

29: int DMI__judge_ reconf(DMI_node_t *in_nodes, DMI_node_t *out_nodes,
DMI_node_t *cur_nodes, int in_node_num, int out_node_num, int cur_node_num) {
30: return in_node _num + out_node num >= 4;
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01: function itergroup_ wrapper(thread id, args__addr):
02: while 1 do

03:
04:
05:
06:

07:
08:
09:
10:
11:
12:
13:
14:

pnum := $thread__num

barrier(pnum + 1) /* barrier A */

my__rank := $ranks[thread__id]

ret := DMI__itergroup(my_ rank,
pnum, args__addr) /* itergroup */

if my_rank == 0 and ret == 0 then
$Sexit flag :=1
endif

barrier(pnum + 1) /* barrier B */

barrier(pnum + 1) /* barrier C */

if $flags[thread_id] == 1 then
break

endif

15: endwhile

16:

17: function DMI_ rescale(args__addr):
18: $exit_flag :== 0
19: foreach thread__id in maximal # of threads do

$flags[thread id] := 0

21: endforeach

22: pnum = 0
23: RunningThread := ()
24: while 1 do

node do
33:
34:

35:

36:
37:
38:
39:
40:
41:

NewNode := 0

DeleteNode := ()

NewThread =

DeleteThread := ()

old__pnum := pnum

foreach node in the joining nodes do
NewNode := NewNode U {node}

foreach ¢ in # of processors of the node

thread__id := a unique thread ID
NewThread :=
NewThread U {thread_id}
RunningThread :=
RunningThread U {thread_id}
nodes[thread__id| := node
pnum = pnum + 1
endforeach
endforeach
foreach node in the leaving nodes do
DeleteNode := DeleteNode U {node}

42:

43:

44:

45:
46:
47:
48:
49:
50:
51:
52:
53:
54:
55:
56:

57:
58:
59:

60:
61:
62:
63:

64:
65:
66:
67:
68:
69:
70:
71:
72:

74:

foreach thread_id in thread IDs of all
the threads on the node node do

DeleteThread :=
DeleteThread U {thread_id}
RunningThread :=
RunningThread \ {thread_id}
pnum = pnum — 1
$flags[thread id] := 1
endforeach
endforeach
$thread__num := pnum
barrier(old_pnum + 1) /* barrier C */
rank := 0

foreach thread id in RunningThread do
$ranks(thread_id] := rank
rank := rank + 1
endforeach
foreach node in NewNode do
handle the joining of the node node
endforeach
foreach thread_id in NewThread do
handle[thread id] := thread_ create(
nodes[thread_id], itergroup_ wrapper,
thread__id, args__addr)
/* create a thread on the node
nodes[thread__id]. This thread invokes
itergroup_ wrapper(thread__id, args__addr) */
endforeach
barrier(pnum + 1) /* barrier A*/
foreach thread__id in Delete Thread do
thread_join(handle[thread_id)])
/* retrieve a thread */
$flags[thread id] := 0
endforeach
foreach node in DeleteNode do
handle the leaving of the node node
endforeach
barrier(pnum + 1) /* barrier B */
if $exit flag == 1 then
break
endif
endwhile

0 7.4 DMI_rescale()00D000000000DMI itergroup() D0000000000000000

0000000000000000 tergroup000000000O0O0O0O0O00O0O00O00O00O

- 151 -



7. DO0OO0O0OO0OO0OOOobOOobOoboboo

7.3 OO

OO0 itergroup 00000000 OOO0DOOOCODOOOOOODOOOOOOODOOOOOOODOO
0M1000 itergroup 0000000000000 DO0ODO0ODM20000000/00000
oo0DO0o0o0D tergroup D00 000D0O0O0O0CO0O0DMM3000DO0O0O0O0O00ODOOOOOODO
O0DO000O00DOODoboOO tergroup0O0000CO0OO0O0OOO0ODOCOODOODOOOODOOODO
goboobooobogoobooobbooboooboobboooboboooboobboobbooDboo
goboboboboboboboboboboboboboooooooboobooboobLDobobOoDo
gd0oo00ooOoU0OooOoOooO0OooOOd0oOo0d0oOo00ooOUOUoDOoUOoDbDoOODOOOoOoc DMIODOOD
gobooooboooboobbooboooboobboobbo0boooDboobboobbo
gooboboboooooog

O0000OD0 rescale 00000000000000000000000000O0O DMI_rescale()
0000000DMI_itergroup() 00000000000 00000 740000 DMI_itergroup()
000000000000 0000itergroup wrapper()O0 O ODMI rescale() D00 OO0O00O0O00O
O00O0000ODMI rescale)U0O000O0OOO0OOOOD 7400000% 00000000000
gbodbdveobobobooboobooboboboboboboboooobDobobobobobooooooDo
0 08$thread num 0000 itergroup 0000000000000 8$exit flag 0O OO itergroup O
000 itergroup 000000 O8%rankslthread «d 000000 IDO thread i[d00000000
00008 flags[thread_id] 000000 IDO thread (d0000000D00000ODOOOOOODO
gooooooOooooOooOOo IpOoCoOoO0OOo0O0OOOO0ODOODOODOOOOOODOOODOOD
0bO0O0000000000000000000000000000O00O0O000D0O00A0 itergroup
goboboboooood

0 O Obarrier(pnum) 000 pnwn 000000000 ODOODODOODODOOOOODO
barrier(pnum + 1) 0000 OO Oitergroup DO O0O0000 prum 00000000 DOOO
DMI rescale() 0000000000000 DOOO0OOOOODODOOOOOOOOOO 7400
30000000000000000000O000000ODO00000O0O000DOO00O00 AD4
000 6100000DMI rescale() 00000000000 DO0$ranks[x] 0000000000
000000000 BO10OOD 600000000 0O000O00OOSexit flagOODOODOODOO
00000000000 CO110005000000DMI _rescale() 0OOO0ODDOOOOOOOOO
$thread num O$flags[+*] 0 0000000000000

0000000000003 0DO0O0O0O0O0O0O000O0O0OGE7TO00O00ODODODO ADODOOODOOO
000000000000 AD0D0D00DOO0O0OO0OO0O0O0O000O0O0O0O00 AODOO itergroup O
0000000000000 000000000 AODODODODOOOOODItergroup00O00O0ODO
0000000000000 0000000000000O000DO00D ADDOODODOOOOOOOo
000O00000O0o00DOOoO0O0DOod itergroupJ000O0DOOOODOOOO

- 152 -



7. DO0OO0O0OO0OO0OOOobOOobOoboboo

74 0O00O0O0OOOOO

00000000000000000000000000000000000000000 rescale
000000000 Orescale 000000000000000000000000000000000
DDDDDD[II:II:IDDDDD[II:II:II]DDDDDDD/DDDDDDDDDDDDDDDDDDDD
00000000000000000000000000000000000/00000000000
1000000 1000000000000 000D00000000000000O0O0O0O0OOOO0O
0000000000000000000000000000000000000000000000
gooooooooooooooooooobooobo oo oo b oo buoobuoobbo
0000000000000 000o00ooooooSPMDOOO0O0OOO0OOOOOOOOOOOOO
0000000000000/00000000000000000000000000000000
0002.2.2.6 0000 SRS[173]0DyRecT[69]0 DRMS[103|0PCM][128, 126| D00 0000000
0000000000000000000000000000000000000000000000
ODMIODOODOOO

rescale 10000000 100000000 100000000000000000000000
000000000000000000000000 10000000000000000000
itergroupDDl]DDDDDDDDDDDDDDDDD/DDDDDDDDDDDDDDDDDDDDD
00000000000000000000000000010.600000000000000000
DDDDDD[II:II:II:IDDDD[II]DDD[I[II:II:II]DDDDD/DDDDDDDDDDDDDDDD
0000000 200000rescale ] SPMDOOOODOO0O000000000000000000
JodoooODMIODOOODODOODDOOODOOOOrescale 00000 DOODDOOOODOOO
0000000000000 3000000000DMIOOOSPMD 00000000000000
00000000000000000000000000000/0000000000000000
DDD[II]DDDDDDDMIDDDDD[II]DDDDDDDDDDDDDDDDDDD/DDDDDD
0000000000000000000Orescaled SPMDOOOO0OD0O000000000O00
DMIOODOOOOOODDODOODOOODODOO0ODOODODOOoDOOODoOoOooO

000000 threadmove 0 0000000000000 0000000000000000000
0000000000000000000

- 153 -



§. ODUO0OUOOUODODOULOOOODODObDODbDOD

0 80

Jooobooooboodddtttn
HRERERE

O0O0O0Othread-move 00 0000000000000 O0O0O0O0O0O0O0O0O0OOOOOOO

81 00O

thread-move 00000000000 O0DOOOOODOOOODOOOODOOOOOOOODOOO
000000O000O0o00oO0DOo0oO00oO0oO00oO0DOo0O0ooO0oO0oUoDOoDoOoo
00000000000 O0threadmove 00 0000000000000 O0ODOOOOODOOOOOD
goobooobbooobooobb2240000000000D0O0OODOOODDOODDOO
00200000000
gl1ogooooboboboooooboobooboobobobobobooooooDooDobDOoDbOoD
0000000000000 000o (18,19, 105, 49, 92, 90, 91, 89, 56, 183, 42, 85, 132, 193, 95,
192,194, 11400 000000000DOO00ODOO0OODO0OOOOODOOODOO&30000O00DO
goboooobooobuooobobooboooboobboobboobooboboobbooboo
00o00U00o0o0o0o0o0oUoOooOoUOo0oOOoUOoooOOoUOoOoDOoOoUoOoon

020000000000 000D0O0ODOO0OO0ODO0ODO0OO0ODO0ODOOODOODOOOD
O00o00o00o0o0oUo0oOo0oO0o0ooO0oO0oUoO0DOo0oO0oooOUoOoUDOoDOoOoo
0000000000000 iso-address[18, 19, 1320 0000000000000 O iso-address O
O0ooO0o cpUOOOOOOOOOODOODOOODOOOOOOOOUODOODOOODOOOOOODOO
0000000000000 0000000000000O0thread-move 0000000000 OODO
000000000000 00000000000000 random-address 10 00008.4000
random-address 0 0 0000 08.500 random-address 0 0 0 0 0000000000000 0OO
008.6 000 random-address 1 0 0000000000 O0ODOOOOODOOO
00o00o0o0oo0oooooO0o bMIOODOOOODOOODOOODOOODOOOOOOOOOO
00000000 UOrandom-address 10 000000000000 ODMIODOODOOOOOOOOO

- 154 -



§. ODUO0OUOOUODODOULOOOODODObDODbDOD

gobooooooooooocoobooooboocoooo

82 [UUUOOOOOOOU

threadmove 0000000000000 OCOO&1000O0O

00000000000000 00 DMI main() 000O00OD0ODOS000M0O000O00O0O0OO
goboooobooobooobobooobooobooboboobboobboobooobOooboboo
goobooboboobbUoobOboOobObOODbOO0UUObDbUOODbDOUODODDUOODDbDbOUObODOODO
gooobobooooooooooooooooobbbbbobobooboobobobbbbbbooonogoo
gooobboboooooo obbbobobooooooooooooboobooobbbobobbobooooo
000000000000 0O0DMI gather nodes() DD OO0O0OOODOOOOODOOOOODOOO
gobobooooboooow®woomgooboooboboooooooboobbooooboo
goobogooooboboooouoooobooooooboobobbooooobobobobbbooooobo
00 DMI_scheduler_init() 000000000000 0O0O0O00O0O0O0OOO0OOOOD1I900MO
DMI scheduler create() 00 0000000002100 00000000000 DMI_ thread()
0000000000000 0000ODMI scheduler create() 0000 3000000000000
00000000 DMI _thread() 00000000000 DODOOOOOOOOODOODOODOOOO
0000000000000 O0ODMI main() DOO0OD0O DMI thread() OOODOO0OODOOODOO
000000000 ODMI scheduler create() D000 2000000000000000000O0O
0000000000000 00000000 DMI scheduler join() 0000000002400
DMI_scheduler _detach() 0000000000000

thread-move 0000000 CO0O0OOODOCOO DMIOODOOOOOOODOOODODOOODOOO
gbobobobobobobobobobobobobooooooooooooboboboboDo
gooo0ooooooOooodoooOo pMIODODOOODOOODOOODOOOOOODOOODOOD
0000000000000 000o0D0oo0oDoooO DM yield) DODOODODOODOOODOO
DMI yield() 00000000000 000000O00D0000 DMI_yield)O0OO0OOD0OO0OO0O0O
gobooooboooboobbooboooboobboobboooboooboobbooboo
goboboooobboboooogoobobooooboooobbobooooobobooooboboooo
0000000 DMI _yield) DODOOODOODOODOODOOOOOODOOOOOOOODODODOOOO
gobooooboooboobobooboooboobboobbo0boooDboobboobboo
0000000000000 000D0O000O0000O000000/00000000D000DO00D0
0000000000000000000000000000 DMI yield)DOODOODOODOO
gooobgooobooboboobooooboobobooboooobooboobobboobo
00000810000000000000000000 DMI yield)OOOOOOOOOOOOOO
72000000000000000DMIOOO0OOOD 100000000O0O0OD/000D0OODO
0000000000000 000000DO0000000D00U00O0UODMI judge reconf() OO
00000o0oooooooooooDMIOOODOODDOOODOOO0OOOODOODODOOODOO

- 155 -



§. ODUO0OUOOUODODOULOOOODODObDODbDOD

01: typedef struct arg_t {

02:  ...; /* arguments for a thread */
03: }arg t;

04:

05: void DMI_main(int arge, char xxargv) {
06: arg t arg;

07:  int rank, pnum, node_num;

08: int64_t sched__addr, arg_addr, handle[THREAD_MAX];
09:

10:  pnum = atoi(argv[l]); /* the number of threads */

11:  node_num = atoi(argv[2]); /* the initial number of nodes */

12:  DMI_mmap(&sched _addr, sizeof(DMI_scheduler_t), 1);

/* a global address space for a thread scheduler */
13:  DMI_mmap(&arg_addr, sizeof(arg_t) * pnum, 1);

/* a global address space for storing arguments for threads */
14:  for (rank = 0; rank < pnum; rank++) {

15: arg = ...; /* set the arguments for each thread */

16: DMI_ write(arg_addr + rank * sizeof(arg_t), sizeof(arg_t), &arg, EXCLUSIVE);
/* write the arguments to the global address space */

17:

18:  DMI_gather _nodes(node_num); /* wait until node_num nodes gather */

19:  DMI _scheduler init(sched_addr); /* initialize the thread scheduler */
20:  for (rank = 0; rank < pnum; rank++) { /* create threads */

21: DMI _scheduler create(sched addr, &handle[rank], arg_addr + rank * sizeof(arg t));
22:

23:  for (rank = 0; rank < pnum; rank—++) { /* join the threads */

24: DMI__scheduler_join(sched__addr, handle[rank]);

25:

}
26:  DMI_scheduler destroy(sched_addr); /* destroy the thread scheduler */
27:  DMI_munmap(sched _addr);
28:  DMI_munmap(arg_addr);
29: return;
30: }

32: int64_t DMI_thread(int64_t arg_addr) { /* each thread */

33: arg_t arg;

34: int ater;

35:  DMI_read(arg_addr, sizeof(arg_t), &arg, GET); /* read the argument for this thread */
36:  for (iter = 0; iter < ITER_MAX; dter++) {

37 DMI_yield(); /* give the thread scheduler a chance for migrating this thread */
38: ...; /* the body of each iteration */

39:

40: return DMI_NULL;

41: }

42:

43 int DMI__judge_ reconf(DMI_node_t *in_nodes, DMI_node_t xout_nodes,
DMI_node_t xcur_nodes, int in_node num, int out_node_num, int cur_node_num) {
44: return in_node_num + out_node_num >= 4;

0 81 threadq-move 000000 O0O0O0OOO
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int printf(char *format, ...) {

( FOEXp ) static char xbuf;
| Bz s | static pthread mutex t mutex
IS 2L U F = PTHREAD_MUTEX_INITTALIZER;
LIZ 5@ LIZ 5@
|| Z;Zgﬁﬁ : || Z;Z%Eﬁ : pthread mutex_lock(&mutez);
Y Y .
if (buf == NULL) {
[(zLvroe—7mm]| |2y RoE—TEmE)| buf = malloc(4096);

[ Jotezoc—7em |

...; /* make a string on buf using format */
| FO—/UL7 kL RERE D write(1, buf, strlen(buf));
pthread_mutex_ unlock(&mutez);

0 8.2 thread-move 10000000000 }
00000
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000oooo00oooo0ooo00ooo0o0o0oDo0o00ooo0OdOnOr random-address
uoboooboooooooooOooOoooOooOoOooOoocOoOoOoOoOoOoOoOoOoOoboOoobOboOooDoboOooon
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goooo mmOOoO0OO00OO0 zoOxyU...02,,, 0000000000 x; 00000000000
gbooboobgooboboobooboobuooboobobobooboomuobo 20b0000DO
Urxn, 00000 ;0000000000 000000000000 0000 z; 0000
gobooobooboboobboobboobboooboooboobboobbooobo
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VAR N0)) ALY RE1D AL wR2M
7 l\“l/{ﬁﬁﬁi TRKZ%EE 7!\“L<Z$Eiﬁi
(A)| |
7 RLXZEBH

(B) | |

085 U0D0DOUDODOODUODUODOODUOOUDO0DmMADODUDOODODmMBOODODOODOOO

01: Z; : Set of region 24: endwhile
02: 25: return
03: when thread 7 is created: 26:
04: Zi:=10 27: when thread ¢ munmaps region (p, size):
05: return 28: munmap(p, size)
06: 29: foreach (ptr, length) € Z; do
07: when thread 7 mmaps size bytes: 30: if ptr == p and p + size == ptr + length then
08: foreach (ptr, length) € Z; do 31: Z; = Z;\{(ptr, length)}
09: p := fixed_mmap(ptr + length, size) 32: else if ptr == p and p + size < ptr + length then
10: if p != MAP_FAILED then 33: Zi = Z;\{(ptr, length)}
11: Z; = Z;\{(ptr, length)} U{(p + size, length — size)}
U{(ptr, length + size)} 34: else if ptr < p and p + size == ptr + length then
12: reduction(Z;) 35: Z; = Z;\{(ptr, length)} U {(ptr, length — size)}
13: return 36: else if ptr < p and p + size < ptr + length then
14: endif 37: Z; = Z;\{(ptr, length)} U {(ptr,p — ptr)}
15: endfor U{(p + size, ptr + length — p — size)}
16: while 1 do 38: endif
17: addr := rand(inf, sup) 39: return
18: p := fixed__mmap(addr, size) 40:
19: if p != MAP_FAILED then 41: when thread ¢ is destroyed:
20: Z; = Z; U{(p, size)} 42:  foreach (ptr, length) € Z; do
21: reduction(Z;) 43: munmap(ptr, length)
22: return 44: endfor
23: endif 45: return
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0000000000 000000000000Orandom-address 100000000000 O0ODO
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random-address 0 0 00 0000000000000 0000000000 8600000 860
00000000000 (pir, length) 000000 per 00000 length D000 0O0D0OODOO
inf 0 sup 0000000 stack? O threadheap? 00D 0000000000000 O0O0O0DOODOO
000000000000000O0Ofixed mmap(addr, size) D00MOO000 addr 00 size 00
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0Oz, 000000«:00000000000D0O0O0OCOO0O0000O0O0ODODDOOCOOOO0O00
00o00o0o0o0o0o/o00o000oo00o0o0o0000o0 0000000000000 00D0O0D
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08600000000L0DOD|Z|00000D0ODUOLODOODOODOODODsizZeODOO
0000000000000 0000DMIOOODOODMI thread mmap() D0ODOO0DO0O0OO
000Mo00000000 2z, 00000000000000 size00000000O00O0OOOODO
oobooooooboooobooOoooDooonD seelOOOOODOOOOOOOODOOOOODO
000000 |Z|/00000000000000000000000000D00000Osize0000
0000000000O0ODbO0000 |40 1000000000000 00D0OOD0OO0ODOODMIOO
OO0O0O0ODMI thread munmap() 0000000000000 MO0O0O0OO0OOO0OOOOOOOO

843 U0LDLbUOOUOLbDbOUOUUDbDbDOOOUbDDbDObOOOO

00000000000 0O00000O00000ODO0O00DOO0OO0O000O0oDO0 random-address O
gooooooobooooobogooooooooobooooooooooobooooobDoooD
Uy, 0000000000000C0O0COOCOOO0OOOOOOOOOOOODODOOD z;O000R0
goboooboooobooooobooooooooooooooooo0oooooooboooDbboooDn
oo g, 0000000000001 000000000000000DOCODOOOOOOOOOO
00000000 ;0000000000000 egn D0 0000000 OOOOOODODOODOD
000000000000agn 0000000000000 000OOOO0OO0OO0O00OO0O0BOOOD
gobocoboooooobOoOoooooooooooobD ;000000000 OOOOO0OO0OD
ooboobooooooobooobooooo200000000000D000DOO0O0OO00DOOD
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00D000000000000000000000000000 register?0 stack?0 threadheap? O 3
000000000000 00000000000 static?O processheap®d global 0 30000000
0000000000D000000000000000000 0 register?D stack?D threadheap? O O
000000 static?O processheap®O globel 0 D0 0000000000000 O0ODOOOODOOO
OO0OOthread-move 00000000000 O0OO0OOOO0O0OODODOOCOOOGOOODOOOOO
000000 2000000000000000 2000000 register?0 stack?0 threadheap? O
000000000000000000000 processheap?O globel 00000000000 OOOO
gboobobobooooooobobobobo

0000000000000 00 860000000000 DOOO0ODOOO0ODOOOOOOOOODO
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00000000000000 stetsc?P 000 0000000000000 OOOOOOOOOOO0O
googoooododgdgddbdUU o
goboboboboboboboboboboboobboboooooooboooobooboobDobDOoDo
gogooogooooooggdylldUU o
goboboboboboboboboboboboobooooooooooooboboboboDo
gboobobobo 20b00bobooobooogoon

- 168 -



§. ODUO0OUOOUODODOULOOOODODObDODbDOD

85 UUUOOODOO

O00000000000000 random-address 000 0000000000000 0000O00O0OO
gobooocooooono

8.5.1 00000OD0ODOUDOOO/0DOO0OO

DMI OO Oucontext t[4| 000000Lnux 0000000000000 000000O0DOO0O0
0000000000000 00D000000D/000D000000D00 Ducontext_t000
makecontext(ucontext t *ucp, void *func, ..) 0000000000000 000000O0 uep O
gbbooooboboooooobbuobbOoobt wepOOODOODDODOOODDOOOOODOOO
O0func000000000 wep 000000000 DO0OO0O000O0ODODOOOOOODODOODOOOO
00000DD000DD swapeontext(ucontext t *oucp, ucontext_t *ucp) 00000000000
swapcontext() 0000000000000 00O000 oucp 0000000000000 uep 00O
0000000000000 000000000200000000000 swapcontext() 00000
gdooooboobboobooboboobodbooooboobbuooboobooo

0000000000000 /oo0o0oooooooo

(1) DMI_scheduler _create() 00000000000 0000 p00000 00000000
0000O0DbO0O000D0O000:000Db0D000 cebObOo0O0

(2) 000000 ¢ OO makecontext(A,DMI_thread,...) 000000000000000000
Jo0d00oo0oooo0o0000000000000000000000 A0DDOOODOOOOO
goobobobo a0boboob

(3)y D000 DO ¢ OOswapcontext(B,A) 0000000000000 00DDO0O0ODOOO 0O
00 BOOODODODODOOODODOO 00000000000 00D0O00O0O0O0O0ODO0O0O0O0O0
00000000000 DMI _threaed) 000000000 o 00000OOOO

(40000000000 0000000000000 00O000 DMI yield) DOD OO
goooooooooOobOoobOoOooOO0:000000000O00O0DOOO0ODOODOODOO
DMI yield() DOOMM300000000 BOOOOO swapcontext(A,B)0 0000000
goooo0o0o0o000 @000 ADODODODODOOOOODODODOOO cOO0O0O0O000OO
0000000000030 0000000000 ¢o0 0000000 swapcontext() 000
ogn

(5 J0000000000D qDOO0O DMI _thread) O0OODODOODOODOOOOOODODO
T‘egisterfl]l]l] A0000OD0O00O0DO000D000000 ¢e0000 ADDDDDT@giSteTfD
00000000 00000000 steck’ 00 O000000OODOOOOO0 00000
D[lthreadheapfl:ll] Job0dooboobobuo gboboboboo

(6) register?D stack?D threadheap? 00D ODDDO0O0O000O0 ¢O0OO00D0 3000000000
gbddpUbbboobOob0cobOOobOobO0bOobObOObODOObODObOOobOOobDODbDObDObOOOO

- 169 -



§. ODUO0OUOOUODODOULOOOODODObDODbDOD
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()OOoOoOoOO0OO0O ¢g00OD0DDODDODOOD pOODODDODDLDUDLUDD ADODODODODDDD
swapcontext(B,A) 0 00 0000000000000 O0O04000000000000 pO
000000 000000 swapcontext() 00000000000 ¢O0D0OODOOOOODOO
000000 p000D00000DO0O0O0DD @ 0ODMI yield)DDDOODDOOODDOO
gogoboooboooboobo

(8) DO0DDODU0 pO0TEILDOUDODOODOD ¢qUOO0DOODOO/ODO0DDODOODOO
gobooooooobooooooobbooo«.0o0obooobooooboboooo0ooooooon
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goboboobooooboooboobbooboboooboooboobboobbooboo
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8.5.2.1 0OUOOOOOODOO

44 00000000D00DODODOOOOOOOODODODODODODOOODOODODODO
0 200000 Oregister? Ostack? Othreadheap? 00 000000000000 000 Oprocessheap?d
global 0000000000 OODODODOOOOCOOOOO0OOO0OOUOODODODODOOOOODOO
oooobMIODODOOOOOOOOOOODOOODOODOODODOOODOOO/ODODOO0ODOD
goboooobooboooboboooo

oooobobobbbobbbbbobbooooooooooooooooooooobooboboD
gooooog 1DD8.5.1DDDDDDDDDDT@gisteTfD ucontext t 00O DOOOOODOO
stackfl] makecontext() 000 0000000000000 00O0O00O0O0OODOOOOODOOOO
gooobobbboooooooooo 2D[|threadheapfDDDDDDDDDDDDDDDDDD
APIODDOO0OO0ODO/00000D0D00D00O0000DO0O00O0O0O0DO0O0DDO0OO0DO0O0ODOO
0000000 oODMIOODODOOODMI thread mmap() OO0 /DMI_thread munmap() O
0O/ DMI thread mremap() 00000/000000000000000OOO0OOOOOOO 300
processheap” O global O (D malloc() OO /free() 0O /realloc() 0000000000000 0OOOO
0O mmap() 00 /mremap() 00 /munmap() 00000000 ,/00000000000000000
0000000000000000/00000000000000000000000000O000
0000000000000 0O0O0O00DOO0O0DO0O0DO0O0DO0O0DODODDOD0OODOODOOOY
0000000000000 00000mmap() 00 /mremap() 00 /munmap() 00 /brk() 000
gooboboboo
8.5.2.2 [OUOU0O0OOOODOOODODOOO
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0000 mmap() 000 sys_mmap() 00 0libe 0000000000000000 mmap() 000
libc_mmap() 000mmap() 000000000000 00000000000000000000
0000000000000 0mmap() 000 hijack mmap() 000000000000

Linux 0000 2600000000000000 libe_ mmap() 000000000000000
000000 [201, 152]0

() D0oo0oo0oo00o000o0000 libe mmap() 0000000000000 O00OOOO
libc mmap() 000D O0O00O0000 1000000libe00O0000OO libc_mmap() O
goobobobobooon

(2) libc_mmap() 0000000000000000lbe mmap() 0000000000

(3) libc_ mmap() 00000000000 sys mmap() 0000000000000 000000
ogno

(4 0000000000000000Osys mmap() 0000000000000
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00000000000000000M100000000 libc_mmap() 00000000
00000000000000000000000000000000000000libeOD
000000 libe_ mmap() D0 D0000000000000000000 hijack_mmap()
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0000100000000000000000000000

0300000000000 libe_ mmap() 000000000000 0sys mmap() 00000
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00 libe 0000000000000 000O0ODMIOOOOONOO0OO0O00O0O00000O
O libe000D0D00O0D0D0000O libe00D0OO0O00D00000000000000D0
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Linux 0000 26000000000000000000000000000000000
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000000000000000000000000000000000000000000
O sys_call_tabled extern 0000000000000 0000000000000000
000000000000000000000000000000000 root000000
0000000000000

0500000000000 ptraee0000000000000000000000000000
000000000000000000000000000000000000000000
00000000000000000000000000 sys mmap()000000000
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00000000000 libe mmap() 00000000000000lbe mmap() D0000000
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000SO00000O000D0O000DLD000DDO000DO000DD00DD0O libe_mmap()
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000000lbe mmap() 0000000000 000000000 hijack_mmap() 000
gooogoobooobgoo
(5) D000 true mmap 0000000000000 libe mmap() 00000000000
00000000000 00D000000D000d injection2 00000000 0O0ODOOO
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24

: voidx fixed__mmap(void xstart, size_t length, int prot, int flags) {

void *ptr;
int ret;
static pthread mutex t mutex = PTHREAD MUTEX INITIALIZER,;

pthread mutex_lock(&mutez); /* lock */
errno = 0;
ptr = true_mremap(start, PAGESIZE, PAGESIZE * 2, 0);
/* try to expand 1 page beginning from start to 2 pages */
if (ptr == MAP_FAILED && errno == EFAULT) {
ptr = true_mmap(start, PAGESIZE, prot, flags | MAP_FIXED, -1, 0);
/* this certainly succeeds */
assert(ptr | = MAP_ FAILED);
ptr = true_mremap(start, PAGESIZE, length, 0);
/* try to expand 1 page beginning from start to length bytes */
if (ptr == MAP_FAILED) { /* if it fails */
ret = true_ munmap(start, PAGESIZE); /* cleanup */
assert(ret == 0);

}

} else if (ptr | = MAP_FAILED) { /* if the first true_mremap() succeeds */
ret = true_munmap(start + PAGESIZE, PAGESIZE); /* cleanup */
assert(ret == 0);
ptr = MAP_ FAILED; /* this fixed _mmap() failed */

pthread_ mutex_ unlock(&mutez);
return pir;

}
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goboooboooooooooooooOooooobooooOoooooOoooOoboOooboOooobboOooon
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00000000000 ooDOoDOooooooOooDoDOoDooo0o0o0oo0 Io0o0oDnDooDon
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goboogooooobgoo
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process 1000000000000 O00OO0O0OOOO half-process000000000OOO0OO
000000000000 half-process 0 mmap() 0000000000000 O00DO half-process
gobooboouboouboUobooboobooboobboobbbobbbuobbooD
half-process 00 0000000000000 0D0O0O0DOO0O0O0OOOOO0ODOOODOOhalf-
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CLONE HALFPROCODOOOOOOOOOOOhalf-process10000000000000O0
000000000000 half-process 00000000000

¢ CLONE VM OOODOODOOD clone() D0DO0DO0DO0ODODOO half-process 0000 O half-
process 10000000000 half-process 0000000000 MOO0OOOO half-process
goboooboooobon

¢ CLONE HALFPROCUOUDOUOUOOUOODOOU half-process 0 00 OO half-process 0 0O 0O
O half-process 0000000 O00DOO

00000 half-process 00000000 920000

O0OO0Ohalf-process 000000000 OD00000OODODOODOODOOO half-process 000
00000 half-process 00 0000000000000 O00O0000OO0OOOOOOOOOOOOO
0000000000000 dmread(pid_t pid, void *ptr, size_t size, void *buf) 00000000
000 ID0O pid D0D0D0DODOOOO [pir, ptr+size) D000 dmread() 0000000 ODO
0000000000 [buf, buf+si2¢) DO0ODO0DD00000000OOOOOdmwrite(pid _t pid, void
*pir, size_t size, void ¥*buf) 000000000 dmwrite() 0000000000000 O0OOODO
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0000000000000000000000dmread() 00 /dmwrite() 000000000000
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00000 Dhalf-process 00 0000000000000 OOO0OOOOOOOOOOOOOOO
goobobobooooooooboboboboobooboooobDoboDobobobobooo
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gooboooooooboooooOoboOo0oOoDbOoO0oO0oDbOOoOoooOoOoooboOoOoD IDOOO0OoOn
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(A)  FOEX1 ZJO€X2 | (B)  RALwRi AL w2 | (C) half-processl half-process2  half-process3

task_struct | | task_struct task_struct | | task_struct task struct task struct task struct
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some_meta_ operation(uint64_t addr, ...) :
struct task_ struct sxcurrent := the task_struct running now
if addr is in a shared address space then
current—mm = current— parent_mm
flush a TLB
load the page table of current—mm to a CPU
endif
... /* the unmodified kernel code of this meta operation */
if addr is in the shared address space then
current—mm = current—my_mm
flush the TLB
load the page table of current—mm to the CPU
endif
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0000000 my _mmO parent mm 0 2000000000000000000my_mm 000
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Omm struct 000000000mm0000000000000000O0O0O00O0O0ODOOOOOD
Umm struct0000000O0O0O0O0O0O0OO0O0O0OO0OO0DOOOOOOOOOOOO0OOO0O00OO0
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000000000000000000 2000000000000000000000000
000 ¢—mm—pgd|is][iz] D0 OO0ODO

(4) '—=mm—pgd[i4][is][ix) 0000000000 1000000000000000000000
0000000000000000000100000000000000000000000
0000 ¢—mm—pgd|is|is]liz] COODOOO

0000000000000 000D00D000000D0D00000000 demand-driven OO0 0O
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000000000 Ohalf-process 0000000000000 O0O0OOalf-process000000
gobobobobobobobobobobobobobooooooooooobooboDobobOoDo
ggod

0 1 O Ohalf-process O O Oglibc O pthread 0000000 00O OO Opthread create()
0 O /pthread join() D0 00D 0000000 OODODDOpthread mutex xxxx() 00O
pthread cond xxxx() 00 0000000000000 0OOOOOOglibe O pthread 0000
goboboboboboboboboboboboboboooooooooboobooboDoboDobDOoDOo
00000000O00O0OO0O0OO0OO0OOO0OO0OOOODOODODODODODODOODODOOODDOOOhalf-process 000
000000000 00o0o0oooo0o00C0C0000000oU00o0oo0ooooDOooOOO0OOpthread O
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9. DO000O0O0ODOODbObO0obOOobOOoUobOUobDUobDOobODOobOobOoD

O0000O0O0ODO0O0ODO0O000000000OdOdUhalf-process00000000O00OODODOOOOOO
000000000000000000 pthread xxxx() 0000000 halfproc_xxxx() 00000
000000000000000000Ohalfproc_mutexxxxx() 00O halfproc_cond _xxxx() O
OO0 futex() 00000000000 OOOOhalfproc_create() 0 00 CLONE HALFPROC OO
000000 clone()DO00OOOOOOOO

0 20 0half-process 0000000000 MAP_HALFPROCOOOOOD DO mmap() O
00000000 UOmalloc/free/realloc 0000000000000 OOODO OO half-process 00
0000000000 malloe/free/realloc 0 0 0O O O O halfproc_malloc() O O /halfproc_free() O
O /halfproc_realloc() 000000000000

g3booooooooooobobooobbbooooooooooooboooobobboDbDbDbDbobb
goboobooboooboobbooboooboobbooboboooboobboobbooboo
000000000/00000000000000000000D0000000

9.6 UUUUO0OOOUOUOUOUUOoOOO

O0OO0OOhalf-process 000000000000 ODODOOOOOOO0OODODOOOOOOOOO
gooooe.s320d000OoOdOoOoO0O0OOoOoDOoOoOoOoOo DMIODOOOOODOOODOOOOOD
0000000ooo0oooo bDMIDOOOODOO0O0DDOO0ODOO0O0DDOO0O0DDOOOO0OooOg
9.6.1 OO

0100DMIOOOOO0OOOO half-process 0000000000 OOODMIO half-process O
O000O00DMIO half-process 0 mmap() OO0 /munmap() 00 /mremap() 00000000 /0
O00000000000D0 half-process 0000000000000 0ODODOOODOOOODOOOO
00000000000000000000D0000000000000D00dthread-move 0000
gbobobobooooooboobooboboo

0200000000000000000000000O000Oalf-processO0 000000000
000000000 Ohalf-process 0000000000000 0O0O0O0O0O0O0O0O0OO0OO0OODMI
0000000000000 0000000D0000000000O0Ohalf-process0 0000000
goooooboooo

O 300half-process 100000000 OOODOOOOOODO half-process0000000O00OO
0000000000000 000000000000000n000n half-process 00000000
0000000000 O0thread-move 0000000000000 OOO0OO0OO0O0OO0OOO0OOO
gogoo

9.6.2 0O

000000000 0ooooODbDMIOCOOOOO half-process 00000 DOOOOOOODOOOO
oooo0o0400000000
0 10000 Opthread xxxx() 00000000 halfproc xxxx() 00000000 OOOO
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9. DO000O0O0ODOODbObO0obOOobOOoUobOUobDUobDOobODOobOobOoD

000 20000000000000000000 malloe() 00 /free() 0O /realloc() 0000
halfproc_malloc() O O /halfproc_free() O O /halfproc_realloc() 0000000000000 OO
goocoooooooobpMIODOODOODOOOOOOODOOOOODOOOOODOODOODOOD
000000000000 malloe() 00 /free() 00 /realloc() 000 000000000000 30
00000000000000000/00000000000Chalf-process000000000/00
0000000000000 0000000 400000000 half-process 1000000000
0000 read/write 000000000 dmread() 00 /dmwrite() 000000000000000
000000 half-process p 0 DMI_read(addr, size, buf, ..) 0000000000 DMI_read() O
O0read 000000000000 0OO00OOCO00OD0 40000000000 1000000 readOd0O
000000D0MM2000000000000000M30000 receiver half-process *¢ 0000
0M400 00000 handler half-process 0 0 0 0 0 500 O O handler half-process 0 000000
0000 half-process p0 buf 000000000000 000 DMI read) 0000000000
0O O handler half-process O half-process p0 buf D0 00000000000 O0OO half-process O
0000000000000 0000000000000 memepy() 0000000000 dmwrite()
gooboboboooogog

0000000000000 000 half-process 1000000000000 O00O0OOOOOOO
0000000000000 000000000000000000000000000OOhalf-process
gobooobooboboobbooboooboobobooboooboobboobbooboo
goobooboo

9.7 DOODODOODO

000000000000 O0U00O000O00U0U0OU0UO0DO00DDODO0OUDODUOD0DOO0DDOUODOOD
OD00O000DO halfprocess 00000000000 DOO0OOOOOOOOOOOOOOOOODOO
half-processsmove 000000000000 OOO

eJ0J0D00OD0ODODODODODLOLOLOODOODODODODOODOOODODODODODODODO
oobooooboooobooooobobooooobo0oobboooobbo0ooobDoooobDooooOoOooon
0000000000000 00000000000D0000000000000 half-process O
ooooogo

e half-process 10 DO D0O0OO0D00O0DO0O0OOO0ODOOOOODOOODDOOOOOOOOOOOO
oobooooboooobooobobobooooboooobboooobboooobooooobooooooOooon
ooooooooooobooooooooooooooooooOooboooo

e half-process 10 0000000000000 O0ODOOOOO0OOOOODOOOOOOOOOOOO

*6 4100000 receiver 0000 Ohandler 0000 0sweeper 000 000000000000000000 half-
process 1000000000 OOOODO receiver half-processd] handler half-process] sweeper half-processt 0 0
half-process 000000000
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9. DO000O0O0ODOODbObO0obOOobOOoUobOUobDUobDOobODOobOobOoD

ooboooooooooboooooooooOoboOoooboOooon

half-processs-move 000 0000000000000 00O00O0O0OOOODMI yield) ODODO
obOol1o0000ocoobooboooooooboooocOoobobOoboobOoooboco 100000
thread-move 00 0001000000000 half-process 0000000000000 DOOO0OO
oboobooboobbo 200000000000 O0C0O0OOOOOOOOOOO0 3000009.6.200
0000000000000 0o000000000000O000000000O0UO0Udmread() O
O0/dmwrite() 0000000000000 0D000000D000000000DO0O0DO0O0DOO0OO
oboboboboobooboobooboobooboobOoooOooOooobOOobDOobOOoDOOoDoOooboOoobooDon
goboooooooooboooboooooood
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10, 00 000000000000 0000000DD00000

0 100

Do llmooooooooooooon
Jooooooodd

000000700000 rescaledd 800000 thread-movedd 9000 0O 0O half-process-move
030000O0o0UooOoOoo00000o0oL0UUoooUUUooUooUooooooooOooQ
ooooo

10,1 0O0OOO0

00000000061 00000000000000OO0Othread-move d OO half-process-move
gbos4.agogboooooobooooboboboooooboboboobooobooboboboooboo
goooobgoooobooboobobooobooboboooboboobobooboobobobobooDo
000000000000000000000000000 /half-process 000000000000
00000000000000000008.4.3000000000 thread-moveO00 align D000
000000ooooooooon eiyn=10000000000000000000000O00O00OO
goboooobooboooboboooo

10.2 0O0OO0OOO

gbooooooobobobobooboouooooboobobobooooboobooon
01000000000000000010.3.10000half-process10000000000O000OO
gogobgooboobooboobooboobobobooboobed20obOobOoOobDOODO
oooodooooobodoooooooooooooooooooogoooooolod.30000
thread-move O half-process-move 0 000000000 /half-process 00000000000
020010400006.5.1000 6.6.30000000000000000000000000
O00000000000000000000000000000000 half-process1 0000000
gooood
030010.500006.5.10006.6.30000000000000000000000000
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10, 00 000000000000 0000000DD00000

0000000000000 0000O¢thread-move O OO half-processmove 00000100000
0000000000 /half-process 000000000000 0O0OOOOOODO
040010600006.5.8000 6.6.300000000 NOOOOODOOODOOOOOOOO
000000O0O0ODOO0OO0OOO0OO0ODOOOODODODDOOrescaled thread-movel half-process-move O 0 O O
0000U0o00o000o00o0o00U0o0o0000ooO000Do00oO00o0oDooOO0oDUoDoOOoOoOooOoOo
ggogoogoogogggldUU U
gooddoooooooooo
O50010.7y00006.64000000000000000O0O0O00OOOOOthread-moved 00O
g ooobbbobobobbobooobodddooooogo

10.3 0000000000

10.3.1 half-process 000000000000 O0OOOO0O

10.3.1.1 0O0O0OO

0000000000 00o0oDo0oO0C00O0200 half-process 000000000 OOOOOOO
0000000000000 10000000 200 half-process p 0 half-process p’ 000000
OOhalf-process p0 000 d00000000 0000000000000 ODODOOOOOOOO
half-process p’ 000000000000 mOO000000 dOOOOODOOOOOdO0000O00O
Jdo0o0d0ooo0oodoooU0oooUooooooUDloooooooU0Uoo0 mOOOOO
oo e0O00OO0UOOOOODOO

socket [0 half-process p 0000000000000 O half-process p0 TCPOOOOOOO
O half-process p’ 0000000 4000000

pipe [ O half-process p OO0 00000000000 Ohalf-process p 0000000000
half-process p’ 0000000 d00O0O00OO

shared-space [ O half-process p O half-process p 0000000000 0O OO half-process p’
0oo00oooodoooooooooooo donoooon

inter-process [ 0 half-process p O half-process p’ 0000000000000 0OOO0Ohalf-
process p 00 0000000000000 O0O0O0OOOOdOOOOOO

dmread [0 half-processp 0000000000000 Ohalf-process p’ O dmread() 00000
Oooodooooon

doublecopy [0 half-process p00000000000000O0Q0 half-process p O half-process
p0000000000000000d00000000Ohalf-processp’ 0O0OO0O00OO0O
0000000000 d0000000000MVAPICH20O OpenMPIOOOOOOOOO
000000o0o0o0o0oo0ooooo (30, 70]0

000200 half-process 000 CPUOOOOODOOOOOOOOOOOOOOODG61000000
00000000000 Intel Xeon E553004 0000000 CPUD 2000000000M03102
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10, 00 000000000000 0000000DD00000

"socket —e—

] "socket —e— ) |

10*1 L pipe —=— -A 10*1 L pipe —=— '/
> shared-space —&— ;/ > shared-space —&— n
2 102} inter-process —#— A 2 102} inter-process —#— -
% dmread — 4 %/ % dmread — 4
S 03k doublecopy = S o3k doublecopy 7
= > = 5
g 10 2 g 10 T
= [ . . o pe) f—a— oo fi-"
S = e A Bl
S 4 S
2 10 ? 2 10
8 4 a4 o, A/‘//" 8 ) S G €507
S 107 2 CRRT R S

o« o
10° 0 1 2 3 4 5 6 7 3 9 10° 0 1 2 3 4 5 6 7 3 9
10 100 10 10° 10° 10 10° 10" 10° 10° 10 100 10 10 10° 10° 10° 10" 10° 10°
data size [log(byte)] data size [log(byte)]

0 10.1 00 CPUOO 200 half-process O 0102 00O CPUDOO 200 half-process
pgoooooooooooo poooooooooooboog

00 half-process 0000 CPUDOOOOOOOOMmM20200 half-process 0000 CPUDOOO
odooOo 200000000000
10.3.1.2 0OO0OOO

200 half-process 0000 CPUODOODOODOOOOOOOO 10100200 half-process 000
OocCpPUOOODOOOOOODODOO 10200000 1010000 1020000 100socket 0O
O pipe O shared-space 000000000000 O0O0DO 2200000000 1.1701.96000
00000000 200shared-space O inter-process 00000000000 DO0OOOOOOOOO
gobooobooboboooboooobooobooobooob0boobbooobooobOoooboobo
000000 3000000000 2200000000 10100 dmread 00000000000
00000 doublecopy OO0 12200000 10200 dmread 0000000 COCOOOOOO
doublecopy OO0 12600000 4000 10200000 0dmread O shared-space 000000
000000000000 0dmread 00 half-process p’ 0000 d0000000000O0O0OO0O
000000000000000000000000000000shared-space 00 half-process p’
Jdoo00ooodooooU0o0dodoooooooooooooooooooooooogon
O Oshared-space 000 dmread 00 0000000000000 O0OO0OOOCOCOOCOOOCOOOOOO
O000Odmread D000 shared-space 00000000 CPUODOOOOOOOOODODOOOOOD
goobooboo

10.3.2 0OJ00O0OO0OOO0OO0ODOOODOOO0OODODODOOOOUDDObDOOOoOOoDOO
udn
10.3.2.1 0O0O0OO

Oooooooooo00ooooo000oooooo000ooDoo0O0O00oooOno 10000000

O0 mmap() 0000000000000 O0O00O000OOO0OODOODOO 1000000000 mmap()
0000000000000 0000O00D000000O00D0000D000 mmap()00D00ODOOO
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10, 00 000000000000 0000000DD00000

‘ D]V[‘I(Lhrea‘d*moveﬂ AP
DMI (half-process—move)
communicatiol

]
0.1 '-
3
7
0.01

0.001

time [log(sec)]

0.0001< *

*
*
*
4

*
*

le-05

10 100 1000 10000 100000 let06 1et07 1let08 1et09
data [log(byte)]

0 10.3 DOO0OO0O0ODO /half-process 00000000000

gobooooooOoooooOoocooooooOoOOoOooobooboOoooao

cooboooooooooobooooooobooboooooooooooobooooooooooOoo
oo 1ooooob0b00o0oobooooooboOooooo0oooooooo0oooooocooooooon
o000 0 O0O0O0OOO0OOOOOOOOOOOOOOOOOODOOOODOOOODOOOODObOOOn
goboooooooooobooooo0ooooooobo0ooboooooooooDboOooDoOoo
10.3.2.2 00000

0000000000000 1000000000 mmap() 00000000 2531000000000
00000 10000000 00 mmap() 00000000 2654000000000000000000
0000000 4.8% 00000000000000O0O0OOO 10000000000000000000
1.316 000000000000 100000000000000000001.3270000000000O
0000000000000 00 083% 0000000000000 00O0ODO0OO0DOODOO

10.3.3 UO0OOOOOOoOooOoOOoOd

10.3.3.1 0O0O0OO

0000 /half-process 00 0000000000000 0DO0ODOODOODOO200000000
0 /half-process 000000 00 0O Othread-move 0 00000000 00 00 thread-movedD half-
process-move O 0 O O half-process 0 0 O O O half-process-move0 0 0 000000000 O0O0OO
000 /half-process 00 000000000000 00DO communicationd0 00000
10.3.3.2 0OOOOO

thread-move 00 000000000 O Ohalf-process-move O 0 0 O half-process 00000200
000 TCPOOOOOOOD 10300000 10.30000 0 thread-move O half-process-move O
000000000000 00 /halfprocess 0000000000000 DO0ODO0ODOOODOOODO
0000000000 /half-process 000000000000 4MBODOOOOOOO thread-move
00000000 4MBOOODOOOOOOOOOODO half-processmove 0004 MBODOOOOO
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10, 00 000000000000 0000000DD00000

00000000000 0000O half-process 100000 OOOODO half-process-move O 0 0 O
oooooeMBOODODODODOOOOOO 512MBDDDDDDDDDDDDDDDD/half—pFOCGSS
0000000000000 00D00 /halfprocess 0000000000000 0D0ODOOOOODO
thread-move 0 0 0 0 33.9%0 half-process-move D 000 23.5% 000000000000000
00000000 /00o0o0o0oooooooo

104 00O0O0OO0OO0OO0OOOOOOOOO half-process0 000000

10.4.1 0OO0OODO

DMIOOODOOOOODOOOOODODOOOO0ODODOO0OOO0DODO0OO0ODhalf-process0 000000
gobooooboooooooooOoooooOoooOooOooOoooOoOooobooOoOooOoboOooboOooobboOooon
goooooo0Oo0O0o0o00oooooo0oooooo0O0ogTLBOOOOOOOO0OO0O00OO0OGO
000000000000000000000000000000 dmread() 00 /dmwrite() D00
gobooooboooooboooooboooooooooboooooooooooooobooobboOooon
O000000000006.500000000 NAS Parallel Benchmark 0 EPOOOOOODOOOO
000000000000 0000000FxOOOODOODOOOOOOOOOO0O00000000O0
ooooNOUOOOOOoOoDoOoOoOoOooOoOoooooooooooooooooooooooooo
O000Ohalf-process 00000 DMIOOOOOOOOOOOOOOOOOOOODODOOOO1280
goboooooooooboooboooooooooooooboooooDooo

10.4.2 0O0O0O0ODO

half-process 00000 DMIO OO OO OO OODMIO half-processI0 00000000 6.1100
6.120 0 6.1300 6.1600 6.1700 6.1800 6.200 0 6.2100 6.2200 6.2300 6.2400 6.2500
6.260 0 6.2700 6.2800 6.2900 6.3000 6.3100 6.3200 6.3300 6.3400 6.360 0 6.380 0
6.3900 64200 6.4400 6.4600 6.4300 6.4500 64700 6.520 0 6.540 0 6.560 0 6.530 O
6.5500 65700 0000000000000000ONAS Parallel Benchmark 0 EPOOOOOOO
g0bOOo00DOOo00DOOo00O0000O0OFxOOOOOOO0ODODODOOOOOOOOODOOOD
0000ONOOOOOOUOUOOUOUODMIOhalf-process0 0000000 DMIODOOOOOOOOO
half-process 00 0 0000000000000 O0ODOODOCOOOOO0O0OODOODOOOOOOOOO
000000000000 half-process 100 0000000000000 DOOOODOOOOOOO
gobob30booogoogbobobobooboooooboooboobobobobobooobooboOoDo
00000000 rwset_read() 0000 OO O handler half-process O 0 0 O half-process 00 0 O
gobooobooboobbuooboobboobuoobboobooo

00000000000 medium0.10 WebOOOOOOOOOOOOOQOODOODQOODQOUOODOO
gooooobbbbbbbodote.s200bDbb0O0O0O00ObbLOOODOD0O0O0OU00O0OUUUOUOO
000000001280 00 half-process 000000 127 00 half-process 00 21.5 KBO OO
000000000000 Allto-all0 00000000 O0OOOOOOODODODO OO read-write-set O
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10, 00 000000000000 0000000DD00000

SELETE=S
SEPELREBIEE L~ ~
XE i—
;-rj%half- rcljjcissO) | [7A A\ ~ —

0 10.4 handler half-process 0 read 0000 0000000000000 O0O00OO

rwset read() 0000000000000 0005.300000000000 rwset_read() D000
000 group_read() 0000000000 group_read() 0000000 1270000000000
O0read 000000000000 0ODOODOO 12700 read 000000 12700 read 0000
0000000000000 0O0000DoO0O00U00DoOoOOO0OO 12700 read OO0 handler
half-process 0000 10000000000O0OOO

000000 Ohandler half-process 0000 100 read 00 0000000000000 OOOO
O000O0Ogroup _read() 0000000 read 000000000 DO0O DO handler half-process 0 O
010400000000000000000000C000000O0COO00O00O0O0OOQO half-process O O
0000000000000 0DO0O0000D0ODO0000O000D0D0ODODOO0Ohhandler half-process
000 half-process 00 0000000000000 00O00000O00Odmwrite() 0000000
000000000 000000000 1000000000000000 dmwrite() D00 10
gooobooboobmoooobooboobobooobobobobDooboboboobDobDooDbO
00000000 dmwrite() 0000000000000 00O00000000000OO medium0.1
OWebOODOOUOODODOUOODODDOOUOOOOOreaed0 00000000 0OOOOO 1100160
00000000 bO00o0obOoo0oooOOoOoDoDOOoOoooDO 110ble0 00000 DbOOoO0ODDOn
dmwrite() 0000000000000 00O0O0OO0OO0OO0OO0OO0OOOOOODOOOOOOODOO
g0ofdoo0ooO0o00O0DO0oU0oO0OOoU0ODOoUOOO0OOoUODOOODMIODOmMOOOOOOOO
000000000000 handler half-process O dmwrite() 00 000000000000000O0O
000000000000 halfprocess 100 00000000000 0OOOOODOOOOOOOO
00000000 handler half-process 0 000 half-process 00 0000000000000 OODO
O00000000 half-process 00000 read 00000000000 half-process 000000
0000000000000 000000000000000000000 handler half-process 0 O
g000oC0O0OOoOoOoOoOoOoOOoOoOOOoOoOOODOODODODOODODODOOOOread00O0OOOO
0000000000000 000000 half-processd read 00000000000 half-process
000000000000 00000000000 memepy() 00000000000 DOOOOOO
gooobooboobooobooboooboboboboobooboobobOoomboobobobOooDoo
0000000000000 0000000000000000000DOdO0O0dhalf-process 00O
read-write-set 0 00 0000000000 OOODOODOOOO

00000 0O0OO0OO0OOOOOOODODOODODOOOODOOO DMIOOOOODODMID half-processd

- 206 -



10, 00 000000000000 0000000DD00000

0000000000000 o00O0O0O000000O0 DMIOOOOOOhandler00O00000O0O
0000000000000 0000000000o0o0o00O0Od0oDMIOhalf-processtd 0000
0O O handler half-process 0 0 O half-process 0 0 0000000000000 0O0ODOOOOOO0OO
goooodoooDooodoU0ooDOOo0oooDdoodooooooo bDMIDOODOOO1IODO
read 0000000 41.00000000000000000DMIO half-processi 00000010
Oread0000000O 9%.80000000000000C0ODODOO

000100000000000rwset_read) 000000000 half-process 00 100000
000000000 0000Ohhandler half-process 00000000 read 000000O0O0OODODO
0000000000000 000000000D0ODOhhandler half-process 0000000 1000
000000000000 000D0000 read00000000D00O0O0ODOOOOODOOO12800
0000000000000 00000000ODO half-process0 000000 OOOOOOOOOO
O half-process 0 12000 read D0 000000000000 OO 700 reaedd 00000000
oooooooo0ooooO0o0oooo0o0oooOOo0OooOO0o0OoOOYT0O0OOO0ODODOOOOOD
read 000000000 MMO0OOODOOhhandler half-process 00120 x 8 =960 00 read 00O
000000000 0ooooo0O0000000oO0o0oO00000read00000O0O0OOO0OD
0000 960x96.8=92900000000000000DMIODOOO0OOhandler000000O0O
O0read 0000000000000 O0DODO 90x41.0=393000000000000DMICDO
0000000000000 000000 half-process 0000000000 OODOOQO read 000
0000000 929-393=53.60000000000000000000000000 643000
0010000000000000000000 DMIDO 0.479 O O0DMIO half-processd O 0.663 O O
0000000 18400000000000000C00000000 DMI O DMIO half-processd O
0000 53.6/184 x 100=29.1% 00read 000000000 O0OD0OOCOOODOOODOODOODO

0000000000 000ooo00oooO0U0oDoO0o0o0ooooO00ooooO0o0on bDMID DMI
O half-process0 000000000 O0DMIOhalf-process0 0000000000000 0O0O00O0O0O
ooo0O0M105000000000000000000000000 mallocO0O0O0O0O0O0OOODO
000000D00o00oo00oo000o00oo00oo00oDo00d00DLInux000000000
0000000000 000000000000000000DMIO half-process0 00000000
00000000000 000000000D0000 half-process 000000000000 OO0OO
00O handler half-process 0 dmwrite() 000 0000000000000 O0000O0ODOOOOO
0000000000000 000000000O0half-process000000000O0OOOOO0OO
0000000000000 00Ohandler half-process 00 0000000000000 DOOODOOO
ooooooooooooooooo
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10, 00 000000000000 0000000DD00000

total :DMI(thread-move) m— total :DMI(thread-move) m—
total :DMI (hal f-process—move) mmmm—m total :DMI (half-process-move) mmmm—m

time [sec]
time [sec]

1/8 1/16 1/32 1/64 1/128 2/8 2/16 2/32 2/64 1/8 1/16 1/32 1/64 1/128 2/8 2/16 2/32 2/64
# of nodes/# of threads per processor # of nodes/# of threads per processor

0 10.5 NAS Parallel Benchmark 0 EP 0O 0106 OD00OO0O0OO0OOO0OOOO0OOOOOO
000000000000000 /half-process 000000000004 /half-process 0000
ooboooooooooo ooooooood

10,5 0OJ00ooouoooobobobobbboooooooooooo

10.5.1 0OO0O0ODO

1.3.3.20000000000 thread-move O half-processsmove 00 0000000000000
00001000000000000000 /half-process0000000000000DO0O0O00ODOO0
00000000001 000000000000000 /half-process0000000000000O0O
gbobobobooooboobooobobobobooooobooobooon

0000000ONAS Parallel Benchmark O EPOO000O0O0O0OO0O0OOO0OOOOOOOOOOO
ooooNOOOOOOUODOOoOOoOoOooOOoOoooooooooooooooooooooooooo
000000D0MM1I010000»n000000 /half-process 0000000000000 0ODO0ODO
On=80160320640 12800 [M202000000000000 nO000000 /half-process 000
ooDoOO00ooO0oODbDbO0oO0oDOn=80160320640 000000 1I0D0020000001000D0
goobobobobobobobobobobobboboooooooboooDobDoboDobDobDOoDo
oob2000000000000000DOO0O00OO0O0O

10.5.2 0O0O0O0ODO

NAS Parallel Benchmark 0 EPOO0 0000000000000 OOO0OOOOOOOOONDOO
00000000 00000000000000000000 medium0.01000000000000O
0000 medium0.10000000000000000 medium0.0100000000000O0O
0000 medium0.10000000000000000000O00O00O0O0O0O0 /half-process O
oooooooooooOoDOoODOOO 10.500 10600 10.700 10.800 10.900 10.1000 10.110
0 10.1200 101300 10.140000000000000DO0O0O0 m/nO00mO0DOOOODO
00000 »000000 /half-process00000000000000000ODOOO
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10, 00 000000000000 0000000DD00000

total :DMI(thread-move) m—
total :DMI (hal f-process—move) mmmm—m

total :DMI(thread-move) m—
total :DMI (half-process-move) mmmm—m

30

T

time [sec]
time [sec]

1/8 1/16 1/32 1/64 1/128 2/8 2/16 2/32 2/64 1/8 1/16 1/32 1/64 1/128 2/8 2/16 2/32 2/64

# of nodes/# of threads per processor # of nodes/# of threads per processor

0107 DOOOO0OOOOODOOOOOOO 0108 NOODOODODOOOOOoOooooo
0000000000000 /half-process 00 00000 /half-process 0000000000
gooboooooooo oo

total :DMI(thread-move) m—m

total :DMI(thread-move) m—m
total :DMI(half-process—move)

total :DMI(half-process—move)

T

T

time [sec]

time [sec]

1/8 1/16 1/32 1/64 1/128 2/8 2/16 2/32 2/64 1/8 1/16 1/32 1/64 1/128 2/8 2/16 2/32 2/64

# of nodes/# of threads per processor # of nodes/# of threads per processor

0109 0000000000000000O0 01010 OO0OOOOOOOOOOODOO
0000 /half-process 0000000000 000000 /half-process 00 O00D0D0OO00O0O
ooo oooo

01001/80001/160000000000000000000000O0DODOO0ODOODOOO
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gobbooobooboobooobooobooboooboboobobooobboobbooDboo
read/write 000000000

6.5.9000000000000000000200000000000000 514200 ghost O
O000C0OO0OO0OOoOoODMIOOOghost 1000 0DODODODODODODOOOOOOOOOOOOOOOOOO
gooboooobooooga 5142><Sizeof(d0uble)DDDDDDDDDDDDDDDDDDDDDDDD
gooooooooooobooOo:0O000DbO000O0OO0O0O0DOOO0OoDOoOoOon

() 000000 +00000004+000000000000 ghost0OOODOD0ODOOO
0000000 [5142xsizeof(double) x 2i, 5142 xsizeof(double)x(2i + 1)) O write 0 0 00
0000000 i000000000000 ghost 1000000000000 O0D0OO
[514% xsizeof(double) x (2i + 1), 5142 xsizeof(double) x (2i + 2)) O write 0 0 0

(2) D00D0DO00O0OOOOOO0O0O0O0

(3) 000000 ¢+ 0000000000000 [5142xsizeof(double)x(2i — 1),
5142 xsizeof(double)x2i) 0 0 0 00 000 O O OO [5142xsizeof(double)x(2i + 2),
5142 xsizeof(double) x (2i +3)) 0 read 000000 ghost 1000000000

(4) 00000D0+000000000027000000000000

0000000ooomlo0odon writed EXCLUSIVEOOOOOOOOOODOODOOOOOOOO
00000000000 0o0000o00o00000ooO000o0oO00o0oDooO0oOoUoooOooooOo
goooddodooogooooo

0 10.170000 DMD thread-movelld [thread-move D 0 0 0 0O 10 0 0 O write 0 EXCLUSIVE
00000o0ooo0oo0ooooDooon 10170000 DMIOputd O O thread-move 0 0 0 0O [ 10
0000 write PUTOODOODOODOODOOODODOOO 1017000PUTODOODOOODOO
00000o00o00o0oo0o000oo00o0ooo00o0oo0o0o0oooO0ooUooooooooo
00000000000000000000000000000000000000 read/write 0O
0000000o00U00oo0ooUooo0oooooOoooooooooooo

10.7 OOO0OOOOOOODOOOO

10.7.1 0O0OOO
cobobooooooobooooboooboooooboooooooooooooooooooonon
006.6400000000000000000000000 medium0.10000 00 O Othread-move
0000o0o000o0o0o0o0/0o0o0o0oU0o0oo0o0ooo0ooO0ooDoOooooDoo
threadmove 0000000000 12800000000100000010000000000O0
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goooooooooooOOO0O0O0 3040000000000 400003200000M000
ooboo0o0ooD 400000 150 1200000000000 16000012800000M0M000
oooooooooooobooobooorosbOOOOOOOOOOOOROODODOE4OOOOOMO

10.7.2 0O0OOOO

128 0000ooooboobbooobboobD ww31ooooDDDOD 1031000 6590000ODO
000000/0000000000000* 0000000000000000000 6.59 0
obde6.640000000000000 1031000000000000000 128000000
0000000000000 O0wait00 00 658 00000000000000000 5000
do_iteration_synchronously() 00 0000000000000 O00DO0O0OODOOOOODOODOO
Oyield0OODMI yield)OOODOOOODOOOOOODOOO0OOOOOO0OOOODOO iterXXXXXDO
ol1o0ooooboooooboooooooooOboOoOobooOooooOoobooOoOoOoOooOoOoOoooboOooon
U000 iterl7860 0 00000000000O0ODOO 17800 00000000000 0ODOOO

0 1031000000000 00O0C0C0

eDMI yield)DOOODOOOUOOODOOODOOOOOOOOOOOOOOODOOOOOOOODOOUODO

oobOoobOoooOooOoOoOoOOoOoOOoOobObocOobOO0OoOo0oOoOOob0 100001200000
00000000000000000000000000000 1302400 DMI yield() DOO
oobooooobooooboogo20dubboouoooooobooobo0oooooooooa
e 001300000 1280000000 40000000000000000000000O0OO
O00D000 130000 1200000000000000 10200000 1280000000
Ole000000C0C0000O000OO0O0O0OCcOoOoOOocOO0DObO 290000 800000
oooo0ooDbOoO 3205700000 1280000000 8000000 OLO0OODOOODOO
ooooocooo

0103100000DMIOO0OOOOOO0OOOOOO0OODOOOO0OODOOOOOODOOOOO
000000000000 00000000000D00/000000000D000000D0ODO00OO0
ooobMIOOOOO0OODOOUOO0OO0OO0OO0O0O0O00DO0OO0OOO0OO0OO0OO0O00O0DO0O/000000
gobodooboooooooboooooooooooooooooooooobooOoooboobooon
oobooooooooooon

10.8 OO

0000000000000000000000000000000000O000Ooo0ooooooon
0 O O rescaled thread-moveO half-process-move 0 30000000000000000000O0O0O
00000000oooooooooooo0000o0U0U0U00D0ooDoooooooooooooon
ooo

*4 00000 10310000000 medium0.1 00000000 6590000000 large0. 10000000
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Wwat Myield

Witer24554 | iter24564 [Witer24585  iter24618 [iter24708 [Miter25155 [iter25530  iter25563

Witer17850 Witer24257 [iter24322 [iter24325 [iter24340 | iter24370 [iter24429  iter24435

0 10.31 DMIOthread-move0 00 0000000000000 O0OO0DOOO0OO0O0OOOOODOOOOOO
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10, 00 000000000000 0000000DD00000

e rescalel] thread-moveO half-process 00 000000000000 0O0OOOOODOO WebOOO
ggboooobuoooboobboobboooboooboobboobDboobboooboon
00o0o0o0oooooobooooonoo

e 0 0 O rescale>thread-move>half-process-move U O O 00 O O O thread-move/half-
processmove 1001 0000000000000 /half-process 000000000000
gobbobooooboooboobbooooooobboooooobboboooooooobooboboboog
handler 00 0O 0O /handler half-process 0000000000000 D0O0O0O0O0O0O0OOO0OOO
0 O handler 000 O /handler half-process 0000 0000000000000 000DOOOO

e 0000 D00OODODO half-process-move>thread-move>rescale 0 0 0 00 O O O half-
process-move D O ODMI _yield() 000 1000000000000000000O00000O0OO
O000000000000000000O00rescale00000000000000O00O0O/00
0000000000000 Db0000000000000000DOO0O000O00O000O0
O000000000000000 rescaled SPMDOOOOOOOOO0OO0O0OO0OO0O0OOOOO
ggno

eDMIOODDOD0OODDOO0DDOOODOOO0ODOOODDOOODDO0DD/O00D0OD0O0
gogboooboobboobbooboooboooboobboobboobbooboboon
0000000000000 00o00000/000000ooooooD
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11. 00

0110

1 [

11.1 OO0

cooboooooooboooobooooboodoobooooooooooooooooooooaon
obobooboboobooboooooooobobooooboomiIoobooboobooboobooDOoon
gobooooobooooooom20b0boboooooboobooooobooooobooooDoooon
PGASOOOUOOOODOOODOOOOOOOOOOOO DMIO Distributed Memory Interfaced O O O
gooboooooooono

cooobol1o0oo000obobooobooooo0oooooooooooooooooOoooonon
ooboooboocooobobooooboooooOoooooboOooooOoooOoOoooOooooboOooobooboOooon
oooooooobMICOOOoOOoOOOoOOUOOOOOOOO0OOOOOoOOoOooOOoOoOoOoooOoooOoo
gobobooooboocoooooooOooOoooOooOoOooOoocOoOoOoOoOoOoOoOoOoOoboOooboboOooDbboOooon
goboooobooooooboooobobooooboboooobooooooooOoooooooobooooDboboOooon
oboooooooooooobodooobocooboooOoOooOooOoO0 doooooooooboOoon
goboooobooooooooobobooooooooooooooooooooooboOooobboOooon
oooobo0o0ooooooooooooooo0ooooooono0on0400000000000000
ooboooooood

e0O00O00OO0OODOOOOOOOODOOOOOOOODOOOOOOOODOOOOOOODOO
obooboooboobobooboobOobOoOoobOOobOOobOOobOOOOOObOObOOOOOOOODOn
oooooo

ervead/write 000 0000000000000 DD0DD00O0D0O0ODOO0ODO APIDOODOOO
ooboooooboooobooooboboooobooboooobboooobbooooboooooboboOoooDooOooon
uoboooboooboocooboboOooooOoooboboOooooOoooOooooobOOoOoOooOo0oOooon
000000 APIODOOUOOO0OODO PGASOOOODOOOOOO

ooo200000000DMIOOODOOOOOOOOOOOOOOOOOOOOOOOCOOOO
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11. 00

O0read/write 000 0000000000000 00DOO00DDO0O0ODOO0ODDOO APIDDOOD
0000000000000 ArPIDO0O0OOU0OOODOODOOUOOOOOUOOOOOODOOOOOn
000 APIDOO0DO0DO0O0DOOO0DO0ODD0D0O0D0O0D0D0O0000D read/writeD 00D
read/write0 00 000000000000000O000O00DO0O00000O0O0OO0OO0OO0O0
0000U0o00o000o00o0o00U0oO0o000o00o0O00DU0o0o00o0oDooO0OOoUoOoOoOoOoUoOo
JJdo0d00o0o000U00oooU0UUooooUU0ooooU0UU0o0ooUUUoOooDoOO APIOO
O Oread-write-set 000000

O000O00 APIOO0O0OU0CONOO0O0O0O00O0O0O0O00O0O0O000D0O000000O00ODMI
g ooooboboboooo

e 00000 DOODOOOUODDOOOD WebODOOOODOOODDOODDOOODODDODOODDOOO
DMIOOOOOOOOOMPIODDOODOOOOODOODOOOOOODMIDODODOOOOOODODOO
ooooocooooog

eMPIODOOODODODOOOODOODODODOOOOODDODODOOOOO mpich2>DMI>OpenMPI OO
000000 WebOODOOOODODODOOOODOOOOOOOO DMI>mpich2>0penMPIO OO
O00O0O0O0ODMIOOOPGASOOOUOOUOOUOOUOOOOOOOODDOUOODOODOOO
oobooooooooboooobobooooooobboooDboboooDoOooDooooObDOooon
0000000000000 0000O000oo00DMIOOmpich200000OpenMPIOO
oooooooooooon

e DMITOOMPIOOOOO Broadcast O Allreduce 00D O00000O0O0O0OO0OOO0DOOOOO
DMIOOOO0O0O00O0O0000O0O00O0O0O0O000O0

00000 20000000000000000000O0O0OOOOOOOOOOOOOOOOOO
DMIOOOOOO0ODOOO0OO0O0ODOO0OO0DO0OO0OOO0O0O00O00O00O00DO0/O00000000000
00000o0o00o0ooo000oo0000ooO00D0oOoO0o0DooOO0OOoDU0bOoOoOOoOoooOo
0000D000D0O0000rescaled thread-movel half-process-move 0 30 000000000000
goodooooogoogad

rescale 0000000000 CO0O0O000O0OODOOOOOOOOO 1000000000 10
gobooooboooboobboobboobboobooobooboboobbooobo
0000000000000 D00000000/0D00D00D0O0DO00DO0O0DO0O0D
gdo0o00o0o00000O0U0O00U00000o0oDUUUODUUOOOOUOOoSPMDOOOOO
gbooboooooboobooboboboooo

thread-move 0000000000000COCOOO0O0O0OOOCOOOOO0O0OODOOOOO
gbobobobobooboboooooooooooooooooobooboooboooboboDbo
goboboboboboobooooooooooooooooooobooboooooooboonDo
goboodoobooboboobboobboobooobooboboobboobboobo
gobobolgbooooobobobobooooobooboboooboooboobOobOobo
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11. 00

OO0thread-move 00 0000000000000 O0OOOO0OOOOODOOOOODODOOO
0000000000000 000000 random-address 000 000000000000
ood

half-process-move 000000000000 0COCO000O0OOCOOO0OOOCOOOODOOO
00 half-process 00000000 Othread-move 00 0000000000000000O
gobobboooobbobbooooobbobooooobbbbooooobbboooooob
100000000 bO00000DbO00o0oO0DbO0o0o0O0DbODO0oUbO0bObO0oUObODoDbOoOooDoDo
OO0half-process 0100 0000000000000 000O0O0OO0O0O0O0OOO0ODOOOO
goobogoooboooobooboboobboobooobooobooboboobbooobo
gbobobobobooboboboooooooooooooooooooooboobooDo
goboooo

000 300000000000000000000000000D000O0O00000 WebOODO
gobooooboooooboooooboooooooooooooooooooobooooboOooDbboOooon
goooocooo

e 00D0O0DOUO0ODDUOODDUOUODDODOODLDUUODDLDDLDUODDLDDUODDLDUOUObOODLOUOO
0000000000000 000o0O00ooooooooooooo

e 0000 DOOOOO half-process-move>thread-move>rescale 0 0 0 00 O O O half-process-
move 0OODMI yield)ODOO 10000000000000D00O0O00ODO0ODO0O0OOODOOO
ooooooooooo

e [0 0 0 Orescale>thread-move>half-process-move 0 0 0 0 0 0 O Othread-move O half-process-
move 0001 0000000000000 /half-process0000000000000000O0
gooooobooboboooboooboooboobboobooob oo bUuobobo
O Ohandler 0000 /half-process 0000 0000000000D0000000000O000O0
handler 0000 /half-process 00 0000000000000 DOO0O0ODODOOO

000000000000000000000 WebODOOOOOOOOOODOOOOOODOOD
ooooo0oo/00b00b00oboO0b00DO0O0DDODO0DOO0ODOO0DO0ODDOODODOOOD
g ogbbbobbobbbbbbbbboboboo0ooUoUUg o
0/00000000000000D00DMIDOOOOOOOD

11.2 OD00O0O0Oouooooobuooobuoobobuoooon

coooOoooooooooobooOoOoOooboooOoOobocOooOoOoOoOoOoOoOoOcOobOOoOoOoobooOoOon
gobooobooooboooooooooboooooooooooooooooobooooDbboOooD
gooooooooobpMIODOOOOO0OO0OO0OO0OO0OO0OOOOOOOOOOOOOOOOOOOOOOOO
000000000000 read/write 0000000000 APIOOOOO0DOOOOMPIOOOO
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11. 00

ooooooooooooooooooooOOoOCcOoOoooOOooooooobMIOOOOoOoOoOoOoOon
MPIOOODOOOOOOOOOOODODOOOOOOOOOODOODOOCOOOOOOOODOOOOOO
goboooooooooboocooboOono
bDMIOOOOOOOOOOOOOOOOOOOODOODOOO0OOODOOO0O0OODOOOO0OODOO0O
000000000000000000000000 read/write 0000000000000 0O0ODO
gobooooboooooboooooooooboooooooooooooOooobooooboOooobboOooon
ODreed 000D O0OOCO0O0O0DODOCOOOO0OODOOOOOOOODOOOOOODOOOOOOO
000000000000o0ooooodd wrteOODODOOOOOODOOOOOOOOOOOOODMI
gtz21420000000000000000000000000Db0O0O0ODODOOOODODOO
0000000 read/write 000000000000 00000D0D00D0D00DO0O0DO0O0DOO0ODO
gboboobooooooomoooooobooooobooobooooobooobobooobooooooooon
oooooo0oO0oO00O0O0O0OooooOoooOOODO0O0O00000O0O0DMIOOOOOODOOOD
goboooboooooooooOoooooOooOoooOobooooOoOooooOooOoboOooboboOooobboOooon
goboooboooooooobooooooOoooboooooooooOooooooooooDbboOooD
gobooooooOoooooOoooooOobOOoOoOo0oOooOobOoOoOoOobOOoOobOoOOOobOboODbOOoOoon
214.2000000000000000DMIOOOOOOOOOOOOOOOOOOOOOOOODO
obooooobmoooboooooooobobooobooobooooooooooooOoOooooon
gbobOoboooomoooboooboooooboooooboooboooooooobooooboooooon
oo0o0ooOoo0ooooobMIOOOOOOODOOOOODOOO
cobobooboooobooobobo2a43000000000000000000000O000O0O0OO
gobooobooooboooooooooboooooboooooooooooooooobooooDbboOooD
uobO1l1000000000@@mOoOobO0oO0ooOo0OoboOooooboooOooOooooboOooboOoboooon
goboooobooooobooooobooooobooooooooooooooooooobooobboOooon
gobodoobooooooooboooooooooooooooooooooooobooOoooboobooon
oobooooooo 2000000000000 0O0oc00oobooOooobooOoOoooOooOooOoooOobOoon
gobooobooooboooooooooooooooooooooOooooooobooooDbboOooon
uobooooooooooooood
ooobooooooooooobobooooboooboobooooboooobooooOobooooOooooo0ono
00000000000000000000000D00000000000D00000 read/write
gboboooboooocoobooooooooooboobooooooooboboobOoboboOoobooboOooDn 1110
gbooooooooboboooodbooobooboboooooboobodsyne0000o0oooon
0000000000000 00D0syne0000D000000D0 syne00DO0D0O0DOO read/write
o0oo0o0oO0oO0oO0o0o0o0o0o0000000O0D 111 0000000000000000 [srcaddr,
sreaddr+1000) 000000000000 [dstaddr, dstaddr+1000) 000000000000 00O0O
Oo0oO0OOOOOoO0OOOOO0ODOODODO0O0O0O0 syncO0DOOO0OO0O0OOread000D0O writeO O
oooobooooooooooooooooooooooo pMIODOOOOOOODOO

- 226 -



11. 00

RFEPOAFIHETOT
SZUSMBROI—R DMIQJ— R
/DMI_mmap(&srcaddr, 1000, 1); N /DMI_mmap(&srcaddr, 1000, 1); )
DMI_mmap(&dstaddr, 1000, 1); DMI_mmap(&dstaddr, 1000, 1);
sync (srcaddr[0:1000], dstaddr[0:1000]) { char *srcbuf = malloc(1000);
inti; char *dstbuf = malloc(1000);
for (i=0;i<1000; i++) { DMI_read(srcbuf, 1000, srcaddr, GET);
dstaddr[i] = srcaddr[1000-i]; =~ _ inti;
ESZRALZE or (i = 0: i < 1000; i+4) {
} dstbuf{i] = srcbuf[1000-i];
DMI_munmap(dstaddr); }
@Ml_munmap(srcaddr); ) DMI_write(dstaddr, 1000, dstbuf, PUT);
free(dstbuf);
free(srcbuf);
DMI_munmap(dstaddr);
\DMI_munmap(srcaddr); J

0111 bDMIOOOOOOOOOOOOOOOOOOOOOOOOOCOOOOOOOOOOOOO

(1) read/write 00 0000000000000 0O0O00O0O0000O0O0DOO0O0O0OODOOOO
goooboooboo

(2) eed 0000000000000 DOOOOOODOODOOOOOODODOOODOOOODOODO
000000000 read00O0O

(3) synce 0000000OCOOOOOOOOOOUODUOOsyncO0ODOOOOOODODDDDODD
0000000000000 read/write 0000000000000 0D0O000ODOODOO
read/write 0000000

(4) wite DD OODODODODODOODOODOOODOODODOODOODOODODODOOODOO
J00D00D0O00 writed OO

coooooooooooooboobobooboobobOobOobOobOobOoooooooonooo
ooooooooo0ooo0ooO0oooOoooooobMIODOOOOOOOOOOOOOOOOOO
synec0 0000000 read/write 00 000000000000 00D000DO0O00DDOOUOread
O000000 synce00O0O0O000D00000 read000write 0000000 syncO00O0O0OO
000000 write00OOO0OO0O0O00O0O0O0O0O0O0OOOODOOOOCOCOOOOOOO0O0O0O0OO
goboobooobO0Osyncdb0booboobooobooboboobooboobooboboboobo
gobooooooooboooobooooo
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goboooooooooboooooao
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Uil page UODOOOOOOOOOOO0OOOOOOOOOOODOOOODOOOOOOODO
2000000 FIFOOODOOODOOODODUOODODOODOODODOODOUODODOUDOUODODODOODOOO
REQ READ.sre DOREFQ READUOOUOU0O0OD0OUOQOOOOOOODO se00000OO0OOOOO
my rank 00 0000000000000 00O0OO0OOO0O0OOOO00OOO0O0OOOO0ODOO0OOOO
O00000O0Oseq> 000 seq00000000COO0O0O00OCO segq00000000CO0OO
Ubob0000b0o0o000bbseg=—-10000000000000000O000O00O0O00O00DOO

structure for page {state, owner, probable, valid, buffer, state_ array, seq_array}

structure for msg {src, mode, state, buffer, state array, seq array}

001: initialization of page whose owner is owner at the initial state:

002:  if owner == my rank then

003: page.state == DOWN _VALID
004: page.owner := TRUE

005: for each rank in the system do
006: state_ array[rank] := INVALID
007: seq_array[rank] := 0

008: endfor

009: state_ array[my _rank] := DOWN_VALID
010: page.valid := 1

011:  else

012: page.state := INVALID

013: page.owner := FALSE
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014:
015:
016:
017:
018:
019:
020:
021:
022:
023:
024:
025:
026:
027:
028:
029:
030:
031:
032:
033:
034:
035:
036:
037:
038:
039:
040:
041:
042:
043:
044:
045:
046:
047:
048:
049:

endif

page.probable := owner

read operation for page with buffer and mode:

lock page

if page.state == INVALID
|| (page.state == DOWN_VALID && mode =—— READ_UPDATE)
|| (page.state == UP_VALID && (mode == READ INVALIDATE
|| mode == READ_ONCE)) then
REQ READ.seq := —1
REQ READ.src := my_ rank
REQ READ.mode := mode
send REQ READ to page.probable
unlock page
wait for ACK RFEAD to be received
lock page
page.probable .= ACK_READ.src
if ACK READ.buffer = NIL then

page.buffer == ACK _READ.buffer

endif
page.state == ACK _READ.state

endif

buffer := page.buffer

unlock page

when REQ) READ for page is received:
lock page
if page.owner == TRUE then
if page.state _array|[REQ READ.src¢] == INVALID then
ACK _READ.buffer := page.buffer
if REQ READ.mode == READ INVALIDATE then
page.state_array[REQ READ.src] := DOWN_VALID
page.valid := page.valid + 1
elseif REQ) READ.mode == READ UPDATE then
page.state _array[REQ READ.src] := UP_VALID
page.valid := page.valid + 1
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050:
051:
052:
053:
054:
055:
056:
057:
058:
059:
060:
061:
062:
063:
064:
065:
066:
067:
068:
069:
070:
071:
072:
073:
074:
075:
076:
077:
078:
079:
080:
081:
082:
083:
084:
085:

endif
else
ACK READ.buffer := NIL
if page.state array[REQ RFEAD.src] == UP_VALID
&& (REQ READ.mode —— READ INVALIDATE
|| REQ READ.mode == READ _ONCE) then
page.state_array[REQ READ.src] := DOWN _VALID
elseif page.statearray[REQ READ.sr¢] == DOWN _ VALID
&& REQ READ.mode == READ UPDATE then
page.state_array[REQ READ.src] := UP_VALID
endif
endif
ACK _RFAD.state := page.state_ array|REQ READ.src]
ACK READ.seq := page.seq_array|[REQ READ.src]
page.seq_array|REQ_READ.src] := page.seq _array|[REQ_READ.src]+1
ACK READ.src := my_rank
send ACK_READ to REQQ READ.src
else
send REQ READ to page.probable
endif

unlock page

write operation for page with buffer and mode:
lock page
if page.owner == TRUE && page.valid == 1 then
page.buffer := buffer
elseif mode == WRITE REMOTE then
REQ WRITE.seq .= —1
REQ WRITE.src :== my_rank
REQ_ WRITE.buffer := buffer
send REQ WRITE to page.probable
unlock page
wait for ACK  WRITE to be received
lock page
page.probable := ACK _WRITE.src
elseif mode == WRITE LOCAL then
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086: if page.owner == FALSE then

087: REQ _STEAL.seq := —1

088: REQ STEAL.src := my_rank

089: send REQ STEAL to page.probable
090: unlock page

091: wait for ACK_STEAL to be received
092: lock page

093: page.probable := my _rank

094: if ACK STFEAL.buffer != NIL then
095: page.buffer :== ACK _STEAL.buffer
096: page.state := DOWN _VALID

097: endif

098: page.state__array := ACK _STEAL.state_array
099: page.seq_array := ACK STEAL.seq array
100: page.valid .= ACK _STEAL.valid

101: page.owner := TRUE

102: endif

103: page.buffer = buffer

104: update and_invalidate(page)

105:  endif

106:  unlock page

107:

108: when REQ) WRITE for page is received:
109:  lock page
110:  if page.owner == TRUE then

111: page.buffer == REQ WRITE.buffer

112: update _and_invalidate(page)

113: ACK WRITE.seq := page.seq_array|REQ WRITE.src]
114: page.seq_array|[REQ READ.src] := page.seq _array|[REQ_READ.src]+1
115: ACK WRITE.src := my_rank

116: send ACK WRITE to RE(Q)  WRITE.src

117: else

118: send REQ WRITE to page.probable

119:  endif

120:  unlock page

121:

- 250 -



1.

gogbodooboobooboooboobooobooboon

122:
123:
124:
125:
126:
127:
128:
129:
130:
131:
132:
133:
134:
135:
136:
137:
138:
139:
140:
141:
142:
143:
144:
145:
146:
147:
148:
149:
150:
151:
152:
153:
154:
155:
156:
157:

update _and_invalidate(page):
if page.valid '= 1 then
for each rank s.t. rank != my_rank
&& page.state _array[rank] == DOWN _VALID do

page.state_array[rank] := INVALID
page.valid := page.valid —1
REQ INVALIDATE. seq := page.seq array|rank]
page.seq_array[rank] := page.seq_array[rank] + 1
REQ INVALIDATE.src := my_rank
send REQ INVALIDATE to rank

endfor

for each rank s.t. rank != my rank

&& page.state_array[rank] == UP_VALID do

REQ VALIDATE.seq := page.seq array[rank]
page.seq_array[rank] := page.seq_array[rank]+ 1
REQ VALIDATE.src := my rank
REQ VALIDATE.buffer := page.buffer
send REQ VALIDATE to rank

endfor

page.owner :— FALSE

unlock page

wait for all ACK VALIDATE to be received

wait for all ACK INVALIDATE to be received

lock page

page.probable := my _rank

page.owner := TRUE

endif

when REQ VALIDATE for page is received:
lock page
page.probable := REQ VALIDATE.src
page.buffer := REQ VALIDATE.buffer
ACK VALIDATE.seq := —1
ACK VALIDATE.src := my_rank
send ACK VALIDATE to REQ VALIDATE. src

unlock page
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158:

159: when REQ) INVALIDATE for page is received:
160:  lock page

161:  page.probable := REQ INVALIDATE.src
162:  page.state := INVALID

163: ACK INVALIDATE.seq := —1

164: ACK INVALIDATE.src := my rank

165:  send ACK INVALIDATE to REQ INVALIDATE.src
166:  unlock page

167:

168: when REQ) STEAL for page is received:

169:  lock page

170:  if page.owner == TRUE then

171: page.owner := FALSE

172: REQ CHANGE.seq := page.seq _array[my_rank]

173: page.seq array[my rank]| := page.seq array[my rank]+1
174: REQ CHANGE.src := REQ STEAL.src

175: send REQ CHANGE to my rank

176: if page.state array|REQ STEAL.src] == INVALID then
177: ACK _STEAL.buffer := page.buffer

178: page.state _array[REQ STEAL.src] :== DOWN_VALID
179: page.valid := page.valid + 1

180: else

181: ACK STEAL.buffer := NIL

182: endif

183: ACK STEAL.seq := page.seq_array|REQ STEAL.src]
184: page.seq_array|REQ_STEAL.src] .= page.seq _array|REQ _STEAL.src]+ 1
185: ACK STEAL.src := my rank

186: ACK STEAL.state_array := page.state_ array

187: ACK STEAL.seq array := page.seq _array

188: ACK STEAL.valid := page.valid

1809: send ACK_STEAL to REQ STEAL.src

190:  else

191: send REQ STEAL to page.probable

192:  endif

193:  unlock page
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220:
221:
222:
223:
224:
225:
226:
227:
228:
229:

when REQ) CHANGE for page is received:
lock page
page.probable := REQ CHANGE.src

unlock page

sweep operation for page:

lock page

if page.state == DOWN_VALID || page.state == UP_VALID then
REQ SWEEP.seq := —1
REQ SWEEP.src := my_rank
send REQ SWEEP to page.probable
unlock page
wait for ACK SWEEP to be received
lock page
page.probable := ACK _SWEEP.src
page.state ;= INVALID

endif

unlock page

when REQ) SWEEP for page is received:
lock page
if page.owner == TRUE then
if page.state array|[REQ SWEEP.src] == UP_VALID
|| page.state_array|REQ_SWEEP.sr¢] == DOWN _VALID then
page.state _array|[REQ SWEEP.src] := INVALID
page.valid := page.valid —1
endif
ACK SWEEP.seq := page.seq_array[REQ SWEEP.src]
page.seq_array|[REQ SWEEP.src| .= page.seq _array|[REQ SWEEP.src]+1
ACK SWEEP.src := my_rank
send ACK_SWEEP to REQ _SWEEP.src
if REQ) SWEEP.src == my_rank then
rank := select new owner except my rank
page.owner := FALSE
REQ CHANGE.seq := page.seq _array[my _rank]
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230:
231:
232:
233:
234:
235:
236:
237:
238:
239:
240:
241:
242:
243:
244:
245:
246:
247:
248:
249:
250:
251:
252:
253:
254:
255:
256:
257:
258:
259:
260:
261:
262:
263:

page.seq_array[my _rank] := page.seq array[my_rank] + 1

REQ CHANGE.src := rank

send REQ CHANGE to my_rank

if page.state array[rank] == INVALID then
REQ DELEGATE.buffer := page.buffer
page.state_array[rank] := DOWN _VALID
page.valid := page.valid + 1

else
REQ DELEGATE.buffer := NIL

endif

RE(Q DELEGATE.seq := page.seq array[rank]

page.seq_array[rank] := page.seq_array[rank]+ 1

REQ DELEGATE.src := my_rank

REQ DELEGATE.state_array := page.state_ array

REQ DELEGATE.seq array := page.seq_array

REQ DELEGATE.valid := page.valid

send REQ DELEGATE to rank

endif
else
send REQ) SWEEP to page.probable
endif

unlock page

when REQ DELEGATE for page is received:

lock page

if REQ) DELEGATE.buffer '= NIL then
page.buffer .= REQ DELEGATE.buffer
page.state := DOWN _VALID

endif

page.state_array := REQ DELEGATE.state_ array

page.seq_array :— REQ DELEGATE.seq array

page.valid == REQ DELEGATE.valid

page.owner := TRUE

unlock page
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2. random-address 0O 0O O000O0O

OO0 B

random-address O O O 0 0O O O

21 0O00OO0OO0OO0OOoOood

cooboooooooooooboooooooooboooooooooooooooooooonon
gobooobooooobooooooooOoooooOoooooOoobooOoOoooboOooboboOooDbboOooon
gobooopoooooooboooobooooboboooobooo

cooocooobooOooodomOODOO0OO 2o020...02,,, 0000000000000
0o<i<m-10000000000000 A={0,1,...,n—1}000000000DDOO0ODO
oooooooo A={0,1,...,n—1}00000 000000000000 OODOOOOOOO
oobmoobod ;000 ;0000000000000 O0O00O0OO00O0O0OOOOOO0OO0OO0
ooboo0 2z, 000 o, 000000O00DOOCOO0ODOOODOOOODOOOOODOOOODO

00 100 {0,1,...,n—1}000 ¢; = {04(0),0:(1),...,04(n—1)} 00000000000 ¢; O
00000000 ¢ (4A)00000

CU‘(A):{{Ul(&),Ul(az—i—l),,02(a2+bz—1)}\OSalgn—l,Ogblgn} (21)
C°(A) 0000000000000 0000000000 ;0000000000 DOODOOODO
C(A)0D000000000M0D00D »; 000 ;000000000 0DOOOODODOOOODO

0000000000 »;0000000000000C°(A)0000000000000* 000
oobooo ;000 g, 0000000O0COO0OO0OOOOOOODOCO0OO0

0000000r=400000{0,1,2,3} 000 0; ={2,1,3,0)0000000000C7(A)

*1 0000000000000000000 1/]C%(A)|=1/(n?—n+2)00000000000 C%(A)0000 (2.1)
00000b, =0000000000 ;0000000000 {}000000000b; =n000000000 ;00
00000000 {6;(0),...,0i(n—1)}0000000001<b; <n—1000000 ;0000 n0000000
0000 {o4(ai),oi(a;+1),...,0i(a;+b;—1)} 00000000000 00C%(A)] =1+1+(n—1)n =n?—n+2
goooooooo
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2. random-address 0O 0O O000O0O

od

7 (A) = {1 {25 {1}, 3}, {0}, {2, 1}, {1, 3}, {3,0}, {0, 2}
{2,1,3},{1,3,0},{3,0,2},{0,2,1},{2,1,3,0}}

0000D000mMO000 2,000 ;00000000000000000000000 2,00
000000000000000{}0{2}0{1}0{3}0{0}0{2,1}0{1,3}0{3,0}0{0,2}0{2,1,3}0
{1,3,0}0{3,0,2}0{0,2,1}0{2,1,3,0} 0000000000000000000MO000 2; 0
00 ¢;00000000000000000000000000 200000000000 {}0{2}0
{1}0{3}0{0}0{2,1}0{1,3}0{3,0}0{0,2}0{2,1,3}0{1,3,0}0{3,0,2}0{0,2,1}0{2,1,3,0} O
00000000000000000

00000 ¢;000¢,00000000000MO0000 2,000 ;000000000000
000D0000000000000 ;000 0, 00000000000000000000000
0000000000000000000000000 0,000 6,000000000000; =o0;
00000000000

000MOD0000 »;, 000 ¢; 00000000000000000000000000000
000000000000000000000000000000000000 2000000 0;0
00000000000@MO0000 0000000 A={0,1,...,n—1}00000 000
0000000000000000000000000000000000000000000000
00000000MO00000000000000000000000000000000000
0000000000000000000000000@MO0000000000000000000
0000000000000000000000000000000000000000000000
00000000000000000

oo 1mOO0O00OO00 zodx0...02,,, 000000000 ;000 o, 00000O000O0O0O0OO
0000000D0O00O0o0OOog0o10...00,1 00000000000000 (00,01,-++,0m—1)
00000 ;00000 00000000000 0OODO0O0OOOOO pI™OOOOODOOOOOO 2
oodddddd z 00000 x; 0000000000 z; 000000000 O00O00O0O0000 x4
goboobooboobobuooboobobbobobbuobbdbbog=01=...=0m-1 =c¢
ooobobOobooobogbo ebonooooonDOg

ogooooo 100000000000 ODOO

ugb 2mO00000 zoUxO...0z,,— 000000000 ;000 o, 00000O00O0O0O0OCO0O
0000000000000 O0O0g0010...00,-100000000000000 (00,01,-++,0m—1)
ooo0moo 2000000000 00000 z; U0000O0OO00OO z; 0000000
ooooooodnD «;, 00000000000000000000OC00C00O0O0O0O0oO0o0oogan
co=01=...=0,, 0000000000 DOODOOOOOOOO

000000 20001000000000DO0O0 20000000000 100D0000DODO
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2. random-address 0O 0O O000O0O

T %1 || mma2 || smms || weema | | e |

v
| e € im0 (€ 1 [€—| mmE2 |

021 000OD0O0U0O0ODODODUODUDA—-BOUOOOOOOOD AOO BOUOOOODODOOOOMm

gobooooooogo 20000000

2.2 OO

oo20000000000000000000000000O000000O0O00OO00OO0O0O 21
ooooooo
oooooooobbo0ooooooooo 20000 m=200000000000

b 10000200000y 0000OD0DOO0 2000 o, 00D000O00DODOOOODODOO
goooooybooo e, 0000000000000 O0O0O0OOOODOOODODOOOODODODO 20O
goooooboooobooboybOoOoooboboboboobOoboobobobooboboobOooo
o, =0, 00000000000000000O0OC0O

ool1oo0boo0oooooooooooocoooOooOooobooOooooooon

e00000D ADDODDO P(A)00O0OODD0ODD x00000000000000 S,0000
0yO0OOODOODOOOOOOOO S, 000000000 8,€P(A)0S,€P(A)00D0O0
0000S, eCo+(A)0S, eCov(A) 000000

e00000D0 AUODDD P(A)00D0DDOO0ODOD i000000000000000OO0
P(A) 00000000000 P(AODODODODODODOOOODi00O0O0O0OO|P(A)| =,C0
P(A)NPj(A) =0 (i # j)0PA) =] ,P(A)00D00000DODOOODODOOOOO0O
C°»(A)000000000i0000000000000000 CJ*(A)0000

«100D0000DDODOD COOODOOOOODO S080...0000000 COO0O00O0O
000000000 SeCOO0OOSNS#0A(SINS#PA...00000SO0000DO
M(C;8,5,...)000000000M(C°v(A);S,)00C»(A)00000000000000
S,eCw(A)DooosS,nS,#000000000 §,000000000000000000
00000000000000 $,08,00000

M(C,,S“,S],):M(C,,SJ,,S“)

000o0000000o00o00o00o0o00 s0s5,0000085US;=58+5;—-5n8;000
ooooDo
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2.

random-address 0 00000

7M(C,,SZ,SJ,) (22)

opoooboo
e 000 n00DODOODODOODODOODODOODOODOOODOY0000 mod(4,n)0 00
OO0O00o0O0o00o0ooogo<Ki<nOOnOn

i=i (2.3)

oooooooooooooo«boy00000

itj=i+j (2.4)

oooooo
e00DD j000 4040...04,, 00000000000 kOOQO e*i/nge2rii/ng ., O
e2mki/r 00000000 [0,2r)00000000000000a(0<a<k-1)000
0000 < arg(e2™medmi/M) < arg(e2™mede+1.mi/m) < < arg(e?™medatk-1.01/") < 27 [
00000000004 =i <... =i =000000000 & (0<& <k-1)000
0 O arg(e? imodta’.)3/M) < arg(e2™imeae’+1.03/"Y 0000000 0dg < i1 =< ... = far < farp1 =
.. =i, = 0000000000004 =41 <ig <izg=004000 e2mioi/ne2miai/ng
e2mi2i/ne2misi/P QOO O0D00000000000000000000000e2mi/n[ g2mizi/n
000 e™2i/n 0 2™si/"00000000000000000 2.20 A0
0000000000000 4%04,0...04_, 00000

(S e e O T
<1 —tg+to—t1+ ...+ k-1 —lk—2t+l9—lk_1="N (25)

ODO00O0O0OO0O0O00% =29 R X0000

iy —ig + iy — i1 = iy — ig (2.6)

0oooon
00000000 b, 0000000000 8eP, (A)0000000 0, 000004 < i; <
. <ip,_1 <0000 40i0...04,_, 00000

S ={oy(io),oy(i1), ..., 0y(ip,—1)}

0000000000000000000n =80b, =40000S5 = {1,2,3,41 0000
o, = {5,2,1,0,7,3,6,4, 000008 = {0,(1),0,4(2),0,(5),0,(7)} 000000000000
000000000000000000000000000000 22000000000000
000000000000

coooooobooobooo1bobo0ooooooooOocOoO0ooOooOoOooOobo 20000000
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2. random-address 0O 0O O000O0O

0010000000000 200000y00000000 6,000 ¢,00000000000
00000000000000000000@o,=0,000000000 20000000000
000000 y000000000000000000000000000000000 100000
Oo,=0,000000000 200000000000 S,€eC’*(A)00000y0000000
0000 S, eC(A)0000000000 (S,,8,) 0000 |C%(A)| x |C°v(A)|0000000
nos,NnsS,#¢000000000000 (S,,5,)0000000000000000000000
0000000000000000000¢,0000000000000000,0000@MO000
0z000000000008,€C’(A)00000y000000000008,eCo%A)00
00000000 (S,,S,) 0000 |C7+(4)] x |[C°v(4)|0000000008, NS, #00000
nooooooo (S,,S,)000000000000000 0,000000,0000000000
00000D000000000 10000000MP(A)00000000000000 S, € P(A)
0000mMOD00000000 8, €C?(A)00008,NS,#000000000 S,0000
000000000 S, 0000 Cv(4)000000000000000000000000 8,0
00000000000000000MO0<b,<nO000P, (A)000000O0O0D0O00000
S, €P, (A0D000MOODO00DO0ODOOD S, eC(A)0000S,NS,#000000000
S,0000000000000 8,0000 Cy*(4)0000000000000000000000
000000000000000000000mMO0<b,<nO0000PR, (40000000000
0000 S, € P, (A)0D0000M(C™(A);S,) 000000000 S, 0000 Cp¥(A)0D000
0000000000000
00000000000 10000002000000

0020<b, <nOOOOPR,(A)O0DO00DDOODOODOOS, € B (A)OD0O
M(C°v(A);S,) 000000 8, 0000 Cy*(A) 0000

00 200000000000006,00000000000000R,,(A)0000000000
0000 S, € Py, (A)0000M(Cv(A):;S,)000000 S,00

b, =00000{}01000000000
ob,=n0000{0,1,...,n—1}0 1000000000
e1<b,<n-100000007T°0T'0..07T"'000R00000000D0
T° = {5,(0),0(1), ..., 0y(bs — 2),0,(bs — 1)},
T! :{Uy(l)agy@)a“-agy(bm_1)70y(bz)},

71 : {oy(n — by +1),04(n — by +2),...,04(n —1),0,(0)}.

00b,=0000000P(4)={{}}00000000200000000b,=1000000
P (4) ={{0},{1},...,{n—1}} 0000000000000 20000000000 b, =n000
000P,(A)={{0,1,...,n—1}} 00000000 2000000000000000000000
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2. random-address 0O 0O O000O0O

(B) shift(Sx,2)

i0+2

i1+2

i3+2

(C) mirror(Sx,il)
i,

(D) extend(Sx,il1,1)

i1+1

ds
[

d4
i0

i2(=5)

i2+2

d2=d1,d3=d0

i3

dO0<d4<=d5<d1l

022 000000 S, 000000000 AQDS,D BOshift(Ss, s)I0 COmirror(Ss, ia)M DO
extend(Sz, i, )0

oopoo2<by, <n—-10000002000000000000000 2000000000000
2<b,<n-—10000000000

DDDSZEPZ,I(A)DDDDD SIDDZ'()-<7;1-<...-<7;()I,1-<DDDD Z'0|:|7;1[|...|:|7;b171[||]
ogno

Sw = {Uy(io), O'y(il), RN O'y(ibm—l)}

00000000000 220A0000000000000000 6, 0000000000000
00000000000 4medge,) 0 4000000
0000000 S, € P, (A)D000030000 shiftOmirrordestend 000000000000

shift 00000 sO0O0O0OO

shift(Sz,s) = {oy(io +5), 0431+ 8),...,04(ip,—1 + 5)}.

mirror o,(i,) € S, 00000004, 00000

mirror(Sz,ia) = Su\{oy(ia)} U{oy(ia—1 + iat1 — ia)}-

extend (0y(ia) € Sz) A (la <o+ 5 < lag1 <) A ((ia +8) —ta—1 < iqy1 — (ia+)) 0000
ob0o0o0o sO0:,, 00000

extend(Sy, ia, 8) = Se\{oy(ia)} U {oy(ia +s)}.

000000 2<b,<n—-100000000004,-1 =1+ 0000000000, =20000
a1 Fia 00 in #i,p1 0000000000000

n=800b,=4000000030000 shiftd mirrord extend 000000000 2.20 B CO
O0DODOO0O0OO0O0OO0O0DO0O0O0OD 220000000000000000000 shift(S,s)000000
00S, 00000 s0000000MmM™mirror(Se,ie) 000000000 4,000 iq-1 00 441 O
0000000000000 0000 M extend(Sz,i0,s) 000000000 4,000 sOODOOO
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2. random-address 0O 0O O000O0O

000000000000000 4,104,064, +s04,4, 000000000000O0O0O0O0O0OOO
tat+s0 i 0000104, +s00000000D0O0O00DO0OCO0O0OOOOODOOODODOO
000030000 shiftOmirrorDextend 00000000 30000000000000O

00 1000000000 80S0...€eP,, (A)000000 sO00000
M(Cv(A); 82, S1,...) = M(C(A); shift(SY, s), shift(SL, s),...)
000000
00 2000000000 S,€PR,,(A)0 o,(ia) €S, 0000000 i,00000
M(C%%(A);S,) = M(C%%(A); mirror(Sy,iq))
000000

003000000000 S, € B, (A000D0 (0y(ia) € S2) A (ia < ia+5 < iar1 <) A
((iq 4 8) — ta—1 < iap1 — (ia+s) 000000000 s000 4, 00000

M(C%%(A);Sz) < M(C¥(A); extend(Sy,in,S))
goooon

00 10000000C°v(A) 000000 (21)000

Cov(A) = {{Uy(ai)agy(ay +1),...,0y4(ay + by, — 1)} [0<ay, <n—1,0<b, <n}

00000000000 S, = {oy(ay),0y(ay +1),...,04(ay +b,— 1)} € C7(A) (0 < ay < n -
1,0<b,<n)0000D0

ay),oy(ay +1),. . oy(ay + by =1} # 0) A

ay),0y(ay +1),...,0y(ay +by, =)} FO) A ...

shift(SY,s) N {ay(a, +5),0,(ay, +1+8),...,0,(ay, +b, — 1+ 5)} #0) A
shift(SL,s) N {ay(ay + 8),0,(ay +1+5),...,04(ay, +b, —1+8)}#AD)A...

00000000O0DO00oooOon SYosSilo..00000000000 S,eCv(A) 00000
000000000000 S0Sio... 00000000000 shift(S2,s)0 shift(SL,s)0...000
00000000 8,00000000000000000 8, e€C’v(4A)00000 1000000
00000Mooon S, eC»(A)0O00OS2NnS, #0)A(SiNnS, #0)A...0000 8,00
0O00mooog Sy, € Cov(A) 0000 (shift(S2,s) NSy #0) A (shift(SL,s)N S, #0)A...00
00 S,0000000000000

M(C(A); 82, 8L ..) = M(C(A); shift(S°, s), shift(SL,s),...)

oooooooooooool1oooooo i
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2. random-address 0O 0O O000O0O

01000000000 S,€PR,(4)000000s00000
M(C?(A); Sz) = M(C (A); shift (S, 5))-

ooi1ooooooooo N
0020000000000000000000000000000000
D000 (22) 000000 20000000000

M(C?(A); Sz) = M(C?(A); (Sz\{oy(ia)}) U{oy(ia)})
= M(C?(A); Sx\{oy(ia)}) + M(C7(A); {oy(ia)})
—M(C7(A); Sa\Moy(ia)}s {oy(ia)}) (2.7)

00000000 1000 2000 3000000 D;O0D,0D; 00000000D;
M(C7(A); Sy \{oy(ia)}, {0y (ia)}) DO DOD S, € C7(A) 000D ((S:\{oy(ia)}) NSy #
D) A ({oy(ia)} NS, £#0)0000 S, 000000000000000000000 S, € C%(A)
0000 ({oy(ia=1),0y(ia+1)} NSy # 0) A {oy(ia)} NS, # 0) 0000 S, 000000000
000006 <41 < ... < ig-1 < lg < fag1 < ... < dp,—1 < 0000((Sz\{oy(ia)}) NS, #

DA ({oylia)} NS, #0) 0000000 S, 0000 oy(ia—1) 000 oy(iny1) 000000000
ooooo

D3 = M(C?(A); Su\{oy(ia)}, {oy(ia)}
= M(C?(A);{oy(ia-1), 0y(iat1)}, {oy(ia)})
000D0D0Dooo0o DsOooooooooo
D3y = M(C?(A);{oy(ia-1),0y(ia+1)} {oy(ia)})
= M(C?(A);{oy(ia—1)} U{oy(iat+1)}, {oy(ia)})
= M(C?(A);{oy(ia—1)},{oy(ia)}) + M(C?(A); {oy(ia)}, {oy(iat1)})
—M(C () oy liam1) b Ay (i)} oy ias)}) (20 (2:2) 28)
jdoodoboodoo 1doo 2000 3s000odd D,O0Ds0Ds 000000000 DDOO0O
M(C?¥(A);S;) = D1 + Dy — (D4 + D5 — Dg) (2.9)
ogooad
ogoooooo (2.2)|:|DDDD|:| 20000000000

M(C°v(A); mirror(Sy,ia))

= M(C7(A); Sx\{oy(ia)} U{oy(ia1 +iat1 —ia)})

= M(C?(A); Sa\{oy(ia)}) + M(C7 (A); {oy(ia—1 + lat1 = ia)})
—M(C?(A); Se\oy(ia)} {oy(la—1 +lat1 = 7a)})

000000000 100020003000000 DIODAOD,O0O0O00O0DO0DO0ODDOO DY
ooooooo

Dy = M(C?(A); Sx\oy(ia)}, {oy(fa=1 + iat1 —ia)})
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2. random-address 0O 0O O000O0O

Q

( (A);{ y(ia—l)vay(ia-&-l)}a {Uy(ia—l +iag1 —ia)})
(€7 (A)i{oy(ia-1)} U{oy(iar1)} {oy(lam1 + iat1 —ia)})
(C7(A)i{oylia-1)}, {oy(ia=1 +iat1 —ia)})
+M(C (A); {Uy(za 1 +iat1 —ia)}s {Gy(ia-&-l)})
(A);{oy(ia—1)}{oy(iam1 +iar1 — i)} {oy(iag1)}) (0 (2.2))

0000000000 100020003000000 D,0D,ODEODOO0ODO0O0O0OOOODOO

Q

M (C(A); mirror(Sy,ia)) = Dy + Dy — (Dy + D — Dg) (2.10)
gooad
D\0D,0DyOD;0 D\OD,0D,0D, 0000000000
D1 = M(C?¥(A); S:\{oy(ia)}) = Di, (2.11)
M(C7(A);{oy(ia)})
= M(Cay (A); shift({oy(ia)} ia—1 +lat1 — 2ia)) (00 1)
= M(C7(A)i{oy(ia—1 +lat1 —ia)})
— D), (2.12)

Dy = M(C?(A);{oy(ia-1)}:{oy(ia)})

= M(C7(A); shift({oy(ia-1)}, tat1 — ta), shift({oy(ia)}stat1 —ia)) (00 1)

= M(C% (A>v {Uy(@afl +iat1 — Za>}, {Uy(ZoHrl)})

—D., (2.13)
D5 = M(C?(A);{oy(ia)}; {oy(iat1)})

= MO (A); shift ({0 (i)} it — i), Shift (10 (s 1)} ims — i) (D00 1)

= M(Cay (A)v {Uy(iafl)h {Uy(iafl + ioc+1 — ia)})

=D} (2.14)

0000000Dg0 DyO0O00DOOOODODOO

(iafl + ia+1 - ia) - iafl + Z‘onrl - (Z‘afl + Z'onrl - ia) + 'L.ozfl - iaJrl

= Z‘onrl — g T lg — g1+ lg—1— Z.o¢+1 ( O (24))

0000000 (25) 00044-1 = a1 +iatl —ia i1 =000000000000000
0 iae1 Ria Riop1 =00000000000000 Sy 0 0y(ia-1) 0 oylia) O oy(iat1) O
30000000008y 0 oy(iam1) 0 oylia—t +iat1 —ia) O oy(iat1) 0 300000000
00000000000 mooon S, € Cov(A) 0000 {oy(iam1)} NSy # 0) A ({oylia)} N
Sy # 0) AN ({oy(ias1)} NS, # 0) 0000 S, 0000000000 S, € C¥(A)DOODOO
({oylia—1)} NSy # 0) A ({oy(fam1 + fat1 —ia)} N Sy # 0) A ({oy(ias1)} NS, #0) 0000 S, O
00o0000O0oooon

D = M(C7(A): {0y (ia-1)}. {0 (i0)}. {0y (iar1)})
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2. random-address 0O 0O O000O0O

= M(CJy (A)7 {Jy(ia—l)}a {Uy(ia—l + ioz+1 - 7104)}7 {Uy(la+1)})
= Dy (2.15)

oooo
0 (2.9)(2.10)(2.11)(2.12)(2.13)(2.14)(2.15) 0O O

M(C(A); Sy) = M(C(A); mirror(Sy,ia))

ooooooooooooo2000000 B
003000000000 30000000000D0 (27)(2.8000

M(C?v(A); Sa)

= M(C?(A); Sa\{oy(ia)}) + M(C7(A);{oy(ia)})
—M(C? (A); So\{oy(ia)}, {oy(ia)})

= M(C?(A); Sa\{oy(ia)}) + M(C7(A); {oy(ia)})
—(M(C?(A);{oy(ia—1)}{oy(ia)}) + M(C?(A): {oy(ia)} {0y (iat1)})
—M(C7(A);{oy(ia—1)}, {oy(ia)} {oy(iat1)}))

00000000 10002000 30004000 50000000 D10D,0DsO0D,OD;s0000
oooob2000000000000000300000000D0OC

(2.16)

(C%%(A); extend (S, in,S))

(C7(A); Sa\{oy(ia)} U{oy(ia + 5)})

(C7v(A); S\ {oy(ia)}) + M(C7 ( )i{oy(ia +5)})
—M(C?v(A); Sa\{oy(ia)}, {oy(ia + 5)}) (0 (2.2))
(C7(A); Sa\{oy(ia)}) + M(C7 (A);{oy(ia + 5)})
—M(C7(A); {oy(ia-1),0y(ia+1)}; {oy(ia + 5)})
(Viam1 e+ 8 Riap1 S 00 igo1 R Xigtr X)
(C7(A); S\ {oy(ia)}) + M(C7 (A);{oy(ia + 5)})
—M(C? (A)i{oy(ia—1)} U{oy(ias1)}, {oy(ia+ 5)})
(C7(A); Sa\{oy(ia)}) + M(C7(A);{oy(ia + 5)})
—(M(C7(A);{oy(ia-1)}, {oy(ia + 5)})

M(C? (A)i{oy(ia + )} {oy(ias1)})
—M(C?(A);{oy(ia-1)} {oy(ia +5)}, {oy(iat1)})) (0O (2.2)) (2.17)

|
S £ K

I
E

I
i

I
i

_|_

00000000 10002000 3000400050000000 D,0D,0D,0D,0D,0000
00000D0D,0Ds0D,0Ds0 D,0D,O0D,OD,0DS000000000000D,0D,0
D/\0D,000000D0

Dy = M(C?(A); Sa\{oy(ia)}) = Dy, (2.18)

Dy = M(C?(A);i{oy(ia)}) = (C" (A); shift({oy (i)}, 5))
= M(C7(A)i{oy(ia +5)})

(2.19)
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2. random-address 0O 0O O000O0O

O000000006q—1 Ria+8<iar1 200 441 =ig Xier1 000000000 (2.15)00
ooooo

D5 = M(C?(A);{oy(ia—1)};{oy(ia)}, {oy (iat1)}) (2.20)
= M(C(A)i{oy(ia-1)} {oy(ia + 8)}, {0y (ias1)}) = D5

oooooo
DDIZID3+D4D D;+D;000000000b, #0,000 C*(A)NCH(A)=00000
Cov(A) =], Cy(4) 0000000000000 S, 00000

M(Cv(A Z M(Cy¥(

gobooooooooboocoobodao

D3+ Dy
= (CJ (A);{oy(ia-1)}, {Uy(ia)})‘FM(CJy( )i{oy(ia)}, {oy(ia+1)})
= Z M(Cy (A)i{oy(ia—1)}, {oy(ia)}) + Z M(Cy Y (A);{oy(ia)} {oy(ias1)})

n

= > (ME (A {oylia-1)} Aoy (ia)}) + M(CF (A): {0y i)} Loy ar)})

by=0
Di + D)
= M(C7(A);i{oy(ia—1)},{oy(ia + 5)}) + M(C7(A); {oy(ia + 5)}, {oy(iat+1)})

= Z M Uy {Uy(zoz 1)} {Uy(w)})

+ZM Cy*(A): {oy (i + )}, {0y (ias1)})

=2 (M(szf (A {oylia-1)} {oy(ia + 5)})

by =0

Y

FM(CY (A): (o (ia + s)},{ay<ia+l>}>)

gobooocooooono

ds(by) = M(Cy! (A); {oy(ia-1)}, {oy(ia)}),
da(by) = M(Cy ! (A);i{oy(ia)}, {oy (ias1)}),
dy(by) = M(Cy ! (A); {oy(ia-1)}, {0y (ia + 5)}),
dy(by) = M(Cy! (A); {oy(ia + 5)}, {0y (iar1)})
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2. random-address 0O 0O O000O0O

00000Ds+D,s0 D+ D400

n

Ds+Dy= Y (ds(by) + da(by)), (2.21)
by =0

D;+ Dy = Z (dé(by) + di;(by)) (2.22)
by=0

00000000000000000000 b, (0<b, <n)0000000ds(b,)+ da(b,) O
dy(by) +dy(b,) 000000000000000

00D0ds(h,) 00000000

0i0 0<by <iq —ie—1 0000000000 Sy = {oy(ay),oy(ay +1),..., oylay +b, —1)} €
Cr?(A) (0 < ay <n—1)000y(ia1) 0 0y(ia) 0000000000000000000000
ds(b,)=00000

060 g —ia1 < by < n—10000000000 S, = {oy(ay),0y(ay+1),...,
oylay +b, — 1)} € C7*(A) (0 < ay < n—1) D00y(ia—1) 0 0,(ie) 000000000000
ay 0D0ig —by+104q — by +20...0iy_ 1 —10i,, 00000000000000

d3(by) =ia—1— (la — by +1)+1=1by — (ia — la—1)

000000000<by—iqa—t-1<nO000000000000

ds(by) = by — (ia — ia—1) = by — ia —ia_1 (0 (2.3)(2.4))

oooo
0iii0 b, =n00000000 ds(b,) =10000
000000ds(b,)Dd4(b,)0dy(b,)000000000000000000000O0OOOD

0 if 0<by <ig—in1

dg(by) = by — (ia — Zlafl) if dg — a1 < by <n-1 (223)
1 ifby=mn
0 if 0<by <iag1 —ia

da(by) = by — (lat1 —ta) if fat1 —ia <by <n-—1 (2.24)
1 ifby=mn
0 if0<by, <(ia+s)—ia-1

ds(by) = by — ((ia + 8) —ia—1) if (o +8) —ia—1 <by <n—1 (2.25)
1 ifb,=n
0 if 0<by <igy1— (ia +9)

W(by) = by — (lag1 — (ia +5)) ifigt1 —(la+8) <by<n-—1 (2.26)

1 ifb,=n

gogod
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2. random-address 0O 0O O000O0O

00000 (2.23)(2.24)(2.25)(2.26) 0000000000000 00000 b, 0000 00
ia —iac10iat1 — ia0 (ia + 8) — ta—10iag1 — (ia+s)0n00000000000000000

0<ig—ta—1 (0000 i4—1 <in <)

<(la+8) —ta—1 (0000 iq-1 <iq <ia+5=<)

<igt1 —(ia+s) (-O00000DO)

<latl —de (0000 iq <ia +8 < iat1 <)

<n (-000) (2.27)

0000000 220D00000000000000000000000

00000000ds(by) +da(b,) O dy(by) +dy(b,) 000006, 000000000000000
ooooooog

0i0 0<b, <ig—iq 10000

(d3(by) + da(by)) — (d5(by) + dy(by)) = (0+0) = (0+0) =0 (2.28)

oooo
00 g — a1 < by < (i +8) —iq_1 0000

(d3(by) + da(by)) — (ds(by) + dy(by)) = ((by = (ia = ia—1)) +0) = (0+0) >0  (2.29)

oooo
00 (ia +5) — a1 < by <igs1 — (ia+5) 0000

(d3(by) + da(by)) — (d3(by) + d}(by))
= ((by = (fa = fa=1)) +0) = ((by = ((ia + 5) —ia—1)) +0)
= ((ia+5) 72‘04—1) (Zoz *Z’a—l)
= ((ia + 8) — ia) + (ia — ia—1) — (ia —ia—1) (. iac1 Ria =ia+s=00 (2.6))
= (o +8) — ia
;6 (2.30)
good

0ivD dar1 — (ia +8) < by <iar1 — i 0000

(ds(by) + da(by)) — (d3(by) + dy(by))
= ((by = (ia = 1a=1)) +0) = ((by — ((ia + $) = ta—1)) + (by = (iat1 — (ia + 5))))
=—by, + (fat1 = (o +8)) + ((fa +5) —ia—1) = (ia —la—1)
= _by + (Za—i-l — g 1) (Za — ia—l) ( la—1 Diq +8 = ia+1 =00 (26))
(i
(1

= —by + (lat1 —ta) + (la —ta-1) — (la —ia—1) (. ia—1 Xiq Sia+1 2 00 (2.6))
= —by + o+l — la ia)
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2. random-address 0O 0O O000O0O

>0 (2.31)

0ooog
OvO dg11 —ia <b,<n-—10000

(d3(by) + da(by)) — (d3(by) + dy(by))

= ((by = (ia = ta—1)) + (by = (lat1 = ia)))
—((by = ((ia + 8) = ia-1)) + (by = (iat1 = (ia + 5))))

= ((iat1 = (ia +5)) + ((ia +5) —ia-1)) = ((fat1 = ia) + (ia = fa-1))
(fat1 — ta—1) — (fat1 —la=1) (. la-1 Riq Ria +8 X iqr1 X 00 (2.6))

=0 (2.32)
oooo
Ovid b, =n0000
(d3(by) + da(by)) — (d5(by) + dj(by)) = (1+1)—(1+1)=0 (2.33)
oooo

0000 (2.21)(2.22)(2.28)(2.29)(2.30)(2.31)(2.32)(2.33) 0 O O

Dy+Dy= 3 (dslby) +da(by) > S (dy(by) + di(b,)) = D} + D, (2.34)
b, =0 by=0
000000O0o0O0D (234)00000000O0 >0000 >0000000 (22990000 >0
0000000000 (2270000 (22990000 b,000000 10000000000*2 0
0 (2.16)(2.17)(2.18)(2.19)(2.21)(2.34) 0 O O

M(ng(A);Sx) :D1+D27(D3+D47D5)

< D]+ D} — (D} + D) — D)

= M(C°(A); extend(Sy,iq,S))

goooooooooooo3oooooo B
cooboooooo 10002000 3000000000000 0000000O0O0DO0OO0

00 4 7°={0,(0),04(1),...,04(b, — 1)} 000000000000000 T°00000 shift O
OO0 mirror 000 extend 000000000000 0000C0O0R, (A)ODD0D0OOOODOODOO
0S.,€h, (AD0ODODOODODODOO

00400000000000000000S,€ Py, (A)00000 S, 00ig <1 <...<iy,_1 <
0000 i0é0...06,, 00000

S:z: = {Jy(io), O'y(il)7 ceey O'y(ibxfl)}

*2 0 (230)00 >000000000 (2.27)0000 (2.30)0000 by 0000000000000
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2. random-address 0O 0O O000O0O

(1) T=TO (2) T=mirror(T,0) (3) T=extend(T,3,1) (4) T=mirror(T,1) (5) T=extend(T,5,1) (6) T=shift(T,5)
2 2 2 2 2
1 3 1 1 3 1
0 4 4 4
\\J,// \\J,// \\\L// SK\L// 7
6
0 23 7° = {0,(0),0,(1),0,(2)} DOODO0ODO OOO0DO0OOOOOOS, =

{oy(1),0,4(3),0,(7)} 0000000000

00000000000 22A)0000000000 j(0<j<b,—-1)00000%, —ig—1 >
i, —i;—1 0000000k (0<k<b,—1)00000010000000000000 KODOOO
100 « 000000000« DO

V] (0 S] é bz - 1) : ia - ia,1 2 ’ij - ij,1 (235)

0ooo0o00o0ooooooooo0oo0o0oo0o0oo0o0oo000 2004,04,,0000000
Ooooooooooooooo

vi=b, —1
T:=T1°
k:=0

while £k < b, — 1 do
T := mirror(T,k)  /* stepl */
vi=v+1  /*step2*/
if ig4kt1 — latk — 1 # 0 then
T := extend(T,v,iq+k+1 — Gtk — 1) /™ step3 */
endif
V=04 lgtk+1 — latk — 1 /% stepd */
k:=k+1
endwhile

T := shift(T,iq — (by — 1)) /* stepb */

00 O00000000000000000000n =40b, =3000T) = {0,(0),0,(1),0,(2)}
000000 00000000008, = {o,(1),0,(3),0,(7)} 00000000000 230000
00000Oip = 10i = 30i, =70000 Oig — iy > iy — i1 0ig — iz > i1 — 4o 00000 Dig = 4o
000000000000

0000000 O00shift 000 mirror 000 extend 0000000000000000000
0000000040000000000 00000000708, 000000000000000
0000000000000
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2. random-address 0O 0O O000O0O

00 500 00000 k0000000000 DO0ODOOODOOOOOOOOOOOODOOO

v = by —1+igrk — la, (2.36)
= {oy(k),oy(k+1),...,04(bs —1),04(be = 1 +iay1 —ia),-- -,
0y (s — 1+ s — ia)}. (2.37)

00 500000000000000k=0000000

v="by —1,
T=T°={0,(0),0,(1),...,0,(b, —1)}

00000000000 o0ODO0oooDD (236) (237000000

000k0000000DOO0O0OO (236)(237) 0000000000000k + 100000000
0000 (236)(23n0000o000ooOO

01000 (236)00000000k0000000000000O0v="b,, —1+1iq4x—i, 000
oobOO0O0O0OO0step20000000000O0O

V=by — 1 +igpr —ia+1=by+igsn—ia (-0 (2.4)) (2.38)

oobOo00ooo0DO stepd000D0000O00OO

v = bw + ia+k — ia + ia+k+1 — ia+k —1= bw -1+ ia+k:+1 — 7;(1 ( a (24))

00000000 k+1000000000000000DO0O0O0ODOO (236)000000000OD0O
gooboobooboo
02000 (237) 00000000k 0OO0DOOODDODOOODOO

T = {oy(k),oy(k+1),...,04(by —1),04(bz =1 +iqt1 —%a),...,
oy(by =1+ iatr —ia)}

000000000 000QOstepl O0DOOO0OOOTOO
T = {oy(k+1),04(k+2),...,04(bz —1),04(by =1 +iat1 —ia),---,
Oy(by — 1+ ig+k — ta),0y(by — 1+ igyr —ia + (E+1) — k)}
{oy(k+1),04(k+2),...,04(by —1),04(by — 1 +iqt1 —ia),-.-,
oy(by — 1+ iatk —ia),0y(by + otk —ia)} (2.39)

0000000000 TOoOOOO step30 0000000000000 OOstep300 0000000
000000000 extend 0000000 D0D0O0OD0O0ODOD0OO0OODODOO0ODODODOOODOOOOD
00 extend 0000000

T = {O'y(go),gy(gl), .. -7Uy(gb,,,—1)} (;ZQ < gl <...=< gbw—l <)
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2. random-address 0O 0O O000O0O

0000000 extend(T,i,,s) 0000000000

o,(ia) €T, (2.40)
o <o 5 < Qay1 <, (2.41)
(ia 4+ 5) —ta-1 < oyl — (ia + 5) (2.42)

030000000000000000000 (2390000 step3000000000000O0
0 (2.40)(2.41)(2.42) 0000000000000000

0(239)0000 step300000000000000 (2.38)00 v=by—+iark —ie 00000
000000000000 THie-10i0%a0s000000000

T = {oy(k+1),04(k+2),...,04(bs —1),04(by — 1+ iqs1 —ta),--.,

Uy(br — 1 +iapk —ia), Uy(bm +iatk —ia)},

lo—1 = by — 1+ iaJrk - iom

ia - v:b$+ia+k:_ia7
ia+1 = k+17

8 = latkt1 — otk — 1

00000000000000

0100 (240)00000000000000,(v) €T000000000 (240)000000
OI00 (241) 00000000000000000000 04041 — (fa+5) O tap1 —ie 000
ooo

ta41 — (la+s)000000

iot1— (o +8) = (k+1) = ((by +iatk — ia) + (athir — fatk — 1))
= (k+1) = (by = 1) = (fatk+1 —datk) + (latk —ia) (.0 (2.4))
= (k+1)— (by — 1) — (latk+1 — )
(i R datk S latkr1 = 00 (2.6))
n+(k+1) = (by = 1) — (fatk+1 — a) (2.43)

0000000000 (243)000000000O0O0O0O0ODODO

n>n+(k+1) = (by —1) = (iagrs1 —ia) (hk<by—2000 inip1 # ia)

n— (iaerxfl —Gathtl) — (ia+k+1 - ia)

Y

(o fotktl < fatkt2 < o <igip,—1 <00
batb,—1 — Gatkt1 > (by —1) — (k +1))
= n— (lasp,—1 —ia) (. da = iatist = dats,—1 < 00 (2.6))
= n— (ia—1 — o) (. mod(a+b,—1,b;)=mod(ex—1,b,))
= g — a1 (ia_1 Riq =00 (2.5))
>0 (g #ia_1) (2.44)
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2. random-address 0O 0O O000O0O

00000000000 (2.3)(2.43)(2.44) 00O

tas1 — (la+8)=n+k+1) = (by —1) = (lasrr1 — ia) (2.45)
0ooooo
latl —1o 000000

ot —ia = (k+1) = (by +iagr — ia)
=k— (bm - 1) - (iaJrk — ioc) ( O (24))
=n+k—(by—1) — (latk — ta) (2.46)

0000000 (246) 000 (243) 0000 k+10 k000000000000000 (244) 00
00000000000000

n>n+k—(by—1) = (iasr —ia) >0 (2.47)
0000000000 (2.3)(2.46)(2.47) 000
g1 —ta=n+k—(by —1) = (iask — ia) (2.48)

0oooooo
000000000000 (ig 4 8) —ia +iat1 — (ia +8) Fia —tar 0000000

(ia + ) — o +iat1 — (ia + ) + 1o — ot
= s$+iat1— (fa+38) + (N —las1 —ia) (0 (24)0ia Ziayr 00 (25))
= (lathr1 —dask = 1)+ (n+ (k+1) = (be = 1) = (iatk+1 — ia))
Fn—(ntk— (by — 1) = (iasr —ia))) (O (2.45)(2.48))
= ((atk+1 = fask — 1) +1) + (n = (latk+1 — ia)) + (latk — ia)
((latk+1 —datk) = 1+ 1) + (la = datk+1) + (latk — ia)
(larkt1 # lark0 i a1 200 (2.5))
=n (g Rdark Sdarkr1 = 00 (2.5))

00000000000 (25) 0004, Xig+58=<ie <00000000000 (2.44)(2.45) O
0 Gat1 # o +s00000 (247)(248) 00 da41 # 1o 000000000 OO0O0O0OO step3
00000000 8 = ig4kt1 —fatk—1 #00000000004, # ia+s0000000
ia <ia +8=<iay1 <00000000000 (241)00000000000000

OMOO0 (242)000000000000000000 (242)000000 (iq+58) —ia_1 000

gooo

(;(x + 8) — ;(x—l = ((bl + 7:oz-i-k: _ Z(x) + (ia+k+1 _ ia-i—k _ 1)) - (bz -1+ i(x-‘rk _ Za)

= okl —datk (0 (24)) (2.49)
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2. random-address 0O 0O O000O0O

0000000000000 jag — (la+s)0000000 (2.44)(245) 000

g1 — (ia+8)=n+(k+1) = (by = 1) = (lasks1 — i) > ia — a1 (2.50)

00000000000 (2.35)(2.49)(2.50) 00 D

(%a + S) — %afl S ‘ZToz+1 — (‘ia + 8)

00000000000 (242)00000000000000

OO0O0DIMNIMMOO0 000 (239) 0000 step3 00 00000000000000
(2.40)(2.41)(242) 0000000000000 0000

00000 (239) 0000 step3 0000000000700

T = {oy(k+1),0y(k+2)s. .. 0y(bs — 1),y (bs — 1+ (ins1 —ia))s .-,
0y(be =14 iask —ia) 0y(be + otk — o + Gatktl — fatk — 1)}
{oy(k+1),04(k+2),...,04(bz —1),04(by — 1 + (ia41 —%a)),---,
Oy(by — 1+ gtk —ta),0y(by — L+ tayks1 —ia)} (0 (2.4))

00000000 k+10000000000DDOO0OODOO0OODO (237)0D00DOODOODOD
ooooooooooooooosoooooo N

004000000 500000 000000000000 O0OOTOOOOOOOOOODOOD
k=b,—100000000000

T ={oy(by —1),0y(by — 1 +ia+1 —ia) ..., 0y(by — 1 +iatp,—1 —ia)}

0000000000000 TOO0O0O0stepb0000000O00O0TODO

T={oy(by —14+in — (by —1)),04(by =1 +iat1 —ia +ia — (bg —1)),...,
Oy(by — 1+ iatb,—1 —da +ia — (by — 1))}
= {Uy(iioz)vay(iail% s Oyliayn,—1)} (0 (2.4))

= {O'y(io),(fy(il), s »C’y(ibz—l)}
=5,

000000000000 D000 00000000 TO S, 000000000000000000
o4000000 0

0000 10002000 300040000000 200000 1000 2000000000
000 S, € P, (A 000000 shift 00000 mirror 0 1000000000000000
000 S, 00000M(C(A);S,) =M(C%(A);S,)00000000000 30000000
00000 S, € P, (A 000000 extend 0 1000000000000000000 8,0
0000 M(Co(A);S,) > M(C°¥(A);S,) 000000000000 4000000000000
S, €P,, (ADO0T° 0000000 shift 00000 mirrer 00000 extend 000000000
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2. random-address 0O 0O O000O0O

0000D00000000000D0DO000O0O0M(C°v(A);S,)000000 S, 0007°000
0000 shift 00000 mérror 0000000000000 OOOOOOOOOOOOOOOODO
uobooooooooooooood

T° = {o4(0),04(1),...,0y(bz = 2),04(bs — 1)},
T' = {oy(1),04(2),...,0y(bz — 1), 04(bs)},

71! : {Uy(n —by+1),04(n—by +2),...,04(n— 1)7074(0)}'

0000000000 G,*(A)000000000000000R,,(A)0000000000000
0 S. € P, (A)0000M(Cv(A);S,)000000 S,0000 C*"(A)00000000000
oooooo2000000 B

00 200000000000000000000 1000000000000 1000000 B

001000000000000002000000mO000000 20x,0...02,-10000
00000 2,000 ¢, 00000000000000000000000000000 24,0 2,,0
.0z, ,00000002000000000 00000 z; 04,7, € {Tugs Tuys- - - Tug_, 10
0000000000 2, 0000000000000000 ;0000000000000
000000000000 E(®u,Tuys---,Tu,_,) 000000000 E(Tuy, Tuys- - - > Tuy_,) 00
00000 p(B(®uy, Tuys---1Tu,_,)) 00000000 0p(E(xe,21)) 000000 200000
000000000000 2, 00000000000000000D00D0O0DOO0DOO00OO0O0O0
p(E(xo,x1,22)) = p(E(xo,21) A E(x1,22) AN E(z2,20)) 00000000

0000000 2000000000000000000

O00m=1000000000002000000000m=200000000 10000 2
oooooo

O0O0m (m>2)00000020000000000000m+10000000 200000
000000p(E(xg,21,---,Tm-1,7,,)) 000000000000000000

p(E(zo,T1, ..., Tm—1,Tm))
= p(E($0,$1, s a$m—1))P(E(xO>$1, e xm—1)| (251)
(E(xm,20) N E(@m,x1) Ao . AN E(@pmy Tin—1))) (2.52)

000000000000 ;0000000000000 0O0O00DO0O (252)0000000

P(E(T0, X1,y Tm—1,%Tm))
p(E(zo,x1, .y Tim—1))P(E(Tm, x0) A E(Tm, 1) Ao o A E(Tp, Tm—1))
P(E(z0, %1, s 1)) P(E(2m, 20))p(E(Zm, 21)) - - - p(E(Tm, Tm-1)) (2.53)

00000 (253) 00000p(E(xo,21,---,2,-1)) 00000000000000000000
oo=01=...=0, 1 00000000000000 (253)00000 p(E(zm, ;) (0<i<m—1)
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2. random-address 0O 0O O000O0O

0o0oo0ooO0ooU0 1000, =0;0000000000000000 (253)0000000O0OO
op=01=...=0p1 =0, 00000000000 O00D0O0O0OD 2000000
ooooooo200000000c00c0o0c00 0

23 U0U00o0Ooooooooooo

0000000000000 ¢,00200000000 820 Si00000000MmMS%0O Sio
000000000000000 ¢,000000000000000000000000000O0O
0000000000000000000000

0000200000y 00000000y0000,000000000000000000000
000MO000=200,0000000000000000000000000000000 200h,0
00000000000000000000 S%e PR, (A)00D000O00ODODODO Ste P, (A
000000000000000000000M(C°(A);S?)—-M(Cov(A);SH0000000 yO
0000000000000000000000* 000000M(C(A);S%) —M(Cov(A);SL)
oooooooo

000000000000 S, = {oy(i0),04(i1),...,04(i,—1)} Oiop < i1 < ... <
in,—1 <00 000 0M(Co%(A); extend(Sy,iq,5)) — M(Cv(A);S,) 0 0O0O0ODDODOOO
(2.16)(2.17)(2.18)(2.19)(2.21)(2.21)(2.22)(2.28)(2.29) (2.30)(2.31)(2.32)(2.33) D O O

M(C?(A); extend(Sy,ia,s)) — M(C?¥(A); Sz)

(ia+s)—ta—1 iat1—(la+s)

= > ylazia)t D>

by=iq—ia_141 by=(ia+5)—ia_1+1
ia+l _ia

+ Z (7by + (ioz-‘rl - Za)) (2'54)
by:ia+1—(ia+8)+1
oooo
0000000000 7T°000000 000000000000000000 S%0 Sl0000
000000000000 M(Cov(A);S0) —M(Cov(A); SO0

M(C%(A); S9) — M(C7v(A); S,)
= (M(C¥(A); 57) — M(C7(A); T?)) — (M(Cv(A); Sy) — M(C(A); T°)) (2.55)

000000 (255)00000M(C(A);S%) —M(C#(A);T°)007T°0000 00000 S%0
0000000000 OO step3000000000 (254)000000000000000000
0000000M(Co(A);S)—M(C°»(A);T°)D0T°0000 O0000 S.00000000O0
00 OO step3000000000 (254)000000000000000000000000000

*3 0000M(C%(A);S9) — M(Cov(A);SLyooooooooooo
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2. random-address 0O 0O O000O0O

M(C°v(A); 89) — M(C°v(A);S}) 0000000000000 00000000000000000
0ooo
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