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DMI: A Large Distributed Shared Memory
Interface Supporting Dynamically
Joining /Leaving Computational Resources

KENTARO HARA,T KENJIRO TAURAT!
and TAKASHI CHIKAYAMA 2

With increasing scale of computational environments and greater sophisti-
cation of parallel and distributed applications, there have been increasing de-
mands for parallel and distributed frameworks supporting large scale compu-
tational environments. In large scale environments, frameworks are required
which can execute one parallel computation continuously beyond dynamic
joining/leaving of computational resources. Particularly it is not enough for
frameworks to support only loosely coupled applications using a client-server
model. Instead, frameworks should accommodate broader range of applica-
tions in which many resources can work in a tightly coupled manner. With
these backgrounds, we propose, implement and evaluate Distributed Memory
Interface, or DMI, a large distributed shared memory framework supporting
dynamic joining/leaving of computational resources. DMI not only implements
an original protocol for the memory consistency which enables dynamic join-
ing/leaving, DMI also provides pthread-like flexible programming interfaces
with which we can easily develop programs supporting dynamic joining/leaving.
Furthermore DMI provides explicit and fine-grained optimization methods to
improve a performance of a distributed shared memory, for example, consistency
maintenance based on a user-specified granularity, asynchronous read /write and
multi-mode read/write. Our performance evaluation confirmed that DMI can
support a continuous computation beyond dynamic joining/leaving of resources
and can dynamically increase/decrease the effective speedup according to the
joining/leaving, even for tightly coupled applications which cannot be developed
in a simple client-server model, such as Jacobi method for solving a partial dif-
ferential equation. We also confirmed an expressive similarity with pthread
programs and an effectiveness of proposed optimization methods.
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DMI_read(...)”/“0 DMIwrite(...)” JO00OO0O0ODOO0ODODOOO Sequential Consis-
tency 0000000000000 ODO0O000OODOOO DMI_read(...)/DMI_write(...)
0000000000000 0oo0o0oo0oo0ooOoo0OoOnDMI O Sequential Con-
sistency UDODOOOO0O0O0OO0OO0OOOOOOODOOOOO0OOO0ODOO0ObOOObOOO
gobooboboooboooboobooboobobooobooboobooboooo
goobooobobooobboo
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0obooo bMIODOODOODODODOOODOODOODOOODOODOODOOOOOOODODODOOOO
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3.5.1 OO0O0OO
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0000000000000 0000000000 read/write 0000 read/write 00
joo0oo0o0obOoobobOo0obOo0obOo0oDbOooooDooDbObooDbooobooo
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oSOO000oo0oU0ooO0o0ooo0oo0o0oo0oU0oo0oUooOo0oooooOoo
O00000ooO0ooooooSO0ooo0oooooooouooooe40dn OSOO
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goddooooooooboobbooddooooboooooboobooooooog
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02000000000000000000CODOO0OO000O0O00OOOOoOOoODO
0000000oU000o0o0oU000o0ooooODOD0o0o0D0oooooOoooUoOoOoooooO
000000000000 Otoken-based 000000000 DOOOODODO tokenOOOO
00000000 tokenDOODOO0O0O0OD0OOtoken00000000D0OOO0OOODOODOO
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(MFEBAEY mutex cond

I write I Iread-modify-writel

REEEXEY

(BERDDIHIEEAEY read-modify-write

read write mutex cond

[RE3tEXEY] [token/DwovR—I+]

02 0000000000 (A)00O0O0O0ODOOOOOOOO(B)OO0OO0OO0DOODOOODODODOOOOOOOD
Fig.2 Hierarchy of synchronization mechanisms ((A) Synchronization based on a shared memory
model, (B) Synchronization based on a message passing model).

0000000000 token-based 00000000 OOtoken 000000000 D0O0
O token 000000000000 token 0000000000000 O000O00DO0
ODoOoog2939393gpgN0000teken 0000000000000 O00ODO0
000000000000 00000000000Otoken00000000000000
0000000000000 000000000D000000000000000000
0D000000000000 token 00000000000 0000O00DOO0DO0O
O0000000000000000000DMIOOOOOO0OO000O/00000
000000000000 000000000000000000000 token 0000
000000000000 00000000000000000000000000000
O000000000000O00000D0000O0O0Sequential Consistency D 00000
0000000000000 0000000000000000000000000000
00000000000000000000000000000000000000000
0D00000000000000On

3.6.2 0000DO00OOOOODOO

000000000000 00Oread/write U0 0O O O read-modify-write 0 0 0 0O O
0000000000000 0000000D0DO0O00O0DOO0Jread/write/fetch-and-
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while true do
Noncritical Section
Entry Section
Critical Section
Exit Section

endwhile
03 OD0ooooooooooooooooboobooooo
Fig.3 A process model of mutual exclusion based on a shared memory model.

store/compare-and-swap 0 0 00 0O 00 00O O O read/write/fetch-and-store 0 0 O 0O O
O000O0Oread/write 000 0000000000000 O0O00O0O0OYOO0OOOO
0000000000000 0000000000000000000000000000
00000000000000000000000000000000=0000000
000000000000 000000000000000000000®®40000
0 O read /write/fetch-and-store/compare-and-swap D 000 MCSOOOD00O0* 000
00000000000000000000000000000000000000 O(1)
00 0Oread/write 0 00000 Yang Anderson 000 0000% 00000000 N
000000000000000000000000000 O(logN)OOOO
0000000000000 00000000000000000000000 300
0000000000000 O0000O0O0OQOEntry Section O Exit Section DO O0OOOO
oDoOoDOooooo¥®4Ygoooooo00000nD0non MCSOOODOO0OO0OO0 4
Oo0¥®oMCSOOOOOODOODOODOOOOOD0O0O00000004000000
000000000000000D00000000000000000000000000
O00000Oo(1)00000Oooond

000000000 read-modify-write 0000000000000 000000000
00000000DMI OO0 O fetch-and-store 0 compare-and-swap D 000000000
000000000D000D000000000O0

3.7 pthread 0000000 O00DO0D

3.7.1 000O00OODOOD/000000000
DMIOOOOOOODOODOO/00000000000000DODO0OO00DO0N
0000000000000 000000000000000000 SPMDODOOOOO
000000000000 0000000000/00000000 pthread 0100000
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struct node_t {
int locked;
struct node_t *next;

};

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

void each_process() {
struct node_t node, *pred, *p = &node;

while(1) {
NoncriticalSection();
p—>next = NULL;
pred = fetch_and_store(&tail, p);
if (pred !'= NULL) {
p->locked = 1;
pred->next = p;
while(p->locked == 1); /* spin */
}
CriticalSection();
if (p->next == NULL) {
if (!compare_and_swap(&tail, p, NULL)) {
while(p->next == NULL); /* spin */
p->next->locked = 0;
s
} else {
p->next->locked = 0;
}
}
}
04 MCSOOODOOOO

Fig.4 The MCS algorithm.

00000oooO0o0oooooSpMDOOOOOOOOOOOOOOOOOOOOODOOO
gooobobooooooobobooooooboobooooooooooboooooooboon
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gboooboooodoboooodoooboooooobooooboooooobooobOoooonDo
ocooooooooooooooo«“cb”boo00oooooooooboboboboOoooooo
o00o0oO0ooOoUoO0OoOooOooOoUOoUOU0Oo0O0oLDOoUOUOO/O0DDOUDOOOO
coooooooooooooO «oo”bO0O00000O0O0O0O0ODODOOODODOOODOOO
00o0o0/Ooo0oooUoooUuoooseMDOOOOOOOOOOOOUOODDUOOO
O000000/00000000 pthreed D00OSPMDOOOOOOOOOOOOOO
000o0oO0o0oooU0o0o0/Oo0bo0oUoUo0DLOO0oUDLOU0ObOODOUOLDOOOOOO
O000000000000O0DMIOOOpthreaed 000000 OCO0O0O0O00000O0OO
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00000000000000/000000000000000000000000
3.7.2 pthread 0000000000
DMIOOOOOO0O0O0O0000000000000000000000O00 OO0 dpthread

0000000000000000000000000 DMIOOOOO00O0O000000

0000000000000 0000000000000000000/00000000

000000000000000000 pthreed J00000000000000000O0

00000000000000000000000
000000000000 00000000000000000000000000id

00000000000 /00000000000000D0D0D0D0D0nOoUog

0000000000%°0000pthread 0000000000000000000O0

0000000000000 000000000000000000000ooog/oo0

000000000000 00000000000000000000000000000

0000000000000 00pthread 0000000000000000D0O00O0O0

000000000000 00000000000000000000000000000

0000000000000 D0000000000000000000000000000

000000000000 D000000000000000000000 pthread 000

0000000000000 D0000000000D000000000000000000
000000000000 D000D000D000 DMIDOODOD 300000000

000000000000 000000D0D00000D0D pthreed 000000000

0000000000000 000000D0O0Opthread 0000000000000 O0

000000000000000000000000000000 10000000000

00000000000000000000000000000000000000000

000000000000000000000000000000000000 3000

00000000000000000000000000000000000000000

000000000000000 30000000000000000000000Entry

Section 0 Exit Section 00 0000000000000 000O0O0DO000ODOO0

Entry Section 0000 pthread 000000000000 DOODOExit Section 0000

pthread 0000000000000 000000000O000000O0O0O00O 40 MCS

O0000000OOnede 0000000 OOOODOO Entry Section 0 Exit Section O

0000000000000 000000000000000000000000000

0 O Entry Section 0 Exit Section 00 0000000000000 00O0O0O0O0O0ODOO
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struct vars_t {
/* necessary variables
for both EntrySection and ExitSection */
};

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

};

void lock(struct mutex_t *mutex) {
struct vars_t *vars;

vars = malloc(sizeof (struct vars_t));
EntrySection();
mutex->vars = vars;

}

void unlock(struct mutex_t *mutex) {
struct vars_t *vars;

vars = mutex->vars;
ExitSection();
free(vars);

¥
0 5 Entry Section/Exit Section 0 pthread 00O 000 /000000000000 OO
Fig.5 Separating an Entry Section/Exit Section into a pthread-like lock/unlock function.

0000000000000 50000000 Entry Section 0 Exit Section 00000
OO0oOOoOCOOoOoOoOOOOOOOOOO0O0OO0O mallocOODODOOOOOOOOOOOOO
O0000000oooooooo000ooooooooooD freeb0Q0O0O0OOOOQ
0000000000000 00000000000000 mallecO0O00O0O0O0O0OODOOO
56 0000000000000000O0pthread 0000000000 O0OCCOCOCOCOOO
ocoooooooooooooooooo

4. 0000000000000

DMIOOOOOOOOOOOOOOODOOUDOOO APIDOOOpthread00000O0O
0000o00o0o0oU0o0oU0oOo0o0/0U00o0o0OUOOoUODOOODOOO APIDO
OUOO0OUAPIODOOOOO A200000000000O0LOODLD/ODULOUODOODOO
gobool1obooo0ooOoo0oooooboooobooooobooooo0oobboenoOonoO

ooooobO0oeOOOOOOOOOOODMIOODDOOOOOOOOD1O00O0O0OO
0000 libdmisoOOOOOODOOODOODOOO0O0O0O0O0O0O0ODO ./a.ocut 00000
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01: #include "dmi_api.h"

03: typedef struct targ_t {

04: DMI_mutex_t mutex;

05: int32_t value;

06: int64_t flag_addr;

07: }targ_t;

08: #define MUTEX(targ_addr) ((int64_t)&(((targ_t*)targ_addr)->mutex))

09: #define VALUE(targ_addr) ((int64_t)&(((targ_t*)targ_addr)->value))

10: #define FLAG_ADDR(targ_addr) ((int64_t)&(((targ_t*)targ_addr)->flag_addr))

12: void DMI_main(int argc,char *xargv) { /+ 0000000000 */
13:  DMI_node_t node; DMI_thread_t handle[256][32];
14: int32_t i,value,my_rank; int64_t targ_addr,flag_addr;

16: DMI_rank(&my_rank); /* 000000000 */

17: DMI_mmap (&targ_addr,sizeof (targ_t),1,NULL); /* DMI 00000000000 000000 */
18: DMI_mmap (&flag_addr,sizeof (int32_t),256,NULL); /* D000 0000000O00O0 */

19:  DMI_mutex_init (MUTEX(targ_addr));

20: value = 0;

21: DMI_write(VALUE(targ_addr),sizeof (int32_t),&value,DMI_LOCAL_WRITE,NULL) ;

22: DMI_write(FLAG_ADDR(targ_addr),sizeof (int64_t),&flag_addr,DMI_LOCAL_WRITE,NULL);

24: while(1) {

25: DMI_poll(&node); /+ 00/000000000000000 */

26: if(node.state == DMI_OPEN) { /+ 00000000000 O000O %/

27: DMI_welcome(node.rank); /* OOOO0 =%/

28: value = 0;

29: DMI_write(flag_addr + node.rank * sizeof (int32_t),sizeof (int32_t),&value,DMI_REMOTE_WRITE,NULL);

30: for(i = 0; i < node.core; i++) { /+* JO0UOOO DMIOOOOOO %/

31: N DMI_create(&handle [node.rank] [i],node.rank,targ_addr,NULL) ;

32:

33: } else if (node.state == DMI_CLOSE) { /+ 00000000000 DO0O =/

34: value = 1;

35: DMI_write (flag_addr + node.rank * sizeof(int32_t),sizeof(int32_t),&value,DMI_REMOTE_WRITE,NULL);
/* 0O0O0oooo */

36: for(i = 0; i < node.core; i++) { /+ 00000 DMIOOOOOO */

37: DMI_join(handle[node.rank] [i] ,NULL,NULL) ;

38:

39: DMI_goodbye(node.rank); /* 00000 */

40: if (node.rank == my_rank) break;

41: }

42:  }

43:

44 DMI_read(VALUE(targ_addr) ,sizeof (int32_t) ,&value,DMI_INVALIDATE_READ,NULL) ;

45: outn("value is 0",value);

46: DMI_mutex_destroy (MUTEX(targ_addr));
47:  DMI_munmap(flag_addr,NULL); /+* OOOO0O =/
goo

48: DMI_munmap(targ_addr,NULL); /* OO */
49: return;

50: }

51:

52; int64_t DMI_thread(int64_t targ_addr) { /+* DMI 00000000000000 =/
53: int32_t value,my_rank; int64_t flag_addr;

55:  DMI_rank(&my_rank) ;
56:  DMI_read(FLAG_ADDR(targ_addr),sizeof (int64_t),&flag_addr,DMI_ONCE_READ,NULL);
57: while(1) {

58: DMI_read(flag_addr + my_rank * sizeof (int32_t),sizeof (int32_t) ,&value,DMI_UPDATE_READ,NULL);

59: if(value == 1) break; /+ DO00O00O00O000O0 DMIOOODOOOO0ODOO */

60: DMI_mutex_lock(MUTEX (targ_addr)); /+ OO0 =/

61: DMI_read(VALUE(targ_addr),sizeof (int32_t) ,&value,DMI_INVALIDATE_READ,NULL); /+ OOO0O00O0 read */
62: value++; /+ 000000000 O0O0O0O0O =/

63: DMI_write (VALUE(targ_addr) ,sizeof (int32_t),&value,DMI_REMOTE_WRITE,NULL); /+ 0000000 write */
64: N DMI_mutex_unlock (MUTEX(targ_addr)); /+ 00000 */

65:

66: return DMI_NULL;

67: }

06 000000/0000000000000O0O0ODDDODDOODODOO00OO0O0O0000000O0APID
OooooOo A20000
Fig.6 An example program which exclusively increments one counter variable with nodes

joining/leaving.
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Fig.11 A consistency protocol of a read operation.
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Fig.15 Restructuring of an owner tracking graph at joining/leaving of nodes ((A) Joining of nodes,

(B) Leaving of nodes).

ooboooo.00000o0o0c0b0o00ooooooo

(1) DO0:0000000D00O0DODOODOO

(2) DO0D:0000000DOO0O0OOODOODOOO

(3) 0D00+00000000000D0ODO0UOOOO d.prebable 00 0000O0ODOO0O
0000000 kO0Ok.probable=:0000000000000000Ok.probable
O i.probable OO0ODODOOOOOOODOOODOOOOOOOCOOOODOOOOOODO
0:;0000000000000000D000O00OD0DOO 15(B)M@

(4) 0OO0OD+<00D00O00O0O00DOUOOO0ODOODOOOODOOOOODOOOOODO

() OOD+«00D0OO0D0ODOOOO0O jODO0O0O0O0DOOODOODOOO

(6) D0OODO0DOUOOODODOOjO00D00O0O00DOOODOODOO

ooobooobobOOooooooooOobooooOoO0oooobOOooooOO000 bDMIOOO

goboooooooo

5.5 OOO0OO

DMIOOOO0O0O0O0O0O0O0O0O0OOOOOOOOOOOOOOOOOOOOOOOO0O

bobobobOooooooCcOobooOoobbOsweeperU00O00000O0DOOOOOOOOO

gooooooooboooooobooooooboOoboOo0ooboOooooDOoboOooooboobo

goboooobobooooboo

ol1goooooocoooooooooooooboooboobo ;00000 00ooooo

OO0dbuffer D0D0ODODODOOODOOO0O0O0O0O0O0O0O0O0O0O0O0O0O0OO0OOODODDOOOO

0000000 dstate D INVALIDOOOOOOOOOOOOODOS350000000

(© 2010 Information Processing Society of Japan



22 DMIODOOOOOOOOOO/O0000000000O0O00O0O0O0DO0O0OOO0OOOO

O000oooooooO00ooDoooooOO INVALIDOOOOOOooooooooo
gooooooboooooboooo
OIDINVALIDOOOO
OIO0ODOWN_VALID 00O UP.VALIDOOOOOOOOOOOOOOOOOO
gooao
OMoo0o000000O0oo0o0oo0ooO DOWNLVALID OOO UP_VALIDOO
gobooooboooboooobooooo
OIVOOOOOOOoooooooooooo DOWNLVALID 000 UP_VALID O
goboooobooobooooooooboo
00oo0o000000oo0o0oooooobMIOOOOO0OO0O0O0O0O0O0O000O0O0O0O00O00O0
goooooooooooooooooboooooooobooboboo0oooooooDooODobo
ooooo0O0OD0O0OO000000000000000000000000 DMI_save(...) O
O00000000000000O0 pMIunsave(...) O0O0O0O0O0O0O0O0O00O0O0OOO
gooooooooobooooooooooooooooooobooooobooobDMICOO
ooo0O0o0o0oooooOo0OOo00ooooooooOO0oo0mID—-0n0—-0mo—-0I1vd
goboooooboooooooboboooo
g20000000000000O0O0O0O00D0O000OODOOO0OOODOOOODDDOD
goboobooooooooooobolvobobooooboooooooo pMIDODOoOoOoDOO
gooooooooooobooooboooooboboooooooboboDboobooDo
gooooboooooooobooooboobooboobooboooboboooobobOoDo
ocoooooooooooooooooooOoODMIDOOOOOOODOODOOOOOO
goboobooooboooooooobooboooooooooooooobooooo
dooobooooodoooooooooboobodoooboobooooooboobooooooboo
O000000000000000CDODO0O0 gossip-based 0000000000000
gobooooobooooooooocoooooboooooobooooooobooooobooboobobo
goboooooooboooobooobooooooboooo
oooooooooooo bMIOOOOOO LOODOOOOOOOOOOOO0O0O
O0ODO0O0O LODODODOOO sweeper 00000000000 O0O0O0O0O0O0OOOOOOO
OO00000O0000OOsweeper 00000 DMIOODOOOOOOOCOOOODO LOO
gooooooooooOoOODODOOOO0OO0 LOODOOOOODOOOOOOOODODOODOD
goooooooooOOOODOOO0OO0OOOOOOODOOOO0O0O0O0O0O0O0O0 DMIOOO

000000000 0ooOoooOd Vol.3 No.l 1-40 (Mar. 2010)

ogboooooooobMIODOOODODODOODODODOODODODODODOOOOD

gooooobobobbooooobbobboboooooooobobbbooooooob o

gooooooooooooooooboooooobooooooooooooooooa

gooao

5.6 DO0OOOOOOOOOOO

DMIOOOO0O0OOO0O0O0O0O0O0O0C0OO00C0O0O000CDOO0O0O0OO0O0OODOPermission

Word 0OOOODOY™ 0UOO0OOOO0D0OOPermission Word 000000000000

pthread 000000000 OOCODOOODOOOOOCOOPermission Word O OO

gobooooboooooooooboo

e read/write/fetch-and-store/compare-and-swap 00 000000000000

o Weak Fairness 00000

e J00U0UUDOUUUDDULUUUULULOUDOLDOUOODLOUOUDOUOOLDO O(1)
oooo

e 00O Permission Word 00000000 30000000000000000C0OEn-
try Section 00 Exit Section 000000 pthread D000 000O00O0O00OODOO
ooooog

Permission Word D00 O0000OOpthread 0000000000000 OCOOOO 16

000000000000000 5000000000000000000000 malloc

000000000 00mutex 0000000000 0O0ODO>ock(...) OOODOOODOO

goobooobboobobboobbboooboboda

000016 000000000000000O0pthread000000000000O0O

OO0OO0O0O00O Permission Word 0000000000000 O0O0O0O0O0O0O0O0O0O0OO

gobooooboooooboo

(1) 000000 OheadOnextOpiOp2 D000 NULL 00000 17 (A)[0 head O O
gobodoobboooobodobOboUdOUOnext 000000 OODOOODOOOOO
goooooooooooooooboooobOooOoOoOoooobODOboOoOooooDo
oooooooooooooooooobobobbOpt 0 p2000000C0C0O0GO0OOO
20000 convert(...) 039000 43000 revert(...) 0O0O0O0O0O0OOODO

(2) DOOUD 10 lock(...) OD0OODOOO21 000 head 0O 0O fetch-and-store O
0000000 17(B)0000U000OULOUOLOOUO0OUOO NULLOOOOOO
0000000000000000D0D0D0DODO110ck(...) ODODOODODODO

(© 2010 Information Processing Society of Japan



23 DMIODOOOOOOOOOO/O00000000O0O0O00O0O0OO0O0OOOOOOO
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02:  int *head; 35: mutex->pl = mutex->p2; 1
03:  int *next; 36: } pl pl
04:  int *pi; 37: if (! compare_and_swap (¢émutex->head, mutex->p1, NULL)) { Eﬂ/ next! V
05: int *p2; 38: mutex->p2 = mutex->head; read—> MNURR o :
06: }; 39: curr = revert(mutex->p2); /* address reversion */ ] e J i
o7: 0: *curr = 1;
08: void init(struct mutex_t *mutex) { 41: ¥ © p2
09: mutex->head = NULL; 42:  } else { |
10:  mutex->next = NULL; 43: curr = revert(mutex->next); /* address reversion */ p_l
11:  mutex->p1 = NULL; 44: *curr = 1; Jnext ]
12 mutex->p2 = NULL; a5 ) head—> flag(4) [ flag(3) [—>1 flag(2) >} flag(1) =} NULL |
13: ¥ 46: } — SPLES
14: 47: —
15: void lock(struct mutex_t *mutex) { 48: void destroy(struct mutex_t *mutex) { (0) | p2
16:  int flag; 19: } | oa |
17: int *prev, *curr; 50: |
18: 51: int* convert(int *curr, int *p, int *q) { ﬂ 2 :
lo: flag = 0 2 nt v, v2, 4 head—>1 flag(4) i —{ flag(3) [—>! flag(2) [—>} flag(1)i—> NULL |
20:  curr = convert(&flag, mutex->pl, mutex->p2); 53:  OvoH 7rOvh
/% address conversion */ 54: vl = (intptr_t)p & 0x3; ® [o]
21: prev = fetch_and_store(&mutex->head, curr); 55: v2 = (intptr_t)q & 0x3; |
22:  if(prev == NULL) { 56: d =0; pl
23: mutex->p1 = curr; 57:  if(d == vi || d == v2) { Inexd v
24: ) else { 58: a=1 — 5 ] ; O ]
25: while(flag == 0); /* spin */ 59: if(d == vi || d == v2) { E%I flag(l)H flag(s)'ﬁ flag(4)i%| ﬂag(?’)H ﬂag(z)ﬁ I
SOBL 7oavh
26: ) 60: a=2 -
27: mutex->next = prev; 61: 3} (F) | p2
28: } 62: } :
29: 63: return (int*) ((intptr_t)curr + d);
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33:  if(mutex->next == NULL 67: return (int*)((intptr_t)curr - ((intptr_t)curr & 0x3)); @ ]
|| mutex->next == mutex->p1) { 68: } p_Z
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Fig.16 The Permission Word algorithm expressed in pthread-like programming interfaces. |next \ \I/
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Fig. 18 The execution time of local read (localread), remote read (remoteread), memcpy (memcpy)
and data transfers (transfer) with various data size.
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Fig.21 The execution time of HDD access (HDD), normal DMI_read(...)/DMI_write(...)
(DMlI(sync)) and asynchronous DMI_read(...) /DMI_write(...) (DMI(async)) in the STREAM
benchmark.
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Fig.22 Change of processor assignment to domains in the Jacobi iterative method when the

number of processors changes ((A) WRITE_REMOTE is used to update each domain,

(B) WRITE_LOCAL is used to update each domain).
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Fig.23 The execution time and scalability of DMI in the Jacobi iterative method.
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Fig.24 The execution time of each iteration of the Jacobi iterative method when nodes join and

leave dynamically.
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Fig.25 The execution time and scalability of DMI and MPI in the EP benchmark.
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Fig.26 The execution time and scalability of DMI and MPI in the CG benchmark.
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Fig.27 The execution time of each iteration of the CG benchmark when nodes join and leave

dynamically.
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(B) An owner transfers pages in some balanced tree topology).
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UO0seq=—-100000000000000DOO0O0ODLODOOODODOO 027: try_send(REQ-READ, page)

028: page.probable := NIL
structure for page {state, owner, probable, valid, buffer, msg_set, state_array, seq-array} 029: unlock page
structure for msg {src, mode, state, buffer, state_array, seq-array} 030: wait for ACK_READ to be received

031: lock page
001: initialization of page whose owner is owner at the initial state: 032: page.probable :== ACK_READ.src
002:  if owner == my_rank then 033: flush_msg(page)
003: page.state := DOWN_VALID 034: if ACK_READ.buffer '= NIL then
004: page.owner := TRUE 035: page.buffer .= ACK_READ.buffer
005: for each rank in the system do 036: endif
006: state_array|[rank] := INVALID 037: page.state := ACK_READ.state
007: seq_array[rank] := 0 038:  endif
008: endfor 039:  buffer := page.buffer
009: state_array[my_rank] := DOWN_VALID 040:  unlock page
010: page.valid = 1 041:
011: else 042: when REQ_READ for page is received:
012: page.state := INVALID 043:  lock page
013: page.owner := FALSE 044:  if page.owner == TRUE then
014:  endif 045: if page.state_array|[REQ-READ.src] == INVALID then
015:  page.probable := owner 046: ACK_READ.buffer := page.buffer
016:  page.msg_set := () 047: if REQ_READ.mode == READ_INVALIDATE then
017: 048: page.state_array[ REQ-READ.src] :== DOWN_VALID
018: read operation for page with buffer and mode: 049: page.valid := page.valid + 1
019:  lock page 050: elseif REQ_-READ.mode == READ_UPDATE then
020:  if page.state == INVALID 051: page.state_array[REQ-READ.src] := UP_VALID
021: || (page.state == DOWN_VALID && mode == READ_UPDATE) 052: page.valid := page.valid + 1
022: || (page.state == UP_VALID && (mode == READ_INVALIDATE 053: endif
023: || mode == READ_ONCE)) then 054: else
024: REQ_READ.seq := —1 055: ACK_READ.buffer := NIL
025: REQ_READ.src := my_rank 056: if page.state_array[REQ_READ.src] == UP_VALID
026: REQ_-READ.mode := mode 057: && (REQ-READ.mode == READ_INVALIDATE
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058: || REQ-READ.mode == READ_ONCE) then 089: flush_msg(page)

059: page.state_array[REQ-READ.src] := DOWN_VALID 090: elseif mode == WRITE_LOCAL then
060: elseif page.state_array|[REQ-READ.src] == DOWN_VALID 091: if page.owner == FALSE then

061: && REQ-READ.mode == READ_UPDATE then 092: REQ_STEAL.seq := —1

062: page.state_array[REQ-READ.src] := UP_VALID 093: REQ_STEAL.src := my_rank

063: endif 094: try_send(REQ-STEAL, page)

064: endif 095: page.probable := NIL

065: ACK_READ.state := page.state_array[REQ-READ.src] 096: unlock page

066: ACK_READ.seq := page.seq-array| REQ-READ.src] 097: wait for ACK_STFEAL to be received
067: page.seq_array[REQ_READ.src] := page.seq_array|REQ_READ .src] + 1 098: lock page

068: ACK_READ.src := my_rank 099: page.probable := my_rank

069: send ACK_READ to REQ_-READ.src 100: flush_msg(page)

070: else 101: if ACK_STEAL.buffer != NIL then
071: try_send(REQ_-READ, page) 102: page.buffer := ACK_STEAL.buffer
072:  endif 103: page.state := DOWN_VALID

073:  unlock page 104: endif

074: 105: page.state_array := ACK_STEAL.state_array
075: write operation for page with buffer and mode: 106: page.seq-array = ACK_STEAL.seq_array
076:  lock page 107: page.valid := ACK_STEAL.valid
077:  if page.owner == TRUE && page.valid == 1 then 108: page.owner := TRUE

078: page.buffer := buffer 109: endif

079:  elseif mode == WRITE_REMOTE then 110: page.buffer := buffer

080: REQ_WRITE.seq := —1 111: update_and_invalidate(page)

081: REQ_WRITE.src := my_rank 112:  endif

082: REQ_-WRITE.buffer := buffer 113:  unlock page

083: try_send(REQ-WRITE, page) 114:

084: page.probable := NIL 115: when REQ-WRITE for page is received:
085: unlock page 116:  lock page

086: wait for ACK_WRITE to be received 117:  if page.owner == TRUE then

087: lock page 118: page.buffer := REQ_-WRITE.buffer
088: page.probable :== ACK_WRITE.src 119: update_and_invalidate(page)
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120: ACK_WRITE.seq := page.seq-array|[REQ-WRITE.src| 151: wait for all ACK_VALIDATE to be received
121: page.seq_array[REQ_-READ.src] := page.seq-array[REQ_READ.src] + 1 152: wait for all ACK_INVALIDATE to be received
122: ACK_WRITE.src := my_rank 153: lock page

123: send ACK_WRITE to REQ_-WRITE.src 154: page.probable := my_rank

124: else 155: flush_msg(page)

125: try_send(REQ-WRITE, page) 156: page.owner := TRUE

126:  endif 157:  endif

127:  unlock page 158:

128: 159: when REQ-VALIDATE for page is received:

129: update_and_invalidate(page): 160:  lock page

130:  if page.valid '= 1 then 161:  page.probable := REQ_VALIDATE.src

131: for each rank s.t. rank != my_rank 162:  flush_msg(page)

132: && page.state_array[rank] == DOWN_VALID do 163:  page.buffer == REQ_VALIDATE.buffer

133: page.state_array[rank] := INVALID 164: ACK_VALIDATE.seq := —1

134: page.valid := page.valid — 1 165: ACK_VALIDATE.src := my_rank

135: REQ_-INVALIDATE.seq := page.seq_array[rank] 166: send ACK_VALIDATE to REQ_VALIDATE.src
136: page.seq_array[rank] := page.seq_array[rank] + 1 167:  unlock page

137: REQ_INVALIDATE.src := my_rank 168:

138: send REQ_INVALIDATE to rank 169: when REQ_INVALIDATE for page is received:
139: endfor 170:  lock page

140: for each rank s.t. rank != my_rank 171:  page.probable := REQ_INVALIDATE.src

141: && page.state_array[rank] == UP_VALID do 172:  flush_msg(page)

142: REQ_VALIDATE.seq := page.seq-array[rank] 173:  page.state := INVALID

143: page.seq_array|[rank] := page.seq_array|[rank] + 1 174: ACK_INVALIDATE.seq := —1

144: REQ-VALIDATE.src := my_rank 175:  ACK_INVALIDATE.src := my_rank

145: REQ_-VALIDATE.buffer := page.buffer 176:  send ACK_INVALIDATE to REQ-INVALIDATE.src
146: send REQ_-VALIDATE to rank 177:  unlock page

147: endfor 178:

148: page.owner := FALSE 179: when REQ_STEAL for page is received:

149: page.probable := NIL 180:  lock page

150: unlock page 181:  if page.owner == TRUE then
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182: page.owner := FALSE 213:  lock page

183: REQ-CHANGE.seq := page.seq_array[my rank| 214:  if page.state == DOWN_VALID || page.state == UP_VALID then
184: page.seq_array[my._rank| := page.seq_array[my_rank] + 1 215: REQ_SWEEP.seq :== —1

185: REQ_-CHANGE.src := REQ_STEAL.src 216: REQ_SWEEP.src := my_rank

186: send REQ_CHANGE to my_rank 217: try_send(REQ-SWEEP, page)

187: if page.state_array[REQ-STEAL.src] == INVALID then 218: page.probable := NIL

188: ACK_STEAL.buffer := page.buffer 219: unlock page

189: page.state_array[REQ-STEAL.src] := DOWN_VALID 220: wait for ACK_SWEEP to be received

190: page.valid := page.valid + 1 221: lock page

191: else 222: page.probable :== ACK_SWEEP.src

192: ACK_STEAL.buffer := NIL 223: flush_msg(page)

193: endif 224: page.state := INVALID

194: ACK_STEAL.seq := page.seq_array|[REQ_STEAL.src] 225:  endif

195: page.seq_array|[REQ_STEAL.src] := page.seq_array[REQ_STEAL.src] + 1 226:  unlock page

196: ACK_STEAL.src :== my_rank 227:

197: ACK_STEAL.state_array := page.state_array 228: when REQ_SWEEP for page is received:

198: ACK_STEAL.seq_array := page.seq-array 229:  lock page

199: ACK_STEAL.valid := page.valid 230:  if page.owner == TRUE then

200: send ACK_STEAL to REQ_STEAL.src 231: if page.state_array|[REQ-SWEEP.src] == UP_VALID
201:  else 232: || page.state_array|[REQ-SWEEP.src] == DOWN_VALID then
202: try_send(REQ-STEAL, page) 233: page.state_array|[ REQ_-SWEEP.src] := INVALID
203:  endif 234: page.valid = page.valid — 1

204:  unlock page 235: endif

205: 236: ACK_SWEEP.seq := page.seq-array| REQ-SWEEP.src]
206: when REQ-CHANGE for page is received: 237: page.seq-array[REQ_-SWEEP.src| := page.seq-array|[REQ_-SWEEP .src] + 1
207:  lock page 238: ACK_SWEEP.src := my_rank

208:  page.probable := REQ-CHANGE.src 239: send ACK_SWEEP to REQ_SWEEP.src

209:  flush-msg(page) 240: if REQ-SWEEP.src == my-_rank then

210:  unlock page 241: rank := select new owner except my_rank

211: 242: page.owner := FALSE

212: sweep operation for page: 243: REQ_CHANGE.seq := page.seq_array[my_rank]
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244: page.seq_array[my_rank| := page.seq_array[my._rank] 4+ 1
245: REQ_-CHANGE.src := rank

246: send REQ_-CHANGE to my_rank

247: if page.state_array[rank] == INVALID then
248: REQ_DELEGATE.buffer := page.buffer

249: page.state_array[rank] := DOWN_VALID
250: page.valid := page.valid + 1

251: else

252: REQ_-DELEGATE.buffer := NIL

253: endif

254: REQ_DELEGATE.seq := page.seq_array|[rank]
255: page.seq_array[rank] := page.seq_array[rank] + 1
256: REQ_DELEGATE.src :== my_rank

257: REQ_DELEGATE.state_array := page.state_array
258: REQ_DELEGATE.seq_array = page.seq_array
259: REQ_DELEGATE.valid := page.valid

260: send REQ_DELEGATE to rank

261: endif

262: else

263: try_send(REQ_-SWEEP, page)

264:  endif

265:  unlock page

266:

267: when REQ_DELEGATE for page is received:
268:  lock page
269: if REQ-DELEGATE.buffer != NIL then

270: page.buffer .= REQ-DELEGATE.buffer
271: page.state := DOWN_VALID
272:  endif

273:  page.state_array := REQ_DELEGATE.state_array
274:  page.seq_array == REQ_DELEGATE.seq_array
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275:  page.valid :== REQ_-DELEGATE.valid
276:  page.owner := TRUE

277:  unlock page

278:

279: try_send(msg, page):

280:  if page.probable == NIL then

281: page.msg-set := page.msg-set U msg
282:  else

283: send msg to page.probable

284:  endif

285:

286: flush_msg(page):

287:  for each msg in page.msg-set do
288: send msg to page.probable

289:  endfor

290:  page.msg_set == )

A.2 API

APIO000O0D0Oxxx o OOOODOOODOOOOOOODO
e int32_t DMI_rank(int32_t *rank_o)

000000000 ranko 0000000000000 OO0OOO0OOOOOOOOO
0000000000000 00oOo00o0oo0o00ooo0o0ooo0oo
e int32_t DMI_welcome(int32_t rank)

rank 00000000000 O00OOOOOOO
e int32_t DMI_goodbye(int32_t rank)

rank 0000000000000 OOOOOO
e int32_t DMI_poll(DMI_node_t *node_o)

00/00000000000000/U0DO00U0O000D0O00D00 nodeo OO
0000000/0000000000000000000ODMInedet JOOOOOOODO
stateJ 0000 /0000000 M cored 000 Mmemory0 D000 DMIO O OODO
O@Mrank0 0000000000
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e int32_t DMI_peek(DMI_node_t *node_o)

DMIpoll(...) DO0OO0O0O0O/000000D0OU0OOOODOOOODOO
e int32_t DMI_interrupt(void)

DMIpoll(...) OOOOOOOOO
e int32_t DMI_nodes(DMI_node_t *nodes_o, int32_t *num o, int32_t capacity)

00000000000 0000 capacity 0OOOOOOO nodesoO0OOOO0O
e int32_t DMI_mmap(int64_t *addr_o, int64_t page_size, int64_t page_num,
DMI_status_t *status_o)

0000000 page-size 00000 pagenum OO DMIOOODOOODOOOOO
000000 addroO000O000ODMImmap(...) O00O0O0O0O0O0O0O0O0OOOOOOO
0000000000000 0O00oO0o0oo0ooOOoOooOOoooDOoOoObOOOdnstatus.o
ONLLOODOOO0OD0OO0OO statuso 00000000 DOOOODOOODOOOODOO
e int32_t DMI munmap(int64_t addr, DMI_status_t *status_o)

DMIOOODOOODOOOOO
e int32_t DMI_read(int64_t addr, int64_t size, void *buf_o, int32_t mode,
DMI_status_t *status_o)

0000 addr 00 size 0000 bufo 00000 Omode 00 READ_ONCEO
READ_INVALIDATEO READ_ UPDATE 0000 0O000O0OODOOOOOOOOO
0o0ooooooooooooon
e int32_t DMI_oneread(int64_t addr, int64_t size, void *buf_o,
int32_t mode, DMI_status_t *status_o)

goboooooOo0o110000bO0O00bOoO00oDO00ODbOOO00DDMIread(...) O
oooooooooo
e int32_t DMI_write(int64_t addr, int64_t size, void *buf, int32_t mode,
DMI_status_t *status_o)

0000 addr O buf 00 size 00O O0OOOmode 00 WRITE_ REMOTED
WRITELLOCALOOOUOUOOOOOOOOOOODODODOOOOOOoOooooooood
ooo
e int32_t DMI_onewrite(int64_t addr, int64_t size, void *buf, int32_t mode,
DMI_status_t *status_o)

J000ooO0O0OO00 1000000oboooObOoOooO00Oo0oOooDOoOODMI write(...) O
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oooboDoooDooo
e int32_t DMI_fas(int64_t addr, int64_t size, void *fetch_buf_o,
void *store_buf, int32_t mode, DMI_status_t *status_o)

0000 addr OO0 fetch-and-store 0 00 0O 0 Omode 00 WRITE_LREMOTED
WRITE.LOCALOOOOOOOOOOO
e int32_t DMI_cas(int64_t addr, int64_t size, void *cmp_buf,
void *swap_buf, int32_t *flag.o, int32_t mode, DMI_status_t *status_o)

0000 addr 000 compare-and-swap 0 0 000 Omode 00 WRITE_ REMOTED
WRITE.LOCAL OUOOO0OOOOODOQO O compare-and-swap 0 000 flago 0OO0O
oogd
e int32_t DMI_save(int64_t addr, int64_t size)

0000 addr U0 size 000000000 ODOODOODOOOOOOODOOOODOO
gboboobooboooooboboboboboooog
e int32_t DMI_unsave(int64_t addr, int64_t size)

0000 addr 00 size U0 OOO0OO0O0OO0O0OOODOODOODOODODODO
e int32_t DMI_create(DMI_thread_t *handle_o, int32_t rank, int64_t addr,
DMI_status_t *status_o)

O000 raxk 000000 DMIODODOODODOOOOOOODOO handleo OOO
O000addr 0000000 DMIOOOOOODOO DMI_thread(int64_t addr) OO0
ooooooooD
e int32_t DMI_join(DMI_thread_-t handle, int64_t *addr.o,

DMI_status_t *status_o)

DMIOOODOCOOOOOOaddro O NULLOOOODOOOOO DMIODOOODOOOO
U addro 00O onOnO
e int32_t DMI_detach(DMI_thread_t handle)

DMIOODOOO detach D OO
e int32_t DMI_self (DMI_thread-t *handle_o)

00 DMIOOODOOOODOCO handleo OOOOOO
e int32_t DMI_wake(DMI_thread_t handle)

handle JOOO0O0 DMIOOOOOODOOODOOODOOO
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int32_t DMI_suspend(void)
oo bDMIOOODODDODOODOOODODOODOOODOOOODOOODOOODOOObOOOn
0000oo0oooooooooooo bMIoDoOoOoOooooooooo
e int32_t DMI_mutex_init(int64_t mutex_addr)
oo0ooooooooooo
e int32_t DMI_mutex_destroy(int64_t mutex_addr)
oo0oooooooooo
e int32_t DMI_mutex_lock(int64_t mutex_addr)
00oooog leckOOO
e int32_t DMI mutex unlock(int64_t mutex_addr)
0000000 unlockOODO
e int32_t DMI mutex_trylock(int64_t mutex_addr, int32_t *flag o)
0000000 trylockDOODOOODO flago OO OOOO
e int32_t DMI _cond_ init(int64_t cond_addr)
oooooooooon
e int32_t DMI_cond destroy(int64_t cond_addr)
oooooooooo
e int32_t DMI_cond_signal(int64_t cond_addr)
00000 signalD0O0O0OO
e int32_t DMI_cond_broadcast(int64_t cond_addr)
00000 broadcast 000000
e int32_t DMI_cond wait(int64_t cond_addr, int64_t mutex_addr)
0000000oooooono wait0O0O0Q0Q0Q
e int32_t DMI_check(DMI_status *status, int32_t *ret_o)
status 000 0000000000000 00000O0O0O0O00O0O00O0O0O0OOOOO
000000000 retoddogong
e void DMI_wait(DMI_status *status, int32_t *ret_o)
status 00 000000000000 0000CC0CO0O0O0000O0O00O0O0 retoO0O
ooog
(00210 70 6000)
(00210100 14000)
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gbooooooobooobOoobobocOoboboOobooobz201000000
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20070 000000000000 0000000ACMOIEEE-CSOOO0O
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195300019820 300000000000 00O00OO0O0OO0ODOO
oboooboobo40000000000C00O060O00O0ODOODOO
gobooooooooboooboOogsu40bo0oooooooooo
goboooboooobooobob2e08b 40000000000 0O0OOO
ooooooOoOoOOOoO0O0O0OoOoOoOoOooooACMOOODOOOOO

gobodoobooooooooboooooooooon

(© 2010 Information Processing Society of Japan



