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Weighted Competitive Update Protocol for DSM Systems
Sung-Hwa Lim'- Sang-Hyun Baek™ - Jai-Hoon Kim'" - Sungsoo Kim™

ABSTRACT

Since DSM provides a user a simple shared memory abstraction, the user does not have to be concerned with data

movement between hosts, [ach node i DSAT systems has processor, memory, and connection to a network. Memorv is

and a page can have multiple copies in different nodes. To maintain data consisiency between nodes,

divided into pages, 4
two conventional protocols are used: write-update protocol and invalidate protocol. The performance of these protocols

access  patterns. For adapting to memory  access patterns,

depends on the system parameters and the memory
that are cxpected to be used in the near future, while

competitive update protocol updates those copies of a page
selectively invalidating other copies. We present weighted competitive update protocols that consider different com

munication bandwidth for each connection of two nodes. Test results by simulation show that the weighted competitive

update protocel improves performance

FEAb Alzelo] Ty HAE ol Aol SgAel A Hafel mygl *]*HJ% g el AR Al A"
2eg dgtete] A ag dAle AEE HAAoR = o] gahir slo] FEAb Alagle] FhAel E
vl olm Harakvl oak & wmrg o RAL e
Bl ohRupsty 100RE AR ] dR0R AgYS. boots Agstl o1g & wvlow w3
T“l 5 9 olpuyEkal kel P Fiééf% R 2 {DSM: Distributed Shared Memorv)A] 28 0]

o

4 8 o Fsa dn e So s _
R 1000 19 19l AKShe 19005 79 239 slelo12].

T

olal, UL gRFl, Nzune] B4 Sug

Aoz olget Aotk Agel Aol 2



Dras TImEE R pininl TF

27| e KIS 997

[S{{V]

GPU

CPE

DsM oSM DSk DSM
iaye! layar iayer layer
1’ NETWORK J

o do @ & o oo I¥
2
-u\‘

Il
i

N g3l
= oRE BEES 298

ZE 3 (update protocol) 0]

_?L Id
Oto

EE5e

fil }. LI‘%% Dol Al 7
de o nio) B

A BAE 588 3T

570

y o
A=

2 7] {write)

AR #7)

Sz
)
~lr
o
i;ol
et
&
hi
fm
At
=
<
&,
%
Ay
7
e
=
=
)
=
o
B
o
2

12

invalidate protocol):
1L* A% oe

7.

=]

Lq—-
| T2 e S (update protocoll: o] H x=1°
Aol HF U}'ﬂ wmEe RAH

apeba], 7)ol Fof

12
&3t FdetA B

o BA7 EAY

olejd YN FNE HF FEE ZREE &5
P EREES WA o NEd Ae i 849
bt &8 ZEade] o dlmelel fE o
FefE wedairlvh ofdoh mebd Ay FAgAE
S Fy mEe] Hul 5849 ZRESE U9
Hog Hgste WS daR oA dr135678
9.10] ® o

4 2949 2 Bzl
tocoD[6]8- Ayl H 2o

- Competitive apdarc pro-

g e YHE

W gk,

S Aol A doli}
ks Eie e ANE
of 29 BAE EREA g Fej4 2 Hipage
faul)s 29284 #i ~3—Tf}-l,j£ hapA sk, wbd

2o} ab&(local access)ol AdiHoR 4T YeofiiA|

Z A" A}E{ocal access)o] %

g v whol i

0 BES st A 101 e wng REe 44
A Wz g4 Fis #gord Zison WA
Azgle] Ay ol fg ZREFo|Y

B ol

ZorR oo o B o o) M o>
o '
il

MRES kR Ji 22EZ
S Hgstn w1y B #4S wdskd Fal g
29 $ 9= WEoR TREZo Muldr o)z
B EZREZE Ad WA @i, 7¥e] folg
Nz F& deoled dAYg FAd Bag T4 2
g Folw A& BHoR i LREZG

i Hlo%%l“fﬂ °]F

WEel ol d AHE He g ghod
37 A% PR E S48 E5vr} & =EEYH
of 734l el dAHgE THAA s FAA BN =
SEE[6]L 4T Atte] AUEE ALE HHTE ¢l
Uz g B5S FEIATIE 8 8ot (update
tmeouty WAR], d8F Ad&EE 20 A 55
45t} YLRE AR E a2 ALgE s HY
goll %] o] %o dofd Hog 4qFHe 7

e M= rhe S48 %—‘%-&% F&8A71%E wate-run
292 #g3 ZZEF (adaptive protocol on write—un
29 AR Atelof K?E LL?-TELJ 7y
Aeg-Hg A = (distance -
adaptive update protocol) FH[10], :'lxilil L8 dw
oA dlelElEe SHNEAN AEHE
OIZ(migramry) ol F &7zl Ao wZelA
A2 -2 g SHself-invalidation) o 24 F-E3} ¥ &
& %011‘ o]FA 2L A L(adapt to migratory sharing}
oltHd) &=, $AMY Y oE wn AR Fof

AFgE etk

| =EET ¢



. U

&S

| E2% FANEE FolEE &

Sl wpdh A

=

-

write-tun Z¥e| HLAH xZg fr_;‘-Il]Q

Z2EFEE ARt %
tol az|Tt
stiAl shiz gt el chadh (gl

THAMY Aol BEAEE shAs 74 4
AR, B droAs gk EAld o
A5 018 Zestgrh webd F g
13,% g gAY o]z Alad el el g WAy

sAle ol g2 (22 T w54 #4464

)

74N

ol
o
o
o Oz:

v

e
=)

£
)

i of] A1
AAH A ZREE

o &

B0
>

lo 7

b

o
e

& J W
Az

o

% WS F2 N5 gabe] vjuiElo)
oyt gesid $8 Ty saaP 2
® Ee ARARd get g3 dHe AYseE

shis Mo Rs 8 T ahael Abg Fee

EAste]l ZRuyozl M Sefo] uiel HYE W
He A&t ofFgFAeldel mE T2 ¥ F(appli-
cation specific protocolp], EAtEANA EA57 0|
oA e7], 271E Eg "P%OM REHon 7
8F B AT 8 A Ad4e 29 52
(send), F4l(receive) B0z £ ‘é gt st A
A F A (explicit communication) =PH[9], 2o
7 ARTE BAd wel AgAz ¥4 gHHo=z
HeY T2 ERS Holste Muning obE A =
E2E# (multiple consistency protocol) H[3] 59
ATl

3.7IEAE D@

71E2e AAH AN TRES2 AL JEE dgs

7] 98 7b A A9 v od wza Apg
olFol B mERFHY A Sd5es n@sio 7
% 7]

M f‘ﬂ?ﬂ%k(update Emit) olufell M 2o Ha)g
AL AR ;
e O B *1
Fdalrhe oA
Mo go] ohg A4

s},

=R NSRS Dol ZWBo AN Z2ER 244
A ek ARy Ha A ok

Bag Zo|v8 ) AE

of uiel EAuigo] T wugRg 7
Qo= A1 drae Fas Avla %
wERRH UL 2L doi: Ay vre

= Zlo] AH A Fiel

Bl el T 5 oA,

AEAE nES Y A Z2EZO 44 by

& 8ofoha bt ¢

o mEabolo] oA[A] WEFW B 7}7) dfo]7} glom
2 ol& whdstr] 9 f‘é-"%% WA ]
ol 713 A (weight) 2 st} F w2 jofa]
Loy uy axEs "1@57] 12 B v)Ee
Capg s == e wal CG) e s
F U

o ZAY ALY LREZAME 1Y wrv FHUL
2E ARE o) ot AN RFE 008 27183

l‘U

L HE wmze ojel aE W oelo B s
18 7t A7A Hed, 7hEAE mes 443
B ZzEFoME A e Hrb gk A
A A vl gl wet o9 shEAe el v
2 7HA 7T

A R mREZY E we] wet (1) Al
BaE 279 002 &t BN e o v Z7}
A7lol 4l d@AIgel e Zasksb A (2) (1]l
Aok ol FLHE Al dAFeR 2718 Az %
¢4 wrRERE PAE ?_‘% moeit FLEEHE A
Mol 0742 g g8El vbdel o= v B
W2 Fdaid

AR FRARY AS Feol et 584
k33

L2EZE A4%e 2E B4 875 zyd 4
£ 2 vAjx fﬂ%ﬂl%tﬁ% 2o 7185 @

o

o BUE oA a8 g,

. *P%Z}-@l Heol glo *}%AM

A g,

. z];4 TES ZREZY AN ZRESS 2 o9
& glo] Hfo] 7h5at},

T A4S

o



TTOHIET B

aLpd sk AR vRA]

7}.{;:-;‘],:_:’ 1!_:00 )‘é'o 2 ;;},
oFak H4l BAolMq s st e 4%
A el A 2w

SRz e = od v
R mdglEgloh

41 AEH 2=

WEYR
?_} 1 l,,_..o
"intrabus” v "
golg= Frolty g n=e A thE -
‘%‘15, - 2 of] Ak ) A4

NNee gy HAoer v}

SEEEE
"intrabus”

interbus”

27} AgEG5, HRLARE
A&}, “delay cost’E wHH
g 2 H)&8 ek o9 AR Ao B
%38, 2% T8 ol dlels #77F a2
2] ] gt °9Jr #E T

B Apoje) e
20 %&%}ﬂr

A 3 pehs 51846}04 J_L 7‘%1 Hl%9§ zméw
o B o=Foa Ao slal v 7HEAE nEd A
Aol AA EREDGAE Y Ay w=TAL

9] Bl v 2o 1R §x B FsHe »
B4 vl ge 308 ApgehA Ao RM

W% gue AT F A

intracluster

;me.'g!uste;' #1
Lus
A i ieriiieiiiiiiiiiiees. »
o owt N2 N3 Nd
ia:? lDeIay QlQiﬂ-‘ I | intraciuster
- CiiinITULINIiiiiiiiiniil e
g ’
I NS NE N7 N8
I |
...... Relay cosl =1 . ..
(J8 2) HE 7=
47 E2| ¥ x
(18]l Bk gol HAY wt ope] & Al

Al o] R F8 A

)
ol e} Rs A447HA

_Ig.
g
©
r"}
23
W
2 ]
39,
s
-
oY

Aa wmala)jdis @Y & 1
L Apoli Azl vldslel EAl ul

1;}_1,} E—é.]\

T 16Ake]

*
*

£ o

82
oz o] N2e} N7ALOlS] @Sl B4 &2 30] Hrh

Fogi -

@

o5t - COSI

e ©

(2" 3) B2l +=

43 7Y 7

(1 4k BE n-cube FEoTh UHE T

Al H] g2 1ol3 C1 HE9] mEileld]

& w7t Ao HjdEhG o E
o} BA u[E2 4o,

E/\ ‘f—%]

= Nl U

Delay cost

Delay cost

oM Agg mdg wes ofdt E& oy

Nage Agset

=5 oEe) Algo= 97l »x7i7E e
v 3-;5—.94 e 97 9%

3B E }ZI ket ( =

24 EeEEs ven W7l 49

Copyset{ B H &
v g 3
9 HAAH

2 2§ HE fA 78 F Ah)

w7k BEal Haks $YstA B

& oA g2 x=2 dAAE B | & )
o] B wmoiut MAAZ} AEH R, BR:A

I =
B Rerg w

giste EAE (L8 Q), (28 3), (19 49k Frt

)



o

LR SR S RUE T S & S S
Aot Aol olalitime localitny V1S O F 2l 2
7 Aol Ak
£ RS s B B B R S e 3

o - HTnode numher: A B ale] A fol] @]
. é’:'/I BAol dojud 5:-’7.:-‘3] WlesE deske:
A wimbch el T Relae] ARE ujgel o
of Agatr A4t "5} kel gk iyt of ¥
f WZeE AREE 4 gl

-0

e - Zoperation): AEFE wmZ7F QM wde] i
227

4 eE Hae old 97w mv) Fol

<
» VbE A (weight): & LltE @] el A A B del-
o ol @4 Bl (page faull cost) #Y wriof
BEEel BA7h glo] ohe wli2dE] 4E5e dE
ghizdl s B4 u)E
| Hj&(update cost): BAlZ 7 GhE o9
sasiofd AR dlolEls g4 WA o] &-uha)
o AaTEir B dlE,
o FE3 HE (invalidate cost: FRE N3 E AL
gt otefl ufgh Sutg e LA F g
o 704 B F(update count): AMF QN T En
i RN b i e R B Y :
o, fAwze) sslelA] g S eld $H
Al @ AghE M gkl LEUE A
A FAGE e BEEEe Fastaging. o g

& 5}{% =2 _:"1011’\'3 A wAAE s o

RO EER

B #A FHupdate limit) HA) 5

of by gl AfaEM e ity Yals 2

™ i3
Pl A g4el s ol

Al gAgkE OrEAE e A g =8
EES Mg 1-‘?-5‘*%? 4 Fepeieivh wWep [y]el
AqoAAlgE o ETG u 8 Kdg ulelo R ’ﬁ’fjﬁ}
Al A gk ‘”WH %X} ! ] ol
g Aol g M b v
SReld R b = "Hll?ii&;”ﬂ Az 8l
HAlremoted 227F 9 SHelgle] #Heolwe] M)

Z 788 5 3 WAL A9ocal) w27t 2L Fo)7

S ALl EE O]t A RHTHG: T T
s I S S e B

A A P S A L R M AL S 5
oot el i) Apg o afele] 9lvle] 9
ol oA qleh AW ER 29 e E

% 82 st g g,

AR
O ANy g
WAL ROl el A 1A w3 A AR

|
A& 27 wmre] vl ok EghEch

o N-3sl wREM s addsv Al4d o #eix o
(page fault)7} 2FAiElo] o} x| &
B Ag vz dolx] o7 v go| Hasith «
3h A oA B wiale] M) ubalA] & s
Aal ulgol Mashant F wrig]l Fowin 27

7 EAT) glonR Fvb ool

A7 dagith el qoameEw Zad bgo

784wl &]olrt

Al A et o

. SIzel A anvvh dbAE o vl
o] Hasteh maba] Al2A
AL A A A& gkl u]g g
. AU wriofl A wvvE ekl

ow rhek AR gl W gl Fastul abebs,
AordEd Al F Ul 7B siiAxE welrid
&L A EU]ol ok 2k UvE 2] ghAigh
oo (FAlg DAl A WA A g wg o
el B b Bgshs]ar vhge] #olxl g} b
AR g2 (BN A L g 2l e] &+ #]o]

425 g o] g

sie] HAelA % -
of sHWEY A T vE W Bhad B v
Fol wulv s]u, A4

L= .
CRi “ﬂil' i’] "H%O 4l ‘o‘ 11}—; 0‘\‘% o oy o

£
o
>
ok
=
i
L
vy

T
5%
re
2
e

o

w& 3 ?Hﬂék% :]_xafz] hy e Hn vt g
KOl e e s A o] el he} v
Ay YEs dmpgs 4N SRESY o go] ¥
YAl s QLB 9 AN g% = (o] 465
N+ AN/ Al ] T ofR o7k Fe £
7} A groluisl.

-



PPE) BIREENHRIER mEA MeH HiSH98)

7hal] glshe] 4atel A vt WAl AjEd el
A5 e ZAstod dEeld ¥y nirp M
cte dxal ol & Fejdl wet DSMe| Awel A
ol& molth B dAfoa Ay HrbA dAe A&
Aol A chFd wimel AE Helol e 4TE
gkl ¢l7l ulgo Walof wE uig

(cost)& Wl w3tgTh el mAAT, Hlom =
= 7 o] © 4 o]z:g; o Jto]l

A w27 54 Ad kg 7HA '}93’:?. Il“'lf}”— 8
g FAE $lAsdH 0 A(Sun Sparc 4) Fel A
(10Mbps Ethernet 4 S48 27 Aot 34
WAAE gl &9 wiEd oF 38msec, HolA 2
#ZA dolA g W d 2 30msec. P2 AHA {he]
rodE Aor EAHATE A vEL HAE
o]ele] A7lo] wel 38msec.9t Wmsec. AtelE FE
sigleh ol #e ZAFRE wEoR E =idAe
b s 2o Al 3 weE skt

ol <
=]

e HojA o5 wE 10

e 78N HE 3

o FES HE ]

o A FAGE 3 (Sl Ful &+ gAlE] 8/
Wl 4=13/3 Bk A2 30% 24)

F FRvRe A& 100003

— - - & = s =32
T, ada (0 e FY) Fee g vaE o
Epct,
AR PR
e r +  lovalidate
. —=  Update
1gccon b ;
A - 4 Competitive
¥ L& X W Competitive
120000 b R -3
il RN 9
T = -2
000l \‘\
4000 3
ns 0.6 07 0.8 0.9
BEICE
U= Eeo

WL, 203, 490 AR HIE ZHE 15%
=i 5, 6,7 89 AME HlE ZH0%

(0%l 5) AZ FRME s R

Tigp PR
LCeO00 + invalidale
- - dpddle
[Estalo o 3 a Competiive
- . W W.Compettey
- W Lompetit
120000 R 3 .
* L D
83000 s
&
4000
o
o5 0.6 9.7 a8 o8
g

SR b T
I 204, 59 AR g 0%
e 1,36 79 98 2410 %

(2 6) E2| F=0iMe H5 HIR

au Pz
0006 —e— Invalinate
.. — Hcdate
00 & - Competitive
500000 “\ . ] W.Competitive
A
400000 T C A n
® % g PO
300000 | e T l:.
200000 T 3
100000 |
. —
a
0.8 06 0.7 0.8 0.9
H7elE
- s
== g 16

RE 123456789 A8 9 S 2 8%
vt 910,1112131415169) AHE Bl & 7Hzh5%

(23 7) 7 FZ0lIMe} s Bl

AR Pxs ABAAE Fde FEEES I
% moEss 4 T2E2Y 452 Adgew v
W oAAY 02 FEY TRege 9] vgel
4245 A4 22ESE 97 vge] BEFE 4
5ol Fuh 28 494 0 mange LR

Hez sl

Hsa AR WE7E S o
of FES} 3&&*—&‘:} A
7] uge] Ae W TR} ZEEF Hu 5ol 4zt
ok e, AAH Y ZRRIEE Ao
FyHe A5E BAUth

NEAE A A4 AN ZREFE =EI
Za d[go] N 0B #3L wgsdnz oF It
07‘1 k= AERN HAGY BA TREE Hrd A
o8 254 Avg Btk 53, AF*
BT} 257§ ul49 Aot HE &

Baad 74
o]

O]

i

-4
B
T
~
ol



LEMAL A S 00 G

CEED G R RV i) ’f.s-”»-ii Joit d BEE
stk 7lsee) AAE Al s RES TR HAE 7
Rho.w ato] o {L o “I%C’I AR TN F
B3t A2 & Qi wT B4 TRy} By
shi i B AR ek B ol
Aok gl 7]'TXL: Jh;:ia} fsxgﬂ ;g } iggdo Vj;gf
Kl LﬂE J:i Bz oojge YELa 2 B @7

B9 wRuEde 948 Ad LoEse) 2
A3 ARdoINE S gelahg .

6. € 3 &% Z4n
ANEelold Fufo A u%

ok e @A
HEAS nelE AW A

Olﬂ >r :
=

o

do

kg &
2

2

i

R

<

<,

o o

te ool mel 73

ol - 2l 2 g8 Ty
= AN 22EZRS dddhe HeAS s e
FE MR ME 8 BN 042 welghs AEe
7hz e}

7 A4H A

ZRER Y5g 44E PEa0) 98 43 s

ESEERIYS off £HY FEE 42 uuw
[*]

ek Utk w3,

M,W HER 9 AN slgte] 488 B4, e w
IR AbE Felol F4 e oj9e

(1} C. Anderson and A. Karlin, "Two adaptive hybrid
cache coherency protocols,” in Proc. of the
International Symposium on  High-Performance
Computer Architecture, pp.303-313, Feb. 1996,

{2] JB. Carter, ]. K Bennett, and W. Zwaenepoel,
“Implementation and Performance of Munin” in

Proc. of the 13" ACM Symp. On Operating Sys-

{10] A, Raynaud. Z. Zhang,

{11] W. Stallings, operating systems,

{12

EETIE

iR

AT HMN0D B E e RS

lers Prncipies (505 P91 pp [o2-164, Ocet. 19491,
I\ B Efficient  Distributed  Shared
Memory Based on Multi-Protocol Release Con-
Ph.D.

Carter,

sistency, dissertation, Rice University,
Sept. 1943

[4i A. Cox and R. Fowler,
herency for detecting migratory shared data,” in
Proc. of the 20" Annual International Sym-
posium on Computer Architecture, pp98-108, May
1963,

[5] B. Falsafi, A. Lebeck, S. Reinhart, [ Schoinas,
M. Hill, J. Larus, and D. Wood,

"Application-specific protocols for user-level sha

"Adaptive cache co-

A. Rogers,
red memory,” in Proc. of Supercomputing’$4, pp.
308-389, Nov. 1994.
f6] H. Grahn, P.Stenstrom, and M. Dubois, “Im-
plementaiton and evaluation of update-based cache
protocols under relaxed memory consistency
models,” Future Generation Computer Systems,
Volll, pp.247-271, jun. 1995,
A, Lebeck and D. Wood,

invalidation:

]‘

[7] “Dynamic  self-

reducing coherence overhead in
shared-memory multiprocessors,” in Proc. of the
22" Annual International Symposium on Com-
puter Architecture, pp. 48-59

(8] JH. Kim and N. H. Vaidya, "A cost-comparison
approach for adaptive distributed shared memory,”
in Proc. of 1996 ACM International Conference
on Super computing, pp.44-51, May 1996.

[9] U. Ramachandran, G. Shah, A. Sivasubramaniarm,
A Singla, and 1. Yanasak, "Architectural mecha-
nisms for explicit communication in shared
memory multiprocessors,”in Proc. of Supercom-

putng 99, Dee. 1995,

and J. Torrellas

"Distance-adaptive update protocols for scalable

in Proc. of the

~International Symposium on High-Performance

Computer Architecture, pp.323-334, Feb. 1996,

shared-memory multiprocessors,”

prentice hall,
1998.

] M. Stumm and S. Zhou, "Algorithms imple-



menting  distributed  sharcd  memory.”  IEEE

Computer, Vol.23. pphd-61, May 1990,

2 4 3

¢ mai) ¢ holyfire®madang ajou.ac kr
food obrieh AM R A

R R Rt e RS

APTREEE

i AL &
B | < b

e-mail @ swimski@cesys.ajouackr
19993 0}?&18%' AR 9 FH3Y

o} (61—&}

D
19994 #A obFTida HiRE Y

PANRN -
e-mail © jalkim@madang ajouackr
198413 Mg Aol 4Gy
F(3}+h
199351 Indiana University, Com-
puter Sciencel 2 A
199743 Texas A&M University,
Computer Science! & AR
1984 ~ 1991 -5 4l Fdd Y gyl
19954 ~ 1997 Texas A&M University, Graduate Be-
search Assistant
1997+ ~ 199851 AHA) 7 Ak FISFEI AL 2R ead el
19983~ A obF st HK ’éﬁfﬂg‘ﬂ—tﬁ* ZuT

el s AL, A

E7~

IS

el - sskim@madang ajowac ke
L VAG NG EAse! LISTANEC R Aokt (e

10843 A]7
1995 Texas A&M Universil_\-:

19834 ~ 198641 AP ARHE %ﬂﬂ?é ﬂ%ﬂ%?
ACEre )

il

1986W — 1996 {4 TV e A

19914 - 19924 Texas Transportation Institute ¢3¢ 49

19931 ~ 199511 Texas A&M University, #4Hskal T A

1997 ~1998d g w2 e| 8], AR s e
2l HE A

it

19061~ A obFthEa YEE AU YA

)

5
salgol WEvel, A% HE, oF HFY, 4y

B Algeol

=
~§



