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Abstract

Distributed object technologies have become popular in developing distributed systems.

Although such middleware platforms as DSOM, DCOM, CORBA and Java RMI ease the development
of distributed applications, they do not directly improve the reliability and the availability of these
applications. Because the task of developing fault-tolerance techniques for distributed object paradigms
is often complicated and error-prone, there is a great need for a development toolkit that enhances the
reliability and the availability of distributed objects. In this paper, we propose a fault-tolerant

distributed middleware system based on RMI,

called IMMORTAL. We use a log-based

roliback-recovery mechanism for supporting reliable distributed computing. Through a series of
experiments, we observe that benchmark applications on the IMMORTAL tolerate hardware and
software failures and evaluate its performance and scalability.
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she Hlg2 YRR Bss JaIJES} AT B
T T obF =EA BAgc Hok AAAHA #A
Al HAIZ] Ao W= g A5y s, B =8
Xl& n-queens +A|(n-queens problem), tsp A
problem), gauss AW
(gaussian elimination)®] A 71x $&#Z2ZayL
IMMORTAL 37 3jdlA 2% 5 1 A3z =
Aatsich

o] Al 7HA] ZE2IYES 49 md= A3 olf=

(traveling  salesman

AR Aoldt B4 H3t A HE wlFoltt n-queens
Z2R9 A, ETPCIAE A9} 47 My A AL
ole] BA4le 2P A A& AHT Fg AlFHAA
wZAE, A4F3 AW AA Aleldle off¥H FAe
doli}A] 4=t n-queens ZEIIYO A F4 F
< &4 A7|(problem size)ol BAIglol 33 IAsich

tsp ZEIPNME, EXG EAZY] A2 TAE
A=(map)7} 92 AW AHSdA A=y, & A
(subproblem) #NZ-E& FF3 47 A HASL EA
AL A% 2N =5 AZE 78 EAE 843ln 1
Axs B1sty] 5t Zeo|dE A9} FAljich
R&2 EAY Age ARG A Jgd qEslag,
AA) FAFL nAY EA9 Al O(n)eltt. EA) &)
2& $1sl AH8-E branch~and-bound ¥ IE EA]
A ARAIZRE A" E Az 9&3th n-queens 2
a3 vBEVtAR 97 A BAE Alole] AL @
AstA gett

gauss TEIWL AAE 3712 49 xd F /M
B BAS Syt Wde] dEge T2 AR
Aol A FEteldE AAZEE 94 M A S A
A=Y, TEAFAAM EoE AAZ A F#AH
ok Ao Z} Bl B (pivot) ES Fefol¢Ed o
3 A=Y, 2388 9242 2 94 A A=z A
9tk AN AL n x n A M O(n®)olth

ANE A 7} L& TR IWVEL cold standby <
warm standby EE=olA mAA e A A
A8 AHREAT 24 SEE Az 27 2 Q32
E WAUEE A8 A9 ARSiA ge A2 v
Hol ¥HE A=REHJAY. tsp TIPS g A=
gauss TEIHG A% PYFL 2y AFH(nt, 4
bytes) 2 HIAE A¥(double, 8 bytes)?] 2314 wj
EEA Hosigen, ddFoz A= HEHE 4
& H3 vtz JAZ=HUG 4 Z2aPes A" #
Ax -3 e M(partition) BAZE AR, VEH
AZE 3Ny 5HFHA ==0M t71Ed AW HAE
A BuiEck MAx] 27 HAUESS A8 AE
o] 7, FHOIJRES MH A AEEHE EE v
A A g0 AZHUCt

4.2 23 BN
¥ 12 cold standby ZEdA wA]R] 279 Qw3
2 HoFw o A3 FAE9] oW I w4
T A YEFHO|EE, o] AFdAMe AMAHRA
. B9 7 dEZE 49 #¥d 8 oy ¢
A ang guigd. 24 Zzoadge e 2ol s

H
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dr Lo n
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¥ 1 IMMORTAL #733}e] Cold standby modedl A

o] HAlx] 27 eHd= (msec)
Program | Size Message Logging Overhead
with without | time | percent(%6)

6 12.1 10.4 17 16.3

n-queens | 7 23.1 215 16 74
8 32.7 31 1.7 55

6 55.4 50.9 45 8.8

tsp 7 873.2 824.5 48.7 5.9

8 | 536276 | 51987 | 1640.6 3.2

30 | 6689 6235 454 7.3

gauss 40 | 11467 1089.4 57.3 53
50 | 2069.3 2001.4 67.9 34

S7EE AYAEE, AR ZAE AR A9 2
27 ode ALZ 47 ol AXSIAT #oll ot
W, 7ol 38 Z2afe Foixl B FAvldA of
16 HAEAM 3 HAE Jxe WAz 27 LHFH=
& BoFn Qloh 74 A9 mddX, 4 277 $7t
s HA APAA HAA] 2] AX|Fe B
go] 25L & 4 e, ol A A7t U8
B AR A Atele] Aol dA Fristnz Add)

Hog wWAR 279 MIAZE FAITE AR
711}

1% 88 gauss TEIYPE UIFOR HIZ IQE
ME 28 g WAAEA 4YF dng Bl
23 gtk XZe AATAES H5E YRS AYA
ZHe 9udt), AL cold standby EEA FAlZ
71E 82 RS AAHUT AGolH, FetoldEe

F Au A tis) 8038 44 &5 dggch 4
¥ Ade AZZJAEY 57t FUHEFE 2 ond
cx vgFez Zrksh), 88 A (saturation)L LAl
A e& BodFm ok =3 3 W Az IJE

o
& 8

@
S
=1

execution time (msec)

200

100 fe

0 16 32 48 64 80

number of checkpoints

O¥ 8 AZIFRIE wiglel] WE YAzt

percentage overhead(%)
N [} IS
'S & [

0
w

e
)

21
0 16 32 48 64
number of checkpoints

% 9 AZXAE wige] mE AFgET L=

7b AA AN AASe LHF=EE HE 3 H
AME(2] msec)BA FIANES & F ok A, A=
IE HEF FVIE QT AT FF ALY @&
T, XA 243 A3 ZJAE WFAYEE b
Bo2 3 IMMORTALLS Zg &8 EAF Al2H9 7)
 FFo A HAR ddo] 3 £ UsS & F Aok

IitHo R ANAZJES 37 FrpEE, dE¥EA
H| 82 Zo|SA9 W3 JYAFEJAE Ao} 7|Aed A
| T2 APAI F7HE fddch wEbA, o)
ABBAE e HFHY AZXIE 355 Hd3)
Agko] PR3l 17 9% gauss TP AF
o] UG AL, HMAXRIE 3|5o] BE A ES 2
W= 243 Aot AFgEF o= =2
Wol AH HAANDA AFFEF AQFE A7t} 2
Adhe vlgE HAERZ B9 A0} XEL AaX
JE &, YHL AFET HI=E v 4
H& cold standby REA 2o BA =72 8
2 23l AAEHAeH, dPEd REE A
FASEY. 24Y d¥e AaXJE 57 329 o F
He] Heg HoEm 9ot AZXIE A7)t B
& AFET &L ZolEX MA T2 W] H3A
7t M AEsinz, d¥dds AZZIE 359
AET Aol HlHA @ Uehin Utk FHF
o] AAIRIE 35e & ZEIPF A =274 9
EHo)nE ol 13 FES Jdeo] et

19 102 gauss TE21WE warm standby EE=0|
A standby MFE @IAIEA AEe Aok xF
£ standby MNEE, yEL AL ovsin, A4S
H3 FAZ7E 8, AIAXJES] 3FgE 322 THFHY
o 19 109 o&hd, A3A)7HE standby gl Bl
3t Z718tn o), E3(saturation) FAHL WA}
A &E& & 4 Ak warm standby BE7} A FEHE

2

e pot
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— 5000 2 2500
8 £ mk
E £ mode
£ 4000 = 2000 teplicas
= E 2 - JavalGroup with 4
é g - BB 2 ropticas
2 3000 ¥ © 1500 - 0GS with 4 replicas

-

g

2 4 6 8 10
number of standbys

1% 10 Standby s WSl whg AWzt

mWg 23 E7AzrE zed o, d¥EHAE warm
standby =29 HAT Hee& EAFH Utk 8=
ZaWo] warm standby REE=dA FAEI 5L U3
71 YallAe, B4 A" fEd AesE 18
3la] warm standby®] 7R5E A1F3HA sk Tt
Agtel A]A®o] non mission-critical o] &g Ao]A
o A3 AL BAHAE AFI7) sk, <8 71A H
2E Z2OYS AHAD de 2§ FAE A A
28 #A40A 4 FHI F 450 4%S vlas)
= AFe AAEtgd. 29 11, 12, 138 n—queens, tsp,
gauss ZZI1¥E IMMORTAL, FT_HORB, Java
Groups(version 1.0), OGS (verson 0.8b) slol|A 2z}t
TE 3 5 o Ay S FHE dRelt), X & &
AZ7E, Y& AgALS o9t IMMORTAL,
FT_HORB 3o~ 9] 4%5&3-2 cold standby mode®ll
A AZEJE AFLE 28 wHs AAHADL OGS
9} 7ZA$-d= Visibroker for Java(version 4.5) A5}l
ZatoldE A7} GroupAccess A H&E3EE 3
g5, Untyped MWE FIAEE AH AHE F
G}t JavaGroups®t OGS ¢ 1F4 &&%d 74
HA(replica)® N5E 270, HE FES] AFsiHc)
Ao 93ld, IMMORTAL #AHdAM FEH n-
queens, tsp, gauss X ZIHL JavaGroup, OGS ¥
AollA FHEY ZadsHT FAT 45PEE Y
F9¢k =3, FT_HORB #3734 78¥ Z2ad7
vlwste], zhzh ok 119%, 50%, 90%9] A4S Ry
ZF1 9lck o] IMMORTALONA A=g 4412 719t
HAIR 27 WAUZe] B4 #eAte] ¥EHSE N
3 Zooln, TR HAA FAF] Ofc), O(n),
oY) €02 71843 IMMORTAL A2¥o] ¢
g AR 27 viAUFe] Bo 34E Aes 23T

4 5 6 7 8
problem size
g 11 A4 PE 2F BAE e A=A
‘s (n-queensd] %)

- IMMORTAL with cold
mode
# FT_HORB with cald

execution time{msec)

—&- OGS with 4 replicas

4 5 6 7 8
problem size

238 12 AFA e 2F A4S AYse A=/
el n(tspe A$)

S 100000 —— IMNORTAL with Gokt
& mode

E ~#-FT_HORB with cold
g JaveGroup with 2

£ 10000 replicas

p ~ JavaGroup with 4

S feplicas

g -~ OGS with 2 replicas
§ 1000 -8 OGS with 4 replices
3

6 7 8 9 10

problem size

a2 13 434 e 2F 5AS AYshe A2y
Asulil(gausse] A$)

< 9=stm Yok ¥ 11, 12, 139 AFFAAE
JavaGroups$} OGSelA A Ysta Qe 434 U= 2
F BAlo) fasls A4eAIT AU A|2=Fe vt
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3 2HEEE HEAez F7EE BoFu gtk o
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ol Agstd ¥ 8 WAUEE AFHL ULS F
g3t et

5d B
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JDK(version 1.3)9} HORB(version 2.0)& 7|¥te g
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744 A 3§ mE AHFHoz gstn glon,
IMMORTAL &% 3lfr FHE 3§ TIPS
oz 7HA] Hele] s=do] 2 AzEYS] AFdr &
T3 AE&H R FAEL FAsido

ddY 4¥E& F3l4 IMMORTALY A5S AEs)
AL, HAY YA ERE AYs] 4% v G344
< AXNSRT Bk AA A A0 vlAA) 279
W EE #4987 93] n-queens, tsp, gauss? 3
A A 2dE sty o AgAte 248 41
HREY EA ANA HAY 29 WAA 27 &
HI=E BAFAch I IAE WFAUE BE g
Ae WA 248 AAZJAE AAUZo] Aoz
THEE € F AAL, AIAXJE 5o AFETF 2
HIl=e M dlEEr] 488 B FQo $4=
2I90] warm standby RZolA HAZ 45E& w3
3t7] fsiMe, Zrasve B4 Al2gdAe] DM
N4E 1228t warm standbyd NFES AEsHA 2
Aol g2 8T} JavaGroups, OGS 5 2154
e 2§ FAE Agste A2HEF] vz A
A AE AlzEle vmd Bhe fFe] ows|Eghe
2 4% 38 dis 4F3FHes AYsiga, #e 55

o] A JHEAHS a7k S8 2o Y

W 28 24 vEAY A2Y 571

& A=Y E FAsgo

At AAYWE client Zo Ao) Y HPols
2 3E 715 AR £33 Rode dHe v
Ak @A, At A2 clientd: AFS WA
BTths 7H stel dAEL rEHAY, o] HHE
Hgstzl A% F7b d77t aydn B AR
&S mAY HH AIIJEE My A,
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= So ARdstd Priske d=de A7 B
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