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Abstract We consider the problem of placing resources in a distributed computing system so that
certain performance requirements may be met while minimizing the number of required resource
copies, irrespective of node or link failures. To meet the requirements for high performance and high
availability, minimum number of resource copies should be placed in such a way that each node has
at least two copies on the node or its neighbor nodes. This is called the fault-tolerant resource
placement problem in this paper.

The structure of a parallel or a distributed computing system is represented by a graph. The
fault-tolerant placement problem is first transformed into the problem of finding the smallest
fault-tolerant dominating set in a graph. The dominating set problem is known to be NP-complete.
In this paper, searching for the smallest fault-tolerant dominating set is formulated as a state-space
search problem, which is then solved optimally with the well-known A#* algorithm. To speed up the
search, we derive heuristic information by analyzing the properties of fault—tolerant dominating sets.
Some experimental results on various regular and random graphs show that the search time can be
reduced dramatically using the heuristic information.
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lower-bound®l WA 713 FEl~E HJRES AL
ste] =R 2R o)tk q7)dM, BE node noll tis
M i) <h(mo] WS, AL Ee A G A4
A olwg o2 “LAR" (“uninformed”) YIE]|Eo]
H3) o A& nodes FF3tnA FH IHE Fe Ao
BRso] glt}h. ohA] A, olyF Felad g4 &
1EEE Ao EN JF 1% 34 Ad wRE F
= AE @A 7 o, ¥E 2 B AAd
o] EY AS 433 B A AFS & 47} ik

ol 1 &4 AQ WA FAE FT-dominating
set #AZ FASEe Wl waw, du FT Aol
A9l Z} node ne Q¥ ZIAAME tisiA FolR
4 EAE 712 A L 2t M AVt AAE £¢A
Wi g BARSCE mEbA, el 330 49 Z node nell
gt Gk F4E K =+ inE APPE o, o
719iA g(n) #2 node noll dFsle BLA €= P
stollA AY BAE JHAEE ZRE ZEAAY 7}
Ha, a2z FE2E ¢ b 2 BESA wx P
£ 3% 3¢ 9A Hx2 w=E do "Had Ha: A
A BALY 491 A(n) #ol di@ lower-bound F3 X7t
gk
¢ w2 P7E A F3E 42 node nell S
3 /e 9, ew=cpyo] Bk e Fl2Yg &
Mmool UsiAe, d8rtA o8 WHeE 1 s
AR 71 Aok 7 A e BE poll disiA
(m) =02 AA3}= AL 2, o]AE uniform-cost &
Wiolgka (14, ol gA #HH 3% A& A
] WX E Fe Aol AR amu B4 A o
3l7] YA, 0BT 2 imite AlEsider it
FF imate & AelA A% =4 (1) e 9=
tn O T AL 3PH, A 26 M S RE
noll tH3lA h(n)e] lower-bound¥e] RAACt A2k
2 e ¢aBEE AHEEte Alars U1 Sloh

%438Z Comp LB: Lower-bound %(x) A4 o
714 P B4 Eg AdA node noll 333 B¢
A wilejt). 2EE GY k= AP FRE ol &3,
Zt == 5,9 o2 AT MY JAF £ 9 FT-ol% A
# Ne(P)E AA T 571 Aok

Step 1. 53 Zo] op)& Feth

ey 8

bxd

it

fqr 2 A e

a(Py) = 2x C(Npr(P)) + C(N(Py) — Ner(Py)).

Step 2. Zt == oy, py o dEA, ST o] P

ol A 2] cover number o(vlP)S ZETH

ll(Ui|P) = H(P1U(U;‘)) - a(Pl).

Step 3. Pyl U= Z4 candidate ==, ES
ovilP) N tHalA  non-increasing £AE FEAZ
o ARE MVt 0,0, 0 e, S BT B

Step 3.1. B =E0 talA, 4o ==,
1<j<i—1,9 ol
Ny(v, | S Ny(v, | PO TEHH, o, = trivial =22 A
At} pyE FE EE trivial =5 5, & F23l p,
2 getk (F, 5,8 022 e

Step 3.2. EE trivial ®==4,9]
v, & Ner(PLU () 0] 2 =3

Np(v,,| P) € Np(v,,| P) =

sl A, wheF
vy, & Npr(PyU{w,}),
VHI<KH#)<C(Py) ©] WEEE & FT-essential =
s Mgtk P2 BE EE FT-essential =E
8 FEIFpE YD (F, 1,5 12 BELD)

Step 4. 24 (1) A& 9EF3e o 7MF A2 &
tun S FOLA T(m) T HATC.

579 37 49 A, Pyl YE RE trivial =EF
3} EE FT-essential ==5& F2&3lo z#z p9
pol ¥EozZM g A7k HS 9EAFE 47
o} Step 391Me] FEE HHE ALESloStep 313
Step 3.2004 EE trivial ==9 EE FT-essential
=58 28 5 Ut

el T3 R Fol EE nol diEA A(me
lower-bound°]|2 &, o) &1z)E&L AME3PE H3F
1% 54 AY WXE e ol nPgEch

%31#]ZE PLACEMENT: #3 33 & A9 )
25 et

Step 1. HolN dW& 27) 48 s& OPENo|z}
EE fLEdist)ol ¥1, ¢xEE Comp LBL2 A
At TS Ao R AR

Step 2. 2)2E OPEN9AN 7}3 &L 13te 7HAe
node n& F&3ld CLOSEZ I Edle Y2Ed Y&
=3

Step 3. % node nol folA FLd =4 JHES
TSI, L nodeoll dBEE AMY uix] Pt HAH n
2 38 A #MA7E He gudEe 2o dih 2%
A &g BE @R EE Step 42 AL

Step 4. Node noll 2##ole}& AHL38ld node ¥
Ae &z, &4 &R node ndll tisiA
Fn') = g(n) + () BE ALETE ZF node n'oll EEst
€ W7 Ppeln sl a8dE, da) = op el Ha,
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M) Ee 432ZE Comp LBE 8 A4 oy
I B2E 442 noded #]4E OPENe] W&

Step 5. Step 22 7t}

Step 4°lA, T A(x)Zkel I 009,
PLACEMENTY uniform-cost ©4o} Euj
XS AT AgLEFo] At

2L

¢
233

5. & &E Xta HiX| oflH|

o] oMy 28 104 B ZHE A, B =
FollA AAG e FF B HES AN FF
17 & wAE Fe e A2 HAY (O” 2 #
2), %7) A" solA, v, essential xEo],

9} y,0 SElA coveredH YO BE R trivial =E7} Hch

[
Ve Uy

a¥eg, 54 3% 49 g4z dEe
s=1{L,0,X, X, X, X, X, X, X, x}o] B} EA wzx s
cover numberE «({v}) =30t} EF == AH HR

g o) &3t B4 WA s FellAe] 2 candidate =
=E9 cover numberE &3 Zo] & F ik

a(vsls) = a{v, v3}) —a{v: N =10—-3=7,
a(vsl9) = al{vy, o) ~ el =10—-3=7,
a(vsls) = o{vy, v5}) — al{w}) =9 — 3 =86,
a(vgls) = a({vy, v}) — a{v)}) =9 ~3 =6,
a(vils) = al{vy, o)) —a{v,) =9 —-3=6,
a(vsls) = al{vy, vg)) — a{v)) =9 —3 =6,
a(vals) = al{v), v3)) — al{v;}) =8 —3=35, and
a(vyls) = al{vy, vig}) — al{v)}) =8 -3 =5.

=, 27 2H soﬂ/ﬂ Ni(Py) = Ni(vg) = {01, v, 03, 04). o
71elA] lower-bound ARSI &9 (F, £ ()L
BT to) B olo) * alwsl9) *alyls) *alsls) = 3
+7+7+6=23=20(=2v)o|EZ 30] "At}. 2}
A, 271 AelolA 9 node HIEL A9 =gd+h(s = 1
+ 3 = 4. o8 27 FH solAM node & 42 P9}
POog BeozRN N2 A& node P wE Y
st} 2]AE OPENY] Berh o¢ 22 hiez 2
2uES RS da e A I gy Egst
g 20 el ) o] oAl AF 14 & A
9 HAE (1,0,0,1,0,1,0,0,1,00 °lZ (F, A9 BA}
Zb ownuo, 2B ol A2 WX EHO ), wEbA
AF Wiz wl8e 47t B Node molA 59)

essential ==9]3 node #2 A 5, 05,05, node nol

$elatat.

X vs, 07,0001 BF trivial 2=l

(START NODE)
{LOX XX XX XXX}

s
3,0) ®s.1)

¢

{1,0,0,X. X, X.X,X, X, X} lO!XOOXXOX}
[ ]n (4 ]n2

?1,0) 4,1)

mfeaszble
(P31

{1,0,0,1,0,1,0,0,X,0} l,(),(),l,O,I,O,l,X 0}

n5 5 né

®,0) Vg,l)

{1,0,0,1.0,1,0,0,1,0}

‘I‘nB

(GOAL NODE)

mfeaszble

a9 2 94 A 2% 94 ER Y A
node H]%O]_TV_, (ﬂi.o)i} (p:, D Z}'Z‘]' rE
0,2 PyllX P P2 &7 node FHS

ofu)&et)

I 2604 Bl vie}k Zol, BA nodeE EES W7t
2 AAHez 4 MY A 27 node’d FAEUR, 7
49 node’t e Fch ?—-1”}7—‘]23 24 Ef9 =
ol = HA xT& £ Xy (0] dAgA
£ 100] "vk) 28U, 54 33 49 siA, @4 Eg]
o] Zol7} 10K} HA FL 48 E3}. ol F5AEY
BE4E got B7) AsiM, ¢aEld PLACEMENTE
54 379 48 AME3A @5, EE nodedl tiEA i)
S 022 ¥ (F, uniform-cost QIS0 g) 3
AlA Btk 1 Aa B =7 &3 WR &
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24 2zt Ao, 1 Ed oA daiadez
52709} el F3t node’t A=A, 87709 nodest
o] Aok

6. &8 2t

2% & AY wix] FAo i3, SUN/UltraSparc
Aol A 8(regular) Z1E=Z9 Y(random) 1) =0
s Ztzt A¥E QAT B = oA AU Fel2E
AE(EA 378 )= £E84E S 98 GnEs
PLACEMENTE& A3l vhgd 2o} 3 7HA €ig
Z2 w3y Algorithm-1) 54 3% 48 2% o
23 94328 F, Algorithm-2) 54 3& m#sn 54
= naekAl e <ualE Algorithm-3) 54 3 &
g 25 1284 @& dngE a2y, o] A 74A
du]E 25 EA4 13 2 zdlgoh (&, feasible
5% BET, 7 nodedME A(m)ol tisiA B
A3t lower-bound FAHA 4, & AHESICE) WA FY
gzl AL axn WA 3<a<8)St o] ndl 27 E
g G<nsnidelN 244 17 HE AY uwR HEs
stk 4 Ay dist Ade dolE 17 24 YElt
glomy, A7|eNA Heent Fepe T2 HEOD AHA
node® 4 ¥ FAE noded Foltt EFY A%
Algorithm-3 ¢} Zo| 79 W A4t Alzbo] YR ol
Az AFRE 44 ZsEh W42 B9 Algorithm-1
o os TES] A node ¥ EHAE noded 7t
Algorithm-29] 23] thdled 46%-70% HEolw, E
3k Algorithm-29 93] “&o] A node T FAH
node®} % Algorithm-39l 3t 60% AEYL ¢
gt 383, EfY  B$+=  Algorithm-19°]
Algorithm-29] sl 80%-18% F=o=z FA|9 =
717k AR 5 A%e] FeFE B F Jen,
Algorithm-2% Algorithm-3 | 3ty AASE node
2 24 HE noded AF7}t 30%-0.15% FELZ o
Al BAY Z717F A- 55 2E AlolY 4% Aole
HE AAS @ F Uk ol2HA, AY aH= oA
AA 17 3L xS FE v YoM EA 33 48
olggtomN AEg A7t dEE AL F USE ¢
& ok

T WA H2¥ge dY "= G = (V, B
(EI=VI(Vi-1/» deiA 23 3§ wix] ERd Rl
A Aok 4 d9 2Pz x ol @EkA dense
(x=10)¢} sparse (x=20) 2 =2 FEI}d APL 3}
4tk 4 A9 vt 10 e 9 aH=E AN

O BN

e
'

E 1 nxn v FelMe) 49 23t

Algorithm-1 Algorithm-2 Algorithm-3
" Haen Few #gen Few Foen Hexn
3 5 3 9 6 15 9
4 62 39 102 66 180 112
5 213 136 306 1% 524 327
6 8114 5198 17434 11134 29279 13255
7 350559 203550 754358 438072 1266577 734493
8 17598061 | 8569455 | 31683036 | 18355216 | 54462811 | 31216165
E 2 ol nd 27 EF oMy 49 27
Algorithm-1 Algorithm-2 Algorithm-3
Heen #ow Hoen Hew #oen Hew
4 2 5 3 13 7
8 4 12 8 38 20
1 7 0 34 632 331
76 59 329 293 212364 113789
1064 8% 5264 4688 - -
H 3 Dense d9] 2= gollxe] 48 F3
Algorithm-1 Algorithm-2 Algorithm-3
’ Agen Aexp Agen Ae Agen Aew
10 29 12 37 22 85 46
20 59 33 84 6.1 300 178
30 143.1 896 547.1 390.1 1816.0 11226
400 188807 | 119977 | 396059 266423 | 134877.3 | 806509
50 3435478 | 1994832 | 7388722 4281306 | 12414535 | 7197780
H 4 Sparse Yol THE AolMo] Uy H3}
Algorithm-1 Algorithm-2 Algorithm-3
" Agen Aeo Agen Aexw Agen Aew
10 - - - - - -
20 49 25 78 57 209 118
30 73 39 128 95 518 27
40 106 6.4 290 222 2868 1721
50 2943 1967 7057 5354 371620 22649.1
60 11772 116053 | 3436759 | 2387884 | 9290500 | 5883766
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, 1 A3 dense®} sparse L Eo] tha 2z} )
ol& 37 40 et} itk A7100M Agen R Ae= 2
Zt AA 5ol A nodes L AA FFE nodeE 2
Baxoltt, Sparse 2= A n=109 o, ¥4
(connected) 2T E F& 47} glorz AL Mg
Aok HolE 37 4o)Mz & & QIRol, ==9] 7}
30 o]Ael 79, Algorithm-191 28] 9+=0] A node
2 249 node? v Algorithm-29] 1A Bt} <oF
50% olWYS & & lom, £ Algorithm-29 2J3)
W59 A node ¥ #AE node?l F& Algorithm-3
o 2R B} ¢F 30% oW Y& & F Uk aElx
TS k= F£E R adE JelAe dA g7t
HEorE 75 A noded 7 ER HAIE & +
At} o]RAL AA F7t HEFE 7 B4 ujR| <A
trivial x=Z9} essential :=EE50] ©L @o] 477 o
Zolt}. o] RE 43 AAES B3 B o, 54 313 4
& AHgEte H3A "Hf‘li ge g dge A 4
B EEANE 7 Us %+ oh

7.4 8

E =EdMe BE € 3 AaHeA HAG 2
A BALE AMEEH, 499 ZaAMY H3A9 13l
vogts 72t Z2AAE A 1 oWolM FHolx 3}
o} A BAME Ho® 5 A=E 3 e 17 3
& A ulA) EAo] tisjy zesAc WA o] 2A
© Y= o) A9 FT-dominating set ¥AZ HH
o] HALem AGNEEE A3l e B0 B4 3
Hoez HA & F3HL =3, HE SE 73k H
o Agle A £017] 939 FT-dominating set®}
54& #43o {88 FE2H JRES 23N

gitzoz |VIZje] Z2AMNE JAE vl EA
Ae 2AY shed wiXsE A3, wEA HE &S
Tte doE o) wEe Aol 28"t 1y,
oy X goAe A4F HAAE FIM, B =R
AJE F2EH HRES ’\}%5]'55 A g e
NS 438 B F deS Bt gog 53
Fof & AT HAZg, ‘?-—_}5’—7‘4% Comp_LBE 53] A
S A(n)9 lower-bound FAXQA A(wgkell theiA B
o BE FAXC O A7, 7Y ALE Hs F

4 & FT-dominating setdll g Bt E&3A
AES E&ste Folth X3 £ =RME =8
9 A=ehg 38d A wix] ZAE OFAXE, A
Aol Ade) AHg NEel mat 2 B4 AY
9 FE AmIt Aot UBZ, o)HF T4l Ady

nl]o

2 ANt we

it

438 3@ WA A7 Go Y=o & A7
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