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Novel Reliability Analysis Algorithm Based on MDDs in Netweorks with Imperfect Nodes
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(Guangxi Key Lab of Trusted Software, Guilin University of Electronic Technology,Guilin 541004 ,China)

Abstract The reliability of networks with imperfect nodes or edges is an NP-hard problem,and the assumption of net-
works with imperfect nodes and edges is closer to real life, A formal model of networks with binary state nodes and ed-
ges was constructed,and a novel network reliability analysis algorithm was proposed. Any node and its adjacent non-visi-
ted edges’ combination states are enumerated to merge isomorphic sub-networks, Then,a MDD variable is used to re-
present the reduced state vector and corresponding probability vector. Finally, the MDD representing for the network is

constructed by a custom operation. Experiment shows that the level and size of decision diagram generated by the pro-

posed algorithm are less than the corresponding binary decision diagram.

Keywords Multi-valued decision diagram, Network reliability, Imperfect nodes, Imperfect edge

1 35

W2 A S BE AT R M £ B IR E A 4E 30 B BURY — SR
SR, Y2 R T OCLR AL s 45 BEL I PR S i
P28 Y S BE AT B AR R B ST B B B T R AT R AT 3 VT
MDA ATRX 3 BB, X 3 FBR BT B R 4% ] S B 047
#RJE NP-hard [AIEE™ . BLSE 5 b B BELIR 48 15 SRR AT
FE LA , R, 9 S R AR R T S A R IR B A A BT

FETT SR ERR AT SR BB T » P4 AT 52 55 2047 O
T7 ik VAR T ik B/ B AR A I — ST B 3R A (Binary Deci-
sion Diagram, BDD)#: %R . SCBRL7, 8 I7EMIBR %0 2
Jea R PR e R o S T Y A R R SR SR B A A AR
N 2 SRR YD S e N W e s Bk 2 N
ERETFOHEESMEHBE % BE T 28R THREREIT
AR MR R O AR RS . SCER(2,3IBF5E T
PR T AR AT IR BEDLIE P 4% , 38 1 8 b 15 R 20 3R A%
IR T REAE/NRE) , FIRZE F R T RS E#

F0# B #1.2015-01-05  3&4& H#H . 2015-04-03

AR AF R 8 VR E . K2, 3)FE R M M4
B B /N AR SX B —> NP-hard [BIERET, [6]6, 28/ B
BV ESBPSARMBREM LB, FBITRIT
O Sek(5,9]5] A BDD 895 s Fi R AT 5 W 4% /9 7T
$E,BDD i FEAFRAFRRES R R, BB E—E
BE - SRAS A S RENRE, B8 T IHENE.
£/ th %K B (Multi-valued Decision Diagram, MDD) &
BDD f—gfbE X . T MDD ZEBEF EE (RO
., 5% 4 89 BDD £ # th 8, MDD 54 F £ D% | H
U2 ek 14 B TF M4 RSB B, BB A
L A [ SR 50 R IR s AR BT S5 R ER U7 IRl 4R it
FIRERHEES, E XS ETRMEMEZK MDD, EEX_
TR S (AR B R N 46 MDD Byt 8 b, SCER[14 1%
5| A MDD i+ —JoR SR R AT FEF R T AT TRE .
ACHESCHRLS 14 ] ZEAE % MDD 5| A QM A
FISEME R AR E AR, BT A Zon R E MR
BT WA MO TREMEMIE R AL G T a8y

A ZEE ARFIFE 4 (61363070), Al {5 4B QLW EWHNRE (kx201401D), 7

B % A B K A1 B A R s 2 310 B AR e TR K2 037 I BA BT B
FEBLRIC1987—) 4, FEBR T M A TR LRI 4% | W4 0] f& 4, E-mail; hgwang8771@ hotmail. com; MR (1965—), # %, CCF @&
25, TERRF M AN TR LB ME MBS B EAR MU TR M (1973 ), #3%,CCF & 5, TEMIH H MK TR BA

3 R TRAE .
+ 154 -



SMIAARAT RN R ER NEF_MDD Bk, 5HFH5F
B AR/ NEE R B AR H, NEF_MDD B 34 # £ MDD A4 &
KFRREZ H . 5% 489 BDD 4544 tb, NEF _
MDD E #3280 MDD EEET W A8 H , W T R E K
TR, SCBs i B SRR 45 R 3 B, NEF_MDD B ik #y g
#1 MDD ZE$#%7 S A48/ T BDD B R E,

ES'® e iRt b R NTE AT E ) 2w b )
TR SRR AR 5 S WA BEERRENE
HIP R E R ERIEE T 58 4 WA NBAXWRE LM RLHEL,
FISEEIA RIS W E BT 55 S 1Al 5 BDD Bk i
HISEIREE R s B XA SCTAE MU B 4.

2 FRMBARAE M

2.1 FWRMBRTRNERE
B 1A H—MF 3R 3 KA M4 ELE,
RANH TR, I AR R R

Bl MEELE
T4 S AR R T R,

BN TR A% e T R NEFN
(Node-and-edge fault network) Fi/~I64H (G, M, P, H,U,W)
2, K

D=V, E)RRMBE;V="_0v, v, u ) RH M
HAWRE, b e (1,2, ,m);V PE—FAERE S s AL
Wi Rt E={e1,rei, e, RRNMBERIHE, Hp je ({1,
2’...,71}0

(DOM={M;, -, My, vM21""yM2n}2‘=€ﬁVﬂﬁ}§$ﬂmﬂg’Uﬁ
S, e, M, =0, 11 RATR v WREEE,0RAY
RREL1 R RIER I M, ={0,1}£mill ¢ BPRESE
50 RARARR, 1 RARAIER TIE.

(3)P={Py1,++*s Pins P 9...9P2n}§/§:\‘%}§$ﬂmﬂgm‘$
Erg,5REmE M X, Eq:'spij ={psosPs1}-1€ {1,
2},7€ {1y, MAX(m,n) }; Py (RE (0,1 FRH A vy il
e WIRIRTS b AEE, H Py +Py =1,

(OH={H1,H;s***yHn}o Hi={uvven, " ve. } TN
R GHRHEBIENNES ve; Rim H, B v EER
BWUTRIRISE j R EL. EERIMEAWELM H.NH,=

OG#) it e REsr U H =VUE.

GYU={U, Uz, U ) XTI H RS H R, U =
{fio ’fil 9"'7fiy>9y B{]Elﬁ?ﬁ/@ygﬂm‘ -1, fij (je {09"'9
yHFER H AFE; MRS fBER 0 KRR TE R
B H;, PARIEE—FKM s Ble MBI, £ BUER 1 2R
AEFE RSN H: PHEE—FM s B 0EHEBER, £ )
ENHMERTEHELUIRET H, PREAFEEER
7.

W= {W, Wy, W, ) BNt HRARERE, W =
{Pospas=spytsry FIBUE 2 y<2‘”"‘ —1, Py (0<{j<{y)

FR H AATRE ) 1R, H 30, =1,
£ NEFN BRI H, 3 F— MR % GORESEE M

AT R P, WA LRSS G R4 R & T SR a
E&H, HHKTES HNARSHEU M E£Ema
W, BEHBIESR 4 TAE.
2.2 HAMBATRMETRE

W45 AT SRR s LTI T R

(DML RIS SRAE G IORES . EEF S Ma RS
ey MR v il

QP SR IER TARRIMEZN 0.9, R H N 0. 1;

(B PIEATME— TR s FIME—RIRTT & 1

EN 2 AEMAGHEE NEFN, ¥ 5 5001 R 1 8 /4 1
ARER s M ZEZELFEAE—LEERBNEERS, Hh
Fr—EBWR, BB H(x, DERTLE 2 &y WU H
HIN AT SR 4% AT $2BF NEF_REL T[4k NEF_
REL=Pr{ 3h((Y ) (H(v k) N (M =1 A(V ¢ (H(e;,
A M =10},
2.3 HERMMHARES

HREINE 1) PRSI TR v Mo DR e W
FEARFM IR v B v, KW e K. 454 NEFN
B, IR AR FAE R AR AR (D

((Mli:O)V(Mljzo))—’(MZkzo) @D
3 ZERKHE
3.1 BERKH

EN3 ZEREETUA-MEREEMEY NG
XA ERER, FREE n T ERNBEEREL BB
AR(2).

f:Up X+ XU,—S ¢3)
H

DU:={Fiosfur s fo | BREBETBUREES;

(2)S Jy MDD #3545 s A FR1E 5

(3)MDD M7 S A FE L 17 SUMAELR 37 &, 8
S HBUE, LT S d K y+ 1 AN REERR, 81y 14
HAth MDD 5 5.,

MDD ) BRI 0 E 2 Fim.

&2 MDD ZigK

MDD #2355 15 sUR(E R 0 I 1,0 R s Fle ZIRARFETE
—REEMBAR, L TR s Mt ZBRIEE—&EERR.

3.2 MDD HIBENIRE

HHEMETRE, 5§ EHEMNEY MDD, 585 MDD
HETRENME, THEZ4A S MDD 8EME X.

EX 4 HEBEBER A=case(a,A,Az, A, B=
caseCa,Bi By s+, B,) AR HE o Mo REEMARFE,A B #
BRI R RER J(3)

AQ B=case{a,A1 Ay, A, case(b, By yBy 5+, B,)
case{as AiQ By s AO By s+, A0 B, s index(a) =index(H)
={case(a,A1(> By, A0 By, A B,) s index(a)<index(b)
case(b, A0 By s AyO By oo+, A0 B s index(a)>index(b)
3
o, O AR AR RIBAE AR B LR B8R B A& X
» 155 -



BESRE., T HEHEMNRE MDD, AW BEXLXT
MDD #J And_MDD #:/£& F , And_MDD #: /£ & F i BUE 10
# 1 Frg,

#1 And MDD #EETHRIE

A B And_MDD
0 fBo
0
0 Ipy
fax 1
. . 1
fax 1
fay {50 fay U fmo
fAy fo fAy U fo

K, AMBWBRIEf ZEEX T, URFRHEZH.

THEETE 32 FE 3(b) % #H And MDD #4EH.F,
B s Uss REE—FMN s 8l 01785, B 3(ME
3D HNRTE index(a)<index(b)F index(a)>>index (&) B
BT B And_MDD #4EE FHIER MDD,

(2)
0 /11\2
z ®) e\
0 1 2 0 1 0
OROX0 “ ’b ‘é 3
@ ® (0)index(a)<index(b)
B 3 And_MDD #:4E
3.3 B MDD itERETEE
THE 4% ] 5 BE 7 B 3 AR I 2 R M 4 B9 MDD, 4n X
(DR 4 B8 MDD 3R 2 (2) B R %Y £

0, f:O
19 f=1

(d)index(a)>index(b)

NEF _Rel=P{f)= (4)

SHP)s else

M ERATE B M4 MDD AT §2 5 R 5 4 g MDD
B REBE K, RFEER T —K MDD 3R] LU 5 ) o 4%
PRI EEEE,
4 HEixigit
4.1 EiER#k

AR B EW S AG AT R R FEM NEF_MDD
Bk, NEF_MDD BEMMA R TSR ARTREME G
RAZPRERE M AT RERE P WEAMNERE G kR
AJ 4% NEF_REL, NEF_MDD B4 H 45417

B BREEGHTREV AREE RS HES
H) Z H,,,Be8I3HLE H RS, BELE GRS &
U FiliREE W,

£ B 1 @538 EncodeGraph(V,E) L , Encode-
Graph(V, E) BE AT N A 4 BT
EncodeGraph (V,E)
1. for (i=-1 to | V])
2. for (j=-1to |ED)
3. if (e v; AN EvEitg
4, V< V—v,,E«<E—E,,Hj«~v+E
5. for (i =1 to |H|)
6. (v, BsEiD

e 156 -

7. if (JHi|=1D
8. fio=0, Pio<—Prio
9. fy<{vi},pa=pum
10. else if (|H;|= 2)
11. fio{¥ } s PP+ P * PHE T k2
12, for (m<1 to 2!H-1—1)
13. fio—{vi, b F (LEm R vey, -+, 2bF (2172 &em) ok

A Vei((HirﬂJ}

KD IHI“I—lPr{SIJ::P(Z“ﬂ&m)l{ﬁ?ESH"J Ve )
Pik*~P1it o in
15, kek+1
16. else if (v R s t)
17 fo={v}spo=pio P * P71 ka2
18.  for (m=1 to 2/MI~1)
19. fpe (Vi b TF Q&) RS veyy » oo, AEF (22 Rm) R4S
) Vei(]Hi)ﬂ)}

| Hi| ~1
20, pupu 1T PrUBT 2 B WA v, )

21. kek+1
22, return H, U, W

& 4 EncodeGraph e LS

H|, 2 HE—DBNER T RES A ROt/ K
PUBL, KT, 3 B R B P B — 4~ NP R REN , 430k
FARBEMR AR EN T ERNERRHEERT. AREE
BIFES index |U| 15, 1 BRERIFE MDD #)— R 172
R REE L 3B U, 9 MDD, , 3£ 3F MDD, it F75 gl #4T
AET8T G TR AR R =X (1) . 38 T 0 5 it 7 37 U B R B, K
ERM Sy R S RTFHEESAREE—FN s B MK
7, MR SREN 0; RN SR TRHEEHFE KN
s Bl ¢ BYBRAZ, MR R RAELDY L R F I SR AR
LA FFE T AL SN SMARBRE R, AR MRS
X3 E)ﬁ: Uit EKJ MDD+, » X’j‘ MDD; #1 MDD+, 1&1’? And_
MDD #:4E, & RB{E % MDD, . ER U HE. EEHAN
T MDD # £ And_MDD #1E. B/f5, 8 &% 4 K
MDD, HE T S A A TR MR NEF_REL,

£ And_MDD #4E 5 , RE-F17 S rl e & R FE I
TM, BRTEERA ST E AL 775K E T M FEH, i
WA R T RE S A Sl b AR T A AT B R, W SRR
HIFIAL B R R H () R . A% SCR A SCHRLS, 9 )48 i B R 44432
RERRRTERITE AR

HIE 2 F33 R GenerateMdd(G,U, W) iR S: L, B ¥k
PHAIBIT .

GenerateMdd(G,U,W)

1.1 < index[1]

2. MDDA=CreateMdd(U;, W;)

3. nodeA<-MDD; IR 5 5

4. QUEUE., PUSH (nodeA)

5. for(i=-2 to index[ |U| D

6. MDDB=CreateMdd(U;, W;)

7. for (k<=1 to QUEUE. LENGTH)
8. tempnode<-QUEUE. FRONT(O)

9, nes<—tempnode AT F I S5 H

10. childnode[ nes <~ tempnode i BF & 597 55

11.  for (j <=1 to nes)

12. if (childnode[j]=0 8§ childnode[j]=1) continue
13. else



14, S<—childnode[j1%f i # R

15. S«-ReduceUnion(S)

16. if (SH s t RHEH s Wt 5§ G hBEW S NER)

childnode(j]«0

17. else if (SHFE—FKM s B ¢ WATFTERER)
childnode[j] < 1

18. else if (S¥E hash F&H)
&3 childnode[j 1 5 R M T R

19. else & childnode[j J#1 SHNA hash &

20. QUEUE. PUSH (childnode[j1)

2l.  QUEUE. POPO)

22. MDDA < And MDD(MDDA, MDDB)
23. NEF_REL= CompRel (nodeA)

24. return NEF_REL

& 5 GenerateMdd EB¥LH LS

PR ReduceUnion(S) BIFBRA(DAM B A MATES
HBRAE ; B CreateMdd(U , W) 24848 U #1 W @1l MDD )
BE. W EEN 3 B¥ And_MDD(MDDA,MDDB) &4 3
B4~ MDD B#E, i B € X 45 B X CompRel (node) 15 R
R4 7§ MDD 7 & 7T % B 8008 1938 13 K 31, CompRel
(node) LB IITF .

CompRel (node)

1. if (node HHEHRE =0) return 0

2. if MBI ACH AT A

3. if (node=1) return 1

4, else return 0

5. ncs < tempnode HJEZF3 S ¥ H

6. childnode[ ncs| < tempnode T F I &
7. for i=1 to ncs

8. value «— MH[Y AMERME
9. value < value * CompRel (childnode[i])
10. result = valuetresult

11. return result
B 6 CompRel e thitHH

4.2 LB

A5 B RN R 4% B B SCRRES TR 1, anfE 1Ca) B,
FRAFZIER TAERBEREE 0. 9, KRN 0.1, THE
FHE 1(2)%F NEF_MDD H 3R U, R BT .

BT BKEBRLR LEMEND A 3IRE, 545
B Hi={sserves} s Hy={v1ses} s Hy=12}; iBHEH H Z
Hy 3SNMERHRE=0,.B[E H EH, HRELEU E
Us , itEBRU B2, %ﬂﬁgfﬁ]ﬁwl BW,, R 2—F%K4
B3,

x2 £EEH MU AW,
s o 0 0 0 1 1 1 1
€ 0o 0 1 1 0 0 1 1
e 0 1 0 1 0 1 0 1
(s} {s,e5}  {soe;} {s,e;.e5}
KA & 0 f11 fiz fi3
HE Py 0. 109 0.081 0.081 0. 729
3 ESH MU AW,
vy 0 0 1 1
es 0 1 o} 1
(v} {vit {viet
REL f20 fo1 fo
& Py 0.1 0.09 0,81

%4 EAH: U W3

BE2 HBEEX1FUNTE fi BEUETEE K EE
X 3#E U ZUs #9 MDD, Inf& 7 s . REREMREER
PETRHNERFR w:Us<<U, <U\, RBHEES T 2, 15
& 1(a)#) MDD, {n & 8 Fiw .

2N\3

1

(YU, 0 MDD

(b)U,# FAMDD (c)Usty - #yMDD

0

B 7 U, —U; & MDD

0.788049

E8 M@ 1(a)# MDD

R#EX (O E P MDD, 75 H B 1(2) Bl §EE NEF _
REL 5 0. 788049, A B 7E I 8 AR . #¥{H 530wk
L5 X B 1) HHE B AT S EERE SE 2 AR, B 3CERIS T2 Y
BDD A 6 & 8 MR (A F L4140 1 1), NEF_ MDD &
HEWRKPREAR 3 2 4 LT CRI5 1 ##9 BDD,

5 SHHR

A H C++iEF ¥ NEF_MDD &5, ft F i MDD
R BUE B Z MM LRI B M Meddly-0. 7, BF BT
7 CentOS-5. 5, WAZARAC K 2. 6. 18, FFA LR s #%
BT SR BEI IR E O 0. 9, R4S B B0 M FR IR IR FI & 5%,

MFS WEZRERTUFEE, X FHE—M%&E, NEF_
MDD & 41 BDD Bk it E T £ FEHMEAEF. BDD R
BAYORE AR RR—A S EA , B A8 6 e R
BEE T RBcAEH S, NEF_MDD 8 184 g E
BRASANN SRR RS ED, Mg MDD 2R ET
WA BT M SR B B 1 E ik, NEF_MDD & %48 F BDD
FE, 7EE 9 ML 14 43318 E CES 10 B 4 Fii
9 BIMILE 1, M4 2 B E SCERCO I E 3— B 17, % i &9 BDD
HEMBE AN 16,423,24, Stib#E 5 - MDD g% S ¥ B
Al LAE &, NEF_MDD # #:# 2 #9 MDD ¥ 5 M8 L8 T
BDD,

+ 157 -



#5 LBGR

. EDD MDD MDD
R FRHE AM TEE L, gy # R
1 4 5 0.76008 9 4 8
2 4 0.80559 10 4 15
3 6 8  0.78082 14 6 56
4 6 15 0.80979 21 6 295
5 8 12 0.79270 20 8 339
6 10 15 0.78902 25 10 1521

ZE-3 W42 W43

&4 ZE3] LE-4]

Ho KIS

EWRIE AT MDD HES S LA W 4% 5 AT
M TR A T R RE R RE, S T AT
RGBT R M E A SEE ) NEF_MDD H¥:., B T84
MDD 725 84 FH R 154 AN 35 GO R D R B 4R B 1, Bk
NEF_MDD B IR E RS T MEW GO E . L6
ST R KBS SRR, NEF_MDD B i M # 1) MDD Z$(#
T RN T BDD BB RKE

MDD 4 5 12 o 2 A IRV F 9 , [R] 4 3 I 55
B a RS R . BT — BRI R R BT i 2
RFEBFIT 1 .

2 % X m

[1] Ball M O. Complexity of network reliability computations[]].
Networks, 1980,10(2) ;153-165

[2] Lin Y K. A simple algorithm for reliability evaluation of a sto-
chastic-flow network with node failure[ J]. Computers & Opera-
tions Research,2001,28(13):1277-1285

3] Lin Y K,Huang C F. Assessing reliability within error rate and
time constraint for a stochastic node-imperfect computer net-
work[ J]. Proceedings of the Institution of Mechanical Engineers
Part O— Journal of Risk and Reliability,2013,227.:80-85

[4] Yan Zong-shuai, Nie Chen-hua, Dong Rong-sheng, etal. A Novel
OBDD-Based Reliability Evaluation Algorithm for Wireless Sen-
sor Networks on the Multicast Model[ ] ]. Mathematical Pro-
blems in Engineering,2015,2015:1-14

(5]

{6]

7]

(8]

(9]

(to]

[11]

[12]

[13]

[14]

(15]

KuoSY, YehFM, Lin HY, Efficient and exact reliability eva-
luation for networks with imperfect vertices[]J]. IEEE Trans.
Reliability, 2007,56(2) : 288-300

Jiang Yi-nan,Li Rui-ying, Huang Ning, et al. Survey on network
reliability evaluation methods[ J]. Computer Science, 2012, 39
(5):9-13(in Chinese)

VL%, ERE, BT % AR RERI ] 1M
Fl%£,2012,39(5),9-13

Theologou O R, Carlier ] G. Factoring and reductions for net-
works with imperfect vertices [J]. IEEE Trans. Reliability,
1991,40(2).210-217

Sun Yan-rui, Cui Li-yan, Zhang De-xiang. A factoring algorithm
for reliability evaluation of distributed networks with imperfect
nodes[J]. Computer Science,2002,29(4);111-113(in Chinese)
INERE, B B, KRR TERA R RE S AMET R
B —NEFMFEED] HHENRIEE, 2002,29(4):111-113
Xiao Yu-feng. Reliability analysis of two terminals network
based on discrete probability model [D]. Beijing: Beijing Univer-
sity of Posts and Telecommunications, 2009 (in Chinese)
Mg, BT ESERERAN W MNE TR ESH D] Jbit.
It SR K%, 2009

Yeh W C. A simple heuristic algorithm for generating all mini-
mal paths[J]. IEEE Transactions on Reliability, 2007,56 (3)
488-494

Sun Yan-rui. Reliability evaluation of stochastic-flow network
under both time and cost constraints[ ]J]. Journal of Northeast-
ern University (Natural Science), 2013, 11(34);1537-1541 (in
Chinese)

PMETE. WA AMBRAARYHEN RS TEEMNITED] K
LR 2R CH ABHERRD ,2013,11(34) :1537-1541

Nagayama S, Sasao T. On the optimization of heterogeneous
MDDs[ J]. IEEE Trans. Computer-Aided Design of Integrated
Circuits and Systems,2005,24(11);1645-1659

Xing L, Dai Y. A new decision-diagram-based method for effi-
cient analysis on multistate systems[]]. IEEE Transactions on
Dependable and Secure Computing, 2009,6(3):161-174
Herrmann J U, Soh S, West G, et al. Using Multi-valued Deci-
sion Diagrams to Solve the Expected Hop Count Problem[ C] /
The IEEE 23rd International Conference on Advanced Informa-
tion Networking and Applications(AINA 2009). Bradford, Uni-
ted Kingdom,2009:419-424

Bollig B, Wegener L Improving the variable ordering of OBDDs
is NP-complete[ ] ]. IEEE Trans. Computers,1996,45;993-1002

(E3#% 132 70

[13] WangWei, Kim D, Kyung A M, et al. On Construction of Quali-
ty Fault-Tolerant Virtual Backbone in Wireless Networks[]].
IEEE/ACM Transactions on Networking, 2013, 21 (5); 1499-
1510

[147 Schleich J,Danoy G,Bouvry P, et al. Blackbone2, an efficient de-
terministic algorithm for creating 2-connected m-dominating set-
based backbones in ad hoc networks[ C] // Proc, of the 7th ACM
International Symposium on Mobility Management and Wireless
Access. New York, USA,2009:91-98

[15] Zheng Chan,Yin Ling,Sun Shi-xin, Constructing 2-connected k-

dominating sets for fault-tolerant backbone in wireless sensor

+ 158 -

(18]

{17]

networks[ ] ]. Control and Decision, 2013, 28 (5); 650-656 (in
Chinese)

W, P4 IR TRA B P T 258 kXN ASE
BN EAEMELT] 25 SR, 2013,28(5) ; 650-656

Li Ying-shu, Wu Yi-wei, Ai Chun-yun, et al. On the construction
of k-connected m-dominating sets in wireless networks[ ] . Com-
binatorial Optimization,2012,23(1):118-139

Wightman P M, Labrador M A. Atarraya: a simulation tool to
teach and research topology control algorithms for wireless sen-
sor networks [ CJ // Proc. of 2nd International Conference on

Simulation Tools and Techniques. Rome, Italy, 2009 :26-35



