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Evaluation Method for Multi-state Network Reliability Under Cost Constraint

XU Xiu-zhen, WU Guo-lin,ZHANG Yuan-yuan and NIU Yi-feng

School of Modern Posts,Chongging University of Posts and Telecommunications, Chongging 400065, China
Abstract Multi-state networks are composed of multi-state components that have different performance levels, and multi-state
network model has been extensively used to describe the complex behaviors of many technological networks. Multi-state network
reliability under cost constraint,denoted by Rel.,, »is defined as the probability that the network is able to transmit d units of
flow from the source to the destination while satisfying the condition that the total transportation cost is within a given budget b,
and can be computed in terms of minimal capacity vector with budget constraint(called (d,b)-MCV for short). Solving(d.b)-
MCVs is an NP-hard problem,which means the computational time will exponentially increases with the network scale. In order
to enhance the efficiency of solving(d.6)-MCVs,this paper constructs an improved model by introducing lower capacity bounds
of arcs.and theoretically demonstrates the merit of the model. Furthermore. this paper employs the concept of transcendental
number to establish a one-to-one mapping relationship between(d,b6)-MCV and real number, based on which a novel method is
proposed to remove duplicate(d ,6)-MCVs. It is demonstrated from the viewpoint of time complexity that the proposed method is
more practical and efficient in comparison with the existing ones. The performance of the proposed (d,6)-MCV algorithm is tes-
ted by numerical experiments,and the results indicate that the algorithm is more efficient in solving(d,b)-MCVs and thus pro-

vides a new method for computing Rel . .

Keywords Multi-state network, Reliability , Cost constraint, Minimal capacity vector
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7.1 HH

ARV S g — A A7 BRL 1 B 41 e SR O Bk 1 R AR A AR
SR T o M SE g A I RO A RO . B 2 R 2 ROCCHRN T
KBTI 4 x4 A A A 805 KR4 FR/b g P =
{e1se2} Py = ={eises s Pi="{eisesser ) E
T AR A BRI,

{61 s €3 ’65}7P3

&2 B A 2%
Fig. 2 Example network
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Table 1 Capacity data for each edge in Fig. 2
Edges Capacityprobability distribution Unit cost
0 1 2 3
e 0.012 0.033 0.125 0.830 3
€y 0.015 0.056 0.929 — 1
€3 0.110 0. 890 — - 1
ey 0.013 0.049 0.938 - 1
es 0.016 0.035 0.949 - 3

TS 4 RE RS AT 3 B 1 O R A UR S s ik B R
¢ HLER A5 5 9% F AR Al I 14 f BE 3R, B R0 45 BT 5 R
Relian (d=3,0=14), B M E ERR A3,
1HO-MCV, KGR AR (D Relisan . (3,14)-MCV 13K
i BT

Stepl MR 1 PWERBEELHHE My =2, M, =1,
M, =2,M,=1,W,=4,W,=7,W,;=4,W,=3,LC, =max{0,
d-F(W(0,))} =max{0,1} =1, M, T8 LC,=1,LC;, =
0,LC,=0,LC;=1,

Step2 | FH B 3 Mo Al 28 vk SR AR 2 N R S Ak R RT AT
WiinE F=(F, ,F, ,F, ,F,):
F,+F,+F,+F =3 40)
AF, +7F, +4F;+3F, < 14 4D
0<<F <2 (42)
0<F,<1 (43)
0 <F;< 2 (44)
0<F,<1 (45)
1<F +F,<3 (46)
1<F,+F <2 40
0<F,+F <1 (48)
0 <F,+F <2 49
1<F,+F,<2 (50)

WARE] 3 A7 & F' = (1,0,2,0),F>=(1,0,1,
DL, F =(2,0,1,0), B84 0] 17 3 ) 5 5 3 o 8 8 (3, 14)-
MCV:F'— X'=(1,1,0,2,2),F°— X*=(1,2,1,2,1) ,F*—~
X =(2,2,0,1,1);

Step3  FI A ) B 36 4F 125 B0 9E AT 44 X' 2 (3,14)-MCV,

FUTT A XM XA (3.14)-MCV;;

Stepd  W(X')=153. 086, W(X*) =108. 595, ¥ (X*) =
82. 120Gk LI M S AR /N, B4 % o W B AR 8 o) s P HE
FREAEGHAEAELSME, WKL X' =01,1,0,2,2),X =
(1,2,1.2,1),X°=(2,2,0,1, DEAEE M (3.14)-MCV,

Bl X' =(1,1,0,2,2),X*=(1,2,1,2,1),X*=(2,2,0,1,
DREMZ A R (3, 14)-MCV, AR5 2 (1) 7T 2] Rele.,, =
0. 939087, Bl W 24 RE AL 411 3 BRL 67 1) 75 K It et MU A0 s % 3% 3]
e, H R A5 2 ORI 14 BIBER Sl 0. 939087,

7.2 HEXR

T T S M S — DA I B M SR . AR
it , H A » Forghani-elahabad 217 42 1 A9 8 2 A M e e
RS L R, T T A R S 56 K A SO Y 1 Bk S Sk
(12 L HEAT L 3, DAL AG 56 3305 i S e . &l i
RER AR (d s 6)-MCV AR B J& NP i [7] 85, 30 &5 0k 25 >R it (d
6)-MCV JIT 7E 14 ] 8] 23 B 2 ) 46 RRASE 110 386 R =48 B, 2%
T R EA SCHK — A, AR SR T S5 R A 0 2% R 0 S
I,z M aniE 3 s,

Numerical experimental network

RSB S MR AN R KRER N 7. U, =
TA i < 18) Gl H AL MRALR 2EHA 3.8 G =30<
i < 18). PIRRIEERSR H MATLAB2009 4 2 52, H i 17
I £F 3R 5% & Intel (R) Core (TM) i7-9700 3. 0 GHz CPU,
16 GB RAM, R T BT i A Hiu Ji 7 W ol 530 32 190 oK A 5 32, JATT
Xt Z AR F A m PR K S 4 MR HLA R b A A AT T3
BRI 2 B,

Fig. 3

F 2 MFPRE TR R

Table 2 Calculation results of two algorithms

Max-capacity

The number of duplicate

The number of non-duplicate

Unit cost (0 MEV (d+b)-MCVs (d+b)-MCVs Trx T
(7.149)-MCV 10162 7536 15.345 13.541
(8.165)- MCV 20595 7875 41. 376 36.572
Ui7 (9,172)- MCV 33130 7040 69. 059 60. 946
(1;’; ;%m) (10,189)- MCV 14950 6084 146. 484 112.160
(11,201)- MCV 49540 4508 260. 295 149. 791
(12,215)- MCV 39272 2802 518. 042 172.355

AR FRATE B EFEE S (d,6)-MCV 145
W EE R (d,0)-MCV By $ & SCHR (1258 19 48 17 B 1)
T VA RAR SCHE 0 509K (4 32 A7 I 8] T (R[] B 28 s . AR
P 2 MEIRATLLE

(1A SCHE M A B30 125 1 SR AR A 38 e T SOk 12 J 80 0k 19 K i
BT RR AN TR 28 BB (d L 0)-MCV 795 T 30 3k 4 3R e %
R NWAE . B 2R (7,149)-MCV FI(8,165)-MCV
R P G 0 19 SR B0 1 25 0 # /N , T AE SR AR (11, 201)-MCV

F1(12,215)-MCV B, B i 58 0 B SR A % 38 19 22 501 L 4R 1 5
O SCHRC12 ]/ B0 6 SRR B A /Y (11, 201)-MCV Fi (12,
215)-MCV JIr 4£ 2% iy sf [E] 4331k 260. 295s I 518. 0425, fH A L
AR T FE 0 B 1) 3 5 SR 149, 791 s F1172. 355 s, KA 451 K
SCHRC12 M 5k i i AT Ay 1/2 10 1/3.

(2) TSI 3R e WE Ah 25 B (d, b)-MCV , 3 55 25 5 vh 48 1
MTRENESR (d.0)-MCV, It HEBBE#T TIHREL (d,
0)-MCV 80, 3 78 4 Ul B R0 37 2 & 8 (d.6)-MCV &
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— I AH I AR, A SO I (d,0)-MCV 25 77
WEZ5 55 S8, ) B 0BT o Y 0, TT AZEAR AR B 3 B
R E E (d.0)-MCV A8, R 5100, (12,215)-MCV 8 & it
P EE (d.0)-MCV BB A 39272 4,

AL R A A M LT Forghani-elahabad %1
MW ERAVRORCRLS . BT EH# LI d 5
O A BT TS R, FATE E d=11,4 6 M 180
R IE I 10, HE 230, X E 6=196,4 d M 7 KK 3
12,40 5 X R FE B . 8L (d.0)-MCV 85 8, DL K&
P A B AT RS IR) i P S5 SR 3R 3.8 4 gl MRE %k 3

I 4, RATATAS B AT 4548 .

(DM HEREKT d=11 B, W A o A Wi i}, &
B (d.b)-MCV FEHETE E (d.6)-MCV (1) 5505+ # A R H A Lo
s MR 6=196 [ E, Tk RE KT o R Wisg e, &4
(ds0)-MCV {4 e 38 J5 w2, i 4R & 52 (d . 6)-MCV 1Y
B AR W7 ek L

(2) MYEREKT o [ 5 o TS5 2% F o 18, AH O L 75
R AR A (d ,0)-MCV B (38 17 B [F) B 25 b 58 d (93 m
T3, RS ST 5303 1 SR AR A AT 4R 8 TSk L 12 ] i BB ik
F SR A%

#* 3 [BE d R b TR SR

Table 3

Calculation results by fixing d and changing &

Max-capacity (d.b)-MCV

The number of duplicate

The number of non-duplicate

Trk T

Unit cost (d,b)-MCVs (d+b)-MCVs
(11,180)-MCV 2418 1314 184. 886 86.908
(11,190)-MCV 21432 3612 198. 707 97.831
[(J:Z (11,200)-MCV 19450 1454 255. 082 143. 298
oy 11,210)-MCV 49690 41586 314.233 175. 147
A<i<18) ¢ ) 0
(11,220)-MCV 49720 4608 396. 107 212.961
(11,230)-MCV 49720 4616 497. 380 259.126
E I & N R R G A S
Table 4 Calculation results by changing d and fixing b
Max-capacity . The number of duplicate The number of non-duplicate
. (d,b)-MCV . . Trx T
Unit cost (d,b)-MCVs (d,b)-MCVs
(7,196)-MCV 10312 8732 30. 340 26.307
(8,196)-MCV 20905 8451 78.717 65.214
I(J:Z (9,196)-MCV 33922 7594 136. 035 109. 144
t 10.196)-MCV 45166 6190 172,039 127. 868
A<i < 18) ¢ ) 0
(11,196)-MCV 43098 4314 231.988 128.429
(12,196)-MCV 1562 795 466. 169 136.629

g5 b AR SCIR I B BRIE TE SR R (4. 0)-MCV T T H A 5
PO, S B A HRCT 1 220K 25 00 4% o 4 M A B 415 T — Fp
TR k.

GETRIE v AR A 0 4% IR 45 IR AR A A A0
Fabr . &St B AT 1 2200k 45 0 4 nl S RE A 1] B, R SC
PR T ISR (d.0-MCV K7 k. 1%, FIH %5 T KR
HIME & s AR SCEESE T (d L b)-MCV I BIGHE B BB Hok, AR 3
P IHE T (d.0)-MCV 5ERZ i) —— B R T
WK R L EE (d.0)-MCV A LU 3 % FH A R 8k ok A7 Pl g
WAL O TR B A Bk M B 5 O B0 (E ST K L
BRI IMATT L R R AR SR (d,0)-MCV ik
WA FF R B,

2 i P, 2 R T 446 R 45 ORI A S A, R, T —
W5 A B 5] AT [A] 24 S8 b, IV IR] At 2 E 9l ORI i) 24
R 4 R SR PR AR T B VAL O L 0K A B T 2 4
1Y) B 6 T 445 119 IR 45 I g 140 AT AT A 5 DA TG A5 M B 4 T A9 43 AT

4
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