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Abstract

Ul]

A transportation system can be modeled as a network. For a route in the network, there could be
problems that cause that particular route to be temporally unoperational. The effect of this unoperation
could effect a local decision to select another route to transport, or global causes the entire network to be
malfunction all together. Therefore, unreliability of the network affects the suppliers and the customers
both.

The performance of an unreliable network is usually measured through the reliability value of the
network. Naturally, a network with a higher reliability value is considered a better network. Many studies
have evaluated the reliability of the unreliable network in many aspects and under various constraints.
The network reliability alone, however, may not be a good measure to determine if that is a good network
due to the lack of the transportation cost consideration. Hence, this research proposes a network evaluation
methodology that considers both the reliability of the network and its transportation cost simultaneously.
The methodology calculates the expected value of the reliability and its associated costs, and yields a
Reliability Cost Index (RCI). The RCI value is obtained in two different ways in this research: 1) exact
calculation, and 2) Monte Carlo simulation. The exact calculation gives the exact value of RCI, but the
calculation is rather tedious. Monte Carlo simulation yields an approximated value of RCI, but the method
can be easily coded and performed on a computer. Our test results show that the time required for the
exact calculation method to obtain the value of the RCI depends upon the size of the network, whereas the
time needed for Monte Carlo simulation to calculate RCI depends on the varience of the costs in the
network.

This research applies the RCI methodology in a bagged cement transportation network in the
north-east region of Thailand. This particular transportation network comprises of 2 modes of
transportation: truck and train. Both modes are outsourced. The unreliability of this network is introduced
by the uncertain decision of the truck service providers on whether to transport the bagged cement for the
company or not, based on the current transportation conditions.

To calculate RCI, we first need to estimate the probability of being able to use each of the edges
in the network. In the transportation network example above, an edge represents a transportation service
provider. Thus, the probability that any of the edges is usable depends on the probability that the
corresponding transpiration service provider will accept to transport or not. The edges in the network can

be divided into 3 groups. The first group represents the train connecting the plant in Saraburi province to
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the company’s warehouse in Ubonrajchathani province. The second group represents the truck service
providers transporting between the same plant and warehouse. The last group represents the truck service
providers who transport the cement from the plant directly to the customers. The probability of the edge
representing the train is determined from the past transportation records. The probabilities of the edges
representing the truck service providers are evaluated from a questionnaire.

From the first round of interview, we found that factors that influence the decision of the truck
service providers. These factors are transportation service price, oil price, contractual agreement, back
hauling, and transportation season. Using these factors, the truck service providers were asked to answer
the questionnaire simulating various transportation conditions. The truck service providers might answer
“accept or not accept” in each of the set of the conditions.

The probabilities of the edges are then modeled from the data obtained from the answers above.
Since the data are dichotomous, they are not suitable for a linear regression model. A logistic regression
offers better probability estimates of these edges.

With the probabilities and transportation cost data ready, the reliability and the RCI can now be
calculated. Considering the reliability of the network alone may lead the company to offer a high
transportation price to the service provider and yet not reflecting the cost of not being able to transport in
the network at all. The consequences of the mismatch between the increases in the transportation price and
the network reliability are likely to lead to unnecessary high transportation cost to the company.

When analyzing the same network with RCI, the results showed that there was a certain
transportation price that considers tradeoffs between the increase in the reliability and the expected cost of
the entire network. Any transportation prices that are higher than this particular price will unnecessary
increase the network reliability, whereas if the transportation prices are lower than this price the expected

cost of the network will be greatly incluenced by the unreliability of the network.
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A o & A Q amndq Y ] 1o o a s a ° Y]
Aalamaas IngnsasanotlulsnInnagnasauiud #5035mMsunszrindentin g lums

v Aad L%

o 1 4 ] A, [ adaa o aa a, a 4
fuuanuinFenovesInsaelinardsu Fsdtvada FsATTan M 1azIFMARTIZHIHUA W
9 9 Y Aa . aw dy ) aaa o A
AulfvosdoAawain (Fault Tree Analysis) a4 luauIdeilvziiuduemmizisHiianm Heen
I a { ) v o 7 a { ] '
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9, o

Tums 1 inTannieiimslsziuanuuuFe o uanmMsauitiammluszuy

o A aa o
1A59018NOUFINHNAIT

" WIn (Path) f® ﬂa;w?mwmmwnv‘f;au (Edge) 109 TuszunTaseine sannsalsidonTo
Tassthenn saisudu lSadaeidmuald

= fififann (Minimal Path : MP) fie winfifisanamdnifesiiga Tasfinniimadenlama
Founiialummi amnsaldan1guds sz ld lidunmdndo’ll Famneanuinel
aunsaifeuyaiudunazgataeld

Aaa o

aAa o J 1
= Jufawnnnees (Minimal Path Vector : MPV) fomsi@eudtidaninlneglugives

S ~ o w A Yo A Aq ¥
nﬂmamumsgimmﬂ‘umqwammﬂ%mmm 1 uﬁ@qfffmuzsummqwawlmmuaz 0 uUnu

aouzvoamaroun 1i'ld 1

@ ' ' 1 A . &£ g T Aa
pnaded1ury sxunIassnelugln 2.3 (Lin, 2001) Fuduszuulasaiend 4 Tua uas 6
4 = a = = ' 3 4
mugou Jyaisudun S uazgatlaten T 151921891 {ag, a,,a3,a,} waz {as,ag} Wuwm iilesan
mauFousanandwsadonlosszuulaseienn s s T Tadwaadlugi 24 . waz 2.4 @,
o o ~ o ~ ] I
auarauluvaeh {a1,a3,a4,a5} oz {a;,a4,a6} muﬁﬂﬂugﬂ‘w 2.5 0. uaz . ludeIudluwm
A ' A ' o v A o A
wownn luawnsarenlosszuulaswienn s Tlds T 18 wazlioimsiansawn

{ay,a,,a3,a4} wae {as,ag} wnun {a;,a,,a3,a4} Miiuiidifanm leanndioiimsdania

E4
a

A A Y A A A S A o Y 1
S 113V a3 1Iiw ay TNUI,]J LEAUVDUTUNNLBDUNLYIOD {al,az} ﬂfl\?ﬂ\ut’]f'ﬂlliﬂ\i S ny T Vlﬂ aIU

I I Y [ [
{as, a6} dhudidawmiiesnn hihdamageulanaliziIFsave adumaiseniimae la

Y
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gnsoonlee S U T llﬂ

,ci‘ ) U 1 d'
517 2.3 szunlasediednam 1
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711 2.4 dredrveawmluszunlasaiiedledai 1
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n. V.

@ 1

d' U d’ d' ] 1 ) £ 1 d‘
E’IJ‘V] 2.5 Gl’J’E]EJ'N"U@\1ﬂfj}l‘ﬂ1\1L"11E]3J‘1/113J1“11W1‘1/111!§81J‘]J1ﬂi\ﬂﬂﬂﬁ’)@EJN‘W 1

o

H H v
Tudedralnseineh 1 awgii 2.3 sgenunsomiiidanimyesinsenenmuald 4 ddida

winde {a,a,), {as.ag) {aj.az.as) uar {ay.az.a5) wiedmnIaWeuLEaIMIFONdS

@

Tassedeiitsianmn 1dduassili 2.6

U

AaAa o

wonnnmsudasdibianimluglveuwaud? daansadeuiiidanimlneglugilves
a3 1adu (1,1,0,0,0,0), (0,0,0,0,1,1), (1,0,1,0,0,1) tag (0,1,0,1,1,0) audduIagduavdinsnag
HAAIEDUZYRIMAFRNN 1 (av “17 unuaouziansalysauld uazdnay <07 unuaameli

] Y. o v o A A o o
ﬁ’]ll’liﬂslslf\ﬂullﬂ) Lla5@]'Jla"Uﬁf.]ﬂﬂVhJ%gllﬁﬂ\ﬁﬁﬂ']uzﬁllﬂ\i‘ﬂ'l\uﬂﬁﬂilﬂ 2,3,4, 5182 6 AUA1AD
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{a, 3}
{as, a6}
S &— — @ T
{a1,a3,a6}
3.2,3.4,&51

d’ T - 1 d‘ aa v
517 2.6 5201 1ATEAIE199 1 Glugﬂuumamumwm

QU

=~ ' ' 3 A A 93 Y = vw
iﬂﬂil]‘ﬂ 2.6 NUN ﬂ’ﬂll‘Ll15]8Lﬂuﬂiﬁiﬂﬂﬁ1uﬁm"]§ﬂlﬂﬂﬁ]‘ﬂ S llllfN T Llﬂﬁ]%iJﬂH‘VﬂmJﬂ’ﬂiJ

dhasduiiffdanm {ag,a,) w0 {ag, ag) W50 {ay, 83,85} 150 {ay, a4, a5} amedratos 1 aa

=& = A A [ Y I o =
°]Nﬁ'llﬂiﬂlﬁllfJU?ﬁJﬂ'liGluﬂ'lﬂ’ﬂﬂfJ'lﬂJu'lL‘]f@ﬂf]“ll@\ﬁgﬂﬂIﬂi\i"ll'lﬂ‘lﬂlﬂuﬂﬁﬁllﬂ'ﬁﬂ 2.1

R = Pr({a;,ap}v{as,ag}{as,a3,ag}v{as,as,as}) 2.1

Tagn R ANUUUFDDVURITT UV ATV

[ 3
Pr = anuuzily

Y H
v o o o I

Aaa 1 IS o
Quu’VHﬂﬂTﬂuﬂiﬁ Xi unudddanmnneesn i vesszuulasainenas o Huswau
aa o 3 A ' IS oA A ' =~
Hugamnnevvaniluseuulasune A WNTOAGULAAIANNUUFONOVDITE UL IATIVINE

annsageuTloaga s luds T 1dilu

R=Pr(X; uX,U..uXjuU..uUXpy) (22)

2.1.1.1 m‘;ﬂszqnvﬂ%’ﬂg Inclusion-Exclusion Principle

' ° ' A A 9 ° T < '
NNFUMST (2.2) l'i']hluﬁ']il'ﬁﬂﬂ'IU'Jmﬁ']ﬂ"lﬂ'J']lluqlslff]ﬂf)llﬂiﬂElﬂ']iu'lﬂ'NNU'mgLﬂu‘ll@\ul,@

9
a o v Y [ 1

a 4 Aa o 1 4 1 <3|
ASUUHUANTINUITIUN Iﬂﬂﬁi\i Lﬁ@\ﬁﬂﬂlll!llﬁW'WW]'N‘] ﬁmicl%’mwdmm’nmu muummuﬁmﬂu

Aaa o

A A d' & o Y A ] le’ 1 1 ] I

ﬂﬂ?ﬂl%ﬂﬂiﬂﬂ”ﬁﬁfﬂﬂﬁuﬂ‘l]%‘l/n\ﬂu"lﬂ'ﬂif)lllluu E]']ﬂﬁ\?Wﬁ@f]ﬂ')']llu']%glﬂu‘ﬂlluiJﬁW”lTl'Viﬁ"lElc] WIN
o Y =KX o G 9 o 1 v A a

ﬁ‘TUﬂiﬂV]NTuhlﬂ vdndudesnszorenan lugums (2.2) nau Tﬂﬂmﬁﬂwwmmmwmmzﬂg

Inclusion-Exclusion Principle FINANN5V0Y Inclusion-Exclusion Principle fio

Pr(Ay U Ay UA3U.LA,) = Pr(A)+Pr(Ay)+Pr(Ag)+..+Pr(A,) —Pr(AA N A)
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—Pr(AynAy))—..—Pr(A N Ay) —Pr(Ao n Ag) —...—Pr(A,_1 N A,)
+ Pr(A1 M A2 M A3) Fn (2.3)

Waumsi 2.3) Tdunuilszgndldduaumsi 2.2) Mldawsadouaums 1dlmidlu

R= ZPr(X) Z ZPr(X N X )+Z Z ZPr(X N XN Xy) = (2.4)

i=1 j=i+l i=1 j=i+lk=j+1

Tagfi Pr(X;) = ﬁ Pr(Xje =1)
e=1

] Y
a= umadeuiavualuszuulaiaine
v
n = uududamnnavaluszuulnsne
A A Ao A . A g A A & aw ¥ a

Xie = aouzuosmadond e luliddawmi i selianilu 1 Womaudowiuldanulduazi

L] 4 4 3 [

anilu o iwemaweauiiu luansaldaula

] I { 4 { Aaa o .
Pr(xie =1) = anwinzduimasoun e Tudthiawma i swamnsaldanld

diohaumsi (2.4) 'lﬂﬂﬁz&;ﬂﬁsl%’ﬁuammsﬁ (2.1 iefmsfammanu e foues
sevnlnsainediedei 1 dailittanm 4 win 12 1daumsi1Fumsmuadudsaumsi 2.5)
= Pr(Xl) + Pr(Xz) + Pr(X3) + Pr(X4) — Pr(Xl M X2) — Pr(Xl M X3) — Pr(Xl N X4)
—Pl’(XZ M X3)—Pr(X2 (’\X4)—Pr(X3ﬁ X4)+Pf(X1(’\X2 mX3)
+Pr(X1n Xy N Xg)+Pr(X;nXg3n Xa)+Pr(Xo nXg3n Xy)
—Pr(leX20X3mX4) (2.5)

Taof X1 ={ag,a,}, X, ={as,ag}, X3 ={a7,a3,ag}uaz X4 ={a,,a,,as} azany
] I ' o o ] @ ' A @ ' ' 1
ungiluudaznaiannsasualaserdodeyaveszuyTnsainedes e 1 sndied1amy mina

' 3 A A ' Y ' A o L S A
mmm%mﬂuwmamaumm Tudeg1ai 1 Z‘ﬂiﬂiEWINWllvlﬂiJﬂWNLLﬁﬂ\ﬂuﬁﬁN‘ﬂ 2.1
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A ' < A ] Y ' A
ATNN 2.1 ﬂ’ﬂlllﬂ%%!‘ﬂuSUEN“Vnﬂl%ﬂﬂiui%ﬂﬂiﬂﬁﬂ‘lﬂﬁl@l’)ﬂﬂﬁﬂ 1

‘WNL%@M ﬂ'J'Ill‘Lhi]S‘iLﬂuﬁﬂNL%ﬁ]ﬁJﬁnﬂiﬂﬁN'lu"lﬁ
a 0.8
a, 0.8
ag 0.9
ay 0.9
as 0.8
ag 0.8

o 1 1 I 1 o A Yo dy
wazasamuIammanuunzsiuvowaaz el lugunsi (2.5) U],ﬂﬂ\iu

Pr(Xy) = Pr(x =1)xPr(xo =1) = 0.8x0.8 = 0.64

Pr(X,) = Pr(xs =1)xPr(xg =1) = 0.8x0.8 = 0.64

Pr(X3) = Pr(xq =1)xPr(x3 =1) xPr(xg =1) = 0.8x0.9x0.8 = 0.576
Pr(X4) = Pr(xp; =1)xPr(x4 =1)xPr(xs =1) = 0.8x0.9x0.8 = 0.576
Pr(X1nX5) = Pr(x; =) xPr(xo =1)xPr(xs =1) xPr(xg =1)

0.8x0.8x0.8x0.8 = 0.4096

Pr(le X3) = Pr(xl =1)XPI'(X2 =1)>< Pr(x3 =1)><Pr(x6 =1)

0.8x0.8x0.9x0.8 = 0.4608

Pr(X; n X4) = PrlL01L0) = Pr(x; =1)x Pr(xy =1)x Pr(x4 =1)x Pr(xs =1)

0.8x0.8x0.9x0.8 = 0.4608

Pr(Xo nX3) = Pr(1,01,011) = Pr(x; =1)xPr(xg =1)xPr(xs =1) x Pr(xg =1)
= 0.8x0.9x0.8x0.8 = 0.4608
Pr(Xo mXy4) = Pr(xy, =1)xPr(x4 =1)xPr(xg =1) x Pr(xg =1)

= 0.8x0.9x0.8x0.8 = 0.4608

Pl’(X3 M X4) = Pr(xl = 1) X PI’(XZ = 1)>< PI’(X3 = 1) X Pl’(X4 = 1)>< Pl’(X5 = 1) X Pr(X6 = 1)
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= 0.8x0.8x0.9x0.9x0.8 x0.8 = 0.331776

Pr(X; " X, N X3) = Pr(1110.11)

Pr(xl = 1) X Pr(x2 = 1))( Pr(x3 = 1) X Pr(x5 = 1) X Pr(x6 = 1)

0.8x0.8x0.9x0.8 x0.8 = 0.36864

Pr(X; m X3 Xy) = Pr(xg =1)xPr(xy =1)xPr(x4 =1)x Pr(xs =1)x Pr(xg =1)

0.8x0.8x0.9x0.8 x0.8 = 0.36864

Pr(Xl M X2 M X4) = Pr(xl =1)>< Pl’(XZ =1)>< Pl’(Xg =1)>< Pr(x5 =1)>< Pr(x5 =l)>< Pr(x6 =1)

0.8x0.8x0.9x0.9x0.8 x0.8 = 0.331776

Pr(X2 M X3 M X4) = Pr(xl =1) X Pl’(Xz =1)>< Pl’(X3 =1)>< PI’(X4 =1)>< PI’(X5 =1)>< PI’(XG =1)
= 0.8x0.8x0.9x0.9x0.8 x0.8 = 0.331776
Pr(Xl M X2 M X3 M X4) = Pr(Xl :1)>< Pr(x2 Zl)X Pr(x3 21)>( Pr(X4 :1)>( Pr(X5 :1)>< Pr(XG :1)

= 0.8x0.8x0.9x0.9x0.8 x0.8 = 0.331776

o 1 1 I~{ 1 s H o [ 4 1
haanuieztiuvesaazwaindna ldununduldluaumsn 2.5) a2 1an

R = 0.64+0.64+0.576 + 0.576 — 0.4096 — 0.4608 — 0.4608 — 0.4608 — 0.4608 — 0.331776

+0.36864 + 0.331776 + 0.36864 + 0.331776 — 0.331776 .

= 0.91648

o 4 VA A w0 A A . < A '
ﬂzuummmmmaaaﬂjmizuﬂmwwmamm 1 mammmm%gﬂumamNmmwm@]

TuszuuTasaneimaananaluaisnan 2.1 A 0.91648

{ 1 o EL o 1 1 4 1 o
NNANMIN 2.4 WU'J'l"l]'I‘L!'J‘HWi]‘LlSI,‘Nﬂ']iﬂ'lu'Jmﬂ'l'ﬂllu'll%ﬂﬁ@m@ﬁigﬂﬂiﬂiﬂ"lﬂﬂ“ﬂ$ﬁ’ﬂ1u3u

v Y
@ a

s n ¢ o ' o aa £ > o ¢dq ¥ 0
waliu 2" —1 woul dudanmniidaudiddanninay 1 @ arduaunaunldlunsdiuan

1]
= % o

v Y
qu‘fﬁuﬂizmm 1 N1 U Glui%ﬂﬂiﬂiﬁﬂl'lﬂﬁ?ﬂﬂ?ﬂﬂllllu ANINIIUIU 4 uuﬁawm ﬂgﬂi‘i'IU'JUWﬂﬂ’
o ' 3 o o ' A aaow a Aa o ° 7
°1umﬁmmmmmumzvﬂummu 15 WIU Lmﬁuwmumwm N 1 YUUANIN %zm“lﬁ’ww“lumi
o oA A A g S 2 A o = v & A o
ﬂ1u3mﬂﬁnﬂu1L“]5Elﬂ@mﬂ\15$UULW3Jlﬂu 31 WIU "JNL?J‘Llﬂ"l'iLWiJLL’UUL'ﬂﬂTﬂLMaL‘D’EJﬂ ANUUIYDVTIUIU

o

Y
Jaganmluszuvidawaunndy sz ldnmsdanalsnanurazianuenlumsnianuiieg
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=K A

I 1 Jd Y ax EL o adn adn P £ A
Wuuaagnarae a‘ﬁmiaﬂmuwauiumammmaﬁwmﬂan Sum of Disjoint Product %3U

= 0/ dy
T1YACIDYAAIU

2.1.1.2 M31% Sum of Disjoint Products

A @ 1 ) &g ] < 9 .
nAaumMsi 2.4 wazdlesnlumsanugsuiumsnszoennuiinziulaelyd nclusive-

@

. . . uaJ/ 1A ' I ad 4 o J 1 I
Exclusive Principle uuwmn%mi Qﬂﬁ'l')&ﬂuﬁl%ﬂ@uﬁflj'l\w'lﬂ Lﬁmfﬂmmmummwwmmm%mﬂu

4
@ = o o

govazuslasu liamswanvesdtidanmitodluszuuTas e annemai lldmuTag
a IS o Y
Apumes N Ide1n

Abraham (1979) terue l¥nszneaumsh (2.2) Taglieglugdues Sum of Disjoint Products

=%

HaziinIeBNNINUIEITAINENIIRALINDD 1Y Locks (1982) TdrinausItmsniSenin ALR

(Abraham-Locks-Revised), Wilson (1990) 1195 ALR wannaeiiuy ALW (Abraham-Locks-Wilson)

9

1 ana { o o IS @ 7 T A o J PP
Tasuaazdsnmsnanniiy Wumsdanazsiumar Inume 17 14511un1vee Sum of Disjoint

Y
1A

9 ~ 1 1 <3 an ;’f 9 9 as & A

Products uawqmmamﬁiﬂmu IBINHUAQIULAWANNUTIUNININITUOY  Abraham  HIW
=) 2 dy
3UALIDIAAIY

... A 4 Y Al 1 9 o @ ' ~ @

Disjoint Products ﬂaﬂﬁumwwmmmmiwag“lumaw"lwmi%uwmu U HINUIFAA

$ J 1 [ 1 13
uﬁﬂﬂugﬂﬁ 240 LAZADIMIMIAIUDY P(AUB) snzliminy P(A)+P(B) uaaziinnilu
Pr(A) + Pr(B — A) aw31lil 2.4v #392138nWa35I06INa1271 Sum of Disjoint Product 1aza1niyAgia

@ <
vouyadzasadagilu

Pr(AU B) = Pr(A)+Pr(B—A)

Pr(A)+Pr(BAA) = Pr(A)+Pr(AnB) 2.6)

gﬂﬁ 2.7 Disjoint Product
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[ lel P A I Yo A
auiuiothravesaumsn  (2.6) wlszgnaldiuaunmsn (22) wEWTINTZIANY

unseielugzives Sum of Disjoint Products @iy daaumsi (2.7)

R = Pr(Xy) +Pr(X;) nPr(X,) +Pr(X;) nPr(X5) NPr(X3)

+Pr(X,) NPr(X5) NPr(X3) NPr(Xy). 2.7)

Y 1
nniwihimsulasaums (2.7) Tdeglugzives Boolean o l¥ngues Boolean Tumisfiuim

@ @

o Y o I csy
Tastriualddyanyallagil

¥ @

13197 2.2 eydnuaived Boolean

Set Boolean
U +
a X
Pr(Xj) Xi
Pr(Xi) Xi
Pr(xij =1) X
Pr(xjj =0) X;

iiomouauns (2.7) Tmilugiues Boolean v Idaunsiiu

R = Xl +Y1XZ +Y1Y2X3 +X1X2YSX4 2.8)

' — B < i v Aaa o :
Tag Pr(X;) wie X; aoanuunziunbisunsaldoudiddonm X; 18 Feaunse
° ] 3 A A A £ Aana o [l o Y A Y
furannanuzduaimadenlamasounialuiiiianm X; liawisodau’ls uaziiold
Aaa o

o ] 1< ' < Y
WaNN5U0Y Sum of Disjoint Products 3¢ IdA1minazituniidanin X; luannsaldauld duds

AUMSN (2.9)
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Pr(X;) = X; = X; +X;Xg +X;XX¢ + X XXXy + .. 2.9)

A 4 Aan o { <
1009 Xp, Xs, X¢) Xy oo NUMGFouluitiianm X; Adanuziu 1

o A o o ' ' J ' Pr ~ ]
u]ﬂaﬁlu’duﬂqﬁw 2.9 3J']°|/nﬂ'l§fnu'Jﬂ!W1ﬂTﬂ’nuu]%glﬂum@ﬂuﬁangﬂuslu/ﬁuﬂ'ﬁm 2.9) Ulﬂ

v  JA

NAANTAD

X1 = X1X2
X1X2 = (Yl +X1¥2)X5X6 = Y1X5X6 +X1¥2X5X6

X1X2X3 = (X1 +X1X2)(X5 + X5Xg)X1X3Xg = X1X2X3X5Xg

Xl XZXSX4 = (Yl + X172)(¥5 + XSXG)(XI + X1¥3 + X1X3YG)X2X4X5 = ¥1X2X4X5YG

o Tunua luaums (2.8) 92181

R = X1X9o +71X5X6 + X1X2X5X6 +X1¥2X375X6 +YlX2X4X576
= 0.8x0.8+0.2x0.8x0.8 +0.8x0.2x0.8x0.8 + 0.8x0.2x0.9x0.2x0.8
+0.2x0.8x0.9x0.8x0.2 = 0.91648.

ad e < ' o o ]
9INITMIVOI Sum of Disjoint Products taadl¥ifiudn $1uaumarilumsiiaeziiosni
9 . . L ' < A 1 Ao 2 ~Aq v
M351% Inclusion-Exclusion Principle ts19é1415Aauiiioszuy Insavieliduiuunnvy nainleylums
o < Y =KX A9 o ad [ ] I [l
Aafzmnnmudiy  Jadinaueislumsissnamanuingtiuvesssunlaswielasns
o 4 . . % 1 1 4 1 1 4 @
$1apunamsnl (Simulation) FI9zFreaAAMAZANNGINDITUYTATIIBRVLIR Mg IY feaz

nanluiiteda ll
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a o d
2.1.2 fnﬁ‘]Jﬁg!NuIﬂfJﬂ15‘iﬂﬁf’)\1!ﬁf’]ﬂ1ﬁﬂ!

an o o ao dy I o 4 a o
3ﬁﬂ15%1a@@&ﬂﬂﬂ1im1u\ﬂu3"ﬂﬂual%)ﬁl“ﬁﬂ'ﬁﬁ]']a'ﬂ\?!‘l’iﬁ]ﬂ1§m!LUUlI@‘L!GIﬂ’]iTa (Monte Carlo
5 Y] a o ! ] o d'o a a
Simulation) ﬁﬂﬂ?ﬁﬂiﬂilmiﬂﬂﬂﬂwmﬁ@iiuﬂ']'iQNN'lul,L‘iJ‘UElnﬁf)\ﬂflﬂTa@ﬂWﬂ@lﬂiiNﬂlﬂﬁi%UU%iﬂ Tﬂﬁl
1 Qs/l o 2’ ugzl 1 1 1 I P 1 (U 1 $
MIguIUIEYANTEINE a1 assaunMmanuiziuveungmsainaulogdigaaimilg
as o 4 a 4 dyd o ’q Y [ ] =
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M3 3.2 nmsmuwamimanudziluasdunuuesudazigmsal
nadii Pr(a;) | Pr(ay) | Pr(ag) | Pr(ag) | Pr(as) | Pr(ag) | anwunziu Aunu
1 0.8 0.8 0.9 0.9 0.8 0.8 0.331776 35
2 0.8 0.8 0.9 0.9 0.8 0.2 0.082944 35
3 0.8 0.8 0.9 0.9 0.2 0.8 0.082944 35
4 0.8 0.8 0.9 0.9 0.2 0.2 0.020736 35
5 0.8 0.8 0.9 0.1 0.8 0.8 0.036864 35
6 0.8 0.8 0.9 0.1 0.8 0.2 0.009216 35
7 0.8 0.8 0.9 0.1 0.2 0.8 0.009216 35
8 0.8 0.8 0.9 0.1 0.2 0.2 0.002304 35
9 0.8 0.8 0.1 0.9 0.8 0.8 0.036864 35
10 0.8 0.8 0.1 0.9 0.8 0.2 0.009216 35
11 0.8 0.8 0.1 0.9 0.2 0.8 0.009216 35
12 0.8 0.8 0.1 0.9 0.2 0.2 0.002304 35
13 0.8 0.8 0.1 0.1 0.8 0.8 0.004096 35
14 0.8 0.8 0.1 0.1 0.8 0.2 0.001024 35
15 0.8 0.8 0.1 0.1 0.2 0.8 0.001024 35
16 0.8 0.8 0.1 0.1 0.2 0.2 0.000256 35
17 0.8 0.2 0.9 0.9 0.8 0.8 0.082944 55
18 0.8 0.2 0.9 0.9 0.8 0.2 0.020736 100
19 0.8 0.2 0.9 0.9 0.2 0.8 0.020736 55
20 0.8 0.2 0.9 0.9 0.2 0.2 0.005184 100
21 0.8 0.2 0.9 0.1 0.8 0.8 0.009216 55
22 0.8 0.2 0.9 0.1 0.8 0.2 0.002304 100
23 0.8 0.2 0.9 0.1 0.2 0.8 0.002304 55
24 0.8 0.2 0.9 0.1 0.2 0.2 0.000576 100
25 0.8 0.2 0.1 0.9 0.8 0.8 0.009216 45
26 0.8 0.2 0.1 0.9 0.8 0.2 0.002304 100
27 0.8 0.2 0.1 0.9 0.2 0.8 0.002304 100
28 0.8 0.2 0.1 0.9 0.2 0.2 0.000576 100
29 0.8 0.2 0.1 0.1 0.8 0.8 0.001024 45
30 0.8 0.2 0.1 0.1 0.8 0.2 0.000256 100
31 0.8 0.2 0.1 0.1 0.2 0.8 0.000256 100
32 0.8 0.2 0.1 0.1 0.2 0.2 0.000064 100
33 0.2 0.8 0.9 0.9 0.8 0.8 0.082944 45
miﬂsuﬁuﬁunumﬁiﬂmaﬁ:uumi’uudaﬁﬁmmhiLLu'.uau. 35




NenuATuaNY L

A

22
M3 3.2 miﬁmammﬂ'wmmu'nzﬁJuuazﬁ'unum@méazm@miﬁ(@ia)
nadii Pr(a;) | Pr(ay) | Pr(ag) | Pr(ag) | Pr(as) | Pr(ag) | anwunziu Aunu
34 0.2 0.8 0.9 0.9 0.8 0.2 0.020736 75
35 0.2 0.8 0.9 0.9 0.2 0.8 0.020736 100
36 0.2 0.8 0.9 0.9 0.2 0.2 0.005184 100
37 0.2 0.8 0.9 0.1 0.8 0.8 0.009216 45
38 0.2 0.8 0.9 0.1 0.8 0.2 0.002304 100
39 0.2 0.8 0.9 0.1 0.2 0.8 0.002304 100
40 0.2 0.8 0.9 0.1 0.2 0.2 0.000576 100
41 0.2 0.8 0.1 0.9 0.8 0.8 0.009216 45
42 0.2 0.8 0.1 0.9 0.8 0.2 0.002304 75
43 0.2 0.8 0.1 0.9 0.2 0.8 0.002304 100
44 0.2 0.8 0.1 0.9 0.2 0.2 0.000576 100
45 0.2 0.8 0.1 0.1 0.8 0.8 0.001024 45
46 0.2 0.8 0.1 0.1 0.8 0.2 0.000256 100
47 0.2 0.8 0.1 0.1 0.2 0.8 0.000256 100
48 0.2 0.8 0.1 0.1 0.2 0.2 0.000064 100
49 0.2 0.2 0.9 0.9 0.8 0.8 0.020736 45
50 0.2 0.2 0.9 0.9 0.8 0.2 0.005184 100
51 0.2 0.2 0.9 0.9 0.2 0.8 0.005184 100
52 0.2 0.2 0.9 0.9 0.2 0.2 0.001296 100
53 0.2 0.2 0.9 0.1 0.8 0.8 0.002304 45
54 0.2 0.2 0.9 0.1 0.8 0.2 0.000576 100
55 0.2 0.2 0.9 0.1 0.2 0.8 0.000576 100
56 0.2 0.2 0.9 0.1 0.2 0.2 0.000144 100
57 0.2 0.2 0.1 0.9 0.8 0.8 0.002304 45
58 0.2 0.2 0.1 0.9 0.8 0.2 0.000576 100
59 0.2 0.2 0.1 0.9 0.2 0.8 0.000576 100
60 0.2 0.2 0.1 0.9 0.2 0.2 0.000144 100
61 0.2 0.2 0.1 0.1 0.8 0.8 0.000256 45
62 0.2 0.2 0.1 0.1 0.8 0.2 0.000064 100
63 0.2 0.2 0.1 0.1 0.2 0.8 0.000064 100
64 0.2 0.2 0.1 0.1 0.2 0.2 0.000016 100
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Aunumslfduni C; aywiezidlu Pr(C;) C; xPr(C;)
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55 0.13824 7.60320
45 0.11520 5.18400
75 0.02304 172800
100 0.08352 8.35200
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E(Cost) = ZC(Yi YPr(C(Y;)) + Cu @-R). (3.2)
i1

nnaumsh 3.2) anwdngilulumsfedunu CY;) wdeslisuimuaiuingdui
Nudawm Y; auwnsoldauldluvaghiddanmoug allduguindini C(Y;) ldamnsaldau’ld
Fannouludanan emnsadeu Pr(C(Y;)) 1alnideaumsin (3.3)

Pr(C(Y;)) = Pr(Y; | (Yy UYy U..UY,q) )xPr(Yy UY, UL LY ) (3.3)

HAZNNFAUAVDAULANIN

Pr(A|B')x Pr(8") =%XPKB') (3.4)
— Pr(ANB) (3.5)
= Pr(A)-Pr(AnB). (3.6)

4 o [ o P o [ { 1 I~ a
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C(Yi)rﬂu
Pr(C(Y;)) = Pr(Y;)—-Pr(¥i n (YUY, U...UYj_1)) (3.7

1aziiie 1% Inclusion-Exclusion Principle AUAUMTN 3.7 %'lﬁﬁumﬂmjzﬂu

i-1 i-1 -1
PI’(C(Yl)) = Pr(Yi)—ZPr(Yi ﬂYJ)-i-Z ZPF(Yi ﬁYJ ﬁYk)
j=1 j=1 k=j+1
i-1 -1 i-1
=Y > 2PrYinYjnYenY)) +.. (3.8)

j=1 k=j+1 I=k+1
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E(Cost) =C (Y1) x [Pr(Yy)]+ C(Y2) x[Pr(Y2) - Pr(Yo " Yy)]
+C(Y3) x[Pr(Y3) —Pr(Yg N Y;) —Pr(Ys N Y,)+Pr(Ys nY; NY,)]
+C(Yg)x[Pr(Yq) —=Pr(Ys N Yy) = Pr(Ys NY,) = Pr(Ys NY3)
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—Pr(Y4 nY; nY; NY3)] +Cy x(1-R). (3.10)
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Pr(Y; UY, U...UYi_1) = Pr(Yy) + Pr(Yy) x Pr(Yy) +...+ Pr(Yy) x Pr(Y) x...x Pr(Y; ;) (3.11)
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Binary Logistic Regression:
Link Function: Logit
Response Information

Variable Value Count
Result 1 98 (Event)
0 94
Total 192

Logistic Regression Table

95% CI
Predictor Coef  SE Coef z P OddsRatio Lower Upper
Constant -8.4036  5.31595 -1.67 0.094
Price 325125 6.08196  5.35 0 1.32E+14 8.77E+08 1.98E+19
Oil -1.09083 0.290131 -3.76 0 0.34 0.19 0.59
Contact 2.87332 0.826933 3.47  0.001 17.7 35 89.49
Back haul 6.92365 141801  4.88 0 1016.03 63.08  16366.03
Peak -2.09168 0.760286 -2.75  0.006 0.12 0.03 0.55
Log-Likelihood =-32.014
Test that all slopes are zero: =202.056  DF =5 P-Value = 0.0000
Goodness-of-Fit Tests
Method Chi-Square DF P
Pearson 29.7529 90 1.000
Deviance 25.2126 90 1.000
Hosmer-Lemeshow 1.5147 8 0.992
Measures of Association:
(Between the Response Variable and Predicted Probabilities)
Pairs Number Percent Summary Measures
Concordant 9041 98.1 Somers'D 0.97
Discordant 151 1.6 Goodman-Kruskal Gamma 0.97
Ties 20 0.2 Kendall's Tau-a 0.48
Total 9212 100
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Binary Logistic Regression:
Link Function: Logit
Response Information
Variable Value Count
Result 1 97 (Event)
0 127
Total 224
Logistic Regression Table
95% CI
Predictor Coef  SE Coef Z P OddsRatio Lower Upper
Constant -455173  13.7073  -3.32 0.001
Price 42,9343  10.6095  4.05 0.000 4.43E+18  4.12E+09 4.75E+27
Oil -0.458958 0.260945 -1.76 0.079 0.63 0.38 1.05
Contact 8.31504  2.13165 3.9 0.000 4084.87 62.62 266485.33
Back haul 17.3999  4.25776  4.09 0.000 36032180.9 8558.71 1.51695E+11
Peak -3.47698 118529 -2.93  0.003 0.03 0 0.32
Log-Likelihood =-29.121
Test that all slopes are zero: =262.499, DF =5 P-Value = 0.0000
Goodness-of-Fit Tests
Method Chi-Square DF P
Pearson 22.8872 106 1.000
Deviance 13.5022 106 1.000
Hosmer-Lemeshow 0.8061 8 0.999
Measures of Association:
(Between the Response Variable and Predicted Probabilities)
Pairs Number Percent Summary Measures
Concordant 12235 99.3 Somers'D 0.99
Discordant 73 0.6 Goodman-Kruskal Gamma 0.99
Ties 11 0.1 Kendall's Tau-a 0.49
Total 12319 100
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(0 = exp(—8.4036 + 32.5125x; —1.0908x, + 2.8733x3 + 6.9236x4 —2.0917X5)
7 exp(—8.4036 + 32.5125x; —1.0908x, + 2.8733x3 + 6.9236x4 —2.0917X5)
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exp(—45.5173+ 42.9343x; —0.4589x, +8.3150x3 +17.39994x, —3.4769X5)
1+exp(—45.5173 + 42.9343x; — 0.4589x, +8.3150x3 +17.39994x, —3.4769X5)
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1pou FIMAVUAL (VIN/AU) anurhazilu
1.0-.06 302 0.864
1.W-.06 302 0.936
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Monte Carlo Algorithm
Input: A digraph D = (V, E) with probability P(Y) on its edges; a node S €V
Output: The reliability and cost index from S to all VeV
begin set error, i=1;
while' max (C(i)~C(i-D||RG)-RG-1)|) > error
generate random numbers vector N from a uniform (0,1) distribution;
forall yeE, j=0:n(E), if P(y)>N(j), A= E-{y};
Gi =(V.A);
C(i) = Shortest path(G;j);
if C(1) =0, R(i) = O else R(i) =1;
i=i+1
end
end
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Dijkstra’s Algorithm
In put: A digraph D =(V,E) with costs C_, =0 on its edges; a node s €V
Out put: The shortest distances from S to all VeV inarray p.
begin set W :={s}; p[s]:=0;

forall y eV —{s} do p[y]:=cqy ;
while W =V do
begin find min{p[y]:y €W}, say p[x];
set W:=W u{x};
forall yeV —W do
plyl= min{p[yl], p[X]+Cxy}
end

end
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In put: A digraph D =(V,E) starat S and terminal at T
Out put: The set of all minimal path
begin set MPN:=[S]; ] = first column of MPN,
while MP(;, j) =T do
begin find node connected with MPN(:, j) and putitin MPN(:, j +1)
duplicate that row to the end of MPN
set j=]+1
end
convert MPN to MP by read the edge that connect the node
end
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maven | anuinsduimadenaunsohiould Aunumsldidunia

a 0.83 18
a, 0.84 27
ag 0.82 31
a, 0.82 23
a 0.81 21
ag 0.77 29
a; 078 23
ag 0.83 39
ag 0.86 27
agg 0.80 19
ap; 0.78 23
agy 0.85 28
a3 0.77 25

s llamnsavudsdui e 300
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. AunuUMS . AunUMS
HiTanm ARV A ALY
Taiduma Iaiduma
{a1,a4,38¢, 811} 93 {a;.8g,89,810, 811} 135
{a2. 88, 215} 94 {a1,84,85,89,a11, 813} 137
{a2,810,812,813} 99 {a1,83,85,87,310, 312} 140
{az.35,385, 211} 100 {a1,33,85,87,89, 811} 143
{a2,89,811,a13} 102 {a1,a4,85,89,810, 812} 144
{a1,84,a7,810, 812} 111 {a1,83,8¢,87,a11, 813} 149
{a1,a4,a7,89, 1} 114 {az.a3,84,a7, 810,812} 151
{a1. 83,85, 812} 116 {az.85,86,89, 810,812} 151
{a2.85.87, 80,812} 118 {a2.83,84,87,89,811} 154
{a1,83,310,812, 213} 121 {a1,a4,a7,8g,a12, 813} 156
{a.a85,87,a9,a11} 121 {a;,a3,a3,89, 80,811} 157
{a1,a3.,85,85, 811} 122 {a,a5,87,8g, 810,311} 160
{ay.a3,a9,811,813} 124 {a1,84,a5,83,89, 810, 811} 170
{ay,86,87,811,813} 127 {a1,a3,85,86,89, 310, 212} 173
{a1,a4,85,8g,312} 129 {a1,a3,8¢,a7,8g, 310, 211} 182
{a2.83,84,8¢, 811} 133 {a2.83,84,85,89, 810, 312} 184
{a1,a4,85,310,812,813} 134 {a1,a4,35,8g,39,312,313} 189
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maven | anuinsduimadenaunsohiould Aunumsldidunia
ay 0.73 43
a, 0.76 31
ag 0.71 40
a, 0.74 28
a 0.81 25
ag 0.69 27
a; 0.68 10
ag 0.83 17
ag 0.67 20
ayo 0.73 13
ag 0.76 35
ay 0.71 15
as 075 40
ay 0.73 29
as 0.75 38
agg 0.7 36
ag; 0.66 28
g 0.71 17
ayg 0.75 20
ay 0.77 12
ay 0.7 30
an 0.72 15
a3 0.72 23
a4 0.68 15
as 0.81 32
agg 0.74 2
ay7 0.7 18
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maven | anuinsduimadenaunsohiould Aunumsldidunia
ayg 0.72 25
asg 0.74 31
asg 0.71 46
s liamnsavudsdui e 300
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. AunuMs . AUNUNS
Hsann Hsann
Téiduma Iaduma
{a4.215.330} 91 {a4.a18,875, 826,828} 124
{a3,a14, a8} 94 {as,a9,a19,a27,a30} 126
{a1.a10.a23.827} 97 {az.a7,a11,823, 827} 126
{a4,88,814,828} 99 {a3,a7,812,83,az8} 130
{a4.2816.820.828} 101 {a3.a6.a7,810,823. 827} 131
{a4,218,a2g,829} 101 {a4.,a7,ag,a11,a23, 827} 131
{a2.811.823,877} 107 {a4.87.,88,812,813,878} 135
{as,a9,a15.a30} 108 {a4,86,a7,8g,810, 823,827} 136
{a4,39,877,330} 109 {as,ag,a19,a72,828, 829} 136
{az,812,a13, 828} 111 {as,ag,a9,815,820, 828} 137
{a;,8¢,810,823, 827} 112 {as.ag,a17,80, 71,828} 140
{a3,a15,ap0, 08} 115 {as,ag,a18,a25,826,328} 141
{as,ag,a9,a14, a8} 116 {a4,319,822,875, 86, a8} 142
{as.a9,a16.80, 828} 118 {as,a7,88,89,811,823,877} 148
{as,ag,a1g,ap8,829} 118 {as,a7,ag,a9,a12,a13, a8} 152
{a4.819,892,87g, 829} 119 {as.85,87,8g,89,810,823, 827} 153
{a4.8g.a15.30, a8} 120 {as.a9,a19,877, 875,826, 828} 159
{a4,217,820,871, 828} 123 {a1,8102, 813,873,824, 828} 174
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maven | anuinsduimadenaunsohiould Aunumsldidunia

=1 0.7 47
as 0.63 43
ag 0.72 39
ay 0.65 25
a 0.71 33
ag 0.67 41
a; 0.74 48
ag 0.76 27
ag 0.67 61
a0 0.72 35
aq 0.71 24
ag, 0.75 40
a3 0.62 51

s llamnsavudsdui e 400
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. AunuUMS . AunUMS
HiTanm ARV A ALY
T4 duna T4 duma
{a. a9} 108 {az.a5,a7,a3,80} 182
{a;,8g,a12} 110 {a1,8g,810, 811,813} 184
{az.a5,a15} 112 {a3,a4,3¢,810, 213} 191
{ay,a5,a10} 123 {ay,a5,87,89} 193
{287,810} 126 {a1,a4,85,312,313} 196
{a.ag.a10,311} 129 {az.a5.8g,89,811} 196
{az.a5,a10,a11} 131 {az.a5.86,89,811} 198
{a3.a4.8g,a12} 131 {a2.86,811,812,813} 199
{a2.84.85,2815} 141 {ay,a5,a7,88,815} 203
{a3z,a4,a7,310} 147 {a1,a7,811,812, 813} 210
{a3.a4,a3,a109,211} 150 {a3,a5,ag,a9,313} 211
{a1,86,211,812} 152 {a3,a4,86,a7,89} 214
{a;,39,313} 155 {a1,a4,85,a10,311, 893} 215
{ay,87,81,810} 155 {a3,a4,35,8g,89,a11} 217
{az,a4,85,210, 811} 160 {a3,a4,35,811,812, 13} 220
{218,312, 813} 165 {a3.a5.86.88, 810, 213} 226
{a,386,810, 813} 170 {az.384,85,86,89,891} 227
{a3.a4.89,813} 176 {a;.84,85,85.89,312} 234
{a3.a4.a7,811.a1} 176 {a3.a5,a5,a7,8g,a9} 249
{a1,87,a10,a13} 181 {a3,a5,a7,89,a17, 83} 256
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maven | anuinsduimadenaunsohiould Aunumsldidunia

a 0.81 43
a, 0.82 39
ag 0.83 25
ay 0.82 21
a 0.81 44
ag 0.84 18
a; 0.81 37
ag 0.82 29
ag 0.85 14
ayo 0.92 36
ag 0.84 19
ao 0.91 14
as 0.78 29
ay 0.84 31

s s avudsdui1d 400
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. AunuMs . AunUMS
HTann HTanm
Tasiduma LT ATER
{a;,a4,ag,a13} 122 {az,a5,a7,8g,313} 182
{a1,84,89,812,314} 123 {ay,a5,87,89,a12,314} 183
{a2.,86,810, 214} 124 {a1,a3,86,810,211, 812,83} 184
{ay,a4,39,811,a13} 126 {a,84,85,86,89, 811,313} 134
{a;,a83,84,8g,313} 143 {a1.a5,a10,811, 812,893} 185
{a,,a3,84,89,817, 814} 144 {a1,a3,85,87,89,811, 813} 185
{a,83,84,89,811, 813} 147 {a1.a5,a7,a9,a17, 893} 186
{a2.8¢.87.83, 213} 152 {az.85.87.88,811,812, 814} 187
{a1.a3,86,810.814} 153 {az.83,84,87,810. 814} 189
{a,,86,a7,89,812,814} 153 {a1,84,87,a10,811,812, 813} 199
{ay.a5,a109,a14} 154 {az,a3,a5,a7,ag,a13} 203
{a,86,a10,811,812,313} 155 {a2,83,85,a7,89,817, 814} 204
{a,86.,87,89, 811,813} 156 {az,a3,a5,a10,a11, 812,83} 206
{a1,24,38,811,812, 314} 157 {ay,a3,a5,a7,89,811,a13} 207
{a1,84,a7,a10, 814} 168 {a1,a5,85,8g,89,810,312,313} 208
{a2.83,85,810,314} 175 {a1,a5,8g,89,810, 812,813} 209
{a,83,84,8g,311, 812,814} 178 {az.,84,85,86,88,811,812, 314} 215
{a;.8¢.88,89,810. 812, 813} 179 {a1.83,86,87,8g,811, 812,814} 216
{a.84.85,8¢6.88,313} 130 {a1.a5.a7,8g,811,812, 814} 217
{a2,24,85,85,89,812,814} 181 {a2,83,84,87,810,a11, 812,313} 220
{a;.a3,86,a7,3g,a13} 181 {az,a3,a5,83,a9, 810,812,813} 230
{a1,83,85,87,89,812,814} 182 {a2,83,85,a7,8g,811,812, 314} 238
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maven | anuinsduimadenaunsohiould Aunumsldidunia

a 0.73 30
a, 0.77 17
ag 0.67 35
a, 0.73 28
a 0.69 41
ag 0.68 27
ay 0.75 47
ag 0.77 20
ag 0.75 26
ayo 0.74 31
ayy 0.69 41
ay 0.74 20
a3 0.67 32
ay 0.74 39
as 0.83 20
a6 0.8 15
ag; 0.7 37
ag 0.77 23
ayg 0.76 33
ayg 0.71 25

nsdif lamnsovudadumld 300
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. AunuUMS . AunUMS
HiTanm ARV A ALY

T4 duna T4 duma
{a2,84,212, 318} 88 {2, a5, 16,319, 820} 131
{a1,8g, 812, &8} 93 {a1, 88,811, 415, 318} 134
{ay, a5, &8, a0} 106 {23,835, 816,819,320} 135
{a3.85, 248,320} 110 {ap, 84,289,813, 810} 136
{a2,84,312, 816,310} 113 {a3,a10, 316,819,820} 139
{a3,a10, 818,320} 114 {a1,88,a9, 13, &9} 141
{a1, 85,812, &6, 319} 118 {a2,84,89, 816,819,320} 144
{a2.284,89, &g, 820} 119 {a1,87, 815,316, 19} 145
{a1,a7,815. 318} 120 {a1. 83,89, 816,819,820} 149
{a;,a5,a13, 819} 123 {a1,a7,814, 217} 153
{a1, g, 89, &8, a0} 124 {az.84,211,815, 816,819} 154
{a3. 35, &3, &9} 127 {a1, 88,811, 815,816,819} 159
{az,a4, 41, 5, 818} 129 {ap. 84,211, 84,317} 162
{a3,a109, 213,219} 131 {a1,a3,a11,814, 47} 167
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maven | anuinsduimadenaunsohiould Aunumsldidunia

a 0.75 18
as 0.62 45
ag 0.63 41
ay 0.69 21
as 0.71 21
ag 0.67 34
a; 0.61 16
ag 0.61 23
ag 0.69 27
a0 0.63 14
a1 0.63 35
ay 0.69 15
a3 0.73 43
Ay 0.68 27
as 0.74 38
A 0.69 40
ag; 0.75 41
ag 0.65 23
ayg 0.68 23
a 0.60 1
ay 0.70 24
an 0.72 23
a3 0.62 25
a 0.69 37
as 0.75 29
A 0.70 42
ay7 0.66 23
ag 0.69 28

nsdif Iamnsovudadumld 300
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. AunuMs . AunUMS
HTanm Htiann
Taiduma LT ATER
{a1.a5,a10,a24} 90 {a3,ag,a13,325} 136
{a1,85,812,820, 325} 107 {a4,a9,a15,a71, 85} 139
{as. 817,228} 110 {as. 818,819,825, 827} 139
{a3, 818,819,828} 115 {a4,a9,816, 823,828} 141
{a2,a7,812,80, 825} 116 {a4.a9,817,85,827} 141
{ay,a13,a5} 117 {a4,a7,8g,89,812,820, 825} 142
{a4,a9,817, 328} 117 {a4.,ag,89,813,825} 143
{a4.89,2818.819,828} 122 {a3. 88,814,821, 825} 144
{a3. 816,826} 123 {a4.89,818,819,825., 877} 146
{a1,85,817, 824} 124 {a4,ag,89,814,821,825} 151
{a2,a14,821,825} 125 {az.a7,ag,811,824} 152
{a4,a9,816, 826} 130 {a3,a16,821,822, 825} 157
{a3, 815,81, 825} 132 {a3, 816, a73,825,827} 158
{ap,a7,a11,a4} 133 {a4,a7,8g,a9,811,a24} 159
{a3, 816,873,328} 134 {a4,89,816,871, 82,825} 164
{a3,a17,az5,357} 134 {a4.89,816., 823,875,827} 165
{ag,a7,ag,a12,820,a25} 135
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ANHULMITIN ; 0= 510754 1 = doriipa

Fudifoandy : 0 = "lai] 1=1i

LRIGE 0 = Iimsvudaos 1 = UMIvuaaun

wamsaadule : 0= lisuvuaa 1 = Suuuds

FIMMUVUE iy Mg Fum Han3
o A v 4 agnia v =
(UIN/AU/NI.) Wn/ans) 1N MeINaLU aguly

0.8 22 0 0 0 0
0.9 22 0 0 0 0
1.0 22 0 0 0 1
1.1 22 0 0 0 1
1.2 22 0 0 0 1
0.8 22 0 0 1 0
0.9 22 0 0 1 0
1.0 22 0 0 1 1
1.1 22 0 0 1 1
1.2 22 0 0 1 1
0.8 22 0 1 0 0
0.9 22 0 1 0 1
1.0 22 0 1 0 1
1.1 22 0 1 0 1
1.2 22 0 1 0 1
0.8 22 0 1 1 0
0.9 22 0 1 1 0
1.0 22 0 1 1 1
1.1 22 0 1 1 1
1.2 22 0 1 1 1
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FIMAVUA i M3 Fu WAN1S
o A "y 4 agna o
(UN/AU/NI.) @Wn/ans) SRERN! MeINAL adule
0.8 22 1 0 0 0
0.9 22 1 0 0 0
1.0 22 1 0 0 1
1.1 22 1 0 0 1
1.2 22 1 0 0 1
0.8 22 1 0 1 0
0.9 22 1 0 1 0
1.0 22 1 0 1 1
1.1 22 1 0 1 1
1.2 22 1 0 1 1
0.8 22 1 1 0 1
0.9 22 1 1 0 1
1.0 22 1 1 0 1
1.1 22 1 1 0 1
1.2 22 1 1 0 1
0.8 22 1 1 1 1
0.9 22 1 1 1 1
1.0 22 1 1 1 1
1.1 22 1 1 1 1
1.2 22 1 1 1 1
0.8 25 0 0 0 0
0.9 25 0 0 0 0
1.0 25 0 0 0 0
1.1 25 0 0 0 1
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o -  y d o agma o
(UN/AU/NY.) RGER) 1IN MeINaY aduly
1.2 25 0 0 0 1
0.8 25 0 0 1 0
0.9 25 0 0 1 0
1.0 25 0 0 1 0
1.1 25 0 0 1 0
1.2 25 0 0 1 0
0.8 25 0 1 0 0
0.9 25 0 1 0 0
1.0 25 0 1 0 1
1.1 25 0 1 0 1
1.2 25 0 1 0 1
0.8 25 0 1 1 0
0.9 25 0 1 1 0
1.0 25 0 1 1 1
1.1 25 0 1 1 1
1.2 25 0 1 1 1
0.8 25 1 0 0 0
0.9 25 1 0 0 0
1.0 25 1 0 0 0
1.1 25 1 0 0 1
1.2 25 1 0 0 1
0.8 25 1 0 1 0
0.9 25 1 0 1 0
1.0 25 1 0 1 0
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o - "y 4 ggna o =
wn/eu/nu.) (UM/aa9) TN MyInay ﬂﬁublfl]
1.1 25 1 0 1 0
1.2 25 1 0 1 1
0.8 25 1 1 0 1
0.9 25 1 1 0 1
1.0 25 1 1 0 1
1.1 25 1 1 0 1
1.2 25 1 1 0 1
0.8 25 1 1 1 0
0.9 25 1 1 1 1
1.0 25 1 1 1 1
1.1 25 1 1 1 1
1.2 25 1 1 1 1
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M54 A2, wamsaeunwgUszneumsvudingui 2

FIMMVU st Mg fum Han1g
N - v 4 agna v o
(UIN/AU/NL.) ORGER) 1 MeInay aduly
0.7 22 0 0 0 0
0.8 22 0 0 0 0
0.9 22 0 0 0 0
1.0 22 0 0 0 0
1.1 22 0 0 0 0
1.2 22 0 0 0 0
1.3 22 0 0 0 0
0.7 22 0 0 1 0
0.8 22 0 0 1 0
0.9 22 0 0 1 0
1.0 22 0 0 1 0
1.1 22 0 0 1 0
1.2 22 0 0 1 0
13 22 0 0 1 0
0.7 22 0 1 0 0
0.8 22 0 1 0 0
0.9 22 0 1 0 1
1.0 22 0 1 0 1
1.1 22 0 1 0 1
1.2 22 0 1 0 1
13 22 0 1 0 1
0.7 22 0 1 1 0
0.8 22 0 1 1 0
0.9 22 0 1 1 0
1.0 22 0 1 1 1
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1.1 22 0 1 1 1
1.2 22 0 1 1 1
13 22 0 1 1 1
0.7 22 1 0 0 0
0.8 22 1 0 0 0
0.9 22 1 0 0 0
1.0 22 1 0 0 0
1.1 22 1 0 0 0
1.2 22 1 0 0 0
1.3 22 1 0 0 0
0.7 22 1 0 1 0
0.8 22 1 0 1 0
0.9 22 1 0 1 0
1.0 22 1 0 1 0
1.1 22 1 0 1 0
1.2 22 1 0 1 0
1.3 22 1 0 1 0
0.7 22 1 1 0 0
0.8 22 1 1 0 1
0.9 22 1 1 0 1
1.0 22 1 1 0 1
1.1 22 1 1 0 1
1.2 22 1 1 0 1
13 22 1 1 0 1

miﬂinﬁuﬁunumﬁmJaﬁ:uumi“uuf«iaﬁﬁﬂ’nuvl,&iuﬂuau

138



NenuATuaNY L

2\

4
=]

n

M519 A2, wamsgounwdlszneumsvudingui 2 (ae)

FIMMUUE T 3 aum Han3
o - v 4 o agna o
(UN/AU/NY.) RGER) 1IN MeInNaY aduly
0.7 22 1 1 1 0
0.8 22 1 1 1 1
0.9 22 1 1 1 1
1.0 22 1 1 1 1
1.1 22 1 1 1 1
1.2 22 1 1 1 1
1.3 22 1 1 1 1
0.7 25 0 0 0 0
0.8 25 0 0 0 0
0.9 25 0 0 0 0
1.0 25 0 0 0 0
1.1 25 0 0 0 0
1.2 25 0 0 0 0
1.3 25 0 0 0 0
0.7 25 0 0 1 0
0.8 25 0 0 1 0
0.9 25 0 0 1 0
1.0 25 0 0 1 0
1.1 25 0 0 1 0
1.2 25 0 0 1 0
13 25 0 0 1 0
0.7 25 0 1 0 0
0.8 25 0 1 0 0
0.9 25 0 1 0 1
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FIMMUUE T 3 aum Han3
o - v 4 o agna o
(UN/AU/NY.) RGER) 1IN MeInNaY aduly
1.0 25 0 1 0 1
1.1 25 0 1 0 1
1.2 25 0 1 0 1
13 25 0 1 0 1
0.7 25 0 1 1 0
0.8 25 0 1 1 0
0.9 25 0 1 1 0
1.0 25 0 1 1 1
1.1 25 0 1 1 1
1.2 25 0 1 1 1
1.3 25 0 1 1 1
0.7 25 1 0 0 0
0.8 25 1 0 0 0
0.9 25 1 0 0 0
1.0 25 1 0 0 0
1.1 25 1 0 0 0
1.2 25 1 0 0 0
1.3 25 1 0 0 0
0.7 25 1 0 1 0
0.8 25 1 0 1 0
0.9 25 1 0 1 0
1.0 25 1 0 1 0
1.1 25 1 0 1 0
1.2 25 1 0 1 0
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1.3 25 1 0 1 0
0.7 25 1 1 0 0
0.8 25 1 1 0 1
0.9 25 1 1 0 1
1.0 25 1 1 0 1
1.1 25 1 1 0 1
1.2 25 1 1 0 1
1.3 25 1 1 0 1
0.7 25 1 1 1 0
0.8 25 1 1 1 0
0.9 25 1 1 1 1
1.0 25 1 1 1 1
1.1 25 1 1 1 1
1.2 25 1 1 1 1
1.3 25 1 1 1 1
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Evaluation of Stochastic-Flow Networks
using a Reliability Cost Index

Viboon Pongpornsup and Charoenchai Khompatrapornt
King Mongkut’s University of Technology Thonburi, Bangkok 10140 THAILAND
+662-470-9172, Emails: {viboon, ckhomp}@gmail.com

Abstract. The performance of an unreliable network is usually measured using a reliability index. The index
is useful for certain situations such as when a business wants to design and control the network. There are,
however, some other aspects of business management that cannot be answered by the reliability index alone.
For instance, the path that one chooses to traverse may depend on both the reliability and the associated
transportation cost. We propose here a reliability cost index that simultaneously considers the reliability of the
network and its transportation cost to assist business planning and decision making. This reliability cost index
is calculated based on the minimal paths of the network. Numerical examples are used to illustrate the

procedure.

Keywords: Unreliable Network Evaluation, Monte Carlo Simulation, Reliability Index, Cost of Network

1. INTRODUCTION

An assumption often imposed in network analysis is
that the network’s components (nodes and arcs) can
properly function to their full capacities. In reality, this
assumption does not always hold. The capacity of each of
the arcs in many real flow networks such as computer
systems, telecommunication systems, urban traffic systems
and logistics systems, is stochastic due to failure. Such
network is called a stochastic-flow network. Most research
studies regarding stochastic-flow networks evaluate the
probability that the networks can send data or goods from
the source to the sink under some criteria (Lin 20086,
Ramirez-Marquez et al 2005). This probability is called the
network reliability.

From the business management and decision making
view point, merely the reliability of the network is often not
sufficient to make a decision, but the cost of transmission
must also be addressed. Some studies on stochastic-flow
networks considered the transmission cost by treating it as
the upper limit to evaluate the network reliability (Lin 2006,
Yeh 2005). Under this treatment, any paths with the
transmission cost exceeding the given cost limit are
excluded from the calculation of the network reliability. In
certain network evaluation such as when we want to decide
whether to improve the reliability of sections of or the
entire network, we would like to consider all possible paths,
and then determine if the additional investment is worth the
improvement. Unfortunately, there is no formal means to
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address this type of situations. Hence, we present a
reliability cost index to assess the stochastic-flow networks
when they are not constrained by the transmission cost, and
thus their reliabilities are evaluated from all the paths in
their corresponding networks. The possible paths in the
networks here refer to the minimal paths which are the
paths connecting the sources to the sinks with the minimal
number of arcs.

This paper is organized as follows. The next section
contains some background of unreliable network analysis.
Section 3 details the procedure to obtain the reliability cost
index of a network. Numerical examples illustrating the
calculation procedure are given in Section 4. Section 5
concludes the paper.

2. PRELIMINARIES

Network reliability theory has been extensively
applied to many real-world systems such as transportation
systems, oil and gas production systems, computer and
communication  systems, power transmission and
distribution systems, and so on. The reliability of a network
is defined as the probability that the source s can connect
with the sink t.

If we assume that all nodes in the network are
perfectly reliable, then the arcs become the elements that
introduce unreliability in the network. This assumption is
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applicable in many real-world cases such as in distribution
systems that the nodes represent production plants,
warehouses, and customers, and the arcs represent sections
of roads or modes of transportation.

The simplest network is the network with binary
states: working or fails. Specifically, we assume that the
capacity of each of the arcs has binary states. One method
used to obtain the network reliability is enumeration (Lin
2006, Yeh 2005, Jin et al 2003). The method basically lists
all possible combinations of the component states to
determine the state of the system (working or fails) through
the minimal cuts (MCs) or minimal paths (MPs), and the
reliability of the system is computed using the inclusion-
exclusion principle (detailed in the appendix).

Unfortunately, enumeration is not efficient to
compute the exact reliability for a large network, so some
authors (Ramirez-Marquez et al 2005, Marseguerra et al
2005, Mello at el 1997) proposed Monte Carlo simulation
as another approach to evaluate the network reliability. The
following section describes the enumeration method and
Monte Carlo simulation in more details.

2.1. Enumeration Method

The enumeration method begins with a mathematical
model, which is often simplified, and evaluates the
reliability based on the MCs or MPs. If we remove some
arcs from the network until the source s disconnects with
the sink t, then the set of such arcs is called a cut. AMC s a
specific cut that will not longer be a cut after removing any
arc from it. A MP is a minimum number of arcs that can
serially connect the source s disconnects with the sink t. We
focus our analysis based on the MP calculation since it can
be applied to directly calculate the reliability cost index.

To demonstrate MPs in the network, let’s consider a
simple network in Fig. 1 below. In this network, there are
totally 4 MPs, {a,a,} , {a.,a3a5} , f{as,aq} and

{a,,a,,a5}, and each path comprises of 2 to 3 arcs out of
the 6 available arcs. The source s can connect with the sink
tif at least one of these 4 MPs functions. Notice that there
is no cost consideration associating with the MPs here.

Q ay

as ag

O
Figure 1: Sample 1 Network.

Some of these MPs may not function due to failure
of some arcs. The reliability of the network is the

692

probability that data or goods can be transmitted using at
least one of the MPs. Let N = {Xy, X,,..., X} be the set of
MPs, and n be the totally number of MPs, then the
reliability R of the network can be obtained using Eqn. (1).

R=Pr(X;uX;u..X,) 1)
Applying the inclusive-exclusive principle to Egn. (1), we
obtain:

R=Pr(X;)= Y Pr(X;nX;)

i=1 i<j

+ Zpr(xi AXGAX) =

i<j<k

O]

2.2. Monte Carlo Simulation

Simulation is a technique to estimate the system
performance by trying to imitate the actual process which
often involves randomness in the system. The method
therefore treats the problem as a series of experiments
conducted in the simulated time. The simulation process
can be used to estimate various reliability parameters, and
to obtain, if required, the probability distributions of the
parameters. Monte Carlo simulation is applicable to a wide
variety of problems where statistical sampling is employed
to approximate solutions to quantitative problems such as
structure analysis (Papadrakakis et al 2002), sensitivity
analysis of a nuclear safety system (Marseguerra et al
2005), thermal radiation analysis (Zhao et al 2006) and
performance evaluation of a power system (Billinton et al
2004, Zhaohong et al 2002).

Monte Carlo simulation depends heavily on random
number generation to model the stochastic nature of the
system. Through random number generation, inputs are
randomly generated from some probability distributions
that reflect the distributions of the actual population. At the
end of the simulation, the generated points is statistically
analyzed to obtain information of the system performance.

Let 1 represent the “working” status of a component
(or an arc here) in the system, and O if not, z; be a vector
containing statuses of all components of the i'" sampling,
and F:z; > {0} be the function determining the status
of the network (working = 1 or fails = 0). The average
system performance from M the number of samplings is
denoted by F .

Then the steps in the Monte Carlo simulation to
evaluate the performance (reliability) of a network can be
summarized as follows:

1. Generate a random number from a distribution
such as a uniform distribution for each of the
components in the network.

2. For each of the components, compare the
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generated number against a criterion to
determine if the component is working or fails.
Record 1 if the component is “working”, and 0
otherwise in z; vector.

3. Evaluate z; against a criterion to determine
the overall network status F(x;) .

4. Calculate the network performance (reliability)
from the following expression:

ST
= —_— Z:).
Mizt !

5. Repeat step 1 to 4 until the value of the network
performance converges or a stopping criterion is
met.

In the next section, we apply the steps above to
evaluate the reliability cost index, with an additional step to
determine the cost. The details are discussed in section 3.2.

Let us now apply the Monte Carlo simulation to the
network in Fig. 1. Suppose that after the first sampling, the
arcs a,to ag have the following statuses z; ={1,11,0,11} .
As a result, the goods or data can be sent from s to t, hence
the network is “working”. Suppose that the second
sampling vyields z, ={1,0,1,0,1,0} , which consequently
results in a “failed” network. Table 1 shows some examples

of the sampling results of the network in Fig. 1.

Next calculate the reliability of the network by
counting the number of “working” and dividing by the
number of total samplings. Keep on sampling until the
reliability values of two consecutive samplings converge or
the stopping criterion is satisfied.

Table 1: Examples of Sampling Results from Monte Carlo
Simulation

i" sampling Arc statuses Network Status
1 141L01L Working
2 {1,01,010} Fails
3 {1,0,0,0,0,1} Fails
4 {0,0,0,011} Working

3. RELIABILITY COST INDEX EVALUATION

In the pervious section, we show that the reliability of
a network can be evaluated in two different methods, but
the network cost has not yet been considered. In this
section, we discuss how to address the network cost and its
reliability simultaneously, based on the enumeration

@)
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method and the Monte Carlo simulation.

3.1. Enumeration-Based Method

In the enumeration method, the reliability of a
network is purely evaluated from the probability of being
able to use the MPs. Suppose that using each of the MPs
incurs the cost C. Naturally, we would like to use the
cheapest MP unless it is not functional.

Let C(X,) be the cost of using minimal path p

ordered according to its associated cost from the cheapest
to the most expensive one. Hence, the MP X; is equally or
more expensive than MP X4, or C(X,;)<C(X,). The
probability Pr(C(X,)) is the probability of incurring
C(Xp) from using the MP X, because the MPs
X1y X3, Xy, cannot be used. If none of the MPs is
functional due to failure (unreliability), this incurs the cost
(probably a fine) C(u) . Therefore the system expected cost
calculated based on the MPs, their associated costs, and the

probability of using these MPs is:
n
E(Cost) = > C(X p) Pr(C(X p))+C(u)(1— R).(4)
p=1

We call this expected cost the “reliability cost index” since
it relates the network reliability with the cost.

The probability Pr(C(X,)) can be written in terms

of condition probability as follows:

| = fail)

Pr(C(X,)) = Pr(X, =work | X;, X,,.., X,,
xPr(Xy, Xy, X,y = fail)
= Pr(X, [(X,UX, U UX L)
xPr(X,;u X, u..uX p71)'),
Using set algebra, we get:
Pr(C(X,)) = Pr(X,)=Pr(X, n(X; uX,u..uX_})) .(5
Substituting Eqn. (5) into Eqn. (4), we have:

E(Cost) = Zn:C(X IPr(X,)
p=1

—Pr(X , n(X; U X, U..UX, )]
+C(U)(A-R), ©)

Applying the inclusion-exclusion principle to Eqn. (6), we
obtain:
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E(Cost) = Zn:C(Xp) Pr(Xp)—iPr(Xpqu)
p=1 q=1

p-1 p-l

)Y PIX, A XN X,)

q=1 r=q+1

p-1 p-1 p-1

=)D PHX A X A X X))

q=1 r=q+ls=r+1

+C(u)(1-R). (7

3.2 Monte Carlo Simulation-Based Method

An alternative to estimate the reliability cost
index E(Cost) is through Monte Carlo simulation. The
procedure is similar to that mentioned in section 2.2, with
one modification in Step 3. The method starts with
generating random numbers to determine the statuses (1 or
0) of the arcs and store the values in the vector z;. Then,
instead of determining the status of the network from z;,
we first search for all MPs from z; using Dijkstra’s
algorithm. If there is no functional path connecting s to t,
then we say that the network fails.

To demonstrate how the procedure can be
implemented, let us revisit the network in Fig. 1. Suppose
that the first sampling results in z; ={111,0,11} which
contains 2 MPs, {a;,a,} and{a,,a;,as}. Suppose that the
second sampling gives z, ={1,0,1,0,1,0}. Since there exists
no path connecting s to t given the statuses of the arcs in
z,, we say that the network fails in this case.

Next, select the MP with the cheapest cost, otherwise
the cost equals to the fine (if the network fails). Specifically,
the cost C(z;) equals to either the cheapest cost to
connect s to t, or the cost of network failure. Then, the
value of the reliability cost index can be estimated from the
following equation:

— 1 X
C =WZC(Zi)- (8)
i=1
In the next section, we demonstrate how the two
methods can be applied.

4, NUMERICAL EXAMPLES

Example 1
Let us now assign the probability of being able to

use each of the arcs in the network in the Fig 1 and its
associated cost as shown in Table 2. If the network fails,
then it incurs the cost of 100.

Table 2: Probabilities and costs of the network in Fig.1
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Arc Status  Probability Cost

aQ Working 0.8 10
Fails 0.2

a, Working 0.8 25
Fails 0.2

as Working 0.9 10
Fails 0.1

ay Working 0.9 20
Fails 0.1

ag Working 0.8 30
Fails 0.2

ag Working 0.8 25
Fails 0.2

After finding all MPs of this network, we obtain the
reliability to be equaled to 0.91648. The associated costs of
the MPs are shown in Table 3.

Table 3: The Minimum Paths and Costs

MP (X;) Set Cost
Xy {al’ az} 35
X, {a;,85,84 ) 45
X3 fas. a5 ) 55
X4 {32734735} 75

Using Egn. (7), the reliability cost index of this
network is:

E(Cost) =C(X;)x[Pr(X;)-0]
+C(X,)x[Pr(X,) = Pr(X, N X;) +0]
+C(X3) x[Pr(X3) =Pr(X5 N X;) —Pr(X5 N X,)
+Pr(X5 0 Xy N X )]+ C(X ) x[Pr(X,)
—Pr(X, N X;)—Pr(X, N X,)—Pr(X, N X3)
+Pr(X,; N X; N X,)+Pr(X, Xy N X3)
+Pr(X, N X, N X3)=Pr(X, N Xy N X, N X))
+C(U)x(1-R).

E(Cost) =35x[0.64] +45x[0.576 — 0.4608]



Pongpornsup and Khompatraporn

+55x[0.64 —0.4096 — 0.4608 + 0.36864]
+75x% [0.576 —0.4608-0.331776 —0.4608
+0.331776 +0.36864 + 0.331776 — 0.331776]
+100x [1-0.91648]
=22.4+5.184+7.6032+1.728 + 100 x 8.352
=36.9152 + 100 x 0.08352

=45.2672.

Applying Monte Carlo simulation with 4,000
replications and the same parameters to this network, we
obtain the network reliability F and the reliability cost
index C to be equaled to 0.9132 and 45.2312,

respectively. The results from the Monte Carlo simulation
are shown in Figure 2 below.

1

0.95-

0.8

o
©

Reliability

o
1
@

0.75 . .
0 2000 3000
Replicaton

1000 4000

55

50

N

40

Average Cost

35 . .
0 2000 3000

Replication

.
1000 4000

Figure 2: Result of Monte Carlo Simulation

Notice that the value of E(Cost) = 45.2672 obtained
from the enumeration-based method is very close to
C =45.2312 from Monte Carlo simulation-based method,
as expected.
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If we can improve the reliability of both arcs a
and a, to 0.9 and are willing to pay the increased costs of
15 and 30, respectively, the corresponding reliability of the
network is going to increase to 0.9575 with the price of an
increase in the reliability cost index to 44.5636.

The reliability cost index can also be used to
evaluate the network when there is a new arc in the
network due to a new road construction, new mode of
transportation, or a new available service. The index is
useful such as when a company needs to determine if the
new route is worth negotiating for a new contract with a
transportation service provider.

Example 2
Let us consider the network in Fig. 2 with the cost of

the arcs as shown in Table 4 and the fine of 100 if the
network fails. In this network, there are 4 MPs: {a;,a,}
{a,,a5,a,} , {az,ag,a,}, and {a;,a,,aq,a;,} . By the
enumeration-based method, the reliability of network is
found to be 0.862198, and the corresponding reliability cost
index is 44.012+100*0.137802 = 57.7922. Again, these
results are similar to those from the Monte Carlo
simulation-based method shown in Fig.4.

Figure 3: Sample 2 Network

If we add the new arc ag that has probability of
working = 0.9 and cost = 28 to the network in the Fig 4,
there are 2 additional MPs, {a;,ag} and {a;,a,,ag} , to
connect s to t. The reliability of this modified network is
increased to 0.9582, while the reliability cost index is
surprisingly decreased to 51.5009. The decrease in the
reliability cost index is due to a significant increase in the
network reliability, which implies that chance of network
failure has been decreased. This consequently decreases the
value of the C(u)(L1-R) term.

The change in the reliability cost index is an
indicator signaling that it is probably worth negotiating for
a new term of contract. If the company is investing in the
additional service route, resulting in an increase in the
network reliability, it may want to increase the fine if the
transportation service provider cannot deliver goods under
the improved network.

Table 4: Probabilities and costs of the network in Fig.3
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Arc Status  Probability Cost

=Y Working 0.80 10
Fails 0.20

a, Working 0.80 12
Fails 0.20

as Working 0.85 24
Fails 0.15

a, Working 0.90 46
Fails 0.10

as Working 0.80 30
Fails 0.20

ag Working 0.75 10
Fails 0.25

as Working 0.70 15
Fails 0.30

From the numerical examples, the enumeration-
based method and the Monte Carlo simulation-based
method produce very similar results numerically, but there
are advantages and disadvantages when implementing the
two methods. The former method gives the exact value of
the reliability cost index but the method can be intractable
when the network is large, whereas the latter one utilizes
computational algorithms that can be easily programmed,
but the time the method takes to obtain the result can be
seriously effected by the size of the network.

5. CONCLUSION

We presented a methodology called the reliability
cost index that addresses both the cost and the reliability of
the network simultaneously. The index is calculated based
upon the minimal paths of the network and their associated
costs. Moreover, the reliability cost index can be obtained
in two ways: one based on the enumeration method and the
other on Monte Carlo simulation. The enumeration-based
method gives an exact value but can be intractable when
the network is large. The Monte Carlo simulation-based
method can be easily programmed but the time it takes to
obtain the results can also be greatly effected by the size of
the network. Finally, we demonstrated how the reliability
cost index can be applied using two network examples.
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APPENDIX

Inclusion-Exclusion Principle

Pr(D, UD,..D;) = Y. Pr(D))~(-)*3 (D; N D)

i<j

—(-13 > Pr(D;"D;nDy)-....

i<j<k
Conditional Probability
, , Pr(An B") ,
Pr(A|B")xPr(B) =————=xPr(B
(A[B')xPr(B’) Pr(B')X()
= Pr(AnB’)

Pr(A)—Pr(AnB).
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