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SUMMARY

A new importance measure of lifeline network components based on the
reliability concepts is proposed to evaluate the ranks of system components. The
proposed importance measure is compared with existing importance measures and is
applied to a simple network model. Based on the application result, it is shown
that the proposed importance measure is effective to evaluate the ranks of
lifeline system components. This new measure of lifeline network components can
be used effectively to improve the system reliability of 1lifelines under
earthquakes, and to restore lifeline systems damaged by earthquakes.

INTRODUCTION

Recently, the methodologies to evaluate the reliability of 1lifeline
network systems under earthquakes have been developed (Refs.1,2,3,4). Using
these methods, we can estimate the characteristics of lifeline network systems
and the connectivity or serviceability of lifeline network systems.

After evaluating reliabilities of 1lifeline network systems, it 1is
sometimes necessary to improve the reliabilities of some nodes or to make a
refined restoration strategy for damaged 1lifeline network system after
earthquake (Refs.5,6). To achieve these purposes effectively, we need to
introduce a importance measure of lifeline network components (Refs.7,8).

In this paper, some existing importance measures are examined. And a new
importance measure is proposed. Then these importance measures are compared each
other. At the end, this new importance measures is applied to a simple network
model.

PROBABILISTIC IMPORTANCE AND CRITICALITY IMPORTANCE

In this paper, for the purpose of simplicity, we deal with reliability of
connectivity of lifeline network, in which only failure of rinks is considered.
Reliability of Connectivity As shown in Fig.1, a complex network may be
transformed into a system of series in parallel (SSP). Therefore, the
reliability of connectivity of node i is

R; =P[E,UE,U--UE,U--UE,]-(1)
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in which E, is the event which the k-th tie set is connected with a supply node.

To simplify the formulation, let us assume that the tie sets 1 tom
include rink j respectively and the tie sets m+1 to M don't include rink j (see
Fig.1). Then Eq.(1) becomes

R; =PUQ,NF)U(Q0F)U~U@QNFU--UQNF JUE,  U-~UE,], (15 kSm=M)-(2)

in which Q;; the event which rink j does not fail, and
F,; the event which all rinks except rink j in k-th tie set don't fail.
If we introduce following notations,

Fy=F UF,U--UF_-(3)
Es=E_, VE, U UE, (4

Eq.(2) becomes

R; =P[(QNF)UE]J=PQNF]+PE]~PQNF,NE]
=PIQNP(F,]~ P[F NE}}+P(E|=q - P[F,NE ]+ P(E ] - (5)

in which q; is the reliability of rink j. Eq.(5) implies that the reliability of
connectivity of demand node i is expressed as a linear function of the
reliability of rink j, g;.

Formulation Probabilistic importance and criticality importance are
importance measures of lifeline network components based on the reliability
concepts (Ref.9). For a demand node i, these importance measures of rink j are
defined respectively as follows:

p ORI = "
I..= =P[F NE ]=P[F UE ]—P[E ]=P —P .- (6)
¥ aq. s s s s s ¢ ¢j
J
alnRi 9 q;
€= 22 o L PP pt p )
Y alnqj Ri ¥ Ri ¥ 9
,  aln(-Ri) 1-9 , l-a;
¢ = = J P = L@ P ) (8)
L) aln(l—qj) 1-Ri ¥ 1-Ri ¥ Y
in which Pg ; the reliability of connectivity of node i given that rink j
fails, and
Pg*; the reliability of connectivity of node i given that rink j does
not fail.
Characteristics The probabilistic importance IijP implies the increase rate

of the reliability of node i with respect to the reliability of rink j, and it
does not depend on the value of reliability of rink j. On the other hand, the
criticality importance measures, IUC and IijC', depend on the value of
reliability of rink j; therefore, we can consider the influence of the value of
reliability of rink j on the reliability of node i. .

Fig.2(a) shows the relationship between Pgj, ch* and R;. As known from
definition, Pg; equals to the value of R; given that g; is 0, and PCJ-* equals to
the value of R; given that gq; is 1. Fig.2(b) shows the behavior of importance
measures when only ¢; changes from 0 to 1. I,;,-P is constant against ¢j. But Iijc
increases non-linearly as ¢; increases, and IijC' decreases non-linearly as ¢j
increases.

Up to now, the influence of reliability of rink j on the importance of rink
j 1s discussed; from now on, the influence of reliabilities of the rinks except
rink j on the importance of rink j is discussed.
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For a series system and a parallel system which consist of two rinks x and
y as shown in Fig.3, the relationship between importance measures of rink x and
the reliabilities of rink y, g,, is shown in Figs.4,5, and 6.

(1) As known from Fig.ld, in the series system, the probabilistic importance
of rink =z, I[P, increases linearly as the reliability of rink 4y, dy,
increases. In the parallel system, I.P decreases linearly as gy increases.
(2) As known from Fig.5, in the series system, the criticality importance
of rink x, I,C, has constant value 1. In the parallel system, I,C decreases
non-linearly as the reliability of rink y, q,, increases.

As known from Fig.6, in the parallel system, the criticality importance of
rink z, I,.C', has constant value 1. In the series system, I,C' increases
non-linearly as the reliability of rink y, q,, increases.

By the examination of the probabilistic importance and the criticality
importance in this chapter, it is shown that these importance measures have some
shortcomings. The probabilistic importance measure of rink j, IUP, can't take the
reliability of rink j into account. In series systems, the criticality
importance, IﬁC, can't take the reliabilities of the rinks except rink j into
account. In parallel systems, the criticality importance, I;C', can't take the
reliabilities of the rinks except rink j into account.

PROPOSED LINEAR IMPORTANCE

We pointed out in previous chapter that the probabilistic importance and
the criticality importance have shortcomings. We propose new importance measures
defined by following equations:

d Ri
L _ _ P Y
J

1k =q R P _P 10
i J-WRa%—(—%Hq— w (10)

As shown in Fig.2(b), these importance measures, Izl and I,L', of rink j
change linearly against the reliability of rink j, q;. So we call these
importance measures Linear Importance.

For a series system and a parallel system which consist of two rinks x and
y as shown in Fig.3, the relationship between the linear importance measures of
rink x and the reliability of rink y is shown in Figs.7 and 8. As known from
Figs.7 and 8, in the series system, the linear importance measures of rink x, I.L
and I,L', increase linearly as the reliability of rink y, gy, increases. In the
parallel system, I,L and I.L' decrease linearly as the reliability of rink y, gy,
increases.

Therefore, the linear importance measures of rink j, Iyl and I;L', can take
the reliability of rink j into account. Furthermore, the linear importance
measures of rink j, Iyl and IyL', can take the reliabilities of the rinks except
rink j into account in series systems and parallel systems.

If we apply the linear importance to a large network system, we can
estimate the importance of components using Pg; and Pe* by Monte Carlo
simulation.

ANALYTICAL EXAMPLE

Each importance measure is applied to a simple network system as shown in
Fig.9. Table 1 shows the reliability of connectivity of each demand node. Fig.10
shows the criticality importance IC' of rink 1 to 8 for each demand node. Fig.11
shows the linear importance IL' of rink 1 to 8 for each demand node. These

VII-143



importance measures can consider the fact that it is difficult to improve the
more reliable components than to improve the less reliable components. Figs.10
and 11 show that the order of the linear importance is same as the order of the
criticality importance for each node. But, in comparison with the criticality
importance, the linear importance is apt to evaluate that the importance of
rinks for less reliable node is larger.

We can estimate the importance measures of rink j for whole network system
by using following equation:

in which Tj; total importance of rink j

d ; coefficient of demand node i (=1.0)
Iﬁ; importance measure of rink j for demand node i, and

n , number of nodes
Fig.12 shows the total importance measures normalized by the maximum value
respectively. As known from Fig.12, the linear importance IL' is the most
suitable importance measure. According to IL', the importance of rink 7, is
fairly high because of low reliability of rink 7 and the importance of rink 8 is
fairly high because of low reliability of node 5.
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