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INTRODUCTION

For a large-scale city gas network system, it is
very important to estimate its damage immediately
after an earthquake. Secondary disasters like fires
and explosions may occur if pipelines or customer’s
buildings are damaged. However, it is often difficult
to get damage reporis on large-scale networks soon
after an earthquake. Hence, a method to estimate
building and pipeline damage ratios for conirol
blocks based on radio telemetered earthquake inten-
sities was proposed in a previous paper (Cret et al.,
1991) . Fuzzy inference was introduced because of the
large amount of uncertainty involved in this estima-
tion.

The two damage ratios thus obtained are used
when deciding whether to maintain or shut off the gas
supply system. However, they have different dimen-
sions and are expressed by membership functions.
Thus in this paper, a decision analysis method is
proposed in order to synthesize the two membership
functions.

DAMAGE ESTIMATION OF GAS NETWORK

The considered gas network comprises pipelines
with minimum shut-off zones that can be called
“control blocks”. Such a block contains a large
number of main pipelines and several hundred thou-
sands customers. Several tens of SI (Spectrum Inten-
sity) sensors and a few accelerometers are laid in
each control block. Their measurements are trans-
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mitted to the control room of the headquarters by a
multiple radio telemeter system. This information is
used to estimate damage and motivate the shut-off
decision.

Two parameters are chosen to represent the state
of the block: damage to buildings R,,, which is defined
as the equivalent percentage of collapsed houses, and
damage to buried pipelines R,, which is defined as
the number of leaks per km of pipeline. It is not easy
to evaluate R, and R, from observed ground motion
characteristics. A crisp method can be considered
(Katayama et al., 1991), but uncertainty involved in
the estimation is taken into account using fuzzy set
theory (Cret et al., 1991).

The decision process becomes more complex as the
modeling of the damage state of the system becomes
more realistic. T'o make things easier to understand,
the process will be explained step by step, i.e., from
the simple case when the system is described by one
single crisp (“classical”) variable to the case when it
is described by several fuzzy variables.

DECISION ANALYSIS FOR A CRISP
PROBLEM WITH ONE VARIABLE

Suppose that the damage state of the considered
area is represented by a single variable R (e.g., an
aggregated damage index) that is supposed to be
known precisely. Knowing R=R,, a choice between
cutting and maintaining the gas supply must be
made. The corresponding decision tree is shown in
Fig. 1. To solve this problem, the concept of utility
can be used (Raiffa, 1970). For each possible case,
at the tip of the decision tree, a rating between 0 and
1, or “utility”, is assigned. The decision maker
should choose the alternative giving the highest util-
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Situation 1:

Known Damage
State,
Supply is Maintained

Situation 2:

Known Damage
State,
Supply is Cut

Fig. 1 Decision tree for one crisp variable problem

ity.

In the present case, defining the utilities boils down
to defining one utility function of the variable R for
each alternative. The meaning of the utility function
is rather subjective and it can be defined by asking
some experts’ advice. Examples of such utility func-
tions up (r) and uc(r) are shown in Fig. 2. For alter-
native 1 (maintain the supply) , a high value of R gets
a low rating because the situation is very dangerous,
whereas for alternative 2 (cut the supply) a low value
of R gets a low rating because it indicates that the
supply has been interrupted although it was not
necessary.

Once these two utility functions are defined, the
problem is easy to solve. We can judge which of u.
(Ro) and un, (R,) is higher and choose the correspond-
ing alternative (see Fig. 2).
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Fig. 2 Solution of one-variable crisp problem using
utility functions
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DECISION ANALYSIS FOR A FUZZY
PROBLEM WITH ONE VARIABLE

Now, consider the case when the state of the
system is still represented by a single variable R but
instead of being known precisely, R is known through
a fuzzy set Ry. A fuzzy set (Dubois and Prade, 1980)
is a set with no sharp distinction between membership
and non-membership. It is represented by the mem-
bership function g, (r) €[0,1]. iz can be interpreted
as the possibility distribution of R.

The concept of the utility function can still be
applied without any change. But to compute the
utility of each alternative, the information contained
in the fuzzy set R, will have to be used. Instead of
obtaining two real numbers u.(R,) and um(R,) to
characterize the two alternatives, two fuzzy sets U,
and U,, will be obtained by using the following for-
mula (Jain, 1976):

su, (W) =pge (' (W) a=c, m (1)
where u; ! represents the inverse function of u,. The
meaning of Eq. 1 is that the possibility that U=u is
the possibility of a damage ratio r such as u,(r) =u.

Even though U, and U,, have been obtained, the
problem is not completely solved because which is
higher of the two fuzzy values still has to be deter-
mined. This is not a very easy task as exemplified by
Fig. 3. The possible values for u (i.e., the values for
which gu, (u) #0) should be as high as possible and at
the same time their membership should be as high as
possible. The following choice procedure is based on
Jain’s (1976) but with an additional normalization of
the membership functions. The “value” v, (e =c,m)
of each alternative is computed as follows:

va=MSX min (yy, (), gy ) (2)
and

23 (W) = pimax (0/Umax) (3)
where pmax is the highest value for uy, and uy, and
Umax 18 the highest possible utility i.e.,

Umax=max {u | gym (W) #0 or puy.(u) #0} (4)
The meaning of Eq. 2 is that the fuzzy set U, is
compared with the fuzzy set M which represents the
ideal combination between high possible values for u
and a high membership. The final decision is made by
choosing the alternative having the highest value v,.
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Fig. 3 Choice between two fuzzy utilities

DECISION ANALYSIS FOR A CRISP
PROBLEM WITH TWO VARIABLES

Now, consider a crisp problem with two variables.
Suppose that the damage state of the system is de-
scribed by two variables R, and R, and that they are
known as R,=RjJ and R,=R§}.

The concept of utility function can still be used,
but this time, two-variable utility functions u. (1,
rp) and uy (1, 1p) must be defined (see Fig. 4) . The
utility functions become more difficult to construct
because it is difficult to assess a situation simulta-
neously in terms of r, and r,. If our preference struc-
ture is assumed to be additive, variables can be
separated and the utility function can be written as
(Keeney and Raiffa, 1976):

Ua(ry,Tp) =42 Q2 (r) + 2% 02 (rp) (5)
with

A2+AR=1,
where 02 and 0 are one-variable functions similar to
uy in Fig. 2.

a=c,m (6)

Once the utility functions are defined, the proce-
dure to find the largest utility is very simple. u. (R3,
RY) and u, (RS, RY) should be compared and the
alternative corresponding to the highest value should
be selected as depicted in Fig. 4.

DECISION ANALYSIS FOR A FUZZY
PROBLEM WITH TWO VARIABLES

Consider a system whose state is defined by two
variables R, and R, that are known through fuzzy
sets Rf and RJ. As before, two-variable utility func-

tions u.(rs, 1) and ug (ry, 1,) are defined for the two
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Fig. 4 Solution of two-variable crisp problem using util-
ity functions (example of the alternative “main-
tain the supply”)

alternatives. Two fuzzy utilities U, and U, for the
two alternatives will be obtained by using the infor-
mation contained in the fuzzy sets R$ and RS. Equa-
tion 1, proposed by Jain, is easily extended to the
two-variable case (¢=c, m):

au, (W)= Max  min(ug, (1), tre(re)) (7)

(ro.r)€u; L
where U, ! (u) ={(ry, 1p) | Ua(rs, r,) =u} is the con-
stant value curve in the damage space corresponding
to the value u of the utility. Figure 5 illustrates the
procedure corresponding to Eq. 7.
Once U, and U, are obtained, the same procedure
as in Fig. 3 is used to determine the better alternative.

NUMERICAL EXAMPLE

The present decision procedure was applied to a
real case: the Chibaken-Toho-Oki earthquake of
December 17, 1987 with magnitude 6.7. For a given
control block in the supply area (Fig. 6), the two
damage indices R, and R, shown in Fig. 7 were
evaluated by fuzzy reasoning using recorded ground
motion characteristics (Cret et al., 1991). The esti-
mated damage indices were non-negligible.

The utility function shown in Fig. 4 as well as a
complementary one for the other alternative were
employed. The obtained fuzzy utilities for the two
alternatives and the resulting choice are shown in
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Fig. 5 Schematic view to obtain the fuzzy utility
membership for an alternative
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Fig. 7 Fuzzy damage indices for the considered
block

Fig. 8. These fuzzy utilities have an intersection but
it is rather easy to find the better utility. The values
v for the two alternatives reflect it. The decision in
that case is non trivial but clearly in favor of alterna-
tive 1 (maintain the supply) , which is consistent with
the decision that was actually made.

CONCLUSION

When a destructive earthquake strikes a large city
with an extensive gas supply system, it is necessary
to shut off the gas supply to avoid secondary disas-
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Fig. 6 Position of the considered control block in
south Kanto area
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Fig. 8 Results of fuzzy decision analysis

ters. From that perspective, a system to estimate
earthquake damage in the supply area from measured
ground motion characteristics has been devised. But
due to the uncertainty involved in the estimation, the
results are obtained as fuzzy numbers. This paper
shows how to use this fuzzy information when decid-
ing whether to cut or maintain the gas supply.

A decision analysis including several fuzzy vari-
ables must be performed. The methods are explained
from one crisp variable case to two fuzzy variable
case. A multi-variate utility function is defined for
each alternative which the decision maker is con-
fronted with. The fuzzy values of the predicted
damage indices are then combined with the utility
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functions and yield one fuzzy utility for each alterna-

tive. The best alternative is the one giving the high-

est fuzzy utility. To illustrate and assess the method,

it was applied to a real earthquake event as a numeri-

cal example.
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