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1. INTRODUCTION

There are many types of uncertainties involved in the risk assessment. However, they may be
divided into two major categories; the uncertainty due to randomness and that due to fuzziness.
Conventional methods of treating the uncertainty are to apply statistical methods of estimation
which are, in turn, based on the concept of probability. Even in the cases where the source of
uncertainty is of a non-statistical nature, the formal application of statistical methods of analysis is
often done to deal quantitatively with the uncertainty tacitly acccepting the premise that
uncertainty - whatever its nature - can be equated with randomness. Most of the works on risk
analysis or safety assessment have been done using such methods. In the fuzzy set concept some
uncertainties are accepted as uncertain with the introduction of the membership function. Instead
of 'true or false' of the non-fuzzy two-valued logic, any intermediate value between zero (false)
and one (true) can be assumed for membeship function in the fuzzy set theory.

Fig. 1 shows the branch of Chernobyl accident event tree in the order of the accident
process report as an example and Fig. 2 dependence between actions under diffeent assumptions.
In Fig. 1, capital letters represent failure and small letters represent success. Table 1 shows the
human performance models and Table 2 the result of probabilistic analysis using the probabilistic
method of Swain and Guttman's Handbook of human reliability analysis with emphasis on nuclear
power plant applications and the result taking into consideration of the effect of the performance
shaping factor which may be assumed for Chernobyl based on the INSAG-1 and Russian report
[1-5]. The human error probability of the accident sequence which would have been extremely
unlikely to occur is increased by several orders of magnitude due to the effect of the
performance shaping factors [4]. In Fig. 2 and Tables 1 and 2, ZD: zero dependence,
LD: low dependence, HD: high dependence and CD: complete dependence. The dependence in
the Chernobyl accident is assumed as shown in Fig 2(a).[2].

2. RELIABILITY ANALYSIS BY ERROR POSSIBILITY

1. Error possibility

Let us consider a fuzzy set E on the interval [0,1] associated with a possibility
distribution E(e) such as

where m = mL for e *£ e0 and m = my for e > e0. The parameter m is related to
the fuzziness and e0, called the center of E, gives the maximum grade of £(e).
The fuzzy set £ is called 'error possibility' and e is called 'likelihood of error'. In
this paper e0 and m are assumed to be derived from the triplet of the error
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A omit entering "hold power"

keep the reactor operating at
the power of. 200 MW

— connect two standby circulation
pumps to the core

Table 2. The estimated human error probabilities

0 block the drum water level and
pressure trip

regulate the feedwater flow

f / \F block the trip of "loss
of both turbogenerators"

Fig. 1. Branch of Chernobyl accident event tree.

A B C D E F
ZD CD HD HD HO

(a)

A1 B' C D1 E' F"

ZD HD LD LD LD

(b )

Fig. 2. Dependence between actions under different assumptions.

Table 1. Human performance models

Item Human errors and human error probabilities

Omitting a step or an important instruction from a formal or ad
hoc procedure:

[ 6 x l 0 " l , 3 x l 0 - \ l . 5 x l ( r 2 )

Failure of administrative control in carrying out a plant policy
or scheduled tasks:

[2xlO- J , 1 x 10"2,5 x 1(T2]

Modification of estimated human errors probabilities for the
effects of very low stress level:

x2

Equations for conditional probabilities of failure on task N

given failure on previous task N — 1 for different level of
dependence

Pf(N \N - 1| ZD) =• Er
Pf(N \N - 1| LD) - (1 + 19 x Er)/20

- 1| MD) - (1 + 6 x Er)/7

Error Type of error Dependence Human error probability

Fig. 2(a) A

B

C

D

E

F

Omission

Failure of
administrative
control

Failure of
administrative
control

Failure of
administrative
control

Failure of
administrative
control

Failure of
administrative
control

ZD

CD

HD

HD

HD

Joint human error probability

Fig. 2(b) A'

B'

C

D'

E'

F'

Omission

Failure of
administrative
control

Failure of
administrative
control

Failure of
administrative
control

Failure of
administrative
control

Failure of
administrative
control

ZD

HD

LD

LD

LD

Joint human error probability

3 X NT1 '

5X1(T2 '

1

5.05 xHT 1

5.05 x 10"'

5.05 xHT 1

1.9x10""

3xlO" 3

1 x 10"1

5.05 x 10"1

5.95 x 10"1

5.95 x 10"*

5.95 x 10"2

3.19x10"'

Pf(N\N-i\CD)'l
where Er represents the human error probability of task N

'The median of the human error probability is used.



probability [ErL, ErM> Eiv], where ErM is the recommended value of the error
probability, ErL is its lower bound and Eru is its upper bound,

(i) e0 is derived from ErM:

e0 =/(ErM) = j l + ( ^ log(l/ErM))3 '

0, ErM = 0, l ;

where K is a constant. Table 3 shows the classification of e0.

Table 3. Classification of e0

Class

c,
c
c,
c.
c5
c6
c7
Q

c.
C,o

Bounds of ea

1.0
0.9-1.0
0.7-0.9
0.5-0.7
0.3-0.5
0.2-O.3
0.1-0.2

0.05-0.1
0.0-0.05

0.0

Representative
value of e0

1.0
0.95
0.8
0.6
0.4
0.25
0.15
0.075
0.025
0.0

Bounds of error probability

1.0
7.830 x 1O~2-1.O
1.841 x UT2-7.830 x HT2

5.0 x 10"J-1.841 x 10"2

8.872 x 10""-5.0 x 10"3

2.225 x 10-"-8.872 x 10"4

1.636 x lO~5-2.22Sx 10~4

7.243 x lO~7-1.636x 10"5

0.0 -7.243 x 10"7

0.0

In accordance with [4], in this paper K is denned as

K = l/log(l/5 x 1(T3). (3)

(ii) mL and mv are derived from [ErL, ErM, Erjj]. The parameters mL and mv

are together rewritten as m.
(1) Define /cL = ErM/ErL and /cu = Eru/ErM. The parameters kL and kv are

together rewritten as k.
(2) Four uncertainty bounds are defined such as fc=s3, 3<k^5, 5 < k =s 10

and 10 < k. For these uncertainty bounds we refer to Table 4 [4].
(3) In the class C5 define m = 2.0 for k =£ 3, m = 2.5 for 3 < k =£ 5, m = 3.0 for

5 < k *£ 10 and m = 3.5 for 10 < k, respectively.
Let CQ, be the representative value of eQ in the class C, and E( be the error

possibility in the class C, such as £,-(«o,-) = 1 (/ = 2, 3, . . . , 9).
(4) Within the same uncertainty bounds the parameter m is obtained so as to

satisfy

£,(<-,-) = Es(e5), i = 2,3 9, (4)

where e,, =/(10 x ErM() when mv is obtained, e, =/(ErMl/10) when mL is
obtained, and CQ, =/(ErMl).

Table 5 shows the result obtained by the above procedure. However the
boldface values are used by referring to Table 4. The parameter m for 10<fc is
used when the error probability of a given task is assumed to be fuzzier.

The error possibility in the class C, is defined as

and that in the class Ci0 is defined as
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Table 4. General guidelines for estimating uncertainty bounds for
estimated error probability

Error probability

O.OKEr
0.001<Er<0.01

Er< 0.001

Class m

C2 « „
mL

Cj mu

/nL

C4 mu

C-< /7l it

mL

mL

C7 ni\j

mL

C-g '"u
m u

C 9 /n^j
mL

* =SJ

2.7
2.7
1.3
3.1
1.9
2.6
2.0
2.0
1.6
1.5
1.1
1.2
0.8
0.9
0.5
0.7

Lower bound

Er/5
Er/3
Er/10

Table 5. Parameter m

1 3<jfc=s5

3 J
3 J
1.7
3.8
2.4
3.3
2.5
2.5
1.9
1.9
1.4
1.5
1.0
1.1
0.6
0.8

5<k

4.0
4.0
2.0
4.6
2.9
3.9
3.0
3.0
23
23
1.7
1.8
1.1
1.4
0.7
1.0

Upper bound

2 x Er-5 x Er
3xEr

lOxEr

=sl0 10<Jt

4.7
4.7
23
5.4
3.4
4.6
3.5
3.5
2.7
2.7
1.9
2.1
13
1.6
0.9
1.2

2. Logical connectives of error possibilities

Two tasks are assumed to be independent of each other,
(i) AND connective.

The function F is used as the 'AND connective' of error possibilities:

where F(Q, 0) = F(x, 0) = F(0, y) = 0.
Parallel tasks are connected by an 'and gate' in a fault tree. The error

possibilities of parallel tasks are operated by the 'AND connective' and the
extension principle in order to obtain the error possibility of the whole task.

(ii) OR connective.
The function G is used as the 'OR connective' of error possibilities:

where G(l, 1) - G(x, 1) = G(l , v) = 1.

Series tasks are connected by an 'or gate' in a fault tree. The error possibilities
of series tasks are operated by the 'OR connective" and the extension principle in
order to obtain the error possibility of the whole task.

3. Dependence between consecutive tasks

Only the dependence between parallel tasks as shown in Figure 3 is introduced.
The dependence between series tasks may be found in [3], but it is not considered
in our case study. It is assumed that the task B is performed after the task A is
done. If a human operator fails in the task A, then he is apt to fail in the task B.
If he succeeds in the task A, then he is also liable to succeed in the task B.
However if he succeeds in the task A, he succeeds in the whole task whether he
succeeds or not in the task B. So it is not necessary to consider the latter case.
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Let EA be the error possibility of the task A, EBbt that of the task B and R be
the fuzzy causal relation representing the dependence.

(i) The case that the error of the task A influences the error of the task B.
Let E'B be the error possibility of the task B influenced by the error of the task

A. Under logical consideration, E'B can be estimated as lEA AND R\ In this case
E'B is the error possibility of the whole task:

'B = F{EA,R). (9)

(ii) The case that the error of the task A does not influence the error of the
task B.

The portion of the error possibility of the task A which does not influence the
error of the task B is obtained by

EA = G(EA, E'B), (10)

where E'A is this portion.
The error possibility of the whole task £ ' in this case is obtained by

E' = F{EA,EB). (11)

(iii) The error possibility £ as a whole.
The error possibility £ is obtained by

E = G(E',E'B). (12)

I —

—

A

4
B

—|

—

Fig. 3. Dependence between parallel tasks.

4. Evaluation

Let (E)a = (e,(ar), e2(a)) be an a-cut of £.
(i) The center e0 of £ :

(ii) Potentiality for error. Define

J (e2(or)- 0.5)o- da
72 = :

f (l-0.5)a-
Jo

dor

(13)

(14)

where e2(/3) = 0.5. 72 is evaluated when J\ =£0.5.

(iii) Fuzziness of error possibility. Define

J (e2(a) - eo)a dor

f
(15)

-eo)ada

where e2(ar) & e0 for a e [0, 1).
(iv) The relative potentiality and the relative fuzziness. Define
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f (e2(or)-0.5)ador
. (16)

(e'2(a)-0.5)ada

where e2(P') = 0.5, and

(e2(a) - eo)a da
jLjyJ . (17)

(e2(a) - eo)a da

The denominators in Eqs. (16) and (17) are the evaluation of the standard error
possibility £ ' in the class which e0 belongs to. Let (£')* = («!(<*)» e2(a)) be an
o--cut of £'. The standard error possibility £ ' has the following possibility
distribution:

g < " l + 20 * | , - « f

where eQ is the evaluation 71 and m is the value in the class which e0 belongs to.
The parameter m is determined by Table 5.

Equations (16) and (17) imply the relative evaluation in the class which e0

belongs to. The potentiality and the fuzziness of £ are compared with those
of £'.

3. RELIABILITY ANALYSIS OF CHERNOBYL ACCIDENT

In this section the reliability analysis on the Chernobyl accident is performed by
using error possibility and the result is compared with the result of the
probabilistic analysis. The triplet of the human error probability for the
derivation of the error possibility is the same as the one used in the probabilistic
analysis- That is, the triplet of the human error probability of 'A' is [6 x 10~\
3 x 1CT\ 1.5 x 10~2] and the triplets of the human error probabilities of the other
tasks are each [2 x 1(T3, 1CT2, 5 x 10"2]. The modification by the stress factor is
performed in Figure 4(a).

Figures 4(a) and 4(b) show the fault trees which correspond to Figures 2(a) and
2(b), respectively. Figure 5 shows the fuzzy causal relations in this analysis.
Figures 6(a) and 6(b) show the error possibilities of the top events in the fault
trees shown in Figures 4(a) and 4(b), respectively. The subscript 1 is given to the
result in Figure 6(a) and the subscript 2 is given to the result in Figure 6(b).

Comparing the result of the fuzzy analysis and that of the probabilistic analysis
the following is considered.

(1) / I , >712. This result is inferred by the result of the probabilistic analysis.
(2) £](0) < £2(0). This implies that it is less possible for the human operator to

make an error in the case of Figure 4(b) than in the case of Figure 4(a).
(3) £,(1)>£2(1). This implies that it is more likely for the human operator to

make an error in the case of Figure 4(a) than in the case of Figure 4(b).
Human reliability in Figure 4(a) becomes much lower than that in Figure 4(b)
due to the effect of the performance shaping factors as mentioned before.
However, a small error probability does not necessarily mean a low possibility
to make an error. This consideration is found by the following.

(4) Though 712 is small, 72, and 732 are not so small. This result shows that the
potentiality for error is not low and that 712 is not evaluated with confidence.
That is to say, small 71 does not always imply good reliability.

(5) 722>721 and J3^>J3[ in spite of 71,>712> 72,>722 and J3X > J3 2 . This
also shows that small 71 does not always mean good reliability.
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(a) ( b )

Fig. 4. Fault trees.

ZD HD CD
1.0 CD R

HD R,

LD

ZD

*>-{£ i 10,
0=Sx<1.0,

-400(x - l ) 2 , 0.95=sx*1.0,
0.0 =sx< 0.95.

)
- 36(x - 0.5):, 0.5=£x<0.6,
_ 25(x - 0.5)2, 0.3*x<0.5,

0, 0.0*x<0.3,
0.0<x«1.0.

Fig. 5. Membership functions of fuzzy causal relations.

1-0, 1.0

(a )

Jlj» 0.139
J2i= 0.646
J2{> 38.86
J3L= 0.762
J3;= 4.470

1.0
likelihood
of error

Jl2- 0.014
J22= 0.421
J22« 90.87
J32- 0.538
J32- 11-17

1.0
likelihood
of error

(b)

Fig. 6. Error possibilities of the top events in the fault trees.
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(6) 72, and 73, as well as 71, are large. This result shows that the potentiality
for error is high. However large 73 does not necessarily yield with confidence that
the human operator makes an error certainly.

If 72, 73, 72' and 73' are also evaluated, the following result is obtained:
Reliability in Figure 4(b) is not necessarily much better than that in Figure 4(a).
Figure 6(b) shows that the human operator has enough possibility to make an
error. There is room for improvement of the management and administrative
control system even in the case of Figure 4(b).

It is found that error possibility can be interpreted from many points of view. It
is difficult to gain such an interpretation in probabilistic analysis.

4, DISCUSSION AND CONCLUSION:

This paper compared the result of fuzzy reliability analysis using error possibility with that of
probabilistic analysis on the Chernobyl accident. This case study showed the following validity of
fuzzy reliability analysis: error possibility can be interpreted from many points of view and it is
difficult to gain such an interpretation in probabilistic analysis. The belief that a small error
probability shows good reliability is dangerous in reliability analysis. Some big accidents have
shown this consideration . This paper shows that it is necessary to apply fuzzy theory to reliability
analysis. In INSAG-7, various possible other cases are discussed [6]. However, when the
possibility of human error, human intervention or sabotage, whether it may be in operational stage
or design stage or construction stage is involved, the analysis with error possibility based on fuzzy
theory would be more important.

The additivity, based on which probability theory is developed, may not hold when human
factors or human judgements are involved. Even if the error probability estimated by probabilistic
method appears to be negligibly small, the possibility may not necessarily be small. If the
possibility is small, the probability would also be small, but not vice versa. As long as the
possibility is significant, the accident must be assumed to occur, even if the apparent probability is
small. In other words, in order to ensure safety, possibilistic analysis with fuzz}' theory would
be more important than the probabilistic analysis, especially when human factors or human
interventions are involved.
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