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Summary
In the thesis there is presented the use of fuzzy numbers type o—f in forecasting strong mining
tremors. First numbers definitions and basic operations on these numbers were presented, then the
mathematical model of tremor risk was given. The comparison between fuzzy numbers was used
to define the accuracy of prediction. The calculations concerning the prediction of safe time, when

there are not any tremors, were made for real tremor measurements in , Pstrowski” coal-mine.

These measurements were carried out by means of the seismological and seismoacoustic methods.

1. Introduction

The fuzzy sets theory formulated by Zadeh [10] is being more and more widely used in different
disciplines [1], [2], [31, [4], [5], [6], [7]. It is used in mechanics, steering, building network
models, testing stability, drawing conclusions, taking decisions, medical diagnosis and others. In
the thesis there 1s described the use of fuzzy sets theory in coal-mining. Fuzzy numbers are used
here to predict strong mining tremors. Based on measurements, the quantity t,,, was defined as a
fuzzy number which characterizes a rock mass in relation to the mean time between successive
strong mining tremors, and as a fuzzy number 8, which characterizes the reversion time of a
rock mass to the relative equilibrium state. This is a very important use in coal-mining because of
the work safety of miners. The rock mass on which miners work cannot be precisely described by
means of methematical equations. The relationships occuring in a rock mass can only be defined
approximately. That is why it is vital to use the fuzzy sets theory in this important subject for coal-
mining.

In the thesis there is predicted the safe time for miners, during which no tremors occur, by
means of fuzzy numbers. The prediction is based on the measurements results of the mining
tremors which took place in , Pstrowski” coal-mine. The measurements were contucted with two
methods: a seismological one and a seismoacoustic one. In the thesis there is introduced the

concept of the degree of prediction likelihood, while using the comparison between fuzzy
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numbers. The calculations carried out on the IBM PC computer for the real tremors measurements

in this coal-mine showed a great number of accurate predictions.

2. Fuzzy numbers type a—J

We would like to start with the general definition of a fuzzy number and the definition of a
fuzzy number type o—B. Such fuzzy numbers will be applied to predict the occurence of strong
mining tremors. Then we will present some definitions of basic operations on fuzzy numbers type
o~PB. These operations will be used in the following chapters.

Definition 1 [1] (defining a fuzzy number). The fuzzy number L is named as a convex and
standard fuzzy set from space R, for which:

a) there is only one xp& R, for which py.(xg) = 1; %o is called mean value L,
b) function pi(X) is upper semi-continuous

Definition 2 (positive number). The fuzzy number L is positive if:

u(x)=0forx<0. (D
Definition 3 (negative number). The fuzzy number L is negative if:
p(x) =0 for x=>0. 2)

As defining of arithmetic operators and their use in practical application is very uncomfortable for
numbers defined in such a way, we introduced fuzzy numbers with membership functions assigned
in advance. They are numbers L-R (fig. 2) introduced by Dubois and Prade mentioned in the work
[6] or numbers a—f discussed in the work [1]. We are going to concentrate on numbers o—f3,
because they are convenient in application and often put into use. The number is represented by
the quadruple of real numbers (a, b, a, B). Numbers a and b determine the interval in which a
membership function reaches value 1. Numbers a and B determine the width of distribution on the

left and right. The membership function u;(x) is defined as follows:

(1/a)x-a+a) for xela-a,a),

1 for x €[a,b],
e (x)= 3)
(1/b)b+b-x) for xe(b,b+b],
0 for x¢[a—a,b+b]

An example of the membership function p(x) for the fuzzy number L is presented in the figure 1.
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Fig. 2. The membership function of fuzzy number L-R (5,2,4)
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Definition 4 (fuzzy number with the minus sign). Fuzzy number with the minus sign is defined as

follows:
-L=(-b,-2,B, o) @
Definition 5 (inverse of fuzzy number). Inverse number is defined as follows:
1/L = (1/b, 1/a, B/(b(b+P)), a/(a(a—cr))) (for L>0 or L<0) %)

Definition 6 (the sum of fuzzy numbers). Let us assume L; = (a,, by, a1, B1) and L, = (az, b, o,
f2). The sum of fuzzy numbers is defined as follows:

L,+L; = (a;+ay, by+b,, a+0z,p1+32) (6)

Definition 7 (the difference of fuzzy numbers). The difference of fuzzy numbers is defined as
follows:

Li-L; = (ai-by, bi-a;, a1+, o +f1). @)

Definition 8 (the product of fuzzy numbers). The product of fuzzy numbers is defined as
follows:

(a,a,,b)b,,2,a, +a,a, —~a,a,,b,, +b,B, +B,B,) for L, >0,L,>0,
(a,b,,b,a,,b,a, 2,8, +a,B,,-b,a, +a,B, -p,a,) for L, <0,L, >0,

L,-L,= 3

(b,a,,ab,,b,a, -a,p, +p,a,,-b,a, +a,p,-o,f,) for L >0,L, <0,
(b,b,,a,a,,—-b,p,-b,p, -B,B,,—2,a, —a,a, +ta,a,) for L, <0,L, <0
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Definition 9 (the quotient of fuzzy numbers). The quotient of fuzzy numbers is defined as
follows:
(a,/b,,b, /a,,(a;B, +b,a,)/(b,(b, +B,)), (b, +a,B,)/(a,(a, —a,))forL, >0,L, >0,
L, (a,/a,,b,/b,,(a,a, —a,a,)/(a,(a, —a,)), (b,B, —b;B,)/(by(b, +B,)) for L, <0,L, >0,
L, (b, /by, a, /a,,(b;B, —b,B,)/(b,(b, +B,)), (a,a;, —a,a,)/(a;(a, —a,)))forL, >0,L, <0,
(b, /a,,a,; /b,,(-b,a, —a,B,)/(a,(a, —a,)), (-a,B, —b,a,)/ (b, (b, +B,))) for L, <0,L, <0
©

3. The mathematical model of tremor risk

In our considerations we are going to use the theory presented in the works [8], [9]. In these
works it is assumed that the mathematical model of tremor risk for underground objects is the two-
state Markov stochastic process. Afier suitable transformations the solution of the presented
system of equations by Kolmogorov looks as follows:

T
+

P (1) =
o) +9 1+39

expl-C+Dt, P(0)= - exp(-( )0 (10)

An interesting function is Py(t), which is interpreted as ,,the time probability of remaining of a rock
mass in an active state and its ability to generate strong tremors” [8]. Function Py(t) characterizes
the time probability in which a rock mass calms down. There occurs a relationship:
P,(t)+P,(t) =1 11

In the formulas the following signs mean: ,, T - the mean time between successive comparable
strong mining tremors characterizing the instantaneous ability of a rock mass to generate them, 3 -
the time which characterizes the reversion of a rock mass to the state of relative equilibrium, t -
the observation time of comparable dangerous mining tremors counted from t," [8].

The aim of the prediction was to determine the three quantities T;, T, P, based on the
formulas:

T1= TS s Tz.':‘t, P1: S ,
T+3 T+3

(12)

where:
,I1 — the expected safe time, T»-T; — the expected dangerous time, P; the — stationary
probability”[8].

The values in the first four columns of tables 1 and 2 were the basis of the measurements. The
time values TAU (1) and TETA (8 ) are prepared by the coal-mine crump section or they can be
read from the interpretation of a seismoacoustic description [8]. Prediction effectiveness is
determined by the accuracy of the relationship T,<TAU. If this relationship is accurate, the

predication 1s good. Otherwise the prediction is wrong. The interpretation of this inequality means
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that no strong tremor should appear before the expiration of the predicated safe time T;. A tremor
appears during the time TAU and when TAU<T}, the prediction did not verify (it is wrong). In the
work [8] the calculation of T; was based on the values TAUSR and TETASR, which mean the
arithmetic means of the three previous values TAU and TETA.

Using fuzzy numbers and on the basis of measurements we are going to define the quantity 7,
as a fuzzy number which characterizes a rock mass in relation to the mean time between
successive strong mining tremors [7]. On the basis of measurements we will also define the fuzzy
number 9,,,, which characterizes the reversion time of a rock mass to the relative equilibrium

state. For a notation we will use the fuzzy numbers o — 3, which were described in chapter 2. So

we define the fuzzy numbers 1., and 3 as follows [7]:
T = (80, b4, 0, Bo), 8. = (a5, bs, 05, B). (13)
The observation results of the seismological and seismoacoustic activities in wall 239, bed 620
in , Pstrowski” coal-mine were presented as histograms and diagrams [8]. The width of a class
interval in the distributive series, on the basis of which histograms and diagrams were created,
amounted to 8 hours. Therefore in our calculations we will assume for fuzzy numbers the

following parameters o, =, = ag =Bg =8 As we are interested in mean values 1, and 9 _,

so other parameters for fuzzy numbers 1t,, and 3 are assumed as

a;,=b, =1y, ag =bg =8, . Thanks to it we are going to get a simplified form of fuzzy
numbers, whose membership function has got a triangle shape, not a trapezoid one. After these
remarks fuzzy numbers can be presented as:

Tror = (Ta, 0o, B, 80, = (84,05, B5). (14)

The membership functions for these numbers are presented in figures 3 and 4.

1 A u’troz(r)

» 1

N - - - -

T, -0

T .+
$r $r Ter By

Fig. 3. Graph of membership function of fuzzy number 7.,
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Fig. 4. Graph of membership function of fuzzy number 3.,

Based on these fuzzy numbers we will define fuzzy number T, which will be characteristic

for a given rock mass and will determine the safe time.

4. Defining fuzzy number Tj,.,

To determine fuzzy number T, we will use the formula (12):

. 3
= oz oz . 15
lmz T 10Z + 9 roz ( )

For the calculation of T, we will use the following operations on fuzzy numbers: the sum of
fuzzy numbers, the product of fuzzy numbers and the quotient of fuzzy numbers.
Using formulas (3), (5), (6) and with assumptions (14) we get:
Tror T80 = (T + 8,0, +as, B, +Bs), (16)
Tror " Bror T (T By, T + 8,0, g, T, By + 3,8, +B.Bs). (17
The division of two fuzzy numbers L=(a;, o}, B;), and M=(apy, 0, By) 1S defined by the
formula:
L/M=(a,/a,,(aB,+a,a,)/ (a_(a,+B._)),(a,c_ +a_B,)/(a_(a, —a,)). (18)
Assuming that L=z _,-8,, and M=<_, +8 _ as well as using formula (15), we get:
Tye = (s 0y, By ) =L/M =
=(a/a,,(apf,+a,,)/ (a2, (a, +B,)), (a0 +a_B,)/(a, (a,—,)) (19)
where: a, =1.8, a,=1,+8,, o, =10+ 0, -0, 0,4, O, = +0,,
By = TuBs + 8B +BBs, B =P, +Bs.

As the time goes by we get new information, that means new t and new 9. So we must

correct the already determined ty and 8 according to the formulas:
newt_ =1, +71)/(1+]1), new3_=(1-9_+8)/(1+]), (20)

where 1 means the number of considered quantities T and 3 .
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In other words, if the following quantities T and 8 are put into sequence { t;} and {3, }

and we define:

T; - i-position of an element in sequence { 7; },

9, - i-position of an element in sequence {3, },

Ty, - Tx calculated out of "i" elements in sequence {7;},
8. - 94« calculated out of "i" elements in sequence {3;},
then:

TS

L =t +1) /(1 +D), 8, =G-8, +8,)/G+D) (21)
The aim of the prediction is to determine quantity Ty, on the basis of formula (19). This is the
safe time during which no strong tremor should appear. If a strong tremor appears in time T>T o,
the prediction is accurate. If time T of any following tremor is smaller than T, the prediction is

wrong.

5. Defining the likelihood degree of a prediction

We deal here with the comparison between two numbers: a real one T and a fuzzy one T
Generally, the comparison between fuzzy numbers is not as obvious as it seems to be. First we will
determine the degree in which one fuzzy number is greater than the other one.

Definition 10 [6]. If we have two fuzzy numbers A, B c R, the degree in which fuzzy number
A is greater than fuzzy number B is defined as:

v(A>B)= max (u,(x)Aup(y)) 22)

y>x; XyeR
The degree v(A > B) is graphically illustrated in Fig. 5. If the index is close to one, it is more
difficult to answer the question whether A is greater than B. It can also mean that A is very close
to B [6]. In our specific case, when we compare real number t with fuzzy number T, whose
membership function has got a triangle shape, this problem does not occur. The value of index v(t
> Tiw) 18 specified as the value of the ordinate in the graph prie, (X) in the point x = t. It 1s
presented in Fig. 6. In order to prove the prediction accuracy number T is compared with real
number T\, (as it was described in chapters 3 and 4). When membership functions of two fuzzy
numbers pa(x) and pg(x) are disjoint (they have not got common domain of determinacy), then
degree v(A>B)=0. In our case we want the difference between 1 and T, to be great, so that

degree v(t>Ti.;) should equal zero or be close to zero. Then we achieve a better likelihood of a
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prediction. If T,>7, the prediction is wrong and v(T..;>T) determines the degree in which T, is

greater than 1. Now we are going to define the factor of prediction reliability.

Fig. S.

Comparison of fuzzy numbers.

A WTy roz)

1-
V 4

» T1roz

Fig. 6.

- e T
Tygr T, T18r Tjv1 T1ér+BT1

Determining the accuracy of prediction (prediction good).

Fig. 7.

= > T
- T T 1roz
Tqgr aT, i+1 [18r T1 ér+BT1

Determining the accuracy of prediction (prediction wrong).

Definition 11. The factor of prediction reliability is determined by the formula:

W=1-v(t

> Tirz), When 1> Ty or W=1- (T, > 1), Wwhen t© < Ty (23)

Thanks to it we achieved some degree of prediction reliability. We can assign the above defined

factor W both to good and wrong predictions and estimate how reliable the prediction is.

To each prediction we additionally assigned factor W which determines the degree of prediction

reliability. Number P, characterizes the activity and susceptibility of a rock mass to generate strong
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tremors. This number as probability is from range [0, 1]. On the basis of this number we can

estimate in percentages the safety of coal miners working directly on a given rock mass.
Bibliography

1. Bolc L., Borodziewicz W., Wéjcik M.: Bases for porocessing incomplete and uncertain
information. PWN, Warszawa 1991.

2. Czogata E., Pedrycz W.: Elements and methods of theory of fuzzy sets. PWN, Warszawa 1985.

3. Drewniak J.: Fuzzy relation calculus. Scientific Works of Silesian University No 1063,
Katowice 1989.

4. Drewniak J.: Basis of the theory of fuzzy sets. Handbook of Silesian University No 347,
Katowice 1987.

5. Dubois D., Prade H.: Operations on fuzzy numbers. Int. J. Syst. Sci., vol. 9, 1978.

6. Kacprzyk J.: Fuzzy sets in system analysis. PWN, Warszawa 1983.

7. Kowalik S.: Decision making in mining in conditions of uncertainty. Scientific Works of
Silesian Technical University, Mining, No 228, Gliwice 1996.

8. Krzemien S.: System-information models of estimating mine tremor hazards in hard coal mines.
Scientific Works of Silesian Technical University, Mining, No 198, Gliwice 1991.

9. Krzemien S.: Theoretical basis for the determning of the measures of the state of safety hazard
in mining excavations. Scientific Works of Silesian Technical University, Mining, No 204,
Gliwice 1992.

10. Zadeh L. A.: Fuzzy sets. Information and Control, vol. 8, 1965.



