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Abstract. The choice of mining development strategies is based on the 
main indicators of mining and geological conditions that characterize 
mineral deposits. The purpose of the research is to argue the application of 
the improved Bayes criterion when choosing rational mining development 
strategies by taking into account the complex mining and geological 
conditions. The methodology of decision-making in terms of managing 
geotechnical systems depends on whether or not the probabilities of the 
conditions and dynamics of the parameters of rocks and soils are known 
during the development of mineral deposits, as well as the construction of 
infrastructure facilities. If the probabilities are unknown, then there is the 
problem of making decisions in the conditions of uncertainty of the initial 
data to assess the efficiency of the mining enterprises. And if the 
probabilities are known, then we are dealing with the task of making 
decisions in conditions of risk and assess the safety of mining operations. 
The improvement of the Bayes criterion enables us to determine, with an 
acceptable range of changes in efficiency, a strategy which provides more 
likely an increase in economic efficiency compared to a strategy selected 
using the traditional Bayes criterion.  
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1 Introduction 
Various types of mining engineering works, the development of industrial regions and 
underground infrastructure projects, an increase in traffic flows, etc. lead to constant 
increase in the dynamic loads intensity on the geological environment. The complexity of 
modeling geological conditions is associated mainly with the insufficient correspondence of 
real dynamic loads to experimental and well-known patterns of changes in rock properties 
to experimental conditions. Currently research development in the field of dynamic soil 
instability is characterized by the fact that the approaches to modeling and assessing 
different nature dynamic loads are completely different. When choosing a development 
strategy in the framework of infrastructure projects, the informed decisions adoption based 
on game theory becomes increasingly important [1-3].  

Analysis of cyclic alternating movements in rock formations shows that the main 
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geological environment property is the continuity of its movement. The engineering 
structures, infrastructure facilities located on disturbed fractures and waterlogged soils, 
especially in zones of tectonic faults, are more likely exposed to emergencies. 

So far the general patterns of manifestation of various forms of dynamic soil instability 
have been studied insufficiently and unevenly. Neither the effect of the parameters of the 
natural stress state of soils nor the degree of their overconsolidation on the behavior under 
dynamic loads and water cut has been investigated; there is also no information on the role 
of the degree of asymmetry of the existing loads on the soils dynamic stability. Technical 
difficulties reflection of complex dynamic loads correct experimental modeling is the 
development of increasingly complex, cumbersome and expensive equipment. The 
consequence of technical difficulties of correct experimental modeling of complex dynamic 
loads is the development of increasingly complex, bulky and expensive equipment. All 
these factors determine the relevance of the applying the game theory when planning 
mining operations in complex geological conditions. 

The necessity of decision-making is essential in all areas of human activity (sociology, 
medicine, economics, military affairs, etc.). The game theory is widely used to support 
decision making [4–7]. 

Shubik’s words "the review of numerous particular directions could contain not less 
than 70-80 pages"

The importance of the game theory development and application in economics is 
illustrated by the fact that 15 scientists were awarded with 6 Nobel Prizes in economics 
from 1994 to 2012 [9]. 

 indicate a large number of published works on game theory and its 
practical application [8].  

The game theory is an effective decision-making tool in planning of mining operations 
and managing the development of mining enterprises [10, 11]. 

The decision-making methodology in a game with geotechnical systems depends on 
whether or not the probabilities of the rocks and soils dynamics states and conditions are 
known during the development of mineral deposits, as well as the construction of 
infrastructure facilities. If the probabilities are unknown, then there is the problem of 
making decisions in the conditions of uncertainty of the initial data to assess the efficiency 
of the mining enterprises. And if the probabilities are known, then we are dealing with the 
task of making decisions in conditions of risk and assess the safety of mining operations. 

The research aim is to justify the improved Bayes criterion application when choosing 
rational mining development strategies taking into account complex mining and geological 
conditions. 

The specificities of the application of criteria in conditions of uncertainty are studied 
and analyzed in course of the research [1]. 

2 Methodology 
Let us consider the problem of making decisions in a risky environment and assessing the 
safety of mining engineering works [7, 9, 12, 13]. In this case, a mathematical model of 
game theory is used to describe and evaluate the characteristics of geotechnical systems. In 
this model, the management of the mining enterprise (managerial personnel) are the 
decision makers (DM), and the geotechnical system is rock formations, soils and the area 
adjacent to mineral deposits. So, the rock dynamics states and conditions probabilities are 
known, namely, hazard classes for rock emissions, soils filtration characteristics, porosity, 
hardness, temperature conditions, etc. This situation could be characterized by the words 
attributed to Einstein who once said that while nature may be subtle, it is not malicious 
[14]. The geotechnical system conditions probabilities can be obtained as a result of 
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statistical studies (objective probabilities), or based on the opinions of experts (subjective 
probabilities). 

The strategy sustainability is estimated by the average value of economic efficiency of 
safe excavation or rocks excavation risks in difficult mining and geological conditions, 
taking into account the probabilities of all geotechnical systems states. This approach is one 
of the most widely used [15]. When it is necessary to assess the economic efficiency of 
mining enterprises with justification of the maximum value of the result, a strategy with the 
maximum average should be used. If a minimum risk is needed, then we use the one with a 
minimum average. These extreme values of averages are called Bayes criterion.  

Limitation of the Bayes criterion does not allow to choose the optimal strategy in 
situations when several strategies performance indicators differ by a small amount 
acceptable for the decision makers.  

3 Results and its discussion 

3.1 Bayesian criterion regarding cost-effectiveness in safe mining 

We assume that the decision maker has m strategies, and the geotechnical system could 
possibly have n states. The values of the "economic efficiency of mining" ija   are known 
for the DM, taking into account the sustainable improvement of the mineral deposits 
development under the i  strategy ),1( mi =  and j  condition ),1( nj =  of the geotechnical 
system, the probability of which is jP . The combination of elements ija  forms a matrix of 
the game A with the size of  nm× .  

The economic efficiency average values in the implementation of the ith strategy are 
calculated by the formula: 

∑=
=

n

j
ijji aPa

1
.             (1) 

Thus, the Bayes criterion is  

ii
aaB max= .              (2) 

The strategy in which ii
amax  is denoted as BaS . 

The formulas (1) and (2) are presented as follows  

TAPA = ,               (3) 

( )TAPABa maxmax == ,          (4) 

where A  is the mining economic efficiency average values matrix column; A is matrix of 
values for evaluating the economic efficiency of mining operations; P is probability row 
matrix and T  is the transpose symbol. 

In addition to the traditional approach, we introduce a decrease ∆  in the Bayes criterion 
acceptable for decision makers.  
In case of strategies iS  for which iA  is placed in interval ( ) BaABa i ≤≤∆−  there could be 

a better choice of strategy than BaS . We will mark such a strategy with an asterisk, i.e. *
iS .  
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For *
iS  in the matrix we select elements that are larger than Ba   and and we determine 

the total probabilities of their implementation 

( ) ∑=>
n

j
ji sBaP * ,        (5) 

where 






>

≤
=

Baa
BaaP

s
ij

ijj
j ,0

,
. 

According to formula (5) we determine the total probabilities of ( )BaPBa >*  and for 

strategy BaA . If ( ) ( )BaPBaP Bai >>> **  then it is reasonable to choose the strategy *
iS . If we 

have several strategies, preference should be given to one that could be implemented with 
higher probability.  

With an allowable deviation ∆  according to formula (5) we could define a strategy 
which is more probably to provide an increase in economic efficiency compared to a 
strategy selected using the traditional Bayes criterion. This strategy leads to the 
improvement of the Bayes criterion. 

Let us consider the following example. There are four possible states of complex 
geological conditions that describe rock formations and soils 4=n   with probabilities  

( )4.03.02.01.0=P .            (6) 

The decision makers dispose of three strategies ( )3=m  with a matrix of values for 
evaluating the economic efficiency of mining 
















=

25.58.64
373.33
8.17.441

A .       (7) 

The estimates of the economic efficiency of mining ija   are given in conditional units. 
5.0=∆  is allowed.  

By plugging (6) and (7) in (3) we obtain  

  















=


































==

21.4
26.4
03.3

4.0
3.0
2.0
1.0

25.58.64
373.33

8.17.441
TAPA . 

In the matrix A   maximum is 4.26. Consequently 26.4=Ba . The element 21.43 =A  
differs from Ba   for less than 5.0=∆ . 

According to formula (5) for the third strategy, the total probability is 
( ) 5.03.02.0*

3 =+=> BaP . There is only one element for the second strategy 723 =a  

exceeds 26.4=Ba  with probability 0.3 which is less than ( ) 5.0*
3 => BaP . Therefore, a 

third strategy is preferred rather than a second one. 
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3.2 The Bayes criteria in terms of mining safety risks 

Consider the case when a decision maker needs to choose a strategy from several 
alternative strategies that ensures minimal risk. 

The known risks ijr  under the i  strategy ( )mi ,1=  and the j  state ( )nj ,1=   of 
geotechnical systems that form risk matrix R  the size of nm× . The Bayes criterion 
determines the effectiveness of the strategy as the minimum average risk value. 

∑= ijji rPr ,              (8) 

iir rBa min= .              (9) 

With the matrix notation, we have  

( )T
r RPRBa minmin == ,    (10) 

where R  is the matrix column of the average mining risk values. 
If we suppose that for the decision makers the acceptable increase in the Bayes criterion 

is by r∆ . For the strategies iS for which iR  is lying in ( )rrir BaRBa ∆+≤≤   the choice of a 
strategy is better than the existing 

rBaS . 

For strategies *
iS in matrix R  we choose elements that are less than rBa  and calculate 

the total probabilities:  

 ( ) ∑=<
=

n

j
jri kBaP

1

* ,           (11) 

where 






>

≤
=

rij

rijj
j Bar

BarP
k

,0
,

.  

Let us also determine the total probabilities ( )rrBa BaP <*  for strategy 
rBaS . If 

( ) )(**
rrBari BaPBaP <<<  then the reasonable decision would be to choose the strategy *

iS . 
If there are several such strategies, a strategy with a higher probability of implementation 
would have an advantage.  

Let us consider another example where there are still four states of complex geological 
conditions that describe rocks and soils with probabilities: 

( )45.025.02.01.0=P .         (12) 

Three strategies with a risk matrix (in arbitrary units) and deviation from rBa  for less 
than 1.0=∆ r .  
















=

23.38.65
6.343.33
5.46.541

R .               (13) 
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Calculating from (8), taking into account the formulas (12) and (13), we obtain 
















=


































==

585.3
58.3
325.4

45.0
25.0
2.0
1.0

23.38.65
6.343.33

5.46.541
TRPR . 

In the column matrix R   the minimum element is 3.58. Thus 58.3=rBa . For the third 

strategy, medium risk 585.3=R  differs from rBa  for less than 1.0=∆ r .  
According to formula (11) for the third strategy, the total probability 

7.045.025.0)(*
3 =+=< rBaP . For the second strategy, we have a lower probability 

( ) 3.02.01.0*
2 =+=< rBaP , that is why the third strategy is more preferable than the 

second one. 

4 Conclusions 

The rational strategy choice for the mining development, taking into account the improved 
Bayes criterion, minimizes the risks of the complex mining and geological conditions 
impact on the mining efficiency. Taking into account the initial conditions of geotechnical 
systems with different probabilities of the geological conditions characteristics that describe 
rocks and soils, the rational development strategy choice for mining operations is 
considered and substantiated, in which the minimum risks are achieved for several 
alternative strategies with close values of performance indicators. 
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