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Abstract. The article presents results of study of intelligent fuzzy logic algorithms developed on the basis of fuzzy 
logic methods for information system of the mine safety system. Research methods: mathematical theory of fuzzy sets 
and fuzzy logic; methods for implementing fuzzy logic algorithms (fuzzification, inference and defuzzification) for 
converting input and output signals, creating expert rules and ensuring the functioning of the fuzzy controller; methods of 
organizing computational processes and building software models of information systems for constructing a model and 
analyzing the fuzzy controller process; simulation of fuzzy controller operation. In order to prevent emergenc y situations 
caused by the lost geotechnical system stability due to the uncertain behavior of the rock mass, a new fuzzy controller 
was designed which could generate an additional control signal. For the two-coordinate fuzzy controller, it is proposed to 
use the input parameters ―Deviation‖ and ―Derivative deviation‖. To obtain the value of the derivative, a differentiating 
element was introduced into the fuzzy controller structure. At the output of the controller ―Output‖, a control signal is 
generated, which is one of the control criteria in the system for ensuring the assessment of the state of the geological 
environment, including mine roadways and means for their maintenance. It can also be used as a correction signal to 
control signals, which generated by classical control systems. For the fuzzy controller, methods of data fuzziness, 
inference and de-fuzziness were validate, and linguistic rules were designed in order to control parameters of the 
geotechnical system. With the help of the Cauchy problem solved by Runge-Kutta method of the 4th order, designed a 
software model of the proposed system which simulated the system operation. The model has proved operability and 
static stability of the developed algorithms. Output signal of the fuzzy controller can be used as information for estimating 
risk for geotechnical systems, preventing possible emergency situations. The process management process in the 
geotechnical system can be carried out by software by generating and transmitting danger signals, as well as initiating 
the creation of guidelines for the implementation of technical measures, which ultimately will ensure the effectiveness of 
warning personnel about possible emergency situations and increase occupational safety on mining enterprises. 

Keywords: geomechanical processes, job safety, intelligent algorithms, fuzzy logic. 

 

Introduction. The control systems based on fuzzy logic methods [1, 2] are among 

the most promising for practical application. The technical implementation of control 

systems embodying intelligent methods and algorithms is based on the use of 

computers and microprocessor tools. Fuzzy control systems are especially useful 

when processes in a controlled system are too complex to analyze using traditional 

quantitative methods, or when incoming informative parameters cannot be reliably 

interpreted due to the impossibility of establishing accurate criteria for evaluating the  
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source data. These uncertainties often do not allow monitoring and predicting of 

processes in geotechnical systems. 

Geotechnical systems are monitored for safety of mining operations under partial 

uncertainty of the rock massif behavior under load, irregularity and randomness of 

the distribution in space of the properties and structural features of rocks, variety 

characteristics of roadways supporting and other poorly predictable factors [3]. 

Unfortunately, in the mining and processing industries, the approaches to the 

development of management systems are still deeply conservative, which is 

connected with the need to ensure safe and trouble-free operation of technical 

systems in the difficult conditions of the development of deposits at great depths, 

danger of sudden emissions of rocks and gases. The applied classical control systems 

are effective for controlling strictly determinate objects and do not work well in 

conditions of incomplete and / or distorted information. Therefore, the construction in 

addition to the already existing safety systems of new intelligent algorithms is 

relevant and in demand in production. 

Methods. Research methods: mathematical theory of fuzzy sets and fuzzy logic; 

methods for implementing fuzzy logic algorithms (fuzzification, inference and 

defuzzification) for converting input and output signals, creating expert rules and 

ensuring the functioning of the fuzzy controller; methods of organizing 

computational processes and building software models of information systems for 

constructing a model and analyzing the fuzzy controller process; simulation of fuzzy 

controller operation. 

Results and discussion. At the Institute of Geotechnical Mechanics, work is 

underway to improve mining safety systems [3, 4] involving geomechanical models 

and methods for assessing scenarios for the development of situations. Maintaining 

the equilibrium state of the geotechnical system, as an object of management, 

provides for the control of the system parameters values from the equilibrium point 

and the rate of change of this deviation. On the basis of this data, control actions and 

personnel warning signals are generated. When a signal arrives at the dispatcher 

console or at the input of an automated control system for an object, a 

recommendation is drawn up for the use of technical and technological measures that 

contribute to the normalization of the system. For the analysis of incoming data on 

the state of rocks and roadways, as well as the formation of a timely response to 

changes in the parameters of the ―support-rock massif‖ geotechnical system, 

algorithms based on fuzzy logic methods were developed. 

For the two-coordinate fuzzy controller, it is proposed to use the input parameters 

―Deviation‖ (―Del”) and ―Derivative deviation‖ (―dDel / dt”, Fig. 1). To obtain the 

value of the derivative, a differentiating element was introduced into the fuzzy 

controller structure. At the output of the controller ―Output‖, a control signal is 

generated, which is one of the control criteria in the system for ensuring the 

assessment of the state of the geological environment, including mine roadways and 

means for their maintenance. It can also be used as a correction signal to control 

signals, which generated by classical control systems. For example, the fuzzy 

controller signal can be applied to directly correct the value of the penetration rate 
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setting for a mining combine to prevent rocks fall and other dangerous manifestations 

of rock pressure. 

During fuzzy controller operation, fuzzification (translation of the exact values of 

input signals into the value of logical-linguistic variables), inference (formation of 

rules by experts and their conversion into control law) and defuzzification 

(conversion of a fuzzy set into a clear number) are performed. The control law can be 

implemented by software and hardware if the system is configured to generate and 

transmit danger signals, as well as to initiate the creation of guidelines that regulate 

the implementation of technical measures. 

The fuzzification process determines the values of all membership functions for 

the current input values of the deviation arguments and the derivative of the 

deviation. For the accepted distribution of intervals and triangular membership 

functions at any time in the operating area for only two functions, their values will 

differ from zero and one. In the general case, the integral value of all membership 

functions in a single input variable, regardless of the current value of the argument, is 

equal to one, which is one of the advantages and, in this case, determined the use of 

triangular activation functions.  

 

 

Figure 1 – The signal processing circuit in fuzzy controller 

 

As a result of fuzzification, we have, in general, four non-zero values of the 

membership functions (two values for each of the two input axes), which must be 

processed using the fuzzy logic mathematical apparatus. In the developed device, the 

maximum aggregation of these values is performed (a graphical interpretation of 

individual stages of inference is shown in Fig. 2). 

The calculation of inference stages parameters (intersection, union, aggregation 

and implication of fuzzy sets) is carried out using known analytical relations [1, 5]. 

The controller also implemented a minimum (―Mamdani‖) implication for defining 

output fuzzy sets for each of the active rules. The presentation of the data processing 

methods adopted in the controller is given in Table 1. 
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a)                            b)     

c)      

d)            e)      

Figure 2 – Methods of calculations used in fuzzy controller: intersection (a) and union (b) of fuzzy 

sets, aggregation processes (c) and implication (d), defuzzification of the result of calculations (e) 

 

For each of the input variables, the x-axis within the operating area is divided into 

five intervals, conventionally designated according to established terminology: a 

large negative value of the argument ―LN‖ (Large Negative), a negative value of the 

argument ―N‖ (Negative), a zero value of the argument ―Z‖ (Zero), positive value ―P‖ 

(Positive), large positive value of the argument ―LP‖ (Large Positive). As a result of 

fuzzification, we have, in general, four non-zero values of the membership functions 

(two values for each of the two input axes), which must be processed using the fuzzy 

logic mathematical apparatus. 

To prevent emergencies caused by the loss of equilibrium of the geotechnical 

system, the following methods for processing input signals are implemented in the 

inference unit of the fuzzy controller developed: 

- method of logical multiplication (intersection of fuzzy-sets): 

)(),(min)(
2121

xAxAxAA ,                                      (1) 

where А, A1, A2 are fuzzy sets, µA(x) is the degree to which x is a fuzzy set A; 

- method of logical addition (union of fuzzy-sets): 

)(),(max)(
2121

xAxAxAA ;                                      (2) 
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- aggregation method (association according to the rule): 

)(,
1

max)(,...,),1(,1max)( kxikE
m

k
mximExiExiE , при ni ,...,1 ,     (3) 

where Ei(x) is the degree of belonging with which the elementary expression ―If‖-

part of each active fuzzy rule is true, ni ,...,1  is the ordinal number of the fuzzy rule, 

the total number n, and m is the total number of elementary expressions for one rule; 

- implication method: 

)(),(min)(* cBxiEc
B ii                                        (4) 

where Bi is the a fuzzy-set defined during implication for each i-th rule, 

depending on the degree of belonging Ei(x), Ei (x) with which it is executed; 

- defuzzification method (gravitational) 

dcc

dccc
SX

)(

)(

,                                                          (4) 

where XS – the projection of the center of mass of the membership function of the 

output value on the x-axis. 

 
Table 1 – Parameters of the fuzzy controller under study to prevent emergency situations caused by 

the loss of equilibrium of the geotechnical system 

 

№  Parameter Value Fig. Analytic Expression 

1 Logical multiplication 

method (fuzzy 

intersection) 

Min Fig. 2, a )(),(min)(
2121

xAxAxAA  

2 Logical addition 

method (fuzzy union) 
Max Fig. 2, b )(),(max)(

2121
xAxAxAA  

3 Aggregation method Max Fig. 2, c 

)(,...,),1(,1max)( mximExiExiE

)(,
1

max kxikE
m

k
,  ni ,...,1  

4 Implication method 
Min Fig. 2, d )(),(min)(* cBxiEc

B ii
 

5 Defuzzification 

method 
Gravita-

tional 
Fig. 2, e 

dcc

dccc
SX

)(

)(
 

The notation in the table: A, A1, A2  are fuzzy sets; µA(x) is the degree to which the x value belongs 

to the fuzzy set; A; Ei(x) is the degree of belonging with which the elementary expression ―If‖-parts 

of each active fuzzy rule is true, and this ni ,...,1  is the sequence number of the fuzzy rule, the 

total number n, and m is the total number of elementary expressions for one rule; Bi is the fuzzi-set 

defined for implication for each i-th rule, depending on the degree of belonging Ei(x) with which it 

is executed; XS is the projection of the center of mass of the membership function of the output 

value on the x-axis. 
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The linguistic rules for the functioning of the controller are formulated by an 

expert based on his knowledge and skills of managing an object. For the fuzzy 

controller to prevent emergencies caused by the loss of the equilibrium state of the 

geotechnical system ―support-rock massif‖, the following rules for generating a 

compensating effect are proposed: 

- if ―Deviation‖ is increasing rapidly 

LNisOutputthenLPisdtdDelandLPisDelIf / ;                       (5) 

- if ―Deviation‖ is large negative, and it increases  

LPisOutputthenLNisdtdDelandLNisDelIf / ;                       (6) 

- if ―Deviation‖ is big positive, and ―Derivative deviation‖ is big negative  

ZisOutputthenLNisdtdDelandLPisDelIf / ;                        (7) 

- if ―Deviation‖ is positive and ―Derivative deviation‖ is also positive  

NisOutputthenPisdtdDelandPisDelIf / ;                          (8) 

- if ―Deviation‖ is negative and ―Derivative deviation‖ is also negative 

PisOutputthenNisdtdDelandNisDelIf / .                         (9) 

Under some conditions, it is proposed to use two rules, each with weighting 

coefficients of 0.5. So, if the ―Deviation‖ value is large positive (LP), and the speed is 

positive (P), i.e. the deviation increases, although not too quickly, the controller 

output is calculated as the result of the composition of two rules that form a large 

negative (LN) and negative (N) values of the corrective action: 

5,0,/ kLNisOutputthenPisdtdDelandLPisDelIf ;                       

5,0,/ kNisOutputthenPisdtdDelandLPisDelIf  ,                (10) 

where k – the weighting factor for the rule (the sum of the weighting factors for all 

the rules within one cell of the table of the rules we have formulated is one, Table 2). 

To test the effectiveness of the solutions used, developed a program model of the 

proposed system and simulated its work with solving the Cauchy problem using the 

4th order Runge-Kutta method (Fig. 3). The control object was represented by 

aperiodic and oscillatory links with different values of the coefficients of the 

proportional part and time constants in the terms containing the Laplace operator as a 

multiplier. It has been established that in all cases studied, the use of a fuzzy 

controller improved the quality of control: in particular, the overshoot during system 

start-up and with a sharp increase in load decreased, the static stability of the system 

improved, which, in turn, reduces the probability of an accident caused by a sudden 

loss of stability of the control object. 
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Table 2 – The linguistic rules of the developed controller 

 

Input Coordinates and Split 

Ranges 

Input value "Deviation" (Del) 

LN N Z P LP 

Input value "Derivative 

deviation"  

(dDel / dt) 

LN LP 
0,5 LP 

0,5 P 
P 

0,5 P 

0,5 Z 
Z 

N  
0,5 LP 

0,5 P 
P 

0,5 P 

0,5 Z 
Z 

0,5 Z 

0,5 N 

Z P 
0,5 P 

0,5 Z 
Z 

0,5 Z 

0,5 N 
N 

P 
0,5 P 

0,5 Z 
Z 

0,5 Z 

0,5 N 
N 

0,5 N 

0,5 LN 

LP Z 
0,5 Z 

0,5 N 
N 

0,5 N 

0,5 LN 
LN 

 

 

Figure 3 – Modeling fuzzy regulator: 1 – the output signal of the conventional regulator; 2 – 

correction signal of the fuzzy regulator ―Output‖. 

 

Comparison of the maximum amplitudes showed a low value of the overshoot, 

which in geotechnical systems can be assessed positively, since the loss of stability as 

a result of an increase in dynamic loads can lead not only to breakdowns and 

destruction of the system itself, but also to human victims. The delay time of the 

response of the control system to external influences and load changes is reduced. 

This was made possible not only by taking into account the level of deviation of the 

output value from the target, but by controlling the rate of change of this deviation, 

including when the absolute value of the deviation in the module itself is insignificant 

or equal to zero, that is, it is not a sign of a pre-emergency situation or a sign of the 

beginning of the process loss of stability of the geotechnical system. 

The output signal of the developed fuzzy controller is used as information to 

assess the degree of danger of the geotechnical system and prevent possible 

emergencies, which will increase the safety and productivity of miners. 
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Conclusions. For the problem of geotechnical systems monitoring under partial 

uncertainty of input data and emergency prevention, a fuzzy controller has been 

developed and tested. Fuzzy controller provides, based on fuzzy logic methods and 

algorithms, analysis of input data for monitoring the stress-strain state of rocks. The 

methods of fuzzification, inference and defuzzification of data are justified, linguistic 

rules to control the parameters of the geotechnical system are developed. A software 

model of the proposed system was developed. The fuzzy controller is modeled using 

the 4th order Runge-Kutta method for solving the Cauchy problem. The simulation 

showed the performance of fuzzy controller algorithms and an increase in the static 

stability of the controlled system. 

The process management process in the geotechnical system can be carried out by 

software by generating and transmitting danger signals, as well as initiating the 

creation of guidelines for the implementation of technical measures, which ultimately 

will ensure the effectiveness of warning personnel about possible emergency 

situations and increase occupational safety on mining enterprises. 
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выходных сигналов, формирования экспертных правил и обеспечения функционирования фаззи-контроллера; 
методы организации вычислительных процессов и построения программных моделей информационных систем 
для построения модели и анализа процесса функционирования фаззи-контроллера; моделирование работы 
фаззи-контроллера. Для предупреждения аварийных ситуаций, вызванных потерей равновесия геотехнической 
системы в обстановке неопределенности поведения породного массива, разработан фаззи-контроллер, который 
формирует дополнительный управляющий сигнал. Для двухкоординатного фаззи-контроллера предложено 
использовать входные параметры «Отклонение» и «Производная отклонения». Чтобы получить значения 
производной, в структуру фаззи-контроллера введено дифференцирующее звено. На выходе контроллера 
«Output» формируется управляющий сигнал, который является одним из критериев контроля в системе 
обеспечения оценки состояния геологической среды, включающей горные выработки и средства их 
поддержания. Он также может быть использован как корректирующий сигнал к управляющим сигналам, 
генерируемым классическими системами управления. Для фаззи-контроллера обоснованы методы 
фаззификации, инференции и дефаззификации данных, выработаны лингвистические правила управления 
параметрами геотехнической системы. Разработана программная модель предложенной системы и выполнено 
моделирование ее работы с решением задачи Коши методом Рунге-Кутта 4-го порядка. Моделирование 
показало работоспособность и статическую устойчивость разработанных алгоритмов. Выходной сигнал фаззи-
контроллера может быть использован как информационный для оценки степени опасности геотехнической 
системы и предупреждения возможных аварийных ситуаций. Процесс управления процессами в геотехнической 
системе может осуществляться программно-техническими средствами путем выработки и передачи сигналов 
опасности, а также инициализации создания руководящих инструкций, регламентирующих выполнение 
технических мероприятий, что, в конечном итоге, обеспечит эффективность предупреждения персонала о 
возможных аварийных ситуациях и повысит безопасность труда на горных предприятиях. 

Ключевые слова: геомеханические процессы, безопасность труда, интеллектуальные алгоритмы, нечеткая 
логика. 

 
Анотація. У статті представлені результати досліджень по розробці інтелектуальних алгоритмів на основі 

методів нечіткої логіки для інформаційної системи забезпечення безпеки підземних гірничих робіт. Методи 
досліджень: математична теорія нечітких множин та нечіткої логіки; методи реалізації алгоритмів нечіткої логіки 
(фазифікації, інференції і дефазифікації) для перетворення вхідних і вихідних сигналів, формування експертних 
правил і забезпечення функціонування фази-контролера; методи організації обчислювальних процесів і побудови 
програмних моделей інформаційних систем для побудови моделі і аналізу процесу функціонування фази-
контролера; моделювання роботи фази-контролера. Для попередження аварійних ситуацій, що викликані 
втратою рівноваги геотехнічної системи в обстановці невизначеності поведінки породного масиву, розроблений 
фази-контролер, який формує додатковий керуючий сигнал. Для двохкоординатного фази-контролера 
запропоновано використовувати вхідні параметри «Відхилення» і «Похідна відхилення». Щоб отримати значення 
похідної, в структуру фази-контролера введена диференцювальна ланка. На виході контролера «Output» 
формується керуючий сигнал, який є одним з критеріїв контролю в системі забезпечення оцінки стану 
геологічного середовища, що включає гірничі виробки і засоби їх підтримання. Він також може бути використаний 
як коригувальний сигнал до керуючих сигналів, що генеруються класичними системами управління. Для фази-
контролера обґрунтовані методи фазифікації, інференції і дефазифікації даних, вироблені лінгвістичні правила 
управління параметрами геотехнічної системи. Розроблена програмна модель запропонованої системи і 
виконано моделювання її роботи з рішенням задачі Коші методом Рунге-Кутта 4-го порядку. Моделювання 
показало працездатність і статичну стійкість розроблених алгоритмів. Вихідний сигнал фази-контролера може 
бути використаний як інформаційний для оцінки ступеня небезпеки геотехнічної системи і попередження 
можливих аварійних ситуацій. Процес управління процесами в геотехнічної системі може здійснюватися 
програмно-технічними засобами шляхом вироблення і передачі сигналів небезпеки, а також ініціалізації 
створення керівних інструкцій, що регламентують виконання технічних заходів, та, в кінцевому підсумку, 
забезпечить ефективність попередження персоналу про можливі аварійні ситуації і підвищить безпеку праці на 
гірничих підприємствах. 
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