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Annotation. The authors of presented work showed that the need for decision-making based on game theory was
determined by a combination of the criteria and the tools effectiveness in the planning of mining operations and the
management of technological processes in mining enterprises. The main purpose of the work was to improve the criteria
by taking into consideration the influence of possible states of nature (geological disturbances) on the choice of
management strategy. The conclusion has been made about the necessity to choose the optimal strategies for
management by geotechnical systems, based on the analysis of geological faults, which are the main indicator of the
mining and geological conditions that characterize the mineral deposits, as well as on the parameters for the
infrastructure development of the underground space. It was shown in the paper that the Wald criterion (the criterion of a
guaranteed result, the criterion of pessimism) is one of the most important criteria for reliable decision making. It is also
used in a number of composite criteria: Hurwitz, Hodge-Lehman and Germeyer-Hurwitz. When constructing some
mathematical model, the authors had determined the scope of Wald's criterion: nothing is known about the probabilities
of states of nature; we will not allow risk; only a small number of solutions can be implemented. The methodological
peculiarity of solving the problems set is the use of game theory with modified criteria of Wald, maximax and Savage,
since the manifestation of specific geological faults is probabilistic in nature. When choosing the optimal strategy, the
average linear deviations of gains or risks are taken into account. As a result of the studies, it was found that the
disadvantage of the Wald, maximax and Savage criteria is that they do not take into consideration all the states of nature
- possible geological faults. In order to avoid this disadvantage, it is proposed, when choosing the optimal strategy, in
addition to take into consideration the average linear deviations of gains or risks that characterize the effectiveness of
management by geotechnical systems.
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Introduction. At present, the geological faults, which characterize the conditions
for the development of mineral deposits, determine the choice of technical means and
technological solutions.

According to the time of formation and the nature of impact on the seams, the
main geological faults can be represented in the following groups: tectonic
disjunctive dislocations with seams fracturing; tectonic plicative, causing the
curvature of the seams boundaries; dislocations of sedimentation character, which
reflect the changes in the structure and thickness of the seams, their bottom and
roof [1].
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The dislocation with a break in continuity — this is a discontinuity of mine rocks along a
certain surface, accompanied by the rock blocks movement relative to each other. The
dislocations with a break of continuity are characterized by such effects as fracture,
rupture, disjunctive (rupture) dislocation, disjunctive break, rupture displacement,
tectonic rupture. The dimensions of dislocations with a break of continuity vary in the
range: the extent - from meters to thousands of kilometres, the value of rocks
displacement - from centimetres to hundreds of kilometres. In this regard, local, regional,
crustal and general planetary faults are distinguished, which differ in length, value of
displacement and geological significance.

It should be noted that the most widespread is the morphological classification of
dislocations with a break in continuity based on the characteristics: the direction of the
relative displacement of the fault wings, the direction and incidence angle of the fault
plane. According to these signs, the following groups of discontinuity structures are
distinguished: normal faults, expansions, reverse faults, thrusts and lags. This
classification divides the faults into those formed under conditions of compression
(reverse faults, thrusts, lags) or of stretching (normal faults, expansions) of the earth's
crust.

The effectiveness of accepted technological decisions, depending on the probability
of a specific geological fault, determines the choice of the optimal strategy for
management by geotechnical systems. And this is reflected in the elements of a certain
matrix, the interpretation of which is possible based on the methodology of game theory.

The necessity to make decisions based on game theory is determined by a set of
criteria and well-known tooling when planning the mining operations and managing the
technological processes in mining enterprises [2 - 8].

Main part. Let us consider the problem of decision-making under the conditions of
indeterminacy [5, 11-13]. The indeterminacy means the absence or lack of information
about the possible manifestation of geological faults [9]. In this case, it is advisable to
use a mathematical model ‘Game with Nature’. In the game, a conscious ‘player’ is a
decision-making person (DMP), and ‘nature’ is a geotechnical system (natural
environment). At the same time there is no information about the probabilities of the
state of nature.

It is assumed that the player has m of strategies (4, ..., 4,,), and the nature has » of
possible states (/1,, ..., 17,). The ‘gains’ a;; are known of a player at i of a strategy and j
of a state of nature. A set of elements a;; form a matrix of game A with size m xn.

In order to choose the optimal strategy, the following classical criteria are used:
maximin Wald, maximax and Savage. However, they do not take into account the
distribution of all the gains and risks in the different states of nature.

The objective of work is to improve the criteria by taking into account the influence
of possible states of nature - geological faults on the choice of management strategy.

Wald criterion.The Wald criterion (criterion of guaranteed result, criterion of
pessimism) is one of the most important criteria for reliable decision-making [5, 11-13].
It is also used in a number of composite criteria: Hurwitz, Hodges—Lehmann and
Germeyer-Hurwitz.

The application area of Wald criterion:
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—nothing is known about the probabilities of states of nature;
—risk is not allowable;

—only a small number of solutions is realizable.

The Wald criterion is calculated by the formula

W = max min & .
i
For each strategy A;, we perform a repositioning (ranking) of gains a;;, arranging

them in a non-decreasing order [11, 12]. The elements of the obtained matrix are

denoted by by;, and the matrix itself by B.

Thus, in each ; -th row of the matrix s we have:
biy <bj, <...<byy,. (1)
By virtue of the ratio (1), the first column consists of the minimum gains

bil = mjln aij .

Hence, the Wald criterion

W = maxbj; = maxmin a;; .
i i ]
The strategy for which the Wald criterion is valid, will be denoted by A, .

In addition to the traditional approach, we will introduce into consideration the
allowable interval for the Wald criterion

Whin <W,

where Wi, — the low limit of the Wald criterion, acceptable to DMP.

In case of the strategies 4 existence, for which », is within the interval Wi, W], it
Is possible to choose a strategy better than Ay, . To do this, we determine the increment
in gain compared with the minimum possible

Sij :bij _bil'
The averaged increment of gain for i-th strategy is characterized by the average

linear deviation relative to by,

-1

m
& =—— 2 5. )

When comparing the two strategies, the strategy is more favourable that provides the
higher averaged increment.

Maximax criterion. The maximax criterion (optimism criterion) is calculated
according to the dependence
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M = max max a;; .
P
It follows from the ratio (1) that the last column in the matrix B consists of the
maximum gains. In this regard, the criterion M can be written in this form

M = max by, .
|

Let us introduce into consideration the allowable interval for the maximax criterion
Mpin <M

where a,, —the low limit of the criterion, acceptable to DMP.
The strategy corresponding to the criterion M is denoted by Ay, .

For the strategies A, at which by, €[M in, M ] the choice is possible of better than
Ay . For this purpose, we determine the decrease in gain as compared with the maximum
possible

Ajj =bjm — by . (3)

The averaged decrease in gain for the i -th strategy will be described by means of the
average linear deviation relative to by,

_ 1
=—1§ 4

Of the two strategies, preference should be given to that one, which has a lower value
of Zi .

To the right side of (3) we add and subtract bj;, and then having performed grouping -
we obtain

bim —byj = (0im —big)— by — it )
Given that 5,=5,-5,, We will obtain the dependence between the average linear
deviations

_ m _
Ay = m—_l(bim —bip)— ;. (5)

The formula (5) can be used to verify the obtained values of A and 5,.
Example. Game model matrix
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6.0 136 120 9.0
A=| 80 13.0 140 6.8 |,
10.0 7.0 11.0 10.0

where gains are in conventional units. Having performed the ranking, we obtain

6.0 9.0 120 136
B=|68 80 130 14.0|.
70 10.0 10.0 110

The first column of the matrix B consists of minimal elements. The maximum of them
IS by; =7 (underlined by a single line), therefore, by Wald criterion, the third strategy is

optimal. Suppose that for DMP it is permissible to reduce the gain by 0.5. Since 6.8 is in
the interval of 6.5-7, then we will compare the strategies 4,and 4 according to the

average linear increments. The calculations by the formula (2) gave the result &, = 4.87
and 55 =3.33,i.e,, 8, > 8. Thus, it is rational to choose the second strategy.

If DMP is focused on an optimistic result, then according to the maximax criterion
M =b,3 =14 (underlined by a double line) — the second strategy is optimal. Let the

former value of the decrease in gain is allowable, as 13.6 [13,5,14], then, having
compared the strategies A and A, according to average linear increments, by the formula
(4), we will obtain A; = 4.6 and A, =4.73,i.e., Ay <A,. From which it follows that it is

rational to choose the first strategy.

Savage criterion. The Savage criterion is similar to the strategy choice by the Wald
criterion, but DMP is guided by a risk matrix r, the elements of which are calculated by
the formula

hj = o j —j s (6)
where aj =maxa;, j=12,...,n,i=12,...,m.
|
The elements r;; characterize the value of losses.
The criterion of minimum risk by Savage [3, 4, 13]

S =min maxr; .
b

For all A; strategies, we will reposition the risks r; in non-decreasing order. The

obtained matrix is denoted by H , and its elements by h;; . The last column by, consists of
maximum risks. This make possible to write the Savage criterion in the following form

S =min hy,. (7)
|

Let the allowable interval for the Savage criterion is
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Smax =S

where S,,,.— the upper limit of the criterion, acceptable to DMP.
For strategies A, which have hi, €[S, Smax ], the choice is possible of better than 4, .

For this purpose, we determine the decrease in risk as compared with the maximum
possible

Ahyj = hjm = byj. (8)

The averaged decrease in risk for the i-th strategy is characterized by the average
linear deviation relative to h;p,

A =— 3 an ©)
Ai:— A'J

The strategy should be chosen that provides a greater decrease in risk.
Example. The matrix of gains is given
1.2 40 4.7 6.0
A=|3.0 33 7.0 3.0
40 48 6.0 2.0

We calculate the risk matrix by the formula (6)

28 0.8 23 00
R=|10 06 0.0 3.0
0.0 00 1.0 40

Let us perform the ranking by the matrix R rows

00 08 23 238
H=00 06 1.0 3.0|.
0.0 0.0 1.0 40

According to the Savage criterion (7), which is equal to 2.8 (it is in bold in the matrix),
the first strategy should be chosen. Let the allowable increase in the risk is by 0.5. This
condition is satisfied by the second strategy. The calculations by (9) gave the following
result: Ahy =1.77 and Ah, =2.47. Since Ah; < Ah,, then it is rational to choose the

second strategy.

Conclusions. The disadvantage of the Wald, maximax and Savage criteria is that they
do not take into account all the states of nature - possible geological faults. In order to
avoid this disadvantage, it is proposed, when choosing the optimal strategy, in addition to
take into account the average linear deviations of gains or risks that characterize the
effectiveness of management by geotechnical systems.
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AHortaujif. ABTOpamu CTaTTi NOKa3aHo, LU0 HEOOXIAHICTb B yXBaneHHi pilLeHb Ha OCHOBI TEOPIi irop BU3HAYAETLCA CYKYMHICTHO
KpUTEPIiB Ta E(EKTUBHICTIO IHCTPYMEHTIB MU MMaHyBaHHI TipHAYMX POBIT i ynpaBniHHI  TEXHOMOMYHMMM NpoLecaMu Ha
ripH4onobyBHUX MignpuemcTeax. MeTta poBoTW - YAOCKOHANEHHs KpUTEpiiB LUMSXOM BpaxyBaHHS BrifMBY MOXTMBKX CTaHiB
npypoay (reornoriYHX NopyLLEHD) Ha BUGIp cTpaTerii ynpaeniHHs. Ha OCHOBI aHanisy BiLOMMX MPHYO-TE0MOMYHMX NOPYLLEHD MpH
po3pobLi POACBHLL, KOPUCHWX KOMAnuH i PO3BMTKY IHPACTPYKTYpK Mig3eMHON0 MpOCTopy 3pobrieHO BUCHOBOK MPO HEOOXIAHICTb
BMOOPY OMTUMArbHUX CTPaTerilt YpaBriHHA reoTexHIYHMMKM cucTeMamu. B poboTi nokasaHo, Lo kpuTepiit Banbaa (kpurepiit
rapaHTOBaHOrO pe3yrnbTary, KpUTEPIl NecuMiaMy) € OOHUM 3 HaBINbLL BEXKIMBMX KPUTEPIIB Anst HAMIMHOMO NPUIAHSTTS pileHs. BiH
TaKOX 3aCTOCOBYETHCA | B psifi CKMagoBux kpurepiis: I'ypaiua, Xomka-llemaHa i epmeriepa-Typsilia. Astopamm npu nobynosi
MaTeMaTU4YHOI MoZeni BI 3Ha4eHO 0BnacTb 3aCTOCyBaHHS KpUTEpito Banbaa: Mpo MOXIMBOCTi CTaHiB NPMPOAM HIHOrO He BiLOMO; He
JONYCTUMO PU3VK; MiAOaETECs pearnisalii TiNbki Mara KinbKiCTb pilleHb. MeTogornoriyHo 0CoBNMBICTIO BUPILLEHHS NOCTABIEHMX
3aBfaHb € BUKOPUCTaHHS Teopii irop 3 MoaudikoBaHUMK KpuTepismMv Banbaa, Makeumake | CeBimxa, Tak sk MposiB. KOHKPETHMX
FeONIoNnyHMX MOPYLUEHb HOCWTL IMOBIPHICHWIA Xxapaktep. [pu BMOOpI ONTMMAnbHOI CTpaTerii BpaxoBYHOTLCA CepenHi MiHilHi
BiOXMNEHHs BUrpaLLiB abo puaukie. B pesynbTari npoeaeHiX AOCTimKeHb BCTAHOBIEHO, LLO HeAOniK Kputepiis Banbaa, Makcumake
i Cesimka nornarae B TOMY, LLO BOHM HE BPaxoBYIOTb BCi CTaHW NPUPOAM - MOXIIMBI eONONYHI MOPYLUEHHS. [INs YCYHEHHS Liboro
HeOoriKy 3anporoHOBAHO, NMpW BUOOPI OMTUMANbHOI CTpaTerii, JOAaTKOBO BPaxoBYBaTV CEPEOH TiHilHI BiaxvrneHHs BUrpaLLiB abo
PU3VKIB, LLIO XapaKTEpU3yHOTb eCHEKTUBHICTb YNPABMIHHS Fe0TEXHIHAMM CUCTEMAMM.

KnouoBi cnoBa; reonoriyHi NopyLUEHH, Teopist irop, KpuTepii Banbaa, kpuTepii Makcumakca, kputepii Cesimxa.

AHHoTaums. Astopami B paboTe NokasaHo, YTo HeOBXOAMMOCTb B MPUHSTIM PELLIEHUIA HA OCHOBE TEOPWM WP ONpeaenseTcs
COBOKYMHOCTBIO  KpUTEpEB U 3HHEKTMBHOCTHIO  MHCTPYMEHTOB MPW  MAAHMPOBaHUWA  TOpHbIX  paboT W yrpaBneHum
TEXHONOMYECKMMM MPOLLECCaM Ha ropHOA0ObIBAOLLMX MpeanpusTisx. Lienb paboTbl — yCoBepLLEHCTBOBaHWE KpUTEPHEB NMyTEM
yyeTa BIMSHAS BOMOXHBIX COCTOSHUA MPUpodbl (Feonom4eckux HapyLLeHMin) Ha BeIGop cTpaterum ynpaeneHus. Ha ocHose
aHanu3a W3BECTHbIX OPHO-TEONONMAYECKUX HapYLLEHWIA Mpu paspaboTke MECTOPOXOEHWA MONE3HbIX MCKOMAeMbIX ¥ PasBUTUS
MH(PaCTPYKTYpbl MOA3EMHOrO MPOCTPaHCTBa CAenaH BbIBOL O HEODXOAUMOCTY Bbibopa OMTMMasbHbIX CTpaTeri yrpaerneHus
reoTeXHUJeCkMMI cucteMamu. B pabote nokasaHo, uto kputepui Banbaga (Kputepuin rapaHTUpOBaHHOMO pesyribTata, Kputepmil
NeccUMn3Ma) SBMSETCH OAHUM 13 Hauboree BaxHbIX KDUTEPUEB ANS HAAEKHOrO NPUHATUS peLLeHni. OH Takke NPUMEHSIETCA 1 B
psge cocTaBHbIX kputepumes: Mypeuua, Xomka-flemaHa u Mepmeiiepa-ypauua. ABTOpaMu Mpu MOCTPOEHUN MaTEMaTUYECKOM
MOZENW onpeaeneHa obnactb NpUMeHeHus Kputepns Barbga: 0 BEPOSITHOCTSX COCTOSHWUA MPUPObI HAYETO HE M3BECTHO; He
[OMyCTUM PUCK; pean13yemMo TOMbKO Marioe KOnM4eCTBO peLueHmin. MeTomonoriyeckoil 0COGEHHOCTLIO PeLLEHNS MOCTaBMEHHbIX
33034 SBMSETCS UCMOMb30BaHME TEOpUM UIP C MOAUMLMPOBaHHBIMM KpuTepusMy Banbda, makcumakca n CaBumka, Tak Kak
NPOSIBNIEHNE KOHKPETHbIX MEONOMMHECKX HApYLLEHUA HOCUT BEPOSITHOCTHbIA XapakTep. Mpu BbIBOpe omTuMarnbHOM CTpaTteriu
YUUTBIBAKOTCS CPEAHWE JIMHEMHbIE OTKMOHEHWS BLIMMPLILEN WM PUCKOB. B pesynbtate npoBEAEHHbIX WCCTEnoBaHuiA
YCTaHOBIEHO, YTO HEJOCTaToK kputepueB Banbaa, Makcumakca v CaBumka 3aKkMiOYaeTcst B TOM, YTO OHW HE Y4WTLIBAOT BCE
COCTOSHUS MPMPOLb! — BO3MOXHbIE Fe0NonYeckve HapyLlieHns. [ns yCTpaHeHns 3Toro HepocTaTka NPEanokeHo, npu Buibope
ONMTUMAnbHOW  CTpaTeMM, JOMOMHUTENBHO  YYWTHIBATL  CPEOHWE  JMHEAHbIE  OTKIOHEHWS BbIMMPBILEN WM PUCKOB,
XapaKTepu3yHoLLX AGHPEKTUBHOCTb YMPABIEHNS FEOTEXHNHECKMI CUCTEMAMM.

KntoueBble cnoBa: reonoryeckvie HapyLLEHS, Teopus UMp, KpuTepuin Banbaa, Kpurepuin Makeumakca, kputepuin Casumxa.

Cmamms Haditiwna do pedakuii 20.06. 2019
Pexomer0osaHo Ao dpyky 0-pom mexH. Hayk C.I1. MiHeegum
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