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PROBABILITY MODEL FOR THE ERROR ESTIMATION AT SEISMIC-ACOUSTIC
FORECAST WHILE COAL MINING

Seismic-acoustic method is widely used currently to predict rock bursts and outbursts in coal
mines. To improve this method the two prognostic criteria model is developed to avoid the forecast
errors. The proposed mathematical model provides decreasing the probability of type I errors (“false
positive”) without significant growth of type Il errors (‘'false negative”). The probabilistic model pro-
posed takes into consideration a time parameter as well.
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Ha oanuii uac wupoko 3acmoco8yemspcsi ceticMOaKyCmuyHull Memoo 01 NPOSHO3Y8AHH 2ip-
CbKUX y0apie i GUKUOI8 2IPCLKUX NOPIO Y 8VeIIbHUX waxmax. /sl 600CKOHANEHH Yb020 Memoody po3-
Pob6IeHo MoOenb 3 080MA NPOSHOCUYHUMY KPUMEPIAMU, WOO YHUKHYMU NOMUTLOK NPOSHO3Y. 3anpo-
HOHOBAHA MAMEMAMUYHA MOOeb Nepeddayae 3meHuen s tmosiprocmi nomunok I pody ("momunkoeo
nosumusHnux") 6e3 icmomuozo 3pocmants nomunok Il pooy ("nomuixoso necamusnux") ma epaxosye
yacosutl napamemp.

Knrouoei cnosa: iimogipHicha Mooeib, CeticMoaKyCmuyHUuLl Memoo,; nPpocHO3 UKUOIE.

Formulation of the problem

The study of gas-dynamic phenomena mechanism in mines [1] is one of the key tasks asso-
ciated with the coal and gas outburst prediction.

Seismic-acoustic method is widely used currently to predict the rock bursts and outbursts in
coal mines. Nevertheless, the average level of the method reliability is 60—70 % [2]. The probability
of type II errors (“false negative”) at predicting is about 3 % [3]. But the availability of type I errors
(“false positive”) can be significant [5]. The probability of such error occurrence should be decreased,
but at the same time increasing the type Il errors (“false negative”) must be excluded.

Analysis of recent investigations and publications

The outburst forecast at coal mining based on acoustic signals involves a hazard index devel-
oped in [5]:
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where 4, is an amplitude of high-frequency component in acoustic signal spectrum recorded in the

rock mass while mining operations, A4,, is an amplitude of the low-frequency component in this spec-

trum. To improve the forecast technics the prognostic model has been developed by involving addi-
tional index [6]:
S

where S, is the spectrum area corresponding to the high-frequency component, S is a general area of

the amplitude-frequency spectrum. Values S, and S can be determined by spectral estimation of sig-
nals generated by rock-destruction mechanisms:
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where Ai ,i =0,imax are the amplitude magnitude, A4 is the frequency step of the considered spec-

trum area. The amplitude spectrum can be estimated by the fast Fourier transformation [10].

The critical value of the prognostic index K should be determined and adjusted in accor-
dance with the appendix P.8 [4] individually for different types of excavations. The critical value of
the prognostic index K S alters obviously within the range [0, 1] and should be estimated based on

practical observations.
Respectively the criteria should be held to identify the hazard situation:

A6 *
Ke,=—2K (1)
4, 6
for some interval of time Ar and
S
Ke=—S5>K )
S S Ty’
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where K is the critical value of the prognostic index K., K g is the critical value of the prognostic
8

index K g The criterion (2) proposed in [6] is based on studying the crack initiation under the har-

monic and static stress components [7, §].

The probability of type I errors (“false positive”) according to the criterion (1) alters in the
range from 5 % to 47 % [5]. That is why this criterion requires some varies to decrease the probability
of these errors. That is why the new model has been developed [6] for simultaneous applying both
outburst hazard criteria to improve the gas-dynamic phenomena prediction. To prove the effectiveness
of the proposed model the probability of forecast errors should be estimated.

Formulation of the research objective

An algorithm should be developed using prognostic indices K, K g to improve the seismic-
acoustic method for predicting gas-dynamic phenomena in mines. That is why the proposed model in
[6] should be corrected to decrease the probability of type I errors (“false positive”) without increasing
probability of type II errors (“false negative™).

Statement of the main material
Estimating the probability of an error occurring at the outburst forecast based on acoustic signals.

While coal mining the special seismic bureau must give message «hazardousy, if the criterion
(1) is fulfilled during the time interval A¢ and over.

*
The criterion (1) can be corrected by increasing the critical value K, and/or by increasing the

time interval A¢. These alters provide decreasing the probability of the type I errors («false positive»).
But at the same time such varies obviously increase the probability of the type II errors («false nega-
tive») representing greatest hazard.

Physical interpretation of the criterion (1) is following. Gas-dynamic phenomena are asso-

ciated with crack initiation identified by growing of high-frequency component of the spectrum A,
[5]. Hence, increasing of the value 4, means increasing the ratio (1). However, the prognostic indica-
tor K, can grow as well if its denominator decreases. But decreasing of low-frequency component of

the spectrum 4,, does not mean dangerous situation in rock mass [10] and does not identifies gas-

dynamic onset.
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This fact can be substantial reason for the type I errors («false positive») while applying the
criterion (1). The criterion (2) has not this flaw because depends on the amplitude spectrum integral.
The physical interpretation of the prognostic index K g is the ratio of the high-frequency oscillations

power to the total oscillations power at given «point» of the study.
As mentioned above the two-criteria outburst model that included prognostic indicators K
and K¢ has been developed [6]. But the model fetches have not been founded and the introduction of

a time parameter has not been done. That is why this paper focused on developing the probability
models of occurring both type errors («false positive» and «false negative») while acoustic analysis.
To identify different level of hazard we introduce two notions:
— possible hazardous rock state/possible not hazardous rock state,
— hazardous rock state/not hazardous rock state.
First notion means fulfillment/non-fulfillment of criteria (1) and (2), second notion means
making decision based on the observations over a time period AT .
Additionally, following notations should be involved:

H 0= {not hazardous rock state} is a primary hypothesis;

H 0= {hazardous rock state} is an alternative hypothesis.

Such events should be discussed:
A. = {the signal is «possible not hazardous rock state» according to the i-th criterion};

‘ ~

N

;= {the signal is «possible hazardous rock state» according to the i-th criterion};

B = {decision «not hazardous rock state»};

B = {decision «hazardous rock state»};

H, Ai = {type I errors according to the i-th criterion («false positive»)};
H, Ai = {type II errors according to the i-th criterion («false negative»)};
H Og = {decision has a type I error};

H OB = {decision has a type II error}.

a; =Py (Aj.) is type I error probability according to the i-th criterion;
0
,Bl. = PhT ( Ai) is type II error probability according to the i-th criterion;
0
a =Py (E) is type I error probability of made decision;
0

p= PI_T (B) is type II error probability of made decision.
0

The type I and II errors probabilities are determined by the criterion function:
B = f(¢1 b ¢2 ) b
where ? is a function with respect of prognostic indicator K, ?, is a function with respect of

prognostic indicator K g .
Consider two possible variants for the decision making. First variant is following. Let the cri-
terion function be

B=A4,. 3)
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In this case we make a decision «not hazardous rock state» when both criteria show the prediction

«possible not hazardous rock state». Then opposite event looks like B= A4, = A + A, . The type

errors probability of makmg decision can be estimated in such | way:

= Py (B = By (A +49) = Py (4 + Py (dy) =Py (4 DBy () =

4
=a;ta, —alaz(l) =apta,: 1—a2(1) .a_ 4)

2

and the type Il errors probability looks like:
B =P (B)= Py (i) = P (AP ()= iy, 5)
H, 1

where ) and /32 1 are the type I and II errors probablhtles according to the criterion (2) respec-

tively under condition that the type I errors also has occurred according to the criterion (1).

If the errors are independent according to different criteria, then « and

2() ~ %2

= f3,. However, this situation should be considered as extreme one because the obvious de-

By
pendence between events Al and A2 exists. That is why we suppose the probabilities satisfy the in-

equality Ay > % andﬁz(l) > B,

It can be seen from the expression (4) that the type I error («false positive») probability in-
creases, but at the same time the type Il error («false negative») probability decreases according to the
expression (5). The result obtained goes against the constitutive idea of the model that aims decreasing
the type I errors probability in the hazard forecast.

Consider second possible variant for the decision making. Let the criterion function be

B=A1+A2. (6)

In this case we decide «not hazardous rock state» when at least one of the criteria shows the prediction
«possible not hazardous rock state».

Then opposite event is B = A1 + A2 = Al A2 and

1y )= Pigy Ch 43) = Py () By ) =ty )
B =P (B)P (A+A)P (A)) + P (4y) = P (A) 4 ()=
0 0 0 0 1
= P+ By = By Bagry =y 4 By 1—ﬁ2(l)-ﬁ . ®)
By

Obviously, the type I error («false positivey») probability decreases according to the equation
(7). At the same time the type II error («false negative») probability increases according to the equa-

tion (8) because of summarizing quantities ,6’1 , ,82 . However according to experimental data [5] the
probabilities ﬂl , ,82 , ,82 (1) are sufficiently small. That is why the type Il error probability growth in

the equation (8) is not significant. Obtained result provides decreasing the type I error probability in
hazard forecast.

Thus, the variant of decision making according the model (6) meets the requirements of pre-
diction «not hazardous rock state».
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It should be noted that making decision «not hazardous rock state» according to the criterion
(2) is not sufficiently confirmed experimentally. That is why it should be entered a twice time interval
in criterion (1) to check the criterion (2) fulfillment. As a result the prediction «not hazardous rock
state» looks like:

(A + 4, )‘te[to,tO+AT} 'Al‘te[tl,tﬁz-AT}’ 2

where ty» 1) are arbitrary time moments in the interval investigated.

Then the prediction «not hazardous rock state» according to the developed model (9) can be
represented:

% * *
K, <K )+(K <K )] -(K <K J . 10
[( B-"B S8 ety tgraT] B T Blie]n, (42T (10)
The opposite prediction «hazardous rock state» according to the developed model (9) looks like:
* * *
K, >K ) (K > K )] +\K, >K . 11
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The numerical estimation of the type I errors probabilities has been made involving statistical
data accumulated at different regions of coal mining [5]. The type I errors probabilities decreased up
to 1,5—2,1 time approximately on making decision «not hazardous rock state» (10). Let us prove it.

The type I error probability while using only the criterion (1) is 0,05—0,47 for various coal
mines according to experimental data, thus, ay € [0,05; 0,47]. Then the type I error probability in the

criterion (2) can be as follows: 1) a4y <0,47,2) ay > 0,47 .

The variant «not hazardous rock state» according to the model (6) provides the type I error

probability decreasing in time according to expression (7), where o

is the type 1 error
0{2(1) 2(1)

probability in the criterion (2) respectively under the condition that the type I error also has occurred
according to the criterion (1).

If ay < 0,47 then the “conditional” probability of the type I error probability ay (1 can also
take values that are less, equal or greater than 0,47. Let us discuss cases a2(1) <0,47 and

a, (1) > 0,47 . The probability of decreasing the type I error according to the scenario (6) is estimated

>2.13 and 1<
“m “am

Let us discuss another case, when the type I error probability in the criterion (2) is ay > 0,47 .

by the following inequalities: < 2,13 respectively.

>213 and 1<
@2(1) %2(1)

Hence, without loss of generality, we consider that type I error probability while decision-

making according to the model (6) decreases up to 1,5—2,1 time.
Conclusions and Path Forward

New two-criteria technics has been developed to forecast the gas-dynamic phenomena based
on seismic-acoustic signals in rock mass. The probability of the forecast error has been estimated
based on simulating different probability scenario. Due to probability estimation the best combination
of criteria has been chosen. We proved that the prediction «not hazardous rock state» according to the
developed criterion (10) has the probability of a type I error less than prediction according to the crite-
rion (1).

Making similar reasoning, we get the same inequalities <2]13.
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The proposed two-criteria prediction technics with identifying situations «not hazardous rock
state» according to (10) and «hazardous rock state» according to (11) has been incorporated in the
hardware and software of seismic-acoustic complex at coal mines “Toretska”, “Tsentralna” (Ukraine,
Donetska region, Toretsk).
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HNMOBIPHICHA MOJIEJIb OLIIHKU IOMMJIOK CEUCMOAKYCTUYHOI' O
IIPOIHO3Y IIPU BUAOBYTKY BYI'ULJISL
TI'onoBko FO.M., Kitumenko J1.B., Capuxkoa O.0.

Pedepar

Ha nanuit wac 1uist mporHo3yBaHHsI BUOYXiB TIPCHKUX MOPiJ] Y BYTUIBHHX IIaXTaX IIUPOKO 3a-
CTOCOBY€ETBCS CeiCMOaKyCTHUHUM MeTo. TuM He MeHIle, cepeHiil piBeHb HaIIHOCTI BOTO METOAY
cTaHoBUTH O6113bK0 60—70 %. IMoBipHicTs moMmiIoK Il poay («IOMHIKOBO HETaTHBHI») MPU HPOTHO-
3yBaHHI CTaHOBUTH ONMU3BKO 3 %. AJie HasgBHICTH IMOMIIOK | pomy («IOMHIKOBO MO3UTHBHI») MOXKeE
6yTH 3Ha4HMM. MIMOBIpHICTh BUHMKHEHHs TaKMX MOMHJIOK CJIiJ 3MEHIIHTH, ale B TOi Xke dac 36i1b-
IIYFOTHCS NOMHJIKH 11 poy («ITOMHIIKOBO HETAaTHUBHI), IO CIIi/I BUKIFOUUTH.

Jl1st BHOCKOHAJIEHHST TEXHIKH MPOTHO3Yy Oyira po3po0iieHa MPOTHOCTUYHA MOJEINb, IO BKIIIO-
Yae JiBa IOKa3HUKHU: TIOKA3HUK
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ne A, — BUCOKOYACTOTHA aMILIITY/1a B CIIEKTPi aKyCTHYHOIO CUIHANY, A, — HM3bKOYaCTOTHA aMIl-
JITy/a B CIIEKTPi aKyCTUYHOTO CUTHAIY, Ta TIOKA3HUK
_"s
Kg=—,
S
ne Sg € IIOIICI0 CIEKTPa, IO BiAMNOBiTa€ BUCOKOYACTOTHIH KOMIIOHEHTI CIIEKTPY aKyCTHYHOTO CHT-

Haly, S € 3arajibHa I1jIoiia aMHHiTy,I[HO—‘laCTOTHOFO CIICKTpa CUTHAILY. Bi,[[HOBi,[[HO, CJ'IiI[ BHU3HAYUTHU

JiBa KpUTepil 1Ist BUABJICHHS HeOesneuroi cutyanii: Ky = —5 > K ¢ Y TPOMDKOK Hacy At 1 Ginplre,
Ay
8 * * %
Ta Kg =—2Kg, ne K, — KpPUTHYHE 3HAYCHHs IPOTHOCTHYHOIO MOKasHuKka Ky, K g € KpuTH-

YHHUM 3HAYCHHAM MNPOTHOCTUYHOT'O ITOKa3HUKa KS .

Bigmaetbes mepeBara Mojielni 3 ABOMa KpUTEPisiMHU, 10 3a0e3nedye 3MEHIIEeHHS HMOBIPHOCTI
HOMMJIOK TIEPIIOTO POy («IIOMUIIKOBO ITO3UTHUBHI»).

3anporoHoBaHi KpuTepil (Momesi MPUIHATTS PillleHb) 3aCTOCOBAaHI MPH PO3POOIN MIAXTHOTO
CEeCMOaKyCTUYHOTO alapaTHO-MPOrPaMHOTO KOMILIEKCY.
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