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Abstract. Aim. The paper considers the problem of estimating the probability of fire occur-
rence on diesel locomotives of various types and the ways to solve it. The problem arises due
to JSC RZD locomotive fleet special aspects. Thus, the operating fleet presents diesel locomo-
tives designed and constructed in the 20" century as well as in 21° century, and this accounts
for different causes of fire owing to design differences. The biggest contribution to differences
in fire numbers on new and old type locomotives is made by the construction of a diesel en-
gine as well as the fire resistance of cables. Researches show that substantial difference in
fire statistics for diesel locomotives of various types for the same period of observation are
caused by the volume of operating diesel locomotive fleet. For instance, volumes of operating
fleet for some types of diesel locomotives amount to thousand units (loco-days), while for other
types they make up just a couple of hundreds. This raises questions about whether a period of
observation and a volume of operating fleet are enough for estimating the probability and what
methods should be used to estimate it. Furthermore, we need an interval estimation of prob-
ability which is caused by reliability considerations, by getting “the worst scenario”. Again, this
is influenced by above differences in types of diesel locomotives. The paper also analyzes the
necessity of estimating “the worst scenario” and problems arising in reference with its calcula-
tion. To solve the problem of enhancing the reliability of calculations is to calculate the upper
boundaries of probabilities. In this case some types of diesel locomotives will have a lower
boundary of probability rather than “the worst scenario” as interval estimation. The necessity of
such estimation is specified for diesel locomotives of specific designs with materials complying
with modern standards in terms of reliability and fire resistance or having scarce statistics for
applying approximation methods of calculation because of limited operating fleet. Methods.
Researches into statistics of fires on diesel locomotives of types 2TE10, 3TE10, 2TE116, 2M62,
TEP70, ChMEZ, TEM2 made by the authors began with application of a “classic” statistics tool,
i.e. check of statistical hypotheses about a law of distribution of a random value “fire” belong-
ing to known discrete laws. While at this, a minimum amount of tests was defined for making
sure that targeted estimates of probability are of certain reliability. The condition of a diesel
locomotive during operation is not stationary, so a classic estimation of probability of fire oc-
currence would lead to uncertainty in applying the results of estimation for the purposes of
planning and prediction. To evaluate “the worst scenario”, we used both precise and approxi-
mate methods for defining confidence boundaries based on “double approximation”. Further,
to enable transition from estimation of probability of fire occurrence on diesel locomotives of
a certain type to estimation of fire probability for certain units, a sufficient amount of rolling
stock was researched. The authors have found that the amount of operating fleet should be
not less than 610 loco-days to ensure the precision of probability calculation with an error
not exceeding . The authors have also identified the method and the necessity of separately
estimating the probability of fire on locomotives with operating fleet less than 610 loco-days.
Results. Conclusions. /n fine, for each type of locomotive we have defined a law of random
value occurrence, calculated interval estimates of probability of fire occurrence considering an
amount of operating fleet. Tools of statistical analysis for calculating probabilities of fire occur-
rence on diesel locomotives of various types have been also identified. We have determined
methods for calculating interval probability estimates taking into account an available amount of
observations with an error not exceeding a specified value ¢ at the level of O,2p;.. This research
and related calculations have enabled us to obtain one of the primary elements for estimating
a fire risk, i.e. the probability of fire on diesel locomotives of various types.
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Introduction

Calculation of probability of an undesirable event is vital
part of risk analysis. For analysis of fire risk, an undesirable
event is a case of fire. The paper tackles analysis of fire cases
as random events and estimation of probability of their oc-
currence. Probability of fire occurrence is a mathematical
value of possibility of occurrence of necessary and sufficient
conditions for fire breakout (catching fire) [ 1]. Conditions for
fire break-out presents a set of direct fire causes or, in terms
of probability theory, elementary outputs, whose set favors
occurrence of fire event. That said, the set of elementary
outputs will differ for different objects. The most obvious
example is such: on diesel locomotives 12% of fires happen
due to failures of a turbo charger. For electrical locomotives
a share of fires due to this cause is 0%, since electrical lo-
comotives do not have turbo chargers. Diesel locomotives
of various types also have design differences. However,
design is not the only criterion of difference between types
of diesel locomotives. Not lesser influence on an amount of
fires is made by a volume of diesel locomotives operation
or, in other words, operating fleet. Therefore, as a random
event of fire on different types of locomotives is caused
by different sets of elementary outputs, the probability
of fire on a locomotive of each type should be calculated
separately. This paper deals with consideration of special
aspects of available fire statistics, choice of statistical tools
for estimating fire probabilities with each type of locomo-
tives taken into account.

The paper uses a mathematical apparatus for calculating
probabilities of fire on diesel locomotives of such types as
2TE10,3TE10, 2TE116,2M62, TEP70, ChMEZ, and TEM2
(based on statistics for the period of 2008-2015). The proc-
ess of calculating probability includes consideration and
description of the process of selection of a distribution law,
check of compliance of chosen distribution conditions.

The second part of the paper deals with enhancement of
reliability of calculation results. This task was solved by
estimating upper boundaries of probabilities of catching
fire on various types of diesel locomotives. The calculation
allowed estimating the weight of probability as a value above
which the weight of probability will not rise with a high
reliability. The estimate of upper boundaries of probability
is used not so widely as an explicit estimation of probability.
The task solving was complicated by the fact that for some
types of diesel locomotives the sample was small, and that
was shown as a small operating fleet and as the fact that it
was impossible to apply classical formula for estimating
upper boundaries of parameters of known distributions. A
precise method of calculation was used for estimating such
probabilities.

Selection of distribution

For estimating the probability of fire occurrence it is nec-
essary to select a mathematical model of estimation. In this
case estimation of probability was made by using a Bernoulli

distribution (binominal trial model) [2]. A Bernoulli distri-
bution is called a consequence of tests satisfying to certain
conditions. Table 1 provides the analysis of conditions for
application of a Bernoulli distribution for analyzing fire
cases as to empirical data (observations).

According to the accepted model, a trial is assumed as a
month wherein we witness cases of fire or no fire on locomo-
tives that have N volume of operating fleet.

Using a Bernoulli formula, the occurrence probability of
exactly k of successes P, (k) is equal to':

P(k)=C;p}( =yt ()

!
ok n!
T AT
Furthermore, we have analyzed other known discrete
distribution laws, including a Poisson distribution. Below
one can find checking the extent to which observed statistics
is described by the chosen law.

Check of statistical hypotheses

For checking assumptions related to definition of compli-
ance of a sample with a certain distribution law, a mechanism
of checking statistical hypotheses is used.

A statistical hypothesis is called an assumption about a
type of distribution law or values of unknown parameters
of a distribution law in the population.

Below is the procedure of checking a statistical hypoth-
esis about compliance of fire occurrence with a binominal
distribution law:

1. Statement of a null and alternative hypothesis.

A hypothesis stated about compliance with a binominal
distribution law with confident likelihood a is called a null
hypothesis H:{P=P,}. As aresult of statistical check, a null
hypothesis is either accepted (assumed as true) or rejected
(assumed as false).

In addition to a null hypothesis, we define an alternative
hypothesis H,:{P#P,} that will be accepted in case a null
hypothesis is rejected — a hypothesis about incompliance
with binominal distribution:

2. Selection of a criterion for checking a hypothesis and
calculation of its observed value.

For checking hypotheses, one applies special criteria
which are calculated using observed data (based on a sample)
and comply with one of the standard distribution laws (Stu-
dent’s, y” etc.) [8]. This paper uses Pierson’s criterion Y.

Supposing that X, is a random sample of n volume (8
years) from the population of a continuous random value X
[7]. Let then one observe a discrete random value X (number
of months with fires per year) taking on 7 of various values
u,, ..., u, with positive probabilities p,, ..., p,, (2) and (3):

P{X=ul}=p, k=1, 2)

! Here and elsewhere j index with p” defines a type of locomo-
tives and i index characterizes a parameter of distribution within

the type.
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Table 1. Compliance of conditions for application of a Bernoulli distribution and calculation data

Conditions Observations Condition
of distribution applicability compliance
Each trial has only two outcomes: «suc- | Each trial has only two outcomes: «fire occurred» and «no fire .
. Compliant
cess» and «failure» occurred»
Independence of trials: the result of a next | Independence of trials: fire occurrence does not depend on
trial should not depend on the results of pre-| whether a fire has occurred before or not. Fire occurrence Compliant
vious experiments depends on maintenance
Probability of success should be permanent | Probability of fire occurrence is a permanent value for a given Compliant
(fixed) for all trials (p*j). type (p*/.), in accordance with statistical observations P
Table 2. Example of check for diesel locomotives of 2TE116 type
- - (m,(x,)=np,)’
u; . (x,) Py npy (n(x,)=np,)’ ‘ ‘
npy
0 0 2,09-10° 1,67-10 2,8:10° 1,67-10*
1 0 3,65-10" 2,92-10° 8,54-10° 2,92-10°
2 0 2,92:10° 2,34-10” 5,46:10™ 2,34-10”
3 1 1,42:107 0,11 0,79 6,94
4 1 4,64:10 0,37 0,39 1,07
5 1 0,11 0,86 1,88:107 2,18107
6 1 0,18 1,46 0,22 0,15
7 2 0,23 1,82 3,06-107 1,68:107
8 0 0,21 1,66 2,75 1,66
9 1 0,13 1,07 5,22-10° 4,87-10°
10 1 5,85-107 0,47 0,28 0,6
11 0 1,55:10” 0,12 1,53-107 0,12
12 0 1,87-10° 1,5-107 2,25-10™ 1,5-107
Py 1 x 10,62
k=1
2
Haw 19,67

Y. =1 G

To check a hypothesis about a binominal distribution, p,
is calculated by formula (1). .

Supposing that u, number in a sample comes across 7, (x,, )
times, k = 1,i. Note that an (2) =n.

k=1
Then Pierson’s theorem is true for v=i—1 of freedom

degrees (4):

Xy =
k=1 np,

2 i(nk(xn)_npk) ) o
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If inequation (5) is satisfied:

2 2
Xy < X(x,v’

©)

Then a hypothesis about compliance with a binominal
distribution law is accepted with confident probability o
(0=0,95).

An example of calculation of check for locomotives of
2TE116 type is given in Table 2.

Let us assume that 04=0,95. In our case a number of
freedom degrees v=i—1=12—1=11 (i is a number of various
values u,). Hence xé’v =19,67. Therefore, inequation (5) is
satisfied, and we have confirmed a hypothesis about com-
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pliance of fire occurrence with a binominal distribution law
at this level. This means that selection of a hypothesis is in
line with experimental data.

Estimation of sufficiency
of a testing volume

For each type of diesel locomotives, the sufficiency of a
testing volume is estimated so that estimated probabilities
would have certain reliability. Let us exemplify it by diesel
locomotives of 2TE116 type. Let us state this task as fol-
lows: how many trials should be made in order to define
an unknown parameter of a binominal distribution with an
error not exceeding a specified value € [5]. Let us accept an
error ¢ at the level 0of 0,2 pj

The volume of a sample is calculated by formula (6):

2

ua * *
o2 p,(1-p)), (6)

n=

Where u, is a quantile of standard normal distribution,
a is confident probability, p; is a parameter of binominal
distribution.

For 0=0,9, u,=1,645. Substitute values in formula (6),
we have (7):

1,645

= Wo, 495(1-0,495)=69,  (7)

This testifying to the sufficiency of a trial volume as the
number of months based on which a conclusion was made
about p:. amounted to n=96.

Estimation of probability of fire
occurrence on diesel locomotives
of 2TE10, 2TE116, ChMEZ, TEM2 types

As it was already said, estimation of fire probability on
diesel locomotives of 2TE10, 2TE116, ChMEZ, TEM2 types
was made by using a binominal distribution. In this case a
Bernoulli trial consisted in observation of at least one fire
per month. The probability of fires occurring per year was
calculated by formula (8):

P(B)=1-P(k=0), ®)

Where P(B,) is a probability that no month will witness
any fires to be calculated by formula (9):

PB)=Cir =) =gy 4= piy =
20 o .

e _ 12
= o ?: (I-p.)", ©)

Where p is a parameter of binominal distribution consid-
ering upper boundaries calculated depending on the type of

statistics. An upper confident boundary corresponds to such
parameter of binominal distribution p_, for which it is unlike-

nmomhx with fire )

ly to obtain that distribution parameter pj. ( pj. =

il

which we got by experience or even smaller parameter
of distribution. This means that a parameter of binominal
distribution definitely does not exceed an upper value, and
consequently we consider the worst variant.

Estimation of a binominal distribution
parameter

Calculation of upper boundaries of a distribution param-
eter p. [6,7] was made by formula (10):

* * 1/2
* * i 1_ i
p.=p;tu, {—p"( p")J ; (10)

n

Where u, is a quantile of standard normal distribution, p;

nmanths with fire

is a j-th binominal distribution parameter, p:. =
' n

n is a number of months, a is confident probability, i.e.
the probability of p" being in the interval constructed
for it.

For confident probability 0=0,95, u, = 1,96.

Calculation by this formula is approximate and can be
applied for rather a big volume of samples. Application is
actually related to “double approximation™: a law of distri-
bution of p_ parameter estimation is substituted by a normal
distribution law, and an approximate value is calculated
instead of a precise value. For small and medium volumes
of samples, application of formula (10) can cause substantial
errors. Therefore, application of this formula is just a first
approximation.

Based on a resulting upper boundary of a distribu-
tion parameter and information about operating fleet,
we calculated an upper boundary of fire probability by
formula (9).

Calculation of fire probability
and restrictions for operating fleet

The probability of fire occurrence per year on one of op-
erating fleet locomotives was calculated by using a theorem
of probabilities multiplication [2] (events being independent)
by formula (11):

P(4B)= P(4)P(B), (11)

Where P(A) is the probability of choosing one locomo-
. . 1 . .
tives from operating fleet, P(A4) = I where N is operating

fleet per month; P(B) is the probability that there will be
fire during a year.
Table 3 presents the main values of operating fleet.
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Table 3. Value of operating fleet of various types

Type Operating fleet (loco-days), N

2TEL16 630
2TE10 1041

3TE10 153,75
2M62 237
TEP70 338
ChMEZ 2332
TEM2 1118
Average operating fleet 835

Then the average value

P(4)=—=—

=3,99107,
N 835%30

Let us estimate constraints for operating fleet. We shall
consider the task: what volume of operating fleet is necessary
to define probability P(A4) with an error not exceeding a given
value €. The task is solved by equation (12) [9]:

_u,” P(A)(1-P(4))
e’ (30)°
For 0=0,9, u,=1,645.

Value ¢ will be set as 0,35P(4). Then N will take a
value:

(12)

1,64
N= 2 482
(30)°(0,35*11,9810™)

11,9810 (1 -1 1,98-10*‘):610.

Therefore, a minimum requisite volume of operating fleet
is the value of 610 (loco-days).

Estimation of fire occurrence probability for 2M62,
TEP70, 3TE10 diesel locomotives

2M62, TEP70, 3TE10 diesel locomotives presented the
following features different from those of 2TE10, 2TE116,
ChMEZ, TEM2 diesel locomotives:

- small operating fleet not exceeding the value of 610 and
substantially smaller in numbers than other types;

- small numbers of fires during the whole observed
period.

In relation to it, the calculation for 2M62, TEP70, 3TE10
diesel locomotives differed from the calculation for 2TE10,
2TE116, ChMEZ, TEM2 diesel locomotives.

For demonstration of necessity of other estimate, we’ll
give values obtained in calculation by method used for
2TE10, 2TE116, ChMEZ, TEP70 diesel locomotives. Ta-
ble 4 presents values for an initial parameter of binominal
distribution p", A of a binominal distribution parameter

*

N 12

(1= p.

u, (MJ ), and a parameter of binominal distri-
n

bution with upper boundaries p_ taken into account.
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Table 4. Values for calculation of probability
for ChMEZ, TEP70, 2TE116, 2TE10

Operating
fleet

* *

Type p; A p.

2M62 | 0,041667 | 0,05653 | 0,007535 | 236,8919
TEP70 0,0625 | 0,06848 | 0,01748 | 337,975
2TE116 0,495 0,097 0,592 630
2TE10 0,693 0,089 0,783 1041,3

As seen from Table 4, A of 2M62 and TEP70 diesel loco-
motives is comparable to or exceeds a binominal distribution
parameter, whereas the value A of 2TE10, 2TE116 diesel
locomotives is considerably less than that of a binominal
distribution parameter. The value A of 2M62 and TEP70
diesel locomotives comparable to the parameter consider-
able increases it when calculating a binominal distribution
parameter with upper boundaries taken into account, while it
gives a negative value when calculating with lower bounda-
ries taken into account. Furthermore, for small and medium
volumes of samples, as said before, substantial errors can be
caused by the application of formula (10). And in this case
a sample is influenced by a small operating fleet.

Therefore, the calculation of p for2M62, TEP70,3TE10
diesel locomotives due to their difference from other types of
locomotives was made by using a precise estimate [3,5].

Precise definition of confident boundaries was carried
out by the following formulas. A binominal distribution
parameter with upper boundaries taken into account was
calculated by formula (13):

* m
p.== y
6 nRZ

Where m is a number of months with fires, n is a number
of months.
The parameter R, is calculated by formula (14):

(13)

m(2n—m+ 1 %)
R =2, (14)
o™
Where y, is a quantile of chi-squared distribution with
k=2(m+1) of freedom degrees, « is confident probability
accepted at the level of 0,95.
Abinominal distribution parameter with upper boundaries
taken into account is calculated by formula (15):

. m
== 15
Pu== R (15)
Where m is a number of months with fires, n is a number
of months.

The parameter R, is calculated by formula (16):

m(Zn—m+1+%Xl_a)
R = X 16
: nXI—(x ( )
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Where y, , is a quantile of chi-squared distribution with
k=2m of freedom degrees, « is confident probability accepted
at the level of 0,95.

Because of a small volume of operating fleet, as a result-
ing parameter of binominal distribution for calculating a
probability for 2M62, TEP70, 3TE10 diesel locomotives,
we accepted a binominal distribution parameter with upper
boundaries taken into account and calculated by formula (15).
Further calculation was made by analog with the calcula-
tion for 2TE10, 2TE116, ChMEZ, TEP70 by formulas

(), (11).

Conclusion

1. The paper has defined tools of statistical analysis for
calculating probabilities of fire catching on diesel locomo-
tives of various types. It has demonstrated the necessity
of application of various statistical tools for calculating
probabilities of fire catching on diesel locomotives of
various types, with special aspects of various types taken
into account: design, operating fleet. The paper has de-
fined groups of types whose probabilities it is possible
to estimate through estimating a binominal distribution
parameter: 2TE10, 2TE116, ChMEZ, TEM2. For 2M62,
TEP70, 3TE10 diesel locomotives, the probability of fire
catching has been estimated by precisely defining confident
boundaries.

2. The paper has defined a number of observation suf-
ficient for estimating an unknown parameter of binominal
distribution with an error not exceeding a given value € at
the level of 0,2p..
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