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Abstract: The purpose of the work is the development of a technique for calculating spare parts in an auto service company
based on an analysis of statistical information on the failure of details of each standard accumulated on daily information on
the replacement of spare parts for serviced vehicles in previous planning periods. In the theory of system reliability, the
calculation of the failure distribution function usually uses information on the main characteristic of failures - the time between
failures, and in the absence of such information, it is necessary to use information on the number of failures at the time of
receipt for maintenance of cars in this auto service plant. In this connection, the relationship between the distribution functions
of these random variables is established using the reciprocity of the distribution processes to failure and the number of failures.
For each of the competing theoretical functions of the distribution of the operating time to failure, an estimate is made of the
average operating time of the details of each standard in the auto service plant on the basis of actual demand. The estimates

obtained make it possible to calculate the number of spare parts for the subsequent replenishment period of the SPIE.
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The Criterion of Consent

1. Introduction

An analysis of previous work on the calculation of spare
parts in car service stations (CSS) [1] shows that in recent
years, most Russian auto service enterprises have been using
the system for determining the need for spare parts, which is
based on actual demand and individual details for the
previous period Work.

The most important a priori information, which ultimately
determines the amount of spare parts, is the theoretical model
of failures that is taken into account in calculating the
number of failures [2-6].

First of all, on the basis of failure statistics, the best model
for the distribution of failures among a finite number of
competing theoretical distribution functions is chosen, based
on the Kolmogorov-Smirnov agreement, for the first part of
each component model, including the diffusion (monotonic
and no monotonic) distributions. For the best model for the
distribution of failures of parts of each standard, an estimate

of the mean time to failure (i.e., the average time between
successive replacements) of the details of each standard is
calculated taking into account the adequacy index of ensuring
non-renewable spare parts [9]. According to these estimates,
the expected size of the spare parts of each standard is
determined, taken as the initial approximation of the
proposed algorithm for calculating spare parts for the
subsequent replenishment period SPIE.

It should be noted that the estimation of the mean time to
failure of details is calculated from the statistics of their
failures. At the same time, the relationship established
between the distribution functions of the operating time to
failure and the number of failures is substantially used in this
paper, the use of which makes it possible to reduce the
problem of estimating the mean time to failure to solve a
nonlinear algebraic equation. The choice of the best model
for the distribution of failures of the part and detail of each
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standard is carried out in accordance with Kolmogorov-
Smirnov's consent criterion. The advantage of this criterion is
that it is the only agreement criterion that, along with the
choice of the theoretical distribution function, the least
deviation from the empirical distribution function in the
metric of the space of continuous functions, gives a
confidence interval of deviation in the indicated metric.

Obviously, the higher the required level of reliability of
providing non-renewable spare parts of a certain type and,
correspondingly, the sufficiency index of this level of
security, the higher the level of the required number of spare
parts in the planned period.

2. Competing Theoretical Distribution
Functions

(1). Exponential Distribution (E)
1
Fr(tiur) = 1= exp (=) (1)

where ur = 1/, A is the intensive change T ; pr is the
mathematical expectation of random variable of operating
time T.

(2). Normal Distribution (N)

Fr(t&; pr,vp) = @ (_ ﬂ) ()

urvr

where @(z) is standardized normal distribution; v, =
\/D_T / WU is the coefficient variation and Dy is the dispersion
ofrv. T.

(3). Logarithmic Normal Distribution (LN)

t(1+vd
Fr(t;u v):ch 3)
T\ U1 VT [ln(1+v%)]1/2
(4). We Bull Distribution (W)
T 1/vr
e <1 -ep [

where I'(z) is gamma function.
(5). Diffusion Non-monotonic Distribution (DN)

) _ t—ur 2). _ _ttur
Fr(t; pur,vy) = @ (VTW) +exp (V%> CD( VTW) ©)

(6). Diffusion Monotonic Distribution (DM)

Fr(t; pur,vp) = @ (V;—I:\/—!TLT) (6)

It should be noted that among the competing hypotheses
on the form of the distribution function of the operating
time to failure, have included the diffusion no monotonic
(DN) and diffusion monotonic (DM) distributions related to
the probability-physical models representing the new
technology of reliability research [10]. In our opinion,
diffusion models for the distribution of failures must
necessarily be considered among the competing ones, since

each element of the system that is malfunctioning and
replaced, not immediately after failure, may somehow
affect the functioning of other elements (ie, a diffusion of
faults from one element occurs point to another). Even the
replacement of a malfunctioning element that has had time
to influence other elements cannot result in regeneration (ie,
complete restoration) of the system.

In Section 5, random variables (r.v) T, and R, are taken
into consideration for an arbitrary vehicle part, and for a part
of the i -th type random values of T;,,, and R; ,,, are taken into
consideration. In this case, T, is a random variable with
values t,t < t,, where t, =1, Ty, Ty, To is mathematical
expectation of the operating time until failure of any parts;
R,, is a random value of failures with values r, r <rg,
o = tyy/To-

The validity of the equalities is confirmed.

Ut = Ty " HRy, (7
V1o = VRy, ()

For any part and equalities, the followings are taken:
.“Tri'o =T, '.uer.’O ©)

(10)

vTTi,o - VRTi,o

for the parts of i type, where T, — rv. with values of
Lt <tr,, tr,
expectation of the operating time until failure of the i type
part, Ry, — rv. failures with values 1;, 11 <7179, 730 =
t‘rm / TO,i'

The distribution functions of the quantities T, and R, are
related by the relation:

Tio® ="i0"Toi> Toi> To i is the mathematical

Fr,, (t; #TrO,VTrO) = Fg,, (7'5 :uRTO'VRrO)a

which allows to pass from the distribution functions 1°-6° for
the value of T to the distribution functions of the quantity R.

Such a connection between the random variables T, and
R,, plays an extremely important role, because, as a rule,
the service center has a database on the number of failures
(ie replaced) of each type of parts on the basis of cars
received for maintenance Days (see, for example, Table 1
below).

As will be shown in Section 3, knowledge of the
distribution of the random variable R,, makes it possible not
only to determine the distribution of the random variable Tro,
but also to estimate the mean time to failure (ie, the average
time between two successive failures) Which can estimate
the number of spare parts of each type of par value for the
entire replenishment period Tgp.

The initial data on the failures of parts replaced at the auto
service plant under review in the order of arrival of vehicles
in each of the 27 working days are shown in Table 1. For the
replenishment period Tgp, one month is taken from 27
working days.
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Table 1. Initial data on the receipt of applications.

Days Engine Suspension Body Total Number of cars received
1 35 2 2 39 13
2 18 3 2 23 8
3 33 10 4 47 16
4 33 5 5 43 18
5 28 5 3 36 13
6 28 3 6 37 17
7 37 7 3 47 21
8 66 3 9 78 28
9 26 8 3 37 15
10 38 6 4 48 17
11 17 9 2 28 8
12 32 3 8 43 19
13 37 27 3 67 38
14 40 8 80 128 36
15 48 15 10 73 34
16 41 9 77 127 35
17 25 4 3 32 11
18 25 13 8 46 26
19 14 3 1 18 12
20 48 4 4 56 25
21 37 7 7 51 22
22 50 10 7 67 38
23 20 2 10 32 13
24 14 3 13 30 11
25 58 15 71 144 61
26 37 7 17 61 25
27 34 13 14 61 31

On the base of the initial data from table 1 on the failure
details 1, (k = 1, ...,ny; ng = 27) in the k working days of a
month, the accumulated amount of failures of parts by the
time is calculated ! = Y},_, 7 and a step function of
continuous time t is introduced on a time scale ¢t with a unit
of measurement for one working day, 7 (t) = X<, 7%

The results of the calculations are given in Tables 2 and 3.

Table 2. The critical values d, of the statistics D,,.

min max a
1 0 0,294 0,05
2 0,294 0,352 0,01
3 0,352 0,421 0,001
4 0,421 1 0

Table 3. Determination of the best failure distribution of any part and the parts of each nominal type.

Method Engine Suspension Body Total
D a D a D a D a
1 0,172 0,95 0,196 0,95 0,32 0,95 0,198 0,95
2 0,89 0 0,899 0 0,99 0 0,923 0
3 4,27 0 14,3 0 83 0 4,5 0
4 0,675 0 0,5 0 0,32 0,99 0,53 0
5 0,16 0,95 0,182 0,95 0,29 0,95 0,172 0,95
6 8,9 0 79,1 0 47,1 0 11 0

It is seen from table 2 and 3 that, for any part of the best
distribution function is F(rf') = F5(r!"), and for the parts of
the nominal type it is F*(r!) = Fs(rf), for i =12,
F(rf) = F,(r") fori = 3.

Consequently, in the considered examples diffusion non-
monotonic distribution (DN) is the most concordant with
empirical distribution of the failures both in case of any part
and for any part of i = 1, and i = 2.

3. Reliability Evaluation of the of Parts
and Sufficiency Indicators of SPIA

The required level of the "reliability" indicator of the

products (nodes) at the end of the replenishment period Typ
will be established: the probability of failure-free operation
the R,7% ;. for example, R,7%; = 0,9 (this means that at the
end of the Trp period there at least 0,1 N details must
remain from the planned store of spare parts (N).

The sufficiency indicators of the SPIE 7 is determined on
the base of the analysis of expected (RO(TRP)) and required
R}72, reliability indicators (15 = R 7%, /Ro(Tgp)) rounding
to the nearest values of the series:

0.9; 0.95; 0.99; 0.995; 0.999; 0.9995; 0.9999 (11)

It should be noted that the sufficiency index of SPIA
can be set by the customer independently of the expected
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reliability of the product.

To evaluate the sufficiency of single complex of SPIA-S
products with non-recoverable spare elements, 7, is used as
the probability so that during the operating time Typ, of the
product will occur in no failures of SPIA. The probability 77,

is used to estimate the sufficiency of a set of SPIA provided
that, all store in this set are replenished periodically with
identical periods and the reliability indicators of the product
is the probability of failure-free operation. The initial data for
calculating the sufficiency index mg of the SPIA-S are is the
expectal probability of failure-free operation on the final
replenishment period of SPIA and the requirements for the

reliability index of the product Rpiod

If it is not known R, (Tgp), then it is calculated

Ro(Trp) =1— F*(r(TRP)) (12)

where F*(r) is the most adequate theoretical model of the
failures distribution of any type of products, the choice of
which is described in section 2. For mg, the number rounding
to the nearest values of the series (11) is adopted. If

Rva1/Ro(Trp) = 0,9, then mg: = 0,9.

4. Evaluation of the Required Probability
of Failure-Free Operation of the
Elements

A value of R’™?

prod
R;igd < Ry(Tgp) and according to the value of the series

(11), the sufficiency index of a set of SPIE-O is determined

by the ratio g = R}, /Ro(Tgp) If Ry (Tgp) is less than 0.9,

eq .
then the value mg = Rpmd is accepted from reasoning on

importance of feasible functions and the importance of the
economic expediency.

Further, the required probability level of fail-free operation
is calculated Rreq for the elements of the i nominal type

is adopted satisfying the relation

req (Rreq

prod H), rounding to the nearest value of the

series (11), where m is the total number of car's nominal
types (nodes) (in our case m = 3).

5. Probability Evaluation of Fail-Free
Operation and Sufficiency of Any
Type of Spare Elements

The calculation of the probability of failure-free operation
of i type elements R; at the considered period (0, ty + Tgp)
will be carried out by the formula:

Ri=1—F(rf(tz + Trp)) (13)
where F;'(rf") is the most adequate theoretical distribution
model of the failure of i-th type of elements; t5 is the total

operating time of the products at the beginning of the
replenishment period, taking into account the intensity

coefficient at the operation during this period.

According to the values of R; and Rireq, the sufficiency
index mg for the guarantee of to provide i type non-
recoverable spare parts is determined (rounding to the nearest
larger value from the recommended series (11) by the
formula (by the condition R; < R;“?)

1— Lo ,atR; < (m)V™,
1= 1-R; s (14)

(”s)l/m: at Ri 2 (T[s)l/m

If R, = Rireq , then the elements of this type are n’t
included in the nomenclature of SPIA (in this case the
number of the spare parts a; in the planned period is accepted
equal a; = 0); m is the total number of i type (in our case
m = 3).

6. The Calculation of Mean Operating
Time Until the Failures of Constituent
Elements

Suppose that T is a random variable (abbreviated r.v) of
operating time until failure (i.e. the time between two
consistent failures) with the values t, but T,.- r.v. operating
time until r-th failure (beginning from the initial moment of
the time) with the values t,. Suppose, further R is r.v. of the
failure member with values r and R,  is r.v. with values
r < 1y, where 1 is some fixed natural number. Suppose that,
{r.},k=1,..,nis a given sample of observations random
variable R and {t;} is the corresponding (unobservable)
sequence of a values random variable T with mathematical
expectation pr =T, , where 7, is the quantity to be

determined.
It is obvious that,
t-=1-T, (15)
consequently,
tr, =T " To

(16)

Taking into account random variable T, with values

t <t

where
tr, =70 To (17)
Suppose 1y =1y, is the clement of sequence {ry},7; <
Ty < < T

The sampling estimation of the mathematical expectation
Hry, is the quantity.

Suppose 1y =1y, is the clement of sequence {ri},7; <
T, << 1.

The sampling estimation of the mathematical expectation
A1y, is the quantity.

A k k k
”TTO = Zkil trk = Zkil 7 To =T 'Zkozl . =T, (18)
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consequently,
(19)

but further the notation

Hr, = Ty " Hg,,

Denote t, = t;,, To

to = tr, = try,,
T, and T;, will not be distinguished.

It is obvious that

Vi, = Vay,. (20)

Taking into account (19)-(20), distribution functions of
values T, R, is connected with the relation

Fr,, (t; /“‘Tro'VTro) =Bep(T <tlr<mn) =

= Fr,, (t; BRy, TO'VTT()) = Fg,, (r; ”RTO'VRTO> (21)

where the replacement was made.

t/To = 7 is under the condition of t = t, Thus, process Ty,
is the operating time until failure and the process R of the
number of failures, under the condition of (21) r < 1y are
mutually invertible. Their interrelation is determined by the
relation (21). For a fixed 1y the latter expression represents
the distribution function of the r.v. Ty

Fr, (&) = Fr, (ti #TtO'VTt()) to =19 To (22)

and during the operating time fixation t, this expression
represents the distribution function of r.v. R,

= to/To (23)

Fr,,(r) = Fg, (r; /,thO,ero) T

Using equalities (19) - (21), an estimate of the value of T ;
can be obtained for each of the distribution functions 1°-6 s
writing the last one for r.v. T, at t = Tgp and 1y = ri’jl.

Let’s set a; = 7,1, where .. defined by the formula
(14) and define Ty; as a; - quantile of the distribution
function Fy o (Tgrp), i.e. solve the equation as the following:

ln

FTrH (Trp) = a; (24)

The solution of equation (24) for the exponential
distribution (1) gives the followings:

_ TRp
Ty, = _HR " ln(1 1a ) (25)

For the We bull distribution (4):
TRrp* F<1+VR H>
/ YR rH
e m(=5)]

While the equation (24) is being solved for a function
Fr, (t) containing the function ®(x) of a standardized

To,i =

(26)

normal distribution, the expansions in (20) can be used and
Newton's method can be applied to the equation

fx) =0,

being given by the initial approximation x, in the iteration
procedure

f Gem)
Xm+1 = Xm — fl(x:r:l) (27)
a; . As an initial

where x =Tp; , f(x) = FTTH (Trp) —

approximation one of two simple estimates can be taken T"O(;)

and T2

1 1
T = 3Tk Top =y Tz (29)

R"

To calculate the values of the function @ (x), we use the
approximation formula [11], which does not require the

2
calculation of the density @(x) = exp (— %) normalized
normal distribution

dx)=1- —(1 + 3 cx) + e(x) (29)

where
1 = 0,196854, Cy = 0,115194; C3 = 0,000344, Cy =
0,019527;

le(x)] <2,5-107%,

and for the expansion in series of the distribution function
(DN)

F(t; wv) = ®(4) + E®(B) (30)
where

t—u t+u
E = 2v),A=——,B=— 2
exp(2v™) v/tu VAtU

We use the expansion [12]
forA>0F(t; w,v) =1—-K, + E-K;;
A<OF(t; p,v) =K; + E-K;;(31)

K, = %(1 + C1A + CRA% + C3A3 + C4A* 4 C5A° + CoA®) 716,
K, = %(1 —C1B + C,B?* + C3B% + C,B* 4 CsB® + C4B®)™16;

K3 = %(1 - ClA + C2A2 - C3A3 + C4A4 - CsAS + C6A6)_16;

C; = 4,986734E — 02;C, = 0,021141;C5 = 3,27763E — 03;
C; = 3,80036F — 05; C5 = 4,88906F — 05; Cs = 5,383E — 06;

In this case, for the derivative with respect to T of F (t),
differentiating (30), we obtain
F'=d'(4)-A'"+E-d'(B)B
where the prime denotes the derivative with respect to
Trp—HR y To,i TrptUR H To,i

TO;A Tin B _ Tin

VR y TRP'HR H YR " [TRP'MR H
ln ln lTl ln

D'(4) = p(A), ?'(B) = ¢(B)
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1 2Ty +1

’
Ve, B
Rea 2Toi" [Trp ey~ Tos
" in

1 2:Ty; —1

VRrgn 2Tg,; - ’TRP “Br g Tos

To calculate the values of I' (x) for the gamma function,
we use the well-known relation

Fx+1)=x-T(x)
from which it follows that fory = x + s

Iy

lﬂ(x)zx(x+1) v lx+s—-1)

Assuming that s is a sufficiently large natural number [13]
and using the asymptotic representation [9]

I'(z) = exp {(z - %) Inz—z +%ln(2n)} [1+0(lzI™D)],

fair with m —a < argz <mw+ a (a — An arbitrarily small
positive number); 0/|z|™* — number of the order of
smallness |z|~1(|z| = o0).

Expected value a;"P* waiting for the number of spare
parts of the Ist model for the subsequent period of

replenishment of spare parts SPIE:

afxpec = Trp/Toi (1)
Assuming afxpec for the initial approximation of the
number of spare parts a i, we can get a more accurate
estimate for a_i from the condition of satisfying the required
level of reliability ngf to ensure the predicted demand using
the following algorithm.

Algorithm (calculation a;)

() rff=a " x=1

() IF @) 2n;" and rf' - Ty; = Tgp, then go to item

4.

(3) If y = 2, then go to item &, else go to item 5.

(4) If y = 3, then go to item 7, else go to item 6.

(5) ' =r+1, xy =3 andgotoitem?9.

6) v =7 -1,y =2andgotoitem9.

(7) a; =} and go to item 10.

(8) a; =1+ 1 and go to item 10.

(9) Calculate F; (r{)

(10) If y # 1 and go to item 2.

(11) Print F;'(a;), g7, a;.

The results of calculating a; from this algorithm are shown
in Table 4.

Table 4. The results of the calculation of spare parts according to the
proposed algorithm with initial approximation (31).

i F nhf a; T,;

1 0,951 0,954 850 0,03
2 0,962 0,961 210 0,18
3 0,998 0,969 310 0,19

7. Conclusion

The primary task in the calculation of spare parts for the
period of replenishment of spare parts SPIA (in the English-
language literature - SPIA) is the problem of identifying the
distribution of applications for spare parts. Usually it is
believed that the flow of applications for vehicle maintenance
is Poisson and use the normal law of distribution of
applications in practice, since this law is a good
approximation for Poisson distribution for sufficiently large
quantities of applications. However, often the requirements
for Poisson flow (stationary, absence of consequences and
ordinariness) can be violated, which calls into question the
advisability of using the normal law of distribution of
applications (for replacement of spare parts of failed parts).

In this regard, we previously solve the problem of
identifying the best model for the distribution of requests for
maintenance. Using Kolmogorov-Smirnov's criterion, the set
of known parametric distributions (exponential, normal, log-
normal, Weibull, diffusion no monotonic and monotonic) is
chosen consistent with the empirical function of the
distribution of applications.

Using the mutual-reversibility process Ty, of the run-to-
failure distribution established in the work, with a fixed
number of failures ry and the process T, for the distribution
of the number of failures for a fixed running time t,, the best
model for the distribution of failures of the -th type details
yields an estimate of the expected number of failures afxz’ec

On the basis of these estimates, an algorithm has been
developed for calculating the number of spare parts required
for individual standard sizes, while fulfilling two conditions:
a) the sufficiency of spare elements of type i is not less than
The required sufficiency index ngf of elements of a given
type; b) the average time between failures of the required
number of spare parts of each type is not less than the entire
replenishment period Tgp.

The proposed methodology can be used with an arbitrary
finite number of competing theoretical functions for the
distribution of applications and is applicable to the
calculation of spare parts in other technical branches.
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