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Abstract

An object ability to realise tasks may be restoogdrepairing only failed components. This is callegerfect
repair as the object is not as good as new af@r auepair. Preventive replacement is an exampiemerfect
repair as well. The advantage of such maintenantteat it enables controlling a reliability leveélaosystem. Sets
of objects’ components which should be replaceddaresed on a basis of statistical diagnosing wigk of data
about components failures. The acceptable level tHilure risk while executing transportation taskes been
taken as a criterion of choosing elements to béacegd. An algorithm of selecting components forvprdive
replacement has been developed. It was shown thaehof a system reliability can be controlleddhanging an
order of a quantile function in coordination andwuamber of redundant objects. A computer simulatimdel of
the system was used to illustrate derived depeleenc

1. Introduction only the elapsed time, rather than the operatitine,
P ti | ts of obiects’ ¢ since the last replacement must be monitored,.
reventive Teplacements ol Objecs COmPONeN's arg,qever, a component that was just replaced after

used to maintain demanded reliability of system off - :
. i S ; ST ailure may be replaced again as a part of thengldn
objects. This way of avoiding failures of individua block rep?/acemeﬁt. It ca?] be sho?/vn that mrﬂé age

components in a system was presented in some surve : .
[6], [9], [13]. There are some policies of applying ¥2E:Zggmgm ch)I(ii:h;y ispreferable to the block

preventive replacements as age replacement, bloc orrective maintenance actions are those actiaais th

replacement, imperfect maintenance, and c:orrectiv%lre necessary to restore objects to an operatibata
maintenance. The latter can be made as perfecr,repaaf,[er failure, and can be categorized as follovesfazt

minimal repair, imperfgct repgir or general repair. repair, minimal repair, imperfect repair and gehera
A component of an .ObJeCt maintained un_der an agerepair. In the above categories, repair may be used
replacgr_nent pollcy is replaced aft(_ar fa|Iure_ or a interchangeably with replacement. The issue is not
a specified ope_ratlonal age. Th_e time reqwr_ed Qyhether a repair or replacement takes place. Rather
repla_lcg the failed component is often conS|dere_qhe issue is the relative age of the component afte
negligible and, after replacement, the component 'ﬁfepair or replacement. For example, if a failed

assumed to be as good as new-. Moreover, If.rep"’"Eomponent is replaced with a new one, it is comsitle
and replacement times are considered non-negligtble . " o oo i the component was repaired to an
is possible to construct models to determine the.as good as netvcondition. Perfect repair models
optimal replace_me_n_t age in order to maximize theassume that after a corrective maintenance adten t
Zomt%onent avgllablrl]lty [3]. ¢ tem that .component is rendere@ds good as new The perfect

no te_r cg\se |s(,jw en SI cokmpon:en or 53{5 err|1_ at I?epair assumption is reasonable if failed companent
ma||n a|ge ¢ un elr 6; O.Ct repl acemendl POIICY 1S 5re replaced with new and identical ones or if the
replaced at regular time intervals, regardless g# a repair procedure is thorough enough to negate yearl

[11]'. _The block replacement policy is _casier O all of the aging effects. There is an optimal batan
administer than the age replacement policy becausse,[ween preventive maintenance  actions  and
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corrective maintenance actions. In the relevantreliability structure as a threshold structurethis case
literature, the term imperfect repair has takerrgath  ,n out of n+k”.

meaning from minimal repair to some mixture of The model of system reliability depends on the way
minimal repair and perfect repair [2]. More recgntl the redundant objects are operating in it. They may
general repair models have been discussed as thie moplay a role of the “cold reserve” (standby systetmat
generally applicable corrective maintenance modelis, they passively wait for one of the objectsai, for
that includes perfect repair and minimal repair asthe “hot reserve” (parallel system), thus incregdime
special cases [8]. Very rare imperfect repair medel whole system capacity until one of the objects has
have attempted to use component availability asfailed.

a performance measure instead of cost. In case of the systerm,out of n+1 with the cold
Commonly, the effects of applied maintenance astion reserve, the reliability functionR(t) will be a sum of
are modeled through changes in the failure ratin@f probabilities for occurrence of the following sitioas:
component. If replacements are made according tdl) until moment t no object will fail out ofi objects

a block replacement policy and repair actions btirey in a series system,

state of the component to a value somewhere betweep) at any moment < t one out of objects shall fail
that applicable to completely new state and that ju and will be replaced with a reserve object that wil
prior to failure, this can be interpreted as chanige not fail along with the remaining objects at
the chronological age of the object, creating the s an interval ¢, t).

called virtual age [5]. Probabilities for occurrence of the above situaiane

Independently of applied preventive policy, the chee as follows, respectively:

for high reliability of such a system being used ca

result in great number of components replaced durin P = Rn(t)

preventive actions. As it cannot be considered full ’

restoration of object reliability after maintenanoaly ¢

components of the object should be replaced. Bhis i P, :J'fn(T)Rn(T, t)dr. (1)
case of imperfect repair of the object. 0

High reliability is achieved in practice by replagi

specific components with new ones. If they are where:

negligible, a criterion of selecting components may

depend on level of reliability that is expected. R(t) -1

It is obvious that a range of prophylactic actasti Rn(r,t):{—} R(t-1), (2)
depends not only on a reliability level of a systeuat R(T)

also on its reliability structure. If there are sm g

redundant objects, they can replace failed objects _ AL _pn)]= n-1

enabling execution of the planned tasks. A numlber o f“(r) ot [l R (T)]_ R (T)f (T) 3)
redundant objects also depend on the acceptable

probability of failure during the task implementati  Substituting (2) and (3) for (1) yields

period.

Instead of a method of replacing object at a ginsa t

known from the literature [14], the method of block P :nmn_l(t)jf(T)R(t‘T)dT'

replacement of sets of chosen components is prdpose 0

This enables achieving demanded level of the set

reliability. The method uses statistical charastas  Hence

of the objects instead of applying measurable

parameters of their components. ‘

Ro.i(t) =P +P, =R™(t)| R(t)+ n[f(t)R(t - 7)ck
2. A system with redundant objects ’
Let us assume that n objects are essentially rdjfir ~ where R.4(t) is a reliability function of i out of n+1
carrying out the planed tasks. If the entire setsigis  system, R(t) is a reliability function of an object
of n _o_bjects, then an assumption can be _ma(_je thaR, (1, t) is a probability of a non-failure in the intat
_rellablllty s';ructure c_)f the system is in §enestmsT (1, t) of the set consisting oh{1) objects aged and
imposes high requirements on reliability of eachone new object, f(t) is a probability density funatof
object, which is often not achievable. Then, ineorth  gp object’s failure and,ft) is a probability density

keep reliability of the set at its required level, function of a failure of one out afidentical objects in
redundant objects can be introduced. Addinga series system.

k redundant objects allows for considering the eayst
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Probability density function of a failure of thessgm assessment of reliability of the components and the
»nout of n+1 with the cold reserve is expressed by assumed reliability level of the entire set [7].
the following relation and no recurrence formulas a The system maintained in such a way preserves its

known: ability to carry out the planned tasks with a given
probability.
Y f(t A series system in case of complex objects can be
foa(t)=nR 1('[)J‘{f(t'f)+(”'1) R((t)) R(t-1) [dH)- considered. Thus, a failure appears whenever any
0

component has failed. A repair usually involves

] a replacement of the component with a brand new one
In case of the systerm,out of n+2, the analytical  However, the replacement of the damaged component
description becomes more complex, as there is th&yjth the new one does not result in recovery ofsuc
second reserve object. This means that in the sety rgfiability level as that before occurrence o th
established at the momentand consisting ofntl)  fajlure. This is because the value of the reliapili
objects aged and one new object, one of the objects function of the damaged component before the failur
may fail and be replaced with the second reservewas less than 1, and following the replacementais w
object before the moment t. equal to 1. In effect, the condition of the objatter
In case of the systemn,out of n+K of identical the repair is — and must be — slightly better theat
objects with the hot reserve, we may use the foligw pefore the failure. So, practically there are no

relation: possibilities to recover such a status of the dbjec
following the repair, as the one right before thiéufre.
vkin+k) . ke Both the objects and their components are congidere
R 4 =Z : R'(1-R) (4)  when developing the preventive replacements policy.
I=n

Properties of the components are more predicahie th
those of objects which they are part of. Dynamic
determination of a scope of preventive replacements
could be based on a statistical assessment of rprese
Rnnsk) = RIR(pnekeg) T 1-R) [R(nnek-1)» (B)  status of objects’ components.

The term is widely used to describe a situationwhe
where R is reliability of a single object. decision about the system state is taken on this bhs

a statistical analysis of data. In this case théssical
Complexity of the analytical description, regardles analysis gives distribution function of lifetime tie
simplifying assumptions that have been made (i.e.0bject. On this basis a mean time to failure is
identical objects, omission of the reliability stture  calculated. In order to do that, data are requaieout
of objects alone), indicates that there is a nemd f a distribution of time to failure and its paramsters
using a computer simulation for issues being well as about its operational use so far (sincexgei
considered here. new or from the moment of its replacement).

The problem is in determining a moment when
3. Preventive replacements with statistical Working object should be replaced to prevent its
diagnosis failure. This decision should be made according to

a particular object on the basis of statistical adat
A method that is known from literature and used forconcerning the whole population of objects. So data
defining a scope and deadlines of preventivefrom the past — i.e. gathered in a computerizetesys
replacements is to include the costs of attentive. should be used to calculate parameters of
replacements and the costs generated by the awgurri g distribution function of lifetime of the objectshey
failures [1], [12]. As a result of application ofii$  concern failures, repairs and replacements of objec
method, minimum average costs per unit of timecomponents. Alternative way is relying upon experts
related to maintained objects in a proper religbili opinions at the start. Next, the probability disttion
status are achievable. However, in order to benefifynction of time to failure for each of these
from that effect there is a need to replace indizld components is determined. Then a procedure of
components at various time intervals, usuallyselecting objects to preventive replacement is .used
uncoordinated with the objects’ operations, whidlym  Thys, it could be called as preventive maintenance
wipe out advantages resulting from the implementedhe basis of statistical data.
optimisation. Therefore, a possibility should be The statistical diagnosis is a maintenance metloggol
considered to make preventive replacements ofn the area of maintaining objects with non-expdiaén
selected components of objects at the assumed tim@istributions. It identifies preventive maintenance
intervals. Its scope can be defined on the basis Ofctions to realise the inherent reliability of quuent

and the recurrence formula:
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at a minimum expenditure of resources. Because of a _R(t+x)
statistical parameters of objects it can be peréotrat 1-R(X) =R(X) =———=, 120.
: ; R(t)

any moment. It could be done either in a constant

period of time or during planned service or during
running repair. Also the distribution parameterg ar
modified when either repair or replacement of _
the component has been done. R(t+g(t) = (1 -p) RO

This way the actual technical condition of the abje
y ) The statistical diagnosing can be applied both to

not taken into consideration as that would reqtore q | bi : ¢
the object to be excluded from its operational usefOMPonents and to complex objects. In a case o

Having data, reliability characteristics of compntse complex object, its rellabll_lty structure as wels a
updated working time of individual components, and SPecial procedure of choosing components to replace

a period for execution of the task, it is possije Would be considered, ~which enables achieving

define components that require preventive replacéme demanded pgog."li.b'“tyf offp_:operd wprk of thlg .OgJeCt

in order for the project implementation probabilitgt [7], [10]. Pro ability of a failure during atastefpo

to decline below its assumed value. The procedur&@" Pe determined in both cases, that is, when the

statistically predicts failures at part level byctdating re dp(;g_cemtlelntsh either have or have} not rl?een _made.
the mean residual lifetime to failure (MRL). Additionally, the assessment may refer to the erset

Parameters of distribution for all chosen composent © OPiects that have been assigned for executicheof

are kept in the computer system. When time comes fotasks. _ o
diagnosing the MRL for each of all chosen If k objects work as the hot reserve, it is the system

components is calculated according to the formula; . 1 out of n+kR and the orderp represents demanded
level of reliability. However, in the case bfedundant
- objects as the cold reserue,objects present a series
r(t) = 1 IR(X)dX system. On the basis of the formula (5) it is passio
(4

It is also true that:

calculate a new value for the lower level of denshd
reliability, with the formula:

where r(t) is a mean residual lifetime functionxRié

a reliability function and t is a time from prev®u 1-a, = 1-p (7)

P20

However, the MRL compared to required work period

results in that about half of objects would undergo

services before failure and the rest would failheitt ~ Whereay is a probability of failure of one of n objects

any treatment. Thus, instead of the MRL, it woutd b (0o = p), p is a acceptable probability of systemufil

better to apply a quantile function of residuagtime R is a reliability of a single object, n is a numioé

to enlarge the probability of preventive maintermanc objects needed for the tasks execution and k is

This measure directly relates to predicted workquer @ nhumber of redundant objects.

and the reliability of the system. For any momietite

following conditions have to be met: Procedural way of pointing out the new ordesr is
presented ifrigure 1

a,()2d, ©)
where d is a tasks implementation period ag@) ds l""\\
a quantile of residual lifetime function, order p. o] ®
’ 1-a \\
Function g(t) shall be defined as in [4]: W
05 \
\,
—r1fn) = . \
a,(t) =F(p) =inf{x:F ()2 p},
o3 \
wh_ere E(x)_ is_a cumulatiye distributi_o_n functio'n o_f_the Q\\
residual lifetime, Kx) is a conditional reliability ~—.
function, and glorom oo om w0 0w mom
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R a degree of the object restoration and t is a momien
the repair.

09—

The formula for the failure rate function relatibefore
and after the repair is as follows:

_ Ay (x) = oy (X) + (1= )i, (t +x).
03 \ \\

o nuu\lufn \\10u\(ull
" \noulofn+2 N Hence
00 \ S

b) C(t+x)-n,
Figure 1 Graphical interpretation of orders calculation
on the basis of structures dut of n+K, “n out of ri
and “1 out of 1: a) “n out of n+1, b) “n out of n+2

whereA;(x), Ax(x) are failure rate functions before and

First, aquantle for the systemnbutofn+k is  &fter the repair, respectively.

calculated for the ordgu. Then the reliabilityR of a The preventive replacements of components of

single object for the same quantile is calculatadtlie complex objects are made if the value of functiéy<
system 1 out of 1. With use of these values the order .. jated for the objects — is lower than the tiona

ac can be calculated, which is the order for theuf the scheduled task planned. In order to selech s

structure h out of . a subset of components to be replaced at a given
) moment, an updated value of the reliability funatie
4. Imperfect repair calculated, including operational time of each and

Majority of theoretical conclusions concerning €very one of them. Then a quantile of a given orsler
maintenance are derived from assumption of perfecgalculated for a distribution of the residual life¢ of
object restoring. However, such processes withafise each component. _ _

models of full renewal are adequate only when an'n€ components are put in order according to the
object is replaced with a new one or in a case ofrowing quantile value. Then subsequent components
a general repair. In the case of corrective repaage ~ ar€ assigned for replacement, starting from
after failing of any object component, a model of & component of the lowest quantile value until the
minimal repair is often used [1]. This means thes t duantile of the entire set of objects — calculabsd

object is to be restored to the condition just befo having included the replacement of assigned
failure. However, it is practically not possibles a components with brand new ones — is not lower than

object reliability status after repair of its conment is  the duration of the scheduled task. The replacemient
better than that before failure. Those are reasoas COMponents that have been assigned in that way
theoretical models of either perfect or minimalaiep ~ €nsures the assumed probability that the obje¢nafl
have limited applicability. Real repair restoregesb  fail during implementation of the task. The apprafer
reliability to an intermediate value, and it isledlan  @lgorithm is presented ifigure 2

imperfect repair. However, a degree of object

restoration by replacing one or more its components
. . . d = time interval between status controls
can be estimated only after repair. Modelling o th e ——————
exploitation process with use of the imperfect nepa S o o 4G e
means defining characteristics of random variable X [ = ® = retiabitity of i-th slement, i= 1. . n ]
concerning time of proper work after (K"Lyepair. | T T ST S, RS
Object’s reliability function after the first repaat LR
moment t is given by the following formula [10]: o
e = { M s } |
R, (t+Xx — =
R (X) - [R (X)] o l( ) , |qp.(t? = min {gei (), i=1, ... N - r}l
2 1 R (t) [ j-th element replacemen t |
1 | qp; out of Isequence |

where R(x), Rx(x) are reliability functions of the

object before and after the repair, respectivelyis Figure 2. Algorithm for selecting components for
preventive replacement
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5. Simulation experiments after the statistical diagnosis. For some of eldmére
Treal residual time to failure can be less than the
intervald. Such an element causes a failure of the
object to which it belongs. Depending on the religb
structure of the system it may cause the failuréhisf
system or not. In the case of k redundant objehts,

The above consideration was confirmed with use o
a computer simulation. A systenmn but of n+K, for
k=0, 1, 2 was considered as an example. In thisemod
objects were applied, that were partially replaegd
steady intervals of time, according to results of

2 . . k+1 failure will result in the failure of the whole
statistical diagnosis. The planned process of

. : ystem. After this it undergoes the repair. Thisanse
replacements was combined with random process O?eplacing all failed elements with new ones. Such
failures and repairs.

! . ._replacements restore the system to a little betage
The set o objects was used for execution of tasks in P y

N than that before the failure, as some of its elémare
the model. Each object is composed of three grofips new and the rest remain unchanged
different components. The time to failure of a #ng The range of simulation wasT _ 1000. and

group was Weibull distribution with a reliability experiments were repeated 10 times. As a result of

function: simulation, numbers of replacements, failures of
objects and unavailability of the whole set were
x )& estimated.
R(X) = ex —(—J : First of all, the number of failures was estimated
b two cases: in the systenn “out of ri without any

prophylaxis and for the system with statistical
Parameters of the model were as follows= 50, diagnosing with p=0.1 and d = 2.5. The mean numbe
p=0.1,d = 2.5 a =25, b, =65, & = 2.5, b, = 80, of object failures (and the same of the system
as = 2.5,b; = 100. The acceptable probability of the set Unavailability) without preventive replacements and
unavailability wasp. The required reliability was With perfect object repair was 1102. Then this nemb
maintained by preventive replacements of objectsV@S increased to 2065 after applying the preventive
components. Statistical diagnosing was done afeplacements together with imperfect object repairs

intervals of lengthd. A graph of the model states is Aftér applying preventive replacements, the mean
presented ifFigure 3 number of system unavailability was decreased to 42

according to low probability of failure allowed ftrat
system. But 33568 components have to be preventivel
replaced in order to sustain the appropriate riiliab
of objects. Such a great number of replacemerttsisn
case were a result of rather low reliability of extij

components. o . _
The empirical reliability of a single object was

estimated by the following formula:

preventive
replacement

L |
R=1——N“[d , ) (8
Figure 3.Graph of model statesvprk — working of a T [ﬂn + k)
system, statistical diagnosis— selecting a set of
componentspreventive replacement replacement of where N is a number of object failures, d is a interval

selected components with new onegpair - of statistical diagnosing, T is a time of simulatim is
replacement of a failed component with a new one) @ number of objects and k is a number of redundant
objects.

The initial state of all objects in the model isdwk”.

After predefined interval d the statistical diagisos  Using this formula, the reliability of the systemasv
done. This means that for the set of objects theee Ry, = R =0.998° =0.900, so the probability of
chosen these elements of objects which afteqjyre did not exceed the demanded p = 0.1. Such

replacement will cause increasing of the probgbdf gy its show that it is possible to achieve theateted
this set of objects to the demanded level. Thioise  gjiapility with significant decrease in the numbsir

according the algorithm iRigure 2 _ random brakes in system work but with a very big
Then all of these elements are replaced with ne#s on ,ymper of preventive replacements of components.

and objects after such an imperfect repair COm& AC | mperfect repairs result in a greater number ofesys

the initial state. Objects that have not elemeatbe  yayailability states than compared to perfect abje
replaced are going back to the initial state im@a&®  epairs. This is obvious because repairing only
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components the object resources are not fully redtfo p = 0.1 and fi out of ri with p = a are similar, as well
and the object after the repair is not as goodeas. n as in systemsriout of n+2 with p = 0.1and h out of
Only for exponential distribution numbers of system n” with p =a,

unavailability with and without perfect repairs are The results of simulations also confirmed a natural
equal to each other. supposition, that components of the lowest religbil
The aim of preventive replacements is to decreaseonstitute a dominating group of replaced compaent
number of random object failures by avoiding them The share of such components in the total number is
with assumed probability, as they break systemgreater than without statistical diagnosing. These
operation and bring many unpredictable consequencesomponents were recognized and such a shifting was

Adding redundancy to the system also results indone by the algorithm assuring the demanded lefvel o
enlarging its reliability. According to formula (Zhe the system reliability.

result of this is analogical to appropriate incnegof

the quantile order of the systemno6utofri.  Table 1 Simulation experiments results (for d = 2,5)
The modified orders of quantile calculated using

formula (7) for systems with n+1 and n+2 objects ar |P=0-10 n out of n+k;
as follows: a;=0.410,0,=0.660, and interpreted in k 1 0 2 0
Figure 4 a - 0.346| - 0.482
Number of:
o — preventive
components 14405|14638|10886| 9807
replacements
T e group 1 7434| 102135340 | 6582
e « group 2 4516| 2982 3435| 2175

» group 3 2455| 1443 2112 | 1050
~ system 23 | 174| 16| 256

| |ezomo unavailability
‘ \ — object failures 154 174 238 256

Reliability of 0.992| 0.991| 0.989| 0.987
a single object

a>=0,660

The reliability of a single object according to rfarla

(8) for the system50 out of 51was R = 0.992. So the

Figure 4 Graphical interpretation of calculating new reliability of the system30 out of 51 — according to

quantile orders formula (4) — was Rs1 = 0.943. The reliability of the
system 50 out of 50 estimated with use of these data

Such a result is only valid for a perfect repaiteaf was Rys0= 0.647 and it was appropriate to demanded

every statistical diagnosing, i.e. each objeceplaced  probability of failurea; = 0,346.

with the new one. For complex objects, i.e. comgose As is shown ifTable 1 the mean numbers of replaced

of some components this condition could be fulfille opjects in systems “n out of n” with pos and

when the interval of statistical testing is longoegh.  «n oyt of n+1 with p = 0.1 are similar, as well as in

However, imperfect repairs — done by replacing systems f out of i with p =a, and ‘h out of n+2
selected components of maintained objects — afelluse \yith the same p=0.1.

only when the interval between statistical diagnQss
shorter than the initial quantile at t = 0. Aftenamber

of such replacements of objects’ components,
the system does not consist of new objects. So thdhe imperfect repairs are a natural way of maiitgin
probability of tasks fulfilling by a single objecannot  objects ability to perform given tasks. They befter

be calculated based on reliability function of avne With real situations, since the perfect repair @olis
object. Instead of this there should be used systemquite unrealistic in case of objects. Preventive
,nout of n+7 and ,n out of n+2 separately on the replacement of object's components is a kind of
basis of appropriate experiments frdable 1 Thenin  imperfect repair as it restores the object capacity
both cases the modified order for systemout of fi partially. This way a considerable reduction in
should be calculated with use of formula (7). They, @ number of incidental failures of objects, compeie

of course, less than those in the previous case. a use without any prophylaxis, is achievable throug
Simulation results imablelshowed that the numbers application of the statistical control. However,
of replaced components in systemsdut of n+I with ~ maintaining a high reliability of a set of objedts

6. Conclusion
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accompanied by a great number of preventive
replacements of objects’ components. This mearts tha

there are many more preventive replacements thd8]

random failures of objects because of relatively lo
reliability of a single object.

Thus in such a situation, it would be easier toeaeh [9]

the required availability of the system by adding

redundant objects that replace the damaged onas tha

to maintain a high reliability of that system witho
redundancy.

Required level of system reliability could be acieie
by adding surplus objects and properly matchingnthe
with the quantile order applied to the main parttodf

set of objects. So, by adding redundant objectsem@ll]

failures of objects can be accepted as well aszbeu

of preventive replacements is reduced. It would be
useful to combine redundancy and preventive
replacements based on statistical diagnosing.
By those two measures, random failures of the syste
are significantly reduced in number of replaced

components being much lower than those withojit3]

redundancy.

The hereto presented method for setting a scope of

preventive replacements, based on reliability prige

of individual objects being used, allows for matghi [14]

the parameters of replacements for applied religbil
parameters of the objects.

Reliability analysis with respect to preventive
replacements can also be performed with referemce t
objects’ components being of critical importance to
tasks that are executed. This analysis can besdaorit

for any system of complex objects that will jointhe
used for execution of the tasks.
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