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ABSTRACT

A semi-Markov stochastic process is used for solving in a reliability problem in the paper. The problem
concerns of two different component cold standby system and a switch. To obtain the reliability
characteristic and parameters of the system we construct so called an embedded semi-Markov
process in the process describing operation process of the system. In the model the conditional
time to failure of the system is represented by a random variable denoting the first passage time
from the given state to the specified subset of states. We apply theorems of the Semi-Markov
processes theory concerning the conditional reliability functions to calculate the reliability function
and mean time to failure of the system. Often an exact reliability function of the system by using
Laplace transform is difficult to calculate, frequently impossible. The semi-Markov processes per-
turbation theory, allows to obtain an approximate reliability function of the system in that case.
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INTRODUCTION

A model presented here is an extension of the models that have been con-
sidered by Barlow and Proshan [1], Brodi and Pogosian [3], Koroluk and Turbin [8]
and Grabski [5, 6]. This model was presented in conference of ASMDA 2017 in London.
Abstract of the presentation is located in Book of Abstracts [2].

We assume that the system consists of one operating unit 4, the stand-by
unit B that may have different probability distributions of the lifetimes. We suppose
that there is an unreliable switch in the system which is used at the moment of
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the working unit failure. A discrete state space and continuous time stochastic pro-
cess describes work of the system in reliability aspect. To obtain the reliability
characteristics and parameters of the system we construct so called an embedded
semi-Markov process in this process by defining the renewal kernel of that one. Con-
struction of the renewal kernel is an important first step in solving the problem.
This method was presented in [3, 5, 6]. The conditional time to failure of the system
is described by a random variable that means the first passage time from the given
state to the specified subset of states. To obtain the conditional reliability functions
of the system we use appropriate system of integral equations. Passing to the La-
place transforms we get system of linear equations for transforms. The solution are
Laplace transforms of the conditional reliability functions of the system. Applying
property of Laplace transform we compute the mean time to failure of the system.
Very often calculating an exact reliability function of the system by using Laplace
transform is a complicated matter but there is a possibility to apply the theorem of
the theory of the Semi-Markov processes perturbation [4, 7, 8] to obtain an approxi-
mate reliability function of the system. We use Pavlov and Ushakov [9] concept of
the perturbed SM process, which is presented in [4] by Gertsbakh.

DESCRIPTION AND ASSUMPTIONS

We assume that the system consists of one operating unit 4, the stand-by
unit B and a switch. We assume that a lifetime of a basic operating unit is repre-
sented by a random variable {,, with distribution given by a probability density
function (PDF) f4(x),x = 0. When the operating unit fails, the spare B is immedi-
ately put in motion by the switch. The failed unit is renewed by a single repair facility.
A renewal time of a unit 4 is a random variable y, having distribution given by
a cumulative distribution function (CDF) H,(x) = P(y4 < x),x = 0. Lifetime of the unit
B is a random variable {3, with PDF f3(x),x = 0. When unit B fails, the unit 4 im-
mediately starts to work by the switch (if it is ‘up’) and unit B is repaired. A renewal
time of the unit B is a random variable yz having distribution given by the CDF
Hp(x) = P(yg < x),x = 0.

Let U be a random variable having a binary distribution
b(k)=P(U=k)=a"(1-a)' " k=010<a<1,

where U = 0, if a switch is failed at the moment of the operating unit failure, and
U = 1, if the switch work at that moment.
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The failure of the system takes place when the operating unit fails and the com-
ponent that has failed sooner is not still ready to work or when both the operating
unit and the switch have failed.

After failure the entire system is renewed. A renewal time of whole system is
random variable with distribution given by a cumulative distribution function (CDF)

H(x)=P(y<x),x=0.

Moreover we assume that all random variables, mentioned above are mu-
tually independent.

CONSTRUCTION OF SEMI-MARKOV RELIABILITY MODEL

To describe the operation process of the system in the aspect of reliability,
we have to determine the states, the renewal kernel and initial distribution. We intro-
duce the following states:

0 — failure of the whole system because of the switch failure;

1 — failure of the whole system because of the unit B failure during repair period
of the unit 4;

— failure of the whole system because of the unit A failure during repair period
of the unit B;

— repair of the unit 4, unit B is working;

N

— repair of the unit B, unit 4 is working;
— both unit 4 and unit B are ‘up’ and unit 4 is working;

N U1 AW

— both unit 4 and unit B are ‘up’ and unit B is working.

Let 0 = 73, 71, 73, ... denote the instants of the states changes and {Y (t): t = 0}
be a random process with the state space S = {0, 1, 2, 3, 4,5, 6}, which keeps con-
stant values on the half-intervals [7;,,T74+1),m = 0,1, ... and it is right-continuous.
This process is not semi-Markov, because a memory-less property is not satisfied
for all instants of the state changes of it.

We construct a new random process in a following way. Let 0 = 75 and
71, Ty, . . denote instants of the unit failures or instants of the whole system failure.

The random process {X(t): t = 0} determining following way

X(@t)=Y(t,) fort € [t,, Tny1),n=0,1,2,...

4(211) 2017 47



Franciszek Grabski

is the semi-Markov process. This process is called an embedded semi-Markov process in
the stochastic process {Y(t):t = 0}. The Possible states changes of the process
{X(t): t = 0} are shown in figure 1.

()
/ |
O%\/ E@

/

Fig. 1. Possible states changes of the process {X(t): t = 0} [own study]

To define semi-Markov process as a model we have to determine its initial
distribution and all elements of its kernel. Recall that the semi-Markov kernel is the
matrix of transition probabilities of the Markov renewal process

Q) = [Qi(t):i,j €S], (1)
where

Qij(1) = P(Tn4r — Tn S 6,X(Tnyr) = J | X(Tn) = ), 2 0. (2)

Let’s remind that the sequence {X(z,): n = 0,1, ... } is a homogeneous Markov
chain with transition probabilities

Pij = P(X(tna) = | X(z) = ©) = lim Qyy (©). 3)
The function
Gi(t) =P(T; <t) =P(Tn41—Tn St|X(T0) = 1) = Ljes Qi () (4)

is the CDF distribution of so called waiting time T; , denoting the time spent in state
i when the successor state is unknown, the functlon

Qz;(t)

Fij@®) = P(Tpy1 = Tn St X(Tn) = L X(Tnga) =J) = (5)

is the CDF of a random variable T;; that is called a holding time of a state i, if the next
state will be j. It is easy to see that

Qi (t) = pijF;j (D). (6)
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The semi-Markov kernel corresponding to the graph that is shown in figure 1

takes the form

0 0 0 0 0 0os (1)
0 0 0 0 0 0.5(t)
0 0 0 0 0 Q,5(t)
Q(t) = Qs30(t) Qs1(t) 0 0 Qs34(t) 0
Q40(t) 0 Qu2(t) Q43(t) 0 0
Qso(t) 0 0 Qs3(t) 0 0
Qeo(t) 0 0 0 Qes(®) O

Moreover we suppose that initial distribution of the process is

p(0)=[0000pq]
where

p,q>0p+q=1.

Qos(1)
Q16(t)

Q26(t)
0

0
0
0

()

Construction of the semi-Markov model consists in determining of the matrix

Q(t) components on the basis of assumptions. We begin from determining of the tran-

sition probabilities from the ‘dawn’ states.

According to (2) and (3) we have
Qos(8) = Q15(8) = Q25() =p H(t) ;
Qos(t) = Q16(t) = Q26(t) = g H(D).

Transition probability from the state 3 we calculate the following way:

Q30(t) =P(U =0,{g <t) = (1 —a)Fz(t);

Q::() =PU=10g<t,ya>{g)=a ff fe(x)dx dH, (),

C31
where

C ={(x,y):x < t,y>x}
and finally
Q1) =af; fa@)[1—Hy(x)]dx.

Similarly

Q:2() =PU =1,{g<t,ya<{g)=a ff fp(x)dx dHy (),

C3a
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where
Cas ={(x,y):x <ty <x}
Hence
Qsa(®) = af fa(x) Hy(x)dx (11)
in a similar way we get
Quo(t) = P(U = 0,3, <) = (1 — a)Fy(t); (12)

Q) =PWU=10<typ>0)=af, L)1 —-Hg(ldx;  (13)

Qus(t) = P(U = 1,8, < t,75 <) = a [, fa(x) Hp(x)dx; (14)
Qso(t) = P(U = 0,0, < t) = (1 — a)F, (1); (15)
Qss(t) = P(U =1,{, < t) = a Fy(t); (16)

Qso(t) = P(U = 0,85 < t) = (1 — Q)Fs(t); (17)
Qsa(t) = P(U = 1,35 < t) = a Fa(t). (18)

All elements of the kernel Q(t) have been defined, hence the semi-Markov
process {X(t):t = 0} describing the reliability of the cold standby system is con-
structed.

For all states we need to calculate the transition probabilities of the embedded
Markov chain and also distributions of the waiting and holding times. Applying (3),
(7)-(18) we can determine the transition probabilities matrix of the embedded
Markov chain {X(t,):n=10,1, ...}

10 0 0 0 0 P q7
0 0 0 0 0 P q
0 0 0 0 0 P q
— |P30 pz1 0 0 psa 0 0
d Pao 0 Paz P4z 0 0 0f (19)
1-a O 0 a 0 0 0
1—a O 0 0 a 0 O

where

P30 =1—a,p3; = af fe()[1 — Hy(x)]dx, p3q = af fe(x)Hy(x)dx;
0 0

Pao=1—a,ps = af fa()[1 = Hp(x)]dx, psz = af fa(x)Hp(x)dx.
0 0
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Using formula (4) and equalities (8)-(18) we obtain CDF’s of the waiting
times for the states i € S.

Go(t) = Qos () + Qoo(t) = p H(®) + q H(t) = H(t); (20)
G1() = Qus() + Qu6(t) = p H(t) + q H(t) = H(2); (21)
Go(8) = Qas() + Qu(t) = p H() + q H(t) = H(t); (22)

G (1) = Qao(t) + Q31.(6) + Qas(t) = 23)

t t
= (1-a)Fy(0) +a f oL — Hy(0)ldx + a f f5(0) Ha(O)dx = Fy (0);
0 0

G4 () = Quo(D) + Qu2(1) + Qu3(D) = (24)
t t
=1 -a)FR®)+ aJ faC)[1 — Hg(x)]dx + a_f fa(x) Hp(x)dx = F4(t);
0 0

Gs(t) = Qso(t) + Qs3(t) = (1 —a)F4(t) + a Fy(t) = Fa(t); (25)
Ge(t) = Qeo(t) + Qea(t) = (1 —a)Fp(t) + a Fg(t) = Fp(t). (26)

Applying the equality (5) and (8)-(19) we calculate CDF’s of the holding
times.

Fos(t) = Fi5(t) = Fp5(t) = Foe(t) = Fi6(t) = Fp6(t) = H(t); (27)

Iy fa()[1-Ha()]dx Jy fe(OHA(x)dx

F30(t) = Fg(t), F5,(t) = = faGOl—HaGoldx ’ F,(t) = m. (28)

_ Jy Fa(o)[1-Hp(x)]dx Jy faCOHp(x)dx
Fao(®) = B0 Foa () = 127 o iatonas 76 = = acompeoar 9
F5o(t) = Fs3(t) = F4(t), Fgo(t) = Fgu(t) = Fp(2). (30)

RELIABILITY CHARACTERISTICS

Assume that evolution of a system reliability is describe by a finite states
space S semi-Markov process {X(t): t > 0}. Elements of a set S represent the relia-
bility states of the system. Let S, consists of the functioning states (up states) and
S_ contains all the failed states (down states). The subset S, and S_ form a parti-
tion of §,i.e., S =5, US_and S, N S_ =M. Suppose that i € S, is an initial state of
the process. The conditional reliability function is defined by

R;(t) = P(Vu € [0,t],X(u) € §,|1X(0) =i),i € S,. (31)
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LetS_ = D,and S, = D'. From the Chapman-Kolmogorov property of a two
dimensional Markov chain {(X(z,),t,): n = 0,1,2, ...}, we obtain

Ri(D) = 1= Gi(®) + jepr Jy R;(t —w)dQ;(w), i € D" (32)
Passing to the Laplace transform we get
Ri(s) === Gi(5) + Tjep Ay (S)R;(s),i € D, (33)
where R;(s) = fooo e SLR;(t)dt.
The matrix form of the equation system is
(I = qp'(s)IR(s) = Wp(s), (34)
where
R(s) = [Ri(s):i €D']T, Wpi(s) = [% —Gi(s):ieD']"
are one column matrices, and
qp'(s) = [Gij(s):i,j €D'], I=1[6;:i,j€D’]
are square matrices. Note that
Gi(s) = < Xjenr Gy (5)-

Elements of the matrix R(s) are the Laplace transforms of the conditional
reliability functions. We obtain the reliability functions R;(t),i € D' by inverting
the Laplace transforms R;(s),i € D'.

Now the equation (33) takes the form

1 ~
i —Gz4(s) 0 0 “&@N{E_%Gﬂ
I—g43(s) 1 0 0 “ﬁ‘*(s)l— - Fu(s) .
—(s3(s) 0_~ 1 0 | R(o)|” E—FA(S). (35)
0 q64(s) 0 1 ﬁ (S) S
l RO |1y

The solution is

G34(5)(1-5Fa(s))+(1—sFg(s)) |
5(1=G34(5) Ga3(s)) ’ (36)

ﬁs(s) =

Ga3(5)(1-5Fp(5))+(1—-sF a(s)) |
5(1=G34(5) Ga3(s)) ’ (37)

§4(5) =
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a(1-sF(s)) + a §34(5)(1=5 F4(5))+(1=5 Fo(s))(1=34(5) Ga3(s)) . (38)
S(1-G34(5)G43(s)) ’

ﬁs(s) =

5 _a(1-s Fa(s)) +a Gaz(s)(1—s Fp(s))+(1—sFp(s))(1—G34(s) da3(s))
Re(s) = :

5(1—G34(5) da3(s)) (39)

The Laplace transform of unconditional reliability function of the system is

R(s) = pRs(s) + qRs(s). (40)
A conditional means to failure of the system we can calculate using equalities

E(O) = Sli)rgl+ R(s),s € (0,00). (41)

Therefore, from (38), (39) and (40) we obtain

(T3)+aps4 E(TL)+E(Ts)—p3aPas E(Ts) a E({g)+apz4 E({4)
E(O.) = a E(T; 5 s - F + ok B T 42
( 5) 1-P34Pa3 ((A) 1-P34Da3 ( )

(T4)+apaz E(T3)+E(Tg)—D34Da3 E(Ts) a E({a)+apss E({p)
E(0,) = aE(Ty 6 & = F —a e 43
( 6) 1-P34Pa3 ((B) + 1-P34Pa3 ( )

According to (40), (41) and (42) we get the mean time to failure of the system.
E({p)+p34 E(a) E(§a)+p34 E(B)
E =pE E —_— ——=— 44
(0)=pEW)+qE(p) +tpa . T4, o (41

where

P34 = afooo f3(x) Hy(x)dx,ps3 = a fooo fa(x) Hp(x)dx. (45)

AN APPROXIMATE RELIABILITY FUNCTION

In general case calculating an exactly reliability function of the system by
means of Laplace transforms is a complicated matter. Finding an approximate reliability
function of that system is possible by using results from the theory of semi-Markov
processes perturbations. The perturbed semi-Markov processes are defined in dif-
ferent ways by different authors. We introduce Pavlov and Ushakov concept of the
perturbed semi-Markov process presented by Gertsbakh [4].

Let D' = S — D be a finite subset of states and D be at least countable sub-
set of S. Suppose {X(t):t = 0}is SM process with the state space S = D U D' and
the kernel Q(t) = [Q;;(t):i,j € §], the elements of which have the form

Q;;(t) = pijFy; (D). (46)
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Assume that

Pij . .
& = Xjep Dij andp?j =—L,i,jeD" (47)

1-¢; !
Let us notice that ¥ jep, pj; = 1.

A semi-Markov process {X(t):t = 0} with the discrete state space S defined
by the renewal kernel Q(t) = [ p;jF;;j(t):i,j € S, is called the perturbed process with

respect to SM process {X°(t):t = 0} with the state space D' defined by the kernel
Q°(t) = [piFij(6):1,j €D']. (48)
We quote our version of I. V. Pavlov and 1. A. Ushakov [9] theorem. The ran-
dom variable ©;, = inf{t: X(t) € D | X(0) = i},i € D' denotes the first passage time
from the state i € D’ to the subset D. The function G (t) = ¥ ep, Qf}(t) denotes CDF of
the waiting time in the state i € D’. The number m{ = fooo x dGQ(t),i € D', is the ex-
pected value of the waiting time in state i for the process {X°(t):t = 0}. Denote the
stationary distribution of the embedded Markov chain in SM process {X°(t): t = 0}

by n® = [r?:i € D']. Let

e = Yieps Mg and m® = Yep mimy. (49)
We are interested in the limiting distribution of the random variable

O;p,i € D'. We will quote a theorem, which can be found in the monograph [6] on
page 72.

Theorem 1. If the embedded Markov chain defined by the matrix of transition proba-
bilities P = [ p;j:i,j € S] satisfies following conditions:

— fia=P(Ap < ©|X(0) =i)=1,i € D',Ap, = min{n: X(7,) € D};

AR Yin=1 Nfip(n) < oo

- 3 V 0<E(Tj)<c

c>01,jeS
then
_x
limP(e0;p > x) =e mP, (50)
£-0
where ° = [rr;:i € D'] is the unique solution of the linear system of equations

®=n"P%n0%1 =1. (51)
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The considered SM process {X (t): t = 0} with the state space S = {0,1,2,3,4,5,6}
we can assume to be the perturbed process with respect to the SM process
{X°(t): t = 0} with the state space D' = {3,4,5,6} and the kernel

0 Qu) 00 |
Q°(t) =|Qu®) 0 0 0 | (52)
Q%) 0 00
| 0 Q4w o o |

where
Q34 (t) = PaFs4(1), Q25 (t) = pi3F43(t), Q25(t) = pesFs3(t);
Q84(t) = PeaFea(t).
From (4), (7) and (52) we obtain
Psa = 1,043 = 1,ps3 = 1,pgy = 1.

The transition matrix of the embedded Markov chain of SM process
{(X°(t):t = 0}is

,_\
o o K
o o o o
o o o o

e ——

Taking under consideration presented above the CDF’s Fj;(t),t = 0, we get

Jy fa(0) Ha(x) dx

0%4(6) = Fau(t) = 5 T8 (53)
0B (0) = o) = LD &, (54)
Q8o (t) = Fso(t) = F4(t), Q8o (t) = Feo(t) = Fp(2) -
From (19 ) and (47) we have
€3 =p3o+ P31 =1~ afooo fe (O H,(x)dx; (55)
€2=Pao+Piz=1—a] fa(x)Hs(x)dx; (56)

& =Pso=1—a,& =pep =1—a.
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From the system of equations
(M) adn 1P =[mY nd mdnd],nd + n +nd + md =1
we get
) =05m) =05mnd=0,1) =0.
From (47), (48), (50)-(56) and from the presented above theorem it fol-
lows that for small ¢
R(t) = P(0p > t) = P(e0 > et) ~ exp|— = t],t 2 0, (57)

where

£=05(e3+¢&)=1-05 a(foOo fz(X)H,(x)dx + fooo fA(x)HB(x)dx) (58)
and

Iy xfp(X)Ha(x)dx Jo. xf a(x)Hp (x)dx

0 _ 0 0y —
m® = 0.5(m; + m;) = 0.5 535 .
(m5 +ma) I fo(X)Ha (x)dx I F a(OHp(x)dx

(59)

From the shape of the parameter ¢ it follows that we can apply this formula
only if the numbers P(yg = {4), P(y4 = {5) denoting probabilities of the compo-
nents failure during the repair periods of an earlier failed components are small.

EXAMPLE

We assume that random variables {4, {3, denoting the lifetimes of units A
and B, have exponential distributions defined by PDF’s

fax) = ase™ %, fg(x) = age™®8%,x = 0;
a, > 0,ag > 0.

The repair times of the failed units which are represented by the random
variables y,, g have Erlang distributions with PDF

ha(x) = p% x e Ha* hp(x) = ué x e #8%,x > 0;
pa > 0,up > 0.

Now, the functions that are elements of the semi-Markov kernel (7), are
given by the following equalities.

56 Zeszyty Naukowe AMW — Scientific Journal of PNA



Semi-Markov reliability model of two different units cold standby system

Qos(t) = Q15(t) = Q5(t) = p H(D) ;
Qo6(t) = Q16(t) = Q26(t) = q H(t), where p,q>0,p+q=1;
Q30(t) =P(U =0,{p <t) = (1 —a)(1 — e *BY);

t
0D =a f @pe (1 + iy x e Ha%)dx =
0

__ % —(ap+ia) t
=a(a T )’ [“A"‘Z.UB_(‘ZB"‘O‘B.UAt"‘#A (2+ py t))e 9BTHA ];
B

Q34(t) = afot age **(1— (1+ uy x) e H4*)dx;
Qi) =P(U=0,{, <t)=(1—a)(1— e %t

Qu(t) =PWU =1,04<t,vg>{a) =
ay

= am[aza + 2y — (g + aapp t + pp (2 + pp t))e”(@athe);
B

Qu3s() =PU =104 <t,yp<{y) =

t
= aJ ase” %A X (1 — (1 + ug x )e #8%)dx;
0

Qs0(t) =P(U =0,y < t) = (1 —a)(1— e %");
Qs3(t) = P(U = 1,{4 < t) = a(l — e~ %at);
Qo) =P(U=0,{3 <t) = (1 —a)(1—et);
Qe =PU =1, <t) =a(1—e ")

From assumption and (44), (45) we obtain the mean time to failure of the sys-
tem in this case

E({p) + D34 E({a) taa E(Ca) + 034 E({)

E(0)=pE(()+qE({g)+pa ,
pE( £z P 1 —p3aPas 1 1 —p3aPaz
where
E@) = — E{a) = —
(A - a,A' (B - aB ]
® (MA)Z
=a age ™ BX¥(1 -1+ pusx)e *a¥)dx = ————;
P34 J;) B ( a X) (ap + 1,)?
® (MB)Z
=a aje” (1 — A+ pugx)e ™ MBX)dx = ————,
P43 J;) A Up (s + 1p)?
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For

1
a, =0,0002, ag = 0,0005, Ua = 0,06, ug = 0,05 [E] ;
p=1, a = 0,968
we have

E(0) = E(G,) + a 2P ElL - 668862 1),

1-P34P43

CONCLUSIONS

The reliability model of the cold standby system consist of two different
units is constructed by using the concept of the embedded semi-Markov process.

Results of semi-Markov process theory allowed us to compute reliability
characteristics of the system.

The Laplace transform of unconditional reliability function of the system is

R(s) = pRs(s) + qRs(s),
where the Laplace transform of conditional reliability functions Rs(s), R¢(s) are
given by (38) and (39).
The mean time to failure of the considered cold standby system depend on

of the both components probability distribution of the lifetimes and renewal times
and also on initial distribution of the process and the switch reliability

E({g) + 34 E((4) +qa E((4) + 34 E((p)
1 —Dp34Pas 1 —p34Pas '

E(O)=pE4) +qE()+pa

Pss=a f Fo COHA(x) dx, pas = a f f1 () Hy (x) dix.
0 0

If operating process starts from the state 5 with probability p = 1 then
mean time to failure is

E({p) + P34 E({a)

E(6)= E()+a 1 —p3apa3

This results was presented in [6].

If distributions of times to failure and renewal times of components A and B are
identical: f, (x) = fz(x) = f(x), H4(x) = Hgz(x) = H(x), we obtain result shown in [5].

E®) =E(Q) +a -Lwherec=a [ f(x)H(x) dx.
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Semi-Markov reliability model of two different units cold standby system

The cold standby causes the increase of the mean time to failure 1 + ﬁ

times in this case.

If moreover the switch is reliable (a = 1) we get well known result pre-

sented in [1, 3, 8].

The approximate reliability function of the system is exponential (58)

(1]
(2]
(3]

[4]

[7]
(8]

[]

R(t) = exp [—% t],t = 0.
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SEMI-MARKOWSKI MODEL SYSTEMU
Z REZERWA ZIMNA ZLOZONY
Z DWOCH ROZNYCH PODSYSTEMOW

STRESZCZENIE

Do rozwigzania problemu z zakresu teorii niezawodnosci zostat zastosowany proces semi-Markowa.
Problem dotyczy tak zwanego systemu z rezerwa zimng, ktéry jest ztozony z dwoéch réznych
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podsysteméw i przelacznika. Aby uzyskaé charakterystyki i parametry niezawodnosci tego sys-
temu, jako model funkcjonowania systemu konstruujemy proces semi-Markowa — tak zwany
proces wtozony w inny proces stochastyczny. W naszym modelu czas zdatnos$ci systemu jest
reprezentowany przez zmienng losowg oznaczajaca czas pierwszego przejscia z danego stanu do okre-
$lonego podzbioru stanéw. W celu obliczenia funkcji niezawodnosci i $Sredniego czasu do awarii
systemu stosujemy twierdzenia teorii proceséw semi-markowskich dotyczace warunkowej funkcji
niezawodnosci. Najczesciej doktadna funkcja niezawodnos$ci systemu przy zastosowaniu trans-
formaty Laplace’a jest trudna do wyliczenia. W takim przypadku teoria zaburzonych proceséw
semi-markowskich pozwala otrzymac¢ przyblizong funkcje niezawodnosci systemu.

Stowa kluczowe:

niezawodno$¢, proces semi-Markowa, system z rezerwa zimna.
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