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Abstract: A symbolic model, based on a Continuous Time Markov Chain, is proposed for degrading systems
analysis. Three types of degrading systems, namely completely recoverable, partially recoverable and non-
recoverable ones, and two types of critical sets of states are defined in terms of this model. It is shown that for
the proposed model, analytical expressions for probabilities of being in any possible state at each instant can be
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states, if the values of the parameters are given, are solved.
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. Introduction

The importance of developing an effective maintenance policy [1] for an analyzed degrading system
(DS) has increased significantly due to the widespread introduction of Cyber-Physical Systems into practice [2].
At the same time, along with completely recoverable DS, there was an urgent need to investigate partially
recoverable and non-recoverable DS, which have numerous applications, in particular in the healthcare [3-5].

A maintenance policy, as a rule, is based on the results of simulation the temporal variability of
deterioration for the analyzed DS. For this simulation, deterministic as well as stochastic models can be used
[6]. It is well-known that stochastic models more accurately represent the degradation process for the analyzed
DS. Among such models, stochastic models based on Markov processes with a finite set of states [7] are often
used [8-11]. However, they are usually built for specific problems with fixed numeric parameters values. Taking
this into account, a symbolic model of DS, based on Finite Markov Chains, which enables to analyze completely
recoverable, partially recoverable and non-recoverable DS has been proposed in [12, 13]. The problem of
bounded probabilistic analysis [14, 15] for this model has been solved in [13].

The model proposed in [13] is intended for analysis of DS, when the parameters measurements are
carried out after the expiration of fixed time intervals and the probabilities of state transitions are constant. This
model can also be used when state transition probabilities change over time. Indeed, it is sufficient to divide the
time horizon into disjoint intervals, and on each of them apply the corresponding symbolic model proposed in
[13]. This approach is inherently equivalent to a piece-wise constant approximation of a continuous process.

In view of the above, a symbolic model intended for DS analysis and based on the Continuous Time
Finite Markov Chain (CT FMC) is proposed and investigated in the given paper. This model makes it possible
to derive explicitly analytical expressions for the probabilities of being DS in any possible state, as well as for
the probability of a set of target states reachability at each instant.

The rest of the paper is organized as follows. Section 2 consists of the preliminary information
necessary for understanding further constructions and results. In Section 3 the proposed symbolic CT FMC
model intended for DS analysis is presented. The structure of this model for completely recoverable, partially
recoverable and non-recoverable DS is defined. Examples of the proposed model for these three types of DS are
given. In Section 4 the analysis of the proposed symbolic CT FMC model is illustrated via the non-recoverable
DS presented in Section 3. The properties of the probabilities as functions of time are characterized via relations
between the parameters. The rates of these probabilities with the variations of the parameters are derived. In
Section 5 the problems of the target sets of states reachability for the proposed CT FMC model are solved when
the numeric values of the parameters are given. Section 6 is some discussion of obtained results. Section 7
contains concluding remarks.
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Il.  Preliminary Information
It is known that any CT FMC P, (n > 2) with the set of the states s_ ={s,,---,s,} can be defined by
the transition rate matrix

M- Z 2'11 o e 1
‘ je{l 31} |
| |
‘ ]‘21 - z ;sz' /12n |
AP” = ‘ je{t. - .n3\{2} [
| |
| |
L Z’nl lnl - z AHJJ
je{t - n}n}

where 4, (i, j=1,--,n; i= j) is the rate of the departing from the state s, and arriving in the state s . It
should be noted that 2, >0 (i, j=1,--,n;i= j).

Let p,(t) (i=1,-,n) be the probability that the CT FMC p_ isinthe state s, at instant t . Then the vector
p(t) = (p, (1), p, (1)) isthe solution of the Chapman—Kolmogorov system of equations

dp(t
p(t) _pmA,
dt "

Therefore, for any initial probability distribution

V= (v, V) (0 <v, <1 (i=1,-.,n), Z v, :l)

of the CT FMC p, states, the vector p(t) = (p,(t),, p,(t)) is the solution of the system of differential
equations

dp (1)
= t)A
S (1)
[ p(o)=v
It should be noted that with respect to the variables p,(t) (i =1, ,n), the systems (1) is a system of
linear differential equations with constant coefficients.

I11. Proposed symbolic CT FMC p, model
By analogy with [13], we define a symbolic model for the analyzed DS s with n stages of
functionality as a CT FMC p_ that satisfy to the following three assumptions:

Assumption 1. The CT FMC P, states represent the functionality stages of the DS s as follows:

- Thestate s, represents the analyzed DS s in the completely functional stage.

- Thestate s, represents the analyzed DS s in the inoperable stage.

- Thestates s,,-- s, , represent the analyzed DS s in all possible stages of partial functioning.

Assumption 2. For a given positive integer k (2 < k < n) some partition
7 ={B,, B}
of the set s is fixed such that
B, ={s.},
B, ={s, ...v»8} (i=2 k-1,
.
=n-1andi_ <i forall j=2, k-1.

B, ={s
where i, =1, i,
Remark 1. The interpretation of the partition z is as follows: each its block consists of all states s e s
representing the stages the same functionality level for the DS s .
Assumption 3. The elements of the transition rate matrix a , satisfy to the following six conditions:

Condition 1. The equality 4, =0 holds forall j=1,-- ,n-1.
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Condition 2. For all j=2,-- k-1 theequality 42, = o holds for all states s ,s, < B, (r=h).

Condition 3. For each state s eB, (j=1-,k-1) there exists some subset S (r)

|(®¢S:5c(r)g U Bm\| such that 21, >0 for all states s, es™(r), and 2,6 =0 for all states
L m=j+1 )

(" )
s,el U B, ns™(r).

km:hl j

Condition 4. For all j =1,k —1 holds the equality U (s (r)n B ) =B

j+1 j+1 "

s, €B;

Condition 5. For each state s e B, (j=2,,k-1) there exists some subset s ™ (r) (s (r)c U B,)
anc (171 \ anc
suchthat 2, > o forall states s, « s*(r),and 2, =0 forallstates s, e | U B, |\s™(r).
Km:l

Condition 6. Forall j=2,--- ,k-1,if 2 =0 forallstates s <8 ,then 2 =o forallstatess <8 .

Remark 2. Similarly to [13], we note that if the analyzed DS s is a technical system, and deteriorating in

its functionality is carried out due to the appearance of faults in it, then it is usually assumed that in one step

either one new fault can appear, or one of the existing faults can be eliminated. In this case, Conditions 3-5 can
be simplified as follows:

( K 3
- InCondition 3 formula | @ = s*°(r) U B, | can be changed by (& = s/ (r) c B,.,) , and formula
k m=j+1 )

[ 3
s, <] U B_[\s™(r) can be changed by s, €B .
km:hl j
- In Condition 4 formula U (s*(r)n 8.

n j+1

dsc
NS ().

) =B ., can be changed by U S°(r) =B, .

s, €B; s, €B;

- In Condition 5 formula (s (r)c U B,) can be changed by (s;"(r)c B, ,), and formula

j-1 \
s,e| U, |\s™(r) canbechanged by s, e B,
Unr )

Remark 3. Assumptions 1-3 imply that for any CT FMC p_ being a symbolic model of the analyzed DS s

with n stages of functionality, the state s is the single absorbing state. Since the last equation of the
Chapman-Kolmogorov system of equations is

dp, () &

=3 1 p(t),
o Zl w P (1)

VS (r) .

1

dp, (1)
dt
In the sequel it is supposed that for any CT FMC p_ being a symbolic model for the analyzed DS s with
n stages of functionality, the initial probability distribution of CT FMC p_ states is

we get

>0,Ii.e. p, (1) isastrictly increasing function.

p(0) = (1,0,:+,0) .

n-1times

Assumptions 1-3 directly imply the correctness of the following two definitions.

Definition 1. For a CT FMC P, being the symbolic model for the analyzed DS s with n stages of
functionality, we distinguish the following two types of the critical set of states:

k-1
1. The critical set of states in the weak sense s " consists of all states s, « U B, suchthat 2 >o0.

=1
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k-1
2. The critical set of states in the strong sense s consists of all states s < U B, suchthat s (r)={s}

-1

Definition 2. Let a CT FMC p_ be the symbolic model for the DS s, with n stages of functionality. Then
P, is a model of:

1. The completely recoverable DS s, if for each integer j=2,---,k -1 the disequality s*(r) = @ holds
for all statess < B .

2. The partially recoverable DS s _, if such an integer 1 (2 <1< k-1)exists that for each integer
j=1+1,-- k-1 the disequalities s (r) » @ hold for all states s < B, and for each integer j=2,.--,1 the
equalities s (r) = @ hold for all states s < B .

3. The non-recoverable DS s, if for each integer j=2,--- k-1 the equality s (r)=o holds for all
statess, < B .

Let us illustrate the introduced concepts by the following examples.

Example 1. Consider the dynamics of a chronic disease with two stages. The deterioration of Patients' health
is associated with the occurrence of the disease, staying at the first stage of the disease, transition to the second

stage of the disease and staying there, and, finally, with the death of the Patient. So we deal with the DS s . Its
symbolic model is the CT FMC p,” with the set of states s = {s,,s,,s,,s,} , where:

1. The state s, represents the stage, when the Patient is healthy.

2. The state s, represents the situation, when the Patient is staying in the first stage of the disease.

3. The state s, represents the situation, when the Patient is staying in the second stage of the disease.

4. The state s, represents situation, when the Patient is dead.

The transition rate matrix of the CT FMC p ' is as follows

[-a, 2, s Al

AL :} 0 -a, 2, A, } '
oo 0 -4, 2,
lL 0 0 0o 0 J

whereall 2, >0, a =2,+4,+4, and a, = 1, + 4,, .
For the CT FMC rP " we get:

1)

1. The partition of the set s is = ={8,,B,,B,,B,}, Where B, ={s;}, B, ={s,}, B, ={s,},and B, ={s,}.

2. Due to Definition 1, s;** =B, uB,uUB, since 4, >0 (i=12,3), and s;”“ = B, since the equality
$°(3) = {s,} holds.

3. Due to Definition 2, the CT FMC p* is a symbolic model of the non-recoverable DS s since

anc
4

s;"(r)=wo forallstates s ¢ B, UB,.

Example 2. Consider a network consisting of three pairwise connected computers ¢, ¢, and c,.
Deteriorating in the functionality of this network is carried out due to the appearance of faults in the computers,
and recovery consists of eliminating these faults. So we deal with the DS s . Its symbolic model is the CT

FMC p,” with the set of states s = {s,,~ ,s,}, where:

1. The state s, represents the stage when the considered network is fault-free.

2. The state s, represents the stage when the computer ¢, is faulty and the computers ¢, and c, are fault-
free.

3. The state s, represents the stage when the computer ¢, is faulty and the computers ¢, and c, are fault-
free.
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4. The state s, represents the stage when the computer c, is faulty and the computers ¢, and c, are fault-
free.

5. The state s, represents the stage when the computers ¢, and c, are faulty and the computer c, is fault-
free.

6. The state s, represents the stage when the computers ¢, and c, are faulty and the computer c, is fault-
free.

7. The state s, represents the stage when the computers ¢, and c, are faulty and the computer c, is fault-
free.

8. The state s, represents the inoperable stage, i.e. when all three computersc,, c, and c, are faulty.

The CT FMC p,* the transition rate matrix is as follows

R Ay Ay 0 0 0 0 1
} Ay~ O 0 Ay Ayg 0 0 }
} Ay 0 ~a,,,, O Ay 0 Ay 0 }
A, = } A 0 0 -a,,,, O Zas Ay 0 } ’
B0 e, Aoy 0 -a,,,, O 0 Aeg |
} 0 Aes 0 Ay 0 a,,,, O Ags }
} 0 0 A, . 0 0 T }
| o 0 0 0 0 0 0 0 |
whereall 4, >0,and a = Ay + Ay + A

i da s iy ijs

For the CT FMC P, we get:
1. The partition of the set s is = ={B,,8,,8,.8,}, where B, ={s,}, B, ={s,.s,,5,}, B, ={s,.s,,5,}, and
B, ={s,}-

2. Due to Definition 1, s*** = s, = B, ={s,,s,,s,} since 2, >0 (i=5,6,7) and 2, =0 (i=1,2,3,4).

8

3. Due to Definition 2, the CT FMC p,“ is a symbolic model of the completely recoverable DS s since
S,(r) = @ forallstates s, e B, UB, .

Example 3. Suppose the DS s.* differs from the DS s only in that the eliminating the faults in the
network can be carried out only when two computers are faulty, and, at the same time, the fault can be
eliminated in only one computer. So we deal with the DS s*’ . Its symbolic model is the CT FMC p,”’, whose
the transition rate matrix A differs from the transition rate matrix Ao onlyinthat 2, =4, =2, =0.

For the CT FMC p,”, as for the CT FMC P,”, z ={B,,B,,B,,B,}, where B, ={s;}, B, ={s,,s,,5,},
B, ={s,.5,.5,}, and B, ={s,}, and s, =35 =B, ={s,,s,.s,}. But, due to Definition 2, the CT FMC

8

P,” is a symbolic model of the partially recoverable DS s* since s;™(r)= @ for all states s, B, and

8

s;"(r)=go forallstates s < B,.

Il. Analysis of the symbolic CT FMC p, model

Let a CT FMC P, be a symbolic model for the analyzed recoverable or partially recoverable DS s .
Then the Chapman—Kolmogorov system of equations is a parametric system of linear differential equations of a
general form with constant coefficients. Its solution satisfying the initial condition p (o) = (1,0,--,0) can be
n-1times
found by reducing it either to a parametric system of algebraic equations (using direct and inverse Laplace
transformations) or to a parametric linear homogeneous differential equation of the n -th order with constant
coefficients.
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The situation is significantly simplified when a CT FMC p_ is a symbolic model for a non-recoverable DS
s, . In this case, the first n -1 equations of the Chapman—Kolmogorov system of equations are a triangular
system of differential equations with constant coefficients. Let's illustrate this by the following example.

Example 4. Consider the symbolic model of Example 1. The Chapman—Kolmogorov system of equations
has the form

[ dp,(t
| pdt“: ~ap, ()
|

dp, (1)
| et SO WG

(2)

| dp, (1)
= AP (1) + 2,0, () = A, (1)
|

dp, (1)
\[ - AP (1) +2,p,()  + A, P, (1)

Its solution satisfying the initial condition
[p,(0)=1
[P,(0)=p(0)=p,(0)=0

can be derived as follows.
Solving the 1-st equation of the system (2), we obtain

p,(t) = exp(-a,t) . ?3)
Substituting (3) in the 2-nd equation of the system (2), and solving it, we obtain

a, =a, = p,(t) = A,texp(-at), 4

a, za = p,(t)=1,(a, - al)’l(exp(—alt) —exp(—a,t)) . (5)

Let’s solve the 3-rd equation of the system (1).
Substituting (3) and (4) in the 3-rd equation of the system (2), and solving it, we obtain

a,=a, =1, = p,(t) = (A,t+0.51,2,,t*) exp(-2,,1), (6)

2 127723

a,=a, &a, #4, = p,(t) = (4,4, - al)’1 = AypAgg (Agy — al)’z)(exp(—alt) —exp(—4,t)) +

127723

+A,, A (AsA—al)’ltexp(—alt). ©)

127723

Substituting (3) and (5) in the 3-rd equation of the system (2), and solving it, we obtain

a,#a,&a =41, = p,(t)= (4, + 1,4 (az—/lgd)’l—l A (az—ﬂ“)’z)t)exp(—ﬂ“t)Jr

127723 127723

+A.A (az—i“)’2 exp(-a,t), (8)

127723

a, #a,&a, =4, = p,(t) = (1,4, - al)’1 + Ayphyg (Mg, — al)’z)(exp(—alt)— exp(=4,,t)) -

127723
Ay A, (A, — ) texp(=2,,1) , 9)

a,#a,&4,*a &4, *a,=>

= p, (1) = (4, —a,) " (A, + 4,24, (2, —a,) " )(exp(-a,t) — exp(~4,,t)) -
Ay A (A —8,) (@, — a,) " (exp(—a,t) — exp(-4,,1)) . (10)
Substituting p,(t), p,(t) and p,(t) inthe 4-th equation of the system (2), and solving it, we obtain

a,=a, =2, = p,(1) =1- 1+ (A, + A,,)t +0.54,2,,t° ) exp(-2,,t), (11)

2 1 34 127723

Q

a,=a,&a, # 24, = p,(1)=1-(a, (A, + (A, + A, (g — Ay ) Ay —2,) ) =

137734

7112 (/134 - /124)(134 - a1)71t) eXp(falt) + (/113(134 - al) - 112/123(134 - al)iz) EXp(fﬂ'aat) 1 (12)

a,xa,&a, =24, = P, (1) =12, (A, + Ay, + 2,4, (8, = A3,)  + 2,2, (A, — A, )@, = A,,) " +

127723 27712

4, (A + A, 25, (8, = A3,) I exp(=2,,t) + A, (A,, — A,,)(a, — 4,,) " exp(-a,t) , (13)

127723

a,#a,&a, =4, = p,(1)=1-a, (A, + (A, A, + A325,) (A, —a,) " +

127724 137734
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-1
+

+ A, A A (ﬂ»“—al)’z)e><p(—a1t)+ﬂb3

1277237734

(A A, + A AL, + AL

4 127724 137734 12 23)(134 - al)

A, A A (Agy = 8,) 2+ Ay 200 Ay (g, — @) 1) XP(=4,,1) , (14)

1277237734 1277237734
a,#a,&4,*a &4, *a,=>

= p, () =1-a, (A, + 4,2, (8, —a,) "+ A Ay, (4, —a,) "+

127724 137734

+ A, A A (134—al)’l(az—al)’l)exp(—alt)Jraz’l(/l A (az—al)’l+

1277237734 127724

+ A, A A (134—al)’l(/lm—az)’l)exp(—azt)—

1277237734

7(/1 A (134 - al)il(ﬁ'u - az)il

12723 - ]'13(1'34 - al)il) exp(fﬂ“mt) . (15)
Example 4 illustrates that the solving of the Chapman—Kolmogorov system of equations for a CT FMC p_,
which is a symbolic model of a DS s, requires the analysis of all possible relationships between parameters

(these cases are represented by formulae (3)-(15)), and leads to rather cumbersome analytical expressions.
The main arguments for deriving these parametric expressions are the following:

- These parametric expressions are derived only once.
- These parametric expressions give the possibility to characterize the probabilities p,(t) (i=1,---,n) as

functions of time via the relations between the parameters.
- These parametric expressions give the possibility to find the rates of change

Lop,(t
ph’ (t)p_() (h=1,--,n)
o2,
for the probabilities p (t) (i =1,---,n) relatively to variations of the parameters 1, .

Let us illustrate the above via the following example.

Example 5. For the symbolic model p,”’ of Example 1, we examine the probabilities p,(t), p,(t) and
p,(t) defined by formulae (3)-(6).

Let’s characterize these probabilities as functions of time.

The probability p,(t) is a strictly decreasing function.

If a =a, then the probability p,(t) is a strictly increasing function when o<t<a,*, and a strictly
decreasing function when t > a_*. If a, = a, then the probability p,(t) is a strictly increasing function when
0<t<(Inmax{a,,a,}-Inmin{a,a,})(max{a,a,} - min{a, az})’1 ,
and a strictly decreasing function when
t> (Inmax{a,,a,}-Inmin{a ,a,})(max{a,,a,} - min{a,, az})’1 .
If a, = a, = 2,, then the probability p,(t) is a strictly increasing function when
0 <t< (A,Ad,, — Aady, + \/a_)(/lmzzg/lu)’l ,
and a strictly decreasing function when
t> (A,4,, = A, + \/a_)(alz/lm/lu)’l ,
Where a = (1,2, — A,24,,)° + 22, 2,025, Ay -
Now we derive the rates of change for these probabilities relatively to variations of the parameters 1 .
For the probability p, (1) we get
pl’l(t)aapi—it): -t (j=2,3,4).
Let’s analyze the probability p,(t).
If a, = a, then
b, (1) 622(0 Aot (i=2.3.4),

1j

where y, =1 and y, =y, =0.
If a, = a, then
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-1 apz(t) -1 -1 -1 .
p, 1) ——=r,4, +(a,—a,) —texp(-at)(exp(-at)—exp(-a,t)) " (j=2,34),
0

1j

where y, =1 and », = », =0, and

-1 6p2(t) -1 -1 R
p, (t)ﬁ—: -(a, —a,) " +texp(-a,t)(exp(-a;t) —exp(-a,t)) (j=3,4).

2]

For the probability p,(t), when a, = a, = 2,, We get

4, 0pg(t) ,
P, (1) ——==0.52,,t(4, + 0.54,4,,t) ",
o

127723
12

op, (t
pgl(t)—ps():u”+o.54 A0,

127723
o 13

1 aSt
b2 () p,(t)
o

= 0.54,t(4, +0.52,,2,,t) ",

127723
23

and

1 a3t
p, ) 2
0

It should be noted that for a CT FMC p_, which is a symbolic model of a DS s, the analysis of parametric
expressions for probabilities p,(t) (i=1,--,n) and their rates of change relatively to variations of the
parameters 4, forms some base for statistical modeling of the DS s behavior under parameters’ variation.

1. Target set reachability for the symbolic CT FMC p, model.
Leta CT FMC p, be a symbolic model for the DS s, the analysis of which is carried out on the finite time
horizon [0,T].
We call the target set of states s for the CT FMC p, any element of the set {{s, },5."",s." "}.
Let
P w(®= 3 p(1).

trgt
8,8, ot
s, €S,

We consider the reachability problem for the CT FMC p, target set of states s*' when the numeric values
of the parameters 2, are given.

Remark 4. Substituting the numeric values of 4  into the parametric probability expressions p (t)
(i =1,---,n) we get formulae that determine these probabilities as functions of ¢ only.

Let s ={s,}. We formulate the problem of analysis of the target set reachability as follows.

Problem 1. The numeric values of the parameters 4, and the numbers  (0<z<1) and (0 <z <0.5T)
are given. It is necessary to find t,  (0,7) such that

(p,(max{0,t, -7}) < ¢
Lp, (min{T t,+7}) 26
The solution of this problem can be obtained by using the following algorithm.
Algorithm 1.
Step 1. If p,(T) < ¢ then print “The required value t, € (0,7) does not exist” and HALT, else go to Step 2.
Step2. ¢ =0, p:=T.
Step3. y:=0.5(x + ).
Step 4. If p,(y)<e,then o=y ,else p:= 5.
Step 5. If g -« <27 ,then t, := 0.5(« + g) and HALT, else go to Step 3.

Theorem 1. Algorithm 1 is sound. The number of iterations of steps 3-5is [log T —logo -17.

DOI: 10.9790/5728-1703036272 www.iosrjournals.org 69 | Page



A Symbolic Continuous Time Markov Chain Model for Degrading Systems Analysis

Proof. The correctness of Step 1 of Algorithm 1 follows from the fact that p_(0) =0 and p, (t) is a strictly
increasing function.

Steps 2-5 of Algorithm 1 are performed if and only if the required value of ¢ <[0,T1 exists. These steps
implement the bisection method. In so doing, Algorithm 1 terminates if and only if the length of the current
considered interval [«, 5] does not exceed 27, p (a)<e and p (B) > ¢ . These conditions occur after the
finite number of iterations of Steps 3-5, since p_(0) =0, p,(t) is a strictly increasing function and p (T)> ¢ .

This implies the correctness of Algorithm 1 when performing the iterations defined by Steps 2-5 of Algorithm 1.
So, Algorithm 1 is sound.

Let k be the number of Steps 3-5 iterations for Algorithm 1. Then
2T <2r < 2"205Tr < k>2logT —logr—-1= k = [logT —logz-1].
Q.E.D.
Let s e {s:"™",s *}. There is no guarantee that

P ®= 3 PO
s;es)

is a strictly monotone function on the interval [0,T]. Therefore, the problem of analysis of the target set
reachability can be formulated as follows.
Problem 2. The numeric values of the parameters 2, and the number = (0 <z <1) are given. It is
necessary to find the set
T, o (8) ={t € [0.TIIP, () 2 £}
in the explicit form.

It was noted above that there is no guarantee that p_ L (D) (S’ e{s",s "y is a strictly monotone

n

function on the interval [0,T]. Besides, the analytical representation of this function is usually rather

cumbersome. Moreover, since this expression contains transcendent functions of the form t" exp(-at) , there is

no algorithm for solving problem 2 (it is well-known that there is no algorithm for finding an exact solution
even for the equation texp(-t) = b , where b > 0 ).

Therefore, it is natural to confine yourself to solving the following problem.
Problem 3. The numeric values of the parameters 4, , the number = (0 <z <1) and the positive integer k
are given. It is necessary to find the set

T u(kie)={h2"T [he{01, 2"}&P__, (h2"'T)= s}

in the explicit form.
The solution of this problem can be obtained by using the following algorithm.

Algorithm 2.
Stepl. hi=0, T .(ke)=2.

Step2.1fp_ ., (h27"T) < &, then go to Step 3, else T L (Kig)i=T (k,e)u{h2™T}.

Step3. h:=h+1.

Step 4. If h < 2%, then go to Step 3, else HALT.

Theorem 2. Algorithm 2 is sound. The number of iterations of Steps 2-4 is 2* +1.

Proof. The soundness of Algorithm 2 follows from the fact that the values P, o (h27*T) (h=0,1,-,2%

are sequentially calculated, and each of the these values is compared with the number = .
The number of calculated values of the function P, (it is the same as the number of iterations of Steps 2-

4)isequal to 2" +1.
Q.E.D.
It should be noted that the results obtained in this Section form some base for simulation of the DS s
behavior when the parameters are varied.
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VI.  Discussion

The main aim of the given paper was to define and investigate a symbolic model based on a CT FMC
and intended for analysis of recoverable, partially recoverable, and non-recoverable DSs within the finite time
horizon.

The proposed model gives the possibility to derive explicitly analytical expressions for the probabilities
of being the analyzed CT FMC in any of the possible states at any instant. Therefore, it is possible to obtain the
analytical expressions for the sets of target states reachability at any instant in the explicit form.

Moreover, the pointed analytical expressions also provide the possibility to investigate the probabilities
of the DS being at this or another functionality stage as time functions and the parameter functions, both. The
latter is especially important in the process of designing DSs.

Obviously, the above mentioned analytical probability expressions can be effectively used in the
process of statistical modeling and simulation [16] of the analyzed DS behavior. Significantly, that through
Monte Carlo simulation [17], these analytical probability expressions can also be used for searching the most
acceptable numerical values of the parameters for the designed DC.

However, it should be noted that when using the Monte Carlo Method, it is often difficult to select a set
of simulated vectors of humerical parameter values, since for real DS the parameter values are not independent,
as a rule. One possible approach to identify and effectively use these dependencies of numeric parameters values
is the development and application of corresponding logical Model-Checking formalisms [18] in the process of
DS analysis.

VII.  Conclusion

In the given paper, a symbolic CT FMC model p_ intended for unified analysis of any class of DSs s
with the same transition structure is defined and investigated. This model is designed by analogy with the
symbolic Finite Markov Chains model ¢ intended for unified analysis of any class of all DSs s with the
same transition structure that has been defined and investigated in [13].

Both of these models provide some mathematical base for the development of logical Model-Checking
formalisms for the process of DS analysis. Development of these formalisms forms a possible direction for
further research.

It was shown that the proposed CT FMC model p, makes it possible to derive parametric expressions

for the probabilities p (t) (i =1,--,n) and their rates of change relatively to variations of parameters 1, . The

Problem of the target set s reachability for DS s_, when the numeric parameters values are given, was

solved.

These results provide some mathematical base for the development and implementation of statistical
simulation methods for analysis DS behavior relatively to the parameters variation. This is another possible
direction for further research.
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