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Abstract

The model of system safety impacted by operation process is created and the procedure of its safety in
the safety state subsets not worse than the critical safety state maximization is proposed. The model of
system operation total costs in the safety state subsets is introduced and the procedure of its operation
total cost in the safety state subset not worse than the critical safety state minimization is presented. To
analyze jointly the system safety and its operation cost optimization, we propose determining the opti-
mal values of limit transient probabilities of the system operation process at the particular operation
states that allows to find the best system safety function and other safety indicators, utilizing the creat-
ed system safety model and linear programming. Next, to find the system operation total costs in the
safety state subsets, corresponding to this system best safety indicators, we replace the limit transient
probabilities at the particular operation states, existing in the formula for the system operation total
costs in the safety state subsets, by their optimal values existing in the formulae for the coordinates of
the system safety function after maximization. On the other hand, to analyze jointly the system opera-
tion cost and it’s safety optimization, we propose the procedure of determining the optimal values of
limit transient probabilities of the system operation process at the particular operation states that al-
lows to find minimal system operation total cost in the safety state subset not worse than the critical
safety state, using the created system operation cost model and linear programming. After that, to find
the system conditional safety indicators, corresponding to this system minimal total operation cost in
the safety state subset not worse than the critical safety state, we replace the limit transient probabili-
ties at particular operation states, existing in the formula for the system safety function coordinates,
and for remaining system conditional safety indicators by their optimal values existing in the formulae
for the system minimal total cost in the safety state subsets not worse than the critical safety state. The
created models are applied separately and jointly to the maritime transportation system. Moreover, to
fulfil the obtained maritime transportation system optimal safety and operation cost results the modifi-
cations of its operation process is proposed. The evaluation of results is performed and future research
in the field of the complex systems, including maritime transportation systems, safety and their opera-
tion costs joint analysis and optimization is proposed.

1. Introduction its operation cost, the semi-Markov process
model (Ferreira & Pacheco, 2007; Glynn &
Haas, 2006; Grabski, 2002, 2015; Limnios &
Oprisan, 2005; Mercier, 2008; Tang et al., 2007),

To tie the investigation of the complex technical
system safety together with the investigation of

Safety and Reliability of Systems and Processes, Summer Safety and Reliability Seminar 2022.
© Gdynia Maritime University. All rights reserved.
DOI: 10.26408/srsp-2022-07.

93



Kotowrocki Krzysztof, Magryta-Mut Beata

can be used to describe this system operation
process (Kotowrocki &  Soszynska-Budny,
2011/2015; Magryta, 2020). The system opera-
tion process model, under the assumption on the
system safety multistate model (Xue, 1995; Xue
& Yang, 1985), can be used to construct the gen-
eral safety model of the complex multistate sys-
tem changing its safety structure and its compo-
nents safety parameters during variable operation
conditions (Kotowrocki, 2014; Kotowrocki &
Magryta, 2020; Kolowrocki & Soszynska-
Budny, 2011/2015; Magryta, 2020). Further,
using this general model, it is possible to define
the complex system main safety characteristics
such as the system safety function, the mean val-
ues and standard deviations of the system life-
times in the system safety state subsets and in the
system particular safety states (Dgbrowska,
2020, Dabrowska & Kotowrocki, 2019a; Kolow-
rocki, 2014, 2020; Kotowrocki & Soszynska,
2010a-b; Kotowrocki & Soszynska-Budny,
2011/2015). Other system safety indicators, like
the system risk function, the system fragility
curve, the moment when the system risk function
exceeds a permitted level, the system intensity of
ageing, the coefficient of operation process im-
pact on system intensity of ageing and the system
resilience indicator to operation process impact,
can be introduced as well (Gouldby et al., 2010;
Kotowrocki, 2014; Kotowrocki & Soszynska-
Budny, 2018a-b, 2019a-c; Lauge et al., 2015;
Szymkowiak, 2018a-b, 2019). Using the system
general safety model, it is possible to change the
system operation process through applying the
linear programming (Klabjan & Adelman, 2006)
for maximizing the system safety function
(Kolowrocki & Soszynska-Budny, 2010) and
finding the optimal limit values of the system
transient probabilities at the particular operation
states and determining the system optimal safety
indicators. Having the system operation process
characteristics and the system conditional instan-
taneous operation costs at the operation states, it
is possible to create the system general operation
total costs in the safety state subsets (Kotowrocki
& Kuligowska, 2018; Kotowrocki & Magryta-
Mut, 2021). Using this system operation total
cost model, it 1s possible to change the system
operation process through applying the linear
programming (Klabjan & Adelman, 2006) for
minimizing the system operation total cost costs
in the safety state subsets (Kotowrocki & Kuli-
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gowska, 2018; Kolowrocki & Magryta-Mut,
2022) and finding the optimal limit values of the
system transient probabilities at the particular
operation states. To analyze jointly the system
safety and its operation cost optimization, in the
case we prefer more the system safety maximiza-
tion than the system operation cost minimization,
we first apply the procedure of determining the
optimal values of limit transient probabilities of
the system operation process at the particular
operation states that maximize the system safety.
Next, to find the system conditional operation
total costs in the safety state subsets, correspond-
ing to this system maximal safety, we replace the
limit transient probabilities at particular opera-
tion states, existing in the formula for the opera-
tion total costs in the safety state subsets, by their
optimal values existing in the formula for the
system maximal safety function coordinates.
Whereas, in the case we prefer more the system
operation cost minimization than the system
safety maximization, then to analyze jointly the
system safety and operation cost optimization,
we first apply the procedure of determining the
optimal values of limit transient probabilities of
the system operation process at the particular
operation states that minimize the system opera-
tion total costs in the safety state subsets. Next,
to find the system conditional safety indicators,
corresponding to this system minimal total op-
eration costs in the safety state subsets, we re-
place the limit transient probabilities at the sys-
tem particular operation states, existing in the
formula for the system safety function coordi-
nates, by their optimal values existing in the
formula for the system minimal operation total
costs in the safety state subsets in order to get the
formula for the system conditional safety func-
tion related to this system minimal operation
total cost. Further, applying this formula for the
system conditional safety function, we find the
remaining system conditional safety indicators.

The created model for maximizing the system
safety is applied to the maritime transportation
system to find its optimal safety indicators. Next,
the maritime transportation system mean value of
the system operation total costs in the safety state
subsets corresponding to its optimal safety indi-
cators is found. The created model for minimiz-
ing of the system operation total costs in the
safety state subsets is applied to the maritime
transportation system to find the minimal mean
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value of the system operation total costs in the
safety state subsets. Next, the maritime transpor-
tation system safety indicators corresponding to
this minimal operation total cost are found.

The chapter is organized into 7 parts, this Intro-
duction as Section 1, Sections 2—6 and Conclu-
sion as Section 7. In Section 2, the model of sys-
tem safety impacted by operation process is in-
troduced and the procedure of the system safety
maximization is proposed. In Section 3, the
model of system operation total costs in the safe-
ty state subsets is introduced and the procedure
of its minimization is presented. In Section 4, the
maritime transportation system operation total
costs in the safety state subsets is analyzed and
its minimal value is determined. In Section 5, the
maritime transportation system operation process
influence on its safety indicators is examined and
the best forms and values of this system safety
indicators are determined. In Section 6, joint
analysis of the maritime transportation system
safety maximizing and its conditional operation
total costs in the safety state subsets correspond-
ing to the maritime transportation system maxi-
mal safety is performed. The maritime transpor-
tation system best safety indicators are fixed and
the maritime transportation system operation
total costs corresponding to this best safety indi-
cators is determined. Joint analysis of the mari-
time transportation system operation total costs
in the safety state subsets minimizing and its
conditional safety indicators corresponding to the
maritime transportation system minimal opera-
tion total cost is performed. The maritime trans-
portation system minimal operation total cost is
fixed and the system safety indicators corre-
sponding to this minimal operation total cost are
determined. In Conclusion, the evaluation of
results achieved is done and the perspective for
future research in the field of the complex sys-
tems, including maritime transportation systems,
safety and their operation costs joint analysis and
optimization is proposed.

2. System safety
2.1. System safety model

We assume that the system is operating at v,
v > 1, operation states Z,, b=1,2,...,v, that have

influence on the system functional structure and
on the system safety. Applying semi-Markov
model of the system operation process Z(1),

t = 0, it is possible to find this process two basic
characteristics (Grabski, 2015; Kotowrocki &
Magryta, 2020a; Kotowrocki & Soszynska-
Budny, 2011/2015):

e the vector of limit values

p, =limp,(H)=b=12,...v, (1)

of transient probabilities
p,',(t)=P(Z(t)=Zb), t = 0, b= 1525---svs (2)

of the system operation process Z(t) at the par-
ticular operation states z,, b=1,2,...,v,

e the vector [M of the mean values

h]lxv

M, =E01=p0, b=12,..v, 3)

of the total sojourn times 61, b=1,2,...,v, of
the system operation process Z(r), t =0, at
the particular operation states zZ,,b = 1.2,...,v,
during the fixed system operation time &,
0>0,where p,, b=1,2,...,v, are defined by
(-2

Considering the safety function of the system

impacted by operation process

S, =[S(L, 1), S(t2)...s-S@ 2], £ 2= 0, (4)

coordinate given by (Kolowrocki & Soszynska-
Budny, 2011/2015)

Stu) =Y pISEw]”, t=0,u=12,....7 (5
b=1

where pp, b=1,2,...,v, are the limit transient
probabilities of the system operation process at
the operation states z,, b = 1,2,...,v, and

[S(t)]® = P((T)]? > 1), t 2 0,
u=12,...,2b=12,...v,

at these operation states are the conditional safe-
ty functions of the system and ([7(u)]"?, are the

system conditional lifetimes in the safety state
subsets {w,u +1,...,z}, u=1,2,...,z, at the opera-
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tion states zp, b =1,2,...,v, it 1s natural to assume
that the system operation process has a signifi-
cant influence on the system safety.

From the expression (5), it follows that the mean
values of the system unconditional lifetimes in
the safety state subsets {u.u + 1,...,z}, are of the
form

u(u) = Z P, LL[(H)]"" foru=1,2,...,z (6)

The values of the variances of the system uncon-
ditional lifetimes in the system safety state sub-
sets are

[6()]* = 2] 1S (t.u)dt — ()], u=12,....z (7)

where u(u) is given by (6) and S(t,u) is given
by (5).

The expressions for the mean values of the sys-
tem unconditional lifetimes in the particular safe-
ty states are

B = p(a) — plu+1), u=12,...,2- 1,
H(2) = u(2). (8)
The system risk function and the moment when
the risk exceeds a permitted level 9, respectively

are given by (Kotowrocki & Soszynska-Budny,
2011/2015):

r(t)=1-S(t,r), t =0, 9)
and
r=r"(9), (10)

where S(z,r) is given by (5) for u = r and r' (1),
if it exists, is the inverse function of the risk
function r(z).

The mean values of the system intensities of age-
ing (departure from the safety state subset
{uu+1,...,z}), are defined by

(1)

Considering the values of the system without
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operation impact intensities of ageing A°(u), de-
fined in (Kolowrocki & Magryta-Mut, 2020c;
Kotowrocki & Soszynska-Budny, 2018b), the
coefficients of the operation process impact on
the system intensities of ageing are given by

Au)
2 (u)’

pu) = u=12,...,z. (12)

Finally, the system resilience indicators, i.e. the
coefficients of the system resilience to operation
process impact, are defined by

RIw)=—, u=12,...z. (13)

A
pu)

2.2. System safety optimization

Considering the safety function of the system
impacted by operation process S(t,7), t = 0, co-
ordinate given by (5), it is natural to assume that
the system operation process has a significant
influence on the system safety. This influence is
also clearly expressed in the equation (6) for the
mean values of the system unconditional life-
times in the safety state subsets. From the linear
equation (6), we can see that the mean value
of the system unconditional lifetime p(u),
u=1,2,...,z, is determined by the limit values of
transient probabilities ps, b=1,2,...,v, of the
system operation process at the operation states
2, b=1,2,...,v, and the mean values [z(u)]?,
b=12,...,v, u=1,2,...,z, of the system condi-
tional lifetimes in the safety state subsets
{uutl,....z}, u=12,...,z, at these operation
states. Therefore, the system lifetime optimiza-
tion approach based on the linear programming
can be proposed (Klabjan & Adelman, 2006).
Namely, we may look for the corresponding op-
timal values p,,b=12,...,v, of the transient
probabilities ps, b=1,2,...,v, of the system op-
eration process at the operation states to maxim-
ize the mean value u(u) of the unconditional sys-
tem lifetime in the safety state subset
{uu+1,...,z}, u=1.2,...,z, under the assump-
tion that the mean values [u(u)]“’), b= 125009,
u=1,2,...,z, of the system conditional lifetimes
in the safety state subset at the particular opera-
tion states are fixed. As a special case of the
above formulated system lifetime optimization
problem, if r, r € {1,2,...,z} is a system critical
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safety state, we may look for the optimal values
p,. b=12,...,v, of the transient probabilities py,
b=1,2,...,v, of the system operation process at
the system operation states to maximize the
mean value u(r) of the unconditional system life-
time in the safety state subset {rr+1.....z},
r=1,2,...,z, under the assumption that the mean
values [u(M]?, b=1.2,....v, u=1,2,....z, of the
system conditional lifetimes in this safety state
subset not worse than the critical safety state at
the particular operation states are fixed. More
exactly, we formulate the optimization problem
as a linear programming model with the objec-
tive function of the following form

u(r) = gph[u(rn‘“, (14)

for a fixed r € {1,2,...,z} and with the following
bound constraints

ﬁ[sgl)[;gﬁbﬂ b:1:2:"':v1 (15)
2P, =1 (16)
b=1

where

[COT™; [aI™ 20, b= 12w (17)

are fixed mean values of the system conditional
lifetimes in the safety state subset {r,r + 1,...,z}
and

jjb’ Osﬁbgl and ﬁb’ Ogﬁbgl’ ﬁ[:sﬁ[;’

b=1,2,....% (18)
are lower and upper bounds of the unknown tran-
sient probabilities at the particular operation
states pp, b = 1,2,...,v, respectively.

Now, we can obtain the optimal solution of
the formulated by (14)—(18) the optimization

problem, i.e. we can find the optimal values p,
of the transient probabilities p,, b=12,....v,

that maximize the objective function given by
(14). The maximizing procedure is described in
(Kotowrocki & Magryta, 2020b; Magryta-Mut,
2020).

Finally, after applying this procedure, we can get

the maximum value of the system total mean
lifetime in the safety state subset {r,r+ 1,...,z}
defined by the linear form (14), in the following
form

(r) =" py (™ (19)

b=1

forafixed r € {1,2,...,z}.

Further, by replacing the limit transient probabil-
ities pp, b=1,2,...,v, existing in the formulae
(4)—(5) by their optimal values p,, b=1,2,...,v,
we get the optimal form of the system safety and
the expressions for all remaining safety indica-
tors considered in Section 2.1.

3. System operation cost with system safety
impact

3.1. System operation cost model with system
safety impact

Similarly to safety analysis of the system im-
pacted by its operation process, we may investi-
gate the system operation total costs in the safety
state subsets. Namely, we define the instantane-
ous system operation cost in the form of the vec-
tor

Ct-) = [Ct),...,C(t,2)], t = 0, (20)

with the coordinates given by

Ctu)= Y pplClt,u)®), 1)
b=1

t=>0,u=1,2,..,2z

where [C(t,0)]?, u=12,....z, b=12,...,v, are
the coordinates of the vector

[CEN™ = TGP, [CEH,
t=0,b=12,..

representing the system conditional instantane-
ous operation costs in the safety state subsets
{uu+1,...,z}, u=1,2,...,z, at the system opera-
tion states z», b=1,2,...,v, and pp, b=1,2,...,,
are the system operation process limit transient
probabilities in the particular operation states
(Grabski, 2015). Thus, it is naturally to assume
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that the system instantaneous operation cost de-
pends significantly on the system operation state
and the system operation cost at the operation
state as well. This dependency is also clearly
expressed in mean value of the system total op-
eration cost

CO=[CM,CD....

with coordinates given by the linear equations

C(u);iph[C(u)]””, u=1,2,...,2 (23)

for the mean values of the system total uncondi-
tional operation costs in the safety state subsets
{uu+1,...z}, u=12,...,z, where C(t,u)]?,
u=1,2,...,z, b=1,2,...,v, are the mean values of
the system total conditional operation costs
in the safety state subsets {wuu+1,...,2},
u=1,2,...,z, at the particular system operation
states zp, b = 1,2,...,v, determined by

[(u'®

[Ca)]” = [IC(t,u)]"dL, (24)
u=12,....z, b=12,...,v,

where

()] =E[[T@)]" ,u=12,...,z, (25)

are the mean values of the system conditional
lifetimes [7T(1)]® in the safety state subset
{uu+1,...,z} at the operation state 2z,
b=1,2,...,v, given by (Kotowrocki & Magryta,
2020c; Kotowrocki &  Soszynska-Budny,
2011/2015):

L] = [[S@w)]® dt, u=12,, (26)

and [S(t)]?, u=12,....,z, b=1,2,...,v, are the
system safety function defined above and pj are
limit transient probabilities defined in (Kolow-
rocki & Soszynska-Budny, 2011/2015).

3.2. System operation cost optimization model
with system safety impact

From the linear equations (23), we can see that
the mean value of the system total unconditional
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operation cost C(u), u=1,2,...,z, is determined
by the limit values of transient probabilities py,
b=1,2,...,v, of the system operation process at
the operation states zp, b =1,2,...,v, and by the
mean values [C(u)]? of the system total condi-
tional operation costs in the safety state subsets
{uu+1,...z}, u=1.2,...,z, at the particular sys-
tem operation states zp, b = 1,2,...,v, that by (24)
are dependent on the mean values [u(u)]"?,
b=12,...,v, u=1,2,...,z, of the system condi-
tional lifetimes and by the system conditional
instantaneous operation costs [C(t,u)]®’ in the
safety state subsets {u,u+1,....z}, u=12,....z,
at the system operation state zp, b=1,2,...,v
Therefore, the system operations cost optimiza-
tion based on the linear programming (Klabjan &
Adelman, 2006), can be proposed. Namely, we
may look for the corresponding optimal values
Pp. b =1,2,...,v, of the transient probabilities p,,
b=1,2,...,v, of the system operation process at
the operation states to minimize the mean value
C(u) of the system total unconditional operation
costs in the safety state subsets {u,u+1,...,7},
u=1,2,...,z, under the assumption that the mean
values [C(w)]®, b=1,2,...,v, u=1.2,...,z, of the
system total conditional operation costs in the
safety state subsets {w,u+1,....z}, u=1.2,....z,
at the particular system operation states zp,
b=1,2,...,v, are fixed. As a special and practical-
ly important case of the above formulated system
operation cost optimization problem for u =r,
where if r, r=1,2,...,z, is a system critical safety
state, we may look for the optimal values p,
b=1,2,...,v, of the transient probabilities py,
b=1,2,...,v, of the system operation process at
the system operation states to minimize the mean
value C(r) of the system total unconditional op-

eration costs in the safety state subset
{ryr+1,...,z}, r=1,2,...,z, under the assumption
that the mean values [C(r)]?, b=12,....v,

r=1,2,...,z, of the system total conditional oper-
ation costs in this safety state subsets are fixed.
More exactly, we may formulate the optimiza-
tion problem as a linear programming model
(Lauge et al., 2015) with the objective function
of the following form

Cr= Z p,IC(F]™, @7)

for a fixed r €{1,2,...,z
bound constraints

} and with the following
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P <P, <P, b=12..% Xp, =1, (28)

where
[C(H]?, [C(HP>0,b=1,2,..., v,

are fixed mean values of the system conditional
operation costs in the safety state subset
[r.r+1,...,z}, and

p,. 0<p,<land p,. 0<p, <L, p,<p,

b=12,...v, (29)
are lower and upper bounds of the unknown tran-
sient probabilities pp, b = 1,2,...,v, respectively.
Now, we can obtain the optimal solution of the
formulated by (27)—(28) the linear programming
problem, i.e. we can find the optimal values p,,
of the transient probabilities py, b = 1,2,...,v, that
minimize the objective function given by (27).
We arrange the mean values of the system total
conditional operation costs [C(r)|?, b=1,2,...,v,
in non-decreasing order

[CN™ <[CON™ <...<[CN™,

where b; € {1,2,...,v} fori=1,2,...,v.
Next, we substitute

X, =Py s X, =Dy s X, = }an' fori=1,.2,...,v, (30)

and we minimize with respect to x,,i=1, 2,...,v,

the linear form (27) that after this transformation
takes the form

C(r)=Y x[C(n™, (31)
b=l
for a fixed r €{1,2,...,z} with
X <x <X,i=1, 2, v, D x =1, (32)
i=1

where
[C(H]™, [C(H]™ =0, i=1,2,...,v,

are fixed mean values of the system conditional

operation costs in the safety state subset
{r,r+1,...,z} arranged in non-decreasing order
and

X, 0<x <land x, 0<Xx <1, x <x,,

i i i i i i

i=1,2,...,% (33)

are lower and upper bounds of the unknown
probabilities x;, i = 1,2,...,v, respectively.

To find the optimal values of x;, i = 1,2,...,v, we
define

XZZ.X y=1-Xx (34)
and

5'=0, =0 and ¥’ =z]5c v =z]x
for/=1,2,...,v, (35)

Next, we find the largest value /e€{0,1,...,v}
such that

¥ =¥ <y

(36)
and we fix the optimal solution that minimize
(31) in the following way:

i) if I =0, the optimal solution is

x,=y+X and x, =X, fori=23,...,v, (37)
i1) if 0 <7 < v, the optimal solution is

X=X fori=1,2,....d,

X, =y-x"+x"+x,,

and x, =X, for i=1+2,1+3,..,v, (38)
iii) if 7 = v, the optimal solution is

x,=Xx, fori=1,2,...,v. (39)

Finally, after making the inverse to (30) substitu-
tion, we get the optimal limit transient probabili-
ties
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p, =% for i=12,...v, (40)

that minimize the mean value of the system total
unconditional operation costs in the safety state
subset {r,r+ 1,...,z}, defined by the linear form
(27), giving its minimum value in the following
form

C(r)= z p,IC(]"” 1)

for a fixed r €{1.2,...,2}.
From the expression (41) for the minimum mean
value C(r)of the system unconditional operation

cost in the safety state subset {r,r + 1,...,z}, re-
placing in it the critical safety state r by the safe-
ty state u, u = 1,2,...,z, we obtain the correspond-
ing optimal solutions for the mean values of the
system unconditional operation costs in the safe-
ty state subsets {u,u + 1,...,z} of the form

Cu)= Z pICWN"”, u=12,...z. (42)

According to (22)—(23), the mean value of the
system optimal total operation cost can by ex-
pressed by

CH)=[CD),....C(2)), (43)

with coordinates given by the linear equations
(41)

Caz Y pICEN®, u=12,...z

b=1

(44)

for the mean values of the system optimal
total unconditional operation costs in the safety
state subsets {u,u+1,...,z}, u=1.2,...,z, where
[C)]”,b=12,...,v,u=1,2,...,z, are the mean
values of the system total conditional operation
costs in the safety state subsets {u,u+ 1....,2},
u=1,2,...,z, at the particular system operation
states z», b=1,2,...,v, and p,, b=1,2,...,v, are
the system operation process optimal limit tran-
sient probabilities at these operation states given
by (40).

The expressions for the optimal mean values of
the system total operation costs in the particular
safety states are
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Cl)y=Cl)—Cla e di=1.2,...8 <1,

C(2)=C(2), (45)

where C(u), u=172,...,z are the optimal mean

values of the system total unconditional opera-
tion costs in the safety state subsets
{uu+1,...,z},u=1,2,...,z, given by (42).

4. Maritime ferry technical system operation
cost

4.1. Operation process

We will examine the operation cost of a selected
maritime ferry technical system that is a member
of the shipping critical infrastructure. The con-
sidered maritime ferry is described in (Kolow-
rocki & Magryta-Mut, 2020c; Kotowrocki et al.,
2016; Magryta-Mut, 2020).
The maritime ferry operation process Z(t), t = 0,
was identified and specified in (Kotowrocki et
al., 2016). Having regards to the opinions of ex-
perts on the varying in time operation process of
the pondered maritime ferry system, we identify
the eighteen operation states:

e an operation state z; — loading at Gdynia Port,

e an operation state 7> — unmooring operations
at Gdynia Port,

e an operation state zz — leaving Gdynia Port
and navigation to “GD” buoy,

e an operation state z4 — navigation at restricted
waters from “GD” buoy to the end of Traffic
Separation Scheme,

e an operation state zs — navigation at open wa-
ters from the end of Traffic Separation
Scheme to “Angoering” buoy,

e an operation state ze — navigation at restricted
waters from “Angoering” buoy to “Verko”
berth at Karlskrona,

e an operation state z; — mooring operations at
Karlskrona Port,

e an operation state zg — unloading at Karlskro-
na Port,

e an operation state zo — loading at Karlskrona
Port,

e an operation state zjp — unmooring operations
at Karlskrona Port,

e an operation state zi1 — ferry turning at Karls-
krona Port,
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e an operation state zi2 — leaving Karlskrona
Port and navigation at restricted waters to
“Angoering” buoy,

e an operation state zj3 — navigation at open
waters from “Angoering” buoy to the entering
Traffic Separation Scheme,

e an operation state zi4 — navigation at restricted
waters from the entering Traffic Separation
Scheme to “GD” buoy,

® an operation state z15 — navigation from “GD”
buoy to turning area,

e an operation state zi6 — ferry turning at Gdynia
Port,

e an operation state z;7 — mooring operations at
Gdynia Port,

e an operation state z1s — unloading at Gdynia
Port.

To identify the unknown parameters of the ferry

technical system operation process the suitable

statistical data coming from its real realizations
should be collected. It is possible to collect these
data because of the high frequency of the ferry
voyages that result in a large number of its tech-
nical system operation process realizations.

The ferry technical system operation process is

very regular in the sense that the operation

state changes are from the particular state

7z, b=1,2,...,17, to the neighboring state z

b+1?

b=12,...,17, and from z;3 to z1 only.

The ferry technical system operation process Z(t)

characteristics are:

e the limit values of transients probabilities pp,
of the operation process Z(t) at the particular
operation states z», b = 1,2,...,18, (Kotowrocki
& Magryta, 2020a, 2021; Kotowrocki & So-
szynska-Budny, 2011/2015):

p1=0.038, p2=0.002, p3=0.026,
pa=0.036, ps=0.363, pe=0.026,
p7=0.005, ps= 0.016, ps= 0.037,
Plo= 0.002, pu= 0.003, Pl12= 0.016,
p13=0.351, pra= 0.034, p1s= 0.024,
pi16=0.003, p17=0.005, p1s=0.013. (46)

4.2. Operation cost

The subsystems Si, S2, S3, S4, S5 use at particular
operation states imply that the system at the
particular operation states conditional instanta-
neous operation costs [Ct.uw]?, u=12,34,
b=1.2,..,18, in the safety state subsets
{1,234}, {234}, {34}, {4} for t=0,

b=1,2,...,18, are:

[C, D]V = [CE.2)1V = [C(#,3)]V = [C(1,4)]"

(€D = [CO1 = (€31 = [CAT®
= 145c¢,

[CDIY = [CDI® = (€I = [Ct:4)]
(€11 = [CHDI = [C6HI = [CGAI
(€11 = (G621 = (€31 = [CaA®
(€11 = [C6. 21 = (€31 = [
(€117 = (G = [CEHI = [CGAI
(€11 = (G0 = (€31 = [
(€11 = [CG2IP = (€31 = [
(€11 =[G = [CaHI = [
(DI = [CUI = [CaHIM = (™
(DI = (€021 = (a1 = (Ca I
(€11 = [CERI = [CaHI™ = (1™
(€11 = [CEI = [CaHI = [Ca1
(€11 = [CHI = [CaHI = (1"
(€1 = (€021 = (€1 = (Ca I
(€11 = [CEDI = [CaHI = [
(€11 = [CUI = [CaHI = (1™

=93¢, 47

The mean values [y(u)]“”, u=17273,4, of the
ferry conditional lifetimes [7(u)]?, u = 1,2,3.4, in
the safety state subset {1,2,3,4}, {2,3,4}, {3.4}
and {4} at the operation state z», b=12,...,18,
determined in Section2, respectively (expressed
in years) are:

(1)Y= 1.70476, [u(1)]® = 1.60772,
[(1)]® = 1.68087, [u(1)]® = 1.6956,

[(1)]® = 1.69547, [u(1)]© = 1.67434,
[(1)]D = 1.54736, [u(1)]® = 1.72871,
[(1)]® = 172871, [u(1)]"9 = 1.60772,
[(D]MY = 1.6102, [u(1)]"? = 1.70148,
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[(1)]"¥ = 1.69547, [u(1)]" = 1.6863,
(1] = 1.68087, [u(1)]1 = 1.61025,
[u(1)]97 = 1.54736, [u(1)]"® = 1.70476,

[e(2)]V = 1.41708, [u(2)]® = 1.32879,
(1(2)]®=1.3912, [#(2)] = 1.39303,
()] = 1.39292, [1(2)]© = 1.37699,
()7 = 1.27865, [u(2)]® = 1.43719,
()] = 1.43719, [p(2)]"? = 1.32879,
(2] = 1.3336, [u(2)]"? = 1.39692,
()] = 1.39292, [u(2)]" = 1.3854,
()11 = 1.3912, [1(2)]" = 1.3336,
()47 = 1.27865, [1(2)]® = 1.41708,

[(3)]D = 1.22861, [1(3)]® = 1.18936,
[(3)]® = 1.24553, [u(3)] = 1.24632,
(3] = 1.24619, [u(3)]® = 1.23228,
[u(3)]7 = 1.15851, [u(3)]® = 1.26722,
(3)]? = 1.26722, [u(3)]"? = 1.18936,
(34D = 1.19593, [u(3)]"'¥ = 1.24985,
()] = 1.24619, [u(3)]"P = 1.23945,
[(3)]99 = 1.24553, [1(3)]"® = 1.19593,
(3117 = 1.15851, [u(3)]"® = 1.22861,

(@)D = 1.11601, [u(4)]® = 1.06574,
@1 =1.11512, [u($H)]® =1.11522,
[a(®H]S = 1.1151, [a($)]© = 1.10301,
(@)D = 1.02847, [(4)]® = 1.13163,
(4] = 1.13163, [u(4)]"? = 1.06574,
1M = 1.07262, [u(4)]"? = 1.11836,
(]9 = 1.1151, [u(4)]" = 1.1091,
(@] = 1.11512, [u(4)]"9 = 1.07262,
[($]97 = 1.02847, [w(H]"® = 1.11601.

(48)

Applying the formula (24) to (47) and (48) we
get the approximate mean values [Ci(1)]?,

b=1,2,...,18, of the total costs of the e

ntire

maritime ferry technical system at the particular

operation states given by:

[C(DH]DV =1.70476°93¢ = 158.54268¢ PLN,
[C(1)]® =1.60772"145¢ = 233.11940¢ PLN,
[C(D]® =1.68087"120c = 201.70440¢ PLN,
[C(D)]® =1.6956'103¢ = 174.64680c PLN,
[C(D)]® =1.69547-103¢ = 174.63341¢ PLN,
[C(1)]® =1.67434:123¢ = 205.94382¢ PLN,
[C(D]? = 1.54736°145¢ = 224.36720c¢ PLN,
[C(1)® =1.72871°83¢ = 143.48293¢ PLN,
[C(1)]® =1.72871-83¢ = 143.48293¢ PLN,

[C(1)]"? = 1.60772:145¢ = 233.11940¢ PLN,
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[C(1)]"V =1.6102"120c¢ = 193.22400¢ PLN,

[C(D]"? =1.70148-103¢ = 175.25244¢ PLN,
[C(D]"P = 1.69547-103¢ = 174.63341¢ PLN,
[C(D]" = 1.6863-103¢ = 173.68890c PLN,

[C(D]" = 1.68087:120¢ = 201.70440¢ PLN,
[C(1)]"® = 1.61025°120¢ = 193.23000¢ PLN,
[C(1)]Y7 = 1.54736°145¢ = 224.36720c PLN,
[

C(1)]"® = 1.70476°93¢ = 158.54268¢ PLN, (49)

in the safety state subset {1,2,3,4} and

[C(2)]V =1.4170893¢ = 131.78844¢ PLN,
[C(2)]® = 1.32879-145¢ = 192.67455¢ PLN,
[C(2)]® =1.3912120c¢ = 166.94400c PLN,
[C(2)]® =1.39303"103¢ = 143.48209¢ PLN,
[C(2)]® =1.39292:103¢ = 143.47076¢ PLN,
[C(2)]® =1.37699:123¢ = 169.36977¢ PLN,
[C(2)]" =1.27865°145¢ = 185.40425¢ PLN,
[C(2)]® =1.43719-83¢ = 119.286777¢ PLN,
[C(2)]® =1.43719-83¢c = 119.286777¢ PLN,
[C(2)]1? = 1.32879°145¢ = 192.67455¢ PLN,
[C(2)]"Y = 1.3336°120c¢ = 160.03200¢ PLN,
[C(2)]"? = 1.39692°103¢ = 143.88276¢ PLN,
[C(2)]"P =1.39292-103¢ = 143.47076¢ PLN,
[C(2)]"¥ = 1.3854'103¢ = 142.69620c PLN,
[C(2)]" =1.3912:120¢ = 166.94400¢ PLN,
[C(2)]"® = 1.3336120c = 160.03200c PLN,
[C(2)]"7 =1.27865'145¢ = 185.40425¢ PLN,

[C(2)]"™® = 1.41708-93¢ = 131.78844¢ PLN, (50)

in the safety state subset {2,3,4} and

[C(3)]™ =1.2286193¢ = 114.26073¢ PLN,
[C(3)]® =1.18936"145¢ = 172.45720¢ PLN,
[C(3)] = 1.24553°120c¢ = 149.46360c PLN,
[C(3)]Y =1.24632103¢ = 128.37096¢ PLN,
[C(3)]® =1.24619-103¢ = 128.35757¢ PLN,
[C(3)]® =1.23228"123¢ = 151.57044¢ PLN,
[C(3)]7 =1.15851"145¢ = 167.98395¢ PLN,
[C(3)]® =1.26722:83¢ = 105.17926¢ PLN,
[C(3)]® =1.26722"83¢ = 105.17926¢ PLN,
[C(3)]"? =1.18936145¢ = 172.45720c¢ PLN,
[C(3)]"V = 1.19593-120c¢ = 143.51160c PLN,
[C(3)]"? = 1.24985°103¢ = 128.73455¢ PLN,
[C(3)]"¥ = 1.24619°103¢ = 128.35757¢ PLN,
[C(3)]"¥ =1.23945-103¢ = 127.66335¢ PLN,
[C(3)]" = 1.24553-120¢ = 149.46360c PLN,
[C(3)]"® = 1.19593:120¢ = 143.51160c¢ PLN,
[C(3)]" =1.15851"145¢ = 167.98395¢ PLN,
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[C(3)]"® =1.22861-93¢ = 114.26073¢ PLN, (51)
in the safety state subset {3.,4} and

[C(4)]" =1.11601-93¢ = 103.78893¢ PLN,
[C(4)]® = 1.06574-145¢ = 154.53230¢ PLN,
[C(4)]® =1.11512"120¢ = 133.81440¢ PLN,
[C(4)]™ =1.11522"103¢ = 114.86766¢ PLN,
[C(4)]® =1.1151"103¢ = 114.85530c PLN,
[C(4)]® =1.10301-123¢ = 135.67023¢ PLN,
[C(4)]7 =1.02847145¢ = 149.12815¢ PLN,
[C()® =1.13163"83¢ = 93.92529¢ PLN,
[C4)]® =1.13163"83¢ = 93.92529¢ PLN,
[C(4)]"? = 1.06574°145¢ = 154.53230c PLN,
[C(4)]"D =1.07262°120c = 128.71440c PLN,
[C(4)]"? =1.11836'103¢ = 115.19108¢ PLN,
[C()]"P =1.1151-103¢ = 114.85530c PLN,
[C(4)]" =1.1091-103¢ = 114.23730c PLN,
[C(4)]"> =1.11512-120¢ = 133.81440¢ PLN,
[C(4)]"® = 1.07262°120c = 128.71440¢ PLN,
[C(4)]"7 = 1.02847-145¢ = 149.12815¢ PLN,
[C(4)]"® =1.11601-93¢ = 103.78893¢ PLN, (52)

in the safety state subset {4}.

Considering the values of [C(u)]?, u=1.2,
b=1,2,...,18, from (49)—(52) and the values of
transient probabilities pp, b = 1,2,...,18, the mari-
time ferry technical system total unconditional
operation cost, according to (23), is given by

C(1) = pi[C(D]P + pal C(DH]P + p3[C(1)]D
+ pa[C(D]P + ps[C(D]D + ps[C(1)]©
+ pr[C(D)]7D + ps[C(1)]® + po[C(1)]®
+ p1olC(D]T + p[C(DH]MV + piaC (1)1
+ pis[C(D]M + pra[C(H]M + pis[C(1)]"
+ p1e[C(H]'® + pry[C(1)]Y7 + pig[C(1)]1¥
= 175.15054c, (53)

in the safety state subset {1,2,3,4} and

C2) = pi[C1Y + pa[C(2)]? + pa[C(2)]D
+pa[C(2)]D + ps[C(2)]D + pe[C(2)]®
+prlC2)]7 + ps[C(2)1® + po[ C(2)]®
+p1olC(2)]" + pu[C(2)1V + p1o[C(2)] 12
+ p13[C(2)]"? + pra[C(2)]M? + pis[C(2)]"
+ p1s[C(2)1"® + p17[C(2)17 + p1s[C(2)]1®
=~ 144.13643c, (54)

in the safety state subset {2,3,4} and

C3) = pi1[C3)NY + pa[ C(3)]? + p3[C(3)]P
+ pa[C3ND + ps[C3N® + ps[C(3)]©
+ prlC(3)]” + ps[C3)N® + po[ C(3)]®
+ p1olC3)N? + p1i[C(3)]MY + p1a[C(3)]1?
+ p13[C(3)]"? + pualC(3)] + pis[C(3)]")
+ p1s[C()]O + pir[C(3)P + pis[C(3)]"®
~128.71551c, (55)

in the safety state subset {3,4} and

C4) = pi[CH)]Y + pa CD)]? + ps[C(H)]D
+ pa[CA)]D + ps[C(4)]® + ps[C(4)]©
+ prlCAH] D + pg[C(A)]® + po[C(4)]®
+p1o[CAHN'? + pu[CAH]" + pra[C(4)]"
+ pi3s[C@)]"? + pa[C@) ] + pis[C(4)]>
+ p1e[C(@)]"Y + pr7[C(@)]"7 + pis[C(4)]"®
~ 115.24016¢, (56)

in the safety state subset {4}.

4.3. Cost optimization

Assuming the critical safety state » =2 and con-
sidering (50) to find the minimum value of this
cost, we define the objective function given by
(27), in the following form

C(2) =p1-131.78844c¢ + p2-192.67455¢
+ p3-166.94400c¢ + p4-143.48209¢
+ ps-143.47076¢ + ps-169.36977 ¢
+ p7-185.40425¢ + pg-119.28677¢
+ po-119.28677¢ + p10-192.67455¢
+ p11-160.03200c¢ + p12-143.88276¢
+ p13-143.47076¢ + p14-142.69620¢
+ p15-166.94400¢ + p16-160.03200¢
+ p17-185.40425¢ + p15-131.78844c.  (57)

The lower p,, and upper p,, bounds of the un-

known optimal values of transient probabilities
pe, b=12,...,18, respectively are (Kotowrocki &
Soszynska-Budny, 2011/2015):

p, =0.0006, p, =0.001, p, =0.018,
p, =0.027, p, =0.286, p, =0.018,
p, =0.002, p, =0.001, p, =0.001,

P, =0.001, p,, =0.002, p,=0.013,
p.=0.286, p,, =0.025, p. =0.018,
P, =0.002, p,, =0.002, p,, =0.001,
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p, =0.056, p, =0.002, p, =0.027,
p.=0.056, p,=0.780, p,=0.024,

p, =0.018, p, =0.018, p, = 0.056,
p,, =0.003, p,, =0.004, p,, =0.024,
P, =0.780, p,, =0.043, p . =0.024,

p,, =0.004, p,. =0.007, p,, =0.018. (58)
Therefore, according to (28)—(29), we assume the
following bound constraints

0.0006 < p1 £0.056, 0.001< p2<0.002,
0.018 < p3<0.027, 0.027 < ps < 0.036,
0.286 < p5 <0.780, 0.018 < p6< 0.024,
0.002 < p7<0.018, 0.001 < ps =0.018,
0.001 < po < 0.056, 0.001 < p1o < 0.003,
0.002 < p11<£0.004, 0.013 < p12<0.024,
0.286 < p13<0.780, 0.025 < p12< 0.043,
0.018 < p15<0.024, 0.002 < p15< 0.004,
0.002 < p17<0.007, 0.001 < p135<0.018,

3p, =1 (59)
b=1

Now, before we find optimal values p, of the
p,» b=12,..,18, that
minimize the objective function (57), we arrange

the mean values of the ferry technical

system conditional operation costs [C(2)]®,
b=12,...,18, determined by (50), in non-
decreasing order

transient probabilities

119.28677¢ < 119.28677¢ < 131.78844c

< 131.78844¢ < 142.69620c¢ < 143.47076¢
< 143.47076¢ < 143.48209¢ < 143.88276¢
< 160.03200¢ < 160.03200¢ < 166.94400¢
< 166.94400c¢ < 169.36977¢ < 185.40425¢
< 185.40425¢ < 192.67455¢ < 192.67455¢,

1.€.

[CD]? <[CD]” <[C)]” <[C (2™

<[C@N" <[C]” <[CD” <[C2)N™
L@ <[C@)" <[C@)™ =[]
S[COI <[CT” <[C@)]” <[CD]"

<[C@N? <[C@1™. (60)

Further, according to (30), we substitute

xlzps’ x2=p‘)’ xﬁzpl’ 'x4:pI8"
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x5 = IJ|4’ xﬁ = pﬁ’ x'? = pl3’ xﬂ = p'—l’
x'J = pl?.’ xll) = pll’ x]l = plf)’ xlz = p3’
X3 = Piss Xy = Per X5 = Prs X6 = Pioo

xl? = [JZ’ xl?i = pl(l’

(61)

X, = p,=0.025, X, = p,=0.286,

% =By,

X, = p,,=0013, X, = p, = 0.002,
X, = p,=0002, %, =p,=0018,
X,=p.=0018, X, = p,=0.018,
X.=p,=0002, % =p,=0.002,
X, = p,=0.001, X, = p,,= 0.001,

X, = p,=0.018, X, = p,= 0.056
X, = p,=0.056, X, = p,,=0.018,
X, = p,=0.043, %, = p,=0.780,

.= p,=0.018, %, = p,,=0.007,

X,
X, =p, =0.002, x,, = p,,=0.003 (62)
and we minimize withrespectto x,, i=1,2,...,18,

the linear form (57) that according to (30)—(32)
and (60)—(61) takes the form

C(2)=x1-119.28677¢c + x2-119.28677¢
+ x3-131.78844¢ + x4-131.78844¢
+ x5-142.69620¢ + x6-143.47076¢
+ x7-143.47076¢ + x5-143.48209¢
+ x9-143.88276¢ + x10-160.03200c¢
+ x11-160.03200¢ + x12-166.94400¢
+ x13:166.94400¢ + x14-169.36977¢
+ x15-185.40425¢ + x16-185.40425¢
+ x17-192.67455¢ + x15-192.67455¢, (63)

with the following bound constraints

0.001 <x; <0.018, 0.001< x2< 0.056,
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0.0006 < x3<0.056, 0.001 <x4<0.018,
0.025 <x5<0.043, 0.286 < x6< 0.780,

0.286 <x7<0.780, 0.027 < x3< 0.056,

0.013 <x9<0.024, 0.002 < x10 < 0.004,
0.002 <x11 <0.004, 0.018 < x12<0.027,
0.018 <x13<0.027,0.018 < x14<0.024,
0.002 < x15<0.018, 0.002 < x16< 0.007,
0.001 <x17<0.002, 0.001 < x13<0.003,

ix, ~1. (64)
According to (34), we calculate
=% =0.7046,

P
y=1-x=1-0.7046 = 0.2954 (65)
and according to (35), we find
=0, % =0, x'=x"=0,
x'=0.001, x' =0.018, x' —x'=0.017,
¥ =0.002, 22 =0.074, x> — x> =0.072,
x*=0.0026, x’=0.13, x* —x'=0.1274,
x'=0.0036, x* =0.148, x' —x' =0.1444,
x*=0.0286, x’ =0.191, x° —x’ =0.1624,
x°=0.3146, x*=0.971, x* —x° =0.6564,
¥’ =0.6006, X'=1751, ¥ =% =1.1504,
X' =0.6276, #*=1.807, =" —~5"=1.1794,
X’ =0.6406, x” =1.831, x” —x’ =1.1904,
x""'=0.6426, x'' =1.835, x'"—x'"=1.1924,
x'"'=0.6446, x'' =1.839, x"" —x'' =1.1944,
X7 =0.6626, x"” =1.866, x'* —x' =1.2034,
x"?=0.6806, x'"=1.89, x" —x" =1.2094,
X' =0,6086, ¥*=1.914, 3" —~x" =1.2154,
x"” =0.7006, x” =1.932, x”" —-x" =1.2314,
x'*=0.7026, x'°=1.939, x'*—-x'°=1.2364,

%
x'7=0.7036, " =1.941, 7 - =1.2374,
X — 5" =1.2394,
(66)

From the above, since the expression (36) takes
the form

x' —x' <0.2954, (67)

then it follows that the largest value /€ {0,1,...,18}

such that this inequality holds is 7 = 5. Therefore,
we fix the optimal solution that minimize linear
function (57) according to the rule (38). Namely,
we get

i =% =0.018, &, = %, =0.056,

i, =% =0.056, , = x, =0.018,

%, =X, =0.043,

X, =y-X+X +X,
=0.2954-0191+0.0286+0.286=0.419,
x, =x, =0.286, x, = x, =0.027,

% =% =0.013, &, = %, = 0.002,

i x =0.002, &, =%, =0.018,
%, =%,=0018 i, = ¥, =0.018,
X, =X,=0002 x, =X, =0002,
X

¢ =x. =000l i, =x, =000l (68)

Finally, after making the substitution inverse to
(30), we get the optimal transient probabilities

P, =% =0.018, p, =i, =0.06,
b, =x,=0.056, p, =i, =0.018,
b =%, =0.043, p. =i =0.419,
P =%, =0.286, p, =k, =0.027,
P =k, =0013, p, =i, =0.002,
Pre =%, =0.002, p, =i, =0018,
=0.018, p, =i, =0.018,
P, =%, =0.002, p,, =1, =0.002,
p, =%, =0.001, p, =k, =0.001,

Pis = X3

(69)

that minimize the mean value of the ferry tech-
nical system total operation cost C(2) expressed
by the linear form (57) and according to (41) and
(69), its optimal value in the safety state subset
{2,341} 1s

=(0.056-131.78844¢ + 0.001-192.67455¢

+ 0.018-166.94400¢ + 0.027-143.48209¢
+0.419-143.47076¢ + 0.018-169.36977¢
+0.002-185.40425¢ + 0.018-119.28677¢
+0.056-119.28677¢ + 0.001-192.67455¢
+0.002-160.03200¢ + 0.013-143.88276¢
+0.286-143.47076¢ + 0.043-142.69620¢
+0.018:166.94400¢ + 0.002-160.03200¢
+0.002-185.40425¢ + 0.018-131.78844¢
= 142.43261c¢ (70)

C2)
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and further, considering (49), the optimal mean
value of the ferry technical system operation
total cost in the safety state subset {1,2,3,4} is

C(1) =0.056-158.54268¢ + 0.001-233.11940¢

+0.018-:201.70440¢ + 0.027-174.64680c
+0.419-174.63341¢ + 0.018-205.94382¢
+0.002-224.36720c + 0.018-143.48293¢
+0.056-143.48293¢ + 0.001-233.11940¢
+0.002-193.22400c + 0.013-175.25244c¢
+0.286-174.63341¢ + 0.043-173.6889¢
+0.018-:201.70440¢ + 0.002-193.23000¢
+0.002-224.36720c + 0.018-158.54268¢

= 173.03378¢ (71)

and further, considering (51), the optimal mean
value of the ferry technical system operation
total cost in the safety state subset {3,4} is

C(3) =.0056-114.26073¢ + 0.001-172.45720c

+ 0.018-149.46360¢ + 0.027-128.37096¢
+0.419-128.35757¢ + 0.018-151.57044¢
+0.002-167.98395¢ + 0.018:105.17926¢
+ 0.056-105.17926¢ + 0.001-172.45720c¢
+0.002-143.51160c¢ + 0.013-128.73455¢
+ 0.286-128.35757¢ + 0.043-127.66335¢
+ 0.018-149.46360c¢ + 0.002:143.51160¢
+0.002-167.98395¢ + 0.018-114.26073¢
= 127.05959¢ (72)

and further, considering (52), the optimal mean
value of the ferry technical system operation
total cost in the safety state subset {4} is

C(4) =0.056-103.78893¢ + 0.001-154.53230¢

+0.018-133.81440¢ + 0.027-114.86766¢
+0.419-114.85530¢ + 0.018-135.67023¢
+0.002149.12815¢ + 0.018-93.92529¢
+0.056:93.92529¢ + 0.001-154.53230c
+0.002:128.71440¢ + 0.013-115.19108¢
+0.286:114.85530c + 0.043-114.23730c
+0.018-133.81440¢ + 0.002-128.71440c¢
+0.002-149.12815¢ + 0.018-103.78893¢

= 113.79477¢ (73)

Hence, and according to (45), the optimal values
of the ferry technical system total operation costs
in the particular safety states 1, 2, 3 and 4, re-
spectively are:
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C(1) =173.03378¢ — 142.43261¢ = 30.60117c,
C(2) =142.43261c — 127.05959¢ = 15.37302¢
C(3) =127.05959¢ — 113.79477¢ = 13.26482c,
C(4) =113.79477c. (74)

The analyzed costs after optimization are lower
than before it, what is respectively expressed by
comparison of the results before the optimization
given in (53)—(56) and the results after the opti-
mization given in (70)—(74).

5. Maritime ferry technical system safety
5.1. Safety characteristics

We assume, that the maritime ferry incorporates
a number of main technical subsystems having
an crucial impact on its safety, further termed the
ferry technical system:

e S, —anavigational subsystem,

e S, —apropulsion and controlling subsystem,
e §, —aloading and unloading subsystem,

e S, —astability control subsystem,

e §. —an anchoring and mooring subsystem.
The subsystems S, S,, S,, S,, S, are forming a

general series safety structure of the ferry tech-
nical system shown in Figure 1.

Figure 1. The general structure of the ferry technical
system safety.

After analyzing the matter with help of experts

and taking into consideration the safety

of the operation of the ferry, we identify the five
safety states of the ferry technical system and its
components:

e a safety state 4 — the ferry operation is fully
safe,

e a safety state 3 — the ferry operation is less
safe and more dangerous because of the pos-
sibility of environment pollution,

e a safety state 2 called a critical safety state —
the ferry operation is less safe and more dan-
gerous because of the possibility of environ-
ment pollution and causing small accidents,
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e a safety state 1 — the ferry operation is much
less safe and much more dangerous because
of the possibility of serious environment pol-
lution and causing extensive accidents,

e a safety state O — the ferry technical system is
destroyed (Kotowrocki & Soszynska-Budny,
2011/2015).

Furthermore, we presume that only possible tran-

sitions between the components’ safety states are

those from better to worse and that that critical
safety state for the system and its components is

P

Applying (4)—(5) and using (46) the safety func-

tion of maritime ferry technical system is given

by

S(t,) =[S(.1), $(1,2), S(1.3), S(1.4)], t = 0, (75)

and

S(t,u) = 0.038°[S(1,)]" + 0.002:[S(¢, u)]®
+0.026°[S(t, u)]® + 0.036°[S(¢, u)]“
+0.363:[S(t, )]® + 0.026°[S(¢, u)]©
+0.005:[S(t, )] 7 + 0.016:[S(¢, u)]®
+0.037:[S(t, )] + 0.002:[S(z, u)]"?
+0.003°[S(1, )]V + 0.0016°[S(1, u)]"?
+0.351°[S(t, 1)]" + 0.034°[S (1, u)]"¥
+0.024-[S(t, u)]"> + 0.003[S(t, u)]"®
+0.005°[S(z, )] + 0.013°[S(z, u)]"'®,

t=0foru=1,2,..4, (76)

where [S(t,u)]?, b=1,2,...,18, are the system

conditional safety functions at the operation state

2, b=1,2,...,18, determined in (Kotowrocki &

Magryta-Mut, 2020c, 2021; Magryta-Mut, 2020,

2021).

Hence, in particular for u = 2, we have

S(1,2) = 0.038°[S(1,2)]"+ 0.002[S(1,2)]®
+0.026°[S(£,2)]9+ 0.036°[S(1,2)]
+0.363°[S(1,2)]+ 0.026°[S(,2)]©
+0.005: [S(£,2)]7+ 0.016°[S(1,2)]®
+0.037:[S(7,2)]9+ 0.002°[S(7,2)]?
+0.003 [S(,2)]"V+ 0.0016°[S(,2)]1?
+0.351-[S(,2)]"® + 0.034-[S(2,2)] ¥
+0.024[8(1,2)]"Y+ 0.003-[S(2,2)]1©
+0.005°[S(2,2)]""+ 0.013[S(1,2)]"®,

t=0, (77)

where [S(,2)], t =0, b=1,2,...,18, are the
system conditional safety functions at the opera-
tion state zp, b=1,2,...,18, determined in
(Kotowrocki & Magryta-Mut, 2020c, 2021;
Magryta-Mut, 2020, 2021).

Further, the expected values of the analyzed sys-
tem conditional lifetimes in the safety state sub-
set not worse than the critical safety state {2,3,4}
at the operation states b, b=1,2,...,18, respec-
tively (expressed in years) are (Kolowrocki &
Magryta-Mut, 2020c, 2021; Kotowrocki & So-
szynska-Budny, 2018a; Magryta-Mut, 2020):

[(2))V=1.47, [u(2)]P=1.33, [u(2)]®=1.40,
[(2)]9=1.39, [u(2)]9=1.39, [1(2)]®=1.38,
[(2)]P=1.28, [u(2)]® =1.44, [u(2)]P=1.44,
[(2)]119=1.33, [u(2)]MV =1.34, [u(2)]1?=1.40,
(21992 1.39, [u(2)]"9=1.39, [u(2)]"9=1.40,
(21192 1.34, [u(2)]"7=1.28, [u(2)]"¥=1.46.
(78)

The standard deviation of the considered system
conditional lifetimes in the safety state subset
{2,3,4} at the operation state z», b=1,2,...,18,
respectively (expressed in years) are (Kolow-
rocki & Magryta, 2020a; Kolowrocki &
Magryta-Mut, 2020c; Kotowrocki & Soszynska-
Budny, 2018a; Magryta-Mut, 2020):

[6(2)]V=1.45, [6(2)]P=1.31, [6(2)]P=1.38,
[6(2)]?P=1.38, [6(2)]Y=1.37, [6(2)]©=1.37,
[6(2)]7=1.26, [6(2)]® =1.42, [6(2)]V=1.42,
[6(2)]"9=1.31, [6(2)]"V 21.31, [6(2)]1P=1.38,
[6(2)]1=1.39, [6(2)]"'=1.38, [6(2)]1V=1.37,
[6(2)]19=1.31, [6(2)]""=1.26,

[6(2)]"®=1.45. (79)

Thus, applying (26) and considering (46) and
(77), the value of the ferry technical system un-
conditional lifetime in the safety state subset not
worse than this critical safety state {2,3.4} is

u2)=p1 1.47 4+ p271.33 + p3:1.40 + ps1.39
+ps51.39 4+ ps1.38 + p771.28 + pg-1.44
+pol.44 4+ p101.33 + p11'1.34 + p12'1.40
+ p13°1.39 4 p14°1.39 + p15°1.40 + p1s°1.34
+p17°1.28 + p1g-1.46 =1.395. (80)

Further, considering (79)—(80), the correspond-
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ing standard deviation of the analyzed system
unconditional lifetime in the state subset {2,3,4}

is (Magryta-Mut, 2021)

a(2)=1.383 years. (81)
As the ferry technical system’s critical safety
state is r = 2, then its system risk function is giv-
en by (Kotowrocki & Magryta, 2020a; Kolow-
rocki & Magryta-Mut, 2020c, 2021; Magryta-
Mut, 2021):

rit)=z1-8@,2), t =0, (82)

where §(z,2), t = 0, is given by (77).

Hence, and considering (80), the moment when
the system risk function exceeds a permitted lev-
el, for instance 6= 0.05, is
t=r"(5)=0.0727 year. (83)

By 11, considering (79), the analyzed system’s
mean value of the intensity of ageing is

. =(0.717.

(2)=——=
u(2) 1395

(84)

By (12), considering (84) and the values of the
ferry technical system without operation impact
intensity of ageing A°(2) = 0.678, determined in
(Kotowrocki & Magryta-Mut, 2020c; Kotow-
rocki & Soszynska-Budny, 2018b; Magryta-Mut,
2021), the coefficient of the operation process
impact on the ferry technical system intensity of
ageing is

2(2) 0717 _

- = =1.058. (85)
A°(2) 0.678

p(2)

Hence, applying (13), the ferry technical system
resilience indicator, i.e. the coefficient of the
ferry technical system resilience to operation
process impact, is

RIQ)=—— =1 ~0045-0945%,

86
p2) 1.058 156)

5.2. Optimal safety characteristics

Applying the optimization procedure from Sec-
tion 2.2, we obtain the optimal mean value of the
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ferry technical system lifetime is (Magryta-Mut,
2020)

w(2) =p,-1.47+p, - 1.33 +p3 - 1.40
+p4-1394+ ps-1.394+p,-1.38
+ b7 1.28 + pg - 1.44 + pg - 1.44
+P10 - 1.33 + Pyq - 1.34 + Py, - 1.40
+ P13 - 1.39 + P14 - 1.39 + Py - 1.40
+ 16134 + Py - 128 4+ pPyg - 1.46
= 1.399 years, (87)

where

py = 0.056,p, = 0.001, p; = 0.027,
ps = 0.056,pc = 0.382,p = 0.018,
p, = 0.002, pg = 0.018,p = 0.056,
Pro = 0.001,p;, = 0.002,p,, = 0.024,
Prs = 0.286, P14 = 0.025,p,5 = 0.024,
P16 = 0.002,p;, = 0.002, p,5 = 0.018.

Moreover, the corresponding optimal uncondi-
tional safety function of the ferry technical sys-
tem takes the form

S(1,2)=0.056°[S(2,2)]'V+ 0.001-[S(£,2)]?
+0.027-[S(1,2)]®+ 0.056°[S(1,2)]¥
+0.382°[S(1,2)]9+ 0.018°[S(£,2)]©®
+0.002:[S(1,2)]7+ 0.018-[S(£,2)]®
+0.056°[5(1,2)]?+ 0.001-[5(2,2)] 1
+0.002°[S(1,2)]V + 0.024-[S(2,2)]1?
+0.286°[S(,2)]"¥ + 0.025:[S(2,2)]"¥
+0.024-[S(2,2)]"Y + 0.002-[S(2,2)]'®
+0.002-[S(2,2)] "+ 0.018-[S(1.2)| ¥,

t=0, (88)

where [S(t,2)]?, t >0, b=1,2,...,18, are deter-
mined in (Kolowrocki & Magryta-Mut, 2020c;
Magryta-Mut, 2020, 2021).

Moreover, considering (87) and (88), the corre-
sponding optimal standard deviations of the ferry
technical system unconditional lifetime in the
state subset not worse than the critical safety
state is (Kolowrocki & Magryta-Mut, 2020c;
Magryta-Mut, 2020, 2021)
o(2) = 1.386 years. (89)
As the ferry technical system critical safety state
is r = 2, then considering (9) and (88), its optimal
system risk function, is given by
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F(t)=1-8(1,2), t = 0. (90)
Considering (10) and (88) the moment when the
optimal system risk function exceeds a permitted
level, for instance 6= 0.03, is

t=F"(5)20.0729 year. (91)
By (11) and (87) the ferry technical system mean
value of the optimal intensity of ageing is

: 1 1
M= = = (P,
D=2 =139

(92)
Considering (12) and (92) and the values of
the analyzed system without operation impact
intensity of ageing A°(r) = 0.678, determined in
(Kolowrocki & Magryta, 2020a; Kotowrocki &
Magryta-Mut, 2020c; Magryta-Mut, 2021), the
optimal coefficient of the operation process im-
pact on the ferry technical system intensity of
ageing is

A12) 0715 ~1.055

PRY=50) 0678

(93)

Hence, applying (13), the ferry technical system
optimal resilience indicator, i.e. the optimal coef-
ficient of the ferry technical system resilience to
operation process impact is

! L =0.948 =94.8%.

e 94
p(2)  1.055 .

RI(2)=

6. Joint system safety optimization
and operation cost analysis

6.1. System operation cost with system safety
impact corresponding to its maximal
safety

To analyze jointly the system safety and its oper-
ation cost optimization, it is possible to propose
the procedure of determining the optimal values
of limit transient probabilities of the system op-
eration process at the particular operation states
that allows to find the best values of the system
safety indicators, through applying the proposed
system safety general model from Section 2.1
and safety optimization described in Section 2.2.
Next, to find the system total unconditional oper-

ation costs in the safety state subsets, corre-
sponding to this system best safety indicators, we
replace the limit transient probabilities at the
system particular operation states, existing in the
formula for the system operation total cost dur-
ing the fixed operation time by their optimal val-
ues existing in the formula for the system best
safety function coordinates.

Thus, in Section 2.2, there is presented the pro-
cedure of determining the optimal values p,
b=1,2,...,v, of the limit transient probabilities of
the system operation process Z(t) at the particular
operation states z», b=1,2,...,v, that allows to
find the system maximal safety indicators,
through applying the general system safety mod-
el and linear programming and determining their
values. More exactly, to find the system total
unconditional operation costs in the safety state
subsets, corresponding to the system maximal
safety indicators, we replace p,. b=1,2,...,v,
existing in the formula (23) for the system opera-
tion total cost by p,, b=1,2,...,v, for its maxi-

mal safety indicator, the system maximal mean
lifetime in the system safety state subset not
worse than the system critical safety state.

6.1.1. Maritime ferry technical system
operation cost with system safety
impact corresponding to its maximal
safety

In Section 4.3, we get the optimal limit transient
probabilities of the ferry operation process Z(¢) at
the particular operation states z, b =1,2,...,18,:

p, =0.056, p, =0.001, p, =0.018, p, =0.027,
p. =0419, p. =0.018, p, =0.002, p, =0.018,
p, =0.056, p,, =0.001, p,, =0.002,

P, =0.013, p,, =0.286, p,, =0.043,

p,. =0.018, p,, =0.002, p, =0.002,

b, =0.018, (95)

that maximize the maritime ferry technical sys-
tem safety and determine its optimal values giv-
en by (46).

To find the system conditional total operation
costs in the safety state subsets, determined by
the cost model with considering safety impact,

corresponding to this system maximal safety, we
replace p,, b=12,...,18, existing in the
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formulae (53)—(56) for the system operation cost
in the safety state subsets {1,2,3.4}, {2,3,4}
{34} and {4} respectively, by p,, b=1.2,...,18,
defined by (95). This way, we get the ferry tech-
nical system conditional total operation costs in
the safety state subsets, determined by the cost
model with safety impact, corresponding to this
system maximal safety, given by

C) =p,[CD + p,[CDD + p,[C(1)]D
+ P ICID + pICN® + p, [C(1)]©
+ p, [CDIP + pICDHI® + p,[C(1)]
+ P [CC)INO+ p €11
+ PLlC2 + p[C(1)]1
+ P IC™ + p [C(1)]1Y
+ p[CD]" + p [CD]'7

+ P [C)]1"® = 173.034c, (96)

in the safety state subset {1,2,3,4} and

C2) =p,[CIV+ p,[CDIP + p,[C2)®
+ P ICND + pICRNS + p, [C(2)]©
+ P, [CNP + pICDI® + p,[C(2)]
+ P [CNUP + p, [C(2)IMV
+ PulC@N"? + p1C(2)1"
+ P CN™ + p[C2)1"Y
+ P [CNO + p[C(2)]17

+ P, [C(2)]9® = 142.433c, (97)

in the safety state subset {2,3,4} and

CB3) =p,[CRND + p,[CRNP + p,[C(3)D
+ P ICRID+ pICBND + p,[C3)©
+ P [CANT + pC3N® + p, [C3N
+ P [C3NO + p[C(3)1)
+ PLlC3N"2 + p1C(3)"Y
+ PuICENM + p[C(3)]
+ P [C3NO + p[C(3)17

+ p[C(3)]"8=127.06c, (98)

in the safety state subset {3,4} and
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C@) =p,[CAND + p,[CHIP + p,[C@)>
+ P ICAID+ pICHNS + p, [C(A)]©
+ P [C@N7D + pICHN® + p, [CA)]
+ P [C@N + p [CID+ p,[C4)"?
+ pLICHID + p [CHD + p.[CAH)]Y
+ P lC@N + p [CAND + p [CAN®
~ 113.795¢, (99)

in the safety state subset {4}.

6.2. System safety corresponding to its
minimal operation cost with safety impact

To analyze jointly the system operation cost and
its safety optimization it is possible to propose
the procedure of determining the optimal values
of limit transient probabilities of the system op-
eration process at the particular operation states
that allows to find the system minimal operation
total costs in the safety state subsets, through
applying the proposed in Section 4.2 system op-
eration cost model and linear programming de-
scribed in Section 4.3. Next, to find the system
conditional safety indicators, corresponding to
this system minimal total operation costs in the
safety state subsets, we replace the limit transient
probabilities at particular operation states, exist-
ing in the formula for the system safety function
coordinates, by their optimal values existing in
the formula for the system minimal operation
total costs in the safety state subsets.

Thus, in Section 4.3, there is presented the pro-
cedure of determining the optimal values p,,
b=1,2,...,v, of the limit transient probabilities of
the system operation process Z(f) at the particular
operation states zp, b=1,2,...,v, that allows to
find the minimal operation total costs in the safe-
ty state subsets, through applying the system
operation cost model from Section 4.2 and de-
termining its mean value. More exactly, to find
the system conditional safety indicators, corre-
sponding to this system minimal operation total
costs in the safety state subsets, we replace p,,
b=1,2,...,v, existing in the formula (5) for the
system safety function coordinates, by p,,
b=1,2,...,v, existing in the formula (41) for its
minimal operation total cost in the safety state
subsets.
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6.2.1. Maritime ferry technical system safety
corresponding to its minimal operation
cost with safety impact

In Section 4.3, we get the optimal limit transient
probabilities of the ferry operation process Z(f) at
the particular operation states z», b = 1,2,...,18:

p, =0.056, p, =0.001, p, =0.018,
p, =0.027, p. =0.419, p, =0.018,
p. =0.002, p, =0.018, p, =0.056,
P, =0.001, p,, =0.002, p,, =0.013,
P, =0.286, p,, =0.043, p_=0.018,

Pro =0.002, j, =0.002, p, =0.018,  (100)

that minimize the maritime ferry technical sys-
tem operation cost through applying the system
operation cost model with considering safety
impact and determining its optimal values in the
safety state subsets given by (70)—(73) and in the
particular safety state given by (74).

To find the system conditional safety indicators,
corresponding to this system optimal total opera-
tion costs in the system safety subsets, we
replace pp, b=1,2,...,7, existing in the formula
(46) for the system safety function, by p,,
b=1,2,....7, defined by (100). This way, we get
the conditional maritime ferry technical system
safety function, corresponding to this system
optimal total operation costs in the system safety
subsets, given by the vector

S(1,7) =[S(1,1), S(1.2), S(1,3), S(1,4)], t = 0, (101)

where considering the ferry technical system
operation process optimal limit transient proba-
bilities at the operation states determined by
(100), the vector coordinates are given respec-
tively by

S(£,1) = 0.056°[S(t, D]V + 0.001[S(r,1)]?
+0.018:[S(t,D]® + 0.027°[S(z,1)]¥
+0.419:[S(,D]® + 0.018[S(2,1)]®
+0.002:[S(,1)]7 + 0.018[S(7,1)]®
+0.056°[S(2,1)]® + 0.001°[S(z,1)]1?
+0.002°[S(, DY + 0.013-[S(1,1)]12
+0.286°[S(2, D] + 0.043-[S(r,1)]1¥
+0.018:[S(t, D] + 0.002°[S(1,1)]®
+0.002-[S(, DI + 0.018[S(r,1)]"®),

(102)

S(1,2) = 0.056°[S(t,2)]V + 0.001-[S(1,2)]?®
+0.018:[S(#,2)]® + 0.027°[S(7,2)]¥
+0.419:[5(2,2)]® + 0.018°[S(,2)]®
+0.002:[S(2,2)]" + 0.018°[S(2.2)]®
+0.056°[S(1,2)]® + 0.001°[S(2,2)]'?¥
+0.002-[S(£,2)]'V + 0.013-[S(z,2)]"?

+0.286°[S(1,2)]"P + 0.043-[S(£,2)] ¥

+0.018°[S(2,2)]"® + 0.002-[S(z,2)]"®
+0.002:[S@2)1"7 + 0.018°[S(7,2)] "™,
(103)

S(1,3) = 0.056°[S(£,3)]V + 0.001-[S(1.,3)]?
+0.018[S(2,3)]1® + 0.027°[S(1,3)]¥
+0.419:S(1,3)]1® + 0.018°[S(2,3)]©
+0.002:[S(£,3)]7 + 0.018:[5(2,3)]®
+0.056°[S(1,3)]” + 0.001°[S(2,3)]"'?
+0.002°[S(2,3)]"V + 0.013-[S(2,3)] ">
+0.286°[S(1,3)]"¥ + 0.043-[S(z,3)]"¥
+0.018:[S(2,3)]"Y + 0.002-[S(z,3)]'®
+0.002:[S(2,3)1"7” + 0.018°[S(1,3)]"¥,

(104)

S(1,4) = 0.056°[S(1,4)]V + 0.001°[S(1,4)]®
+0.018°[S(t,4)]P + 0.027°[S(1,4)]P
+0.419°[S(t.4)]® + 0.018°[S(2,4)]©
+0.002:[S(2,4)]7 + 0.018[S(1,4)]®
+0.056°[S(1,4)]? + 0.001-[S(z,4)] "
+0.002:[S(1,4)]"V + 0.013-[S(r,4)]"?
+0.286°[S(t, )] + 0.043-[S(1,4)]"9
+0.018°[S(,4)]" + 0.002°[S(z,4)]1©
+0.002-[S(,4)]"7" + 0.018-[S(1,4)]"®,

(105)

[S(,u)]", t=0, u=1,2,34,
b=12,...,18, are given in (Kotowrocki &
Magryta-Mut, 2020c)

The conditional expected values and standard
deviations of the ferry technical system lifetimes
in the safety state subsets {1,2,3,4}, {2,3,4},
{3.,4}, {4} calculated from the results given by
(102)-(105), given in (Kolowrocki & Magryta-
Mut, 2020c) corresponding to this system opti-
mal total operation costs in the system safety
subsets, respectively are:

where

u(l) = 0.056°1.70476 + 0.001-1.60772
+0.018-1.68087 + 0.027-1.6956
+0.419°1.69547 + 0.018°1.67434
+0.002-1.54736 + 0.018-1.72871
+0.056°1.72871 + 0.001-1.60772
+0.002-1.6102 + 0.013-1.70148
+0.286°1.69547 + 0.043°1.6863

111



Kotowrocki Krzysztof, Magryta-Mut Beata

+0.018°1.68087 + 0.002°1.61025
+0.002:1.54736 + 0.018:1.70476
= 1.69629 years, (106)

o(l) =1.67052 years, (107)

H(2) = 0.056°1.41708 +0.001-1.32879
+0.018:1.3912 + 0.027-1.39303
+0.419-1.39292 + 0.018-1.37699
+0.002:1.27865+0.018:1.43719
+0.056°1.43719+ 0.001-1.32879
+0.002-1.3336 + 0.013-1.39692
+0.286°1.39292 + 0.043-1.3854
+0.018:1.3912 + 0.002:1.3336
+0.002-1.27865 + 0.018-1.41708
= 1.39654 years, (108)

o(2) =1.37901 years, (109)

H(3) = 0.056°1.22861 + 0.001-1.18936
+0.018:1.24553 +0.027:1.24632
+0.419:1.24619 + 0.018-1.23228
+0.002:1.15851 + 0.018:1.26722
+0.056°1.26722 + 0.001°1.18936
+0.002:1.19593 + 0.013°1.24985
+0.286°1.24619 + 0.043-1.23945
+0.018:1.24553 +0.002°1.19593
+0.002:1.15851 + 0.018:1.22861
= 1.24527 years (110)

o(3) =1.23182 years, (111)

u(4) = 0.056°1.11601 +0.001-1.06574
+0.018-1.11512 +0.027-1.11522
+0.419-1.1151 + 0.018:1.10301
+0.002-1.02847 + 0.018-1.13163
+0.056°1.13163 + 0.001-1.06574
+0.002:1.07262 + 0.013-1.11836
+0.3286°1.1151 +0.043-1.1091
+0.018:1.11512 + 0.002°1.07262
+0.002-1.02847 + 0.018-1.11601
= 1.11535 years, (112)

o(4) =1.10288 years. (113)
And further. considering (8) and (106), (108),
(110) and (112), the conditional mean values of
the system lifetimes in the particular safety states
1, 2, 3, 4, corresponding to this system optimal
total operation costs in the system safety subsets,
respectively are:
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m(l) = u(l) — u(2) = 0.299816,
n(2) = u(2) — u(3) = 0.149614,
H(3) = u(3) — u(4) =0.130199,
n(4) = u(4) = 1.114243. (114)
Since the critical safety state is r =2. then the
conditional system risk function, corresponding
to this system optimal total operation costs in the
system safety subsets, according to (9) is given

by

r(n)=1-8(,2), (115)
where S(7,2) is given by (102).

Hence, according to (10) the moment when the
system conditional risk function exceeds a per-
mitted level, for instance &= 0.05, corresponding
to this system optimal total operation costs in the
system safety subsets, is

r=r"'(6) = 0.06467 year. (116)
Applying (11), the conditional ferry technical
system conditional intensities of ageing, corre-
sponding to this system optimal total operation
costs in the system safety subsets, are:

A(1) = 0.58952, A(2) = 0.71605,
A(3) = 0.80304, A(4) = 0.89658. (117)
Considering (12) and (7.75), the conditional co-
efficients of the operation process impact on the
ferry technical system intensities of ageing, cor-
responding to this system optimal total operation
costs in the system safety subsets, are:

p(t,1) =1.04345, p(1,2) = 1.05689,
p(t,3) = 1.04395, p(1,.4) = 1.04362. (118)
Finally, by (13) and (118), the ferry technical
system conditional resilience indicator, corre-
sponding to this system optimal total operation
costs in the system safety subsets, i.e. the condi-
tional coefficient of the ferry technical system
resilience to the operation process impact, corre-
sponding to this system optimal total operation
costs in the system safety subsets, is

RI() =1/ p(t,2) = 0.9462 = 94,62%. (119)
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7. Conclusion

The procedures of using the general safety ana-
lytical model and the operation cost model of
complex multistate technical system related to its
operation process (Kolowrocki, 2014) and the
linear programming (Klabjan, 2006) were pre-
sented and proposed to separate and joint analy-
sis of the system safety maximization and its
operation cost minimization.

The separate system safety maximization was
depended on the mean value of the complex mul-
tistate system in the system safety state subset
not worse than the system critical safety state
maximization through the system operation pro-
cess modification. This operation process modi-
fication allowed to determine the corresponding
the best forms and values of the system safety
indicators.

The separate system operation cost minimization
was depended on the complex system mean val-
ue of the operation total costs in the safety state
subsets minimization through the system opera-
tion process modification. This operation process
modification allowed to determine the corre-
sponding minimal system operation total costs in
the safety state subsets.

The procedure of joint system safety and its op-
eration cost optimization allowed us to use firstly
the system safety maximization and next deter-
mining its conditional operation total costs in the
safety state subsets corresponding to this system
maximal safety. In this case, the operation pro-
cess modification allowed us to find the complex
system conditional operation total costs in the
safety state subsets corresponding to the system
best safety indicators. The proposed system safe-
ty optimization procedure and corresponding
system operation total cost finding delivered
practically important possibility of the system
safety indicators maximization and keeping fixed
the corresponding system operation total costs in
the safety state subsets through the system new
operation strategy. The procedure of joint system
safety and its operation cost optimization al-
lowed us also to use firstly the system operation
total costs in the safety state subsets minimiza-
tion and next determining its conditional safety
function and remaining safety indicators corre-
sponding to this system minimal operation total
cost. In this case, the operation process modifica-
tion allowed us to find the complex system con-

ditional safety indicators corresponding to the
system minimal operation total costs in the safety
state subsets. The proposed cost optimization
procedure and finding corresponding system
safety indicators delivered practically important
possibility of the system total operation cost min-
imizing and keeping fixed the corresponding
conditional safety indicators during the operation
through the system new operation strategy.

The proposed system safety and system opera-
tion cost optimization models and procedures
were applied to the maritime ferry technical sys-
tem examination. These procedures can be used
in safety and operation cost optimization of vari-
ous real complex systems and critical infrastruc-
tures (Gouldby et al., 2010; Habibullah et al.,
2009; Kotowrocki & Magryta, 2020a-c; Kolow-
rocki et al., 2016, Lauge et al., 2015; Magryta-
Mut, 2020). Further research can be related to
considering other impacts on the system safety
and its operation cost, for instance a very im-
portant impact related to climate-weather factors
(Kotowrocki & Kuligowska, 2018, Kotowrocki
& Soszynska-Budny, 2017; Torbicki, 2019a-b;
Torbicki & Drabinski, 2020) and resolving the
issues of critical infrastructure (Lauge et al.,
2015) safety and operation cost optimization and
discovering optimal values of safety, operation
cost and resilience indicators of system impacted
by the operation and climate-weather conditions
(Kotowrocki & Soszynska-Budny, 2017). These
developments can also benefit the mitigation of
critical infrastructure accident consequences
(Bogalecka, 2020; Dabrowska & Kotowrocki,
2019a-b, 2020a-b) and inside and outside de-
pendences (Kotowrocki, 2021, 2022) and to min-
imize the system operation cost and to improve
critical infrastructure resilience to operation and
climate-weather conditions (Kotowrocki & Kuli-
gowska, 2018, Kotowrocki & Soszynska-Budny,
2017; Torbicki, 2019a-b; Torbicki & Drabinski,
2020).

The proposed optimization procedures and per-
spective of future research applied to system
operation cost and to safety and resilience opti-
mization of the complex systems and critical
infrastructures can give practically important
possibility of these systems effectiveness im-
provement through the proposing their new oper-
ation strategy application.
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