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Abstract

The joint general model of safety of complex techhsystems in variable operation conditions ligkinsemi-
markov modeling of the system operation processts avmulti-state approach to system safety anslgad
linear programming are applied in maritime transgdor safety and risk optimization of a ferry teatali
system.

1. Introduction z={z,2,,...,2,}

Most real technical systems are very complex and it _ . o _

is difficult to analyze their safety. Large numbefs N practice, a convenient assumption is #d} is a

components and subsystems and their operatin§eMi-markov process [3] with its conditional sojour
complexity cause that the evaluation andtimes g, at the operation state, when its next
optimization of their safety is complicated. The gperation state isz,, b,I=12...,v, b#zl. In this

complexity of the systems’ operation processes andgce the proce&t) may be described by:

their influence on changing in time the systems’_ o yector of probabilities of the process iitia
structures and their components’  safety operation stategp, (0)]
b ixv ?

characteristics is often very difficult to fix artd .
analyze. A convenient tool for solving this problem thg -matr|x of the probabllltlgs of the process
is a semi-markov [3] modeling of the system transitions between the operation stafgs, ], .
operation processes linked with a multi-statewhere p,, (t)=0 for b=12,...,v,

approach for the system safety analysis [2], [1%] a - the matrix of the conditional distribution furmtis

a linear programming for the system safety[HbI(t)]w of the process sojourn timed,, b# 1,

optimization [.7]' This approach to system safetyin the operation state, when the next operation
investigation is based on the multi-state system _
reliability analysis considered for instance in, [ ~ State is z, where  H,(t)=P(g, <t) for

and on semi-markov processes modeling discussed, | =12,...,v, b#I, andH(t) = Ofor b=12,...,v.
for instance in [10], [11]. Under these assumptions, the sojourn tifjgsnean

. . . values are given b
2. System safety in variable operation g y

conditions M ZEg 1" o1 =12 .
= = [tdH,, (), b,1 =12,...,v,
We assume that the system during its operation (6] (I) u (1) L @

process has different operation states. Thus, we can b#l.
define the system operation procesZ(t),

t0<0,+ >, as the process with discrete operation
states from the set
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The unconditional distribution functions of the its conditional safety function while the systemats
sojourn times g, of the processZ(t )at the the operational state,, b=12,...v.

operation stateg, b=12,...,v, are given by Similarly, we denote the system lifetime in theesaf
states subsdu,u+1,...,2 by T® (u) and by

Hbﬁ)zéimﬁhdﬂlb=lZmN- (b) (®) (®) (b)
Sy 6 D=1[1, s D, s, ¢.2), ..., s, (2]
The mean value[ g, ] of the unconditional sojourn

times , are given by for n,0{12,...,n}, where n, are the numbers of

system components in the operation staesvhere

v for t 0< 0, ), n, 0{12,...,n}, b=12,...,v,
Mb :E[gb] = ZpbleI 4 b:l,2,...,V, (2) U_l,2 z °
1=1 - 1reny &y
where M, are defined by (1). sﬁﬂ’ (t,u), = P(T® (u) >t|Z(t) =z),
Limit values of the transient probabilities at the
operation states is the conditional safety function of the systemilevh

the system is at the operational staje b=12,...,v.

t)=P(Z(t) = , 10<04m), b=12,...,v, . .
P, O)=PEB = 2) ) L Thus, the safety functios®™ (t,u is the conditional

are given by probability that the componert,; lifetime T.* (u)
in the state subsdtu,u+1,...,zZ is not less thar,
P, = lim P, (t) = M, b=12..v, 3) while the operation procest) is at the operation
toe A state z,. Similarly, the safety functions{ (t,u) is
1=1

the conditional probability that the system lifeéim

®) . .
where the probabilities, of the vector[7],., T® (u) in the state subsgu,u+1,...,z is not less

satisfy the system of equations than t, while the operation procesAt) is at the
operation state, .
[7]1=[m]p,] In the case when the system operation time is large
v ) (4 enough, the unconditional safety function of the
27 =1 system is given by

In the case of a periodic operation process thit lim S D=[1, s, €., s, ¢.2), .., 5,(t,2)], 120,
transient probabilitiesp, are long term proportions
of sojourn times at the particular operation stags
b=12,...,Vv. y
We assume that the system is composednof S, (t.u) =P(T(U)>t) DX PyS, (t,u) (5)
multistate component&, [ =12,...,n, and that the

changes of the operation proce¥y states have an for t> 0, n,0{12,...n}, u=12..,z, and T(u) is

influence on the system componerits safety and  the unconditional lifetime of the system in theesgpf
on the system safety structure as well. state subsdiu,u+1,...,7.

Consequently, we denote the componEntiifetime  The mean values of the system lifetimes in thetgafe
in the safety states subsfet,u+1,...,zZ by T, (u) state subsegiu,u+1,...,z are

where by [6]

and by
SV (D=1, 5 ¢.9, 5" ¢.2), .. " (¢ 2)] A =ETOIDZ oty () =122 (6)
where fort 0< 0,00), b=12,...v, u=12,...,2, where
s (t,u) = P(T,” (u) > Z(t) = z,), 1, (1) :ng? t,u)dt, n, 0{L2,...n}, ©)
0
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u=12,.,z transient probabilitiesp, in the system operation
states to maximize the mean valygu) of the
unconditional system lifetimes in the safety state
subsets{u,u +1,...,zZ} under the assumption that the
mean values g, (u) of the system conditional

lifetimes in the safety state subsets are fixed.aAs
_ special case of the above formulated system lifetim
A(2) = u(2). (8) optimization problem, ifr, r =12,...,z, is a system
critical safety state, then we want to find theiropi

The mean values of the system lifetimes in the
particular safety statas, are [4]

AU) = p(u) —pu+D, u=12,..,z-1,

A probability values p, of the transient probabilitiegp, in the
- — ) = b) system operation states to maximize the mean value
"0 =PEn <rfs0) =2 P(T( (<o, M(r) of the unconditional system lifetime in the
t [ (—00, 00), safety state subset{r,r+1,,..,7Z2 under the

assumption that the mean valuesy, (r),
that the system is in the subset of safety statesev = b=12,...v, r =12,...,z, of the system conditional
than the critical state, r 0{1,...,zZ} while it was in lifetimes in this safety state subset are fixed.révlo
the statez at the moment = O is called a risk exactly, we formulate the optimization problem as a
function of the multi-state system or, in shortisk linear programming model with the objective
[4]. function of the following linear form

Under this definition, from (6), we have (r) = épbﬂb(r) (11)
r(t) = 1- sy(t,r), t O (o0, ). 9
for a fixed r 0{12,...,Z and with the following
and if 7 is the moment when the risk exceeds abound constraints
permitted level, then

S p. =1 p.<p, <P, b=12,...v, 12
T:r_l(d), (10) %pb 1’ pb pb pb l v ( )

where p, (r), p,(r)=0, b=212..yv, are fixed
mean values of the system conditional lifetimes in
the safety state subsgt,r +1,...,z and

wherer 7(t) , if it exists, is the inverse function of
the risk functiorr(t).

3. Optimal transient probabilities maximizing ~
system lifetimes Py

(

Considering the equation (5), it is natural to assu
that the system operation process has a significant ' °
influence on the system safety. This influencelss a .

clearly expressed in the equation (6) for the mearf © respectlvel.y the Iowe.r.a.lnd upper bounds of the
values of the system unconditional lifetimes in theUnknown transient probabilitiep,, .

safety state subsets. From linear equation (6;ame Now, we can obtain the optimal solution of the
see that the mean value of the system unconditiondbormulated by (11)-(13) the linear programming
lifetime u(u), u=12,...,z, is determined by the problem, i.e. we can find the optimal valugg of

<p,,b=12..v, (13)

limit values of transient probabilities p,, the transient probabilitiesp,, b=12,...v, that
b=12,..v, of the system operation states given by maximize the objective function given by (11). Eirs
(3) and the mean valueg,(u), b=12,..., we arrange the system conditional lifetime mean

u=12,..,z, of the system conditional lifetimes in ValueS4,(r), b=12,...v, in non-increasing order

the safety state subsefs,u+1,...,7z, u=12,...,z,

given by (7). Therefore, the system lifetime Hiy (1) 2 fhy, (1) 2 - 2 4, (),
optimization approach based on the linear

programming can be proposed. Namely, we maywhereb 0{12,...,v} fori=12,...v.
look for the corresponding optimal valugg of the  Next, we substitute
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X = Py s X = ﬁq , X = f.)q for i=212,..v (14) iii) if 1 =v, the optimal solution is
X =% fori=122,...V. (23)
and we maximize with respect tg, i=12,...V,
the linear form (11) that after this transformation Finally, after making the inverse to (14) substing
takes the form we get the optimal limit transient probabilities
/.I(r) — iZ:‘_Xi/Jb‘ (r) (15) pq =X for i = 12,...,v, (24)

that maximize the system mean lifetimgr) in the
safety state subsefr,r +1,...,z defined by the

linear form (11) giving its maximum value in the
following form

for a fixed r 0{12,...,Zz with the following bound
constraints

M

1
ay

X =1 X <x<X,i=12,...V, (16)

() = X 4, (1) (25)
where 4, (r), 4, ()20, i=12..v, are fixed b

mean values of the system conditional lifetimes infor a fixed r 0{12,...,2} .
the safety state subsfgt,r +1,...,zZ} arranged in non-

_ i From the above, replacing by u, u=12,...,z, we
increasing order and

obtain the corresponding optimal solutions for the
mean values of the system unconditional lifetinmes i

X, 0sx slandx, OsX <1, the safety state subsefs,u+1,...,7} of the form
X <X,i=12,..V, 17 _ v
(7 L(u) = bzzjl P4, (u) for u=12,...,z (26)
are lower and upper bounds of the unknown
probabilitiesx;, i =12,...,v, respectively. Further, according to (5), the corresponding optima
We define unconditional multistate safety function of the
system is
X=LX y=imx 18 sey=1L53 €D, § 2] (27)
and where
£0=0, x°=0 andx' =¥ %, X' =¥ (19) s (t,u) O pls, (t,w]® for t=0, (28)
i=1 i=1 b=1
for I =12,....v.
u=122...,z
Next, we find the largest value0{01,....v} such
that and by (8) the optimal solutions for the mean value
of the system unconditional lifetimes in the paréc
X' -x' <V (20) safety states are of the form

and we fix the optimal solution that maximize (1r) H(U) = 4(u) - gu+1, u=01...,z-1
the following way:

i) if 1 =0, the optimal solution is 11(2) = (2). (29)
, = y+X and X =X (21)
f)z)lri — 2;(1 V- nEA Moreover, considering (9) and (10), the

corresponding optimal system risk function and the

i) if 0<| <v, the optimal solution is moment when the risk exceeds a permitted Igyel

X =x fori=212,...,1, respectively are given by
X, =y-%x +Xx' +x dx =X 22
fori=1+21+3,...V,
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and
£=r"(9), (31)

wherer (), if it exists, is the inverse function of
the risk functionr (t).

4. The ferry technical system safety and risk

t0<0,0), b=12,...18 u= 1234,

with exponential co-ordinates different in various
operation stateg,, b=12,...18.
Further, assuming that the ferry is in the safédyes

subset {,u+l,...,4} if all its subsystems are in this
subset of safety states, we conclude that the fermy

series system [4] of subsysteris S,, S,, S,, S
with a scheme presentedRigure 2

We consider a passenger ro-ro ferry operating in

Baltic Sea between the Gdynia port in Poland ard th
Karlskrona port in Sweden on regular everyday
timetable.

b

Figure 1 The ferry on her voyage

We assume that the ferry is composed of seven

subsystemsS, S,, S,, S,, S, S5, S, having an
essential influence on its safety [12]. These
subsystems are:

S, - a navigational subsystem,

S, - a propulsion and controlling subsystem,
S, - aloading and unloading subsystem,

S, - a hull subsystem,

S, - an anchoring and mooring subsystem,
S, - a protection and rescue subsystem,

S, - a social subsystem.

In the ferry safety analysis we omit the protection
and rescue subsyste®, and the social subsystem

S, and we consider its strictly technical subsystems.

S.,S,,S,, S, andS, only.
Additionally,

i = 12345 are composed of five-state components,
i.e.z= 4, with the multi-state safety functions

s (t, )

=[1,s7 2.7 ¢.2,s” .9, s” . 9],

163

we assume that subsystentS -

Q

1 S

5

S

Figure 2.The scheme of a ferry technical system
safety structure

We assume that the changes of the ferry operation
states have an influence on its technical system
safety structure and on its subsyster@is safety
functions as well [12]. Taking into account the
operation process of the considered ferry we
distinguish the following as its eighteen operation
states:

an operation state, —loading at Gdynia port,

an operation state, —unmooring operations at
Gdynia port,

an operation statez, - leaving Gdynia port and
navigation to “GD” buoy,

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

an operation state, —navigation at open waters
from the end of Traffic Separation Scheme to
“Angoring” buoy,

an operation statez, —navigation at restricted
waters from “Angoring” buoy to “Verko” Berth at
Karlskrona,

an operation statez, — mooring operations at
Karlskrona port,

an operation statez, —unloading at Karlskrona
port,

an operation state, —loading at Karlskrona port,
an operation state,, —unmooring operations at
Karlskrona port,

an operation state,, — ship turning at Karlskrona
port,

an operation state,, —leaving Karlskrona port
and navigation at restricted waters to “Angoring”
buoy,

an operation state,, — navigation at open waters

from “Angoring” buoy to the entering Traffic
Separation Scheme,
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* an operation statez,, —navigation at restricted M,;, =50969 M, =5014, M, = 3428
waters from the entering Traffic Separation

Scheme to “GD” buoy, M, = 452 M,, = 562 M, =1874
* an operation statez,. - navigation from “GD”
buoy to turning area, Since from the system of equations (4) we get
* an operation statez,, —ship turning at Gdynia
port, 7. =0.056fori=12,...18
* an operation statez,, —mooring operations at
Gdynia port, then the long term proportion of transiergs at the

* an operation state,, —unloading at Gdynia port.  operational stateg , according to (3), are given by
The ferry operation process is very regular in the

sense that the operation state changes are from thep =0.037, p, =0.002 p, =0.025 p, = 0.036
particular statez, ,b=12,...17, to the neighboring

state z,,, , b=12,...17, and from z, to z only. p; =0.364 p, =0.025 p, =0.005 p, =0.014

Therefore, the probabilities of transitions between

the operation states are given by p, =0.037, p,, =0.002 p,, =0.003 p,, =0.017,
1010...00] p, =0.354 p, =0.035 p, =0.024 p,, =0.003
001...00

[pbl] = ... . Py = 0.004 Pis = 0.013 (32)
000...01 _
Under the assumption that the changes of the ferry

[100...00] operation states have an influence on the subsystem

S safety and on the ferry safety structures as well,

on the basis of expert opinions and statisticah dat
given in [12], the ferry technical system safety
structures and their components safety functions at
different operation states can be determined.

For instance, at the operation statg, i.e. at the

loading state the ferry built af, =2 subsystemsS,
and S, forming a series structure [4] shown in

On the basis of statistical data coming from exgert
[12], the mean values of the conditional sojourn
times in the operation states are (in minutes):

M,, =5433, M,, = 257, M,, =3657,

M, =525 M, =52595 M, =3716,

M., = 702, M,, = 2143 M, = 5369, Figure 3

S3 S4
M 1011 = 293, M 1112 = 438 M 1213 = 2386, Sa1 S33 Sa1
M .., =50969, M, . =5014, M, =3428 En H Ex By By

M., = 452, M, .= 562 M, =1874
Figure 3.The scheme of the ferry structure at the

Hence, by (2), the unconditional mean sojourn times operation statez,

In the operation states are (in minutes): Considering that the ferry is in the safety state

subsets {u,u+1...4}, u=1234, if all its
subsystems are in this safety state subset, the
considered system is a five-state series system [4]
and the conditional safety function of the ferryileh

the ferry is at the operational statgis given by

M, =5433 M, = 257, M, = 3657,
M, = 525, M, = 52595 M, = 3716,
M, = 702, M, = 2143 M, = 5369,

Sei(E)
M, = 293 M, = 438 M, = 2386,
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= 1,59, 1),5°(, 2),5°(t 3),5°(, 4)], (33) R

EHEE N e e e HE e A

where S

59 (t,u) = s, (¢t u) s (t, u) (34) el

for t 0< 0,0), u=1,2,3,4, Figure 4.The scheme of the ferry structure at the

operation state,

i.e. Considering that the ferry is in the safety state

o subsets {u,u+1...4}, u=1234, if all its

s (1) subsystems are in this safety state subset, the

= exp[-0.433] exp[-0.08] = exp[-0.483], (35)  considered system is a five-state series system [4]
and the conditional safety function of the ferryilh

57 (t, 2 the ferry is at the operational statgis given by
= exp[0.59] exp[-0.0@] = exp[-0.65] (36)
s o
(. 3)
= expf-0.693] exp[-0.063] = exp[-0.76],  (37) =[1,82(t, 1,52, 2),52(t, 3),52(t, 4], (42)
s (t, 4) where
= exp[0.85] exp[-0.071] = exp[-0.92]. (38)
57 (tu)

The expected values and standard deviations of the
ferry conditional lifetimes in the safety state sets
calculated from the above result given by (33)-(38)

according to (7), at the operational stateare:

=S](j) (t, u) S(?;4,2,2L11,L1 (t, u) 5(32;1),1,1 (t, u) (43)

for t0<0,), u=1,2,3,4,

(1) C2.07, 1, (2)C 154 o

,ul (3) |: 132, ,ul (4)[ 109 yearS, (39) §3(2) (t, 1) - 12 eXp[-O46@ + 8 eXp[-0561]
0,() £2.07,0, (2) C1.54, -16exp[-0.495 3exp[-0.594] (44)
0,(3) £1.32,0, (4 C1.09 years, (40)  5@¢(t, 2) = 12 exp[-0.54 + 8 exp[-0.65]
and further, using (8), it follows that the ferry + 6 exp[-0.6- 16 exp[-0.5§
conditional lifetimes in the particular safety st
the operational state, are: - 6 exp[-0.6}1- 3 exp[-0.69], (45)
Z, () 00.53, 77, (2) £0.22, 5@ (t, 3) = 12 exp[-0.69 + 8 exp[-0.74§
I, (3) £0.23, 77, (4) C1.09 years. (41) + 6 exp[-0.7p- 16 exp[-0.67|

At the operation stateg,, i.e. at the unmooring -6 exp[-0.695 3 exp[-0.79%,  (46)

operations state the ferry is built oh,=3
subsystemss,, S, andS; forming a series structure

[4] shown inFigure 4 + 6 exp[-0.7§5 16 exp[-0.74

52 (t, 4) = 12 exp[-0.68§ + 8 exp[-0.87]

- 6 exp[-0.7¢5 3 exp[-0.87F. (47)
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The expected values and standard deviations of the + 0.3543" (t,u) + 0.035E" (t,u)
ferry conditional lifetimes in the safety state sets
calculated from the above result given by (42)-(47)

. _ +0.024E" (t,u) + 0.003B (t,u)
according to (7), at the operational stateare:

+0.0043" (t,u) +0.013E" (t,u), 52
1,1 0286, u,(2) £0.43 57 0) - (LY (52)
for t > 0, u= 1,234, where s{’ (t,u) and s (t,u)
are respectively given by (35)-(38) and (44)-(4T) a
si (t,u) for b=34,...18, are given in [12].

U, (3) C2.14, i, (4)C1.93 years, (48)

0,(2) C2.74,0, (2) C2.35,

o,(3 £2.05,0, (4) C1.85 years (49) The mean values and standard deviations of the
2 T2 ' ' system unconditional lifetimes in the safety state

bset ding to (6)-(7 tivel ;
and further, using (8), it follows that the ferry subsets, according to (6)-(7) respectively are

conditional lifetimes in the particular safety st 4 (1) C 0.037( 207 +0.002( 286 + 0.025 494
the operational state, are:
+0.0360 4.2 +0.364[4.2 + 0.025[ 401
H,(@) 00.43, i7,(2) £0.29,
+0.005[ 286 +0.014[ 353 +0.037[ 353
H,(3) C£0.21, 17, (4) C1.93 years. (50)
+0.002[ 286 +0.003(391+0.017(4.2
At the remaining operation stateg, b=3,..18 we
proceed in an analogous way. We determined the *0.35404.2 +0.035[42 +0.0240494
system conditional safety functions in particular
operation states and the expected values and sthnda +0.003[391 +0.004[ 286 +0.013[ 207
deviations of the ferry conditional lifetimes.

In the case when the system operation time is large [ 407, (53)
enough, the unconditional safety function of theyfe
is given by the vector o)L 41
S (8, I 4(2) C 0.037[154 +0.002[ 243 + 0.025( 39
=[1, s ¢.), s ¢.2, s .3, s;t, 4], t=0,(51) +0.036[ 380+ 0.364[ 380 + 0.025[ 324

where, according to (5) and after considering the +0.0050243+0.014(250 +0.0371250
values of p, , b=12,...18 given by (32), its co-

ordinates are as follows: +0.002( 243 +0.003( 337 +0.017 380
s, (t,u) =0.037EY (t,u) +0.002F2 (t,u) +0.354( 380+ 0.035( 380 + 0.024( 390
+ 0025059 (t,u) + 0.03655 (t,u) +0.003( 337 +0.004( 243 [ 359, (54)
0(2) C 334,

+0.3640® (t,u) +0.025E° (t,u)

4(3) C 0.0370132 +0.002[ 214 + 0.025[ 344
+0.005E (t,u) + 0.014E? (t,u)

+0.036[ 338+ 0.364[ 338 + 0.025[ 288
+0.037EY (t,u) +0.002E" (t,u)

+0.005[ 214 +0.014[ 217 +0.037[ 217
+0.0038" (t,u) + 0.0173 (t,u)

+0.002[ 214 +0.003[ 307 +0.017( 338

166



SSARS 2010
Summer Safety and Reliability Semindime 20-26201Q Gdaisk-Sopot, Poland

+0.0033" (t,2) +0.017E2 (t,2)
+0.354( 338 + 0.035[ 338 + 0.024[ 344

+0.354E" (,2) +0.03535 (t,2)
+0.003[ 307 + 0.004[ 214 +0.013(132

+0.0243" (t,2) +0.003E" (,2)

C 319, (55)
o(3) T 365 +0.0043"" (t,2) +0.0138% (t,2)] (58)
4(4) C 0.037[109 +0.002[193 + 0.025[ 3.1 fort=0.

Hence, the moment when the system risk function
exceeds a permitted level, for instange = 0.05,
from (10), is

+0.036[ 305+ 0.364[ 305 + 0.025[ 261

+0.005[193 +0.014[192 + 0.037(192

— 1
+0.002(193 +0.003[ 276 + 0.017( 305 r=r(9ro.19years. (59)
5. Optimization of the ferry technical system

+0.354[ 305 + 0.035[ 305 + 0.024[ 310 operation process

+0.003[ 276 + 0.004[ 193 + 0.013[1.09 In this case, as the critical state rs=2, then
considering the expression fou (2h (54), the

C 287, (56) objective function (11), takes the form

o(4) L 275. H(2) = p[154 + p,[ 243 + p, (B0

The mean values of the system lifetimes in the * P.[380+ p;[B80+ p,[B24
particular safety states, by (8), are
+ p,0243+ p,[R50 + p, (50
HQ)=u@) - u2) =048
B +p,, 0243+ p,,[337 + p,, [ 380
H(2)=p(2) - u@) =04,
_ + p,, 18380+ p,,[B380 + p,[B90
HQ) = @)~ u(4) =032

+p, 0337+ p,,[243 + p,,[154. (60)
(4 = u(4) = 287. (57) * Y e

" _ The lower p, and upperp, bounds of the unknown
If the critical safety state is = 2, then the system _ )
risk function, according to (3¥] , is given by transient probabilities p,, b=12...18, coming
from experts, respectively are [7]:
ri)=1-s, ,2
p, =0.0006, p, =0.001, p,=0018,
=1-[0.037E% (,2) +0.002E2 (t,2)
p, =0.027, p, =0.286 p, =0.018
+0.0253 (t,2) +0.03605" (t,2)
p, =0.002 p, =0.003 p,=0.00]

+0.3645" (t,2) +0.0253° (,2) . ) .
p,, =0.001 P, =0.002 p,, =0.013

+0.00538" (t,2) +0.0143E2 (t,2) 3 . .
P, =0.286 p, =0025 p,=0018

+0.0373® (t,2) +0.00258 (t,2 § _ _
> (2) = (62) p,, =0.002 p,, =0.002, p,, =0.00],
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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

Py = 0.004 p,; =0.007 p, =0.018.

Therefore, according to (12)-(13), we assume the

following bound constraints

18
bZzl P, =1, (61)
0.0006< p, < 0.056 0.001< p, <0.002,
0.018< p, <0.027, 0.027< p, <0.056,
0.286< p, <0.780 0.018< p, <0.024,
0.002< p, <0.018 0.001< p, <0.018

0.001< p, <0.056 0.001< p,, <0.003
0.002< p, <0.004 0.013< p,, <0.024
0.286< p,, <0.780, 0.025< p,, <0.043
0.018< p,, <0.024 0.002< p,, <0.004
0.002< p,, <0.007, 0.001< p,, <0.018

(62)

Now, before we find optimal valueg, of the
transient probabilites p,, b=12..18 that
maximize the objective function (60), we arrange th
system conditional lifetimes mean valugg 2),
b=12,...18 in non-increasing order

;D)2 (A2 1,2 s (A 2 4,(2) 2

M3 (2) 2 14(2) 2 14,,(2) 2 14(2) 2 1 (2) 2

M ()2 1y (2) 2 11,(2) 2 1, (2) 2 14, (2) 2

i (2) 2 1, (2) = g (2).
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Next, according to (14), we substitute
X, = p, =0.025 x, = p,. =0.024

X, = p, =0.036, x, = p; =0.364

Xs = P, =0.017, X, = p,; =0.354

X, = p, =0.035 %, = p;; = 000,

X, = p,s =0.003 x,, = p, =0.025

X, = Py =0.014 x, = p, =0.037,

X5 =P, =0.002 x, =p, =0.005

X5 = Py =0.002 X, = p,; =0.004

X, = p, =0.037, X, = p,, =0.013 (63)
and

X, =0.018 X, =0.018 X, =0.027,

X, =0.286 X, =0.013 X, =0.286

X, =0.025 X, =0.002 X, =0.002

%, =0.018 X, =0.001, X, = 0.00],

%, =0.001, X, =0.002 X =0.00],

%, =0.002 X, =0.0006 X, =0.001

% =0027, X, = 0.024 X, = 0.056

x, =0.78Q X, =0.024 %, =0.78Q

%, = 0.043 %, = 0,004 X, = 0.004

%, = 0024 %, =0.018 %, = 0.056

X, = 0.002 X, = 0.018 X, = 0.003

%, =0.007, X, = 0.056 X, = 0.018 (64)

where X, and X, are lower and upper bounds of the

unknown limit transient

i=12,...18

probabilities X,
respectively and we maximize with
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respect tox,, i=12,...18, the linear form (60) that

according to (15) takes the form
H(2)=x, [B90+ x, [BOO+ x, (B8O
+x, [B80+ x, [B8O+ X, (B8O
+ X, [B80 + X, [B37+ x, [(B37
+x,, [(B24+ x, [R50+ x,, (250
+x, [R43+ X, (243 + X, [243

+ X, [(P43+ X, [154+ x,[154,

with the following bound constraints

0.018< x, < 0.027, 0.018< x, < 0.024,
0.027< x, < 0.056, 0.286< X, < 0.780,
0.013< x, < 0.024, 0.286< X, < 0.780,
0.025< X, < 0.043, 0.002< X, < 0.004,
0.002< X, < 0.004, 0.018< x,, < 0.024,
0.001< x,, < 0.018, 0.001< X,, < 0.056
0.001< x,, < 0.002, 0.002< x,, < 0.018

0.001< X, < 0.003, 0.002< X,, < 0.007,

0.0006< x,, < 0.056, 0.001< x,, < 0.018

According to (18), we find

i
<3

x*=0.027 x®=0.056, x°-x°=0.029,

x*=0.286 x* =078, x*—-x"=0.494,

x'* =0.001 x** =0.018 x*-x*=0.017. (69)

From the above, as according to (68), the inequalit
(20) takes the form

x' -x' <0.295, {70

(65) then it follows that the largest valued{01,...18

such that this inequality holds Is= 4.

Therefore, we fix the optimal solution that maximiz

linear function (65) according to the rule (22).
(66) Namely, we get

% =% = 0027,

=0.295-0.056+ 0.027+0.286=0.552 (71)

%, =X, = 0002 %, = X, = 0.018

(67) X11 = )?11 = 0.001 5<12 = )?12 = 0.001

X3 =X, =0001 x, =x,=0002

x=) % =0705 §=1-x =1-0.705=0.295 (68) X5 = %5 = 0.001 %, =X, =0.002

X' =0.018 x* =0.027, x*—x" =0.009

x? =0.018 x* =0.024, x*-x*=0.006,

X, =X, = 0.0006 X, = X, = 0.001 (72)

Finally, according to (24) after making the invetse
(63) substitution, we get the optimal transient
probabilities

b, =% =0.027, p,, =X, = 0024,
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p, =% =0.056, p, =%, =0552
P, =% =0.013, p, =%, = 0.286
P =%, =0.025 p, =%, =0.002
P = % =0002 p; =x,=0018
P, =%, =0001 p, =%, =0.001
p, =%, =0001 p, =%, =0.002
Py = X5 = 0001 p,, =%, =0.002

p, =%, =0.0006 p, =x,=0001

that maximize the system mean lifetime in the gafet

(73)

state subset {234} expressed by the linear f@@) (
giving, according to (15) and (73), its optimaluwel

L) C p, 054 + p, (43 + p, (BIO
+ p, 0380+ p, (B8O + p, [(B24
+ p, (243 + p, (250 + p, (250
+ p,, [(R43+ p, [B37 + p, (B30
+ p,, (B8O + p, (B8O + p,; [(BOO
+ p, [B37 + p, [(R43+ p,[154
=0.0006[ 154+ 0.001l 243
+0.0271 390+ 0.056[ 380
+0.552[ 380+ 0.018[ 324
+0.002[ 243+ 0.001[ 250

+ 0.001[ 250+ 0.001 243

+0.002[ 337+ 0.013[ 380
+0.286[ 380+ 0.025[ 380
+0.024[ 390 + 0.002[ 337

+0.002[ 243+ 0.0010154=3.83

(74)

6. Optimal safety characteristics of the ferry
technical system

Further, substituting the optimal solution (73)aint
the formulae (26), we obtain the optimal solution f
the mean value of the system unconditional lifetime

in the safety state subs¢1,234}, {34} and{4}
that respectively amounts:

4() C4.28, i (3)C3.41, i1 (4)C 3.08, (75)

and according to (29), the optimal solutions fag th
mean values of the system unconditional lifetimmes i
the particular safety states

(D) 0045, 17(2) 0042,
2(3) 0033, f7(1) 0308. (76)

Moreover, according to (27)-(28) and (51)-(52), the
corresponding optimal unconditional multistate
safety function of the system is of the form

St 0=
1, 51D.512.5¢3.59] (77)
fort=0,

where according to (5) and after considering the
values of p, given by (73), its co-ordinates are as

follows:

$, (t,u) C 0.00068Y (t,u) +0.0015% (t,u)
+0.0275% (t,u) +0.05605 (t,u)
+0.5528% (t,u) + 0.018B8¢ (t,u)
+0.00238" (t,u) +0.00157 (t,u)
+0.00105 (t,u) +0.001S8" (t,u)
+0.0018{" (t,u) +0.0138{ (t,u)
+0.286[8" (t,u) +0.02505% (t,u)
+0.024E (t,u) +0.002E° (t,u)

+0.002EM” (t,u) +0.0018% (t,u) (78)
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