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Abstract

There are presented the methods of the reliakpliediction and optimization of complex technicasteyns
related to their operation processes. The genardehof the reliability of complex technical syst&operating
at variable operation conditions linking the semaskbv modeling of their operation processes with rtulti-
state approach to their reliability analysis ane linear programming are applied in maritime induso the
reliability and risk prediction and optimization thfe container gantry crane.

1. Introduction be used to construct its general probabilistic rhode

Most real technical systems are very complex. Largeg]’ [10]. To build this model the following

arameters are defined:

numbers of components and subsystems and thelr

. ; . .~ the vector of probabilities[p, (0)] of the
operating complexity cause that the identification, ) o _ .
prediction and optimization of their reliability ear system operation process initials operation states;
complicated. The complexity of the systems'*® the matrix of probabilitiegp,],, of the system
operation processes and their influence on changing operation process transitions between the
in time the systems’ structures and their compa@ient  operation states;
reliability parameters is often very difficult toxfand  « the matrix of conditional distribution functions
to analyze and simultaneously frequently met in rea [H,®)],, of the system operation process

practice. _ conditional sojourn timesg,, at the operation
The convenient tools for analyzing these problems states

are semi-Markov modelling of the system operation : . :

processes [2], [9] linked with multistate approégh To_ descrl_be the system operation process conditiona

the system reliability analysis [8], [10] and aelan sojourn times at the parUcyIar operation states th

programming for the system reliability optimization uniform dlstrlt_)utlon,_ th.e t_rlangle dlstr|byt|on, eth

[4], [6]. An application of the proposed approaoch t goubtl)e trapeﬁlum dlstrlbutllodn, t?)e quas;—tr?gzizlum
S . I . istribution, the exponential distribution, the

reliability analysis and optimization of a containe distribution, the normal distribution and the chagn

gantry crane is presented in this paper. distribution are suggested as suitable [7].

Under these definitions and assumptions, the
following main characteristics of the system
operation process can be predicted:

» the vector [H,(t)],,, of the unconditional

distribution functions of the sojourn time% of

_ _ the system operation process at the operation
In analyzing the operation process of the complex gtates

technical system with the distinguished operation
statesz, z,,...,z,, the semi-Markov process may

Ixv

2. Complex technical system reliability
analysis

2.1.Modelling complex technical systems
operation processes
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Hb(t)zlz\;lpmHm (t),b=12..v, (1)

» the vector [M,],,,, of the mean values of the
unconditional sojourn times,

M, :E[Hb]:EpDIMbI b=12...v, (2)
where M,, are defined by the formula
M, =E[6,]=[tdH, (), bl=12..v, bZl;

0

» the vector[p,],, of the limit values of the
transient probabilities p,(t) at the particular
operation states

M
P,=lim Py, (1) =———,b=12,...,v, (3)
> M,

where M, , b=12,...,v, are given by (2), while
the steady probabilitiesz, of the vector[7,],,,
satisfy the system of equations

(7,1 =17, 1Py ]
L=

« the vector[M »]1,, Of the mean values of the total
sojourn timesé?b at the particular operation states

for sufficiently large operation timé
M, = E[6,]= p, 8, b=12,...,v, (4)
wherep, are given by (3).

2.2. Modelling reliability of multistate systems
with ageing components

In the systems’ reliability analysis it is practiga

reasonable to expand their two-state models to th

multi-state models [1], [3], [5], [11]. Introduciriipe
multi-state approach to reliability analysis of teyas

« the reliability states are ordered, the reliability
state 0O is the worst and the reliability staie the
best,

T(u), i = 1,2,.n, are independent random

variables  representing the lifetimes of

componentsE; in the reliability state subset

{u,u+1,...z, while they were in the reliability

statez at the momertt= 0,

e T(u) is a random variable representing the lifetime
of a system in the reliability state subset
{u,u+1,...z while it was in the reliability state
at the moment = 0,

» the system states degrades with ttme

e E(t) is a componeng; reliability state at the
momentt, t<0,0), given that it was in the

reliability statez at the momernt= 0,
« ) is a systens reliability state at the moment
tO< 0,0), given that it was in the reliability state

z at the moment= 0.
The above assumptions mean that the reliability
states of the system with ageing components may be
changed in time only from better to worse. The way
in which the components and the system reliability
states change is illustratedrigure 1

transitions

ii

g@@;..@@...@@

thewors! state the best stal

Figure 1.lllustration of a system and components
reliability states changing

Under these assumptions, the following multi-state
system reliability characteristics may be introdlice
and determined:

« the component multi-state reliability function
R(t.1) = [R(t.O)R(L.1),...R(t,2)], t0<0, ),

where R(t,u), u = 0,1,..z, i = 1,2,..n, is the
grobability that the componeR is in the reliability
state subset{u,u+1,...,Zz at the momentt,

t[0< 0,), while it was in the reliability stateat the

with ageing components we have to accept certaimomentt = 0,

assumptions [5] that are as follows:
e nis the number of the system components,
 E,i=1,2,..n are components of a system,

» the system multi-state reliability function

R(t,l) = [R(t,0),R(t,1),...R(t,2)], t <0, ),

« all components and a system under consideration

have the reliability state set {0,17},, z=1,

whereR(t,u), u = 0,1,...7, is the probability that the
system is in the reliability state subgetu+1,...,.z }
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at'thg.momentt, t0<0,0), while it was in the L) O posty (W), U=12,...,2, @)

reliability statez at the moment= 0, b=1

e the system risk functionr(t) which is the
probability that the system is in the subset ofwherey, (u)u=12...z are the mean values of the
reliability states worse than the critical reliatlgil  system conditional lifetimes in the reliability sta
stater while it was in the reliability state at the  subsets{u,u+1,...,z } while the system is at the

momentt = 0. operation statez,,b=12,...,v, defined by the

2.3. Complex technical systems reliability formula
prediction ]
- (b) _
Designing the general reliability analytical maslel Hy (U) —£[R(t,u)] dt,u=12,...,z (8)

of complex multi-state technical systems related to

their operation processes, linking their reliapilit anq p are given by (3);
model and their operation processes models ang the standard deviations(u h=12....v. of the
considering variable at different operation staitesr - A
reliability structures and their components reliapi system unconditional lifetimes in the reliability
parameters is practically very well justified [10].  State subsets{u,u+l,...,z ,} defined by the
Thus, we assume that the changes of the operation formula

process states have an influence on the systen+ mult
state components reliability and the system rdltgbi
structure, denoting the conditional reliability @iion

of the system multi-state compone#t, i = 1,2,...n,

o?(U) = 2]t R(t,u)dt-[p(U)]?, u=12,...z  (9)

while the system is at the operation stateby » the mean values of the system unconditional
lifetimes in the particular reliability states
(b) — _ (b) _ (b) _
[R (D =[LIR DI, ..[R ¢ 2]”], () = () - 4(u+1), u=12,...2-1,

t0<0,0), b=12,...,V. _
) b=t A(2) = 1), (10)

To predict the complex technical system reliability .

and risk we determine the following characteristics

« the conditional reliability functions of the system

while the system is at the operational states

the system risk function
r(t) =1- R(t,r), t0<0,0), (11)

o " » « the moment when the risk exceeds a permitted
[R(t01™ =[1,[RED]™, ...[R(E, 2]™, level &

t0<0,00),b=12,...,v; r=r7"(J), (12)

e the unconditional reliability function of the

where r *(t) is the inverse function of the risk
system

functionr(t).
RtD =[1, R ..., R(t tO< 0 5 . C
€)= RED.. RE2)], ) ®) 2.4. Complex technical systems reliability
where optimization
v o 2.4.1. Optimal transient probabilities of
REW DX p[REWI™ . 120,u=12...z.  (6)  complex technical system operation process at
operation states
* the mean values of the system unconditionalConsidering the equation (6), it is natural to assu
lifetimes in the reliability —state subsets that the system operation process has a significant

{uu+l...7 influence on the system reliability. This influenise
also clearly expressed in the equation (7) for the
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mean values of the system unconditional lifetines iz, (r), g, (r)=0, b=12,...,v, (16)
the reliability state subsets.

From the linear equation (7), we can see that thgyre fixed mean values of the system conditional
mean value of the system unconditional lifetime itetimes in the reliability state subsgt,r +1,...,z }
u(u), u=12,...,z is determined by the limit values and

of transient probabilitiesp, ,b=12,..,v, of the

system operation process at the operation states p,, 0<p, <1 and

given by (3) and the mean valueg/ (u , )
b=12,..,v, u=12,...,z of the system conditional p,, O
lifetimes in the reliability state subsets
{u,u+l..,7, u=12..,z given by (8). Therefore, are lower and upper bounds of the unknown transient
the system lifetime optimization approach based orprobabilities p,, b =12,...,v, respectively.

the linear programming [4], [8]-[9], can be propdse Now, we can obtain the optimal solution of the
Namely, we may look for the corresponding optimal formulated by (13)-(15) the linear programming
values p, ,b=12,...,v, of the transient probabilities problem, i.e. we can find the optimal valugs of

p,, b=12...,v, of the system operation process atthe transient probabilitiesp, ,b=12,..v, that

the operation states to maximize the mean valugnaximize the objective function given by (13).
#(u) of the unconditional system lifetimes in the First, we arrange the system conditional lifetime

IN
IN

P, <1 P, <P, b=12,....v, (17)

reliability state subsetg§u,u+1,...,z Y=12..,7 mean valuesy, (r ),b=12,...,v, in non-increasing
under the assumption that the mean valpeéu , )order

b=12,..,v, u=12,...,z of the system conditional

lifetimes in the reliability state subsets are fixAs a Hoy (1) 2 p, (1) 202 g, (1),

special and practically important case of the above
formulated system lifetime optimization problent, i whereb, 0{12,...,v }for i =12,...,v.
r, r=212,...,z, is a system critical reliability state, Next we substitute

we may look for the optimal valugg, b,=12,...,v,

of the transient probabilitep, b=12,...,v, of the X =Py X =Py X =P, for i=12...,v (18)
system operation process at the system operation
states to maximize the mean valygr oj the and we maximize with respect to i,=12,...,v,

unconditional system lifetime in the reliabilityat¢  the linear form (13) that after this transformation
subset {r,r+1,,..,2z, r=212...,z, under the takes the form

assumption that the mean valuesy, (r , )
b=12,..,v, r=12,..,z of the system conditional u(r) :ixi,ubi (r) (19)
lifetimes in this reliability state subset are fixe =

More exactly, we may formulate the optimization

problem as a linear programming model with thefor a fixed r 0{L2,...,z} with the following bound

objective function of the following form constraints
v X <X <X ,i1=12,..,V, (20)
((r) = 3 Pyt (1) (13)
. . . X, = 21
for a fixed r J{12,...,z} and with the following EX' ! (21)
bound constraints
where
P,<pP, <P, b=12,...,v, (14)
i ° i My (1), My (1) 20, 1=12,...,0,
bZ::l Py =1 (15) are fixed mean values of the system conditional
lifetimes in the reliability state subsét,r +1,...,z }
where arranged in non-increasing order and
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<1l and for afixedr 0{12,...,z}.

X,0<X <1, X <X, i=12..V, (22) 2.4.2.0ptimal reliability and safety
characteristics of complex technical system

are lower and upper bounds of the UNkNnOWNgrom the expression (30) for the maximum mean

probabilitiesx;, i = 12,...,v, respectively. value £(r ) of the system unconditional lifetime in
To find the optimal values ok, j=12,..v, we  the reliability state subsét,r +1,...,2}, replacing in
define it the critical reliability stater by the reliability state
u,u=12,...,z, we obtain the corresponding optimal
=3 X, y=1-% (23) solutions for the mean values of the system

-

unconditional lifetimes in the reliability statelsmets
{u,u+1...,7Z of the form

and
x°=0, x°=0 and £(u) =bz P, (U) for u=12,...,z (31)
%! :'Zy(i, %' = ' x for | =12,..v. (24) Further, according to (5)-(6), the corresponding
i=1 i=1

optimal unconditional multistate reliability funoti

_ of the system is the vector
Next, we find the largest valué1{0L...,v $uch

that RtD=[L, RED, ., Rt 2], (32)
x'-x'<y (25)  with the coordinates given by
and we fix the optimal solution that maximize (119) : v ®)
the following way: R(t,u) Db§=]1 p,[R(t,u)]™ fort=0, (33)
i) if | =0, the optimal solution is
u=12...,z

X, = y+X, and X

=X fori=23..v; (26)

By applying (9), the corresponding optimal valués o
ii) if 0<1 <v, the optimal solution is the variances of the system unconditional lifetinmes
the system reliability state subsets are

X, =% fori=12,..,1, X, =y-%X"+x' +X,, .
o?(u) =2t R@t,u)dt-[£(u)]?, u=12,...z, (34)
andx, =% for i=1+21+3..v; (27) °

where fi(u ) is given by (31) andR(t,u) is given by
(33).

And, by (10), the optimal solutions for the mean
values of the system unconditional lifetimes in the
particular reliability states are

i) if | =v, the optimal solution is
X =X fori=212,..v. (28)

Finally, after making the inverse to (18) subsiing
we get the optimal limit transient probabilities (W) = f(u) - fu+1), u=1...z-1,
Py, =X for i =12,...,v, (29) N ]
b H(2) = (2. (35)
that maximize the system mean lifetime in the
reliability state subsefr,r +1,...,z Hefined by the

linear form (13), giving its maximum value in the
following form

Moreover, considering (11) and (12), the

corresponding optimal system risk function and the
optimal moment when the risk exceeds a permitted
level o, respectively are given by

()= 3 Dyt (1) (30) ft)=1- R@,r), t=0, (36)
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and Having this solution, it is also possible to loak the
optimal valuesM,, of the mean valueM, of the
i=r17(9), (37)  conditional sojourn times at the operation states

using the following system of equations
where R(t,r) is given by (33) foru=r andr ™(t),
if it exists, is the inverse function of the optinisk
function r(t). !

pb||\7|b| =Mb, b=12,...v, (40)

M<

1
2.4.3. Optimal sojourn times of complex obtained from (2) by replacinifl, by M, and M,
technical system operation process at by M, , were p, are known probabilities of the

operation states and operation strategy system operation process transitions between the

o . _ operation statesz, i z, b,l=12..v, b#l,
Replacing in (3) the limit transient probabilitigs, defined in Section 2.1

of the system operation process at the operation\nqther very useful and much easier to be apptied i
states by their optimal valuep, found in Section  practice tool that can help in planning the operati
2.4.1 and the mean valudd,k of the unconditional processes of the complex technical systems are the

sojourn times at the operation states by theirsystem operation process optimal mean valueseof th
corresponding unknown optimal valuesM, total system operation process sojourn tin@sat
maximizing the mean value of the system lifetime inthe particular operation stateg, b=12,...,v,

the reliability states subseftr,r +1....,z defined by  during the fixed system operation tinge that can

(13), we get the system of equations be obtain by the replacing in the formula (4) the
. transient probabilitiesp, at the operation states,
b, = Vﬂbe b=12..v. (38) by their optimal valuesp, and resulting in the
>M, following expession
1=1
After simple transformations the above system takes M, = E[6,]1= P,6, b=12,...,v. (41)
the form
The knowledge of the optimal valued, of the
(P, DM, +p,,M, +..+ p,M, =0 mean values of the unconditional sojourn times and
the optimal valuesM,, of the mean values of the
p,7LM, +(p, ~Dm,M, +...+ p,;t, M, =0 conditional sojourn times at the operation states a

(39)  the optimal mean valueE[d, df the total sojourn

times at the particular operation states during the
. o , fixed system operation time may by the basis for
p,mM, +p,m,M, +..+(p, D7, M, =0, changing the complex technical systems operation
processes in order to ensure these systems operatio

where M, are unknown variables we want to find, more reliable and safer.

p, are optimal transient probabilities determined by

(29) and 7, are steady probabilities defined in

Section 2.1.

Since the system of equations (39) is homogeneou

and it can be proved that the determinant of ittima

matrix is equal to zero, then it has nonzero sohgti We analyze the reliability of the container gantry

and moreover, these solutions are ambiguous. Thugrane that is operating at the container terminal

if we fix some of the optimal valuelsl, of the mean placed at the seashore [8]. The considered comtaine

valuesM of the unconditional sojourn times at the terminal IS engaged n traps—shlpment of containers
_ _ _ - The loading of containers is carried out by usimg t

operation states, for instance _by arbitrary fixormge gantry cranes called Ship-To-Shore (STS).

or a few of them, we may find the values of the

o d thi ¢ Cth \uti 1;We consider the STS container gantry crane that is
remaining once an is way to get the solution o composed of 5 basic subsysteBs S,, S,, S,
this equation.

3. Container gantry crane reliability
prediction and optimization

3.1. Container gantry crane description
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and S, having an essential influence on its The gantry crane loading and unloading subsystem

reliability. Those subsystems are as follows: S consists of the winch urit® composed of:
S - the power supply subsystem, * a propulsion unit (an engine, a clutch, breaks, a
S, - the control and monitoring subsystem, transmission gear, ropes),

a winch head (which a container grab is
connected to),
e acontainer’s grab,

S, - the arm getting up and getting down subsystem,'
S, - the transferring subsystem,

§ - the loading and unloading subsystem. « acontainer’s grab stabilizing unit
The gantry crane power supply subsyste®)  and the cart uni€® composed of:
consists of: * a propulsion unit (an engine, a clutch, breaks, a
* a high voltage cable delivering the energy from transmission gear, cart wheels, ropes),
the substation to the gantry crag¢’, * rails which cart is moving on during the

« a drum allowing the cable unreeling during the ~ ©Operation,
crane transferrinde”, * acrane cart.

* aninner crane power supply caBlg , 3.2. Container gantry crane operation process
+ a device transmitting the energy from the highgentification

voltage cable to the inner crane caBlg , . L
g P We assume that the container gantry crahability

R . . ) .
main and supporting voltage transformé&g, structure and its subsysten® v 3 12345, and
+ alow voltage power supply cablg”, components reliability depend on its changing in
e relaying and protective electrical componentstime operation states [8]. Taking into account ekpe
EY. opinions about the operations proceag) of the
The gantry crane control and monitoring subsysterrconsidered container gantry crane we distinguish th
S, consists of: following as its six operation states:

« acrane software controller precisely analyzing the” 2N OPeration state, - the crane standby with the
situation and takes suitable actions in order to Power supply on and the control system off,

assure correct work of the crai? , + an operation state, — the crane prepared either
« a measuring and diagnostic device sending to starting or finishing the work with the crane

signals about the crane state to the software &M angle position of 90 _
controllerE® * an operation state, — the crane prepared either
2 1

e a transmitter of signals from the controller to to starting or finishing the work with the crane

. arm angle position of*
elements executing the set of commaid3, gep v

_ _ , * an operation statez, - the crane transferring
: dewc_es_ carrying out the controller's orders (a either to or from the loading and unloading area
permission to work, a blockade of work, etc.)

o with the crane arm angle position 0f°90
E . * an operation statez, - the crane transferring
* control panels (an engine room, an operator's  gjther to or from the loading and unloading area

cabin, a crane arm cabilgy”, with the crane arm angle position ¢f 0
« control and steering cables’ connectida$’ . * an operation statez; - the containers’ loading
The gantry crane arm getting up and getting down and unloading with the crane arm angle position
subsystentS, consists of: of 0°.

Moreover, we fix that there are possible the
transitions between all system operation states.
Hence and on the basis of statistical data coming

e a propulsion unit (an engine, a rope drum, a
transmission gear, a clutch, breaks, a rdpg),

« aset of rollers and multi-wheels?, from experts [8], the probabilitiep, b,1=12,...6,
+ a crane arm (joints, hooks fastening the arm)of the container gantry crane operation process
EY. transitions from the operation state, into the

The gantry crane transferring subsyst&yconsists  operation state, were fixed and they amount
of:
e a driving unit (an engine, a clutch, breaks, a [p,]1=

transmission gear, gantry crane wheds) .
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0 0.648 0336 0008 O 0.008] states during the fixed system operation time
0525 0O 0373 0093 O 0009 6 =1lyear = 365 days, after aplying (4), are

0105 0111 O 0 0118 0.666
0417 0583 0 0 0o |

0
0005 0 0220 0 0 0775 £[4.] = 19 dayE[d, ]= 0.2 day,
0012 0 0628 0 0360 O

E[6,] = 251 daysE[, [ 7 days,

E[6,] = 26 daysE[, I 62 days. (45)
The matrix [h,(t)],, Of conditional density

functions of the container gantry crane operation3 3. Container gantry crane reliability
process conditional sojourn timed, at the prediction

operation state, while the next transition is into the
P K We assume that subsysten® v,= 12345 are

operation sftata,. b, _]’2""’_6’ was evalgat.ed gnd composed of four-state components, ze= 3 and
they are given in [8]. Knowing these distributions, {heir reliability states are 0, 1, 2 and 3 with thelti-
the conditional mean sojourn times of the containersiate reliability functions given by the vectors
gantry craneat the particular operation states can be

evaluated and they are as follows: [R©(t,0]®

M,, =456.978 M, =36.860, M,, =50, M, =
* 5 M > =[1,[R” D)1 [RY t,2)] [RV t,3)]® ],

M, =7.887, M,,=9.121 M,, =1545 M, =16,

b=12,...6
M., =55 M,, =4343 M, =6.822 M,, =7.857, where
M,=2 M, =2143 RVt u)]® =P(T (W] >tZ(t) = z,)
M,, =10, M, =2.899 M, =2468] fort0<0,00), u=123 b=12,...6,
M., =226, M, =23117, M =20512 (42) is the conditional reliability function standingeth

probability that the conditional lifetimgT,“ (u)]®
Next, applying (7), the unconditional mean sojournof the container gantry crane component in the
times of the container gantry crane operation @®ce reliability states subsdiu,u+1..., 3]s greater than
at the particular operation states can be evaluatdd t, while the system operation procezg) is at the

they are as follows: ]
operation state,, b=12,... 6.

M, £30893 M, [ 783 M, L 709, In [8], on the basis of expert opinions, the raligb
functions of the container gantry crane components

in different operation states were approximately
determined. Further, they were used in [8] to this
_ _ _ system reliability analysis and evaluation.

Using those results, according to (3), the limites  Agsuming that the container gantry crane is in the
of the transient probabilitiesp, (t) of the gantry reliapility state subset Wu+1,..,3 } if all its

crane operation process at the operation statese subsystems are in this subset of reliability states
conclude that the gantry crane is a four-stateeseri

p, =0.6874 p, =0.0187, p, =0.0515 system [10] of subsysten8y, S,, S;, S,, S; with
the scheme presentedfigure 2

M, C2.08 M, C1982, M, [ 2217. (43)

p, = 0.0005 p, =0.0717 p, =0.1702 (44)

{sHSHSHSHSFHF

The system operation process optimal mean values

of the total sojourn times at the particular opierat Figure 2.General scheme of container gantry crane

reliability structure
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Next, we assume that changes of the containerygantrthe subsystemsS, is a series system composed of
crane operation states have an influence on th
subsystemsS, p = 12345, components reliability
and on the gantry crane reliability structures afl.w

The container gantry crane operation proces : ,
influence on the system reliability structure is SUPSystemsS, S,, S; and S, forming a series

$ =3 componentE®, i = 123.
At the system operation states, and z, the
S'container gantry crane is composed of the

expressed below. structure shown ifrigure 5 The subsysten§ is a
At the system operation statg, the container gantry series system composed ofi=  Zomponents
crane is composed of the subsystgmwhich is a  E®,i=12,..7, the subsysten$, is a series system
series system composed of= cdamponentsg"”, composed ofn= 6componentsE®, i =12,..6, the

i=212,..,7 (SUbsyStemS) with the structure showed insubsysterns3 is a series system Composedro:[: 3

Figure 3 i
9 componentsE®, i =123, and the subsystens,
< .
= consists of a componeii&®.
en Uer Heo Hee [eo ex e L At the system operation state,, the container

gantry crane is composed of the subsyst&nss, ,
S, and S, forming a series structure shown in

Figure 3.The scheme of the container gantry crane Figure & The subsystemS, is a series system
at operation state .z

composed ofn= 7componentsE®, i =12,...7, the

At the system operation states, and z, the Subsystems, is a series system composedrof 6
container gantry crane is composed of thecomponentsE®,i=12,..6, the subsystens, is a

subsystemsS, S, and S, forming a series structure series system composed ofi=  8omponents
shown inFigure 4 The subsystentS is a series Ei(?’), i=123 and the subsystenS, is a series
system composed of n= 7 components system composed of=  @mponentsEE® i = 12,

EY,i=12..7, the subsystens, is a series system
composed ofh=6 componentsE®, i =12,..6, and
S S, S
— [e?] [e2]--{erlleeHeal-{eo Fer Her Hee

Figure.4The scheme of the container gantry crane at aparstates, andz.

Sl SZ 83 S4
| IE‘_(l)I @l--* E§1)| IE«(Z)H E9(2)|-__ Eﬁ(Z)I IE(s)H E,(3)|—| E’«E3)I |Ef“)| —

Figure 5The scheme of the container gantry crane at dparstates, and z;.
Sy S, S, S
—{eeHe}{e)leHer) - {erHHerHerHer - {esHerH-

Figure @he scheme of the container gantry crane at dparstatezs.
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On the basis of expert opinions and statisticah dat where R(t,2) is given by (47) fou= 2

given in [8], the container gantry crane reliabilit Hence, by (12), the moment when the system risk

structures and their components reliability funedio fynction exceeds a permitted level [10], for ins&n
and the container gantry crane conditional religbil 5 = .05, obtained from (50), is

functions at different operation states can be

determined. I_:urthgr, in_ the case when the_ gantry r=r(J C0.126year. (51)

crane operation time is large enough, using the

system conditional reliability functions at partiau

operation states, we may conclude the uncondition

reliability function of the container gantry crare

given by the vector Considering the equations (46)-(47), it is natucal
assume that the container gantry craperation

R(t, D =[1, R, R(t.2), R(t,3].t=0, (46) process has a significant influence on the system

reliability. This influence is also clearly expresdsin

where, according to (5)-(6), after considering thethe formula (48) for the mean value of the containe

values of p.,b=12..6, given by (44), its co- gantry cranaunconditional lifetime in the reliability
b T ’ state subsets that can be used for this system

operation process optimization performed in the
accordance with the procedure proposed in Section

al?"4' Container gantry crane operation process
optimization

ordinates are

R(t,u) = 0.6874R(t,u)]¥ +0.0187(R(t,u)]® 241,
In this case, as the container gantry cranécal
+0.0515R(t,u)]® +0.0005]R(t, u)]® state isr = 2then considering the expression (48)

the objective function, defined in the equation)(13
+0.07170R(t,u)]® +0.1702R(t,u)] @, (47)  takes the form

for t > 0, u=123  where [R(t,u)]® for U(2) =p, [B79+ p,[153+ p,[152 + p,[143
b=12..6, are the container gantry crane
conditional reliability functions at particular
operation stateg,, b=12,...,6, given in [8].
Next, according to (7), considering the resultgrfro
[8], it follows that the mean values of the con&ain
gantry crane unconditional lifetimes in the rellapi
state subset§l23}, {23}, {3} respectively are:

+ p, 0146+ p, (128 (52)

and we assume, the following coming from experts
bound constraints

050< p, < 090, 001< p, < 003

u() T 4.14 years 003< p, < 007, 0.0004< p, < 0.0007,

1(2) = 0.6874 379+ 0.0187] 153+ 0.0515( 152 005 ps < 009, 009< p, < 030,
+0.0005[ 143+ 0.0717[ 146 +0.17021128 S p, =1 (53)
b=1
L 3.04 years, (48)

Now, in order to find the optimal valueg, of the
1 (3) C2.22 years. transient probabilites p, , b=12,..6, that
maximize the objective function (52), according to

From the above, according to (10), the mean valueghe procedure given in Section 2.4.1, we arrange th
of the system lifetimes in the particular reliayili system conditional lifetimes mean valugs, 2,

states 1, 2, 3 are: b=12,...6, in non-increasing order

AW =110 7i(2)=082 1@ = 222 years. (19) 4 )2 4, ()2 122 42> 1, (D)2 1, D).

Since the critical reliability state is = 2, then the

. . . D Next, according to (18), we substitute
system risk function, according to (11), is given b X Ing to (18), we substitu

rt) = 1-R(,2), (50) X1 = P X = Pan X = P
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X4 = p5' XS = p4’ X6 = p6’ (54) pa = XS = 003’ p4 = XS = 000047
and we maximize with respectto i~12,...6, the p, =X, = 005, p, = X, = 009, (59)
linear form (52) that after considering the
substitution (54) takes the form that maximize the system mean lifetime in the
reliability state subset {2,3} expressed by theedin
H(2) =% [B79 +X, 153 + X, [152 form (52) giving, according (59), its optimal value
+x,0146+ x, 143 +x, 128 (55) [(2)=p, B79 +p, 53 + p,[152+ p,[143
with suitable bound constraints resulting from (54) + p, 0146+ p, (128 C 3.36. (60)
Further, according to the procedure given in Sactio
2.4.1, we calculate 3.5. Container gantry crane reliability
] optimization
X =2 =06804 To make the optimization of the reliability of the
y=1-% =1- 0.6804 = 0.3196, (56)  container gantry cranere need the optimal values
p,, b=12,..6, of the transient probabilitiep,,
and we find b=12,...,6, in particular operation states determined
by (59). Using the optimal solution (59), we obtain
x°=0, x°=0, x°-%x°=0, the optimal mean values of the container gantry

craneunconditional lifetimes in the reliability state

%' = 050, X' =090, X* - X* = 040, subset {123} andi3} that respectively are

X* =051, Xx* =093 X* - X* =042, LQLC 461, 4 C 2.
X2 = 051, X2 = 093, X> — X2 = 042 1) C 4.61, 4(3) C 2.45 (61)

%% = 054, x® =100, x* - %x® =046, and the optimal solutions for the mean values ef th
container gantry crangnconditional lifetimes in the
particular reliability states 1, 2 and 3 are

X® =0.6804, x° =1.3907, x°®-x° =0.7103.(57)

1) = 125 7i(2) = 091, [i(3) = 245. (62)
From the above, as according to (56) after
considering the inequality Moreover, according to (32)-(33), the corresponding
optimal unconditional multistate reliability funoti
%' - %' <0.3196, (58) of the container gantry cramegiven by the vector
it follows that the largest value 0{01,...6} such RtD=[1, R¢D, Rt.2, Rt 1, (63)

that the inequality (58) is satisfied, lis= 0.

Therefore, we fix the optimal solution that maximiz where after considering the values pf given by
linear function (55) according to the rule given in (59), its coordinates are as follows

Section 2.4.1 and we get

R(t,u) = 0.8196R(t,u)]® + 001R(t, u)]®

%, = §+%, =0.3196+ 05 = 0.8196
3) (4)
%, =x,=00L X, =% = 003, X, =%, = 005, + O03[R(E, u)]™ +0.0004TR(t, u)]
+ 0l ® + Q) ®
%, = %, =0.0004, X, =X, = 009, OOSIIR(L, WI™ + 009R(E W™, (64)

— (b)
Finally, after making the substitution inverse 5@, for t = 0, u=123 where [R(tu)] for

we get the optimal transient probabilities b=12..6 are the container gantry crane
conditional reliability functions at particular
p, = % =0.8196, p, =%, = 001, operation stateg,, b=12,....6, givenin [8].
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Since the critical reliability state is = 2, then +0.003M , +0.00010M,
according to (36) the optimal system risk functien
given by +0.001547M , +0.00328V, = 0

r(t)=1-R(,2) fort=>0, (65) . .
0.002853/, +0.00306M,

where R(t,2) is given by (64) fou= 2

Hence an from (37), the moment when the optimal

system risk function exceeds a permitted level, for ) .
instanced = 0.05, is +0.00464M , +0.00984M , =0

-0.3007M, +0.000308/,

=1 L 0.149 year. (66) 0.000038/, +0.0000408/,

The comparison of the values of the container gantr  +0.000122M , —0.0101959/,
crane reliability characteristics before the system
operation process optimization given by (46)-(51)
with their corresponding values after the system
operation process optimization respectively givgn b , ,
(60)-(66) justifies the sensibility of the perforche ~ 0.0047531, +0.005M,
system operation process optimization.

+0.00006181 . +0.000131M ,=0

+0.0158M , + 0.0005M,
3.6. Optimal sojourn times of container
gantry crane operation process at operation ~0.146965V _ +0.0164M , = 0
states

Having the values of the optimal transient 0.00855M, +0.00918/,

probabilities determined by (59), it is possibldita

the optimal conditionql and unconditio_nal mean +0.0279V, +0.0009181,

values of the sojourn times of the container gantry

craneoperation process at the operation states and . .

the optimal mean values of the total unconditional *0.01392M, -0.2984aM, =0 (67)
sojourn times of the container gantry craperation

process at the operation states during the fixedvith the unknown optimal mean values, of the

operation time as well. system unconditional sojourn times in the operation
Substituting the optimal transient probabilities at states we are looking for.

operation states determined (69) and the steady Since the determinant of the main matrix of the

probabilities homogeneous system of equations (67) is equal to 0,
then its rank is less than 6 and there are non-zero

1, 00.0951, 7, 00.1020 7, L 03100 solutions of this system of equations that are
ambiguous and dependent on one or more

7, 000102, n, [ 01547 n, £ 0.3280 parameters. Thus, we may fix some of them and

determine the remaining ones. In our case, acagrdin
to (43), after considering experts opinion, we

determined from the system of equation given N onclude that it is sensible to assume

Section 2.1 into (39), we get the following systefn
equations

M, C 2. (68)

-0.0171564, +0.0835998/
! ? Consequently, from (67), we get the system of

: . equations
+0.254076M , +0.00835991 ,

. : -0.017156/, +0.083599%1,
+0.126792M , +0.2688288V , =0

: : +0.254076M , +0.126792M ,
0.00095M, -0.100984,
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+0.2688288M . = —0.0167198
0.00095M, —0.10098M,

+0.003M, +0.00154™

+0.00328V1 .= - 0.000204
0.002853/, +0.00306V,

- 0.3007M , + 0.00464M ,
+0.00984\l , = - 0.000612
0.000038/, +0.00004081,
+0.000124M , + 0.0000618V
+0.000131M ,= 0.0203918
0.00475%4, +0.005M,
+0.0155M , - 0.146965M
+0.0164M, = —0.00102
0.00855%, +0.00918/,
+0.0279M , +0.013923
-0.29848M .= -0.001836
M, M

3

and we solve it with respect tbl,, M,,
and M,.

5

This way obtained the solutions of the system of

equations (67), are
M, [ 439.9400,M, [ 5.0046,M, [ 4.9401,

M, C2, M, [ 16.4988,M [ 14.0069. (69)

It can be seen that these solutions differ mucmfro
the values M;,, M M., M,, M, and M,
estimated by (43).

Having these solutions, it is also possible to |6k
the optimal valuesM,, of the mean valueM,, of
the conditional sojourn times at the operationestat
Namely, substituting the probabilities of the syste
operation process transitions between the operatio

2
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states given in Section 3.2 and the optimal mean
values M, given by (69) into (40), we get the
following system of equations

0.648M1,,+ 0.336M .+ 0.008M ,

+0.008M ,, = 439.9400

0.525M,, + 0.373M ,, + 0.093V,,

+0.00M .= 5.0046

0.108M,,+ 0.111IM ,, + 0.118M

+0.666M = 4.9401

0.41™M,, +0.583V ,,= 2

0.005V , + 0.220M _, + 0.775M _ + = 16.4988
0.012M, + 0.628M ., + 0.360M . = 14.0069.

with the unknown optimal value$!,, we want to

find.

As the solutions of the above system of equatioes a
ambiguous, then we arbitrarily fix some of thenr, fo
instance because of practically important reasons,
and we find the remaining ones. In this case we
proceed as follows:

+ we fix in the first equationM =40, M
M, =4 and we find M, 06575,

the second equationM,,=9,

M,, =2 M, =16and we find M, 025%

we fix in the third equation

M, =6 M,=4 M, =7 and we find M, 0 456

we fix in the fourth equatioM, =2 and we find

M,, 02

we fix in the fifth equationM_ =10, M_, =3 and

we find M, 02037

we fix in the sixth equatiorM,, =23 M, =21

and we findM , 0983 (70)

50,

14

we fix in

Other very useful and much easier to be applied in
practice tool that can help in planning the operati
process of the ferry technical system are the syste
operation process optimal mean values of the total
sojourn times at the particular operation statetdu

F]he fixed system operation tiné
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Assuming as in Section 3.2, the system operation M, = 30893 M, = 783 M, = 709,
time & =1year = 365 days, after aplying (41), we get

their values M,=2.08M, £1982, M [ 2217, (73)

E[6,] = p,6 = 0.8196[86501299.15, « the transient probabilities of the container gantry

A craneoperation process at the operational states

E[8,] = p,6 = 001(365= 365,

p, = 0.6874 p, =0.0187, p, =0.0515
E[6,] = p,6 = 003[365=10.95,

p, =0.0005 p, =0.0717 p, =0.1702 (74)
E[6,] = p,6 = 0.0004[365 015, . . .

« the total sojourn times of the container gantry

. _ crane operation process in particular operation
E[6,] = p,& = 005[865=1825, states during the operation tinge= yéar = 365

days
E[8,]= p,6 = 009[B65= 32 85. (71) i A

E[6,] = 251 daysE[6, F 7 days,

that differ from the values oE[:SA?i 1i=12,...6,

determined by (45). E[é3] =19 day,E[éA?4 ]= 0.2 day,
In practice, the knowledge of the optimal values of
M,, M, and E[8, ] given respectively by (69)-(71), E[és] =26 days,E[éA?6 |F 62 days. (75)

can be very important and helpful for the container
gantry crane operation process planning and From Section 3.6, we have the values of the
improving in order to make the system operationfollowing container gantry craneperation process

more reliable and safer. parameters after its optimization:

 the optimal conditional mean sojourn times of the
3.7. Parameters and characteristics of container gantry cranat the particular operation
container gantry crane operation process states

before and after its optimization

From Section 3.2, we have the values of the M U6575 M,;=40 M, =50 M,=4

following container gantry craneperation process ) ) ) '
parameters before its optimization: M, 00251 M,, =9, M, =2 M, =16
« the conditional mean sojourn times of the
container gantry cranat the particular operation M. =6, M, =4 M,_=7, M, 0456
states

31

M., = 456978 M, =36860 M, =50 M, =3 M.=2 M, 02 M, =10

M,, =7.887, M, =9.121 M, =1545 M, =16, My =3 M, 02037,

M, =55 M., = 4343 M, =6.822 M, =7.857, M =23 M, =21 M, 0983 (76)

M, =2 M, =2143 » the optimal unconditional mean sojourn times of
the container gantry cranén the particular

M., =10, M,, = 2899 M., = 24681 operation states

M., =226, M,,=23117, M =20512 (720 ML 439.94M, L5.00,M, [ 4.94,

e the unconditional mean sojourn times of the M, L2, M, L 16.50,M, L 14.01; (77)
container gantry cranat the particular operation

states
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 the optimal transient probabilities of the containe (1) =4.61 years, i(2) = 3.36 years,
gantry craneoperation process at the operational

states [1(3) = 2.45years; (83)

p, = 08196, p, =001 p, 003, + the optimal mean values of the unconditional

p, = 0.0004, p, = 005, p, = 009 (78) lifetimes respectively in the particular reliabylit
states 1, 2, 3

« the optimal total sojourn times of the container
gantry crane operation process in particular (1) = 125, 17(2) = 091, 1Z(3) = 245years;  (84)
operation states during the operation tifie 1
year = 365 days « the optimal moment when the system risk
A ) function exceeds a permitted level
E[6,] = 29915 days, E[6,] = 365 days,
7 [ 0.149 year. (85)
E[6,] =1095 days, E[6,] = 015 days, , ,
3.9. Suggestions on new strategy of container
oA oa gantry crane operation process organizing
E[6,] =18 25 days, E[§,] = 32 85days. (79)
The comparison of the values of the selected in
Section 3.8 container gantry craneeliability
reliability before and after operation process characteristics before the system operation process
o7 optimization given by (80)-(82) with their values
optimization after the system operation process optimization
From Section 3.3, we have the values of therespectively given by (83)-(85) justifies the
following container gantry crane reliability sensibility of the performed system operation pssce
characteristics before its operation processoptimization.
optimization: From the performed in Section 3.7 analysis of the
« the expected values of the container gantry cranéesults of the container gantry crar@peration
unconditional lifetimes respectively in the Process optimization it can be suggested to organiz

3.8. Characteristics of container gantry crane

reliability state subsets {1,23},{2,3%3} the system operation process in the way that causes
the replacing (or the approaching/convergencehm) t

4 ()= 4.14 years,u (3 3.04 years, conditional mean sojourn timed,, of the system at
the particular operation states before the optitiina

1 (3)= 2.22 years; (80) given by (72) by their optimal valued, after the

optimization given by (76). The possibility of
« the mean values of the unconditional lifetimes fulfilling this suggestion of the operation process

respectively in the particular reliability states2] ~ Parameters changing is not easy and has to be
3 checked in practice.

It seems to be practically a bit easier way, chaggi
() =110 F(2) = 082, H(3) = 222 years; (81) the operation process chargcteristics that resolts
replacing (or the approaching/convergence to) the

. the moment when the system risk function unconditional mean sojourn timedM, of the

exceeds a permitted level container gantry cranat the particular operation
states before the optimization given by (73) bsirth

r £ 0.126year. (82) optimal valuesM, after the optimization given by
(77).

From Sections 3.4 and 3.5, we have the valueseof thThe easiest way of the system operation process
following container gantry crane reliability reorganizing is that leading to the replacing (oe t
parameters and characteristics after its operatiompproaching/convergence to) the total sojourn times
process optimization: E[§,] of the container gantry craneperation

* the optimal expected values of the containerprocess at the particular operation states dutieg t
gantry craneunconditional lifetimes respectively gperation time 8= 1lyear before the optimization
in the reliability state subsets {1,23},{2,3B}
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given by (75) by their optimal valueg[4,] after [8]

the optimization given by (79).

4. Conclusion

The joint model of the reliability of complex
technical systems at the variable operation caotiti
linking the semi-Markov modeling of the system
operation processes with the multi-state approach t
system reliability analysis was presented and iegpl

to the evaluation of the container gantry crang9]
reliability characteristics. Next, the final result
obtained from this joint model and the linegrno]
programming were used to perform this complex
technical system reliability optimization.

These tools practical application to reliabilitydan
risk evaluation and optimization of a containga1]
gantry crane operating at the variable operation
conditions and the results achieved are intere$ting
reliability practitioners from maritime industry @n
from other industrial sectors as well. These t@als

be useful in reliability and operation predictionda
optimization of a very wide class of real technical
systems operating in varying conditions that have a
influence on changing their reliability structurasd

their components reliability characteristics.
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