Identification of complex technical system
components reliability models

Krzysztof Kolowrockt, and Joanna SoszynsBaidny’

! Gdynia Maritime UniversityGdynia, Poland
(E-mail: katmatkk@am.gdynia.pl

2 Gdynia Maritime UniversityGdynia, Poland
(E-mail: joannas@am.gdynia)pl

Abstract. The paper is concerned with theethods for identification of unknown
parameters afeliability modet of multistate components of a complex technical system
operating at variable conditions and their practical application. The multistate reliability
model of a complex technical systetomponentis constructed and the procedure of
identifying its unknown eliability parameters is presented. In this reliability modds
assumed that the conditional reliability functionstioé multistatecomponents at the
systempartiaular operationstates are exponential. There are presented the methods of
estimating uknown parameters of the exponential distribution ofdp&tem multistate
component lifetimesn thereliability statesubsets. The maximum likelihood method is
applied to estimating unknown intensitiestioé componentieparture from the reliability
statesubsetsat different system operation statiesthe case when there aredisposal
empirical data coming frorthe process of system componegliability states changing

for different kinds of the empirical investigations including the cases of small number of
realizations and nenompleted investigationsn the case when there are no empirical
data the procedure is based on the approximaiaions coming from expertsThere is

also suggested the goodneddit method applied to testing the hypotheses concerned
with the exponential form of the reliability function of the systemltistatecomponent

at variable operations conditions. The huoats are applied tothe componerg of an
exemplary systeranda maritime ferry technical system unknown reliability parameters
statistical identification.

1 Introduction

Many real technical systems belong to the class of complex systems. First of all,
it is concerned with the large numbers of components and subsystems they are
built and with their operating complexity. The changes of the operation states of
the system opation process cause the changes of the system reliability
structure and also the changes of its multistate components reliability
parameters. The general joint model linking the system reliability model with
the model of its operation process allowifag the reliability analysis of the
complex technical systems operating at variable conditions is ootesdrin [6],

[9]. To apply thisgeneral model practically in the evaluation and prediatibn

real complex technical systemsliability it is necessaryat elaborate the
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statistical methods concerned with determining the unkncavanpeters of the
proposed moddlL]-[5], [10]-[12]. Particularly, inthe part ofthe systenmmodel
concerned with its reliability the unknown parameters of the conditional
reliability functions of the systermultistatecomponents at various operation
states should be identified]f[9]. It is also necessamslaborating the methods of
testing the hypotheses concerned with the conditieiability functions [13}
[16] of themultistatecomponents ahe system various operation states [9].

2 Theoretical backgrounds

In the multistate reliability analysis of a system to define its ageing components
we assume thg9], [13]-[16]:
i Eis a component of a system,
i acomponentk has the reliability state set {0,12},, z2 1,
i the reliability states are ordered, the state 0 is the worst and theistttie
best,
i T(u) is a random variable representing the lifetime of compoRantthe
state subsetyu+1,...7}, while it was in the stateat the moment= 0,
i the component reliability states degrade with ttme
i &t) is a componerE state at the momentti <0,o), given that it was in

the state at the moment = 0.
The above assumptionsnean that the states of the system degrading
components may be changed in time only from better to worse
Under those assumption, a vector

R(t,0) = [R(t,0)R(t,1),...R(,2)], ti <0,1), Q)
where
R(t,u) =P(e(t) 2 u|e(0) =2) =P(T (u) >t), ti <0,@), u=0,1,...7 (2)

is the probability that the compondais in the state subsétu,u+1,...7Z at the
momentt, ti <0,a), while it was in the state at the moment = 0, is called

the multistate reliability function of a componelat
Particularly, foru= 0, in (1) and (2) we have

R(t,0) =P(e(t) 2 0] &(0) =2) =P(T (0) >t) = 1, ti <0,=). 3)

Further, we assume that the system during its operation process is taking
v,ni N, different operation stateg, z,...,z,, and we define the system

operation procesZ(t), ti <0+ 9, with discrete operation states from the set
{z,z,...,2}. since the changes of operation states of the multistate system



operation proces<(t) have an influence on the reliability functions of the
system components then we kdy T® (u) the conditional lifetimeT ® (u) of
the system component in the reliability states supset+1,...2, u=12,...2

Consequently, we mark the conditional multistate reliability function of the
system componenthen the system is in the operation stateb=12,...57, by

[R@t, 9 = [1, [REt, D], ..., [R(t, D] ], (4)
where
[REt, W] =P(T® () >t|Z(t) =z, for ti <0,m), u=12,...z b=12,...v,(5)

is the conditional reliability function standing the probability that the
conditional lifetime T®(u) of the system component in the reliability states

subset{u,u+1,...72 is greater that while the system operation procek is
in the operation state,, b=12,...;7. Further, we assume that the coordinates

of the vector of the conditional multistate reliability function (4) are exponential
reliability functions of the form

[R(t,u)]® =exp[-[/ (W)]®t] for t1 <0,1), u=12...z, b=12,...v. (6)

Te above assumptions mean that the density function of the system component
conditional life time T®(u) in the reliability states subsefu,u+1l,...Z,

u=12,...z, atthe operation state, b=212,...57, is exponential of the form
[F (W™ =[/ )]® expE[/ (W]®1] for ti <0,=), )

where [/ (W]®, [/(W)]® 2 0, is an unknown intensity of departure from this
subset of the reliability states.

3 Procedures of identification of complex technical system
components reliability models

3.1 Procedure of the system components reliability data collection
3.1.1 Data coming from components reliability states changing processes
To estimate the unknown parameters of the system components multistate

reliability models, during the experiment, we should collect necessary statistical
data dependently of lte fixed kinds of the experiments and the collected



statistical dataconsidered in distinguished in [@ases 16. To illustrate the
methods we will consider onfgase 2described below.

Case 2 The estimation of the component intensity of departure from the
reliability states subset on the basis of the realizations of ciraponent
lifetimes up to the first departure from the reliability states subset on several
experimental posts Non-completed investigations, the same observation time
on all experimental posts

We assume that during the tin€”, ¢® >0, we have been observing the
realizations of the component lifetim&® (u) in the reliability states subset
{uu+l...z, u=12,...z, at the operation state,, b=12,...7, on n®

identical experimental posts. We assume that at the beginning of the experiment
all components are new identical components staying at the best reliability state

Z and that during the fixed observatitime ¢® not all components have left
the reliability states subsef12...z, ie. m®, m®”<n®, observed
components reached the worst reliability state [0.means that the number
m®(u) of components that have left the reliability states supset+1,... 7,

u=12,...z is less or equal tm®”, i.e. M (u) ¢ n®, u=12,...z. Further, ve

mark by A®”@U)={t”(u):i=22,..m” W)}, u=12...z, the set of the
moments t®(u), i=12..m"(@u), u=212...z, of departures from the
reliability states subsdu,u+1,...72, u=12,...z of the component on thie-

th observational post, i.e. the realizations of the identical component lifetimes

T®(u), i=22,...n", to the first departure from the reliability states subsets,

that are the indeendent random variables with the exponential distribution
defined by the density function (7).

3.1.2 Data coming from experts

On the basis of the expert opinions the approximate values
[AuW)]®, u=12...z, b=12,...0,

of the mean values

[ru)]® =E[TW]®, u=12...z, b=12,...n,

of the system components lifetim§&(u)]”, u=12,...z, b=212,...p7, in the
reliability states subsetdu,u+l,...7Z, u=12...z, while the system is
operating in the operation statg, b=212,...2, should be fixed.



3.2 Procedures of evaluating the system components unknown intensities of
departure from the reliability state subsets

3.2.1 Data coming from components reliability states changing processes

On the basis of statistit data described in Sectionld.,, we want to estimate
the value of this unknown intensity of departy/&u)]® from the reliability
states subsdtu,u+1,...724, u=12,...2

The brmulae forthe kind of experimentconsideredin Case 2is presented
below[9].

Case 2.In this case, the maximum likelihood evaluation of the unknown
component intensity of departuré®(u) from the reliability states subset

{uu+l,...z,u=12...z, is

B = m® () L u=12..z )

W b)[ (b b
A tl()(u)"'t()[n()' m()(u)]
i=1

Assuming the observation timé¢®” as the moment of departure from the
reliability states subsdtu,u+1,...Z}, u=12,...z of the components that have

not left this reliability states subset we get so called pessimistic evaluation of the
intensity of departure/®(u) from the reliability states subséu,u+1,...7,
u=122,...z of the form

B = n® L u=12..z 9

W b)[ (b b
A t|( )(u)+[-( )[n( ) _ m( )(u)]

3.2.2 Data coming from experts

On the basis of the approximate valyegu)]® , u=12,...z, b=12,...p, of
the mean valuef{u)]® = E[TW)]®, u=12,...z, b=12,...n, of the system
components lifetimes[T(u)]®”, u=12...z, b=12,...7, in the reliability
states subsetfu,u+1,...2, u=12,...z, while the system is operating in the
operation statez,, b=12,...7, coming from expegs and described in Section

3.1.2, we want to estimate the valuéé;_(u)](“) of the components unknown
intensities[/ (u)]® of departure from the reliability states subsetu+1,...7,
u=12,...z, while the system is operating in the operation sta#e
b=12...4m.



The formula for all system componeisgiven by the following approximate
equation9]

[/ (W]® @Ru)® = u=12..z b=12..p0. (10)

_1
[ogu)]®
4 Applications

4.1 Statistical dentification of exemplary system componentiability

4.1.1Defining parameters of exemplarystemcomponents reliability models
and data collection

The considered exemplary system reliability structure changing at the various
operation states and its components and their unknown reliability parameters are

described in[9]. At all the system operation process staes b=1234,

defined in[9], we distinguish the following four reliability states 0, 1, 2 3, of the
system and its components. Moreover, we fix that there are possible the
transitions between the components reliability states only from better to worse
ones.From the above, the subsystel8s ¢ =12, are composed of fotstate,

i.e.z= 3, componentE"”, =12, with the conditional foustate reliability
functions given by the vector

[R?tQ”=[1, [R" D], [R”(t2]7,[R”(t,3]”], b=1234, (11
with the exponential cordinates

[RYED1 =exp [/ @1°), [R”(t,2]° = expl- [/ ()],
[RY (3] =expt- [/} (3], (12

different at various operation states, b =12,34, andwith the intensities of
departure from the reliability state subsgt,3}, {2,3}, {3}, respectively

/O@, [/0@10, /93], b=1234

4.1.2Collecting data coming from exemplary system components reliability
states changing pcesses

We arbitrarily suppose that we have in disposal data collected from the
exemplary system components reliability states changing processes @aseto



2. Namely,we have in disposal the following data for particular components
E“, v=12, of the exemplary system:

- the numbers of identical experiment poat$ =n® ,

- the observation times®™ =¢",

- the numbersm® (u) = m® (u) of components that have left the reliability state
subsetu,u+1,...3, u=123

- the sets A” (u) = A" (u) ={t” (u): i =12,...m" ()} of realizationst® (u)
=t (u) of the component lifetimesT,”’(u) in the reliability state subsets
{u,u+1,...3, u=123 atthe operation state , b=1,234.

For instance, we suppose that the collected data for the compgffeaf the
subsystemS, at the operation statg are as follows:

n® =40, t® =2600, m” (1) =32,
A® (1) ={30, 44, 209, 240, 263, 265, 280, 285, 288, 289, 289, 302, 307, 350,

381,400, 430, 441, 452190, 490, 790837, 852, 856, 869, 1176,1191, 1253,
1697,1700, 2454}, (13

n® =40, ¥ = 2600, m®(2) =32,
A®(2) ={30, 37, 37, 60, 63, 65, 69, 69, 80, 85, 88, 302, 307, 350, 352, 381,

400,430441, 462, 470, 490, 637, 6556, 669, 776, 891, 1053, 1597,1600,
2254} (19

n® =40, t® = 2600, m®*(3) =32,
A (3) ={20, 27, 37, 60, 63, 65, 69, 69, 80, 85, 88, 302, 307, 350, 352, 381,

400, 430, 441, 462, 470, 490, 63652,656, 669, 776, 891, 1053, 1597,1600,
2054}. (15

The first realizationst® (1) =30, t®(2)=30, t”(3 =20 and the second
realizations t°(Q) =44, t®(2) =37, tP(@) =270f the component E)
lifetimes T (@), T2, T.Y(3)in the reliability state subsef4,2,3, {23,
{3 taken from the set®\” (1), A”(2) and A® (3) are presented in Figufle
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Fig. 1. The realizations of the componef@§ lifetimes TP (1), T,’(2) and
T9(3) in the reliability state subsef$,2,3, {2,3 and{3}

4.1.3Evaluating exemplarysystemcomponentsntensities ofdepartures from
reliability state subsets orbasis ofdata coming from componentgeliability
stateschanging processes

As by the arbitrary assumption, there are data collected from the exemplary
system components reliability states changing processes, then their reliability
models identification using the methods of SecBdhl is possible. To identify
the intensities of departures from the reliability state subsets, we can use
statistical data included in Sectidrl2 and the formula8) in order to find the

approximate value[S/E:j” @1, [/E:j“) 1 and[/%“’(3)]‘b’ of the subsystems§,,
u =12, components unknown intensiti¢s ()], [/{”(2)]® and [/ (3)]"”
of departure respectively from the reliability states subge®s3} |, {23, {3},

while the system is operating at the operation stteb=12,34, and we can
use the formula ) to get their pessimistic evaluation$o illustrate this

procedure, we find the evaluatiofig® (1)]®, [/Elj 2]® and [/%(3)](” of the
intensities[/% @]®, [/2(2)]® and [/ (3)]® of departures respectively from
the reliability state subse{4,2,3 , {23 and {3} of the componenE? of the
subsystemS,, while the system is operating in theevation statez,.

We proceed as follows:
- from data given by ()3 we have

n® =40, t® = 2600, m® (1) =32,

D
& t¥(1) =30+ 44+ .. +1700+ 2454= 2020Q

i=1

then, according to {8 the evaluation:{/%)(l)]‘” of the intensity[/% @)]® of
departure from the reliability state sub§&®,3} is

= m® (1
[E@® == @
él ti(l) (1) + t(l)[n(l) _ m(l) (1)]
32

= .0008 16
20200+ 260040- 32| @ (19

and according to (9its pessimistic evaluation is



n® 40

= @0.0010Q
20200+ 260(40- 32]

[EM° = -
a ti(l) (1) +t (1)[n(l) _ m(l) (1)]

- from datagiven by(14), we have
n® =40, t® =2600, m” (2) =32,

D
3(2) t®(2) =30+ 37+...+1600+ 2254=15853

i=1

then, according to {8 the evaluation$/%(2)](” of the intensity[/® (2)]® of
departure from the reliability state sub§ei3 is

= m” (2)
[E@)% =5
A ti(l) (2) +t(1’[n(” _ m(l) (2)]
i=1
32

= .0009 1
15853+ 260(40- 32] @ (7

andaccording to (9 its pessimistic evaluation is

no ~ 40
15853+ 260G40- 37]

[E@1° =4
a ti(l) (2) +[(1)[n(l) _ m(l)(z)]

i=1

@0.0011

- from data given by (15 we have

n® =40, t® = 2600, m® (3) =32,
m® (3)
4t (3) =20+27+...+1600+ 2054=15633
=1
then, according to {8 the evaluations{@}@)]“) of the intensity[/% (3)]® of
departure from the reliability state sub§at is

[E @) = UMC)
11 m® (3)
a ti(l) (3) +t (D[n(l) _ m(l) (3)]
32

= .0009 18
15633+ 260q40- 32| @ (19

and according to (9its pessimistic evaluation is



m® (3) B 40

= @0.0011
15633+ 260G40- 37]

[EEN® =5
a ti(l) (3) +t (1)[n(1) _ m(l) (3)]

i=1

This way, we may obtain the evaluations of the unknown intensities of departure
for all remaining system componentSubstituting the evaluations of the
intensities of departures resgively into the formulae (32 we get the
exponential coordinates of éhexemplary system components reliability
functions (1) that aftersuccessfutestingcan beused for the evaluation and
prediction of this system reliability.

4.14 Identifying exemplarysystemmultistate @mponentsconditional
exponeantial reliability functions onbasis ofdatacoming from system
componens reliability stateschanging processes

As by the arbitrary assumption, there are data collected from the system
components reliability states changing processes, then it is possible to verify the
hypotheses on the exponential forms of the system components conditional
reliability functions. Tothis end, we use the procedure giverj9h Applying

this procedure and using the statistical data from Sedtib8 and the results

from Sectior.1.3, we may verify the hypotheses on the conditional exponential

four-state exemplary system componentdiabdity functions [R“ (t,§J*”,
v =12, b=1234, at the particular operation stateas b=1,234. To do this,

we need a sufficient number of realizations of the system components lifetime
in the reliability state subsets. This condition is satisfied for the statistical data
that are partly presented in Sectibri2. Considering the evaluated valuek o

the unknown intensities of the componef’ departure from the reliability
state subsets given byl§-(18), we formulate the null hypothesidH,

concerned with the form of its multistate reliabilifR(t, ¢} in the following
form:
H, : The conditional multistate reliability function of the system component

EY at the operation statg
[RY GV =[1, [RY(E D]V, [RY( 217, [RY(E 3],
has the exponential reliability function coordinates of the forms

[RY(t.D)]® = expF0.0008], [R? (t,2)]“ = exp}0.0009],
[RY(t,3)]® = exp[-0.0009] for ti <0,o).



Application of the goodnessf-fit method [9] allow to accept the above
hypothesis.

4.2 Statistical identification of maritime ferry technical systenormponents
reliability

4.2.1 Definingparameters of ferrydchnical systemcomponentgeliability
models and datadllection

The considered ferry technical systemliability structure changing at the
various operation states and its components and their unknown safety
parameters are described®.

At all the system operation stateg, b=12,..18 defined in [9] we

distinguish the following five safety states O, 1, 2, 3, 4 of the system and its
components, defined ifd]. Moreover, we fix that there are possible the
transitions between the componergfiability states only from better to worse
ones.

From the &ove, the ferry technical subsystei§s ¢ =12,...5 are composed
of five-state, i.ez= 4, component&€”, ¢=12,...5 having he conditional
five-state reliabilityfunctions

[RQ” =1, [R”¢D]”,[R” 21", [R” 3, [R"€N”] (19
b=12..18

with the exponential coordinates

[RED]” =expl-[/{”M]] [RV(t.2]” =expl-[/{”(2]1],
[RV(t.3]” =expl-[/{" QN1 [R”(t. D] =expl-[/{” (4], (20

andwith the intensities of departure from thediability state subsetgl, 2,34},
{234, {34}, {4}, respectively

/@, /@17, 17E1”, [/ (@1, b=12,.18

different at the particular operation states b=12,...18 wherei =1 and
j=1for v=1, i=1andj=1234, i=2 and j =12, i=34,56,7 and
j=lforu=2 i=12345and j=1for u=3 i=12 and j=1for u=4,
i=123 and j=1 for u=5.



4.2.2 Collecting data on ferry technical system components reliability
models coming from experts

We have the approximate realizations
(& (u)]®, v=12345 u=1234, b=12,..18

of the mean values[777’(U)]® = E[T“(W]"”], ¢=12345 u=1234,
b=12,...18 of the conditional lifetime§T.“’ (u)]”, ©=12345 u=1234,
b=12,..18 in the reliability state subset$u,u+1,...4, u=1234, of the
components Eﬁ(”) of the ferry technical subsystenf§,, v=12345, at the
particular operation states, b=12,...18 estimated on the basis of the expert
opinions. For instance, e approximate mean valug#s’ (u)]® of the ferry

subsystem S components conditional lifetime§T,¢(u)]® at the operation
stateg, are:

[P @]? =30, [A(2]? =25 [4P@]? =22 [ (4)]? =20, (21)

4.2.3Evaluating ferry technical gstem componentsitensities of @partures
from reliability state subsets onasis ofdata coming from &perts

To evaluate approximatehhé parameters of multistateliability functions of
the ferry technical system componetite statistical data coming from experts
partly presented in Section®2 can be used. The statistical data collectdé]in

and theformula (10) application yield the approximate valubgj") Ww]® of the
subsystemsS,, ¢=12345, components unknown intensitigg’ (u)] of
departure from the safety state subg&a34} , {234}, {34}, {4}, while the

system is operating at the operation state b=12,...18For instance,

subgituting into (L0) the values the mean lifetimgs/en by (21) we obtain the
approximate evaluations of the unknown intensities of departure of component

EY of the subsysteng from the safety state subsdfs?,34 , {234}, {34},
{4} , while the ferry technical system is operating at theatjn statez, , that
respectively amount

= o _ 1 _1 = » 1 _ 1
[ @] NRRE @.033 [/ (2)]® “For s @0.040
1B @1 = m = 2i2 @0.045 [/ (2] = W = 2—10 @0.050 (22)



The evaluations of all unknown intensities of departure from the reliability state
subsets{1,234 , {234, {34}, {4 of components of the ferry technical

system operating at various operation states, can be obtained in the same way.
Substituting thebtainedevaluations of the intensities of departures respectively
into the formulae 19)-(20), we get the exponential coordinates of the ferry
technical systenfive-statecomponentgeliability functions that after arbitrary
acceptancecan be used for the evaluation and prediction of this system
reliability characteristics.

4.2 .4ldentifying ferry technical systemmultistatecomponentsconditional
exponentialrelability functions onbasis ofdata coming from experts

As there are nalata collected from the ferry technical system components
safety states changing processes, then it is not possible to verify the hypotheses
on the exponential forms of this system components conditicxiglbility
functions We arbitrarily assume thahtdsereliability functions are exponential

and using the results of the previous sectiot thie relationships (1920) we

fix their forms. For instance, using the evaluatio2®)(of the previous section

and (19)-(20), we conclude that at the system ajtiem statez,, the subsystem

S, componentEY has the reliability function

[RY(tQ?=[1, [RY (DI, [RY(t, 2], [RY(t, 3], [RY(E D],
with the exponential reliability function coordinates of the forms

[RY(t,D]® =expfF0.033], [R? (t, 2)]® = expF 0.044],
[RY(t, 3)]® = expE 0.048], [RY(t, 4)]® = expf 0.08].

This way arbitrarily fixedthe exponential coordinates of the ferry technical
system componenteeliability functions can be sed for the evaluation and
prediction of this system safetfaracteristics.

Conclusions

The proposed statistical methods of identification of the unknown paraméters o
the multistate componentsreliability models allow us for their practical
applications inreliability evaluation and predictioaf real complex nultistate
technical systemsThese methodsan beapplied to estimating the reliability
characteristics ofarious maritime,port and shipyard transportation systems
oand other technical systemgperatng at variable conditionsThe results are
expected tobe the basis to the reliability of complex technical systems
optimization and their operation processes effectiveness and cost optimization
as well. Thus, proposedmethods for evaluating unknown parameter of the



piecewise exponential reliability functiorwith a special stress on small samples
and unfinished investigations arery important in everydaydustrialpractice.
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