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Abstract

There is presented the application of the integrateftware tools to the operation and reliabilitfy am
exemplary complex technical system optimizatiortstFiusing the computer program CP 8.9 there are
determined the optimal limit transient probabibtief the exemplary system operation process gbdheular
operation states maximizing the system lifetimehia reliability states not worse than the critialiability
state and its optimal sojourn times at the pariicoperation states. Program CP 8.9 allows alsadtomatic
evaluation of the exemplary system optimal uncaemaiti multistate reliability function, the optimekpected
values and standard deviations of its unconditibfetimes in the reliability state subsets and dpgmal mean
values of its lifetimes in the particular reliabjlistates. Moreover, in the case when the systaaparable, its
optimal renewal and availability characteristics abtained using the computer program CP 8.11.

8. The exemplary system operation process To determine the optimal characteristics of the

optimization exemplary system reliability and risk: the optimal
unconditional reliability function, the optimal nea
8.1. Optimal transient probabilities of the values of unconditional lifetimes in the reliakylit

state subsets, the optimal risk function of thaesys
and the optimal moment when the system risk
Considering the results given in [5], it is natutal  exceeds a permitted level we use the computer
assume that the system operation process has g@ogram CP 8.9 “Optimization of system operation
significant influence on the system reliability.ih  and reliability” [2].

influence is also clearly expressed for the meanThe computer program is composed of three panels.
values of the system unconditional lifetimes in the The first pane| “Parameters of the system Operation
reliability state subsets that can be used for theyrocess” is used for reading input parameters ef th
system operation process optimization performed insystem operation process [6]:

the accordance with the procedure proposed in- the number of operation states of the system
Section 9.2.1 of IS&RDSS 9 [7]. operation procesy,

system operation process at operation states
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- the lower bounds of the transient probabilitigs,
b=12,...v, in particular operation statgs,, p,,
vy Py

- the upper bounds of the transient probabilitgs
b=12,...v, in particular operation states,, p,,

e Py
fixed in [9].

Parameters of the syster operation process | Parameters of the system re\iah\\ilyl The optimal chracteristics of the system reliabiity .

Optimization of the complex technical system reliability and risk

Input paramaters of the system operation process

Nurilaes, af operation states [ | Next

Lower bounds of the transent probabiities in particuar operation states o4 > a0
Upper bounds of the transiznt probabilties in particular aperation states m W

[p1=0.201 p1=0.351
h2=0.04 p2=0.105

03=0.,245 p3=0.395
I4=0,302 p4=0.459

The second panel
reliability” is served for reading input parameterfs
the system reliability model [2]:

- the number of the system and components

reliability statesz + 1,

- the system and components critical reliability estat
r,

- the conditional reliability function of the systeah
the operation state,, b=12,...,v,

[RE0I® =[L[RtDI®,.... [R(t, 211,
for b=12,...,v, determined in Section 6 [5],

- the system risk permitted levél

Parameters of the system raliability | The optimal chracteristics of the system reliability and risk |

Optimization of the complex technical system reliability and risk

Input paramaters of the system reliability

.

Number of reliability states

System and components critical reliablity state r |2 Legend

The Newton Symbol (nyk) give as Newton

Systermn risk permitted l2vel 0.05 The power of a number give using the sy

Conditional reliability function of the system at the operation state Read reliability coordinates

[Mean values of the conditiznal [fetime of the system in the relisbility states subset not worse tham the criti

Reading reliability function

)

Head from Keyboard

x|

Haw would you like ko give conditional reliability Function
at operation state z1 R(k, J[1]7

Load from File Cancel

X
Give conditional refiability function coordinate RCE, 1[1]:
|2*expi(-0.003*)-exp(-0,006%)

o]

Cancel
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After giving the last coordinate of the conditional
reliability  function, the computer program
determines and shows in the Text Area the mean
values of the system conditional lifetimegs, (r),
b=12,...,v, in the reliability states subset not worse
than the system critical reliability state

Mean values of the conditional lifetime of the system in the reliability states sut

at operation state z1: 480.6583,
at operation state 221 691,1136,
at operation state z3: 381.2478,
at operation state z4: 252.8067.

Mext | Exit |

Then the computer program determines [6] the
optimal transient probabilitieg,, p,,..., p,, of the

“Parameters of the syS,[erﬁ:omplextechnical system operation process.

Optimal transient probabilities |1 = 0,341
p2 = 0,105
b3 = 0.243

p4 = 0,309

8.2. Optimal sojourn times of the system
operation process at operation states

Having the values of the optimal transient
probabilities determined in Section 8.1, it is plokes

to find the optimal unconditional and conditional
mean values of the sojourn times of the exemplary
system operation process at the operation statgs an
the optimal mean values of the total unconditional
sojourn times of the exemplary system operation
process at the operation states during the fixed
operation time as well.

Considering, obtained from Section 8.1, the optimal
transient probabilities at operation states

p, = 0.341, p, =0.105, p, =0.245, p, =0.309,

in [9] there are determined the optimal mean values
M, of the exemplary system unconditional sojourn
times in the operation states

M, L 675,M, [ 290,M, L 490, M, =40Q

Then using the probabilities [4]
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Prediction of characteristics I

Mumber of operation states: |4

EMatrix of transition probabilities between the ope

0,22

=101 %]

0,32

0,46,

and the optimal valued,, of the mean valueM,,
of the conditional sojourn times at operation state

Prediction of characteristics I

B Mean values of conditional sojurn times of syster
— e _______

o

200

=101x|

500

1 0z

| 100

0

100

450

Q00

500

419

determined in [9], applying the computer program
CP 8.5 we can obtain the optimal mean values of the
total unconditional sojourn times of the exemplary
system operation process at the operation states
during the fixed operation tim& =1 year = 365
days. In the window below there are presented
results of the computer porgram CP 8.5.

9. The exemplary system reliability
optimization

[ Piot of the optimal system reliability function

In the third panel “The optimal characteristicsttod

system reliability and risk” there are presented th

results of the program. Namely, the computer

program CP 8.9 determines the following

characteristics [6]:

- the coordinates of the optimal unconditional
multistate reliability function of the system (with

plotting)

Rt =[LR¢)D).,..., R(t,2)], t=0,

>
Z

Mumber of operation skates: |4

Qperation duration time: I365

INPUT

0.000000 0,220000 0.320000 0,.460000
0.200000 0.000000 0.300000 0,500000
0.120000 0,160000 0.000000 0,720000
0.420000 0,220000 0.300000 0.000000

Mean values of conditional sojurn times of systern operation process
4 x4 matrix
0.000000 200,000000 500,000000 1024000000
100.000000  0.000000 100,000000 480,000000
Q00. 000000 500000000 0.000000 419,000000
200.000000 500000000 487,.000000  0,.000000

CUTPUT

Wector of unconditional mean lifetimes at operation states:
675.04 290.0 489.68 400.1

Lirnit walues of transient probahilities at operation states:
03401 0.1048 0.2457 0.3093

Expected values of total sojourn times at operation states:
124.1241 28.2417 29.664 112.9701

=lox|
The optimal unconditional reliability function of the system

10

time

—in the reliability state subset {1,...,.3} —in the reliabllity state subset {2,3} in the reliablity state subset {3}‘

DOptimal characteristics of the complex technical system reliability and risk

Coordinates of the optimal unconditional multistate reliability function of the system:

-

Rt 1= 0.341*[2*exp(-0.003*t -exp(-0.006% 1] + 0.105*[4 *exp(-0.0028*t -6*expn (-0, 0096 1H+-4*exp (-0, 0084+ 1+
R(t,2)= 0.241%[2*exp(-0.0021t }-exp(-0.00621)] + 0.105%[4 *exp(-0.002t -6 exp(-0.006t )+4 *exp (-0.009t J-axp(-0.C
Rit,3)= 0.341*[2*exp(-0.00321 }-exp(-0.0064t)] + 0.105*[4 *exp(-0.0032t -6 *expi-0.0064t J+4*exp(-0.0096t )-exp(

The optimal mean values of the system unconditional lifetimes in the subset of reliability states:
i the subset of reliabiity states not worse than 1 429,43385,
i the subset of reliabiity states not worse than 2; 4079944,
i the subset of reliabiity states not worse than 3: 295.4304.

The optimal walues of the standard deviations of the system unconditional lifetimes in the subset of reliability states:
i the subset of reliabiity states not worse than 1, 317.2658,

i the subset of reliabiity states not warse than 2: 302,3139, Reliability Plot | Save Plot |

in the subset of reliability states not worse than 3: 285,.3211. e 5
4] | 3 Risk Plot | Save Plot |
Save | Print | New | Ezit |
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Optimal characteristics of the complex technical system reliability and risk

in the subset of reliability states not worse than 1 317.2658, ;[
in the subset of reliabilty states not worse than 20 302,2139,
in the subset of reliability states not worse than 3 285.3211.

The optimal mean values of the system unconditional lifetimes in the particular reliability states;
i the refiability state 1; 21,4441,

in the reliability state 2: 12,564,

in the reliakility state 3; 395.4304,

The optimnal systern risk function:
rith=1-Rit,2)= 1 - [0.341*[2*exp(-0.0031t)-exp(-0.0062t)1] + 0, 105*[4 *exp(-0,003t )-6*exp (-0, 006t 4+-4 *exp(-0.C

The optimal moment when the risk exceeds the permitted level: 74,0703, Reliability Plot | Save Plot |

| | » Risk Plot | Save Plot |

save | pint | new | Emt |

- the optimal mean valuegi(u) of the systtm |y the case when the exemplary system renovation
unconditional lifetimes in the reliability state tjme is ignored, considering the optimal valyz)
subsets{u,u+1...7, u=12,...7, o and ¢(2) determined in Section 9, we predict the

— the optimal valuei(u) of the standard deviations gptimal renewal and availability characteristicsto
of the system unconditional lifetimes in the SysttMeyemplary system using the computer program CP

reliability ~ state  subsets {u,u+1...,3, 8.11 “Optimization of system availability” [3].
u=12..,z, N The computer program is reading:

- the optimal mean values/(u) of the systtm _ the number of the system reliability states,
unconditional lifetimes in the particular reliabfli  _ the system critical reliability state
statesu=12,..z, _ _ - the optimal mean valug(r) of the unconditional

— the optimal system risk function (with plotting) jifetime of the system in the reliability states
r(t), t20, _ subset not worse than the system critical religbili

- the optimal moment when the risk exceeds the  gtater,
permitted leveb. — the optimal standard deviationg(r) of the

unconditional lifetime of the system in the
reliability states subset not worse than the system
. e critical reliability stater,

. . from results of Section 9 and from [9],

risk

// Choose the renavation type I Ignored time | Man-ignored time | Results - ignored time | 1

{+ Renovation with ignored time

::. . —,// i~ Renavation with non-ignored time
B " e T INPUT PARAMETERS OF THE COMPLEX TECHNICAL SYSTEM RELIABILITY
| — system aptimal ris: function — permitted level 0.05 — aptimal moment when the risk exceeds a permitted level 74.07 e il o e syt ey chaties: I4—
the swstem and components relisbility critical skate: |2—
10 ' The exe mplary SyStem ren ewal and the optimal mean value of uncoditional lifetime IW
avallablllty optl mlzatlon the optimal standard deviation of uncoditional lifetime: Iﬁ

To determine the optimal renewal and availability

characteristics of the exemplary system after its— the numbeiN of the system exceeding the critical
operation process optimization, we use the resilts reliability stater and renovations,

the system reliability characteristics optimization - the system renewal process duration time
performed in Sections 8 and 9 and the results ®f th

Section 11.2 of IS&RDSS 11 [7].
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r{32,...,z4 until the Nth exceeding the
reliability critical stater of this system ,

Choose the renovation bype  [gnored time | Non-ignored timel Results - ignonred time |

PARAMETERS OF THE COMPLEX TECHMICAL SYSTEM RELIABILITY

the number of the system reliability states: |4— - the distribution P(N(t, r) =N ),N =012,...,
the system relibilty critcal state: . r0{12....2 of the optimal numberN(t,r )of
the optimal mean value of uncodtional ifetime [1020 exceeding the reliability critical state of this
the optimal standard deviation of uncoditional lifetime: W SyStem up to the momemlt > 0, fOI‘ SufﬁCientIy
INPUT PARAMETERS OF THE SYSTEM RENEWAL PROCESS larget, ]

number of system exceeding T - the expected valueH(t,r )and the variance

system renewal process duration time IIDDD| D(t,l‘) Of the Optlmal number N(t,r ),

r0{12,...,7Z} of exceeding the reliability critical
The results of the predicting the optimal renewal Stater of this system at the momeit > 0, for
process characteristics of the exemplary system in Sufficiently larget.
case the renovation time is ignored are given @& th

“ReSU“:S _ ignored time" tab be|0W EA Distribution of time until Nth e; _|EI|5|
k Yalues
a 0.000023658224514 s
Chaose the renovation typellgnored tlmalNon-\gnoredt\me RESU‘tS'‘Q”E'VEE”"”E|Rasults-nor'|-|gnoret:|t\me| 1 0.000023753230095 I
RESULTS: Z 0.0000235534620216
3 0.0000239530420052
4 0.00002403863116
the distribution of the optimal tme unti the Nth exceeding of reliabilty criical state r of this system: [,102, 1,008.29) z gggggg:;g}éggggg
the expected walue:  |4,102 and the variance of the optimal time:  |1,016,653,23 7 0.00002439774774
the distribution of the optimal number of exceeding the relisbility critical state r of this system: I 0.000024501619292
the expected walue |244— and the wariance lT of aptimal number of the exceeding the reliability critics ki 0.000024605910573
10 0.0000247 1062227
11 0.000024815756279
[ : 12 0.000024921314197
Each characteristic can be presented in the table 0 7 T T
values for fixed parametér For example, the table 14 0.000025133708191
of distribution values of the optimal time untileth i: ggggg;gg:g:‘l‘;‘l‘gg
Nth excee_din_g the reliability critical state and the T ool
table of distribution values of the optimal number 18 0.0000255636541
exceeding the reliability critical state are shown o
below. Further, to make the estimation of the renewal and

availability of the exemplargystem in the case when
the time of renovation is non-ignored, considering
the optimal valuesi(2) and 0(2) determined in

[ Distribution of number of eceeding the reliak

i Yalues
009577546001 0645

0.241075791391216

0,319250654940067

0.222591129536546

0.081637304592566

0.0157 134506356255

0.001551937497007

0.00005 2955446835

FIRIEAAIESEEEE

0.000002259555423

0

0.00000003151 7585

10

0.000000000230967

11

0.000000000000562

12

0, 00000000000000Z

13

0

Section 9, assuming the mean value of the system
renovation time,(2) = 1Oyears and the standard
deviation of the system renovation timg,(2)= 5
years, we use the computer program CP 8.11 in the
following way [3].

The computer program is reading:

- the number of the system reliability states,

- the system critical reliability state

- the optimal mean valug(r) of the unconditional

The computer program is predicted the following lifetime of the system in the reliability states
characteristics of the complex technical system subset not worse than the system critical relighbili

renewal and availability [6]: stater, L
— the distribution E™ (t,r), t0(=c0,®), of the - the optimal standard deviatioro(r) of the

) ] ) ) unconditional lifetime of the system in the
optimal time Sy (r), rt{l2...,z until the Nth reliability states subset not worse than the system
exceeding of reliability critical state of this

critical reliability stater,
system, for sufficiently largh,
- the expected valueE[S,(r)] and the variance

D[S, (r)] of the optimal time Sy (r),
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Choose the renovation type | Ignored time | Nor-ignored time | Results - ignored time | | The computer program is prediCted the fOIIOWing
characteristics of the complex technical system

™ Renowvation with ignared time renewal and ava”ab”'ty [6]

& Renovation with non-ignared time - the distribution function E(N) (t, r.)

INPUT PARAMETERS OF THE COMPLEX TECHHMICAL SYSTEM RELIABILITY - i i
=P(Sy (r) <t), tO(-c,) of the optimal time

the number of the system reliabilty states: f—

the system and components reliabiliy critical state: B §N (r), r0{12,...,7, until theNth exceeding the
the optimal mean valus of uncodiional lifstime [0z reliability critical stater of this systemN = 1.2,...,
the optimal standard deviation of uncoditional lFetime: e

- the expected valueE[S;N (r)] and the variance

~ the r -th coordinateR(t,r ) t=0, of the system D[Sy(r)] of the optimal time Sy(r),
optimal unconditional reliability functionR t (0 ) rd{12,...,z, until the Nth exceeding the
determined in Section 6 [5], reliability critical stater of this system,

— the distribution P(N(t,r) = N), N =12,...of the

Choose the renovation typel Ignored time  Mon-ignored time | Results - ignored timel Results - 1
PARAMETERS OF THE COMPLEX TECHNICAL SYSTEM RELIABILITY

optimal number ﬁ(t,r), r0{12,...,z2 of

the number of the system reliability states: |4—

the system and components relisbilty critcal state: E exceeding the reliability critical state of this
v i e el f ot e [ozn system up to the momenitt = 0O,

theI:t:1::::5:?”::::0”'DF wreedtenaliene Pz ; - th;e expected valueH (t,r) and the Xariance
INPUT PARAMETERS OF THE SYSTE Give Rt 2)L] D (t, r) of the optimal number N (t, r),

the mean value of system renovation ki 9 [¥exp(-0.00316)-exp(-0.00621) r0{12,...,zZ of exceeding the reliability critical
e sterdrddevston of ysemeenen [ ok | conel | stater of this system up to the moment > 0, for

number of system exceeding the critical

sufficiently larget,

I

renewal process duration time

length of system awvailability interval I - the dlStrlbutlon funCtlon E(N) (t, r)

_ = P(§N (r)<t), td(-co,) of the optimal time
- the mean valuey,(r )f the system renovation -
time, Sy(r), r0{12...,z, untl the Nth system’s
- the standard deviationo,(r )of the system renovation, for sufficiently larghl, N =12,...,
renovation time, '

- the numbeN of the system exceeding the critical B - -
reliability stater and renovations, D[Sy(r)] of the optimal time Sy(r),

— the system renewal process duration titne r 0{12,...,2}, until theNth system’s renovation,
- the length of the system availability interval

the expected vaIueE[gN(r)] and the variance

— the distributionP(N (t,r) = N), N =12,..., of the

Choose the renovation byvpe I Ignored kime  Mon-ignared time | Resulks - ignored time I

PARAMETERS OF THE COMPLEX TECHNICAL SYSTEM RELIABILITY Optlmal numberN (t1 r), r D {112! e ,Z} Of SyStem15
renovations up to the moment > 0,

the number of the system reliability states:
the system and components reliability critical state: = .
- the expected valueH (t,r) and the variance

the optimal mean value of uncoditional lifetime

the optimal standard dewiation of uncoditional lifetime: S(t, r) of the Optlmal number ﬁ(t, r),
r0{12,...,zZz2 of system’s renovations up to the

momentt, t = 0,

Input reliability Function

INPUT PARAMETERS OF THE SYSTEM RENEWAL PROCESS

the mean value of system renovation time: 0 — the optimal steady availability coefficier(t,r),
the standard deviation of system renovation time t>0. r[] {112 Z} Of the SyStem at the moment
number of system exceeding the critical reliability state 0 t - Y

T4

renewal process duration time

length of system availability interwval 65
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- the optimal steady availability coefficient
At,7,r), t=20 7>0, r0O{12..7 of the
system in the time intervadt,t + 7),7 > 0.

The optimal renewal and availability charactersstic
of the exemplary system in the case when it is
repairable and its time of renovation is non-igiore
are presented in the “Results — non-ignored tirab” t
shown below.

M

£ Distribution of number of exceex

=101

Values

0.095905318557045

0.249342555383952

4]
=

0,5328100270939511

0.218693074211274

0.07375411090405

0.0125346552095576

0.001072228036685

[= RIS R = TR, | VD GV e ]

0.00004551 5543065

0.00000097 4350799

=)

0.000000010271195

—
(]

0,0000000000534 74

—
—

0,000000000000137

—
(]

0

Choose the renovation I:w:uel Ignored timel Mon-ignared kime | Results - ignored time {Resulks - non-ignored time |

the distribution Function of the optimal time until the Meh exceeding the reliability critical state: IN(4,192, 1,008.4) Yalues |

the expected value |4J 192 and the variance of the optimal time |1,016,8?8.23

the distribution of the optimal number of exceeding the reliability critical state - table

Walues |

the expected value |2.4 and the wvariance |1 38 of the optimal number of exceeding the reliability critical state

the distribution function of the optimal time unkil the Mth swstem’s renosvation

|N(4,202, 1,008,42}

Yalues |

the expected value |4, 202 and the variance II,E|16,9E|3.23 of the optimal kime unkil the Meb swskem’s renowvation

the distribution of the optimal number of system’s renavations

Yalues |

the expected value |2.3Ei and the variance of the optimal number of svstem’s renovations |1 37
the optimal availability coefficient of the system at the moment & ID.QS in the time interval ID

Print |

Values of distribution of the optimal time untileth
Nth exceeding reliability critical state and until the
Nth system’s renovation are presented in first two
tables. In the next two tables there are giveneslu
of distribution of the optimal number of system’s
renovation and the optimal number of exceeding the
reliability critical state for fixed parameter

&4 Distribution of time until the Neh e o ] 4
k Yalues
0.000016118124599 4|
0.000016188207249
0.000016258579036

0

1

2

3 0000016329241 354
4 0.000016400195424
S

&

7

o

000001647 144229
0.00001654298312
0.000016614519057
0.000016686951 246

9 0.000016759380833
10 0.000016532108965
11 0.000016905136854
12 0.000016578465601
13 0.000017052096394
14 0.000017126030406
15 0.000017200265512
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3 Distribution of time until the Nth system's

=10l x|

Walues

0.000015436442335

0.000015503704855

0.00001557 1245883

0.000015639066415

0.000015707 16757

0.000015775550444

0.000015844216132

0.000015913165735

(=R = N T | VR oV ey e

0.000015982400367

gl

0.000016051921135

=y
=1

0.000016121729139

—
—_

0.0000161915825513

—
5

0.000016262211374

—
[

0.000016332837847

—
s

0.000016403556064

—
]

0.000016475117158

—
o

0.00001654667 2267
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B pistribution of number of system'’s ] e
M Values

ul 0.095240863359695 :I

1 0,253527475649751 |

2 0,3290476047 79527

K] 0,214933115678213

4 0.070585118459535

= 0.0116147029753496

] 0.000953564740319

7 0,00003587 3308073

] 0.,000000763193852 [5]

el 0,000000007 765402

10 0, 000000000037 754

11 0, 0000000000000
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