
Journal of Polish  Safety and Reliability Association 

Summer Safety and Reliability Seminars, Volume 9, Number 1, 2018  

 

 61 

Guze Sambor 

Kołowrocki Krzysztof  
Maritime University, Gdynia, Poland 

 

 

 

Optimization of Operation and Safety of Baltic Port and Shipping 

Critical Infrastructure Network with Considering Climate-Weather 

Change Influence – Minimizing Critical Infrastructure Network 

Operation Cost  
 

 

 

 

 

Keywords 

critical infrastructure network, operation process, climate-weather change process, operation cost, optimization, 

port, shipping 

 

Abstract 

The paper is devoted the optimization of operation process and minimization of operation cost for Baltic Port 

and Shipping Critical Infrastructure Network (BPSCIN) at variable operation conditions related to the climate-

weather change. For this network, the optimal transient probabilities that minimize the mean value of the total 

operation costs are found. Finally, cost analysis of BPSCIN operation impacted by climate-weather change is 

presented in case the BPSCIN is non-repairable and in case it is repairable after exceeding its critical safety 

state.  

 

1. Introduction 
 

Various types of costs are associated with each 

business activity. The highest one are related to 

operation process in complex technical systems. 

Therefore, it is important that the system is optimal 

and works reliable as long as possible. Achieving 

this goal is possible based on research in reliability 

modelling [Kołowrocki, 2014] with considering of 

the impact of its operation process [Soszyńska, 

2007]. The well-known results for safety and 

operation process of complex technical systems are 

given in [Kołowrocki, 2014], [Kołowrocki, 

Soszyńska-Budny, 2011], [Soszyńska, 2007]. The 

equally important problem is to ensure the safety of 

complex technical systems including its operation 

process. One of the approach to investigate the 

complex technical systems safety including its 

operation process is the usage of the semi-Markov 

process models [Grabski, 2015], [Kołowrocki, 

Soszyńska-Budny, 2011], [Soszyńska, 2007]. Very 

often, this complex systems are important for 

societies’ daily functioning. Therefore are considered 

as the critical infrastructures or the critical 

infrastructure networks.  

Due to the progressing climate change, it has become 

a significant problem to consider their impact on the 

safety of critical infrastructures. The operation 

process related to the climate-weather change can be 

described in the same way as operation process 

[Kołowrocki et al., 2017a].These two processes have 

influence to safety of critical infrastructures and 

critical infrastructure networks. This influence can be 

described by the general safety model of the 

multistate critical infrastructure network changing its 

safety structure and its components safety parameters 

during variable operation process [Kołowrocki, 

Soszyńska-Budny, 2011, 2014, 2012a-b] and at 

different climate-weather states of the critical 

infrastructure operating area [Kołowrocki, et al., 

2017b-c].  

The main aim of the paper is the optimization of 

operation and safety lifetime of Baltic Port and 

Shipping Critical Infrastructure Network (BPSCIN) 

defined in [Guze, Kołowrocki, 2017a,b], it is 

possible to find the optimal values of limit transient 

probabilities of BPSCIN operation process related to 

the climate-weather change, to minimize the mean 

value of the BPSCIN operation cost. Furthermore, 

the BPSCIN optimal critical operation cost function 
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and the optimal moment when its operation cost 

exceeds a permitted level can be found.  

It is done based on the combination of the models of 

operation process and climate-weather change 

process and the linear programming [Klabjan, 

Adelman, 2006], [Kołowrocki, Soszyńska-Budny, 

2011]. 

 

2. Baltic Port and Shipping Critical 

Infrastructure Network Operation Process 

Related to Climate-Weather Change Process 

Taking into account the results obtained in 

[Kołowrocki, et al., 2017c], we consider the impact 

of the operation process related to the climate-

weather change process ZC(t), ),,0 t  in a 

various way at this process states ,
bl

zc ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   on Baltic 

Port and Shipping Critical Infrastructure Network. 

Furthermore, according to results given in 

[Kołowrocki, et al., 2017c], we assume that the 

changes of the states of operation process related to 

the climate-weather change process ZC(t), 

),,0 t  at BPSCIN operating area have an 

influence on its safety structure and on the safety of 

its assets 
i

A , ,,...,2,1 )(ni   ,3,2,1  as well. 

Taking into account results in [Kołowrocki, et al., 

2017b-c], we assume, that Baltic Port and Shipping 

Critical Infrastructure Network during its operation 

process is taking ,,)3()2()1( NVV    different 

operation states ..,..,,
21 V

zzz  Moreover, we define 

the BPSCIN operation process )(tZ , ),,0 t  

with discrete operation states from the set  

}..,..,,{
21 V

zzz  In the next step, we make the 

assumption that we have either calculated 

analytically or evaluated approximately by experts 

the vector of limit values of transient probabilities of 

the Baltic Port and Shipping Critical Infrastructure 

Network operation process )(tZ  at the particular 

operation states ,
b

z   ,321 ,,  .,...,2,1 )()()(  vb    

We also assume that the climate-weather change 

process C(t), t ϵ  at the BPSCIN operating 

area is taking ,)3()2()1( wwwW  W ϵ N, different 

climate-weather states c1, c2,…, cW and its is defined 

in [Kołowrocki, et al., 2017c]. The vector of limit 

values of transient probabilities of the climate-

weather change process )(tC  at the particular 

climate-weather states l
c , ,321 ,,  

,,...,2,1 )()()(  wl  is defined similarly to  

[Kołowrocki, et al., 2017c]. 

According to these assumptions about the Baltic Port 

and Shipping Critical Infrastructure Network 

operation process )(tZ , ),,0 t  and the climate-

weather change process C(t), we introduce the Baltic 

Port and Shipping Critical Infrastructure Network 

joint process of operation process and climate-

weather change process called the joint Baltic Port 

and Shipping Critical Infrastructure Network 

operation process related to climate-weather change 

marked by )(tZC , ),,0 t  and we assume that it 

can take ,,, NWVWV   different operation states 

related to the climate-weather change 

..,..,,
1211 VW

zczczc  Next, we make the assumption 

that the Baltic Port and Shipping Critical 

Infrastructure Network operation process related to 

climate-weather change )(tZC ,  at the moment 

),,0 t  is at the state ,
bl

zc  ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl 
 
if and only 

if at that moment, the operation process )(tZ  is at 

the operation states  ,
b

z  ,321 ,,  

,,...,2,1 )()()(  vb 
 
and the climate-weather change 

process C(t) is at the climate-weather state ,
l

c  
 

,321 ,,  ,,...,2,1 )()()(  wl   what we express as 

follows: 

 

   ),)()(())((
lbbl

ctCztZzctZC    

   ),,0 t ,321 ,,  ,,...,2,1 )()()(  vb    

   .,...,2,1 )()()(  wl        (1) 

 

The transient probabilities of the BPSCIN operation 

process related to climate-weather change )(tZC  at 

the operation states ,blzc  ,,...,2,1 b  ,,...,2,1 wl   

are defined in [Kołowrocki, et al., 2017c]: 

 

   ),)(()( blbl zctZCPtpq  ),,0 t ,321 ,,   

   ,,...,2,1 )()()(  vb   .,...,2,1 )()()(  wl     (2) 

 

Hence the limit values of the transient probabilities 

of the joint Baltic Port and Shipping Critical 

Infrastructure Network operation process related to 

climate-weather change )(tZC  at the operation states 

,
bl

zc  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   are given as 

 

   ),(lim tpqpq bl
t

bl


  ,321 ,,  

   ,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl    (3) 

 

),,0 
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and under assumption that the processes )(tZ  and 

)(tC  are independent, they can be found from 

[Kołowrocki, et al., 2017b-c]   according to formula 

 

   ,
lbbl

qppq   ,321 ,,  ,,...,2,1 )()()(  vb    

   ,,...,2,1 )()()(  wl         (4) 

 

where ,
b

p ,321 ,,  ,,...,2,1 vb  are the limit 

transient probabilities of the operation process Z(t) at 

the particular operation states ,
b

z  ,321 ,,  

,,...,2,1 vb  and ,
l

q ,321 ,,  ,,...,2,1 )()()(  wl   

are the limit transient probabilities of the climate-

weather  change process C(t) at the particular 

climate-weather startes ,
l

c  ,321 ,,  

.,...,2,1 )()()(  wl   

Other interesting characteristics of the joint Baltic 

Port and Shipping Critical Infrastructure Network 

operation process )(tZC
bl

 are its total sojourn times 

,ˆˆ
bl

C  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   at the particular operation states 

,
bl

zc ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   during the fixed sufficiently 

large Baltic Port and Shipping Critical Infrastructure 

Network operation time .  They have approximately 

normal distributions with the expected values given 

by 

 

   ,]ˆˆ[ˆˆ  blblbl pqCENM        (5) 

 

where ,
bl

pq  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   are defined by (3) and given by 

(4) in the case the processes Z(t) and C(t) are 

independent. 

 

3. Optimization of Operation and Safety of 

BPSCIN   

3.1. BPSCIN Operation Cost Related to Climate-

Weather Change Process  
 

We may introduce the instantaneous operation cost 

of the Baltic Port and Shipping Critical Infrastructure 

Network impacted by the operation process )(tZC
bl

, 

),,0 t  related to the climate-weather change 

process in the form of vector   

 

   ),(4 tK = [1, )1,(4 tK , ..., ),(4 ztK ], ),,0 t    

(6) 

 

with the coordinates given by  

 

   ),(4 utK )(

1

4

1

]),([
)( )(

bl

b
bl

w

l

utqp 
 

 

K  for 0t ,   

   ,,...,2,1 zu                                               (7) 

 

where 
bl

pq , ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   are the limit transient 

probabilities at the states 
bl

zc , ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl  of the 

operation process ZC(t), ),,0 t  related to the 

climate-weather change defined by (3) and   
)(4 )],([ blutK , ,,...,2,1 zu  ,321 ,,    

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   are the 

coordinates of BPSCIN conditional instantaneous 

operation costs in the safety state subsets 

},,...,1,{ zuu  ,,...,2,1 zu   impacted by the 

operation process ZC(t), ),,0 t related to the 

climate-weather change process at the states 
bl

zc , 

,321 ,,  ,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   

defined in the form of the vector  

 

   
)(4 )],([ blt K = [1, 

)(4 )]1,([ bltK , ..., 
)(4 )],([ blztK ],  

   ),,0 t  ,321 ,,  ,,...,2,1 )()()(  vb    

   .,...,2,1 )()()(  wl      (8) 

 

The dependency (7) can also be clearly expressed in 

the linear equation for the mean value of the Baltic 

Port and Shipping Critical Infrastructure Network 

total unconditional operation costs in the safety state 

subsets },,...,1,{ zuu   ,,...,2,1 zu   

 

)(4 uK  ,)]([
)( )(

1

)(
4

1

 
 

 

b

bl

bl

w

l

uqp K  ,,...,2,1 zu    (9) 

 

where 
bl

pq , ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   are the limit transient 

probabilities at the states 
bl

zc , ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl  of the 

operation process ZC(t), ),,0 t  related to the 

climate-weather change defined by (3) and 

,)]([ )(4 bluK ,,...,2,1 zu  ,321 ,,

,,...,2,1 )()()(  vb       ,,...,2,1 )()()(  wl    

are the mean values of the Baltic Port and Shipping 

Critical Infrastructure Network total conditional 

instantaneous operation costs in the safety state 

subsets },,...,1,{ zuu  ,,...,2,1 zu   at the operation 

states 
bl

zc , ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl  defined by 
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   )(4 )]([ bluK ,)],([ )(4
)]([ )(4

dtut bl
u bl

K
0




 

   ,...,z,,u 21  ,,,υ 321  ,,...,2,1 )()()(  vb    

   ,,...,2,1 )()()(  wl                 (10) 

 

where ,)]([ )(4 blr  ,,...,2,1 zu   ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   are the mean 

values of the Baltic Port and Shipping Critical 

Infrastructure Network conditional lifetimes 

,)]([ )(4 bluT  ,,...,2,1 zu   ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   in the safety 

state subset },...,1,{ zuu   at the Baltic Port and 

Shipping Critical Infrastructure Network operating 

process related to the climate-weather change state 

,
bl

zc  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   given according to (9) and 

[Kołowrocki K., et al., 2017b-c] by the following 

way 

 

   


0

)(4)(4 ,)],([)]([ dtutu blbl
S  ,...,z,,u 21  ,,,υ 321   

   ,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   (11) 

 

and 
)(4 )],([ blutS , ,,...,2,1 zu  ,321 ,,    

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   are the 

coordinates of BPSCIN impacted by the operation 

process related to the climate-weather change 

process ZC(t), ),,0 t  conditional safety 

functions [Kołowrocki K., et al., 2017b].  

Besides, the mean values of the Baltic Port and 

Shipping Critical Infrastructure Network total 

conditional instantaneous operation costs in the 

safety state subsets },,...,1,{ zuu  ,,...,2,1 zu   at 

the operation states 
bl

zc , ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   can be 

alternatively defined for the Baltic Port and Shipping 

Critical Infrastructure Network fixed operation time 

  by  

 

   )(4 )]([ bluK ,)],([ )(4
ˆˆ

dtut bl
NM

K
0

 ,,...,2,1 zu    

   ,321 ,,  ,,...,2,1 )()()(  vb    

   ,,...,2,1 )()()(  wl                 (12) 

 

where ,ˆˆ
bl

NM  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   are the mean values of the total 

sojourn times ,ˆˆ
bl

C  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   at the particular operation states 

,
bl

zc ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   during the fixed sufficiently 

large Baltic Port and Shipping Critical Infrastructure 

Network operation time  , determined by (5). 

 

3.2. Minimization of Baltic Port and Shipping 

Critical Infrastructure Network Operation Cost 

Related to Climate-Weather Change 

 

We take into account the linear equation (30 and 

based on this formula, we can see that the mean 

value of the Baltic Port and Shipping Critical 

Infrastructure Network total unconditional operation 

cost )(4 uK , ,,...,2,1 zu   is determined by the limit 

values of transient probabilities ,
bl

pq  ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   of the Baltic 

Port and Shipping Critical Infrastructure Network 

operation process at the operation states given by 

(8.3) and the mean values of its total conditional 

operation costs ,)]([ )(4 bluK  ,,...,2,1 zu   ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   at Baltic 

Port and Shipping Critical Infrastructure Network 

operating process related to the climate-weather 

change process ,
bl

zc  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   given by (9).  

Therefore, the BPSCIN total unconditional operation 

cost optimization approach based on the linear 

programming [Klabjan, Adelman, 2006], 

[Kołowrocki, Soszyńska-Budny, 2011] can be 

proposed. It means, that we may look for the 

corresponding optimal values ,
bl

qp  ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   of the limit 

transient probabilities ,
bl

pq  ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   of Baltic 

Port and Shipping Critical Infrastructure Network 

operation process at the operation states ,
bl

zc  

,321 ,,  ,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl  to 

minimize the mean value )(4 uK , ,,...,2,1 zu    of 

the Baltic Port and Shipping Critical Infrastructure 

Network total  unconditional operation cost in the 

safety state subsets },,...,1,{ zuu  ,,...,2,1 zu   

under the assumption that the mean values 

,)]([ )(4 bluK  ,,...,2,1 zu  ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   of the Baltic 

Port and Shipping Critical Infrastructure Network 

total conditional operation costs in the safety state 

subsets },,...,1,{ zuu  ,,...,2,1 zu   at the operation 
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states ,
bl

zc  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   are fixed.  

As a special case of the above formulation of the 

Baltic Port and Shipping Critical Infrastructure 

Network total  unconditional operation cost 

optimization problem,  if ,r  ,,...,2,1 zr   is the 

Baltic Port and Shipping Critical Infrastructure 

Network critical safety state, we want to find the 

optimal values ,
bl

qp  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   of the BPSCIN operation 

process limit transient probabilities ,
bl

pq  ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   at the 

operation states ,
bl

zc  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   to minimize the mean value 

)(4 rK  of Baltic Port and Shipping Critical 

Infrastructure Network total  unconditional operation 

cost in the safety state subset },,...,1,{ zrr  under the 

assumption that the mean values ,)]([ )(4 blrμ  

,321 ,,  ,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   of 

the Baltic Port and Shipping Critical Infrastructure 

Network total  conditional operation costs in the 

safety state subset },...,1,{ zrr   at the operation 

states ,
bl

zc  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   are fixed. To solve this problem, 

we formulate the optimization problem for Baltic 

Port and Shipping Critical Infrastrucutre Network as 

a linear programming model with the objective 

function given by  

 

   )(4 rK  ,)]([
)( )(

1

)(

1

 
 

 

b

bl

bl

w

l

rqp
4

K   (13) 

 

for a fixed },...,2,1{ zr  and with the following 

bound constraints 

 

   ,
blblbl

qppqqp


  ,321 ,,  ,,...,2,1 )()()(  vb    

   ,,...,2,1 )()()(  wl      (14) 

 

    
 

)( )(

1 1

,1
 

b
bl

w

l

qp                 (15) 

 

where 

 

   ,)]([ )(4 blrK  ,0)]([ )(4 blrK ,321 ,,   

   ,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   (16) 

 

are fixed mean values of BPSCIN conditional 

lifetimes in the safety state subset },...,1,{ zrr   and  

 

   ,
bl

qp


 10 
bl

qp


 and ,
bl

qp


 ,10 
bl

qp


  

   ,
blbl

qpqp


  ,321 ,,  ,,...,2,1 )()()(  vb   

   ,,...,2,1 )()()(  wl                (17) 

 

are lower and upper bounds of the transient 

probabilities 
bl

pq , ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl  respectively. 

 

Now, we can obtain the optimal solution of the 

formulated by (13)-(17) the linear programming 

problem using the procedure presented in 

[Kołowrocki, et al., 2017c]. 

It means, that we can find the optimal values ,
bl

qp   

,321 ,,  ,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   of 

the transient probabilities ,
bl

pq  ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   that 

minimize the mean value of the Baltic Port and 

Shipping Critical Infrastructure Network 

unconditional operation cost in the safety state subset 

},,...,1,{ zrr  defined by the linear form (13), giving 

its minimum value in the following form 

 

   )(4 rK


  
 

)( )(

1

)(4

1

)]([
 

b

bl

bl

w

l

rqp K    (18) 

 

for a fixed },...,2,1{ zr . 

Thus, considering (6), the coordinates of the optimal 

instantaneous the Baltic Port and Shipping Critical 

Infrastructure Network operation cost in the form of 

the vector   

 

   ),(4 tK = [1, )1,(4 tK , ..., ),(4 ztK ], ),,0 t   

 

are given by  

 

   ),(4 utK )(

1

4

1

]),([
)( )(

bl

b
bl

w

l

utqp 
 

 

K  for 0t ,  

   ,,...,2,1 zu                                                       (19) 

 

where 
bl

qp , ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   are the optimal limit transient 

probabilities at the states 
bl

zc , ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl  of the 

operation process ZC(t), ),,0 t  related to the 

climate-weather change defined by (6.26) and 
)(4 )],([ blutK , ,,...,2,1 zu  ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   are the 

coordinates of the Baltic Port and Shipping Critical 

Infrastructure Network conditional instantaneous 

operation costs in the safety state subsets 

},,...,1,{ zuu  ,,...,2,1 zu   impacted by the 
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operation process ZC(t), ),,0 t related to the 

climate-weather change process at the states 
bl

zc , 

,321 ,,  ,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   

defined in the form of the vector  

 
)(4 )],([ blt K = [1, 

)(4 )]1,([ bltK , ..., 
)(4 )],([ blztK ], 

),,0 t  ,321 ,,  ,,...,2,1 )()()(  vb   

.,...,2,1 )()()(  wl   

 

Replacing in (19) r by u, we get the expessions for 

the optimal mean values of the Baltic Port and 

Shipping Critical Infrastructure Network 

unconditional operation costs in the safety state 

subset },,...,1,{ zuu  ,,...,2,1 zu  giving its 

minimum value in the following form 

 

   )(4 uK


 ,)]([
)( )(

1

)(4

1

 
 

 

b

bl

bl

w

l

uqp K  },,...,1,{ zuu   

   .,...,2,1 zu                                                                           

(20) 

 

The optimal solutions for the mean values of the 

Baltic Port and Shipping Critical Infrastructure 

Network unconditional operation costs in the 

particular safety states are expressed by   

 

    ),1()()(  uuu KKK 
4 ,1,...,1,  zu      

   ),()( zz KK


4                                                                   

(21)                                            

    

where ),(4 uK


 ,,...,2,1 zu   are given by (20).  

Moreover, if we define the corresponding critical 

operation cost function by  

 

   )(4 tK =  ),(4 rtK  ,0t    (22)      

 

and the moment ζ  when the Baltic Port and Shipping 

Critical Infrastructure Network operation cost 

exceeds a permitted level κ , by 

 

   ζ ),(
14 κ


K                                                   (23) 

 

where ),(4 rtK  is given by (6) for ru   and 

)(
14 κ


K  is the inverse function of the Baltic Port 

and Shipping Critical Infrastructure Network cost 

function )(4 tK given by (22), then the corresponding 

optimal critical operation cost function is given by  

 

   )(4 tK =  ),(4 rtK  ,0t  (24)                                                                                          

  

then the optimal moment ζ  when the Baltic Port and 

Shipping Critical Infrastructure Network operation 

cost exceeds a permitted level κ , is given by 

 

   ζ ),(
14 κ


K                                              (25) 

 

where ),(4 rtK  is given by (6.28) in [Kołowrocki et 

al., 2017b-c] for ru   and ),(
14 κ


K  if it exists, is 

the inverse function of the optimal critical operation 

cost function )(4 tK given by (20). 

 

3.3. Cost Analysis of Baltic Port and Shipping 

Critical Infrastructure Network Operation 

Impacted by Climate-Weather Change 
 

 

We consider the Baltic Port and Shipping Critical 

Infrastructure Network as the multistate critical 

infrastructure network, consisted of n  components in 

its operation process ZC(t), ),,0 t  related to 

climate-weather change. Furthermore, we assume 

that the operation costs of the Baltic Port and 

Shipping Critical Infrastructure Network single basic 

components at the operation state 
bl

zc , ,321 ,,  

,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl  during its 

operation time ,  ,0  amount ,)]([ )(bl

i
K   

,321 ,,  ,,...,2,1 )()()(  vb   ,,...,2,1 )()()(  wl   

.,...,2,1 ni   

 

We take into three cases, when the Baltic Port and 

Shipping Critical Infrastructure Network is: 

1. non-reparaible, 

2. repariable with ignored time of renovation, 

3. repariable with non-ignored time of 

renovation. 

 

Firstly, we suppose that the Baltic Port and Shipping 

Critical Infrastructure Network is non-repairable and 

during the operation time ,  ,0  it  has not 

exceeded the critical safety state r . In this case, the 

total cost of the non-repairable BPSCIN during the 

operation time ,  ,0  is given by  
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were ,
bl

pq  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   are transient probabilities 

defined by (3). 
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Next, we consider case when we additionally assume 

that Baltic Port and Shipping Critical Infrastructure 

Network is repairable after exceeding the critical 

safety state r  and its renovation time is ignored and 

the cost of its single renovation is constant and equal 

to .
ign

K  

In this case, the total operation cost of the repairable 

Baltic Port and Shipping Critical Infrastructure 

Network with ignored its renovation  time during the 

operation time ,  ,0  amounts  
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were ,
bl

pq  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   are transient probabilities 

defined by (3) and ),( rH   is the mean value of the 

number of exceeding the critical safety state r  by the 

Baltic Port and Shipping Critical Infrastructure 

Network operating at the variable conditions during 

the operation time   defined by (3.58) in 

[Kołowrocki, Soszyńska-Budny, 2011] and in [Guze, 

Kołowrocki, 2017]. 

Now, we assume that Baltic Port and Shipping 

Critical Infrastructure Network is repairable after 

exceeding the critical safety state r  and its renewal 

time is non-ignored and have distribution function 

with the mean value )(
0

r and the standard 

deviation )(
0

r  and the cost of its single renovation 

is .
ignn

K


 

In this case, the total operation cost of the repairable 

BPSCIN with not ignored its renovation time during 

the operation time ,  ,0  amounts  
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(28) 

 

were ,
bl

pq  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   are transient probabilities 

defined by (3) and ),( rH   is the mean value of the 

number of renovations of Baltic Port and Shipping 

Critical Infrastructure Network operating at the 

variable conditions during the operation time   

defined with accordance to (3.92) in [Kołowrocki, 

Soszyńska-Budny, 2011] and to [Guze, Kołowrocki, 

2017]. 

The particular expressions for the mean values 

),( rH   and ),( rH   for the repairable Baltic Port and 

Shipping Critical Infrastructure Network with 

ignored and non-ignored renovation times 

respectively defined by (3.58) and (3.92) in 

[Kołowrocki, Soszyńska-Budny, 2011], are 

determined in Chapter 3 in [Kołowrocki, Soszyńska-

Budny, 2011] for typical multistate repairable critical 

infrastructure operating at the variable operation 

conditions and in [Guze, Kołowrocki, 2017]. 

After the optimization of the Baltic Port and 

Shipping Critical Infrastructure Network operation 

process related to climate-weather change, the Baltic 

Port and Shipping Critical Infrastructure Network 

operation total costs given by (26)-(28) assume their 

optimal values.    

The total optimal cost of the non-repairable Baltic 

Port and Shipping Critical Infrastructure Network 

during the operation time ,  ,0  after its 

operation process related to climate-weather change 

optimization is given by  
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were ,
bl

qp  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   are optimal transient 

probabilities defined by (19). 

The optimal total operation cost of the repairable 

Baltic Port and Shipping Critical Infrastructure 

Network with ignored its renovation time during the 

operation time ,  ,0  after its operation process 

related to climate-weather change optimization 

amounts from (7.40) as follows 
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were ,
bl

qp  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   are optimal transient 

probabilities defined by (19) and ),( rH   is the mean 

value of the optimal number of exceeding the critical 

safety state r  by the Baltic Port and Shipping 

Critical Infrastructure Network operating at the 

variable conditions during the operation time   

defined by (3.29) in [Kołowrocki, Soszyńska-Budny, 

2011]. 

The total optimal operation cost of the repairable 

Baltic Port and Shipping Critical Infrastructure 

Network with non-ignored its renovation time during 

the operation time ,  ,0  after its operation 

process related to climate-weather change 

optimization amounts in the following way 
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were ,
bl

qp  ,321 ,,  ,,...,2,1 )()()(  vb   

,,...,2,1 )()()(  wl   are optimal transient 

probabilities defined by (19) and ),( rH 


 is the  

mean value of the optimal number of renovations of 

the Baltic Port and Shipping Critical Infrastructure 

Network operating at the variable operation 

conditions during the operation time   defined by 

(6.37) in [Kołowrocki, Soszyńska-Budny, 2011]. 

The particular expressions for the optimal mean 

values ),( rH   and ),( rH 


 for the repairable the 

Baltic Port and Shipping Critical Infrastructure 

Network with ignored and non-ignored renovation 

times existing in the formulae (6.48) and (6.49), 

respectively defined by (6.29) in [Kołowrocki, 

Soszyńska-Budny, 2011] and (6.37) in [Kołowrocki, 

Soszyńska-Budny, 2011), may be obtain by replacing 

the transient probabilities bl
pq  by their optimal 

values bl
qp  in the expressions for ),( rH   and 

),( rH   defined by (3.58) and (3.92) in [Kołowrocki, 

Soszyńska-Budny, 2011], that are determined in 

Chapter 3 of  [Kołowrocki, Soszyńska-Budny, 2011], 

for typical multistate repaired critical infrastructure 

operating at the variable operation conditions.   

The application of the formulae (26)-(28) and (29)-

(31) allow us to compare the costs of the non-

repairable and repairable Baltic Port and Shipping 

Critical Infrastructure Network with ignored and 

non-ignored times of renovations operating at the 

variable operation conditions before and after the 

optimization of their operation processes. 

 

 

4. Conclusion 

In this paper the optimization of operation process 

and minimization of operation cost for Baltic Port 

and Shipping Critical Infrastructure Network 

(BPSCIN) at variable operation conditions related to 

the climate-weather change have been presented. 

Especially, the Baltic Port and Shipping Critical 

Infrastructure Network operation process related to 

climate-weather change process has been described. 

Furthermore, the description and analysis of 

operation cost related to climate-weather change of 

BPSCIN is given. Based on these results, the 

following optimal solutions have been determined or 

estimated for Baltic Port and Shipping Critical 

Infrastructure: 

- the optimal instantaneous operation cost; 

- the critical infrastructure operation process 

related to climate-weather change; 

- the total optimal cost of the non-repairable and 

repairable BPSCIN during the operation time. 

The methods used in article are based on results 

given in [Kołowrocki, et al., 2017c], [Kołowrocki, 

Soszyńska-Budny, 2017]. 
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