
 

Budapest University of Technology and Economics 

Faculty of Transportation and Vehicle Engineering 

Department of Aeronautics, Naval Architecture and 

Railway Vehicles 

 

 

 

 

MODELING RECOVERY OF 

RAILWAY SYSTEM AFTER 

EARTHQUAKES 

 

 
PhD Thesis Booklet 

 

 

Sergey Kinzhikeyev  

MSc. Railway Engineering 

 

 
Supervisor: 

Dr.- Habil Anita Boros 

 

 
Budapest, 2020 



2 
 

Summary 

Transport has a determining role in the economy and it is in the focus of strategic development 

planning and actions. It acutely holds for developing countries. Countries of Sub Sahara Africa 

region, especially Kenya having disrepair, bad condition railway system requires special support 

in redeveloping their railways. The future developments are based on economy, societal and 

technology changes and depend on vision and actions of the policymakers, strategic plans and 

actions and their harmonisation by legislation and financing supports. It is a controllable stochastic 

process. 

Many different projects and dissertations are dealing with the management and restoration of rail 

systems in the event of earthquakes. The overall objective of this thesis is to develop models and 

methodology for active and adaptive response to earthquake damage to railways. By a more 

detailed analysis of the overall objective, the following tasks have been identified: (i) study the role 

of railway systems in disaster response, (ii) analyse the railway damage and the recovery processes, 

(iii) investigate and develop the required models and (iv) create and test the concept of active and 

adaptive response management methodology, focused on the fast recovery of railroads in 

accordance with the operational levels.  

The general model of response is a combination of (i) a probabilistic model of railway system 

damage caused by the earthquake, (ii) a Markov model of damage and recovery, (iii) a probabilistic 

model of aftershocks, (iv) a statistical model of secondary effects, (v) impact models of management 

supporting actions and (vi) response process models. The concept validation is based on the 

simulations. The described response management is recommended to be implemented into the 

general disaster management procedures.  

 The major results of the study can be summarized in the following: 

1. I have identified that the role of railway systems in the (earthquake) response management 

should be considerably improved, because  

2. From the extensive literature survey, including the available historical data, methods for 

estimating the damage, applicable models and methodologies I have found that a special 

response management methodology might be developed by synthesizing the available set 

of models and methods based on     

3. I have developed an active and adaptive respond and recovery management methodology 

to earthquake damage of railway system that is 

4. I have applied the developed active, adaptive response to earthquake damage to railways 

to simulations and concept validation tests that  

The dissertation describes active and adaptive response management method, focused on the 

fast recovery of railroads to their operational levels. The concept is validated by simulations. 
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The described response management is recommended to be implemented into the general 

disaster management procedures. 

According to the Ministry of Emergencies of the Republic of Kazakhstan, earthquakes occupy 

the first place among potentially dangerous natural disasters in Kazakhstan. About 6 million 

Kazakhstanis and about 500 thousand square kilometers of the republic’s area are exposed to 

this danger. These facts indicate the importance of ongoing research in Kazakhstan on 

mitigating the effects of possible seismic disasters 

Regulation of the disaster management 

Analysis of the emergency management regulations of US, Japan, European, Hungarian and 

Kazakhstan regulatory systems had resulted in three major conclusions. 

 There are no principal differences in the compared regulatory systems, in neither their 

structure nor their contents. 

 There is a lack of regulation related to the use of railway systems in disaster management. 

 Kazakhstan is better prepared for possible utilization of the railway system in disaster 

response.  
Reasons of the last conclusion might be explained (I.Makarov, 2015) by the 

 geographical position of Kazakhstan: plate boundaries in the regions where earthquakes appear 

very often, 

 fact that, in some regions of the country, the road systems are poorly developed, making usage of 

the railway system more frequent. 

Traditionally, due to the strategic role of the railway system in defence, the railroads in 

Kazakhstan are well prepared for quick recovery in case of disasters.
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Figure 1. The Structure of legislation support of disaster management in Kazakhstan  
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The following critical objects can be identified from the experience of restoration work on railway 

transport after natural disasters: bridges, tunnels, railway track, station, depot, electric substation, 

automation, telemechanic and communication system is summarized in Figure 2 

.  

Figure 2. The railway system and its major (critical) elements 

Possible modelling 

Here stochastic means that the disasters caused by earthquakes, aftershocks and secondary effects 

(such as floods, tsunami) appear in unpredictable, random ways and the actual situation depends on 

the characteristics of soil and geographic area. In addition, local parameters and environmental 

conditions (such as weather situations, air temperature, etc.) introduce rather large uncertainties. As 

the processes applied after earthquakes to recover the system to operational level are developed on 

the basis of situation awareness, analysis and decision making of the system are controlled actively. 

The control originates from the operators that seem to manage the system from outside, but in reality, 

they are the elements of the systems. Therefore, such system is called as endogenous.  

The decision on emergency management methods, applied for the quick recovery of the system to 

operation, is made by humans. Human operators make decision on subjective ways, by utilising their 

knowledge and practice. There is a reason why these need high level of support. 

By taking into account these considerations, the railway system damage – recovery process might 

be described by using the following general model: 

ẋ = f(x, p, z, u, t ) + σ(x, p, z, u, t )dW ,  (1) 

Where x is a state vector defining the state of railway destroyed and recovery processes, p is the 

parameter vector containing the parameters of the soil, geographic and railroads, z is the vector of 

environmental characteristics, u is the control vector, W is the Wiener noise vector and 𝛔 is the noise 

transfer matrix. Here z can be changed randomly and p parameter vector contains uncertainties.  

The system of equation (1) can be reduced by introducing a unique state variable or state index that 

is determined by using several state variables.  
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Figure 3. Changes in usability during response and recovery 

Figure 3. describes and explains the simplified process (1). The x is assumed by xu usability (percent 

of usability or percent of operability) of the railway system. The damage caused by earthquake 

reduces the usability considerably (for 20 – 30 %). Response increases the usability to 80 – 90 %, 

meaning the system can be operated safely with some possible limitations. Response goes for about 

1 – 2 weeks. During the transition phase (about 1 week), the railroad systems will be prepared for 

more detailed repapering. After that, the real recovery process is applied for the return of the system 

to the conventional operation. That may take from 3 – 5 weeks up to a few years (Liu, Shi, & WQang, 

2017).  

A simple variable percent of unusable railroads 𝑙𝑢𝑡 is recommended to use as a state variable state 

index to evaluation and managing the damage and recovery of the railway in response to earthquakes. 

It can be called the relative unusable railroad length. The unusable means that it cannot be used as 

the line or part of the track. For instance, the lengths of unusable track sections due to a destroyed 

bridge can be calculated as a length of a given track from starting the roundabout to returning to the 

track. 

There are three important assumptions defined to the relative unusable railroad length:  

 the total railroad length is calculated as the  total length of track potentially applicable in 

disaster response; 

 the relative unusable railroad length might change from 0 to 100 %;  

 this range might be divided into equal-distance sub-ranges, while the regions cannot be 

divided in a linear way (see Figure 4.). 
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Figure 4. Division of possible space of relative unusable track length 

In Figure 4. the curves start at high levels due to the damage caused by earthquakes. The responses 

reduce the relative unusable track length, while the aftershocks increase the lut suddenly by steps. 

The aftershocks are appearing in a random way. 

Another important comment: the control vector has legal and physical control elements, specifically 

the regulation requirements on the design and building of safe railroads, railway systems as well as 

methods of monitoring, continuous maintenance and repairing, rebuilding the objects like tunnels, 

bridges, tracks.  

Finally, to further simplify the model, the random disturbances might be cancelled, because the 

general functions (first part of equation (1) on the right hand) might be used as a statistical dynamic 

equation (by using average values of vector elements).  

By using these assumptions, the equation (1) might be rewritten in a simpler form: 

�̇� = 𝑓(𝑥, 𝒑, 𝒛, 𝒖, 𝑡). (2) 

By taking into account the completion of the space of changes in relative unusable track length, 

𝑙𝑢𝑡can be represented as  

𝑙𝑢𝑡(𝑡) = ∑ 𝑃𝑖(𝑡)𝑙𝑢𝑡𝑖

𝑛
𝑖=1  ,  (3) 

where 𝑃𝑖 is the probability of the relative unusable track length parameter, 𝑙𝑢𝑡 at time t is in the i-th 

sub-space, and 𝑙𝑢𝑡𝑖
= (𝑙𝑢𝑡𝑖

− 𝑙𝑢𝑡𝑖−1
)/2 for i = 1, 2, … n.  

This way, Equation (2) can be reduced to modelling the changes in a probability vector (P). 

Assuming (i) the state of the railway is in the relative unusable track length parameter in i-th subspace 

depicted as the i-th state, (𝑆𝑖) can be approximated by an exponential distribution process, (ii) the 

time of changing from one state to any other (𝑆𝑖 → 𝑆𝑗) is nearly zero and (iii) the process must 

always be in one of the states, the changes in probability might be defined by the transition 

probability density 

𝑙𝑖𝑚
∆𝑡→0

𝑃{𝑆𝑡+1=𝑗|𝑆𝑡=𝑖, 𝑎𝑡=𝑖}

∆𝑡
= 𝛽𝑖,𝑗          𝑖, 𝑗 ∈ 1, 𝑛̅̅ ̅̅̅ . (4) 

By using the probability transition matrix, β, the probability vector P can be calculated from the 

following matrix equation: 
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�̇�(𝑡) = 𝑷(𝑡)𝜷(𝑡) . (5) 

This equation approximates the stochastic process of continuous space and time, by a well-known 

stochastic process, the Markov process of discretised space and continuous time. As a result, 

Equation (5) can be rewritten into the discretised form: 

𝑷(𝑘 + 1) = 𝑷(𝑘) + 𝜷(𝑘)𝑷(𝑘) . (6) 

The analysis of Equations (2) – (6) results in the conclusion: all the important effects governing the 

damage - recovery process (equation (1)) can be characterised by defining the transition matrix β. 

The time interval k can be chosen as ∆𝑡 = 0.05 or ∆𝑡 = 0.1 hour. This interval is small enough to 

model the damage – recovery process and large enough to approximate the earthquakes as simple 

impulse events and its effect on the relative unusable track length,𝑙𝑢𝑡, might be modelled as a step 

function. 

In addition to the relative unusable track length, 𝑙𝑢𝑡 defined by Equation (3), several other indicators 

can also be defined. For example, the relative population, the relative number of people (Np) that 

cannot access (Na) and use the railway systems from the total population (Nt); Np = Na / Nt. In this 

case, equations similar to (3) – (6) can be applied.  

The introduced model (5), (6) is a very simplified, first order model. At least the following four 

comments and possible ways of improvements can be emphasized. 

The model is a stationary with transition matrix β, estimation of its elements, βi,j, need more accurate 

information, which is limited by the available historical data. Aftermath of this problem can be 

moderated by re-estimating the elements of the transition matrix during the recurrent simulation and 

prediction cycles. 

The assumption that spending time in i-th subspace in space of relative unusable track length of 

railroads before changing from state 𝑆𝑖 to 𝑆𝑗 can be approximated by an exponential distribution 

seems not correct. It would be better to use real distribution, resulting to implementation of the semi 

Markov approximation. However, there is a lack of information about the real distributions of times 

being in given sub-spaces. It can be assumed that the time, 𝜏𝑖,𝑗, is in different sub-space during 

transition  𝑆𝑖 → 𝑆𝑗 in space of indicator, so 𝑙𝑢𝑡, can be defined using the normal distribution. Actually, 

that is completely mathematically correct, but, the transition matrix elements can be defined as  

𝛽𝑖,𝑗 = 1 𝜏̅𝑖,𝑗⁄  ,  (7) 

meaning that, as a first order approximation average time determining from the normal distribution 

can be applied too. Other possible way is to use average or weighted average of transition time from 

state 𝑆𝑖 to 𝑆𝑗.  

The model can be applied to different recovery processes. For example, in case of investigation of 

the operability of the railway station in a city damaged by earthquake it is fully applicable. The 

freight and passengers flow can be implemented at rather destroyed railway stations, too. However, 
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the recovery of the rail track, can be operated after repairing it for at least the level at which the rail 

vehicles can be moved through the damaged section in any limited way (like with reduced, or limited 

speeds).  On the other hand, in case of a high-speed rail, the track must be fully repaired and tested 

before starting its operation. These aspects must be taken into account during simulation and 

analysis.  

The full railway network cannot be simulated by using simple Markov approximation of the 

operation, because of the possible use of shortcuts.  

The general damage – recovery process of the railway systems caused by earthquakes is composed 

of several sub-processes requiring sub-models. 

A probabilistic model of railway system damage caused by earthquakes 

The first sub-model is used for the first order prediction of the size of damage of railway systems 

during earthquakes in the form of relative unusable track length, lut. It is based on the available 

models of the appearance and propagation of seismic waves, ruptures and available data on damages 

of railway systems: 

𝑙𝑢𝑡(𝑡) =
1

𝐿
∑ 𝐿𝑢𝑡𝑗

( 𝑤𝑗, 𝑀, 𝑟𝑗 , 𝛼𝑗, 𝑉𝑠𝑗
, 𝑑𝑗)𝑚

𝑗=1  ,  (8) 

where: L is the total usable length of the railway network (namely sum of length of all the network 

elements, that can be operated), j = 1, 2, … , m are numbers of critical objects in railway systems 

(such as railway station, bridges, tunnels, etc.) and segments of tracts between the critical elements, 

𝐿𝑢𝑡𝑗
 is the unusable track length caused by damage of the “j” object, wj– weighting coefficient 

(depending on the structural solutions, lifetime, time since last restoration or maintenance / repair, 

actual conditions, etc. determining the damage of the given j-th object), M – magnitude of the 

earthquake, rj – distance of the given object from the centre of earthquake, αj – angle between the 

rupture propagation and mean axis of the object, 𝑉𝑆𝑗
 – shear wave velocity, that is a soil measurable 

mechanical property, and dj – is a statistical damage coefficient. 

In Equation (8) M, the earthquake magnitude is a major parameter that defines the area affected by 

earthquakes. Methods for evaluation of the magnitude of earthquakes or propagation of born waves 

are well developed and available in references (Stein & Wysession, 2005), (Wesnousky, 2006), 

(Hori, 2018). In case of having available data from a large number of distributed sensors measuring 

the ground motions in case of earthquakes (Silacheva, Kulbayeva, & Kravchenko, 2014), Equation 

(8) can be approximated by semi empirical formulas. However, it is still a very complex task, which 

depends on too many parameters and complex behaviours.   

The seismological observation system of Kazakhstan (Figure 5.a) includes 60 observation posts, 50 

of which are seismic stations; a network of seismic stations of the National Nuclear Center of the 
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Republic of Kazakhstan. 

a.)      b.)    

Figure 5. Seismological observation system in Kazakhstan (a) and in Japan (b) (Милаярова И., 2017). 

The area affected by earthquakes might be determined from the large number of distributed sensors 

(Fig.5.b) data directly (Okada, et al., 2004), (Okada, 2013) by using sensor fusion. Wider scale 

measurements of ground motions and using data from space sensing may improve the rapid analysis 

of the areas affected by earthquakes (Акимов, 2016), (Schröter, Kiefl, Neidhardt, Gurczik, & Dalaff, 

2020). In case of a lack of available data, a simple method might be used based on the data published 

by (Seizmology, 2020). According to the publication, in case of a magnitude M = 7 earthquake 

occurrence, at which the damages must be estimated, the area covers 30 x 30 km, in which the 

average displacement equals to 1.5 m and average time of the event is 10 sec.  

Naturally, the fragility curve plotted between earthquake intensity and damage grade in terms of the 

conditional cumulative probability of reaching a certain damage state is a well understandable curve, 

yet it can only be applied as a semi empirical equation. In this case we must assume that the 

distribution of structural damage data agrees well with the lognormal distribution (Nagethi-A. & 

Shashavar, 2004): 

 

𝐹(𝑎𝑔) = 𝛷 [
𝑙𝑛(

𝑎𝑔

𝜎
)

𝜇
] , (9) 

where F(ag) is the seismic fragility function, ag indicates the amount of ground motion (PGA or 

PGV), σ is the average natural logarithm of the input motion levels, μ is the natural logarithmic 

standard deviation of the input motion levels and Φ[. ] is the standard normalized distribution 

function. 

The parameters of the models can be estimated by using the well-known formulas.  

𝑙𝑛 �̂� =
1

𝑛
 ∑ 𝑙𝑛𝑎𝑔𝑖

𝑛
𝑖=1  , (10) 

�̂� = √
𝟏

𝒏−𝟏
∑ 𝑙𝑛 (

𝑎𝑔𝑖

�̂�
)𝑛

𝑖=1  . (11) 
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This model may approximate the available data well (Baker & Eeri, 2019), but it can only is applied 

to the given region (with given natural environment (seismic activities, soil features) and 

infrastructure having given structural solution and applied materials.  

The second step in determining the lut is estimation of the unusable track lengths, Lutj
 , blocked by 

damaged objects, tracks. It is a simple task. The Lutj
 equals to the length between the starting and 

finishing the roundabout (bypass) because of the blocked area by damage of “j”-th object. In case of 

using another index, like the relative number of people that cannot access the railway or cannot be 

evacuated, the number is harder to determine. For example, when the railway bridge is destroyed, 

that blocks rail transport through the river, while people can be evacuated using the dead-end sidings 

operation.   

Analysis of the experiences of using UAVs in the USA and in a number of other technologically 

developed countries in order to obtain timely information and to conduct various operations, 

including rescue operations, showed good results (Серкпаев & Ибраев, 2015). UAV s might be 

applied to the disaster monitoring very widely (Giglio, et al., 2008), (Restás, 2015), (Kerle, Nex, 

Gerke, Duarte, & Vetrivel, 2020).  

The response must be started by recovering the object to the operational level, in which 

𝐶𝑐𝑞
=  

∆𝑙𝑞

𝐶𝑞
→ 𝑚𝑎𝑥,                𝐶𝑤𝑞

=  
∆𝑙𝑢𝑡𝑞

𝑊𝑞
→ 𝑚𝑎𝑥, (12a) 

𝐶𝑡𝑞
=  

∆𝑙𝑞

𝑡𝑞
→ 𝑚𝑎𝑥         or      𝐶𝑝𝑞

=  
∆𝑛𝑝𝑞

𝑡𝑞
→ 𝑚𝑎𝑥 , (12b) 

where: q=1, 2, …, s – number of critical objects destroyed, 𝐶𝑞, 𝑊𝑞, 𝑡𝑞 cost, works and time needed 

for recovery to the operation level of the q-th object, c, w, p, indexes depict the cost, work and people 

(can be evacuated) supporting the recovery processes,  ∆𝑙𝑢𝑡 decreasing 𝑙𝑢𝑡 to recovery, ∆𝑛𝑝𝑞
 defines 

the changes (decreasing) of the number of people that cannot be evacuated.  

From the modelling point of view, the damage recovery process of the total process, or different 

objects, systems elements can be modelled, too, by using the Markov model based on the equations 

(3) – (6).   
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Figure 6. Using GIS supports the estimation of the possible secondary effects, damages and determination of the 

relative unusable track length 

So, the Markov models can be applied to the railway systems in general (approximating the changes 

in relative unusable track length, lut or to a group of objects (like railway stations of a large town or 

city) and even to one major element (such as an important bridge).  

In all the cases the models are developed in the following ways: 

the elements of the transition matrix can be determined by using the practical data, the time (tij) spent 

to change the object (or system) currently in the given i-th state into the state j: 

βi,j =  
1

ti,j
    (13) 

∑ Pi(t)n
i=1 =  1 ,  (14) 

βi,i = − ∑ βi,j(t)n
j=1
j≠i

,  (15) 
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Figure 7.  Modelling the railway stations’ recovery to operational level after an earthquake 

Figure 7. shows the recovery process of the railway stations damaged by an earthquake to the 

operational levels. There are five railway stations in the city. The general damage is 84%. That means 

there is 80% probability that four railway stations cannot be operated and 20% probability that all 

the five stations are out of operation. The recovery process is based on the Markov model described 

above. The transition matrix is assumed to be constant and the elements are determined from the 

available data on the earthquake (G.William Byers, 2000). 

As it can be seen (Figure 7.), all the railway stations can be returned to the operational level with 

more than 60% probability after 11 hours, and in 24 hours all the stations can be operated with 90% 

probability (here the aftershocks and secondary effects are not taken into account). 

Probabilistic model of aftershocks 

Many studies are dealing with aftershock. The first well applied and simple model was introduced 

The simplified models Fusakichi Omori in 1894 and it is known as Omori's law (Omori, 1894): 

n(t) =
k

c+t
 ,  (16) 

where k and c are constants, which vary between earthquake sequences. Most used modification of 

this formula (16) was proposed by Utsu in 1961 (Utsu, 1961): 

n(t) =
k

(c+t)p
 ,  (17) 

where p is a constant, too, that modifies the decay rate and typically falls in the range 0.7–1.5. 

Another applicable mode is the Gutenberg – Richter (GR) model (Gutenberg & Richter, 1934): 

log10N = a − bM  ,  (18) 

where N - is the number of events having a magnitude equals or greater than earthquake magnitude 

M, and a, b – are constants.  

The models introduced here, are combined into a following statistical model of aftershock rate, R, 

developed by Reasenberg and Jones (Reasenberg & Jones, 1989).  

R = 10a+b(Mmain−M)(T + c)−p  ,  (19) 

where, rate R of aftershocks of at least magnitude M, at time T after a magnitude Mmain, while a, b, 

p, and c are model parameters representing the regional aftershock productivity, scaling of 

aftershock rate with main shock magnitude, the decay of the rate of aftershocks with time and time 

scale of the earliest part of the sequence before it starts to decay, consequently. The constants a, b, 

p, and c are often called as Omori values.  

The R rate is a function of time, t, and time-dependence magnitude of completeness, Mc(t;Mmain) 

that can be defined as  
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Mc(t, Mmain) = max {
Mmain

2
− G − log10(t)

Mcat

 .  (20) 

Here G is constant and Mcat is the known completeness of the catalogue when a large earthquake 

has not recently occurred 

The model (19) was extended (Page, van der Elst, Hardebeck, Fedzer, & Michael, 2016) to apply 

globally by grouping tectonically similar areas together, using the tectonic regionalization and 

determining parameter values for each global tectonic regime. 

Statistical model of secondary effects 

An earthquake causes primary and secondary effects. The primary effects are the result of the surface 

rupture along the fracture and shaking caused by the earthquake’s energy. The secondary effects are 

caused by primary effects and can turn up like a tsunami, landslide, fires, flood, industrial 

catastrophes, or epidemics.  

 

Figure 8. Probability of aftershock with different magnitudes after an earthquake 

Situation awareness – decision making 

Decision making of recovery managers is recommended to support by using methods of subjective 

analysis (Rohacs, 2012), (Kinzhikeyev, 2020). Manager, as a subject, must identify and understand 

the problem (situation), si, then from the set of accessible or possible devices, methods and factors, 

sp, must choose the disposable resources, 
dispR , available for possible solving the identified 

problems, and finally must decide and apply the required resources, 
reqR . As it was figured, the 

recovery manager utilizes passive and active resources (Касьянов, 2007). The active resources are 

defined by manager decision which and how will the passive resources be used: 
 req

p

req

a RfR 
  

It is clear that the recovery processes can be given by a series of situations: manager identifies the 

situation, si, makes a decision and applies the control, 
req

aR
, which transits the process into the next 

situation, sj,  randomly. (The situation, s, is one of the sets of possible situations). This is a repeating 

process, in which the transition from one situation into another depends on (i) the evaluation 

(identification) of the given situation, (ii) the available resources, (iii) the appropriate decision of the 
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response manager, (iv) the correct application of the active resources, (v) the limitation of the 

resources and (vi) the affecting disturbances. The situation chain process can be given by the 

following mathematical representation (Касьянов, 2007). 

         ...,,;,,,: 000000 tRtRttttxtc reqdisp

f  
, (21) 

or in a more general approach: 

           ...,,,,:: 000000 tRtRSsttttPtc reqdisp

affj  
; (22) 

where x0 is the vector of parameters at the initial (actually starting) state at 0t
 a time (here it is the 

lut0
);  is the state of the system in the given time;   is the available time that is enough for  a 

transition of state vector into the set of ω not later than 
 00 , tt

; P are the problems of how to transit 

the system from the initial state into one of the possible states sf ⊂ Sa not later than  . 

By introducing this description, two new aspects appeared. At first, the manager decision process is 

an active endogenous system (Касьянов, 2007), (Kasianov, 2013), (Rohacs, 2012), (Kinzhikeyev, 

2020). The system is active because the operator managers actively generate the control inputs 

depending on their decision. At the same time, the operator managers are the elements of the total 

management systems, therefore their actions, as control inputs origin from inside the systems. Such 

systems are endogenous.  

In case of a highly automated system, the role of situation awareness – evaluation and subjective 

decision increases. Therefore, the conventional and well known model of Endsley (Endsley M. R.; 

Rodgers M. D., 2016) was improved by including the “Present Situation”, total load systems, as well 

as extending the “Task/System Factors” and “Individual Factors” into the general situation 

awareness model (Rohacs, Rohacs, & Jankovics, 2016), (Jankovics I.,; Kale U., 2019), (Kale U., 

2019) 

Secondly, the initial Markov chain process becomes a controlled Markov process that might be used 

as a Markov decision process (MDP) (Puterman, 1994) supporting the response management (Ghosh 

& Gosavi, 2017). Therefore, the situation chain process (21) and (22) can be given in form of MDP 

process.  

Such process is required to solve the optimization process of the mathematical representation of 

which is the following (Todorov, 2006), (Gol, Erkal, & Gol, 2019), (Yu, Han, & Ma, 2014): 

s ∈ S or (x ∈ X) : states of the process where St = s; St+1 = s′ , 

u ∈ U(s) : actions/controls applicable to the given process, 

P{st+1=j|st=i, ut=i}  (i, j ∈ 1, n̅̅ ̅̅̅): transition probability matrix, that represents the probability of 

transition of the process from state si to the next sj state, by applied action ui, 

R(s, u) ≥ 0 : real-valued immediate (or expected) reward received during transition of the process 

from state s to sj, by applied action ui, 



  16  

Rτ(s) ≥ 0 scalar cost at terminal states s ∈ Τ, 

π(s) ∈ U(s) ∶ X → U : control law policy, fixing the action / control for each state of controls. 

Here policy is a function that specifies the action 𝜋(𝑥) that the decision maker will choose when the 

state x = xi is identified.    

vπ(s) ≥ 0 value (so called cost to go) function calculated as cumulative cost for the process starting 

at state x and acting according to π applied thereafter. 

π∗(s), v∗(s) – are the optimal control law and corresponding function. 

This defined dynamic decision problem modelled as Markov decision process is obviously a 

sequence decision process. The optimal value and control can be determined from the following 

equations: 

𝑣𝑡
∗(𝑠) = 𝑚𝑎𝑥𝑢𝝐𝑼[∑ 𝑃𝑠′∈𝑆 (𝑠, 𝑢, 𝑠′)[𝑅𝑡(𝑠, 𝑢, 𝑠′) + 𝑣𝑡+1

∗ (𝑠′)]] , (23) 

𝜋𝑡
∗(𝑠) = 𝑎𝑟𝑔𝑚𝑎𝑥𝑢𝝐𝑼[∑ 𝑃𝑠′∈𝑆 (𝑠, 𝑢, 𝑠′)[𝑅𝑡(𝑠, 𝑢, 𝑠′) + 𝑣𝑡+1

∗ (𝑠′)]] . (24) 

The MDP can be solved by using the value and policy iteration, Monte Carlo planning algorithm 

using bandit algorithm, or different learning methods (Bellman, 2003), (Howard, 1960), (Puterman, 

1994), (Kocsis & Szepesvári, 2006). Several softwares are available for supporting the application 

of MDP as Python Markov decision process toolbox (Python, 2020) or Mat lab toolbox (Cros, 2020). 

Discussion: response management 

This study may deal with possible monitoring of the damage by using series of sensors integrated 

into the critical elements, like bridges, tunnels and using active monitoring systems such as drones 

measuring and collecting data on damage magnitudes (Moreu, Kim, & Spencer Jr., 2016), (Fraga-

Lamas, Fernández-Caramés, & Castedo, 2017). Such simulations may lead to the development of 

regulations and requirements for the design, operation, required technology supports, etc. These 

studies show where and what types of spare parts must be reserved for quicker recovery of the 

damaged railroad.  

Table 1. Steps of response management developed to railway damage caused by earthquake 

No. Name / contents 

S
te

p
 0

. 

 Preparedness 
Objectives: 
regular evaluation of developments in emergency technology, their possible applications and 
continuous improvements of the preparedness (namely here for large earthquake caused disasters 

of railways) 
Solution: 
Collecting the data and information on existing events, and development of future emerging 
technologies. It deals with the existing transportation system with focus railways and its 
interactions with nature, society and economy. Collection all the available data including the 
historical data on previous disaster events and using them in statistical analysis, evaluation of the 
results, physics- based simulation, seismic hazard assets, developing semi- empirical formulas for 
evaluation of the possible losses, statistical data on secondary effects, simulation studies of 
developing the secondary effects (like a flood, or landslides), creating information (GIS) maps, 
developing a methodology for predicting the possible damages and losses (see for example the 
Figures 1., 2., 6., 7.) 
The works might be performed by a large team of experts, researchers including the contract based 
researches running at institutions, universities, governing bodies. 
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Time / frequency: 
It must be realised before the earthquake. This is a continuous work, even some months, some years 
can be / must be used for improving the preparedness. 

 

 

Figure 9. Quick recovery management process 

Table 3. Steps of response management developed to railway damage caused by earthquake 

– cont’d 

No. Name / contents 

S
te

p
 1

. 

 Data collection, evaluation (first after earthquake occurrence) 

Objectives: 

state monitoring, preliminary data processing and warning  

collecting all the possible data including the use of remote sensing, measurements realised by UAV, or 

measurements at sites determination of the inputs for evaluation of the size and level of disaster, the 
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possible losses 

Solution: 

Duty staff monitor the situation. The response management process is initiating by a highly automated 

monitoring system that – in case of railway systems – give warning signals for automatic braking the 

trains. Staff start collecting and evaluation of the available data provided by the seismic sensors, sensors 

integrated into the vehicles, infrastructure, information provided by the economy, and society. At the same 

time the staff initiates new possible measurements including the remote sensing, use of UAV in 

measurements, making measurement at event sites. Preliminary data processing (checking the possible 

faults of sensors using the sensor fusion methods, etc.) preparation of the systematically structures data 

packets for next step, for future evaluation and simulation that supporting the decision making.  

Time / frequency: 

The response management is started by a seismic signal on earthquake and it must perform every 3 – 6 

minutes depending on the chosen simulation cycle time. 

S
te

p
 2

. 

 Inputs for simulation studies 

Objectives: 

preparing the required inputs for situation awareness, evaluation / simulation and decision support 

determining the priorities in the identified round of duty  

Solution: 

While the developed response management methodology synthetized the management art and technical 

supports, this step is mostly to use the scientific, engineering methods, physics-based calculation, for 

seismic waves propagation, semi empiric, empiric formulas for determining the possible losses, especially, 

the relative unusable track lengths of the railway (see formula (8)) and especially by study the possible 

effects on economy and society that may be affected on the prioritization of the required responses, 

rasterizations, repairing. 

Another large group of required inputs is completed by setting the possible states, actions, rewards, 

transition matrix, etc. supporting the Markov decision process.  

This step includes studies the effects caused by aftershocks and secondary effects when they are appearing 

or predicted.  

A lot of different methods, solutions and software may support this step.  

Tim /frequency: 

Ii must be applied in every cycle steps when the previous step provides new or improved inputs 

S
te

p
 3

. 

 Simulation support 

Objectives: 

simulation studies for supporting the situation awareness, situation awareness – evaluation – decision 

making first response actions (or their modifications) 

Solution: 

There are two different types of simulations are planned to use. At first, simulation of different sub-

models, models of elements may support the further analysis, evaluations (see for example Figure 8.). At 

second, the general situation awareness might be investigated by using the simulation technique.  

Many modelling methods, simulations belong to the first type one, those are applied to study and analysis 
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of different aspects, problems as it was shortly introduced by this paper, too, like possible flowing the 

water in case of floods, using the Monte Carlo simulation for predicting the aftershocks.  

Situation awareness – evaluation – decision process (as a classical management task evaluation of the 

available information and decision making) must be supported by simulation of the possible events, and 

choosing the solution that may and will be applied. For instant: detecting the damage of bridge, study the 

possible solutions including repairing, making a new bridge segment, building a temporary pontoon 

bridge, developing the roundabout way and selecting the solution that can be effectively applied for 

realization because of availability of materials, technology, human resources). The decision making is 

supported by Markov decision process.  

Realization of the first response actions or their modified versions 

Time / frequency: 

It is associated with step 2. after which this step should be realized.  

S
te

p
 4

. 

Further and broader evaluation 

Objectives: 

getting new information, initiating new measurements preliminary evaluation of the new information 

evaluation of the effects of aftershocks and secondary effects occurring simulation, modelling the possible 

effects  

Solution: 

In case of identification of considerable changes in a situation caused by aftershocks appearing and or 

secondary effects occurred, or high probability of their prediction, the response management must be 

redesigned., the modelling methodology initiating a level. this is rather similar to step 1. The major 

difference:  step1 is initiated by earthquakes, step 4 by aftershock, secondary event or any other large 

effect, (like serious error and total damage of the bridge during its repair). 

This steps uses the same types of methods, simulations as Step 1. Important difference: the number of 

available methods and software for investigation of the secondary effects is greater and their accuracy is 

better. Generally, there are Monte Carlo simulation, different statistical or probabilistic models (see Figure 

9.) CFD, FEM, etc. software are usable.  The decisions are supported again by the Markov decision 

process uses the revised inputs.  

Time / frequency: 

This step is initiated by the appearing of considerable new events or their possible occurrence is rather 

high.  

S
te

p
 5

. 

Higher-level decision 

Objectives: 

situation awareness and second- level decision making prioritisation of the objectives and methods of 

response management  

Solution: 

This Step is similar with step 2, but it is applied to the changes in identified situations (floods, tsunami, 

new accident, further and total damage of critical elements), occurring aftershocks, secondary effects or 

their short term prediction with high probability. 

This is a higher-level decision related to technical /technological recovery of a railroad and railway 
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systems, whereas evacuation of the people is a task managed by another sub-group of staff and managers. 

Methods /software: 

This step is caused by step 4.  

S
te

p
 6

. 

 Regular evaluation of reaching the objectives 

Objectives: 

determination and evaluation of the development and evaluation of the indicators of an index 

making a decision on further steps 

Solution: 

Indicators are used for evaluation of progress in reaching the objectives. Several indicators can be defined 

(as operability level, the time required for repairing the critical elements, reached an operational level, 

etc.). The index is a combination of the different indicators used for general evaluation of the progress. 

It provides results for transit from response to recovery. 

Time / frequency: 

Depending on the management decision. It is recommended to apply a minimum every tenth cycle-step. 

S
te

p
 7

. 

Long term planning 

Objectives: 

estimation and characterisation of the final damages determination of the objectives of the long-term 

recovery processes (preliminary) planning of the long-term recovery processes. 

Solution: 

When step 6 results to conclusions, the objectives of the response management (here technically recovery 

of the railways to operational level) are reached, the next step is preparing the long term recovery process. 

There are three sub-tasks must be solved. (i) Evaluation and characterisation of the „final” damages of the 

critical elements (damages required long term repairing, or building new elements). (ii) definition of the 

objective of the long term r3ecovery process (iii) Preliminary design of the long term recovery process 

including the technical and financial aspects, too. 

Time / frequency: 

depending on the responsible management, as usual at the end of the response process, after reaching the 

objectives of the response. 

This paper deals with technical recovery management only (launching the recovery process), that is 

initiated by getting information about the earthquake that has just occurred. The management is 

completed form recurring cycles including zero + six + one steps and it based on using the sub-

models defined above. The role and meaning of the steps can be defined shortly in the following 

ways. 

There are several simplified models were studied in simulation with goals of possible concept 

validation of the proposed management methodology. At first, the tracks having several bridges 

during on short-range; were modelled by parts containing only one bridge. At second, the system 

shown in figure 10, were cut into easily hand able part the line containing a series of bridges during 

short distance were modelled separately as sub-systems. 
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Figure 10. Southern railway lines in Kazakhstan 

Figure 10. demonstrates the typical simulation results supporting response management. Here state 

space (of the probability of staying in the given sub-space) had been divided into 20 subspace (with 

range 0.05) and the two extreme values (zero and one) are added as sub-space to it, too. During the 

simulation the chosen time interval (as cycle step) was used as 6 minutes (0.1 h). Figures 11.a and 

11.b show the situation, when only a simple Markov modelling is applied, with constant transition 

matrix and without any adaption to the real processes. As it recognised, the earthquake caused very 

serious damage to the railway, because nearly 60 % of trucks can not be used. As can be seen, too, 

the railway practically can be returned to the operation level for 5 days. 

Generally, the first simulation cycle, as step 2 and 3 (Figure 11.) might be repeated every time-cycle, 

while the further cycles including the steps 4, 5 and if it required step 6 should be included into the 

time cycles depending on the available data (after 3 – 5 time-cycles). 
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Figure 11. Concept validation by use of simulation utilizing the described methodology and sub-models, a., 

b. – simulation with constant transition (recovery) matrix without any further effects, c, d. – simulation with 

constant transition matrix and after event effects, namely 1. – earthquake caused the effect, 2.- correction after 

getting the measurements (by using the UAV and other active measurements), 3.- aftershock, 4.- flood, 5.- 

correction getting further information on flood and damage caused by flood, 6.- aftershock  

Effect of aftershocks and secondary effects as flood, appear in Figure 11.c and 11.d as sudden 

changes. In the case of aftershocks these sudden changes are realistic, while in case of secondary 

effects, the occurrences of the effects can be identified earlier, the aftermaths caused by them. here 

this delay is causing the effect is not figured. the secondary effects are taken into account after their 

occurrences.  

The results of simulation (figure 11.) demonstrates that developed methodology supporting response 

management to earthquake damage to the railway can be applied for reducing the required time to 

recovery and effective use of available sources. The objective of quick recovery is to return the 

railroad, and the railway system to the operational level. Therefore, this part of the recovery can be 

finished after 2–3 days. In the case of having a long-term secondary effect, for example a destroyed 

river dam, the quick recovery time may increase to 6–10 days. The complete recovery of the railroad 

and railway system may require 1–3 years. 

New scientific results 

Thesis I. 

I have identified that the role of railway systems in the (earthquake) response 

management should be considerably improved, because  

o it is underestimated today 

o its damage (caused by an earthquake) is usually less serious than that inflicted on other 

transport means (in case of having a well-prepared earthquake-resistant infrastructure 

and a developed system of early monitoring of earthquakes), and 

o it can be quickly recovered to the operational (usable) level within 6–24 hours (in case 

of having a conventional system) or 30 days maximum (in case of having a high-speed 

train system that requires preliminary test runs of trains), therefore 

o it is especially relevant for countries having a limited road system and /or high risks of 

earthquake occurrence. 

Thesis II. 

From the extensive literature survey, including the available historical data, methods 

for estimating the damage, applicable models and methodologies I have found that a 

special response management methodology might be developed by synthesizing the 

available set of models and methods based on     

o response to the railway damages caused by an earthquake, 

o collection of historical data on the railway system recovery after earthquakes including 

primary and secondary effects and aftershocks, 

o evaluation of the damage by introducing a new indicator – relative unusable track length 

(like a parameter of the lost capacity) and 

o select/improve/develop the sub-models for supporting response and recovery 

management. 
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Thesis III. 

I have developed an active and adaptive respond and recovery management 

methodology to earthquake damage of railway system that is 

o based on recurring cycles of the zero + six + one steps, 

o including semi- empirical situation awareness – evaluation – decision making between 

each steps,  

o that is supported by the discussed sub-models employing different theoretical, semi-

practical calculations and simulations. 

Thesis IV. 

I have applied the developed active, adaptive response to earthquake damage to 

railways to simulations and concept validation tests that  

o applied the available historical data about railway damages caused by   earthquakes and 

fast recovery, 

o followed experts’ recommendations advising possible decisions in different simulated 

situations and 

o used simulation models employing approximation of the relative unusable track length 

changing process by a Markov chain, that was adapted to the applied decision at each 

step and includes a Monte-Carlo simulation of the possible occurrence of the aftershocks 

(and secondary effects),  

o tested by invited experts having practiced in disaster management and 

o demonstrated the applicability of the introduced methodology. 

Publications 

Journals 

[1] Wangai Agnes, S. Kinzhikeyev, J. Rohacs, and Rohacs Daniel, “COMPARISON OF TOTAL LIFECYCLE 

EMISSION OF AIRCRAFT,” Repulestudomanyi koylemenyek xxix. Evfolyam, vol. 3, 2017. ISBN 1162016000 

[2] Agnes Wangai; Sergey Kinzhikeyev; Daniel Rohacs; Jozsef Rohacs, “Total impact estimation to support 

sustainability of small hybrid aircraft,” Int. J. Sustainable Aviation, Vol. 5, No. 4, 2019 pp. 1–14. DOI: 

10.1504/IJSA.2019.105232 

[3] Wangai Agnes, Kale Utku, Kinzhikeyev Sergey, “An application of impact calculation method in 

transportation,” J. Transport. ISSN: 1648-4142/ISSN:1648-3480 

Scientific conference 

[4] Sergey Kinzhikeyev, Agnes Wangai, Utku Kale, “Influence of state management on environment 

sustainability”, International practical science conference “SHOQAN OQULARY – 21”, 2017, pp. 189-197. 

ISBN: 978-601-261-336-0 

[5] Sergey Kinzhikeyev, Agnes Wangai, Railway Transport Developments Catalyzed by the Interaction with 

Economy, Proceeding of the 21 international scientific conference “Transport means 2017”, 2017, pp.718-723. 

ISSN 1822-296 X (print), ISSSN 2351-7034 (on-line) 

[6] Wangai A., Kinzhikeyev S., “Railway developments catalyzed by interaction with economy,” in Proceedings 

of the 21st International Scientific Conference, Transport Means 2017, 2017. ISSN 1822-296X(print), ISSN 

2351-7034(online) 

[7] Wangai Agnes; Kinzhikeyev Sergey; Rohacs Jozsef, “On investigation the interaction between the transport 

sector and economic cycles,” in „IFFK 2017” Budapest, 2017. Aug. 30 – Szept. 1, 2017. ISBN 978-963-88875- 

3-5 

[8] Wangai A., U. Kale, S. Kinzhikeyev, M. B. Tekbas, and J. Rohacs, “Influence of e-mobility on total impact 

of the transport means,” in „IFFK 2017” Budapest, 2017. Aug. 30 – Szept. 1, 2017, pp. 94–100. ISBN 978-963- 

88875-3-5 

http://dx.doi.org/10.1504/IJSA.2019.105232
http://dx.doi.org/10.1504/IJSA.2019.105232


  24  

[9] Sergey Kinzhikeyev, Agnes Wangai, Dr.Jozsef Rohacs, “Организация железнодорожных перевозок при 

стихийных бедствиях”, International practical science conference «SHOQAN OQULARY–22», 2018, pp.58-

64,  ISBN: 978-601-261-372-8(2)(print), ISBN: 978-601-261-370-4(on-line) 

[10] Kinzhikeyev Sergey, Wangai Agnes, Dr. Daniel Rohacs, Prof. Jozsef Rohacs, “Supporting the strategic 

management mobilizing the railway transport in disaster response”, IV International Conference on Railway 

Technology: "Railways 2018 and STECH2018" Sitges, Barcelona. 

[11] Kinzhikeyev Sergey, “Strategic Management on Transport by Evacuation of Population in Case of 

Natural Disasters”, 22nd International Scientific on Conference Transport Means 2018, Kaunas University of 

Technology, 2018. pp. 1221-1224. 

[12] Agnes WANGAI; Sergey Kinzhikeyev; Jozsef Rohacs, “Influences of Economic Cycles on Future 

Sustaınable Air Transport,” in Proceedings of International Symposium on Sustainable Aviation 2019 ( ISSA- 

2019 ), 2019. ISBN 9786058014008 

References 
 

1. Baker, J. W., & Eeri, M. (2019). Efficient analytical fragility function fitting using dynamic 

structural analysis. Earthquake Spectra. 

2. Bellman, R. (2003). Dynamic Programming. New York: Dover Publication Inc. 

3. Cros, M. -J. (2020). Markov Decision Processes (MDP) Toolbox. Retrieved March 16, 2020, 

from Mathworks: https://www.mathworks.com/matlabcentral/fileexchange/25786-markov-

decision-processes-mdp-toolbox 

4. Endsley M. R.; Rodgers M. D. (2016, August 25). Distribution of Attention, Situation 

Awareness, and Workload in a Passive Air Traffic Control Task: Implications for Operational 

Errors and Automation. Retrieved June 4, 2020, from ARS: 

https://arc.aiaa.org/doi/10.2514/atcq.6.1.21 

5. Evangelista, L., del Gaudio, S., Smerzini, C., d'Onofrio, A., Festa, G., Iervolino, I., et al. 

(2017). Physics-based seismic input for engineering applications: a case study in the Aterno 

river valley, Central Italy. Bulletin of Earthquake Engineering, Vol. 15., pp. 2645 - 2671. 

6. Fraga-Lamas, P., Fernández-Caramés, T. G., & Castedo, L. (2017). Towards the Internet of 

Smart Trains: A Review on Industrial IoT-Connected Railways. Sensors, Vo9l. 17.(6. 1457), 

pp. 44. 

7. G.William Byers, P. (2000). Preliminary Report on the 16 October 1999 M 7.1 Hector Mine, 

California, Earthquake. Seismological Research Letters (SEISMOL RES LETT). 

8. Gagniuc, P. A. (2017). Markov Chains: From Theory to Implementation and Experimentation. . 

USA, New York: John Wiley & Sons. 

9. Ghosh, S., & Gosavi, A. (2017). A semi-Markov model for post-earthquake emergency 

response in a smart city. Control Theory and Technology, Vol. 15.(No. 1.), pp. 13 - 25. 

10. Gol, E. A., Erkal, B. G., & Gol, M. (2019). “A novel MDP based decision support framework 

to restore earthquake damaged distribution systems. 2019 IEEE ISGT-Europe, (pp. pp. 1 - 5). 

Bucharest, Romania,. 

11. Gutenberg, B., & Richter, C. F. (1934). Frequency of earthquakes in California. Bulletin of 

Seismological Society of America, 34, pp. 185 - 188. 

12. Hassan, H. M., Fasan, M., Sayed, M. A., Romanelli, F., ElGabry, M. N., Vaccari, F., et al. 

(2020). Site-specific ground motion modeling for a historical Cairo site as a step towards 

computation of seismic input at cultural heritage sites. Engineering Geology, 268(105524), p. 

19. 

13. Hori, M. (2018). Introduction to computation earthquake engineering, 3rd edition. London: 

World Scientific Publishing Europe Ltd. 

14. Howard, R. A. (1960). Dynamic Programming and Markov Processes. Cambridge: MIT Press. 

15. Jankovics I.,; Kale U. (2019, February). Developing the pilots’ load measuring system. Aircr. 

Eng. Aerosp. Technol., 91, 281–288. 

16. Kale U. (2019). International Symposium on Sustainable Aviation (ISSA-2019). Role of 

Operators in Future Highly Automated Aviation (pp. 20–24). Budapest: Systainable aviation . 

17. Kasianov, V. A. (2013). Subjective entropy of preferences, subjective analysis. Warsaw: 



  25  

Institute of Aviation. 

18. Kinzhikeyev, S. (2020). Modeling and management for supportuing the recovery of railway 

systems after earthquakes, PhD thesis. Budapest: Budapest University of Technology and 

Economics . 

19. Kocsis, L., & Szepesvári, C. (2006). Bandit Based Monte-Carlo Planning. In Proceedings of 

the 17th European Conference on Machine Learning (ECML), (pp. pp. 282 - 293). 

20. Lavrentiev, M., Lysakov, K., Marchuk, A., Pblaukhov, K., & Shadrin, M. (2020). Hardware 

Acceleration of Tsunami Wave Propagation Modeling in the Southern Part of Japan. Applied 

Science, Vol. 10.(4159), pp. 14. 

21. Moreu, F., Kim, R. E., & Spencer Jr., B. F. (2016). Railroad bridge monitoring using wireless 

smart sensors. Structural Control and Health Monitoring, Vol. 24., p. 17. 

22. Nagethi-A., F., & Shashavar, V. L. (2004). Development of fregility and reliability curves for 

seismic evaluation of a major prestressed croncrete bridge. 13th World Conference on 

Earthquake Engineering, paper No. 1351, p. p. 11. Vancouver, Canada. 

23. Oishi, Y., Piggot, M. D., Maeda, T., Kramer, S. C., Collins, G. S., Tsushima, H., et al. (2013). 

Three‐dimensional tsunami propagation simulations using an unstructured mesh finite element 

model. Journal of Geophysical Research: Solid Earth, Vol. 118.(No. 6. ), pp. 2998 - 3018. 

24. Omori, F. (1894). On the aftershocks of earthquakes. Journal of the College of Science, 

Imperial University of Tokyo, 7, pp. 111 - 200. 

25. Page, M. T., van der Elst, N., Hardebeck, J., Fedzer, K., & Michael, A. J. (2016). Three 

Ingredients for Improved Global Aftershock Forecasts: Tectonic Region, Time-Dependent 

Catalog Incompleteness and Intersequence Variability. Bulletin of the Seismological Society of 

America, Vol. 106(No. 5. ), pp. 2290 - 2301. 

26. Puterman, M. L. (1994). Markov Decision Processes: Discrete Stochastic Dynamic 

Programming. New York: John Wiley and Sons. 

27. Python. (2020). Markov decision Process toolbox. 

28. Reasenberg, P. A., & Jones, L. M. (1989). Earthquake hazard after a mainshock in California, 

Science. Science, vol. 243, pp. 1173 - 1176. 

29. Rohacs, J. (2012). Subjective analysis and modeling the endogenous active systems. 12th Mini 

Conference on Vehicle System Dynamics, Identification and Anomalies, 8 - 10 November, 

Budapest, Hungary (pp. pp. 25 - 36). Budapest: BME. 

30. Rohacs, J., Rohacs, D., & Jankovics, I. (2016). Conceptual development of an advanced air 

traffic controller workstation based on objective workload monitoring and augmented reality. 

Proceedings of the Institution of Mechanical Engineers, Part G: Journal of Aerospace 

Engineering, Vol. 230.(No. 9.), pp. 1747 - 1761. 

31. Silacheva, N., Kulbayeva, U., & Kravchenko, N. (2014). Catalogs of ground motion parameters 

for earthquake-prone regions. Geodesy and Geodyoamics, Vol. 5.(Issue 1.), pp. 20 - 26. 

32. Stein, S., & Wysession, M. (2005). An Introduction to Seismology, Earthquakes and Earth 

Structure. Carlton, Victoria, Australia: Blackwell Publishing. 

33. Todorov, E. (2006). Linearly-solvable Markov decision problems. Advances in Neural 

Information Processing Systems 19 (NIPS 2006), (pp. pp. 1369 - 1379). 

34. Utsu, T. (1961). A statistical study of the occurrence of aftershocks. Geophysical Magazine, 30, 

pp. 521 - 605. 

35. Wesnousky, S. G. (2006). Predicting the endpoints of earthquake ruptures. Nature, Vol. 444, 

pp. 358 - 360. 

36. Yu, Z., Han, C., & Ma, Y. (2014). Emergency Decision Making: A Dynamic Approach. 

Proceedings of the 11th International ISCRAM Conference (Ed. S.R. Hiltz, M.S. Pfaff, L. 

Plotnick, P.C. Shih), (pp. pp. 245 - 249). University Park, Pennsylvania, USA, May 2014. 

37. Касьянов, В. А. (2007). Субъективный анализ. Kиeв. 

38. КЧС, М. Р. (2017, июнь 27). normativno-pravovye-akty/zakony. Retrieved from 

http://emer.gov.kz/: http://emer.gov.kz/ru/deyatelnost/normativno-pravovye-akty/zakony 
 


