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Abstract

An object's failure rate frequently depends on randomly fluctuating conditions,
which implies that it is under a random load. It appears that the failure rate of the
object is also a random process and depends on the random load. Preventive mainte-
nance procedures and more than two reliability states of the vehicle and its opera-
tional components can be taken into consideration when using the semi-Markovian
model of changes in the reliability states of the vehicle under consideration. The

semi-Markov processes may be applied if certain requirements regarding the prop-
erties of probability distributions of random quantities (variables) and the charac-
teristics that define vehicles as the subjects of reliability investigations are satisfied.
Semi-Markov models help to create optimal algorithms for both operations and
maintenance by analyzing the operational times of different states of special vehi-
cles to operate without failure in order to intensify the vehicle operations. Not only
the multi-state phase but also the impact of reducing the expected values of vehicle
dwell times in each state can be predicted by the method. In this article, an effort
has been made to demonstrate the applications of the semi-Markov process applied
in the reliability analysis of different automobiles. This survey aims to consolidate
existing research and identify gaps, offering insights into improving transportation
reliability through semi-Markov modelling, and presents an overall review of the
application of the semi-Markov approach in determining the reliability indices for
various vehicle types.
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1. Introduction

The heavy usage of vehicles affects the functioning of the elements and the burning of consumables, which acceler-
ates the need for maintenance procedures. The capacity of the systems that support the transportation network and
the supply chain, and logistics of consumables and replacement of parts, are constantly associated with how long
vehicles remain in repair and maintenance states. The shortage of readily available and adaptable materials will cause
a delay in maintenance and undertaking repairs, which ultimately leads to a delay in the readiness indices of trans-
portation systems. The implementation of transport tasks as well as routine technical activities aimed at verifying
proper vehicle functionality, carrying out periodic maintenance and servicing, and diagnosing the root causes of
technical unsuitability and removing them through repair or replacement of spare parts with new ones are the primary
three steps that constitute making up the transport operation.

The functional characteristics and reliability parameters of the components that together make up a system must
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be known in order to analyse the reliability parameters of a technical object and determine how those parameters
change over time. It is possible to determine the average working time to failure of the element and the appropriate
form of distribution that describes the reliability and availability parameters of the tested element using the failure
data of the selected element of the object. Typically, a component's failure rate is determined by variables that can
vary randomly, most notably the component's random load. As a result, it appears that the failure rate of the object
under the random load is also random. A failure rate function is the definition of a reliability function. Barlow and
Porshan [1] investigated the statistical theory of reliability in thoroughly.

2. Common Themes in Semi-Markov Applications

By simulating the events of a given state condition through the transition diagram, it has been demonstrated in earlier
studies that the Markov Chain is used to model the probabilistic criterion in predicting future events. It is well known
that the Markov Chain can produce random but comparable numerical data under the assumption that everything that
occurs in the future depends only on the state of the present. The reliability analysis and prediction of automobiles
and their components using the Markov model have been done by many authors [2, 3]. If the transition times between
states are modelled using an exponential distribution, then the reliability modelling is narrowed down. Assumptions
used in such modelling may lead to significant errors. Semi-Markov processes solve this problem. It is employed
when dealing with time-based characteristic distributions. Time intervals from the time an object entered one of the
states until it transitioned to the subsequent state are used to compute the values of sojourn times in states, and on
this basis, the appropriate distribution is fixed. Semi-Markov processes are a practical tool for simulating the opera-
tion of numerous technical items and systems due to their generally accepted form. Markov or semi-Markov processes
are used in the majority of reliability analysis models. Barbu et al. [4] describe applications of semi-Markov chains,
hidden Markov chains, and sequential interval reliability for semi-Markov repairable systems. The Markov process's
use is constrained since we must meet the requirements of exponential distributions for failure rate functions. Semi-
Markov processes are used in a variety of contexts, such as economic analysis, risk assessment, dependability, and
safety, to formulate mathematical problems. Barbu et al. [5, 6] carried out reliability and survival analysis using a
semi-Markov model in discrete time.

Semi-Markov processes are more suitable for reliability modelling due to the fact they may utilise any character-
istic equations. Under the presumption that the failure rate is a particular case of a semi-Markov process or a piecewise
Markov process with a restricted state space, equations for the conditional reliability functions of a component can
be derived. Franciszek [7, 8] analyses in depth the use of semi-Markov models for reliability analysis in transport
operations. The reliability functions for a Poisson process and a Furry-Yule failure rate process can be determined
from a countable system of equations. Quality state changes of a selected transport system are published by Lan-
dowski et al. [9]. The reliability characteristic in various situations can be examined using the estimated probability
density functions and hazard rate functions. Mattias Nyberg [10] explained how semi-Markov processes can be used
to analyse the safety of autonomous driving. For measuring the readiness of the machinery, Widerski et al. [11] used
a semi-Markov process. Wang et al [12] have studied the use of semi-Markov processes to gauge power transformer
reliability. Modelling using a semi-Markov process helps us to calculate the income or cost of the vehicle operation.

2.1 Analysis of Light Utility Vehicle Readiness in Military Transportation Systems Using Markov and
Semi-Markov Processes

The primary objective of military transportation systems is to move personnel in accordance with the needs at hand.
Oszczypaa et al. [13] discussed the challenges with simulating the operating process of military transport systems in
their article titled "Analysis of light utility vehicle readiness in military transportation systems using Markov and
Semi-Markov Processes." The goal of this study was to verify that the system is technically capable of meeting the
requirements for efficient operation. It is necessary to implement the fuel replenishing, maintenance, and repair pro-
cesses effectively using the right resources. A reduction in transport capacity and the inability to carry out the intended
tasks will result from failure in any of these. The author has suggested three strategies in this research to evaluate and
maximize the availability of military vehicles. They are functional readiness, technical efficiency, and airworthiness.
A nine-state phase space of the process is presented based on the data gathered, and a stochastic exploitation model
is developed.

In this article, a case study on the Honker utility vehicles used in the military transport system was undertaken.
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The analysis covers the problem of moving people and objects with weights up to 1000 kg. Identical to how military
transportation systems operate, vehicle management systems depend on both the instructions and procedures com-
piled by military equipment operators as part of the operational strategy that has been adopted. The nine states that
make up the process are: S1 Task completion, S2 Refueling, S3 Garage parking, S4 Pre-task service, S5 Service after
task, S6 Periodic maintenance, S7 Repair, S8 Diagnostics, and S9 Awaiting repair.

The object may only be in one of these categories at any time t. For the purpose of deciding whether the interstate
transmission schedules are appropriate with an exponential distribution, the Kolmogorov consistency test is executed.
Since the exploitation process is unable to satisfy the specifications of an exponential distribution, the semi-Markov
process has been chosen for modelling. The long-term probabilities of each state are calculated using a conditional
probability matrix. The resulting values of the ergodic probabilities of the process were determined by applying
Chapman-Kolmogorov equations and the estimated times of occupancy in operating periods. The functional availa-
bility, efficiency, and technical suitability were all assessed based on what amount of time predicted to be spent in
each state.

2.2 Semi-Markov Approach for Reliability Modelling of Light Utility Vehicles

For the purpose of predicting the reliability of light utility vehicles, Oszczypaa et al. [14] implemented a semi-Markov
technique in their work. In order to assess the reliability features of light utility vehicles, such as the reliability func-
tion, failure probability density function, failure intensity, predicted time to failure, and readiness indices, they built
a workflow model for such vehicles. Researchers used a wide range of technological objects in the research models
that are currently available. The reliability model was established in this study using a three-state semi-Markov model.
In order to build a three-state model, the author enabled a phase with three states: S1 (operation), S2 (periodic mainte-
nance), and S3 (unsuitability).

The S1-phase depicts the vehicle's technical readiness and includes tasks like regular vehicle maintenance and
refueling. The S2-phase incorporates periodic maintenance related to the effective functioning of critical vehicle
mechanisms, the replacement of worn parts, and essential maintenance tasks. Phase S3 comprises all diagnostic pro-
cedures to identify the reason for failure, all repairs and replacements of damaged parts, all technician and technical
part waiting times, and all diagnostic practices to find out the cause of failure. In state S2, only maintenance under
technically stable conditions is done. During operation, if any spare part gets damaged or requires to be replaced, the
system immediately moves to state S3.

Based on this model description, the embedded Markov chain's conditional probabilities for the interstate trans-
mission, which use time distribution functions, are applied for verification. Using Laplace transforms, the reliability
function, probability density function, and estimated time to failure are determined. Similar to earlier work, to deter-
mine the key reliability characteristics and readiness indices, this paper developed a 3-state semi-Markov model that
is presented in this research. Despite having a less precise picture of the actual operation process, the author asserts
that this research enables a thorough examination of the reliability of a multi-state phase of the technological systems.

2.3 Forecasting the Readiness of Special Vehicles Using the Semi-Markov Model

Because the transportation network is a complex system, simulating that in order to evaluate its reliability sometimes
yields unsatisfactory results. The operational quality of a commercial vehicle system, which functions under market
conditions, is determined by its efficiency and profit-to-cost ratio. On the other hand, security concerns are related to
research on vehicles employed in rescue services, such as ambulances, fire services, etc. In their study, forecasting
the state of preparedness of special vehicles using the semi-Markov model, Borucka et al. [15] examined the appli-
cation of the semi-Markov process to special vehicles. This article models the vehicle exploitation system as a sta-
tionary stochastic process since it comprises statistically identical objects that are not subject to systematic changes.

The transportation system for special vehicles is characterised as a semi-Markov process with three operating states:
functioning, ready to be used, and maintenance. Experimental investigations of the intensity of vehicle deployment
and the time for failure-free operation were conducted using a sample of police patrol cars, and it was demonstrated
in the analysed transportation system. The semi-Markov process is applied to exploit the boundary readiness factor,
facilitating the search for the best algorithms for vehicle maintenance and operation. This, in turn, contributed to the
analysis of the selection parameters for the vehicle fleet's quality and readiness.
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S1

Figure 1. State-Transition Diagram.

All vehicles (samples) are obtained from a single production batch to ensure homogeneity. S1 stands for operation,
S2 for readiness to use, and S3 for under repair (or maintenance). The author has chosen the gamma distribution as
the theoretical distribution, considering statistical time-based distributions of the distinct operating states. The mean
first passage times (MFPTs) in the Markov chain (MC) theory give essential information about the short-term behav-
iour of the Markov Chain. The Gamma distribution's characteristics are applied to compute the likelihood that a
vehicle will be in a specific state or a collection of states. This was effectively applied in forecasting repair times for
police vehicles, enhancing predictive maintenance schedules. The likelihood that the cars will be in an operable or
repairable state is determined by the author using this exploitation research model.

2.4 For the Semi-Markov Model of Multi-modal Transport Operation

In multi-modal transport, the goods are transported using a minimum of two separate carriers or a mix of straightfor-
ward transit carriers. If it's a person, he will eventually need to switch to a different means of transportation. If it is
cargo, it may need to be repacked into an alternate form of container or transferred to a different mode of transporta-
tion.

-0~ %uﬂo—

{

Figure 2. Multi-modal Transport.

Two models are provided:

Inter-modal transportation: the products are moved using at least two separate modes of transportation, or any
combination of them, without switching over from one container to the other. To meet the specifications of the air
transport carrier, the commodity may be repacked into any other container. Bi-modal transportation: the products are
conveyed by truck, train, or bus, but the goods are never repackaged between destinations. Franciszek Grabski de-
veloped a semi-Markov model for the functioning of multimodal transport [16]. Assumptions applied to generate the
semi-Markov model included the possibility of disturbances during the implementation of fundamental tasks and the
chance of total operation failure at a certain point.

The state space of the process is S = {0,1,2,....... nn+1,...2n} where i € {1,..,n} indicates the opera-
tion's i-th stage. While i € {n + 1,... ,2n} represents a state of a perturbation on the i-th stage of operation, and
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state 0 denotes the operation's complete failure. This collection of stages and potential state transitions is applied to
derive the semi-Markov kernel. In this article, the time to failure of the operation is represented as a random variable,
which represents the first passage time from the stipulated state to the subset states of the operation. Another random
variable is used to represent the return time to the initial state. In this article, the characteristics and parameters of the
transport functioning model were derived. This article also illustrates the final stage of the container transportation
from Warsaw to Stockholm, during which the container is transported by truck from Warsaw to Gdynia, by ferry
from Gdynia to Karlscorona, and by road from Karlscorona to Stockholm. The ability to execute transport tasks at
the stipulated moment ¢t is used to determine the reliability of the transport operation at that time.

2.5 A Simple Semi-Markov Model of the Functioning of the Agricultural Cleaning and Transport System

A harvest-transportation system (TCB), which in turn consists of a harvest unit and an auxiliary vehicle, completes
the harvesting process in agriculture at all times. Random features like operational, organizational, technical, climatic,
and human factors will affect how well these systems work. Due to TCB's inability to fulfil its original purpose, the
failure in technical-technological elements will have a greater impact. In order to analyse the functional behaviour of
such systems, a probabilistic-statistical procedure is used. The period of time the system spends in any one of the
states is a continuous random variable.

A simple semi-Markov model of the workings of the agricultural cleaning and transport system is constructed by
Ovchinnikova et al. in their article [17]. Such systems were designed as transitions from one state to the next. Due to
the failures of its various components, these transitions happen at unpredictable times. The modelled harvest trans-
portation system can be in any of the states S;,S,,...,S,. The TCB starts initially in one of the potential states at
time t,, and spends a random amount of time t;;, with the probability py, that it will enter the S, state.

If the length of each step representing the time is a random variable with an arbitrary distribution function, and the
waiting time for the transition of the system from one state to another can either be exponential or any other distribu-
tion, then the process can be considered as a semi-Markov process. The author has considered three states: S, -
faultless operation, S; - the system being unusable owing to a cleaning unit failure resulting from a technical or
technological malfunction, S; the system being inoperable due to a vehicle fault or waiting. The amount of time the
system spent in state i prior to transitioning to state j is regarded as the transition probability from state i to state j
represented as p;;. According to the article, the state of the harvest transportation infrastructure depends on how the
process was carried out in before times. This technique is frequently applied while building the model for such types
of transportation systems. The experimentation and verification of the explored model were carried out on potato
harvesting using the KPK-2-01 potato harvester combine and the MTZ-80 tractor. The values of the probability time
characteristics of the proposed model demonstrated its accuracy.

2.6 Availability Control for Means of Transport in Decisive Semi-Markov Models of Exploitation Process

The appropriate decision-making process must be provided in order to demonstrate complicated systems. A mathe-
matical framework must be created for the effective deployment of assistive technologies for decision-making pro-
cesses. Mathematical analysis of the process is less complicated to analyse for technological objects, facilitating pro-
cess control. The difficulties linked to the control process for exploitation, which have been incorporated in the com-
plicated technical objects, are explained in the article, "Availability control for means of transport in decisive semi-
Markov models of exploitation process" by Migawa et al. [18]. The parameters that have an influence on how effec-
tively the exploitation process is working behave stochastically and randomly. Applying the condition for the extre-
mum of a function, the optimum value for control availability in the modelled exploitation process is obtained. Semi-
Markov process is applied for the analysis of the theoretical framework in the exploitation process. The study related
to the semi-Markov control availability of transport system-related technical objects is discussed in this article of
research. In accordance with the generally recognised norms for the system's activity evaluation, it also specifies the
most appropriate course for implementation among the alternative possibilities.

The author has investigated and applied this concept in the real system of the bus transportation system in the
municipality. This article evaluated a multi-stage exploitation process and the possible transitions from one state to
the next. This model demonstrates states ranging from S; to S;4. At the moment t = 0, the process is in state ,S;
and when the technical object is in stateS;, then the random variable X(t) = i, for i = 1,2,....,16. These are cate-
gorised into states of availability and non-availability for the assigned task in order to determine the availability of
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the transport based on a semi-Markov model. States that are considered to be available include waiting for the task
to be implemented in the bus depot, preparing the bus depot for without losing the bus ride, carrying out the transport
task, having the technical emergency team make a repair without looping the ride, and waiting for the task to be
executed after the repair. By considering the fact that the transportation system can be modelled as a homogeneous
semi-Markov process, a mathematical model is established. While calculating the availability, the extremum value
of the function forming the criterion of evaluation has been determined. The author suggested a genetic algorithm
approach to determine the optimality of the availability.

2.7 Semi-Markov Model of the System of Repairs and Preventive Replacements by Age of City Buses

The most important component of the transport system is the road transport system. Urban and suburban transporta-
tion systems must be dependable and on time when performing transportation duties along established schedules and
routes. The economic, operational, and technical efficiency of such systems is very important. Any interruption to
the assigned task will adversely impact the transport system's preparedness, which will subsequently decrease the
reliability of the transport system. Migawa et al. [19] presented a mathematical model of the system of repairs and
preventive replacements in city buses in an article titled Semi-Markov Model of the System of Repairs and Preventive
Replacements by Age of City Buses.

The semi-Markov process is used for four different types of city bus renewal processes, three distinct types of
corrective repairs, and preventive replacement. The two different kinds of corrective repairs are those done at tech-
nical service components and those performed at petrol stations. The states of the semi-Markov model are described
as follows: The state of operational availability of the object S, the state of repair without the loss of course (there
won't be a break in the service, but disruption may be there, probably for a short duration of time) S,, while S; is
the state of repair by the Technical Rescue Service without the loss of the course with longer duration compared to
the previous state. During this state break in the assigned transportation task may occur. In state S,, repair at the
Service Station is considered. Meanwhile, state Sg is the state of preventive replacement.

The primary criteria taken into account when modelling are profit per unit time and the ability to complete the
assigned transport tasks. The concept of the extremum of functions is used to determine the optimum value for the
preventive replacement time. It is deduced that an increase in the service time of city buses, combined with an increase
in the ideal time for preventive replacement, results in an increase in readiness and profit per unit time. The profit per
unit time and readiness for transportation tasks increase as the time to preventive replacement decreases. The author
has established the associations between average times for technical objects, unit costs, and profits of the states of
repair. Using the sufficient conditions for the existence of an extremum of the function, the maximum of these func-
tions are derived. The findings of this study support the implementation of age-based preventive replacements in city
buses.

2.8 Application of the Theory of Semi-Markov Processes to the Development of a Reliability Model of an
Automotive Vehicle

The classical reliability theory models, with the series structure being the most common, are applied to determine the
reliability of automotive vehicles or their components. The most efficient technique for evaluating reliability is the
model that employs state transitions from one state to another. In comparison to other models, evaluating reliability
indices using an analytical method or simulation is relatively simple. Semi-Markov models are used to satisfy specific
requirements in probability distributions and characteristics of the vehicles. In their study, Jerzy Girtler et al. [20]
made an effort to develop a reliability model for a passenger car through the application of the semi-Markov model
theory. Engine with fuel, lubricant, and coolant feeding systems, clutch, gearbox, drive shaft, driving axle, steering
and suspension system, braking system, electrical system, body with chassis, and measuring and monitoring devices
are among the functional components that the author emphasises. The author makes it clear that these functional parts
are the only ones that have an impact on a car's reliability as well. There can be no intermediate state for these
components; i.e., they are either serviceable or non-serviceable state and cannot be in any intermediate state.

To evaluate the reliability, the states are identified as S;, for i = 0,1,2....,10. They are S, — full serviceability,
S; — unserviceability of engine with fuel, lube oil, and coolant feeding systems, S, —unserviceability of clutch, S
— unserviceability of gearbox, S, — unserviceability of drive shaft, S5 — unserviceability of driving axle, Sg —un-
serviceability of steering and suspension system, S, — unserviceability of braking system, Sg — unserviceability of
electrical system, Sq — unserviceability of body with chassis, S;q — unserviceability of measuring and monitoring
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equipment. The vehicle is initially in state S, at time t, and the changes happen at subsequent instants. The author
asserts that S, occurs when all functional devices are prepared for use and the individual who uses them can manage
to successfully complete all assigned tasks. The other states, meanwhile, happen when the working parts are harmed
to the point where they can't be utilised to drive the car. By employing an appropriate diagnostic system during
preventive maintenance, these states can be identified. The boundary distribution of the process of transitional states
for such a car has been derived by the author. The distribution illustrates the likelihood that the car is either in a
serviceable state or not. This article also describes the use of a semi-Markov process for the evaluation of the car's
reliability.

2.9 Optimal Charging of an Electric Vehicle Using a Markov Decision Process

Electric vehicles are used frequently today as an environmentally friendly and sustainable alternative to traditional
vehicles. Large-scale electricity storage still has its limitations. Therefore, when the demand for electricity is not
sufficiently great to absorb it, energy generated through renewable sources, such as sunlight, wind, etc., may be
unused. Basically, an electric power storage device, batteries are used in electric vehicles. A future devoid of fossil
fuels may be promoted by the combination of EVs and renewable energy sources.

The deterministic driving pattern could prove unsuccessful if the car is not charged or is not prepared for use. If a
stochastic model is used to work out the driving pattern, then randomness can be looked at. As the battery in an EV
serves as the source of power for the vehicle, it should have sufficient energy stored to carry out the desired task. In
their paper, Emil et al. [21] used the Markov decision process to examine the optimum charging of an electric vehicle.
The author used data from a single vehicle that was driven around Denmark for a period of six months. It includes
information about whether the car was in drive or not at any given moment. Modelling of electric vehicle charging
is an optimization problem with two objectives. One involves the user charging the car at the time of their choosing,
and the other involves minimising operating costs. You only need to take the price per unit of electricity into account.

An algorithm was developed as a stochastic dynamic programming problem for the vehicle's optimum charging.
Taking into account of maximum rate of charge of the battery u,,,x and minimum rate of charge of the battery upin,
a constraint Upi, < U < Upax 1S given as the bounds of charge of EV. Similarly, the storage level on the battery is
taken as another constraint of the form e, < e < epax - The revenue at time period t, R(t) is considered as the
objective function. The effect of the termination condition on the charging policy that results, the benefit of the
algorithm's rolling horizon implementation, the impact of unavailability costs on model output, and an example of
how an EV operates in vehicle-to-grid mode are all discussed in this paper. Any type of EV can be used with the
suggested method.

3. Conclusion

For vehicles to operate safely and reliably, quantitative reliability evaluation is essential. It is also a crucial require-
ment for plans for system maintenance. Different probability distributions can be used to model damage data in
reliability analyses of technical objects. However, the normal, exponential, Weibull, or gamma probability distribu-
tions are the most frequently used ones. It is shown that semi-Markov processes are a useful mathematical tool that
simplifies the challenging task of making logical control decisions in the complicated exploitation systems for tech-
nical objects. While semi-Markov models offer flexibility, they require extensive historical data, which may not
always be available for newer vehicle systems. This paper attempted to provide a survey of recent semi-Markov
literature for the reliability of various vehicle types. A thorough list of references is offered for conducting additional
research. Future research could focus on integrating semi-Markov models with machine learning to enhance predic-
tive maintenance.
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