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INTRODUCTION

With increasing demands on the operational reliability of public transport, there is a growing need to
maintain the operation of individual vehicles and ensure not only the smooth running of the service, but
also safety. Today, we are faced with much higher demands resulting from constantly changing
regulations and laws. It is still the case that the main objective of maintenance is to consider the safety
and reliability of vehicles and to reduce the ecological impact on the environment. Maintenance is an
important and necessary factor for the timely diagnosis of the current state of the vehicle, including the

determination of necessary replacements and repairs of individual components of the vehicles.

This work specifically focuses on the maintenance of the fleet of public transport operators. These
transport undertakings are characterised by the fact that the operator usually operates many vehicles of
different types, the different vehicle types are operated on clearly defined routes due to their capacity
and performance, and the specific vehicles have a very varied history of performance, breakdowns and
accidents, with part of the fleet usually still under warranty and part already beyond its minimum moral
life.

The basis for the development of maintenance plans changes over time and updating them tends to be a
challenging process because the physical maintenance plan itself interferes with economic planning and
must fit within the economic framework available to the transport undertaking. Retirement of obsolete
vehicles and purchase of new ones, as well as unforeseen events such as accidents, lack of spare parts
and other resources to carry out the actual maintenance (lack of human resources, already occupied
sidings, etc.) enter the maintenance planning process. Thus, managerial decision making in vehicle
maintenance planning is acomplex task which in practice requires the creation of alternative

maintenance plans according to set parameters.

Therefore, this dissertation focuses on vehicle maintenance, specifically on predictive maintenance
planning, which aims to develop an optimal vehicle maintenance planning model that ensures reliability,
safety, low economic and environmental impact of the operation of individual vehicles and the transport

company.

1 CURRENT STATUS OF THE STUDIED ISSUE

The term vehicle maintenance has many definitions, but in general it is a complex and complicated
process. Regardless of the type of equipment, the operation of maintenance and the individual steps
within the applicable regulations is challenging. The main challenge for the repair industry and individual
professionals in the field is to find the most effective way to keep the equipment running safely
(Sktivanek, 1976).

The main objective of the maintenance programme is to ensure the smooth running of the vehicles, to
prevent deterioration in their reliability and to maintain the service life and durability of the vehicles
within the prescribed limits (Skrivanek, 1976). Generally speaking, vehicle maintenance is the process

by which administrative and technical activities are managed during the life cycle of a piece of equipment.



According (Lehder, 2000) to maintenance, the objective is not only to maintain but also to restore the
equipment to a state in which it can perform the required function with an appeal to quality, safety,

optimum cost and environmental requirements.

(Kobbacy, 2008) describes the key objective of maintenance as "optimising the overall life cycle of the
equipment". This means that maximising equipment availability and reliability must be achieved in a cost-

effective manner and in compliance with environmental and safety regulations.

(Furch, 2010) characterized possession as: "thesum of all technical, administrative and managerial
activities during the life cycle of an object, the purpose of which is to maintain the object in a state or to
return it to a state in which it can perform the desired function." One definition of maintenance is to
characterise it as a set of activities to ensure the fitness and economically viable operation of selected
equipment. It is also defined as a set of measures to assess the actual condition of an object and to ensure
that the desired condition is maintained or restored. The individual maintenance activities (Lehder,
2000) include:

e Basic maintenance (lubrication, cleaning)
e Inspection and revision inspections

e Fault detection

e Repair

Maintenance is carried out according to predetermined rules, which are linked to detailed time planning.

Vehicle maintenance plan
Maintenance planning encompasses a range of methods to ensure the maintenance, repair or
replacement of the equipment being monitored. The main objective of maintenance planning is to

minimize the total cost of inspection, repair and downtime resulting from equipment failure (Mirghani,
2001).

High levels of automation initiated advances in machine maintenance. described that equipment
maintenance activities were increasingly important in the context of quality and production costs. (Ben-
Daya & Duffuaa, 1995) The link with quality and production costs directly influenced the increase in
maintenance expenditure and maintenance personnel. Therefore, in some industries, we still see
maintenance departments as the largest department, accounting for approximately 30% of the total work
(Bjorklund, 2010).

Many strategies for planning maintenance activities emphasise a strategy that is usually associated with
top and middle management responsibilities. This means that operational level staff often perform

maintenance tasks that are too general and difficult to transfer to the maintenance plan.

However, the main disadvantage of these maintenance strategies for the operational level is that they

require input information that is difficult to obtain. They support (Sharma, 2005) this view and point out



that many of these input factors are not easy to evaluate because of the uncertainties associated with

estimating the failure/repair characteristics of individual equipment components.

In recent years, we have therefore pursued changes in the form of the development of several models,
methods, concepts and strategies in order to properly plan and evaluate maintenance activities and
quantify their effectiveness (Lundgren, Skoogh, & Bokrantz, 2018). Some of the maintenance planning
models include Value Driven Maintenance (VDM) (Haarman H, 2004), Total Productive Maintenance
(TPM) (Nakajima, 1988), Reliability Centered Maintenance (RCM) (Rausand, 1998) and Total quality
maintenance (Al-Najjar, 1996).

Reactive Predictive Preventive
Maintenance Maintenance Maintenance
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s Repair Cost
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= Total cost
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Frequency of Maintenance Work

Figure 1 The trade-off between the costs of prevention and the costs of prevention

Predictive maintenance

Predictive maintenance is a type of maintenance that uses a variety of predictive tools to determine the
timing of individual maintenance activities required for the equipment. It is based on continuous
monitoring of the integrity of the equipment, allowing maintenance to be performed only when it is
really necessary. In addition, it enables early detection of failures thanks to predictive tools based on
historical data (e.g., machine learning techniques), integrity factors (e.g., visual aspects, wear and tear,
coloration different from the original), and statistical interference methods (Carvalho, Soares, & Vita,
2019). He also described predictive maintenance as a new type of maintenance that works on the
principle of obtaining representative features by monitoring the condition of the equipment and

predicting the evolution of degradation based on this.



Predictive maintenance is concerned with predicting failures before they occur. According to (Jardine,
Lin, & Banjevic, 2006), maintenance methods capable of monitoring the condition of equipment for

diagnostic and prognostic purposes can be divided into three main categories:

e statistical approaches,
o artificial intelligence approaches,
e model-based approaches.

There are positives and negatives to the use of each procedure. In the case of model-based methods, it is
necessary to have mechanical knowledge and master the theory of the devices to be monitored. Statistical
approaches require a mathematical background, which is why we are increasingly seeing the use of
artificial intelligence. In 2018 (Baptista, 2018) compared artificial intelligence with statistical methods,

observing superior results in favor of artificial infrastructure.

2 DISSERTATION GOAL

The most used types of maintenance in public transport are planned maintenance, unplanned
maintenance and post-accident maintenance. The main problem of the above maintenance in our
territory is the limited information about the planned performance of individual vehicles and therefore
the difficulty to estimate the extent of planned and unplanned maintenance of individual vehicles and to

quantify future financial costs.

In this dissertation, we focus on vehicle maintenance planning processes of transport companies and its
types implemented according to the practices in the Czechoslovak environment. The main objective of
this thesis is to develop a predictive maintenance plan for transport company vehicles, which would
ensure the refinement of maintenance planning and thus the cost of its implementation. All models and

computational processes are to be managerially controllable at least in scope:

e Manual adjustments to projected costs (e.g. for contract changes, inflation, etc.).

e Manual correction of fleet utilisation (scrapping plan and purchase of new vehicles).
e Manual correction of mileage plan for individual plants and depots/vehicles.

A maintenance planning system that can be operated in this way should also be used to model
hypothetical situations and to quickly assess the future maintenance costs of the transport undertaking's
fleet. The fulfilment of the main objective of the thesis is linked to the fulfilment of the sub-objectives,

namely:

e To create inputs for a functional inventory plan ensuring optimal reliability of vehicle maintenance

from the perspective of the haulier.
e To create a functional tool for planning preventive maintenance depending on the mileage.

e Develop a prediction model based on a combination of stochastic and classical methods.



Develop a cost prediction model based on cost history in relation to the fleet.

One of the requirements for the whole system is its user controllability. For this reason, the author of the

thesis defines the following datasets:

3

Km coefficient (km_coefficient)
Final km plan (plan_km_vysledny)
Price estimate (estimate_price)
Vehicle-specific limit (limit_vehicle)

PROCESSING METHODS AND METHOD OF SOLUTION

Currently, there are available database data sources, others exist only in paper form and are not
systemically captured. However, they are relevant to the maintenance planning process and need to
exist in a manageable form.

For the design of the process, a schematic simplification of the existing data sources is presented as
follows:

Maintenance history (hitorie_maintenance)
Basic vehicle data (vuz_hlavicka)

Prices for maintenance and repairs (pp_price)
Vehicle transport performance (km_denni_pribl)

Maintenance prescription (limit_vuz_orig)

New data sources are being introduced over and above existing ones:

Plan km (plan_km)

Map of vehicle type codes (ciselnik_typ_vozu)

Vehicle disposal plan (plan_liquidation)

List of new vehicles (novy_vuz_hlavicka)

Maintenance schedule for newly acquired/intended vehicles (novy_vuz_prohlidka)
Maintenance prescription reserve (reserve_limit)

Use of reserve (use_reserve)

Within the results, the author proposes control mechanisms to serve the user to validate the whole model,

but also to validate manual inputs and edit intermediate results. For example, there may be a situation

where the km plan plans km performance for a depot and vehicle type, but the system user plans their

disposal and does not replace them with new vehicles. For such a situation, logically, the whole model



will not be able to find the corresponding vehicles to which to assign the planned km for the given planned
km and therefore such performance will not be reflected in the maintenance plan. Or, conversely, there

may be an "overload" of vehicles that normally

e Maintenance plan

e Unallocated km (nedistribuovane)

e Comparison of distributed km and actual performance (distribuovane_vs_actual_km)

The whole procedure is shown in Figure 7. The procedure contains three processes (preprocessors) that
are used to prepare the intermediate results and an algorithm for the compilation of the vehicle

maintenance plan. All results of the preprocessors can be user controlled and edited.
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Figure 2 Maintenance plan development and costing process

3.1 Preprocessing 1 - vehicle km coefficient

This preprocessing consists of two successive processes. The first is the calculation of the km coefficient

of the vehicle and the second is the subsequent distribution of the planned km for each vehicle.

If the proposed system is to be able to plan maintenance interventions, the implementation of which is

overwhelmingly tied to a certain mileage interval (for each vehicle type there is a prescribed vehicle

mileage in the range from-to), it is necessary to predict for each vehicle its mileage in order to determine

when the vehicle reaches a defined threshold for the implementation of a certain level of prescribed

maintenance.
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Algorithm 1 vehicle km coefficient calcualtion
Inptuts: km_denni_pribl; vuz_hlavicka
Outputs: km koeficient
1 foreach vuz_hlavicka/typ_vozu // for each type of vehicle

2 compute sum_typ_vozu = sum km_denni_pribl // calculate the total performance of the
vehicle type

foreach vuz_hlavicka/ID // for each vehicle in a given type
compute sum_vuz = sum km_denni_pribl // calculate his total performance

compute km_koeficient=sum_vuz/sum_typ_vozu // calculate its weight in a given type

end

N O 1 oA W

end

Algorithm 2 Km plan calculation

Inptuts: km_koeficient; plan_km; plan_likvidace
Outputs: km_plan_vysledny

1 setday =today+1 // set the day for tomorrow
2 while day<=max plan_km/day // for each day until the end of the plan
3 foreach vuz_hlavicka/typ_vozu // for each type of vehicle
4 compute sumkm_typ_vozu = plan_km/typ_vozu*vdha dne // the power attributable to
a given type of day, this is calculated analogously to Algorithm 1
5 compute sum_vaha_typu = km_koeficient/typ_vozu where
day<plan_likvidace/den_vyrazeni // the total weight of all vehicles of that type that are
no longer in the process of being scrapped
foreach vuz_hlavicka/ID // for each vehicle
if day<plan_likvidace/den_vyrazeni // pokud vozidlo nebylo vyrazeno
compute plan_km/day = km_koeficient/sum_vaha_typu*sumkm_typ_vozu // km
vehicle performance for the day
9 else set plan_km = 0 // if it is in liquidation, it has no performance
10 end
11 end
12 end

3.2 Preprocessing 2 - Prediction of scheduled maintenance prices by type

Further preprocessing addresses the issue of estimating the cost of planned maintenance interventions
depending on the type of preventive maintenance intervention and the type of vehicle. Different methods
such as Poisson process and time series models can be used to predict the cost of panned maintenance.

Since the input data usually contains anomalies and cannot be completely cleaned, the author
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recommends the use of time series with an integrated moving average to "smooth out" any anomalies

that the Poisson process would not be able to capture.

Algorithm 3 Calculating the cost of planned maintenance

Inptuts: historie_udrzby; pp_cena

Outputs: odhad_cen
1 foreach vuz_hlavicka/typ_vozu // for each type of vehicle
2 foreach historie_udrzby/typ_udrzby // for each type of maintenance
3 compute ARIMA (Kinney, 1978) // calculation of the time series of prices
4 end
5

end

3.3 Preprocessing 3 - Predicting other maintenance prices

In addition to planned maintenance during operation, there are additional maintenance costs arising
from maintenance interventions that are difficult to predict. In this case, the following situations are
particularly relevant:

e During a preventive maintenance intervention, vehicle defects are detected and need to be rectified.
e Maintenance after a breakdown.

e Maintenance after an accident.

Algorithm 4 Calculating the cost of unscheduled maintenance

Inputs: historice_udrzby; pp_cena; odhad_cen

Ouputs: extra_budget/neplanovana_udrzba

foreach vuz_hlavicka/typ_vozu // for each type of vehicle
set sum_PL=0

set sum_NP=0

1

2

3

4 foreach historie_udrzby/typ_udrzby // for each type of maintenance
5 if historie_udrzby/typ_udrzby € PL // for planned maintenance

6 foreach histoire_udrzby/ID // for each maintenance

7

compute sum_PL=sum_PL+pp_cena/ID // retrieving the amount of planned
maintenance

end
else // for unscheduled maintenance
10 foreach histoire_udrzby/ID // for every maintenance

11 compute sum_NP=sum_NP+pp_cena/ID // retrieving the amount of planned

maintenance
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12 end
13 end
14 end

15 Compute extra_budget/neplanovana_udrzba = sum_NP/sum_PL*odhad_cen // pro-rata
calculation of the cost of unscheduled maintenance

16 end

Calculation of the maintenance plan
The maintenance problem has network features just like PNS (process-network synthesis) problems,

which are solved using the P-Graph methodology.

Figure 3 shows the most general generic PNS graph that is used for basic manufacturing systems. These
systems can be continuous, batch or mixed. In continuous operation, the output of the unit is realized
continuously from the start of operation. In batch operation, inputs are fed into the unit at one instant,
then processed, and all outputs are also processed at one instant. The cycle is then repeated. A continuous
unit can perform only one operation, but a batch unit can perform different tasks. The advantage of batch
systems is that they are very flexible and therefore it is relatively easy to change the final products or
production methods. In contrast, continuous systems are less expensive to operate in the long run. The
PNS problem deals primarily with continuous systems. The elementary step then implements the

transformation of input raw materials into products or output material.

Input
materials

~ Output
M; M, M, | materials

Figure 3 Graph representing maintenance units

Figure 3 right shows an already more complex network with three operating units o1.03 and input

materials M1-M3, one intermediate product My, one product Mg and one by-product Ms.
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Raw materials

Products

Figure 4 PNS network comprising three operating units and honour materials
To use P-charts to optimize the vehicle maintenance problem, the links between maintenance tasks and
operational units need to be identified. These links are shown in Figure 5. The elements of the graph in

the PNS categorization are on the right.

e Input:
\- active_bus_T1 inactive_bus_T1 o active_bus_TN - The available, operable buses in
period TN.
il o inactive_bus_TN - The unavailable, faulty buses in
) period TN.
active fwait_T1 service_T1 inactivel wait_T1 repair T1 o  bus_in_service_TN - The actually working buses in
—— period TN

e Operational units:
o active_wait_TN - The waiting of the active buses in

period TN.
Gctive_bus_T2 inactive_bus_T2 o service_TN - The regular operation of buses in
bus_in_service_T1 period TN.

o inactive_waiting_ TN - The waiting of the inactive
buses in period TNs.

o repair_TN - The maintenance of buses in period
TN.

e Secondary-products:

o bus_in_maintenance - maintenance state that can
be reached proactively without waiting for non-
operational state. Applies to scheduled
maintenance

¥ ¥

active|wait T2 service T2 inactive |wait_T2

repair_T2

tive_bus_T3
bus_in_service_T2

inactive_bus_T3

Figure 5 The relation between the terms used in PNS and the Maintenance problem

The constructed line graph represents operational days with structured activities represented as
operational units. Vehicles move between activities and states over time. The graph has no edges in its

initial state or only the value 1 can be considered on all edges.

The P-graph itself is algorithmic already in the generation of the structural model and is able to provide
a solution already in its construction, which may not obey all conditions, but provides at least some
solution. Due to the neglected constraints in this paper, the already generated graph represents the

solution of the problem itself.
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The following rules apply for creating the chart:
e Each vehicle is only in activity (operation) or maintenance on one day

e Vehicles enter maintenance only when they become inoperable. A vehicle becomes inoperable in the

following situations:

o The vehicle has exceeded the maximum allowable value of the prescribed inspection limit,

optionally including tolerance.
o The vehicle has incurred a maintenance requirement following an accident or other incident.

The graph is always generated from the day following the day from which the actual performance is
known. On the input, it is known which vehicles for that day will be in maintenance (decisions from the
previous day) and which will be in service. Thus, the following Algorithm 5 is always run after the close

of the operating day and always after running Algorithm 2.

Algorithm 5 Procedure for creating a P-graph for vehicle maintenance

Inputs: historie_udrzby; km_denni_pribl; plan_km_vysledny; limit_vuz;
rezerva_limitu; vyuziti_rezervy; vuz_hlavicka

Outputs: maintenance plan
foreach vuz_hlavicka/ID // for each vehicle
2 set day = today+1 // set the day for tomorrow

-

3 set plan_km_real/(day-1) = km_denni_pribl/day // set real vehicle
performance for today from history

4 while day<=max plan_km/day // by the end of the plan
if provoz/day // is the vehicle in use on that day?

6 compute plan_km_real/day = plan_km_real/(day-
1)+plan_km/day // add the planned performance for the day

set P=1 // set the inspection to the highest level
while P<=max P // until the lowest level inspection
if vyuziti_rezervy = 1 // is the reserve being used?

10 if plan_km_real-historie_udrzby/km >
limit_vuz*(1+rezerva_limitu) // the limit of the reserve
inspection has been reached?

11 Compute Algorithm 6// sub-algorithm of tour settings

12 else // continues until the next day

13 elseif plan_km_real-historie_udrzby/km > limit_vuz // the
inspection limit has been reached without a reserve?

14 Compute Algorithm 6 // sub-algorithm of tour settings

15 else // continues until the next day

16 end

17 else set provoz/(day+1) = 1 // set the vehicle in service the next day

15



18 end
19 end

Algorithm 6 Procedure for maintenance setting
Inputs: P parameter
Outputs: making records of inspections carried out
1 setprovoz/(day+1)=0 // set up a tour for tomorrow
2 set PP=P // from the current inspection level
3 while PP<=max P // to the lowest inspection level
4

compute historie_udrzby/km=plan_km_real // for each type of lower
inspection, make a record of the inspection

5 end

The proposed Algorithm 5 does not consider the likelihood of unscheduled maintenance occurring. Its
cost is computed independently in Algorithm 4. If the occurrence of unscheduled maintenance were
stochastically considered, the entire maintenance plan itself would be very unstable because the
maintenance plan itself is purely deterministic. In fact, it is represented in the P-graph by a by-product
that represents the maintenance itself. This product is completely deterministic on the timeline. The
occurrence of any event in any schedule based on any stochastic approach is a procedure that is never

applied in deterministic schedules and belongs rather to simulation models.

The graph generation described in Algorithm 5 is realistically a degeneration of the stochastic P-graph,
since it lacks the decision problem arising from capacity constraints. The advantage is the speed and the
completely deterministic behavior of the entire proposed system. In practice, the results of the proposed

process should be recalculated every day after the close of the operating day.

Neglected conditions

There are a set of conditions that should generally be considered in the vehicle maintenance planning
procedure, but for practical reasons they are not relevant for the Czechoslovak environment.
Although these are conditions that are not themselves considered in the proposed procedure and
algorithms, for each algorithm and step of the procedure it is pointed out that it would be appropriate

to take the condition into account in the given algorithm or procedure. Neglected conditions:
e Resource capacities for planned and unplanned maintenance

e Connections and lines served

e Heterogeneous fleet

e Resource capacities for carrying out planned and unplanned maintenance represent human

resources and areas for carrying out planned and unplanned maintenance.
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In the Czechoslovakian environment, the resource constraints mentioned above do not represent a real
problem for all types of inspection and maintenance except for large inspections for rolling stock, which
in this thesis corresponds to the designation P1. As large inspections of rolling stock involve almost
complete dismantling of vehicles at the layby, where some inspections realistically last a week and others
involve the use of resources for up to three months, P1 inspections require a completely human

management system.

It is a logical assumption that the need for especially unscheduled maintenance, which arises as a result
of breakdowns or the expectation of breakdowns, primarily through direct wear and tear on the vehicle
and its parts, is dependent on the area it serves. In practice, different wear and tear on different parts of
the vehicles arises for vehicles that are deployed on services where they have to negotiate higher
elevations or are otherwise more heavily loaded, e.g. with a higher number of passengers. Similarly, for
accidents, it is logical to assume that there are places in the territory served with higher and lower
accident risks. Thus, any proposed procedure and model should logically also take into account the

specific links served and the wear and tear and risks that therefore arise on them.

In practice, km plans, arise on individual vehicle types. At the same time, transport undertakings try to
have as homogeneous a fleet as possible, precisely because of maintenance and overall stock maintenance

costs.

Transport companies acquire different types of vehicles precisely for the purpose of servicing areas, or
lines and connections that have non-standard conditions. For example, in Liberec there is a group of buses
of the transport company which are deployed on the lines to Bedtichov. These buses overcome the
highest altitude and gradients and run at maximum load in winter, which means that they are subject to
the highest demands in terms of performance and maintenance. This group of vehicles is logically not
deployed on other routes. Similarly, in Prague, for example, an isolated group of vehicles is used, for
example, for the line connecting the zoo and the Bohnice housing estate, which overcomes significant
ascents/descents for most of its length. A similar situation prevails in other cities in the Czechoslovak

area.

For the above reasons, the combination of input data means that the problem solves itself in combination

with the operational approach. An analogous reasoning applies to the heterogeneity of the fleet.

Neglected conditions solution

If the simplifications in the form of neglected conditions in the form of technician capacities, maintenance
crews, and maintenance area capacities were to be discontinued, the graph would have weighted edges
(the weighting of the edges would represent time) and there would be additional input material to
represent technicians, maintenance crews, and maintenance area capacities. The procedure for creating
such a graph is described in (Adonyi, Heckl, & Olti, 2013).

The P-graph model is able to exploit the structural properties of the problem and, as a consequence,

reduce the search space. The general branch and bound (B&B) algorithm usually decides on a single

17



decision variable in a single step, but the accelerated branch and bound (ABB) algorithm, which can be

used in P-graphs, is able to decide on multiple integer values at once.

The specific procedure of how to solve PNS decision problems using ABB is described in (Friedler, Varga,
& Fan, 195).

4 CASE STUDY

The whole procedure proposed in this thesis, including the algorithms, was fully implemented in the R
language by the author of this thesis with the contribution of Katefina Sulcova Ph.D. on data provided by

Dopravni podnik Ostrava a.s.

The whole procedure and algorithms were validated and verified in cooperation with the management
employees responsible for the creation of vehicle maintenance plans and its outputs and benefits were
presented at the joint meeting of the Transport Operational Groups of the Association of Transport

Operators of the Czech and Slovak Republic.

Real solution

For validation and verification, it was not possible to have direct access to the operational databases and
the whole system had to be built in such a way that it did not burden any operational system in any way.
Even if the procedure is implemented at another transport undertaking, the system must first be built in
a sandbox environment so that its operation does not compromise the transport undertaking's

operational systems in any way and can be effectively validated and verified.

In the present case and at the time, the transport undertaking chose to use Microsoft's Power BI tool to
read the database data, which already existed for other purposes. The entire process is shown in Figure
6.
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Figure 6 Process of indirect reading and data processing

The resulting maintenance schedules were then loaded back into Power BI, where a user-friendly
presentation was created for them with the option of filtering by traction, vehicle types, etc. The

resulting presentation is shown in Figure 7.
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Figure 7 Presentation of the maintenance plan in Power BI
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5 ACHIEVED RESULTS

During the development of the essential parts of this dissertation in the Czechoslovak area, knowledge-
based methods for the development of regular and irregular maintenance plans and post-accident
maintenance were still used in public transport companies. The associated budgets for the above types
of maintenance were also produced using knowledge-based methods. Vehicle maintenance costs

represent a significant proportion of the costs of transport undertakings.

Thus, the aim of this work was to propose a procedure and algorithms to speed up and refine the
processes leading to the design of vehicle maintenance plans and associated budgets. The procedure and
algorithms were intended to allow control of intermediate results and user input into the processes of
cost prediction, fleet utilisation and individual vehicle performance prediction. Similarly, the sub-
objective of creating inputs for a functional inventory plan that ensures optimal vehicle maintenance

reliability from a carrier's perspective was met.

In this paper, a general procedure for the development of vehicle maintenance plans and the
determination of maintenance costs is proposed in such a way as to speed up and refine these processes
and verified in practice on a selected transport company, where the proposed procedure and algorithms
were validated and verified in their concrete form. For future implementation and development, the
author provided practical experience and guidance for implementation in the operational environment

of transport enterprises in the case study.

The proposed procedure and algorithms partially retained knowledge-based methods but made
significant use of a combination of data processing-based methods and traditional algorithms. Similarly,

practical or data cleaning methods must also be used in practice.

Thus, it can be concluded that the main motivation for this dissertation was fulfilled, i.e. the development
of a procedure and algorithms that would serve to support managerial decision making in vehicle
maintenance planning and facilitate the costing of planned and unplanned maintenance. Thus, the result
of this dissertation may find its application in practice in transport companies operating public transport

throughout the Czechoslovakia.

6 BENEFITS OF A DISSERTATION
Regarding the applicability of the proposed procedure and algorithms in practice for the Czechoslovak
environment, steps are proposed to include variables that were omitted in this dissertation. Their list and

place of inclusion are clearly listed in the full version of the thesis.

The proposed procedure uses algorithms that are all implemented in available libraries in R and Python,
and the proposed system can be replicated on any transport company by anyone with only basic

knowledge of programming and mathematics.

Based on a thorough literature review, it can be concluded that the proposed approach and algorithms

are novel and original in their combination. The reviewed literature does not describe any procedure and
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algorithms for the constraining conditions and requirements for controllability by system users that are

required in this dissertation.

The proposed procedure and algorithms are designed to not affect the existing data preparation
processes and data recording method. In the event of major changes in the data base or the method of
data recording and collection or refinement of the data base, the results of the proposed procedure and

algorithms will also be more accurate.

LITERATURE

Adonyi, R., Heckl, 1., & Olti, F. (November 2013). Scheduling of bus maintenance by the P-graph
methodology. Optimization and Engineering, 14. doi:10.1007/s11081-013-9240-8

Al-Najjar, B. (1996). Total quality maintenance. Journal of Quality in Maintenance Engineering, 2,
4-20.

Baptista, M. S. (2018). Forecasting fault events for predictive maintenance using data-driven
techniques and ARMA modeling. Computers & Industrial Engineering, 115, 41-53.

Ben-Daya, M., & Duffuaa, S. O. (1995). Maintenance and quality. Journal of Quality in Maintenance
Engineering, 1,20-26.

Bjorklund, S.-P. M.-K. (2010). Developmental the maintenance plan: Maintenance activities on
operational level. 7th International DAAAM Baltic Conference INDUSTRIAL ENGINEERING,
(stranky 22-24). Tallinn, Estonia.

Carvalho, T. P., Soares, F. A., & Vita, R. (2019). A systematic literature review of machine learning
methods applied to predictive maintenance. Computers & Industrial Engineering, 137.
doi:https://doi.org/10.1016/j.¢1e.2019.106024

Friedler, F., Varga, B., & Fan, L. (195). Decision-mapping: A tool for consistent and complete
decisions in process synthesis. Chemical Engineering Science, 1755-1768.

Furch, J. a. (2010). Opravy a zabezpeceni materidlem bojovych a specidlnich vozidel. Cast 4. Brno:
Univerzita obrany.

Haarman H, D. G. (2004). Value Driven Maintenance — New Faith in Maintenance: Mainnovation.
Dordrecht: Mainnoviation.

Jardine, A. K., Lin, D., & Banjevic, D. (2006). A review on machinery diagnostics and prognostics
implementing condition-based maintenance. Mechanical Systems and Signal Processing,
20(7), 1483-1510.

Kinney, W. R. (1978). ARIMA and Regression in Analytical Review: An Empirical Test. The
Accounting Review, 53, 48—60. Nacteno z http://www.jstor.org/stable/245725

Kobbacy, K. A. (2008). Complex system maintenance handbook. Springer Science & Business Media.

21



Lehder, G. (2000). Teoria udrzby a opravv (1 vydanie. vyd.). KoSice: Strojnicka fakulta, Technicka
univerzota v KoSiciach.

Lundgren, C., Skoogh, A., & Bokrantz, J. (2018). Quantifying the Effects of Maintenance - a Literature
Review of Maintenance Models. Procedia CIRP, 72, 1305-1310.

Mirghani, M. (2001). A framework for costing planned maintenance. Journal of Quality in
Maintenance Engineering, Vol. 7 No. 3, 170-182.

Nakajima, S. (1988). Introduction to TPM: total productive maintenance. Cambridge: Productivity
Press.

Rausand, M. (1998). Reliability centered maintenance. Reliability Engineering & System Safety, 60,
121-132.

Sharma, R. e. (2005). FLM to select suitable maintenance strategy in process industries using MISO
model. Journal of Quality in Maintenance Engineering, 11, 359-374.

Sktivanek, M. P. (1976). Povozni spolehlivost a udrzba stroju (2 vydani. vyd.). Praha: SNTL-
Nakladatelstvi technické literatury.

OWN PUBLICATIONS
Publication activity related to the topic of the dissertation

1 SULCOVA, K., SULC, ]. Detection of minimal set of trips causing the necessity to use extra
vehicle for vehicle scheduling problem. Journal of systemics, cybernetics, and informatics,
2018, roc¢. 1602018, ¢.16 (3) 2018, s. 1-4.

[I1] SULCOVA, K., SULG, J. Detection of minimal set of trips causing the necessity to use extra

vehicle for vehicle scheduling problem - a case study. 2021,

[1II] SULCOVA, K, SULC, J. Usage of RAPTOR for travel time minimizing journey
planner. I[EEE 19th World Symposium on Applied Machine Intelligence and Informatics,
SAMI 2021 : proceedings. New York : IEEE (Institute of Electrical and Electronics
Engineers), 2021, s. 419-224. ISBN 978-1-72818-053-3.

[IV]  SULCOVA, K., SULC, J. Algorithm for on-line calendar text generation in public
transport. IEEE 19th World Symposium on Applied Machine Intelligence and Informatics,
SAMI 2021 : proceedings. New York : IEEE (Institute of Electrical and Electronics
Engineers), 2021, s. 425_430. [SBN 978-1-72818-053-3.

[V] SULC, J., SULCOVA, K. Detection of minimal set of trips causing the necessityto use extra
vehicle for vehicle scheduling problem. WMSCI 2018 - 22nd World Multi-Conference on

22



Systemics, Cybernetics and Informatics : proceedings. Volume 1. Winter Garden :
International Institute of Informatics and Systemics, 2018, s. vol1l, pp 64-67. ISBN 978-
1-941763-81-0.

[VI] SULCOVA, K, SULC,]. Detection of minimal set of trips causing the necessity to use extra

vehicle for vehicle scheduling problem. Journal of systemics, cybernetics, and informatics,
2018, ro¢. 1602018, ¢. 16 (3) 2018, s. 1-4.

[VII] SULCOVA, K, SULC, ]. Detection of minimal set of trips causing the necessity to use extra

vehicle for vehicle scheduling problem - a case study. 2021,
Other scientific research activity
1 SOUSEK, R., SULG, . Prediktivni systém tidrzby vozidel. 2021.
[  SULC,]., SOUSEK, R. Prediktivni systém tidrzby vozidel II.. 2022.
[L11] SOUSEK, R., SULC, J. Prediktivni systém udrZby vozidel. Neuveden, 2022.14 s.
[IV]  SOUSEK, R., SULC, ]. Prediktivni systém udrzby vozidel III.. 2023.

[V]  SOUSEK, R, SULC, J., SULCOVA, K., DORDA, M., TEICHMANN, D., PLEVA, I., MACECKOVA,
G. Navrh nové podoby datového skladu. 2022.

[VI]  SOUSEK, R, SULC, J., SULCOVA, K., DORDA, M., TEICHMANN, D., PLEVA, I, MACECKOVA,
G. Model predikce pottreby skladovych zasob v ¢ase. 2021.

[VII] SOUSEK, R, SULC, J., SULCOVA, K., DORDA, M., TEICHMANN, D., PLEVA, I, MACECKOVA,
G. Model predikce poruch ve vozidlech. 2022.

Honors & awards

1 Session's Best Paper AwardSession's Best Paper Award

Issued by The 22nd World Multi-Conference on Systemics, Cybernetics and Informatics
- Jul 2018; Session: Computer Science and Engineering paper: Detection of Minimal Set

of Trips Causing the Necessity to Use Extra Vehicle for Vehicle Scheduling Problem

Internships and courses

M E.LLD.S. Summer Workshop 2018, 14-17 May 2018, Umea, Sweden

[I1] UITP Training on Planning and Scheduling of Bus Operations, 16-18 April 2018,

Hamburg, Germany

23



[I1] The 22nd World Multi-Conference on Systemics, Cybernetics and Informatics: WMSCI
2018 July 8- 11,2018 ~ Orlando, Florida, USA

SOUHRN/ABSTRACT

V disertacni praci autor provedl vyhodnoceni vyvoje Udrzby, jeji kategorizace a obecnych pristupt
k jejimu planovani. Nasledné autor v praci provedl analyzu soucasného stavu védeckého poznani a shrnul
metodiky, které se v planovani udrzby vozidel uplatnuji, a to vcetné stochastickych modeld a modelt
Casovych rad. Dale se v ramci prace zaméril na soucasny stav v praxi se zamérenim na ¢eskoslovenské
prostiedi, pro které by mély vysledky této prace vyt vyuzitelné. Na zakladé souCasné praxe pak autor
definoval rozsah metod vhodnych k uziti k dosazeni cilli, které si v ramci této prace vytycil. Pro dalsi
postup autor definoval rozsah piedpokladi a opomijenych podminek, které odtvodnil. V samotném
navrhu postupu a algoritmii autor zvolil vhodné formalismy, zejména pak samotny P-graf, k némuz uvedl
zpusob jeho generovani, resp. degeneraci zakladni tlohy P-grafu. Pro jednotlivé prvky systému byly
definovany jejich vazby, naslednost pri uziti a byly definovany nové prvky systému, které jsou v praxi
reprezentovany datovymi sadami. Autor navrhl i postup zakomponovani omezujicich podminek, které
v této praci cilené opomenul a odkazal na jiz existujici prace, s jejichZ pomocilze rozsirenou tlohu vyresit.
Cely navrzeny postup a algoritmy byly otestovan na datech vybraného dopravniho podniku, kde byly
validovany a verifikovany. Autor prace poskytl i popis architektury vysledného feSeni a soupis
praktickych problémi vcetné jejich reSeni, aby bylo mozné vysledky této prace snadné replikovat a

vysledky uplatnit v praxi.

In the dissertation the author evaluated the development of maintenance, its categorization and general
approaches to its planning. Subsequently, the author analysed the current state of scientific knowledge
and summarised the methodologies applied in vehicle maintenance planning, including stochastic and
time series models. Furthermore, the thesis focuses on the current state of the practice with a focus on
the Czechoslovak environment, for which the results of this thesis should be useful. Based on the current
practice, the author then defined a range of methods suitable for use to achieve the goals he has set out
within this thesis. For further progress, the author defined a range of assumptions and neglected
conditions, which he justified. In the actual design of the procedure and algorithms, the author has chosen
appropriate formalisms, in particular the P-graph itself, for which he has given the method of its
generation, or the degeneracy of the basic P-graph problem. For the elements of the system, their links
and sequence of use were defined and new elements of the system were defined, which in practice are
represented by datasets. The author also proposed a procedure for incorporating constraint conditions,
which he purposely omitted in this paper, and referred to existing works with the help of which the
extended problem can be solved. The entire proposed procedure and algorithms were tested on data
from a selected transport company, where they were validated and verified. The author has also provided
a description of the architecture of the resulting solution and a list of practical problems including their

solutions, so that the results of this work can be easily replicated and the results applied in practice.
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