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Highlights

Abstract

* Statistical analysis was used to estimate the opera-
tional parameters of the vehicles.

» A multi-criteria method of selecting a fleet of ve-
hicles for the tasks was developed.

* Reliability and cost of use evaluate the selection
of a fleet for the tasks.

* A new decision model for selecting a fleet of vehi-
cles for the tasks was presented.

The article presents a method of selecting a fleet of vehicles with a homogeneous structure
for tasks based on the statistical characteristics of their operational parameters. The selec-
tion of a vehicle fleet for tasks is one of the stages of vehicle fleet management in transport
companies. The selection of a vehicle fleet for tasks has been defined as the allocation of a
vehicle model to a given company, which is associated with the unification of the vehicle
fleet to one specific type. The problem of selecting a fleet of vehicles has been presented in
a multi-criteria approach. The operational parameters assessing the selection of vehicles for
the tasks are mileage and the number of days to the first and subsequent failure, and vehicle
maintenance costs. The developed method of selecting a fleet of vehicles for the tasks con-
sists of two stages. In the first stage, the average operating parameter values are determined
using statistical inference. In the second stage, using the MAJA method, a unified model of

the fleet of vehicles operating in the enterprise is established.
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1. Introduction

The selection of a fleet of vehicles for tasks is one of the stages in
fleet management in transport companies. In the literature on the sub-
ject, there are many publications on the issues of supporting vehicle
fleet management in terms of selecting a given vehicle for the imple-
mentation of commissioned tasks [19, 23]. Selecting a fleet of vehi-
cles for tasks in transport companies is a complex decision-making
process. On the one hand, customers’ requirements covering a wide
range of outsourced transport tasks should be taken into account. On
the other hand, the technical potential of operators performing vari-
ous transport processes and thus having a different fleet of vehicles
should be considered. The selection of a fleet of vehicles for the tasks
depends primarily on the business profile of a given company and
current transport needs.

Considering the above, when selecting a fleet of vehicles for the
tasks, special attention should be paid to their technical parameters,
including cargo parameters and the efficiency and economy of the
drive unit (unit engine power, fuel consumption). An essential func-
tional feature is also their failure rate. The lower it is, the lower the
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maintenance costs of the fleet and the risk of failure to complete the
task will be.

In classical literature and the literature relating to vehicle fleet
management, selecting a vehicle fleet for tasks is understood as the
allocation of a specific vehicle to a transport task or task. As a result
of many studies [2, 34] the issue of assigning vehicles to tasks may be
considered in terms of technical, economic, organizational and quali-
tative aspects. According to the literature, the classic allocation issue
consists of assigning the available vehicles to the assigned tasks. The
assignment assumes that each task, if possible, is assigned to precisely
one vehicle and each vehicle completes only one task. The measures
of a correctly generated allocation usually determine the minimum
completion time for all tasks or the minimum cost of task completion.
The issue is often modified by introducing various combinations of
the number of assigned tasks to vehicles, e.g. an equal number of tasks
and vehicles, more than vehicles, and fewer than vehicles.

Considering the current problems in the management of the vehicle
fleet, the definition of the selection of the vehicle fleet for the tasks
was modified and presented in a broader sense. The selection of the
vehicle fleet for the tasks in the article was defined as the allocation
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of a vehicle model (brand) to a given company, which is associated
with the unification of the vehicle fleet to one specific type. This ap-
proach is the current trend in vehicle fleet management and is rec-
ommended by transport companies. The benefits of standardizing the
model (brand) of the car fleet in transport companies play an essential
role in reducing servicing and repair costs compared to the diversi-
fied fleet [11]. The benefits of the standardization of the rolling stock
are even more significant if the company’s fleet is standardized to a
model/brand of the manufacturer, which is currently characterized by
the lowest failure rate concerning other brands of vehicles, operating
costs or time of carrying out transport tasks.

The article aims to develop a method of selecting a fleet of vehi-
cles with a homogeneous structure for transport tasks carried out in a
given transport company, using descriptive statistics and procedures
of statistical inference of selected operational parameters of vehicles.
Statistical inference is related to the need to conduct measurements
on a selected random sample, which covers a specific number of ve-
hicles of a given model (brand). According to the assumption of the
developed method, the average operating parameters of vehicles of
a given model, determined based on a random sample, are verified
using statistical hypotheses to the average values of parameters de-
scribing the entire population of vehicles operating in enterprises. For
this purpose, the article uses tests to determine the mean value for the
population. The problem of selecting a fleet of vehicles for transport
tasks has been presented in a multi-criteria approach, so choosing a
specific vehicle model was carried out using the multi-criteria assess-
ment method for variants of MAJA solutions [22].

The article presents a decision-making model for selecting a vehi-
cle brand to perform specific transport tasks. In the model, the opera-
tional parameters assessing a given vehicle make are mileage and the
number of days to the first and subsequent failure and vehicle mainte-
nance costs. The task of the developed method based on the decision
model is to indicate such a vehicle brand, the operating parameters of
which tend to the minimum values.

Bearing in mind the above, the article is divided into four parts.
The first presents a research problem and an analysis of the literature
on selecting vehicles for tasks and fleet management. The second part
is developing a decision-making model for selecting a given vehicle
brand for the tasks carried out in the company. The next part presents
the method of assigning a given vehicle model to the fleet operating
in the company. In contrast, the last part is verifying the proposed
method based on actual data.

2. Literature analysis

The car fleet plays an essential role in the enterprise, especially in
logistics, transport of goods, trade and mobile services. The selec-
tion of the appropriate fleet impacts the quality of services provided,
timeliness, competitive advantage and cost optimization [29, 38]. Due
to the variety of aspects that need to be taken into account, selecting
a fleet of vehicles for tasks is a complex decision-making problem,
often requiring the selection of compromise solutions. In this process,
emphasis is placed not only on the optimization of transport costs
related to the implementation of commissioned tasks but also on the
aspect of safety and reliability of the rolling stock [31, 36] and the
ecological part [25].

In the case of safety or reliability, one can mention, for example,
the failure rate of vehicles in car fleets. For example, the authors of
[16] indicate that the most significant repair costs are generated by
damage to the suspension system and drive system and the engine,
drive system, and brake system. Failure frequency of the mentioned
systems is indicated in many works [24, 30].

The selection of the vehicle fleet for the tasks due to the availability
and quality of the service network is presented in the paper [37]. The
problem of selecting the fleet has been presented in a multi-criteria
approach. Among the criteria, they distinguished groups of criteria:
repair costs, quality of repairs, location of the service network and

its equipment, and availability of parts. Using the hybrid DEMATEL
multi-criteria decision support method, the authors solved the prob-
lem with a network analysis of processes.

Wang et al. [39] present a method of selecting a vehicle fleet
for tasks based on the evolutionary algorithms of NSGA-III, SMS-
EMOA, and DI-MOEA. In their work, they emphasize that with a
fleet consisting of a large number of vehicles and operating over a
large area (e.g. the entire country), when creating vehicle service
schedules, many criteria should be taken into account, such as the
distance to the service or various repair costs at multiple sites.

When selecting a fleet of vehicles for tasks, servicing damaged ve-
hicles is essential. Jacyna and Semenov [20] raise the problem of en-
suring the availability of significant parts in service stations. In their
work, they proposed a proprietary optimization algorithm to mini-
mize the risk associated with purchasing parts. The model is based
on uncertain information related to various random situations, the risk
of misdiagnosing a damaged vehicle associated with purchasing the
wrong part, or the risk of selling the lousy part by the supplier.

The critical measure in selecting a fleet of vehicles is the cost of
vehicle operation. These costs depend, among others, on repairs and
maintenance and costs resulting from the purchase of consumables
[4]. In classic models of selecting a vehicle fleet for tasks, assessing
the allocation of vehicles to tasks is the cost or time of performing all
tasks [15, 17].

In most cases, the problem of selecting a fleet of vehicles is pre-
sented in terms of multiple criteria. Therefore, multi-criteria assess-
ment methods are often used to assign vehicles to tasks [8, 26]. The
classic selection of vehicles for tasks is often described using the
graph theory [44] and operations research [33, 43], which emphasizes
the optimization aspect of the problem under study. Considering the
complexity of the problem of selecting a fleet for tasks, this problem
is often solved with heuristic algorithms, in particular with the genetic
algorithm [7, 28] and with the help of linear programming [13] or the
Tabu search algorithm [32].

The process of selecting vehicles for tasks is also related to the
issue of determining the driver’s work schedule (timetable) and thus
assigning the driver to work shifts [27]. The problem of assigning
drivers in fleet management is a complex issue, for example, because
introducing a vehicle to a given route is associated with restrictions
resulting from the driver’s working and driving time.

The authors of the work [10] indicate that a typical scenario for the
allocation of vehicles to tasks is to arrange a fleet of vehicles in such a
way as to minimize, among others: the total cost of travel by vehicles
with limited capacity to deliver the order to several customers [3], or
the time of municipal waste collection [18]. Depending on the type of
company managing a given fleet of vehicles, the allocation problem
may be subject to certain modifications by introducing additional re-
strictions (e.g. time intervals for route implementation). However, the
main task is to allocate the minimum number of available resources,
e.g. vehicles, to designated routes. The issue of the allocation of ve-
hicles to routes and schedules of driving routes in transport companies
has been presented in many publications, among which one can indi-
cate, among other things [9, 12].

An essential aspect of allocating a fleet of vehicles to transport
tasks, which has been gaining in importance and popularity in recent
years, is the environmental safety of the transport fleet. The authors
present exciting analyses in the article [42], indicating the environmen-
tal benefits of using high-tonnage vehicles powered by LNG in cargo
transport. The ecological safety of the transport fleet is determined
by various factors, among which the authors of the work [2] mention
vehicles in poor technical condition and emitting an increased amount
of toxic compounds into the atmosphere [6], an adequately selected
engine oil with low viscosity, which increases the efficiency of the en-
gine and at the same time reduces fuel consumption[14], oil pollution
with fuel [1]. The selection of vehicles for the tasks to reduce exhaust
emissions to the environment is often taken into account when creat-
ing environmentally friendly transport systems [21, 41]. In the case
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of vehicle recycling systems, the selection of the fleet is of crucial
importance in terms of environmental protection and minimizing the
number of toxic compounds in the atmosphere [5].

Kazang et al. [25] analyzed the problem of allocating the fleet, tak-
ing into account two aspects, i.e. profitability and the level of exhaust
emissions. In the presented model, they used the two-criteria model
of linear programming. Profit maximization and exhaust gas minimi-
zation for the heterogeneous fleet were analyzed. The transport fleet
on long-distance routes was studied, taking into account various sce-
narios, the return with and without a load, and the fuel consumption
was determined for each version.

In the summary of the literature analysis, it can be stated that se-
lecting a fleet of vehicles for tasks is a complex optimization process
and should be analyzed in a multi-criteria approach. In the article, the
authors focused on two aspects: the reliability aspect of minimizing
the mileage and days to the first and subsequent vehicle failures, and
the economic aspect as the cost of vehicle maintenance. The literature
analysis showed a research gap in selecting a vehicle model with a
homogeneous structure for the fleet of a given company. In most pub-
lications, choosing a vehicle fleet is understood as assigning a specific
vehicle to a task. The choice of vehicles is made from among vehicles
with a heterogeneous structure. The method of selecting a fleet of ve-
hicles for the tasks proposed by the authors determines one vehicle
model, which is effective in terms of reliability and economy. It thus
minimizes the risk of incorrect allocation of individual vehicles to
tasks.

3. A decision model for selecting a vehicle fleet for
tasks in the enterprise

3.1. General assumptions

The decision-making model for selecting a given type of vehicle
model (brand) for the fleet applies to transport companies. Various
transport tasks are carried out in various transport systems, e.g. trans-
port systems, load transporters, or entire truckload transport [40, 35].
The decision model unifies the brand of the vehicle fleet and adjusts
it to the nature of the tasks performed in a given enterprise. A given
vehicle model should not only have a minimum failure rate (reliabil-
ity) compared to other models but also a minimum maintenance cost.
Therefore, the right choice of rolling stock in every transport company
is crucial. Using the decision-making model, the vehicle type (brand)
is selected for the company ‘s fleet, taking into account a multi-criteria
approach. The individual functions of the criteria refer to the cost of
vehicle maintenance and reliability measures such as average mileage
to the first failure (failure) of a given brand, average mileage to sub-
sequent failures of a given brand, average number of days to the first
failure for a given brand, the average number of days to subsequent
losses, the average damage intensity of a given brand. Assumptions
for the vehicle fleet selection model:

— The transport task in the enterprise is interpreted as a driv-
ing route between individual points of the transport network.
Depending on the nature of the enterprise, vehicles may visit
unique loading/unloading points by the prescribed delivery or
collection schedule (collection or pickup systems) or follow the
transport route from a collection point directly to the unloading
point (full truckload systems).

— The routes of the transport assignments are known and defined
by the mobility plan of each enterprise. A company’s mobility
plan is interpreted as a schedule of tasks assigned to be per-
formed by vehicles, which is adapted to customers’ needs for
transport services.

— It is assumed that the vehicles once visit the loading and un-
loading points. Loading and unloading times were omitted.

— It was assumed that fleet maintenance costs include fuel con-
sumption, repairs, and regular servicing to simplify the model.

3.2. Model input data

To develop a decision-making model for the selection of a fleet
of vehicles for tasks, you should enter data on the transport network
in which the vehicle mobility plan carries out transport tasks, define
transport tasks in the form of vehicle driving routes based on which
the cost of fuel consumption and task completion times for individual
tasks will be determined. Vehicles, locate transport bases from which
vehicles leave for tasks, locate customers/entities generating tasks for
implementation, define technical parameters of the vehicle fleet, de-
fine points that are the beginning of transport tasks, i.e. points where
cargo is collected from customers, define intermediate points and fi-
nal shipping tasks. The necessary input data describing the decision
model are presented in Tab. 1-Tab. 3.

Table 1. Elements of the transport network

Symbol Meaning
P a set of numbers of starting points of transport tasks
1 a set of intermediate point numbers
K a set of numbers of endpoints of transport tasks
B a set of numbers of transport bases
LPI a set of connections between the starting point and an inter-
mediate point
LIP a set of connections between an intermediate point and a
starting point
LI a set of links between intermediate points
LIK a set of connections between an intermediate point and an
endpoint
LKI a set of connections between an endpoint and an intermedi-
ate point
LBI a set of connections between the base and an intermediate
point
LIB a set of connections between an intermediate point and a

base

LBP a set of connections between the base and the starting point

LKB a set of connections between the endpoint and the base

Table 2. Characteristics of the elements of the transport network

Symbol Meaning
01 customer demand on a given day of vehicle use (intermedi-
ate points of the transport task)
Q2 demand of recipients on a given day of vehicle use (end-
points of the transport task)
Q3 size of loads collected from senders (intermediate points of
the transport task)
Q4 size of loads collected from senders (intermediate points of
the transport task)
D1 a distance matrix between the starting point and the inter-
mediate point
D2 a distance matrix between the intermediate point and the
starting point
D3 a distance matrix between intermediate points
D4 a distance matrix between the intermediate point and the
end point
D5 a distance matrix between end point and intermediate point
D6 a distance matrix between base and intermediate point
D7 a distance matrix between the intermediate point and the
base
D8 a distance matrix between base and starting point
D9 a distance matrix between endpoint and base
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a distance matrix between intermediate points (without
D10 L
realization of the task)
T1 a driving time matrix between starting point and an inter-
mediate point
T2 a driving time matrix between an intermediate point and a
starting point
T3 a driving time matrix between intermediate points
T4 a driving time matrix between an intermediate point and an
end point
TS a driving time matrix between end point and an intermedi-
ate point
T6 a driving time matrix between base and waypoint
7 a driving time matrix between an intermediate point and a
base

T8 a driving time matrix between base and starting point

T9 a driving time matrix and between end point and base point
T10 a driving time matrix between intermediate points (without

task completion)
R set of relations between a given route start point p and end
point k

ZAD a set of all tasks carried out in the enterprise

Table 3. Characteristics of the vehicle fleet

Symbol Meaning
M a set of models (brands) of vehicles in the enterprise
LP(m) a set of vehicles of a given model
S a matrix of average fuel consumption for individual vehi-
cles
U(Ilp(m)) a set of damage to vehicles of a given model
P a mileage vector to the first vehicle damage
P1 a matrix of the course between successive failures
LD a number of days until the first failure
LD1 a matrix of the number of days between successive fail-
ures
F a matrix of vehicle damage intensity in a given period
Ks a vector of the average cost of servicing a vehicle of a
given model
KN a vector of the average repair costs of a given model ve-
hicle
KU a vector of the average fuel costs of a vehicle of a given
model
7P a vector of the average fuel consumption of the vehicle of
a given model
4 a vector of vehicle capacity of a given model

3.3. Model decision variables

The model distinguishes two types of decision variables with dif-
ferent interpretations, Tab. 4. The first type of decision variable con-
cerning the performance of selecting the vehicle brand for the com-
pany’s fleet is determined directly by the decision model supporting
vehicle fleet management. The second type of variable about vehicle
route interpretation is defined by the vehicle mobility plan and is not
subject to the optimization process. Nevertheless, these variables are
necessary to determine fuel consumption, which allows the cost of
maintaining a given brand of vehicle to be calculated.

Table 4. Model decision variables

Symbol Meaning
X selecting the model (brand) of vehicles for the company’s
fleet
X1 a connection between the starting point and an intermedi-
ate point
X2 a connection between an intermediate point and a start-
ing point
X3 a connection between intermediate points
X4 a connection between an intermediate point and an end-
point
X5 a connection between an end point and an intermediate
point
X6 a connection between base and intermediate point
X7 a connection between an intermediate point and the base
X8 a connection between base and starting point
X9 a connection between the endpoint and the base
X10 a connection between intermediate points (without task
execution)
3.4. Limits

The model’s limitations are limited to the limitations resulting
directly from selecting a vehicle model for the tasks and constraints
resulting from the assumed vehicle mobility plans. The following
limitations are defined:

— Selection of one vehicle model for the company’s fleet:

Z x(m) =1 (1)

meM

— The working time of the vehicle on a given day of use should
not exceed the permissible working time — T:

Vlp(m) e LP(m),de D,meM
v (p,i) eLPI, (i,i') e LIl (i,k) e LIK

(x] ((p).zad(p )., Ip(m) )-t1(p,i)+ x3 (i), zad(p.k).d, Ip(m) ) £3(3i')+
(p.k)eRzad(p,k)eZAD(p.k)

+x4((ik).zad(pok).d. Ip(m) - t4(ik ) +

+ Y x2((p)d Ipm))}2p)+ Y x5((ki)d. Ipm) )15 (ki)+ Y x6((bi).d. Ip(m))-t6(bi)+
(i.p)eLIP (ki)eLKI (bii)eLBI

+ Y x7((b).d Ip(m))-t7(b)+ Y, x8((b:p).d.Ip(m))-18(bp)+ Y x9((kb).d. Ip(m))-19(k.b)+
(i.b)eLIB (bp)eLBP (kb)eLKB

+ % x10(()d, Ip(m)-110(L1)< T
(ii)eLIn

2

— Limited vehicle capacity in the transport system:

Vip(m) e LP(m),de D,meM
V(p,i)e LPI,(i,i')e LII,(i,k)e LIK,zad(p,k) € ZAD(p.k),(p,k) € R
x1((p.i). zad(p.k).d. Ip(m) )- q4(p.d)+ x3((i.i'). zad(p.k).d. Ip(m) ) [q3(i.d) + q3(i".d )]
<v(Ip(m))
3)

— Restriction to meet the needs of customers (in the collector -
(4), shuttle - (5), (6), full truck load - (7):
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Vip(m) e LP(m),de D.meM
V(p,i)e EPI,(i,i')e LII,(i,k)e LIK,zad(p,k) € ZAD(p.k),(p.k) e R keK,ie

x1((p:i).zad(p.k).d, Ip(m) )- g4 (p.d)+ x3((i.i'), zad(p.k).d, p(m) )- [q3(i.d )+ q3(i".d)]
<q2(k,d)

C)
x1((p.i).zad(p.k).d, Ip(m))-q4(p.d) > q1(i.d) (5)
x1((p.i),zad(p.k).d, Ip(m))-q4(p.d) = q2(k,d) (6)

x1((p.i). zad(p.k).d, Ip(m))- g4 (p.d) = x4((i.k ).zad(p.k).d, Ip(m) )- q2 (k,(d)
7)

3.5. Evaluation criteria

The measures of assessing the selection of a vehicle brand for the
company’s fleet have been classified into two groups: reliability meas-
ures in the use of vehicles of a given brand and average vehicle main-
tenance costs of a given brand. Reliability measures take the form:

— average mileage to the first failure (failure) for a given vehicle
model:

>, p(p(m))

z Ip(m)eLP(m)
meM LP(m)

-x(m) min 8)

— average mileage between successive failures:

u(lp(m)), u(lp(m))' € U(lp(m))

2. pl(Ip(m),u(lp(m)),u(lp(m))")
z Ip(m)eLP(m)

-X(m) |—— min

©)
— average number of days to first failure:
z 1d (lp(m))
3 Ip(m)eLP(m) -x(m) min (10)

meM Lp (m)

— average number of days between failures:

u(lp(m)),u(lp(m))" € U(Ip(m))

2. 1di(Ip(m),u(lp(m)),u(lp(m))")
Z Ip(m)eLP(m)

-x(m) |[—— min

meM LP(m)
(n)
— average damage intensity for a given vehicle model:
2 f(lp(m)
Ip(m)<LP(m) -x(m) min (12)
meM Lp (m)

The average cost of maintaining a given vehicle brand in the en-
terprise includes only the costs related to fuel, service and repair. All

fixed costs associated with vehicle insurance or depreciation were
omitted. Service and repair costs are average values calculated from
the period under examination (time interval) for a single vehicle.

The average cost of maintaining all vehicles in the enterprise for a
given model is described as:

> ku(pm)+ Y

I LP | LP|
KUX)= Y | e p(m)<LP(m)
meM LP(m)

ks(Ip(m))+ Y

Ip(m)eLP(m)

kn(Ip(m))

-X(m)—— min

(13)

where the average cost of fuel consumption is determined based on
the cost of fuel consumption on a given day of vehicle use, which is
determined by the formula (c- fuel cost):

Vlp(m) e LP(m),de D,meM
¥(p,i)e LPL(i,i') € LIL(i,k ) e LIK

dku(Ip(m))=

(xl((p,i),zad(p,k),d, Ip(m))-di(p.i)+ x3((i.i'), zad(p.k).d, Ip(m) )- d3(i.i') +
(p.k)eR zad(p,k)eZAD(p k)

+x4((i.k).zad(p.k).d, Ip(m) - d4(i.k )+

+ Y x2((ip)d.ipm)-d2(ip)+ Y x5((ki)d,Ip(m))-d5(ki)+ Y x6((b.i).d, Ip(m)):
(ip)LIP (k.i)eLKI (b.i)eLBI
d6(b,i)+

+ Y x7((ib).d. Ip(m))-d7(ib)+ Y x8((b.p).d. Ip(m))-d8(bp)+ D x9((kb).d, Ip(m))-
(ib)eLIB (b.p)eLBP (k.b)eLKB
d9(k,b)+

+ % x10((iii").d. Ip(m))-d10(i.i")
(i.i")eLIl

zp(Ip(m))-c

(14)

4. The method of selecting a fleet of vehicles for tasks
in the enterprise

4.1. Assumptions of the method

To assign a specific vehicle model (brand) to the tasks carried out
by a given company, a method of selecting a fleet of vehicles for tasks
has been developed, which bases its operation on the multi-criteria as-
sessment of MAJA solutions [22]. As specified in the decision model,
this method assigns a given vehicle model (brand) to the company,
unifying the vehicle fleet to one specific brand. The proposed method
selects the final solutions based on defined evaluation measures for
various variants of the proposed solutions. The variants in the ana-
lyzed method are potential types of vehicles, one of which will be
selected and put into use in the enterprise.

The proposed method consists of two stages. In the first stage, a
statistical analysis of the measured and calculated parameters char-
acterizing a given vehicle model, e.g. the cost of maintenance or the
number of failures. This is related to the selection of a research sample
within each model based on which tests and statistical analyzes will
be carried out to verify the hypotheses about the distribution of the
parameter under study or tests determining the mean value of a given
parameter for the entire population (all vehicles of a given model in
the enterprise). Essential descriptive characteristics are determined
for each sample, e.g. sample mean value or variance.

First, the probability distribution of the parameter under examina-
tion should be examined within each sample, emphasising the indica-
tion of the normal distribution as the dominant distribution. The fol-
lowing tests will be used to verify the normality of the tested sample:
the Kolmogorov-Smirnov (K-S) normality test with the Lilliefors test
and the Shapiro-Wilk test.

The need to examine the distribution of the studied sample and
the essential descriptive characteristics are required to carry out tests
determining the mean values of the tested parameters for the entire
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population (all vehicles operating in the enterprise within a given
model). In the second stage of the method, the multi-criteria MAJA
assessment method will determine the final solution. The condition
for implementing this method is to define the evaluation criteria, i.e.
parameters that evaluate a given type of vehicle and determine the
weights of these criteria. The evaluation criteria are the average values
of the parameters specified in the first stage of the developed method
(evaluation measures defined in the decision model).
The steps of the method can be described in the following steps:
— Step 1. The input of input data: vehicle models, measurements
of selected parameters characterizing given vehicle brands.
— Step 2. Determination of mean values and variances for sam-
ples.
— Step 3. Examination of the probability distributions of the test-
ed samples.
— Step. 4. Kolmogorov-Smirnov (K-S) normality test with the
Lilliefors test and the Shapiro-Wilk test.
— Step 5. Choice of test statistic depending on the established
distribution.
— Step 6. Conducting tests for mean values in the population.
— Step 7. MAJA multi-criteria assessment.

4.2. Tests to determine the mean value of the vehicle popu-
lation

It should be emphasized that the method of selecting the vehicle
fleet for the tasks is based on the average values of the parameters
determined for the entire population (all vehicles in the enterprise),
not on the average values within a given sample. To determine the
mean value of the examined parameter for the entire population, tests
examining a given type of random variable distribution are first car-
ried out. Three tests were used to check whether a given variable has
a normal distribution, i.e. the Kolmogorov-Smirnov (K-S) normal-
ity test with the Lilliefors test and the Shapiro-Wilk test. The Kol-
mogorov-Smirnov test is based on comparing the distribution in the
sample with the theoretical normal distribution. For the Kolmogorov-
Smirnov test, it is required to know the mean and standard deviation
of the entire population. When we do not know it, and this is the case
most often, we use the Kolmogorov-Smirnov test with the Lilliefors
correction. The Shapiro-Wilk test is the most recommended for veri-
fying normal distributions. In the case of a sample size of more than
two thousand cases, it may give erroncous results. The Lilliefors test
or the chi-square test is then used. Suppose it is found that the indi-
vidual parameters characterizing a given vehicle model have a normal
distribution. In that case, the t-Student statistics are used to determine
the average values for all vehicles operating in the enterprise within
a given model:

t:ﬂ\/g (15)
S

Table 5. Percentage share of cars with breakdowns

where:

x — the mean value of the sample for the parameter under study;
s —standard deviation of the sample;

Uy — hypothetical mean value for the entire population;

n  —the size of the research sample.

For any distribution, the test statistic is the Z statistic, which takes
the form:

Zzﬂ\/; (16)
(¢

gdzie:
o —standard deviation of the population.

5. Verification of the method of selecting a fleet of
vehicles for the tasks

5.14. Input data and benchmarking

The verification of the method was carried out based on the trans-
port company carrying out the tasks with six models (brands) of ve-
hicles. For comparative studies, samples consisting of 6 brands of
passenger vehicles of the same class were selected. All vehicles were
used in similar operating conditions, in an even manner, which means
that they received an approximate number and size of tasks to be per-
formed. The research considered the approximate technical param-
eters of vehicles, i.e. permissible load and capacity, to avoid generat-
ing additional routes for particular types of vehicles. The analyzed
vehicles reached the mileage in their useful life of not less than 90,000
km and not more than 125,000 km. The service life did not exceed 51
months. Vehicles with an engine powered by diesel fuel were tested.
The sample size for each vehicle type (brand) was defined as follows:
Kia Ceed - 261, Peugeot 308 - 156, Volkswagen Golf - 115, Hyundai
- 108, Renault - 94, Opel Astra V - 49.

During the study, data was collected containing information re-
lated to the use of vehicles, such as: operating costs of each vehicle
brand, failure costs, damage costs, the average decrease in the value
of the vehicle over its lifetime; mileage to the first failure and between
failures, days to the first failure and between failures.

A breakdown (damage) is assumed when the car was immobilized
on the road or towed for service repair, and repairs lasted longer than
6 hours. The time and mileage to the first failure and subsequent fail-
ures in a given period and mileage were examined. The number of
vehicles that had the first and subsequent failures in intervals of 10
thousand km. The study showed that the number of cars with break-
downs is decreasing. A significant decrease in the number of cars with
a breakdown of the 3rd, 4th and 5th was noticed in Kia, Peugeot and
Opel cars. The study’s lowest number of cars with any breakdown

0, - 0, i
Brand / Model % of cars to the % from the first to ﬁg?ﬂ;ﬁiﬁf:d % tfgc;}rlr‘le tf}(l) i:?}llrd % from the fourth
first breakdown the second failure . . to fifth failures
failure failure

KIA Ceed 47,89 15,71 4,88 1,15 0,77
PEUGEOT 308 51,28 19,87 4,49 1,28 0,00
VOLKSWAGEN

GOLF VII 78,26 40,00 17,39 9,57 2,61
HYUNDAI 79,63 44,44 23,15 9,26 1,85
RENAULT 76,60 38,30 19,15 8,51 4,26
OPEL Astra V 61,22 36,73 2,24 6,12 2,04

412

ExspLoaTac)a | NiEzawobNosc — MAINTENANCE AND ReLiaBILITY VoL. 24, No. 3, 2022




Table 6. Average mileage until the first failure and between successive failures

Mileage to the Mileage from the | Mileage from the | Mileage from the | Mileage from the
Vehicle model Jeage first to the second second to the third to the fourth | fourth to the fifth
first failure . . . . .
failure third failure failure failure
KIA Ceed 60995,46 35685,44 15559,48 12489,96 5425,03
PEUGEOT 308 60551,62 34496,55 25492,81 15510,08 0
VOLKSWAGEN
GOLF VII 70479,55 24539,71 24476,19 13445,98 6481,76
HYUNDAI 51441,85 27500,44 20489,05 18477,84 27478,33
RENAULT 58450,83 28460,93 25473,47 11487,18 7539,66
OPEL Astra V 59430,12 2247327 28461,12 8502,81 20475,27
Table 7. Mean time to the first failure and between failures
Davs until the first Days from the Days from the sec- Days from the Days from the
Vehicle model ys unt first to the second | ond to the third | third to the fourth | fourth to the fifth
failure . . . -
failure failure failure failure
KIA Ceed 651,89 349,31 196,20 182,46 85,72
PEUGEOT 308 550,94 352,10 250,59 179,56 0
VOLKSWAGEN
GOLE VII 647,40 251,00 250,78 197,74 126,54
HYUNDAI 550,65 256,29 248,50 162,12 250,71
RENAULT 547,09 250,92 247,74 160,10 78,27
OPEL AstraV 545,20 244,04 353,46 170,04 167,40

Table 8. Average failure rate

vehicemodel | 4R O | it ures | ween s (i)
KIA Ceed 237 0,71 60370
PEUGEOT 308 745 0,77 57 382
VOLKS. GOLF VII 1952 1,52 59212
HYUNDAI 669 1,60 46 270
RENAULT 1125 1,49 52363
OPEL Astra V 1349 1,27 47787

Table 9. Average cost of damage

eicemodel |y ot | Mveraeamount | tverge duntion o
KIA Ceed 6268 3,85 11,20
PEUGEOT 308 3589 1,38 9,30
VOLKS. GOLF VII 3799 2,43 4,76
HYUNDAI 5545 3,07 10,46
RENAULT 4174 1,15 8,90
OPEL Astra V 3214 1,49 9,61

Table 10. Average decrease in the value of the vehicle

Vehicle model Average decrease in value during the Average decrease in
term of the contract (PLN) value %
KIA Ceed 20492 42,51
PEUGEOT 308 29855 45,42
VOLKS. GOLF VII 16352 29,50
HYUNDAI 17734 48,59
RENAULT 34241 63,56
OPEL Astra V 22750 42,52

concerned the Kia brand - 47.89%. The Hyundai brand had
the largest share - 79.63%. (Tab. 5).

Tab. 6 summarises the fleet mileage to the first failure,
while Tab.7 shows the average time to the first failure and
between failures, calculated in days.

The average failure rate of the given models, the average
cost of failure and the average mileage between failures are
shown in Table 8. Based on the data from Table 8, it can be
concluded that Kia cars in the entire period covered by the
study were characterized by the most excellent mileage be-
tween successive failures compared to other brands, as well
as the lowest ratio of the average number of failures and the
average cost of failure. On the other hand, Hyundai cars had
the lowest mileage between failures and the highest average
number of failures.

Vehicle damage is vehicle damage that requires body re-
pair (bodywork, paintwork or bodywork and paintwork). The
repair cost is the cost of the parts used in the repair and the
labour costs. The average price of damage for all models is
presented in Table 9. Based on the results of the car loss ratio
research, it can be noticed that the worst parameters occurred
for the Kia Ceed model in all analyzed areas: average cost
of damage (PLN 6,268), average amount of claims (3.85),
average duration of repair (11.20 days) and the average time
excluding the car from use (43.07 days). However, in the case
of indicating the brands with the best parameters in the ana-
lyzed areas, the answer is not so clear because, in each of the
analyzed areas, a different brand achieves the best results:
average cost of damage - Opel Astra (PLN 3,214), the aver-
age amount of damages - Renault Clio (1, 15), average repair
time - Volkswagen Golf (4.76 days), average downtime - Re-
nault Clio (8,90).

The average decrease in the value of the vehicle for the
contract is shown in Table 10.

Considering the multitude of assessment indicators for a
given vehicle brand, which have different values, it is neces-
sary to use a multi-criteria assessment supporting the selec-
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tion of the final solution. Based on the performed measurements, the
verification of the method, the unification of the vehicle model in the
enterprise were carried out based on parameters that significantly af-
fect the economic and reliability indicators describing a given vehicle,
i.e. mileage to the first failure, mileage from the first to second fail-
ure, mileage from the second to third failure, mileage from the third
to fourth failure, mileage from the fourth to fifth failure, number of
days until the first failure, number of days from the first to the second
failure, number of days from the second to the third failure, number of
days from the third to fourth failure, number of days from the fourth
to the fifth breakdowns, vehicle operation cost.

The characteristics of the studied sample for each model were
described graphically using a box-whisker plot, which included the
basic descriptive statistics: mean value in the sample, standard devia-
tion, highest value, lowest value, median, lower and upper quartile.
The greatest differentiation of the sample value is within 50% of the
most typical units in the sample (lower quantile, upper quantile). The
greater the width of the frame about the entire range, the greater the
variation among typical units. The narrower the frame, the more simi-
lar the middle units are to each other. The length of the whiskers as-
sesses the asymmetry in the whole distribution. If the upper whisker
is longer than the lower whisker, the distribution of the variable is
characterized by right-hand asymmetry. There is left-hand asymmetry
if the lower whisker is larger than the upper one. The Kolmogorov-
Smirnov confirmed normal distribution (K-S) tests, Lilliefors, and
Shapiro-Wilk tests. At the adopted significance level o = 0.05, the
condition o <p holds if there are no grounds for rejecting the null hy-
pothesis of the normality of the distribution of the studied sample. All
tested vehicle operation parameters were characterized by a normal
distribution in the conducted tests. An exemplary presentation of the
results for the Kia vehicle is shown in Fig. 1-2.

a)
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Fig. 1. Mileage to failure I for the KIA Ceed vehicle: a) box-whisker plot
b) histogram
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Fig. 2. Mileage from II to III of the failure for the KIA Ceed vehicle: a) box-
whisker graph, b) histogram

The characteristics described by the box-whiskers diagram will be
used to determine the average values of these parameters for the entire
population of vehicles of a given model operating in the company.

5.2. Determination of the average values of parameters for
individual groups of models

Bearing in mind that all examined parameters describing individ-
ual vehicle models have a normal distribution, the t-Student distribu-
tion with n-1 degrees of freedom was used to determine the mean
value for each population (models). The tests were performed at the
significance level of a = 0.05. The condition for accepting the null
hypothesis that a given value is the mean value for the entire popula-
tion occurs when the calculated probability level p is greater than the
adopted significance level a. Tab. 11 - Tab. 16 presents the deduced
mean values of the parameters for the entire population of vehicles
within a given model operating in the enterprise.

In verifying the proposed method of managing a fleet of vehicles in
a transport company, the key step is to determine the average values of
parameters for the entire population of vehicles used in the company
under a given model. Based on the results in Tab. 11 - Tab. 16, it can
be concluded that there are significant differences in the mean values
of the parameters from the samples about the mean parameters for
the entire population. It should be emphasized that all mean values
of the parameters were inferred at the significance level of 0=0.05.
Assuming a lower level of significance, e.g. 0=0.01 the probability
of making a mistake when rejecting null hypotheses would decrease.
One consequence of this is the widening confidence interval respon-
sible for the precision in parameter estimation. The tests adopted the
confidence level recommended in statistical studies, taking the above
into account.

414 ExspLoatAc)A | NIEZAWODNOSC — MAINTENANCE AND RELIABILITY VoL. 24, No. 3, 2022




Table 11. Mean values in the sample and population for the KIA Ceed ve-

Table 14. Mean values in the sample and population for the HYUNDAI

hicle vehicle
Average for Average fqr the Probability Average for the Average fqr the Probability
Parameter the sample population level Parameter sample population level
P (claimed value) p p (claimed value) p
Mileage to I Mileage to
failure 60995,46 61150 0,26 [ failure 51441,85 51300 0,18
from Ito I 3568544 35750 0,35 from I to 11 27500,44 27200 0,21
from II to III 15559,48 15800 0,25 from Il to 111 20489,05 20720 0,18
from III to IV 12489,96 12600 0,11
P VoV 542503 5570 035 from III to IV 18477,84 18702 0,14
rom v o ' ' from IV to V 27478,33 27601 0,26
Number of days
; . Number of days
until the first until the first
failure 651,89 730 0,43 .
failure 550,65 565 0,36
from I to Il 349,31 372 0,34
from I to I 256,29 276 0,12
from II to III 196,20 222 0,27
from II to III 248,50 235 0,06
from III to IV 182,46 172 0,32
from III to IV 162,12 185 0,23
from[VtoV 190,41 218 0,23
Cost of 2947 23 3210 045 fromIVtoV 250,71 240 0,11
ostofuse ’ ' Cost of use 2740,70 2689,00 0,08

Table 12. Mean values in the sample and population for the PEUGEOT 308

Table 15. Mean values in the sample and population for the RENAULT

vehicle vehicle
Average for Average fo.r the Probability Average for the Average fqr the Probability
Parameter the sample population level p Parameter sample population level p
(claimed value) (claimed value)
Mileage to Mileage to
I failure 60551,62 60999 0,15 I failure 58450,83 58000 0,14
from I to 11 34496,55 35020 0,28 from I to Il 28460,93 28540 0,34
from II to III 25492,81 25999 0,26 from II to III 25473,47 25030 0,15
from Il to IV 15510,08 16002 0,23 from Il to IV 11487,18 11540 0,30
from IVto V 0 0 0 from IV to V 7539,66 7600 0,23
Number of days Number of days
until the first until the first
failure 550,94 600 0,13 failure 547,09 560 0,25
from I to I 352,10 399 0,34 from [ to I 250,92 269 0,21
from II to III 250,59 272 0,32 from II to III 247,74 237 0,12
from Il to IV 179,56 170 0,11 from Il to IV 160,10 170 0,34
from IV to V 0 0 0 from IV to V 78,27 85 0,32
Cost of use 2649,42 2699 0,26 Cost of use 3850,16 3723 0,11

Table 13. Mean values in the sample and population for the GOLF VII ve-

Table 16. Mean values in the sample and population for the OPEL Astra V

hicle vehicle
Average for Average fqr the Probability Average for the Average fo.r the Probability
Parameter the sample population level p Parameter sample population level p
(claimed value) (claimed value)
Mileage to Mileage to
I failure 70479,55 70823 0,34 I failure 59430,12 59030 0,11
from I to Il 24539,71 24700 0,13 from I to II 22473,27 22273 0,23
from II to III 24476,19 24600 0,22 from II do III 28461,12 28062 0,41
from III to IV 13445,98 13600 0,14 from Il do IV 8502,81 8612 0,22
fromIVto V 6481,76 6670 0,06 fromIVdoV 20475,27 20675 0,11
Number of days Number of days
until the first until the first
failure 647,40 660 0,21 failure 545,20 510 0,13
from [ to I 251,00 265 0,15 from I to II 244,04 230 0,09
from II to III 250,78 265 0,14 from II to I1I 353,46 373 0,14
from III to IV 197,74 181 0,15 from III to IV 170,04 180 0,45
from IV to V 126,54 135 0,12 from [V to V 167,40 181 0,33
Cost of use 3352,17 3399 0,09 Cost of use 3254,34 3321 0,31

Considering the results presented in Tab. 11 - Tab. 16, it can be
concluded that statistical inference is a crucial element of vehicle fleet
management in an enterprise. In each of the tests performed on the
means of the populations (groups of models), these means differed
from the means of the sample. The minimum average of the parameter

within the trials may have negative values if we consider it globally,
about the entire population, e.g. in the parameter - a number of days
from III to IV breakdowns for the Hyundai vehicle, the sample mean
was the lowest compared to other brands and amounted to 162,12
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days, which turned to the disadvantage as a result of determining the
mean value for the entire population. This value turned out to be the
highest of all tested models and amounted to 185 days.

5.3. MAJA multi-criteria assessment

In order to determine the most advantageous vehicle model, the
weights of individual criteria were established. They are presented in
Tab. 17. The list of variants and criteria is presented in Tab. 18.

The dominance matrix that generates the final solution is shown in
Tab. 19. According to the method’s algorithm, the vertex from which
most arcs come out is the best solution. The model selected for a given
company is the Peugeot 308 vehicle model.

The MAJA method’s solution depends strictly on the weight val-
ues imposed for individual criteria. In the process of verification of
the method, it was assumed that the most significant weight of the cri-
terion concerns the minimization of vehicle operating costs. The com-
parative analysis of vehicles described in chapter 5.1 showed that the
Peugeot 308 vehicles are characterized by a low average cost of dam-
age - Tab. 9, which translates into a low average cost of using these

Table 17. Weights of individual criteria

vehicles and repairs. The average amount of damage during the use
period is also at a low level compared to other models, contributing to
the minimization of vehicle operating costs. The designated weights
for the number of days to individual failures were set at a high level
(from 4 to 6), which is also reflected in the selection of the Peugeot
308 brand because, in Tab. 7, the average time to the first failure and
between failures is low. Considering the above, it can be concluded
that the verification of the method was correct. The correctness of the
generated result is justified by the comparative analysis of all models
described in chapter 5.1.

6. Conclusions

Due to the growing needs of enterprises in vehicle availability,
companies with a large fleet are looking for methods of proper fleet
management, including the appropriate selection of a fleet of vehicles
for the tasks. The selection of a fleet of vehicles for tasks in a trans-
port company is a complex decision-making problem that requires
advanced optimization methods. The proposed method of selecting a

Mileage from Mileage from Il

Mileage to I failure 11 to 111

Mileage from III Mileage from

to IV VioV Cost of use

3 3 3

3 3 7

Days to I failure Days from I II | Days from II to III

Days from IV

Days from III to IV toV

6 5 4

4 4

Table 18. List of partial criteria

. Mileage to I Mileage from Mileage from II Mileage from Mileage from
Vehicle model failure Itoll to 111 I to IV VtoV Cost

KIA Ceed 61150 35750 15800 12600 5570 3210
PEUGEOT 308 60999 35020 25999 16002 0 2699
VOLKSWAGEN GOLF VII 70823 24700 24600 13600 6670 3399
HYUNDAI 51300 27200 20720 18702 27601 2689
RENAULT 58000 28540 25030 11540 7600 3723
OPEL Astra V 59030 22273 28062 8612 20675 3321

. . Days from II Days from III Days from IV
Vehicle model Days to I failure Days from I [ to 111 o IV oV
KIA Ceed 730 372 222 172 218
PEUGEOT 308 600 399 272 170 0
VOLKSWAGEN GOLF VII 660 265 265 181 135
HYUNDAI 565 276 235 185 240
RENAULT 560 269 237 170 85
OPEL Astra V 510 230 373 180 181

Table 19. The dominance matrix
KIA Ceed PEUGEOT GOLF VII HYUNDAI RENAULT AstraV

KIA Ceed 0 0 1 0 0 0

PEUGEOT 308 1 1 0 0 0 1

VOLKSWAGEN

GOLF VII 0 0 0 0 0 0

HYUNDAI 0 0 0 0 0 0

RENAULT 0 0 0 0 0 0

OPEL Astra V 0 0 0 1 0 0
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fleet with a homogeneous structure of vehicles operating in an enter-
prise is an effective tool for determining the allocation of vehicles to
tasks. The approach to vehicle fleet management proposed in the ar-
ticle, which consists in unifying the car fleet brand in a given transport
company, enables effective management of a large fleet of vehicles
due to the reliability of vehicles and their maintenance cost. In the
analyzed example, the Peugeot 308 model was an adequate model
introduced for use in the company. It was characterized by the most

favourable parameters for assessing vehicle efficiency, i.e. low aver-
age cost of service 2699 PLN or average cost of damage 3589 PLN. In
the conducted tests, all vehicle operation parameters were character-
ized by a normal distribution.

The developed method can be used in companies dealing with
vehicle rental and transport companies providing transport services
for various transport tasks.
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