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Abstract: Background: Governments face critical decisions regarding road remediation
projects, requiring careful economic evaluation, especially in countries like Slovakia where
road infrastructure is crucial for attracting foreign investment. These decisions are complex,
involving short-term and long-term costs and revenues, along with inherent uncertainty
about future outcomes. Traditional economic assessments often fail to capture the full
scope of these factors, potentially leading to suboptimal choices. Methods: This study
proposes four probability-based models: the Short-term Model (SM), Long-term-Short-
term Model (LSM), Social Long-term-Short-term Model (SLSM), and Long-term-Short-term
Model with a Time Aspect (TLSM). These models incorporate probabilistic functions
to calculate expected costs and profits, considering various factors such as reparation
costs, financial compensations, social costs, and time-related costs, as well as long-term
benefits like increased investment and lives saved. Results: The proposed models were
partially validated through an ex post analysis of a past road remediation project on road
1/18 (E50) under the Strecno castle cliff in Slovakia. The analysis demonstrated the models’
utility for multi-criteria decision-making in transportation problems, highlighting their
ability to capture the complex interplay of economic and societal factors. Conclusions: The
models enable governments to maximize societal benefit while mitigating potential risks,
contributing to a more sustainable and efficient transportation sector. Future research could
focus on refining the models and adapting them to other sectors beyond transportation.

Keywords: transport problems; managerial decision-making; multi-criteria model;
cost–benefit analysis; expected profit; uncertainty; road remediation; economic efficiency;
societal benefit; Slovakia

1. Introduction
Making economically sound decisions can lead to significant savings for governments,

allowing them to allocate resources to other important sectors like healthcare or education.
Decisions related to traffic problems are influenced by various financial and non-financial
factors. It is essential to consider both short-term and long-term costs and benefits. Addi-
tionally, the economic assessment of traffic problems should include an evaluation of the
costs incurred by companies due to implemented solutions.

This research addresses two key questions:

1. What types of costs and revenues should governments consider to make economically
efficient decisions in the short and long term for the benefit of the whole society?
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2. In the presence of uncertainty, how should governments evaluate road remediation
projects to maximize benefits for society?

Since analyzing economic efficiency involves predicting future outcomes and therefore
inherent uncertainty, our models utilize probabilistic functions and are based on quantifying
uncertainty using the theory of expected returns and expected costs.

This paper presents four multi-aspect probability models designed to assess expected
profits under uncertainty for multi-criteria evaluation in transportation:

• Short-term model (SM)
• Long-term-short-term model (LSM)
• Social long-term-short-term model (SLSM)
• Long-term-short-term model extended by a time aspect (TLSM)

Finally, we conduct a partial ex post validation of the proposed concepts and analyze a
past road project to demonstrate their effectiveness. These models can be applied to various
transport problems involving multiple companies and individuals.

Transportation projects often involve substantial infrastructure development and re-
quire significant financial investment. Therefore, making well-informed decisions is crucial
in this domain. Economically sound decisions can result in considerable savings, which
can then be allocated to other essential areas, such as healthcare or education. Economic
decision-making relies on a thorough economic assessment of the problem, involving
the quantification and subsequent comparison of costs and revenues. A comprehensive
analysis that considers all aspects of the problem is essential for making informed decisions.
In many countries, governments fail to consider all aspects of transportation problems,
leading to a lack of systematic management in this area. This has been a significant issue in
Slovakia, where transportation infrastructure is often seen as a critical factor for attracting
foreign investment. The growth of vehicles on Slovak roads is alarming, with the number
steadily increasing. In Figure 1, over 3.6 million vehicles were on Slovak roads in 2023,
an 11.1% rise from 2019. Personal vehicles constituted 72.4% of all traffic. The trend of
increasing vehicle numbers on Slovak roads is evident and clear.

In contrast, in Figure 2 there has been a continuous decline in the use of public
transportation. The decrease from 2019 is −35.93%. The number of people using public
transport decreased by 35.93% in the last five years to 173.276 million. Public transport
decreased in all Slovak regions. There is a clear trend in Slovakia: less and less use of public
transport. The transport where two or more people commute by the same transport means
is decreasing very significantly. However, public transport saves costs for traveling, road
infrastructure, and the environment. Instead, there is a large increase in personal transport,
which burdens the Slovak road infrastructure significantly.

In addition to the rise in registered vehicles, the transportation of goods has also
been increasing since 2020. In Slovakia, the transportation of goods has increased in most
regions. It is therefore not surprising that the number of trucks on Slovak roads is also
increasing. This trend negatively impacts the current state of transport infrastructure.
Figure 3 illustrates the development of freight transport in Slovakia between 2019 and 2023,
specifically the transport of goods on roads using trucks and special tracks.

As indicated in Figure 3, freight transportation has been decreasing since 2019, with
an 18.23% decrease by 2023. However, based on the 4.16% increase observed in 2021,
there is a strong estimate that freight transportation will continue to increase slowly. If
the government does not address transportation more systematically, the situation may
become unsustainable, leading to increased social costs and negative public sentiment.
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The trends described above also affect road safety in Slovakia. In Slovakia, this trend is
even more pronounced due to the lack of adequate and completed transport infrastructure,
particularly motorways (see Figure 4).
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While there has been a decrease in road fatalities in Slovakia, the continuous growth in
vehicle numbers poses a significant safety concern. Without a revised government strategy
to improve the quality of Slovak roads, the number of fatalities and injuries may rise in the
future as we see in Figure 5.
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The primary contribution of this paper is the proposal of economic models in the
transportation field that account for uncertainty. We introduce several models: the short-
term model (SM), the long-term-short-term model (LSM), the social LSM model (SLSM), and
the LSM model with a time aspect (TLSM). These models can be used in the decision-making
process for various transportation problems under conditions of uncertainty. Another
contribution is the extension of these models by incorporating social and time aspects.

The motivation for this study comes from the critical need for governments to make
economically sound decisions regarding road remediation projects. These projects often
involve significant financial investments and have long-term consequences for society.
However, traditional economic assessments often fail to capture the full complexity of these
decisions, particularly the long-term impacts and inherent uncertainties. This can lead to
suboptimal choices that do not maximize societal benefit. This study makes several key
contributions to the field of transportation economics:

• Development of Comprehensive Models: We propose four probability-based models
that provide a robust framework for evaluating road remediation projects under
uncertainty. These models incorporate a wide range of costs and benefits, including
short-term and long-term factors, social costs, and time-related costs.

• Integration of Uncertainty: The models explicitly address the issue of uncertainty
by using probabilistic principles to express expected costs and profits. This allows
decision-makers to better understand the potential risks and rewards associated with
different project options.

• Partial ex post Validation: The concepts are partially validated through an ex post
analysis of a past road project in Slovakia. This provides empirical evidence of the
models’ utility for multi-criteria decision-making in transportation problems.

• Focus on Societal Benefit: The study emphasizes the importance of considering societal
costs and benefits in addition to purely economic factors. This ensures that decisions
are made in the best interests of the entire community.
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In summary, this study provides a valuable tool for governments to make more
informed and effective decisions regarding road remediation projects. By incorporating
uncertainty, considering a wide range of costs and benefits, and focusing on societal welfare,
the proposed models contribute to a more sustainable and efficient transportation sector.

2. Theoretical Research Implementation
This expanded literature review delves deeper into the complexities of economic

modeling and evaluation in transportation, providing a comprehensive overview of recent
research and highlighting key themes, methodologies, and future directions.

Accurate and comprehensive economic modeling is crucial for evaluating the viability
and sustainability of transportation projects. Shi et al. investigated optimal concession
contract design for Build-Operate-Transfer (BOT) road projects under asymmetric infor-
mation, highlighting the importance of considering information asymmetry in project
evaluation. Their research underscores the need for models that account for the different
levels of information available to various stakeholders involved in transportation projects.
Incorporating information asymmetry into economic models can lead to more realistic and
robust evaluations, ultimately contributing to better decision-making. The studies deal with
the capacity problem of roads. They investigate the impact of road construction on road
traffic capacity. By analyzing traffic and road conditions and by putting forward specific
measures, they propose a model which could improve the capacity of road traffic. With the
accelerated process of urbanization, the construction of urban transportation infrastructure
needs to be improved. This problem has been a focus of many studies all over the world.
Scientists use different models and methodologies to suggest how the current state in the
field of transport in specific regions of different countries could be improved [6–10].

Also, definitions of the optimal transport problem through Möbius transform were
provided by Torra [11]. Optimizing routing decisions for a company’s fleet vehicles by
addressing the Traveling Salesperson Problem (TSP) and Vehicle Routing Problem (VRP)
also has the ultimate goal of reducing transportation costs according to Malhotra [12].
Xiang [13] proposes a fuzzy compromise method with an improved S-type membership
function for multi-objective transportation decision-making, which evaluates both indi-
vidual objectives and the overall objectiveness as a whole. The method transforms the
multi-objective transportation linear programming model into a multi-objective transporta-
tion fuzzy compromise programming model and expresses its satisfaction by the global
utility function.

Kozubek [14] conducted an ex post analysis of road investments, emphasizing the
need to incorporate long-term perspectives and societal impacts in economic assessments.
This study highlights the limitations of traditional cost–benefit analyses that often focus on
short-term financial gains and overlook the broader societal implications of transportation
projects. By incorporating long-term perspectives and societal impacts, economic models
can provide a more holistic view of project viability, ensuring that decisions align with
broader societal goals and contribute to sustainable development.

MCDA has emerged as a crucial tool for evaluating transportation projects, enabling
the integration of multiple criteria and stakeholder preferences. Jasiuniene et al. applied
MCDA to road network safety ranking, demonstrating its effectiveness in incorporating
diverse factors such as accident rates, traffic volume, and road characteristics. Their study
showcases the versatility of MCDA in handling complex decision-making processes with
multiple, often conflicting objectives. By incorporating diverse criteria and stakeholder
preferences, MCDA provides a more nuanced and comprehensive evaluation of transporta-
tion projects, facilitating informed decision-making that considers various perspectives
and priorities [15,16].
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Rudzianskaite-Kvaraciejiene et al. explored the use of MCDA for evaluating road
investment project effectiveness, highlighting its ability to handle complex decision-making
processes with multiple objectives. Their research emphasizes the importance of consider-
ing both quantitative and qualitative factors in transportation project evaluation, allowing
for a more holistic assessment of project impacts. MCDA provides a structured frame-
work for integrating these diverse factors, facilitating transparent and objective decision-
making that balances various considerations and promotes sustainable transportation
solutions [17–19].

Nowadays, road safety has become a major concern in most modern societies. One
of the major problems in the transport area is how to systematically identify, assess, re-
move, and mitigate road risks in planning, designing, building, and using them. The
determination of more dangerous road locations can be helpful in better scheduling road
safety projects and in protecting people’s lives. Many propose a multivariate model for
identifying and ranking dangerous accident locations according to their total expected cost
to society using Bayesian estimation. Jamroz et al. present a system of tools for mitigating
road risks and a concept of how these tools could be developed in Poland. They suggest
methods for long-term forecasts of accidents and accident cost estimation as well as a set of
rules for dangerous road risk classification. Koman et al. raise the electromobility element,
which enters road infrastructure and influences life in cities [19–22].

Given the inherent uncertainties in transportation systems, researchers have explored
methods to incorporate uncertainty and risk into economic models. Yuan et al. developed a
risk assessment framework for electric power investment in Belt and Road Initiative nations,
highlighting the importance of considering uncertainties related to policy, technology, and
market conditions. Their study emphasizes the need for robust risk assessment frameworks
that can capture the dynamic and unpredictable nature of transportation systems. By
incorporating uncertainty and risk into economic models, decision-makers can better
anticipate potential challenges and make more informed decisions that mitigate risks and
enhance project resilience [20,23].

On the other hand, according to some researchers, today, in the era of technologies,
cooperative systems applying infrastructure-to-vehicle (I2V) communication to intelligent
transportation systems (ITS) are considered a key means to ensure safe and efficient driv-
ing in the increasingly overloaded infrastructure. In one study, the authors investigated
driver behavior with cooperative systems based on infrastructure-to-vehicle communica-
tion. Based on the results of the COOPERS project, they found that I2V communication
systems appear to influence driver behavior positively. Drivers remain calmer in stressful
situations, and the direct influence on road safety can be observed in reduced driving
speeds before dangerous situations occur. Thus, a positive indication for driver support
during dangerous situations can be obtained. Their study underscores the importance of
understanding the behavioral implications of new technologies, as these can significantly
impact the effectiveness and adoption of transportation solutions. Incorporating behavioral
considerations into economic models can lead to more accurate predictions and better
inform the development and implementation of new technologies [24,25].

The second big problem is the financial aspect of transport infrastructure, both for
building new infrastructure and for repairing current infrastructure. It is therefore no
surprise that the focus is on the problem of selecting the most effective road investment
projects, which is becoming more and more acute. Some papers deal with the problem
of how to finance effective road projects, as road investments are often appraised from
economic, social, and environmental viewpoints separately. One study, which is based
on the principle of sustainable development, proposes a methodology for selecting the
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most effective road projects based on a combination of economic, social, and environmental
aspects [14,17].

More often, such studies begin by examining the construction of active sports centers
that are visited by large numbers of athletes and spectators. It is more than appropriate to
have a suitable infrastructure to satisfy the transport needs of this segment. Valuing the
current financial situation is important for the implementation of digital technologies in
transport and human capital management in this area [26–28].

This review highlights the diverse range of research on economic modeling and
evaluation in transportation. Future studies should focus on integrating these approaches
to develop comprehensive frameworks that consider economic, social, environmental, and
technological factors, enabling informed decision-making for sustainable transportation
systems. This integration requires interdisciplinary collaboration and the development
of innovative methodologies that can capture the complex interactions between various
factors influencing transportation systems.

Furthermore, future research should prioritize the development of user-friendly deci-
sion support tools based on these comprehensive frameworks, making them accessible to
decision-makers in government and industry. These tools can facilitate informed decision-
making by providing clear and concise insights into the economic, social, and environmen-
tal implications of transportation projects, ultimately contributing to the development of
sustainable and resilient transportation systems that serve the needs of present and future
generations.

3. Materials and Methods
Evaluating the economic efficiency of road remediation projects requires a thorough

approach that considers various factors and their potential impacts on society. To address
this, this study proposes four distinct models, each capturing different aspects of the
economic evaluation process. These models provide a framework for decision-making,
enabling governments to assess the short-term and long-term costs and benefits of road
remediation projects while also incorporating the inherent uncertainty associated with
future outcomes.

The following sections detail each of the four models:

• 1. Short-term model (SM): This model focuses on the immediate costs and revenues of
road remediation projects, providing a short-term perspective on economic efficiency.

• 2. Long-term-short-term model (LSM): Expanding on the SM model, the LSM model
incorporates long-term considerations, allowing for a more comprehensive evaluation
of costs and benefits over an extended period.

• 3. Extensions of LSM model: This section introduces two extensions of the LSM model,
further refining the economic evaluation process.

• 3.1. Social extension: SLSM model: The SLSM model incorporates social costs into the
analysis, providing a broader societal perspective on the impacts of road remediation
projects.

• 3.2. Time extension: TLSM model: Recognizing the value of time, the TLSM model
incorporates time-related costs and benefits into the evaluation, providing a more
nuanced understanding of the economic efficiency of road remediation projects.

It is clear that a number of factors influence decision-making regarding traffic problems.
Some of the mentioned factors can be directly expressed in financial form, but some factors
are not explicitly defined in financial form. However, even these factors must be taken
into account when making decisions in the transport area. Thus, the economic analysis
should take into account all the factors that are connected with the mentioned problem,
both financial and non-financial.
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To properly evaluate the economic cost of a traffic problem, such as deciding on
reconstruction, it is necessary to consider both long-term and short-term aspects (costs) and
revenues. Long-term costs and revenues are not typically included in a standard economic
assessment.

In the economic assessment of the transport problem, it is also necessary to address
the costs that the implemented solution will impose on the citizens of the country.

Additionally, since the aforementioned analysis of economic efficiency concerns the
future and is therefore associated with a certain degree of uncertainty, it is necessary to
incorporate this degree of uncertainty into the economic analysis, which will serve to
evaluate the economic efficiency of transport problems.

Based on the above, we decided to define the following research questions:

• RQ1: What types of costs and revenues should the government take into account
to make an economically efficient decision in a short time period and in a long time
period for the whole society?

• RQ2: Given uncertainty, how should the government evaluate a transport problem of
road remediation to maximize the profit for society?

We use an economic approach to evaluate the decision-making process for road
rehabilitation. Economic calculations exist as a generally acceptable means of indirect
change. This procedure can be used to estimate the expected results of future actions or the
results of past actions. Our suggested model uses two basic concepts:

• The cost–benefit analysis [29]—This concept of economic analysis can be applied in
various areas when an economic actor decides between multiple options subject to
uncertainty; the result is supposed to be economically optimal for the actor.

• Application of theory of expected profits adapted from [30]—Since it is not possible
to explicitly determine some phenomena in the future, our model uses probabilistic
form, and the expected mean value of the given variable is always taken into account.

The following Figure 6 presents our flowchart of our suggested models.
The following Table 1 summarizes the different types of costs and benefits considered

in the models.

Table 1. Different types of costs and benefits considered in models.

Category Type Description Model(s)

Costs Reparation Costs
Costs directly related to
road repair or
remediation.

SM, LSM,
SLSM, TLSM

Financial
Compensation Costs

Costs associated with
compensating individuals
or businesses affected by
the road project (e.g., due
to accidents or detours).

SM, LSM,
SLSM, TLSM

Damage Sanitation
Costs

Costs incurred due to
accidents or damage to
property related to the
road condition.

SM, LSM,
SLSM, TLSM

Social Costs

Additional costs incurred
by society due to the
project, such as increased
fuel consumption due
to detours.

SLSM
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Table 1. Cont.

Category Type Description Model(s)

Time Costs

Value of time lost by
drivers/passengers due to
road closures, detours,
or delays.

TLSM

Benefits Extra Revenues

Additional tax revenues
collected due to increased
(extra) fuel consumption
resulting from the project.

SM, LSM,
SLSM, TLSM

Increased Investment
(in EUR)

Long-term benefits from
increased investment in
the region due to
improved infrastructure.

LSM, SLSM,
TLSM

Lives Saved

Tax value of lives saved
due to improved road
safety (related to tax
payments in EUR)

LSM, SLSM,
TLSM

Time Saved

Value of time saved by
drivers/passengers due to
improved road conditions
and reduced travel times.

TLSM
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3.1. Short-Term Model (SM)

Since the random variables that we will use in the model are not constant and exhibit
a probability distribution, the basic principle of our decision criterion consists in choosing
the variant that maximizes the expected short-term profit (SP),

maxE[SP] (1)

E[P|vi] = E[R|vi]− E[C|vi] (2)

where SP is a random variable which expresses the short-term profit, SR is a random
variable which expresses short-term revenues, SC is a random variable which expresses
short-term costs, and vi is the selected variant of solution selected from the set of all available
variants V = {v1, v2, . . ., vk}, which are taken into consideration as possible solutions to the
problem.

We define the benefit for government in the first sense of the word, as the government
gains real benefits from vi realization, i.e., with additional money in the budget. We define
expected short-term revenues as

E[SR|vi] =

∞∫
b=0

b fSR(b)db = b̂ (3)

where

• SR is a random variable which expresses the amount of extra euros that the government
collects due to the increased amount of refueling caused by closures, detours, or
restrictions. Moreover, SR is the sum of extra value-added tax and extra consumption
tax collected by the government as a result of road closures and related detours.

• b is a value of the random variable SR.
• fSR(b) is the probability that the government will collect taxes in the amount of b EUR.
• fSR(b); b ∈ (−∞,+∞) is a probability density function of the random variable SR.

In the SM model, we define expected short-term costs as the sum of three types of
costs: costs of remediation, financial compensation, and damage sanitation due to any
accidents. Costs of remediation are the actual costs related to the remediation of the road.
Of course, there is an option that the priority for remediation will be low, and that the road
is remediated insufficiently or will not be remediated at all. In that case, the government
must count on the option that there will be accidents related to the damage on the road,
i.e., the government must count on the costs related to financial compensation as well as
damage sanitation costs. The total expected costs of the SM model are defined as

E[SC|vi] = f (RC, FC, DC) (4)

E[RC|vi] =

∞∫
r=0

r fRC(r)dr = r̂ (5)

E[FC|vi] =

∞∫
c=0

c fFC(c)dc = ĉ (6)

E[DC|vi] =

∞∫
d=0

d fDC(d)dd = d̂ (7)
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where

• RC is a random variable which expresses direct costs of reconstruction (repair costs).
• FC is a random variable which expresses direct costs of financial compensation.
• DC is a random variable which expresses damage costs.
• r is a value of the random variable RC.
• c is a value of the random variable FC.
• d is a value of the random variable DC.
• fRC(r) is the probability that the remediation will cost r EUR.
• fFC(c) is the probability that the compensations will cost c EUR.
• fDC(d) is the probability that the damage sanitation will cost d EUR.
• fRC(r), fFC(c), fDC(d); r, c, d ∈ (−∞,+∞) are probability density functions of the

random variable RC, FC, DC.

In the SM model, expected short-term profit is then defined as

E[SP|vi)] =

∞∫
b=0

b fSR(b)db −
∞∫

r=0

r fRC(r)dr −
∞∫

c=0

c fFC(c)dc −
∞∫

d=0

d fDC(d)dd (8)

where the notations are the same as defined earlier.

3.2. Long-Term-Short-Term Model (LSM)

In this section, we extend our basic SM model with a long-term component. The
Long-term-short-term (LSM) model is based on two time aspects—short period and long
period. In this case, total profits (TP) are expressed as the sum of expected total profit in
the short term (also denoted as expected immediate profit) and expected profit in the long
term (i.e., expected future profits, indirect profits), i.e.,

E[TP|vi] = E[Pshortterm|vi] + E
[

Plongterm

∣∣∣vi

]
(9)

E[TR|vi] = E[SR|vi] +
[

Rlongterm

∣∣∣vi

]
(10)

E[TC|vi] = E[SC|vi]+E[C longterm

∣∣∣vi

]
(11)

where TP is a random variable which expresses total profit, TR is a random variable
which expresses total revenue, TC is a random variable which expresses total costs, SR
is a random variable which expresses short term revenues, Rlongterm is a random variable
which expresses long term revenues, SC is a random variable which expresses short term
costs, Clongterm are long term costs, and vi is the variant of solution selected from the set
of all available variants V = {v1, v2, . . ., vk}, which are taken into consideration as possible
solutions to the problem.

As stated earlier, we define the expected revenues in the short term as

E[SR |vi] =

∞∫
b=0

b fSR(b)db = b̂ (12)

where

• SR is a random variable which expresses the amount of extra euros that the government
collects due to the increased amount of refueling caused by closures, detours, or
restrictions. Moreover, SR is the sum of extra value-added tax and extra consumption
tax collected by the government as a result of road closures and related detours.

• b is a value of the random variable SR.
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• fSR(b) is the probability that the government will collect taxes in the amount of b EUR.
• fSR(b); b ∈ (−∞,+∞) is a probability density function of the random variable SR.

We define expected revenues in the long term as the sum of expected revenues from
future investments and expected revenues from saved lives for the given variant vi, i.e.,

E
[
RLongterm

∣∣vi
]
= E

[
I+

]
+E[L+

]
(13)

E[I+|vi] =
∞∫

i=0
i f I+(i)di = î (14)

E[L+|vi] = w
∞∫

l=0
l fL+(l)dl = l̂ (15)

where

• I+ is a random variable which expresses an increase in investment in the region
compared to the current situation as a result of the implementation of the given variant
(in EUR).

• L+ is a random variable which expresses an increase in saved lives (number of people)
compared to the current situation as a result of the implementation of the given variant.

• i is a value of the random variable I+.
• l is a value of the random variable L+.
• f I+(i) is the probability that the government will additionally receive an investment

in the amount of i EUR in the future.
• fL+(l) is the probability that the government will save l people the future as a result

of the implementation of variant vi.
• f I+(i); i ∈ (−∞,+∞) is a probability density function of the random variable I+.
• fL+(i); i ∈ (−∞,+∞) is a probability density function of the random variable L+.
• w is the average amount of taxes that one person pays to the government during their

lifetime.

Obviously, the expected total profits (TP) will have to take into account the costs
associated with them. We define expected total costs in the LSM model as the sum of three
types of costs, and their expression is the same as in the STM model, i.e., as defined by
Equations (4)–(7). Based on the above, the expected total profits in the long term are defined
as follows:

Total (short-term + long-term) expected profits are defined as

E[TP|vi)] =
∞∫

b=0
b fSR(b)db +

∞∫
i=0

i f I+(i)di + w
∞∫

l=0
l fL+(l)dl

−
∞∫

r=0
r fRC(r)dr −

∞∫
c=0

c fFC(c)dc −
∞∫

d=0
d fDC(d)dd

(16)

where

• SR, I+, L+, RC, DC, FC are random variables.
• b, i, l, r, d, c are values of the random variables SR, I+, L+, RC, DC, FC which we defined

above.
• fVAR(k) is the probability that a random variable VAR = {SR, I+, L+, RC, DC, FC} is

equal to the value of k = {r, c, d, f }.
• fSR(b), f I+(i), fL+(l), fRC(r), fFC(c), fDC(d); b, i, l, r, c, d ∈ (−∞,+∞) are probability

density functions of the random variables SR, I+, L+, RC, DC, FC.



Logistics 2025, 9, 39 14 of 27

Based on notations from [31] the discrete version for total expected profits is defined as

E[TP|vi] =
k
∑

j=0
bj p

(
SR = bj

)
+

k
∑

j=0
ij p

(
I+ = ij

)
+

k
∑

j=0
lj p

(
L+ = l j

)
−

k
∑

j=0
rj p

(
RC = rj

)
−

k
∑

j=0
cj p

(
FC = cj

)
−

k
∑

j=0
dj p

(
DC = dj

) (17)

where

• SR, I+, L+, RC, DC, FC are random variables.
• bj, ij, lj, rj, dj, cj are values of the random variables SR, I+, L+, RC, DC, FC.
• p

(
VAR = xj

)
; x = {b, i, l, r, c, d) is the probability that a discrete random variable VAR

= {SR, I+, L+, RC, DC, FC} is equal to the value of xj.
• p

(
SRj

)
, p

(
I+j

)
, p

(
L+j

)
, p

(
RCj

)
, p

(
FCj

)
, p

(
DCj

)
; j = 1, 2, . . . .k, are probability func-

tions of the discrete random variables SR, I+, L+, RC, DC, FC.

3.3. Extensions of LSM Model
3.3.1. Social Extension: SLSM Model

In this section, the LSM model is extended by incorporating social costs. For comparing
benefits and costs of the selected variant, one should consider the costs to society as well.
We define these costs as extra costs of vi variant, which society (citizens/drivers) must pay
due to increased consumption of fuels caused by restrictions and detours, i.e.,

E[F|vi] =

∞∫
f=0

f fF( f )d f = f̂ (18)

where

• F is a random variable which expresses the amount of extra euros that the drivers
have to pay for extra fuel due to the increased amount of refueling caused by closures,
detours, or restrictions.

• f is a value of the random variable I+.
• fF( f ) is the probability that the drivers will pay f EUR because of purchases of extra

fuel.
• fF( f ); f ∈ (−∞,+∞) is a probability density function of the random variable F.

The total expected costs after incorporating these losses can be expressed as

E[TC|vi] =

∞∫
r=0

r fRC(r)dr +
∞∫

c=0

c fFC(c)dc +
∞∫

d=0

d fDC(d)dd +

∞∫
f=0

f fF( f )d f (19)

where

• RC, DC, FC, F are random variables.
• r, f, d, c are values of random variables RC, FC, DC, F which we defined above.
• fk are denoted as the probability density functions of these random variables,

k = {r, c, d, f } and
• fVAR(k) is the probability that a random variable VAR = {SR, I+, L+, RC, DC, FC} is

equal to the value of k = {r, c, d, f }.
• fRC(r), fFC(c), fDC(d), fF( f ); r, c, d, f , ∈ (−∞,+∞) are probability density functions

of the random variables RC, FC, DC, F.
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3.3.2. Time Extension: TLSM Model

As time is an important variable in the economy, we decided to incorporate the
time aspect into our models. The idea is that if travelers save time, it can be spent on
the production of additional goods and services, which can have a multiplier effect on
the country’s economy. The extension by the time aspect can be incorporated into our
models for two reasons. First, in the case of road closures, reconstruction, or detours,
drivers/passengers will lose time. Secondly, thanks to the reconstruction or creation of
a safer and faster road, drivers/passengers can save a significant amount of time. For
this reason, we define TS as time saved, which will be defined as the amount of time that
drivers/passengers gain per year thanks to the performed reconstruction, i.e.,

E[TS|vi] =

∞∫
s=0

s fTS(s)ds = ŝ (20)

where

• TS is a random variable which expresses the amount of time that one driver/passenger
saves thanks to realization of the selected variant vi.

• s is a value of the random variable TS.
• fTS(s) is the probability that a driver saves s amount of time.
• fTS(s); s ∈ (−∞,+∞) is a probability density function of the random variable TS.

We also define TL as a random variable that expresses the total time that one
driver/passenger will lose in a year due to the closures or detours caused by the vari-
ant vi.

E[TL|vi] =

∞∫
z=0

z fTL(z)dz = ẑ (21)

• z is a value of the random variable TL, which is defined as the amount of time that a
driver loses due to the realization of the selected variant vi.

• TL is a random variable which expresses the amount of time that a driver loses due to
the realization of the selected variant vi.

• z is a value of the random variable TL.
• fTL(z) is the probability that a driver loses z amount of time.
• fTL(z); z ∈ (−∞,+∞) is a probability density function of the random variable TL.

Based on the above, the expected Total Time Surplus (TTS) for the year of reconstruc-
tion (we assume in this case that the reconstruction will take a maximum of one year) can
be defined as follows:

E[TTS|vi] =

∞∫
s=0

s fTs(s)ds −
∞∫

z=0

z fTL(z)dz (22)

where

• TS, TL are random variables.
• s, z are values of random variables TS, TL which we defined above.
• fVAR(k) is the probability that a random variable VAR = {TL, TS} is equal to the value

of k = {s, z}.
• fTs(s), fTL(z); s, z ∈ (−∞,+∞) are probability density functions of the random

variables TS, TL.
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For subsequent years, if we assume that the reconstruction will take a maximum of
one year, the total time surplus (TTS) can be defined as follows:

[TTS|vi] =

∞∫
s=0

s fTS(s)ds (23)

where

• TS is a random variable which expresses the amount of time that one driver/passenger
saves thanks to realization of the selected variant vi.

• s is a value of the random variable TS.
• fTS(s) is the probability that a driver saves s amount of time.
• fTS(s); s ∈ (−∞,+∞) is a probability density function of the random variable TS.

It is obvious that in this case, it is necessary to define the number of people who will
pass the given section during the year and also the number of years that will be taken into
account in the case of calculating profits from the point of view of saving time. Last but not
least, to quantify this model, it is necessary to define the average salary.

In the case of incorporating the time and costs for society, the expected total profit will
include the following random variables:

E[TP] = f (B, I, L, RC, FC, DC, F, S, Z) (24)

The expected total profit TS-LSM model (i.e., after taking into account the aspects of
time and society’s costs) can then be defined as

E[TP] = E[TR] − E[TC] (25)

E[TR|vi)] =

∞∫
b=0

b fSR(b)db +
∞∫

i=0

i f I+(i)di + w
∞∫

l=0

l fL+(l)dl + n1 ∗ m
∞∫

s=0

s fTS(s)ds (26)

E[TC|vi)] =
∞∫

r=0
r fRC(r)dr +

∞∫
c=0

c fFC(c)dc +
∞∫

d=0
d fDC(d)dd +

∞∫
f=0

f fF( f )d f

+n2m
∞∫

z=0
z fTL(z)dz

(27)

where

• SR, I+, L+, RC, FC, DC, F, TS, TL are random variables.
• r, f, d, c are values of random variables RC, FC, DC, F which we defined above.
• fk are denoted as the probability density functions of these random variables,

k = {r, c, d, f }.
• fVAR(k) is the probability that a random variable VAR = {SR, I+, L+, RC, FC, DC, F, TS,

TL} is equal to the value of k = {b, i, l, r, c, d, f, s, z}.
• fSR(b), f I+(i), fL+(l), f RC(r), fFC(c), fDC(d), fF( f ), fTS(s), fTL(z); b, i, l, r, c, d, f , s,

z ∈ (−∞,+∞) are probability density functions of the random variables SR, I+,
L+, RC, FC, DC, F, TS, TL.

• n1 is a constant related to the sum of the number of drivers/passengers passing this
route per given period, n2 is related to the number of drivers/passengers that have to
use the detour caused the reconstruction in a given time period, and m is the average
wage per hour.
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Important note:
Resulting from theory of probability [31] it is important to note that in order for the

above functions to be probability (density) functions of a random variable, the normaliza-
tion condition must hold for all defined random variables mentioned above, i.e.,

∞∫
−∞

fSR(b)db = 1;
∞∫

−∞

f I+(i)di = 1;
∞∫

−∞

fL+(l)dl = 1;
∞∫

−∞

fTS(s)ds = 1 (28)

∫ ∞
−∞ fRC(r)dr = 1;

∫ ∞
−∞ fFC(c)dc = 1;

∫ ∞
−∞ fDC(d)dd = 1;

∫ ∞
−∞ fTL(z)dz = 1;∫ ∞

−∞ fF( f )d f = 1;

Also, for all probability density functions of the random variables defined earlier the
following conditions must be true [31]:

f (x) ≥ 0; x = {SR, RC, FC, DC, I+, L+, F, TS, TL} (29)

and f (x); x = {SR, RC, FC, DC, I+, L+, F, TS, TL}must be defined for all values x ∈ (−∞,+∞)

where x represents our defined random variables {SR, RC, FC, DC, I+, L+, F, TS, TL}.
As for discrete versions of the random variables, in order for the above functions to be

probability density functions of a random variable, the following normalization condition
must hold for all defined random variables mentioned above

k

∑
j=1

p
(
xj
)
= 1; j = 1, 2, . . . k; x = {b, r, c, d, i, l, f , s, z} (30)

4. Results
In this section, the concepts of our models were applied to a selected problem in Slovak

transport. Given that the solution was already implemented in our case, we verified the
concepts of multi-criteria decision-making in transport proposed by us through partial ex
post analysis.

We decided to apply and validate suggested principles to a transport problem in
Slovakia, more specifically to one particular situation which took place in the past on the
1/18 road. Because of the growing economy in Slovakia, it is very likely that the volume
of transport will rise in the coming years. It is therefore necessary to build new road
infrastructure or at least extend and repair the existing infrastructure. However, the variety
of country design is a big problem for the development of transport infrastructure in the
whole country. Valleys of rivers varying with agricultural, forest, and mountain country
pose challenges, regarding not only super elevations (climbing) but also geological variety
of territories (possible soil slips, effect of weather, urbanization, forest logging, etc.).

One of the biggest transportation problems in Slovakia is the problem of route
1/18 (international route E50) underneath the cliff where the Strecno castle is located.
It is the main road from the west of the county to the east. The situation underneath Strecno
castle is a very serious problem in Slovakia due to several reasons. First, as we said before,
there is a risk of rock falling on the road. However, as stated above, the problem of passage
under the Strecno castle is not only about the danger of falling rocks and maintenance of the
cliff. Secondly, due to lack of space, the road contains insufficient narrow lanes. The road
does not meet the standards of a first-class road, it contains very narrow lanes, and it does
not have emergency lanes and barriers. It is therefore no surprise that this also influences
driving behavior. A review of the detailed Roadside Infrastructure for Safer European
Roads accident database revealed that lateral positioning and speed of the vehicle were
two of the primary factors leading to crashes. A study by van der Horst and de Ridder [31]
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found that roadside infrastructure influences driving behavior. Their driving simulator
study investigated how roadside infrastructure affects drivers’ speed choices and lateral
vehicle placement. Roadside features studied included trees, guardrails, barriers, panels,
and emergency lanes. The study found that drivers tended to move laterally away from
safety barriers upon approaching them and slightly slowed down. The type and size of a
safety barrier appeared to be less important than its presence. Trees did not affect driver
speed unless they were close (2 m) to the road edge on a rural road with an 80 km/h speed
limit, and this effect faded quickly. There was no influence on speed if the trees were more
than 4.5 m from the lane edge. The fact that trees along the road are not considered a
hazard, and drivers do not adjust their behavior accordingly, makes them even more dan-
gerous [32]. In addition, the road is consistently overloaded. According to the non-profit
organization of the European Program for Routes Evaluations (EuroRAP), most Slovak
roads, including this one, fall into the range with medium and high rate of risk (Europap).
According to the newest report of the transport census from 2024, the number of vehicles
passing the passage between Zilina and Martin was estimated to be 40,000 per day [32].
Finally, there is a problem with other natural aspects near this passage of route 1/18. As
damages due to natural disasters and natural phenomena are well known to be dangerous
for infrastructures, both during their construction and life-time, it is important to note these
problems as well. Not only is the route surrounded by the high strong rock with Strecno
castle from one side, but the river flows from the other side of the road. The biggest Slovak
river, Vah, flows very close to this route. In case of increased volume of water in this river
or in case of floods, there is a probability that this route will be flooded, and some part of
the road will be affected by landslides (which is also likely to happen from the side of the
castle cliff). Therefore, structures such as road-and-rail bridges crossing rivers affected by
ice jamming and floods must be designed well; research on the region enables considering
aspects for ensuring the security of construction. In the case of obstacles on the road, the
driver’s behavior is affected. According to [31,33], roadside infrastructure and static objects
near the road influence the driver. To sum up, this passage is cited as one of the most
dangerous in the Slovak Republic.

Because this passage has many problems, the Country Office Zilina issues official
information regarding crossing of this passage on the fly. It informs citizens about partial
or total closures and how the transport is limited (e.g., lane narrowing, speed limits) as
well as provides information about works on this passage (e.g., maintenance of Strecno
rock). National print media often inform about current closures in this area, too. The
number of cars, including those wandering around due to not having information about
closures as well as not noticing road signs, is increasing. Except for the fact that this passage
is the national road for citizens passing from the west of Slovakia to the east, it is also
very heavily used by citizens of neighboring villages and cities. Often, media inform
about problems with this passage, such as unsatisfactory transport situations and frequent
accidents, including tragic accidents.

The biggest problem was the rock massif. The rock was moving, and there was a risk
it could fall right on the road. In addition, drivers were endangered by falling small rocks
from the castle cliff. Due to these reasons, it was necessary to deal with the unsatisfactory
situation of this part of the road. Critical problems concerned the maintenance of this
passage, e.g., readiness, overpassing routes, cleaning of castle cliff, and variable weather.
Other sources of news and magazines stated these problems as well. Therefore, the Slovak
Road Office IVSC Zilina had issued permission for partial closures of the passage in
defined timed frames. In that time, cars were supposed to bypass this passage through the
municipalities of Terchova and Zazriva; trucks had to bypass this passage through the city
of Trencin. Obviously, these restrictions as well as total closures were problems not only for
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drivers but for the safety of citizens as well (police, health services, firefighting). In addition
to that, these problems affected production plants and firms. The automobile plant KIA
Motors therefore prepared for such a situation by securing material in advance. During
closures, they only expected complications regarding employees. Resulting from all of this,
the questions were as follows: How should the government solve the problem with the road
under Strecno castle? The goal of government meetings was to address the remediation
of the Strecno cliff, discuss remediation costs, and grant rights and responsibilities to the
remediation investigator (i.e., Ministry of Internal Affairs of the Slovak Republic). The
realized variant, approved by the government, meant the allocation of financial sources for
remediation of the rock cliff of Strecno castle. Within this variant, the government selected
the company which was to realize the selected variant of remediation.

In past years, the government approved the partial remediation of the cliff under
the Strecno castle. This solution posed costs for securing the rock system as well as costs
needed to secure the road below. By realizing this remediation process, the probability of
accidents due to the rock system was lowered. We decided to analyze the realized solution
according to criteria stated in the previous chapter. As we did not have enough data, we
analyzed the situation according to the presented concept only partially.

During full closures, there were two official bypass routes: the shorter one crossed the
village of Zazriva and was intended for personal vehicles. The bypass route across the city
of Trencin was intended for trucks. Details about these bypass routes are listed in Table 2
and Figure 7.

Table 2. Details of bypass routes for Strecno.

Time Dist. Loss Length Time Loss

route A section
Strečno 31 min 0 29.3 km 0

detour
route B

detour across
Zázriva 75 min −44 km 78.8 km −49.5 min

detour
route C

detour across
Trenčín 162 min −131 km 197 −167.7 min
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The methodology for calculating costs to society (calculation of losses due to detours,
which had to be made by personal vehicles as well as trucks) had several steps:
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1. First, we found out how many days the route under Strecno was closed.
2. We then estimated the number of vehicles which had been diverted from the original

route due to remediation—we found out how many days the route under Strecno was
closed.

3. We calculated the number of extra kilometers.
4. Finally, the total extra fuel consumption in EUR was quantified as the sum of extra

fuel consumption by personal vehicles, trucks, and motorcycles.
5. According to results from every route, we estimated the extra costs to society (costs

which drivers had to incur due to the closure of route 1/18).

An estimate of the decrease in the number of cars from the original route was made.
We counted the number of days when the route was limited. In fact, there were two types
of limitations on the route under Strecno Castle:

6. Partial restriction, two-way road in two choked lines (width of 3 m), the speed limit
set to 30 km per hour.

7. Total closure, i.e., the transition through the passage was restricted and was guarded
by police.

During the shutdown of the section, procedures related to the Strecno remediation
had started, and the road had been either restricted partially or totally. According to the
Ministry of Transport of the Slovak Republic, the following limitations were made: 47 days
of total closure of the passage; from that:

8. 11 weekdays (from Monday to Friday) and 36 weekends
9. During weekends, the time of closure was set from Saturday 8 am until Sunday 4 pm.
10. During weekdays, it was a 24 h closure except for one day when the passage was

closed only 3 h
11. In sum, the road was closed for 823 h.

The decrease in the number of vehicles on this route was calculated according to the
number of hours when the road was closed. The approximate total decrease in the number
of vehicles on this route was calculated as TOTAL= 823 h/24 h × 26,831 vehicles/day.

Based on the above information and on some approximate constants, we were able to
partially quantify based on the presented approaches. The results are in Table 3.

Table 3. Partial simplified quantification based on presented approaches.

constants

number of vehicles per day (in km) n 26,831.00

number of hours closed h 823.00

number of days closed u 34.29

truck rate g 0.33

official detour for trucks (in km) dt 131.00

official detour for cars (in km) dc 44.00

average fuel price fp 1.50

taxation rate for fuels t 0.50
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Table 3. Cont.

calculations

sum of extra km for cars
(in km) kmv1 790,977.88

sum of extra km for trucks
(in km) kmv2 1,159,904.13

sum of extra km total (in km) kmt 1,950,882.01

SM model

extra revenue into state
budget (in EUR) b̂ 1,463,161.51

reconstruction costs (in EUR) r̂ 1,100,000.00

financial compensation
(in EUR) ĉ N/A

damage sanitation (in EUR) d̂ N/A

sum of short-term costs
(in EUR) SC 1,100,000.00

SM model
short-term profit (in EUR) SP 363,161.51

LSM model

extra revenue into state
budget (in EUR) SR 1,463,161.51

future investments î N/A

lives saved l̂ N/A

reconstruction costs (in EUR) r̂ 1,100,000.00

financial compensation
(in EUR) ĉ N/A

damage sanitation (in EUR) d̂ N/A

sum of long-term short-term
costs (in EUR) SC 1,100,000.00

LSM model
long-term profit (in EUR) TPLSM 363,161.51

SLSM model

extra revenue into state
budget (in EUR) b̂ 1,463,161.51

future investments î N/A

lives saved l̂ N/A

reconstruction costs (in EUR) r̂ 1,100,000.00

financial compensation
(in EUR) ĉ N/A

damage sanitation (in EUR) d̂ N/A

Costs to society f̂ 2,926,323.02

SLSM total costs TCSLSM 4,026,323.02

SLSM model
profit (costs to society
included) (in EUR)

TPSLSM −2,563,161.51

5. Discussion
We presented the main results of our research. In this part, we summarize the basic

concepts of our proposed models and summarize the answers to the research questions
defined in the Introduction part.
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RQ1: What types of costs and revenues should the government take into account to
make an economically efficient decision in a short time period and in a long time period
for the whole society? Types of costs: reparation costs, costs of financial compensation,
damage costs, social costs, time costs. Types of revenues: extra revenues due to driver
detours, extra investments, extra lives saved, extra time saved.

RQ2: Provided uncertainty, how should the government evaluate a transport problem
of road remediation to maximize the profit for society? To assess the economic efficiency of
traffic problems, we used the concept of the theory of expected profits. As it is not possible to
explicitly determine some phenomena in the future, our models use probabilistic functions
and are based on the quantification of uncertainty using the theory of expected returns and
expected costs.

We proposed four models for assessing economic efficiency in transport:
The short-term model (SM) evaluates the economic efficiency of the transport proposal

in the short term, taking into account reconstruction costs, financial compensation costs,
and damage costs. As for revenues, it takes into account extra revenues from collected taxes,
which were incurred by drivers due to the implementation of detours due to reconstruction.

The long-term-short-term model (LSM) expands the concept of the SM model by taking
into account long-term benefits, such as the increase in investment in the region and the
increase in saved lives, compared to the current situation as a result of the implementation
of the given variant.
The social long-term-short-term model (SLSM) extends the LSM model by taking into
account the costs to society (drivers) that arose due to increased fuel consumption caused
by the implementation of detours.
The long-term-short-term model with time aspect (TLSM) takes into account the time lost
due to the implementation of the reconstruction and the further time gained thanks to the
implementation of the given solution.

Limitations and Future Research

While this study offers a valuable framework for evaluating road remediation projects,
it is essential to acknowledge its limitations. These limitations provide opportunities
for future research to refine and expand upon the proposed models, enhancing their
applicability and robustness. This section explores these limitations and outlines potential
avenues for future research to address them.

Limitations of the Study:

• Data Availability: The study relies on estimations and average figures for certain
parameters, such as the number of vehicles affected by road closures, which may
not reflect the actual situation accurately. This reliance on estimations can affect the
precision of the results and their ability to provide accurate implications in real-world
scenarios.

• Regional Specificity: The models are validated using a specific road project in Slovakia,
and their direct applicability to other regions with different geographical, economic,
and social contexts may be limited. Factors such as terrain, traffic patterns, and
economic activity can vary significantly between regions, potentially influencing the
outcomes of road remediation projects.

• Project Scope: The study focuses primarily on road remediation projects, and the
models may not be directly applicable to other types of transport projects, such as new
road construction or public transportation initiatives. Each type of project has unique
characteristics and considerations that may require adjustments to the models.

• Uncertainty Simplification: While the models incorporate uncertainty using proba-
bilistic functions, they may not capture all types of uncertainty that can influence
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real-world outcomes. Factors such as political decisions, unforeseen events, or changes
in economic conditions can introduce uncertainties that are not fully accounted for in
the models.

• A limitation may also be the fact that, in practice, the probability density of a given
random variable is unknown. This poses a problem in terms of solving the proposed
models, since, in order to quantify individual variants, we need to have defined
probability densities of individual random variables (e.g., the probability of collecting
an additional amount of tax for all possible values of tax collection in EUR). One option
to solve this is to approximately estimate these functions based on expert estimates
in cooperation with experts. Another option is to use expert knowledge to create
several possible scenarios of the development of the specified variant and calculate
the expected values of random variables as discrete random variables, as stated in
relation (18).

• Moreover, a model with a time aspect is also a limitation, since in this model, in order
to be able to quantify it in monetary terms, it is necessary to know constants such as
the number of people who will pass the given section during a period of time, the
average wage, the reconstruction period, and also the number of years that we will
take into account for calculating profits. In practice, this may be difficult to determine,
and incorrect parameter settings may distort the results. This model may also be
complicated by the fact that the number of people transported is not always equal
to the number of cars, since there may be more than one person in a car or bus. This
would also need to be considered in the time aspect model. In the case of drivers, the
situation could be easier to estimate; however, it is the number of passengers which is
more appropriate as the input number in the model.

• Other limitations also concern the validation of our concepts on the defined problem
of road 1/18 in Slovakia. In this validation, we based our study on defined concepts
rather than models in the true sense, since we did not have defined individual rele-
vant probability (density) functions of random variables. However, since this was a
validation of a solution that had already been implemented, we decided to partially
investigate it using our concepts. However, during the validation itself, we did not
have all the data available, and therefore, we did not include the variables I+ and
L+ in the LSM model. Since this was only a partial road reconstruction, we assume
that the I+ variable would not be significantly affected. However, in terms of lives
saved, it is possible to assume that the reconstruction would have a certain impact on
this variable, which was not quantified. Moreover, in the validation calculations, we
used a large number of constants, some of which were only approximate and some
that could be preliminary (e.g., the share of trucks, the average number of cars per
day, the tax rate, or not taking into account the differences in the ratio of cars/trucks
on weekdays and weekends). Setting the constants to other, more accurate values
could also change the results compared to those we presented. However, rather than
accurately quantifying the presented situation under Strecno Castle, we wanted to
show the thought process of quantifying individual solutions to traffic problems. In
the validation part, we also did not take into account unofficial detour routes, which
could also change the results.

Key Points for Future Studies:

• Adaptation to Other Sectors: Future research could explore adapting the proposed
models to other sectors beyond transportation, such as healthcare or environmental
management, where economic evaluation under uncertainty is crucial.
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• Integration of More Complex Uncertainty: Future studies could investigate incorpo-
rating more complex types of uncertainty into the models, such as using fuzzy logic or
scenario planning to capture a wider range of potential outcomes.

• Refinement of Social Cost Estimation: Further research could refine the estimation of
social costs by considering additional factors, such as environmental impacts or the
distribution of costs and benefits across different population groups.

• In the future, it would be possible to focus on further expanding the models to include
other aspects, or on thorough quantification of the model with a time aspect.

Development of Decision Support Tools: Future work could focus on developing
user-friendly decision support tools based on the proposed models, making them more
accessible to decision-makers in government and industry.

6. Conclusions
This paper contributes to the field of transportation economics by proposing four

distinct models for evaluating road remediation projects: the Short-term Model (SM), Long-
term-Short-term Model (LSM), Social Long-term-Short-term Model (SLSM), and Long-
term-Short-term Model with a Time Aspect (TLSM). These models provide a framework
for decision-making, enabling governments to assess the short-term and long-term costs
and benefits of road remediation projects, while also incorporating the inherent uncertainty
associated with future outcomes. These comparison is in Table 4.

Table 4. The model comparison.

Model Time Horizon Scope Key Factors Best Use Cases

Short-term Model
(SM) Short-term Immediate costs

and benefits

- Reparation costs
- Financial compensation
costs
- Damage costs—Extra
revenues

Projects with limited
timeframe and immediate
impact, such as urgent
road repairs or temporary
traffic management
solutions.

Long-term-Short-
term Model (LSM) Long-term Extended costs and

benefits over time

- All factors in SM
- Increased investment
- Lives saved

Projects with long-term
implications, such as
major road construction
or infrastructure
development.

Social Long-term-
Short-term Model
(SLSM)

Long-term Societal costs and
benefits

- All factors in LSM
- Social costs (e.g.,
increased fuel
consumption due to
detours)

Projects with significant
social impacts, such as
road closures or changes
in traffic patterns affecting
communities.

Long-term-Short-
term Model with
Time Aspect
(TLSM)

Long-term Time-related costs
and benefits

- All factors in LSM
- Time saved
- Time lost

Projects where time is a
critical factor, such as
improving traffic flow or
reducing travel times.

While the models offer a robust approach to evaluating road remediation projects, a
more comprehensive explanation of their practical application and differentiation would
enhance the manuscript’s clarity and impact. For instance, elaborating on specific scenarios
or project types where each model would be most useful could guide decision-makers in
selecting the most appropriate model for their needs.

Furthermore, incorporating more comprehensive case studies or real-world examples
would demonstrate the practicality and versatility of the models across different geographic
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and economic contexts. This would not only showcase the models’ applicability but also
provide valuable insights into their implementation and potential impact in diverse settings.

In conclusion, this paper provides a valuable contribution to the field of transportation
economics by proposing four distinct models for evaluating road remediation projects. By
further clarifying the models’ practical application and incorporating more comprehensive
case studies, the manuscript can enhance its impact and provide decision-makers with a
robust tool for evaluating road remediation projects in various contexts.

By incorporating uncertainty, considering a wide range of costs and benefits, and
focusing on societal welfare, the proposed models can contribute to a more sustainable and
efficient transportation sector.

Government actions influence citizens’ awareness of their country. Citizens need to
know what is happening in the country and how problems that prevent them from meeting
their needs are being solved. Transportation is one aspect of a functioning country and
satisfied citizens. Good road infrastructure enables, among other things, fast mobility
of people within the country. This increases work flexibility, which positively affects the
country’s economy.

Slovakia faces several transportation challenges. The number of personal vehicles and
trucks has been increasing rapidly, while road infrastructure has not kept pace, leading to
congestion and safety concerns. This issue is particularly evident on road 1/11 (E50) under
the Strecno castle cliff, considered one of the most dangerous passages in the country. The
road is consistently overloaded, with narrow lanes, proximity to the Vah river, and the risk
of rockfalls. The situation is exacerbated by its role as a major route for drivers traveling
from western to eastern Slovakia.

The main contribution of this paper was the suggestion of four economic models to
assess the economic efficiency. We suggested models with uncertainty which can be used
for decision-making processes in transport problems with uncertainty. We built our models
on expected costs which are related to the selected option of remediation.

We then applied our models to the remediation option chosen by the Slovak govern-
ment. We found that this was a non-effective solution from the all-society point of view in
the short term.

Today, every public institution, profit as well as non-profit organizations, groups,
individuals, or the government, create social impact. According to Viturka [34], it is
important to evaluate all realized actions, transport included, by a multiple-criteria function
with incorporated social impacts of realized activities. We believe that our models enable
even non-financial aspects to be considered in analyzing the economic efficiency of transport
problems subject to uncertainty.
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