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Abstract: The problems of developing online decision support systems concern the complexity of
the transportation management processes, the multi-dimensionality of data warehouses (DWs), and
the multi-criteria of decision making. Such issues arise in the management processes by supporting
them with adaptable information and communication infrastructure for the management of the
freight’s transportation processes. Our research domain involves the assurance of infrastructure
for the provision of smart services for the operative management of multi-modal transportation of
freights under the conditions of the heterogeneity of communication channels and multi-criteria
decision support. The complexity of managing multi-modal transportation processes raises some
problems for ensuring the infrastructure for finding more optimal management solutions by the
requirements of green development. This research aims to develop the approach for providing the
infrastructure of intelligent smart services for adaptable implementation in management processes
of online multi-modal freight transportation. The objectives are forwarded to construct the multi-
criteria decision-making components and integrate them into the multi-layered, computer-based
information management of intelligent systems. We present the steps of extension of the structure of
the knowledge-based system with a multi-criteria decision support method, and the possibilities to
work under the conditions of wireless networks and the recognition of context-aware situations. The
results are demonstrated for the analysis of alternatives by assessing the multi-modal transportation
corridors between the East and West regions of Europe, and the opportunities to evaluate them for
more effective managerial perspectives under sustainable development requirements.

Keywords: decision support system (DSS); multi-criteria decision making; multi-modal transportation
of freights; smart services; information infrastructure; sustainable management

1. Introduction

Our research area concerns the digital transformations in the cargo transportation
sector that influence new information and communication technology (ICT). Transport
became one of the most important industries that are affected by important changes in the
ICT sector. Changes are needed for the development of new kinds of infrastructure that
are useful for managing such complex processes. The management of such processes is
forwarded for supporting activities, which participate in all transportation chain cycles
by achieving the sustainable development requirements and following the Sustainable
Development Agenda’s main goals [1].

New kinds of management means are analyzed in this paper by paying more attention
to the implementation of the recent ICT and assessing the changes in intelligent transport
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development. The Action plan activities, provided by the Sustainable Development Agenda
of the United Nations (UN), inspire more effective changes until 2030 [1]. The require-
ments of the sustainable development of transportation means inspire the management by
“green” requirements and call us to reduce the transport pollution, particularly in densely
populated areas, by shifting congestion from the road-to-road transport modes to increase
the integration of other modes of transport in the common logistics transport chains. For
these reasons, our research object became the multi-modal transportation structures with
an adaptable smart service provision system that helps in the decision-making processes.

More attention nowadays is on paying for the identification of main engines, which
affects the importance of digital transformations in transportation. By following the works
of [2,3], we would like to mention:

• New kinds of global digital transformation trends, which influence the development
of infrastructure for new kinds of autonomous transportation;

• Continuous digital technology advantages, which are pushing the organizational
changes in transportation management and their business models;

• Changing management priorities by implementing ICT for the transportation pro-
cesses of goods and integrating new kinds of smart services, which can be provided
in the online mode for all transportation processes.

Such services are specially developed and based on wireless communication and
monitoring possibilities by implementing technologies such as GPS, GPRS, 4G or 5G wire-
less mobile protocols, and artificial intelligence systems with integrated functionalities of
Geographical Information Systems (GIS) for the management of transport means. However,
the need for the development of smart decision support systems is still very actual. By
influencing novel ICT, the competition in transportation is changing dramatically. Com-
panies are increasingly competing globally with digital possibilities; they become most
valuable by pushing oil and natural gas producers from leading positions. Its size no longer
characterizes a competitive advantage, and the priority became the speed of responding to
technology changes [4].

Our research objectives are forwarded for developing the online multi-criteria decision
support system (MC-DSS) with possibilities of helping in management processes of multi-
modal transportation of freights. We are presenting the requirements for infrastructure
development of the MC-DSS functioning. Such infrastructure is based on different kinds of
wireless communication possibilities, which became heterogeneous in the wide spectrum
of implementing communication channels, the network of sensors, GIS, and monitoring
support structures. The problems arise in developing operatively working systems by
providing the solutions for more effective cargo transportation management procedures.

Some issues arose when we would attempt to apply the technological platform of
the internet of things (IoT), which is applied not only to the infrastructure of stationary
objects but also to moving (transport) objects [5]. The infrastructure of IoT for managing of
moving objects became very dynamic.

As mentioned in the limitations of our research, we will restrict our consideration to
only some types of freight transportation processes, which are based on land conditions,
and we will try to analyze the common structures of the interactions between trucks,
railway transport, and sea/water vehicles. We did not include types of air transportation
in this paper.

Another investment is the innovations of the development of computer-based artificial
agents, which can provide online decision support in the crucial stages of management by
helping in the complex multi-modal transportation processes of choosing transportation
corridors by land, based on different cargo kinds, and excluding drivers from these paper-
consuming jobs, replacing them with automated, computer-based smart service procedures.

Our forwarded research aim is to develop the multi-criteria decision support system
(MC-DSS) working in wireless communication infrastructure, and present an approach
to implement the methods of working mechanisms of the intelligent agents. The results
are demonstrated by describing the main components of the MC-DSS architecture, and
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by representing the constructional methodology of integrating such parts in the whole
system with other smart services. The MC-DSS system under development has had
some important requirements. One of them is an ability to work online and to assess the
importance and priority of alternative multi-modal transportation corridors by analyzing
two directions from West to East Europe. The results are demonstrated by choosing the
methods for constructing the MC-DSS for multi-modal and inter-modal transportation
processes. As a part of the smart service provision system, the MC-DSS will have the
possibility to help in the determination of priorities by choosing the best route under real
conditions of context-aware information, by evaluating the different alternatives provided
for the assessment of multi-modal corridors for cargo transportation.

For the construction of the knowledge base system (KBS) for the MC-DSS, the design of
the real working conceptual models of the application domain, which became a background
of the computer-based ontology, is important. This ontology is used for designing meta-
models of the repositories of working data-warehouses (DWs), which are applied for the
construction of the smart services and their scenarios. We chose the Unified Modelling
Language (UML) for designing the knowledge base conceptual models. Another part of the
knowledge base (KB) represents mechanisms and algorithms for more deepened reasoning,
which are described by various decision-making models and methods, such as the rules
of decision-making, the recognition of priorities of criteria for evaluation of alternatives,
and the relations of goals with planning results. The artificial planner is constructed as an
artificial agent with the implementation of multi-criteria decision methods. One of them, as
the construction of linguistics comparison sets, is described for the illustration of such part
of the KBS construction. These sets are used for the linguistic description of the assessment
process and can be related to the fuzzy logic approach, which we are planning to integrate
into the artificial planner for the description of the choosing processes of the multi-modal
transportation corridors. The construction of decision matrixes is applied to the finding of
more optimal plans for transportation trips. The integration of the mentioned methods is
described in our research methodology.

The paper’s structure is provided as follows: related works are analyzed in Section 2
by paying more attention to the assessment of the multi-dimensional decision support
methods. The methodology of experimental and empirical research is provided in Section 3.
The implications of the knowledge base constructions that describe many aspects of the
road’s infrastructure topology, vehicular communication networks, and the MC-DSS sys-
tem’s architecture are described in Section 4. The case study analysis and the results are
presented in Section 5, by implementing the methodology and the MC-DSS constructions.
The results show system functionality of choosing the cargo transportation possibilities
by evaluating the appropriate multi-modal corridors from West to East Europe directions.
The discussion, limitations, plans, and conclusions are presented at the end of the paper.

2. Related Works

The problems with our research are linked with the sustainable management of cargo
transportation processes. They are evident for the analysis of complexity and dynamicity
of such phenomenon by the requirements of Sustainable development goals (SDG) for
transportation, which are declared by the UN in the Sustainable Development Agenda
(SDA) until 2030 [1].

In the area of land freight transport, intelligent transport systems (also known as
road telematics) have been under development for the last 20 years. Some programs are
now widespread and well known. The transport and storage sector is facing daily growth
in the use of new smart services. Cargo vehicles generate a wide variety of data, from
the driver’s driving readings to cargo vehicle technical information. Digital information
generated by freight vehicles, which is systematically presented to the end driver, is slowly
becoming the future of this business. The main functions of intelligent services are traffic
information, freight vehicle information, environmental information and driver behaviour
information, as well as messages, situation alerts, and decision making. For example,
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several million freight vehicles have built-in navigation systems that can handle real-time
traffic and travel information.

The types of communications allow users to provide road safety services by sharing
safety information to avoid accidents, accident investigation afterwards, or to avoid traffic
congestion. Other groups of services are the types of services for specialists of logistics,
which are related to distribution and storage processes. To handle real-time decisions, it
is necessary to exchange the available data with terminals and warehouses, which could
also minimize the operational time connected to the freight vehicle’s waiting time in front
of these premises. Many researchers focus on improving the efficiency of communication
between freight vehicles, but specific aspects of such problems as network disconnections,
quality of service (QoS) metrics, traffic safety, scalability, and the communication features
between vehicle and warehouses remain especially important and unsolved in reality.

We chose research works for analyses that are useful from the perspective of ICT de-
velopment for transport management processes, and such multi-criteria, decision-making
methods, which are applicable for the development of smart service systems in this sector.

2.1. Review of ICT Development Initiatives for the Transport Sector

The assessment process includes the requirements and possibilities for providing
multi-componential and smart services for transportation processes by incorporating them
into the multi-layered structure of required data and information systems (IS). Some
important components of such infrastructure are described in our previous works [6–8].
The methods enable the evaluation of decision support and can be revealed in more
appropriate ones for supporting the functionality of new kinds of complex transportation
processes and services.

Together, the Digital Europe priorities enter into developing new kinds of ICT with
the development of new kinds of smart services, mentioned by the highest level of political
priorities in conjunction with the European Green Deal [9]. European Strategy Papers,
which plans are concerning the activities until 2030, are provided with the requirements for
responding authorities to pay more attention to global trends of ICT development [10]. The
countries of Europe recognize the importance of the data economy. Modern oil, i.e., data,
will help society and business reap the greatest dividends from the digital transformation.
Companies need to learn to employ data and create the added value in management with
ICT. For their part, the public sector has helped them in creating a legal and technological
environment for a secure data exchange in various directions (in infrastructure, for the
development of services by providing concrete platforms for realization of models, such as
Government to Business (G2B), Business to Business (B2B) and Business to Governance
(B2G)), and data exchange triangles. Innovative platforms are created based on secure and
ethical state-of-the-art technology. They are based on methods and equipment of artificial
intelligence, the Internet of Things (IoT), block-chain circuits, and other applications [4,5].

The most promising digitization technologies help in achieving the goals of sustainable
development of transportation. More attention is paid to the multi-modal transportation
effectuations by removing the freight transport burden from road transport and shifting it
to the rail and sea (or air) modes of transport.

The new management systems’ development process is based on artificial intelligence
systems, supercomputers, cloud and peripheral computing, quantum technologies, and
technologies to manage block-chains (circuits) [10]. The systems are created on such
technology platforms, including virtual and augmented reality, communication protocols
based on the 5G connectivity, and robotics. All these innovative means are helpful in the
realization of the potential of data of intelligent transportation processes. In developing
these new kinds of support, some components are important for the creation of new
applications by providing special artificial methods that concern the technologies of the
Internet of Things (IoT), working on wireless networks [4,9,10].

The assessment of supporting infrastructure for the delivery of e-services is revised in
the second layer of the presented methodology. It follows the evaluation of the structure
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of meta-models of information systems (ISs) and technologies of cloud computing by
maintaining big data stores as data warehouses (DWs), and computer-based flows of
e-documents for supporting the managerial and administrative processes during the cycles
of transportation [7].

We have limited our consideration of analyzing multi-component landscape modes
of transportation of freights (i.e., goods, cargo) by developing adaptable decision support
tools integrated into the overall smart service delivery system.

2.2. Review of Multi-Criteria Decision Support Methods Used for the Transportation
Research Area

For a long time, authors apply multi-criteria decision making and decision support
(MCDM) methods by solving transport problems. Various decision-making problems are
encountered in multiple situations, where many alternatives and actions are needed for
selection. The procedures of decision making follow the choices, which are based on the
sets of attributes and reveal their importance. Depending on the set of individual options
that some characteristics can describe, three different types of analyses can be performed:

• To ensure that decision-makers follow the “rational” behaviour—by the implemen-
tation of statements of some utility theory, value functions, and evaluation of dis-
tances from the proposed solution to the ideal point;

• To give advice that is based on reasonable (undisputed) rules;
• To find the desired solution that is more important in comparison to the partial

solution hypothesis.

Multi-criteria assessment methods are used in finding out the alternative that has
received the highest score (Table 1). Numerous methods were developed for the analysis
of many traits. Multiple attribute analysis is a useful tool for solving many economic,
management, and other problems. Widely known methods are used for the acceptance
of numerous attributes. We can mention such methods as Complex Proportional Assess-
ment of Alternatives (COPRAS) [11], Technique for Ordering of Preference Systems by
analogy to Ideal Solution (TOPSIS), Vise Criterion Optimization and Compromise Solution
(VIKOR), Analytic Hierarchy Process (AHP), and others. Some development reviews and
implementation by authors of these methods in the transport research area is described in
Table 1.

One of the most important, and most often applied, is COPRAS [11] multi-criteria
assessment method that assumes a direct and proportional dependence and adequately
describes each criterion’s alternatives, values, and weight. In the COPRAS with grey
relations (COPRAS-G) model [12], the alternatives’ parameters are determined by the
degree of grey ratio and are expressed in intervals. The COPRAS method is generally
considered an accurate one. Given that transport and logistics decisions involve evaluating
various criteria with opposite values and possible solutions, the COPRAS method is the
most useful for such considerations.

TOPSIS and VIKOR are more sophisticated methods, sensitive to baseline data changes
and difficult to proportionate assessment; they differ in the criteria used and the technique
for normalizing the original data. TOPSIS is used to analyze the proximity to the ideal
point (the alternative with the shortest Euclidean distance to the perfect variant is chosen).
TOPSIS uses a non-standard, so-called vector normalization. VIKOR also uses a specific
type of normalization.

There are also other MCDM methods. A higher rating defines a partial rating for a
set of alternatives, including integer programming techniques to solve the optimization
problem. In uncertainty, fuzzy COPRAS, fuzzy TOPSIS, COPRAS-G [12], or game theory
methods may be used.

By applying these MCDM methods, the authors solve various problems in transport.
The authors have presented the concrete MCDM methods for selecting a sustainable
transport plan based on the sustainability index [13]. In the study, the authors used the
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weighted amount model. The authors presented a new methodology of assigning of
weighting factors related with transport sustainability criteria in the projects [14].

To address the problem of inaccuracy and subjectivity, the authors applied MCDM
models in blurred environments. Given that the traffic system is the life of every country
framework for economic development, the authors of [15] proposed that the AHP approach
should be applied in selecting the best project implementation of urban traffic projects.
The model was tested in a real-life system and gave reliable results. There are major
shortcomings in applying of the AHP model, so the validation of the obtained results is
more difficult to perform, as discussed in [15]. The modified AHP method, with additive
fuzzy transitivity relationships for solving these problems, is presented in [16]. The model
was tested when selecting a contractor for the construction of the transport infrastructure.
One solution is made for the improvement of the sustainability of transport usage, i.e.,
a variety of alternative usage of fuels and vehicle propulsion are provided in such a
system. In this situation, we can evaluate the specific vehicle characteristics by using the
sustainability index, described in [17].

Required indicators were identified and divided into five categories: environment,
technology, energy, economy, and consumer socialization by concerning sustainability
requirements. Then indicators are generalized by using the weighted sum method (WSM).
Moreover, by following [18], the selection of the vehicle propulsion for fuels is based on
three key aspects of sustainability. As recommended in the PROMETHEE method, the
performance of the assessment of criteria, and alternatives by using the preference ranking
organization method, are organized.

Intermodal transportation can greatly improve the sustainability of the transportation
system. It is necessary to choose the terminals’ optimal location about the different transport
requirements of various participants’ process. To achieve these objectives, new hybrid
MCDM models are proposed for the site selections [11,19].

Sustainable transport systems have become a necessity in modern life, especially in
safeguarding large cities due to various harmful effects on the environment. The methods
for selecting the best alternative for implementing it into the transport systems according to
24 criteria are divided into three categories [20]. The above process consists of three steps,
and the TOPSIS method is applied in conjunction with the fuzzy theory for evaluating
the criteria and choosing the optimal alternative. The results of [21] offer an evaluative
and logical approach for the development of sustainable transport indicators in selecting
smaller sets of indicators for the sustainable transport system by using the AHP and SAW
(i.e., Simple Additive Weighting) methods. Although the transport planning methods have
been improved in the past several years, according to the results in [22], which enhance
some aspects of sustainability in transportation, it is necessary to apply a multi-layered
approach, based on different possibilities of artificial intelligence methods, GIS services,
and others.

Moreover, it is essential to integrate the multi-criteria decision-making method’s
proposed approach. Assessing the transport system’s sustainability in an individual
European country, economic, ecological, and social indicator was presented in [23]. The
method followed the elimination and the choice of expressing reality (ELECTRE) was
used to modify the system and was based on the absolute value threshold. A system
for selecting sustainable transport projects in urban areas in developing countries was
offered by [24]. The choice of alternatives is based on localized sustainability by using
the score index and implementing the AHP method. In addition to the AHP method,
assessing the sustainability of different transport solutions, such as transport mode, must
be implemented. For example, the research of [25] proposes the BWM (Best Worst Method)
and COPRAS for the selection of the proper road for vehicles [26].
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Table 1. Review of applications of different MCDM in the transportation research field.

The Application Areas of MCDM in the Transport Field MCDM Method Authors of Such Investigations

Estimation of road design COPRAS [11]

Comparison of container terminal technologies COPRAS-G [12]

Locating forest roads AHP and COPRAS-G [27]

Selection of road transport for transportation BWM-COPRAS [26]

Risk assessment for critical infrastructure case Fuzzy COPRAS [28]

Evaluation of railway operation safety TOPSIS [29]

Evaluation of quality for rail transit system service Fuzzy TOPSIS [30]

Determination of end-of-life vehicles in reverse flow case DEA TOPSIS [31]

Determination of the position of air traffic control radar Hybridized TOPSIS [32]

Selection of transport sharing station WASPAS and TOPSIS [33]

Ranking bridge design alternatives TOPSIS FADR [34]

Solving transport problems ARAS, COPRAS, MOORA,
VIKOR, TOPSIS, WASPAS [35]

Numerous studies have examined the best way to choose the appropriate methods for
adaptable decision-making in transportation management processes by determining the
system of different criteria and their importance for supporting the best solution under the
recognition of real situations.

2.3. Review of Usage of Criteria in the Models of Decision Making for the Choice of the Alternatives
in the Multi-Modal Freight Transportation

The review of using different criteria in decision-making models is presented in Table 2
to represent some ideas of the choices of the best alternatives in managing multi-modal
freight transportation. Establishing the concrete criteria for accidents in different research
works is a complex procedure.

The results of the analysis show that most of the multi-criteria application methods
are applied for physical transport questions and the evaluation of transportation services.
However, only several authors apply MCDM to the revision of online solutions.

The ideal security in the multi-modality of transportation processes and their manage-
ment depends on many kinds of transporting and shipping factors. There are many laws,
agreements, and practices to achieve security measures and to implement the means for
ensuring security.

At the final stage of our review, we can conclude the importance of applying methods
for developing reasoning models and applying them to our MC-DSS under construction.
We involve the approval of the MCDM results, which are obtained as:

• The results of the comparison with other multi-criteria (MCDM) models are presented
and have a ratio for future implementation;

• It is important to implement the stability analysis of the results in a dynamic environ-
ment of transportation;

• It is important to develop the methods for stability analysis to implement them in
obtaining the results when the weights of the criteria are changed.
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Table 2. Results of the review of criteria implementation in the models of decision support for multi-modal transportation
of freights.

No Name of Criteria MCDM Method Authors

1 Transportation cost IT2FSs [36]

2 Duration of transportation ELECTRE and AHP [37]

3 Reliability of corridor ELECTRE and AHP [38]

4 Transportation safety and security Fuzzy TOPSIS, ELECTRE and AHP [38,39]

5 Quality of transport system elements Fuzzy TOPSIS [39]

6 Customs process efficiency Fuzzy AHP [40]

7 Level of transportation competitiveness ELECTRE [41]

8 Performance of mode-based service EATWOS [42]

9 Capacity of transportation mean IT2FSs [36]

10 Energy consumption (Environmental friendliness) ELECTRE and AHP [38]

11 Infrastructure resilience (ecological stability) DEA [43]

12 Number of possible mode assessments DEA [43]

13 Availability of communication network AHP and TOPSIS [44]

14 Number of occupational accidents Fuzzy AHP [45]

15 Transport of hazardous goods LNN WASPAS [46]

16 3PL transportation provider evaluation GM, Fuzzy TOPSIS, Fuzzy AHP [47]

17 GIS, geometric data of infrastructure characteristics Fuzzy OWA [48]

Herein: IT2FS—Interval type-2 fuzzy sets; EATWOS—Method consists of an entropy and efficiency analysis technique with output
satisfaction; LNN—Linguistic Neutrosophic Numbers; 3PL—third-party logistics provider; GM—geometric mean; GIS—Geographic
information system; OWA—Ordered Weighted Averaging.

3. The Methodology of Research for Provision of Smart Services for Sustainable
Management of Multi-Modal Transportation of Freights

The objective for developing the online MC-DSS is to provide the computer-based
structures of supporting all required information systems, databases (DBs), and data ware-
houses (DWs), including the communication channels’ needs based on wireless technology.
The multi-modal transportation of freights is analyzed at the first stage of developing
adaptable and online MC-DSS. The complexity of processes is recognized and formally
described by the conceptual models by implementing computer-based ontology tools.

The decomposition of the influencing components is applied by implementing some
construction tools of computer-based ontology. The multi-modal transportation infrastruc-
ture is considered as dynamically changing and complex (Table 3). Decisions are based on
many different factors, such as:

• The assessment of the technical infrastructure of transportation and informational
infrastructure, which is provided for services needs in the multi-modal transporta-
tion processes;

• The assessment of organizational priorities and dynamic managerial aspects;
• The comparison of the real situation of transportation processes and reports, with the

preparation of effective and adaptable planning of actions;
• The evaluation of risks and the recognition of risky situations, which are in-line

decision making seeking to apply corrective actions.
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Table 3. The assessment of the multi-layered infrastructure for supporting the multi-modal transportation of freights with inter-related functions of the management activities and ICT.

Layers of Infrastructure
Components of Transportation

thought the Parts of Infrastructure
and Decision Support Sub-Systems

Detailing Components of
Sub-Systems Kinds of Applying ICT

Management Activities for Organization
of Associated Processes for Multi-Modal

Transportation of Freights

I Layer of backgrounding of
transportation networks

The physical-technical systems (PTSTs)
for multi-modal transportation of
freights

• Networks of roads of automobile
transport mean;

• Sea routes;
• Networks of roads by rivers and

lakes;
• Networks of railways.

• Technique and types of equipment of
road networks;

• Wireless communication networks;
• Wireless Sensor Networks (WSNs);
• Global positioning systems (GPS);
• Online geographical information

systems (GIS);
• The infrastructure of roadside units

(RSU);
• Systems of smart service provision;
• Interconnection of information systems

with cloud-computing services.

• The management of the infrastructure
of transportation networks and
situation evaluation before decision
making;

• Planning of activities for PTSTs
changes;

• Monitoring of activities;
• Supporting the quality of the road’s

networks;
• Decision making for maintaining green

transportation corridors;
• Evaluation of conditions of the air;
• Assessment of context-aware

information including the prognosis of
weather conditions, evaluation of
freezing conditions of water bodies,
and other types of roads; and
information support for informing
about the real conditions of weather
changes.

II Layer of the infrastructure of
freights reloading in multi-modal
transportation processes

The infrastructure of routes and
reloading terminals for supporting the
multi-modality of transportation

ISs and monitoring data warehouses
(DWs), which provide information
about the works of terminals and
involved in these processes the
reloading of transportation units with
goods include:

• Terminals from automobiles
(auto tracks, etc.) to rail wagons;

• Terminals from rail wagons to
water transport;

• Terminals from automobiles
(auto tracks, etc.) to means of
water body transport.

• Equipment of terminals for monitoring
of reloading processes of transporting
units (trailers, containers) and other
objects;

• Online geographical information
systems (GIS);

• The infrastructure of roadside units
(RSU);

• Systems of smart service provision;
• Interconnection of information systems

with cloud-computing services.

• Plans of activities;
• Decision making;
• Traffics and optimization means;
• Monitoring and sensor networks

supporting reloading activities.
• The synchronization of processes;
• Managing asynchronous events;
• Risk evaluation.
• Timetables of workflows;
• Unification of flows of electronic

documents and recognition of such
information for supporting of all
activities;

• The automatization of procedures of
customs.

III Layer of supporting
transportation activities of the
junction–node (for example cross
boarding nodes, cities)

The infrastructure of junction-nodes
for example, as cross boarding nodes,
cities of formation of transportation
corridors of multi-modal
transportation

International cross boarding points
between related countries in analyzing
road network

• Time-consuming processes and
optimization of procedures of customs
cross boarding, etc.
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Table 3. Cont.

Layers of Infrastructure
Components of Transportation

thought the Parts of Infrastructure
and Decision Support Sub-Systems

Detailing Components of
Sub-Systems Kinds of Applying ICT

Management Activities for Organization
of Associated Processes for Multi-Modal

Transportation of Freights

IV Layer of the infrastructure of
enterprises (parks) of transport
means, stories

The infrastructure of enterprises of
transport means for supporting of
parks, stories, and evaluation of the
location of transport means

• Systems for transport logistics;
• Systems for the organization of

different transport means;
• Systems for assessment of kinds

and status of transport means

• Types of equipment for transport
mean;

• Technique;
• Protocols for computer-based

communication networks based on
wireless communication

• Supporting a high quality of work of
transport parks and transport means;

• Transportation traffics;
• Supporting of drivers;
• Planning of works and activities by

including all participating parties;
• Evaluation and management of risks.
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The cycles of multi-modality include important features of such factors as:

• The goods are transported by the same transport unit using several different modes of
transport;

• The measuring and assessment of a long transmission cycle;
• The conditions of the international nature of the shipment;
• The complex connections between individual transport chains;
• The relationship between time and geographical dependences of transportation processes.

For evaluations and identification of many sub-systems, we need to ensure the struc-
ture of our complex mechanisms that interact as internal or external parts and provide the
best solutions for optimizing management processes.

• The general information for multimedia services;
• The means for road safety and traffic monitoring services;
• The provision of management services;
• The ICT infrastructure for vehicle engine monitoring information and road conditions

is monitoring and there are possibilities to analyze.
• The previously implemented works’ patterns must be used according to the evaluation

results in the real conditions of situations.

We reveal important requirements for experimental research. The structure of the
representation of our domain has the multi-layered structure in the MC-DSS under de-
velopment. The multi-modal transportation analysis can be divided into three types of
transportation modes with a more detailing description of each interaction.

For the definition of the interactions between objects in transportation processes by
analyzing the underground land conditions, the roads are specified as structures, including
the main conditions of land-based networks, i.e.,:

• The roads networks for the automobile—motorized and/or autonomic transport means;
• The road networks for railways;
• The routes by water transport, including other water bodies (seas, rivers, lakes, transi-

tional waters, etc.).

Such means diverse by a wide spectrum of heterogeneous wireless communication
means. The layers of infrastructure have be recognized as interactions that are required to
represent by some levels as well. Each layer reflects some closely interrelated functions of
the activities (Table 3).

The cycles of multi-modality include important features of such factors as:

• The goods are transported by the same transport unit using several different modes of
transport;

• The measuring and assessment of long transmission cycle;
• The conditions of the international nature of the shipment;
• The complex connections between individual transport chains;
• The relationship between time and geographical dependences of transportation processes.

An example of a conceptual structure for the description of highway network roads
is presented in Figure under Section 4.1. How such networks are equipped with the
necessary infrastructure of sensors and transportation process regulation techniques is
another side of all infrastructure. We understand that such means diverse by a wide
spectrum of heterogeneous wireless communication means. Such layers must be recognized
as interactions that are required to represent by some levels as well. Each story reflects
some closely interrelated functions of the activities (Table 3).

The physical–technical system of multi-modal transportation of freights consist of:

• Networks of roads of automobiles; sea routes, networks of roads by other water bodies,
and railways;

• The infrastructure of terminals for the organization of reloading;
• Types and status of transport mean.
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The assessment and implementation of such components are needed for developing
the real working MC-DSS. We are trying to integrate all of these components in the common
infrastructure of smart services provision for more adaptable management of operative
multi-modal transportation processes.

For the methodological description of the empirical research part, we would like to
present a more detailed style (in Section 5) and describe the constructions of the adaptable
MC-DSS. The characteristics of the goods recorded on the CARNET-TIR cards (i.e., the
e-documents are issued according to the Transport International Router and recognition
of data in TIR cards). Such e-cards have reflected the information about the specifics of
the carried goods. As goods may be of different types, e.g., ecological hazards (which
may be dangerous in an unforeseen accident), environmentally hazardous substances may
be harmful to the environment; freights of non-standard dimensions; freights requiring
particularly high reliability, etc.

Route selection requires specific information, which is particularly important in de-
signing and developing intelligent service systems. Such data are recognized as contextual
information and influence their importance on decision-making operations.

The road’s technical conditions should allow determining the road surface’s technical
needs (or other characteristics) of the selected route for a specific period of seasons. These
requirements can help to describe the technical conditions of the road. They may also affect
the package of requirements for transporting goods during a certain period of the year and
are connected to the meteorological conditions’ prognosis.

At the next stage of system development, it is important to define how the required
parameters will be entered (measured and calculated) and how reliable sources of expertise
will determine these parameters’ specific values.

4. Knowledge Representation for the MC-DSS

In this section, we would like to provide some examples of knowledge base models
required for informational infrastructure support. Our consideration is restricted to the
analysis of some aspects. We will not pay attention to analyzing the communication
channels’ technology because such analysis is out of our research consideration scope.

4.1. The Conceptual Architecture of Decision Support Processes in the Finding of
Adaptable Solutions

The main purpose of the MC-DSS is a sustainable freight transportation planning
and control process. The use of fixed offline plans is not suitable for such a dynamic
environment. Therefore, modifications mentioned in research [46] or the re-planning at the
possible points of trips might be needed. We are presenting some levels of planning and
control of multi-modal transportation corridors in the MC-DSS (Figure 1):

• The operational planning level, in which the planning process of freight transportation
is presented:

# The field-level planning;
# Control in which the processes are performing operatively and proceed during

transportation processes.

• The existing situation is monitored and plans and discrepancies from the initial plan
are identified.

Based on this, we are creating the conceptual architecture of the MS-DSS (Figure 1)
based on the representation of components described as main in the 1 Layer of our propos-
ing approach (Table 3) and represents the main processes of the trip’s planning. The
planning processes are performed using hierarchical planning. The architecture consists
of two interacting components: operational management sub-system and information
infrastructure of the field (application area) by describing it as an information support
sub-system.
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The decision support operational sub-system is focused on high-level planning and
control. By high-level plan, we mean finding the optimal combination of transportation
modes based on multiple objectives. Therefore, the proposed multi-objective genetic
algorithm returns a set of non-dominated solutions that can be provided to the managers
for the final choice. The result of operational planning is the single-level plan sent to the
field module.

The field module focuses on transport mode-specific planning and efficient freight
delivery control based on operational level plans. It also assists operational level planning
by evaluating the most optimal transportation mode (chosen at the operational level). The
main user of this sub-system depends on transport means. For road transportation, it is
a driver. The road transportation module is connected to other road entities using V2X
(vehicle to everything) communication. Higher-level operational plans constrain path
planning and re-planning.

4.2. Agent-Based Sub-System Architecture for Transportation Planning and Control Components

The artificial agent-based approach is one of the popular ways for developing struc-
tures of smart service provision in complex and dynamic domains [47]. The artificial agent
structure based on the Belief–Desire–Intention (BDI) working mechanism of the agent’s
activities is one of the practices for developing architecture of such software intelligence
components. The deliberation loop enables an agent to select the most suitable plans from
the provided situation’s description. The agent is working by the algorithm that commits to
achieve the selected goal with specified intentions. However, the reasoning loop gives the
tools for a developer to create a new type of situation-aware agents. The agent constantly
monitors and changes commitments when achieving the selected goal become irrelevant.

How such type of BDI agent architecture is applicable for the multi-modal transporta-
tion domain is represented in Figure 2.
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The architecture of the BDI agent work implements some important concepts such
as beliefs, desire, and intention. Beliefs are facts connected with the knowledge base (KB)
and provided for the software component agent. The KB is constructed by some layers
and provide a multi-component structure of knowledge about the transportation world
(Figure 2). In our system, the KB include some components. Desires are specific states of
the world agent that is seeking to achieve. In our system, the component as the Library of
patterns of possible trip plans is designed as the library (i.e., data warehouse) and contains
patterns of previously obtained plans. By selection of the needed plan pattern, the agent
acts based on the goal direction and seeks to achieve the target states. Intention represents
the possibilities to achieve the target state from the current state of the agent. The goals
of the agent are committed to being achieved. The BDI agent working system’s core is an
Interpreter that implements the deliberation cycles and connects other parts of the system.

Interaction with the real environment/world (i.e., artifacts as Real Situations) is carried
out by using the Communication Procedures and the Acting/Sensing modules. Acting/Sensing
procedures are merged since the software agent interacts with the world, by using other
web services based on the REST architectural style. The sensing can occur only by sending
the request and receiving responses. The formal description of the BDI agent is provided
by its working mechanisms and agent knowledge base implementation. The more formal
description is represented using concepts and the Resource Description Framework (RDF)
graph data model’s abstract syntax. Each graph consists of triples, where each triple has
the subject, object, and predicate. One part of the KB as Evaluation methods is constructed as
at least on the graph.

We define the method as tuple m = (nm, tm, pm, bm) where:

• nm—is method name;
• tm—is task name;
• pm—is the precondition, which is a query to KB;
• bm—is the sequence of steps and each step is either the task or action.

The state transition system of the BDI agent can be described as a 4 tuple Σ = (S, A, γ, q),
where:

• S—is a finite set of states;
• A—is a finite set of actions. Each action has one of the states, which can belong S

∈ {dra f t, executing, done, f ailed}. There are two types of actions:

# Ak—is a set of information gathering actions. These actions do not change the
world state.

# As—is a set of state-changing actions.

• γ : S× Ak → S —is the state-transition function.
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• q : S× Ak → Q —is a quality function, where each qi ∈ Q is a vector.

Planning problem we define as the triple P = (Σ, s0, g) where:

• s0—is the initial state;
• g—is the goal.

The plan is a sequence of actions that lead to a goal state, i.e., π = 〈a0, . . . , an〉, and
such γ(s0, π) ∈ Sg.

All components represented in Figure 2 are required as the main components for the
MC-DSS development.

4.3. Representation of Conceptual Models for the Knowledge-Based System in the MC-DSS

The multi-modal transportation system’s technical characteristics combine important
data for the evaluation procedures of transportation corridors, which were implemented
in the MC-DSS. Such information contains the data about the freightage junctions, such
as border crossing points (nodes of cross-boarding), main cities with different population
density parameters, ports, etc.

An illustration of the description of such types of junction-nodes and relations with
transportation networks is presented in Figure 3. By using the Unified Modelling Language
(UML) notation, the object class diagram model is presented in Figure 3. The conceptual
models are developed for constructing the required components of the KB. Some of them
are stored in the data warehouses (and meta-models of repositories are stored in the KB).
Such models help in the provision of context-aware services online.

Sustainability 2021, 13, x FOR PEER REVIEW 15 of 26 
 

4.3. Representation of Conceptual Models for the Knowledge-Based System in the MC-DSS 
The multi-modal transportation system’s technical characteristics combine important 

data for the evaluation procedures of transportation corridors, which were implemented 
in the MC-DSS. Such information contains the data about the freightage junctions, such as 
border crossing points (nodes of cross-boarding), main cities with different population 
density parameters, ports, etc. 

An illustration of the description of such types of junction-nodes and relations with 
transportation networks is presented in Figure 3. By using the Unified Modelling Lan-
guage (UML) notation, the object class diagram model is presented in Figure 3. The con-
ceptual models are developed for constructing the required components of the KB. Some 
of them are stored in the data warehouses (and meta-models of repositories are stored in 
the KB). Such models help in the provision of context-aware services online. 

 
Figure 3. The part of the knowledge base for representation of highway road’s network characteristics by using UML 
notation (i.e., object class diagram). 

The system for achieving coordination of all activities during the transportation of 
freights have to be implemented by synchronous work of all participating actors: 
• Senders; 
• Forwarding agents; 
• Terminal operators; 
• Sea ferry bridges; 
• Ships, ferries, bridges of rivers and lakes; 
• Automobile—motor transport drivers. 

Some influencing components are important and can be evaluated according to the 
upcoming new types of autonomic transport means. 

The road’s technical condition should determine the road surface’s technical condi-
tions (or other characteristics) of the selected route, changing during different and specific 
periods in year duration. These requirements of the description of roads’ technical condi-
tions may also affect the package of requirements for transporting goods during a certain 

Figure 3. The part of the knowledge base for representation of highway road’s network characteristics
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The system for achieving coordination of all activities during the transportation of
freights have to be implemented by synchronous work of all participating actors:

• Senders;
• Forwarding agents;
• Terminal operators;
• Sea ferry bridges;
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• Ships, ferries, bridges of rivers and lakes;
• Automobile—motor transport drivers.

Some influencing components are important and can be evaluated according to the
upcoming new types of autonomic transport means.

The road’s technical condition should determine the road surface’s technical conditions
(or other characteristics) of the selected route, changing during different and specific periods
in year duration. These requirements of the description of roads’ technical conditions
may also affect the package of requirements for transporting goods during a certain
period of the year. The assessment of meteorological conditions is important in decision-
making processes.

Some important issues arise at this stage of the system development, which we need
to define as:

• how the requiring parameters will be entered (measured and calculated) into the system;
• how reliable sources of expertise will make the required estimations for these parame-

ters’ real determination and specific values.

The entire transport corridors, by assessing alternative routes from the same desti-
nation to the same endpoint, are described using simulation methods. The illustration
of a representation of the case study’s workflow model of one multi-modal transport
corridor is presented in Figure 4. Such models of all analyzed transportation corridors are
obtained through simulation tools realized in the system to forecast perspective and assess
such alternatives.
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The specific models are created for shared networks. Non-cooperative behaviour,
when users select the concrete route between origin and destination points, is influencing
criteria tr_costi, ∆ti, tr_reli, in minimizing their freight transportation parameters (as costs,
time duration). However, it is not possible to minimize the total cost in the network, and it
is aiming at increasing the efficiency of traffics.
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It became apparent, when the conditions are changing (for example, transport mean is
delaying), and the movement of traffic in urban areas are more complex to evaluate exactly.
The movement of traffic includes traffic through streets and intersections. Congestions
appear if traffic density is extremely high and its speed is exceptionally low—the flow
reaches the maximum traffic flow. Assessment of the flow speed, which can be in situations
at the minimum possible speed, can be forecasting.

The usual performing traffics analysis (naming them as standard traffic flow analysis)
was started and based on the static one-period model [16]. The authors use a static one-
period model to estimate congestion costs. It was later clarified that the static model did
not capture congestion over a period. Because congestion varies, it is important to model
traffic patterns within a time frame. The modelling can help to create the estimation of
traffic schedules for period and location. Delivery uncertainty could also be modelled
according to timeline models. Some authors are looking for possible options to reduce
traffic congestion or pollution [13,14].

It is necessary to state that the collected traffic flow data is used for analysis, including
optimization models. Optimization models are used for controlling traffic lights, which
can help to reduce traffic spikes.

4.4. The Mathematical Background of Decision Support Processes in the Finding of Adaptable and
Attractive Solution from Provided Alternatives

The implementation of some types of mathematical and logical formulas, and some
parts of pseudo algorithms (in this sub-section), can help in the expression of formal speci-
fication of the decision making processes in the system under development in such stage.
We then need to assess the attractiveness of provided alternatives for the road corridors of
multi-modal transportation. Some authors recommended the usage of the interpretation
of the mined knowledge for the evaluation of analyzed entities, and the implementation
of the aggregation functions are recommended to be used instead of the full simultaneity
and full compensation of the evaluation objects [48,49]. The implementation of the weak
conjunction possibility is recommended in [48,49]. Explaining the desired aggregation
behavior as the most suitable aggregation function helps in the explanation of the multi-
criteria decision-making processes and for the choosing of the most suitable solution for
online conditions. Some linguistically expressing possibilities are backgrounded for the
application of a more adaptable solution (AS). When the calculation is based on the fuzzy
sets’ inappropriate constructions, the unsuitable aggregation function can be used, or
summaries can be based on the analysis of outliers. Some authors implement fuzzy logic
operations for such purposes.

For an illustration of the description of possible alternatives of decision-making
processes under the planning stages of trips, when the evaluation of multi-modal transport
corridors are, we would like to recommend the construction of the imitational model for
the assessment of such transportation components and parameters (Figure 5). Diamonds
represent the decision-making points in which all possible versions of solutions at specific
points of the multi-modal chain corridors are assessed. Possible versions are analyzed
under conditions where this can be done.
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There are two sets monitoring data flow in the model, i.e., the set of outputs—Out{outputi,j,t}
and the set of inputs—Im{imputi,j,t}, which are described as the out-flows and in-flows of
information about the cargo (freights) appropriately; there i = 1, . . . , n, are identifiers of
the transporting of goods; j = 1, . . . , m—identifiers of transport means; tk—time moments
by fixing them in the system for recording the monitoring data (and in the retrospective
analysis of such data, which is extracted from monitoring data warehouses).

The monitoring data are fixed when the concrete transport mean reaches the appropri-
ate node nl. The recording of time moments is important for monitoring processes, and
such data are stored in the data warehouses (DWs).

The monitoring DWs can help in the operative management of transportation and
logistics processes and provide smart services based on the MC DSS system.

Some linguistically expressing possibilities are backgrounded for the application of a
more adaptable solution (AS). When the calculation is based on the fuzzy sets’ inappropri-
ate constructions, the unsuitable aggregation function can be used, or summaries can be
based on the outliers.

There are some types of nodes and activities that are marking in the simulation model
of decision support processes for their recognition:

• C = {ci} is the set of cities;
• P = {pj} is the set of ports;
• B = {bk} is the set of board crossing points.

The aggregating quality measures are based on the basic quality ordering relations,
i.e., it is explained as having “less or equal” quality than described previous one. For the
expression of the aggregating quality measures, we follow the formula described in [21]
that can help to represent the evaluation process:

ls1 ≤ ls2 ⇔ M1(ls1) ≤ M1(ls2) ∧M2(ls1) ≤ M2(ls2) ∧ . . . ∧Mn(ls1) ≤ Mn(ls2) (1)

For choosing the best solution from the provided set of alternatives {lsk} of the multi-
modal transportation corridors, the system proceeds the piece–vice comparison of all
possible measures of parameters {Mi} of the alternative lsk, with the parameters {Mi} of the
alternative lsk + 1. Only when it is found that all parameters correspond to such conditions,
the conclusion is provided—that the aggregating quality of the solution lsk + 1 is better than
solution lsk. This measure generally works when lsk + 1 is better than lsk by all measures.
Sometimes the measures Mi may be conflicting and partially redundant. Here, it is space
for bipolarity and asymmetric conjunction. In some cases, the fuzzy logic sets are applied
for the expression of intervals for overlapping parameters [50,51].

For a mathematical description of validity, coverage, and outliers, we are recommend-
ing following the results presented in [48,49], which help in the assessment of the best
solution of choice of one alternative, when the outliers appear in satisfying of conditions: if
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the validity degree v is very small, and the sufficient coverage C is very small. Generally, it
is recommended to calculate such outlies by the formula, following [48]:

O = t(s(v, 1− v), (1− C)) (2)

T is a t-norm, s is a t-conorm, v is validity, and C is covered. The formula can express
the coverage:

ic =
∑n

i=1 t(µS(xi), µR(xi))

n
(3)

where ic is the average evaluation of the founding criteria i by its coverage c that is influ-
encing the forming process of concrete possible decision; µS(xi)—the relative importance
of the criterion i that was assessed in a decision-making situation dulled by the average
calculation by the relevant specialists and experts; and µR(xi)—the relative importance of
criterion i according to the structure of R part importance.

The adaptable solution (AS) with restriction usually covers a relatively small subset of
the considered data [48], and the formula can define its coverage C:

C = f (ic) =



0, ic ≤ r1

2
(

ic−r1
r2−r1

)2
, r1 > ic ≤ r1+r2

2

1− 2
(

r2−ic
r2−r1

)2
, r1+r2

2 < ic < r2

1, ic ≥ r2

(4)

There, adjusting r1 and r2 according to the structure of R part.
By evaluating the quality, we can simplify that AS is of high quality when validity and

non-outliers of indirect coverage are high:

QC= t(v, 1−O) = t(v, s((1− v, v ), C)) (5)

Or the coverage is defined as significant when the value of coverage is equal to or
higher than 0.5.

QC =

{
t(v, C), C ≥ 0.5
0, otherwise

(6)

The product of t-norm makes this distinction, but the aggregated value is low. It is not
a problem when searching for the best AS, but it may indicate that, even though ls2 is the
best, its quality is not high.

Qc < (C and v), when (C and v) are lower than 1 (7)

For the mining of adaptable solution (ASti) at real conditions of the situation of
transportation processes, it is possible to find such an alternative by considering the
linguistic description of possible solutions of interest. We can reveal all relevant summaries
of the evaluating high validity. The finding of Q, S, R (by [48] recommendations) on the
subject could be formulated as such:

find Q, S, Rsubject to Q ∈ Q; S ∈ S; R ∈ R; v(Q, S, R) ≥ vk (8)

Q is a set of quantifiers of interest; R and S are sets of relevant linguistic expressions
for restrictions, and can be presented by summaries or average evaluation operators of
parameters, respectively; vk is the threshold value from the (0, 1] interval. It is important to
state that all feasible solutions produce such linguistic summary:

(Q* R* are S*).
For the mining of ASti of interest regarding quality measures, we can reveal all relevant

summaries, by considering such quality measures:

find Q, S, Rsubject to Q ∈ Q; S ∈ S; R ∈ R; v(Q, S, R) ≥ vkc(Q, S, R) ≥ ck; o(Q, S, R) ≥ ok (9)
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where vk, ck and ok are threshold value from the (0, 1] interval. Such equation may be
converted into:

find Q, S, Rsubject to Q ∈ Q; S ∈ S; R ∈ R; QVc(Q, S, R) ≥ qvk (10)

where qvk is the threshold value of the aggregated quality measure.
The set of terms of summarizing parameters can have such values S = {small, medium,

high}. The set of terms for expressing the quantifiers Q = {few, about half, most of}, and
such values belong more for the category of fuzzy expressions of quality.

The ASti can be expressed as a relaxed conjunction, if some attributes should be
satisfied, e.g., low price of the multi-modal transportation corridor:

v(z) = ∧p
j=1µRj(z)⊗ µQ

(
1
q

q

∑
i=1

µPi (z)

)
∈ [0, 1] (11)

where p is the number of hard conditions, q is the number of soft conditions and (x) is an
aggregation by expression of conjunction or suitable of unformal conditions.

5. Results of Analysis of Case Studies of Evaluation of Multi-Modal Transportation
Corridors between East and West Regions of Europe

The information that is retrieved covers some aspects of cargo transportation activities.
One part of our empirical research study is based on the survey of specialists and experts,
participating in multi-modal transportation processes, and they are asking about the rating
of the set of criteria, helping into the revealing process of criteria priorities according to
the evaluation of the attractiveness of alternative corridors of multi-modal transportation.
The MCDM methods (described in Section 2.3) became helpful for the construction of
the survey for recognizing the main evaluation criteria for our MC-DSS system, and the
Delphi technique was implemented for constructing the main steps of survey provision.
The Delphi technique was used by analogy, by following the recommendations of [50,51].
The Delphi process was implemented for the identification of patient behavior in [52].
The structures of the Delphi technique were demonstrated in the work by [53] for the
modelling of expert knowledge for ecological problem solution by defining the mangrove
composition and estimating the time frame for recovery after the treats.

Presented in the previous Section 4 the mathematical models were used for the com-
parative analysis of the competitiveness of routes between Western Europe and East Europe
(including Russia). Two cycles of imitational modelling were performed. The simulation
model evaluates the time schedules of transport means. The criteria’s significance was
assessed from 1 (as the most important) to 12 (as the least important) of extracted criteria
according to the carriers’ specialist opinions (Table 4). The provided survey has shown that
the most important criteria are cost, reliability, and transportation duration.

The intersections (nodes) of multi-modal transport are important in determining the
multi-modal transport system’s technical characteristics. We followed the results of works
described in [7,11,54,55]. Each of these nodes can provide certain operational actions:
delivery of a load by one type of vehicle, reloading a load to another type of vehicle, and
the dispatch of a load to another junction of multi-modal transport.



Sustainability 2021, 13, 4675 21 of 26

Table 4. The assessment of criteria for evaluation of one cycle trips of multi-modal transportation corridors by opinions of specialists and experts.

No Name of Criteria Abbreviations
Unit of

Measurement

Evaluation of the Importance of Criteria (from 1 until 12) by Opinions of
Specialists and Experts

The Average
Range of Values

Choosing Weights of
Criteria for a

Simulation Model of
the MC-DSS

Specialist—Expert 1 Specialist—Expert 2 Specialist—Expert k [r1,rwe]

1 Transportation cost tr_costi
Euros/per one trip

cycle 1.0 2.5 1.5 [1.3,2.5] 1

2 Duration of transportation ∆ti Duration in hours 4.0 4.7 4.3 [4.0,4.7] 4

3 Transportation reliability tr_reli Quality from 1 to 5 2.0 3.0 2.5 [2.0,3.0] 2

4 Transportation security tr_seci Quality from 1 to 5 3.0 3.5 4.0 [3.0,4.0] 3

5 Quality of transport system
elements tr_qi Quality from 1 to 5 8.0 7.5 6.75 [6.7,8.0] 7

6
Downtime at intermediate

customs offices and
trans-shipment

∆ti,j Duration in hours 5.0 4.75 4.8 [4.75,5.0] 5

7 Ensuring cargo security tr_car_seci Quality from 1 to 5 6.0 5.5 5.8 [5.5,6.0] 6

8
Speed and reliability of
payments for transport

operations
pay∆i

Seconds/per
operation 7.0 6.25 6.5 [6.25,7.0] 7

9
Maintenance of

semi-trailers, trailers and
containers

trail_mi Quality from 1 to 5 9.0 8.75 8.0 [8.0,9.0] 8

10 Quality of driver service dr_seri Quality from 1 to 5 11.0 10.50 11.0 [10.50,11.0] 10

11 Professional competence of
freight forwarders com_profi Quality from 1 to 5 10.0 9.25 9.5 [9.25,10.0] 9

12
Proficiency in foreign

languages of transporters
and service workers

Langi Quality from 1 to 5 12.0 11.25 11.5 [11.25,12.0] 12

Source: data of review of opinions of specialists and experts (obtained in 2020).
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The concept of “route reliability” is a set of estimations by describing the safety
characteristics of the concrete route stretch expressed as an aggregating vector of quantity.
The following parameters should be considered:

• The likelihood of attacks on this route,
• Ensuring cargo security,
• An ecological safety factor is required, which sets restrictions on transporting environ-

mentally hazardous goods along this route.

The created simulation model of multi-modal transportation enables us to evaluate
the competitive features of the specified routes: few competitive ways can be selected for
assessment from East-West and West-East directions in Europe:

1. The Baltic Sea route is the waterway through the Baltic Sea from the main European
cities to one of three Baltic States (by choosing one of the ports, Klaipeda, Riga
or Tallinn).

2. The land way through Belarus is the railway or highway that crosses three borders:
Germany–Poland, Poland–Belarus, and Belarus–Russia, reloading the goods at Be-
larusian border because of different European rail track width;

3. The Finland route is the waterway through the Baltic sea from the main European
cities to Helsinki, and further, it’s usually the railway to Russia;

4. Through Lithuania, the land-way is a railway or highway that crosses the follow-
ing borders: Germany–Poland, Poland–Lithuania, Lithuania–Belarus, and Belarus–
Russia, on the way to Moscow, or Germany–Poland, Poland–Lithuania, Lithuania–
Latvia and Latvia–Russia when going to St. Petersburg.

5. The Klaipeda route is the waterway through the Baltic Sea from the main European
cities to Klaipeda port, and further, it’s usually the railway to Russia.

Some experimental cycles were carried out for evaluation of the possibilities under the
conditions of improving the Baltic route’s situation via the Klaipeda port. For this purpose,
the prices of Klaipeda port services were reduced by 5%. The percentile differences of
competitive routes by evaluating such criteria are given in Tables 5 and 6.

Table 5. Percentage differences of concurrence routes by evaluating criteria (modelling cycle I).

No
The Name of Transport

Corridor-Route
Criteria

Price Time Reliability

1 The Finland route 100% 87.73%
(12.27%)

67.61%
(32.39%)

2 The Baltic Sea route 72.87%
(27.13%)

87%
(15%)

67.61%
(32.39%)

3 Land-way route by
Klaipeda

70.04%
(29.96%) 100% 100%

Table 6. Percentage differences of concurrence routes after reducing the time of border crossing
(results of the simulation modelling cycle II).

No
The Name of Transport

Corridor-Route
Criteria

Price Time Reliability

1 The Finland route 100% 50%
(50%)

71.43%
(28.57%)

2 The Klaipeda route 53.33%
(46.67%)

31.25
(68.75%)

50%
(50%)

3 Land-way route via
Lithuania

26.67%
(73.33%)

68.75%
(21.25%)

64.29%
(35.71%)

4 Land-way route via Belarus 86.67%
(13.33%) 100% 100%
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The percentile difference is shown for description averaging characteristics, which are
calculated according to some evaluation criteria. The last place was expressed by 100%,
where the percentile is given in practice to show how much such a competitive route is
better than the worst way.

The Lithuanian multi-modal transportation market was reviewed. Several offers on
improving this situation were made. This advice was provided according to the mod-
elling characteristics, which gained in simulating a certain situation. For example, it is
implemented to increase the effectiveness of work at Klaipeda port or the penetrability of
border posts.

6. Discussion

The processes of online decision-making are related to assessing all the infrastructure
components needed to support multi-modal transportation freights’ managerial and control
processes. The processes for today’s needs are overly complex and dynamic. The results of
the study were obtained by developing an evaluation methodology. Such methodology
includes some layers of analysis, decision-support, and horizontal and vertical operational
measures of the multi-component, multi-modal transportation freight provided for the
MC-DSS development. We hope that such a system helps to provide more effective and
sustainable management of such transportation processes.

The consideration of the possibilities of smart service provision is revised through the
methodology of constructional possibilities of the MC-DSS. The empirical perspective is
implemented and helps to choose criteria for the evaluation of transportation corridors by
using specialist and expert opinions. Such system structures are under development and
need to be analyzed in a more detailing style, and we are planning to perform these tasks
in the future.

The complexity of the analysis of transport processes is revealed. The results are
presented on more sustainable transport issues through the implementation of smart
services in decision-making processes. For operational decision making, online solutions
are playing a very important role.

Future works of the study will address the consideration of accident events and
scenarios for helping. The possibilities of classification of the infrastructure components
by other types of wireless communication channels will be performed in future, and the
implementation of contextual information in the specification of constructions of smart
services are under development for achieving the goal to avoid accidents and unsafe
situations. Future works could also include a review of the application of smart services in
the delivery of air freight transport.

7. Conclusions

The description of some important parts of the decision support system is presented in
this paper. The main components of supporting infrastructure for providing smart services
for the management of multi-modal transportation processes were described. We hope
that our MC-DSS under development can help in the operative management processes of
transportation.

The main structures of the MC-DSS were presented, such as constructions of the
knowledge base and description of all layers of the KB, which can integrate methods of
decision making and multi-criteria evaluation. We integrated a few methods for a more
real construction of KB and provided an intelligent planning tool for evaluating multi-
modal transportation corridors that help choose alternatives based on the real conditions
of transportation.

Several options are focusing on the problems of solving sustainable transportation
going forward for a more safe, cleaner, and paper-less transportation. We would like to
show how we develop adaptable multi-criteria decision support methods for choosing the
adaptable and attractive transportation corridor between the East and West directions of
Europe. These methods are introduced in the mechanisms of working of smart services,



Sustainability 2021, 13, 4675 24 of 26

which provide support for drivers under the conditions of real situations, by using artificial
planning method. Two cycles of simulation models were applied, for an estimation of
all required parameters for decision making, and steps of Delphi technology were im-
plemented for the review of specialists and experts, and for extracting the importance of
recognized criteria, which are important for the conditions of multi-modal transportation
on land conditions.

The MC-DSS is integrated into the overall ICT of smart service provision infrastructure
and is associated with communication channels between all participating parts. The
types of multi-modal transportation were analyzed on the base of the underground Earth
means. This approach is based on creating a service delivery infrastructure by building
an operational knowledge base for operative decision support to find a more adaptable
solution in real situations of freight transportation.
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23. Bojković, N.; Anić, I.; Pejčić-Tarle, S. One solution for cross-country transport-sustainability evaluation using a modified ELECTRE
method. Ecol. Econ. 2010, 69, 1176–1186. [CrossRef]

24. Jones, S.; Tefe, M.; Appiah-Opoku, S. Proposed framework for sustainability screening of urban transport projects in developing
countries: A case study of accra, ghana. Transp. Res. Part Policy Pract. 2013, 49, 21–34. [CrossRef]
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