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Abstract: International transport corridors (ITCs) are intricate logistical networks essential for global
trade flows. The effective modeling of these corridors provides invaluable insights into optimizing
the transport system. However, existing approaches have significant limitations in dynamically
representing the complexities and uncertainties inherent in ITC operations and at the early stages
of ITC development when data are limited. This gap is addressed through the application of
Evaluation Petri Nets (E-Nets), which facilitate the detailed, flexible, and responsive macro-modeling
of international transport corridors. This paper proposes a novel methodology for developing E-Net-
based macro-models of corridors by incorporating key parameters like transportation time, costs,
and logistics performance. The model is scalable, enabling analysis from an international perspective
down to specific country segments. E-Nets overcome limitations of conventional transport models by
capturing the interactive, stochastic nature of ITCs. The proposed modeling approach and scalability
provide strategic insights into optimizing corridor efficiency. This research delivers a streamlined
yet comprehensive methodology for ITC modeling using E-Nets. The presented framework has
substantial potential for enhancing logistics system analysis and planning.
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1. Introduction

In the ever-evolving landscape of global trade, the significance of transport and
logistics cannot be overstated. The seamless movement of goods across international
borders is pivotal to the functioning of modern economies.

Global trade has historically been a catalyst for economic development and inter-
national relations. However, the rapid shifts in geopolitical scenarios, such as regional
conflicts, trade agreements, and even pandemics, have profoundly impacted the flow of
goods worldwide. These shifts necessitate a reevaluation and redevelopment of existing
international transport corridors (ITCs)—routes used for the passage of goods through
various modes of transportation including road, rail, sea, and air.

One of the tools for such analysis is ITC macro-modeling [1]. The modeling of trans-
port corridors refers to the large-scale analysis and modeling of these routes to assess and
compare their efficiency. This approach considers a multitude of factors including geo-
graphical, economic, political, and technological aspects. The primary aim is to understand
how goods can be transported more effectively, at lower costs, with higher reliability, and
with minimal environmental impact.

The relevance of macro-modeling in today’s international transport landscape is
underscored by the growing complexity of global supply chains [2]. With the rise of
e-commerce and just-in-time delivery models, the demand for strategic planning and
optimization of ITCs has soared. Countries and corporations alike recognize the need for
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a holistic understanding of transport networks to maintain competitiveness and ensure
economic growth. Macro-modeling answers this call by enabling the simulation and
analysis of large-scale transport systems, providing stakeholders with a complex view of
the operational intricacies and potential improvements [3].

One of the foremost advantages of macro-modeling is its ability to synthesize vast
amounts of data into coherent, actionable strategies. Macro-models can capture criti-
cal parameters—transportation time, costs, and logistics performance—across an entire
transport corridor. This comprehensive approach allows for the identification of systemic
inefficiencies and opportunities for cost reduction, which might otherwise be obscured in
micro-level analyses.

Macro-modeling also offers unparalleled scalability [4]. It can be applied to an entire
spectrum of analyses, from international down to specific country segments, allowing for
both broad and targeted assessments. Such scalability is crucial for developing adaptive
strategies that can accommodate diverse geographic, economic, and political contexts.

Furthermore, macro-modeling excels in scenario planning. By manipulating variables
within the model, planners can predict the outcomes of various policies, infrastructure de-
velopments, or market changes. This foresight is invaluable for long-term strategic planning
and risk management, ensuring that transport corridors can adapt to future challenges.

Macro-modeling, in the context of transport corridors, refers to the comprehensive
analysis and strategic planning of trade routes on a large scale. As a tool, macro-modeling
aids in deciphering the complexities and dynamics of global trade networks, offering
invaluable insights for decision-makers in both the public and private sectors. It plays
a significant role in enhancing the overall efficiency of supply chains, reducing costs,
and ensuring the timely delivery of goods—aspects that are fundamentally essential in
maintaining the competitive edge of businesses and economies alike.

The macro-modeling of international transport corridors has emerged as a crucial
analytical approach in the face of globalizing economies and expanding trade networks.
Despite its pivotal role in shaping the infrastructure that undergirds global trade, there
remain discernible gaps in the methodologies currently employed. These gaps hinder
the ability of macro-models to fully encapsulate the complexities of ITCs and, in turn, to
produce comprehensive strategies for their development and optimization.

One of the most significant gaps in current macro-modeling methods is the inadequate
representation of the complex dynamics of transport corridors. ITCs involve a multitude
of interconnected variables, including traffic flow, logistical constraints, and cross-border
regulatory frameworks, which are not always fully captured by existing models.

ITCs are multimodal by nature, incorporating various modes of transport such as
rail, road, maritime, and air freight. However, current macro-modeling methods often
fall short of integrating these modes into a cohesive framework. This limitation prevents
a comprehensive analysis of the intermodal interfaces, which are critical junctures for
efficiency and reliability in the transportation chain [5].

The effectiveness of macro-models is heavily contingent on the quality and harmo-
nization of data across different regions and transport modes. Yet, there is a notable
gap in the standardization of data collection and processing methodologies, which
leads to inconsistencies and gaps in the data that inform these models. Such dispar-
ities can skew the results of macro-modeling exercises, making them less reliable for
decision-making [2].

ITCs traverse multiple jurisdictions, each with its unique geopolitical realities
that can affect transport efficiency and security. Current macro-modeling methods
often do not adequately account for these factors, including trade policies, customs
regulations, and political stability, which can dramatically influence the operation of
transport corridors [6].

The dynamic nature of global trade demands that ITC models be capable of real-
time responsiveness to changing conditions. However, many known macro-modeling
methods are static and do not allow for real-time data integration, which limits their
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capacity to provide up-to-date recommendations and adapt to sudden shifts in the
transport landscape.

To address these gaps, it is essential to develop macro-modeling methods that can
handle the intricacies of ITCs with greater precision.

This article describes an approach to constructing macro-models of international trans-
port corridors using Petri net applications. A methodology for constructing such models at
the early stages of ITC analysis, in the absence of accurate data and detailed information
on the functioning of the national segments of these transport corridors, is proposed. This
paper introduces some novel contributions to the field of international transport corridor
macro-modeling using Petri nets, particularly focusing on the early stages of development
when data availability is limited. Firstly, we propose a novel methodology for constructing
Evaluation Petri Net (E-net)-based macro-models that incorporate key parameters such
as transportation time, costs, and logistics performance, offering a detailed, flexible, and
responsive framework for ITC analysis. Secondly, we demonstrate the application of E-nets
in overcoming the limitations of conventional transport models by capturing the interactive
and stochastic nature of ITC operations, which is often overlooked in existing method-
ologies. Thirdly, our research introduces a scalable modeling approach that allows for
analysis from an international perspective down to specific country segments, thus provid-
ing strategic insights into optimizing corridor efficiency across different scales. Lastly, by
addressing the gaps in current macro-modeling methods, our work contributes to enhanc-
ing logistics systems analysis and planning, offering a comprehensive and pragmatic tool
for stakeholders involved in the early development stages of ITCs.

The paper’s organization is as follows. Section 2 offers an in-depth review of exist-
ing research and methodologies related to international transport corridors, focusing on
macro-modeling approaches and their applications. Section 3 describes the methodology
employed in our study, including the development and application of the macro-modeling
framework. The specifics of the E-net approach and its adaptations for the international
transport corridor context are detailed. Section 4 presents a case study applying the pro-
posed macro-modeling framework to a segment of an international transport corridor. This
section illustrates the practical application of methodology and highlights key insights and
findings. Section 5 analyzes the results obtained from the case study, discussing their impli-
cations for the efficiency and optimization of international transport corridors. Section 6
concludes with a summary of findings, their significance in the field of transport corridor
analysis, and potential avenues for future research.

2. Related Works

The study of transport corridors and their modeling has attracted significant scholarly
attention, given the critical role these corridors play in global trade, economic development,
and regional integration. This review summarizes key works in this field, highlighting
the various approaches, methodologies, and findings that have shaped our understanding
of transport corridors and their modeling. It synthesizes relevant studies to establish
a foundation for the proposed macro-modeling methodology. This review elucidates
the evolution of macro-modeling practices and highlights the identified gaps in existing
methods when applied to international transport corridors.

2.1. Foundational Theories and Methodologies in Transport Corridors

Geographical and economic aspects: Rodrigue [7] provides foundational insights into
transport systems, particularly emphasizing the geographical aspects of transportation.
This work lays the groundwork for understanding the basic principles and economic
significance of transport corridors in global trade.

Transport modeling techniques: The comprehensive resource offered by Ortuzar
and Willumsen in [8] delves into various transport modeling techniques. This resource
is pivotal for understanding the broad range of methodologies applicable to transport
corridor studies.
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2.2. Specific Applications and Case Studies

Belt and road initiative: Study [9] presents a network economics analysis of the Belt
and Road Initiative’s land corridors. It offers a unique perspective on how these corridors
reshape economic centers and affect transport costs and market opportunities.

Economic perspectives in planning: Wang et al. in [10] introduce a novel planning
approach for transport corridors from an economic viewpoint, focusing on travel demand
and decision-making mechanisms.

2.3. Multimodal and Innovative Transport Solutions

Multimodal transport development: Kramarz et al. in [11] discuss multimodal trans-
port, emphasizing its significance in balancing the predominance of vehicle transport
within the European Community.

Advanced air mobility infrastructure: Muna et al. in [12] explore the concept of air
corridors, vital for advanced air mobility, presenting insights into their efficient design
and operation.

2.4. Logistics and Performance Analysis

Logistics corridors and urban growth: Boira et al. in [13] investigate the impact of the
Mediterranean Railway Corridor on urban growth, highlighting the evolving relationship
between rail networks and cities.

Corridor performance measurement: The corridor performance measurement and
monitoring mechanism, developed by the Central Asia Regional Economic Cooperation
Program [14], provides an empirical tool for assessing goods movement efficiency in
corridors, offering valuable insights for reform efforts.

2.5. Analysis of the Economic Efficiency of Transport Corridors

Economic equilibrium in transport planning: The innovative economic equilibrium-
based planning concept for optimizing transport passenger corridors is introduced in [15].
This approach employs a dynamic equilibrium analysis between supply and demand, lever-
aging a Gradient Descent algorithm to refine the supply structure. By targeting maximum
global transportation demand and customer surplus, this model effectively reflects the eco-
nomic dynamics of comprehensive transport corridors. It accounts for factors such as pas-
senger flow, travel value, the scale rate of return, and travel time. This method demonstrates
significant academic potential for optimizing passenger transportation structures, with
applicability extending from regional specifics to wider urban transportation networks.

The role of corridors in economic development: Study [16] underscores the significance
of transport corridors in bolstering economic growth, citing their crucial role in cultivating
efficient and sustainable logistics systems. It articulates the definition of corridors as
strategic links that facilitate trade, transport, and connectivity between various economic
nodes. The study delineates various corridor types including development, economic,
and multimodal transport corridors, and emphasizes their spatial function in connecting
economic centers such as cities, ports, and industrial areas. The emphasis on multimodal
transport corridors reveals their importance in the handling and transshipment of goods,
highlighting their role as economic lifelines for cities and freight villages.

2.6. Policy and Regulatory Perspectives

Management system of transport corridors: Report [17] presents an in-depth review
of transport corridors, examining their functions, management structures, performance
assessment, and improvement strategies, with examples including those serving land-
locked developing countries. It questions the extent to which corridors can be effectively
managed, given the diversity of stakeholders involved, such as government agencies,
shippers, transport companies, and logistics service providers. Recognizing the complexity
and variety of corridor services, stakeholders, and dependent economic activities, the report
develops a typology of corridors and potential management interventions, focusing on both
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organizational structures and the roles of public and private sectors. The primary goal is to
connect this typology with suitable management structures for specific corridor scenarios.

Trade and transport corridor management: The Trade and Transport Corridor Man-
agement Toolkit [18] consolidates knowledge on corridor project implementation, serving
as a resource for policymakers and the private sector.

European transport corridor regulation: Report [19] evaluates the guidelines for the
development of the trans-European transport network (TEN-T). The assessment focuses on
its relevance, effectiveness, efficiency, coherence, and EU-added value, utilizing a mixed-
methods approach that includes desk research, surveys, and interviews with various EU,
national, and local transport stakeholders.

Evaluation of trans-European transport network: Report [20] evaluates the guidelines
for the development of the trans-European transport network, providing insights into its
effectiveness and areas for improvement.

2.7. Socio-Economic Impacts and Development

Socio-economic energizers: Qaja in [21] delves into the socio-economic impacts of
transport corridors, focusing on the issues they present in various regions and their effects
on local and national development. The study emphasizes the vital role of roads in
economic growth, facilitating the efficient transportation of people and goods, and enabling
tourism development, particularly in areas with natural beauty. The research aims to
explore the routes’ social and economic impacts on the residents of the affected areas.

The Trans-Caspian International Transport Route (TITR): TITR is a significant rail
freight transport link connecting China with the European Union (EU), passing through
Central Asia, the Caucasus, Turkey, and Eastern Europe [22]. Kenderdine et al. in [23]
analyze the institutional development and economic potential of the TITR from three
perspectives: policy and subsidy influences, the physical and political landscape of Central
Asia, the Caucasus, and Turkey, and the limited demand-side drivers from the EU. While
China’s policies indicate potential growth in transcontinental containerized rail transport,
demand-side analysis suggests that trade development is mainly confined to enhancing
regional connectivity, with limited economic justification for increased China-Europe
freight movement.

Transport connections between Europe and Central Asia: A comprehensive report,
funded by the EU and led by the European Bank of Reconstruction and Development [24],
evaluates sustainable transport connections between Europe and Central Asia, focusing on
the five Central Asian countries and their integration into the EU’s trans-European trans-
port network (TEN-T). The study assesses these connections using stringent sustainability
criteria and proposes key actions for development, considering both enabling environ-
ments and physical infrastructure. It highlights the central trans-Caspian network as the
most sustainable option for regional connectivity and economic development. The study
also emphasizes the importance of detailed assessments and compliance with lending
institutions” standards for each project.

Unfortunately, existing approaches to the analysis of ICTs and, especially, to their
study using macro-models have a significant gap in comparison with the requirements of
their rational development in modern conditions.

Existing studies primarily focus on conventional transport modeling techniques, in-
cluding statistical analysis, linear programming, and simulation models. These methods
are adept at handling specific types of data and scenarios but may not effectively capture
the dynamic and stochastic nature of transport systems.

Many models deal with static scenarios and fail to dynamically represent the interac-
tions and interdependencies within transport corridors, especially under varying conditions
and disruptions.

Current models often overlook the complex interactions between different compo-
nents of a transport corridor, such as infrastructure, vehicles, regulatory bodies, and
environmental factors.
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Existing approaches might not adequately address the uncertainty and variability
inherent in transport corridors, particularly in international contexts with diverse regulatory,
political, and economic environments.

This paper proposes a new approach for the macro-modeling of transport corridors
based on Petri nets, which addresses a significant gap in existing transport corridor model-
ing methodologies. It introduces a more dynamic, interactive, and adaptable framework,
capable of handling the complexities and uncertainties inherent in modern transport corri-
dors. This would not only contribute a novel perspective to the field but also potentially
offer more robust and versatile tools for planners and policymakers in managing and
optimizing transport corridors.

3. Materials and Methods
3.1. Macro-Modeling Approach to Transport Corridors

The macro-modeling approach to transport corridors, particularly in the context of
international corridors with national segments, is of paramount importance for several key
reasons, especially when dealing with newly developed corridors where historical data
may be limited or entirely absent:

e  Macro-modeling is crucial in the strategic planning and development of new transport
corridors. Without historical data, planners and decision-makers rely on macro-
modeling to simulate various scenarios, evaluate potential challenges, and foresee
the economic and logistical implications of new routes. This approach allows for the
assessment of feasibility, cost, and expected benefits, guiding investments and policy
decisions [17].

e  Macro-modeling can integrate various types of data, including geographical, economic,
and political information. This integration is particularly valuable in international
corridors, where conditions can vary significantly across national sections. This
approach helps in understanding the implications of these diverse factors on the
overall functionality and efficiency of the corridor [21].

e  For new transport corridors, predicting future demand and planning capacity accord-
ingly are challenging. Macro-modeling enables planners to estimate future traffic
volumes and cargo types, aiding in designing infrastructure and logistics operations
that are scalable and adaptable to changing demands [10].

e International transport corridors require cooperation and coordination between dif-
ferent nations. Macro-modeling provides a common framework for dialogue and
negotiation, helping countries align their policies, standards, and operational proce-
dures, which is essential for the seamless movement of goods across borders [14].

e  Macro-modeling supports economic analysis by providing insights into the potential
economic benefits of new transport corridors, such as trade facilitation, regional
development, and job creation. This is crucial for attracting investment and securing
funding from both public and private sources [21].

e  Macro-modeling allows for the adaptability and futureproofing of transport corridors.
As conditions change and new data become available, the model can be updated
and refined, ensuring that the corridor remains relevant and effective in meeting its
long-term objectives [11].

The application of macro-modeling is invaluable in the development and management
of international transport corridors, especially when dealing with new routes lacking
historical data. It provides a comprehensive, predictive, and adaptive framework essential
for strategic planning, risk mitigation, and ensuring the long-term success and sustainability
of these critical components of global trade infrastructure.

Macro-level models are the dominating type of freight transport analysis models
for supporting public authorities in their decision-making [4]. The following criteria are
important when creating macro-models of international transport corridors:

1.  Cost-Effectiveness—this remains a primary consideration, encompassing both direct
and indirect transportation costs.
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2. Time Efficiency—the speed and timeliness of shipments are crucial, especially for
time-sensitive goods.

3.  Logistics Competence and Quality of Trade and Transport-Related Infrastructure—
this factor combines the expertise and quality of logistics services with the infrastruc-
ture’s ability to support efficient transport. It emphasizes the proficiency of logistics
providers and the adequacy of the physical infrastructure for transportation.

4.  Ease of Arranging Shipments and Tracking—this factor highlights the simplicity and
reliability of organizing transport and the ability to track the consignment in real
time. It encompasses aspects of logistical ease, including the facilitation of shipment
arrangements and the efficiency of tracking systems.

5. Customs and Cross-Border Regulatory Efficiency—this factor applies when the fo-
cus is on the smoothness of customs procedures and the efficiency of international
shipment regulations. This includes how effectively customs and other regulatory
agencies manage the entry and exit of goods, ensuring minimal delays while main-
taining security and compliance.

6. Domestic Logistics Quality and Timeliness—this factor covers the efficiency and
reliability of inland transportation and the ability to deliver goods within a country
promptly and reliably.

The above-mentioned criteria align closely with the multifaceted approach necessary
for the comprehensive macro-modeling of transport corridors, mirroring factors similar
to those evaluated by well-established logistics indices. This alignment ensures a holistic
view of the factors impacting the efficiency and effectiveness of international trade routes.

3.2. Justification for a Macro-Modeling Approach of International Transport Corridors

The development of international transport corridors is a complex endeavor, encom-
passing a vast array of variables that range from infrastructural quality to regulatory
environments and logistical services. In creating a macro-model for these corridors, the
challenge lies in selecting parameters that effectively encapsulate the myriad factors im-
pacting the flow of goods while maintaining model simplicity and usability. This section
introduces the rationale behind the streamlined approach to macro-modeling, which lever-
ages transport speed and costs as primary modeling parameters, while utilizing the World
Bank’s Logistics Performance Index (LPI) as a comprehensive indicator to account for the
broader spectrum of logistical and procedural nuances [25].

This approach is underpinned by the premise that while each component of the
transport chain is significant, certain key factors disproportionately influence the perfor-
mance and sustainability of transport corridors. By focusing on these pivotal elements, the
model aims to provide actionable insights into the performance of each national segment
within the corridor, thus enabling stakeholders to make informed decisions geared toward
optimization and strategic development.

The introduction of the LPI as a supplementary factor serves not only to streamline
the complexity of the model but also to align it with globally recognized benchmarks of
logistical efficiency. As we delve into the justification for this methodological choice, we
aim to elucidate the balance struck between comprehensive detail and strategic abstrac-
tion, ensuring that the macro-model remains a robust yet flexible tool in the hands of
policymakers, economists, and logistics professionals.

The proposition of using transport speed and associated costs as primary factors,
supplemented by the LPI for capturing the remaining variables, can be justified as follows.

1. Transport Speed and Costs as Primary Factors:

e  The speed of transport directly influences the efficiency of the corridor. It reflects
the operational capacity and potential bottlenecks in the movement of goods. By
prioritizing speed, the model inherently accounts for infrastructural and operational
constraints along the segment.

e  Costs associated with transit through a corridor encapsulate a wide range of expenses,
including fuel, labor, tolls, maintenance, and more. These costs are reflective of the
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economic conditions and the fiscal policies of the transit country, which are critical for
assessing the financial feasibility of transport routes.

Simplifying the model to focus on speed and costs allows for the creation of a predictive
tool that can be more readily updated and manipulated. This approach provides a
clear and straightforward framework for simulating changes in corridor operations
and assessing their impact on the overall transport chain.

2. LPI as a Supplementary Factor:

The LPI, provided by the World Bank, is a comprehensive metric that evaluates six key
dimensions: the efficiency of the clearance process, the quality of trade and transport
infrastructure, the ease of arranging competitively priced shipments, the competence
and quality of logistics services, the ability to track and trace consignments, and the
frequency with which shipments reach consignees within the scheduled or expected
delivery times.

By incorporating the LPI into the macro-model, the complexity of logistics, including
customs procedures, regulatory compliance, and service quality, is distilled into a
single, quantifiable index. This allows the model to reflect these intricate processes
without the need for detailed data on each aspect.

The LPI provides a country-specific benchmark that reflects the logistical capabilities
and efficiencies. This is particularly useful in a macro-model where the heterogeneity
of national systems can be challenging to quantify discretely.

Utilizing an internationally recognized index like the LPI ensures that the macro-model
aligns with global standards. It also allows for comparability across different corridors
and segments, facilitating benchmarking and best-practice sharing.

3. Practicality in Modeling:

Speed and cost data are generally more readily available and quantifiable, making
them practical primary inputs for modeling. The LPI, updated biennially, provides
a regularly refreshed snapshot of logistical performance, ensuring that the model
remains current.

Stakeholders can more easily interpret models based on speed and costs, which can
promote a broader acceptance and utilization of the model’s findings. The LPI serves
as an efficient way to communicate complex logistical nuances in an accessible format.
Comprehensive modeling that individually accounts for every aspect of logistics and
customs procedures would be resource-intensive and potentially less responsive to
dynamic changes. The proposed macro-modeling approach provides an optimal
balance between detail and agility.

In the context of macro-modeling international transport corridors at early devel-

opment stages with limited data, the choice of transport speed, transport costs, and the
Logistics Performance Index as KPlIs is strategic and pragmatic. These indicators are se-
lected for their direct impact on the efficiency and effectiveness of transport corridors, as
well as their ability to provide a comprehensive overview of corridor performance with
minimal data requirements.

1.

Transport Speed: This indicator is critical as it directly impacts the efficiency of the
transport corridor, reflecting the operational capacity and potential bottlenecks. Speed
affects the overall competitiveness and attractiveness of the transport corridor for
shippers and logistics companies.

Transport Costs: Costs encapsulate a wide range of expenses critical for assessing the
economic feasibility of transport routes. This includes fuel, labor, tolls, maintenance,
and more, which are reflective of the economic conditions and fiscal policies of the
transit countries. Transport costs are a major factor in the decision-making process for
route selection.

Logistics Performance Index: The LPI, provided by the World Bank, serves as a com-
prehensive metric that evaluates key dimensions of logistics performance, including
the efficiency of the clearance process, the quality of trade and transport infrastruc-
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ture, the ease of arranging competitively priced shipments, and the frequency with
which shipments reach their destination within the expected delivery time. The LPI
allows for the integration of a broad spectrum of logistics-related variables into the
macro-model, providing a nuanced view of logistical efficiency and capability across
different countries involved in the transport corridor.

By focusing on these KPIs, the macro-modeling approach provides actionable insights
into the performance and potential areas for improvement within international transport
corridors. This streamlined focus ensures that the model remains both practical and
informative, facilitating strategic planning and decision-making even in scenarios with
limited initial data availability.

While the detailed modeling of every logistical aspect of each national segment would
provide a richer data set, the proposed macro-modeling approach using transport speed,
cost, and the LPI is a pragmatic synthesis. It captures the essential elements necessary for
strategic analysis and decision-making, providing a viable, streamlined, and effective tool
for assessing and optimizing international transport corridors.

3.3. Development of a Macro-Model Using E-Nets for Global Transport Corridors

Evaluation Petri Nets, commonly referred to as E-nets [26], offer a robust mathematical
framework ideally suited for constructing macro-models of complex systems such as
international transport corridors. These corridors are inherently parallel, asynchronous,
and subject to variability and uncertainties, making E-nets a fitting choice for their macro-
modeling. An E-net is structured around a set of components denoted by

N = (P, T, A,M)

where P represents the places within the network, T symbolizes the transitions, A is the set
of arcs connecting the places and transitions, and M signifies the initial state or marking of
the network.

The definition of E-nets is very similar to the standard definition of a Petri net [27].
However, it is pertinent to delineate the nuanced differences that set E-nets apart and justify
their specific application in our model.

E-nets, an extension of the classic Petri net, offer additional features that are particularly
suited to the modeling of asynchronous and parallel processes, a characteristic often
encountered in transport corridor analysis. The key distinction lies in the intricacies of the
marking system and the interaction between places and transitions.

In the realm of E-nets, a marking is not just a state representation but a dynamic
element that evolves as the net operates. Each marking in an E-net signifies the presence
or absence of certain conditions or resources at a specific node (place) within the network.
This dynamic interpretation of markings allows E-nets to simulate real-world processes
more accurately, such as the movement of goods or vehicles through a transport corridor,
including delays, bottlenecks, and parallel processing.

While a Petri net provides a foundational structure for modeling discrete event systems,
E-nets incorporate additional elements such as guards and time stamps on transitions.
These elements enable the modeling of time-dependent behaviors and conditional flows,
aspects that are crucial in transport corridor analysis but are not inherently represented in
standard Petri nets.

To develop an E-net macro-model for a transport corridor, one must undertake the
following strategic steps:

e Initiate the process by pinpointing the fundamental elements of the corridor. This
includes determining key nodes such as ports and logistics hubs, as well as the main
transport routes spanning rail, road, or maritime paths.

e  Model each node and its connecting routes as individual sub-nets. Nodes consist of
places and transitions that encapsulate operational activities (loading, storage, etc.),
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while the connecting routes are modeled as a progression of places and transitions to
represent the flow and handling of goods.

e  Assign time delays and cost metrics to the transitions. These are crucial for capturing
the dynamic nature of operations and for assessing the corridor’s economic and
temporal efficiency.

e Interlink the sub-nets with arcs to reflect the physical and operational network of the
corridor, ensuring an accurate representation of the flow of goods and information.

e  Set the initial conditions, such as cargo presence at nodes, and simulate the movement
of tokens through the network to observe and analyze the system’s behavior and
logistics performance.

The process of E-net architecture building can be illustrated by the flowchart in Figure 1.
The flowchart illustrates a logical progression, with a feedback loop indicating the iterative

nature of the E-net model building,.

Connect

’ ) Define
Identity Key Define " Positions and
Start Components [ Positions (P) T'a"(ﬁ;“’"s | Transitions

with Arcs (A)

Assign Stoy
7] markings vy

I Continue
marking

Figure 1. Flowchart of E-net building.

The macro-modeling methodology can be broken down into the following steps.

Step 1—Identify key performance indicators.

The first step is to identify the key performance indicators that will form the foundation
of the macro-model. As discussed earlier, the KPIs selected are the following:

Transport speed.
Transport costs.
Logistics Performance Index.

These KPIs represent the main factors that impact corridor efficiency and performance.

Step 2—Gather data on KPIs for each corridor segment.

With the KPIs defined, the next step is to collect relevant data for each corridor segment.
This involves the following:

Determining average transport speeds based on distance and typical transit times.
Compiling applicable transport costs including fuel, tolls, labor, and fees.
Recording LPI scores for each country from the World Bank LPI rankings.

Step 3—Develop transition delay functions.

Using the transport speed and cost data, functions need to be developed to model the
delay times for the transitions in the E-net model.

For transport speed, this may involve a linear function relating distance and speed
to total transit time. For costs, it may require analyzing the relationship between specific
cost components and resulting delays. Historical data can be used to statistically derive
these functions.

Step 4—Incorporate LPI data.

The country-specific LPI scores need to be integrated into the model. An inverse linear
function relating higher LPI to lower delays can be used for simplicity. The parameters can
be estimated using regression analysis on historical LPI and delay data.

Step 5—Build an E-net model in accordance with the flowchart presented in Figure 1.

Step 6—Calibrate the macro-model.

The initial delay functions serve as estimates and need to be calibrated and validated
using real data from corridor operations. The functions can be refined iteratively until the
model outputs align closely with actual performance data.

Step 7—Simulate and optimize.
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The calibrated model can now be used to run simulations for optimizing the transport
corridor. Different scenarios adjusting speeds, costs, infrastructure, and policies can be
tested to improve efficiency.

This methodology involves a systematic data-driven approach to construct a macro-
model that distills the complex dynamics of a corridor into a versatile simulation tool
focused on key performance levers.

This macro-modeling approach, underpinned by E-nets, provides a comprehensive
representation of the transport corridor, facilitating a macroscopic analysis of its efficiency
and potential areas for enhancement. It serves as a strategic tool for decision-makers aiming
to optimize logistics and achieve sustainability in transport networks.

3.4. Elementary E-Net Model for the Modeling of Transport Corridors

The elementary E-net model serves as a macro-model to simplify the intricacies of
international transport corridors (Figure 2). It distills the corridor into three essential com-
ponents: the starting node (P;), the intermediate processing (#1), and the concluding node
(Pp). P marks the inception of cargo transit from one country, f; captures the comprehen-
sive transit process within a country, and P, denotes the juncture where goods exit to enter
the next leg of their journey. This high-level abstraction is conducive to macro-analysis,
focusing on overarching logistics performance rather than micro-level details. Through
this macro-modeling lens, stakeholders gain a strategic viewpoint, allowing for targeted
improvements and strategic planning in international transport operations.

O p,

2]

® p,

Figure 2. Elementary E-net for the modeling of transport corridors.

3.5. Transformation of the Elementary E-Net Model into the ITC Macro-Model

In this section, we elaborate on the refinement of an elementary E-net model into a
macro-model of ITC that encapsulates the complexities of international transport corridors.
This model is specifically enhanced by incorporating positions that reflect critical variables
such as transportation time, cost, and LPI.

The foundational structure of the elementary E-net model, characterized by its primary
positions and transitions, is expanded into a macro-model for national segments of transport
corridors (Figure 3). This advanced model introduces designated positions that correspond
to key operational metrics, thereby transitioning to a system that offers a macroscopic
analysis of the transport corridor’s performance.

OPi=i+11

O Pi+1 ______________ A i-th national segment of ITC

Figure 3. Transformation of the elementary E-net model into a macro-model for a national segment
of an ITC.
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To mathematically describe the transformation of each i-th national segment of an
international transport corridor from an elementary E-net into a macro-model with time,
cost, and LPI factors, we will start with the basic structure of the elementary E-net and then
augment it with additional nodes and transitions to incorporate the additional factors.

Macro-model expansion methodology:

e Time-dependent position P;; signifies the origination point in the transport corridor,
incorporating initial transportation time delays as goods begin their journey.

e Transportation time transition T; ; models the actual transportation time, factoring in
the various elements that contribute to transit delays.

e  Cost evaluation position P; ; is introduced to account for cost-related variables that
influence the movement of goods, reflecting the economic considerations at this stage
of the supply chain.

e  Cost-associated transition T; ; captures the transition delays attributable to cost factors,
such as fuel prices and toll fees, that directly affect the progression of goods.

e  Logistics Performance Index position P; 3 models the impact of the country-specific
LPI score, serving as a proxy for logistical efficiency that affects the flow of goods.

e  LPI-dependent transition T; 3 translates the LPI's implications into time delays, inte-
grating the country’s logistical performance into the model.

e [End positions P; 4 denote the culmination points within the transport corridor, where
goods exit the modeled national segment and where the cumulative effects of time,
cost, and LPI are fully realized.

Figure 4 demonstrates how the proposed model can be modified to real-world scenar-
ios where transport planners and policymakers are faced with choices between multiple
corridor options at a national segment of an ITC.

Figure 4. Transformation of the elementary E-net model into a macro-model for a national segment
of an ITC with alternative transport corridors.

In instances where multiple alternative transport corridors are present within a na-
tional segment of an international transport corridor, the elementary E-net employed for
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the modeling of transport corridors (Figure 2) undergoes a transformation into a composite
network (Figure 4). This network is composed of parallel transport corridors with identical
sub-networks ¢ = 1,...k. Each individual corridor in this model is augmented by the
inclusion of initial positions P; ; ., which denote the commencement of the transportation
simulation for corridor ¢, and terminal positions P f ., which represent the conclusion of
the transportation simulation within the same corridor.

For the integration of these identical models of alternative corridors into a unified
network structure, initiating transition t; and concluding transition ¢ are incorporated.
These transitions are characterized by an absence of delay, thus functioning as the synchro-
nizing elements that cohesively bind the discrete models of the alternative corridors into a
single, consolidated E-net. This architectural arrangement enables a systematic comparison
and analysis of the efficiency and performance across the spectrum of alternative transport
corridors. With this macro-model E-net, each segment of the transport corridor is mathe-
matically modeled, allowing for the simulation and analysis of the corridor’s performance
with respect to time efficiency, cost-effectiveness, and logistics optimization.

The delay in transition ;1 ; within an E-net model, which represents the transportation
process within a national segment of an international transport corridor, can be influenced
by various factors, including distance, traffic conditions, transportation mode, and admin-
istrative processing times. The function describing this delay should encapsulate these
factors, reflecting the real-world complexities of the transport process.

Here are several types of functions that could describe the delay for ¢;1 ;, along with
examples for concrete case studies:

1. Linear Function
e  Function: T1(time) = a + b-time
e  Use Case: If the transportation time delay increases at a constant rate with the
time variable, which could be the case with predictable traffic and road conditions.
2. Step Function
a, if time < t
b, if time >t
e  Use Case: For scenarios with distinct phases of transportation, like urban and
rural areas, where each has a different average speed or delay profile.

e  Function: T1(time) = {

3. Piecewise Linear Function

a1 + by-time, if time <ty

ap + by-time, if time > t;

e  Use Case: When different segments of the route have different speeds due to
varying conditions, resulting in different linear relationships between time and
delay in each segment.

e  Function: T1(time) = {

4. Polynomial Function

e  Function: T1(time) = a + B-time + y-time + - - - + w-time*

e  Use Case: In cases where the relationship between time and delay is non-linear,
possibly due to factors such as congestion that worsens non-linearly with in-
creased transportation time.

5. Exponential Function
e  Function: T1(time) = a-ebtime
e Use Case: If the delay increases rapidly with transportation time, which might be
the case in areas with sudden bottlenecks or when approaching capacity limits.

6.  Logarithmic Function
e  Function: T1(time) = a-b-log(time)
e  Use Case: For situations where delay increases quickly at first (for short trans-
portation times) but then levels off, reflecting a saturation point in delay increase.

7. Sigmoid Function
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e  Function: T1(time) = W

e  Use Case: If there is an initial rapid increase in delay with time, which then
plateaus as the system reaches a maximum delay capacity.

8. Power Law Function

Function: T1(time) = a-time"

Use Case: When delay increases at a rate that is a power of the transportation
time, possibly due to compounded effects like increased chances of incidents
over longer periods.

When choosing the function to model ¢, j, one should consider the most realistic
reflection of how transportation time influences delay within the specific context of the
corridor being modeled. It is also important to consider the availability of data to fit
these functions; in many cases, a simpler model may be preferred due to its ease of
understanding and calculation, provided it still offers a reasonable approximation of the
real-world situation.

The delay in transition ¢, ; j, which represents the impact of transportation cost on the
national segment of a transport corridor, can be shaped by various factors including fuel
prices, tolls, labor costs, vehicle depreciation, and maintenance. The function describing
ti,; delay should reflect cost-related variables that could cause logistical delays, potentially
due to budget constraints, payment processing, or cost optimization efforts.

Here are several types of functions that could describe the delay for ¢; , ;, with examples
for different case studies:

1. Linear Cost Function:

Function: T2(¢) = a + be
Explanation: Delay increases linearly with the cost, assuming that higher costs
directly correlate with increased processing or waiting time.

e Case Study Example: In a scenario where increased fuel costs lead to more
frequent stops to optimize fuel consumption and routes, resulting in delays.

2. Inverse Function:

Function: T2(c) =a+ ¢
Explanation: Delay decreases as cost increases, representing situations where
higher expenditures on premium services reduce transit times.

e  Case Study Example: When investing in more expensive, direct routes or express
services that shorten delay times despite higher costs.

3. Quadratic Function:

Function: T2(c) = a + bc + kc?
Explanation: Delay increases at an accelerating rate with cost, suitable for sit-
uations where higher costs due to inefficiencies lead to exponential increases
in delay.

e  Case Study Example: For transport scenarios where vehicle maintenance is poor,
leading to breakdowns that cause significant delays and repair costs.

4.  Piecewise Function:

a+ be, ifc<c

a+bc+m, ifc>c

e  Explanation: Different cost thresholds have different delay implications, such as
a flat rate up to a certain cost level, after which additional fees or services incur
additional delays.

e Case Study Example: For a corridor that includes a flat-rate toll road up to a
certain weight limit, beyond which oversized or overweight fees significantly
delay transport.

e  Function: T2(c) = {
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5. Step Function:

a, ifc<c

b, ifc>c

e  Explanation: Delay is constant within certain cost intervals, changing abruptly
when a new cost bracket is reached due to different service levels or regulatory fees.

e  Case Study Example: For scenarios where transport vehicles face standard pro-
cessing times until a certain cost threshold, beyond which premium processing
applies, altering delay patterns.

e  Function: T2(c) = {

6.  Exponential Function:

Function: T2(c) = ae®*

Explanation: Delay increases exponentially with cost, depicting scenarios where
costs balloon due to penalties, leading to rapidly increasing delays.

e Case Study Example: When unexpected fines or surcharges due to regula-
tory non-compliance cause delays as logistics operators scramble to cover the
additional expenses.

Just as with t; 1 ;, the function for ¢;, ; should be empirically grounded, relying on data
related to transportation costs and their impact on delays. These data can be gathered from
logistics records, transportation billing, and operational timelines and statistical informa-
tion, for example [28,29]. The chosen function will depend on the specific characteristics of
the transportation system and the nature of the costs involved, and should be validated
against actual transportation operations to ensure it accurately models the relationship
between cost and delay within the corridor.

In the development of the E-net model, transitions t; ; and t; » ; represent critical stages
in the transportation process, each influenced by a complex set of variables. Recognizing
the need for a systematic approach to parameterize these transitions, we can establish a
consistent set of consideration factors. These factors will include, but not be limited to,
fuel prices, labor costs, vehicle depreciation, maintenance expenses, and tolls or tariffs
applicable to the transport corridors in question.

Furthermore, each type of transition within the network model may be associated with
a specific subset of these consideration factors, relevant to the operational characteristics it
represents. For instance, transition #; 1 ;, which may denote the commencement of a journey,
will factor in initial fuel prices, labor costs at the point of origin, and any preliminary
administrative fees. Conversely, transition ¢, ;, may incorporate variables such as cross-
border tariffs, labor cost differentials, and additional fuel expenses incurred due to idling
or rerouting.

These consideration factors can be quantified based on a combination of real-time
market data, historical trends, and predictive analytics to ensure that the model remains
responsive to the dynamic economic conditions affecting transport corridors.

The inclusion of these standardized consideration factors not only enhances the ro-
bustness and reliability of the model but also allows for a more nuanced analysis of the
transport corridors” operational efficiency.

The Logistics Performance Index by the World Bank provides a comprehensive score
that reflects a country’s logistics efficiency based on factors like customs performance,
infrastructure quality, international shipments, logistics quality and competence, tracking
and tracing, and timeliness. If we are to describe the transition delay ¢; 3 ; as a function of
the LPI, we can assume that higher LPI scores (which indicate better performance) would
be associated with lower delays in the logistics process, and vice versa.

A practical approach would be to use an inverse linear function or an exponential
decay function. These types of functions are often chosen for their simplicity and the
intuitive relationship they represent between improved logistics performance (higher LPI)
and reduced delays.
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Here is a more detailed look at these two function types:
1.  Inverse Function:

Function: T3(LPI) = a + %
Explanation: This function suggests that delay is inversely proportional to the
LPI; as the LPI score increases, the delay decreases. Here, b is a scaling factor
that determines the sensitivity of delay to the LPI, and a is the base delay that
accounts for other fixed delays not reflected by the LPL

e Rationale: This function is easy to understand and implement. The inverse
relationship means that as the LPI score increases, the delay decreases, but not at
a fixed rate—the delay reduction becomes less pronounced as the LPI score gets
higher, which corresponds to the real-world scenario where initial improvements
in logistics may lead to significant gains, but further improvements may offer
diminishing returns.

2. Exponential Decay Function:

Function: T3(LPI) = a-e0"LPI

Explanation: Delay decreases exponentially with higher LPI scores, indicating
that improvements in logistics performance rapidly reduce delays. This func-
tion would capture the substantial impact of logistics improvements in higher
performing countries.

e  Rationale: Exponential decay captures the concept that improvements in logistics
performance rapidly decrease delays initially, but the rate of improvement tapers
off as the LPI score increases. This reflects the reality that it is often easier to make
large gains from a low baseline than to squeeze out incremental improvements
from a system that is already highly efficient.

Each of these functions has parameters that would need to be empirically estimated
to fit the historical data on LPI scores and corresponding logistics delays for the countries
in question. The choice of function should be informed by the nature of the logistics
performance data, the distribution of LPI scores, and the observed impact of logistics
performance on delays. Statistical analysis and regression techniques can be used to fit
these functions to data and validate their predictive power.

To use the LPI effectively in a singular function for t; 3 ; across all national segments,
the following steps should be considered:

e  Collect and analyze historical data to understand the relationship between LPI scores
and logistics delays in different countries.

e  Use regression analysis to estimate the parameters of the chosen function. The goal is
to find the values of a4 and b that best fit the observed data.

e  Validate the function by comparing its predictions against known logistics performance
outcomes. Adjust the function parameters as necessary to improve its predictive accuracy.

e  Normalize the LPI scores if necessary to ensure consistency and comparability across
different years or versions of the LPI.

e  Apply the validated function uniformly across all national segments to estimate delays.
Remember that while the function provides a general estimate, the actual delays can
still be influenced by local conditions and may require further adjustment.

e Regularly review and update the function as new LPI data become available or as
changes in global logistics practices occur.

Choosing between the inverse linear function and the exponential decay function may
ultimately depend on the distribution of LPI scores and the observed impact of logistics
performance on delays. The chosen function should provide a good fit for the data with
reasonable predictive power while being simple enough for stakeholders to understand
and use in practice.

By transforming the elementary E-net of national segments i = 1,7 for an ITC with n
such segments into a macro-model that considers time, cost, and LPI, we gain a powerful
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analytical tool. This macro-model assists policymakers and logistics companies in optimiz-
ing international transport corridors for improved performance, cost-effectiveness, and
alignment with global standards of sustainable logistics.

The Petri net model is designed with a focus on controllability, which is achieved
through strategically placed control points, guard conditions, and adaptive feedback mech-
anisms. These features ensure that the model not only accurately represents the dynamics
of transport corridors but also provides the means to manage and optimize these systems
effectively. In cases where control is lacking, it serves as an opportunity for model enhance-
ment, thus contributing to the ongoing development of a robust and effective transport
corridor modeling tool.

The proposed E-net has different mechanisms of controllability:

e The model designates specific transitions and places as control points. These points
are strategically chosen based on their influence over key operational aspects of the
transport corridor, such as traffic flow, resource allocation, and schedule adherence.

e  The E-net structure of the model employs guard conditions on transitions. These
conditions act as control mechanisms, allowing the system to proceed only when
certain criteria are met, thereby ensuring that the system evolves in a controlled and
predictable manner.

e  The model can be equipped with feedback loops that monitor system performance and
adjust operational parameters in real-time. This adaptive control mechanism ensures that
the system remains responsive to changes and maintains desired performance levels.

There are some mechanisms for controlling the model:

e  Using the applied software tools, simulations are run to observe the system’s behavior
under various scenarios. Adjustments are then made to the control points to steer the
system towards optimal performance states.

e The model can leverage predictive analytics to foresee potential disruptions or ineffi-
ciencies. By preempting these issues, we can adjust control parameters proactively,
maintaining system control.

e  Control is also exerted through scenario-based planning, where different operational
scenarios are modeled, and the system’s response is evaluated. This approach allows
for pre-emptive control strategies to be developed and implemented.

In scenarios where the model exhibits uncontrollable behavior, it typically indicates
either a lack of adequate control points or insufficient guard conditions. Such instances are
crucial for model refinement. They prompt a reassessment of the model’s structure, leading
to the introduction of additional control mechanisms or the reconfiguration of existing ones
to enhance controllability.

4. Results

Let us look at a real case study.

In the contemporary geopolitical climate, the three key transport corridors facilitating
trade between Europe and Asia have gained renewed significance (Figure 5) [24]. These
corridors are not only commercial routes, but also strategic geopolitical assets affected by
shifting alliances, regional stability, and global economic policies.

The Northern Corridor, running from China through Kazakhstan, Russia, and Belarus
to Poland, serves as a primary route for Eurasian land trade. In the new geopolitical situa-
tion, characterized by heightened tensions and sanctions involving some of the countries
along the route, there is both risk and opportunity. On one hand, the corridor faces potential
disruptions due to political standoffs; on the other, it could benefit from the redirection of
trade flows seeking to bypass troubled waters. The durability of this corridor will depend
on diplomatic negotiations and the ability of countries to uphold trade agreements despite
political pressures.

The Trans-Caspian International Transport Route (Middle Corridor), connecting Asia
and Europe via Kazakhstan, the Caspian Sea, Azerbaijan, Georgia, and onward to Turkey
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or across the Black Sea to Bulgaria or Romania, has emerged as a promising alternative
that mitigates reliance on the Northern Corridor. Its development has been accelerated
by the new geopolitical situation, which demands the diversification of trade routes to
ensure resilience. With varying transit times and the involvement of multiple modes of
transportation, this corridor’s success hinges on enhanced infrastructural investments and
improved logistic services to ensure it remains a reliable and competitive route.
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Figure 5. Main Europe—-Asia land-based corridors.

The Southern Corridor, stretching through Central Asia, traversing countries such
as the Kyrgyz Republic or Tajikistan, Uzbekistan, Turkmenistan, Iran, and Turkey, before
entering Europe, stands as the most direct land route that bypasses Russia. Its relevance
has been amplified by the new geopolitical situation, presenting a viable alternative for
trade between Europe and Asia. However, it requires significant development to meet
the increased demand and to overcome challenges related to infrastructure, regulatory
coherence, and political stability.

Let us take a closer look at the Middle Corridor up to the Black Sea as a case study.

The Middle Corridor, also known as the Trans-Caspian International Transport Route,
serves as a crucial link between Asia and Europe, passing through several countries with
varying logistics profiles.

This transport corridor includes five elements: four national segments (China, Kaza-
khstan, Azerbaijan, and Georgia) and one Caspian Sea crossing segment. This ITC can be
presented using E-nets with an elementary E-net model, as shown in Figure 6.

: Py Py i Py ; Pyy i Psy i Peo
: t11 to1 i t31 i 41 ts1
E China Kazakhstan i Caspian Sea i Azerbaijan Georgia
i national segment national segment ! crossing segment ! national segment national segment |

Figure 6. E-net of transport corridor with an elementary E-net model.

Below is a detailed description of the positions and transitions within the E-net macro-
model for the Middle Corridor, reflecting the individual characteristics of each national
segment after the transformation of each elementary E-net of national segments into the
macro-model (Figure 7).
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Figure 7. Macro-model of the Trans-Caspian International Transport Route.

China Segment:

P11—Marks the entry position into the Middle Corridor, beginning in China, which is
the starting point of the goods’ journey to Europe.

T11—Represents the transportation time transition within China, capturing the dura-
tion it takes for goods to traverse the Chinese segment, influenced by the vast and varied
landscape as well as the efficiency of the Chinese rail network.

P1p—Intermediate position for assessing the transportation costs within China, which
includes logistics expenses such as loading, inland transportation, and administrative fees.

T1,—Transition for cost-induced delays specific to China, where financial considera-
tions could affect the speed of logistics operations.

P13—LPI assessment position within China, evaluating the performance of the logistics
services, infrastructure quality, and customs efficiency.

T13—LPI-influenced delay transition for China, correlating China’s LPI score with the
expected efficiency and speed of goods movement.

Py1—Exit position from China, signaling the end of the Chinese segment and the
transition into Kazakhstan for the next leg of the Middle Corridor journey.

Kazakhstan Segment:

Py1—Also serves as the entry point into Kazakhstan from China, where the journey
along the Middle Corridor continues.

Ty1—Transportation time transition within Kazakhstan, considering factors like route
directness, rail and road quality, and border crossing times.

Py;—Cost assessment position for the Kazakhstan segment, reflecting the expenses
incurred across this vast country, from fuel to potential tariffs and transport fees.

Tyy—Transition for cost-related delays within Kazakhstan, possibly due to the long
distances and the need for multimodal transport switches.

Pp3—LPI assessment position for Kazakhstan, incorporating the logistics performance
which could impact corridor throughput.

Tr3—LPl-influenced delay transition within Kazakhstan, where the LPI score is used
to anticipate and model potential delays.

P31—Exit position from Kazakhstan, marking the move towards the Caspian Sea
crossing or onward land travel.

Caspian Sea Crossing Segment:

P31—Entry into the maritime segment of the Middle Corridor, which entails the
crossing of the Caspian Sea.

T31—Models the time taken for goods to be transported across the sea, which can vary
greatly depending on the shipping schedule, ferry availability, and weather conditions.

P3y—Assesses the additional costs associated with sea transportation, including ship-
ping fees, port handling charges, and any delays due to logistical bottlenecks.

T3—Transition for maritime cost-induced delays, which may result from the complex
logistics of sea transport and port efficiency.

P33—Reflects the maritime LPI assessment, evaluating the efficiency of port logistics
and customs processes.

T33—LPI-influenced delay transition for the maritime crossing, where logistical per-
formance at seaports influences the overall transit time.

P41—Marks the completion of the maritime crossing and the entry into Azerbaijan.
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Azerbaijan Segment:

P41—Denotes the start of the overland journey through Azerbaijan, which serves as a
critical link in the Middle Corridor.

T4 —Transportation time transition within Azerbaijan, considering the efficiency of
transit through this key junction point.

Pj—Intermediate position for Azerbaijan’s transport cost evaluation, including any
fees or charges associated with crossing this segment.

T gp—Transition for cost-induced delays within Azerbaijan, capturing the fiscal factors
that could slow down logistics operations.

P43—LPI assessment position for Azerbaijan, measuring the effectiveness of the logis-
tics and customs infrastructure.

T43—LPl-influenced delay transition within Azerbaijan, where the LPI score helps
predict the smoothness of the transition through the country.

Ps1—Exit position from Azerbaijan, which may lead to Georgia or directly to a mar-
itime route towards Europe.

Georgia Segment:

Ps;—Signifies the entry into Georgia, continuing the Middle Corridor’s journey to-
wards Europe.

Ts1—Represents the transportation time within Georgia, which might be influenced
by the condition of transport infrastructure and border crossings.

Psp—Cost assessment position for the Georgian segment, considering the country’s
specific transport costs and policies.

Tsp—Transition for cost-related delays within Georgia, influenced by economic and
administrative aspects of transportation.

P53—LPI assessment position for Georgia, reflecting the country’s logistics perfor-
mance and impact on the corridor’s efficiency.

Tss—LPl-influenced delay transition within Georgia, utilizing the LPI score to antici-
pate logistics performance.

Pgo—Exit position from Georgia, which typically leads to the final leg of the journey.

By selecting functional dependencies for the delays of all transitions (for example, by
expert means) and determining cost and time indicators for each national segment based
on business and statistical information (for example, using [28,29]), as well as the LPI value
of each national segment from [25], one can obtain a set of numerical values for modeling.

Applied software tools [30] make it possible to carry out experiments for Petri nets of
various configurations. These experiments are instrumental in understanding the practical
implications and operational dynamics of the proposed Petri net models, specifically in the
context of transport corridor analysis.

The experiments conducted using these software tools have different purposes and
can be categorized into several types, each addressing different aspects of transport corridor
management and optimization:

1.  Simulation of transport corridor dynamics: Utilizing the software to simulate the flow
of goods and vehicles within various configurations of transport corridors. These
simulations provide insights into traffic patterns, potential delays, and the overall
efficiency of different corridor layouts.

2. Stress testing under variable conditions: Testing the resilience and adaptability of
the Petri net models under varying conditions such as peak traffic periods, unex-
pected delays, and resource limitations. This helps in assessing the robustness of the
transport networks.

3. Resource allocation optimization: Analyzing the optimal allocation of resources such
as vehicles, fuel, and manpower within the corridor. The software tools enable
experimentation with different allocation strategies to identify the most cost-effective
and efficient approaches.

4.  Bottleneck identification and resolution strategies: Identifying potential bottlenecks
in the transport corridors through simulations. Subsequent experiments focus on



Modelling 2024, 5

258

testing various strategies for resolving these bottlenecks, such as rerouting, capacity
enhancement, or schedule adjustments.

5. Impact analysis of policy changes: Simulating the impact of potential policy changes
or infrastructure developments on the transport corridor. This includes changes in
toll rates, the implementation of new traffic regulations, or the introduction of new
transport links.

6. Comparative analysis of different corridor configurations: Conducting comparative
analyses between different Petri net configurations representing various corridor
structures. This comparison helps in determining the most effective corridor design
from the perspectives of time, cost, and overall efficiency.

The results derived from these experiments offer valuable recommendations for trans-
port corridor planners and policymakers, aiding in the development of more efficient and
reliable transport networks.

5. Discussion

Currently, Petri net applications are actively used in manufacturing systems [31], for
business process modeling and simulation [32], for maintenance process evaluation [33],
for the risk assessment of subway fire accidents [34], for the verification of current-state
opacity for discrete event systems [35], in cybersecurity [36], and elsewhere.

In this section, we will discuss the advantages of the proposed approach to modeling
transport corridors using E-nets compared to other types of Petri nets.

5.1. Comparative Analysis of E-Nets with Other Petri Nets

This subsection provides a comparative analysis to elucidate how Evaluation Petri
Nets (E-nets) offer enhanced capabilities over other Petri net variants, particularly in
scenarios relevant to transport corridors. The comparison focuses on aspects such as
temporal modeling, conditional flows, and complex system interactions, which are critical
in transport networks.

1. Temporal dynamics

E-nets: E-nets enable the incorporation of time stamps and delays within transitions,
allowing for a detailed representation of time-dependent processes. This feature is partic-
ularly useful in modeling transport corridors where timing is a crucial factor, such as in
scheduling and delay analysis.

Ordinary Petri Nets: While capable of process representation, ordinary Petri nets lack
built-in mechanisms for time-based modeling, requiring additional constructs or extensions
to represent temporal aspects.

Case Study: A comparative analysis of a congested transport corridor using both
E-nets and ordinary Petri nets demonstrates the superior capability of E-nets in accurately
capturing delay patterns and their impact on corridor efficiency.

2. Conditional flows and decisions

E-nets: E-nets allow the modeling of conditional flows and decision-making processes
within the network through guard conditions and branching transitions. This adaptability
is essential for simulating dynamic routing decisions in transport corridors.

Workflow Petri Nets: While Workflow Petri Nets are designed to handle conditional
flows, they are more oriented towards business process management and may not ade-
quately capture the complexity of transport network decisions.

Theoretical Example: A theoretical model of a transport corridor with multiple routing
options, subjected to varying conditions, illustrates how E-nets effectively model these
decision points compared to Workflow Petri Nets.

3. Complex system interactions

E-nets: The structure of E-nets facilitates the representation of complex interac-
tions within systems, such as asynchronous processes and parallel operations found in
transport networks.
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Other Petri Net Variants: Other Petri net types, while useful for specific applica-
tions, may oversimplify or inadequately represent the multi-faceted interactions typical in
transport corridors.

Case Study: An analysis of a multi-modal transport corridor, incorporating road, rail,
and sea transport, showcases the E-net’s ability to model complex intermodal interactions
more effectively than other Petri net types.

This comparative analysis underscores the superiority of E-nets in specific scenarios
pertinent to transport corridors. The temporal and conditional complexities, along with
the intricate system interactions inherent in transport networks, are more accurately and
comprehensively captured by E-nets. These capabilities make E-nets a more suitable tool for
transport corridor analysis and optimization, addressing nuances that are either simplified
or overlooked in other Petri net variants.

5.2. Scalability in E-Nets vs. Other Petri Nets

In the comparative analysis of Petri net models, especially focusing on scalability, it is
essential to evaluate how different types of Petri nets handle the expansion of model size
and complexity, particularly in relation to transport corridor simulations. An overview of
the scalability aspect for different Petri net models is given in Table 1.

The scalability of a Petri net model in the context of transport corridors depends largely on
the specific requirements of the system being modeled. E-nets, with their advanced capabilities,
offer significant scalability advantages, particularly for complex and large-scale transport
networks. They balance detailed modeling with manageability, a crucial factor in scalability.

Table 1. Scalability of different types of Petri nets.

Type of Petri Net

Scalability

Case Study

E-nets (Evaluation

E-nets are highly scalable due to
their advanced features like time
stamps and guard conditions,
which allow for detailed and
complex modeling without a
significant loss of manageability

Consider a sprawling
international transport network
with multiple intersecting routes
and varying operational

Petri Nets) . . oo conditions. E-nets can efficiently
or clarity. This scalability is . ;
T . . scale up to model this complexity,
essential in modeling extensive L .
. maintaining accuracy in temporal
transport networks with (s
and conditional aspects.
numerous nodes and
varying conditions.
Ordinary Petri Nets, while
straightforward in simpler For a large-scale transport
models, can become cumbersome  network, Ordinary Petri Nets may
and less intuitive as the system’s  require a disproportionately large
Ordinary Petri Nets complexity increases. The lack of  number of places and transitions
advanced features like to represent the same level of
time-dependent transitions can detail as E-nets, potentially
lead to an overly simplified making the model unwieldy and
representation of complex difficult to interpret.
transport corridors.
Workflow Petri Nets are designed . .
. In modeling a multi-modal
to handle complex business . .
. transport system with various
processes and can scale effectively . . .
- . decision-making points and
in such environments. However, o .
. . conditional flows, Workflow Petri
Workflow Petri Nets when applied to transport

corridors, their focus on business
process flows might not align
seamlessly with the operational
intricacies of transport systems.

Nets might scale well but may not
fully capture the operational
nuances specific to

transport logistics.
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Table 1. Cont.

Type of Petri Net Scalability Case Study

When modeling a transport
corridor with diverse types of
cargo, vehicles, and routes,
Colored Petri Nets can efficiently
scale up by incorporating varied
data types within the model
without significantly increasing
its complexity.

Colored Petri Nets, which allow
for the inclusion of data and
information within the tokens,

Colored Petri Nets can offer significant scalability
advantages, especially in complex
systems where different types of
data need to be processed.

5.3. Advantages of Using E-Nets for ITC Modeling

In exploring the innovative use of Evaluation Petri Nets (E-nets) for the macro-
modeling of transport corridors, it is imperative to recognize the specific strengths that this
approach brings to the table. The E-net framework, known for its robustness in handling
complex systems, offers distinct advantages that are particularly suited to the intricate and
dynamic nature of transport corridors. From the enhanced detail and dynamism of its
modeling capabilities to its inherent flexibility and precise quantification of system delays,
the E-net approach stands out as a powerful tool in the realm of transport corridor analysis.

Petri nets, especially E-nets, are well suited for modeling dynamic systems with
stochastic behaviors. This approach can represent the complex interactions and state
changes within a transport corridor more effectively than traditional models.

E-nets facilitate both quantitative and qualitative analyses of transport corridors. They
can be used to evaluate performance metrics and to understand the qualitative behavior of
the system under different scenarios.

This approach allows for scalable models that can be adjusted or expanded to include
new components or scenarios, making it highly adaptable for evolving transport corridors.
The last feature deserves special attention. Scalability in this context refers to the ability of
the model to adapt and expand in detail and scope, transitioning from a broad, generalized
view to a finer, more specific analysis. This process involves incorporating granular data at
the level of individual segments between transport hubs like cities, logistics centers, ports,
and railway stations.

The scalability of the proposed model from a macro- to a micro-level involves a system-
atic methodology of segmenting the corridor, integrating detailed data, defining specific
parameters, and refining the overall model. The mathematical approach combines segment-
specific variables and functions with an overarching model structure that considers the
interconnectivity and cumulative impact of all segments. This scalable and detailed ap-
proach allows for a more nuanced understanding and optimization of transport corridors,
tailored to the specific operational realities of each segment.

The general methodology of scalability can be broken down into the following steps:

e  Divide the transport corridor into segments, creating specific positions in the E-net for
each operational state within these segments. Each segment corresponds to a part of
the journey between transport hubs, with each hub potentially represented by multiple
positions for different stages of processing or waiting.

e  Establish transitions to represent the activities or events between these positions. In
the context of transport corridors, this might include border crossings, the loading and
unloading of cargo, or changes in transport modes.

e  Unlike traditional Petri nets, E-nets allow us to assign a delay time to each transition,
representing the time taken for an event to occur. This delay can be a crucial factor in
modeling transport corridors, as it directly impacts transit time and efficiency.

e  Refine the E-net model by adjusting the positions and transitions, particularly focusing
on the delay times. Evaluate the performance of the transport corridor by analyzing
the flow of tokens (representing cargo or vehicles) and the cumulative delay times.
Adjust the model iteratively to optimize corridor performance.
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These actions are accompanied by the following transformations of the E-net:

1. E-net structure definition: Define the E-net for the transport corridoras N = (P, T, D),
where P is the set of positions, T is the set of transitions, and D is the set of delay
times associated with each transition.

2. Transition functions with delay: For each transition  in T, assign a delay function d;,
which represents the time delay associated with that transition. This delay reflects
processing times, transit times, or waiting times.

3. Flow rules and performance metrics: Implement flow rules for tokens, which move
through the network according to the transitions. Measure the performance of
the transport corridor using metrics such as total transit time, bottlenecks, and
throughput efficiency.

4.  System optimization: Use the E-net to simulate the operation of the transport cor-
ridor, focusing on identifying and minimizing delays. Adjust the structure of the
E-net and the delay times to achieve optimal performance, reflecting real-world
operational improvements.

By integrating E-net components into the scalability and detailing of a transport
corridor model, we can create a dynamic and responsive representation of the corridor.
This approach allows for a detailed and nuanced understanding of each segment and its
interactions within the broader system. The use of E-nets not only enhances the model’s
ability to simulate complex processes and events but also provides a robust framework for
iterative improvement and optimization.

While the use of E-nets in the macro-modeling of transport corridors offers a range of
significant advantages, it is equally important to acknowledge and understand the potential
limitations and challenges inherent in this approach:

e  One potential limitation is the complexity involved in setting up and calibrating an
E-net model, especially for corridors with extensive and diverse segments. Ensur-
ing accurate transition timings and positioning requires in-depth knowledge and
significant data collection efforts.

o  The effectiveness of the E-net model is highly dependent on the quality and availability
of data. In scenarios where data are limited, outdated, or inaccurate, the model’s
reliability may be compromised. This is particularly challenging in international
corridors with varying data collection standards and transparency.

o  While E-nets excel in handling quantifiable aspects such as time and volume, adapting
the model to incorporate qualitative factors like political stability, regulatory changes,
or environmental impacts might require additional layers of analysis or supplementary
modeling techniques.

Having explored the strengths and confronted the potential limitations of using E-nets
for macro-modeling transport corridors, it becomes essential to look forward—to identify
and articulate the areas where further research can enhance, refine, and possibly revolu-
tionize this approach.

Future research could explore the integration of E-nets with other modeling approaches,
such as Geographic Information Systems or simulation software, to enhance their capability
in handling spatial data and simulating real-world scenarios more comprehensively.

Developing methodologies for the automated calibration of the E-net model and
integrating real-time data feeds could significantly enhance its responsiveness and accuracy,
making it more adaptable to dynamic operational environments.

Applying the E-net-based approach to real-world scenarios through case studies can
provide valuable insights into its practical applications and limitations. This would also
help in refining the model based on empirical evidence.

The use of E-nets in the macro-modeling of transport corridors presents a promising
approach, offering detailed, dynamic, and scalable modeling capabilities. While challenges
such as complexity and data dependence exist, the potential benefits in terms of enhanced
operational insights and optimization are significant. Future research should focus on
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addressing these challenges and exploring the integration of E-nets with other model-
ing methodologies to further enhance their applicability in the ever-evolving domain of
transport and logistics.

6. Conclusions

This paper presented a comprehensive exploration of using Evaluation Petri Nets
(E-nets) for the macro-modeling of transport corridors, a critical component in the frame-
work of global logistics and trade. The strengths of the E-net approach, particularly its
capacity for the dynamic representation, flexibility, and detailed analysis of transport sys-
tems, highlight its potential as a powerful tool in addressing the complexities of modern
transport corridors. These qualities make E-nets particularly suited for modeling the multi-
faceted and evolving nature of these corridors, offering valuable insights for both strategic
planning and operational optimization.

The proposed macro-modeling methodology is marked by its ability to capture and
simulate the complex interactions and various states within transport corridors.

One of the most striking advantages of the proposed macro-modeling methodology is
its dynamic representation capabilities. By accurately modeling the transitions and delays
within transport systems, E-nets provide a more realistic portrayal of these corridors. This
feature is crucial for effectively managing and optimizing the flow of goods, especially in
scenarios where timing and synchronization are critical.

Furthermore, the scalability of the E-net model ensures its applicability across different
scales—from large, international networks to more localized, national segments. This
scalability is essential in a world where transport corridors are continually evolving due to
changes in trade patterns, technological advancements, and geopolitical shifts. It allows
for the model to be responsive and relevant, adapting to both macro-level trends and
micro-level operational details.

While the use of E-nets in the macro-modeling of transport corridors offers a range of
significant advantages, it is equally important to acknowledge and understand the potential
impact of this approach on the field and its contributions to the state of the art.

Impact of the proposed methodology:

e It provides a more realistic and responsive modeling framework that accounts for the
stochastic and dynamic nature of transport corridors, overcoming limitations of static
modeling techniques.

e Itenables the detailed analysis of interactions and interdependencies between corridor
components that drive optimization. This facilitates a system perspective rather than
looking at factors in isolation.

e Itallows for scalable and adaptable models that can adjust to changing conditions and
information availability. This is crucial for the evolution of corridors over time.

e [t offers the ability to simulate a range of scenarios and identify optimal solutions,
leading to data-driven decision making and planning.

e It serves as a common modeling platform for collaboration between stakeholders
across national borders to enhance corridor integration.

e It provides actionable insights coupled with global benchmarking to key decision
makers in both public and private sectors.

Contributions to the state of the art:

e Itintroduces a novel approach to transport corridor modeling using E-nets, overcom-
ing static model limitations.

e Itdevelops a robust yet adaptable methodology tailored to the needs of international
corridor analysis.

e Itincorporates globally recognized indicators like the LPI into the model for compati-
bility and comparability.

e It demonstrates the application of a cutting-edge simulation technique to a real-world
logistics challenge.
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e Itprovides a case study template for the E-net-based modeling of transport systems
and networks.

e It opens up potential new research directions for applying E-nets in the transportation,
logistics, and supply chain domains.

The proposed macro-modeling methodology represents an evolution of the state of
the art for the dynamic modeling of complex transport corridors. By highlighting its
multifaceted impact and contributions, the conclusion can provide deeper insight into the
importance of this work for both theory and practice.

The ability of the proposed approach to provide detailed, dynamic, and scalable
models makes it an invaluable tool in the quest for more efficient, reliable, and adaptable
transport networks. As the global landscape of trade and logistics continues to evolve,
methodologies such as this one will be instrumental in navigating the complexities and capi-
talizing on the opportunities presented by ITCs as crucial factors of economic development.
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