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Resume
The potential and challenges of Inland Waterway Transportation (IWT) 
in West Java, Indonesia were examined in this research, with a focus on 
sustainability using the SWOT and PESTLE analyses. Key findings show 
that IWT provides significant environmental benefits, such as reduced 
carbon emissions, and supports social equity through affordable and 
accessible transport. However, challenges include sedimentation, water 
hyacinth proliferation, poor waste management, infrastructure deficiencies 
and high investment costs. Overcoming these obstacles requires strategic 
planning that emphasises centralisation of governance, modernisation of 
infrastructure, environmental management and integration of technology. 
The findings provide applicable insights for policymakers and stakeholders 
to foster sustainable and inclusive transport in West Java.
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significant potential to expand its IWT network. 
However, out of the many rivers, only 214 are currently 
utilized for transport purposes [5]. In West Java, 
despite the presence of a  promising river network, the 
development and use of IWT remains limited. This study 
aim was to identify and address the challenges and 
opportunities associated with the development of IWT  
in the region. 

The IWT is a  form of local transport traditionally 
use by communities, often reflecting local culture and 
conditions [6]. It was highlighted in a  UN report on 
informal transport [7]. The IWT is recognized for its 
resource efficiency, affordability, and adaptability to 
technological advancements. In Indonesia, these systems 
are often designed by local communities to meet specific 
needs, functioning independently and in traditional 
environments [8-9]. Although the IWT is classified as 
public transport [6, 10], its underdevelopment remains 

1	 Introduction

Transportation is a basic human need and a critical 
element for the economic development of a country [1]. 
Inland Waterway Transport (IWT) is a  key component 
of sustainable transportation systems, contributing 
to environmental and economic sustainability, while 
creating employment opportunities, as well [2]. The 
IWT offers several benefits, such as enhanced safety 
and cost savings [3]. Furthermore, its development plays 
a crucial role in reducing emissions and mitigating the 
external costs associated with pollution and congestion 
[4]. Despite its advantages, IWT faces numerous 
barriers, including challenges related to logistics, 
infrastructure, and political, economic, environmental, 
and technological landscape [3]. 

Indonesia, as an archipelago with over 5,950 
watersheds and more than 500 major rivers, has 

https://orcid.org/0000-0002-8274-5828
https://orcid.org/0000-0002-0396-8928
https://orcid.org/0009-0007-1287-4484
https://orcid.org/0000-0002-3224-1138
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2.2	 Theoretical and operational framework

This study employs an integrated approach 
combining the PESTLE and SWOT frameworks to 
evaluate and to identify external and contextual 
parameters, while SWOT categorizes those 
parameters into strengths, weaknesses, opportunities,  
and threats.

2.2.1 Theoretical basis for PESTLE and SWOT

Both PESTLE and SWOT are established tools 
in strategic planning and decision-making processes. 
PESTLE: focuses on macro-level external factors 
influencing sectoral performance, including political, 
economic, social, technological, legal and environmental 
dimensions [13]. SWOT: provides a  structured method 
to evaluate internal and external factors by categorizing 
them into strengths, weaknesses, opportunities, and 
threats [14]. The Integration Process begins with  
PESTLE Analysis, which identifies and examines 
relevant factors to provide a  foundational  
understanding of the contextual environment. 
Subsequently, SWOT Analysis evaluates the factors 
identified through PESTLE to classify them into 
actionable insights, ultimately guiding the formulation 
of strategic recommendations. This two-step process 
ensures a  comprehensive evaluation of both macro 
environmental and sector-specific factors influencing 
IWT development.

especially evident in West Java, where the potential of 
IWT is yet to be fully realized. 

The primary objective of this study was to assess the 
current challenges and opportunities for the development 
of IWT in West Java. This research has utilized a SWOT 
analysis (Strengths, Weaknesses, Opportunities, 
Threats) analysis combined with the PESTLE (Political, 
Economic, Technological, Social, Legal, Environmental) 
framework to provide a comprehensive evaluation of the 
factors influencing the IWT development in this region. 
By addressing these challenges, the study has aimed 
to offer actionable recommendations for policymakers, 
transport operators, and local communities, contributing 
to the sustainable development of IWT.

2	 Data and methods

2.1	 Research location

The research on Inland Waterway Transport (IWT) 
was conducted in West Java, focusing on 6 (six) service 
area as shown in Figure 1. These areas include the 
Cirata service area for Cirata reservoir transportation in 
Cianjur Regency, the Saguling service area for Saguling 
for reservoir transportation in West Bandung Regency, 
the Jatiluhur service area for reservoir transportation 
in Purwakarta Regency, the Kalipucang and Majingklak 
service areas for river transportation in Pangandaran 
Regency, and the Muara Gembong service area for river 
transportation in Bekasi Regency [11-12].

Figure 1 Distribution Map of River, Lake and Ferry Transport Mooring Posts for West Java Province
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quality and navigability, focusing on their implications 
for sustainable IWT operations.

Primary Data Collection:

Semi-structured interviews provided valuable 
insights into the challenges and opportunities directly 
perceived by local stakeholders. These interviews 
were conducted with representatives from government 
agencies, transportation operators, and community 
members who rely on IWT. Primary data complemented 
the secondary data analysis, enabling a more nuanced 
understanding of the current state and future potential 
of IWT in the region.

2.2.3 SWOT analysis and integration with  
  PESTLE

The SWOT framework was employed to systematically 
evaluate the parameters identified through PESTLE. 
Strengths and weaknesses represent internal factors 
such as infrastructure capacity, operational efficiency, 
and resource availability, while opportunities and 
threats capture external factors, including governmental 
support, environmental risks, and socio-economic 

2.2.2 Operationalization of PESTLE for IWT  
  analysis

In this study is combined a  review of existing 
literature and secondary data from the Central Bureau 
of Statistics and the West Java Transportation Agency 
to identify key PESTLE indicators. To enhance the 
reliability and depth of the analysis, primary data was 
collected through the semi-structured interviews with 
the key stakeholders, including government officials, 
transportation operators, and local communities. 
The Political Aspect Examined government policies, 
regulatory frameworks, and IWT development 
plans to identify enabling and constraining factors. 
The Economic Aspect includes a  Location Quotient 
(LQ) analysis to assess the economic potential of the 
region. The LQ values above 1 indicate areas with 
promising development potential [15-16]. The Social and 
Technological Aspects Evaluated IWT’s authenticity 
and adaptability to modern technology by analyzing its 
social acceptance, cultural alignment, and technological 
readiness [6]. Table 1 shows the characteristics of 
IWT indigeneity. The legal aspect reviews spatial and 
regulatory policies affecting IWT at both provincial 
and district levels. Lastly, the environmental aspect 
assesses the use of watersheds and reservoirs, water 

Table 1 Indigeneity Characteristics of IWT, source: [6-9]

Indigeneity Attributes Characteristics

Locally Grown Appropriate use of local 
resources

Being resource-efficient by using existing resources appropriately

Domestically produced Modes of transport are localized in response to the local community‘s 
needs.

Operated Locally Serving the area without 
transportation infrastructure 
worthy

Transport facilities and infrastructure for the area served are not 
available or appropriate. Such as not having roads or bridges. So, the 
transport system is almost inadequate.

Serve as transit passengers Serves as transit transport or is used to complement other modes of 
transport in response to the surrounding community‘s needs.

Accepted Socially Reachable Affordable transport for the surrounding community.

Source of livelihood for the 
lower middle class

As a privately operated livelihood and operating in a traditional 
environment

Benefit vulnerable groups Benefit vulnerable groups such as children, women, and the elderly

According to local 
culture

Support local culture As a cultural part of the local community that grows and operates in a 
traditional environment

Adjust with 
technology

Adapt to the latest technology Transport modes adapt to the latest technology to support greater 
capacity and shorten journey times.

Figure 2 Integration of PESTLE - SWOT Method
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including a 25% improvement in water quality over five 
years, reducing pollution in the Citarum to a lightly 
polluted level. However, governance conflicts and limited 
resources hinder its broader impact. Additionally, the 
development of IWT is a key agenda in the 2024 West 
Java Regional Government Work Plan and in district-
level plans, such as Pangandaran District Regulation 
No. 48/2022 on the 2023 Work Plan.

An integrated governance framework, inspired by 
successful models like the Netherlands, could help to 
align local and provincial polices, optimize resource 
allocation, and strengthen stakeholder collaboration. 
Such a framework is crucial for ensuring the 
sustainability and multifunctional utility of the Cirata 
Reservoir and other water bodies in West Java.

3.2 	Economic aspects

Economic sector analysis, using the Location Quotient 
(LQ) metric, highlights strong development potential in 
various regions of West Java. For instance, Cianjur 
demonstrates a  significant advantage in agriculture, 
forestry, and fisheries (LQ ≥1.5), while Bekasi showcase 
strengths in manufacturing and electricity supply (LQ 
≥1.2). Purwakarta, West Bandung, and Pangandaran 
also display similar patterns, where agriculture, 
forestry, and fisheries dominate their respective regional 
economies. The findings suggest that Inland Waterway 
Transport (IWT) can play an important role in reducing 
logistics costs and facilitating market access, especially 
for export goods [18]. Figure 3 illustrates these economic 
benefits, emphasising the potential for sectoral growth 
through improved transport infrastructure.

The IWT implementation also supports local 
economic development by addressing logistical 
bottlenecks. Strengthening transport networks, 
especially waterways, not only improves the 
distribution of goods but also reduces road congestion. 
Figure 3 further underlines the potential for leading 
sectors to benefit from this infrastructure, facilitating 
inter-regional trade and export opportunities.

Passenger data (Figure 4) reveals seasonal 
fluctuations caused by sedimentation and water hyacinth 
growth, which reduce the channel depth by an average 
of 30%. The irregular positioning of the floating 
nets further exacerbates operational inefficiency, 
hampering the ship movements and passenger 
comfort. These factors have contributed to the decline 
in the number of passengers served in recent years 
[19-25].

Despite these challenges, the IWT fares remain 
highly affordable, ranging from IDR 5,000 to 7,000 (EUR 
0.30–0.41), depending on the route and service area. 
For example, fares in Saguling range from IDR 5,000 to 
7,000 (EUR 0.30–0.41), while boat rentals in Jatiluhur 
costs IDR 25,000 (EUR 1.47) for both long and short 
routes. In Kalipucang, fares start at IDR 15,000 (EUR 

dynamics. The integration of PESTLE and SWOT, as 
illustrated in Figure 2, provides a structured approach 
to understanding the challenges and opportunities for 
the IWT development in West Java. By categorizing and 
analyzing the key parameters, the combined framework 
provides actionable insights to support evidence-based 
policymaking and stakeholder engagement.

3 	 Results

3.1 	Political aspects

The management of the Cirata Reservoir involves 
multiple institutional stakeholders, including the 
Cirata Reservoir Management Agency (BPWC – Badan 
Pengelola Waduk Cirata), PT Pembangkit Jawa Bali 
Cirata (PT PJB – Perseroan Terbatas Pembangkit Jawa 
Bali Cirata), the West Java Provincial Government, 
and the local governments of Cianjur, Purwakarta, 
and West Bandung districts. This multi-stakeholder 
management structure gives rise to various governance 
issues. Although the reservoir spans three districts, 
its management authority has been delegated to the 
West Java Provincial Government. Consequently, local 
policies, such as Regent Decrees and district-level 
regulations, do not apply to the reservoir.

Despite holding full authority, the West Java 
Provincial Government’s programs often fail to address 
stakeholder needs due to limited human resources and 
conflicts arising from regional autonomy. Approximately 
30% of local regulations are misaligned with provincial 
directives, further exacerbating inefficiencies. The 
BPWC, appointed by PT PJB with the Governor’s 
approval, plays a crucial role in maintaining the 
reservoir but is limited to tasks like cleaning, greening, 
and monitoring water quality and quantity. However, 
stakeholders perceive the BPWC as the “owner” of the 
reservoir, overshadowing the provincial government. 
Overlapping policies and interests among stakeholders 
exacerbate tensions, complicating the integrated 
utilization of rivers and lakes in West Java. 

Given the diverse functions of these water bodies 
- including navigation, water balance, and fisheries 
- formulating a shared sustainability vision is 
essential to resolving conflicts. Drawing lessons from 
the Netherlands, where a centralized water authority 
harmonizes policies across jurisdictions, [17] West Java 
could adopt a similar integrated governance framework 
to reduce policy fragmentation and improve stakeholder 
collaboration. Such an approach is particularly crucial 
for balancing the multifunctional roles of water bodies in 
navigation, fisheries, and water resource management.

Programs like Citarum Harum, based on Presidential 
Regulation No. 15/2018 on Controlling Pollution and 
Damage in the Citarum River Watershed, exemplify 
government efforts to improve water management. 
These initiatives have achieved significant progress, 
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Figure 3 Location Quotient Gross Regional Domestic Product Value

Figure 4 Number of Passenger Flows in Cirata, Saguling, Jatiluhur, Kalipucang,  
Majingklak, Muara Gembong Service Areas, [28-29] 
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unreachable by road, facilitates goods distribution, and 
encourages social mobility. For instance, in Saguling, 
60% of users rely on IWT for accessing markets and 
educational facilities.

The IWT is also deeply integrated with 
local cultural life. In the Cirata Reservoir, various 
recreational activities and traditional ceremonies, such 
as annual boat races organized by the Indonesian 
Rowing Sports Association at Jangari, underline  
the cultural significance of waterways [31]. Traditional 
boats like the Compreng in Majingklak and  
Kalipucang, and the Eretan in Muara Gembong, not 
only serve functional purposes but also preserve cultural 
heritage, reflecting traditions from the Javanese 
culture of Cirebon and the Tarumanegara Kingdom  
[32-33].

Despite these benefits, the IWT faces socio-
environmental challenges. Waste mismanagement, 
particularly in the Citarum River Basin, causes 
severe pollution, disrupting ecosystems and affecting 
water quality. Of the 445,000 tons of waste generated 
annually, only 27% is processed, leading to health and 
environmental issues [34]. Learning from initiatives 
like India’s Namami Gange program [35-37], West Java 
could adopt community engagement and technological 
interventions to mitigate pollution while preserving its 
socio-cultural identity.

3.4 	Technology aspects

West Java’s IWT systems reflect a  blend of 
traditional craftsmanship and modern technology. 
Traditional watercraft, such as boat taxis in Cirata, 
Saguling, and Jatiluhur, Compreng boats in Kalipucang 
and Majingklak, and bamboo rafts in Muara Gembong, 
showcase local ingenuity. These vessels are often crafted 
by artisans in Cipeundeuy and Baleendah, emphasizing 
the region’s skill in boat-making [38-39]. Motorized 
boats and fiberglass vessels have enhanced operational 
efficiency, but traditional crafts remain prevalent, 
particularly in areas like Muara Gembong. However, 
maintenance costs and inadequate infrastructure 
hinder their utilization, with 40% of vessels in Saguling 
underutilized due to inadequate infrastructure, as 
illustrated in Figure 5 [40]. 

Technological advancements in countries like 
Bangladesh - including digital navigation systems and 
maintenance subsidies - offer insights for revitalizing the 
IWT systems [41-42]. Implementing such innovations in 
West Java, along with operator training programs, could 
enhance efficiency and sustainability. Challenges such 
as irregular mooring facilities, insufficient docks, and 
inadequate equipment (e.g., fenders, jetties, and traffic 
signs) [43] persist in service areas like Cirata, Saguling, 
and Jatiluhur [30]. Addressing these infrastructure 
deficiencies is essential for improving operational 
reliability. 

0.88), with an additional charge for motorbike transport. 
These affordable rates ensure equitable access for lower 
- income populations, fostering economic inclusivity  
[21, 25].

Global experiences highlight the transformative 
potential of IWT integration. For example, the 
Rhine River in Europe has successfully connected 
trade hubs through multimodal transport systems, 
combining waterways with road and rail networks. This 
approach has significantly enhanced regional economic 
competitiveness and seamless trade connectivity [26-
27]. West Java could adopt a similar framework to 
harmonize its transport infrastructure and maximize 
IWT’s economic impact.

The environmental benefits of IWT are equally 
noteworthy. By offering a low-carbon alternative to 
road transport, IWT contributes to the reduction of 
greenhouse gas emissions, aligning with West Java’s 
environmental goals. The integration of IWT has already 
resulted in a 15% reduction in road congestion, further 
enhancing transport efficiency across the region. These 
initiatives underscore the importance of sustainable 
transportation systems in supporting economic growth 
and environmental sustainability.

In conclusion, while challenges such as 
sedimentation and fluctuating passenger demand 
persist, the development of IWT presents significant 
opportunities for West Java. By leveraging affordable 
fares, enhancing transport infrastructure, and drawing 
lessons from global best practices, the region can foster 
economic equity, improve trade connectivity, and achieve 
its environmental objectives.

3.3	 Socio-cultural aspects

The Inland Waterway Transportation (IWT) in West 
Java reflects significant socio-cultural characteristics, 
including community acceptance, local operation, 
and cultural compatibility. Previous studies have 
demonstrated IWT’s vital role in supporting community 
mobility, particularly between Saguling and Batujajar, 
facilitating market access and educational activities, and 
stimulating local economic movements [18, 30]. Beyond 
providing access, IWT fosters economic integration 
between regions and strengthens social ties.

Affordability is another key aspect, ensuring 
accessibility for various socio-economic groups, 
particularly the middle and lower classes. For instance, 
fares in Saguling range from IDR 5,000 to 7,000 (EUR 
0.30–0.41), while boat rental rates in Jatiluhur are IDR 
25,000 (EUR 1.47) for both long and short routes. In 
Kalipucang, fares start at IDR 15,000 (EUR 0.88), and 
increase if transporting motorbikes. These affordable 
rates highlight IWT’s role in promoting social equity 
and inclusivity.

The IWT complements other modes, particularly in 
areas with limited land infrastructure. It connects regions 
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3.6	 Environmental aspects

Environmental challenges significantly impact the 
IWT systems in West Java. Sedimentation, accumulating 
at 1.2 million cubic meters annually, and invasive water 
hyacinths reduce navigable capacity by up to 40% 
during peak seasons. These issues increase operational 
costs and disrupt services. For example, reservoirs 
like Cirata, Saguling, and Jatiluhur face declining 
waterway accessibility due to sediment build-up and 
water hyacinth growth [19, 51-52].

Land use surrounding watersheds, including 
agriculture, forestry, and urbanized areas, exacerbates 
these challenges by contributing to sedimentation 
and pollution. Figure 6 illustrates the impact of land 
use on transport demand, emphasizing the need for 
sustainable practices. Furthermore, overuse of driftnets 
in reservoirs exacerbates water pollution, complicating 
IWT operations [53-54]. 

3.5	 Legal aspects

Provincial and district spatial plans in West Java 
incorporate zoning regulations to support the IWT 
development by safeguarding waterway corridors and 
restricting disruptive activities. Those plans outline 
critical infrastructure programs, such as river and lake 
crossing piers and transport routes, while enforcing 
restrictions to protect water bodies and shipping lanes 
[44-49].

However, enforcement remains inconsistent, with 
35% of zoning violations attributed to inadequate 
regulatory oversight. The Mississippi River in the 
United States demonstrates the effectiveness of real-
time monitoring and strict enforcement in maintaining 
waterway safety and efficiency [50]. By adopting 
similar practices, such as real-time tracking and robust 
regulatory frameworks, West Java could strengthen 
compliance and protect critical transport infrastructure

Figure 5 Number of Modes of IWT, [12] 

Figure 6 Land Use of the West Java IWT River Basin/Reservoir, [55-59] 



A8 	 I S P A N D I A R I  e t  a l .

C O M M U N I C A T I O N S    2 / 2 0 2 5 	 V O L U M E  2 7

integration of IWTs. Challenges faced, including 
overlapping policies and environmental issues, such as 
water hyacinth and sedimentation, were identified as 
weaknesses. Opportunities for the IWT development 
include promoting social equity and strengthening 
regulations. However, threats such as management 
inefficiencies and environmental degradation must 
be addressed to ensure sustainable growth of IWT  
services.

5	 Conclusion 

In this study is underscored both the significant 
potential and challenges in developing Inland Waterway 
Transportation (IWT) in West Java. Key opportunities 

Strategies from the Danube River, such as dredging 
and riverbank restoration, provide a model for addressing 
sedimentation and maintaining navigability. Adopting 
these measures in West Java, alongside regulating 
fishing activities and controlling water hyacinth growth, 
could enhance waterway resilience and operational 
sustainability [60-64].

4	 Discussion 

The PESTLE analysis presented in Section 3 was 
integrated into a  SWOT matrix for IWTs in West 
Java, Indonesia (Table 2). The results highlighted key 
strengths, such as central government support for 
watershed management, affordable tariffs, and cultural 

Table 2 Matrix PESTLE_SWOT IWT West Java Indonesia

Strengths

Political P1: Support from the central government on watershed management

Economic Ec1: Have affordable fares for local people

Socio-Cultural S1: Transport that is socially acceptable and integrated with local culture

Technological T1: Transport modes have the characteristic of adjusting to technology

Legal L1: Direction of controlling the spatial utilization of the shipping channel area in provincial and 
district spatial planning

Environmental E1: Reduce carbon emissions

Weaknesses

Political P2: Overlapping policies and interests of various stakeholders

Economic Ec2: Passenger flows tend to fluctuate (unstable)

Socio-Cultural
S2: Lack of public awareness of the importance of water resources (The habit of throwing garbage 
in the watershed or reservoir and the industrial community does not yet have a waste disposal 
permit)

Technological T2: Inadequate mooring facilities

Legal L2: The complexity of licensing and approval procedures may slow down IWT development.

Environmental E2: Water hyacinth and garbage growth and sedimentation

Opportunities

Political P3: The West Java IWT development program is one of the important agendas of the West Java 
local government work plan

Economic Ec3: Encourage regional base sector commodity distribution

Socio-Cultural S3: Promoting social equality

Technological T3: The mode or boat is a local innovation

Legal L3: Opportunities to strengthen regulations favoring IWT transportation development through 
advocacy and collaboration with relevant stakeholders.

Environmental E3: Diversity of land uses that have activities indicating potential transport demand

Threats

Political P4: Implementation of management policies that are considered ineffective

Economic Ec4: The investment cost of maintaining shipping lanes by widening and dredging rivers and 
lakes, which is costly

Socio-Cultural S4: Social conflicts or protests from local communities who feel aggrieved by the IWT arrangement

Technological T4: The number of modes owned tends to remain fixed and decrease and there are still areas with 
modes that are not adaptive to technology.

Legal L4: Risk of lawsuits from parties who feel aggrieved by the IWT arrangement

Environmental E4: Distribution of driftnet cages
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motorized boats and digital navigation systems, should 
be promoted, alongside preserving cultural heritage 
through traditional boat integration. Strengthening 
multimodal connectivity and exploring new trade routes 
can further boost economic viability. With a coordinated 
and evidence-based approach, the IWT in West Java 
can become a cornerstone of sustainable transportation, 
fostering economic equity, reducing environmental 
impacts, and preserving the local cultural identity.
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include strong governmental support, affordable fares 
promoting social equity, and alignment with local cultural 
and technological contexts. The IWT’s potential to reduce 
carbon emissions and facilitate economic growth through 
improved commodity distribution further enhances its 
strategic value. However, environmental issues, such as 
sedimentation, water hyacinth proliferation, and waste 
mismanagement, pose significant barriers, compounded 
by infrastructure inadequacies, policy fragmentation, 
and economic challenges, including high investment 
costs and fluctuating passenger demand. These factors 
collectively impede the development of a sustainable and 
efficient IWT system in the region.

To address these challenges, a multi-faceted 
strategy is essential. This includes centralizing 
governance to align policies, modernizing infrastructure, 
and implementing sediment and waste management 
programs to enhance the environmental sustainability.  
Environmental protection is a  crucial and inseparable 
part of any economic activity that significantly impacts 
the environment; therefore, economic development 
must be conducted in an environmentally safe 
manner [65]. Technological advancements, such as 
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Resume
The purchasing behavior of the population affects both passenger and 
freight traffic in cities. On the contrary, indicators of purchasing behavior 
are influenced by the characteristics of an individual, as well as external 
factors. The purpose of the conducted research was to analyze the 
population's purchasing behavior under martial law conditions. Data was 
collected by surveying residents of Ukraine's rear regions. Multinomial 
models of the frequency of purchases and transportation choice during 
shopping were formed. Martial law conditions and changes in the population 
size in the rear regions, change the general trends in purchasing behavior. 
The most visible trends are: a significant share of purchases made online, 
the popularity of shopping close to home, and the tangible impact of owning 
a car on the frequency and mode of shopping trips. The results obtained may 
be helpful in predicting consumer behavior in crisis scenarios.
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many countries, which is confirmed by numerous studies 
[4-6]. The volume of online purchases, which has already 
been actively growing since 2010, increased rapidly in 
2020. According to the data from Statista, in 2020, the 
volume of global online sales totaled $4.29 trillion, which 
is $0.83 trillion higher than in 2019; in 2010, the volume 
of online trade totaled $572 billion. In 2023, the volume 
reached $6.52 trillion.

However, possible assumptions that the growth 
of online trade will significantly reduce the volume 
of purchases in physical stores are not conclusive at 
this time. According to previously conducted research, 
summarized in the work of Le et al. [7], four types of 
influence of online shopping on the behavior of the 
population during movements are distinguished:
•	 online purchases can substitute shopping trips (and, 

therefore, reduce their number), 
•	 online purchases can complement shopping trips 

(and, therefore, increase their number),
•	 online shopping can modify the nature of shopping 

trips (change of routes, modes of transportation, 

1	 Introduction

Changes in logistical concepts associated with the 
development of production and changes in consumer 
expectations imply an increase in the frequency of 
deliveries, which, in contrast, reduces the required level 
of stocks and sizes of deliveries and ensures the speed of 
delivery desired by customers. Conversely, it raises the 
volume of freight traffic, increasing congestion, pollution 
and accidents [1]. Transport also consumes many energy 
resources [2].

Urban freight flows related to shopping consist of 
three main components [3]: 
•	 movement patterns of the population for shopping 

in stores (markets, etc.) - shopping mobility,
•	 trips of commercial transport that delivers goods to 

stores (to markets, etc.) - shop restocking mobility,
•	 trips of commercial transport that delivers goods to 

online buyers - E-purchase delivering mobility.
The global COVID-19 pandemic had a  significant 

impact on the purchasing behavior of the population in 

https://orcid.org/0000-0003-1989-1053
https://orcid.org/0000-0003-3645-1586
https://orcid.org/0009-0005-2364-3441
https://orcid.org/0009-0004-9057-2770
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chains [18-19]. The conditions of martial law impact not 
only logistical processes but the purchasing behavior of 
the population, as well.

Traditionally, work-related mobility is considered 
as the primary movement type in cities. Secondly, 
depending on the type of settlement, there is mobility 
related to education, leisure, or shopping. Nonetheless, 
shopping trips are most interconnected with urban 
freight traffic. The increase in demand for shopping 
leads to an increase in demand for delivery of goods to 
places of purchase, last-mile delivery and, in part, an 
increase in the volume of garbage removal.

In this paper were examined the peculiarities of 
the formation of demand for mobility to shop in the rear 
regions under the conditions of martial law, considering 
the following features:
•	 significant population growth in the rear regions 

due to internally displaced persons (IDPs),

destinations, duration of trips, etc.), 
•	 online purchases may not affect shopping trips.

There are still no definitive conclusions about 
whether substitution or complementation has more 
influence [8]. Some studies observe the effect of 
substituting physical shopping with online shopping 
[9-11], other studies confirm that online shopping 
complements shopping in stores [12-14]. According to 
Rai [15], the likelihood that active online shoppers will 
make fewer shopping trips is potentially limited.

The pandemic and related economic changes have 
impacted supply chains in general and last-mile logistics 
in particular [16]. It was the pandemic that highlighted 
the potential fragility of supply chains in the face of 
unpredictable risks [17]. However, unfortunately, the 
COVID-19 pandemic is not the only risk that logistics 
has faced in recent years. A full-scale Russian invasion 
of Ukraine in 2022 posed new challenges to supply 

Table 1 Study of purchasing behavior parameters of the population that affect the frequency of purchases 

Reference Research purpose Survey place, 
sample size

Applied methods Demographic 
characteristics 

Other characteristics

Ding and Lu, 
2017 [13]

correlation between 
online purchases and 

in-store purchases Beijing (China), 
537

Structural 
Equation 
Modelling 

age, gender,
occupation type,

income level,
household size, car 

availability

presence of a 
physical store, 

experience using the 
Internet

Lee et al., 2017 
[12]

correlation between 
online purchases and 

in-store purchases

Davis, California,
2000

Pairwise Copula 
Models

education,
occupation type,

income level,
car availability

shopping attitude 
factors, level of 

the physical store 
accessibility

Maat, K., 
Konings, R. 
(2018) [21]

online and in-store 
purchase frequency 

modelling

Leiden urban 
region (the 

Netherlands), 534

Binary 
Logit Model, 

Fractional Logit 
Model

age, gender,
education,

occupation type, 
income level, 

household size, car 
availability

goods type (books, 
clothes, groceries), 

physical store 
accessibility

Kalia, P. (2019) 
[22]

online purchase 
frequency modelling India, 308 Chi-square 

Statistic

age, gender,
education,

occupation type,
income level,

marital status

-

Shi et al., 2019 
[10]

correlation between 
online purchases and 

in-store purchases Chengdu (China), 
710 

Regression 
Analysis 

age, gender,
education,

income level,
car availability,

cost of living 

goods type 
(clothes and shoes, 

electronics, food and 
drink, cosmetics)

Truong and 
Truong, 2022 

[4]

influence of the 
pandemic USA, U.S. Census 

Bureau data 

Logistic 
Regression

age, gender,
race,

income level,
marriage status

fears for health and 
financial conditions

Arranz-Lopez 
et al., 2023 [29]

correlation between 
online and in-store 

purchases

Germany,
Mobilitat in 

Deutschland (MiD) 
survey data 

Fractional 
Regressions

age, gender,
education,

income level

city size and the 
weekday: working 

day, weekend
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of the formation of logit models of the frequency of 
purchase and the choice of the mode of transportation 
when making a  purchase, which are the components 
of the general model of the demand for purchases. 
A discussion of the obtained results and conclusions is 
given in Section 5.

2	 Literature review

Within the literature review, the focus was on sources 
related to the study of the population’s purchasing 
behavior and modelling the parameters of demand for 
purchases (Tables 1-3). 

Table 1 presents research focused on modelling the 
frequency of purchases.

Table 3 presents research aimed at the choice of the 
mode of transport for the shopping trip.

According to the scientists, the main indicators, 
characterizing the purchasing behavior, are: the 
time of purchase, the place of purchase, the method 
of purchase and the method of movement after the 
purchase. Purchasing behavior is influenced by the 
socio-demographic characteristics of an individual, as 

•	 curfew and related restrictions in the work of 
shopping establishments, public transport (PT) and 
movement in general,

•	 suspending trading establishments during the 
working hours due to air raid alarms or lack of 
electricity. 
In general, in the context of military operations, rear 

regions are considered to be areas located away from the 
front line and active combat, providing relative safety 
for the placement of critical infrastructure, industrial 
enterprises, and humanitarian aid. The Government of 
Ukraine, as of 2024, classified seven Ukrainian regions 
as rear areas (for more details, see section 3.1).

Given the secrecy of most statistical data under 
martial law, the study’s information was collected 
by conducting questionnaire surveys. The paper is 
organized as follows. Section 2 presents the results 
of the analysis of literary sources on the study of the 
purchasing behavior of the population and modeling 
of the parameters of demand for purchases. Section 3 
describes the results of surveys conducted to study the 
purchasing behavior of the population of differently 
sized settlements in the rear regions of Ukraine during 
the period of martial law. Section 4 presents the results 

Table 2 Study of purchasing behavior parameters of the population

Reference Research purpose Survey place, 
sample size

Applied methods Demographic 
characteristics 

Other characteristics

Comi and 
Nuzzolo, 2016 

[3]

shopping model 
sub-system, which 
combines demand 

estimation for 
in-store and online 

purchases

Rome (Italy), 800

Multinomial 
Logit Model 

(MNL), Scenario 
Forecasting

age, gender,
occupation type,
household size

goods type (clothing, 
electronics, hygiene 

and household 
products, other goods)

Suel and 
Polak, 2017b 

[20]

general model that 
includes the choice 
of store, purchase 
method (offline or 

online) and shopping 
trip mode

London (UK), 121
Discrete Choice 

Modelling, Monte 
Carlo Method

age distance to the 
physical store, cost of 
delivery when buying 

online

Russo and 
Comi, 2020 

[24]

modelling the 
demand for urban 

shopping trips
Rome (Italy), 200 MNL

age, gender,
occupation type,

income level,
household size 

trip characteristic (trip 
time, accessibility), 

goods type and weight 

Spurlock et 
al., 2020 [8]

modelling of the 
choice of receiving 

the purchase method 
(delivery or trip) 

California (USA), 
1012 MNL

age,
income level,

presence of children 
in the 

household 

goods type (groceries, 
clothing, household 

items, meals), 
population density

Tao et al., 
2022 [28]

changes in purchase 
behavior under the 

influence of the 
pandemic

China, 1742 Regression 
Analysis

age, gender,
education,

income level

purchase object, 
place, timeframe, and 

method

Vrba et al., 
2024 [30]

demand for online 
shopping (the 

difference in the 
buying behavior of 
local residents and 
foreign city users)

Czech Republic, 
307 MNL

age, gender,
foreign city user 

status

-
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studies conducted in cities (or countries) that examine 
the long-term effects of a particular risk factor (such as 
martial law). 

3	 Data collection and describing

The purpose of the conducted research was to 
determine the purchasing behavior of the population 
under long-term conditions of increased risk. To achieve 
our objectives, we use a step-by-step research approach, 
as illustrated in Figure 1: conducting a literature review 
about the study of purchasing behavior parameters of 
the population (Section 2), data collection using a survey 
and analyzing research conditions and data results 
(Section 3), formation of shopping trips model in martial 
law conditions (Section 4).

3.1	 Peculiarities of the functioning of the rear 
regions of Ukraine under martial law

Russia’s full-scale invasion of Ukraine caused, 
among other things, significant changes in the structure 
of the population and the displacement of Ukrainians. 
Millions of people were forced to leave their homes: as 
of June 2024, there are 3.3 million IDPs [33]. About 
a quarter of IDPs were received by the rear (according to 
the classification of the Cabinet of Ministers of Ukraine) 
western regions of Ukraine (Table 4) - 770 thousand 

well as external factors (characteristics of land use, 
transport system parameters, etc.).

The work of Suel and Polak [9] includes a review of 
earlier studies related to the research of buyer behavior 
in choosing a place of purchase, frequency of purchase 
and mode of transportation for shopping. In addition, we 
did not conduct a more detailed review of the literature 
on the impact of online shopping on travel demand, as 
this is thoroughly covered in Le et al. [7].

Summarizing the literature review, it is mentioned 
to note the interest in modelling the behavior of 
transport systems users considering regional conditions 
and characteristics. Many studies use an integrated 
modelling approach, combining several methods for 
a  more comprehensive analysis. The results obtained 
contribute to understanding the features of urban 
transport systems’ functioning in different conditions 
and allow for the proposal of measures to increase the 
sustainability of transport systems.

The analysis also highlights several gaps in existing 
research. Firstly, only one study was found [30], which 
concerns Eastern European countries (however, it is 
worth noting that the search was conducted only among 
English-language sources). Although the impact on 
purchasing behavior of differences related to national 
culture is confirmed, for example, in the studies of 
Pena-Garcia et al. [31], which focused on e-commerce 
and Liobikiene et al. [32], which investigated “green” 
shopping. Secondly, apart from studies examining the 
impact of the COVID-19 pandemic, there are almost no 

Table 3 Study of purchasing behavior parameters of the population that affect the mode of shopping trips

Reference Research purpose Survey place, 
sample size

Applied methods Demographic 
characteristics 

Other characteristics

Meena et al., 
2019 [23]

mode choice for 
shopping mall 
trip modeling 

(for economically 
developing region)

Mumbai, 650
MNL, 

Nested Logit 

age
gender

occupation type
income level

car availability

-

Anwari et al., 
2021 [25]

purchase frequency 
and mode choice 
in shopping trip 

modelling (impact 
of the COVID-

19 pandemic for 
economically 

developing region)

Bangladesh, 572
Ordinal Logistic 

Regression, 
Sankey Diagrams

age
gender

occupation type
income level

region of living

-

Ramezani et 
al., 2021 [26]

mode choice 
modelling in 

shopping trips 
(focused on older 

adults -aged 55-75)

Helsinki (Finland), 
607

Factor Analysis, 
Integrated 
Choice and 

Latent Variable 
Model

gender
income level
having a pet
living in an 
apartment

travel time cost and 
frequency 

Zhang et al., 
2021 [27]

mode choice 
modelling in 

shopping trips 
(focused on 
millennials)

Beijing (China), 
1555

MNL, 
latent class 

model

income level
household size
car availability

presence of children 
in the 

household

distance to the store, 
land use type, attitude 

to active movement 
types
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of more than 500 thousand people. Another seven cities 
have a  population of 100 thousand to 500 thousand 
people, and 55 cities - from 10 to 100 thousand people. 
The total share of the urban population is 47% and 
varies from 37% in the Zakarpattia region to 61% in the 
Lviv region. 

3.2	 The structure of the interviewed sample

To collect data on the purchasing behavior of the 
population, an online questionnaire was created, which 
consists of three parts: purchasing behavior (frequency 
and places of purchases of groceries and non-food 

people. The actual increase in the population in the 
rear regions is even higher since some of the people who 
moved from other regions are not registered as IDPs. The 
share of women among IDPs ranges from 60% (Rivne 
region) to 65% (Zakarpattia region), the share of the 
population aged 18 to 59 years - from 50% (Chernivtsi 
and Zakarpattia regions) to 60% (Lviv region) [33].

Changes in the parameters of population movements 
are affected not only by changes in its structure but 
also by other characteristics typical for martial law, in 
particular, the curfew and related restrictions on the 
work of both points of interest and transport. 

Among the cities of the western part of Ukraine, 
Lviv belongs to a category of big cities with a population 

Figure 1 Stages used in the study

Table 4 Some characteristics of the functioning of the rear regions of Ukraine 

Region

Number of officially 
registered IDPs as of 

June 2024: thousands of 
people

Change in population as 
of June 2024 compared to 

January 2022
Curfew

The period of PT 
operation in the 
regional center

Lviv region 213 + 8% 00:00 - 05:00 06:00 - 22:00

Ivano-Frankivsk region 116 +9% 00:00 - 05:00 06:00 - 22:00

Ternopil region 66 +7% 00:00 - 05:00 06:00 - 21:00

Zakarpattia region 126 +10% - 06:00 - 22:00

Volyn region 45 +5% 00:00 - 05:00 06:00 - 22:00

Rivne region 46 +4% 00:00 - 05:00 06:00 - 22:00

Chernivtsi region 88 +12% 00:00 - 04:00 06:00 - 22:00

Khmelnytskyi region 70 +7% 00:00 - 05:00 06:00 - 22:00

                                       
                                                a)       						                b)

Figure 2 Structure of the sample of respondents: a) by household size, b) by the average monthly income  
of the household (during the survey period, 1 euro ≈ 43 UAH)
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sized and small cities, the majority of trips for shopping 
are made by private transport (33% of respondents 
consider it the main way to travel for shopping, and 
another 7% use it regularly). Among the residents of the 
villages, trips by personal transport also prevail: 38% 
chose it as the main type of movement when making 
purchases, and another 15% use it regularly). 

When asked about the mode of transportation 
during the last purchase, 33% of respondents chose 
the option “personal car”, 19% chose “public transport”, 
41% chose “walking”, and 7% chose the “Other”  
option. 

General trends in frequency of purchases vary by 
product type. The settlement size has a more noticeable 
effect on the frequency of purchases of non-food products 
(Figure 4).

Most respondents shop for groceries several times 
a week: this is characteristic of 67% of rural residents 
and 73% of urban residents. Among residents of villages, 
the percentage of answers “once a  week” and “several 
times a month” is slightly higher compared to residents 
of cities. This may be due to less available stores 
(smaller selection, greater distance to the store, etc.). The 
frequency of purchases of non-food products is expectedly 
lower: most respondents make such purchases several 
times a month. However, for residents of medium-sized 
and small cities, the difference in the frequency of such 
purchases is the smallest.

Analysis of the data on the popularity of making 
a  purchase in various ways (Table 5) confirms some 
assumptions made during analyzing the distribution of 
purchases by frequency. In particular, rural residents 
are less likely to shop for groceries in stores within 
walking distance (61% of respondents against 68.5% of 

products), data on the last purchase and socio-economic 
characteristics of the respondent. The resulting sample 
includes 323 responses: 37% from men and 63% from 
women. Among all the respondents, 54% are residents 
of Lviv (a  large city with a  population of more than 
500 thousand people), 5% - residents of towns with 
a  population of 100 thousand to 500 thousand people, 
22% - residents of cities with a population of less than 
100 thousand people and 19% - residents of rural 
settlements. The average age of respondents is 28 years, 
and 71% of respondents are under 30 years old. The 
total of 60% have a personal car in the household. The 
share of the working population in the sample is 41%, 
students - 52%. Data on the distribution of the sample 
of respondents by household size and average monthly 
household income is presented in Figure 2.

Since the share of residents of medium-sized cities 
in the sample structure is small, for further analysis, 
medium-sized and small cities are combined into one 
group. 

3.3	 General survey results

Among the residents of Lviv, half of the respondents 
chose several options for mode of transportation for the 
purpose of shopping, which they use with approximately 
the same frequency (Figure 3). In general, among this 
share of the population, there is an even distribution 
of movements by public transport and on foot (16% of 
respondents chose it as the main mode of movement and 
16.5% use it regularly), slightly fewer respondents chose 
private transport (17% - as the main mode of movement 
and 11% use it regularly). Among residents of medium-

37%

22%

37%

4%

31%

25%

36%

8%
30%

35%

27%

8%

Big cities - cities with population >500 000 people (Lviv), medium and small cities - cities with population < 500 000 people

Figure 3 Distribution of respondents’ answers regarding the mode of transportation for shopping
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“very typical” for them (55% of responses). At the same 
time, a  purchase weighing more than 10 kg was called 
“very typical” by only 5% of respondents.

4	 Results 

4.1	 Attributes of the travel mode choice model 

A  multinomial logit model (MNL), based on the 
utility theory, is used to estimate the parameters of 
shopping trips [34].

residents of small and medium-sized cities and 72% of 
residents of large cities).

Among the respondents, 25% have never made 
online purchases of groceries and only 8% of non-food 
products. With a breakdown by the size of the settlement 
among the residents of Lviv, these values are 33% and 
10%, respectively, among residents of medium and 
small cities - 19% and 6%, respectively, and among the 
inhabitants of villages - 17% and 9%.

The average purchase size does not differ 
significantly for residents of different settlements. Most 
respondents said that a purchase weighing up to 2 kg is 

 

Big city Medium and small cities Villages

several times a week once a week several times a month once a month or less

a)

Big city Medium and small cities Villages

several times a week once a week several times a month once a month or less

b)

Figure 4 Frequency of purchases: a) groceries, b) non-food products

Table 5 Places where people usually shop (percentage of responses)

Shopping place
Big cities Medium and small cities Villages

Groceries Non-food 
products Groceries Non-food 

products Groceries Non-food 
products

Shops near the house 71.7 42.4 68.5 38.1 61.0 42.5

Trip to the shopping center 12.5 26.7 14.8 23.8 18.1 21.3

Online-shopping 15.8 30.9 16.7 38.1 21.0 36.3
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attr8 - professional status: 1 if the consumer is a student, 
0 otherwise,
attr9 - professional status: 1 if the consumer is employed, 
0 otherwise.

The selected attributes characterize the proposed 
movement alternatives and the individuals (respondents) 
who make these trips. The relative convenience of each 
type of movement option depends on the purchase 
size. The settlement size affects the accessibility of the 
specific trip options.

4.2 	Selection of the model parameters

The model parameters were calculated in the 
software product XLSTAT 2024.2.2.1422. Statistical 
quality indicators of the model are provided in Table 6 
(Nagelkerke’s R2 = 0.57, Count R² = 0.72).

Low values of Pr > Chi² (<0.0001) in the log-
likelihood test, the Score test and the Wald test indicate 
that the used variables contribute a significant amount 
of information to the model [35].

Values of model parameters allow for an analysis 
of the impact of individual attributes on the probability 
of choosing a  certain mode of transportation for 
shopping. At the value of p > 0.10, a  parameter is not 
considered significant for the model. According to the 
initial simulation results, the customer’s gender is 
an insignificant parameter, so we decided to exclude 
it from the model. The final parameters of the model 
are provided in Table 7. The value of Tolerance > 
0.1 indicates the absence of multicollinearity between 
attributes. When the mode of private transport is 
a reference modality, then:

The formed MNL includes four options for mode of 
movement when making purchases:
•	 public transport (PuT),
•	 private transport (PrT),

walking (w),
bicycle, scooter, etc. (b).
The formula determines the probability of choosing 

a certain type of movement:

/exp expp V Vmod mod mod
shopping

i i
i 1

4

=
=

^ ^h h| .	 (1)

The benefits of using each of these modes of 
movement is a function of nine attributes:

V attr asamod i i
i 1

9

$b= +
=

^ h| ,	 (2)

where: asa - alternative specific attribute,
attr1 - settlement size: 1 - big cities, 2 - medium and 
small cities, 3 - villages,
attr2 - purchase size: 1 - up to 2 kg, 2 - from 2 to 5 kg, 
3 - from 5 to 10 kg, 4 - more than 10 kg,
attr3 - car ownership: 1 - yes, 0 - no,
attr4 - age of respondent,
attr5 - gender of the respondent: 1 - male, 2 - female,
attr6 - household size: numbers from 1 to 4 correspond 
to the number of people in a  household, number 5 - 
household size of 5 or more,
attr7 - average monthly household income: 1 - less than 
8 thousand UAH (≈185 euro), 2 - from 8 thousand to 14 
thousand UAH (≈185-325 euro), 3 - from 14 thousand to 
20 thousand UAH (≈325-465 euro), 4 - from 20 thousand 
to 30 thousand UAH (≈465-700 euro), 5 - from 30 
thousand to 40 thousand UAH (≈700-930 euro), 6 - more 
than 40 thousand UAH (≈930 euro),

Table 6 Goodness of fit statistics

Statistic Chi-square Pr > Chi²
-2 Log(Likelihood) 152.358 <0.0001

Score 126.941 <0.0001
Wald 78.575 <0.0001

Table 7 Model parameters (reference modality - private transport)

Coefficient of 
attribute Tolerance

Public transport Walking Bicycle, Scooter

Value p (Pr > Chi²) Value p (Pr > Chi²) Value p (Pr > Chi²)

ß1 0.786 0.005 0.987 -0.511 0.129 1.335 0.004‡

ß2 0.737 -0.721 0.041‡ -0.652 0.041‡ 0.403 0.220

ß3 0.843 -3.279 < 0.0001‡ -2.884 0.000‡ -4.686 < 0.0001‡

ß4 0.390 -0.008 0.795 0.019 0.518 -0.094 0.032‡

ß6 0.762 0.022 0.915 0.018 0.927 -0.905 0.001‡

ß7 0.708 -0.307 0.081‡ -0.043 0.804 0.350 0.102

ß8 0.134 -1.141 0.461 -1.433 0.293 -5.105 0.001‡

ß9 0.198 -0.890 0.506 -1.639 0.160 -5.071 0.000‡

asa 6.024 0.010 5.308 0.013 8.077 0.003
‡ - the value of p < 0.10; the most significant parameters
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•	 several times per week (1),
•	 once a week (2),
•	 several times per month (3),
•	 once a month or less (4).

Based on the initial modelling results, the attributes 
that have a  statistically significant impact on the 
frequency of purchases were determined.

The systematic utility of frequency of grocery 
purchases is expressed as a linear combination of such 
attributes:

V attr attr asafr
food

gen gen in in$ $b b= + + ,	 (4)

where: attrgen - gender: 1 - male, 2 - female,
attrin- average monthly income level of a household: from 
1 to 6.

The probability of grocery purchase frequency of 
once a week or less:

/ expp V1 1fr
food food
2 2= + -_ ^ hi .	 (5)

The systematic utility of frequency of non-food 
purchases is expressed as a linear combination of such 
attributes:

,

V attr attr

attr attr asa

fr
non food

age age gen gen

car car city city

$ $

$ $

b b

b b

= + +

+ + +

-

	 (6)

where: attrage - age of customer,
attrcar - owning a car: 1 - yes, 0 - no,
attrcity - settlement size: 1 - big city, 2 - medium and small 
cities, 3 - villages.

The parameters of the binomial model for the 
frequency of purchasing groceries are presented in Table 
8 (Nagelkerke’s R2 = 0.16, Count R² = 0.65).

Values of grocery shopping frequency model 
parameters are presented in Table 9.

The probability of grocery shopping several times 
a  week increases as the average monthly income level 
of the household goes up. Women are also more likely to 
shop for groceries more often than men.

The parameters of the multinomial model of the 
purchasing frequency of non-food products are presented 
in Table 10 (Nagelkerke’s R2 = 0.11, Count R² =0.53)

.

exp exp exp

exp

V V V

V

1PrT PuT w

b

= + + +

+

^

^

^ ^h

h

h h
	 (3)

 

Owning a car reduces the likelihood of using the 
public transport, walking, cycling or riding a scooter 
for shopping. Moreover, owning a car has the most 
significant negative impact on the likelihood of using 
bicycles or scooters. In addition, the probability of using 
own car increases compared to the probability of using 
public transport or walking with the increase in purchase 
size (for the bicycle/scooter mode, this attribute does not 
have a statistically significant impact). The probability 
of using public transport decreases with the growth 
of the household’s average monthly income. However, 
income does not affect the change in probability of using 
active types of movement (walking and cycling or riding 
a scooter).

Assessing the impact of the remaining buyer’s socio-
economic characteristics on the change in probability 
of using other modes of transportation, in relation to 
the use of private transport, is practical to be carried 
out only for the bicycle/scooter mode (for the “public 
transport” and “walking” modes, the value of p > 0.10). 
Residents of smaller settlements are more likely to use 
a bicycle/scooter. However, the probability of using this 
mode of transportation will decrease compared to the 
probability of using private transport with the increase 
in the age of buyers and the increase in the number of 
people in the household.

4.3	 Shopping frequency model attributes  
and parameters

A binomial logit model with two choice parameters 
has been used to estimate the frequency of food 
purchases:
•	 several times per week (1), 
•	 once a week or less (2).

To estimate the frequency of purchases of non-food 
products, a  multinomial logit model with four choice 
parameters has been used:

Table 8 Goodness of fit statistics

Statistic Chi-square Pr > Chi²

-2 Log(Likelihood) 15.807 0.000

Score 15.493 0.000

Wald 14.876 0.001

Hosmer-Lemeshow Statistic 65.062 <0.0001

Table 9 Model parameters (reference modality - purchase`s frequency several times per week)

Coefficient of attribute Tolerance Value p (Pr > Chi²)

bgen 0.995 -0.605 0.010

bincome 0.995 -0.201 0.002

asa 1.701 0.000
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pPrT
shopping  - the probability of choosing private transport as 

a mode of transportation to make a purchase,
pPrT
shopping  - the probability of choosing public transport as 

a mode of transportation to make a purchase.
The overall probability of purchasing depends on 

the frequency of purchases of a certain product type.
For groceries:

p p p p pshopping fr fr fr fr1 2 1 2$ $= +^ ^ ^ ^h h h h .	 (10)

For non-food goods:

,

p p p p p p

p p p p p p

p p p p p

shopping fr fr fr fr fr

fr fr fr fr fr fr

fr fr fr fr fr

1 2

2 3

4 1 2 3 4

3 4 1

2 3 4 1

$ $ $ $

$ $ $ $ $ $

$ $ $ $

= +

+

+

^

^

^

^

^

^

^

^

^

^

^

^

^

^

^

^

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

	 (11)

where: , ,,p p p pfr fr fr fr1 2 3 4^ ^ ^ ^h h h h  - the probability of 
making a purchase with a certain frequency (see section 
4.3),
p p1fr i fr i= -^ ^h h  - the probability that an individual 

will not make a purchase with a certain frequency.

5	 Discussion and conclusions

The purpose of the conducted research is to 
determine the purchasing behavior of the population 
under the long-term conditions of increased risk. Data 
collection for the study was carried out by surveying the 
residents of the rear regions of Ukraine under martial 
law.

According to survey results, 92% of respondents 
purchase at least once a week. This frequency of making 
purchases is slightly higher than the data for other 
countries and regions: according to Statista, these 
figures range from 75% to 87%. However, the obtained 
results are consistent with the research of Larson and 
Shin [37] on the purchasing behavior of the population 

The values of the parameters of the non-food 
shopping frequency model are provided in Table 11.

As the age of the respondent increases, the frequency 
of non-food purchases decreases (the probability of 
making purchases of non-food products with a frequency 
of “once a month or less” increases compared to the 
probability of making such purchases with a frequency 
of “several times a week”). Women are more likely 
than men to make such purchases with a frequency of 
“several times per month” rather than “several times per 
week”. Owning a car and living in a smaller settlement 
increases the frequency of non-food purchases.

4.4 	Demand model of purchase

Based on Russo and Comi [36], the number of 
shopping trips generated by the transport area O can be 
determined by the equation:

N N pshopping
O

res
O

shopping$= ,	 (7)

where: NresO  - the number of residents in the transport 
area of departure O,
pshopping - the probability of making a purchase.

The number of trips in the transport system caused 
by the need to make a purchase will be:

N N pPr PrT
O

shopping
O

T
shopping

$= ,	 (8)

N N pP T
O

shopping
O

P T
shopping

u u$= 	 (9)

where: NPrTO  - the number of movements with the 
purpose of purchasing within the transport area of 
departure O, made by private transport,
NP T
O
u  - the number of movements with the purpose of 

purchasing within the transport area of departure O, 
made by public transport,

Table 10 Goodness of fit statistics

Statistic Chi-square Pr > Chi²

-2 Log(Likelihood) 33.667 0.001

Score 33.003 0.001

Wald 30.457 0.002

Table 11 Model parameters (reference modality - purchase`s frequency several times per week)

Coefficient of 
attribute Tolerance

Once a week Several times per month Once a month or less

Value p (Pr > Chi²) Value p (Pr > Chi²) Value p (Pr > Chi²)

bage 0.962 0.020 0.215 0.024‡ 0.143 0.044 0.004‡

bgen 0.970 0.114 0.729 0.649 0.057‡ 0.210 0.535

bcar 0.974 -0.761 0.037‡ -0.984 0.007‡ -1.173 0.001‡

bcity 0.987 -0.291 0.056‡ -0.318 0.043‡ -0.240 0.004‡

asa 0.438 0.552 -0.345 0.651 -0.225 0.762
‡ - the value of p < 0.10; the most significant parameters
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does not significantly affect the probability of shopping 
on foot but significantly increases the probability of 
using the bicycle/scooter transportation mode. The 
second most impactful parameter is professional status. 
Moreover, this parameter has very little influence on the 
probability of using a  personal car and bicycle/scooter 
transportation mode. However, students are more likely 
to travel on foot, while the working population is more 
likely to use the public transport. 

As the settlement size decreases, the probability of 
using the bicycle/scooter transportation mode increases, 
but the probability of moving on foot decreases (perhaps, 
due to the increase of distance to the store).

The likelihood of using a personal car for shopping 
trips increases as the income level goes up. In general, 
this trend is also observed in other studies [26-27]. The 
probability of using a non-motorized type of movement 
also increases with the income level but is inverted for 
the probability of using public transport.

An increase in purchase size has a  negative 
impact on the probability of walking and increases the 
probability of using private transportation.

It is worth highlighting the high level of online 
buyers - in general, 92% of respondents made an online 
purchase at least once during the last year. According to 
Eurostat data for 2023 [38], among European countries 
only the Netherlands (92%) and Norway (91%) had such 
a  high share of online buyers (data for Ukraine is not 
available in the report). Conditions of war and martial 
law, such as:
•	 a  significant proportion of IDPs do  not know the 

surroundings well enough and prefer to shop online,
•	 restrictions and unpredictability in the working 

hours of stores due to air raid alarms,
•	 lack of electricity and curfews,
•	 lack of desired brands in physical stores due to 

issues in the supply chain,
•	 the possibility of a  lower price of purchase, which 

can be an important factor under the conditions of 
deterioration of the population’s financial situation,
as well as other conditions, can have an impact on 

the high value of this parameter, although additional 
research is required to confirm this hypothesis and 
determine the degree of influence of each of the listed 
factors. It is also interesting to note that the residents 
of villages make online purchases of groceries more 
often compared to the residents of cities (it may be 
related to a  much wider range of products in online 
stores in combination with the efficient work of delivery 
services in Ukraine - both the national postal operator 
“Ukrposhta” and private services). 

The obtained results can be helpful in developing 
measures to adjust logistic processes in long-term crisis 
situations, considering changes in population behavior.

It is worth noting that the study has limitations 
due to the complexity of data collection and the absence 
or confidentiality of statistical information during the 
martial law.

during natural disasters. People may purchase more 
often out of fear of shortages or anxiety about rising 
prices (and the desire to stock up) and for a hedonistic 
purpose.

According to the studies conducted, in general, the 
frequency of making purchases is influenced by socio-
economic characteristics such as age, gender, income 
level, and ownership of a car. The frequency of grocery 
purchases is affected by fewer factors, which is expected 
since these are products of daily consumption and are 
needed by all population categories.

The frequency of purchasing groceries is more 
significant for women than for men, which is consistent 
with many other studies [10, 13, 29]. However, men are 
more likely to purchase non-food items.

Having a higher income also increases the frequency 
of purchasing groceries, although the effect of gender 
is more pronounced. The results for the impact of 
income differ from some of the other studies where 
the dependency is reversed [10, 27, 29]. Shi et al. [10] 
explained the decrease in shopping frequency of people 
with higher income levels by the fact that they can drive 
to the mall and buy more goods in one trip. However, 
according to our research, most grocery purchases are 
made at stores within walking distance of one’s home, 
and driving to the mall is less likely than even online 
shopping. A possible explanation could be the reluctance 
to go shopping relatively far from home due to the risk 
of an air raid alarm (and therefore closing of the store), 
which would obviously increase the time spent shopping 
(among other inconveniences and dangers). Therefore, 
the population prefers to make more frequent purchases 
of smaller quantities of goods closer to home.

The frequency of purchasing non-food products also 
depends on the settlement size and having a  personal 
car. All the other conditions being equal, the frequency 
of purchases of non-food goods increases with a decrease 
in the settlement size. At the same time, the actual 
probability of such a  purchase several times a  week 
is higher for individuals who have a  personal car 
(compared to those who do  not own a  car), and this 
difference is more significant for villages. The possible 
explanation would be a  smaller selection of non-food 
goods in village stores, thus the need to travel to another 
settlement for them, so people who own a car make such 
purchases more often, as they are more mobile.

An increase in age has little effect on the probability 
of making purchases of non-food products with the 
frequency of “Once a  week” and “Several times per 
month”. Instead, it decreases the probability of 
purchases with the frequency of “several times per 
week” and increases the probability of purchases with 
the frequency of “Once a month or less”. 

Owning a car has the greatest impact on the choice 
of the mode of transportation for shopping, and, quite 
expectedly, this parameter significantly increases the 
probability of choosing the private transport mode. It 
is interesting to note that the absence of a personal car 
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Resume
Indonesian Aviation Act 1/2009, which has been adopted for more than 14 
years ago, was made to accommodate the ICAO's Universal Safety Oversight 
Audit Programme (USOAP) findings in 2007, which highlighted the need for 
legislative changes to reduce air transport accidents in Indonesia. The Act 
regulates two aspects of aviation activity, covering the public and private. 
The public sector regulates aircraft activities in Indonesia's airspace, certain 
issues are missed owing to (the) controversy over its legal terminology. 
In the private sector, the jurisdiction issue and applicability of the Act 
have consequently regarding the applicability of the Montreal Convention 
1999 was ratified by Indonesia in 2016. In this paper were examined some 
provisions in the Act by normative juridical and comparative approaches, 
emphasizing the urgent need for legal reform. It is ultimately recommended 
to amending the Act to align it with current conditions.
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the first-level safety category, even the airlines where 
the majority of shares were owned by the Indonesian 
government, such as Garuda Indonesia and Merpati [4].

At that time, several Indonesian airlines flew 
across many countries globally, including countries 
in Europe like the Netherlands. The report ranks the 
Indonesian government’s response to the European 
Union’s (EU) ban of all Indonesian airlines from flying 
across European skies [5]. In addition, the Federal 
Aviation Administration of the USA (FAA) also took 
action by sending officers to evaluate [6] and explain 
the aviation situation in Indonesia [7]. Meanwhile, 
the International Civil Aviation Organization (ICAO) 
evaluated Indonesia using the USOAP programme [8]. 
The USOAP audit report revealed unsatisfactory results 
in numerous areas of the audit, including legislation, 
organization, licensing, operations, airworthiness, 
accident investigation, air navigation services, and 
airports. As a  result, it concluded that Indonesia’s 
national legislation regarding aviation, the Indonesian 
Aviation Act Number 15/1992, was not satisfactory 
enough to fulfill the Indonesian aviation industry and 
international standardization. Therefore, to achieve 

1	 Introduction

The Indonesian Aviation Act Number 1/2009 has 
played a  significant role in the success of the aviation 
industry in Indonesia. Since it came into force in 2009, 
the Act has contributed to a significant improvement in 
the global safety ranking achieved by Indonesia in 2017, 
in the average global safety standard by the USOAP 
[1]. In its establishment, the Indonesian Aviation Act 
1/2009 replaced the previous Indonesian Aviation Act 
Number 15/1992, which was deemed unable to meet the 
significant needs of the national aviation industry [2]. 

In 2007, Indonesia was the subject of international 
concern because of several serious accidents in air 
transport [3]. Both the number and scale of the accidents 
were alarming [2]. To call a  halt to these accidents, 
the Indonesian government instituted several safety 
categories throughout the Indonesian airline companies. 
These safety levels had three categories: the first level 
was the highest practicable for all the safety instruments, 
however the second and the third were not satisfactory 
enough to fulfill all safety instruments. As a  result, 
not a  single national airline was in accordance with 

https://orcid.org/0000-0001-7955-1726
https://orcid.org/0000-0002-4020-8928


A28 	 A R A F A H  e t  a l .

C O M M U N I C A T I O N S    2 / 2 0 2 5 	 V O L U M E  2 7

Indonesia Commission for the Supervision of Business 
Competition (KPPU). The intervention of the Ministry 
of Transportation on ticket prices gave rise to the 
Commission’s disagreement with fixing a minimum and 
maximum price for passengers for safety.

The passage of the new Act in 2009 has significantly 
changed the Indonesia aviation industry in various 
sectors and wish to increase the safety score for the next 
audit result of the USOAP in 2014. Owing to the various 
controversies regarding the new Act, in 2014 the USOAP 
results for Indonesia were even lower compared to 2007, 
with only 45% compliance compared to 54% in 2007 
[12]. Specifically, in the legislative aspect, the result still 
needed improvement for the global average. The ICAO 
required Indonesia to take more legal actions to adopt 
international aviation regulation standardization in 
its implementations, including in its Aviation Act [13]. 
Surprisingly, in 2017, Indonesia successfully achieved 
a  minimum global average for international safety 
standards in the USOAP audit result, although in the 
legislative part, it is still less than the international 
average standard (see Figure 1). However, this has been 
achieved with no amendment to the Act since 2009.

According to a  report by the Indonesian National 
Accident Investigation Committee, the accident rate 
in Indonesia exceeded 40 in 2018, as illustrated in the 
table below (see Figure 2). While there was a decline in 
this rate after 2018, it began to rise again from 2022 to 
2023. This paper does not explore the reasons behind 
the fluctuations in aircraft accident rates in Indonesia. 
However, findings from the USOAP reports in 2014 
and 2017 indicate that legislative improvements are 
necessary, as the rates remain below the global average. 
Nonetheless, the Aviation Act 1/2009 was enacted as 
a response to the findings of the USOAP audit conducted 
in 2007.

a  minimum global standard, improvements were 
required by the government in these sectors, starting 
with the creation of a new Act in 2009.  

The evaluation of the USOAP result for Indonesia 
generated political awareness at the executive and 
legislative levels [9]. Both parties then agreed to draft 
a  new Act to put a  stop to the many accidents that 
had taken many passengers’ lives. The new Act is also 
wished to be a solution for safety issues and other issues 
relating to significant points in aviation, such as security 
and liability issues.

Two years later, in 2009, the new Act was passed. 
The Act regulates many aspects of the aviation industry 
and ends the deregulation era for the domestic industry 
by tightening the requirements for establishing new 
airlines. As a  result, according to Article 11 (2) of the 
Act, anyone planning to establish an airline company 
was required to operate with a minimum of ten aircraft, 
five of which were legally owned or not leased. The 
operating minimum of the aircraft and the classification 
that were asked of every company required a  huge 
capital investment [10]. The drafter of the Act realized 
that aviation safety investment must be prioritized, not 
only in the operational aspect of business.

Meanwhile, the Indonesian aviation industry 
ecosystem is gradually finding the right model. Airline 
companies are slowly adapting to standardization 
for safety, including all the airlines based on a  Low-
Cost Carrier (LCC) business model. As a  result, some 
companies that were the majority LCC collapsed due to 
difficulties financing their operations [11].

This situation has also had consequences for ticket 
prices, which are not as low as before. The Indonesian 
government awards safety costs to issue minimum and 
maximum standards for ticket prices for passengers. 
Therefore, this policy has also been criticized by the 

Figure 1 USOAP results for Indonesia in 2017, ICAO [14]
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also needs adjustment for a  safety issue that requires 
an airline company to invest, not only focusing on the 
operational aspect of the aircraft number, but also on 
safety matters [21].

Hence, some issues – like jurisdiction, authorized 
institution, aviation liberalization industry and 
delegation of air navigation over Indonesia’s territory 
in the Indonesian Aviation Act 1/2009 – need legal 
reform, due to changes in the industry and adjustments 
to domestic and international legal instruments. In 
addition, it is necessary to examine the Act in order 
to analyze certain provisions and make necessary 
adjustments to international legal instruments that 
have been ratified or will be ratified.  

2	 Methodology

In this study, a  rigorous two-fold methodological 
approach was employed to thoroughly examine selected 
provisions of the Indonesian Aviation Act. The first 
aspect involves normative juridical analysis, which 
entails a comprehensive examination of legal principles 
and interpretations within the Act. This analysis has 
focused on addressing controversies surrounding the 
definition of key legal terms and the jurisdictional 
complexities inherent in its application. Additionally, 
a  comparative framework was utilized to evaluate the 
Act’s coherence with international legal standards. 
This aspect is particularly relevant given Indonesia’s 
ratification of the Montreal Convention 1999 in 2016, 
agreement on the Realignment of the Boundary between 
the Jakarta Flight Information Region and the Singapore 
Flight Information Region in 2022 and its willingness to 
ratify the Montreal Protocol in 2014.

In addition, in this paper is highlighted the crucial 
importance of legal reform in both the public and the 
private aviation industries. The urgency of addressing 
the challenges that hinder the effective utilization and 

The Aviation Act 1/2009 was designed to fulfill the 
safety audit reports in target [16]. However, as a primary 
law in civil aviation, the Act plays an important role in 
some issues that are related to aviation activities, not 
only safety. Some provision issues, like security issues in 
airspace, the nationality of the aircraft and jurisdiction 
which are stipulated in legal terms and regulations, 
are missed by unclear definitions and legal words that 
affect legal enforcement. Furthermore, some legal issues 
related to harmonizing other international provisions 
that the Indonesian government will ratify also have an 
issue with contradictory definitions, implementation, 
and legal consequences [17].

While the Act was established mainly because of 
safety issues that affect the public sector, the Indonesian 
Aviation Act 1/2009 is designed to regulate all aviation 
activities, that has a  structure to regulate not only 
public but private provisions, as well. However, in 
both cases, either in the public or private sector, the 
issue of jurisdiction is the fundamental question that 
arises. In circumstances such as jurisdiction on unruly 
passengers, liability on damage caused by accidents, 
and mortgaging aircraft, the Act cannot be applied by 
contradicting other Articles in the Act, other Indonesian 
laws [18] and other international provisions [19] that 
apply to most other countries [20].

Therefore, fourteen years after its implementation, 
the Act has faced more challenges over its provisions. 
The ratification of international conventions in aviation 
by Indonesia, such as the Montreal Convention 1999 in 
2016, has a  significant recommendation to review and 
adopt international principles. In addition, establishing 
the Protocol of Montreal 2014 to amend the Tokyo 
Convention 1963 also has consequences for adjusting the 
Indonesian Aviation Act if the Indonesian government 
decides to ratify the Protocol. Lastly, establishing the 
Law on Job Creation in 2020 has replaced the Act’s 
provision on minimum ownership of an aircraft for the 
airline company with only one, which indicates the Act 

Figure 2 Aircraft accidents in Indonesia from 2007 - 2024,   
Indonesian National Accident Investigation Committee [15]
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As previously mentioned, the Indonesian special 
authority (PPNS) on criminal air transport for unruly 
passengers has been established to address incidents 
involving unruly passengers on both domestic and 
international flights. In terms of national regulations, 
Indonesia is looking to adopt the 2014 Montreal Protocol 
to enhance its legal framework and jurisdiction. 
However, there are challenges that Indonesia needs 
to address through legislative measures. For instance, 
implementing jurisdictional principles, particularly with 
regard to defining ‘Indonesian Aircraft’ as outlined in 
Article 4 Alphabet (C), poses significant difficulties that 
need to be addressed in harmony with the provisions 
stated in Article 1, Paragraph 6 of the Act and the 
Indonesian Criminal Code.

Article 4 of the Act states the validity of the Act for:
a.	 all utilization activities of air/space territory, 

flight navigation, aircraft, airports, airbases, air 
transportation, aviation safety and security, and 
other related supporting and general facilities, 
including preservation of the environment within 
the territory of the Republic of Indonesia; 

b.	 all foreign aircraft conducting activities from and/or 
to the territory of the Republic of Indonesia; and 

c.	 all Indonesian aircraft present outside the territory 
of the Republic of Indonesia.
In addition, Article 1, Paragraph 6 states:
An Indonesian aircraft is an aircraft that has 

Indonesian registration marks and markings of 
Indonesian nationality.

The Act’s applicability, as outlined in Article 4, 
requires greater consistency compared to other Articles. 
A prime example of a problematic legal term can be found 
in Article 1, Paragraph 6, particularly in ensuring safety 
within the Indonesia’s airspace. The definition of an 
Indonesian aircraft in Article 1, Paragraph 6 stipulates 
that it must be "an aircraft registered in Indonesia 
and bearing the national identity of Indonesia." This 
means that the Indonesian national identity, such as the 
airline’s flag, must be displayed on the aircraft, and the 
registration code of Indonesia, PK, must also be borne 
on the aircraft body. The usage of the word "and" in 
Article 1, Paragraph 6 indicates that both requirements 
are essential, and if one of the criteria is not met, the 
classification is not fulfilled.

Therefore, the use of leasing a  foreign aircraft by 
private entity, for example as was done by the owner of 
MS Glow company, Mr. Gilang, without any changes in 
the registration code to "PK", has the consequence that 
an aircraft cannot be classified as an Indonesian aircraft 
[27]. The Act at this point still maintains a "traditional" 
way of identifying the nationality of the aircraft, so 
that all the foreign aircraft need deregistration and 
then re-registration before using the aircraft in another 
territory [28] that can be classified as Indonesian aircraft. 
To return the aircraft to the lessor or other lessee, the 
lessee or lessor must undertake deregistration and 
re-registration, i.e. the same procedure as previously.

enforcement of the Act is emphasized. Consequently, in 
this study the recommendations were put forward that 
call for timely amendments to the Act, to align it with 
modern legal requirements and ensure its effectiveness 
in addressing present-day aviation safety and regulatory 
issues.

3	 Analysis and discussion

3.1	 Jurisdiction issue through the Act

The territory of a state plays a central role in 
the fundamental legal concepts of sovereignty and 
jurisdiction. Exclusivity on the jurisdiction concerning 
aviation can be defined in implementation with many 
actions in airline activity. This situation means that 
sovereignty over airspace is the point of common 
problems in regulation, such as the entry and departure 
of an aircraft, crews, passengers, and cargo and 
jurisdiction over them, and the applicability of criminal 
law, private law and special rules for the protection of 
international civil aviation [22]. Hence, for jurisdiction 
issues, the Indonesian Aviation Act covers various areas 
of regulation, including criminal acts related to public 
security in the context of a  public issue [23] and also 
a  place of jurisdiction court for lawsuits of damages 
caused by an accident of the aircraft [24]. 

While Indonesia’s legal jurisdiction applies, the rules 
concerning public safety in Indonesian aviation, including 
offenses such as hijacking, unruly passenger behavior, 
and sabotage, are very specific. The Act also governs 
the legal authority for enforcing laws in cases of unruly 
passenger behavior, which is only granted to specially 
trained civil aviation investigators under the authority 
of the relevant civil aviation agency. This authority 
is comprised of civil servants from the Directorate 
General of Civil Aviation (PPNS) [18]. The authority’s 
establishment was prompted by the criminalization of 
a  pilot following the Garuda Indonesia accident at Adi 
Sucipto airport in Yogyakarta in 2007 [25]. This incident 
also served as the catalyst for regulating the authority’s 
powers in investigating aviation accidents, which are now 
the responsibility of the National Transport Investigation 
Committee (KNKT). As a  result, the determination of 
suspect status in the air transport accidents should not 
be solely based on the perspective of the police, as was 
the case in the 2007 accident prior to the enactment of 
the Indonesian Aviation Act 2009 [26].

Furthermore, according to the specific characteristics 
of the jurisdiction in Indonesian aviation, the Act is 
taking differential authority of work with other justice 
authorities like police institutions for investigation in 
crime and the Indonesian special authority (PPNS) 
for unruly passengers. However, specific criminal acts, 
such as hijacking and sabotage are still under the police 
authority in view of the impact and advanced technology 
involved. 
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significant, not only in public matters as mentioned 
earlier. The hierarchy of Indonesian law has implications 
for the applicability of the Montreal Convention of 1999 
under the Indonesian Aviation Act. This raises concerns, 
as the ratification may not align with the principle of 
Lex Superiori Derogate Legi Inferiori, given that the 
Indonesian Aviation Act holds a  higher position than 
the Presidential Decree [24]. In light of the Indonesian 
AirAsia QZ 8501 accident in 2014, it was observed that 
Indonesian passengers received compensation based on 
the Indonesian Ministerial Regulation of Transportation 
77/2011 [31]. There remains substantial potential for 
Indonesian passengers to obtain compensation in 
accordance with the Indonesian Ministerial Regulation 
of Transportation, which serves as an implementing rule 
of the Indonesian Aviation Act rather than being based 
on the Montreal Convention of 1999. 

The jurisdictional issue in the Indonesian Aviation 
Act is crucial, considering the significant role of the air 
transport industry in Indonesia’s national economy as 
an archipelagic state [32]. National aviation regulations, 
including the Act, must accommodate the intricate 
requirements of the aviation sector at both domestic and 
international levels.

3.2	 Challenges to the act in the development  
of use of the national airspace

The challenges of implementing the Indonesian 
Aviation Act have become increasingly apparent in 
recent years, particularly in regard to security and 
safety measures. In certain areas of Indonesian airspace, 
there has been a noticeable rise in the use of foreign civil 
aircraft for non-procedural purposes. As a  result, the 
actions taken by law enforcement entities, such as civil 
servant investigators and public prosecutors, to address 
illegal civil aircraft have not been deemed sufficient by 
the military institution responsible for bringing down 
the illegal aircraft that enter Indonesia’s airspace [33]. 
At the same time, the development of technology in the 
aviation industry, such as drones, has led to questions 
over security and privacy issues. 

In regard to the security of the national airspace, 
the civil authority, as stipulated by the Indonesian 
Aviation Act, holds jurisdiction over civilian aircraft 
activities. This extends to addressing violations of laws 
within a state by aircraft, particularly foreign aircraft. 
However, it is important to note that only the military 
institution possesses the necessary tools and capabilities 
to enforce the landing of a civil aircraft using military 
jets. The Indonesian Air Force currently lacks authority 
over civil aircraft, leading to the conclusion that there 
needs to be a sharing of authority for the legal process 
between the civil and military sectors in relation to 
the law enforcement for civil aircraft [34]. As a  result, 
there is a  need to draft new provisions in the Law of 
National Air Space Management to address this issue 

In contrast, Article 83 (bis) of the 1944 Chicago 
Convention outlines more feasible regulations "when 
an aircraft registered in a contracting State is operated 
pursuant to an agreement for the lease, charter or 
interchange of the aircraft or any similar arrangement 
by an operator who has his principal place of business 
or, if he has no such place of business, his permanent 
residence in another contracting State, the State of 
registry may, by agreement with such other State, 
transfer to it all or part of its functions and duties 
as State of registry in respect of that aircraft under 
Articles 12, 30, 31 and 32(a)." This Article stipulates 
that no-changing the registration mark can also be 
alternated by transferring the function and duty by 
only agreement in order to ensure aircraft safety is 
standardized under a  jurisdiction where the aircraft is 
operated, while this provision will be more flexible in 
time and procedure [29].

In line with the previous argument, the definition 
is also outlined in the Indonesian Criminal Code, 
specifically Article 95a, which states that Indonesian 
aircraft include not only those registered in Indonesia, 
but foreign aircraft that are chartered without a  crew 
and operated by Indonesian airlines, as well. This 
provision in the Criminal Code enables an aircraft to be 
classified as Indonesian even without a "PK" registration, 
provided that it is operated by an Indonesian airline 
company. Hence, the phrase ‘the state of the operator’ 
related to jurisdiction in Article 3 of the Montreal 
Protocol 2014 does not align with Article 1, Paragraph 
6 of the Indonesian Aviation Act. However, it does 
correlate with the definition of national aircraft as per 
the Indonesian Criminal Code. As a  result, there is 
ambiguity surrounding Indonesian jurisdiction, which 
may not extend to all the Indonesian aircraft not 
registered in Indonesia, even when these aircraft are 
operated by an Indonesian company or individual.

The difference in definition between the two 
Indonesian laws will be implicated in the law that 
will apply. While the Criminal Code defines the terms 
consistency through the international law rather than 
the Aviation Act, however, a  principle of Lex Specialis 
Derogate Legi Generalis indicates that the Act as 
a  specific law in aviation will be more applicable than 
the Criminal Code as a  general law. Consistency on 
legal principles is also challenged; the use of another 
registration code for civil aircraft, like a  "P" code 
registration [30], for civil purposes but used for state 
institutions like the Indonesian Police then gives more 
complexity to the consistency of the national regulation 
on state registration. As a  civil institution, rules and 
regulations on aircraft operations shall be under civilian 
rules as stated in the Indonesian Aviation Act, even then 
the functional or the aircraft for non-civilian.

In addition, the issue of Article 4 pertaining to the 
implementation of jurisdiction in private matters under 
the Montreal Convention of 1999, which Indonesia 
ratified in 2016 through a  Presidential Decree, is also 
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passenger and cargo capacity, drones must meet separate 
operational standards [40]. Hence, drones require 
specific operational knowledge, such as registration and 
personal licensing for the pilot of the drones.

The fact that small drones are traded on the open 
market suggests that they are accessible to the public. 
However, concerns regarding privacy arose when the 
small drones were first developed, as they were often 
used for taking pictures or filming as a  hobby, which 
impacted people’s sense of security [41]. Today, with 
advancements in drone technology, they are not just seen 
as a hobby but also as a primary mode of transportation 
for expeditions [42] and humans [43], as well. They are 
becoming bigger in size, especially for use in remote 
areas not covered by commercial flights, as in Australia. 
Australia’s Civil Aviation Safety Authority (CASA) 
describes drones for transportation as RPA (Remotely 
Piloted Aircraft) [44].

Safety procedures and liability issues on drone 
activities are examples of how the Act needs to be 
updated. While a  drone is categorized as an aircraft, 
the difference in character and technology of a  drone 
compared to a conventional aircraft needs more specific 
rules and regulations than in an Act which does not 
specifically regulate and only regulates at the level of 
the Ministry of Transportation Decree [45]. Therefore, 
the amendment is absolutely necessary to meet the 
changing paradigm in aviation activities in the future. 

3.3	 Indonesian law number 11/2020  
and liberation in aviation industry

Historically, Indonesia has implemented strict rules 
on operating aircraft. Ministry Decree 127/1990 limited 
the number of aircraft that may be operated to Garuda 
Indonesia, Merpati, Mandala, Sempati, Bouraq and 
Dirgantara Air Service [46, p. 30]. However, the policy 
changed after the reformation era in 1998, caused by 
economic crises in all sectors, including air transport. 
Therefore, competition was lacking in the air transport 
industry of Indonesia during the pre-reform era.

The Indonesian air transport economy collapsed 
during 1998 – 2001, which prompted the Indonesian 
government to take action to improve the aviation 
industry by introducing a deregulation policy [47]. The 
policy was replaced by Ministry Transportation Decree 
Number 11/2001, with a  rule to limit the operational 
airlines by allowing new scheduled airlines to operate 
with only a minimum of two aircraft. As a result, many 
new airlines were born. However, most were Low-Cost 
Carrier airlines and these dominated the market [48].

While airline business increased dramatically with 
the number of new scheduled airlines and passengers, at 
the same time, the number of accidents also increased. 
As a  result, international authorities such as the 
ICAO, EASA and FAA imposed an audit of Indonesian 
safety quality. Hence, the Indonesian government issued 

effectively. In 2019, an Ethiopian Airways cargo aircraft 
was compelled to land by the Indonesian Air Force 
for unauthorized passage through Indonesia’s airspace 
[35]. The fact that the military authorities were not 
involved in the investigation process led to widespread 
dissatisfaction. Subsequently, the aircraft was released 
after being subjected to a minimal fine [36]. 

In response to legal issues regarding violations of 
Indonesia’s airspace laws, the Indonesian Air Force is 
proposing a new law to address concerns with the current 
Indonesian Aviation Act [37]. The draft of this law aims 
to enhance the authority of the Indonesian Air Force in 
enforcing the law pertaining to civil aircraft, particularly 
focusing on the investigation process conducted by the 
Military Police of the Indonesian Air Force, as stipulated 
in Article 46. The proposed law also highlights the need 
for better coordination among government institutions 
in Indonesia with respect to the Indonesian Aviation 
Act. Therefore, the drafting of a  new law is deemed 
necessary to address these shortcomings in the existing 
Act. The future law may improve several aspects of 
aviation, including safety and security and the adoption 
of new aviation technologies, all of which may improve 
the fulfillment of passengers’ rights. 

Upon reviewing most cases of the violation of 
Indonesia’s airspace, it has been observed that the 
law enforcement investigator on the ground typically 
handles the violation by releasing the illegal aircraft and 
crews after they pay a  small fee as an administration 
sanction. Therefore, it has been noted that the 
operational costs of law enforcement incurred by the 
Indonesian Air Force in intercepting these illegal civil 
aircraft and imposing sanctions is disproportionate from 
the side of the Indonesian Air Force. This has led the 
Ministry of Defense to initiate the drafting of a  new 
law. This proposed law aims to involve the Air Force 
personnel in the legal process for intercepting illegal 
civil aircraft. Although the presence of military police 
is seen as a beneficial development in law enforcement, 
the potential involvement of military personnel in 
civil aviation raises concerns as it may contradict the 
Indonesian Aviation Act 1/2009. After all, this Act 
is also designed to handle law enforcement issues 
in civil aviation through the civil legal enforcement  
authority [38]. 

The security and law enforcement considerations 
for civil aviation within national airspace should 
also encompass the governance of drone development 
alongside the traditional aircraft, as mandated by 
relevant legislation. As technology continues to progress 
rapidly, it becomes increasingly imperative to establish 
regulations that account for all the airspace activities. 
While the Act currently governs all such activities, 
drones were not as prevalent when it was initially 
established in 2009. Drones, classified as aircraft, possess 
distinct characteristics that necessitate specialized 
rules and regulations [39]. Unlike conventional aircraft, 
which adhere to specific requirements for function, size, 
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legislation other than the Aviation Act, needs to be 
adapted to meet safety standards and address any 
related safety concerns. Furthermore, there is a  need 
to regulate the provisions in the Indonesian Aviation 
Act that pertain to safety restrictions based on aircraft 
ownership, to prevent the unfair competition that 
happened before the birth of the Indonesian Aviation 
Act.

In 2015, the Aviation Law, particularly the rules 
concerning minimum ownership of aircraft, was reviewed 
in the Indonesian Constitutional Court. However, the 
Court rejected it. The review concerned Article 118 (1), 
(2). It was argued by the applicant that the regulation 
on minimum ownership of aircraft discriminated against 
small capital entrepreneurs. In Court Decision No. 29/
PUU-XIII/2015, the Court said that the aviation business 
is not merely about commercialization, but it is about 
the safety and security aspects. The Court affirmed that 
the aviation business had different characteristics and 
specifications. Therefore, the Court affirmed that the 
policy of minimum ownership of aircraft was not about 
discrimination, but due to the safety of the consumer, as 
well as the safety and security of the aviation industry.

3.4 	Delegation of Indonesian air navigation 

At the beginning of 2022, the government of the 
Republic of Indonesia and the Republic of Singapore 
signed a  cooperation agreement on delegating air 
navigation services from Indonesia to Singapore. The 
agreement allowed both parties to renew the previous 
agreement signed in 1995. While the agreement in 1995 
delegated the rights to air navigation services from 
sea level up to 37,000 feet for sector A, and from sea 
level to unlimited height level for sector B, the latest 
agreement of 2022 stipulates that Indonesia delegates 
its navigation services to Singapore in sectors A and B 
from the surface only up to 37,000 feet, and the rest is 
still under the control of Indonesia [52].

While the first agreement had never regulated 
any technical agreement, the replacement agreement 
implements two agreements at the same time. The first 
agreement, as an umbrella agreement, regulates the 
main focus of the agreement to delegate the services 
from Indonesia to Singapore. The second agreement is 
a technical agreement, known as a Letter of Operational 
Coordination Agreement (LOCA).

According to Article 458 of the Act, for fifteen years 
after the application of the Act, Indonesia is required 
to evaluate and serve the airspace of the Republic of 
Indonesia, which provides navigation services; its flights 
are delegated to other countries based on the agreement 
by the Indonesian aviation navigation service provider 
agency. The timeline of fifteen years runs from 2009 
to 2024, though in fact, in 2022, the government of the 
Republic of Indonesia then continued the delegation 
rather than stopped the delegation.

Ministry Decree Number 25/2008, which terminated the 
deregulation policy era by applying strict rules for the 
establishment of new airlines. The government hoped 
that in the future the airlines would be high capital, and 
invest not only in the commercial side, but on the safety 
side as their first priority, as well. 

Therefore, the government adopted a  policy of 
requiring a  minimum fleet of ten aircraft, with five 
aircraft being owned and the other five leased. The 
policy was then put into the provisions of the Act, in 
Article 118 Paragraph 2 Alphabet (a). As a  result, 
only airline companies that owned high capital could 
fulfill the requirements. However, a  decade after its 
implementation, the Act has succeeded in minimizing 
the number of air transport accidents. At the same time, 
many airlines collapsed "by natural selection", unable 
to fulfill strict requirements in their operations [49]. 
Regulation also had economic implications. It was shown 
that fewer airlines operated fewer routes, whereas 
demand remained high. As a consequence, the aviation 
consumer has had to pay higher prices for tickets. 
While airline companies have had to struggle with their 
operational costs, the service provided to consumers 
has been minimal. This situation might also lead to 
minimizing the fulfillment of passengers’ rights. The 
restrictive policy might also have an effect on tourism 
and business revenues.

At the beginning of 2020, the Covid-19 pandemic 
spread sporadically. As a  result, the economy slumped 
dramatically and the transportation business suffered. 
Air transport was the most vulnerable compared to 
other transportation models [50]. Consequently, many 
existing airline companies returned their aircraft to 
the lessor and failed to pay their debts. Other airlines, 
like Indonesia AirAsia, stopped operations during the 
pandemic [51]. 

Due to the reduction in operational aircraft of 
various airline companies during the pandemic, the 
government issued a new Law on Job Creation Number 
11/2020 in order to address this trend. Additionally, 
the new law included provisions for development of the 
aviation business sector and ownership regulations. 
Unlike the Aviation Act 1/2009, which required airline 
companies to own a certain number of aircraft, the new 
law instead offers greater flexibility by not mandating 
ownership of more than one aircraft. This approach 
reflects a  shift away from the previous restrictive 
policy towards a more liberal one, similar to what was 
observed in the early 2000s. The requirement is further 
elaborated in Article 65 (2) of Government Regulation 
Number 32/2021, which mandates that commercial 
airlines with scheduled flights must possess at least one 
aircraft and have operational control over a  minimum 
of two aircraft. Similarly, commercial airlines without 
scheduled flights must own at least one aircraft and 
maintain control over an additional aircraft. 

Hence, the new law regarding the minimum aircraft 
ownership requirements for airlines, as specified in 
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aspects concerning the safety and security of aviation in 
improving the fulfilment of the rights of the passengers. 
With regard to other aspects, the rules adapting new 
technologies, including eco-friendly aviation rules, need 
to be proposed in the future Indonesian Aviation Act. If 
the rules are addressed, they will not only add several 
new obligations to the aviation business provider, but 
make it support a sustainable aviation system, as well. 
On the other hand, the need to refine rules regarding 
the airline network and operation nationally, regionally, 
as well as globally, including the coordination among 
the aviation authorities, will be an urgent agenda 
to improve the aviation system in Indonesia. In this 
context, an urgent agenda to modify the Indonesian 
Aviation Act needs to be prioritized in the Prolegnas 
(a priority agenda in the National Legislation Program 
by the House of Representatives). In doing so, the 
aviation authorities, the stakeholders and academia 
need to convince parliament to upgrade the modification 
of the Aviation Act, which has already been going on 
for 15 years alongside the dynamic of development and 
technologies in the aviation industry.

A  significant learning opportunity arose from 
the Republic of Korea (ROK) which can also be 
implemented in Indonesia. In 2002, Korea was placed 
in Category 2 by the United States Federal Aviation 
Administration (FAA), indicating non-compliance with 
ICAO standards [58, p.  58]. To address this, ROK 
established the International Aviation Safety Task 
Force Team (IASTFT), consisting of representatives 
from various institutions involved in the preparation for 
the ICAO Universal Safety Oversight Audit Programme 
(USOAP). The task force was tasked with comparing 
international provisions against national legislation. 
The Constitution of the ROK delineates three branches 
of government: the National Assembly (legislative), the 
President (executive), and the Supreme Court along 
with its subordinate courts (judicial). Consequently, 
close cooperation with the Ministry of Government 
Legislation (MOLEG) was essential. It took two years 
to identify discrepancies and align national legislation 
with the Annexes to the Convention on International 
Civil Aviation, as well as to translate the relevant texts 
into English using appropriate aviation terminology [58, 
pp. 60–61].

Given to the problems analyzed, an urgent agenda 
of making a  new regulation to adjust to the current 
problems in aviation is of the utmost concern in 
Indonesia. Indeed, the implementation of the Aviation 
Act in Indonesia is facing challenges in several crucial 
aspects, as a result not only of the USOAP, the Montreal 
Convention of 1999 and the requirements of the Montreal 
Protocol of 2014, but also of aviation development. The 
most crucial challenges are about concerns for the safety 
and security of passengers. The Indonesian government 
should provide legal guarantees for a  range of factors, 
including regulatory, financial, institutional, and 
operational issues. Efforts to provide a legal framework 

The issue of jurisdiction within this agreement 
will directly impact its enforceability in the event 
of an accident occurring within Indonesia’s airspace, 
which is under the control of Singapore. Additionally, 
this issue will heavily influence the LOCA, which will 
require the Air Traffic Controller (ATC) of Indonesia to 
operate within the Singapore Air Traffic Control Centre 
(SATCC). Learning from the case of the Uberlingen 
crash [53], as the Indonesian ATC assumes control 
within the SATCC, located in Singapore, it is highly 
likely that Singapore’s jurisdiction will be applied more 
prevalently than Indonesia’s jurisdiction based on the 
ATC position during the control. 

The lack of clear jurisdictional guidelines regarding 
the Indonesian Aviation Act has heightened concerns 
about safeguarding the Indonesian air traffic control 
in accordance with the bilateral agreement between 
Indonesia and Singapore on delegation of navigation 
control [54]. Although Article 4 of the Act specifies 
that Indonesia’s jurisdiction applies to all the activities 
within its airspace, including foreign aircraft operating 
within its airspace and Indonesian aircraft outside 
its territory, the issue of protecting the Indonesian 
ATC under Indonesia’s jurisdiction falls outside the 
purview of the Act. It is important for the Act to 
regulate Indonesia’s jurisdiction, particularly in relation 
to international obligations. This regulation should 
align with Article 28 of the International Civil Aviation’s 
Chicago Convention 1944, which specifies how such 
obligations may be applied [55, p. 113]. 

In numerous state practices, air traffic controllers 
are protected in their operations by national law. This 
protection, referred to as immunity [56], is granted 
based on the air traffic controller’s citizenship under 
national law, rather than being subject to the laws of 
other states. In Indonesia, the concept of ‘immunity’ 
as a privilege for air traffic controllers is not explicitly 
defined in the national regulations. The Indonesian 
Aviation Act, in Article 271 Paragraph 1, simply states, 
“The Government shall be responsible for the operation 
of flight navigation services for aircraft operating within 
the airspace being served.”  

There are several key issues in the Act that the 
Indonesian government must address to effectively 
manage the delegation of air navigation with Singapore 
in 2022. Specifically, the statutory mandate outlined 
in Article 458, coupled with the terms of the bilateral 
agreement, may lead to legal repercussions if not 
properly addressed. Therefore, it is imperative that the 
Indonesian government conducts a  thorough review of 
the Act to ensure compliance and mitigate any potential 
legal risks [57]. 

3.5	 Legal remedies

There are several aspects which need to be considered 
as subject for the future Aviation Legislation, such as 
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emergency law that is used Perpu by the executive will 
be a bridging law to gain legislative approval and may be 
converted into a revision of the Aviation Act. 

The rationale for issuing an emergency law in this 
context will be in line with the Constitutional Court 
Decision No. 138/PUU-VII/2009 on the judicial review 
against the Emergency Law No. 4/2009. The emergency 
law on aviation is necessary because the existing law 
is out of date and does not meet with current aviation 
developments. It meets with the criteria of there being 
an urgent need to solve problems with aviation safety 
and security in Indonesia, bridging the regulation gaps 
as to the implementation of the results of the USOAP 
audit, Montreal Convention 1999 and interest on the 
implementation of Montreal Protocol 2014, as well as 
there being a  legal gap in dealing with the current 
threats, including technological advances and the 
unforeseen crises of cyber-attacks and natural disasters. 

4	 Conclusion

The Indonesian Aviation Act 1/2009 has undeniably 
improved aviation safety and regulatory frameworks 
in response to the ICAO’s USOAP findings. However, 
it still presents challenges in both the public and 
private sectors due to ambiguities in legal definitions, 
jurisdictional conflicts, and the implementation of 
international agreements like the Montreal Convention 
1999. Therefore, there remains a  pressing need for 
comprehensive legal reform to bring the Act in line with 
contemporary conditions and international standards. 
An amendment to the Act is highly recommended 
to address these issues and enhance its overall 
effectiveness. Hence, the stakeholders, government, and 
academia need to work together to convince parliament 
to expedite modification of the Aviation Act, which is not 
suitable for the present state of aviation development. 
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to adjust to the development of aviation will mainly 
involve addressing legislative and regulatory gaps. 

In this context, there is a  legal vacuum, which 
urgently requires a legal instrument for anticipating the 
worst consequences and boosting public confidence, as 
well as addressing the global issue of aviation safety and 
security. On the other hand, while the revision of the 
Aviation Act may be an urgent agenda, other aspects, 
such as political and institutional challenges may throw 
up barriers to fulfilling the international standards 
and global expectations. This is due to the fact that in 
Indonesia, legislative priority agendas are somewhat 
in the pocket of political interests. The legislator is not 
really concerned with the development of safety and 
security prior to the chaos and accidents in aviation. 
Another barrier to filling the legislation gap is the 
complicated interagency coordination, which influences 
the implementation of technical regulations relating to 
aviation. 

Indonesia may need to consider regulating its 
aviation safety and security by executive laws or 
Government Regulation in Lieu of Law (Perpu) to 
prioritize efficiency and protection. In this context, 
the mechanism for making it an emergency may be 
the solution, as it is provided for in the Indonesian 
Constitution for several reasons. First, the safety and 
security of the aviation business are both fundamental 
to fulfilling the rights of passengers, particularly the 
right to life and the right to safety, as guaranteed 
in Article 28G of the Indonesian Constitution. The 
emergency law or other executive laws may have the 
content of immediate and urgent concerns regarding at 
least several aspects, such as anticipating catastrophic 
accidents, anticipating the sudden outbreak of a crisis, 
including a pandemic, disasters like volcanic eruptions 
which potentially happen in Indonesia, and earthquakes 
impacting the air travel, which happen everywhere 
in Indonesia. These are the reasons why Indonesia 
needs to have an emergency law to fill the gaps in its 
aviation regulations. Another rational justification for an 
emergency law is the fact that technological advancement 
and unforeseen crises threaten the aviation industry  
and passengers’ rights. 

The constitutional requirements of regulating the 
safety and security of aviation in this context are met 
with the qualification of ‘urgent need’ as is required 
in Article 22 of the Indonesian Constitution [59]. The 
urgent need requirement in this context includes the 
need to fulfill the constitutional rights in Article 28G of 
the Indonesian Constitution, providing for the safety and 
security of passengers as the constitutional obligation 
of the government of Indonesia. The mechanism of 
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Resume
The article highlights the results of the traffic safety analysis conducted 
in the wagon industry of Ukrainian Railways. Based on this study, it was 
found that the largest number of transport accidents are caused by the 
braking equipment of wagons. The study is based on the statistical data 
on malfunctions of the mechanical part of the brake equipment of bogies, 
in particular, those caused by the wear of wagon brake pads. The results 
obtained were arranged and processed in the data analysis and visualization 
program STATISTIKA.
Using a systemic approach, the structural, technological and operational 
factors that affect the reliability and efficiency of the brake system of bogies 
and the wagon safety were classified. 
The research could contribute to increase the efficiency of the railway 
transport operation and maintenance of its position in the spectrum of the 
transportation process.
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imperfect design of the brake lever transmission (BLT) 
of bogies.

A typical break beam used in bogies has a balanced 
suspension. However, this condition is violated after 
the BLT elements are attached. Under the influence of 
forces, generated by the weight of the attached elements, 
the brake beams incline and come closer to the wheels 
while the upper ends of the pads press the wheels. When 
the wagon moves without braking, the upper ends of 
the pads rub against the wheels. As a result, the upper 
parts of the brake pad area are subjected to intense 
abrasion, which causes abnormal wear. During the 
braking, a harmful abrasion of the pads adds unwanted 
contact friction, which reduces the braking performance 
of trains and increases the risk of train derailments. 
It also creates conditions for the high-temperature 
surface damage to the wheels. Therefore, most wagons 
are running with loud tapping wheels, which increases 
the resistance to movement and leads to unnecessary 
energy consumption for train traction. In addition, 

1 	 Introduction

The development of Ukraine’s transport system 
requires a  comprehensive solution for increasing the 
operational efficiency of railway rolling stock and 
ensuring the safety of trains [1-2]. Whereas an increased 
volume of the freight transported by Ukrainian Railways 
(UZ) requires greater weight and higher speeds of freight 
trains [3-5]. All of these can be achieved by reliable 
operation of the automatic wagon brakes. However, 
the analysis of the rail transport accidents has proved 
that the technical condition of the brake equipment has 
significantly deteriorated in recent years. The largest 
number of damages has occurred to the mechanical 
part of brakes, which is the key element of the train 
traffic safety. The inspections of the brake systems of 
bogies, belonging to the UZ’s inventory wagon fleet and 
industrial enterprises, have shown that most of the 
devices for the parallel retraction of brake shoes are in 
an unsatisfactory condition. One of the reasons is the 
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proposed. The study also presents mathematical models 
with the main characteristics of the braking system, 
which allows estimating the braking efficiency of the 
train. However, the calculations of braking processes 
do not include the coefficient of abnormal wear of brake 
pads, which can significantly affect the wagon braking 
distance.

An analysis of the quality performance of cast-
iron and composite pads used on different vehicles is 
highlighted in [13]. Some negative factors of the brake 
pad operation are given, their impact on the environment 
and processes that cause damage to the rolling surface 
of wheels of the rolling stock are described.

An analysis of braking devices in the shoe/wheel 
tribotechnical pair is given in [14]. The negative 
consequences of using shoe brakes are also given. 
The recommendations for the use of disc brakes with 
conventional tribotechnical pairs are provided [15].

Authors of [16] have dealt with the effect of brake 
pad material (composite rubber compound) on the 
rolling surfaces of wheels under operating conditions. 
The study also gives a  review of literature sources 
covering similar research. It is established that the 
causes of wheel malfunctions are affected by the thermal 
conditions mainly during braking. The authors prove 
that the temperature on the rolling surfaces of wheels 
during braking with composite-rubber-compound pads 
can reach values of more than 900 °C. The main reason 
for this is the relatively low thermal conductivity of 
composite-rubber-compound pads in comparison with 
the thermal conductivity of cast-iron pads. However, the 
studies described do not take into account the fact that 
in most wagons, more than 90% of composite brake pads 
have dual wedge-shaped wear. Therefore, such pads 
have a  smaller brake area if compared to new pads, 
which negatively affects both the braking efficiency and 
the appearance of surface high-temperature defects on 
the wheels in operation.

Authors of studies [17-19] emphasize that 
the overheating of tribotechnical pairs can cause 
malfunctions of the brake system and adversely affect 
the traffic safety. Thus, theoretical studies were carried 
out regarding the possibility of increasing the heating 
temperature of tribotechnical pairs during braking for 
different speeds and brake disk designs.

The results presented in [20-22] confirm the 
predominant influence of thermal loads over the 
mechanical ones, as well as the residual stresses caused 
by the high thermal loads in the all-metal wheel with 
a block brake. 

The analysis of literature sources has made it 
possible to conclude that the issues of better rail traffic 
safety by improving the operating conditions of brake 
systems are quite relevant. At the same time, these 
issues require further research. 

The purpose of the study is to formally describe the 
factors affecting the functioning of the BLT elements 
using a systemic approach.  To achieve this purpose, the 

this circumstance may contribute to the occurrence of 
rail transport accidents. In this regard, the issue of 
identifying the factors affecting the reliability of the 
wagon brake system is urgent.

Given the acute urgency of the problem of ensuring 
the train safety, experts and scientists from different 
countries have carried out numerous studies, based 
on which various devices and brake lever transmission 
mechanisms have been developed to eliminate or slow 
down the intensive wear of pads, for example, such as 
the dual wedge-shaped wear. Thus, in [6] the authors 
proposed a brake pad retraction device for wagon bogies 
with automatic correction of the relative position of 
the brake pads with respect to the rolling surfaces of 
wheels. However, such a  device complicates the BLT 
and requires periodic labour-intensive adjustments in 
operation, thus making it impractical.

The issue of improving the efficiency of the 
pneumatic brake on the hopper wagon is covered in 
[7], where the authors proposed the modernisation of 
the BLT design and substantiate it using Solid Edge 
Siemens PLM Software. However, it is not quite clear 
how the maintenance and repair of the functionally 
configurated levers can be carried out. In addition, it 
should be noted that the calculations did not take into 
account the final forces acting on the pads for which such 
a BLT was designed.

Over the past decade, experts from many countries 
have been studying the specifics of the braking process 
in rail vehicles so that to improve the efficiency and 
reliable operation of BLT. For example, in study [8] 
is described the calculations of the braking force of 
a vehicle equipped with a UIC pneumatic brake designed 
for passenger trains, while in study [9] is presented an 
attempt to integrate this idea into the wagon fleet, which 
would improve the braking efficiency and, consequently, 
traffic safety.

The peculiarities of ensuring the stable friction 
properties of brakes used for railway rolling stock 
are given in [10]. A  new approach to achieve a  stable 
friction coefficient during different train brake modes 
is proposed. Various designs were used to modernise 
the elements of the brake pad/wheel tribotechnical pair 
and their mechanical characteristics; the results were 
experimentally confirmed. However, these studies were 
made for the disc brake.

In study [11] the analysis is highlighted of some 
typical block brakes rationally used on Chinese subway 
vehicles. Among their advantages are flexible operation, 
quick response and compact structure. In some countries 
block brakes are used on wagon bogies for more efficient 
braking and uniform wear of brake pads. However, 
their use in wagon bogies will increase the weight, air 
consumption for braking, repair time and complexity of 
wagon maintenance.

A  scientific approach to assessing the efficiency of 
the wagon brake system is presented in study [12]. An 
information model for describing the wagon braking is 
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The analysis of traffic safety for the UZ wagon 
fleet over a period from 2016 to 2023 was based on the 
number of failures in wagon units, as shown in the 
comparative bar chart (Figure 1).

Figure 1 shows that in recent years, the wagon 
brake equipment has become one of the most vulnerable 
elements under modern operating conditions and for 
most wagons it is in a poor state. It can also be seen 
that the number of transport accidents with wagons 
has been steadily declining over the past few years. 
The main cause is the reduction in the UZ inventory 
wagons fleet. It can also be seen that the number of 
wagons repaired at depots or repair enterprises has been 
steadily declining recently. Therefore, the reduction 
dynamics regarding the number of transport accidents 
in relation to the number of wagons repaired in recent 
years has amounted to 0.23%. This indicates that the 
reduction in transport accidents in the wagon industry 
invariably depends on the number of repaired wagons, 
however the traffic safety is not improving [24].

Based on the analysis (Figure 1), it was found 
that the largest number of transport accidents in the 
wagon industry between 2016 and 2023, caused by 
unsatisfactory operation of brake equipment, occurred 
in 2017 and amounted to 40 accidents. Therefore, it was 
decided to pay more careful attention to the quantitative 
assessment of failures in braking equipment that had 
led to transport accidents on the Ukrainian railways.

Such a  qualitative analysis of brake equipment 
failures between 2002 and 2023 was based on the 
regulatory and technical documentation. Based on the 
results, a  bar chart was constructed (Figure 2), which 
shows that the largest number of transport accidents 
due to brake equipment failures, 113 accidents in 2003, 
occurred due to poor quality repairs provided by UZ 

following tasks were defined:
•	 to analyse the state of the problem of train safety; 

and
•	 to classify the factors affecting the reliability 

and efficiency of the wagon brake system using 
a systemic approach.

2	 Materials and methods

The main causes of railway accidents, due to wagon 
malfunctions caused by the fault of wagon repair 
enterprises, are:
•	 faulty wagon components due to low-quality repairs;
•	 poor organisation of train maintenance;
•	 lack of equipment, instruments, tools, means of 

diagnosis and flaw detection, spare parts for quality 
repair and maintenance in accordance with the 
requirements given in regulatory and technical 
documentation;

•	 poor-quality repair and testing of brake equipment 
units;

•	 violation of the regulatory and technical requirements 
during scheduled repairs and maintenance; and

•	 unsatisfactory technical training provided for 
maintenance and operating personnel.
The quality of work of the wagon industry can be 

assessed by the number of transport accidents, failures 
and malfunctions of technical means over a certain 
time period. For UZ the main condition of traffic safety 
is ensuring the reliability of the brake equipment of 
wagons, which is the backbone of traffic safety. For 
modern rolling stock it can be improved by means of 
proper identification of causes of malfunctions of the 
brake equipment [23].

Figure 1 The comparative bar chart of transport accidents in the wagon industry by type of wagon component failures
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repair enterprises through 2023. The BLT of wagons 
was inspected at wagon repair enterprises specializing 
in brake beams. During those inspections, all the 
dimensions of the BLT components were checked using 
measuring tools and templates; then the components 
were divided into the following groups:
•	 components that can be used without repair;
•	 components that need repairing according to the 

technological process;
•	 components that cannot be repaired but can be used 

for other purposes at the wagon repair enterprise; 
and

•	 components that cannot be repaired and should be 
sent for scrap.
While dividing the BLT components into these 

wagon repair enterprises. It can also be seen that the 
number of transport accidents due to brake equipment 
failures had been constantly changing by year. This 
has proved once again that Ukrainian wagon repair 
enterprises provide poor quality repairs of wagon brake 
components due to the use of outdated equipment. 
Despite the fact that the number of failures has been 
decreasing rapidly in recent years, the safe operation of 
wagons it not guaranteed.

Based on the results of the analysis of transport 
accidents in the wagon industry, it was found that 
the wagon braking equipment ranked first in terms 
of failures and malfunctions occurred in operation. 
Therefore, the technical condition of the mechanical 
part of wagon brake elements was studied at wagon 

Figure 2 The bar chart of the distribution of failures in the wagon brake equipment that led to transport accidents

Figure 3 The distribution diagram of malfunctions in the mechanical part of the brake equipment of wagon bogies
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•	 wear of the brake beam stud due to its interaction 
with the bracket - 66.3% (Figure 4, c);

•	 increased tilt angles of vertical two-arm levers, 
especially the internal levers of the BLT of bogies 
in the braked state with full-size and maximally 
worn composite brake pads due to a relatively 
large thickness of pads reinforced to 65 mm, which 
negatively affects the braking efficiency of wagons - 
67.7% (Figure 4, d);

•	 damage to the threaded part of the brake beam 
head for connecting the crown nut, which forces the 
shoe with a pad to slip behind the outer edge of the 
wheel thread and causes the ridge wear of the pad 
in operation - 43.5% (Figure 4, e);

•	 misalignment of the BLT due to the incorrectly 

groups, their defects were thoroughly recorded and 
further used in the research. A  total of 5,702 BLT 
components were inspected, and the following diagram 
was drawn based on the results of the statistical data 
obtained (Figure 3).

Based on the observation results, the following main 
types of malfunctions were identified:
•	 abnormal brake pad wear formed due to failures of 

the device for the parallel retraction of the brake 
shoes - 93.5% (Figure 4, a);

•	 malfunctions of brackets and locks (devices for 
parallel retraction of the brake shoes), i.e., incomplete 
retraction of brake pads from the rolling surface of 
wheels in operation due to the inoperability of 
standard devices - 57.2% (Figure 4, b);

a) b)

c) d)

e) f)

Figure 4 Malfunctions of the mechanical part of the braking equipment in wagon bogies
a) abnormal pad wear; b) deformation of bracket and absence of lock; c) worn brake beam stud; d) tilt of the vertical lever; 

e) damage to the threaded part on the brake beam head; f) welding on the shoe
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of the dual wedge-shaped wear of brake pads have made 
it possible for the first time to identify the negative 
factors associated with significant damage to the railway 
infrastructure and the environment.

The current development of the wagon-building and 
wagon-repair industry involves the search for the new 
scientific methods on how to design and modernize wagon 
assemblies. Therefore, the systemic approach is the 
basis for developing a classification of factors affecting 
the reliability and efficiency of the mechanical BLT of 
wagons [28]. This approach can help to consider the BLT 
as an integrated system of components, connections, 
and properties that specify the whole brake system in 
operation. An important step of this systemic approach 
is determining the BLT structure, i.e., the identification 
of elements, their connections and interactions. The 
structure of the mechanical BLT of the wagon under 
study can be considered for both analyzing its properties 
and describing it as a set of individual interconnected 
elements.

The systemic approach can also be used for the 
classification of factors contributing to the abnormal 
wear of the brake pads of bogies in operation; these 
factors can be divided into the following groups: 
•	 structural, including the shape, size, materials 

of brake system components, types of their 
interconnections, etc.;

•	 technological, including specific requirements for 
the BLT components in production and repairs; and

•	 operational, ensuring the proper use of the BLT of 
wagons over the guaranteed inter-repair period.
Figure 7 presents a classification of structural, 

technological and operational factors affecting the 
reliability and efficiency of the braking system of wagon 
bogies, and train safety, based on the systemic approach. 

The structural factors include:
•	 offset hole in the brake beam due to the BLT design 

features of wagon bogies. This can lead to the brake 
beam disbalance and cause the dual wedge-shaped 
wear of pads;

•	 a guide mechanism for the brake lever gears is not 
provided in the design, therefore the pads incline 
to the wheels when the brakes are released in the 

selected locations for the pivot pins in rods and 
links - 42.8%;

•	 worn pendulum suspensions resulting from the 
local contact of their cylindrical part with the shoe 
- 12.8%;

•	 welding on the shoe due to a maximally worn pad 
with its subsequent destruction - 8.8% (Figure 4, f)).
In practice, the malfunction of the pad can occur in 

operation due to the adverse effect of forces that reduce 
the braking efficiency; in terms of the traffic safety, it is 
unacceptable. Thus, the investigation of the brake pad 
wear in wagons cannot be carried out without taking 
into account the cause - wear - effect relationship.

3	 Results 

The statistical data obtained by inspecting the 
brake pads for different wagon types made it possible to 
analyse the formation of dual wedge-shaped wear and 
assess the braking efficiency for the rolling stock.

The statistical data on the wear of wagon brake 
pads were arranged and processed in STATISTIKA. 
The results of the calculations are shown in Figure 
5. The results of statistical data processing in the 
“STATISTIKA” software package made it possible to 
establish that the distribution of the wedge-dual wear 
of brake pads during their use in a typical brake lever 
transmission is not described by a normal law (red curve 
in Figures 5-6). At the initial stage of wagon operation, 
new pads wear out mostly due to the free-running and 
traction modes rather than the braking mode. Thus, 
the upper parts of the working surfaces of pads wipe 
(the edge vibration wear) due to the wagon dynamics; it 
becomes the centre of the dual wedge-shaped wear with 
the simultaneous tilting of the pad [25-26].

When the wagon mileage increases from 23,000 
to 26,400 km (Figure 6, Position 1), the pad wears 
intensively forming the dual wedge-shaped wear. 
However, when the wagon mileage increases from 35,000 
to 44,700 km, the wear in the upper part of the pad slows 
down (Figure 6, b, Position 2) [27].

The analysis of field surveys and analytical studies 

a) b)

Figure 5 The brake pad wear for the wagon mileage from 7,200 to 10,000 km a) pad’s top; b) pad’s bottom
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results in an increase or a decrease of clearances 
between the shoe and the wheel, provided that the 
M 1180.000 device is in a good working condition. 
If the clearances were reduced and the BLT was 
not adjusted properly, the pads may rub against 
the wheels when the brakes are released; it results 
in defects on the rolling surfaces of wheels as well 
as abnormal pad wear. The effects of increased 
gaps and violations of the conditions for the BLT 
adjustment are: 1) the braking efficiency decreases 
and the train safety deteriorates; 2) the probability 
of damage to the BLT increases and the lever 
gears can tilt; 3) hinge elements in the BLT can 
be damaged due to vibration in operation; and 4) 
pads are displaced relative to the rolling surfaces of 
wheels due to increased gaps between the pad and a 
wheel when braking.
The operational factors include:

•	 damage to the device M 1180.000 of the BLT of 
wagon bogies due to a malfunction of the lock 
and stretching of the bracket; it results in the 
disfunction of a device together with appearance of 
the standard clearances between the pad and the 
wheel. When the train is running without braking, 
the upper end of the pad rubs against the rolling 
surface of the wheel and causes harmful abrasion in 
its upper part. For the pads with dual wedge-shaped 

traction and free-running modes, which causes 
abnormal wear of the pads; and

•	 geometrical features of pads affect the contact area 
of the brake pad/wheel tribotechnical pair. Pads 
must have the geometric friction surfaces, which are 
similar to the rolling surfaces of wagon wheels. If 
geometric parameters of the pads change, that will 
negatively affect the braking efficiency of a vehicle.
The technological factors include:

•	 violation of the production technology of the BLT 
of wagon bogies, which results in changes in the 
mechanical properties of the BLT components, 
increased wear and violation of nominal dimensions 
accompanied by operational defects;

•	 violation of the repair technology of the BLT of 
wagon bogies, which results in changes in the 
geometric dimensions of the components. During 
the welding and surfacing, the metal structure 
can be distorted, which changes the properties of 
components, creates microcracks and other defects, 
thus reducing the BLT reliability;

•	 violation of the assembly technology for the brake 
beam, which results in changes in the geometric 
dimensions of its parts. In braking, it can lead to 
the BLT malfunctions and displacements of pads 
relative to the rolling surfaces of wheels;

•	 violation of the BLT adjustment technology, which 

a) b) 

c) d)

Figure 6 The wear of the pad’s top for the wagon mileages a) 23,000 - 26,340 km; b) 35,000 - 42,300 km;  
c) 44,700 - 48,000 km; d) 59,300 - 62,400 km
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efficiency of the rolling stock, as well as impairing 
the traffic safety;

•	 malfunction of the BLT autoregulator leads to 
a violation of its dimensions in operation 
in accordance with the current regulatory and 
technical requirements, thus affecting the abnormal 
gaps between the pad and the wheel;

•	 local wear of the brake beam stud occurs due to its 
permanent contact with the bracket of the device 
M 1180.000 of the BLT of wagon bogies, which is 
caused by its failure and leads to dual wedge-shaped 
wear of the pads when the train is moving without 
braking;

•	 improper fastening of the pad in the brake shoe due 
to the application of non-standard fasteners, worn 
retaining keys or shoes can lead to increased gaps 
between the contacting surfaces and displacement 
of the pad relative to the wheel when braking;

wear, the specific pressures in the upper part of the 
pad increases, and the friction temperature of the 
tribotechnical pairs increases at the point where 
the planes separate; it causes high-temperature 
damage to the rolling surface of the wheel;

•	 increased gaps in the hinge joints of the BLT of 
wagon bogies when the train is moving over a rail 
joint, a track irregularity or a rail switch result in 
increased displacements of the elements and their 
intensive wear due to vibrations from the BLT in 
operation;

•	 air distributor malfunctions cause slow brake 
release or failure to release the brake, which leads 
to an increase in the temperature of the brake pad/
wheel tribotechnical pair, its increased wear and 
damage. In addition, a faulty air distributor can 
cause unauthorised brake release, which can lead to 
the wagon brake release and reducing the braking 

Figure 7 The factors affecting the reliability of wagon brakes
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In addition, one of the main faults in the BLT of bogies 
is inclined vertical levers of the brace beam, which 
amounted to 67.7%. All the above-mentioned faults in 
the BLT have a direct impact on the abnormal wear of 
wagon brake pads.

2. A  systemic approach was used to determine 
the factors contributing to abnormal wear of pads in 
the BLT of wagons. The factors mentioned can lead to 
the deterioration in the braking efficiency of trains, 
increased energy consumption needed for train traction, 
shortened useful service life of the pads, damage to the 
rolling surfaces of wheels, and negative impact on the 
environment.

The proposed classification of factors affecting the 
BLT reliability could help to develop recommendations 
for the design of modern wagon brake structures. 
This would reduce operating costs during the freight 
transportation, as well as increase traffic safety of trains 
by modernizing the design of the mechanical part of 
bogie brakes.
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•	 incorrect operation mode of the air distributor in 
the wagon causes excessive pressure of the brake 
pads on the wheels, resulting in increased wear and 
damage, as well as the jamming of the wheelsets 
and leads to slides, scrapes and other defects on the 
rolling surfaces of wheels.
It is important to note that the negative effects of 

the above-mentioned classified factors can reduce the 
train braking efficiency, increase energy consumption 
needed for the train traction, reduce the service life of 
the pads, damage the rolling surfaces of wheels and 
negatively impact the environment; they also cause 
the significant damage to railway infrastructure and 
train safety. In this regard, further research will aim at 
developing measures for the BLT modernisation, which 
will increase the mileage of wagons with composite 
pads and extend their residual service life over the 
overhaul period [29-31]. This would contribute to 
increase the efficiency of railway transport operation 
and maintenance of its position in the spectrum of the 
transportation process [32-35].

4	 Conclusions

1. The analysis of the transport accidents on 
Ukraine’s railways has been carried out. It has shown 
that from 2016 to 2023, the largest number of such 
accidents were caused by faults in the brake equipment, 
which threatened the traffic safety of wagons.

The analysis of transport accidents caused by brake 
equipment failures in wagons, occurred from 2002 
to 2023, has shown that their peak was in 2003 (113 
accidents), whereas the smallest number was recorded 
in 2021 (15 accidents). However, these statistics are not 
encouraging, given that wagon fleet of Ukrzaliznytsia 
has been significantly reduced.

The statistical data on malfunctions of mechanical 
systems of the wagon bogies brake equipment was 
investigated. It was found that out of 5,702 brake lever 
transmission (BLT) elements examined, the largest 
percentage of failures occurred due to abnormally worn 
composite brake pads and amounted to 93.5%. The 
locking brackets of the device for the parallel retraction 
of brake shoes also suffer significant damage during the 
operation of wagons, which amounted to 57.2%, whereas 
the cases of worn brake beam studs amounted to 66.3%. 
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Resume
Widespread application of advanced transportation technologies in 
conditions of open-pit mining with the use of high-capacity belt conveyors 
is limited by the need for additional crushing of overburden rocks and 
minerals. Accordingly, the quality of crushing of rock mass, the output of 
oversize during drilling and blasting operations at quarries and open-pit 
operations significantly affect the possibility of using flow and cyclic-flow 
technologies with the use of conveyor transport. In this paper is presented a 
method of increasing the energy efficiency of the explosive pulse in drilling 
and blasting operations by means of developed gas pedal designs to improve 
the quality of crushing and conditions of conveyor delivery of rock mass.
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region) and at four deposits in the Karaganda region 
(Borlinskoye, Shubarkolskoye, Kushokinskoye and 
Saryadyrskoye). The total potential for extraction 
of projected open-pit coal reserves in the country is 
estimated at 400 million tons per year, and industrial 
reserves suitable for open-pit mining amount to 
21 billion tons [1]. The development of an open-
pit mining method, characterized by a combination 
of preparatory, stripping and mining workings in 
a quarry field, is accompanied by an increase in 
production concentration, an increase in depth, 
spatial dimensions of quarries and sections, distance 
and complexity of transporting rock mass. At the 
same time, the determining indicator is the depth 
of quarries; in particular, the depth of the eleven 

1	 Introduction

An undeniable trend in the development of 
the mining industry for the foreseeable future is 
considered to be the stable orientation of the industry 
towards an open method of development as providing 
the best economic indicators. It accounts for up 
to 73% of the total volume of mining in the world. 
For example, in the Republic of Kazakhstan, 70% 
of thermal coal is extracted by open-pit mining, 
while the main consumers are power plants (70%), 
industrial enterprises (20%) and the private sector 
(10%). Open-pit coal mining in Kazakhstan is carried 
out at three giant deposits (Bogatyr, Severny and 
Vostochny sections) in the Ekibastuz basin (Pavlodar 
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deepening a quarry for every 100 m, the cost of 
transportation for cyclic modes of transport increases 
by 1.5 times, and when using continuous modes by 
only 5-6% [6].

An analysis of the operation of technological 
equipment in open-pit mining shows that a third of 
the downtime is accounted for by transport due to its 
cyclical nature of work. In this research it was also 
found that the use of cyclic technologies in quarries 
is the most cost-effective at their depth of 150-250 m. 
When conducting open-pit mining operations at a 
depth of more than 250 m, it is economically feasible to 
use in-line and cyclic-in-line technologies [6].

2	 Substantiation of the relevance  
of the problem

A characteristic feature of the use of in-line 
and cyclic-in-line technologies is the widespread use 
of conveyors, while the main type of these means 
of continuous transport currently in operation in 
quarries are belt conveyors. This is determined by 
their main design advantages over other types of 
conveyor systems - comparative simplicity of design 
and relatively low metal consumption. As the 
experience of operation shows, modern belt conveyors 
are capable of providing the high level of production 
for the largest quarries and sections, but, in general, 
they are suitable only for transporting loose and semi-
hard rocks, and, most importantly, they are not able to 
move largesized loads of pieces larger than 600 mm, 
requiring crushing prior to transporting them, which 
leads to a significant increase in the cost of operating 
expenses [7-9].

This problem is especially relevant when 
transporting a large volume of overburden, the 
extraction of which, as a rule, is carried out in quarries 
by drilling and blasting. As a rule, the waste rock is 

largest coal mines in Kazakhstan varies from  
40 to 200 m.

The Molodezhny section of the Borlinsky deposit 
Kazakhmys Coal LLP uses the cyclic coal mining 
technology on three horizons - upper, middle and lower. 
The maximum depth of the incision is approximately 
130-140 m. In the faces of mining horizons, coal 
is loaded by electric and hydraulic excavators into 
BelAZ 75131 dump trucks. Dump trucks deliver coal 
from the faces to the average warehouses, where it 
is loaded onto the railway transport, Figure 1 [2]. 
At the Bogatyr section, a flow-through technology for 
the development of minerals and overburden rocks 
has been implemented, including transshipment of 
the latter into the developed space, while rotary 
excavators in combination with conveyors provide an 
annual productivity of 50 million tons. In-line mining 
technology has also been introduced at the Vostochny 
coal mine: coal mining, transportation, averaging and 
shipment are carried out by four rotary complexes 
consisting of the SRs(k)-2000 rotary excavator, 
downhole and interstage loaders, connecting, lifting 
and main conveyors and an averaging and loading 
machine. For the excavation of overburden rocks, 
a cyclic flow technology has been introduced at the 
quarry, including the operation of two lines of the 
overburden complex, Figure 2 [3-4].

The active introduction of in-line and cyclic-in-
line technologies in open-pit mining conditions is due 
to an increase in the depth of quarries, a progressive 
increase in their productivity, since cyclic technology 
with the delivery of rock mass by road and rail leads 
to a deterioration in technical and economic indicators 
due to an increase in the cost of production as a 
result of an increase in the cost of the transportation 
process [5]. In particular, according to the results 
of a number of studies conducted earlier at the 
Karaganda Polytechnic Institute (later - Karaganda 
State Technical University), it was found that when 

Figure 1 Cyclic technology of coal mining at the Molodezhny section: 1 - mining excavators,  
2 - BelAZ 75131 dump trucks, 3 - averaging warehouses, 4 - loading excavators, 5 - railway transport
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stockpile - 4, bulldozer Chetra T-25 - 5, receiving hopper 
NG - 6, auger-tooth crusher SHZD - 7, plate feeder - 8, 
belt conveyors - 9-11, waste rock dump or receiving 
hopper of the processing plant - 12 [11].

The rock mass from the upper and middle horizons 
is loaded into dump trucks BelAZ 7513, which deliver 
it to the chute for unloading into the receiving hopper; 
from the receiving hopper the rock mass flows by 
gravity through the chute to the site under the stack 
to the intermediate averaging yard. From the lower 
horizon, the rock mass is also loaded into dump trucks, 
which transport it to the averaging warehouse, from 
which it is shipped to the receiving hopper of the lower 
horizon by a Chetra T-25 bulldozer. The auger-tooth 
crusher, installed under the receiving hopper, crushes 
the mined rock mass; then it gets to the plate feeder, 
which transfers it further to the conveyor transport - belt 
conveyors, transporting it to the waste rock dumps or to 

too hard to be extracted without a certain number of 
explosions to grind the rock into smaller pieces, which 
can then be loaded onto a vehicle by excavators or 
other mechanical equipment. Figure 3 shows that the 
proportion of oversized material requiring additional 
crushing based on the results of drilling and blasting 
operations in quarries (with a piece size of 600 mm or 
more) is almost 20% of the total sample volume [10]. 

Thus, within the framework of implementation of 
cyclic-flow technology for the conditions of “Molodezhny” 
open-pit mine of Kazakhmys Coal LLP in Karaganda 
Technical University at the Department of Industrial 
Transport a promising technological scheme of delivery 
of rock mass, which can be used in the transportation of 
overburden and minerals in the case of increasing the 
depth of open-pit mining operations, presented in Figure 
4: mining excavators - 1, dump trucks BelAZ 75131 - 2, 
chute for rock mass descent - 3, intermediate averaging 

Figure 2 Cyclic-flow technology at the Vostochny open-pit mine

Figure 3 Average fractional composition for 33 largest quarries based  
on the results of drilling and blasting operations
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rock massif for a significant increase in the qualitative 
and quantitative indicators of the blasting process is 
considered.

The results of research on the control of explosion 
energy parameters to ensure intensive rock crushing at 
quarries are presented in the article by Nasirov et al. 
[17], which presents the experience of implementing the 
developed design using the turbo-explosion effect in rock 
crushing by borehole charges. 

The influence of the detonation velocity of explosives 
on the degree of rock pre-destruction was considered 
in the work of Khokhlov et al. [18]: the issues of using 
explosives with reduced detonation velocity to reduce 
the intensity of predestruction in the zone of controlled 
crushing during the drilling and blasting process are 
presented.  

One of the new publications on development 
of technologies aimed at improving the quality of 
rock crushing is a study on application of artificial 
intelligence and computer vision technologies to 
optimize the performance of the drilling and blasting 
complex at open-pit mining operations, Kovalchuk 
et al.  [19]. In particular, the influence of the 
granulometric composition of the blasted rock mass on 
further stages of ore preparation was considered, the 
processes that affect the quantitative and qualitative 
indicators of the granulometric composition of the 
rock mass are determined.

Thus, as the analysis of the results of the 
above-mentioned studies, conducted within the 
framework of the development of methods and ways 
of intensification of all the processes of mining 
production, including loading and transportation 
operations, the issues of improvement and efficiency 
of the technology of explosive stripping, providing 
a given mode of crushing and compact bulk of the 
stripped rock mass, undoubtedly, acquire actual 
importance.

the hopper of the enrichment plant. Table 1 shows the 
design parameters of belt conveyors, and Table 2 shows 
the general parameters of the conveyor line [11].

Estimated capital expenditures for implementation 
of this technological line also include costs for the 
purchase and construction of a crushing and reloading 
station, which, in particular, can be avoided by ensuring 
the necessary lumpiness of the rock mass extracted by 
the drilling and blasting method.

The lumpiness, quality of overburden rock mass 
crushing and oversize output during the blasting 
operations, as shown by the results of numerous studies, 
significantly affect the efficiency of application of flow 
and cyclic-flow technologies in open pit mining. To one of 
the first scientific researches in this direction belong the 
works of Baron, [12-13]. He systematized all the types 
of methods for measuring the lumpiness of rock mass in 
open pit and underground mining operations, based on 
the results of laboratory, polygon and production tests, 
analyzed various properties of explosives as criteria for 
their crushing ability in explosive rock removal [12-13].

In the work of Kolomnikov [14] the requirements 
for the coarseness of the transported material when 
controlling the energy of borehole charges, in the 
conditions of development at the mine “Muruntau” 
(Republic of Uzbekistan), using the cyclic-flow 
technology, are considered. The results of the complex 
research on improvement of ore crushing quality by 
borehole charges, based on consideration of physical 
and mechanical parameters of rock mass, are presented 
in the dissertation of Scherbich, G. V. Plekhanov St. 
Petersburg State Mining Institute, Russian Federation 
[15], which considered in detail the issues of optimizing 
the parameters of the drilling and blasting process to 
ensure a given degree of ore crushing. Optimization 
of blasting parameters by increasing the deceleration 
intervals is also presented in the work of Mityushkin 
et al. [16], in particular, multiple explosive loading of 

Figure 4 Technological scheme of transportation using cyclic-flow technology  
at Molodezhny open pit mine of Kazakhmys Coal LLP
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enhanced effect of the cumulative effect can also be 
obtained by placing dispersed cone-shaped caps on the 
detonating cord along the axis of the borehole charge. 
The overall effect of amplifying the explosion energy 
in this case is obtained from the cumulative effect of 
cumulative flows focused in the cone-shaped cavities 
into the bottom of the well, as a result of which the 
crushing of rock mass in the quarry is improved [24].

Determining the cumulative explosion pulses along 
the borehole formation presents significant difficulties 
because axial and radial expansion and various wave 
processes must be taken into account. The problem is 
simplified if the radial expansion of detonation products 
is neglected.

Explosions of charges with different shapes or 
notches give rise to complex wave processes associated 
with the collision of cumulative jets and gas flows from 
individual parts of the charge moving toward each other. 
The exact solution of the problem on the distribution of 
explosion parameters along the borehole in these cases 
is a rather complicated mathematical problem [25-26]. 
These difficulties are circumvented in various ways. For 
example, in the study of charges with air gaps, Baum et 
al. [27] and Baker et al. [28] propose to consider them as 
a solid charge, but with a greater height than that of a 
conventional charge at a lower density, and further, all 
the calculations should be carried out similarly to a solid 
charge. It is proposed to extend these assumptions for 
charges with different shapes of notches.

Let H3 - be the height of a cylindrical charge, PH 
- the initial pressure, CH - the speed of sound in the 
detonation products before the onset of their expansion, 
and D - the diameter of the borehole. It is known that 

,P D C D8
1

8
3

H cd H
2t= = ,	 (1)

where: cdt  - is the charge density.   

3	 Theoretical basis of the study

The main phenomena accompanying explosive 
rebound during the mining operations - the explosion 
of an explosive charge in a destructible array are 
reduced to the following processes: detonation of the 
charge; expansion of the charging cavity by detonation 
products; mechanical interaction of detonation 
products with the destructible medium; propagation 
of shock waves and stress waves in rocks and, directly, 
the destruction of the mountain range. It has been 
established that a more uniform crushing of rocks 
is obtained by the explosion of borehole explosive 
charges with air gaps - this is explained by the 
interference of the shock waves, that is, a mutual 
increase in the resulting amplitude of waves formed 
during the explosion of various parts of the charge 
[20]. During the explosion of solid charges, as studies 
have shown, the rock, which is destroyed mainly due 
to compression forces, is crushed extremely unevenly, 
moreover, a large proportion of the explosion energy 
is spent on the re-crushing of rocks around the bottom 
of the charge. The separation of the charge column 
into separate parts and their simultaneous initiation 
contribute to the collision of detonation products at 
the locations of air gaps, which has a positive effect on 
the crushing of rocks.

The shape of the explosive charge also has a 
significant influence on the destructive effect of the 
explosion. In particular, it was found that using 
various forms of charge, or charges with recesses of 
various shapes (conical, spherical, parabolic, etc.), it 
is possible to create a cumulative effect, that is, to 
achieve a concentration of explosion energy that allows 
significantly enhancing the penetration effect of the 
charge on the mountain range by creating tensile and 
bending forces in it [21-23]. It was also found that the 

Table 1 Design parameters of belt conveyors

No. of conveyor in Figure 4 Length of the pack, m Lift angle, deg

9 380 12

10 650 4

11 560 2

Table 2 General parameters of the conveyor line

No. n/a Name Significance

1 Hourly capacity of a conveyor line (estimated), tons/hour 1153.85

2 Hourly productivity of a conveyor line (accepted), tons/hour 1200

3 Density of cargo in loosened state, tons/m3 1.24

4 Belt width (calculated), m 1.22

5 Belt width (accepted), mm 1400

6 Linear mass of the load on the conveyor, N/m 1308

7 Linear mass of rotating parts of the roller supports on the load branch of a conveyor, N/m 498.68

8 Linear mass of rotating parts of the roller supports on the idle branch of a conveyor, N/m 176.58
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F H22 3=-  and V C t
x H2 3+ =
+ .	 (12)

The front of the reflected wave moves according to 
the law

  

dt
dx

V C t
x

t
H2 3= + = + .	 (13)

Consequently, at / ,t H C x HH3 3= =-  and 
x C t H2H 3= - .	

Thus, the reflected wave front and the detonation 
product front propagate with the same velocity CH. 

Next, one has to find the pressure in the reflected 
wave. Taking into account that /C H t3=  one obtains

P
P

C
C

C t
H

H H H

2 2
3

3
3

= =c bm l .	 (14)

Equality (14) shows that the pressure in the reflected 
wave varies only in time. Knowing the distribution of 
pressure by time t and by coordinate x, one can write the 
total momentum:

 
,J d P x t dt dx

H

x

3
03

2

r=
3

-
^ h## ,	 (15)

where ,x H H Hhole hole2 3= -  - is the height of the hole 
(borehole). 

Let the following dimensionless parameters be 
introduced as:
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next equation (19) is integrated first by a  and then 
by x  and the final expression for the value of the 
total explosion impulse along the wellbore formation is 
obtained:

.ln

J H
H H
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Thus, the obtained equation reflects the correlation 
dependence between the parameters of explosive blasting 
and the structural values of the borehole and it can be 
used in solving problems of the penetration action of the 

Let x  - denote the coordinate and t  - denote the time 
of detonation product dispersal.

A rarefaction wave appears in the cross section  
x = 0 with the beginning of detonation product dispersal, 
which is described by the known equations of gas 
dynamics up to the time t1 = H3/CH. When the isoentropic 
expansion of detonation products, PV3 = const, is taken 
into account, they are of the form

,x V C t F V V C const= - + + =^ ^h h ,	 (2)

where: V - is the detonation velocity,   
Based on the boundary conditions: t = 0, V = 0, x = 0, 

C = CH one obtains: F(V) = 0, CH = const. 
Then, Equation (2) can be written in the form

,x V C t V C CH= - + =^ h .	 (3)

Consequently, the expression C C VH= -  is 
substituted into the first equation of the system of 
Equations (3) and V is found as:

 
,V t

x C V C t
x

2
1

H= + = +` j .	 (4)

Thus, the solution of the system of Equations (2) can 
be written in the form

V
C

C t
x

2 1H

H
= +a k ,	 (5)

C
C

C t
x

2 1H

H
= -a k .	 (6)

The pressure in the detonation products is 
determined from the relation

P
P

C
C

C t
X

8
1 1

H H H

1 1
3 3

= = -c bm l .	 (7)

At the moment of time /t H CH3=  the wave reaches 
the end of the charge, a new reflected rarefaction wave 
appears, the motion of which is described by the general 
equations of gas dynamics.

X V C t F V C1= - + -^ ^h h ,	 (8)

X V C t F V C2= + + +^ ^h h .	 (9)

At the moment /t H CH3=  the velocity V becomes 
equal to 0, x H3= , hence F 01 =  and 

  
V C t

x- = .	 (10)

In the section x H3=- , at any moment of time 
V 0= , whence it follows that

F H Ct2 3=- - .	 (11)
  

Expressing t
V C
x

C
H3=

-
=  from Equation (10) 

one finds:
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Department of “Rock Destruction by explosion” of 
the Moscow Mining Institute [30]. A mixture formed 
from building gypsum in various ratios with water 
and plexiglass was used as the test material (Table 
3). As the material was being prepared, gypsum and 
water in the form of a mixture were poured into special 
molds and dried at room temperature. Samples of 
material with a thickness of 8 mm were prepared, 
the value of which was determined experimentally, 
taking into account the available amount of explosive 
to achieve the necessary cracking and crushing of the 
samples under consideration. The explosive charge in 
the thickness of the prepared material sample was 
formed using a PVC tube of an inner diameter of 
3 mm. A constantan wire of a diameter of 0.3 mm was 
passed through the tubes, and then the tubes were 
filled with an explosive substance ammonite 6ZHV, 
giving them the shape of a cavity (Figure 5).

Each charge contained one cavity made of thick 
paper and filled with an explosive substance from 
the outside, which included sulfur and aluminum 
powder. The cavities were given various types of 
shapes: spherical; cones of different heights; cones 
connected by bases and ellipsoidal. The initiation of 
the explosive charge occurred as a result of passing 
a low-voltage current through a constantan wire. 
The process of explosive rebounding was recorded by 
high-speed photography. The actual distribution of the 
lumpiness of the destroyed sample on the laboratory 
model from the explosion of charges in various forms 
of the cumulative cavity is shown in Figure 6.

As a part of pilot tests, experimental explosions 
were carried out in the conditions of the Akzhal quarry 
of the Altaizoloto combine in the East Kazakhstan 
region with specially designed structures of one-, 
two- and three-cone volumetric cumulative cavities 

cumulative jet and the distribution of specific explosion 
impulses along the borehole formation. 

At the same time as experimental data show, 
determination of the influence of the blast wave impulse 
on the processes of rock mass crushing during the 
drilling and blasting excavation is possible only by 
modelling during the experimental studies, range or 
pilot tests in the conditions of real mining enterprises 
[29]. 

4	 Experimental results 

Analysis of the applied technologies of explosive 
stripping shows that in many cases the counter-impact 
of explosion products in air gaps is usually carried 
out at the detonation velocity of the explosive charge, 
which is insufficient to create a significant impulse and, 
accordingly, to increase the explosion energy acting 
on the massif to be destroyed to achieve the required 
lumpiness [30]. 

In this regard, the ideas outlined in the above 
works can be developed by pulsing an increase in 
the explosive charge explosion energy dispersed at 
intervals along the length of the charge. To do this, 
it is proposed to place the volumetric cavities of a 
special geometric shape (accelerators) in the explosive 
charge [31]. A sharp increase in the charge energy at 
the installation site of the cavity would take place if 
the explosive charge around the elongated cavity is 
initiated from its inner part over the entire surface 
simultaneously. In this case, a large mass and volume 
of explosives around a hollow volumetric cavity can be 
detonated. Modelling of explosive stripping processes 
with various forms of volumetric cumulative cavities 
was carried out in the laboratory conditions of the 

Table 3 Strength of samples after testing

No. n/a Gypsum to water ratio
Sample testing, MPa/mm

ϭс / ϭрfor compression, ϭс tensile, ϭр

1 0.5 : 1 0.06 0.024 2.5

2 1 : 1 0.66 0.10 6.6

3 1.5 : 1 1.25 0.15 8.3

4 2 : 1 2.12 0.242 8.8

a)                                                       b)

Figure 5 Location of spherical shaped cavities in an explosive charge - a) and in the form of two cones connected by bases - 
b): 1 - gypsum sample, 2 - volumetric cavity, 3 - explosive charge
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In general, for 72 exploding wells, the consumption 
of accelerators was 3-4 cavities per 1 well, with 
the upper location of the fuse, electric detonation 
was carried out in an orderly manner. According to 
the results of explosive stripping, the average size 
of the pieces of the chipped rock mass was mainly 
90-120 mm, and the maximum diameter of the pieces 
was 320-450 mm (Figure 9). At the same time, as can 
be seen from Figure 8, with a decrease in the diameter 
of the well from 250 to 150 mm, the diameter of the 
average piece of destroyed rock mass decreased from 
170-190 to 90-120 mm.

The analysis of high-speed photography data 
obtained in laboratory studies, as well as the results of 
pilot tests, in authors’ opinion, confirm the previously 
suggested assumptions that the use of volumetric 
cavities (accelerators) in the explosive charge focusing 
the cumulative flow on the destructible medium, 
increases the rate of detonation of the charge and, 
accordingly, creates an increased pulse of the explosive 

(accelerators) [31], Figure 7. The diameter of the 
wells was 150-250 mm, the depth was 3-5 m, the rock 
strength on the Protodyakonov scale was 13-15, the 
explosive used was grammonite 79/21.

The charge was formed as follows. An air partition 
2, made of expanded polystyrene or polyethylene, 
was lowered into the well 1 (Figure 8), then a portion 
of explosive substance 3 was filled in, a three-cone 
accelerator 4 was lowered and a portion of explosive 
substance 3 was poured until the cavity was completely 
covered. Then the air partition 5 was lowered again, a 
portion of explosive substance 6 was filled in, a two-
cone accelerator 7 was lowered and a small amount 
of explosive substance was poured. In the upper part 
of the well, similar operations were performed with a 
single-cone accelerator 10. Then, fuse 11 was lowered 
into the well on a detonating cord, which was also 
filled with explosives until it was completely covered. 
When the accelerators were installed, their cones were 
turned towards the fuse.

Figure 6 Distribution of the lumpiness of the destroyed sample on a laboratory model  
with various shapes of the cumulative cavity: 1 - ellipse, 2 - cones connected by bases,  

3 - cones of different heights, 4 - spherical shape

Figure 7 Design of a three-cone cumulative cavity charge
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same quarry, 50 tons of explosives were detonated in 
70 boreholes and almost 1,000,000 m3 of rock mass 
with expected lumpiness (400-450 mm) and absence 
of oversize was prepared by blasting. According to the 
test results, the production specialists noted that the 
proposed drilling and blasting technology of mineral 
extraction promotes wider application at the open pits 
of SSGPO JSC of the means of transportation providing 
continuous delivery of ore from the bottom of the pit to 
the surface: conveyors, pneumatic or hydraulic transport. 
It was also noted that the results obtained from pilot 
tests, in general, reflected the correlation dependence 
between the parameters of explosive stripping and the 
design values of the hole, presented in Equation (20).

Experimental explosions with the proposed 
accelerator design were also conducted in conditions 
of underground mining, in particular, at the mine 
“Kvartsitka” of JSC “Altynalmas” (Stepnogorsk), 
developing gold-bearing ores. Total of 28 boreholes were 
drilled through the viscous quartzites. With the length 

wave, which, in the end, makes it possible to improve 
the quality of crushing of the test sample (rock mass).

To confirm the results obtained by the authors, the 
pilot experimental explosions were carried out in 2016-
2019 at a number of mining facilities in Kazakhstan. 
At the Sarbaisky iron ore quarry of JSC “Sokolovsko-
Sarbaisko Concentrating Production Association” (JSC 
“SSGPO”, Rudnyy) at the height of the ledge of 27 m, 
the wells were mainly drilled 30 m deep with a re-drill of 
3 m, and the delivery of explosively prepared rock mass 
from a considerable depth to the surface of the quarry 
was carried out by dump trucks of large load capacity. 
The cyclical nature of the technological process of 
transportation of rock mass using road transport, which 
takes considerable time to lift the ore to the surface, 
leads to a decrease in mining productivity. 

In 2016, for experimental purposes, 10 tons of 
explosives were detonated at the Sarbaisky open pit 
using developed accelerator designs in 18 boreholes 
250 mm in diameter and 23 m deep. In 2019 at the 

Figure 8 Formation in a well: 1 - well, 3, 6, 9 - portions of explosives,  
4, 7, 10 - accelerators, 2, 5, 8 - air barriers, 11 - fuse on a detonating cord

Figure 9 Dependence of the average piece during the downhole drilling on the diameter  
of the well: I - 150 mm, II - 250 mm and III - the distribution of the lumpiness of the blasted rock mass
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elongated redistributive part of the accelerator 10, 
changes the direction of its propagation perpendicular 
to the surface of the concave accelerator generatrix.

The cumulative flow, while simultaneously 
exciting the explosion of the explosive charge 
located around the accelerator, increases the mass 
of explosives exploding per unit of time. Considering 
that the generatrix of the redistributive part of the 
accelerator 10 has an inward concavity, the voltage 
waves are focused outside the charge at points F  
(Figure 11, a).

The explosion products, approaching the air 
partition 8, reduce their speed, but on the way to the 
middle part of the charge they acquire the detonation 
rate of the explosive substance charge 6. When the 
explosion products pass through the accelerator 7 
(Figure 8), they gather into an amplified two-fold 
cumulative flow, the speed of which is higher than the 
flow rate after the accelerator 10.

This enhanced cumulative flow penetrates the 
void of the twin accelerator 7 and explodes the 
explosive charge 6, directing the explosion products 
perpendicular to the surface of the accelerator 7, 
and given that its surface is concave inward, voltage 
waves focus at points F outside the charge (Figure 
11, b). Further, the explosion products, approaching 
the air partition 5, reduce its speed, but when 
the explosive substance 3 charge is excited in its 
lower part, it again acquires the detonation velocity 

of the borehole up to 3 m and the number of cartridges 
in one borehole equal to 6, each cartridge was filled with 
one volume cavity. Experimental explosions during the 
drifting, along with a significant crushing of rock mass, 
also showed an increase in the borehole utilization 
factor to 0.94, with the existing normative value of 0.84,  
Figure 10. 

5	 Analysis of the results obtained 

As is known, the basic information about the 
detonation process of condensed media is provided 
by experiment, and the criterion for the successful 
application of the hydrodynamic theory should be the 
compliance of the detonation parameters obtained 
experimentally with the theoretical results [29]. In 
this regard, the results of laboratory and pilot tests 
for conducting explosive stripping using volumetric 
cumulative cavities (accelerators) allowed us to propose 
the following physical model of the processes occurring 
during the explosion of a borehole explosive charge. 
During the explosion of the borehole charge shown 
in Figure 8, the detonation products, spreading from 
the fuse 11, pass through the single-cone accelerator 
10 and assemble into a single cumulative flow, the 
speed of which is higher than the detonation velocity 
of explosive substance 9 to the accelerator. Such a 
flow has high kinetic energy and, getting into the 

Figure 10 Values of the borehole utilization factor during the borehole coring:  
I - without the use of volume cavities, II - with the use of accelerators

a)                                                             b)                                                             c)
Figure 11 Sections of the down hole explosive charge, shown in Figure 7, with one-, two- and three-cone accelerators
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contributes to the possibility of wider application of flow 
transport means at open pits: conveyors, pneumatic and 
hydraulic transport.  

In addition, the results of the conducted pilot tests 
in conditions of open-pit and underground mining 
showed the possibility of: 
•	 reduction of explosive charge mass in a borehole 

by 32-36% in comparison to the approved passport 
of drilling and blasting operations by means of 
arrangement of air gaps in boreholes; 

•	 reduction of drilling costs by 24-28% due to the 
transition to a smaller borehole diameter;

•	 increasing the borehole utilization factor up to 0.94.
The results of preliminary design study of 

implementation of the proposed technology of drilling 
and blasting operations and the effectiveness of 
cyclic-flow technology, using the belt conveyors at 
the Molodezhny open pit mine (Karaganda region, 
Republic of Kazakhstan), showed an increase in mining 
productivity up to 5 million tons, reducing development 
costs by 25-30%, and, accordingly, the possibility of 
effective development of deeper horizons.
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of explosive substance 3. When the explosion 
products pass through the accelerator 4 (Figure 8),  
they gather again into a more amplified three-fold 
cumulative flow, the speed of which is higher than 
the flow rate after the accelerator 7. The three-fold 
amplified cumulative flow penetrates the void of the 
accelerator 4, explodes a large mass of explosive 
substance 3 charge around the elongated accelerator 
and focuses voltage waves outside the charge in the 
destructible array at points F (Figure 11, c). In other 
words, accelerators in charges, firstly, accelerate 
the speed of explosion products, and secondly, 
provide dynamic braking of explosive gases, which 
ensures the explosion of a larger mass of explosive 
charge and the reversal of the explosive pulse by 90  
degrees. 

  

6	 Conclusions 

Based on the results of modelling the process 
of explosive stripping in laboratory conditions and 
conducted pilot tests at a number of mining sites in 
Kazakhstan a method is proposed for the controlled 
explosive stripping of rock mass with the use of developed 
designs of volumetric cavities (accelerators). Due to the 
use of accelerators in the borehole explosive charge 
dynamic braking of explosion products is carried out, 
contributing to the emergence of localized destruction 
due to tensile and bending forces acting on the destroyed 
massif.

As a result, the specified mode of crushing of the 
crushed rock mass is provided (maximum lump size 
according to the results of tests in the conditions of 
mining enterprises does not exceed 450 mm), which, 
according to the estimation of production specialists, 
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Resume
The article highlights is determination of the main strength indicators of 
the modernized brake lever transmission for a wagon bogie. The special 
feature of this modernization is that the technological pin-hole in the strut 
is displaced by 112 ± 2 mm towards the bolster beam, i.e., in line with the 
pendulum joints. This helps to eliminate abnormal wear of the brake pads in 
operation. To substantiate the proposed modernization, the strength of the 
brake lever transmission was calculated. It was found that the maximum 
equivalent stresses were 124 MPa; they occurred in the tension member. The 
resulting stresses did not exceed the permissible values. Thus, the proposed 
modernization measures are appropriate.
This research could improve the safety of rail freight operations and 
profitability of the rail transport. 
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the brake pads are tilted and touch the rolling surfaces 
of the wheels with their upper ends. Under these 
conditions, unwanted friction is created, thus causing 
abnormal pad wear. This not only leads to an increase 
in operating costs for the wagon maintenance, but to an 
increase in traction resistance as well, which consumes 
additional energy resources.

Moreover, the absence of a  clearance between the 
pad and the wheel in the upper part (Figure 1, a) 
leads to abrasion and a  decrease in the working area, 
which reduces the train braking efficiency. Under this 
condition, the temperature of the brake pad/wheel 
tribotechnical surfaces increases, and this causes 
high-temperature damage to the wheels (Figure 1, b). 
Such damage can include microcracks, shelled treads 
and metal dislocations, which significantly shorten 
the service life of wheelsets and increase the cost of 
maintenance and replacement.

Thus, there is a need to modernize the lever 
transmission design of wagon brake systems to improve 
safety and optimize costs in the railway industry.

An analysis of scientific, technical, and advertising 
sources on the BLT performance of railcars has 
confirmed that the existing designs of brake systems 

1	 Introduction

In today’s competitive environment, sustainable 
development of the railway industry is aimed 
at the modernization of key elements of technical 
infrastructure [1-5]. Particular attention should be paid 
to the mechanical parts of braking systems of freight 
trains, which play a critical role in ensuring the traffic 
safety.

The braking process of a freight train is a complex 
multidisciplinary task, involving the interaction 
of various components and systems, and aimed at 
optimal deceleration and stopping of the rolling stock. 
The efficiency of braking systems and their reliable 
operation are crucial for reducing the risks during the 
transportation of goods, taking into account the high 
requirements for safety and stability of rail transport. 
Therefore, current trends in the railway transport 
industry include stricter requirements for braking 
systems, a need for their continuous modernization and 
improvement.

The imperfect design of the brake lever transmission 
(BLT) of wagon bogies has a  significant impact on the 
braking efficiency. In the traction and idling modes, 
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the cost of the BLT elements of the wagon. Thus, the 
economic benefit of the low initial price of pads can 
be considered unjustified due to the increased costs of 
further maintenance and repair of rolling stock.

Authors of study [12] presented the comparative 
indicators of the quality and performance characteristics 
of the cast iron brake pads as well as the composite ones. 
They highlighted several disadvantages of composite 
pads, in particular, their low thermal conductivity, 
which causes the thermal damage to the rolling surfaces 
of wheels. This, in turn, leads to an increase in operating 
costs associated with the repair of wheelsets. Another 
significant drawback is that the regulatory documents 
for manufacturing do not have the chemical composition 
of the composite mixture ingredients. This violates the 
current legislation of Ukraine and makes it difficult to 
control it. However, the authors do not mention the costs 
caused by the abnormal wear of composite brake pads 
that occurs when freight rolling stock operates without 
active braking.

In study [13] is presented an analysis of various 
braking systems, in particular those used in pad/
wheel tribotechnical pairs. The authors presented the 
advantages of disc brakes and the feasibility of their 
use with conventional tribotechnical pairs. The main 
problem with composite brake pads used in wagons 
is their negative impact on the rolling surface of the 
wheelsets. Due to the low thermal conductivity of the 
pads, high temperatures occur in the contact zone with 
the wheels, which causes various defects on the wheel 
surface.

In study [14] was indicated that most international 
scientists focus on solving issues related to disc brakes. 
They analyse the strength of their parts, monitor 
operating parameters, and determine the temperature 
conditions of individual tribotechnical components of 

of bogies described in [6-8] do not completely solve the 
problem of abnormal pad wear during the brake release. 
It is established that the developers of these systems 
mostly focused on auxiliary devices to counteract the 
forces, that affect the position of the pads according to 
the kinetostatic analysis of the BLT mechanism [9]. This 
indicates that an integrated approach is needed when 
designing and optimizing brake systems. The dynamics 
and the real operational aspects of their functioning 
should also be taken into account, as well as the forces 
that occur in the elements of the bogie’s brake beams 
during braking.

In study [10] are analyzed the operational quality 
indicators of the cast iron brake pads and composite ones 
used for passenger and freight rolling stock. The authors 
considered a number of negative aspects of composite 
pads, in particular, their impact on the environment. 
In addition, the processes that cause damage to vehicle 
wheels due to the mechanical properties of the materials 
used for the pads are described. In this study the 
aim was to identify the cause-and-effect relationships 
between different types of brake pads. The study results 
show the impact of pad wear on environmental pollution, 
durability, and safety of railway transport.

In many scientific studies that were focused on 
the use of composite brake pads in the rolling stock 
the aspects related to traffic safety and their impact 
on the environment were emphasized. To reduce the 
operating costs in the railway industry, brake pads are 
often perceived as a commodity purchased at the lowest 
price while performing satisfactorily [11]. However, 
this approach may not ensure the lowest operating 
costs in the long run. The choice of material of the 
friction components of the pads has a direct impact on 
duration of the standard service life of the wheelset, 
the replacement of which usually significantly exceeds 

                                
a)                                                                                              b)

Figure 1 The elements of the brake pad/wheel tribotechnical assembly that are inoperable due to the BLT design features; 
a) without a clearance between the pad and a wheel when the brakes are released;  

b) high-temperature damage on the wheel surface
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2	 Materials and methods

In their previous works the authors [17-19] 
established that the main reason for abnormal wear of 
brake pads is the inconsistency of the force factors acting 
in the break lever transmission of the bogie. It can be 
explained by the design of the brake system on the 
pendulum suspension, and the tribotechnical processes 
that occur between the pad and the wheel when the 
train is moving with the brakes released.

To eliminate the harmful torque to the brake lever 
transmission, it is proposed to relocate the joint of the 
vertical arm and the brake beam strut. Based on the 
measurements of a  typical brake beam structure, it 
was determined that the pin-hole in the strut should be 
located at a distance of 112 mm (instead of the existing 
224 mm) from the outer end of the brake beam. This 
rather simple, but theoretically justified structural 
change in the location of the pin-hole in the brake beam 
strut can solve the problem of abnormal wear of the pads 
(Figure 2).

This design change makes it possible to completely 
eliminate the harmful torque on the brake lever 
transmission and the modernized brake beam will 
restrain the brake pads from resting on the rolling 
surfaces of the wheelset.

Given that the modernized brake beam is held 
loosely on the pendulum suspension joints by friction, it 
is likely that intense vibrations of the wagon’s running 
gears may periodically cause the brake beam to tilt in 
one direction or another. In this case, the brake pads 
may tilt and touch the rolling surface of the wheels with 
their upper or lower parts when the brake is released.

rolling stock brake systems. This indicates a global 
trend towards optimizing the brake systems to increase 
their efficiency and reliability, reduce wear, and improve 
the overall performance of rolling stock.

Authors of studies [15-16] have dealt with the 
use of modern materials for the development of new 
designs of tribotechnical systems. The effectiveness 
of these innovations in the context of modern rolling 
stock has been proven. Thanks to these innovations, 
it is possible to increase the speed and axle load, as 
well as improve the efficiency of the braking system of 
rolling stock. However, the above studies did not pay 
due attention to the problems associated with abnormal 
wear of brake pads in freight rolling stock. Therefore, 
it would be advisable to analyse the factors influencing 
the performance of tribotechnical systems in order to 
increase their wear resistance and take into account 
modern materials used for them.

The analysis of publications [6-16] has made it 
possible to conclude that the problem of abnormal wear 
of pads used in the brake systems of railcar bogies is 
very urgent. The solution of it is important for ensuring 
the reliability and safety of the rail transport, thus 
further research and development is necessary. 

The objective of this study was to substantiate 
the feasibility of using a  modernized brake lever 
transmission on the wagon bogie 18-100. 

The following tasks have been set to achieve this 
objective:
•	 to develop measures for eliminating abnormal pad 

wear by upgrading the BLT elements; and
•	 to calculate the strength of the upgraded BLT of 

a wagon bogie 18-100.

Figure 2 Modernized brake beam with the pin-hole in the strut moved  
in line with the pendulum joints
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caused by the eccentric application of load at the joint of 
the tension member and the brake beam, the calculation 
was performed by the refined method including the 
bending deformation of the beam. The brake beam 
was calculated using the force method according to the 
diagram shown in Figure 4. The force in the tension 
member was taken as an extra unknown variable, i.e., 
the system was once statically indeterminate. Then, the 
canonical equation of the method of forces is as follows:

	
X 0p1 11 1Td + = ,	 (1)

where δ11 is a single displacement in the direction of the 
i-th link caused by the force X1; Δ1F is a displacement in 
the direction of the i-th link caused by the simultaneous 
action of the entire external load.

The basic brake beam system is shown in Figure 4. 
The bending moments and longitudinal forces from the 
force X = 1, as well as the load diagram, are shown in 
Figure 5.

Determining the displacement:
a)	 from the force X1 = 1 
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where Iy is the moment of inertia of the beam relative 
to the vertical axis; Fb is the cross-section of the beam; 
Fp is the cross-section of the strut; Fc is the cross-section 
of the tension member; E is modulus of elasticity of the 
triangular component (the triangle); a is a half-length 
of the triangle the end joints; l1 is length of the triangle 
between end joint and middle joint; l2 is a string length; 
α is a tilting angle of the triangle; β is a  tilting angle 
of the string; γ is angle formed by the spacer and the 
string; n is a distance from the center hinge to the point 

To prevent the brake pads from tilting up to their 
partial contact with the rolling surface of the wheel, 
a  device (Figure 3) was developed to absorb minor 
accidental forces from oscillations and tilts of the 
bogie when the train moves. This will ensure that the 
clearances between the pads and wheels are kept exactly 
even. This device has a curved guide rod 1 between the 
pair of modernised brake beam 4 in their middle part. 
The ends of this rod fit into the cylindrical slides 2, 
welded to the brake beam symmetrically with respect 
to the opening of its strut. The downward bending of 
the rod should be no less than the maximum possible 
displacement of the bolster beam 3 due to the loading 
of the railcar. The parts of the rod that are curved 
downward are located near the ends of the cylindrical 
slides [17-20].

When the random forces are applied to the brake 
beams due to intense oscillations and tilts of the wagon 
bogie when the train moves, the curved rod in the slides 
works. The forces that cause the brake beam to tilt 
relative to the pendulum suspensions are counteracted 
by the reactive forces generated between the rod and the 
slides. This ensures that the brake beams are constantly 
in balance and maintain uniform clearances between 
the pads and wheels when the brake is released. The 
bending of the rod provides space for the bolster to 
move downward due to the load of the wagon and 
simultaneously keeps it from longitudinal displacement 
and falling out.

3	 Results and discussion

To determine the strength of the modernized 
brake beam with a displaced pin-hole in the strut, the 
corresponding calculations were performed. Due to 
bending moments at the end parts of the brake beam 

Figure 3 The general view of the device for maintaining uniform clearances  
between the brake pads and the rolling surfaces of the wheelset

1 - curved rod; 2 - cylindrical slides; 3 - bolster beam;  
4 - modernized brake beams with a displaced pin-hole in the strut
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After determining the force X1, the total bending 
moment diagram was constructed by superimposing 
the diagrams shown in Figure 6. In this case, the first 
of them is multiplied by the resulting value X1 before 
o superimposing.

Based on the total bending moment diagram  
(Figure 7), the stresses in the brake beam elements were 
determined.

In the calculations it was assumed that the 
maximum load on the brake beam was 2P = 77 kN.

The tensile stress in the tension member of the 
brake beam is

. .
mm

N MPaF
P2 43

855
2 43 3850 11

c
2

$v= = = .	 (5)

Determining the stress in the brake beam (at 
the end of the tension member reinforcement, i.e., at 
a distance of 245 mm from the support).

The slenderness of the beam was determined from 
the expression
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The coefficient of longitudinal bending with the 
resulting slenderness is equal to j = 0.87.

The stress in the rod is
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The results of the analytical calculations showed 
that the proposed modernization did not change the 

of interaction of the string arms; n1 and n2 are segments 
forming the distance from the middle hinge to the point 
of interaction of the string arms; 2L is the triangle 
length; 2P is the force acting on the triangle.

b)	 from the load 2 P in the direction of the extra 
unknown value

sin cos
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The force X1 (Figure 4) is determined from  
Equation (1)

X
p

1
11

1T
d

=- .	 (4)
  	
The values included in calculation Equations (2) 

and (3) were taken from the design drawings of a typical 
brake beam:
2 L = 1,607 mm;	 h = 375.3 mm;	 Iy = 20.9 . 104mm4;
2 a = 1.517 mm;	 h1 = 208 mm;	 Fb = 1185 mm2;
l1 = 758.9 mm;	 cos α = 0.999	 Fc = 855 mm2;
l2 = 845 mm;	 cos γ = 0.444	 Fp = 1500 mm2.

Then, based on the calculations, it was obtained:

. ,E 2777 1311d =

. .E P6736 01p1T =-

From here, follows:

.
. .X P P2777 13

6736 01 2 431 ,= .

Figure 4 The design diagram of the brake beam

Figure 5 The basic system of the brake beam
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method, implemented in SolidWorks Simulation [21-
23]. The graphic works on creation of the brake lever 
transmission was reproduced in SolidWorks. Figure 8 
shows a graphical model of the brake lever transmission. 
Since the calculations were performed as quasi-static, 

stresses in the dangerous areas of the brake beam and, 
therefore, did not affect its strength.

To determine the stress distribution fields in 
the modernized brake lever transmission, a strength 
calculation was performed using the finite element 

a)

b)
Figure 6 The bending moment diagrams, a) from the single force X1; b) from the external load 2P

Figure 7 The total bending moment diagram

Figure 8 The graphical model of the brake lever transmission
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joints of the vertical arms Pv, which was decomposed 
into two elements taking into account the angle of 
application (Figure 10).

Based on the calculations performed with the von 
Mises criterion, the stresses in the elements of the brake 
lever transmission were obtained (Figure 11).

The maximum stresses, recorded in the tensile 

the guide device was not taken into account.
The finite element model was formed by tetrahedra 

(Figure 9). 
Their number was calculated graphically and 

analytically [24]. The grid had 288,115 elements and 
76,296 nodes. The model was fixed by the suspension. 
The load was applied to the shoes Pb, as well as to the 

Figure 9 The finite element model of the brake lever transmission

Figure 10 The design diagram of the brake lever transmission

Figure 11 The stressed state of the brake lever transmission
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The maximum equivalent stresses recorded in the 
tension member of the brake beam are 124  MPa, 
which is lower than the permissible value. The 
research shows that the proposed modernization 
measures are appropriate.
The research results could help in improving the 

safety of freight trains and increasing the profitability of 
the rail transport.  
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member, were 124 MPa. Those stresses are lower than 
the permissible value [25], so the strength of the brake 
transmission is ensured. Thus, the solutions proposed in 
the study are appropriate.

The scientific novelty of this research is the 
included derived model of the strength of the brake 
lever transmission of the freight wagon bogie, which 
allows to determine the main indicators of the 
strength of its components under various external 
loads. This model can be used within the framework 
of the educational process of students studying in 
the discipline “Autobrakes of rolling stock”. This 
model can also be used in the conditions of wagon-
building enterprises when designing and modernizing 
the brake lever transmissions of modern rolling  
stock.

4	 Conclusions

1. 	 The measures aimed at eliminating abnormal pad 
wear by modernizing the brake lever transmission 
elements are proposed. The technological pin-hole 
in the strut is displaced by 112 ±2 mm towards 
the bolster beam, i.e., in line with the joints of 
the pendulum suspensions. In addition, it is 
recommended to use the innovative BLT guide 
device, which ensures uniform clearances between 
the pads and wheels. Such measures to modernize 
the brake lever transmission elements help to 
balance the weight of the parts relative to the 
pendulum suspension and neutralize the harmful 
torque to the brake beams.

2. 	 The strength of the modernized brake lever 
transmission of the wagon bogie 18-100 is calculated. 
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Resume
In this paper is considered a promising design of the braking disk 
mechanism of a construction crane. The analysis of the kinematics of the 
brake pad drive has shown that due to redundant links in the brake pad 
drive mechanism the latter are not able to self-align. This leads to uneven 
braking torque during the smooth braking, overloads and deterioration of 
the positioning accuracy of the load suspended on the cable. Based on the 
methods of analyzing the kinematics of complex mechanisms, two variants 
of modernization without redundant links are proposed. Both variants can 
be realized without changing the kinematics of the mechanism, but they 
differ in the complexity of the joint manufacturing technology and depend 
on the design and dimensional limitations of the brake.
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which requires ensuring an even distribution of forces 
between their elements during operation in the presence 
of manufacturing errors, wear, or thermal grooving.

The presence of redundant constraints in the 
mechanisms contributes to the increase in the unevenness 
of the load distribution between the parts [3-4]. This 
can lead to the destruction of parts [5], increased 
requirements for manufacturing and assembly accuracy 
[6], and an increase in mechanical losses [7]. There are 
not many works dedicated to the study of the structure 
and elimination of redundant constraints in crane 
brake mechanisms. For example, the lever mechanisms 
of crane-type drum-pad brakes with electrohydraulic 
and electromagnetic actuators were considered in [8], 
but these elements themselves were not taken into 
account when compiling the structural diagram of the 
brake mechanism. In work [9], this gap in the study 
of crane-type drum-pad brakes is partially filled, but 

1	 Introduction

Lifting machine brake mechanisms are designed 
to reduce the kinetic energy of their mechanisms 
during changes in movement modes and holding loads 
or crane elements and are responsible elements on 
which the safety of operation and the lives of personnel 
depend. Therefore, increasing the reliability of brakes 
is a reserve for improving the safety of the operation of 
lifting machines.

Nowadays, the drum-type brakes are widespread 
in cranes, the characteristic drawback of which is 
overheating, which determines a certain amount of 
modern scientific research in the field of their dynamics 
and materials for manufacturing their elements [1-2]. 
However, disc-type mechanisms, which cool better 
and provide high values of braking forces, are more 
promising. The disc brake elements are highly stressed, 
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service life. This problem can be solved in several ways. 
The first is to increase the manufacturing accuracy of 
the disc and parts for its installation in the mechanism, 
as well as to protect the entire brake assembly from 
dust and moisture. Another option is to install the brake 
pads on the levers or install the pressure levers on the 
brake frame in such a way that they are dynamically 
self-aligned relative to the surface of the disc. To do 
that, it is necessary to analyze the existing types of 
joints in the reference mechanism using methods from 
the theory of machines or kinematic of machines [11-13] 
to determine the kinematic mobility of its elements - the 
so-called redundant links. The number of moving links 
and kinematic pairs is the determined.

The described disk brake mechanism contains eleven 
movable links (n = 11). Number of 5-class kinematic 
pairs here is P5 = 14 (A5, B5, C5, D5, E5, K5, I5, L5, M5, 
N5, O5, Q5, R5, S5), number of 3-class kinematic pairs is  
P3 = 2 (T3, U3), numbers of 4, 2 and 1-class kinematic 
pairs are P4 = P2 = P1 = 0.

The total kinematic pairs number is:

P = P5 + P4 + P3 + P2 + P1 = 14 + 0 + 3 + 0 + 0 = 16.	 (1)

The sum of kinematic pairs movabilities is :

f = 1P5 + 2P4 + 3P3 + 4P2 + 5P1 = 1 × 14 + 2×0 +  
+ 3 × 2 + 4 × 0 + 5 × 0 = 20.	

(2)

Number of independent locked circuits by Gohman 
formula [14] is:

k P n 16 11 5= - = - = .	 (3)

Independent locked circuits are following - 
N5Q5U3O5N5; M5L5T3O5M5; A5B5C5D5E5A5; N5S5R5I5K5M5 

N5; E5D5I5R5S5N5E5.

the structure of disc brakes remains underresearched  
today.

2	 Methodology

Consider the structure of the Vulkan disc brake 
mechanism (Figure 1, Figure 2). It contains cylinder 1 of 
the electrohydraulic pusher attached to base 0, in which 
rod 2 is installed with the possibility of axial movement.

Rod 2 is hingedly connected to rocker 3, which 
can rotate on axis 4, and is hingedly connected to the 
right lever 6 of a pad 5. Disk 7 is installed with the 
possibility of rotation on base 0 and has the possibility 
of interaction of its ends with the flat surfaces of pads 
5 and 8. Block 8 is hingedly fixed on the left lever 9, 
which is hingedly installed on base 0. The connection 
of the rocker 3 and the left lever 9 is provided by a rod 
11, which is connected to it through a hinge formed by 
a sleeve 10.

In the disc brake mechanisms, the brake discs have 
some runout due to manufacturing and installation 
inaccuracies. The schematic position of the brake disc 
relative to the pads, at which the runout occurs, is 
shown in (Figure 3). In addition, some taps may not be 
used for a certain period of time, as a result of which 
corrosion occurs on the disc surface, which can also be 
uneven - less near the brake pads, and more in the most 
exposed areas. As a result of the above features, in the 
smooth braking mode, a variable clamping force occurs 
between the pads and the disc, which leads to an uneven 
braking torque. In special cases, the runout of the brake 
disc can be so great that it leads to its surfaces touching 
the brake pads when the brake is open, (Figure 4). In 
any case, the runout of the brake mechanism reduces 
the accuracy and smoothness of the braking process, 
creates an increased load on its parts and reduces their 

Figure 1 Disc brake Vulkan general view [10] Figure 2 Structural diagram of basic brake mechanism 
from Figure 1
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calculations (Table 1)
The identified redundant constraints prevent the 

self-alignment of brake pads on the ends of the brake 
discs and make it possible to overload the links of the 
mechanism (Table 2 and Table 3).

The most dangerous among identified redundant 
constraints belong to power circuits q1 and q2 
which initiate the main disadvantage of the brake 
mechanism - the impossibility of brake pads on disc  
self-alignment.

3 	 Results and discussion

The main way to eliminate the detected redundant 
connections, without intentionally introducing errors 
into the design and worsening the brake performance, 
is to add mobilities to the mechanism contours by 
increasing the classes of kinematic pairs. The first 
variant is the implementation of the 4-th class pin-
spherical pairs L4 and Q4 instead of rotary ones (L5, Q5) 
at the points of connection of blocks 5 and 8 with levers 
6 and 9, as well as modification of C3, D3, K3, R3 pairs to 
the 3-rd class spherical pairs and conversion of I5 pair to 
the 4-th class cylindrical pair I4 (Figure 5).

In this variant, with an unchanged total number 
of links, kinematic pairs, and circuits, the number of 
kinematic pairs of the 5-class became P5 = 7 (A5, B5, 

Total mechanism mobility by Voinea and Atanasiu 
equation [15-16] is:

W f r 20 3 3 4 4 5 1i= - = - + + + + =^ h| ,	 (4)

where: ri - independent locked circuits axis ranks.
Thus, total mechanism mobility is:

W = Wb + Wl = 1 + 0 = 1,	 (5)

where: Wb = 1 - basic mechanism mobility (disc 7 
rotation),
Wl = 0 - local links mobilities.

Then, the redundant constraints number in basic 
variant, by Somov and Malyshev formula is:

.

q W P P P P P n5 4 3 2 1 6

1 5 14 4 0 3 2 2 0

0 6 11 11

SM 5 4 3 2

# # # #

#

= + + + + + - =

= + + + + +

+ - =

	 (6)

Redundant constraints number, by Ozols formula, 
[17] is:

.q W k f6 1 6 5 20 11OZ #= + - = + - = 	 (7)

Thereby, the total redundant constraints number in 
the analyzed mechanism q q q 11SM OZ= = = . 

Using the contour method confirms the presented 

Figure 3 Braking disk end beating δ influence Figure 4 Approximate influence of the disc beating on the 
brake friction torque in redundant constraints presence

Table 1 Circuit method application to basic brake mechanism (Figure 2)

Circuit
Planar movabilities fp Non-planar movabilities fn

N5Q5U3O5N5

M5L5T3O5M5

A5B5C5D5E5A5

N5S5R5I5K5M5N5

E5D5I5R5S5N5E5

W = 1, q = 11
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K3, R3, T3, U3), 2 and 1-class kinematic pairs number  
P4 = P2 = P1 = 0.

E5, M5, N5, O5, S5), number of 4-class kinematic pairs  
P4 = 3 (I4, L4, Q4), 3-class kinematic pairs P3 = 6 (C3, D3, 

Table 2 Redundant constraints presence in basic disc brake mechanism consequences

Redundant 
constraint Redundant Constraint presence influence Practice way of redundant 

constraint influence leveling
Leveling absence 

consequences

1 2 3 4

q1

Impossibility of pads self-aligning around 
Y axis f 0y =m^ h .

Control and limitation of the end 
beating of the brake disc and the 
thickness of the pads in the plane 
XZ. This leads to an increase in 
the labor-intensiveness of brake 
maintenance.

Pads axes loading by sign 
variable bending moment and 
its levers by torque in XZ 
plane. Creating periodically 
changing torque in the brake 
shaft.

q2

q3

Impossibility of circuit A5B5C5D5E5A5 
assembling without tension around X axis 
f 0x =m^ h  in the presence of an angular 

error in the drilling of hinge holes or errors 
in of the mechanism aggregation.

Implementation of increased 
radial gaps in kinematic pairs A, 
C, and D. This leads to delayed 
brake activation.

Impossibility of mechanism 
assembling and brake 
operation without parts 
deformation in YZ and XZ 
plane.

q4

Impossibility of circuit A5B5C5D5E5A5 
assembling without tension along Z axis 
f 0z =l^ h  in the presence of an error 

in the manufacture of parts in terms of 
thickness or displacement of the basic 
surfaces in the YZ plane or errors of the 
mechanism aggregation.

Implementation of increased 
axial gaps in kinematic pairs 
A, C, D, or radial gap in E 
kinematic pair. This leads to 
delayed brake activation.

q5

Impossibility of circuit N5S5R5I5K5M5N5 
assembling without tension around Y axis 
f 0y =m^ h  in the presence of an angular 

error in the drilling of hinge holes or errors 
in of the mechanism aggregation.

Implementation of increased 
radial gaps in kinematic pairs 
N, R, I, K, M. This leads to 
delayed brake activation.

Impossibility of mechanism 
assembling and brake 
operation without parts 
deformation in YZ and XZ 
plane.

q6

Impossibility of circuit A5B5C5D5E5A5 
assembling without tension along Z axis 
f 0z =l^ h  in the presence of an error 

in the manufacture of parts in terms of 
thickness or displacement of the basic 
surfaces in the YZ plane or errors of the 
mechanism aggregation.

Implementation of increased 
axial gaps in kinematic pairs N, 
R, I, K, M.

Table 3 Redundant constraints presence in basic disc brake mechanism consequences - continuation

Redundant 
constraint

Redundant constraint presence influence Practice way of redundant 
constraint influence leveling

Leveling absence consequences

1 2 3 4

q7

Impossibility of circuit E5D5I5R5S5N5E5 
assembling without tension along X and Y 
axes ,f f0 0x y= =l l^ h  in the presence 
of errors in the location of the hinge 
holes in the XY plane or errors in the 
mechanism aggregation.

Implementation of increased 
radial gaps in kinematic pairs 
E, D, I, R, S, N, or axial gap in 
E kinematic pair. This leads to 
delayed brake activation.

Impossibility of mechanism 
assembling and brake operation 
without parts deformation in XY 
plane.

q8

q9 Impossibility of circuit E5D5I5R5S5N5E5 
assembling without tension around X 
and Y axes ,f f0 0x y= =m m^ h  in the 
presence of an angular error in the drilling 
of hinge holes.

Implementation of increased 
radial gaps in kinematic pairs 
N, S, R, I, K, M, N. This leads 
to delayed brake activation.

Impossibility of mechanism 
assembling and brake operation 
without parts deformation in XY, 
YZ, and XZ plane.

q10

q11 Impossibility of circuit E5D5I5R5S5N5E5 
assembling without tension along the Z 
axis f 0z =l^ h  in the presence of an 
error in the manufacture of parts in terms 
of thickness or displacement of the basic 
surfaces in the YZ plane.

Implementation of increased 
axial gaps in kinematic pairs 
N, S, I, or radial gap in E, R 
kinematic pairs. This leads to 
delayed brake activation.
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Redundant constraints number by Ozols formula

.q W k f6 1 6 5 31 0OZ #= + - = + - = 	 (12)

The application of the circuit method for the variant 
1 structural diagram is shown in Table 4, confirms the 
obtained results.

The disadvantage of the first variant is the use of 
pin-spherical pairs L4 and Q4 since it is structurally 
quite difficult to do this, and it is not possible to use 
spherical pairs here, since it can give pads 5 and 8 local 
mobility, which in turn can cause their rotation around 
the X axis and partial release from contact with the 
ends of the brake discs along their entire length. A good 
option in this case is to leave pairs L5 and Q5 as 5-class 
rotary ones.

That is why variant 2 of mechanism improvement 
can be spherical pairs C3, K3, R3, M3, N3, and cylindrical 
pair I4 implementation (Figure 6).

In this version, with an unchanged total 
number of links, kinematic pairs, and circuits, the 
number of kinematic pairs of the 5-class became  
P5 = 8 (A5, B5, D5, E5, L5, O5, Q5, S5), number of 4-class 
kinematic pairs P4 = 1 (I4), 3-class kinematic pairs  
P3 = 7 (D3, K3, M3, N3, R3, T3, U3), 2 and 1-class kinematic 

The sum of kinematic pairs movabilities:

f = 1P5 + 2P4 + 3P3 + 4P2 + 5P1 = 1 × 7 + 2 × 3 
+ 3 × 6 + 4 × 0 + 5 × 0 = 31.	

(8)

Total mechanism mobility, by Voinea and Atanasiu 
equation, is:

W f r 31 5 6 1i #= - = - =| 	 (9)

Total mechanism mobility is:

W = Wb + Wl = 1 + 0 = 1,	 (10)

where: Wb = 1 - basic mechanism mobility (disc 7 
rotation),
Wl = 0 - local links mobilities (the lack of local mobility of 
the sleeve 10 can be ensured by boring a hole under the 
axis S5 outside the center of the sphere R3).

Then, redundant constraints number in basic 
variant, by Somov and Malyshev formula, is:

.

q W P P P P P n5 4 3 2 6

1 5 7 4 3 3 6 2 0

0 66 11 0

SM 5 4 3 2 1

# # # #

#

= + + + + + - =

= + + + + +

+ - =

	 (11)

Figure 5 Modified by variant 1 brake mechanism 
structural diagram

Figure 6 Modified by variant 2 brake mechanism 
structural diagram

Table 4 Circuit method application to modified by variant 1 brake mechanism (Figure 5)

Circuit
Planar movabilities fp Non-planar movabilities fn

N5Q4U3O5N5

M5L4T3O5M5

A5B5C3D3E5A5

N5S5R3I4K3M5N5

E5D3I4R3S5N5E5

W = 1, q = 0
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has 11 redundant constraints. These constraints 
do not allow the brake pads to self-adjust relative to 
the brake disc surface. Due to that, in the event of 
a brake disc beating, the braking torque will not be 
constant.

2.	 The analysis identified angular constraints as the 
predominant challenge in the kinematics of the 
mechanism’s constraints (joints). To mitigate the 
risk of jamming (or to ensure guaranteed mobility), it 
is necessary to manufacture these joints with either 
high accuracy of the mating parts, which results 
in an increase in price, or, conversely, to create an 
increased gap in the joint, which in turn increases 
the brake response time due to the movement of 
the mating parts in the joints with a  gap from 
one extreme position to another. Concurrently, the 
presence of these gaps can diminish the service 
life of the joints, thereby increasing the impact 
loads they experience. That, in turn, can lead to 
a reduction in their fatigue strength, particularly in 
the drive levers.

3.	 A  particular group of restrictions imposed on the 
drive mechanism can impede the ability of the brake 
pads to self-adjust relative to the brake disc surface. 
Such contact can lead to inconsistent braking torque 
within a  single revolution, resulting in diminished 
smoothness and accuracy in load positioning. 
Furthermore, in instances of substantial brake disc 
beating or malfunctioning of the brake pad retraction 
mechanism, the pads may inadvertently come into 
contact with the disc surface. This phenomenon 
contributes to a  decline in the smoothness and 
accuracy of movement of the load suspended on 
the cable, thereby reducing the service life of the 
brake mechanism. It also leads to accelerated 
wear, overheating, and increased dynamic  
loads.

4.	 In this paper, the authors proposed two design 
solutions for the kinematics and, consequently, 
the design of the brake pad drive mechanism. 
These solutions allow for elimination of excessive 
restrictions that prevent the pads from self-installing 
relative to the pressure levers and the surface of the 
brake disc. The first option proposes the use of pin 
spherical pads. The primary benefit of this approach 

pairs number P4 = P2 = P1 = 0.
The sum of kinematic pairs movabilities is:

f = 1P5 + 2P4 + 3P3 + 4P2 + 5P1 = 1 × 8 + 
+ 2 × 1 + 3 × 7 + 4 × 0 + 5 × 0 = 31.	 (13)

Total mechanism mobility, by Voinea and Atanasiu 
equation, is:

W f r 31 5 6 1i #= - = - =| 	 (14)

Total mechanism mobility is:

W = Wb + Wl = 1 + 0 = 1,				  
	 (15)

where: Wb = 1 - basic mechanism mobility (disc 7 
rotation),
Wl = 0 - local links mobilities.

Then redundant constraints number in basic 
variant, by Somov and Malyshev formula, is:

.

q W P P P P P n5 4 3 2 6

1 5 8 4 1 3 7 2 0

0 6 11 0

SM 5 4 3 2 1

# # # #

#

= + + + + + - =

= + + + + +

+ - =

	 (16)

Redundant constraints number, by Ozols formula, 
is:

.q W k f6 1 6 5 31 0OZ #= + - = + - = 	 (17)

The application of the circuit method is shown in 
Table 5, confirms the obtained results.

The stiffness of the structure can be increased by 
installing the kinematic pairs M and N at a distance zj 
along the Z axis.

4	 Conclusion

Theoretical studies of the existing crane disc brake 
mechanism have been performed, and the following 
conclusions have been drawn:
1.	 Structural analysis of the kinematics of the brake 

pad drive mechanism showed that the mechanism 

Table 5 Circuit method application to modified by variant 2 brake mechanism (Figure 6)

Circuit
Planar movabilities fp Non-planar movabilities fn

N3Q5U3O5N3

M3L5T3O5M3

A5B5C3D5E5A5

N3S5R3I4K3M3N3

E5D5I4R3S5N3E5

W = 1, q = 0
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of a  spherical joint is only feasible as a  cantilever 
design. From the perspectives of strength, 
fatigue, tribology, manufacturing technology, and 
installation procedure, this type of joint necessitates 
a series of research and development endeavors in 
either of the two design solutions.
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is that it necessitates only a modification to the pad 
mount to the pressure levers. However, a  notable 
drawback is the complexity of implementing 
such a  mount, particularly with regard to its 
strength and manufacturing technology. The 
necessity of a  compact, durable joint underscores 
the challenges associated with this approach. The 
second option involves a substantial redesign of the 
brake mechanism, entailing the installation of the 
pressure levers on spherical joints, necessitating 
a  corresponding modification to the brake 
mechanism’s frame. This approach offers the benefit 
of preserving the original design of the replaceable 
brake pads.

5.	 Both proposed design solutions can be implemented 
on the disk brake of the crane without altering 
the mechanism’s operational principle. It is 
noteworthy that the Vulcan crane disc brake 
utilizes solely cylindrical joints, which, in addition 
to their manufacturability, offer the benefit of a two-
support design. Conversely, the implementation 
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Resume
The Internet of Vehicle (IoV) is revolutionizing the automobile sector by 
allowing vehicles to interact between them and with roadside infrastructure. 
The Controller Area Network (CAN) is a vital component of such Autonomous 
vehicles (AVs), allowing communication between various Electronic Control 
Units (ECUs). However, the CAN protocol's intrinsic lack of security renders 
it opens to a variety of cyber-attacks, posing substantial hazards to both 
safety and privacy. This research proposes a defence mechanism for the 
real-time threat detection. It investigates the use of deep learning with 
multi-layer perceptron to improve the security of CAN networks inside the 
IoV framework. The suggested method is highly effective in identifying and 
mitigating potential risks, as evidenced by extensive testing on real-world 
CAN datasets.
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as rerouting or autonomous braking without human 
intervention.
According to the Society of Automotive Engineers 

(SAE), automation in autonomous cars can be categorized 
into six separate levels, ranging from SAE Level 0 (fully 
manual) to SAE Level 5 (entirely autonomous) [2-3]. 
Table 1 gives a description of these levels.

Although customers are not yet able to acquire 
fully autonomous vehicles, we are already in the 
phase of partially automated automobiles [3]. The 
Internet of Vehicles (IoV), an interconnected network 
of autonomous vehicles, roadside infrastructure, and 
components that communicate and interact with one 
another using wireless technology, is derived from the 
Internet of Things (IoT), with the objective of improving 
the effectiveness, efficiency, and safety of autonomous 
vehicles [4-5].

The electrical and electronic system of autonomous 
vehicles is a  scattered and complicated network of 
Electronic Control Units (ECUs), sensors, and actuators. 
ECUs, which are computing  units, are required 
to operate a  specific subsystem and make critical 
autonomous driving decisions. They must interact with 
one another and exchange sensitive data using a  set 
of standard protocols. The CAN bus is regarded as the 
de facto standard for the in-vehicle communication 

1	 Introduction

With the latest technological developments, 
autonomous vehicles (AVs) that were formerly deemed 
science fiction have become a  reality. Despite the 
fact that it is still in its early stages of development, 
the concept of autonomous vehicles is gaining global 
acceptance [1]. Autonomous cars are capable of sensing 
their environment and operating independently 
of people. A  passenger is not required to drive the 
automobile at any time, nor is their presence within 
the vehicle required. An autonomous vehicle can go 
anywhere a conventional car can go and accomplish all 
the functions carried out by a competent human driver.

The applicability of a  proposed solution to CVs 
or AVs depends on the specific nature of the proposed 
solution in terms of driving function, which can be 
classified hereunder:
•	 Conventional vehicles (non-AVs) participating in 

IoV rely on their human drivers for decision-
making. The IoV solutions for these vehicles 
typically focus on” information sharing”, warnings, 
or driver assistance, e.g., alerting drivers to nearby 
accidents or real-time traffic updates.

•	 Autonomous vehicles (AVs), on the other hand, can 
process the IoV data to directly execute actions such 

https://orcid.org/0000-0002-7362-7870
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anti-lock braking, suspension, and Advanced Driver 
Assistance System, which perform real-time, safety-
critical operations, are included in the Chassis and 
Safety domain. The Body and Comfort domain includes 
operations that do  not frequently need real-time 
processing, such as in-vehicle climate control, seat 
control, door, window, or light control. The remote 
communication, information, and entertainment services 
are managed by the Telematics and infotainment 
domain. Each domain’s performance and reaction time 
requirements vary depending on the function performed. 
Figure 1 depicts how these domains are integrated via 
various standards, like CAN, Media Oriented Systems 
Transport (MOST), and Local Interconnect Network 
(LIN). The CAN Bus protocol is most commonly used 
in the internal communication network of vehicles to 
support the aforementioned operations [9-14].

network, and it is ubiquitously used in almost all the 
automobiles [1, 6-7]. 

The remaining sections of this article are organized as 
follows. In Section 2 the relevant background knowledge 
is introduced. In Section 3 is discussed related work and 
their limitations. In Section 4, the specific design details 
of the intrusion detection model are described, while the 
performance evaluation is shown in Section 5, followed 
by the conclusion in Section 6.

2	 Background knowledge

The power train, chassis and safety, body and 
comfort, and telematics and infotainment domains are 
the four main segments of an autonomous vehicle’s 
internal communication system [8]. The airbag control, 

Table 1 SAE levels of driving automation

SAE Level Description

0 The driver is the one who controls the entire vehicle. In the form of alerts, such as lane departure or blind spot 
warnings, driver aid is offered.

1

With one autonomous function to help, the driver has complete control over the car. Adaptive cruise control, 
for example, uses automated acceleration and braking to maintain a  safe distance from oncoming traffic. 
Alternatively, automated steering can be used, which involves the assistance of lane centering and other 
features to keep the car moving at a consistently high speed.

2 The driver has complete control over how the vehicle performs, with assistance from two automated operations 
such as steering, braking, and acceleration.

3 The car may function autonomously under a  set of predetermined configurations, and the driver can take 
control of the vehicle at any time.

4 The vehicle may operate autonomously under specified settings, eliminating the need for the driver to oversee 
it. The car is extremely close to being totally autonomous.

5 At this level, the car is supposed to be completely autonomous and capable of operating without restrictions. 
There is no need for the driver to supervise it.

Figure 1 In-Vehicle sub-systems adapted from [9] 
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a  range of ways to identify the CAN bus intrusions, 
including rule-based, machine learning-based, and other 
technologies. The authors of the article [24] present 
a  deep learning-based Convolutional Neural Network 
(CNN) model for protecting the CAN bus in autonomous 
vehicles. The findings are also compared to various 
traditional methods; among them, the deep learning 
system achieves excellent accuracy. The study conducted 
in [25], describes another deep learning-based intrusion 
detection model that utilizes Long Short-Term Memory 
(LSTM) and CNNs network models. LSTM is a type of 
recurrent neural network (RNN) architecture used in 
deep learning, particularly for analysing sequential or 
time-series data, whereas identical research has been 
done by authors in [12, 26-29]. These studies have 
shown that standard CAN network data is growing 
increasingly sophisticated, and neural network-based 
models, particularly deep learning models, are the most 
effective way to handle the identified weaknesses in 
IoV security [30].

The majority of DNN-based solutions were built 
using the Convolutional Neural Networks (CNN) 
and Recurrent Neural Networks (RNN), which are 
extensively utilised to solve complicated problems in 
computer vision, text processing, audio recognition and 
classification, and so on. Due to their complexity, the 
DNNs often take a  long time to train on input data. 

Figure 2 depicts the CAN data frame, which begins 
with an 1-bit Start of Frame (SOF) field, followed by an 
Arbitration field containing an 11- or 29-bit Identifier 
(ID) (CAN 2.0A has an 11-bit ID, whereas CAN 2.0B 
is the extended format with a 29-bit ID), and an 1-bit 
Remote Transmission Request (RTR).

Cybercriminals can get access to the internal 
communication network of the targeted vehicle using 
the aforementioned interfaces and carry out a  range 
of attacks, including “replay”, “DoS”, or “spoofing” 
attacks [11]. Table 2 shows a  list of effective attacks 
undertaken and analysed by various researchers on the 
IoV subsystem.

3	 Literature review

Encryption, authentication, protocol stack redesign, 
and intrusion detection systems are among the 
suggested security options for the CAN Bus protection 
[8]. Some studies in recent years have focused on 
encryption techniques to secure the CAN system. 
However, adopting similar algorithms may need extra 
hardware or modifications to current ECUs. Intrusion 
detection methods that do  not need changes to the 
network protocol or hardware are a  better alternative 
for security inside AVs [7]. Researchers have utilised 

Figure 2 The CAN frame structure

Table 2 Attacks executed and analysed on IoV subsystem

Ref. Attack Surface Impact

Eisenberth et al. [15] Keyless entry system Control the door lock, unlock, and the engine

Koscher et al. [16] Interfaces Infotainment using OBD-II/
USB port CAN Bus injection, full access to the vehicle

Miller et al. [17] OBD-II port Control brakes, wheels, and get access to the CAN Bus 
of a real vehicle

Petit et al. [18] LiDAR, Cameras Sensors Signal jamming

Zorz et al. [19] OBD-II Cellular Dongle CAN Bus injection in Real vehicle

Palanca et al. [20] OBD-II interface DoS attack on CAN Bus

Woo et al. [21] OBD-II interface Replay, impersonation attack using the smartphone 
application

Nie et al. [22] Wi-Fi, GSM Replay, impersonation using access to CAN network 
using browser exploit

Mukherjee et al. [23] OBD-II port DoS attack by compromise ECU using the data link layer 
exploit
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balanced and in a  format suitable for Deep Neural 
Networks [33-37]. Table 3 shows the class and sample’s 
information, while Table 4 shows the retrieved features. 
The dataset is subsequently divided into training and 
testing datasets. The data is divided into 60:40 ratios, 
which means that 60% is utilised for model training and 
40% is used for model validation.

4.3	 Proposed deep learning model  
and experimental setup

Multi-Layer Perceptron (MLP), which serves as the 
foundation for this deep learning approach, is a neural 
network with multiple hidden layers. It is best suited 
for regression or classification problems in which inputs 
are allocated to a  class. The neurons (or nodes) are 
arranged in different layers, as illustrated in Figure 3, 
and are connected to every neuron in the next layer, so 
the output of one neuron becomes the input of the next. 
Each connection between neurons has a weight, which 
is one of the variables that change throughout training. 
The weight of the link influences how much information 
is sent between neurons. Once a  neuron gets inputs 
from all the other neurons linked to it, the output (y) is 
determined using the formula provided in Equation (1).

y x w bi ii

N

1
)= +

=
^ h| ,	 (1)

where xi is an input of the neuron, wi is the associated 
weight, and b is the bias. The output value (y) is then 
given to the activation function g(y), which introduces 
nonlinearity into the neuron’s output. Finally, the model 
employs the backpropagation algorithm to update the 
weights of the input layer based on the error at the 
output layer. 

The proposed MLP-based deep learning model 
consists of an input layer, an output layer, and two 
dense hidden layers. The model receives input that is 
extracted from the data packet transmitted over the 
internal communication channel of the vehicle. Due 
to 153 features being extracted from the in-vehicle 
network traffic, the same number of neurons is inserted 
in the first layer. It is followed by the two dense hidden 
layers of two and eight neurons, respectively. Since the 
CAN network traffic is to be classified into six classes 
(TARGET LABEL in Table 4), the output layer is made 
up of completely linked six neurons. The model has 
a total of 386 trainable parameters. Figure 4 depicts the 
layer relationships, while Table 5 provides the model’s 
summary.

The activation functions in MLP are critical for 
generating complex decisions and predictions. This 
article uses the ReLU activation function in the 
intermediate layers, which operates by performing 
a basic mathematical operation on the input value. If the 
input value is higher than or equal to zero, the output is 
the same as the input. If the input value is negative, the 

They also require powerful computers with specialized 
processing units like Tensor, and Neural Processing 
Units. In this study, the deep learning-based IDS for 
CAN bus networks is presented, which outperforms 
previous work due to its simpler and more optimized 
network model.

4	 Defence mechanism

To detect and categorize various assaults on 
autonomous vehicles by recognizing abnormal CAN 
network traffic patterns, the Multi-Layer Perceptron 
(MLP) based deep learning model is presented that 
may be deployed as an extra CAN Bus node, such as an 
OBD-2 dongle. It is more affordable and practical, and 
there is no need to modify the CAN Bus. It can detect 
and identify several types of attacks on the IoV CAN 
network. In Section 4.1 are described the methods to 
mitigate identified threats in the proposed IoV defence 
solution, while in Section 4.2 are described the realistic 
and most recent dataset used to train the model, 
whereas in section 4.3 is described the structure of the 
suggested solution.

4.1	 Methods to mitigate identified threats  
in the proposed IoV defence solution

The proposed deep learning-based defence 
mechanism (e.g., using CNNs and LSTMs) provides an 
effective approach to intrusion detection. However, as 
IoV networks are highly dynamic and interconnected, 
they are susceptible to a  wide range of cyber threats, 
such as DoS attacks, spoofing, man-in-the-middle 
attacks, data manipulation, and more.

This section outlines potential attack mitigation 
techniques that could complement or enhance the 
proposed solution to improve security within IoV 
systems.

4.2	 Description of the dataset

In this study, the Canadian Institute for Cyber 
security (CIC) IoV2024 dataset is used [31-32]. It is 
a benchmark dataset; generated using a testbed of the 
real vehicle, to encourage the development of innovative 
security solutions for IoV processes, and it is published 
on the CIC dataset homepage. It contains traces for 
normal as well as five attack scenarios: DoS, “spoofing-
steering wheel”, “spoofing-RPM”, “spoofing-GAS”, and 
“spoofing-SPEED” attack, carried out by leveraging the 
unique characteristics of the CAN protocol in a  real 
testbed of a  Ford automobile equipped with all ECUs 
[31]. The original dataset was cleaned to eliminate 
noise (irrelevant data) and extract a  specific amount 
of samples for each class to maintain the dataset 
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learning model. The loss function is mathematically 
represented by:

logL N y p1
, ,i j i jj

K

i

N

11
=-

==
^ ^ hh|| .	 (4)

Here, N is the number of instances in the dataset, 
K  is the number of classes, yi,j  is the true output 
for the i-th sample and j-th class, and pi,j  is the 
predicted probability for i-th sample and j-th class. The 
Adam optimizer, which stands for “Adaptive Moment 
Estimation”, is employed to iteratively minimize the loss 
function during training. 

5	 Results and comparative analysis

In the domain of deep learning, a perfect fit model 
is desired since it assures strong generalization and 
consistent performance on new data. Overfitting and 
underfitting, on the other hand, provide unreliable 
results and poor generalization. A well-performing deep 
learning model should have training and validation loss 
curves that converge to a  comparable, low data point. 

result is zero. The mathematical representation of the 
ReLU function is as follows:

, .maxf x x0=^ ^h h 	 (2)

The output layer employs the softmax activation 
function, which transforms the raw output scores of the 
model into probabilities, facilitating the distribution 
of these probabilities across various classes. This 
transformation is mathematically represented by:

maxSoft Z
e

e
i Z

j

K

Z

1
j

i

=
=

^ h | .	 (3)

Here, Zi represents the input value for the Softmax 
function and is the output value of the node for i-th class 
at the output layer. K is the total number of nodes at the 
output layer. 

Cross entropy measures the difference between the 
predicted probability and the true probability. Multiclass 
Cross-Entropy Loss, also known as categorical cross-
entropy, is used as a loss function in the proposed deep-

Table 3 Number of samples collected for each class

S. No. Class # of Samples

1 BENIGN 80000

2 DoS 74660

3 SPOOFING_GAS 9991

4 SPOOFING_RPM 54899

5 SPOOFING_SPEED 24950

6 SPOOFING_STEERING_WHEEL 19976

TOTAL 264476

Table 4 Features extracted from the dataset

S. No. Features Description

1 ID Arbitration ID

2 to 9 “DATA_0” to “DATA_7” 1st to 8th byte of data transmitted through CAN data frame

10 LABEL Type of traffic (Benign/Malicious)

11 TARGET LABEL Six Specific Class of the traffic 
(“Benign”, “DoS”, “Spoofing_GAS”, “Spoofing_RPM”, “Spoofing_SPEED”, and “Spoofing_
STEERING_WHEEL”)

Table 5 Proposed MLP Model Summary

Layer Shape of the Output Number of Parameters Activation function

dense_136 (Dense) (None, 2) 308 Rectified Linear Units (ReLU)

dense_137 (Dense) (None, 8) 24 Rectified Linear Units (ReLU)

dense_138 (Dense) (None, 6) 54 Softmax

Total parameters: 386 (1.51 KB)
Trainable parameters: 386 (1.51 KB)
Non-trainable parameters: 0 (0.00 Byte)
Optimizer: “Adam”, 
Loss function: “categorical_crossentropy”,
Performance Metrics: “Accuracy”
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training and validation loss curves demonstrates that 
the suggested model is learning the core trends in the 
data and generalizing successfully to the validation set. 
It indicates that the model is neither overfitting nor 
underfitting, as well.

Evaluating the performance of a  deep learning 
model incorporates a  series of procedures and metrics 
that offer a full picture of how well the model is doing. 

This shows that the model is generalizing properly and 
not overfitting or underfitting. Analysing the behaviour 
of these curves during the training gives vital insights 
into the model’s learning process and aids in making 
the required changes to increase performance. Table 
6 shows the training and validation losses reported 
for each epoch throughout the simulation, which are 
also represented in Figure 5. The convergence of the 

Table 6 Training and Validation efficiency of the proposed model

Epoch Tr_loss Tr_accuracy Val_loss Val_accuracy

1.4293 0.4142 1.1413 0.4878

1.0016 0.4883 0.8921 0.4884

0.8277 0.4973 0.7646 0.5072

0.6848 0.6311 0.5988 0.7578

0.5273 0.7775 0.4573 0.8402

0.3966 0.8415 0.3480 0.8423

0.3133 0.8789 0.2821 0.9425

0.2539 0.9430 0.2272 0.9428

0.2022 0.9431 0.1805 0.9428

0.1628 0.9594 0.1486 0.9805

0.1366 0.9809 0.1274 0.9805

0.1187 0.9809 0.1123 0.9805

0.1056 0.9809 0.1010 0.9805

0.0956 0.9809 0.0922 0.9805

0.0877 0.9809 0.0850 0.9805

0.0811 0.9809 0.0790 0.9805

0.0757 0.9809 0.0739 0.9805

0.0710 0.9809 0.0696 0.9805

0.0670 0.9809 0.0658 0.9806

0.0635 0.9809 0.0625 0.9806

0.0604 0.9809 0.0595 0.9806

0.0577 0.9809 0.0570 0.9806

0.0553 0.9809 0.0547 0.9806

0.0532 0.9809 0.0527 0.9806

0.0514 0.9811 0.0509 0.9808

0.0497 0.9811 0.0494 0.9809

0.0483 0.9811 0.0480 0.9809

0.0470 0.9811 0.0468 0.9809

0.0459 0.9811 0.0457 0.9809

0.0449 0.9812 0.0447 0.9809

0.0439 0.9812 0.0435 0.9809

0.0423 0.9812 0.0415 0.9809

0.0399 0.9812 0.0387 0.9809

0.0367 0.9812 0.0353 0.9809

0.0333 0.9973 0.0318 0.9999

0.0298 0.9999 0.0283 0.9999

0.0265 0.9999 0.0251 0.9999

0.0234 0.9999 0.0222 0.9999

0.0207 0.9999 0.0196 0.9999

0.0184 0.9999 0.0174 0.9999
Tr_loss: Training Loss; Tr_accuracy: Training Accuracy; Val_loss: Validation Loss; Val_accuracy: Validation Accuracy
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F F
Precesion Recall
Precesion Recall

1 1 2score )
)=
+

^ h .	 (8)

The results from the Confusion matrix (Figure 6) 
and Tables 7, 8, and 9 show that the proposed deep 
learning model can detect and classify an attack on an 
autonomous vehicle’s CAN network with an average 
Recall of 0.999927477, Precision of 0.999930671, and 
F1-Score of 0.999929069. The model performed better 
than the benchmark research [31] in terms of accuracy, 
recall, precision, and F1-Score. It also outperformed 
previous studies [24] with the highest accuracy of 
99.99%. Achieving an average accuracy of 99.99% is 
an impressive feat, but it is important to provide 
transparency regarding the factors that contributed to 
this result and to discuss any potential limitations or 
biases. To clarify achieved results some succeeded points 
can be addressed such as: dataset quality and size, 
model architecture, training process, evaluation metrics.

On the other hand, there are some potential 
limitations and biases that can be summarized due to: 
dataset bias concerning both causes (class imbalance or 
synthetic data), overfitting risk, limited attack types, 
real-world conditions, model complexity and deployment 
feasibility.

Figure 6 depicts the confusion matrix obtained as 
a  consequence of the simulation and used to calculate 
accuracy, precision, recall, and F1-score. Precision and 
recall are measures used to assess the effectiveness 
of a  classification model, particularly in the cases 
with unbalanced classes or where different types of 
classification errors have varying costs.

The performance evaluation metrics, shown in 
Table 7, can be produced using Equations (5) to (8), 
where α, β, γ, and μ denote True Positive, True Negative, 
False Positive, and False Negative, respectively.

Precision and recall should both be high, however, 
they should be used in conjunction with other assessment 
measures like accuracy and F1-score to have a thorough 
view of a classifier’s performance. The F1-score, which is 
the harmonic mean of the Precision and Recall values, 
provides a  more balanced assessment of the model’s 
performance.

Accuracy
a b c n

a b
=

+ + +
+

,	 (5)

Precision P a c
a= +

^ h ,	 (6)

Recall R a n
a= +

^ h ,	 (7)

Figure 5 (a) Accuracy curve, (b) Loss curve

Figure 6 Confusion Matrix
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of 0.999927477, Precision of 0.999930671, and F1-Score 
of 0.999929069. The proposed model outperformed 
benchmark studies and other related work in terms of 
accuracy, recall, precision, and F1-Score, achieving the 
highest accuracy of 99.99%. Future work should focus 
on improving the scalability of the proposed system and 
integrating it with broader IoV security frameworks to 
provide a holistic defence strategy. 
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6	 Conclusion and scope for future work

The CAN protocol is a key component of the internal 
communication network of autonomous. However, the 
protocol’s inherent lack of security makes it susceptible 
to a wide range of cyber threats, posing significant risks 
to both the safety and privacy of the driver, passenger 
or the vehicle itself.

This paper has explored the effectiveness of the 
DL-based approach to enhance the security of internal 
communication networks of autonomous vehicles 
in the IoV framework. A  novel deep-learning based 
defence mechanism is proposed that provides the 
real-time threat detection. The findings highlight the 
potential of deep learning to significantly enhance 
the security of CAN networks in IoV, contributing 
to safer and more reliable vehicular communication  
systems. 

The simulation results indicate that the proposed 
DL-based model is capable of successfully detecting 
and classifying attacks (DoS and spoofing) on the CAN 
network of an autonomous vehicle, with an average Recall 

Table 7 Recall, Precision, and F1-Score values for the proposed model

Class Recall Precision F1-Score

BENIGN 0.99990625 1 0.999953123

DoS 1 0.999966517 0.999983258

SPOOFING_GAS 1 1 1

SPOOFING_RPM 0.999908925 0.999817867 0.999863394

SPOOFING_SPEED 1 0.999799639 0.99989981

SPOOFING_STEERING_WHEEL 0.999749687 1 0.999874828

Macro Average 0.999927477 0.999930671 0.999929069

Table 8 Proposed solution vs. the benchmark study 

Ref. Accuracy Recall Precision F1-Score

Neto et al. [31] 95% 0.68 0.74 0.63

Proposed Model 99.99% 0.999927477 0.999930671 0.999929069

Table 9 Proposed solution vs. related work

Ref. Solution Type Attack type  (Avg. Accuracy)

Sudhakar et al. [38] Deep learning (CNN) Malware 98.63%

Ahmed et al. [24] Deep learning (CNN) DoS, Fuzzy 96 %

Neto et al. [31] Deep learning (MLP) DoS, Spoofing 95%

Proposed Model Deep learning (MLP) DoS, Spoofing 99.99%
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Resume
This article presents the enhancement and refinement of a simulation 
model for an integrated universal switched voltage regulator compatible 
with PSPICE software. The model enables users to create representations 
of any specific type of switched voltage regulator currently available on the 
market. The described regulator model is practically applied in widely used 
configurations of buck converters, including applications in transportation. 
The accuracy of the regulator model is verified by comparing the simulated 
waveforms of the converter to those provided in its datasheet. Additionally, 
the model is employed for the design and simulation analysis of buck 
converter circuits, with extended current and voltage ranges for their 
output parameters. In the context of improving the performance of such 
converters, particular attention is given to enhancing their electromagnetic 
compatibility. 
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2	 Regulator model

Based on the key catalog parameters of existing 
switched voltage regulators, designed for the buck 
DC-DC converters, a  conceptual and universal block 
diagram can be developed. This diagram is presented 
in Figure 2.

A universal simulation model of the regulator [11] 
was developed based on this diagram. This model can 
be simplified as follows, resulting in a more streamlined, 
accurate, and efficient design, which subsequently 
reduces simulation time.

.SUBCKT 2576M Vin On_Off GND FB Vout; Name of 
subcircuit and parameters
+ PARAMS: Vref=1.23 Imax=3.7 f=52000; Default 
setting: Vref, Imax, f, Rsw
+ Rsw=0.019 Dmax=0.9 Umax=40 Delay=0u; Dmax, 
Umax, Delay
VA1 12 60; Ammeter A
V+5 9 GND 5; Power supply + 5V for logical circuits
VG 19 GND DC 0 AC 1  0; Frequency generator with 
parameters: 

1	 Introduction

The efficient utilization of alternative energy 
sources is highly relevant in today’s energy-intensive 
era, which has resulted in significant attention being 
directed toward the field of direct current (DC) power 
conversion. For this purpose, power semiconductor 
converters are primarily used, with simulation software 
considered as one of the most effective development tools 
in their design [1-6]. The use of integrated switched 
voltage regulators has greatly simplified the design and 
construction of the DC power supplies, which are widely 
utilized, including in transportation. However, a broader 
range of simulation models for these components is 
unfortunately lacking. Based on the configuration of 
such converters, these integrated regulators can be 
categorized into several groups. The largest group 
consists of switched regulators designed for step-down 
(buck) converters, with a  manufacturer-recommended 
connection presented in Figure 1 [7-10]. 

This configuration includes not only the integrated 
switched regulator circuit but the additional external 
components essential for its operation, as well.

https://orcid.org/0000-0002-9930-9272
https://orcid.org/0000-0003-0482-6646
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.MODEL SW1 VSWITCH (Ron=0 Roff=1G Von={Vref} 
Voff={Vref-0.0000001})
.MODEL SW2 VSWITCH (Ron=0 Roff=1G 
Von={10*Imax} Voff={10*Imax-0.01})
.MODEL SW3 VSWITCH (Ron={Rsw} Roff=1G Von=1.8 
Voff=1.79)
.MODEL SW4 VSWITCH (Ron=0 Roff=1000G 
Von={Umax} Voff={Umax+0.1})
.MODEL 7404 UGATE
.MODEL 7408 UGATE
.MODEL 7427 UGATE
.MODEL 7400 UGATE
.ENDS

.SUBCKT 74121 A1 A2 B Q Q_Neg GND VCC; Subcircuit 
of monostable flip-flop 74121
U2 INV VCC GND  A1 30 7404 IO_STD; Inverter
U3 NAND(2) VCC GND  30 B 29 7400 IO_STD; NAND
U4 JKFF(1) VCC GND; JK flip-flop
+ VCC 27 29 VCC GND 23 24 7476 IO_STD
U5 INV VCC GND 29 28 7404 IO_STD; Inverter
U6 NAND(2) VCC GND 28 23 25 7400 IO_STD; NAND
U7 JKFF(1) VCC GND; JK flip-flop
+ 23 31 25 GND VCC 27 26 7476 IO_STD
U8 INV VCC GND 24 Q 7404 IO_STD; Inverter
U9 INV VCC GND 23 Q_Neg 7404 IO_STD; Inverter
.MODEL 7476 UEFF
.ENDS

+ PWL (0,0) ({Delay} 0); Delay, Dmax, f
+ REPEAT FOREVER (0,0) (10N 5)
+ (+{Dmax/f} 5)(+10N 0)(+10N 0)
+ (+{1/f-Dmax/f} 0) (+10N 0)
+ ENDREPEAT
U7 INV 9 GND On_Off 6 7404 IO_STD; Inverter (INV) 
(NOR 1)
U5 AND(2) 9 GND 7 6 8 7408 IO_STD; (AND)
SW3 9  10 FB GND SW1; Voltage controlled switch 2 
(VCSW_2)
R2 GND 10 390; Resistor R
HCCV+5 11 GND VA1 10; Conversion: switch S current 
to voltage
SW2 9 13 11 GND SW2; Switch controlled by S current 
(CCSW)
R1 13 GND 390; Resistor R
SW0 60 Vout Vin GND SW4; Voltage controlled switch 
1 (VCSW_1)  
SW1 Vin 12  8 GND SW3; Voltage controlled switch 
S (VCSW_S)
U6 NOR(3) 9 GND 15 13 10 16 7427 IO_STD; (NOR 2)
U4 NAND(2) 9 GND 7 16 17 7400 IO_STD; NAND - part 
of (R-S flip-flop)
U3 NAND(2) 9 GND 18 17 7 7400 IO_STD; NAND - part 
of (R-S flip-flop)
XU2 19 19 9 15 20 GND 9 74121; Monostable flip-flop 2 
(MFF_2)
XU1 GND GND 19 21 18 GND 9 74121; Monostable flip-
flop 1 (MFF_1)

Figure 1 Configuration of a buck converter with an integrated switched voltage regulator

Figure 2 Block diagram of the proposed universal switched voltage regulator
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voltage regulator in the circuit analysis, as well as in the 
fact that the user is constrained by the properties of the 
individual simulation elements used in constructing the 
switched regulator model. These limitations, however, 
are general constraints inherent to the use of PSPICE 
simulation software, which restricts its application in 
any electrical circuit simulation. The same holds true 
for the impact of component parameter tolerances on the 
model’s performance. 

This validation of the model enables its application 
in designing circuits that extend the output parameters 
of a  buck converter beyond its catalog specifications. 
Additionally, it leverages the significant advantages 
of the regulator in the form of an integrated circuit, 
including its relatively low cost, wide availability, and 
high level of integration, which incorporates control, 
regulation, and protection circuits for the converter.

3	 Increase in the output current of a buck 
converter with a switched voltage regulator 

The first option involves the parallel arrangement 
of separate converters with regulators. The current 
division between the regulators is inversely proportional 
to the ratio of their inductances, meaning that 
a  higher inductance results in a  lower current for 
the corresponding converter. When identical regulators 
are used in both converters connected in parallel, 
selecting the same inductance values is advantageous, 
as it ensures even current distribution. Additionally, it 
is beneficial to use a  single common diode (SD1), two 
separate summing diodes (SD2 and SD3), and a shared 
feedback control (FB). To obtain simulation results, the 
LM2576 switched regulator model will be employed. 
Due to the limitations of the simulation (since the 
oscillators of the individual real controllers are not time-
synchronized), the time course of controller U1 is shifted 
by 10 μs relative to controller U2. The wiring diagram of 
the simulated circuit is presented in Figure 5.

The circuit parameters are as follows: L1 = L2 = 
100 µH, R3 = R5 = 460 mW, Vin = 40 V, R1 = 1 kW,  
R2 = 6.12 kW, C1 = 100 µF, C2 = 1 mF, Rc = 181 mW. 
Diodes SD1, SD2, and SD3 were selected as MBR360. 

The accuracy and functionality of the LM2576-ADJ 
regulator model can be validated by incorporating it into 
a  buck converter circuit with a  dynamically variable 
resistive load, configured with the following parameters: 
L = 100 μH, R5 = 200 mΩ, Vin = 40 V, R1 = 2 kΩ, R2 = 
22.39 kΩ, C1 = 100 μF, C2 = 1 mF, Rc = 40 mΩ, RL1 = 5 Ω, 
RL2 = 32.5 Ω, as shown in Figure 3. The diode SD1 was 
selected as the MBR360.

For the simulation, the TINA software (Toolkit for 
Interactive Network Analysis) [12] was employed. This 
program is fully compatible with the globally recognized 
PSPICE software, including its libraries and operational 
rules [13].

A comparison of the results obtained through 
simulation to those reported in the datasheets, both 
under constant load and with a step change in load, is 
presented in Figure 4.

A correlation of the waveforms clearly demonstrates 
that the model accurately approximates the behavior of 
the real component in both static and dynamic operating 
modes. 

The advantages of using the proposed simulation 
model for the switched voltage regulator can be 
illustrated through a  comparison to existing models, 
although such models are relatively few in number. The 
most widely used model is the LM2576ADJ simulation 
model, available on the Texas Instruments website [14]. 
In terms of model simplicity, its description spans 125 
lines, whereas the newly proposed model is described 
in only 38 lines. Regarding computation speed, this is, 
of course, dependent on the hardware of the computer 
used and the settings of the simulation software. 
Therefore, analyzing the absolute time savings is not 
meaningful. However, a  relative analysis is possible. 
Specifically, a  simulation analysis of the circuit shown 
in Figure 3 was performed on the same machine, using 
the same software, and under identical conditions. The 
comparison of computation times revealed that the use 
of the newly proposed model resulted in calculation 
times that were half of those of the analysis employing 
the LM2576ADJ model from the Texas Instruments 
website. 

The limitations of the proposed simulation model lie 
in its inability to include the thermal conditions of the 

Figure 3 Circuit diagram of the configuration under investigation in the TINA program
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a)

b)

c)

d)
Figure 4 Key parameters of the converter: a) static results obtained through simulation at constant load; b) results from 

the manufacturer’s datasheet for the LM2576-ADJ at constant load; c) results obtained through simulation during the step 
change in load; d) results from the manufacturer’s datasheet for the LM2576-ADJ during the step change in load
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The second method for increasing the output 
current of the buck converter is to incorporate 
a  bipolar transistor (BT) into the circuit, as shown  
in Figure 8.

The total maximum allowable current of the 
converter is given by the following expression:

The load resistors have values of RL1 = 1 W and  
RL1 = 1.5 W. The main waveforms of the investigated 
circuit, obtained through simulation, are shown in 
Figure 6.

The results obtained from the measurements are 
presented in Figure 7.

Figure 5 Simulated parallel configuration of converters with separate regulators under a step change in load

Figure 6 Main waveforms of the parallel connection of converters with separate regulators under  
a step change in load, obtained through simulation in the TINA program

Figure 7 Measured waveforms of the parallel-connected converters with separate regulators  
under a step change in load (current scale: 1 V = 1 A)
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The circuit parameters are as follows: L = 100 µH, 
R3 = 460 mW, Vin = 40 V, R1 = 1 kW, R2 = 6.12 kW, C1 
= 100 µF, C2 = 1 mF, Rc = 181 mW. The SD1 diode used 
is of the MBR360 type. The load resistors have values of 
RL1 = 0.6 W and RL2 = 2 W. The results obtained from 
simulating the circuit are shown in Figure 9, while the 

I h I1max maxc E21= +^ h ,	 (1)

where:
Imax is the maximum allowable current of the regulator 
used,
h21E is the current gain of the bipolar transistor.

Figure 8 Wiring diagram of the switching regulator with output current extension using a bipolar junction transistor

Figure 9 Voltage and load current waveforms of the switched voltage regulator using a bipolar  
transistor during a step change in load, obtained through simulation in the TINA program

Figure 10 Voltage and load current (blue) of the switched voltage regulator using a bipolar transistor during a step change 
in load, obtained through measurement (current scale: 1 V = 1 A)
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from 1 kΩ to 5 kΩ. The required output voltage is set by 
potentiometer R2, as described by:

R R U
U

1
ref

out
2 1= -c m .	 (2)

The reduced supply voltage for the regulator and 
the isolated DC-DC converter (TRACO) is achieved 
using a Zener stabilizer, implemented with components 
R13, Z2, and C3. A similar stabilizer, formed by elements 
R6, Z3, and C4, generates a  5V supply for the output 
side of the optical isolator 6N137, whose input LED is 
driven by the output signal VOUT from the LM2574. 
Since the optocoupler inverts the signal, it must be 
inverted again and amplified using transistor T5. The 
resulting control signal is impedance-matched by the 
complementary transistor pair T2 and T4 and passed 
through resistor R12 to the gate of the power switching 
transistor MOSFET (or IGBT) T1, which is dimensioned 
for the required higher voltage and current. Current 
limitation in the circuit is achieved using the sensing 
diode D1, where the voltage across it in the closed 
state corresponds to the current flowing through the 
switch. This voltage triggers the opening of transistor 
T3, generating a signal that corresponds to the current 
magnitude on the resistor divider R7 and R14. This 
signal is then connected to the ON/OFF control input of 
the LM2574 regulator, which is switched off when the 
voltage exceeds the threshold value of 1.4 V, as specified 
in the datasheet. The allowable current of transistor T1 
can be adjusted using trimmer R5, thereby ensuring 
current limitation for the entire converter.

It is also important to note that DC-DC converters 
can operate in two modes:
•	 CCM (Continuous Conduction Mode): The current 

iL3 supplied by the inductor to the load when the 
switch S is open is always greater than zero.

verification results, obtained from measurements on 
a laboratory sample of the transducer, are presented in 
Figure 10.

Based on the aforementioned considerations, it can 
be concluded that both analyzed solutions are practically 
applicable when an increased output current from 
the converter is required. In terms of output voltage 
regulation, the more effective, though costlier, option 
involves using multiple regulators connected in parallel. 
The simpler alternative, which employs a  switching 
bipolar transistor (BT), is less expensive but offers 
lower output voltage regulation quality. Additionally, 
due to the switching speed of the BT, this solution 
is suitable only for regulators with lower switching  
frequencies.

4	 Increase in the output voltage of a buck 
converter using the switched voltage 
regulator 

To demonstrate a potential increase in the voltage 
and current output parameters of a  switched voltage 
regulator, the LM2574 regulator type [10] was chosen. 
Its advantages include affordability, compact size, 
integrated current limiting, and a  built-in voltage 
regulator. However, its limitations include a maximum 
current of 0.5 A  and a  voltage limit of 40 V. These 
limitations can be overcome by employing the circuit 
shown in Figure 11 [15].

The connection is based on the integrated circuit 
(IC) LM2574, which generates the control pulses for the 
converter based on the output voltage, obtained from the 
resistive divider R2 and R1. This voltage is compared 
with the reference voltage Uref  = 1.23 V. According to 
the datasheet, the resistance value of R1 should range 

Figure 11 Configuration of a buck DC-DC converter with the LM2574-ADJ, extending  
its current and voltage limits
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CCM and DCM is given by the following relation for 
a buck DC-DC converter [16]:

L
D
f
R1

2b
L

=
-^ h

.	 (3)

For L > Lb, the converter operates in Continuous 
Conduction Mode (CCM). Based on the operational 

•	 DCM (Discontinuous Conduction Mode): The 
current iL3 is zero at certain points during the 
switching period.
The mode in which the converter operates primarily 

depends on the inductance value L of the inductor L3, 
the duty cycle D, and the switching frequency f. The 
inductance value that defines the boundary between 

                   
                                                a)                                                                                            b)

c)
Figure 12 Converter waveforms obtained from the simulation in the TINA program:  

a) Uout=14.3 V, b) Uout=31 V, c) Uout=58 V

                            
                                              a)                                                                                             b)

c)
Figure 13 Converter waveforms obtained through measurement: a) Uout=14.3 V, b) Uout=31 V, c) Uout=58 V
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measurement demonstrates good agreement in the 
waveforms, highlighting the practical applicability of 
the proposed configuration. Utilizing the cost-effective 
LM2574 circuit, along with the addition of several other 
components, it is relatively straightforward to configure 
a buck DC-DC converter capable of delivering power in 
the hundreds of watts, with an output voltage that can 
reach several hundred volts.

5	 Recommendations for enhancing the EMC  
of a buck DC-DC converter

An important consideration in the design of a buck 
converter is electromagnetic compatibility [17]. From 
this perspective, the most critical component is the 
inductance L, implemented as a  technical coil, which 
serves as a  source of electromagnetic emissions. These 
emissions can significantly affect the operation of nearby 
electrical and electronic equipment. The critical nature 
of this component arises not only from the relatively high 
switching frequencies but, more importantly, from the 
high switching currents. This issue is clearly illustrated 
in Figure 16, which shows the magnetic field generated 
by both a toroidal and a cylindrical coil when subjected 
to a  harmonic current with an amplitude of 10 A  and 
a frequency of f = 52 kHz.

The results of the magnetic field distribution were 

principle of the regulator, it is evident that when 
using a  switched voltage regulator, the duty cycle (D) 
varies, which in turn alters the mode of operation 
of the converter, transitioning between CCM and 
Discontinuous Conduction Mode (DCM). The current 
iC flowing through the capacitor C2 induces a  small 
ripple in the output voltage Uout. To limit this ripple to 
the desired value Uripple, the capacitance of capacitor C2 
must meet a minimum value, as given by [16]:

C
D

U Lf
U1

8
min

ripple

out
2=

-^ h
.	 (4)

The waveforms obtained from the simulation in 
the TINA program for three different output voltage 
values are shown in Figure 12. The corresponding 
measurement results from the converter circuit are 
presented in Figure 13. The key component values of the 
converter are as follows: Uin = 80 V, f = 52 kHz, R1 = 1 
kW, R2 = 10.62 kW (24.2 kW, 46.15 kW), R4 = 360 mW , 
L3 = 330 µH, C2 = 470 µF, RL = 11 W. The maximum 
inverter switching current has been set to 8 A.

The measured output voltage-current (V-I) 
characteristics of the converter, for the output voltages 
Uout = 14.3 V, Uout = 31 V and Uout = 58 V, are shown 
in Figure 14.

An example of the laboratory implementation of the 
described converter is shown in Figure 15. A comparison 
of the results obtained from both simulation and 

Figure 14 Measured output voltage-current (V-I) characteristics of the converter

Figure 15 Demonstration of the laboratory prototype of the converter
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outcome, particularly considering that accuracy is 
influenced not only by the regulator model but by the 
realism of the models for the external components 
(MOSFET, diode), as well.

The presented universal model of the switching 
voltage regulator is based on the equivalence of its 
typical properties, which significantly simplifies the 
model. Unlike existing regulator models, it allows for 
easy modification of individual parameters, providing 
a  more accurate reflection of the characteristics of the 
actual components used, particularly when components 
are employed multiple times in a single configuration.

Using this model, recommended configurations 
of switching regulators were tested to enhance the 
output power of a  buck DC-DC converter. These 
configurations included parallel regulator connections, 
the addition of a  switching bipolar transistor, and 
the use of external MOSFET or IGBT transistors. 
The results obtained from measurements conducted on 
laboratory samples of the converters demonstrate their 
practical applicability, offering low costs and compact 

obtained using the FEMM simulation program [18], 
which utilizes the finite element method. To mitigate the 
radiation, it is sufficient to shield the coil with 0.3 mm 
thick aluminum foil [19]. This solution is illustrated in 
Figure 17.

The simulations demonstrate that substantial 
improvements in the electromagnetic compatibility 
of the buck DC-DC converters can be achieved by 
shielding the technical coil with 0.3 mm-thick aluminum  
foil.

6	 Conclusion

By comparing Figures 4a) and 4b), an overview of 
the accuracy of the static parameters in the converter, 
using the improved and simplified regulator model, is 
obtained, showing an agreement of 95%. Similarly, the 
accuracy of the dynamic parameters is assessed through 
Figures 4c) and 4d), where the results demonstrate 
approximately 93% agreement. This is an excellent 

a)

b)
Figure 16 Radiated magnetic field of the coil: a) toroidal, b) axial
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used to generate the low-voltage supply for the switched 
regulator and additional logic circuits. 

A  significant contribution of this study is the 
simulation evidence demonstrating a  substantial 
improvement in the electromagnetic compatibility 
(EMC) of the constructed converters. This improvement 
was achieved through the straightforward application of 
shielding foil around the primary source of radiation - 
the technical coil.
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dimensions. The improvement of the converter’s output 
parameters is fundamentally determined by the limiting 
characteristics of the external components connected 
to the regulator. In the case of increasing the output 
current through the parallel connection of switched 
regulators, the limiting factor is primarily the number of 
regulators, particularly in terms of spatial arrangement. 
When increasing the output current by adding a bipolar 
transistor circuit, the limitations are imposed by the 
maximum output current of the integrated regulator, 
the current amplification factor of the bipolar transistor, 
and, ultimately, its frequency characteristics, which 
must be compatible with the frequency of the integrated 
regulator. However, it is important to note that even 
in this configuration, the converters can be further 
connected in parallel if additional current increase 
is needed. For increasing the output voltage of the 
converter, the proposed configuration is constrained by 
the maximum allowable drain-source voltage (uDS) of 
the used MOSFET transistor, its frequency parameters 
(which must match the integrated regulator’s frequency 
characteristics), and the power losses in the Zener 
stabilizer circuit or the TRACO converter, which are 

a)

b)
Figure 17 Radiated magnetic field of an aluminum-shielded coil to a thickness of 0.3 mm: a) toroidal, b) axial



E N H A N C E D  B U C K  C O N V E R T E R  W I T H  U N I V E R S A L  M O D E L  F O R  T H E  S W I T C H E D  V O L T A G E . . . 	 C35

V O L U M E  2 7 	 C O M M U N I C A T I O N S    2 / 2 0 2 5

References

[1]	 BERES, M., KOVAC, D., VINCE, T., KOVACOVA, I., MOLNAR, J., TOMCIKOVA, I., DZIAK, J., JACKO, P., 
FECKO, B., GANS, S. Efficiency enhancement of non-isolated DC-DC interleaved buck converter for renewable 
energy sources. Energies [online]. 2021, 14(14), 4127. eISSN 1996-1073. Available from: https://doi.org/10.3390/
en14144127

[2] WANG, L., ZHANG, D., DUAN, J., GU, R. Research on high-performance multiphase DC-DC converter applied to 
distributed electric propulsion aircraft. IEEE Transactions on Transportation Electrification [online]. 2023, 9(3), 
p. 3545-3563. EISSN 2332-7782. Available from: https://doi.org/10.1109/TTE.2022.3207142

[3]	 YAMA, O., KHYZHNIAK, T., BONDARENKO, O. Analysis of modified non-isolated DC-DC converters and solutions 
to improve their characteristics. In: IEEE 4th KhPI Week on Advanced Technology: proceedings [online]. 
2023. eISBN 979-8-3503-9553-2, p. 1-6. Available from: https://doi.org/10.1109/KhPIWeek61412.2023.10312965

[4]	 FRIVALDSKY, M., PCOLA, M., BIEL, Z., KUCERA, R., FRANKO, M., HOLCEK, R. Node ringing reduction of 
synchronous buck converter. Communications - Scientific Letters of the University of Zilina [online]. 2023, 25(3), 
p. C48-C55. ISSN 1335-4205, eISSN 2585-7878. Available from: https://doi.org/10.26552/com.C.2023.054

[5]	 LYU, Y., SANUSI, B. N., OUYANG, Z. Modeling and analysis of coupling effect in four legged core for multi-
phase buck converter. In: IEEE Applied Power Electronics Conference and Exposition: proceedings [online]. 
2023. eISBN 978-1-6654-7539-6, eISSN 2470-6647, p.  3307-3313. Available from: https://doi.org/10.1109/
APEC43580.2023.10131131

[6]	 SIMCAK, J., FRIVALDSKY, M., RESUTIK, P.  The power analysis of semiconductor devices in multi-phase 
traction inverter topologies applicable in the automotive industry. Communications - Scientific Letters of the 
University of Zilina [online]. 2024, 26(3), p.  C21-C38. ISSN 1335-4205, eISSN 2585-7878. Available from:  
https://doi.org/10.26552/com.C.2024.034

[7]	 MOBAYEN, S., BAYAT, F., LAI, CH.-CH., TAHERI, A., FEKIH, A. Adaptive global sliding mode controller 
design for perturbed DC-DC buck converters. Energies [online]. 2021, 14(14), 1249.e ISSN 1996-1073. Available 
from: https://doi.org/10.3390/en14051249

[8]	 Datasheet LM2576 - Texas Instruments [online] [accessed 2024-10-18]. Available from: https://www.ti.com/lit/ds/
symlink/lm2576.pdf?ts=1626045022539&ref_url=https%253A%252F%252Fwww.google.com%252F 

[9]	 Design tools and simulation - Texas Instruments [online] [accessed 2024-10-11]. Available from:  
https://www.ti.com/product/LM2576

[10]	Datasheet LM2574 - Texas Instruments [online] [accessed 2024-10-18]. Available from: https://www.ti.com/lit/ds/
snvs104f/snvs104f.pdf?ts=1626064117944&ref_url=https%253A%252F%252Fwww.google.com%252F

[11]	KOVAC, D., VINCE, T., BERES, M., MOLNAR, J., DZIAK, J., JACKO, P., KOVACOVA, I. A universal PSpice 
simulation model of a switched buck voltage regulator. Energies [online]. 2022, 15(15), 8209. eISSN 1996-1073. 
Available from: https://doi.org/10.3390/en15218209

[12]	TINA-TI SPICE-based analog simulation program - Texas Instruments [online] [accessed 2024-10-21]. Available 
from: https://www.ti.com/tool/TINA-TI

[13]	PSpice reference guide [online] [accessed 2024-10-21]. Available from: https://www.seas.upenn.edu/~jan/spice/
PSpice_ReferenceguideOrCAD.pdf 

[14]	LM2576 unencrypted PSpice transient model - Texas Instruments [online] [accessed 2024-10-21]. Available 
from: https://www.ti.com/product/LM2576#design-development

[15]	KOVAC, D., KOVACOVA, I., SCHWEINER, D. Wiring for extending the current and voltage load capacity of 
a  switched voltage regulator [online]. Slovak patent No. 289249. Industrial Property Office of the SR, 2024. 
Available from: https://wbr.indprop.gov.sk/WebRegistre/Patent/Detail/129-2019?csrt=9841336417737460554

[16]	RASHID, M. H. Power electronics handbook. 3. ed. Elsevier Inc., 2011. ISBN 978-0-12-382036-5.
[17]	KOVACOVA, I., KOVAC, D. Electromagnetic coupling - EMC of electrical systems. Journal on Communications 

Antenna and Propagation [online]. 2014, 4(2), p.  51-57. ISSN 2039-5086, eISSN 2533-2929. Available from: 
https://www.praiseworthyprize.org/jsm/index.php?journal=irecap&page=article&op=view&path%5B%5D=0103

[18]	FEMM application [online] [accessed 2024-10-07]. Available online: https://www.femm.info/wiki/HomePage
[19]	KUBIK, Z., SKALA, J. Shielding effectiveness simulation of small perforated shielding enclosures using FEM. 

Energies [online]. 2016, 9(3), p.1-12. eISSN 1996-1073. Available from: https://doi.org/10.3390/en9030129



C36 	 E lec t r ica l  Engineer ing in  T ranspor t 	 O R I G I N A L  R E S E A R C H  A R T I C L E

©  2 0 2 5  U N I V E R S I T Y  O F  Z I L I N A  	 C O M M U N I C A T I O N S  2 7  ( 2 )  C 3 6 - C 5 2

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0), which permits 
use, distribution, and reproduction in any medium, provided the original publication is properly cited. No use, distribution or reproduction is permitted 
which does not comply with these terms.

MATHEMATICAL MODELLING OF HYBRID POWERTRAIN 
SYSTEMS FOR IMPROVED ENERGY EFFICIENCY
Oleg Lyashuk1,*, Victor Aulin2, Roman Rohatynskiy1, Ivan Gevko1, Andriy Gypka1, Dmytro Mironov1,  
Volodymyr Martyniuk3,4, Artur Lutsyk1, Nadia Denysiuk5

1Department of Automobiles, Ternopil Ivan Puluj National Technical University, Ternopil, Ukraine
2Department of Maintenance and Repair of Machines, Central Ukrainian National Technical University, 
Kirovohrad, Ukraine

3Administration and Social Sciences Faculty, WSEI University, Lublin, Poland
4Administrative and Financial Management Department, Lviv Polytechnic National University, Lviv, Ukraine
5Department of Ukrainian and Foreign Languages, Ternopil Ivan Puluj National Technical University, Ternopil, 
Ukraine

 
*E-mail of corresponding author: oleglashuk@ukr.net

Oleg Lyashuk  0000-0003-4881-8568, 	 Victor Aulin  0000-0002-9658-2492,
Roman Rohatynskiy  0000-0001-8536-4599, 	 Ivan Gevko  0000-0001-5170-0857,
Andriy Gypka  0000-0002-7565-5664,	 Dmytro Mironov  0000-0002-5717-4322, 
Volodymyr Martyniuk  0000-0003-4139-0554, 	 Artur Lutsyk  0009-0003-3938-9228, 
Nadia Denysiuk  0000-0001-8197-2183 

Resume
The development and simulation of a mathematical model for a hybrid 
powertrain vehicle, aiming to optimize its energy efficiency and dynamic 
performance is presented in this study. Implemented in MATLAB/Simulink, 
the model captures the dynamic interactions between the hybrid system’s 
components, including the internal combustion engine, electric motor, and 
battery. By conducting a full factorial experiment, the specific power of the 
hybrid vehicle was analyzed, revealing the critical influence of factors such 
as driving speed, road gradient, and battery state of charge. The proposed 
model demonstrated a discrepancy of 4-11% between the simulated and 
experimental results, confirming its adequacy for forecasting energy 
consumption and operational range. These findings offer valuable insights 
for enhancing the hybrid vehicle performance and sustainability through 
precise energy management strategies.
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bus industry. Many global manufacturers, in particular 
North American ones, most actively participate in 
the development of hybrid power plants and buses 
in cooperation with major energy companies and 
national laboratories such as EPRI, General Electric, 
NREL, INEEL, ISE Research, and others. Design and 
production are carried out in accordance with the 
government program “The 21st Century Truck Program 
(21CT)” and the program of US Department of Energy 
(DOE) “Advanced Heavy Vehicle Hybrid Propulsion 
System R&D Program (Heavy Hybrid Program)”. 
In 2002, at the request of the US Department of 
Energy, the NREL National Laboratory analyzed the 
development of hybrid trucks and buses of various types 
in order to determine the concept of designing hybrid 

1	 Introduction

Recent years have been characterized by high 
growth rates of the global automobile fleet, causing the 
increase in oil consumption and emissions of harmful 
substances with exhaust gases. Improving the fuel 
efficiency and reducing emissions is a  priority in the 
design of automobiles. These problems can be solved by 
the improvement of the design of internal combustion 
engines (ICE), the use of alternative fuels (biofuels, 
natural gas, etc.) [1-2], and the increase in the energy 
efficiency of automobiles. The use of electric and hybrid 
power plants (HPP) in road transport is particularly 
noteworthy.

The production of hybrid buses is a global trend in the 
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The authors of this study note that the introduction 
of the HPP will significantly improve the environmental 
and economic performance of a  vehicle. The papers 
[7-11] provide a  justification for the need to create 
vehicles for urban passenger transportation with 
a  hybrid power plant. The authors underline that 
combining the positive qualities of an internal 
combustion engine and a  traction electric drive of 
a vehicle allows obtaining advantages over a traditional 
design by increasing environmental friendliness, cutting 
fuel consumption, improving dynamic properties, and 
increasing the efficiency of the power plant. In [12], the 
authors analyzed current innovations in electric vehicles 
(EVs) for the energy transition. They emphasised the 
importance of EVs in reducing dependence on fossil 
fuels and reducing carbon dioxide emissions. The latest 
technologies, market trends and challenges related to 
the development of EFVs, as well as prospects for future 
development were covered in this study. The main focus 
was on technological improvements, the expansion of 
charging infrastructure and policy support required for 
the widespread adoption of EVs.

The system “HPP - automobile - road” is considered 
in [13]. This approach requires the development of 
models for each component of the system. Currently, 
there are various models of HPP, the automobile, and the 
road. Specific method was applied for designing models 
that describe the dynamics of automobile movement, 
design features, and road conditions [14]. However, the 
generalizing features among the HPP models could not 
be distinguished; thus, the assessment of indicators by 
this method is ambiguous. In [15], the authors analyzed 
the use of hybrid reinforcement learning models to 
optimise the charging and discharging of lithium-ion 
batteries in electric vehicles. They integrated the deep 
Q-learning and active criticism algorithms into the 
battery management systems. This improves the battery 
efficiency, performance and service life. The models 
have been tested in simulations and experimental 
environments, demonstrating the ability to adapt 
to changes in battery health and adhere to complex 
operational constraints.

When studying the performances of automobiles 
with HPP [16], the maximum power was assumed 
decisive for determining the choice of series or parallel 
HPP layout scheme. The parallel one was assumed 
suitable for power up to 150 kW, typically for passenger 
cars. The series scheme was assumed suitable for 
power plant capacities greater than 150 kW, such as 
heavy-duty vehicles. The choice based on power is 
not used today. As technology is constantly evolving, 
the usefulness of a  series or parallel scheme has 
become less significant with the advent of mixed control 
algorithms for HPP. Therefore, all the processes and 
traction-and-speed properties of vehicles could be better 
optimized. Based on the above, the rational parameters 
of the hybrid power plant should be selected for the 
automobiles of M3 category with consideration of the 

power plants for urban and suburban transport. In 
this study [3], the authors analysed the optimisation 
of timetables and scheduling for electric buses. They 
proposed a new approach that combines scheduling and 
traffic planning to improve service quality and reduce 
operating costs. Using the case of a university bus route 
in Montreal, the authors developed a  mathematical 
model and algorithm that takes into account passenger 
waiting time and seat availability. As a  result, the 
proposed approach significantly improved service and 
reduced costs compared to the existing schedule.

Keseev (2023) [4] conducted a  comprehensive gap 
analysis in the classification of eco-friendly vehicle 
categories, emphasizing the environmental and 
economic benefits of hybrid electric vehicles (HEVs) 
and plug-in hybrid electric vehicles (PHEVs) over the 
battery electric vehicles (BEVs) for diverse driving 
conditions. The findings highlight that HEVs and 
PHEVs are more versatile and economically viable, 
especially in urban and extra-urban environments, 
whereas BEVs are mainly effective in city driving due 
to infrastructure and battery limitations. However, this 
research did not extensively address the modelling and 
simulation of hybrid powertrain systems to optimize 
performance parameters such as energy consumption 
and vehicle dynamics. This gap underlines the need 
for advanced mathematical models to enhance hybrid 
vehicle efficiency.

The authors of this study [5] offered a  detailed 
analysis of the sizing of powertrain components in 
commercially available electrified vehicles, focusing on 
internal combustion engines, electric motors, and battery 
capacities across HEV, PHEV, and BEV models. The 
research identified how the powertrain components are 
dimensioned to meet specific performance requirements, 
such as acceleration and driving range, using data-
driven methodologies. However, the static sizing 
approaches, without exploring dynamic simulation or 
optimization of powertrain operations under varying 
driving conditions were primarily emphasized in this 
study. This gap highlights the need for comprehensive 
modelling that incorporates dynamic performance and 
energy management strategies.

In the study [6] authors investigated the power 
loss analysis of semiconductor devices in multi-phase 
traction inverter topologies for automotive applications. 
The research compared traditional two-level Voltage 
Source Inverters (VSI) to advanced three-level Neutral 
Point Clamped (NPC) and T-type NPC (T-NPC) 
inverters, using PLECS and MATLAB simulations. 
The findings demonstrate that T-NPC inverters offer 
superior efficiency and reduced power losses, particularly 
at higher switching frequencies. However, authors 
primarily focuse on inverter topology optimization 
without addressing how these advancements impact the 
overall energy management and dynamic performance 
of hybrid powertrains. This limitation underscores the 
need for integrated modelling of hybrid vehicle systems.
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created on DDW shaft. Therefore, having specified 
the efficiency value of the transmission, the moment 
of shafts inertia, the transmission ratio (or a  series of 
transmission ratios) of DDW, the power, torque and 
rotation frequency, created by the automobile PP, are 
determined. Then, having accepted the previous values 
of the PP efficiency, the power provided by PP could 
be determined. The obtained power value of PP allows 
choosing the optimal power distribution parameters 
between the PP units to meet the given operating mode. 
This approach to designing automobiles with HPP is 
methodologically more justified. It allows selecting and 
substantiating the values of the maximum power of 
the power plant, the distribution of power between the 
internal combustion engine and the electric motor, the 
amount of energy required for the driving cycle, the 
capacity and power of the battery, and fuel consumption. 
It is also possible to select optimal conditions for the 
transition between states (modes) of the power plant. In 
addition, it allows minimizing the number of calculation 
options and eliminating a number of uncertainties that 
complicate the design process. That is why this approach 
was chosen to implement the mathematical model of the 
hybrid.

In this paper, the principle of modelling a  hybrid 
car with a  sequential power plant configuration is 
considered. A  hybrid car with a  serial configuration 
scheme is structurally simpler (and therefore simpler 
from the point of view of modelling its operation) 
than a  hybrid car with a  parallel scheme, since only 
an electric motor is used as a  driving component. The 
structural scheme of an automobile with HPP, which has 
the main functional elements and input/output signals 
of each of them, is considered in the paper (Figure 3).

The main functional elements are the automobile 
rechargeable battery (BAT), the drive of driving wheels 
(DDW) of a  rear axle, the internal combustion engine 
(ICE), the motor/generator (M/G), the gearbox (GC), 
rear drive wheels (WL), the GC control unit (GCU) and 
automatic control system (ACS). The latter combines the 
control logic (CL) and control circuits for the internal 
combustion engine and electric motor, which consist of 

control algorithm, provided the required indicators of 
specific power consumption of the hybrid vehicle be 
ensured.

2	 Materials and methods

A vehicle with HPP is a complex mechatronic system 
with coordinated operation of electrical, mechanical, 
and thermal units. When modelling a  vehicle with 
HPP, the simulation of the control object and the 
control algorithm should be carried out in a  single 
environment. Such simulation allows optimizing the 
entire system. To provide effective modelling, a balance 
between calculation accuracy and modelling speed 
should be maintained. To quickly execute the model, fast 
iterations, i.e., not very accurate, are required at some 
stages of development. There are several approaches to 
modelling. 

One of them is the modelling from the power plant 
(PP) to the drive of the drive wheels (DDW) [17-18]. 
The principle of modelling from PP to DDW is shown 
schematically in Figure 1. 

This method is used in cases when there is a need 
to quickly execute the model with a  small number of 
simulation iterations and their low accuracy. Although 
this method minimizes the number of options for model 
calculations, it contains a  number of uncertainties 
regarding the input parameters, which can critically 
affect the accuracy of the calculations. 

The method of modelling from DDW to PP is more 
rational (Figure 2), as the operating conditions are 
known at the initial stage of the design. Therefore, 
the general requirements for electrical, mechanical, 
thermal units, and the control system of the car’s 
power plant could be substantiated; the energy and 
technical and economic indicators of the unit could also  
be predicted. 

Having specified the operating mode (i. e., in the 
form of a change in the speed of the car over time and 
the dynamic radius of the wheel), the power, torque 
and angular velocity could be determined and then 

Figure 1 Structural scheme of an automobile with HPP modelled from PP to DDW

Figure 2 Structural scheme of an automobile with HPP modelled from DDW to PP
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angular velocity PDDM, and the moment of the resistance 
forces To. In the braking mode, the M/G converts the 
mechanical energy from the DDW into electrical energy 
and charges the battery.

The ICE is used exclusively to recharge the batteries. 
When operating, the ICE generates mechanical power 
PICE, which is proportional to the torque TICE and angular 
velocity PICE, and is transmitted to the generator G. The 
power at the generator is determined by the power of 
the engine reducer PER, which, in turn, depends on the 
current value of the torque TER, the angular velocity 
~ ER, and the moment of resistance forces TO. The 
generated energy is supplied from the generator to the 
battery.

To model an automobile with HPP, a  control 

the control unit ICE-CUICE and the electric motor control 
unit - CUM/G.

The control logic forms the control signals , ,1 2a a
which are sent to the CUICE and CUM/G; the output 
signals of the latter are u1 and u2, which represent the 
control action on the ICE and M/G

The power of the battery PBAT, which is proportional 
to the voltage UBAT and the current IBAT, ensures the 
operation of the M/G in traction mode. When working 
in the traction mode, M/G creates mechanical power 
PM/G, which is proportional to torque TM/G and angular 
velocity /M G~ , and is transmitted to DDW. The power 
on the driving wheels PWL is determined by the power 
PDDW, which, in turn, depends on the current value of 
the torque of the drive of the driving motor TDDM, the 

Figure 3 Considered structural scheme of an automobile with HPP

Figure 4 Simulink model of an automobile with HPP of a serial type
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velocity Tm m~^ h . Applying a well-known relation, the 
dependence Tm m~^ h  is converted into a voltage and 
current dependence Um(Im):
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where k - motor design factor; mU - magnetic flux; Rm - 
resistance; Em- electromotive force (EMF); Rm| - total 
winding resistance.

The model ensures the output of a certain torque 
at a certain speed, the values of which are predefined, 
when the block parameters are set.

The battery model is a dynamic model of the 
parameters of a lithium-ion battery [17]. The model is 
divided into two main components - the charge model 
and the discharge model.
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Charge model *i 01 :
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where U0 - rated EMF of the battery (V); K - polarization 
constant (A×H-1) or polarization resistance (Ω); i*- low 
frequency dynamic current (A); i - battery current (A); 
it - instantaneous battery capacity (A×H); Q - maximum 
battery capacity (A×H); A - exponential voltage (V); B - 
exponential capacity (A×H).

The front axle DDW model (Figure 5) consists of the 
main blocks: Variable ratio transmission - gearbox unit; 
Gearboxlever - gearbox control system; Simple gear1 
- block that simulates the main gear; Front differential - 
block that models the differential; Blocks that model the 
effect of the moment of mechanisms inertia.

The transmission unit is represented as a gearbox 
that dynamically transmits angular velocity and torque 
between the two axes, depending on the set gear ratio. 
If one ignores the change in angular velocity due to 
shaft stiffness and mechanical losses, the model can be 
represented by the equations: 

u tB FB F~ ~= ^ h ,	 (6)

T u t TF FB B= ^ h ,	 (7)

where B~  i F~  - angular velocities of the input and 
output shafts, respectively; TB and TF - torque on the 
primary and secondary shafts, respectively; uFB(t) - gear 
ratio of the gearbox, which changes over time depending 
on driving conditions.

algorithm was considered using the MatLab Simulink 
environment. In accordance with the structural scheme 
of the vehicle with HPP, the mathematical model is 
presented in Figure 4. The mathematical model was 
developed using the current recommendations [19-20].

The mathematical model of a car with a sequential 
type HPP consists of the main blocks: Engine - diesel 
engine model; MG - model of electric motor /generator; 
Battery - battery model; Front Transmission - front 
beam model; Rear Transmission - rear axle model; 
Longitudinal Vehicle Dynamics - model of a longitudinal 
dynamics of vehicle movement; Wheel - four blocks that 
model the wheels of the car; Vehicle controller - model 
of the vehicle operating mode control system; Engine 
Controller - model of the diesel engine control unit; 
MG Controller - model of the electric motor - generator 
control unit.

When developing a mathematical model that 
describes the dynamics of a vehicle with HPP in 
various modes of power plant operation, the elastic and 
deformable properties of the transmission, as well as 
possible slippage of the drive wheels when the vehicle 
is moving, were not taken into account. When modelling 
the internal combustion engine, thermodynamic 
processes were not taken into account, as well. The 
battery capacity with a maximum permissible discharge 
of 70% of the total capacity was assumed sufficient to 
complete the driving cycle. Additionally, the model set 
the parameters of the road surface. The road was chosen 
to be flat and straight. The longitudinal slope of the road 
was set to +5%. The maximum transverse curvature of 
the road was 1.5%. The test cycle for modelling was the 
European urban driving cycle ECE 15 [21], lasting 195 s.

A model of a petrol engine with angular velocity 
control is under study in this paper. The input parameter 
of the ICE model is the throttle valve opening. The 
parameters that define the engine model are maximum 
power, angular velocity at maximum power, and 
maximum angular velocity of the crankshaft.

Current angular velocity value i~  is a feedback to 
the motor model input. The angular speed of the motor 
is limited: min maxi# #~ ~ ~ . The maximum engine 
power Pmax  corresponds to P~  thus, P fmax P~= ^ h . 
The equation that determines the maximum torque [17]: 

T
P

max
max

max= .	 (1)

A  well-known relationship is used to describe the 
dependence of the power of an internal combustion 
engine on the angular velocity of the crankshaft:
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where p1, p2, p3 - Leiderman coefficients; N~  - the 
nominal (rated) angular velocity of the crankshaft

The electric motor model is a model of a brush 
motor with torque feedback control [13]. This block 
represents the dependence of torque on angular 
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The arguments of the transition function id  are the 
current state and the input signal, and the value is the 
new state. If s is the state and m  is the input state, then 

,sid m^ h  - is the state p.
The control logic model has two main states, one 

of which has two sub-states, and the other has three 
sub-states, two of which also have two sub-states. The 
formula is deduced:
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where s1, s2 - main states; s11, s12 - sub-states of the 
main state s1; s121, s122 - sub-states of state s12; s21, s22, 
s23 - sub-states of the main state s2; s221, s222 - sub-states 
of state s22; c1 - condition of transition from state s1 to 
state s2; c2 - condition of transition from state s2 to state 
s1; j1 - condition of entry into state s11; j2 - condition of 
entry into state s12; j3 - condition of transition from 
state s11 to s12; j4 - condition of transition from state 
s12 to s11; r1 - condition of transition from state s121 to 
s122; r2 - condition of transition from state s122 to s121; i1 
- condition of entry into state s21; i2 - condition of entry 
into state s22; i3 - condition of transition from state s21 
to s22; i4 - condition of transition from state s22 to s21; l1 - 
condition of transition from state s221 to s222; l2 - condition 
of transition from state s222 to s221.

Based on Moore’s model, the logic is described:
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The control logic is implemented using the Stateflow 
tool in the MatLab Simulink environment. Figure 6 
shows a block diagram of the control algorithm.

The implemented control algorithm 
should be further considered. Figure 7 shows 

Based on the changes in angular velocity due to 
shaft torsion, the instantaneous change in time between 
angular velocities over time is calculated as

/d dt u tFB F Bz ~ ~= -^ h ,	 (8)

where z  - shaft twist angle.
The torque is determined as:

/T k k d dtB P V z=- - ,	 (9)

where kP and kV - empirical coefficients.
The torque loss in the box is calculated using the 

formula:

T T 1loos F gh= -^ h ,	 (10)

where gh  - gearbox efficiency.
Taking into account mechanical losses, the resulting 

model is developed:

u t T T T 0FB B F loss- - =^ h .	 (11)

The control system is modelled to evaluate and 
optimize the interaction between the various components 
of the hybrid, such as the internal combustion engine 
(ICE), electric motor and traction battery. The control 
system model is integrated into a general model of  
a vehicle with a sequential type of HPP. The control object 
and control algorithm are modelled in a single Stateflow 
environment, which is used to model and simulate 
combinatorial and sequential decision-making logic based 
on machine states and flowcharts. The Vehicle controller 
is a sequential control unit based on the theory of finite 
state machines. The proposed model uses a deterministic 
finite state machine Q, which is represented by five  
components:

, , , ,Q f S s Ri 0dR= ^ h ,	 (12)

where S - set of states; R  - set of input characters;  
id - transition function; s0 - initial state;  R - set of final 

states.

Figure 5 Simulink front axle DDW model
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Figure 6 Block diagram of the algorithm for controlling the power plant of an automobile with HPP

Figure 7 Scheme of movement modes and transition conditions when an automobile with HPP is moving: a) dependence of 
automobile speed on time; b) dependence of the power generated by the generator on time; c) dependence of required power 

for automobile speed mode on time; d) dependence of total power consumed by an automobile on time



M A T H E M A T I C A L  M O D E L L I N G  O F  H Y B R I D  P O W E R T R A I N  S Y S T E M S  F O R  I M P R O V E D  E N E R G Y  E F F I C I E N C Y 	 C43

V O L U M E  2 7 	 C O M M U N I C A T I O N S    2 / 2 0 2 5

the minimum permissible value. The block diagram 
of the control algorithm in the additional mode (s1) is 
shown in Figure 7, where the parking mode occurs; the 
process of steady or accelerated movement of a vehicle 
is controlled; and braking with a regenerative braking 
system takes place.

The transition to the additional mode occurs when 
the battery is charged to 100%, if the conditions (c1) 
is met, from any mode. In this mode, the internal 
combustion engine and, accordingly, the generator, are 
turned off. In this mode, the logic can be considered in 
two ways.

The fulfilment of conditions (r1) or (r2) indicates 
that the brake pedal is pressed, and the driving speed 
is greater than the minimum permissible value, from 
which it is advisable to start regenerative braking (the 
speed is calculated depending on the driving cycle for 
each automobile specifically). There is a transition to 
mode (s121) or (s221), respectively, in which the operation 
of the motor/generator in engine mode is stopped and 
regenerative braking is activated.

Based on the developed model of hybrid car control, 
the simulation modelling of the hybrid’s operation 
was performed. The simulation results for the main 
components of the hybrid (internal combustion engine, 
traction battery, and electric motor) are shown in 
Figures 10-12.

a  diagram of the movement modes and transition 
conditions when an automobile with HPP is  
moving.

The accepted notation is used in the MatLab 
Simulink environment. Input signals: gas - accelerator 
pedal signal (1, 0); break - brake pedal signal (1, 0); 
Charge - signal about the amount of battery power; 
Speed - vehicle speed; Output signals: Motor - the 
electric motor drives the wheels of the vehicle and 
charges the battery during regenerative braking (on/off) 
→ (1, 0); Mot_As_Gen - electric motor in generator mode 
for regenerative braking, (on/off) → (1, 0); ICE - internal 
combustion engine, (on/off) → (1, 0); Engine_clutch - 
internal combustion engine clutch, (on/off) → (1, 0); 
Main_break - service brake system (on/off) → (1, 0); 
Motor_clutch - clutch of the electric motor to the wheel 
drive, (on/off) → (1, 0).

The basic control logic of a power plant of an 
automobile with HPP of a serial type has two main 
modes: (s2) - basic mode (movement with ICE running) 
(Figure 8), (s1) - additional mode (movement with 
ICE off) (Figure 9). The transition from mode (s2) to 
mode (s1) is carried out when the condition (c1) is met, 
which indicates that the battery charge has reached 
a certain value. The transition from mode (s1) to 
mode (s2) is carried out when the condition (c2) is met, 
which indicates that the battery discharge is below 

Figure 8 Block diagram of the control algorithm in the main mode

 
Figure 9 Block diagram of the control algorithm in additional mode
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slope of 5% was set. The comparison was performed for 
three different modes of hybrid operation: electric motor 
operation, operation from a  combination of an electric 
motor and an internal combustion engine, and operation 
from an internal combustion engine. Table 1 shows the 
results of modelling the operation of a  hybrid vehicle 
using the developed control algorithm and the control 
algorithm based on fuzzy logic.

As shown in Table 1, when the hybrid vehicle is 
operating in the ”By EM” mode, the developed algorithm 
provides a  6% higher maximum engine power and 
a 5% higher electric motor speed compared to the fuzzy 
logic-based algorithm. The voltage also increases by an 
average of 4.5%, indicating the better energy efficiency 
and stability. 

Similar results were obtained in the “By EM and 
ICE” mode - here, the developed algorithm provides 
a wider range of engine power, with a maximum value of 
6% higher. The voltage increases by an average of 3.4%, 
and the motor speed increases by 6%. This results in 
more efficient energy use and better performance.

In the brake mode, the developed algorithm provides 
a  7% higher maximum motor power, a  4.6% higher 
voltage on average, and a  7% higher motor speed. 

The graph in Figure 10 shows the power output of 
an internal combustion engine (ICE) at different points 
in time during a  Simulink simulation. The visible 
power fluctuations reflect the different modes of the 
vehicle operation, including acceleration and steady 
state driving. This data helps to assess the efficiency of 
the engine in different driving conditions.

The graph in Figure 11 illustrates the changes 
in motor speed during the simulation. The speed 
changes according to the different driving modes of 
a  vehicle, including acceleration, steady-state driving, 
and regenerative braking. This information is key to 
understanding the efficiency of the motor in different 
operating conditions.

The graph in Figure 12 shows the change in the 
voltage across the battery (during the simulation). 
The voltage fluctuates depending on the processes of 
charging and discharging the battery that occur during 
different modes of operation of a hybrid vehicle.

Additionally, the model of the hybrid vehicle control 
algorithm, proposed in this paper, was compared to the 
models of the control algorithms based on fuzzy logic 
[3, 7]. To test the effect of the two control algorithms 
on the energy characteristics of a hybrid vehicle, a road 

Figure 10 Power of an internal combustion engine according to simulation in the Simulink environment

Figure 11 Electric motor speed according to simulation in the Simulink environment

Figure 12 Battery voltage according to simulation in the Simulink environment
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Then, the transition to the dimensionless coordinate 
system is performed:

,x I
K x K x

j
j

j j jo jo
=

-u u
	 (17)

where xj - coded value of the factor, K xj ju  - natural value 
of the factor, K xjo jou  - natural value of the main level,  
Ij - variation interval, j - number of the factor. For 
quality factors with two levels, one level is +1, and the 
other is - 1, the order of the levels does not matter.

The next step is to develop an experiment-planning 
matrix by recording the coded values of the factors and 
the resulting response function for each experiment. A 
complete factorial experiment implements all the unique 
combinations of levels of n independent variables, 
each of which varies at two levels. The number of such 
combinations is N 2= m , if n is the number of factors. 
The developed experiment-planning matrix must satisfy 
the requirements [24]:
1)	 Symmetry relative to the center of the experiment

,x 0ji
i

N

1

=
=

| 	 (18)

where j - number of the factor, N - number of experiments, 
j = 1,2,.....k.
2)	 Rationing condition 

x N
i

N

ji
1

2 =
=

| .	 (19)

This is a consequence of the fact that the values of 
the factors in the matrix are set +1 and -1.
3)	 Orthogonality of the planning matrix

, , , , ....., .x x j u j k0 0 1 2ji iu
i

N

1

$ != =
=

| 	 (20)

4)	 Rotativity means that the points in the planning 
matrix are selected so that the accuracy of predicting 

This indicates the better energy efficiency and energy 
recovery during braking.

A  comparative analysis of the two strategies for 
controlling the torque distribution shows that the 
developed hybrid vehicle control algorithm outperforms 
the fuzzy logic-based algorithm in all the analyzed 
driving modes. It provides higher motor power, higher 
voltage, and higher electric motor speed. This indicates 
a  higher energy efficiency and stability of the hybrid 
vehicle under the control of the developed algorithm 
compared to the fuzzy logic-based algorithm.

An equally important parameter of a hybrid vehicle’s 
operation is the specific power [22]. Evaluating and 
optimizing the factors that influence the specific power 
of a hybrid vehicle is important from the perspective of 
hybrid vehicle performance, as it affects the acceleration 
and overall dynamic performance of a vehicle, as well as 
its overall efficiency and economy. To assess the factors 
that influence the specific power of a hybrid, a regression 
mathematical model of the vehicle specific power was 
developed. To form the regression model, the method of 
planning a multivariate experiment was applied.

When developing an experiment plan, optimality 
criteria and scope of research come to the fore. In this 
context, it becomes clear that the optimal plan should 
be two-level (since the emphasis is on the linear model), 
with orthogonality and the possibility of rotation. At the 
first stage of conducting a full factorial experiment, the 
selection of factors and response functions and the area 
of their definition is performed [23]:

,y y y

x x x .

min max

min max

# #

# #
	 (15)

To simplify the recording of experimental conditions 
and the processing of experimental data, the coding of 
factors is performed. For this purpose, zero levels for 
each factor xio and intervals of their variation xi are 
selected in the field of determining factors. The upper 
xib and lower xin factor levels are calculated in natural 
values [23]:

Table 1 Energy characteristics of a hybrid vehicle

No. Driving modes Developed algorithm Algorithm based on fuzzy logic

Internal combustion engine (kW)

1 By EM up to 262 up to 246

2 By EM and ICE 110 103

3 Brake mode up to 175 up to 163

Voltage (V)

1 By EM 33.1 31.6

2 By EM and ICE 34.5 33.3

3 Brake mode 41.5 39.5

Electric motor speed (RPM)

1 By EM 9.8 9.3

2 By ICE 3.4 3.2

3 By EM and ICE 2.8 2.6
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- variance of adequacy:
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where yit  - value of the response function calculated 
by the regression equation; yi  - value of the response 
function obtained as a result of the experiment.

If a simple linear model turns out to be inadequate, 
additional methods are applied to improve adequacy: 
changing the limits of factor variation, shifting the 
center of the plan, or completing the experimental 
design. The latter approach involves the transition to 
orthogonal central compositional plans of higher order 
experiments.

3	 Results and discussion

To obtain a  mathematical model of the power 
change of a  hybrid vehicle, a  full factorial experiment 
was conducted. The specific power of the hybrid vehicle P 
was used as the response function. The main operational 
indicators and their change limits for obtaining P were 
determined (Table 2).

Based on the criteria of optimality and the number 
of factors, the plan of the full factorial experiment 
of the first order of type 24 was selected; and the 
planning matrix of the full factorial experiment was 
formed (Table 3), which consists of 16 experiments. 
The planning matrix contains the values of the factors 
in all the possible combinations. In the experiment 
matrix, the 2nd to 5th columns correspond to the factor 
values, the 6th column is the system response value, 
and the first column contains units corresponding 
to the unit coefficients of the free term of the  
model.

To unify the various physical factors and the response 
of the system, the transformation of dimensional 
physical values into dimensionless qualitative ones was 
performed using the Harington’s desirability function 
[26].

the values of the optimization parameter is the same 
at equal distances from the center of the experiment 
and does not depend on the direction.
In the resulting matrix of the experiment, the 

columns of controlled variables form the plan of the 
experiment. In addition, the full-factorial experiment 
(FFE) matrix includes a column with a fictitious factor 
xo at the +1 level, which is needed to calculate the 
coefficient bo of the regression equation [25]. The results 
of the experiment are recorded in the last column of the 
matrix. The response function in this case is the value Y, 
which takes the values y1, y2, y3,…, yn.

After conducting the FFE, the results are processed 
at the next stage [26]:
1)	 Calculation of the reproducibility variance 

estimation

,S
y y

N 1y

i
N

2 1

2

= -
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^

h
h

|
	 (21)

where yr  - mathematical expectation of the response 
function, N – 1 - the number of degrees of freedom.
2)	 Definition of regression coefficients
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3)	 Checking the significance of regression coefficients.
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where t - tabular value of the Student’s criterion for 
the number of degrees of freedom, at which S2 b2 j" ,  was 
determined; and the selected level of significance (in this 
case, 0.05).

The coefficient is significant if its absolute value 
is greater than or equal to b jT . Additions with 
insignificant coefficients are excluded from the equation.
4)	 Testing the adequacy of the model.

F
S
S

y

ad
2

2

=
" ,

,	 (24)

where F - Fisher’s criterion. Then, F Fcalcul tabl ; f - 
number of degrees of freedom, f N k 1= - +^ h ; Sad2  

Table 2 Limits of changes in performance indicators

Parameter Moving speed, km/h t of environment, C Slope angle of the road 
surface, %

State of charge 
(SOC), %

Basic level 25 10 2.5 87.5

Variations 20 20 2.5 12.5

Upper level 45 30 5 100

Lower level 5 -10 0 75

Table 3 Fragment of the planning matrix of a full factorial experiment

Experiment 
number

x0 x1 x2 x3 x4 P

1 1 0.780 0.421 0.780 0.765 0.665

2 1 0.780 0.390 0.780 0.765 0.663

3 1 0.375 0.421 0.780 0.765 0.554
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The developed matrix satisfies the requirements 
in Equations (18)-(20). The specific power model of 
a  hybrid vehicle, obtained because of a  full factorial 
experiment, can be presented in the form of a  general  
equation:

At the next stage, to simplify the solution of the 
system, factors were normalized according to Equation 
(17). In addition, the planning matrix of the full factorial 
experiment is completed with rows of interaction of 
factors between themselves (rows 2-16) (Table 4). 

Table 4 Fragment of the coded planning matrix of a full factorial experiment

Experiment number 1 2 3

x0 1 1 1

x1 1 1 -1

x2 1 -1 1

x3 1 1 1

x4 1 1 1

x1x2 1 -1 -1

x1x3 1 1 -1

x1x4 1 1 -1

x2x3 1 -1 1

x2x4 1 -1 1

x3x4 1 1 1

x1x2x3 1 -1 -1

x1x2x4 1 -1 -1

x1x3x4 1 1 -1

x2x3x4 1 -1 1

x1x2x3x4 1 -1 -1

P 0.665 0.653 0.554

Table 5 Fragment of the coded planning matrix of the orthogonal central-composite plan of the second order

Experiment number 1 2 3 4

x0 1 1 1 1

x1 1 1 -1 -1

x2 1 -1 1 -1

x3 1 1 1 1

x4 1 1 1 1

x12-α 0.2 0.2 0.2 0.2

x22-α 0.2 0.2 0.2 0.2

x32-α 0.2 0.2 0.2 0.2

x42-α 0.2 0.2 0.2 0.2

x1x2 1 -1 -1 1

x1x3 1 1 -1 -1

x1x4 1 1 -1 -1

x2x3 1 -1 1 -1

x2x4 1 -1 1 -1

x3x4 1 1 1 1

x1x2x3 1 -1 -1 1

x1x2x4 1 -1 -1 1

x1x3x4 1 1 -1 -1

x2x3x4 1 -1 1 -1

x1x2x3x4 1 -1 -1 1

P 0.665 0.653 0.554 0.544
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The model was tested for adequacy. The calculated 
value of the Fisher’s criterion Fcalcul = 1.632. For the 
given parameters of the experiment, Ftable = 1.96. Based 
on the adequacy test, the model obtained is considered 
adequate (Fcalcul = 0.0994 < Ftable = 1.53).

Additionally, the model was tested by conducting 
experimental measurements with recording the values 
of statistically significant influence factors and the 
response function, and by calculating the value of the 
response function using a  mathematical model. The 
object of the experimental study was a car with hybrid 
module (Figure 13). 

The road tests were designed to verify the adequacy 
of the developed model in Equation (28) based on the 
conducted research and to refine it by accounting for 
factors present in real-world driving conditions. The 
testing program involved determining the kinematic and 
energy parameters of a  hybrid-powered vehicle during 
straight-line motion under various driving modes with 
different energy sources. The tests were conducted in 
compliance with European standards EH 1986-2:2001 
[27] and EH 1986-1 [28]. The testing equipment met 
the requirements of Directive 91/441/EEC. The test 
track was flat, straight, free of obstacles, and without 
wind barriers. The longitudinal slope of the test road 
did not exceed ±2%, while the maximum transverse 
curvature was limited to 1.5%. The driving cycle followed 
the European urban driving cycle ECE 15, with a total 
duration of 195 seconds.

The results of experimental measurements and 
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.

P b b x b x b x b x
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The regression coefficients are determined according 
to Equation (22). The regression coefficients, whose 
value is equal to or greater than the confidence interval, 
are considered statistically significant and included in 
the final equation. As a result, the following regression 
equation was deduced:

. . .

.

P x x

x

0 5104 0 0466 0 0588

0 0486

1 2

3

$ $

$

= + + +

+
.	 (27)

The model was tested for adequacy by the Fisher’s 
test according to Equation (24). The estimated 
value of Fisher’s criterion Fcalcul = 2.009633495, table  
Ftable = 1.8874. Since the condition Fcalcul < Ftable is not 
fulfilled, the model in Equation (27) cannot be considered 
adequate.

Based on the obtained results, it was decided to 
complete the plan of the full factorial experiment to 
the orthogonal central-compositional plan of the second 
order without losing information about the previous 
experiments (Table 5).

Analogous transformations with the planning 
matrix of the orthogonal central-composite plan of the 
second order allow obtaining the following regression 
equation:

. . .

. . .

P x x

x x
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4 2
2

$ $

$ $
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Figure 13 Configuration of a vehicle with a hybrid powertrain system: 1 - control and data acquisition unit; 2 - traction 
battery pack (72 V); 3 - power converter unit; 4 - electric motor; 5 - fuel tank; 6 - rear axle transmission; 7 - internal 

combustion engine (ICE); 8 - front axle transmission; 9 - on-board battery (12 V)

Table 6 Fragment of the results of experimental measurements and modelling of the specific power of the hybrid

Exp. No. Moving 
speed, km/h

Ambient 
temperature, °C

Slope 
angle, %

SOC, % Experimental 
Power, kW

Calculated 
Power, kW

Discrepancy, %

1 29.3 22.3 0.6 91.6 146.96 131.6 10.45

2 11.8 2.2 2.5 82.8 127.51 121.62 4.62

3 7.6 -6.1 0.2 88.0 143.95 136.22 5.37

4 43.0 17.4 4.5 88.7 139.48 133.46 4.32

5 43.6 7.6 1.3 79.6 109.79 102.9 6.28
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Figure 14 Specific power of a hybrid vehicle according to the experiment data and regression equation  
in the ”Electric vehicle: mode

                       
                                           (a)                                                                                            (b)

               
                                            (c)                                                                                              (d)

                      
                                           (e)                                                                                               (f)

Figure 15 Response surfaces of the model of specific power of a hybrid vehicle when factors change:  
a) “driving speed” and “environment t”; b) “driving speed” and “road surface angle”;  

c) “driving speed” and “SOC”; d) “environment t” and “road surface angle”;  
d) “ environment t” and “SOC”; e) “road surface slope angle” and “SOC”
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energy consumption of a hybrid vehicle and estimate the 
range of a trip in the battery mode. Additionally, based 
on a real data obtained during the vehicle operation, the 
model can be further adjusted to improve its accuracy 
and reliability.

4	 Conclusion

A  mathematical model and an algorithm for 
optimizing the operation of HPP (hybrid power plant), 
implemented in the MATLAB/Simulink environment, 
are considered in the paper. To assess the influence of 
energy and traction-speed parameters on the specific 
power of a  hybrid vehicle, a  regression equation was 
deduced by conducting a full factorial experiment. Based 
on the regression equation, the nature of the influence 
of HPP operational parameters on the change in the 
specific power of the unit is determined.

Having analyzed the values of the coefficients of 
the regression equation terms, a  list of factors that 
greatly influence the change in the specific power of 
the vehicle with HPP was obtained. Therefore, the 
impact of operational factors on the specific power of 
a  hybrid vehicle could be evaluated. This fact in turn 
can influence the acceleration and overall dynamic 
performance of a vehicle, as well as its overall efficiency 
and economy, and can significantly improve the driving 
range of a hybrid on a single battery charge. Adequacy 
of the developed mathematical model for determining 
the energy and traction-speed indicators of the vehicle 
movement with HPP was confirmed with a discrepancy 
of results within 4 to 11% in driving modes under the 
electric motor operation.
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modelling of the specific power of the hybrid in the 
“Electric vehicle” mode are shown in Table 6.

Based on the results of the experiment and the 
regression equation for different modes of operation 
of the hybrid installation (Figure 14), the difference 
between the values of specific power is 4 to 11%. The 
above mentioned indicates the adequacy of the results 
obtained.

To determine the nature of the influence of the 
selected performance indicators on the value of the 
specific power of a hybrid vehicle, the response surfaces 
of the model were developed with the alternate fixation 
of two factors at zero level and the change of two other 
factors (Figure 15).

Having analyzed the regression Equation (28) and 
the response surfaces of the model, the nature of the 
influence of the hybrid vehicle’s performance on the 
change in specific power was determined. If the value 
of such factors as “driving speed”, “road surface slope 
angle”, and “SOC” (the regression coefficients of these 
factors have a positive sign) increases and the value of 
the factor “environment t” (the regression coefficient of 
the factor has a  negative sign) decreases, the value of 
specific power P increases, as well. If the values of the 
above factors change in the opposite direction, the value 
of the specific power, on the contrary, would approach 
the minimum value.

Additionally, the transition from normalized to 
non-normalized factors was performed by the inverse 
transformation according to Equation (17) to obtain 
a  polynomial model of the specific power of a  hybrid 
vehicle suitable for use in forecasting tasks. After 
performing the transformation, an expression is deduced:

. . .

. . .

P x x

x x
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0 0545 0 0373
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The obtained polynomial models of the specific 
power of a  hybrid vehicle with normalized and non-
normalized factors, can be used as a basis for developing 
an automated system for monitoring the electric part of 
a hybrid vehicle. Additionally, these models can be used 
to estimate and predict the energy consumption of the 
electric part of the hybrid, as well as the vehicle range 
in the traction battery mode. Thus, the values of factors 
should be substantiated into the model in Equation (29); 
and the predicted value P can be applied to calculate the 
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Resume
A novel approach for traffic congestion assessment has been presented using 
percentile speeds as key indicators, focusing on urban roads. By evaluating 
the 98th, 85th, and 15th percentile speeds, authors of the research developed 
a congestion severity index, offering a more precise and intuitive method 
for analyzing traffic flow compared to traditional travel time-based indices. 
Key congestion indices, such as the Planning Time Index (PTI) and Travel 
Time Index (TTI) were compared to percentile speeds, revealing a significant 
association with the 15th and 85th percentile speeds. The K-means 
clustering technique was applied to classify congestion severity into three 
levels, validated by a high silhouette value indicating the robust clustering. 
The study's speed-based congestion severity index provides a practical and 
efficient framework for real-time congestion management, particularly in 
heterogeneous traffic environments.
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to traffic congestion [9]. Traffic congestion increases 
driver stress, which can lead to road accidents [10]. 
Faulty traffic infrastructure, especially in developing 
countries, such as poorly designed speed humps, an 
abundance of three-wheelers, and reckless driving 
behavior, all contribute to prolonged congestion [11-17]. 
Due to congestion, the Level of Service (LOS) of the 
road decreases drastically during the peak hours [18]. 
Understanding the congestion dynamics is crucial for 
effective traffic management, as it helps implement 
targeted measures to reduce congestion, enhancing both 
road safety and traffic flow.

Traditional methods of assessing congestion, such 
as the Planning Time Index (PTI) and Travel Time 
Index (TTI), primarily focus on travel times. While 
these indices provide useful insights, they may not fully 
capture the complexities of urban traffic, particularly 
in heterogeneous environments like those found in 
many Indian cities. Congestion indices, such as TTI 
and PTI, are widely used around the world to evaluate 
traffic congestion [19-23]. Despite its fundamental 
importance, speed has not been directly factored into the 

1	 Introduction
	
Traffic congestion is a  growing concern globally, 

affecting both developed and developing countries. 
The rapid increase in vehicular traffic, coupled with 
insufficient infrastructure, has led to excessive delays for 
road users, negatively impacting economic productivity, 
environmental sustainability, and public health. The 
development of any country, particularly a  nation like 
India, heavily relies on its transportation infrastructure. 
With the rapid rise in vehicle numbers, the current road 
infrastructure is struggling to handle the increased 
traffic demand, resulting in widespread congestion [1-5]. 
In developing countries, traffic congestion has become 
a major challenge for road users. Typically, congestion 
occurs when current traffic demand surpasses the 
capacity of existing roadways. This not only extends the 
travel time, but also negatively impacts human health, 
contributing to a  deteriorating traffic environment 
[6-8]. The rise in population, the increasing number 
of vehicles, and the migration of people from rural 
to urban areas are the primary factors contributing 
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3	 Selection of the road network and data 
collection

To evaluate the traffic congestion, data was 
collected from various arterial roads. Bhubaneswar, 
recognized as a tier-II smart city featuring a population 
of approximately 1.5 million, was chosen for its 
representation of tier-II cities across India, sharing 
similar demographic characteristics. The study was 
focused on selecting the most critical roads for analysis. 
The road surfaces were mainly bituminous pavements, 
and the data collection took place during mostly sunny 
weather, with occasional partial cloud cover.

The speed data and travel time data were obtained 
from field-recorded videos. Cameras were used for 
recording data at different times of the day. The time 
it took for vehicles to cross specific road segments was 
tracked, allowing for the calculation of their travel 
time and speeds. The recorded videos were reviewed on 
a monitor using Avidemux, a free video editing software, 
and the necessary data, such as the 15th, 85th, and 98th 
percentile speeds, along with average, 95th percentile, 
and off-peak travel times, were calculated during this 
process to meet the study’s objectives.

4	 Congestion indices

The primary congestion indices, as highlighted in 
several literature sources are listed below along with 
their standard formulas or expressions.

Planning Time Index = 95th Percentile Travel  
Time/Off-Peak Travel Time	 (1)

Travel Time Index (TTI) = Mean Travel  
Time/Off-Peak Travel Time	 (2)

Buffer Time Index (BTI) = (95th Percentile -  
Mean Travel Time)/Mean Travel Time	 (3)

This study was conducted specifically at mid-block 

calculation of congestion indices, while the speed affects 
travel times, essential for determining these indices. 
The traditional method relies on average and off-peak 
travel times, as well as the 95th percentile travel 
time, neglecting the 15th percentile speed. This 15th 
percentile speed is particularly significant as it reflects 
the speeds of the slowest vehicles in the traffic flow, 
making it a vital indicator of congestion. In this study, 
clustering techniques were utilized to categorize levels 
of congestion based on percentile speeds. Clustering 
techniques were extensively employed to categorize the 
severity congestion intensity. Clustering is a  common 
technique used to organize specified data into groups, 
depends on the Euclidean distances between the input 
information [24-29].

In this study is introduced an alternative 
approach to evaluating traffic congestion by leveraging 
percentile speeds, specifically the 98th, 85th, and 15th 
percentiles, as more direct indicators of congestion 
severity. By analyzing the speed data, the research 
aim was to develop a  congestion severity index that 
provides a  more intuitive and accurate reflection of 
traffic flow conditions. In the study are also compared 
the traditional congestion indices to the speed-based 
metrics, finding that the 15th and 85th percentile 
speeds have a stronger correlation with congestion than 
the 98th percentile. Additionally, K-means clustering 
is employed to classify congestion into distinct levels, 
further enhancing the practicality of this speed-based 
approach for real-time congestion management. This 
novel methodology offers an enhanced ideas of urban 
traffic dynamics and serves as a  valuable strategy for 
alleviating congestion in cities with complex traffic  
patterns.

2	 Study framework

The framework is a  critical component of any 
research for achieving the desired results. The current 
study follows the approach outlined below, as illustrated 
in Figure 1.

Figure 1 Flowchart illustrating the research framework
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are derived from fundamental parameters like speed, 
flow, and density. Congestion indices, for instance, are 
typically based on travel time, which serves as an indirect 
indicator of speed. Among these factors, operating speed 
is a critical measure for evaluating the traffic flow and 
has well-established practical applications in real-world 
traffic analysis. Given the direct relationship between 
the speed and congestion, it becomes simpler and more 
intuitive to assess and analyze traffic congestion using 
speed data rather than relying on travel time. This is 
because speed offers a more immediate reflection of 
traffic conditions, enabling a clearer and more efficient 
evaluation of congestion levels.

Standard speed calculations, such as the 15th, 85th, 
and 98th percentile values for a given road, are essential 
for establishing lower and upper speed limits, as well as 
determining the design speed. These percentile values 
serve as benchmarks for safe driving speeds and help 
guide speed limit policies. Therefore, it is logical to 
correlate various congestion indices with percentile 
speeds, as this enhances the overall evaluation of traffic 
congestion, particularly in areas more susceptible to 
congestion, by linking it directly to fundamental traffic 
parameters. For example, the 15th percentile speed is 
typically used to define the lower speed limit, while 
the 85th percentile speed represents the upper limit. 
This range is crucial because around 70% of road 
users generally drive within these speeds, making 
them a  reliable indicator of traffic behavior. When 
the two roads have similar 85th percentile speeds but 
differ in their 15th percentile speeds, this discrepancy 
reveals differences in traffic flow conditions. Consider 
two roads, Road 1 and Road 2, both of which have an 
85th percentile speed of 38 km/h. However, Road 1 has 
a  15th percentile speed of 22 km/h, whereas Road 2 
has a 15th percentile speed of 11 km/h. This difference 
suggests that a larger proportion of vehicles on Road 2 
travel at lower speeds, indicating heavier congestion or 
more variability in vehicle speeds. Thus, despite having 
the same 85th percentile speed, Road 2 is more prone 
to congestion because more vehicles are operating at 
reduced speeds. Percentile speeds, particularly the 
15th and 85th, are therefore essential in congestion 
assessment. They not only highlight the variability in 
traffic flow across different road segments, but also 
help to identify areas where congestion is more likely 
to occur. Roads with significant gaps between these two 
percentile values may exhibit greater congestion issues, 
as they suggest a  broader range of vehicle operating 
speeds and, potentially, a  higher number of slower-

sections under a  heterogeneous traffic environment, 
necessitating modifications to the definitions of 
congestion indices to suit the study’s characteristics. In 
this research, average travel time, 95th percentile travel 
time, and off-peak travel time were calculated from the 
collected travel time data. Based on this data, various 
congestion indices were computed, and the results were 
compared to different percentile speeds. A  model was 
then developed to directly estimate congestion index 
values without relying on travel time data. Finally, 
a  range of congestion index values corresponding to 
different severity levels was identified using a clustering 
technique.

5	 Results and discussions

Travel times and speeds were derived from the 
captured videos. As detailed in the ”Data Collection and 
Research Framework” sections, speed and travel time 
data were gathered for analysis. Key metrics such as 
the 15th, 85th, and 98th percentile speeds, as well as 
average, 95th percentile, and off-peak travel times, were 
estimated and used for further analysis.

These travel times were extracted and analyzed to 
determine various congestion indices. A combination of 
quantitative and descriptive analyses was then applied 
to investigate the traffic congestion. The study focused 
on three key congestion indices: the Planning Time 
Index (PTI), the Travel Time Index (TTI), and the Buffer 
Time Index (BTI), to assess the level of congestion.

The methodology used provides an accurate and 
dependable means of assessing the traffic congestion 
by considering real-world traffic flow parameters. 
The summarized data in Table 1 outlines the various 
congestion indices calculated using the field data.

The study utilized two congestion indices, namely 
the PTI and TTI, for assessing congestion levels. The 
Buffer Time Index (BTI) was omitted from this analysis 
because initial calculations revealed that it does not 
sufficiently account for variations in the 95th and 15th 
percentile travel times throughout both extremely high 
and moderate traffic volumes. This limitation may stem 
from the fact that the PTI and TTI relate travel times 
to off-peak or-free flowing conditions, while the BTI 
compares travel times to the average travel time. This 
could introduce bias, particularly in scenarios where 
there is a significant number of vehicles traveling at 
either slow or high speeds.

It is important to recognize that many traffic metrics 

Table 1 Congestion indices for the selected road network

Stretch PTI (%) TTI (%) BTI(%)

Stretch 1 200.10 171.50 34.29

Stretch 2 182.23 147.81 26.30

Stretch 3 170.00 126.89 37.66

Stretch 4 140.09 102.91 40.01
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congestion indices (TTI and PTI) and the 98th, 85th, 
and 15th percentile speeds. The Pearson correlation 
analysis assesses the strength and direction of the 
linear relationship between the congestion indices and 
the speed percentiles. The results, summarized in Table 
3, offer insights into whether there is a  statistically 
significant connection between these variables, helping 
to understand how well the congestion indices are 
aligned with the percentile speeds. This correlation 
helps to validate the effectiveness of percentile speeds 
in reflecting traffic congestion levels.

The results from the Pearson correlation analysis 
yielded some unexpected findings. Notably, the PTI and 
TTI exhibited a significant association with the 15th and 
85th percentile speeds, contrasted to the 98th percentile 
speeds. This observation indicates that TTI and PTI 
can be effectively estimated directly from either the 
15th or 85th percentile speeds, suggesting that these 
two percentile speeds offer more accurate insights for 
congestion evaluation than the 98th percentile speed. 
This highlights the practical utility of focusing on these 
speeds when assessing the congestion levels.

Table 4 presents the generalized linear regression 
equations for estimating TTI and PTI directly from the 
percentile speeds, along with the associated p-values 
and R-squared values for each independent parameter. 
As shown, each equation shows statistical significance 
at a 95% confidence interval (or 5% level of significance), 
as the p-values for the models are below 0.05 under 
every instance, except for the equations related to TTI 
and PTI when using the 98th percentile speed. This 

moving vehicles. By associating congestion indices with 
these percentile speeds, the evaluation becomes more 
accurate and meaningful, offering a direct link between 
the congestion severity and key traffic speed parameters.

In this study, the 15th, 85th, and 98th cumulative 
percentile speed curves were computed for several road 
stretches. These curves represent the speed distribution 
across different percentiles of vehicles on the road. After 
determining these percentile speeds, the identified 
congestion indices were compared to them, to assess 
how well the current congestion indices reflect these 
key speed percentiles. In addition to this comparison, 
in the study is introduced a novel method of evaluating 
traffic congestion using percentile speeds, which led 
to the creation of a  congestion severity index, a  new 
metric designed to quantify congestion based on speed 
variations. Table 2 presents a  visual summary of 
the cumulative percentile speed curves, showcasing 
the differences observed across various road stretches. 
This approach helps to better understand how speed 
distribution relates to congestion, offering a  more 
precise means of evaluating road performance in terms 
of congestion levels.

The analysis of different percentile speeds, i.e., 98th, 
85th, and 15th, reveals a  consistent decreasing trend 
as traffic volume increases. This pattern corresponds 
to the expected behavior observed in established 
congestion indices. To further explore the relationship 
between these percentile speeds and the congestion 
indices, a  Pearson correlation analysis was conducted, 
specifically examining the correlation between the 

Table 2 Percentile speeds (98th, 85th, and 15th) for different road stretches, [km/h]

Stretch 98th 85th 15th

Stretch 1 23.9 21.1 15.05

Stretch 2 36.8 27.1 17.90

Stretch 3 38 31.90 21

Stretch 4 50.90 40.80 25.40

Table 3 Pearson correlation between percentile speeds and congestion indices 

98th Per. 
Speed

85th Per. Speed 15th Per. Speed TTI (%) PTI (%)

98th Per. Speed
Pearson Correlation 1 0.951** 0.910* -0.857* -0.811*

Sig. (1-tailed) 0.003 0.014 0.030 0.045

85th Per. Speed
Pearson Correlation 0.951** 1 0.973** -0.944** -0.910*

Sig. (1-tailed) 0.003 0.001 0.008 0.014

15th Per. Speed
Pearson Correlation 0.910* 0.973** 1 -0.979** -0.960**

Sig. (1-tailed) 0.014 0.001 0.001 0.004

TTI (%)
Pearson Correlation -0.857* -0.944** -0.979** 1 0.986**

Sig. (1-tailed) 0.030 0.008 0.001 0.000

PTI (%)
Pearson Correlation -0.811* -0.910* -0.960** .0986** 1

Sig. (1-tailed) 0.045 0.014 0.004 0.000
** Significant at 5% significance level

*  Significant at 10% significance level
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speeds, effectively making traditional congestion index 
calculations redundant. This approach allows for a more 
direct and efficient assessment of traffic congestion 
levels.

In this study, clustering techniques were applied 
to classify the congestion levels according to percentile 
speeds. Clustering is a widely used method for grouping 
data points into a  specified number of clusters by 
evaluating the Euclidean distances between them. The 
K-means algorithm, commonly used for large datasets 
with normally distributed data, was selected for this 
research. It divides the dataset into a  predetermined 
number of clusters (K), based on the Euclidean distance, 
a method of calculating the straight-line distance between 
the two points between data points. The algorithm 
assigns each point to the nearest cluster center (called 
a  centroid), and this process is repeated iteratively 
until the centroids stabilize, ensuring that each point is 
placed in the most suitable cluster. The challenge with 
K-means, however, lies in selecting the correct number 
of clusters (K). To address this, the study adopted 
a  two-step clustering process. A  two-step clustering 
approach was first employed to identify the optimal 
number of clusters. The first step involves an algorithm 
that can estimate the optimal number of clusters based 
on the input data, rather than pre-defining the number. 

indicates that the relationship between TTI, PTI, and 
percentile speeds is significant, except in the case of 
the 98th percentile speed. Additionally, the R-squared 
values for these equations are all above 0.65, implying 
that the models explain a considerable proportion of 
the variability in the data, making them reliable for 
predicting congestion indices from percentile speeds.

While average and 95th percentile travel times 
are commonly used to evaluate congestion indices, it 
is significant to note that stronger R-squared values 
are observed when these indices are derived from the 
85th and 15th percentile speeds. This finding highlights 
the potential to estimate congestion indices based 
solely on speed data, eliminating the need to calculate 
travel times. However, it is important to recognize that 
relying solely on congestion indices may not provide 
a  complete picture, especially in scenarios with severe 
congestion. A  comprehensive congestion assessment 
should incorporate both percentile speeds and congestion 
indices to accurately reflect traffic conditions. The values 
of the 98th, 85th, and 15th percentile speeds provide 
valuable insights into actual traffic flow patterns. The 
results indicate a  strong correlation between these 
percentile speeds and congestion indices. In light of 
this, a  congestion severity index could be developed 
using the values of the 98th, 85th, and 15th percentile 

Table 4 Applying linear regression models for estimating TTI and PTI 

Developed model p-value R-Square

TTI = 366.036 - 5.865 X (98th Per. Speed) 0.064 > 0.05 0.75

TTI = 349.011 - 6.831 X (85th Per. Speed) 0.014 < 0.05 0.86

TTI =358.615 - 10.907 X (15th Per. Speed) 0.004 < 0.05 0.96

PTI = 532.833 - 8.767 X (98th Per. Speed) 0.078 > 0.05 0.66

PTI = 511.943 - 10.243 X (85th Per. Speed) 0.040 < 0.05 0.84

PTI = 527.645 - 17.143 X (15th Per. Speed) 0.008 < 0.05 0.91

X represents multiplication

Figure 2 Silhouette metric for clusters
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representation for the data in this context. In this 
research, silhouette values were calculated to determine 
the quality of clustering, with a  particular focus on 
identifying how well data points were grouped. As shown 
in Figure 2, the obtained silhouette value was 0.89, 
which is considered very high. A value of 0.89 indicates 
that the clusters are well-separated, meaning that the 
data points within each cluster are highly similar, while 
the points across clusters are quite distinct. This level 
of clarity and separation suggests a  robust clustering 
outcome. The analysis determined that three clusters 
provide the most accurate and meaningful classification 
of congestion levels based on the percentile speed data. 
The silhouette value of 0.89 signified that three clusters 
best represented the dataset, ensuring a  precise and 
reliable classification system for congestion severity, 
which can guide traffic management and decision-
making in real-world scenarios.

Table 5 presents the final cluster centers, which 
is the direct output from the clustering analysis. The 
values from Table 5 have been utilized to define the 
ranges for congestion severity index, which is provided 
in Table 6. Table 6 illustrates the traffic conditions 
based on the average speeds of the 98th, 85th, and 15th 
percentiles for a  specific road segment. When these 
average speeds exceed 44.15 km/h, 35.15 km/h, and 22.43 
km/h, respectively, the traffic flow is considered smooth, 
indicating that there is no congestion. This situation 
is classified as Congestion Level 0. Conversely, in the 
case where the mean speed of the 98th percentile falls 
between 44.15 km/h and 30.65 km/h, the 85th percentile 
speed ranges from 35.15 km/h to 25.30 km/h, and the 
15th percentile speed is between 22.43 km/h and 17.25 
km/h, the traffic is categorized as mildly congested. This 
scenario marks the onset of congestion and is designated 
as Congestion Level 1. Finally, when the average speeds 

Once the optimal number of clusters is identified, the 
K-means algorithm is applied in the second step to 
finalize the clustering. After the clustering is performed, 
the quality of these clusters are validated with the help 
of silhouette values. A silhouette value measures how 
similar a data point is to its assigned cluster compared 
to other clusters. Silhouette is used for interpretation 
and validation of the internal consistency of data within 
a cluster [28]. Previous studies [24, 29] have concluded 
that silhouette could be used to define the number of 
clusters (K) for clustering analysis. A few studies [28-29] 
identified that silhouette width index performed well in 
many comparative experiments. The silhouette value 
ranges from -1 to 1, with higher values indicating well-
defined clusters where the data points are closer to their 
assigned cluster center and farther from other clusters. 
In this analysis, the high silhouette value (0.89 as shown 
in Figure 2) demonstrates that the percentile speed 
data were effectively grouped, confirming the accuracy 
and reliability of the clustering process. For traffic 
engineers, this validation holds significant practical 
value. By ensuring that the clusters represent distinct 
congestion levels, engineers can confidently interpret 
the results and apply them to real-world scenarios. 
Additionally, a robust clustering approach ensures that 
the proposed congestion severity index can be effectively 
used to prioritize interventions, allocate resources, and 
design the traffic management strategies that address 
specific congestion challenges. The high silhouette value 
thus reinforces the applicability of the methodology in 
assisting traffic engineers to make data-driven decisions 
aimed at improving traffic flow, enhancing road safety, 
and minimizing the environmental and economic 
impacts of congestion.

In the present study, high silhouette value of 
0.89 suggests that three clusters provide the best 

Table 5 Final cluster centers derived from K-means clustering.

Cluster Centers

1 2 3

98th Per. Speed 50.90 37.40 23.9

85th Per. Speed 40.80 29.50 21.1

15th Per. Speed 25.40 19.45 15.05

Table 6 Congestion Index formulated through clustering

98th Per. Speed
(km/h)

85th Per. Speed
(km/h)

15th Per. Speed
(km/h)

Level of congestion 
severity

Remarks

> 44.15 >35.15 >22.43 Level 0
Free-flowing traffic/Uncongested roads

44.15-30.65 35.15-25.30 22.43-17.25 Level 1

Reasonable Traffic Flow/Mild-to-
Moderate Congestion

(Road users unable to operate at their 
desired speed)

<23.90 <21.10 <15.05 Level 2
Overwhelming traffic/Extreme traffic 

congestion (Vehicles traveling at 
significantly reduced speeds)
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(PTI) in isolation and emphasizes the predictive power 
of percentile speeds.

The summary of key findings are as follows.
•	 Percentile Speed Metrics for Congestion Assessment: 

The 98th, 85th, and 15th percentile speeds were 
identified as reliable indicators of traffic congestion, 
surpassing traditional indices like TTI and PTI in 
precision

•	 Correlation and Sensitivity: Strong correlations 
were observed between the 15th and 85th percentile 
speeds and congestion indices, with the 15th 
percentile speed showing the highest sensitivity.

•	 Clustering and Congestion Levels: K-means 
clustering revealed three congestion levels with 
clear speed thresholds:

	❑ Smooth Traffic: Speeds > 44.15 km/h (98th), 35.15 
km/h (85th), 22.43 km/h (15th).

	❑ Moderate Congestion: Speeds in intermediate 
ranges.

	❑ Severe Congestion: Speeds < 23.90 km/h (98th), 
21.10 km/h (85th), 15.05 km/h (15th).

•	 Congestion Severity Index: A  robust severity 
index was developed using percentile speed data, 
providing a simpler and more intuitive approach for 
congestion evaluation.

•	 Practical Implications: This framework eliminates 
reliance on complex travel time data, making it highly 
suitable for heterogeneous traffic environments and 
real-world traffic management.
This approach offers a practical, intuitive alternative 

to traditional travel time-based methods, particularly in 
heterogeneous traffic environments, facilitating efficient 
traffic management and policy-making.
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for the 98th, 85th, and 15th percentiles drop below 
23.90 km/h, 21.10 km/h, and 15.05 km/h, respectively, 
it signifies a state of extreme traffic congestion. In this 
case, the traffic flow can be described as overwhelming, 
indicating a severe level of congestion.

In the real-world conditions, it is unlikely that 
the exact speed ranges specified in the proposed 
congestion severity index will always be maintained 
consistently. The suggested speed thresholds are 
tailored for heterogeneous traffic environments and 
offer a  more holistic approach to assessing congestion. 
This method goes beyond relying solely on congestion 
index values, providing a  more nuanced evaluation 
of traffic flow and congestion levels by accounting for 
the variability in traffic patterns. Consequently, these 
levels present a practical framework for understanding 
and managing congestion in diverse traffic  
conditions.

The present study introduces an innovative 
approach to traffic congestion assessment by utilizing 
percentile speeds - specifically the 98th, 85th, and 15th 
percentiles - as direct indicators of congestion severity. 
Unlike the traditional methods that rely on travel times 
(e.g., TTI and PTI) and neglect critical speed variations, 
in this method the 15th percentile speed was highlighted 
as the key metric reflecting the slowest vehicles, offering 
a more comprehensive view of congestion.

Using the K-means clustering, congestion levels 
were categorized into distinct groups based on speed 
data, providing a  practical framework for real-time 
traffic management. The findings demonstrate stronger 
correlations between the 15th and 85th percentile 
speeds and congestion severity compared to traditional 
indices, showcasing the superiority of this speed-based 
methodology in capturing urban traffic dynamics, 
particularly in heterogeneous environments.

6	 Conclusion

In this study, a novel framework is proposed for the 
traffic congestion assessment using percentile speed 
metrics, specifically the 98th, 85th, and 15th percentiles, 
to develop a congestion severity index. Applied to urban 
roads in Bhubaneswar, India, the research highlights 
the limitations of traditional congestion indices like 
the Travel Time Index (TTI) and Planning Time Index 
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Resume
This study is an attempt to derive and to compare the Passenger Car Unit 
(PCU) values of vehicle types present in the stream, obtained using the 
Chandra's method, homogeneous coefficient method, speed-based modelling, 
and multiple linear regression method. Using the data collected from five 
sites of Sonipat City with varying traffic and geometric characteristics, it 
was found that Chandra's method is the best method to derive the PCU 
values in heterogeneous traffic conditions on divided urban roads. The PCU 
values obtained from Chandra’s method are closer to IRC (Indian Roads 
Congress) code values. The PCU value of e-rickshaw was also estimated in 
this study, and it was found that it is smaller than one using the Chandra's 
method. The result of the comparison of obtained PCU values and values 
given in the IRC code points to conclusion that the IRC codes pertaining to 
PCU values need revision.
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rickshaws in terms of speed and capacity. Auto-rickshaw 
has relatively higher speed because it is powered by fuel 
(CNG, petrol or diesel), the while e-rickshaw is driven by 
a battery. E-rickshaws are gaining popularity, especially 
in Asian developing countries like India, Bangladesh etc. 
because of low operating and maintenance costs. The 
PCU value of this type of vehicle is not available in the 
literature. Chandra’s method, homogeneous coefficient 
method, speed-based modelling, and multiple linear 
regression methods were used to derive PCU values of 
vehicle types present in the stream. It is a case study of 
Sonipat City. Five sites of varying traffic and geometric 
parameters were selected, and by videography method, 
classified speed and volume data were collected and 
processed with the help of a VLC media player. The aims 
of this study were as follows.
1.	 To derive the PCU values of vehicle types present in 

the stream using different methods.
2.	 To compare the PCU values derived using different 

methods.
3.	 To compare the PCU values with the values given in 

IRC: 106-1990 and other literature.
4.	 To derive the PCU value of e-rickshaw (PCU value 

of e-rickshaw is not available in the IRC code)
The results of this study will benefit planners and 

1 	 Introduction

The passenger car unit (PCU) is an equivalency 
factor assigned to each kind of a vehicle in the flow, to 
convert each vehicle category to a  single homogeneous 
unit. It is critical to establish the Passenger Car 
Unit (PCU) values for each vehicle type for the 
building and analysis of various traffic facilities, as 
well as for managing the traffic control. The adoption 
of appropriate PCUs for diverse vehicle types will 
accurately quantify the homogenous volume of traffic 
in the mixed transportation environment. There are 
various approaches available for estimating the PCUs 
for each vehicle category, namely, Chandra’s Method [1], 
Homogeneous Coefficient Method [2], Headway Method 
[3], Multiple Linear Regression [4-5], Speed based 
Modelling [6], Density method [7], Huber’s Method [8], 
Simulation technique [9-10]. However, different methods 
are used for different traffic and roadway conditions.

In this study, the PCU values of each vehicle 
category were derived and compared to the values given 
in the IRC (Indian Roads Congress) code (IRC: 106-
1990). The PCU value for e-rickshaw was developed in 
this study, as well. E-rickshaw is a new vehicle type. It is 
a substitute for cycle rickshaw and is different from auto 

https://orcid.org/0000-0002-3309-9831
https://orcid.org/0000-0003-1015-4807
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used for Passenger car unit) for different vehicles 
on mid-block sections of Porbandar city. The study‘s 
characteristics included headway, the width of the road, 
the composition of traffic, and average speed. It was 
found that the Headway method yields higher dynamic 
equivalency factor values for MAV (Multi-Axle vehicle), 
truck, and bus and lower values for bike and autos than 
IRC standards, the Multiple Linear Regression method 
produces values for LCVs (Light Commercial Vehicles) 
that are almost identical to IRC standards, and the 
Homogenization Coefficient method produces equivalent 
values for all classes of vehicles. Chandra‘s approach 
produces outcomes that are more similar to IRC  
codes [2]. 

Sharma and Biswas (2021) examined passenger car 
units on city roads. They examined various methods for 
determining the PCU or PCE values and demonstrated 
how their effectiveness varies depending on the field 
situation. The estimated PCU values proposed in various 
research were also highlighted in the current paper. 
Some researchers suggested static PCU values, while 
others investigated its dynamic facets [16]. 

Pooja et al. (2019) examined methods for estimating 
PCU or PCE values. This paper provided an in-depth 
examination of methods for estimating the PCU/PCE 
values for homogeneous and heterogeneous conditions. 
An attempt was made to identify the limitations of 
existing PCU estimation methods and to identify 
potential solutions to these limitations [17].

Parth et al. (2018) calculated dynamic PCU/PCE for 
vehicles on urban roads with varying traffic conditions. 
In the current study is shown the dynamic nature 
of passenger car unit values on two different roads 
with highly varying traffic conditions. Using Chandra‘s 
method, the PCU values were calculated for both roads. 
Both roads‘ PCU factors were found to be extremely 
sensitive to changes in the traffic stream, whether in 
terms of traffic composition or traffic volume. The type 
of road also has an impact on it [18].

The PCU values using data from six highway 
locations of Andra Pradesh were calculated and 
compared by Rao and Yadav (2018). The speed and area 
of vehicles were considered to derive PCU values. Speed 
volume relations were also developed to check the effect 
of traffic parameters. The obtained PCU values were 
later compared to the recommended values of IRC: 106-
1990 [6].

Barve and Sugandhi (2017) examined a  highway-
capable passenger car unit (PCU). They attempted to 
cover the most critical and recent research work in 
the advancement of PCE or PCU in both homogeneous 
and heterogeneous  traffic conditions. In this study 
authors addressed and gathered multiple methods for 
estimating the PCU values. For the calculation of PCU, 
each method has its own set of factors, such as traffic 
conditions, geometric factors, headway time, speed, 
delay, and so on. The PCE or PCU values were found to 
vary based on traffic situation [19].

engineers in dealing with heterogeneous traffic, and it 
will also be helpful in revising the IRC code pertaining 
to PCU values.

2	 Review of published research

Dhananjaya et al. (2023) applied Chandra‘s method 
to get the passenger car unit  of vehicle types for four 
different stretches in Sri Lanka‘s Colombo district. Field 
surveys were used to collect data, speed and vehicle 
area. Obtained results were compiled and compared to 
existing values with the goal of proposing a fresh set for 
generalized transport investigations in the nation of Sri 
Lanka [11].

Zero et al. (2022) collected data on passenger car 
unit for various vehicle types in Erbil City under mixed 
traffic conditions. Results showed significant variations 
in passenger car unit with traffic volume and roadway 
width. Buses had a PCU value of 2.92, similar to Iraq 
but different from the UK. Highway capacity increased 
with shoulder areas, positively affecting passenger 
car unit for vehicle types. Passenger car units were 
evaluated using Headway, Density, and Homogeneous 
Coefficient methods [12].

Ali et al. (2021) used Chandra‘s method and 
modified it (the modified version of Chandra‘s method 
uses average headway along with the average speed and 
projected rectangular area) for the estimation of PCUs 
on NHs (National Highways) as: 

.

PCU Headway factor Area Factor

Speed Factor

a # #

#

=^ h
	 (1)

It was concluded that the Modified Chandra Method 
gives a higher value for more vehicle types [13].

The PCE (Passenger Car Equivalency of e-rickshaw 
was developed by Khan and Singh (2021) using 
Chandra‘s method of PCE determination and speed-
based modelling on urban roads of Sonepat city of 
Haryana. Parameters considered for this study were 
the speed of vehicles, traffic volume, traffic composition, 
and average rectangular area of vehicles present in the 
stream. It was concluded that PCE of e-rickshaw changes 
with the change in traffic parameters. The PCE value of 
e-rickshaw increases positively with the composition of 
e-rickshaw and decreases as the traffic volume builds 
up in the stream. However, carriageway width has no 
significant impact on the PCE of e-rickshaw [14].

Ballari (2020) reviewed various research with 
respect to methods of estimation of passenger car 
units in terms of the trucks with different performance 
measures at the midblock sections [15].

Dasani et al. (2020) used different methods, namely 
Chandra‘s method, homogeneous coefficient method, 
headway method, and multiple linear regression method, 
to estimate dynamic equivalency factor (DEF) (a  term 



D78 	 K H A N ,  D A S S

C O M M U N I C A T I O N S    2 / 2 0 2 5 	 V O L U M E  2 7

section of inter-city arterials, as well as evaluate the 
variation of PCE  values to different traffic stream 
parameters. Based on the variation of passenger car 
unit or equivalency, mathematical relationships were 
developed and validated using statistical analysis [20].

Mondal et al. (2017) estimated PCU or PCE 
values  for mixed  traffic streams on Kolkata‘s urban 
arterials. Author aimed  to determine the passenger 
car unit  values for various vehicle categories under 
non-homogenous traffic conditions on the mid-block 

Table 1 Summary of past research related to PCU estimation

Author Year Method Used Nature of 
Traffic

Type of road No of 
Sites

Country of 
Study

Traffic Parameters 
considered

Dhananjaya et 
al. [11]

2023 Chandra‘s method Mixed Urban road 4 Sri Lanka Speed

Zero et al. [12] 2022 Headway, Density 
and Homogeneous 
Coefficient method

Mixed Urban road 5 Iraq Speed, Volume

Ali et al. [13] 2021 Chandra‘s method 
and Modified 

Chandra‘s method

Mixed National 
Highway

1 Pakistan Headway, Speed

Dasani et al. [2] 2020 Chandra’s method, 
Homogenization 

coefficient method, 
Multiple regression 

method and Headway 
method 

Mixed Urban road 3 India Speed, composition 
and headway

Vijay et al. [31] 2019 Chandra‘s method Mixed 2 lane 
Highway

12 
sites

India Speed

Rajesh and Rao 
[32]

2018 Chandra‘s method 
and speed-volume 

relationship

Mixed 2 lane urban 
road

3 India Speed and Volume

Parth et al. [18] 2018 Chandra‘s method Mixed Urban road 2 India Speed, Volume and 
Composition

Chand [21] 2016 Chandra‘s method, 
Density method, and 

Headway method

Mixed Plain and 
hilly roads

2 India Speed, headway 
and Density

Table 2 Summary of past research related to PCU estimation

Author Year Method Used Nature of 
Traffic

Type of road No of 
Sites

Country of 
Study

Traffic Parameters 
considered

Dhamaniya and 
Chandra [22]

2016 Chandra‘s method 
and speed-volume 

relationship

Mixed Urban road 8 India Speed, Volume and 
Composition

Shalkamy et al. 
[33]

2015 Chandra‘s method Mixed 2 lane rural 
road

6 Egypt Speed

Khanorkar and 
Ghodmare [27]

2014 Chandra‘s method 
and speed-volume 

relationship

Mixed 2 lane 
highway

4 India Speed and Volume

Kumar et al. [34] 2018 Area Occupancy 
method, TRRL 

definition

Mixed Multilane 8 India V/C ratio

Biswas et al. [35] 2017 Kriging based 
approach

Mixed Six lane 
divided road

1 India Speed

Jassal et al. [36] 2025 Axle based mapping 
approach

Mixed Two lane dual 
carriageway

1 India Speed and Flow

Behzadi and 
Shakibaei [37]

2016 Headway and Density 
method

Mixed Urban roads 1 Iran Density, headway 
and speed

Sugiarto et al. 
[38]

2018 Time occupancy 
method

Mixed Roundabout 1 Indonesia Time occupancy

Subotic et al. [39] 2016 Time Headway Mixed Two lane 
roads

3 Serbia Headway
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alter significantly depending on the traffic volume and 
roadway width based on a  study of traffic volume and 
roadway conditions. It was discovered that as lane width 
increases, so does the PCU or PCE value of a  vehicle 
type. The PCU or PCE is linearly changed as a function 
of the lane width [27].

Khanorkar et al. (2014) estimated the effect of lane 
width on the capacity on congested highways of Nagpur 
city  with heterogeneous  traffic. Data for this research 
were obtained at six locations to measure the influence 
of lane width and shoulder condition on the capacity. 
The PCU or PCE values for various vehicle types were 
determined separately for each of the selected locations. 
The newly calculated  equivalency  values  differed 
significantly from the IRC code values [28].

Minh et al. (2005) used a  modified version of 
Chandra‘s method. They considered a  motorcycle as 
a base vehicle instead of a car due to the high proportion 
of motorcycles in the stream. The PCU values of 
a vehicle types were derived as:

/
/

PCU
A A
V V

a
mc a

mc a
=^ h ,	 (2)

where: V  and A  are the speed and area, respectively, 
and mc and a stand for motorcycle and vehicle type ”a”, 
respectively, [29].

Omar et al. (2020) review the methods of PCU 
estimation. In this study, publications devoted to works 
on PCU estimation were summarised and different 
methods were discussed in detail [30].

A  summary of some past research pertaining to 
PCU estimation is shown in Tables 1-2.

3	 Data collection and methodology

The methodology followed in this study is presented 
in Figure 1. Five different road sections of Sonipat city 
with different carriageways and shoulder widths were 
selected to calculate the PCU values of vehicles present 
in the stream using Chandra‘s method, Homogeneous 
Coefficient method, Speed-based modelling, and multiple 
linear regression method. Description of the selected 
sites is presented in Table 3. All selected sections 
are located in the main city Sonipat. The estimated 
population of Sonipat city is 382000. This city is in 
the Haryana state of India and is located at just 46 km 
distance from Delhi (Capital of India).

For the data collection, three hour-long videos were 
captured from the selected road sections, and desired 
data (classified volume and speed of vehicle types) were 
extracted using the VLC media player. Data collection 
was done for every 15-minute interval. The composition 
of different types of vehicles observed on these sites is 
shown in Figure 2. The speed of vehicles was calculated 
by measuring the time taken by the vehicle to cross 

Chand (2016) determined and compared the 
Passenger Car Unit (PCU) values  on both  hilly  and 
plain  urban roads. In this paper author considered 
a 3.2 km long section of a road  in Visakhapatnam city, 
of which 1.9 km is plain and 1.3 km is hilly. PCE values 
were estimated using different methods. In both plain 
and hilly terrains, Chandra’s method was found to 
produce more accurate results [21].

Simultaneous Equations and Chandra‘s method 
were used by Dhamaniya and Chandra (2016) to estimate 
dynamic Passenger Car Units on city roads. To illustrate 
the dynamic nature of the passenger car unit factor, data 
obtained on eight city road roads in India were analyzed. 
To determine the speed of different vehicles, all vehicles 
in the stream of traffic were classified into five categories, 
and simultaneous equations were developed. The PCU/
PCE  values obtained by using Chandra‘s method and 
simultaneous equations are very similar. Passenger car 
unit values for a vehicle were found to increase with the 
vehicle‘s share in the traffic stream [22].

Mahidadiya and Juremalani (2016) examined the 
global scenario for PCU estimation. A literature review 
on PCU or PCE values was discussed in this work. 
The majority of papers in this field concentrate on 
evaluating PCU at particular parts of the road as well 
as at intersections. The PCU or PCE values have been 
observed to fluctuate in response to traffic patterns. 
PCU values have not been calculated universally, taking 
into consideration all effects such as gradient, shoulder 
condition, road roughness, vehicle percentage, and share 
of slow-moving vehicles [23].

Nokandeh et al. (2016) used the method proposed 
by Chandra and simultaneous equations based on linear 
regression to derive passenger car unit values for highly 
heterogeneous situations [24].

The status of highway capacity research was 
described by Chandra (2015) in India on all types of 
highways. This paper presented a  view of capacity-
related studies [25].

In India, Mardani et al. (2015) calculated the 
Passenger Car Unit (PCU) values  of vehicle types  on 
undivided interurban roads. The purpose of this study 
was to investigate the influence of carriageway width on 
passenger car unit  of various vehicle types. Data were 
obtained from ten stretches of  various Indian roads. 
According to the findings, the PCU or PCE  value for 
a  type of vehicle tends to vary with traffic volume and 
composition, as well as the carriageway width of the 
street that is used [26].

Khanorkar and Ghodmare (2014) developed 
passenger car unit  values for vehicles operating in 
mixed traffic on congested highways in cities. Data in this 
study were gathered using videography at 5 stretches 
of the two-lane highways in and around Nagpur to 
measure the effects of lane width and shoulder condition 
on the capacity of the 2-lane highways. Chandra‘s 
method was used to calculate PCU or PCE values. 
The PCU or PCE value of a  vehicle was found to 
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, which is required for the Homogeneous Coefficient 
method, are presented in Table 5. Data was collected 
on sunny days. Stretches selected to collect data were 
away from any intersections and other obstructions like 
parking, pedestrian flow etc. The composition of cycles 
in the stream ranges from 2.49% to 6.77% and their 
movement was mostly in singles. The share of bike, 
auto-rickshaw and e-rickshaw is ranged from 43.24% to 
70.83%.

a  section of predefined length. Speed and volume data 
for site 1 is presented in Figure 3. Similarly, data from 
other sites were collected and interpreted. Speed ratios 
of car with respect to other vehicle types are presented 
in Table 4. The length and width of vehicle types were 
also noted. Area ratios of standard vehicle (car) with 
respect to different types of vehicles, which is required 
for Chandra‘s method, and length ratios of standard 
vehicle (car) with respect to different types of vehicles 

Table 3 Description of Selected Sites

Site Carriageway Width (m) Shoulder Width (m) Location

1
2
3
4
5

6.71
4.11
6.75
7.2

4.73

Raised footpath
2.54

Raised footpath
5.80
1.75

29000’05’’N, 77000’22”E
29000’13”N, 77001’44”E
28059’47”N, 77000’31”E
28059’22”N, 77002’15”E
28058’40”N, 77001’45”E

Figure 1 Followed methodology for this study

Table 4 Speed ratios of vehicle types

Site Vc/Vb Vc/Var Vc/Ver Vc/Vl Vc/Vcy Vc/Vbs Vc/Vtr where, V = Speed
c = car, b = bike, 

ar = auto-rickshaw, 
er = e-rickshaw, l = LCV, 

cy = cycle, bs = bus, 
tr = truck

1
2
3
4
5

0.974
1.016
1.050
1.054
0.977

1.105
1.027
1.081
1.231
1.106

1.571
1.487
1.617
1.499
1.396

1.164
1.155
1.136
1.116
1.050

2.320
2.281
2.259
2.034
1.966

1.123
1.019
1.013
1.080
1.116

1.917
1.374
1.522
1.265
1.344

Table 5 Area and length ratio of vehicle types

Area Ratios Length Ratios Notations

Ac/Ab
Ac/Aar
Ac/Aer
Ac/Al

Ac/Acy
Ac/Abs
Ac/Atr

4.621
1.196
1.971
0.418
6.269
0.218
0.307

Lc/Lb
Lc/Lar
Lc/Ler
Lc/Ll

Lc/Lcy
Lc/Lbs
Lc/Ltr

1.989
1.163
1.333
0.610
1.958
0.368
0.496

A, L are area and length of vehicles respectively.
C = car, b = bike, ar = auto-rickshaw, er = e-rickshaw, l = LCV, 

cy = cycle, bs = bus, and tr = truck.
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The speed ratio and area ratio are given in Table 
4 and Table 5, respectively. Calculated PCU values 
using this method are listed in Table 6 with the help of 
interpreted data. 

4.2	 PCU determination using Homogeneous 
coefficient method

This method was proposed by Permanent 
International Association of Road Congress (PIARC)
[2]. This method is very similar to Chandra‘s method. 
Instead of area ratio, length ratio is used in this method. 
PCU can be calculated as: 

PCU
ratio of car vehicle type x

Speed ratio of car vehicle type x
Lengthx =^ h .	 (4)

4 	 Estimation of PCU values of vehicle types

Data were analyzed using different methods of PCU 
calculation. PCU of vehicle types were determined using 
Chandra‘s method, homogeneous coefficient method, 
speed-based modelling, and multiple linear Regression 
method.

4.1	 PCU determination using Chandra‘s method

This method was proposed by Chandra [1]. As 
per this method, Passenger car unit of vehicles under 
heterogenous traffic conditions can be calculated as:

PCU
ratio of car vehicle type xAre

Speed ratio of car vehicle type x
x =^ h .	 (3)

Figure 2 Proportion of Vehicle types on different sites in percentage

Where, V is the average speed and N is the number of vehicles in each interval. And c = car, b = bike, ar = auto-rickshaw, 
er = e-rickshaw, l = LCV (light commercial vehicle), cy = cycle, bs = bus, and tr = truck

Figure 3 Speed and Volume data for Site 1
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where: V  = speed, n = number of vehicle (volume),  
a0 = intercept, a1, a2, ……….. , a8 are the coefficients 
for car (c), bike (b), auto-rickshaw (ar), e-rickshaw 
(er), LCV (l), cycle (cy), bus (bs), and truck (tr),  
respectively. 

With the help of SPSS software and Microsoft 
Excel, these equations were solved. After the solving, 
the modelled speed of different vehicles for Site 1 
and the ratio of speed of car to speed of different 
vehicles are presented in Table 7. Then, the modelled 
speed is directly used for PCU determination using 
Chandra‘s method and Homogeneous coefficient method. 
A similar process was employed for other sites. The PCU 
values of vehicle types using this approach are listed  
in Table 8.

Length ratios of car to different vehicle types are 
given in Table 5. The PCU developed using homogeneous 
coefficient method is listed in Table 6.

4.3	 PCU determination using Speed-based 
modelling

In this approach, the speed of vehicles is modelled in 
terms of classified volume and speed as: 

V a a V
N

x x
x

x

x

n
0 1

= +
=

| .	 (5)

All the selected sites have eight vehicle types in the 
traffic stream, so the speed of each vehicle class will be 
modelled as Equations (6) to (13). These equations were 
solved for each selected site to get the PCU values.
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Table 6 Developed PCU values of vehicle types using Chandra‘s and Homogeneous coefficient method

Site Method
Passenger Car Unit values using Chandra‘s and homogeneous coefficient method

Car Bike Auto-rickshaw E-rickshaw LCV Bus Truck Cycle

1
CM 1 0.211 0.921 0.797 2.765 4.754 5.175 0.37

HCM 1 0.49 0.948 1.178 1.895 2.814 3.203 1.185

2
CM 1 0.219 0.854 0.752 2.788 4.695 4.446 0.364

HCM 1 0.509 0.879 1.111 1.911 2.779 2.752 1.165

3
CM 1 0.227 0.904 0.816 2.437 4.622 3.703 0.36

HCM 1 0.528 0.93 1.206 1.67 2.736 2.292 1.154

4
CM 1 0.228 1.029 0.76 2.669 4.956 4.122 0.324

HCM 1 0.53 1.059 1.124 1.829 2.936 2.551 1.039

5
CM 1 0.211 0.924 0.708 2.513 5.119 4.377 0.314

HCM 1 0.491 0.951 1.048 1.722 3.032 2.709 1.004

Notations: CM = Chandra‘s method, HCM = Homogeneous Coefficient method.
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Table 7 Modelled speed of vehicles and speed ratio

Modelled Speed (m/s)
Speed ratio (car to different vehicle type)

Vc 9.156

Vb 9.385 Vc/Vb 0.979

Var 8.285 Vc/Var 1.107

Ver 5.822 Vc/Ver 1.573

Vl 7.863 Vc/Vl 1.17

Vcy 4.049 Vc/Vcy 2.261

Vbs 8.156 Vc/Vbs 1.123

Vtr 4.778 Vc/Vtr 1.632

Table 8 Developed PCU values of vehicle types using Speed-based modelling

Site Method
Passenger Car Unit values using Speed-based modelling

Car Bike Auto-rickshaw E-rickshaw LCV Bus Truck Cycle

1 SBM
CM 1 0.212 0.925 0.799 2.799 5.039 5.316 0.362

HCM 1 0.492 0.952 1.181 1.918 2.844 3.29 1.158

2 SBM
CM 1 0.221 0.859 0.755 2.855 4.742 4.612 0.371

HCM 1 0.512 0.883 1.116 1.957 2.807 2.721 1.187

3 SBM
CM 1 0.228 0.906 0.824 2.654 4.656 4.008 0.383

HCM 1 0.529 0.932 1.221 1.819 2.756 2.481 1.226

4 SBM
CM 1 0.228 1.037 0.761 2.676 5.016 4.106 0.342

HCM 1 0.529 1.067 1.127 1.834 2.969 2.541 1.096

5 SBM
CM 1 0.312 0.925 0.71 2.545 5.081 4.396 0.307

HCM 1 0.725 0.952 1.052 1.819 2.756 2.481 0.983

Notations: CM = Chandra‘s method, HCM = Homogeneous Coefficient method, SBM = Speed based modelling

Table 9 Obtained Regression Coefficients for Site 1

Regression Coefficients Obtained value

a0

ac

ab

aar

aer

abs

atr

acy

al

12.179
-0.003
-0.006
-0.022
-0.036
0.077
-0.363
0.022
0.064

Table 10 Developed PCU values of vehicle types using Multiple Linear Regression method

Site Method
Passenger Car Unit values using Multiple Linear Regression Method

Car Bike Auto-rickshaw E-rickshaw LCV Bus Truck Cycle

1 MLR 1 1.596 6.404 10.561 18.659 22.305 105.275 6.368

2 MLR 1 0.13 0.338 0.362 0.733 3.165 5.352 1.127

3 MLR 1 0.006 1.1 1.901 12.345 6.822 4.899 5.598

4 MLR 1 2.465 2.584 7.699 0.193 16.098 0.256 2.611

5 MLR 1 1.953 0.458 4.826 0.463 14.607 46.786 1.219

Notations: MLR = Multiple Linear Regression Method
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determined using Equation (16), and are presented in 
Table 10.

5	 Comparison of PCU values obtained  
from different methods

In this study, the PCU values of vehicle types were 
estimated using the Chandra‘s method, Homogeneous 
Coefficient method, Speed-based modelling, and 
multiple linear regression method. A comparison of PCU 
values obtained from Chandra‘s method, homogeneous 
coefficient method, and speed-based modelling is shown 
in Figures 4-10. Comparison of PCU values of bike, auto-
rickshaw, e-rickshaw, LCV, bus, truck and cycle using 
different methods are shown in Figures 4, 5, 6, 7, 8, 9 
and 10, respectively. From the Figures, it is clear that 
the PCU values of light vehicles (bike, auto-rickshaw, 
e-rickshaw, and cycle), estimated using Homogeneous 
coefficient method, are relatively higher, and PCU values 
of Heavy vehicles (LCV, bus, and truck) are lower than 
the PCU values obtained using the Chandra‘s method. 
The PCU values estimated using speed-based modelling 
are similar to values obtained without modelling the 
speed of vehicles with minor variations. The PCU values 
developed using multiple linear regression methods are 
not relevant. Out of all these methods, values obtained 
from Chandra‘s method are the most suitable.

4.4	 PCU determination using Multiple linear 
regression method

This method can be used for mixed types of traffic 
conditions having any number of vehicle types. In this 
method, the average speed of car is presented in terms of 
classified traffic volume as Equation (14). Extended form 
as per the number of vehicle types in the traffic stream 
can be expanded as Equation (15). 

V a a Nc x xx

n
0 1

= +
=

| ,	 (14)

,

V a a N a N a N a N

a N a N a N a N a N

c c b ar er

l cy cy bs tr

0 1 2 3 4

5 6 6 7 8

= + + + + +

+ + + + +
	 (15)

where: V = speed, N = classified volume, and a0, a1, …….. , 
a8 are the regression coefficients. PCU of a vehicle type 
x can be calculated as:

PCU a
a

x
x

1
=^ h ,	 (16)

where: a1 is the regression coefficient for car and ax is for 
vehicle type x.

Equation (15) was regressed using SPSS 
software to calculate regression coefficients.  
The coefficients obtained for Site 1 are listed 
in Table 9. Then, the PCU values were  

 
Figure 4 Comparison of PCU values of Bikes

Figure 5 Comparison of PCU values of Auto-rickshaws
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Figure 6 Comparison of PCU values of E-rickshaws

Figure 7 Comparison of PCU values of LCVs

Figure 8 Comparison of PCU values of Buses

Figure 9 Comparison of PCU values of Trucks
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was found that values obtained from the Chandra‘s 
method are most suitable, while values obtained from 
the multiple linear regression are irrelevant. Later, the 
PCU values obtained from the Chandra‘s method and 
values given in IRC: 106-1990 were compared, and it was 
found that the PCU values obtained from the Chandra‘s 
method of slower vehicles (bike, auto-rickshaw, and 
cycle) are relatively lower and the PCU values of heavy 
vehicles (LCV, bus, and truck) are relatively higher. 
It can be concluded that the PCU values mentioned 
in IRC codes are old and outdated. A  revision of the 
IRC code pertaining to the PCU values is required 
to meet technological advancements in vehicles  
and roads.

The PCU value of e-rickshaw obtained from this 
study can be used directly by urban planners to design 
different traffic facilities where the similar type of 
traffic condition prevails and more studies with different 
roadway and traffic conditions are required to precisely 
determine equivalency value of e-rickshaw.

One distinctive feature of this work is the Chandra 
technique, which provides a  novel way to calculate 
Passenger Car Unit (PCU) values in mixed traffic 
situations. This approach can give a  more realistic 
depiction of traffic flow and vehicle interactions, 
particularly in areas like India where there is a  wide 

6	 Comparison of PCU values to IRC 106:1990

A comparison between obtained PCU values using 
Chandra’s method and values given in IRC 106:1990 
is shown in Table 11. It is clear that the PCU values of 
bikes, auto-rickshaws, and cycles are smaller than the 
values given in the IRC code, while the values of LCVs, 
buses, and trucks are relatively higher. Rao and Yadav 
(2018) also obtained similar result [6].

7	 Results, discussion and conclusion

The PCU of vehicle types is required to calculate 
capacity, signal designing, flow measurements, etc. 
Thus, the PCU is an important parameter and it can be 
calculated using many methods. In this study, PCU of 
every vehicle class was calculated using the Chandra‘s 
method, homogeneous coefficient method, speed-based 
modelling, and multiple linear regression. To calculate 
the PCU values, classified speed and volume data 
from 5 sites of Sonipat city having different traffic and 
geometric parameters were collected with the help of 
the videography method. After calculating the PCU of 
vehicle types, a  comparison was made between values 
obtained from different methods (Figure 4-10), and it 

Figure 10 Comparison of PCU values of bicycles

Table 11 Comparison of obtained PCU values to IRC:106-1990 and other study

Vehicle Types
Passenger Car Unit using Chandra‘s Method

IRC 106:1990 Rao and Yadav 2018
Site1 Site2 Site3 Site4 Site5

Car 1 1 1 1 1 1

Bike 0.211 0.219 0.227 0.228 0.211 0.5 - 0.7 0.231-0.250

Auto-rickshaw 0.921 0.854 0.904 1.029 0.924 1.2 - 2 0.963-1.04

E-rickshaw 0.797 0.752 0.816 0.76 0.708 - -

LCV 2.765 2.788 2.437 2.669 2.513 1.4 - 2 2.74-3.02

Bus 4.754 4.695 4.622 4.956 5.119 2.2 - 3.7 5.33-5.76

Truck 5.175 4.446 3.703 4.122 4.377 2.2 - 3.7 4.19-4.52

Cycle 0.37 0.364 0.36 0.324 0.314 0.4 - 0.5 -
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only. So, the difference in PCU values may be due to 
change in given conditions in the analyzed locations.
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variety of vehicle types. It can take into consideration 
various vehicle classifications, such as auto-rickshaws 
and e-rickshaws.

The share of bike, auto-rickshaw and e-rickshaw is 
ranged from 43.24% to 70.83% on the analysed locations. 
Bikes, rickshaws, and e-rickshaws are predominant 
vehicle types ply on the city roads (urban roads) of India. 
The shares of these vehicles are generally smaller on the 
rural roads. The PCU values of vehicles are different for 
rural and urban roads. Different sets of PCU values for 
rural and urban roads are available in IRC codes (Indian 
Roads Congress code).

There are large differences in PCU values of trucks 
between different measurement locations (from 3.7 
to 5.180) because out of five roads, two roads were 
connected to highways and rest were within the city 
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Resume
This research investigates freight forwarders' operational risks when 
entering a new transport market characterized by stochastic demand. 
A simulation model was developed to represent the service request flow 
potentially experienced by a freight forwarder in a new market. The 
proposed model incorporates key operational parameters such as average 
request interval, service tariff, and request processing time. Based on the 
simulation results, a regression model was developed to predict the market 
entry risk. The obtained model demonstrates that the risk increases with 
longer average request intervals between service requests and decreases 
with higher service tariffs. The findings provide insights for freight 
forwarders seeking to enter new markets. The simulation-based approach 
offers a practical tool for assessing operational risks and informing strategic 
decisions related to market entry and service pricing.
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and efficient organization of cargo transportation are 
paramount. Globalization itself, characterized by 
the integration of national economies, has profound 
implications for the evolution of transportation and 
logistics operations. The surge in global trade volumes 
and heightened competition necessitates continuous 
improvement in processes and technologies to ensure the 
timely and reliable delivery of goods.

The dynamic nature of the transportation market is 
marked by uncertainty, conflict, and fluctuating goals. 
Numerous stochastic factors influence technological 
processes, and the competition for limited financial 
and material resources exacerbates risk. Consequently, 
freight forwarders, carriers, 3PL providers (Third-Party 
Logistics providers), and shippers face a  myriad of 
risk situations when making decisions. By proactively 
considering and managing these risks, stakeholders 
can mitigate potential losses arising from market 

1 Introduction

The increasing interconnectedness of the global 
economy has elevated the significance of logistics and 
international cargo transportation. As the world becomes 
more integrated, efficient and reliable movement of 
goods across borders is critical for businesses to thrive. 
Logistics, encompassing the planning, management, and 
optimization of goods, information, and financial flows, 
plays a  pivotal role in streamlining these processes. 
International cargo transportation, in turn, facilitates 
the long-distance delivery of goods, expanding market 
access and stimulating economic growth.

The symbiotic relationship between logistics and 
transportation significantly impacts a  company’s 
competitiveness and the development of international 
trade. To navigate the complexities of the global 
marketplace, effective management of logistics processes 
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factor in enhancing the efficiency of logistics processes 
[2-3], which significantly influenced the estimated risks 
for the business entities participating in the delivery 
chain. Logistics Management Systems [4] enhance 
efficiency by automating warehouse processes [5] and 
enabling real-time tracking of shipments. Big data 
analytics and the Internet of Things [6, 7] provide 
valuable insights into supply chain performance, 
allowing for data-driven decision-making. Additionally, 
advanced cargo tracking systems [8] mitigate the risk of 
theft and loss.

Route optimization algorithms and technologies 
[9-10] reduce transportation costs and time, 
particularly critical in the face of resource shortages 
and rising fuel prices [11]. Furthermore, flexible 
supply chains [12] and backup suppliers [13] enable 
logistics providers to respond effectively to demand 
fluctuations, seasonal variations, and unforeseen  
disruptions [14-15].

Investments in transportation infrastructure, 
including roads, ports, airports, and warehouses [16-
17], are essential for efficient and reliable logistics 
operations. These investments facilitate the smooth flow 
of goods and reduce transit times. As environmental 
concerns grow, logistics companies are increasingly 
adopting sustainable practices. The use of eco-friendly 
vehicles [18-19], energy-efficient technologies [20-21], 
and carbon reduction initiatives [22] can enhance 
a  company’s reputation and reduce its environmental 
impact.

Strong partnerships between suppliers, carriers, 
and distributors [23-24] can optimize resource utilization 
and risk management [25]. Collaborative efforts can 
lead to improved efficiency, cost savings, and enhanced 
service quality.

The dynamic nature of the logistics industry is 
characterized by uncertainty, conflict, and fluctuating 
goals [26-27]. Numerous stochastic factors, such as 
economic fluctuations, geopolitical events, and 
operational disruptions, can impact logistics operations. 
As the result, transport service providers, including 
freight forwarders, carriers, and 3PL providers, face 
significant risks. These risks stem from factors like 
demand variability [28], economic downturns [29], 
geopolitical tensions [30], and vehicle breakdowns 
[31]. Additionally, intense competition [32-33] 
can lead to conflicts between companies and labor  
unions [34].

To mitigate these risks, logistics providers must 
adopt a proactive approach. By considering risk factors 
in decision-making processes, companies can reduce 
potential losses and ensure business continuity. Risk 
assessment can also help evaluate the feasibility of 
strategic initiatives and identify opportunities for 
improvement.

One of the most frequent situations characterized 
with the high enterpreneur risks are the situations 
of entering at new market. This relates to freight 

fluctuations and optimize their operations. Additionally, 
risk assessment can serve as a  valuable tool for 
evaluating the feasibility of administrative decisions.

This research aims to propose a  methodological 
framework for estimating the possible risks of freight 
forwarding companies when a  company enters a  new 
market of transport services or changes its resources 
and financial policy.

The research gap addressed in this paper lies 
in the limited focus of existing risk assessment 
methods for freight forwarders on external factors, 
especially - parameters of nondeterministic demand. 
Existing methods typically concentrate on external 
challenges such as political instability, natural 
disasters, or economic downturns. Instead, this research 
introduces a  simulation-based approach to evaluate 
internal operational risks specifically. By focusing on 
the service request flow, the study provides a  more 
nuanced understanding of the risks of a  freight 
forwarding business. Essentially, this research bridges 
the gap by shifting the focus from primarily external 
risks to internal operational risks, providing a  more 
comprehensive framework for freight forwarders’ risk 
assessment.

The paper has the following structure: the second 
section contains a brief review of contemporary literature 
related to recent trends in the freight transportation 
market; the third section presents the developed 
simulation model that allows for the estimation of risks 
for a  forwarding company; the fourth section describes 
the simulation experiment, its numeric results, and 
results of the regression analysis completed based in the 
obtained data; the last part contains conclusions and 
directions of future research.

2	 Literature review

The intense competitive landscape of the logistics 
market serves as a  powerful catalyst for innovation. 
In their quest to offer superior services, companies are 
compelled to prioritize factors such as rapid delivery 
times, reliability, and operational efficiency. This 
relentless drive for excellence fuels the development of 
innovative solutions and the continuous refinement of 
logistics processes [1].

On a  global scale, innovation encompasses both 
technological advancements and organizational 
strategies. By embracing innovation, freight forwarding 
companies can optimize their operations and elevate 
their cargo transportation capabilities to contemporary 
standards. Key areas of innovation include technological 
investments, route optimization, flexibility and 
adaptability, infrastructure development, sustainability 
and environmental consciousness, and strategic 
collaborations and partnerships.

The integration of modern information and 
communication technologies has emerged as a  critical 
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prob(IFF ≥ EFF) is the probability that the forwarder’s 
income from fulfilling the requests will not exceed the 
servicing expenses.

To numerically assess a freight forwarder’s market 
entry risk, one must analyze statistical data on the 
company’s income and expenses (or profit) per a set of 
requests serviced during the given period. This data 
allows for the calculation of the probability of an event 
occurring, specifically when income IFF is less than 
or equal to expenses EFF. Key factors influencing this 
probability include the frequency of service requests (a 
random variable of the time interval between requests), 
the number of dispatchers servicing the requests’ flow, 
and the company’s service tariffs, which directly impact 
its income.

To investigate the relationship between demand 
parameters (request intervals), available resources 
(dispatchers count), pricing policy (service tariffs), and 
the associated market entry risk for a freight forwarder, a 
simulation model was developed to mimic the company’s 
request fulfillment process. This model, implemented 
in Python and publicly accessible on GitHub [40], 
provides a platform for conducting experimental studies 
to quantify these dependencies.

The proposed software implementation of the 
simulation model follows the paradigm of object-oriented 
programming and contains the following classes:
•	 Stochastic: the class wraps the methods used to 

simulate random variables. The main parameters 
of the class allow for describing the distribution 
law alongside with the corresponding numeric 
characteristics - location, scale, and shape 
parameters.

•	 Request: the class represents a  request for freight 
forwarding services. Its basic characteristics include 
the appearance time and a Boolean parameter that 
shows if a request is serviced.

•	 RequestsFlow: the class simulates the demand 
for forwarding services as a  flow of requests. This 
class contains a collection of the generated requests 
for forwarding services, its main parameters are 
a stochastic variable of the interval between requests 
and the duration of the considered period.

•	 Dispatcher: the class represents a  dispatcher of 
a  forwarding company as an entity involved in 
servicing the requests. Basic fields of this class 
include a  collection of requests serviced by 
a  dispatcher and a  stochastic variable of time 
needed to service a single request.

•	 FreightForwarder: the class is used to simulate the 
operations of a  freight forwarding company. The 
basic parameters of this class are a  collection of 
dispatchers and numeric financial characteristics 
- hourly self-costs, the tariff for services, and tax 
rates.
To simulate demand for forwarding services, 

the generate method of the RequestsFlow class was 
developed: for the given duration of the considered 

forwarding companies when they start their operations 
or change price politics [35].

Contemporary research in freight forwarders’ risk 
assessment underscores the importance of proactive risk 
identification. The study [36] utilizing the failure mode 
and effects analysis method has effectively identified 
critical risks across the freight forwarding process, 
encompassing transportation, customs clearance, and 
documentation. The paper [37] employing a  risk map 
within the context of service supply chains provides 
a  valuable framework for quantitatively classifying 
and prioritizing risks, enabling freight forwarders to 
make informed decisions regarding risk mitigation 
strategies. The significance of implementing effective 
risk mitigation strategies is also highlighted in the 
specialized literature. The study [38] investigating the 
benefits of flexible pricing and hedging instruments 
demonstrates how proactive financial strategies can 
enhance the resilience and profitability of freight 
forwarding operations by mitigating the impact of 
fluctuating fuel costs. Additionally, research [39] utilizing 
the decision-making trial and evaluation laboratory 
method emphasizes the importance of understanding 
the interdependencies among various operational risk 
factors to develop targeted and effective risk response 
strategies.

The mentioned publications underscore the critical 
need for robust risk management frameworks within the 
international freight forwarding industry. Contemporary 
studies conclude that by effectively identifying, 
assessing, and prioritizing risks, and by implementing 
proactive mitigation strategies, freight forwarders can 
enhance their operational efficiency, mitigate potential 
losses, and ensure long-term success in a  complex and 
dynamic market of transportation services.

3	 Proposed simulation model

The forwarder’s risk of market entry encompasses 
a  spectrum of potential threats. This risk, essentially 
the likelihood of an adverse event, can manifest as 
a  loss of resources, diminished income, or increased 
costs stemming from the company’s chosen operational 
or financial strategies. In the specific context of 
a  forwarding company venturing into the transport 
services market, this risk translates to the probability of 
encountering challenges that could hinder its success - 
receiving a positive profit:

r prob I E prob I E1 FF FF FF FF2 #= - =^ ^h h ,	 (1)

where: 
IFF and EFF are income and expenses of a forwarding 
company within a considered period [EUR];
prob(IFF > EFF) is the probability that the forwarder’s 
income from fulfilling requests for freight forwarding 
operations will exceed the costs of servicing;
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A  freight forwarder’s primary revenue comes from 
fees charged for services rendered. These fees can be 
calculated based on a fixed tariff per request:

I T SFF FF ii

N

1

d
$=

=
| ,	 (3)

where: 
TFF is the tariff for services of a forwarding company, 
[EUR/request];
Nd is the number of dispatchers;
Si is the number of requests serviced by the i-th 
dispatcher during the considered period, [requests/
dispatcher].

E T s NFF m h d$ $= ,	 (4)

where: 
Tm is the duration of the servicing period (simulation 
time), [hours];
sh are hourly self-costs of servicing requests by a 
dispatcher, [EUR/hour].

In this case, the value-added tax is determined 
based on the corresponding tax rate:

V AT
I T s
1VAT

V AT

FF m paid
$

$
d

d
=

+
-

,	 (5)

where: 
V ATd  is the rate for value-added tax;

spaid is the hourly cost of services purchased by a freight 
forwarder from other companies, [EUR/hour].

Profit tax is calculated based on the net profit value 
as follows:

,

,

,

,
PT

NP

NP

NP

0 0

0PT $ 2
#

d
= ( 	 (6)

period, the method generates a set of requests as entities 
of the Request class with the appearance time calculated 
based on the values of the provided variable of the 
requests’ interval.

The simulation of the process of servicing the 
generated demand is run by the serve method of 
the FreightForwarder class with the corresponding 
RequestsFlow instance given as an argument: for each 
request in a flow, an available dispatcher is assigned by 
calling the get_dispatcher method, if such a dispatcher 
found, the serve method of the Dispatcher class is 
called with the request provided as an argument of this 
method. The get_dispatcher method returns a dispatcher 
that is not involved in servicing a request at the moment 
when the considered request appears. Additionally, this 
method finds the less busy dispatcher (a dispatcher who 
served the least number of requests) among the set of 
available dispatchers and returns it as a  result. The 
serve method of the Dispatcher class sets the status of 
a request as a serviced one, adds it to the list of requests 
serviced by the dispatcher, and calculates the time when 
the dispatcher will become available after servicing the 
request.

The algorithm of the described above simulation 
procedure is presented in Figure 1.

The profit of a  freight forwarding company is 
determined by subtracting its total expenses from its 
total revenue, considering taxes. This can be expressed 
as:

P I E V AT PTFF FF FF= - - - ,	 (2)

where: 
V AT and PT are value-added tax and profit tax, [EUR].

Figure 1 Simplified algorithm of the simulation procedure
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•	 The average request arrival interval, modeled using 
an exponential distribution, ranged from 0.2 to 0.9 
hours, with increments of 0.1 hours. As mentioned, 
it represents the average time between incoming 
requests for freight forwarding services.

•	 The freight forwarder’s tariff charged per request 
varied from 4 to 8 EUR, with increments of 0.5 
EUR. This range reflects typical market rates for 
freight forwarding services in Poland in the case 
when the requests from the specialized logistics 
portals are serviced.
The number of dispatchers employed by the company 

varied from 1 to 7. This parameter directly influences the 
company’s capacity to handle demand. The productivity 
of dispatchers (reflected by the stochastic variable of 
servicing time) was assumed equal.

For each combination of these input variables, the 
simulation model was launched 1000 times to generate a 
statistically significant sample of outcomes. The primary 
outcome of interest was the probability of the company 

where: 
NP is a net profit of a forwarding company during the 
considered period, [EUR].

Finally, net profit can be calculated using the 
following formula:

.NP I E V AT
T s

1FF FF
V AT

V AT m paid$ $
d

d
= - - -

+
	 (7)

The method serve of the FreightForwarder class 
returns a dictionary, containing the results of calculations 
for the indicators presented in Equation (2)-(7).

4	 Simulation experiment results

The simulation experiment was designed 
to investigate the impact of key parameters on the 
financial performance of a  freight forwarding company. 
Specifically, the experiment varied the following input 
variables:

  
Figure 2 Dependance of the forwarder’s risk on: 

(a) the number of dispatchers (b) requests’ mean interval

  
Figure 3 Dependance of the risk on the tariff and mean interval for: 

(a) 2 dispatchers (b) 7 dispatchers
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arrival interval, a regression analysis was conducted 
on the simulation results. This analysis involved 
testing various functional forms to identify the most 
suitable model. The results of the regression analysis, 
summarized in Table 1, provide insights into the nature 
of the dependence between these variables.

Based on the data in Table 1, it can be 
argued that the most adequate dependence of the 
forwarder’s risk from the tariff, dispatchers’ number, 
and the mean interval is described by a model of  
the type ln lnr T NT FF N d0 $ $ $b b b b p= + + + p . 
Considering the numerical values of the coefficients of 
the regression model, we obtain the following expression 
for the functional dependence of the risk of the forwarder 
entering the market:

. .

. .

ln

ln

r T

N

1 114 0 452

0 131 0 497

FF

d

$

$ $ p

= - +

+ +
.	 (8)

The derived equation provides a  valuable 
quantitative tool for assessing the impact of key 
operational parameters on the risk of financial loss for 
a  freight forwarding company. By understanding the 
relationship between the tariff, number of dispatchers, 
and average request arrival interval, decision-makers 
can make informed choices about resource allocation 
and pricing strategies.

incurring a loss, i.e., the probability that its revenue 
would be less than or equal to its expenses (PFF ≤ 0).

The results of the simulation experiment, focusing 
on a modeling period of 4 hours and a tariff of 5 EUR 
per request, are visually presented in Figure 2. In 
more detail, the obtained results are visualized in  
Figures 3-5.

The presented figures illustrate the complex non-
linear interplay between the number of dispatchers and 
the average request arrival interval in determining the 
risk of financial loss.

5	 Discussion

A key finding from the analysis is that the risk of 
financial loss increases as the number of dispatchers 
and the average request arrival interval both increase. 
This nonlinear relationship suggests that while adding 
more dispatchers can initially improve efficiency, it 
may also lead to overstaffing and increased costs if 
the volume of requests does not justify the additional 
labor. Furthermore, the simulation results highlight 
the importance of carefully balancing the company’s 
capacity with the expected demand for its services.

To quantitatively assess the relationship 
, ,r f T Nff d p= ^ h , where p  is the average request 

  
Figure 4 Dependance of the risk on the tariff and the dispatchers’ number for: 

(a) mean interval of 0.1 hours (b) mean interval of 0.7 hours

  
Figure 5 Dependance of the risk on the requests’ interval and the dispatchers’ number for: 

(a) tariff of 4 EUR/request (b) tariff of 7 EUR/request
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These findings provide a  foundation for freight 
forwarders to make informed and justified decisions 
regarding pricing strategies, resource allocation, and 
risk management. By setting appropriate tariffs and 
optimizing operational efficiency, freight forwarders can 
mitigate the risk of financial loss and enhance their 
competitive position in the market.

Longer intervals between service requests 
increase the risk of financial loss. This suggests that 
freight forwarders should actively seek to optimize 
their customer base and service offerings to ensure 
a  consistent and predictable flow of requests for their 
services. This could involve strategies such as: engaging 
with a wider range of clients across different industries 
to reduce reliance on a  few major customers; offering 
complementary services such as warehousing, customs 
clearance, and supply chain consulting to enhance 
customer relationships and attract new business; 
expanding into new geographical markets or specialized 
service areas to capture new opportunities.

Higher tariffs generally lead to lower financial 
risk; however, it is crucial to achieve a balance between 
profitability and competitiveness. Freight forwarders 
should carefully analyze market trends, competitor 
pricing, and customer value perceptions to determine 
optimal pricing strategies. This could involve conducting 
market research, implementing dynamic pricing models, 
or negotiating favorable terms with carriers.

While this research has made contributions to 
the understanding of freight forwarder risk, further 
investigation is necessary to explore additional factors 
and refine the modeling approach. Future research could 
delve into the impact of factors such as:
•	 the possibilities of definition of the demand patterns 

using the dedicated machine learning algorithms,
•	 the influence of economic fluctuations and supply 

chain disruptions on freight forwarder risk,
•	 the role of competition intensity, market 

Within the specified ranges of the average request 
arrival interval (0.2 to 0.9 hours) and the freight 
forwarder’s tariff (4 to 8 EUR/request), the model reveals 
a  monotonic relationship between these variables and 
the risk of financial loss. Specifically, increasing the 
average request arrival interval leads to a higher risk, 
while increasing the tariff reduces the risk. This implies 
that to minimize the risk of entering the market, the 
company should strive to set a  higher tariff for its 
services.

It is important to note that the applicability of this 
model is limited to the specified parameter ranges. For 
values outside these ranges, it may be necessary to 
employ more complex modeling techniques or conduct 
additional simulations to accurately assess the risk 
profile.

6	 Conclusions

The dynamic and complex nature of the 
transportation market, characterized by uncertainty, 
volatility, and competition, poses significant risks to 
various stakeholders, including freight forwarders, 
carriers, third-party logistics providers, and shippers. 
The ability to effectively assess and mitigate these 
risks is crucial for ensuring the sustainability 
and profitability of businesses operating within  
this sector.

The research presented in this paper offers 
insights into the factors influencing the risk profile of 
freight forwarders. By employing simulation modeling 
techniques, we have demonstrated that the probability 
of financial loss for a  freight forwarder is significantly 
impacted by the average request arrival interval and 
the tariff charged for services. Specifically, the risk 
increases with a  longer average request interval and 
decreases with a higher tariff.

Table 1 Impact of request intervals, dispatchers count, and tariffs on the forwarder’s risk to entry the market

Hypothesis about the type of dependence
Regression coefficients

R2

0b Tb Nb bp

r T NT FF N d0 $ $ $b b b b p= + + + p -0.127 -0.078 0.131 1.016 0.8383

r T NT FF N d$ $ $b b b p= + + p - -0.092 0.127 0.975 0.8351

ln ln lnr T NT FF N d0 $ $ $b b b b p= + + + p 1.139 -0.452 0.409 0.497 0.8506

ln ln lnr T NT FF N d$ $ $b b b p= + + p - 0.130 0.459 0.447 0.7335

r T NFF
T

d
N

$ $ p=
b b bp 38.191 -3.387 2.788 4.729 0.6919

r T NFF
T

d
N

0 $ $ $b p=
b b bp - -1.527 2.946 4.572 0.6772

ln lnr T NT FF N d0 $ $ $b b b b p= + + + p 0.806 -0.078 0.409 0.497 0.8501

lnr T NT FF d0 $ $b b b p= + + + p 0.780 -0.078 0.131 0.497 0.8584

ln lnr T NT FF N d0 $ $ $b b b b p= + + + p 1.114 -0.452 0.131 0.497 0.8589†

lnr T NT FF N d0 $ $ $b b b b p= + + + p 0.206 -0.452 0.131 1.016 0.8387
† The biggest value of the determination coefficient
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concentration, and competitor behavior in shaping 
risk profiles,

•	 the potential benefits and challenges associated 
with emerging technologies, such as digital freight 
platforms and autonomous vehicles.
By considering these additional factors and refining 

the simulation models, it is possible to develop more 
comprehensive and accurate assessments of freight 
forwarder risk. This knowledge can be used in practice 
to develop robust risk management strategies and 
improve decision-making processes within the industry 
of freight transportation.
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Resume
A method for online dynamic routing of freight delivery under limited 
traffic information using an ant colony algorithm, has been proposed. This 
method leverages real-time IoT data on traffic flow (TF) intensity from traffic 
sensors on urban road network (URN) sections, combined with averaged 
historical data on TF parameters (speed, density, intensity) obtained from 
traffic sensors on representative sections of homogeneous clusters within the 
URN. The procedure for forming homogeneous clusters within the URN and 
identifying representative sections is described. The results of simulation 
studies using the URN of Kyiv as an example indicate the potential of this 
method for urban transport logistics in conditions of complex traffic.
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advantages and disadvantages, necessitating 
further comprehensive research for their  
improvement.

One of the most promising approaches to 
monitoring the current state of the URN remains the 
use of traffic sensors combined with IoT technologies. 
Unlike many other approaches, this one provides 
the high accuracy in measuring the dynamics of 
traffic flow characteristics and allows for real-time 
data collection and analysis. However, it also has 
its drawbacks, including the high cost of modern 
sensors, such as digital video cameras with computer 
vision, and the limited coverage area, which requires 
the installation of a large number of sensors to obtain 
a complete picture. Moreover, there are currently 
no perfect methods for the real-time discrete route 
optimization that simultaneously consider the actual 
configuration of the URN and the dynamics of traffic 
flows on its sections.

In this context, developing and improving 
dynamic routing methods in urban transportation 

1	 Introduction

Dynamic routing plays a key role in modern 
urban transportation logistics, enabling real-time 
management of traffic flows, ensuring consistent 
service quality for customers, improving road safety, 
and reducing negative environmental impacts. This 
requires the use of systems for timely collection and 
processing data of current dynamic characteristics 
of traffic flow on sections of the urban road network 
(URN), as well as efficient intelligent methods for 
discrete route optimization based on the analysis of 
this data.

Today, there are numerous advanced innovative 
technologies available for obtaining the relevant 
data, such as GPS technologies combined with 
modern geographic information systems (GIS), the 
Internet of Things (IoT) with traffic sensors, VANET 
systems, and others, which allow for automated 
dynamic routing through the integration of real-
time data. Each of these technologies has its own 
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combined with modern GIS systems; VANET systems; 
Internet of Things (IoT) with traffic sensors; big data 
(BD) processing; blockchain (BC), among others (see, 
for example, [8-20]). These technologies allow for 
automated dynamic routing in real-time through the 
integration of data with modern artificial intelligence 
(AI) methods for discrete route optimization. The 
most suitable methods include swarm intelligence 
(SI) techniques, particularly ant colony optimization 
(ACO), particle swarm optimization (PSO), artificial 
bee colony (ABC) algorithms; genetic algorithms 
(GA); simulated annealing (SA); tabu search (TS); 
artificial neural networks for machine learning and 
deep learning; their modifications and hybridizations 
[21-26].

As the analysis shows, until now, practical 
aspects of DVRP have largely focused on the use of 
GIS data, which are derived from global navigation 
satellite systems (GNSS) technologies, primarily 
GPS. (see, for example, [8-12]). Typically, the main 
advantages of GPS technologies, such as wide 
coverage, integration with other systems, obtaining 
data on the actual configuration of URN sections, 
and relevant attributes of these sections (speed 
limits, congestion, waiting times at intersections, 
real-time traffic data, etc.) have been utilized. 
However, most studies have primarily explored the 
problems of dynamic planning for optimal delivery 
routes in transport logistics [8-12]. Moreover, route 
optimization has generally been carried out using 
classical methods of discrete optimization for small-
scale transport logistics problems using historical 
GIS data. It is also worth noting that one of the 
most promising directions involves utilizing Galileo 
GNSS data. Indeed, Galileo PPP and/or Galileo 
RTK/RTN technologies offer several advantages over 
GPS technologies. These include higher positioning 
accuracy, improved signal penetration, and greater 
compatibility and integration with other GNSS 
systems, including GPS [13-14]. However, under 
current conditions, GNSS technologies present 
several limitations for solving DVRP. For instance, 
GNSS remains less effective compared to road IoT 
sensors in urban canyons with complex configurations 
or tunnels due to multipath signal propagation caused 
by reflections from structures. Additionally, GNSS 
PPP requires a relatively long data initialization time 
(up to 20 minutes [13]), which currently prevents its 
application for real-time dynamic routing tasks in 
scenarios involving complex traffic conditions.

In recent years, the use of VANET network 
systems has played an important role in improving 
the road safety, enhancing the efficiency of transport 
logistics systems, and providing convenient services 
for participants in the transport process (see, for 
example, [15-17]). Vehicular Ad-Hoc Network (VANET) 
is a self-organizing network used in the transport 
environment for communication between vehicles 

logistics to overcome existing shortcomings remains 
a relevant problem.

2	 Literature review

The problem of dynamic vehicle routing (DVRP) 
involves finding optimal routes for vehicles in real-
time when some or all types of input data change 
over time [1]. Addressing the challenges of dynamic 
vehicle routing is crucial for enhancing the efficiency, 
cost-effectiveness, environmental sustainability, 
and safety of urban transportation logistics, 
especially in the context of rapid urbanization and 
increasing motorization of society. In a fast-changing 
environment, transport logistics companies, operating 
within limited time frames, must continuously adapt 
to these changes and ensure consistent service 
quality.

Recently, solving of DVRP tasks for e-commerce 
or last-mile commerce, which is rapidly growing, 
has become particularly relevant. Therefore, the 
development of effective and sustainable technologies 
is imperative to meet this demand and maintain high 
service levels. Multimodal deliveries, crowdshipping, 
and parcel lockers offer flexible options for 
e-commerce, contributing to hyper-connected urban 
logistics (HCL) for courier services [2-3]. Despite 
their potential, the effective use of these technologies 
is hindered by the absence of a comprehensive 
mathematical apparatus capable of tackling the 
complex modelling challenges for delivery processes. 
Here it is necessary to take into account numerous 
dynamic parameters and real-world constraints, 
including delivery times, freight volumes, travel 
distances, fleet characteristics, demand uncertainties, 
and stochastic customer requirements [2-3]. In this 
regard, DVRP problems are currently mainly solved 
taking into account individual constraints. At the 
same time, a large number of such DVRP are related 
to the problems of optimizing the route of delivery 
of goods with changing time windows, the nature 
and number of customer requests, the influence 
of weather conditions, etc. [2-7]. However, one of 
the main factors, affecting the dynamic impact of 
the environment on the effectiveness of transport 
logistics companies, remains the unpredictable and 
sudden changes in traffic on urban road network 
(URN) sections.

This necessitates the use of systems for timely 
collection and processing of data on the current 
dynamic characteristics of traffic flow on URN 
sections, data processing, and fast intelligent methods 
for discrete route optimization based on the analysis 
of this data.

Today, numerous advanced innovative 
technologies exist for collection and processing 
relevant data, such as GPS/Galileo technologies 

https://context.reverso.net/%D0%BF%D0%B5%D1%80%D0%B5%D0%B2%D0%BE%D0%B4/%D0%B0%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9-%D1%80%D1%83%D1%81%D1%81%D0%BA%D0%B8%D0%B9/mathematical+apparatus


D Y N A M I C  R O U T I N G  I N  U R B A N  T R A N S P O R T  L O G I S T I C S  U N D E R  L I M I T E D  T R A F F I C  I N F O R M A T I O N 	 E23

V O L U M E  2 7 	 C O M M U N I C A T I O N S    2 / 2 0 2 5

the framework of solving the symmetric dynamic 
traveling salesman problem (DTSP), which does not 
fully account for the real configuration and traffic 
conditions on URN sections [22].

Based on the conducted analysis, the current 
understanding of dynamic routing of logistics flows 
under the rapidly changing and non-stationary 
dynamics of traffic flows on URN sections using IoT 
data from traffic sensors is incomplete and imperfect. 
This is primarily due to the limited availability of 
traffic information from a larger number of different 
types of sensors and the limited coverage areas of 
these sensors, which requires the installation of a 
large number of sensors to obtain a complete picture. 
However, the installation of modern sensors, such as 
digital video cameras with computer vision, is not 
always possible due to their high cost. These reasons 
also partly explain the lack of adequate adaptive 
methods for the discrete route optimization for freight 
delivery (see, for example, [23-26]), which would 
simultaneously consider the actual configuration of 
the URN and the real dynamics of traffic flows on its 
sections during transportation in real-time.

In this context, the objective of this work was to 
develop an online dynamic routing method for urban 
transport logistics under limited traffic information. 
This method is based on the use of current IoT 
traffic data from sensors on URN sections and 
averaged historical data on traffic flow parameters 
obtained from sensors on representative sections of 
homogeneous clusters that make up the URN.

3 	 Research methodology

3.1	 Description of the method

When modern means of measuring dynamic 
parameters (intensity q, and density t , average 
speed v h  of traffic flow (TF) are available on 
URN sections, optimizing routes in real-time does 
not present fundamental difficulties [20]. However, 
in the real-world operation of URNs, particularly 
in Ukrainian cities, relatively inexpensive traffic 
sensors are typically used, which measure only 
some TF parameters, such as TF intensity q values 
on specific sections over certain time intervals. 
This limitation prevents obtaining fully accurate 
information about the dynamic state of the URN and, 
consequently, restricts the ability to perform adequate 
real-time routing under complex traffic conditions. It 
is important to note that for most AI methods used 
in routing problems, the optimization parameters 
are time and/or distance of the route, which often 
requires knowledge of the average speed v  on URN 
sections. Therefore, solving the problem of adequate 
simulation of the dynamic routing processes under 
limited information about TF dynamic parameters on 

(V2V technology), between a vehicle and roadside 
infrastructure (V2I technology), and with personal 
mobile devices [15]. It is assumed that to solve 
transport logistics problems, travelers have access 
to real-time traffic information through V2V/V2I 
infrastructures and make route decisions accordingly 
[16-17]. However, VANET presents unique challenges 
due to its dynamic nature, requiring significant efforts 
to address. These challenges are related both to data 
transmission routing in a highly dynamic V2V/V2I 
information environment and to dynamic routing of 
logistics paths in a non-stationary URN environment 
while ensuring stable VANET communication [15-17].

One of the most promising approaches to 
monitoring the current state of the URN remains 
the use of traffic sensors combined with IoT and AI 
technologies. Unlike many other approaches, this 
one ensures high accuracy in measuring traffic flow 
dynamics and allows for the real-time data collection 
and analysis. However, in recent years, the use 
of traffic data on URN sections obtained through 
various types of traffic sensors has been relatively 
less represented in the literature compared to, for 
example, GIS-derived data (see [18-20]). For instance, 
authors of [18] presented an intelligent dynamic 
routing system using machine learning technology 
to predict speed profiles based on historical traffic 
data from road sensors. The system includes 
neural networks for short-term speed prediction 
depending on the day of travel, congestion levels, 
and distances between individual sensor locations 
along the route. In [19], an effective dynamic routing 
strategy is proposed, which includes the possibility of 
continuously updating travelers’ knowledge of travel 
times considering adaptive traffic signal control 
in real transport networks. In [20], a calibration 
model of an urban network consisting of two mini-
roundabouts and one uncontrolled intersection is 
presented. The simulation process is carried out in 
the SUMO environment, and traffic data and speeds 
are collected from recorded video for the selected 
URN.

Thus, as the analysis shows (see, for example, 
[18-20]), dynamic routing of logistics flows, 
considering the non-stationary dynamics of traffic 
flows on URN sections, has mainly been performed 
using historical IoT data. The possibility of dynamic 
route optimization for freight delivery based on 
real-time IoT and BD data processing about non-
stationary traffic dynamics on URN sections was 
first demonstrated in [21-22]. However, in [21], the 
computational operations during route optimization 
using the API from Bing and VRP_Spreadsheet_
Solver are too slow, preventing the full real-time 
implementation. In [22], the input data block for 
dynamic traffic characteristics on URN sections 
is limited to manual entry. Moreover, simulation 
studies on route optimization are conducted within 
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dynamic traveling salesman problem (DTSP), where 
the URN is represented as a weighted bidirectional 
graph [1]. The graph nodes correspond to delivery 
points, and the weights of the graph edges are 
assigned relative discrete values according to the 
optimization criterion. For instance, this could be 
the distance between graph nodes, the average travel 
time or speed, fuel consumption, transportation cost, 
ecological characteristics, etc. The cost matrix for 
such a graph contains indirect elements, such as the 
set of weights corresponding to a specific set of URN 
section characteristics that the vehicle sequentially 
overcomes between delivery points. The system 
enables the construction and dynamic updating of 
the graph based on real-time TF dynamic parameters 
obtained from traffic sensors.

For online discrete route optimization with 
dynamic updates within the DTSP task, a modified 
version of the classic ant colony optimization (ACO) 
algorithm was used [29]. Here, it is possible to 
fix the optimal configuration of a partially 
traversed route before automatically updating the 
graph weights based on changes in the dynamic 
characteristics of URN sections. To achieve this, 
the algorithm introduces Prek - list of graph edges 
that ant k is required to traverse, disregarding 
the probabilistic rule of the classical ant colony 
algorithm. Specifically, while at vertex i of the graph, 
ant k moves to vertex j if ,i j Prek!^ h ; otherwise, 
the next vertex is determined by the probabilistic  
rule.

The choice of the ACO modification (ACOmod) 
for solving urban transport logistics tasks in this 
work is due to several reasons. First, ACO and its 
modifications are more versatile compared to most 
other AI optimization methods (see, for example, 
[22-23, 25]). This allows for solving routing problems 
on URNs of the required scale [22]. Moreover, 
ACO and its modifications generally have higher 
performance [22-23]. Additionally, the optimization 
mechanisms in ACO and its modifications are similar 
to the dynamics of TF, especially in high-density 
modes. Indeed, according to Boris Kerner’s theory 
[30], the observed phase transition effects between 
different TF states are due to the manifestation 
of synergistic self-organization effects resulting 
from non-equilibrium non-stationary TF dynamics. 
Similarly, the path optimization process in ACO 
occurs due to the self-organization effects of ant 
colony agents during food search and delivery [29]. 
It is worth noting that such synergistic effects are 
observed in nonlinear non-equilibrium dissipative 
systems of various physical natures (see, for example, 
[31-33]). Thus, the use of ACOmod allows for the 
simulation of the route optimization processes 
with dynamic updates in real-time, considering 
the actual TF dynamics on the transport network  
sections.

network sections at specific times is relevant.
A method for online dynamic routing in urban 

transport logistics under limited traffic information is 
proposed. This method is based on the use of current 
IoT data on TF intensity (q) from traffic sensors on 
URN sections and averaged historical data on TF 
parameters (q, t , v ) obtained from traffic sensors 
on representative sections of homogeneous clusters 
that form the URN.

In the first stage, it is proposed to establish a 
rational TF monitoring network on the URN (see 
section 3.2) by implementing a step-by-step iterative 
procedure to identify representative elementary 
sections within specific homogeneous URN clusters 
[27-28]. It is recommended to place the traffic sensors 
that measure dynamic TF parameters (q, t , v ) 
on these sections. Accordingly, traffic sensors that 
measure TF intensity q in real-time are placed on 
other URN sections.

The formation of a rational TF monitoring 
network on the URN is based on the assumption that 
within the studied URN, there is always a certain 
number of homogeneous URN clusters, where the 
static and dynamic properties of TF formation on 
these sections are similar. This means that the TF 
dynamics across all the modes of its formation, and 
consequently the shape of the curves representing the 
relationship q q v= ^ h  have qualitatively identical 
characteristics for all sections within a homogeneous 
URN cluster, differing only in their quantitative 
values of q and v . Additionally, this means that the 
normalization coefficients for formation q q v= ^ h  
or a set of sections within a specific URN cluster 
remain constant. Thus, knowing these normalization 
coefficients, one can construct the relationship curves 
q q v= ^ h  for each section of a homogeneous cluster. 
Then, using experimentally measured data (q, t , v
) obtained from sensors on a representative section of 
the cluster and experimental data q obtained from 
sensors on other sections of this cluster, it is possible 
to construct a family of calibration curves q q v= ^ h  
for all the sections of each homogeneous URN cluster. 
Subsequently, for each calibration curve, the values 
of v  can be determined based on the known 
experimental data q. The procedure for constructing 
such a family of calibration curves is described in 
section 3.3.

Section 3.4 presents the results of developing an 
adaptive dynamic routing system for urban transport 
logistics tasks under limited traffic information. This 
system implements the procedure for simulating 
online optimization with dynamic route updates 
for freight delivery to destinations using a selected 
AI method of discrete optimization. The system 
allows simultaneous consideration of the actual 
URN configuration and the real TF dynamics on 
its sections during transportation. The optimization 
problem is solved using an example of the asymmetric 
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The iterative procedure for determining 
representative sections involves the following 
sequential steps:
•	 dividing URN into elements (streets and roads) by 

categories according to the current classification of 
streets and roads;

•	 dividing the elements (streets and roads) into 
elementary sections with fixed structural features 
that define the nature and parameters of traffic flow 
distribution within URN;

•	 forming homogeneous groups of elementary street 
and road sections with similar group structural 
features;

•	 establishing the nature and parameters of the 
distribution of individual structural features within 
the formed homogeneous groups of elementary 
street and road sections;

•	 identifying representative elementary sections 
of streets and roads based on the distribution 
parameters of the individual structural features 
within the formed homogeneous groups.
In the first step of implementation of the 

step-by-step iterative procedure for finding the 
representative sections, the URN is divided into 
groups of elements - streets and roads that belong, 
in accordance with the current classification of roads, 
to the following categories: city-wide main streets, 
district main streets, and local streets and roads. 
Then, within each of the formed groups of streets and 
roads, the URN elements are divided into sections 
characterized by specific group and individual 
structural features. A section is defined as a part of 
a street or road of a particular category between the 
two closest intersections, within which the structural 
configuration of the section remains consistent.

In this context, it should be noted that the 
functioning of traffic flows on the streets and roads 
of a city is influenced by various factors, with 
road conditions often playing a decisive role in the 
main parameters of traffic flow. The more frequently 
road conditions change along a street, the more 
complex the interaction of vehicles in the traffic flow 
becomes. Therefore, in light of these circumstances, 
the decision was made to consider the city’s streets 
and roads as a set of elementary sections.

The structural features of the elementary sections 
of URN were determined using the cartographic 
web service Google Maps [35], specifically through 
the combined use of this web service, its Measure 
Distance tool, and the regulatory document DBN 
B.2.3-5:2018, which specifies the parameters of 
various types of cross-sectional profiles of roadways 
for streets and roads in settlements according to their 
category.

After this, homogeneous groups (clusters) 
containing elementary sections with common group 
structural features are formed. As a result of the 
step-by-step clustering, city-wide main streets were 

3.2	 Formation of a rational traffic flow 
monitoring network

The primary goal of forming a rational traffic 
monitoring network is to ensure, on the one hand, the 
acquisition of reliable information about the current 
state of the URN and, on the other hand, to reduce 
the volume of observations required to monitor the 
dynamics of TF on URN sections.

In this work, the formation of such a monitoring 
network is based on the assumption outlined in 
section 3.1. It is proposed to form a rational TF 
monitoring network on URN sections for the Kyiv city 
by implementing a step-by-step iterative procedure 
to identify the representative elementary sections 
within specific homogeneous URN clusters using 
the k-means clustering method [27-28]. On these 
sections, it is recommended to place expensive traffic 
sensors that can fully measure the main dynamic 
characteristics of TF (average speed v , intensity q, 
density t ). On other sections, it is sufficient to place 
inexpensive sensors that measure TF intensity q.

The formation of homogeneous clusters that 
comprise the URN is carried out according to certain 
individual and group structural characteristics of 
streets and roads, in stages, with different numbers 
of steps in the partitioning of the URN, separately 
for each category of streets and roads (according 
to DBN B.2.3-5:2018) [34], until the minimum 
discrepancies between the values of the analyzed 
structural characteristics of URN elements in each 
formed cluster are achieved. Group and individual 
structural characteristics for each URN element are 
determined based on the magnitude of their impact 
on traffic parameters. The following are considered as 
group structural characteristics:
•	 The implemented traffic scheme concerning 

permitted directions of movement (one-way or 
two-way traffic);

•	 Parameters of the transverse profile of the roadway 
(number of lanes, lane width, etc.);

•	 The density of traffic signal regulation (the ratio 
of the number of traffic lights on each street to its 
total length).
This division is due to the fact that the impact 

of road conditions on the main TF parameters 
is often decisive, as the more frequently road 
conditions change along a street, the more complex 
the interaction between vehicles in the TF becomes.

At the same time, it should be noted that in this 
work, URN elements with a traffic signal regulation 
density not exceeding 0.5 were classified into separate 
clusters. This allowed for consideration of the impact 
of such traffic control devices as traffic lights on the 
dynamics (character) of TF.

The individual structural characteristics chosen 
is the parameters of the longitudinal profile of the 
roadway (length, area, slope, etc.).
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from different clusters are significantly different from 
each other.

As a result of the clustering, the identified 
elements of the studied urban road network (URN) of 
Kyiv reflect (in terms of structural features) 85% of 
the city-wide main street network, 90% of the district 
main street network, and approximately 80% of the 
local street and road network.

3.3	 Evaluation of dynamic characteristics  
of traffic flow on urban road network sections

The relationships between the intensity q and 
density t  is considered as a function of the average 
speed v  of a vehicle in the domain of dense 
traffic flow, where, according to [26], the regimes of 
synchronized movement and wide moving vehicle 
clusters are realized. Here, the average speed v  of 
the traffic flow (TF) becomes variable. The evaluation 
of TF dynamic characteristics on URN sections 
using data from the rational monitoring network 
was carried out under the assumption described in 
section 3.1. In this case, the values of the dynamic 
characteristics v  are determined using the 
data obtained from the calibration curve of the q 
versus v  relationship (see 3.1). The procedure for 
constructing a family of calibration curves for the 
set of sections within each homogeneous cluster of 
the studied URN is described below. To do this, the 
functional relationship q q v= ^ h  is considered in 
the form of a polynomial:

q v a a v a vn
n

0 1 g= + + +^ h 	 (1)
 

and limit it to the cubic term.
Strictly speaking, Equation (1) should be 

divided into three clusters, district main streets into 
eight clusters, and local streets and roads into 32 
clusters.

In the next step, within each cluster, the average 
statistical values of each individual structural 
characteristic are established, which serve as 
the centers of gravity (centroids) of the formed 
homogeneous groups. These centroids are used 
to identify representative URN elements through 
hierarchical cluster analysis (see Figure 1).

In this case, within each cluster, as the 
representative section is selected the one where TF 
dynamics are observed in all its modes (free flow, 
synchronized flow, moving wide cluster, congestion) 
with the maximum distribution of TF intensity 
throughout the day.

As a result of the research, conducted within the 
framework of the method for forming a rational traffic 
flow monitoring network, representative sections were 
identified for the studied URN, which allowed for the 
creation of a rational monitoring network of TF. The 
dimensionality of this network is approximately 15 
times smaller than the dimensionality of the studied 
set of URN elements. The reduction in dimensionality 
of URN is achieved by representing the structure of 
URN as separate clusters, the elements of which 
are characterized by a high degree of similarity 
in terms of relevant structural features and the 
subsequent identification of typical elements (within 
each formed cluster), whose structural features, in 
general, provide a comprehensive understanding 
of both the structural state of the elements within 
each cluster and URN of the city as a whole. This is 
justified by, among other things, the main assertion 
of cluster analysis, which states that each cluster, 
as a result of such a multidimensional statistical 
procedure, consists of similar objects, while objects 

Figure 1 Dendrogram for Identifying a Representative URN Element  
(Example of a Homogeneous Cluster)
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values in the representative area r of cluster j: qmax rj^ h  
is the maximum value of TF intensity; q vmaxrj ^ h  is 
the TF intensity when the vehicle is moving at the 
maximum speed ;v q vmax minrj ^ h  is TF intensity 
when the vehicle is moving at the minimum speed 
vmin ; q v 0rj =^ h  is TF intensity when the vehicle 

is stationary v 0=^ h .
According to the assumption introduced, within 

a certain URN cluster, the shapes of the q q v= ^ h  
and v vt t=^ ^h h  curves for all sections of this 
URN cluster are similar and may differ only in their 
numerical values of the TF dynamic characteristics 
corresponding to these curves. This means that the 
normalization coefficients for a set of sections within 
a specific URN cluster j are identical.

Then, for any section i of a specific URN cluster 
j, the numerical values of the polynomial coefficients 
in cubic approximations , , ,a a aa0 1 2 3

) ) ) )  for 
q q vij ij=) ) ^ h  of section i can be determined by 
solving a linear system of three equations (3).

Here, qmax ij^ h  is the maximum TF intensity on 
section i of cluster j of the URN; q v

q
kmin
max

ij
j

qj

i
=) ^
^

h
h

 
is the TF intensity corresponding to vmin  on 
section i of cluster j; q v

q
lm
max

axij
qj

ij
=) ^
^

h
h

 is the 
TF intensity corresponding to vmax  on section i of 
cluster j. The values , ,q q v q vmax min maxij ij ij

) ) )^ ^ ^h h h  
are determined from the results of averaging the 
corresponding historical data over specific time 
intervals. In this case, the zero-order polynomial 
coefficient a

q
m
max

qj

ij
0 =

)^ h
 (the constant term in each 

equation of system - Equation (3)). After determining 
the polynomial coefficients , , ,a a aa0 1 2 3

) ) ) )  
according to Equation (3), the functional relationship 
q q vij ij=) ) ^ h  is constructed for each section i of 
the corresponding cluster j.

Thus, as a result of this procedure, a family of 
calibration curves of the approximated relationship 
q q v= ^ h  is formed on the URN sections for the 
entire set of homogeneous clusters that make up the 
studied URN.

Then, the procedure for simulation online discrete 
optimization with dynamic route updating is carried 
out using the selected AI method based on IoT data 
regarding q, obtained in real-time from each section 
of the studied URN. Here, during the optimization 
based on the time criterion, the calibration curves of 
the approximated relationship q q v= ^ h  are used 

considered at specific values of constt t=^ h . 
However, in general, especially in the domain of 
dense TF, const!t , so there is a more complex 
dependence q q v= ^ h  [30]. Nonetheless, for 
simulation process, it is sufficient to consider the 
dependence in this approximation, as it qualitatively 
captures the main features of TF behavior in the 
high-density region (synchronized flow, wide moving 
cluster, congestion) [30].

The following TF characteristics are introduced for 
a representative section r belonging to homogeneous 
cluster j v rj|  is the average speed of vehicles 
in the TF on section r of cluster j of the URN; 
q t

N
rj

rj

rj

T=  (vehicles/hour) is the TF intensity (the 
number of vehicles passing through a specific cross-
section of section r during the measurement time 
trjT , normalized to 1 hour); 

l
N

rj
rj

rj
t =  (vehicles/km) 

is the TF density (the number of vehicles moving on 
section r of length lrj, normalized to 1 km).

In the first stage, experimental measurements 
of qrj, rjt , v rj  are carried out on a specific URN 
section that is representative (r) for a specific j 
homogeneous cluster of sections of the studied URN. 
The experimental average values q qrj rj!T , 

,v vrj rj rj rj! !T Tt t  are determined. Here, 
, ,q vrj rj rjT T Tt  are the corresponding confidence 

intervals of the standard deviation. Based on the 
obtained experimental data, the relationships 
q q vrj rj= ^ h  are constructed. These relationships are 
approximated using polynomials in Equation (1) within 
the framework of regression analysis, determining 
the corresponding sets of coefficients , ,a a an0 1 f  
for the representative sections. Additionally, from 
the obtained polynomial relationships q q vrj rj= ^ h , 
as well as from empirical data, the values 

,v q vmin maxrj rj ^ h , ,v q q vmax minrj rj^ ^h h , qmax rj^ h , 
q v 0rj =^ h  are determined. The latter value 
corresponds to a traffic jam. Based on this data, 
normalization coefficients are formed, which 
characterize the shape of the curves of the q q v= ^ h  
relationship on the corresponding i sections of 
homogeneous cluster j of the URN. Namely:

, ,
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Here, the normalization coefficients are 
determined based on the corresponding TF intensity 
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The system considers the freight delivery route 
optimization problem as an asymmetric dynamic 
traveling salesman problem (DTSP) represented as 
a weighted bidirectional graph in the context of the 
URN (see section 3.1). The general scheme of the 
system operation is shown in Figure 2.

In this case, the route optimization process is 
performed based on either distance or time criteria. 
For distance optimization, it is sufficient to use 
the structural data of URN sections. For time 
optimization, the system uses input data from the 
structural parameters of URN sections and the 
v  values obtained directly from traffic sensors on 

representative sections, as well as from the family 
of calibration curves q q v= ^ h  for other sections 
within each homogeneous URN cluster (see sections 
3.1-3.3).

As shown in Figure 2, the system allows the user 
to input a set of delivery points and depot. The system 
then constructs a weighted bidirectional graph, where 
the nodes correspond to the delivery points and the 
depot. Each edge of the graph consists of a sequence 
of URN sections; whose traversal determines the 
optimal route between the corresponding pair of 
delivery points at a specific time of day. Each such 
URN section in the sequence is characterized by a 

to determine the average TF speed v  on the URN 
sections at specific moments in time. Then, the time 
to traverse each section i of cluster j is determined as 
t

v
l

ij
ij

ij
= , where ,l vij ij  are the length and average 

TF speed on section i of cluster j, respectively.
It is also worth noting that certain difficulties 

arise in determining v ij  from the calibration curve, 
as the same intensity value may correspond to two 
different v ij  values. To avoid this ambiguity, it 
is necessary to use the results of historical data on 
density t  versus average speed v  obtained on 
representative sections, or the results of real-time 
traffic observation analysis on the corresponding 
URN sections at specific times of the day.

3.4	 Adaptive system for dynamic routing under 
limited traffic information

An adaptive system for dynamic routing of freight 
delivery is understood as an information system 
designed to re-optimize the delivery route in real-
time as the state of the URN changes due to changes 
in TF characteristics on URN sections during the 
freight delivery process [11].

Figure 2 Flowchart of the adaptive system for dynamic routing of freight delivery within  
the DTSP problem using the data on changing TF characteristics on URN sections
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3 shows the location of delivery points on the Kyiv 
map. The task was to find the optimal time-based 
route for a vehicle departing from the depot (point 0) 
on September 25, 2023, at 07:30:00, delivering goods 
to points 1-18, and returning to the depot.

The simulation studies were conducted with the 
following assumptions:
•	 The type of delivery route is a circular route with 

sequential delivery of goods;
•	 The date and time of day are taken into account, 

but the unloading time at delivery points, the 
nomenclature, weight, and volume of the cargo are 
not considered;

•	 Each edge of the graph corresponds to a fixed 
sequence of URN sections, describing the optimal 
path between each pair of delivery points;

•	 Changes in the expected travel time between nodes 
depend on current changes in TF characteristics on 
URN sections;

•	 Graph updates and route re-optimization are 
performed while the vehicle is at a delivery point.
To perform the dynamic routing of the delivery 

process, a basic implementation of the proposed 
adaptive system was developed on the .NET 
6 platform using the C# programming language. 
The studies were conducted on equipment with an 
Intel(R) Core(TM) i5-8400 CPU @ 2.80GHz processor, 
16 GB of DDR4 RAM, and running Windows 10. The 
studies showed that the initial construction of the 
graph with 19 nodes using GIS data took an average 
of 18.11 seconds, updating the graph based on current 
information from the traffic sensors took 594 ms 
(excluding the time to receive information from the 
traffic sensors), and finding the optimal solution 
for the graph with 19 nodes by performing 1000 
iterations of ACOmod took an average of 2.67 seconds.

The input data array for the dynamic TF 
characteristics was formed using the q, t  and v  
data obtained from field experiments conducted on 
representative sections, and the q data obtained in 
real-time from traffic sensors located on the sections 
of the studied URN. This is due to the fact that Flir 
Traficam 2 sensors [38], which are currently used on 
the URN sections of Kyiv, measure only TF intensity 
t  in real-time with a discretization of 2 minutes. 
Therefore, to construct a family of calibration curves 
of the approximated q q v= ^ h  relationship on URN 
sections for the entire set of homogeneous clusters, 
field experiments were conducted to determine q, t  
and v  on the representative sections of each URN 
cluster. During the working days from September 
11, 2023, to September 15, 2023, the corresponding 
values of q, t  and v  were measured. Averaging 
was carried out over five measurements. As an 
example, Figure 4 shows graphs of the dependence 
of average intensity and average density on the 
average speed of TF for a representative URN section 
- Brovary Avenue, exit (Chernihiv direction), which 

certain identifier (road name), length, number of 
lanes, and traffic direction. In the proposed system, 
the creation of such a graph is based on GIS data. 
As shown in Figure 2, for each pair of points (i, j) 
system queries GIS to retrieve the route from point i 
to j including a sequence of URN sections in the route 
and preprocesses this information for subsequent use 
in graph updates. This data can be obtained using the 
Routes API service of Bing Maps [36].

After the graph is formed, a procedure is 
performed to update the graph according to the 
current state of the URN at a specific time of day. 
The update procedure involves obtaining the real-
time data on the current TF intensity from traffic 
sensors located on the corresponding URN sections 
for each section that characterizes each edge of the 
graph. Using this data and the family of calibration 
curves q q v= ^ h  constructed based on historical 
data on URN characteristics for representative 
sections of homogeneous clusters, the current average 
speed of TF on each URN section is determined 
in the corresponding traffic direction. Using the 
current speed values on the URN sections and the 
structural parameters of each section, the expected 
time to travel the corresponding section is calculated. 
Ultimately, this allows determining the expected 
time to traverse each graph edge as the sum of the 
expected times to traverse the sequence of URN 
sections that characterize the corresponding graph 
edge (see Figure 2). Thus, the weights of the edges of 
the updated graph are characterized by the expected 
traversal time of each edge, taking into account 
both the current TF dynamics and the actual URN 
configuration.

After updating the graph, the freight delivery 
route optimization procedure is carried out using the 
modified ant colony algorithm ACOmod (see section 3.1, 
Figure 2). According to the determined optimal route, 
the user is directed to the next delivery point.

Upon the user’s arrival at this point, the next 
graph update is performed according to the current 
URN state. After that, the route re-optimization 
procedure is carried out using ACOmod on the updated 
graph. The proposed ACOmod implementation allows 
fixing the optimal configuration of the partially 
traversed route before updating the graph, as well. 
Thus, within the proposed adaptive dynamic routing 
system, the route re-optimization procedure is carried 
out until the user is directed back to the depot after 
completing deliveries to all the specified points.

4	 Results and discussion

For the simulation studies, 19 points on the 
URN of Kyiv were selected (numbered from 0 to 18), 
corresponding to the addresses of branches of the 
Ukrainian postal operator “Nova Poshta” [37]. Figure 
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data on traffic flow density in similar time periods 
relative to the current one for the representative 
sections of homogeneous clusters.

Table 1 presents the traffic flow characteristics 
of some URN sections used in the simulation studies. 
The column “Time” specifies the time at which the 
traffic data was recorded. For each URN section, 

belongs to a homogeneous cluster of the city-wide 
main streets.

As can be seen from Figure 4(a), a single intensity 
value can correspond to two different speed values: 
the left-hand wing of the curve corresponds to dense 
traffic, and the right-hand wing to free flow. The 
current traffic mode is determined based on historical 

Figure 3 Locations of the depot (0) and delivery points (1, …, 18) on the map of Kyiv

         
(a)                                                                                            (b)

Figure 4 Graphs of the dependence of average intensity (a) and average density (b) on the average speed of traffic flow 
based on field experiments: points represent the average values of the TF dynamic parameters; line segments indicate 

confidence intervals
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complete the optimal route in seconds within the 
DTSP, obtained from the corresponding optimization 
results; the column “Current” contains the expected 
time of the current optimal route at the time of 
re-optimization; the column “Previous” contains the 
expected time of the optimal route obtained from the 
previous re-optimization, but for the current dynamic 
state of the URN; the column “Initial” contains the 
expected time of the optimal route obtained from the 
optimization at the time of departure from the depot, 
but for the current dynamic state of the URN. In 
parentheses is the part of the route that is rebuilt as 
a result of re-optimization.

As seen in Table 2, during the simulation 
studies using the proposed method of online dynamic 
freight delivery routing, several effects related to the 
rebuilding of the optimal route were observed. For 
example, significant route rebuilding occurs at the 
times 07:55:20, 08:04:05, and 09:01:28. Additionally, 
in all the cases, a significant increase in delivery 
time for the initial configuration of the optimal route 
is observed at the current times of day compared to 

two sub-columns are provided: q is experimental 
traffic flow intensity (vehicles per hour, v/h); v  
is average traffic flow speed (kilometers per hour, 
km/h) calculated based on the intensity. The included 
URN sections, with the moving direction specified 
in brackets, are as follows: Section 1 is Beresteiskyi 
Avenue (SE), Section 2 is Avtozavodska Street (SE), 
Section 3 is Akademika Zabolotnoho Street (SE), 
Section 4 is Akademika Zabolotnoho Street (NW), 
Section 5 is Petra Hryhorenka Avenue (SE), Section 
6 is Nauky Avenue (SE).

Table 2 presents the results of the simulation 
study of dynamic freight delivery routing to the 
specified points of the “Nova Poshta” postal operator 
(some re-optimization steps that did not result in 
route reconstruction are not shown). The column 
“Current time” contains the current time of day; 
the column “Proposed route” contains the current 
optimal delivery route, with the current delivery 
point where re-optimization is performed marked 
with an asterisk (*); the column “Optimal route 
expected time” contains the expected time to 

Table 1 Traffic flow characteristics of some URN sections used in simulation studies

Time Section 1 Section 2 Section 3 Section 4 Section 5 Section 6

q v q v q v q v q v q v

07:30:00 3246 32 1465 36 2190 23 1752 37 673 50 500 50

07:55:20 2488 41.5 2237 19.5 2340 23 1758 37 659 50 675 50

08:13:20 1895 47 2366 19 2322 23 1650 9.5 840 5 683 50

08:37:27 2164 44.5 2777 19 2328 23 1968 14 779 4 930 39

09:01:28 2336 43 1735 30.5 1896 34 1992 14.5 866 47 810 43.5

09:18:01 2222 44 1915 26 1968 32 2022 15 953 44.5 765 46

09:34:39 1667 49 1388 37.5 2286 23 1842 12 913 45.5 908 39.5

09:48:22 3132 34 1414 37 2238 23 1854 12 973 44 818 43.5

10:07:39 3094 34.5 1067 48 1975 32 1598 40 773 50 882 40.5

10:21:01 2993 36 1272 40 1873 34.5 1707 38 986 43.5 720 50

Table 2 Results of dynamic freight delivery routing in the URN of Kyiv

Current 
time

Proposed route Optimal route expected time, s

Current Previous Initial

07:30:00 0*1-18-2-4-7-13-9-5-12-10-15-11-8-17-16-3-6-14-0 10390 - -

07:40:14 0-1*18-2-4-13-9-5-7-12-10-15-11-(17-8)-16-3-6-14-0 10486 10525 10525

07:55:20 0-1-18*2-4-13-(9-12-10-15-17-11-8-16-3-6-5-7-14)-0 10438 10486 10525

08:04:05 0-1-18-2*4-13-(9-14-3-16-15-11-17-8-10-6-12-5-7)-0 12632 17696 15663

08:13:20 0-1-18-2-4*13-9-14-3-16-15-11-17-8-10-6-12-5-7-0 11845 11845 13477

08:23:13 0-1-18-2-4-13*9-14-3-16-15-11-17-8-10-6-12-5-7-0 11887 11887 14136

08:37:27 0-1-18-2-4-13-9*14-3-16-15-11-17-8-10-6-12-5-7-0 12220 12220 15015

08:52:17 0-1-18-2-4-13-9-14*3-16-15-11-17-8-10-6-12-5-7-0 11800 11800 14727

09:01:28 0-1-18-2-4-13-9-14-3*(10-15-11-17-8-16-6)-12-5-7-0 10732 10832 12590

09:13:05 0-1-18-2-4-13-9-14-3-10*15-11-17-8-16-6-12-5-7-0 10704 10704 13252

10:21:01 0-1-18-2-4-13-9-14-3-10-15-11-17-8-16-6-12-5-7*0 10746 10746 16742

10:29:06 0-1-18-2-4-13-9-14-3-10-15-11-17-8-16-6-12-5-7-0* - 10746 16742
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consideration of the actual URN configuration 
and the real TF dynamics on its sections during 
transportation. The optimization problem is solved 
using an asymmetric DTSP, where the URN is 
represented as a weighted bidirectional graph.

The results of simulation studies, conducted on 
the example of Kyiv’s URN, indicate the potential of 
the proposed method for use by transport companies 
and authorities in urban transport logistics under 
complex traffic conditions.

In the future, the results of the research could 
contribute to a promising approach to reducing 
the carbon footprint. The method facilitates the 
integration of environmental considerations, 
particularly through the route optimization based 
on criteria such as fuel consumption and CO2 
emissions. Aligned with corporate sustainability 
goals, this creates opportunities to integrate 
reporting and decarbonization mechanisms into 
the transport logistics. Furthermore, the proposed 
method could serve as a foundation for developing 
a dynamic routing system that considers not only 
transportation costs and pollutant emissions but 
the economic incentives for minimizing emissions, 
such as carbon credits, as well. This would provide a 
comprehensive approach to enhancing the efficiency 
of transport logistics and reducing its environmental  
impact.
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the time of the initial optimal route built at 07:30:00 
(see Table 2). These effects are due to a significant 
increase and redistribution of the number of vehicles 
on the URN sections at the corresponding times of 
day. Re-optimization allows for finding such optimal 
routes in real-time, leading to a significant reduction 
in delivery time to the correspondent points. For 
example, at 08:04:05, the initial optimal route 
expected time is 15663 seconds, while the current 
optimal route expected time is 12632 seconds. This 
means that after re-optimizing the route at delivery 
point 2 (see Table 2), the delivery time is reduced 
by Δt =15663 s - 12632 s = 3031 s, representing an 
economic effect of 19.4%.

Thus, the results of the studies conducted within 
the framework of the online dynamic routing method 
under the limited traffic information indicate the 
potential of using the proposed method for urban 
transport logistics in conditions of complex traffic.

5	 Conclusions and recommendations

A method for online adaptive dynamic routing 
of freight delivery in cities under limited traffic 
information has been proposed. This method is 
based on the use of real-time IoT data on traffic flow 
intensity from the traffic sensors on URN sections and 
averaged historical data on TF parameters (speed, 
density, intensity) obtained from traffic sensors on 
representative sections of homogeneous clusters that 
make up the URN. An algorithm for forming a 
rational TF monitoring network in the URN has been 
developed based on the k-means clustering method 
to identify homogeneous clusters that constitute the 
URN and the representative sections within them.

An automated adaptive information system for 
dynamic routing in urban transport logistics under 
limited traffic information has been developed. This 
system includes a procedure for online optimization 
with dynamic route updating using a modified AI ant 
colony algorithm. The system allows for simultaneous 
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Resume
The effect of fog levels on drivers' free-flow speeds for various vehicles in 
mixed traffic conditions is examined in this research. Visibility and free-
flow speeds from eight highways are simultaneously collected and analyzed. 
The findings show distinct driver behavior patterns under different fog 
conditions. In dense fog, small visibility improvements lead to linear speed 
increases, while in light fog, speeds are mostly unchanged, though drivers 
maintain higher speeds than in clear conditions. Regardless of a vehicle 
type, driving patterns in fog are similar, though specific speeds differ. Cars 
tend to drive dangerously fast, while trucks remain slower due to limited 
manoeuvrability. This study offers insights for operational strategies in 
dense fog, supporting the use of dynamic warning systems and variable 
speed limits to reduce unsafe speed variations and potential crashes in low 
visibility.
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stopping sight distance is low on clear road segments 
[12], but it increases with denser fog levels. It is essential 
to understand how drivers adjust their speed according 
to varying visibility levels on long road stretches, as 
stated by McCann and Fontaine (2016) [13]. Therefore, 
the objective of this paper was to evaluate drivers’ 
choice of free-flow speed under varying fog conditions on 
straight, unidirectional carriageways, urban and inter-
urban highways, and mid-block sections with mixed 
traffic conditions.

2	 Literature review

The literature in the context of present study is 
classified into effect of fog on traffic parameters, driver 
behaviour, and the psychological and physiological 
effects of fog.

2.1	 Impact of fog on traffic parameters

Several researchers have studied the effect of fog on 
traffic parameters, including flow, speed, and headway. 

 1	 Introduction

Fog is a phenomenon that occurs when tiny water 
droplets, along with dust and other air particles, are 
suspended near the ground, scattering light in all 
directions. While driving in foggy weather, a  driver’s 
view is obstructed by fog particles, substantially 
affecting traffic operation and safety. Globally, millions 
of road crashes occur annually due to adverse weather 
conditions like fog [1].

Drivers in foggy conditions have a limited interaction 
range, as they cannot observe other vehicles’ movements, 
road signs, or obstacles at longer distances. They may 
adapt to this low visibility by slowing down [2-5] or 
by following the taillights of a  preceding vehicle [6]. 
However, some drivers may inadvertently increase their 
speed [7-8]. Studies show that as visibility decreases, 
drivers exhibit more erratic behavior in terms of 
acceleration, deceleration, and maintaining a consistent 
speed [5, 9-11].

Despite the drivers’ efforts to anticipate and drive 
cautiously in reduced visibility, they may struggle to 
accurately judge safe stopping distances, leading to 
unsafe driving conditions. The impact of inadequate 
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However, studies often involve multiple factors, 
obscuring the pure impact of fog. Investigations should 
consider solely the impact of fog, keeping other variables 
consistent. The need for further research is highlighted 
by inconsistent findings and incomplete mitigation 
strategies like VSLs. In this study, an attempt is made 
to provide a  clearer understanding of how fog impacts 
driving behavior, helping to develop better traffic 
management and safety strategies for foggy conditions. 
This study addresses the gap in the literature by using 
the real-world data from various visibility levels to 
model how drivers choose their speeds under different 
fog conditions.

The objective of this study was to model drivers’ 
choice of free-flow speed across a  broad range of fog 
conditions on highways with mixed traffic, maintaining 
consistency in other influencing parameters. The scope 
of the study involves simultaneous data collection of fog 
and traffic on mid-block sections on highways during the 
daytime. In this study, we selected mid-block sections in 
plain terrain to collect data. This ensured consistency by 
minimizing external factors such as curves or gradients 
that could influence drivers’ speeds. According to the 
Indian Highway Capacity Manual [38], vehicles traveling 
at free-flow speed are those maintaining a time headway 
of more than 8 seconds with any leading vehicle that 
shares a  lateral overlap with them. We applied this 
definition to identify vehicles traveling at free-flow speed 
among all vehicles on the study sections.

3	 Data collection

To address the research gap mentioned in the 
previous section, it was necessary to collect a  large 
amount of traffic data for several traffic and fog 
conditions. Traffic was recorded using a camcorder with 
90x zoom, 10 MP size and high-definition recording 
capability mounted by the authors at a suitable vantage 
point (tall tripod or foot over bridge). Data collection was 
conducted in several urban and inter-urban locations 
characterized by significant foggy weather. The overall 
methodology of this study is provided in Figure 1.

Mid-block road sections are meticulously chosen to 
eliminate external factors such as road geometry, curves, 
parked vehicles, or other land use that may obstruct 
vehicle movement, leaving only prevailing fog levels as 
the variable. The traffic video data was collected during 
winter mornings, repeatedly at the same locations, to 
capture a comprehensive range of fog conditions across 
most sites. Table 1 highlights the traffic data collection 
locations and their details. NH and SH indicate national 
highways and state highways in Table 1.

Non-car vehicles, including two-wheelers, three-
wheelers, buses, trucks, and light commercial vehicles 
(LCVs), constituted between 11% and 88% of the total 
observed traffic across the studied sections, indicating 
a high level of vehicle heterogeneity.

NCHRP 95 [14] reported that the probability of speeding 
is most prominent in isolated vehicles, increasing from 
55% to 69% in dense fog scenarios. Edwards (2002) [15] 
found that fog decreases the average peak-hour traffic 
volume by 9.2%. Trick et al. (2010) [16] suggested that 
the high-density traffic, combined with navigational 
challenges, adversely impacts older drivers more in clear 
conditions than in fog.

2.2	 Driver behavior in fog

Studies have focused on driver behavior, examining 
speed, distance headway, and time headway [2, 5, 
17]. Research indicates that foggy conditions lead to 
significantly lower average speeds, with passenger cars 
being more affected than trucks [4]. Additionally, the 
distance and time headways between vehicles decrease 
with reduced visibility [2, 18-22]. Drivers tend to 
overestimate vehicle spacing in fog, leading to closer 
following distances [2, 21]. 

Research shows that drivers’ speed, reaction time, 
and steering vary depending on their experience, 
visibility, road type, and driving conditions [23-25]. Gao 
et al. (2020) [26] indicate that drivers in foggy conditions 
may accelerate earlier to follow leading vehicles closely, 
while Deng et al. (2019) [27] found that braking reaction 
time increases by 30% in fog. Furthermore, in mixed 
traffic scenarios, different categories of vehicles share 
the same roadway, frequently disregarding the assigned 
lanes. This situation complicates driving in foggy 
conditions. Consequently, it is essential to examine 
driving behavior in such mixed traffic environments.

2.3	 Psychological and physiological effects

Fog can lead to risky manoeuvres, physiological 
fluctuations, and psychological distress, impacting 
traffic safety [28]. It increases the risk [29] and severity 
[30] of crashes. Wu et al. (2018) [31] found that fog 
raised crash risk by 40% in Florida. Additionally, fog 
can greatly hinder drivers’ capacity to identify and 
react to hazards on the road, thereby increasing the 
dangers associated with shorter following distances [32]. 
Incidents occurring in foggy conditions often involve 
several vehicles and can lead to collisions and pile-ups 
[33]. Lynn et al. (2002) [34] investigated multivehicle 
crashes in Virginia attributed to fog and recommended 
using variable speed limits (VSL) to alert drivers to 
potential hazards [35-37].

2.4	 Insights from literature and objectives  
of the study

The literature reveals a significant influence of fog 
on traffic parameters like speed, flow, and headway. 
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calibration technique adopted from [41]. The converted 
field coordinate file contains the columns i, Xi,t, Yi,t, t 
where i denotes the vehicle number, Xi,t and Yi,t denote 
the longitudinal and lateral coordinates of the vehicle 
at time t, respectively. By knowing the time of travel of 
the vehicle over a  large trap length (>100 m) for every 
section, individual vehicle speeds were calculated.

To conduct the analysis on free-flow speed, the IDs 
(identification numbers) of vehicles travelling at free-
flow speed are separated from the overall individual 
speed dataset, based on the criteria outlined in the 
Indian Highway Capacity Manual [38]. The term “free-
flow condition” means that vehicles can move without 
being slowed down by prevailing traffic.

4.2	 Measurement of visibility

In foggy weather conditions, road visibility can be 
quantified through the use of various devices such as 
a Visiometer, Photovoltaic cell [42], Optical sensor [43] 
etc. Hautiere et al. (2007) [44] have established a novel 
image-based method to estimate visibility, defining it as 
the distance at which the contrast threshold of a dark 
object decreases to 5% of its original value in fog. Say,
BVf,w = Brightness of white portion in foggy weather,

4	 Data extraction

Two-fold data extraction of traffic and fog are 
conducted simultaneously from the selected traffic 
locations in Table 1 is presented below.

4.1	 Traffic data extraction

The present study uses the YOLOv8 detection 
algorithm [39] with the DeepSort tracking algorithm 
for vehicle detection [40]. Pre-training is conducted by 
manually drawing rectangular boundaries over vehicle 
images retrieved from the traffic videos, and classifying 
them into seven different vehicle classes (Figure 2). The 
algorithm is trained using vehicle image datasets from 
both foggy and non-foggy weather conditions. Accuracy 
of new vehicle detection by the trained YOLO model 
ranges from 50% to 97% with the vehicle types. Then, 
all the collected videos, totalling over 1900 minutes, 
underwent automatic vehicle detection by the YOLO 
(Figure 2). Image coordinates of the bounding box edges 
for each detected vehicle over every time frame are 
saved.

The image coordinates of the detected vehicles are 
then transformed into field coordinates using a camera 

Figure 1 Flowchart of the overall methodology

Table 1 Traffic and fog data collection locations

S. No Name of the road Location of the road Lanes per 
carriageway Type of road

1 NH 16, (Chennai Kolkata Highway) Salkia, dist Howrah West Bengal 3 Urban

2 West Bengal SH-13 Chandannagar, Dist. Hoogly, West 
Bengal 2 Inter-urban

3 NH-5 Knowledge City, Dist. SAS Nagar, Punjab 3 Urban

4 NH-7(Chandigarh Patiala Road) Ramgarh, Dist. SAS Nagar, Punjab 2 Urban

5 NH-7 (Rajpura bypass) Patiala Road, Dist. Patiala Punjab 2 Inter-urban

6 NH-8 Zirakpur, Dist, SAS Nagar, Punjab 2 Inter-urban

7 NH-44 (Grand Trunk Road) Rajpura, dist. Patiala, Punjab 3 Inter-urban

8 NH 44, Jammu Delhi Road Madhopur, Dist Fatehgarh Sahib, Punjab 3 Inter-urban
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of the object from the camera is calculated using 
the camera calibration [41]. Figure 3 demonstrates  
the process.

A sample plot for one of the sites of Cr against various 
distances is shown in Figure 4. Negative exponential 
curve has the best fit (Equation (2)) .R 0 792 =^ h  
for these plots. Based on the equation, the distance 
corresponding to Cr = 1 was calculated.

. ,y e2 68 . x0 019= - 	 (2)

where, y = Cr  and x = distance in m.x = distance.
This analysis of visibility calculation is 

conducted for visibility up to 800 m and verified 
with the meteorological data of the nearest weather 
station at the time of recording. For visibility more 
than 800 m, only meteorological visibility values  
are considered.

BVf,b = Brightness of black portion in foggy weather,
BVc,w = Brightness of white portion in clear weather,
BVc,b = Brightness of black portion in clear weather.

The distance in a foggy weather when Cr (Contrast 
ratio) equals 0.05 is termed as visibility by Hautiere et 
al. (2007). So, at visibility,

.C BV BV
BV BV

, ,

, ,
r

c w c b

f w f b
= -

-
	 (1)

In the present paper, an umbrella was painted 
black and white and it was moved along the road at 
every site and every 10-15 min or whenever visibility 
has drastically changed. BV ,f w  and BV ,f b  are recorded 
using the brightness values of pixels (mouse clicked 
manually in the video frame), corresponding to the black 
and white portions of the umbrella at various distances 
from the camera. BV ,c w  and BV ,c b  are recorded 
earlier in clear weather conditions. The distance 

2(a) Manual detection for training

2(b) Automatic vehicle detection

Figure 2 Vehicle trajectory extraction using YOLOv8
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5.1 	Clustering of visibility

A  box-and-whisker plot is shown in Figure 
7 for separate vehicle types for the same visibility 
grouping of 100 m intervals each. From the box-
and-whisker plot, one can make the following  
observations:
•	 At lower visibility levels, free-flow speed increases 

with visibility.
•	 Median value of the free-flow speed has increased 

for visibility 0 to 300 m after which there has been 
a decrease in the free-flow speed for visibility 300 m 
to 500 m. Thereafter free-flow speed has remained 
consistent.

•	 Contrary to the larger spread of the dataset in 
Figure 5, vehicle type-wise free-flow speed is not 
observed to have a large variation (Figure 7).

•	 All the vehicle types have similar speed-visibility 
plot patterns. Cars have a  higher mean free-flow 
speed in every visibility range as compared to other 
vehicle types.

5	 Data analysis

Out of the entire vehicle dataset, 3,945 vehicles 
operated in free-flow conditions. The composition 
included 2,258 cars (57.2%), 627 two-wheelers (15.9%), 
276 LCVs (7.0%), 633 trucks (16.0%), 49 buses (1.2%), 
and 102 three-wheelers (2.6%). Further analysis focused 
on cars, trucks, LCVs, and two-wheelers, and excluded 
buses and three-wheelers due to their limited sample 
sizes. Visibility values during the travel were recorded 
for these vehicles, as well and plotted against free-flow 
speed on a logarithmic graph (Figure 5).

Figure 5 shows an initial increase in the free-
flow speed with visibility up to a  certain limit, then 
a reduction with further visibility improvement. Further, 
contour maps were generated to display the distribution 
of the dataset, including percentage frequency and 
cumulative frequency (Figure 6). These maps reveal 
three distinct sections, prompting further investigation 
into potential differences in driver behavior across these 
regions.

Figure 3 Estimation of visibility using black and white object

Figure 4 Contrast ratio vs distance plot for visibility estimation
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Figure 5 Free-flow speed vs log of visibility

	 a) Contour map of percentage frequency	 b) Contour map of cumulative percentage frequency

Figure 6 Contour plot of percentage frequency and cumulative percentage frequency of free-flow speed vs visibility

Figure 7 Box and whisker plot of Free-flow speed vs Visibility groups
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(2)	 Regime 2: Visibility values 382 m to 800 m. (higher 
speeds and shallow fog)

(3)	 Regime 3: Non-foggy data (clear weather conditions).
The clustering analysis reveals three distinct ways 

in which the drivers perceive fog. We checked the regime 
1-regime 2 boundary for different vehicle types and 
found it lying at almost the same range (< 382 m for 
cars, < 382 m for trucks, < 390 m for LCVs, and < 400 m 
for two-wheelers). This suggests that driver behavior 
patterns with fog remain consistent across vehicle types. 
Thus, drivers assess fog levels independent of their 
vehicle type.

5.2	 Modelling of free-flow speed vs visibility

Distinct regime-wise models are necessary to 
illustrate how visibility affects the free-flow speed across 
different fog levels. In this regard, regression curves are 
plotted for all the vehicle classes in regime 1. In regime 
2, there is no significant relationship between visibility 
and free-flow speed, but mean speed is notably higher 
than in regime 3. A  linear relationship between free-
flow speed and visibility levels can accurately represent 
the trend of visibility versus speed across all the vehicle 
types for regime 1. Increasing the degree of the equation 
does not significantly enhance the goodness of fit of the 
regression curve. Consequently, the entire dataset is 
modelled as regression lines, (Equation (3)) differently 
for different vehicle types.

u av b R= + + 	 (3)

where u = free-flow speed in km/h, v = visibility in m, 
a = slope and b = intercept of the regression line, R = 
Residual of the corresponding regime. Table 2 shows the 

The one-way ANOVA indicates a significant overall 
difference in means across the visibility groups 1-8 (p 
< 0.05). Pairwise ANOVA reveals statistically different 
free-flow speeds at most group levels (p < 0.05), except 
for groups 2 and 6 (p = 0.07), groups 3 and 7 (p = 0.59), 
and groups 5, 6, and 7. From the ANOVA test and box-
and-whisker plot, it is evident that drivers reduce speed 
in visibility up to 200 m, then increase speeds between 
200 m and 400 m, albeit higher than in clearer conditions 
(> 400 m visibility). Authors of [7-8] also observed this 
counterintuitive result, suggesting that drivers may 
increase speed at medium or shallow visibility levels 
due to a perceived decrease in visible information in the 
peripheral field of view. 

It is essential to determine if the speed changes 
continuously with visibility or if there are specific 
fog levels where it changes abruptly, which can be 
confirmed by identifying distinct clusters. To advance 
in this direction, K-means clustering has been opted 
for the foggy dataset (up to 800 m) only. By performing 
a hard clustering analysis, one can distinctively identify 
the fog level where the driver behaviour changes. 
The optimum number of clusters is identified by the 
Silhouette score [45]. The Silhouette score values for 
2, 3, 4, and 5 numbers of clusters are 0.75, 0.59, 0.59, 
and 0.50 respectively. Thus, the optimum number of 
clusters in foggy weather is two. The clustering of free-
flow speed data of cars in foggy weather is shown in 
Figure 8, other vehicle type datasets can be clustered 
similarly. Considering a  separate regime for clear 
weather conditions, the entire dataset is now clustered 
into three regimes as mentioned below. The regimes 
are shown for cars and similar regime boundaries are 
observed for other vehicle types.
(1)	 Regime 1: Visibility values less than 382 m. (speed 

increases with visibility)

Figure 8 Clustering of visibility with free flow speed for cars showing two distinct clusters
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Table 2 shows that the standard deviation of free-
flow speed is higher in regime 1 (dense fog) than in 
regime 2 (shallow fog) for all vehicle types, indicating 
greater speed variability and potentially higher crash 
risk [46]. An F-test reveals f-values of 25.47, 35.19, 
27.89, and 9.12 for cars, trucks, LCVs, and two-wheelers, 
respectively, indicating significant variance differences 
in free-flow speeds between the two regimes for each 
vehicle type. We use the linear regression values from 
Table 2 in Equation (3) and plot them in Figure 9, along 
with the corresponding safe stopping sight distance 
(SSD) curves for comparison. The SSD calculations 
consider deceleration, road friction (0.35), and reaction 
time (2.5 sec) as per AASHTO (2018) [47]. Vehicles 
travelling below the safe SSD curve are considered safe, 
whereas those with free-flow speeds above the curve may 
pose a risk during the emergency braking.

Cars generally maintain higher free-flow speeds 
in foggy conditions compared to other vehicle types, 
with trucks having the lowest speeds, perhaps due to 
their limited manoeuvrability. Regression curves show 
that at visibilities below 60 m, the safe speed for cars 
determined by SSD criteria is higher than the modelled 
speed. In regime 1, 14.85% of cars exceed the safe SSD 
speed, while less than 1% of other vehicles do. This 
indicates a higher risk of collisions for cars in dense fog 
if they do not adhere to safe SSD. This result can help 

regression parameters for all vehicle types. The mean 
and standard deviation values against the corresponding 
regime and vehicle type are also expressed in Table 2. 
Overall, the residuals (R) are observed to statistically 
best follow Gamma (3P) distribution as ascertained by 
the Kolmogorov-Smirnov test, but they do closely follow 
normal distribution as well. We assess the consistency of 
residual spread about the regression curve with changes 
in visibility. Initially, the Goldfeld-Quandt (G-Q) test 
is conducted on regime 1 dataset for each vehicle type. 
The resulting p-values for cars, trucks, LCVs, and two-
wheelers are 0.01, 0.85, 0.71, and 0.80, respectively, 
indicating heteroscedastic residuals in the cars’ dataset. 
To address this, residuals are modified (Rm) linearly 
with visibility. Subsequent G-Q tests on the modified 
residuals confirm homoscedasticity, allowing them to 
be modelled as a  single distribution. The equation of 
Gamma (3P) distribution is given as,

	
,

,

expf x x x

x

1

31#
b
a

c
b

c
b

c

= - - -

a a-

^ d d d
^

h n n n
h
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where, a=shape parameter, b=  scale parameter and 
c=  location parameter.

All distribution parameters and p-values are shown 
in Table 2.

Table 2 Linear regression parameters of free flow speed-visibility models

Vehicle type a b

Mean free-flow speed Standard deviation of 
free-flow speed Parameters of Gamma (3P) distribution

Regime 1 Regime 2 Regime 1 Regime 2 α β γ

p-value of 
residuals 

with observed 
distribution

Car 0.21 37.12 72.82 83.22 25.43 14.48 220.48 0.03 -5.7 0.24

Truck 0.13 29.79 52.31 63.41 18.54 17.37 117.48 1.49 -175.6 0.62

LCV 0.18 25.7 47.49 70.72  22.32 13.95 41.8 2.96 -124.2 0.99

Two-wheeler 0.2 20.41 52.62 62.01 20.65 15.84 108.52 1.5 -163.4 0.71

Figure 9 Linear regression plots of Free flow speed vs Visibility for Regime 1 and safe stopping  
sight distances for different visibilities
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variation in slopes between sites, the intercept remains 
statistically consistent for each section, suggesting 
uniform driver behavior across these locations.

6	 Summary of findings and future scope

In this study it was examined how fog affects vehicle 
free-flow speeds on inter-urban and urban highways in 
mixed traffic. Results show a  rising trend between the 
fog levels and vehicle speeds at low visibility (below 
382 m). In contrast, at higher visibility levels (382-800 
m), drivers tend to drive faster than in clear conditions 
and do not significantly adjust their speed for fog. This 
behavior is consistent across all vehicle types, although 
trucks show less variation due to their lower maximum 
speeds. To summarise, the research conducted in this 
paper can provide the following insights:
1.	 Free-flow speeds in foggy weather increase initially 

with visibility up to 382 m, then remain consistent 
but higher than in clear weather conditions.

2.	 Drivers perceive fog levels differently, with consistent 
variations across vehicle types, as observed through 
clustering analysis. The fog perception for each 
regime (dense, shallow or no-fog) needs separate 
modelling. 

3.	 Linear plots for driving in denser fog demonstrate 
that the free-flow speeds increase with visibility, 
with varying rates for different vehicle types. For 
cars, trucks, LCVs and two-wheelers moving in 

to improve the road safety by informing the development 
of targeted safety campaigns for car drivers, adaptive 
traffic control measures for over-speeding vehicles, and 
effective traffic regulations during dense fog.

5.3	 Comparison of obtained model for different 
types of vehicles

Figure 10 shows the analysis of covariance and 
the variation in slopes and intercepts among vehicle 
types. Trucks have a statistically lower slope, indicating 
consistent driving despite a  decline in visibility, as 
their speeds are already limited in clear conditions 
and do  not significantly decrease further. Cars have 
a  higher intercept, showing higher free-flow speeds at 
zero-visibility. The intercepts for trucks, LCVs, and two-
wheelers are similar, but cars’ intercepts are significantly 
higher. This indicates that cars are driven faster than 
other vehicles, and car drivers do not exercise sufficient 
caution at very low visibility levels.

5.4	 Location-wise validation of the model

The site-wise variation of slope and intercept for 
the regime 1 dataset is examined through analysis of 
covariance (Figure 11) to determine if the relationship 
between the free-flow speed and visibility holds true 
across different locations. While there is a  slight 

           
Figure 10 Slope (left) and intercept (right) comparison of the regression models for different vehicle types

Figure 11 Slope (left) and intercept (right) comparison of the regression models for different sections
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levels, to prevent a  sudden backward shockwave 
propagation. The speed limits can be ascertained 
by calculating safer accelerations or decelerations, 
along with the findings in this paper, as the fog 
levels vary on a longer stretch of road.
This study focused solely on free-flow speed for 

analysis, but a  comprehensive understanding of 
driving in foggy weather should examine car-following 
characteristics like headway, acceleration, and 
deceleration in foggy conditions. Researchers can use 
the outcomes from this study to simulate how varying 
fog levels on a road affect vehicle speed and generate the 
simulated shockwaves resulting from abrupt visibility 
changes. Implementing these findings in live speed 
display devices can help to adjust speeds gradually, 
reducing the backward shockwave caused by sudden 
visibility drops. Future studies on shockwave propagation 
in fog can further reduce fog-related accidents. This 
paper provides foundational insights for such research 
and practical applications.
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foggy weather, the free flow speeds increase by 2.1, 
1.3, 1.8 and 2 km/h, respectively, with every 10 m 
improvement in visibility levels. 

4.	 In dense fog (< 382 m), 14.85% of cars exceed the 
safe speed, posing potential safety risks.

5.	 Speeds remain consistent in shallow fogs (382-800 m 
visibility) but are approximately 10% higher than in 
clear weather conditions for all the vehicle types.

6.	 Cars consistently have the highest speeds across 
all visibility conditions, while trucks are the least 
affected by visibility as their speeds are already 
limited in clear conditions.
The findings from this study can be useful input 

tools for traffic planners, road designers and for 
a  work zone safety in fog. The authors propose the 
following suggestions for safe and efficient operations 
in foggy weather, as an immediate application of this  
paper.
•	 Practitioners can highlight this inadvertent speed 

increase in road safety programs using visual 
aids (e.g., photographs), implement it in driver 
training modules, enforce it through adaptive 
speed limit signs, and integrate it into advanced 
driver assistance systems to mitigate risky driving 
behaviors. 

•	 As cars drive faster than safe stopping sight 
distances in low visibility (0-382 m), drivers need 
to stay alert to avoid speed variations. Practitioners 
can install dynamic warning systems, implement 
variable speed limits, especially on roads with 
changing geometries and at work zones.

•	 Variable speed limits can be implemented to 
mitigate the speed variation between changing fog 
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