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INTRODUCTION

We are happy to invite you to get acquainted with the first issue of the new scientific and
practical publication "Intellectualization of Logistics and Supply Chain Management".

We strongly believe that the launch of this magazine indicates the objective need to
rethink a wide range of issues related to the development of theory and practice in logistics and
supply chain management, awareness of the need to unite the scientific community and logistics
practitioners, dissemination of modern knowledge and best practices forinnovative development
of the logistics services market.

The first issue of the magazine is published at a difficult time. The global coronavirus
pandemic and the deep economic crisis have significantly worsened business activity in the world.
Currently, global supply chains are collapsing, international trade is declining, and competition
between global and regional logistics operators is intensifying. The most common thesis is that
the world will never be the same again. Industry experts predict the emergence of new, more
flexible and adaptive supply chain management strategies and approaches to logistics business
process management. The trend towards collaborations, cooperation and unification of services
is emerging, comprehensive proposals for clients are being developed. There is increasing talk
about the need to build bimodal supply chains, which involves the development of different
decision-making scenarios: the traditional approach - cost-effective efficiency, low risk, high
predictability; a new approach "second mode" - rapid recognition of opportunities, adaptability,
willingness to solve unexpected problems and look for new opportunities.

Radical transformations of the global and national markets for logistics services require
appropriate scientific support. Logistics science has a special role to play in this process. Initiating
the emergence of a new journal, we decided to focus on its coverage of problematic aspects of
the formation and development of logistics systems at the micro, mezo and macro levels, supply
chain management, digitization of logistics, methods and tools for optimizing processes in
logistics and supply chains, sociopsychology relations and network interaction of enterprises
using cloud technologies, artificial intelligence, e-learning, neural business process management
systems, etc.

Therefore, we invite scientists, researchers and business representatives, as well as our
colleagues from abroad, to cooperate and present the results of scientific research, to discus and
debate on them, to work together to develop the scientific theory of logistics and promote mutual
intellectual enrichment.

We hope that the new scientific publication will become a theoretical guide for young
researchers and representatives of other fields.

HRYHORAK Mariia
Chief Editor

This work is licensed under a Creative Commons Attribution 4.0 International License
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CONTEMPORARY CHALLENGES OF AVIATION LOGISTICS
SAFETY

Dmytro Bugayko, Svitlana Smerichevska, Danylo Bugayko. “Contemporary challenges of
aviation logistics safety”. Safety is an integral criterion for the development of aviation logistics. With the
development of jet aviation, the first key problem was the failure of new aviation equipment. In these conditions
of rapid development, Annex 13 to the Chicago Convention of 1944 was adopted, which included Standards
and Recommended Practices in the field of methods for investigating disasters and serious incidents. Thanks to
active work in the field of flight safety, the industry managed to overcome the criticality of technical failures.
However, as always in aviation safety, a decrease in the criticality of one component leads to an increase in the
criticality of another component. Thus, the weak link in the man-machine-environment triangle turned out to
be a person. The organizational factor brought a conceptual shift in understanding the place of the human
factor in safety. At the same time, the following problem emerged. Against the background of an active decrease
in the probability of aviation accidents, unfortunately, the annual number of fatalities in aircraft crashes is
relatively stable. Recognizing the problem, Annex 19 to the Chicago Convention of 1944 was developed, which


mailto:bugaiko@kai.edu.ua
mailto:smerichevska.s@gmail.com
mailto:danilagalicki113@gmail.com

The electronic scientifically and practical journal 7-17
“INTELLECTUALIZATION OF LOGISTICS AND SUPPLY CHAIN MANAGEMENT”, v.35 (2026)
ISSN 2708-3195 https://smart-scm.org

included generalizing approaches to the development of a comprehensive aviation safety system. The dramatic
events of the last decade - numerous wars and conflicts, economic recessions and crises and, first of all, the
COVID-19 pandemic - outlined modern challenges to the aviation logistics safety system.

Keywords: aviation logistics, safety, challenges, proactive risk management.

Amumpo byaaiiko, Ceimnana Cmepivyeacbka, JJaHuno byaaiiko. «Cy4yacHi euknuku 6e3neku
asiayitiHoi nozicmuku». be3neka € iHMe2panbHUM Kpumepiem po3sUMKy asiayitiHoi noeicmuku. 3
pO38UMKOM peakmusHoOI asiayii nepuior HapixkHot npobiemoro cmasa 8ioMosa HO8OI asiayiliHol mexHiku.
B yux ymosax cmpimko2o po3gsumky ompumas 000amox 13 0o Yukazwbkoi koH8eHUii 1944 poKy, AKul 8K/o4U8
8 cebe CmaHAapmu ma PekomeH008aHy lpakmuky 3 HanpsaMKy MemoouKu po3ciidy8aHHA kamacmpog ma
ceplio3Hux iHYudeHmig. 3as0aKku akmueHilt pobomi e cghepi 6e3neku nosavomis 2anysi 80asnoca nodonamu
KpumuyHicme mexHidHux giokasis. OOHAK, AK 3asxou y 6e3neyi asiayii, 3HUXEHHA KpUMUYHOCMI OOHi€i
CK/1a00807 Npu3800UMb 00 36isIbWEHHA KpUMUYHOCMI iHWOI cKknadosoi. Omxe c1abKum J1aHU20M Y
MPUKYMHUKY JII00UHA-MAWUHA-308HIWHE cepedosuuye 8uA8UIacs MoouHa. OpzarizayitiHuti hakmop npuHic
KOHUenmyasnbHUU 3Cy8 y po3yMiHHI Micysa 1100cbko20 ¢hakmopy y 6e3neui. [pu ybomy sussunacs HAaCMynHa
npobnema. Ha ¢hoHi akmusH020 3MeHWeHHA 8ipo2iOHOCMI asiayiliHux Kamacmpod, Ha Xanab, WOopiyHa
Kinekicme 3a2ubnux asia mpow, mae 8i0HocHO cmabinsHUl xapakmep. Ycgidomsmowyu npobnemy, 6ysno
po3pobnieHo [Jooamok 19 0o Yukasbkoi koHseHyii 1944 poky, Akul 8ko4ue 8 cebe y3az2dsibHI04i NiIOXoou
wWo0o po38UMKY KomnsiekcHoi cucmemu 6e3neku asiayii. lpamamuyHi nodii ocmaHHL020 decamunimms —
yucesnibHi BilIHU Ma KOHGIIKMU, eKOHOMIYHi cnadu ma Kpusu ma, 8 nepwy 4epey, naHoemis COVID-19
OKpec/IUu/IU Cy4acHi BUKIUKU cucmemi 6e3neku asiayitiHoi no2icmuku.

Knrouoei cnoea: aBiaLiiHa norictika, 6e3neka, BUKNNKKW, MPOAKTVMBHE YNPABIiHHA prU3nKamMm

Introduction. Safety is an integral disaster per 10,000 flights and continued to

criterion for the development of aviation
logistics. Over the years of development, the
aviation safety management system has gone
through a number of conceptual stages.

Technical era. With the development of
jet aviation, the first key problem was the
failure of new aviation equipment. The
probability of a disaster in these conditions
was 1 disaster per 1000 flights, which is an
excessively high figure [1].

In these conditions of rapid
development, Annex 13 to the Chicago
Convention of 1944 was adopted, which
included Standards and Recommended
Practices in the field of accident and serious
incident investigation methodology [2].
Thanks to active work in the field of flight
safety, the industry managed to overcome the
criticality of technical failures. They continued
to occur, while, as a rule, not leading to
catastrophic consequences. The probability
of disasters gradually decreased to one

decrease [1].

The era of the human factor. However, as
always in aviation safety, a decrease in the
criticality of one component leads to an
increase in the criticality of another
component. Thus, the weak link in the triangle
of man-machine-environment turned out to
be a person. In 1970-2000, standards and
Recommended Practices of the 18 Annexes to
the Chicago Convention of 1944 were actively
developed. Particular attention was paid to
solving human factor problems, developing
the principles of Crew Resource Management
and Fatigue Risk Management Systems. The
probability of disasters gradually decreased
to one disaster per 100,000 flights and
continued to decrease [1].

The era of the organizational factor. The
organizational factor brought a conceptual
shift in understanding the place of the human
factor in safety. By organizational factor we
mean the following maxim: “if a person makes
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a mistake during interaction in the triangle of
man-machine-environment, not only the
person is to blame, but also the system that
allowed the person to make this mistake and
did not provide him with additional means of
protection after it was made.

At the same time, the following problem
has emerged. Against the background of an
active decrease in the probability of aviation
accidents, unfortunately, the annual number
of fatalities in aircraft accidents is relatively
stable. This is due to the global trend of a
doubling of the number of flights every 15
years. And although the probability of a
disaster now reaches a record figure of one
disaster per 10,000,000 flights [1], the
situation is reminiscent of the conversation
between Alice and the Queen from Lewis
Carroll's book "Alice in Wonderland" - here
you need to run very fast to stay in the same
place [3]. Recognizing the problem, Annex 19
to the 1944 Chicago Convention was
developed [4], which included general
approaches to the development of a
comprehensive aviation safety system, which
creates the basis for the development of a
global system-wide era of aviation safety.

7-17
v.35 (2026)
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The dramatic events of the last decade -
numerous wars and conflicts, economic
recessions and crises, and, above all, the
COVID-19 pandemic - have outlined modern
challenges to the aviation logistics safety
system.

The purpose of the article: analysis of
modern challenges to the aviation logistics
safety system and development of a set of
proactive measures to maintain a globally
agreed level of safety in conditions of
uncertainty.

Presentation of the main research
material.

Global tendencies of aviation safety. The
COVID-19 pandemic has had a devastating
impact on the development of civil aviation.
For the first time in history, the reduction in air
traffic has become critical for the industry.
This has led to conceptual changes in industry
management strategies at the global,
regional and national levels [5]. Fig. 1 shows
Global traffic of passengers. Fig. 2 shows
Global traffic of flight departures.

Passengers (billion)

4.50

4.53

2019 2020 2021

2022 2023 2024

Figure 1 - Global traffic of passengers (billion)
Source: ICAO Safety Report 2025 Edition [6].
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Flights (million)

2019 2020 2021

2022 2023 2024

Figure 2 — Global traffic of flight departures (million)
Source: ICAO Safety Report 2025 Edition [6].

2020 became a crisis year for the entire
industry as a whole. Thus, in 2020, the global
volume of transportation decreased from 4.5
to 1.8 billion passengers

(- 60%), and the number of flights from
38.79t0 22.47 (- 42%).

The main risks of the crisis were:

— unprofitability of passenger
transportation,

— rapid burnout of financial assets of
industry enterprises,

— reduction of the aircraft fleet,

— and, as a result of the implementation
of a strict cost-saving program, a sharp
reduction in experienced, certified aviation
personnel.

To assist civil aviation authorities in
managing aviation safety risks during the
Coronavirus disease (COVID-19) pandemic,
ICAO developed “ICAO Guidance for Civil
Aviation Authorities on Aviation Safety Risk
Management Issues Related to COVID-19”
(Doc 10144) [5, 7].

Gradually, the civil aviation industry
stabilized its work by implementing proactive

risk management, diversifying activities
towards the development of cargo and mail
air  transportation, introducing special
quarantine  measures and mandatory
vaccination of the population. In the period
from 2021 to 2024, we see a gradual increase
in civil aviation production indicators. In 2026,
we can state - aviation industry at the pre-
pandemic level and support the trends of
double growth in transportation volume
every 15 years. The industry gradually coped
with economic crisis phenomena, the aircraft
fleet and infrastructure stabilized. The main
residual vulnerability of the system is the
provision of Critical Element 4 of the ICAO
Safety Oversight System “Qualified technical
personnel”. During the years of the pandemic,
many employees of the global civil aviation
industry lost their certification, resigned and
found new jobs. The rapid growth of air traffic
volume is leading to a growing gap in
personnel shortages and skills that cannot be
quickly overcome. Figure 3 shows the 2024
Safety Review. Figure 4 shows Fatal accident
records: 2019-2024 scheduled commercial
operations.
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Flights (million): 37.09
Passenger (billion): 4.528
Accidents: 95

Fatal accidents: 10

Fatalities: 296

Serious injuries: 134

(Global accident rate: 2.56 accidents
per million flight departures

Fatality rate: 6b fatalities
per billion passengers

Figure 3 - Safety Overview 2024
Source: ICAO Safety Report 2025 Edition [6].

350 12
300

298 10
250 . o
o 239 S
£ 200 7 =
5 6 6 =
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100 Z

104
50 v 2
1
0 0

2019 2020 2021 2022 2023 2024
M Fatalities Fatal Accidents

Figure 4 — Fatal accident records: 2019-2024 scheduled commercial operations
Source: ICAO Safety Report 2025 Edition [6].
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Thus, in 2024, after many vyears of
decreasing fatal accidents and their victims,
we are witnessing a quantum leap in the
decline of the global level of aviation safety. In
2024, there was a tenfold increase in fatal
accidents (10 compared to one in 2024) and a
more than fourfold increase in the number of
victims (296 compared to 72 in 2023). In
addition, 134 serious injuries were registered.
The global accidents rate was 2.56 accidents
per million aircraft departures. The fatality
rate was 65 victims per billion passengers [6].

7-17
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Of course, civil aviation is an open system
and is subject to thousands of different
threats, but this trend cannot but worry
experts. The green zone risk zone is sharply
decreasing. This tendency requires the
development of a number of rapid
institutional measures.

Regional tendencies of aviation safety.
Let's consider regional tendencies of aviation
safety. Fig 5 shows number of fatal accidents
by ICAO Region in 2024.

Figure 5. Number of fatal accidents by ICAO Region in 2024
Source: ICAO Safety Report 2025 Edition [6].

An analysis of the regional safety statusin
2024 reveals that fatal accidents occurred in
virtually all ICAO regions, with the exception
of Western and Central Africa (WACAF), where
passenger traffic is significantly lower than in
other regions. Table 1 shows departures,
accidents, and fatalities by ICAO Region based
on State of Occurrence in 2024.

An analysis of regional statistics confirms
the dependence of the number of accidents
and casualties on the number of departures.

In 2024, the highest number of accidents
occurred in the regions with the highest

aviation trafficc North America, Central
America and Caribbean NACC (37), Asia and
Pacific APAC (23), Europe and North Atlantic
EUR/NAT (22) [6].

A similar number of fatal accidents (3 per
region) occurred in Asia and Pacific APAC and
Europe and North Atlantic (EUR/NAT) [6].

The highest number of casualties was
recorded in Asia and Pacific APAC (185), South
America SAM (62), Europe and North Atlantic
EUR/NAT (40) [6].
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Table 1. Departures, accidents and fatalities by ICAO Region based on State of Occurrence

in 2024
Estimated Accident rate | Number of .
. Number of o Number of Serious
1O Eer dep.ar.tures accidents negilion f.atal fatalities injuries
(million) departures) accidents
Asia and Pacific
APAC 12.37 23 1,86 3 185 78
Eastern and
Southern Africa 0.78 3 3,85 1 2 1
(ESAF)
Europe and
North Atlantic 9.23 22 2,38 3 40 23
(EURINAT)
Middle East
(MID) 1.40 2 1,43 1 1 1
North America,
Central America
and Caribbean 11.10 37 3,33 1 6 24
(NACC)
South America
(SAM) 1.95 6 3,08 1 62 6
Western and
Central Africa 0.26 2 7,62 1
(WACAF)
World 37.09 95 2,56 10 296 134

Source: ICAO Safety Report 2025 Edition [6].

The highest number of serious injuries
was recorded in Asia and Pacific APAC (78),
North America, Central America and
Caribbean NACC (24), Europe and North
Atlantic EUR/NAT (23) [6].

Based on the above, unfortunately, even
the most technologically advanced regions of
the world are not 100% safe for civil aviation
operations.

National tendencies of aviation safety of
Ukraine. Despite the stereotype that during
the war, Ukrainian civil aviation does not fully
perform operational activities due to the
closure of airspace, this is not the case. A
number of Ukrainian airlines continue
commercial operations from foreign bases,
flight crew training is provided, and aviation
work is performed [8].

In 2024, the total flight hours of certified
airlines amounted to 90,988 flight hours,
which is 12% more than the flight hours in
2023 (80,378 hours). This was due both to an

increase in commercial transportation, as a
result of which transport companies flew
86,655 hours (in 2023 - 76,999 hours), and to
an increase in the flight hours when
performing aviation work and scientific and
technological research, where the flight hours
amounted to 4,333 hours (in 2023, the flight
hours were 3,379 hours) [9].

Among the main threats that accompany
the operational activities of Ukrainian airlines
during the war period, it is possible to
highlight:

The difficulties to perform regular
flights from the territory of other countries.
Economic problems associated with
the increase in operating costs on the territory
of other countries.

Remoteness from repair and material
and technical bases.

Insufficient staffing with qualified
aviation personnel, and as a number of
aviation workers defend the Motherland, and
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many women with children are temporarily
abroad.

An increase in the volume of
transportation combined with the impact of
objective threats in rare cases leads to
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aviation incidents. The classification of
aviation incidents in Ukraine in 2024 is
presented in Figure 6.

D - Disasters

A - Accidents

S| - Serious
Incidents

| - Incidents

DAG - Damage to
aircraft on the ground

Foreign - aircraft
occurrences

Figure 6 — Distribution of occurrences involving aircraft entered in the Civil Aircraft Register
of Ukraine and aircraft of foreign registration that occurred in 2024 by class
Source: "Analysis of the state of aviation safety based on the results of the investigation of aviation
accidence and incidents with civil aircraft of Ukraine and foreign-registered aircraft in 2024". National Bureau
of Transport Investigations of Ukraine [9].

In 2024, during the operation of
commercial civil aircraft of Ukraine during
passenger and cargo transportation, aviation
work, training flights and operation of general
aviation aircraft, the following occurred: 1
disaster (during a training flight); 2 accidents
(during training flights); 1 serious incident; 51
incidents; 3 aircraft damage on the ground; 2
extraordinary events [9].

During 2024, no flights of foreign civil
aircraft were performed on the territory of
Ukraine, however, during the analyzed
period, 12 reports were received about
incidents with aircraft manufactured or
developed in Ukraine, or such incidents

during which citizens of Ukraine died, in
particular: 8 incidents with amateur-built
aircraft of the Ukrainian enterprise Aeroprakt
LLC - a manufacturer of ultralight aircraft,
namely 4 crashes, 3 accidents and 1 serious
incident; 2 crashes with foreign-made aircraft
during which 4 citizens of Ukraine died; 1
accident and 1 serious incident with aircraft
developed by Ukraine [9].

Statistics of aviation incidents and
incidents with civil aircraft of Ukraine in 2024
are presented in Table 2.

When performing passenger and cargo
transportation on regular and irregular routes:
in 2024 there were no disasters and accidents,



The electronic scientifically and practical journal

“INTELLECTUALIZATION OF LOGISTICS AND SUPPLY CHAIN MANAGEMENT",

ISSN 2708-3195

as in 2023; 1 serious incident occurred, while
in 2023 there were none; the number of
incidents is 51, in 2023 there were 48; 3
damage to the airframe occurred, in 2023
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there were 7; 2 emergency events occurred,
and in 2023 there were 5 emergency events
[9, 10].

Table 2. Aviation accidents and incidents with civil aviation of Ukraine in 2024

Number of occurrences Number of victims
Ne Occurrences classification abso“.”e 1o L e died injured
quantity hours
2024 2023 2024 2023 2024 2023 2024 | 2023
| Number of accidents and incidents during commercial transportation
1.1 Disasters
1.2 Accidents 1 Qn 1,29 2
1.3 Serious incidents 1 1,150 0
14 Incidents 51 48 58,81 62,3
I Number of accidents and incidents during aviation operations, including training flights
2.1 Disasters 1 2,3 0 1
2.2 Accidents 2 4.6/ 0 2
2.3 Serious incidents
24 Incidents
] Total number of accidents and incidents with Ukrainian civil aviation
3.1 Disasters 1 1,10 0 1
3.2 Accidents 2 1 2,21 1,24 2 2
33 Serious incidents 1 1,10 0
34 Incidents 51 48 56! 59,7
3.5 Total 95 49 60,4/ 60,9 1 2 2

Source: "Analysis of the state of aviation safety based on the results of the investigation of aviation
accidence and incidents with civil aircraft of Ukraine and foreign-registered aircraft in 2024". National Bureau
of Transport Investigations of Ukraine [9].

When performing aviation work (including
training flights): in 2024 there was 1 disaster,
while in 2023 there were none; 2 accidents
occurred, and in 2023 there were no
accidents; There were no serious incidents,
incidents, aircraft damages and emergencies,
asin 2023 [9, 10].

In the operation of general aviation:
information on disasters, accidents, serious
incidents, incidents, aircraft damage on the
ground, emergencies that occurred during
2024 was not received, as in 2023 [9, 10].

Thus, despite the extremely difficult
conditions of operational activities in
wartime, Ukrainian civil aviation managed not
only to gradually increase its presence in the
global and regional air transportation market,
but also to maintain a consistent national
level of safety through the development of
safety management systems.

Managers and specialists of the National
Bureau of Transport Investigations of Ukraine
and Ukrainian airlines constantly improve
their qualifications at the ICAQ Institute of the
National University "Kyiv Aviation Institute",



The electronic scientifically and practical journal

“INTELLECTUALIZATION OF LOGISTICS AND SUPPLY CHAIN MANAGEMENT”,

ISSN 2708-3195

which creates a platform for dialogue and
proactive risk management, both at the state
level and at the level of aviation organizations.
Strategic management of national aviation
security is based on synergy from the
development of the interface between state
regulatory authorities and the industry [11].
Conclusions. Unfortunately, despite the
fact that aviation has been and remains one of
the safest modes of transport, we can state
that its safety status at the global, regional
and national levels is not absolute. The
industry faces a number of objective threats,
one of the most urgent of which is the
problem of experienced, certified and stable
personnel. This problem is becoming even
more urgent for Ukraine, which for the fourth
year in a row has been counteracting military
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aggression unprecedented in the 21st
century. At the same time, the role of training,
retraining and upgrading of aviation
personnel and strengthening the role of
aviation educational institutions in this
process is fundamentally increasing. A
significant role in the national provision of
Critical Element 4 of the ICAO Safety
Oversight System  “Qualified technical
personnel” belongs to the National University
“Kyiv Aviation Institute”. The development of
interaction between the teaching staff of
aviation higher education institutions,
scientists, experts from international
organizations and the aviation community is
the key to achieving a synergistic effect for
increasing the acceptable level of safety at the
global, regional and national levels.
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USE OF ARTIFICIAL INTELLIGENCE IN MODERN CONDITIONS OF
DELIVERY BY UNMANNED AERIAL VEHICLES
(INCLUDING IN THE COMBAT ZONE)

Danylo Grabovsky, Dmytro Bugayko. “Use of artificial intelligence in modern conditions of
delivery by unmanned aerial vehicles (including in the combat zone)”. With the popularization of
unmanned aerial and ground vehicles as communication carriers, as well as a way to deliver goods and services,
the demand for automation of a number of processes related to the technical component of these actions has
increased. First of all, we are talking about the elimination of humans in making technical and machine
decisions, namely control, guidance, resetting or even takeoff and landing of the device using automation using
artificial intelligence. This is aimed at the fact that it is in the conditions of combat operations that the potential
development and improvement of communication systems, information transmission and general use of
unmanned vehicles takes place. In this article, we will consider the prerequisites for the emergence, the relevance
of the study, its purpose and our own experience of using artificial intelligence systems in unmanned systems in
real combat and civilian conditions.

Keywords: artificial intelligence, delivery, unmanned aerial vehicles, combat zone.

HAanuno Npaboecekuti, mumpo byaaliko. «BukopucmaHHA wmy4Ho20 iHmeseKmy 6 Cy4acHux
ymoeax docmasku 6e3ninomHumu aimansHuMmu anapamamu (y momy 4ucsi, e 30Hi 6oeaux 0ili)». 3
nonynapusayieto, 6e3ninomHux 1imanasHUX ma HazeMHUX anapamis, K HOCiig 38 'A3Ky, @ MAKOX, AK cNocoby
docmasku mosgapie ma nocsiye, 3pic nonum Ha asmomamusauito pady npoyecis, Ujo N08’A3dHI 3 MeXHIYHO


mailto:bugaiko@kai.edu.ua

The electronic scientifically and practical journal 18-22
“INTELLECTUALIZATION OF LOGISTICS AND SUPPLY CHAIN MANAGEMENT”, v.35 (2026)
ISSN 2708-3195 https://smart-scm.org

ckn1adosoto yux 0it. Hacamneped moga (ide npo ycyHeHHA /MOOUHU, Y NpUUHAMMI MexHiYHUX | MaWUHHUX
piweHs, a came KepysaHHsA, 00OHaseoeHHs, cku0 abo Hagime 371im ma nocadka anapamy 3a 00NOMOo20t0
asmomamus3auii 3a 00nomMo2oro Wmy4Ho20 iHmesnekmy. Lle cnpamosaHo Ha me, wjo came 8 ymogax 6olosux
0ili i0de nomeHyitiHUl po38UMOK i BOOCKOHAMEHHA cucmeM 38’A3KY, nepedadi iHhopmayii ma 3a2anbHo20
3acmocysaHHsa 6e3ninomHux anapamis. Y uili cmammi mu po3sznsHeMo nepedymMo8U BUHUKHEHHS,
akmyaneHicme 00Ci0XKeHHA, io2o Memy ma 8/1dcHUl 00C8i0 3aCMOoCy8aHHA cucmeM WMy4yHo20 iHmesiekmy
8 6e3ninomHux cucmemax 8 peasbHuUx 60li08UX MA YUBISIbHUX YMOBAX.
Knruoei cnoea: wtyyHnin iHTeneKkT, [OCTaBKa, 6€3ninoTHI niTanbHi anapaTty, 30Ha 601i0BUX Ail

Introduction. One of the prerequisites
for the use of artificial intelligence in modern
conditions of delivery by unmanned aerial
vehicles was the agricultural sector, where it
was necessary to reduce the cost of treating
fields with fertilizers and pesticides and
improve the process of supervising the
cultivation process. The best suited for these
tasks were copter-type drones, which were
initially used for aerial reconnaissance. These
drones were improved, added a spraying
system and nutrient loading, as well as the
power unit of the installation itself. Later,
automated software was added to make it
impossible for a person to make a mechanical
error during the spraying process. So, with the
beginning of the large-scale invasion into the
territory of Ukraine, a request appeared for
cheap, accurate and effective weapons
against enemy equipment and enemy
manpower.

Analysis of publications on the topic of
the study. A number of publications by
foreign and domestic scientists are devoted
to the development of the application of
artificial intelligence in the performance of
tasks by unmanned aerial vehicles. The
publications of Joshi, A. Spilbergs, A. &
Mikelsone, E. identify aspects of the impact of
the  environment, technologies and
availability of resources on autonomous
navigation and decision-making processes by
unmanned aerial vehicles based on artificial
intelligence in the field of defence security [1].

Dash, B., Ansari, M. F., & Swayamsiddha, S.
analyze the merger of artificial intelligence

and 5G in determining future technologies of
unmanned aerial vehicles [2].

In the publications of Sheygas OK,
Stepanko O.S., Dubovik G.V. Kashko V.G,
Torchylov 0.0., Dubnyuk A.V. [3] and Chepis,
O. [4]. the use of artificial intelligence for the
navigation of unmanned aerial vehicles was
investigated.

In the publication of D. O. Borovyk, M. O.
Zaretskyi, the use of drones and artificial
intelligence in the military strategy of Ukraine
was investigated [5].

The publication of Marko Radovanovic,
Aleksandar Petrovski, Aner Behlic, Mohamed
Zied Chaari, Elshan Giyas Hashimov, Radoslaw
Fellner, Abayomi Agbeyangi [6] is devoted to
the release of autonomous forces: the
integration of unmanned aerial vehicles with
artificial intelligence into modern military
strategy.

In the publications of Grabovskiy D.Y.,
Bugayko D.O., automation is defined as one of
the conceptual components of the future of
logistics [7, 8].

The purpose of the study is to
determine future directions for the use of Alin
unmanned aerial vehicles (UAV).

Presentation of the main research
material.

Table 1 provides an analysis of the main
types of unmanned aerial vehicles in service
with the Armed Forces of Ukraine, an
assessment of their effectiveness, and the
specifics of the use and potential of artificial
intelligence using in their operations.
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Table 1. Use of artificial intelligence by unmanned aerial vehicles of the Armed Forces of

Ukraine
Type of UAV Main function Ex::;z:;: g Efficiency Use of Al Limitations for Al |Potential with Al
R . Data collection, |"Leleka-100",|Range up to 50| None (manual [High speed, Electronic| In-flight video
econnaissance : . e . )
artillery adjustment Fury km analysis) warfare analysis
Destruction of - |«Switchblade None (manual | Processing delays Autonomous
Striking/Kamikaze equipment and », Accuracy 80% g aetays, )
control) resources target selection
manpower «Racoon»
- . , Payload up to | None (manual | . . . Route
Logistics Cargo delivery «Valkyrie» 20 kg planning) Simplicity of tasks optimization
Adaptive
Electronic warfare |Suppression of enemy| «Bukovel», [Range up to 50| None (manual . . response to
ot i " : Technical complexity .
drones communications Piranha km tuning) electronic
warfare
Reconnaissance | Autonomous analysis [Not in combat Theoretically Not C(.)St’ Autqnomous n-
. . . Electronic warfare flight data
(potential) and return use high implemented . .
technologies processing

Source: D. O. Borovyk, M. O. Zaretskyi (2025) [5]

From a systems engineering perspective,
unmanned aerial vehicles equipped with
artificial intelligence should be considered as

cyber-physical systems operating under
conditions of uncertainty, incomplete
information, and external adversarial

influence. The operational environment of
such systems, especially in combat zones, is
characterized by high levels of stochasticity,
dynamic threats, electromagnetic
interference, and limited computational and
energy resources. Under these conditions,
classical deterministic control models
become ineffective, necessitating the
application of adaptive, probabilistic, and
learning-based approaches [1, 3, 6].

Artificial intelligence in UAV delivery
systems performs not only a control function
but also a cognitive one, enabling perception,
interpretation, prediction, and autonomous
action. The perception layer integrates
multisensor data fusion, including inertial
navigation systems, satellite positioning,
optical and thermal imaging, and
environmental sensors. Al-based data fusion
algorithms increase robustness to sensor
failure and signal degradation, which is critical
in hostile operational environments [3, 4].

At the decision-making level, artificial
intelligence enables the implementation of
autonomous mission planning based on
multi-criteria optimization. These criteria
include flight safety, mission time, payload
integrity, energy efficiency, and survivability
under electronic warfare conditions. The use
of reinforcement learning and heuristic
optimization methods allows UAVs to
iteratively improve their decision-making
strategies based on accumulated operational
experience, both in civilian and military
contexts [2, 5].

A critical advantage of artificial
intelligence in UAV logistics is its ability to
ensure mission continuity under
communication denial conditions. By utilizing
pre-trained models, onboard data processing,
and decentralized control logic, UAVs can
maintain operational effectiveness even in
complete radio silence. This characteristic
fundamentally changes the paradigm of
unmanned delivery, shifting from remote-
controlled platforms to  self-sufficient
autonomous systems [1, 6].

Furthermore, the integration of Al into
UAV delivery systems enables predictive
logistics. Using historical mission data,
environmental parameters, and system
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performance metrics, Al algorithms can
forecast maintenance needs, battery
degradation, payload limitations, and mission
success  probabilities.  This  predictive
capability enhances the sustainability and
reliability of UAV-based logistics networks,
particularly in prolonged conflict scenarios [7,
8l.

The convergence of military and civilian
UAV applications demonstrates the dual-use
nature of artificial intelligence technologies.
Innovations originating in civilian sectors
such as agriculture and infrastructure
monitoring are rapidly adapted to military
logistics and vice versa, reinforcing their
strategic importance [4, 6].

Let's focus on our own practical examples
of using artificial intelligence in modern
conditions of delivery by unmanned aerial
vehicles.

Example 1 — With the advancement of the
technology of using drones, there was a
request for additional guidance to the target,
because in parallel with the development of
radio communication, control and
countermeasures to it were also developing.
To bypass the radio blockade, it was clear that
programming was needed that could
independently make a decision to switch to
another  communication  channel or
independently guide the device to the target
using advanced algorithms based on the
existing conditions.

Example 2 - we have a modified
argodrone that we use to deliver combat
equipment and provisions to positions. At the
same time, we cannot use the manual
operator mode due to the density of the
enemy's electronic warfare equipment.
Therefore, we program the drone as follows -
we have the coordinates of the takeoff
position - we have the coordinates of the drop
position and return to the takeoff point.
Enemy electronic warfare equipment will not
be able to intercept it, because it is already
flying along a given route "offline", and not in
manual control mode.

Example 3 - civil use - we have a field for
sowing wheat - the agrodrone has
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coordinates for fertilizer cultivation - it has a
starting point, the area of the field, as well as
a calculation of fertilizer use, a refuelling
point. Having these coordinates, we start
working using programming. The only thing
that will be needed is for a person at the
refuelling point to change the batteries on the
drone.

The above examples determine the
relevance of the research and the direction of
its application.

Therefore, we can say that one of the
most important and ambitious areas of use of
artificial intelligence in unmanned aerial
vehicle control systems is logistics: delivery,
sorting, warehousing, as well as
multifunctional technical actions associated
with these processes.

First of all, we can determine that Al helps
to replace a person in hard-to-reach places or
in places close to the conduct of hostilities. My
personal experience involved the use of Al
precisely in the delivery of provisions to
extremely difficult routes to fighters, even in
conditions of semi-encirclement, when
conventional logistics gives 50% delivery to
the target, and this in turn is a risk to people
and equipment. The drones used for this were
domestically produced - Baba Yaga, Vampire.
Food per load - 20 kg. Range up to 10 km.

Let's consider another example - a more
complex and systematized structure of
interaction of various fire and reconnaissance
means: we have two separate systems and
two different control stations, the first is a
reconnaissance drone, the second is an
artillery system "partisan”

The reconnaissance drone transmits the
coordinates of the enemy's equipment to the
calculator in the artillery system, the
calculator in turn analyzes the data and enters
them into its launch table, gives out data to
which the system automatically adjusts the
sight, after the data on the sight is set and the
system has checked the weather and weight
balance of the projectile, the launch occurs.

The reconnaissance drone at this time
monitors the enemy's defeat, if the impact
occurred, it returns to the starting position, if
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the impact did not occur, then a correction is
made and a new launch procedure begins.

Conclusions. From the above it follows
that almost allunmanned systems have a dual
purpose.

In addition, recently in the Donetsk
direction, the 3rd Army Corps stormed and
captured enemy positions without the use of
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human force - the entire assault was carried
out by unmanned complexes.

So, based on the above, we can come to a
unanimous conclusion: the use of artificial
intelligence  of  unmanned  systems
significantly  increases  their  accuracy,
reliability in conditions of uncertainty, and in
conditions of military operations it can save

the lives of personnel.
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ARTIFICIAL INTELLIGENCE AS THE BASIS FOR THE FORMATION
OF SUSTAINABLE INTEGRATED AIR TRANSPORT SYSTEMS IN
CONDITIONS OF UNCERTAINTY

Olena Harazha, Dmytro Shevchuk. “Artificial intelligence as the basis for the formation of
sustainable integrated air transport systems in conditions of uncertainty”. The article reveals the
application of artificial intelligence in the organization of air transportation of cargo and passengers in the
modern period of development, which is characterized by the rapid introduction of high-tech tools into all areas
of the aviation industry.

Rapid transformations concern not only the management sphere of society, but also the acceleration of
logistics activities in the organization of cargo and passengers in the context of deepening globalization and
integration through the use of complex routes with an increase in air transportation volumes in the
international market of trade, tourism and business activity. Thanks to artificial intelligence, it is possible to
automate the planning and adjustment of cargo transportation routes by multimodal transport, form
additional passenger flights during vacations, carry out total reductions in fuel costs, operating costs and
maintenance, which is becoming an important factor in the context of growing competition in the aviation
industry. It is well known that artificial intelligence systems have broad capabilities for fast and thorough
processing of large data sets in real time. The main problem is the complexity of integrating artificial intelligence
into modern aviation process management systems for ground and air support. It is obvious that outdated
equipment and software of airports and airlines require modern updating and the latest design solutions that
will meet modern norms and standards. It is well known that in different countries and regions there is a need to
harmonize the regulatory framework in accordance with the standards of the global community, which slows
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down the rapid implementation of innovations. By the way, one of the acute problems is the cybersecurity of
data regarding the transportation of cargo and passengers by air fleet. Therefore, to guarantee the safety of
flights and personal data of passengers, thorough protection against cyberattacks and hacking is necessary.

The purpose of our work is to study the theoretical and methodological basis for the implementation of
artificial intelligence in the formation of sustainable integrated air transport systems under conditions of
uncertainty.

The methodological basis for the study of artificial intelligence in the organization of air transportation is
a systems approach, which is based on the analysis of the structure of air transportation as a single whole and
all the relationships between its components. The main methods of the systems approach in the organization
of air transportation are: an analysis method, which considers all components of air transportation as a holistic
structure based on the relationships between its main elements (aircraft, airports, crews, dispatch services,
passengers); a modeling and simulation method, which allows testing various scenarios for predicting changes
in the structure of the system; The system integration method allows you to combine various subsystems of air
transportation and create a unique information system for managing the movement of the air fleet and other
components by creating a continuous flow of information between individual elements of the air transportation
structure for the purpose of coordination and management. The process optimization method involves
improving the efficiency of air transportation, taking into account the optimization of flight schedules and
resource potential management. The system monitoring and control method allows you to observe the
functioning of all elements of the air transportation chain based on the collection and processing of data in real
time in order to eliminate challenges and solve them.

Based on the results of the study, the following stages of the development of artificial intelligence in the
organization of air transportation were identified: 1. initial automation; 2. data analysis stage; 3. passenger
experience improvement stage; 4. intelligent pilot support systems; 5. autonomous flights. It was found that
powerful artificial intelligence resources direct efforts to implement innovations: first, artificial intelligence
affects the development and production of aircraft; second, artificial intelligence will ensure aviation safety;
third, artificial intelligence will solve the problem of staffing flights from pilots and flight crew; fourth, increasing
fuel use and reducing environmental impact; fifth, artificial intelligence allows you to order and book tickets in
advance using online services; sixth, new approaches to baggage handling; seventh, ethics and personnel
replacement. It is proven that the development of artificial intelligence in the organization of air transportation,
highlighting the main key points: route optimization, technical maintenance, passenger flow management,
autopilot and pilot assistance systems.

Key prospects for the further development of the use of artificial intelligence for the organization of air
transportation: 1. Further development of artificial intelligence will provide a breakthrough in the aviation
industry by creating aircraft on which the flight will take place without human intervention, including takeoff,
cruise phase, landing and control. 2. Individual approach to passengers. 3. Forecasting and optimization of
aircraft maintenance. 4. Increasing flight safety. Intelligent systems using artificial intelligence detect potential
threats and quickly respond to them. 5. Optimization of airline operations

Keywords: artificial intelligence, air transportation, passengers, cargo, autopilot, route, safety, ethics.

OneHa lapaxa, mumpo Lleesuyk. «lmyuHuli iHmenekm Ak ocHosa ¢hopMy8aHHA cmilikux
iHmezpoeaHux cucmem nogimpaHo2o0 mpaHcnopmy 6 ymoeax HegusHavyeHocmi». Cmamms po3Kkpusae
30CMOCY8AHHA WMYYHO20 iHMeaekmy 6 op2dHi3ayii asiayiliHux nepeeeseHb 8AHMAXI8 MA nacaxupie 8
Cy4acHul nepio0 po3gumky, AKUU XapaKkmepusyemoca CMPIiMKUM 8NnpoBAOXKEHHAM 8UCOKOMEXHOM02i4HUX
iHcmpymeHmig y 8ci cdpepu asiayitiHoi 2anysi.

LlisuOKicHi nepemeopeHHA CMOCYIOMbCA He MislbKU YnpassiHCLKOI cehepu XXumms cycninbcmaed, asne U
npuweudweHHsA s102icmuyHoi disslbHOCMI 8 opeaHi3auii saHmMaxie ma nacaxupie 8 ymosax noznubieHHA
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enobanizayii ma iHmezpayii WAAXOM 3AdCMOCY8AHHA CKIAOHUX Mapuwpymig i3 36inbweHHAM 06cAzi8
asianepeseseHb Ha MiXXHAPOOHOMY PUHKY mopeiesti, mypusmy ma bi3Hec-akmugHocmi. 3a80aKu wmy4yHomy
iHmMenekmy MoX/1u80 aemomMamusye8amu NAAaHYy8AHHSA i KOPU2YBAHHA MAPWpPymie nepeseseHb 8GHMAXI8
MyJIbMUMOOAbHUM MpPaHcnopmom, gopmysamu 0o0amkosi pelicu NACAXUPCbKUX nepege3eHb nid 4ac
8i0NOYUHKY, Npo8OOUMU MOMAsIbHi CKOPOYEeHHA 8umpam HA haaugo, ekcnsyamadyitiHi eumpamu ma
mexHiyHe 06C/1y208yY8AHHA, WO CMAE 8AX/TUBUM YUHHUKOM 8 YMOBAX 3p0OCMAioHoi KOHKypeHUil 8 asiayitiHil
iHOycmpii. 3a2anbHO8I0OMO, cUCMeMu WMy4YyHO20 iHMeneKkmy Marome WUPOKi MOXIUB0CMI 018 WUOKoi ma
rpyHmMosHoi 06pobKuU 8e/IUKUX MAcusie OaHUX y pedsbHOMY ydaci. [0/108HOIO NpobriemMoio € CKIAOHICMb
iHMe2payii wmy4Ho20 iHMesnekmy 8 Cy4acHi cucmemu ynpassiHHA asiayiiHumu npoyecamu Ha3emMHo20 ma
nosimpaHozo 3abe3neyeHHA. O4yeguoOHO, WO 3dcmapine 06/1A0HAHHA Ma npozpamHe 3abe3nedyeHHA
aeponopmis ma asiakomnaHiti nompebytoms Cy4acHo20 OHOB/IeHHA MA HOBIMHIX NPOEKMHUX pillieHb, AKi
8i0N08idamMuMyme Cy4acHUx HopmMam ma cmaHdapmam. 3a2abHO8I0OMO, WO 8 Pi3HUX KpaiHAx ma pe2ioHax
icHye nompeb6a y y3200xeHHi HOpMamueHo-npasosoi 6asu 8ionogioHo 00 cmaHAdapmis caimosoi cnibHoMUu,
Wo 2anbMye weuoKe 8nposadxeHHs iHHosayil. [Jopedu, oOHielo 3 2ocmpux npobrem cmae Kibepbesneka
O0dHUX CMOCOBHO Nepesde3eHb BaAHMAXi8 Ma nacaxupie nogimpaHum ¢nomom. Biomak, 0na 2apaHmysaHHA
6e3neku nosibomie ma ocobucmux 0aHux nacaxupie HeobxiOHUl pemesibHUU 3axucm 8i0 Kibepamak ma
XAKepCbKO20 3/10MyY.

Memoto Hawoi pobomu € 8u4eHHA MeopemuKo-Memo00s102i4HO20 6a3uUcy 8nNPOBAOKEHHA WMYy4YHO20
iHmenekmy y ¢hopmMy8aHHA CmilKux [iHMe2poBAHUX cCUCMeM no8IMPAHO20 MpPAHCNoOpmy 8 YMOB8aX
Hegu3Ha4YeHocM.

Memo00102iuHO 0CHOBOIO DOC/TIOXEHHA WMYYHO20 iHMenekmy 8 opearizayii agiayiliHux nepeseseHb
€ cucmemHud nioxio, Akuli 6asyemeca Ha aHaNizi cmpykmypu agiayitiHux nepegeseHs AK €OUHO20 Y1020 ma
8CiX 38'A3Ki8 Mix ii KoMnoHeHmMamu. OCHOBHUMU Memooamu cucmemMHO20 niOxody 8 opeaHizauil asiayitiHux
nepegeseHb €: Memoo0 aHanisy, AKUU po3271A0d€ 8¢i cknadosi asiayiliHux nepeseseHs AK YillicHy Cmpykmypy Ha
OCHOBI 83A€EMO38’A3Ki8 MiXX OCHOBHUMU ii eleMeHmamu (nimaku, aeponopmu, ekinaxu, oucnemuyepcoki
a1yX6U, nacaxupu); Memoo MoOe8aHHA Ma cumynayii, Akuli 003805€ mecmysamu pi3Hi cyeHapii oo
Npo2HO3YBAHHA 3MIiH Yy CMpYKmMypi cucmemu; memoo iHmezpayii cucmem 00380/19€ NOEOHY8AMU Di3HI
nidcucmemu asiayitiHux nepeseseHb i CKNAOAMU YHiKaNbHy iHGopmMayitiHy cucmemy ynpassiHHA pyxom
nosimpsAHo20 hIomMy ma iHWUX KOMNOHEHMIB WITSXOM CMBopeHHsA 6e3nepepsHo20 NOMOKY iHhopmauir Mix
OKpeMUuMU efleMeHmamu cmpykmypu asiayiliHux nepeseseHb 3 Memoto KOOpOUHAUii ma ynpasniHHa, Memoo
onmuwmizayii npoyecis nepedbadyae noninweHHa ehekmusHOCMIi PyHKUIOHYBAHHA asiayiliHux nepese3seHs,
8paxosylodU  ONMUMI3ayilo po3Kaadie nosbomie mMa ynpassiHHA pecypCcHUM NoOMeHyiasaomM, memoo
cuUCmMeMHO20 MOHIMOPUH2y Ma KOHMPOJIo 00380/IAE chocmepieamu 3a hyHKUIOHYBAHHAM 8Cix eslemeHmis
NIaHyloea asiayiliHux nepeeeseHb HA OCHO8I 36UpAdHHA Ma obpobKU OAHUX y pedslbHOMY 4aci 3 Memoio
YCYHeHHA 8UK/IUKIE6 Md iX 8UpIWUEHHS.

BuoineHo 3a pe3ynbmamamu 0OCniOXXeHHA OCHO8i emanamu po38UMKY WMYYHO20 iHMenekmy 8
opeaHizayii asiayitiHux nepeseseHb cmasu: 1. nouamkoea asmomamu3auisa; 2. eman aHanizy 0aHux; 3. eman
800CKOHAJIEHHA NACAXUPCbKO20 00CBIdy; 4. iHmenekmyanbHi cucmemu nidmpumMKuU nifjomis; 5. aBmoHOMHi
nosvbomu. BusgneHo, wjo nomyHi pecypcu wimy4Ho20 iHmesnekmy cnpamosyroms 3yCussia Ha 8NPOBAOKEHHA
iHHOBaAYil: no-nepwe, WMy4YHUU iHMesekm 8nu8de HAa po3pobKy ma supobHUYMEo nimakis; no-opyee,
wmy4Hul iHmenekm 3abe3nequms asiayitiHy 6e3neky; no-mpeme, wmy4yHUlU [HMenekm 8upiwume
npobnemy Kaopogozo 3abesneyeHHA NoOLOMIE 8i0 nilomie mMa JsbOMHO20 CcKIady; no-Yyemeepme,
nioBuUWeHHA BUKOPUCMAHHA NAnued mMa 3MeHWeHHsA 8nJiusy Ha HABKOJUWHE cepedosuwje; no-n‘sme,
wmy4yHUl iHmesnekm HAOJE 3MO2y 3d84ACHO 3AMOBAMU ma O6POHI0BAMU KBUMKU, 8UKOPUCMOBYoHU
OH/IAlH-cepsicu; No-wocme, HO8IMHI nioxodu 00 06pobku 6azaxy; No-CboMe, emuKa ma 3amMiHa NepPCcoHany.
JosedeHo, Wo po3sumKy wWmy4Ho20 iHmesekmy 8 opaaHizauil asiauiliHux nepeseseHb, 8UOINUBWU OCHOBHI
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KJ1I0408i MOMeHmU: onmumi3ayis mapuwpymis, mexHiyHe o06C/1y208y8aHHSA, yNpAsiHHA NACAXUPCbKUMU
Nomokamu, asmonizom ma cucmemu 0ONOMO2U NiSIOMAM.

Knioyosumu nepcnekmugamu nooddsibio20 po3BUMKY BUKOPUCMAHHA WMYyYHO20 iHmMesnekmy 07
opeaHizayii asiayitiHux nepeseseHs: 1.Mlodansbwul po38UMOK WMy4HO20 iHmMenekmy 3abeaneyums npopus y
asiayitinHiti 2any3i WaAXoM CMBOpPeHHA JIiMakis, Ha AKUX NOIbom 8i0bysamumemsbca 63 8mpyYaHHA IOOUHU,
BKJIIOYAIOYU 371im, KpelicepcbKy hasy, nocddky ma kepyg8aHHsA. 2.IHOusidyaneHul nioxi0 0o nacaxupis.
3.[lpoeHoO3y8aHHA i onmumizayia 0bcy208y8aHHA nosimpaHux cyoeH. 4.[lidsuweHHs 6e3neku nosbomie.
IHmenekmyaneHi cucmemu 3 8UKOPUCMAHHAM WMYYHO20 iHMeseKkmy 8UsA8/1910Mb NOMEHYilHI 3a2po3u ma

WBUOKO peazyromse Ha HUx. 5.0nmumizayis disneHocmi agiakomnarid.

Knioyoei cnoea: wTyyHWiA iHTeNeKT, aBiauiHi MepeBe3eHHs, MNacaXxmpw, BaHTaX, aBTOMINOT,

MapLpyT, 6e3neka, eTrKa

Introduction. At the present stage of
development of society, the latest
technologies are being introduced into
various branches of the national economy,
which, under the influence of globalization
processes, is leading to significant
transformations and changes in the
organization of air and cargo transportation
around the world. With the development and
spread of artificial intelligence as a branch of
computer science, it has been possible to
replace human thinking in performing various
tasks: language recognition,  visual
perception, types of speech, recognition of
things, making optimal decisions. Rapid
transformations concern not only the
management sphere of society, but also the
acceleration of logistics activities in the
organization of cargo and passengers in the
context of deepening globalization and
integration through the use of complex
routes with an increase in air transportation
volumes in the international market of trade,
tourism and business activity. Thanks to
artificial intelligence, it is possible to
automate the planning and adjustment of
multimodal cargo transportation routes, form
additional passenger flights during vacations,
carry out total reductions in fuel costs,
operating costs and maintenance, which is
becoming an important factor in the
conditions of growing competition in the
aviation industry. It is well known that artificial
intelligence systems have broad capabilities
for fast and thorough processing of large data

sets in real time. Obviously, this allows you to
fully detect potential terrorist attacks and
anomalies, which contributes to an increasein
the level of flight safety and prevents
disasters. Thus, artificial intelligence provides
the ability to provide passenger service on a
personal basis, among which the most
significant are automated support, providing
individual recommendations, processing
requests for services and services, and
baggage delivery, which has a positive effect
on the image of the company and customers.
At the same time, artificial intelligence
systems can predict malfunctions and aircraft
destruction during flight and maintenance,
relying on a set of data on the technical
parameters of the aircraft and the functioning
of its individual parts, which helps to find all
breakdowns and creates a continuous
process of aircraft operation. Indeed, artificial
intelligence makes it possible to timely
identify breakdowns of parts and prevent the
destruction of an entire mechanism or its part,
which reduces the airline's operating costs. At
the same time, there is a reduction in costs for
fuel and lubricants, aircraft maintenance,
personnel management, which in general
creates competitiveness in the aviation
services market. Of course, artificial
intelligence is developing new directions in
technologies such as unmanned aerial
vehicles that perform transportation tasks
without human intervention. Indeed, this
significantly reduces flight crew costs and
prevents errors that arise based on the human
factor. Thus, the introduction of automatic
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control provides high accuracy and safety of
aircraft flights, which makes it possible to
deliver cargo to remote areas and difficult
terrain. At the same time, artificial intelligence
allows for constant data exchange between
aircraft, ground surveillance systems and
dispatch services. Obviously, this allows for
real-time receipt of a set of information about
the technical condition of the aircraft in the
air, observation of the flight during its flight
along its route, diagnostics and monitoring of
its technical condition. Thus, artificial
intelligence becomes a new way and an
indispensable tool for the transformation of
air transportation, contributing to the
increase in the efficiency and quality of
passenger and cargo service based on
improved air traffic. At the same time, the
issues of development and future prospects
for the use of artificial intelligence in the
organization of air cargo and passenger
transportation in the field of ethics and
privacy, safety and reliability, regulation and
standardization, impact on jobs and
environmental efficiency remain quite
relevant, and artificial intelligence s
becoming the main critical element in
managing organizational processes of
transport activities in the aviation industry. To
solve it, it is necessary to take into account a
set of economic, technological,
environmental, political instruments with a
rethinking of the participation of logistics as
the main instrument of global stability in the
conditions of uncertainty of the modern
global economy. The latest technologies are
being densely implemented in various areas
of organizing air cargo and passenger
transportation to gradually increase the
efficiency of service provision, flight safety
and quality of service. At the same time, there
are a number of unresolved problems and
challenges that require a  specific
management solution. The main problem is
the complexity of integrating artificial
intelligence into modern systems for
managing aviation processes of ground and
air support. It is obvious that outdated
equipment and software of airports and
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airlines require modern updating and the
latest design solutions that will meet modern
norms and standards. It is well known that in
different countries and regions there is a need
to harmonize the regulatory framework in
accordance with the standards of the global
community, which slows down the rapid
implementation of innovations. By the way,
one of the acute problems is cybersecurity of
data regarding the transportation of cargo
and passengers by air fleet. Therefore, to
guarantee the safety of flights and personal
data of passengers, thorough protection
against cyberattacks and hacking s
necessary. It is obvious that the creation of a
reliable protection system is a critical problem
in the modern realities of the existence and
functioning of information systems and
technologies. At the same time, special
attention should be paid to the issues of
ethics and legal aspects of the use of artificial
intelligence in the transportation of cargo and
passengers by aircraft. First of all, it is
necessary to pay attention to the fact that
artificial intelligence leads to the replacement
of human labor and a reduction in jobs at
aviation enterprises. Along with this, the
question of liability for errors or malfunctions
in the functioning of the system arises. To
successfully solve this problem, there is a
need to conduct a more in-depth study of the
use of artificial intelligence in the field of
organizing air cargo and passenger
transportation.

Analysis of recent research and
publications. Garazha 0., Shevchuk D.
identified five elements of the organization of
air transportation at the global level: the
largest share of passenger transportation in
the structure of aviation activity; the aviation
industry is promising, which is gradually
expanding the boundaries of its niche in the
global transport market; the COVID-19
pandemic has negatively affected the
aviation industry, changing the centers of
economic gravity; active activities of global
aviation organizations and associations,
which cover most countries in the world;
development of a world-class regulatory
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framework and global standardization of
aviation activities and characterized the
challenges of the aviation industry that arise
at the global level [1].

Stenyakin 1., Shevchuk D., Garazha O.
developed a  two-stage multi-class
classification method for airport type
recognition, which involves sequential binary
clustering that optimizes the order of class
comparison to improve the resulting
classification performance, therefore, to
achieve significant results, seven classifiers
were used, among which the method
iteratively performs binary classification to
determine the most effective sequence for
class distinction. They performed binary
classification to distinguish international
airports from non-international airports, and
then another binary classification was
performed to distinguish regional airports
from airfields. At the same time, they
conducted numerical experiments and
calculated the F1 score to evaluate the
effectiveness. The minimum representative
volume for the training dataset was
determined and feature extraction was
completed. The developed optimization
method was verified and all metrics were
cross-validated. The method was applied to
recognize and classify international airports,
regional airports, and airfields [2].

Shevchuk D., Yakushenko O., Pomytkina
L., Medinsky D., Shevchenko Y. determined
the initial information for training the model
as the carrier's data on the expected average
task completion time and the date of the trip.
Using the Monte Carlo method, the initial data
were obtained, on which the neural network
was trained. The results obtained were
analyzed. The results show that using the
developed neural network model to predict
the time of the transport task allows to
significantly reduce the forecast error
compared to the average estimate of this
parameter. In the work on training a neural
network to predict the time required to
complete a transport task, the network has
three levels. When changing the parameter
values, we used the Levenberg-Marquardt

23-37
v.35 (2026)
https://smart-scm.org

algorithm and as a result obtained the mean
square error of the task completion time
estimate for the training and control samples
[3].

Korobiychuk ., Shevchuk D., Prokhorenko
l., Tymoshenko N., Smityukh Yu. and Boyko R.
developed a model that can be expanded by
creating a multi-level model of aviation
security, which requires further research (in
particular, from the point of view of the
principle of Occam's razor) and a significant
sample of statistics. The results confirmed the
authors' assumptions about the dependence
of acts of unlawful interference and crime in
the territory in which the airport is located:
there is a significant positive correlation; with
the increase in crime, there is a +0.017
increase in acts of unlawful interference. From
a practical point of view, the developed
aviation security model allows you to manage
and predict the level of danger in order to
ensure the safety of the airport operation [4].

Korobiychuk I., Smityukh Yu., Kyshenko
V., Ladanyuk A., Shevchuk D., Ivashchuk V.,
Boyko R., Elperin I. considered an approach
that allows automating the process of
obtaining a neurofuzzy model and identifying
the main dependencies between input and
output variables. The considered approaches
can be used to develop simulation models of
heat and mass transfer processes. The
obtained models can be used in control
systems that are formed on the basis of
optimal, robust and scenario methods [5].

Boldyreva M., Ivannikova V., Konovalyuk
V. conducted research and allowed to identify
new ways to eliminate the catastrophic
impact of air transport. According to the
results of the study, a positive direction of
environmental changes in the aviation
industry was identified - an updated
assessment method in the form of a
mathematical model of the use of the aircraft
fleet, which will help reduce emissions from
old aircraft. A mathematical model of aircraft
replacement in the most optimal period of
time was developed, which allows achieving
environmentally safer and more economically
efficient transportation [6].
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Ovsak O., Sadlovska 1., Liskovich N.
identified the activation of aviation
companies in the performance of charter
flights, while foreign airlines began to
dominate in the performance of regular
flights with the active participation of leading
European airlines. Analysis of the market
share of airlines with the largest volumes of
passenger air transportation in the Ukrainian
air market showed that over the past three
years there has been a rapid decline in the
market shares of leading network airlines,
both domestic and foreign. There has been a
rapid growth in the market shares of foreign
airlines - low-cost carriers [7].

Ovsak, OP, Liskovych, NY, & Nazarenko,
OP identified strategic groups of Ukrainian
airlines based on the results comprising
cluster analysis of profile indicators of airlines
available from open sources, clusters.
Construction of a competitive map of the air
transportation market of Ukraine,
identification of clusters of domestic airlines
provide an opportunity to use a differentiated
approach to the tools of strategic positioning
and crisis management of airlines of Ukraine
[8].

Liskovych, N. investigated the features of
strategic  positioning of air transport
enterprises, which are due to the specifics of
air transport services themselves, as well as
the peculiarities of their organizational, legal
and economic support. The strategic position
of the air transport company is by its nature
synthesizing, combining the positions of its
product, brand and aviation business. The
methodological toolkit of definition of a
strategic position of the air enterprise on the
basis of calculation of indices of its
competitive advantages on the list of the
defined competencies based on branch and
functional features of activity of air transport
enterprises is offered [9].

Sokolova, ©O., Ivannikova, V. &
Cherednichenko, K. revealed the
environmental impact of supply chains,
revealing the unique characteristics of their
operation  within the framework of
sustainable development. It has been
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demonstrated that current supply chains are
unsustainable and often contribute to
environmental  degradation,  adversely
affecting both human health and the natural
environment. Research has shown that a
'green' supply chain operates in harmony
with environmental, economic, and social
factors within a defined transport-logistics
space, and can be modeled as a directed
graph. New methodological approaches have
been introduced for designing sustainable
supply chains, facilitating the creation of an
optimal model that incorporates air transport.
An economic and mathematical model has
been developed to optimize the interaction
between surface and air transportation
modes, which is a key component of
sustainable supply chains. Additionally, a
multicomponent mathematical model of the
transport and logistics space has been
developed, enabling medium- and long-term
forecasting of sustainable supply chains.
Future research could further explore optimal
strategies for establishing a sustainable
functioning of the air transport system
through the development of a resource-
efficient logistics infrastructure at airports
[10].

However, the creation of sustainable
integrated air transport systems in conditions
of uncertainty requires research with an in-
depth study of scientific developments of
scientists from different countries of the
world, which determines the relevance of the
topic under study. The main directions of the
formation of sustainable integrated air
transport systems are: development of
infrastructure, digitalization and greening of
aviation, integration with other modes of
transport, as well as increasing the level of
security and international cooperation.

Purpose of the article consists in
studying the theoretical and methodological
basis for the implementation of artificial
intelligence in the formation of sustainable
integrated air transport systems under
conditions of uncertainty.

Presentation of the main research
material.
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Artificial intelligence has the properties of
human thinking processes and imitates the
cognitive functions of the brain by copying
the architecture in order to achieve specific
results. Artificial intelligence is capable of
intelligent decision-making and is a system
that processes large amounts of data and
makes connections with the knowledge
embedded in it and provides its own
understanding of the object of study. It is
obvious that artificial intelligence can think at
a weak level with the help of a person after
some training, and at a strong level - learn
independently, think without a person,
accumulate its own experience and use it to
make decisions.

According to the capabilities inherent in
artificial intelligence, it can perform a variety
of tasks, it is classified as: weak, strong,
superintelligence, theory of mind, self-
awareness. Weak artificial intelligence has a
narrow profile of tasks, which include speech
recognition, automation in car production, so
it cannot perform tasks outside the limits of its
built-in. General artificial intelligence is able
to perform  any intellectual  task
independently, like a person. It can learn, has
flexibility and makes decisions
independently. Superintelligence has higher
intellectual knowledge and capabilities than a
person, including social habits, problem
solving and creativity. Artificial intelligence
based on the theory of mind is capable of
perceiving and emotionally understanding
the thoughts and intentions of other people,
so it can communicate with people at high
levels. Artificial intelligence with self-
awareness, which is equipped with its own
consciousness and the idea of the existence of
its personality in the world, has its own
motivations and goals with the highest level
of development.

By type of training and provision of
resources, artificial intelligence can be divided
into: artificial intelligence with limited access
to resources, artificial intelligence with high
computational capabilities, reinforcement
learning, deep learning, hybrid artificial
intelligence systems. Artificial intelligence
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with limited access to resources has limited
computational and energy sources to
perform the tasks set. Artificial intelligence
with high computational capabilities is
designed to process large data sets and
perform complex calculations and is used for
scientific experiments, weather forecasting.
Artificial intelligence with reinforcement
learning has the ability to learn when in
contact with the ecosystem and receive a
positive or negative response for further
adaptation to existing conditions. Deep
learning artificial intelligence uses multilayer
neural networks and can recognize complex
patterns in existing information flows,
namely, sound, text, images. Hybrid artificial
intelligence systems have a set of approaches
and methods based on logic, heuristics, and
machine learning to obtain the best effects.

By type of tasks, artificial intelligence is
divided into analytical, cognitive, reactive.
Analytical artificial intelligence is used to
analyze data with subsequent decision-
making. Cognitive artificial intelligence
repeats a person's conscious representations,
such as memory, thinking, learning. Reactive
artificial intelligence has an answer to
guestions from the external environment, but
cannot learn or remember past experience.

By field of application in the national
economy and society, artificial intelligence is
divided into medical, aviation, financial, etc.
Medical artificial intelligence is able to
diagnose, create new drugs, monitor the
patient's health. Aviation artificial intelligence
is used for air traffic control, weather
forecasting, aircraft maintenance, etc.
Financial artificial intelligence is used to
analyze the financial condition of markets,
predict risks, automate banking processes.

The main stages of the development of
artificial intelligence in the organization of air
transportation were:

Initial automation. The first and simplest
tasks of using artificial intelligence are the
autopilot system, which is aimed at
maintaining the course and altitude of
aircraft.



The electronic scientifically and practical journal

“INTELLECTUALIZATION OF LOGISTICS AND SUPPLY CHAIN MANAGEMENT”,

ISSN 2708-3195

Data analysis stage. Improving the
capabilities of artificial intelligence provides
opportunities for analyzing large volumes of
data. This allows for the prediction of
technical equipment and technological
maintenance, optimization of aircraft flight
routes, and increased efficiency of resource
provision and resource management.

Passenger experience improvement
stage. The use of artificial intelligence allows
airlines and airports to improve quality
indicators and create comfortable conditions
for passenger service, covering a wide range
of service processes from the provision of
personalized services for in-flight
entertainment to automated check-in
systems.

Intelligent pilot support systems: The use
of artificial intelligence to facilitate the work
of pilots based on the analysis of weather
conditions, flight mode, fuel availability in real
time and developing a recommendation
system to increase the level of flight safety.

Autonomous flights. A  promising
direction is the design of completely
autonomous aircraft that can be operated
without human control, based on a system of
up-to-date and modern algorithms and
sensors.

Thus, there has been a transition from the
initial base to a system intellectual complex
that covers various aspects of the
organization of air transportation.

In modern conditions, artificial
intelligence is rapidly transforming the world
economy and its industries, and the aviation
sector is experiencing special
transformational processes. It is obvious that
the powerful resources of artificial
intelligence are directing efforts to introduce
innovations into the sphere of activity of
aviation enterprises, which covers the design
of aircraft and improves the comfort of
passengers.

First, artificial intelligence affects the
development and production of aircraft.
Thanks to artificial intelligence, optimal
aerodynamic models are developed based on
artificial intelligence analysis of large data sets
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in order to optimize fuel use, increase speed,
and establish overall stability. Artificial
intelligence helps designers choose parts and
materials from which they are made, which
leads to reduced waste and increased aircraft
performance. At the same time, in subsequent
maintenance, artificial intelligence helps
technical personnel find existing breakdowns
and eliminate them, as well as predict
possible malfunctions in the future based on
the analysis of previous data. Thus, artificial
intelligence will allow to avoid transport
downtime, cargo delays due to technical
malfunctions, reduce costs for expensive
repairs, equipment, and timely diagnostics
will allow to identify possible malfunctions of
equipment.

Secondly, artificial intelligence will ensure
aviation safety. It is well known that artificial
intelligence has the ability to analyze and
predict potentially dangerous situations
based on the analysis of flight data, weather
conditions, data from aircraft sensors in real
time. This makes it possible to avoid areas
with high turbulence or provide timely
support and recommendations to mitigate its
impact. At the same time, artificial intelligence
allows the use of biometric systems for facial
recognition, passenger identification,
reducing waiting times, increasing security on
board by avoiding fraudulent actions, terrorist
acts, and other possible threats.

Thirdly, artificial intelligence will solve the
problem of staffing flights from pilots and
flight crew. Modern capabilities of intelligent
systems guarantee the selection of specialists
for a specific flight, taking into account
qualifications, health care, and safety. Along
with this, artificial intelligence will draw up an
optimal schedule for the employment of all
crew members, which will positively affect the
effectiveness of its work, reducing flight crew
fatigue and reducing operating costs.

Fourth, increasing fuel efficiency and
reducing environmental impact. Thus,
artificial intelligence allows you to create
economical flight routes based on the
analysis of data sets on wind patterns and
directions, passenger numbers, and weather
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data in real time. At the same time, intelligent
systems can provide recommendations for
minimizing flight times and routes that avoid
large footprints, which becomes a protection
against warming. It is obvious that artificial
intelligence helps in the development of
sustainable aviation fuel, which is more
environmentally friendly than traditional
fuels.

Fifth, artificial intelligence allows you to
order and book tickets in advance using
online services. Thus, information systems
based on artificial intelligence store the travel
history of each client, provide the status of a
regular client, offer tickets according to the
budget, indicate the most convenient routes,
and allow you to avoid complex routes. At the
same time, they prevent fraudulent actions,
check financial transactions in the event of
suspicious activity, which guarantees the
security of advance ticket booking activities
for traveling customers of a particular airline
in real time.

Sixth, the latest approaches to baggage
handling. It is obvious that the use of
automated passenger check-in systems based
on artificial intelligence has simplified and
accelerated the boarding of passengers on
the plane. At the same time, similar systems
have improved and accelerated the delivery
of cargo and tracking its transportation to
destinations in real time. Therefore, even in
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the event of a flight delay, intelligent systems
ensure uninterrupted operation. In addition,
intelligent systems are able to replace
traditional paper baggage tags with a new
method of photo recognition, which provides
the ability to track cargo by a set of unique
markings or marks (design, stickers,
abrasions). Along with this, passengers have
the opportunity to track their own luggage in
real time using special software and be calm
about their luggage.

Seventh, ethics and personnel
replacement. The reduction of jobs and their
replacement by robots and other gadgetsis a
concern. Therefore, ethical issues and security
measures are concentrated in the center of
attention of many scientists, practitioners and
customers. Challenges of liability in the event
of a failure in the operation of intelligent
systems and errors in their work and who
should be punished for this.

Given the constant development of
intelligent technologies, artificial intelligence
is being actively introduced into the aviation
industry, therefore, rules, regulations, and
precautions are being developed that
contribute to the comprehensive
implementation of safety measures, flight
route experience, and optimization of the
performance of professional duties by
personnel (Fig. 1).

[ DEVELOPMENT OF ARTIFICIAL INTELLIGENCE IN AIR TRANSPORTATION }

ORGANIZATION
v
1 Route optimization
v
2 Maintenance
v
3 > Passenger flow management
v
4 > Autopilot and pilot assistance systems

Figure 1 — Modern trends in the development of artificial intelligence
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Therefore, we come to a generalization of
the development of artificial intelligence in
the organization of air transportation,
highlighting the main key points:

1. Route optimization. It involves taking
into account weather forecast indicators, air
traffic analysis, and fuel economy to design
the most optimal routes that help reduce
flight time.

2. Maintenance. Predicting technical
malfunctions of an aircraft based on artificial
intelligence helps prevent the destruction of
individual parts and mechanisms, conduct
diagnostics and their replacement in advance,
which will strengthen safety measures.

3. Passenger flow management. Artificial
intelligence algorithms prevent queues and
better allocate resources, enable personal
service for each client, automate the scanning
and document verification processes, which
makes it possible to clearly and harmoniously
manage passenger flows at airports, reducing
waiting times and providing a positive
experience for passengers.

4. Autopilot and pilot assistance systems.
Modern autopilot systems help pilots control
aircraft, including landing and takeoff, by
performing routine tasks and providing
recommendations in emergency situations
when detecting equipment damage and bad
weather conditions.

Thus, thanks to artificial intelligence,
convenient, safe and efficient flights are
ensured, which positively affects the
experience of companies and customers.

Along with this, there are a number of
unresolved problems in the use of artificial
intelligence, including: data security, which
has a large amount of data used to train
artificial intelligence models, requiring
protection from cyberattacks. In the event of
data corruption, there will be a serious impact
on flight safety; ethical issues related to the
distribution of responsibility for errors or
emergencies between people and automated
systems, which causes many difficulties;
system reliability, which on the one hand
increases efficiency, but on the other hand
there is a set of risks that undermine the basis
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of reliability. For example, there may be errors
in algorithms that lead to disruptions in the
functioning of the system that ensures flight
safety; dependence on technology, which
reduces the experience of pilots in manual
control of the aircraft and causes the need for
recommendations and automated actions of
the intelligent system, although in emergency
situations the skills and readiness of pilots to
manually control the aircraft will be required;
integration with existing systems, which
requires interoperability and compatibility
with other automated existing aviation
systems, which may cause certain difficulties
and costs of resource material and time.
Therefore, the existing range of problematic
challenges requires a gradual solution that
will ensure the safe and effective use of
artificial intelligence in the aviation sector.

It is necessary to determine the main
prospects for the further development of the
use of artificial intelligence for the
organization of air transportation:

1. The further development of artificial
intelligence will provide a breakthrough in
the aviation industry by creating aircraft on
which the flight will take place without
human intervention, including takeoff, cruise
phase, landing and control. The key
advantages are the reduction of human
errors, the efficiency of the flight trajectory
while reducing human errors. Ensuring
uninterrupted and stable operation of the
aircraft in extreme conditions. Optimization of
the flight trajectory to reduce fuel costs and
flight time in the air.

2. An individual approach to passengers.
Artificial intelligence can learn about the
preferences of passengers and provide its
own suggestions regarding existing drinks
and food, entertainment programs during the
entire flight. At the same time, provide
personalized settings for seats and the
atmosphere in the aircraft cabin to create an
optimally convenient and comfortable
environment. Providing quick feedback on
passenger requests, improving service
quality.
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3. Forecasting and optimizing aircraft
maintenance. Thanks to the capabilities of
artificial intelligence to process large amounts
of data on the technical condition of the
aircraft to predict the needs for further
maintenance, technical personnel will be able
to carry out repair work before problems and
downtime arise. Thus, the costs of vehicle
maintenance and repair will be reduced, and
flight safety will increase due to timely
elimination and detection of problem:s.

4. Improving flight safety. Intelligent
systems using artificial intelligence detect
potential threats and quickly respond to
them. Thus, artificial intelligence is able to
detect unusual flight parameters and warn
the crew and ground services about
deviations from regulatory standards. At the
same time, there is a rapid automatic
response to dangerous situations. Obviously,
the detection of anomalies and rapid
response to flight safety leads to a decrease in
the number of emergencies and incidents
due to preventive measures.

5. Optimization of airline operations.
Artificial intelligence is able to increase
various operational processes related to flight
planning and resource management.
Potential benefits include optimization of
aircraft flight routes and reduction of fuel
costs, formation of optimal flight schedules
and effective management of the air fleet.
Thus, there is a constant reduction in
management costs and making the right
decisions by automating the management of
airlines and airlines within airports.

The logistics chain of air transportation
using artificial intelligence includes several
main stages that use the latest technologies
to increase efficiency and safety. First, the use
of artificial intelligence to optimize the route
of cargo collection from the sender and plan
the needs and types of transportation based
on the volume and type of cargo. Second, the
processing of cargo shipments at airports
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using artificial intelligence includes customs
control, security checks, and cargo packaging.
Third, the optimization of flight routes based
on artificial intelligence allows you to predict
weather conditions, airspace congestion,
develop optimal flight routes, as well as avoid
delays and reduce fuel costs. Fourth, artificial
intelligence makes it possible to monitor the
condition of the aircraft, use autopilot. Fifth,
artificial intelligence allows you to very
quickly carry out shipments, pass customs
control, sort cargo, and also predict arrival
times for resource allocation at the airport.
Sixth, optimizing the route of cargo delivery
and using machine learning to analyze traffic
and plan the shortest effective flights.

The scheme of organizing the logistics
chain includes: sender, cargo collection,
departure airport, cargo handling, route
optimization, air transportation, destination
airport, cargo handling, delivery to the
recipient, recipient.

In the organization of air transportation,
artificial intelligence plays a key role in
increasing the efficiency, safety and
comfortable movement of passengers and
crew. Therefore, the classification of artificial
intelligence is carried out according to the
main categories. It is obvious that automated
air traffic control systems and autopilot are
implemented in flight control systems,
helping to monitor and control the
movement of aircraft in space, providing
flight safety and efficiency. Artificial
intelligence is able to monitor the technical
condition of the aircraft in real time and
eliminate deficiencies. Personalized
passenger service during the flight ensures
high-quality resolution of passenger issues at
a high level, quickly and efficiently. Indeed,
artificial intelligence protection systems
detect threats and protect aviation systems
from potential cyberattacks, ensuring flight
safety for all participants in air transportation
(Fig. 2).
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Figure 2 - Structural and logical model of the use of artificial intelligence in the organization

of air transportation

Let us consider a general model for
optimizing the air flight schedule to reduce
delays and increase the efficiency of resource
use (aircraft, crew, etc.). Let us highlight the
main stages for the air transportation
optimization model. First, data collection,
which includes data on past flights (delays
and their causes, arrival and departure times),
weather conditions, flight load (number of
passengers and cargo), availability of aircraft
and crews. Second, data analysis, which
includes data cleaning, data normalization,
and converting text data into numeric data
using coding (coding of reasons for delays).
Third, machine learning, which consists of
regression models to eliminate or predict
flight delay times, clustering to identify
groups of flights with similar properties
(flights with a high probability of delays),
optimization algorithms to develop an
optimal schedule that reduces delays and
provides maximum use of resource potential.
Fourth, model validation and model control
evaluation, which consists of dividing into

training and text samples, assessing the
accuracy of predictions on the text sample,
comparing results with the exact schedule,
and analyzing economic benefits.

The presented model shows a perfect
forecast for determining the delay of air
flights, optimizing the flight schedule, which
leads to a reduction in costs and an increase
in the comfort and needs of passengers.

Using this model will significantly
improve the organization of air transportation
using artificial intelligence.

Data collection consists of:

X1, X3,..., Xo» — independent factors that
have a significant impact on flight delays. For
example, weather, aircraft load, time of day,
etc.

Y - independent
indicator), flight delay time.

To predict time, we use a regression
model:

variable (target

Y =00+ i X1+ L2Xo+...+ B Xnt &,
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where Bo, f1, B2 ..., Pn — regression
coefficients, € - random error.

We are reprocessing data:

Xnormzp(_lJ)/O',

where u - average value, o -
standardized deviation.

Next, we use Gradient Boosting
algorithms to accurately predict delays. Then,
we train the model on training data and
validate it on test data.

Conclusions. The modern aviation
industry requires a wider implementation of
artificial intelligence in various areas, creating
new opportunities for effective management
and ensuring flight safety. Unmanned aerial
vehicles and autonomous aircraft without
pilots create new and promising areas of
development of modern aviation, which
make it possible to provide all stages of the
flight with minimal risks to the human factor
and minimizing fuel costs and time in the air,
which will allow to control the vehicle in
extreme weather and abnormal conditions. A
personal approach to each passenger will
allow airlines to implement individual high-
level service using artificial intelligence based
on the analysis of large data sets, and to
implement an individual approach to the
tastes of each passenger regarding food and
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drinks, entertainment programs and
comfortable seat settings in the aircraft cabin.
The reaction to passenger feedback will be
taken into account and will allow to
continuously improve the level of passenger
service. Artificial intelligence will significantly
increase the level of forecasting and
optimization of technical repairs and
maintenance of the air fleet. Thus, repair work
can be carried out before serious problems
arise, which will reduce the downtime of the
vehicle and reduce costs for repair work.
Analysis of flight data will significantly
increase flight safety by identifying
dangerous situations and unusual flight
parameters. Thus, the risks of accidents will be
reduced and incidents will be avoided.
Optimization of airline operations based on
modeling using artificial intelligence will
provide optimal solutions with low costs and
rational use of resource potential. Obviously,
there will be savings in fuel and lubricants,
effective placement of airline flights,
management of the aircraft fleet, which will
have a positive impact on administrative costs
and financial and economic activities of the
aviation enterprise. Further research in these
areas will open up new opportunities for
aviation companies and their customers,
ensuring the achievement of new heights in
air transportation.
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SUSTAINABILITY OF UKRAINE'S EXPORT SUPPLY CHAINS
THROUGH THE PRISM OF MULTIMODAL TRANSFORMATION AND
ROUTES COMPETITION IN 2022-2026

Yana Korniiko, Sergiy Karpeliuk. “Sustainability of Ukraine's export supply chains through the
prism of multimodal transformation and routes competition in 2022-2026". The article examines the
transformation of Ukraine’s export cargo flows in 2022-2026 amid wartime shocks and structural changes in
the transport and logistics system. It synthesizes theoretical and practical aspects of three key logistics
subsystems: the seaports of the Odesa region, the Danube cluster, and land border crossings. The study
highlights patterns of flow reorientation during shock periods, institutional turbulence, and the emergence of a
new multimodal balance. It analyzes the dynamics of maritime freight rates as well as rail and road freight rates
and assesses their impact on the structure of transport and logistics costs. The article further elaborates the
mechanism through which changes in logistics costs are transmitted into export price formation under
Incoterms (DAP, CPT, FOB, and CIF). It also examines how institutional decisions, inspection restrictions,
infrastructure congestion, and security risks reshape route configurations. Competitive advantages of
alternative export channels are evaluated under capacity constraints and heightened uncertainty. A multi-
criteria route assessment framework is proposed, incorporating cost, logistics cycle time, reliability, security, and
environmental parameters. Finally, key directions for strengthening export logistics resilience are identified
based on a multimodal export logistics architecture, and recommendations are offered for transport and
technological solutions and infrastructure development under prolonged instability.

Keywords: export cargo flows, logistics, multimodal transport, transport and logistics system,
transport corridors, seaports, maritime freight rates, rail freight rates, road freight rates, logistics costs, risks.
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AHa KopHitiko, Cepeiti Kapnentok. «CmiliKicmb eKCnopmHuXx J1IaHY102i6 nocmavyaHHA YKpaiHu
Yyepes npusmy mMyJibmumooasbHOi mpaHchopmauyii ma KoHKypeHyii mapwipymie y 2022-2026 pp».
Cmammas npucssyeHa 00C/iOXeHHI0 mpaHchopMauil ekcnopmHux 8aHmMaxonomoxkie Ykpaivu y 2022-2026
pp. 8 YMOBAX BOEHHUX WOKI8 Md CMpyKmMypHUX 3MiH MpPAHCNOPMHO-/I02iCMUYHOI cucmemu. ¥ cmammi
BUK/IA0GHO MeopemuYyHi mMma NPakmMuyHi acnekmu GYHKUIOHYBAHHA MPbOX K/OYOBUX J102iICMUYHUX
nidcucmem - mopcbkux nopmis O0ecbK0o20 pezioHy, [lyHalicbkozo Kiacmepy ma cyxonymHux NPpUKOpOOHHUX
nepexodis. BucsimneHo ocobnusocmi nepeopieHmauii nomokie y nepiodu WoKy, iHcMumMyyitiHoi
myp6ysnieHmHocmi ma opmMy8aHHs HOB8020 MyJsIbmMUMOOAsbHO20 6anaHcy. [poaHani308aHoO OUHAMIKY
CMAsoK MOPCbKO20 hpaxmy, 3ani3HUYHUX | aemomobineHUx mapugie ma ix enaue Ha cmpykmypy
MpAaHcnopmHo-ao2icmudHux eumpam. HadaHo po3wiupeHe NOACHEeHHA MexaHisMy MmpaHciayii 3miH
J102icmuy4HOI ck/1adoeoi'y hopmysaHHs ekcnopmHoi uiHu 3a 6asucamu DAP, CPT, FOB, CIF. Po3znsaHymo posb
nodiegux hakmopis (iHcmumyuitiHi piuueHHs, iHcnekyitiHi obmexeHHs, iHgpacmpykmypHi 3amopu, 6e3nekosi
pu3uKU) y 3MiHi KoHizypauil mapwpymis. [lposedeHO AHAN3 KOHKYpeHMHUX nepesdz pi3HUX KAHANI8
ekcnopmy 8 yMo8sax obMexeHOi NponyckHOi CNPOMOXHOCMI ma nidsuwjeHoi Hegu3Ha4eHoCMmi.
3anponoHogaHo bazamokpumepiasnbHuli nidxio 00 OUiHKU Mapwpymy, WO 8paxosye sapmicme, 4ac
Jl02icmu4Ho20 Yuksy, HAdiliHicme, 6e3nekosi ma ekosioeiyHi napamempu. BusHayeHo k4o Hanpamu
nidguweHHA cMilikocmi eKcnopmMHOI 102iCMUKU HA OCHOBI My/IbmUMOOAdJIbHOI apximekmypu nepese3eHsb.
HadaHo pekomeHOauii wooo GOopMy8aHHs MpPAHCNOPMHO-MEXHOI0IYHUX pilleHb ma po3sUMKy
iHppacmpykmypu 8 ymosax 0oszompusanoi HecmabinbHocmi.

Knio4oei cnoea: ekcnopTHi BaHTaXOMOTOKW, JIOMCTUKA, MYNbTMMOAANbHI  MepeBe3eHHs,
TPAHCMOPTHO-NONICTUYHA CMCTEMA, TPAHCMOPTHI KOPUZO0PUW, MOPCbKi MOPTK, MOPCbKIMIA GpaxT, 3aMi3HUYHI
Tapndu, aBTOMOOGINbHI NepeBe3eHHs, 3aMi3HNYHI NepeBe3€eHHs, NIOFICTUYHI BUTPaTU, PU3NKK

Introduction. Before 2022, Ukraine’s to rapidly redistribute volumes across
export logistics for agricultural cargo different freight-flow channels.
operated within a relatively predictable Developing transport-technological

configuration: inland rail and road transport
to the seaports of the Odesa region,
accumulation and shipment of large lots at
the ports followed by maritime transport, and
the use of Danube ports as a supplementary
channel [7]. The full-scale invasion changed
not only the geography of flows but also the
“rules of the game” in cost formation: risks,
access to infrastructure, queues, and
inspections became as important as the tariff
or freight rate.

Under wartime conditions, route
“efficiency” is no longer purely economic.
Logistics costs may be lower, yet the route
may not function reliably due to capacity
constraints or the risk of operational
disruption. In this sense, the Ukrainian case is
illustrative for transport-system resilience
theory: the system survives not because of a
single optimal path, but because of the ability

solutions requires combining quantitative
indicators with “field” understanding of how
the market responds to unpredictable events:
where cargo is reallocated, which rates
become the new benchmarks, where
shortages of tonnage or railcars emerge, and
how this is reflected in domestic price bases
[21].

Analysis of recent research and
publications. The sustainability of export
supply chains viewed through multimodal
transformation and route competition, has
been examined in studies by M. Osadchyi [19],
B. Burkynskyi, O. Laiko, N. Khumarova [20], S.
lichenko, V. and I. Hryshchenko, M.
Christopher and H. Peck, Y. Sheffi, M. Stopford,
T. Notteboom, J.-P. Rodrigue, T. Saaty, and
others. However, integrated analyses that
jointly compare Ukraine’s key export channels
in 2022-2026 - the Odesa seaports, the
Danube cluster, and land border crossings - in
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terms of resilience and competitive
performance under capacity constraints and
heightened uncertainty remain limited. In the
context of Ukraine’s 2022-2026 export
logistics transformation-covering the Odesa
seaports, the Danube cluster, and land border
crossings - the empirical background is also
provided by analytical and statistical
publications of the European Commission,
UNCTAD, the World Bank, and Ukrainian
sectoral and operational statistics.

Identification of previously unresolved
parts of the overall problem. Despite the
substantial number of academic publications
devoted to the functioning of Ukraine’s
transport and logistics system, the
transformation of export cargo flows in 2022-
2026 has not yet received a comprehensive,
system-level treatment. Most studies focus
either on individual modes of transport
(maritime, rail, or road) or on the institutional
aspects of the Black Sea Grain Initiative [1] and
the “Solidarity Lanes” [5], without integrating
them into a unified multimodal export
architecture. The mechanism through which
changes in maritime freight rates and
domestic tariffs are transmitted into the
structure of the export price under different
delivery terms (DAP, CPT, FOB, CIF) also
remains insufficiently developed. In addition,
the academic discourse offers limited
coverage of a multi-criteria approach to route
selection under wartime risks, where -
alongside cost - logistics cycle time, execution
reliability, and security factors are taken into
account. The absence of an integrated model
for evaluating multimodal routes during
structural shocks underscores the need for
further research in this direction.

The institutional context and the role of
“events” in logistics shape how export routes
operate during wartime turbulence and
create a new decision-making logic for
transport-technological solutions. In 2022-
2023, the Black Sea Grain Initiative [2], [3]
became the key external institution affecting
the maritime component: it established a
limited but real export channel through the
Black Sea while also introducing control
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procedures (inspections) that emerged as a
new bottleneck in the system. When an
institution opens a route, it does not
automatically remove constraints - rather,
infrastructure, human resources, tonnage, the
insurance market, and port schedules all
require adaptation.

In parallel, the EU and neighboring
countries developed the “Solidarity Lanes”
and border infrastructure in 2022-2024, yet in
practice the border often operated in waves:
capacity would increase at times, but
congestion would re-emerge due to
regulatory changes or protests. This is why, for
wartime logistics, the concept of an “event”
becomes an analytical tool no less informative
than classical time-series approaches.

In this study, events are interpreted as
moments when the rules change: restrictions
or openings of the “maritime leg,” changes in
border-crossing conditions, railcar
accumulation at ports, as well as threats or
attacks on infrastructure. Such events affect
the route attractiveness index not only
through cost (C), but also through cycle time
(T), reliability (R), and security (S). As a result,
trading decisions are often made according to
the principle “second-best in price, but first-
best in execution.”

The purpose of this article is to provide
a comprehensive analysis of the
transformation of Ukraine’s export cargo
flows in 2022-2026 under structural changes
in the transport and logistics system and
external constraints, with a focus on the
operation of three key logistics subsystems:
the seaports of the Odesa region, the Danube
cluster, and land border crossings. The study
aims to assess the dynamics and
redistribution of cargo flows among these
subsystems, determine the impact of changes
in maritime freight rates and rail and road
tariffs on the structure of transport and
logistics costs, and examine the mechanism
through which these changes are transmitted
into export price formation under the delivery
terms DAP, CPT, FOB, and CIF.

The scientific novelty of this study lies in
substantiating the transformation  of
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Ukraine’s export cargo flows as a process of
changing the system'’s transport-
technological architecture, rather than merely
a quantitative redistribution of volumes
across directions. A multi-criteria approach to
evaluating export routes under risk is
proposed, integrating transportation cost,
logistics cycle duration, execution reliability,
and security parameters, and enabling the
tracing of the mechanism through which
changes in maritime freight rates and rail and
road tariffs are transmitted into the price-
formation structure under the delivery terms
DAP/CPT/FOB/CIF. This approach extends the
classical economic interpretation of transport
efficiency and explains the variability of
export-channel choices under “structural
shocks” and an unstable external
environment.

Data and Methodology. The data are
drawn from the author’s dataset of market
reviews and operational indicators for 2022-
2026, which includes: prices for agricultural
crops and processed products under the
DAP/CPT/FOB/CIF bases; rail and road freight
rates for key routes; Danube barge rates and
sea freight rates for typical vessel sizes and
trading lanes (the Mediterranean, Spain, Italy,
China); and operational indicators of JSC
“Ukrzaliznytsia” on the volume and structure
of export transportation and the status of
port-side logistics [12], [21].

The methods include descriptive
statistics and period-to-period comparisons,
as well as event-based structuring:

- 2022 is treated as a period of shock and
forced reorientation;

- 2023 - as a period of partial
normalization of the maritime channel with
high sensitivity to inspection delays;

- 2024-2025 as a period of a new balance
formation and route competition;

- early 2026 as a period of rail-export
stabilization and a shift in the role of road
transport.

Summary of the main research
material. The period 2022-2026 s
characterized in today’s world as an evolution
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of the multimodal logistics system, which can
be divided into several stages:

1.2022 - shock, “logistics premium,” and
forced multimodality.

March 2022 marked the moment when
logistics effectively “rewrote” the export
economy. As of 25 March 2022, the cost of
cargo logistics to the port of Constanta
increased from approximately USD 80 to USD
120 per tonne. At the same time, corn price
indications on the CPT Constanta route
declined from EUR 323.6 to EUR 320 per
tonne, while DAP Izov/Hrubieszéw decreased
from USD 265 to USD 260 per tonne. The
average transit time for railcars to the Izov-
Hrubieszéw border crossing was also
estimated at about 5 days [21].

The essence of these indicators is that the
logistics component became the dominant
price driver. When costs increase by dozens of
dollars per tonne, any fluctuations in the
underlying base price are no longer sufficient
to protect margins. Exporters and traders are
therefore forced to focus on the physical
availability of a route: whether railcars are
available, whether the border is operating,
whether transshipment capacity exists, and
whether a cargo lot can be consolidated. This
is how, in 2022, the “border-Danube-
Constanta” triangle emerged, partially
offsetting the constraints of Black Sea ports.

From a transport-technological
perspective, 2022 marked the launch of
forced multimodality. Cargo moved in smaller
lots, the number of transshipment operations
increased, the role of temporary storage
expanded, and wagon/truck turnaround
became critical. In this phase, the ports of the
Odesa region partially lost their role as the
dominant hub but did not disappear from the
system: functions were redistributed and the
system began adapting in anticipation of
subsequent institutional changes.

2.2023 - the grain corridor, inspections,
and “parallel” routes. In 2023, maritime
logistics received an institutional “window”
through the grain corridor [4]; however, in
practice this window was uneven. Inspection
procedures turned part of the supply chain
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into a queue-based system. In June 2023,
market briefs noted that 6 vessels were
inspected in one day, while 39 vessels were
waiting for inspection. This imbalance implies
direct time losses and additional idle-time
costs. After the grain initiative was terminated
in the summer of 2023 [6], temporary
corridors for merchant vessels to/from
Ukrainian ports were announced [8], [9].
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Price indications in March 2023 highlight
that demand in Europe was weak and the
market was oversupplied. Demand for corn at
the border was assessed at USD 215-225 DAP
(Poland), while for off-spec lots in Ukrainian
ports a decline below USD 200 was expected.
For the transport system, this meant
intensified route competition: each additional
day in a queue or an extra transshipment
reduces supply competitiveness (fig. 1).

2022: Shock and Reorientation — DAP lzov/Hrubieszéw (corn) Indications

300

300 $/t

295+

290 +

285

270 +

Price, $/t (DAP border)

275 +

260 +

Source: author's market indications (weekly summaries), 18.03.2022.

260 $/t

1 2 3

4 5 6 7

Sequential Market Pointers (March-April 2022)

Figure 1 — 2022: DAP (Poland) indications and the manifestation of the “logistics premium” after
the reorientation of flows
Source: author’s calculations based on market indicators

The market’s response in 2023 involved
the development of “parallel” routes. The
Danube cluster became an insurance buffer,
while land border crossings served as a
channel for regular lots and processed

products. At the same time, Danube-region
logistics [14], [15] faced limitations in lot size
and required additional transshipment
operations, which kept costs at a high level
(fig. 2).
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Figure 2 — 2023: the ratio of road logistics rates to Danube barge rates as an indicator of route
competition
Source: author’s calculations based on market quotations

3. 2024 - balance systematization and
the renewed role of the Odesa ports. In 2024,
signs of  systematization emerged.
Operational data from JSC “Ukrzaliznytsia” for
January 2024 report 14.13 million tonnes of
total freight transportation and 7.50 million

tonnes in export traffic. Grain accounted for
3.37 million tonnes and was the largest export
cargo (44.9% of the export structure) [11],
[13]. This indicates that rail transport regained
the capacity to provide stable export volumes
(fig. 3).

2024: Structure of railway export transportation (January 2024, JSC Ukrzaliznytsta)-

Ferrous metals 0.44 min t (5.9%)

3.37 min t (44.9%

2.99 min t (39.9%)

Note: total transportation 14.13 min t; exports 7.50 min t (+13.3% by December 2023).
Source: operational data of JSC Ukrzalizny<tia, as or 02.14.2024.

0.0 0.5 1.0

1.5 20 35

Figure 3. 2024: structure of rail export shipments (January 2024), million tonnes
Source: operational data of JSC “Ukrzaliznytsia” summary as of 14 February 2024 [12]
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In 2024, the market simultaneously
recorded a decrease in rail transportation
rates by USD 3-7 per tonne and, at the same
time, periodic border restrictions due to
protests and infrastructure slowdowns. This
“cheaper but slower” combination once again
highlights that cost without time and
reliability does not adequately capture
efficiency.

For maritime logistics, 2024 provides
benchmark freight rates that make it possible
to compare the economics of different lines:
freight to the Mediterranean appears
manageable, while long-haul destinations
have a much higher freight component. For
the Danube cluster, the short “water leg” to
the port of Constanta is often cheaper on the
water segment itself, but it requires additional
operations and is constrained by lot size. It
was in 2024 that the Odesa region ports
began to reassert their role as the base hub for
bulk lots when the “maritime leg” is available;
as a result, total cargo transshipment in
Ukrainian ports increased by 57% by the end
of 2024 [16].
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4. 2025 - route competition and port
“waves.” In 2025, the market demonstrates
“normalization through competition.”
Logistics indications for inland water
transport place Izmail-Constanta barge rates
at EUR 13-14 per tonne, while sea freight
from Chornomorsk to Eastern Italy is
estimated at around USD 16-17 per tonne, to
Spain at USD 18-20 per tonne, and to
Southern China at USD 47-49 per tonne. This
range implies that for long-haul legs, freight
remains the dominant cost component.

At the same time, the impact of
infrastructure  “waves” becomes more
pronounced. As of 25 December 2025, 11,656
railcars had accumulated in the port-adjacent
hub, while average unloading was estimated
at 953 railcars per day. When the system
enters such peaks, the logistics cycle
lengthens, railcar turnaround declines, and
even with low transport rates the total
delivered cost may increase. This makes
capacity management no less important than
contracting the rate (fig. 4).

2025: Rate comparison across key logistics legs (rail/road/sea/Danube)
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Figure 4 — 2025: dynamics of multimodal transport rates and the manifestation of infrastructure
“waves”
Source: author’s calculations [21]

In 2025, a technological segmentation
across cargo types also becomes evident: bulk

grain tends to move via maritime transport,
whereas shipments of processed products are
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reoriented toward land corridors due to
higher regularity and smaller lot sizes.

5. 2026 - rail stabilization, road-haul
stagnation, and the attack factor. Operational
data for early 2026 indicate a regime of
controlled stabilization, especially on the “rail
leg.” In January 2026, total grain
transportation amounted to 2.64 million

38-48
v.35 (2026)
https://smart-scm.org

tonnes (10% more than in December, but 20%
less than in January 2025), while 2.37 million
tonnes were shipped in the export direction.
This suggests that the rail export system is
operating more predictably, albeit against the
backdrop of a constrained export supply base
(fig. 5).

2026: Rail grain transportation in January (vs 2025)

mint

Total grain Export route

N jan 2025
s Jan 2026

Via ports Via border

Figure 5 - 2026: indicator of rail grain transportation in January (y/y)
Source: author’s calculations based on operational data

Road transport in this period consolidates
as a tool for niche logistics. Statistical
indicators show that January shipments of
agricultural products by road were the lowest
since January 2024, while the share of
processed products in road flows reached 85-
90%. This is logical: road logistics wins on
speed and flexibility but loses economies of
scale for bulk grain transportation.

For port logistics, the security factor
remains critical. Reports of strikes on port
infrastructure near Odesa in February 2026
indicate that even under relatively stable
freight rates, the weight of the security
component increases, reinforcing the need
for multichannel routing as a risk-
management instrument.

In our view, periodic attacks [17] on port
and energy infrastructure affect logistics
through two channels:

- the first channel is direct: damage to
warehouses, berths, conveyor systems, or rail
approaches immediately reduces throughput
capacity and creates a wave of railcar/truck
accumulation;

- the second channel is indirect: even
when physical damage is limited, uncertainty
increases - along with it, insurance premiums,
shipowners’ caution, and the demand for
more flexible contract terms.

From a rate-setting perspective, this
means that when risk rises, the market does
not always show a “linear” increase in freight.
Some vessels leave the region, but some
remain, and then the price may reflect
bargaining power, seasonal cargo supply, and
the availability of alternatives. For exporters,
this implies that the contracting strategy
should include not only the rate but also
execution terms: deadlines, penalties, risk
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allocation, and the option to reroute via the
Danube River or land borders.

At the level of multimodal architecture,
the latest attacks [18] confirm that the Greater
Odesa ports remain the core hub for
economies of scale, but functionally they
must be integrated with alternative channels
so that the system can “switch” without
collapse. In other words, resilience is not only
about protection, but also about having a
prepared logistics switching capability.

Overall, the 2022-2026 period confirms
that an effective logistics solution for Ukraine
cannot be built around a single dominant
channel. The best strategy is a multichannel
portfolio in which the Greater Odesa ports
provide economies of scale, the Danube
cluster offers flexibility, rail creates baseline
resilience and the “green” potential of the
inland leg, and road transport covers niche
and time-critical flows.

Key practical thesis: a difference of just a
few dollars per tonne in a transport rate can
be entirely “absorbed” by idle time, queues, or
changes in infrastructure availability.
Therefore, route selection should be multi-
criteria: cost, time, reliability, security, and
environmental impact must be assessed
jointly. For investment planning, the highest
returns come from solutions at the interfaces
between transport modes, where time losses
and additional operations concentrate. From
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ports and on access routes) and expand
“buffer” capacities where they reduce the risk
of contract failure. For public policy, priority
should be given to projects that improve the
sustainability of the key multimodal
interfaces: port-rail, river-sea, and rail-
border.

Conclusions. Ukraine’s export logistics in
2022-2026 evolved from the forced
reorientation of flows and a sharp increase in
total logistics costs in 2022 to a partial
normalization of the maritime channel in
2023, under conditions of high sensitivity to
inspection delays. In 2024-2025, a new
multimodal balance emerged: the Greater
Odesa ports regained their role as the core
hub for bulk lots [10], the Danube
consolidated as an insurance buffer, and rail
served as the stabilizer of exports. In early
2026, a regime of controlled stabilization in
rail grain transportation and a structural
stagnation of the road channel for bulk grain
movements were observed, while security
risks to port and rail infrastructure persisted.
The results confirm that effective transport-
technological solutions should be developed
through a multimodal export architecture
that enables flow reallocation during shocks
without destructive increases in cost and
time. This logic aligns with sustainable
development approaches, where not only
price matters, but also resilience and the

a practical standpoint, exporters and environmental efficiency of logistics
operators should strengthen digital flow processes.
management (slot planning, congestion
forecasting, coordination of time windows at
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instability in global container logistics: evolution from supply chains to digital ecosystems». Global
container logistics operates under conditions of permanent systemic instability manifested in extreme freight
rate volatility, chronic port congestion, geopolitical disruptions, and nonlinear demand fluctuations. The aim of
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this paper is to develop a conceptual and methodological framework for assessing the resilience of container
transportation under exogenous turbulence based on an ecosystem approach and multi-criteria route
optimization.

The study clarifies the basic concepts of «permanent instability», «container transport stability triangle»
(cost - time/reliability — CO, emissions), «delay risk», and «digital route transparency index». A generalized
model of multi-criteria optimization of container transport route selection is proposed, taking into account
stochastic tariff volatility, port infrastructure reliability, and environmental constraints. A three-level analytical
architecture of a digital ecosystem for container flow management (Data Layer — Analytics Layer — Decision
Layer) has been developed, which integrates heterogeneous data sources and supports the construction of
Pareto-efficient alternatives for management decision-making.

The scientific novelty lies in the operationalization of the concept of container transport sustainability
through a formalized multi-criteria approach at the level of an individual container as an autonomous
optimization unit and in the justification of the role of digital transparency as a key resource of the logistics
ecosystem. The practical significance of the results lies in the possibility of using the proposed model as a basis
for developing digital platforms to support the decisions of carriers, cargo owners, and port operators in
conditions of permanent market instability.

Keywords: container logistics, permanent instability, logistics ecosystem, multi-criteria optimization,
transport resilience, freight rate volatility, digital transparency, decision support systems, maritime supply
chains.

Mapia Tlpuzopak, KamepuHa MonyaHoea, Mapzapuma CiHaliko, KamepuHa YepHeaa.
«lMepmaHeHMHa Hecmab6ineHicme y 2no6aneHili KoHmMelHepHili nozicmuyi: esonmoyisa eio naHyrozie
nocma4aHHA 0o yugpoesux ekocucmem». [106a71bHA KOHMeUHepHA /102iCMUKa pyHKYIOHYE 8 yMo8ax
nepMaHeHMHoI cucmemHoi HecmaobibHOCMI, WO NPOABISEMbBCA Y BUCOKIU 8071amMusibHOCMIi (hpaxmosux
CMABOK, XPOHIYHUX NOPMOBUX 3aMopdax, 2e0NOAIMUYHUX PU3UKAX MA HesiHilHUX KOUBAHHAX nonumy.
Memoro cmammi € ¢opmysaHHA KOHUeNMyaabHO-Memo00sI02iYHOI paMKU  aHanizy cmilikocmi
KOHMeUlHepHUX nepese3eHb 8 yMOBAX €K302eHHOI mypby/ieHMHOCMi Ha OCHOBI eKoOCUCMeMHO020 nioxody ma
6azamokpumepianeHoi onmumizauil mapwpymis.

Y OocnioxeHHi ymouHeHO 64308/ NOHAMMA «nepMAHeHMHd HecmabisibHICMb», «MPUKYMHUK
cmilikocmi KoHmeliHepHUX nhepese3eHb» (8apmicme — yac/HaoditiHicme — sukudu CO,), «pU3UK 3aMPUMKU» ma
«iHOeKC yugposoi npo3opocmi mapuwipymy». 3anponoHO8AHO y3az2asibHeHy Moodesib 6azamoKpumepianbHoi
onmumizayii subopy Mmapwpymis KOHMeUHepHUX nepege3eHb 3 YpPaxyBaHHAM CMOXACMUYHOI
sosiamusbHOCMi  mapudhis, HaodiliHocmi nopmogoi iHgppacmpykmypu ma eKosio2idHUX ObMexeHb.
Po3pobneHo mpupisHegy aHanimuy4Hy apximekmypy yugposoi ekocucmemu ynpasniHHA KOHMelUHepHUMU
nomokamu (Data Layer — Analytics Layer — Decision Layer), wjo iHmezpye 2emepoeeHHi Oxepena 0aHux i
niompumye nobyoosy [lapemo-epekmusHuUX anbmepHamua 014 NPUliHAMMA ynpasiiHCbKUX pilueHe.

Haykosa Hosu3Ha nosideae e onepauyioHanizayii NOHAMMA cMilkocmi KOHMeUHepHUX hepese3eHb
yepes ¢hopmanizosaHuli 6azamokpumepiasbHull nioxi0 Ha pieHi OKpeMoz2o KOHMeliHepd SK a8MOHOMHOI
00UHUYi onmumi3ayii ma e obrpyHmysarHi poni yugposoi Npo3opocmi AK KIIloH08020 pecypcy J102iCMUYHOI
ekocucmemu. [lpakmuyHa 3Ha4dywjicme pe3ynbmadmié nNoOJAA2a€ Yy MOXJ/IUBOCMI  BUKOPUCMAHHA
3anponoHOBAHOI MoOderli AK OCHOBU 0714 po3pObKU Yugpposux naamgopm nidmpumMKu pilueHb nepesi3HUKi8,
B8AHMAXX08BJIACHUKIB | NOpMOBUX oNnepamopis 8 yMosax nepMaHeHMHoI pUHKO80i HecmabineHocmi.

Kniouoei cnoea: KoHTeHepHa NOricTVKa, NepMaHeHTHa HecTabiNbHICTb, NIOFICTUYHA eKoCcncTema,
6araTokpuTepianbHa OMNTMMI3aLifa, TPAHCMOPTHA CTINKICTb, BONATUIIbHICTL pPaxTOBUX CTABOK, LndppoBa
NPO30piCTb, CUCTEMU NIATPUMKM NPUNHATTA pilleHb, MOPCbKi TaHLOM NOCTavYaHHA
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Introduction. The modern global
container shipping system operates in
conditions of permanent systemic instability,
manifested in hypervolatility of freight rates,
chronic port congestion, geopolitical shocks,
climatic restrictions on shipping, and growing
regulatory environmental pressure. Unlike
classic cyclical crises, the current instability is
nonlinear, cumulative, and prolonged,
creating an environment of constant
turbulence in which traditional approaches to
route  planning and supply chain
management lose their predictive power.

Most of the existing scientific research in
the field of maritime logistics and SCM
focuses either on cost optimization under
deterministic conditions or on isolated
analysis of individual risks (port delays, rate
volatility, environmental restrictions). Such a
fragmented approach does not reflect the
systemic interaction of financial, physical, and
information flows in container logistics and
does not allow for adequate consideration of
the effects of cascading failures characteristic
of modern digitalized transportation
networks.

At the same time, there is an evolutionary
transition from linear supply chains to
networked logistics ecosystems, within which
shipping lines, ports, terminal operators,
freight forwarders, digital platforms, and
regulators interact. In such an ecosystem
configuration, data and digital route
transparency become critical resources,
ensuring coordination of decisions, rapid
reconfiguration of flows, and prevention.

Analysis of recent studies and
publications. Research on global container
logistics shows that modern supply chains are
highly vulnerable to external and internal
shocks. Significant attention is paid to this
problem by authors analyzing economic
volatility and structural asymmetries in global
transport systems (T. Notteboom, A. Pallis, J.
Rodrigue, 2021; C. Ducruet, E. Cocuzza, M.
Ignaccolo, 2020) [1-3]. In particular, emphasis
is placed on the role of key ports and state-
owned companies that control strategic hubs,
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creating  monopolistic  positions  and
increasing the risk of systemic disruptions in
global supply (UNCTAD, 2022) [4].

The COVID-19 pandemic was a turning
point for research on container logistics. Port
congestion, lockdowns, and supply chain
disruptions have exposed the weaknesses of
just-in-time models and highlighted the need
for new approaches to risk management (K. F.
Yuen, 2019; W. Shih, 2020; Pan et al., 2021; D.
Russell, 2021) [5-8]. Research shows that
traditional methods of cost optimization and
route planning do not provide sufficient
flexibility to respond to systemic failures, and
information lags between chain participants
exacerbate the effects of crises (Liu et al.,
2022; C. A. Ouedraogo, 2022) [9-10].

Contemporary scientific discourse in the
field of maritime logistics and supply chain
management increasingly focuses on the
transition from a paradigm of relative
equilibrium to one of permanent instability in
global container flows. Works devoted to the
post-pandemic transformation of logistics
networks are dominated by the conclusion
that models focused on minimizing costs
through a high concentration of production
and transit hubs and strict synchronization of
flows within the just-in-time concept are
structurally vulnerable -time concept (M.
Christopher, H. Matthias, 2017, J.-S. Kim et al.,
2023) [11-12]. In response to this, the
literature actively discusses the need to move
from linear supply chains to network
configurations  and digital logistics
ecosystems capable of providing adaptability,
multiple route options, and risk sharing
among participants. Network models allow
risks to be distributed among several nodes
and alternative routes to be used, but they are
still limited in their ability to adapt
predictively due to limited data visibility.
Digital ecosystems that integrate chain
participants through a standardized digital
infrastructure are becoming a new focus of
research in maritime and container logistics
(A. Wang et al.,, 2022; M.-L. Tseng et al., 2021;
H. Sun et al,, 2025). The use of loT, Big Data,
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and artificial intelligence technologies
enables real-time monitoring, forecasting,
and adaptive management of multimodal
routes, which significantly increases the
stability of the system. Some researchers note
that digital technologies not only improve the
operational efficiency of container logistics,
but also contribute to sustainable
development and reduce harmful
environmental impacts (J. Lyu et al., 2023)
[16]. At the same time, most scientific works
focus on the technical aspects of digitalization
and do not integrate  multi-criteria
approaches to sustainability assessment that
simultaneously take into account the
financial, time, and environmental
parameters of container transportation.

An important area of research is multi-
criteria modeling of risks and resilience in
global supply chains. Developments related
to freight indices, such as the Drewry World
Container Index (WCI) and the Freightos Baltic
Index (FBX), allow for the assessment of
market volatility and its impact on shipping
costs. However, the integration of this data
into digital platforms and the creation of
models that evaluate each container as a
separate object of optimization remains
under-researched.

Identification of previously unresolved
parts of the overall problem. Contemporary
scientific ~ discourse  emphasizes  the
permanent instability of global container
chains and the need to transform
management models from classic linear
supply chains to dynamic digital ecosystems.
At the same time, existing studies remain
fragmented in terms of methodology. On the
one hand, a developed theoretical body of
work is being formed on the issue of resilience
in container supply chains, in which resilience
is interpreted through the system's ability to
recover from shocks, diversify routes, and
reduce dependence on critical nodes.
However, these approaches mostly remain at
the conceptual level or are limited to
aggregated resilience indicators without
direct integration into operational route
planning algorithms. On the other hand, in
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the field of transport optimization and
operations research, real-time container and
multimodal transport routing models are
actively being developed using heuristics,
stochastic models, and machine learning
methods. However, these algorithms typically
optimize individual criteria (minimizing cost
or delivery time) and treat risks and
environmental constraints as external or
auxiliary parameters that are not integrated
into a unified sustainability concept.

Thus, there is a methodological gap in
contemporary literature between theoretical
models of sustainability and ecosystem
development in container logistics, as well as
between applied routing algorithms used in
digital transportation management
platforms. It is this gap that is filled by the
concept of multi-criteria management of
container logistics sustainability proposed in
the article. This study not only conceptually
supports the ecosystem paradigm of
container logistics development, but also
offers operationalized tools suitable for
implementation in digital transportation
management platforms, which is its main
scientific and applied contribution.

Formulation of the article's objectives.
The aim of the study is to develop and test the
concept of multi-criteria management of
container logistics sustainability in conditions
of permanent systemic instability, integrating
financial, time, and environmental indicators
into a digital ecosystem for managing
container transport routes.

The research methodology is based on
a combination of systemic, ecosystemic, and
multi-criteria approaches to the analysis of
global container logistics in conditions of
permanent instability. The research is
interdisciplinary in nature and combines the
tools of logistics, transport economics,
network theory, risk analysis, and digital
transformation. The first stage involved
conceptualizing the phenomenon of
permanent instability in global container
logistics by synthesizing the provisions of
system instability theory, supply chain
resilience concepts, the ecosystem approach,
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and exogenous turbulence theory. This made
it possible to form an analytical framework for
the study, within which container logistics is
interpreted as an open socio-technical system
functioning in conditions of constant external
shocks (geopolitical, market, regulatory,
security, and climatic). The empirical basis of
the study is formed on the basis of secondary
data from leading industry sources (Clarksons
Research, Drewry, Freightos, UNCTAD), public
statistics from port administrations and
shipping lines, as well as analytical reports
from consulting companies. To illustrate
market instability, we used freight rate
dynamics (WCI and FBX indices), TEU-mile
indicators, data on port congestion, and
service reliability. Descriptive  statistics,
comparative analysis, and trend analysis
methods were used to identify nonlinear
changes in market dynamics.  Within the
framework of the study, a generalized
formalized model of multi-criteria assessment
of container delivery routes based on the
“stability triangle” (cost - time/reliability -
carbon intensity) was developed. The object
of modeling was defined as a single container
as an autonomous optimization unit.
Additionally, the risk of delay is formalized as
the probability of exceeding the acceptable
transit time, taking into account port
congestion and geopolitical restrictions; the
digital transparency index of the route is
formalized as an integral indicator of the
availability, relevance, and detail of data in
real time.

Presentation of the main results. Given
the interdisciplinary nature of global
container logistics and the ambiguity of
interpretations of key categories in scientific
literature, the initial stage of the study
involved a targeted clarification of the basic
concepts that form the conceptual framework
of the work. This approach ensures the
methodological integrity of the analysis,
reduces the risk of terminological
discrepancies, and increases the
reproducibility of the results obtained.

Permanent instability in the context of
this study is interpreted not as a temporary
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crisis or a phase of cyclical market
fluctuations, but as a structural characteristic
of modern global container logistics,
reflecting the persistent presence of
exogenous shocks, nonlinear dynamics of
freight rates, transit times, and spatial
configuration of flows. Permanent instability
is formed under the influence of the
cumulative effect of geopolitical conflicts,
military actions, regulatory changes, climate
risks, and trade restrictions, which makes it
impossible for the system to return to a stable
equilibrium in the medium term. The
resilience of container logistics is defined as
the ability of the logistics system to maintain
an acceptable level of functioning and restore
operational capacity after external shocks
through adaptive route restructuring, flow
redistribution, and flexible transformation of
contractual terms, rather than simply by
accumulating excess capacity reserves.

The digital ecosystem of container
logistics is defined as an integrated
environment for interaction between carriers,
ports, freight forwarders, cargo owners,
financial institutions, and government
agencies, within which physical, financial, and
information flows are coordinated through
digital platforms, APl interfaces, and
algorithmic data analysis tools. Unlike linear
supply chains, the digital ecosystem functions
as a network of co-evolution of actors and
technologies, enabling dynamic restructuring
of routes and contract strategies in response
to exogenous shocks.

The clarification of basic concepts
provides the necessary conceptual and
methodological framework for further
analysis of the specifics of global container
logistics in conditions of permanent
instability. On this conceptual basis, further
consideration focuses on three interrelated
areas:

1) identification of the key features of
container logistics in an environment of
permanent instability, dominated by
nonlinear effects, cascading failures, and
degradation of effective network throughput;
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2) analyzing the evolution of linear supply
chains towards digital container transport
ecosystems as an organizational form capable
of ensuring coordination between actors and
reducing information asymmetry;

3) formalization of the route selection
task as multi-criteria optimization, reflecting
the inevitable trade-offs between cost,
time/reliability, environmental constraints,
and delay risks.

1. Features of container logistics in
conditions of permanent instability.

The modern container supply chain
functions as a multi-level multimodal network
of interaction between five key types of
participants, integrated into a single logistics
circuit based on joint management or a
unified transport document. The core of the
system is the mainline maritime transport
subsystem, represented by liner shipping
operators that connect global hubs —
seaports. Ports operate a container
transshipment and handling subsystem,
represented by container terminals, which
play a system-forming role for the efficiency
of the entire supply chain. The port
infrastructure is integrated with the
hinterland transport subsystem, which
includes rail and road transport and provides
the «first» and «last mile» connections. The
system is complemented by a warehouse
subsystem, which covers internal warehouses
and port cargo stations, performing a buffer
function and optimizing container loading.
The coordination of all elements is ensured by
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logistics providers and freight forwarders,
who synchronize material, information, and
financial flows within the container supply
chain.

However, even a high level of integration
and coordination among supply chain
participants does not eliminate the systemic
vulnerability of container logistics to
exogenous shocks. Figure 1 shows the growth
dynamics of global container trade volumes,
which is shaped by stable consumer demand
on the main intercontinental routes: East Asia
— North America, East Asia — Northern Europe,
and the Mediterranean. The container
throughput indicator, adjusted for transport
distance (TEU-miles), grew faster than the
physical volume of container traffic in 2024.
This indicates a structural change in the
geography of routes, not just an increase in
demand. The sharp increase in TEU-miles was
due to a prolonged deviation of shipping
routes from the traditional passage through
the Red Sea, primarily on the East Asia-Europe
route. The detour around the Cape of Good
Hope extended the average voyage time by
approximately 30%, which, according to
Clarksons Research estimates, accounted for
about 11% of the increase in total demand for
container TEU-miles in 2024 [17]. This trend
perfectly reinforces the key thesis of
permanent instability and demonstrates an
important methodological difference
between the growth of physical transport
volumes (TEU) and the growth of transport
performance (TEU-miles).
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Figure 1 — Dynamics of global container trade volumes
(millions of TEU and percentage annual change)
Source: MDS Transmodal [17]

Market instability in maritime logistics
also manifests itself in the form of extreme
volatility in freight rates, which is a
macroeconomic  symptom of  deeper
operational and structural imbalances in the
global container system. Industry indicators,
in particular the Drewry World Container
Index (WCI), show sharply non-linear price
dynamics, as reflected in Figure 2.

US$ x,000/40ft
%5

%3
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B1

Throughout 2025, rates for the transportation
of a 40-foot container showed weekly
fluctuations of 8-10%, with price dynamics
being markedly asymmetrical across
transport routes. In particular, the decline in
tariffs on Asia-Europe routes could have
occurred in parallel with an increase in rates
on trans-Pacific services during the same
period [18].

@ World Container Index (WCI) Composite Index

LN
Figure 2 - Drewry World Container Index 2025 (US$/40ft)
Source: [18]
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It should be noted that the volatility of
freight rates in 2024-2025 is structural rather
than cyclical in nature. It is caused by the
simultaneous action of several factors:

- asymmetric logistics shocks (the crisis in
the Red Sea affects the Asia—Europe and Asia—
North America routes differently);

- uneven redistribution of the fleet
between trades (carriers are quickly shifting
ships to more marginal routes);

- arigid oligopolistic structure of the liner
shipping market (alliances coordinate
capacity, which amplifies price fluctuations);

- the growing role of the spot market
amid the erosion of long-term contracts.

Figure 3 shows the dynamics of freight
rates for the transportation of a 40-foot
container along key export routes from
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Shanghai to major ports in Europe and North
America. The graph shows high amplitude
and asynchrony of price fluctuations between
transport directions, indicating
fragmentation of the global container market
and the growing role of regional imbalances
in supply and demand. Periods of sharp rate
increases are followed by phases of rapid
correction, but prices do not return to pre-
crisis levels, forming a new «raised base» for
freight rates. The divergence in dynamics
between the Shanghai-Northern Europe and
Shanghai-US West Coast routes is particularly
pronounced, reflecting the different
sensitivity of transcontinental routes to
exogenous shocks (geopolitical risks in the
Red Sea, port congestion, seasonal peaks in
US imports).

29-Jan-26

WCI: Shanghai to Los Angeles

WCL Shanghai to Mew York

o
Figure 3 - WCI Trade Routes from Shanghai (US$/40ft)

Source: [18]

The nonlinearity and asymmetry of
freight rate dynamics recorded in the graph
confirm the transition of container logistics to

a state of permanent instability, within which
price signals are increasingly less effective in
performing a stabilizing function, and short-
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term imbalances are quickly translated into
macro-level fluctuations in the transportation
market. As a result, freight rates no longer
reflect the «average market equilibrium» and
become an indicator of local bottlenecks and
capacity imbalances. The volatility of freight
rates ceases to be just market noise and
transforms into a systemic risk factor that
directly affects the stability of container
supply chains and requires a transition from
single-factor price optimization to multi-
criteria decision-making models within digital
ecosystems.

Thus, permanent instability in global
container logistics manifests itself not only in
the growing volatility of freight rates, but also
in changes in the spatial -temporal
configuration of container flows, which
objectively reduces the effective throughput
capacity of the global logistics system and
reinforces the need to transition to digital
ecosystems of adaptive management. The
origins of the current systemic crisis are
cumulative in nature and are caused by the
overlap of several interrelated shocks that
have successively destroyed the relative
equilibrium of global supply chains. The
COVID-19 pandemic was the primary catalyst,
exposing the structural fragility of just-in-time
models through lockdowns, disruptions in
production links, and unprecedented port
congestion at key hubs in the US and China.
Further escalation of instability was caused by
the Red Sea shipping security crisis since late
2023, which effectively blocked the
traditional route through the Suez Canal and
forced carriers to massively reroute traffic
around the Cape of Good Hope. As shown in
Figure 1, this led to a sharp increase in TEU-
miles, i.e., the volume of transport work, with
relatively moderate dynamics in physical
container traffic volumes. The extension of
voyages by 10-14 days led to a reduction in
the effective capacity of the fleet, an increase
in fuel and insurance costs, and a secondary
price shock in the freight market, which is
empirically confirmed by the increased
volatility of the WCI index (Fig. 2) and the
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asynchronous dynamics of rates on major
intercontinental routes (Fig. 3).

The war in Ukraine has radically
transformed the logistics geography of the
Black Sea region, limiting access to traditional
port hubs and increasing overall geopolitical
uncertainty for global carriers and cargo
owners. An additional long-term structural
factoris the concentration of control over port
infrastructure and logistics data: Chinese
state-owned companies exert operational or
investment influence over a significant
number of strategic ports in various regions of
the world and are developing their own
digital flow management platforms, which
creates asymmetry in access to information
and sets the stage for potential non-market
influence on industry dynamics [3,4,11].

A synthesis of theoretical approaches and
practical cases allows us to conclude that
global container logistics is transitioning from
a regime of predominantly cyclical
fluctuations to a paradigm of permanent
systemic instability. This instability is
cumulative in nature and is shaped by the
interaction of short-term market volatility
with  long-term  structural  challenges,
including geopolitical fragmentation,
escalating armed conflicts, climate risks, and
trade wars. Geopolitical shocks and military
actions, particularly in Ukraine, demonstrate
the ability to rapidly and radically change the
configuration of global supply chains through
the blocking of sea corridors, the destruction
of transport infrastructure, and the
destabilization of critical resource flows.
Current dynamics have revealed the
fundamental vulnerability of global supply
chains as a direct consequence of the
dominance of management paradigms
focused on minimizing costs and maximizing
efficiency through high concentration of
production and transit hubs. The
implementation of just-in-time models has
led to the formation of highly complex, tightly
interconnected systems without built-in
reserves of resilience and adaptability,
resulting in a low capacity to quickly reroute



The electronic scientifically and practical journal

“INTELLECTUALIZATION OF LOGISTICS AND SUPPLY CHAIN MANAGEMENT”,

ISSN 2708-3195

in the event of loss of access to key maritime
corridors.

In conditions of hypervolatility and
cascading failures, traditional approaches to
container logistics management demonstrate
systemic inadequacy due to a number of
fundamental limitations. First, the problem of
information lags and data fragmentation
persists: traditional communication channels
create information asymmetry between
carriers, ports, customs authorities, and
freight forwarders, leading to decisions based
on outdated data in the event of sudden
disruptions (e.g., port blockages) [5]. Second,
classical approaches rely on static route
planning using historical data, which quickly
becomes irrelevant in conditions of
hypervolatility. Third, the computational
complexity of multimodal alternatives
exceeds the operational capabilities of non-
digital management systems, making it
impossible to quickly reorganize supply
chains. Fourth, traditional risk management
methodologies are based on the assumption
of event recurrence, while modern crises are
structural breaks with no historical analogues,
making such models unsuitable for use in
conditions of high uncertainty and systemic
shocks.

2. The evolutionary transition from linear
models to digital ecosystems in container
shipping.

The development of logistics systems in
the field of container transportation is
evolutionary rather than discrete in nature
and reflects the gradual transformation of the
ways in which material, financial, and
information flows are organized in response
to the increasing complexity of the global
environment. Traditionally, container logistics
has functioned within the linear model of the
supply chain, which is interpreted in modern
science as a sequence of organizations linked
primarily by hierarchical and contractually
fixed relationships. Within this model, the
material flow passes through clearly defined
stages from the source to the end consumer,
and the interaction between participants is
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linear and sequential, with each link
functionally dependent on the results of the
previous one [6].

A rigid linear configuration generates
high systemic risks based on the «domino
effect» principle: a failure at any stage (e.g., a
delay in a ship's arrival at port or a break in the
production chain) is cascaded to all
subsequent links. In conditions of relative
market stability, this model ensured a
reduction in total costs through just-in-time
strategies and a high level of process
standardization. However, in an environment
of permanent instability, linear supply chains
demonstrate fundamental vulnerability due
to the low flexibility of contractual
relationships, the inertia of change approval
procedures, and the high transaction costs
associated with the operational replacement
of routes or partners.

The next stage of evolution was the
Supply Network model, in which the logistics
system is interpreted as a nonlinear
configuration of interconnected nodes with
many alternative routes and channels of
interaction. This architecture allows for partial
diversification of risks among several
operators, increasing the structural reliability
of the system by enabling the redistribution
of flows without radically changing the
overall network configuration. At the same
time, even the network model often remains
limited in terms of proactive management,
since information flows in it mainly perform
the function of post-factum monitoring rather
than a tool for preventive optimization of
decisions in real time.

The highest form of organization of
logistics systems in container transportation
is the Digital Ecosystem, which can be defined
as an integrated information and economic
environment that brings together
heterogeneous participants (shipping lines,
ports, terminals, freight forwarders, IT
platforms,  financial institutions, and
government agencies) around a common
digital infrastructure for shared access to data
and services. The technological foundation of
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such an ecosystem is digital platforms that
provide standardized application
programming interfaces (APIs), electronic
booking, electronic document management,
and data exchange in near real time [7].
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For a comparative analysis of these stages
in the evolution of logistics models, it is
advisable to use the system of criteria
summarized in Table 1.

Table 1. Comparative characteristics of evolutionary models of logistics in integrated logistics

structures

Cc::;ti ?ir:)snon Supply chain Supply network Digital ecosystem
Essence and | Linear  sequence,  static | Nonlinear configuration of | Integrated environment around
structure configuration interconnected nodes shared digital infrastructure
Degree of | Sequential dependence on the | Cross-dependence and partial | Technological ~ compatibility
interdependence previous link (high risk of | risk sharing while maintaining decision-

cascading failures)

making autonomy

The role of data Discrete exchange with time

lags, local storage

Data is used for
synchronization and partial
visibility of processes

Data as a key production
resource, available in real time

Flexibility
adaptability

Low, focus cost

minimization

and on

Medium, adaptation
redistribution of flows

through

High dynamism and capacity
for preventive adaptation

Source: Developed by the authors

The key difference of the digital
ecosystem is the transformation of data into a
strategic asset, which creates the conditions
for the application of predictive analytics,
machine learning algorithms, and artificial
intelligence tools to automate decision-
making processes. Within the ecosystem,
there is a “structural alignment” of
interdependencies between participants,
which increases the resilience of container
transport to external shocks by increasing
transparency, consistency of decisions, and
reducing information asymmetry.

The transformation from linear models to
digital ecosystems is driven by the need to
overcome the «computational incapacity» of
traditional approaches to logistics
management [8]. While within a linear chain,
a manager-operator can only operate with a
limited set of variables and scenarios, a digital
ecosystem, thanks to the integration of loT,
Big Data, and Al technologies, provides the
ability to quickly analyze thousands of
alternative multimodal combinations of
routes, tariffs, and risks. This forms the basis
for a transition to a co-evolutionary logic of
development, in which participants not only

respond to market changes but also jointly
adapt their business models and services to
conditions of permanent instability.
Therefore, the evolutionary transition to
digital ecosystems in container logistics is not
a technological fashion, but a systemic
response to the growing complexity and

turbulence of the global

environment.

Current analytical reviews of the digital
transformation of the maritime industry
emphasize that the introduction of digital
technologies in ports and shipping (data

sharing platforms,

artificial intelligence,

digital twins, 5G connectivity) is aimed at
improving the operational efficiency and
sustainability of supply chains. Studies of
digital logistics platforms in maritime logistics
show that their basic functions are data
integration, analytical optimization of flows,

increased visibility

and transparency of

processes, and automation of operations
planning. In the author's concept, these
functions are focused on minimizing market
instability for individual container shipments
through rapid analysis of market conditions
and adaptation to external shocks.
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The key hypothesis is that as the digital
ecosystem matures - that is, with the
expansion of the circle of integrated
participants, improvement in data quality and
completeness, and development of analytical
and Al modules - the variability of key
indicators such as cost, time, and emissions
decreases, and the supply chain's ability to
bypass high-risk areas increases. By
«circumvention» we mean not only the
physical reorientation of routes (avoiding war
zones or congested hubs), but also
institutional and contractual adaptation: the
transition from fixed tariffs to indexed
contracts (for example, linked to the Freightos
Baltic Index), the redistribution of flows
between carriers based on their reliability,
and the dynamic selection of ports of
departure and destination depending on the
level of congestion and risks of disruption.

Thus, the author's proposed concept of a
digital ecosystem for container logistics forms
a logical framework for the further
algorithmization of management decisions:
at the input stage - integrated data on the
market, operational parameters,
environmental restrictions, and customer
requirements; in the analytical core — an Al
module for multi-criteria route optimization;
at the output - formalized recommendations
for choosing a route, carrier, and pricing
strategy for a specific container shipment in
conditions of permanent instability.

3. Methodology  for  multi-criteria
assessment of container logistics stability in
conditions of permanent systemic instability.

The current paradigm of container
logistics operation objectively requires a
review of traditional approaches to assessing
its effectiveness. In the context of the market
transition from predominantly cyclical
fluctuations to a regime of permanent
systemic instability, focusing exclusively on
minimizing transportation costs is
methodologically insufficient and practically
risky. Single-factor models ignore critical
delays, increasing regulatory and
environmental pressure, and the increased
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vulnerability of supply chains to exogenous
shocks.

The methodology proposed within the
author's concept is based on a transition to a
multi-criteria assessment, where the object of
analysis is a single transport unit — a container.
The management goal is formulated not as
choosing the «cheapest» route, but as
minimizing the cumulative effects of market
instability for each shipment, while balancing
costs, time/reliability, and environmental
impact.

The methodology is based on the
concept of a «stability triangle» that
encompasses three basic vectors of
indicators: cost - time/reliability - carbon
emissions (CO,).

1. Financial criterion (cost level and
variation).

In conditions of hypervolatility, the cost
of container transportation ceases to be a
quasi-static value and is formed as a
combination of the base freight rate and a set
of surcharges (fuel, war, port charges,
insurance  premiums, demurrage and
detention penalties). The methodological
novelty lies in taking into account not only the
mathematical expectation of the cost, but
also its dispersion as an indicator of the
financial instability of the route. Increased
variation in costs due to port delays or sharp
fluctuations in the Drewry World Container
Index (WCI) and Freightos Baltic Index (FBX) is
interpreted as a marker of increased risk for
the cargo owner.

2. Time criterion (service duration and
reliability).

For cargo owners, not only the average
transit time (lead time) is critical, but also the
stability of its compliance, i.e., the reliability of
ETA/ETD fulfillment. In the context of systemic
failures and the formation of bottlenecks in
global maritime corridors (the Suez and
Panama Canals, overloaded hubs), service
reliability = becomes a  priority. The
methodology  involves  assessing  the
probability and scale of deviations from
planned parameters. Ship speed is considered
a control parameter with an inter-criterion
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effect:  reducing it decreases fuel
consumption and emissions, while increasing
delivery time and inventory maintenance
costs in the supply chain.

3. Environmental criterion
intensity of transportation, CO,/TEU).

In the context of the “green transition,”
the environmental dimension is integrated
into the transportation economy as a
mandatory component of management
decision-making. The criterion is formalized
through the amount of CO, emissions per TEU
for a specific route and type of vessel. The
choice of route, transshipment scheme, and
speed regime directly shapes the
environmental profile of a container, which in
the long run translates into direct financial
costs through carbon regulation and tax
burden mechanisms (in particular, CBAM).

In addition to the basic «stability
triangle», the proposed methodology
integrates additional dimensions that are not

(carbon

DRI, =2, -P(T; > T*) + A,
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independent optimization criteria but act as
moderators of the effectiveness of
management decisions in conditions of
permanent instability.

First, the risk of delay is interpreted as the
probability of exceeding the specified
delivery time threshold due to port
congestion, transit hub overload, sea corridor
blockages, or geopolitical restrictions. Unlike
average transit time, the risk of delay reflects
the asymmetric nature of uncertainty in
container logistics, where isolated but high-
intensity events (blockage of the Suez Canal,
attacks in the Red Sea, sudden port closures)
generate disproportionately high losses for
the cargo owner. In this sense, delay risk is an
indicator of the structural vulnerability of a
route, not just its operational efficiency, and is
a key parameter in assessing the resilience of
a supply chain to exogenous turbulence.

The integral route delay risk index can be
calculated using the following formula:

E[AT;|T;>T"]
T plan (1)

l

where, T; - actual transit time of route i (random variable),

TP _ scheduled (nominal) transit time,

T* - maximum permissible delivery time (SLA, contractual threshold),

AT=T—T#"" - deviation from the plan,

P — probability,
E — mathematical expectation;
A1, A2 - weight (for example, 0.5/ 0.5).

The risk of route delays is formalized as
the probability of exceeding the specified
delivery time threshold P(T;>T%*) with
additional consideration of the depth of the
delay due to the conditional mathematical
expectation of exceedances. This approach
allows for the asymmetric nature of
uncertainty in the context of geopolitical and
infrastructure shocks to be taken into
account.

Second, digital  transparency s
conceptualized as a systemic characteristic of
the logistics network that determines the
level of availability, relevance, and integration
of information about the location of the

container, flight status, ETA/ETD changes, and
tariff parameters in near real time. Digital
transparency is not an independent target
variable for optimization, but it directly affects
the quality of management decisions, as it
reduces information lags, data asymmetry
between supply chain participants, and
cognitive limitations of managers in
situations of rapid environmental change. In
conditions of permanent instability, it is the
lack of relevant information that transforms
market shocks into systemic crises;
accordingly, a high level of digital
transparency is an institutional prerequisite
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for the implementation of multi-criteria
optimization and adaptive route replanning.
Digital route transparency is
operationalized through the aggregated DTI
index, which integrates five dimensions: node
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coverage with data, update frequency, level
of actor integration, depth of event visibility,
and degree of automation of management
decisions (Table 2).

Table 2. Components of the digital route transparency index

Component

Formalization

Interpretation

Data coverage

Number of nodes with API / Total number
of nodes on the route

Percentage of ports/terminals connected
to the platform

Update frequency 1/ average update interval, (hours) Speed of data retrieval
. . Integration with ports, customs, lines,
Integrity Binary or 0-1 scale .
terminals
Status visibility Number of available events / Maximum list ETA
of events
Automation of decisions 0-1 scale Availability of Al recommendations, ETA

forecasts, risk alerts

Source: Developed by the authors

The proposed digital transparency index
of the route DTI€[0;1] has a threshold
interpretation: low values (up to 0.3)
correspond to reactive management models
with high information lags; medium values
(0.3-0.6) reflect partial adaptability due to
fragmentary digital integration; high values
(above 0.6) characterize the transition to
proactive management of container flows
within digital ecosystems using predictive
analytics and artificial intelligence. The DTI
index reflects the institutional capacity of a
digital ecosystem to reduce information lags
and transform permanent instability from an
exogenous shock into a controllable decision-
making parameter.

Thus, delay risk and digital transparency
form a meta-contour of stability that

determines not only the parameters of a
single route, but also the ability of the logistics
system as a whole to respond in a timely
manner to exogenous shocks. In combination
with the basic «stability triangle» these
measurements allow us to move from a static
assessment of route efficiency to a dynamic
model of container flow management in a
state of constant turbulence.

The choice of a container transport route
is formalized as a multi-criteria optimization
problem on a directed graph of a logistics
network G=(V,E), where the nodes
correspond to ports and terminals, and the
edges correspond to individual transport

sections. For each admissible route rE€R, a
vector of criteria is formed as follows:

F@)=(C), T(r), E(v), R(r), —DTI(r))—min, (2)

where C(7) —integral cost of transportation, taking into account the volatility of freight rates

and surcharges,

T'(r) — expected transit time adjusted for service reliability,
E(r) — carbon intensity of transportation (CO2/TEU),
R(r) — risk of delay, interpreted as the probability of exceeding the acceptable lead

time,

DTI(r) — digital route transparency index.
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Optimal solutions are defined as a set of
Pareto-efficient routes, between which a
choice is made using scalarization (weighted
sum or e-constraint method) in accordance
with the strategic priorities of the cargo
owner (cost minimization, reliability
improvement, decarbonization, risk
reduction). The parameters of the network
edges are considered dynamic, which
provides the possibility of adaptive route
restructuring in real time in conditions of
market and geopolitical instability.

The proposed three-dimensional
analytical model provides a systematic
implementation of a multi-criteria assessment
of the stability of container transportation in
conditions of permanent market instability. Its
structure corresponds to the three key tasks of
modern  logistics management:  data
collection and  structuring, analytical
forecasting, and support for informed
decision-making.

The Data Layer is the foundation of the
system, as it provides aggregation and
cleansing of information from various sources
- from industry indices (WCI, FBX) and
shipping line schedules to operational data
from loT container sensors and port
congestion indicators. This layer is critical for
overcoming the problems of information
fragmentation that are characteristic of
traditional management models, where
decisions are often based on outdated or
incomplete data.

The Analytics Layer implements the
process of modeling alternative routes and
evaluating their multi-criteria indicators using
machine learning and optimization methods.
At this level, indicator vectors are formed that
take into account not only the expected cost
and its variation, but also delivery time,
reliability, carbon intensity of transportation,
and integral risk. This approach allows not
only to predict the consequences of external
shocks, but also to evaluate the trade-offs
between economic efficiency, operational
efficiency, and environmental requirements.
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The Decision Layer transforms analytical
results into understandable, user-friendly
decisions. By constructing a set of Pareto-
efficient routes, the user receives transparent
information about the trade-offs between
criteria: for example, a more expensive route
may provide high reliability and a lower
carbon  footprint. This ensures the
adaptability of the logistics system to market
and geopolitical instability, allowing
decisions to be made that minimize risks and
increase the sustainability of each shipment.

The proposed three-dimensional
analytical model fully corresponds to the
ecosystem approach in container logistics, as
it integrates the three main dimensions of the
modern digital ecosystem: physical, financial,
and information flows.

1. Flow integration. The data level
provides information gathering from various
sources (port systems, loT sensors, WCI/FBX
indices), allowing for a complete picture of
physical and financial flows to be constructed.
The analytical level creates interconnected
vectors of indicators that simultaneously
assess  costs, time, reliability, and
environmental footprint, integrating various
aspects of chain operations. The decision-
making level visualizes trade-offs between
indicators, allowing the user to adaptively
manage routes and resources in line with the
principles of ecosystem coordination.

2. Adaptability and dynamism The
ecosystem approach assumes that each
element of the system (port, ship, container,
carrier) is an integrated part of the whole and
responds to changes in the environment. The
model achieves this through: real-time
monitoring (Data Layer) and rapid updating
of analytical forecasts (Analytics Layer), the
ability to select the optimal route from a set of
Pareto-efficient alternatives (Decision Layer),
which ensures adaptation to market,
geopolitical, and environmental shocks.

3. Synergy of ecosystem components.
The model allows coordinating physical
transportation,  financial  flows,  and
information interactions between
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participants in the logistics network. This
creates conditions for flexible resource
management and risk reduction in global
container logistics.

Thus, the proposed three- dimensional
structure implements the key principles of a
digital logistics ecosystem: data and flow
integration, adaptive decision-making, and
synergistic interaction between participants,
making it an effective tool for managing the
sustainability and flexibility of container
chains in conditions of permanent instability.

Conclusions. Modern global container
logistics is in a state of permanent systemic
instability, manifested by high volatility of
freight rates, port congestion, geopolitical
risks, and fluctuations in demand. Traditional
linear supply chains demonstrate low
flexibility and limited adaptability, making
them vulnerable to external shocks. The
transition from linear models to network
structures and digital ecosystems increases
the resilience of container transport.
Networked models allow risks to be
distributed among multiple participants and
alternative routes to be used, while digital
ecosystems integrate physical, financial, and
information flows in real time, enabling
adaptive and preventive flow management.
The key resource of a digital ecosystem is
data, which enables forecasting and adaptive
route planning. The integration of loT, Big
Data, and artificial intelligence technologies
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allows for the evaluation of thousands of
combinations of multimodal routes, helping
to minimize risks, optimize costs, reduce
delivery times, and lessen the environmental
impact of transportation.

The proposed multi-criteria methodology
based on the «stability triangle» (cost -
time/reliability - emissions) demonstrates
effectiveness in forecasting and minimizing
the effects of external shocks. Modeling a
single unit of transport — a container - as an
autonomous optimization object allows
logistics management to be transformed
from reactive to adaptive, providing flexibility
in route selection and risk management. The
methodology includes additional
measurements, such as delay risk and digital
route transparency, which increases the
practical applicability of the model. Delay risk
is formalized as the probability of exceeding
the acceptable transit time, and digital
transparency as an integral index of the
availability and relevance of data in real time.
This provides the ability to intervene quickly
and adaptively reconfigure logistics flows.
The proposed approach creates a scientific
and practical basis for the development of
digital sustainability management platforms.
It allows for increased transparency, reduced
variation in key indicators, and effective
response to permanent market instability,
transforming exogenous risks into
controllable decision-making parameters in
container logistics.

References

1. Notteboom, T., Pallis, A. and Rodrigue, J. (2021). Port Economics, Management and

Policy. Routledge. 690 p.

2. Notteboom, T., Pallis, T., Rodrigue, J. P. (2021). Disruptions and resilience in global
container shipping and ports: the COVID 19 pandemic versus the 2008-2009 fnancial crisis.
Maritime Economics & Logistics, 23, 179-210. https://doi.org/10.1057/s41278-020-00180-5.

3. Ducruet, C, Cocuzza, E., Ignaccolo, M. (2023). Analysis of the maritime networks:
criticalities and resilience. Transportation Research Procedia, 69, 878-885.

4. Review Of Maritime
https://unctad.org/rmt2022.

Transport 2022. Navigating

stormy waters. URL:



The electronic scientifically and practical journal 49-65
“INTELLECTUALIZATION OF LOGISTICS AND SUPPLY CHAIN MANAGEMENT”, v.35 (2026)
ISSN 2708-3195 https://smart-scm.org

5. Yuen,K.F,Wang, X.,, Ma, F,, Lee, G., & Li, X. (2019). Critical success factors of supply chain
integration in container shipping: an application of resource-based view theory. Maritime Policy
& Management, 46(6), 653-668. https://doi.org/10.1080/03088839.2019.1597289

6. Shih, W. (2020). Global Supply Chains in a Post-Pandemic World. Harvard Business
Review, 98, 82-89. URL: http://ringmar.net/mycourses/wp-content/uploads/2021/07/Shih-2020-
Global-Supply-Chains-in-a-Post-Pandemic-World.pdf.

7. Pan,S., Rickard, T., Bjork, R. (2021). Does spelling still matter - And if so, how should it be
taught? Perspectives from Contemporary and Historical Research. Educational Psychology
Review. DOI:10.31234/0sf.io/4yckx.

8. Russell, D., Ruamsook, K. & Roso, V. (2022). Managing supply chain uncertainty by
building flexibility in container port capacity: a logistics triad perspective and the COVID-19 case.
Marit Econ Logist, 24, 92-113. https://doi.org/10.1057/s41278-020-00168-1.

9. Liu, H, Fu,Q, Dy, L., Zhang, T, Yu, G, Han, S., et al. (2022). Learning Rate Perturbation.
Proceedings of the 31st ACM International Conference on Information & Knowledge
Management, Atlanta, 17-21 October 2022, 4234-4238.
https://doi.org/10.1145/3511808.3557626.

10. Ouedraogo, C.A., Montarnal, A., Gourc, D. (2022). Multimodal Container Ttransportation
Ttraceability and Supply Chain Risk Management: A Review of Methods and Solutions.
International Journal of Supply and Operations Management, 9 (2), pp.212-234.
https://doi.org/10.22034/1JSOM.2022.109139.2201.

11. Christopher, M., Matthias H. (2017). Supply chain 2.0 revisited: a framework for
managing volatility: induced risk in the supply chain. International journal of physical distribution
& logistics management, 47 (1), 2-17. https://doi.org/10.1108/IJPDLM-09-2016-0245.

12. Kim, J.-S., Su, M., Park, K.-S., & Roh, S.-Y. (2023). The Effect of Container Shipping Supply
Chain Integration on Operational Performance: The Mediating Role of Information Sharing.
Journal of Korea Trade, 27(1), 19-41. https://doi.org/10.35611/jkt.2023.27.1.19.

13. Wang, A., Melton, A.E., Soltis, D.E. and Soltis, P.S. (2022). Potential distributional shifts in
North America of allelopathic invasive plant species under climate change models. Plant diversity,
44(1), 11-19. https://doi.org/10.1016/j.pld.2021.06.010.

14. Tseng, M.-L., Bui, T.-D., Lim, M.K,, Lewi, S. A. (2021). A Cause and Effect Model for Digital
Sustainable Supply Chain Competitiveness under Uncertainties: Enhancing Digital Platform.
Sustainability, 13(18), 10150. https://doi.org/10.3390/ su131810150.

15. Sun, H., Geng, L., Gao, Y., Qu, C. (2025). Cooperation and coordination strategy of the
online container supply chain considering service quality competition. Research in Transportation
Business & Management, 59. https://doi.org/10.1016/j.rtbm.2025.101297.

16. Lyu, J., Zhou, F., He, Y. (2023). Digital Technique-Enabled Container Logistics Supply
Chain Sustainability Achievement. Sustainability, 15, 16014. https://doi.org/10.3390/
su152216014.

17. International maritime trade. Review of maritime transport 2025. UNCTAD. URL:
https://unctad.org/system/files/official-document/rmt2025ch1_en.pdf.

18. World Container Index. Drewry. URL: https://www.drewry.co.uk/supply-chain-
advisors/supply-chain-expertise/world-container-index-assessed-by-drewry



The electronic scientifically and practical journal 66-74
“INTELLECTUALIZATION OF LOGISTICS AND SUPPLY CHAIN MANAGEMENT”, v.35 (2026)
ISSN 2708-3195 https://smart-scm.org

DOI: https://doi.org/10.46783/smart-scm/2026-35-6

UDC 339.138:658.8:658.7
JEL Classification: M31, M15, 033, QO01.
Received: 22 December 2025

Suvorova .M. PhD in Economics, Docent, Associate Professor of Industrial Marketing
Department National Technical University of Ukraine “lgor Sikorsky Kyiv Polytechnic Institute”
(Ukraine)

ORCID - 0009-0004-7820-9856
Researcher ID

Scopus author id: -

E-Mail: suvorova.iryna@]lll.kpi.ua

Pozniak O.V. PhD (Economics), Associate Professor, State University «Kyiv Aviation
Institute» (Ukraine)

ORCID - 0000-0003-0701-9698
ResearcherID - S-7110-2018
Scopus author id: -

E-Mail: poznyak ov(@ukr.net

Sibruk V.L PhD in Economics, Docent, Associate Professor of Industrial Marketing
Department National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute.”
(Ukraine)

ORCID -0000-0001-7997-5641
ResearcherID - ACI-7107-2022
Scopus author id: - 57219598344
E-Mail: sibruk.viktor@edu.kpi.ua

MARKETING LOGISTICS AS A DETERMINANT OF CUSTOMER
LOYALTY IN THE CONTEXT OF DIGITAL TRANSFORMATION AND
SUSTAINABLE ECONOMIC DEVELOPMENT

Iryna Suvorova, Oksana Pozniak, Viktor Sibruk. «Marketing logistics as a determinant of
customer loyalty in the context of digital transformation and sustainable economic development». The
article presents a comprehensive theoretical and conceptual analysis of marketing logistics as a key
determinant of customer loyalty formation, maintenance, and strengthening in the context of the accelerated
digital transformation of the economy and the strengthening of the global paradigm of sustainable
development. The study argues that traditional operational approaches to logistics no longer provide
sustainable competitive advantages in the e-commerce environment, where customer experience is becoming
a determining factor in brand choice, repeat purchases, and recommendations. In the context of the
introduction of artificial intelligence, the Internet of Things (loT), big data analytics, and blockchain
technologies, marketing logistics is transforming from a supporting function of the supply chain into a strategic
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tool for creating a unique customer experience at the last-mile delivery stage. It is the integration of logistics
processes with marketing strategies that enables delivery to become a powerful channel for building emotional
attachment, customer retention, and long-term customer value. The scientific novelty of the work lies in the
development and theoretical justification of an innovative extended cyclical sustainable model of marketing
logistics based on artificial intelligence. The model systematically combines digital technologies, sustainable
development principles, and customer-oriented marketing mechanisms. It is structured as an eight-stage
continuous cycle: data analysis and demand forecasting — personalization of logistics options — integration
of green practices — digital transparency and proactive communication — ethical integration — scaling of
solutions — monitoring and evaluation of loyalty — iteration and correction. The practical significance of the
model lies in its high adaptability to the conditions of Ukrainian enterprises, where the implementation of a
sustainable marketing logistics model based on artificial intelligence makes it possible to simultaneously:
significantly increase customer loyalty and repeat purchases, reduce operating costs by optimizing processes,
reduce environmental impact, and strengthen competitive positions in conditions of geopolitical instability,
growing consumer environmental awareness, and limited resources. The model can serve as a methodological
basis for the development of modern marketing logistics strategies focused on long-term customer value and
responsible business.

Keywords: marketing, logistics, customer loyalty, customer experience, digital transformation,
sustainable development, marketing logistics model

Ipuna Cysopoea, Oxcana [lo3HAk, Bikmop Cibpyk «MapkemuHzoea nozicmuka sAK
demepmiHaHMa KjieHMCbKOI J1I0sA/IbHOCMi 8 ymosax yugposoi mpaHcopmauyii ma cmanozo
po38umky ekoHomiku». Cmammsa npuceayeHa KoOMNJIeKCHOMY meopemuy4yHoMy ma KOHUeNnmyaabHOMy
aHanizy MapkemuH20801 J102iCMUKU AK K/1104080i 0emepmiHaHmMu (hopmMyB8aHHA, NiOMPUMKU Ma NOCUJSIeHHA
KJIEHMCbKOI /T0AIbHOCMI 8 YMOBAX NPUCKOPeHOi yugposoi mpaHcopmayii eKOHOMIKU ma nocusieHHsA
2n0baneHol napaduzmu cmanoz2o po3sumky. JJocnioxeHHA o6rpyHmMosye, wo mpaouyiliHi onepayidiHi
nioxodu 00 s102icMuKu 8ke He 3a6e3neyylome cMilikux KOHKYpeHMHUX nepesaz y cepe0o8uli eeKmpOoHHOI
Komepuil, 0e 00cgi0 kylieHMi8 cmae s8u3HA4YaIbHUM hakmopom subopy 6peHOy, NOBMOPHUX NOKYNOK i
pekomeHOauil. ¥ KOHmMekcmi 8nposaodxeHHs mexHo/02ili Wwmy4yHo20 iHmenekmy, IHmepHemy peued,
aHANIMUKU B8e/IUKUX OdHUX, mexHoJsoeill 610K4eliH, MapKkemuH208d J102iCMUKa MpaHchopmyemeoca 3
O00NOMIXHOT  (pyHKUiI N1aHYt02a nocmayadb y cmpameziyHull iHCmpymMeHm CMBOPeHHA YHIKAIbHO20
KJiEHMCbKO20 00C8idy Ha emani 00CMAsKu «0CmMarHboi Muni». Came iHmezpayis 02icmudHUX Npoyecis i3
MapkemuH208UMU cmpamezisimu 00380J1€ hepemaoprosamu 00CmagKy Ha NOMYXHUU KaHaAA hopMys8aHHs
eMOoUitiHOI npus’a3aHocmi, piBHA YMPUMAHHA KiieHmie ma 00820CMpoKosoi yiHHocmi kiieHma. Haykosa
HosU3Ha pobomu nosnsAzde 8 po3pobui ma meopemuyHoMy O6rpyHMy8aHHI iHHO8AUiGHOI po3wupeHoi
YUKIiYHOI cmasioi Modesni MapKemuH2080i J102iCcMUKU HAa OCHO8I Wmy4Ho20 iHmesekmy. Modesns cucmemHo
NoedHye Yugposi mexHos02il, NpUHYUNU CMAsio20 pPo38UMKY md K/IEHMOOPIEHMOBAHI MApKemuH208i
MexaHi3amu. BoHa cmpykmyposaHa sk eocemuemanHuli 6esnepepsHull YUK: AHAI3 OaHUX | NpO2HO3Y8AHHSA
nonumy — nNepcoHani3ayia 102icMuYyHUX onyiti — iHMe2pauis 3esleHUx NPAaKmMuK — yugposa npo3opicme i
NpoakmMueHa KOMyHikayis — emuy4Ha iHmezpayia — macumaby8aHHaA piuleHbs — MOHIMOpUH2 ma oyiHka
J10s1bHOCMI — imepauis ma kopekuyis. [pakmuyHa 3Hayywicme Mooesi NoA2ae 8 ii UCOKIU adanmugHoCMi
00 YMO8 YKpaiHCbKUX NiIONpUEMCME, 0e 8npo8adXXeHHA cmMasnoi Mooesli MapKemuH2080i 102iCMUKU HA OCHOB8I
WMy4yHo20 iHmesnekmy 0de 3mMo2y 0OHOYACHO: CYMmMEBO Nid8UWYy8aMU KIEHMCbKY J0A/bHICMb i pigeHb
NoOBMOPHUX NOKYNOK, 3HUXY8amu onepayiliHi sumpamu 3a paxyHoK onmumizayii npoyecis, 3meHwysamu
eKoJI02iYHUl 8NJIU8 MA NOCUSIID8AMU KOHKYPEHMHI no3uuii 8 ymosax 2eononimuyHoi HecmabineHocmi,
3pOCMAHHA CNOXUBYOI eKosoezidyHOI cgidomocmi ma obmexeHux pecypcis. Modenb moxe ciy2ysamu
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Memo00J102i{4HOI0 OCHOBOIO 0711 PO3PODOKU CyHacHUX cmpameziti MapKkemuH20801 J102iCMUKU, OpiEHMOBAHUX
Ha 00820CMPOKO8Y KIIEHMCbKY UiHHICMb i 8idnosidanbHul bi3Hec.

Knioyoei cnoea: mapKeTUHr, NOTiCTUKA, KIIEHTCbKA JNOSNbHICTb, KNIEHTCbKMA AOCBiA, UndpoBa

TpaHcdopmauis, CTanvin Ppo3BUTOK, MOLENb MAaPKETUHIOBOI IOTICTUKN

Introduction. In today’s economy, which
is undergoing rapid digital transformation
and increasing demands for sustainable
development, marketing  logistics s
significantly changing its role. It is no longer
just a supporting operational function in the
supply chain, but has become a key strategic
factor that determines a company’s
competitiveness and ability to build long-
term customer loyalty.

Digital transformation, based on the
introduction of artificial intelligence, the
Internet of Things, big data analytics and
blockchain technologies, is radically changing
customer interactions. Logistics processes are
no longer limited to the technical support of
deliveries — they are becoming a central
element of the customer experience. It is
during delivery that consumers finally
evaluate the value promised by the brand,
which directly affects their perception of the
brand, level of trust, and emotional
attachment.

At the same time, the rapid growth of e-
commerce both in Ukraine and worldwide is
placing new, stricter demands on marketing
logistics: customers expect a high level of
personalization, complete transparency at all
stages, guaranteed speed and reliability of
delivery, as well as compliance with
sustainability principles. Traditional logistics
models that do not integrate these aspects
with marketing strategies lead to lower
customer retention, weakened trust and
reduced long-term customer value.

Therefore, the relevance of the study lies
in the need for a new conceptual approach to
marketing logistics. It should be viewed as an
integrated system that comprehensively
combines modern digital technologies,
sustainable development principles, and
customer-oriented practices. This approach
makes it possible to systematically increase

customer loyalty, ensure a higher level of
customer retention and form sustainable
competitive advantages for enterprises in the
era of digitalization and responsible
economic development.

Analysis of the latest research and
publications. The issue of marketing logistics
as a factor in customer loyalty is actively
researched in contemporary scientific
literature, particularly in the context of digital
transformation, the integration of marketing
with logistics, and the principles of
sustainable development. Ukrainian scientists
focus on local characteristics and practical
aspects of adapting marketing logistics in a
transitional economy and martial law:
Fedotova [|. and co-authors interpret
marketing logistics as an integrated
enterprise management system that ensures
the formation of competitive advantages [1].
Bortnik A. and Milcheva V. study the
integration of marketing and logistics in
modern business processes with a focus on
customer orientation [2]. Zharska I.O. analyses
current trends in sustainable development
logistics, in particular environmental aspects
[3]. Kharchenko T. and Sagaydak Yu. assess
the prospects for the development of green
logistics in Ukraine with an emphasis on
ethical practices [4]. Parsyak V.N. and Zhukova
O.Yu. substantiate modern trends and useful
experience in the organization of marketing
logistics [5]. Tiazhun E. examines the
integrative interaction between marketing
and logistics, emphasizing digitalization
trends [6]. Vasyltsova S. and Hasiuk M. study
the impact of marketing logistics on the
formation of an enterprise’s pricing policy in
conditions of martial law [7].

In addition, some works are devoted
directly to customer loyalty as an object of
marketing management: Makarova V. and
Nechiporenko V. analyses customer loyalty as
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a key object of marketing management [8].
Shevchenko V.M., Mishustina T.S. and
Bondarenko A.A. study consumer preferences
and loyalty as a tool for achieving the
company’s marketing goals [9]. Oliver's
loyalty model remains the classic theoretical
basis, which identifies four stages and is
widely used to explain the formation of
loyalty in the context of customer experience
[10].

A review of the scientific literature shows
thatindividual aspects are actively considered
in research: the integration of marketing and
logistics, digital transformation, green
logistics, the impact of martial law on pricing
and logistics decisions. At the same time,
comprehensive models that systematically
combine marketing logistics, customer
loyalty, modern digital technologies, and
sustainable development principles into a
single cyclical conceptual model with an
emphasis on last-mile delivery and customer
experience remain underdeveloped,
especially in the context of countries with
transitional economies such as Ukraine.

Objectives statement. The purpose of
the article is to provide scientific justification
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for the transformation of marketing logistics
from a supporting operational function to a
key strategic determinant of customer loyalty
in the context of digital transformation and
sustainable economic development, as well
as to develop and theoretically substantiate
an innovative, expanded conceptual
sustainable model of marketing logistics

based on artificial intelligence, which
comprehensively integrates digital
technologies, sustainable  development

principles and customer-oriented marketing
mechanisms to systematically increase
customer loyalty, retain the customer base
and form long-term competitive advantages
for enterprises.

Basic material and results. Marketing
logistics is the integration of logistics
processes and marketing strategies of an
enterprise with the aim of creating added
value for the customer, increasing their
satisfaction and loyalty, and strengthening
the company’s competitive advantages
[1,2,5,6]. The main differences between
logistics and marketing logistics are
presented in Table 1.

Table 1. Differences between logistics and marketing logistics

Aspect

Logistics

Marketing logistics

Main objective

Minimize costs, ensure availability

Create a positive customer
experience, increase loyalty

Focus Efficiency, speed, reliability

Customer experience,
personalization, emotions

Key KP!I

Delivery cost, percentage of on-time
deliveries

retention rate, repeat purchase rate

Approach to the customer

Standardized

Individualized, personalized

Source: compiled by the authors

Marketing logistics transforms delivery
from an operational expense into a strategic
marketing asset. It turns a standard
transaction of delivering goods into a positive
experience that promotes loyalty, repeat
purchases, and organic brand awareness
[2,5,8]. In today’s environment, companies
that ignore the integration of logistics into
their marketing strategy risk losing their
customer base to competitors who

systematically use logistics processes as an
element of the brand experience [1,6].
Marketing logistics is the integration of
logistics processes into a company’s
marketing management system, aimed at
building and strengthening customer loyalty
by optimizing the customer experience
during delivery and after-sales service. In the
current  environment of e-commerce
development and growing consumer
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demands for convenience, transparency and
business accountability, marketing logistics is
becoming a key tool for differentiation and
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competitiveness [3,4,7]. The main elements of
marketing logistics are presented in Fig. 2.

Key Elements of
Marketing Logistics

E@‘B
Personalization of
Delivery

Qo
-
(]

'&3

Transparency and

Proactive Communicattion

s &

Integration of Sustainability Optimization

Logistics with and Ethical
Logistics

Marketing Tools

of “Last Mile”
Marketing Focus

Figure 1 - Key elements of marketing logistics
Source: [2-6]

The main elements of marketing logistics
include:

- Personalized delivery. Giving customers
the opportunity to independently determine
delivery parameters, including the exact time
interval, delivery point, delivery method,
environmentally friendly options, and
additional attributes such as packaging type
or colour. This approach helps to increase the
perception of the individual value of the
service and form emotional attachment to the
brand.

- Transparency and proactive
communication. Providing continuous real-
time tracking of order status, automatic
informative notifications about the stages of
goods movement, and the use of Al-based
chatbots to quickly resolve queries and issues.
Proactive communication reduces customer
uncertainty and prevents negative emotions
associated with delays [6].

- Integration of logistics with marketing
tools. Transformation of the delivery process
into a component of the customer journey:
introduction of incentives, such as discounts
for choosing ‘slow’ but environmentally
friendly delivery, inclusion of branded gifts in
the parcel, conducting satisfaction surveys
immediately after delivery. Such integration

allows you to turn operational interaction into
a marketing event that encourages repeat
purchases and recommendations [2,5].

- Consistency and ethics of logistics
processes. The use of environmentally friendly
solutions - electric or low-carbon transport,
biodegradable and minimalist packaging,
cooperation with local suppliers to reduce the
transport footprint. These practices are
positioned as marketing arguments that
correspond to consumers’ growing values
regarding social and  environmental
responsibility [3,4].

- Optimization of the ‘last mile’ with a focus
on marketing. Use of artificial intelligence
algorithms for demand forecasting, dynamic
routing, and generation of personalized
offers. Optimization is aimed not only at
reducing costs, but also at improving the
quality of the customer experience, which
directly affects customer loyalty and long-
term value [6].

Marketing logistics is defined as the
systematic integration of logistics processes
with marketing strategies to create value for
the customer and strengthen loyalty. In
today’s environment, it is being transformed
by digital transformation and sustainable
development, evolving from an operational
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function to a strategic asset. Digital
transformation, in particular the introduction
of Al and loT, enables automated demand
forecasting, route optimization and real-time
tracking, which improves efficiency and
customer experience.

Customer loyalty in the context of
marketing logistics is defined as a complex
behavioral,  affective and  cognitive
attachment of the consumer to the brand,
manifested in repeat purchases, willingness
to recommend the company and resistance to
competitive offers, and is largely shaped by
the quality and value of the logistics
experience [8,9]. Oliver’s classic loyalty model
identifies four consecutive stages: cognitive
(belief in advantages), affective (emotional
attachment),  conative  (intention to
repurchase) and active (actual behavior). In
marketing logistics, it is the behavioral stage
that is most dependent on the physical and
emotional experience of delivery, making it a
key channel for the transition from intention
to actual loyalty [10].

Based on a synthesis of contemporary
theoretical approaches and empirical
generalizations, we can identify the key
determinants of customer loyalty that are
directly shaped and controlled by marketing
logistics:

- Speed and reliability of delivery are the
most powerful predictors of cognitive and
behavioral loyalty. Critical parameters include
same-day or next-day delivery, as well as high
accuracy in meeting time intervals [2,6].

- Personalization of the logistics
experience significantly affects the cognitive
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and affective components of loyalty.
Customers are given the opportunity to
choose their own delivery time slot, delivery
method, packaging type, and
environmentally friendly options [5].

- Transparency and proactive
communication reduce perceived risk and
significantly increase trust. Key tools include a
real-time system, automatic order status
notifications at all stages, and technologies
that ensure full traceability, particularly those
based on blockchain [6].

- Environmental and ethical responsibility
in logistics is having an increasingly strong
impact on the loyalty of conscious consumers.
Important elements include the introduction
of ‘green’ delivery, the use of biodegradable
or reusable packaging, reducing the carbon
footprint of the supply chain, and adhering to
the principles of ethical trade [3,4].

- Quality of feedback and effectiveness of
problem solving - plays a decisive role in
restoring trust after service failure. Quick
response to deviations (delays, damage),
adequate  compensation,  personalized
apologies, and preventive measures to avoid
repeating mistakes directly contribute to the
transition from a negative experience to
maintaining or even strengthening loyalty
[8,9].

The algorithm for building customer
loyalty through marketing logistics is shown
in Fig. 2. The proposed algorithm is a
systematic, cyclical process aimed at the
consistent formation, maintenance, and
strengthening of customer loyalty using
marketing logistics tools.
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ALGORITHM FOR ENHANCING
CUSTOMER LOYALTY THROUG
MARKETING LOGISTICS

(infinite cycle)

I
PLANNING (PLAIN)

1l
IMPLEMENTATION (DO/
Implementation)

1

EXECUTION (DO / Execution)
] 1 I
BONUS CONTROL
SYSTEM (CHECK) ADJUSTMENT
AND GIFTS {ACT/
I l T
ADJUSTMENT No DE%ISIgN
(ACT Adjustment) POIN
Return to
PLANNING

Yes

Figure 2 — Algorithm for building customer loyalty through marketing logistics.
Source: Compiled by the authors

The algorithm structure consists of:

- Identifying target customer segments,
analyzing their expectations regarding
logistics experience, setting specific KPI,
developing a strategy for bonuses,
compensation and communication scenarios.

- Implementation of planned logistics
solutions: infrastructure configuration,
integration  of  digital tracking and
personalization tools, launch of logistics-
related loyalty programmes (bonuses for
choosing green delivery, flexible slots, etc.).

- Direct customer order fulfilment using
three parallel modules: bonus and gift system
(increasing the value of the experience);
control and monitoring of deviations; prompt
correction in case of problems.

- Collection of data on actual
performance, analysis of deviations from
planned values, assessment of the impact on
different types of loyalty.

- Decision-making based on the
‘sufficient/insufficient’ principle. If target
loyalty levels are achieved — transition to a
new planning cycle with more ambitious

goals. If the indicators are unsatisfactory —
immediate implementation of corrective
measures and return to the planning stage.

The algorithm functions as a continuous
cycle, ensuring the gradual accumulation of
loyalty and adaptation to changes in
customer behavior, technological capabilities
and sustainability requirements [1,6].

This approach allows marketing logistics
to be viewed not as a support function, but as
a strategic lever for building a sustainable
competitive advantage through customer
loyalty.

In today’s economy, characterized by
rapid digitalization, increased competition in
e-commerce and growing demands for
environmental responsibility, traditional
approaches to marketing logistics no longer
provide a sufficient level of competitiveness
and customer retention [7]. That is why there
is an urgent need to develop and implement
innovative  conceptual models  that
comprehensively combine digital
technologies, sustainable  development
principles, and customer loyalty mechanisms.
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Our proposed Sustainable Al-Driven
Marketing Logistics Model is an advanced
conceptual approach that integrates artificial
intelligence (Al) as a central optimization tool,
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sustainable development principles, and
marketing strategies aimed at systematically
increasing customer loyalty.

SUSTAINABLE AI-DRIVEN
MARKETING LOGISTICS MODEL

PERSONALIZATION
OF LOGISTICS
OPTIONS

DIGITAL
TRANSPARENCY

ITERATION
AND CORRECTION

DATA ANALYSIS
AND DEMAND
FORECASTING

SCALING

Return to
PLANNING

INTEGRATION
OF GREEN
PRACTICES

ETHICAL
INTEGRATION
LOYALTY
MONITORING

Figure 3 — Sustainable Al-Driven Marketing Logistics Model
Compiled by the authors

The relevance of the model is determined
by several key trends in the modern market,
namely:

- Accelerated digital transformation of
logistics makes Al an integral part of demand
forecasting, route optimization, delivery
personalization, and ensuring real-time
process transparency. Without Al integration,
companies lose the ability to respond quickly
to individual customer requests and offer
competitive advantages in speed, accuracy,
and convenience.

- The strengthening of sustainable
development imperatives is transforming the
environmental responsibility of logistics from
an additional option to a mandatory factor in
brand selection.

- The growing role of customer
experience as the main driver of loyalty.

The novelty and advantages of the
proposed model lie in its cyclical, continuous
nature, where each stage of the model takes
into account both tangible and intangible
factors.

The model functions as a closed cycle of
continuous improvement: data — forecasting
— personalization and green integration —
transparency and ethics — scaling — loyalty
monitoring — correction — return to
planning. This approach not only optimizes
operational  efficiency and  reduces
environmental impact, but also systematically
builds customer loyalty, increases customer
lifetime value, and creates sustainable
competitive advantages.

Therefore, the development and
implementation of the Sustainable Al-Driven
Marketing Logistics Model is a relevant and
necessary response to the challenges of the
modern economy, where marketing logistics
is becoming a strategic tool for combining
digital efficiency, environmental
responsibility, and a deeply customer-centric
approach.

Conclusions. In today’s environment of
digital transformation and sustainable
development, marketing logistics s
becoming a strategic tool for building
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customer loyalty, where the key determinants
are speed and reliability of delivery,
personalization, transparency, proactive
communication, environmental responsibility
and effective problem solving. Traditional
approaches no longer meet customer
expectations, which reduces retention, trust,
and customer lifetime value. The proposed
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Model provides a systematic increase in
loyalty and enhances the competitiveness of
enterprises in conditions of uncertainty. Its
cyclical nature allows for continuous
improvement of processes, adaptation to
change, and accumulation of trust and brand
reputation, making marketing logistics a
powerful strategic asset of the digital age.

Sustainable Al-Driven Marketing Logistics
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DIGITAL PLATFORMIZATION OF ENTERPRISE LOGISTICS
ACTIVITIES: A BIBLIOMETRIC ANALYSIS OF THE STRUCTURING AND
TRENDS OF GLOBAL RESEARCH

Nataliia Trushkina, Oleh Harmash, Yuliya Shkrygun. «Digital platformization of enterprise
logistics activities: a bibliometric analysis of the structuring and trends of global research». This article
presents a comprehensive bibliometric analysis of global research on the digital platformization of enterprise
logistics activities based on metadata extracted from the international scientometric database Scopus for the
period 2006-2026. The purpose of the study is to identify the structural parameters of the scientific field, its
dynamic evolution, sectoral composition, concentration of intellectual influence, and thematic clustering. To
ensure the reproducibility of the findings, a formalized search design was implemented with precise
specification of the query parameters, coverage period, and data export date.
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The study employs a two-block analytical approach. Block A (n=249) reflects the interdisciplinary
structure of the research domain, whereas Block B (n=166) was constructed following thematic screening in
order to ensure the subject validity of the logistics focus. The results demonstrate an exponential increase in the
number of publications after 2019 and reveal a structural turning point in the development of the field
associated with the diffusion of Industry 4.0 technologies, the scaling of platform architectures, and the growing
attention to supply chain resilience.

The analysis identifies a core-periphery citation structure and a high concentration of intellectual
influence within the field. Keyword cluster analysis using VOSviewer enabled the identification of five
interrelated thematic domains: platform ecosystems in supply chain management; digital transformation and
Industry 4.0; applications of artificial intelligence and machine learning in logistics; digital twins and cyber-
physical systems; and blockchain as an infrastructure of trust and traceability. The findings are interpreted
through the lens of platform economy theory and two-sided market theory, allowing digital platformization to
be conceptualized as an institutional and technological mechanism for coordinating actors within logistics
ecosystems.

The practical significance of the study lies in its potential application for designing strategies of digital
transformation in enterprise logistics, developing models for integrating platform-based solutions into supply
chains, and substantiating investment decisions in digital ecosystems. The generalized cluster structure
facilitates the identification of key technological development trajectories and supports consideration of
platform dependency risks, cybersecurity challenges, and data governance issues in the implementation of
digital solutions.

Keywords: enterprise economics, digital platform, logistics platformization, logistics activities,
logistics management, supply chain management, logistics costs, global logistics flows, risk management,
digital transformation, Industry 4.0, platform economy, two-sided markets, digital ecosystem, bibliometric
analysis, cluster analysis, artificial intelligence in logistics, digital twin, blockchain in supply chain
management, customer relationship management strategy, omnichannel interaction, big data, digital
infrastructure, geopolitical shock, economic crises, threats; uncertainty, sustainable development,
globalization

Hamania Tpywkina, Onez lapmaw, Onia LWkpuayH. «Lju¢hposa nnameopmizayia nozicmuyHoi
dianbHocmi nionpuemcme: 6i6niomempu4vHuili avaniz cmpykmypusayii ma mpeHodie 2no6anbHux
odocnioxeHb». Y cmammi 30ilicHeHO KomnsekcHul 6ibniomempuydHull aHania 2106anbHUX 00C/1iOXeHb
yughposoi nnamepopmizauii noeicmuyHoi 0ianbHocMi nionpUEMCcM8 Ha OCHO8i MemadaHux MiXHApOOHOT
Haykomempu4Hoi 6a3u Scopus 3a nepiod 2006—2026 pokis. Memoto 00CnioxxeHHA € 8UABIEHHA CMPYKMYPHUX
napamempig Haykogozo noJsis, i02o OUHAMIKU, 2ay3e80i KOMNO3UUIl, KOHUeHMpayii iHmesnekmyanbHo20
8nsiusy ma memamuyHoi knacmepusayii. Jna 3a6e3nedeHHsa 8i0meoprosaHocmi pesysibmamig 3acmocosaHo
opmanizosaHuli OusaliH nowyky 3 4imkoro gikcauiero napamempisg 3anumy, nepiody oxonsieHHs ma oamu
ekcnopmy 0aHux. Y pobomi eukopucmaHo 0806s10ko8ull nioxid: 610k A (n=249) sidobpaxae
MixoucyunniHapHy cmpykmypy memamuku, modi Ak 6510k B (n=166) cpopmosaHo nicia memamuyHo20
CKpUHiH2y 0514 3a6e3neyeHHA npedMemHOi 8a/1i0HOCMI 102icMUYHO20 (POKYCY.

Pe3ynemamu 3acsioyunu ekcnoHeHyiliHe 3poCMmAaHHA Kinbkocmi ny6nikayit nicna 2019 poky ma
cmpykmypHUl  nepesioM y po3sumKy 00C/iOXeHb, Nnoe’a3aHuli i3 nowupeHHAM Industry 4.0,
macwmabysaHHAM niam@opMHUX apximekmyp i nioguwjeHHAM ysaau 00 cMIliKocmiIGHY102i8 NOCMAYaHHA.
BusesneHo s0epHo-nepugbepiliHy cmpykmypy yumosaHoCcmi ma 8UcoKy KOHUEHMpPAuyito iHmesnekmyanbHO20
ensusy. KnacmepHuli aHanis Kno4osux c/ie i3 sukopucmarHam VOSviewer 00380/1U8 8UOKpeMUumu n'smeo
830EMON0B’A3aHUX MeMAamMuUYHUX Hanpamis: nnamgopmHi ekocucmemu SCM; yugpposa mpaHcgpopmauis ma
Industry 4.0; 3acmocysaHHsa Al/ML y nozicmuyi; yugposi dsiliHuku ma kibepgizuuHi cucmemu; blockchain sk
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iHppacmpykmypa dosipu ma mpacogaHocmi. Ompumaxi pesynemamu iHmMepnpemosaHo 4epes npusmy
naamgopMHOI eKOHOMIKU ma meopii 080CMOPOHHIX pUHKI8, o 00380J18€ po327180amu NAam@opmizayiro aK
iHCMumyyitiHo-mexHo102iYHUt MexaHi3m KOOpOUHAUil y4aCHUKI8 J102iCMUYHUX eKOCUCMEM.

lMpakmuy4Ha 3Ha4vywicmes 00CNIOXKeHHA NOSIAAE Y MOXAUBOCMI BUKOPUCMAHHA Uio20 pe3ysabmamis 0715
opmysaHHsa cmpameziti yugposoi mpaHcgopmayii 1o2icmuyHor disneHocmi nidnpuemcma, po3pobieHHs
MoOlenell iHmezpayii n1ameopMHUX pilleHb y IaHUy02U NOCMAadvyaHHA ma obrpyHmyeaHHsa iHeecmuyid y
yugposi ekocucmemu. Y3azanvHeHa KaacmepHa cmpykmypa Ode 3Mozy ideHmugikysamu Ka4osi
MexHO/I02i4Hi HaNPAMU pO3BUMKY MA 8paxosysamu pu3suku naamgopmHoi 3anexHocmi, Kibepbesneku U
ynpasniHHA 0aHUMU nio 4ac 8nposaoxeHHsA YUPPosUX pilieHs.

Kniouoei cnoea: ekoHomika nignpuemcTtBa, uudposa nnatdopma, nnatdopmisauia NoricTmky,
NOriCTYHA AIANbHICTb, NOTICTUYHWUIA MEHeMKMEeHT, YNpPaBMiHHA NaHuUloraMyM nocTavyaHHA, BUTPATW Ha
norictuky, rnobanbHi NOriCTUYHI MOTOKWU, PU3NK-MEHeIXMeHT, undpoBa TpaHchopmauisa, Industry 4.0,
nnatGopMHa €KOHOMiKa, ABOCTOPOHHI PUHKK, UMdpoBa eKocuctema, OGibniomeTpnuHuii aHanis,
KnacTepHWI aHanis, WTYYHWUI iHTEeNeKT y norictuui, umudposunii asiiHKK, blockchain y SCM, CRM-cTparteris,
OMHiKaHanbHa B3aemopia, Big Data, undposa iHbpacTpyKTypa, reononiTMUHUN LWOK, EKOHOMIUHI KpU3y,

3arposu, HEBU3HAYEHICTb, CTaNnii pO3BUTOK, rnobanisadis

Introduction. The current stage of
development of the global economy is
characterized by the  simultaneous
intensification of globalization linkages and
the reconfiguration of value chains under the
influence of  digital transformation,
geopolitical shocks, and increasing logistical
uncertainty. In this context, logistics can no
longer be viewed as a purely operational
function. It is evolving into a critical

mechanism  for  ensuring  enterprise
competitiveness, facilitating access to
international markets, and sustaining
business process continuity. However,

traditional models of organizing logistics
activities are increasingly misaligned with the
requirements of the global economy, where
speed, data consistency, and decision-making
flexibility have become decisive factors.

The rapid expansion of data volumes and
digital interactions is reshaping the logic of
coordination within supply chains. According
to the United Nations Conference on Trade
and Development [1], the digital economy
accounts for more than fifteen percent of
global gross domestic product, while digital
platforms increasingly serve as infrastructures
for value creation and redistribution in
international markets. This indicates the
systemic impact of digitalization on the

structure of the global economy.
Consequently, logistics, which integrates
material and information flows, has become
one of the central domains of platform-based
transformation.

The transition from linear interaction
schemes to platform-based coordination
mechanisms, including digital matching, real-
time dispatching, and integrated stakeholder
interaction, necessitates a reconsideration of
traditional management models. Expert
assessments by McKinsey [2] confirm the scale
of the potential benefits of digitalization: the
implementation of the Supply Chain 4.0
concept may lead to up to a thirty percent
reduction in operational costs through
enhanced data transparency and process
synchronization. Digital platforms therefore
establish a qualitatively new level of
manageability of logistics flows.

An additional argument arises from the
transformation of global data flows. The
McKinsey Global Institute [3] demonstrates
that digital flows have become an
independent driver of economic growth and
international integration, with cross-border
data transfers expanding multiple times over
the past decade. This intensifies the demand
for digital infrastructure solutions capable of
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scaling coordination across international
logistics networks.

The growing uncertainty within global
supply chains further highlights the
importance  of  resilience and  risk
management. According to the Digital Trends
in Supply Chain Survey conducted by PwC in
2023 [4], eighty-six percent of operations
executives emphasize the necessity of
investing in digital technologies for risk
monitoring. The PwC Digital Factory
Transformation Survey of 2022 [5] reports a
sixty-seven percent increase in the share of
companies identifying flexibility = and
resilience as key drivers of digital investment.
These findings indicate that platformization
represents a strategic response of business to
an increasingly risk-intensive environment.

The World Bank, in its report Connecting
to Compete 2023 [6], underscores that
disruptions in global value chains have
reinforced the critical role of logistics systems,
with supply security and predictability
emerging as strategic priorities. Within this
framework, digital platforms are viewed as
instruments for integrating physical and
information  flows, thereby enhancing
transparency and accelerating international
trade.

The Organisation for Economic Co-
operation and Development [7] notes that
online platforms are characterized by network
effects, scalability, and reduced transaction
barriers, which reshape market structures and
competitive dynamics. For logistics, this
implies a transition from localized
optimization  toward  ecosystem-based
interaction. Similarly, the DHL Logistics Trend
Radar [8] identifies artificial intelligence, data
analytics, and digital infrastructure as key
drivers of logistics transformation in the
coming years.

Therefore, the digital platformization of
enterprise logistics activities constitutes an
objective response to the structural
challenges of the global economy, including
data fragmentation, rising transaction costs,
heightened risks, and the need for flexible
coordination of international flows. Its study is
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both scientifically and practically significant
for the development of effective mechanisms
for transforming logistics systems in the
digital era.

Literature and researches review.
Digital platformization of enterprise logistics
activities is interpreted in contemporary
scholarly discourse as a multidimensional
transformation ~ process  encompassing
changes in business models, the restructuring
of value chain architectures, institutional
shifts, and the implementation of algorithmic
governance. An analysis of relevant
publications indexed in the Scopus database
makes it possible to distinguish several
interrelated theoretical and methodological
strands, each  emphasizing different
dimensions of platform-driven
transformation in logistics.

The first strand conceptualizes the digital
platform as a mechanism for transforming the
enterprise business model. P. Bajec et al. [9]
demonstrate that the implementation of a
business-to-business multimodal platform
alters the structure of the Business Model
Canvas, generating a new configuration of
resources, channels, and value creation flows.
R. Agarwala et al. [10] further develop this
perspective by showing that digital business-
to-business platforms reshape  the
architecture of value creation and value
capture through the integration of search,
matching, and transaction functions within a
unified digital environment. O. Purba et al.
[11] provide empirical evidence on the
effectiveness of a national digital logistics
ecosystem, identifying a statistically
significant relationship between system and
information quality and user satisfaction.
Collectively, these studies conceptualize
platformization as an instrument of strategic
modernization in logistics management.

The second strand focuses on the
institutional and structural consequences of
platformization. S. Hardaker [12] analyzes the
role of digital platforms in the formation of
Digital Free Trade Zones, interpreting them as
instruments of infrastructural power. V.
Helwing, P. Verfurth, and M. Franz [13], as well



The electronic scientifically and practical journal

“INTELLECTUALIZATION OF LOGISTICS AND SUPPLY CHAIN MANAGEMENT”,

ISSN 2708-3195

as M. Franz, V. Helwing, and P. Verfiirth [14],
demonstrate  that  business-to-business
platforms transform global production
networks in logistics, influencing competitive
structures and labor relations. In this context,
the platform emerges not merely as a
technological solution but as a mechanism for
redistributing economic power within global
value chains.

The third strand emphasizes algorithmic
governance and socio-organizational aspects
of platformization. F. De Stavola [15]
introduces the concept of forced
synchronization, illustrating how algorithms
coordinate physical logistics processes. S.
Haddad and N. Nasib [16] examine the impact
of online platforms on the operational
efficiency of logistics firms, while I. Ibrahim et
al. [17] conceptualize digital logistics tools as
elements of the communication
infrastructure of public platforms.

The interdisciplinary nature of the
phenomenon is confirmed by the work of K.
Parker et al. [18], which demonstrates the
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proposed by O. Vyshnevskyi [19], who
interprets digital platformization as an
institutional mechanism for the strategic
development of the national economy.

It should be noted that the authors’
previous studies [20-23] concentrated on
applied mechanisms of logistics
digitalization, including smart contracts,
digital customer relationship management
solutions, and enterprise logistics
management systems. The present research
logically extends this body of work by moving
from an instrumental perspective toward a
systemic structuring of the global scientific
field.

To synthesize the identified approaches,
it is appropriate to compare them in terms of
theoretical framework, level of analysis, and
limitations  (Table 1). The analysis
demonstrates that the majority of studies
exhibit a clearly delineated single-level
orientation, focusing either on the micro level
of business models, the meso level of
production networks, or the macro level of

universality ~ of  the platform-based institutional  transformation.  Cross-level
coordination model across economic sectors. integration remains limited.
A macro-level theoretical generalization is
Table 1. Comparison of Theoretical and Methodological Approaches
Representatives of Theoretical Level of Primarv Focus Limitations
Scholarly Schools Framework Analysis Y
. Business Model . Business model Limited number of
P. Bajec et al. Micro .
Canvas transformation cases
R. Agarwala et al. Value architecture Micro l/:rl)l:l?rgreatlon and Single-case design
S. Hardaker Infrastructural power | Macro Geoeconomic influence of Regional specificity
platforms
. Global Production Redistribution of value o .
V. Helwing et al. Networks Meso and labor Qualitative design
F. De Stavola Labour process Micro Algorithmic governance Contg xtgal
theory localization
Source: compiled by the authors based on [9; 10; 12; 13; 15].
Further systematization makes it possible platform architectures and the

to structure scholarly approaches according
to levels of transformation: technological,
organizational, and institutional (Table 2). At
the technological level, research
predominantly concentrates on digital

algorithmization of processes [10; 11]. The
organizational level encompasses the
restructuring of business models and
management mechanisms [9; 16]. The
institutional  level focuses on the
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redistribution  of power and the
transformation of global production networks
[12-14;19].
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Table 2. Classification of Scholarly Approaches to the Digital Platformization of Enterprise

Logistics Activities by Levels of Transformation

Level of

Transformation AR 1 IR

Main Research

Emphases Representatives

Integration of digital infrastructure,

Artificial intelligence,

blockchain, data R. Agarwala et al.; O.

of global production networks

Technological process _algonthmlzatlon, integration. platform Purba et al.
automation of flows 4
architecture
Business model restructuring, Value creation, business- | P. Bajec et al.;
Organizational transformation of logistics processes | to-business ecosystems, | S.Haddad &
and management mechanisms operational efficiency N. Nasib
o . S. Hardaker;
Redistribution of power, formation of | Infrastructural power, . )
- ) . . ) . V. Helwing et al;
Institutional new interaction rules, transformation | labor relations, strategic M. Franz et al.

governance 0. Vyshnevskyi

Source: compiled by the authors based on [9-14; 16, 19].

Thus, contemporary scholarly discourse
on the digital platformization of enterprise
logistics activities is characterized by thematic
heterogeneity and methodological
fragmentation. The absence of a
comprehensive quantitative analysis that
integrates technological, organizational, and
institutional dimensions while simultaneously
reflecting the dynamics, geographical
distribution, and institutional concentration
of research justifies the application of
bibliometric methods. This determines the
logic of the subsequent empirical analysis
based on the Scopus publication dataset.

Aim and objectives. The thematic
heterogeneity and methodological
fragmentation identified in the preceding
sections indicate the absence of a
comprehensive systematization of the global
scholarly  discourse on the digital
platformization of enterprise logistics
activities. Existing studies predominantly

concentrate on specific technological,
organizational, or institutional aspects of
transformation, while an integrated
understanding of the structure,

developmental dynamics, and institutional
concentration of scientific research in this
field remains insufficiently developed. This

circumstance necessitates the application of
guantitative analytical instruments for a
comprehensive assessment of the evolution
of the scientific domain.

The purpose of this study is to conduct a
comprehensive bibliometric analysis of global
research on the digital platformization of
enterprise logistics activities in order to
identify  its  structural  characteristics,
developmental dynamics, thematic clusters,
and the geographical and institutional
concentration of scholarly activity.

The achievement of this objective
required the application of a set of
interrelated general scientific and specialized
research methods. At the theoretical level,
methods of analysis and synthesis were
employed to generalize existing approaches
to  the interpretation of  digital
platformization. In addition, the system
approach was applied, enabling the
phenomenon to be conceptualized as a multi-
level process encompassing technological,
organizational, and institutional dimensions
of logistics system transformation.

The core empirical instrument of the
study is the bibliometric method, which
involves the quantitative processing and
interpretation of a body of scientific
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publications indexed in the international
scientometric database Scopus. Within the
bibliometric framework, statistical analysis
was applied to assess publication dynamics,
calculate absolute and relative growth rates,
and determine the structural distribution of
documents by type, subject area, country,
organization, and funding sponsor. Classical
formulas for relative increase and compound
annual growth rate were used to ensure the
methodological validity and temporal
comparability of indicators.

Keyword content analysis was employed
to determine the subject structure of the
research field and to identify dominant
thematic directions. Network analysis,
including co-occurrence analysis, co-citation
analysis, and citation analysis, enabled the
identification of intellectual linkages among
authors, countries, and thematic clusters.
Elements of cluster analysis were applied to
group related research streams and to reveal
the internal configuration of the scientific
domain. The Vvisualization of network
structures was performed using VOSviewer
software, which made it possible to map the
intellectual architecture of the research field,
assess the density of relationships among key
concepts, and trace the evolution of research
trends over time.

The integrated combination of these
methods ensures not only the quantitative
measurement of publication activity but also
a  structural interpretation of the
development of research on the digital
platformization of enterprise logistics
activities within the broader context of global
economic transformation.

Results, analysis and discussion. In this
study, the platformization of enterprise
logistics activities is conceptualized as the
transfer of coordination and transactional
functions of logistics to digital platforms that:
(@) connect at least two distinct groups of
participants, such as shippers, carriers, and
warehouse operators; (b) enable the
matching of demand and supply for logistics
capacities; (c) standardize access rules, data
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structures, and interaction protocols through
interfaces and regulatory frameworks defined
as platform governance; and (d) generate
network effects while creating conditions for
ecosystem integration of services, including
artificial intelligence analytics, digital twin
technologies, and blockchain-based
traceability, among others [24-27]. Such a
theoretical framework makes it possible to
interpret bibliometric findings not as a
fragmented collection of technologies in
logistics, but as evidence of the development
of a platform-based infrastructure of logistics
activities.

The bibliometric analysis was conducted
using metadata extracted from the Scopus
database. The search was performed within
the TITLE-ABS-KEY field using the following
query logic: (digital platform OR electronic
platform OR platformization) AND (logistics
activity), with the application of filters
PUBSTAGE = final and LANGUAGE = English,
and the exclusion of affiliations from the
Russian Federation. The explicit specification
of search parameters and the date of data
extraction is essential for ensuring the
reproducibility of bibliometric procedures, as
indexing and metadata in Scopus are subject
to change over time. This approach is
consistent with established
recommendations for transparent reporting
of bibliometric research [28-30]. As a result,
the initial dataset comprised 249 documents
published between 2006 and 2026 (Table 3).

During the initial relevance screening, a
systematic homonymy effect was identified. A
portion of the documents entered the dataset
due to references to logistic regression in a
statistical context and physical activity within
a health-related discourse.

This methodological issue is significant
for two reasons. First, it directly affects the
validity of logistics-related conclusions due to
domain mixing. Second, it reveals the cross-
domain nature of the platform category, as
digital platforms constitute an infrastructural
phenomenon applied across multiple sectors.
For this reason, a dual-corpus design was
implemented.
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Table 3. Scopus Search Parameters and Dataset Formation (n = 249)

Parameter Description

Database Scopus (Elsevier)

Search field TITLE-ABS-KEY

Query logic (digital platform OR electronic platform OR platformization) AND (logistics activity)

Filters PUBSTAGE = final; LANGUAGE = English; EXCLUDE (AFFILCOUNTRY = Russian
Federation)

Coverage period 2006-2026

Total records 249 documents

Source: compiled by the authors based on processing of the Scopus database.

Block A (n=249) was used to describe the records and records where logistic was used
boundaries of the interdisciplinary field, in a statistical sense (Table 4). The selection
whereas Block B (n=166) was constructed for logic is presented in a PRISMA format as an
subject-specific analysis of the instrument for transparent reporting of
platformization of enterprise logistics bibliometric dataset refinement [31].

activities after excluding health-dominant

Table 4. PRISMA Reporting of the Formation of Blocks A and B

Number of

Stage Records Comment
Identification: Scopus records 249 Initial dataset (final stage; English; excluding Russian
after filters Federation)
Deduplication 0 Single database; duplicates not expected
Baseline bibliometric analysis 249 Block A (general overview of the field)
Additional thematic screening: 83 excluded Records where logistic refers to a statistical term or where
logistics focus health context dominates
Final Corpus (Block) A 249 Full dataset retained for transparency
Final Corpus (Block) B 166 Focused analysis of logistics platformization

Source: compiled by the authors based on processing of the Scopus database.

Accordingly,  structural  bibliometric percent) and conference reviews (8.8 percent)
characteristics, including document types, corresponds to the technological nature of
sources, countries, and citation patterns, are digital platforms in logistics, where
reported for Corpus A with explicit caution integration  architectures,  optimization
regarding the presence of health-related algorithms, and Industry 4.0 modules are
content. Thematic conclusions regarding actively tested within conference settings
logistics platformization are derived through before transitioning into journal publications
keyword normalization, application of a for conceptual consolidation [28; 30]. It is also
VOSviewer thesaurus, and cluster significant that citations are predominantly
interpretation with emphasis on the logistics concentrated in journal articles and reviews,
core. while  conference  materials  receive

The distribution of document types comparatively lower citation counts. This
(Table 5) reflects both the institutionalization pattern is typical of interdisciplinary
of the topic and its technological dynamism. technological fields and aligns with
Journal articles account for 46.6 percent of recommendations to interpret bibliometric
publications, indicating the gradual influence through distributional analysis
formation of a theoretical and rather than relying solely on mean values [28;
methodological core. At the same time, the 30].

substantial share of conference papers (30.5
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Document Type Number Share, percent
Article 116 46.6
Conference paper 76 30.5
Conference review 22 8.8
Book chapter 20 8.0
Review 6 24
Book 6 24

Source: compiled by the authors based on processing of the Scopus database.

The subject area distribution (Table 6)
indicates that the technological core of the
field is formed by Computer Science and
Engineering. However, logistics
platformization also  demonstrates a
pronounced organizational and economic
dimension represented by Business, Decision
Sciences, and Economics. This finding is
consistent with platform theory, which
conceptualizes platforms as institutional and
technological environments. In logistics, a
platform does not merely introduce

Table 6. Distribution by Scopus Subject Areas

information technologies; it establishes
transaction rules, capacity access conditions,
and data standards, thereby reshaping the
coordination structure of supply chains
through platform governance mechanisms
[24-27]. The presence of Medicine (19.3
percent) in Corpus A empirically confirms the
homonymy effect and justifies the use of
Corpus B and keyword normalization for
logistics-specific conclusions.

Subject Area I;l UTIEE i Share, percent
ocuments
Computer Science 108 43.4
Engineering 87 34.9
Medicine 48 19.3
Social Sciences 48 19.3
Business, Management and Accounting 37 14.9
Mathematics 29 11.6
Decision Sciences 28 11.2
Economics, Econometrics and Finance 19 7.6
Environmental Science 17 6.8
Earth and Planetary Sciences 15 6.0
Energy 15 6.0

Note: The cumulative percentage may exceed one hundred because Scopus assigns a single document to
multiple subject categories.
Source: compiled by the authors based on processing of the Scopus database

The temporal dynamics (Table 7)
demonstrate a pronounced shift from
sporadic publications to sustained growth
after 2019. Importantly, 224 of 249
documents, approximately ninety percent,
were published between 2019 and 2026,
indicating the relative novelty of the domain

in its contemporary configuration. The
compound annual growth rate for the period
2006-2025 is approximately 23.8 percent,
calculated by the authors based on Scopus
data. The 2026 indicator does not reflect a
genuine decline, as the dataset was extracted
at the beginning of the year.
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Table 7. Dynamics of the Number of Publications (2006-2026) and Annual Growth Rates

Year PNunllbe.r o Absolute Increase Growth Rate, percent Increase Rate, percent
ublications

2006 1 not applicable not applicable not applicable
2007 1 0 100.0 0.0
2008 3 +2 300.0 200.0
2009 0 -3 0.0 -100.0
2010 2 +2 not applicable not applicable
2011 0 -2 0.0 -100.0
2012 0 0 not applicable not applicable
2013 4 +4 not applicable not applicable
2014 5 +1 125.0 25.0
2015 0 -5 0.0 -100.0
2016 2 +2 not applicable not applicable
2017 3 +1 150.0 50.0
2018 4 +1 133.3 33.3
2019 15 +11 375.0 275.0
2020 16 +1 106.7 6.7
2021 23 +7 143.8 43.8
2022 27 +4 117.4 174
2023 29 +2 107.4 74
2024 45 +16 155.2 55.2
2025 58 +13 128.9 28.9
2026* 11 -47 19.0 -81.0

Note: For years with a base value equal to zero, growth rates are not calculated. The 2026 data reflect
an incomplete year, as the dataset was extracted in February 2026.
Source: compiled by the authors based on processing of the Scopus database.

From an interpretative perspective, the
structural shift observed after 2019 can be
explained by the convergence of three
processes: first, the technological maturation
of platform architectures and application
programming interface integration; second,
the scaling of Industry 4.0 in manufacturing
and logistics; and third, the growing emphasis
on supply chain resilience, within which
platforms are conceptualized as
infrastructures  of  transparency, rapid
coordination, and capacity allocation. During
this period, logistics increasingly began to be
interpreted as an ecosystem-based platform
environment rather than merely a set of
operations  supported by information
technologies [24-271].

To assess intellectual influence, citation
indicators were applied, including total
citation counts, median citation value, and
the h-index according to the methodology
proposed by Hirsch [32]. Within Corpus A, the

dataset accounts for 4,745 citations, a median
citation value of 1, and an h-index of 22 [32].
The citation distribution is highly asymmetric:
ten percent of documents, representing
twenty-five publications, accumulate 85.7
percent of all citations, whereas the lower fifty
percent of documents account for only 0.53
percent of citations. Approximately 39.8
percent of documents have received no
citations. The Gini coefficient for citation
inequality equals 0.908, indicating an
extremely high concentration of intellectual
influence (Figure 1).

This distribution reveals a pronounced
core-periphery structure within the field. A
relatively small group of foundational
publications shapes the theoretical language
and conceptual framework of the domain,
while a substantial proportion of works
represent applied extensions or sector-
specific adaptations [28; 30].
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For the specific topic of logistics
platformization, this conclusion has an
additional  methodological implication.
Within Corpus A, high citation counts are
partially generated by publications from the
health domain, which enter the dataset due
to query homonymy. This underscores the
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necessity of distinguishing between impact
and relevance. High citation performance
does not automatically ensure substantive
alignment with logistics. Therefore, key
thematic conclusions are derived from Corpus
B and from normalized keyword datasets to
ensure domain-specific validity [28; 31].

Lorenz Curve of Citation Distribution

1.0 4

0.8 1

0.6

0.4 1

Cumulative share of citations

0.2

0.0 -

0.0 0.2 0.4

0.6 0.8 1.0

Cumulative share of documents

Figure 1. Lorenz Curve for the Distribution of Citations
Source: calculated and constructed by the authors based on processing of the Scopus database and with
the use of artificial intelligence technologies.

The next analytical step involves the
identification of knowledge centers through
the analysis of source titles and the most
highly  cited publications. Table 8
demonstrates that, in terms of total citations,
leading positions are occupied by journals
that shape conceptual understandings of
digital integration and platform-based
coordination, such as MIS Quarterly. At the
same time, highly cited health-oriented
journals are also present, which confirms the
homonymy effect within Corpus A (Table 8).

For logistics platformization, key
foundational works within the dataset include

studies on digitally enabled supply chain
integration and reviews of blockchain
applications in supply chain management.
These publications conceptually explain how
platforms create added value through data
integration, enhanced transparency, and the
reduction of coordination costs [33-35].

To avoid the methodological fallacy that
equates high citation counts with logistics
relevance, Table 9 presents the top ten most
cited documents along with a concise
interpretation of their thematic focus. This
enables a clear distinction between
foundational works directly relevant to supply
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chain management platformization [33-38]
and publications that entered the dataset due

to homonymy within the health-related
cluster.

Table 8. Leading Sources by Total Citations in Corpus A (n=249)

Source Title Number of Documents | Total Citations Interpretative Relevance
MIS Quarterly. , 1 1614 Methodological core of digitally enabled
anagement Information 2 .
Systems supply chain integration
Journal of Medical 5 1011 Health cluster (homonymy); indirect
Internet Research relevance
IEEE Access 2 406 Review of blockchain solutions in supply
chain management
JAMA - Journal of the 1 225
American Medical Health domain
Association
Sensors 2 109 Industry 4.0 and digital twin context
éournal .Of Cleaner 1 104 Production and logistics risk models
roduction
Frontiers in Psychiatry 2 75 Health domain
Computers & Industrial 1 66 Applied manufacturing-logistics platform
Engineering research
CE:IO mpluters aqd . 1 62 Adjacent algorithmic domain
ectrical Engineering
Sustainability 2 60 Broad sustainability discourse

Source: compiled by the authors based on processing of the Scopus database.

Table 9. Top 10 Most Cited Documents in Corpus A

Authors Shortened Title Year Journal Citations Key Focus

A. Rai, Firm performance 2006 | MIS Quarterly | 1614 Digitally enabled supply

R. Patnayakuni, impacts of digitally chain integration;

N. Seth enabled supply chain capability approach;
integration capabilities performance impact

E. Kontos et al. Predictors of eHealth | 2014 | JMIR 759 eHealth platforms; digital
usage... divide (not logistics)

S.E. Chang, When blockchain 2020 | IEEE Access | 386 Blockchain in supply chain

ChenY. meets supply chain... management; trust;

traceability; smart
contracts

CK.Raetal Association of digital 2018 | JAMA 225 Digital media platforms in
media use... health research (not

logistics)

K.Parker et al. The use of digital 2021 | JMIR 171 Physical activity; digital
platforms for physical platforms (not logistics)
activity...

CZ Lietal A model for simulating | 2018 | J Cleaner 104 Risk modeling in
schedule risks... Production production-logistics cycles

A. Martinez- Digital twin for 2021 | Sensors 94 Digital twin; automated

Gutiérrez et al. automatic guided vehicles; cyber-
transportation in physical logistics systems
Industry 4.0

L. Giusti et al. Everything Will Be 2020 | Frontiers in 73 Mental health on digital
Fine... on a digital Psychiatry platforms (not logistics)
platform
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D. Battini et al. WEM-Platform... 2022 | Computers & | 66 Real-time platform in
manufacturing and Industrial manufacturing-logistics
logistics systems Engineering integration

V. Chang et al. Digital payment fraud | 2022 | Computers 62 Machine learning
detection methods... and Electrical methods; adjacent

Engineering analytical domain

Source: compiled by the authors based on [33-38].

The geographical structure of the field is
particularly important for interpreting
platformization, as digital platforms scale
through  network effects, integration
standards, and transnational supply chains
[24-27]. Table 10 indicates that the leading
countries by publication volume are the
United States, India, China, and Italy. In
contrast, in terms of total citations, the

leading positions are held by the United
States, Taiwan, Australia, and Italy.

An important conclusion follows:
productivity measured by publication count is
not equivalent to intellectual influence. This
discrepancy is partially explained by the
extreme concentration of citation distribution
and by time-lag effects, as older publications
have had more time to accumulate citations
[32].

Table 10. Top Countries by Publication Volume and Total Citations (n=249)

Countries by Publication Volume | Documents Countries by Citation Count Citations
United States 32 United States 2833
India 29 Taiwan 386
China 28 Australia 334
Italy 23 Italy 320
United Kingdom 12 China 275
Germany 9 United Kingdom 170
Malaysia 8 Hong Kong 166
Greece 6 Spain 107
Spain 6 Germany 97
Sweden 6 Malaysia 94

Source: compiled by the authors based on processing of the Scopus database.

The institutional funding context further
confirms the dual structure of Corpus A.
Among funding sponsors, both innovation-
oriented European programs, such as the
European Commission and Horizon 2020, and
health-oriented institutions, including the
National Institutes of Health and the National

Health and Medical Research Council, are
represented (Table 11). For substantive
conclusions regarding logistics
platformization, this reinforces the necessity
of relying on Corpus B and on keyword
normalization procedures.

Table 11. Top Funding Sponsors Supporting Research in the Selected Domain

Funding Sponsor Documents Share, percent
European Commission 6 2.41
National Institutes of Health 4 1.61
National Natural Science Foundation of China 4 1.61
CAPES 3 1.20
Horizon 2020 3 1.20
Horizon 2020 Framework Programme 3 1.20
National Health and Medical Research Council 3 1.20
VINNOVA 3 1.20
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FCT (Portugal)

2 0.80

GACR (Czech Republic)

2 0.80

Source: compiled by the authors based on processing of the Scopus database.

Because bibliometric maps are sensitive
to metadata quality, keyword cleaning and
normalization constituted a crucial analytical
stage. The original Index Keywords in Corpus
A contained dominant medical and social
descriptors, such as female, male, human, as
well as methodological markers including
logistic regression, which distort the thematic
interpretation of logistics platformization
(Table 12).

To mitigate this effect, established
recommendations for co-word analysis and
thesaurus-based normalization in VOSviewer
were applied: first, merging synonyms and
alternative spellings, for example block-chain

into blockchain, machine-learning into
machine learning, and electronic commerce
into electronic commerce; second, removing
non-informative index terms such as human,
male, female, adult, as well as purely
methodological expressions such as logistic
regression; and third, focusing thematically
on the logistics core through the use of
Corpus B [29]. A minimum frequency
threshold was applied to ensure network
interpretability. In practical terms, this means
that dominant visible terms typically exhibit
frequencies of approximately five
occurrences or higher (Table 12).

Table 12. Most Frequent Terms Before and After Keyword Cleaning

Index Keywords Frequency Author Keywords “After Cleaning” Frequency
“Before Cleaning” (Logistics Focus)
female 45 machine learning 25
male 41 logistics 19
human 36 digital transformation 11
adult 35 blockchain 9
article 29 digital platform 8
information management 24 electronic commerce 7
adolescent 22 random forest 7
humans 20 fraud detection 7
young adult 18 artificial intelligence 6
logistic regression 18 supply chain 5
social media 18 deep learning 5
cross-sectional study 17 supply chain management 5
physical activity 16 digitalization 5
machine-learning 16 Industry 4.0 5
middle aged 16 digital twin 5

Source: compiled by the authors based on Scopus data and keyword normalization using VOSviewer tools.

As a result of the conducted analysis,
several types of visualizations were generated
using VOSviewer: cluster visualization
representing the thematic structure; overlay
visualization by average publication year;
overlay visualization by average citation
impact; density visualization highlighting
areas of conceptual concentration; and
country-level maps displaying citation
intensity and network linkages. These
visualizations are not merely illustrative

elements but empirical instruments
demonstrating how technological and
managerial narratives converge within the
concept of logistics platformization.

The cluster map (Figure 2) reveals two
principal regularities. First, a distinct health-
related cluster, including terms such as
humans, female, male, and cross-sectional
study, clearly emerges. This cluster directly
reflects the homonymy effect and supports
the methodological decision to construct
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Corpus B and normalize terminology. Second,
within the logistics-digital segment, several
interconnected contours become visible: an
information and management contour,
including information management, digital
transformation, logistics, and electronic
commerce; an algorithmic and analytical
contour, comprising machine learning,
learning systems, data mining, and predictive
analytics;, and an institutional and
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transactional contour centered around
blockchain, trust, and traceability in supply
chain  management. This configuration
corresponds to the theoretical logic of the
platform ecosystem. A platform does not
generate systemic effects without the
integration of data and processes, decision-
support analytics, and mechanisms of trust
and compliance [24-27].
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Figure 2. Keyword Co-occurrence Network
Source: constructed by the authors based on processing of the Scopus database using VOSviewer
software.

The overlay visualization by publication
year (Figure 3) indicates that the most recent
terms are concentrated around algorithmic
and digital infrastructure solutions, including
terminology related to artificial intelligence
and machine learning, Industry 4.0, and
digital twin technologies. In contrast, a
portion of the managerial and process-
oriented vocabulary, such as information
management, demonstrates an earlier
average temporal appearance within the
dataset. This pattern corresponds to the
phase-based logic of platformization. In the
initial phase, emphasis is placed on digital

integration, particularly the structuring and
synchronization of data architectures and
information flows. In the subsequent phase,
analytical, predictive, and cyber-physical
modules are layered onto the platform
environment as an advanced functional
superstructure. Thus, the evolution of the
research field reflects a transition from
connectivity and interoperability toward
intelligent automation, real-time analytics,
and  digitally  synchronized logistics
ecosystems.

Such temporal differentiation of terms
confirms that logistics platformization is not a
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single-stage technological adoption process
but a cumulative transformation trajectory.
The platform first establishes a standardized
coordination infrastructure, and only
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thereafter enables the scalable deployment of
artificial intelligence tools, digital twins, and
advanced decision-support mechanisms
within enterprise logistics systems.
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Figure 3. Overlay Visualization by Publication Year
Source: constructed by the authors based on processing of the Scopus database using VOSviewer
software.

The overlay visualization by citation
impact (Figure 4) makes it possible to identify
which terms are associated with higher
average scientific influence. In the context of
logistics platformization, these typically
include concepts related to supply chain
integration and infrastructures of trust, such
as blockchain in supply chain management
[34], as well as digitally enabled integration
capabilities and their effect on firm
performance [33]. These terms form part of
the conceptual core of the field, linking
technological infrastructure with measurable
organizational outcomes.

The density visualization (Figure 5)
further confirms the dual structure of the
dataset. Two distinct density centers can be
observed: a logistics-digital core and a health-
related core. This empirical configuration
methodologically justifies the dual-corpus

design, as it demonstrates that without
thematic  refinement the intellectual
architecture of the field would be distorted by
cross-domain contamination.

Geographical maps (Figure 6 and Figure
7) reveal the dominance of the United States
as the principal citation hub, accompanied by
secondary levels of activity in countries such
as Italy, China, and India. The international
collaboration network displays moderate
connectivity: several relatively strong cross-
national linkages are visible, yet the overall
density of cooperation remains limited. This
pattern is typical of emerging or
technologically evolving domains, where a
substantial proportion of research is
grounded in local datasets, national
digitalization programs, and the specific
institutional characteristics of domestic
logistics markets.
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Taken together, these visualizations of high-impact conceptual works, growing
provide empirical evidence that logistics technological  specialization, and still-
platformization is developing as a globally maturing patterns of international scholarly
distributed yet structurally concentrated collaboration.

research field, characterized by a strong core
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Figure 4. Overlay Visualization by Average Citation Impact of Terms
Source: constructed by the authors based on processing of the Scopus database using VOSviewer
software.
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Figure 5. Density Visualization of Keywords
Source: constructed by the authors based on processing of the Scopus database using VOSviewer
software.
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Figure 6. Country Map by Total Citation Count
Source: constructed by the authors based on processing of the Scopus database using VOSviewer
software.
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Figure 7. Network of International Collaboration Among Countries
Source: constructed by the authors based on processing of the Scopus database using VOSviewer
software.

The thematic generalization of clusters is
presented in Table 13, which provides a
synthesized structure, and in Table 14, which
contains a detailed analytical matrix. In
combination with Figures 2-7, these results
allow the platformization of enterprise

logistics activities to be interpreted as an
integrated ecosystem in which the platform
performs the role of a coordination core, while
artificial intelligence and machine learning
technologies, digital twin systems, and
blockchain solutions function as
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complementary ecosystem modules that

collectively generate value [24-271].
Accordingly, logistics platformization

should not be reduced to a single

technological  instrument.  Rather, it
represents an architecture of data, rules, and
services capable of scaling interaction among
supply chain management participants.

Table 13. Thematic Clusters of Global Research on the Digital Platformization of Enterprise
Logistics Activities (Co-word Analysis)

Cluster Conceptual Core KTypical D_ominqnt Central Rgsearch
eywords Dimension Questions
Platform logistics and | Platform as a digital platform; | Organizational and How do platform models
supply chain mechanism of logistics; supply | market transform coordination
management coordination, chain; and access to logistics
ecosystems matching, and marketplace; capacity?
transactions in electronic
supply chains commerce
Digital transformation Process digital Processual Which data architectures
and Industry 4.0 digitalization and transformation; generate measurable
system integration | digitalization; performance effects?
in supply chains Industry 4.0;
data integration
Artificial intelligence Forecasting and machine Analytical How can forecast
and machine learning | optimization based | learning; accuracy be improved
in logistics on platform data artificial and data quality
intelligence; managed?
deep learning;
predictive
analytics
Digital twin and cyber- | Simulation and digital twin; Engineering How can scenarios be
physical systems management of simulation; tested and automation
physical flows automation; integrated?
automated
guided vehicles
Blockchain in supply Trust, traceability, blockchain; Institutional How can data
chain management and compliance smart contracts; immutability and
traceability; transparent
trust accountability be
ensured?

Note: Corpus A contains a health-related cluster as a consequence of query homonymy; logistics-
specific conclusions are based on Corpus B and keyword normalization [31].
Source: constructed by the authors based on processing of the Scopus database using VOSviewer
software.
Table 14. Detailed Matrix of Thematic Clusters in Logistics Platformization

Dominant Typical Research F:rac_tlcal
Cluster Name Conceptual Core Di . - Implications for
imension Questions .
Enterprises
Logistics platforms Multisided markets; Market and How does the Faster carrier and
and service matching; network organizational platform alter partner | warehouse
marketplaces effects; service-level selection, pricing search; risk of
agreements and ratings structures, platform lock-in;
negotiation speed, data access
and access to asymmetry
capacity?
Supply chain Application Processual and How can data Increased
integration as programming interface | infrastructural compatibility across | transparency and
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platform
infrastructure

integration;
interoperability; data
standards; enterprise
resource planning,
warehouse
management systems,
transportation
management systems,
Internet of Things

supply chain actors | controllability of
be ensured? Which | flows;
integration standards | cybersecurity
enable scalability? requirements;
need for data
governance

Artificial intelligence | Demand and delay Analytical How can model bias | Cost reduction and
and machine learning | forecasting; route and drift be service
enabled logistics optimization; inventory mitigated? How can | improvement; risks
management; machine platform data quality | of erroneous
learning operations be secured? decisions and
regulatory
exposure
Digital twin and Digital twins; Engineering How can digital and | Reduced

cyber-physical simulation; robotics; physical systems be | downtime and

logistics scenario management integrated? How can | improved safety;
implementation high capital
scenarios be intensity and data
evaluated? requirements

Blockchain and trust | Data immutability; Institutional and Which supply chain | Reduced disputes

in supply chains traceability; smart transactional segments benefit and counterfeiting;
contracts; compliance from immutable integration and
records? How can interoperability
solutions be scaled? | challenges
Platform risks and Fraud detection; Managerial How can risks of Increased
cybersecurity security by design; platform dependency | resilience;
privacy; access and data leakage be | additional
management managed? How can | cybersecurity and

secure platforms be
designed?

compliance costs

Source: constructed by the authors based on processing of the Scopus database using VOSviewer software.

The obtained results allow logistics
platformization to be conceptualized as a
transition from localized digitalization
initiatives to an ecosystem-based
coordination infrastructure. The structural
shift observed after 2019 indicates that the
scholarly field increasingly conceptualizes
platforms not as isolated online tools but as
environments in which data, processes, and
transactions in supply chain management are
systematically coordinated.

Within the framework of platform
economy theory, this corresponds to the
expansion of multisided markets for logistics
services and the strengthening of network
effects [24-25]. From the perspective of
ecosystem theory, it reflects the emergence of
a network of complementary services,

including analytics, automation,
identification, and compliance, orchestrated
around the platform as a central node [26-
27]. From an institutional perspective, the
platform functions as a governance
mechanism: it establishes data standards,
access rules, and trust infrastructures, thereby
reshaping bargaining positions within the
supply chain and potentially generating
platform lock-in, data asymmetry, and new
forms of risk.

The cluster results and VOSviewer maps
demonstrate that technological directions
such as artificial intelligence and machine
learning, digital twins, and Industry 4.0 do not
operate in isolation. Instead, they form an
integrated package of platformization. In
practical terms, the effectiveness of logistics
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platformization emerges only when three
components are simultaneously
implemented: first, integration of data and
processes across supply chain systems;
second, analytical manageability based on
platform data; and third, trust, traceability,
and compliance in transactions, including
blockchain-enabled mechanisms [33-36]. In
this sense, the logistics platform constitutes
not only a technological infrastructure but
also an organizational one, transforming
contracting practices, planning procedures,
dispatching, service quality control, and data
exchange.

At the same time, several limitations
define the boundaries of generalization. First,
the analysis is based exclusively on the
Scopus database, and thus reflects the
structure of the field within this indexing
system; certain regional or specialized
publications may remain unindexed. Second,
the English language filter may lead to
underrepresentation of research published in
national languages. Third, the homonymy of
the terms logistic, activity, and platform
generates interdisciplinary noise; although a
dual-corpus design was implemented,
residual cross-domain contamination may
persist. Fourth, citation indicators are subject
to time lag effects: publications from 2024 to
2026 have not yet had sufficient time to
accumulate citations, and comparisons
between recent and older works require
caution. Fifth, clustering results in VOSviewer
depend on inclusion thresholds,
normalization procedures, and parameter
settings; alternative configurations could alter
cluster boundaries, although the overall
thematic architecture remains stable. Finally,
bibliometric analysis describes the structure
of scientific discourse but does not directly
measure  the economic effects of
platformization, such as cost reduction,
productivity gains, or supply chain resilience,
and therefore requires further empirical
validation.

75-98
v.35 (2026)
https://smart-scm.org

Future research should integrate
bibliometric mapping with empirical models
assessing the performance effects of logistics
platformization. Priority directions include
evaluation of platform impact on key
performance indicators, including cost
efficiency, lead time, reliability, service level,
and resilience; analysis of risks related to
platform dependency and data asymmetry;
modeling of governance mechanisms within
supply chain platforms, including access rules
and interoperability standards; investigation
of the integration of artificial intelligence,
machine learning, and digital twins as the
operational intelligence layer of the platform;
and assessment of the economic feasibility of
blockchain-based trust infrastructures in
specific supply chains. Such a transition from
bibliometric  description to empirical
verification will enable not only the mapping
of knowledge structures but also the
identification of causal relationships between
platformization and enterprise logistics
performance.

Conclusions. In today’s environment of
digital transformation and sustainable
development, marketing logistics s
becoming a strategic tool for building
customer loyalty, where the key determinants
are speed and reliability of delivery,
personalization, transparency, proactive
communication, environmental responsibility
and effective problem solving. Traditional
approaches no longer meet customer
expectations, which reduces retention, trust,
and customer lifetime value. The proposed
Sustainable Al-Driven Marketing Logistics
Model provides a systematic increase in
loyalty and enhances the competitiveness of
enterprises in conditions of uncertainty. Its
cyclical nature allows for continuous
improvement of processes, adaptation to
change, and accumulation of trust and brand
reputation, making marketing logistics a
powerful strategic asset of the digital age.
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