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Abstract

The article addresses the pressing and significant issues of managing the process of transport evacuation for
those affected by military actions, as well as managing emergency medical assistance for the wounded.
Amidst the ongoing active warfare in Ukraine, there is a growing need to integrate the efforts of all
stakeholders—on the one hand, those overseeing these operations at all levels of the hierarchy, and on the
other hand, those directly executing them in the field where emergency aid is provided. According to the
authors, effective management of these processes is feasible through a model that not only swiftly responds
to constant changes but also facilitates efficient coordination among stakeholders. Such a model is the
Architecture-Oriented Agent-Based Model (AOAM), which meets all the requirements of crisis management.
The research includes a parametric analysis of existing models to identify the optimal one, considering a
combination of factors, key characteristics, and limitations. The authors also explore the challenges of
developing and implementing AOAM, given the scarcity of financial and technical resources, and propose
alternative approaches for project execution. The article examines the potential for expanding the
functionalities of the proposed AOAM through its integration with GIS technologies. Furthermore, the
research investigates the prospective applications of this integrated model in remediation operations and its
use in peacetime.
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1. Introduction

It should be recognized that in the context of ongoing active military actions in Ukraine and the
extensive destruction of its territory by various types of weaponry, the task of rapid response to such
events has become urgent and significant. This includes the organization and management of the
transport evacuation process, as well as the management of emergency medical assistance.
Ultimately, the number of civilian lives saved and the survival of wounded soldiers evacuated from
the battlefield depend on this. Swift and coordinated activity by management structures at all levels
of hierarchy, along with prompt management of emergency medical care, requires a well-organized
and effective organizational and administrative mechanism [1].

The purpose of this study is to conduct an objective analysis of existing models for managing
transport evacuation and emergency medical assistance used in foreign countries, in order to select
the most optimal management model for application in the context of Ukraine [2, 3]. The authors'
focus is primarily on the possibilities and challenges associated with the development and
implementation of the Architecture-Oriented Agent-Based Model (AOAM), which has proven to be a
promising model that meets the demands for clear coordination of actions among entities during
crisis response situations.

IDDM’24: 7" International Conference on Informatics & Data-Driven Medicine, November 14 - 16, 2024, Birmingham, UK

* Corresponding author.

T These authors contributed equally.

& tetiana.cherniavska@konin.edu.pl (T. Cherniavska); bohdan.cherniavskyi@konin.edu.pl (B. Cherniavskyi).
0000-0002-4729-2157 (T. Cherniavska); 0000-0001-9174-6139 (B. Cherniavskyi).

© 2023 Copyright for this paper by its authors. Use permitted under Creative Commons License Attribution 4.0 International (CC BY 4.0).

CEUR
Workshop SSN 161
Proceedings :


https://orcid.org/0000-0002-4729-2157
https://orcid.org/0000-0001-9174-6139

The conceptual impetus for our in-depth research on the potential of the Architecture-Oriented
Agent-Based Model (AOAM) was drawn from the article titled "Architecture-Oriented Agent-Based
Simulations and Machine Learning Solution: The Case of Tsunami Emergency Analysis for Local
Decision Makers" [10]. In this publication, the authors focus on developing an agent-based model that
integrates elements of machine learning and architectural modeling to optimize the organizational
management mechanism for providing aid during emergency situations. The authors described
AOAM as an approach that helps local authorities effectively manage interconnected processes such
as evacuation planning, coordination of information flows to various structures, and the formulation
of emergency evacuation plans for the wounded. This includes the delivery of medical supplies while
dynamically updating information on the number of affected individuals, the nature of their injuries,
routes, the evolving conditions of roads, climate factors, and forecasts of their changes. In the context
of the ongoing military conflict in Ukraine, AOAM can be applied similarly to optimize the
management of evacuation processes for the injured and emergency medical assistance, bringing
together all government structures responsible for these operations. Just like in the tsunami scenario,
the model can account for the constantly changing situation in zones where emergency assistance is
provided, the condition of critical infrastructure, the availability of safe transport and logistics routes,
and forecasted evacuation scenarios amidst ever-changing circumstances. As it is well-known,
effective crisis management begins with the organization of key processes, and this will be the
primary focus of our research.

Modeling (AOAM) within an organizational management structure is highly feasible for several
reasons: this model allows for structuring the interaction of multiple agents, integrating real-time
data, adapting to changing circumstances, and scaling to different objectives and tasks within certain
constraints. Moreover, if GIS (Geographic Information Systems) is integrated into the proposed
AOAM, its functional capabilities can be significantly enhanced. This hypothesis is supported by
positive international experiences with the functioning of similar complex management systems,
such as: Joint All-Domain Command and Control (JADC2) in the U.S., which integrates data from
various military domains to optimize decision-making. Home Front Command in Israel, which
coordinates crisis management, population evacuation, and emergency medical services during
military operations. NATO Crisis Response System (NCRS), which handles coordinated responses to
crises involving multiple countries. Copernicus Emergency Management Service (EMS) in Europe,
which focuses on crisis management, including natural disasters and emergency response. All of these
benchmarks incorporate AOAM elements into their crisis management and decision-making
structures.

Thus, the unique characteristics of this model, such as its architectural flexibility and, at the same
time, its ability to optimally organize the coordination of interaction between emergency response
management entities, can make it an indispensable management tool at all hierarchical levels in
Ukraine’s current conditions, as well as in the future during peacetime.

2. Materials and methods

First of all, it is necessary to formulate the definition of the concept of "architecture-oriented agent-
based modeling." Architecture-Oriented Agent-Based Modeling (AOAM) is an approach based on
modeling complex dynamic systems as a set of interacting agents, where the emphasis is placed on
the structure and organization of interactions between the agents. In this context, the term
"architecture-oriented" refers to the fact that the modeling process focuses on the structural elements
of the system and their architectural relationships, which helps to better understand how different
elements (agents) interact in various crisis situations for the purpose of organizing effective process
management. However, unlike other agent-based models, AOAM emphasizes the architecture of the
system—that is, how individual agents are structurally connected, through which channels
information and resources are exchanged. This includes the analysis of hierarchies, roles, interaction
protocols, and the overall design of the management system, allowing for more precise reproduction
of complex processes such as overall evacuation management and the coordination of emergency
medical assistance from a central command center [9, 10, 11].



For a clearer understanding of the functional capabilities, we present an aggregated general
characteristic of Architecture-Oriented Agent-Based Modeling (AOAM), which will be detailed in
Table 1.

Table 1
Analytical Assessment of Key Characteristics of the Architecture-Oriented Agent-Based
Model (AOAM)

Characteristic Description

Operating Modeling agent behavior: Each agent in the system is equipped with a set of
principles of specific rules or algorithms. These rules can range from simple ones (e.g.,
AOAM following a simplified route) to more complex ones (e.g., making decisions

based on the current condition of an infrastructure object).

Communication and interaction: Agents within the system can establish
communication with each other, which is crucial for coordinated interactions
aimed at achieving the set goals.

Feedback and adaptation: Based on the analysis and forecast of the situation,
the system continuously receives feedback from the agents, which allows it to
model and select alternative scenarios.

Components of  Agents: Each designated agent is a management entity at a specific level of

the AOAM hierarchy, with its own goals and functional capabilities.

structure Architectural connections: These ensure the exchange of information and the
coordination of coherent actions between agents.
Environment: This is the informational and territorial space in which the
agents interact.

Distinctive 1. Structural vs. Behavioral Focus: AOAM focuses on a complex
Features of hierarchical system of agent interactions, specifically how agents are
AOAM organized and how they interact with one another. This is crucial in crisis
Compared to situations that require strict coordination among key agents, such as
Other Models government-level management entities.

In traditional agent-based models, more emphasis is placed on the behavior of
agents and their interactions with their surrounding environment.

2. Clear Hierarchy vs. Autonomy: In AOAM, agents are organized in a
hierarchy where certain agents manage or coordinate the actions of lower-
level agents (for example, government bodies managing the actions of medical
and evacuation services in chemically contaminated zones).

In standard agent-based modeling, agents typically operate autonomously, and
role-based or hierarchical relationships are less pronounced.

3. Systemic Management vs. Decentralization: AOAM is often applied to
systemic management, where the focus is not only on how individual agents
act but also on how the entire system is governed.

Other types of agent-based modeling usually focus on more decentralized
processes, emphasizing interactions and reactions of agents within their
environment, often without a clearly defined systemic organization.

4. Template-Based vs. Variability: AOAM uses architectural templates that
help structure and clearly regulate agent interactions.

In contrast, other models may allow for greater variability and flexibility in the
way agents interact and respond to environmental changes.
In classical agent-based modeling (ABM), the emphasis is primarily on the
behavioral models of agents and the variability of their reactions to
environmental stimuli.
Advantages of Improved Coordination: The clear structural system in AOAM enables efficient
AOAMin Crisis  coordination of agent actions, which is particularly crucial in crisis scenarios
Situations with limited resources and time constraints. This structured coordination




ensures that various management entities at different levels of the hierarchy
work together in a synchronized manner, avoiding bottlenecks and delays.
Flexibility and Adaptation: AOAM’s ability to quickly respond to changing
conditions allows it to adapt to new situations efficiently. In crisis
management, where conditions can shift rapidly, this flexibility is essential for
ensuring that the system remains effective and responsive, adjusting strategies
as needed based on real-time data.

Scenario Analysis: AOAM facilitates the modeling of various crisis scenarios,
allowing decision-makers to test multiple response strategies in advance.

In order to justify the optimal choice of the model and objectively analyze its future structure, we
used the scientific method of comparativism. In a broad, commonly accepted sense, comparativism
(from the Latin comparativus—comparative) refers to the comparative study of various objects or
phenomena. It is used in different fields of knowledge, helping to identify commonalities and
differences, reveal patterns, and develop universal approaches to problem-solving.

Thus, comparativism is a methodological approach based on a comparative study that allows for
a deeper understanding of the phenomena being studied (in our case—the features, advantages, and
disadvantages of the models). It also helps to identify their cause-and-effect relationships and
common functioning patterns [4].

At the start of our research, we propose to analyze the positive international experience of using
AOAM in various spheres of human activity (Table 2).

Table 2
Positive International Experience in the Implementation of AOAM
Country AOAM application
Implementing
AOAM
1. Management of Energy System:
USA In the United States, AOAM was applied to assess the impact of Hurricane

Sandy in 2012 on the energy infrastructure of New York City. This modeling
helped predict potential power outages and implement measures to minimize
their consequences.

2. Healthcare and Emergency Medical Assistance

United Kingdom  In the United Kingdom, agent-based modeling was utilized to optimize the
functioning of the National Health Service (NHS) during emergencies such as
the COVID-19 pandemic. The implementation of such models increased the
efficiency of resource allocation, particularly in the distribution of vaccines,
and significantly reduced patient wait times for emergency medical assistance.

3. Urban Networks and Transport Management:

Singapore; In Singapore and London, architecture-oriented agent-based models (AOAM)
London (United  have been applied to predict and manage traffic flows. These models help
Kingdom) reduce transportation delays, alleviate congestion, and improve the

coordination of stakeholders in case of emergencies or unforeseen situations.

4. Emergency Response and Evacuation:

Japan, USA In Japan, following the devastating 2011 earthquake and tsunami, AOAM was
employed to manage evacuation efforts based on real-time data analysis and
predictive modeling. This approach helped authorities and rescue teams
accelerate evacuation processes and minimize time delays, ultimately ensuring
the maximum number of lives saved.

In the United States, AOAM is used to manage evacuations during hurricanes,
where it is crucial to predict the behavior of large populations and ensure the
rational distribution of rescue resources based on priorities [12].

5. Urban Development and Construction Planning;:




China

In China, Architecture-Oriented Agent-Based Modeling (AOAM) was applied
to the planning of a new district in Tianjin. AOAM enabled the optimization
of spatial management through the rational design of transport hubs,
residential areas, and industrial zones. This led to improved efficiency in the
use of transport, industrial, and social infrastructure.

6. Crisis Management in Military Operations:

USA, Israel, EU,
South Korea

In the United States, Joint All-Domain Command and Control (JADC2) has
been used to manage the evacuation of the wounded from conflict zones, such
as in Iraq, using unmanned systems and GIS data;

During operations in Gaza and other conflict zones, Israel employed elements
of agent-based planning to coordinate the evacuation of civilians. The Home
Front Command played a crucial role in ensuring that evacuation efforts were
synchronized, utilizing predictive analytics and real-time information to
manage evacuation routes and resources;

In the European Union, the Copernicus Emergency Management Service
(EMS) has been deployed to coordinate humanitarian operations and
evacuations during natural disasters such as earthquakes, floods, and fires;
South Korea utilizes elements of AOAM in its Smart Command System (SCS)
to manage the evacuation of civilians and the provision of emergency
assistance during disasters and military threats from North Korea [13, 14, 15].

The next step of our research will involve a parametric evaluation of the advantages and
disadvantages of Agent-Based Models (ABM), Multi-Agent Models (MAM), and Architecture-
Oriented Agent-Based Models (AOAM) in order to justify the selection of the most optimal model for
managing evacuation operations and providing emergency assistance during active military conflicts

(Table 3).
Table 3
Parametric Characteristics of Advantages and Disadvantages of Models: ABM, MAM, and
AOAM
Model Advantages Disadvantages
- Suitable for analyzing . .
individual agent behavior in - Lacks a clear hierarchical

Agent-Based Models
(ABM)

uncertain environments.

- Primarily used to explore
optimal solutions where
autonomous agent adaptation to
changing environmental conditions
is crucial.

structure for coordinating actions
across multiple levels.

- Does not ensure a hierarchical
structure of interactions, which is
crucial in crisis management or
military operations.

Multi-Agent Models
(MAM)

- Capable of modeling complex
interactions  between  various
agents providing assistance for
evacuation and emergency medical
aid during military operations.

- Can apply different elements of
integration and interaction,
ensuring the coordination of
entities and resources in specific
crisis situations.

- MAM may encounter the
problem of decentralized control,
where agents make too many
autonomous decisions, which is not
always efficient, for example, in
military logistics..

- It does not always provide a
clear hierarchical management
structure or "top-down" directives,
which can be critical in situations
requiring centralized decision-
making and coordination.

Architecture-Oriented
Agent-Based Model
(AOAM)

- Optimally suited for tasks
requiring hierarchical connections
between various participants—

- Requires a well-organized
interaction structure, which can
complicate  implementation  in




military units, different rescue
services, emergency medical
services, transportation

departments, and more.

- Provides centralized control
and decision-making capabilities,
allowing for the adaptation of
solutions based on rapidly
changing conditions (e.g., weather,
military movements)

rapidly changing situations where
public order coordination is
disrupted.

- May be more complex to
implement compared to other types
of modeling, as it demands detailed

architecture  and  hierarchical
relationships for effective
coordination and response
management.

- Allows for rapid adaptation to
situations, especially in scenarios
where it is crucial to make priority-
based management decisions using
real-time operational data. The
model facilitates the redirection of
resources and provides subsequent
coordination through central or
regional command centers.

Based on the results of our analysis of publications that document the application of Architecture-
Oriented Agent-Based Models (AOAM) for solving various tasks, we have come to the well-founded
conclusion that for managing the evacuation of victims and providing emergency medical assistance
in conflict zones, AOAM is the most rational modeling approach.

Below are the results of the analysis of the significance of AOAM’s advantages, ranked according
to their importance:

1. Hierarchical Coordination and Centralized Management.

Significance: Maximum - x* x %%

Description: AOAM provides a clear hierarchical interaction structure that allows for coordination
at multiple levels—from the central level, carried out by higher governmental bodies (e.g., transport
and logistics coordination through the Ministry of Transport), to the local level (e.g., coordination
between emergency medical teams). This is particularly critical in crisis situations, where strict
adherence to protocols and templates is required to effectively manage processes such as providing
emergency medical assistance to victims of radiation exposure. The model ensures that all levels of
the hierarchy work in harmony, following centralized commands while allowing for real-time data
integration to inform decisions.

Argument: Unlike traditional agent-based models, where key agents may operate autonomously,
in AOAM, a group of designated agents at the local level cannot carry out their functions without
coordinating their actions with the central authority.

2. Flexibility and Adaptability of Agent Behavior.

Significance: Strong - x*x*

Description: In AOAM, agents can adapt their management decisions based on real-time data
about changes in conditions and/or circumstances. This adaptability either expands their capacity for
effective management or constrains it to a minimum, while still adhering to the overarching
architectural system of management.

Argument: Unlike traditional models, where agent behavior may become overly autonomous and
uncoordinated, in AOAM agents operate within a framework of synchronization and coordination,
both among themselves and with the central authority. They retain the ability to adapt to changing
circumstances, transferring responsibility as needed. This ensures that the system remains flexible
while maintaining overall control, enabling prompt and adaptive management in response to evolving
situations.

3. Optimization of Resource Use in Conditions of Resource Scarcity and Limited Time.

Significance: Strong - x*x*



Description: In AOAM, the continuous updating of real-time data about the current situation
allows for priority-based resource management, which is grounded in the optimal distribution of
available resources (e.g., blood supplies, ventilators, specific medications). The system is built on a
pre-planned resource allocation structure that ensures that critical resources are distributed where
they are most needed. This prevents disparities in resource allocation across regions and ensures that
essential resources are efficiently delivered to areas of highest demand.

Argument: In emergency situations, it is crucial to maintain priority in resource management,
especially when resources are scarce and delivery times are constrained. Unlike other models that
may focus on individual agent actions, AOAM enables the coordination of actions at the subsystem
level within the overall management framework. This allows agents to act in alignment with
prioritized objectives in crisis management, ensuring that interrelated actions are regulated in a
coordinated manner, minimizing resource waste and optimizing response times.

4. Support for Decision-Making in the Shortest Time.

Significance: Strong - x*x*

Description: AOAM integrates seamlessly with GIS data (satellite imagery, drone data, sensors),
enabling the system to adjust plans, such as the evacuation of the wounded from battlefields, almost
instantaneously based on changes in enemy activity or weather forecasts. This capability allows the
model to dynamically react to real-time events and update its decision-making processes accordingly,
ensuring that the most up-to-date information is always guiding the response efforts.

Argument: Unlike static models, AOAM utilizes continuous streams of updated data to inform and
refresh the decisions made by agents. This makes the system much more dynamic, enabling rapid
crisis management and allowing for operational control to be exercised in real-time.

5. Multilevel Coordination System (Higher, Middle, and Lower Levels)

Significance: Medium - *x %

Description: AOAM can simultaneously coordinate the actions of agents at the local level (for
example, coordinating multiple ambulances to provide emergency medical aid to the population
affected by a missile strike) and at the higher level (such as coordination between rescue services,
military units, and medical teams).

Argument: Unlike other models, AOAM builds a coordination system that supports decision-
making processes across different levels in both top-down and bottom-up directions. This makes the
model more flexible and scalable when addressing the consequences of emergency situations.

6. Distribution of Decisions and Priority Management..

Importance: Medium - *xx*

Description: In an AOAM (Architecture-Oriented Agent Model), the system can automatically set
priorities for various actions by agents or for decisions made by them. For example, the system can
determine which logistical routes would be optimal for evacuating the population and which can be
used for delivering resources and equipment. In this situation, factors such as the condition of the
transport and logistics infrastructure, the availability of specific types of transport vehicles, the
characteristics of delivery routes, and other relevant factors will be taken into account.

Argument: Unlike other types of models, which may operate in a decentralized manner, AOAM
provides a centralized task distribution management system that takes rationality into account,
reducing time losses and optimizing the process of achieving the set objectives.

7. Modeling Complex Procedures and Agent Interaction in Uncertainty.

Importance: Medium - *x*

Description: AOAM allows for modeling complex stages of evacuating the injured and providing
specific emergency medical assistance (for instance, in the case of chemical weapons use), as well as
modeling agent interaction under uncertain conditions. This can be useful for identifying unforeseen
situations and assessing potential risks.

Argument: Other models focus on individual agent behavior, making it difficult to create a
systemic picture of interactions. AOAM analyzes the collective behavior of agents within an overall
system, enabling more accurate predictions of the consequences of decisions made.

8. Integration with Geospatial Analysis and Machine Learning.

Importance: Low - xx%

Description: AOAM can easily integrate with GIS and ML, enhancing its ability to broaden the
focus of decisions and the scale of its analytical base.



Argument: Unlike basic agent-based models, AOAM is easily scalable through the use of advanced
data analysis technologies, making it more powerful for emergency response in complex conditions.

The above parametric comparative analysis of various model types—AOAM, Multi-Agent
Modeling (MAM), and Agent-Oriented Modeling (AOM)—leads us to conclude that AOAM is the
optimal choice, as it fully aligns with the tasks of rapid response and crisis management operations
under limited resource conditions [17, 20, 21].

3. AOAM Structure: Development and Implementation.

3.1. Organizational Management Structure of AOAM

The mathematical formalization of an Architecture-Oriented Agent Model (AOAM) for managing the
evacuation of the population and the wounded, as well as providing emergency medical assistance at
various levels of hierarchy (national, regional, local), must account for the interconnection of key
interacting agents, resource management, and transportation logistics management at all levels. The
model can be described using a multi-level complex management structure, where each hierarchical
level is represented by key agents performing their clearly defined functions. Simultaneously, all
agents are interconnected through centralized coordination via information exchange, as well as data
on weather conditions, material, technical, transportation, infrastructure, and other resource
provisions.

The main bodies and structures of AOAM that interact with each other to organize and manage
the transportation and evacuation of affected populations and the wounded from active combat zones
should, as mentioned earlier, function as agents within the structure at the highest level of the
hierarchy:

1. The National Security and Defense Council (NSDC), which coordinates all processes related to
national security, including the protection of the population and crisis management. This body has
the authority to initiate strategic initiatives that require interagency cooperation.

2. The Ministry of Defense is responsible for managing military operations and can act as the
coordinator for the evacuation of the wounded and the provision of first medical aid in combat zones.

3. The Ministry of Health is responsible for coordinating medical services and managing healthcare
systems in crisis situations. This agent must ensure the medical component of the model, including
managing the transport logistics of ambulance teams, distributing resources (such as blood supplies,
medications, equipment, and personnel), and coordinating with other agencies.

4. The State Emergency Service (SES) manages emergency operations and coordinates rescue
services, overseeing the evacuation process and providing assistance to affected populations. Through
the implementation of AOAM as an emergency response and coordination module, SES can ensure
effective interaction with other services (military, medical, and civilian) to address the complex tasks
of evacuation and emergency aid in combat conditions, where civilian services may lack the necessary
expertise.

5. The Central Operational Command (e.g., the General Staff of the Armed Forces) is responsible for
the operational management of military actions and the coordination of troops in the field. In the
described situations, it can, in emergencies, deploy military equipment and personnel for the
transportation of resources, as well as for the evacuation of the population (including the provision
of emergency medical assistance by military doctors). This can be implemented through AOAM in
conditions of destroyed infrastructure (damaged roads, bridges, and railways), allowing the system to
adapt to local-level conditions.

6. Crisis Management Centers oversee all aspects of crisis response and coordinate with military,
medical, and civilian services.

7. The Ministry of Transport manages transportation logistics and coordinates the activities of
relevant transport sectors during emergencies. In crisis situations, it oversees transport logistics and
works closely with the State Emergency Service (SES) and medical services to find optimal solutions
for evacuating the civilian population and transporting them to receive medical assistance.



8. The Hydro-Meteorological Center manages the process of processing and transmitting
meteorological data to the coordination and management center for planning evacuation and rescue
operations and forecasting needs based on weather changes.

9. International organizations, such as the UN, Red Cross, and NATO, can play a crucial role in
implementing management decisions related to evacuation from disaster zones, such as in the case of
the destruction of the Kakhovka Dam and the flooding of a large area.
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Additionally, these organizations can provide humanitarian aid, organize "humanitarian
corridors," and, at the request of the government, conduct assessments of the situation and the
consequences of the disaster.

3.2. The Role of GIS in the AOAM Structure

Geographic Information Systems (GIS) play a crucial role in the proposed Architecture-Oriented
Agent Model (AOAM) by enabling the rapid adaptation of the transportation evacuation and
emergency medical assistance management mechanisms during crisis situations and military
conflicts. Essentially, GIS serves as the "eyes in the sky." Its use significantly enhances operational
management efficiency by providing geospatial data and real-time analysis of its changes [23].

Thus, satellite data, particularly from sources like NASA FIRMS, can be integrated into GIS and
play a crucial role in analyzing geographic information necessary for crisis management, such as
dealing with fires and organizing evacuations from these zones.

It is important to note that GIS collects and integrates data from various sources to create a
comprehensive observation framework, supporting effective decision-making. As a structural
element integrated into AOAM, GIS allows for the accumulation, processing, and transmission of
relevant data to the central command. This includes geospatial data with information about the
location of objects, terrain topography, infrastructure conditions (roads, bridges, buildings), active
conflict zones, and other spatial characteristics. These data are essential for planning evacuation
routes, selecting evacuation zones, and locating emergency medical assistance facilities [24, 25].

We particularly want to emphasize the fact that GIS is proposed for integration into AOAM to
optimize transportation evacuation routes. It provides constantly updated information on distances,
transportation hubs, road conditions, and alternative routes, which helps minimize evacuation time
and ensure safe movement.

One of the most critical aspects is that GIS provides interactive maps and visualization tools that
enable coordination centers and operators to see the situation in real-time, which ensures effective
decision-making at various levels of management. This also helps rescuers quickly and accurately
assess the situation, adjust routes, and prevent emergency situations on the roads.

In the context of managing emergency medical logistics, it is crucial to have data on the affected
population, including: demographic data of the victims, their distribution across the territory, their
concentration in specific locations, age groups, injury severity, the number of victims, and vulnerable
population categories (children, the elderly).

Meteorological data is also of primary importance for adaptive operational management, including
information on current and forecasted weather conditions such as precipitation, wind speed, and
temperature, which may lead to route changes and adjustments in evacuation conditions as well as
aid provision to the victims. It is also necessary to consider the possibility of extreme weather events,
such as hurricanes, floods, blizzards, etc.

For areas affected by military aggression, security and military threat data are particularly
important. This involves managing transportation evacuations from risk zones: GIS allows for the
assessment of the nature and degree of such risks. Additionally, the system enables the tracking of
changes in conflict zones, troop movements, and adjustments to transport and logistics routes
considering checkpoints, minefields, and other military-related factors.

Equally important is the data transmitted from drones and sensor systems. These are used to
supplement information for assessing the condition of affected areas and infrastructure, such as
bridges, dams, and critical infrastructure. The data also help evaluate the feasibility of using these
assets for providing emergency medical aid to the injured and wounded. Sensor systems, for example,
can detect chemical or radiation contamination, which necessitates substantial adjustments in
managing rescue operations.

GIS also transmits logistics data to the management coordination center, including the location of
transport depots, warehouses, the availability of access routes, and the positioning of cargo trucks
and ambulances on the roads. All of this information serves for the rapid response to changes in the
situation and the corresponding decision-making by the relevant structures.

Predictive analytics obtained through GIS play a strategic role in effectively managing such
operations. The practical application of scientific approaches and simulation models allows for the



most accurate prediction of future events, such as new infrastructure damage due to weather changes
or troop movements.

One of the significant aspects is the ability to receive feedback and adapt emergency aid
scenarios/routes in the shortest possible time. As soon as the situation changes (for example, a mass
missile strike or the destruction of a bridge), GIS updates the data, and AOAM instantly responds by
offering alternative scenarios or transport-logistical routes.

GIS technologies significantly enhance the efficiency of managing routes for providing assistance
to victims and delivering emergency aid by supplying up-to-date information on road conditions, risk
predictions, and resource deployment possibilities. These systems help adjust routes, manage
workload, and improve coordination between various services during emergency situations [28].

3.3. The mathematical formalization of an Architecture-Oriented Agent Model (AOAM)

The proposed AOAM with an integrated Geographic Information System (GIS) includes several
key components that reflect the efficiency of managing evacuation processes and providing
emergency medical assistance. These components are as follows:

Overall Structure of AOAM with GIS.

Agents (A;) represent management entities that coordinate their actions based on data received
from the GIS.

Ai={Ri,Ci,Di,Pi}, 1)

where:
Ri - available resources of the agent (e.g., ambulances, transportation),
Ci - the current state of the agent (e.g., location, readiness),
Di - data obtained from GIS,
Pi - the agent's priorities in fulfilling responsibilities.
Geospatial data, when integrated with GIS in the Architecture-Oriented Agent Model (AOAM)

G(1)={Dr(i), Dw(i), Drz(i), Dd(i)} (2)

where:

Dr(i) - data about the condition of roads and transport hubs,

Dw(i) - weather conditions (precipitation, wind, temperature),

Drz(i) - data about risk zones (combat zones, checkpoints, minefields),

Dd(i) - data about the demographic situation (distribution of affected people).

The objective function for route optimization.

In the context of AOAM (Architecture-Oriented Agent Model) integrated with GIS can be
formulated as a minimization problem aimed at reducing the time required to complete operations
such as evacuating victims and delivering medical resources. This objective function considers
various factors like travel time, road conditions, risks, and resource availability, all derived from real-
time GIS data.

minTij=Y "y (gik(1+1k))/vk ()
where:

Tij — time to deliver from point i to point j,

gik — distance between points on the route,

rk — risk level on the section (e.g., road damage, dangerous zone),

vk — speed of movement on the section.

Optimization of Resource Distribution..

In AOAM with integrated GIS, a crucial factor is the optimization of resource distribution (medical
teams, transport vehicles, medications) based on data regarding the condition of affected individuals
in a specific area. This task can be described as a moderate maximization of the utilization of available
resources.:



maxErd=) N, (Ri*Vi)/Ti (4)

where:

Erd - total efficiency of resources distribution,

Ri — number of available resources in the locale (e.g., a medical team)

Vi — number of victims or persons in need of assistance in the locale,

Ti - the time required to get the resources to the locate.

Feedback and Rapid Adaptation.

The GIS system allows for real-time feedback, which helps adjust the actions of agents based on
changes at the site of the emergency. This enables the implementation of immediate management
actions to provide emergency assistance to those affected.

where:

Ai(m+1) — an agent’s activity at the next point in time, according to the data changes,

Ari — available resources changes 6

¢(Di(m)) — function of capture new GIS data received (e.g., destruction or cataclysmic impact)

Evaluation of System Efficiency

Total efficiency of the AOAM system with integrated GIS can be reflected in the efficiency of the
target function Eevac, which monitors evacuation tasks, the quality of medical care and the speed of
first response.

Esys = e Eevac + B' Emed + Ye Eadap (6)

where:
Eevac — evacuation efficiency,
Emed — medical assistance efficiently,
Eadap - system adaptive response to new data changes,
a,p,y — weighting coefficients for the level assessment of each aspect [26, 27].

3.4. Implementation of the Integrated AOAM: Challenges and Opportunities.

The implementation of the proposed AOAM in the context of counteracting the aggressor's military
actions is associated with several significant challenges. These challenges relate to technical and
organizational aspects, as well as factors of national governance and crisis coordination. The key
difficulties that can be highlighted during the implementation of AOAM include:

Technical Challenges of Data Collection, Processing, and Transmission:

At the initial stages of the project, AOAM will require data from a wide variety of sources (drones,
satellites, data on military operations, transportation, and medical supplies). Integrating, processing,
and utilizing this data requires significant technical effort, especially given the heterogeneity of data
streams coming from different systems with various formats and update rates. Consolidating such
diverse data streams poses a major challenge [31, 32].

Ensuring Reliable and Secure Communication Channels. In the context of ongoing military actions
and unstable conditions, establishing reliable communication channels could become a critical issue,
particularly when transmitting large volumes of data. In this regard, ensuring information security
becomes one of the most sensitive aspects of project implementation. Since AOAM involves handling
sensitive data, such as military troop movements, civilian evacuations, and distributed resources,
potential cyberattacks or data breaches could have catastrophic consequences in a combat
environment.

Additionally, ensuring backup communication channels in case of failures or attacks is essential.

A major bottleneck in the project is the current lack of coordination between relevant higher
government structures. AOAM requires synchronized interaction between military bodies, ministries,
and agencies responsible for managing civilian and military rescue operations. Organizing effective
cooperation between these structures at all levels of the management system is one of the most
challenging tasks in implementing AOAM. Conflicting interests must also be considered, as various
structures may have differing goals and priorities, complicating their alignment. Furthermore, issues



of operational compatibility between systems may arise, as different agencies might use incompatible
systems, making integration into the core AOAM architecture difficult.

Another critical issue is the coordination of transport and logistics operations, especially during
the early stages of project implementation. This becomes more complex when considering the use of
different types of transportation under ongoing military operations and damaged infrastructure.

The most critical challenge in the successful implementation of the proposed AOAM is power
outages and communication failures. With continuous missile attacks and energy resource shortages,
it becomes exceedingly difficult to ensure stable power supply and communication for the smooth
operation of all interacting agents involved in emergency aid processes.

In the moderate complexity category of AOAM implementation challenges is the need to train a
large number of personnel familiar with the specifics of military operations management, transport
logistics, and emergency medical assistance.

This group of problems and challenges also includes resistance to implemented changes. The fact
is that personnel may sabotage the introduction of new technology, especially if there is already an
established system of operations in place. Resistance to change can arise from a reluctance to adapt
to new systems, lack of confidence in the technology, or fear of disrupting existing workflows.

Another issue in implementing the integrated model is the limitations in computational power.
Processing vast amounts of data during the initial stages requires significant computational resources,
especially when complex models for learning and predictive analytics are used.

The overall set of "bottlenecks” in the implementation of AOAM also includes the problems of
scalability and flexibility to ensure the system can adapt to different crisis scenarios. This involves
the need to modify the system depending on the actual availability of data, the number of interacting
agents, and the specific challenges of emergency response operations. It is particularly challenging to
create a system that functions efficiently in both localized and large-scale scenarios, such as massive
evacuations or the provision of specific emergency aid (e.g., in the case of fires). Therefore, the system
must be flexible enough to adapt to the emergence of new circumstances and limitations [35].

One of the significant problem areas in the implementation of the project is the high overall cost.
The development and deployment of AOAM require substantial financial investments in equipment,
software, personnel training, and technical support. In addition to the initial system costs, there are
considerable ongoing expenses for maintenance, including ensuring security, providing technical
support, and system upgrades.

According to the authors of this study, the implementation of the proposed model can be
supported by external donors, international financial and other organizations, as well as large
corporations aiming to test and improve the advanced technologies they have developed. Through
cooperation, private partnerships, and the use of existing technologies, even with limited resources
in Ukraine, it may be possible to introduce adapted versions of AOAM.

We believe that under conditions of limited financial resources and ongoing military conflict, the
most rational approach would be a modular implementation of AOAM, utilizing international
assistance, partnerships with the private sector, as well as cloud technologies and open-source
solutions to minimize costs. This approach would allow for the initial deployment of the most critical
system components, gradually improving their functionality, while ensuring flexibility and
adaptation to changing circumstances [40, 42].

4. Discussion and Future Directions

Despite the wide range of issues explored regarding the practical application of architecture-oriented
agent modeling (AOAM), several problem areas remain insufficiently studied and could become the
subject of deeper research. One such aspect is the exploration of the practical integration of IoT
systems into the model. This is particularly important for coordination activities within AOAM. It
will be especially significant in managing remediation operations after the cessation of military
activities. The integration of IoT could enhance data collection and expand the functional capabilities
of AOAM in the comprehensive remediation of contaminated areas in Ukraine [50].

5. Conclusions



In summary, it is worth noting that the integration of GIS into AOAM enhances the management of
evacuation processes and medical assistance by optimizing routes, dynamically distributing
resources, and enabling a system of adaptation based on real-time data updates. The mathematical
models underlying this system capture all aspects of the complex interaction of agents at every level
of the management hierarchy, making the proposed model an effective tool for crisis management.
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