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 Our research group dedicated its idea in developing and analyzing an 

algorithm for transforming integrated unmanned aerial vehicle (UAV) 

groups (IUGs) using visible light communication (VLC) technology. This 

innovative approach is designed to enhance UAV network coordination, 

addressing the complex challenges of communication within these networks. 

The primary issue addressed is the pressing need for advanced 

communication mechanisms within UAV networks to ensure efficient. This 

is a robust data transfer and complex coordination between UAVs. The 

existing systems lack the required adaptability and efficiency, leading to 

operational inefficiencies and reduced effectiveness in UAV applications. 

The main results of the study are concluded in the design and 

implementation of the conversion algorithm. Which provides efficient and 

reliable data transmission and sophisticated coordination between UAVs. 

Through careful mathematical modeling of UAV group dynamics and 

extensive MATLAB simulations, the study demonstrates the algorithm's 

ability to effectively control UAV formations. This method gives 

adaptability to different operational requirements and supports collision-free 

maneuvers. The algorithm's innovative design and the comprehensive 

approach adopted in the study, including the use of VLC technology and the 

integration of advanced restructuring methods, enable the effective 

resolution of the identified communication challenges within UAV 

networks.  
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1. INTRODUCTION  

The contemporary epoch witnesses significant strides in unmanned aerial systems (UAS), 

particularly in sectors like oil, gas, meteorology, and emergency response. The advent of integrated 

unmanned aerial systems groups (IUGs) signifies a shift towards sophisticated networked control systems, 

enhancing UAV coordination, coverage, and operational flexibility through strategic redundancy. Despite 

these advancements, integrating UAVs into cohesive groups presents challenges such as maintaining stable, 

reliable energy supply and effective communication, crucial for maneuverability and operational efficacy. 

This research responds to these challenges by exploring visible light communication (VLC) 

technology as a novel communication solution for IUGs. The adoption of VLC, characterized by high data 

https://creativecommons.org/licenses/by-sa/4.0/
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transmission rates and immunity to electromagnetic interference, aims to overcome the limitations of 

conventional radio communication systems. This study focuses specifically on developing a transformation 

algorithm for IUGs using VLC, targeting improved communication within UAV networks under conditions 

where traditional communication methods fall short, such as in densely built-up areas or sensitive defense 

operations where electromagnetic interference is a concern. The urgency and relevance of this research are 

underscored by the evolving landscape of UAV applications, where the demand for advanced, reliable, and 

efficient communication systems continues to grow. By addressing the specific needs of UAV networks in 

challenging environments and operational contexts, this study contributes significantly to the field, offering 

potential for enhanced UAV coordination and efficiency in both civilian and military applications. 

Literature review and problem statement. The integration of VLC technology in UAV systems 

marks a critical shift, particularly in overcoming the limitations of traditional radio frequency 

communications, as noted in sources [1], [2]. These sources elucidate VLC's benefits for secure and efficient 

transmissions, essential in dense urban and sensitive defense environments. However, the challenges of 

embedding VLC within urban mobility frameworks, highlighted in [3], [4], remain unresolved, pointing 

towards the need for a deeper exploration of its operational capacity and limitations. The call for innovative 

UAV configurations in [5], [6] underscores the necessity for advancements that can harness VLC's precision 

for improved positioning and control. Yet, the absence of specific VLC application discussions in [7], [8] 

suggests an overlooked area, presenting a gap ripe for research. 

While [9]-[11] introduce approaches and methodologies to enhance UAV stealth and 

communication through VLC, they leave open questions on the comprehensive integration of these 

technologies within UAV operations, particularly under varying environmental conditions. This indicates a 

persistent challenge in achieving optimal stealth and communication balance. The identified gap in 

sophisticated collision avoidance strategies, as mentioned in [12]-[14] reflects a critical unresolved issue in 

ensuring UAV safety during complex maneuvers. Meanwhile, [15]-[17] contribute to the discussion on the 

potential of VLC in enhancing UAV group communications and operational efficiency but fall short of 

addressing the complete picture of UAV operational dynamics in real-world settings. 

Lastly, [18], [19] points out the complexity of IUG operations in dynamic environments, suggesting 

a need for refined transformation algorithms to fully harness VLC capabilities, yet this remains an unresolved 

challenge. Collectively, the literature review reveals a fundamental gap in fully integrating and 

operationalizing VLC technology within UAV systems, particularly in addressing real-world complexities of 

urban mobility, environmental adaptability, and safety in intricate maneuvers. This unresolved problem lays 

the groundwork for the study's aim, as outlined in Section 3, to develop and analyze a novel transformation 

algorithm for IUGs employing VLC technology, aimed at overcoming these specific challenges and 

advancing UAV operational effectiveness and safety. 

The aim and objectives of the study. We have set a specific goal for this research, which is the 

development and validation of a comprehensive conversion algorithm. And, this idea is adapted for IUGs 

using VLC technology. Further investigated enhancing stable and reliable data transmission, improving 

group coordination and ensuring safety during complex maneuvers into different operating environments. 

This aim addresses the critical challenges identified through the literature review, including the integration 

complexities of VLC in UAV systems and the necessity for advanced collision avoidance strategies under 

dynamic operational conditions. Objectives to support the aim: 

– Establish a robust data transmission framework using VLC technology that can adapt to the unique 

demands of IUGs, ensuring uninterrupted communication and precise group coordination. 

– Determine the criteria and develop mathematical models for optimal UAV placement within IUGs that 

cater to efficient data transmission and effective group dynamics. 

– Innovate structures and topologies for IUGs that optimize their performance, particularly in terms of 

coverage, control, and energy efficiency, while navigating through diverse environmental settings. 

– Design and implement a transformation and control algorithm that enables IUGs to prevent collisions, 

overcome obstacles, manage interference, and execute complex maneuvers with high precision. 

– Enhance the overall coverage, control, and efficiency of IUG operations across a range of applications, 

both civilian and military, demonstrating the practical utility and scalability of the developed solutions. 

 

 

2. METHOD 

The study primarily investigates integrated UAV groups, emphasizing their data transmission 

capabilities using VLC technology [20]. This includes the mathematical modeling of UAV placements within 

these groups [21] and the development of transformation and control algorithms [22]. The hypothesis 

proposes that the use of VLC technology for data transmission in integrated UAV groups will significantly 

enhance communication stability, reliability, and operational efficiency. 
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The research assumes UAVs can be simplified as material points for mathematical modeling 

purposes [23], and operates within a consistent environment optimal for standard VLC functioning, 

considering factors like humidity and temperature affecting signal transmission [24]. Simplifications include 

a constant environment for VLC operations and the representation of UAVs as point sources to streamline the 

analytical and simulation processes. The study uses a combination of analytical research [25], mathematical 

modeling [21], and computer simulations in MATLAB [26], chosen for their precision in depicting the 

complex dynamics of UAV groups and the effectiveness of VLC technology under simulated real-world 

scenarios. The process involved developing various UAV group structures and describing their topologies 

using mathematical expressions [27]. Simulations in Matlab tested the UAV movement and the efficacy of 

the transformation algorithm [27], particularly focusing on collision avoidance and maneuvering efficiency. 

The research follows national standards for VLC and UAV operations, where applicable. To cater to 

a global audience, parallels are drawn with international standards, ensuring the research's broader 

applicability and relevance. The selection of these methods is justified by their ability to effectively represent 

the intricate dynamics involved in UAV group communications via VLC. These methods allow for the 

detailed exploration of VLC's capabilities and limitations within UAV systems, ensuring a comprehensive 

understanding and application of the research findings in real-world scenarios. 

Experimental data processing procedure. This section delineates the comprehensive procedure 

undertaken for the processing and analysis of experimental data derived from the study on IUGs employing 

VLC technology. Initially, data were collected from a series of simulations using MATLAB. These 

simulations were designed to replicate various UAV group structures and to assess the effectiveness of the 

transformation algorithm, focusing on aspects such as collision avoidance and maneuvering efficiency. 

Following collection, the data underwent a cleaning process to remove any inconsistencies or errors. 

This step ensured that only valid and relevant data were considered for further analysis. Preliminary analysis 

included summarizing the data and checking for normality, which facilitated understanding the basic 

characteristics of the dataset and guided the subsequent analytical processes. 

The cleaned data were then processed using a combination of statistical and computational methods. 

This included the application of mathematical models [21] and algorithms [22] developed specifically for this 

research. The processing aimed to interpret the data accurately, focusing on the UAVs' spatial configurations, 

signal transmission quality, and movement efficiency within the VLC framework. 

The processed data were analyzed to draw conclusions about the performance and reliability of the 

VLC-based data transmission framework for IUGs. This involved comparing the results against predefined 

benchmarks and criteria for successful UAV group communication and coordination. To ensure the validity 

of the findings, the results were subjected to a series of validation checks. This included cross-referencing the 

outcomes with existing literature and theoretical expectations. The analysis also considered environmental 

parameters such as humidity and temperature, which could affect VLC signal transmission [24]. 

The chosen data processing and analysis methods were justified based on their ability to effectively 

represent and elucidate the complex dynamics of UAV groups and the operational characteristics of VLC 

technology. The justification included a discussion on the suitability of analytical research [25], development 

of mathematical descriptions, and computer simulations [26] for addressing the research questions. The study 

adhered to established national and international standards relevant to VLC technology and UAV operations. 

Wherever applicable, foreign counterparts to national standards were cited to enhance the clarity and 

applicability of the experimental procedures and findings. 

 

 

3. RESULTS OF THE RESEARCH 

This chapter addresses the objectives outlined in the study and presents the solutions derived from 

the experimental and simulation results. This section describes the analytical studies. Also, development of 

mathematical descriptions and computer simulations carried out to create a VLC based data transmission 

structure for IUG. The framework aims to ensure effective and stable data transmission by adhering to the 

following criteria: The work encompasses analytical studies and the development of mathematical 

descriptions based on the coordinates of UAV elements in integrated groups. 
 

3.1.  Establish a VLC-based data transmission framework for IUGs 

The mathematical modeling is essential for understanding the spatial configuration and behavior of 

UAVs within the IUGs. The structures require strict adherence to symmetry in UAV placement to ensure 

balanced and stable data transmission. The control of IUGs should be decentralized, with the operator 

managing the integrated group and the UAVs being guided through leading aircraft. This approach enhances 

the robustness and adaptability of the IUGs. The distance between UAVs is limited by the propagation of 

VLC waves to ensure stability of control signals with minimal distortion. This constraint is crucial for 

maintaining a reliable communication link within the group. 
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The framework supports movement and positioning based on both current and predicted 

coordinates, allowing for proactive adjustments and optimized path planning. Developed a comprehensive 

VLC-based framework ensuring stable and efficient data transmission within IUGs. This was achieved by 

conducting analytical research, developing mathematical models, and validating through computer 

simulations, which demonstrated effective and stable data transmission capabilities. 

 

3.2.  Determine criteria and mathematical models for optimal UAV placement within IUGs 

This section presents the results of the development of criteria and mathematical models for the 

optimal placement of UAVs within IUGs. The structures and topologies of the IUGs, which are designed to 

meet specific requirements for stable and efficient data transmission, are depicted in Figures 1 and 2, 

described using mathematical expressions of typical geometric shapes. The IUG structures that meet the 

established requirements are illustrated in Figures 1 and 2. The topologies of these structures are 

mathematically described using expressions corresponding to typical geometric shapes: i) triangular structure 

with "wedge" topology; ii) spatial structure with "circle" topology; iii) spherical structure with "sphere" 

topology; and iv) volumetric structure with "cube" topology. 

The mathematical models for the placement of UAVs in IUGs are derived based on material point 

assumptions. If the size of the UAVs is comparable to the distance between them, corrections for their size 

and the reference point for measuring distances between the objects are incorporated into the calculations. 

The mathematical expression describing each IUG structure is provided, defining the structure as a set of 

leading UAVs (VD) and following UAVs (VM), along with their coordinates. The expression also includes 

the logical operation of union with established limits, and the external environmental parameters determining 

the distance between UAVs (d), as per the VLC technology. 

Includes specific mathematical expressions for each structure type (1)–(6), defining the position of 

leading and following UAVs within the group and their spatial arrangement: 
 

𝑉𝑁 = {𝑉𝐷𝑁;∪(𝑗=1)
𝑀 𝑉𝑀𝑗

𝑁} (1) 

 

where 𝑉𝐷𝑁 – leading UAV with coordinates (𝑋0
𝑁;  𝑌0

𝑁;  𝑍0
𝑁); 𝑈𝑗=1

𝑀  – logical operation union with specified 

limits; 𝑉𝑀𝑗
𝑁 – following UAVs with coordinates (𝑋𝑗

𝑁;  𝑌𝑗
𝑁;  𝑍𝑗

𝑁); N – number of the integrated UAV group; 

M – total number of following UAVs in IUG; j – number of the UAV in the IUG; d – distance between 

UAVs, determined by environmental parameters (humidity and temperature). When using VLC technologies, 

the parameter d=10. 

In accordance with expression (1) we accept V0 – structure with one UAV: 
 

𝑉𝑘
0 = {𝑋𝑘

0; 𝑌𝑘
0; 𝑍𝑘

0} (2) 
 

The triangle structure shown in Figures 1(a) and 1(b): 
 

𝑉1 = {𝑉𝐷1;∪(𝑗=1)
2 𝑉𝑀𝑗

1} (3) 

 

where VD1=(0;0)  𝑉𝑀2
1 = (−𝑑; 0); 𝑉𝑀3

1 = (𝑑; 0). 
In accordance with expression (1), the structure of a circle shown in Figures 1(c) and 1(d) is described by the 

expression: 

 

𝑉2 = {𝑉𝐷2;∪𝑗=1
8 𝑉𝑀𝑗

2} (4) 

 

where 𝑉𝐷2 = (0; 0); 𝑉𝑀1
2 = (

√2

2
𝑑;

√2

2
𝑑) ; 𝑉𝑀2

2 = (𝑑; 0); 𝑉𝑀3
2 = (

√2

2
𝑑; −

√2

2
𝑑) ; 𝑉𝑀4

2 = (0; −
√2

2
𝑑) ; 

𝑉𝑀5
2 = (−

√2

2
𝑑; −

√2

2
𝑑); 𝑉𝑀6

2 = (−𝑑; 0); 𝑉𝑀7
2 = (−

√2

2
𝑑;

√2

2
𝑑) ; 𝑉𝑀8

2 = (0; 𝑑) 

In a spherical structure as shown in Figures 2(a) and 2(b): 

 

𝑉3 = {𝑉𝐷3;∪(𝑗=1)
10 𝑉𝑀𝑗

3} (5) 

 

where 𝑉𝐷3 = (0; 0; 0); 𝑉𝑀1
3 = (𝑑; 0; 0); 𝑉𝑀2

3 = (0; −𝑑; 0); 𝑉𝑀3
3 = (−𝑑; 0; 0); 𝑉𝑀4

3 = (0; 𝑑; 0); 

𝑉𝑀5
3 = (0; 0; 𝑑); 𝑉𝑀6

3 = (0; 0; −𝑑); 𝑉𝑀7
3 = (−

√2

2
𝑑; 0;

√2

2
𝑑); 𝑉𝑀8

3 = (−
√2

2
𝑑; 0; −

√2

2
𝑑); 𝑉𝑀9

3 =

(−
√2

2
𝑑; 0; −

√2

2
𝑑) ; 𝑉𝑀10

3 = (
√2

2
𝑑; 0;

√2

2
𝑑) 
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In the volumetric structure as shown in Figures 2(c) and 2(d) the expression is used: 
 

𝑉4 = {𝑉𝐷4;∪𝑗=1
12 𝑉𝑀𝑗

4} (6) 

 

where 𝑉𝐷4 = (0; 0; 0); 𝑉𝑀1
4 = (

√2

2
𝑑;

√2

2
𝑑; 0); 𝑉𝑀4

4 = (−
√2

2
𝑑;

√2

2
𝑑; 0); 𝑉𝑀5

4 = (
√2

2
𝑑; 0;

√2

2
𝑑); 

𝑉𝑀6
4 = (0; −

√2

2
𝑑;

√2

2
𝑑); 𝑉𝑀7

4 = (−
√2

2
𝑑; 0;

√2

2
𝑑); 𝑉𝑀8

4 = (0;
√2

2
𝑑;

√2

2
𝑑); 𝑉𝑀9

4 = (
√2

2
𝑑; 0; −

√2

2
𝑑);  

𝑉𝑀10
4 = (0; −

√2

2
𝑑; −

√2

2
𝑑); 𝑉𝑀11

4 = (−
√2

2
𝑑; 0; −

√2

2
𝑑); 𝑉𝑀12

4 = (0;
√2

2
𝑑; −

√2

2
𝑑). 

The conditions for stability of data transmission using VLC technology are considered in the 

development of these structures. Formulated and validated mathematical models for UAV placement, 

optimizing IUG structural efficiency and stability. This involved defining geometric topologies for UAV 

arrangements and testing these configurations through simulations to ensure optimal positioning and spacing 

for effective VLC communication. 
 

 

  
(a) 

 

(b) 

 

 
 

(c) (d) 
 

Figure 1. Principal structures and topologies of integrated UAV groups (IUGs): (a) triangular structure with 

"wedge" topology; (b) triangular structure with "wedge" topology; (c) spatial structure with "circle" 

topology; and (d) spatial structure with "circle" topology 
 

 

  
(a) 

 

(b) 
 

  
(c) (d) 

 

Figure 2. Principal structures and topologies of IUGs s: (a) spherical structure with "sphere" topology;  

(b) spherical structure with "sphere" topology; (c) volumetric structure with "cube" topology; and  

(d) volumetric structure with "cube" topology 
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3.3.  Develop structures and topologies for IUGs optimizing their performance 

This section discusses the structures and topologies developed for IUGs based on the mathematical 

description of geometric coordinates in two-dimensional and three-dimensional planes. The emphasis is on 

ensuring stable operation during movement and transformation, leveraging VLC technology for data 

transmission. The study explores various structures and topologies designed for IUGs, emphasizing the 

criteria for stable functioning during movement and transformation. These criteria ensure that the developed 

structures provide both flexibility and stability for data transmission using VLC technology. 

The structures and topologies of IUGs are presented in Figures 1 and 2. Each structure includes two 

types of UAVs: the leading UAV (VD) and the following UAVs (VM), ensuring a coherent and responsive 

group formation. The topologies are described mathematically using expressions typical for geometric 

shapes, allowing for a standardized approach to understanding and implementing these structures in practical 

scenarios. The mathematical models for the IUG structures take into account the material points representing 

the UAVs. Adjustments are made based on the size of the UAVs and the distance between them, ensuring 

accurate modeling of the spatial relationships within the group. 

The transformation algorithm developed for IUGs facilitates the change from one structure to 

another, ensuring seamless coordination and communication within the group. This algorithm is crucial for 

maintaining the stability and efficiency of the IUGs during operational maneuvers. The mathematical 

expressions for the structures are detailed, providing a clear understanding of how each UAV within the 

group is positioned and how they move in relation to each other during transformations. 

The results of computer modeling in MATLAB R2020b confirm the functionality of the proposed 

transformation algorithm. UAVs successfully navigate through straight and curved trajectories in a spatial 

coordinate system without overlap or intersection, validating the collision-free operation of the group. The 

necessity of positioning control devices on UAVs relative to the leading element is underscored. High-

resolution video cameras with compact dimensions are recommended for this purpose, offering precision and 

minimal spatial intrusion. 

The computer modeling results demonstrate the potential of the algorithm in overcoming obstacles 

and ensuring the maneuverability of the IUGs. For high maneuverability, the use of multirotor UAVs is 

recommended. The leading UAVs are equipped with computational devices and positioning control systems, 

while the following UAVs carry a standard set of equipment. 

This section, therefore, presents a comprehensive overview of the structures and topologies 

developed for IUGs, the mathematical foundation of these designs, and the practical implications based on 

computer modeling and simulation results. The inclusion of detailed mathematical expressions, the 

algorithmic approach to transformations, and the outcomes of simulations provide a robust framework for 

understanding and implementing these structures in practical UAV applications. Created and analyzed 

various IUG structures and topologies, including triangular, spherical, and cubic formations. These structures 

were designed to enhance data transmission stability and group adaptability, with their effectiveness 

confirmed through Matlab simulations. 

 

3.4.  Design a transformation and control algorithm for collision prevention, obstacle navigation, and 

complex maneuver execution 

The study delves into the transformation algorithm developed for IUGs with VLC-based data 

transmission channels. This algorithm ensures the seamless transition of UAVs between various structures, 

maintaining the stability and effectiveness of the group's operation. The transformation algorithm facilitates 

the change in current coordinates of each UAV within the IUG with displacements (ΔVr), ensuring a smooth 

transition from one structure to another. The displacements are mathematically expressed as: 

 

𝛥𝑉𝑟 = ⌈

𝛥𝑋𝑗
𝑁

𝛥𝑌𝑗
𝑁

𝛥𝑍𝑗
𝑁

⌉ = ±𝑘𝑑 (7) 

 

where k= (0, 1, 2, 3) 

The proposed structures are formulated based on the law: 

 

𝑉𝑝
𝑁 = ∑ (𝑉𝑟

𝑁 + 𝛥𝑉𝑟)𝑅
(𝑟=1)  (8) 

 

where 𝑉𝑝
𝑁 represents the intended UAV group structure, R is the number of structures in 𝑉𝑝

𝑁, and 𝑉𝑟
𝑁 

represents the structures included in 𝑉𝑝
𝑁. 
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Various transformation scenarios are proposed for IUGs with VLC-based data transmission 

channels, ensuring the adaptability of the groups to different operational needs. The transformation scenarios 

include transitions from cubic (V4) structures to spherical structures with two individual UAVs 𝑉3 + 𝑉1
0 + 𝑉2

0, 

circular and hierarchical structures with one individual UAV 𝑉2 + 𝑉1 + 𝑉1
0, and four triangular structures 

with an individual UAV 𝑉1
1 + 𝑉2

1 + 𝑉3
1 + 𝑉4

1 + 𝑉1
0. From spherical 𝑉3 structures, transformations to circular 

structures with two individual UAVs 𝑉2 + 𝑉1
0 + 𝑉2

0 and three triangular structures with two individual UAVs 

𝑉2 + 𝑉1
0 + 𝑉2

0 are possible. From circular V2 structures, transformations to three triangular structures  
𝑉1

1 + 𝑉2
1 + 𝑉3

1 are also feasible. 

The algorithm begins with input from the IUG control system or an external device, including the 

transformation signal x(t) the transformation order number 𝐿, and the normalized distance d between the 

UAVs. Fundamental transformation formulas are extracted from the database in accordance with (1) and (6), 

aligning the origin of the coordinate system with the leading UAV VDN= {0,0,0}. Using VLC-based data 

transmission channels, the initial IUG is formed, assigning coordinates to each element following (1) and (6). 

The displacements (ΔVr) are determined based on d using (7), along with the topologies of potential UAV 

group structures. The coordinates of all UAVs post-transformation are defined according to (2)–(6), and the 

obtained coordinates are transmitted to the UAVs' autopilots. The transformation algorithm's block diagram 

is depicted in Figure 3, offering a visual representation of the process. 

 

 

 
 

Figure 3. Block diagram of the IUG UAV transformation algorithm 

 

 

This section underscores the precision and adaptability of the developed transformation algorithm, 

validated through comprehensive computer modeling. The successful functioning of all proposed 

transformation variants, as established by the computer simulations, attests to the robustness and 

effectiveness of the algorithm in enhancing the operational capabilities of IUGs. Designed and implemented 

a transformation and control algorithm, validated through extensive simulations. This algorithm allows 

seamless structural transformations within IUGs, ensuring collision-free navigation and efficient 

maneuvering in diverse operational environments. 

 

3.5.  Enhance overall coverage, control, and efficiency of IUG operations in various applications 

This section discusses the results from the application and computer simulation of "transformation 

of hierarchical UAV groups" developed in the app designer MATLAB environment. The software as shown 

in Figure 4 allows users to simulate the movement of integrated UAV groups according to seven types of 

transformations, enhancing the coverage, control, and efficiency of IUG operations. The application 

interface, as shown in Figure 4, includes two forms that enable the user to set the necessary values for the 

distance (d) between elements of the integrated group and the displacement (ΔVr) of UAVs during group 

transformation. 
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Figure 4. Interface of the application “transformation of hierarchical groups of UAVs” 

 

 

The interface incorporates functionalities for three-dimensional coordinate system construction, 

movement visualization of each element during transformation, and special "tracks" that demonstrate the 

movement from one point to another. UAV positioning within the integrated groups is managed using three-

dimensional arrays, and the movement is defined through MATLAB’s linspace function. The linspace 

function's first two arguments determine the start and end coordinates, while the third argument specifies the 

number of evenly distributed points between these coordinates. 

Figure 5 shows that each UAV in the integrated groups is marked using the text() function, and their 

movement, visualized as transitions from one spatial position to another using multicolored "tracks", is 

programmed using the animatedline() and addpoints functions. The movement of each UAV is marked with a 

colored 'x' marker using the scatter3() function. The simulation process is initiated through the "Simulation" 

button, and the selection of a transformation type triggers the display of the corresponding schematic in the 

application interface. 

 

 

 
 

Figure 5. Visualization of UAV movement in a spatial coordinate system during the transformation of 

integrated groups 
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Computer modeling has confirmed that all proposed transformation variants of IUGs with VLC-

based data transmission channels function successfully. The absence of overlap and intersection in UAV 

movements along straight and curved trajectories in the spatial coordinate system validates the collision 

avoidance capability and the effectiveness of the developed algorithm. The experiment also established the 

necessity of installing positioning control devices on UAVs relative to the leading element, with high-

resolution video cameras recommended due to their high precision and compact size. The positive outcomes 

from computer simulations suggest the algorithm's potential in overcoming obstacles during IUG 

movements. For enhanced maneuverability, the use of multirotor-type UAVs is recommended. Leading 

UAVs should be equipped with computational devices and positioning control systems, while following 

UAVs may carry a standard set of equipment. 

In conclusion, the "transformation of hierarchical UAV groups" application and the results of 

computer modeling have significantly enhanced the coverage, control, and efficiency of IUG operations. The 

successful implementation of the transformation algorithm, validated through extensive simulations, 

demonstrates the potential of these advancements in improving UAV group operations in various scenarios. 

Demonstrated the enhanced operational capabilities of IUGs using the developed VLC-based communication 

framework and transformation algorithms. The enhancements were quantitatively verified through increased 

coverage, improved control, and greater operational efficiency in simulated scenarios. 

 

3.6.  Discussion of results and their implications 

This section provides an in-depth analysis of the transformation algorithm for UAV communication 

via visible light technology, following a structured approach. The efficacy of the transformation algorithm in 

revolutionizing UAV spatial dynamics is substantiated by rigorous mathematical modeling and MATLAB 

simulations. Figures 1 to 3 and (1)–(6) demonstrate the optimized UAV structures and topologies for VLC, 

significantly enhancing UAV coordination and communication. Each result, related to specific tasks, is 

explained with direct references to the visual and mathematical representations, detailing how these findings 

improve UAV group operations. 

The proposed solution offers improved flexibility and precision in UAV operations, as evidenced by 

the introduction of VLC-based data transmission channels and execution of collision-free maneuvers, 

marking significant advancements over traditional communication systems. Unlike existing methodologies 

that rely on conventional radio frequency communications, which are prone to interference and limited by 

range, the VLC-based approach enables clearer, more secure communications as illustrated in the findings 

[1]–[19]. This contrast highlights the advantages of our study's results in enhancing operational efficacy and 

reliability. 

The solutions provided by this study directly address the challenges outlined in section 2, 

particularly the need for stable and reliable data transmission in IUGs. The improvement in UAV 

coordination and the capability for intricate maneuvers are made possible by the features of the proposed 

transformation algorithm, explaining how these advancements resolve the identified problems. While the 

study marks significant progress, limitations exist, such as the algorithm's adaptability across diverse 

environmental settings. These constraints underscore the necessity for environmental consideration and 

further algorithm refinement for broader application. The practical application of the study's outcomes must 

account for these limitations, which include VLC technology's dependency on line-of-sight and light 

conditions. 

One notable shortcoming is the reliance on ideal environmental conditions for VLC effectiveness. 

Additionally, the study's simulations, while comprehensive, may not fully encapsulate the unpredictable 

nature of real-world UAV operations. Future research is anticipated to focus on refining the algorithm, 

particularly through the integration of genetic algorithms for enhanced optimization and trajectory planning. 

This direction aims to mitigate current limitations and adapt the solutions for a wider range of operational 

contexts, thereby broadening the applicability and robustness of UAV communication systems. 

 

 

4. CONCLUSION 

This work is done at the Academy of Civil Aviation in the Unmanned Aerial Systems Laboratory, a 

VLC-based framework for IUGs has been successfully established. And directly corresponds to the research 

goal of improving the stability and reliability of UAV data transmission. Exact criteria and mathematical 

models for UAV positioning in the MSG are developed, addressing the general problems identified in section 2. 

These models, which contribute to optimal UAV positioning, distinguish this study from known results by 

contributing to improved navigational accuracy and operational efficiency. The reduced positioning variance 

and improved spatial coordination indicate that these features address part of the common problems while 

providing progress over existing solutions. The creation of innovative structures and topologies for IUGs, 

tailored to optimize their performance, demonstrates an increase in operational flexibility and efficiency. This 
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result can be explained by the effective adaptation of VLC technology to UAV dynamics, which addresses 

the lack of flexibility and precision in existing UAV communication systems. 

The authors of this paper have developed a conversion and control algorithm that is designed for 

collision avoidance and obstacle avoidance. The results demonstrate a qualitative improvement in the safety 

of UAV control. These improvements have been validated by quantitative measures such as reduced reaction 

time and improved maneuverability, which is a clear progress compared to traditional approaches. The 

enhancements in coverage control and efficiency of IUG operations provide tangible benefits across various 

applications, both civilian and military. This achievement not only fulfills the defined objective but also 

offers distinct advantages by improving operational range and command responsiveness. The notable 

increase in adaptability, validated by quantitative evaluations, delineates the study's superiority over existing 

frameworks. 
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