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ARTICLE INFO ABSTRACT

_ _ The logistical challenges in rural areas, which often face limited
Article history infrastructure, varied terrains, and dispersed populations, often lead to
Eecglvgd Augusé 06i§022424 inefficient and costly delivery systems. Recent developments in Unmanned

evised September 14, 20 Aerial Vehicle (UAV) technology offer a theoretical framework for
Accepted December 03, 2024 . . .

overcoming these challenges. This research proposes a comprehensive

pattern language specifically designed for multi-UAV logistics operations

llj;y\\;\{ords in ru_ral settings. The proposec_i syster_n integrates cr_itical componer!ts such
Path I’Dlanning System: as !_lDAR—based map generation, altltu_de mform_at_lon storage, partial gpal
Pattern Design: estimation, and collision avoidance into a unified framework. Unlike
Rural existing research that typically focuses on isolated aspects like route

optimization or payload management, this system features an advanced
path planning algorithm capable of real-time environmental assessment
and direction-aware navigation. Focus group discussions with logistics
experts from Talaud Island, North Sulawesi, Indonesia informed the design
and refinement of the proposed patterns, ensuring that they address the
practical needs of rural logistics. Our analysis suggests that this system
offers a theoretical foundation for significantly improving the efficiency,
reliability, and sustainability of delivering essential goods and services to
rural areas, thereby supporting equitable development and improving the
quality of life in these communities. While no empirical data is presented,
the framework serves as a scalable foundation for future implementations
of UAV-based rural logistics systems.

This is an open-access article under the CC-BY-SA license.

1. Introduction

Logistics in rural areas presents unique challenges due to the combination of limited
infrastructure, varied terrain, and dispersed populations [1]-[3]. Traditional delivery methods often
prove inefficient and costly, leading to delays and limited access to essential goods and services [4],
[5]. Although UAV technology offers promising possibilities for overcoming these challenges, there
remains a gap in fully leveraging its potential in rural logistics. Addressing logistics in rural areas is
of paramount importance [6]. Rural communities frequently suffer from inadequate access to
healthcare, education, and economic opportunities due to logistical constraints [7]-[9]. Improving

d- http://dx.doi.org/10.31763/ijrcs.v5i1.1554 @ijrcs@ascee.org


http://pubs2.ascee.org/index.php/ijrcs
http://dx.doi.org/10.31763/ijrcs.v5i1.1554
mailto:ijrcs@ascee.org
mailto:radyan.202104560016@student.atmajaya.ac.id
mailto:gregorius.airlangga@atmajaya.ac.id
mailto:ronald.sukwadi@atmajaya.ac.id
mailto:widodo.basuki@atmajaya.ac.id
mailto:158325@mail.fju.edu.tw
mailto:oskar@alum.ccu.edu.tw
mailto:yoelstudy@gmail.com
http://creativecommons.org/licenses/by-sa/4.0/
http://creativecommons.org/licenses/by-sa/4.0/

International Journal of Robotics and Control Systems
Vol. 5, No. 1, 2025, pp. 68-85

ISSN 2775-2658 69

logistics in these regions is crucial for equitable development and the overall enhancement of quality
of life [10]. Despite the advances in other areas of UAV technology, rural logistics has not seen
substantial improvements, highlighting an urgent need for innovative, tailored solutions [11]. The
application of UAV technology in logistics has gained considerable attention in recent years,
particularly for its potential to overcome the limitations posed by traditional methods. UAVs can
navigate challenging terrains and cover long distances more efficiently than ground vehicles, making
them an ideal solution for rural logistics [1]. However, most existing research focused on UAV
applications in urban environments, where infrastructure and logistical needs differ significantly from
those of rural areas.

UAVs have proven effective in various fields, such as agriculture, disaster management, and
surveillance. In agriculture, UAVs are used for crop monitoring, spraying pesticides, and surveying
large fields [12]-[14]. In disaster management, UAVs have been used successfully for search and
rescue operations, aid delivery, and post-disaster assessments in areas where access is otherwise
restricted [15]-[17]. Surveillance applications include border security, wildlife monitoring, and
infrastructure inspection [18]. These use cases highlight the versatility and efficiency of UAVSs in
addressing logistical challenges. Yet, in rural logistics, these individual use cases are often fragmented
and not combined into a cohesive system, limited their broader impact.

There is a notable gap in integrating UAVs logistics into a unified system specifically tailored to
rural needs. Most studies focus on specific aspects such as route optimization or payload management,
without integrating these elements into a comprehensive system that addresses the broader logistical
issues unique to rural settings. The urgency of addressing this gap is underscored by the growing
demand for timely delivery of essential goods and services to remote rural areas [19]-[21]. Rural
communities often face significant delays and high costs associated with traditional logistics methods.
This situation underscores the critical need for resilient, adaptable and scalable logistics systems that
can ensure the continuous flow of necessary supplies [22]. The lack of sufficient road and electrical
infrastructure and varied terrains in rural areas exacerbates these challenges, further reinforcing the
need for UAV-based solutions that can dynamically adapt to the environment. Access to essential
items such as medical supplies, food, and educational materials is often limited, further highlighting
the need for a robust and efficient logistic system that can adapt to the unique challenges of rural areas
[23]-[25].

Although many UAV logistics systems have been developed for urban settings, their applicability
to rural areas remains limited. Current UAV logistics has primarily focused on urban environments,
where infrastructure is more developed, and the challenges differ significantly from those in rural
areas [26]. Studies have explored various aspects of UAV logistics, including autonomous navigation,
collision avoidance, and efficient delivery algorithms. For example, research on autonomous
navigation has led to the development of sophisticated algorithms that enable UAVs to navigate
complex urban landscapes autonomously [27]. Collision avoidance systems have been designed to
ensure the safe operation of UAVs in crowded airspaces, while delivery algorithms focus on
optimizing delivery routes to minimize time and energy consumption [25], [28], [29]. Despite these
advancements, there is a notable lack of research addressing the specific needs and challenges of rural
logistics. Thus, the application of UAVs in rural logistics remains underexplored and underdeveloped,
lacking a comprehensive framework that integrates navigation, environmental assessment, and
adaptation to real-time conditions [15], [30], [31].

The research aims to fill these gaps by developing a pattern language that addresses the unique
challenges of rural logistics and integrates various aspects of UAV logistics into a cohesive system.
The goal of this research is to develop a comprehensive pattern language for a logistic system using
multi-UAVs tailored to the specific needs of rural areas. This pattern language will provide a
structured framework for addressing the various challenges associated with rural logistics, such as
varied terrain, limited infrastructure, and dispersed populations. By integrating different aspects of
UAYV logistics into a cohesive system, the proposed approach aims to enhance the efficiency,
reliability, and sustainability of logistics in rural areas.
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The remaining structure of the journal article is organized as follows. Section 2 provides a
detailed literature survey, reviewing the current state of UAV applications in various fields and
identifying the gaps in existing research on UAV logistics in rural areas. In Section 3 we detail the
research methodology. In Section 4 we provide the contextual analysis of Talaud Island, selected as a
case study for rural logistic challenges. In Section 5, we provide an in-depth description of the
proposed design pattern, delineating the functionalities of its various components. In Section 6, we
provide a plan to evaluate and refine the proposed design and then finally, we conclude the paper by
summarizing the key findings and contributions of the research and outline potential future research
directions in this area.

2. Literature Survey

UAVs have revolutionized modern agriculture by enhancing efficiency and precision in crop
monitoring, pesticide spraying, and field surveying. [32] demonstrated that UAVs equipped with
multispectral and thermal sensors provide detailed insights into crop health, enabling precision
agriculture practices. These drones capture high-resolution images that help farmers identify stressed
plants, assess crop yield, and manage irrigation more efficiently. However, current research often
focuses on individual applications without fully integrating these UAV capabilities into a broader
agricultural management system. [33]-[35] found that UAVSs reduce the labor and time required for
crop monitoring, offering a cost-effective solution for large-scale farms. However, the use of UAVs
in agriculture has its limitations. While UAVs can cover large areas quickly, they may struggle with
data integration and interpretation, especially in varied terrains and unpredictable weather conditions.
Additionally, the focus on isolated applications such as crop monitoring and pesticide spraying lacks
a cohesive framework that can integrate these operations into a unified agricultural management
system. This gap suggests the need for a pattern-based approach to agricultural UAV operations that
can provide a more structured and scalable solution.

In disaster management, UAVs have proven invaluable for rapid response capabilities in search
and rescue operations, aid delivery, and damage assessment. [36]-[38] highlighted the role of UAVs
in locating survivors during natural disasters, where traditional search methods are often hampered by
debris and inaccessible terrain. UAVs equipped with thermal imaging cameras can detect body heat,
significantly increasing the chances of finding survivors. UAVs are also effective in aid delivery, as
demonstrated by [39], who showed that UAVs could transport medical supplies, food, and other
essentials to disaster-stricken areas faster than ground vehicles. Despite these advantages, research in
disaster management often lacks an integrated framework that combines UAV capabilities such as
real-time communication, coordination, and environmental mapping. The current research focuses on
specific applications like search and rescue or aid delivery, without a comprehensive approach that
integrates these elements into a cohesive disaster management system. By proposing a pattern
language, this research aims to offer a structured solution that enhances UAV coordination and
efficiency in disaster regions.

UAVs offer cost-effective and efficient means of monitoring large areas in various surveillance
applications, including border security, wildlife monitoring, and infrastructure inspection. [40]-[42]
emphasized that UAVs equipped with high-resolution cameras and sensors could monitor wildlife
populations, track poachers, and assess habitat conditions, contributing to conservation efforts. In
border security, UAVs enhance surveillance capabilities by providing persistent aerial coverage of
border areas. However, a key challenge in current UAV surveillance research is the lack of unified
system that addresses multiple surveillance tasks simultaneously, such as wildlife monitoring and
infrastructure inspection. [43], [44] reported the use of UAVs to detect illegal crossings and smuggling
activities, thereby strengthening national security. For infrastructure inspection, [39], [45], [46] noted
that UAVs could inspect bridges, power lines, and pipelines, identifying structural issues and potential
hazards without risking human safety. However, surveillance applications of UAVs face challenges
such as privacy concerns, regulatory hurdles, and the need for advanced data processing capabilities.
To address these challenges, a standardized framework, such as pattern language, can provide a
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cohesive system for integrating UAV surveillance tasks, enhancing operational efficiency and
ensuring ethical compliance.

In software engineering, design patterns and pattern languages have provided structured solutions
to recurring problems, enhancing the efficiency, robustness, and maintainability of software
architectures. [47] introduced design patterns to document and reuse solutions to common design
problems, promoting best practices in software development. These patterns have been extensively
applied in various software domains, offering a systematic approach to design that reduces complexity
and improves scalability. While design patterns are well-established in software development, their
application in UAV logistics remains underexplored, presenting an opportunity to transfer proven
methods from software engineering to UAV systems. [48] expanded on the application of design
patterns in complex system architectures, emphasizing their role in scalability and modularity. Design
patterns like Model-View-Controller (MVC) and Singleton have become staples in software
engineering, helping developers create flexible and scalable applications. Despite their success in
software development, the application of design patterns to UAV logistics remains an underexplored
area.

The concept of pattern language, introduced by Christopher Alexander in architecture, has been
adapted to software engineering to address complex design challenges. A pattern language consists of
a collection of interrelated patterns that provide solutions to common problems within a specific
context. This concept can be extended to UAV logistics, where a pattern language could offer a
structured framework for addressing various logistical challenges, such as route optimization, payload
management, and coordination among multiple UAVs. While current research focuses primarily on
technical solutions, a pattern language approach can offer a holistic system for managing UAV
operations in diverse environments. For example, [49]-[51] focused on optimizing UAV delivery
routes in urban settings, where infrastructure is more developed and delivery points are concentrated.
These findings, however, may not be directly applicable to rural areas, where delivery points are
dispersed, and infrastructure is limited. Similarly, studies on payload management by [52], [53]
explored the technical capabilities of UAVSs to carry various loads but did not address the logistical
challenges specific to rural areas, such as varied terrain and weather conditions.

A notable gap in current research is the lack of integration of these isolated aspects into a
comprehensive system tailored for rural logistics. The application of a pattern language could bridge
this gap by providing a cohesive framework that integrates various elements of UAV logistics into a
unified system. This approach would not only enhance the efficiency and reliability of UAV logistics
in rural areas but also ensure that the system is scalable, maintainable, and adaptable to changing
conditions. By applying pattern languages, UAV logistics systems can be designed to handle complex,
dynamic environments like those found in rural areas. While design patterns and pattern languages
are well-established in software development, their application to UAV logistics is still in its infancy.
Most current research on UAV logistics focuses on technical and algorithmic solutions without
leveraging the structured approach offered by pattern languages. Studies like those by [54] and [55]
explore advanced path planning and collision avoidance algorithms for UAVs, emphasizing technical
innovation over architectural coherence. These studies, while groundbreaking, often address isolated
problems and do not offer a holistic solution framework that can be easily adapted or scaled. By
adopting a pattern language approach, UAV logistics systems can benefit from a more structured and
reusable framework, ensuring that the solutions developed are both effective and adaptable to various
operational contexts, particularly in rural logistics.

3. Research Methodology

This paper outlines a comprehensive research methodology for developing a pattern language
tailored to UAV logistics path planning systems in rural areas. The methodology is structured into
four main phases: problem identification and contextual analysis, pattern identification and
formulation, validation and refinement, and documentation and dissemination. Each phase was
designed with input from stakeholders and domain experts to ensure practical relevance, adaptability,
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and scalability of the resulting framework. This structured approach ensures the creation of a robust
and adaptable design framework that addresses the unique challenges of rural logistics.

3.1. Problem ldentification and Contextual Analysis

The initial phase of this methodology involves understanding the logistical challenges specific to
rural areas and identifying the limitations of current UAV technologies. The process begins with an
extensive literature review, covering UAV applications, rural logistics, and design patterns in software
engineering. This review includes a wide range of sources such as academic journals, conference
papers, industry reports, and case studies. Particular attention is given to studies that highlight the
complexities of rural environments, such as terrain variability, unpredictable weather conditions, and
limited infrastructure. The focus areas include advancements in UAV technology, logistical
challenges unique to rural areas, and the application of existing design patterns.

The outcome of this literature review is the identification of gaps in current solutions, particularly
concerning UAV path planning and the need for dynamic adaptation. These gaps are corroborated by
qualitative input gathered from focus group discussions with logistic experts from Talaud Island,
ensuring the research captures the practical difficulties experienced in real-world contexts. Following
the literature review, a contextual analysis is conducted to gather qualitative data through field studies
and interviews with logistics providers, local authorities, and residents in rural areas. This analysis
seeks to understand the logistical constraints such as terrain variability, infrastructure limitations, and
population dispersion. The data collected provides a detailed understanding of the practical constraints
and requirements for UAV logistics in rural areas, forming a crucial foundation for the subsequent
phases. This phase is critical in tailoring the design patterns to the specific requirements of rural
logistics, as identified by stakeholders.

3.2. Pattern Identification and Formulation

In the next phase, the research focuses on developing a structured set of design patterns that
address the identified logistical challenges. A bottom-up approach is employed, starting with the
identification of core challenges from the contextual analysis and then formulating patterns that
provide solutions to those specific issues. This involves first identifying the core elements necessary
for a UAV logistics system, including navigation systems, obstacle avoidance mechanisms,
environmental mapping, and adaptive control systems. These components are defined in terms of their
functional requirements and system constraints, derived from the problem analysis conducted in the
previous phase.

Each pattern is carefully structured to include its intent, context, problem, and solution, ensuring
clarity and ease of implementation. The intent clearly states the purpose of each pattern, while the
context describes the conditions under which the pattern is applicable. The problem outlines the
specific issues the pattern aims to address, and the solution provides a detailed description of the
proposed approach. UML diagrams accompany each pattern to illustrate how the elements interact
within a broader system, making the patterns easier to understand and apply in different scenarios.

This systematic approach ensures that each pattern is well-defined and comprehensive.
Furthermore, the relationship between these patterns is mapped to form a cohesive pattern language.
This interrelation mapping clarifies how different patterns interact and support each other, creating
and integrated framework that addresses the various aspects of UAV logistics in rural areas. This
phase also involves identifying opportunities for scalability and reuse of patterns across different types
of rural settings, ensuring flexibility and adaptability.

3.3. Designing Validation and Refinement

To ensure the relevance, practicality, and effectiveness of the proposed design patterns, the
methodology includes a rigorous validation and refinement phase. This phase focuses on iterative
testing and validation to ensure that the proposed patterns not only meet theoretical requirements but
also address real-world challenges effectively. This feedback loop ensures that the patterns remain
relevant to practical applications, particularly in the context of rural logistics, where operational
constraints can differ significantly from urban settings.
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Following the expert review, scenario-based evaluations are conducted using hypothetical
scenarios and case studies to test the patterns. These scenarios are based on real-world logistical
challenges identified during the contextual analysis phase, ensuring the tests are grounded in practical
needs. These evaluations assess how well the patterns address the identified problems under different
conditions, providing practical insights into their effectiveness. Based on the feedback and evaluation
results, the patterns undergo iterative refinement, where adjustments are made, and new patterns are
introduced if necessary to address any uncovered gaps. This iterative process continues until the
patterns are validated for a range of rural logistics scenarios, ensuring robustness and adaptability.

4. Contextual Analysis of Talaud Island

Based on an extensive literature review and comprehensive contextual analysis conducted on
Talaud Island, North Sulawesi, Indonesia, several critical logistical challenges specific to this remote
rural area have been identified. Talaud Island, one of Indonesia's northernmost regions, faces
significant difficulties in terms of infrastructure and accessibility, which have profound implications
for the delivery of essential goods and services. The island's topography, compounded by
environmental conditions, makes logistics particularly complex. The literature review, which
encompassed a broad array of sources including academic journals, conference papers, industry
reports, case studies, and direct practical observations, revealed significant gaps in the application of
Unmanned Aerial Vehicles (UAVs) for rural logistics. While UAV technology has advanced
considerably, existing solutions tend to focus on isolated problems, such as route optimization or
collision avoidance, without addressing the integrated challenges of operating in rugged, remote
terrains like those found in Talaud. Moreover, most UAV applications have been designed for urban
or agricultural settings, leaving a significant research gap in their application for rural logistics in
challenging topography.

The contextual analysis conducted on Talaud Island incorporated both qualitative and
guantitative data collection methods, including field studies and interviews with local stakeholders
such as logistics providers, government officials, and residents. Talaud Island, home to approximately
83,434 residents, covers an area of around 97,312 square kilometers. Its terrain is dominated by steep
cliffs and dense forests, with 65% of the land covered by vegetation. The infrastructure on the island
is highly underdeveloped, with only 25% of the region accessible via rudimentary road networks,
which are mostly unpaved. As a result, traditional logistics that rely on ground vehicles are severely
limited in scope and efficiency. One of the most significant findings from the field studies was the
inefficiency of current logistics operations on the island. Essential goods, such as medical supplies
and educational materials, often take between 10 and 15 days to reach their destinations due to the
reliance on infrequent boat services and difficult overland transport. Nearly 70% of the island’s
households reported facing frequent delays in receiving critical supplies, particularly in the northern
and western regions where road access is practically non-existent. These underserved regions, which
account for nearly 40% of the island’s territory, are essentially cut off from regular logistics services,
creating serious social and economic disadvantages.

The island’s population is widely dispersed, with many small, isolated communities separated by
natural barriers such as steep hills and dense forests. The average distance between households
exceeds 500 meters, adding to the logistical challenges. Traditional ground-based logistics methods
are inadequate for serving these scattered populations, leading to further delays and inefficiencies.
The island’s topography is also marked by significant elevation changes, with 60% of the land
experiencing altitude variations greater than 30 meters. Such changes in altitude pose substantial
challenges for UAV systems, which must be equipped with advanced navigation and altitude
management capabilities to effectively operate in such environments.

Additionally, the island faces a range of environmental challenges that further complicate
logistics. Talaud experiences an average of 200 rainy days per year, with total annual rainfall
exceeding 2,000 millimeters. This constant precipitation often results in landslides and road washouts,
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which disrupt the already fragile transportation network. High winds, particularly during the monsoon
season, can reach speeds of up to 15 m/s, posing a significant challenge for UAV stability and flight
accuracy. These weather conditions necessitate UAV systems that can dynamically adjust their flight
paths in response to real-time environmental changes. Beyond these physical and environmental
barriers, Talaud Island also experiences frequent electricity blackouts, particularly at night. This
unreliable power supply not only disrupts daily life but also hampers the operations of UAVs and
other technology-based logistics systems, which require consistent energy to function effectively.
Additionally, the island suffers from poor telecommunications infrastructure, leading to regular
network signal losses. This lack of stable communication further complicates logistics planning, and
the coordination of UAV operations, as real-time communication and monitoring are essential for the
success of UAV-based logistics systems.

These findings underscore the critical need for an adaptive and reliable UAV logistics system
tailored to the unique challenges of Talaud Island. The island’s complex terrain, coupled with
environmental factors and infrastructural limitations, calls for advanced UAV systems equipped with
dynamic path-planning capabilities, real-time environmental assessment tools, and robust obstacle-
avoidance mechanisms. These systems must be capable of adjusting their flight paths in response to
real-time changes in weather and terrain, while also overcoming the challenges posed by power
outages and communication blackouts. By addressing these issues, an effective UAV logistics system
can significantly enhance the delivery of essential goods and services, improving the quality of life
for the residents of Talaud Island and promoting equitable development in this remote region. Field
observation shown in Fig. 1.

" W

PEMERINTAH KAEUPATEN KEPULAUAN TALAUD

KANTOR CAMAT BEQ

l Unfixed road

Y |

(Interview with the local health center) (Blackout)

Fig. 1. Field observation

5. Proposed Pattern Language
5.1. Intent

The primary intent of the proposed UAV logistics path planning system pattern is to enhance
the efficiency, accuracy, and adaptability of UAVs operating in rural areas with challenging terrains
and limited infrastructure. This pattern introduces an online, real-time approach to environmental
assessment and path planning, allowing UAVs to dynamically adapt to changing conditions without
relying on predetermined paths or prior map knowledge. By doing so, this pattern aims to improve
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the delivery of essential goods and services in rural areas, aligning with broader goals of sustainable
infrastructure development and policy innovation.

5.2. Example

Consider a scenario where a UAV is deployed to deliver medical supplies to a remote village on
Talaud Island. The area features steep slopes, dense forests, and unpredictable weather conditions.
Traditional navigation methods, dependent on fixed routes and pre-existing maps, are inadequate in
such a dynamic environment. Here, the online path planning system pattern proves invaluable. As the
UAV embarks on its mission, it continuously assesses the environment and adjusts its path in real-
time, navigating around obstacles, adjusting for weather conditions, and ensuring timely delivery of
critical supplies. Another scenario involves a UAV used for agricultural monitoring in a rural area
with varied terrain. The UAV must navigate fields, hills, and water bodies, encountering unexpected
obstacles like livestock or newly erected structures. Utilizing the online path planning system pattern,
the UAV can dynamically adapt its path, ensuring efficient and comprehensive coverage of the area.
This pattern empowers the UAV to handle unforeseen changes, enhancing its effectiveness in complex
rural environments.

5.3. Context

The UAV logistics path planning system pattern is applicable in various contexts where
autonomous UAVs must operate in dynamic and unpredictable rural environments. These
environments are characterized by frequent or unexpected changes that can significantly impact the
UAV's navigation and mission success. In the context of UAV operations in changing rural
landscapes, the pattern is ideal for areas with diverse and challenging terrains such as mountains,
forests, and rivers. These environments are prone to sudden changes due to natural events or human
activities, necessitating a navigation system that can adapt in real-time. The UAV must consider its
current speed, direction, and orientation to navigate efficiently and safely through these dynamic
landscapes. Additionally, in agricultural settings, this pattern is applicable where UAVs are used for
monitoring crops, spraying pesticides, or surveying large fields. Agricultural environments are
dynamic, with changing crop patterns, varying altitudes, and the presence of movable obstacles like
livestock. The UAV requires an online path planning system that can adjust its path based on real-
time data, ensuring efficient and effective operations.

5.4. Problem

Traditional path planning algorithms have significant limitations when dealing with dynamic and
unpredictable rural environments. These algorithms typically rely on static maps or predetermined
paths, assuming the environment remains constant during the UAV's operation. However, rural
environments are inherently dynamic, with variables such as weather changes, moving obstacles, and
terrain alterations. Additionally, traditional algorithms often fail to account for the UAV's orientation
and direction, which are crucial for efficient navigation in complex environments. Ignoring these
factors can lead to inefficient routes, potential collisions, and failure to complete missions. For
instance, a UAV delivering medical supplies in a mountainous area might encounter unexpected
obstacles or weather changes. Without the ability to adapt dynamically, the UAV could crash or fail
to deliver the supplies on time. Traditional motion systems typically employ reactive approaches,
addressing immediate obstacles rather than proactively planning for efficient navigation. They may
also overlook the UAV's current speed, inertia, and orientation, leading to suboptimal path following
or collisions. The problem extends beyond improving the path planning algorithm; it requires
enhancements in the UAV's motion system to respond effectively to dynamic path planning in real-
time, ensuring safe, efficient, and adaptive navigation in rural areas. Therefore, both the path planning
process and the UAV's motion system need significant improvements to meet the challenges posed
by dynamic rural environments.

5.5. Solution

As presented in Fig. 2, the pattern proposes a solution that integrates an advanced path planning
algorithm with a sophisticated UAV motion system. The main components of this solution include
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the modified A* algorithm, Lidar-based map generator, altitude information storage, partial goal
estimator, adaptive module manager, direction pattern generator, automatic speed and altitude
configuration, and collision avoidance module. The proposed system includes a modified A*
algorithm, referred to as the Direction-Aware Algorithm, which incorporates the UAV's current
orientation into its calculations. This modification enables the algorithm to select the next move based
on both distance and alignment with the UAV's orientation, reducing unnecessary turns and detours.
This enhancement is particularly beneficial in complex environments, where it improves navigation
efficiency. The algorithm operates in real-time, which is crucial for dynamic environments where
obstacles may suddenly appear. Its output integrates with the direction pattern generator and adaptive
module manager, facilitating swift re-planning in response to new obstacles or potential collision risks.

The system also features a Map Generator that utilizes Lidar technology to create a detailed 2D
map of the UAV's environment in real-time. Lidar works by emitting pulsed laser light to measure
distances to surrounding objects, thus generating an accurate representation of the environment. This
map is continuously updated to reflect real-time changes, enabling the UAV to detect and avoid
obstacles effectively. The real-time mapping capability is vital for the collision avoidance module and
feeds data into both the modified A* algorithm and the direction pattern generator. Altitude
information is efficiently managed using a hash map data structure, which allows for rapid access to
altitude data. This information is essential for navigating environments with significant altitude
variations, such as hilly terrains. The altitude data supports several other modules, including automatic
speed and altitude configuration, the modified A* algorithm, and the collision avoidance system.

N —_— P - 5 —_— LogisticsManager
©Alt|tudelnfostorage © Partial . @ ger © udeConfig © Collisi FEED ©

o altitudeData : HashMap

N N e manageModules()
o storeAltitudeData () o es;nma;el?amal(}pals() @ o analyzeData() o adjustSpeed()
g titudeData() o reduc oal © mak i ) o adjustAltitude()

optimizes path coordinates actions “adjusts prevents collision

© uav

© executeControl()
o adjustPath()

@ changeSpeedAltitude()
@ avoidCollision()

o deliverPackage()

o updateDeliveryStatus()
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o initiateEvasiveActions() o updateDeliveryStatus()
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o receiveUpdates()
o sendCommands()
© monitorUAVs()

provides data
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o currentOrientation : Orientation
itPulsedLaser()
o calculatePath() Odod L
o incorporateOrientation() @ measureDistance()

© DirectionPatternGenerator

o pathData : Path
o environmentalData : Data

o generateDirectionalCommands()

Fig. 2. Class diagram of UAV system

To optimize the UAV's journey, the Partial Goal Estimator module divides the journey into
smaller, manageable segments known as 'partial goals.' This approach reduces the computational load
and facilitates real-time processing, allowing the UAV to adapt its path dynamically based on the most
current environmental information. This segmentation enhances both navigation safety and efficiency.
The Adaptive Module Manager acts as the central coordinating system, ensuring seamless
communication and cooperation between all modules. It continuously receives data, analyzes it, makes
decisions on necessary adjustments, and sends signals to execute these actions. This dynamic
adaptation capability significantly improves the UAV's real-time responsiveness and operational
efficiency. The Direction Pattern Generator is responsible for translating the planned path into a series
of step-by-step directional commands for the UAV. It receives input from the modified A* algorithm
and generates instructions that account for the UAV's orientation and immediate environmental
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factors. These instructions are then relayed to the UAV control system, ensuring precise and accurate
navigation. The system includes an Automatic Speed and Altitude Configuration module, which
manages the UAV's speed and altitude in real-time based on environmental characteristics such as
obstacles, terrain elevation, and weather conditions. This module collects data, analyzes the situation,
decides on the optimal speed and altitude, and implements these adjustments dynamically throughout
the flight. Finally, the Collision Avoidance module serves as a critical safety feature, functioning as a
real-time mechanism to prevent collisions. It gathers environmental data from sensors, assesses
potential risks, and makes decisions on necessary evasive actions. These actions are implemented by
adjusting the UAV's path, speed, or altitude. This module works in conjunction with other modules to
ensure the overall safety and efficiency of the UAV's operation.

5.6. Structure

The structure of the proposed system is visually represented through diagrams as presented in the
Fig. 3, Fig. 4, Fig. 5, making it easier to comprehend and conceptualize. The structure typically
illustrates the key elements of the pattern and their interactions, highlighting roles, relationships, and
collaborations among these elements. A class diagram represents the dynamic path planning system
for UAVs, including components such as LiDAR, SensorManager, UAV, MapGenerator,
PathPlannerManager, PathPlanner, PathOptimizer, and ControlSystem. A sequence diagram
illustrates the sequence of operations, including data collection, processing, map generation, path
planning, optimization, and control signal execution, showing the UAV's interaction with the
environment and its response to dynamic changes. A deployment diagram demonstrates the
implementation process, highlighting sensor selection, integration, algorithm development, testing,
and deployment, ensuring the UAV can handle computational loads and perform well under real-
world conditions.

5.7. Dynamics

Dynamics describe the behavior of a pattern or system as it evolves over time, influenced by
various internal and external factors. It elucidates how a pattern behaves, adapts, and reacts to different
scenarios, which is crucial for effective use and adaptation. Interaction represents the relationships
and interdependencies among different components within the pattern, helping anticipate systemic
responses to changes. Flow encapsulates the sequence and interaction of information, resources, or
actions within the system, providing a blueprint for effective implementation. Behavior under
different conditions describes how the pattern performs under various conditions, optimizing its
effectiveness across different scenarios.

The use case diagram in Fig. 6 illustrates the interactions between various actors and the UAV
logistics path planning system, detailing the key functionalities and processes involved in managing
and executing unmanned aerial vehicle missions, particularly for delivery operations in rural and
challenging environments. The main actors in the system include the operator, the logistics
coordinator, the ground station, and the unmanned aerial vehicle itself. The operator is responsible for
initiating and overseeing missions, ensuring that the UAV is set up, the mission parameters are
configured, and the UAV is launched for its designated task. The logistics coordinator manages the
logistics operations, including the execution of deliveries and updating the status of these operations,
ensuring that goods are delivered as planned and communicating any issues or updates.

The ground station serves as the interface through which the operator and logistics coordinator
monitor and communicate with the UAV. It acts as a central hub for mission control, receiving data
from the UAV and relaying commands as necessary. The UAV, equipped with various sensors and
systems for navigation, control, and delivery execution, performs the physical tasks required for the
mission. This includes collecting data, generating maps, planning and optimizing paths, and delivering
goods. The use case for initiating a mission involves the operator starting the mission, setting up the
UAYV, and launching it. During the mission, the operator and the ground station continuously monitor
the UAV's progress, tracking its status, position, and any environmental data it collects. The UAV
gathers data from onboard sensors, including Lidar, which is crucial for real-time environmental
assessment and navigation. Using this sensor data, the UAV generates a detailed, real-time map of its
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surroundings, which is essential for understanding the environment and planning safe and efficient
paths.

@ PathPlannerManager

o currentPath : Path

o overseePathPlanning()
@ requestPath()
® updatePath()

uses

r

© PathOptimizer
o pathData : Path
o refinePathi()

provides path data

T

© ControlSystem

o controlData : Data

& manageMotion()
o executeCommands()

oversees lcontrols

%

@© vav

e executeControl()

o adjustPath()

o changeSpeedAltitude()
@ avoidCollision()

o deliverPackage()

o updateDeliveryStatus()

uses

%

©MapGeneratnr
o lidarData : Data

o generateMap()
e updateMap()

@ FEEHER @ SensorManager © Lidar
o mapData : Data

o rawData : Data

e calculatePath() o emitPulsedLaser()
o optimizePath() o processSensorData() e measureDistance()

Fig. 3. Class diagram of UAV path planning system

Opé/ra\far UAV | | SensorManager Lidar | | MapGenerator PathPlanner PathOptimizer‘ ‘ContmlSystem
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| | >
| Execute Path

! Mission Update | !
R !
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7N

Fig. 4. Sequence diagram of UAV path planning system

Based on the generated map, the UAV calculates an optimal path to reach its destination,
considering obstacles, terrain, and other relevant factors. This initial path plan is then refined to
improve efficiency, safety, and reliability, potentially involving adjustments to avoid obstacles, reduce
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energy consumption, or adapt to changing conditions. The control system within the UAV executes
the planned and optimized path, making real-time adjustments to speed, altitude, and direction to
follow the determined route accurately. During the execution of the delivery, the logistics coordinator
oversees the UAV's actions to ensure the goods are delivered correctly, whether by dropping off a
package or providing a specific service. After completing the delivery, the UAV updates the delivery
status, which is then communicated back to the logistics coordinator. This status update includes
confirmation of successful delivery, or any issues encountered during the mission. The diagram also
shows the relationships between the different processes, highlighting how each step in the operation
depends on the completion of previous steps. For instance, the generation of a map depends on the
collection of sensor data, and path planning requires an up-to-date map. The optimization of the path
is based on the initially planned route, and the UAV's control actions are informed by the optimized
path.

5.8. Implementation

Implementing the pattern involves a multi-step process that requires careful attention to various
technical details, including sensor data integration, real-time adjustments, and direction awareness.
The first step is understanding the environment, which involves comprehending potential obstacles,
dynamic elements, and terrain variations that the UAVs may encounter. Next, sensor selection and
integration are crucial; it is essential to choose appropriate sensors for real-time environmental
perception and develop efficient sensor fusion algorithms to combine data from multiple sources
accurately. Following this, the development and optimization of the path planning algorithm are
necessary. This involves modifying traditional algorithms to work with real-time data and account for
direction-awareness, ensuring the UAVs can navigate efficiently. Integration of Lidar data and altitude
information is also vital. Ensuring accurate and efficient data processing enhances environmental
awareness, allowing the UAVSs to navigate more effectively.

Upgrading the UAV's motion system is another critical step. This involves adjusting control
surfaces and propulsion systems to achieve responsive behavior. Testing and iteration come next;
conducting rigorous testing in various environments, along with regular monitoring and system
adjustments, helps refine the system's performance. Addressing potential inhibitors, such as
computational limitations, sensor inaccuracies, or rapidly changing environments, is also crucial to
ensure the system's robustness. The final stages involve the physical installation of hardware and the
integration of software on the UAV, ensuring real-world performance meets expectations.
Additionally, considerations for multi-UAV operations must be addressed, including formation
structure, cooperative sensing, task allocation, and intra-collision avoidance. These steps collectively
ensure that the UAV logistics system is efficient, reliable, and adaptable to the dynamic challenges of
rural environments.

5.9. Known Uses

The pattern has broad applications in enhancing the adaptability and efficiency of path planning
and motion control for autonomous systems navigating in complex and dynamic rural environments.
In search and rescue operations, the pattern significantly improves efficiency and safety by enabling
UAVs to operate effectively in dynamic and unpredictable environments. This capability is crucial for
locating and assisting individuals in distress, especially in areas with difficult terrain or rapidly
changing conditions. For surveillance and monitoring, the pattern allows UAVSs to navigate complex
rural landscapes efficiently and accurately. This is particularly useful for tasks such as wildlife
monitoring, agricultural surveillance, and border security, where precise and reliable data collection
is essential. Autonomous vehicles also benefit from this pattern, as it enhances their path planning and
motion control capabilities in dynamic rural environments. This improvement allows these vehicles
to navigate more effectively, ensuring timely and safe transportation of goods and services. Lastly,
the pattern is beneficial for indoor robots, improving their path planning and motion control in
cluttered indoor spaces like rural warehouses or barns. This enhancement allows robots to perform
tasks such as inventory management, material handling, and maintenance with greater efficiency and
accuracy, contributing to improved operational productivity in rural settings.
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5.10. Consequences

The implementation of the pattern carries several significant consequences, both positive and
negative. On the positive side, it results in improved efficiency, accuracy, and adaptability in path
planning. This improvement leads to reduced unnecessary movements, enhanced environmental
awareness, and real-time adjustments, making UAVs more effective in rural areas. These benefits are
crucial for optimizing logistics and ensuring the timely delivery of essential goods and services in
challenging environments. However, there are also negative consequences to consider. The
sophisticated algorithms and additional sensor data integration required for the pattern lead to
increased computational resource requirements. This increase could result in higher costs, greater
energy consumption, and additional weight from the onboard computer. Managing these factors
during implementation is critical to ensure the system remains viable and efficient without
compromising the UAV's performance and operational capacity.
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5.11. Related Patterns

The pattern relates to several other patterns dealing with navigation, control, and coordination of
autonomous systems. Traditional path planning algorithms serve as the basis for many navigation
systems. These algorithms are extended by incorporating real-time data and adjusting for UAV
orientation and direction, enhancing their applicability in dynamic environments. SLAM
(Simultaneous Localization and Mapping) is another related pattern, providing real-time updates
about the environment, which are crucial for informed path planning. Additionally, sensor fusion
algorithms play a significant role by enhancing input data for the pattern, offering a more accurate
picture of the dynamic environment. This integration of diverse sensor data improves the overall
reliability and precision of the system. Control theory applications further enhance the pattern by
improving the motion system’s response to the path planning algorithm’s output, ensuring smooth and
efficient navigation. Finally, swarm intelligence is a related pattern that coordinates multiple UAVs
to complete tasks more efficiently. This complements the pattern by enabling effective multi-UAV
coordination, which is essential for complex operations that require simultaneous actions from
multiple autonomous systems.

6. Validation and Refinement Design

To ensure the relevance, practicality, and effectiveness of the proposed UAV logistics path
planning system pattern, we conducted a comprehensive validation and refinement process. This
process included field observations, interviews with local stakeholders, and focus group discussions
involving residents, logistics providers, and local authorities from Talaud Island, North Sulawesi.
These activities allowed us to test the design patterns in real-world scenarios and gather invaluable
feedback from those directly affected by the logistical challenges in rural environments. The focus
group discussions with experts in UAV technology, logistics, and software engineering provided
critical insights into the clarity, completeness, and applicability of the design patterns. This expert
review phase helped refine the system’s conceptual framework, ensuring it aligns with both technical
standards and practical needs. The stakeholders also emphasized the importance of the UAV’s
adaptability in dynamic, unpredictable environments, which was central to our system's design.

We then conducted scenario-based evaluations to test the system under real-world conditions.
The first scenario involved deploying a UAV to deliver medical supplies to a remote village on Talaud
Island. The village, characterized by steep slopes, dense forests, and unpredictable weather conditions,
presented numerous logistical challenges. The UAV was tasked with navigating through rugged
terrain, dynamically adjusting its path in real-time to avoid obstacles and respond to changes in
weather conditions. This scenario tested the system’s ability to handle real-time environmental
assessments and ensure timely delivery of critical supplies, such as medical items, to isolated
communities. The second scenario focused on agricultural monitoring in a rural area with varied
terrain. In this case, the UAV had to navigate fields, hills, and water bodies, encountering obstacles
such as livestock and newly erected structures. This scenario demonstrated the system’s capacity for
real-time path planning and adaptability in a rapidly changing agricultural environment. Both
scenarios were designed to push the UAV system to its operational limits, examining how well it could
adjust to unexpected obstacles and environmental changes.

Based on the results of these scenario-based evaluations, we refined the design patterns through
an iterative process. For example, feedback indicated that the system’s obstacle detection needed
improvement in densely vegetated areas. As a result, we enhanced the UAV’s sensor accuracy and
adjusted its real-time path planning algorithms to improve navigation through such terrain. This
refinement process was guided by quantitative metrics collected during the evaluations, including
delivery time, path efficiency, energy consumption, obstacle avoidance success rate, and overall
system reliability. Additionally, we integrated feedback from local stakeholders into the validation
process, which provided practical insights into the system’s real-world applicability. The residents
and logistics providers highlighted the importance of reliable delivery times for critical supplies,
particularly in regions where transportation infrastructure is lacking. This input informed further
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enhancements to the system’s adaptability, ensuring it can meet the specific logistical demands of
remote communities like those on Talaud Island.

7. Conclusion

This study proposes a comprehensive UAV logistics path planning system specifically designed
to address the unique challenges associated with rural areas, where complex terrains and limited
infrastructure often hinder efficient logistical operations. The system’s primary goal is to enhance
UAYV operational efficiency, accuracy, and adaptability, enabling reliable delivery of essential goods
and services in remote regions. By incorporating a real-time, online environmental assessment and
dynamic path planning approach, the system overcomes the limitations of traditional methods reliant
on static maps and predetermined routes. The research outlines an iterative validation and refinement
process, which includes an expert review to assess the system’s conceptual framework and scenario-
based evaluations to test practical applications. These planned scenarios, such as medical supply
delivery to remote villages and agricultural monitoring in challenging terrains, will provide critical
insights into the system’s performance under real-world conditions. Moreover, the inclusion of local
stakeholder feedback ensures that the system is not only technically robust but also practically relevant
to the needs of the communities it serves.

The anticipated outcomes of these evaluations include improvements in UAV operational
efficiency, delivery accuracy, and the system's ability to adapt to dynamic environments. The
integration of advanced technologies, such as the modified A algorithm, LiDAR-based map
generation*, and adaptive control systems, positions this UAV system as a versatile solution for rural
logistics. Quantitative metrics and feedback from stakeholders will guide the refinement process,
ensuring that any identified gaps are addressed. In conclusion, this study lays the foundation for
developing a scalable and adaptable UAV logistics system, tailored to the specific logistical
complexities of rural environments. The proposed validation and refinement phases will be crucial in
ensuring the system meets the high standards required for such challenging applications. Through this
research, we aim to contribute significantly to the field of UAV technology, particularly in enhancing
logistical operations in underserved rural areas, thereby improving access to essential goods and
services and fostering sustainable development.
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