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4. ABSTRACT 

Thanks to rapid technological development, multi-Unmanned Aerial Vehicle (UAV) 

systems have been actively adopted in the military to accomplish various missions, including 

intelligence, surveillance, and reconnaissance (ISR), target acquisition, and border patrol. 

Although multi-UAV systems have the potential to increase the efficiency of military operations, 

the majority of current military system architectures that utilize multiple UAVs are not well suited 

for tactical-level operations because most of the current military systems have been designed in an 

ad-hoc manner to achieve specific purposes. In addition, the developments have only focused on 

behaviors of individual UAVs without mission-level perspectives as a primary engineering factor. 

Consequently, existing ad-hoc systems are limited in their reusability across missions unless the 

human operators have specialized engineering skills. 

Given this reality, this dissertation aims to formalize the systems engineering process of 

military multi-UAV systems by incorporating mission-oriented features that enhance architecture 

reusability and composability. The proposed systems engineering approach, called mission-

oriented iterative systems engineering process, is a top-down, mission-centric methodology that 

consists of four main steps: 1) specification of mission requirements, 2) creation of normative 

models, 3) simulation of models, and 4) real implementation. Based on model-based systems 

engineering (MBSE) and mission engineering (ME) foundations, the outputs of each step are 

formalized in SysML language to facilitate understanding of the system. Military doctrines, such 

as Mission Command and Operations Process, are regarded as primary factors for engineering the 

system.  

Throughout this dissertation, the search and attack mission, a military offensive operation 

used to establish or regain contact with the enemy, is utilized as the target mission to demonstrate 
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the details of the engineering process proposed. In the search and attack operation using UAVs, it 

is critical to determine how to maximize the visible regions on the terrain surface by deploying 

multiple UAVs. Therefore, terrain visibility from the aerial observation points and related 

constraints are deeply examined in this research. Based on the examination, a new optimization 

problem, the Aerial Terrain Guarding Problem with Visibility Constraints (ATGP-VC), and its 

solution approach are presented to determine an optimal set of aerial points to maximize the 

collective visibility on terrain surface. A task assignment problem to assign aerial points to UAVs 

is also discussed.  

The developed system with the proposed engineering process is tested and validated using 

a hardware-in-the-loop (HITL) simulation testbed, which involves various hardware components 

(i.e., a real UAV equipped with onboard computational units and sensors) and software 

components (i.e., flight dynamics simulator and hardware interfaces). Detailed architectures of 

each component are designed and presented. 
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CHAPTER 1 

1. INTRODUCTION 

1.1 Background and Motivation 

Thanks to rapid technological development, multi-Unmanned Aerial Vehicle (UAV) have 

been adopted into a variety of fields to perform complicated and complex tasks. Crucially, the 

development of UAV systems has created the possibility for both military and civilian sectors to 

conduct operations in a more efficient but less risky and lower-cost way. Since the capabilities of 

a single UAV are limited, the use of multiple UAVs that cooperate to accomplish missions has 

become an essential application paradigm. Simultaneously operating multiple UAVs have a 

number of advantages- they reduce operational complexity and increase coverage by allowing 

flexible assignment of requirements across multiple vehicles. Systems can collect data from 

multiple sources (via sensors onboard), share that data with other members, and take coordinated 

actions in multiple locations at the same time. With the capabilities of multi-UAVs, missions can 

be completed more efficiently as vehicles simultaneously perform assigned or negotiated tasks 

(Valavanis & Vachtsevanos, 2014).  

Currently, multi-UAV systems are actively used in the military to conduct various tasks 

such as intelligence, surveillance, and reconnaissance (ISR), target acquisition, and border patrol 

missions. In addition, future warfare is expected to include multi-UAV systems in many facets of 

military operations to reduce risk to soldiers and have differential advantages over adversaries. In 

view of this, many and human combatants as a team, which is called "Manned-Unmanned Teaming 

(MUM-T)" (Ryan, 2018). 
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Even though multi-UAV systems have the potential to enhance the efficiency of military 

operations, the majority of the developments for military systems utilizing multiple UAVs are not 

well suited for actual tactical-level operations, especially when those systems team up with human 

combatants. This is mainly because military forces should be capable of conducting diversified 

missions in unpredicted environments. In addition, militaries rarely use systems in isolation and 

instead expect them to work in conjunction with human combatants or other systems to accomplish 

various types of missions. However, most of the multi-UAV systems are tailored to fulfill specified 

capabilities or are focused on behaviors of individual UAVs without a mission-level perspective 

as a prescribed engineering factor. Consequently, existing ad-hoc systems are limited in their 

reusability and extensibility across missions unless human teammates have specialized 

engineering skills. 

The promising solution to resolve this issue is to design and develop systems with 

"mission-oriented" thinking starting from missions assigned to military forces. Completing 

missions is the most crucial aspect of militaries, therefore military forces and systems should be 

able to configure and organize their operations according to the mission's requirements no matter 

what kind of mission is given. For instance, when a multi-UAV system performs a search and 

attack mission on the battlefield, UAVs should be able to carry out the suitable operation following 

the operational concept in military doctrines, which involves discovering, blocking, and destroying 

an unknown target. As another example, if the system is assigned a mission to reconnoiter a 

specific area of operation, UAVs should be able to determine a proper reconnaissance type and 

maintain an effective formation to obtain as much information as possible. Therefore, to meet the 

mission-centric nature of military systems, a critical issue has to be addressed in this research: how 

to design and develop the mission-oriented architecture for multi-UAV systems that enables 

supporting heterogeneous military missions. 
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1.2 Research Goals 

This dissertation work aims to formalize the architecture modeling process of military 

multi-UAV systems by incorporating mission-oriented features that support architecture 

reusability, composability, extensibility. To this end, a search and attack mission, which is widely 

applied in various military operations, is selected as the target mission. The mission is formally 

described with a mission engineering approach to ensure modularity and composability of 

architecture, and to be incorporated and reused across heterogeneous missions. To validate and 

demonstrate the proposed engineering process, a hardware-in-the-loop simulation testbed is 

implemented by integrating real hardware and software components. 

 

1.3 Detailed Objectives 

To achieve the goals mentioned in the previous section, the following list of detailed 

objectives have been fulfilled throughout this dissertation: 

¶ The first objective is to propose a mission-oriented systems engineering approach 

based on the model-based systems engineering (MBSE) methodology in order to 

formalize the process of designing military multi-UAV system architecture. The 

proposed systems engineering process is a top-down, mission-centric approach that 

consists of four steps: 1) concept definition, 2) model development, 3) validation, and 

4) real-world implementation. To demonstrate the detailed engineering process, the 

search and attack mission is considered as a target mission to be designed. During the 

engineering process, by applying a mission engineering approach, mission-related 

functions are defined as a modular, composable architecture that allows repeating 

behavioral logics to be incorporated and reused throughout the modeling process. 
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Furthermore, military doctrines, such as mission command and operations process, are 

regarded as primary factors for architecting the system. 

¶ The second objective is to devise major functional components in the system 

architecture, including visibility-aware mission decomposition, cooperative task 

assignment, individual path planning with collision mitigation, and adaptive search 

boundary generation. Most importantly, to ensure the detection of targets on the 

surface, concepts and constraints for terrain visibility are defined in detail. Based on 

the defined visibility concepts, a new optimization problem, called Aerial Terrain 

Guarding Problem with Visibility Constraints (ATGP-VC), is formulated to generate 

effective aerial positions to encircle the detected target. The effective solution 

approach for the optimization problem is also explored. 

¶ The last objective is to design and construct a physics-based hardware-in-the-loop 

simulation testbed by integrating hardware components and software components. To 

do this, four different types of UAVs are defined. The testbed is used to demonstrate 

and validate the engineered architecture and provide feedback for refining the system 

model.  

 

1.4 Organization of the Remainder of the Dissertation 

The remainder of this dissertation is organized as follows. Chapter 2 discusses an extensive 

literature review and background information on systems engineering and multi-UAV systems. 

Chapter 3 provides an overview of the proposed systems engineering process employing the 

model-based systems engineering method. Chapter 4 presents two cooperative task assignment 

problems for the multi-UAV system considering terrain visibility constraints. Chapter 5 discusses 
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adaptive strategies utilized during the search and attack operation in order to guarantee the 

accomplishment of the mission. Chapter 6 discusses the integrated hardware and software testbed 

to demonstrate and validate the system developed in Chapter 3. Chapter 7 summarizes the works 

in this dissertation and discusses the future research directions. 
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CHAPTER 2 

2. BACKGROUND AND LITERATURE REVIEW 

2.1 Search Mission using Unmanned Aerial Vehicles 

2.1.1 Search and Tracking 

With the rapid development of high resolution sensing devices and data processing 

technologies, UAVs with an optical sensor (e.g., a high-definition camera) are increasingly 

employed in target search and tracking (S&T) mission (Hu et al. 2014). The conventional method 

for target search using UAVs is to divide a bound search area into multiple sub-area and allocate 

a probability or confidence of target existence in each sub-area. The optimal search plan is related 

to the path planning of UAVs which covers the sub-area to maximize the detection probability of 

the target (Bertuccelli & How 2005).  

Goodrich (2008) presents an experimental result of UAV-enabled vision-based search 

including field trials for wilderness search and rescue (WiSAR) operation to improve the 

probability and speed of finding missing persons. The UAV utilized in this study is a small and 

light-weight fixed-wing UAV which is equipped with an autopilot and gimbal-mounted camera. 

Computer vision techniques such as mosaics and visual processing are used to enhance the stability 

and temporal locality of visual feature. To cover the search area, a simple contour-based search 

strategy which includes the spiral and lawnmower search is used for guiding the UAVs. In Moseley 

et al. (2009), a hybrid control architecture (i.e., mixed centralized-decentralized approach) is 

proposed for the collaborative UAVs and unmanned ground vehicles (UGVs). A team of 

unmanned vehicles accomplishes the search, tracking, geo-localization, and pursuit mission by 

integrating sensed vision data to improve the line of sight. Waharte & Trigoni (2010) discuss the 
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search and rescue operation using autonomous UAVs. With the minimum time to find the target 

as the optimization criterion, they compare the performance of three different search algorithms: 

a greedy search, a potential-based search, and a Partially Observed Markov Decision Process 

(POMDP). Although the POMDP shows the best performance among the heuristics, the 

experiment reveals that POMDP is not suitable for large-scale environments due to the 

computation time. In Gan & Sukkarieh (2011), a probabilistic target search problem in the large-

scale environment using multi-UAVs is discussed. With a decentralized gradient-based 

negotiation control strategy, an efficient path planning algorithm is proposed to minimize the joint 

no-detection probability of targets. To do this, each UAV needs the collected information from all 

other UAVs. Tomic et al. (2012) propose a framework for urban search and rescue missions using 

an autonomous UAV which is equipped with two complementary exteroceptive sensors. Two 

sensors, laser and stereo odometry, are used for pose estimations by compensating for limitations 

found when using a single sensor. Using three demonstrators (i.e., a pattern recognizer, a house 

detector, and a laser object detector) as a reorganization module, the UAV can identify and localize 

the targets such as persons, animals, or objects.  

 

2.1.2 Search and Attack 

The multi-UAV cooperative search-attack problem is not well addressed in previous 

studies. In George et al. (2011), multiple UAVs are deployed to conduct a search and attack 

mission in a bounded area of operations. Each UAV performs a search task first to find stationary 

targets. Once a target is detected, a team of UAVs, called a coalition, is formed to destroy the 

target. The selected UAVs to form the coalition are forced to seize their assigned tasks and replan 

their routes so as to attack the target cooperatively. Gao et al. (2016) proposes a distributed search 

and attack method to solve an optimization problem that is divided into multiple sub-optimization 
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problems. UAVs in a self-organized system attempt to find and destroy multiple static targets 

spread throughout an uncertain environment. At the same time, information is exchanged among 

UAVs to achieve global objectives cooperatively. Zhi-Qiang et al. (2017) discusses a task 

assignment problem for multiple unmanned combat aerial vehicles (UCAVs) performing a 

coordinated ground attack. Based on the threat level, each troop is positioned through an operations 

process designed using artificial immune mechanisms.  

Few studies have examined search and attack scenarios involving moving targets. Kim et 

al. (2014) addresses the mission planning and task allocation problem for a team of heterogeneous 

UAVs that performs search and attack targets. Multiple targets move among grid cells according 

to a Markov process. The proposed framework, which applies a distributed approach, generates a 

search path, and simultaneously assigns detected targets to each UAV. A more complex target 

model is considered in Ziyang et al. (2019). Targets can randomly move in straight lines or curves 

at a steady speed. Furthermore, all the information related to the targets is not provided in advance 

for the multi-UAV system, which is responsible for finding and destroying them. A novel 

algorithm called Distributed Intelligent Self-Organized Mission Planning (DISOMP) is proposed 

to solve the cooperative search and attack mission problem. 

 

2.2 Model-Based Systems Engineering and Mission Engineering 

2.2.1 Model-Based Systems Engineering 

Recently, the concept of model-based systems engineering (MBSE) has attracted 

significant attention within the domain of systems engineering and the U.S. Department of Defense 

(DoD). MBSE is the formalized method of using models to support the evolution of systems, 

starting with the conceptual design phase, and continuing through all phases of the lifecycle that 

follow (Aloui et al., 2020). MBSE has five intended benefits defined by the International Council 
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on Systems Engineering (INCOSE): improved communications, increased system complexity 

management, improved product quality, enhanced knowledge capture and reusability of 

information, and improved ability of teaching and learning systems engineering fundamentals. 

Various MBSE methods have been developed in order to support the realization of the intended 

benefits of MBSE in a specific domain. 

Within the domain of the MBSE, there has been significant work in developing a 

standardized system architecture modeling language, the Systems Modeling Language (SysML). 

SysML is defined as ña general-purpose graphical modeling language that supports the analysis, 

specification, design, verification, and validation for complex systemsò (Friedenthal et al., 2009), 

which aligns almost perfectly with the definition of MBSE. Consequently, SysML is intended to 

be a primary enabler of MBSE as a method for achieving the successful execution of an end-to-

end systems engineering effort. 

In the field of modeling multi-agent systems or swarm systems, few studies apply MBSE 

method to understand system behaviors, system requirements, system architecture, verification 

and validation (V & V), and testing (Mhenni et al., 2014). Aloui (2021) applies the MBSE method 

to a swarming robot system that aims to detect and clear oil spills in the sea effectively. Various 

SysML diagrams, such as the requirements diagram and block definition diagram, are used to 

specify system requirements and functional architecture. Sende et al. (2021) propose an automated 

design workflow for engineering a swarm of cyber-physical systems (CPSs), focusing on MBSE 

method. The proposed engineering process covers the whole design flow including modeling and 

code generation, deployment of the system, validation with simulations, and implementation in a 

real-world environment. Multiple SysML diagrams are presented to formalize the engineering 

process. 
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2.2.2 Mission Engineering 

While the MBSE method focuses on developing and delivering desired systems, mission 

engineering (ME) primarily emphasizes the appropriate utilization of those systems. The Office of 

the Deputy Assistant Secretary of Defense for Systems Engineering defines ME as the ñdeliberate 

planning, analyzing, organizing, and integrating of current and emerging operational and system 

capabilities to achieve desired warfighting mission effectsò (Gold, 2016). ME is essentially a top-

down approach that delivers engineering results to identify enhanced capabilities, technologies, 

and architectures guiding development, prototypes, experiments, and system of systems (SoS) by 

orienting the mission. With ME method, engineers can achieve the requirements of reference 

missions and narrow mission capabilities gaps (U.S. OUSD (R&E), 2020). The following are 

activities that can be conducted during a ME process: 

¶ Mission capability analysis: engineers analyze the problem to determine what 

capabilities are required. 

¶ Mission definition: engineers analyze the problem to develop a concept of operations 

(CONOPs) for the mission. 

¶ Mission thread definition: engineers analyze a set of operational activities. 

¶ Mission architecting: engineers develop an operational architecture that describes 

capabilities, mission thread, operational nodes, and other relevant elements. 

¶ Requirements engineering: engineers determine functional and non-functional 

requirements from the capability analysis, CONOPs, and mission threads.  

¶ Mission-oriented system implementation: the mission-oriented system must be 

implemented by architecting and developing new systems, modifying existing systems, 
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and/or modifying doctrine, policies, procedures. 

Hernandez et al. (2017) refine the ME model from Gold (2016) by simultaneously taking 

into account integration, operations, and acquisition of systems for the relevant systems and 

provide a starting point for developing the assessment framework. In the refinement, the mission 

engineering and analysis (MEA) concept is introduced along with a mission plan that emphasizes 

continuous analysis and assessment throughout the mission life cycle. In this mission plan, systems 

engineering processes are merged with military decision-making processes as outlined in US Army 

doctrine, Operations Process (Headquarters, Department of the Army, 2019e).  

 

2.3 Multi-Agent System Modeling Approach 

One of the fundamental problems arising in the field of cooperative multi-agent systems is 

how to design local control policies for each agent and local interaction schemes among agents to 

attain desirable global specifications. Traditionally, two alternative design approaches, called 

bottom-up and top-down, have competed to pursue the satisfaction of desired performance 

requirements. Both bottom-up and top-down approaches are strategies for organizing information 

and knowledge, and they are used in a wide array of fields including building complex multi-agent 

systems. 

 

2.3.1 Bottom-up System Design Approach 

A bottom-up approach focuses on assembling sub-systems to create more complex systems, 

thereby interactions between agents are typically designed in an ad hoc manner. In bottom-up 

design methodologies, it is assumed that global states of all the sub-systems are difficult to obtain, 
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and collective behaviors of agents emerge from interactions among individual agents as well as 

between agents and their environments.  

Finite State Machines (FSMs) and behavior-based methods are widely used approaches in 

designing multi-agent systems. FSM (or finite state automata) has been applied for modeling 

autonomous, unmanned multi-agent system architectures (Martinoli et al., 2004; ). In an FSM 

architecture, each agent operates in one of several predefined states at any given time. And, in 

response to trigger events triggered by onboard sensors or environmental conditions, the agent 

changes its state. Since states and trigger events can be defined deterministically, the FSM-based 

system design is ideally suited to developing a military multi-agent system, which is essential for 

high-risk missions, such as search and tracking, formation control, and rendezvous. 

In the behavior-based paradigm, behaviors, which refers to a set of actions performed by 

an agent, are developed iteratively until the desired collective behavior is achieved. Brooks' 

subsumption architecture is a seminal example of a behavior-based design that uses an approach 

of layering to control systems and incorporates augmented FSM processors for managing inputs 

and outputs (Brooks, 1986). One of Brooks' most important contributions is the decomposition of 

the agent control problem into behaviors rather than functional modules. This allowed higher 

levels of behaviors to be incorporated into lower layers of less complex behavior. Nicolescu and 

Matariĺ (2002) presents a behavior-based hierarchical architecture for robots that allows primitive 

behaviors to be reusable to support a collection of abstract behaviors. A study by Brambilla et al. 

(2013) categorizes collective behavior into four main categories: spatial organization, navigation, 

collective decision making, and other behaviors such as interaction with humans and fault 

detection. The spatial organization and distribution of agents within the environment is a critical 

function of multi-agent systems (Brambilla et al., 2012; Davis et al., 2016). 
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2.3.2 Top-down System Design Approach 

A top-down design approach, which is also known as the stepwise design approach, focuses 

on defining an overview of the system (i.e., global mission) any first-level sub-systems. The 

subsystems are then further specified by additional subsystem levels until the entire specification 

is reduced to its base components. The decomposition of the upper-system into lower-system is 

occurred by considering the individual capabilities of each agent. UML (Unified Modeling 

Language) diagrams such as activity diagrams, sequence diagrams, and use-case diagrams are 

widely used to visually represent top-down design approaches.   

Brambilla et al. (2014) suggests a top-down approach called a property-driven design. In 

property-driven, design is composed of four phases: 1) formally describing system requirements 

by specifying the intended properties; 2) creating an abstract macrolevel model; 3) translating the 

macroscopic model to a microscopic model; and 4) implementing the designed system using real 

components. A top-down design framework proposed by Dai and Lin (2014) is to solve the 

coordination and control problem of multi-agent systems using a divide-and-conquer approach. 

By modeling each agentôs behavior as a deterministic finite automaton, a global mission is 

decomposed into local tasks, and a global cost (or utility) is distributed into local cost (or utility) 

based on each agentôs sensing and actuating capabilities. 

 

2.3.3 Hybrid System Design Approach 

Modeling from the bottom up is advantageous from the point of view of modularity and 

composability, but it is possible that higher-level system requirements will not be satisfied if the 

design process precedes the development of the high-level system architecture. Modeling with a 

top-down approach, on the other hand, can guarantee overall performance, but is limited in terms 

of flexibility and scalability when designing local control policies. For this reason, hybrid system 
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design approaches combining bottom-up and top-down methods have been proposed to leverage 

both advantages and to mitigate both risks. 

Wu et al. (2015) adopts the top-down approach of Dai and Lin (2014), but incorporates 

bottom-up components in order to design the communication among agents. In Silva et al. (2016), 

a top-down approach is utilized to develop of a mission plan decomposing the global mission into 

the local tasks, while a bottom-up approach is employed to design each agent's continuous motion 

control. 

 

2.4 Space Coverage Problem 

2.4.1 Terrain Guarding Problem 

The terrain guarding problem (TGP), whose objective is to find optimal set of guards (or 

viewpoints) covering a geographical terrain, has attracted growing interests in the field of 

computation geometry. A geographical terrain of interest to be guarded is commonly represented 

by triangulated irregular network (TIN) model. According to the dimensionality of TIN terrain 

used in problem, TGPs is classified into the 2.5-dimensional (2.5D) TGP and the 1.5-dimensional 

(1.5D) TGP. The feasibility or optimality of both problems is determined by the concept of 

visibility of the terrain by guards. Although the visibility can be defined in several ways depending 

on the types of guards, the widely applied method is the line-of-sight (LOS) based visibility: if a 

ray from guard to certain point of terrain is not obstructed by any other points, we can say the 

terrain point is visible by the guard (or the guard sees the terrain point). With the visibility concept, 

the coverage on the terrain of interest can be defined as the union of visible terrain points of all the 

guards located at the visibility region. And commonly, the objective of the TGP is to find the 

minimal set of guards which can cover the whole points on the terrain.  
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As the input of 1.5D TGP, a 1.5D terrain is commonly represented as x-monotone 

polygonal chain having n  vertices and 1n-  edges connecting two consecutive vertices. Basically, 

guards can be located on any terrain point in the TGP. Various real-world applications can be 

designed as 1.5D TGP such as locating communication receivers (De Floriani et al. 1994), building 

watchtowers to monitor wildfires (Goodchild and Lee 1989), and placing streetlights or security 

cameras (Ben-Moshe et al. 2007). 

 

2.4.2 Location Covering Problem 

The space coverage problem or the facility location problem has received lots of attention 

since the early 70s. A classical model is a location set covering problem (LSCP) to find a minimum 

number of facilities such that the facilities completely cover (or serve) all the demands (Toregas et 

al., 1971). Facilities are located among pre-determined potential sites while all the demand points 

are within the covering distance (or covering radius) of at least one of the facilities. The LSCP has 

been broadly applied to various planning situations such as the location of fire companies (Plane 

& Hendrick, 1977), weather radar sites (Minciardi et al., 2003), selection of natural reserves 

(Jantke & Schneider, 2010), and many others. In the LSCP, locations of facilities are limited to the 

finite set of potential sites, and the demands are represented as a finite set of discrete points, arcs, 

or polygons (Murray & Wei, 2013).  Let I  where I m=  be the set of known demand points and 

J  where J n=  be the set of potential facility locations. 
ija is 1 if demand point i IÍ  can be 

served by facility located at site j JÍ  (i.e., i  lies within the covering distance of j ), and 0 

otherwise. iW  is the set of potential facility where suitably provide coverage to demand point i IÍ , 

i.e., { }| 1i ijj J aW = Í =. A binary decision variable 
jx  is defined such that 1jx =  if a facility is 

sited at potential location j , and 0jx =  otherwise. The traditional LSCP is formulated as 0-1 

integer linear programming as follows: 
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Location Set Covering Problem (LSCP) 

Minimize LSCP

j
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The objective of the LSCP, Eq. (2.1), seeks to minimize the number of facilities located. 

The basic assumption here is that the installation cost is fixed no matter where the facility is sited. 

If varied installation cost for each potential site is defined as 
jc , the objective function can be 

changed to the total installation costs, i.e., 
LSCP COST

j jj J
Z c x-

Í
=ä . Constraint Eq. (2.2) ensures 

that each demand point must be covered by at least one of the located facilities. Binary restrictions 

on the decision variables are imposed in constraint Eq. (2.3).  

 As a variant of the LSCP, the arc covering problem (ACP) deals with a case where 

continuously distributed demands exist over arcs in a network rather than points (ReVelle et al. 

1976).  With the same notation of the LSCP except the set of demands, we can formulate the ACP 

as 0-1 integer linear programming. Let E  where E m=  be the set of arcs to be served and 

{ }| 1e ejj J aW = Í =. Then the problem formulation follows: 

Arc Covering Problem (ACP) 

Minimize ACP
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 { }0,1 ,jx j JÍ " Í Eq. (2.6) 

The Objective Eq. (2.4) follows that of the LSCP to minimize the number of facilities 

placed. Constraint Eq. (2.5) specifies that an arc is serviced if and only if at least one facility sited 

covers the whole arc. The decision variable is restricted to binary as constraint Eq. (2.6). 

In some real-world applications, facilities can be placed anywhere on a network. In other 

words, the potential sites for facility can be a continuous space (or line) rather than a finite set of 

points (Wei et al., 2014). The continuous arc covering problem (CACP) considers the above-

mentioned case where facilities are allowed to locate in continuous line. Practical applications of 

the ACP are placing sensors to monitor an entire road network (Wei et al., 2014), planning public 

street lighting (Murray & Feng, 2016), and siting bicycle share station (Conrow et al., 2018). The 

CACP becomes considerably complicated, if collective coverage of an arc is considered (i.e., an 

arc can be jointly covered by more than one facility). Supporting notation for the CACP is as 

follows: 

L: set of facilities sited 

F: set of all arcs to be served 

()ef L : coverage function for arc e EÍ  by L 

el : length (i.e., amount of demand) of arc e EÍ  

( ),j jx y Í : coordinates of sited facility j JÍ  

 With the above notation, the formulation of CACP follows: 

Continuous Arc Covering Problem (CACP) 

Minimize CACPZ = L Eq. (2.7) 
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Subject to    () ,e ef d l e EL F= " Íñ  Eq. (2.8) 

 ( ), ,j jx y j JÍL " Í Eq. (2.9) 

2.5 Command and Control Architecture for Multi-Vehicle Systems 

2.5.1 Command and Control Architecture 

A command and control (C2) architecture, which enables the coordinated operations within 

available resources, provides a framework for identifying required functional components, 

describing individual componentsô behaviors and their interactions, defining necessary data and 

interfaces, and reasoning in the system and environment. Supposing that the structure of C2 

process as a network, edges of this network can be information sources and actors (or agents). As 

information sources, edges of the network include humans, sensors, and database. As actors, edges 

can be human, mechanical system, and computer software (Scheidt & Schultz, 2011). Possible C2 

architecture can be categorized into four types by defining how agents in a system communicate 

and interconnect each other (Cummings, 2015; Barca & Sekercioglu, 2013): Centralized, 

hierarchical, distributed, and hybrid architecture.  

¶ Centralized control: A central controller (or a central planner) makes global level 

decisions (or plans) and sends control commands directly to agents while agents feed 

information back to center. In this architecture, a central controller has a responsibility 

to directly manage edge-agentsô behaviors through an overview of the entire system. 

In multi-UAVs system, for example, a top-level controller directly interacts with 

individual UAVs to allocate tasks and manage their flight paths (Barca & Sekercioglu, 

2013). Since the central planner enables to control any agent in the systems, behaviors 

of agents are more predictable and immediately correctible if there are deviations from 

the controlled mission plan. This nature ensures a good overall performance of the 
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system. However, the centralized decision-making process, especially in a large 

system, can be extremely time-consuming, so that the system is unable to deal with 

unexpected disturbances of subordinate levels on time (Zhao & Son, 2007). In the same 

context, this architecture is normally rigid so that it does not scale well with additional 

agents (Barca & Sekercioglu, 2012). 

¶ Hierarchical control : A set of individual agents are controlled by a supervisory agent 

which is in turn controlled by a higher-level agent as well. Each level has its own a 

decision-making (planning) horizon which should be faster than the lower-levelôs. 

Control decisions sends downwards while information propagates upwards. There are 

several variants to this architecture in terms of the number of hierarchy levels, policies 

for data handling and communication, and number of functions (or modules) at each 

level. Each agent cannot directly communicate with the others at the same level. As 

with the centralized architecture, hierarchically structured system enables to generate 

optimal, or at least ñgood enoughò, solutions for the system-level decision-making. 

However, this architecture is also not flexible enough so that it poorly reacts to 

disturbances in the lowest-level.  

¶ Distributed control : As the opposite extreme with the centralized architecture, each 

agent in the distributed system has a distributed responsibility. In other words, 

authorities of decision-making are distributed among peer agents so that each agents 

allows to behave with its own autonomy.  They communicate with each other to 

coordinate through voting or auction-based schemes. As a result, the speed of decision-

making is accelerated, and disturbances can be timely managed. However, lack of 

global overview may result in unpredictable system-level performance.  
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¶ Hybrid control : To overcome the weaknesses and combine the strengths of the 

aforementioned architectures, various types of hybrid control architectures have been 

proposed (Barca & Sekercioglu, 2013). The key idea is to maintain a balance of both 

centralized (i.e., ensuring global performance) and distributed (i.e., agile response to 

disturbances, rapid decision-making) architectures. Under this architecture, the central 

(or higher-level) controller makes decisions to provide guidelines which ensure good 

global performance. Based on the guidelines, final decisions are made through 

negotiation process among agents in the same level.  

 

2.5.2 Cooperative Multi-UAV System 

A multi-UAV system is essentially a system-of-systems (SoS) that satisfies five principal 

features characterized by Maier (1998): (1) each UAV has operational independence as it performs 

an assigned function (or a task) while simultaneously taking part in the SoS gathered to accomplish 

the overall mission; (2) while UAVs of the SoS cooperate with one another, each UAV is governed 

and managed individually (i.e., managerial independence); (3) with experience and according to 

changing needs or mission objectives, the SoS can evolve as functions and purposes added, 

modified, and removed (i.e., evolutionary development); (4) through the cooperation between 

UAVs, the SoS can realize the overall functionality that is not achievable by any of the individual 

UAVs alone (i.e., emergent behavior); (5) UAVs are geographically distributed, since they 

exchange primarily information, rather than mass or energy. 

According to Engineering Guide for SoS from the Office of the Under Secretary of Defense 

for Acquisition Technology and Logistics Systems (2008), a SoS is categorized as follows: 

  



36 

 

¶ Virtual: There is no agreed-upon purpose and no central authority. 

¶ Collaborative: Each system collaborates voluntarily with other systems in order to 

accomplish an agreed-upon objective. 

¶ Acknowledged: There are established objectives, as well as centralized authority and 

resources, but constituent systems continue to operate independently. 

¶ Directed: A central authority is in place, and the operational mode of the component 

systems is subordinate to the centrally managed objectives.  

Since multi-UAV systems are typically deployed to perform a specific mission, component 

systems (i.e., UAVs) can be collaborative, acknowledged, or directed. However, the specific 

configuration will depend on the mission that systems are intended to carry out. 

Regardless of mission type, the Multi-UAV systemôs operation falls into four operational 

phases (Madni et al., 2018): Deployment, En-Route, Objective, and Redeployment. In Deployment 

(or Take-off) phase, a multi-UAV system is thrown into an operation. Various take-off methods 

(e.g., vertical, conventional, and assisted take-off) can be applied depending on UAV type. During 

En-Route (or Cruise) phase, UAVs that have already been deployed travel from their current 

positions to the location where the mission is to be conducted. Navigation and path planning plays 

a significant role in this phase. Actions on the Objective phase are at the core of the overall multi-

UAV system operation. The multi-UAV system carries out its intended missions, such as 

surveillance, data collection, and sensing in this phase. During Redeployment phase, UAVs return 

to base, and the multi-UAV system is disassembled. 

In general, there are three types of Command and Control (C2) for multi-UAV systems 

(Mosier & Skitka, 2018; Ruff et al., 2002). Firstly, there is human-centered control (or human-in-
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the-loop control), where the human is the system's core component and dictates commands and 

controls (Ramchurn et al., 2015; Limnaios, 2014). In this type, the system has less autonomy, 

which makes it less suitable for missions in the longer term. This is because humans can suffer 

from cognitive overload when working with multiple vehicles simultaneously. In addition, they 

can suffer attention problems when viewing displays for long periods of time (Ordoukhanian & 

Madni, 2017). Secondly, there is a decentralized control with humans as a supervisor (or human-

on-the-loop control), where each vehicle controls its own mission and exchanges data with its 

neighbors. This type of system requires some degree of autonomy at the system level. A human is 

brought into the loop only in emergency situations. The decentralized control approach aims to 

minimize human intervention and operate autonomously as much as possible (Humann & Spero, 

2018; Scherer et al., 2015). Additionally, UAVs can operate in a leader-subordinate configuration 

in which one UAV serves as the commander of the system and is responsible for making high-

level decisions. Finally, there is a fully autonomous control (or human-out-of-the-loop control) in 

which no human intervention is necessary. The system distributes tasks and operates in a fully 

autonomous manner. This approach is suitable primarily for long-term missions and requires no 

personnel training, reducing operational costs. As far as most complex missions, especially 

military missions, are concerned, having humans in the control loop with some capability is still a 

vital requirement (Mosier & Skitka, 2018). 

Due to their unique capabilities, multi-UAV systems have recently gained significant 

interest in various fields (Valavanis & Vachtsevanos, 2015). Several researchers have made 

notable advances in various aspects of multi-UAV systems, which can be categorized into five 

major groups: simultaneous actions (Skorobogatov et al. 2020), time efficiency (Han et al. 2013), 

complementarity (Merino et al. 2015), fault tolerance (Scherer et al. 2015), and flexibili ty 

(Skorobogatov et al. 2020).  
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2.6 Image Segmentation using Deep Learning Mechanism 

Over the past few years, the image segmentation, which is a process of associating each 

part of an input images with human readable class labels, has been the core challenge in the field 

of computer vision. The interpretation of images with segmentation method is related to various 

real-world applications such as autonomous driving (Cordts et al., 2016; Kaymak & Uçar, 2019), 

human-machine interaction (Oberweger et al., 2015), vision-based navigations for unmanned 

vehicles (Hui et al., 2018), image-based search engine (Wan et al., 2014), and geologic mapping 

(Pajares, 2015). In the past, semantic segmentation task had been tackled with traditional computer 

vision methods and machine learning techniques. However, with significant advances in both 

hardware and software, deep learning mechanism based approaches has turned the tables. As a 

result, a variety spectrum of computer vision problems have been addressed using deep neural 

networks, especially Convolutional Neural Networks (CNNs) (Hariharan et al., 2014; Kim et al., 

2018). In recent years, the CNN-based method is the most successful approaches surpassing other 

approaches with regard to both accuracy and efficiency. 

Early CNN-based methods for image segmentation are designed in a two-step pipeline: (1) 

generating region proposals, and then (2) classifying proposal to pre-defined classes (Girshick et 

al., 2014). Recently, Fully Convolutional Network (FCN), which is firstly proposed by Long et al. 

(2015), has become the dominant method in image segmentation due to the capability of dense 

productions with input of arbitrary sizes (Garcia-Garcia, 2017). In the basic architecture of FCN, 

called FCN-8s, FCN-16s and FCN-32s, all fully connected layers in CNN are replaced with 

convolutional layers. And deconvolutional layers are added to restore the original resolution of 

image. While preserving efficiency, FCN-based approaches have achieved significant 

performances in the accuracy of image segmentation on standard datasets (e.g., PASCAL VOC) 
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over well-known CNN-based classification models such as AlexNet (Krizhevsky, 2012), VGG-16 

(Simonyan & Zisserman, 2014), GoogLeNet (Szegedy, 2015), and ResNet (He et al., 2016).  

Despite the outstanding features and flexibility of FCN, the original architecture has 

limitations: loss of spatial invariance, no instance-awareness, and unpractical execution time. To 

overcome the aforementioned limitations, many researches have addressed several variations of 

FCN network. Noh et al. (2015) presents DeconvNet, which adopts the convolutional layers from 

the VGG-16 network into their proposed deconvolutional network architecture. The performance 

of DeconvNet is evaluated on the PASCAL VOC 2012 dataset. Badrinarayanan et al. (2017) 

proposes a new encoder-decoder architecture called SegNet for image segmentation task. The 

encoder network in SegNet, which  consists of 13 convolutional layers, is adopted from VGG-16 

network, and the decoder network is attached as the follow-up network. They compared the 

performance of the SegNet with the original FCNs and DeconvNet using SUN RGB-D (Song et 

al., 2015) and CamVid (Brostow et al., 2009) datasets.  
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CHAPTER 3 

3. MISSION-ORIENTED SYSTEMS ENGINEERING PROCESS 

 

The term mission refers to a task or a set of tasks, along with a clear purpose, that indicates 

what actions are to be taken and reasons for said actions (Headquarters, Department of the Army, 

2016). A mission is typically macroscopic, general, and sometimes vague; it often requires detailed 

interpretation and decomposition. Therefore, a mission is usually broken down into a series of 

specific, explicit, and interrelated tasks or subtasks to make the mission clearer. Once the series of 

corresponding subtasks have been completed, a mission can be said to be achieved.  

In this chapter, a mission-oriented iterative systems engineering process is proposed in 

order to develop the multi-UAV system with complex collective behaviors in a top-down, mission-

centric manner. To this end, a search and attack operation is selected to show the application of 

the process. Also, the concept of mission engineering is adopted to realize mission-oriented 

features during the engineering process.  

 

3.1 Proposed Systems Engineering Approach 

The proposed engineering process is based on the MBSE methodology with SysML 

language, including various visualized methods and diagrams to specify system requirements, 

structures, and behaviors. By employing the concept of mission engineering, the process considers 

a mission as a primary engineering factor in architecting a multi-UAV system.  

In general, systems engineering approaches for architecting multi-UAV systems employ 

bottom-up approaches that commonly focus on describing detailed behaviors of individual UAVs 

and integrating those behaviors to build system-level, collective behaviors. Although systems 

designed with bottom-up approaches are advantageous from the perspective of modularity and 
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composability, they sometimes fail to satisfy mission objectives that militaries place a top priority 

on. When it comes to military operations, failure to accomplish the assigned high-level 

requirements (e.g., a mission objective) is fatal. In this sense, militaries typically prefer top-down 

modeling approaches when they build combat or support systems. Although top-down engineering 

methods are guaranteed to achieve high-level mission objectives, they inevitably lack flexibility 

and scalability when designing low-level behavior control systems due to their requirement for 

well-defined abstraction systems. Therefore, the proposed systems engineering process 

incorporates a bottom-up approach along with a traditional top-down approach. That is, the 

systems engineering process basically applies a top-down method, but it is iteratively refined 

through feedback from a bottom-up method to develop an operationally and functionally suitable 

system. 

 

3.1.1 Overview of Iterative Systems Engineering Process with MBSE 

Although MBSE does not dictate any specific designing or engineering process, any MBSE 

process typically covers four systems engineering domains: requirements (capabilities), structure 

(architecture), behavior, and validation. To develop the desired multi-UAV system using the 

MBSE method, an iterative systems engineering process is proposed consisting of four engineering 

steps: 1) specification of mission requirements, 2) creation of normative models, 3) simulation of 

models, and 4) real implementation. Figure 3.1 shows the overall flow of the process. 

The more clear and complete concepts identified and defined in this step, the more the 

developed system will fulfill the objectives in the mission statement. Furthermore, clear and 

comprehensively specified concept definitions can help reduce the risk of failure in real-world 

implementations. The work for specifying mission requirements consists of two parts: mission 

analysis and specification of system requirements. 
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Figure 3.1: Proposed iterative systems engineering process. 

Mission analysis focuses on analyzing the higher commanderôs intent and tasks to be 

performed based on the mission description. It describes how the system conducts an operation 

using available operational resources in order to accomplish the assigned mission. The primary 

systems engineering activity in mission analysis is to develop a concept of operation (CONOP) 

presented using the state machine diagram in this study. Based on the output of the mission analysis, 

system requirements are specified. The system requirements are all of the requirements at the 

system-level that describe how the system should be designed and what functions the system 

should have. System requirements are presented using the requirements diagram in this research. 

In the second step, logical aspects of a system are developed to ultimately implement the 

requirements configured in the first step. Using MSBE methodology, two models are created: the 

functional architecture model and the behavioral architecture model. To begin, a functional 

architecture model is constructed to define the systemôs functional modules and their flow 

pertaining to operations sequencing. A functional architecture model describes the general 

structure of system-level functions and their interactions by expanding system requirements before 
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specifying which operational element performs what operational activity. Modeling functional 

structure starts with the identification of the main components of the system. It then displays the 

organization of the system in terms of the components and their relationships. The output of 

functional modeling decomposes a mission into system-level operational activities. The behavioral 

model is a representation of how a system behaves as it executes. It shows what happens or is 

supposed to happen when a system responds to a stimulus from its environment. A behavioral 

architecture model is developed based on the constructed functional architecture model to describe 

behaviors of individual-level subsystems. It is not necessary that the first behavioral architecture 

model is exhaustively defined by satisfying all the specified requirements and functions in the 

previous step. Instead, the model can be expanded and improved until all the desired requirements 

are satisfied through verification and self-refinement. This self-refinement process can also 

identify over-specified requirements or ill-defined collective functions in the functional 

architecture model. If some of the collective functions defined in the functional architecture model 

cannot be properly broken down into individual-level detailed behaviors, the behavioral 

architecture model sends such feedback and refines the functional model. The feedback 

mechanism ensures the iterative development of a functionally operational system. 

In the third step, the developed model in the previous step is used as a blueprint to test and 

improve the system with a hardware-in-the-loop (HITL) simulation. Using HTIL simulation, 

logical errors or any potential undesired behaviors can be identified by implementing the system 

in realistic or pseudo-realistic environments. Unforeseen aspects of the developed system might 

cause undesired results and/or unfulfilled requirements in a simulated environment. In this case, 

the systems engineering process goes back to the second step to modify the models in consideration 

of the results obtained from the simulation. 
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Finally, in the fourth step, the last simulated version of the model is implemented in a 

physical system to deploy. If the actual implementation reveals that some assumptions made in the 

first step do not hold true, it should be necessary to modify mission requirements and reconstruct 

models. The system deployment and real-world implementation are beyond the scope of this 

dissertation; thus, further details will not be discussed. 

During the process, especially in the first and the second steps, military doctrines, which 

will be discussed in the next section, affect the itemization of functions and construction of the 

applicable system for real-world military operations (search and attack operation in this study). 

 

3.1.2 Military Doctrinal Concepts and Definitions 

Military doctrine is the fundamental set of principles that guides how military forces should 

conduct major operations (Attrill, 2015). Doctrine facilitates common work functionality standards 

across the military to shape how missions should be accomplished in roles, functions, and tasks. 

Usually, it provides a sequence of actions and describes why the actions are expected to work. 

This, in turn, contributes to standardized operations, better coordination between force elements, 

and enhanced success rate in accomplishing military missions. 

In military terms, command and control (C2) refers to the process of directing, coordinating, 

and controlling a unit to accomplish a military mission (Headquarters, Department of the Army, 

2016). At the same time, C2 is the exercise of authority and direction by a commander over the 

assigned forces and resources. There are two components of C2: the commander and the C2 system. 

The C2 implements the commander's will in pursuit of the unit's objective. The C2 system 

generally includes how to execute missions of acquiring and managing relevant information, 

directing subordinates, and leading troops. The C2 system must be designed appropriately to make 

decisions quickly and execute them effectively in order to complete assigned missions and tasks 
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successfully (Headquarters, Department of the Army, 2016). 

U.S. Joint Doctrine 3-0 defines a military mission as a duty assigned to an individual or 

unit (U.S. Joint Chiefs of Staff, 2018). In common usage, a mission refers to a task, together with 

the purpose, which identifies the action to be taken and the reason. A military operation is a 

military action or the carrying out of a military mission. 

A military operation is a series of operational or tactical actions with a common purpose 

or unifying mission, which entails the process of carrying on combat; including movement, attack, 

and maneuvers needed to achieve the mission. The operations process is the framework to organize 

and put C2 into a series of actions. The operation process usually consists of the major C2 activities 

conducted during operations, such as planning, preparing, executing, and assessing (Headquarters, 

Department of the Army, 2019e). 

Mili tary tactics, techniques, and procedures (TTP) refer to the ordered arrangement and 

directed actions of forces in relation to each other to accomplish a mission (Headquarters, 

Department of the Army, 2019c). Tactics are the high-level description of actions based on 

judgment and adaptation to situations. Techniques are detailed mid-level descriptions of behavior. 

Procedures are low-level, highly detailed descriptions of actions within the context of a technique, 

which generally consist of a sequence of steps in a particular order. Usually, techniques and 

procedures are pre-established patterns and processes that can be repeatedly applied to a variety of 

situations (Headquarters, Department of the Army, 2019c). 

Mission command is the U.S. Army's approach to C2 that promotes freedom and speed of 

actions in complex and uncertain operational environments. According to this C2 philosophy, the 

subordinates make decisions and act appropriately in response to rapidly changing situations not 

addressed in the initial plan in order to achieve their commander's objectives (Headquarters, 

Department of the Army, 2019a). In other words, mission command empowers decentralized 
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executions by subordinates. Decentralized execution refers to the delegation of decision-making 

authority to subordinates by enabling them to make their own decisions and to adjust the assigned 

tasks based on the rapidly changing conditions. The commander's intent only provides a unifying 

principle that guides subordinates' decentralized executions toward the desired end state 

(Headquarters, Department of the Army, 2019a). 

 

3.2 Step 1: Mission Statement and Concept Definition 

As the initial step of the engineering process, the concept definition analyzes the mission 

and specifies mission requirements by applying the concept of mission engineering, which treats 

mission as the system defining mission functions (Gold, 2016). Starting from the statement of the 

target mission (i.e., search and attack), the required force elements and the way of operations are 

specified. 

 

3.2.1 Mission Statement 

Search and attack (S&A) is one of the essential military offensive operations to establish 

or regain contact with the enemy (see Figure 3.2). It is typically employed in situations where the 

enemy is a small, dispersed group whose location cannot be accurately determined by any other 

method than a physical search or when the assigned task is to deny the enemy infiltrating into a 

given area. (Headquarters, Department of the Army, 2016). Once contact is made, forces must 

maintain the contact, and then, attempt to isolate and destroy the enemy with coordinated actions.  

A mission statement is a key component that describes the missionôs purpose, the intended 

end state, and the way (i.e., specified and implied tasks) to achieve that end state (Headquarters,  
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Figure 3.2: Type of offensive operations. 

Department of the Army, 2019e). The mission statement for search and attack operation considered 

in this study can be described as bellows. 

Mission Statement: The task force consisting of multiple UAVs and a quick reaction force 

conducts a search and attack operation within the assigned area of operation in order to find and 

capture the target on the surface.  

 

3.2.2 Concept Definition 

Based on the mission statement described in the previous section, Concept Definition 

marks the beginning of the proposed iterative systems engineering process. This step defines the 

properties of the desired system by characterizing the system in sufficient detail to ensure its 

operational performance. The comprehensive definition of the concept can clearly specify the 

system's boundaries, objectives, and capabilities. Also, this step can capture the system's 

operational environment and design specifications in terms of intended capabilities, expected 

functions, and quantified performance conditions. Systems engineering activities in this step are 

mission analysis and specification of system requirements. 
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 Mission Analysis 

The mission analysis specifies which operational elements should be used and how their 

actions should be taken in order to accomplish the mission. The major activities for mission 

analysis in this study consists of organizing force elements, clarifying key assumptions, and 

developing a concept of operation.  

 

3.2.2.1.1 Organization of Force Elements 

Force elements are considered to be required operational elements or resources to be used 

in a specific aera of operations (AO) and time to fulfill the operational requirements of the mission. 

An effective search and attack operation requires employing multiple operational elements in a 

task force and coordinating their actions to make contact with the target as quickly as possible. 

According to a military doctrine, four types of force elements (units) are organized as the task 

force: commander, reconnaissance, fixing, and finishing elements (Headquarters, Department of 

the Army, 2016). In real-world military applications, each of the roles is assigned to different force 

elements. However, in this study, a single force element consisting of multiple UAVs assumes full 

charge of reconnoitering and fixing tasks by utilizing the multitasking capabilities of UAVs. As a 

result, there are three different types of force elements serving search and attack operation: High-

Altitude UAV (HAU), Low-Altitude UAV (LAU), and Quick reaction force (QRF). Figure 3.3 

shows how the forces are organized and their tasks during the operation. 

¶ HAU, which serves as the force commander, leads the search and attack operation by 

providing commands and controls to other force components. Also, it maintains real-

time communication with the headquarters (GCS) and LAUs. More specifically, HAU 

generates specified tasks by analyzing an operation order (OPORD) from a higher  
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Figure 3.3: Units of a task force for a search operation. 

headquarters (i.e., ground control station). After that, through a command and control 

system, HAU directs subordinates by assigning tasks and providing instruction on how 

force elements cooperate to accomplish the mission. To do this, HAU flies at a high 

altitude in an energy-efficient way throughout the operation to cover a wide area. HAU 

achieves overall situational awareness within the AO using a vision sensor. Based on 

the underlying assumption that an onboard computer equipped has enough computing 

power, the situational awareness function in HAU combines the visual information 

from the vision sensor with the pre-loaded geographical information in order to 

properly assign tasks to other components. 

¶ As a reconnoitering and fixing force, a group of LAUs executes an actual search 

operation to find a moving target within the AO by following their commander (i.e., 

HAU). More specifically, fragmentary orders (FRAGORDs) from HAU trigger LAUsô 

deployments and movements. Tasks charged by HAU are a set of aerial positions to 

be positioned by LAUs. Since HAU only provides a list of tasks, LAUs should 
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cooperatively decide which task will be performed by which LAU in a decentralized 

manner. Each LAU contains an onboard vision sensor to detect the target through a 

detection function. As with HAU, LAUs have onboard computers with enough 

computing power to run the target detection algorithm. Once a target is found by one 

of LAUs during reconnaissance, they rapidly deploy to assigned positions and shape a 

virtual fence around the search boundary to virtually isolate and fix the target. After 

encircling the search boundary, they cooperate with each other to sweep the search 

area before a finishing force is deployed to physically capture the target.   

¶ QRF, serving as a finishing element, is a manned unit deployed to physically interdict 

and capture the detected target by LAUs. The detailed composition of QRF can vary 

depending on the characteristics of the operational environment and the types of target. 

Generally, it should have sufficient combat power to annihilate the target and enough 

mobility to work with UAVs. During the operation, QRF moves behind the 

reconnaissance and fixing elements.  

 

3.2.2.1.2 Key Assumptions 

The key assumptions for engineering the operational system are clarified as followings: 

Key Assumptions: 

¶ (A1) All UAVs fly at a pre-determined fixed altitude from the ground surface. 

¶ (A2) All UAVs move at the same constant speed. 

¶ (A3) All onboard sensors, designed to detect a target, face downward so that the sensor 

exposure area on the ground surface is a square shape  
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¶ (A4) Information distribution systems are fully established and maintained throughout 

the entire period of the operation so that every two UAVs can carry out communication 

with each other. 

¶ (A5) Communication delays can be neglected. 

¶ (A6) On-board computers of UAVs have sufficient computing resources to deal with 

computational problems during the operation. 

¶ (A7) The area of operation is a known environment so that permanent terrain features 

are identified before the beginning of operations. 

 

3.2.2.1.3 Concept of Operation 

The concept of operation (CONOP) describes how the operational elements specified in 

the previous section coordinatively conduct the operation in an intended environment to fulfill the 

operational requirements. Developing the CONOP is primarily intended to describe the 

characteristics of the system from an operational perspective and facilitate an understanding of the 

systemôs goals (i.e., mission) without delving into technical specifications. CONOP stimulates to 

define requirements of the system that drives the following system design process (Herzig et al., 

2018). In short, CONOPS describes how the system will operate from the perspective of the user 

(INCOSE, 2011). 

With the force elements specified in the previous section, the search and attack operation 

proceeds in four phases: 1) all-round security, 2) reconnaissance, 3) fixing, and 4) finishing. The 

first phase begins when the commander (i.e., HAU) receives an operation plan (OPLAN) from the 

headquarters (i.e., GCS) and directs the reconnaissance element (i.e., LAUs) to enter airspace over 

the area of operation. Each phase moves on to the next phase if transition conditions are met. The 
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operation is terminated when the force achieves its goal of operation (i.e., capturing the target). 

Figure 3.4 shows the system-level state machine diagram, which describes the required operation 

phases and their transitions to the next phases during the search and attack operation, to formalize 

the CONOP.  

¶ In Phase 1 (óPerimeter Monitoringô state in Figure 3.4), LAUs autonomously disperse 

and occupy aerial positions over the perimeter of the main force (i.e., QRF) to provide 

continual all-round security. Figure 3.5(a) illustrates the process of this phase. The 

transition to Phase 2 occurs with the receipt of a FRAGORD from HAU.  

 

Figure 3.4: State diagram for the search and attack operation phases. 

¶ During Phase 2 (óReconnaissance Type Aô and óReconnaissance Type Bô as shown 

in Figure 3.4), a group of LAUs conducts reconnaissance to establish and maintain 

contact with the target. Two different types of reconnaissance formations are 

considered: traveling overwatch (Type A) and bounding overwatch (Type B). The 
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multi-UAV system determines a proper reconnaissance formation based on the 

possibility of contact with the target. If the contact is possible, i.e., the contact 

probability is less than a certain threshold (x), the traveling overwatch formation is 

used. At this time, all LAUs participating as the reconnaissance element fly side-by-

side and move simultaneously toward a direction specified by HAU. If the contact is 

imminent, i.e., the contact probability is greater than or equal to x, the bounding 

overwatch formation is applied. In this type, LAUs divide into two units and move by 

bounds, i.e., one unit is always directed to overwatch while the other unit moves toward 

the direction. Whenever the probability changes, the reconnaissance element 

organizationally converts its formation type. Figure 3.5(b) shows an illustrative 

example of two different reconnaissance formations. The transition to Phase 3 is made 

when the target is detected by one or more of LAUs.  

¶ In Phase 3 (óEncirclement Shapingô state in Figure 3.4), the reconnaissance element 

changes its role to the fixing force by following a FRAGORD from HAU. Before 

issuing the FRAGORD, HAU determines the boundary centered at the targetôs last seen 

position (LSP) and aerial positions for the encirclement, considering terrain features 

and the targetôs motion model detailed in the following sections. Based on the 

FRAGORD, including encircling positions as a set of tasks, LAUs cooperatively 

allocate tasks in a distributed manner, and each LAU moves into the assigned position 

simultaneously. It is important to note that the end state of this phase is to achieve 

overlapping coverage over the boundary without any blind spots. By shaping a 

complete coverage on the search boundary, the contaminated and cleared areas are 

clearly demarcated by isolating the target within a bounded region. If the target attempts 

to leave the virtually isolated area, it must be detected by any of the LAUs located over 
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the boundary. Figure 3.5(c) illustrates the process of this phase. Phase 3 ends when the 

encirclement has been made.  

¶ In Phase 4 (óSweepingô state in Figure 3.4), two different elements, fixing and finishing 

forces, coordinate to attack and capture the target. The fixing element (i.e., LAUs) 

coordinates its movements toward the LSP in order to convert the contaminated area 

into the cleared. At the same time, the finishing force (i.e., QRF) gets on the move 

toward the targetôs position to attack the target. When the target is captured by QRF, 

this phase ends, and the entire operation is wrapped up. Figure 3.5(d) shows the 

graphical illustration of this phase.  

  

(a) (b) 

  

(c) (d) 

Figure 3.5: Illustrations of four phases for the proposed search and attack operation. (a) Phase 1: 

all-round security. (b) Phase 2: reconnaissance. (c) Phase 3: fixing. (d) Phase 4: finishing. 
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 System Requirements 

The system requirements are system-level functional and structural requirements that will 

guide the development of system architecture modeling and act as a reference for validation of the 

system. The system requirements clearly specify what the system should do and how the system 

should look like. As shown in Figure 3.6, system requirements are divided into two types of sub-

requirements: capability requirements and architectural requirements.   

 

Figure 3.6: A hierarchy of system requirements. 

 

3.2.2.2.1 Capability Requirements 

The capability requirements describe required capabilities that the system must provide to 

realize the CONOP specified in the previous section. This research focuses on capabilities required 

for the multi-UAV system (i.e., HAU and LAUs), as depicted in Figure 3.7. The capability 

requirements are divided into five sets of sub-requirements: cooperative mission planning, motion 

planning and control, formation control, operation management, and target detection and capture.  
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Figure 3.7: A hierarchy of capability requirements for a multi-UAV system using SysML. 

A set of requirements for cooperative mission planning includes required capabilities 

related to cooperative decision-making for decompositions of the mission and assignments of 

potential tasks. Motion planning and control requirements contain a set of capabilities that ensures 
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individual UAVôs autonomous navigation behaviors, such as trajectory planning (e.g., waypoints 

generation) without occurring collisions, generation of motion control commands, and hardware 

control. Formation control requirements specify capabilities to form reconnaissance formations 

and shape cooperative movements among LAUs. Operation management requirements clarify 

essential capabilities for collecting and distributing information, monitoring and assessing 

operation progress, autonomous transitioning between operation phases, and managing the 

systemôs abnormality. Requirements for target detection and capture can be defined as a set of 

requirements related to visibility of the terrain surface for detecting targets on the ground and 

adaptive generation of encircling boundary based on the estimated target motion.  

 

3.2.2.2.2 Design Requirements 

The design requirements specify the needs, necessities, and expectations that the developed 

system should satisfy or the constraints that the system should adhere to (Schranz et al., 2018). 

The requirements diagram in Figure 3.8 shows four sub-requirements that should be considered 

during development of the multi-UAV system. The desired system should instantiate the military 

doctrines to support mission planning and operation execution process. The system should be 

modular, i.e., functional elements should be rearrangeable and reusable for a variety of missions 

and operating environments. Functional elements should be applicable to various missions and 

should not be developed separately for each mission. The system should be composable, i.e., it 

should be able to be selected and assembled in various types of combinations into valid systems 

according to specific requirements of users. The system architecture should be intuitive and 

understandable, i.e., current military members with operational experience can build an operation 

plan considering the developed multi-UAV system as if it is an accustomed operational component. 
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Figure 3.8: A hierarchy of design requirements for a multi-UAV system using SysML. 

 

3.3 Step 2: Model Development 

A military operation is typically defined as a dynamic command and control process using 

various heterogeneous operational military elements (systems) to perform a number of tasks or 

subtasks related to the assigned mission. During an operation, all participating military elements 

should focus on achieving the mission by completing tasks and/or subtasks. Completing missions 

is the most crucial feature of military operations; therefore, "mission-oriented" thinking naturally 

dominates any military operations process. 

In this sense, the system architecture model for military operations is advantageous to be 

designed using a top-down approach by specifying high-level functional elements before 

decomposing lower-level functions. Designing multi-UAV systems with a top-down approach has 

several advantages. Firstly, it is easy to incorporate military concepts and doctrines such as 

Mission Command and TTPs into the systems engineering process. Secondly, it can facilitate 

scalability and reusability of architecture by modularizing higher-level components into lower-

level components. Thirdly, it can provide better understanding of the system and its processes to 

human operators. 
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Modeling is a transition process from the specified system requirements to a logical 

architecture. The logical architecture will summarize the desired system in terms of how it will 

satisfy the system requirements identified in Step 1. However, it does not necessarily define what 

physical and technological components will satisfy those requirements. In this study, two logical 

models, functional architecture model and behavioral architecture model, are developed using 

SysML languages such as block diagrams and activity diagrams.  

 

3.3.1 Functional Architecture Modeling 

The functional architecture model is a set of generalized, system-level functions and their 

interactions (i.e., inputs and outputs) performed by the desired system as it should operate while 

in operation. The functional architecture is the intermediate model to transform the specified 

system requirements into a low-level, detailed behavioral architecture of the intended system. The 

proposed functional architecture is a generalized model so that it can be applied to other missions 

which use an identical force organization.  

In this research, as outlined in Figure 3.9, a multi-layered functional architecture model is 

developed considering the doctrinal command and control concept discussed in Section 3.1.1. It is 

important to note that the proposed architecture specifies only system-level functionalities and 

features of layers and modules, along with a standardized generic description of inputs and outputs. 

In other words, the proposed functional model serves as a generic template that defines the system-

level functionalities and relationships of its components. Therefore, by avoiding describing 

detailed algorithmic or implementation, this general architecture is not restricted to specific kinds 

of aerial platforms and hardware applications.  

The proposed system architecture mainly consists of five functional layers: physical, 

control, command, operation assessment, and human interaction layers. The physical layer 
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contains multiple real-world operational elements, as we discussed in the previous section, such 

as commander (HAU) at the high-altitude level, subordinates (LAU) at the low-altitude level, and 

QRF and headquarters (GCS) at the ground level.  

 

Figure 3.9: Multi-layered planning and control framework for the functional architecture 
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The control layer is responsible for controlling hardware components (e.g., flight control 

of UAV) in the physical layer by generating detailed behavior sequences. This layer consists of 

five modules: hardware interface, motion planning, motion control, information collection, and 

progress monitoring. The hardware interface for actuators and sensors acts as a medium between 

the control layer and the physical layer. After receiving the sensory data obtained by onboard 

sensors of hardware platforms, the hardware interface passes them to the information collection 

module for further processing. Among the received data, features to interpret characteristics of the 

AO (e.g., vision-based information) are extracted and sent to the coordination and command layer, 

while internal state data (e.g., GPS location, altitude, heading, and IMU data) used by the motion 

planning module. The motion planning module generates motion control strategies for hardware 

platforms to perform tasks assigned from the coordination and command layer. Examples of 

motion planning are path planning and formation planning. In order to generate effective and 

efficient motion strategies, it considers the current and desired state of hardware platforms, and 

environmental factors (e.g., geographical features). The motion planning result (e.g., set of 

waypoints) is compatible with the input of both the motion control module and the progress 

monitoring module. The motion control module uses combinations of proportional-integral-

derivative (PID) controllers that are configured to accept control orders about the desired value of 

a variable (e.g., altitude, position, and velocity) either in a single command or as a series of 

simultaneous commands that are translated to motion values that are accepted by the actuators in 

hardware platforms.  Examples of motion control algorithms are path following and target tracking. 

The information collection module continuously gathers various sensory data from sensors located 

on hardware platforms in the physical layers.  

The command layer encapsulates functions in terms of cooperative mission planning in 

order to ensure unity of efforts within all force elements. Through this layer, force elements can 
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negotiate with each other to obtain conflict-free task assignments. More specifically, this layer is 

responsible for decomposing the mission into a set of tasks and then distributing the decomposed 

tasks among force elements without conflicts. It contains four modules: situation awareness, 

operational phase management, mission decomposition, and coordinated task planning. The 

operational phase monitoring module is responsible for managing transitions between phases of 

operation based on situational awareness. Situational awareness is a function of interpreting the 

information provided by the higher command and information collection module in the control 

layer to create a valuable understanding of associated problems and current circumstances to be 

used in command processes. The inputs of this module can be operations plan (OPLAN) and target 

information given by the higher command, environment features of AO from the control layer, 

and operation assessment results from the operation assessment layer. It generates as output a 

mission to be achieved corresponding to the phase of operation. Once a mission is received, the 

mission decomposition module decomposes the mission into a set of tasks. The generated set of 

tasks transit to the coordinated task planning module as an input. The coordinated task planning 

module allocates the tasks among force elements using conflict resolution mechanisms such as 

market-based and optimization-based methods. After generating the conflict-free solution of task 

allocation, it issues an operation order (OPORD) to assign a specific task to a specific force 

element. 

The purpose of the operation assessment layer is to ensure the correct autonomous behavior 

of the whole system without interventions by human operators. This layer evaluates whether the 

system is properly making progress to accomplish the mission assigned and timely reacting in the 

presence of unexpected situations. This can help human operators to reduce the cognitive and 

operating load. This module consists of two modules: system operation monitoring and problem 

manager. The system operation monitoring module is used to autonomously assess the situation 
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of the system including the status of hardware platforms, sensory data, and environment.  

The main function of the human interaction layer is to supervise the overall situation via 

the common operational picture (COP). The supervision interface visualizes the operation progress 

on the screen. If any abnormality (e.g., unexpected changes in the operational environment, 

software errors, and hardware malfunctions) is detected from the interface, the human operator 

directly controls the multi-UAV system by generating required control commands. 

 

3.3.2 Behavioral Architecture Modeling 

The behavioral architecture model is the arrangement of operational element-level 

functions and their interactions (i.e., inputs and outputs) that defines action sequencings and 

control flows aligning with the functional architecture and the system requirements. The input for 

modeling behavioral architecture involves the set of system requirements and the generalized, 

system-level functions identified in the functional modeling process. Based on the system 

requirements, the system-level functions are decomposed into detailed, operational element-level 

functions.  

The element-level functions refer to specific individual actions performed by each force 

element. This means that interactions between force elements and sequences of such actions should 

be identified to realize intended system-level functions. Moreover, any decomposed functions 

must contribute to system-level efforts accomplishing the mission in accordance with military 

doctrinal perspective. 

In this sense, this study proposes a hierarchical behavior modeling framework to develop 

an applicable behavioral model for the desired multi-UAV system. The proposed modeling 

framework intends to formalize the behavioral architecture modeling process by incorporating 
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functional and design requirements (i.e., modularity, composability, flexibility). It can instantiate 

doctrinal concepts, including the U.S. Armyôs C2 philosophy and operations process, as a primary 

system design factor to facilitate reusability across various missions and to support mission 

planning in future military operating systems. Operational and system requirements can be driven 

by a mission as a higher-level goal.  

 

 Description of the Proposed Hierarchical Behavior Modeling Framework 

Figure 3.10 illustrates the conceptual design process of the proposed hierarchical behavior 

modeling with gradual breakdowns of system-level functions into lower-level functions. The 

framework shows how a mission is composed of modular, reusable multi-level templates of 

functions and sub-function. 

 

Figure 3.10: Conceptual design process of the proposed hierarchical behavior modeling. 

Based on the military doctrinal concepts and definitions, the following taxonomies and 

terms will be utilized during the behavioral architecture modeling: 
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 A mission is the overall objective assigned to the multi-UAV system. In this research, 

the single mission is considered as defined in Section 3.2.1: Search and Attack (S&A). 

A mission is the most abstract requirement of the system in the form of the desired end-

state of an operation. A mission is decomposed into four operation processes. 

 An operation process is a set of activities to organize and put command and control 

into action (Headquarters, Department of the Army, 2019e). There are four operation 

processes considered: Planning , Preparation , Execution , and 

Assessment . The operation process is mission-independent in that any can be 

adopted into any kind of mission with multiple UAVs. Each operation process is 

composed of one or more tactics. 

 A tactic is a high-level, abstract description of how all or parts of the force elements 

collaborate to accomplish a specific task. The set of tactics serves as a library of 

cooperative behaviors for the multi-UAV system. Tactics to be considered are 

Perimeter Monitoring , Recon , Encircling , and Sweeping . Each tactic 

is composed of one or more techniques. 

 A technique is a mid-level, detailed description of behaviors and maneuvers performed 

by member(s) within a specific force element. Techniques are the building blocks for 

tactics, and they can be used in combination to develop various tactics. Examples of 

techniques include Move to Aerial Position , Disperse , Hover , Bid , and 

Make Consensus . Each technique is defined and mapped to one or more procedures. 
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 A procedure is a low-level, highly detailed, and concrete algorithm for a recurrent task 

performed by software for executing a specific technique. Procedures act as the 

building blocks of techniques, and they derive data from the individual UAV such as 

heading direction, velocity, coordinates, altitude, and health status. 

The process of behavioral architecture modeling in this study focuses on the operational 

part of the architecture (operation processes, tactics, and techniques). Each of the operational parts 

is formalized with an activity diagram that allows the abstract functional architecture model to be 

converted into a concrete descriptive behavioral architecture model. Activity diagrams can 

represent behaviors of force elements in terms of the relationship between inputs and outputs and 

describe how force elementsô actions transform inputs into output. It is worthy to note that the 

terminology ñfunctionò or ñsub-functionò is used interchangeably with ñactivityò in activity 

diagrams. 

 

 Heuristics for Behavioral Architecture Modeling 

During the behavioral architecture modeling process, modeling heuristics are applied from 

Rodano and Giammarco (2013) for the model verification. The applied heuristics are categorized 

into two groups: Decomposition heuristics to ensure the systemôs feasibility and Requirements 

Traceability heuristics to satisfy the system requirements. In heuristics, A represents a set of 

activities (transforming inputs into outputs), P represents a set of performers (force elements in 

this study), and Q represents a set of requirements (functional requirements in this study). The 

predicate ( )icontext a  represents ia  as a context activity or the top-level activity in the system 

context (i.e., mission in this study).  
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Decomposition Heuristics: 

(H1) Every activity except a context activity shall have at least one parent. 

         ( ) ( ) ( ) ( , )i i j i ja A context a a A decomposes a aè ø" Í × ­ $ Íê ú 

(H2) No activity shall be decomposed by itself. 

         [ ]( ) ( , )a A decomposedby a a A" Í × Í  

(H3) Every performer shall perform at least one activity. 

         [ ]( )( ) ( , )p P a A performedby a p" Í $ Í  

Requirement Traceability Heuristics: 

(H4) Every activity shall be based on some requirement. 

         [ ]( )( ) ( , )a A q Q basedon a q" Í $ Í  

 

 Description of Behavioral Architecture Model 

3.3.2.3.1 Operations Processes Level 

The operations process represents a standard operational framework for organizing and 

putting command and control into actions to achieve a mission (Headquarters, Department of the 

Army, 2019e). It is a set of primary C2 activities performed during operations, regardless of what 

kind of mission is assigned. In other words, every mission follows the same pattern of operational 

processes: Planning , Preparation , Execution , and Assessment .   

Figure 3.11 illustrates the standardized operations process for a multi-UAV mission. The 

first three processes - Planning , Preparation , and Execution  - are carried out 

sequentially. On the other hand, the Assessment  process is performed in parallel with each of 

three processes, since it is a continuous activity of the operational process that supports decision-
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making by assessing the operation's state in order to refine plans and make the operation more 

effective. It is worth noting that each process is decomposed into its corresponding tactical and/or 

action components at the next lower level as indicated by the symbol ( ) at the right-bottom of 

activity nodes. 

 

Figure 3.11: Standard operations process. The symbol ( ) at the right-bottom of each activity node 

represents decompositions into its corresponding tactics and/or actions. 

¶ Planning  (O.1) process begins when the headquarters (GCS) receives an operations 

order (OPORD) to be prepared to execute a search and attack mission. In response to 

the order, the headquarters organizes force elements, including one commander (HAU) 

and an adequate number of subordinates (LAUs and QRF). Next, the headquarters 

develops a course of action, which includes the position and barrier size of the base 

station, and the search direction. At the end of the Planning process, an operations plan 

(OPLAN) is generated. Figure 3.12 shows the activity diagram of the planning 

operations process. 
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Figure 3.12: Activity diagram of Planning  operations process (O.1). 

¶ Preparation  (O.2) process begins when the commander receives OPLAN from the 

headquarters. After the commander loads the OPLAN into its system, the headquarters 

initiates the HAUôs preflight function in order to get ready to fly. Along the same way, 

the commander issues a fragmentary order (FRAGORD) to its subordinate UAVs (i.e., 

LAUs) to let them run their preflight functions. The Preparation process ends when all 

UAVs turn to flight-ready status. Figure 3.13 shows the activity diagram of this 

operations process. 

 

Figure 3.13: Activity diagram of Preparation  operations process (O.2). 



70 

 

¶ Execution  (O.3) process is the main process of putting an OPLAN into action by 

applying the force elements to accomplish the mission and adjusting its behaviors based 

on changes in the operational environment. The process commences when the HAU 

takes off to enter airspace over the AO and ends when one of LAUs detects the target 

and the QRF captures it. As shown in Figure 3.14, the execution process contains 4 

tactics: Perimeter Monitoring  (T.2), Reconnaissance  (T.3), 

Encircling  (T.4), and Sweeping  (T.5). 

 

Figure 3.14: Activity diagram of Execution  operations process (O.3). 

¶ Assessment  (O.4) process is an iterative process that ensures a correct behaviors of 

the force elements. This process evaluates whether the system is actually making 

progress to achieve its mission objective based on persistently collected status 

information from UAVs. when any abnormality is detected, the GCS generates a 

FRAGORD to adjust UAVsô motion plans. If any catastrophic abnormality, which the 

system in the GCS is not able to handle, is detected, the human operator intervenes to 

correct the system by generating direct control commands. Figure 3.15 shows the 

activity diagram of Assessment  operations process. 
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Figure 3.15: Activity diagram of Assessment  operations process (O.4). 

 

3.3.2.3.2 Tactics Level 

A tactic commands a group of UAVs to perform a specific task in a coordinated manner. 

Tactics are designed to be able to be applied to multiple missions at a sufficient level of abstraction. 

The mission considered in this research includes the following tactics, and a brief description of 

each tactic is presented along with techniques that compose it: 

¶ Ingress  (T.1) is the first inflight tactic including techniques Take - off  (C.1), 

Hover  (C.2), Activate Sensors  (C.3.1), and Register  (C.4). It is invoked by 

the ingress FRAGORD from the GCS. Based on the predefined altitude parameter 

(iniAltitude), UAVs vertically take off and hover at the altitude. After activating all the 

required sensors, each LAU constructs a neighbor matrix to recognize each other.  Al l 

the inflight activities are performed, the HAU generate and send a progress reports of 

the system by collecting system status reports from all LAUs. Figure 3.16 shows the 

activity diagram of this tactic. 
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Figure 3.16: Activity diagram of Ingress  tactic (T.1). 

¶ Perimeter Monitoring  (T.2) is used to provide continual surveillance of the area 

surrounding the main forceôs perimeter.  This tactic, invoked by the barrier FRAGORD, 

includes techniques Hover  (C.2), Activat e Sensors  (C.3.1), Deactivat e 

Sensors  (C.3.2), and Dispers e (C.5), as shown in Figure 3.17. 

 

Figure 3.17: Activity diagram of Perimeter  Monitoring  tactic (T.2). 
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¶ Reconnaissance  (T.3) is a cooperative reconnaissance using either traveling 

overwatch or bounding overwatch based on the possibility  of contact. If  contact 

probability (CP) is greater than 0 and less than threshold (ɕ), the team of LAUs uses 

the line formation for traveling overwatch. On the other hand, if  contact probability is 

greater than 0 and less than threshold (ɕ), the LAU team uses bounding overwatch by 

splitting itself into two groups (overwatch and bounding) and switching their roles by 

bounds. The reconnaissance tactic is composed of techniques Hover  (C.2), Move to 

Aerial Points  (C.4), Decompose Recon_A  (C.6.1), Bid  (C.8.1), and Make 

Consensus  (C.8.2), and Make Report  (C.9). Figure 3.18 shows the activity 

diagram of the reconnaissance tactic. This tactic starts with decomposing the 

operational phase to shape the initial formation of the reconnaissance, i.e., the HAU 

generates initial reconnoitering positions for LAUs. After that, LAUs initiate the 

cooperative task assignment procedure to allocate optimal positions to each LAU. 

When the initial reconnaissance formation is shaped, the HAU decides the proper 

reconnaissance type based on the information (i.e., CP) from the GCS. This tactic is 

autonomously repeated, but if the target is detected by one of LAUs or a preset is 

exceeded, the loop is broken, and the process of tactic is terminated. 
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Figure 3.18: Activity diagram of Reconnaissance  tactic (T.3). 

¶ Encircl ing  (T.4) builds a virtual barrier to fix the detected target. Triggering by the 

targetôs position (i.e., LSP), this tactic is composed of techniques Move to Aerial 

Points  (C.4), Decompose Encircling  (C.6.3), Generate Target 

Propagation  (C.7), Bid  (C.8.1), and Make Consensus  (C.8.2), as shown in 

Figure 3.19. 

 

Figure 3.19: Activity diagram of Encircling  tactic (T.4). 
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¶ Sweeping  (T.5) is coordinated movements of LAUs to close in on the LSP by 

selecting one of LAUs that make the greatest reduction of encircling boundary. This 

includes techniques Hover  (C.4), Move to Aerial Point  (C.4), and 

Decompose Sweeping  (C.6.4). See the activity diagram in Figure 3.20. 

 

Figure 3.20: Activity diagram of Sweeping  tactic (T.5). 

 

3.3.2.3.3 Techniques Level 

Techniques describe the behaviors and maneuvers of force elements, i.e., some techniques 

are designed for the commander (HAU), some are employed for the subordinates (LAUs and QRF), 

and others are utilized for multiple force elements. Combinations of techniques can create multiple 

tactics. Each technique is defined and mapped to one or more potential procedures. A technique, 

which only consists of a single procedure such as Take - off  and Hover , will be directly mapped 

to the potential procedure without having its sub-component. The proposed system architecture 

includes the following techniques: 
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¶ Take - off  (C.1) is a technique used for UAVs which are ready to fly, to enter the 

airspace over the area of operation at the predefined altitude. The technique Take -

off  consists of a single procedure. The required parameter is the initial taking off 

altitude (iniAltitude). 

¶ Hover  (C.2) is a technique that enables UAVs to stay at a specific aerial point. The 

technique Hover  consists of a single procedure and is used in all tactics, i.e., 

Ingress  (T.1), Perimeter Monitoring  (T.2), Reconnaissance  (T.3), 

Encircling  (T.4), and Sweeping  (T.5). 

¶ Activat e Senso rs  (C.3.1) is the default sensor setting that activates all non-

navigational sensors including the vision sensor to detect a target. After the UAV has 

been launched and reaches a specific altitude, the sensors are turned on just after 

technique Hover  (C.2). This technique consists of a single procedure used in tactics 

Ingress  (T.1) and Perimeter Monitoring (T.2).  

¶ Deactivat e Sensors  (C.3.2) is the default sensor setting that deactivates all non-

navigational sensors. The sensors are turned off before technique Move to Aerial 

Points  (C.5) in tactics Perimeter Monitoring (T.2) to avoid fault alarms by 

friendly forces in the base station.  

¶ Register  (C.4) is a technique to set communication networks with identification 

numbers (ID) among UAVs organized as members of the force elements in the 

Planning  operations process. This technique is implemented on a multicast 

transmission through two messages: Register Request and Register Response. Each 

message contains the message type, the senderôs ID, the TCP port, and the senderôs role 
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(i.e., HAU or LAU).  As shown in Figure 3.21, when one of UAVs receives a Register 

Request message, it updates its own peer matrix by adding the sender of the request. If 

the UAV did not send a request message to the sender, it sends the Register Request 

message to update the senderôs peer matrix. This technique is used at the end of the 

tactic Ingress  (T.1). 

 

Figure 3.21: Activity diagram of Register  technique (C.4). 

¶ Move to  Aerial  Point  (C.5) is a technique to transit to a specific aerial point. The 

technique is divided into two phases, the first one is a path planning to generate a travel 

route from the current position to the destination point with multiple waypoints using 

the global grid map as an input; and the second one is a motion control to generate 

actuator commands to control the actual motion of an UAV by retrieving the next 

waypoint in consecutive order from data storage. At every waypoint, the technique 

compares the planned position with the UAVôs current position, and when the deviation 

is larger than a threshold, it returns to the path planning phase and replans the route. 

Figure 3.22 details all the steps of Move to Aerial Point  technique, which is 

used in Reconnaissance  (T.3), Encircling  (T.4), and Sweeping  (T.5) tactics. 
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Figure 3.22: Activity diagram of Move to  Aerial  Point  technique (C.5). 

¶ Disperse  (C.6) is a technique to scatter and separate the LAUs autonomously after 

taking-off within a virtual cylindrical shape centered at the base station. Dispersing 

LAUs can provide continuous all-round security to the base station and main forces. 

The technique consists of a single procedure and requires two parameters, the center 

position (cenPosition) and the radius of perimeter (perRadius). It is used in 

Perimeter Monitoring  (T.2) tactic.  

¶ Decompose Reconnaissance  (C.7.1) is a technique used in the 

Reconnaissance  tactic (T.3) to designate a virtual leader of LAUs and to generate 

start points (SPs) for forming a reconnaissance formation. The formation is oriented 

toward the potential target position received from the GCS. The role of the virtual 
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leader is to determine a reference point for a virtual structure of the reconnaissance 

formation. The details of the virtual structure of the reconnaissance formation will be 

discussed in Chapter 4. The activity diagram of the Decompose Reconnaissance  

technique is shown in Figure 3.23. 

 

Figure 3.23: Activity diagram of Decompose Reconnaissance  technique (C.7.1). 

¶ Decompose Encircling  (C.7.2) is a technique to determine the appropriate aerial 

positions to encircle the target detected. First, an image of the search area is retrieved 

from the vision sensor to identify obstacles that affect the targetôs movements. 

Secondly, an encircling boundary is generated by running a target propagation model 

and an obstacle detection model, whose details will be discussed in Chapter 5. The 

generated encircling boundary is provided to an optimization model called the Aerial 

Terrain Guarding Problem with Visibility Chain (ATGP-VC) to find aerial positions to 

monitor all the terrain points on the encircling boundary. More details about ATGP-

VC problem will be tackled in Chapter 4. The technique, used in Encircling  tactic 

(T.4), is clarified in Figure 3.24 through a detailed activity diagram. 
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Figure 3.24: Activity diagram of Decompose Encircling  technique (C.7.2). 

¶ Decompose Sweeping  (C.7.3) is a technique to identify new positions of LAUs to 

shrink the encircling boundary toward the LSP. Figure 3.25 shows the activity diagram 

of the Decompose Sweeping  technique. The details on how to determine the proper 

LAUs and their new position moving in on the LSP will be discussed in Chapter 5. This 

technique is used in Sweeping  tactic (T.5).  

 

Figure 3.25: Activity diagram of Decompose Sweeping  technique (C.7.3). 
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¶ Assign Tasks  (C.8) is a technique used in Reconnaissance  (T.3) and 

Encircling  (T.4) tactics. It is designed to assign aerial positions to LAUs with the 

aim of minimizing the total travel cost from current positions to the destinations. The 

technique consists of iterations between two phases by adopting a decentralized task 

assignment mechanism called consensus-based auction algorithm (CBAA). The first 

phase is the auction process that each LAU chooses and shares an aerial point with the 

lowest traveling cost. The second phase is the consensus process used to assign aerial 

points to LAUs who bid the lowest costs. It is worth noting the assignment considers 

potential collisions among LAUs, i.e., the trajectories of LAUs toward the assigned 

aerial positions do not cross each other. More details on the task assignment will be 

discussed in Chapter 4. Figure 3.26 shows the process of the Assign Tasks  

technique. 

 

Figure 3.26: Activity diagram of Assign  Tasks  technique (C.8). 

¶ Recon Type_A  (C.9.1) is a technique to perform the traveling overmatch 

reconnaissance. At the beginning of the procedure, the designated leader LAU 

initializes the follower matrix and shares it with follower LAUs. The leader LAU 
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determines the reference aerial point based on the target's position from the HAU for 

the type A reconnaissance formation. The reference point for each follower is shared 

so that each of the individual aerial positions within the formation can be calculated. 

After finding aerial points within the formation, each LAU generates a set of waypoints 

to reach the point. The details on the formation shaping will be discussed in Chapter 4. 

If the target is detected by one of LAUs, the process of this technique is stopped 

immediately. Figure 3.27 shows the process of the Recon Type_A  technique. 

 

Figure 3.27: Activity diagram of Recon  Type_A  technique (C.9.1). 

¶ Recon Type_ B (C.9.2) is a technique to perform the bounding overmatch 

reconnaissance. The process of this technique is generally similar to the process of 

Recon Type_A , but the main difference is that follower LAUs are divided into two 

units to be bounding. Members of each unit are decided based on positions of LAUs 

registered in the follower matrix. One unit moves synchronously with the leader LAU, 

while the other moves alternatively with the leader. The details will be discussed in 

Chapter 4. Figure 3.28 presents the process of the Recon Type_ B technique. 
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Figure 3.28: Activity diagram of Recon  Type_B  technique (C.9.2). 

 

3.3.3 Verification of Developed Architecture Model 

 Verification on Transition from Functional Model to Behavioral Model 

The developed behavioral architecture model is verified based on whether modules in the 

functional architecture model are completely broken down into activities in the behavioral 

architecture model. As shown in Table 3.1, all the functional modules are considered and properly 

decomposed in the behavioral modules.  

Table 3.1: The result of transition from the functional model to behavioral model. 

Functional Layers Functional Modules Behavioral Modules 

Control Information Collection Activate Sensors (C.3.1) 

Recon Type_A (C.9.1) 

Recon Type_B (C.9.2) 

Sweeping (T.5) 

Progress Monitoring Assessment (O.4) 

Motion Planning Move to Aerial Point (C.5) 
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Command Operational Phase Management Execution (O.3) 

Assessment (O.4) 

Mission Decomposition Planning (O.2) 

Disperse (C.6) 

Decompose Reconnaissance (C.7.1) 

Decompose Encircling (C.7.2) 

Decompose Sweeping (C.7.3) 

Coordinated Task Planning Register (C.4) 

Assign Task (C.8) 

Operation Assessment  System Operation Monitoring Execution (O.3) 

Assessment (O.4) 

Problem Manager Assessment (O.4) 

Human Interaction Supervision Interface Assessment (O.4) 

Commanding Interface Assessment (O.4) 

 

 Verification on Application of Modeling Heuristics 

The developed behavioral architecture model is verified against the modeling heuristics in 

Section 3.3.2.2. The following shows that the model fulfills  all the considered heuristics. 

¶ (H1) Based on the hierarchical design concept for the modeling architecture, each level 

below mission (i.e., operations process, tactic, technique, and procedure) essentially 

has at least one parent so that the developed behavioral models are constructed to have 

at least one parent except mission which is designated as a context activity. Figure 3.29 

shows the example of the parent-child relationship between levels based on the 

hierarchical design concept. 
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Figure 3.29: An example of the parent-child relationship between levels. 

¶ (H2) Every activity element in the model is decomposed into lower-level activities, i.e., 

the behavioral architecture model complies with this heuristic. Figure 3.30 presents the 

allocation matrix linking tactics (parent) and techniques. This matrix shows that all 

tactics are decomposed into a unique and distinguished set of lower-level activities. 

 

Figure 3.30: Tactic-Technique allocations matrix. 
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¶ (H3) Every performer (i.e., force elements) perform at least one activity as depicted in 

Figure 3.31 which reorganizes all activities into abstracted activity sets by performers.  

 

Figure 3.31: Abstract activities sets reorganized by force elements. 

 

3.4 Step 3: Validation using HITL Testbed 

It is challenging and costly to test and validate the performance of multi-UAV systems as 

the scale of the system increases. It is possible to conduct experiments using computer simulation 

without hardware components; however, the reliability and accuracy of the results are limited due 

to misleading assumptions and an absence of real-world environments. Without a comprehensive 

solution, the developed system may not translate well to real-world implementation. On the other 

hand, involving the fully assembled hardware components in the test loops might ensure the quality 

of testing, but it might cause high costs and significant risk if the developed system is defective or 

required further modifications. In this sense, a hardware-in-the-loop (HITL) simulation is a great 

alternative approach to move the complexity of the developed control system into a testbed 

platform and make the system believe that it is interacting with actual hardware components. 

HITL is a form of real-time simulation with the addition of a real component in the loop 

(Kleijn, 2014) which allows developers to test the performance of real hardware and collect data 
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without taking the risk of losing any real vehicles (Chandhrasekaran and Choi, 2010). When 

developing resource-intensive behaviors of multi-vehicles, it is critical to remember that simulated 

components without actual hardware in the simulation loop may perform differently from the 

actual components due to assumptions about the hardware. HITL simulation has historically been 

used to develop and test complex and costly systems such as military combat vehicles, satellites, 

and spacecraft. In particular, HITL approaches can be useful when developing military systems 

since creating combat environments in the real world is difficult or sometimes impossible. Also, 

since military systems are usually much more expensive than corresponding commercial systems, 

cost-effectiveness, one of the advantages of employing HITL approaches, is an important criterion 

that should be considered during the military research and development (R&D) process.  

In this study, to demonstrate and validate the system, a HITL simulation is designed and 

constructed as a testbed by integrating disparate system elements developed in Step 2. The testbed 

consists of various types of resources as shown in Figure 3.32. First of all, there are four different 

types of UAVs in the simulation model: comp-LAU, semi-LAU, sim-HAU, and sim-LAUs.  

¶ comp-LAU is the completely assembled UAV with every required hardware and 

software component.  

¶ semi-LAU is almost the same UAV with comp-LAU, but parts of the actual airframe are 

replaced with a simulated UAV in a flight dynamics simulator. 

¶ sim-HAU and sim-LAUs are fully  simulated UAVs without any hardware components. 

Those UAVs only exist in the main simulator. 

The next resource of the testbed is the main simulator, containing every operational 

element, including UAVs, environmental elements, and the target. During the simulation runs, the 

main simulator collects real-time information of comp-LAU and semi-LAU, such as geolocations 
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and altitude, so that LAUs equipped with hardware components can be mirrored into the simulated 

environment. Ground control station (GCS) monitors the status and progress of comp-LAU and 

semi-LAU using an operatorôs computer and manually controls if required. During the simulation, 

information exchange and interactions between resources are realized through two types of 

communication services: wireless networking and radio link. The details on each component will 

be discussed in Chapter 6. 

 

Figure 3.32: Resource structure of the developed HITL simulation. 

As HITL simulation runs its commands on real hardware components, it can evaluate the 

developed system that cannot be tested easily and verify the system performance in realistic 

scenarios.  
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3.5 Summary 

This chapter began by describing the iterative systems engineering process that consists of 

four steps: (1) concept definition, (2) model development, (3) validation, and (4) implementation. 

Applying the engineering process to the search and attack operation, the detailed architecture 

model was developed in the second step. The behavioral architecture model, decomposing 

functional modules figured in the functional architecture model, has a hierarchical modeling 

structure that starts with the mission in order to realize the mission-oriented feature. Finally, the 

scheme of validation method using the HITL testbed was described. Chapter 4 will tackle 

cooperative task planning problems identified in the behavioral modeling. 
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CHAPTER 4 

4. COOPERATIVE TASK PLANNING PROBLEMS 

 

This chapter discusses cooperative task planning problems utilized in the behavioral 

architecture model. Firstly, the description of the terrain (geographical environment), where the 

search and attack operation is conducted, and the concept of terrain visibility is provided. Secondly, 

two task decomposition problems, determining the aerial position of LAUs in the reconnaissance 

formations and the target encirclement, are examined thoroughly. Lastly, the cooperative task 

assignment problem with collision mitigation is discussed. 

 

4.1 Preliminaries 

4.1.1 Description of Operational Area: Geographical Environment 

A Digital Elevation Model (DEM) is a well-known digital and mathematical approximation 

to represent a surface of real-world terrain (Li  et al., 2004). The widely applied approximation 

methodologies are Regular Square Grid (RSG, Figure 4.1 (a)) and Triangulated Irregular Network 

(TIN, Figure 4.1(b)) (De Floriani & Magillo, 2003). In the TIN model, a terrain is described as a 

finite set of points (i.e., nodes) in a two-dimensional plane, and each terrain point in the set is 

associated with a height value (Van Kreveld, 1996). There are arguments for which approximation 

is better to represent a real-world terrain. However, the accuracy of calculation on visibility is 

largely influenced by critical terrain points (e.g., pits and peaks). Since terrain constructions in 

TIN use irregular sampling of terrain points, the critical points are usually selected for 

approximation (Goodchild & Lee, 1989), and a group of triangles in TIN terrain can be merged into 

a larger triangle to achieve efficiency of storage, TIN can be a better option in this study. 
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(a) (b) 

Figure 4.1: Digital Elevation Model. (a) Regular Square Grid. (b) Triangulated Irregular Network. 

(Church, 2002) 

Let 3
Í  be the surface of a real-world terrain and { }1

,...,
n

p p= Ë  be a set of 

sampled terrain points positioned in a 3-dimensional (3D) coordinate system with known x 

(longitude), y (latitude) and z (elevation). It is assumed that the terrain points in  are well 

sampled to represent  sufficiently. Let { }1
Ĕ Ĕ Ĕ, ...,

n
p p=  be a set of points that represents the 

projection of points in  onto the Euclidean x-y plane. A DEM , which is an approximation of 

, is represented by a function defined over a convex hull  of points in Ĕ, i.e., :f
+

­ , 

such that ( ) ( )Ĕ
i i

f p z p=  where 1,...,i n= . Then the terrain  can be represented as a 2.5-

dimensional (2.5D) terrain: { }( , , ) : ( , ), ( , )x y z z f x y x y= = Í  (see  Figure 4.2(a)).  

A 1.5-dimensional (1.5D) terrain, which is the cross-section of a 2.5D terrain by a plane, 

is characterized by a piecewise linear function (also referred to as a monotone polygonal chain). 

Let ( )y k=   be the cross-section of the 2.5D terrain  by the plane y k=  , then 

( ) ( ) ( ){ }, , : , ,y k x y z y k z f x k= = = = . A 1.5D terrain is an x-monotone polygonal chain, which 

consists of a set of vertices and a set of edges as shown in Figure 4.2(b).  
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(a) (b) (c) 

Figure 4.2: Terrain representations. (a) Real terrain representation of Sasabe, AZ, US. (b) 2.5-

dimensional terrain (TIN). (c) 1.5-dimensional terrain, cross-sectioned by the plane y k= . 

 

4.1.2 Terrain Visibility 

Visibility, which is often used interchangeably with observation, describes the condition of 

terrain that permits a force to see objects on a particular area and key aspects of the environment 

(Headquarters, Department of the Army, 2019b). There are typically limitations on visibility in 

natural terrain caused by localized, relative, and variations in elevation. In the Illustrative example 

in Figure 4.3, an observer at Position A can see over the slope to Position B but cannot see up to 

Position D or see down to Position C due to the ridgeline and the valley. The white parts on the 

terrain represent the visible area from Position A, while the grey-colored parts represent the space 

where the observer cannot see, i.e., an invisible area. 

In search and attack operations, visibility on terrain is a critical consideration since a 

searcher should be able to be sure that all terrain points of the search area, where he/she has been 

passed, were under observation. Moreover, in the fixing phase of the considering operation, the 

LAUs must form a complete encirclement in order to detect a target trying to cross it. Therefore, 

a fully  connected visibility  from aerial observation points, which will be called as visibility chain 

later, must be guaranteed when a group of LAUs encircles the target by shaping a virtual fence. 
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Figure 4.3: Military aspects of visibility example. The white area represents a visible part, while 

the gray-colored area represents dead space. (Headquarters, Department of the Army, 2019b) 

 

 Notion and Definitions 

Let 6 be the set of viewpoint in the air (aerial points), I be the set of terrain points, and ; 

be the set of points under the terrain surface (i.e., points belowI). Then the environment L can 

be defined as the union of6, I, and ;, i.e., = Ç Ç . Consider a line segment 

( ) ( ) [ ]{ }, : : 0,1a p a a pl l= + - Í  that connects an aerial point aÍ  and a terrain point pÍ . 

Visibility is then defined as follows:  

Definition 4.1 (Visibility): We say a terrain point pÍ  is visible from an aerial point aÍ , or 

a sees p, or a ~ p, if any other points in  do not intersect ( ),a p  except the end point p, i.e., 

( ) {},a p pÆ = . Equivalently,  a ~ p if and only if ap is nowhere belowI. 
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It is worth noting that the definition of visibility is symmetric. That is, if a ~ p, then p ~ a. 

From Definition 4.1, the visibility function is defined as follows: 

( ) ( )
1, if ~

, ,
0, otherwise

a p
v a p v p a

ë
= =ì

í
 Eq. (4.1) 

With the visibility function defined, ()a  is the visible region of aÍ  on terrain I  

with () ( ){ }: | , 1a p v a p= Í =. For a set of aerial points Ë , () denotes the union of 

visible regions, i.e., () ():
a

a
Í

= .  

Let ()a be the orthogonal projection of a point aÍ  onto I and () be a 

collection of orthogonal projections of points in Ë . Let 
1 2,a a be a connected series of (either 

straight or curved) line segments whose end points are 1a and 2a  in 6 with no intersections among 

line segments, i.e., 
1 2,a a is a monotone polygonal chain connecting 1a  and 2a . Then the visibility 

chain is defined as follows:  

Definition 4.2 (Visibility Chain): For two aerial points a1 and a2 in , we say that a1 and a2 form 

the visibility chain if there exist 
1 2,a a  where ( ) () ()

1 2, 1 2a aT
a aË Ç .  

Let function ( )x q  and ( )y q  represent the value of point x- and y-coordinate of a any point 

qÍ  respectively. Then, for any two points 1q  and 2q , we denote 21
q q<  if 1q  is left to 2q , i.e., 

21
( ) ( )x q x q< . If 1a  and 2a  have an identical visibility range, which is a square shape with a side 

length of D , the condition of the visibility chain can be simplified as () ()1 2

2
2

Dx a x a- ¢ Ø 

() ()1 2

2
2

Dy a y a- ¢ . The definition of the visibility chain can be extended to the visibility 

chain set as follows:  
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Definition 4.3 (Visibility Chain Set): Let us assume that all elements in { }1 2
, , ...,

n
a a a=  are 

ordered by a certain condition. We say that any ordered set of three or more aerial points Ë  

is the visibility chain set, if all pairs of two consecutive aerial points in < form the visibility chain. 

If all aerial points in < are ordered by x-coordinates and have an identical visibility region, which 

is a square shape with the side length of D, the visibility chain set is presented as 

{ }1 1 1

2 2, ..., | ( ) ( ) , ( ) ( ) ,12 2n i i i i

D Da a x a x a y a y a i n
+ +

= Í - ¢ - ¢ ¢ ¢. 

Additionally, if two endpoints in an ordered < are identical, or they form a visibility chain, 

we say < is the closed visibility chain set.  

Definition 4.4. (Complete Coverage): We say that a set of aerial points { }1 2
, , ...,

n
a a a=  form a 

complete coverage over a (straight or curved) line 7, if there is a line connects all the centers of 

UAV footprints, and every point on 7 is within at least one UAVôs coverage. If  is a closed 

polygonal chain and all the points in < form a complete coverage over 7, then < is a visibility 

chain set.  

Figure 4.4 illustrates the definitions defined above. In the figure, the blue-colored dots 

represent the orthogonal projection of a point aÍ  onto I. ()a , the yellow-colored squares 

are the visibility regions, and the red-colored lines are polygonal chains connecting two orthogonal 

projections. In Figure 4.4(a), the three pairs of aerial points, ( )1 2
,a a , ( )2 3

,a a , and ( )3 4
,a a , form 

the visibility chain; thus we can say<, which is ordered by an index of elements, is the visibility 

chain set. However, the first and the last elements (i.e., a1 and a4) do not form the visibility chain. 

Therefore, < in Figure 4.4(a) is not the closed visibility set. On the contrary, < in Figure 4.4(b) is 

the closed visibility set, since a1 and a4 form the visibility chain. In Figure 4.4(c), all 8 points in 

the visibility chain set < form the complete coverage over the curved polygonal 7.  
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(a) (b) (c) 

Figure 4.4: Illustrations of the visibility chain and complete coverage. (a) < is the visibility chain 

set but not the closed visibility chain set because a1 and a4 do not form the visibility chain. (b) < is 

the closed visibility chain set. (c) The closed visibility chain set < achieves complete coverage over 

the curved polygonal chain . 

From the notations and definitions defined above, we can say that forming the virtual fence 

is a matter of finding the closed visibility chain set<, which provides complete coverage over the 

boundary of search area7. Since aerial points in < represent the positions for LAUs, the cardinality 

of < should be minimized. This problem can be formalized as follows: 

Minimize  Eq. (4.2) 

Subject to    [ ]1

2
( ) ( ) , 1, 1

2
i i

D
x a x a i n+- ¢ " Í - Eq. (4.3) 

 [ ]1

2
( ) ( ) , 1, 1

2
i i

D
y a y a i n+- ¢ " Í - Eq. (4.4) 

 (),p pÍ " Í Eq. (4.5) 
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Although the virtual fencing problem is formalized as above, it is challenging to determine 

whether the aerial positions of LAUs successfully form the complete coverage over encircling 

boundary7. It is especially difficult to find the set of visibility regions of aÍ  (i.e., ()a ) 

over the 2.5D terrain. In the sensor placement problem with a limited sensing range, which is the 

similar type with the proposed problem, is proved as NP-complete even on a 2D planar 

environment (Ai  & Abouzeid, 2006). Therefore, it is necessary to manipulate the problem into a 

tractable form by transforming the 2.5D terrain into an artificial 1.5D terrain.  

 

4.2 Shaping Reconnaissance Formation 

As discussed in Chapter 3, two types of formations, traveling overwatch (Type A) and 

bounding overwatch (Type B), are utilized during the reconnaissance phase. The selection of a 

formation is based on the likelihood of the target and the need for speed. Figure 4.5 graphically 

illustrates two types of reconnaissance formations. 

  

(a) (b) 

Figure 4.5: Two types of reconnaissance formation. (a) traveling overwatch formation.  

(b) bounding overwatch formation. 
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When the contact is possible but not imminent, the group of LAUs as the reconnaissance 

force moves toward target in the traveling overwatch formation. As shown in Figure 4.5(a), the 

reconnaissance force forms in line by placing each LAU at equal intervals. With this formation, 

the reconnaissance force maintains relative positions with each other while moving simultaneously 

toward the potential target position, which is informed from the higher command. If the 

reconnaissance force recognizes that contact is expected based on information from the higher 

command, then the formation is autonomously switched to the bounding overwatch. In this 

formation, the reconnaissance force is divided into two units; call them Unit 1 and Unit 2. Role of 

one group is overwatching and role of the other is bounding. As shown in Figure 4.5(b), while one 

unit overwatches staying at the current position, the other unit cooperatively moves forward in line 

formation. When the bounding unit reaches a pre-defined overwatch position, two units change 

their roles, i.e., the first unit advances past the second unit and takes up a new overwatch position. 

This sequence continues with only one unit moving at a time.  

 

 Virtual Structure of LAUs Formation 

The success of reconnaissance in finding the target depends on the control strategy to 

maintain the desired shape of formation during the operation. The widely used formation control 

methods for multi-UAV systems include the leader-follower method and the virtual structure 

method. (Do et al., 2021). In the leader-follower method, the nominated leader is responsible to 

follow a pre-defined path, while the followers follow the leader within a specific relative distance. 

Due to its simplicity and scalability, this method has been widely used in a variety of applications 

(Roldão, 2014). The disadvantage of this method is that failure of the leader will result in the 

failure of the entire formation. In the virtual structure method, which is firstly introduced by Tan 

& Lewis (2014), the formation shape is treated as a virtual rigid body. The desired positions of 
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UAVs are defined as different reference points on the rigid body. As long as UAVs track the 

corresponding reference points on the virtual structure, the formation can be formed and 

continuously maintained (Askari et al., 2015). Since the formation is considered as a whole, the 

overall movement of the formation can be easily specified, and the motion control can be 

simplified. However, this method requires precise position tracking and synchronization, so that it 

is vulnerable from external disturbances. Also, it needs high quality of communication to compute 

desired positions.  

Since both formation control methods have their own advantages and disadvantages, this 

study combines them to offset weaknesses of each methods. Similar to research on the virtual 

structure method, the reconnaissance formation is regarded as a virtual rigid body. Also, similar to 

the scheme of shaping formation in leader-follower method, a leader is appointed as a reference 

point for each UAV in the formation. The position of each UAV on the virtual formation structure 

is defined in a reference frame, F, whose origin is located at the leader's position and y-axis is 

always aligned on the virtual line connecting the location of base station ( F

baseP ) and the potential 

location of target (
F

potP ). Figure 4.6 represents the virtual structure and desired positions of LAUs 

in the reference frame F.  

Assuming that there is a moving reference point ( F

leadP ), which flies along the straight line 

connecting F

baseP  and 
F

potP  (
F F

posbaseP P ). Then the formation coordinate system can be defined with 

the reference point F

leadP  as the origin. Since y-axis of the coordinate system (Fy ) is fixed to 

F F
posbaseP P , x-axis ( Fx ) is perpendicular to Fy  in the horizontal plane. There are two chains of 

LAUs branched out on both the left- and right-sides of the leader. In this formation structure, the 

virtual positions for LAUs in the formation coordinate system F are defined as following: 

( ) ( ), ,, , ,0
T T

F F F

L k L k

F
L k x y k x= = - ÖDP ,    ( ) ( ), ,, , ,0

T T
F F F

R k R k

F
R k x y k x= = ÖDP  Eq. (4.6) 
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where index k represents the order of virtual positions for LAUs in the left-side chain (L) or the 

right-side chain (R) with respect to the F

leadP , xD is the identical distance between LAUs in Fx . 

  

Figure 4.6: Illustration of virtual structure in the reference frame F whose y-axis is aligned on the 

line connecting the base station and targetôs location. The blue-colored circles represent the 

reference points of the virtual leader, and the green-colored circles represent the followerôs 

positions regarding the corresponding reference point. 

As it is assumed that all LAUs fly at a pre-determined fixed altitude from the ground 

surface, the size of the sensor coverage area from any LAU to the ground surface are identical. Let 

the shape of the coverage area be a square with a length D of each side. To ensure effective 
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reconnaissance, coverage areas from any of the two LAUs should overlap so that the target could 

not sneak between them without detection. Let overlapl  be a pre-defined amount of overlap between 

two adjacent coverage areas (see on the right of Figure 4.6). The fixed distancing between virtual 

positions, xD , can be determined as below: 

2 overlapx D lD = -  Eq. (4.7) 

Let yD  be the fixed distancing between two consecutive reference points for leader LAU 

in the direction of reconnaissance toward 
F

potP . Then, for the sake of simplicity, it is assumed that 

two consecutive coverage areas of each LAUs have the same amount of overlap, i.e., 

2 overlapy x D lD =D = - . 

 

 Formation Control 

In case of any formation considered (i.e., traveling overwatch and bounding overwatch), 

the leader LAUôs trajectory should be headed toward the potential target position 
F
posP . In other 

words, the leaderôs trajectory should be guided by 
F F

posbaseP P . Therefore, with the formation 

coordinate system, leaderôs waypoints toward during reconnaissance should be generated on the 

Fy . In this sense, the proposed virtual structure-based formation control is composed of four main 

steps: (1) VS alignment, (2) VS update, (3) generating new positions, and (4) synchronized 

movement. Figure 4.7 shows the control scheme for the traveling overwatch reconnaissance using 

the four main steps. 

As the first step, the y-axis of the virtual formation structure (VS) is aligned in 
F F

posbaseP P . 

This step ensures to keep the leader LAU heading toward the 
F
posP . As shown in Figure 4.7(a), y-

axis of the VS lies on 
F F

posbaseP P  , and positions of LAUs are uniformly placed with a specific 
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interval (i.e., xD ) on x-axis which is perpendicular to y-axis. The second step is to update the 

virtual leaderôs position and generate new VS in the direction of 
F
posP . By increasing the virtual 

leader's reference point by yD  in F and designating the updated reference point as the origin of 

the new VS, the update is completed (see Figure 4.7(b)). The third step is to generate new positions 

for follower LAUs on the new VS. Each position on the new VS is calculated by multiplying xD  

(or x-D) by its order from the new reference point, as depicted in Figure 4.7(c). The last step is 

that actual LAUs move to their respective positions in the new VS (see Figure 4.7(d)).  

  
(a) (b) 

  
(c) (d) 

Figure 4.7: Proposed virtual structure-based formation control scheme for the traveling overwatch 

reconnaissance formation. (a) step 1: VS alignment. (b) step 2: VS update. (c) step 3: generating 

new positions. (d) step 4: synchronized movement. 
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In this way, a set of reference points of  the virtual leader in the reference frame F during 

the traveling overwatch, F

lead
P , can be defined as { }(0), (1), , ( ),

F F F F F

lead lead lead lead pot
sP =P P P P  where 

F

pot
ys y= D  and ( )( ) 0 ,

F F

lead
s s y= ÖDP . Then, the tth virtual positions of kth left- and right-side of the 

tth virtual leader position in F are defined as ( ), ( ) ,
TF

L k t k x t y= - ÖD ÖDP  and ( ), ( ) ,
TF

R k t k x t y= ÖD ÖDP . 

In addition, sets of positions for left- and right-side follower LAUs can be described as 

{ }, , , , , _(0), (1), , ( ),F F F F F

L k L k L k L k L k potsP =P P P P  and { }, , , , , _(0), (1), , ( ),F F F F F

R k R k R k R k R k potsP =P P P P where 

( )_ ,F F F
Lk pot pot potx k x y= - ÖDP  and ( )_ ,F F F

Lk pot pot potx k x y= + ÖDP . 

Formation control to perform the bounding overwatch reconnaissance uses four main steps 

similar to the control for the traveling overwatch. The difference from the traveling overwatch is 

to construct two VS for moving by bounds, i.e., One VS is always halted in current position to 

overwatch while the other VS moves towards the potential target position 
F
posP . Figure 4.8 shows 

the control scheme for the traveling overwatch reconnaissance using the four main steps. 

The formation control for the bounding overwatch begins with constructing two 

independent VSs. The first VS (VS1 in Figure 4.8) consists of the leader LAU and 2kth follower 

LAUs in both left- and right-side chains of the reference frame F. The second VS (VS2 in Figure 

4.8) only contains follower LAUs that are placed on (2k-1)th positions in both left- and right-side 

chains of the reference frame F. Then, as the first step, the y-axis of both VSs is aligned in 

F F
posbaseP P  (see Figure 4.8(a)). In both VSs, the fixed distance between every two neighboring 

LAUs can be defined as 2 xD . 

In the second step, the VS, which is closer to F
baseP  than the other, is updated. Although 

leader LAU belongs only to VS1, the updates of both VSs are occurred based on the virtual leaderôs 

position as the reference point. If it is the VS1ôs turn to move, the virtual leaderôs reference point 

is increased by 2 yD , and the updated reference point is designated as the new origin of the VS1. 
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(a) (b) 

  
(c)     (d) 

Figure 4.8: Proposed virtual structure-based formation control scheme for the bounding overwatch 

reconnaissance formation. Similar to the control scheme of traveling overwatch reconnaissance, 

but it uses two VSs (VS1 and VS2) for moving by bounds. 

On the other hand, if it is VS2ôs turn to move, the virtual leaderôs reference point is increased 

by yD , and the updated reference point is designated as the new origin of the VS2 (see Figure 

4.8(b)). In the third step, new positions of follower LAUs on the new VS is generated. For the VS1, 

each position is calculated by multiplying 2k xÖD (or 2k x- ÖD). On the other hand for the VS2, 

each position is calculated by multiplying 2 xD  (or 2 x- D) as shown in see Figure 4.8(b)). In the 

last step, actual LAUs move to their respective positions in the new VS (see Figure 4.8(d)).  
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In this way, a set of reference points for the VS1 in the reference frame F during the 

bounding overwatch, 
1 _

F

VS lead
P , can be defined as { }

1 1 1 1_ _ _ _(0), (2), , (2 ),
F F F F F

VS lead VS lead VS lead VS lead pot
sP =P P P P  

where { }1, 2, ,
F

pot
ys yÍ D  and ( )

1 _ (2 ) 0 , 2
F F

VS lead
s s y= ÖDP . Then, the tth virtual positions of kth left- 

and right-side of the sth virtual leader position in F are defined as ( )
1 _ , ( ) 2 ,2

TF

VS L k t k x t y= - ÖD DP  and 

( )
1 _ , ( ) 2 ,2

TF
VS R k t k x t y= ÖD ÖDP .  

On the other hand, a set of reference points for the VS2, 
2_

F

lead VS
P , can be defined as 

{ }
2 2 2 2_ _ _ _(1), (3), , (2 1),

F F F F F

VS lead VS lead VS lead VS lead pot
sP = -P P P P  where { }1, 2, ,

F

pot
ys yÍ D  and 

( )
1_
(2 1) 0 , (2 1)

F F

lead VS
s s y- = - ÖDP . Then, the tth virtual positions of kth left- and right-side of the sth 

virtual leader position in F are defined as ( )
2 _ , ( ) (2 1) , (2 1)

TF

VS L k t k x t y= - - D - DP  and 

( )
1 _ , ( ) (2 1) ,(2 1)

TF
VS R k t k x t y= - D - DP .  

 

4.3 Shaping Encirclement 

4.3.1 Encircling Boundary 

The encircling boundary can be set depending on the speed of the target and the expected 

completion time for deployment over the boundary. In the problem of searching for an evasive 

target, it is practically assumed that the target instantaneously departs from the LSP to maximize 

its distance from the searchers. Also, the target can move in any direction from the LSP to evade 

a searcher, so that it is difficult to achieve an exact prediction of the targetôs trajectories. Therefore, 

we will use two worst-case scenarios to set the encircling boundary:  

¶ Intuitively, the speed of a human target should have an upper limit. If there is no prior 

knowledge, it is conservatively assumed that the target moves at the worst-case (fastest) 

bounded speed. That is, the average speed of a human within a planar environment, 

without considering the effects of terrain features (e.g., variable slope, roughness). 



106 

 

Empirically, the top speed of a human target within a planar environment is 10mph 

(4.5m/s)  (Dille, 2013).  

¶ The target travels in a straight line radially outward from the LSP. 

With these two conservative assumptions on the speed and the direction of movement, 

Euclidean distance rings are used to determine the encircling boundary. A Euclidean distance ring 

is an imaginary circle centered at the LSP, whose radius is determined by the multiplication of 

speed and time. The ring that will contain the target is dependent on the expected completion time 

for deployment over the boundary. Let kt t=  be the expected deployment time and s be the 

targetôs speed. Then the distance ring with the radius of kr s t= Öis taken as the encircling boundary, 

and the boundary demarcates the contaminated (i.e., inside of the ring) and cleared area (i.e., inside 

of the ring). Figure 4.9 illustrates how to draw and set the encircling boundary with the 

conservative assumptions.  

 

Figure 4.9: Encircling boundary set using conservative assumptions. 
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As previously mentioned, the proposed problem is to find the set of aerial points, in which 

all the terrain points on the encircling boundary are visible from at least one of the aerial points. 

In other words, only the terrain points on the encircling boundary are of interest, as we need them 

to find the closed visibility chain set providing the complete coverage over those terrain points. In 

this context, the concept of terrain transformation is to generate an artificial 1.5D terrain, which 

consists of only terrain points on the encircling boundary. Let us imagine that the 2.5D terrain is 

cross-sectioned along with the encircling boundary and straightened.  

The cross-section of 2.5D terrain using a Cartesian coordinate system can be acquired by 

removing one of the dimensions, i.e., one of the x- or y- coordinates should be scalarized or made 

a simple form of the function. With the circular (or arbitrary) shape of the encircling boundary, 

however, it is difficult to directly find the cross-section for generating the 1.5D terrain. Therefore, 

rather than using a Cartesian coordinate system, a cylindrical coordinate system, which is centered 

at the LSP, is used in this study to represent the terrain. The 2.5D terrain in the Cartesian coordinate 

system is { }( , , ) : ( , ), ( , )x y z z f x y x y= = Í . Let us denote the LSP in terrain  as LSP . Then 

the terrain in the cylindrical coordinate system centered at LSP  can be represented as follows:  

( ) ( ) ( ) [ ){ }, , : , , 0,2LSP z z hr f r f f p= = Í  

where r is the radial distance (i.e., radius from LSP ), f is the azimuth whose reference 

direction is the x-axis in the Cartesian coordinate system, and ( ) ( ), cos , sinh fr f r f r f= .  

Let assume that the encircling boundary is the circular shape with search radius r. Then, 

all terrain points on the boundary are at an equal distance (i.e., search radius) from the LSP. Among 

all terrain points on the boundary, let us take some samples at a regular interval. The regular 

interval for sampling can be defined as the angular interval from the fixed center (i.e., LSP). Let 
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this angular interval be fD  and the number of samples be n. Then, as shown in Figure 4.10(a), the 

polygonal chain, which consists of the sampled points and their connecting lines, can substitute 

for the original encircling boundary . The smaller the value offD , the closer the polygonal chain 

will be to the original shape of the encircling boundary.  

 
 

(a) (b) 

Figure 4.10: Terrain transformation. (a) Terrain points sampled from the encircling boundary on a 

2.5D terrain. (b) Transformed 1.5D terrain with rr= and 30n= . 

With a fixed radius (i.e., r) and the regular interval fD , the 1.5D terrain, which is the 

circular cross-section along with the encircling boundary, can be represented as follows:  

( ) ( ) ( )
2 ( 1)

, , , :1 , , ,i i i i i

i
r n LSP z i n z h r

n

p
f f f

-ë û
= ¢ ¢ = =ì ü
í ý

 

As shown in Figure 4.10(b), a 1.5D terrain ( ), ,r n LSP , abbreviated as n , is a ‰-

monotone polygonal chain that consists of a set of n vertices and a set of 1n-  edges. A vertex is 

a point where differing slopes meet. Let denote ( ){}
1

nn

i i
V v

=
=  as a set of vertices in n  ordered 

by increasing ‰, i.e., the leftmost end point is the first vertex (1v ), and the rightmost end point is 

the last ( nv ). Since each sampling point turns to a vertex, the total number of vertices is the same 

as the number of sampling points, i.e., ( )nV n= . Let an edge be a line segment between two 
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consecutive vertices, i.e., an edge ie  is the line segment between iv  and 1iv+  where 

1,2,..., 1i n= -. Let us denote a set of edges in n  as ( ){}1

1

nn

i i
E e

-

=
=  with 1i i ie v v+= . Similar to 

the functions ()x q  and ()y q , defined in the previous chapter, we denote ()qf  and ()z q  as 

functions to represent the ‰ and z values of any point q.  

Then the left- and right-visible region of aÍ  on terrain n  can be respectively defined 

as: () ( ) () (){ }| , 1,n

left n
a p v a p p af f= Í = <  and ( ) () (){ }( ) | , 1,n

right n
a p v a p a pf f= Í = < . 

 

4.3.2 Visibility Constrains 

Since n  is a polygonal chain consisting of 1n-  connected edges, the visibility defined 

in Section 4.1.1 is equivalent to () ( ) ( ){ }| , 1
n

n
a p E v a p= Í = . The vision sensor considered 

in this study is an optical sensor, more specifically a gimbaled camera onboard UAV. In various 

real-world applications like surveillance and monitoring, a camera is the most widely used sensor 

to detect or identify objects of interest. However, due to the inherent physical and optical 

limitations, the visibility of an onboard vision sensor would be constrained as follows: 

¶ Line-of-sight (LOS) constraint: The LOS is a classically recognized constraint on 

visibility determined by whether the line between a sensor and a terrain point is 

obstructed or unobstructed. As shown in Figure 4.11(a), aerial point a  cannot see p1, 

because the straight line between a and p1 is obstructed by n . 

¶ Range constraint: The onboard vision sensor is limited to a certain visible angle (field 

of view; FOV), which depends on the specifications of the sensor (e.g., lens type and 

sensor size). In a 1.5D terrain, it determines a visible range of horizontal coverage. As 

shown in Figure 4.11(b), although p5 is not limited by the LOS constraint, a  cannot 
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see p5 because the terrain point is out of its visible range. It is worth noting that it is 

assumed a LAU is always over the center of the FOV of its vision sensor. 

¶ Spatial resolution constraint: To successfully detect or identify an object with an 

onboard vision sensor, it is necessary to understand how small or how large the 

monitored object needs to be. More specifically, the effective spatial resolution is the 

range of the number of pixels needed to recognize objects using a vision algorithm (Sun 

et al., 2016). Therefore, this constraint is interpreted in 1.5D terrain as the range of 

vertical coverage. Let f be the focal length of the vision sensor and h  be the depth 

(i.e., vertical distance between the sensor and a target point). Then a spatial resolution 

(pixel / meter) is determined by r
f

S h=  (Dai et al., 2018). Let _r min max

f
S h=  and 

_r max min

f
S h=   be the lower and upper bounds of spatial resolution, i.e., 

_ _r min r r maxS S S¢ ¢ . Then the effective range of height to satisfy the spatial resolution is 

calculated to 
min max

h h h¢ ¢ . In Figure 4.11(c), p2 and p3 satisfy LOS and range 

constraints, but they are out of vertical range. Therefore, when we consider three 

visibility constraints, a only can see p4 among five terrain points in this example.  

   

(a) (b) (c) 

Figure 4.11: Visibility constraints of an onboard vision sensor. (a) Line-of-sight constraint.  

(b) Range constraint. (c) Spatial resolution constraint. 
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In Figure 4.11(c), the yellow colored region illustrates the visible area for the vision sensor 

of an LAU placed at aerial point a, and red colored lines are a set of terrain points visible by a. All 

the afore-mentioned constraints depend on both the sensorôs specifications and the aerial position, 

which should be considered. Let ap-, ap+ be the left- and right-end terrain points visible by a . 

Then, by considering the visibility constraints, the visible region of aÍ  over terrain 
n
 can be 

alternatively defined as follows: 

() ( ) () (){ }| , 1, ,n

n

a a min maxa p v a p p p p h z a z p h- += Í = < < ¢ - ¢ 

The visible region of a  over subset of n can be defined in a similar way. For example, 

the visible region on edge 
i

n
e Ë  can defined as ()

ie
a . The following lemmas follow from 

Definition 4.1 and the afore-mentioned visibility constraints: 

Lemma 4.1  Let ( )1
,

i i

n
v v V

+
Í  and aÍ . If ()1

, ni i
v v a

+
Í , then the aerial point a  sees all 

terrain points in edge ie , i.e., ()
ie i

a e= . 

Proof.  Assume, for the sake of argument, that there is some point *p  on ei not seen by a. By the 

definition of visibility, there must be some point *q  such that one of the following two cases must 

be true: 

(Case 1): *q  is in (*

1
,

i
p v

+
øú when *

1i i
v p v a

+
< < ¢. Due to the monotonic property of n , all the 

rest of the points in *,
i

v pè øê ú are not seen by a, because they are obstructed by *q . Since ()i nv aÍ , 

that is a contradiction.  

(Case 2) *q  is in )*,
i

v pèê  when *

1i i
a v p v

+
¢ < <. Due to the monotonic property of n , all the rest 

of the points in *

1
,

i
p v

+
è øê ú are not seen by a because they are obstructed by *q . Since ()1i nv a

+
Í , 

that is a contradiction.  
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Lemma 4.2  If  a  sees all vertices iv  where ()( ) ( )
a i a

p v pf f f
- +
¢ ¢ , then it sees all terrain points 

*p  where *( ) ( ) ( )
a a

p p pf f f
- +
¢ ¢ . 

Proof.  By Lemma 4.1, it is trivial that all terrain points within any two consecutive vertices are 

seen by a. Let vk and vk+m be the left- and right-most vertices in the visible region of a. Then, since 

a sees ap- and ap+ by the definition of visible region, all terrain points in [ , ]
a k

p v
-

 and [ , ]
k m a

v p
+

+
 

are seen by a. Therefore, all the terrain points in [ , ]
a a

p p
- +

 are seen by a. 

Lemma 4.3 Let vi and vi+1 be two end points of edge ei where () ( )
1

( ) ( )
a i i

p v v af f f f
-

+
< < ¢ . 

If i
av  has a greater slope than 1i i

vv
+  and 1~ ia v+ , then a  sees all terrain points of edge ei. 

Analogously, if () ( )
1

( ) ( )
i i a

a v v pf f f f
+

+
< < ¢ , and 1i

av
+  has the smaller slope than 1i i

vv
+  and 

~ ia v , then a sees all terrain point of edge ei. 

Figure 4.12 shows illustrative examples of visibility properties provided by above lemmas. 

   

(a) (b) (c) 

Figure 4.12: Illustration of the visibility property on 1.5D terrain. (a) Since two endpoints of edge 

ei are seen by a, all terrain points on ei are seen by a. (b) Since all vertices in the visible range of 

a are seen by a, all terrain points within the range are seen by a. (c) Since an edge 1i i
vv

+ to the left 

of a has a greater slope than i
av , no terrain points of ei except 1i

v
+ are seen by a. However, all 

terrain points of ek are seen by a since an edge 1k k
v v

+ to the right of a has a smaller slope than 

1k
av

+. 
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4.3.3 Aerial Terrain Guarding Problem 

The virtual fencing with complete coverage over the boundary can be defined as an LAU 

location problem on continuous space with visibility constraints. Formally, the problem is defined 

as follows: 

Definition 4.2 (Aerial Terrain Guarding Problem with Visibility Constraints; ATGP-VC): Given 

1.5D terrain n and visibility function v, find an aerial guard set Ë  of minimum cardinality 

such that ()n

n
Ì .  

The objective of the ATGP-VC is to minimize the number of LAUs deployed, and as a 

result, the 3D encircling positions (i.e., longitude, latitude, and height) of deployed LAUs are 

determined. Since each point of  can be converted to a 3D position, the LAUsô positions are 

determined by solving the location problem in 1.5D terrain as shown in Figure 4.13(a). The blue  

  

(a) (b) 

Figure 4.13: Illustrations for the proposed Aerial Terrain Guarding Problem with Visibility 

Constraints (ATGP-VC). (a) The objective of ATGP-VC is to find the minimum number of 

deploying LAUs and their positions to cover all the terrain points on the encircling boundary. (b) 

The ATGP-VC is represented as a Continuous Arc Covering Problem (CACP) using the center of 

the visible region as the location of facility. 
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dotted line and the yellow-colored area respectively represent the effective visibility range and 

visibility region of an LAU positioned at the top point of a triangle. For the sake of easier modeling, 

the problem can be recast as the well-known Facility Location Problem (FLP) by considering 

terrain points on n   as demands, the a center of visible area as a location of facility, and the 

visible range as a service range of a facility. Figure 4.13(b) shows the conversion of the problem. 

Then the problem is formalized similar to the Continuous Arc Covering Problem (CACP) 

using the following mathematical notation: 

¶ i: Index reference to a terrain point 

¶ j: Index reference to a coverage 

¶ : Set of coverages positioned Ë  

¶ ( )nE : Set of edges to be covered on terrain n  

¶ ()e : Coverage function for edge ( )ne EÍ  

¶ eL : Length of edge ( )ne EÍ  

¶ ( ), zf Í : Coordinates of points in  

¶ h : Value of the height difference between the center of the visible region and the LAU 

position considering minimum flight height 

¶ ( )q : Projection of point \
n

qÍ  onto terrain n  

The problem defined in Section 4.1.2.1 (from Eq. (4.2) to Eq. (4.5)) can be replaced with 

the following mathematical formulation:  
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Minimize 
ATGP VCZ - =  Eq. (4.8) 

Subject to    () ( ) ( ),n n

e edE L e E= " Íñ  Eq. (4.9) 

 ( ) ( ), ,n

i iz E if Í " Eq. (4.10) 

 ( ), ,j jz jf Í " Eq. (4.11) 

 ( )( , ) ,j j jz z z h jf ¢ + " Eq. (4.12) 

The objective function Eq. (4.8) seeks to minimize the number of visible regions placed. 

Constraint Eq. (4.9) specifies that the coverage provided by the set of placed visible regions is 

complete for each edge. Constraint Eq. (4.10) stipulates that the covered points must be the points 

along edges. Constraint Eq. (4.11) denotes spatial coordinates to the center of a positioned visible 

region. Constraint Eq. (4.12) ensures that the positioned LAU should fly at a higher altitude than 

the minimum flight height. To sum up, the proposed problem is to find a set of points in  for 

the center of multiple visible regions, whose collective coverage ends up covering all the terrain 

points of n .  

 

4.4 Solution Approach for ATGP-VC 

4.4.1 Observations 

Compared to the discrete facility location problem, which has a finite number of potential 

sites for facility, the ATGP-VC is challenging to solve in two respects. (1) it is a continuous 

location problem, i.e., there is no pre-determined potential position to locate. (2) it deals with 
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continuously distributed demands, i.e., the demands to be covered are an infinite number of terrain 

points, and edge can be partially covered by multiple visible ranges. Consequentially, it is difficult 

to find the optimal solution of the ATGP-VC directly. Therefore, rather than solving the ATGP-

VC directly, a viable solution approach is applied by establishing valid upper and lower bounds to 

the optimal solution. To do this, two similar types of problems discussed in Chapter 2 are 

considered.  

Firstly, for the upper bound, the Arc Covering Problem (ACP) is considered. In the ACP, 

demands are represented as a set of finite number of lines (i.e., edges in ATGP-VC). The difference 

from the ATGP-VC is that the partial coverage on edges is not allowed. In other words, we say an 

edge is covered by a coverage range only when the coverage range completely contains the edge 

inside. Since the center of the coverage region can be placed anywhere on the plane, the ACP is 

also difficult to solve directly. With discrete demands requiring complete coverage, some 

researchers have applied solution approaches to find discrete potential locations which are known 

as a finite dominating set (FDS). The previously applied approaches are discussed in chapter 2. 

Among various approaches, Murray and Tong (Murray & Tong, 2007) prove that Polygon 

Intersection Points Set (PIPS) with arbitrary coverage region shape contain an optimal solution for 

the ACP. Also, for any type of demand objects (e.g., point, line, and polygon), potential locations 

in a plane can be identified as a finite set using PIPS (Church & Murray, 2018). Figure 4.14 

illustrates the approach to find PIPS in this study. In Figure 4.14(a), edge ek can be completely 

covered when a central coverage region is located in or on the polygon ( )
k

R e . Polygon ( )
k

R e  can 

be derived through placing two visible regions on both end points of ek and then overlapping them. 

The same is true for the edge em with the polygon ( )
m

R e . The green-colored polygon ( , )
k m

R e e  in 

Figure 4.14(b), which is the overlapping of ( )
k

R e  and ( )
m

R e , show the boundary of potential 

locations which can cover both ek and em. Two intersection points of ( )
k

R e  and ( )
m

R e , i.e., green 



117 

 

dots in Figure 4.14(b), represent the PIPS. The overlapping process can be extended to multiple 

polygonal boundaries, which have an overlapping area to reduce the cardinality of PIPS. By doing 

this procedure, the PIPS as the FDS of ACP can be derived.  

  

(a) (b) 

Figure 4.14: Illustrations of finding Polygon Intersection Points Set for the Arc Covering Problem 

(ACP). (a) Finding the polygonal boundaries of potential locations for a coverage region to cover 

a single edge. (b) Identifying the intersection points (two green dots) for two polygonal boundaries. 

The ACP and the ATGP-VC deal with the same type of demands (i.e., edges), with the 

objective of minimizing the number of visible regions placed. The only difference is whether to 

allow partial coverage on a single edge. In this sense, Observation 4.1 shows the relationship 

between the objective value of the ACP and the ATGP-VC. More specifically, it shows that an 

optimal solution to the ACP is the valid upper bound for the ATGP-VC.  

Observation 4.1  Since the ACP and the ATGP-VC have identical demands, it is obvious that any 

feasible solution for the ACP is also feasible for the ATGP-VC. However, since partial coverage 

on a single edge is not allowed, an optimal solution of the ACP can always be a feasible solution 

of the ATGP-VC but not always be an optimal solution. In other words, the number of required 

coverage regions in the ACP is always larger than or at least equal to the number of coverages in 

the ATGP-VC. Therefore ( )
ACP ATGP VC

Z PIPS Z
-

² . 



118 

 

The second problem for the lower bound is the Location Set Covering Problem (LSCP). 

The LSCP deals with the point-based demand representation, which does not allow partial 

coverage. To derive a valid lower bound using the LSCP, the demand points are derived from the 

demands (i.e., a set of edges) in the ATGP-VC. That is, any subset of (or equivalently ( )E ) 

can be a demand set for the LSCP. The vertex set ()V  is one of the example subsets. The FDS 

for the LSCP can also be found using the same process with the ACP (Church & Murray, 2018). 

The only difference is that the type of demand in the LSCP is a point, so that the overlapping of 

polygonal coverages can be acquired by placing a coverage region on each demand point. See 

Figure 4.15 for an Illustration of identifying the PIPS of the LSCP.  

 

Figure 4.15: Illustration of finding Polygon Intersection Points Set (PIPS) for the Location Set 

Covering Problem (LSCP). Four intersection points are identified as the overlapping of polygonal 

boundaries by placing four coverage ranges. 

Algorithm 4.1 shows the pseudo-code to generate PIPS for the LSCP. The algorithm begins 

with loading the vertex set as its initial demand set (Line 1). Then, a visible region is located at the 

first point in the demand set, and the boundary of region is designated as the current polygonal 

boundary (Line 5). In the loop from Line 7 to Line 15, a visible region is located at the next demand 

point (Line 8) to find the intersection points with the current polygonal boundary. If there are 

intersection points between them (Line 9), the algorithm updates the current polygonal boundary 
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(Line 10) and stores the intersection points (Line 11). If there is no more intersection with the next 

visible region, the stored intersection point(s) is inserted into the set of PIPS (Line 15). This loop 

continues until one step before the last point in the demand set.  

 

Algorithm 4.1: Generating Polygon Intersection Points Set for Location Set Covering Problem 

1: call  V  

2: set  PIPS«Å, intersectionPts«Å, tVtx V« , lastIdx tVtx«  

3: for each vtx in tVtx:  

4:       VisibleRegion( )currentBoundary vtx«   

5:       GetIdx( ) 1nextIdx vtx« +  

6:        while nextIdx lastIdx<  do: 

7:             VisibleRegion( )nextBoundary nextIdx«  

8:             if  ( , )!IntersectBoundary currentBoundary nextBoundary =Å: 

9:                    ( , )IntersectBoundary currentBc aurrentBo nund ound ry ex ua nry tBo dary«  

10:                    GetInterPts( , )intersectionPts currentBoundary nextBoundary«  

11:                    1nextIdx nextIdx« +   

12:              else:   

13:                    break 

14:              . Insert( )PIPS intersectionPts 

Observation 4.2 shows that an optimal solution the LSCP is the valid lower bound of the 

ATGP-VC. 
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Observation 4.2  Since the demand set of the LSCP is a subset of the demand set of the ATGP-VC, 

it is obvious that any feasible solution for the ATGP-VC is also feasible for the LSCP. In other 

words, the number of required coverage regions in the ATGP-VC is always larger than or at least 

equal to the number of coverages in the LSCP. Therefore ( )
LSCP ATGP VC

Z PIPS Z
-

¢ . 

In sum, the ACP and the LSCP provide valid upper and lower bound for the ATGP-VC. 

Figure 4.16 graphically shows the relationship between the problems. Since the original problem, 

the ATGP-VC, needs to cover more demand points than the LSCP, which considers vertices of the 

terrain as the demand set, the required number of coverages is bigger than the LSCP requires. On 

the other hands, as the ATGP-VC allows partial coverage on edges, it may enable minimization of 

redundant coverages on same terrain points, so that the required number of coverages is smaller 

than that of the ACP. From Observations 4.1 and 4.2, it is revealed that the optimal solution of the 

proposed problem (i.e., the ATGP-VC) lies within the range of the gap between the upper and 

lower bounds. That is, ( ) ( )
LSCP ATGP VC ACP

Z PIPS Z Z PIPS
-

¢ ¢ . If there is no gap between them (i.e., 

the upper bound is equal to the lower bound), the optimal solution of the ATGP-VC can be 

obtained by solving either the LSCP or the ACP.  

 

4.4.2 Solution Approach: Valid Upper and Lower Bound 

Intuitively, the solutions for both LSCP and ACP are strongly influenced by the demand 

set. For example, if the demand set for the LSCP contains only the vertices in the terrain (i.e., 

( )V ), the optimal solution of the LSCP only considers the locations of coverage ranges which 

can cover those vertices. It may cause many uncovered terrain points between the vertices, as 

shown in Figure 4.16, so that LSCP
Z  may be far smaller than ATGP VC

Z
- . By the same logic, if the 

ACP only considers the edge set of the terrain (i.e., ( )E ), it causes many redundant overlaps 

(see Figure 4.16), so that ACP
Z  may be far larger than ATGP VC

Z
- . Therefore, to reduce the gap, the 
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problem instances (i.e., demand sets) for the both LSCP and ACP should be refined strategically, 

so that the solutions of the both problems start to reflect the optimal solution of the ATGP-VC. In 

this study, an iterative refining strategy is applied.  

 

Figure 4.16: Relationships between problems: Aerial Terrain Guarding Problem with Visibility 

Constraints (ATGP-VC), Location Set Covering Problem (ASCP), Arc Covering Problem (ACP) 

Roughly speaking, the demand sets of both problems are iteratively modified, and optimal 

solutions for both problems are found using PIPS. If the gap between both problems does not fulfill 

the pre-defined condition (i.e., the gap is greater than some threshold e) problem instances should 

be re-generated to solve. This process of refinement and comparison is repeated until the gap 

between the bounds is converged to below e. The refining strategy for each problem is explained 

as follows. 

In the ACP for the upper bound, redundant overlapping on the same terrain points should 

be minimized to reduce the total number of required coverage regions and to converge to the 

optimal solution of the ATGP-VC. As mentioned previously, the redundant overlapping in the 
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ACP is caused by the restriction of complete coverage for each edge. Only an edge whose two end 

points are in or on the same coverage region is regarded as a covered edge. For example, Figure 

4.14(a), some portion of both edges ek and em have overlapping coverage from two coverage 

regions, since R1 and R3 cannot completely cover ek and em. However, if both ek and em split into 

two edges, the splitting edges can be covered by a smaller number of coverage ranges. In this sense, 

a modification method called ñiterative splitting overlapping edgeò is applied to improve the upper 

bound. Figure 4.17 shows the process of the iterative method. From the previous optimal solution, 

edges with overlapping coverage are identified, and those edges are referred to as ñoverlapping 

edgeò in this study. Two edges with overlapping coverage, ek and em, are identified in Figure 

4.17(a). The intersecting points of the identified edges within the coverage range are specified as 

splitting points (see Figure 4.17(b)), and then the edges are split into two shorter edges. If further 

partial coverages involving more coverage ranges are identified, edges can be split into larger 

splitting points (see Figure 4.17(b)), and then the edges are split into two shorter edges. If further 

splitting points (see Figure 4.17(b)), and then the edges are split into two shorter edges. If further 

partial coverages involving more coverage ranges are identified, edges can be split into a larger 

   

(a) (b) (c) 

Figure 4.17: Illustrations of iterative refining method for the valid and tight upper bound.  

(a) Although coverage region R1 and R3 partially cover edge ek and em (blue lines) respectively, 

only R2 provides the complete coverage on those edges. As a result, the coverage of some portion 

of both ek and em overlap, and both edges are identified as overlapping edges. (b) Intersection 

points between overlapping edges and partial coverage regions are specified as splitting points.  
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(c) With the new demand set (i.e., 1 2,k k ke e e­  and 1 2,m m me e e­ ), the optimal solution for the ACP 

has fewer coverage ranges, since overlap coverage has been reduced.  

number of short edges. As a result, the solution for the new problem instance can have a fewer 

number of required coverage regions (see Figure 4.17(c)). 

On the other hand, in the LSCP for the lower bound, if more terrain points are added into 

the problem instance, the optimal objective value LSCP
Z  should be increased to get closer to the 

optimal value of ATGP VC
Z

- . This can be achieved by adding terrain points from the uncovered 

portion of the edges, which do not need to be covered in the LSCP but do need to be covered in 

the ATGP-VC. Those uncovered portions of demands over edges are referred to a ñcoverage gapò 

(Murray & O'Kelly, 2002). For example, as the simplest way for modifying the problem instance 

of the LSCP, let all the vertices and the middle points of the corresponding edges be the demand 

points. Then more coverage ranges will subsequently be required to cover the newly added points 

(i.e., centroid points of edges). Similar to the simplest example, a modification method called the 

ñiterative addition of centroids from the uncovered portionò is applied to generate a tight lower 

bound. Figure 4.18 illustrates the concept of this strategy. Initially there are 9 demand points in 

the example, and one edge (i.e., ek) is not fully covered (see Figure 4.18(a)). More specifically, the 

blue line on edge ek in Figure 4.18(b) is the uncovered portion. Then, the middle point of the 

uncovered portion (i.e., the red empty circle on the edge of ek) is regarded as new demand point. 

   

(a) (b) (c) 

Figure 4.18: Illustrations of the iterative refining method for the valid lower bound. (a) Optimal 

solution of the LSCP does not fully cover edge ek. (b) From the uncovered portion of edge ek, the 

middle point (red-colored empty point) is added to the demand set. (c) With the new demand set, 
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the optimal solution for the LSCP has one more coverage range to cover the newly added demand 

point (blue-colored point).  

As a result, the solution for the new problem instance has one more coverage region to cover the 

newly added demand point (see Figure 4.18(c)). 

Besides using the lower bound solution of the LSCP, if we can find an effective minimum 

bound for the original problem (i.e., the ATGP-VC), it can be used as the minimum lower bound 

to boost the convergence of the lower bound. To do this, let us consider a coverage problem on the 

planar environment. It is obvious that the number of required coverage regions to cover a boundary 

on a plane is less than the number needed within the 2.5D environment, because it does not need 

to take account of the LOS constraint. All terrain points are laid out on the plane, so that all the 

aerial points for the LAUs can be positioned at the same altitude, which allows the LAUs to 

generate a maximum coverage range over the encircling boundary. As mentioned in the previous 

section, the width of the coverage range is decided by both FOV and spatial resolution. To achieve 

complete coverage with the minimum number of LAUs, the maximum width of coverage range is 

required, and this means that all LAUs are placed at the maximum height to maintain visibility on 

the terrain points of the plane (see Figure 4.19(a)). With the maximum height max r_min

f
h S= , the 

maximum width of coverage is: 

2 tan
2

max maxD h
qå õ

= Ö æ ö
ç ÷

 Eq. (4.13) 

where q is FOV. Then, the coverage portion of a single coverage region is determined by the 

maximum width of the coverage region (i.e., maxD ) and the radius of the encircling boundary, as 

below: 
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12sin
2

max

max

D

r
f -å õ
= æ ö

ç ÷
 Eq. (4.14) 

where r is the radius of the encircling boundary and 1 12
maxD

r- ¢ ¢. 

 
 

(a) (b) 

Figure 4.19: Minimum number of required coverage regions on the planar environment. (a) The 

maximum width of the coverage region can be calculated from the spatial resolution constraint. (b) 

The coverage portion of a single coverage region can be determined by the maximum width of 

coverage region and the radius of the encircling boundary. 

 Figure 4.19(b) shows the relationship between the Dmax and r. As a result, the minimum 

number of coverage regions required for complete coverage over the encircling boundary on the 

plane is: 

2PLANE

max

Z
p

f

è ø
=é ù
é ù

 
Eq. (4.15) 

where xè øé ù refers to the smallest integer greater than or equal to x . 

 From the solution using Eq. (4.15), we can have the following observation: 
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Observation 4.3.  Since PLANE
Z  is the minimum number of required coverage regions for the 

ATGP-VC, the objective value of the corresponding LSCP is bounded by PLANE
Z , i.e., 

PLANE LSCP
Z Z¢ . 

 From Observation 4.3., the LSCP is infeasible if LSCP PLANE
Z Z< .  Therefore, the initial point 

demand set for the LSCP, which enables us to generate a feasible solution, should be selected. 

Figure 4.20 depicts the proposed solution approach for the ATGP-VC, using iterative refining 

methods to generate tight upper and lower bounds.  

 

Figure 4.20: Flow chart depicting the proposed solution approach to solve the ATGP-VC 

It starts with the original vertex and edge sets to generate initial edge and point demands, 

respectively. By setting the initial demand sets to the current demand sets, finite sets of potential 
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positions for both problems are found using the concept of PIPS. Using the current demand sets 

and PIPSs, the objective values for the corresponding ACP and LSCP are calculated, and the gap 

between two objective values are evaluated. If the gap is less than or equal to the pre-defined 

threshold (i.e., e), the process is terminated; otherwise, the edge and point demand sets are refined 

through splitting overlapping edges and adding centroid points. With the modified problem 

instances, a new iteration is started. Figure 4.21 shows solutions of ATGP-VS in different terrain 

shapes. 
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Figure 4.21: Solutions of ATGP-VC in different terrain shapes. 
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4.4.3 Sampling Terrain Points from Encircling Boundary 

The shape of 1.5D terrain for the VTGP-VC is determined by sampled terrain points over 

the encircling boundary. More specifically, sampled points become the set of vertices (i.e., ( )V ), 

and connecting lines between consecutive vertices become the set of edges (i.e., ( )E ). And, as 

we discussed in Chapter 4.3, both ( )V  and ( )E  strongly affect the solution of the VTGP-VC, 

i.e., the number of deploying LAUs and their positions are influenced by the shape of . 

Consequently, we can say that the number of sampling points is a very critical factor, which 

determines the effectiveness of the proposed search operation. If we can take into account every 

terrain points over the encircling boundary so that the corresponding 1.5D terrain completely 

depicts all the terrain features (e.g., peak, saddle, valley), it would be the most effective way to 

determine deployment. However, as far as the computational power of the UAVôs onboard 

computer is concerned, this is virtually impossible, because the number of sampling points is 

strongly related to the computational complexity of solving the VTGP-VC. This is because the 

sampled terrain points form the vertices in 1.5D terrain, and the number of vertices correlate to the 

computations generating PIPS. Also, considering the characteristics of a search operation, which 

requires rapid deployment, it may not be efficient to spend more time on decision making before 

the physical deployment is made. Therefore, the question ñWhat is the proper number of sampling 

points?ò is valuable to examine the trade-off between efficiency and effectiveness.  

 Figure 4.22 shows the comparison of 1.5D terrains generated by 6 different numbers of 

sampling points: 15, 30, 60, 90, 180 and 360. 300 meters is considered the radius of the encircling 

boundary, i.e., all terrain points are sampled at 300 meters away from the LSP (red óxô mark on 

the center). Also, all terrain points in the same setting are uniformly sampled, i.e., each sampling 

point is equally distant from its neighbors according to the plane coordinates. Colored circles 
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represent the key terrain features captured by each setting. As shown in Figure 4.22(a), the terrain 

with 15 sampling points enables a roughly depicted contour of the real terrain shape, but it fails to 

capture key terrain features that appear in the terrain with 360 samples. In Figure 4.22(f), there are 

9 key terrain features (yellow-shaded circles) over the encircling boundary: 30 samples captures 3 

of them (see Figure 4.22(b)); 60 samples add 3 more (see Figure 4.22(c)); 2 additional features 

appear are in the terrain with 90 samples (see Figure 4.22(d)), and the last feature is captured when 

the number of sampling points is bigger than 180 (see Figure 4.22(e)). Although a large number 

of sampling points can capture the key terrain features, which affect the solution of the ATGP-VC 

(i.e., encircling positions for LAUs), this example shows that some parts of the terrain can be 

properly depicted by fewer numbers of samples.  

As previously mentioned, the number of sampled terrain points is strongly related to the 

computational complexity. Therefore, the number of sampled terrain points should be as small as 

possible to minimize excessive computations (efficiency), but at the same time it should have 

enough points to completely capture the key terrain features within the encircling boundary 

(effectiveness). Intuitively, if we can find the best combination of terrain points from terrains with 

different numbers of samples, we can find the optimal terrain with the minimum number of terrain 

points. However, with uniformly sampled terrains, it is difficult to determine the proper set of 

terrain points, because each of the sampled terrains has already lost some information from the 

original terrain during the sampling process. In this sense, the Non-uniform Sampling with 

Incremental Reconstruction (NSIR) method is developed and proposed in this study. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4.22: Comparison of 1.5D terrains with different numbers of sampling points. All terrain 

points are sampled at 300 meters away from the LSP (red óxô mark on the center). (a) 15 sampling 

points. (b) 30 sampling points. (c) 60 sampling points. (d) 90 sampling points. (e) 180 sampling 

points. (f) 360 sampling points. 

 

 Basic Idea 

Each terrain point has a different influence on forming the shape of 1.5D terrain. One 

terrain point may contribute to the overall shape of the terrain, while another has only a little 

influence or may even have no influence. Among all terrain points, some of them can lead the 

change trend of the terrain shape while preserving the overall shape of the terrain. These points, 

which are regarded as more important than other points, are named in this study as the Critical 

Points (CPs). Local extreme points (i.e., maxima or minima) and inflection points can be the 

candidate for CPs. A set of well selected CPs can represent the whole terrain without having other 
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less important terrain points. We can find a concept similar to CPs from time-series studies. For 

example, Fu et al. (2008) introduce Perceptually Important Points (PIP) for the analytical pattern 

matching in financial applications, and Hu et al. (2016) propose Turning Points (TPs) for 

continuous segmentation of streaming time-series. The common idea is to find a subset of points 

and to construct a set of accompanying segmentations with them, which are regarded as preserving 

the general shape of the time-series.   

As the criterion, the NSIR requires a benchmark terrain which is assumed to contain all the 

terrain features over the encircling boundary. In other words, a benchmark terrain is defined as the 

terrain with the upper bound of sampling numbers. Let B  be the benchmark terrain with n  

vertices and 1n-  edges, i.e., ( )B
V n=  and ( ) 1

B
E n= -. Any two consecutive vertices 

(terrain points) in B  are equally distant, i.e., ( ) ( ) ( ) ( )1 1

B B B B

i i i i
v v v vf f f f
+ -
- = -  and ( )B B

i
v V" Í .  

Then, the objective of the NSIR to identify the minimal set of CPs from B  and to construct NSIR 

with ( ) ( )NSIR B
V VË . We note that ( )NSIR

V  is also defined as a set of CPs. Simply said, the 

NSIR is the method to find a set of CPs from the vertex set of the benchmark terrain. Unlike B , 

distances between any two consecutive vertices in NSIR are not necessarily equal to each other, 

i.e., ( ) ( ) ( ) ( )1 1

NSIR NSIR B B

k k i i
v v v vf f f f
+ +
- ² - , ( )B B

i
v V" Í , and ( )B NSIR

k
v V" Í . I denote 

( )NSIR

k
ce EÍ  to be a critical edge connecting two consecutive CPs ( )1

,
NSIR

k k
cp cp V

+
Í . The 

benchmark terrain can be divided into subsections using CPs. By selecting m  CPs, the benchmark 

terrain can be divided into 1m-  segmentations as follows: 

1

1

,

1
k k

m
B B

cp cp

k
+

-

=

=  

where ( ) () ( ) () ( ) ( ) ( ){ }
1

1,
,..., | , ... , ,

k k

B B

i i m i i i m i k i m kcp cp
v v v V T v v v cp v cpf f f f f f

+
+ + + +

= Í < < = =  and 

m n< . It is note that the starting and ending vertices of each segment are identical to two 
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consecutive corresponding critical points. Therefore, the minimum number of vertices in any 

segmentation should be 2.  

Figure 4.23 illustrates the role of critical points. In both examples, 
[ , ]

B

f f¡ consists of 13 

vertices. In Figure 4.23(a), two end points are selected as critical points (cpk, cpk+1) whose 

connecting edge (cek) can properly represent the shape of 
[ , ]

B

f f¡ . Here, 
1,

13
k k

B

cp cp+
=  and 

1
[ , ] ,k k

B B

cp cpf f
+

¡= . Similarly, in Figure 4.23(b), 5 critical points are selected among vertices in 
[ , ]

B

f f¡ 

to depict the rest of the vertices using their connecting edges. We can see that 
[ , ]

B

f f¡ is divided into 

4 segmentations, i.e., 
1 1 2 2 3 3 4

[ , ] , , , ,k k k k k k k k

B B B B B

cp cp cp cp cp cp cp cpf f
+ + + + + + +

¡= Ç Ç Ç . The numbers of vertices in 

each segmentation are 
1,

4
k k

B

cp cp+
= , 

1 2,
5

k k

B

cp cp+ +

= , 
2 3,

4
k k

B

cp cp+ +

= , and 
3 4,

3
k k

B

cp cp+ +

= .  

 
(a) 

 
(b) 

Figure 4.23: The role of critical points. (a) Two end points are selected as critical points whose 

connecting edge (cek) can properly represent the rest of vertices within them. (b) Five points are 

selected as critical points to depict the shape of 
[ , ]

B

f f¡. [ , ]

B

f f¡is divided into four segments with five 

critical points, i.e., 
1 1 2 2 3 3 4

[ , ] , , , ,k k k k k k k k

B B B B B

cp cp cp cp cp cp cp cpf f
+ + + + + + +

¡= Ç Ç Ç . 



134 

 

 Fitness Metric 

The fitness metric is used to measure how well a critical edge ek fits with its corresponding 

segment of benchmark terrain 
1,k k

B

cp cp+
. In other words, the fitness metric is used to evaluate how 

similar the shape of NSIR  is to the shape of B . In time-series studies, the fitness metric is 

sometimes called the similarity metric. Several approaches, which have been reported to measure 

the similarity between two piecewise linear functions, can be categorized into three groups as 

follows (Rucco et al., 2017): 

¶ Distance-based methods: Euclidean distance, Absolute difference, Maximum distance 

metric (Cassisi et al., 2012), Pompeiu-Hausdorff distance (Huttenlocher et al., 1992), 

Dynamic time warping (Keogh & Ratanamahatana, 2005), etc. 

¶ Global descriptors: Time-frequency analysis (Cohen, 1995), Mutual information (Viola 

et al., 1997), Cross-correlation, Sum of squared difference, etc. 

¶ Distances among ñbags of local featuresò (Delaitre et al., 2010) 

Although the distance-based method is the most widely applied metric, due to its simplicity 

and immediacy, the problem of how to properly align two graphs before computing the distance-

based similarity is a commonly reported issue. Since the distance-based method is basically 

calculating point-to-point distances between two graphs, all the points in one graph should know 

their counterparts in the other graph. And, due to an issue called the shifting problem (Rucco et al., 

2017), the distance-based method without pre-alignment is regarded as an ineffective approach to 

compare two graphs. However, NSIRand B  are completely aligned, i.e., any point in NSIR can 

clearly identify its counterpart in B  by the value of f. Therefore, the distance-based method can 

effectively be used here as the basic method to measure the similarity of two terrains.  
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Figure 4.24: Illustration of the vertical distance-based fitness metric 

The distance-based metric used in this study is the vertical distance that for measures the 

fitting error of NSIR, depicted in Figure 4.24. Let i
v  be the projections of 

i
v  in 

1,k k

B

cp cp+
 onto the 

corresponding critical edge cek. Then, the fitting error of cek against a single vertex 
i

v  is defined 

as the vertical distance between 
i

v  and i
v , as shown in Eq. (4.16).  

( ) ( )
1

( ) ( )
, ( ) ( ) ( ) ( )

( ) ( )

i k
k i i k i k ii

k k

v cp
Fit ce v v v z cp z v z cp z v

cp cp

f f

f f+

è ø-
= - = + - -é ù

-ê ú
 Eq. (4.16) 

Accordingly, the fitness of cek for the corresponding segment 
1,k k

B

cp cp+
 is calculated as the 

accumulative fitting error of all 
1,k k

B

i cp cp
v

+

Í , as shown in Eq. (4.17). 

    ( ) ( )
, 1

,
B

i cp cpk k

k k i

v

Fit ce Fit ce v

+
Í

=ä  
Eq. (4.17) 

 












































































































































































