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ABSTRACT

Thanks to rapid technological development, muiimannedAerial Vehicle (UAV)
systems have been actively adopted in the military to accomplish various missions, including
intelligence, surveillance, and reconnaissaft&R), target acquisition, and border patrol.
Although multtUAV systems have the potential to increase the effajieof military operations,
the majority of current military system architectures that utilize multiple UAVs are not well suited
for tacticatlevel operations because most of the current military systems have been designed in an
adhoc manner to achieveegfic purposes. In addition, the developments have only focused on
behaviors of individual UAVs without missidavel perspectives as a primary engineering factor.
Consequently, existing dtbc systems are limited in their reusability across missionsaitte
human operators have specialized engineering skills.

Given this reality, this dissertation aims to formalize the syswmgineering process of
military multi-UAV systems by incorporating missiamiented features that enhance architecture
reusabilty and composability. The proposed systeemgineering approach, called mission
oriented iterative systesrengineering process, is a tdpwn, missiorcentric methodology that
consists of four main steps: 1) specification of mission requirements, 2)ooredtnormative
models, 3) simulation of models, and 4) real implementation. Based on-bastal system
engineering (MBSE) and mission engineering (ME) foundations, the outputs of each step are
formalized in SysML language to facilitate understandinthefsystem. 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 orgain contact with the enemy, is utilized as the target mission to demonstrate

14



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 terrdiacsubpy deploying
multiple UAVs. Therefore, terrain visibility from the aerial observation points atated
constraints are deeply examined in this research. Based on the examination, a new optimization
problem, the Aerial Terrain Guarding Problem witlsiWility Constraints (ATGPVC), 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 hardwaren-thelloop (HITL) simulation testbed, which involves various hardware components
(i.e., a real UAV equipped with onboard computational units and sensorspcdtveare
components (i.e., flight dynamics simulator and hardware interfaces). Detailed architectures of

each component are designed and presented.
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CHAPTER

| NTRODUCTI ON

11 Backgraonwod i vati on

Thanks to rapid technological developmentiti-UnmannedAerial Vehicle (UAV) have
beenadoptedinto 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 loast way. Sice 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 advantageshey reduce operational conegity 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 locatios at the same time. With the capabilities of MUKV s, missions can
be completed more efficiently as vehicles simultaneously perform assigned or negotiated tasks
(Valavanis & Vachtsevanos, 2014).

Currently, multtUAV systems are actively used in thelitary to conduct various tasks
such as intelligence, surveillance, and reconnaisq@8B®, target acquisition, and border patrol
missions. In addition, future warfare is expected to include ol systems in many facets of
military operations to redie risk to soldiers and have differential advantages over adversaries. In
view of this, manyand human combatants as a team, which is called "Madnetnned Teaming

(MUM-T)" (Ryan, 2018).
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Even though multlJAV systems have the potential to enhance thieieffcy of military
operations, the majority of the developments for military systems utilizing multiple UAVs are not
well suited for actual tacticdével operations, especially when those systems team up with human
combatants. This is mainly because tarly 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
variows types of missions. However, most of the muUliV systems are tailored to fulfill specified
capabilities or are focused on behaviors of individual UAVs without a mi$siah perspective
as a prescribed engineering factor. Consequently, existigp@dystems 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
"missionoriented” thinking startingrém 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 knd of mission is given. For instance, when a muUliV 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 disaaygblocking, 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 olteas much information as possible. Therefore, to meet the
missioncentric nature of military systems, a critical issue has to be addressed in this research: how
to design and develop the missionented architecture for muHbWAV systems that enables

supprting heterogeneous military missions.
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1.2 Research Goal s

This dissertation work aims to formalize the architecture modeling process of military
multi-UAV systems by incorporating missikamiented 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 composdbilit
architecture, and to be incorporated and reused across heterogeneous missions. To validate and
demonstrate the proposed engineering process, a harmhatheeloop simulation testbed is

implemented by integrating real hardware and software components.

1.3 Detail ed Objectives

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

objectives have been fulfilled throughout this dissertation:

1 The first objective is to propose a missimmented systesiengineering approach
basel on the modebased systems engineering (MBSE) methodology in order to
formalize the process of designing military muthV system architecture. The
proposed systesrengineering process is a tdpwn, missiorcentric approach that
consists of four steps: 1) concept definition, 2) model development, 3) validation, and
4) reatworld implementation. To demonstrate the detailed engineering process, the
search and attackission is considered as a target mission to be designed. During the
engineering process, by applying a mission engineering approach, nrelsial
functions are defined as a modular, composable architecture that allows repeating

behavioral logics to bencorporated 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.

1 The second objective is to devise major functional compmisnén the system
architecture, including visibilisaware mission decomposition, cooperative task
assignment, individual path planning with collision mitigation, and adaptive search
boundary generation. Most importantly, to ensure the detection of targetise
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 (ATGKC), is formulated to gesrate
effective aerial positions to encircle the detected target. The effective solution

approach for the optimization problem is also explored.

1 The last objective is to design and construct a phymsed hardwarm-theloop
simulation testbed by integging hardware components and software components. To
do this, four different types of UAVs are defined. The testbed is usgehtonstrate
andvalidate the engineered architecture and provide feedback for refining the system

model.

14 OrganizatieonainfdetrheofRt he Dissertatio

The remainder of this dissertation is organized as follows. Chapter 2 discusses an extensive
literature review and background information on systemgineering and mulAV systems.
Chapter 3 provides an overview of the prego systes engineering process employing the
modetbased systemengineering method. Chapter 4 presents two cooperative task assignment

problems for the mukUAV system considering terrain visibility constraints. Chapter 5 discusses

19



adaptive strategiestilized during the search and attack operation in order to guarantee the
accomplishment of the mission. Chapeatiscusses the integrated hardware and software testbed
to demonstrate andalidate the system developed in Chapter 3. Chapter 7 summarizesrkse

in this dissertation and discusses the future research directions.
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CHAPTER

BACKGROUND AND LI TERATURE REVI

21 Search Mission using Unmanned Aeri al
211 Seanmafdir acking

With the rapid development of high resolution sensing devices and data processing
technologies, UAVs with an optical sensor (e.g., a {uigfinition camera) are increasingly
employed in target search and trackin§ T3 mission Hu et al. 2014). The conventional method
for target search using UAVs is to divide a bound search area into multipteesuland allocate
a probability or confidence of target existence in eackaseh. The optimal search plan is related
to the path planng of UAVs which covers the stdrea to maximize the detection probability of
the targetBertuccelli& How 2005).

Goodrich (2008) presestan experimental result of UA¥nabled visiorbased search
including field trials for wilderness search and rescuaSAR) 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 aautopilotand gimbamounted camera.
Computer vision techniques such as aos and visual processing are used to enhance the stability
and temporal locality of visual feature. To cover the search area, a simple dmdedrsearch
strategy whichncludes the spiral and lawnmower search is used for guiding the UAWsoseley
et al. (2009), a hybrid control architecture (i.e., mixed centraldsxkentralized approach) is
proposed for the collaborative UAVs anthmanned ground vehicletJGVs). A team of
unmanned vehicles accomplishes the search, trackingpga@ation, and ptsuit mission by

integrating sensed vision data to improve the line of siiflaharte& 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 teefgrmance of three different search algorithms:

a greedy search, a potentimlsed search, and a Partially Observed Markov Decision Process
(POMDP). Although the POMDP shows the best performance among the heuristics, the
experiment reveals that POMDP istnsuitable for largescale environments due to the
computation time. Ian& Sukkarieh(2011), a probabilistic target search problem inléinge

scale environment using muHUAVs is discussed. With a decentralized gradissded
negotiation control séitegy, an efficient path planning algorithm is proposed to minimize the joint
no-detection probability of targets. To do this, each UAV needsdhecied information from all

other UAVs.Tomicet al. (2012) propose a framework for urban search and regssi®ns using

an autonomous UAV which is equipped with two complementary exteroceptive sensors. Two
sensorslaserand stereo odometry, are usedgose estimationsy compensatingpr limitations

found when using a single sensor. Using three demomistr@te., 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.

212 Seamnltt ack

The multtUAV cooperative searechttack probem 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 istdeted, 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) propotdsutedisearch

and attack method to solve an optimization problem that is divided into multiptgsatization
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problems. UAVs in a selbrganized system attempt to find and destroy multiple static targets
spread throughout an uncertain environmenthatdame time, information is exchanged among
UAVs to achieve global objectives cooperatively. -Zhang et al. (2017) discusses a task
assignment problem for multiple unmanned combat aerial vehicles (UCAVS) performing a
coordinated ground attack. Basedlo& tireat 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 andaiéstation 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, andnsultaneously 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
atasteady speed. Furthermore, all the information related to the targets iswvidegd in advance
for the multtUAV system, which is responsible for finding and destroying them. A novel
algorithm called Distributed Intelligent Selirganized Mission Planning (DISOMP) is proposed

to solve the cooperative search and attack missiorigmmob

22 Mod8hs®ysslenmgi neaenrdi nMji ssi on Engi neer.|
221 Mod-8hsed &Hnsgtienneer i ng

Recently, the concept of modehsed systems engineering (MBSE) has attracted
significant attention within the domain of systems engineering and th®¥partment 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 itended 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 abilitpf 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 ofthe MBSE, there has been significant wonk developing a
standardized system architecture modeling language, the Systems Modeling Language (SysML).
SysML i s def i-puepdse graphicalanodgliegilanguage that supports the analysis,
specification, design, verification, and validationdoo mp|l ex systemso (Fri ede
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 oft@n end
end systems engineerieffort.

In the field of modeling mukagent systems or swarm systefesy studies applyVIBSE
method to understanslystem behaviors, system requirements, system architecture, verification
and validation (V & V)andtesting (Mhenni et al., 2014). Aloui@21) 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 ftiocal architectureSende et al. (2021) propose an automated
design workflow for engineering a swarm of cyipérysical systems (CPSs), focusing on MBSE
method. The proposed engineering pre@ewers the whole design flow including modeling and
code genetion, deployment of the system, validation with simulations, and implementation in
reatworld environment. Multiple SysML diagrams are presented to formalize the engineering

process.
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222 Mi ssion Engineering

While the MBSE method focuses on developing aglivering desired systems, mission
engineering (ME) primarily emphasizes the appropriate utilization of those sy3teerSffice of
the Deputy Assistant Secretary of Defense for Systems Engineering ddirees t he fAdel i b
planning, analyzing, orgazing, and integrating of current and emerging operational and system
capabilities to achi eve @Geld 20l6gME isvessentiallytop i ng m
down approach that delivers engineering results to identify enhanced capabilities|ogielsn
and architectures guiding development, prototypes, experiments, and system of systetmg (SoS)
orienting the missionWith ME method, engineers can achidle requirements of reference
missions and narrow mission capabilities gépsS. OUSD (R&E), 2020). The following are

activities that can be conducted during a ME process:

1 Mission capability analysis enginees analyze the problem to determine what

capabilities are required.

1 Mission definition:enginees analyzethe problemto develop aoncept of operations

(CONORFs) for the mission
1 Missionthreaddefinition: enginees analyzea set of operational activities.

1 Mission architecting enginees develop an operational architectutteat descriles

capabilitiesmission threadopeational nodes, and other relevant elements

1 Requirementsengineering enginees determine functional and nduaonctional

requirements from the capability analysis, CONC#d mission threads.

1 Missionoriented system mplementation the missionoriented system must be

implementedy architectingand developing new systems, modify@gsting systems,
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and/or modifying doctrine, policies, procedures

Hernandez et al. (2017) refine the ME moidlein Gold (2016) by simultaneously taking
into account integration, operations, and acquisition of systems for the relevant systems and
provide astarting point for developing the assessment frameworthe refinement, the mission
engineering and analysis (MEA) concept is introduced along with a mission plan that emphasizes
continuous analysis and assessment throughout the mission lifdigyiaie mission plan, systems
engineering processes are merged with military decisiaking processes as outlined in US Army

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

23 Mul-Agent System Modeling Approach
One of the fundamwal problems arising in the field of cooperative matient 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 appsacalled

bottomup and topdown, have competed to pursue the satisfaction of desired performance

requirements. Both bottommp and topdown approaches are strategies for organizing information

and knowledge, and they are used in a wide array of fiettigdimg building complex mukagent

systems.

231 Bot tuopm Syst em Design Approach
A bottomup approach focuses on assemblingsygiems to create more complex systems,
thereby interactions between agents are typically designed in an ad hoc manner. Irupottom

design methodologies, it is assumed that global states of all ey staéns 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 Mchines (FSMs) and behawbased methods are widely used approaches in
designing multagent systems. FSM (or finite state automata) has been applied for modeling
autonomous, unmanned mtéifent 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 bel difieeministically, the FSNdased
system design is ideally suited to developing a military ragént system, which is essential for
high-risk missions, such as search aratking formation control, and rendezvous.

In the behavicbased paradigm, behavs, which refes 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 li#haviorbased design that uses an approach
of layering tocontrol 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. Thigdltagher
levels of behaviors to be incorporated into lower layers of less complex behavior. Nicolescu and
Mataril (2002) -baseddisrarchicas architediuee fioarebbtethat allows primitive
behaviors to be reusable to support a colleatifombstract 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 interactionhwittansand fault
detection. Thespatial organization and distribution of agents within the environment is a critical

function of multtagent systems (Brambilla et al., 2012; Davis et al., 2016).
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232 Todown System Design Approach

A top-down design approach, which is also known as thevisemlesign approach, focuses
on definng an overview of the system (i.e., global mission) any-fegel subsystems. The
subsystems are then further specified by additional subsystem levels until the entire specification
is reduced to its base comporgenthe decomposition of the uppsrstem into lowesystem is
occurred by considering the individual capabilities of each agent. UML (Unified Modeling
Language) diagrams such as activity diagrams, sequence diagrams, -@adeuséagrams are
widely used tovisually represent tedown design approaches.

Brambilla et al. (2014) suggests a-pwn approach called a propedsyiven design. In
propertydriven design is composed of four phases: 1) formally describing system requirements
by specifying the intested properties; 2) creating an abstract macrolevel model; 3) translating the
macroscopic model to a microscopic model; and 4) implementing the designed system using real
componentsA top-down design framework proposed by Dai and Lin (2014) is to solve the
coordination and control problem of mudtgjent systems using a dividadconquer approach.

By modeling each agentodos behavior as a deter
decomposed into local taskand a global cost (or utility) is distribad into local cost (or utility)

based on each agentds sensing and actuating ¢c

233 Hy brSiyst em Design Approach

Modeling from the bottom up is advantageous from the point of view of modularity and
composability but it is possible that highdevel system requirements will not be satisfied if the
design process precedes the development of theldwghsystem architecture. Modeling with a
top-down approach, on the other hand, can guarantee overall performanesdjrbiiéd in terms

of flexibility and scalability when designing local control policiEsr this reason, hybrid system
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design approaches combining bottom and topdown methods have been proposed to leverage
both advantages and to mitigate bo#ks.

Wu et al. (2015) adopts the talown approach of Dai and Lin (2014), but incorporates
bottomup components in order to design the communication among agents. In Silva et al. (2016),
a topdown approach is utilized to develop of a mission plan deosmg the global mission into
the local tasks, while a botteap approach is employed to design each agent's continuous motion

control.

24 Space Coverage Problem
241 Terrain Guarding Probl em

The terrain guarding problem (TGP), whose objective is to find opsetadf 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 triangulatedirregularnetwork (TIN) model. According to the dimensionality ofN terrain
used in problem, TGPs is classified into thedrbensional (2.5D) TGP and the ddbnensional
(1.5D) TGP. The feasibility or optimality of both problems is determined by the concept of
visibility of the terrain by guards. Although the visibjlcan be defined in several ways depending
on the types of guards, the widely applied method is theolséght (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$ 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, thgctive 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 representextnasnotone
polygonal chain havingn vertices andn- 1 edges connecting two consecutive vertices. Basically,
guards can be located on any terrain point in the TGP. Variousvoela applications can be
designed as 1.5D TGP such as locating communication recddeeRdriani et al. 1994 building
watchtowers to monitor wildfires5oodchild and Lee 1989and placing streetlights or security

camerasBen-Mosheet al. 2007).

242 Location Covering Problem

The space coverage problem or the facility location problem has received lots of attention
since the early 70s. A classical modehiscation set covering problem (LSCP) to find a minimum
number of facilitiesuch that the facilitiesompletelycover(or serve¢ all the demansl (Toregaset
al., 1971). Facilities are located among-getermined 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 applieth various planning situati@nsuch ashelocation of fire companies (Plane
& Hendrick, 1977), weather radaites (Minciardi et al., 2003), selection of natural reserves
(Jantke& Schneider2010), and many others. In the LSCP, locatiorfaafities are limitedto the
finite set d potential sites, and the demands are representfirdte set of discrete points, arcs,
or polygons (Murray & Wei, 2013). Let Where|l | =m be the set of known demand points and
3 where|J|=n be the set of potential facility locationg.is 1 if demand pointi | can be
served by facility located at sitgl J (i.e., i lies within the covering distance gf), and 0
otherwise.W, is the set of potential facility where suitably provide coverage to demandipoint
ie., W ={j VI 1}= A binary decision variablg; is defined such thax, =1 if a facility is
sited at potential locatior) , and X; =0 otherwise. The traditional LSCP is formulated(as

integerinearprogrammingas follows:
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Location Set Covering Problem (LSCP)

Minimize Z5%=3 X Eq.(2.1)
ji 3
Subjectto  j X 21, i i Eq.(2.2)
i w
x 1 {03, " 1 Eq.(2.3)

The objective of the LSCHEQ. (2.1), seeks to minimize the number of facilities located.
The basic assumption here is that the installation cost is fixed no matterthdfality is sited.
If varied installation cost for eagotential site is defined a&s, the objective function can be
changed to the total installation costs, i2->" “**'=§ 15 G % . ConstraintEq. (2.2) ensurs
that each demand point must be covered by at least one of the located facilities. Binary restrictions
on the decision variables are imposed in constEgn(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 Renli¢et al.
1976). With the same notation of the LSCP except the set of demands, we edatéothe ACP
as 0-1 integerlinear programming Let E Where|E| =m be the set of arcs to be served and

W, :{j 0 |a, ]}: Then the problem formulation follows:

Arc Covering Problem (ACP)

Minimize 7 /CP = a X

i J

Eq.(24)

Subject to a X 21, "e iE
i w Eq.(2.5)
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x {03, " 1 Eq.(2.6)

The ObjectiveEq. (2.4) follows that of the LSCP to minimize the number of facilities
placed. Constrairiq. (2.5) specifesthat 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 coristy4e6).

In some realvorld 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 arcerong 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 stat@or(rowet al., 2018). The
CACP becomes considerably complichtié collective coverage of an arc is considered (i.e., an
arc can be jointly covered by more than one facility). Supporiwtgtion for the CACP is as

follows:

L : set of facilities sited

F : set of all arcs to be served

f,(L): coverage function for arei E by L
I, : length (i.e., amount of demand) of ast E

(xj,yj)l' R : coordinates of sited facility [ J

With the above notation, the formulation of CACP follows:

Continuous Arc Covering ProblemJACP)

Minimize 7 CACP :| [I_ Eq.(2.7)
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Subjectto  Kf (L)dF %, ¢ H Eq.(28)

(x.y)i Ly 0 Eq.(2.9)
25 Command and Control AlredhictlectSyrsd efmsr
251 Command and Control Architecture

A command and controC@) architecture, which enables the coordinated operations within
available resources, provides a framework for identifying required functional components,
describing individual componentsd behaviors a
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, sensorstarakdaAs actors, edges
can be human, mechanical system, and computer soft®ehmeift& Schultz 2011). Possible C2
architecture can be categorized into four types by defining how agents in a system communicate
and interconnect each othe€Eummings 2015; Barca & Sekerciogly 2013): Centralized,

hierarchical, distributed, and hybrid architecture.

1 Centralized control: A central controller (or a central planner) makes global level
decisions (or plans) and sends control commands directly to ageltesagiéints feed
information back to center. In this architecture, a central controller has a responsibility
to directly manageedggge nt s6 behaviors through an o
In multi-UAVs system, for example, a tépvel controller directt interacts with
individual UAVs to allocate tasks and manage their flight palsoa& Sekerciogly
2013). Since the central planner enables to control any agent in the systems, behaviors
of agents are more predictable and immediately correctibleré Hre deviations from

the controlled mission plan. This nature ensures a good overall performance of the
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system.However, he centralized decisiamaking process, especially in a large
system, can be extremely tirmensuming, so that the system is unable to deal with
unexpected disturbances of subordinate lemelsme(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 higherlevel agent as well. Each level has its own a
decisionmaking (planning) horizon which should be faster than the ldwerv e | 6 s .
Control decisions sesdlownwards 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 canhdirectly communicate with the others at the same level. As

with the centralized architecture, hierarchically structured system enables to generate
opti mal, or at | east i g o olevel decisioangakiry., sol u
However, this architeate is also not flexible enough so that it poorly reacts to

disturbances ithelowestlevel.

Distributed control: As the opposite extreme with the centralized architecture, each
agent in the distributed system has a distributed responsibility. In otbetsw
authorities of decisioimaking 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 auctimased 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 sysierrel performance.
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1 Hybrid control : To overcome the weaknesses and combine the strengths of the
aforementioned architecturegrious 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 decistanaking) architectures. Under this architecture, the central
(or higherlevel) controller makes decisions to provide guidelines which ensure good
global performance. Based on the guidelines, final decisions are made through

negotiation process among ageint the same level.

252 Cooper at irlvAeV Mwylsttie m

A multi-UAV system is essentially a systesfisystems (SoS) that satisfiiage principal
features characterized by Ma{@098): (1) each UAV hagperational independeness it performs
anassigned funabn (or a task) while simultaneously taking partiaSoSgatheredo accomplish
the overall mission(2) while UAVs of the SoS cooperate with one another, each UAV is governed
and managed individuallff.e., managerial independenig3) with experience and according to
changing needs or mission objectives, the SoS can evolve as functions and purposes added,
modified, and removed (i.eevolutionary development(4) through the cooperation between
UAVS, the SoS can realize the oakrfunctionality that is not achievable by any of the individual
UAVs alone (i.e., emergent behavidr (5) UAVs are geographically distributedsince they
exchange primarily information, rather than mass or energy.

According to Engineering Guide for Sa®rn the Office of the Under Secretary of Defense

for Acquisition Technology and Logistics Systems (2008), a SoS is categorized as follows:
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1 Virtual: There is no agreedpon purpose and no central authority.

1 Collaborative Each system collaborates voluritawith other systems in order to

accomplish an agreagpon objective.

1 AcknowledgedThere are established objectives, as well as centralized authority and

resources, but constituent systems continue to operate independently.

1 Directed A central authoritys in place, and the operational mode of the component

systems is subordinate to the centrally managed objectives.

Since multtUAV systems are typically deployed to perform a specific mission, component
systems (i.e., UAVs) can be collaborative, acknolgéxl, or directed. However, the specific
configuration will depend on the mission that systems are intended to carry out.

Regardless of mission type, the MdltiAY syst emdés operation fall/l
phases (Madni et al., 2018): Deployment;Boute, Objective, and Redeployment. In Deployment
(or Takeoff) phase, a mukUAV system is thrown into an operation. Various takemethods
(e.g., vertical, conventional, and assisted-ta#fecan be applied depending on UAV type. During
En-Route (or Quise) 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 plansing play
a significant role in this phase. Actions on the Objective phase are at thef twreverall mult
UAV system operation. The multlAV 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 multiAV system is disassembled.

In general, there are three types of Command and Control (C2) forUtisystems

(Mosier& Skitka, 2018;Ruff et al., 2002 Firstly, there is humanentered control (or human-
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thelloop control), where the human is the system's core component and dictates commands and
controls(Ramchurnet al., 2015 Limnaios 2014) In this type, the system has less autonomy,
which makes it less suitable for missions in the longer term. Thisaguse 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(@mukhanian &

Madni, 2017. Secondly, there is a decetitzad control with humans as a supervisor (or human
on-thelloop 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 he loop only in emergency situations. The decentralized control approach aims to
minimize human intervention and operate autonomously as much as p@dsinlenn & Sperp
2018;Schereret al., 2013 Additionally, UAVs can operate in a leaggrbordinate @nfiguration

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 heoo&of-the-loop control) in

which no human intervention is necessary. The syslistnbutes tasks and operates in a fully
autonomous manner. This approach is suitable primarily fortemy missions and requires no
personnel training, reducing operational costs. As far as most complex missions, especially
military missions, are conoged, having humans in the control loop with some capability is still a
vital requiremen{Mosier& Skitka, 2018)

Due to their unique capabilities, mulliAV systems have recently gained significant
interest in various fields (Valavanis & Vachtsevanos]l30 Several researchers have made
notable advances in various aspects of RN systems, which can be categorized into five
major groupssimultaneous actionéSkorobogatowet al. 2020)time efficiency(Han et al. 2013),
complementarity(Merino et al. 2015), dult tolerance(Schereret al. 2015), and flexibility

(Skorobogatoet al. 2020)
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26 Image Segmentation using Deep Learni

Over the past few yearthe image segmentation, which is a process of associating each
part of an input images with human readable class labels, has been ttleatierege irthe field
of computer visionThe interpretation of images with segmentation method is relateatitus
realworld applications such as autonomous drivi@grdtset al., 2016Kaymak& Ucar, 2019)
humanmachine interactionberwegeret al., 2015), visiofbasednavigations for unmanned
vehicles Hui et al., 2018)imagebased search engin&/anetal., 2014, and geologic mapping
(Pajares2015) 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 ldag 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 (CNN#gr(haranet al., 2014; Kim et al.,
2018). h recent years, the CNbased 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 insdppipeline: (1)
generating region propals, and then (2) classifying proposal to-gedined classe<Sirshick et
al., 2014). Recently,Hly Convolutional Network (FCN)which is firstly proposed by Long et al.
(2015), hashecomethe dominant methooh image segmentatiodue tothe capabilityof dense
productions with input of arbitrary sizéSarciaGarcig 2017). In the basic architecture of FCN,
called FCN-8s, FCN16s and FCMB2s, all fully connected layers in CNN are replaced with
convolutional layers. And deconvolutional layers are addemdtore the original resolution of
image. While preserving efficiengy FCN-based approaels have achieved significant

performances in the accuracy of image segmentation on standard datasets (e.g., PASCAL VOC)
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over weltkknown CNNbased classification moldesuch as AlexNeWizhevsky, 2012), VGG16
(Simonyan& Zisserman 2014), GoogLeNetSzegedy2015), and ResNet (He et al., 2016).
Despite the outstanding features and flexibility of FCN, the original architebase
limitations: loss of spatial invariance, no instafageareness, and unpractical execution time. To
overcome the aforementioned limitations, many researches have addsegerl variations of
FCN network.Noh et al. (2015) presesiDeconvNet, 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 VOQ12 datasetBadrinarayanaret al. (2017)
proposs a new encodetdecoder architecture called SegNet for image segmentation task. The
encoder network in SegNet, which consists of 13 convolutional layers, is adopted frorh8/GG
network, and the decoder netkas attached as the follewp network. They compared the
performance of the SegNet with the original FCNs and DeconvNet using SUNCRGBNg et

al., 2015) and CamVidBfostowet al., 2009) datasets.
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CHAPTBR

MI SSI-@ORNI ENTED SSYESNEMEERI N& SESROC

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, amdetones 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 satasks have been completed, a mission can be said to be achieved.

In this chapter, a missieoriented iterative systesrengineering process is proposed in
order to develop the mutlAV system with complex collective behaviors in a-tigwn, mission
centic 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 ‘orssioed

features during the engineering process.

3.1 Pr opoSysdslEemg i n eAeprpirmga ¢ h

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 missiomesmong, the process considers
a mission as a primary engineering factor in architecting a-#tdAl¥i system.

In general, systesengineering approaches for architecting rukivV systems employ
bottomup approaches that commonly focus on describinglddtaehaviors of individual UAVs
and integrating those behaviors to build systemel, collective behaviors. Although systems
designed with bottorup approaches are advantageous from the perspective of modularity and
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composability, they sometimes fail satisfy mission objectives that militaries place a top priority
on. When it comes to military operations, failure to accomplish the assignedehgih
requirements (e.g., a mission objective) is fatal. In this sense, militaries typically prefleviop
modeling approaches when they build combat or support systems. Althoudpviopengineering
methods are guaranteed to achieve {églel mission objectives, they inevitably lack flexibility
and scalability when designing leMvel behavior control systenthie to their requirement for
well-defined abstraction systems. Therefore, the proposgstens engineering process
incorporates a bottomp approach along with a traditional tdpwn approach. That is, the
systens engineering process basically applies prdown method, but it is iteratively refined
through feedback from a botteup method to develop an operationally and functionally suitable

system.

311 Over wileever 8y $ gEermg i n ePerroi cnegst\diB S E

Although MBSE does not dictate any specificigesg or engineering process, any MBSE
process typically covers four systems engineering domains: requirements (capabilities), structure
(architecture), behavior, and validation. To develop the desired-bW\fi system using the
MBSE method, an iterativ@/stens 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 implementatidfigure 31 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 missistatementFurthermore, clear and
comprehensively specified concept definitions can help reduce the risk of failure-worthl
implementations. The work f@pecifying mission requirements consists of two parts: mission

analysis and specification of sgmrequirements

41



En

Requirements Validation

Collective Behaviors Validation

Integration

AT 3 Prototype
Validation b Implementation
HITL
Simulation

+ Infantry Rifle Platoon and Squad (FM 3-21.8)
+ Intelligence Preparation of the Battlefield (ADP 2-01.3)
» Operations(ADP 3-0)

. Offense and Defense (ADP 3-90)
= Operations Process (ADP 5-0)

+ Mission Command (ADP 6-0)

Figul e PI.ofporsaftdi téeangi nepe o c.B g s

Mission
Mission Description | Concept Definition | Requirements | Model Development
Statement
! Mission Functional
StateMachine: [ . ! Functional | |.~
Diogram | Analysis 2Block Dingranm Model u
. B H =
=
lcoxop lModel ]
g
System Behavioral
; Requireme; = i Activity e
| Disgram | Requirements | Diogram | Model
M'ﬂ'iﬁca(iou
N
Military Doctrines
Mi s s i

on analysis focuses on

analyzing the

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

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

systens 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 afettal requirements at the

systemlevel 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 oystem 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 i€ onstructed t

(0]

defi ne

t

h e

systemods

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

structure of systertevel functions and their interactions by expanding system requiremeote bef
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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 lagid relationships. The output of
functional modeling decomposes a mission into sydestel 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 systresponds to a stimulus from its environment. A behavioral
architecture model is developed based on the constructed functional architecture model to describe
behaviors of individualevel subsystems. It is not necessary that the first behavioral atatétec
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 sedfinement. This seltrefinement process can also
identify overspecified requirements or -flefined collective functions in the functional
architecture model. If some of the collective functions defined in the functional architecture model
cannot be properly brokenodn into individuallevel 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 delded model in the previous step is used as a blueprint to test and
improve the system with a hardwarethelloop (HITL) simulation. Using HTIL simulation,
logical errors or any potential undesired behaviors can be identified by implementing the system
in realistic or pseudoealistic environments. Unforeseen aspects of the developed system might
cause undesired results and/or unfulfilled requirements in a simulated environment. In this case,
the systeraengineering process goes back to the second stepdidy 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 assumptieris the
first step do not hold true, it should be necessary to modify mission requirements and reconstruct
models. The system deployment and +gatld 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 realorld military operations (search éattack operation in this study).

312 Mi | i bactyrCiomaxlam@Osef i ni ti ons

Military doctrine is the fundamental set of principles that guides how military forces should
conduct major operations (Attrill, 2015). Doctrine facilitates common work fumatity 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 gpiens, 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 militanjission (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 implementshe 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 appropriakely to ma

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 -® 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 processiistiverkdo 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 figyel description of actianbased on
judgment and adaptation to situations. Techniques are detailddwveldlescriptions of behavior
Procedures are lo¥evel, highly detailed descriptions of actions within the context of a technique,
which generally consist ad sequence of steps in a particular order. Usually, techniques and
procedures are prestablished 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. Wy'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
addresse 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 delegatiorsiohdaraking
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' decentralizegcutions toward the desired end state

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

32 St dMi s sStoant eamme@otn cBPefti ni t i on

As the initial step of the engineering process, the concept definition analyzes the mission
and specifiesnission 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 amalytbf operations are

specified.

3.21 Mi ssStoant e ment

Search and attack (S&A) is owné the essential militaryoffensiveoperations to establish
or regain contact with the enerfseeFigure 32). It is typically employed in situations where the
enemy is a small, dispersed group whose location cannot be accurately determined bgrany oth
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, 2@8¢e contact is made, forces must
maintain the contact, and then, attempt to isolate and des#@nemy with coordinated actions.

A mission statement is a key component that describesitsgorts purposethe intended

end state, and the wdiye., specifiedandimplied tasks)to achievethatend statdHeadquarters,
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Figu2e Ty pe of offensive operations

Department of the Army, 20@%). Themissionstatement fosearcrandattackoperatiorconsidered

in this studycanbe describedasbellows

Mission StatementThe 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.

322 Conclefti ni ti on

Based on the mission statememiscribed in the previous section, Concept Definition
marks the beginning of the proposed iterative systemgineering process. This step defines the
properties of the desired system by characterizing the system in sufficient detail to ensure its
operatioml 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 caésbéipected
functions, and quantified performance conditions. Systemgineering activities in this step are

mission analysis and specification of system requirements.
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3221 Mi ssAnoanl ysi s

The mission analysis specifies which operational elements shouisebleand how their
actions should be taken in order to accomplish the mission. The major activities for mission
analysis in this studgonsistsof organizing force elements, clarifying key assumptions, and

developing a concept of operation.

322110rgani ebkbrBlaement s

Force elements are considetederequired operational elements or resources to be used
in a specificaera of operationsAO) and time to fulfill the operational requirements of the mission.
An effective search and attack operation requires employing teutierational elementa 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, reconnaissanfieing, and finishing elements (Headquarters, Department of
the Army, 2016). In realvorld military applications, each of the roles is assigned to different force
elements. However, in this study, a single force element consisting of multiple UAVs agalime
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 Quck reaction force (QRF)rigure 33

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

1 HAU, which serves as the force commander, leads the search and attack operation by
providing commands ancbntrols 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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Figu3e Unhits of a task force for a

headquarters (i.e., ground control station). Afitext, through a command and control
system, HAU directs subordinates by assigning tasks and providing instruction on how
force elements cooperate tocamplish the mission. To do this, HAU flies at a high
altitude in an energegfficient 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 than onboard computer equipped has enough computing
power, the situational awareness function in HAU combines the visual information
from the vision sensor with the pleaded geographical information in order to

properly assign tasks to other components.

As a reconnoitering and fixing force,gaoup 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 orde

deployments ath 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 LAltontainsan orboard 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 ldggo 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 deploytegbhysically capture the target.

1 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 operationat@mwient 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.

3.2212Key Assumptions

The key assumptions fengineeringhe operationakystemareclarified asfollowings:

Key Assumptions

1 (A1) AllUAVs fly ata predetermined fixed altitude from the ground surface
1 (A2) All UAVs moveat the same constaspeed.

1 (A3) All onboardsensors, 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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1 (A4) Information distribution systems are fully established and maintained throughout
the entire period aheoperatiorsothateverytwo UAVS cancarryoutcommunication

with eachother.
1 (A5) Communication delaysan be neglected

1 (A6) On-boardcomputersof UAVs havesufficientcomputingresourceso dealwith

computationaproblemsduringthe operation.

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

are identified before the beginning of operations.

3.2213€Concept of Operation

The concept of operation (CONOP) describes how the operational elements specified in
the previous seitin 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 addegsitithe
systembébs goals (i .e., mi ssion) without del vin
define requirements of the system that drives the following system design process (Herzig et al.,
2018). In short, CONOPS describes how the systél 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)-edund 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 plrassiiion 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 systdavel state machine diagram, which describes the required operation
phases and their transms to the next phases during the search and attack operation, to formalize

the CONOP.

T I n P h BReimetelMoqitdringd s t Fagure 34), L\Us autonomously disperse
and occupy aerial positions over the perimeter of the main force (i.e., QRF) to provide
continual allround securityFigure 35(a) illustrates the process of this phase. The

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

(@ Reconnaissance Y, CP: Contact Possibility

i ¢: Threshold of Contact Possibility
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Mission Executed
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Target Detected
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Target Captured @ Finishing

Shaping

Figu48t 8t e diagram foopdeitophaseasch and

T Duri ng Récansaissalce Typed aRedonnéissancdype Bbas shown
in Figure 34), agroupof LAUs conducts reconnaissance to establish and maintain
contact wih the target. Two different types of reconnaissance formations are

consideredtraveling overwatch(Type A) andbounding overwatcl{Type B). The
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multi-UAV system determines a proper reconnaissance formation based on the
possibility of contact with the tget. If the contact is possible, i.e., the contact
probability is less than a certain threshojd)( thetraveling overwatctormation is
used. At this time, all LAUs participating as the reconnaissance element fligyside
side and move simultaneously toward a direction specified by HAU. If the contact is
imminent, i.e., the contact probability is greater than or equat téhe bounding
overwatchformation is applied. In this type, LAUs divide into two units and move by
bounds, i.e., one unit is alwagsectedo overwatch while the other unit moves toward
the direction. Whenever the probability chasmgdhe reconnaissance element
organizationally converts its formation typEigure 35(b) shows an illustrative
example of two different reconnaissanoenfiations. The transition to Phase 3 is made

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

| n P h &sciecleBent(Sldaping s t REgure 34), the reconnaissance element
changes its role to the fixing force by following a FRAGORD from HAU. Before

Il ssuing the FRAGORD, HAU determines the b
position (LSP) and aerigbositionsfor the encirclement, considering terrain features
and the targetdéds motion model detail ed
FRAGORD, including encircling positions as a set of tasks, LAUs cooperatively
allocate task@ 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 aime search boundary, tlentaminatedand clearedareas 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 boundarykigure 35(c) illustrates the process of this phase. Phase 3 ends when the

encirclement has been made.

T I n Ph 8weepingd ¢ 6Fgure34) two different elements, fixing and finishing
forces, coordinate to attack and capture the target. The fixing element (i.e., LAUS)
coordinates its movementisward the LSP in order to convert tbentaminatedarea
into thecleared At the same time, the finishing force (i.e., QRF) gets on the move
toward the targetds position to attack t

this phase ends, and thetiem operation is wrapped ugzigure 35(d) shows the

graphical illustration of this phase.

Figubeld3.lustrations of four phases for the pr

aklound security. (b)) Phase 2: reconnai ssance.
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3222SystRemqui r ement s

The system requiremerase systenlevel 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 hovertine syst
should look like. As shown iRigure 36, system requirements are divided into two types of sub

requirements: capability requirements and architectural requirements.

req [System Requirements])
<<requirement>>
System Requiremetns
ID = "SR"
Text = "characteristics of the
system”
/,5 @‘\
<<requirement>> <<requirement>>
Capability Requirements Design Requirements
<<satisfy>>
ID ="SR.1" - — - —— = — ID="SR.2"
Text = "capabilities that the Text = "necessities,
system must provide® expectations, constraints to
be developed”

Fi guéA&gh 2r arscyhsyteeqrii r e ment s.

32221Capability 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 multtUAV system (ie., HAU and LAUS), as depicted figure 37. The capability
requirements ardividedinto five sets of subequirements: cooperative mission planning, motion

planning and control, formation control, operation management, and target detection and capture.
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req [Capability Requirements] J

<<requirement>>
Capability Requirements

ID ="SR.1"
Text = "capabilities that the
system must provide”

<<requirement>> <<requirement>> <<requirement>>
Cooperative mission Planning Motion Planning and Control Formation Control
ID ="SR.1.1" ID="SR.1.2" ID="SR.1.3"

Text = "mission and tasks should
be decomposed and assigned

Text = "individual UAV should
autonomously navigate without

Text = "LAUs should form
proper formations without

<<requirement>>
Operation Management

ID ="SR.1.4"
Text = "operational progress
should monitored and

<<requirement>>
Target Detection & Capture

ID="SR.1.5"
Text = "LAUs should detect
target on the surface”

y occurring collisions” occuring collisions” managed”
<<requirement>> <<requirement>> <<requirement>> <<requirement>> <<requirement>>
Mission Decomposition Collision Awareness Collective Localization Assured Communications Visibility Awareness
|| ID="SR.1.1.1" (| ID="SR.1.2.1" | [ID="SR.1.3.1" || ID="SR.1.4.1" | _|ID="SR.1.5.1"
Text = "mission should be Text = "potential collisions Text = "LAUs shoukd be Text = "communications Text = "visibility on terrain
decomposed into tasks™ between UAVs should be gathered to form among force elements should surface should be guaranteed™
predicted” reconnaissance formations™ be secured and assured”
<<requirement>> <<requirement>> <<requirement>> <<requirement>> <<requirement>>
Task Assignment Motion Planning Synchronized Movement Information Collection Target Motion Estimation

L ID="SR.1.1.2"

I~ ID="SR.1.2.2"

Text = "tasks should be assign
with conflict resolution method™

Text = "individual UAV should
generate motion control

L ID="SR.1.3.2"
Text = "LAUs should move in
synchronized way”

I~ ID="SR.1.4.2"
Text = "information gathered
from sensors should be

|| ID="SR.1.5.2
Text = "target's behavior and
motion should be estimated”

strategies™ collected and distributed™
<<requirement>> <<requirement>> <<requirement>>
Motion Control Progress Monitoring Boundary Generation

|_|ID="SR1.23"

Text = "individual should use PID
controllers to configure control
orders”

<<requirement>>
Hardware Interface

ID="SR.1.24"

Text = "physical hardware should
communicate with logical
elements”

|| ID="SR.14.3"

Text = "operation progresses
should be monitored and
assessed”

<<requirement>>
Operation Phase Transition

|| ID="SR.1.4.4"

Text = "HAU should change
operation phase based on
decision points™

<<requirement>>
Problem Handling

—| ID ="SR.1.4.5"

Text = "catastrophic
abnormality should be found
and fixed”

<<requirement>>

Allowing Human Intervension

L| ID="SR.14.6"

Text = "system should allow
human operator to intervene
operation”

L_|ID="SR.1.53"

Text = "encircling boundary
should be adaptively
generated”™

Fi guT:A& IBi. er aarpcahbyi éafu iyesfecaneuinHt&\s y s U 8 nbrygs ML .

A set of requirements for cooperative mission planning includes required capabilities
related to cooperative decisiomaking for decompositions of the mission and assignments of

potential tasks. Motion plaimg and control requirements contain a set of capabilities that ensures
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indi vidual UAVOs autonomous navigation behavi
generation) without occurring collisions, generation of motion control commands, andatard

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 informationnitodng and assessing
operation progress, autonomous transitioning between operation phases, and managing the
systemdés abnormality. Requirements for target
requirements related to visibility of the terranrface for detecting targets on the ground and

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

322220esi gn Requirements

The design requirements specify the needs, necessities, and expectations that the developed
system shouldatisfy or the constraints that the system should adhere to (Schranz et al., 2018).
The requirements diagram kigure 38 shows four susequirements that should be considered
during development of the multlAV system. The desired system should instantiate the military
doctrines to support mission planning aneation 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 desloped 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 shoulditdee imnd
understandable, i.e., current military members with operational experience can build an operation

plan considering the developed MtV system as if it is an accustomed operational component.
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req [Design Requirements])

<<requirement>>
Design Requirements

ID ="SR.2"
Text = "necessities, expectations,
constraints to be developed”

<<requirement>> <<requirement>> <<requirement>> <<requirement>> <<requirement>>
Instantiation of Doctrine Modularity Composability Flexibility Understandability
ID ="SR.2.1" ID="SR.2.2" ID="SR.2.3" ID="SR.2.4" ID="SR.2.5"
Text = "system should Text = "subsystems should Text = "subsystems should be Text = "system should cope Text = "system should be
instantiate military be rearrangeable and selected and assembled in with wide a range of intuitive and undastandable™
doctrines™ resuable across the system™ various types of combination™ environments and tasks”

Fi gu8 e A3rhciheyr aof e d 8 5 if goameunHx&i\6 y s 1 8 nBriygs ML .

33 Stemodel Devel opment

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, alippdirige military elements
should focus on achieving the mission by completing tasks and/or sul@@askgleting missions
is the most crucial feature of military operations; therefore, "missimmted" thinking naturally
dominates any military operatiopsocess.

In this sense, the system architecture model for military operations is advantageous to be
designed using a tegiown approach by specifying higével functional elements before
decomposing lowelevel functions. Designing mutJAV systems with aop-down approach has
several advantages. Firstly, it is easy to incorporate military concepts and doctrines such as
Mission Command and TTPs into the systeengineering process. Secondly, it can facilitate
scalability and reusability of architecture byodularizing highetevel components into lower
level components. Thirdly, it can provide better understanafiige system and its processes to

human operators.
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Modeling is a transition process from the specified system requirements to a logical
archite¢ure. 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 requiremienthis study, two logical
models, functional architecture model and behavioral architecture model, are developed using

SysML languages such as block diagrams and activity diagrams.

331 Functi onal Mordcehliitnegct ur e

The functional architecture modelasset of generalized, systdavel 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
systenrequirements into a lovevel, detailed behavioral architecture of thiendedsystem. The
proposed functional architecture is a generalized model so that it can be applied to other missions
which useanidentical force organization.

In thisresearch, as outlined Figure 39, a multilayered 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 siestehfunctionalities and
features blayers 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. Thexefty avoiding describing
detailed algorithmic or implementatiatjs general architecture is not restricted to specific kinds
of aerial platforms and hardware applications

The proposed system architecture mainly consists of five functional layersicahy

control, command, operation assessment, and human interaction layers. The physical layer
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contains multiple realvorld operational elements, as we discussed in the previous section, such
as commander (HAU) at the higlititude level, subordinates (LA at the lowaltitude level, and

QRF and headquarters (GCS) at the ground level.

Human Interaction Layer

Supervision Human Commanding
Interface Operator " Interface
Actuator
Commands
Operation Assessment Layer
Ye
System Operation Catastrophic o Problem
Monitoring ] Abnormality? Handler
Performance
Fused Response
e — Intelligence
; Information from
{ Higher Command Command Layer
OPLAN,
Target Info Operational Phase Mission Mission TaskList |  Coordinated
Monitoring Decomposition Task Planning
Extracted
Foaturos OPORD
Control Layer Motion
Replanning “omtr
Motion Request = Planning Control
Information | Feedback | Progress {fnecessany)|  Motion Result l(iomrol
Collection Monitoring —— Planning Commands
[ Tunterual State Result i Hardware
' SensoryDa@_| Interface
Rm\'I lActuntor
Measurement Commands
Physical Layer
High Altitude Level % TF Commander(HAU)
Low Altitude Level " TF Subordinate (LAU )
] R ) —

TF Subordinate(QRF) Headquarters(GGS)

Ground Level A@
7

Figure 3.9: Multi-layeredplanningandcontrolframeworkfor the functional architecture
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The control layer is responsible for controlling haadevcomponents (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 conmfdymation collection, and
progress monitoring. The ldware 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 informationncollectio
module for further processing. Among the received data, features to interpret characteristics of the
AO (e.qg., visiorbased information) are extracted and sent to the coordination and command layer,
while internal state data (e.g., GPS location, altiftr@@dingandIMU 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 plaimg 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 modulses combinations of proportioAategrat
derivative (PID) controllers that are configured to accept control ordeus eifodesired value of
a variable (e.g., altitude, positioand 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 maticontrol 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 confhicte task assignments. Mospecifically, 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 conténs modules:situation awareness,
operational phase management, missi@composition, 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 povided 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 plahN)@id. farget
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 phaseerhtipn. 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 tes among force elements using conflict resolution mechanisms such as
marketbased and optimizatiemased methods. After generating the confliee solution of task
allocation, it issues an operation order (OPORD) to assign a specific task to a spec#ic f
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 theiomsassigned 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 operatimonitoring module is used to autonomously assess the situation
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of the system including the status of hardware platforms, sensonaddemnvironment.

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

directly controls the mukiUAV system by generating required control commands.

332 BehavAoc il tMadalrieng

The behavioral architecture model is the arrangement of operational elenweint
functions and their interactions (i.e.,pirts 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,
systemlevel functions identified in the functional modeling process. Based on the system
requirements, the systel@vel functions are decomposed into detailed, operational eldeait
functions.

The elementevel functions refer to specific individual actionsrfprmed by each force
element. This means that interactions between force elements and sequences of such actions should
be identified to realize intended systégwel functions. Moreoverany decomposeélnctions
must contribute to systetavel efforts acomplishing the mission in accordance with military
doctrinal perspective.

In this sense, this study proposes a hierarchical behavior modeling framework to develop
an applicablebehavioral model for the desired multAV system. The proposed mode]

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, incl udi regtonslprecess, assa.primany my 0 s
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 high#&svel god

33210Descr iofthkeroop AHHs ed ar chi cMdd d Bl€ihmgne wo r k
Figure3.10illustrates the conceptual design process of the proposed hierarchical behavior

modeling with gradual breakdowns of systlwel functions into lowetevel functions. The

framework shows hova mission is composed of modular, reusable rheNgl templates of

functions and suffunction.

Mission 03?;22225 Tactics Techniques Procedures
> 0.1 > T1 C.1 > P.1
N
>
T.2 C.2 > P2
s 02—/ /
/ //
M T.3 > CJ3 > P3
< /’ ~
> 03 \\A
> T4 —> C.4 P4
7< N N
> 04 > \ \

Figure 3.10: Conceptuatiesignprocesf the proposechierarchicabehaviommodeling

Based on the military doctrinaloncepts and definitions, the following taxonomies and
terms will be utilized during the behavioral architecture modeling:
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A missionis the overall objective assigned to the mUIAYV system. In this research,
the single mission is considered as definefantion 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 decomposedfoupoperation processes.

An operation processis a set of activities to ganize and put command and control
into action (Headquarters, Department of the Army, 2019e). Thefewareperation
processes considered:Planning , Preparation , Execution , and
Assessment . The operation process is missionlependent 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 highlevel, abstract description of how all or parts of the force elements
collaborate to accomplish a specific task. The set dfct serves as a library of
cooperative behaviors for the mulliAV system. Tactics to be considered are
Perimeter Monitoring , Recon, Encircling , and Sweeping . Each tactic

is composed of one or more techniques.

A techniqueis a midlevel, detailed descripn 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 includMove 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 procedureis a lowlevel, 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 direabn, 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 relationshipepeiwmrits and outputs and
describe how force elements6 actions transfor
terminol ogy AdAffwumccttiioom® adrs fuswehd i nterchangeab

diagrams.

3322Heur ifsoBeta vAoDC laill t Macd allrien g
During the behavioral architecture modeling processjelingheuristics are applied from
Rodano and Giammarco (2018y the modelverification The appliedheuristicsare categorized
into two groups: Decomposition heurist s t o ensure the systemds f ¢
Traceability heuristics t®atisfy the system requirements. heuristics,A represents a set of
activities (transforming inputs into output®) represents a set of performers (force elements in
this study) and Q represents a set oéquirementgfunctional requirementsn this study) The
predicatecontex{ @ represents. asa contextactivity or the top-level activity in the system

context(i.e., missionin this study).
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Decomposition Heuristics

(H1) Every activityexcepta context activityshallhave at least one parent.
("a i Agxontetd { $ I decomposes a) 5

(H2) No activity shall be decomposed by itself.
("alA) kdecomposedby, g ali ]+

(H3) Everyperformershallperformat leastoneactivty.

("piP( & B[ performediy.a)p

RequirementTraceability Heuristics

(H4) Everyactivity shallbe basedon somerequirement

("aiA( & OQfbasedan,a)

3323Descr ioBteih@arvi or al Architecture Model
3.32310per aProndeyved

The operations process represents a standard operational framework for organizing and
putting command and control into actions to achieve a mission (Heaglgu&epartment 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
processefPlanning , Preparation , Execution , andAssessment .

Figure3.11 illustrates the standardized operations process for a-bWiki mission. The
first three processes Planning , Preparation , and Execution - are carried out
sequentially. On the other hand, thesessment process is performed in parallel with each of

three processes, since it is a continuous activity of the operational process that supports decision

67



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 byythba (h) at the rightbottom of

activity nodes.

act [Operations Process])

0.1 0.2 0.3
Planning Preparaion Execution
h h th
Start I S f :I Stop

0.4

Assessment
L mJ

Figure 3.11: Standardperatios processThe symbolrh) at the rightbottom ofeachactivity node

representslecompositionito its correspondingacticsand/oractions.

1 Planning (0O.1) process begins when the heaaters GCS) receives an operations
order (OPORD) to be prepared to execusearch and attagkission.In response to
the order, the headquarters organizes force elements, including one commander (HAU
and an adequate number of subordinates (LAUs and Q¥R¥}Y, the headquarters
develogs a course of action, which includes the position and barrier size of the base
station, and the search directiéi.the end of the Planning process, an operations plan
(OPLAN) is generatedFigure 3.12 shows the activity diagram of the planning

operations process.
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act [O.1- PIanning]J
OPORD

/ (search & attack) N

Planning
Organize Develop COA
Force Elemets (search direciton) ?Stop

OPLAN
. =4

Receive
OPORD
(Search & Attack)

(search & attack)

Figure 3.12 Activity diagram ofPlanning operations process (O.1).

1 Preparation (0.2) process begins when tt@mmandereceives OPLAN from the
headquartersAfter the commander loadee OPLANINto its systemtheheadquarters
initiatest h e  Hpeellightsfunction in order tget ready to flyAlong the same way,
thecommanderssues dragmentary ordefFRAGORD) to its subordinat&JAVs (i.e.,
LAUSs) to let them run their preflight functions. TReeparatiorprocess ends when all
UAVs turn to flightready statusFigure 3.13 shows the activity diagram of this

operations process.

act [0.2- Prepara»on],

(Preparalon ~N
Stop
Start pted?
Send Receive i [
OPLAN Response
1%}
3 Receive Issue Taceive
yes Issue
" FRAGORD > Sys Status FRAGORD Sys Status
(preflight) Report (ingress) Report
FRAGORD
(ingress)
Receive
FRAGORD Send
i Sys Status
(ingress) e
@
:
ﬁ Tl
Ingress
g th
i
Receive
OPLAN
ready?
> ~/

Figure 3.13: Activity diagram ofPreparation  operations process (0.2).
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Execution (0.3) process is the main process of putting an OPLAN into action by
applying theforce elements accomplish the mission and adjusting its behaviors based
on changes in the operational environmdilte process commences when the HAU
takes off to enteairspace ovethe AO and ensiwhenone of LAUsdetectghe target

and the QRF captures it. As shownFigure 3.14, the execution process contains 4
tacics: Perimeter  Monitoring (T.2), Reconnaissance (T.3),

Encircling (T.4), andSweeping (T.5).

act [0.3 - Execution]

Exocution

GCS

Update
System Status

Force Elements

fi parallel

Dispatch
I e
I [

=

| T
Sweeping
| h
T
\

T

Figure 3.14: Activity diagram ofExecution  operations process (O.3).

Assessment (0O.4) processs aniterativeprocesghatensures correctbehaviorsof

the force elements.This process evaluates whether the system is actually making
progress to achieve its mission objective basedpersistently collected status
information from UAVs. when any abnormality is detected, the GCS generates a
FRAGORD t o adj ust .lhaycaastropne abinarnmalityy whechntise
system in the GCS is not able to handle, is detected, the human operator intervenes to
correct the system by generating direct control commarigsire 3.15 shows the

activity diagram ofAssessment operations process.
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(problem handiing)

Update
System Status

GCS

FRAGORD
(problem handling)
Racelwe Syss;::tus
FRAGORD il
STop

Figure 3.15: Activity diagram ofAssessment operations process (4.

Force Elements

33232Tac tLiewvs |

A tactic commands a group bfAVs 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 taatidsabrief descriptio of

each tactic is presentetbng with techniquethat compose it

1 Ingress (T.1) is thefirst inflight tactic includingtechniquesTake - off (C.1),
Hover (C.2), Activate Sensors (C.3.1),andRegister (C.4).Itis invoked by
the ingress FRAGORD from the GCS. Basedtloa 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 recagubeother. Al |
the inflight activities are performed, the HAU generate and send a progress reports of
the system by collecting system status reports from all LAiggre 3.16 shows the

activity diagram of this tactic.
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act [T.1- Ingress]J
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Figure 3.16: Activity diagram oflngress

1 Perimeter Monitoring

surroundinghema i n

includes techniqueslover (C.2),

Activat

tactic (T.1).

(T.2) is used to provide continual surveillance of the area

fperimeatee. Tohis tactic, invoked by the barrier FRAGORD,

e Sensors (C.3.1) Deactivat

Sensors (C.32), andDispers e (C.5), as shown irrigure3.17.

act [T.2 - Perimeter Monitoring])
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Figure 3.17: Activity diagram ofPerimeter
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1 Reconnaissance (T.3) is a cooperativeeconnaissancesing eithertraveling
overwatch or bounding overwatch basedon the possiblity of contact.If contact
probability (CP) is greater than O and less than threshg)dttje teamof LAUs uses
theline formationfor travelingoverwatch Onthe otherhand,if contact probability is
greater than 0 and less than threshgjdthie LAU team uses bounding overwatch by
splitting itself into two groups (overwatch and bounding) and switchinggy roles by
boundsThereconnaissandacticis composed of techniquekver (C.2), Move to
Aerial Points (C.4), Decompose Recon_A (C6.1), Bid (C.8.1), andMake
Consensus (C.8.2, andMake Report (C.9). Figure 3.18 shows the activity
diagram & 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. Afteat LAUs initiate the
cooperative taskssignment procedure tallocateoptimal positions to each LAU.
When the initial reconnaissance formation is shaped, the HAU decides the proper
reconnaissance type based on the information G, from the GCS. This tactic is
autonomously repeated, bifitthe targetis 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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act [T.3- Rewnnalssanoe]J

targetos
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(C.4), Decompose Encircling

e., L SBvptoAdridi s

(C.6.3, Generate Target

(C.7), Bid (C.8.1), andMake Consensus (C.8.2), as shown in
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Figure 3.19: Activity diagram ofEncircling
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Figure 3.18: Activity diagram ofReconnaissance tactic (T.3).
1 Encircl ing (T.4) builds a virtuabarrierto fix the detected target. Triggering by the
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1 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 techniquetHover (C.4), Move to Aerial Point (C.4), and

Decompose Sweeping (C.6.4). See the actty diagram inFigure 3.20.

act [T.5 - Sweeping] J
/Sweeplng E
C73 Issue
2 R FRAGORD Stop (@
T Start Sweeping th (encircling)
FRAGORD
(sweeping)
3 Receive C4 C2
3 FRAGORD RaTei(to
{ancizrl dng) Rerial Po:.nt'h Hover
. =4

Figure 3.20: Activity diagram ofSweeping tactic (T.5).

33233TechniLgevets

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 ofitge®ncan create multiple
tactics. Each technique is defined and mapped to one or more potential procedures. A technique,
which only consists of a single procedure suchae - off andHover , will be directly mapped
to the potential procedure without hayirts subcomponent. The proposed system architecture

includes the following techniques:
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Take - off (C.1)is a technique used for UAMshich are ready to fly, to enter the
airspace over the area of operation at the predefined altitude. The techalcue
off consists of a single procedure. The required parameter is the initial taking off

altitude (niAltitude).

Hover (C.2) is a techniquehat enables UAVs to stay at a specific aerial point. The
techniqueHover 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), andSweeping (T.5).

Activat e Sensors (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 reashe specific altitude, the sensors are turned on just after
techniqueHover (C.2). This technique consists of a single procedure used in tactics

Ingress (T.1) andPerimeter Monitoring (T.2).

Deactivat e Sensors (C.3.2)is the default sensor setting that deactivates al non
navigational sensors. The sensors are turned off before taelvhaye to Aerial
Points (C.5) in tacticPerimeter 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 messagBggisterRequestand Register Respons&ach
messageontains thenessagé y pe, t he senderds | D, the TC

76



(i.e., HAU or LAU). As shown irFigure3.21, when one of UAVseceives &egister
Requesmessage, 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 serRisgister Request

message to update the sei@dsr peer matri x. This techni gt

tacticingress (T.1).

act [C4- Register])

/Reglster )
:;C::t":r Retrieve Update Rez:::er
Request Peer Info Peers Matrix Response
Start |
Did | send
request
to this sender?

Figure 3.21: Activity diagram ofRegister technique (C.4).

1 Moveto Aerial Point (C.5)is atechnique 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 controletatge
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 UA
is larger than a threshold, it returns to the path planning phase and replans the route.
Figure3.22 detailsall the stepsof Move to Aerial Point techniquewhichis

usedn Reconnaissance (T.3),Encircling (T.4),andSweeping (T.5)tactics.
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Figure 3.22 Activity diagram ofMove to Aerial Point technique (C.5).

1 Disperse (C.6)is a technique to scatter aséparate the LAUs autonomously after
taking-off within a virtual cylindrical shape centered at the base station. Dispersing
LAUs can provide continuous aibund security to the base station and main forces.
The technique consists of a single procedureragdires two parameters, the center
position ¢€enPositiof and the radius of perimetepgrRadiu. It is used in

Perimeter Monitoring (T.2) tactic.

1 Decompose Reconnaissance (C.7.) is a techniqgue wused 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 determe 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 ofdeeompose Reconnaissance

technique is shown iRigure3.23.

act [C.7.1 - Decompose Reconnaissance])

Decompose Reconnaissance
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Figure 3.23: Activity diagram ofDecompose Reconnaissance

1 Decompose Encircling

positions to encircle the target detectenlst, an image of the search area is retrieved
from the vision sensor to identify obstacles tlaffiectt h e

Secondly, an encircling boundaig/generated by running a target propagation model

(C.7.2) is a technique to determine the appropriate aerial

technique (C.7.1).

target o0s

mo v

and an obstacle detection model, whose details will be discussed in Chapter 5. The

generated encircling boundary is providedan optimizatiormodel called the Aerial
Terrain Guarding Problem with Visility Chain (ATGRVC) 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, us&ahaircling

(T.4),is clarified inFigure3.24 through a detailed activity diagram.
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Figure 3.24: Activity diagram ofDecompose Encircling technique (C.7.2).

1 Decompose Sweeping (C.7.3) is a technique tmentify new positions of LAUS to

shrink the encircling boundary toward the L&ERyure3.25 shows the activity diagram

of theDecompose Sweeping

technique. The details on how to determine the proper

LAUSs and their new position moving in on the LSP will be discussed in CHagtbrs

technique is used iBweeping tactic (T.5).

act [C.7.4 - Decompose Sweeping])
/Decomposa Sweeping i
. : Retrieve Update Find Combination of
LAU Feasible Maximum Distance
Start Positions Moving Positions Reduction
LAU
Positions
@ & Updated
S Aerial Positions
- ok J

Figure 3.25: Activity diagram ofDecompose Sweeping technique (C.7.3).
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1 Assign Tasks (C.8) is a technique used iReconnaissance (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
techniqueconsistsof iterations between two phases by adopting a decentralized task
assignmat mechanism called consendwssed 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 toLAUs who bid the lowest costs. It is worth noting the assignment considers
potential collisions among LAUSs, i.e., the trajectories of LAUs toward the assigned
aerial positions do not cross each other. More details on the task assignment will be
discussedn Chapter 4.Figure 3.26 showsthe processof the Assign Tasks

technique.

act [C.8 - Assign Tasks] J

/Asslgn Tasks

Other LAUS
Bids B

{ Consensus Process task

assigned? |
Bid Receive Pecats Make
- Bids »Global yes Report
Start (lowest cost) Assignment Set |
BN | EremmempmerT T s meTTETE T T o el ‘—' SRt
Aerial Points no
Vg ®
Predict <<datastore>> Stop
S Possible Giobal
Colision Collision Assignment Set
. o

Figure 3.26: Activity diagram ofAssign Tasks technique (C.8).

1 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 andgharesit with follower LAUs. The leader LAU
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determines the reference aerial point basedertarget'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 formian, 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 LAUSs, the process of this technique is stopped

immediately Figure3.27 showsthe procesf the Recon Type A technique.

act [C.9.1 - Recon Type A]

Potential Target
Recon Type A Position (potPosition)
Start
e is current WP
e s the last WP?
= 1::3::::3 Run Path Generate
Wes .
é Matrix (F) Planner ‘
3
g send =
3 Leader syst
WP
o 2 g nfo N O

Follower Report
Matrix (F)

ke

Receive Receive
Follower Leader
Matrix (F) WPs

Set
Position in
Formation Frame

Generate
Wes

<<datastore>>
WPs List

Follower LAUs

Figure 3.27: Activity diagram ofRecon Type_ A technique (C.9.1).

1 Recon Type B (C.9.2) is a techniqgue 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 ofcbaunitare decidedbased 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 4Figure3.28 presentshe procesf the Recon Type_ B technique.
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Figure 3.28: Activity diagram ofRecon Type_B technique (C.9.2).

3.3.3 Ver i f iodeetvied worpcehdi t Mad aulr e
3331Veri fi clartanosi tafamct MoohaBehavModal

The developed behavioral architecture model is verliesed onwhether modules in the
functional architecture model are completely broken down into activities in the behavioral
architecture modeAs shownin Table 31, all the functional modules are considered and properly

decomposed in the behavioral modules.

TablleT h3e.e soutlrtan § r o ifennn ¢ tmoated e h a vmoodreal | .

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 Phas®lanagement Execution (0.3)
Assessment (O.4)

Mission Decomposition Planning (O.2)
Disperse (C.6)
Decompose Reconnaissance (C.7
Decompose Encircling (C.7.2)
Decompose Sweeping (C.7.3)

Coordinated Task Planning Register (C.4)
Assign Task (C.8)

OperationAssessment System Operation Monitoring  Execution (O.3)
Assessment (O.4)

Problem Manager Assessment (0O.4)
Human Interaction Supervision Interface Assessment (0.4)
Commanding Interface Assessment (0.4)

3332Veri ficationobModApphpsbdeuonstic
Thedevelopedehavioralrchitecturanodelis verified againsthe modelingheuristican

Section3.3.2.2. Thefollowing showsthatthe modelfulfills all the consideredeuristics.

1 (H1)Basedonthehierarchical 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 ae parenexceptmissionwhichis designate@sa contextactivity. Figure3.29
shows the example of the parehild relationship between levels based the

hierarchical design concept.
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Figure 3.29: An example of the pareshild relationship between levels

1 (H2) Every activity element in the model is decomposed into ldexesl activities, i.e.,
the behavioral architecture model complies with this heursiguire3.30 presents the
allocation matrix linking tactics (parent) and techniques. This matrix shows that all

tactics are decomposed into a unique and distinguished set oflexgkactivities.

Techniques
4
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g o ]
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[2] [*] [N ] 3] ]
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7] @ o 3 3] o
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@ Perimeter Monitoring o o oo [ ]
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Figure 3.30: TacticTechnique athcations matrix.
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1 (H3) Every performer (i.e., force elements) perform at least one activitgstedn

Figure3.31which reorganizes all activities into abstracted activity sets by performers.

act [Abstract Aclivlties]J

GCS

(Re ceive Assess
kReports Progress
Make
Reports

Receive

I
agrone Orders

Decompose Issue Receive Moni tor

Mission Orders Reports Progress

Receive Execution Moni tor Make \
Orders Progress Reports )

\( Receive Execution Make
/k Orders Reports

Figure 3.31: Abstractactivitiessetsreorganizedy force elements
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34 St 8Walidation using HITL Testbed
It is challenging and costly to test and validate the performance ofldANtisystems as
the scale of the system increases. It is possible to conduct experiments using computer simulation
without hardware components; howeue reliability and accuracy of the results are limited due
to misleading assumptions and an absence ofredtl environments. Without a comprehensive
solution, the developed system may not translate well toxedd 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 hardwatbe-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 realtime sinmulation 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

86



without taking the risk of losing any real vehicles (Chandhrasekaran and Choi, 2010). When
developingesourceantensive behaviors of multiehicles, 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 simukibistorically 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 teal world is difficult or sometimes impossible. Also,
since military systems are usually much more expensive than corresponding commercial systems,
costeffectiveness, one of the advantages of employing HITL approaches, is an important criterion
that shoull be considered during the military research and development (R&D) process.

In this study, tademonstratend validate the system, a HITL simulation is designed and
constructed as a testbed by integrating disparate system elements developed in Stegstbethe
consists of various/pesof resources as shown kiigure3.32. First of all, therearefour different

typesof UAVs in the simulation modetompLAU, semiLAU, simHAU, andsimLAUs

1 compLAU is the completely assembled AY with every required hardware and

software component.

1 semiLAU is almost the sameAY with compLAU, but parts of the actual airfraraee

replaced with a simulated UAM aflight dynamicssimulator

1 simHAU andsimLAUs arefully simulatedUAVs withoutanyhardwarecomponents

ThoseUAVs only existin the mainsimulator.

The next resource of the testbed is the main simulator, containing every operational
element, including UAVSs, environmental elements, and the target. During the simulation runs, the
main simulator collects rediime information ofcompLAU andsemiLAU, swch 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@fAU and
semiLAUusi ng an oper at or ocentralsaf megurad.eDuringatmedimutediamu al | y
information exchange and interactions between resources are realized through two types of
communication services: wireless networking and radio link. The details or@agonentill

be discussed in Chapter 6

Resource Structure J

<<S0S>> g
Multi-UAV
HITL Testbed
<<subsystem>> gl <<subsystem>> gl <<subsystem>> g] <<subsystem>> g] <<service>> g] <<service>> g]
comp-LAU semi-LAU Main Simulator Ground Control Wireless Radio Link
Station Networking
<<subsystem>> g] <<subsystem>> g]
Flight Dynamics sim-HAU

Simulator

<<subsystem>> @
sim-LAU_1

<<subsystem>> g]
L Environment
Simulator

Figure 3.32 Resourcsstructureof thedevelopedITL simulation.

As HITL simulation runs its commands on real hardware components, it can evaluate the
developed system that cannot be tested easily and verifgyitem performance in realistic

scenarios.
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35 Summary

This chapter began by describing the iterative systegineering 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 hieraromckling
structure that starts with the mission in order to realize the missiented feature. Finally, the
scheme of validation method using the HITL testbed was described. Chapter thckié

cooperativdask planning problems identified in the beloaal modeling.
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CHAPTER

COOPERATI VE TASK PLANNI NG PROB

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 problepdetermining the aerial position of LAUs tine reconnaissance
formations andhe target encirclemengre examined thoughly. Lastly, the cooperative task

assignment problem with collision mitigation is discussed.

41 Preliminari es
411 Descr iofotpiec reatAircecra Geogr aphi cal Environment
A Digital Elevation Model (DEM) iswell-known digital and mathematical approximation
to represent a surface of rembrld terrain(Li et al., 2004) The widely applied approximation
methodologies are Regular Square Grid (RE@ure 41 (a)) and Triangulated Irregular Network
(TIN, Figure 41(b)) (DeFloriani & Magillo, 2003). In the TIN model, a terrain is described as a
finite set of points (i.e., nodes) in a tdonensional plane, and each terrain point in the set is
associated with a height value (Midreveld 1996). There are arguments for which approximation
is beter to represent a realorld 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 criticalinp® are usually selected for
approximation Goodchild& Lee 1989) anda group of trianglem TIN terraincan be merged into

a larger triangleéo achieve efficiency of storag&€IN can be a better option in this study.
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Figule D4 gital El evation Model . (a) Regul ar Sgq
(Church, 2002)

Let ST R® be the surface of a rewlorld terrain and73={p1,...,pn} ES be a set of
sampled terrain points positioned in aifensional (3D) coordinate system with known
(longitude),y (latitude) andz (elevation). It is assumed that the terrain pointgimare well
sampled to represerd sufficiently. Let 7E={ ﬁ En} be a set of points that represents the
projection of points inp onto the Euclidear-y plane. A DEM7, which is an approximation of
S, is represented by a function defined over a convexhuf points in7E, e, f:D- R,,
such thatf () =2z(p) wherei=1,..n. Then the terrainz can be represented as a-2.5
dimensional (2.5D) terrairl ={ (x,¥,2:z =f(x ¥, (x ¥ D} (seeFigure 42(a)).

A XdiSmensi onal (1.5D) sdectriaom,ofwhach. 5B t éir
is characterized by a pi etceeswiaemdn mteame fponlcytg
Letf(y=k) be thesectoss of thHeby. 5heyckodmatehen
T(y=k) $(xv3:y ¥z $§xK. A 1. 5D xneornroaiomei spodnygonal ¢
consists of aa sxdt odf vedHiaguiass)asldown i n
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Visibility, which is often used interchangeably wottservationdescribes 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 tiomsaon visibility in
natural terrain caused by localized, relative, and variations in eleviatithre lllustrative example
in Figure 43, an observeat 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 vBElileywhite parts on the
terrain represent thasiblearea from Position A, while the gre&plored parts repsent the space
where the observer cannot see, i.einaisiblearea.

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, wherehbésdre ha
passed, were under observatibtoreover, in the fixing phase of the considering operation, the
LAUs must form a complete encirclement in order to detect a target trying to crbiserefore,
afully connectediisibility from aerialobservatiorpoints, which will be called agsibility chain

later, mustbe guaranteeavhena groupof LAUs encircleshetargetby shapingavirtual fence
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4121Not maom@ef i nitions

Let6 betheset ofviewpointin the air(aerial points)] be the set of terrain points, and
be the set of points under the terrain surface (i.e., points belowhen the environmemht can
be definedas the union of6, |, and; , i.e, w=A4 @& @& . Consider a line segment
L(ap)={a+(a 9:/ [6,]} that connects an aerial poiai .4 and a terrain poinpl 7 .

Visibility is then defined as follows:

Def i ndil(Viisrn pWd isayy epori@ifni s visahl aef et pori nt
aseps ap,i f any othdamopoii mfeaepyésxeceapt thpe ene. po

c(ap)AT {P.Equi vad-onfl pmndapomsl ymowhedre bel ow
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It is worth noting that the definition of visibility is symmetric. That isa i p, thenp ~ a.
FromDefinition 4.1, thevisibility functionis defined as filows:

ifa~p

otherwise Eq.(41)

viap)=vp3 4?2’
With the visibility function defined)), (a) is thevisible regionof ai .4 on terrainl
with . (a)={p 17| v(a P #. For a set of aerial poinG E A, 1, (G) denotes the union of
visible regionsi.e., ¥ (¢)=J, . % ().
Let 7, (a) be the orthogonal projection of a poiati .4 onto | and 7, (G) be a
collection of orthogonal projections of points¢hE A . Let C, ., be a connected series of (either
straight or curved) line segments whose end pointg,amd a, in 6 with no intersections among

line segments, i.e(, , is @ monotone polygonal chain connectmgand a,. Then thevisibility

chainis defined as follows:

Def i ndi2( Vosai bi I:Fby CwWwai asganad lm,we i sndasa rnahf aotr m

the visibility,mheRf.E)@her(e). exi st

Let function x(q) and y(q) represent the value of poixtandy-coordinate ohanypoint
ql' W respectivelyThen, for any twgoints ¢, and g, , we denoteq, < g, if g, islefttoq,, i.e.,
X(g) < X g).If a, anda, haveanidentical visibility rangewhich is a square shape with a side
length of D, the condition of the visibility chain can be simplified og(a)- x(a)| ¢P//5 @
ly(a)- y(a)] ¢2D/\/§ . The definition of thevisibility chaincan be extended to thsibility

chain sets follows:
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Def i nd3t(Miosni bi | i t)yLeQh auisn aSsestu me Gh{ata,.a4}larel emen

ordered by a certthanny coosnddetrhertlo a . adMeimmlggpaoi nt s

is the visibility chain set, <ffforanl It hpaivin si dfi |
I f al | a e<rair &l opdeo@sdibyhaa eda d a nwii ciabhe ¢,ii dwh i c h
IS sguar e wiath atphee si d®, tlheengveihsiaddfi | ity chain S

G.={a. ..a 14]|x@) «@,) Pz Ivp wal Dbz 1 i b

Additionally, if two endpoints in an orderedare identical, or they form a visibility chain,

we say< is theclosed visibility chain set

Def i ndidt(Goommp | et e )OMevemgge batof Gaba,d,alag} poimtas

compl et eoxce®rvea a(@et r ai7gihftheare adosomae dyiyitnkei akl t he
UAV footprints, 7Tasdwevadiynw poi nteadfy iosnea UANGO S ¢
polygonal chain<amd malal comp | p &,entxdwegre ma ye so be |

chain set.

Figure 4.4 illustrates the definitions defined above. In the figure, the-bblered dots
represent the orthogonal projection of a paiit_4 ontol . 7, (a), the yellow-colored squares
are the visibility regions, and the redlored lines are polygonal chains connecting two orthogonal
projections. IrFigure4.4(a), the three pairs of aerial poin{s,, a,), (a,,a,), and(a,, a,) , form
thevisibility chain thus we can say, which is ordered by an index of elements, isvils@ility
chain setHowever, the first and the last elements (aeandas) do not form the visibility chain.
Therefore< in Figure4.4(a) is not theclosed visibility setOn the contrarys in Figure4.4(b) is
the closed visibility setsincea: andas form thevisibility chain In Figure4.4(c), all 8 points in

thevisibility chain sek form thecomplete coveragever the curved potyonal7.
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Figd4ae l |l lustwvasi onswindymplhai @ cfiagevtidggebi | ity ¢
S ébtut ncoltowwtietelea bi | ibteyc aaubsaeddho sredt vfiosrimbitlheigg chair
t hcd osed vi si b({ tc)ltoysheedh avhiasi iebecsheitceoymesl et eo e er ag

the curved molygonal chain

From the notations and definitions defined above, we can say thahgptimai virtual fence
is a matter of finding thelosed visibility chain set, which providexomplete coveragever the
boundary of search ar@a Since aerial points K represent the positions for LAUS, the cardinality

of < should be minimized. This problem can be formalized as follows:

Minimize |G| Eq.(4.2)

Subjectto | X(@)- Xa)| % t[in g Eq.(49)
2D )

- =, 11 (4.

| ¥(a)- Y(a.)] ¥ [Ln 1 Eq.(44)

pi 1, (G), "p B Eq.(45)
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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 cbmplete coveragever encircling
boundary7. It is especially difficult to find the set of visibility geons ofai .4 (i.e., V, (a))
over the 2.5D terrairin the sensor placement problem with a limited sensing range, which is the
similar type with the proposed problem, is proved aschifplete even on a 2[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.

42 ShapRegonnaFesmateon
As discussed in Chapter 3, tvigpes of formationstraveling overwatch(Type A) and
boundingoverwatch(Type B), are utilizedduring the reconnaissancphase The selection of a

formation is based on the likelihood of the target and the need for $pgack4.5 graphically

illustrates two types of reconnaance formations.

Heading Direction Heading Direction
o 0 o o)
o o o} o ) o) o o e} °
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(a) (b)
Figure 4.5: Two types of reconnaissance formation.t{ayeling overwatcHormation.

(b) bounding overwatcformation.
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When the contact is possible but not imminent, the group of LAUs as the reconnaissance
force moves toward target the traveling overwatcHormation.As shownin Figure4.5(a), the
reconnaissanc®rce formsin line by placingeachLAU at equalintervals With this formation
thereconnaissanderce maintains relative positions with each other while mosimgiltaneously
toward the potential target position, which is informedm the higher commandif the
reconnaissance force recognizes that contact is expected based on information from the higher
command, then the formation is autonomously switched tobtwending ovewatch In this
formation,thereconnaissanderceis dividedinto two units; call them Unit 1 and Unit 2. Role of
one group is overwatching and role of the other is bounding. As shdwgure4.5(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-gefined 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.

4211Vi rtSualucture of LAUs Formati on

The success of reconnaissaimdinding the target depends on the control strategy to
maintain the desired shape of formation during the operationwiiedy used formation control
methods for multUAV systems include the leadfsllower method and the virtual structure
method. Do etal., 2021). In the leaddollower method, the nominated leader is responsible to
follow a predefined path, while the followers follow the leader within a specific relative distance.
Due to its simplicity andcalability, this method has been widely used variety of applications
(Rold&ag 2014) The disadvantage of this method is thatufre of the leader will result in the
failure of the entire formatiann the virtual structure method, which is firstly introduced by Tan

& Lewis (2014), the formatio shapas treatedas a virtual rigid bodyThe desired positions of
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UAVs are defined as different reference points on the rigid badylong asUAVs 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 controhethod have their wn advantages and disadvantagless,
study combines them to offset weaknesses of each metlsuaslar to research on the virtual
structuremethod thereconnaissandermation isregardedas avirtual rigid body.Also, similar to
the scheme of shapingrfoation in leadefollower method, a leader is appointed as a reference
point for each UAV in the formatiofhe position of each UAV on the virtual formation structure
is defined in aeferenceframe F, whose origin is located at the leader's positiomh \aaxis is
alwaysaligned on the virtual line connecting tleeation ofbase statio P __) and the potential
location oftarget( Pgot). Figure4.6 represents the virtual structure and desired positions of LAUs
in the reference frame.

Assumingthatthereis amovingreferencepoint( PZ_, ), whichflies alongthestraightline

ead

connectingP’_. and Py, (Pl Phos). Thentheformationcoordinatesystem can be defined with

the reference poinpf_, as the origin. Sincg-axis of the coordinate systenyf) is fixed to
PbFasePgos, x-axis (x7) is perpendicular toyF in the horizontal planeThere are two chains of
LAUSs branched out on both the leéind rightsides of the leadem this formation structure, the

virtual positiors for LAU s in the formation coordinate systdfraredefined as following:

PL=(odi) { k@0, PL=(dove) {k ao) E q(. 8.
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where indexk represents the order of virtual positions for LAUs in thedefe chain () or the

right-side chainR) with respect to the>F_,, Dxis the identical distance between LAUsxN.
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Figure 4.6: lllustration of virtual structure in the reference frafehose yaxis is aligned on the
|l ine connecting the basTae bluecalared cintles aeprdsent ther get 0
reference points of the virtual leader, and the g®ored circlesr e pr es en't t he f o

positions regarding the corresponding reference point.

As it is assumed that all LAUs fly at a pdetermined fixed altitude from the ground
surface, theizeof thesensorcoverage arefiom anyLAU to the ground surfacareidentical.Let

the shapeof the coverageareabe a squarewith a length D of eachside. To ensure effective
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reconnaissance, coverage areas from any of the two LAUs should overlap so that ticeu&dget
notsneak between them without detectibet |°°"** bea pre-definedamountof overlapbetween
two adjacentoverageareaqseeon the right ofFigure4.6). The fixed distancing between virtual

positions,Dx, canbedeterminedasbelow:
Dx 2D el Eq(. 2.

Let Dy bethefixed distancingbetweenwo consecutiveeferencepointsfor leaderLAU

in thedirectionof reconnaissandeward P’

oot 1hen,for the sake of simplicityit is assumed that

two consecutivecoverage areas of each LAUs have the sameamount of overlap, i.e.,

Dy - D 2:D Iovgrlap.

4212For ma€Comtinr ol

In case of any formation consider@e., traveling overwatctandbounding overwatch
the leadet AU Gs trajectoryshould be headeadwardthe potentialtargetposition PEOS. In other
words, the leadets trajectory should be guided by PbFasePgos. Therefore,with the formation
coordinate systenteadets waypoints toward during reconnaissaist®uldbe generatedn the
yF . In thissensetheproposediirtual structurebasedormationcontol is composeaf four main
steps:(1) VS alignment (2) VS update (3) generating new positions, and (4) synchronized
movementFigure4.7 shows theontrolscheme for th&raveling overwatchieconnaissance using
the four main steps

As the first stepthe y-axis of the virtual formationstructure(VS) is alignedin PbFasePgos.

This stepensureso keepthe leadet. AU headingtoward the PEOS. As shown inFigure4.7(a), y-

axis ofthe VSlies on PbpasePgos , and positionsof LAUs are uniformly placedwith a specific
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interval (i.e., DX) on x-axis which is perpendiculato y-axis The secondstepis to updatethe
virtual leadets positionandgeneratenew VS in the directionof Pgos. By increasing the virtual
leader's reference point yy in F and designating the updated reference point as the origin of
the new VSthe update is compkd(seeFigure4.7(b)). The third step is to generate new positions
for follower LAUs onthe new VS. Each position on the new VS is calculated by multipigpiag

(or - m®) by its order from the new reference point, as depictdtdgare4.7(c). The last step is

that actual LAUs move to their respective positions in the nese&-igure4.7(d)).

| PLPL | step2 | PLPL
i
i Pl (1+1)
-FFI H xF:
A Ax | Ay i
. i
L 4 L e ig
+ xF- ® ° 1 ° ®
Bl (0 R0
@ (b)
| step3 | PP | step 4 | PP
},F : 'IF jll
P Ax P.(1+]) PL(t+D)  PL(r+D)
[/
— l l o— [ ;\ q Vs
I X X
S S
.
® ® o ® ) °
] ]
(©) (d)

Figure 4.7: Proposed virtual structuteased formation control scheme for treveling overwatch
reconnaissance formation. (a) step 1: VS alignment. (b) step 2: VS update. (c)geeprating

new positions(d) step 4: synchronized movement.

102



In this way a setof referencepointsof the virtual leadein the referencérameF during
the traveling overwatchp?_ , canbe definedas P, ={ Pr.4(0), P, ,Pfead(s),PEpQ} where
$= You/Dy and P (s) = (OF, s O)A): Then,thet™ virtual positionsof k" left- andright-sideof the
t" virtual leaderpositionin F aredefined asPf, (t) =( k & D y)tand P§ (1) =(k & yK.
In addition, sets ofpositions for left- and rightside follower LAUs can be described as
Pl A PL(O)PL Q... Pl 6).F, o and P, o PL,(0),PL(D).....P,,6).Py, o where

L':k_pot:(xgot K & Sfpot) and PL':k_pot:(xEOt K & Wpot).

Formation controto performthebounding overwatcheconnaissance uses four main steps
similar to the control for th&aveling overwatchThe difference from th&aveling overwatchs
to construct two VS for moving by bounds, i.e., One VS is always halted in current position to
overwatch while the oth&fS moves towards thgotentialtargetposition PEOS. Figure4.8 shows
the controlscheme for thé&raveling overwatchieconnaissarecusing the four main steps

The formation control for thebounding overwatchbegins with constructing two
independent VSs. The first V¥'$ in Figure4.8) consists of the leader LAU and"2follower
LAUs in both left and rightside chain®f thereferencdrameF. TheseconavS (VS in Figure
4.8) only contains follower LAUs that are placed ok-(3™ positions in both leftand rightside
chainsof the referenceframe F. Then, as the first step, theaxis of both VSgs aligned in
m (seeFigure 4.8(a)). In both VSs, the fixed distance between every two neighboring
LAUs can be defined a&Dx .

In the second step, the VS, which is closePfg, than the other, is updated. Although
leader LAU belongsonlytdS, t he updates of both VSs are occ
position as the reference point. IfitisM&6 s t urn t o move

, the Vvirtuas

is increased byDy, and the updated reference point is degigd as the new origin of (M.
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Figure 4.8: Proposed virtual structuteased formation control scheme for Hueindingoverwatch

reconnaissance formation. Similar to the control schenteeéling overwatctlreconnaissance,

but it uses two VSsMS andVS) for moving by bounds.

On the other hand, if it S0 s

turn

t

o

mov e, t he

Vv

rtual

by Dy, and the updated reference point is designated as the new origin\t®ifseeFigure

4.8(b)). In the third step, new positions of follower LAUs on the new VS is generated. Réithe

each position is calculated by multiplyir2k O X (or - 2k (). On the otherhandfor the VS2,

eachpositionis calculatedoy multiplying 2Dx (or - 2 R) as shown in seigure4.8(b)). In the

last stepactual LAUs move to their respective positions in the newSésFigure4.8(d)).
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In this way a set of referencepoints for the VS in the referenceframe F during the

boundingoverwatch P’ canbe definedas P, ., % Pls af0)Ps d2) P s ofB)F }0

Vs _ lead’

wheresl {1, 2,... ,ypot/Dy} and Ry .,(2s)= (O 2s Oy): Then,thet™ virtual positionsof k" left-

andright-sideof thes" virtual leaderpositionin F aredefined asRg | (t)=( 2k Q@ y)' and
F _ I "

Rls ri)=(2k &2t yE.

On the other handa set of referencepoints for the V&, P, ., can be defined as

Pv52 lead _{ PV§ Iear(l) Pv‘s Ieags) ys |ea(1$ 1) PE} where SI {1’ 2’ ’prOt/DY} and
(2s- 1) =(0E (s 1) )()) Then,thet" virtual positionsof k" left- andright-side of the &

Iead _V§

F

virtual leader position in F are defined as Rg | ()=( {2k B x2t 1)-y)" and

Pis ri®=((2k 2 D@ 1yt

43 Shaping Encircl ement
431 Enci rBdumdiar y

Theencirclingboundary 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 tleerh&&nize
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 achi eve

we will use two worstase scenarios g&et the encircling boundary:

1 Intuitively, the speed of a human target should have an upper limit. If thergigno
knowledge, it ixonservativel\assumed that the target moves at the wease (fastest)
bounded speed. That is, the average speedhafman within a planar environment,

without considering the effects of terrain features (e.g., variable slope, roughness).
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Empirically, the top speed of a human target within a planar environment is 10mph

(4.5m/s) Dille, 2013).

1 The target travels in straight line radially outward frorie 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 cent 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. Lett, be the expected deployntetime ands be the
targetodos speed. Then t hres (bdtakdanasthe encinclinglogundaiy,t h t h
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.

Fi gd9e Encircling boundary set using con
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As previously mentioned, the proposed problem isid fine 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 theclosed visibility chainset providing theomplete coveragever 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 agime that the 2.5D terrain is
crosssectioned along with the encircling boundary and straightened.

The crosssection of 2.5D terrain using a Cartesian coordinate system can be acquired by
removing one of the dimensions, i.e., one ofxher y- coordinates should Iszalarizel 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 cros®ection for generating the 1.5D terrain. Therefore,
rather tharusing 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
systemis? ={ (x y,2:z =f(x y, (x Y D} . Letusdenote the LSi terrain 7 as LSR.. Then

the terrain in the cylindrical coordinate system centerddS# can be represented as follows:

T(LSR)={(r. 13: 2=K 1)/ [0.2))

where r is the radial distance (i.e., radius fron8R ), f is the azimuth whose reference
direction is thex-axis in the Cartesian coordinate system, afd, = f( cos ,7 sim).

Let assme that the encircling boundary is the circular shape with search radibsn,
all terrain points on the boundary are at an equal distance (i.e., searchfradiube LSP. Among
all terrain points on the boundary, let us take some samples at ar negetaal. The regular

interval for sampling can be defined as the angular interval from the fixed center (i.e..&SP).
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this angular irgrval beDf and the number of sampleshdhen, as shown iRigure4.10(a), he
polygonal chain, which consists of the sampled points and their connecting lines, can substitute
for the original encircling boundgars . The smaller the value & , the closer the polygonal chain

will be to the original shape of the encircling boundary.

(R
' L e 1340

‘ ) 8 1320
. 1300
1280

% ° LSPY_ I'|oN L.

T(r,n,LSPT)

." .. 1240 3 L
.f' ‘I... ) 1220 :
_ . ] ] | | [l [l ] ¢
0° 45° 90° 135° 180° 215° 270° 315° 360°
(@) (b)
Figdrxr@errain transformation. (a) Terrain poin

2.5D terrain. (b) Trra=anahm=3med 1.5D terrain wi:

With a fixed radius (i.e.t) and the regular intervdlf , the 1.5D terrain, which is the

circular crosssection along with the encircling boundary, can be represented as follows:

T(r,n,LSF}):

——/D:

(ro2):ei g BD 2 gy

As shown inFigure 4.10(b), a 1.5D terrair? (r,n,LSR.) abbreviatd as7™", is a%o
monotone polygonal chain that consists of a set\wartices and a set ai- 1 edges. A vertex is
a point where differing slopes meet. Let demb(er”) {v}, as aset of vertices i " ordered
by increasingss i.e., the leftmost end point is the first vertex)( and the rightmost end point is
the last ¢, ). Since each sampling point turns to a vertex, the total number of vertices is the same

=n. Letan edge be a line segment between two

as the number of sampling points, i.‘e/.,(T”)
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consecutive vertices, i.e., an edge is the line segment betweew and V., where
i=1,2,..n -1 Let usdenote a set of edges i as E(7") ={e}" with g = VY, . Similar to
the functionsx(d) and y(a), defined in the previous chapter, we denb{gl) and z(q) as
functions torepresent théc.andz values ofanypointg.

Thentheleft- andright-visible regionof ai .4 onterrain7" can be respectively defined

as:V(a)={p i7" I(ap /(P £3} andV™@={piT"IV(ap /(3 £0}.

432 Vi si bility Constrains

Since 7" is a polygonal chain consisting ef- 1 connected edgethe visibility defined
in Section4.1.1is equivalent tov, (a) ={ pT1E(7")1 (a ) 4}.The vision sensor considered
in this study is an optical sensor, more speaifyca gimbaled camera onboard UAM. various
realworld 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 visiblity of an onboard vision sensor would be constrained as follows:

1 Line-of-sight (LOS) constraint The LOS is a classically recognized constraint on
visibility determined bywhetherthe line between a sensor and a terrain point is
obstructed or unobstructeAs shown irFigure4.11(a), aerial pointa cannot se;,

because the straight line betweeandp: is obstructed by7 " .

1 Range constraint The onboard visiosensoiis limited to a certain visible angle (field
of view; FOV), which depends on the specifications of the sensor (e.gtypenand
sensor size)n al.5D terrain it determines a visible range of horizontal coverage. As

shown inFigure4.11(b), althoughps is not limited bythe LOS constrainta cannot
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seeps because the terrain point is out of its visible rariges worth noting thait is

assumea LAU is always over the center tife FOV of its vision sensor

1 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 dore specifically, the effective spatial resolution is the
range of the numbef pixels needed to recognize objects using a vision algorithm (Sun
et al., 201% Therefore, this constraint is interpreted in 1.5D terrain as the range of
vertical coverage. Lef be the focal length of the vision sensor ande the depth
(i.e., vertical distance between the sensar atarget point). Then a spatial resolution
(pixel / mete) is determined bys = % (Dai et al., 2018). Les ., :%max and
Sr_maxz%mm be the lower and upper bounds of spatial resolution, i.e.,
S . ¢S ¢S,.. Then the effective range of height to satisfy the spatial resolution is
calculatedto h ¢ h ¢h . In Figure 4.11(c), p> and ps satisfy LOS and range
constraints, but they are out of vertical range. Therefaren we consider three

visibility constraintsa only can segs amongfive terrain pointsn this example

Visible Terrain

Vi (a) s
(b) (©)
Figuwdié Visibility constraints odfiagnht o ncboonasrtdr &
(b) Range constraint. (c) Spati al resol ution
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In Figure4.11(c), the yellow colored region illustrates the visible area for the vision sensor
of an LAU placed at aerial poiat and red colored linegeaa set of terrain points visible byAll
the aforementioned constraintegend on botthes e n s or 6 s sapdtheaerfalpositeori i o n
which should be considered. L§ , p;' be the left and rightend terrain points visible bg .
Then, by considering the visibility constraints, thble regionof ai .4 over terrain7" can be

alternatively defined as faivs:
Vo@={pi7T"Iv(apd s ® Kh €R £ b

Thevisible regionof a over subset off " can be defined in a similar way. For example,
the visible regionon edgee E 7" can defined ad} (a). The following lemmas follow from

Definition 4.1 and the aforeanentioned visibility constraints:

Lemmad4.l Letv,v,i V(7") andai .4.If v,y i V,(a), thenthe aerial point a sees all

i? i+l 1+1

terrain points in edges | i.e., | (a) =e.
Proof. Assume, fotthe sake of argumerthat there is some poirff on e not seen by. By the
definition of visibility, there must be some poigit such that one of the following two cases must

be true:

(Casel): q is in (p*,viﬂg whenv <p <y, @ Due tothe monotonic property af", all the
rest of the pointsirgv, P are not seen by, because they are obstructeddyySinceV, i Vo (a),

that is a contradiction.

(Case2) q" isin gv, p*) whenat¢v <p ¥,.Due to the monotonic property af", all the rest
of the points ingp’,v,, are not seen bybecause they are obstructedq:")ySinceviﬂl' Va (a),

T

that is a contradiction.
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Lemma4.2 If a sees allerticesv. where f(p,) ¢ (\4) ¢ (), then it sees all terrain points

p' wheref(p,) ¢ €p) ¢(H).

Proof. By Lemma 4.1, it is trivial that all terrain points within any two consecutive vertices are
seen bya. Letwk andw+m be the left and rightmost vertices in theisible regionof a. Then, since
aseesp, and p. by the definition ofvisible region all terrain points ifp;, v] and[v,,., p]

are seen bg. Therefore, all the terrain points fip,, pa] areseen bya.

Lemma4.3 Letvi andvi.1 be two end points of edgewhere F(p,) < {v) < (%&,) «3.
If a_\/i has a greater slope thaﬁ+l and a~Vv,,, thena sees all terrain points of edge
Analogously, iff(@) < £fv) < (£.,) & @b),andav, has the smaller slope thapy,, and

a~V, thenasees all terrain point of edge

Figure4.12 showsillustrativeexample of visibility properties provided by above lemmas.

Figdrt2 Il lustration of the visibility propert.\
eare s&emlby t ergaarien smoeimhnbbsy innce al l vertices
aare saemdedbyain points wiahi(nc)t hSel Vi?glaEnogaen haer de esfe
ofahas a greaa_vier nol dpeea rédan ¥ppair et s @ae@fmHobwe ver , a
terrai nexpoensaxiomdeg %tmdgeheahasgha omhal | er s

ay,

k+1*
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433 Aeri al Terrain Guarding Probl em

The virtual fencing with complete coverage over the boundamybe defined as an LAU
location problem on continuous space with visibility constraints. Formally, the problem is defined

as follows:

Def i ndi2fAiead earl rGaiam dRrnogbwieWwnhs i ICiolnistt y a i #VtQsGi vAeTnG P
1.5D tZ€dandini si bivffidnanf aecti@dAgfluamidnismam car di

s uch Tt Wa(g).

The objective of the ATGIC is to minimize the number of LAUs deployed, and as a
result, the B encircling positions (i.e., longitude, latitude, and height) of deployed LAUs are
determined. Since each point®¥ can be converted to a 8de posi't

determined by solving the location problem in 1.5D terrain as showgume 413(a). The blue

2 *%
b 5
' S .-‘\/‘-,. - Sy
A iy ien Aerial position
4 3 '-
1360 2 PN\ N
A R b A
1340 A . Y PN . 4
v .‘TI _————t—h .
1320 b 7
¢ SR A ——— A
1300 ,,,,,,A,T,,;_
1280
1260
1240
220 ' " F
012346678 9NNDRBMBE6TBONA22842526278280 Center of coverage range (Trapezoid)
(@) (b)

Figudé& 4]l lustratiomerifal Taer pirmpGesaddi ng Pr
Const (AT ®E9(.a) The obj &/t iivse tod fAITIGP t he mi ni
deploying LAUs and theirppiostigs i omst he® emwiercla
The AMTGPi s represented as a Continuous Arc Cov

the visible region as the |l ocation of facilit
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dotted line and the yellowolored area respectively represent the effeatisiility rangeand
visibility regionof an LAU positioned at the top point of a triangle. For the sake of easier modeling,
the problem can be recast as the walbwn Facility Location Problem (FLP) by considering
terrain points or/ " as demandshe a center olisible areaasa location of facility andthe
visible rangeasa service rangef afacility. Figure 413(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:
1 i: Index reference toterrain point
1 j: Index reference to a coverage
f  G: Set of coverages positiongte W
1 E(T”): Set of edges to be covered on terrain
T (G): Coverage function for edgal E(T”)
1 L, Lengthof edgeei E(7")
1 (f.z)i W: Coordinates of points imy

1 h:Value of the height difference between the center of the visible region and the LAU

position considering minimum flight height

1  P.(q): Projection of pointgi W\7T" onto terrain7"

The problem déX2ilnd dErqo®)tFeg¢. ®) onan be repl ac

the foll owing mathemati cal formul ati on:

114



Minimize ~ Z*™"Y°=|g] Eq.(4.8)

Subjectto [} (G)dE(7T") =L, "e IHT") Eq.(4.9)
(£.7)1 E(7"), "i Eq.(4.10)
(F5.2)1 w7 Eq.(4.11)
2(P(f.2))¢ 7 +h Eq.(4.12)

The objective functionEq. (4.8) seeks to minimize the number of visible regions placed.
ConstraintEq. (4.9) specifies that the coverageovided by the set of placed visible regions is
complete for each edge. Constrdtaf. (4.10) stipulates that the covered points must be the points
along edges. Constraig. (4.11) denotes spatial coordinates to the center of a positioned visible
region. ConstrainEqg. (4.12) ensures that the positioned LAU sitebfly at a higher altitude than
the minimum flight heightTo sum up, the proposed problem is to find a set of points ifor
the center of multiple visible regions, whose collective coverage ends up covering all the terrain

points of 7".

44 Sol uAp mmofaocrh AV P
441 Observations

Compared to the discrete facility location problem, which has a finite number of potential
sites for facility, the ATGR/C is challenging to solve in two respect$) it is a continuous

location problem,i.e., there is no prdetermined potential position to locaf@) it deals with
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continuously distributedemandsi.e., the demands to be covered are an infinite number of terrain
points, and edge can be partialtywered by multiple visible rangeso@sequentiallyit is difficult
to find the optimal solution of the ATGYC directly. Therefore, rather than solving the ATGP
VC directly, a viable solution approach is applied by establishing valid upper and lowelskou
the optimal solution. To do this, two similar types of problems discussé&hapter 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 filiag edges IATGP-VC). The difference
from the ATGRVC 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 ceert 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 winchvare
as a finite dominating set (FDS). The previously applied approaches are discussed in chapter 2.
Among various approachedurray and Tong Nlurray & Tong, 2007 prove that Polygon
Intersection Points Set (PIPS) with arbitrary coverage region shafaécan 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, Z@8je 414
illustrates the approach to find PIPS in this studyFijure 414(a), edgeex can be completely
covered when a central coverage region is located in or on the pdR(gdn PolygonR(e) can
be derived through plaay two visible regions on both end pointsefnd then overlapping them.
The same is true for the edgewith the polygonR(e,). The greercolored polygonR(e, e) in
Figure 414(b), which is the overlapping di(e) and R(e,), show the boundary of potential

locations which can cover bot anden. Two intersection points oR(e) and R(e,), i.e., green
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dots inFigure 414(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 #iBS of ACPcan be derived.

R (eﬂl )

R(ek El ern )

PIPS

(a) (b)
Figul#2 MUlLlustrations of finding Polygon I nter s
(ACPR) Finding the polygonal boundaricesverf po

a single edge. (b) I dentifying the intersectic

The ACP and the ATGR'C deal with the same type of demands (i.e., edges), with the
objective of minimizing the number of visible regions placed. dlg 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 A'M&R More specifically, it shows that an

optimal solution to the ACP is the Wé&lupper bound for the ATGFC.

Obser vadtSiomeced the ACVWCahdvehedAaAmnGPcal demands,
feasi ble solution for th¥®W¥CACHowsvatsosifrerasi pa
on a single edgeopsti mal asablowedn of the ACP c
of the/CATM&@R not always be an opti mal sol uti ol
coverage regions in the ACP is always | arger |

t he ATGP TheE¥ePr9r B ™
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The second problem for the lower bound is the Location Set Covering Problem (LSCP).
The LSCP deals with the potbased demand representation, which does not allow partial
coverage. To derive a valid lowlkeound using the LSCP, the demand points are derived from the
demands (i.e., a set of edges) in the ATBP. That is, any subset of (or equivalentlyE(7) )
can be a demand set for the LSCP. The verte)(é?a’t) Is one of the example subsets. The FDS
for the LSCP can also be found using the same process with th¢GkQR-h & 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 415for an lllustration of identifying the PIPS of th&CP.

. PIPS

Figuit® MUl lustration of finding Polygon Inters
Covering Préhhluemi ht8€CBecti on points are ident

boundariesubycpVacageg fanges.

Al gorithm 4. lcoldiews ot gengsauwaco PI PS for the
with | oading the vertleixhsetThen, ta Vvingithlad rdeg
first point in thadadegmardd regt onand tdesilgpoan e
boundary.( I n tbhedkebiopb,f raomvi si bl e region is | ¢c
poilhnit®@g to find the intersection points with

i et section poibhitB¢ betweeal gboemtlim updates t he
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(L1 @®&) and stores thaeé)nternfsedhhtirenipoinmt snof e |
visible region, the stored internsdadt)ionhpaasinto

continues until one step before the | ast poin

Algorithm 4.1: Generating PolygoIntersection Points Set for Location Set Covering Probl

1: call v
2: set PIPS« A, intersectionPtsc A, tVtx« V, lastldx« [tvty

3: for each vtx in tvix:

4: currentBoundary VisibleRegionytx |

5: nextldx« Getldx(vty+ 1

6: while nextldx< lastlid> do:

7: nextBoundank VisibleRegion( nextld;

8: if IntersectBoundarfy currentBoundary nextBdary)!= A:

9: currentBaundary « IntersectBoundarly currentiBindary,n exBo ndary)
10: intersectionPts< GetInterPts(currentBoundary nextBound:
11: nextldx« nextldx1
12: else
13: break
14: PIPS. Insert(intersectionPt)

Observation 4.2 shows that an optimal solution the LSCP is the valid lower bound of the

ATGP-VC.
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ObservaZ2tSiomedt he demand set of the LSOGFC,is a
it is obvious that anyVC eiassiabllseo sfodaustiibolne ffoor

words, the number of requVC€Ceids calvshaamg elra eag e d ret

equal to the number of gUTWPPHGFES. in the LSCP.

In sum, the ACP and the LSCP provide valid upper and lower bound for the-XCGP
Figure 416 graphically shows the relationship between the problems. Since the original problem,
the ATGRVC, needs to cover more demand points than the LSCP, which considers vertices of the
terrain as the demand set, the tiegglnumber of coverages is bigger than the LSCP requires. On
the other hands, as the ATGH 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 Observatghl and 4.2, it is revealed that the optimal solution of the
proposed problem (i.e., the ATGFC) lies within the range of the gap between the upper and
lower bounds. That iZ"°*"(PIPS ¢ Z"™®" Y ¢ Z*“T PIP$. If there is nayap between them (i.e.,
the upper bound is equal to the lower bound), the optimal solution of the ATGéan be

obtained by solving either the LSCP or the ACP.

442 Sol uAppmmo¥dalnipdgpandowBpbund

Intuitively, the solutions for both LSCP and ACP atmngly influenced by the demand
set. For example, if the demand set for the LSCP contains only the vertices in the terrain (i.e.,
V (7)), 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

LSCP

shown inFigure 416, so thatz"*** may be far smaller tha@"™" *. By the same logic, if the
ACP only considers the edge set of the terrain (E€Z,) ), it caugs manyredundanbverlaps

(seeFigure 416), so thatz** may be far larger tha@d"™" ¥°. Therefore, to reduce the gap, the
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problem instances (i.e., demand sets) for the both LSCP and ACP bkoefthedstrategically

so that the solutions of the both problems start to reflect the optimal solution of the \ WGP

this study, an iterative refining strategy is applied.

ATGP-VC

Partially covered

Required coverages: 3

ZLACP(PIPS) < ZATGP—VC’j %7 ZACP(PIPS) > 7 CACP

Overlapped coverage

Not covered points [ [}
@ \x/ﬂ
e ®
[ ] P A/

Required coverages: 2 Required coverages: 4

Lower bound Upper bound

Fi guit BRed.at sloentswe @n A e oberdermesi n Guar ding
Constrai-w€Cy, (AoGRti on Set Covering Probl

Roughly speaking, the demand sets of both problems are iteratively modified, and

Pr obl

e

em (A

optimal

solutions f@ both problems are found using PIPS. If the gap between both problems does not fulfill

the predefined condition (i.e., the gap is greater than some threghgddoblem instances should

be regenerated to solve. This process efirement and comparison is repeated until the gap

between the bounds is converged to betowl he refining strategy for each problem is explained

as follows.

In the ACP for the upper bound, redundant overlapping on the same faonais should

be minimized to reduce the total number of required coverage regions and to converge to the

optimal solution of the ATGR/C. As mentioned previously, the redundant overlapping in the
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ACP is caused by the restriction of complete coveragedchn edge. Only an edge whose two end

points are in or on the same coverage region is regarded as a covered edge. For Examgle,

4.14(a), some pdion of both edgesk and em have overlapping coverage from two coverage

regions, sinc&; andRs cannot completely covex anden. However, if bothex andem split into

two edges, the splitting edges can be covered by a smaller number of coverage ranges. In this sense,

a modification method called Aiterative splitH
bound.Figure 417 shows the process of the iterative method. From the previous optimal solution,
edges with overl apping coverage are identifie
edgeo in this study. Two & dnde,sarewentfied inbigueer | ap p i
4.17(a). The intersecting points of the identified edgethiwithe coverage range are specified as

splitting points (se€&igure 417(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 (se€&igure 417(b)), and then the edges are split into two shorter edges. If further
splitting points (se€&igure 417(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

Splitting point ) el
2 m

o

elll R
RZ

e, k ?
R demands =9 R
: 1 demands = 9+2

(a) (b) (c)
Figud& 4]l scftrateoanative refinamdy thmegkkhtodb dwmrd.

R demands =11

(a) Al t hoea grheRcaoomepraargt i al | yecacnahv(ebrl ueed gs mec?) i vel
onRyrosgtide compl et @seedges agAashoem ctodvsearhely teg oo
of xatnehover !l ap, and both edges a(lE)nitedemstict i ®

poimetsween overl apping edges and parti al cove
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(Wi th the negw geedghgmhgsed,é), the opti maACRol ut i
hafsewer coverage ranges, since overlap coverag

number of short edges. As a result, the solution for the new problem instance can have a fewer
number of requiredaverage regions (séggure 417(c)).

On the other hand, in the LSCP for the lower bound, if more terrain points are added into
the problem instance, ttaptimal objective value ™ should be increased to get closer to the
optimal value ofz*™" Y. This can be achieved by adding terrain points from the uncovered
portion of the edges, which do not need tacbeered in the LSCP but do need to be covered in
the ATGRVC. Those uncovered portions of demands o
(Murray & O'Kelly, 2003. For example, as the simplest way for modifying the problem instance
of the LSCP, let althe 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 modificagithhodncalled the
iiterative addition of centroids from the unc
bound.Figure 418 illustrates the cacept of this strategy. Initially there are 9 demand points in
the example, and one edge (ier),is not fully covered (seleigure 418(a)). More speifically, the
blue line on edgex in Figure 418(b) is the uncovered portion. Then, the middle point of the

uncovered portion (i.e., the red empty circle on the edgg «f regarded as new demand point.

o o Centroid = ® o New Point . i
° - ° . ¥ ¢
. .,.--"'ek e [ ] ° o e, Y [ ] . . e .
® demands = 9 ® demands = 9+1 e demands = 10
(a) (b) (c)
Fi gut@ |14 .usst roadt itohne i terative refining method

solution of the LSCB. doleys Roomfuhé yurcepoeereed g
mi ddl e moil rotr edr ednpty point) is addeemamnmndtdet d
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the optimal solution for the LSCP has one mor

poi ntcqlbdrueed point) .
As a result, the solution for the new problem instance has one more coverage region to cover the
newly added demand poi(geeFigure 418(c)).

Besides using the lower bound solution of the LSCP, if we can find an effective minimum
bound for the original problem (i.e., tAd GP-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 aplane 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 afitwtlich 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 minimuramber 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 (deigure 419%a)). With the maximum height__ = %_mm, the

maximum width of coverage is:
D, =2h_, fn Eq.(4.13
2 9413

whereq is FOV. Then, the coverage portion of a single coverage region is determined by the
maximum width of the coverage region (i.8,,,,) and the radius of the encircling boundary, as

below:
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f o= 2SIN" ge Eq.(4.14)

e 5
o
W /
e o
< 2
’ A" !
’ /s 9 A Y N ""l‘
’ ‘ A Y \“«‘ i i r
. N > \ {
h , ’ N . \‘\_‘ émm A ‘,",
mav , e
e N \(‘-‘? \l/
\ 2
e N ®
e 5 LSP,
s \
’ ~
- \
[ |
] |
max
(a) (b)

Figute Minimum numbevemwmdge egqegirens on the pl a
maxi mum width of the coverage region can be ca
The coverage portion of a single coverage reg

coverageanéegibeemadires i afgy blhendar y.

Figure 419(b) shows the relationship between xeaxandr. As a result, the minimum
number of coverage regions required for complete coverage over the encircling boundary on the

plane is:

7 PLANE — é,2p
efe e Eq.(4.15)

where gXx refers to the smallest integer greater than or equal to

From the solution usingq. (4.15), we can have the following observation:
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Observation 43. Since z™"* is the minimum number of required coverage regions for the
ATGRVC, the objective value of the corresponding LSCP is boundedz®™*® , i.e,

ZPLANE ¢ Z LSCF

From Observation 4.3., the LSCP is infeasiblg'if*" < z "*"*, Therefore, the initial point
demand set for the LSCRhich enables us to generate a feasible solution, should be selected.
Figure 420 depicts the proposed solution approach for the AAM&R using iterative refining

methods to generate tight upper and lower bounds.

Initialization
* Load edge set: E(T°)
* Load vertex set:V'(7*)
» Set parameters: 6.4,,,.4,. ..
* Compute z"+*
+

Generating Initial Problem Instance

* Edge demand set: D*
* Point demand set: D™

I
Generating Potential Location Refining Problem Instance
* Find PIPS of current edge demands € » Splitting overlapping edges
* Find PIPS of current point demands * Adding centroid points
v No

Solving Set-covering Problems
* Compute Z-*F(PIPS)

Compute z=<(PIPS
P ) Yes

Termination

Figure 4.20: Flow chart depicting the proposed solutapproacho solve the ATGR/C

It starts with the original vertex and edge sets to generate initial edge and point demands,

respectively. By setting the initial demand sets to theeati 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 objectivealues are evaluated. If the gap is less than or equal to theefmed
threshold (i.e.e), the process is terminated; otherwise, the edge and point demand sets are refined
through splitting overlapping edges and adding centpamohts. With the modified problem
instances, a new iteration is startEajure 421 showssolutionsof ATGP-VS in different terrain

shaps.
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Figure 4.21: Solutions of ATGPVC in different terrairshapes.
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443 Sampling Terrain Points from Encircling Bol
The shape of 1.5D terrain for the VTG is determined by sampled teim points over
the encircling boundary. More specifically, sampled points become the set of verticeq7i)e,,
and connecting lines between consecutive vertices become the set of edgeéz().¢. And, as
we discussed in Chapter 4.3, batfi7) and E(7) strongly affect the solution of the VTGRC,
i.e., the number of deploying LAUs and their positions are influenced by the shape of
Consequentlywe can say that the number of sampling points is a very critical factor, which
determines the effectiveness of the proposeadcbeoperation. 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 d pl oy ment . However, as far as the compu
computer is concerned, this is virtually impossible, because the number of sampling points is
strongly related to the computational complexity of solving the V-M&P This is becaiesthe
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 efficienspend more time on decision making before
the physical deployment is made. Therefore, t|
points?0 i s val u adffbetwedn efficencypamd effeetivendse t r ad e
Figure 422 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 tiegencircl
boundary, . e. , al | terrain pointsxx@rmarslampn e
the center). Also, all terrain points in the same setting are uniformly sampled, i.e., each sampling

point is equally distant from its neighbors accordiogtte plane coordinates. Colored circles
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represent thkeyterrain features captured by each setting. As showigure 422(a), the terrain

with 15 sampling points enables a roughly depicted contour of the real terrain shape, but it fails to
capturekey terrain featurethat appear in the terrain with 360 samplegiduare 422(f), there are

9 key terrain feature (yellowshaded circles) over the encircling boundary: 30 samples captures 3
of them (sedrigure 422(b)); 60 samples add 3 more (d&gure 422(c)); 2 additional features
appear are in the terrain with 90 saegp{sed-igure 422(d)), and the last feature is captured when

the number of sampling points is bigger than 180 [sgere 422(e)). Although a large number

of sampling points can capture tkey terrain featur which affect the solution of the ATGRC

(i.e., encircling positions for LAUS), this exalapshows 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 terrairspghinuld be as small as
possible to minimize excessive computations (efficiency), but at the same time it should have
enough points to completely capture they terrain featur® within the encircling boundary
(effectiveness). Intuitively, if we can fintié 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
terrdan points, because each of the sampled terrains has already lost some information from the
original terrain during the sampling process. In this senseNdreuniform Sampling with

IncrementaReconstruction(NSIR) method is developed and proposed inghisly.
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Figure 4.22. Comparison of 1.5@errains with different numbers of sampling points. All terrain

points

points. (b) 30 sampling points. (c) 60 sampling points. (d) 90 sampling points. (e) 180 sampling

ar e

points. ) 360 sampling poirst

443.1Basi
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

c

dea

sampl ed

at

300

me t ecerger).dayib yamplingo m

influence ormay even have no influence. Among all terrain points, sofrtekem can lead the

change trend of the terrain shape while preserthegoverall shape of the terrain. These points,

t

which are regarded as more important than other points, are named in this study as the Critical

Points (CPs). Local extreme points (i.enaxima 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

131

h



less important terrain points. We can find a concept similar to CPs fronséries studies. For
exampe, 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 tisegies. The common idea isfind a subset of points

and to construct a set of accompanying segmentations with them, which are regarded as preserving
the general shape of the tiraeries.

As the criterion, the NSIR requires a benchmark terrain which is assumed to contain all the
terain features over the encircling boundary. In other words, a benchmark terrain is defined as the
terrain with the upper bound of sampling numbers. Tétbe the benchmark terrain with
vertices andn- 1 edges, i.e.‘V (TB)‘ =n and ‘E(TB)‘: n -1. Any two consecutive vertices
(terrain points) in7® are equally distant, i.ef,(v>,)- {v*) = (&) -(.) and"* iv(7°).

Then, the objective of the NSIR to identify the minimal set of CPs frdhand to construct "

with V (7"%) E V(7 ®). We note thav (7"°%) is also defined as a set of CPs. Syrgaid, the

NSIR is the method to find a set of CPs from the vertex set of the benchmark terrain. ZUhlike
distances between any two consecutive vertices"itf are not necessarily equal to each other,

i.e., f(vk“fl'R)- :(vk”S'R) 2 ()ﬁ/i i) (\(B) , "V I'V(TB) , and "V} I’V(T“S'R) .| denote
cg | E(7"%) to be a critical edge connecting two consecutive €Rsch.,i V(7). The

benchmark terrain can be divided into subsections using CPs. By selectii®s, the benchmark

terrain can be divided intm- 1 segmentations as follows:

Ok Ot

m-1
7°=U7g a0
k=1

where 75, o ={ VoV I IV(T) £(Y) < £w) (W) B9 () (=)} 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 423 illustrates the role of critical points. In both exampr@f,ﬂ consists of 13
vertices. InFigure 423(a), two end points are selected as critical points, Cp«+1) whose
connecting edgecé) can properly represent the shape @,?ﬂ. Here,‘ﬁfw%>‘=l3 and
7° =T° ) Similarly, inFigure 423(b), 5 critical points are selected among vertice’f[jh1

i, 1 (cPcs CRe

to depict the restfdhe vertices using their connecting edges. We can seér[fhﬁ';\is divided into

4 segmentations, .67, 4 =Tg, ) Dl w) Fcouws. & .. TN NUMbETS of vertices in
. B — B - B — B —
each segmentation a}ézcww ‘ =4, ‘T@Mw =3, ‘T@MCW ‘ =4, and‘7<cpwcp“> ‘ =3,
7B T B ¥ B
[6.6] [o.61 I(’f’}’r’}—) ce;
p P

(a)
¢ ; /1 T = T eny 2 Tinwney© Tn aney © Tiimnd
Pra Cp;\__gé
Py LCP;.
E> P
¢ ¢ ¢ ¢’
(b)
Figu22 ®The role of <critical points. (a) Two e

connectic@gg ceadhgepr(opea lrye gte pafesweantt itdhes wi t hin

selected as criti calf[fﬂpf@?iﬂhssdtmi dedicht ohtosghast
: : B: B B
Cr I t I Cal ,]L‘EpﬂG:ﬂzgh('JR«1§ gcﬁli'cmflqcﬂ’%c‘39+ q"(t:pg,&pA)'
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4432Fi t ness Metric
The fitness metric is used to measure how well a critical edds with its corresponding

segment of benchmark terrain®

L., - IN Other words, the fitness metric is used to evaluate how

similar the shape of “°® is to the shape of ®. In time-series studies, the fitness metric is
sometimes callethe similarity metricSeveral approaches, which have been reported to measure
the similarity between two piecewise linear functions, can be categorized into three groups as

follows (Rucco etl., 2017):

1 Distancebased method€uclidean distanceAbsolute differenceviaximum distance
metric (Cassisiet al., 2012, PompeidHausdorff distancéHuttenlocheret al., 1992,
Dynamic time warpingkeogh& Ratanamahatan2003, etc.

1 Global descriptas: Timefrequency analysi€ohen 1995, Mutual information(Viola

et al., 1997, Crosscorrelation, Sum of squared differenocetc.

1 Di st an c elsagsafozal fgatufégDelaitreet al., 201)

Although the distancbased method is the most widely applied metric, due to its simplicity
andimmediacy the problem of how to properly align two graphs before computing the distance
based similarity is a commonly reported issue. Since the distasseimethod is basically
calculating pointo-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 piRbtzoet al.,

2017, the distancdased method whiout prealignment is regarded as an ineffective approach to

SIR

compare two graphs. However,""and 7° are completely aligned, i.e., any pointdi*®® can
clearly identify its counterpami7Z ® by the value off . Therefore, the distandsased method can

effectively be used here as the basic method to measure the similarity of two terrains.
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Figu2#d l4.ustration obaskd Vethesal mdt st a

The distancébased metric used in this study is the vertical distématefor measures the
fitting error of 7", depicted inFigure 424. Let v, be theprojections ofv, in 7, ., onto the
corresponding critical edge. Then, the fitting error ofe against a single vertex is defined

as the vertical distance betweerand v, , as shown irkEq. (4.16).

21cp) (€Y @ gp) W () 8(4)* Eq.(4.16
e

Fit (ce. ) =| v -y ()~ fop) 1

Accordingly, the fitness ate for the corresponding segmeff‘gfw%> is calculated as the

accumulative fitting error of al, i T@mcw, as shown ireq. (4.17).

Fit(ce ) = & Fit(ce, V)

il TG, o)

Eq.(4.17)
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