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ABSTRACT 

The use of unmanned aerial vehicles on the battlefield becomes more and 

more important every day. Parallel to this growing demand, there is a need for 

robust algorithms to solve the mission assignment problem in an optimum way. 

There are several tools for solving the assignment problem and testing the 

results to evaluate the robustness of the proposed algorithm. For most of the 

models, input factors are limited to the most important ones to make the process 

simpler. The aim of this thesis is to create an optimal solution for the assignment 

problem and test its robustness with a stochastic simulation tool. To accomplish 

the goals more factors, such as ground abort rates of the UAVs and the area 

weather risk levels, are added. These factors, which were typically excluded from 

previous studies, are incorporated to make the model more realistic. The analysis 

and the results proved that the assignment algorithm works well and creates 

plausible results.  
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EXECUTIVE SUMMARY 

The first Unmanned Aerial Vehicles (UAVs) were deployed in the 1950s. 

During the early years of operation, they were very few in number and mostly 

used for surveillance missions. With the rapid evolution of the technology and the 

fast growth in demand, UAVs are being used for various missions in nearly every 

operation. As air tasking orders are created prior to the operation, in order to 

prevent conflicts between aircraft, there becomes a need for UAVs to be 

assigned accordingly. Since the number of UAVs to be used in an operation is 

very high, the assignment problem has to be solved with computer algorithms. 

There are several techniques and algorithms that seek to deal with this problem. 

However, there are so many different inputs and constraints to take into 

consideration, that it is impossible to identify one optimum solution for the 

problem. 

To overcome the problem of assigning UAVs to the missions, there are 

several approaches. Branch and bound algorithm is one of them and seems to 

be the best since it searches for all possible assignment combinations. This 

seems like an appropriate approach in order to find the optimum solution, but the 

process requires a huge computing time. As the number of UAVs increase, so 

too will the possible assignment combinations. Therefore, the optimum solution 

has to address both operational and computational needs.  

This thesis seeks to find an optimum solution for the mission assignment 

problem of different types of UAVs. As mentioned above there is no single 

optimum solution; therefore, the algorithm created in this thesis tries to solve the 

problem in an optimum manner within a plausible computing time. Another 

purpose of this thesis is to add as many input factors as possible, to create a 

more realistic and robust model. Most of the models capture only the most 

important factors to keep the model simpler and faster. On the other hand, some 

of the factors are considered to be less important and are not included in most of 

the earlier models. After solving the assignment problem in an optimal way, the 
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execution phase will evaluate the robustness of the assignment algorithm. To 

accomplish this, the authors simulated a full cycle in a UAV operation. This 

consisted of starting from the assignment phase, going through all the steps in 

preflight activities, traveling to the mission area, conducting mission and post-

mission activities and, finally, returning the UAV to base and finishing the 

maintenance to make it ready for the next missions.   

For running the simulation, 15 input factors and eight performance 

measures were created. Nearly Orthogonal Latin Hypercube (NOLH) design was 

used to determine the design points, resulting in 129 design points capturing the 

variations of 15 input factors. The simulation was run for 100 replications to 

produce enough outputs for making reasonable output analysis.   

The output analysis was conducted in two sections. For both sections, 

regression analysis is used as a primary tool. When needed, partition trees are 

used to analyze the effects of some of the factors. In the first section, the effects 

of the main factors were analyzed to understand which factor or factors had the 

most impact on the performance measures. As mentioned earlier some of the 

factors that seemed to be unimportant turned out to be the most or second-most 

important factors on some of the performance measures. In the second section 

some of the key interactions beyond the main factors were analyzed. Key 

interactions are crucial since some of the factors become important only when 

they are in interaction with some other factors. Therefore, the analyst can capture 

the effects of some factors only by observing the interaction plots.   

Finally, the analysis and the results proved that the assignment algorithm 

works well and creates plausible results. Since all the data used were generic, 

the authors cannot claim that the results will provide insights about real life 

situations. However, as stated before, the goal of this thesis is to create a 

template model that can be modified with real life data. Therefore, by replacing 

the input factors with real data, the decision makers can use this model to help 

them make decisions about UAV assignment problems. The model will serve for 

a variety of other areas, such as deciding the UAV demand if the possible 
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missions are known. In addition, the maintenance issues will be observed and 

possible solutions will be created by analyzing the maintenance queue wait 

times. 
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I. INTRODUCTION 

A. GENERAL 

The rapid pace of technological change has caused the systems used on 

the battlefield to evolve continuously. As part of this evolution, scientists are 

searching for ways to make the systems work autonomously, in other words, to 

decrease the dependency on human operators. Unmanned Aerial Vehicles 

(UAVs) are now taking the place of manned vehicles, especially for intelligence 

purposes. Naturally, there are both advantages and disadvantages to this 

relatively new technology; but, above all else, UAVs eliminate or sharply reduce 

risk to the lives of their pilots or operators. Therefore, it can be said that the need 

for UAVs will increase at a rapid pace in the near future. Nearly all future combat 

systems require a huge number of UAVs involved in every stage of the mission, 

from pre-combat intelligence gathering to post-combat Battle Damage 

Assessment (BDA).     

In the early days of UAV usage, there was no need for complex 

assignment or scheduling algorithms for mission assignment problems, since 

there were only a limited number of UAVs. Today there are many different types 

of UAVs performing a variety of missions. Therefore, to ensure mission 

effectiveness, well-designed simulation models are necessary, first to determine 

the needs and then to effectively assign and deploy the UAVs.  

B. PURPOSE 

The main goal of this thesis is to create an efficient algorithm for solving 

the assignment problem of different types of UAVs—with different attributes and 

constraints affecting possible assignments—to missions, and to test the 

solution’s robustness through designed simulated experiments. In the first 

(planning) phase, the idea is to create an Air Tasking Order (ATO) kind of list for 

the next day’s missions with the available resources. While solving the 

assignment problem, the purpose is to find a near optimal solution that deploys 
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the resources most effectively. After solving the assignment problem, the second 

phase is to create a simulation package to include the execution phase of these 

assigned missions. In this phase, the simulation has to be as realistic as possible 

to test the robustness of the assignment algorithm in the presence of both 

deterministic and stochastic elements, in order to capture the known facts and 

the uncertainty of real life operations. 

According to the goals stated above, the first step is to identify relevant 

performance measures and then conduct a detailed output analysis to determine 

the effects of the input factors on these performance measures.  

C. BACKGROUND 

Since the focus of this thesis is UAV systems, this chapter will present 

some background knowledge about UAVs and their support systems. To start 

with, it is necessary to understand how and why UAV systems increasingly are 

being used. Therefore, this chapter lists the advantages of this relatively new 

technology compared with manned vehicles.  

UAVs were first used in the 1950s.  At first, two main advantages were 

considered over manned aircraft. The first and most important advantage is that, 

since there is no pilot in these vehicles, there is no direct risk to human life with 

their use. The second and also very important point is that these vehicles are 

cost effective when compared with manned aerial vehicles. As the technology 

evolved, another important advantage emerged: since there is no human on 

board, the vehicle is not bound by human limitations (Geer & Bolkcon, 2005). For 

example, most fighter aircraft are limited to a certain g level because of their 

pilots’ g limits. In addition, it is unimaginable for a fighter aircraft to fly 50 hours 

continuously. However, g limits or endurance is not an important issue for a UAV.     

After being referred to under such different names as “remotely piloted 

vehicles” or “pilotless aircrafts,” today these vehicles are referred as “unmanned 

aerial vehicles” (Geer & Bolkcon, 2005). UAVs can be defined as remotely 

piloted or autonomous aerial vehicles that can carry sensors, cameras, and a 
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variety of payloads; these payloads are mostly used for intelligence gathering, 

reconnaissance, target acquisition, and battle damage assessment missions 

(Pike, 2007).    

UAVs are generally classified in three main categories according to their 

endurance, altitude, and role. Their endurance is classified as short, medium, 

and long. Their altitude is classified as low, medium, and high. Finally, 

alphanumeric codes are used to specify their role: C is used for cargo, R is used 

for reconnaissance, M is used for multi-role, and Q is the general designation for 

unmanned aerial systems (Headquarters Department of the Army, 2006). For 

example, the U.S. Air Force’s medium altitude, long endurance Predator UAV is 

referred to as MQ-1 showing that it is a multi-role unmanned aerial vehicle.     

For this thesis, the Gnat and Heron types of UAVs are considered in the 

simulation model. They are both medium-altitude, long-endurance and multi-role 

UAVs. In the following sections, further information about these two types and 

their supporting systems are provided.  

1. Gnat 

General Atomics' Gnat is a medium altitude, long endurance UAV (Pike, 

1999). The first model, Gnat 750, is derived from the earlier Amber program and 

has been flying since 1989 (Gnat 750.). In addition to its long endurance, it can 

also carry large payloads. Gnat 750 is the pioneer in UAV technology in many 

ways. It was the first UAV controlled via satellite in 1992; with its endurance over 

40 hours, it can therefore be operated at very long ranges (GA-ASI Gnat, 2007). 

I-Gnat is a newer version of Gnat 750 with additional capabilities to improve its 

performance. Below is a picture of I-Gnat in flight.  
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Figure 1.   I-Gnat 

 
There are four types of Gnats in service. Gnat A is the first UAV of this 

type and is called Gnat 750. In this thesis, Gnat D, also called I-Gnat, is modeled. 

Its specifications are as follows (GA-ASI Gnat, 2007):  

• Power Plant: One 78.3 kW Rotax 914F turbocharged propeller 

• Wing Span: 16.76 m (55 ft) 

• Overall Length: 8.13 m (26 ft 8 in) 

• Empty Weight: 513 kg (1,130 lb) 

• Payload Capacity: 204 kg (450 lb) 

• Maximum Take Off Weight: 1,043 kg (2,300 lb) 

• Maximum Speed: 222 km/h (138 mph) 

• Long Range Cruising Speed: 135 km/h (84 mph) 

• Ceiling: 7,620 m (25,000 ft) 
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• Maximum Operational Radius: 2,778 km (1,726 miles) 

• Maximum Endurance: >40 h 

Other than its physical specifications, mission payloads have a very 

important role on dictating the capacities of the UAVs. Gnat can carry payloads 

for surveillance, reconnaissance, Electronic Support Measures (ESM), Nuclear 

Biological and Chemical (NBC) detection, and radio relays (GA-ASI Gnat. 2007). 

Different types of payloads and the problems related to assigning or operating 

these payloads are not included in the model created for this thesis.   

2. Heron 

Like the Gnat, IAI/Malat’s Heron is also a medium altitude, long endurance 

UAV. It started service in 1994 to replace the IAI Searcher Mk I and Mk II 

models. In addition to its long endurance of up to 52 hours, one of the most 

important improvements of this UAV is its fully autonomous feature. It has 

automatic take-off and landing capability, and all the missions can be pre-

programmed for fully autonomous sorties (David, 2005). In other words, other 

than collecting and analyzing the data, there is no need to manually operate this 

UAV. 

The Heron can carry a variety of payloads that make the Heron suitable 

for surveillance, reconnaissance, and many other missions, day or night. Its radar 

is capable of tracking 32 targets at a time, which makes it a very powerful system 

for surveillance missions (David, 2005). Figure 2 is a picture of the Heron in 

flight. 
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Figure 2.   Heron 

 
There are two types of this UAV, referred to as Heron-I and Heron-II. The 

specifications of Heron-I are as follows (IAI Heron 1, 2007):  

• Power Plant: One 73.5 kW turbocharged Rotax 914 F propeller. 

• Wing Span: 16.60 m (54 ft 5.5 in) 

• Overall Length: 8.50 m (27 ft 10.6 in) 

• Payload Capacity: 250 kg (551 lb) 

• Maximum Take Off Weight: 1,100 kg (2,425 lb) 

• Maximum Speed: 231 km/h (144 mph) 

• Long Range Cruising Speed: 130 km/h (81 mph) 

• Ceiling: 8,075 m (26,500 ft) 

• Maximum Range: 1,000 km (621 miles) 

• Maximum Endurance: > 40 h 
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3. Ground Control Station 

Ground Control Station (GCS) is one of the most important components of 

the UAV systems. Since the UAVs are controlled by an operator and the 

collected data has to be analyzed, the GCS can be referred to as the backbone 

of the whole system. There are three main functions of GCS: mission planning, 

mission control, and data collection/manipulation (Anderson, 2002). There has to 

be at least one operator to conduct a UAV mission. Generally, there are one or 

more personnel in charge of each GCS function. Figure 3 is a general view of a 

GCS. 

 

 

Figure 3.   Inside view from a stationary GCS 

 

Mission planning is a critical function for identifying the correct UAV with 

correct payloads to accomplish the desired missions. Usually, based upon the 

surveillance collected from other units, mission planners select the type of the 

UAV and the sensors to be used. The area threat level is taken into account in 

this phase in order to avoid vehicle loss. Mission prioritizing is another key 

decision in this phase. There is usually a restriction on the number of UAVs to be 

operated by one GCS at a time, which is dictated by the communication 

capabilities of the GCS and the type of the UAV. The newer systems allow more 

UAVs to be operated at a time, but there is still a limit. Once the planning is 

completed, the UAV operators take charge. 
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Mission control starts with powering on the UAV and ends with recovering 

it after landing. Depending on the mission duration, there will be one or more 

operators at the GCS. Although there are UAV systems that are fully 

autonomous with take-off, mission execution, and landing capabilities, the 

operator is always in charge of making the corrections or changes that might 

occur any time. In some systems, the operator flies the UAV with the camera 

attached to it, while other systems use consoles that simulate the route of the 

UAV on a digital map in real time. The operator is also in charge of the payloads 

attached to the UAV. The ground control stations can be stationary or mobile (to 

be moved anywhere as needed). Figure 4 shows a mobile GCS mounted on a 

truck. These systems can also be transported on cargo planes such as the C-

130. 

 

 

Figure 4.   A Mobile GCS 

 
The last function is data collection and manipulation. To achieve the goal 

of the UAV, the collected data has to be transferred to the GCS simultaneously. 

After collecting the data, the personnel have to exploit this information according 

to the mission requirements. After that, the data must be stored for further use or 

archiving purposes.  
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D. OUTLINE OF THE THESIS 

The thesis consists of six chapters. The first chapter covers the main idea 

behind this thesis, the purpose of the study, and the background about UAVs and 

their supportive systems. In the second chapter, modeling tools, input factors, 

performance measures and assumptions are described in detail. The third 

chapter is about model description, and includes the information about the 

assignment problem and the execution phase. The fourth chapter covers the 

details on design of the experiments. The factors, design points and replication 

issues are explained in this chapter. The fifth chapter is the results and output 

analysis chapter, which discusses the effects of the input factors on the 

performance measures and comes up with some possible optimum solutions for 

such problems. The last chapter summarizes the results and points out possible 

future work. 
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II. MODELING TOOLS 

This chapter describes Discrete Event Simulation (DES), Simkit and 

Nearly Orthogonal Latin Hypercube (NOLH) as the modeling tools used to create 

the simulation model for this thesis. 

A. DISCRETE EVENT SIMULATION 

Simulation tools can be classified in two categories, according to their time 

advance mechanisms: discrete event simulations and continuous simulations. In 

Discrete Event Simulation (DES), the state of a system changes instantly at 

distinct time points (Schriber & Brunner, 2005). In other words, the system clock 

is advanced only to those discrete points in simulated time where the next event, 

which may change the system state, is scheduled to occur. In continuous 

simulations, system state evolves continuously, as the simulation clock is 

advanced in small, fixed time steps. Since the value of simulated time is 

important in DES, an internal variable, called as simulation clock, keeps track of 

time and advances in discrete steps. At the beginning of the simulation, time is 

initialized to zero. The simulation clock then advances to the next event time and 

updates the stated variables. Then the simulation clock jumps to the first event in 

the event list. Every DES has an event list that contains a set of events that are 

ordered in time sequence. This event list is called the Future Event List (FEL). 

System state does not have to be changed between the time advances. Events 

have to be in time order; otherwise, events would be triggered out of order and 

cause the time to go backward, which is not acceptable in real life. The time 

advances continue until a predefined stopping condition is met or the last event 

in FEL has been executed (Law, 2007). The simulation clock and the real clock 

(the clock on the wall) are completely different. The real clock advances second 

by second continuously, while the simulation clock jumps from one event time to 

another.  Moreover, these jumps do not have to be equal in size.  
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B. SIMKIT 

Simkit is a software package that enables implementation of DES models. 

Simkit is developed and maintained by Professor Arnold Buss. This Java-based 

package “is oriented towards Event Graph Methodology” (A. Buss, 2005). Event 

Graph Methodology (Schruben, 1983) is powerful for its expressiveness, 

simplicity, and extensibility for constructing and representing DES programs.  

There are four basic elements for event graphs: parameters, state 

variables, events, and scheduling edges. State variables are the elements that 

have the possibility of changing through the simulation run. State variables define 

the state of the system. Parameters are the elements that are constant and never 

change in the course of simulation. Random variables are considered to be 

parameters. An event can be defined as “an instantaneous occurrence that may 

change the state of the system” (Law, 2007). Events are the labels of state 

transition functions. The collection of all the events in a simulation provides all 

the possible value changes. Scheduling edges define the logical and temporal 

relationships between events.  

 

Figure 5.   Basic Event Graph Model.  

 
Figure 5 (Schruben, 1983) represents a scheduling edge between event A 

and event B. This scheduling edge is interpreted as follows: event B is scheduled 

to occur t time units in the future after event A occurs and if the condition (i) is 

true.  

The following Java code is the implementation of Figure 5 in Simkit: 

public void doA() { 

 <code to perform state transition for event A> 
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 if (i) { 

  waitDelay(“B”, t); 

 } 

} (A. Buss, 2001) 

In Event Graph Methodology, “every event graph has at least one Run 

event, and that event is assumed to be placed in the Event List at time 0.0” (A. 

Buss, 2005). If the model does not recognize a Run event at the beginning, 

simulation stops immediately. Since the event list is empty at the beginning of the 

simulation, the Run event provides a starting point for the model. The Run event 

also initializes the state variables and schedules the next event (Buss, 1996). 

Table 1 represents the correspondences between elements in an event graph 

and Simkit (A. Buss, 2005). 

 
Table 1.   Event Graph/Simkit Correspondence  

Event Graph Simkit 

Parameter Private instance variable 

State Variable Protected instance variable 

Event “do” Method 

Scheduling Edge Call to “waitDelay” 

 
In Simkit, parameters are implemented as private instance variables while 

state variables are implemented as protected instance variables. Every method 

that corresponds to an event starts with a string “do”. Scheduling edges are 

implemented by a call to a waitDelay() method. When waitDelay() method is 

called by the program, an event is created and added to FEL. This method takes 

at least two arguments: the first argument represents the event name and the 

second argument represents the time delay.  
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C. NEARLY ORTHOGONAL LATIN HYPERCUBE (NOLH) 

Valid modeling must be coupled with efficient experimental design for 

effective simulation analysis.  There are many experimental design methods in 

literature. The most commonly used design is the factorial design. A 2k factorial 

design requires only two levels (low and high) for each factor and is easy to 

construct. Factorial designs are orthogonal and allow for examination of more 

than one factor at a time. Researchers can determine the main effects of several 

factors and the interactions between them. Despite all the advantages of using 

factorial design, it may not be good enough for some experiments. Without 

replication, for instance, a 2k factorial design may not be good enough for 

estimating all the effects, since no degrees of freedom remain for error. 

Moreover, if there are a large number of factors in an experiment, the required 

data grows dramatically. Table 2 represents the required number of design points 

for different numbers of factors. 

 
Table 2.   Number of Design Points Required for 2k Factorial Design  

Number of Factors 2k factorial 

1 21 = 2 

2 22 = 4 

3 23 = 8 

4 24 = 16 

5 25 = 32 

10 210 = 1,024 

15 215 = 32,768 

20 220 = 1,048,576 
 

Another drawback of 2k factorial design is that it may not provide any 

information on how the simulation behaves in the interior points of the 

experimental region, since it runs the simulation at only two levels (low and high) 
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for each factor (Sanchez, 2006).  An mk factorial design can solve this problem by 

filling more space of the interior of the experimental region. 

 

Figure 6.   22 and 102 Factorial Design 

 
In an mk design, m represents the number of levels of each factor and k 

represents the number of factors. In Figure 6, 102 means that there are two 

factors (X-axis of the plot represents the first factor and Y-axis represents the 

second factor) and each factor can have ten levels. A 102 factorial design reveals 

more information about the interior part of the experimental region. On the other 

hand, massive information requirement is still a big problem. Table 3 represents 

the required number of design points for different numbers of factors. 

Table 3.   Number of Design Points Required for mk Factorial Design  

Number of 
Factors 

10k factorial 5k factorial 2k factorial 

1 10 5 2 

2 100 25 4 

3 1,000 125 8 

4 10,000 625 16 

5 100,000 3,125 32 

10 1010 9,765,625 1,024 

15 1015 > 30 billion 32,768 

20 1020 > 95 trillion 1,048,576 
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The Nearly Orthogonal Latin Hypercube (NOLH), a space filling design, 

provides more efficiency and flexibility compared to a factorial design. Cioppa 

and Lucas (2007) developed NOLH design tables that have good orthogonality 

properties and provide some information about the behavior of the model at the 

interior points of the experimental region. In addition, the data requirement for 

NOLH designs is less than in the factorial design. Table 4 shows the number of 

factors and the associated number of design points.  

 
Table 4.   Number of Design Points Required for NOLH Design   

Number of Factors Number of Design Points 

2 - 7 17 

8 – 11 33 

12 – 16 65 

17 – 22 129 

23 - 29 257 
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III. MODEL DESCRIPTION 

The main goal of this thesis is to create a tool that models the planning 

and execution of a one-day scenario for several UAVs to accomplish a number of 

missions with different attributes. Therefore, the model consists of two phases. 

The first phase is the assignment and the second is the execution. The 

assignment phase starts at simulation time zero to collect all the candidate 

missions for the next day. The missions are created at simulation time zero, to be 

executed starting from 0700 of the next day and within a 24-hour period. Once all 

the missions are created and saved into the mission list, the assignment 

algorithm is run to assign these missions to the UAVs in an optimal fashion. The  

assignment algorithm is also run at simulation time zero. Therefore, the ATO for 

UAVs is created one day prior to the execution phase at simulation time zero. 

Once the assignment phase ends, the execution phase starts with the preflight 

inspection of the UAVs. In the ATO, the UAVs are ordered in a mission list 

according to their first mission’s preflight inspection time. The UAVs could have 

more than one mission assigned to them. Therefore, the execution phase is 

triggered by the first UAV’s first mission’s preflight inspection time. The other 

assigned UAVs follow the first one when their preflight inspection time is 

reached. The execution phase ends when the last UAV returns to the base and 

its maintenance is completed. Since the missions can start within a 24-hour 

period, the execution phase may take more than 24 hours, including the time for 

the last UAV to return to base and the time for its maintenance to be completed. 

Figure 7 shows the event graph of the entire model with its assignment and 

execution components.  
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Figure 7.   Event Graph of the Model
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A. ASSIGNMENT PROBLEM 

Before starting to explain the method used for solving the assignment 

problem, it is necessary to mention some of the characteristics of the model that 

was created. First, a UAV can be assigned to more than one mission. This is the 

key factor for the assignment problem; if a UAV could only be assigned to one 

mission, the problem would be much easier. On the other hand, a UAV can only 

be assigned to a limited number of missions since there are constraints for both 

the missions and the UAVs. The most important constraint about the missions is 

that they have a target opportunity window. The missions must be started and 

finished within that time window. For the UAVs, the most important constraint is 

their endurance. The UAVs will fly only for a specific amount of time because of 

the fuel constraint. Therefore, the model has to assign missions to the UAVs in 

an optimum way. There will be different approaches to solving this problem. For 

example, maximizing the assigned missions’ number will be one solution. 

Nevertheless, in real operations it is more important to use the limited resources 

to complete the critical missions than it is to complete more but unnecessary 

missions. Therefore, while creating the missions, the authors assign them a 

bonus point to express their importance. After all, the purpose can be specified 

as assigning missions to the UAVs with maximum possible bonus points.  

After defining the problem, the authors searched for the methods to solve 

it. This problem is similar to the very well known Traveling Salesman Problem 

(TSP). The TSP algorithms try to find the best traveling route for visiting the cities 

and returning to the original destination. In the model for this thesis, the missions 

are in locations other than cities, and there are UAVs instead of traveling 

salesmen.  

One of the most common tools for solving the TSP is the branch and 

bound method (Radharamanan & Choi, 1986). The branch and bound algorithm 

solves discrete optimization problems by searching all the possible combinations. 

However, the implementation of the branch and bound method to the UAV 

problem raised other issues. In Figure 8, the search space for three missions can 
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be seen. There are three factorial combinations to be compared, which will not 

take much time; however, if there are 30 or 40 missions in the mission list then 

the number of mission combinations jumps to very high numbers. For example, 

for 40 missions there are 40 factorial combinations to be compared. Even with 

the very fast computers available today, it will take serious computing time to 

solve this problem. Since the assignment module is intended to create the ATO 

for the next day’s missions, it is unbearable to run this module for more than two 

or three hours. Otherwise, it will not be realistic to wait for hours since there are 

so many things to do before performing the missions.  

 

Figure 8.   Search Space of Branch and Bound. 

 
To overcome the computing time problem, the authors developed a 

different algorithm for getting similar results to the branch and bound algorithm, 

but within a plausible computing time. For the algorithm used in this thesis, the 

goal is not to compare all the combinations. Instead, the goal is to find out the 

optimum combination “on the fly.” The authors start with the first mission in the 

mission list, then check a series of statements to find out if the UAV can be 

assigned to that mission or not. The statements are: 

M1 M3 M2 

M2 

START

M3 

M3 M2 

M1 M3 

M3 M1 

M1 M2 

M2 M1 



 21

1. Maximum operational range of the UAV has to be longer than the 

distance between the mission location and the base. 

2. The UAV has to perform the mission within the given time period. It 

has to be in the mission area after TOW start time and has to accomplish the 

mission before TOW end time. 

3. The UAV has to be able to return to base after executing the 

mission. UAVs have limited fuel for endurance. The UAV is considered to have a 

full tank of fuel at the beginning of the simulation. Fuel amount decreases as the 

UAV stays in the air. 

4. The UAV has to have reserve fuel that will be enough for 60 

minutes flying after returning to the base. This reserve fuel is considered to be 

the emergency fuel that can be used in case of situations where the runway is 

closed for any reason and the UAV has to divert to an alternate airfield. 

If the UAV meets all these requirements, the first mission in the 

assignment mission list is added to the mission list of that UAV, the location of 

the UAV is changed to the mission location, the remaining fuel of the UAV is 

decreased accordingly and the current time is recalculated. 

Based on the current time, and the location and remaining endurance of 

the UAV, the algorithm checks if the UAV can accomplish the second mission in 

the assignment mission list. If the UAV meets the requirements, explained above, 

for the second mission, that mission is added to the mission list of the UAV. 

However, the important thing at this point is that even if the UAV can accomplish 

this second mission after the first one, the location and the endurance of UAV are 

not changed. Since the algorithm is designed to find the next mission that can be 

accomplished and has the highest bonus point, the model keeps searching for 

the alternate missions that can be accomplished with higher bonus points. For 

example, if the UAV can be assigned to the second, fifth and ninth missions after 

accomplishing the first mission, the mission with the highest bonus among them 
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stays in the mission list of the UAV. After finding the next optimum mission, the 

current time, location and remaining endurance of the UAV is recalculated. 

This process continues in the same manner through all the missions in the 

assignment mission list. At the end of this process, a reasonable route that starts 

with the first mission is found. The total bonus that the UAV can earn by 

accomplishing these missions is calculated by adding the bonus points of each 

mission in the UAVs mission list. Then the program resets everything and the 

same process starts from the beginning, but from the second mission in the 

assignment mission list instead of the first one. At the end of this process, 

another mission list is created and total bonus points are calculated. The process 

continues by starting from each mission. At the end, the algorithm compares 

these total bonus points and assigns the route that has the highest bonus to the 

UAV. Figure 9 shows an example of how the assignment process works. In this 

example there are two possible routes: one starting from M1 and the other from 

M9. The total bonus earned for the first route is 35 plus 75 plus 90 equals 200, 

and for the second route is 60 plus 80 plus 55 equals 195. Therefore, the 

algorithm selects the first route and assigns M1, M5 and M6 to the UAV.  

 

Figure 9.   Search Algorithm for Assignment Problem 

......... M1 
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Bonus: 35 
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M2 
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M3 M2 M3 M6 M8 M9 
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Since there are two different types of UAVs, the same process is 

completed for the other type of UAV. Therefore, at the end of a full run of the 

assignment phase, there will be two lists, one containing the missions with the 

highest points for Heron and one containing the missions with the highest points 

for Gnat. Finally, the algorithm selects the UAV and route combination that has 

the highest bonus points. The assignment process continues until either all the 

missions in the assignment mission list are assigned or there are no more UAVs 

to be assigned. 

When compared to the results of the algorithm used with the branch and 

bound algorithm, the results seem to be the same for most cases. The branch 

and bound algorithm works better in a very few situations, since it is designed to 

search for all possible combinations. However, while creating a simulation tool it 

is very important to make it robust, but usable. For more missions in the mission 

list, the branch and bound algorithm will take days to complete the search. Even 

though it creates results that are more robust, these data will not help the 

decision makers plan the next day’s missions.  

B. ASSUMPTIONS 

1. Both types of UAVs are capable of accomplishing all types of 

missions in the mission list. 

2. Both types of UAVs take off with sufficient pods to accomplish the 

missions assigned to them for that sortie. 

3. There are no crew related limitations. There are a sufficient number 

of operators and mechanics to keep the two bases in 24-hour operation. 

4. The meteorology station’s accuracy for predicting the mission area 

weather is 95 percent. 

5. There will be no communication disruption between the ground 

control stations and the UAVs within their ranges.  
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6. There is a sufficient number of ground control stations to operate all 

the UAVs at the same time. 

7. “Wear and tear” for UAVs is not included in the model. UAVs are 

“as good as new” after they leave the maintenance server. 

8. UAVs can be assigned without delay to any mission after leaving 

the maintenance server. 

9. Minimum landing fuel is considered to be that amount needed to fly 

a UAV for 60 minutes to the nearest airfield in case of emergency. If the main 

base of a UAV is closed for landing, the UAV is assumed to have enough fuel to 

fly to the nearest air base for a safe landing. 

10. Preflight inspection time is 30 minutes for Gnat and 20 minutes for 

Heron. 

11. Acceptable weather risk level is 0.8 for Heron and 0.85 for Gnat. 

Beyond these limits, the UAVs are assumed not to fly safely. 

12. If a UAV aborts on the ground, it goes directly to maintenance. 

Time delays while transferring the UAV to the maintenance server are not 

considered in the model. 

13. The operation starts 24 hours after running the simulation. 

C. EXECUTION 

As mentioned above, the execution phase starts with the first UAV’s first 

mission’s preflight inspection time. When the preflight inspection event is 

triggered for the first time, the simulation time is advanced to the preflight 

inspection time of the first UAV and the discrete event simulation starts. After this 

point, all the events are called according to the times stated in the waitDelay 

methods of prior events. A UAV must complete at least nine events to complete a 

mission cycle. However, this number can change under specific situations such 

as a crash or an abort. Under normal conditions, after completing the preflight 

inspection, the UAV is launched and ingresses to the first mission area. Then it 
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completes the mission and ingresses to the other missions (if it has more 

assigned). After completing all the missions, the UAV returns to base, lands, and 

joins the maintenance queue. When its maintenance is completed, the UAV 

rejoins its squadron to wait for its next missions.  

The next section will describe in detail the 11 events in the execution 

phase. 

1. Preflight Inspection 

 When a UAV arrives for preflight inspection, a random number is 

generated for each mission in the UAV’s mission list. These Uniform (0,1) 

random numbers represent the TAF report’s accuracy. Normally, TAF reports 

represent the weather conditions for an area over the next few hours. However, 

in this model TAF reports represent the weather risk level for a UAV over the 

next few hours. These reports are not always 100% accurate. A value of 1.0 

implies that the weather risk reported by TAF will be exactly the same as the real 

weather risk. If the random number is 0.95, that means that the TAF report 

underestimates the weather risk in the mission area. Variability of TAF accuracy 

is represented by a uniform distribution. 

When a mission is generated in the simulation, it is generated with the real 

weather risk for the mission period. The drawn random number is multiplied by 

this value to determine the estimate of the TAF report for the weather risk in the 

mission area.  

  The UAV aborts if the estimate of the TAF report for any mission in the 

UAV’s mission list is greater than the acceptable risk level for the UAV. When a 

UAV aborts because of the weather risk, that UAV returns to the squadron. All 

the missions in the UAV’s mission list except for the mission(s) that cannot be 

accomplished because of the weather conditions are added to the mission 

assignment list. Moreover, a new assignment event is scheduled for the missions 

in the mission assignment list. 
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If the UAV does not abort, preflight inspection starts. Before the preflight 

inspection, another Uniform (0,1) random number is generated to determine if the 

UAV is going to abort because of a malfunction during inspection. If this drawn 

random number is greater than or equal to the preflight abort rate of that type of 

UAV, it aborts. The UAV may abort any time between the start and the end time 

of the inspection. If the UAV aborts, a random number is generated to determine 

when it actually aborts. This random number is multiplied by the predefined 

preflight inspection time of that UAV to determine the abort time. 

If a UAV aborts because of a malfunction, its abort type is set to “ground 

abort,” maintenance is scheduled for that UAV, and all the missions are added to 

the mission assignment list. The assignment process is scheduled again for the 

missions in the mission assignment list. 

If the UAV does not abort because of weather risk or malfunction, 

operators launch it after the inspection. Figure 10 represents the event graph 

associated with the preflight inspection.  

 

Figure 10.   Event Graph for Preflight Inspection 

 

2. Launch 

Upon execution of the launch event, a random number is generated to 

determine whether the UAV is going to crash while launching because of 

operator failure or malfunction. This random number is compared with the 
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predefined crash rate of that UAV type. The UAV crashes at take off if the drawn 

random number is great than or equal to the crash rate of the UAV. When a UAV 

crashes, a “Uav Crash” event is scheduled in the simulation.  

If the random number is less than the predefined crash rate of the UAV, 

an “Ingress” event is scheduled immediately, as seen in Figure 11. 

 

Figure 11.   Event Graph for Launch 

 

3. Ingress 

An Ingress event is scheduled after a “launch,” “mission end” or “loiter” 

event. A random number is generated to define if the UAV is going to abort while 

traveling to the mission area. If the drawn random number is less than the air 

abort rate, the UAV arrives at the area for mission execution and a “perform 

mission” event is scheduled. Otherwise, the UAV aborts enroute and an “abort” 

event is scheduled. The UAV may abort at any time while traveling to the mission 

area. 
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Figure 12.   Event Graph for Ingress 

 

4. Perform Mission 

There are two risks for the UAV while performing a mission. These risks 

include attrition due to enemy fire and weather conditions. As mentioned before, 

UAVs are not scheduled for the missions that have high weather risk levels. 

However, since TAF is not able to predict the weather conditions with 100 

percent accuracy, the UAV might be scheduled for a mission only to have the 

weather turn out to be too severe when the UAV arrives at the mission area. The 

real weather condition is stated while the mission is created. Therefore, when a 

UAV arrives at a mission area, the current weather conditions are checked. If the 

risk level is greater than the acceptable risk level, the UAV aborts that mission, 

which is added to the unaccomplished mission list. On the other hand, if there is 

at least one more mission in the UAV’s mission list, a “loiter” event is scheduled 

for the UAV to spend the remaining time in a secure area. Otherwise, a “return to 

base” event is scheduled. If the weather risk is not an issue, then a random 

number is drawn to determine whether there would be attrition or not. If the 

drawn attrition probability is less than the threat risk level of the mission area, the 

UAV will be shot down while performing its mission. The attrition will occur any 
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time between the start time and the end time of the mission duration. If the UAV 

is shot down, a “Uav Crash” event is scheduled for the attrition time. Otherwise, 

the UAV completes that mission safely and an “end mission” event is scheduled.   

 
 

Figure 13.   Event Graph for Perform Mission 

 

5. End Mission 

When a UAV accomplishes a mission successfully, an “end mission” event 

is scheduled. At the beginning of the “end mission” event, the accomplished 

mission is removed from the UAV’s mission list. If there is at least one remaining 

mission in the UAV’s mission list, the model checks whether this mission can be 

executed at the current time by that UAV, within the time constraints. Since 

preplanned mission durations can change in the air, this check has to be done 

before scheduling an “ingress” event. This check algorithm is described in the 

Assignment Problem section. The check algorithm not only decides if the UAV 

can be assigned to the next mission, but also returns a reason if the UAV cannot 

accomplish the next mission. The algorithm returns the following numbers 

depicting the reason: 
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0 : If the UAV arrives to the next mission area before the TOW start time 

for that mission. 

1: If the UAV cannot accomplish the next mission before its TOW end 

time. 

2: If the next mission’s location is out of UAV’s maximum operational 

range. 

3 : If the UAV does not have enough fuel to perform the next mission. 

If the UAV can perform the next mission, an “ingress” event is scheduled 

immediately. If the first mission in the UAV’s remaining mission list cannot be 

executed by that UAV due to one of the above reasons, another event is 

scheduled.  

 
Table 5.   Scheduled Event According to the Reason   

Reason Scheduled Event 

0 Loiter 

1 Loiter / RTB and Assignment 

2 N/A 

3 RTB and Assignment 

 
If the UAV arrives at the mission area before its TOW start time, it loiters 

in a safe area until the TOW start time. If the UAV does not have enough fuel to 

perform the next mission, a Return to Base (RTB) event is scheduled and the 

mission is added to the mission assignment list for a new assignment. If the UAV 

accomplishes the mission after the TOW end time, there are two options: 

1. If there is at least one other mission in the UAV’s mission list, the UAV 

loiters until the next mission’s TOW start time in a safe area. 
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2. If there is no mission in the UAV’s mission list, the UAV returns to base 

immediately. 

In both situations the mission, which cannot be accomplished at the 

current time, is added to the mission assignment list and an “assignment” event 

is scheduled. 

 

Figure 14.   Event Graph for End Mission 

 

6. Return to Base (RTB) 

A Return to Base event is scheduled after “ingress” or “perform mission” 

events. When a UAV is ready to return to base, a random number is drawn to 

determine if the UAV is going to have a malfunction in the air. If the generated 

random number is less than the predefined air abort rate, the UAV returns to 

base safely and a “land” event is scheduled. Otherwise, the UAV’s abort type is 

set to air abort, and after returning to the base and landing the UAV is scheduled 

for malfunction maintenance.  
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Figure 15.   Event Graph for RTB 

 

7. Land 

A UAV lands after returning to base. When a “land” event is scheduled, a 

random number is generated to determine if the UAV is going to crash while 

landing. A UAV may crash because of a malfunction or operator failure. If the 

drawn random number is greater than or equal to the predefined land crash rate, 

the UAV crashes and a “Uav Crash” event is scheduled. If the UAV lands safely, 

a “start maintenance” event is scheduled.  

 

Figure 16.   Event Graph for Land 
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8. Abort 

When a UAV aborts, if there is at least one mission in the UAV’s mission 

list, an “assignment” event is scheduled immediately. If it is a ground abort, the 

UAV goes directly to the maintenance server to get fixed. Otherwise, the UAV 

first has to return to base to get maintenance service. Whenever a UAV aborts, 

its maintenance service type is set to the malfunction maintenance.  

 

Figure 17.   Event Graph for Abort 

 

9. Loiter 

This event is only scheduled after an “end mission” event. If the weather 

risk level of an area is higher than the UAV’s acceptable risk level and the UAV 

has at least one more mission in its mission list, it loiters in a safe area to wait for 

the next mission. Loiter time of the UAV depends on the current time and the 

next mission’s TOW start time. The loiter event schedules the “ingress” event 

when the time comes for the UAV to travel for the next mission’s area. 
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Figure 18.   Event Graph for Loiter 

 

10. Uav Crash 

A UAV may crash while taking off, performing a mission or landing. A 

crashed UAV cannot return to its squadron and cannot be fixed. This event 

schedules an ”assignment” event immediately if there is at least one mission in 

the crashed UAV’s mission list. 

 

 

Figure 19.   Event Graph for Uav Crash 
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aborts on the ground or in the air, it requires malfunction maintenance. If it lands 

at the base without any malfunction, it is scheduled for periodic maintenance.  

Periodic maintenance durations of the UAVs are constant and set to 60 

minutes for Heron and 80 minutes for Gnat. Malfunction maintenance durations 

of UAVs are random variables whose distributions are specified by the user 

before the simulation run. After a periodic or malfunction maintenance, UAVs are 

considered to be as good as new. 

After the “start maintenance” event, an “end maintenance” event is 

scheduled immediately. If there is any remaining mission in the assignment 

mission list, an “assignment” event is scheduled.  

 

 

Figure 20.   Event Graph for Start Maintenance 

 
After describing the assignment problem and the entities of the execution 

phase, the next chapter will describe how to design the experiment in order to 

collect data for output analysis.   
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IV. DESIGN OF EXPERIMENTS 

A. INPUT FACTORS 

This section defines the input factors. Fifteen input factors are used to 

create the model, which will next be described in detail: 

1. Coordinates of UAV Squadrons 

At the beginning of the simulation run, UAVs are considered to be located 

at the squadrons. Locations of UAV squadrons are required for calculating the 

distance between the mission area and the squadrons. The user has to enter one 

geographic coordinate for each Heron and Gnat squadron. Since every UAV has 

a limited operational range, the distance between a UAV’s current location and 

mission area must be calculated before assigning a UAV type to a mission. 

2. Coordinates and Dimensions of the Operational Area 

Operational area is modeled as a rectangular or square region. The user 

does not have to enter four different coordinates to define the shape of the 

operational area. Instead, only the bottom left corner of the operational area has 

to be defined with geographic coordinates. To define the entire area, the length 

and the width of the area in kilometers have to be defined by the user.  

3. Mission Duration for Heron/Gnat 

Mission duration is the time spent to complete one mission. It is generated 

by a triangular distribution with minimum, maximum and the average mission 

duration values. Mission duration is one of the most important factors among the 

performance measures. In order to be able to include mission duration into input 

parameters, duration was categorized as either short or long. Therefore, the user 

has to specify minimum, maximum and average values for each category. 

Mission durations also change according to the UAV type.  
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4. Ground Abort Rate of Heron/Gnat 

This input factor defines the abort rate of Heron or Gnat before takeoff. In 

a simulation run, a random number is drawn for each UAV before takeoff to 

define if the UAV is going to abort or continue to the mission. If the generated 

random number is less than or equal to the predefined abort rate, the UAV aborts 

in preflight check and goes to maintenance.  If the drawn random number is 

greater than the abort rate, the UAV is launched. Higher ground abort rates result 

in larger queues at the maintenance servers, and thus longer wait times and 

decreased availability for the UAVs. If a UAV aborts before takeoff, it cannot be 

assigned to any of the missions before the maintenance personnel fix it. 

5. Crash Rate of Heron/Gnat 

The simulation uses this factor to define the crash rate of Heron or Gnat 

during launch or landing. In a simulation run, before launching a UAV, a random 

number is generated. If this number is less than or equal to the drawn random 

number, it is assumed that the UAV crashed because of operator error or some 

kind of malfunction. When a UAV crashes, one UAV is subtracted from the 

corresponding squadron. Crashed UAVs are not replaced until the next 

replication of simulation.  

6. Air Abort Rate of Heron/Gnat 

UAVs may abort in the air because of a malfunction. Some malfunctions 

may only degrade the effectiveness of a mission, or effect it not at all. These 

types of minor malfunctions should not be included in air abort. Only the 

important malfunctions, which force operators to fly the UAV to the air base 

without completing the mission, are considered as air abort. 

7. Total Number of Heron/Gnat 

This factor is required to define the initial number of Herons and Gnats in 

the squadrons. The total number of UAVs is defined between the minimum and 

maximum values stated in the design points. 
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8. Total Number of Missions 

This input factor defines the total number of missions in the mission list. In 

every design point, the total number of missions changes between the minimum 

and maximum values. 

9. Total Number of Maintenance Servers for Heron/Gnat 

Maintenance of UAVs can only be carried out if there is a free server. If 

there are two maintenance servers for Heron, that means two Herons can be 

served at the same time from the maintenance queue. If there are more UAVs in 

maintenance queue than the total number of servers, UAVs have to wait until one 

of the servers becomes free/available.  

10. Malfunction Maintenance Time for Heron/Gnat 

Every UAV has to visit the maintenance server after landing. If a UAV 

accomplishes all the missions and lands safely at the air base without any 

malfunction, it is scheduled for periodic maintenance. Periodic maintenance time 

is constant and predefined for both types of UAVs. If a UAV aborts on the ground 

or in the air, it is scheduled for malfunction maintenance. Malfunction 

maintenance time is a random variable with a triangular distribution. 

11. Threat Level in Mission Area 

While executing the missions, UAVs may encounter some kind of threats 

in the mission area. Surface-to-Air Missiles (SAM) or Anti-Aircraft-Artillery (AAA) 

may protect the targets in mission zone. These kinds of weapons threaten the 

UAVs. Threat level in mission areas represents the accuracy of hostile weapons 

that protect the target. In this simulation model, threat level can be defined as low 

or high. Low threat level means that the accuracy of the adversary’s weapons is 

low. In low threat levels, UAVs have a better chance of accomplishing a mission 

without being shot down. 
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12. Weather Risk in Mission Area 

Generally, operators receive hourly Meteorological Terminal Aviation 

Routine Weather Report (METAR) for the base and the mission area. Terminal 

Area Forecast (TAF) also represents some information about the next hours’ 

weather condition. Nevertheless, these reports are never 100% accurate. 

Sometimes bad weather conditions may degrade mission effectiveness or 

sometimes may cause the crash or damaging of a UAV. That is because UAVs 

cannot fly in adverse weather conditions. Even if the operator gets the weather 

forecast; there is always a chance of encountering worse weather than expected 

in the mission area. Weather risk represents the severity of bad weather in the 

mission area. If an operator decides that the weather presents a potentially high 

risk for the operation, she/he may abort the mission before entering the area.  

B. PERFORMANCE MEASURES 

1. Mean Number of Accomplished/Unaccomplished Missions 

A mission is considered to be accomplished when a UAV arrives at the 

mission area and stays there for the entire mission duration. The UAV has to be 

in the mission area at or after the Target Opportunity Window (TOW) start time 

and accomplish the mission before the TOW end time. The sum of the mean 

number of accomplished and unaccomplished missions must be equal to the 

total number of missions. 

2. Mean Number of Crashed Herons/Gnats 

UAVs can crash at takeoff or landing, or in the mission area. Operator 

error or important malfunctions at landing or takeoff may result in a UAV crash. In 

addition, UAVs may be shot down by enemy fire in the mission area. The mean 

number of crashed Herons/Gnats includes crashes that occur due to these three 

factors. The mean number of crashes for the two types of UAVs is calculated 

separately. 
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3. Mean Number of Aborted Herons/Gnats 

The mean number of aborted Herons/Gnats includes ground aborts, air 

aborts and aborts caused by severe weather. At preflight inspection, if the 

maintenance team notices a malfunction, the UAV aborts. Secondly, if the 

predicted weather condition is worse than the UAV’s acceptable risk level, the 

UAV also aborts. Finally, if a malfunction occurs in the air, the UAV aborts all 

remaining missions and returns to base for maintenance service. The mean 

number of aborts for the two types of UAVs is calculated separately. 

4. Mean Delay Time in Maintenance Queue for Heron/Gnat 

When a UAV arrives at the maintenance server and there is no free 

server, the UAV has to wait until the next available server. This waiting time is 

recorded for every UAV in each replication. Therefore, mean delay time in 

maintenance queue represents the mean time that Heron or Gnat spent in the 

maintenance queue until it starts being served by maintenance personnel. 

C. DESIGN POINTS 

As mentioned earlier, an NOLH design is used to set up the scenarios, 

since such a design provides more efficiency and flexibility compared to full 

factorial designs. There are 15 input factors; therefore, 129 design points are 

used to capture enough data from the model. All the data used to create this 

table were made up according to the authors’ aviation background. The table 

below shows a part of the design points to illustrate how they are created.  
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Table 6.   NOLH Design Points   

low level 0.03 0.04 1 0.04 0.01 1 3

high level 0.2 0.12 3 0.15 0.09 3 7

decimals 3 3 0 3 3 0 0

factor 
name

Heron 
Ground

Abort Rate

Heron Crash 
Rate

Heron 
Server

Gnat 
Ground

Abort Rate

Gnat Crash 
Rate

Gnat 
Server

Total 
Heron

1 0.071 0.076 2 0.09 0.037 2 5

2 0.181 0.064 2 0.091 0.018 2 5

3 0.106 0.101 1 0.07 0.043 1 6

4 0.148 0.111 2 0.08 0.045 3 3

5 0.03 0.071 2 0.066 0.018 2 4

6 0.15 0.074 2 0.041 0.042 2 5

7 0.096 0.12 3 0.072 0.023 1 4

8 0.127 0.096 3 0.047 0.038 3 6

9 0.034 0.044 2 0.062 0.026 3 6

10 0.197 0.046 1 0.069 0.019 1 4

11 0.038 0.118 2 0.071 0.035 1 6

12 0.187 0.119 2 0.082 0.021 3 5

13 0.111 0.061 3 0.06 0.043 2 3

14 0.158 0.058 3 0.079 0.017 1 7

15 0.074 0.082 3 0.065 0.048 1 3

16 0.163 0.1 3 0.043 0.024 2 7

17 0.069 0.054 1 0.122 0.013 2 6

18 0.195 0.068 2 0.126 0.044 1 4

19 0.061 0.102 2 0.098 0.027 1 6

20 0.14 0.118 2 0.123 0.02 3 4

21 0.078 0.056 3 0.145 0.049 2 4  

 

The NOLH algorithm creates the design points between the low and high 

levels with the decimals specified. Each row represents a design point to be used 

as input factors. 

D. SCENARIO REPLICATION 

The first step in collecting good data for output analysis is to specify the 

design points. After that, the number of replications is another important factor to 

consider. Since there are 129 fixed design points created by the NOLH algorithm, 
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the stochastic elements—those results that change in each replication—make 

the difference. Typically, a larger number of replications gives results that are 

more reliable. On the other hand, more replications mean more computing time 

to run the simulation. For this simulation experiment, 100 replications were 

conducted. Therefore, at each run the model creates outputs with 129 design 

points times 100 replications, that is, 12,900 different variations.   
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V. RESULTS AND OUTPUT ANALYSIS 

This chapter will discuss the results obtained from the simulation 

experiments. As mentioned before, the simulation was run for 15 input factors in 

129 design points with 100 replications. There are ten performance measures: 

accomplished missions, unaccomplished missions, crashed Herons, crashed 

Gnats, total aborted Herons, total aborted Gnats, total maintenance wait time for 

Heron, total maintenance wait time for Gnat, total assigned Herons, and total 

assigned Gnats. However, the high total number of missions and fewer total 

numbers of UAVs in the model lead all the UAVs to be used in each replication. 

As a result, there is no need for further analysis for total number of UAVs. First, 

the authors will focus on the main factors for each performance measure and 

then analyze the interactions, in detail, with several analysis techniques, in the 

following sections.   

For analysis, JMP 7.0 statistical software was used. Since the input 

parameters are not estimated from real life data, the following results and 

analysis cannot be considered definitive, but can be used as a template to give 

insights for future analysis with real operational data.  

A. MAIN FACTORS 

Regression analysis was used to explain the relationship between the 

input factors and outputs for basic analysis. While doing a regression analysis,  

the R2 value, which explains how much of the variance in the data is in the 

model, must be checked. Then, by using the sorted parameter estimates, the 

authors will analyze the effect of each factor on the output. For the regression 

analysis, the authors formed 95% confidence interval. It is also necessary to 

check the residual-by-predicted plot for a random distribution of points. In other 

words, there should not be any pattern in this plot. The general analysis used 

only the main factors but not any interactions between them, in order to better 

comprehend the effects of each factor on the outputs.  



 46

1. Mean Number of Total Accomplished Missions 

In Figure 21, it can be seen that the R2 value is 93%. This means that the 

input factors of the model can explain 93% of the variance in the output. In sorted 

parameter estimates plot, the effects of input factors on the number of 

accomplished missions can be seen. According to the results, the factor with the 

highest impact on accomplished missions is the total number of missions. As 

predicted, as the number of total missions increases, the total number of 

accomplished missions increases. Area threat level has a negative effect on the 

accomplished missions. As the initial number of UAVs increases, the total 

number of accomplished missions increases. The increase in mission duration 

results in a decrease in the total number of accomplished missions since the 

UAVs can be assigned to fewer missions. There is a slight difference between 

the effects of the Heron and Gnat types due to a modeling convention that tends 

to select the Heron type if the bonus collected for the missions is the same for 

both types. In addition, the air abort rates of both UAV types and the crash rate of 

Heron have a negative effect on the number of accomplished missions. 
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Figure 21.   Regression Analysis for Accomplished Missions 
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Figure 22 presents the residual-by-predicted plot for accomplished 

missions. All points are scattered throughout the plot; the authors therefore 

conclude that there is no pattern.  

 

Figure 22.   Residual by Predicted Plot for Accomplished Missions 

 

2. Mean Number of Total Crashed Herons 

After checking the factors that affect the mean number of accomplished 

missions, the authors used the same linear regression analysis technique to 

identify the factors that affect the mean number of crashed Herons.  

In Figure 23, R2 is approximately 0.915, which means that 91 percent of 

the variability is explained by the predictor variables. As the area threat level 
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Mission duration of Heron and Gnat are also important factors that affect 

the mean number of crashed Herons. A decrease in Heron mission duration 

results in an increase in the mean number of crashed Herons. This might seem 

counter-intuitive at first. However, a decrease in mission duration for Herons 

leads to an increased number of mission assignments for Herons. Since every 

mission has its specific risk level, more missions mean more risk of being shot 

down in the mission area.  

Another factor is the total number of missions. As the total number of 

missions increases, the mean number of crashed Herons also increases. The 

mission duration of Gnats also affects the mean number of crashed Herons. If 

the mission duration of Gnats increases, Gnats will be capable of accomplishing 

fewer missions because of the duration of the missions. With regard to the 

mission list, as Gnats accomplish fewer missions on the list, the rest of the 

missions will be assigned to Herons. Finally, more launched Herons will result in 

more crashes. It is obvious that the crash rate of Herons has a direct affect on 

the mean number of crashed Herons. The initial number of Gnats has a negative 

effect on the mean number of crashed Herons. As the initial number of Gnats 

decreases, the mean number of crashed Herons increases. This is because, as 

described before, if the initial number of Gnats decreases, more Herons will be 

assigned to missions and this will result in an increase in the mean number of 

crashed Herons.  

The last factor that affects the mean number of crashed Herons is the air 

abort rate of Gnats. As the air abort rate of Gnats increases, the mean number of 

crashed Herons increases. Since there are a limited number of Gnats in the 

model setting, if Gnats abort in the air frequently, there will be a shortage of 

Gnats. Herons will be assigned to those missions that Gnats aborted and this will 

result in a higher number of crashed Herons. 
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Figure 23.   Regression Analysis for Crashed Herons 
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As before, the residual-by-predicted plot for crashed Herons was checked. 

As seen in Figure 24, the plot does not have any specific pattern. 
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Figure 24.   Residual by Predicted Plot for Crashed Herons 

 

3. Mean Number of Total Aborted Herons 

Figure 25 represents the analysis results for the mean number of aborted 

Herons. The ground and air abort rates for Herons and the initial number of 

Herons directly affect the mean number of aborted Herons. It is obvious that as 

these parameters increase, the mean number of aborted Herons also increases. 

As the mission duration of Herons or the initial number of Gnats decrease, the 

mean number of aborted Herons increases. When the mission duration of 

Herons decreases, Herons will be able to accomplish more missions in one 

sortie. More missions in one sortie means increased probability of aborting for 

UAVs. When the initial number of Gnats decreases, more Herons will be 

assigned to missions, which will increase the probability of Heron aborts. Finally, 

the mean number of Herons that are aborted increases as the total number of 

missions and mission durations of Gnats increase.  
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Figure 25.   Regression Analysis for Aborted Herons 
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The residual-by-predicted plot in Figure 26 does not have any specific 

pattern; thus, it seems to be scattered.  
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Figure 26.   Residual by Predicted Plot for Aborted Herons 

 

4. Mean Wait Time in Maintenance Server for Heron 

First, linear regression analysis was used for the total maintenance wait 

time for Herons (Figure 27). When the actual-by-predicted plot was checked, 

results from the simulation run did not satisfy the assumptions of linear 

regression. From the plot, it is easy to see that most of the output data are 

accumulated around zero and after a certain point, there is a dramatic increase. 

Linear regression tries to find the best linear model that can explain the results; 

however, in this situation, a linear model cannot explain the results. The plot 

seems to be exponential rather than linear. 

Only 59 percent of the variability is explained by the predictor variables in 

this case. The low R2 value proves that the linear regression does not work well 

for explaining the mean wait time in maintenance. In addition, the fitted line 

extends below zero even though wait time in a server for a UAV cannot be below 

zero. In other words, a UAV cannot be served before it arrives to the 

maintenance server, so the minimum value that should be seen is zero.  



 54

-10

10

30

50

70

90

110

To
ta

l M
ai

nt
en

an
ce

 W
ai

t
Ti

m
e 

fo
r H

er
on

 A
ct

ua
l

-20 0 10 20 40 50 70 80 100
Total Maintenance Wait Time for Heron

Predicted P<.0001 RSq=0.73
RMSE=10.162

Actual by Predicted Plot

RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.726049
0.702832
10.16202
10.56708

129

Summary of Fit

Model
Error
C. Total

Source
10

118
128

DF
32294.917
12185.467
44480.384

Sum of
Squares

3229.49
103.27

Mean Square
31.2733
F Ratio

<.0001*
Prob > F

Analysis of Variance

Response Total Maintenance Wait Time for Heron

 

Figure 27.   Regression Analysis for Total Maintenance Wait Time for Heron 

 
For such results achieved with linear regression, there are other ways to 

overcome the problem. One of the first methods is to try quadratic analysis. As 

seen in Figure 28, with quadratic analysis, R2 increased from 59 percent to 91 

percent and actual-by-predicted plot looks better. There are still some negative 

estimates for waiting time in server, but the sorted parameter estimates will 

provide information about the most important factors affecting the output.  
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Figure 28.   Regression Analysis for Total Maintenance Wait Time for Heron 

 
Quadratic analysis seems to perform better than linear regression; 

however, they are both unable to explain the exponential increase in the wait 

time. For this situation, it will be better to use an approximation formula for the 

total mean wait time and try to determine the factors causing this exponential 

increase. 
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In the formula above, W is the mean wait time in the maintenance queue. 

CVa stands for the coefficient of variation for the arrival process and CVs stands 

for the coefficient of variation for the maintenance service process. A positive 

correlation indicates a higher likelihood of further arrivals; conversely, a negative 

correlation will indicate the opposite. ts stands for the mean maintenance time. 

Since the arrival processes and the maintenance times are following the same 

distributions throughout the whole simulation and are not the cause of the 

exponential increase, the only factor that will cause such an increase in the wait 

time seems to be the utilization of the servers. In the formula, (u/1-u) represents 

the impact of the server utilization on the wait time in the maintenance queue. In 

this case, when there is a sufficient number of servers (three servers), the mean 

wait time stays around zero. When the number of available servers decreases to 

one, the mean wait time increases exponentially as the slack in capacity 

disappears (Yücesan, 2007). The effects of the factors will be discussed in more 

detail in the key interactions section. 

B. KEY INTERACTIONS 

The previous section only considered the impact of the main factors on the 

output of the model. While the main factors are the ones that have the most 

important effects on performance, it is also crucial to analyze at least some of the 

interactions of these factors to better understand the behavior of the model. 

There are different approaches for analyzing the interactions. Multiple regression 

analysis, stepwise regression analysis and partition tree are the major ones. It 

will be good to see all the interactions of the factors, but in reality for 15 factors, it 

is nearly impossible to analyze meaningfully all of the interactions. Even though it 

can be accomplished, interpreting an interaction of the 14th degree is a tough 

problem. Therefore, with such a high number of factors, it is more practical to 
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conduct a stepwise regression analysis by first eliminating the unimportant 

factors and interactions and then building the analysis model with the remaining 

important ones.  

In the following section, stepwise regression analysis with two-way 

interactions is made for each performance measures. Confidence interval is set 

to 0.95 in JMP 7.0 to eliminate unimportant factors and interactions. After 

identifying the important factors, a multiple regression analysis model is 

constructed to analyze the factors and their interactions in detail.   

As explained in the main factors section, only the factors about one UAV 

type will be analyzed. The analysis for the other type will be made in a similar 

manner.  

1. Mean Number of Total Accomplished Missions 

In order to conduct the detailed output analysis for accomplished 

missions, a stepwise regression analysis was first run with the main factors and 

their two-way interactions. Figure 29 is the step history for the stepwise 

regression model, showing which interactions are significant enough to enter into 

the multiple regression analysis model. As a result, the model is constructed with 

15 main factors plus 21 interactions.  

After identifying the most important factors that affect the number of 

accomplished missions, the authors created a multiple regression model with 

these 36 inputs. The most important thing to point out here is the new R2 value. 

By adding the interactions into the model, it is expected that the R2 value will 

increase; if not, then there is no value in adding the interactions into the model 

other than making the model more complex and harder to explain. 
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Response: Accomplished Missions
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0.050

Direction: Forw ard
Rules:       Combine

     1 row s not used due to excluded row s or missing values.

Stepwise Regression Control

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21

Step  
(Total Missions-35)*(Area Threat Level-0.49612)
(Total Herons-5)*(Total Gnats-5)
(Heron Mission Duration-0.49612)*(Gnat Mission Duration-0.49612)
(Total Missions-35)*(Heron Mission Duration-0.49612)
(Gnat Air Abort Rate-0.055)*(Gnat Mission Duration-0.49612)
(Heron Crash Rate-0.07997)*(Heron Air Abort Rate-0.055)
(Heron Ground Abort Rate-0.11501)*(Total Herons-5)
(Heron Ground Abort Rate-0.11501)*(Heron Crash Rate-0.07997)
(Heron Maintenance Servers-2)*(Heron Air Abort Rate-0.055)
(Gnat Crash Rate-0.05001)*(Heron Mission Duration-0.49612)
(Gnat Air Abort Rate-0.055)*(Weather Risk Level-0.49612)
(Total Herons-5)*(Heron Mission Duration-0.49612)
(Heron Maintenance Servers-2)*(Gnat Crash Rate-0.05001)
(Heron Ground Abort Rate-0.11501)*(Gnat Ground Abort Rate-0.095)
(Total Gnats-5)*(Heron Mission Duration-0.49612)
(Total Gnats-5)*(Heron Air Abort Rate-0.055)
(Heron Ground Abort Rate-0.11501)*(Gnat Maintenance Servers-2)
(Total Missions-35)*(Gnat Mission Duration-0.49612)
(Heron Maintenance Servers-2)*(Weather Risk Level-0.49612)
(Gnat Maintenance Servers-2)*(Total Gnats-5)
(Gnat Crash Rate-0.05001)*(Gnat Maintenance Servers-2)

Parameter
Entered
Entered
Entered
Entered
Entered
Entered
Entered
Entered
Entered
Entered
Entered
Entered
Entered
Entered
Entered
Entered
Entered
Entered
Entered
Entered
Entered

Action
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0011
0.0012
0.0030
0.0142
0.0164
0.0114
0.0296
0.0178
0.0136
0.0345
0.0436
0.0480
0.0368
0.0211

"Sig Prob"
1587.478
447.3702
186.1612
29.53128
35.25379
22.64083
11.97854
6.138273
6.951893
5.472579
3.712865
2.375736
2.512135

2.6258
1.995523
2.057894
2.163502
1.256325
1.16891

1.259453
1.474387

Seq SS
0.6653
0.8528
0.9308
0.9431
0.9579
0.9674
0.9724
0.9750
0.9779
0.9802
0.9818
0.9828
0.9838
0.9849
0.9857
0.9866
0.9875
0.9880
0.9885
0.9891
0.9897

RSquare
2655

1106.2
465.14
364.51
245.98
173.29
135.66
116.33
96.166
81.146
72.242
65.985
59.254
54.128
49.193
44.04

40.521
38.155
36.092
33.715
30.591

Cp
4
7

10
11
13
16
18
19
21
23
25
26
27
29
30
31
33
34
35
36
37

p

Step History

Stepwise Fit

 

Figure 29.   Step History Diagram for Stepwise Regression of Accomplished 
Missions 

In the main factors section, the value of R2 is calculated as 93%. Figure 30 

shows that the new R2 value is 99%, which means that by adding 21 interactions, 

the input factors can explain nearly all the variability for accomplished missions. 

Also, it can be seen in the sorted parameter estimates that some interactions 

have larger t-ratios, meaning that they are more significant than some of the 

main effects in explaining the output. 
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Figure 30.   Multiple Regression Analysis for Accomplished Missions 
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The effects of the main factors were already discussed in the previous 

section. This section will focus more on the effects of the interactions on the 

performance measures. Interaction profiles can clearly show the interaction 

between the inputs and their effects on changing situations. Figure 31 shows 

some of the noteworthy interaction profiles.  

For example, it can be seen that as the total number of Gnats increases 

from three to seven, the number of accomplished missions also increases for 

both settings with three and seven Herons. However, there is a slight difference 

between two settings. If there are three Herons, the number of accomplished 

missions will increase to around 20. However, if there are seven Herons, the 

number of accomplished missions increases to around 25. 

There is another interesting result for the interaction between the air abort 

rate of Heron and the number of Heron maintenance servers. When the number 

of maintenance servers is one, the number of accomplished missions for both air 

abort rates of 0.1 and 0.01 is the same. Nevertheless, as the number of 

maintenance servers increases to three, the air abort rate of Heron makes a 

difference on the number of accomplished missions. For an abort rate of 0.1, the 

number of accomplished missions decreases and for 0.01 the number of 

accomplished missions increases.   

Analysis of the interaction between total number of missions and area 

threat level shows how important the total number of missions is to the output. 

When the area threat level is minor, there is a huge difference in the number of 

accomplished missions compared to the numbers of total missions. For 20 

missions, the number of accomplished missions is more than 15 while for 50 

missions the number of accomplished missions is around 30. However, for 20 

initial missions, as the threat level of the area increases, the number of 

accomplished missions stays nearly the same, but for 50 initial missions it 

decreases dramatically to the 20s. Actually, this is not a surprising result; the  
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decreased ratios of total accomplished missions are nearly the same for both 

situations, but the initial number of missions shows the changes to be more 

significant. 

 

Figure 31.   Interaction Profiles for Accomplished Missions 

 

2. Mean Number of Total Crashed Herons 

After conducting a stepwise regression analysis, 22 two-way interactions 

other than the main factors (shown in Figure 32) are added as inputs to the 

multiple regression model. Again, the purpose is to explain the variability of the 

number of total crashed Herons in a better way. 
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Response: Crashed Herons

Prob to Enter
Prob to Leave

0.050
0.050

Direction: Forw ard
Rules:       Combine

     1 row s not used due to excluded row s or missing values.

Stepwise Regression Control
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Figure 32.   Step History Diagram for Stepwise Regression of Crashed Herons 

 
After creating the multiple regression model with 37 inputs, the R2 value 

increased to 98%. Figure 33 shows the parameter estimates and their effects on 

the total number of crashed Herons. In the actual-by-predicted plot, the dots are 

closer to the 45˚ line. This means that the model can predict the actual number of 

crashed Herons in a very effective way. As mentioned above, since most factors 

and their effects are interpreted in the main factors section, this section will focus 

on the effects of important interactions.  
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Figure 33.   Multiple Regression Analysis for Crashed Herons 
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In Figure 34, the interaction profiles plot shows some of the interactions 

that have significant effects on the number of crashed Herons. When the 

interaction between ground abort rate of Heron and total number of Herons is 

analyzed, it can be seen that as the initial number of Herons was three, the 

ground abort rate of Herons is not affecting the number of crashed Herons. As 

the total number of Herons increases to seven, the ground abort rate starts to 

make a difference. If the ground abort rate is higher, the number of crashed 

Herons decreases. This is logical because, as the ground aborts increase they 

cause fewer Herons to take off for missions; thus, fewer casualties occur. 

Another important interaction is between the total number of Herons and 

missions. When there is a small number of missions, there is just a small amount 

of difference in the number of crashed Herons. For three Herons, the number of 

casualties is around one while for seven Herons, the average number of 

casualties is around 1.5. However, as the number of missions increases, the 

number of Herons has a greater importance in the number of casualties.  

The third interaction to be analyzed is between the total number of Herons 

and air abort rate of Heron. When the initial number of Herons is seven, the air 

abort rate of Herons has no effect on the number of crashed Herons. However, 

for three initial Herons, as the air abort rate increases, the number of casualties 

decreases because higher air abort rates imply that fewer Herons continue their 

missions.  

The last interaction affecting the number of crashed Herons is between 

the total number of Herons and the area threat level. Normally, area threat level 

is the most important factor in the number of casualties. Nevertheless, its effect 

also changes with the initial number of Herons. While there is less threat, the 

initial number of Herons is not as effective as in the higher threat levels. In the 

high threat situation, as the initial number of Herons increases, the number of 

crashed Herons increases more rapidly.   
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Figure 34.   Interaction Profiles for Crashed Herons 

 

3. Mean Number of Total Aborted Herons 

The results of stepwise regression analysis for aborted Herons are shown 

in Figure 35. According to the results, 22 two-way interactions are sufficiently 

significant to be used with the main factors for detailed analysis. The list is not 

sorted according to the importance of the interactions; this means that it will be 

incorrect to take the first couple of interactions to do the analysis with the most 

important interactions. If the concern is to analyze just a couple of the most 

important interactions, then the probability to enter for the stepwise regression 

analysis can be set to smaller probabilities (such as 0.001) to capture fewer but 

more important interactions. 
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Figure 35.   Step History Diagram for Stepwise Regression of Aborted Herons 

 
As mentioned for the previous analysis, the first thing to check is the R2 

value to evaluate the explanatory power of interaction. The new R2 value in 

Figure 36 is 98%, which proves the importance of the interactions when 

compared with the R2 value of the model with just the main factors. In addition, 

the actual-by-predicted plot is aligned well. Normally, the most important factors 

are the ground and air abort rates of Herons. There are also important 

interactions that affect the performance metrics more than some of the main 

factors.  
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Figure 36.   Multiple Regression Analysis for Aborted Herons 
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The important interactions can be seen in the interaction profiles plot in 

Figure 37. The authors will analyze four of the interactions for detailed analysis of 

aborted Herons, starting with the interaction of ground abort rate of Heron and 

the total number of Herons. When there are three Herons, the ground abort rate 

does not have as big an impact as it does when there are seven initial Herons. 

As the number of Herons increases to seven, low abort rates do not affect the 

number of total aborts very much, while higher abort rates increase total aborts 

more rapidly. 

There is a similar result for the interaction between the initial number of 

Herons and the air abort rate of Herons. For smaller air abort rates, the number 

of aborted Herons is nearly the same for three and seven initial Herons. As the 

air abort rate increases, a huge difference emerges between the numbers of 

initial Herons and the aborted ones. For low rates, the number of aborted Herons 

is around one for both situations. As the air abort rate increases, the number of 

aborted herons for two situations increases differently. However, this difference is 

just in numbers and the increase ratio is nearly the same. 

Another important interaction can be seen for air abort rate and mission 

durations for Herons. For low air abort rates, the number of aborted Herons is the 

same for low and high mission durations. Low mission durations lead to more 

total aborts as the air abort rate increases. This is because the aborts occur while 

the UAVs ingress from one mission area to another. The shorter times that the 

UAV spends in a mission area means that it spends more time to ingress and is 

more vulnerable to abort.  

Finally, the interaction between the crash rate and the ground abort rate of 

Herons was analyzed. For low ground abort rates, the crash rate does not make 

a big difference in the total number of aborts. However, as the abort rate 

increases, the crash rate and the number of total aborts change inversely. As 

more Herons crash, there are fewer Herons susceptible to being aborted during 

mission. 
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Figure 37.   Interaction Profiles for Aborted Herons 

 

4. Mean Wait Time in Maintenance Server for Heron 

As explained in the main factors section, linear and quadratic regression 

analyses are not good enough to explain the total maintenance wait time for 

Heron. Therefore, a partition tree was used to find out the important factors that 

are affecting the waiting time of Herons in the maintenance queue. Figure 38 is 

the partition tree for three splits, showing the most important factors affecting the 

total maintenance wait times. Since the inputs are not collected from real life 

data, the wait times seem to be too small. However, in reality there will be 

situations where the wait times increase dramatically to hours. Therefore, the 

concern of the analysis about the total maintenance wait time for Heron is to find 

out the factors to minimize this delay time.  
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Figure 38.   Partition tree for maintenance wait time for Heron 

 
The mean wait time for Heron is 10.567 minutes with a standard deviation 

of 18.641 minutes. Since the main concern is to reduce the wait time, it is more 

important to find the minimum wait time than the biggest R2. In the first split, a 
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huge difference can be seen between the mean wait times on the right and the 

left sides of the tree. The most important factor impacting the wait time is the 

number of maintenance servers. If there are two or three servers, the wait time 

drops to 1.82 minutes and the standard deviation is 2.42 minutes. If there is only 

one server, then the mean wait time is 37.07 minutes and the standard deviation 

is 21.26 minutes.  

Since the goal is to find ways to reduce the wait time, the tree is split from 

the left side. If there are three servers, the wait time drops to 0.18 minutes with a 

standard deviation of 0.24 minutes. If there are only two servers, the mean wait 

time is 2.63 minutes with a standard deviation of 2.6 minutes. In the third split, it 

can be seen that there are two servers, the important factor is whether there are 

six or more Herons. If there are less than six Herons while having two 

maintenance servers, the mean wait time is 1.55 minutes and the standard 

deviation is 1.4 minutes. If there are more than six Herons then the mean wait 

time jumps up to 5.04 minutes with a standard deviation of 3.05 minutes. 

As a conclusion, in order to find ways to reduce the maintenance wait time 

for Heron, there must be three maintenance servers. If that is not possible, it is 

better to have two servers with less than six Herons. The R2 value of 67% will 

seem to be less but even three splits provided the main factors affecting the total 

maintenance wait time for Herons. Therefore, there is no need to make further 

partitions to get a higher R2 value. 
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VI. CONCLUSIONS 

A. SUMMARY 

In this thesis, an assignment and simulation tool is created for assigning 

UAVs to missions in an optimal and robust way in situations where the decision 

makers possess all the information on the next day’s missions. There are two 

main phases run in this tool. The first phase solves the mission assignment 

problem with a nearly optimal solution. For this phase, the authors tried to include 

as many factors as possible that affect the problem. Some factors considered not 

to be important have not been included in many earlier studies; the include such 

things as ground abort rates of the UAVs or the changing weather conditions. 

After solving the assignment problem, the second phase was to evaluate the 

robustness of this algorithm with a stochastic simulation created for this project. 

To accomplish this, a full UAV operation cycle has been simulated, starting from 

the assignment phase, going through all the preflight activities, traveling to the 

mission area, conducting mission and post-mission activities, and finally ending 

with the return of the UAV to the base and accomplishment of the maintenance 

to make it ready for the next missions.   

In the analysis phase, using NOLH, the authors examined all the 

parameters and their interactions that affect the results. The results proved that 

some parameter that seemed not to be important would be as important as the 

other parameters. The overall results proved that the algorithm works effectively 

and creates plausible results.  

Since no data were collected from actual UAV operations, the authors 

cannot claim that the results will provide insights about real-life situations. 

However, the goal of this thesis is to create a template model that can be 

modified with real-life data. By changing the input factors, the decision makers 

can use this model to help them make decisions about UAV assignment 

problems for real operations. The model will also be used for other purposes, 
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such as deciding the UAV demand if the possible missions are known. In 

addition, the maintenance issues will be observed and possible solutions created 

by analyzing the maintenance queue wait times and other factors. 

B. FUTURE WORK 

Great effort was made to include as many factors as possible into the 

model to create a more realistic simulation model. However, many more factors 

can be inserted into the model. An analyst with real-life data can run the model 

with these parameters and conduct a more realistic output analysis to be used by 

the decision makers. Second, the assignment model is one of the key 

contributions of this thesis. There is no one optimum solution to solve the 

assignment problem. Therefore, another future work will be to create different 

assignment problem solutions and compare them with each other to see the 

advantages and disadvantages. There are many constraints on UAV operation in 

real life. The number of ground control stations, their abilities to control UAVs, or 

personnel constraints might significantly influence the results, so these kinds of 

issues can be added into the model to analyze their effects. Logistics is another 

important issue for all military operations; for example, the lack of a part in the 

logistics flow would create maintenance issues and could affect the whole 

operation’s success. Therefore, logistics is another area that should be 

incorporated into the model. Another future work will be extending the duration of 

the simulation to more than one day. Since this study was conducted for a one-

day scenario, there will be different constraints and results for multiple day 

scenarios. The last recommendation for future work is to add a Graphical User 

Interface (GUI) to the model to make it more understandable by non-

programmers. 
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