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On Improvement of Joint Competition of Flying Robot
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In the education of the Department of Mechanical and Aeronautical Engineering, experience-based
education programs seem to be emphasized to understand the relationship between various conventional
theories and actual phenomena. They are rarely associated with a single theory alone, but can often be
related to the integration of multiple theories. Therefore, we have classes at both Nagoya and Gifu
Universities, respectively focusing on the design, production, and evaluation of flying robots or autonomous
gliders. In the previous report, the educational impact of the collaborative efforts between these two
universities was discussed, especially the educational effects on the first joint competition held in September
2021. In this paper, we report the changes introduced in the second joint competition held in September 2022
and examine the improvement effects of the joint competition based on the results of the actual competition
and the participating students’ surveys. It was confirmed that the competition records significantly improved

compared to the previous event, and students’ motivations have continued to improve.

Keywords: coordinated action of multiple universities, joint competition, experience-based learning,
flying robot, mechanical and aerospace engineering education
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Model-Based Risk Analysis for Multi-UAV Operation:
A Case Study of Firefighting Support Using
Formation Flight

Hajime Sasaki®', Marika Yamazaki**, Shinji Suzuki™"
Institute for Future Initiatives, The University of Tokyo ™!
DENTSU SOKEN, Inc.**

Small unmanned aerial vehicles (UAVs, drones), which are expected to be utilized in various fields around
the world, require appropriate risk assessment. Nevertheless, UAVs tend to have unique missions and
functional requirements, and conventional risk assessment methods cannot easily perform flexible analysis
and verification. In this study, we conducted a model-based risk analysis based on a Concept of Operations
(ConOps) formulation from systems engineering perspective. We used the case of firefighting support from
multiple drones in a building fire scene. We confirmed the validity of the reliability analysis for system of
systems even without physical connections, such as formation flights. We found that it is essential to
understand risk from the perspectives of the aircraft and the entire system by integrating related components.
We also argued that the systems engineering perspective represented by ConOps is essential for discussing
appropriate risk assessment in a system such as a UAV, which is expected to be equipped with diverse

modes of operation and new technologies.

Keywords: Systems engineering, Model-based risk analysis, UAVs, Drones, Concept of operations

1. Introduction

There is a wide range of possible applications for small uncrewed (or unmanned) aerial vehicles (also known
as “drones”), such as for inspection, agriculture, construction, and photography. In Japan, the scope of drone
utilization will be expanded through the realization of unassisted beyond-visual-line-of-sight flights in uncrewed
areas (i.e., Level 4 flight). Given the intensification of disasters in recent years, the use of drones in special
operations during disasters is expected to greatly strengthen the resilience of infrastructure facilities.

The utilization of drones in disaster countermeasures is expected to meet with high social acceptance
because their benefits and importance are easy to communicate to citizens. The use of drones in disaster
countermeasures is a scene that may result in the social implementation of drones in other areas. In a survey of
North American citizens, firefighting and rescue were the most supported areas of drone use for
conservation[1]. In a survey of Japanese firefighters, 98% of the respondents (84 people) responded that the
use of drones during command activities is effective in the early stages of a fire[2]. The Ministry of Land,
Infrastructure, Transport and Tourism in Japan has long indicated the need for uncrewed aerial vehicles and
the need for real-time information transmission as an initial response to large-scale natural disasters[3]. In the
United States, about 20 drones are used for firefighting in Oregon, California, Colorado, and other states.,
where forest fires are common, and the number of drones is increasing due to the recent development of the
federal Wildfire Management Technology Act[4]. In Europe, there are examples of the use of a system (called
Fotokite Sigma) that supports first responders to the scene of a fire with information from the sky through fully
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autonomous drone control. In Japan, 27% of firefighting headquarters own drones, and 69% of these have a
track record of actual utilization (as of June 2019) [5].
1-1 Challenges in risk assessment of implementing drones for services

Drone usage involves elements of high uncertainty, such as gusts, aircraft conditions, probability of collision
with static and dynamic objects, etc., and risk assessment is essential to undertake a safe flight. Under the Civil
Aeronautics Act in Japan, there is a growing awareness that the airworthiness of drones should be as safe as
commercial transport aircrafts but at the same time, it is unrealistic to apply the standard developed for
commercial transport aircraft as is, given its nature. The safety standards for airworthiness certification of
commercial transport aircraft include airframes, engines, propellers, and other items, emphasizing the safety of
passengers. On the other hand, drones are required to have a wider range of safety aspects compared to
commercial transport aircraft, such as not harming people on the ground or other flying objects in the air. From
this perspective, the U.S. Federal Aviation Administration and the European Union Aviation Safety Agency have
established their own safety standards for drones. In particular, the latter adopts a flexible operational posture
based on category criteria according to aircraft and operational risk[6]. However, risk assessment technology
for the safety and reliability assurance of drones is still under development. Related laws and regulations are
also in a transitional period. Because of such circumstances, drone manufacturers and operators still have
difficulties observing successful experiences of drone operational risks, benefits, and values to study.

Traditional risk analyses (e.g., FHA, FMEA) as well as safety and reliability assessments were often taken
based on manual work such as using documentations and spreadsheets, for each piece of aircraft and
component. If it is a document-based risk assessment, people must redo analyses from scratch for each
different operation.

Due to the complexity of drone operations especially for disaster relief usage, it makes it difficult to
accomplish necessary risk assessments. Safety criteria and metric may vary in accordance with operational
scenario and background conditions. Drones require various risk analyses, depending on the combination of
components for each situation. In addition, drones are eager to adopt new technology for better performance so
risk analyses must be updated whenever the system is upgraded not only for operational risk mitigation, but
also for the certification of aircraft conformity. The problem is conducting risk assessments for drones with
various operational scenarios increase development term and cost. At the end, the price of a drone becomes
very expensive. It is undesirable for society to implement drone technology. Now, people require more efficient
risk assessments and analyses technology that is suitable for drones due to the diverse operational scenarios
and functions of drones.

In this research, an attempt is made to develop a new technology which makes achievable and reasonable
risk assessments necessary for drones’ development even though their intended operations are complex. This
paper shows the risk assessment technology for complex operation drones using model-based systems
engineering methodologies.

As a supplemental information, classical document-based risk assessments are still often conducted for
airworthiness certifications these days. Due to its workload, most of the cases, people identify highest critical
condition of operations and then conduct multiple risk assessments methods, referred by aircraft development
standards, for only such critical condition. The logic is if the highest risk is mitigated, other conditions must
also satisfy its safety. This logic is acceptable and reasonable only if operation conditions are simple and

standardized like commercial transport aircrafts these days. This is different for drones as described in
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previous section. Agile development and operation is required for drones, which are expected to operate
flexibly on a single aircraft, and risk analysis must be agile as well. The risk analysis needs to be agile as well.
However, no risk assessment method has yet been proposed to achieve this.

Instead of limiting operational conditions to simplify analyses, new technology of model-based risk
assessments enables to define multiple operational conditions in model settings, and to conduct various
analyses and generate results automatically for different settings by changing settings.

1-2 Model-based risk analysis

Model-based risk analysis constructs a system model first with considerations of operational environments,
drone configurations and its safety goals. This is expected to enable advance multifaceted and multi-analytical
assessments of the required reliability that is associated with changes in operations conditions and safety goals.

For example, the operation of formation flights using multiple drones is expected to be used in the event of a
disaster and its relief purpose. It is said that redundancy is an essential advantage of a multi-robot system
composed of multiple robots. Likewise, efficient operation is possible by collecting data using camera
photography with multiple drones. However multi-drone system (formation flights operation condition) risk
assessment is more difficult compared to single drone flight operation. With model-based risk assessments, it
is easier to perform analyses because it can be viewed as a single system as system of systems by applying
replicating single drone model and building multi-drone systems. This is another benefit of using model-based
technology. The purpose of this study is to attempt to develop a feasible and rational method for risk
assessment for drone development, even if the intended operation is complex. In addition, we performed a risk
assessment technique for drones that perform complex operations using model-based systems engineering
methods. Model-based risk assessment can immediately respond to changes in configuration values by
building models, and we will apply this method to a drone system based on formation flight to verify its

significance.

2. Methods
The significance of model-based risk assessment as a risk evaluation method using multiple drones is

discussed from the perspectives of design reliability and operational criticality. For risk assessment in design,
Risk Priority Number (RPN) is used to quantify potential failure causes. RPN is one of the metrics used in the
risk evaluation tool FMEA (Failure Mode and Effects Analysis). The focus is on quantifying operational
reliability using Mean Time To Failure (MTTF), which denotes the average time from when a product starts
operating to its first failure. It's a metric used to assess the reliability of products or systems. A comparison was
made between evaluations based on individual drones and evaluations of the entire system. To calculate these
values, the model-based Reliability, Availability, Maintainability, and Safety (RAMS) simulation MADe®© was
used. The MADe© complies with the Society of Automotive Engineers ARP4761/4754(7, 8]. The procedure for
constructing a model in MADe© is as follows.

Stepl: Defining functional concept.

Step2: Defining basic required functions.

Step3: Hazard definition

Step4: Setting mission profiles and environmental conditions.

Step5: Creating a function block diagram and interrelationships.

Step6: Calculation of criticality (MTTF) and reliability (RPN) for each component.
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A ConOps was formulated for the societal implementation of fire support drones, and environmental
parameters to be input into the model-based risk assessment through a systems engineering approach were
assumed[9]. To grasp the basic flight conditions of the drone, factors such as context, mission profiles,
temperature, and dust that affect the performance of the drone were considered. Modeling for risk analysis
assuming actual operation was conducted. The purpose of this study is to demonstrate the significance of
model-based risk assessment, which allows for flexible risk analysis by constructing a model. Some of the set
values use provisional values discussed in the ConOps as assumptions. Below, an overview of the procedures is
presented for each.

2-2 Step1: Defining functional concept

In this study, three rotary-wing drones equipped with a 360° camera and Light Detection and Ranging
(LiDAR) were used to construct a real-time 3D model of a fire situation inside a high-rise building. It is
assumed that there is an operational configuration of one master drone and two follower drones, with formation

flight operation in mind (Fig.1).

Operator
[y
zm:}:g Control Signal
Condition Formation Signal
A4
Drone
(Master)
Position Position
Altitude Altitude
Condition Condition
Target Paosition - Target Position *
Target Altitude Target Altitude
Drone Drone

Fig.1 Formation flight relationship between drones.

2-3 Step2: Defining basic required function

The most fundamental function required in this system adopts the definition of safe flight by Quinones-
Grueiro et al. (2021) [10], which consists of four functions: stable flight, understanding the aircraft's position,
grasping the aircraft's condition, and conducting missions. Furthermore, in this use case, these functions were
further defined in detail as follows. In the model within MADe®©, settings were made to define situations where
these basic required functions cannot be realized as failures (Table 1).
2-4 Step3: Hazard definition

For the safety flight constraints, we followed Quinones-Grueiro et al. (2021) [10] and set constraints for
ensuring in-flight safety, including the distance to nearby obstacles, remaining battery charge, and a risk
threshold (an integrated index of collision probability and battery depletion probability) . If any of these
conditions are not met, an emergency landing is executed. In risk analysis, factors that do not satisfy these

conditions are also considered. Typical examples include gusts of wind, degradation, and collisions[10].
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Table 1 Basic functional requirements.

- Flight stably

- Provide power
- Gain lift
- Gain thrust

- Maintain strength

- Navigate

- Avoid collisions

- Calculate flight path

- Receive behavior objectives

+ Determine aircraft position

- Obtain one’s coordinates (map) data via GPS.

- Determine a location via camera

- Understand aircraft’s condition:

- Collect monitoring (health value) data.

- Predict degradation using an analysis algorithm.

- Execute the mission.

2-5 Step4: Setting mission profile and environmental conditions

We created a mission profile that outlines the drone’s status from the start of its flight, through its mission,
until its return landing. For describing mission phases, we selected parameters like battery usage, distance to
the target fire building, and gas temperature. The mission profile, based on the formulation of ConOps is
illustrated in Fig.2. Information on the environmental conditions under which a real-time 3D space is assumed
to be constructed at a building fire scene was collected through interviews with experts, and environmental
factors to which the drone is subjected were organized based on the definition in MIL-HDBK-217F (Table 2).
These were used as inputs for the model-based risk analysis.
2-6 Stepb: Creating a function block diagram and interrelationships

A functional diagram was created to show the causal relationships of the target functions as a block diagram.
This leads to the selection of output parameters that can monitor the causality of failures and integrity. The

input and output between parts are defined, and the connection of the entire system’s parameters is organized.

OBattery consumption (%) ODistance from fire building (km) QAirframe temperature (°C)
7.00 7.00 7.00 80.00 ;‘ So@ED
o < O <

65.00
ACé)c 4[2;90 4%0 40[..90 40. S0ud .00 40.00 40.00
0.00 . X ¢ 0£3 0£3 0.23 0.23 023 0.‘93 0.

Initial Take off Arrival on site Master drone Obstacle Landing
(0.000h) (0.011h) (0.111h) selected (0.175h) Avoidance (0.326h)
Com‘m‘and Climb Data retrieving Formation Flight (0.225h) Return to
receiving (0.028h) (0.161h) (0.192h) home
(0.001h) (0.308h)
’ i Downlink Re-formation Flight Descent
Flight path Cruise
determination (0.094h) (0.165h) (0.208h) (0.325h)
(0.003h)

Fig.2 Defined mission profile
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Table 2 Operating environmental factors

MIL-HDBK-217F Environmental factors ~ Drone fire response applicable risk Ratings in MADe
Acceleration Gusts of wind, Hot air, Updrafts, etc. High
Pressure Gravity acceleration, Temperature difference, Atmospheric ~ High
pressure
Vibration Motors, Rotors, Unstable atmosphere High
Radiation (Nuclear) Very Low
Solid contamination Ash, Smoke, Cinders High
Liquid contamination Water vapor, Fire extinguishing agents) High
Gaseous contamination At sea, Near coasts, Near industrial areas Very High
Temperature Radiant heat Very High
Humidity High
Shock Impact of birds and insects Medium
Electromagnetic radiation Electric lines, Radio waves, Factories, and other areas with Low

strong magnetic fields

Each drone controls its lift by exchanging voltage signals and rotation speeds between the airframe and the
rotor. The airframe receives control inputs from the pilot and signals from sensors. The base station is where
aircraft information and fire information are integrated.

As an example of a function block diagram, a diagram related to operation is shown in Fig. 3.

Additionally, function block diagrams for the aircraft control section, receiving section, sensor section, fire
observation section, camera section, and rotor section were created, defining the relationships between each

function. Based on these models, specific connection relationships for various signals were input into MADe®©.

Airframe Control Signals User operation
Drone informatiaon
Fire Buildin Sensar information Alrframe
g K control signal Ground
. controller
Fire Building
Infarmatian Y Voltage
. Rotor contral signal
Airframe

Reflected light

F Y

¥

Obstacle Laser light e

Aircraft position
Aircraft altitude
Fire data

Lift farce
Rotation speed

v

Base station

Aircraft pasition
Aircraft altitude
Fire data

Fig.3 Function block diagram of systems related to operation.
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Fig.4 Flow diagram of the interrelationships among the three drones.

A flow diagram of the interrelationships among the three drones is shown in Fig.4 as an example of the
interrelationships.

In this firefighting support scene, we assumed that three identical drones would be used. Therefore, one
drone model is simply copied to the three drones, and any functional connections among the drones are
defined with additional dependency flows. Since it is difficult for classical risk assessment methods to handle
such multiple system-of-systems, reliability must be assessed separately for each drone. The model-based
approach used in this study allows the construction of an arbitrary number of drone systems by simply copying
a single drone model.

2-7 Step6: Calculation of criticality (MTTF) and reliability (RPN) for each component

Based on these input models and settings, the MTTF is calculated as the criticality. MTTF is also the mean
time to failure of a product[11]; the longer it is, the more reliable the product is. In general, MTTF is defined as
follows.

Total hours of operation
Total number of assets in use (= Total numbe of failure)

MTTF =

MTTF is calculated as the minimum required reliability assigned to each component when the target
reliability of the system is 99.9999% of the required reliability of the drone after 100,000 uses.

The RPN is calculated as a value to evaluate the reliability. This is also described in IEC 60812: “Depending
on the FMEA or FMECA, the degree of difficulty of fault detection should be added to the impact and

probability of occurrence in the risk assessment” [12]. In general, RPN is defined as follows.
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RPN = Occurrence of failure mode X Degree of severity X Degree of detectability

3. Results

The ELF (Environment Load Factor) is the relative severities of potential operating environments[13],
which is an integrated coefficient representing the influence of reliability due to difference from nominal
condition. The building fire site’s ELF (Environment Load Factor) was calculated to be 0.548 when the ELF of
the nominal environment was set to 1. This means operation at the fire site is more stressful and severe so then
drone’s reliability becomes less. ELF of 0.548 is a relative coefficient to determine expected reliability under
different environment condition compared to nominal condition. Overall ELF for entire mission profile defined
in Fig.2 is determined by combination of nominal environment and fire site environment based on mission
profile defined for this model. The total mission flight is assumed to contain 60% of nominal flight and 40% of
fire site. Based on this assumption, the final coefficient impacting drone reliability was found to be 0.82. Based
on the above, the MTTF in a clear sky flight was multiplied by 0.548 to output the MTTF in a fire scene
environment (Table 3).

In Table 3, the allocated MTTF for each component are listed. This allocated MTTF numbers are calculated

Table 3 MTTF comparison by item (FF: Formation Flight).

Category Item Single flight Master (FF)  Follower (FF.)
Communication Ground Controller 3.57E+11 357E+11 3.57E+11
System Receiver (Ground Controller (2.4GHz)) 1.71E+13 5.71E+13 9.03E + 09
Receiver (5G Communication) 1.71E+13 5.71E+13 9.03E +09
Receiver (920MHz communication) 1.71E+13 5.71E+13 9.03E + 09
Receiver (Remote ID) 1.71E+13 5.71E+13 9.03E + 09
Transmitter 4.28E +12 571E+12 9.03E + 08
Sensor system Gyro Sensor (Sensor Section) 3.00E +13 1.00E + 14 1.58E+10
Acceleration sensor 3.00E+13 1.00E + 14 1.58E+10
Electronic compass 3.00E+13 1.00E+14 1.58E + 10
Airframe thermometer 3.00E+13 1.00E + 14 1.58E +10
LiDER 3.00E +13 1.00E + 14 1.58E+10
GPS sensor 3.00E+13 1.00E + 14 1.58E + 10
Barometric altimeter 3.00E+13 1.00E + 14 1.58E + 10
Gyro sensor (fire observation section) 2.67E +06 3.62E + 06 3.96E + 05
Gas sensor 2.67TE+06 3.62E+06 3.96E + 05
Camera system 360° camera 2.67E+06 3.62E+ 06 3.96E +05
Visible light camera 1.34E + 06 1.81E+06 1.98E +05
Infrared camera 1.34E+ 06 1.81E+06 1.98E + 05
Computer system  Mission computer 857E+12 2.86E +13 4.52E+09
Flight controllers 8.57E+12 2.86E +13 4.52E+09
ESCs 1.43E+12 2.86E +12 4.52E + 08
Mechanical Motor 1.56E + 09 2.21E+09 2.78E+07
Rotor 1.56E + 09 2.21E+09 2.78E+07
Structure 2.86E +12 571E+12 9.03E + 08
Brushless motor 2.67E+06 3.62E + 06 3.96E + 05

Electrical Battery 3.91E+08 7.13E+08 8.97E + 06
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from top level system target reliability and equally distributed based on component functions relationships
defined in the model. The input value of this analysis is four-digit. This comparison shows difference of
required MTTF for each component within the systems. There are three different usage operational cases
compared, single flight, master drone in formation flight and followers’ drone in formation flight. It can be seen
that the follower drone in formation flight require less MTTF even though drone is same as master drone.
Additionally, Figs.5 and 6 show the risk priority number (RPN) results for each component of the single
flight and formation flight. RPN is defined by FMEA as the product of Severity, Occurrence and
Detectability[12]. Figure 5 shows top RPN ranking for single flight, and Fig.6 shows top RPN ranking for
formation flight. As it is seen, the ranking is varied due to the severity and occurrence difference between these
two operations cases even though the mission goal is same. For example, the battery is most critical to the
systems in both operation cases; however, mission computer and 5G communication system is more important

for formation flight because these functionalities are used for maintaining three drones system flight in
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controlled formation.

These figures are some examples output from model-based risk assessment. In classical approach of
document-based, it is difficult to see the risk criticality difference between single flight and formation flight.
The advantage of Model-based risk assessment is visualization. As described in above, if risk analysis result
tells battery and camera risks for mission success, when drones used in formation flight, communication failure
risk may not be solved by effective countermeasure and then the mission can be failed due to the lack of

robustness for these functionalities.

4. Discussion

During the discussion on the examination of ConOps, current fire site-related issues were extracted, and
actual technical and social issues were clarified. It is important to use these issues and their ideal forms as a
basis for discussing what kinds of environments and timeframes should be used to operate drones at actual fire
sites, and what configurations should be used and for what purpose.

It can be seen from Table 3 that the MTTF of the master drone must be higher than that for single-drone
operation as the required reliability for formation flight. It was confirmed that the reliability of the master drone
in terms of the formation control method affects the reliability of the entire system. It can also be confirmed
that the communication system has the greatest impact on the required reliability during formation flight,
followed by the sensor section.

The concept of aircraft authentication for normal crewed aircraft involves safety assessments by assessing
the reliability of the aircraft itself. Meanwhile, if there are many variations of operations and functions such as
drones, then it is necessary to consider each pattern. For example, mission request functions for purposes such
as data collection by formation flight give priority to what can be achieved as a mission even if there is a loss of
function of the entire system that consists of multiple drones. In such cases, the reliability of related functions
and components can be adjusted. Meanwhile, the emergency avoidance function for collisions and crashes
requires independent reliability for each drone, even in formation flight. Even with drones of the same model,
when roles are divided into master and follower drones in the formation flights like in the present case, it is
possible to quantitatively confirm that the required reliability differs for each role.

As can be seen from the average RPN of the components by FMEA (Figs.5 and 6), the highest priority
being the battery is a common feature to both single drone and formation flight. Meanwhile, in the formation
flight, it can be confirmed that the mission computers, base stations, and transmitters are the most important
components after the battery. It can be seen from these results that, in cases where the drone designer decides
that the communication specifications assume the operation of a single drone, the performance may not be
sufficient depending on how the user uses the drone. When there are variations in usage, such as drones with
single-flight capabilities vs. those with multi-flight capabilities, there is a question of how to set uniform safety

standards.

5. Conclusion

There is potential for the use of drones in disasters as a socially acceptable practice. Meanwhile, a risk
assessment method that can flexibly compare results is essential for implementing complex and changing
systems. In this study, we seek to conduct a risk assessment when the mission is to collect building fire

situational data using multiple drones by implementing a realistic model-based risk analysis after conducting
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basic concept examinations (i.e., ConOps) using systems engineering approach.

Even if there is no physical connection, the integration of components that have a significant impact on
mission success and safety can be considered as a single system (i.e., system of systems), and it was shown
that a reliability analysis of the entire system was effective. Meanwhile, it was also suggested that it is important
to subdivide and assess the reliability of the entire system by each operation, function, and technology
(component) linked to them. For example, if the environmental load at the fire site was prepared for each
component, then the required reliability could be calculated in more detail.

The approach in this research contributes to the improvement of technologies for the reliability assessment
of objects such as drones, which are complex and are expected to be used in many ways. In the future, we can
expect to assess the maximum availability and reliability from the perspective of not only the aircraft but also

the social system.
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Type certification of unmanned aerial vehicles (drones) requires the submission of certification test
documents that combine the required criteria with several methods of conformity certification (MoC) to
demonstrate safety, quality, uniformity, and so on. Since requirement criteria and MoCs are provided in
documents, itis considered effective for certification activities to clarify the relationship between requirement
criteria, MoCs, and submitted documents by modeling their contents. In addition, modeling the basic
components of the aircraft and the external environment and relating them to the model for certification will
streamline the certification process for the completed aircraft.In this paper, we propose the use of MBSE to
contribute to safety design activities for type certification of drones by constructing a model for safety
certification and a drone design model in a hierarchical manner using a SysML model, assuming Type 2

certification.
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UAV (Unmanned aerial vehicle) 12 & 2 1H Mz TR O N2 MREERIZ, HEPWOMERLIKRILE R
570, KEEMRLZIZILOLE LLHIIO2HETHAPED N TS, 512, UAV 25k
L% FHOTHIENM L 7227 (RlotRg) T, B0 bR % &URHEMOEEI TR TH
o LAL, #loBREOFMIBHMERLE L CORENZFHICE T > Twb, FlofiiEgicl i
W OLLE A IEREICEEE T E UL, UAV O S5 7% 2R FHIRESIIFEC X 525, FEHITIZEAN
IR OIS TH B o AWFFETIE, FHOBBINC X 2 H R OB E TR L S5 2
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ULBGREL 720 KUY AT LKL, S BRIZE 26 ROIEM R EEZ, UAVIC X 2 H0eiE & L3 %
BIHETEDZEEHLDNIC L7z, AT, WMERLESEIAHLLETD, BllNS % &4
2BV B EEE S OB O EARSSIUE, FE & BESHEE T E AT EE L 72,
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Position Determination Method using Oblique-view

Stereo-pair Images
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Method from Afar using UAV~
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Ground information captured by UAV (Unmanned aerial vehicle) through nadir viewing is widely utilized in
applications such as disaster and environmental monitoring. Additionally, capturing imagery from a distant
oblique-viewing allows for immediate data collection and enables observation from a distance. However, the
use of oblique imagery from UAV requires the establishment and validation of analysis methods. In our
research, aimed at enabling remote observation, we developed an analysis method for oblique-view stereo
pair images. This system accurately identifies the target's precise location using capture position and
orientation information. Even in cases where the capture position and orientation are unknown, this system
can estimate them from the captured images and basing point, facilitating the identification of the target's

position.

Keywords: oblique-view stereo pair images, collinearity equation, UAV

1.3 L & I

/NELAE A\ fiizet% (Unmanned aerial vehicle : UAV) 1%, &2, BFY, BHA, Wik, 245 - Sz 3oL
L7240 THICB W THHDHEA TV S, UAV IC & B — il E OB E L LT, wfo bz
SORTALEE (LT, TEFTHEE] Lvwo) kDB ~BaRom&z s L, mEmaT s
(Structure from Motion : SIM) % HA\WTC, #ZEEN S —2OOMK Z/ER L TIEH L T& 72 INETYH,
BRI & 2 KIE, KERERORERROIERICH SN, KOG CIIEMENFEIEINTE
72[1]e L2 L, B UAV OEM T, #k4 2HIFPFIET 50 Bl2IE, KEFARIITHER, #d), &
BEB LR EOREHRET BN E L CRSABEEDSE SN, HGE2 0RO RITAIHIREI NS Z &A%
HH[2]c ZOL) BHHGEEEET DL, B0 6w BN S k5 % R BRI 5 2 Bl &
T 52 L1, UAV 2R AKBRICTEH T 5720ICHETh b mED 5 O Hikid, UAVIZ L D) EZE
SEH R 2 £ T HIANCF ST 2 2 L TEITE L (LT, [$#ofisegl Lvw)). ahFT, flodik
B & o THEII 5 % & LR ORMMEZIIIT b N T E 72205, UAVIZ L - TH S 15 o MR G0 —
O FEDPHEL I N TR W0, BEO BRI > Twb, KIFRO BRI, UAVIZ X %
HEMTFEE LT, floflig s v 7zaRoMMESEFEEELEE5 2L Th b, GEMERITO
O &2, BENOMERMNE L BEE L ORI (DT, [H8EEFEX] Lv)) BRERIA TV,
ZoRIT 2 HOWGEIERE, Hook O E LA EERE MAANDS Z L THIKRDOOND, 21, #
DHIFE ORI, UAVIZX Y, EZEO 2D O@EFONREH LT 52 LT, EMEAHE T 1o
% (LT, [#OMATLAXRTHEGR] £v)) 2852 ENRNTE, ZLTC, WEHoRMNEt+EE 2
THMEHAZ M LT, ELOBIRIZE LN ROMELFETE S, KL TIE, —EHOMNTFEOH
NEMLI D720, FIOWURAT LA XTEGOMRHT S AT A% FH2IHFE L, KFEIC L DMEREOR
JEE % A9E L 720

2. POMATUAXRTEROENR S X7 LDOBHSE

2-1 HBFHICEDIHOMRAT LA XTEIGOHNR

FHOA T LA X7 H{RE 7R ROMEREIE, 358500 (D) 3112 X 2 T 2 5556 L 72,
ay(X—-X,) +a,(Y-Y,) +a,(Z—-2Z,))

a3 (X—-X,) +a,(Y-Y,) +a,(Z—-Z,)

a,(X-X,) +a,(Y-Y,) tay,(Z-Z)
a(X—X,) +ay(Y-Y,) +ay,(Z-Z,)

x=—f
(D

y=-f
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EEETHWONTWARTHY (R1), IROME (X, Y,Z), WEEEESE (BAEEE ), sEEE
g (Peh oM R (FAniE) X, Yy Z, S A T DL %%%#E%ﬁﬂ@%*(ﬁ%% ) tay),
EGENOBEME (v,y) OBEBREERLTVDE, KVATATIE, ROLHETHIMNRONME (XY, Z) 12
LT, AAGENETNONEEERESR, MR EER, WHEMELZSEHISRA LG4 >0 4A» 5
7 AT AR % 7

Eflh o 0w afllh o O
UAWHOSEEBE L T=h A 12L& D
BEME X, Y Iy

% w/%?& (23—, EwF, BO—i)

— f (iR AEEED

B8 L THENES
ERLE (x,y) ///

7

< EjT?ﬁwﬁi“
H“M%m YD

B EHEAROFFICLELRFOWA T LA T HEICHRT 2LHOMEN EH»S0Hsg e LT, FEBOMIIHR
LCHEGERL, FURIEHRE L2#ill 2R3, BOOER LB ORIG5> O e K. LmsEntid, £4
DIGETHELONLHMELEHE LTRAT L2 LT, RAMDMETH 20 FOMELFREIZLIVRODL I ENTE S,

2-2 ARBEEEROHTE EHEOT AEROER

CTOWNEMEEZEFZ L 1E, B A TEET IR % 2 B0l fEdl, LY 200§ AMIERETS
%o Zhang[4]®%5(it%%ﬂﬂ L NHERIRE 23R 2 HE5E L 720 Zhang D Fkid, Y A DR & & A& [ F O A
JEIEREH THEIY =N —HELTR2DL ) BT 2 v - K- F2 3L IERMELEMEIPOIRE L
s LR O~ 2A DM iERARZ b &I RE LB TR E Z R 22T 5D TH %, V\]ﬁfﬁt%
ERBNVHEE SNI2RIZIE, LY XDV AMIERBZ HTL ¥ XIZHKT 5 0§ A 2 Ak L 72 EE A
Bz L7z,

K2 7X10 Vv ADF v H—KR—FOfl, oD~ AL 25mm OIEHETHEEI NS,
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14 ol BT, Il Bk, WE OWR B EE, &7 K2, NE B K% 5
2-3 PBOHBAFLANTEGDIRS

B L7232 AT A ORGEERRTIE, M ORMKAA 2 W ER IR B 1A % gt R & L7z, UAV #E
121, DJIMavic 3 # IV 720 Mavic3 I SN2 D A5, ~A 707+ —HP =Xk —Th), H£H
FREEIL 35 mm HHRA T 24 mm TH L, 72, WEHEORE 213 5280 %3956 K Th o 72, #p ik,
PR 150 m £ CEAL, WHIANCA AT &2 T, 25T TEBE 2 130mBEH L 5055,
FROWMAT L ARTEEE T L. SEHEN (B3a) &, Wogl{E (B3b,c) 7251k, FEMEDS
%7 2,000 m 5E F TIREZE 30 m BEOFENILAY, @ FIIXIUSHRR S Lz Wogmiiffan s 4+ 4 F
i, 4135m THDH I EDFERENT WA [5].

(@ 313000 314000 315000 316000 317000 318000

S
nf

3912000

3911000

3 WRIOHIE S LR, () (FFEHHNB L UAVRITIE & BB X Z20WBEH I GREH) 2RLTBD,
SO X E I EHAEHK 5 m A v ¥ 2 &2 Fv7z. THIE Google Earth 2 A THEIR L T b, JEIFRIZ WGS
84 UTM zone 54N Td %, (b) ZALBIOHZHIETH ) EAEIRTH 5. (o) EFEAOBEHEETH ) HAIERTH 5,

2-4 FREENFEETEREEDI-HO UAVEHAEBRMOT—2DER

HMEMRIC L OV ROMBEZE T 5 720120F, YHEBEEER (FogiiE & L8 % EMRICILET 20
TN h b, WHMEIZDOWTIE, UAV IZ RTK (Real-Time Kinematic) 23#5# < LA MM TlE, ko
GNSS L AR TEBERMESNETE 5, LA L, SEHEHRICOWTIE, BIEICEESN LA TORE
REHHBIAE SN TV RN L% v, HIIHE ) HHOMKEZHEST L2 L35 V1550 EH
HCOMENRHET LT LIIBBICHEL v, 22T, KV AT AT, WHZREEKIC X 2 HREZEE
&, TONEWRRGIEE 2T 2 2 & TR EER 2 e L7z, Wil & LB OHEEIZH b 2 5HH
AL E LB DO (Perspective-n-Point : PnP) [6] Zf# < = & THEB L 72 BARMIZIEX, EPnP &%
AL, e L CLDAR MEET— #I2 L ) FANIHARZEEWSEOMNE (X, Y, Z2) ZIEL, Hugm
BOBEME (x,y) EOMIBEEHT L, £ L CHEEN L MEMBEMOBRKEORE L RAMLT 5 PAIT#
BjX7 NVERBENRYZ PV EKRD, TNETNOXRT MV ALEEZIIERE L THW 2, B, ROFETH
W5 LDAR pifE7— 121, G ZEZME#RYL Y ¥ =25 AFTE LERIE 5 LU - e S —
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% (LP) [7] & Hw/zo FHETIX, 8okl L ¢, EAFNZEFNOEEME (r,y) & LIDAR A
F—=H Ik BE (XY, Z) OfMAELEEEL (R4),

40796.358 -74010.053 1468.647
FEZ % (£)GD2011(8%R)

X4 EifgEEyy & LDAR KT —% (XY, Z) OAEDLEDH], (a) IZIZEMEGHENO 8 SDOEEME (IR
W) AR, (b) 13ROV LD TH LMEY OTHR OB % LIDAR mifit7— ¥ THRL726ITH %,

3. #% F

3-1 LIDAR 87T — 44 BESICAV/-BEMEERZOHTRE

UAV [Z## S 5H GNSS I2 &k D itk S - EEH (X, Y, Z,) B L ORIEENC L 2 EERE#R (Z), 7
AT I NVEROREER (93—, v F, u—)b) & LDAREEET— ¥ 2 LI H WO
BERERAIIR T, UAVIREROR R EMEBICB T 247 M (X, Y,) O#=EE LT, X, 135 33 m,
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Study on Flight Management Algorithm to
Change Mission for a Fixed-wing UAV

Sora Haraki, Masazumi Ueba
Graduate School of Muroran Institute of Technology

In autonomous flight of a fixed-wing UAV, it is important for the UAV to equip with a function to change a
flight mode in preparation for a mission change or an emergency. Generally, the change is carried out by
Flight Management System (FMS). However, the details of FMS including its algorithm is not well published.
Therefore, to realize the function together with the clarification of FMS, we propose a new mission change
algorithm which takes into account the flight status and the characteristics of the UAV. The validity of the
algorithm was confirmed in flight experiments by using the in-house fixed-wing UAV.

Keywords: fixed-wing UAV, telemetry & command, flight mode, flight management system

1. Introduction

Fixed-wing Unmanned Aerial Vehicles (UAVs) are capable of travelling longer distances and durations
compared to rotary-wing UAVs, commonly known as drones. To leverage this advantage, it is crucial not only to
conduct autonomous flight control along a predetermined flight path but also to flexibly change the flight path.
The changes are usually carried out by Flight Management System (FMS), which first plans flight paths, and
then allocates flight modes adequate to the flight path. In research related to FMS, there are studies focused on
multiple rotary-wing UAVs. These studies monitor each UAV's flight status for collision avoidance, involve
rerouting by setting new flight paths from the current ones[1]. Additionally, there are studies on fixed-wing

UAVs, where, in the event of control loss, the current mission is abandoned to stabilize the attitude[2], after
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which the UAV re-engages in the mission. However, it is not clear how these systems comprehensively manage
and modify missions. A few reports on flight mode changes via command transmissions from ground stations
for fixed-wing UAVs have been published[3].

Therefore, we propose a new flight management algorithm that does not only change the flight mode but
also judges the switching timing and allocates the flight mode adequate to the mission directed by the
command while considering the flight status. In the algorithm, the switching condition is specified in advance
and the time to change from the present flight mode to the flight mode necessary to realize the new mission
may be delayed depending on the position at which the command from the ground station is received. That is
to say, if that position causes unexpected behavior for the present flight mode, the switching is delayed until the
UAV reaches the position where the flight mode can be carried out safely, after which the mission change is
executed. In order to confirm the validity of the algorithm, the algorithm was mounted on Guidance Navigation
Control subsystem (GNC), and Telemetry and Command subsystem (TT&C), then, in the fixed-wing UAV

flight experiments were carried out.

2. Proposal of algorithm to change missions
2-1 Positioning of the algorithm in FMS

FMS monitors flight status of the UAV via GNC Subsystem and transmits the date of the flight status through
TT&C Subsystem. On the other hand, the command to change mission from the ground is received on the
TT&C Subsystem and transferred to FMS. In the FMS, the adequate flight mode is selected and its timing to
carry out the flight mode is judged based on the flight status of the UAV. If the switching condition is met, then,
the selected flight mode is carried out. The information flow among FMS, GNC subsystem and TT&C

subsystem is shown in Fig. 1.

| Flight Management System |

4& A
\4 \ 4
o 04L°mma“d TT&C GNC » Airplane
< subsystem || subsystem dynamics
Telemetry

Fig.1 Information Flow among FMS, GNC and TT&C.

2-2 Mission and flight mode

In order to construct a practical FMS, flight modes and missions are defined as shown in Table 1. In this
FMS, a take-off, a landing, a straight and level flight, and a turn with constant height are dealt with as flight
modes. A return flight, a meander flight, a fully autonomous flight, a direction change flight, and a circuit flight
are dealt with as missions. Missions are constituted by combining flight modes.
2-3 Flow and constraints

To change missions, at first, it is necessary to know the present flight status and the characteristics of the
UAV and its present flight mode. Then, all flight modes to constitute the targeted mission should be selected.
Thereafter, the adequate flight mode to be transited from the current flight mode should be selected. Finally,
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Table 1 Definition of flight mode and mission.

Targeted flight mode and mission

1 Takeoff

2 Straight and level flight

Flight mode
3 Turn with constant height

4 Landing

1 Circuit flight

2 Meander flight

Mission 3 Direction change flight

4 Return flight

5 Fully autonomous flight (from take-off to landing)

Mission change
] — algorithm —
Airplane

characteristics Judgment Command
' Mission A to B
and flight status (Mission A to B)

ﬂ Mission A sequence |— ﬂ Mission B sequence |—

Flight mode 1 Flight mode 1
Flight mode 2 Flight mode 2

Flight mode 3
Flight mode 4

Flight mode 3

Flight mode 4

Fig.2 Flow for mission change algorithm in FMS.

Table 2 The prohibited transition.

Constrained flight modes and missions Determination conditions
Takeoff — Alternate mode Not implemented

Landing — Alternate mode Not implemented

Other mode — Take-off Not implemented

Circuit flight = Meander flight Progress status of circuit flight
Meander flight — Circuit flight Progress status of meander flight
Circuit flight — Direction change flight Progress status of circuit flight
Meander flight — Direction change flight Progress status of meander flight

the feasibility of the transition is judged. Figure 2 shows the example which carries out the change from
mission A to mission B, Table 2 shows the prohibited transition among flight modes or among missions.

Upon receiving a command from the ground station to switch from Mission A to B, FMS investigates the
feasibility of the change. To judge the feasibility, it is necessary to specify the prohibited transition among
missions and flight modes. In addition, by setting the altitude of the airplane, the FMS prevents unfeasible flight
mode such as take-off.

When the selected flight mode or mission based on the airplane characteristics, the flight status, and the
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flight mode is judged to be feasible, the FMS starts to execute the flight mode necessary to transit from

mission A to mission B.

3. Implemented missions

As an example, the mission change from a circuit flight to a meander flight and the direction change flight in
the circuit flight are dealt with. Details of each flight are described as follows.
3-1 Circuit flight

A circuit flight consists of a straight and level flight mode and a turn with a constant height, in which a Way
Point (WP) from WP1 to WP4 are set as shown in Fig. 3.

Departing from WP1, the subsequent flight mode is carried out upon passing the designated WP. For
simplicity, three-digit numbers are allocated to the flight modes as defined in Table 3.

The transition between flight modes is judged based on the X, Y., coordinate system, whose origin is set at
the center of the runway so as to facilitate the calculation of position of WP and the airplane. The transition
from Mode 201 to Mode 202 occurs when the X-coordinate of the airplane position exceeds that of WP1. The
transition from mode 202 to mode 203 occurs when the azimuth angle of the airplane is within plus or minus 3
degrees of the target azimuth, or within a 15 m radius circle centered on WP3. In both Mode 203 and 204, the
airplane's X and Y coordinates are calculated based on the X,;Y,,; coordinate system, which uses WP3 as the
origin. Similarly, the transition from Mode 203 to Mode 204 occurs when the X-coordinate of the airplane
position exceeds that of WP4. The transition from mode 204 to mode 201 occurs when the azimuth angle of the
airplane is within plus or minus 3 degrees of the target azimuth, or within a 15 m radius circle centered on
WP1.

Flight direction Table 3 Definition of flight modes for circuit flight.

WP1(Start) WP2 . . .
< Mission Flight mode  Details
O (P~ -Mode201 O
vV 201 Straight and level flight
wy
902 Turn with constant height
Circuit (Right turn)
flight i ;
d Ig 203 Straight and level flight
WP4 WP3 Turn with constant height
Fig.3 Flight path and WP for circuit flight (nominal). 204 (Right turn)

3-2 Meander flight

A meander flight, in which airplane flies in a serpentine manner, is suitable for a mission to observe broad
agricultural fields. The flight path together with related WPs is shown in Fig. 4, and flight modes are described
in Table 4. While both circuit and meander flights share the same route up to Mode 203/253, after WP 4 Mode
204 flight turns right, however, Mode 254 flight turns left.

In order to avoid unexpected behavior of the UAV, the command to switch from the circuit flight to the
meander flight is carried out only when the UAV receives the command in the flight modes from Mode 201 to
203. That is to say, when the UAV receives the switching command during the flight mode of Mode 204, it
continues the circuit flight to the flight path by Mode 201 and then switches to flight mode of Mode 251. The
meander flight is terminated when the UAYV flies along the nominal path and transitions to Mode 256.
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Table 4 Definition of flight modes for meander flight.

O
7~ | Mode201/251 | Mission Flight mode  Details

251 Straight and level flight

Turn with constant height
20 (Right turn)
e WS 253 Straight and level fligh

Meander traight and level tlight

WP5 WP6(End) flight - Turn with constant height
(Letrtara)
Fig.4 Flight path and WP for meander flight (nominal). 955 Straight and level flight
256 Straight and level flight

3-3 Direction change flight

Next, we define a direction change flight in the circuit flight. There are two kinds of flight paths to realize a
change of direction for the circuit flight, depending on the flight direction of the UAV. Each flight path and WPs

are shown in Fig. 5, with the definition of flight modes in Table 5.

In the direction change 1, the UAV change its current flight direction from clockwise to counterclockwise. In

the direction change 2, the UAV change its current flight of the direction of counterclockwise to that of

clockwise.

Flight direction
WP1(Start) > WP2

—————————— [Mode272| [ Mode202

Mode203

WP4 . WP3
(a) Direction change 1

(Clockwise to counterclockwise)

Flight direction
—

Mode202 |  |Mode272 | ¥

Mode203

WP3 WP4
(b) Direction change 2
(Counterclockwise to clockwise)

Fig.5 Flight path and WP for direction change flight (nominal).

Table 5 Definition of flight modes for direction change flight.

Mission Flight mode  Details
271 Right turn with constant height
Direction change 1
272 Left turn with constant height
271 Left turn with constant height

Direction change 2
272 Right turn with constant height
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Both changes occur only when the UAV at located on the straight line. When the command is received
during the turning path carried out by the flight mode of Mode 202 and 204, the switch is deferred to the
straight flight path by Mode, after which the execution of the command is started. As a change flight path upon
command execution, the airplane passes the path called Mode 271. In Direction change 1, it performs a
90-degree right turn from the current runway heading, while in Direction change 2, it performs a 90-degree left
turn from the current runway heading. In Mode 272, for Direction change 1, the airplane turns left until it
reverses 180 degrees from the runway heading, and in Direction change 2, it turns right, until it reverses 180
degrees from the runway heading. When the airplane turns to the azimuth of the target runway, the direction

change is complete, the flight direction is redirected, and the airplane starts circuit flight.

4. Verification by flight experiments

To evaluate the validity of the proposed algorithm, flight experiments by the UAV were carried out at the
Shiraoi glider port in Hokkaido. The algorithm is implemented in GNC subsystem and TT&C subsystem with a
full-duplex line from the ground station to the UAV is prepared.
4-1 Configuration of TT&C subsystem

Telemetry data such as speed, altitude, and attitude angle of the UAV in flight, as well as command data to
change the mission, are communicated with the ground station via a full-duplex circuit line composed of two
pairs of radio modules. Here, commands received by TT&C subsystem are passed to GNC subsystem on the
UAV, which uses them to switch mission (Fig. 6).

Commercially available 2.4 GHz wireless modules were used to construct the links. Table 6 shows the
specifications of the radio module. The communication distance of this module is about 500 m. TT&C

subsystem configured by these modules was used to send commands from the ground station PC and receive

Telemetry & Command | | Guidance Navigation
subsystem subsystem

Receive command }_> Switch flight mode

by command
Fixed-Wing UAV
Mounted
—>

Wireless module
for telemetry link

@ Wireless module
for command link

| ]

Ground station
Fig.6 Configuration TT&C subsystem.

Table 6 The performance specifications of the 2.4 GHz wireless module.

Telemetry link Command link
Frequency band ISM 2.4 GHz ISM 2.4 GHz
Transmission output +8 dBm +8 dBm
Receiver sensitivity —103 dBm —103 dBm
‘Working voltage 21--36V 21--36V

baud rate 57,600 pbs 9,600 bps
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them on the UAV. The received commands are sent to the FMS.
4-2 Target airplane

For the flight experiment, the experimental airplane equipped with GNC circuit is constructed as shown in

Fig. 7.
EE= |
rme

A

I
=

Fig.7 The airplane used for flight experiment.

4-3 Results

Among missions investigated, flight experiments were conducted for the transition from the circuit flight to
the meander flight, as well as the directional change in the circuit flight. The fundamental paths for the circuit
flight and the meander flight are shown in Figs. 3 and 4, respectively.

Figure 8 shows the flight trajectory for switching from the circuit flight to the meander flight. After
completing one round of the circuit flight, during the second circuit's Mode 201, a meander flight command is
transmitted from the ground station PC. The command switches the flight mode to Mode 251 in the meander
flight. It then follows the flight path over meander flight and terminates at mode 256. This confirms that the

mission change algorithm is working properly.

Shiraoi glider port

Ground station

&

Start of circuit flight
Mode201
- \ b

\ @
2. Command received, 3.Turn left
Switch to meander flight Mode254)|
LA (Mode201—Mode251)

254 256

Fig.8 Flight trajectory for mission change from circuit flight to meander flight.




56 EA ER, B3 IR

\\
2.Command received,
Switch to directional change flight
Mode201—Mode271
4 circuit
in counterclockwise

/ /4 Mode202

Start of circuit flight
h : in clockwise
3. End of directional change flight, Mode201

Runway change to counterclockwise,
and Switch to circuit flight
Mode272—Mode201

Fig.9 Flight trajectory for directional change ﬂlght in the circuit ﬂ1ght

Figure 9 shows the flight trajectory in the circuit flight for switching from the clockwise flight to the
counterclockwise flight through the directional change flight. After completing two rounds of the clockwise
circuit flight, during the third round of the circuit flight, especially in the straight level flight to clockwise, a
directional change command was transmitted. The command switched the flight mode to Mode 271, which
generated a direction change 1 flight with a 90-degree of right turn. After the right turn, the airplane flew with a
270-degree left turn. After passing WP3, the airplane flew to counterclockwise. The airplane changed its flight
direction from clockwise to counterclockwise, confirming that the direction change was working properly.

From the above, it is confirmed that the flight management algorithm to change mission is working correctly

though the trajectory of the airplane deviated from the ideal path, more than expected.

5. Conclusion

In this study, with the purpose of equipping a function to change missions of a fixed-wing UAV together with
a development of the flight management algorithm, a new mission change algorithm which takes into account
the flight status and the characteristic of the UAV is proposed. The algorithm not only change the flight mode
but also judge the switching timing and allocate adequate flight mode.

It is confirmed that the algorithm developed works well by flight experiments of mission change of circuit

flight to meander flight and directional change in the circuit flight.
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Study on Short Landing Control Technology
Highly Resistant to Crosswind for High-speed
Small Fixed-wing Airplane

Ryoga Sakaki, Masazumi Ueba
Graduate School of Muroran Institute of Technology

High-speed small fixed-wing airplanes during crosswind landings require long landing distances due to its
high-speed and tend to deviate from runway. To shorten the distance and keep an airplane within the runway
against the crosswind, a new landing control method by using a high glideslope angle and a settling time of
a nose heading angle control system necessary to switch from the crab method to the low-wing method is
proposed. Its validity and performance are clarified by using computer simulations for one-third scale

Oowashi 2nd generation.

Keywords: fixed-wing UAV, landing, control, crosswind

Nomenclature
Yema : NOse heading angle command Bema : sideslip angle command
¥ :nose heading angle S :sideslip angle
0%,mq - rudder angle command 7 :yow rate

Or :rudder angle ¥ :azimuth velocity



/N gt ] 7 3 UV (60 A8 JR s 1 e e ) B Bl o 52 59

1. Introduction

In general, high-speed fixed-wing airplanes during landing requires a long runway in the headway direction
due to its high speed and tends to deviate from the runway in the lateral direction when they are subject to
crosswinds. To shorten the distance and keep airplanes within the runway, two solutions can be adopted. A first
one is to increase a glideslope angle in the longitudinal motion. A second one is to direct airplanes toward the
wind direction and to align its nose with a center line of runway just before touchdown in the lateral-directional
motion. In the second one the first part operation is called a crab method and the second part operation is
called a low-wing method. One paper adopts the glideslope angle of 12 deg and it doesn't take into account
crosswinds[1]. This paper confirms a performance of a short landing under the above conditions. The other
paper adopts the glideslope angle of 4 deg and it takes into account crosswinds, so it adopts the method which
switches from a crab method to a low-wing method[2]. However, no report clearly shows conditions to switch
from the crab method to the low-wing method during a glideslope phase and a flare phase for a high-speed
fixed-wing airplane with a high glideslope angle. Therefore, in this study we propose a new method that
considers the settling time of the nose heading angle control system to switch from the crab method to the low-
wing method. It is confirmed by computer simulations that the proposed method worked well, and the extent to
which the target high-speed small fixed-wing one-third scale Oowashi 2nd generation airplane is resistant to

crosswinds is also clarified.

2. Conventional landing control technology

The conventional landing control technology for crosswind uses the crab method and the low-wing method,
and their combination. The details of each method are described below.
2-1 Crab method

The crab method is usually adopted in both the glideslope phase and the flare phase. When controlled using
the crab method, the forces working on the airplane form the top and rear views are shown in Fig. 1. The
method points the nose in the direction of the composite vector of crosswind and speed during descent.

Therefore, the method uses thrust to counter the crosswind and keeps the sideslip angle at zero.

Crosswind direction
: Airflow

Direction ;
of travel Thrust ol
Gravity
[Top view] [Rear view]

Fig.1 Crab method.

2-2 Low-wing method

The low-wing method is applied just after the crab method. When controlled using the low-wing method, the
forces working on the airplane from the top and rear views are shown in Fig. 2. The method points the nose
toward the runway’s center till touchdown. Therefore, the method uses the lateral force worked by gravity and

rudder steering to counter crosswinds, keeping the nose parallel to the runway direction.
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Crosswind direction
Thrust : Airflow

. Lift
Late_ral t(_)rce due to Direction of travel
Silestpanglc Lateral force
of gravity
Drag Lateral force due to Gravity
rudder steering
[Top view] [Rear view]

Fig.2 Low-wing method.

3. Proposal of design method to switch from crab method to low-wing method
3-1 Design policy

In order to land on a runway while flying on a glideslope path during strong crosswind, it is necessary to
descend along the glideslope path by using the crab method and touch down the runway by using the low-wing
method, i.e., by aligning its nose toward the center line to avoid the strong force on legs. The remaining issue
to carry out the crab method and the low-wing method successively is to decide how to switch over from the
crab method to the low-wing method. The factor to decide it is a settling time of the nose heading angle control

system (Fig. 3) used in the low-wing method. Details of the design procedure are described below.

Y

+

Yemd , Nose heading |87emd| 67 (67 r |r| 1 ¥
—] —]

- angle controller OTemd or — cos 6,

n | =

Fig.3 The nose heading angle control system.

3-2 Application of two landing control methods

In this study, the crab method is applied to the first part of the glideslope phase, and the low-wing method is
adopted to the part after the first part, as shown in Fig. 4. Assuming that the low-wing method is used just
before the touchdown, the flare phase is divided into two phases, one is the flare I phase and the other is the
flare II phase. In the flare I phase, the crab method is used. In the flare II phase, the low-wing method is used.
To specify the deviation from the center line of the runway, y direction is defined as that perpendicular to the x

direction.

Glideslope Flare T Flare 1T
(GS)

X-direction \
_

Landing control Low-win,
Crab method e
method used method

Fig.4 Application of landing methods in landing profile.
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3-3 Design procedure
3-3-1 Settling time of nose heading angle control system

The time to switch over from the crab method to the low-wing method is dominated by the settling time ¢, of
the nose heading control system. Therefore, in this study, the time is calculated from the step response of the
control system. The time is defined to be that of which deviation reaches to the range of =29% of the command
magnitude.
3-3-2 Flight time of flare phase

The flight time £, in the flare phase is defined to be the time from the end of the glideslope phase to
touchdown. The time ¢, is derived by transforming the approximate formula for the flare path. The flare path 7 is
expressed by Eq. (1) and the formula for calculating the flight time £, in the flare phase is expressed by Eq. (2).
The flare I starting altitude /%, is also determined by using Eq. (3).

h=hexp(—t/7) @
t.=—tIn(h/h,) (&)
hy=1Vsin(0s) 3)

The flight time ¢, in the flare phase is calculated by substituting the ground altitude %, the flare start altitude
hy, and the flare time constant 7 into Eq. (2).
3-3-3 Start altitude of flare Il phase

The starting altitude of the flare II phase can be derived by substituting the flare II start time into the above
Eq. (1). The time £ is set to be 0 s at the start of the flare I phase. The flare II start time £, is the flight time ¢, of

the flare phase minus the settling time ¢, of the nose heading angle control system, as shown in Eq. (4).

t,=t—t, (€Y)
Equation (5) shows the relationship among the flare II phase start altitude %, from using Eqgs. (1) and (4).
hy=hiexp(—1,/7) ®)

4. Lateral/directional control system

Generally, the landing control system consists of longitudinal and lateral/directional control-systems.

A constant speed control system is also incorporated throughout the entire phase. The adequate control
system is selected as for the lateral/directional control system depending on whether it is the crab or the low-
wing method as shown in Fig. 5. The crab method uses a sideslip angle control system, that tries to reduce the
sideslip angle to zero. In contrast, the low-wing method uses a nose heading angle control system, that tries to
keep a nose heading angle parallel to azimuth direction of the runway. The heading angle and runway azimuth
angle are measured from true north direction. The runway center control system is incorporated throughout

the entire phase with a roll angle control as the inner loop. All control laws in control system use PID controllers.

h2hy | g =0 1‘ Sideslip angle |87ema] &r |&r| g B
A ' controller O7ema r
—
Pema =0 Nose heading [87ema| or (o |r] 1 ¥ 1 ¥
h<h, - | angle controller OTema or cos 6o s

Command Switching | |

Fig.5 Lateral/directional control system.
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5. Design
5-1 Target airplane

The proposed method is applied to a high-speed small fixed-wing airplane. The one-third scale Oowashi 2nd
generation, which is a scale model of supersonic experimental unmanned aerial vehicle (UAV) currently under
development by the Muroran Institute of Aerospace Plane Research Center (Fig. 6), is used as the target

airplane. This airplane weighs 5.0 kg and has a wingspan of 0.8 m. Its cruising speed is 50-80 m/s.

Fig.6 One-third scale Oowashi 2nd generation.

5-2 Design results

The starting altitude of the flare II phase is designed using the design method described in Chapter 3. Table
1 shows parameters used in the design. First, the control system for the nose heading angle control system is
designed, and the settling time is evaluated using the step response to be 8.6 [s]. At the same time, all other
control systems other than the nose heading angle control system described in Chapter 4 are designed. Next,
the switching altitude, from which the flare II phase start, was designed by substituting parameters in Table I
and the settling time into Eqs. (2), (3), (4), and (5). Table 2 shows the flare phase’s flight time, flare phase II's
start time, the start altitude of flare phase I, and the start altitude of flare phase 1.

Table 1 Parameters used in design.

Initial altitude %, 120 m
Initial flight speed V' 51.3 m/s
Initial angle of attack «, 6.8 deg
Initial pitch angle 6, 6.8 deg
Touchdown altitude 7, 0.2m
Glideslope angle 04 10.0 deg
Flare time constant 7 25s

Table 2 Design results.

Flight time of flare phase 11.8s
Flare II start time , 32s

Initial altitude of the flare I phase 7, 22.3m
Initial altitude of the flare II phase %, 6.1m

6. Simulation
To confirm the validity of the proposed method, computer simulations were carried out for the target

airplane described in previous section.
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6-1 Simulation conditions
Initial conditions and switching altitudes the in Tables 1 and 2 are used. For simulation the crosswind

model, shown as Eq. (6) and Eq. (7), is used.

vy = M O<t<m/wy) 6)

v, =V, (/wy<t) @
wy is the natural angular frequency of the Dutch roll mode, which is 10.2 rad/s for the target UAV. The
magnitude of the steady-state wind V,, was determined to be 3.7 m/s by considering the average wind speed
over the past 30 years in Shiraoi Town.
6-2 Target performance and limits
The descent rate at touchdown, the nose-to-runway azimuth angle deviation at touchdown, and the deviation
from runway center are defined as the target performance. The descent rate and the nose-to-runway azimuth
angle deviation at touchdown are determined in terms of the load on the nose and main gears of the airplane.
The deviation from the center line of the runway is determined in terms of the accuracy of the sensors. In
addition, the roll angle and the rudder angle of the airplane are limited so as to avoid the wingtips touching the
runway as well as take into account the wingspan of the airplane. A typical large airplane's limiting roll angle at
touchdown is 5 deg. and the maximum roll angle is about 10 deg. Therefore, the limiting roll angle at
touchdown is set to be 50% of the maximum roll angle. The rudder angle limit depends on the target airplane.

Table 3 summarizes the target performance and limits.

Table 3 Target performance and limits.

Decent rate at touchdown <1.0m/s

Nose to runway azimuth angle deviation at touchdown <=*5.0deg
Deviation from runway center <*+3.0m

Roll angle at touchdown < *22.7 deg

Rudder angle < +30.0 deg

6-3 Validity of design method

Figures 7(a) through (g) show results of altitude, rate of descent, roll angle, nose heading angle, sideslip
angle, and deviation from a runway center by computer simulations.

Figure 7(a) shows that in the glide slope phase, the control system is well tracking the altitude command.
Figure 7(b) shows that in both the flare I phase and the flare II phase, the control system is well tracking the
descent rate command. The descent rate at the touchdown is found to be 0.13 m/s, which meets the required
the target performance of 1.0 m/s or less.

- GS phase + Flare I phase

Figures 7(c), (d), and (e) show that the nose heading angle and the sideslip angle converges to about —4.3
deg and about 0 deg respectively within the first 2 seconds. Figure 7(g) shows that a y-directional position
tracks the command without any problem and meets the target performance of +3.0 m or less.

- Flare II phase

Figure 7(c) shows that the roll angle exceeds the command just after switching from the crab method (Flare

I) to the low-wing method (Flare II), but it tracks the command after that. Figure 7(d) shows that the nose

heading angle tracks the command without any problem, and the azimuth angle deviation at the touchdown is
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0.14 deg. Figure 7(f) shows the maximum rudder angle meets the limit of +30.0 deg. Figure 7(g) shows that
the maximum deviation from a runway center is 0.67 m, satisfying the target performance of +3.0 m or less.

From simulation results, the target performances of Table 3 are satisfied for the case of the crosswinds of 3.7

m/s.
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Fig.7 Results of computer simulations (crosswinds : 3.7 m/s).

6-4 Performance of resistance to crosswinds

Simulations were performed adding crosswinds up to 8.0 m/s in 1.0 m/s increments. The simulation results
show that the UAV can tolerate crosswinds up to 7.0 m/s under the roll angle limitation of 22.7 deg. Figures 8
(a) - (g) show results of altitude, rate of descent, roll angle, nose heading angle, sideslip angle, rudder angle,
and deviation from a runway center in a crosswind of 7.0 m/s.

Figure 8(a) shows that in the glideslope phase, the UAV is well tracking for altitude commands. Figure 8(b)
shows that in the flare I phase and the flare II phase, the UAV is well tracking the descent rate command. The
descent rate at the touchdown is 0.35 m/s, which meets the target performance of 1.0 m/s or less.

- GS phase + Flare I phase

Figures 8(c), (d), and (e) show that the nose heading angle and the sideslip angle converges to about — 8.0

deg and about 0 deg. within the first 2 seconds. Figure 8(g) shows that a y-directional position tracks the
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command without any problem and meets the target performance of =3.0 m or less.
- Flare II phase

Figure 8(c) shows that the roll angle is exceeds the command just after switching from the crab method
(Flare I) to the low-wing method (Flare II), but it tracks the command after that. In addition, the roll angle at
the touchdown is 22.4 deg and meets the limit of +22.7 deg. From Fig. 8(f), the maximum rudder angle is
—23.3 deg and meets the limit of £30.0 deg. Figure 8(d) shows that the nose heading angle tracks the
command without any problem, and the nose heading angle deviation at the touchdown is 0.64 deg. Figure 8(g)
shows that the maximum deviation from a runway center is 1.3 m, meets the target performance of +3.0 m or
less. From simulation results, the target UAV can tolerate crosswinds up to 7.0 m/s under the roll angle

limitation of 22.7 deg.
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Fig.8 Results of computer simulations (crosswinds : 7.0 m/s).

7. Conclusion

This study proposed a landing control design method to switch from the crab to the low-wing by using the
settling time of the nose heading angle control system.

It is confirmed that the validity of the proposed design method and meeting the all target performances by

computer simulation. It is also confirmed that the subject UAV is resistant to crosswinds of 7.0 m/s or less.
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In recent years, Advanced Air Mobility, which is both convenient and environmentally friendly, has been
attracting attention worldwide. The purpose of this study is to estimate the development cost and operating
cost of an eVTOL airtaxi service, and then provide suggestions on cost reduction. Statistical formulas were
used for each cost item and cost structure were analyzed. The break-even analysis was conducted to discuss
the number of eVTOL units and revenue. Results show that the ratio of manufacturing labor and material
costs to development costs is the largest factors in the development cost, and the cost of eVTOL units is
strongly dependent on the number produced and experience effectiveness. It was suggested that automation
of design, manufacturing, and equipment is expected to improve the quantity effectiveness and thus reduce
development costs. Capital and labor costs are the largest influencing factors on airtaxi service costs. It was
found that the autonomous flight offered a 27% reduction in operating costs compared to the piloted flight,
and it will provide the price competing with ground transportations. Also, results show that adjusting the

ratio of fixed to variable costs would decrease the break-even rate and lower the operational risk.
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68

1. & U

(<

&

e
==

cE

[CAE It

HEJE L BOE R 2 EX TR BB TR E LTERSINTEL, —F, &, BBilizd@Ee R iEsEE )
K2 1 B I M 2 R Y (e 2 & L TR AME Y, RS v 23 v, BRSO 4 & 2R R | Sk
T AR TR E L ORI 7EE ) 7 1 (Advanced Air Mobility) 2SS THEH SN TW5, 2023

10 H oW ST

A L 72T 7 ') 7 1 BARRIED KA ATHE L 2B 1] 2RI IR, R

WHRIRBIZ IS T A KB L R E 247> T\ A 2 &Y H % Joby Aviation #1733 T2k 23 & KV D&
EEFELTBY, SRICHEMISHEET S L RATNL, kit 7ELC) 74 L LTHIFFE TS
MRS (eVIOL, electric Vertical Takeoff and Landing) #itZet%12 B3 2 WFERIFE A& AAT DL T,
100 JKM %8 2 2 BT Y (B2) 2T 5 & FillsnTwb[2-4],

$2,000
$1,500
Funding $1,000
[million $]
$500
$0 -
S EEE E T S ST S
§\§é§@$§§@&3§%&0°@fmygﬁﬁg%§
o ¥ ey OV
S ey o
& o
Q
1 HREHEA~DOFHEH (Source : SMG Consulting LLC, August 2023 Release[1], ### )
200000 etk 2 7 KBS D455 Tl 2024 4 I
mRoland B 2020 . e e
. ‘mh efgerl( ) . BHETAY — b7y TaES, Mzt o
=P ting(2018 . .
Qﬁ:ﬁﬁlﬁ;:) oot B 0O K T ELE 3 % & Er 400 KDL E 7S
150000 H O , Mckinse ompan -] N
Yoo BALTVD. HOEHSNTVWD RS —
g b7 v T AR & L T M Volocopter, Mt
; 100000 koo e oo Lilium, >k Joby Aviation, >k Archer,
£ Porsche Ehang %2 &£ 3% 1P b b. KFEAETIE
= consulting(2018),
500 WX Airbus, K Boeing, K Bell Helicopter
50000 ———————————————55666———4@Xwg ————————— Textron b B LT\ 5. At 22K 64
2000 15000 RHFEOT T T4 F 2 — RGP BTEA
2000 A, TL—X—0SH bR S B L)
0 L .
2025 2030 2035 2040 2050 LWELY T A = EAZBI 5 iR
year A L TWwWh,
2 2050 4E T eVTOL 3B THEEL T lk 5F —7, FBEFICELoTENAYAZ - N
)y —rORERZTEL) 714 FHEL
VEEITAF 22, aA FREDPHBEERPE Y A ARAET N E2EGOEHER I EOBEI SRR WS & T

Hho MBERENIEMZED BN /2o T, HED AT ARE LM —EAIZT A MERPATRTH
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TLERBT— I VHIEL TR\, BH, FBAS A7 22 %5195 F 212, BRI HB Rk
B A AL, BEHERERE L ThLRENBITT 5, KIMEZ7EL ) 7 1 1255 5 5%
REFE T A N BT A MIETREEDILETH S, TOL)BERFEZTHITL LD, ZHOEI A AE
T VBRI O R D S RFACHKED LU RRESEH VO D EHER L ¢, BFLT 5SRO %D 5 2 LA
T&5%[5]o i, eVIOLfLZEMEIZBIT 2 T A MSHFZES LT 5 [6-10],

AfZEO B9, Wi 7EE ) 74 & L CEBEEREER (eVIOL) MZEfr =745 72— -t
AHHT A EEBELR) AT, A AT LAMBEIA M EEHERI A ML THEREZITH) 2 LT
Hbo KL AT ARMEIA ML CUIEBBISKERNEHV%, £72, BHEMRICED 2 KIHE %5
L, IAMNERET L, ARTREET -5 2L, HEMEEAIVEHLEIE Lz, S HICHREFBRIC
EOoOWTHBESI 2N, T A M E i L 72

2. BEAEDZXTLBEFEIXNOHE
2-1 #EF&E

AWFZETIXFFE T A b OHEF K E RAND #1AER L 7245515 DAPCA IV (Development And Procurement
Costs of Aircraft) (2HEDWT, AT VT EIZ— 3 YfiZetd (GA) IZ#EH T 5729 I12M51E L 72 Eastlake
FEME Wz, COWEETVIIRAEEER & R RKEHEE L FENT X —F & L TLER R ERM
BEZEZHEHIAMREIEL, /2, MR- XDHEERIA N E2EET 5, COFFEITIEGARED
Y'Yk ABMT O 14 CFR Part 23, F721%, Part 250 B 50 CRliE e %75 2 L 2 ME L2 ET V% H
Wiz, BUEEM S LT 5% eVIOL AL ORI GEHIE, 0% < A ORI XFEH L. TH 5 14 CFR
Part 23, 25, 27T RTEL THRAESN TV 5720, KR TIEIEIE L 72 Eastlake 2 #EH €TV & LT
eVIOL fitZEt&ICHRH L, & 512, FEH O HAE L 72 eVIOLOKRTT — % 2 FHICEEHEER L Ny 71 —
I A MRME% N2 T Eastlake % S5 L 72
2-2 WREBAECHERME

2 Z°C, IR (Vectored Thrust) % eVIOL fiiZet% (R13) #flE LT, FHDILATIHIZE[12-14] Tl
BB RATI R £ 2 S L THIAY AT 2% I A M ERE L2, IE L 2 SR o E 4
HEzR1IIRT,

AfTlE S A uy b1 & EFER 445D O Vectored Thrust # eVIOL 4 FAE SR E LT1 A HH2D
10 #%, 5 4F-MHCTRF 600 #¥ 2 it 4 2 W 2 e L7z, BRIAREEICEEME % 80% A L, 1#H 71 ITHR
L7z 7)) =% % 300 kWh, 7Nv 7 1) —/X%y 7 Hifiiz 500 $/kWh & RE L7z RS EHEREHREE
RN HEFIL 2023 AR ERG IZED W TT VY, 2028 4R ICHEASCAT LAY — E ABIMR L L, EFE

®1 ARBEOHER S

FEAE Vector Thrust 7
XAy b+ R 1+4
&fifHE = MTOW 5,400 1b
B Wrtame 1,350 1b
RATHE Vi 140 KTAS
U—y—HEN, | 6%
SNy 7Y —%E By | 300 kWh |
RN 600  E3 JobyS420015)
A= EHTT I 54
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&G (IMF) 2MHERT L 72K ERE B2 W AGTE % C U % 058 L 72,

FLZERR ISR L 2 BAHEAE S AT AICOWT, EEN R V2D, BRAABH L MEEREEEZSEICL
2023 SERFRIC BT A CTERAMEERIA N EZIE L2 E—F A vy N—F =L ary tu—F—LEH
e ETHLEINEE—F VAT AORMAPEXHETEOHK 2 F50 167 $/kW IZRET 5. FHH S DFEITH
HCTZORNBIEKIZE—F VAT L 1 EDHZ) /8T — 120 kW EHEE SNz Ny 7 =23y Z il
) F 7 ABEEME VAR R TEE - BEHR RN D T e GO T, BEIMEROBEER L LT
HiAffi 500 $/kWh THRAED 2, F72, "REEICIITEY y Fu—F — LESIMEER, FH6EE2HRHT %,
BERIMEERICE—F LA N5 — LEREIEL &0 C, TEY y Fa—% —127 L — F & LERBHE %
GOTEBY, EROFMEHREHCCHEER 1 EH- ) I X MEHER L2,

FLZEREBASE CTILRER DS T % E TRV 2 29 4o AR ERIIB RS ClERATEE R i B AT A L
Rz, BEHEDPEL o TLE ). MERMEREORR LR > TV RNy F v —I(3HFIZ, #DEL
TEEZBELR TV, Vol ARENMGEIE, £ OTEESEMAL, HEMLICL2S, IMTkzdEE L C
TESEDBADHEA CTLHDNER L, EFEEREOMIMIONMBEERA L ERL T, I TIERIFHTE

cE

ke V72 (1) TRELREZ RO, ERRE T 5.

QDF — (FEXP> 1.4427In N

(1)

ZZT, Fup 3EHE NIIEERBTH S, #H3 A DOMEAR EEEREIIRE RES 5 2 0

bo HEFMOBELIEATEY, I A M2 KBICHIKT A2 LV TE Do MR EEDEHRE
E—%12 0.85 ~ 0.88 #£FE, NC LAEREM A fEH L 728880 112 X 2 5 B EOEHEITH 0.9 ~ 0.92, #&

=
AN
(=)

EHRIL 09 RRETH - 72[16]0 TFEOTMT#EREZEZR T 5 L, AT EGEIE L 88%IIKE L 720

2-3 BFEIX FOAR
T2 LR A4 ITHRAEY AT 2T RN (FMl) NROHEREF %

F2 AR X FNROHERH

7R3 o eVIOL MZekélcBILClZ 1 7 Hd 720 10 8%, 5 4T 600 #H % (million $)
WA BT 204, %I A FOKEEIL 674 million $ &, Y 1% R Cone 68
H7-0 OFIFE T A ML 1.12 million $ & S X, (SHEMELERR & A B33 Copy 17
ik ST ZO L L, BOEitg2S 1 #d 72 ) 4 1.5 million § & TATHER Cry 68
HEMENb, 1 FVI13B5HOAFKFL — M THET 2 L, BT A 1 Croow 35
M 909 5, 1#H7-0 12 HEMEINL, 55, FERE LS Cure 127
Zepk LRk, BEGEE EMEEPRD SN LT L €D SR TR Coc 36
)b, WRAERIE I A N 2Y28%, TEEMLL D EA L HEMER L A R Cuar 123
EovFa—4F—nNy 7)) =»Et 143% % 55, iitax b & AL Cuy 13
T A N ERETH I A MIAEI34.3%, BRIA LD 1/3 % 5D Tux7C, 42
bo ETTHL, BT, METEMIHEIRL VRO, 512 BEEHAER Cprop 54
ZNENOWHED G IUE AN A BELTE 2, ERONBIERICITE RNy 7 — G 90
NTC, BRE—F VAT LML BHEHESR T A N OBIEDS R S iz, R Coa 674
—J5, 1S IR Lz 6 00—y — 2L 72720, 10— Hifili Cora/ N 117

H— - TaXRFIIEHPDLTANDPEL ko, 72, eVIOL fitZe

OSSR (BEHEES AT 70RT) FELABEHEONT - L =2 EI3IZFEL 15%TH 5.
Ny T ) = IZOWTIEEREBEOY;E, 2023 EREATHIEK L -EEB MR I A MR 3IEE 50 TE
N, SHOWGEIER KR OEEMOEEE NI, EEBOEEIHMD LT, Z2~X, eVIOL fit

2RO A IIERM I X P 1I3BRETH 720, FERMOMISZEE 2RI A MIH5 25

B NN
E?%’Eﬁ)/} 73: W,
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2.0% ¥ Manufacturing Sr
2.5% [ ]

5.2% 18.9% = Materials

=
T
[ ]

5.3%
= Battery

7y
g
=3 r *
= Engineering g .
: =27 helicopter ®
u Flight test E I eVTOL
= Propulsion L e °
es e 0o° °
= Propeller 0 1 1 1 )
Quality control 0 2,000 4,000 6.000 8,000
Fe RBETEE = [1b)
4 BRI A MNER 5 A1) a7% L eVIOL ¥ D HAlli ik

K5 IR WEDO AN LT 5 &, FEEEEFRK7 7 AD~N) 27575 eVIOL #HfiD 1.5 ~ 2 f5
THLIENThole BiZa5ELRMHEE L C3AEEREOHEMNTH Y, K& RFkfgIcmr 72
eVTOL 4 RSB~ OMEL T 5 b,

2-4 B X MHIR

HEPERR R L EHRIIBS O A MO D BT S, B 6 ICAEMEIC L 2380 A MAOFREZ IR, A
RN L oo T LIZDON, MDA TA %, 5 EMIAERKE 300 D34 1L HAM 1.6 million $, 600 LI E12
% % & HATEIE AR R D 7% B o EEREDYE B2, FHHEMAWA L, BFICEMIIL D, A
VaATIDOEIEP L EERIC R L, 1SV ORBEIAINTELSRoTLEY. —FH, RS
I A MIAEESE S TN T 50 WREHRIOR L2 L9112, EEREATS FH 600 oL FIZT 5
T EWHE L,

BRI T A MO 1/3 ICERRET 5720, et 2k “W@Eﬁw’ﬁ%<mﬁb 2 103250
A= E o TRELCED L, MIATRF T RTREETT ) HAFEHRES 1 L LT, HEMLEZEAT
5 L FEEDL VAT T A MERARICR D, &WW%ﬁxvwﬂé_hﬁ#%KWWJ&é@mﬁﬁéol
7 TIXEZEDY0.8 ~ 1.0 OHFPHTHIFE T A P OZALDSEHZE TN Lo HL2ERER SR E DR D v
F v — B 0.92 ~ 0.95 FREEIC e B AFENROUEREEEBIC L S5 T2 MEIRICHIR LT, &
TIXEHE 0.88 IZHE L 720 5%, eVIOLWERE T — 7 2 W TBIENLETH b,

—. 30 ¢ 1,800 ¢
&£ — F
= )5 Gg 1,600 F
wn L. - E
= L 1,400 ¢
220 F % 1,200 F
- 8 g
% 15 F % 1,000 5
2 £ 800 f
o C g E
= 10 f = 600 F
15} = E
= S 400 F
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e = 200 F
% OO C 1 1 1 ] = O E I L 1 )
0 600 1200 1800 2400 0 600 1200 1800 2400
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5 & 900
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% 5 600 |
1.0 ]
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S 05 | = 300
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=1 L
0.0 L . ' ! . o L . : . .
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experience effectiveness experience effectiveness
(a) MEFAER & B Hff (b) AR E BB A N

7 AEEPEIC L LT A PR

T/, RNy 7)) —EEHEAEZSNDL, AFTIE, eVIOLBEOMLERIZ AL TR NNy 7)) —E
BROEBEERZ ROz, HATESA L) Ny 7)) —Z R VX —FERMIM L oo, HEEEE* HvE L7z
IT 7Y —ZER SID e RUGE R & ARSI S D 72, RNy 7)) — OHlIc O i E R
HIAEZ 5N, &L THAEY 2745583 2 N HEIEIC % 50
2-5 BAFIX MDIER

AR L7z & 912, Fi#S A D eVIOL MLZEtBIF IS EITE & i T A M HSBER BB H > T b,
Wwolth, ITY 7 Y=PRT HE, MiEEEE LD PERAMRT LT L v, BRI ENIC 2 58N
W5

AR e, Pas e 202 ER T 572010 EE LB (e + BEE®) L0863, F
WHHEDE L2 WVIRELRIET, BEFEESEHET L0121, TXTOEH FEER L EEE IS
%o [EEB T AEEREUCBIR L 22 WIREETE & RATHBRE: L HETIEE CTh 5. BEEITZOLIHI AR
BCERT 2 EHTH Do PESAHELE DI S A EEAUIRIZR L 2 ), @8R5 s 2 T RAUSHEEL & 2
bo PAEHHEH 2 ERIAUIFIGEDFE L, [RESIENLIRE] 12725,

X 8 (2 ARWFFECHER L7z 5 A MIERE - BB E BRI A b - TS OBRE R, BEEEIIHEIA MO
228% % 5%, EEIEIEBIIE S E EET D EN0h Db, FREENE LTS E, RS04 R
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BHEKREL D, T2TRY FIF61E, BIFI A MC—EOFMRE 202 THAM 1.0, 1.2, 1.4 million $ |2
HELT, TNEIIBREDIL S O E RIS 1,155, 461, 288 127% 5 2 b MiksHa &Rz D/NT
VAR TO, FRED 461 #, HAMIZ 1.1 million $ DA EICERET LB R A,

3. BITOXMDRE

eVIOL 2 W/ 7% 7= —UCADOEMIA N 2HEB T L ITHE L 72 RIRE TIE Joby #10 S4 %
MERBEA L LT, PIHZEE-BHZEBOMIZBIT it A 23 L7z, EAEHEAE59.6 km (28 LT 1.1 4%
&3 %L mEEAE 65.6 km (40.8 mile) % FEBEORATIRHE & BUE L7z, MZERIZENTNOHESEY; (vertiport)
TERE L, ARt I6HEZAEE T 5, FE S OEITHIZE10] 2 W ORITRH CHBE B RLHEE T -2 &
RATIRE T — % (R 3) KD,
3-1 EXKaXFb

EARIA N OHER TIEFR 2 ORISR THEMA ERATRER L HRATREE 2 EOER /72, R4IIRLT:
L) Iz A (ERAT IR IE AR [ 300 H, 1 HPFIMAT 7 BEf, FREIE 09 22 LCRBE L7z, 72, fit
ZERIRAT IRF P | AR A RS ] O M A RN 0 ) — AR e EOMBIE LA B N B 7 E 2 BT 5 ER#ETH
Bo W, MIZERRIIREFEWITHERSB L2 304FETH), BEREEL L THREZBINTE R EV,
HIEFDHEA L 72K 2 BN E AN UL, EREMMEAS T 23012 vy, b e LCREI L3,
J—ATE, BELTCOHEOKIBINR-STLbhE, £ DX v bxFo, BIMEEHIHEDS72H%D
FEHEICHAT AMMEEZ R HHE T 5. 22T, eVIOLRIZAIEI CHR L-HMAE2E L, ~N) a7 ¥ L[
U &9 mEREMEE U ClRaE HER S F 2 oe L, w8k TRl EH 28 L7z,

PRIEZBEA T ABRICHEEDEEIEICET 2 BHORFIIEME AWM 5 4F L BEEH S5~ 10% %
BEL, SmBERHZEN Lz, REIHMENE EMESHEBABHZEOTIESHZVOERIA M %
A L72HR 2R FIH-BHMIC 1 RFRATH 72 0 I8 28R 3 2 M 23102 $/flight & 7% %,

%3 Joby 4 DIRITFT— % F4 BRI MEEDIESN
& [kWh] H S T A—% R/ [N
Bk (i LA 13 150 ft % ¢ 100 fpm g RATIEERT h) | 12,000 | 25,000
AR IN 1.3 FEREH 0 108 AT B =R 5% 10%
LA GRELEEEA) 13.1 P 4.7 mile A5 <) 5% 10%
it 906 %?:mw# A ERATIRER [h] 1,890
FEHE © 24.2 mile o — IR [year] 5
TR 0.4 TRATHEHE © 11.7 mile WAEH4ER [year] 5
AR 13 RGERR - 10 kA% [million §] 15
e 1.0 150 ft 7> 5 100 fpm
P— 0 TPy, fi £5 BRI A MEERE
AEF3 KW /year /flight (40.8 mile)
LW 39.8 — &/ [$] | 639,692 99
$9.55 EAHAT 0.24 $/kWh R [8] | 682,447 105
CGEVERS
¥1,299 136 F4/$ P39 [$] | 661,070 102

32 412773
LT Yy —@— CRAICLEET A7 TR MNEEICH), JIHZEE & R HZEE I 10 o
eVIOL S T 2R — M 2 BT 2 FH 2 MES§ 50 eVIOLEED 7 7 & AR &2 RO 720 ([ BEfF D 22
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PERBE R FICHEES A REL, NT R ELTHATAZ N EZ NS, —, RIEEE ICHH
OFMEEATIE, BERLINTR-MEERELL), BHTEHNTE S, 6121 V7 754K D
TANERT . INTE—=FH72 0 ICHEFSE AR— AN 2 i, LE - BEAR—ZANSHEFTTHY), &7
B EHRAR-Z 1T oREEMEZEL, AFF10HEPT GEOBFEILERL 5 HOZETLER) D
FERMRETRELZ, 22T, BAIA MOFH LRI, BMEZFHL N7 - N2 EHT 5,
Yo — 2 GRFEHIE & ATE I & b 30 4, FRIEF 1.2 ~ 1.62% & L7z, T dnak B 2 3R
EAMEEIIIR & b 3 4F, 4F5 ~10% & L7,

33 B R K

X 8 |2 eVIOL B DT 7 = — X% 7R § o FIH-BHZEERICERIT 7 = — XX BIT A HEE=THE L,

HRARAITR L7, 1RITH 72 0 I EEIIH 39.8 kWh, LERELMIZ9.6$ &0 72,

%R6 A>7F32AM1NTAK=}

g | R A% (8] -
EER% - BERE/ Sy K 2 15,000 Climb Descent Descent
ZEFEBRES | 5 250,000
5T 70 T At T A 5 10,000 Take-off - Landing
INT R 1 6,500,000 b | e i
GEl — 7,830,000 9 Vectored Thrust # eVTOL # DT 7 = — X

3-4 NyFU—TZh

MEREIFEICHTI2NEEOEETHY, KIIETIE, WMEERELY 80% LIKEL, 1 7 V%
2500 | LGB L T A b OHEERAT o 720 FIH-KHZEEM 12 eVIOL # % 38175 2 354, Joby S4 DNy 7
DI A MEHEEL, R7IGAEMKEL R T LERDHZD 10S DNy 7)) — T A MPFET L Z LN
o lie Ny T) —IdRE 23 FETRIT S,

K7 JobyS4 /Ny 7)) — 3 A MEESM K O x8 JEfT—EAD AT
T AV F —#E [Wh/kg] 235 W () 11570 4 [ 1 [|1E A
i [kel 023 N FIgMH FIgMH
WEEE [—) 80% PRAfE AR 3.8 80,000 76.8
WAl [S/KWh] 500 AL 3.8 15,000 12.0
FEEFA 7 2,500 o 1B AR 1 0 18.7
78 [KWh] 217 Ho b AR ) R R 1 0 24
fEH B % )L ¥ — [kWh] 174
1 8% 72 1) RATHH [min] 24 K9 ArFFrAaANEMG
FEHRATHER] [h] 1,890 2N Y NI )
FEm R [—] 1,083 A Lok [$/h] 50 80 65
R m g [—] 0.43 MMH/FH 0.25 1 0.62
FHaz b [$) 47,022
1H&H72Hax b [§] 10.0

35 A ## B

AT — A FIIA OB RE TR LRAT, R TR L RAT 2 TE T 50 Bt LRITON G132,
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ATy ME1£H 720 EMIRR 500 RATEER & L, 15 72 0 ERRRATH TR T 2 &, 1B 720
W84 8y b 38HAIET 5 I EDGh o7z FRMEERATHFRIL 120 ~ 200 $ & L, fEtkprfE 72 & onA
B 20%a L35, 72, A0y FOFEMIIHEH Y —E4 15,000 $ &35, EEGELRITOSE L,
b NIZ 1 BFEOBINE # EEGEE L ORE ISR 5. EflLORFE20~50$ & L, 1 H7HMICEET
%o Bl OFEMINEHEEH % 7,500 ~ 15,0008 £ 3 5.

ZOREFE, TIH-BHM O 1M 72 ) IHAELRITICE 22 AMEEAT89 $ TH 1, ERHELRITOSE
(dH BRI RIS A AMEED 21812420, BRI XM 27%sHIIRTE D 2 &5 o72. BRTIE 1
720 1 M E R 208 L7ze RATRIINC £ » CHEREZ FFICEHI T2 L QWHETH 5o I
PRt RAT 2 EB T UL, AMEE 2 KIECHRT 2 2 LR TE %,

3-6 #WEEHFEIX b
FAEAG O A MEETIE, DTOZNNT XA =5 ZHTRADLHIZEHRTE S,

N
FH mission

Z 2 C, Mechanic Wrap Rate \3% 01 OB 4G, MMH/FH (3 A ERATE R4 250 TEOLE, ¢,
BHRATI v Y a VHEO#EPICBIT A EEI v Y a VB TH S,

R IIRT L) IIHATHER 6§ 2 0l T O = MMH/FH 35 ROHETIEGAT—F 2 2E LT
0.62 [ZFXE L7ze F72, H RERRRIRH 2 &0 7o P EATRE % 30 0 L BET 5 &, 1 HOEITHIZ 20 $ O
AVTFF Y ATANDPEET D,

37 % O fb

DEOBBODIN, FHEEPEFEEEIIHVROLEANH L, 22T, LR LITDT, A5
HHE2E LTI A M LTHEET A N 15% & RBE 3%, 72, PUasiox L TRIZEER20% % 5 E L 72,0

R ofEstcid, EHICHE) Mg a2 & LTICAO (EEERMMZERRE) oMFHficL s eika
A FDORI10 ~30% %5 ELTWAHEWIFERERL Tz, MEEMBEOHEBIZTFHIA N, 5T A b
JLTy M= FREFEHR, ~—7 747 aAb el hdE05, NS5O T A% UTM (Unified
Threat Management : #i S ZWE) AT LAIANTILEDLE, BIZA MO 15%BDORMBET A M AR
E L7,

3-8 EITAXAMDEED

1R E eVIOL @ Joby S4 & Hl\ /227 4 7 ¥ —H— Y A Tld, HAREAE 60 km  CFIH R H 2254 H)

RRAT L7285, MEM T A ML, BEELRITONE 305, MEEELRITOW A 2238 L ko7, F10 &

(2)

Maintenance Cost = Mechanic Wrap Rate X

R 10 JIH-pHRE eVIOL #:#EAT 2 A F AER

PRt L RAT SRR LTRAT

$ /3L RERLIE $ /1A RERLIE
BEARIA B 102 33.4% 102 45.8%
N2 89 29.1% 21 9.4%
Ny 7 —aA b 10 3.3% 10 4.5%
AT A b 9.6 3.1% 9.6 4.3%
477 3aAb 20 6.5% 20 9.0%
AYTF U ATAR 20 6.6% 20 9.0%
¥ A b 46 15.0% 33 15%
GREFa A b1 BIERT 305 100% 223 100%
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B
B

%
cE

= Capital cost = Capital cost

= Pilot cost = Indirection cost
# Indirection cost = Pilot cost
Maintenance cost Maintenance cost
= [nfrastructure cost = Infrastructure cost
= Tnsurance cost = Battery cost
= Battery cost = Electric cost

u Electric cost ® [nsurance cost

(a) HiiELARAT (b) AR ARAT
E10 HEHL7ETI X PR

K10 I LR T A DA ED7E T I A N OBHBNRE RS BERGELRATIZ N 0y b o AFE Z KR
HI L, AT A DA 2 RIRSIKE v,

B RATORAE, =75 7 v —HF— VUV RABHICERIT R b & AMEBIZHERKD
Br b, MEVPEDLE TR 6EETHEDOTVD I EWTh b,

eVIOL HEICH D 2 B 1INy 7)) —a A P EBEXRKIAFNTHY, 651208 £2TAFD64% LR ST
Who AN IT YD 30%REINHARTREE G RIEI G L7z 72, [ UHHE60 km 2 RITT 256
AN T YK 120 S RE DD, BREERE, BRI A ML AFBEIZERD GA LRI L, KK, &3 X
MIRERBRLE HEDTHRD T LG ol EHEMIRPIEERMRE G L L@, FER LR
77 ADN) 27713 eVIOL D 1.5 ~ 2 fEREIC %5 2 &2 TFllT 4,

3-9 RELIZAMEREE & DB

TIH-BC 2205 O BB 1 (ISR OFIH ST RETH 5o FIHZED S RHZEE T CEECRENT
B85, BBIRERMIL 1A & 1 R 30 0 FEE CARBMB B IC BV TR D Zli 2 KB TFE TH b, —H T,
TIH-FH R %2 AT 5 EdE N Ad 1R 520205 1 R 25 0 A2 s b, 413 3,200 HCTh %, FELS
7 =% MM 256 X ER - 1~ 2 K, B2 30,000 1 TH %, BHENATHWIZHEH
RTH 205, BHIAIERED D 5720, SGHIRMITR LB EIN T E Vo R Ez D 5, —FTh VA
RY IR DB % 2T B0, FARDPEEN 72O % THIT 2 LB 7% £, Ptk & fro,
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Letter

A Note on Configuration of a Drone

Atsushi Momii, Yuuki Nakashima, Hiroto Fujii, Yusei Sano, Kohei Yamaguchi, Shigeru Sunada
Nagoya University

Multirotor drones with various configurations have been developed and, from now on, drones with new
configurations will be proposed and developed. A drone configuration for minimizing disturbance moments
due to a wind gust at hover has been investigated. Induced velocity by the simple momentum theory was
used in the analysis, and the aerodynamic interference among the rotors and their wake was ignored. This
analysis is just a fundamental one. An analysis about the aerodynamic interference among rotors and their

wake will be an important research subject for solving the present problem more perfectly.

Keywords: multirotor, gust, disturbance moment, configuration

Symbols
a: Lift slope of an airfoil [/rad]
Number of blades [-]
C,: Drag coefficient [-]
¢: Chord length [m]
dD: Lift force acting on a blade element [N/m]
dL: Drag force acting on a blade element [N/m]
dr:  Spanwise position of a blade element [m]
dX,dY,dZ: Forces acting on a blade element in the x, y, z directions [N]
dL,dM,dN: Moments acting on a blade element around the x, y, z axes [N-m]
g: Gravitational acceleration [m/s%]
I,1,1,: Momentsofinertia around the ¥, y, z axes [kg-m?]
m: Mass of the aircraft [kg]
N.: Number of rotors [-]
R: Rotor radius [m]
R,: Length of arm [m]
r:  Spanwise position of blade element [m]
u,v,w: Velocities in the direction of %, y, z directions [m/s]
b, q,7: Angular velocity around the ¥, y, z axes [rad/s]
v;:  Induced velocity [m/s]
vp:  Inflow velocity vertical to the rotational plane [m/s]
vr:  Inflow velocity tangential to the rotor plane [m/s]
0,:  Collective pitch angle [rad]
6,:  Rotor pitch-inclined angle [rad]
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0,: Rotor roll-inclined angle [rad]
Af,:  Inflow angle variation [rad]

p: Air density [kg/m’]

¢:  Azimuth angle of rotational axis of a rotor [rad]

v,:  Blade azimuth angle [rad]

Q: Rotation angular velocity [rad/s]

subscript
cw: Clockwise rotating rotor

ccw:  Counterclockwise rotating rotor

1. Introduction

Recently, multirotor drones with various kinds of configurations have been studied[1-3]. The number of
rotors, the distances of rotor planes from the center of gravity, and their inclinations are parameters. In the
present analysis, the disturbance moments due to a wind gust are required to be 0 when these parameters are
varied. The distances of rotor planes from the center of gravity and the inclinations of rotors are common
between the rotors with the same rotational direction. The analysis is based on blade element theory and
simple momentum theory. And aerodynamic interference among rotors and wake[4, 5] are ignored in the
analysis. The present analysis is qualitative, and it can be understood from the analytical results that the

increase of number of rotors relates to proposals of drones with various kinds of configurations.

2. Analysis method
Figure 1 shows a model of a multirotor drone and the body fixed frame x;y;z; whose origin corresponds to
the center of gravity of the drone. The drones with N, . =4, 6, 8 are considered. The rotor with the number of ¢
is assumed to be positioned at the azimuth angle ¢; expressed in Eq.(1). The rotational directions of adjacent
rotors are opposite.
_(2i-1)
i~ T”

rotor

@

Fig.1 Drone configuration and body fixed frame.

Figure 2 shows the rotor fixed frame ..., ; Vrotor, i Zrotor, i WhOSeE origin is on the rotational axis and the rotational

plane. In the present analysis, blades have no flapping motion. The relation between the rotor fixed frame £, ;
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Yrotor. iZ2rotor.; a0 the body fixed frame x5 25 is expressed as

xrotor, i X — RACOS(Pi 0
yrotor,i = CI‘B : yB - RASin(pi + 0 (2)
zmtor, i 2p hi
where C™ is expressed as
1 0 0 costh,; 0 —sind,; cos¢; sing; 0
C®=10 cosh,; sinf; || 0 1 0 | —sing; cos¢; 0 (6]
0 —sinf.; cosb,; sind,; 0 cos0,; 0 0 1

The followings are parameters for suppressing the disturbance moment due to a wind gust. Rotational plane
position %; rotor tilt angle (pitch), which is around the x,,. ; axis, 6, ; and rotor tilt angle (roll), which is around
the Y. i axis, 6, ;. The aerodynamic moments generated by the body and arms are ignored in this analysis
because they are smaller than those by the rotors.

In reference[4], the pitching moment and the rolling moment acting on a quad rotor drone with 6, ; as a
parameter are analyzed experimentally. In reference[6], the authors consider 6, ; and 6, ; as parameters to
suppress the effects of wind disturbances on the quad rotor drone. In reference[7], a hexa-rotor drone for
suppressing a disturbance moment due to a wind gust is considered with 6, ; and 6, ; as parameters. In
reference([8], the simultaneous optimization of the drone design and controller is considered for a hexa-rotor

drone with parameters %, 6, ;, 0, ..

Zrotor,i

Fig.2 Rotor configuration and rotor fixed frame.

The gusts in %3 ¥p 25, #,, v, W, are considered. The quasi-steady aerodynamic moments generated by this
disturbance are estimated, and the drone design is considered to reduce them to zero.

The aerodynamic moments acting on a multi-rotor drone are estimated by using simple momentum theory
and blade element theory. First, the disturbance [#«,, v,, w,] transformed into the rotor-fixed frame is expressed

as
(ug) rotor, i ug
(vg)rotor,i = CrB : vg (4)
(wg) rotor, i wg
The inflow velocities, v1 and vy, to a blade element at the distance from the rotational axis 7 and azimuth angle
y are expressed as

[ v’l‘] _ |:7’Q - (ug) rotor, i SinWr + (Ug)rotor, i COSWr
UP U,- + (wg) rotor, 7

The sign of the third term in the first line of the right side of Eq.(5) is positive and negative for clockwise and

®)
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counterclockwise rotating rotors, respectively. The v; in the second line of the right side of Eq.(5), which is
estimated by the blade element theory and the simple momentum theory, is assumed to be same as that under
no wind disturbance. The angle of attack of the blade element is given by

Up

v
6,— A0, = 6,—tan ' ~ §,—— 6
0 e o~ tan oy 0 oy (6)
The lift dL and drag dD acting on the blade element are expressed as follows.
1 1
dL = Epv%a(eo —0.)cdr, dD = Epv% Cycdr )

Here, the v; included in the dynamic pressure is negligible. The aerodynamic forces acting on the blade
element in the x, y, and z axes in the body-fixed frame can be expressed by Eq.(8). The sign of the second line
on the right-hand side is positive for the clockwise rotation and negative for the counterclockwise rotation

rotors, respectively.

dX| [ (—dLsinA6, - dD cosAb)siny,

dY | =| £ (dLsinAf, +dD cosAf,)cosy, ®)
az | —dL cosAb, +dD sinAf,
The coordinates [%u, B, Ynub, By Zhub, 51" of the rotor hub of i-th rotor in the body-fixed frame are expressed as
Exhub, B Rycosg;
Yhub,B | = RASIH‘Pz +C"- )
| Zhub, B

where C*" = (C®)™.

The coordinates of the blade element in the rotor-fixed frame of i-th rotor, [¥gg 1, ¥sE 1 2z, " are expressed as

XBE, r — 7 COSY,
yBE, r = + rSiHWr (10)
ZBE, r 0

The sign of the second line on the right side of Eq.(10) is negative and positive for the clockwise and
counterclockwise rotating rotor, respectively From Eqgs.(9) and (10), the coordinates of the blade element in
the body-fixed frame, [%gy; 5, Y55 5, Z5r. 5] can be expressed by

XBE, B Xhub, B XBE, r

YeeB | = |Yhvs | T - YBE, r 11

ZBE, B Zhub, B ZBE, ¢
From Eqgs.(8) and (11), the aerodynamic moment acting on the blade element is expressed in Eq.(12).

dL XpE, B ax

dM | = |yees | ¥ | dY (12)
dN 25, B az

The aerodynamic moments acting on the rotor when a disturbance is applied are obtained by Eq. (13).
2r (RAL 2 (R AM 2r (R AN
L= f ~ydrdy, M=~ f o drdy., N.= f < drdy, 13)

From Eq.(13), the aerodynamic moments acting on the drone under disturbance can be obtained by Eq.(14).

L= ZL,, M- 2 CN=YN, (14)

i=1

The moment L, M and N can be expressed as a form of A" B, where A and B are column vectors. The detailed



84 BIF #-wls KE - BIF BN - EE MR - i - %

expression of A and B are shown in Tables A-1, A-2 and A-3 for N, = 4, 6, 8, respectively, in Appendix.

3. Results

Conditions of rotors for minimizing the L, M and N are investigated for N,,,. =4, 6, 8 cases. It is assumed that
0, ;and 6, ; are equal for rotors with the same rotational direction. The followings are six parameters in the
calculations. The positions of the rotational planes, 4., and .., the tilt angles of the rotor around the ., ; axis
By, cves

those of 4., and &, respectively, when they are not 0, so that the blades do not bump against the rotor arms.

0, cow» the tilt angles of the rotor around the ¥, ; axis 6, o, 0, .- The signs of 6, ., and 0, ., are same as

In addition, the followings are assumed for the trim of hover:

Viiew = Vicews O,cw = Oocew (15)
N,oor =4
When Eq.(16) is satisfied, L, M and N, become zero.
Opow=0peow =0, Oy = 0w =0, By = — Ny (16)

An example of a drone satisfying Eq.(16) is visualized in Fig.3. The red rotor rotates counterclockwise and

the blue one rotates clockwise.

<B

E7

Fig.3 The drone design to minimize the L, M, and N with N, .= 4.

N, o.=6and 8
Equation (17) is required so that L and M become zero.
hew = ~Reews Oy ow = 7 Opcows Opeow = ~ Op cew 17
Equation (18) is required so that N becomes zero.
Opow = T 0, cowr Orow = — O cew 18)
(a) (b)

<B
B

2y

Fig.4 The drone design with (a) N,y =6 and (b) N, = 8.
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For L=M=N=0,
By = —heews Oy ow = ~ 0y comr Orow = ~ O cew 19
Examples of the drones with N, =6 and 8, that satisfy Eq.(19), are visualized in Figs.4(a) and (b),
respectively. Similarly to Fig.3, the red rotor rotates counterclockwise and the blue one rotates clockwise. As
indicated above, the conditions for N, =4 are included in those for N,,, =6 and 8. As indicated above, the

conditions for N, =4 are included in those for N, =6 and 8.

4. Conclusions

To be resistant to wind disturbances is a very important characteristic for a small aircraft such as a drone.
The geometric parameters that minimize the moment generated by a wind gust were investigated. The
obtained result at hover shows that the configuration for minimizing the disturbance moments due to a wind
gust for N,,,. = 4 is restricted more strictly than that for N, =6, 8. In the present study, the simple momentum
theory and the blade element theory were used. The induced velocity for hover was used for the calculation.
Furthermore, the aerodynamic interference among the rotors and their wake was ignored. The results of the
present analysis are considered to be related with the motivations of studies and developments of drones with
various configurations. The aerodynamic interference among rotors and their wake will be an important

research subject for proposing new drone configurations.
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APPENDIX Disturbance moments, L, M, N (=A" B)

Table A-1

Matrices for N, ., = 4

A

B

24

bpR2e2

12Cavgust
6(—Cla + 3a)ugusr/Q
B(C, — 3)ityu00/Q2
3(C + 50) Ut /Q
6(Ca + 2a)ugustwguse /2
3(Cy — 30) 000 /2
3(C — 30)Vguat/?
6(—Ca + 3a)vgust/Q
BRavgy.;
6RAGUgyor
—6h paug, .
—6RAavguat
6R qavgust
—12augustwous [
[
Bavgystwguat [
—12avgy4tWayar /R
6V st Wanat /2
6(Ra/R)august/Q
6(Ra/ R)avyuet /)
6(Ha/ R)atgua/Q
6(Ra/R)av gy /S
6(Ra/R)augusiWgust /2
6(Ra/R)avgusitWguat /)
6(Ra/R)augustwguse /2
6(R ) R)0yuarguat /1
bav gystwguse/ RO
12augustwouse / RQ
Ga-ﬂngwguaffﬁﬂ
120000/ RO
12avgystwgust / RQ
—18av gy 0 W gyt / RS
Gavgy g w gy s / RS

By €08(Bp ) COS( By s ) + Precnn €08(8p cow ) COS(Fr cow )

Vi e SO e ) SIN( O o )OS (O o) + V4, e SIN(Bp, e ) SOy o ) 0OS(Or o)
=03 o €082 (B ) €082 (B ) + Vi o €052 (B, ) €052 (Br o)
~View + Vicow
c08(Bp o) COS(Br e ) — COS(Bp, ecew) COS( By cou)

i e 0087 (B, cn) €087 (B ca0) + Vi, e €057 (O cnw) €087 (B cenn)

View + Viecw
Vs, e €8 (B ) + Vi ceww €052 (B, )

Bo,cw — Go.cow
sin(fp, cu) c08(Op, 0 ) 0082 (O o) — SIN(Op cow) cOS(0p cow ) €OS% (Or o)
(B ) CO8{ By ) O3B ) + STy ) €03 By ) 005 (B )
Sin(B, cw) COS(Bp, e ) CO8% (B o) + SIN(Bp ) €08 (B ) €05 By )
—8in(fr,cw) co5(0p,cw ) €OS(Or,cw) + SIN(Or cew ) 05(0p cow) €OS(Or cow)

SIN(Bp, o ) SOy e ) €SB o ) OS2 (O o) + SO cons ) SIN(Or ) €O8(0p o) €O8% (O o)
— 008”0, can) €05% (O can) + €08 (B conn) €05 (B oean )
cos® (Bp,cw) CDSS(B‘, ew) + cos® (Op,ccw) cos® (O ccw)
€080, cuw ) €05 (B, e ) + €05(Bp,cew) €05 (Or e )
€08(fp o) COS(Br e ) + cOS(Bp cow) 0OS(Br oo

B0, e cuw SO, w0 ) €08(Bp,ea0) €057 (B, eww) + B0, cow Vi cew S0 Bp,cow) C08(Bp ceuw) €087 (Br. o)
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Analysis of Effect of Geographic Information on
Decision-making under Emergency Conditions
during Beyond the Visual Line of Sight (BVLOS)
Drone Operation
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Beyond the visual line of sight (BVLOS) is considered an important feature of next-generation drones. Based
on past research, we hypothesized that behavioral patterns may vary depending on whether operators have
geographic knowledge and on how geographic information is obtained during an emergency. Therefore, in
this study, different map types and the provision or absence of geographic information instructions were
used as independent variables, and the behaviors of operators in various emergency situations were
observed. The results showed that trends in information use vary depending on the map type provided by

the ground control system and on whether geographic information is indicated.

Keywords: drone in emergency, BVLOS, decision-making, geographic information, eye tracking

1. Introduction

The implementation of the Federal Aviation Administration (FAA) Regulation Part 107 has resulted in the
removal of various limitations regarding the use of unmanned aerial vehicles (UAVSs), enabling experts in many
industries, such as agriculture[1] and construction, to utilize them for exploration and business growth. The
drone market has changed significantly, and the potential for expanding its use has been an important issue for
many years.

The use of drones for professional purposes, particularly those involving operations beyond the visual line of
sight (BVLOS), has become significant because of their potential for scalability in this field. The Drone
Industry Insights BVLOS Operations Report 2021 forecasts a global compound annual growth rate (CAGR) of
71.1% in the BVLOS drone market[2]. The future of BVLOS operations requires coordinated efforts to address
the present problems surrounding the absence of standardized BVLOS regulations. Continuous investigation is
essential to substantiate the development of appropriate legal frameworks. Moreover, adequate consideration
must be given to the distinctive features of the flying geographical area and limitations due to the visual range.

In Japan, the operational classification of drones is composed of four distinct levels, which are determined
based on the visibility of the drone within the field of vision and the characteristics of the flight spot,
particularly whether it is a populated area[3]. Level 4, the most advanced level of drone operation, signifies that
the drone will be utilized within densely populated regions, namely, urban areas, employing BVLOS capabilities.
The primary applications of drones in the industrial sector include various activities such as aerial photography

and videography, mapping and surveying, inspection tasks, delivery services, and other related functions.
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Industries, academic institutions, and the government are collaborating to accelerate the deployment of this
operational level because of the probability that drones will be utilized for these purposes in urban areas.
Nevertheless, as the level of drone operation escalates, it is anticipated that the related risks will also escalate,
demanding a corresponding increase in the number of elements that need to be considered to enhance safety.

Because of the early phase of Level 4 operations, it is also necessary to conduct research focusing on the
operators in charge of drone control. It should encompass the necessary training requirements for these
operators and the minimum specifications for the ground control systems utilized. The UAS-BVLOS Aviation
Rule-making Committee (ARC) suggested that there is a need to develop automated flight rules (AFRs) for
BVLOS operations to enable users and other relevant entities to understand the risks to others operating in the
same airspace and to develop training commensurate with the level of risk and autonomy clarifying the safety
implications associated with allowing the continuation of operations following changing environmental
conditions or events requiring a response. Of the four levels of AFR proposed by the ARC, AFR levels 2 and 3
are characterized by the partial automation of systems and require human intervention in the form of human
on-the-loop and over-the-loop monitoring and exception management, respectively, serving as intermediate
stages in the evolution of operations from fully manual (AFR level 1) to fully automated (AFR level 4)[4]. In
particular, Level 2 assumes that human intervention is required to abort a mission or trigger an anomalous
response, which means that operators must have a detailed understanding of the circumstances under which a
mission should be aborted and the scope of the anomalous response.

As an example of a situation that may trigger anomalous responses, GPS loss during Level 4 drone operations
and its associated risks were analyzed by Maeng et al.[5], who studied the behavioral patterns exhibited by
operators in response to this loss. Subsequently, the researchers suggested that these patterns varied based on
the specific information required by the operator. Moreover, it could be hypothesized that behavioral patterns
may differ based on their ability to acquire geographic information and the level of geographic knowledge of
the operator during emergency scenarios.

In this study, ‘information’ and ‘knowledge’ were distinguished according to Anderson’s definition.
Information refers to intentionally structured and formatted data, while knowledge refers to the cognitive states
necessary to interpret and process information. Information can be easily replicated at minimal cost, but
knowledge is transmitted in more costly ways, such as through training, practice, and transmission[6]. In other
words, information refers to the structured and formalized data provided by the Ground control stations (GCS)
through guidance or prior instruction, and knowledge refers to the cognitive states by which the operator
interprets this information and applies it to decision-making, which is the basis for our hypotheses.

When critical events, including GPS loss, occur during a BVLOS flight, the drone’s ability to navigate and
maintain its intended flight path is significantly impacted, and there is a significant likelihood of subsequent
accidents. In such situations, the drone may rely on alternative navigation methods, such as inertial navigation
systems (INS) or visual odometry (VO), to estimate its position and continue the mission. However, these
methods are less accurate than GPS and can lead to increased uncertainty in the drone’s location. This
uncertainty can compromise the effectiveness of Detect and Avoid (DAA) systems, which rely on accurate
position information to identify and avoid potential collisions with other aircraft or obstacles. Therefore,
operators must immediately and efficiently make appropriate decisions when anomalies arise. Friedrich et
al.[7] support the importance of considering human factors and ergonomics in the design of GCS for UAS

operations, particularly in the context of BVLOS flights. They emphasize the need for detailed analyses of
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information sources to identify situation-specific information important for decision-making in UAS operations
and to design HMISs that allow for efficient comprehension and recognition of safety-critical situations.

Waraich et al.[8] suggested that operator errors and accidents can be reduced by applying commercial
standards (ANSI/HFES 100-2007) and emphasized the importance of applying HF/E principles when designing
UAS GCS. HF/E engineering is an important factor to consider in the decision-making process when operating
UAS, including BVLOS operations, and allows for the design of human-friendly interfaces.

To support effective decision-making, it is important to design human-friendly interfaces that provide
operators with accurate and relevant information, and to provide comprehensive training to prepare them.
Friedman ef al.[9] argued that a Prediction display, a visual projection of future position, including position,
heading, and prediction information, is the minimum visual information needed in GCS interface design for
UAS pilots to effectively perform DAA procedures. When Level 4 operation includes a display that can predict
the future movement of the drone, the flight route should be confirmed on geographical information, including
structures, since low-altitude BVLOS operation is performed in a populated area. Consequently, the operator
must be able to accurately interpret this information.

Geographic Information Systems (GIS) are a key component of GCS interfaces, helping operators effectively
utilize and interpret geographic data and supporting DAA capabilities during BVLOS operations. By integrating
geospatial data, such as terrain elevation, obstacle locations, and airspace boundaries into the GCS, GIS enables
operators to maintain situational awareness and make informed decisions. GCS facilitate the management of
drone operations by enabling control over many aspects, such as mode transition, routing, and flight planning.
These functionalities are specifically intended to be useful for different objectives and applications, including
but not limited to pesticide spread, photography, and inspection inside GIS environments. In the event of critical
situations like GPS loss, having access to accurate and up-to-date geographic information becomes even more
crucial. GIS-enabled displays can help operators identify nearby landmarks, assess the surrounding
environment, and determine the best course of action to ensure the safe continuation or termination of the
mission. Therefore, the design of GCS interfaces should incorporate GIS capabilities to enhance the operator’s
decision-making process and support effective DAA procedures, especially when dealing with unexpected
events during BVLOS flights.

This study contributes to the empirical understanding of how the type of geographic information provided by
a GCS and the amount of geographic information known in advance affect the decision-making of Level 4 drone
pilots. We hypothesized that (1) the greater the amount of information that can be gathered on the maps in the
GCS, the greater the likelihood of operators trying to utilize it, and the greater its effect on their decision-
making; (2) the greater the amount of geographic information the operators have about their assigned flight
area, the greater their likelihood of trying to utilize it, and the greater its effect on their decision-making; and
(3) the greater the amount of geographic knowledge the operators have to utilize, the greater the burden they
feel in their decision-making.

While these hypotheses focus on the potential benefits of increased information availability and prior
knowledge, it is crucial to recognize the importance of information quality and relevance in addition to quantity.
Providing an excessive amount of information may lead to cognitive overload, particularly in time-critical
decision-making scenarios. Conversely, insufficient or inadequate information can hinder situational awareness
and decision-making effectiveness. Therefore, striking a balance between the quantity and quality of

information is essential to optimize decision-making processes in Level 4 drone operations.
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By conducting an experiment to test these hypotheses, we also provide implications for how pilots can be

trained to support safe and effective decision-making in emergency situations.

2. Method
2-1 Participants

For the experiment, 40 volunteers (M = 24.6, SD =5.55) were recruited. Dorval and Pépin[10] stated the
spatial visualization skills could be improved by playing video game, and Wheatcroft et al.[11] suggested that
video game players could be considered a resource for UAS operations because they had high levels of decision
confidence, were less overconfident in their decision judgments, and maintained consistent, positive accuracy.
Gonzalez-Gonzalez et al.[12] found that men in their 20s and 30s have the highest usage and preference for
game consoles. To minimize variations in spatial visualization and decision-making skills based on gaming
experience and adaptation to drone controller, all individuals were intentionally recruited to be males within the
age range of 20 to 30 years.

Prior to the trials, the participants signed an informed consent form. This form included inquiries regarding
their level of competence in operating drones and their familiarity with the Akihabara station area, where the
experiment was conducted.

2-2 Apparatus

The simulator utilized in this study was built using Unreal Engine 4 and PX4 software modules,
QGroundControl, and the AirSim engine. The screen appearance and system communication structure of the
AirSim drone simulator are shown in Fig. 1 and Fig. 2, respectively. The PX4 software provided for software-in-
the-loop (SITL) simulation as firmware. PX4 was also used to record and preserve the telemetry logs of the
vehicle after each flight. The QGroundControl application operated as a GCS and included a map and
operational data. Additionally, QGroundControl allowed for the configuration of the format of the map,
controller, units, and associated elements and the establishment of the flight plan. To intervene in the flight
control if deemed necessary, an Xbox Joystick controller was used.

To simulate a situation in which a drone is operated in a populated area while flying BVLOS in a Level 4
drone operation, which would be the appropriate operational level in an urban environment with many
buildings, a 3D map of the designated area was imported into the Unreal Engine 4 project.

A Tobii Pro Nano eye tracker was used to record eye movements during the simulation. The calibration and

recording of eye movements, including their location on the screen, the diameter of their pupils, and whether
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Fig.1 Entire screen displaying drone simulation applications. Fig.2 Configuration of the simulation platform.
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Fig.3 Experimental setup featuring eye tracker, simulator, and cameras.

they were fixations or saccades, were performed using the Tobii Pro Lab software. To capture the behaviors of
the participants during the procedure, a video recorder was placed in front of them (Fig. 3).
2-3 Procedure

The timetable for the experiments is presented in Table 1. Each participant completed four scenarios within
a time frame of approximately two hours. The participants were given information about the experiment,
including the drone image, instructions for using the controller, the location of the screen, and guidelines on
how to comprehend the data in the QGroundControl program, which was utilized as the GCS before the
primary experiment. The possibility of malfunction in emergency situations, such as strong winds blowing
between buildings, extreme weather, bird or bird flock attacks, and disasters, was also explained. Participants
must consider the utility of recovery, risk of a crash, and population density of an emergency landing location

before deciding whether to take action to ensure safe emergency landing at a nearby location.

Table 1 Schedule for the complete experiment.

No. Activity Time (min)
1 Prior explanation and consent form 10
2 Training before main-scenario execution 15
3 1st scenario execution (bird approach) 10
4 Interview and break 10
5 2nd scenario execution (flock of birds) 10
6 Interview and break 10
7 3rd scenario execution (strong wind) 15
8 Interview and break 10
9 4th scenario execution (fire on building) 15
10 | Final interview 10
Total 115

2-4 Experimental design
Two groups of participants, one using satellite maps and the other using road maps, were formed. A

comparison between Google Satellite and Bing Road is illustrated in Fig. 4. These two map types were chosen
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Fig.4 Map variations employed in the study: Google Satellite (left) and Bing Road (right).

because satellite maps are predicted to be the most visually informative, whereas road maps are predicted to be
the most visually simplistic and, therefore, have a reduced cognitive burden, albeit at the cost of having less
information.

Participants were categorized into four groups based on the type of map and the provision of geographic

information in the instructions (Table 2).

Table 2 Participant group specifications categorized by map
type and the availability of geographic instructions.

Group Map type Geographic instruction
A Bing road Given
B Bing road Not given
C Google satellite Given
D Google satellite Not given

2-4-1 Prior instruction regarding geographic information

Google Earth, which displays the same map as the Google Satellite map type in QGroundControl, was used
to provide instructions to two of the groups, thus differentiating between the groups with and without prior
instruction. Additionally, designated emergency landing points, such as parks and squares, in which there was
little chance of encountering people, were announced.

Groups A and C, which constituted half of the participants, were instructed on geographic information to
acquire knowledge about and become familiar with the area in which the drone would be flying. The actual
screens shown to the participants are depicted in Fig. 5 and Fig. 6. There were twenty-two spots between
Yodobashi Camera and Bic Camera, and when a point was selected, photographs of the street-view features
appeared.

Following the street view of the designated place on the route, we inquired about the total number of
heliports present and the optimal means of navigating from one particular point on the map to another specific
point. Subsequently, we received responses aimed at assisting the user in becoming familiar with the map and
effectively transmitting geographic details. Subsequently, control was temporarily transferred to help with the

Google Map observations.
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Fig.6 Example images depicting UDX Akihabara square (left) and Akihabara Central Reiwa Plaza (right)

designated as emergency landing sites.

2-4-2 Task

Participants were given a task that involved observing drones transporting materials from one building site
to another around Akihabara Station. The Yodobashi Camera building, which has been renovated as a
construction site, served as the starting point, whereas Bic Camera, which is another construction site, served
as a waypoint. Figure 7 displays a 3D map view and satellite map of QGroundControl. Yodobashi Camera was
located at position 1, whereas Bic Camera was situated at position 5.

Four emergency scenarios were included in the experimental design. In the first case, a bird was flying
alongside the planned route. In the second scenario, a flock of birds was flying over a railroad, which was in the
middle of the initially planned circular route. In the third scenario, a strong wind was blowing in the spaces
between the buildings, and a verbal warning was delivered by the experiment manager at a certain location.
Finally, in the fourth scenario, a building in the path of the flight route was on fire, obstructing visibility with
smoke. We focus on observing how the behavior of operators changes with geographical knowledge, however,
it is concerned that even groups without local geographic information may adapt to the geography in the route
through repeated exposure, potentially impacting results. To minimize this, we set the final route in the
opposite direction (Fig. 8).

2-5 Measurement
According to Fairbairn and Hepburn, eye tracking has proven to be highly effective in advancing

cartographical research, particularly in the domains of human—computer interaction (HCI) and user interfaces
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Fig.8 Flight routes outlined for scenarios 1 to 3 (left) and scenario 4 (right), with symbols denoting event locations.

pertaining to map usage[13]. The authors argue that eye movements serve as a valuable indicator of the
cognitive processes involved in decision-making. It is essential to supply level-specific geographic information
ahead of time because Level 4 drone operations carry much greater hazards compared to those encountered in
lower-level drone operations. Therefore, the present study applied an eye-tracking methodology to explain the
potential impact of map types and the level of knowledge of an individual on their cognitive processes.
Additionally, we attempted to determine an optimal way of providing geographic information to individuals to
mitigate the risks associated with Level 4 operations, particularly in risky emergency scenarios that require
timely decision-making.

Eye-movement analysis was conducted to gain insight into the cognitive processes that underlie decision-
making. In addition, the physical actions of the individual participants were captured via camera. Data gathered
by the sensors, including information regarding trajectory, speed, and position, were stored in telemetry logs,
which were used for the performance metrics.

For the eye-tracking procedure, the monitor resolution was configured to 1280 X 720 pixels. The simulator

screen, which displayed the camera scene of the drone on the left and the GCS on the right, had a border
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Fig.9 The screen image with Airsim drone simulator on the left and QGroundControl application as GCS on the right.

positioned 745.7 pixels from the left (Fig. 9). Thus, the fixations, in which eye movements became fixed, were
computed individually for each side.

The participants were interviewed to ascertain the underlying motivations for their actions throughout the
trial and to understand the many challenges associated with operating the drone. The operators were asked
about their reasons for deciding to land or attempting to land on a specific area in the cases wherein they
manually intervened in the scenario. The participants were asked to rate the perceived degree of difficulty in
controlling the drone on a numerical scale ranging from 1 to 10. Furthermore, we asked about their potential
plans of action in a real-life emergency scenario. The participants were surveyed regarding their overall

perspectives and opinions on the use of drones in a densely populated setting.

3. Results
3-1 Eye-tracking measurement

Fixation indicates the intention of an individual to process and comprehend presented information. Figure 10
shows a scatter plot illustrating the distribution of fixation occurrences observed during the experiment, in
addition to the corresponding heatmap displaying the duration of fixation, specifically for Scenario 1. Based on
these results, it was verified that the line of sight was generally positioned in the middle of the camera scene in
the simulator.

To determine the preferred side for information acquisition under the different settings, the average number
of fixations and ratio of left to right fixations for the different scenarios and participant groups were compared
(Fig. 11 and Fig. 12, respectively). The group that relied on a satellite map and received no prior geographic
instructions exhibited the highest average number of fixations, as shown in Fig. 11. Moreover, a higher
proportion of participants used the satellite map than those that used the road map. It was also observed that
the number of fixations on the right side was larger for those that used Google Satellite than for those that used
Bing Road. The results demonstrate a tendency toward gathering and understanding data, particularly toward
accepting more information derived from the satellite map in the GCS. Additionally, the groups not provided
with instructions exhibited more fixations than those exhibited by the groups provided with instructions. The
data indicate that the allocation of attentional resources, including designated landing sites, through instruction

may effectively reduce the demand to gather more information and, therefore, decrease work stress.
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Exceptionally, if only the value of the fixed number on the right was considered, the group that used the
satellite map and received prior instructions had greater numbers than those exhibited by the group that used
the satellite map and received no prior instructions.

In Scenario 2, there was a common tendency to move the visual focus to the left side, as shown in Fig. 12.
This can be attributed to the presence of a flock of birds within the camera view, which served as a visual
stimulus and generated more focused attention from the participants. Meanwhile, in analyzing Scenario 3, it is
important to note that it was difficult to draw meaningful conclusions from the results because of the absence
of visual changes or threats. Additionally, it can be assumed that the participant group that used the road map
and received prior instructions exhibited a lower probability of directing their attention toward the GCS
compared to toward the camera scene on the left.

Both Scenarios 2 and 4 presented high-risk situations; however, a higher proportion of camera scenes was
observed for Scenario 2. Flocks of birds flying over a large geographical region on a railway typically exhibit
dynamic movement patterns. By contrast, in the event of a fire, smoke emerges from a fixed point and initially
occupies a limited space, expanding gradually to cover a wider area. Hence, we hypothesized that individuals

would rapidly move their visual attention from this risky event.



Analysis of Effect of Geographic Information on Decision-making under Emergency Conditions during

Beyond the Visual Line of Sight (BVLOS) Drone Operation 99

According to Kang et al.[14], changes in pupil dilation not only serve as an indicator of the overall level of
attentional effort but also offer a measure of attention with high temporal precision. The differences in pupil
diameter between the participant groups are shown in Fig. 13 and Fig. 14. These box plots visualize a dataset’s
five-number summary, with the box representing the middle 50% of data, the median line inside, and whiskers
extending to the minimum and maximum values within 1.5 times the interquartile range. Two-way analysis of
variance (ANOVA) revealed no significant differences in average pupil diameter between the provision and
absence of instruction, albeit the pupil diameter of the group that received instruction was greater than that of
the group that did not receive instruction. On the other hand, there was a significant difference in average pupil
diameter between the map types for every scenario. Specifically, the group that used satellite maps had larger
pupil diameters. Consequently, the map type appears to have a more significant impact on the difference in
pupil diameter.

Meghanathan et al.[15] reported that pupil size is a good indicator only of processing load, and that the
duration of fixation is sensitive to actual memory and processing loads. The groups not provided with
instructions showed an increase in the number of fixations, whereas the groups provided with instructions
showed a significant increase in pupil diameter. Based on the assumption that an increase in the number of
fixations corresponds to a longer duration, it can be inferred that the group not provided with instructions will
experience a memory load due to the collection of new information not previously stored in memory.
Conversely, the group provided with instructions, exhibiting a larger pupil diameter, encountered a higher

cognitive load associated with the processing of existing knowledge.
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Fig.13 Mean pupil diameter as influenced by the Fig.14 Mean pupil diameter as influenced by the type
availability of geographic instruction. of map used (*p < 0.05, **p < 0.01).

3-2 Decision-making on human intervention during autonomous flight

The results of a chi-square test, as presented in Table 3, show the relationship between the decision of the
participants to intervene in autonomous flight following an emergency and the map type, for each scenario.
Excluding Scenario 3 with the different map types, no statistically significant relationship was observed
between the decision to intervene and the type of map used, or whether geographic information instruction was
provided, in relation to the GCS. On the other hand, in Scenario 3, the drone was equipped with a stability

function; therefore, the experiment administrators verbally notified the operators about the presence of strong
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winds prior to the entry of the drone into the narrow spaces between the buildings. Most satellite map users
decided to proceed with autonomous operation after the announcement.

Table 4 presents the outcomes of a chi-square test conducted to examine the correlation between the
decision of the participants to intervene and the provision of geographic information, for each scenario. Both
correlation results show that a greater number of participants decided to manually intervene in Scenarios 2 and
4 than in the other scenarios. Both aforementioned scenarios demonstrated a perceived need for immediate
human intervention, as indicated by the slightly higher conversion rate observed in the cases wherein the
satellite map was used and instructions were given.

The results of eye-tracking measurement revealed that the participant groups that used the satellite map
attempted to accommodate more information and, when provided with geographic instructions, exhibited
greater effort to gather information on the GCS using their existing knowledge, leading to this suggestive
result. It was assumed that if the operators determine that they have more information and are capable of
processing it, they will be more inclined to intervene. However, from the low proportion of participants who
used the satellite map and intervened in Scenario 3, the key point inferred was whether the newly gathered
information was accumulated into knowledge by the operator mentally digesting it for a sufficient amount of

time before applying it to the task.

Table 3 The results of the chi-square test examining the correlation between the decision of

participants to apply manual intervention and the type of map used (*p < 0.05).

Satellite map Road map
Auto Manual Auto Manual ¥ p-value
Scenario 1 14 6 14 6 0.0 1.0
Scenario 2 5 15 8 12 1.03 0.31
Scenario 3 19 1 14 6 4.33 0.03*
Scenario 4 3 17 7 13 213 0.14

Table 4 The results of the chi-square test examining the correlation between the decision of

participants to apply manual intervention and the availability of geographic instruction.

With instruction Without instruction
Auto Manual Auto Manual X p-value
Scenario 1 13 7 15 5 0.48 0.49
Scenario 2 5 15 8 12 1.03 0.31
Scenario 3 16 4 17 3 0.17 0.68
Scenario 4 5 15 5 15 0.0 1.0

3-3 Decision-making on landing points

A chi-square test was employed to ascertain, for each scenario, the occurrence of a correlation between the
map type and the decision of the participants to land on the ground or on a rooftop, as shown in Table 5. In
Scenario 4, in which the drone faced challenges in the form of fire and smoke along its assigned route, a
significant difference in the decision-making process for identifying landing sites was observed between the
map types. Furthermore, the participants that used the satellite map had a greater preference for reaching the

top of the building compared to that exhibited by the participants that used the road map. As the eye-tracking
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results showed, in cases involving a high level of risk in the route, this decision was likely to have been
influenced by the operator obtaining the information necessary to carefully survey the surrounding landscape
and execute a quick landing.

Table 6 illustrates the results of a chi-square test conducted to determine a correlation between the decision
of the participants to land on either the ground or rooftop and the provision of geographic instruction, for each
scenario. Figure 15 and Fig. 16 depict graphs of the numbers of landings at designated emergency landing
sites and on rooftops of buildings, respectively, with respect to the number of manual operations. For both
graphs, the utilization rate was higher for the group that used the satellite map and received prior instructions.
Despite the provision of designated emergency landing sites and, for specific groups, prior instructions, it was

observed that the rate of use of these landing points was greater among the participants that used Google

Table 5 The correlation between the decision to land on either the ground or rooftop and the
type of map utilized (*p < 0.05).

Satellite map Road map
Ground Rooftop Ground Rooftop ¥ p-value
Scenario 1 5 1 5 1 0.0 1.0
Scenario 2 7 4 12 3 0.86 0.35
Scenario 3 5 1 0 1 292 0.09
Scenario 4 6 7 14 3 4.34 0.04*

Table 6 The correlation between the decision to land on either the ground or rooftop and the

availability of geographic instruction.

With instruction Without instruction
Ground Rooftop Ground Rooftop Ie p-value
Scenario 1 5 2 5 0 1.71 0.2
Scenario 2 10 4 9 3 0.04 0.84
Scenario 3 3 1 2 1 0.06 0.81
Scenario 4 9 6 11 4 0.60 0.44
Number of landings at designated emergency points Number of landings on building rooftops
by number of manual operations by number of manual operaticns
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Satellite and received no prior instructions compared to that exhibited by the group that used Bing Road map
on the GCS. The group that used the road map and received prior instructions exhibited the lowest rate of use.
This presents an opportunity to explore the difficulties that can arise in decision-making when there is a
difference between the given geographic information and real-time display on a map.

3-4 Subjective assessment of difficulty and reason for behavior per scenario

The pre-experiment questionnaire indicated that only a small minority of the participants were familiar with
the Akihabara station area (n =3, 7.5%) or had prior experience in operating small drones (=4, 10%). As
these subgroups were too small to allow for meaningful comparisons, familiarity with the geographic area and
drone piloting experience were not included as factors in the subsequent analyses.

Oral interviews were conducted regarding difficulties encountered by the participants, their main causes,
and reasons for choosing actions, including landing points. Figure 17 presents a graph of the average difficulty
scores by group and scenario. The participants tended to perceive the first and third situations as comparatively
lower-risk. In both scenarios, the participants were often unable to detect or reliably identify events, implying
an awareness of the low risk in these situations. Furthermore, the group that used the road map on the GCS
and received no prior geographic instructions predominantly assessed the situations in both scenarios as non-
hazardous.

In the second scenario, which involved a flock of birds, the participants tended to interpret the situation as
hazardous. This perception was more prevalent among the participants that used Bing Road than among those
that used Google Satellite. On the other hand, for the fourth scenario, it was observed that the proportion of
participants who claimed to have difficulty knowing the level of risk increased among the group that used the
road map and received prior instruction. The participants that used Google Satellite exhibited a preference for
prioritizing the distance to landing or objects on the map. By comparison, the participants that used Bing Road
preferred to prioritize speedy landings.

It is appropriate to understand the reasons behind the difficulties, given the tendency of the participants to
become accustomed to using the drone as they went through the scenarios. Specifically, for the first scenario,
the groups that used the road map reported difficulties that were primarily due to the difference between the

direction and the actual operation. This observation indicates that manual control of the drone did not deliver
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Fig.17 Graph illustrating the average difficulty scores by scenario and participant group.



Analysis of Effect of Geographic Information on Decision-making under Emergency Conditions during

Beyond the Visual Line of Sight (BVLOS) Drone Operation 103
the expected outcomes, because there were difficulties in precisely monitoring the direction and location of the
drone in connection with the map displayed on the GCS application and the view from the drone camera after
the start of manual mode. In Scenario 2, the participants began to familiarize themselves with the operation,
and by Scenario 4, they no longer found manual operation to be difficult. However, in the case of Scenario 3, the
detection of the event itself, the occurrence of strong wind flows, was found to be challenging.

Consequently, the responses on the reasons behind the difficulties were not significantly affected by the
difficulties associated with these events. It can be observed that high degrees of individual differences were
exhibited for both adaptability and difficulty. However, it is important to highlight that the group that used the
road map and received prior instructions exhibited a relatively slower rate of adaptability. Additionally, the
groups that did not receive prior instructions attributed their difficulties to a lack of training, whereas the
groups that did receive instructions encountered challenges in selecting landing sites in Scenario 2. It is
important to note that an excessive amount of information can lead to confusion and delay in decision-making
for safe operations.

The parallel use of a map on the GCS with the camera scene caused difficulties owing to the increased
cognitive load associated with managing multiple tasks simultaneously. Several individuals expressed difficulty
in remembering information and applying their functions.

Among the responses, the tendency or desire to act the same way in real life as in the simulation was found
to be higher for the group that used the road map and received no prior instructions. Nonetheless, because
they may have changed their minds or found a better solution, the percentage of people who would actually
respond in this manner was probably low. We can infer that in the absence of additional information, they are
less likely to consider their options. Despite the assessments of low risk for Scenarios 1 and 3, the outcomes on
actual situations yielded contrasting results. For the first scenario, individuals responded with autonomous
flight or detouring, except when the same action was selected. By contrast, in the third scenario, they decided
to either avoid flying between buildings or give up flying. Furthermore, their objective was to promptly initiate
descent using a meticulous altitude check rather than a longer route. The resulting behavior appears to depend
on whether the risk is temporary or persistent and is characterized by uncertainty. In Scenario 4, the decision
was made to land on nearby buildings instead of at other designated locations. This choice demonstrates a
consideration for the population and ground conditions, and anticipates fire trucks and people on the ground as

a result of the fire.

4. Discussions
4-1 Assessment of risk level by emergency situation

Initially, regardless of the situation, the participants said that they gradually adapted to the operation as they
gained more experience. It is anticipated that the risks associated with the operation can be mitigated with
adequate training, particularly through repeated training using simulators because it is impossible to reproduce
the situation in reality.

The results indicate that Scenarios 1 and 3 were not considered to exhibit a significant level of risk, whereas
Scenarios 2 and 4 were perceived to have a considerable degree of risk. Scenarios 1 and 2 deal with the same
threat factor: birds; however, they have differences, indicating that variations in the visual scale may result in
varied levels of risk. In real-life operations, the presence of severe winds, as shown in Scenario 3, represents a

potential danger that could lead to a pause in operation. However, in the simulation, the visual representation of
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these winds was limited, resulting in an incomplete understanding of the associated risks. In the context of
drone operation, the delivery of wind information is sometimes inadequate or presented in a numerical form,
creating challenges in accurately capturing this situation. The identification of wind patterns relies on
observing the movement of objects in the camera view of the drone, which can be a complex task. Therefore, it
is essential to provide broad details regarding the interface to support or offer thorough instructions on the
situation.

The distinction between Scenarios 2 and 4 is in the location of the threat and the scale of its extent. In the
second scenario, the flock of birds was dispersed over an area, causing considerable threat due to the lack of
predictability in their movement patterns. Consequently, there is a significant opportunity to direct the attention
of the operator, induce cognitive stress, and interrupt the execution of operations in accordance with the
established flight plan. In Scenario 4, the experiment showed the possibility of proceeding as is if the risk of
failure due to heat was not sufficiently recognized in advance; therefore, this study showed that this is a risk
factor that requires sufficient prior notification and training. In this study, the fire incident occurred in the
absence of wind. However, it is anticipated that in a real-life scenario where wind is present, the risk level will
be significantly elevated owing to the fluid movement of smoke.

Hence, it is inferred that the degree of risk in an emergency can be identified based on the ease of visual
identification of the threatening element, fluidity of its place of occurrence, and predictability of any subsequent
movements of the threatening element.

SORA (Specific Operation Risk Assessment) is a risk assessment methodology used to determine the level of
confidence needed to ensure the safe execution of a specific operation[16]. Nakamura et al. applied the SORA
methodology to a real-world UAS delivery demonstration in Japan by following the 10 step processes as case
study[17]. The ease of visual identification, fluidity of occurrence, and predictability of risk considered in the
result could support to coordinate initial GRC (Ground Risk Class) and ARC (Air Risk Class). It means that it
could contribute to final Specific Assurance and Integrity Levels (SAIL) determination and Operational Safety
Objectives (OSO) Assignment as the element to be considered.

4-2 Information processing underlying decision-making: Use of provided information

When faced with a dangerous situation, the groups that used the satellite map applied the information on the
map to identifying nearby buildings and objects and moved with some consideration of their distance from the
drone. By comparison, the groups that used the road map prioritized a quick landing. With regard to choosing
a landing site, the groups that used the satellite map were more likely than the groups that used the road map
to select the rooftop of a building. This suggests that, regardless of prior instruction, pilots are more likely to
rely on information on a map when the map in the ground control system provides a clear visual indication of
where to land and are more likely to take into account the altitude difference between the satellite map and the
landing site, despite the fact that the map is in a 2D format viewed from above by both parties. This is because
it is easier for satellite maps to cognitively match the scene in the camera view of the drone.

The absence of prior geographic information led to comments from the affected participants about their lack
of training, even though they were not informed that geographic instructions were provided to other groups.
On the other hand, the groups provided with instructions may have found it more challenging to process the
information to the point of feeling overwhelmed, because they had more factors to consider when choosing a
landing site after facing an emergency. According to the eye-tracking measurement results, the number of

fixations was higher for the participants that received no prior instructions, suggesting that they had more
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difficulty accepting and understanding new information about the environment on the map or in the simulator.
On the other hand, the average pupil diameter tended to be larger among the groups provided with
instructions, suggesting that the information-processing task of recalling instructions and applying them to a
current situation was more demanding. Thus, whereas instruction on geographic information should be
provided in advance, it should be provided such that it comprises only the right amount of information for a
sufficiently long period of time to allow the process of perceiving, interpreting, and then acting on decisions in
real-world situations to be transformed into an experiential analogy of the thinking and decision-making
processes. The FAA Part 107 Remote Pilot Certification requirements include an Aeronautical Knowledge Test,
and candidates must pass an initial aeronautical knowledge test covering various topics[18]. An initial
aeronautical knowledge test and recurrent training, Part 107.73, covers the following areas of knowledge
including Emergency procedures and Aeronautical decision-making and judgment. If geographic information
was included in the training curriculum and certified remote pilot performed the same scenario in the
experiment, it is presumed that they would have shown better performance within the information processing.

In addition, the study suggests that the content of the instructions should be designed to be sufficiently
aligned with actual work. In this experiment, even though some people were given geographic information,
they experienced a sudden and excessive accumulation of information that hindered their use of this
information in the real world, and thus, they needed to have images that matched their short-term memory to
utilize it; if they were given a road map that differed from what they remembered, they were more likely to
have difficulty making decisions.

That the group that used the satellite map and received prior instructions decided to intervene, despite the
small difference in their parameters, may be due to their subconscious recognition that they had sufficient
information to act on the given situations.

4-3 Sufficiency of information for monitoring Level 4 drone maneuvering by single operator

It is expected that there will be differences among individuals in accepting degrees of risk. Thus, it is more
appropriate, for Level 4 operations with many risk factors, to perform assessments based on the opinions of
multiple people rather than rely on individuals who are possibly insensitive to risk. It is thought that this may
increase safety and reduce the psychological burden on the operator.

In the case of traditional air traffic control, the tasks are generally divided into radar seats and control seats.
A similar principle can be applied to drone management. In the future, when the number of drones in the
vicinity increases, or when drones are operated in urban areas where the environment itself has many
obstacles, it is expected that there will be a demand for task allocation similar to that performed in air traffic
control. Specifically, one person will focus only on collision detection, while another person is responsible for all
other considerations, including environmental changes and the detection of irregularities.

As shown in Scenario 2 of this study, it is expected that if attention is focused on emergencies or
irregularities, the original plan will be disrupted, or other factors will not receive as much attention; therefore, it
is necessary to deploy additional personnel in case of such situations.

The amount of geographic information could be excessive for a single person to remember and process, and
there may be differences in the sense of geography between individuals. Therefore, it is important to have
multiple people on board to fill in the gaps. However, it is even more important to have well-supported rules,
protocols, and systems for information sharing; if these are not defined, confusion is more likely to occur. In

this case, It is claimed that the following items under OSO of SORA could mutually enhance each other:
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OSO#09 Remote crew trained and current and able to control the abnormal situation; OSO#15 Remote crew
trained and current and able to control the abnormal situation; OSO#16 Multi crew coordination; OSO#17
Remote crew is fit to operate; OSO#22 The remote crew is trained to identify critical environmental conditions
and to avoid them. JARUS-STS (Standard Scenario)-02, Appendix B: Training with Multi-crew cooperation
(MCC) section[19] is stated that in applications where MCC may be required, UAS operators will need to at
least assign tasks to remote flight crew members and establish step-by-step communication, but detailed

research on this will be required in the future.

5. Conclusion

In this study, we aimed to verify the three hypotheses related to the effects of geographic information on
operator decision-making during Level 4 drone operation in emergency situations. The experimental results
provide support for all three hypotheses, although some limitations should be noted.

Firstly, it was found that operators using satellite maps, which offer more visual geographic information,
tended to gather more information from the GCS compared to those using road maps. This was evidenced by
the higher number of fixations and larger pupil diameters in the satellite map group, thus confirming the
hypothesis 1.

Secondly, operators who received prior geographic information instructions showed a higher tendency to
intervene and consider surrounding features, such as building rooftops, when selecting landing points. This
finding supports the hypothesis 2, indicating that the availability of geographic knowledge influences operators'
decision-making and their likelihood of utilizing such information.

Thirdly, the group that received prior instructions exhibited larger pupil diameters compared to the group
that did not. This suggests a greater cognitive burden associated with retrieving existing knowledge and
applying it to the current situation, thus validating the hypothesis 3. Furthermore, some participants reported
difficulty in choosing landing sites due to information overload.

However, it should be noted that the differences predicted by hypotheses 1 and 2 were not apparent in
scenarios with minimal visual changes, such as scenario 3. Additionally, the results highlight that the
effectiveness of geographic information may depend on whether it has been assimilated as readily accessible
knowledge for emergency situations.

The results also show that the simplicity of visual recognition of the threatening element, fixed position of its
place of occurrence, and predictability of its future movement can be used to assess emergency risk.

Overall, people equipped with more geographic information are more likely to use this information, but the
results differed depending on whether the geographic information had been accumulated as knowledge or held
in short-term memory, and whether it could be fully utilized.

Although this study did not analyze it in detail, when asked to what extent they visited the Akihabara area
before the experiment, all but one person (who responded with “almost every day”) indicated that they did not
visit the area very often. Nonetheless, the case for that one differing person was not very different either, but it
seemed that there was a big difference between their sense of geography on the ground and their sense of
geography at an altitude of approximately 50 m.

Additionally, when asked about their awareness of Level 4 operation in the preliminary questionnaire, most
responded positively. This is believed to have been largely due to the demographic of the participants: men in

their 20s and 30s. In future research studies, it will be necessary to consider trust in the system and meta-
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control skills in drone operations by accounting for various age groups and genders.

In conclusion, this study provides empirical evidence supporting the influence of geographic information on
operator decision-making during Level 4 drone operations in emergency situations. The findings underscore
the importance of considering the type and amount of geographic information provided to operators and the
need for training to facilitate its effective utilization in critical scenarios. It could also provide useful insights for
training programs for Level 4 operations, the design of user interfaces and information display methods that
optimize pilots' situational awareness and decision-making abilities, and the improvement of risk assessment
methods such as SORA.

As Level 4 operations are expected to be safer with multiple operators working as a team, future research
should focus on analyzing how roles can be divided in terms of the use of geographic information to allow
information to be communicated and shared and Level 4 operations to be realized efficiently and safely.

Furthermore, there was a limitation in that using emergency scenarios prepared in a simulation environment
may not fully reflect the complexity and unpredictability of actual Level 4 operations; therefore, it should
consult experienced Level 4 drone pilots and geographical experts on emergencies in real-world settings to

validate and expand upon the findings of your simulation-based study.
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The application of drones in the construction industry, particularly for inspecting the building exterior walls,
is advancing and currently at the implementation stage. One notable technique for safe drone operation
involves the use of mooring devices. This study evaluated the safety and efficacy of drone equipped with
mooring devices for exterior wall inspections. We explored the risk reduction benefits of using mooring
devices by categorizing and characterizing standard safety and mooring devices, and conducting a risk
assessment following JIS B 9700. The findings indicate that mooring devices substantially decrease the risks
associated with drone use, with two-point mooring systems proving to be the most effective. Moreover, we
compared drone-based inspections to traditional ground-based visual inspections for high-rise buildings.
Although drone inspections required more time and personnel, the safety was enhanced by the use of

mooring devices and able to capture comprehensive photographs across the entire wall surface.
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Drone Flight and Landowner’s Right
—Who is the Owner of the Space above the Ground?—

Toshiyuki Takeda™*'
Misono Sogo Law Offices™’

The landownership is one of the key issues in the “LEVEL 4" flight. The Unmanned Aircraft Policy Office at
Cabinet Secretariat published a legal guideline titled “Relationship between Unmanned Aircraft Flight and
Landownership” on 28th June 2021. This guideline mainly discusses the vertical extent of the landownership.
This paper dilates on the understanding of the guideline on the vertical extent of the landownership and

considers the claim based on the landownership not mentioned in the guideline.

Keywords: drone flight, landownership, risk management
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