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A major focus of current unmanned systems operations is assessing the inherent risk
associated with a mission. Efforts to integrate unmanned systems into the national airspace
require manufacturers be able to calculate the risk of a mission in terms of human safety.
Threats to human safety from midair collisions and ground strikes are the focus of the
risk model. The projects intent is to assist in determining applications that leverage the
strengths of current unmanned aircraft technology while mitigating the weaknesses so as
to meet or exceed the safety and economic viability of manned aircraft. The validity of the
risk model is demonstrated by comparison to historical data when available. The intended
use of the tool is discussed and risk assessments are presented for several example scenarios.
Resources for gathering the required information are surveyed and material is developed
to aid a general audience in performing a risk assessment.

Nomenclature

Ay Average building area (km?)

ADS-B Automatic Dependent Surveillance-Broadcast

ApLubs ALyp Lethal area for buildings and pedestrians in a horizontal crash (due to system failure) (km?)
ALvb, ALyp Lethal area for buildings and pedestrians in a vertical crash (due to midair collision) (km?)

Aops Operating area size (km?)

Chrnidair Rate of aircraft crashes due to midair (transient & in-fleet) collisions (crashes/hour)
C2 Command and Control

Dyyag Expected number of fatalities when a UA collides with a building

Dpea Expected number of fatalities when a UA collides with a pedestrian (in range [0, 1])
Frat Fatalities per flight hour

Fratp Fatalities due to system failures (fatalities/hour)

Fratmidair ~ Fatalities due to midair collisions (fatalities/hour)

Fpea Collision rate of UA fleet with pedestrians per hour (collisions/hour)

Fyiagmidair ~ Collision rate with buildings due to midair collision (collision/hour)

Folagp Collision rate with buildings due to system failure (collision/hour)

Fped,midair Collision rate with pedestrians due to midair collision (collision/hour)

Fped,p Collision rate with pedestrians due to system failure (collision/hour)

Fyiag Collision rate of UA fleet with buildings per hour (collisions/hour)

Frieet Collision rate of UA fleet of other UA within fleet per flight hour (collisions/hour)
Firansient Collision rate of a single UA w/o avoidance & stationary transient AC (collisions/flight-hour)
Fransiont Collision rate of UA fleet w/o avoidance & moving transient AC (collisions/hour)
Fyransient Collision rate of UA fleet with transient AC per hour (collisions/hour)

H Total aircraft flight hours recorded in historical data (aircraft-hours)

H, Average building height (km)

H, Average pedestrian height (km)
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Ttat Insurance liability per fatality (dollars/fatality)

L., Length of UA (km)

M Cost to insure the operation per hour (dollars/hour)

My, Mission length (hours)

Nua Number of UA in fleet

NAS National Airspace

P, Average number of passengers on a transient aircraft (people/AC)
R, Radius of a pedestrian (km)

SAA Sense and Avoid

TBO Trajectory Based Operations

UA/UAS Unmanned Aircraft/Unmanned Aerial System
V, and V,,,  Velocity of transient aircraft and UA (km/hour)

Wo Average width of buildings (km)

Wya Wingspan of UA (km)

Zmaxs Zmin Maximum and minimum altitude of operating area (km)

Qa, o Number of mission collisions predicted by model and historically recorded, respectively
v Best glide angle of UA (radians)

Pos Pua Density of transient AC and UA, respectively (AC/km?)

Deol Instantaneous collision area (km?)

Do, Bua Frontal area of transient aircraft and UA (km?)

€o Ability of transient AC to avoid collisions with UA (in range [0, 1])
€ua/o Ability of UA to avoid collisions with transient AC (in range [0, 1])
€ua/ua Ability of UA to avoid collisions with other UA in fleet (in range [0, 1])
Nops Volume of entire operating space of mission (km?)

Nfleet Volume of only operating space where UA fleet exists (km?)

A UAS midair failure rate for a single AC (failures/hour)

Tby Op building and pedestrian densities (items/km?)

I. Introduction

The past several decades have seen significant advances in unmanned aircraft system (UAS) technology.
In the last 10 years there has been a corresponding increase in their use by military organizations around
the world. The adoption of UAS for non-military purposes, however, has been quite slow. This trend has
been especially true in the U.S. where concerns over their safe integration into the national airspace system
(NAS) have often stifled efforts to employ UAS for the purposes of private industry, academia, and domestic
government applications. While the complete integration of UAS is still years away, there are currently many
practical uses for unmanned aircraft whose associated risk is equal to or better than that of manned aircraft.
Reliable and realistic methods of evaluating risk must be developed in order to allow further development
and use of UAS while ensuring public safety. This paper documents the development of a simplified model
to assess and predict the risk associated with a given UAS operation. This tool is intended to be useful for
determining UAS applications that are viable from the related perspectives of risk to human safety.

Anno' was one of the first to address parts of this issue by modeling mid-air collisions using random
collision theory and comparing results to historical data. More recent and similar risk-based approach
to analyzing the safety of UAS operations was taken by Burke® at North Carolina State University in the
development of the System Level Airworthiness Tool (SLAT). The author also chose to focus on the expected
number of fatalities per flight hour as the primary safety metric. The actual risk assessment examines the
UAS in more detail at the system level in order to define a more complete approach to certification.

Additional references and prior work are presented in the context of the federal UAS policy in Section II.
This section serves as motivation by looking at current US policy relevant to UAS operations. Section I1I then
describes some of the framework used to develop the overall risk model which is then presented in Section I'V.
Results and validation of the proposed model are shown in Section V before exploring some detailed examples
of the tool applied to actual missions in Section VI. Finally, Section VII presents conclusions and future
directions of research.
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II. Current UAS Policy

Without a thorough understanding of the risks involved, regulations on the flight of UAS in US airspace
have thus far been highly prohibitive. Policy was set forth in a September, 2005 Federal Aviation Ad-
ministration (FAA) memorandum,” clarified in a 2006 notice,” and replaced in March 2008 by the Interim
Operational Approval Guidance.” Currently, the only avenue to receive approval of civil (i.e. commercial,
academia) UAS operation is through a special experimental airworthiness certificate. The special certificate
is subject to operational limitations (e.g. line of sight operation, daylight hours, etc.) and is only issued “for
the purposes of research and development, crew training, or market survey.” The procedure and guidelines
for issuing a special experimental certificate are detailed by the FAA.

A second avenue, a certificate of authorization (COA), was closed to civil applications in 2005 by FAA
memorandum AFS-400° but is still used for public (i.e. government/military) requests after the vehicle has
been deemed airworthy by the FAA or DoD. A category that a minority of UAS may fall under is model
aircraft’ (strictly non-business related). Other documents of interests include NATO’s UAV Systems Air-
worthiness Requirements® and the European Aviation Safety Agency’s (EASA) statement on Airworthiness
Certification of Unmanned Aircraft Systems.

UAS policy is currently being reviewed to develop a long-term approach to a fluid integration of UAS
into the NAS. Several components of the NextGen Air Transportation System (ATS) should help facilitate
this process in the coming years.'” NextGen refers to the next generation of the NAS being incrementally
implemented over the course of several years, with current mid-term goals set through 2018. Two key
NextGen technologies that have the greatest potential to impact UAS integration are Automatic Dependent
Surveillance-Broadcast (ADS-B) and 4D Trajectory Based Operations (TBO).'">'* The FAA’s perspective
on UAS has been supportive but cautious as indicated by the following excerpt,

“The FAA supports UA flight activities that can demonstrate that the proposed operations can
be conducted at an acceptable level of safety. AFS intends to approve COA applications... [if]
a collision with another aircraft...is extremely improbable....[and] injury to persons or property
along the flight path is extremely improbable. Acceptable system safety studies must include a
hazard analysis, risk assessment, and other appropriate documentation that support the ‘extremely
improbable’ determination.”

A. Motivation

It is generally perceived that there are a number of obstacles to the full integration of UAS into the NAS. The
most pressing technological challenges are “sense and avoid” (SAA) capability and command and control
(C2) link liabilities.'” Sense and avoid refers to the capability of an autonomous vehicle to detect objects,
both stationary and mobile, that do not broadcast their position, which are in the vehicle’s path (or otherwise
on a collision course) and, if necessary, alter the vehicle’s course to avoid a collision. Since the pilot of a
UAS is not able to provide the “see and avoid” ability of an onboard pilot, the development of reliable SAA
technology is believed to be essential for UAS to gain full airspace access. Significant work has been done
both in R&D of SAA technologies and in establishing qualifications for an acceptable SAA system.

Although most UA* will have low-level autonomy, a reliable communication link between the UA and the
pilot is necessary for high-level control (navigation, tasking, air traffic control, etc.). In addition to improving
the C2 link reliability, protocols must be developed to ensure safe and predictable behavior in the case of a
lost-link. There is also much work to be done on the policy front. Guidelines are needed on airworthiness,
crew training, operational protocols and how UAS will fit into the current and NextGen airspace structures.

Thoroughly addressing all of these issues, so that UAS may be routinely and safely incorporated through-
out the NAS, will take years. In the meantime, standards and tools need to be developed that will, “enable
the widest range of activity that can be safely conducted within the shortest rulemaking timeframe” (ASTM
F38 Committee). Until new technologies are developed and a new system is in place, UAS operation ap-
provals will continue to require mission specific risk assessments.

The purpose of the risk assessment tool presented in this paper is two-fold. First, it seeks to provide
UAS operators and airspace regulators with a simplified and trustworthy method of evaluating the safety of
proposed UAS operations. Tools are needed that provide UAS operators with “documentation that support

aUA is used to refer only to the aircraft, whereas UAS refers to the whole system inclusive of all ground-based equipment
and any communication links.
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the ‘extremely improbable’ determination,” since it is an essential part of the current approval process. The
availability of a tool to assess the risk of particular proposed UAS operation should make the process of
obtaining approval more efficient and manageable.

The second objective is that the results of risk assessments performed using this tool would supply useful
information to the aerospace community as future standards and guidelines are being developed. Successful
regulation will prohibit unsafe operations while clearing the way for operations that do not pose a threat to
public safety. Tools such as this risk assessment procedure will help determine what type of operations pose
significant risk and which do not so that the policies being developed can reflect the risk associated with
various UAS applications in order to maintain a high level of safety.

III. Risk Assessment Framework

Accounting for all possible modes of failure in a given mission is an intractable problem. Therefore this
section serves to outline the aspects of UAS risk that are addressed by this model. In essence, this section
serves to outline the scope of the proposed model in terms of goals and risk factors which are accounted for
in the model.

Risk assessments for UAS operations have the same goal (public safety) as risk assessments for manned
aircraft but must take into account the unique flexibility afforded by unmanned aircraft. The risk associated
with operating manned aircraft may be divided between three primary groups: the crew and passengers
aboard the primary aircraft, the crew and passengers of other nearby aircraft (termed transient aircraft in
this paper), and people and property on the ground. When considering the safety of manned aircraft, as
long as the first group is always safe, the other two will follow. Manned aircraft must be extremely reliable
because any crash or collision is a threat to the people onboard. The area in which the aircraft is operating
does not affect the need for reliability.

When the crew and passengers are removed from the aircraft, the traditional approach of focusing on the
safety of the people onboard the primary aircraft no longer applies. The risk of UAS operations depends
not only on the reliability of the aircraft but also on the characteristics of the operating area (air traffic,
pedestrians, buildings, etc.). Therefore, the regulations and policies developed for UAS must take both
aspects into account if they are to protect the public without unnecessarily inhibiting the development and
integration of UAS technologies. For example, policy that allows a 99% reliable UAS to operate over a
densely populated area but prohibits a 95% reliable UAS from operating over a remote, unpopulated area
would be inadequate. A successful policy must reflect the fact that the true risk is a product of both the
aircraft and the operation for which it is used.

The model here will break the risk of UAS operations into three categories: transient aircraft collisions,
pedestrian strikes and inhabited building strikes. Collisions within a fleet of UA operating in the same
airspace will also be calculated as they could contribute to pedestrian and building strikes. In the absence
of established UAS safety standards, the risk assessment results in this project will use the expected number
of fatalities per hour as the primary safety metric. In an attempt to give this expectation a more tangible
interpretation, an associated insurance risk in terms of dollars per hour is also calculated. Other expectations
such as the number of midair collisions and building strikes are also calculated as secondary outputs.

A. Risk Assessment Goals

Risk is a very general term and may be a function of many factors. The formulation of the risk assessment
criteria is different depending on the end goal of the assessment. For example, one could attempt to estimate
the economic risk associated with a mission. This might include risk due to loss of vehicles or destruction
of property in the event of a mishap. Accurately estimating the risk would require information such as the
cost to replace lost vehicles, repair the expected damage to other property, and environmental cleanup costs.
These costs can be significant, particularly costs to replace vehicles considering that these systems cost on
the order of tens of thousands ($35,000 for an RQ-11 Raven) to tens of millions ($11M for an MQ-9 Reaper
and $35M for RQ-4 Global Hawk). While an operation which results in a Global Hawk crashing regularly in
uninhabited regions may be acceptable from a human safety standpoint, it is clearly not economically viable.

Despite the significant impact of economic risk on business operations of UAS, for the purposes of safely
integrating unmanned systems into the NAS, the most important risk assessment is the risk to human safety
and loss of life. The model described in this paper is first and foremost concerned with estimating the
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potential risk to human safety both aboard other aircraft and on the ground. This model does not take
into account the potentially significant economic risk associated with a mission. Furthermore, incorporating
these economic costs might obfuscate the human safety aspect, which is the main focus of the project. The
dollar amounts attached to human safety risks are not primarily intended to predict the actual cost to insure
against human injury (although they may prove useful for this purpose as well) so much as they are intended
to be a more tangible representation of the safety risk in the sense that it may be easier to visualize dollars
per hour (for insurance) instead of fatalities per hour.

B. Risk Factors

There are numerous ways in which a UAS may fail, and many incidents are the result of multiple factors.
In order to improve the reliability of UAS, understanding these specific factors is important so that they
may be individually addressed. The causes may be grouped into several categories such as operator error,
improper maintenance, loss of communication, equipment failure, weather, etc. Differentiating between types
of failures will allow operators and regulators to understand how failure rates might be lowered over time.
As a system matures, some causes of failure are largely mitigated (e.g. equipment failure), while other causes
tend to persist (e.g. weather). The Air Force Class A Aerospace Mishap records, maintained by the Judge
Advocate General’s office, are a useful resource for tracking the distribution of mishap causes over time for
a particular aircraft system.'® The Air Force Safety Center offers less detailed mishap data for a number of
aircraft, which is useful for finding overall failure rates over time.

The Air Force Research Laboratory used these resources in a recent study of Predator mishaps. The
study revealed that the first several years of operation were dominated by equipment failures, many of which
have been addressed. The system then moved into what the author identifies as a second era dominated
by various human factors.'” Once these causes were better understood, the training for new and current
operators was refocused to address the human factors identified as common root causes. Since these changes
were implemented, the Predator’s Class A mishap rate (per flight hour) has steadily decreased with the
greatest improvement being seen in the area of human factors.”® This study demonstrates how understanding
the causal factors of UAS failures can lead to significant improvements in system reliability, which affects
both safety and operational costs.

The distribution of mishaps between causal factors is not considered by the risk model developed in this
research because it has little effect on the human safety of the current aircraft system. A ‘bottom-line’ figure
for crashes due to all types of failure (including human factors) was deemed sufficient for the purposes of
this risk assessment. Those groups wanting to form a risk trajectory to determine when a system will reach
a certain level of safety would want to examine the distribution more closely. Understanding the sources
of system failures will allow UAS developers and operators to know where critical improvements must be
made for a particular platform in order to achieve safety standards. A system level approach® may be of
interest for such purposes. An additional reason individual causes of failure were not considered in the risk
assessment is to maintain the model’s simplicity and ease of use. Every platform will have unique modes of
failure and the classification of these failures varies between operators. Accommodating such a high degree
of variance would add considerable complexity to the model with little gained in the way of utility.

C. Flight Phases

A further distinction is sometimes made between mishaps based on the phase of flight in which they occur.
A typical operation is broken down into taxi, takeoff, climb, enroute, descent, and landing (some operations
combine climb with takeoff and descent with landing). Particular activities within the enroute phase, such as
loiter, target tracking and target attack may also be specified in cases where they increase the likelihood of a
mishap. Studies such as'' indicate that while the majority of mishaps do occur enroute, a disproportionate
number (relative to flight time) occur in other phases. The landing phase, in particular, tends to have a
much higher mishap rate relative to the time spent in each phase.

The model considered here does not distinguish between mishaps in different phases of flight, which makes
the implicit assumption that the failure rate being used excludes mishaps during particular flight phases that
do not fit the general population profile (e.g. isolated airfields, restricted areas). For the purposes of public
safety, neglecting the phases of flight that do not have a realistic possibility encountering humans or other
aircraft is justifiable.
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The taxi, takeoff and landing phases often take place through predefined paths over airports or airfields
that are free of homes and pedestrians. If a particular UAS is prone to crash during takeoff, for example,
the operator may choose to always perform takeoff in a restricted area free of pedestrians and populated
buildings. This would mitigate the safety risks of mishaps during takeoff, meaning they should not be
included in the overall failure rate since the area in which takeoff occurs does not fit the population profile
of the general operating area.

Bird strikes, on the other hand, are a far greater risk during taxi, takeoff and landing, with 80% occurring
below 1,000ft AGL and 96% occurring below 5,000ft AGL."” A risk assessment focusing on the total economic
risk would need to consider mishaps during all phases of flight. While crashing UA on the runway is not a
threat to public safety, doing so will result in expensive repairs and aircraft downtime. The failure rate for
each phase would need to be specified individually since mishaps during different phases of flight will tend
toward different causes and are likely to result in different costs. The repair/replacement costs are expected
to be higher for enroute failures (which will likely destroy the UA) while takeoff and landing incidents often
only require repair. The lack of pedestrians and populated buildings beneath takeoff and landing paths
results in much less risk of causing a fatality or property damage during these flight phases.

IV. Risk Model

As stated previously, the two potential causes for injury to humans are midair collisions, which affect
persons aboard transient aircraft, and ground collisions, which affect pedestrians and those located inside
buildings.

A. Midair Collisions

The midair collision calculations used here are based on theory originally developed to predict the collision
frequency of gas molecules.”” This theory' was similarly applied to air traffic in prior literature”>“~ . The
collision frequency between a single UA and transient air traffic is a product of the transient aircraft density,
the combined frontal areas and the velocity of both the UA and the transient aircraft.

We define p, to be the density of transient aircraft per km?, ¢, and ¢,, to be the frontal area in km? of
the transient aircraft and the UA, V, and V,,, as the velocity in km/hr of the transient aircraft and the UA.

The following analysis is performed from the perspective of a single UA. To average the risk of a midair
collision over all orientations, the frontal areas of the UA and the transient aircraft are recast as circles of
radii Ryq = \/bua/7 (km) and R, = /¢o/m (km). A collision will occur if the centers of the aircraft are
within a distance R,, + R,. The instantaneous collision area is therefore

(bcol = W(Rua + R0)2 = ¢ua + qbo +2 V ¢ua¢o (1)

Assuming that the transient aircraft are stationary (V, = 0), the volume of collision airspace that the UA
sweeps out in a time AT is simply Vio; = ¢eor Ve AT. The number of collisions is a product of the collision
volume and the transient aircraft density. Dividing by the time AT gives the expected collision rate for a
single UA with stationary transient aircraft.

Ftransient = po¢col Vua (2)
To correct for the fact that the transient aircraft are not stationary (V, # 0), Vi, is replaced with a
relative velocity. Previous literature”’ suggests an additive term such as V. = /V2, + V2. However, to

develop a conservative model of collisions, it is assumed that all transient aircraft are flying opposite of the
UA (to create the largest possible collision volume).

Viet = Vua + Vo (3)

Assuming that UA collisions are independent of each other, the total collision rate for the fleet of UA is
simply obtained by multiplying Eq. 2 by the number of UA in the fleet and replacing V,,, with V...

Ftransient = Nuapoqﬁcolvtrel (4)

To make the calculation more accurate in a wide range of operations, collision avoidance capabilities must
be incorporated. Any UAS that are allowed to fly in non-restricted airspace will likely be required to be

6 of 31

American Institute of Aeronautics and Astronautics



equipped with a transponder (such as the Microair T2000UAV-L) making them visible to air traffic control
(ATC) and Traffic Collision Avoidance System (TCAS) equipped aircraft. Having a transponder will greatly
reduce the risk of midair collisions between UA and TCAS equipped aircraft. In addition to a transponder
(which broadcasts its own location but does not “see” nearby aircraft itself), UAS will eventually incorporate
active SAA systems. These systems will enable the UAS to actively avoid collisions with transient aircraft
and other UA whether or not they are cooperative.

Collision avoidance gained from the airspace structure or procedural separation will have to be incorpo-
rated into the UA collision avoidance and transient aircraft collision avoidance terms. The basic collision
model assumes all aircraft fly randomly within the specified volume with no structural or procedural sepa-
ration.

These collision avoidance procedures are incorporated into the midair collision model as mitigating prob-
abilities. We define €, as the probability that a given transient aircraft will avoid a collision with another
transient AC or UA when a collision would be imminent if no avoidance actions are taken. This is therefore
a scalar value in the range 0 to 1 with 0 implying that the aircraft is essentially flying blind and will never
maneuver to avoid a potential collision and 1 implying that the transient aircraft has perfect collision avoid-
ance and will avoid all potential collisions. In a somewhat similar fashion, we define €,4/, as the collision
avoidance of a given UAS with transient AC and €,, /.4 as the collision avoidance of a given UAS with other
UAS within its own fleet. The term €,,/, can be thought of as the cumulative efforts of whatever SAA
algorithm is aboard the UA. Typically, most UAS have collision avoidance algorithms with respect to other
agents in its own fleet, S0 €,4/4, measures the effectiveness of this algorithm. Given that most UAS have
explicit knowledge of the locations of other agents within its own fleet, €, /.4 is typically greater than €,q/,.

In the situation of a potential collision between a UA and a transient AC, the transient AC will fail to
avoid a collision 1 — €, percent of the time and similarly, the UA will fail to avoid the collision 1 — €,4/,
percent of the time. In order for a collision to occur, both the transient AC and the UA collision avoidance
systems must fail simultaneously. Assuming that these events are independent, the expected collision rate
of the UA fleet and transient AC with collision avoidance taken into account is given by

Ftransient = Nuapo(bcol‘/rel(l - 6ua/o)(l - 60) (5)

To verify the model in Eq. 5, a 3 dimensional Monte Carlo simulation is run using a range of V,, and V,,,
values. A picture of the environment at a given instance in time is shown in Figure 1(a). This simulation
is used to generate a series of “experimental” data which can be used for several purposes. First, this can
be used to validate the models of midair collision rates such as in Eq. 5. Secondly, it can be used as input
to various learning algorithms™’ to attempt to learn different models which describe the underlying physics
of the situation. One such learning algorithm proposes that the models V,.o; = max(V,, V,,) fits the given
data well. One benefit of this risk framework is that it is modular in the sense that the assessor can choose
different models for different components and easily view the ramifications of this choice. For example, the
various models for V,..; described previously are shown in Figure 1(b).

As can be seen from Figure 1(b), the model of V.o = /V2 4+ V2, fits the data quite well for most
scenarios. Note that at low velocities, it tends to underestimate Fi,qnsient- Similarly, the model from the
learning algorithm also appears to underestimate the crash rate for almost all conditions. In the context
of risk assessment, it is better to err on the side of caution and overestimate the failure rate rather than
underestimate it. As can be seen, the proposed model of Eq. 3 is a fairly simple, justifiable model that
provides a conservative estimate of Fy,qpnsient for all conditions. It should be noted that the fits provided by
all proposed models fall well within an order of magnitude of the simulated results.

Note that Fiyrqnsient is the collision rate between the UA fleet and transient AC. A similar analysis can
be performed to estimate collision rates between UA within their own fleet. This involves using the previous
equations with substitutions of V, = V4, ¢ = @dua, and p, = pua.

Pua = (Nua - 1)/77fleet (6)

The term p,, is the density of UA. Previously, the density of transient aircraft was assumed to be
uniformly spread over the operating volume. With in-fleet UA operations, there may be missions where
the UA may be spread out uniformly over the operating area. These might include search and rescue,
environmental surveying,”” or area patrol. In these situations, 7uq =~ 7ops. However, there are other
missions”’ where the fleet of UAS are in close proximity to each other or otherwise spaced such that a
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V=25V, =225, =05.t=0

final

(a) Monte Carlo simulation (b) Model comparison

Figure 1. Firqnsient for various cases of V, and V,,. Additive model uses V,.; = V, + Vi (Eq. 3), max model
uses model learned by Eureqa of V,..; = maz(Vs, Vua), and relative model uses V.. = /V2 + erl. All scenarios
use po, = 0.004, ¢o = 3, Pua = 2, €ua/o = €0 = 0.

uniform density over the entire operating volume is not a reasonable assumption. In this situation 7fices
may be small compared to 7,ps.

Once the mission has been selected, the appropriate volumes can simply be calculated using 7ops =
Aops(znma: - Zmin) and Nfleet = Aops,fleet(z’maw,fleet - Zmin,fleet)-

The expected in fleet collision rate is therefore

Ffleet - Nuapua(4¢ua)(vrel)(l - 6ua/ua)2 (7)

Once again, in Eq. 7, the term V,..; can be computed using Eq. 3 where V,..; = 2V, for a more conservative
estimate or using V. = V2V, for a more accurate estimate.

Note that both Eq. 5 and Eq. 7 estimate the rate of collisions between a UA and another aircraft (either
a transient aircraft or another UA, respectively). Each collision actually produces two affected aircraft. For
example, if Firqnsient = 0, then it can be expected that 6 UA will collide with 6 transient aircraft per flight
hour for a total of 12 affected aircraft which will eventually crash and strike the ground. In a similar fashion,
if Frieer = 2, then it is expected that 2 UA will collide with another 2 UA per flight hour for a total of 4
affected UA.

The total number of midair collisions, «, (both between UA and transient aircraft and between UA and
other UA) during a mission is simply the sum of Fi;ansient and Fyee; multiplied by the mission length, M.
Note that My, is the length of the mission, not the aircraft-hours. For example, if 3 UA fly a mission for 5
hours, then M = 5. The difference between collision rate and crash rate is further explained later in Eq. 13.

o = ML (Ftransient + Ffleet) (8)

B. Ground Collisions

The ground collision calculations (pedestrians and buildings) are a hybrid of the equations®' developed in
prior~“ literature”” to best represent general UAS operations. The risk to people and buildings from crashes
due to system failures (i.e. not from midair collisions) is found by assuming that upon failure, the UA glides
to the ground at maximum L/D (worst-case scenario) with glide angle «. The associated geometry is shown
in Figure 2.

The risk to people on the ground from midair collisions assumes upon midair collision, the UA will
approach the surface in vertical free fall. The expected number of building and pedestrian strikes is composed
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Rp L ua H, P Rp
tan~y

Figure 2. Geometry showing affected distance covered by UA during a horizontal, gliding crash (red distance).
The total affected area is this distance multiplied by the wingspan of the UA plus 2R,.

of two calculations that take each case (glide and free fall) into account. For example, if the UA has a system
failure and glides horizontally to the ground, the danger areas to pedestrians and buildings are given by

H
A = wa + 2 Lya — 2
Lirp = (Wua + 2Rp)( + tan +2Ry) (9)
Hy,
A = ua Lua T 1
Ly = (Wua + wp)(Lua + tanq wy) (10)

In a similar fashion, if the UA sustains midair collision, it is assumed that it will fall vertically to the
ground. In this case the affected areas for pedestrians and buildings become

max(Wya, Lua)

ALVP:TF( 2

+ R,)? (11)

max(wutu Lua) Wy \ o
5 + 5 ) (12)

InEq. 9- 12, Az, and Ay, are the lethal areas in km? for aircraft gliding horizontally and falling vertically,
Ay is the average building size in km?, w is the average building width in km (defined as wy, = v/Ay), Hy
is the average building height in km, R, is the radius of a person (defined as 2.5E-4km or 0.25m), H, is
the height of a person (for a standing pedestrian, defined as 1.75E-3km or 1.75m), 7 is the UA glide angle
without power, w,, is the UA wingspan in km, and L,, is the UA length in km.

The number of aircraft crashes are a function of both Firansient and Fieer. Recall Section IV.A describes
how a single collision affects 2 aircraft. The rate of aircraft crashes (ground strikes) per hour is therefore

ALVb = 71—(

Cmidair - Q(Ftransient + Ffleet) (13)

Note that this model does not differentiate between the types of aircraft crashes. Eq. 13 and Eq. 9-12
assume that the crashing aircraft has the dimensions of the UA. A more complex and perhaps slightly more
accurate model would differentiate between a crash of a UA and a crash of a transient AC. This would involve
two parallel computations, one to record crash rate and danger areas for crashed transient AC (Cpidgir,o =
Firansient) and another to record crash rate and danger areas for crashed UA (Criidairua = Firansient +
2Ffieet). The obvious drawback to this approach is then requiring information regarding dimensions of the
transient AC in question.

The number of pedestrian and building strikes per hour is then a combination of system failures and
midair collisions.

Fped = Fped,p + Fped,midair (14)
Fyiag = Foidg.p + Foidg,midair (15)
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where  Fpeap = NuaAopArLy,

Fped7midair = midairUpAva
Fbldg,p = ]\]ua)\o'bAL,nu7
Foiag,midair = Cmidair0b ALy,

In these expressions, A is the UAS midair failure rate per hour from all sources for a single UA. This is
typically cited by manufacturers as the mean time between failure for a single aircraft. o, and o, are the
building and pedestrian densities (respectively) per km?. Separating the strike rate due to system failures
and midair collisions will prove insightful in later analysis.

Since UAS tend to have high mishap rates during takeoff and landing, the failure rate used will only
represent mid-flight failures if takeoff and landing are performed in a restricted area free of pedestrians. This
distinction is made in order to avoid overestimating the risk. If takeoff and landing do not take place in a
restricted area, then these mishaps should be included in the failure rate (see Section III.C).

C. Fatalities and Insurance

A successful risk assessment must communicate the results in a way that provides the user with a tangible
sense for the risk involved. The most important result is the number of fatalities expected. Unfortunately,
hearing a number like 2.3E-7 fatalities per hour will not mean much to most users. Though doing so
may sound insensitive, a simple way to make this number more tangible is to look at the cost to insure
the operation. An amount of liability coverage is chosen per fatality, which results in a cost to insure the
operation per hour. Many other factors could be considered in the liability coverage such as property damage,
damage to transient aircraft, damage to the UA themselves, etc. However, the fatality liability will be the
dominate cost and also the best indicator of the most important risks involved.
The expected number of fatalities per hour is given by

Ffat = Ffat,p + Ffat,midair (16)
where Ffat,p = ped,pred + Fbldg,prldg
Ffat,midair = ped,midaiered + Fbldg,midair-Dbldg + Ft'ransientpo

In Eq. 16, D,eq is the fatality rate for a pedestrian strike. It is defined as the average number of fatalities
incurred when a UA strikes a pedestrian and is therefore in range of [0,1]. Currently this is an independent
parameter for the risk assessment but other work™ has investigated the kinetic energy associated with the
UA and its correlation to a lethal strike. Future improvements would estimate this parameter automatically
based on UA velocity and weight. Other work has suggested that any UA above 2 1b is capable of causing
life threatening injuries” (corresponding to Dpeq = 1). Dyag is the fatality rate for a building strike (in
range of [0, all people in building]). This allows versatility in modeling hard structures where people are
more protected vs. softer structures such as residential homes. P, is the average number of passengers on a
transient aircraft. The model assumes that a collision between a UA and a transient AC causes the death
of all passengers aboard the transient AC.

Once again, the expression for Fy,; is broken up into fatalities caused by midair collisions (F fat,midair)
and fatalities caused by system failures (Fjqqp)-

The cost to insure the operations per hour is a product of the I¢q:, the insurance liability per fatality,
and the expected fatality rate

M = Ffarlfar (17)
The total cost to insure the mission is therefore M x M.

V. Results and Validation

The model presented in Section IV presents a conservative estimate of collisions, crashes, and fatalities
for UAS operations. This model can now be validated using historical data and other methods.
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A. Midair Collision Validation

Random collision theory has been shown to be a valid model for estimating aircraft collisions for VFR (visual
flight rules) traffic." These works aimed to measure the degree to which human efforts at collision avoidance
were effective. To show that the midair collision model presented in Section IV.A is a reliable method of
estimation, results predicted by the model will be compared with historical data. Historical data of total
aircraft flight hours, H, and total midair collisions, a g, is available as inputs.’ To model historical midair
collisions, we use consider the population of general aviation aircraft as a large fleet of UA and apply Eq. 7.
Parameters of Eq. 7 can be computed from the historical data as follows. Assuming that on average, aircraft
fly around the clock, then M; = 365 x 24 = 8760 hours. This accounts somewhat for the heavier traffic
during daylight hours and lighter traffic at night. Using this information, the average number of vehicles
in the air at any given time can be calculated as N,, = H/Mp. The volume of the mission area, Nfleet 1S
assumed to be the entire United States (9,182,316 km?) with aircraft distributed uniformly from sea level to
3.04 km (10,000 ft). The density of UA, pyq4, is then computed using Eq 6. The cross sectional area of the
representative UA is computed by first obtaining the cross sectional area of a Kitfox Classic IV which is a
small, single engine, two seater aircraft which is typical of a smaller general aviation aircraft from the time
period in question. This is shown in Figure 3.

26.051182 Feet 2

Figure 3. 3D and cross sectional area calculation of a Kitfox Classic IV which is typical of a small, general
aviation aircraft. Cross sectional area is 26.05 ft> = 2.42 x 10~ % km?. Cruise velocity is 85 mi/hr = 136.8
km/hr.

To account for the fact that most other aircraft in this time period were this size or larger (turboprops,
jets, rotorcraft, gliders, etc.), the cross sectional area used is ¢uq = 2 * (2.42 x 107%) km?. In a similar
fashion, we assume that V,, = 2 * (136.8) km/hr.

At this point, all the parameters for Eq. 7 are accounted for and the predicted number of collisions is
simply o = My, Ffjeer (assuming no collision avoidance). These results are presented in Table 1.

Table 1. Predicted and actual midair collisions for time period between 1969 and 1978. Parameters used for
model are My, = 365 X 24 hr, ¢uq = 2% (2.42 x 1076) km?2, V,q = 2 (136.8) km/hr, and 1t = 9,182,316 x 3.04 km?.

Year Flight Hours Actual Collisions Predicted Collisions Collision Avoidance
H af @ €ua/ua
1969 25351000 23 27.83 0.0910
1970 26030000 32 29.34 -0.0442
1971 25512000 27 28.19 0.0213
1972 26974000 24 31.51 0.1273
1973 29974000 24 38.91 0.2147
1974 31413000 32 42.74 0.1347
1975 32024000 28 44.42 0.2061
1976 33922000 30 49.84 0.2242
1977 35792000 34 55.59 0.2172
1978 36600000 33 58.02 0.2459
Average 30359200 28.7 40.63 0.1438
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In Table 1, we see that the model presented in Eq. 7 is fairly accurate and provides a good order of
magnitude approximation. Given the many assumptions made to arrive at this result, the accuracy and
ability of the model to predict actual midair collisions is surprising. As expected, the model is slightly
conservative and seems to consistently over predict the number of collisions. This is possibly because the
results for o do not take into account mitigating factors such as active collision avoidance. The effective
collision avoidance required so that o = ay is shown in the last column as €,,/uq- Averaged over all years
yields €,4/uq = 0.1438, showing that for the most part, random gas molecule collision is a fairly representative
model of actual midair collisions. According to this model and historical data, in situations where a midair
collision was imminent, pilots only successfully avoided a collision 14.38 percent of the time.

A similar analysis can be done for a more recent data set between the years of 1995-2005. The model of
the aircraft is updated to account for larger, faster aircraft with a higher service ceiling in this time period.
The results and associated parameters are shown in Table 2.

Table 2. Predicted and actual midair collisions for time period between 1995 and 2005. Parameters used for
model are My, = 365 x 24 hr, ¢uq = 4% (2.42 x 1076) km?, Vi, = 350 km/hr, and ncet = 9,182,316 x 5 km3.

Year Flight Hours Actual Collisions Predicted Collisions Collision Avoidance
H apg « €vua/ua
1995 24000000 29 38.80 0.1355
1996 24900000 35 41.77 0.0846
1997 25500000 28 43.81 0.2005
1998 25500000 37 43.81 0.2149
1999 29700000 31 59.43 0.2778
2000 29100000 25 57.05 0.3380
2001 25400000 12 43.47 0.4746
2002 25500000 10 43.81 0.5222
2003 25900000 20 45.19 0.3348
2004 24800000 22 41.44 0.2713
2005 23100000 20 35.95 0.2541
Average 25763636 23.55 44.96 0.2826

Once again, the random gas collision model without collision avoidance predicts a similar number of
collisions. The average collision avoidance appears to have increased to the point where pilots are avoiding
imminent collisions approximately 28 percent of the time thereby suggesting that sense-and-avoid and see-
and-avoid technologies are becoming more effective, but not by much.

The fact that midair collisions did in fact occur (just 30 years ago) at a rate very close to that predicted
by random collision theory demonstrates the applicability of the theory. Although the current data shows
some improvement over that of the 1970s, random collision theory still provides an order-of-magnitude
approximation. When information about the aircraft’s collision avoidance (established experimentally) can
be incorporated, the prediction will become more accurate.

Midair collisions involving air carriers, which operate under instrument flight rules (IFR), are far less
frequent and show human efforts to avoid midair collisions have been highly effective. For this reason, the
midair collision model of Section IV.A does not accurately approximate the collision rate for IFR traffic.
Several reasons exist for the significant difference in how effective human efforts have been between the
two categories. Virtually all air carriers (> 10 seats) are required to be equipped with TCAS which uses
transponder signals to notify the pilot of potential collisions or “intruder aircraft”. Additionally, air carriers
spend the vast majority of their time in Class A airspace which requires the aircraft to be under ATC control
and operating under IFR. Finally, most air carrier flights follow simple point-to-point flight paths at set
altitudes. All of these characteristics are in contrast to general aviation flights which are not always equipped
with transponders and typically operate in Class E airspace which does not require ATC communication
or IFR. Not surprisingly, air carriers avoid midair collisions far better because far more technological and
systematic collision avoidance is in place for air carrier operations.

General aviation provides a better baseline for comparison to near-term UAS operations than air carriers.
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Until the ADS-B equipped NextGen ATS is implemented and much more effective SAA technology has been
developed, UAS are not likely to achieve anywhere near the avoidance capability of air carriers. UAS are also
likely to have variable flight paths that may wander and change altitudes depending on the application, much
more similar to general aviation than air carriers. More importantly, the niche operations that UAS are likely
to fill can accept less reliable avoidance and still present risk-levels equivalent to or less than the risk-levels
of current manned aircraft operations. Air carrier-like avoidance is not necessary for all applications in order
to protect human safety.

VI. Example Calculations

This section presents sample calculations for three scenarios. The first two scenarios are operations which
show a potentially viable operation for UAS and the third illustrates an operation which does not appear
to be a good fit for UAS. Note that all calculation results are presented to several significant figures for the
purpose of allowing the reader to reproduce results. The results are should only be considered accurate to
an order of magnitude due to the significant error associated with some of the input parameters.

A. Scenario 1: Border Patrol

In recent years a number of technologies have been adapted by the United States Customs and Border
Protection (CBP) Agency to help protect and monitor U.S. coastlines and borders, including UAS as one
of the key technologies to augment the agency’s border patrol capabilities. Several General Atomics MQ-9
Reapers, for instance, are being operated over the Arizona-Mexico border to spot smugglers and people
entering the country illegally.”” According to recent reports, the government is planning to expand the use
of UAS to other border regions as well,

“Customs and Border Protection has said it intends to increase unmanned aircraft systems across
the country this year, and it expects a complete network of the unmanned planes all along the

border by 2015.

Officials boasted about the Predators’ effectiveness in a fact sheet published in February 2009.
They reported that Predator B planes have flown more than 1,500 hours and contributed to the
seizure of more than 15,000 pounds of marijuana and the apprehension of more than 4,000
undocumented people.”

1. UAS Properties

The wingspan, length and operating speed of the MQ-9 Reaper are readily available as 20m, 11m and
162kts.”” By referencing pictures and diagrams of the Reaper, see Figure 4, we can estimate the frontal area
with the landing gear up. We start by drawing a triangle encompassing the propeller and tail assembly. The
width across the top of the triangle is 6.8m and the height from top to bottom of the tail is 3m, giving an
area of ~ 10 m?. The wings will be approximated as two rectangles 0.5m high and 8.5m wide (20m wingspan
minus ~3m overlapped by the tail section). The total frontal area is then approximately 18.5m?. The frontal
area approximation is depicted in Figure 5.

Figure 4. MQ-9 Reaper frontal area dimensions.

The lift to drag ratio is not published, but this information would certainly be available to a group
operating the Reaper. We can safely approximate the lift to drag ratio at about 25:1 which yields a glide
angle of tan~1(1/25) = 2.3°. Based on the Reaper’s flight history, it has an established Class A mishap
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Figure 5. MQ-9 Reaper frontal area approximation.

($1M+ damage or fatality) rate of 15.3 per 100,000 flight hours (1.53E-4 crashes/flt hr).”” The UAS control
center is certain to know the location of all Reapers in the air, and every Reaper is operated by its own pilot,
so in-fleet collision avoidance should be very reliable. To allow for the possibility of a communication loss,
an in-fleet collision avoidance of 90% will be used.

Reapers are equipped with Mode C transponders, which will aid other aircraft in avoiding collisions
with the Reaper, but this fact does not mean that the Reaper will be able to sense other aircraft. The UAS
pilots can monitor air traffic using ground-based radar, but since UAS are not designed to perform aggressive
maneuvers and occasionally suffer communication losses, we will assign the UAS a collision avoidance of only
0.7 (70% effective). This figure is an estimate for the purposes of this example. In a real risk assessment,
the operator must determine the collision avoidance term based on experimental or historical data.

2. Operating Area

The CBP operates four MQ-9 Reapers along the 600km Arizona-Mexico border. We will assume they patrol
the territory within 20km of the border (distance between the border and the UAS base in Sierra Vista)
which gives a 12,000 km? operating area. A typical operating altitude for the Reaper during this type of
observation is 5.5-7.5km (FL180-FL246). The Reaper can operate at much higher altitudes, but we are only
interested in the range being used for this particular operation. Since details on the CBP’s use of the Reapers
are not published, we will consider the case where three of the four Reapers are in the air at any given time
around the clock.

To determine the population density, we will use the data available from the U.S. Census Bureau, refined
by the information we can gather from Google Maps satellite images. Looking at the 5-digit zip-code
population data for the area along the border will give us a baseline population density. The population
and home densities for the zip codes along the border are shown in Table 3. The average population density
is 4.6 people/km? and the average housing unit density is 1.9 homes/km?. If the zip codes for the three
biggest cities on the border (Douglas/Agua Prieta, Nogales & Yuma/San Luis) are excluded we lose only
7% of the land area while avoiding 48% of the population. This assumption leaves a population density of
2.6 people/km? and 1.4 homes/km?.

Assuming the Reapers do not operate over the three aforementioned cities (other than takeoff and landing
near Nogales) is justifiable because they focus on illegal border crossings in more remote stretches, away from
checkpoints and land-based law enforcement. Focusing the operation in these more remote areas minimizes
the risk to the public and allows the UAS to complement the CBP at their weakest points. The home
density can be used for the overall building density if we assume everyone in the population is either an
exposed pedestrian or in their home at any given time. Considering most people spend the majority of their
time indoors (school, work, home), we will take 10% of the population (0.26 people/km?) to be exposed
pedestrians and the remaining 90% to be indoors. The average housing unit then has 1.7 people inside at
any given time.

Since the Reaper is a heavy, sturdy aircraft that moves at high speeds, the pedestrian strike fatality rate
will be taken as 1 (i.e. 100%). The building structure offers some protection to people indoors, but the
size/weight /speed combination of the Reaper still poses a threat. Since all buildings are being modeled as
homes we will estimate that a strike will result in the death of 25% of the people inside which gives a fatality
rate of 0.42 deaths/strike. The average home can be taken as having a 200 m? footprint and being 5m high.
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Table 3. Population data for Arizona ZIP codes on the border.

Zip Code Area (km?) People/km? Population Homes/km? Homes
85608 1275.2 0.1 98 0.0 49
85607 947.9 223 21117 7.4 6990
85603 703.0 12.2 8577 6.3 4424
85615 590.6 11.1 6544 4.7 2805
85624 972.6 14 1314 0.8 789
85621 629.8 36.3 22881 11.5 7246
85634 7477.9 0.8 6063 0.3 2021
85633 870.7 0.2 134 0.1 67
85321 6133.8 0.8 4973 0.5 3079
85365 6737.8 5.4 36161 3.1 20812
85350 270.8 53.7 14556 12.5 3378
Totals 26610 4.6 122420 1.9 51660

3. Transient Aircraft

To estimate the air traffic in the region, we will use Flight Explorer Personal Edition and consult regional
aeronautical charts. The altitude range under consideration is in Class A airspace so any air traffic through
the region will be equipped with a transponder and most should be visible to the Flight Explorer tracking
system (though some military flights, for instance, may not show up). Monitoring the airspace over Southern
Arizona reveals that very little air traffic exists near the border. Figure 6 shows typical traffic for Southern
Arizona. Most of the air traffic that is present passes over Nogales or Yuma which have already been excluded
from our operating area. Aeronautical charts of the region show the only jetway (high altitude airway) that
crosses the Arizona border, J92, originates at Tucson International and passes over the border at Nogales,
not in our operating space.

A large portion of the airspace is sectioned off as restricted or military operation areas (MOAs). This
restriction certainly influences the meager air traffic at low altitudes but most restricted areas and MOAs
do not extend above FL180 into Class A airspace so the lack of high altitude air traffic is mostly natural.
Monitoring the air traffic for several hours a day over three days (a larger sampling would be needed for
a ‘real’ risk assessment), only two aircraft briefly passed over the region of interest but were not in the
altitude range of interest. Based on this sampling, we can conservatively estimate that the probability of
an aircraft being in the region of interest is no more than 10% which gives an expected air traffic density of
0.1/12,000 ~ 8 x 10~6 aircraft/km3.

Given the altitude range, the air traffic will be divided close to evenly between the commercial jet and
regional jet classes. The risk calculator’s predefined models will be used for both classes. As discussed
previously, all air traffic in Class A airspace will be under ATC control operating under IFR and equipped
with effective collision avoidance systems and practices. A conservative collision avoidance of 0.95 (95%
effective) will be assigned to each transient aircraft model.

A liability of $10,000,000 per fatality is assumed. All of the parameters relevant to this calculation are
summarized in Table 4.

Table 4: Border patrol parameters.

Parameter Value Comment
UAS
Via 162 knots -
Dua 18.5 m? -
Wya 20 m -

continued on next page. ..
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Table 4 — Continued

Parameter Value Comment
Lo 11 m -
v 2.3 degrees from estimated L/D ratio
A 15.3/100000 from historical class A mishap rate
€ua/o 0.5 -
Gua/ua 0.9 -
Zmaz, flect 7.5 km -
Zmin, fleet 5.5 km -
Aops, fleet 12000 km? team distributed over region
Op Area 1
Nuya 3 -
Zmaz 7.5 km -
Zmin 5.5 km -
My, 8760 hours 1 year operation
Aops 12000 km? -
op 1.4 buildings/km? -
Ay 200 m? -
Hb 5 m -
Dyiag 0.42 fatalities/strike -
Op 0.26 people/km? excluding populated areas
H, 1.75 m -
R, 0.25 m -
Dpea 1 fatalities/strike 100% mortality rate
Transient AC 1
Applied Op Area 1 -
Po 4.167 x 1075 AC/km? -
Vs 432 knots -
do 80 m? -
P, 45 people/AC regional jets
€o 0.95 AC under ATC
Insurance
Ifat 10,000,000 dollars/fatality | -

4. Risk Assessment Results

Using these parameters, the model outputs values as shown in Table 5. The first two columns are the values
as described in Section IV. Recall that these are defined as a per hour rate of occurrence. Because the
mission persists for M, hours, the number of occurrences during the mission can be obtained by multiplying
by Mp. This can also be thought of as an occurrence rate per mission. The resulting per mission rate can
then be inverted to obtain the number of missions between occurrences. In this situation, since the mission
persists for 1 year, this can also be thought of as the number of years between incidents. This value is shown
in the third column.

The interesting result is the order of magnitude difference in fatalities due to midair collisions (1 every
420 years) and general system failures (1 every 75 years). Although the operation expects 1 fatality every
64 years, the cause of this fatality is most likely due to a general system failure rather than a midair (either
transient or in fleet) collision. Tracing the cause further back, in the already unlikely situation of a midair
collision causing a fatality, this midair collision is almost certainly an in-fleet collision instead of collision
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Figure 6. Airspace over Southern Arizona (from Flight Explorer PE).

with a transient aircraft (Ffee; is more than 18 times higher than Fqpnsient) despite the fact that in-fleet
collision avoidance is significantly better than transient aircraft avoidance. This stems from the fact the
density of UA is 200 times more than transient aircraft in this operating area.

These results suggest that more lives can be saved by spending more time and effort into making UAS
systems more robust and less susceptible to general system failures rather than spending excessive time on
sense and avoid technologies to avoid transient collisions. Further improvements to in-fleet collision avoidance
would also lower the fatality rate. These are beneficial results because these types of technology would be
implemented by the UAS manufacturer and would only involve internal improvements and developments on
the system itself rather than trying to account for external sources (ie transient aircraft).

If every fatality is covered by a $10 million insurance policy, the price to insure the operation is roughly
$17.85 per hour, which gives an annual cost of about $156,375 for the team of Reapers. This cost is intended
to be a more tangible expression of human safety risk rather than an estimation of what any actual insurance
policy would cost.

These risk-associated costs are undoubtedly quite small compared to the overall costs of operation since
the Reaper itself costs $10-20 million each (depending on what is included). The hourly insurance risk is
in fact much less than the cost of paying UAS pilots and crew to operate the Reaper. This result does not
mean that the operation is completely safe, but rather it indicates a, presumably, acceptable risk-level for
this operation. Note that manned aircraft with the same reliability present far too much risk, regardless of
where they are operated, since 26,280 aircraft hours multiplied by A = 15.3/100000 failures per aircraft hour
amounts to approximately 4 major loss-of-control incidents. However, as evidenced by the risk-assessment,
the operation can accept such low reliability for UAS because of the area in which the operation is based.
If a Reaper goes down over the specified region, it is very unlikely to strike a person or inhabited building.
This result is exactly what happened when the CBP lost their first Reaper in 2006.%*

Table 5: Border patrol outputs.

Parameter Value Equivalent Representation
Firansient 6.03 x 1079 collisions/hr | 1 transient collision every 18,925 missions
Fiieet 1.11 x 1077 collisions/hr | 1 in-fleet collision every 1,028 missions
Fpea,p 1.35 x 1077 strikes/hr | 1 pedestrian strike due to general failure every 847 missions

Fped.midair | 2.01 x 10711 strikes/hr | 1 pedestrian strike due to midair collision every 5,682,745 missions
continued on next page. ..
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Table 5 — Continued

Parameter Value Equivalent Representation
Friagp 3.28 x 1076 strikes/hr 1 building strike due to general failure every 34 missions
Fyidg midair 3.00 x 1010 strikes/hr | 1 building strike due to midair collision every 380,478 missions
Fyeq 1.35 x 1077 strikes/hr 1 pedestrian strike every 847 missions
Fyiag 3.28 x 1076 strikes/hr | 1 building strike every 35 missions
Fratp 1.51 x 107° fatalities/hr | 1 fatality due to general failure every 75 missions
Frat midair | 2.72 x 1077 fatalities/hr | 1 fatality due to midair collisions every 420 missions
Frat 1.79 x 1076 fatalities/hr | 1 fatality every 64 missions
M 17.85 dollars/hr $156,375 to insure per missions

B. Scenario 2: Environmental Monitoring

Environmental monitoring has been a popular non-military application for UAS in recent years. Unmanned
aircraft have been used to monitor wildfires, assess damage from natural disasters, perform geomagnetic
surveys, gather atmospheric data, and other environmental applications. As an example case, we will
consider a team of ScanEagle UAS taking part in environmental monitoring over Northeast Washington.
This risk assessment will be for wildfire detection, but the process is essentially the same for mapping,
search and rescue”” or other low altitude operations.

1. UAS Properties

The wingspan, length and fuselage diameter are available’® but not the propeller diameter or winglet height
which must be approximated”' by their size relative to known dimensions in pictures of the aircraft. Figure 7
shows how the frontal area may be approximated (the 0.3m diameter is for the propeller, which is larger
than the 0.18m fuselage). The given dimensions yield an approximate area of 0.38m?2.

01m

02Zm

o] ey

1.35m

Figure 7. Frontal area approximation for ScanEagle.

A crash rate of 1 per 1,000 flight hours will be used for the calculation. Although the Navy does not
officially track reliability data for the ScanEagle, loss rates have been reported between 1 in 214 flight hours
and 1 in 500 flight hours.”® These figures are overly pessimistic for a crash rate because they account for
more than typical loss of control incidents such as damage from failed launches and recoveries or any other
reason an aircraft may be deemed not airworthy.

As will be shown next section, the area of operations is spread out over two different areas. It is assumed
that the team of UAS is spread out uniformly over both areas.

Working under the assumption that the path planner, whether centralized or distributed, will have
knowledge of every UA’s location and velocity, an in-fleet collision avoidance of 0.9 will be used. We cannot
be so optimistic about ScanEagle’s collision avoidance with general air traffic since reliable SAA technology
is still being developed. For this reason an effectiveness of 0 will be assumed for the UA’s avoidance of
general air traffic. However, since ScanEagles are now equipped with ultra-light custom designed Mode C
transponders, most transient aircraft will be effective in avoiding the ScanEagles. This issue will be addressed
in the transient aircraft properties.
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2. Operating Area,

To demonstrate the tool’s ability to consider multiple operating areas for a risk assessment, we will consider
two areas of wildfire concern in Eastern Washington. The first is the area around Colville National Forest
with its north boundary at 49°N, south boundary at 48.1°N, east boundary at 117°W and west boundary
at 118.9°W. The second region will be the southeast corner of the state with its north boundary at 47°N,
south boundary at 46°N, east boundary at 117°W and west boundary at 119°W.

ScanEagles typically operate around 1500ft (457m) for imaging operations,”” so an altitude range of
0-1000m will be used. A generous range is chosen to include all aircraft posing a threat to the team of UA
and to ensure the data returned by the automated air traffic tool is not artificially low or high. Although
the ScanEagle can likely stay within several meters of a commanded altitude, looking only at air traffic in
such a narrow range would not be an accurate representation. Since the automated air traffic data is based
on “instantaneous” samples rather than full flight paths (which are not available), a narrow altitude range
or too small of a geographic region essentially creates fickle results prone to exaggeration in either direction.

Data from the U.S. Census Bureau is used to determine the population densities by gathering the data
from each zip code in the operating areas. For the Colville National Forest region, the average population
density is 4.9 people/km?, and the building density is 2.4 homes/km?. For the Southeast Washington region,
the average population density is 8.4 people/km?, and the building density is 3.3 homes/km?. The building
densities only consider housing units, but this approximation will give an accurate model if the entire
population is assigned to be an exposed pedestrian or in a housing unit. Estimating that the average person
spends no more than 10% of their time outdoors, 10% of the population will be considered pedestrians, and
the remaining 90% will be divided among the housing units (and accounted for in the fatalities/building-strike
figure).

This estimation gives a pedestrian density of 0.49 per km? for the Colville region, and the average housing
unit has 1.8 people inside. The pedestrian density for Southeast WA is 0.84 per km? with an average of
2.3 people in every building. The ScanEagle’s relatively small size, light weight (around 40 lbs) and low
operational speed must be taken into account when choosing the expected fatality rates. Here we will assume
a pedestrian fatality rate of 50% (0.5 deaths/strike). Most homes would be effective in protecting the people
inside from a ScanEagle size aircraft. Assuming the aircraft penetrates the building 10% of the time and in
those cases causes the death of 10% of the people inside, the building-strike fatality rate is roughly 2 x 1072
deaths/strike in both regions.

A team of four ScanEagles will be used in each of the operating areas over a sixth month period (the
length of Washington’s official wildfire season). Each UA will operate for 12 hours a day, seven days a week.
The total mission length is then 6months x 30days/month x 12hours/day = 4320 hours). It is assumed that
the team spends a percentage of time in each operating area which is directly proportional to the size of the
area. Therefore My, = 1949.6 hours for the Colville National Forest operating area and My = 2370.39 hours
for the Southeast Washington operating area.

3. Transient Aircraft

The transient aircraft model of these areas is obtained by tracking and recording flights using the Flight
Explore over the course of one week. A more refined model may be obtained by repeating this procedure
with longer sampling windows. Since the ScanEagle’s typical altitude range is so low for imaging operations,
any transient aircraft in the operating space will be assumed to be under the general aviation category.

Based on the historical data for the specified regions and altitude ranges, the automated air traffic
tool gives an aircraft density of 7.6 x 10~7 aircraft/km? in the Colville region and 4.4 x 1075 aircraft/km?
in Southeast WA. The only remaining parameter to be filled is the transient aircraft collision avoidance.
Since the ScanEagle is equipped with a Mode C transponder, general aviation’s collision avoidance with the
ScanEagle is expected to be on par with historical rates for the class discussed previously, which averaged
28% effectiveness.

One advantage of this formulation is that it allows the usage of multiple operating areas and multiple
transient aircraft models within each operating area. The multiple operating area and transient aircraft
models are shown in Table 6.
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Table 6: Environmental monitoring parameters.

Parameter Value Comment
UAS
Via 54 knots -
bua 0.38 m? -
Waya 3 m -
Lya 1.5m -
¥ 3.18 degrees -
A 1/1000 -
€uajo 0 -
€uajua 0.9 -
Zmazw, fleet 1 km -
Zmin, fleet 0 km -
Aops, fleet 30803 km? team distributed over all operating areas
Op Area 1 Colville National Forest
Nya 4 -
Zmax 1 km -
Zmin 0 km -
M7, 1949.6 hours -
Aops 13901 km? -
op 2.4 buildings/km? -
Ay 200 m? -
Hb 5 m -
Dyiag 0.018 fatalities/strike -
Op 0.49 people/km? -
H, 1.75 m -
R, 0.25 m -
Dpea 0.5 fatalities/strike 50% mortality rate
Op Area 2 Southern WA
Nyq 4 -
Zmazx 1 km -
Zmin 0 km -
My, 2370.4 hours -
Aops 16902 km? -
o 3.3 buildings/km? -
Ap 200 m? -
Hb 5m -
Dyag 0.023 fatalities/strike -
op 0.84 people/km? -
H, 1.75 m -
R, 0.25 m -
Dyed 0.5 fatalities/strike 50% mortality rate

Transient AC 1
Applied Op Area

Po
Vo

2
4.376 x 10~6 AC/km?
173 km/hr

continued on next page. ..
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Table 6 — Continued

Parameter Value Comment
Do 22 m? -
P, 3 people/AC general aviation
€o 0.28 based on historical data
Transient AC 2
Applied Op Area 1 Colville
Do 7.604 x 10°7 AC/km? -
Vo 173 km/hr -
Do 22 m? -
P, 3 people/AC general aviation
€0 0.28 based on historical data
Insurance
Ifar 10,000,000 dollars/fatality | -

The input parameters for the two operating areas might be more easily visualized as pie charts as shown
in Figure 8.

Nua ML Aops r]ops
1
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N

p p
1
1
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Figure 8. Input parameters for operating areas visualized as pie charts.

This shows that the team spends slightly more time in the larger, second operating area (Southeast
Washington). Furthermore, the building, pedestrian density, and building fatality rate in this area is higher.
One can see that this area will be the more dangerous of the two operating areas.
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4. Risk Assessment Results

Because the mission is spread out over two operating areas with different transient aircraft models in each,
the risk per operating area is first calculated and then combined together to provide an overall risk assessment
of the entire mission. The relevant outputs are shown in Table 7.

Table 7: Environmental monitoring outputs.

Parameter

Value

Equivalent Representation

Op Area 1

Ftransient

1.68 x 1078 collisions/hr

1 transient collision every 30,473 missions

Frieet 1.18 x 10~? collisions/hr | 1 in-fleet collision every 433,078 missions
Fredp 2.30 x 1077 strikes/hr 1 pedestrian strike due to general failure every 2232 missions

Frped midair 1.70 x 10713 strikes/hr | 1 pedestrian strike due to midair collision every 3,019,465,410 missions
Friagp 1.74 x 107° strikes/hr 1 building strike due to general failure every 30 missions

Friag,midair

2.00 x 1071 strikes/hr

1 building strike due to midair collision every 25,699,290 missions

Frea 2.30 x 1077 strikes/hr 1 pedestrian strike every 2,232 missions
Fyiag 1.74 x 107° strikes/hr 1 building strike every 30 missions
Fratp 4.28 x 1077 fatalities/hr | 1 fatality due to general failure every 1,199 missions

Ffat,midair

5.05 x 1078 fatalities/hr

1 fatality due to midair collisions every 10,158 missions

Frat 4.78 x 1077 fatalities/hr | 1 fatality every 1,072 missions
M 4.78 dollars/hr $9,325 to insure per missions
Op Area 2

Ftransient
Ffleet
Fpeap

Fped,midair
Friag,p
Fbldg,midair

9.69 x 1078 collisions/hr
1.18 x 1072 collisions/hr
3.94 x 1077 strikes/hr
1.59 x 10712 strikes/hr
2.40 x 1075 strikes/hr
1.49 x 10710 strikes/hr

1 transient collision every 4,353 missions

1 in-fleet collision every 356,198 missions

1 pedestrian strike due to general failure every 1071 missions

1 pedestrian strike due to midair collision every 266,075,309 missions
1 building strike due to general failure every 18 missions

1 building strike due to midair collision every 2,823,424 missions

Fpeq 3.94 x 1077 strikes/hr 1 pedestrian strike every 1,071 missions
Fyrag 2.39 x 10~° strikes/hr 1 building strike every 18 missions
Fratp 7.47 x 1077 fatalities/hr | 1 fatality due to general failure every 565 missions

Ffat,nn'dair

2.91 x 1077 fatalities/hr

1 fatality due to midair collisions every 1,451 missions

Fpo 1.04 x 107° fatalities/hr | 1 fatality every 407 missions
M 10.37 dollars/hr $24,592 to insure per missions
Total
Firansient 6.08 x 1078 collisions/hr | 1 transient collision every 3,809 missions
Frieet 1.18 x 1072 collisions/hr | 1 in-fleet collision every 195,447 missions
Foed,p 3.20 x 1077 strikes/hr | 1 pedestrian strike due to general failure every 724 missions

Fped,midair
Foiag,p
Fbldg,midair

9.47 x 10713 strikes/hr
2.10 x 1075 strikes/hr
9.10 x 107! strikes/hr

1 pedestrian strike due to midair collision every 244,527,541 missions
1 building strike due to general failure every 11 missions
1 building strike due to midair collision every 2,543,937 missions

Fyeq 3.20 x 1077 strikes/hr 1 pedestrian strike every 724 missions
Fyiag 2.10 x 1075 strikes/hr | 1 building strike every 11 missions
Fratp 6.03 x 1077 fatalities/hr | 1 fatality due to general failure every 384 missions

Ffat,midair
Ffat
M

1.82 x 1077 fatalities/hr
7.85 x 1077 fatalities/hr
7.85 dollars/hr

1 fatality due to midair collisions every 1,270 missions
1 fatality every 295 missions
$33,917 to insure per missions
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For the Colville National Forest region (operating area 1), the predicted transient midair collision rate
dominates over the in-fleet collision rate (1.68 x 1078 vs. 1.18 x 107?) which may be attributed to the
effective in-fleet collision avoidance of €,,/u,q = 0.9. We still observe that major hazard to human life is still
general system failures rather than midair collisions (1 fatality due to system failures every 1,199 missions
vs. 1 fatality due to midair collisions every 10,158 missions). If every fatality is covered by a $10 million
insurance policy, the price to insure the operation is $4.78 per hour which gives a mission cost of $9,325 for
the team of four ScanEagles in this operating area. Also note that the total fatality rate is higher rate than
the pedestrian strike rate. This is due to the relatively high building strike rate and associated fatalities
from building strikes (which are not included as pedestrian fatalities).

As expected, operations over the Southeast Washington operating area (operating area 2) are more risky.
For a single mission, the expected number of fatalities is 0.0024592 vs. 0.00093252 (almost 3 times more
fatalities expected in this area). This can be attributed to the fact that the team spends more time in this
more densely populated region. The cost to insure the mission in this region amounts to $24,592 per mission.

For the total mission spread out over both operating areas, it is expected that 1 fatality will occur every
295 missions. Assuming 1 mission is flow each year during the wildfire season, this is equivalent to 1 fatality
every 295 years.

The inherent relative danger between the two operating areas can be more easily visualized as pie charts
as shown in Figure 9.

I:transient Iv'L I:fleet Iv'L I:ped p ML I:ped midair
Fbldg,p ML I:bldg,midair ML F M I:bldg IVIL

1

M F .M FfatML M ML

fatp L fat,midair 'L

1
Figure 9. Output parameters for operating areas visualized as pie charts. Quantities are total occurrences in
each operating area (ie row 1, column 1 represents total number of transient collisions in each operating area)

As can be seen from Figure 9, operating area 2 is more dangerous in almost every quantity. The only
quantity where there are a similar number of occurrences is the number of in-fleet collisions (row 1, column
2). In other areas such as the number of building strikes due to midair collisions (row 2, column 2), operating
area 2 is clearly more dangerous. In the end, it can be seen that nearly 3/4 of the number of fatalities and
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required insurance costs (row 3, columns 3 and 4 respectively) are attributed to operations over operating
area 2. If operations could be contained solely within the Colville Nation Forest region, fatalities and
insurance costs would dramatically decrease.

C. Scenario 3: Urban Patrol

The previous two examples represented the type of operations for which UAS are feasible near term solutions.
The following example will demonstrate why many other suggested uses for UAS are expected to be less
viable in the near term from the perspectives of safety and economics. While they may have technical merit
and excellent potential benefits, risk analysis reveals significant safety issues that will prevent regulatory
approval and public acceptance. One such application is the use of UAS to patrol urban environments to
provide traffic monitoring, law enforcement surveillance, anti-terrorist intelligence, and other services. The
idea is that a group of UAS can be used to provide persistent surveillance over a high value target such
as a city and monitor areas of interests such as harbors, airports, highways, and other avenues of ingress
and egress. This application has been proposed by individuals in academia "' and explored by some
governmental agencies.” This scenario will serve as a final sample case.

1. UAS Properties

Several case studies and trials have selected MLB’s BAT 3 for traffic monitoring projects, so its specifications
will be used here in this urban patrol scenario. The manufacturer lists the BAT 3’s speed as 35-60 knots,
so an operational speed of 50 knots will be assumed. The aircraft has a 6ft wingspan, 4.7ft length and 2ft
height. Since no dimensioned drawings are available, the frontal area will be conservatively approximated as
a 6ftx 2ft rectangle giving an area of 12ft2.

Data is not published on the BAT 3’s glide angle or failure rate, although a group operating the aircraft
would either have this information or determine it during testing. We will assume a lift to drag ratio of
15:1 which yields a glide angle of tan=1(1/15) = 3.8°. A failure rate of one mishap per 1,000 flight hours,
representative of this class of UAS, will be assumed. The BAT 3 does not have collision avoidance ability
with non-cooperative aircraft, aside from the pilot’s ability to see and avoid using onboard cameras, so a
general collision avoidance of 0 will be used. Knowing the position of other traffic monitoring UA should
allow very effective in-fleet collision avoidance, so a value of 0.9 will be assumed.

2. Operating Area

The city of Seattle, Washington in the United States will be used as an example city. This city is unique
because it borders the Puget Sound, a large body of water and major maritime shipping environment. The
total operating area will be broken into two smaller operating areas. The first will represent the land based
environments and the second operating area will be representative of the marine environments. These areas
are shown in Figure 10. This example shows that the operating areas do not need to be perfect rectangles.
Irregularly shaped areas can be approximated by rectangles of equivalent area. Some image processing using
reference shapes of known area yields 637.27 km? of land and 333.6 km? of water in this area.

As depicted in Figure 10, the area being considered will include several major suburbs of Seattle as well
as major port and shipping lanes of the Puget Sound region. To cover this area, it is assumed that 4 UAS
are dedicated to patrolling the total area 24 hours a day, 7 days a week, for 1 year. Similar to example 2,
the time spent in each operating area is directly proportional to the area, yielding My = 4750 hours for
operating area 1 and M, = 3010 hours for operating area 2. The team will be operated in an altitude range
of 500ft to 3000ft.

For operating area 1, population figures will be based on global data for the 981XX area codes. This
region does not match up exactly with the area shown in Figure 10, but the data will provide a good
approximation. According to the U.S. Census Bureau, the 981XX area codes average 2,767 people/mi? and
1,270 housing units/mi?. As in the previous two examples, the simplest way to model the population is to
assume everyone is either outside (pedestrian) or in a housing unit. Since the region being modeled is very
urban, 15% of the population will be assumed to be outside (10% was used in other example calculations)
which gives a pedestrian density of 415/mi?. Dividing the remaining population evenly between the housing
units results in 1.9 people inside the average housing unit. To account for larger industrial buildings, the
average structure size is slightly larger than the two previous examples. An average structure size of 2,500ft?
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Figure 10. Operating area 1 (urban environments) shown in light green and operating area 2 (marine envi-
ronments) shown in bright blue. Red box denotes total patrol area for UAS team.

and 30ft high will be used. Given the small size and weight (25 1bs) of the BAT 3, only 10% of aircraft that
strike a building will be assumed to penetrate the structure, resulting in the death of 10% of the people
inside. This estimation gives an average of 2 x 1072 fatalities per building strike. For pedestrians a fatality
rate of 75% will be assumed given the characteristics of the UA.

For operating area 2, the only human population in this environment is those aboard ships and boats
and the occasional swimmer. The ships in this region will be modeled as buildings. Ship population in this
region is comprised ferries, commercial shipping vessels, and private pleasure craft. Averaging estimates of
vessel numbers, populations, and dimensions yields a density of o, = 0.42 vessels/km?, A, = 116 m?, and
Hy, = 4.6 m. The average population on each ship is estimated to be 23 persons/vessel. Assuming that
a ship is more vulnerable than a building, we assume that a strike will result in the death of 25% of the
people, yielding Dyqy = 5.8 fatalities per strike. Assuming that there are 200 people swimming at any point
in time, we have o, = 0.59 people/km?. We can model these as swimmers instead of standing individuals
by modifying H, and R,. Furthermore, we assume Dyq = 0.9 to model the fact that striking a swimmer is
highly likely to result in a fatality.

3. Transient Aircraft

The air traffic densities are computed from the database described previously. Typically, at this low altitude
range one would assume that the majority of air traffic is from general aviation. However, since the operation
is taking place near several airports, the default distribution (37% commercial jets, 30% regional jets, 33%
general aviation) will still be used to model the air traffic.

The FAA will undoubtedly require any UAS operating so near a major airport to be equipped with
transponders regardless of their operating altitude. Commercial and regional jets, which are equipped with
TCAS, will then have the ability to reliably avoid a midair collision with the BAT 3. Collision avoidance
should be conservative, however, since the BAT 3’s small size will limit the ability of a transient aircraft
pilot to see and avoid the aircraft. Collision avoidance of 80% will be assumed for commercial and regional
jets and 20% for general aviation.

The input parameters for this calculation are shown in Table 8.
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Table 8: Urban patrol parameters.

Parameter Value Comment
UAS
Via 50 knots -
Pua 0.11 m? -
Wya 6 ft -
Lyq 4.7 ft -
¥ 3.18 degrees -
A 1/1000 -
€uajo 0 -
€uajua 0.9 -
Zmaz, fleet 3000 ft -
Zmin, fleet 500 ft -
Aops, fleet 970.9 km? team distributed over all operating areas
Op Area 1 Land environments
Nya 4 -
Zmaz 3000 ft -
Zmin 500 ft -
My, 5750 hours -
Aops 637 km? -
op 1270 buildings/mi? -
Ay 2500 ft2 -
H, 30 -
Dyiag 0.02 fatalities/strike -
Op 415 people,/mi? -
H, 1.75 m -
R, 0.25 m -
Dpea 0.75 fatalities/strike 75% mortality rate
Op Area 2 Water environments
Nyq 4 -
Zmazx 3000 ft -
Zmin 500 ft -
My, 3010 hours -
Aops 333.6 km? -
Op 0.42 buildings/km? vessels modeled as buildings
Ay 116 m? -
H, 4.6 m -
Dyag 5.76 fatalities/strike -
op 0.60 people/km? -
H, .25 m swimmer height
R, 1m swimmer length
Dyed 0.9 fatalities/strike high mortality rate

Transient AC 1
Applied Op Area

Po
Vo

1,2
1.033 x 107¢ AC/km3
437 knots

continued on next page. ..
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Table 8 — Continued

Parameter Value Comment
Do 175 m? -
P, 175 people/AC -
€o 0.8 under ATC guidance
Transient AC 2 Regional jets
Applied Op Area 1,2 applies to both areas
Do 9.217 x 1077 AC/km? -
Vs, 432 knots -
bo 80 m? -
P, 45 people/AC -
€o 0.8 under ATC guidance
Transient AC 3 General aviation
Applied Op Area 1,2 applies to both areas
Do 8.379 x 10~7 AC/km? -
V, 173 knots -
Do 22 m? -
P, 3 people/AC -
€o 0.2 historical see and avoid
Insurance
Tfat 10,000,000 dollars/fatality | -

4. Risk Assessment Results

The results of this risk assessment are summarized in Table 9.

Table 9: Urban patrol outputs.

Parameter Value Equivalent Representation
Op Area l
Firansient 2.54 x 1077 collisions/hr | 1 transient collision every 683 missions
Frieet 4.01 x 1077 collisions/hr | 1 in-fleet collision every 432 missions
Foea,p 0.0001 strikes/hr 1 pedestrian strike due to general failure every 1.3 missions

8.92 x 10719 strikes/hr
0.0154 strikes/hr
1.46 x 1077 strikes/hr

Fred midair 1 pedestrian strike due to midair collision every 194,957 missions

Friagp 1 building strike due to general failure every 0.01 missions

Fyiagmidair 1 building strike due to midair collision every 1,185 missions

Fpeq 0.0001 strikes/hr 1 pedestrian strike every 1.3 missions
Fyrag 0.015 strikes/hr 1 building strike every 0.01 missions
Fratp 0.0004 fatalities/hr 1 fatality due to general failure every 0.4 missions

Frot midair 2.97 x 1075 fatalities/hr | 1 fatality due to midair collisions every 5.8 missions

Fro 0.0004 fatalities/hr 1 fatality every 0.4 missions
M 4,329 dollars/hr $24,892,721 to insure per missions
Op Area 2
Fliransient 2.54 x 10~7 collisions/hr | 1 transient collision every 1,305 missions
Frieet 4.01 x 1077 collisions/hr | 1 in-fleet collision every 826 missions
Freap 1.98 x 1077 strikes/hr 1 swimmer strike due to general failure every 1,675 missions

continued on next page. ..
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Table 9 — Continued

Parameter Value Equivalent Representation
Fred midair 9.06 x 1012 strikes/hr | 1 swimmer strike due to midair collision every 36,660,342 missions
Fiag.p 7.89 x 1077 strikes/hr 1 vessel strike due to general failure every 420 missions
Fyidg,midair 6.96 x 10711 strikes/hr 1 vessel strike due to midair collision every 4,767,893 missions
Fpea 1.98 x 1077 strikes/hr | 1 swimmer strike every 1,675 missions
Fyrag 7.89 x 1077 strikes/hr 1 vessel strike every 420 missions
Fratp 4.73 x 107° fatalities/hr | 1 fatality due to general failure every 70 missions
Frat midair 2.96 x 1075 fatalities/hr | 1 fatality due to midair collisions every 11 missions
Fro 3.44 x 1075 fatalities/hr | 1 fatality every 9 missions
M 344.31 dollars/hr $1,036,401 to insure per missions
Total
Fliransient 2.54 x 1077 collisions/hr | 1 transient collision every 448 missions
Frieet 4.01 x 1077 collisions/hr | 1 in-fleet collision every 284 missions
Freap 8.28 x 1075 strikes/hr 1 pedestrian strike due to general failure every 1.3 missions
Fped,midair 5.88 x 10~10 strikes/hr 1 pedestrian strike due to midair collision every 193,926 missions
Fiag.p 0.01 strikes/hr 1 building strike due to general failure every 0.01 missions
Fyiagmidair 9.62 x 1078 strikes/hr 1 building strike due to midair collision every 1,185 missions
Foea 8.28 x 1075 strikes/hr 1 pedestrian strike every 1.4 missions
Friag 0.01 strikes/hr 1 building strike every 0.01 missions
Fraip 0.0002 fatalities/hr 1 fatality due to general failure every 0.43 missions
Frot midair 2.97 x 10~° fatalities/hr | 1 fatality due to midair collisions every 3.8 missions
Fpat 0.0003 fatalities/hr 1 fatality every 0.4 missions
M 2959.94 dollars/hr $25,929,123 to insure per missions

The most striking result of this analysis is the high level of risk this operation incurs. Due to the high
density of people and buildings, both pedestrian and building strikes are virtually guaranteed over the course
of a mission/year. In total, there are over 2 fatalities expected each mission/year. This leads to over $25
million dollars per mission/year to adequately cover this operation.

Once again we see that the cause of these fatalities are mostly due to the unreliability of the UAS rather
than midair collisions (Ffatp = 9F tat midair)-

The relative risk incurred with respect to each operating area can be compared as shown in Figure 11.

As expected, the majority of the risk originates from operation area 1 (land environments). Flying
missions over densely populated areas is not an inherently safe operation. Only 4.2% of the fatalities are
caused by maritime accidents. Note that although this may seem like a small amount relative to the fatalities
on land, in absolute terms, there are still an expected 0.1 maritime fatalities per mission/year (and costing
over $1 million dollars to insure against maritime fatalities).

These costs clearly indicate that using UAS to patrol in an urban environment context is not currently a
safe or economically viable option. These expenses represent only the insurance risk from human safety, not
UAS repair and replacement costs, property damage, and other general operational costs. Given the present
state of UAS, other options such as manned aircraft or ground-based cameras are likely better options from
financial and safety points of view.

VII. Conclusions and Further Research

The risk assessment tool presented in this paper is designed to be a reliable, accurate, and easily accessible
method to estimate the risk to human life incurred from a given UAS operation. This model does not take
into account economic factors such as costs of replacing UAS and structural damage caused by building
strikes. The human safety factor is expressed in economic terms based on a user-specified liability protection
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Figure 11. Output parameters for operating areas visualized as pie charts. Quantities are total occurrences in
each operating area (ie row 1, column 1 represents total number of transient collisions in each operating area).

per fatality. This cost serves to give the user a tangible measure of the risk, since a cost per hour is often
times easier to grasp than the expected number of fatalities per hour.

A risk assessment is currently limited to a single UAS model for the entire operation. The tool can
be given even greater flexibility by allowing the calculation to accommodate multiple UAS models within
a single operation. This feature would allow an operation that uses a team of heterogeneous UA to be
represented more accurately. The user could also be given more freedom by having the option to calculate
the required level of UAS reliability to meet a specified level of risk. Other variables, such as air traffic
and population densities, could also be determined in place of the safety risk, which is useful in selecting an
appropriate operating area.

At this early point in the domestic deployment of UAS, one can assume most UAS operations will not
be near busy highways and roads. However, one purpose of this tool is to predict the risk of potential future
operations in order to encourage the safe expansion of UAS utilization. Since many useful operations can be
imagined in which UAS operate near or directly over automobile traffic, the operating area properties could
be expanded to include information on roads and traffic in the region. One would simply treat the expected
number of vehicles as small buildings in the current model, but this solution is less than ideal. In a similar
fashion, the transient aircraft models could be expanded to include structured airways, jetways, and other
regions of abnormally high aircraft density.

Currently, the most difficult parameter to obtain is the density of the transient aircraft. Current estimates
are obtained by sampling over a small, desired region to build a small database. Expanding the air traffic
database is a simple way to significantly improve the tool’s usefulness. Hopefully, automated air traffic data
will eventually be available for the entire NAS. In addition to increasing the area covered, the depth of the
historical data also needs to be improved. With a larger sampling of air traffic, additional filters can be used
to improve the model’s accuracy by matching items such as time of day, season/month of year and day of
the week. Presently, the user must modify the default air traffic distribution between aircraft type based on
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the altitude range and their knowledge of traffic through the airspace. The raw data being gathered actually
has the information necessary to assign 90% or more of the traffic to one of the transient aircraft models.
The aircraft codes used by the data provider must be assigned to one of the three aircraft models so that
the sorting algorithm is able to distinguish between type of aircraft and automatically set the distribution.

As is the case with most numerical models, the results and output of the model are highly dependent on
the accuracy of the inputs. Based on perturbation analysis, it appears that the easiest way to reduce expected
fatalities and injuries is to improve UAS reliability (increase A\). The majority of fatalities can be traced
back to a general UAS system failure. Many of the examples presented in this work become significantly
more attractive from a safety standpoint if a less conservative value of A is used. This result is reassuring
because for the near future, this is the parameter that is most easily influenced by new technologies and
engineering analysis.
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