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Abstract

An Analysis of the Risk from UAS Missions in the National Airspace

Armand Awad

Chair of the Supervisory Committee:
Professor Emeritus Juris Vagners
Department of Aeronautics & Astronautics

As Unmanned Aerial Systems (UAS) are integrated into the national airspace, we
must be careful to ensure that the hazard rate to human bystanders is sufficiently
small. The first source of risk to bystanders involves midair collisions between UAS
and other aircraft. The second source of risk concerns risks due to ground impact,
both the bystander hazard rate due to aircraft impacting the ground as well as the
dependence of crash rate on location. Here, we present first-order models adapted
from the literature which estimate the risk due to these various scenarios. Model
verification is then achieved through extensive analysis of historic civil aviation acci-
dents. From this, we gain two major insights. First of all, we show that UAS already
achieve manned levels of safety with respect to midair collisions. This is because
general aviation aircraft routinely operate in conditions where see-and-avoid is used
but is not effective. Secondly, we find that the risk due to ground collision of UAS
is sufficiently small to allow operations over the majority of the United States. The
models presented here are powerful tools that can be used by a general audience to

objectively assess the risks associated with various missions in the national airspace.
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GLOSSARY

Cranpowm, Cacruar: Random particle and actual midair collision rates, respec-

tively

N;: Number of planes of species i

Aup: Effective collision cross section

D;:  Characteristic dimension of species i

Ur: Velocity of species i

Vap: Volume over which species roam

F: Control influence factor

op, cporurarion: Pedestrian and population densities, respectively

Wua, Lua: UAV wingspan and length, respectively

v: UAV flide angle

Rp, Hp: Characteristic pedestrian radius and height, respectively

A: Average aircraft crash frequency

IcrasH, IrLicar Hour: Expected injuries per crash and per flight hour, respectively

v



P(R): Crashes per movement as a function of distance from airport

IarrPoRT PER MOVEMENT: IDjuries per movement near airport as a function of dis-

tance

Icum. per movement: Cumulative injuries per movement near airport as a function

of distance

IpensiTy PER MovEMENT: Injury density per movement near an airport

Icun. peNsITY PER MovEMENT: Cumulative injury density per movement near an

airport

Ipystanper PERMOovEMENT: Bystander perspective injuries per movement near an

airport

locuMm. BYSTANDER PER MOVEMENT: Cumulative bystander perspective lIl_] uries per move-

ment near an airport
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Chapter 1

INTRODUCTION

Unmanned Aerial Systems (UAS) have existed in one form or another since the
early twentieth century. In the past decade, this technology has matured enough to
come into widespread use. And, while adoption of UAS has been primarily among
the military, many civilian applications have also been proposed. For example, UAS
could be used to monitor remote pipelines or search for lost hikers in the woods, in
environments where the use manned aircraft is either not economically or physically
feasible. Until recently, the rules concerning civilian operation of UAS in the United
States have been either unclear or very prohibitive. However, the advent of the FAA
Modernization and Reform Act of 2012 [2] is expected to change this, with regulations

being put in place that will aid the integration of UAS into the national airspace.

While there are many concerns about UAS being operated in civilian airspace,
paramount among these considerations is the inherent risk of flying missions in the
national airspace. In particular, the risk to human bystanders must be acceptably low.
In this, risk for UAS differs from manned aircraft. In the latter case, the focus must
be on high reliability; any failure endangers the human pilot as well as any passengers
within. For UAS, on the other hand, higher failure rates may be acceptable as long
as no bystanders are harmed. For example, the crash of a UAS in an empty field
may result in monetary losses from repairs to the aircraft as well as reparations to the
field’s owner for any property damage, but not in loss or injury to human lives. There
are therefore two main sources of risk from UAS missions in the national airspace
[3, 4]. The first is the threat of midair collisions between UAS and other aircraft. The

second is the hazard to surface-level bystanders from ground collisions of UAS.



Historically, midair collisions have been viewed as the primary safety issue by the
public [5]. As a result, the FAA has advised that UAS achieve an “equivalent level
of safety” to manned aircraft. A lot of the research in this field has been focused
on creating models for aircraft encounters from a Bayesian standpoint [6], some even
modeling the effects of aircraft traffic lanes [7]. Work has also focused on creating
and analyzing collision avoidance systems, both in managed [8] and unmanaged [9]
airspace. However, by analyzing historical manned midair collisions we will show that
not only are midair collisions not the primary source of risk to bystanders, but that
UAS already achieve manned levels of safety in this domain.

With respect to the risk from ground collisions, once again a lot of work has been
focused on modeling injuries and fatalities to bystanders. This has been donebased
on kinetic energy considerations [10] as well as based on a “gliding impact” model
[1, 11, 12|, which is our focus here. While simple analysis has been performed in
many of these cases, we present a detailed and in depth verification of the model
including the impact of various parameters on the hazard rate. Previous research has
also looked into modeling the distribution of aircraft impact locations [13] as well as
how crash rates vary near airports and risk from the perspective of bystanders [14].
In the following, we extend this work by focusing on how location-dependent failure
rates have historically affected safety for bystanders near airports.

In Section 2, we discuss the methodology used for gathering and processing the
historical data used throughout this paper. Section 3 analyzes the risk of midair
collisions, while Section 4 does the same for ground collisions. Finally, Section 5
presents examples of UAS mission risk analysis, both from a broad perspective and

from a detail-oriented one.



Chapter 2
DATA AND PROCESSING METHODOLOGY

2.1 Data Sources

In this thesis, historical data from manned aviation accidents are used to evaluate
and investigate models of the hazard presented to bystanders by UAS. These data
were primarily gathered from the National Transportation Safety Board (NTSB) [15],
which investigates and subsequently publishes data on all civil aviation accidents in
the United States. For every accident/incident, this includes the city and state,
aircraft make and model, and number of people seriously injured or killed on the
ground in each event. Further data was gathered from the US Census Bureau [16] on
the population and land area of each event city, and from various sources including the
manufacturers when possible, on the wingspan of each aircraft involved in an event.
The distance from the airport was also measured using incident report descriptions [17,
18] for accidents located near several major airports. Finally, civil aviation statistics

were compiled from FAA publications [19].

2.2 Processing and Analysis

For ground collisions, further processing of the accident data is necessary. Two key
factors were calculated. The first was population density, computed using US Census
data for the site of the event. This is important in ground collisions as the more
dense a population a crash occurs in, the more people are likely to be hurt by the
impact itself as well as by any subsequent damage (such as fires, structural damage,
etc). The second item was scaled ground injuries, which was calculated using the

reported bystander injuries and scaling using the wingspan of the aircraft. Since



larger aircraft will cause a greater impact area and thus more injuries than a smaller
aircraft, this factor was devised in order to be able to compare injuries between
potentially very different sizes of aircraft (say, when seeing how injuries scale with
population density). This impact area is related to both the length and the wingspan
of the aircraft, but since aircraft length scales roughly linearly with wingspan, we
use wingspan as a simplified scaling factor here. Thus, for two accidents involving
differently-sized aircraft, both sets of bystander injuries would be scaled to that of a
given wingspan aircraft before comparison using each accident’s respective wingspan
and the bystander injuries per crash model, discussed discussed in Section 4.1.
There are several ways of visualizing the processed accident data. The first uses
a histogram to plot population density bins versus average scaled ground injuries in
each bin, and can be seen in figure 2.1. This binning and averaging was performed
in order to derive a measure of the predicted number of injuries given an accident
in a certain size city. A second method expands on the histogram idea, and instead
uses a “moving bin” to help eliminate sensitivity to bin location. The injuries at each

population point p for this floating histogram are then calculated as
Injuries(p) = mean ({Scaled Injuries(k)jp—d < k <p—+ 5})

An example of such a floating histogram is shown in figure 2.2, where average historical
injuries are plotted against aircraft wingspan. We can see that these two agree well,
with the floating histogram providing more finely-grained data. For these reasons,
the floating histogram is the preferred visualization method, and is used throughout

the thesis.
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Chapter 3
MIDAIR COLLISION RISK

One important source of human safety hazard from UAS is the risk of midair
collisions. The importance of this source is twofold, as it includes both the direct
risk of UAS colliding with manned aircraft as well as the indirect hazard caused by
an increase in ground collisions from UAS colliding with either manned or unmanned
aircraft. Since UAS must reach “equivalent manned levels” of safety for successful
integration into the national airspace, a method of quantifying the historical midair
collision hazard is necessary. Following the work of Anno [20], we use the random
particle collision model as a normalizing factor to compute a “control influence factor”

which can be used as a measure of safety for midair collisions.

3.1 Random Particle Collision Model and the Control Influence Factor

Consider a large number of aircraft flying in a particular airspace. If no effort is
made to avoid collisions between the aircraft, then we expect that a fixed collision
rate, Crandom, Will exist between them. This collision rate will depend on how many
aircraft are roaming at any given time, their characteristic sizes and speed, and the
volume over which they roam. This is the basis of the random particle collision model,
which can also be used to model the collision rates of, for example, gaseous molecules
propagating in a fixed volume.

For aircraft species A and B, the random particle collision model predicts a colli-

sion rate

c _ NaNp  wuap
Random — aAB
o VA B

(3.1)



where N; is the average number of planes of species 7 in the air, ap is the effective

collision cross section given by
7
aaBp — Z(DA+DB)2 (32)

where D; is a characteristic dimension

D, — length 4+ width + height (3.3)
3
, uap is the average velocity between the planes given by
1
Upap = i(UA—i-uB) (3.4)

, Vap is the volume over which the plane species fly, and o is a symmetry factor that
is 1 when species A is not like species B and 2 for similar species of aircraft.
Now, using the random collision rate as a normalizing component, we define the

control influence factor, F', as

CRcmdom
F=——"— 3.5
CActual ( )

As the name implies, this factor can be used to quantify the influence of collision
mitigation techniques (e.g., see-and-avoid or sense-and-avoid), and therefore the safety
level. If F'is greater than one, then a given technique is positively affecting safety
from the no avoidance case (higher is better). However, if F' is less than one, then

safety between aircraft is somehow being impeded.

3.2 Historical Manned Midair Collisions

In order to provide a baseline for the risk due to UAS midair collisions, we must look
at what has been historically acceptable for manned aircraft. Figure 3.1 presents the
historic number of manned collisions in the United States from 1974 through 2008,
classified as either between two general aviation aircraft, between two air carrier
aircraft, or between a general aviation aircraft and an air carrier aircraft. We can see

that few collisions have historically occurred between air carrier aircraft or between
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Figure 3.1: Historic Midair Collisions (1974-2008)

an air carrier aircraft and a general aviation aircraft, while a significant number of
collisions have occurred between general aviation aircraft.

In order to evaluate the historic safety levels between these aircraft classifications,
the human-control influence factor is calculated. Following Anno [20], we represent
general aviation aircraft by the Cessna Model 150 and air carrier aircraft by the
Boeing Model 747; relevant data for these aircraft are shown in Table 3.1. The
resulting comparison of the safety levels between these collision classifications is shown
in Table 3.2. As we might expect, the meticulously overseen air carriers have a very
high human-control influence factor of 3261, indicating a high level of safety. This
is also true of interactions between air carrier and general aviation aircraft, with a
influence factor of 1466. However, we see that the overall interaction among general
aviation aircraft is much less safe, with a human-control influence factor of only 1.54.
Due to the preponderance of data in this category, and since we are interested in
the minimum safety level that manned aircraft achieve, further investigations in the
category of general aviation aircraft collisions are merited.

By examining the historical, general aviation, midair collision data, we find that



General Aviation Air Carrier
Cessna Model 150 | Boeing Model 747
Wingspan 33-ft 2-in 195-ft 8-in
Length 23-ft 8-in 231-ft 10-in
Height 9-ft 7-in 63-ft 5-in
Ave. Cruising Speed 117 mph 450 mph
Service Ceiling 14,000 ft 39,000 ft

Table 3.1: Characteristic Aircraft Data

Predicted Rate Historical Rate

Type of Collision Fruman
(collisions/yr) | (ave. collisions/yr)

(W) 29.8 19.3 1.54

General Aviation

(M) 879.7 0.6 1466

Air Carrier

(Air Carrier) 326.1 0.1 3261

Air Carrier

Table 3.2: Comparison of Random Collision Theory with Historical Data (1974-2008)
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Figure 3.2: U.S. General Aviation Midair Collisions under VMC (1982-2008)

the vast majority of collisions occur under visual meteorological conditions (VMC).
Figure 3.2 therefore compares the progression between 1982 and 2008 of historical
midair collisions under VMC to the random particle model using general aviation
VMC hours flown per year. We can see that the random particle model matches the
historic data fairly closely, usually over-predicting the number of collisions per year.
This indicates a human-control influence factor of just above unity, similar to that
found with the overall general aviation data. However, if we further subdivide the
collisions between those occurring during the day and those that occurred at night,
the picture becomes much more interesting. Table 3.3 presents these results, using
general aviation VMC day hours flown and night hours flown publicly available from
the FAA for the random particle model inputs. In the case of general aviation aircraft
operating at night under VMC, we see that more collisions occurred historically than
was predicted by the random particle model, resulting in a human-control influence
factor of only 0.90.

Two major conclusions can be drawn from this result. First of all, it is clear

that general aviation aircraft do not statistically avoid collisions under these circum-
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Condition | Actual Collisions | Predicted Random Collisions | Fruman
VMC 407 559.3 1.37
VMC Day 394 432.8 1.09
VMC Night 9 8.1 0.90

Table 3.3: Cumulative U.S. General Aviation Midair Collisions (1982-2008)

stances. Since pilots generally fly under visual flight rules in these conditions, this
lack of mitigation indicates a failure of the see-and-avoid policy at night. Secondly,
this result implies that UAS already achieve manned levels of safety with respect to
midair collision rates. While implementations of sense-and-avoid systems will only
improve UAS safety levels, they are not necessary to meet the minimum requirement

of “equivalent manned levels” in the first place.
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Chapter 4
GROUND COLLISION RISK

For surface-level bystanders, the hazard from UAS comes from ground impact of
the aircraft. There are three issues of interest here. The first is the bystanders injury
rate per crash. How many bystanders on the ground will get injured if a crash occurs
in a given location? The second is the issue of how likely a crash is. How often and
under what conditions do crashes occur? Finally, the third issue involves the risk from
a bystander’s perspective. How likely is it that an individual, surface-level bystander
will be harmed by a UAS mission? Beginning with a simple ground injury model
from Lum and Waggoner [1], we use historic manned aircraft accident data from the

NTSB to verify the model and to investigate these questions.
4.1 Bystander Injuries per Crash Model

4.1.1  Aircraft Crash Hazard

In order to estimate the overall risk due to ground collision over a proposed UAS
mission, we desire a simple method of accounting for the injuries to bystanders given
that an aircraft crash occurs in a given location. Intuition tells us that the number
of injuries that occur per crash should be related to the characteristics of the aircraft
(particularly aircraft size and glide ratio) as well as the population density where the
crash occurs. For instance, a large aircraft will likely injure more bystanders than a
small two-seater during a crash if all other factors are equal.

Here, we use a “gliding crash” model of ground collision as presented by Lum and
Waggoner [1|. In this model, it is assumed that bystander population is on average

evenly distributed and that the aircraft glides to the ground at an angle v. When
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tan -y

Figure 4.1: Gliding Crash Geometry ([1], Figure 2)

the aircraft reaches the average pedestrian height, injuries will occur within the area
defined by its length and wingspan as it continues to glide to the ground. The relevant

geometry is shown in Figure 4.1.

With this model, the number of injuries or fatalities expected from a crash is then

found as

Expected Injuries per Crash = I .05 = 0p X (wya + 2Rp) X (LUA + tftiy + 2Rp>
(4.1)
where op is the pedestrian density, wya, Lya, v are the wingspan, length, and glide
angle of the UAS respectively, and Rp and Hp are the average pedestrian radius and
height. On a broad scale, then, we may obtain the expected number of injuries per

flight hour by simply multiplying this by the average crash frequency, A:

H
P +2Rp)
tan vy

(4.2)

Expected Injuries per Flight Hour = Ipjight frour = AX0pX(wya+2Rp) X (Lya+
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4.1.2  Model Validation and Comments

Validation of the “gliding crash” model is an important concern; a simple model is
not useful if it does not make reasonably accurate predictions. Since both manned
and unmanned will incur similar bystander injuries in the event of a crash, historical
manned crash data documented by the NTSB provides a useful benchmark for this
purpose. While several parameters vary in the model, some simplifying assumptions
are made in the following analysis. First, while glide angle does vary between dif-
ferent aircraft, its effect between different manned aircraft on the predicted injuries
is minimal and thus a constant glide angle of 2.5 degrees is used below. Secondly,
since the length of the aircraft scales roughly with its wingspan, we take Lj ~ wyx
in our analysis. Next, the aircraft failure rate is assumed to be the historical class A
mishap rate of 15.3 failures per 100,000 flight hours. Finally, while perhaps 10% of
the population is outside (and thus vulnerable) at any given time, in order to account
for all injuries as opposed to just fatalities (which may result from flying debris, fires
started, and the lack of protection offered by buildings due to impact by large air-
craft, etc.), we shall assume that the pedestrian density is equal to the population
density. A summary of these assumptions and parameter values used is found in Table
4.1. With these assumptions in place, the effects of two important variables remain
to be considered: aircraft wingspan, w,, and population density, op. Both floating
histograms (described in Section 2) and cumulative probability distributions are used
to compare the model-estimated hazard rates to historical rates while controlling for

these parameters.

Figure 4.2 uses a floating histogram as one of the comparisons. The left-hand side
of the figure shows ground injuries versus population density, where aircraft size is
controlled for by scaling injuries to a one meter wingspan aircraft. The right-hand side
plots average ground injuries vs wingspan, where the model estimate uses the average

population density of the locations in which crashes occurred in order to control for



Ground Bystander Injuries per Crash

Parameter Value
H, 1.75 m
R, 0.25 m
7y 2.5 deg
Ly WA
Ip O population
A 1.53 x 10~* failures per flight hour

Table 4.1: Ground Collision Model Parameters
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Figure 4.2: Floating Histogram Comparison of Historical and Model-estimated Risk
for the Entire US
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this variable. In both of these cases, the model predicts the ground bystander injuries
to first order. Since it provides a conservative estimate of the average number of

injuries when a crash occurs in a given location, this is acceptable.

Figure 4.3 uses a cumulative probability distribution as a comparison between
historical hazard and model estimates. The cumulative probability distribution com-
parison plots for each X the likelihood given that an injury occurred, that it occurred
at a value less than or equal to X. We consider this distribution versus population
density on the left side of the figure and versus wingspan on the right side. For the
distribution plotted versus population, we see that the historical and model predicted
probability distributions match fairly well for low population density levels but devi-
ate at high levels. With the relative dearth of data for higher population densities,
this tells us that the model correctly incorporates population density as a linear fac-
tor in injuries. On the other hand, the distribution plotted versus wingspan shows
reasonable correspondence between historical hazard and that predicted by the model
only for very low wingspans, then deviates sharply. However, upon comparison with
the floating histogram data, we note that the lack injury data for wingspans between
approximately 45 and 55 meters naturally skews the historical distribution upwards
below this point. For instance, Figure 4.4 shows how the distributions would compare
if a low but non-zero value of 0.1 average injuries is inserted into the historical data
set in this range. While this is by no means a definitive demonstration, combined with
the floating histogram data it does show that the model likely correctly incorporates

wingspan data.

We have shown that the “gliding crash” model accurately incorporates the effects
of population density and wingspan on bystander injuries. It furthermore provides a
first-order conservative estimate of the bystander injuries given a crash by a particular
aircraft in a known location. This model gives us an important insight for analyzing
UAS missions: for any particular UAS, the surface-level bystander harm rate is a

function only of population density.
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Figure 4.3: Cumulative Injury Probability Distributions of Historical and Model-
estimated Risk for the Entire US

1 ; ; ; T ;
= Historical Hazard
m— Aodel Predicted Hazard

09r

0.8
07r
0.6

05

0.4
03r
0.2

0.1

Cumulative Injury Probability Distribution

] 1 20 a0 40 50 g0 70
Wingspan (m)

Figure 4.4: Cumulative Injury Probability Distributions for the Entire US with fake
Historical Data Added Between 45 and 55 m.
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4.2 Likelihood of a Crash

4.2.1 Aircraft Failure Rate near Airports

When and where do we expect a crash-inducing failure to occur? We often hear statis-
tics such as “Aircraft = has y failures per ten-thousand flight hours,” which assumes
that a crash could occur in any location and at any time with equal probability. While
this is a useful assumption on a broad scale (as in Equation 4.2), equal probability of
failure is not accurate near an airport during which time an aircraft is either taking
off or landing. If an aircraft is not airworthy, for instance a serious engine problem
exists, a resultant crash is more likely to occur closer to the airport. Other potential
problems such as vulnerability to weather, flocks of birds, etc. can be linked to lower
altitudes and thus to the distance from the airport as well.

In fact, the crash rate per aircraft-hour increases greatly near airports, as is shown
in Figure 4.5. Here, the cumulative number of historic crashes (per movement) of
aircraft at Chicago O’Hare, JFK, and Miami International airports are plotted versus
distance from the airport. If we define P(r) to be the crashes per movement as a

function of distance to the airport, then this figure plots its integral,

/dP(r)d'r’ (4.3)

We see the variability of P(r) as the initially rapid accumulation of crashes tapers
off as the distance from the airport grows. By the thirty kilometer mark, very few
additional crashes occur.

It should be noted that these effects, as well as the resulting injuries to bystanders,
are independent of aircraft density near the airport. While aircraft density does
increase near an airport, the flux of aircraft (and thus total flight hours) through any
perimeter is constant, as shown in Figure 4.6. This means that the total number of
crashes (barring mid-air collisions) at a given distance is due to operational issues,

not geometric ones. The effects of aircraft density are explored in Section 4.3.
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Figure 4.5: Cumulative Crash Distribution, per Movement, near Chicago O’Hare,

JFK, and Miami International Airports

N

Figure 4.6: Aircraft Flux is Constant through Different Radial Boundaries
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4.2.2  Total Injuries near Airports

Previously, we investigated the ability of the “gliding crash” model to predict by-
stander injuries given a crash, which was validated with data from across the US.
However, the question that arises is if this model remains valid in the local-airport
domain, or if it only applies to the continental-scale area? If the crash-inducing fail-
ures per movement as a function of distance is P(d), then the total number of injuries

near an airport as a function of distance, I i port per Movement(d), is predicted to be

IAirport per Movement (d) - P(d) X Icrash (44)

where [...4, 1S once again the expected number of injuries per crash from our general
hazard estimation model. This formula is simply a combination of the “gliding crash”
model (for how many injuries are expected per crash) and the local failure distribution
(for where these crashes are likely to occur).

Using the cumulative crashes per movement distribution from Section 4.2.1, we
may then use the model-predicted injury function to compare the predicted and ac-
tual injuries per movement. Figure 4.7 does this by plotting the cumulative injury

distribution
d

ICum.perMovement(d) = /IAirportpe’/‘Movement(r) dr (45)
0

near the airports. Here, the model estimation used the aircraft-movement-weighted
mean of the three cities’ population densities as the population density input, and the
average wingspan of the historical accidents for the aircraft wingspan input. The cu-
mulative historical injuries were plotted without scaling other than dividing by total
movements over the sample period. Our model provides a good, conservative bound-
ing of the actual injuries; the only place where this is unclear is at very small distances
(less than 1 km). In fact, however, the model correctly bounds the injuries here as
well, with no injuries historically occurring on the edge of the airports’ boundaries in

our data set. The model serves as a good predictor of the total bystander risk near
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Figure 4.7: Historical versus Model-estimated Cumulative Injury Distributions, per

Movement

an airport, as injuries occur as predicted by the general hazard model when the local,
non-constant crash distribution is taken into consideration. These results also give
some insight into planning UAS missions. They imply that we must be careful in our
choice of airports for these missions, as the risk for injuring surface-level bystanders

is high in the immediately surrounding area.
4.3 Bystander Perspective Hazard

Let us now consider the hazard rate from the perspective of a bystander near an air-
port. Unlike the total injury case near airports discussed above, from the bystander’s
perspective the density of aircraft does matter. This is due to the fact that, while the
total number of injuries is related to the total flux of aircraft at a given radius from the
airport (and thus related to total movements since this flux is conserved at different
distances), a bystander is worried about whether a crash will injure them specifically.

Consider a bystander who occupies a fixed area dA on an annulus of radius r» and
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dA

Figure 4.8: Plane Density near an Airport

constant thickness ¢, centered on the airport as in Figure 4.8. As the radius of the
annulus increases, the total number of aircraft in this airspace, /N, remains constant
as has been mentioned previously. However, we see that the density of aircraft as a

function of radius, p(r), is

N
plr) = — (45)
7T<(T+2> —(T—2>>
or equivalently,
N
= 4.7
p 2mrt ( )

varies with the inverse of radius. Given that a crash occurs at a certain radius, a
bystander is less likely to get hit as the distance from the airport is increased since
the crash is equally likely to occur anywhere in the annulus. The total injuries will
remain constant, but the average injuries per unit area will decrease.

We may combine this information with the historical, airport-local injury distri-
butions found above to calculate the hazard rate from the bystander’s perspective.
Looking at the effective radius of the airports used to collect the historical data, we

find that r,,;,, = 1.25km is a representative radius for the airport boundary; this is
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Figure 4.9: Cumulative Injuries Density near an Airport

also approximately half the necessary runway length for medium-sized aircraft. This
can then be used as the starting radius for our annulus (corresponding to zero distance
from the airport in our plots). The injury density per movement, Ipensityper Movements

is then calculated as

[ d . IAirport per Movement (d)
Density per Movement( ) -

(4.8)

270(d + Tpin )t
and the cumulative injury density per movement, Ioym. Density per Movement(d), is calcu-
lated as ;
Lo, enstyer st d) = [ 122222 Moemt0) (1.9)

Taking a characteristic thickness of £ = 1 m, the historical cumulative injuries density
per movement meter squared are plotted in Figure 4.9. As compared to the cumulative
injuries per movement, Figure 4.7, we see that the cumulative injury density levels
out extremely quickly, even though injuries still occurring at larger distances.

If, as above, we say that bystanders have characteristic radius R, = 0.25 m, we may

furthermore calculate the bystander perspective injuries per movement, Igystander per Movement
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Figure 4.10: Cumulative Bystander Perspective Hazard near an Airport

as
IBystander per Movement = I Density per Movement (d) X T Rf, (4.10)
and the cumulative bystander perspective injuries per movement, /cym. Bystander per Movements
as
Icum. Bystander per Movement = LCum. Density per Movement (d) X T Rf, (4.11)
the latter of which is shown in Figure 4.10. This figure clearly shows how, from
the bystander’s perspective, the combination of the decreased failure rate and the

decreased aircraft density very rapidly diminishes the hazard rate as the distance

from the airport is increased.
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Chapter 5
EXAMPLE RISK ASSESSMENT

This chapter presents examples of using the methedology of this research for as-
sessing the risk of UAS missions in various environments. The first example presents
general results across the continental United States, while the second example pro-

vides a more detailed look at a particular proposed mission profile.
5.1 Risk of Flying in US Counties

As UAS are integrated into the national airspace, the question of where they can be
safely flown naturally occurs. For example, if a proposed mission is for a UAS to
patrol a national forest searching for signs of forest fires, a quick reference is desired
of the risk to bystanders in this area. As a demonstration of the simplicity of the
ground collision model investigated in Section 4.1, maps detailing the injury rate per

crash across the United States have therefore been developed.

ScanEagle | M Q-9 Reaper | Boeing 737
Wy A 3 m 10 m 28.9 m
Lya 1.5 m 11 m 35 m
vy 3.18 deg 2.3 deg 3.75 deg

Table 5.1: UAS Characteristics

Using Equation 4.1, the hazard rate per crash was calculated in each county in
the continental Unites States. Figure 5.1 shows the risk to bystanders per crash of a

Scangeagle-sized aircraft across the United States, while Figure 5.2 shows the risk per
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crash of an MQ-9-sized aircraft, and Figure 5.3 does the same for a 737-sized aircraft.
Characteristics of these aircraft may be found in Table 5.1. The cooler areas in both
of these maps correspond to lower risk, while hotter colors correspond to higher risk.
The colors associate directly with the population density in each county. For example,
Los Angeles County in California has a very high population density and therefore a
high risk of injury to bystanders from an aircraft crash. However, large swathes of the
country have much, much lower population density than this, and therefore represent

much safer areas for UAS operation.

People/Km®  Injuries

< 10240 < 007222
<5120 <0.02611
= 2560 < 001805

<1280} +=0.00903
<840 < 0.00451
<2320F 4=000226
<160F 4<000113
<80F 4<0.00056

<40F 4<0.00028

<20 <0.00014

<10

<5

<1

< 0.00007

<0.00004

< 0.00001

Figure 5.1: Estimated Injuries Given a Crash by a ScanFagle-sized Aircraft



People/sz Injuries
=< 10240 <0.29192
<5120 =0.14596
< 2580 =0.07298
< 1280 =0.03849
< 640 <0.01824
<320 =0.00912
<180 =0.00456
=80 =0.00228
<40 <0.00114
<20 <0.00057
<10 <0.00029

<5 =0.00014

=1 =0.00003

Figure 5.2: Estimated Injuries Given a Crash by an MQ-9-sized Aircraft

People/Km?  Injuries
=10240 < 147259
<5120 < 0.73630
< 2560 < 0.36815
<1280 < 0.18407
<640 < 0.09204
<320 < 0.04602
=160 < 0.02301
=80 < 0.01150
=40 < 0.00575
=20 < 0.00288
=10 < 0.00144

<5 < 0.00072

<1 < 0.00014

Figure 5.3: Estimated Injuries Given a Crash by a 737-sized Aircraft
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5.2 UAS Test Range

Following the FAA Modernization and Reform Act of 2012, the FAA began a search
for viable UAS test sites [2]. These sites are intended to provide information that will
aid the safe integration of UAS into the national airspace, and will influence new FAA
policies and procedures regulating their use. One such proposed test site is located

in Moses Lake, Washington.

MQ-9 Reaper ScanEagle
Wy A 10 m 3m
Lia 11 m 1.5m
y 2.3 deg 3.18 deg
Ava || 1.5 x 107* failures per flight hour | 1 x 1072 failures per flight hour

Table 5.2: UAS Characteristics

As part of the proposal, two UAS air corridors were presented. A primary corridor
links Moses Lake to Greys Harbor, while an alternate corridor would link the test
range to the Dalles Airport. A risk analysis was performed for UAS operations in the
Moses Lake range, as well as along the corridors, in order to help show the feasibility
of this proposed test site. Since test sites such as the proposed Moses Lake site will
be utilized by UAS of many different sizes and with different reliability rates, the
analysis was carried out for both an MQ-9 Reaper as well as a ScanEagle in order to
represent this wide range of possibilities. Characteristics of these two vehicles can be
found in Table 5.2.

Figure 5.4 shows the region of interest. In this map, the red circles represent
various cities in the area, with circle size proportional to population density. The
blue dotted lines represent the legs of the proposed path linking Moses Lake, in the

East, to Greys Harbor, in the West. Similarly, the magenta lines mark the alternate
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leg linking Moses Lake to the Dalles Airport. These paths were picked to avoid densely

populated areas while also skirting the major manned aircraft corridors in the region.

Population Density Approximation

3 T 0. ] - !;‘ T T @

Normallzed Latltude

Nomalized Longitude

Figure 5.4: Corridor Assessment Between Greys Harbor, Moses Lake, and Dalles

Airport

Table 5.3 lists the relevant population density and length of each leg of the various
paths. The expected injuries per flight hour for each leg as well as within the Moses
Lake Test Range were calculated using Equation 4.2, and can be found on the right

side of this table. The model predictions for each leg were then combined using
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a path-leg-length weighted average to find the overall values for the two paths, as
presented in Table 5.4. This table also includes the expected cumulative injuries near
the airport, calculated using Equations 4.4 and 4.5 and the historical, manned crashes
per movement data of Figure 4.5. From these results, it is clear that for many types
of UAS it would be safe to fly along the proposed corridors to and from Moses Lake
as necessary. Further, extended operations within the Moses Lake test site would be
safe for surface-level bystanders in the region, with more than one hundred million
aircraft movements per expected bystander injury for either the MQ-9 Reaper or the

ScanEagle.
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Flight Path

Injuries

MQ-9 Reaper

ScanEagle

Moses Lake to Greys Harbor

6.52 x 107° [Flight Hour™!] | 4.43 x 10~° [Flight Hour ']

Moses Lake to Dalles

8.18 x 107° [Flight Hour™!] | 5.55 x 107° [Flight Hour ']

Within Moses Lake
Test Range

Cumulative Injuries, 5 miles from runway

9.1 x 107 .Zo/\mEmBﬁL. 6.2 x 107° .Zo,\mgmaL.

Cumulative Injuries, 10 miles from runway

9.9 x 1072 [Movement | 6.6 x 102 [Movement |

Table 5.4: UAS Overall Flight Paths
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Chapter 6
CONCLUSIONS

6.1 Summary of Results

Unmanned Aerial Systems provide a breadth of possibilities for use in the United
States. However, we must cast a careful eye on the inherent hazards of operating
these systems as they are integrated into the national airspace. In particular, mission
feasibility must include an analysis of the risk to human bystanders.

By analysis of historical manned data as compared to the random particle collision
rate, Section 3 showed that general aviation aircraft flying under visual flight rules
routinely operate in conditions where see-and-avoid is not effective. Therefore, while
sense-and-avoid capabilities will only decrease the risk of midair collisions, UAS al-
ready achieve equivalent manned levels of safety in this area. It is clear that, despite
public perception, midair collisions between UAS and manned aircraft are not the
primary source of hazard in the national airspace.

Concerning the hazard to surface-level bystanders from ground collisions, we
showed in Section 4 that a simple model was sufficient to provide a first-order, con-
servative estimate of the risk. This was done once again by comparing the model esti-
mates to historical aircraft accident data. Through this analysis, we showed that, on
a broad scale, population density is the discriminating factor when assessing mission
feasibility for a particular UAS. On a local level, however, the factor of distance from
the operating airport becomes important; this is because crash rates are much higher
near airports. The ground collision hazard model was then verified for this near-
airport risk as well, taking into account the variations in crash rate there. Finally,

the bystander perspective risk was considered. We showed that from this vantage
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point, aircraft density matters greatly as it influences the likelihood of a particular
bystander getting harmed in a given region. Therefore, as distance to an airport
increases, the bystander perspective risk drastically drops due to the combination of
decreasing crash rates and decreasing aircraft density.

Applying these insights, Section 5 presented how a simple risk analysis can be ap-
plied to proposed UAS missions. For the continental United States, we showed how
the ground collision risk varies on a broad scale from county to county. This demon-
strated the direct link between population density and the risk to human bystanders.
We then turned our attention towards a proposed UAS test range iat Moses Lake,
Washington. While the test site itself is located in a sparsely populated area, two
potential air corridors necessarily cross over inhabited regions. Though they consist
of multi-leg paths in order to skirt around the densest population centers, we showed
how to analyze the risk of flying through these corridors as well as of operating solely
in the proposed test range.

The insights and simple tools demonstrated here are important as they be used
to help analyze and plan proposed UAS missions, both from a high level as well as
a detail oriented perspective. They are also important, however, because they show

that UAS can be safely operated over the majority of the United States.

6.2 Future Work

One possible extension to this work would involve subdividing historical midair col-
lisions by altitude and distance from the operating airports. This would allow us to
address the lack of homogeneity in manned aircraft flights around the country. For
instance, we would expect a higher incidence of collisions near airports due to higher
aircraft density there. Analysis of this sort could give further insight into the causes
of midair collisions, as well as where policy improvements and possible technological
upgrades may need to be made.

Another possibility is adapting the random particle model to better model the
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interaction between managed air carrier traffic and general aviation traffic. Air car-
riers usually fly through “highways in the sky,” air corridors with traffic in only one
direction and fairly uniform airspeed. When these highways interact with the more
random general aviation traffic, the random motion assumed in the derivation of the
random particle collision model changes. It would be instructive to see how well
the historic accidents between air carriers and general aviation match with such an
adapted model.

In the domain of ground collisions, more work remains in analyzing crash likeli-
hood. In particular, it would be instructive to gather more data in various locations
on the distances between accidents and the aircraft’s operating airport. This would
allow us to make stronger and more general statements about near-airport risk. Fur-
thermore, additional information on characteristic crash locations and any differences
in this regard between UAS and manned aircraft crashed could provide significant

insights when analyzing the risk of UAS missions.
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