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Abstract—The unique capabilities of an Unmanned Aircraft
System (UAS) creates opportunities for commercialesvices. The
key question is what is an acceptable level of rigkosed to third
parties on the ground that have no direct benefit rom
commercial UAS flights. In literature the common vew is that an
acceptable level of Third Party Risk (TPR) posed by HS
operations follows from an Equivalent Level Of Safet (ELOS)
criterion, which means that per flight hour a UAS $ould not
pose more safety risk to persons on the ground thara
commercial aircraft does. However in commercial adtion there
are also TPR indicators in use that are directed t@ccident risk
posed by all annual commercial flights to the popuaition around
an airport. These population directed indicators fird their origin
in TPR posed by hazardous installations to its envimment. The
aim of this paper is to improve the understanding brisk posed to
the population by annual UAS-based services througkearning
from TPR knowledge and regulation for airports and hazardous
installations. As main result this paper develops ra analytical
approach to evaluate the annual risk posed by a oumercial
UAS-based parcel delivery service in urban and metmpolitan
areas. The obtained results show that the TPR indicats that
stem from hazardous installations and airports proide novel
insight regarding TPR of commercial UAS-based servie

Keywords- Collective risk; Fatality risk; Individual risk; Parcel
delivery; Third party risk; Unmanned aircraft

. INTRODUCTION

An Unmanned Aircraft System (UAS) [1] has techrical
the ability to replace manned aircraft and aeriatfprms. This
capability is of particular interest for commercldAS-based
taxi services, parcel delivery services, medicdlsairvices, etc.
As has been identified in a recent EASA conductadys[2],
the advantages of commercial UAS-based servicesanae
with negative issues for overflown population. Tiegative
issues identified are safety risks, noise hindrangeual
pollution and other environmental impact, as wsllpsivacy,
security and cyber-security concerns. The developwiethese
commercial UAS-based services encounters a yetsoived
gap: many potential customers live in urban andrapelitan
areas where these issues play a key role. In liie this,
standing safety regulations typically consider UA& (yet)
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safe enough to be allowed to fly to these potemtisstomers
[3-5]. To abridge the safety gap there is need toe

development and design of more reliable UAS, &§.dther
support systems that enable safe UAS operatiogs[#&10],

as well as an Urban Air Mobility (UAM) framework,ge [2,

11] that allows flying Beyond Visual Line of SigtBVLOS).

A contributing role in closing this gap is developia better
understanding of UAS posed safety risks, e.g. 1B2,

Safety risk posed by a UAS flight to persons ongtaund
has been well studied [14-17]. The common findsghat the
risk posed per UAS flight hour to persons on thaugd should
be at an Equivalent Level Of Safety (ELOS) than TR
posed per flight hour by a commercial aircraft. Quencial
aviation accident data has been used to asses&lL@S
criterion at0.76x 107 fatalities on the ground per flight hour
[17]. Because the ELOS criterion is fixed per fligiour, it
means that the overall UAS system failure rdte has to

increase linearly with the density of the populatithat is
overflown. In addition to population density avd, other

factors also play a role in TPR analysis, such AS type, size
of crash area, probability of fatality for an unfgacted person
in the crash area and shelter protection factornjkeet al.

[18] provides an overview of this accumulated krenige, and
subsequently uses this for the assessment of mtbspg

calculated TPR per flight hour for flying variouges of UAS
over various population densities. For UAS operaiin an
urban area the derived requirements on overall Yp8em
failure rate range fron3.42x 10* per flight hour for a mini

UA (< 2 kg), t02.01x 10° per flight hour for a heavy UA (>
4550 kg). For a metropolitan city center these Eld28ved
requirements are an order of magnitude more stnindéore
recently it has been shown that with increasing Ursffic a
significant contribution td. may stem from UAS crash due to

mid-air collision with another UAS [19] or with loflying
general aviation (GA) [20].

In commercial aviation almost all fatalities contearew
and passengers onboard aircraft. This explains iy
commercial aviation the ELOS reference of expectechber



of ground fatalities per flight hour is not a wigalsed TPR
indicator. Instead, TPR indicators are defined frcan
population perspective in terms of individual riskd societal
risk [21, 22]. For these population directed TPRigators,
models have been developed that allow to assesgyeddn
risk posed to persons on the ground due to chaiméise
amount of flights, new departure/arrival routeg ittnpact of a
new airport, the risk of constructing a residentiailding in a
certain area, etc. Because the same TPR indicatertn use
for hazardous facilities [22-27], there is ampleenence in
setting acceptable thresholds on Individual andieBalcrisk
indicators. This motivated [28] to extend the Indiual Risk
and Societal risk indicators from conventional #Hwoia to
similar versions for UAS operations. In additiorijsting TPR
simulation models of UAS operations [29-31] haveerbe
extended for these novel TPR indicators, and theking of

this extended framework has been demonstrated By [2

through simulating a hypothetical UAS-based padwmdivery
service in the city of Delft. The simulation resuttbtained for
this hypothetical example show that modelling asseasment
of Individual and Societal risk provides signifitanovel
insight over the ELOS adopted TPR indicator. Thedive of
the current paper is to extend the simulation te@a@approach

with N, the annual number of flights of tymk P(C| d) the
accident probability modelp,(.|d) the crash location model,
| A(d)| impact area size, anBi(F | yO A(d)) the fatality model.

The Individual risk indicator is population-indegemt, i.e.
it does not make any difference if a ground locatipis in a

rural area or in the center of a city. Individuiskrdefines risk
contours on a location map that can be used foalzoulicies
regarding any current or future use of a given ated is
exposed to non-negligible Individual risk levels.

Safety regulation of hazardous installations amgaoais in
various countries typically adopts an maximudp on the

acceptable level &R () , e.g. [26, 27]:

Rl(y)SQR yDY/%one
with Y,

one the zone for which land-use restrictions applyr Fo
example inY,,. no new housing development is allowed,
though waivers may apply for other land-use adétisit

for all

To capture societal risk posed by an airport the FN

of [28] with an analytical approach by adopting thecurveR.(n) is defined as [22, 24]The probability that a

homogeneity assumptions of Melnyk et al. [18]. Tdmslytical
approach yields population directed requirementiéocoverall
UAS system failure ratd_ . These novell. requirements are

subsequently shown to differ significantly from tR.OS-
based requirements [18].

This paper is organized as follows. Section |l easd
existing TPR models for commercial aviation and &AS
operations. Section Il reviews the population clieel TPR
model extension by [28] for UAS operations involyia large
number of flights per annum. Section IV developsnaalytical

approach to obtainl; requirements from the population RLy(N=R
N N

directed TPR models in section Ill for a UAS-bagesdcel

delivery service, and compares them to the ELO®¢as

approach. Section V applies the analytical appradcection
IV to last-mile delivery in three types of populdigreas: urban
area, metropolitan area and metropolitan city ce®tection VI
draws conclusions. A list of symbols is given inp&pdix A.

II.  TPRIN AVIATION RESEARCHLITERATURE

A. TPR models for commercial aviation

For commercial aviation around airports TPR modiaige
been developed for Individual risk and for Socieiak [21,
22]. These airport directed developments find thmsis in
TPR research for hazardous facilities [23-27].

Individual risk R (y) of commercial air transport is
defined as:“The probability that an average unprotected

person, who resides permanently at ground locayiowould
get killed due to the direct consequences of acrafiraccident
during a given annum.”

Characterization dR (y) around an airport satisfies [22]:

RM=2,INRAIR(YJ AY PFY aY (21

group of n or more third party persons will be fiistanjured
due to the direct consequences of an aircraft aodidluring a
given annunf, i.e. for n>1:

Ny
R (N =1-T7,[1- P{rf= 3]
0> [NFrE=d ] (2.2)
where n{ is the number of third party fatalities due to an

accident of a typel flight. Some literature sources, e.g. [26]
refer to ‘more than N which defines R, (n as

(1), forn=0.

Safety regulation of airports and hazardous ireiafs in
various countries apply an acceptability criteramR., (n) of

the following form [25-27]:

Ry(n<C/if (2.3)
where a is the steepness of the limit line a@da constant
that determines the maximal acceptable level rorl. A
steepness =1 is called risk neutral (e.g. in UK); a steepness
a =2 is called risk averse (e.g. in the Netherlands)the

latter case larger accidents are weighted moreiljeavd are
thus only accepted with a relatively lower probigil

Another common societal risk indicator is Colleetisisk
R., which is defined as

Re=Hmn (2.4)
wheren; is the number of persons in aréahat are killed or

fatally injured due to the direct consequencesimafat flight
accidents during a given annum [23]. Collectivek rR. is

known to be equal to a summation over the FN-cueg,[24]:

R=2 Ru(0=>" Ry (2.5)



Under the assumption that people on the ground ara.

unprotected to a crash of a commercial aircraf, mblation
between Collective risk and Individual risk is alidws [24]:

R.=[ R(9A( Y dy (2.6)

Individual Risk of UAS Operations

The definition of Individual riskR”°(y) due to possible
crashes to the ground by a UAS operation involrimgtiple
flights is: “The probability that an average unprotected

person, who resides permanently at ground locayiowould

where p(y) is the population density as a function of Cras'bet killed or fatally injured due to the direct s®yuences of a
center locatiory, andY is the area that may be affected byground crash by a UA flight during a given annum.”

aircraft accidents.

B. TPR models for UAS operations
Literature on TPR models for UAS operations hasised
oNn Rone = B M2}, wheren?’® is the number of persons on

the ground that are killed or fatally injured dwetiei-th UA
flight colliding to the ground. This has resultedtle following
characterization [28-30]:

Rigona= H} =] R ML - € B .)lid )y d
where R (y) is the fatality probability for an unprotected
person at locatiory posed by tha-th flight, P(S| v, ) is the

shelter protection model and(y) is the population density in
the area¥ considered.

2.7)

The characterization oR (y) satisfies [28, 29, 30]:

R(W=YI[Rd)p(yig Ac $ PH ¥ AdR(28)

whereP(e| i) is ground crash probability @fth aircraft due to
event typee, p,(.|i,e) is the crash location mod¢k(d, &) is
the size of the crash impact arg®(F|yO A(d, 8) is the

unprotected fatality model of a crash of UAS tyfelue to

event typee. The set of possible event typescontains UAS
system failure events as well as UAM related evesush as
severe weather, loss of communication and midediison.

The difference between eq. (2.7) for UAS and edp)(®r
commercial aircraft is that (2.7) includes shelpeotection.
The main difference between eq. (2.8) for UAS aqd(8.1)
for commercial aircraft is that eq. (2.1) accumegabver all
annual flights, and eq. (2.8) not. Another diffarens that eq.
(2.8) differentiates regarding types of flight aacsh event,
while eq. (2.1) differentiates regarding type dajtit only.

In spite of the similarity there are significanffeiences in
the approaches used for UAS and commercial airgmafhe
numerical evaluation of the product terms in thegaations.
For commercial aviation the numerical evaluatioreqf (2.1)
is largely based on statistical modelling of acotddata from
the past [22]. Because for future UAS operatiorchsaccident
data is not available, use has to be made of dedica
submodels, e.g. [31].

Ill.  NOVEL TPRINDICATORS FORUAS OPERATIONS

For UAS crash to the ground,
Individual risk R™(y) and Collective ground

This is explained in subsectioAsandB respectively.

risk

grou nd”

Let N denote the number of UAS flights per annum over
the area¥. Then the probability of a person at locatiobeing
missed by alN UAS flights per annum equals the product over

the miss probabilitiefl - R'(y)] for thei =1,...N UA flights.
Hence, Individual riskR™>(y) satisfies:

R() =1-[] L2~ R(Y] (3.1)
with R (y) satisfying eq. (2.8). OfteiR”*(y) < 0.1, then eq.
(3.1) can be approximated () DZL R(Y.

The key difference between eqs. (3.1) and (2.Thas eq.
(2.7) accumulates risk over the ar&a while eq. (3.1)
accumulates risk over all UAS flights per annum.

B. Collective Ground Risk of UAS Operations
For a UAS operation involving multiple flights pannum
over an area’ the FN curveRY°(n) is defined as th&The

probability that in an area Y a group of n or mdhérd party
persons will be killed or fatally injured due toetidirect
consequences gfround crashes by UA flights during a given
annum”;i.e. forn=>1:

W(N=1- ”_1[1— Az i
=" [P > (3.2)

In contrast to a commermal aviation ground crdsh,most
UAS ground crashes:’® will be zero or one.

Collective ground risk Ré’ground of a UAS operation

involving multiple flights per annum over an aréés defined

as: “The expected number of third party fatalities dmet
groundin a given area Y due to the direct consequences of
ground crashes by UA flights during a given annuiénce

for a UAS operation conducting UA flights per annum:

ground z =1 RCgrc»und (33)

where Rf:gmund satisfies eq. (2.7). Also for a UAS operation,
collective ground risk equals summation over itsdtive, i.e.

UAS
ground Z n=1 RFN ( r)

Adopting FN requirement eq. (2.3) also B;°(n) and
substituting this into eq. (3.4) yields the follaygibound:

(3.4)

[28] has characterized

AS
ground =

O3 17- & (a)

where(.) is the Riemann zeta function, witfi(2) =77 /6

(3.5)



[32, p.807]. Because for UAS the FN-curve will d=se  which implies the following/, requirement:
more steeply with increasing than the FN-curve for

commercial aviation, it is safe to set=2in (3.5), yielding: A <Cos/[ PR |AR] (4.6)
<Crfl6=C 3.6 .
Regouns < CGR (3.6) Melnyk et al. [18] used eq. (4.6) to quantify EL®&sed
with C_, the acceptable level of collective ground risk. Ag requirements for various values f&{ B. and pP; that are
representative for different UAS classes and pdjmuaypes,
IV. CHARACTERIZATION OF A, REQUIREMENTS and C s =0.76x 10" fatalities per flight hour.

This section develops analytical characterizatiohsi. B. CGR-basedl, Requirement
requirements for UAS-based parcel delivery servicea o ) ) )
populated area. SubsectioA does so for ELOS-based  Substitution of eq. (4.3) into eq. (3.3) yields tmilective
characterization. Subsectiom®s and C do so for Collective 9round risk (CGR) oN UAS flights per annum:
Ground Risk (CGR) and Individual Risk (IR) based
characterizations respectively. Subsequently, stiose D gmund Z[pP |4 ] 4.7)
compares the three characterizeslpfrequirements.
To evaluate the summation ovE€ra model has to be adopted
regarding the parcel delivery in ared This model is
formulated through the following additional assuiops:
A7. A drone delivery flight travels at speeq,,., on the radial
Al: The population densityo(y) is location invariant, from center to delivery location and back to center
i.e.o(y)=p forall yOdy. A8. Y is the area within a circle of radiisfrom the delivery

A2: The shelter protectioR(S| v, ) is location and flight Center. _ _ , o
, ) . A9. The delivery location of theth UAS flight is distributed
invariant, i.e.[L1-P(S| y, )]= R forall yOY.

according to probability densitp, (y) = o(Y) /J oY) dy.
A3.> __P(eli)= AT, with A overall UAS system failure o o -
B A10. Each person living in are¥ receives on average

To develop these analytical characterizations, olow
Melnyk et al. [18] in assuming the following paraere
invariance for the terms in egs. (2.7-2.8):

rate andT, the duration of théth delivery and return flight. UAS-based parcel deliveries per year.
A4. p.(y|i,e)iseinvariant, i.e.p,(y|i,e)= p(y| i) _ _ .
A5. A(d, 8 is d,e-invariant, i.e.A(d, & = A ~Assumptions A7-A10 correspond weII_ with a;t#af_nle
o ] ) B delivery in an circular area around the servicereelocation.
A6. P(F|_VD A)|sy-|.nvar|a}nt, i.eP(FlyOA=R The latter two assumptions have also been adomtedhe
By using the simulation-based approach of [28] ¢hessimulation based approach in [28]. Assumptions A@ A8
assumptions are avoided to complement the andlyésalts. are needed for the analytical characterization.
In Appendix B it is shown that evaluation of eg.7{dunder
A. ELOS-basedl. Requirement assumptions A1-A10 yields:
Due to Al and A2, eg. (2.7) simplifies to: gmund =N’ R | 4‘ AHTRI (4.8)
A
Regrouns = EL Y = 0B .[ Ry a 4.1) Substituting Regs.ne < Ceor in €4. (4.8) yields:
Due to A3v-A6, eg. (2.8) simplifies to: ﬁpz% |Al AATR] v, € G (4.9)
R(MW=R(VDI[ARAT (4.2)

Evaluation of (4.9) yields the CGR-baskdrequirement:

Ae SCeor/ [NO°R | AR 4RI v, ] (4.10)
C. IR-basedA. Requirement
Substituting eq. (4.2) int&*(y) = ZiN:l R( yyields:

Substituting eq. (4.2) into eq. (4.1) yields:
Rigouns = PR [AR A T n(yl)dy
=pP |AR AT (4.3)
Under the ELOS principle the following inegtyahpplies:
Reyouns S TCrtox @4 R*() = AR 4.2 R 1< T] @11)
=

with C, s the acceptable number of fatalities per flighthou

To evaluate the summation in (4.11), the following

Substituting eq. (4.3) into eq. (4.4) and evaluatields: probabilistic crash location model is adopted:
A.11 In case of a UAS crash, the center of the crash &
PPy M R e < Gaos (4.5) uniformly distributed along the radial between dety center



and delivery location, and is Gaussian distributedoss the
radial with standard deviatioa. .

Under this additional assumption, Appendix C shows:
R =4 [AR To [ R~ §/( bae)

Following Individual risk requirement for Zardous
facilities and airports:

RUAS( y) < QR for a” |y| 2 Rzone

(4.12)

(4.13)

with R, . the radius of the zone around the delivery service

point; within this zone land-use restrictions ap@ubstituting
eq. (4.12) in (4.13) yields for gy = Ry,:

A [AR Mo [ R=| ¥ [1(§ V) S G

The latter yields the following IR-baset} requirement:

AE = CIR RzonevcruisJ |:| 4 PF_rp ( R- I%onl:l

(4.14)

(4.15)

D. Comparison of ELOS, CGR and IR badgdequirements

Table | compares the effects of various model patara
on A. requirements in egs. (4.6), (4.10) and (4.15)ni8mant
differences between ELOS-based, CGR-based and

exceptions arew and B.. Significant differences for the

CGR-based versus the ELOS-bask&d requirement are the
quadratic effect of population densigy and cubic effect of
R, the linear effects ofi, and the inverse-linear of, ...
Significant differences for the IR-based versusBEh©®S-based
At requirement are the invariance B, the quadratic effect
of R, the linear effect ofn and the inverse-linear effect of
R andy,

cruise”

TABLE |. EFFECT OF VARIOUS PARAMETERS ONELOS-BASED, CGR-BASED
AND IR-BASED Aél REQUIREMENTS

Parameter | ELOS-based CGR-based IR-based

|A Linear Linear Linear

P Linear Linear Linear

14 Linear Quadratic Linear

Py Linear Linear

n - Linear Linear

R - Cubic Quadratic
Rone - - ~Inverse linear
Verise - Inverse linear Inverse linear

E. Effect of Increasingi

The differences in Table | imply that with increagin
there will be break-even points beyond which ELGSdal,
requirement is dominated by CGR-based or IR-badgd
requirements. Next we characterize these break-evieits.

If the ELOS basedl. requirement is exactly satisfied, then
inequality eq. (4.6) yields:

/]E = CELOS/I:IOP§ | Al* PF:I
Substitution of eq. (4.16) in eq. (4.15) yields:
CELOS/I:IOP§ |Ai PF:I
< CIR /|:| A{ FI): _np ( ﬁ - Fgone) /( Bone V:ruisl:|
Evaluation of the latter inequality yields:
CIR P§ Rzonevcruise
CELOS( R - I%ong

(4.16)

n< (4.17)

If the mean number of parcel deliveries pearn is
above the bound in (4.17), then the IR-badgdequirement

dominates the ELOS-based. requirement. Notice bound
(4.17) is invariant of population denspy;, hence this bound
applies for all population densities.

Similarly, a bound o can be derived from the CGR-
basedA. requirement eq. (4.10). Substitution of eq. (4.1t6)
eq. (4.10) yields:

CELOS/|:pP§ |4 PF:|
< CCGR/[ﬁlo2 PH | 4 PF %ITF?/ \{ruise]
Evaluation of this inequality yields:

CCGRSVcruise
CELOS47w R’s

IR-
based/. requirements concern most parameters; the only

n< (4.18)

If the mean numben of parcel deliveries per year is
above the bound in (4.18), then the CGR-bas&d
requirement dominates the ELOS-bas&drequirement. In

contrast to IR bound (4.17), CGR bound (4.18) ddpeon
population density.

V. EVALUATION OF LAST-MILE PARCEL DELIVERY

A. Urban, Metropolitan and Metropolitan-City areas

In this subsection we use egs. (4.6), (4.10) anti5§4to
calculate ELOS-based, CGR-based and IR-baséd

requirements for three population densities from8],[1
representing  Urban  area (g,,,,=0.386x 10 km* )

Metropolitan ared0,,q,, = 2.5% O man),@nd Metropolitan City
center (Do ciy- center= 2-8% P merd- Values of other model
parameters are given in Table Il. The CGR-valubad from
eqg. (3.6) withC =107 [25, 27].

Table 1l shows the calculated number of persons
IY| o= R p within the radiusR from the delivery center for
Urban, Metropolitan and Metropolitan city center.



TABLE Il. PARAMETER VALUES ASSUMED FOT THEQUANTIFIED EXAMPLE

Parameter Value
A 1n?
P 1
P 0.1
n [0.1,100]
R 3146 m
Roone 100 m
Vyise 15m/s
Crios 0.76x 10" per flight hou
Cecr 1.645x 10° per annur
Cr 1x10° per annur

TABLE Ill. NUMBER OF PERSONS WITHIN CIRCLE WITH RADIUS R;
PARAMETER VALUES ASSUMED FOT THEQUANTIFIED EXAMPLE

Area type Number of persons
Urban 1.2x10
Metropolitan 3.0x10
Metropolitan City
Center 8.4x10

Figures 1-3 show thel. requirements as a function of

mean annual UAS deliveriesi per person for Urban,
Metropolitan and Metropolitan City Center respeelyv Using

egs. (4.17) and (4.18) the break-even points inirefg 1-3 are
also shown in Table IV. Doole et al. [33] estimated the

Paris area (population of 12.3 million) the numbgkparcels to
be UAS-delivered at 161 million, i.&1=13.1. This lies well

above the ELOS take-over points in each of FiglireS.

TABLE IV. BREAK-EVEN POINTS INFIGURES1-3

n IR-based CGR-based
Urban n=0.8 n=244
Metropolitan n=0.8 n=0.98
Metropolitan _ _
City Center n=08 n=0.35
102
——CGR based
........... IR based
103 [ - = = ELOS based| |
104 T
.
< b T
1 S
10+ 1
107 . .
10”" 10° 10 102
n
Figure 1. Urban are#. requirements as function af

102 ' '
—— CGR based
........... IR based
o3l - = = ELOS based | |

107 : '
107! 10°

Figure 2. Metropolitand. requirement as function ai

1072 ' :
—— CGR based
........... IR based
o3l - = =ELOS based | |

107

107" 10" 102

10°

M
Figure 3. Metro City Cented. requirement as function af

B. Individual Risk contours under ELOS based requimrgme

Figures 4-6 present maps of Individual riBk**(y) under
ELOS-basedl. , for n=1, n=10 andn= 10 respectively.
These maps also present contours RIf°(y)=10", 10°
Table V shows the percentage of population withire t
contours in Figures 4-6.

Because the maps in Figures 4-6 compare the differe
between ELOS-based and IR-badgdequirements, and both
depend in a linear way on population dengitysee Table ),

these maps and the percentages in Table V applgnyo
population density, i.e. ranging from Metropolit@ity Center
area to Rural area.

TABLE V. POPULATION WITHIN IR CONTOURS INFIGURES4-6

Figure 4| Figure 5 | Figure 6
(A=1) | (A=10) | (7 =100)
RAS(y) >10° 0.2% 19.5% 100%
RAS(y)>10° | 0.002% | 0.2% 19.5%
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Figure 4. Map of Individual risR*S(y) under ELOS-based, and n=1. Figure 5. Map of Individual risR*(y) under ELOS-based and n=10.
Contours are at radius of 14m and 139m from théecen Contours are at radius of 139m and 1390m from éméec.
To grasp the practical implication of tHe&”*(y) maps in 3000 | 104
Figures 4 through 6, let's follow the rules for esnaround
Schiphol airport where the threshold valuel6f® [25, 27] is 2000 -
not satisfied. All housing within th&0™ contour have been
demolished, all housing development inside 16& contour 1000 - 10°
has been banned, and a waiver has been givenddraihses
in between these two contours. Introducing a simzanal E
policy to the maps oR*°(y) for n =1 (Figure 4) implies that >
0,002% of the population in the area would havieé&ve their 1000} 107
housing, and that 0.2% of the population would naedaiver
to remain living in their current housing.
For n =10 (Figure 5) 0.2% of the population in the area  -2000|
would need to leave their housing, and 19.3% of the 107
population would need a waiver to remain living timeir -3000 | . ) : ‘ ‘ .
current housing. 3000 -2000 -1000 O 1000 2000 3000
For n =100 (Figure 6) 19.5% would need to leave their x [m]

housing, and 80.5% of the population would neertteive a  Figure 6.Map of Individual riskR™*(y) under ELOS-based,, 1=100.
waiver to remain living in their current housingorFthe  The contour ofR™S(y) =10%is at a radius of 1390m from the center.
population the far better choice would be that th&S to be
used must satisfy the IR-basdd requirement.

VI. CONCLUSIONS

This paper has studied third party risk (TPR) ikghosed
Both ELOS-based and IR-basdd requirements increase to persons on the ground by commercial use of a UAS
linearly with increase of population density. THere for any  operation that consists of a large number of UAhtis per
population density an ELOS-basdd requirement poses the annum, e.g. UAS based parcel delivery in an urbea. &Jnder
same IR-based bound &f<0.8 mean number of annual current regula.tions such commercial UAS operatiovsr an
UAS-based parcel deliveries per person. FiguresHdetv that urban area is not allowed. - However W'th. the further
significant parts of a populated area are fallingi area with a d€velopment of reliable small UA these operatiorighinbe

o . . . roved to be sufficiently safe in future, as a lest which
too high individual risk level ifn =1, 10 and 10respectively. ?uture regulations CO)l:|d allow small UA commercial

Because the CGR-based requirement increases quadratic opergtions. over urban areas. From the. literatuxéewe in
. . . . . . o Section Il it has become clear that TPR literatueis focused
with population density, for relative high poputatidensities

: ) on the risk posed to persons on the ground per figt8 hour.
the CGR-basedl; requirement poses a stricter bound on thg . ever to manage the future risk of commercial UAS

allowable number ofi than posed by the IR-based bound; theoperations over populated areas there is a neétParmodels
break-even point lies gp =1.25x 10 km? that capture the risk posed to the population large number

C. Summary of Findings



of UA flights per annum. For commercial aviatiore ttatter
has been established through the use of modelEdtective
ground risk (CGR) and Individual risk (IR) posed toe
persons on the ground. Similar model extensiontelims of
Individual risk and Collective ground risk for UASperations
have been developed [28]; this is presented inid3elit.

Section IV has developed an analytical charactioizaf
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APPENDIXA. LIST OFSYMBOLS

A: requirements that are based on the novel TPRata& for

a hypothetical parcel delivery service in Urban an
Metropolitan areas. Section IV also characterizes tireak-

even points beyond which ELOS-basddrequirements are

dominated by CGR-based and IR-baskdequirements. For

the IR-basedA. requirement the break-even point does n
depend on the population density.

Section V has demonstrated the use of the andlyti

characterizations for the evaluation of hypothéti¢AS-based

parcel delivery service in three types of areashadrarea,

Metropolitan area, and Metropolitan City centerr iR and

CGR acceptability criterion have been based ondstgn
regulation for hazardous facilities and airports Trhe

Netherlands. These example evaluations show thad<EL

basedA. requirement complies with IR-based requirement
under the condition that the mean annual numbelJAS-

based parcel deliveries per person remains bel@w As is
shown in section IV this 0.8 bound applies for @dpulation

densities. The break-even point of the CGR
based. requirement yields an even lower bound of 0.3 for

metropolitan city center.

The analytical results in sections IV and V proviuzvel

insights that have not been obtained using the &dCurio
simulation framework [28]. A disadvantage of thealgtical
approach is the adoption of assumptions A1-A8 ahdl. A his

means that the analytical approach strengthensithelation
based framework, though does not replace it. Famgie,

Monte Carlo simulations remain needed to evaluf&B When

using clever UAS flying schemes, while the anaitic
approach is expected to be helpful in identifyitng tmost
relevant scenarios to be considered through MoragloC

simulation.

Due to assumptions A7-All the developed analytic

characterizations apply to the last-mile of a UA&Sdd parcel
delivery service only. Therefore interesting folloyy research

is to also develop analytical characterizationsC@R-based

and IR-basedl. requirements for third party risk of other

commercial UAS-based operations, such as flyingstaxd

medical aid services.

Because/. includes the rate of mid-air collisions of a UAS

with another UAS [19] and with low flying GA [20]a
complementary follow-on development is the modgllend

assessment of these mid-air rates and their catitib to

Az under future UAM designs. This asks for collisiaskr

evaluation of conflict and collision avoidance ggesi in future
UAM operations under various uncertainties, usirgpra-

based modelling and rare event simulation appreacdhat

A()or A Crash impact area
dl A()l or |AI Size of crash impact area
C Threshold posed on FN-curve at n=1
Ceor Threshold posed on Collective Ground Risk
+CELOS Threshold posed by Equivalent Level of Safety
au
Cr Threshold posed on Individual Risk
d UA type of i-th flight
e Type of event causing UA crash to the ground
E Set of possible UA crash causing event types
E{.} Expectation of {.}
i UA flight numbering
A Average annual number of UAS-based parcel
deliveries per person
Ny Annual number of commercial flights of type d
e Number of third party fatalities due to an accident of
F a commercial flight of type d
puAs Number of third party fatalities on the ground due to
Fi a ground crash of i-th UA flight
- (1d) Probability density function of the crash location s
apS ' of a commercial flight of type d
Clie) Probability density function of the crash location s
R of the i-th UA flight under event type e
p.(-|i) e-invariant version of p,(.|i,e)
( |_) Probability density function of the delivery location
i
Py X of the i-th UAS flight
. Probability that the i-th UA flight crashes to the
P(el)
ground due to event type e
P(C|d) Accident probability of commercial flight of type d
Probability that a ground crash of a commerecial flight
P(F|yO A(d)) of type d is fatal for an unprotected average person
at location y in the crash impact area
Probability that a ground crash of the i—th UA flight
P(F|yOdA(d, 8) due to event type e is fatal for an unprotected
al average person at location y in the crash impact area
P(S| v ) Probability that a person at location y is sheltered
' against a crash of the i-th UA flight
P (y,d, € -invariant version of P(F|yO A(d, €)
Py (y, i) -invariant version of 1-P(S]| v, i)
R Radius of hypothetical parcel delivery area
R Collective risk of annual commercial flights
R':ground Collective ground risk posed by i-th UA flight
Q,iund Collective ground risk posed by annual UA flights
Ry (D) FN-curve posed by annual commercial flights
REAS(N) FN-curve posed by annual UAS flights
R (Y) Individual risk posed by annual commercial flights to
Y an unprotected average person at ground location y
R(Y) Individual risk posed by the i-th UAS flight to an

have been developed for manned air traffic [34-36].

unprotected average person at ground location y

for



RUAS( v Individual risk posed by annual UAS flights to an
unprotected average person at ground location y

Rone Radius of zone where land-use restrictions apply

S Location of centre of UA crash area

T, Duration of i-th UAS delivery flight (incl. return flight)

Verise Cruise speed of UA delivery flight

y Ground location of an unprotected average human

Y Population area considered

Yone Zone for which land-use restrictions apply

a Threshold posed on steepness of FN-curve

p(y) Population density as a function of ground location y

J() Riemann zeta function

A Overall UAS system failure rate

APPENDIXB. DERIVATION OF EQ (4.8)
For very largeN, eq. (4.7) equals:

ouns Z[ﬂp AR

with
T=HT={Tp( ¥ dx (8.2)
Y
where p, () is the probability density function of the deliyer
locationx, of thei-th delivery flight in delivery are¥’.

Due to A7:T, = 2|%|/ s ; hence eq. (B.2) becomes:

-F:J‘2|)§|/\4:rulse p); (X) d)i( (B3)

In view of A8 we expressx in the polar system

x =(rcosd ,r sirgd ; hence
P o (7.8)=[3] B, (ycos .1 sir (B.4)
with
|9| = (r cosg cod] + sif sif ¥r (B.5)
This yields a transformation of eq. (B.3) to:
R2m
TZJJZI’IZ /Vcruise pxi (ri C0§i ’ri S”ﬂ )jﬁda (B6)
00
Due to Al and A9 p, (r,cos@ .1, sirg 1/4R* ; hence

2

T= jzr [ (TR?v,
0

O'—.:U

R
) drdd, = [ 47 1 (R ye,) df
0

crU|se

4 R
= sz ) %ri3|0 = 4 R/Vcrwse (B7)
Substituting eq. (B.7) in eq. (B.1) yields:
ground pP |4 /] Nﬁ/ R/ \érmse (B8)

Due to A10 the annual numb& of UAS-based parcel
delivery return flights in ared equals:

(B.9)

N=np ¥

Substituting (B.9) in (B.8) and evaluation yields &lly Y

ground_n|YIp | AE/‘E% R Yruise
Substituting|Y| =77R? and subsequent evaluation yields (4.8).

APPENDIXC. DERIVATION OF EQ (4.12)

For largeN, the summation in eq. (4.11) can be replaced by an
Nx E{TR(Y x} ie.

R¥S(y)=| A P Agi[ (o % 7]

=|ARA NETR(Y
=2 [AR N TRV X R (Y dx

Due to A8 and A9, the integration ovétransforms to:

(C.1)

R2m

RS =4 [AR N[ TR(Y 16) s drd (C2)

Due to All we express bothandy in the polar system

s=(gcoss, s sing andy=(y, cosy,, Yy siny, .. Hence
o (Yo Yo 1 5.6)=|J R(ycosy,ysiny |rd )  (C.3)
with

|9]= (v, cosy, cosy, + y siny siny ¥ y (C.4)

Substituting eq. (C.4) in eq. (C.3) and subseqesatuation
yields fory, >0:

p(y.cosy,, s siny, & ¥R, & % rg ) (C5)

Next we decompose; . (Y, ¥, | f,6,)as follows:

Po o (Yo Yol 6.0)=n (% Y. T8)IR (¥ Irf)  (C6)
Due to All, we have:
P (Y, [5.6)=1(y <)/t
P, (Yo | ¥ £,6)=N{y:;8,0./ y}
Substituting the latter two equations in eq. (§ié)ds:
P, (Yo Yol 5.0)=N{y: 8.0/ yA(y<p/r (C7)

Substituting eq. (C.7) in eq. (C.5) yields §op0:

p(y.cosy,, s siny, & ¥ N{ @ g, ly Ay=r)/(ry)
Substituting this into (B.2) and subsequent evaunagields:

1(y<t)
ks

R2m

ARN[TNyaol y

R™(y) = A drg



Substitutingl; = 2r /v,

R|UAS(y):/]E |4F'3

o 1y=n)
=A |[AP N[T =22
< AR NT

= |AR NyTj Tdr (C.8)

into eq. (B.8) yields:

ruise

1 R
NW‘I‘ (2 ir/ Yruise) d{
Yl

1
=/]E |N PF NW[ Fz /VcruiseFR - r'|2/

_ 1, g
_/]E |AIPF N|y|n.R2|:# |Y:|/ Yruise

O }

(C.9)

Substituting eq. (B.9) in eq. (C.9) yields:

R*()=4 [AR ‘WIYM%[ R §]/ s (C20)

Substituting|Y| = 7R in eq. (C.10) yields eq. (4.12).
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