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Third Party Risk Indicators and Their Use In
Safety Regulations for UAS Operations

Chengpeng JiadgHenk A.P. Blom and

Alexei Sharpanskykh
Delft University of Technology, Kluyverweg 1, 2629 Delft, The Netherlands

Use of Unmanned Aircraft Systems (UAS) is growingapidly around the world. Very
different types of UAS are used for applications sth as aerial photography, inspection,
emergency and Urban Air Mobility (UAM), operating in low altitude and urban environment,
as well as in high altitude airspace integrated wit the conventional air transportation system.
As a new airspace user, UAS brings novel safety dlenges to the current aviation system. For
current aviation the main safety issues concern fat and second parties, i.e. lives and property
of crew and passengers. In contrast, the main safetoncern of UAS operations is third party
risk (TPR), i.e. the risk posed to people and propées that have no responsibility for the UAS
operation and neither benefit in some way from th&JAS operation. In order to ensure the safe
operation of UAS, there is a need for an evaluatioaof safety regulation developments for UAS
operations against relevant TPR indicators. The ainof this paper is to identify relevant TPR
indicators for UAS operations and to evaluate safgtregulations against these TPR indicators.
The main finding is that current UAS safety regulatons do not consider the accumulation of
TPR contributions from many UAS flights per annum over rural or urban populations.

I. Nomenclature
ARC = Air Risk Class
ATC = Air Traffic Control
ATO = Air Traffic Organizations
CAT = Commercial Air Transport
ConOps = Concept of Operations
GA = General Aviation
GRC = Ground Risk Class
0Sso = Operational Safety Objectives
RPAS = Remotely Piloted Aircraft System
SAIL = Specific Assurance and Integrity Levels
SORA = Specific Operations Risk Assessment
SRM = Safety Risk Management
TPR = Third Party Risk
UA = Unmanned Aircraft
UAM = Urban Air Mobility
UAS = Unmanned Aircraft System
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[I. Introduction

Unmanned Aircraft System (UAS) - including Remoté@lijoted Aircraft System (RPAS) and automated air
vehicles - are increasingly becoming a part ofday-to-day lives. The majairiver of this development is that UAS
can be employed for novel operations — e.g. reioeederial photography, emergency, inspectionandir transport,
long distance cargo transport — both in low al@&uwhd urban environment, as well as in high akitaéspace
integrated with the current air transportation systDepending on the design, UAS can range fromall sunit to
the size of a small aircraft. Having UAS as partaily operations is getting closer to reality las immense effort
has been put into developing UAS Concept of Opamat{ConOps), rules, regulations and supportingatfuctures
that are crucial to a safe operation [1].

The current aviation system has become so safetalube contributions of many factors such as ihitia
airworthiness (design, manufacturing quality), @mmhg airworthiness (maintenance) and operatiapatovals, Air
Traffic Management (ATM), airborne safety nets, lqutautomation, etc. Moreover, an overarchingdad that all
this has been reached thanks to decades of evdmyiolevelopments that benefitted from feedbackfexperience
and the diligent application of lessons learnednfsafety events. The introduction of UAS bringsentainties into
the system, with a large number of flightsdifferenttypes and sizes for various tasks, and with perémorce envelopes
greatly different from those for which today's taffic procedures were designed [1].

For current aviation the main safety issues conéieshand second parties, i.e. lives and propeftgrew and
passengers. In contrast, the main safety concetdAS operations is third party risk (TPR), i.e. tligk posed to
people and properties that have no responsibditafUAS flight and neither benefit in some waynfra UAS flight.
In order to ensure the safe operation of UAS, tieeeneed to identify relevant TPR indicators &S operations
and to evaluate safety regulation for UAS operatiagainst these TPR indicators. An early studyhisf type has
been conducted by [2], however significant UAS tatians updates have been developed since theftig]aim of
this paper is to develop relevant TPR indicatordfAS operations and to compare EASA/JARUS and safety
regulations against these TPR indicators.

The paper is organized as follows. Section Il eas existing TPR indicators, and use this to defahevant TPR
indicators for UAS operations. Section IV reviewe safety regulations from EASA/JARUS and FAA. 8tV
evaluates these regulations against the relevaRtii@cators identified in section Ill. Section ®itaws conclusions.

lll. Relevant TPR Indicators
This section starts with a review of relevant TRRi¢ators in use for commercial aviation. Subsetjye¢hese

indicators are used as a basis for the definitfarlevant TPR indicators for UAS operations. Tajgproach differs
from a straightforward application of TPR indicat@m commercial aviation to UAS operation, e.g. [2]

A. TPR indicators in commercial aviation

In commercial aviation [4] first party is the av@t personnel (who provide the air transportatierviee); second
party are the passengers (for whom the air tratesjpam is provided); third party are the people@sed for reasons
unrelated to the flight, for instance people livingthe airport vicinity. Common indicators for TRRcommercial
aviation are Individual Risk, Collective Risk armtso-called FN curve for societal risk, e.g. [b, 6

Individual risk R (9 of commercial air transport is defined &Ehe probability that an average unprotected

person, who resides permanently at ground locagiomould get killed due to the direct consequendes aircraft
accident during a given annumlf’should be noted that the Individual risk indarais population-independent, i.e. it
does not make any difference if a ground locatsois in a wasteland or in the center of a large. ditgdividual risk
defines iso-risk contours that can be used for lzpolécies regarding any current or future userf{arban) area that
is exposed to non-negligible Individual risk levdfor example, in The Netherlands the maximum gdeddp level
of R (9 is 10° per annum for populated areas around hazardotalat®ns, transport routes and airports [7].

Collective risk R, is the expected number of third party fatalitRs= E n} in a given areaX due to the direct

consequences of aircraft flight accidents durirggvan annum [8]. If there ané flights to happen in a given annum
then we know [9]:

Ro=En) =) €4 = R ®

with R, = H1}} the expected number of third party fatalities thua potential accident of theth flight.
In commercial aviation, another well-establishedetal risk indicator is the FN curvi (n) :

Ra(M2 Rn2h,fornz1 )



which reads in words, e.g. [9]Fhe probability that a group of n or more third gg persons will be fatally injured
due to the direct consequences of an aircraft asdidiuring a given annum.”

Some literature sources, e.qg. [5] refer teote than hin this definition, which defineR’, (n) as follows:

Ry(M=Rn>h=R( ™) ,forn=0 (3)
The relation between the FN curi, (n) and collective riskR. = E n} has been well established, e.g. [9]:
R.=Ent =3 R(N=Y R( N @

[5] explain that the FN curveR, (n) is used in various countries to express and lihitd party risks,
predominantly of hazardous installations. Regufaiiothese countries typically adopts By, (n) limiting criterion
of the following form:

R (< Cl ®)
where g is the steepness of the limit line add constant that determines the position of the limé. A steepness
a =1 is called risk neutral (e.g. in UK); a steepness2is called risk averse (e.g. in the Netherlandsthinlatter

case larger accidents are weighted more heavilyaaadhus only accepted with a relatively lowerbataility. The
different views regarding risk aversion parametermake R., (n) less useful as a common risk indicator than

Collective risk R, = E n} [10].

B. TPR indicators for UAS

For UAS operations, risks involved with first, sadaand third parties are defined as follows [11stHparty risk
applies to people and property directly associatéd the UAS operation (e.g. pilot, Unmanned Aiftrigself).
Second party risk applies to people and propertyassociated with the UAS operation, but directyize benefit
from the UAS operation (e.g. passenger on-boafthstructure being inspected, parcel being delderehird party
risk applies to people and property not associaiét nor deriving direct benefit from the UAS opéon.

By comparing this definition of first, second ahitd parties with those in commercial aviation, sodifferences
can be observed. Although these differences mayfldde at first impression, they do have sigrdfit consequences.
To make this explicit let's compare first, secomdi @hird party fatalities for the following two mair collisions: i)
mid-air between two commercial aircraft; vs. ii)dvair of a UAS to a commercial aircraft. In casefibst party
fatalities may be among the crew of the two ait¢rsgcond party fatalities may be among the passeran-board
the two aircraft, and third party fatalities may &mong persons on the ground if one or both atrcrafsh to the
ground. In case ii) there typically are no firstsmcond party fatalities for the UAS operationtéasl all on-board
fatalities among crew and passengers of the comahdlight are third party fatalities, which add tatalities on the
ground if the UAS and/or the commercial aircratisir to the ground. These significant differencethird party
fatalities for these two cases, illustrate the rteeekplicitly define TPR indicators for UAS opeuats.

For a commercial UAS operation involving many flighve define the following three TPR indicatorsil€ctive
risk, Collective ground risk, and Individual risk follows:

Collective risk R. of UAS operations is defined &3he expected number of third party fatalitiesaiigiven area X
due to the direct consequences of UA flight ac¢gldaring a given annum.”
Collective ground risk R, of UAS operations is defined dShe expected number of third party fatalities on

the ground in a given area X due to the direct egences of UA flight accidents during a given anriu
Individual risk R (s of UAS operations is defined d@She probability that an average unprotected persamo

resides permanently at ground location s, wouldkiid or fatally injured due to the direct consmces of UA
flight accidents during a given annum.”

For each of these TPR indicators we denote theribation by thei-th UA flight as R:, Riyonq. and R (9
respectively. Hence for an UAS operation that catelN UA flights per annum, we have:

R=2R ©)
F%:ground = Z I:{:ground (7)



If there are many UAS flights per annum, then thabpbility of a person at loacti@missed by all UAS flights per
annum equals the product over the miss probalsilitie all UAS flights. Hence, the probabiliti () that an

Unprotected average person, who resides permarartigations, is per annum not killed nor fatally injured due to
the direct consequences of one of fhEA flights satisfies:

R(s)zl—ﬁ][l— R (3] ®)

To characterize the relation between Collectivie s and Collective ground risR.,,.4» One should notice that

the following five types of UAS accidents have gwaential of third party fatalities:
¢ Type Ll:i-th UA flight collides to a commercial air transp¢CAT) flight;
« Type 2:i-th UA flight collides to a general aviation (GAight;
e Type 3:i-th UA flight collides to an urban air mobility (M) UA carrying on-board passenger(s);
*  Type 4:i-th UA flight collides to the ground as a consequeeaf a mid-air collision of types 1-3 or with
another UA flight.
*  Type 5:i-th UA flight collides to the ground without predegd mid-air collision.

Hence the Collective risk of the i-th UAS fligk&, satisfies the following sum of five terms:

R=Ei}=En} +ER HEWY, € EQG, & En} ©)

ground

where E{ niFm} denotes the expected number of on-board and grfaialities at the side of a CAT flight due to a
collision of type 1,E{ niFGA} denotes the expected number of on-board and griatalities at the side of a GA flight
due to a collision of type 2&{ niFUAM} denotes the expected number of on-board and griatalities at the side of a
UAM flight due to a collision of type 3E{n.

UASai

collision of type 4, and={n .} denotes the expected number of fatalities on thergt due a collision of type 5.

Fuasgro

} denotes the expected number of fatalities on thergl due to a

For Collective riskR. of a UAS operation involviny UAS flights per annum the above means:

R=e(n)=Y[dn ) datr dn)r fn)r Enl] o

Furthermore, each of the expected number of thindy fatalities at the side of CAT, GA and UAM diea
collision with the i-th UA flight can be written @ssum of onboard fatalities and fatalities onghmund, i.e.

E{ n::CAT} = & rLCATor\bon + {E IJI]:CATgr}um:l

B} =€) +En,l,

E{ r1::UAM} = E rj‘:UAMonboali + {E rj'.I:UAMgm}nd
For Collective ground risk of the i-th UA fIighF,\’icgmund, this means:

Regouna =| E{ o+ e b+ H B b £+ €0 )] (12)

Similarly, Collective ground riskR.,,,.« Of @ UAS operation involvin§l UAS flights per annum satisfies:

Reground = i[ E{ d%mmd} + E{ . } + E{ B } + I'{ n um} + '% ipmgmﬂ (12)

i=1

IV. UAS Safety Management Frameworks
This section evaluates the UAS safety managemamtefworks from EASA/JARUS and from FAA.

A. EASA/JARUS UAS Safety Management Frameworks
EASA and JARUS developed a regulatory concept éutcong three risk categories for UAS, which are Qpe
Specific, and Certified [12, 13].
« Open category represents very low risk UAS openati@quiring no involvement of aviation authorifies
« Specific category UAS presents a limited risk togde and property requiring risk mitigation, depieigdon
the type of operation and nature of the risk, aithiness requirement may be included;



« Certified category UAS is regulated following tinaditional approach to conventional aircraft, irdihg
type certification and compliance to airworthinesguirement.
Different regulation limitations and requirementtween Open, Specific and Certified UAS operatidds 15] are
shown inTable 1 The Open category is divided into three subcategdAl, A2 and A3 with different operational
limitations and technical requirements. Specific&Jéperations are required to obtain an operatiantiorisation
where the above requirements for Open categorpatrenet, and the operator shall perform a risk sssent and
submit to a competent authority. Certified categapgrations are conducted with relatively high (isky. flying over
assemblies of people, carrying people or dangegouosis, etc.) or when the competent authority, basethe risk

assessment by the operator, considers the rislotheradequately mitigated.

Table 1. Characteristics of Open, Specific and Ceifted UAS Operations [14, 15]

Category Open Specific Certified

Sub-category Al A2 A3 N/A N/A

Class co/cC1 C2 c2/C3/cCa N/A N/A
MTOW <900g <4kg <25kg N/A N/A
Flying altitude <=120m <=120m <=120m <=120m N/A
Range VLOS VLOS VLOS VLOS/BVLOS VLOS/BVLOS
AUtT::;TOUS Manually Manually/Autonomous Manually/Autonomous
Over assemblies Not allowed Not allowed Not allowed Not allowed Allowed
of people
150m from
30m away or residential,
Over uninvolved CO (<250g, 5m away in cF)mmer.uaI, Allowed Not Allowed
person <19m/s) low speed industrial, allowed
mode(<3m/s) recreational
area
Risk assessment
Risk assessment . conducted by operator/ Required, RPAS.1309 [13]
. Not required . .
requirement Hold of LUC (Light UAS applies
operator certificate)

Authorisation/ exacrz'?ilrlgtaion Certificate of Certificate of Application for Certificate of design,
certification of the remote pilot remote pilot operational production and
requirement competency competency authorisation maintenance

operator
Size <3m (C3 UAS operation) <=1lm | <=3m No requirement
Uncontrolled/
Airspace Uncontrolled Controlled Uncontrolled/controlled
( coordination required)

Transportation No transportation of people or dangerous goods Allowed for transportation

of people/dangerous goods

SORA Method for Specific category

For Specific category UAS operations, JARUS devetbthe SORA (Specific Operations Risk Assessment)
method [16, 17] to support the application for auitation. [17] explains the risk assessment airBORA through
the three quantitative equations that are showfignl1. The ¥ and 3 equations capture fatality and economic risks
respectively posed to third parties on the grouffte 29 equation captures fatality risk to third partiestmard
manned aircraft. [17] also explains that it woulit he realistic to conduct a quantitative risk asseent for a UAS
operation in the Specific category. Therefore tldR8 method [16] has been developed as an expeedbdecision
process to determine qualitative levels of riskgabby a UAS operation to third parties on the geband to third
parties in the air.

The SORA method is a decision process to assignrezgents to the UAS operation that bring it ungeper
control with a sufficient level of confidence. Thmin steps of the SORA method are:

« Determination of the Ground Risk Class (GRC). heit GRC is determined using

e Table5. Subsequently Table 6 show how mitigation measte#sce Intrinsic GRC to Final GRC.




« Determination of the Air Risk Class (ARC). InitidRC is determined using the process in Fig. 3.t&¢ia
mitigations are identified to reduce the Initial BRevel to Residual ARC level. Subsequently Table 7
translates Residual ARC to Tactical Mitigation Berfance Requirements (TMPR).

« Assignment of requirements. Table 8 translates|fRC and Residual ARC into Specific Assurance and
Integrity Level (SAIL); Table 9 translates SAIL mOperational Safety Objectives (OSO).

Neither [17] nor [16] provide an explanation hovedk main SORA steps make use of the quantitativatieqs in
Fig. 1.

Likelihood of Likelihood of Likelihood of
Fatal injuries - person struck by Likelihood that, if
. _ having UAS - 3
to third = - X the UA if the X struck, person is
- operation out-of- " .
parties on operation is out of killed
control
ground control
Likelihood of Likelihood of Likelihood of other Likelihood that, if
Fatal injuries having UAS A/C struck by th struck, the ather
to third = aving X Siruck by the X AJC cannot
L operation out-of- UA if the operation -
parties in the - continue a safe
: control is out of control - ]
air flight and landing
B ] Likelihood of ]
Likelihood of Likelihood of critical Likelihood that, if
Damage to _ having UAS X infrastructure X struck, the critical
critical operation out-of- struck by the UA if infrastructure is
infrastructure control the operation is out damaged
of control

Fig. 1. Third party?sk equations forminEthe bask of SORA(?ource: Fig. 5in [17]

AMC RPAS.1309 for Certified Category

For Certified category UAS operations, an airwaréss certification process (AMC RPAS.1309 [13hdepted
for UAS. Note that the use of this process is applicable to other UAS categories (Open / Spéecifithigh
airworthiness standard is needed (e.g. flight avewds of people). Different types of UAS rangimgrh light UAS
to conventional aircraft equivalent UAS are consede

e LUAS (Light Unmanned Aeroplane System) [18];

¢ LURS (Light Unmanned Rotorcraft System) [19];

¢« RPAS-23 (Small unmanned airplane) [20];

¢ RPAS-25 (Large unmanned airplane) [21];

 RPAS-27 (Unmanned rotorcraft with MGTOW <= 6000 pds)) [22];

« RPAS-29 (Unmanned rotorcraft with MGTOW > 6000 pds)[23].

The risk requirements for these types of UAS avemin Table 10.

The definitions for the severity classes are showhable 11. Note that for the manned aircraft egignt UAS
(RPAS-23 Class IV, RPAS-25 and RPAS-29), existirmpmof compliance for conventional aircraf21], [23] and
[20]) are applied, however the severity definitiare different from that of UAS. The main differenlays in the
hazardous and catastrophic classes. UAS seveffityitins consider consequence of one or multigialities as
catastrophic, while conventional aircraft standazdssider fatal injury to one occupant as hazargob multiple
fatalities as catastrophic.

B. FAA UAS Safety Management Frameworks

FAA regulatory framework [24] for UAS operations stinguishes the following three categories, the
characteristics for each of these are showralnie Error! Reference source not found.:

* Recreational UAS operation,

*  Work/Business UAS operation,

e Advanced UAS operation.
For the recreational UAS category no safety rideasment is required [25, 26]. For Work/BusinesSldfieration
small unmanned aircraft rules apply [27] underaartonstraints such as less than 55 Ibs, VLOS, ardy over
persons (se€able Error! Reference source not found). For the risk assessment of a work/business UgeSation,
Advisory Circular 107-2 [28] applies, in which adijgative overall safety risk assessment is engrotghough not
obliged. All other UAS operations are considerefatbin the Advanced category; for such UAS opierat Safety
Risk Management (SRM) is mandatoByror! Reference source not found.Fig. 2 shows that the applicable SRM



process depends on the UAS operating airspace.tWienain risk management processes for Advanced UAS
operations are:

* SRM [29] for UAS operation in uncontrolled airspaqplying Order 8040.4B [30],

* SRM for UAS operation in controlled airspace appyATO SMS Manual [31].

Order 8040.4B/ UAS SRM Policy for Advanced Category

Order 8040.4B [30] is established for SRM for mahagiation. As a supplement to Order 8040.4B, UAB/S
policy [29] is established for conducting SRM foAS requesting to operate in uncontrolled airspa&cg. (below
400ft in Class G airspace). UAS SRM Policy adoptsrisk criteria for general aviation from Orde48MB. The
risk matrix, likelihood and severity definitionssashown in Table 12 to Tahld.

Table 2. Characteristics of UAS Operations in FAA 8fety Regulations [26, 27, 32-34]

Category Recreational Work/Business Advanced
MTOW N/A <=25kg N/A
<=400ft (Class G
Flying altitude airspace) / <= 400ft N/A
Within UASFM altitude
Range VLOS VLOS VLOS / BVLOS
Collaboration level Single-UAS Single-UAS Single / Multi-UAS
Autonomous level Manually Manually Manually/Autonomous
Flight ground speed N/A <=100 mph N/A
Flight time N/A Daylight Daylight / Night
Over uninvolved
person Not allowed Not allowed Allowed
Risk assessment . .
) Not required Encouraged Required
requirement
L Aeronautical . -
Authorisation/ . - Remote pilot certificate,
e .. Knowledge and Safety Remote pilot certificate, . .
certification . . Application for waiver /
. Test, Registered aircraft . e
requirement Registered aircraft exemption / certification
Uncontrolled
. / Uncontrolled /
Airspace Controlled (FAA - Uncontrolled / Controlled
. ) . Controlled (ATC permission)
authorized fixed sites)
Transportation N/A No carriage of hazardous materials N/A
UAS Operations: Foll Additional
«  Atorbelow 400’ AGL ollfow P =5
% in Class G airspace, FAA Order coord':::o" ‘2 ¥ s
e or 8040.4 and I 5 7|2t
Submit E wholly contained UAS SRM Regarding FAA & 5 Decision
Application to Points of Entry: a within UASEM Policy - SEREEE -
FAA FAA Form 8130-6 3 Sftitudes 2 (Grant or Deny)
(i.e. waiver, DroneZone > 8 %
exemption, CAPS 3 UAS Operations: 8
authorization Regulations.gov u +  Above 400’ AGLin d I Doc'ument
request) < Class G airspace, OR Follow oncurrence Rationale
x W ©  Within Class ATO SMS { Regarding FAA
5 A/B/C/D/E, OR b i Response -
b :ﬁ;}zhﬁx:ﬂa”“'"e“ anual (Grant or Deny) lssue FAA
altitudes Response
= —_— (Grant or Deny
W
Precedent Exists Document Exe::;lzz)/n/
(i.e. proposed UAS operation and controls used to lower safety Rational *| Authorization)
risk level are equivalent to a previously approved UAS operation) ationale

Fig. 2. SRM for an Advanced UAS Operation [29]

ATO SMS Manual for Advance Category

ATO SMS Manual [31] provides principles and guidek for ATO (Air Traffic Organizations) to ensuiety
operation, in which SRM is part of it. SRM in AT@Q/S Manual is adopted for UAS operations in conaolhirspace
(e.g. above 400ft in Class G airspace or out o§€£(a airspace). The risk matrix and severity defing are given in
Table 15 and Table 16. The quantitative criteridifelihood are given in Table 17 in terms of egfsa occurrence



rate per operation/flight hour/operational hour.igtihof these three occurrence rate units applipsmgs on the type
of NAS change in ConOps [31]:
e per operation is applicable for a Terminal Radapspach Control (TRACON) center, Air Route Traffic
Control Center (ARTCC) with small, busy sectorsanrairport traffic control tower;
« per flight hour is applicable for the oceanic domai for an ARTCC with a larger sector;
e per operational hour is applicable for a systenugsitipn or modification.

V. Evaluation of UAS TPR Indicators

This section first evaluates which of the eightdkparty fatality terms defined in section Il avevered by each
of the EASA and FAA regulations. The details okthivaluation is shown in Table 3. Subsequently(Hg)-(13) are
used to translate this in terms of the UAS TPRdattirs; these results are shown in Table 4. Sulksdguhe findings
in Tables 3 and 4 are discussed.

Table 3. Third-party fatality terms that are addressed by EASA and FAA regulations

Regulations & Operation category
FAA FAA FAA
) party ’ Circular 107-2 | /order 8040.4B Manual
fatality terms of 5
i-th UAS flight pen Certified Certified Advanced Advanced
/Specific . Work . .
- (for ground (for air . (in uncontrolled | (in controlled
/Certified - . /business . .
risk) risk) airspace) airspace)
i
1. E{ nFUAsmund} Yes*) Yes - Yes*) Yes Yes
i
2. E{ nFUASa”} - - - - - Yes
3. E{ n::CATonbcan} YES*) - Yes - - Yes
i
4. E{ nFCATgrouno} - - - - - Yes
S.E{n  } Yes*) - Yes - - Yes
i
6. E{ nFGAgmund} - - - - Yes
7. E{ n::UAMonboau} YES*) - Yes - - Yes
i
8. E{ nﬁJAMgmuno} - - - - - Yes
*) No quantification
Table 4. Applicable UAS TPR Indicators
Regulation/Policy Operation Category Applicable TPR Indicator
EASA/JARUS - -
SORA Open/Specific/Certified -
Certified Ri:ground*) per hazard and
EASA/IARUS (for ground risk) per flight hour
AMC RPAS.1309 Certified F{ on-board per hazard
(for mid-air collision risk) and per flight hour
FAA .
Advisory Circular 107-2 Work/business
FAA Advanced R(i:gmund*) per hazard and
Order 8040.4B (in uncontrolled airspace) per year UAS operation
FAA Advanced R: per hazard and per
ATO SMS Manual (in controlled airspace) flight hour

*) excluding ground fatalities due to a precedinigair collision

EASA/JARUS SORA



From the explanation provided in section IV.A,stdlear that the SORA method aims to cover botfd gharty
fatalities on the ground and on-board of mannedrair. However none of these assessments is aimdzk t
guantitative. Moreover the SORA method does not tairaddress any of the even terms in Table 3fdlw-up
consequences of a preceding mid-air collision 0A% with a manned aircraft or with another UAS. Thalitative
nature of SORA means that there is no contributiofable 4.

EASA/JARUS AMC RPAS.1309
AMC RPAS.1309 is adopted for EASA/JARUS Certifieategory. Risk is evaluated per hazard and per UAS
flight hour. In [35], catastrophic failure conditioefers to “one or more fatalities that can oagithrer in the air (mid-
air collision) or on the ground”. Subsequently figlsed to third parties on the ground and in thesk are addressed
separately.
< For third parties on the ground, [2, 35] assumastikk is a function of accident rate, populatiamsity,
impact dynamics, and area of impact. It is furttvgulained that accident rate is here meant to decluAS

failures though not mid-air collision. For Tabléhss means that the first tenﬁ{ n‘FUAngd} is covered, but

not the second terrE{ njm } . For Table 4 this means th%ground is partly covered.

e For third parties in the air, a mid-air collisioritva manned aircraft is considered as having tajasic
consequences [35]. For Table 3 this means thairtHeard third-party fatality termss{ n.

CATonboarr} !

E{ n‘FGAmam} and E{n } ) are covered. However the ground fatality ternzs tepresent ground

FUAMonboar

fatalities after a mid-air collision are not covér#lid-air collisions between UAS is not coverednhe the
second temE{ n } is not covered. For Table 4 the above meandlieadn-board parts dﬂs are

UASair

covered.

FAA Advisory Circular 107-2
Advisory Circular 107-2 [28] provides an examplerigk assessment for UAS operation, in which tipedty

fatality for ground collision of an UAS is consi@elr For Table 3 this means that the first tE’{m\‘F . } is covered.

UASground,

However there is no quantification as the evalumatblikelihood is qualitative. For Table 4 this ams there is no
contribution.

FAA Order 8040.4B / UAS SRM Policy
Order 8040.4B [30] and UAS SRM Policy [29] is adsptfor FAA Advanced category with UAS operation in
uncontrolled airspace. Risk is evaluated per haaaddper year of the UAS operation. Third partl faa persons on

the ground is addressed; hence the first tE{'m‘FUASWd} is covered. Because in uncontrolled airspace tlsernm

collision of a UAS with a manned aircraft the terdhirough 8 are not covered. Possible collisiata/ben two UAS
are neither considered; hence the second E‘{rn: } in Table 3 is not covered. For Table 4 this mettas

UASair

i .
Regrouna 1S Partly covered.

FAA ATO SMS Manual

FAA ATO SMS Manual is adopted for FAA Advanced gatey with UAS operation in controlled airspace.IRis
is evaluated per hazard and per UAS flight houifdble 16, the phrase “fatality or fatal injurygersons other than
the unmanned aircraft system crew” refers to glesyof third-party fatalities. This means that bihilnd parties on
board and on the ground due to an accident invglaildAS are covered; hence all eight terms in Tataee covered.

For Table 4 this means th&. is fully covered.

Discussion of results in Tables 3-4

The results in Tables 3-4 show that for mediumk tBAS operations the safety management framewofks o
EASA/JARUS and FAA do not address TPR indicatoeblés 3-4 also show that the situation is bettehifgh risk
UAS operations. For UAS operations in controlledggace the FAA safety risk management frameworlesouall
eight third party terms. For UAS operations in umtcolled airspace the FAA safety risk managemerh&work only
considers the first term, i.e. ground fatalitieg do a UAS crash to the ground, if this UAS hashe#n subject of a



preceding mid-air collision with another UAS. Ther€fied risk management framework of EASA/JARUS eV
excludes all ground fatality consequences fromeaguting mid-air collision, i.e. both between two & And between
a UAS and a manned aircraft. The results also shatwnone of the risk management frameworks evadbiatidress

the accumulation of contributions from multiple UAhts to the TPR indicatoiR., R, and R(9.

VI. Conclusion

This paper has studied TPR indicators for UAS dpmma and their use in EASA/JARUS and FAA safety
regulations. In commercial aviation the TPR indicatare Individual risk, Collective risk and Soaletisk; each of
these three addresses fatality risk posed to persorthe ground only. In addition to posing riskpErsons on the
ground, UAS operations may also pose third pasiysrio crew and passengers on board manned ailaragction

[l this is captured through the definition of ter&PR indicators for UAS operations: i) Collectinisk R. for
expected number of fatalities due to UAS operatidgifsCollective ground riskR.,,.q for expected number of

fatalities on the ground due to UAS operations; ihdndividual risk R (9 for the probability that an unprotected

person at ground locatiawill be killed due to UAS operations. The lattewot (ii and iii) consider ground fatalities
only, which is similar to Collective risk and Indtlal risk of commercial aviation. The newly propdsST PR indicator

(i) also considers fatalities on-board manned aftaue to a collision with a UAS. To make the diifons of R,

Regona @Nd R (9 explicit, the contributionsR., Ri:ground and R (9 by thei-th UAS flight have been characterized

in detail.

In Section IV the UAS safety regulations from EASARUS and FAA for different types of UAS operatiars
identified and subsequently analysed regardingpipdicable risk assessment methods. Both EASA/JARUESFAA
distinguish three categories of UAS operationkoiy risk category (Open in EASA/JARUS, Recreatini-AA); i)
Medium risk category (Specific in EASA/JARUS, WdBkisiness in FAA); and iii) High risk category (Géed in
EASA/JARUS, Advanced in FAA). For the low risk cgbey safety risk assessment is not required. Fontadium
risk category, both EASA/JARUS and FAA propose dative assessment methods (SORA and Advisory Gircu
107-2 respectively). For high risk category, bo&8A/JARUS and FAA prescribe quantitative safeti assessment
methods. For each of these safety risk assessneghods the basic steps have been reviewed.

In section V the safety assessment frameworks @ABAARUS and FAA have been evaluated against the TP
indicators for UAS operations which have been dgwedl in section Ill. This evaluation shows thatEASA/JARUS
and FAA methods for the medium risk category UASragions (SORA and Advisory Circular 107-2) do adtiress
any of the TPR indicators. For the high risk catggd UAS operations the safety frameworks of EAMRUS and

FAA address relevant contributions Ry and Ricgmund. For controlled airspace the FAA methods covepa#isible

contributions. For uncontrolled airspace the FAAtmes cover ground fatalities due to a UAS crastihéoground
that was not been preceded by a mid-air collisidre EASA/JARUS risk assessment methods addregbes en-
board fatalities due to a mid-air collision or gndifatalities due to a UAS crash to the ground wWed not preceded
by a mid-air collision. None of the safety methdasn EASA/JARUS and FAA cover the accumulation teR"

indicators R. and Regrouna @Nd R (9 by many UAS flights per annum over a given area.

The main conclusions that can be drawn from thiglysiare twofold. Firstly, for medium risk UAS opgoas
none of the current regulations require assesswifeahy contribution to relevant TPR indicators. @edly, the
identified focus of EASA/JARUS and FAA on methodstt assess the TPR contributions per individual UAS
operation, means that these methods fall shorajrucing the accumulation of contributions by mams flights

per annum to TPR indicatoiR. and R, and R (9 for rural or urban areas.

To grasp the criticality of these main conclusidnsagine a commercial UAS operation involving awkarge
number of UAS flights per annum over a rural oraurlarea that falls outside controlled airspace €agh individual

UAS flight at most a quantitative assessment giggd of) Ri:gmund is required. However, what is not required is to

assess if the accumulation of tﬁéground contributions toR.,,,« and R (9 remain acceptably safe if the annual

number of UAS flights in an urban area keeps onvgrg. This example shows that in order to safelyatge future
increase of UAS flights over rural and urban arehsre is a need for the development of a quaiviitatafety
management framework which addresses the accuwonlafi individual UAS flight contributions to Colldee

ground risk Rey,,¢ @nd to Individual riskR (9.
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A. SORA Method

Appendix

Table 5. SORA's Intrinsic GRC Determination [16]

Intrinsic UAS Ground Risk Class
N . 1m/approx. | 3m/approx. | 8 m/approx. | >8m/approx.

Max UAS characteristics dimension 3ft 10ft 256t 255

<700J <34 Kl <1084 KJ > 1084 KJ
Typical kinetic energy expected (approx. 529 (approx. (approx. (approx.

Ft Lb) 25000 Ft Lb) | 800000 FtLb) | 800000 Ft Lb)

Operational scenarios

VLOS/BVLOS over controlled ground area 1 2 3 4
VLOS in sparsely populated environment 2 3 4 5
BVLOS in sparsely populated environment 3 4 5 6
VLOS in populated environment 4 5 6 8
BVLOS in populated environment 5 6 8 10
VLOS over gathering of people 7
BVLOS over gathering of people 8

Table 6. SORA'’s Mitigations for Final GRC determination [16]

Robustness
Mitigation | Mitigations for ground risk
Sequence Low/None Medium High
M1 - Strategic mitigations for ground 0: None
1 ) -2 -4
risk® -1: Low
) M2 - Eﬁ?cts of ground impact are 0 A 2
reduced
M3 - An Emergency Response Plan (ERP)
3 is in place, operator validated and 1 0 -1
effective
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Fig. 3. SORA ARC assignment process [16]
Table 7. SORA’s TMPR and TMPR level of Robustness gsignment [16]

Residual ARC Tactical Mitigation TMPR Level of
Performance Requirements Robustness
(TMPR)
ARC-d High High
ARC-c Medium Medium
ARC-b Low Low
ARC-a No requirement No requirement

11




Table 8. SORA SAIL determination [16]

SAIL Determination
Residual ARC

Final a b c d
GRC

=2 | v v
3 1l I v | Vi
4 m | mjpiwv | v
5 v | IV | IV | VI
6 V| iV |V Vv
7 VI | VI VI VI
>7 Category C operation

Table 9. SORA’s Recommended OSO [16]

0S0

Number (in SAIL

line with

Annex E) | 1} m | wv v v
Technical issue with the UAS

0S0#01 i
Ensure the operator is competent olLImlulnuls
and/or proven

0S0#02 UAS manufactured. by competent ololL ! mln H
and/or proven entity

B. JARUS Safety Risk Criteria
Table 10. AMC RPAS.1309 Safety Risk Requirement [13

Classification of failure Conditions
No safety effect | Minor | Major | Hazardous | Catastrophic
Allowable Qualitative Probability
No Probabilit Extremel Extremel
. ¥ Probable Remote ¥ H
Requirement Remote Improbable
Classes of Complexit s N .
RPAS L':vel ¥ Allowable Quantitative Probabilities (per flight hour)
No Probability 3 " -5 6
CS-LUAS / I Requirement <10 <10 <10 <10
CS-LURS I '\F‘{Z:L:?r::’::ty <10° <10% <10 <107
No Probability 3 " 5 "
RPAS-23 I Requirement <10 <10 <10 <10
Class | I "F‘(‘;:l:i::’;':ty <10° <10% <10 <107
No Probability 3 - - -
RPAS-23 ! Requirement <10 <10 <10 <10
Class I I ':2:;2:1‘:2' <103 <105 <107 <108
No Probability 3 - 7 "
RPAS-23 I Requirement <10 <10 <10 <10
Class 11l " T{Z:ﬁz:)::ty <103 <105 <107 <10°
No Probability 3 4 -5 6
RPAS-27 I Requirement <10 <10 <10 <10
" No Probability ] ] ’ :
I Requirement <103 <10 <106 <107
RPAS-23 N/A® No Probability <10° <10° <107 <10°
Class IV ! Requirement
RPAS-25 2 N/A% ﬁisﬂﬁzf:::ty <103 <10% <107 <109
RPAS-29 3 N/A* ’:{‘;:u'f‘rz;b;':ty <10° <10° <107 <10°
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1. The probability requirement is from AC 23.1307-1E [20].

2. The probability requirement is from AMC 25.1309 [21].

3. The probability requirement is from AC 29-2C [23].

4. Large RPAS systems are deemed to be complex (i.e. Equivalent to CL II)

Table 11. AMC RPAS.1309 Safety Risk Severity Defitibns [13]

No safety effect

Minor

Major

Hazardous

Catastrophic

Failure conditions that
would have no effect
on safety. For example,
failure conditions that
would not affect the
operational capability
of the RPAS or increase
the remote crew
workload.

Failure conditions that
would not significantly
reduce RPAS safety and
that involve remote crew
actions that are within
their capabilities. Minor
failure conditions may
include a slight reduction
in safety margins or
functional capabilities, a
slight increase in remote
crew workload, such as
flight plan changes.

Failure conditions that would
reduce the capability of the RPAS
or the ability of the remote crew
to cope with adverse operating
conditions to the extent that
there would be a significant
reduction in safety margins,
functional capabilities or
separation assurance. In
addition, the failure condition
has a significant increase in
remote crew workload or impairs
remote crew efficiency.

Failure conditions that would reduce the
capability of the RPAS or the ability of
the remote crew to cope with adverse
operating conditions to the extent that
there would be the following:

(i) Loss of the RPA where it can be
reasonably expected that a fatality will
not occur,

(ii) A large reduction in safety margins or
functional capabilities,

(iii) High workload such that the remote
crew cannot be relied upon to perform
their tasks accurately or completely.

Failure conditions
that could result in
one or more
fatalities.

C. FAA Order 8040.4B / UAS SRM Policy Safety Risk @teria
Table 12. Risk Matrix of UAS SRM Policy and Order £40.4B [30]

Severity
Minimal Minor Major Hazardous Catastrophic
5 4 3 2 1
Likelihood
Freaquent | IGreen] | [Yellow]
Probeele [ [Green] | [Yellow] | [Yellow]
Rermote [Green] | [Green] | [Yellow] | [Yellow]
Extremely
Remote [Green] | [Green] | [Green] | [Yellow]
[y
Extremely
improbable [Green] | [Green] | [Green] | [Green] | [Yellow]

* High Risk with Single
Point and/or Common
Cause Failures

| Medium Risk [Yellow] |

1 Low Risk [Green]

Table 13. Severity Definitions of UAS SRM Policy ath Order 8040.4B [30]

Slight damage to
aircraft/vehicle

Substantial damage to
aircraft/vehicle

Minimal Minor Major Hazardous Catastrophic
5 4 3 2 1
Negligible safety Physical discomfort to Physical distress or Multiple serious injuries; fatal Multiple fatalities (or
effect persons injuries to persons injury to a relatively small fatality to all on board)

number of persons (one or two);
or a hull loss without fatalities

usually with the loss of
aircraft/ vehicle

Table 14. Likelihood Definitions of UAS SRM Policyand Order 8040.4B [30]

Qualitative Quantitative
Frequent . Expected to occur more than 100 times per year (or
Expected to occur routinel . R
A P ¥ more than approximately 10 times a month)
Probable Expected to occur between 10 and 100 times per year
Expected to occur often R R
B (or approximately 1-10 times a month)
Remote Expected to occur infrequently .
C Expected to occur one time every 1 month to 1 year
Extremel
X Y Expected to occur rarely .
Remote Expected to occur one time every 1 to 10 years
D
Extremely Unlikely to occur, but not
Improbable impossible Expected to occur less than one time every 10 years
E
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D. ATO SMS Safety Risk Criteria

Table 15. ATO SMS Manual Risk Matrix [31]

Severity Minimal Minor Major Hazardous
5 4 3 2
Likelihood
Frequent Low Medium
A
Probable Low Medium
B
Remote Low Medium Medium
C
Extremely Remote Low Low Medium Medium
D
Extremely Improbable Low Low Low Medium
E

Catastrophic

Medium

Table 16. ATO SMS Manual Severity Definitions [31]

Major 3

Hazardous 2

Catastrophic 1

Minimal 5 Minor 4
Discomfortto | Low Risk
those on the Analysis Event
ground. severity, two or

fewer indicators
Loss of fail*.
separation
leading to a Non-serious
measure of injury to three
compliance or fewer people
greater than or| on the ground
equal to 66
percent.

Medium Risk Analysis Event
severity, three indicators fail.

Non-serious injury to more
than three people on the
ground.

A reduced ability of the crew
to cope with adverse operatin
conditions to the extent that
there would be a significant
reduction in safety margins.

Manned aircraft making an
evasive maneuver, but
proximity from unmanned
aircraft remains greater than
500 feet.

High Risk Analysis
Event severity, four
indicators fail.

Incapacitation to
unmanned aircraft
system crew.

g Proximity of less
than 500 feet to a
manned aircraft.

Serious injury to
persons other than
the unmanned
aircraft System
crew.

A collision with a
manned aircraft.

Fatality or fatal
injury to persons
other than the
unmanned aircraft
system crew.

*Risk Analysis Event severity indicators are as follows:

a. Proximity. Failure transition point of 50 percent of required separation or less.

b. Rate of Closure. Failure transition point greater than 205 knots or 2,000 feet per minute(consider both
aspects and utilize the higher of the two if only one lies above the transition point).

c. ATC Mitigation. ATC able to implement separation actions in a timely manner.

d. Pilot Mitigation. Pilot executed ATC mitigation in a timely manner.

Table 17. ATO SMS Manual Likelihood Definition [31]

I Operations: Expected Occurrence Rate
Likelihood R . )
(per operation / flight hour / operational hour)
F'e'j;’e"t (Probability) > 1 per 1000
P’°gab'e 1 per 1000 > (Probability) > 1 per 100,000
Re'2°te 1 per 100,000 > (Probability) 2 1 per 10,000,000
Extremely Remote -
D 1 per 10,000,000 > (Probability) > 1 per 1,000,000,000
Extremely 'Empmbab'e 1 per 1,000,000,000 > (Probability) > 1 per 10%
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