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Abstract. The article deals with the analysis of the research conducted in the field of influence of uncertainty fac-
tors on remotely piloted aircraft systems operations. We reviewed the models suitable for estimation of uncertainty ef-
fect on remotely piloted aircraft systems operations. Principles of detailed assessment and further analysis of uncer-
tainty effect on remotely piloted aircraft systems operations are proposed.
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1. Introduction

Currently civil aviation market is balanced in aspects
connected with provision of line personnel, equip-
ment (ground facilities), and also legal aeronautical
regulations on international, regional and national
levels. One of new markets, which requires same
holistic approach is remotely piloted aircraft systems
(RPAS), which includes many potentially demanded
by customers activities, for example: aerial inspec-
tions (relay to remote areas, energy exploration),
cargo transport (last mile delivery), exploration (oil
rig delivery, etc.), precision farming, security mis-
sions, traffic information, etc.

That necessitates elaboration of specific rules for
operating RPAS and safety assessment depending
type of activity (Fig. 1) taking into consideration
uncertainty conditions.
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Uncertainty conditions mostly connected with environment, rules of
the flight, obstacles, operator proficiency and decisions, serviceability
of technical systems, predictability of dynamic air situation, airspace
structure, trajectory deviations, climb/turn/speed performance, com-
pliance with procedures, availability of relevant information, etc.

Fig. 1. Rules and safety assessment for RPAS operations

2. Analysis of the latest research and publica-
tions

Activities connected with integration of RPAS in
national Air Traffic Management (ATM) systems
are on-going in most of European countries and de-
scribed in SESAR JU 2014 annual report [1]. The
Single European ATM Research programme is con-
tributing to the integration of the RPAS into the Eu-
ropean ATM system, through the launch of the
RPAS R&D Definition Phase and on-going demon-
strations across Europe [1]. Under consideration are
operational improvements, addressing RPAS opera-
tions, to be included into the European ATM Master
plan and the ICAO Global aeronautical plan [2].

Aspects of unified approach to cooperative and
non-cooperative RPAS Detect-and-Avoid are con-
sidered in [3]. Avionics sensor fusion for small size
unmanned aircraft Sense-and-Avoid are analysed in
[4].

But integration of the RPAS into European
ATM-system requires solution of set of problems,
one of which is taking into consideration the influ-
ence of uncertainty factors on drone opera-
tions/activities. Some aspects connected with uncer-
tainty factors analysed in [5-9].

3. Principles of integration of the RPAS into the
European civil aviation and ATM system

The SESAR demonstrations activities in 2014-2015
regarding integration of the RPAS are bringing us
closer to delivering a modernised ATM system and
achieving a higher performing aviation sector for
Europe [1]. The implementation of the SESAR Solu-
tions on RPAS operations will help aviation industry
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to become more sustainable and competitive. The
SESAR Solutions provide concrete and tangible evi-
dence of the performance benefits that they can
bring to the overall performance goals of aviation
and air traffic management in Europe.

Currently, nine demonstration activities are per-
formed focusing on the integration of civil RPAS
into the European ATM system [1]. These projects
aim to demonstrate how to integrate RPAS into non-
segregated airspace in a multi-aircraft flight envi-
ronment, with a focus on identifying operational and
technical gaps, uncertainty factors and demonstrat-
ing links with SESAR. Both optionally-piloted and
fully remotely-piloted systems are participating in
these projects, using various types and sizes of
RPAS in environments with different uncertainty
levels, such as rotary wings, motor gliders, and light
observation aircraft, both civil and military.

The European RPAS Roadmap [2], handed over
by RPAS stakeholders to the European Commission
in 2013, paves the way for the safe integration of
RPAS into the non-segregated ATM environments
in Europe from 2016. The European RPAS roadmap
requires the development of a operational structure,
providing further details as to how to fully cover the
needs of RPAS ATM integration.

According to the European RPAS Roadmap [2]
RPAS should be able to operate in airspace, mixed
with a variety of manned aircraft (e.g. from gliders
to large airliners) under instrument (IFR) or visual
(VFR) flight rules adhering to the uncertainty factors
and requirements of the specific airspace in which
they are operating.

The RPAS integration should not impact on the
current airspace users (no degradation of the safety
in the air, no disruption of current operations, no
modification of ATC procedures, no additional
mandatory equipment caused by RPAS).

In consequence, the European RPAS Roadmap
considers that RPAS behaviour in operations must
be equivalent to manned aviation, including for the
air traffic control. RPAS must comply with the
Communication, Navigation and Surveillance re-
quirements applicable to the class of airspace within
which they are intended to operate. They must also
comply with the trajectory management concept en-
visaged in SESAR system and with air traffic con-
trol rules/procedures.

The European RPAS Roadmap also considers
that, as in manned aviation, an RPAS operator will
obtain a permission to operate only when essential
pre-requisites to safeguard the total aviation safety

system are in place. The three following basic pre-
requisites are expected to apply to RPAS [10]:

1. RPAS must be approved by a competent au-
thority. According to the ICAQ, they are systems
comprising a remotely piloted aircraft, one or more
associated remote pilot station, the required com-
mand and control links, including those supported
by satellite communications, and any other compo-
nents as specified in the type design of the RPAS.

2. The RPAS operator must hold a valid RPAS
operator certificate.

3. The remote pilot must hold a valid licence.

The European RPAS Roadmap [2] proposes a
phased and gradual introduction of RPAS operations,
based on three subsequent levels of integration taking
into consideration uncertainty factors (Figure 2):

1. Initial operations

At this first level of integration, operations are
conducted under restrictions defined by the Civil
Aviation Authorities (CAA). In this phase, a signifi-
cant volume of cross-border operations is not ex-
pected. Integration into non-segregated airspace will
only be possible under strict conditions. At the same
time, the development of the necessary regulation
will have started. When national competences exist,
rules will be developed by CAAs with the greatest
possible degree of voluntary harmonisation.

Initial
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Fig. 2. Three levels of introduction of RPAS operations
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2. Integration

In this second integration step, RPAS start con-
ducting their operations according to harmonized
regulations, alleviating a number of restric-
tions/limitations. Operation of RPAS < 150 kgs are
progressively based on common rules, which would
alleviate some of the restrictions to access non-
segregated airspace (controlled and non-controlled)
and to operate at aerodromes.

3. Evolution

Further evolution would allow achieving the ul-
timate goal, where appropriately certified and ap-
proved RPAS, flown by licensed remote pilots and
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under the legal responsibility of certified RPAS op-
erators will be able to operate cross-border, in non-
segregated airspace and over any populated territory.
In other words, complete integration into the Euro-
pean and global civil aviation system.

One of the principal objectives of the aviation
regulatory framework is to achieve and maintain the
highest possible and uniform level of safety taking
into account uncertainty factors of different origin
[5-9]. RPAS shall be designed, manufactured, oper-
ated and maintained in such a manner that the risk to
people on the ground and other airspace users is at
an acceptable level. This level shall be set through
essential requirements adopted by the legislator, fol-
lowing substantial consensus by all involved parties
during the rulemaking process. When developing the
safety requirements for RPAS, the risk must be con-
sidered in relation to the different size of RPAS and
the type of operation involved.

4. Research of uncertainty conditions during
RPAS operations

In order to safely access all types of airspace the PRAS
require cooperative and non-cooperative Detect-and-
Avoid (DAA) functions (accounting the influence of
uncertainty factors on air traffic flows and safety of
flights). Let’s consider mathematical models associated
with non-cooperative and cooperative DAA functions
taking into consideration the overall uncertainty vol-
ume in the airspace surrounding RPAS.

The major criteria for DAA systems for RPAS
operations under uncertainty conditions are [3]:

— field of view equivalent or superior to that of a
pilot in the cockpit;

—accurate and  precise  intruder
tion/recognition and trajectory prediction;

— prior obstacle detection for allowing time for
executing the trajectory avoidance manoeuvres.

The DAA candidate-technologies represented in
Table 1, both for cooperative and non-cooperative
sensors [3,4].

Table 1. The examples of the DAA candidate-
technologies for cooperative and non-cooperative sensors

detec-

System Type Range Bearing Trajectory

Visual Non- - Accurate Extracted

camera | cooperative,

Passive

Light Non- Accu- Narrow Extracted

Detec- | cooperative, rate

tion and Active

Ranging

ADS-B | Cooperative | Accu- | Calculated | Provided
rate

TCAS Cooperative | Accu- | Accurate Extracted
rate

Non-cooperative sensors
The predicted state £(¢), at time is given by [3]:
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where P, (#) is the position in the x and y direc-

tions respectively as a function of time, 7. V,  (¢) is
the velocity in the x and y direction respectively,
a, (t) is the acceleration and () is the prediction

Gaussian noise.

The track fusion algorithm is defined as the
weighted average variance of all the tracks and is
given by [3]:

5 (k| K= Bk | R)X S 27 (k[ 05,k £)
Pk =[zm P k0]

The errors in predicted trajectory can be derived
from the quality of the measurements, reflected in
the prediction error, which are expressed as [3]:

o’ (k+t|k)=var[n(k +7)—A'(k+71| k)]
where n(k + 1) is the exhibited (modelled) trajectory

and A'(k+71|k) is the predicted optimal trajectory

at sample time k+ 7. For trajectory prediction, the
obstacle centre of mass, the target orientation and
the geometric shape of the uncertainty volume are
determined.

Cooperative systems

The ADS-B measurement model adopted for in-
truder position and velocity estimates in and cardinal
directions is given as [3]:

X
100000 ]| x | | Vi (k)
Zky=| 010000 £ Vi(k)
1000100 || y | |V, (k)
000010 || 3| | 7;(k)

y

Assuming that the Veloc_ity_ components, V _(k),
Vi(k), V (k) and V,(k) are affected only by Gaus-

sian noise with zero mean, the standard deviation is
defined by the covariance matrix given by [3]:

E[V’] 0 0 0]
0 E[V}] 0 0
R= )
00 E[F] 0
0 0 0 E[V]
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where E[] represents the mean.

The probability of conflict is defined as the vol-
ume below the surface of the probability density
function, p(x,y) representing the conflict zone.

The conflict probability, P, is expressed as [3]:
—Ay+Ayc ptoo
P=[ " " p(x,y)dxdy
~Ay—Aye o0
where Ay + Ayc represents the conflict separation
distance.

The overall uncertainty volume is obtained by
combining the two error ellipsoids, which must be
avoided by the host RPAS. When the errors are cor-
related tensors analysis is adopted to properly ac-
count for covariant or contra-variant components.
Six components are associated with a rank-2 sym-
metrical tensor ¢, which are three diagonal and

three off-diagonal components usually occurring in
pairs. The equation of an ellipsoid associated with
the tensor is given by [3]:

r}(bij r; =1
where r the radius vector having components 7; and
7. Considering a three-dimensional space, the co-

variance tensor for the error ellipsoid is given as [3]:

¢; ¢ O
T=19; 0¢; 0
0 0 &y

for components (i, j,k) along (X,Y,Z) axes. The

partial derivatives of an invariant function provide
the components of a covariant vector. A contra-
variant vector is the same as a contra-variant tensor
of first order. The covariant and contra-variant ten-
sors are used to define the overall uncertainty vol-
ume when the errors are correlated.

5. Conclusions

Uncertainty is one of the important factors influenc-
ing remotely piloted aircraft systems operations
(both applicable for the cooperative and non-
cooperative DAA technologies).

The major uncertainty origins, which should be
taken into consideration are: detect-and-avoid func-
tions, meteorological conditions, remote pilot li-
cence, procedures and actual hardware/software of
RPAS.

The solution of uncertainty originated problems
will result in increasing safety level of RPAS flight
and contribute the integration of the RPAS into the
European civil aviation and ATM system.
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