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LIDAR Obstacle Warning and Avoidance System for Unmanned Aerial Vehicle
Sense-and-Avoid

Subramanian Ramasamy, Roberto Sabatinil*, Alessandro Gardj, Jing Liu
School of Engineering,-Aerospace and Aviation Discipline, RMIT University, Melbourne, VIC 3000, Australia

ABSTRACT

The demand for reliable obstacle warning and avamdacapabilities to ensure safe low-level flighegtions has led to the development of various
practical systems suitable for fixed and rotarygvaircraft. State-of-the-art Light Detection andhBiag (LIDAR) technology employing eye-safe laser
sources, advanced electro-optics and mechanicab-8&sering components delivers the highest angekolution and accuracy performances in a wide
range of operational conditions. LIDAR Obstacle Whag and Avoidance System (LOWAS) is thus beconsingature technology with several potential
applications to manned and unmanned aircraft. pager addresses specifically its employment in Unmad Aircraft Systems (UAS) Sense-and-Avoid
(SAA). Small-to-medium size Unmanned Aerial Vehicl@) AVs) are particularly targeted since they agey\frequently operated in proximity of the
ground and the possibility of a collision is funttegygravated by the very limited see-and-avoid béifias of the remote pilot. After a brief desdign of

the system architecture, mathematical models agdrigtims for avoidance trajectory generation arevigled. Key aspects of the Human Machine
Interface and Interaction (H®)Idesign for the UAS obstacle avoidance systena@addressed. Additionally, a comprehensive sitiorl case study of
the avoidance trajectory generation algorithmsresented. It is concluded that LOWAS obstacle dietecand trajectory optimisation algorithms can

ensure a safe avoidance of all classes of obsté@eswire, extended and point objects) in a wialege of weather and geometric conditions, progai
pathway for possible integration of this technolagip future UAS SAA architectures.

Keywords:

Airborne Lasers; Laser Sensors; Integrated AvioBSigstems; Obstacle Warning and Avoidance; SenséAaai; Unmanned Aerial Vehicle.

1. Introduction

A number of Unmanned Aerial Vehicle (UAV) mission-and-
safety critical tasks involve low-level flight agties beyond the
relatively safe aerodrome perimeter. Low level amdrain-
following operations are often challenged by a \grig natural
and man-made obstacles. The significant number bsitacle
strike accidents recorded is a major concern bothafrcraft
operators and for people on the ground [1, 2]. Redu
atmospheric visibility due to adverse weather coowlt is
frequently a contributing factor in such accidebig the difficult
identification of small-size obstacles such as wihes led to
accidents and incidents even in clear sky conditi®ignificant
development activities are specifically addresshmg integration
of obstacle detection, warning and avoidance systengranting
separation maintenance and collision avoidancehilitpes [3-9].
Table 1 compares a number of sensor technologie®listacle
Warning System (OWS) applications in small-to-medisize
UAVs. Unfortunately, state-of-the-art radar is not aalp of
detecting small natural and man-made obstacles asctrees,
power line cables and poles. The outstanding angakulution
and accuracy characteristics of Light Detection dahging
(LIDAR), as well as its good detection performanceainvide
range of incidence angles and weather conditionggean ideal
solution for obstacle detection and avoidance [2].

One of the key challenges encountered by the awigbonmunity
for integration of Unmanned Aircraft Systems (UAS) imton-
segregated airspace is the provision of a cerldi@ense-and-
Avoid (SAA) capability. SAA can be defined as the aodtic
detection of possible conflicts by the UAS and theohation of
any existing collision threats by accomplishingesafvoidance
manoeuvres. The maturity of SAA techniques and émgbl
technologies is considered low when viewed in thegsatsve of
civil airworthiness regulations for manned aircrafgising
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concerns to certification authorities and airspasers [8]. With
the growing adoption of UAS for a number of civil, coercial
and scientific applications, there is a need totifgelUAS
according to established national and internatistahdards [9].
Such SAA systems will provide UAS the capability to
consistently and reliably perform equally or eveneceed the
see-and-avoid performance of a human pilot in mdreiecraft
while allowing a seamless integration of unmanneckaii in the
Air Traffic Management (ATM) network. Research effoire
primarily concentrated on adopting LIDAR sensors dorall-to-
medium size UAV platforms as one of the most accunate-
cooperative SAA sensors. The LIDAR Obstacle Warning and
Avoidance System (LOWAS) for UAS is a low-weight/volume
navigation aid system specifically designed to clepetentially
dangerous ground and aerial obstacles placed inearby the
planned flight trajectory and to provide timely wiaigs to the
crew in order to implement effective avoidance mamoes.

This paper presents the LOWAS hardware and software
architecture for UAV applications, including algorite for
automated obstacle avoidance and Human Machinddogand
Interaction (HMf) including synthetic display formats for the
UAS Ground Control Station (GCS). A key novelty aspddhe
LOWAS development is in the analytical models implatad for
real-time processing of navigation and trackingrsraffecting
the state measurements allowing a direct translatit,munified
range and bearing uncertainty descriptors. Sinesetkerrors may
be statistically independent (e.g., non-cooperat®AA) or
dependent (e.g., cooperative SAA), the uncertaintyyrme is
calculated in real-time for each obstacle encoufased on this
uncertainty volume, appropriate geo-fences are mically
generated (whose characteristics are dictated byotistacle
classification), to allow computation of the optimaloidance
flight trajectories.
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Tablel. Obstacle detection technologies.

MILLIMETRIC
REQUIREMENT MAGNETIC THERMAL WAVE RADAR LIDAR
Onlv eneraized All wires preferably
Wire detection ywiresg Only energized wires perpendicular to flight All wires
trajectory
Detection range Short Short As required As required
Coverage Area Small As required As required As required
Resolution and accuracy Good for position and
(obstacle type, position and Insufficient type, no ranging Medium Very high
distance) capabilities
All-weather performancein .
low-level flight Good Poor Very good Good
Falsealarm rate High Low Very low Very low
Base technology status Mature Mature State-of-the-art State-of-the-grt

* Laser energy is significantly attenuated by raimd blocked by clouds and fog.

2. Operational requirements

The OWS operational requirements include:

« Capability to detect all types of hazardous obstgdhcluding
topographic features, vegetation, buildings, pobests,
towers, cables and transmission lines;

e Operability in all-time and all-weather conditionacluding
low-light and darkness;

e High minimum detection range, adequate for the pfatf
velocity and dynamic performances;

* Wide Field of View (FOV), adequate for the manoeuvring
envelope limits of the platform;

« High range and bearing resolution;

* Accurate and good probability of detection, since real
obstacle threat shall remain undetected:;

e Very low false alarm rate, to prevent spurious warsitttat
would increase the remote pilot's workload and prompt
unnecessary avoidance manoeuvres, potentially ptigeuto
both safety and effectiveness of the mission;

- Satisfactory technological readiness levels.

3. System description

LOWAS is designed to detect obstacles placed in arbyethe
aircraft trajectory, classify/prioritise the detedtobstacles and
provide visual and aural warnings and informatiorthte crew.
The key components of LOWAS are the Sensor Head Unit
(SHU), the Processing Unit (PU), the Control Panel (&R) the
Display Unit (DU). The LIDAR beam scans periodically threa
around the host platform’s longitudinal axis witldr-FOV of 40°

in azimuth and 30° in elevation (Fig. 1).

Fig.1. LOWAS FOV.

In order to enhance coverage during turning man@sust high
yawing rates, the remote pilot may vary the azinarténtation of
the LOWAS FOV by 20° left/right with respect to the tieal
axis. As conceptually depicted in Fig. 2, during rgveomplete
FOV scan (4 Hz refresh frequency), the LIDAR beam gdéesma
number of elliptical scan patterns across the FOV.
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o e B s This scanning pattern is well suited to detect tlestndangerous
= =UAY Trajectory obstacles like wires as it produces several andladguspaced
vertical lines. The electro-mechanical device timatused to
produce the described scanning pattern is a swashimgr. The
\ LOWAS laser is the IRE POLUS model ELPM-20K, whosemai
1 characteristics are listed in Table 2 [2]. The wangth, power
and pulse duration were chosen to meet eye-safgtyireenents
\ [10, 11]. The LOWAS architecture for UAV integrationssown
. in Fig. 3. In manned aircraft, LOWAS display unit awdrning
g generator are located in the cockpit, while in tasecof an UAV,

\ \ the interactions with remote pilot involves Line®ight (LOS)
100 | | and Beyond LOS (BLOS) communication links. Both LOSI an
\ / BLOS data links are necessary for LOWAS communicatiiih

the GCS and with the Air Traffic Management (ATM) syat
Telemetry data need to be exchanged between the Ud$han
GCS for aircraft control and downlinking of both fiig
parameters and obstacle information (enabling \ehiacking,
mission control and mission profile updates).

z [m]

x [m]

Table2. ELPM-20K laser parameters [2].

Parameter Value
Emission wavelength 1.58um
Pulse power at the assembly output 10 kW
Pulse Duration 2.8ns
Pulse Repetition Frequency 40 kHz
Fig. 2. LOWAS scan pattern for an advancing UAV platform.
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Fig. 3. LOWAS avionics integration architecture for unmathiagércraft.
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LOWAS employs three key algorithms namely: predictdrihe
future platform trajectory; calculation of the poti@l collisions
with the detected obstacles; and generation of afseptimal
avoidance trajectories (in case a risk of collisodetermined).
4. Obstacle detection and classification software
architecture

The signal pre-processing steps involve an analogptécal-
electrical conversion of the echo signal by an Awelee
Photodiode (APD), a signal pre-amplification by an d¥oatic
Gain Control (AGC) and a comparison with adjustableghold
in order to fine-tune sensitivity on the basistof expected return
signal power in relation with the time elapsed frdme LIDAR
pulse emission. The threshold level may also bedun take into
account the background conditions. These featugdsice the
probability of false echo detection due to atmosighéack-
scattering near the laser beam output and optithisesystem
sensitivity in all weather conditions. Subsequendigital signal
processing is performed in order to validate pesitiecho
detections, to determine the position of the detkdbstacles and
to extract their geometrical characteristics. Hos purpose, the
LOWAS software architecture is organised in two sedakent
stages: Low Level Processing (LLP) and High LevelcBssing
(HLP). Fig. 4 represents the signal processing wso#
architecture.

Laser Echoes Tracking Sensors

|

Data Pre-Processing ‘

! |

Segmentation
(Low Level Processing)

‘ Echoes Pre-Classification ‘ ‘

Intruder Tracks ‘

!

Classification and/or Validation (High Level Processing)

‘ Obstacles in Motion

‘ Static Obstacles ‘

] L I |

Z Ground i ; Static
Flying : Static Aerial
Objects Obstacles in Obstacles Ground

Motion
[ I [ [

| | | |

‘ Output ‘

e —— —» e — —— — > e —— —»

Fig. 4. LOWAS signal processing software architecture.

The LLP is performed on the individual echoes imeorto

determine range, angular coordinates and charstitsriof the
obstacle portion generating them. The tracking gateessing
provides the tracks of intruders after pre-procesgiexcluding

pre-filtered false alarms). The HLP analyses thé Ldutput to
identify groups of echoes, in order to reconstslape and type
of the obstacle. LOWAS is capable of detecting aladsifying

ground/aerial static and moving obstacles. Grouaticsbbstacles
are automatically classified according to the fallog classes:

e Wire all thin obstacles like wires and cables (e.g.,
telecommunication/power lines and cableways);

e Tree: vertical obstacles of reduced frontal dimensi¢ag.,
trees, poles and pylons);

e Structure: extended obstacles (e.g., bridges, buildings and
hills).

The single echoes are processed as soon as thagaaiieed. The
wire LLP algorithm processes only the echoes whoagnitude
is weaker than pre-defined thresholds. Subsequetitéy, wire
HLP algorithm is employed on the subset of acquiedoes in
the current frame. Clusters are merged into a singstacle by
means of iterative image segmentation, specifidallglemented
to identify echoes characterised by a uniform radgstatistical
algorithm subsequently validates the merged echgeserifying

if the obstacle is generated by real aligned ecloyely noise
data. The processing algorithms for extended olestdtrees and
structures) are also divided in two different phaseto analysis
and segmentation. The echoes already classifieéxtended
objects are processed by a dedicated validatiooritiign, since
many of these are not generated by obstacles (tkesxample,
the ground). The segmentation algorithm is respbesiof
detecting, merging and validating clusters of eshexequired over
relatively short time intervals and showing the getim
properties of an obstacle. The LOWAS performs autmma
prioritisation of the detected obstacles based be tisk
represented according to the relevant range andda® timely
visual and aural warnings to the flight crew. Thelidaeted signal
processing algorithms grant reliable detection qreméince,
independent from the platform motion, allowing aomstruction
of the obstacle shape without using navigation ¢st@nd-alone
integration) in low-dynamics platforms flying prefthed
trajectories. The LOWAS can also be integrated witle t
navigation and guidance system of the UAV to grantrano
efficient and reliable obstacle detection in higimamics and no
pre-planned flight conditions [12].

4.1. History function

A history function is implemented to retain obstadlgformation
even when the previously observed obstacles arddeutbe
current FOV of the LOWAS. Such a capability enablbe t
storage of obstacle positions and other attribfitesa certain
period of time, which is automatically adjusted lhsen
platform-obstacle relative dynamics. Since bothtatie data and
platform navigation data are affected by errorpr@agation of
uncertainty is performed to grant a 2-sigma comfadelevel to
position data of host platform and tracking infotima of
obstacles.

5. Detection and atmospheric propagation models

The microwave radar range equation also applieaser Isystems
and the power received by the detector is given by:

__ PgGr o mD?

P — —_— T .
R™ 4Rz 4nrz 4 2tm

1)

whereP; is the transmitter powef is the transmitter antenna
gain, R is the range [m]D is the aperture diameter [M,, iS
the atmospheric transmittance angl is the system transmission
factor. With laser systems, the transmitter antemyadn is
substituted by the aperture gain, expressed byrdtie of the
steradian solid angle of the transmitter beam widtho that of
the solid angle of a sphere as given by:

Tsys

4m

a?

Gr = 2
In case of laser beam widths in the order of 1 mtlae,typical
aperture gain at laser wavelength$ i about 70 dB. In the far
field, the transmitter beam width can also be exg@ésn terms of
aperture illumination constark, as:

®)

A
O(=KaB


https://www.researchgate.net/publication/264240297_A_Laser_Obstacle_Warning_and_Avoidance_System_for_Manned_and_Unmanned_Aircraft?el=1_x_8&enrichId=rgreq-76eb3e10571a4921151b239ea844389d-XXX&enrichSource=Y292ZXJQYWdlOzMwMzY5MzA3NTtBUzozNzc4MDYxNzg1Mzc0NzJAMTQ2NzA4NzQyMDYyNg==

The final paper that should be used for referenisng

This is the author pre-publication version. Thipgradoes not include the changes arising frometision, formatting and publishing proces

S. Ramasamy, R. Sabatini, A. Gardi and J. Liu, ‘ABDObstacle Warning and Avoidance System for Unrednierial Vehicle Sense-and-
Avoid.” Aerospace Science and Technology (Elseyias). 55, pages 344-358, 2016. DOI: 10.1016/pa415.05.020

7

Substituting folGr anda in equation (1), we obtain:

l)R=_'_‘_'Tatm"tsys (4)

At A = 1.064pum, a 10 cm aperture has a far-field distance of

approximately 20 km. As a result, it is not unusieabperate in
the near-field of the optical systems and henceahge equation
is modified to account for near-field operationhis near-field
effect modifies the beam width such that:

KaD)2 Ko\ 2
a= (%) + (%) )
The range equation is dependent on the target @heaeffective
target cross-section is given by:

4T
O'—deA (6)

where(l is the scattering solid angle of target [gr]is the target
reflectivity anddA is the target area. Substitutifigwith the value
associated with the standard scattering diffuseetgiigambertian
target) having a solid angle nfsteradians, we obtain:

o =4ppdA @)

The cross-sectional area of a laser beam transhfiftea circular
aperture from a distance is given by:

m R? 2

Depending on the target-laser spot relative dimemssiwe may
distinguish three different types of targets: egesh point and
linear targets. In case of a point target (Fig),54®e target cross-
section is given by:

Gpt =4 pTdA (9)

Hence the range equation is expressed as:

Pr=1r re ko Tam Tsys (10)
In case of a linear target such as a wire (Fig.,5ttMan have a
length larger than the illuminated area but a ssnalidth (d).
The target cross-section is given by:

Owire = 4 Pwire ROd (11)

Replacing with the beam width provided in Eqg. (3) tlange
equation is expressed as:

_ Pt d pwire D3
P = 4R2 R Kak Tatm * Tsys

(12)

Point Target RO

Extended Target

(©

|
_1/‘|’

Wire Target

N o

(@) (b)

Fig. 5. Target cross sections.

In case of an extended target such as a wire (Fi. &l incident
radiation is involved in the reflection process.ush for an
extended Lambertian target we have a target crad®segiven
by:

Gext = T p R? B2 (13)
Therefore the range equation is expressed as:
Pr D?
P = 1T4_RT ’ 4_Rp *Tatm * Tsys (14)

The propagation of laser radiation in atmospheraffiscted by a
number of linear and nonlinear effects. Assuming aisSian
profile of the laser beam at the source and anageefocused
irradiance, a comprehensive expression of the pesdiancelp,
accounting for absorption, scattering, diffractionjtter,
atmospheric turbulence and thermal blooming effectiven by
[112, 13]:

b(z) t(z,A) PQA)

Ip(z,A) =
p(z,2) T (aﬁ(z)\) +af (@) + a%(Z.D)

(15)

where z is linear coordinate along the beam,s wavelength,
P(}) is transmitted laser poweb, is blooming factor;t(z, 1) is
transmittance coefficient, which accounts for absorp and
scattering associated with all molecular and aercs#cies
present in the path. The 1l/e (e is Euler's numbegm radii
associated with diffractionaq(z,2), beam jitter a;(z) and
turbulencea,(z, 1) are calculated as [14]:

ZA
ay(z ) = = (16)
af(z) = 2(0%) z* a7
6/5Z /
ac(z ) = 2920 (18)

AL/5

whereQ is beam quality factog, is beam 1/e radiu$@?) is the
variance of the single axis jitter angle that isumsed to be equal
to (93) and C% is the refractive index structure constant. An
empirical model for the blooming factb(z), which is the ratio
of the bloomedg to unbloomed i peak irradiance, is given by:
b(z) = 2= ——

Iyg  1+0.0625 N2(z)

(19)

where N is thermal distortion parameter and is a dgimnless
quantity that indicates the degree or strengthhefrhal distortion
given by:

—-nT oy, P z2

N(Z) — .|:2 fz ag dZ,fzralz]v;)-rn dz" (20)

mngdovgcpag L2270 a(z) 0

where the multiplication factor is the distortionrg@eter for a
collimated Gaussian beam of 1/e radiysn, is refractive index;
v, is the uniform wind velocity in the weak attenuatitmit
(yz < 1); P is the laser output powaeti, o, d, andcp are,
respectively, the coefficients of index change widspect to
temperature, absorption coefficient, density anecijz heat at
constant pressure. The atmospheric transmittandepends on
the integral effects of absorption and scatterihgnmmena, both
for molecular and aerosol species, on the enti@mbéngth,
which are comprehensively described as:

©(z,A) =e” JEv(z2) dz e

wherey(z, 1) is the atmospheric extinction. In the practicaesa
the molecular and aerosol composition of the atimesp along
the entire LIDAR beam is unknown and cannot be acelyrat
guessed, therefore it is necessary to adopt anriealpinodel for
the atmospheric extinction. Considering that theDAR
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operational wavelength is fixed and assuming thatatrans in
the transmittance are caused by changes in the watent of

the air only,y(z,A) can be calculated using the model suggested

by Elder and Strong [15] and modified by Langer ][{16
Additionally, for propagation in rainy conditionshet equations
developed by Middleton can be adopted [17]. TheeEftrong-
Langer-Middleton (ESLM) model relates the atmosjgher
transmission of thé"™ window to the atmospheric visibility,
relative humidity and rainfall-rate (i.e., readilgneasurable
parameters). This is a valid assumption since odt@ospheric
constituents have reasonably constant effects withé given
atmospheric window. The number of® molecules encountered
by the laser beam is expressed by the amount dipiable
water, which equals to the depth of the layer that lvche
formed if all the water molecules along the propagapath were
condensed in a container having the same croseisakcarea as
the beam. Hence, for a beam path length of z metinestotal
precipitable water amount in millimetres is given by

(22)

wherep is the absolute humidity [gAh Two empirical
expressions, developed by Langer can be used tolatd the
absorptive transmittanag; for thei™ window for any given value
of the precipitable water content [14]. These trattamces are
expressed as:

w=10"3%p- z

T, = e~ AW for w < w; (23)

A\Bi
Tai = ki (%) for w > Wj (24)
where A;, k;, B; and w; are constants whose values for each
atmospheric window are listed in [18]. For the LOWAS
wavelength X = 1550 nm - % atmospheric window), A 0.211,
k; = 0.802,3; = 0.111 andw; = 1.1. These empirical equations
apply to horizontal paths in the atmosphere atlees-and for
varying relative humidity. To obtain the total atspheric
transmittancer,; is multiplied byt (i.e., the transmittance due
to scattering only). Based on rigorous mathematqggdroaches,
the scattering properties of the atmosphere duthéoaerosol
particles are difficult to quantify and it is digfilt to obtain an
analytic expression for the scattering coefficigmt will yield
accurate values over a wide variety of conditiofBwever, an
empirical relationship that is often used to mottha scattering
coefficient has the form:

BY) = A8 + CA~* (25)

where C;, C,and & are constants determined by the aerosol
concentration and size distribution ahds the wavelength of the
radiation. The second term accounts for Rayleighttsdng,
which may be neglected for all wavelengths longen tdaout 0.3
um. The valuess = 1.3 + 0.3 produce reasonable results when
applied to aerosols with a range of particle siz&s.attempt has
also been made to relateand C; to the meteorological range.
The apparent contra€y, of a source when viewed’at 0.55um
from a distance z is given by:

_ Rsz+Rpz

C
Z
Rpz

(26)

is defined as the meteorological rangéor visual range). It must
be observed that this quantity is different frone tbbserver
visibility (V,,s). Observer visibility is the greatest distance at
which it is just possible to see and identify a ¢argith the
unaided eye. The International Visibility Code (IVd@3signations
are too broad for scientific applications. If ordyn estimated
observer visibility V,,s) is available, the meteorological range
(V) are estimated from [11]:

V=~ (1340.3) Vyps (28)

Assuming that the source radiance is much greaten the
background radiance (i.eRs >> R,) and that the background
radiance is constant (i.Ry,, = Ryz ), the transmittance at =
0.55um (where absorption is negligible) is given by:

Rsy

=e BV = 0.02 (29)
Rso
Hence:
Rsy — _
1 (RSO) =BV = -391 (30)
and also:
=== (31)
The constang, is given by:
€, =2=.055° (32)

The transmittance at the centre of ifflevindow is expressed as:
391 (A)’S.z
TSi =e V 0.55 (33)
where A; is expressed in microns. If, because of haze, the
meteorological range is less than 6 km, the expodes related
to the meteorological range by the following emgitiormula:

8 =0.585-3V (34)

where V is in kilometres. When ¥ 6 km, the exponer# can be
calculated by:

8§ = 0.0057 - V + 1.025 (35)

For exceptionally good visibility,6 = 1.6 and for average
visibility § = 1.3. In summary, an appropriate value éoallows
to compute the scattering transmittance at thereeott thei™
window for any propagation path, if the meteorolobreage V is
known. The extinction coefficients were computed fr&®LM
model transmittances using [2]:

(36)

Y=-"x%

where SR is the slant range in km. However, it is ingm to
observe that, although the ESLM model provides pedeent

estimates of both absorptive transmittantg;X and scattering
transmittance Tg;), only the scattering contribution to the

extinction coefficientY;) is independent of range. It should be
noted that, in fact, the total precipitable watemim per m of
beam length is given by Eq. (22) and absolute hitynits

whereRs; andR,,; are the apparent radiances of the source and approximated by:

its background as seen from a distance z.AFer0.55 um, the
distance at which the ratio:

c Rsz—Rpz

— “Z _ R —

V= C_o_ﬁ_ 0.02 (27)
Rpo

T
273.16

_ E 25.22 (T-273.16)
p=13228 T exp [B2OR0

~531In(——)] (37)

where RH is the relative humidity (as a fraction)dahis the
absolute temperature (°K). According to the ESLM nhotiee
ESLM absorptive transmittance is given by [11]:
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T, = e~00363 [y

Therefore, in this case, the absorptive extinctioefficient { ,ii)
is given by:

(38)

1
y,; = 0.0363-p - = (39)
where theSR dependency of,; is evident (obviously, fogR = 1
km the modely,; becomes a function of AH only). The ESLM
empirical model implies a range dependency of tkinetion
coefficient, which prevents direct comparisons ofe th
experimentaly values found at a certaiBR with y values
predicted or measured at a differ8Rt

5.1. Detection range performance

Extensive flight test activities performed on LOWAS fnanned
rotorcraft have addressed, in particular, the dietecrange
performances in various weather and daylight comsti as well
as the Human-Machine Interface and Interaction (Hi¥tirmats
and functions and avoidance trajectory generatigorishms. The
activities highlighted that the LOWAS range performes were

in accordance with the predictions and the LOWAS
detection/classification algorithms were validateBurthermore,

it was verified that the LOWAS history function waseqdate to
cover the flight envelope of the selected testfptats. Table 3
details the detection range results obtained foe wbstacles of 5
mm in diameter, in dry weather (visibilities of 860 1500 m and
2000 m) and incidence angles o @hd 48. These results fulfil
the minimum LOWAS performance requirements set for
rotorcraft platforms. The detection ranges obtaindy
experiments also exceed the ESLM model detectioges and
this is due to a slight overestimation of the estion coefficient
atA = 1.55um as detailed in [2].

Table3. Detection range of 5 mm diameter cable.

Visib- Incid- ESLM Actual Minimum
ility ence Model Detection | Specified
Angle Detection | Distance | Detection

Distance Distance

800 m 90° 662 m 727 m 500 m
1500 m 90° 783 m 832 m 560m
2000 m 90° 921m 980 m 600 m
800 m 45° 495 m 529 m 400 m
1500 m 45° 553 m 623 m 440 m
2000 m 45° 629 m 657 m 520 m

6. Human-machine interface and interactions

Information relative to all detected obstacles i®vjled on
dedicated avionics systems including 2D, 3D and atiiyn
display formats. Fig. 6 shows a visible image (ap ghe
corresponding LOWAS 3D display format (b). Fig. 8fmows an
enlarged version of the 3D display format. A 2D digglarmat is
shown in Fig. 6-d as well as a combined format isaleg in Fig.
6-e, providing a synthetic augmented-reality imafieghe scene
captured by visual camera and by LOWAS.

Comparing Fig. 6 (a) and (b), it is evident thatepand wire
obstacles placed at a certain distance from thifopta and hard

to be seen by a visual camera (and by the humah aye
successfully detected and displayed by LOWAS. An altign
display format is also available and depicted i Fi. In all these
avionics implementations, the actual platform di¢on and
flight path velocity vector with respect to the LOWASis are
represented (an auto-alignment function can beiaiptemented
if the required data are available from other asismavigation
sensors).

P 1 skl | [ i

O
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v)

(d)

Fig. 6. Visible camera image (a), LOWAS 3D display
(b and c) 2D display (d) and synthetic enhancetityémage (e).

Fig. 7.

LOWAS altimetry display formats.

6.1. Cognitive remote pilot-UAV interface

Cognitive ergonomics studies are performed to agvelitable
HMI? for LOWAS. Emphasis is on the development of adapti
forms of HMF based on the analysis of human cognitive states
estimated from physiological measurements and mater
conditions. This information is used to trigger HMidaptation
(including various levels of automation) with theteintion of

8

increasing safety and efficiency of UAS low-level gfit

operations. In the LOWAS for UAS, a cognitive remotiotp

aircraft interface is developed to dynamically siseemote pilots
based on their physiological and cognitive staeteated in real-
time. Four intelligent and adaptive functions imthg real-time
monitoring of environmental and operational stasuae well as
pilot physiological parameters, adaptive alerting dynamic task
allocation are adopted to ensure an optimal cotipardetween
pilots and advanced aircraft systems [19-22].

Depending upon the current flight phase, environalent
conditions, operational requirements and cognititeges of the
remote pilot, suitably defined decision logics pemfi the
automatic selection of formats and functions adapti The real-
time cognitive state of the UAS remote pilot is estied based on
the detected physiological parameters (heart ragpiration rate,
blink rate, blood pressure, etc.). Several cogaitigtate
parameters are considered for the design of adaptil®
system, typically including mental workload, menfatigue,
vigilance, stress, etc. Normalised variables (defined between
0 and 1 and non-dimensional) are here adopted twesx
cognitive state parameters. Each of them has specif
dependencies on physiological parameters of theoterilot,
which are expressed as:

lIJj,tl = f((Pi,t)

wherey is a cognitive state parameter apds a physiological
parameter. As human physiological parameters arguéretly
dependent on age and gender, a reference cognstia
parametery; .¢) is introduced as:

lpj,ref, = f((pi,ref)

where the ;s is the reference of thé™ physiological
parameters. Adopting a weighted sum, fffereal-time pilot
cognitive state parametgy, is estimated as:

(40)

(41)

i Wj ¢/~ Wi ref’
W ref!

Y =3k (42)
whereq; represent the weights of cognitive indicators amslthe
number of cognitive indices. In addition to physigically-
derived valueg;, corresponding cognitive state estimag/s are
determined by processing external conditions cheraing the
mission, retrieved from the Flight Management Sys(EMS). In
particular, both operational and environmental clexipes are
considered and this is expressed by:
Yw

t q
. _+Z oL
Yw,t-1 V=1V

Nvt

NMvt-1 (43)

Y= we1 O
where «,, represents the scaling factor of the operational
complexity ), Ywt iS the real-time determined operational
complexity, vy, 1 iS the operational complexity in the previous
epochy, represents the scaling factor of environmental
complexity ), ny: is the real-time detected environmental
complexity andh, ., is the environmental complexity detected in
the previous epoch. The total cognitive state patars are
finally determined as a weighted-sum between the
physiologically-derived valuesy; and the estimates based on
external conditionsy;’ as:

Y =8y lIJ], + 8¢ lIJj”

where 6., is the weight associated to physiologically-derived
values and, is the weight associated with estimates based on
external conditions. The cognitive state paramedegsprocessed

(44)
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by suitably defined decision logics to trigger iéee adaptation
and hence are an essential constituent of the wognUAS
remote pilot interface.

6.2. Formatsand functions

The formats and functions are adaptively selecteseth on the
following criteria:

« Safety Line: selected when the airspeed is low.

« Wires and Pole Obstacles (e.g., vertical pylons and bare
trees): selected when wires and pole obstacles ahénwite
OWS detection range.

e All Ground Obstacles: selected when wire/poles and other
types of obstacles are within the OWS detection range

* Air Obstacles: selected when aerial obstacles are within the
OWS detection range.

e OWS 3D (colour-coded LIDAR image): selected when a
superimposed Forward Looking Infrared (FLIR) image i
required for low-light and night time operations.

In addition to the formats and functions listed \ahovarious
symbols are used to enhance the representationetectdd
obstacles and to assist in the decision makinggssc

« Distance from obstacle;

» Isolated obstacles (buildings, groups of trees);etc
« Integrity flags (cautions and warnings);

e Flight vector;

» Evade advice cue;

e Plan Position Indicator (PPI);

e Terrain map.

6.3. LOWASalerts

Three general levels of alert are defined for LOWAR.,
warning, caution and advisory). These alerts ar@iged to the
remote pilot through aural and visual outputs asshin Table 4.
The warning cues, cautions and advisory alertpareded in the
form of tone and digital voice outputs; and/or thged on the
system warning panel, Helmet-Mounted Sight/Display (HMS
and Multi-Function Display (MFD).

Table4. LOWAS Alerts.

Tone | Direct | Warn- HM MFD
Voice -ing SD
o/P Panel
Warning cue - v - v v
Caution 4 - v v v
Advisory - - - - v

The warning cues are triggered when a detected @déssawithin

the selected range or 10" from the impact pointutidas are
produced when the obstacle is within the FOV or themis a
failure/degradation of the OWS functions. Advisorgs issued
when obstacles are outside the FOV but within the UAV
operational envelope (i.e., history function).

7. SAA unified approach

In order to develop a certifiable UAS SAA system cadirgjsof
suitable intruder detection equipment and dateaofusigorithms,
a combination of navigation and tracking sensostésys is
necessary. Global Navigation Satellite Systems (GNB®}tial
Measurement Unit (IMU) and Vision Based Navigation (VBN)
sensors are typically adopted in an UAV’'s navigatiomd a
guidance system architecture. Errors in the obsfiatluder
measurements are estimated considering a comhinafimon-
cooperative sensors, including active/passive Fataoking
Sensors (FLS) and acoustic sensors, as well as raiivge
systems, including Automatic Dependent SurveillanceaBcast
(ADS-B) and Traffic Collision Avoidance System (TCASA.
SAA reference system architecture is shown in Fig.TBe
sequential steps involved in the SAA process for atieg a
failsafe Track, Decide and Avoid (TDA) loop are algpitted in

Non-cooperative Cooperative » y
P Errs Multi-sensor Data Fusion
\ ) \ Obstacle / Intruder Tracking
Visual
o) T ]
:) Intruder Trajectory Determination
Thermal
Camey
— Criticality Analysis ~ Prioritizing,
Declaration and Action Determination
Avoidance Trajectory / Separation
Commands Generation
MMwW
Rwly Mission Management System
SAR
Autopilot
( Acoustic ATV Radar Tracks and Air Traffic Controller
\ Instructions in Digital Format Flight Controls

Fig. 8. SAA reference system architecture.
Non-cooperative sensors are employed to detectiatsuor other
obstacles in the UAV Field of Regard (FOR) when codpera
systems are unavailable to the intruders. OptichErnal,
LOWAS, Millimetre Wave (MMW) radar and acoustic sersso
are employed as non-cooperative sensors. Currendynclusion
of ADS-B redefines the paradigm of Communication, atibn
and Surveillance (CNS) in ATM by providing trajector
information in case of cooperative systems in aoldito the use
of Traffic Collision Avoidance System (TCAS)/Airborne
Collision Avoidance System (ACAS). Boolean decisiogits are
applied for optimal selection and fusion of datdagted from
state-of-the-art non-cooperative sensors, cooperatfstems and
ATM radar tracks/air traffic controller instructisnin digital
format transmitted by data links. The trajectorfpimation of the
intruders is determined after performing multi-sendata fusion.
Criticality analysis is carried out to prioritisee(, to determine if
the specified collision risk threshold is exceedsdthe tracked
intruders) and to determine the action commandsortter to
estimate the overall avoidance volume, navigatiooreof the
host platform and tracking error of obstacles/idens are
evaluated and combined. The variation in the statgor (host
and intruder) is expressed as:

8(Xi(0) = [g—;f]t O,

where p is the position of the UAV and is the time of
measurement. L&, a ande be the range, azimuth and elevation
obtained from LOWAS. LeR,, a, ande, be the nominal range,

(45)
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azimuth and elevation values. L&t, o, ando,. be the standard
deviations of the errors in range, azimuth and atlen
respectively. The associated error ellipsoids arergby:

(R—Rg)?
2

(a—ap)?
2

+ (e—€p)? =1

o¢?

+ (46)

OR

In the case of a static non-cooperative obstatle, errors in
range, azimuth and elevation are given by:

Oa

0R =Ry + oy ' siny 47)
Sa =ty + Oy - COS @ - COS Y (48)
de =€, + 0. sing-cosy (49)

whereR,, oy, €, are the nominal range, azimuth and elevation
measurements ande{ |} are parameterisation factors. The
transformation of R, a, €} to {x, y, z} is given by:

x=R-cosa-cose (50)
y=R- sina-cose (51)
z=R-sine (52)

An example of the two combined navigation and traglkeénror
ellipsoids assuming range only errors and the tesul
uncertainty volume for uncorrelated and correlgtexvariant and
contravariant) sensor error measurements (3 oua @f7 total
possibilities) is illustrated in Fig. 9. In the ea®f dynamic
obstacles, the uncertainty volume is obtained baeed a
confidence region given by:

8vy = vo + 0y, - siny (53)
8vy = Vg + 0y, - COS@ - cos P (54)
Svy =vy + 0, sing-cosy (55)

wherev,, vy, v, are the nominal velocity measurements. When an
error in elevation and azimuth is present, a cdnitffation is
obtained at the estimated range.

Navigation and
Tracking Errors ____

Correlated - Y

(Contravariant) Errors Correlated

(Covariant) Errors

)/ Uncorrelated
Errors_

300
20
Y-axis [m] 10
i

Fig. 9.

Z-axis [m]

Uncertainty volumes obtained from range only exror

The kinematic relationships are:

V, = V- COSV - COSV (56)
v, = V- sinv-cosv (57)
v, =V-sinv (58)

and these equations are governed according tmtleving laws
of motion:

10

X=X+ Vy-t (59)
Yy=Yotvy-t (60)
Z2=172y +V,- t (61)
The errors in {x, y, z} are given by:
ze = (Gxoz + va-tz + 20y vx-t) (62)
0,2 = (0y0° + Ovyi” + 2 0y0 vyt ) (63)
6,2 = (040" + Oy, i® + 2 0g9y,1) (64)

The resultant avoidance volume obtained at an agtnrange is
shown in Fig. 10. A conceptual representation of d¢erall
avoidance volume obtained in relation to an idédifcollision
threat and the avoidance trajectory generated &ySHA system
is provided in Fig.11.

Z-axis [m]
S e 2 m w »

X-axis [m]

vaxspm] ¢ TS
2

Fig. 10.

Uncertainty volume at an estimated range.

Avoidance
Trajectory

,  Overall Avoidance
Volume

/-7 Initial
Trajectory

Fig.11. Conceptual representation of the obstacle avoidsoeeario.

In order to assure adequate safety levels, a depadauffer is
introduced, which inflates the avoidance volume eissed with
each obstacle. In particular, to provide a 2-sigooafidence
level, the uncertainty associated with the positiban obstacle is
calculated as twice the standard deviation of thentdoed
navigation and tracking error. When the distancevéen two
detected obstacles is comparable with the calculategrtainty
values, or with the aircraft dimensions, the aldnitcombines
the two obstacles into a single overall avoidanckime. The
key advantage is that the safe avoidance is detedniby
evaluating the risk-of-collision and then a safenoeuvring point
is identified from where the host UAV can manoeuately (i.e.,
any manoeuvre can be performed within the UAV operation
flight envelope). The risk of collision is evaludtby setting a
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threshold on the probability density function ofnaar mid-air
collision event over the separation volume. Th&-afcollision
is zero at the safe manoeuvring point.

8. Generation of avoidance trajectories

Once the obstacle has been detected, classifiegraoritised as
described in section 4 and the corresponding anc&l&olume is
computed in real-time as described in section &, LOWAS
triggers the generation of feasible avoidance ¢taejées based on
platform dynamics and avoidance volumes. An optiavaidance
trajectory is subsequently identified among thesitdla set based
on robust multi-criteria decision logic. The adoptiof trajectory
optimisation algorithms in SAA represents a subghetolution
from the conventional safe-steering methodologidepted in
current systems [23]. In particular, in the conteft conflict
identification and resolution, trajectory optimisat allows the
identification of the safest and more efficient @nDimensional
or Four-Dimensional (3D/4D) avoidance trajectory, sidaring
dynamics/airspace constraints, obstacle charatitsrigr intruder
dynamics, as well as meteorological and traffic doomks.
Current R&D efforts are addressing practical implatagons of
advanced multi-model and multi-objective 3D/4D tr&peg
optimisation algorithms in novel ground-based aritchaane
Communication, Navigation and Surveillance/Air  Traffi
Management and Avionics (CNS+A) systems [22].
computationally efficient trajectory optimisationlgarithms
currently adopted in the aerospace domain belotigetéamily of
direct methods. These solution methods involvetthescription
of the infinite-dimensional trajectory optimisatioproblem
formulated as optimal-control problem in a finiterénsional
Non-Linear Programming (NLP) problem, hence followiting
approach summarised as “discretise then optimig2-2[7]. This
transcription problem can be either performed kyoutucing a
control parameterisation based on arbitrarily chosealytical
functions, as in transcription methods, or by athgpta
generalised piecewise approximation of both contnod state
variables based on a polynomial sequence of arpittegree, as
in collocation methods. In both cases, the trabsdridynamical
system is integrated along the time inteftgits]. The search of
the optimal set of discretisation parameters isnfdated as a
NLP problem, which is solved computationally by eifihg
efficient numerical NLP algorithms. In direct tranption
methods, a basis of known linearly independent fansty (t)

with unknown coefficientsa, is adopted as the parameterisation

in the general form:

z2(t) = Yio; axqi(t) (65)

In direct shooting and multiple direct shooting hwats, the
parameterisation is performed on the contral&) only, the

dynamic constraints are integrated with traditiomaimerical

methods starting from the initial conditions ana thagrange
term in the cost function is approximated by a qatde

approximation. In the multiple shooting methodse @nalysed
time interval is partitioned intm; + 1 subintervals. The direct
shooting method is then implemented at each suladteParallel

implementations of direct shooting involve the ditaieous

integration of a family of trajectories based offedent control

parametrisation profiles, taking advantage of iasiegly

common multi-thread/multi-core hardware architectur&he

optimal solution is determined a posteriori, bathtlie case of
single objective and multi objective implementation

Safety-critical applications of trajectory optimtigen algorithms
are actively investigated for airborne emergency ifiec
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Most

Support Systems (DSS), also known as safety-net$, asiche
LOWAS. These safety-critical CNS+A applications imposal-
time requirements on the trajectory generation ritym.
Additionally, all generated trajectories must neaé$s fulfil
each and every constraint that is set, as the dbsagoidance and
manoeuvring envelope are formulated as constraiftese
requirements restrict the choice of solution methadd multi-
objective optimality decision logics that can bepéwged. In
particular, a number of solution methods involve thtentional
violation of constraints to promote convergenceptimality and
among them the most conventional algorithms implest are
of collocation methods. Robust parallelised diresttooting
solution methods with a posteriori decision logicse a
implemented for the generation of safe obstacleidante
trajectories in the case of LOWAS for manned and ammed
aircraft. Since an optimal control-based formulatis adopted,
the algorithm is based on the aircraft dynamics antl on a
geometric trajectory models. The algorithm alscoaods for path
and airspace constraints as well as local metedozlbg
conditions.

8.1. Dynamicscongraints

The approximated dynamics model of the fixed-wingcraift
implemented as dynamics constraint in the LOWAS aue
trajectory generation algorithm is based on thelofahg
assumptions:

e The aircraft is modelled as a point-mass with 3 dine
Degrees-of-Freedom (3-DoF);

e« The mass of the aircraft is considered constanbgglthe
avoidance trajectory;

e The inertial reference system adopted is fixed o initial
aircraft position (i.e. at the instant of detectiohthe first
obstacle), with the X-axis tangent to the origiraljectory,
the Y-axis perpendicular to the trajectory and pelrab the
ground and the Z-axis normal to the ground;

e The aircraft is subject to a constant gravitatiomateleration
parallel and opposite to the Z axis and for theremir
implementation a value @f= 9.81 m/s? is considered;

e The airspeed is expressed as True Air Speed (TAS). Th
assumed initial TAS iy = 25 m/s. The effects of wind are
considered in the dynamics model, but not simulated

The resulting system of differential equations 8oDegrees-of-
Freedom (3-DoF) flight dynamics is:

p=17"D sin
= —— —gsiny

= %- (N cospu —cosy)

_ g Nsinp
Ty cosy
= vcosysiny + vy,
= vcosycosy + vy,

(66)

N
|

=vsiny +v,,

where D is the aerodynamic drag [N], is the wind velocity in
its three scalar componentsnfs] and F, =0 is fuel flow
[kg s'. The state vector consists of the following valiésb
aircraft mass m [kgly is flight path angle [rad]y is track angle
[rad]; x,y, z coordinates [m]. The control variables are: loactdr
N [ ]; thrust force T [N], bank anglg [rad]. The accuracy of 3-
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DoF flight dynamics is shown here to be adequate Idor-

dynamics platforms and in combination with smootmtoul

logics leads to the generation of relatively smoatiidance
trajectories. Additional trajectory generation algons based on
6 Degrees-of-Freedom (6-DoF) dynamics are currending
developed, with aerodynamic and inertia coefficietsieved as
given in [28]. The same flight dynamics model i®didoth for
the host platform and the intruder if the obstasle flying object.

8.2. Path congraints

The avoidance volumes generated as described fiorset and
parameterised with spherical harmonics as desciibga3] are
introduced as path constraint on the 3 spatial dinates. The
violation of the avoidance volumes leads the atbari to
interrupt the integration and discard the trajectérom the
feasible set. During the avoidance manoeuvre, thd factor is
set close to the certified flight envelope limifstioe aircraft. The
values correspond t = Nyax = 2.5 for pull-up manoeuvres
and N = Ny;;y = —1 for diving manoeuvres. The limits on the
flight path angle are set t660° < y < 75°, whereas the limits
on the bank angle are set+®0° < u < 60°. During the entire
approach to the obstacle, the vehicle control sysseassumed to
provide a linear variation ofi and N from the respective initial
condition values, up to the assumed maximum valld®s
maximum roll rate adopted igyax = 20 °/s.

8.3. Multi-objective decision logics

The subsequent step involves the selection of thémal

trajectory from the generated set of safe trajéetpmhich is then
provided in the form of steering commands to thecraft

guidance subsystem. The implemented decision lagiesased
on minimisation of the following cost function:

where, given F as the time-to-threat andyTas the avoidance
manoeuvre timetgapg IS the time at which the safe avoidance
condition is successfully attained, defined as:

tsape = Tr + 2Ty (68)

SFC [% . s] is specific fuel consumptioffy(t) is thrust profile and

the coefficientswv, , wg, wy are the weights attributed to time, fuel
and distance respectively. The term @ corresponds to the
minimum distance from the dynamic geo-fence, whitgiven

by:
() = min[ /O — xer ()2 + GO — yer(®)? + @O — zer()?]  (69)

where Xqr, Yor and zge are the coordinates of the bounding
surfaces of the dynamic geo-fence. Only the distateng x and
z are considered for the wire obstacle, and thefgece is
tangent to the obstacle avoidance volume computedrding to
the models provided in Section 7. This cost functis
specifically designed for time-critical avoidanggphcations (i.e.,
closing-up obstacles with high relative velocitiesd/r
accelerations). For a practical implementation,rappate higher
weightings are used for time and distance cost elesn®©ther
cost elements with appropriate weightings can alsmtoeduced
as required. Depending on the relationship betweeratailable
time-to-collision and the computation time, pseymbasral
optimisation and differential geometry optimisatiorethods may
also be employed in less critical situations and tiptimised
avoidance trajectory data could be exchanged wi¢hgitound
pilot and/or ground-based ATM systems for validatiand
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execution. After computing the optimal avoidancgetttory up to
a safe manoeuvring point, the SAA trajectory planratgprithm
implements pseudospectral optimisation methods eteg
minimum time and minimum fuel to re-join the origin
trajectory.

9. Simulation case study

Simulation case studies are performed in a realstenario to
assess the LOWAS avoidance trajectory generationritiges.
The simulation scenario considers an UAV equippedh wit
LOWAS flying towards a number of obstacles of différen
geometric characteristics as illustrated in Fig. TBe UAV is
flying at an altitude z = 100 m Above Ground Leveld®), at a
relatively low speed (20 m/s) and approaching a power
transmission line and a tower building (the powareliis
composed of several wires 10 mm in diameter). Thitudé of
the lowest wire is 90 m AGL and the altitude of thehleist wire
is 110 m AGL,; the wires are separated by about 6.%rtically
and 5 m laterally. The power lines lie approxima&$ym in front
of the UAV. The original horizontal flight trajectosyould lead
to a collision with the power line. After a succesafatection of
all wires, the algorithm calculates the distancesdoh of them.
As described in section 7, the algorithm recognided the
calculated distances are all comparable with the UX¢ and
therefore combines all wires in a single avoidarmeme. As the
obstacle is classified as ground-based obstaclaioé” type, a
dynamic geo-fence is also generated to ensuretest the extent
of the wire beyond the LOWAS FOV is considered, so tlat
unsafe avoidance trajectory is generated. In qdati, as the
length of the wire obstacles is assumed to exceed @WAS
FOV, this geo-fence has unlimited width. The buildimehind
the transmission line is 155 m high, 50 m in lend@B m in
width, and located at 160 m in front of the UAV init@bsition.
An additional avoidance volume is therefore compui@dthe
building considered in the presented scenario, aad
corresponding narrower (but taller) geo-fence isegeted. After
processing the information for all freshly detectdastacles, the
trajectory avoidance algorithm calculates whether @miginal
flight trajectory leads to a collision. When thisndlition occurs, a
number of feasible avoidance trajectories are gaeérby the
trajectory generation algorithm, among which theirogt flight
path is selected. Based on the cost function pteden Section
8.3, an optimal solution is obtained and the c@oeasing optimal
avoidance trajectory is selected as depicted in E& In this
case, the only non-zero weight in the cost functiof&q. (67) is
the one associated to the integral distange, w

Fig.12. Case study scenario.
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Since wire targets are assumed to extend latetakdytrajectory
characterised by the greater distance (and henalpn this
case) in the one entailing a straight climb manoauVhe re-join
trajectory is computed using pseudospectral opéitita
techniques described in [29]. The UAV also avoidsekinded
target (building) by generating a smooth optimideajectory
from the safe manoeuvring point. These simulatiomsre
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Fig. 13.

10. Further developments

Fig. 14 shows synthetic display formats being dgvedbfor low-
level flight applications (i.e., ground obstaclf&9]. In particular,
Fig. 14-a depicts the Safety Line (SL), which congdbe points
of minimum pitch for safe obstacle avoidance ataimuths. Fig.
14-b exemplifies the representation of Wires ande®qWP)
shaped obstacles, whereas Fig. 14-c shows obstatledl o
Obstacles (AO) including the ones with bulk geometged). Fig
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executed on a Windows 7 Professional workstationb{69S)
supported by an Intel Core i7-4510 CPU with clockesp@.6
GHz and 8.0 GB RAM. The execution time for uncertainty
volume determination and avoidance trajectory ojsttion
algorithms was in the order of 1.4 sec. Such anémphtation
makes it possible to perform real-time separaticaintenance
and collision avoidance tasks.
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Results of the avoidance trajectory generationrélguo.

14-d depicts the synthetic vision format integrgtinformation
from the LOWAS and from FLIR systems (Integrated
LOWAS/FLS (ILF) format).

Future research activities will address synthetionfs for aerial
obstacles display and the integration of LOWAS witliRFand
Night Vision Imaging Systems (NVIS), to exploit theadsble
synergies in terms of obstacle/threat detectionpgrition and
identification [2, 31]. As part of the SAA system dimnent
activities, suitable hardware components and dataioriu
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techniques for cooperative and non-cooperative UAB &asks
will be developed, allowing a safe and unrestrictgdgration of
UAS into all classes of airspace [29]. The SAA systam be
integrated into the avionics compartment of exgtidAV
(Fig. 15) with a minimum impact on the payload catyac

(b)

(d)

Fig. 14.

Synthetic display formats: safety line (a), wirepéles (b), all
obstacles (c) and integrated LOWAS/FLIR (d).

Avionics
Compartment

Fig. 15.

SAA system integration in the avionics compartnudra small-
size UAV.

It is expected that this SAA system will allow:
» safely integrating UAS in all classes of airspace;

» operation of multiple manned and unmanned airérafiose
proximity to each other;

» the remote pilot and/or operator to supervise ampplement
the execution of various SAA tasks;

» seamless integration with the ATM system.

Furthermore, the SAA system verification and valiolatschemes
required to attain certification are being ideetifi Using suitable
data link and signal processing technologies ongimind, a
certified SAA capability will be a core element ofdte network-
centric ATM operations. The distinctive advantadett the
presented SAA system offers towards certification @ t
capability of defining the safe-to-fly UAS envelopasied on the
available on board sensors or, alternatively, émiifly the sensors
required in order to achieve a certain predefiredfé sperational
envelope for the UAS.
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11. Conclusions

The research activities performed to develop a hdwaser
Obstacle Warning and Avoidance System (LOWAS) for

unmanned aircraft were presented. The LOWAS system is

proposed as one of the core non-cooperative serisomrmn
integrated Sense-and-Avoid (SAA) architecture for &iaal
medium size Unmanned Aerial Vehicle (UAV). The algorithm
for computing the avoidance volumes associated wlithtacles
and for the generation of optimal avoidance trajees were
presented along with a representative simulatiore cstsidy.
Tailored display formats developed for the UAV remgitot
station were presented including Safety Line (SLxe@/& Poles
(WP), All Obstacles (AO) and Integrated LOWAS/FLS (ILF)
formats. The demonstrated detection, warning armuldance
performances, determination of overall uncertavjumes and
avoidance trajectory generation algorithms ensure sae
avoidance of all potentially conflicting obstacleghe possible
integration of LOWAS with other UAV tracking and
navigation/guidance systems is currently beingistudnd future
developments will focus on hardware/software developraed
flight test activities on small-size UAV.
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