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Abstract: Currently, the large number of aircraft accidents is associated with the loss of control in flight and a controlled flight into
terrain. It frequently occurs due to a change of flight conditions, relatively which a preparation for departure was carried out, and
involves the necessity to reroute efficiently in the conditions of increased psychophysiological load and time constraint for decision-
making. Generated thunderstorm cells on route, artificial or natural obstacles, not considered while planning a route, can result in
amending a flight plan, which was earlier accepted and implemented in the automatic, flight director or manual modes of control.
The lack of comprehensive situational awareness is fairly a frequent cause of aviation accidents for general aviation aircraft.
Aviation accidents of transport category aircraft are typically associated with incorrect crew actions when dangerous flight zones
are detected along the route. The article represents an overview and analyzes modern onboard facilities to detect obstacles, as well
as required pilot actions to reroute a flight for in-flight detected obstacle avoidance. The current level of avionics development
provides situational awareness necessary for obstacles avoidance but requires timely, correct and sometimes non-obvious flight
crew rerouting decisions. The algorithms used with robotic packages of various applications in related fields ensure the automatic
rerouting for obstacle avoidance. They cannot be directly used or adapted for the implementation on board an aircraft due to the
lack of consideration for aircraft specific features when obstacle avoidance routing, i.e., restrictions of control parameters (an angle
of attack, overload, roll angle), capabilities of a control system (available rate of overload, available and maximally allowable
angular rolling velocity, etc.). Therefore, the issue to develop a system to support pilot decisions for obstacle avoidance is relevant.
It encompasses the synthesis of safe alternatives for obstacle avoidance which are optimal by a pilot-assigned criterion (minimum
loss of time, minimum additional fuel consumption, etc.).
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AHHOTaumst: B HacTosimee BpeMst OOIBIIOE KOJIMYECTBO aBHAIMOHHBIX POHCIIECTBHI CBS3aHO C MOTEPEH yIpaBiIeHHs B MOJIETE
W CTOJIKHOBEHHEM C 3eMJIEH B yINpaBIieMOM IOJIETE. 3a4acTyi0 3TO MPOWMCXOIWT BCIEACTBHE M3MEHEHHS YCIOBHH II0JIETa,
OTHOCHTEJIBHO KOTOPBIX IPOHCXOIWIA TOATOTOBKA K BBUIETY, M CBSI3aHO C HEOOXOIMMOCTHIO OINEPaTHBHOTO IEPECTPOCHUS
MapIIpyTa [0JIeTa B YCIOBHSX IOBBIIIEHHON NMCHXO(H3MOIOTHYECKO HAarpy3ku M Je(HInTa BPEMEHH Ha IPUHSATHE PEIICHHS.
IIpyurHaMu TIEpecTpOEHUsl paHee NPUHATOTO M PEANU3yeEMOro B aBTOMATHYECKOM, AMPEKTOPHOM HIHM PYYHOM PEXHMMAX
YIIPaBJIEHUs] TIJ1aHa MTOJIETa MOXKET CTaTh, HAIIPUMED, BOSHUKHOBEHHE HA IyTH CJIENOBAHUS IPO30BBIX 0YaroB WIIH MOSBIEHUE HE
YUTEHHBIX IpU IUIAHUPOBAaHWM MCKYCCTBEHHBIX WJIM €CTECTBEHHBIX MpemaTcTBhil. OTCyTCTBHE IONHOM CHUTyallMOHHON
OCBE/IOMJICHHOCTY SIBJIIETCSL JOCTAaTOYHO 4YacTOM INPUYMHOM aBUALMOHHBIX IIPOUCIIECTBUN JUI BO3MYLIHBIX CYAOB MAajoi
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aBHalu. ABI/IaHI/lOHHI)Ie TMPOUCIIECTBHUA CaMOJICTOB TpaHCHOpTHOﬁ KaTreropuy, KakK IMpaBujo, CBsA3aHbl C HEIPaBUJIbHBIMU
JICHCTBUSIMM SKHIIaXKa MpY OOHAPYKEHNUH Ha IyTH CJIEJI0BAHMS OIACHBIX 30H Ionera. B crarbe, HOcsIIeH 0030pHBIN XapakTep,
AQHAJIM3UPYIOTCS. COBPEMEHHBIE OOpPTOBBIE CPEICTBA OOHAPY)KEHWs! NPEISITCTBUMA, a TakKe HEOOXOAMMBIE IEHCTBUS IMIIOTA,
CBSI3aHHBIE C M3MEHEHHMEM MaplIpyTa IoJleTa ¢ Leblo o0jeTa MpPEeIsTCTBHM, 0OHapy>KeHHBIX B xoje mosera. IlokasaHo, 4to
COBPEMEHHBII ypPOBEHb DPAa3BUTHsI ABHOHWKM OOCCIICYMBACT HEOOXOOUMYIO Uil O0JNeTa TPEISITCTBHN CHUTYaIOHHYTO
OCBEIIOMJICHHOCTb, HO TpeOyeT NpPUHSTHS CBOSBPEMEHHBIX, NMPABHIBHBIX W 3a4acTyl0 HEOUYCBHIHBIX PEILECHUH SKUIaXKEM I10
MIEPECTPOCHUIO MapiipyTa ronera. Mcrmonp3yeMple ke B CMEXKHBIX 00MacTsX POOOTOTEXHUYECKUMH KOMILIEKCAMH Pa3JITYHOrO
Ha3HAYEHUs AITOPUTMBI, 00ECIICUHBAIOIINE aBTOMATHYECKOE IEPECTPOSHIE MapILPyTa IBIKEHNUS C LIeJIbI0 00X0/1a IPEsTCTBUHI,
HE MOTYT OBITh HAIPSIMYIO HCIIONIB30BAHBI MM alalTHPOBAHBI UL Peali3aliii Ha OOPTYy BO3IYIIHOIO Cy[HA B CHIIy OTCYTCTBUS
ydera IpH IOCTPOSHUH MapIIPyTOB 00X0/a IPEIITCTBHI Crielu(pUIecKnX 0COOEHHOCTEH BO3MYLIHBIX CYI0B — OPAaHIMYCHHI Ha
YIPABILIOIIME TapaMeTps! (Yrojl aTaky, Heperpyska, yroi KpeHa); BO3MOXKHOCTH CHCTEMbI yIpaBieHus (pacrojiaraeMble TeMII
CO3JaHus Neperpy3KH, pacroiaraeMas 1 MaKCHMAJIbHO JOIyCTHMAs YIJIOBasi CKOPOCTb KpeHa U fip.). CleoBaTeNIbHO, aKTyalnbHOH
NPEICTABISAETCS  33[a4a pa3padOTKM CHCTEMbl TOMJCPKKM NPHHATHS pPEIleHHMs MWIoTa 10 OOJIeTy IPeIsTCTBHH,
olecrieunBaromeil CHHTE3 AIBTEPHATHBHBIX OE30MacHBIX MapLIPyTOB 00JeTa MNPENSTCTBUH, ONTHMAIBHBIX 110 33JaHHOMY
MIMJIOTOM KPHUTEPHIO (MUHUMAJIGHBIE IOTEPH BPEMEHH, MUHUMAJIbHBIE JIOTIOJHUTENBHBIE 3aTPAThl TOIUIMBA U T. I1.).

KiroueBble ciioBa: moneT 1Mo MapIipyTy, OONET MPETSTCTBHHA, alTOPUTMBI OOJNeTa MPETSTCTBHIA, MOCTPOSHUE TPASKTOPHIL
JIBVDKCHIS1, aBTOMATH3aLls MOJIETA.

Jost nurupoBanusi: Kucenes M.A. AHajM3 CyHIECTBYIOIIMX MOAXOJO0B K MEPECTPOSCHUIO MAPLIPYTa MOJETa BO3IYIIHOTO
cyaHa B npouecce ero BeinonneHus / M.A. Kucenes, 10.C. Kamoxnbiit, A.B. Kaprios, 10.B. Tlerpos // Hayunbiit Bectank
MI'TY I'A. 2023. T. 26, Ne 3. C. 53—65. DOI: 10.26467/2079-0619-2023-26-3-53-65

Introduction environment of increased psychophysiological
load and time constraint for decision-making.

A Mi-8 helicopter crashed on April 28th, 2002,
which caused 8 fatalities including a Governor of
Krasnoyarsk Region Alexander Lebed. The helicop-
ter performed a flight in the mountainous area at

The analysis of aviation accidents (AA) statis-
tics, which occurred over a span of 2011-2020s'
in the Russian Federation, shows that a significant
part of AA as during commercial operations as

while conducting general aviation flights (GAF) is the altitude l_o‘fv?r. than safe, gnd in the cond'itions
associated with the following groups of events of reduced visibility at an altitude of 35 m. it col-
(fig. 1-4): lided with thunderstorm protection wires of power

e collision with obstacles during the low-level lines, lost controllability a'nc‘l collided With the

operation (LALT); snowy grounq surfage sustaining subst:antlal types
e loss of control in flight (LOC-1); of damage. It is 0bV10}1§ that available 1nf0rmgt1on
« controlled flight into terrain ( CF,IT)' about the relatl.ve position of the manned helicop-
e encountering instrument meteoro légical con- ter and power lines could have averted that crash.

diti P hich a flicht ) h ted Furthermore, crew notification about an obsta-
ttons for which a THght crew 15 not permitie cle on a flight route is not adequate to avert AA,

to operate‘(UIMC); o e.g., Tu-154M aircraft of “Pulkovo” Airline
e encountering severe thunderstorm activity crashed in the vicinity of Donetsk on August 22°,
(WSTRW).

2006. During the flight close to the ceiling, the
crew assessed improperly meteorological condi-
tions, took an afterthought decision for leftward
weather deviation climbing to the altitude of thun-
derstorm cells and after entering a band of hazard-
ous phenomena exceeded the stalling angle of at-

The results of investigations of the given AA
revealed that the significant part of AA is caused
by the lack of comprehensive situational aware-
ness and wrong actions of a flight crew in the

! The analysis of the RF civil aviation flight safety in tack which resulted in stall configuring for a mode
2020. Federal Air Transport Agency, Flight Safety In- of flat-attitude spin. Eventually, the aircraft collid-
spection Directorate, 2021, 97 p. Available at: ed with terrain at a high vertical speed. One can

https://aviaforum.ams3.cdn.digitaloceanspaces.

comv/data/attachment-files/2021/04/1598384 a3 claim that the timely providing one or several safe
450354b90aa72fe5588472bbdecdfe.pdf (accessed: alternatives with the crew to continue a flight could
08.10.2022). have prevented the accident.

54



Tom 26, Ne 03, 2023

HayyHbiit BectHuk MITY TA

Vol. 26, No. 03, 2023

Civil Aviation High Technologies

16.7%

9.0%

5.6%

0.0%

CaMo/1eThl

Karacrpodsr

Asapun

18.0%

5.6%
4.5%

0.0%

CronkHoBeHHe ¢ 3epaedi Ilonaganne B 308y
E YOpPaB1seMoM cHIBHOI rpo3oBoil
noaere (CFIT) AeSTeILHOCTH

(WSTRW)

MeTeoyCJIOBHA, K
KOTOPBIM 3KHINAXN He

aonymen (UIMC)

Ilonaganme B

IloTeps ynpaeneHHsA B

npuGopHEIe moaete (LOC-I)

Fig. 1. Types of events that caused aviation accidents
with commercial aircraft in 2011-2020s
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Fig. 2. Types of events that caused aviation accidents
with commercial helicopters in 2011-2020s

Thus, an issue to identify potentially hazardous
scenarios of flight and to form safe alternatives of
its continuation is relevant in the broad sense. A
task of operational, reconfiguration of a flight
planned route in terms of the occurrence of obsta-
cle threatening a flight safety, e.g., a terrestrial nat-
ural or artificial object, hazardous space area, etc.,
is particularly unequivocally of practical interest.

Analysis of the existing approaches to
avoid obstacles

Modern aircraft can make a flight in the au-
tomatic or flight director mode in compliance
with the onboard computer-assigned flight route.
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The assignment method and the content of a
flight plan depend on the aircraft type. At this
rate, a long-haul aircraft flight plan comprises
not only a flight via airways but also Standard
Instrument Departure Routes (SID), Standard
Arrival Route (STAR) and APPROACH proce-
dures developed for each airport. However, with
reference to a flight route, there are no critical
differences between aircraft, as a rule, and a
route is assigned by means of waypoints in air-
space containing the original, turning, and termi-
nal significant points of route. A flight route can
be developed and input into the onboard com-
puter by a pilot himself or computed in ground
computers using special software and then
downloaded onboard. Figure 5, as an example,
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Fig. 3. Types of events that caused aviation accidents
with general aviation aircraft in 2011-2020s
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Fig. 4. Types of events that caused aviation accidents
with general aviation helicopters in 2011-2020s

represents the screen of G3000 Garmin system
developed for light aircraft with gas turbine en-
gines, a user-assigned flight route in the form of
a curve, connecting standard or user-assigned
points of the route selected from the database.
However, after takeoff rerouting, diversion can
be carried out only by a pilot in the automatic
(e.g., by adding new waypoints or assigning
a new course of flight) or manual mode.

It should be noted that crews of modern air-
craft possess sufficient situational awareness for
a flight safety.

For example, information about marginal
weather conditions can be obtained by a pilot
from onboard meteorological radars or storm
scopes as well as via broadcast channels of
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communication. Figure 6 illustrates an example
of a line squall in two scales on a multi-purpose
indicator of the Airbus-type aircraft. Figure 7
illustrates the weather map obtained via a satel-
lite communication channel of G1000 Garmin
suite’. To be based on the figures, a pilot can
identify a type of a meteorological phenomenon
(by color), a hazard degree of a meteorological
phenomenon (by color intensity) and explore in
detail the sizes and outlines of an area, changing
the image scale as well [1].

% Pilot's Guide G1000 integrated flight deck Cessna cita-
tion mustang. Garmin.com, 2007, 508 p. Available at:
https://static.garmin.com/pumac/G1000: Cess-
naMustang_PilotsGuide.pdf (accessed: 08.10.2022).
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Fig. 5. Example of a flight route displayed on the G3000 Garmin screen
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Fig. 6. Example of a line squall on a scale of 40 and 80 nautical miles
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Fig. 8. Example a synthetic vision system display in the Garmin suite

During flights at low altitudes, information
about artificial obstacles and terrain profile is
critical. The information is stored on board air-
craft in the form of digital terrain maps. As a
rule, they are updated once a week or two weeks.
Notably, digital maps use the systems of Syn-
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thetic Vision (CV) and the Terrain Awareness
and Warning Systems (TAWS) [2]. Figure 9 il-
lustrates the display of the background synthe-
sized on the Garmin suite screen. It is apparent
that the synthetic image is distinguished with
realism and provides a flight crew with required
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Fig. 9. Example of an obstacle detection display

information about the configuration of the terrain
profile along the flight route in any conditions.

Moreover, aircraft can be fitted with cameras
of different bands (visible and infrared), geo-
radars and DME to detect obstacles on route.
Lidars [3] have become widespread lately. An
example of a complex image, obtained from
cameras of visible and infrared bands combined
with lidar data, is illustrated in Figure 9. It is ap-
parent that the given image allows for an artifi-
cial obstacle on route of flight to be detected and
identified.

General for all the stated above technical fa-
cilities is that all of them are informational. In
essence, they only visualize information about
an approaching obstacle, allowing a pilot to deal
with all the arsenal of actions to avoid obstacles
safely:

e obstacle detection on the screen;

obstacle identification;

assessment of its hazard degree;
decision-making how to avoid an obstacle;
implementing a decision.

Let us know that depending on a flight mode
and a range of obstacle detection, the time avail-
able for a pilot to initiate the stated above actions
can significantly differ. But, mostly common,
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these actions are accomplished by a pilot within
a short span of time in the circumstances of in-
creased psycho-emotional tension, which, as the
represented above AA analysis as well as the
research results [4], can lead to errors even in
sufficiently simple situations. Subsequently, a
tool which, within a short span of time, can cal-
culate and propose a pilot one or several safe and
aircraft-implemented alternatives of the flight
continuation to fly round an obstacle, is priori-
tized.

For efficient flight rerouting, there is a whole
set of time-tested algorithms to avoid obsta-
cles [5], used by various robotic packages such
as unmanned utility tug and trailers, automo-
biles, robotic vacuum cleaners, etc. Let us con-
sider some of the algorithms:

e Voronoi diagram;

e visibility graph;

e method of Rapidly Exploring Random Trees,
RRT;

e Bug-algorithm.

The algorithm, based on Voronoi dia-
gram [3], represents the architecture of alterna-
tives consisting of segments the points of which
are equally spaced from the points comprising
the geometry of obstacle avoidance. Figure 10
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Fig. 10. Voronoi Diagram example

illustrates the example of such a route. The algo-
rithm can build several alternatives simultane-
ously to avoid obstacles from which the shortest
route can be defined using, for example, Dijks-
tra’s algorithm [6, 7]. The disadvantage of the
algorithm, based on Voronoi diagram, represents
a substantial deceleration of computations as the
number of obstacles increases.

The visibility graph-based method [8] han-
dles defining transitional pairs of points between
the original and terminal points of the flown-
around route which can be connected with a
straight line without crossing assigned obstacles.
The disadvantage of the method is restrictions in
the form of requirements for the obstacle shape -
the algorithm operates merely with obstacles of a
polyhedron or polygon shape. An example of
routing by means of the visibility diagram is giv-
en in Figure 11.

The RRT method [9] is attributed to the
techniques of random sampling. The method
deals with building up a tree of double points
from random positions located as closer as pos-
sible to the required terminal aircraft position
with the subsequent erasing of two possible posi-
tions which when connected cross forbidden re-
gions. An example of building a search tree by
means of the RRT algorithm is illustrated in Fi-
gure 12. The figure shows two solutions with the
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Fig. 11. Visibility Diagram example

different number of iterations: a — 1000 itera-
tions, b — 2000 iterations. The advantage of the
given method is relatively slight time increase
required for the computation with the increase in
the obstacle number. The drawback of the given
method is that the algorithm issues merely a sin-
gle alternative to avoid an obstacle which can be
not optimal in terms of a route length.

A Dbug-algorithm [10] is wused in self-
contained and self-propelled robots. As input
data, the algorithm takes advantage of obtained
information about obstacles and the target of
motion during the robot operation. The key point
of the algorithm is that a robot moves to the tar-
get, and encountering an obstacle in front, it
commences to move it around until rejoining an
original route. The algorithm has several varie-
ties. In this respect, obstacle avoidance can con-
tinue until a robot joins a point which is the clos-
est to the target (fig. 13). In another algorithm
version, while moving a robot tends to fly head-
ing towards the target and complete obstacle
avoidance when the present heading equals the
original one (fig. 14). The disadvantage of the
algorithm is that merely a single route of obsta-
cle avoidance is built which can be not the short-
est.

The general drawback of the considered al-
gorithms is that all of them cannot be directly
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a 6

Fig. 12. Example of building a search tree using the RRT algorithm
a — 1000 iterations, b — 2000 iterations

S S
Fig. 13. Example of a Bug-variant algorithm Fig. 14. Example of a Bug-variant algorithm
with entering the nearest point to the target with maintaining the inclination of a straight line
to the target
used on board aircraft to build obstacle avoid- lem solutions to overcome a defense system.
ance routes as the identified route represents a This approach supposes the capability to pene-
trajectory synthesized without taking into con- trate a defense system zone, therefore, cannot be
sideration the current limitations on control pa- directly used to solve the stated above problems
rameters of the aircraft such as lift-to-weight ra- for obstacle avoidance.
tio, an angle of attack, etc. [11]. The second-group research [13—17] focuses
The current approaches to develop trajecto- on the solution of a local problem to take the air-
ries, implemented on board aircraft, can be clas- craft from the collision with an obstacle and does
sified into two groups on a provisional basis. not suppose a further continuation of an original

The first-group research [12] involves the route of flight.
probability-based approach and addresses prob-
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Conclusion

The represented above analysis of AA em-
phasizes the relevancy to generate algorithms
providing an efficient review of a flight plan
(route) during the process of its completion. We
can assert that similar algorithms on board air-
craft would contribute to preventing a series of
different-type AA.

The cutting-edge airborne hardware ensures
sufficient situational awareness of the pilot to
identify obstacles and determine the extent of
their hazard. At the same time, increased psy-
chophysiological load and time constraint to take
a decision makes it difficult to search an own
right decision to avoid obstacles.

The algorithms used to avoid obstacles in the
related fields cannot be used on board aircraft
because of significant aircraft features as an ob-
ject of control.

Thus, the current relevant objective is the de-
velopment of problem-oriented onboard algo-
rithms ensuring flight rerouting. The key re-
quirements for the alike algorithms are as fol-
lows:

1. Determination of an array of alternatives
ensuring obstacle avoidance maintaining a safe
distance in an automatic or flight director modes
of aircraft control with due regard for the aircraft
capabilities and performance.

2. Automatic arrangement of an array of al-
ternatives by assigned criteria (minimization of
additional time expenditure required to avoid
obstacles, minimization of additional fuel con-
sumption to avoid obstacles, minimum lateral
diversion from the original route of flight, mini-
mum diversion from the original route by the
flight altitude, etc.) with identifying optimal
routes based on each of the assigned criteria.
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