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Abstract— In this paper, we introduce the Emergency Land-
ing Aware Surveillance Planning (ELASP) problem that stands
to find the shortest feasible trajectory to visit a given set of
locations while considering a loss of thrust may happen to the
vehicle at any time. Two main challenges can be identified in
ELASP. First, the ELASP is a planning problem to determine
a feasible close-loop trajectory visiting all given locations such
that the total trajectory length is minimized, which is a variant
of the traveling salesman problem. The second challenge arises
from the safety constraints to determine the cost-efficient
trajectory such that its altitude is sufficiently high to guarantee
a gliding emergency landing to a nearby airport from any
point of the trajectory. Methods to address these challenges
individually already exist, but the proposed approach enables
to combine the existing methods to address both challenges at
the same time and returns a safe, feasible, and cost-efficient
multi-goal trajectory for the curvature-constrained vehicle.

I. INTRODUCTION

Loss of thrust is a critical situation for any plane because
it forces the (auto)pilot to react promptly and steer the
vehicle towards the nearest location where it can land safely.
Although planes are usually able to land without any thrust
from the motor, such a maneuver is impossible if the initial
altitude of the vehicle is too low. Besides, an obstacle or high
terrain may block the direct path from the current position
to the landing site and make the landing impossible.

A common approach is to plan an emergency landing
at a particular moment when Loss of Thrust (LoT) occurs.
However, LoT can happen at any time without any warning,
and there is no guarantee that a safe landing trajectory exists.
Therefore, we propose to avoid possibly dangerous situations
and consider the option of gliding emergency landing directly
in the planning process of the vehicle trajectory.

The introduced Emergency Landing Aware Surveillance
Planning (ELASP) stands to find the shortest trajectory
visiting the given set of locations in 3D while a safe landing
is possible at any time during the trajectory execution.
Regarding the literature review, we consider the introduced
ELASP as a novel problem combining characteristics of the
two existing problems. First, the ELASP can be seen as a
generalization of the multi-goal motion planning [1] where
the sequence of visits to the given locations is determined
simultaneously with the feasible trajectories connecting the
locations while the motion constraints of the vehicle are
satisfied. Secondly, the ELASP is also tightly related to
the determination of the gliding trajectories because the
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Fig. 1. Visualization of a found ELASP trajectory (black line) for Cessna
172 airplane together with possible emergency landing trajectories (colored
lines according the actual altitude) above the mountain terrain.

existence of the safe emergency landing trajectory has to
be guaranteed for any point of the ELASP trajectory. Thus,
determining a safe emergency landing trajectory needs to be
integrated directly into the multi-goal planning process to
determine the most suitable (and cost-efficient) sequence of
visits to the given locations of interests.

The proposed solution to the introduced ELASP prob-
lem leverages the RRT"-based algorithm for planning
emergency landing trajectories that are employed in the
determination of the lowest safe altitude at the specific
location. The estimation of the safe altitude is used to create
a save altitude profile for any trajectory which is further
utilized as a travel cost estimation between two locations.
Having this estimation, the sequence of visits to the locations
can be determined as a solution of the Traveling Salesman
Problem (TSP) and the final multi-goal trajectory can be
then constructed from the corresponding trajectories with
the guaranteed emergency landing. Hence, the proposed
algorithm provides trajectory satisfying motion constraints
of the vehicle while the emergency landing is possible from
any point of the final trajectory, e.g., see an example of the
found solution in Fig. [T}

The rest of the paper is organized as follows. The related
work to the planning of multi-goal and emergency landing
trajectories is summarized in the following section. The
ELASP problem is formally introduced in Section [[TI] and
the proposed approach to address the problem is described
in Section [V] Results on the empirical evaluation of the
proposed algorithm for the ELASP problem are reported in
Section [V] The final concluding remarks are in Section [VI]



II. RELATED WORK

The introduced ELASP problem arises from surveillance
planning, where the vehicles are requested to visit a set
of locations [3l]. Thus a solution to ELASP is related to
the trajectory planning for curvature-constrained vehicles,
but also to the combinatorial multi-goal motion planning
for such vehicles. Besides, the problem is also related to
emergency landing planning, i.e., the determination of the
gliding trajectory. Existing approaches of each particular
related area are briefly summarized in the rest of this section.

Trajectory planning for fixed-wing aerial vehicles with
curvature-constrained trajectories can be based on the Dubins
vehicle model [4], which is advantageous because a closed-
form solution is available for the point-to-point trajectory
of the 2D plane with the minimum turning radius and
defined vehicle heading at the initial and terminal point. The
curvature-constrained trajectory planning problem has been
extended to the three-dimensional space in [5] where the
authors proved the necessary conditions for the optimal path.

A heuristic method for the 3D trajectory generation pro-
posed in [6] can connect arbitrary configurations of the
vehicle considering the pitch angle constraints. In [7]], such
a model of the curvature-constrained trajectory in 3D is
called the Dubins Airplane model. Implementation details
of the generation method are addressed in [8]] considering
kinematics of a real fixed-wing vehicle in more detail. As
an alternative to the aforementioned constructive methods,
seventh order Bézier curves are utilized in [9].

Having a method to determine feasible (and eventually
optimal) trajectory connecting two configurations of the
vehicle, a more general multi-goal trajectory planning can be
addressed as a problem to determine a sequence of visits to
the given set of locations. The introduced ELASP is a variant
of the surveillance planning [3] that stands to determine the
sequence of visits together with the determination of the
most suitable configurations at which the given locations of
interests are visited such that the overall cost of the final
trajectory is minimized. In particular, the ELASP problem
can be seen as a 3D variant of the existing Dubins Traveling
Salesman Problem (DTSP) [10] where the 2D Dubins vehicle
model is replaced by the Dubins Airplane model [[11]].

Several approaches to the DTSP have been proposed
that can be roughly divided into decoupled and sampling-
based methods [12]. The decoupled methods separate the
combinatorial part (to determine the optimal sequence) from
the continuous optimization of determining the optimal con-
figurations to visit the locations, e.g., by a solution of the
Euclidean TSP followed by determining heading angles at
the locations, e.g., by the Alternating Algorithm [10]. In
the sampling-based methods, possible heading angles at the
given locations are sampled into a finite set of configura-
tions [13] and the problem is formulated as the Generalized
Asymmetric TSP that can be transformed by the Noon-Bean
transformation [14] to an instance of the regular TSP and
solved using existing solvers, e.g., [15]. Alternatively, soft-
computing techniques such as genetic [16], memetic [17],

or unsupervised learning [18] algorithms can be utilized to
address both combinatorial and continuous optimization parts
of the DTSP at the same time.

The main difference of the introduced ELASP problem
to the DTSP is in the requirements of the emergency land-
ing trajectory from any point of the planned trajectory to
guarantee safe landing in the case of loss of thrust. The
planning problem of the emergency landing trajectory can
be based on a determination of the overall altitude loss of
the shortest Dubins maneuver [4] from the particular vehicle
location to the closest landing site. Such a concept utilizing
the Dubins Airplane model is used in [19] to compute gliding
trajectories for the accident on the Hudson River. However,
neither obstacles nor altitude of the terrain in the vicinity of
the landing site is considered in [19]. A*-based, genetic, and
RRT" algorithms are proposed in [2], [20]], [21]], respectively,
to address this issue. The emergency landing trajectory can
be further generalized by considering the influence of the
wind [22], [23]; which however does not address multi-goal
planning and nearby terrain.

Based on the literature review, individual sub-problems of
the introduced ELASP can be addressed by the existing work.
In particular, Dubins Airplane model [8] can be used for the
point-to-point 3D curvature-constrained trajectory planning
within the context of surveillance planning formulated as the
3D variant of the DTSP [L1]. Particular approaches for plan-
ning emergency landing trajectories also existing [2], [22],
[23]. However, a combination of the surveillance planning
with the guarantee on the safe emergency landing has not
been reported in the literature. Thus, the main contribution
of the proposed approach is that an emergency landing
trajectory is guaranteed to exist from any point of the selected
trajectory as presented in Section

III. PROBLEM STATEMENT

The ELASP problem, studied in this paper, is to find the
shortest trajectory for a fixed-wing vehicle to visit all the
given locations such that a safe emergency landing trajectory
is guaranteed from any point of the trajectory for the case of
the total LoT. ELASP combines three challenges. First, a fea-
sible trajectory satisfying motion constraints of the vehicle,
such as the minimum turning radius, or minimum/maximum
allowed pitch angle, needs to be determined. Second, an
optimal sequence of visits to the locations needs to be
determined as well, which makes the ELASP problem NP-
hard as it becomes the TSP if motion constraints are relaxed.
Finally, the altitude of the trajectory must guarantee safe
landing on at least one landing site for any point of the
trajectory.

The ELASP problem is considered for a fixed-wing vehi-
cle that is modeled as the Dubins Airplane model [7]. The
state g of the vehicle is a combination of its 3D position
(7,y,2) € R3, heading angle § € S, and pitch angle ¢ € S,
ie., ¢ = (x,y,2,0,v), and thus the configuration space is
C = R3 x S2. The Dubins Airplane model can be expressed



as the following dynamic system

T cos 0 - cos Y
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where v stands for the forward velocity and the change of
the heading angle 6 is controlled by the input ug € [—1,1]
and limited by the minimum turning radius p. For the Dubins
Airplane model [7]], it is assumed that the time constant of
changing the pitch angle v is significantly lower than for
the heading angle, and thus the model allows abrupt pitch
changes within the given interval ¥ € [¥min, Ymax]-

Safe landing is assumed to be possible on m given landing
sites = = {&1,...,&mn } and for each site, the configuration &;
corresponds to the touchdown. The safe emergency landing is
guaranteed for the final trajectory R if for any configuration
Gact € R, there exists an emergency landing trajectory I :
[0,1] — Cfree which starts at o = I'(0) and ends at a
particular landing site j or directly above it, ie., (1) is

from the set &; of configurations above the landing site fj

Each landing trajectory is strictly above the terrain, and it
includes possible altitude loss for the case of LoT.

The multi-goal part of ELASP can be defined as follows.
Let S = {s1,82,...,8,} be the n given locations of interest
s; € R®. Then the problem is to find a closed-loop trajectory
to visits all locations in S such that it satisfies (I). The
configuration g; corresponding to the point of interest s; € S
is called visiting configuration and the final trajectory R
is composed of n trajectory segments R; : [0,1] — Cyree
connecting the corresponding visiting configurations, and
thus R = {R1,..., Rn}.

The sequence of visits ¥ = {o1,...,0,},0; € {1,...,n}
defines a permutation of the points of interest S selected such
that the total length of the final trajectory R is minimized.
Since the visiting configuration g; corresponds to s;, the
trajectory segments R; starts at ¢, and ends at the following
configuration of the sequence q,, , for i,j € {1,...,n}.
Notice 0,41 £ 4y, and Rin+1 £ Ry, respectively, to
simplify the notation for the close-loop trajectory. Having the
preliminaries, the Emergency Landing Aware Surveillance
Planning (ELASP) can be formulated as the optimization
Problem

Problem 3.1 (Emergency Landing Aware Surveillance
Planning (ELASP))

n

min L(R;) ()

RE 4
=1
s.t. fori e {1,2,...,n}
RZ(O) = R’L+1(1>7RZ(O) = QU“Ri(l) = q0'i+1 (3)
and for all d € [0, 1] there exists I'(d) such that
I'(0) = Ri(d) and T'(1) € {&,.... &nl}y )

Tt is assumed the vehicle can decrease its altitude easily by a specific
maneuver type even in the case of LoT [2].

where E(Ri) denotes the length of the ¢-th trajectory seg-
ment and ; denotes configuration above the touchdown
configuration &; of the corresponding landing site, i.e., it is
allowed the vehicle is above the landing site. The existence
of the safe emergency landing trajectory at any point of the
final trajectory R is assured by ().

IV. PROPOSED RRT"-BASED SOLUTION

The introduced ELASP is a challenging problem because
it includes a solution of three sub-problems that are solved
separately in the literature. Therefore, we propose to address
the ELASP problem in the following five steps.

1) A dense graph of possible emergency landing trajecto-
ries is generated by Algorithm[I]to support fast queries
for the minimum safe altitude of the vehicle at any
location of the planning area.

2) Based on the generated graph, minimum altitude pro-
files of all possible connections between points of
interest S are computed in Algorithm

3) The altitude profiles are modified such that their in-
clination meets the minimum/maximum pitch angle
constraint, and thus feasible trajectories between points
S are found.

4) The length of the found trajectories is used as the travel
cost to determine the sequence of visits to .S using an
existing TSP-like solver.

5) For the determined sequence of visits, the correspond-
ing trajectories are connected into the final trajectory,
and any altitude discontinuities are removed if occur.

The method for constructing the dense graph of possible
emergency landing trajectories is adopted from [2]] where
the RRT"-based algorithm is employed to find a landing
trajectory with the minimum altitude loss. The main idea
of [2]] is growing a tree of possible landing trajectories
for each landing site, and thus a forest of the individual
trees forms the graph of landing trajectories. The graph
supports fast queries for the minimum safe altitude; however,
in contrast to [2] where informed sampling is utilized, in
the herein addressed ELASP, the location of the vehicle is
not known at this stage of the graph generation. Therefore,
informed sampling is replaced by the uniform sampling in
Algorithm

Utilizing model of the gliding trajectory proposed in [2],
the configuration space of the vehicle is simplified to the
2D position (z,y) and the corresponding heading angle 6.
Thus, the simplified configuration is § = (x,y,0) € SE(2),
i.e., the simplified configuration space is C=SE (2), which
significantly reduces the computational burden. The altitude
of ¢ is considered as the minimum altitude for the safe
emergency landing that is denoted as the function A : C—
R. The particular minimum altitude A4 is influenced by the
altitude of the selected landing site, altitude loss H : I' =+ R
of the corresponding landing trajectory I', and the altitude of
the terrain.

In each iteration of Algorithm [} a random configuration
is uniformly sampled over the whole planning area. Then,
the nearest configuration in the current graph G is found



Algorithm 1: RRT"-based planning of possible emer-
gency landing trajectories (adopted from [2]])

Input: E = {&,...,&n} — Set of the landing sites
Input: 7, — Altitude of the terrain (or obstacles)
Output: G — Graph of emergency landing trajectories
Output: A — Minimum safe altitudes for graph nodes

1G+{V+EZE<+ 0}

2 A(&) < Tan(&), V&6 € E

3 while ¢ <t,,, do

4 Grand < SampleUniform()

5 Gnearest < Nearest (Qranda G)

6 Gnew < Steer((jnearesty q~rand)

7 | Qn ¢ Near(Guew, G)

8 67* — argminqneQn [A(QH) + H((jnewa Cjn)]

9 | A(Gnew) <

10 max [7:111((?*, (inew)a A(Q*) + H(q~neWa q»«)]
1 V VU {Gew}; E < EU{(qx, Gnew)}

12 | G + Rewire(Qy,G)

by Nearest(), and a connection to the randomly selected
node is determined by 2D Dubins maneuver in the Steer()
procedure. Further, a part of the trajectory longer than the
steer constant is cut off, and a new configuration at the
maneuver’s end is returned (Line [6] Algorithm [I)). Possible
parent nodes for the new configuration Gy, are determined
by Near(). The best parent node is selected according to
the overall altitude loss to the landing site. Finally, an
attempt to optimize the graph G is performed in Rewire()
by re-connecting existing edges to lower the minimum safe
altitude. The expansion of the graph G is repeated for the
dedicated computational time %p;q,.

Once the graph G of the emergency landing trajectories
is constructed, trajectories connecting the locations S are
determined together with their minimum safe altitude pro-
files. Finding a smooth trajectory connecting .S is addressed
by the sampling-based method [13]]. Possible heading angles
are discretized using k uniformly selected samples per each
location s; € S and {q},...,qF} denote the created config-
urations for the location s;. The created configurations are
connected using the Dubins Airplane model [7], and thus
k?(n? — n) trajectories are determined.

Each trajectory is further sampled using selected sam-
pling step dep, i.e., the trajectory segment R; is sampled
to Q; = {G,q...,4M}. A distance in the 2D plane,
denoted as d, is lower than the sampling step for any two
consecutive samples, d27 1" = d(g/,q/*") < dyep. For each
sample, an emergency landing trajectory is determined using
Algorithm 2] which determines the minimum landing altitude
A for the generated samples.

The proposed algorithm should guarantee a safe landing
possibility from any point of the trajectory, and not only
from the selected samples. Thus, a safe altitude Agyy is
determined such that the altitude loss H of the segment
between two samples is added to the minimum altitude of the
next samples. Further, the minimum/maximum pitch angle

Algorithm 2: Retrieve the minimum safe altitude

Input: G — Graph of emergency landing trajectories
Input: 4 — Minimum safe altitudes for graph nodes
Input: g, — Simplified configuration to query
Output: A(gar) — Minimum safe altitude

1 Ql’l — Near((jact; G)

2 (rest — argming o [A(dn) + H(Gact; Gn)]

3 A((jact) < max [ﬁllt(g*v Qact)a A(Q*) + H(Qacta Q*)]

Umin/max 18 Utilized to limit a slope of the trajectory. The
complete expression for the safe altitude As,g is

A(ar) (it
-Asafe (@f) = max »Asafe (Ljil + tan(qpmin) d'zilhj . (5)
-Asafe CLjH - tan(wmax) dg7j+1

One may notice that the expression (3)) is recursive, and
thus the altitude is increased in two passes through all
samples: (i) forward for limiting the maximum descent by the
minimum allowed pitch angle; and (ii) backward for limiting
the ascend by the maximum pitch angle.

The determined safe altitude A, guarantees safe landing,
but the total trajectory length is not minimized as in the
ELASP formulation (2). Therefore, the final altitude profile
Ag is required to have a concave property which holds for
any sample except the end ones corresponding to the given
locations. Otherwise, the altitude profile is not smooth and
is prolonged by unnecessary altitude changes. The concavity
constraint can be expressed based on the lengths of two
consecutive segments d? "7 and @7 1" as

dg’j—H-Asafe (di_l) + dg_L]Asafe <63+1)
d M 4 @It

Similarly to the previous case, the final altitude profile is

consecutively determined by two-pass algorithm which check

the concavity forward and backward.

The fourth step of the proposed ELASP approach is a so-
lution of the sequencing part, and the computed feasible tra-
jectories connecting the visiting configurations are utilized to
determine a closed-loop trajectory to visit all the locations S.
The sequencing problem is formulated as the Generalized
Asymmetric TSP (GATSP), where the sets are defined by
the k configurations for each location, and distances are the
lengths of the feasible trajectories determined in the previous
step. The created instance of the GATSP is transformed to the
Asymmetric TSP using Noon-Bean transformation [14] and
the sequence is determined optimally using Concorde [24], or
LKH Solver [15] is employed for a faster heuristic solution.

The final trajectory is created by concatenating the individ-
ual trajectories according to the sequence determined as the
GATSP solution. However, a straightforward concatenation
may contain discontinuities because of altitude profiles mod-
ified to meet the pitch angle constraints. Hence, the trajectory
ends may have a higher altitude than the original locations
of the interest .S, and thus the same procedure for increasing

Ar (a]) = (©)



(a) Pre-generated graph of possible landing trajectories

(b) Emergency landing trajectories for the final trajectory

Fig. 2. Visualization of the graph (left) of possible emergency landing trajectories colored based on the altitude and final trajectory (right) in black that
connects the locations s; € S with selected landing trajectories to the landing sites ;.
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Fig. 3. Comparison of altitude profiles generated by the proposed ELASP algorithm and Unsafe planning considering only the pitch angle limits and the

concavity constraint. The highlighted points correspond to the locations s; € S, and the minimum altitude for safety landing is also shown.

the altitude of the samples, as in the third step, is utilized to
get the final feasible trajectory.

As a result, the proposed algorithm guarantees that the
final trajectory is closed-loop, visits all the given points of
interest, meets the pitch angle constraints, and it is possible
to land from any point of the trajectory safely.

V. RESULTS

The proposed solution to the introduced ELASP problem
is empirically evaluated on a scenario with the mountain
terrain, which is visualized in Fig. @ The considered
planning area is 5 x 5 km large and the terrain altitude ranges
from [0, 1500] meters above the sea level. Two bidirectional
and a one single-side landing sites are placed at the lower
part of the terrain. Thus, emergency landing trajectories are
selected from 5 possible landing sites, i.e., m = 5.

The considered vehicle is Cessna 172 because it repre-
sents one of the most popular general aviation aircraft. The
minimum turning radius of the vehicle is about 65 m and
the constant forward velocity is assumed to be 33.4ms™.

A complex model of the altitude loss during gliding has
been adopted from [2], where the minimum angle of the
emergency descent is about 4.9°.

The considered ELASP scenario consists of n = 5 loca-
tions of interest that are 100 m above the terrain. The number
of considered heading angles is £ = 4 and the generated
trajectory segments are uniformly sampled with the step size
100 m. The emergency landing trajectory is found for each
of the samples and the trajectory influences the altitude of
the final trajectory. Further, the necessary altitude for safe
landing is increased by 100 m as the selected safety distance
above the terrain.

The determined graph of possible landing trajectories is
pre-computed and queried to speed up the planning process.
The landing trajectories are visualized in Fig. 2a] where the
color represents an altitude to highlight costly trajectories.
The final planned trajectory is shown in Fig. 2b

The altitudes for the final found trajectory are further
visualized in Fig. [3| to demonstrate a behavior of the
proposed algorithm. An altitude of the final trajectory is



significantly influenced by the highest points of the terrain.
The constraints on the pitch angle are applied, and thus,
the maximum slope around the highest points is limited.
This causes that the locations sy cannot be visited in the
requested altitude and the altitude of the final trajectory is
significantly increased. The altitude in ss is further increased
by the requirement for the safe landing because the highest
point in the terrain needs to be reached from an even higher
altitude to provide the option to over-fly the mountain safely
if there is not enough space to turn back.

The final altitude change by the emergency landing plan-
ning is mostly influenced at the location s5 (bottom right in
Fig. [2b). Here, the altitude is not affected by the pitch angle
constraints nor the terrain, but mostly by the distance to the
closest landing site. A similar case can be seen even for the
location s3 with a much lower altitude increase.

TABLE I
COMPUTATIONAL REQUIREMENTS OF THE PROPOSED ELASP SOLUTION

Step Tepy
1. Graph generation 60s
2. Compute landing trajectories 131s
3. Limits the pitch angle less than 1 ms
4. Solving the GATSP 80 ms

5. Limits the pitch angle less than 1 ms

Total 191s

The proposed ELASP algorithm has been implemented in
C++ and executed on a single core of the Intel Core i5-
7600K running at up to 4.2GHz. The real computational
requirements for the considered mountain scenario are de-
picted in Table [ The most computationally demanding
part is the determination of the landing trajectories because
the trajectories are generated for any possible connection
between the given locations and sampled heading angles.

VI. CONCLUSION

We propose a solution of the newly introduced ELASP
problem that combines finding a feasible multi-goal trajec-
tory to visit a set of locations with the guarantee of safe emer-
gency landing from any point of the trajectory for the case of
unexpected loss of thrust. The proposed algorithm leverages
on the pre-computed graph of possible landing trajectories
within the expected planning area that is later utilized during
the multi-goal planning. The proposed algorithmic solution
has been empirically evaluated in the mountain scenario to
demonstrate the difficulty of the ELASP problem and the
effect of the pre-computed landing trajectories. There can
be identified several possible directions for further improve-
ment. Beside a possible decrease of the computational re-
quirements by planning landing trajectories only for the most
promising areas of the search spaces, we plan to generalize
the model of the vehicle for more complex trajectories, and
thus further optimize the final length of the trajectory.
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