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Cooperative Exploration of Heterogeneous UAVs in
Mountainous Environments by Constructing
Steady Communication
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Abstract—Unmanned aerial vehicles (UAVs) must fly at low
altitudes to execute certain missions when operating in complex
mountainous areas. However, in these environments, UAVs lose
their line-of-sight (LOS) communication with the ground station
(GS) due to the obstruction of the mountains and are unable to
retransmit information such as video, which will lead to mission
failure or affect the flight safety of UAVs. To address this diffi-
culty, this study proposes a cooperative planning method for
heterogeneous UAVs by ensuring steady communication based
on the shortest total mission time. To accomplish this goal, a re-
lay UAV is positioned to enable indirect but constant LOS con-
nectivity between the mission UAV and the GS. Specifically, to
alleviate data storage pressure, a terrain lightweight modeling
method is employed. In addition, a new LOS judgment model
that constructs communication relay LOS links between com-
munication nodes for complex mountain environments is pre-
sented. This study considers different types of UAVs; for the
fixed-wing UAV, the minimum turning radius constraints are
taken into account to plan a flyable trajectory. The problem is
formulated as the multi-step optimization model that accounts
for communication constraints, obstacle and collision avoidance,
and the performance constraints of heterogeneous UAVs to plan
the trajectories of the mission UAV and relay UAV in order to
maintain LOS links between the mission UAV and the ground
station. Finally, the experimental results demonstrate that the
proposed method is effective and ensures the completion of coop-
erative exploration missions for heterogeneous UAVs in complex
mountain environments.

Index Terms—motion and path planning, collision avoidance,
heterogeneous unmanned aerial vehicles, communication relay,
terrain modeling.
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[. INTRODUCTION

ETEROGENEOUS multiagent systems composed of

different types of unmanned platforms have a wide

range of applications in search and rescue, military,
transportation, and other fields [1]. In particular, different
types of unmanned platforms have different levels of prob-
lem-solving capabilities and can solve various complex prob-
lems through collaborative heterogeneous intelligence [2].

When performing over-the-horizon observation missions in
complex mountainous areas, the mission UAV often has to fly
in tortuous mountainous terrain, and the obstruction of the
mountains interrupts the communication link between the
mission UAV and the ground station (GS). An effective solu-
tion to this problem is introducing a relay UAV to build a
communication relay link between the mission UAV and the
GS, as a UAV with high maneuverability can be dynamically
deployed in an optimal position to perform auxiliary relay
missions [3]-[6]. In previous studies, we used multirotor
UAVs for experiments; however, their slow flight velocity did
not allow them to reach the mission area quickly, and their
poor endurance resulted in unsatisfactory experimental results.
Therefore, this study considers two types of heterogeneous
UAVs. The mission UAV is a fixed-wing UAV with the fol-
lowing advantages: 1) fast flight velocity and the ability to
quickly reach the mission area to perform missions; 2) short
total mission time and a low energy consumption required for
the relay UAV; and 3) high endurance. The relay UAV is a
multirotor UAV with the following advantages: 1) flexible
flight and quick adjustment of its own position; 2) ability to
maintain a hovering status; and 3) no restriction for minimum
turning radius [7], [8].

Obtaining the communication strength between arbitrary
points in the air and on the ground is important. Communica-
tion strength usually depends on the distance and the line-of-
sight (LOS) links between nodes. The LOS links have a major
influence on the communication strength within the wireless
communication coverage [9], [10]. A LOS probability model
is proposed to predict the existence of LOS links [11], [12].
However, the aforementioned studies were conducted in envi-
ronments where the obstacles had regular shapes and were
discretely distributed. Therefore, these methods cannot be
applied directly to build a LOS model for mountain environ-
ments, which is one of the main focuses of this study.

Using a relay UAV as the communication node is challeng-
ing, when the mission UAV has a non-line-of-sight (NLOS)
status in a complex mountain environment, it is difficult for
the relay UAV to maintain the relay function at a fixed posi-
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tion for the duration of the process [13], [14]. Therefore, it is
necessary to plan the flight trajectory of the relay UAV. To
ensure that the relay UAV can maintain its relay function in
complex environments, [15], [16] planned the trajectory of the
relay UAV such that it facilitated communication between
mobile ground nodes and the GS. The aforementioned studies
focused on planning the trajectory of the relay UAV, but ne-
glected the planning for the mobile ground nodes. Simultane-
ous planning of the relay and mission UAV trajectories allows
for improved communication results. However, the trajectory
planning of heterogeneous UAVs requires the performance
constraints of different types of UAVs to be accounted for.
For example, fixed-wing UAV has a minimum turning radius
constraint, and a multirotor UAV has a velocity constraint
[17]-[20]. Therefore, cooperative trajectory planning for mul-
tiple heterogeneous UA Vs is also a focus of this study.

To manage the complexity of mountainous environments,
we performed lightweight modeling of complex mountainous
terrain and established a new model to evaluate the existence
of LOS links. To implement cooperative planning for hetero-
geneous UAVs, a new optimization model was developed to
plan the trajectories of the mission and relay UAV. When
conducting emergency missions in complex mountainous are-
as, time is usually an urgent matter. To complete this type of
mission quickly, this study proposes cooperative planning of
heterogeneous UAVs by constructing steady communication
links for the purpose of completing mission in the shortest
time. First, we build the terrain lightweight model and use a
proposed strategy for reducing the error to avoid UAVs collid-
ing with the mountains [21]. Second, an LOS judgment model
is built to construct LOS communication relay links between
nodes. An LOS link is established when there are no obstacles
between communication nodes; thus, LOS communication
maximizes the signal strength [22], [23]. Third, we discuss the
constraints based on minimum turning radius trajectory
smoothing [24]. Finally, we establish an optimization model
that accounts for LOS constraints, obstacle and collision
avoidance, heterogeneous UAVs performance constraints, and
the mission reference path, which is planned using the A-Star
algorithm [25]. We address the optimization problem with the
particle swarm optimization algorithm to plan the trajectory
[26]. The primary contributions of this study are summarized
as follows.

1) We propose a strategy for reducing the error causing by
the terrain lightweight model, which avoiding UAVs
colliding with the mountain during actual flight.

2) We propose a new model to judge the existence of LOS
links to handle the complexity of building the channel
model in unstructured mountainous environments.

3) We account for the minimum turning radius constraints
to ensure that the fixed-wing UAV has a flyable trajecto-
ry, analyze extreme situations in which the trajectory
smoothing method based on the minimum turning radius
fails, and provide the corresponding treatment measures.

4) We propose a cooperative planning strategy for hetero-
geneous UAVs in which the mission UAV adjusts its
position to cooperate with the relay UAV. The mission
efficiency is improved via a new optimization model
that autonomously and simultaneously plans the trajecto-
ries of the mission UAV and relay UAV.

Mountain Environment

Mission UAY

Ground Station

Fig. 1. Mission scenario considered in this study.

( teun ﬂ“
ral = Model ~
1 dermain |z2=/(xp) i LOS Judgment
: Random mapping Model
Modell
%M ) method (RMM)
Miller .
projection Establish Cooperative
method Optimization Trajectory
D=zl ~ Model Planning
Mission Relay
The dataset Terrain Model reference path| algorithm trajectory | trajectory
with latitude- =
= »

longitude and
Data Collection elevation

and Preprocessing |Z = {(/, b, ,h,)}

=

-

Fig. 2. Overview of cooperative trajectory planning in the mountainous envi-
ronment considered in this study.
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The remainder of this paper is organized as follows. Section
IT describes the mission scenario and provides an overview of
the cooperative trajectory planning approach. Section III ex-
plains the terrain modeling method, which uses the random
mapping method. Section IV establishes the LOS judgment
model, and the minimum turning radius constraints are pre-
sented in Section V. Section VI introduces the cooperative
trajectory planning. Section VII discuss the experimental re-
sults, and Section VIII presents conclusions and future work.

II. PROBLEM OVERVIEW
A. Scenarios

The mission scenario considered in this study is illustrated
in Fig. 1. In this scenario, there is a mission UAV, a relay
UAYV, and a stationary ground station (GS), and the mountain
environment is known. The mission UAV flies at a low alti-
tude along the river, and the relay UAV flies along a trajecto-
ry that allows it to maintain wireless communication between
the mission UAV and GS.

B. Overview of Cooperative Trajectory Planning

Fig. 2 shows an overview of the cooperative trajectory
planning of heterogeneous multi-UAVs in the mountainous
environment considered in this study. First, we extracted the
latitude-longitude and elevation information from Google
Earth offline map. Subsequently, the Miller projection method
was used to obtain a dataset in the local coordinate system
[27]. For the dataset, the random mapping method (RMM)
was applied to project the irregular points in the low-
dimensional dataset into a high-dimensional one to obtain a
high-dimensional linear model of the terrain. To create LOS
links between nodes, an LOS judgment model was established
by combining space-line equations with a high-dimensional
linear terrain model. Using this LOS judgment model, the
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performance constraints of the heterogeneous UAVs, and the
mission reference path that was planned using the A-Star al-
gorithm, an optimization model was established based on the
shortest total mission time. Finally, the optimization problem
was solved using a particle swarm optimization algorithm to
plan the trajectories of the mission UAV and relay UAV.

III. TERRAIN LIGHTWEIGHT MODELING

A. Terrain Modeling Using the Random Mapping Method

After the data was collected and preprocessed, we acquired
the datasetD = {(x,,y,,z,)}.,, which in low-dimensional space
is nonlinearly separable. We adopted the random mapping
method (RMM) to obtain a linear model in high-dimensional
space. Firstly, we used the random mapping to generate a
mapping function g(Q,U;), where U; =[x, y,]", g(-) is the
sine function g(-) =sin(-) and € is a 1000x2 matrix denoting a
linear transformation. We then defined v, = Q,U; and the
vector-valued function g(v) =[g(v,),"--,g(v,)]" . Here, we
further defined a matrix V =[v,,---,v, ] and a matrix-valued
function G(V) =[g(v,),"--,g(vy)]. As a result, for the input
set X ={(x;,,)},, we could obtain the random mapping ma-
trix S = G(©,X) = G(V) . Finally, we took Z = {(z,)}", as the
target value and use S to generate a general form of the high-
dimensional linear model

Zouy =By sin(QU+b) +a, U=[xy]", (1
where z,,,, is the height determined via the high-dimensional
linear model, By is a 1x1000 parameter matrix, by is a 1000x1
parameter matrix, and a,is the intercept. We calculated the
value of zzy corresponding to all (x, y) in dataset D, creating
the dataset G = {(X;, V;» Zaust )} 1o -

B. Treatment of Model Error

The height computed via the high-dimensional linear model
was lower than the real altitude, which would increase the risk
of UAVs colliding with the mountain during actual flight.
Accordingly, an error model was established and used as a
compensation term to amend the high-dimensional linear
model. The steps taken to handle the error were as follows.

First, the height difference Az between zzuy and the actual
terrain height z;, was calculated as Az = zruy —zp .

Thus, the error dataset E, = {(x;,y,,Az,)}", was obtained.

Immediately thereafter, the error model was established us-
ing the RMM on dataset E; via

Azpypy =B, sin(Q,U+b,)+a,, U=[x y]Ts (2)
where Az, ., is the error value, Bz is a 1x1000 parameter
matrix, Q,is a 1000x2 parameter matrix; b, is a 1000x1 pa-
rameter matrix, and a, is the intercept. (2) was applied as the
compensation term for (1) to yield the following amended
model

Z, =B,;sin(Q,U+b,)+aq, -B,sin(Q,U+b,)-a,. ()

Using this amended model, the actual height value was sub-
tracted from the value of amended model height to obtain the
amended error dataset asE, = {(x;, y,,AZ,)}. -

Finally, to ensure that the model height value was larger
than the actual terrain height, an error value less than 0 was
compensated for by a smaller positive constant C.

The ultimate terrain lightweight model was expressed as
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IV. LOS JUDGMENT MODEL
A. LOS Link and NLOS Link

In this section, to more conveniently and rapidly determine
the signal propagation mode between communication nodes in
an over-the-horizon observation mission, we construct an
LOS judgment model (LIM) based on the LOS links. In a
mountainous environment, an LOS link indicates that the con-
nection between communication nodes is not obstructed by
the mountain, and an NLOS link indicates that the mountain is
interfering with the connection between communication nodes.
The existence of an LOS link can be intuitively detected using
the LJM, which was defined as the minimum height differ-
ence (MHD) between the line connecting the spatial positions
of the communication nodes and the actual terrain. Addition-
ally, an LOS link was defined as one in which the MHD was
greater than or equal to zero; otherwise, it was an NLOS link.
These concepts and definitions are illustrated in Fig. 3.

B. Establishment of the LOS Judgment Model

For calculating the MHD between the relay UAV and the
GS, we first constructed the straight line equation as

x=x, +4,x(x, —x,)

Y=Y, H o x(y,—y,) 6))
z=z,+1,x(z, - z,)

where (xg, y¢,2¢)1s the position of the GS (the initial point),
(x,,y,,z,)1s the position of the relay UAV (the final point),
and ¢, is proportionality constant.

Then, n (n=INT((x, —x¢)/d,)) points were marked at d_,
where the function INT(-) indicates that the number is round-
ed down to the nearest integer.

Next, assume that (x;, y,,z;) is any point among n points,
hereiel,2,...,n. Calculate parameters, = (x; —x¢)/(X, —Xc) -
Compute the height value z; = z; +¢, x(z, — zg) corresponding
to the i-th point on the spatial connection between the GS and
relay UAV. Calculate AZ; of the i-th point as

AZ =z, -F(x.,y,), (6)
where F(x;, ;) describes the surface elevation value corre-
sponding to the coordinate (x;, y;) in the actual elevation map.
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Finally, calculate the height differences of the aforemen-
tioned n points, and the minimum value of n height differ-
ences is the MHD, which was expressed as

MHD = min{AZ,}’ . (7)

V. MINIMUM TURNING RADIUS CONSTRAINTS

A. Turning Radius Analysis

Consider the waypoint path defined by the three waypoints

w, ,w,and w,,, . The unit vectors of the waypoint segments
W,_ W, ,W,W,_ are respectively denoted as

Wiy =W, Win —W;

i-1 i

Q9 =71 qdn (8)
"Wi—l W, "

||Wi+1 -W,; " ’
where | - || denotes the Euclidean norm. As shown in Fig. 4,
let C be a circle with a minimum turning radius R . Its center
point w lies on the bisector of the angle formed by w,_,w,,
and w,,, , such that the circle C is inscribed with the path seg-
ment W,_ W, and the path segment W,w,, .

The tangent point on W, W, is donated asw,, and the tan-
gent point on w,w,,, is donated as w_. Let 5 denote the angle
formed by the three waypoints, and get 8 =cos '(q,q;,,) -

To calculate the position of the center pointw., we first
denote the unit vector q of the angle bisector as

q= (q[+l + q,)/(“ q;., 14, DE ©)
The distance between w, and w. is: ||WC —W,." = R/sin(f/2),
thenw. =w, +(R/sin(3/2))q. Forw,, we first calculate the
distance between w, and w, as "WE, -W, || = R/tan(3/2) . Then
w,is given by w, =w, +(R/tan(/3/2))q; . Therefore, in the
same way w, =W, + (R/tan($/2))q,., -

Finally, the trajectory of the fixed-wing UAV consists of
the line segmentw, ,w, , arc segment w_w, , and line seg-

ment w,w,, , which is represented by the green curve in Fig. 4.

i+l
B. Construction of Minimum Turning Radius Constraints

As shown in Fig. 5, there are three situations (a), (b), and (c)
in which the circle has no tangent point with the line segments.
We define d(x,y) = |x—y|| as the distance between X,y .

In (a), d(W;_1,W;) <d(W¢,W;) ,d(W;y,W;)>d(Wg,W;),
and there is no tangent point on the line segment W, W, ;

In (b), d(wi—l’wi) > d(we’wi) > d(wi+1’wi) < d(ws’wi) >
and there is no tangent point on the line segment W, W, ;

In (), d(wi—lawi) < d(we’wi) > d(wi+lswi) < d(wsswi) >
there is no tangent points both on the w,_;w, andw,w,,; .

Therefore, owing to the minimum turning radius, waypoints
w,and w, must comply with the constraints given by
d(W;i1,W;)2d(We,W;),

(10)
d(W,W;)2d(wg,w;). (11)
C. Extreme Situation

When the angle formed by three waypoints w,_,, w,, and
w,,, is 180°, circle C is tangent to W,_,w,,; such that w, and
w_ coincide with the w;, as shown in Fig. 5(d). In this case,
/2 is 90°, and tan(/3/2) does not exist. Therefore, in this
situation, the fixed-wing UAV flew directly fromw,_;tow,,, .

VI. COOPERATIVE TRAJECTORY PLANNING

To plan the trajectories of the mission UAV and relay UAV
collaboratively,

i+l 9y Wi q;

w Wi
© (d
Fig. 5. Situations in (a)(b)(c) the tangent point does not exist; situation in (d)

B =180

Mission Target Position

Fig. 6. Schematic of the reference path P": .

the heterogeneous UAVs cooperative communication problem
is abstracted into a trajectory planning problem that considers
UAV maneuverability, obstacle and collision avoidance, LOS
constraints, and minimum turning radius constraints. The total
mission time needs to be minimized, because a shorter mis-
sion time usually means a lower total system energy consump-
tion. Therefore, we first planned the mission UAV reference
path. Then the mission UAV tracked the reference path and
constructed an LOS link with the relay UAV by adjusting its
position. Finally, A multi-step optimization model was estab-
lished to plan the trajectories of the mission UAV and relay
UAV.

A. Fixed-wing UAV Reference Path Planning

To enable the fixed-wing UAV to arrive at the target posi-
tion faster, we first used the A-Star algorithm (A*) to plan the
shortest path P from the starting position to the target position.
The grid of A* was a rectangle of 25mx15m in size. During
the mission, the fixed-wing UAV flew at a constant speed. To
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guarantee the same flight time Af between any two adjacent
waypoints, as shown in Fig. 6, we considered a reference
waypoint every d m along path P from the starting point. Fi-
nally, we obtained the reference path as

P, ={w, (0), W, (AD),..., W, (N-A)}.

B. Multi-step Optimization Model

The multi-step optimization model had a superior predic-
tive performance. When the corner was in front of the UAV,
the multi-step optimization model could make decisions in
advance so that the UAV maneuvered around the corner
smoothly. The mission UAV tracked the reference path and
adjusted its position to maintain the LOS link with the relay
UAV. Therefore, to obtain better planning results, we built the
multi-step optimization model given by

min Zp:"wr(z‘ +ALk)—w, (t+ At (k=1)

k=1 P (12)
+ox Y |W, (c+ark)y—w,, (t+ A k)|
s.L.min{AZ (w, (t+Ar-k),w, (t+At-(k=1)}" 20 (13)
min {AZ,(w, (t +At-k),w,)}" >0 (14)
min {AZ, (w,(t+At-k),w, (t+At-k)}" >0 (15)
((aw, DA(aw, )" <1 (16)
d(Wy, (t+At-(k=2)), W, (t+ At - (k- 1)) .
> d(w,(t+At-(k—1)),w,, (t +At- (k1)) an
d(W, (t+At-k),w (£ + At - (k—1))) (18)

2d(wy(t+At-(k=1)),w, (t+At-(k-1)))
where Wr,Wm,Wg,WjI1 represent the waypoint of the relay
UAV, the waypoint of the mission UAV, the position of GS,
and the reference waypoint of the mission UAV, respectively;
AW, =W (t+AL-k)-w (t+At-(k-1)) and A = diag(a™ b~ ¢7)
is a diagonal matrix, a, b, ¢ are the maximum flight distance in
X, Y, Z directions, respectively; w,,w, are tangent points;
t=0,At,2-At,...,N-At. Equation (12) is the objective func-
tion, where p is the predictive step; @ represents the penalty
factor for the mission UAV deviating from the optimal trajec-
tory; @ is used to balance the relay UAV flight distance and
the deviation of the mission UAV from the reference path.

Equations (13) ~ (18) represent the constraints of this problem.

The first is the collision avoidance constraint, which was used
to prevent the mission UAV from crashing into the mountains.
The second and third constraints ensure the relay UAV to
constructing LOS links between the GS and mission UAV.
The fourth constraint considers the maximum flight velocity
of the relay UAV. The last two equations represent the mini-
mum turning radius constraints required for the fixed-wing
UAV. Finally, the relay and mission UAV trajectories were
planned using the particle swarm optimization algorithm.

VII. EXPERIMENTAL RESULTS

Before conducting the experiment, we established the fol-

lowing experimental conditions:
1) For the fixed-wing UAV, the flight altitude was 50 m,
the flight velocity was 20 m/s, and the minimum turning

radius was 20 m. For the multirotor UAV, the maximum
horizontal velocity was 10 m/s and the maximum verti-
cal velocity was 5 m/s.
2) The time interval A7 was 5 s, which is suitable for this
large-scale application scenario.
3) All experiments were conducted on a laptop with an In-
tel i7 CPU and 16GB of RAM.
A. Terrain Lightweight Modeling
a). Error Processing
Experiments were performed to build a terrain model and
verify the effectiveness of the error treatment. First, the terrain
modeling in dataset D of the actual task area and the data vol-
ume were reduced from 842236 sets of coordinate points to
4001 parameter data. Hence, the data storage volume de-
creased by a factor of approximately 210. Through a compari-
son of the 3D point cloud map of the real mission area (Fig.
7(a)) with the high-dimensional linear model (Fig. 7(b)), the
height value calculated by the high-dimensional linear model
was found to be smaller than the actual elevation value, thus it
was important to perform an error treatment. The error distri-
bution is illustrated in Fig. 7(c).

| The 3D point cloud map of the actual mission area | 1200 [l 1200 The 3D point cloud map of the high-dimensional
linear model
. 1000 1000 .

Fig. 7. (a) is 3D point cloud map of the actual mission area, (b) is 3D point
cloud map of the high-dimensional linear model; and (c) is the error
distribution, (d) is the error distribution after error treatment.
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TABLEI

THE ERROR SITUATION OF THE HIGH-DIMENSIONAL LINEAR
MODEL AND THE MODIFIED MODEL

High-dimensional Modified
Linear Model Model
Maximum Error(m) 23.1 6.2
Minimum Error(m) -25.9 -7.8
Average Error(m) 2.1707 1.355
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Fig. 9. Schematic of the reference path.

From Table I, the margin of error was reduced from [-25.9,
23.1] to [-7.8, 6.2], and the error distribution became more
uniform. For error values less than 0 plus 7.8 meters, the ulti-
mate error distribution after error treatment is shown in Fig.
7(d). The figure indicates that the error values were all greater
than 0. Hence, the height values computed from the terrain
lightweight model were all greater than the actual elevation
values, which prevented the relay UAV from colliding with
the mountains while flying along the relay trajectory.

b). Advantages of Lightweight Model

The lightweight model (LM) has the advantages of a short
computational time and high efficiency. Because any point
N;(x;,y;,z;) on the line connecting the relay UAV and the
GS is not necessarily a point in dataset D, the direct search
method (DSM) selects the maximum z-value point within a
5m x 5m area as N, in the XOY plane, with (x;,y;) as the
center. However, the LM brings (x;,y;) in the high dimen-
sional linear function directly to calculate the elevation value
Zpaavsi » And uses (X, v, Zpans) a8 N; . According to the con-
struction of the LIM, the minimum height difference (MHD)
between 45 groups of relay UAV trajectory points and mis-
sion UAV trajectory points were calculated by the DSM and
LM, respectively, and the time consumed in each cycle was
recorded. Fig. 8 shows the comparison of the time spent on
calculating the MHD by the two methods. The total time re-
quired by the DSM to compute the mission was 900 ms, while
that of the LM was 405 ms. Hence, the computation time of
the LM was lower than that of the DSM by 55%.

B. The Reference Path Planning for The Mission UAV

In this study, the mission path was planned using the A-star
algorithm. To prevent the mission UAV from crashing into
mountains due to small deviations in map data or external
disturbances such as strong winds, we added the buffer area
and planned a new mission path, which is the green path in
Fig. 9. According to the given experimental conditions, the
velocity of the mission UAV was 20 m/s, the time interval A¢
was 5 s, thus the distance d between any two adjacent way-
points is 100 m. Finally, the reference path P, consisted of 45
waypoints, which are shown as the black path in Fig. 9.

C. Multi-step Optimization Model for Heterogeneous UAVs

For the multi-step optimization model, the weight factor @
and predictive step p were the two key factors affecting the
results. In this section, we discuss the impact of the changes in

o and p on the experimental results, and select the appropri-
ate values for w and p according to the actual simulation re-
sults in order to optimize the results.

a). Appropriate Weight Factor @

The weight factor @ has a significant effect on the trajectory
planning of the relay UAV and mission UAV. There were 45
reference waypoints in total. During the simulation, if the mis-
sion UAV did not arrive at the mission target position within
225 s, we used the mission target point as the reference way-
point until the mission UAV arrived at the mission target posi-
tion. For the following experiment, let the predictive step p=1.

Fig. 10(a) indicates that @ has an effect on both the total
mission time (blue curve) and the total flight distance of the
relay UAV (orange curve). As w increased, the total mission
time decreased and reached the shortest mission time when @
increased to a certain value, the shortest time was 225 s; the
overall trend was that the total flight distance of the relay
UAYV increased. When @ was small, more attention was given
to the relay UAV to decrease the flight distance. At this stage,
the mission UAV deviated from the reference path to maintain
LOS communication with the relay UAV, but it deviated too
much to arrive at the mission target position within 45 compu-
ting cycles. Thus, the total mission time was more than 225 s.
When w was large, more attention was given to the deviation
of the mission UAV; the mission UAV effectively tracked the
reference path and arrived at the mission target position within
45 computing cycles, and the relay UAV increased the flight
distance to maintain LOS link with the mission UAV.

Fig. 10(b) shows that, when @ was small, the mission UAV
poorly tracked the reference path and deviated from the refer-
ence path significantly, but it tracked the reference path well
when @ was large. Thus, as @ increased, the mission UAV
more effectively tracked the reference path, thereby reducing
mission time. According to Fig. 10(c), when @ was small, the
relay UAV had a shorter trajectory, which reduced the relay
UAV endurance pressure. When @ was large, the relay UAV
had a longer trajectory, resulting in increased energy con-
sumption. Therefore, an increase in w lead to an increase in
the flight distance of the relay UAV.

To reduce total mission time and the relay UAV endurance
pressure, an appropriate @ is to be determined. Whenw = 2.1,
the total mission time was 225 s, the total flight distance was
971 m, representing the minimum flight distance. Therefore,
@ = 2.1 was an appropriate value in this mission scenario, and
the following experimental results were obtained withw =2.1.

b). Appropriate Predictive Step p

Theoretically, more predictive steps will lead to better re-
sults, while the variables of the algorithm will increase expo-
nentially, and the running time of the algorithm will increase
significantly as well.

Fig. 11 shows that as p increased, the total flight distance of
the relay UAV decreased, and the run time of the algorithm
increased. According to (12), the number of variables was
proportional to p . The search range of the particle swarm and
the number of iterations in each cycle of the algorithm also
increased.
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TABLEII
THE COMPARISON OF RUN TIME OF ALGORITHM AND TOTAL
FLIGHT DISTANCE
Increased Run Time (%)  Decreased Flight Distance (%)
p=2 907.79 11.84
p=3 2368.38 21.63
p=4 5779.35 22.25
p = 15015.79 23.48
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Fig. 11. Algorithm running time and total flight distance of the relay UAV for
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TABLEIII

PERFORMANCE COMPARISON OF BASIC METHOD AND COOP-
ERATIVE PLANNING STRATEGY

Total Mission Time (s) Total Flight Distance (m)
BM 450 1322
CPS 225 761

At the same time, all the constraints in (13) ~ (18) needed
to be satisfied. All of the above were key factors that lead to
the increase of the run time of the algorithm.

For the range 1< p <3, the total flight distance decreased
significantly and the run time of the algorithm rose steadily. In

contrast, for the range 3 < p <5, the total flight distanced
slightly, but the run time of the algorithm significantly in-
creased. The results compared to p =1are shown in Table II,
as p increased, the run time of the algorithm continued to sig-
nificantly increase; the total flight distance changed from a
significant decrease to a slow decrease.

Considering both the computational cost and the actual pre-
dictive step requirements, if the predictive step was too small,
the effect was poor; if the predictive step was too long, it
wasted computing resources. Therefore, p =3 was an appro-
priate predictive step in this mission scenario.

¢). Performance Comparison Between Basic Method and Co-
operative Planning Strategy

In previous studies, we used the basic method (BM) for ex-
periments which only planned the trajectory of the relay UAV,
leading to unsatisfactory experimental results. Therefore, we
proposed cooperative planning strategy (CPS) which planned
the trajectories of the mission UAV and relay UAV coopera-
tively to maintain LOS communication between the mission
UAYV and GS. We compare the BM and CPS in terms of the
total mission time and the total flight distance of the relay
UAV. From Table III, the total mission time of the CPS has
been reduced by 50%, and the total flight distance of the relay
UAV has been reduced by 42.44%. Therefore, the proposed
CPS can effectively reduce the total mission time and endur-
ance pressure of relay UAV.

d). Minimum Turning Radius Constraints of Fixed-wing UAV

To verify the effectiveness of the minimum turning radius
constraints, we first let Ady =d(w;_,w;)—d(W.,w;) , and
Ady =d(wj;1,w;)—d(wg,w;) , calculated Ad,;, Ad, for each
group, and compared their relationship to 0. In Fig. 12, the
minimum value of Ad; is 67.94 m and the minimum value of
Ad, is 63.56 m, both of which were far greater than 0. There-
fore, the trajectory planning was reasonable and always satis-
fied inequality constraints. In addition, the planned trajectory
was flyable for the fixed-wing UAV.

VIII. CONCLUSION AND FUTURE WORK

In this study, a cooperative planning method was proposed
to maintain the LOS communication between heterogeneous
multi-UAVs in complex mountainous environments with lim-
ited communication. First, the terrain lightweight model was
able to reduce the data storage requirements. The problem of
the height value of the lightweight model being lower than the
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actual altitude was solved by establishing an error treatment
model. Then, the combination of the proposed LOS judgment
model and the terrain lightweight model ensured that the
communication links were LOS links. Next, the minimum
turning radius constraints were constructed to obtain the flya-
ble trajectory for the fixed-wing UAV. The multi-step optimi-
zation model of UAV autonomous trajectory planning was
designed to solve the problem of communication link inter-
ruptions in complex mountainous environments. Finally, sim-
ulations were conducted to confirm the effectiveness of the
proposed cooperative planning method for heterogeneous
UAVs.

In future work, we will adopt a distributed modeling strate-
gy to improve modeling accuracy: a large modeling area is
divided into several small areas, and the high-dimensional
linear model is established for each small area. We will com-
bine the sequence quadratic program and particle swarm op-
timization algorithms to reduce the run time of the algorithm
for the multi-objective optimization model, considering both
the algorithm accuracy and real-time performance. The coop-
erative operation of multi-relay and multi-mission UAVs will
also be considered. Finally, we will consider more complex
missions, in which the mission UAV is required to replan and
adjust the mission while in flight.
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