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Abstract—Intersections of flight paths in multidrone missions
are indications of a high likelihood of in-flight drone collisions.
This likelihood can be proactively minimized during path plan-
ning. This article proposes two offline collision-avoidance mul-
tidrone path-planning algorithms: 1) DETACH and 2) STEER.
Large drone tasks can be divided into smaller ones and car-
ried out by multiple drones. Each drone follows a planned flight
path that is optimized to efficiently perform the task. The path
planning of the set of drones can then be optimized to complete
the task in a short time, with minimum energy expenditure, or
with maximum waypoint coverage. Here, we focus on maximizing
waypoint coverage. Different from existing schemes, our proposed
offline path-planning algorithms detect and remove possible in-
flight collisions. They are based on a constrained nearest-neighbor
search algorithm that aims to cover a large number of way-
points per flight path. DETACH and STEER perform vector
intersection check for flight path analysis, but each at different
stages of path planning. We evaluate the waypoint coverage of the
proposed algorithms through a novel profit model and compare
their performance on a work area with different waypoint densi-
ties. Our results show that STEER covers 40% more waypoints
and generates 20% more profit than DETACH in high-density
waypoint scenarios.

Index Terms—Collision avoidance, drones, multidepot vehicle
routing problem (MDVRP), optimization, path planning,
unmanned aerial vehicles (UAVs).

I. INTRODUCTION

NMANNED aerial vehicles (UAVs) or drones have been

widely adopted in aerial photography, real-time surveil-
lance, search and rescue, delivery, precision agriculture, and
other applications in recent years [1]-[3]. Due to limited bat-
tery capacity and flight range, completing a mission may
require using multiple drones to coordinately execute a task
that involves flying on a large geographical area [1]. In such
cases, path planning is needed to determine the portion of the
target area that a drone can cover. In this article, we focus on
a multidrone path-planning problem where drones are tasked
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to collect data from a set of static waypoints dispersed over a
determined area. The objective of the study is to maximize the
number of covered waypoints while avoiding drone in-flight
collisions by eliminating flight path intersections.

Much research has focused on finding optimal routes for
drones to carry out a mission while maximizing drone-
operation efficiency [1]-[7]. These vehicle routing problems
are formulated as combinatorial optimization and integer pro-
gramming problems, which are generalized as the traveling
salesman problem (TSP) [8]. Because TSP is NP-hard, dif-
ferent heuristics have been proposed as efficient alternatives
to solving the optimization problems that aim at minimiz-
ing the total travel distance [5], or the flight time [9], and
also to avoid static obstacles [6], [7], [10], [11], as exam-
ples. Although these approaches provide efficient flight paths,
they may generate intersecting paths that represent potential
drone-to-drone in-flight collisions, which may be catastrophic
for achieving the goal that drones are tasked with, in the first
place.

In solving the multidrone path-planning problem and the
potential of in-flight drone collision raise the following ques-
tion: would planning a collision-free flight path be more cost
effective than removing possible collisions from a collision-
prone flight path? To answer this question, we focus on design-
ing efficient collision-avoidance path-planning algorithms for
a multidrone mission where drones are commissioned to cover
the largest number of waypoints in a 2-D designated area.

The contributions of this article are as follows: we 1) for-
mulate a multidepot vehicle routing problem (MDVRP) with
the objective of maximizing the number of waypoints the
drones visit in a determined area; 2) propose ORBIT, a nearest-
neighbor-first greedy approach path-planning algorithm to
solve the MDVRP; 3) propose DETACH, an algorithm that
converts paths generated by ORBIT into collision-free paths
by removing intersections among these paths; 4) propose
STEER, an algorithm that, different from DETACH, generates
collision-free paths at the path-planning phase; and 5) propose
a profit model to holistically evaluate the cost effectiveness of
the proposed algorithms. We evaluate the three proposed algo-
rithms through extensive computer simulations and show that
ORBIT covers the largest number of waypoints, however, at
the cost of potential drone collisions due to path intersections.
We also show that STEER covers 40% more waypoints than
that of DETACH in an area with 500 waypoints and achieves
about 20% more profit than DETACH, while both producing
collision-free paths.
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The remainder of this article is organized as follows.
Section II presents related work on collision-avoidance path
planning. Section III introduces the proposed MDVRP formu-
lation. Section IV presents the proposed ORBIT, DETACH,
and STEER path-planning algorithms. Section V presents the
simulation setup, performance metrics, and performance com-
parison among the three proposed path-planning algorithms.
Section VI concludes this article.

II. RELATED WORK

Multiple UAVs have been used in providing heterogeneous
communication networks for disaster recovery [17], [18],
combating COVID-19 [19], and supporting Internet of
Things framework for smart-city applications [20] in recent
years. Energy efficiency [21] and collision avoidance [22]
are the challenges to tackle for multi-UAV path plan-
ning. While there are numerous works on energy-efficient
path planning, we focus on collision-avoidance path plan-
ning in this study. Collision-avoidance path-planning algo-
rithms can be categorized on whether they avoid static
or moving obstacles. Most of the recent body of work
has focused on collision-avoidance path planning for
static obstacles [12]-[14], [23]-[25]. Collision avoidance for
moving obstacles has also been recently explored [15], [16].
These approaches often adopt a graph-based approach where
the vehicles and environments are represented as graphical
shapes and the paths as line segments. These collision-
avoidance path-planning approaches are formulated as con-
strained optimization problems with an objective to select
an optimal path from all possible line segments connecting
a source to a destination. The vehicles that such algo-
rithms consider include UAVs, autonomous marine vehicles
(AMYVs), and mobile robots. The considered UAVs in such
works are equipped with sensors, such as global position-
ing system (GPS), camera, or radar, to detect objects in the
path [23], [24].

The graph-based path-planning algorithms [26], [27], also
known as free-space algorithms, generate paths that keep
the same distance from the edges of the obstacles, however,
the solution may not be optimal. To improve the free-space
algorithms, Li er al. [28] applied concave polygon convex
decomposition and an artificial bee colony (ABC) algorithm
to efficiently and quickly find a global optimal route. Cell
decomposition is another approach that first decomposes a
known region into several polygon-shaped subregions and
finds a path from the selected subregions using heuristic algo-
rithms, such as Dijkstra algorithm (DA), genetic algorithm
(GA), and particle swarm optimization (PSO) [14], [29], [30].
Zhang et al. [12] proposed a cooperative and geometric learn-
ing algorithm (CGLA) to find collision-free paths for UAVs
based on the risk information obtained from sensor data of the
surrounding environment. However, the reliability of collision
detection depends on the accuracy of the sensor data.

For finding the optimal path in multiple vehicle
path planning, various ant colony algorithms have been
considered [13], [14]. Xiong et al. [13] proposed a hybrid
Voronoi-based ant colony optimization algorithm for multiple
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AMV path planning for adaptive ocean sampling. This hybrid
approach provides an effective and robust solution for con-
strained mission time while avoiding intervehicle collision and
obstacles. Tan et al. [14] used the ant colony system (ACS)
algorithm to find a global optimum collision-free path for
mobile robots.

Other collision-avoidance methods adopt a coordinated
approach through a communication network among a swarm
of drones. Kim et al. [25] used a real-time data link to track
the trajectory of drones. Other approaches share the drones’
position information through a communication network and
use the drone location data to calculate a margin of safety
distance for each drone to follow to avoid collision [15], [31].
Ahmed et al. [16] adopted flight paths at different altitudes to
avoid collisions on intersected paths. Yang et al. [32] proposed
a separation maintenance method to avoid collision between
drone paths in both space and time. They manually set a safety
distance and a safety time to avoid drone collision. Any vio-
lation of the preset safety distance and time are added as a
penalty to the cost of the planned paths, but the added penalty
does not guarantee a collision-free path.

In this article, we formulate the collision-avoidance mul-
tidrone path planning as a constrained MDVRP. We first
propose an ORBIT algorithm to solve the MDVRP. Different
from the existing solutions, which mostly rely on the intercom-
munication or a centralized control among drones to avoid
collision, we assume that there is no intercommunication
among drones and the drones are flying at the same height.
We then propose two graph-based collision-avoidance path-
planning algorithms: 1) DETACH and 2) STEER. We simulate
the proposed algorithms and compare their performance based
on the number of waypoints covered, the number of drones
used, travel distance, and their cost effectiveness evaluated
through our proposed profit model. Table I summarizes the
different collision-avoidance path-planning approaches and
compares the pros and cons of the existing works with those
of our proposed path-planning algorithms.

III. MULTIDEPOT VEHICLE ROUTING PROBLEM WITH
COLLISION-AVOIDANCE FORMULATION

In this article, drones are tasked to survey a number of way-
points in a determined area. The following assumptions are
made for the MDVRP with collision-avoidance formulation.

1) Each drone is assigned to one depot, from where it

departs before performing the task and to where it
returns after completing the task.

2) The depots are uniformly distributed in the area.

3) Each drone visits waypoints within a circular area with

radius r centered at its depot.

4) The drones are homogeneous, each with a distance

capacity Q.
5) A drone is used only if it covers a minimum number of
L waypoints in its route.

Table II outlines the definition of terminology used in this
article. The set of waypoints is denoted as V. The set of depots
is denoted as D. Each depot is denoted as k, where k € D. Here,
a node is defined as either a depot or a waypoint. (a;, b;) and
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COMPARATIVE ANALYSIS OF COLLISION-AVOIDANCE PATH-PLANNING ALGORITHMS

Type of Type of Objective Algorithm Pros and Cons
Obstacles Vehicle
Collision-free Pros: More effective than Voronoi
Multiple paths for multiple Cooperative and Geometric Learning gg:gfﬁ Search and Visibility Graph
UAVs [12] i[iﬁ)\ifnk;?isoer? [(EIHSk Algorithm (CGLA) Cons: Prone to collision due to inac-
) curate sensor data.
Pros: More effective and robust than
. Collision-free conventional ACO, rapidly-exploring
Multiple optimal trajectories for Hybrid Voronoi-based Ant Colony | random tree star (RRT*) and Dijk-
autonomous multiple AMVs to collect | Optimization (V-ACO) stra’s algorithm.
marine vehicles ocean measurements [13]. Cons: Prone to collision due to inac-
(AMVs) [13] curate sensor data.
Global optimum . Pros: Faster convergence than genetic
Mobile collision-free path ) MAIIS LINK] graP}}:I;heory algorithm.
. lanning for mobile 11) Dijkstra Algorit Cons: Performance depends on the
Static Robots [14] praniing iii) Ant Colony System (ACS) P
Obstacles robots [14]. parameter selection.
1) ORBIT algorithm - greedy collision- . . .
- . Pros: Collision-avoidance path plan-
Collision-free prone path planning nin
Multiple paths for multiple UAVs | ii) DETACH algorithm - detects in- Cons: DETACH and STEER DE-
while optimizing tersections in planned paths and re-
UAVs TACH and STEER have longer con-
. the number of moves possible collisions from paths .
(this paper) - - . vergence time than ORBIT due to
waypoints covered. iii) STEER algorithm - collision- th intersection check
avoidance path planning pa ersection check.
Sampling-based Path planning
Collision avoidance with gletChl(())(:Z:d-Loo Rapidly Explorin Pros: Faster convergence.
commercial aircrafts and Random Tree (Iéloseg—Lo}Z) ngT) & | Cons: Prone to collision due to inac-
other moving obstacles ii) Simplified node connegtion trat. | curate sensor data and vehicle mod-
using sampling-based egy p eling errors.
path planning [15]. iii) Use of intermediate points
iv) Reachable set
Minimizing the Pros: GLC and FDFR converge faster
ener congsum tion i) Optimal Path Planning (OPP) than OPP. OPP consumes least en-
Moving | Multiple UAVs By CONSHIMPUOT ii) Greedy Least Cost (GLC) ergy than GLC and FDFR.
while avoiding collision | ...\ - . .
Obstacles [15], [16] between UAVs usin iii) First Detect First Reserve (FDFR) Cons: Prone to failure due to inaccu-
space discretizationg[l 6] rate sensor data. Complexity of OPP
p : higher than GLC and FDFR.
TABLE II .
TERMINOLOGY AND DEFINITION to depot k. deym x denotes the distance traveled by Drone k
2 2
Terminology | Definition dj = \/(ai - aj) + (bi - bj) . (D
D The set of depots . .. . .
7 The set of waypoints The binary decision variable x;3€{0,1} in (2) denotes
T Radius of a drone’s flight range whether the edge between nodes i and j is selected as part
Q Vehicle distance capacity of the route for depot k
L The minimum number of waypoints in a route . . .
M Distance matrix o — 1, if drone k travels from i to j @)
Ry, Route of Drone k ik 0, the edge is not selected.
| Ry | The number of waypoints in Ry, . .
R The set of routes for drones We formulate the multidepot drone path-planning problem
Ry The set of collision-free routes for drones as follows:
Ay ke The return route distance from current way-
point n., to depot k max Z Z Z Xijl 3)
deum. k Cumulative route distance for drone k J i€DUV jeV ke D
Subject to: Z injk <1l VjCcV “4)
ieDUV keD
(aj, bj) denote the coordinates of nodes i and j, respectively. Z injk =1 VkeD &)
The distance (Euclidean) between nodes i and j, d;j, is defined i€V jeD
in (1). The pairwise distance among all nodes form the dis- .
(1). The p g . SNy wpsr k=i (©6)
tance matrix, M. Ry denotes the route for the drone starting at D iV kD
depot k. The number of waypoints in Ry is denoted as |Ry|. R
is the route matrix that stores the routes for the drones where Z Z djj injk =< Ok @)
row i of the matrix stores the route for Drone i. Rq denotes ieDUV jeDUV kD
the set of collision-free routes for drones. d,, x denotes the Z Z xjk = L VkeD (8)
distance of the return trip from the last waypoint in the route i€DUV jeV
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D> x =ISI-1 ¥SS V.ISI=2 (9
i€S jeS
(xijXpgt) Hijkopgt = 0, i #p, j#q, k #1. (10)

The objective is to maximize the number of waypoints vis-
ited by drones as denoted in (3). Constraint (4) ensures that
a waypoint is visited at most once. Constraint (5) ensures
that each drone returns to its depot. Constraint (6) ensures
that the visited waypoints are within radius r from the depot.
Constraint (7) ensures the drone travels within its distance
capacity. Constraint (8) ensures that each drone visits at least
L waypoints. Constraint (9) eliminates subtours (a subtour is a
round-trip tour that returns to its depot without visiting all the
allocated waypoints) for each drone. Constraint (10) ensures
that a path is collision-free [16]. Here, Hjj py is a binary
variable for collision check. Hjj pq1 = 0 indicates that there is
no collision between edge ij for Drone k and edge pg for Drone
l. Hijx pgr = 1 indicates that there is a collision between the
two edges. The formulated MDVRP is NP-hard. Therefore,
we propose two heuristic collision-avoidance path-planning
algorithms to solve the MDVRP.

IV. PROPOSED PATH-PLANNING ALGORITHMS

In this section, we introduce the proposed ORBIT,
DETACH, and STEER path-planning algorithms.

A. Orbit Algorithm

ORBIT uses the nearest-neighbor-first selection to find
the waypoints to include in a drone’s route. The pseudocode
of ORBIT is shown in Algorithm 1. ORBIT uses the distance
matrix to find the nearest node from a depot and checks if the
path length is within the distance capacity of the drone to be
added to the path. This process is performed iteratively until
the path length reaches a drone’s distance capacity. The result-
ing route is stored in R;. The waypoints included in Ry are
marked as unavailable. ORBIT continues this process for the
drones at other depots until no further routes can be formed.
Path length has to meet the minimum L number of waypoints
requirement to be set as a valid route. The resulting routes are
stored in R.

Fig. 1 shows an example of the operation of ORBIT with
two drones, D1 and D2, in an area with ten waypoints, which
are indexed as W1-W10. ORBIT randomly chooses the first
depot D1 and searches for the waypoints within its range. The
candidates are W1, W2, W3, W9, W8, and W10, from which
W1 is selected. ORBIT checks if the path length, which is
the distance from D1 to W1 and the return trip from W1 to
D1, is within the drone’s capacity. The nearest waypoint W2
from W1 is added to the route and is followed by W3 and
W9. However, because adding W8 to the route would exceed
the distance capacity, D1 ends the search and the return path
to D1 from W9 becomes the last route segment. The route for
DIl is D1 - W1l - W2 — W3 — W9 — DI. Similarly,
the route for D2 is D2 - W6 — W8 — W4 — W5 —
D2. The unvisited waypoints W7 and W10 are called orphan
nodes. Fig. 1 shows that there is a potential collision between
W3 — W9 and W4 — W8 for D1 and D2, respectively.
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Algorithm 1 ORBIT Algorithm

1: Input: D, V, Q, L, r

2: Output: R

3: Calculate distance matrix M

4: for k in D do

55 Tk=1]

6: Add all the unvisited waypoints in Tj within the
coverage range r from k
if |Ty| > L then

: n==k

9: dcum,k =0
10: while || do
11: Find distance d,;; from n to the next nearest

waypoint (n,,) in T
12: dcum,k = dcum,k + dpin
13: if deym ik + dn,.x < Q then
14: Add n,, in the Ry
15: n=ny
16: Remove n,, from T}
17: else
18: break
19: end if
20: end while
21:  end if
22:  if |Rx| = L then
23: Mark all waypoints in Ry as visited
24: Add k to R, and add R in R
25:  end if
26: end for

©,
()
@ g P
Bl @ b4
©
[ pepot O Waypoint
« Path {3 Coverage range

Fig. 1. ORBIT path-planning example.

These path intersections are collision hazards for drones. To
avoid potential collisions, we propose DETACH and STEER
for intersection-free path planning.

B. DETACH Algorithm

We propose the DETACH algorithm to remove the route
intersections generated by ORBIT. DETACH is a graph-based
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Fig. 2.

method where a route is interpreted as the edges of a poly-
gon. To detect and avoid these collisions, DETACH uses an
axis-aligned bounding box (AABB) to check for intersections
between two routes. Then, it uses the 2-D vector cross product
introduced in Section IV-B1 to determine intersected routes.
The intersected routes are disjointed by keeping the nodes of
the path that yields the least number of orphan nodes.

1) 2-D Vector Cross Product: A 2-D vector cross product
produces another vector that is perpendicular to the vectors
under cross production and the value of the cross prod-
uct determines the relative geometric relation of vectors in
a 2-D space, such as whether they are on the same line
(co-linear) or intersect at an angle. As an example, for two
vectors 7 = (py, py) and 7 = (gx, qy), the cross product is
defined as

(11

The relative geometric relation between 7 and 71) is

defined as follows.
1) When B x ¢ >0, ¢ is at the counter-clockwise side
of 7.

2) When 7 x ¢ <0, ¢ is at the clockwise side of 7.

3) When 7 x g =0, ¢ is co-linear with 7.

2) Axis-Aligned Bounding Box: We use the AABB algo-
rithm to detect route intersections. AABB is an efficient
method for 2-D and 3-D object collision detection in games,
simulation, and virtual reality [33]. As shown in Fig. 2(a),
AABB uses the x and y axes to create a minimum enclos-
ing rectangle to enclose each object. It uses the projections of
the boundary box on the x and y axes to check for collisions
between objects. No overlap between the projections of two
boundary boxes indicates that the two objects do not intersect.

3) Vector Intersection Check: Vector intersection check is
a two-step vector cross-product method used to find crossed
vectors. The first step is to find boundary box overlap for two
routes through AABB. Here, the vector cross product for three
consecutively connected nodes, a, b, and c, is defined as

A
P X g =px-qy — Dy Dx-

e
cross(a, b, c) = ab x bc. (12)

In a 2-D space, one vector divides the space into two parts.
If the two points of another vector are located on the opposite
sides of the space or one of the points is on the first vector
and the other is in one part of the space, these two vectors

Axis-aligned boundary box. (a) Boundary box. (b) Disjoint box. (c) Overlap box.
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y
o R1
oversp [T
i R2 R2
L - E—— ‘
Nquvm‘pr X Olverlap I X
(b) (c)

Q2

Fig. 3. Vector intersection check. (a) Two intersected vectors. (b) Condition 1.
(c) Condition 2.

intersect. Fig. 3(a) shows that P1, P2, and Q1, Q2 are_tiv_g
pairs of consecutive nodes in two different routes and P1P2
and Q1Q2 are the path vectors. If the two path vectors cross,
they must meet two conditions.

— ——

1) %l’tion 1: For P1P2, two new vectors P2Q1 and
P2Q2 are created as shown in Fig. 3(b). The cross
products of the vectors formed with the four nodes
are calculated based on (13)-(15). C1 is the multi-
plication of (13) and (14). If cross(P1, P2, Q1) and
cross(P1, P2, Q2) have Msite signs, Q1 and Q2 are
on the opposite sides of P1P2. Additionally, if one of the
ris_)ults is 0, that means either Q1 or Q2 is on the vector
P1P2. Therefore, we can conclude that for C1 < 0, Q1
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Algorithm 2 Vector Intersection Check

Algorithm 3 DETACH Algorithm

1: Input: Two routes: Ry and R;
2: Output: True or False

3: for Node i in R; do

4:  for Node j in R, do

5 Pl =i, P2 = next i
01 =j, 02 = next j;

6: if Boundary box check for the two vector P1P2 and
0102 then

7: if cross(P1, P2, Q1) - cross(P1, P2, Q2) < 0 and

cross(Q1, 02, P1) - cross(Q1, 02, P2) < 0 then
: return True
9: end if

10: end if
11:  end for
12: end for

13: return False

—
and Q2 are on the opposite sides or on the vector P1P2;
otherwise, Q1 and Q2 are on the same side of P1P2

——

cross(P1, P2, Q1) = P1P2 x P2Q1 (13)
——s ooy

cross(P1, P2, Q2) = P1P2 x P2Q2 (14)

C1 = cross(P1, P2, Q1) - cross(P1, P2, Q2)  (15)

C2 = cross(Q1, 02, P1) - cross(Q1, 02, P2). (16)

——— —— —
2) Condition 2: For Q10Q2, two vectors Q2P1 and Q2P2 are
created as shown in Fig. 3(c). Similar to Condition 1, C2
is the product of two cross products cross (Q1, 02, P1)
and cross(Q1, 02, P2). For_CZ) < 0, P1 and P2 are on
the opposite sides or on %2; otherwise, P1 and P2

are on the same side of Q102. N
Given these two conditions, we get C1 from P1P2 and
s ——
C2 frﬂ)QlQZ. If both C1 and C2 are nonpositive, P1P2
and Q10?2 intersect. Otherwise, they are disjoint, or collision-
free. The pseudocode of vector intersection check is shown in

Algorithm 2.

4) Implementation of DETACH: The pseudocode in
Algorithm 3 describes DETACH. This algorithm uses the route
output from ORBIT R as input. Fig. 4 shows two routes,
Routey = [A, W1, W2, W3, W4, A] and Routeg = [B, W5,
W6, W7, W8, B]. Starting from the first route, DETACH
conducts pairwise route intersection check in Routey and
Routep using Algorithm 2 and AABB. Fig. 4(a) shows
two intersections between Routey and Routeg. The first
intersection is between edges W3 — W4 and W6 — W7; the
second intersection is between edges W4 — A and B — WS5.

As shown in Fig. 4(c), the number of orphan nodes in
Routes and Routep is 1 and 2, respectively. Route4 removes
orphan node W4. DETACH continues pairwise comparison for
other routes until no more intersections are found. The final
disjoint route is shown in Fig. 4(c).

However, there are two special cases that the fewer orphan
node rule in DETACH does not cover. The first occurs when
one route intersects with another through an edge without any

1: Obtain routes R from ORBIT

2: Input: D, V, R

3: Output: Ry

4: for any pair of R; and R; in R do

5: if The projection of R; and R; on both axes are
overlapped then

6: if R; and R; intersect then

7: Record the intersection nodes in the arrays:

Intersection; = Intersection;= [ ]

8: Modify the intersection node arrays and get both
Orphan; and Orphan; node arrays

9: if |Orphan;| > |Orphan;| and both |Orphan;| and
|Orphan;| > 0 or |Orphan;| = 0 then

10: Remove Orphan; from R;

11: else if |Orphan;| < |Orphanj| and both |Orphan;|
and |Orphanj| > 0 or |Orphan;| = 0 then

12: Remove Orphan; from R;

13: end if

14: end if

15:  end if

16: end for

17: return Ry

A ! 2
[ ]
5 6 S
&) &
B (& 4 \ 7
] .
8
(@)
1
A ?
[ |
5 6 3
o >e
B 4 7
L .
8
(b)
A ! 2
[ |
56 3
B 4 7
L o
8
(©)

Fig. 4. DETACH example. (a) Two intersected routes. (b) Find waypoints
of the intersected routes. (c) Disjoint routes.

node inside one another as shown in Fig. 5(a). Route, inter-
sects with Routep. In this case, Routey is selected to remove its
orphan nodes as shown in Fig. 5(b). The second case occurs
when a depot is located inside another route. As shown in
Fig. 5(c), Routeg = [B, W5, W6, W7, W8, B] intersects
with Routes = [A, W1, W2, W3, W4, A] with Depoty inside
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Fig. 6. Node inside a polygon check.

Routes. The two orphan node arrays are Orphan, = [ ] and
Orphang = [W5, W6, W7, W8]. Based on the fewer orphan
nodes rule, the new Routeg = [B, B] leaves only a depot in
the route. In this case, the idle depot is considered as unused
and is removed.

C. STEER Algorithm

Because the intersection separation process by DETACH
generates numerous orphan nodes, we propose the STEER
algorithm, which generates collision-free routes at the path-
planning phase. STEER performs vector intersection check
during the nearest-neighbor search to avoid intersections.
Moreover, STEER uses the PNPOLY algorithm to exclude
nodes located inside existing routes to ensure fast conver-
gence [34].

1) Node Inside Route Check: PNPOLY-point inclusion in
polygon test is used to determine whether a point is within
a polygon [34]. The detection strategy uses a horizontal line
from a point in a plane toward co and counts the number of
intersections it generates with the edges of a polygon. If the
number is odd, the point is inside the polygon; otherwise, the
point is outside the polygon, as shown in Fig. 6. There are two
steps in the check for whether a waypoint is inside a route, as
shown in Algorithm 4.

2) Implementation of STEER: Fig. 7 shows an example
of how STEER finds a collision-free route. Given the input
parameters D, V, O, L, r, and M, STEER uses the nearest-
neighbor search sequentially from the first depot to the last
selected waypoint. It finds the waypoints that are in the cir-
cular area with a radius r to the depot and adds them into the
neighbor set 7. For node n, it finds the closest waypoint n,,
from V to n in T and conducts the edge intersection check
to select waypoints that generate collision-free path. Fig. 7(a)
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Special cases for route intersection. (a) Edge crossed routes. (b) Disjoint edge crossed routes. (c) Depot inside route. (d) Eliminate route.

Algorithm 4 Node Inside Route

1: Input: a single node P, = (Py, Py), R

2: Output: Detect if P, is inside Ri .

3: Define: P, = (o0, Py); the ray vector P,P.; count = 0;
and j, the index of the next waypoint of node with index
iin Ry

4: if P, and Ry do not satisfy Axis-Aligned Bounding Box
Check then

5:  return Pn is not inside Ry
6: end if
7:i=0
8
9

: while j # 0 do
: j=({+1) (mod n)
— . —
10:  if P,P, intersects with edge vector P;P; then
11: count + +
12:  end if
13: i=j
14: end while
15: return Pn is inside Ry if count is odd

shows the route for D1, where R is the first collision-free path
obtained using the nearest-neighbor search. D2 selects way-
points P6 and P8 consecutively to include in the route as
shown in Fig. 7(b). P4 is the closest waypoint to P8 but the
— —

edge P8P4 intersects with edge P3P9 in R;. Therefore, P8
moves to find the next closest waypoint P5, which satisfies
the intersection check as shown in Fig. 7(c). If the capacity
and the minimum number of waypoints constraints are satis-
fied, the route is added to Rq. The pseudocode of STEER is
shown in Algorithm 5.

3) Time Complexity: In the complexity analysis of the three
algorithms, we consider two parameters: 1) the number of
depots N and 2) the number of waypoints M. ORBIT adopts
a greedy approach and it is agnostic to route intersection;
making it prone to collisions. The complexity of ORBIT
is O(NMlog M). DETACH uses a vector intersection check
mechanism and follows a fewer-orphan nodes path rule to
select the removed path in intersection removal. It has a com-
plexity of O(N’M?). STEER checks for intersections at the
path generation stage and has a complexity of O(NM? log M).
Therefore, ORBIT has the lowest complexity as it is collision-
agnostic, while STEER is less complex than DETACH because
it requires fewer intersection checks.
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Fig. 7. Example of the STEER algorithm. (a) Route for D1 established. (b) Path intersection detected. (c) Two disjoint routes.
Algorithm 5 STEER Algorithm TABLE III
SIMULATION SETUP
I: Input: D, V, O, L, r, M
2 f(')miu't: Rdd Parameter Value
3: for k in D do Area 4x4 km?
4 Tp=11] L L L Number of Depots/Drones 25
5:  Add all the unvisited waypoints in 7} within coverage range Capacity of drone 7 km
r from k Radius of drone 2 km
6: if |[Tx| = L then Number of waypoints 50 — 500
7: n=k Minimum path length 3% of the number of waypoints
8: dcum,k =0
9 Find the minimum distance dy;;; from n to waypoint (n,,)

in T

10: lf_l’l)Tv)V is intersection free with any other edges in R; and
nyk is intersection free with any other edges in R; then

11: if ny, satisfies deym k + dmin + dy,, k < Q then

12: Add ny, to Ry; mark ny, as unavailable

13: deum k+ = dmin;

14: n=ny

15: else

16: Discard n,, and set it as unavailable

17: end if

18: else

19: Discard n,, and set it as unavailable

20: end if

21:  end if

22:  if |Rg| > L then

23: Mark all waypoints in Ry as visited

24: Add k to Ry, then add Ry to Ry

25:  end if

26:  for node i in V do

27: if i is inside current R; using Node Inside Check then

28: Remove i from V

29: end if

30: end for

31: end for

V. RESULTS AND ANALYSIS

In this section, we present the simulation setup and com-
pare the results and performance of the proposed ORBIT,
DETACH, and STEER algorithms.

A. Simulation Setup

We implement the algorithms in C4+ and evaluate their
performance through computer simulation. The flight zone is

set as a 4 x 4 km? area with 25 depots and different way-
point densities with a range of {50, 500}, with increments
of 50 waypoints. The number of depots is determined by the
upper bound of the number of depots needed to cover this
area. The waypoints are randomly distributed inside the area.
The locations of the depots are evenly distributed in the area
and are fixed for all the experiments. Each depot is home to
one drone, the algorithms randomly choose the depots from
the given set of 25 depots to generate routes. The simula-
tion parameters are outlined in Table III. We set the distance
capacity of the drones to that of commercial ones, or 7 km.
The range of the drone is a circle with a radius of 2 km,
where the center of the circle is its depot. The drones fly at
the same altitude. The minimum number of visited waypoints
within each route is set to at least 3% of the total number
of waypoints in the area. The simulation is run 10000 times
for each scenario. Each time, the depots are randomly selected
with a randomly generated set of waypoints. The three algo-
rithms are evaluated using the same topology. We record the
mean and standard deviation of the number of orphan nodes,
the number of drones used, and cumulative route distance. We
also propose a profit model to evaluate the cost effectiveness
of the three algorithms. Fig. 8 shows an example of the gen-
erated paths of the three algorithms with 50 waypoints. The
figure shows that ORBIT covers the most waypoints but with
intersected routes. Fig. 8(b) and (c) shows the resulting routes
of DETACH and STEER, respectively. Here, DETACH detan-
gles the routes generated by ORBIT while STEER randomly
selects a different set of depots and generates collision-free
routes.
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Fig. 8. Example of route generated with 50 waypoints. (a) ORBIT. (b) DETACH. (c) STEER.
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Fig. 9. Number of orphan nodes versus number of waypoints.

B. Simulation Results

We compare the simulation results of the three algorithms
in terms of the number of orphan nodes, number of drones
used, and cumulative distance covered for a target area with
different waypoint densities, or number of waypoints between
50 and 500. We propose a profit model to evaluate the cost
effectiveness of each approach. The model considers the rev-
enue generated from the number of covered waypoints and the
cost of investment (i.e., drones), and usage as proportional to
the flight distance.

Number of Orphan Nodes: The objective of our MDVRP
model is to maximize the number of waypoints visited by
drones, which corresponds to minimizing the number of
orphan nodes. Fig. 9 shows the distribution of the number of
orphan nodes the proposed algorithms leave out. The figure
shows that STEER leaves fewer orphan nodes than DETACH.
Although ORBIT leaves out the smallest number of orphan
nodes, it is prone to collision.

As the number of waypoints (density) increases, the number
of orphan nodes increases for all the algorithms, with the low-
est increase rate for ORBIT and the highest for DETACH. We
further compare the coverage percentage of the algorithms. For
500 waypoints, the percentage of average orphan nodes to the
total number of waypoints for ORBIT, DETACH, and STEER
are 2.4, 33.2, and 14.4%, respectively. ORBIT achieves this
high coverage percentage at the cost of having potential drone
collisions. For collision-free path planning, STEER achieves a
higher waypoint coverage but at the cost of using more drones.

Number of drones

50 100 150 200 250 300 350 400 450

Number of waypoints

500

Fig. 10. Number of drones used versus number of waypoints.
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Fig. 11. Cumulative distance versus number of waypoints.

Number of Drones Used: Fig. 10 shows the average num-
ber of drones used for different number of waypoints. While
ORBIT uses the largest number of drones as it covers the
most waypoints. DETACH and STEER use fewer drones than
ORBIT. Although STEER uses more drones than DETACH,
it covers more waypoints. As the figure shows, there is a
tradeoff in the number of used drones and the number of
covered waypoints.

Cumulative Route Distance: Fig. 11 shows the cumulative
route distance with an increasing waypoint density in the area.
The figure shows that the cumulative route distance increases
as the number of waypoints increases and that STEER covers
more distance than DETACH. As expected, ORBIT shows the
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Fig. 12. Profit ratio versus number of waypoints.

maximum cumulative distance covered should collisions be
neglected.

Profit Model: To make a thorough comparison where all
metrics are involved, we propose a profit model considering
the number of waypoints visited, the number of drones used,
and the cumulative route distance. The model is defined in

P = Nyaypoint - ¥ — D - €distance — Ndrone * €drone- (17)

Here, Nyaypoint denotes the number of visited waypoints, y
is the reward for each visited waypoint, D is the total cov-
ered distance, €gistance 1S the unit cost for the distance covered
by the drone, and Ngrone is the number of drones used, each
with a unit price €grone. We assume initial unit costs as an
example, ¥y = 50, €gistance = 5, and €grone = 185 to evaluate
the profit of STEER and DETACH with respect to the maxi-
mum profit of ORBIT with 500 waypoints. Fig. 12 shows the
profit ratio of the different algorithms to the maximum profit
of ORBIT at 500 waypoints. The figure shows that for a small
number of waypoints, Nyaypoint = 50, the profit of the three
algorithms is similar. As Nyaypoint increases, DETACH uses
fewer drones and covers the smallest distance which results
in smaller costs than STEER, as shown in Figs. 10 and 11.
However, STEER is more profitable than DETACH, especially
as the number of waypoints increases. For 500 waypoints,
STEER can achieve 20.2% more profit than DETACH.

VI. CONCLUSION

In this article, we formulated multidrone path planning as
an MDVRP. We proposed the ORBIT algorithm to greedily
find the nearest neighbor to solve the MDVRP. As ORBIT is
collision-agnostic, we proposed DETACH and STEER to solve
the path intersection problem to generate collision-free paths
for multiple drones. DETACH adopts a two-phase approach
that detects path intersections from those generated by ORBIT
and detangles the path to produce collision-free routes. STEER
uses a one-step approach that selects collision-free routes at
the planning stage. We evaluated the three proposed algorithms
through computer simulation and the results show that ORBIT
covers the most waypoints; however, at the cost of potential
drone collisions. Simulation results show that the number of
orphan nodes of STEER is 40% of those of DETACH in an
area with 500 waypoints. We also proposed a profit model
to evaluate the long-term cost effectiveness of the proposed

IEEE INTERNET OF THINGS JOURNAL, VOL. 9, NO. 17, 1 SEPTEMBER 2022

algorithms and the results showed that the profit of STEER
is 20.2% higher than that of DETACH in a high waypoint
density scenario using the profit of ORBIT at 500 waypoints
as a baseline.
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