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Abstract

Recently, multi-UAV systems are attracting growing interests. It offers wide range of applications in civilian and military
environment, carrying out dangerous missions that manned aircraft cannot offer. Currently, an important challenge is the
collision avoidance algorithm. The idea is to use the collision avoidance algorithm to control the multi-UAV systems. This
will guarantee the safety of the UAVs. The UAVs will complete the missions without colliding with any moving or static
obstacles. This topic has motivated the development of various collision avoidance algorithms. In this paper, we proposed
some improvements on the three-dimensional velocity obstacle algorithm proposed in Jenie et al. (J. Guid. Control Dyn.
39(10), 2312-2323 2016). Our improvements are threefold. First, we indicate the limitations of the original 3D collision
avoidance method and present the modifications on the algorithm. Second, we develop the velocity obstacle method to
be capable of handling cube obstacles in 3D space. Third, a real flight test is conducted to verify the effectiveness of the

proposed three-dimensional velocity obstacle method.

Keywords Three-dimensional collision avoidance - Three-dimensional velocity obstacle method -

Unmanned aerial vehicles

1 Introduction

Currently, research in Unmanned aerial vehicles (UAVs) is
a growing area. This technology offers a wide range of
applications, inspiring researchers to develop various ideas
for the UAV systems [1-5]. Employing multi-UAV systems
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is increasingly possible with the advancement in computer
hardware and communication technology. An important
challenge in multi-UAV systems is collision avoidance issue
between the UAV itself and obstacles.

Collision avoidance should guarantee the safety of multi-
UAV systems. Usually, when the UAVs are performing its
mission, there exist multiple dynamic and static obstacles
in the environment. Various collision avoidance algorithms
have been reported in recent years. A report [6] surveys the
development of this research area, discussing sensors, deci-
sion algorithms, and path following. Here, we discuss sev-
eral typical approaches. In [7], the authors propose a trajec-
tory generation and tracking method for avoiding control; in
[8], the authors present a varying cell strategy which is inte-
grated into trajectory planning to avoid the obstacles; in [9],
the authors develop a path planning method by using dis-
crete stage and continuous stage, where the discrete planner
designs a path for each vehicle, while the continuous stage
focuses on the trajectory planning of each vehicle, avoid-
ing collisions and respecting downwash constraints; in [10,
11], the authors develop a reactive collision avoidance that
acts when the possibility of a collision is detected; in [15],
the authors introduce a rolling-horizon policy for multi-
UAV system, where the legendre pseudospectral collocation
techniques are used to obtain efficient trajectory for avoiding
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obstacles; in [12, 13] the authors propose the conflict detec-
tion to determine the trajectory when future collision is detec-
ted; in [16, 17], the authors assumes that the vehicles are
in a field of force which composes of attractive and repul-
sive force, and develop an improved potential field method,
where the vehicle experiences attractive force to its destina-
tion and repulsive force to avoid static and moving obsta-
cles; in [23], the authors introduce collision cone concept
for collision avoidance design; in [14, 18, 20-22], based on
[23], the authors develop the velocity obstacle method in
two-dimensional (2-D) environments; in [19, 24, 25], the
velocity obstacle algorithm is developed to handle the case
where moving or static obstacles are in three-dimensional
(3-D) form. Due to the geometric concept being simpler and
less computational demanding than the other algorithms, the
velocity obstacle method is becoming popular in collision
avoidance.

In this paper, we will focus on velocity obstacle method
for coping with 3D obstacles, extending the collision avoidance
design of the work proposed in [24, 25]. We take into consi-
deration the presence of static and dynamic obstacles in the
3D environment. The main contributions of this paper are:

— Improvement on the 3-D velocity obstacle VO method
proposed in [25];

— Development of a collision avoidance algorithm that
works with static obstacles by building the pyramid
cone method;

—  Implement the proposed algorithm in a real UAV platform.

This paper structure is as follows. In Section 2, we review
the original 3-D velocity obstacle VO method. In Section 3,
we concentrate on the improvement of existing method
in handling moving obstacles. These changes include VO
cone’s symmetry line, avoiding an incomplete parabolic
or hyperbolic shape, and simplifying spherical protected
zone. In Section 4, we focus on dealing with static 3D
obstacles. The simulation results are presented in Section 5.
In Section 6, a test with real UAV is presented, in order to
validate the proposed algorithms. The conclusions are then
presented in Section 7.

2 Problem Statements

The purpose of the multi-UAV system is to complete the
missions safely without colliding with any static or dynamic
obstacles in the airspace. Our concern here is to design a
three-dimensional collision avoidance algorithm to drive the
vehicles safely while they are performing the missions.

2.1 Original Three-Dimensional Velocity Obstacle

In [24, 25], the authors present a 3-D velocity obstacle
(VO) method. Each dynamic obstacle is depicted as a point
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source with a spherical protected zone, S, i.e., we treat
each UAV as a particle with a radius, a spherical ball. A
three-dimensional situation between an avoiding vehicle at
position ?A and moving obstacle at position 17; is depicted
in Fig. 1. Lheir veﬁ))cities corresponding to the vehicle A
and B are V 5 and Vp respectively. By collecting all relative
=
velocity extension VR (Vr = Vo — Vp ) that cuts through
the Sp;, we form a 3-D collision cone CC (see Fig. la),
where ¥, is the azimuth angle of the collision cone, 6,; is
the elevation angle of the collision cone, d,; is the distance
of the avoiding vehicle from the moving obstacle, 7, is the
radius of the spherical protected zone, and B¢ is the base
circle of the collision cone. It should be noticed that r; is
a safe distance which is given by users. For example, accor-
ding to our experience, r,, may be selected as p x Vs, with
constant p (p > 1),where Vj,y is the maximum speed.
The definition of the velocity obstacle implies that if
?R €CC then vehicie)s A and B will collide in the future
time. Conversely, if VR ¢CC, vehicles A and B are guaran-
teed to be collision-free. It is useful to build an equivalent
condition using absolute velocity of vehicle A. This can be
done by adding the velocity of B, V)B to CC, i.e., translating
the CC along the obstacle’s velocity V])g to form a three-
dimensional velocity obstacle VO cone (see Fig. 1b), where
Ay, 1s the apex of the VO cone, d,, is the length of the VO
cone, Cy, is the center of the base of the VO cone, ry, is
the radius of the base circle of the VO cone, and B, is the
base cirlce of the VO cone. Collision between the avoiding
vehicle and the dynamic obstacle will occur if the avoiding

vehicle’s velocity, V 4, is within the VO cone (V5 € V O).
2.1.1 Avoidance Plane

Since it is rather difficult to design avoidance strategy
for 3D space, a strategy called the avoidance plane, Py,
is introduced in literature [24, 25]. The avoidance plane
is a tool used to describe the three-dimensional case into
separate two-dimensional planes to resolve for avoidance
strategy. Three avoidance planes at 0°, 40° and 90° are
depicted in Fig. 2. Each avoidance plane intersects the three-
dimensional VO cone. The intersection produces a conic-
section on each of the avoidance planes. In order to describe
the conic-section on each avoidance plane, the VO cone
must first be mathematically described. It is mathematically
represented by its apex A,,, right-base circle, B,,, and the
center of the base, C,,. Equations 3, 4 and 5 describe the
Ayo, By and C,, respectively.

The avoidance maneuver is any velocity chosen outside
of the conic-section on each avoidance plane, Py. The deri-
vation of the conic-section is presented in literature [24, 25].

After describing the three-dimensional case into separate
two-dimensional setups, other techniques in two-dimensional
can be applied. In this paper, the avoidance plane is define
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Fig.1 Original
three-dimensional velocity
obstacle VO

(b) Three-dimensional velocity obstacle VO cone

Fig.2 Three avoidance plane Z
Po, P49 and Py y
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as any plane which lies the avoiding vehicle’s position ,171:.
The 0° avoidance plane, Py, is the xy plane. Vehicle A is
defined to be at the origin of every avoidance plane. The
range of the avoidance plane is from P_gg to Pgg. In the
avoiding plane, the proposed algorithm can find feasible
velocity control to get outside of the VO cone.

Oel = tan~! B 24 ; )
\/(XB —x4)” + (8 = ya)’?
VYaz = tan_l <—yB — yA)
XB — XA
4. = d{)i2 - rpzz
vo — E)
doi
; @)
doi” —Tp;
Tvo = Tpz doi
XA .
Ayp=|ya |=Vp (3)
ZA
XBvo dvo N
By, = | yBvo | = Ro, |y, | Tvocost | + Vp, .
ZBvo FooSint “
0<t<2m
XCvo dyo N
Cvo=| Ycvo | =Royy. | O |+Vs (5)
ZCvo 0
COSVYa70080; —SinYa; —COSYq7SiN0;)
Ro, ., = | Sinazcos0, cosWa; —sina;Sind, (6)
$ine 0 €080,

3 Enhancing the Original Three-Dimensional
Velocity Obstacle VO

Investigation on the original three-dimensional velocity
obstacle VO method has discovered limitations. This
section presents the limitations and proposed improvement
to the equations and algorithms involved.

3.1 Proposed Improvement

The limitations and solutions are presented in this section.
The solutions have been implemented and tested.

3.1.1 Hyperbolic Conic-Section

In literature [24, 25], the authors present a hyperbolic
shape produced on the avoidance plane. However, it uses a
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condition z(gw # zﬁ instead of 0 < 7, = —%
(we will explain 7, later). This results in an error side of
the hyperbolic shape due to another additional VO cone
produced when ¢, is negative, where the hyperbolic shape
represents the two VO cones (one at positive #, and one at
negative f,) intersecting the avoidance plane. Therefore, it
produces the hyperbolic shape as shown in Fig. 3. The error
results in the algorithm ignoring some avoidance velocities.

The equations that represent the conic-section have been
modified to remove the error side of the hyperbolic. In the
rotation plane with the rotation angle ¢, the apex A,, as

shown in Eq. 3 is translated into
X A¢
= Rp, Avo, )

where the translation matrix is given by

1 0 0

Rp¢ =1|0 cos¢p sing |, (8)
0 —sing cos¢

while the base B, as shown in Eq. 4 is translated into
vao¢

By’ = | yuw®? | = Rp,Buo. ©)
ZBvo¢

The line of the VO cone that connects the apex and the base
is expressed by

X
y | =B —
Z

AD)tg + A9, (10)

where 7, is a parameter. By considering the conic-section on
the xy-body axis,i.e., z = 0, the parameter 7, can be derived

¢
¢ ¢) ¢ _ _ <A
Zpy, — 24 )te+24, =0 = t, =————— (11)
( Bvo A8 A 8 ZBvo¢ _ ZAd)
Thus, the equation for avoidance plane is given by
VOPd) _ |:.xl)0i|
Yvo
_ | (XB”0¢ - XA¢) ¢ ZBUOZ(?—ZA(p + x4
- (vao¢ - yA¢) i ZBWZ‘?——Zﬂ + yA¢
¢
ZA
0 —— <1 (12)
ZBvo¢ —z4%
A condition, 0 < —% < 1, is imposed on Eq. 12

to remove the error side of the hyperbolic conic-section.
3.1.2 VO Cone’S Symmetry Line

In literature [24, 25], the authors present an equation to repre-
sent the point where the VO cone’s symmetry line intersects
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Fig.3 Hyperbolic
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the avoidance plane. The equation did not consider instance
where the avoidance plane intersects the VO cone but did
not intersect the VO cone’s symmetry line. Moreover, the
equation generates an error side similar to the hyperbolic
conic-section. The symmetry line is useful in other strategies
such as dividing the avoidance velocities into two groups.

Modifications have been made to the original equation.
The point where the symmetry line intersects the avoidance
plane is represented by the following equation

)
Ho — xp | (vao¢ _XA¢).|—ZCU()(§A_ZA¢|+XA¢
Po =1y |~ $_ . 9)e|—2a" ¢ |
(YCvo YA )'|ZCUD¢_ZA¢|+)’A
Zcv? # 24? (13)
-

Absolute condition is imposed on #;, = |m|.
This condition extents the symmetry line as an infinitely
long line. Moreover, it removes the error side due to the

additional VO cone produced at negative 7.
3.1.3 Two-Dimensional Situations

A two-dimensional situation is formed when the VO cone’s
apex, A, vehicle A position, 17,:, and obstacle B position,
ITE, are all on one avoidance plane. When the A,, is on
the avoidance plane, it means that z 4% = 0. This results in
Eq. 12 reducing to a single point, A,,?. A triangle conic-
section represents a two-dimensional case. However, the
original conic-section equation is reduced to a single point,
thereby giving a false information to the entire algorithm.

Collision avoidance algorithm should be capable of han-
dling both two-dimensional and three-dimensional situa-
tions for the multi-UAV system to operate safely. Two points
of the triangle shape are obtained by the VO cone’s base cir-
cle, B,,, intersecting with the avoidance plane (z Buo®? = 0).
Equations 14 and 15 determine the time ¢ in Eq. 4 when the
intersection occurs, and they are given by

A C
-1 —
1 = cos ——— ) +tan" 1 (—) , 11€R (14)
<«/32 + C2) B

A C
—1 —
th = —cos ————— | +tan" 1 <—) , heR (15)
( vB? + C2) B

where

A = dyo (cospsinby — singsinyy,cos0,;) + zAd’,
B = rypsingcosy,;,
C = ryo(singsinbysinya; + cospcosbe),
t<th, 0<t<2m (16)

Equation 17 defines two points of the triangle conic-
section. When both the conditions /1€ R and € R are true,
it indicates that the B, is intercepting the avoidance plane.
Equations 12 and 17 work together to complete the three
points conic-section (triangle). The expression of Eq. 17 is
given by

¢
VOp = [vao (tl)]7t16Rﬂ

¢ va0¢(tl)
¢
XBvo? (12)
Op, = ,heR 17
Fo [vao¢(t2):| z a7
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Fig.4 Incomplete parabolic 50

40

30

3.1.4 Incomplete Parabolic and Hyperbolic Shape

The previous section introduced a way to remove the
error side of the hyperbolic. This section, presents another
limitation on the original conic-section equation.

The original equation is derived to only consider the inter-
section of the VO cone’s generating lines (lines from apex to
base circle) with the avoidance plane. It does not consider the

30  -20 -10 0 10 20 30 40 50

base circle, B,,, intersecting with the avoidance plane. As
a result, Eq. 12 produces incomplete parabolic and hyperbolic
shape. Figure 4 shows the incomplete parabolic shape. The algo-
rithm may choose avoidance velocity inside the conic-section.

The parabolic and hyperbolic can be completed by find-
ing the two points where the B, intersects the avoidance
plane. This can be achieved using Eq. 17. Figure 5 shows the
completed parabolic shape.

Fig.5 Complete parabolic 50

21

10

Points where Bvo
intersects plane
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Fig.6 When obstacle is too
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close, wrong avoidance velocity
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3.1.5 Simplifying Spherical Protected Zone

As shown in Fig. 1b, the VO cone is defined after remov-
ing approximately half of the spherical protected zone. This
simplifies the mathematics involved in defining the VO
cone. However, this may result in choosing the wrong avoid-
ance velocity as shown in Fig. 6. The proposed algorithm
in [25] may choose an avoidance velocity inside part of the

Fig.7 Two lines for parabolic,

protected zone that has been removed. Eventually, this leads
the occurrence of a collision.

This error occurs on the parabolic, hyperbolic and tria-
ngle shape. Figure 7 shows two lines, where the right side
line (VOIlineR) and the left side line (VOlineL) are defined
to resolve this issue. The avoidance velocity is now chosen
outside of the conic-section and the boundary between the
two lines. The two lines are defined using A,,? and Eq. 17.

hyperbolic and triangle shape D I

40 1

‘,'0_

A’

40

VOlineR

S VOlineC

&
VOlineL

-80 :
-40

10 20 30 40
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Fig.8 Choosing wrong 2r
avoidance velocity in a
parabolic shape
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3.1.6 Problem in Parabolic and Hyperbolic Shape

When the avoiding vehicle is close to the obstacles protected
zone, it results in the parabolic or hyperbolic shape shown in
Fig. 8. The parabolic curve is smaller and may result in the
collision avoidance strategy choosing the wrong avoidance
velocity.

The length of the parabolic and hyperbolic should be
increased to prevent choosing the wrong avoidance velocity.
The approach is to create an virtual sphere which is an
expansion of the original obstacle. As shown in Fig. 9, the
own vehicle is located at P4, while the obstacle is referred
to a sphere S,, with a radius of rp, located at Pg. The
virtual sphere S;,Z is located at Pl; and its radius is T X 1y,
where the time to prevent the parabolic issue is defined as
t > 1.5. The distance between the own vehicle P4 to the
virtual obstacle Pl; is given by

|PgPal = T|Pp — Pal, (18)

[Pp—Pal _
A =

|P B Pal
Finding a new protected zone further away from the

where is obtained from the relation equation

I'pz
Trpz *
avoiding vehicle will resolve this issue completely.

This section introduces the different type of shapes on
the avoidance plane. Implementing the original VO method
and the proposed improvement shows eight types of conic-
section. They are the circle, eclipse, parabolic, hyperbolic,
single point, single line, triangle and blank. The blank conic-
section means that the avoidance plane did not intersect the
three-dimensional VO cone. All velocities on the avoidance
plane can be selected as avoidance maneuver.

@ Springer

4 Avoiding Static Obstacles Using Pyramid
Cone

It is essential for the collision avoidance algorithm to achieve
avoidance with both dynamic and static obstacles. Different
shapes and sizes of static obstacles may be presented in the

Fig.9 Expanding S,
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3D environment, such as tall buildings or floating obstacles.
The collision avoidance algorithm must be capable of hand-
ling all sorts of obstacles to be considered ready for use in
urban, civilian or warfare environment. The previous section
enhances the original three-dimensional velocity obstacle.
However, it can only be applied on moving obstacles. This
section builds on the original three-dimensional VO method
[24, 25] to attain collision avoidance with static obstacles.

Bvo

(b) Three-dimensional velocity obstacle VO pyramid

Fig. 10 Pyramid cone of dealing with cylinder obstacle

4.1 Velocity Obstacle Pyramid

The work presented in literature [24, 25], is unable to handle
variety in shape of static obstacles (such as tall buildings).
The only shape possible for obstacles is spherical. This
paper presents a unique approach to solve this problem.
The basic idea is to use a tall square shape, Cp;, to
establish the protected zone in the airspace, where a cylinder
obstacle is considered. The C,; square base connects to the
ground level. This idea offers the means to avoid tall static
obstacles. At the same time, it also prevents the vehicle from
travelling under any floating obstacles. With the rectangular
side of the C),; facing the vehicle, the orientation of the C),
changes with respect to the position of the avoiding vehicle.

Figure 10 depicts the encounter between an avoiding
vehicle at position p4 and a tall cylinder shape static
obstacle at position pg. The C; is defined around the static
obstacle. The square base is defined at equal distance around
the center of the static obstacle. The length of the square
base, L, and the height of the Cp;, h,, are predefined
parameters. Here, h,; must be greater than the height of
the static obstacle, while the L ,, must be greater than the
largest length of any obstacles for the C),; to be sufficiently
large to ignore the orientation of the any types of obstacle.
The collision pyramid CP is formed by accumulating the
relative velocity extension between the avoiding vehicle and
static obstacle. With VE = 0, the velocity obstacle VO
pyramid is identical to the CP. The VO pyramid is shown
in Fig. 10b to illustrate a clearer view of the pyramid.

4.2 VO Pyramid Cone on Avoidance Plane

The avoidance plane can be used on the VO pyramid for
finding avoidance velocity. It is any plane in which lies the
avoiding vehicle. The intersection between the avoidance
plane and the VO pyramid produces the conic-section.
The avoidance velocity must be outside the conic-section.
Therefore, we have to give the expression of the coinic-
section mathematically.

In order to express the conic-section on each avoidance
plane, the VO pyramid must first be described in the three-
dimensional space. As shown in Fig. 11, the VO pyramid
is represented by its apex A,,, base rectangle, B,,, and
center on base rectangle, C,,. It should be noticed that the
rectangle form of the base B, is further described by the
four lines (L1, Lo, L3, and Ly).

The mathematical expressions of A,,, By, and C,, are
presented by

XA 0
Avo = V0P¢ =1 YA =10 (19)
ZA 0
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XByo Xo
BUO = vau = R9e1|¢az Yo (20)
ZBUU Zo
dvo
Cvo=Ro,y,. | O 2D
0

where the translation matrix Rg,y,, is given by Eq. 6.
Before translating the vector [x, y, zo], it is given
based on the UAV body as the frame reference, that is

i ) dyo )
__ Length of Linel <y, < Length of Linel -Linel
Length of Line2
= 2 =
dyo
_ Length ¢2)f Linel -Line?
Xo _ Length of Line2 <z, < Length of Line2
=20 =
vo |=1 Lk 2 y 2 d
20 _ Length of Linel <y, < Length of Linel -Line3
__ Length of Line2
= 2 =
dyo
Length gf Linel - Lined
Length of Line2 < < Length of Line2
L — 2 =2 = 2 _
(22)

Fig. 11 Simplified VO pyramid
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Using the mathematical description of the VO pyramid,
the conic-section can be determined. One alternative is to
virtually rotate the VO pyramid about the x-axis. In
this case, virtual rotation of only the B,, will assist

(a) Three-dimensional collision VO pyramid

Z

y

(]

(b) Three-dimensional velocity obstacle VO pyramid

Fig. 12 Pyramid cone of dealing with square obstacle
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in simplifying the expression for the conic-section. The
rotation is described by
i xA”"¢ | UAVIO0
Avo® = | ya,,® | = Rp, Ao,
— ZAUO - —_
- Z E
X Byo 2
Bvoq> = va0¢ = RP¢ Bvo (23) >!}2
L ZBvo¢ i . \
where, %
1 0 0 al [
Rp, = | 0 cos¢ sing |. 24) ! . ; . ! ; . ! J
0 —Sll’l(b COS(b -40 -30 -20 -10 0 10 20 30 40 50
X-axis (m)
The conic-section will then be the point where the B,,? (a)
intersects with the xy plane (Pg). The intersection is
described by assigning zp,? = 0 and the solution of "L UAVIO
(Xvos Yvo) 1s obtained. The designed velocity must be
outside the intersection points.
4.3 Extension of Velocity Obstacle Pyramid
£
The previous work is focused on an approach to handle 2
cylinder obstacles. If the obstacles are different, for example N

square obstacles, the proposed approach can still work well.
Consider a square shape of obstacles. Taking a similar idea
as in Section 4.1, a tall cube, C),, is used to protect the
square obstacle. The C ), base sits to the ground. Figure 12
shows a pyramid generation which is located at between an
avoiding vehicle at position p4 and a square shape obstacle
at position pp. The cube Cp; is an expansion to the square
obstacle. The cube base is defined at equal distance around
the center of the square obstacle. The length of the cube
base, L, and the height of the Cp;, h;, are predefined
parameters. It should be noticed that /2, must be chosen to
be a number greater than the height of the square obstacle,
while the L, must be chosen to a number greater than the
largest diagonal length of the square obstacle for the Cp; to
be sufficiently large to ignore the orientation of the obstacle.

Table 1 Simulation parameters

Parameter Value Unit
Max distance of other vehicle for 55 m
performing collision considera-

tion

Max distance to nearest point of 55 m
obstacle for performing collision

consideration

Range of velocity Oto4 m/s
UAV lowest height 0 m
UAV highest height 40

Y-axis (m) 40 X-axis (m)

(®)

Fig. 13 Flight paths of ten UAVs crossing encounter. a Two-
dimensional view, b Three-dimensional view

All UAV-UAV distance profile

Distance (m)

0 05 1 15 2 25 3
Iteration number index x10%

Fig. 14 Distance between 10 UAVs in crossing encounter
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The collision pyramid CP is formed by accumulating the
relative velocity extension between the avoiding vehicle
and static obstacle. Since the velocity of the static obstacle
is zero, the velocity obstacle VO pyramid is identical to
the CP. Figure 12b gives a further illustration to the VO
pyramid.

After the VO pyramid is obtained, the same VO pyramid
cone on avoidance plane can be generated as in Section 4.2.

5 Simulation Results

To evaluate the capability of the method in this paper,
simulation has been conducted. The tested hardware is

Y-axis (m)
5

X-axis (m)

()

3D flight path: UAV1 - blue; UAV2 - black

40

20

Z-axis (m)

10

0

Y-axis (m) B -20
(b)

Fig. 15 Trajectory results of 2 UAVs crossing encounter with 6 static
obstacles. a Two-dimensional view, b Three-dimensional view

@ Springer

desktop computer,Acer M670G. The three-dimensional VO
method developed in this paper is implemented in a
MATLAB simulation. The simulation involves multiple
moving and static obstacles.

Each UAV is assumed to be programmed with the
proposed algorithm and it can obtain the other UAV
information which includes position and speed. From the
proposed algorithm, it should be noticed that each UAV
independently produces avoiding velocity control based on
its own detection of obstacles. Each vehicle is depicted as
a point source in the simulation, moves at a constant time
step. The radius of the protected zone for each vehicle is
10m. According to the proposed algorithm, the avoiding
velocity control is updated at each time step. The simulation

% All UAV-UAV distance profile

120 K

100

Distance (m)

40

21

0 . . A A . . . . .

0O 100 200 300 400 500 600 700 800 900 1000
Iteration number index

(a)

X: 380
Y:12.28

All UAV-Obs distance profile

Distance (m)
3

0 1000 2000 3000 4000 5000 6000
Iteration number index
(b)

Fig. 16 Distance between 2 UAVs and 6 static obstacles in crossing
encounter. a Vehicle-vehicle b Vehicle-obstacle
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parameters are given in Table 1. In order to show the
effectiveness of the proposed algorithm, several cases are
simulated.

In the first case, a crossing encounter of ten UAVs is tested.
This aims to evaluate the potential of the improved VO cone
in dense environment. The flight path of each UAV is shown
in Fig. 13. The distance profile between vehicle-vehicle is
presented in Fig. 14. No collision is detected throughout the

40
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Z-axis (m)

40 r

30

20

m)

Y-axis (

-20

-30

Fig. 17 Trajectory results of 2 UAVs crossing encounter with two
static obstacles using our algorithm. a Three-dimensional veiw, b
Two-dimensional view

simulation. Each vehicle maintains a safe distance of 9.893
meters which is bigger than the radius 5m of the protected
zone S;.

In the second case, a simulation involves two UAVs
with multiple obstacles in their path. Its trajectory results
are given in Fig. 15. Figure 16 presents both the distance
between each vehicle and the distance between vehicle and
static obstacles. The vehicles are able to perform collision
avoidance with nearest distance of 12.28 meters between
the vehicles. The nearest distance between vehicle and static
obstacles is 5.522 meters.

In the third case, we intent to compare the proposed algo-
rithm with the result of [24, 25]. In this simulation, it involves

Z-axis (m)

501

40

301

2

Y-axis (m)

-20

-50 -40 40 50

Fig. 18 Trajectory results of 2 UAVs crossing encounter with two
static obstacles using the proposed algorithm [24, 25]. a Three-
dimensional view, b Two-dimensional view

@ Springer



240

JIntell Robot Syst (2020) 97:227-248

two UAVs with two obstacles in their path. In this scenario,
the proposed algorithm can be used directly to avoid both
obstacles and other moving UAVs. The results are given in
Fig. 17. It is observed that the vehicles are able to perform
collision avoidance and the running time in MATLAB is
42.486s. However, when using the algorithm proposed in
[24, 25], it only handles the spherical ball and cannot deal
with the cylinder form (obstacle) directly. To overcome this

Fig. 19 Trajectory results of
five UAVs head on encounter
with six tall static obstacles. 50
a Two-dimensional view,
b Three-dimensional view 40 |

30
201

101

Y-axis (m)

drawback, one way is to use multi-spheres to approximate
the cylinder form. In this way, each cylinder is approximated
by three spheres as shown in Fig. 18, and thus the proposed
algorithm in [24, 25] can be used. The results show that the
vehicles can avoid both moving vehicle and static obstacles,
as shown in Fig. 18. However, the running time in MATLAB
is 203.424s. It should be noticed that both simulations use
the same iteration number of 140. This implies that the

“_UAV4

Z-axis (m)

Y-axis (m)
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proposed approach on average takes 0.3035s per iteration,  collision avoidance and is not suitable for dealing with the
while the approach used in [24, 25] on average takes 1.4530s  static obstacles, especially for higher buildings (obstacles).
per iteration. Obviously, by comparison with our algorithm,  This is why in this paper we extend the result of [24, 25] to
the proposed algorithm in [24, 25] takes a longer time for  cover the case where static obstacles are not spherical.

Fig. 20 Distance between five
UAVs and six tall static
obstacles in head on encounter.
a Vehicle-vehicle,

b Vehicle-obstacle

s All UAV-UAV distance profile

120

100
£ &
(]
(&)
=
(0]
2 60
[a)
40
20
0 " ) " ) :
0 1000 2000 3000 4000 5000 6000
Iteration number index
(a)
o All UAV-Obs distance profile

Distance (m)

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Iteration number index

(a) Vehicle-vehicle (b) Vehicle-obstacle

@ Springer



242

JIntell Robot Syst (2020) 97:227-248

In the fourth case, we intent to show that the proposed
algorithm can handle the case where obstacles are square.
There are five UAVs in a dense environment of six tall static
obstacles. This aims to test the potential of the VO cone and
VO pyramid concept working together in a different type
of obstacles. The trajectory of each vehicle is presented in
Fig. 19. The distance recorded throughout the simulation
is shown in Fig. 20. No collision is detected. The closest
distance between vehicles is 10.13 meters. The closest
distance between the vehicle and six tall static obstacles is
7.931 meters.

6 Real-Life Flight Test

This section will present the actual flight test on what
has been presented in this paper. The collision avoidance
algorithm is implemented in C++ code which is connected
to robot operating system (ROS).

6.1 Experimental Setup

The real-life flight test is carried out in a 6m x 6m x 2m room
as shown in Fig. 21. Figure 22 shows the components of
the UAV. The collision avoidance algorithm is downloaded
into the payload which is connected to the aircraft control
board.

The ground control station (GCS) is used to communi-
cate with the UAV. It consists of one notebook and one route
with antenna as shown in Fig. 23. The operation is shown

Fig.21 Flight Test room

@ Springer

in Fig. 24. The ground control station (GCS) sends parame-
ters and commands to the UAV. The on-board laser sensor is
used to measure the position of the UAV, updating the infor-
mation into the collision avoidance algorithm at a frequency
of 5Hz. Then, the UAV uses the information to perform
collision avoidance.

Figure 25 shows a simple illustration of the key parts
in ROS node graph. The real ROS node graph is far
more complex. The key idea is that node 1 published the
laser information to topic 1. Node 2 which has subscribed
to topic 1 will receive the data. The collision avoidance
algorithm will calculate the avoidance position of the UAV
and publisher to topic 2. The controller uses the information
from topic 2 to drive the UAV.

Figure 26 shows a simple flowchart of the c++ program
developed for the collision avoidance algorithm presented
in this paper. The parameters of the real flight test are
given in Table 2. The maximum height of the UAV is set at
Im.

6.2 Flight Test

The real-life flight test will examine the efficiency of
the three-dimensional velocity obstacle method in avoiding
static obstacles. The mission of the UAV is to fly to its
destination without colliding with a static obstacle. The test
scenario is shown in Fig. 27. The UAV first takes off and
flies to the desired location. It has to avoid the static obstacle
during its path. After avoiding the obstacle, it will land at
the desired destination.
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Fig.22 UAV Testbed
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Topic 2:
Topic 1: UAV_reference
UAV _pose _position

_Node 2:Collision
| avoidance

v

Node 1:Laser Node 3:Controller

Fig.25 Simple illustration of ROS node graph

Fig.26 Flowchart of c++
program
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Table 2 Parameters used
Parameter Value Unit
Max distance to nearest point of 5 m
obstacle for performing collision
consideration
Max value of v to evaluate 1to1.2 m/s
Radius of vehicle 1 m
Max speed 1.2 m/s
Radius of protected zone for static obstacle 1 m
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Fig. 27 Flight test setup with
static obstacle

Fig. 28 Position of UAV at specific time
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Fig.29 Trajectory results of
UAV. a 2-D flight path b 3-D
flight path
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Figure 28 shows the position of the UAV at specific  distance profile between the obstacle and UAV is shown
time. The UAV was able to execute its mission and  in Fig. 30. The trajectory result shows that the UAV was
avoid the static obstacle placed in its path. The collision  able to avoid the static obstacle. The closest distance
is prevented and it performs its mission successfully.  between the UAV and the obstacle is approximately 0.3521
Figure 29 shows the trajectory result of the UAV. The  meter.
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7 Conclusion 2. Huang, S., Teo, R., Liu, W., Dymkou, S.M.: Agent model for

This paper has presented a 3-D velocity obstacle method to
attain collision avoidance with multiple dynamic and static
obstacles. The improvement to the existing VO cone has
been proposed. A tall cylinder shape protected zone which
can be used to approximate all kinds of static obstacles, is
introduced for each static obstacles. The velocity obstacle
pyramid is presented in dealing with 3-D obstacles.

Simulation has been conducted to evaluate the potential
of the 3-D VO algorithm proposed in this paper. The
proposed method is effective in collision avoidance with
multiple dynamic and static obstacles. It is also successful
in avoiding tall obstacles. Real-life flight test has been
conducted to assess the algorithm capability in real-time
situation. The algorithm has shown success in collision
avoidance with static obstacle.

For future research, simulations on more realistic
conditions will be considered (for example using 3D
simulators such as Gazebo, V-REP or Webots, model
real environment). Further real flight experiment is also
required to determine the effectiveness and efficiency of the
algorithm in avoiding multiple moving and static obstacles.
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