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Abstract: Focusing on obstacle avoidance in three-dimensional
space for unmanned aerial vehicle (UAV), the direct obstacle avoid-
ance method in dynamic space based on three-dimensional ve-
locity obstacle spherical cap is proposed, which quantifies the in-
fluence of threatening obstacles through velocity obstacle spheri-
cal cap parameters. In addition, the obstacle avoidance schemes
of any point on the critical curve during the multi-obstacles avoid-
ance are given. Through prediction, the insertion point for the
obstacle avoidance can be obtained and the flight path can be re-
planned. Taking the Pythagorean Hodograph (PH) curve trajectory
re-planning as an example, the three-dimensional direct obstacle
avoidance method in dynamic space is tested. Simulation results
show that the proposed method can realize the online obstacle
avoidance trajectory re-planning, which increases the flexibility of
obstacle avoidance greatly.

Keywords: three-dimensional direct space obstacle avoidance,
velocity obstacle cone, velocity obstacle spherical cap.

DOI: 10.21629/JSEE.2018.05.16

1. Introduction

The online planning in non-structural environment should
contain the avoidance of unknown danger, so the threat of
collision should be predicted and effective collision avoid-
ance re-planning should be carried out. The detection in-
formation mainly includes the distance between unmanned
aerial vehicle (UAV) and obstacle, direction, sight angle,
sight angular velocity, the relative speed and acceleration.
There are two main types of obstacle avoidance. One is to
add the position information of the UAV and the obstacles
as constrains into the trajectory planning, such as A*search
algorithm, fast random search tree [1], genetic algorithm
[2], particle swarm optimization (PSO) algorithm [3 – 5],
fluid flow avoiding obstacles method [6], and artificial po-
tential field method [7] which removes the solution that
does not meet the obstacle avoidance constraint. The other

Manuscript received May 27, 2017.
*Corresponding author.
This work was supported by the Aeronautical Science Foundation of

China (20135584010).

is to design the obstacle avoidance guidance law according
to direction and position. The first method is mainly used
for static obstacle avoidance. For the dynamic planning,
the second method is generally used to meet the reaction
time and rapid mobility requirements which can fully uses
the motion information and relative motion trend of UAV
and obstacle [8]. Now, more and more scholars pay atten-
tion to the latter method [9 – 11].

Shin et al. [12 – 14] conducted a research on real-time
collision detection and obstacle avoidance method of dy-
namic obstacle during the flight based on the differential
geometry, and constructed collision detection with the ve-
locity obstacle cone method and collision resolution with
the guidance law. The guidance law in this paper is non-
continuous and its planning path is prone to flutter.

Anusha et al. [15] gave two nonlinear obstacle avoid-
ance guidance methods: nonlinear geometric guidance
method and differential geometric guidance method, thus
the UAV can rapidly align the velocity vector with the tar-
get point and present the corresponding guidance method.

Chen et al. [16] proposed a new collision avoidance
guidance method combining the tangent vector guidance
method with the Lyapunov vector guidance method, where
the tangent vector guidance method is adopted if tangent
vector exists, otherwise, the Lyapunov vector guidance
method is adopted, which is used in two-dimensional col-
lision avoidance.

Now, some papers concentrate on dynamic obstacle
avoidance in three-dimensional space.

For the problem of three-dimensional space obstacles
avoidance, in [17], according to the relative movement of
the UAV and the obstacle, the iterative method was used to
determine the obstacles avoiding direction, which has bad
real time performance.

In [18,19], the idea of dimensionality reduction was
used in the three-dimensional space obstacles avoidance.
In [18], the proportional guidance was applied in the ver-
tical plane or the horizontal plane according to the com-
ponent of the relative velocity of the UAV and the obsta-
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cle. Belkhouche [19] realized the three-dimensional ob-
stacle avoidance with the obstacle cone method based on
the plane dimension reduction. The extended proportional
navigation law is used to complete the avoidance guid-
ance. The constraints such as velocity and angular velocity
have been taken into consideration in the parameter design,
which can create non-straight line trajectory. The dimen-
sion reduction obstacle avoidance method will cause the
problem as large flight angle shift and large deviation from
the original track and so on.

Based on the proportional guidance minimum maneu-
ver strategy, in [20], the obstacle avoidance method was
provided for input change and avoiding multiple obstacles,
which is suitable for static obstacle and cannot settle the
dynamic obstacle avoidance.

In [21,22], the definition of three-dimensional velocity
obstacle cone was proposed. A plane in the space is se-
lected as the deconflicting plane before the rotation angle is
figured out through the UAV and obstacle velocity projec-
tion, which is not easy to handle the simultaneous multiple
obstacles.

This paper contributes to the literature by proposing a
novel three-dimensional velocity obstacle method, which
has several advantages over other methods. Firstly, the con-
cept of velocity obstacle spherical cap of UAV is intro-
duced to the velocity obstacle method, which quantifies
the influence of threatening obstacles. The method is de-
signed to handle simultaneous multiple dynamics obsta-
cles avoidance, and the UAV velocity vector direction for
obstacles avoidance can be gotten. Secondly, it applies to
the direct UAV velocity vector arbitrary change but not
the dimension reduction method [18,19] or the selective
avoidance plane method [21,22], which satisfies different
performance indexes and task requirements, and improves
the obstacle avoidance flexibility. Additional contribution
of this paper is, through prediction, the insertion point po-
sition of UAV re-planed flight path for the obstacles avoid-
ance can be obtained. With this insertion point position and
velocity vector direction for obstacles avoidance, the flight
path of UAV can be re-planned.

This paper is structured as follows. After this intro-
duction, the second section discusses the establishment of
three-dimensional velocity obstacle cone and shows the
method of collision detection. Section 3 explains the con-
cept of the space velocity obstacle spherical cap and its pa-
rameters solution. Section 4 presents the solution method
for the single and multiple dynamic obstacles avoidance
direction and insertion point. Section 5 presents the imple-
mentation of the three-dimensional velocity obstacle (VO)
method in simulations. Here, several encounter cases, as
well as choice of avoidance are simulated and discussed.
Section 6 ends the paper with several concluding remarks.

2. Establishment and collision judgment of
three-dimensional velocity obstacle cone

As to the UAV in three-dimensional space, in the in-
ertial coordinate system {X,Y, Z}, suppose the velo-
city of UAV is vu(t) at t, its motion state is defined as
U(t) = (Pu(t),vu(t)), where Pu(t) = (xu, yu, zu) is po-
sition, vu(t) is the velocity vector of UAV (as shown in
Fig. 1). In a planning period T , suppose the velocity of
UAV remains unchanged.O is the obstacle, the position is
Po(t) = (xo, yo, zo), the velocity is vo(t). According to
the relative size of the relationship between UAV and ob-
stacle, the UAV can be simplified to a bit and the obstacle
can be seen as a sphere, the radius of obstacle isR, and the
swelled obstacle is called position obstacle (PO) of UAV.

A space velocity collision cone (CC) can be derived by
dropping tangents from the UAV to the obstacle ball, which
is shown in Fig. 1. The apex of CC is the UAV position PU ,
where every tangential line from PU to the edge of PO is a
generating line of the cone.

Fig. 1 Schematic diagram of three-dimensional space CC

The relative velocity vector between UAV and obstacle
can be expressed as

vuo = vu − vo. (1)

Through the relative velocity vector, O can be regarded
as static obstacle and the velocity of UAV can be consi-
dered as vuo. luo is the line on the direction of the relative
velocity vector vuo, if vuo remains unchanged, the colli-
sion condition between UAV and obstacle O is

luo ∩ PO �= ∅. (2)

The set that meets (2) is called three-dimensional rela-
tive CC (RCC).

RCC = {vuo|luo ∩ PO �= ∅} (3)
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As is shown in Fig. 1, if vuo ∈ RCC, UAV will collide
with the obstacle.

The grey area shown in Fig. 2 can be formed by trans-
lating RCC ‖vo‖ along the direction of vo, which is called
absolute CC (ACC):

ACC = RCC ⊕ vo (4)

where, ⊕ is the Minkowski vector sum.

Fig. 2 Schematic diagram of three-dimensional space VO cone

It can be seen that if vu ∈ ACC, vuo ∈ RCC and UAV
will collide with the obstacle, the corresponding velocity
vu is called three-dimensional velocity obstacle (3-DVO).
The steps of collision detection are as follows:

Step 1 Calculate the semi-apex angle α0 of obstacle
cone according to the detection distance d0 of UAV and
the swelled radius R of obstacle

αo = arcsin
R

d0
.

Step 2 Determine the position Pu(xu, yu, zu) of UAV
and Po(xo, yo, zo) of obstacle O according to the corre-
sponding sensor information, then the angle between the
relative velocity vector vuo and position vector PuPo can
be drawn as

cosα = cos 〈vuo,PuPo〉 =

vuox(xo − xu) + vuoy(yo − yu) + vuoz(zo − zu)
‖vuo‖‖PuPo‖

where

‖PuPo‖ =
√

(xo − xu)2 + (yo − yu)2 + (zo − zu)2.

Step 3 According to α and α0, the judgment method
of collision avoidance can be obtained as

(i) If α < α0, it indicates that the relative velocity vec-
tor is in the obstacle cone, so the UAV needs to avoid the
detected obstacle;

(ii) If α > α0, it shows that the relative velocity vector
is not in the obstacle cone, so the UAV does not need to
avoid the detected obstacle.
α ∈ [0,π/2), when the α reaches π/2, the UAV posi-

tion is exactly on the surface of the zone PO, and d0 = R.
A degenerate case happens when the two vehicles collide,
or when d0 < R, in which case the VO cone cannot be
defined.

The condition of UAV’s collision to multiple obstacles
is that the conditions of UAV’s collision avoidance to sin-
gle obstacle are all satisfied, that is

αi < αoi , ∀i ∈ {1, 2, . . . , n}.
That is the relative velocity vector vuoi between obsta-

cleOi and velocity vector vu are all located in the obstacle
cone of Oi.

The condition of UAV’s collision avoidance to every ob-
stacle is

αi �< αoi , ∀i ∈ {1, 2, . . . , n}.
3. Establishment and parametric solution of

space VO spherical cap (SC)

3.1 Establishment of the space VOSC

When UAV avoids the threat obstacle, keep the size of the
velocity vector vu constant, change the direction of the ve-
locity vector vu of UAV. For the realization of the UAV’s
collision avoidance of obstacles, UAV’s velocity vector
needs to be rotated out 3-DVO. Fig. 3 shows the schematic
diagram of velocity sphere (VS) and 3-DVO, the part lo-
cated within the 3-DVO is called SC, namely for the red
part on VS.

Fig. 3 Schematic diagram of UAV’s VOSC
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Then, denote the SC as Go = (r, ψr, θr, γ), among
them, r is the length of the vector PuM , which is formed
by the SC center and the ball center; γ is half-apex angle,
which is formed by UAV’s coordinates of point Pu andM ,
γ ∈ [0,π/2], schematic diagram is shown in Fig. 4. There-
fore, threat obstacle’s impact on the UAV’s flight is trans-
lated into SC on VS, so the research on the UAV collision
avoidance of threat obstacle is translated into the research
on the size and direction of the SC on VS. This idea of
translation greatly simplifies the model of threat obstacle
avoidance in three-dimensional space, quantifies the im-
pact of threat obstacle. The effect of non-threat obstacle
can also be considered.

Fig. 4 Size and direction schematic diagram of SC formed by obsta-
cles

3.2 Parametric solution of the space VOSC

The key of parametric solution of the space VOSC is to
solve the collision avoidance critical point, which goes
through the vector P3-DVOQo of space plane, and col-
lision avoidance critical state point is in the intersecting
generatrix of the space plane and space VO cone. To sim-
plify the parametric solution of the space VOSC, plane that
goes through the vector P3-DVOQo and the relative velo-
city vector vuo (hereinafter referred to as collision avoid-
ance plane) is selected to solve collision avoidance critical
point on the intersecting generatrix of the collision plane
and space VO cone.

3.2.1 Critical state solution of vu’s minimum turning
angle when UAVs avoid the obstacle

Construct a plane P3-DVOQoT according to space vector
vuo and P3-DVOQo, then generatrix l3 is the intersection
of plane P3-DVOQoT and cone surface P3-DVOl1l2, ge-
neratrix l3 is tangential with obstacle at pointQ. (As shown
in Fig. 5)

And, in order to insure UAV to avoid the detected ob-
stacle with the optimum strategy, the direction of the de-
sired relative velocity v̂uo is determined by rotating re-
lative velocity vuo to the direction of generatrix l3 in the

plane P3-DVOQoT , then the rotation angle δ can be deter-
mined as

δ = αo − α. (5)

Fig. 5 Schematic diagram of minimum and maximum rotation an-
gle of UAV’s velocity vector vu

To determine the drift angle Δψuo and pitch angle
Δθuo during the process of rotating relative velocity vec-
tor vuo to the direction of generatrix l3, a unit vector q

on the generatrix l3 needs to be determined. Select a point
P (xP , yP , zP ) and make ‖PuP ‖ = 1. Among them, the
vertex P3-DVO(x3-DVO, y3-DVO, z3-DVO) of 3-DVO can
be determined as

P3-DVO = Pu + vo. (6)

According to the geometric relationship in Fig. 5, the
unknown point can be solved, and the corresponding geo-
metrical relation can be obtained as

‖P3-DVOP ‖ = 1 (7)

cos δ =
vuo · P3-DVOP

‖vuo‖‖P3-DVOP ‖ (8)

cosα0 =
P3-DVOP · P3-DVOQo

‖P3-DVOP ‖‖P3-DVOQo‖ . (9)

Therefore, the coordinates of point P can be obtained.
Then the unit vector q on generatrix l3 can be expressed as

q = (xP − x3-DVO, yP − y3-DVO, zP − z3-DVO). (10)

The desired relative velocity v̂uo can be expressed as

v̂uo = λq. (11)

Among them, λ is the size of desired relative velocity vec-
tor v̂uo.

As the size and direction of obstacle’s velocity vector
vo are known, the included angle between the obstacle’s
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velocity vector vo and the desired relative velocity vector
v̂uo can be written as

cos〈vo, v̂uo〉 =
vo · (λq)
‖vo‖‖v̂uo‖ =

vo · q
‖vo‖ . (12)

From Fig. 5, the size of desired relative velocity vector
v̂uo meets the following equation:

cos(π− 〈vo, v̂uo〉) =
‖vo‖2 + ‖v̂uo‖2 − ‖vu‖2

2‖vo‖‖v̂uo‖ . (13)

Equation (13) has two solutions. According to
Fig. 5, the size of v̂uocan be determined as

v̂uo = ‖vo‖ cos(π− 〈vo, v̂uo〉)+√
‖vo‖2 cos2(π− 〈vo, v̂uo〉) − (‖vo‖2 − ‖vu‖2). (14)

Based on the velocity vector triangle,

v̂u = vo + v̂uo (15)

can be obtained. Besides,

vo = [‖vo‖ cos θo cosψo, ‖vo‖ cos θo sinψo, ‖vo‖ sin θo]

(16)

v̂uo=[λ(xP −x3-DVO), λ(yP −y3-DVO), λ(zP −z3-DVO)].

(17)

Thus, the desired relative velocity vector of UAV can be
expressed as

v̂u =

⎡
⎣ v̂ux

v̂uy

v̂uz

⎤
⎦ =

⎡
⎣ ‖vo‖ cos θo cosψo + ‖v̂uo‖(xP − x3-DVO)
‖vo‖ cos θo sinψo + ‖v̂uo‖(yP − y3-DVO)

‖vo‖ sin θo + ‖v̂uo‖(zP − z3-DVO)

⎤
⎦ . (18)

Therefore, the direction angle (ψ̂u, θ̂u) of UAV’s desired
velocity vector can be expressed as

cos ψ̂u =
v̂ux√

v̂2
ux + v̂2

uy

(19)

sin θ̂u =
v̂uz√

v̂2
ux + v̂2

uy + v̂2
uz

. (20)

According to the direction angle (ψu, θu) of instant ve-
locity vector vu and the direction angle (ψ̂u, θ̂u) of desired
velocity vector v̂u, the minimum turning angle required
for UAV to complete the obstacle avoidance mission can
be expressed as

Δψ = ψ̂u − ψu (21)

Δθ = θ̂u − θu. (22)

Among them, Δψ > 0 and Δθ > 0 mean counter clock-
wise rotation, Δψ < 0 and Δθ < 0 mean positive rotation.

Based on the minimum turning angle (Δψ,Δθ) of
UAV’s velocity vector, the relation between UAV’s instant
velocity vector vu and the desired direction angle v̂u can
be determined as

v̂u =
[

cosΔθ sin Δθ
− sinΔθ cosΔθ

] [
cosΔψ sin Δψ
− sinΔψ cosΔψ

]
vu.

(23)

3.2.2 Solution of maximum deflection critical point of
collision avoidance plane

On the basis of Fig. 5, collision avoidance plane
P3-DVOQQoQ

′ intersects obstacle cone at l′3, l
′
3 is the ge-

neratrix of obstacle cone. Because the generatrix l3 is min-
imum deflection position of UAV’s velocity vector in the
process of obstacle avoidance, l′3 and l3 are coplanar, so
generatrix l′3 corresponds to the UAV maximum position
of velocity vector deflection angle in the process of ob-
stacle avoidance. According to the method that calculates
UAV’s expected size and direction of the velocity vector on
the generatrix l3, the size and direction of relative velocity
vector v̂′

uo and desired velocity vector v̂′
u corresponding to

the generatrix l′3 can be calculated.

3.2.3 Parameters solution of space VOSC

Based on the solution of critical state point on the colli-
sion avoidance plane in Sections 3.2.1 and 3.2.2, the four
unknown parameters that describe space VOSC can be
solved. The velocity vector diagram of collision avoidance
that UAV avoids obstacle O in Fig. 5 can be abstracted as
Fig. 6. Among them, B and C are critical points on the
critical edges l3 and l′3.

Fig. 6 Vector relation diagram between UAV and obstacle O in
three-dimensional space

In Fig. 6, M is the midpoint of segment BC. Based
on the solving magnitude and direction of desired velo-
city vectors v̂uo, v̂′

uo and the addition principle of vector
triangle, it can be obtained

P3-DVOM =
1
2
(P3-DVOB+P3-DVOC) =

1
2
(v̂uo+v̂′

uo).

(24)
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Then, the vector AM can be written as

AM = AP3-DVO + P3-DVOM = vo +
1
2
(v̂uo + v̂′

uo) =

(xAM , yAM , zAM ). (25)

Thus, the length r and direction angle (ψr, θr) of vector
AM can be written as

cosψr =
xAM√

x2
AM + y2

AM

(26)

sin θr =
zAM√

x2
AM + y2

AM + z2
AM

. (27)

Besides, the parameter γ that describes the size of SC
Go can be determined as

sinγ =
‖BC‖
2‖vu‖ . (28)

Thus, four parameters γ, ψr, θr, γ that describe the size
and direction of SC Go can be solved, and the influence
of threat obstacle to UAV can be quantified by solving SC
parameters.

4. Solution of obstacle avoidance direction and
obstacle avoidance point based on the
space VOSC

4.1 Solution of collision avoidance direction of
single threat obstacle

The simplest threat obstacle avoidance situation is sin-
gle obstacle avoidance. Rotating the velocity vector of the
UAV out of the three-dimensional space VO can realize
UAV’s collision avoidance of single threat obstacle, rotat-
ing the relative velocity vector between the UAV and the
obstacle to the generatrix of three-dimensional space CC.
In the process of solving space obstacle SC’s parameters,
the rotating direction of the minimum space velocity vec-
tor should be determined, considering the direction of the
critical velocity vector v̂u that corresponds to the velocity
vector vu at minimum space rotation angle as the velocity
vector direction of single threat obstacle collision avoid-
ance.

4.2 Solution of collision avoidance direction of
multiple threat obstacles

Below is an example of two threat obstacles to solve the
velocity vector direction of multiple threat obstacles col-
lision avoidance. Similar solving method can be used to
solve the velocity vector direction of three or more threat
obstacles collision avoidance. Fig. 7 shows the threat ob-
stacle SC that corresponds to two threat obstacles, accord-
ing to the parametric solution of space VOSC, the cal-
culated SC parameters of obstacles O1 and O2 respec-
tively are Go1(r1, ψr1 , θr1 , γ1) and Go2(r2, ψr2 , θr2 , γ2).

Among them, r1 and r2 respectively are the size of SC
vectors PuM1 and PuM2, (ψr1 , θr1) and (ψr2 , θr2) are
direction angles of SC vectors PuM1 and PuM2, γ1 and
γ2 respectively are the sizes of the SCs Go1 andGo2 .

Fig. 7 Schematic diagram of multiple threat space VOSC

In Fig. 7, the space VOSC is formed by two threat obsta-
cles intersects, and the velocity vector vu of UAV locates
in the intersecting public area of two space VOSC. Points
S and S′ respectively are intersection points of two great-
est circles of the SC.

4.2.1 Solution of obstacle avoidance direction of critical
points S and S′

When the UAV avoids two threat obstacles simultaneously,
rotate the velocity vector vu to vectors PuS and PuS′, and
UAV can realize the collision avoidance of two threat ob-
stacles; when the number of obstacles are three or more,
it needs to check whether the intersection point of space
VOSC is on all space velocity SC or not, to determine
whether rotating the velocity vector vu to the intersection
point can realize collision avoidance of multiple threat ob-
stacles.

The collision avoidance velocity vector that corresponds
to the intersection point of space VOSC can be determined
according to the vector relation diagram in Fig. 7,

PuM1⊥M1S (29)

PuM2⊥M2S. (30)

Because the point S is on UAV’s velocity sphere SPu ,
then

‖PuS‖ = vu. (31)

By (29) – (31), the coordinates of critical state point S of
UAV’s obstacle avoidance can be solved, and the coordi-
nates of S′ can be solved similarly. Then, the expected ve-
locity vector v̂u corresponding to the UAV obstacle avoid-
ance critical state points S and S′ can be determined.

4.2.2 Solution of obstacle avoidance direction of
arbitrary point on the critical boundary

Obstacle avoidance critical state points S and S′ deter-
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mined in section 4.2.1 can be used as a choice for veloc-
ity vector direction of multiple threat obstacles collision
avoidance. In the process of UAV’s collision avoidance of
multiple threat obstacles, boundary of union set of VOSC
can be used as a choice for velocity vector direction of
UAV’s obstacle avoidance, and any point K on the obsta-
cle avoidance boundary can be chosen as the critical state
point for obstacle avoidance.

Thus according to the requirements of the task, the UAV
can choose any point of the critical curve for obstacle
avoidance. Assume any point of the critical curve of SC
Go2 isK(xk, yk, zk) as the geometric position relationship
shown in Fig. 7.

|PuK| = vu (32)

PuM2⊥M2K (33)

Relational expression of three coordinate components
xk, yk and zk of arbitrary point K can be determined,
thus, the conclusion about angle of obstacle avoidance on
critical boundary of multiple threat obstacles space VOSC
can be drawn: on the feasible critical curve of UAV’s ob-
stacle avoidance, set arbitrarily obstacle avoidance turning
point as a coordinate component ofK(xk, yk, zk), the oth-
ers can be determined by relational expression (32), (33).
In this way, the expected velocity vector of the UAV’s ob-
stacle avoidance can be determined as v̂u = PuK =
(xk − xu, yk − yu, zk − zu).

From this, two direction angles of vector PuK in three-
dimensional space can be calculated, that is, the expected
velocity vector direction angles ψ̂u and θ̂u, rotation angles
Δψu and Δθu of the corresponding UAV velocity vector
vu can also be calculated.

4.3 Calculation of collision avoidance point

4.3.1 Calculation of collision avoidance for a single
obstacle

According to the requirements for initialization conditions
of trajectory re-planning, the coordinates of required in-
sertion point Qavo, that is, the obstacle’s position coordi-
nate P ′

o(x
′
o, y

′
o, z

′
o) after obstacle avoidance time-interval t

is determined as

P ′
o =

⎡
⎣x

′
o

y′o
z′o

⎤
⎦ =

⎡
⎣xo + (vo cos θo cosψo)t
yo + (vo cos θo sinψo)t

zo + (vo sin θo)t

⎤
⎦ . (34)

To improve the safety and reliability of the re-planning
trajectory, set the obstacle avoidance insertion point to the
opposite direction of the obstacle’s velocity vo and multi-
ply the swelling radius of obstacle by a factor k, consider-
ing the obstacle’s position coordinate P ′

o(x′o, y′o, z′o) after

the time-interval t, the coordinate of obstacle avoidance
insertion pointQavo(xavo, yavo, zavo) is

Qavo =

⎡
⎣xavo

yavo

zavo

⎤
⎦ =

⎡
⎣x

′
o +R′ cos θo cosψo

y′o +R′ cos θo sinψo

z′o +R′ sin θo

⎤
⎦ (35)

where R′ = kR, k is the setting constant and k � 1.

4.3.2 Calculation of collision avoidance for multiple
obstacles

In velocity space, identify m simultaneous obstacles
{O1, O2, . . . , Om} to UAV collision and the time tci (i =
1, 2, . . . ,m) of collision, select the avoidance guidance
time as

t = min(tc1 , tc2 , . . . , tcm)

where tci =
d0 −Ri

‖voi‖
.

When there is collision risk between UAV and obstacles,
the time of collision should be worked out before selecting
the minimum avoidance time among the obstacle as the
‘major’ obstacle, then the coordinate of obstacle avoidance
insertion point can be determined by the method adopted
in single obstacle avoidance.

4.4 General method of avoiding obstacles

Based on the above strategies, the obstacle avoidance
method based on the obstacle SC can be described as fol-
lows.

Step 1 According to the position and velocity, establish
the space VOSC for the obstacle that to be avoided using
the method proposed in Section 3.1. Calculate the SC’s pa-
rameters by the method in Section 3.2.

Step 2 Calculate the obstacle avoidance direction. For
the single obstacle, use the method in Section 4.1. For
the multiple obstacles simultaneous avoidance, adopt the
method in Section 4.2.

Step 3 Calculate the insertion point for obstacle avoid-
ance. Predict the position coordinate for the insertion point.

Step 4 Based on the above calculated obstacle avoid-
ance direction and the position coordinate of the insertion
point, the UAV path can be replanned and complete the
obstacle avoidance in tolerance time.

5. Simulation and analysis of obstacle
avoidance planning

Based on the principle of three-dimensional VO avoid-
ance, the completion of dynamic obstacle avoidance si-
mulation can be divided into three steps, as the example of
pythagorean hodograph (PH) curve planning method [23]
shown below:
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(i) Based on the PH trajectory planning algorithm, com-
plete the trajectory planning from the initial point to the
target point;

(ii) UAV flies along the PH trajectory, detects obstacles
within a certain distance and justifies whether to avoid the
detected obstacle;

(iii) When UAV needs to avoid the detected obstacle, the
obstacle avoidance direction angle of UAV’s velocity vec-
tor and the coordinate of insertion point should be worked
out on the basis of the three-dimensional velocity obsta-
cle cone method. Then complete the obstacle avoidance
with the trajectory re-planning method. The new trajec-
tory can be generated between the obstacle detected point
and the interrupt point. Then take the interrupt point as
the initial point and the object point as the final point, the
next trajectory can also be generated. To keep the conti-
nuity of the trajectory, on the detect point and the inter-
rupt point, the direction of the tangent line keeps constant.
Based on the PH trajectory planning method, find a fly-
able PH path meeting the related constraint kinematics per-
formance such as curvature. It is noteworthy that to focus
more on the method performance, these simulations do not
include the dynamics of the vehicles, or the effect of the
environment, for example, wind and gravity.

Suppose the UAV flies from Ps(0, 0, 0) to
Pf (500, 200, 100), the UAV velocity is ‖vu‖ = 50 m/s.
The planned flyable PH trajectory is shown in Fig. 8.

Fig. 8 Flyable PH trajectory of UAV

5.1 Single dynamic threat obstacle avoidance

When performing tasks in dynamic environment, as UAV
detects dynamic threat obstacles in the surrounding envi-
ronment, the simplest case of UAV’s obstacle avoidance
is that there is only one threat among the detected obsta-
cles during the collision avoidance. The initial conditions
for UAV and threat obstacles are given as Table 1. Be-
sides, based on the relative size relationship between UAV
and threat obstacle O, the corresponding obstacle spher-
ical radius is R = 25, the detection distance of UAV is

d0 = 100 m.

Table 1 Initial conditions for single threat obstacle avoidance

Initial condition UAV O

Position coordinate (162, 101, 64.3) (254, 63.6, 60.7)
Velocity size 50 40

Velocity direction (24.7◦ ,12.0◦) (135◦ , 12.4◦)
Threat judgment α < αo

Spherical parameter G(46.3, 30.2, 3.23, 22.2)

In Fig. 8, the PH path between the starting point Ps and
the target point Pf is planned, which meets the require-
ments of UAV’s performance constraints and safety re-
quirement for flight. When flying along the PH path, UAV
detects threat obstacle O in the surrounding environment,
the corresponding simulation results are shown in Fig. 9.

Fig. 9 Simulation diagram of UAV detecting obstacle O at point Pt

From the initial conditions of UAV and obstacle in Ta-
ble 1, according to the judgment condition of collision
avoidance in three-dimensional space, it can be determined
that the detected obstacle is threatening and needed to be
avoided, the corresponding simulation result of collision
avoidance judgment is shown in Fig. 10.

Fig. 10 Simulation diagram of obstacle avoidance judgment for de-
tected obstacle O
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According to the calculation method of space VOSC pa-
rameters in Section 3.2, the SC parameters of threat obsta-
cle O can be figured out as shown in Table 1, and the ef-
fects of the threat obstacleO on UAV’s flight can be quan-
tified based on the determined spherical cap parameters. In
addition, according to the calculation method of minimum
obstacle avoidance velocity vector direction and collision
point in single obstacle avoidance, the coordinates of the
corresponding collision point Qavo and velocity vector di-
rection angle (ψ̂u, θ̂u) of UAV can be figured out respec-
tively, which are (226.34, 159.56, 79.05), (36.6◦, 13.2◦).
At this time, the deflected space angle of the UAV’s ve-
locity vector direction in obstacle avoidance is the mini-
mum. Then the determined collision avoidance point and
direction are taken as the initial conditions for the PH path
planning method, the simulation results of UAV’s obstacle
avoidance path re-planning are shown in Fig. 11.

Fig. 11 Simulation diagram of UAV’s single threat obstacle avoid-
ance

The simulation result shows that the re-planned path for
UAV can realize the single threat obstacle avoidance, and
the path is safe and flyable.

To validate the peformance of the space spherical cap
obstacle avoidance method (SCOAM), the comparison re-
sults of this method with the dimension reduction obstacle
avoidance method (DROAM) in the horizontal plane (HP)
and vertical plane (VP) in [19] are shown in Table 2, which
indicates that the deflection angle based on space VOSC
method is minimum, the path length is the shortest, and it
costs the least time for obstacle avoidance.

Table 2 Comparison of different collision avoidance methods for the
single obstable

Method
Deflection
angle/(◦)

Path
length/m

Obstacle
avoidance time/s

SCOAM 11.9 575.6 1.75
DROAM/HP 12.8 579.8 1.81
DROAM/VP 20.4 587.1 1.96

It should be noted that in [24], the obstacle avoidance
plane needed to be searched from multiple random selected
planes. In [22], twelve planes were needed to find the
comparatively plane. While the proposed space SCOAM
can directly find the optimum obstacle avoidance plane
through calculation.

5.2 Multiple dynamic threat obstacles avoidance

When UAV detects multiple dynamic threat obstacles, the
situation is more complex. As to the multiple dynamic
threat obstacles avoidance, the initial conditions for two
threat obstacles are given in Table 3, and the perfor-
mance of the obstacle avoidance method based on three-
dimensional velocity obstacle cone is simulated and veri-
fied.

Table 3 Initial conditions of multiple dynamic threat obstacles

Initial condition O1 O2

Position coordinate (254, 63.8, 59.8) (208, 186, 42.5)
Velocity size 35 32

Velocity direction (106◦, 11.4◦) ( – 50.3◦, – 15.4◦)
Swelled radius R1 = 25 R2 = 30

Threat judgment α1 < αo1 α2 < αo2

SC parameter
Go1(38.1, 15.4,

3.10, 40.4)

Go2(32.2, 22.8,

23.5, 49.9)

In the process of executing a task along the initial
planned safe PH flight path, when UAV arrives at the cur-
rent point Pt, the simulation results of UAV detecting two
dynamic threat obstacles O1, O2, are shown in Fig. 12.

Fig. 12 Simulation diagram of UAV detecting obstacles O1, O2 at
point Pt

Based on the threat judgment method and the initial con-
ditions of obstacles and UAV, it can be obtained that ob-
stacles O1, O2 meet the UAV threat judgment conditions
α1 < αo1 , α2 < αo2 simultaneously, and two obstacles
in Fig. 12 are threatening. Then UAV needs to avoid them
simultaneously, this situation belongs to multiple dynamic
threat obstacles avoidance, the corresponding simulation
results are shown in Fig. 13.
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Fig. 13 Judgment simulation diagram of avoiding detected obsta-
cles O1, O2

According to the calculation method of space VOSC pa-
rameters, the parameters of two dynamic threat obstacles
O1 and O2 can be obtained as shown in Table 3.

According to the three-dimensional VO avoidance
method, the position coordinates of multiple dynamic
threat obstacles avoidance point can be determined as
Qavo(229, 148, 77.6). Select the point K on the obsta-
cle avoidance boundary as the critical state point for ob-
stacle avoidance, whose coordinate is (206.5,101.0,88.5),
velocity vector direction angle (ψ̂u, θ̂u) is (22.2◦, – 38.9◦)
and the deflection angle (Δψu, Δθu) is ( – 3.88◦, 12.86◦).
Then taking the determined collision avoidance point and
the velocity vector deflection direction as the initial con-
ditions of UAV’s obstacle avoidance and path re-planning,
the initial trajectory is re-planed, which is show in Fig. 14.

Fig. 14 Simulation diagram of UAV’s multiple obstacles avoidance

The simulation results show that UAV’s re-planed path
can realize the multiple dynamic threat obstacles avoid-
ance. Meanwhile, the space VOSC quantifies the effects
of dynamic threat obstacles on the UAV’s obstacle avoid-
ance, simplifies the analysis and solution of velocity vector

direction in multiple dynamic threat obstacle avoidance.
The determination of velocity vector direction for obsta-
cle avoidance based on mission requirements and UAV’s
performance index increases the velocity vector direction
selectivity at collision avoidance point.

In addition, the space SCOAM in this paper is compared
with the DROAM in [19] in the HP and VP, the results are
shown in Table 4, which indicates the superiority of the
space SCOAM. The proposed method carries out the cor-
responding maneuver simultaneously on the HP and the
VP, which improves the flexibility of obstacles avoidance,
and can easily meet the dynaminc performance constraint,
such as the overload.

Table 4 Comparison of different collision avoidance methods for the
multiple obstacles

Method
Deflection
angle/(◦)

Path
length/m

Obstacle
avoidance time/s

SCOAM 13.4 582.4 1.19
DROAM/HP 25.5 595.7 1.45
DROAM/VP 18.4 588.2 1.28

The potential field method [7] implemented based on the
imminent obstacle avoidance can cause disturbance and is
not easy to avoid multiple obstacles. This indicates that
the SC method is more efficient in the resulting avoidance
path.

6. Conclusions

This paper described a novel three-dimensional VO
method for conflict resolution. The method takes simul-
taneous multiple dynamic obstacles into account and can
generate a reactive three-dimensional avoidance maneuver
direction for a UAV to resolve conflicts. Through predic-
tion, the insertion point position of UAV re-planed flight
path for the obstacles avoidance is obtained. With this in-
sertion point position and avoidance velocity vector direc-
tion for obstacles avoidance, the flight path of UAV is re-
planned. Simulation results have demonstrated the perfor-
mance of the three-dimensional VO method.

The performance of the method has three key features:
the concept of VOSC, the direct three-dimensional avoid-
ance velocity vector arbitrary change, the insertion point
prediction for the obstacle avoidance.

The concept of VOSC is introduced through the ex-
pression of four SC parameters, by which the effects of
dynamic threat obstacles on UAV’s collision avoidance
can be quantified and the simultaneous multiple dynamic
obstacles avoidance critical curve can be given. The di-
rect three-dimensional avoidance velocity vector arbitrary
change method of any obstacle avoidance point on the
avoidance critical curve is provided, which can satisfy the
different UAV’s task requirements and its performance,
and enhance the flexibility of obstacle avoidance. Through
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prediction, the insertion point for the obstacle avoidance
can be obtained and the flight path can be re-planned.
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