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Path planning plays an important role in autonomous flight in the complex urban environment to achieve goods delivery tasks. Besides
dense obstacles, the wall effect near tall buildings brings great risks to the unmanned delivery aerial vehicle (UDAV). The objective of this
work is to mitigate the risks and improve the safety and reliability of the UDAV. Motivated by this objective, a risk-aware obstacle avoidance
path planning method for UDAV is proposed. First, the model of ducted fan-type UDAV is introduced. By analyzing its driving environment,
different kinds of risks, including the wall effect, are constructed as an urban risk map, which reduces computational complexity by mapping
them from three-dimensional space to two-dimensional planes. Then, a risk-aware improved artificial potential field (APF) path planning
method is proposed, with a precognitive architecture, to plan a feasible path avoiding risks. The infeasible problems of the traditional APF
method are solved by adding pre-decision-making instruction and continuous actions. Finally, scenarios are built to verify the effectiveness
of the proposed method. Results show that the proposed method can plan a safe path in a complex urban environment. Compared to the
planned path proposed by the popular particle swarm optimization method and the APF method, the risk index is decreased by 16.25%
and 14.10%, respectively.
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1. Introduction At the same time, it has a relatively small rotor plane with

large thrust which is more flexible in the limited space and
Currently, rapid societal development has led to a surge in has a superior ability to maximize payload capacity [3].
the number of ground vehicles, exacerbating traffic conges- ~ With the above advantages, ducted fan type UAV is espe-
tion. To alleviate this issue, urban air mobility (UAM) has  cially widely used in urban goods delivery as an unmanned
emerged as one of the primary solutions [1]. Ducted fan-  delivery aerial vehicle (UDAV). The UDAV can carry goods
type unmanned aerial vehicle (UAV), which has the electric  and fly to the target point directly with low-cost, energy-
vertical take-off and landing (eVTOL) ability, has received  saving and fast delivery. Meanwhile, with the progress of avi-
lots of attention due to its high flexibility and mobility [2].  ation and intelligent transportation technology, autonomous
and intelligent flight of UDAVs performs better and better
[4]. Path planning is a significant and fundamental issue

Received 4 September 2024; Accepted 11 February 2025; Published 28 June for the autonomous delivery task [5] It requires overcom-
2025. This paper was recommended for publication in its revised form by )

editorial board member, Wei Meng, ing various challenges, such as dense obstacles and high
Email Addresses: 'wangwd0430@163.com dimensional space, as well as dynamic planning for emergen-
*Corresponding author. cies [6].
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A variety of works have been explored and studied on
path planning [7]. And they can be divided into planning
methods and reacting methods [8]. The planning methods
generate feasible or even optimal paths ahead of time. Like
the graph search planning method, the environment is repre-
sented as the grid map where the agent traverses the whole
map with its heuristic function to find an optimal path in the
A* method [9]. Sparse A* search method further combines
the UAV maneuverability with the A* method and generates
the flyable route for mission space [10]. The numerical opti-
mization method can better combine with the platform,
which formulates the specific landing task as a sequen-
tial convex programming problem [11]. To face the com-
plex environment, the multi-objective swarm intelligence
algorithm belonging to the numerical optimization method
finds the optimal path under the terrain threat constraints
through iterative optimization [12]. To face the environmen-
tal constraints, the model predictive control method could
plan paths subject to state and control constraints [13]. The
numerical optimization method could plan paths flexibly and
exhibit high adaptability in a complex urban environment
[14]. Reacting methods are equipped with an online collision
avoidance system to respond to dynamic planning scenar-
ios. Rapidly Exploring the Random Tree method could find
the path effectively through incremental search. While it is
limited to the high-dimensional domain and its planning effi-
ciency. Existing works are mainly aimed at the dense obsta-
cles. The artificial potential field (APF) method offers an ele-
gant solution by building an APF to attract the agent toward
the target position and to repel it away from the obstacles
[15]. APF method is often used for path planning based on
its flexible potential field establishment with low computa-
tional complexity [16-18]. The principle determines that the
APF method can meet the requirements for collision avoid-
ance in high-dimensional and dynamic environments [19]. At
the same time, the potential field establishment can be com-
bined with the risk of the environment naturally [20]. Above
all, the APF method is a proposed way to achieve the goods
delivery task in the urban environment.

Based on the above analysis, there are still some chal-
lenging tasks for UDAV path planning. First, the dense obsta-
cles like tall buildings, trees and other structures make the
UDAV more difficult to find feasible paths and more likely to
fall into a local minimum. Second, the wall effect caused by
the common tall buildings in the urban environment poses
significant risks to the ducted fan type UDAV [21]. Planning
methods that fail to account for this risk may lead to the
UDAV being positioned too close to the building plane, result-
ing in instability. Third, as the UDAV may crash into pedes-
trians and vehicles on the ground, the risks including poten-
tial hazards during the driving task are equally important
to take into consideration [22]. The problem addressed in
this paper is to navigate around dense aerial obstacles and

account for various risks, including the surrounding wall
effect and potential ground-level hazards. Motivated by this
issue, a risk-aware path-planning method for UDAVs in urban
environments is proposed.

The main contributions of this work are as follows:

(i) A risk-aware path planning method for the UDAV is
proposed, which is effective in facing the complex and
dynamic urban environment.

(ii) An urban risk map is established to construct differ-
entrisks, including the wall effect, and reduce computa-
tional complexity by mapping from three-dimensional
space to two-dimensional planes.

(iii) The precognitive architecture is constructed to solve
infeasible problems by adding pre-decision-making
instruction and continuous actions.

The remainder of this paper is organized as follows. The
UDAV model and urban risk map are introduced in Sec. 2.
The risk-aware path planning method is proposed in Sec. 3.
The experimental results and discussions are presented in
Sec. 4. Section 5 concludes.

2. Modelling of UDAV and Urban Environment

In this section, UDAV and its driving environment are intro-
duced. The ducted fan UDAV is described. With concerns
about the complex dynamic urban environment, different
risks are analyzed and modeled as an urban risk map which
can be integrated into the risk-aware path planning method
for UDAV.

2.1. UDAV system description

In this paper, a ducted fan-type UDAV is studied. The UDAV
platform is a symmetric structure. The aerodynamic layout
of UDAV is shown in Fig. 1.

The UDAV includes two main ducted fan systems and
four auxiliary ducted fan systems. Each ducted fan system
is powered by an independent drive electric motor which
makes a great effort to ensure high efficiency and control
flexibility of UDAV. The ducted fan system with its drive elec-
tric motor comprises each lift unit of the lift system. The
control system regulates the motion of the UDAV by adjust-
ing the rotation speed of each lift unit. The power of UDAV
is provided by the electric propulsion system which is built
into the propulsion system cabin. With the high efficiency of
the propulsion system, the platform can support heavy pay-
load and extend the operation range. Goods are delivered
through a mechanical fixed connection to a mechanical inter-
face located under the propulsion system cabin. The param-
eters of the UDAV platform are as shown in Table 1.

Having the ability to hover and adjust attitude in place,
the UDAV can fly point-to-point and consider the path. The
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Fig. 1. The diagram of the UDAV. (a) The aerodynamic layout of UDAV.
(b) The connection between UDAV and delivery goods.

Table 1. Parameters of the UDAV.
Parameters Value
Mass (with Payload) 630kg

Length x Width x Height 6mxX2mx1.5m
The radius of Main Ducted Fan 1.9m
Radius of Auxiliary Ducted Fan 0.9m

world frame and body frame are used to express the motion
of the UDAV. The position vector p, and the attitude angle
vector @, of the UDAV of the body frame can be written as

{pb=[x y 2],
o, =[p 6 Y,

where x, y, z are longitudinal, lateral and altitude positions of
the UDAV, respectively. ¢, 8,1 are the yaw angle, pitch angle
and roll angle of the UDAV, respectively.

The rotation matrix between the world frame and body
frame can be written as

(1)

CyCo  CySeSe — Sy  CySeCy T SySy
Ry, = |SyCo SySeSe T CyCy  SySeCp — CySe|  (2)
—Sg CGSqO C9C(p

where s, and c, are sinA and cos A, respectively. A is the
indicator of the attitude angle ¢, 8 and v, respectively. The
coordinate system conversion equation between the world
frame and body frame is written as

Pw = RypPp- (3)

A Risk-Aware Obstacle Avoidance Path Planning Method 789

The motion information of the UDAV can be expressed in
the world frame through the above coordinate system con-
version and is abbreviated as X. With the armed sensors of
the UDAYV, the environment information and the motion of
the platform are obtained. To simplify the expression of the
UDAV and driving environment, the following description is
uniformly presented in the world frame.

2.2. Urban risk map

The goods delivery task for UDAV in the urban environment
requires careful planning to avoid collisions with common
buildings or other structures. For the ducted fan type, the
aerodynamic interference is also non-negligible for steady
and safe flight. Thus, the wall effect caused by the near-
constraint surface of tall buildings, hanging structures, or
other confined environments should be considered seri-
ously. Besides, third-party risk issues are also under con-
sideration, including potential hazards to the vehicles and
pedestrians on the ground.

As shown in Fig. 2, the above risk elements of a low-
altitude urban environment will influence the safe and sta-
ble flight of the UDAV. Considering the above risk elements
of the urban environment, the influence of different risk ele-
ments of the 3D environment mentioned above is analyzed.
An urban risk map is built based on constructing assessment
functions of the above three risk categories.

(1) Direct crash risk
First, obstacles are modeled as a 3D map including the size
of obstacles and obstacle position.

Xobs = (Xobs: Yobs Zobs): 4)

where X, is position coordinate (xgus Yobs Zops) Of the
surface of the obstacle. Obs is the index of obstacles. The
position and distance between the UDAV and obstacles can
be obtained through the map and sensors.

Fig. 2. Influence ways of different risk elements.
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Then, for the dynamic obstacles like other UAVs under
the driving environment, X, can be represented as an ellip-
soid model:

2

(ZObs B Zo)
hobs 2
(R

(yobs B yo)z
Wobs \2
(Mo

2
(xObs B xo)

Lobs 2
()

=1L (5

where (Xgue Yobs Zops) 1S the point position of the obsta-
cle ellipsoid model surface similar to Eq. (4). (x,,¥,, 2,) is
the obstacle geometric center. [y, Wqys, hops are the length,
width and height of the obstacle, respectively.

For the obstacles at different steps, the position
sequence X of each obstacle is defined as follows.

XObS = {ngs’ Xg;sl’Xg;—sz’ e Xg;—sN ’ (6)
where k is the step of the current state of the UDAV, N is the
horizon of steps.

The uncertainty of risk factors, including dynamic
obstacles in the air should be considered. To model the
motion uncertainty of dynamic obstacles, the ellipsoid model
is adjusted using the confocal quadratic surface as shown in
Eq. (5).

2
(xObs B xo)

(yObs B yo)z + (ZObs - ZO)Z _
(Y +4
2

(e (pyea

()

where 1 > —(min{lgy, Wops hons})? is a factor in quantify-
ing motion uncertainty. The adjust factor A is related to the
motion of the obstacle. The positions of the obstacle at differ-
ent steps in the sequence Xy, updates with the same factor
A. The safe influence radius of the obstacle Obs is related to
the 1.

(2) Wall effect risk

To establish the risk assessment model related to the wall
effect of near-constraint surface, the obstacle information
and impact caused by them should considered, as shown in
Fig. 3. According to the computational fluid dynamics sim-
ulation analysis, there is a positive correlation between the
flight steady flight area and the distance from UDAV to the
near-constraint surface [23]. Safe influence radius R
the obstacle Obs is calculated as follows:

impact of

e~ 1X—Xobs!

RObs,impact = Timpact * 1+ m , (8)

where 7,5, is the influence radius of different obstacles
which is the multiple of ducted fan rotor radius. In partic-
ular, 7 0. is mainly related to the surface sizes of the tall
buildings and hanging structures. The safe influence radius

of the obstacle Obs is related to the ;. and the relative
distance.

Fig. 3. Safe influence radius of wall effect.

(3) Indirect crash risk

The possibility of property damage can be also considered as
follows;

- Y—=Y0bs,0 \2 + Z—Z(Qbs,0 2]
z,
Y0bs,damp Obs,damp , (9)

XObs,impact = Pobs,impact * €

where popgimpact 1S @ risk coefficient related to the shape
and type of different risk elements. yg,, and zgy, , are the
parameters related to different risk elements. yqpg gamp and
Zobs,damp are the parameters related to the size of risk ele-
ments.

Through the consideration of the above three risks, the
urban risk map can be built based on the above risk assess-
ment functions. Considering the UDAV cruises in the urban
environment, the flight scene is updated based on the per-
ception. The planning domain is reduced through mapping
3D space to 2D space which could reduce computational
complexity due to the reduced dimensionality. The 3D space
of the fight scene is divided into the XOY and YOZ planes to
reduce computational complexity. In the XOY plane, the safe
distance R]kMP at step k can be represented as follows:

RE,p = min(X*,X§ ), Obs=1,..,n, (10)

where Obs = {1, 2, ..., n} is the index of obstacles of the envi-
ronment. k is the step. X ’Sbs is calculated from the safe influ-
ence radius and the position of the obstacles. When the risk
Obs belongs to the direct crash risk, the Ropgimpact is calcu-
lated through Egs. (4), (5) and (7). When the risk Obs belongs
to the wall effect risk, the Rgpgimpact i calculated through
Eq. (8). And at different steps, leMP between the UDAV and
risk factor is shown in Fig. 4. T¥ means different urban risk
maps of XOY planes at step k.

In the YOZ plane, the risk map in front of the UDAV
is built to indicate decision-making results. For the verti-
cal plane of the urban environment scenario, the main fac-
tors are listed as follows: (1) obstacles in the air include tall
buildings, signboards and dynamic obstacles. (2) the wall



Fig. 4. Urban risk map of XOY plane.

Fig. 5. Urban risk map of YOZ plane.

effect of tall buildings and signboards in the air. (3) possi-
bility of property damage to the pedestrians and vehicles on
the ground. To estimate the above elements quantitatively,
an urban risk map in the YOZ plane related to the different
positions along the x-axis is built, as shown in Fig. 5. The risk
assessment value increases with the depth of the color.

Here, the relationship between the uncertainty and
property damage is slight, and they are assumed to be
independent. The risk map in the YOZ plane Pyyp(y,z) is
described using the sum of the exponential functions of risk
factors, which can be written as follows.

n

Pwp(y,2) = z
Obs=1

Y~Y0bs y2 Z=Z0bs |2
- +
. IC Ydamp ) (Zdamp ]
pObs,lmpact Xe

(11D

3. Risk-Aware Path Planning Method for UDAV

In this section, a risk-aware path-planning method for UDAV
isintroduced. First, the APF path planning method is applied
in the 3D urban environment based on the urban risk map.
Next, the infeasible problems of the APF method are con-
cluded in this part. Finally, to solve these problems and

A Risk-Aware Obstacle Avoidance Path Planning Method 791

consider urban risks, the precognitive architecture is con-
structed to improve the effectiveness of the APF method.

3.1. APF method based on the urban risk map

In this part, taking the risk elements in the complex dynamic
urban environment into consideration and solving the local
minimum problem ensures flight safety. The urban risk map
assesses the risks which can be used in this part. The UDAV
drives in the APF under the effect produced by the repul-
sion potential field force from the obstacles and attractive
potential field force from the target position. The definition
of potential field is written as follows:

(1) Repulsion potential field.
Through the distance to the obstacle, the repulsion potential

field U, is obtained as follows:
Urep(XObs)
2
1 1 1
K _ =), X=X < Po
={? rep(lX_XObsl p0> | Obsl Po
0, |X = Xobs| > Pos
(12)
where K., is the repulsion factor. X is the current posi-

tion of UDAV, X, is the obstacle surface position. For the
direct crash risk factor, X, can be obtained from the map
and sensors directly. For the dynamic UAV obstacles, their
motion uncertainty risk factors are considered and the con-
focal quadratic surface position is used. p, is radius of influ-
ence which is different in the different risk elements. And for
the tall building or other hanging structures, it is equal to the
safe influence radius Ropgimpact- According to the repulsion
potential field, the repulsion potential field force is written
as follows:

Frep(XObs) = _VUrep(XObs)

1 1
=K - =
e (lX_XObsl Po)

o 1 C0(X — Xops)
(X = Xops)? ox ’
1X = Xows| < po-

(13)

(2) Attraction potential field.

Through the distance to the target position of the current
driving goal, attraction potential field force is obtained.

User = Kaee - (X — XG)Z' (14)

where K, is the attraction factor. X;; is the goal position.
According to the attraction potential field, the attractive
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potential field force is written as follows:

(X —Xp)
Fop = =V, = —2K,(1X — XGDG—X'

(15)
The total potential field force F,. is the vector sum of the
repulsion potential field and the attraction potential field.
Through two types of forces in different steps, the UDAV
can realize obstacle avoidance in real time. The total poten-

tial field force F:f)ta] at step k and the UDAV position updating
equation can be written as follows.
Fk = Z FE (Xobs) + FXy (16)
Fk
XHH = XK 4 A oL (17)
Ftotal|
where Ffep and FX, are repulsive potential field force and

attractive potential field force at step k, respectively. X**1

is the UDAV position at step k + 1. As; is the length of the
equidistant path waypoints.

3.2. Risk-aware path planning method

A risk-aware path solution is obtained through the APF
method based on the urban risk map. The dense obsta-
cles and wall effect risks make the agent easily fall into
the local minimum problem which is intermittent and ran-
dom. The precognitive architecture is used to solve the
infeasible problem based on two key phases, pre-decision-
making and continuous actions. Pre-decision-making gives
high-level instruction to the agent triggered by the state of
the UDAV and the environmental risks. Continuous actions
are the mapping from the pre-decision-making results to the
potential field forces. In this part, the proposed risk-aware
path planning method can further enhance the performance
of the APF method.

From the definition of APF, the potential field force is the
gradient of the potential field related to the obstacle position.
With the change of flight scenes, the minimum points of the
potential field are mutable and the total potential field is eas-
ily changed in a continuous horizon. The path easily encoun-
ters infeasible problems which are shown in Fig. 6.

Case 1. When the UDAV flies forward, the obstacle position
of the flight scene changes immediately due to the different
local minimum positions. Thus, there is a sudden change in
the direction of the potential field vector at Ft’f) o at step k.
The direction of previous vectors of the total potential field
force and the follow-ups are usually consistent.

Similarly, when the UDAV is driving within a narrow pas-
sage of the total potential field, the planned path becomes
zigzag and poorly feasible. The potential field force is oscil-
lating within a small range along a direction. The direction

(a) Sharp point (b) Zig-zag

(c) Local minimum

Fig.6. Problems of traditional APF. (a) A sudden change in the direction of
the total potential field vector at different flight path positions. (b) Constant
change of the direction of the total potential field vector at different flight
path positions. (c) Nearly unchanged position of the flight path position and
contrary potential field force vector.

of the potential field vectors is usually inversed in the other
two directions.

The above situations can be concluded and detected by
the change of potential field force direction of a different
period with the above features.

k k-1 p..
Q(Ftotal’F F tal) <&

total’ * to
k+ind_case pk+ind_case+1 ..
6 (Ftotal ’ Ftotal ’ Ftotal) <& (18)

step_case .step_case+1
Hi.j (Ftotal ’ Ftotal ) > 60’

where 6(*) is the angle between the adjacent potential
field forces. i,j are the index of two out of three directions.
step_case is the step when the traditional APF cannot find a
way to target and be detected. step_case € [k, k + ind_case].
ind_case is the indication of the step of a different case. For
the sharp point, ind_case = 1. For the zig-zag situation,
ind_case > 1. ¢ is the included angle which should satisfy the
steering limitation of the UDAV dynamic constraints. 8, is a
constant related to the UDAV constraint.

Case 2. Similar to the zigzag problem, the UDAV falls into a
local minimum, not a global minimum, within a step length.



The planning path is terminated, and the UDAV is trapped
away from the target position. The direction of the potential
field force is contrary in three directions, and the position of
the UDAV is nearly static.

For the third case, it can be detected from the position
of the UDAV directly and shown as follows:

ind_case

XSteP-Lase < Ag; x amp, (19)

step_case=k

where step_case € [k, k + ind_case], ind_case > 1. amp is
the amplified index of the trapped area. Case 2 is triggered if
Eq. (19) is satisfied for more than ind_case consecutive times.

The risk-aware path planning method is proposed to
solve the above problems and fit the complex environment.
Here, a cognitively explicable precognitive architecture is
used for the trigged decision-making instruction and contin-
uous APF planning in this paper. For the APF method, it is
helpful to give the pre-decision-making instruction when the
UDAYV falls into the above traps.

Corresponding to the above three problems, the precog-
nitive architecture is illustrated as Algorithm 1.

In the precognitive architecture, the safe distance
leMp(Obs) according to the risk assessment model is used
to update each repulsive potential field force of the current

Algorithm 1. Precognitive architecture of impro-
ved APF method.
1: for k = 1:iteration
2: Update obstacles’ position and current
position of UDAV at step k.
forj=1:Obs
Calculate the repulsion force F ., (Xops)
of the X gbs at different safe distance
R, (Obs)

W

end

if case 2 occurs
Solution 2

end

Calculate the total potential field at current
step, F::)tal = Z Fll‘(ep(XObs) + F:ftt

10: Update UDAV position X**1
11: UDAV planning path X « x*+1

VLo U

12: end

13: iffind case 2 in the planned path X near
the target point

14: Solution 2

15: end

16: if find case 1 in the planned path X
17: Solution 1
18: end
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fight scene. The impact of urban risk factors is taken into con-
sideration. At the same time, the decision-making based on
the urban risk map happens at the iteration when the case
detection is triggered. The details about solutions 1 and 2 are
shown as follows.

Solution 1. For case 1, it is can be solved by the elastic band
theory. Elastic band theory is a method used to calculate the
path from one local minimum to another. Through adjusting
its tension and shape to adjust the planned path when case 1
occurs. Here, solution 1 can be written as follows. J, J; and J,
are the cost functions of this optimization, respectively. The
path can be smooth without a sharp point and jitter through
the optimization.

opt_case—1
argmin
x = lla- ) + B UDI

step_case=q (20)
]1 = x*stepcase _ Xstepfcase’

]2 — X*,step_case _ X*,step_case+1’

where g and opt_case are the endpoints of expanded range,
respectively. For the sharp point, opt_case = 2. For the zig-
zag, opt_case > 2. X *SteP-435¢ j5 the corresponding optimized
path point of original path point X5*P-%3%¢, ¢ and g are the
adjusted parameters.

Solution 2. For the case 2, it can be solved based on the pre-
vious urban risk map mentioned in Sec. 2. In the flight scene,
there are many obstacles, and the UDAV falls into the local
minimum trap easily. In this case, a decision-making poten-
tial field force is added according to the urban risk map in the
YOZ plane in Fig. 7.

The UDAV traps into local minimum because of the
accumulation of multiple potential fields. Thus, the decision-
making potential field force is produced according to the risk
assessment using a different way and rebuild an additional
attractive potential field. The decision-making potential field
force which is shown in Fig. 7(b) is written as follows:

Fgm(y, z) = —VPI"MP(y, z),k € [k, k + opt_case], (21)

where Fgm is the decision-making force at step k. At the same
step, the decision-making potential field force is the negative
gradient of risk assessment in the YOZ plane. The decision-
making potential field force is an additional potential field
force to help the agent out of the current local minimum. By
adding this force, the total potential field force can be written
as follows:

Fla = ) Flapons) + Fliy + Fl

k € [k, k + opt_case]. (22)
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Fig.7. Decision-making of urban risk map. (a) Schematic diagram of poten-
tial field force. (b) Urban risk map in YOZ plane.

4. Results and Discussion

In this section, the performance of the proposed method
is evaluated. First, the comparison of the popular methods,
the APF method, the APF method based on the urban risk
map (APF-URM method) and the proposed method are pro-
vided. Second, different flight scenes are proposed to show
the effective improvement of the proposed method.

4.1. Comparison among different methods

A flight scene is built to verify the effectiveness of the pro-
posed method which is shown in Fig. 8. For the urban deliv-
ery task, there are some buildings and trees with varying
shapes and sizes. The wall effect of the near-constrained sur-
face is non-negligible which is shown by the several blue
arrows.

To validate the proposed method in the above flight
scene, the popular A* method [24] and particle swarm
optimization (PSO) method [25] are widely used in path

Fig. 8. Schematic diagram of flight scene.

Fig.9. Planning results of different methods.

planning. At the same time, the APF method and the APF-
URM method are also applied to verify the effectiveness of
the proposed method. The information of the flight scene
is taken into consideration to plan the path. The involved
parameters of the proposed method are set as follows. K, is
0.1. K, is 0.06. As; is 0.3. amp is 1.2. a and f are 0.5, respec-
tively.

The planned paths of the five methods are shown in
Fig. 9. The UDAV needs to avoid the middle building and
reach at the target point under the effort of different meth-
ods. Starting from the initial point, the positions of all meth-
ods in the x-axis are increasing due to chasing the target
point. The APF method, the APF-URM method, and the pro-
posed method show faster rates of incensement in the y-axis.
After abouty = 27 m, there are huge differences in the differ-
ent operations of the five planned paths. The planned path of



Fig. 10. The schematic diagram of the proposed method based on the
urban risk map at position y = 27 m in the XOZ plane.

the A* method and PSO method is still increasing the lateral
position in the y-axis with a relatively small distance incre-
ment in the x-axis and z-axis. Especially for the A* method,
the planned path closely adheres to the boundaries of obsta-
cles. Between y = 27m and y = 30 m, the planned paths
of the APF method and the APF-URM method have a long
period oscillation along the x-axis direction from x = 35m
to x = 43 m and end at the position, not the target point.
The planned path of the proposed method starts ascending
atx = 38 m and climbs from z = 5m to z = 15 m and ends
at the target point.

Figures 10 and 11 show the improvement of the pro-
posed method in solving typical problems of the APF method.
When the UDAV falls into the local minimum position in front
of the middle building, the decision-making potential field
force is adopted to solve these cases. Under the effort, the
planned path of the proposed method starts ascending and

€)
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passes through the middle building. Figure 11 shows the
effectiveness of the improvement.

To quantify the performance in driving safety, four indi-
cators are designed, including feasibility, efficiency index
(EI), safe index (SI) and risk index (RI). Feasibility means the
planned path arrives at the target point and does not fall into
the local minimum.

Elis defined as the length of the planned path which can
measure the zigzag problem simultaneously.

iteration

EIl = Z XL — XK. (23)

k=1

SI is built considering the distance to the obstacle and dis-
tance to the target point and safety problem due to the target
being nonreachable which is defined as follows:

_ «( yiteration _ :
SI = e 0O AN IXE — Xopslla (24)

where ke(1,iteration). The path feasible is considered as
a penalty coefficient. When the UDAV ends at the position
xiteration and does not reach the target point, the SI will be
very small even if the UDAV is far from the obstacles.

Rl is defined as the risk cost of each path generated by
methods. Given the location, size and impact range of obsta-
cles in the environment, the RI of each position related to the
different risk elements Obs is defined as follows:

k_yk
lxR-xg 04

2*R(Z)bs,impact i (2 5)

RI(k,Obs) = — L xe

21 * RObs,impact

The risk of the position point is assumed to be satisfied a
normal distribution. The mean value is set as the location of
the risk element. The standard deviation is set as the impact
radius of the element. The farther away the UDAV is from the
risk element, the smaller the value of RI(k, Obs). The RI of

(b)

Fig. 11. The improvement of the proposed method for solving typical problems of the APF method. (a) Planning results in the XOY plane and (b) Planning

results in the XOZ plane.
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Table 2. Performance of comparison methods.
Algorithm Feasibility El SI RI
The proposed method feasible 60.12 1.13 0.067
The APF-URM method infeasible 170.88 0.002 0.068
The APF method infeasible 166.18 0.001 0.078
A* method feasible 4786 1.01 0.070
PSO method feasible 45.71 0.09 0.080

the planned path results can be written as follows:
RI = max RI(k, Obs). (26)

The performance of the five methods is shown in Table 2.

From the performance comparison, the distance of the
planned path proposed by the PSO method is the shortest
with the lowest value of 45.71 m. The planned path by the
A* method is short with a value of 47.86 m with a low EI
value while sacrificing safety with the smallest SI. Passing
through the middle building brings more risk cost for the
UDAV which is shown as the higher RI. The safest planned
path is planned by the proposed method with the SI value of
1.13. The planned path proposed by the APF-URM method is
relatively safer and has a smaller RI than the path proposed
by the APF method due to the urban risk map. The proposed
method can plan a feasible path and arrive at the target point
at a relatively short distance with a value of 60.12 m. Com-
pared to other methods, the planned path of the proposed
method shows the advancement in its highest RI and SI. The
proposed method sacrifices the EI compared to the popular
PSO method and A* method due to the risk awareness. While
compared to the shortest planned path proposed by the PSO
method, the Rl is decreased by 16.25%. Compared to the tra-
ditional APF method, the RI is decreased by 14.10% due to
solving the local minimum problem.

4.2. Comparison among different scenes

In the urban flight scenes, the host UDAV carried out the
package through the urban environment. First, safe flight
needs to be ensured by considering these buildings, trees
and other static obstacles. Second, the constant take-off
movement of dynamic obstacles adds complexity to flight
path planning, influencing safe flight. Third, the influence of
the wall effect on these buildings should be considered to
ensure safe and stable flight operations. Thus, typical flight
scenes are built to test the performance of the APF method,
the APF-URM method and the proposed method.

(1) Flight scene 1

Flight scene 1 is used to evaluate the capability of the pro-
posed method when facing a moving obstacle in a dynamic
environment. In this scene, the tall buildings are located on
both sides of the road. The wall effect of the near-constraint
surface is in front of the UDAV at the beginning. The dynamic

Fig. 12. Schematic diagram of flight scene 1.

flight is taking off vertically. The diagram of this flight scene
is shown in Fig. 12.

In this flight scene, tall buildings and a dynamic flight
are considered. The initial pointisatx = 25mandy = 10 m,
with a height of 10 m. The dynamic flight lifts at x = 30 m
and y = 15 m with an initial height of 7 m. The target point
is in the middle of an open road to turn around at the next
flight scene. The initial point and target point are shown as
red points. Planning results are shown in Fig. 13.

In this scenario, the shape with the same color repre-
sents the same step. The dynamic flight is taking off around
the initial point. Different line styles represent different
planned paths of different methods which is the same as the
previous setting. While for the clear distinction, the line col-
ors are changed which is shown in the legend. The red dots
are the initial point and target point, respectively. From the
initial point, the longitudinal position of UDAV in the y-axis

Fig. 13. Planning results of fight scene 1.



is increasing to the target point. After about y = 12 m, the
UDAV starts to avoid the taking-off flight and yields to the left
till around y = 20 m. The paths planned by the APF method
involve direct flight toward the target points, with less pro-
nounced evasive maneuvers. The planned paths of the APF-
URM method and the proposed method have a period oscil-
lation along the x-axis direction from x = 27 mto x = 32 m.

Through elastic band theory, the planned path using the
proposed method is smooth without oscillation which dis-
misses the sharp point and zig-zag problem. By passing the
building, the planned path of both methods is toward the tar-
get point under the attractive potential field force between
y = 21 mand y = 40 m. Then, the planned paths using three
methods all arrive at the target point in the end. The compar-
ison between the above three methods is shown in Table 3.

From the planning results, the UDAV avoids taking off
aircraft timely and drives around the building at a safe dis-
tance. The experimental results also show that the perfor-
mance of the APF method can deal with dynamic obstacles in
the driving environment. While for the APF method, there is
the smallest SI and highest RI which represent a higher risk
of the planned path. The consideration of the urban risk map
can keep the UDAV away from obstacles. The potential field of
the APF-URM is related higher at the building location when
the dynamic obstacle lifting around z = 10 m.

Figure 14 shows the improvement of the proposed
method for solving typical problems of the APF method.
Through elastic band theory, the UDAV with the proposed

Table 3. Performance comparison.
Algorithm Feasibility EI SI RI
The Proposed method feasible 36.88 4.30 0.007
The APF-URM method feasible 38.21 4.25 0.008
The APF method feasible 36.63 0.22 0.079
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method can solve the zigzag problem and make the flight
path smooth with higher EI than the APF-URM method.
While as the figure shows, the length of the planned path
is sacrificed and with lower EI than the APF method. The
SI of the planned path using the proposed method is also
improved which is 4.30. Due to the similar steps, the reason
for the decreased SI is minimum distance to the obstacle is
increased by solving the zigzag case.

(2) Flight scene 2

During the flight, there is a broad traffic sign over the road.
The tall buildings and trees are located on both sides of the
road. The wall effect in this flight scene is also considered.
Besides the above risk, there are some pedestrians and vehi-
cles on the ground. The target point is located on the other
side of the road which is a delivery station. To evaluate the
capability when facing different risks, flight scene 2 is pro-
vided, shown in Fig. 15.

The different risk factors exist in this flight scene, and
the UDAV keeps the different safe distances to the risk.
And the dense obstacles surround the road which is neces-
sary for the UDAV to cross. And the wall effect of the near-
constrained surface on both sides of the road is considered.
The planned path needs to consider the risk and plan a fea-
sible path. Planning results by three methods are shown as
follows.

The planned path of the three methods is shown in
Fig. 16. From the initial pointat x = 25mandy = 10m
with a height of 5 m, the planned paths of the three methods
are increasing in the x-axis and y-axis. Between x = 30m
and x = 35m, the planned paths of the APF-URM method
and the proposed methods are increasing faster in the x-axis.
After around x = 35m and y = 28 m, there is a long zigzag
period along the x-axis direction between around y = 27 m
and y = 29 m using the APF-URM method. The UDAV using

(b)

Fig. 14. The improvement of the proposed method for solving typical problems of the APF method. (a) Planning results in XOY plane. (b) Planning results

in XOZ plane.
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Fig. 15. Schematic diagram of flight scene 2.

Fig. 16. Planning results of fight scene 2.

the APF method is falling into the local minimum at about
y = 28m. With the help of the decision-making potential
field force, the planned path using the proposed method is
smooth and upward to avoid obstacles at x = 39m. The
planned path using the proposed method is upward to the
height 0f9.89 m from y = 27.80 m to y = 33.05 m. And then
itends at the target point. The comparison between different
methods is shown in Table 4.

From the experimental results, the planned paths of the
APF method and APF-URM method are infeasible with poor
El, SI and RI. The planned paths using the APF method and

Table 4. Performance comparison.

Algorithm Feasibility El SI RI

The Proposed method feasible 41.81 1.892 0.050
The APF-URM method  infeasible 173.33  0.008 0.054
The APF method infeasible  174.35 0.005 0.069

APF-URM method fall into a local minimum trap and oscil-
late around it. Due to the continuous oscillation and target
nonreachable, the EI of the APF method and the APF-URM
method is up to 174.35m and 173.33 m, respectively. Due

Fig. 17. The schematic diagram of the proposed method based on the
urban risk map at position y = 27.80 m in the XOZ plane.

(a)

(b)

Fig.18. Theimprovement of the proposed method for solving typical prob-
lems of the APF method. (a) Planning results in the XOY plane and (b) Plan-
ning results in the XOZ plane.



to the target nonreachable, the SI of the APF method and
the APF-URM method are about 0.005 and 0.008 which indi-
cates the unsafety of the planned paths. The decision-making
potential field force is used to solve the local minimum case
which is shown in Fig. 17. Through the decision-making
potential field force, the SI using the proposed method is sig-
nificantly improved. By adding the decision-making poten-
tial field force, the proposed method efficiently solves the
local minimum.

The EI of the planned path proposed by the proposed
method which is 41.81m is clearly shorter than the APF
method and APF-URM method. The RI of the APF method
and the APF-URM method are about 0.069 and 0.054. The
RI of the planned path using the proposed method is 0.050,
indicating the lowest risk cost of the planned path. Figure 18
shows the improvement of the proposed method in solving
typical problems of the APF method.

5. Conclusion

This paper proposes a risk-aware path-planning method for
the UDAV in a complex dynamic urban environment. By con-
structing risk assessment functions, an urban risk map is
built to consider risk elements of the environment including
the wall effect. Based on the urban risk map, a risk-aware
path planning method is proposed. Aiming to solving the
infeasible problems of the traditional APF method, the pre-
cognitive architecture is constructed to plan a feasible and
safe path. The validation shows improved performance of
the proposed method. Compared to the planned path pro-
posed by the popular PSO method and the APF method, the
RI is decreased by 16.25% and 14.10%, respectively. From
the experiment results, the proposed method demonstrates
superior performance compared to the APF method and the
APF-URM method in solving the local minimum and target
nonreachable issues, thereby enabling the planning of feasi-
ble, safe and smooth paths in the complex dynamic environ-
ment. In future work, the proposed method will be related to
the specific system performance and model uncertainty for
the future application of the platform.
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