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ABSTRACT-According to the inherent nature of the fluid that can naturally avoid obstacles, a path planning method for active
collision avoidance of autonomous vehicles is presented based on the virtual flow field. Firstly, the mathematical model of the
virtual flow field on the road is established by using the theory of hydrodynamics. Then a fifth degree polynomial curve is
adopted to construct the virtual hazard area of the obstacle vehicle to prevent the fluid into this area, and it can be easily resized
by adjusting the parameters of the lateral and longitudinal safety distance. Finally, Computational Fluid Dynamics (CFD)
simulations are performed to quantitative predict the dynamic behavior of the ego vehicle on the straight or curved road and
the desired path for active collision avoidance can be determined based on the calculation result of the flow field. The simulation
results show that the proposed path planning method takes into account the dynamic characteristics and kinematic constraints
of the vehicle, and ensures that the vehicle doesn’t collide with the dynamic and static obstacles on the road.
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NOMENCLATURE
v : velocity vector of the fluid, m/s
p : density, kg/m3
Fy : body force acting on the fluid element, N
F : surface force acting on the fluid element, N
I : the component of body force in the x-direction, N
5 : the component of body force in the y-direction, N
Oix : normal stress, N/m?
Zx  :shear stress, N/m?
a : acceleration, m/s?
u : dynamic viscosity, kg/(m-s)
d : safety distance in the lateral direction, m
s : safety distance in the longitudinal direction, m
R : turning radius of the vehicle, m
Cy : cornering stiffness of the front tire, N/rad
C, : cornering stiffness of the rear tire, N/rad
Iy : distance from the CG to the front axle, m
L : distance from the CG to the rear axle, m
wr : yaw rate of the vehicle, rad/s
L : yaw moment of inertia, kg-m?
or : steering angle of front wheel, rad

* Corresponding author. e-mail: jijiess@swu.edu.cn

1. INTRODUCTION

The active collision avoidance system of autonomous
vehicles can effectively prevent the occurrence of traffic
accidents and significantly improve the safety of the vehicle
(Rasekhipour et al, 2017). Therefore, related intelligent
technologies have been extensively studied in recent years,
which can be summarized into the following four
subsystems: perception (Asvadi et al., 2018; Andrade ef al.,
2019; Caltagirone et al., 2019), decision-making (Gindele et
al.,2015; Li et al., 2018), path planning (Dolgov et al., 2010;
Chu et al., 2015; Hu et al., 2018), and path tracking (Park et
al.,2015; Xia et al.,2016; Brown et al., 2017). Path planning
is one of the basic operations required to realize collision
avoidance for autonomous driving vehicles. With information
about obstacles location given by onboard sensors and road
geometry information provided by highly automated driving
map, a path planner generates a dynamic path for the vehicle
to avoid collision with other vehicles or obstacles (Paden er
al.,2016). Path planning has been widely studied by scholars
for decades, and many methods have been developed for
autonomous vehicles. Graph search based algorithms, such
as Dijkstra (1959) and A* algorithm (Hart ef al., 1968), are
used to find the shortest path in the state space. The
autonomous vehicle “junior” from Stanford University used
a modified version of the A* (hybrid A*) to plan a
kinematically feasible trajectory in a discrete four-dimensional
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grid that contains the x-y position of the vehicle center, the
heading direction, and the direction of motion, either forward
or reverse (Montemerlo et al., 2008). The artificial potential
field (APF) method is usually to generate a virtual potential
field of obstacles and the target, and then the path in the
steepest descent direction of the potential field is regarded as
the reference path of the vehicle (Khatib, 1986). Ji ef al.
(2017) constructed a three-dimensional potential field
through the trigonometric function of the road and the
exponential function of the obstacle to generate a collision-
free path for the vehicle. Another type of method is to
directly use geometric curves as the local trajectory for
vehicle collision avoidance, such as polynomial curves
(Glaser et al., 2010), Bezier curves (Han et al., 2010), and
spline curves (Berglund et al., 2009). However, because
geometric curves generally have specific functional
expressions, which are not convenient to adjust the path
flexibly in the dynamic traffic environment (Chen e al.,
2019).

In recent years, the phenomenon that water can
automatically avoid rocks in the river has attracted the
attention of scholars (Yao et al, 2016). Inspired by this
natural phenomenon, a path planning method based on the
fluid flow has been proposed in the latest studies. The
advantage of this method is that the planned path is
extremely smooth and does not fall into a local minimum
because the fluid can always find an exit in the environment.
Song et al. (2018) constructed flow fields according to a
variety of traffic scenarios and set up inlets and outlets for
the fluid at appropriate locations. Then the flow field is
numerically calculated to obtain the reference path topology
and the steering reference angle of the vehicle. However,
when the fluid velocity is fast, the turbulence or recirculation
will occur in the flow field, so it only focuses on the low-
speed maneuvering. Cheng et al. (2020) proposed a virtual
fluid flow model of the viscous fluid between two parallel
plates or around a cylinder, and the integrated functions of
lane-keeping and collision avoidance of the vehicle can be
realized based on this model. But the various constraints of
the vehicle are not considered in this paper and the
simulation scenario considers only a few common traffic
conditions. Path planning methods for unmanned aerial
vehicles (UAV) based on fluid flow have also been studied
(Wang et al., 2015). But the complex traffic environment and
constraints of vehicles are completely different from UAV, it
is difficult to use these methods directly for autonomous
vehicles. Overall, the application of fluid flow to solve the
problem of path planning in collision avoidance is still in the
preliminary stage, which needs to be studied in detail in the
future work.

In this paper, a path planning method for vehicle active
collision avoidance is proposed. Firstly, the virtual flow field
of the road is constructed based on the theory of
hydrodynamics (Anderson and Wendt, 1995; Kong, 2014).
The virtual fluid is supposed to be incompressible, so it can
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definitely flow out from the expected outlet in the flow field,
which ensures that a feasible path can be generated in any
scenario. Then considering the relationship between the
velocity of the ego vehicle and the obstacle, a hazard area of
the obstacle based on the fifth degree polynomial curve is
constructed to prevent the inflow of fluid. At last, the
numerical method of CFD is utilized to calculate the flow
field and the collision-free path can be obtained. In addition,
simulation scenarios are extended to curve road and moving
obstacle scenarios. The simulation results verify the
effectiveness of the proposed method.

2. VIRTUAL FLOW FIELD MODEL OF THE ROAD

The establishment of an accurate and reliable virtual fluid
field model of the road is a necessary foundation for
obtaining a desired path for collision avoidance. An example
of the virtual flow field considering an obstacle on a straight
road is shown in Figure 1. The entire surface of the road is
treated as a flow field and the fluid is set to flow in from the
inlet on the left side of the road and flow out from the outlet
on the right side. The remaining boundaries of the flow field
are set as static and non-slip walls. It can be observed that the
flowing fluid will automatically avoid the obstacle at the
bottom of the flow field.

In Figure 1, the streamlines represent the flow field of the
fluid. A Cartesian coordinate system of the flow field is set
up, where the x-direction is the longitudinal direction of the
road and the y-direction is perpendicular to the x-direction
and points to the left side. Then the flow parameters of each
point in the flow field are related to the location and time.
For example, the velocity vector of the fluid in the flow field
can be expressed as:

u=u(xy,t) ) 0

V:i(x,y,t) = (v =v(xy,1)

An infinitesimal quadrilateral fluid element ds at any
position of the flow field is taken out for analysis, as shown
in Figure 1. Its side lengths are dx and dy respectively, and
its sides are parallel to the coordinate axis. The fluid element
must meet the following two conditions:

a) It is infinitesimal macroscopically, which is the same as
the definition in calculus;

Infinitesimal fluid element _r Wall
: / : - > - ;
ds = s =2 Streamline
e e il
= A -
Inlet = o ~— == Outlet
i — = — - . oy =
: {/Wall Obstacle

Figure 1. Virtual flow field of the road.
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Figure 2. Mass flow of the fluid element.

b) It is also large enough microscopically and contains
enough fluid molecules so that it can be regarded as a
continuous medium.

Since the movement of the fluid follows the basic laws of
physics, we establish a mathematical model of the virtual
flow field of the road based on the theory of hydrodynamics.
The mass flow on each side of the infinitesimal fluid element
is shown in Figure 2.

In the x-direction, the mass of the net inflow can be
expressed as:

| 80pu) __9(pu)
(pu)dy {pu+ o dx}dy— o dxdy )

where p is the density of the virtual fluid.
In the y-direction, the mass of the net inflow can be
expressed as:

AP ey

5 G)

(pv)dx—|:pv+

@dy}dﬁ—

y

The original mass of the fluid element is pdxdy, and the

mass increment of the fluid element per unit time is — dxdy.

According to the conservation of mass, the d1fferent1a1 form
of the continuity equation can be deduced as:

o T Ty Y @

Then we consider the relationship between the movement
and the force of the fluid element. In the virtual flow field of
the road, the force acting on the fluid element includes the
following two parts:

a) Body force, which acts on the entire fluid element by
certain force fields, such as gravity;

b) Surface force, which acts on the surface of the fluid
element and contains normal stress and shear stress.
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Figure 3. Force of the fluid element in the x direction.

Figure 3 shows the force acting on the fluid element in the
x-direction, where f; represents the component of the body
force in the x-direction. g, denotes the normal stress, and 7.
indicates the shear stress.

In the x-direction, the body force F} acting on the fluid
element can be expressed as:

F, = pf.dxdy &)

In the x-direction, the surface force F; acting on the fluid
element can be expressed as:

F =[(aa+%dx]—o§x}dy
’ ox
+ [ +8 dj dx 6
T +— -7,
P Y (6)

or
ao-"’“ +—= |dxdy
Ox oy

The acceleration of the moving fluid element is
determined by the material derivative, and the expression for
the acceleration of the fluid element in the x-direction can be
written as:

Vay (7

Combining Equations (5), (6) and (7), according to
Newton’s second law, the differential equation of motion in
the x-direction can be deduced as:

ou ou oo, 0T,
—tu— v— =f+— —=+ 8)
ot ox Oy ox oy

For the Newtonian fluid, the shear stress is proportional to
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the velocity gradient, which can be expressed as:

- ;
,Udy 9)

where i represents the dynamic viscosity of the virtual fluid.
The shear stress and normal stress of Newtonian fluid can
be presented as:

[Bu avj
T, = U —+—
- oy Ox

Ou
o, =—p+2u—
’ ox

(10)

where p is the pressure of the virtual fluid.

Substituting Equation (10) into Equation (8), the
differential equation of motion in the x-direction can be
deduced as:

Ou Ou Ou 1op wu(odu ou
—tu—+v—=f ———+ | —+—
ot o oy U pox ploxt o an
LM 0 8u+@
pax ox Oy

Similarly, the differential equation of motion in the y-
direction can be deduced as:

(12)
LM 0 [614 N 6\)}
poy\ox oy

To obtain a collision-free path for the autonomous vehicle
under any circumstance, the mass flow rate at the inlet and
outlet should be equivalent to ensure that the fluid can always
find the outlet of the virtual flow field. Therefore, the fluid
should be incompressible, i.e. the density p is constant. In
addition, the external forces, such as gravity, and the heat
exchange need not to be taken into account. So the

differential equations of the virtual flow field of the road can
be expressed as:

ou Ov

a"‘azo (13)
2 2

du, o, o 1o p(u Fu

ot ox oy P ax plox? o9’ (14)

ov.  ov  Ov 1op uf(dv o%v

—tU— V=t

ot ox oy poy plox® oy
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In this way, the differential equation of virtual flow field
is established according to the road geometry and the theory
of hydrodynamics. By solving the above equations, the fluid
state can be obtained and used for path planning for collision
avoidance.

3. PATH PLANNING BASED ON THE NUMERICAL
METHOD

In section 2, we propose a virtual flow field of the road based
on hydrodynamics to plan a collision-free path for the
vehicle. In order to obtain numerical results of the virtual
flow field, the CFD method is adopted to solve the nonlinear
partial differential equation of second order in Equation (14).

3.1. Geometric Topology of Road with Obstacle

Since obstacles on the road are important factors affecting
the virtual flow field and collision-free path, a geometric
model of the virtual road flow field with an obstacle needs to
be established first in this section. An example of the
geometric model of a straight road with an obstacle is shown
in Figure 4. For the obstacle vehicle in front of the ego
vehicle, a hazard area is constructed so that fluid cannot flow
into this area, which is represented by the red dotted line.

To make the fluid flow steadily and avoid the vortex or
reflux in the flow field, the shape of the obstacle hazard area
must be relatively smooth. For polynomial curves have been
successfully applied to the path planning of autonomous
vehicles (Glaser et al., 2010), in this study, a fifth degree
polynomial curve is also used to construct the hazard area of
the obstacle vehicle due to its flexibility in constructing
curves:

a) The curvature is smooth, which ensures the fluid flow
stably.

b) The curvature at the initial and terminal points is zero,
which can be combined with the straight road well.

c¢) The position and shape can be easily changed by
adjusting the initial and terminal points.

The curve used to construct the hazard area of obstacle can
be expressed as:

y(x) =aq, +a1x+a2x2 +a3x3 +a4x4 +a5x5 (15)

Figure 4. The diagram of the geometric model.
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where y and x represent the lateral and longitudinal positions
of the hazard area of the obstacle vehicle respectively. ay, a;,
ay, as, ay and as are the coefficients to be determined.

The boundary conditions of the fifth degree polynomial
curve at the initial and terminal points can be written as:

=0

x=0

=0

x=s

x=0 = 0’ y

Ui

x=s = d’ y

x=0 = O’ y

16
=0 (19

where d and s are the safety distances in the lateral and the
longitudinal directions respectively, as shown in Figure 4.

According to Equations (15) and (16), the shape of the
hazard area of the obstacle vehicle in the first half can be
expressed as:

o] (2 2]

It can be seen from Equation (17) that different lateral
safety distances d and longitudinal safety distances s can be
selected to reconstruct the hazard area of the obstacle vehicle
according to the specific scenario.

The lateral safety distance d, which is set as 3.75 m in this
study, is the width of a single lane on the structured road. For
the longitudinal safety distance s, it greatly affects the length
of the collision-free path. When the velocity of the ego
vehicle is fast, the collision-free path should be long and
smooth enough to maintain the riding stability; on the
contrary, the path should be shorter and steeper to conduct
the vehicle to avoid collision quickly (Chu ef al., 2012). So
the longitudinal safety distance must be related to the
velocities of the ego vehicle and the obstacle, which is
defined as:

(17)

2

v, —

2ug

2
vo

8§ = +d,+d, (18)

where v, and v, are the velocities of the ego vehicle and the
obstacle. u is the adhesion coefficient of the road. g is the
gravitational acceleration. d, is the length of the ego vehicle.
ds is a headway offset (Seiler ez al., 1998).

To make the path obtained by the virtual flow field satisfy
the kinematic and dynamic constraints of the vehicle, the
radius of curvature of the fifth degree polynomial curve is
taken into account to limit the minimum longitudinal safety
distance of the hazard area, which can be written as:

3

r:(1+|2:| i (19)
Yy
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Substituting Equation (17) into Equation (19), the radius
of curvature of the fifth degree polynomial curves with
various s can be calculated. Then the relationship between
the longitudinal safety distance s and the minimum radius of
curvature 7., is shown in Figure 5.

R is the turning radius at the center of gravity (CG) of the
ego vehicle in Figure 4. The minimum turning radius when
the vehicle is running on the road can be expressed as:

2
R= max[ Y ,ij
amax

where g 1S the maximum lateral acceleration, R,, is the
minimum turning radius of the ego vehicle.

According to Equation (20) and Figure 5, it can be found
that each R corresponds to a specific longitudinal safe
distance s,. Finally, combining with Equation (18), the
longitudinal safety distance s of the hazard area of the
obstacle vehicle can be deduced as:

(20)

s:max(s,,sz) (21)

Figure 6 shows the different hazard areas of the stationary
obstacle vehicle obtained by using the fifth degree polynomial
curve with different velocities of the ego vehicle.
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Figure 5. The relationship between the minimum radius of
curvature and the longitudinal safety distance.
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Figure 6. Hazard areas around the obstacle vehicle.
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3.2. Path Generation by Using Numerical Computation
Depending on the proposed virtual flow field and the hazard
area of the obstacle vehicle, the desired path for collision
avoidance can be calculated numerically through computational
fluid dynamics, the geometric model is discretized into
triangle mesh by ANSYS Meshing, and the element size of
the mesh is set as 0.3 m. Then, the laminar flow model and
SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) algorithm are applied to calculate the flow field
by ANSYS Fluent.

Then the states of each node in the flow field can be
determined after the calculation is completed. ¢ is used to
represent the physical parameters in the flow field, which can
be written as ¢ = (x, y). The streamline is a smooth curve
composed of different fluid particles at the same time, which
is tangent to the direction of the velocity vector. The
streamline can be expressed as:

_d __dy
u(xy) v(xy) 22

Taking the CG of the ego vehicle at the initial position as
the seed point, a streamline can be generated through
numerical integration, which is regarded as the reference
path for active collision avoidance of the autonomous
vehicle. The streamline can also be directly displayed
through the flow field visualization software CFD-Post.
Moreover, the coordinates of each point on the streamline
and the velocity vector field can be exported by CFD-Post,
which will be further analyzed in the MATLAB.

4. SIMULATION RESULTS

In this paper, the air in the normal state is set as the virtual
fluid. The density p is 1.225 kg/m3 and the dynamic viscosity
1 is 1.7894x105kg/(m-s). In this section, three scenarios are
set up to verify the proposed path planning method.

4.1. Vehicle Dynamics Model

To validate the feasibility of the collision-free path planned
by the method based on the virtual flow field, a frequently
used linearized two-degree-of-freedom vehicle model is
presented as the reference model to follow the planned path,
which includes the yaw and lateral motion. The state space
expression of the proposed vehicle model can be written as:

_Cf +C. _l,‘C,‘ -1.C, u
{\'z }_ mu mu {v }
o, _lfo -1C, _lkaf +I’C, o,
Tu lu (23)
<
m
+ o
1C, 4

I:
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where v is the lateral velocity of the vehicle. w, is the yaw
rate of the vehicle. Crand C, are the cornering stiffhess of the
front and rear tire, respectively. m is the mass of the vehicle.
u is the longitudinal velocity of the vehicle. /rand /. are the
distances from the CG of the ego vehicle to the front and rear
axle, respectively. . is the yaw moment of inertia. Jr is the
front wheel steering angle. The main parameters of the
vehicle model are shown in Table 1.

4.2. Straight Road with Stationary Obstacle

In this scenario, the ego vehicle is moving on a two-lane
straight road with constant velocity (10 m/s, 20 m/s, or 30
m/s). The initial position of the ego vehicle is at the centerline
of the right lane (x = 0 m, y = 1.875 m), and a stationary
obstacle vehicle is in front of the ego vehicle. According to
the hazard area of the obstacle vehicle in section 3, the
obstacle vehicle is located at 30.28 m, 51.44 m or 81.29 m in
front of the ego vehicle, respectively. Through the numerical
computation of the virtual flow field, the velocity vector field
and the planned path for vehicle active collision avoidance
are obtained, as shown in Figure 7. The arrows indicate the
velocity vector at each node. The green curve represents the
collision-free path of the ego vehicle. The red curve and the
right boundary enclose the hazard area of the obstacle
vehicle.

1

0 10 20 an 40 50 64
X{m)
(a) Velocity (10m/s)

(iR o

Y (m)

40 50 60
Xim)

(b} Velocity (20m/s)

B =

Mcaisriresickicie 0 n S z

60 80 100 12
X (m)

{e) Velocity (30m/s)

Y (m)

Figure 7. Planned path on the straight road with a stationary
obstacle vehicle.

Table 1. The main parameters of the vehicle model.

Symbol Value Units
m 1270 kg
L 1537.6 kg'm?
Iy 1.015 m
Iy 1.895 m
Cr 66900 N/rad
C 62700 N/rad
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Figure 8. Collision-free path and heading angle with
different velocities of the ego vehicle.

As shown in Figure 7, the ego vehicle will not collide with
the obstacle vehicle or road boundaries. After completing the
collision avoidance, the ego vehicle returns to the original
lane and continue to drive along the centerline, which
indicates that the proposed approach also has the function of
lane-keeping.

Figure 8 shows the comparison of the lateral position and
heading angle of three collision-free paths when the velocity
of the ego vehicle is different. It can be seen that the
longitudinal distance of the collision-free path is longer and
the path is smoother when the velocity of the ego vehicle is
faster. The maximum heading angle of the three paths is also
reduced from 0.24 rad at 10 m/s to 0.073 rad at 30 m/s. So
the planned path designed based on the virtual flow field
guides the ego vehicle to steer quickly to avoid the collision
at low velocity and maintain the riding stability while
avoiding collision at high velocity, which conforms to the
actual situation of the vehicle collision avoidance.

Although we have set up the hazard area around the
obstacle vehicle to make the ego vehicle follow the planned
path successfully, it is also essential to analyze whether the
planned path meets certain constraints of the vehicle.
Assuming that the longitudinal velocity of the ego vehicle
remains constant during the entire collision avoidance
process, Figure 9 shows the comparison of the lateral
acceleration of the ego vehicle obtained from the three paths
in Figure 8 (a). The maximum lateral acceleration of the
three paths are 3.73 m/s?, and the change of the lateral
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Figure 9. The comparison of the lateral acceleration.
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Figure 10. Simulation results of the collision-free path with
velocity 10 m/s.

acceleration is relatively smooth, which satisfies the
kinematic constraints of the road vehicle.

Due to the collision-free path is a relatively steep and
roughly symmetric curve when the velocity of the ego
vehicle is 10 m/s, only the first half of the curve needs to be
analyzed. The curvature and radius of curvature of this path
are shown in Figure 10. The curvature of this path changes
smoothly and the minimum radius of curvature is 28.9 m,
which is larger than the vehicle’s minimum turning radius of
20.5 m calculated using Equation (20).

In addition, Figure 11 shows the comparison between the
planned path (10 m/s) obtained from the virtual flow field
and the fifth degree polynomial curve with reasonably set
parameters. Compared with the fifth degree polynomial
curve, the planned path by the virtual flow field method can
carry out collision avoidance operation by steering in
advance, and the front wheel steering angle and lateral
acceleration of the vehicle is smaller.
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Figure 11. Comparison between the planned path (10 m/s)
and the fifth degree polynomial curve.

4.3. Straight Road with Moving Obstacle

In this scenario, two vehicles are moving on a two-lane
straight road with the same velocity of 10 m/s, and the
leading vehicle suddenly slows or brakes at some point in the
same lane. In order to ensure the safety and efficiency of the
ego vehicle, a collision avoidance or overtaking path needs
to be planned.

To calculate the virtual flow field numerically in the
presence of moving obstacle vehicle, dynamic mesh
technology of ANSY'S Fluent that can control the movement
of parts is applied in this paper (Garcia et al., 2015). In this
case, the hazard area of the leading vehicle is set as the
dynamic mesh, and the profile file is utilized to specify the
motion form of the dynamic mesh. The update mode of the

dynamic mesh is set to the smoothing and remeshing method.

A spring smoothing model is adopted in the smoothing
method to ensure the mesh quality at a slight displacement
and the remeshing method utilizes a local cell reconstruction
model to avoid poor mesh quality or negative volume at a

Jian Liu et al.
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Figure 12. Planned path on the straight road with a moving
obstacle vehicle.

large displacement. In this way, the mesh will be automatically
updated in Fluent software according to the latest leading
vehicle position at each time step. The other boundary
conditions are kept unchanged. At last, the flow field at each
time step is calculated by the numerical method in ANSYS
Fluent software, and then the collision-free path can be
obtained in the dynamic traffic environment.

Figure 12 shows the planned path for the ego vehicle on
the straight road with moving obstacle vehicle, where the
green line represents the collision-free path of the ego
vehicle, the dotted curves represent the instantaneous
collision avoidance path at different time steps, and the
rectangles represent the leading vehicle at different time
steps. In scenario (a), the leading vehicle is running at a
constant velocity of 5 m/s, which is half the velocity of the
ego vehicle. In scenario (b), the leading vehicle brakes
suddenly and the velocity decreases from 10 m/s to zero
within 2 s. In both scenarios, the planned path can guide the
ego vehicle to avoid the moving obstacle. But in the dynamic
environment, the length of the collision-free path in above
scenarios is longer than that in the stationary obstacle
scenario.

Figure 13 shows the heading angle and lateral acceleration
of the collision-free path when the movement of the leading
vehicle is different. In the case of the stationary obstacle in
front, the maximum heading angle and lateral acceleration
are 3.4 m/s? and 0.24 rad, respectively. In scenario (a), these
two parameters are reduced to 3.13 m/s?> and 0.22 rad,
respectively. In scenario (b), these two parameters are only
0.76 m/s? and 0.12 rad, respectively.
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Figure 13. The heading angle and lateral acceleration of
collision-free paths with various obstacles in front.

4.4. Curved Road with Stationary Obstacle

In this scenario, the ego vehicle is moving on a two-lane
curved road with constant velocity of 10 m/s, and there is still
a stationary obstacle in front of the ego vehicle. The method
in the section 2 can also be used to establish the virtual flow
field model of the curved road, but the fifth degree
polynomial curve is not suitable for the construction of the
hazard area of the obstacle vehicle on the curved road.
However, the fluid has its specific inherent nature, that is, the
streamline is still relatively smooth even if the shape of the
hazard area of the obstacle is not absolutely smooth.
Therefore, a simplified arc is utilized to replace the fifth
degree polynomial curve to construct the hazard area of the
obstacle vehicle on the curved road.

Figure 14 shows the planned paths when the radii of the
curved road are 200 m, 400 m and 700 m respectively. The
arrows indicate the velocity vector at each node in the virtual
flow field. The green curve represents the collision-free path
for the ego vehicle and the red curve is the hazard area of the
obstacle vehicle. It can be seen that the proposed method can
still plan a collision-free and smooth path for the ego vehicle
on the curved road, and the ego vehicle returns to the
centerline of the original lane after the collision avoidance is
completed. Figure 15 shows that as the curvature of the road
increases, the planned path becomes steeper.
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Figure 14. Planned path on the curved road with a
stationary obstacle vehicle.
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Figure 15. Collision-free paths on curved road.

The heading angle and lateral acceleration on the curved
road with various radii is shown in Figure 16. Because the
road is curved, the heading angle of the ego vehicle is
constantly increasing, and there are obvious saltations at the
beginning and end of collision avoidance. The lateral
acceleration of the ego vehicle on curved roads always exists,
and the maximum lateral acceleration of these three paths is
5.8 m/s2.
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Figure 16. The heading angle and lateral acceleration for
vehicle on the curved road with diverse radii.
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Figure 17. Planned path on the curved road with multiple
obstacles.

In addition, another unique advantage of the path planning
method based on the virtual flow field is the capability of
path planning in the scenario with multiple obstacles. Figure
17 shows the path planned by the proposed method on the
curve road with multiple obstacles, and the green curve
indicates the reference path of the vehicle. The result shows
that the planned path can also ensure that the vehicle will not
collide with multiple obstacles and is still relatively smooth.

Based on the above simulation results, we can conclude
that the path planning method based on the virtual flow field
can successfully generate a particularly smooth path for the
ego vehicle that satisfies the vehicle dynamics constraints.
Moreover, this method has strong adaptability, which can
deal with the path planning problem of vehicle active
collision avoidance in a variety of scenarios such as straight
road or curved road with static or moving obstacles.
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However, it is difficult to apply the traditional interpolation
curve-based method to curved road. Finally, since the fluid
has the characteristic that it can always find the outlet of the
environment, which ensures that a feasible path can always
be obtained even in a complex multi-obstacle environment.

5. CONCLUSION

In this paper, a path planning method based on the virtual
flow field for active collision avoidance of autonomous
vehicles is presented. According to the information of the
road geometry and position of the obstacle, different virtual
flow fields on the road are established based on the theory of
hydrodynamics. Meanwhile, the presented flow field also
proves that the fifth degree polynomial curve is an effective
way to construct the hazard area of the obstacle vehicle,
which can avoid collision by adjusting the safe distance in the
lateral and longitudinal directions. In addition, the desired
path for collision avoidance in various scenarios are obtained
through the numerical calculation result of the flow field, and
it is relatively smooth and can satisfy multiple constraints of
the vehicle. After the collision avoidance is completed, the
designed path can also guide the ego vehicle back to the
centerline of the original lane, which indicates that the
proposed approach also has the ability of lane-keeping.

In the future work, based on the virtual flow field method,
the velocity planning of the ego vehicle and the path planning
in more complex scenarios will be studied in more detail.
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