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Abstract
Continuum robot has become a research hotspot due to its excellent dexterity, flexibility and applicability to con-
strained environments. However, the effective, secure and accurate path planning for the continuum robot remains
a challenging issue, for that it is difficult to choose a suitable inverse kinematics solution due to its redundancy in
the confined environment. This paper presents a collision-free path planning method based on the improved arti-
ficial potential field (APF) for the cable-driven continuum robot, in which the beetle antennae search algorithm is
adopted to deal with the optimal problem of APF without the necessary for velocity kinematics. In addition, the
local optimum problem of traditional APF is solved by the randomness of the antennae’s direction vector which can
make the algorithm easily jump out of local minima. The simulation and experimental results verify the efficiency
of the proposed path planning method.

1. Introduction
Inspired by the bionics, various configurations of continuum robots have emerged in recent years.
Compared with traditional rigid robots, continuum robots with elastic structure and infinite/redundant
degrees of freedom provide continuous bending capabilities and exhibit strong dexterity in narrow and
unstructured environments [1–4]. Due to their superior performance in constrained environments, the
continuum robots have received widespread attention and applied in various fields such as nuclear
equipment maintenance [5, 6], medical surgery [7, 8], rehabilitation nursing [9], space on-orbit ser-
vice [10, 11] and so forth. However, the path planning problem remains complex and deserves further
research for this highly nonlinear and coupled system.

The path planning problem is to generate a feasible trajectory that avoids obstacles and satisfies the
physical constraints of the robot system, which is a prerequisite for the continuum robot to success-
fully complete tasks. Meanwhile, it is well known that the mapping between the configuration space
and work space of continuum robot is highly complicated. Several scholars have conducted researches
on the collision-free path planning for the continuum robot and related strategies have been addressed,
such as Jacobian-based method [12], rapidly-exploring random trees (RRT) [13], optimization method
[14–16], intelligent learning [17, 18], curve simulation method [19], APF [20–22], follow the leader
(FTL) [23, 24] and other methods [25–27]. Memar et al. [12] proposed an improved Jacobian-based
motion planning method based on the constant curvature model. Meng et al. [13] put forward an RRT∗
path planner with a Jacobian-based approach for workspace searching. Y Tian et al. [22] presented an
improved APF algorithm for overall configuration planning of the hyper-redundant manipulator by con-
structing a virtual guiding pipeline. However, most of the above researches for continuum robot are
based on velocity kinematics. The Jacobian inverse solution may not only generate singular values but
also lead to higher computational complexity with more segments of robot. J Lai et al. [14] computed
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the inverse kinematics by solving a damped least-square optimization problem for the task of tip trajec-
tory tacking under constrained conditions. T Ning et al. [18] presented a data-driven model-free motion
control strategy based on continuous-time zeroing neural network, which shows superior performance
in terms of accuracy. However, the scheme only utilizes the end-effector position feedback for trajectory
tracking, which ignoring the attitude of the continuum robot. Mohammad et al. [23] adopted a FTL strat-
egy that enables the snake-like robot to move along the path guided by the tip-led paths. Nevertheless,
more stringent constraints on the shape and tip of the robot are necessary for the complex path planning,
resulting in higher computational and control complexity. G Niu et al. [15] proposed an optimization
method based on region clipping which searches forward in the configuration space for collision-free
path planning. However, the optimization method was just suitable for some specific environments with
poor scalability.

Considering that APF has high planning efficiency and environmental adaptability [28, 29], if the
path planning task can be completed through forward searching in the configuration space, complex
inverse solution and singular value problems in existing researches can be reasonably solved. However,
the configuration space potential field method has certain limitations in planning and obstacle avoid-
ance for robots with multiple degrees of freedom, as it is difficult to obtain a complete representation of
the obstacle space. In order to satisfy the path planning through forward kinematics and avoid the local
minima existing in traditional APF, this paper addresses an improved APF method combined with the
beetle antennae search algorithm called BAS-APF for collision-free path planning of continuum robot.
The BAS algorithm is a recently emerged metaheuristic algorithm inspired by detecting and searching
behavior of beetles [30, 31], which has been well applied in some practical scenarios, i.e., motion plan-
ning, tracking control or trajectory optimization of robot [32–34], optimization of neural network model
[35], rolling bearing fault diagnosis [36] and acoustic signal analysis [37].

In this paper, the BAS-APF method is presented for collision-free path planning of the cable-driven
continuum robot, which focuses on adopting the BAS algorithm to determine the attitude angles guided
by the decreasing potential field. The main contributions are included as follows:

1. The proposed BAS-APF algorithm can be applied for target path planning and obstacle avoidance
simultaneously, along with an accompanying collision detection model designed for the specific
configuration of the continuum robot.

2. The proposed algorithm is a position-level forward search method in the configuration space.
The approach avoids calculating Jacobian matrix inverse unlike most velocity-level strategies
and thus reduces the computation cost.

3. The local optimum problem of APF is solved by utilizing the randomness of the antennae’s
direction vector searching in the configuration space.

The remainder of this paper is outlined as follows. The kinematics model and collision detection
model are established in Section 2. Section 3 introduces the BAS-APF algorithm for the collision-
free path planning in detail. In Section 4, the path planning method is verified by the simulation and
experiments. Section 5 provides conclusion of this paper and future prospects.

2. Problem formulation
2.1. Problem description
The continuum robot is generally composed of several segments and each segment is driven by four
cables [38]. The spring deforms elastically by pulling the actuated cables, resulting in flexible bending
of the robot. The spacer disks are evenly spaced and the adjacent spacer disks are connected by universal
joints. Figure 1 shows a two-segment cable-driven continuum robot prototype model.

The goal of path planning for the continuum robot is that a continuous path needs to be found between
the initial state and the target state in the constrained workspace. Figure 2 shows the operation of a two-
segment continuum robot in the task space with three obstacles from the starting point ‘S’ to the end
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Figure 1. A two-segment cable-driven continuum robot prototype.
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Figure 2. Continuum robot path planning in the obstacle environment.

target point ‘E’. The Cartesian coordinate O1 − X1Y1Z1 is the base coordinate frame of the continuum
robot system. O2 − X2Y2Z2 and O3 − X3Y3Z3 represent the coordinate frame of the end the spacer disk for
the first-segment and second-segment continuum robot respectively. This work aims to find a feasible
path that avoids obstacles and satisfies the physical constraints of the continuum robot while considering
the efficiency and accuracy in performing tasks.

2.2. Kinematic model
The kinematics model of the N-segment continuum robot model is established in this section. Due to
the small spacing between adjacent disks, the elastic deformation produced by springs with the same
specifications under the approximate force is also approximately equal. Thus, it is assumed that each
segment of the continuum robot acts like a constant curvature arc. For the ith-segment, the coordinate
frame schematic is illustrated in Fig. 3 (a). Each segment of the continuum robot can be parameterized
by two variables βi and γi in the configuration space, where βi represents the bending angle and γi is
rotation angle around the axis Zi−1 respectively. The arc length of the ith-segment is denoted by Li. Based
on the assumption of constant curvature, the bending angles of the adjacent spacer disks in the same
segment are equal. As shown in Fig. 3 (b), the bending angle of jth adjacent spacer disk is defined as βij
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(a) (b)

Figure 3. (a) Coordinate frame schematic of the ith-segment continuum robot and (b) bending
schematic of the adjacent spacer plates.

and the distance between them is 2l. According to the geometric relationship, the arc length Lij can be
calculated by

Lij = βijR (1)

where R is the arc radius. In addition, it is easy to obtain the relationship between R and l.

l= R tan

(
βij

2

)
(2)

Thus, the arc length Li is given by

Li = kβijR= kβijl

tan
(

βij

2

) = βjl

tan
(

βj

2k

) (3)

where k is the number of the spacer disks in the ith-segment.
The transformation matrix for the ith-segment is presented as [39]

i−1Ti =

⎛
⎜⎜⎜⎜⎝

c2γicβi + s2γi cγisγi(cβi − 1) cγisβi
Li
βi

cγi(1− cβi)

cγisγi(cγi − 1) c2γi + s2γicβi sγisβi
Li
βi

sγi(1− cβi)

−cγisβi −sγisβi cβi
Li
βi

sβi

0 0 0 1

⎞
⎟⎟⎟⎟⎠ (4)

where cβi, cγi, sβi, sγi stand for the abbreviation of function cos βi, cos γi, sin βi, sin γi respectively.
The kinematic mapping relationship for the N-segment continuum robot can be expressed as

0TN = 0T1 · 1T2 · · · · N−1TN (5)

Since the actuated cables remain taut between the spacers as seen from Fig. 3 (b), the length variation
of the actuated cables �li,m(m = 1, 2, 3, 4) can be expressed as
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Figure 4. Collision detection model.
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(
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))
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(
βi
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(
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(
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(
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(
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(
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2k

) + r cos
(
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π
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))
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(
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)
(6)

�li,4 =
i∑

n=1
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(
l

tan
(
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2k

) + r cos
(
γn + (k− 1)

π

2N
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2
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Where r is the distance between the cable hole and center hole on the spacer disks.

Remark 1. As shown in Eq. (4), there exists a singular problem when βi is equal to 0. Thus, the fifth-
order Taylor expansions of cos βi and sin βi with respect to βi are applied to avoid singularities, shown
as follows:

sin βi = βi − βi
3

3! + βi
5

5!

cos βi = 1− βi
2

2! + βi
4

4!
(7)

2.3. Collision detection
For the collision detection techniques of the traditional rigid link manipulators, the links are generally
equivalent to cylinders, and the minimum distance between the central axis and the obstacle needs to
be measured to determine whether the manipulator collides with the obstacle [40]. Since the bending
direction of the cable-driven continuum robot is not always fixed during the movement and the spacer
disks increase the radial distance of the robot body, the robot cannot be simply regarded as an arc in
collision detection.

Inspired by the collision detection technique of the rigid link manipulators, each segment of the
continuum robot is simplified with a curved tubular model in Fig. 4. In order to further simplify the
collision detection model, the radial radius of the tubular model is superimposed on the obstacle ball
bounding box, where D represents the radius of the ball bounding box and d is the radius of the tubular
model. Then the center points pij(j= 1, 2, · · · , k) of the spacer disks of the ith-segment are defined as
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Figure 5. The path planning process of the BAS-APF algorithm.

control points which are used to measure the distances dij(j= 1, 2, · · · , k) between them and the center
of obstacle Q. The minimum distance from the obstacle for the ith-segment di can be expressed as

di =min
{
dij

}
, j= 1, 2, · · · , k (8)

Therefore, if the minimum distance di(i= 1, 2 · · · , N) satisfies di > D+ d, it can be considered that
the continuum robot will not collide with the obstacle.

3. Path planning algorithm for obstacle avoidance
In this section, we will formulate the proposed BAS-APF algorithm for the collision-free path planning.
The beetle searches in the configuration space with both antennas as the searching direction to realize
the path planning based on APF, which avoids the complex inverse kinematics calculation.

3.1. BAS-APF algorithm
As is shown in Eq. (9), the basic concept of path planning based on APF is to construct a virtual potential
field U in the motion space of the robot, where the attraction potential field Uatt attracts the robot to move
toward the target position and the repulsion potential field Urep excludes the robot from obstacles.

U =Uatt +Urep (9)

Gradient descent method is usually used to deal with the optimization problem shown in Eq. (9), so
as to obtain the joint angle of the robot under the global minimum potential field Umin. However, for
the case that the working environment of robot is complicated, the drawback that restricts the gradient
descent algorithm is the possible existence of local minima in the potential field, where the attraction
and repulsion forces are equal in magnitude and opposite in direction.

BAS algorithm imitates the foraging behavior of beetle, using its antennae to search and turn to the
direction with stronger smell. The beetle measures the odor concentration at each step to obtain the
direction of the next step until it reaches the endpoint, instead of moving randomly in any direction.
Inspired by the biological behavior, APF method can be combined with BAS algorithm to handle the
problem of local optimization. Figure 5 shows the process of obstacle avoidance path planning based
on BAS-APF algorithm, where specially presents how to avoid local optimum.
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This paper constructs a potential field model in the task space and the potential field functions are
given considering the special configuration of the continuum robot. The attraction potential field is
expressed as

Uatt =
{

ka · ‖P(ϕ)− Pta‖2 , ‖P(ϕ)− Pta‖ ≤ datt

ka · ‖P(ϕ)− Pta‖ , ‖P(ϕ)− Pta‖> datt

(10)

where ϕ = [β1, γ1, β2, γ2, · · · , βN , γN

]T is defined as the attitude angle vector of the N-segment contin-
uum robot, ka is the attractive proportional gain, P(ϕ) represents the current position of the end-effector,
Pta represents the target position, ‖P(ϕ)− Pta‖ represents the European distance between the two points,
datt is the set distance threshold.

The repulsion potential field is expressed as

Urep(i)=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

∞ ∥∥Pi(ϕ)− PQ

∥∥≤D+ d

kr

(
1∥∥Pi(ϕ)− PQ

∥∥ − 1

do

)
D+ d <

∥∥Pi(ϕ)− PQ

∥∥≤ do

0
∥∥Pi(ϕ)− PQ

∥∥> do

(11)

Urep =
K∑

i=1

Urep(i) (12)

where kr is the repulsive proportional gain, Pi(ϕ) represents the position of the ith spacer disk, PQ repre-
sents the position of the center of obstacle Q,

∥∥Pi(ϕ)− PQ

∥∥ represents the European distance between
the two points, do is the influence range of the repulsion potential field, the total number of the spacer
disks K is calculated as K =N · k.

For the cable-driven continuum robot, the computational complexity of the inverse kinematics
increases rapidly as the number of segments increase. Meanwhile, the existence of multiple inverse solu-
tions may cause the discontinuity of the planned attitude angle. In this paper, the proposed BAS-APF
method mainly uses BAS algorithm to search in the configuration space until the corresponding attitude
angle under the minimum potential field is found. Algorithm 1 shows the pseudocode for collision-free
path planning. The main flow of path planning for continuum robot is introduced as follows:

1. The attitudes of both directions for the searching antennae at time step t can be presented as{
ϕL

t = ϕ t + λt
�b

ϕR
t = ϕ t − λt

�b
(13)

�b= rnd (2N, 1)

‖rnd (2N, 1)‖ (14)

where ϕL
t and ϕR

t denote the attitude positions of left and right antennae in the searching area
respectively, ϕ t denotes the attitude angle vector at time step t, λt is the exploration step size of
the antenna, �b is a normalized random direction vector.

2. Calculate the minimum distance between each segment and obstacles, and then conduct collision
detection with Eq. (8). Considering the constraint of obstacles and limitation of attitude angle,
the constraint function of attitude angle �

(
ϕx

t

)
can be defined as

�
(
ϕx

t

)=
{

max
{
ϕmin, min

{
ϕx

t , ϕmax

}}
if di > D+ d

ϕ t if di ≤D+ d
i= 1, 2, · · · , N

(15)

where x ∈ {L, R}, ϕmin and ϕmax are the lower and upper attitude angle limits respectively.
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Algorithm 1. BAS-APF algorithm – collision-free path planning
Input: TN

0 , Pta, PQ, U, N, k, D, d, ka, kr, datt, d0, λ0, a1, a2, t_end, rth

Output: An optimal attitude angle vector ϕbest =
[
ϕ0 ϕ1 · · · ϕt_end

]
1: ϕ0← the initial attitude angle vector
2: t← 0
3: tmax← maximum number of iterations
4: while t < 2 ∗ tmax do
5: Generate normalized random direction vector �b
6: Calculate the both directions ϕL

t and ϕR
t

7: Collision detection di =min
{
dij

}
8: Constraint attitude angle ϕ̄x

t (x ∈{L, R})←�
(
ϕx

t

)
9: Current potential fields U

(
ϕ̄x

t

)← ϕ̄x
t (x ∈{L, R})

10: if U
(
ϕ̄
′
x

t

)
< U

(
ϕ t

)
then

11: ϕt+1 = ϕ̄
′
x

t

12: else
13: ϕt+1 = ϕ t

14: end if
15: Move to new direction ϕ t+1

16: t← t+ 1
17: if t= tmax and

∥∥P
(
ϕtmax

)− Pta

∥∥> rth then
18: Move to previous direction ϕtmax−1

19: end if
20: end while
21: Output ϕbest

3. The constraint attitude angle is recorded as ϕ̄x
t (x ∈{L, R}) according to the constraint function

(15). Then the potential fields U
(
ϕ̄x

t

)
at the positions of the current antenna are calculated

combined with Eqs. (9)–(12).
4. Update the next moving direction of the beetle along the descending direction of the potential

field, the update rule is given as

ϕ̄
′
x

t =�
(
ϕ t − δt

�bsgn
(
U
(
ϕ̄L

t

)−U
(
ϕ̄R

t

)))
(16)

Where ϕ̄
′
x

t is the updated attitude angle, δt donates the updating step size of the antenna, sgn (·)
donates the signum function.

5. Calculate the potential field U
(
ϕ̄
′
x

t

)
at the position of the updated attitude angle and compared

it with the potential field U
(
ϕ t

)
at time step t. If the updated potential field is smaller than that at

time step t, the antenna will transfer to the new position. Otherwise, it will remain in the previous
position. The attitude angle for the searching antennae at time step t+ 1 is shown as

ϕ t+1 =
⎧⎨
⎩ ϕ̄

′
x

t

ϕ t

if U
(
ϕ̄
′
x

t

)
< U

(
ϕ t

)
if U

(
ϕ̄
′
x

t

)
≥U

(
ϕt

) (17)

6. After moving to the new position, return to step 1 and enter the next searching cycle until reaching
the neighborhood range rth of target point. If the cycle ends at time step tmax and the target position
has not been reached, the beetle is considered to be trapped in the local optimum. Then turn back
to the previous position at time step tmax−1 and reenter to Step 1 for a new searching cycle.

The step size of λt and δt should be chosen based on the task requirements of the system for that the
step size should be taken large when the continuum robot is far from the target point to better improve
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Figure 6. Path planning in the single obstacle environment.
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Figure 7. Attitude angle curve for the obstacle avoidance planning.
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Figure 8. The length variation of the actuated cables for the obstacle avoidance planning.

Figure 9. Path planning in the multi-obstacles environment.

the speed of path generation, and meanwhile, the small step size should be set to improve the planning
accuracy when reaching near the target point. According to engineering experience, the decay function
for step size can be designed as

λt = λ0e
− a1‖P(ϕ)−Pta(ϕ)‖ (18)

δt = a2λt (19)

where λ0, a1 and a2 are normal numbers.
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Figure 10. Attitude angle curve for the obstacle avoidance planning.
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Figure 11. The length variation of the actuated cables for the obstacle avoidance planning.

Remark 2. It is noteworthy that the choice of the parameter λ0 should refer to the distance between the
obstacles and the initial point of the continuum robot in the known environment. If the distance between
them is very close, the parameter should be set relatively small to avoid the robot ignoring the planning
process that may collide with the obstacle.
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Figure 12. Curves of attitude angle and cable length after interpolation processing.

Remark 3. Since the proposed BSA-APF algorithm involves iterative processes for searching feasible
paths while considering obstacle constraints, it has a time computational complexity of O(k∗M∗N) per
iteration for the N-segment continuum robot, where M is the number of the obstacles.

4. Simulation and experiment results
The simulations and experiments of collision-free path planning for two-segment continuum robot in sin-
gle obstacle and multi-obstacles environment are conducted to evaluate the performance of the proposed
BAS-APF algorithm in this section.

4.1. Simulation
The proposed BAS-APF algorithm is firstly applied to path planning in the single obstacle environ-
ment. Assume that the initial attitude angle of the continuum robot is ϕ0 = [0, 0, 0, 0]T rad, the center
of the obstacle is set as PQ = [150, 0, 490] mm, the radius of the obstacle is 20 mm, the target point
position is set as Pta = [207.96, 0, 431.75] mm. The other parameters for the simulation are d= 30 mm,
d0 = 60 mm, k= 5, ka = 10, kr = 1, a1 = 10, a2 = 1, rth.
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Figure 13. Trajectory tracking for two-segment continuum robot.

Camera

Continuum
robot

Obstacle

Fixed base

PC

Figure 14. Two-segment cable-driven continuum robot prototype.

Figure 6 shows the comparative performance of the motion path to avoid a single obstacle. It can be
seen that although the APF method based on traversing approach can avoid the obstacle well and reach
the target position for the continuum robot, it needs to perform more iterations for the planning task and
the planned path is much longer than that with the proposed BAS-APF method. Figures 7 and 8 show
the attitude angle and cable length of each segment under the proposed algorithm respectively.

For the path planning in the two obstacles environment, the centers of the obstacles are set as PQ1 =
[150, 0, 490] mm and PQ2 = [100,−100, 450] mm, respectively. The values of other parameters are the
same as the above simulation. The motion path of the continuum robot to avoid two obstacles is shown
in Fig. 9. The corresponding planned attitude angle and cable length of each segment are shown in
Figs. 10 and 11.
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Front View Top View(a)

(b) Front View Top View

Figure 15. (a) Moving process in the single obstacle environment and (b) moving process in the
multi-obstacles environment.

From the above simulations, we can see that the proposed BAS-APF method shows good performance
for the path planning in single obstacle and multi-obstacles environments, especially in terms of the fast
planning speed, which benefits from the design of searching variable step size. It is worth pointing
out that the changes of attitude angle and cable length are discontinuous during iterations, which is
not suitable for the actual system. However, this paper only discusses the path planning in the task
space, while the planning method of configuration space can be combined to make the attitude angle
smoother in the subsequent practical application. Here, we chose the quintic spline to interpolate attitude
angles [41], where the spline function is defined piecewise on each adjacent attitude angle interval and
shown as:

Si(θ )= ai + bi(θ − ki)
2 + ci(θ − ki)

3 + di(θ − ki)
4 + ei(θ − ki)

5 (20)

where θ represents the attitude variable, ki is attitude note of the spline, ai, bi, ci, di and ei are constant
coefficients. Thus, the curves of attitude angle and cable length after interpolation processing are shown
in Fig. 12.

To evaluate the performance of the proposed algorithm regarding trajectory tracking, the continuum
robot was tasked with tracking a straight-line trajectory utilizing the following parametric equation:

xr = Pta +
[

0 0 −2.85t
]T (21)

where Pta = [207.96, 0, 431.75] is the initial point of the straight-line, t ∈ [0, 70] donates the number of
iterations.

Figure 13 (a) illustrates the motion of the robot end-effector along the straight-line trajectory. Initially,
the continuum robot needs to move from its starting configuration to the starting position of the reference
trajectory, while avoiding obstacles. Upon reaching the starting position, the robot tracks the reference
trajectory precisely. Figure 13 (b) displays the tracking error of the end-effector after interpolation and
the error remains within the range of [−0.2, 0.2] mm while moving along the straight-line trajectory.
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Figure 16. (a) Coordinate curves in the single obstacle environment and (b) coordinate curves in the
multi-obstacles environment.

4.2. Experimental verification
The experiment is designed to verify the obstacle avoidance planning effect of the continuum robot
by adopting the proposed path planning method. Figure 14 shows the physical prototype platform of a
two-segment cable-driven continuum robot. The two planned paths obtained from above simulation
are executed by sending the cable length to the controller, and the moving process in two obstacle
environments is shown in Fig. 15.
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Figure 17. (a) Errors of planned path in the single obstacle environment and (b) errors of planned path
in the multi-obstacles environment.

The continuum robot end moved along the desired path and avoided the obstacle well in both the
cases. Figure 16 presents the experimental coordinate data of the continuum robot end in the base coor-
dinate frame and Fig. 17 shows the error analysis between theoretical and experimental values. As shown
in Fig. 17, the absolute error of each coordinate axis remains within the error band of [−20,+20] mm
and the relative error is controlled within 5%. Compared to the ideal simulation, the continuum robot
end in its initial vertical state has a certain offset from the base coordinate frame under the influence of
gravity. Meanwhile, the prototype lacks a self-calibrating cable length mechanism where some of the
actuated cables are slack in the initial motion, resulting in significant errors in the motion process. In
addition, possible causes of errors include friction between ropes and holes, deformation of the elastic
structures and measurement errors. Overall, the experimental results are in reasonable agreement with
the simulation results.
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5. Conclusion
In this paper, a novel collision-free path planning method based on BAS-APF algorithm is presented for
the continuum robot, which avoids the complex inverse kinematics and solves the local optimum prob-
lem. This method searches forward in the configuration space through the antennae’s direction vector
and utilizes the BAS algorithm to find the attitude angle guided by the decreasing artificial potential
field until reaching the target point. Numerical simulation and experimental results on the two-segment
cable-driven continuum robot have verified the efficiency of the planning method. Similarly, the pro-
posed path planning method can also extend to continuum robots with other configurations. Further
potential direction for improving the path planning performance includes establishing a synchronous
planning scheme that takes into account the shape control of the continuum arm while avoiding obsta-
cles and reaching the target. Another aspect to be considered is to further improve the applicability of
the algorithm in a dynamic environment with multiple obstacles.
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