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Abstract—When Cable-Driven Parallel Robots (CDPRs) are
doing some complex work, obstacles in the environment will
interfere with cables and the mobile platform. It is a meaningful
work to avoid these disturbances by planning the path of CDPRs.
This paper presents an optimal path planning strategy for a
reconfigurable CDPR. By a variant of Rapid-exploration
Random Tree (RRT) to find the optimal collision avoidance path
gradually, Artificial Potential Field (APF) is used to guide the
generation of random tree nodes, reducing the time of finding the
path, and ensuring the safe distance between the platform and
obstacles, and generating the shortest collision-free path. Post-
processing algorithm reduce the number of path points. Detect
whether the generated path will cause obstacles to interfere with
the cable. If there is interference, optimize the robot's stiffness
and minimize cable tensions to determine the optimal
configuration. By adjusting the location of the cable connection
points on the fixed frame, the obstacle avoidance of the cable is
realized. The simulation results demonstrate the RRT*-APF
hybrid path planning algorithm's ability to successfully find the
path to avoid collision of the mobile platform in the environment
with obstacles, the reconstruction algorithm can find the best
collision-free configuration of the cable.

Keywords—Reconfigurable cable-driven parallel robot, RRT*,
APF, Path planning, Obstacle avoidance

L INTRODUCTION

Cable-driven parallel robots (CDPRs) are mainly composed
of a fixed frame and an end-effector, end-effector is driven by
cables connected to the fixed frame. CDPRs are widely used in
tracking camera systems!', wind tunnel experiments??! and
astronomical observation!*#! due to their unique advantages of
lightweight design, large working space and high carrying
capacity.

However, because the mobile platform is driven by multiple
cables, obstacles in the working environment will interfere with
the mobile platform and cables when the mobile platform is
moving. Therefore, it is valuable to investigate methods for
avoiding collisions with obstacles either by planning the mobile
platform's path or adjusting the robot's configuration.

LaValle et al. proposed the rapid-exploration random tree
(RRT) algorithm commonly used in robot path planning in
1998. The RRT algorithm quickly constructs a tree structure in
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free space through random sampling and rapid exploration of
the environment to generate feasible paths?®. Lahouar et al.
introduced an algorithm for grid-based CDPR path planning,
which is divided into two cases: the first case is that when the
robot is not within the interference of obstacles, the robot
moves directly towards the target point.; the second case is
that when the robot enters the vicinity of the obstacle, the
robot will find the best path without the interference of the
obstacle. But this method decreases the variety of potential
pathsl®l. Bak et al. introduced an improved RRT algorithm to
find paths devoid of collisions for CDPRs, using the target
deviation sampling algorithm to reduce the computational load
and process the resulting path to get a shorter pathl’l. In order
to improve the efficiency of RRT algorithm, the RRT*
algorithm is proposed. In the process of path optimization, by
considering the connection of a new node to the parent node of
the tree and checking whether there is a shorter path that can
connect the two nodes, a better path is obtained, which enables
the RRT* algorithm to handle challenging path planning
issues with more robustness and efficiency®. J. Xu et al.
proposed an adaptive RRT* method, which can effectively
guide tree growth through adaptive adjustment of sampling
space and generate collision-free paths in chaotic
environments®. Mishra, U.A. et al. introduce a path planning
method for CDPRs that utilizes APF-RRT* and takes motion
stability into account. Firstly, the collision detection is realized
by combining the RRT* algorithm with the Gilbert-Johnson-
Keerthi (GJK) algorithm. Then, target bias Artificial Potential
Field (APF) guidance is used to shorten the convergence time
and ensure directional detection!'’. However, the above path
planning methods plan paths when anchor points are fixed,
these methods are very effective in avoiding the interference
of obstacles to the mobile platform, but in avoiding the
interference of obstacles to the cable, the above method will
have certain limitations.

For traditional CDPRs, most of the interference between
cables and obstacles is caused by fixed cable anchor points.
Therefore, a reconfigurable CDPR with movable anchor points
is developed to avoid interference between cables and
obstacles by reconfiguring anchor points. Gagliardini et al.
investigated the reconstruction algorithm of reconfigurable
CDPR for sandblasting or spray painting in cluttered
environments. Anchor points on the reconfigurable CDPR are



discrete and the cable connection points must be changed
manually!''l. Youssef et al. introduce a method to prevent
collisions among cables while the mobile platform maintains
the original moving trajectory. Using an algorithm to calculate
the distance between two cables, when the two cables are in
close proximity, it becomes necessary to ascertain which cable
is positioned higher, increase the distance from the cable
below by moving the anchor point of the cable located above
upl'?l. An, H. et al. studied a new kind of CDPR with 8
movable cable anchor points. Each cable anchor moves
independently on the track, constantly changing the
configuration of the reconfigurable CDPR to avoid obstacles
and keep the mobile platform moving in its intended
direction.['3]. X. Wang et al. proposed a constrained path
planning method to realize reconstruction of CDPRs, in the
reconstruction process, anchor points position and cable length
are adjusted to avoid obstacles. The restricted configuration
space is built based on the implicit representation manifold,
and the loop-closure constraints are established first to realize
such reconfiguration. Finally, a feasible path is found in the
entire constrained configuration space by using the
bidirectional rapid exploration random tree in conjunction
with the designed wrench feasible detection and collision
detection to ensure the forward cable tension and prevent
obstacle interferencel'l,

For CDPRs to complete some complex tasks that need to
be operated on large equipment surfaces, such as painting and
aircraft maintenance, the mobile platform needs to maintain a
close distance from the operation object, and it is not enough
to rely solely on path planning or to avoid obstacles through
reconstruction. On this basis, this paper introduces a hybrid
path planning method of RRT*-APF for reconfigurable
CDPRs. The interference of CDPR's mobile platform and
cable mainly comes from large equipment, so large equipment
is treated as obstacles in the study. Since the interference of
CDPRs mainly comes from the interference of obstacles to the
mobile platform and cables, two kinds of interference are
solved by path planning and reconstruction respectively.
RRT* algorithm and APF algorithm are mixed to ensure that
the path planning of the mobile platform is within the
specified safe distance intervals of the obstacle, and OpenGJK
is used to detect whether the swept body of the mobile
platform and cables collide with the obstacle. When the path
of the mobile platform will cause interference between cables
and the obstacle, but the target point must be reached because
of the need to work, by moving anchor points to prevent any
disturbances arising from the interaction between the cable
and the surface of the equipment. We choose to minimize
cable tensions while maximizing stiffness as a performance
index to find the optimal reconstruction.

II.  INSTITUTIONAL DESCRIPTION

A.  Kinematic modeling and cable tensions calculation

The reconfigurable CDPR structure diagram designed in
this paper can be seen in the Fig. 1, which primarily comprises
a fixed frame, a mobile platform, motors, cables, cable anchor
devices and winches. Each cable anchor device is composed
of an anchor point, a sliding block, a movable base, two guide
screws and guide rails. The movable base is installed on the
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guide rail and can be moved along the guide rail by the screw
drive, and the anchor point is installed on the sliding block and
the sliding block is driven by the screw to move on the
movable base. Four motors are connected to the winch and
control the winch’s rotation to release or wind cables.

Anchor point
Sliding block
| | "Guide rail
Movable base
Cable \ Fixed frame
Mobile platform

X

Fig. 1. Principle model of reconfigurable CDPR

In order to describe the spatial position relationship
between mobile platform and fixed frame in reconfigurable
cable-driven parallel robot system, the global coordinate
system O— XYZ and the local coordinate system P—XYZ ,
were established, as illustrated in Fig. 2.

o

X

Fig. 2. Kinematics diagram of reconfigurable CDPR

P—-XYZ is built on the mobile platform, whereas
O—XYZ is built on the ground. The cable released from the

winch is connected via the anchor point 4, to the connection
point B, on the mobile platform P . Each cable can be

thought of as a straight line because it has much less mass than
a mobile platform. The cable length /, from A to B, can be

calculated by the following formula.



I = H“i —(p+ RbY)| (1)
where @, denotes the cable anchor point's coordinate in
O—-XYZ , p represents the coordinate of the origin of

P—-XYZ in O-XYZ and b, represents the coordinate of B,
where the cable is connected to the mobile platform in
P-XYZ , °R is the rotation matrix from P-XYZ to
O - XYZ , which can be expressed as

cfcy sasfcy—casy casfcy+sasy
9R=|cPBsy sasPsy+cacy casPBsy—sacy| (2)
-sf sacpf cacpf

where ¢(-)=cos(-), s(-)=sin(-), and @, B, y respectively

represents the Euler Angle of rotation about the X, Y and Z
axes.

The external force operating on the mobile platform and
the wrench F produced by the tension of the cables have the
following relationship.

B.  Stiffness matrix

The stiffness matrix K can be used to depict the mobile
platform's stiffness under a single pose in its workspace. The
static stiffness of the CDPR satisfies the following relation.

K:—%T—J%:K1+K2 (4)

where S = (xT o' )T , x=(x,,z)" is the coordinates of the

point in P—XYZ, ¢ =(a,B,r)" is the attitude Angle vector
of the mobile platform. K, is the stiffness that results from the
mobile platform's changing posture. K, is the stiffness

resulting from a change in cable tensions due to a change in
cable configuration.
The first term K,

called platform pose stiffness.

K, __dfm 2 noT =
dS\rnxu, rxu, .. rxu,

of the static stiffness matrix can be

)
u u e u "
F=Jr=| " 2 " T, T, =W, () SI-4 " g
BXU KyXUy, .. F, XU, = dS rxu)
where u, is the vector representing each cable's length in units, d( u
the mobile platform's cable connection point's position vector where __S(rxuj, P18
is represented by r, , T, represents the cable tension, W, '
represents the external force exerted on the mobile platform.
_du du _du
u
_d T = ds dx dQ 6)
dS\rxu du du dr
—FX———XU —F X ———XU —FX—— —XU
i dx dQ dQ i
where
ruu, —ruu, r, (1—uf)+rxuxuZ -, (l—uX ) ruu,
d dul' 1
_d_;;:—(rx auj =T -, (l—uf,)— ruu, ruuL =T, r, (1—uy2 )—kryuxuy (6a)
r (l—uf)+rzuyuz -, (1—uz2 )—rzuxuz ruu =Ty,
ry2 +r’ —(ryuZ —ru, )2 —rr, = (ryuZ —ru, )(rzuX —ru,) —rr - (rxuy — 1, )(ryuz —ru, )
du 1 2, .2 2
—rX—=— ror = (rp —ru -ry,—ru,—r —ru 6b
dQ li z X (7ux xz) 7.ry (xy Wx)@}ux xz) ( )
2
v+ ryz - (rxuy —ru, )
q 0 —u, wu d 1 1-u} —uu,  —ul,
“Lsu=lu, 0 -u (6¢) S -l —uu, (6¢)
a1 2
—u, U 0 1-u,
ru, —ru, ru, The second term K, of the static stiffness matrix can be
—ix U= ru ru +ru ru (6d) called the positional stiffness of cables.
dQ y X XX z 7 yz
_rzux _rzuy rxux + ryuy ElAl EZAZ EnA
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A, signifies the cable's cross-sectional area, and £, stands
for the cable's elastic modulus.

IIL.

A. Hybrid algorithm

In this section, combined with the actual work needs of
CDPRs, a hybrid RRT*-APF algorithm is proposed to
determine the optimal collision-free path within the specified
safe distance interval of the obstacle surface without

considering the cable collision. From the starting point x,, ,

RRT*-APF HYBRID ALGORITHM

the random tree grows, and then grows in the direction of the

target point, constantly generating new nodes x,, . The target
point x,.,

distance to the target point

is considered reached when the new node x, ., 's

X is smaller than a

goal
predetermined threshold value 7, . The algorithm creates the

shortest path free of collisions and breaks the loop. In the
process of generating a new node x the hybrid artificial

Potential field method (APF) is used. First, random point x,

new

rand

is generated in the ball with the goal point x,,, as the center

of the sphere and 7. as the radius. Random points guided by

the target point can be selected faster to find the shortest
feasible path. Find the point x___ that is closest to the random

point among all nodes in the tree. The mobile platform is
subject to the attraction force of x the attraction force of

rand >

X, and the attraction or repulsive force of obstacles. The

goal 2

attraction or repulsive forces are as follows.

The attraction force exerted by random point and target
point on the mobile platform remains constant, specifically,

F _ (xgoal - xnear )
goal —
X —X
goal near
(®)
X —X )
d near
F — ( ran
rand
xrand - xnear

The distance from the mobile platform to the obstacle
determines whether the mobile platform receives the obstacle's
attraction or repulsive force, and also determines the
magnitude of the force. The upper limit and lower limit of the

respectively according to the actual requirements , when

xlower +

2
subject to the attraction force of the obstacle, and the force's
magnitude increase with increasing distance and decreases
with decreasing distance; when

X
upper . -
< P (XpearsXops ) < Xypper » the mobile platform is

xLl er
xlower < p(xnear ’xobs ) < 2 =
subject to the repulsive force of the obstacle, and the force's
magnitude decreases with increasing distance; conversely, the
force's magnitude increases with decreasing distance. The
attraction potential field function U, is as follows.

xlower

, the mobile platform is

xlower + xupper

2

U

1
77102 (xnea.r ’xobs )’ < p (xnea.r ’xobs )< xupper (9)

att — A
2

where 7 is the proportional gain coefficient, (X, Xy, ) as

a vector, Represents the distance from the mobile platform
X,.. to the obstacle x, . The direction originates from the

mobile platform and extends towards the obstacle. The

attraction force £, corresponding to this is derived from the

negative gradient of the attraction potential field.

F

att

= _VUatt (x) = Up (xnear ’xobs )’
(10)

+ ‘xuppcr

2

xlowcr

< p(xnear ’xubs ) < 'xupper

The repulsive potential field function U, is as follows

2

1 1 1
rep = _k - 4 >

2 p (xobga xnear ) xlowcr xuppcr (1 1)

2

X, X

xlower < p (xobs ’xnear ) < o 2 2
where & is a constant and p(X,,,X. ) IS a vector,
representing the distance from the mobile platform x, . to the
obstacle x, , the direction originates from the obstacle and

F

extends towards the mobile platform. The repulsive force £,

corresponding to this is derived from the negative gradient of
the repulsive potential field.

safety distance interval can be set as x,,. and X,
1 1 1 xlower xu er
F;C = _v UTC x = k : 7xOWCT < p xO S 7xnear < - (12)
' ' ( ) p(xobs ’xnear) xlUWﬂ +x“PP°f pz (xobs ’xnear) 1 ( " ) 2
2
According to the above analysis, there are the following Xy = Xnear+V, + Foal (13)

three situations:

wpper » the mobile

platform is only subject to the attraction of the target point
F,.. then the value of x_ . is

(1) When the distance is greater than x
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step

where v__ is the step size.

step



+X

xlower upper

(2) When the distance is greater than and

less than x, . ,

F ., of unit size in the resultant direction of the attraction force
F

rand

the mobile platform is subjected to the force
F, . along the target point, the attraction force £, of random
points and the attraction force £, of obstacles, then the value

of x,., 1is

F _+F

rand att

F _+F

rand att

)

(Fgoal+
=X +v

J *
near step
||F goal +

resl

+ Vstep ’

Xpew = (14)

near

(3) When the distance is greater than x, . and less than

xupper
2
of unit size in the resultant direction of the attraction

F,

raj

F, then the

att 2

xlower

, the mobile platform is subjected to the force

F

res2

force F,, along the target point, the attraction force £, of
random points and the obstacle's repulsive force

value of x,_ is

F_ .+

rand

F,)

F_ +F

rand rep

(Fgoal +
+v

+V, step : ‘

step !

(15)

new — “near res2 = Fnear

F goal +

In the field of x,

cost, and then replace x

calculate the distance the mobile platform is from the obstacle,
and determine whether it is a safe distance. If it is not,
continue to find the next parent node, and if there is no parent
node conforming to the safe distance, abandon x,  and

rebuild.

find the node x,,, with shorter path

with x, , to connect with x,

new 2

B. Collision detection

This section mainly introduces the collision detection
method of mobile platform. In this paper, OpenGJK fast
detection algorithm!'3] is adopted to detect obstacle collision,
so as to achieve faster and more accurate collision detection.
OpenGJK fast detection algorithm can calculate the distance
between two convex polyhedra, approximate the mobile
platform and obstacles as convex polyhedra, for the cylinder,
can calculate the distance from the mobile platform to the
obstacle and the central axis of the cylinder, minus the radius
of the cylinder is the distance from the surface of the cylinder.
For a mobile platform, to ensure a safe distance from the
obstacle on the path from x to x it is necessary to

start goal *
determine whether the swept body of the mobile platform can
maintain a safe distance from the obstacle between two nodes.
The convex hull algorithm is used to determine the swept
body of the mobile platform. As illustrated in Fig. 3, it is the
schematic diagram of collision between the swept body of the
mobile platform and the obstacle and maintaining a safe

distance.
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Mobile platform

Moving platform sweep

Obstacle

(a) Collision

Mobile platform

Moving platform sweep

(b) No collision

Fig. 3. Schematic diagram of collision between mobile platform and obstacle

C. Path post-processing

After the collision-free path of the mobile platform is
obtained, it goes through a post-processing process. The
skimmed body is generated from the initial point and
subsequent path points in turn, and the safe distance between
the skimmed body and the mobile platform is judged until the
initial point is connected to the farthest path point conforming
to the safe distance, and the middle path point is abandoned.
With the farthest path point conforming to the safety distance
as the initial point, repeat the above steps until the connection
to the target point, and complete the post-processing of the
resulting path. As illustrated in Fig. 4, this process can
effectively reduce the number of path points and obtain a
simpler collision-free path.

Feasible path
Initial path

Post processing path
Infeasible path P ep —

X,

oal
R Nstart B
xs(an gox

Obstacle Obstacle

(a) Post processing diagram (b) Final optimization path

Fig. 4. Schematic diagram of path post-processing process

IV. RECONFIGURATION STRATEGY OF CABLE-DRIVEN
PARALLEL ROBOT

The collision-free path of the mobile platform has been
obtained in the previous section. The path of the mobile
platform from x_, to x,, is discretized into »n path points,

start goal

expressed as



X

>V goal

] (16)
Since the cable can only be pulled and cannot be pushed,
the lower limit of tension 7, should be greater than zero,

and the upper limit of tension should be restricted by the
motor's maximum torque. The working space of a CDPR is
usually irregular and limited by tension boundaries. Therefore,
when a mobile platform performs a task, the path may include
points that are not in the workspace, and the mobile platform
cannot safely reach the path point without changing the
location of anchor points. Another problem is that in the
process of moving the platform to some necessary positions,
obstacles may interfere with the cable, causing serious
consequences. Therefore, it should be ensured that the
distance between the swept body of the cable and the obstacle
during the movement is exceeds the minimum safe distance
D, and the cable anchor points' positions should be

min

x :[xstm’xlﬂxz""

changed to avoid the interference caused by the obstacle to the
cable. As illustrated in Fig. 5, the collision between the swept
body of the cable and the obstacle and the safe distance are
respectively schematic diagrams.

Cable Sweeps

Cable Anchor
" Cable

Mobile Platfor

Obstacle

(a) Collision

Cable Sweeps

Cable Anchor Cable

Mobile Platfo

Obstacle

(b) No collision

Fig. 5. Schematic diagram of collision between a cable sweep and an
obstacle

In this section, Particle Swarm Optimization (PSO)
algorithm is used to calculate the optimal position of each
anchor point in the configurable region while maintaining the
collision free path of the mobile platform. To obtain a suitable
refactoring solution, we consider two objectives. The first
objective is to minimize the total cable tensions, as this metric
is closely linked to the reconfigurable CDPR's power
consumption. Maximizing the stiffness of the reconfigurable
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CDPR is the second objective. Therefore, the objective
function is written as

3T

i=1

F(T,K)=min an
]
The constraint is set to:
Tmin < T < Tmax
Dmin < D
Ximin <Xi <Ximax (18)
Yimin < Yl < Y;max
JT =W,

T

min

lower and upper limits. D and D

min

and T

max

respectively represent the cable tension's
are the distance and
lower limit of distance of cable and obstacle respectively. X,
X and X

i e are the X coordinates, lower and upper
limits of X coordinates of the ith anchor point in O - XYZ ,
respectively. Y, , Y, . and Y, are respectively the Y
coordinate, lower and upper limits of ¥ coordinates of the ith
anchor point in O — XYZ . The aforementioned reconstruction
problems are resolved using the PSO algorithm, whose

computation procedure is illustrated in Fig 6.

4*‘ Construct the sum function of cable force

|

‘ The stiffness function is constructed |

|

Construct objective function ‘

|

Set constraint parameter: Ty, Taer Dins
JI=W.: Xigm: ¥, Y,

XEBIXI imins 4 imax

The optimal configuration is determined by ‘
particle swarm optimizati

i >

N

| Get n waypoints from the path planning ‘

—

Set constraint parameter: Ty, Loaes |
Doas JTH,

Construct a rope sweep from point i to
pointit]

| Calculate the distance D between the
rope sweep and the obstacle

N |

Fig. 6. Reconstruction algorithm diagram

Reconfigurable CDPR can be considered as a collection of
CDPRs with different configuration of anchor points, which
will increase the working space of the robot to a certain extent.
The algorithm will calculate in advance whether the next path
point satisfies the cable tension's upper and lower limits , and
whether the distance from cables to the obstacle during the
movement to the next point is greater than the specified safety
distance. If both meet the requirements, the reconstruction will
not be triggered. If one item does not meet the requirements,
the reconstruction will be triggered, and cable anchor points



will be reconfigured before the mobile platform starts to run to
the next path point.

V. SIMULATION EXPERIMENT

Simulation is performed to assess the proposed path
planning algorithm's performance and reconstruction method.
The fixed frame of the CDPR is a cuboid frame with a size of
2m, 1.5m and 1.8m, and the mobile platform is a cube with a
size of 0.2m, 0.2m and 0.1m and a weight of 1kg. The anchor
points' original positions are set at the corners of the fixed
frame, and the first anchor point's reachable position is

X, [O, 0.95] , Y[0,0.7] , the second anchor point's
reachable position is X, [1.05, 2] s YZ[O, 0.7] , the third
anchor point's reachable position is X, [1.05, 2], ¥,{0.8, 1.5],
the fourth anchor point's reachable position is X, [0, 0.95] ,
Y,[0.8, 1.5] , The minimum and maximum permissible cable
tension is established at 1V and 300N,respectively.

In order to prove the proposed path planning algorithm's
efficacy, the obstacle in the environment is modeled as a
cylinder with a radius of 0.25m and a length of 1m, with the
two endpoints of the central axis of the cylinder located at

(0.5, 0.75, 0.5) and (1.5, 0.75, 0.5), the safe distance from
the mobile platform to the obstacle is set within the range of
0.01m to 0.02m.

Firstly, the proposed RRT*-APF hybrid algorithm is used
to obtain the desired approach optimal path from the starting
point  x, [1.4,0.75 1.32] to the target point

X g [1.4, 1.115, 1]
obstacles. Fig. 7a and Fig. 7b show the collision-free path and

the post-processed path from x,, to x,, respectively. The

in an environment with cylindrical

post-processing algorithm successfully reduces the number of
path points from 32 to 7. Fig 8a and Fig 8b respectively show
the distance from the mobile platform to the obstacle in the

path from x,, to x,, before post-processing and after post-

processing. The red line is the set safe distance interval. It can
be seen from the figure that the mobile platform is within the
safe distance interval during the whole path process.

18
16+
1.4

12

05
y-m

(a) Collision-free path (b) Post-processed collision free path

Fig. 7. Simulated environmental result
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Fig. 8. Distance between the mobile platform and the obstacle

Regarding cables, when the sixth path point is reached by
the mobile platform, cables 1 and 2 will collide with the
obstacle. Reconstruction begins when the mobile platform
reaches the fifth path point. After the reconstruction of cable
anchor points is completed, the mobile platform will continue
to move the remaining path points until the target point is
reached. Fig. 9a and Fig. 9b respectively show the positions of
cord points before and after reconstruction. Fig. 10 shows the
distance from the four cables to the obstacle in the path

from x,, to x and the red line is the set safe distance

goal

threshold. It can be seen from the figure that the four cables
are all at a safe distance during the whole path process.

05
y-m

(a) Initial structure (b) Reconfigured structure

Fig. 9. Reconstruction result
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Fig. 10. Distance between cable and obstacle
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In this paper, a RRT*-APF hybrid path planning algorithm
is proposed for reconfigurable CDPR. By guiding the
generation of random tree nodes by APF, from the starting
point to the destination, determine the best viable path that
avoids collisions. For the path points where obstacles will
interfere with cables, the optimal configuration of maximizing
the robot stiffness and minimizing the sum of cable tensions is

selected based on the cable tensions and distance detection.
The obstacle avoidance of the cable is realized by adjusting
the anchor point positions. The proposed path planning
algorithm's effectiveness is confirmed through simulation
experiments.

CONCLUSION
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