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complex environments. To address these challenges, an innovative multi-spherical
robot formation system based on the XK-I spherical robot platform, which is
optimized for detecting nuclear leaks, is proposed in this paper. Firstly, this paper
introduces an affine formation control algorithm, which supports formation
maintenance, transformation, and scaling. Subsequently, an improved RRT* path
planning algorithm is proposed, which ensures formation reliable path planning.
These capabilities enable the multi-spherical robot system to autonomously inspect
and detect nuclear power plant environments. Finally, based on theoretical analysis
and calculations, a series of experiments are conducted to assess the ability of
performing precise formation movements in nuclear power plants. The
experimental results demonstrate that the multi-spherical robot control system can
efficiently detect nuclear radioactive source leakage and achieve different
formation motions accurately.
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1. Introduction

The rapid development of nuclear energy, as an important part of the global energy mix, has placed higher
demands on the safety of nuclear power plants. Nuclear leakage, whether triggered by equipment failure, natural
disasters or human errors, may pose a serious threat to the environment and human health. Therefore, it is of great
significance to develop an efficient and reliable nuclear leakage detection system.

In recent years, research on multi-robot systems has gained increasing attention and significance [1-3]. Multi-
robot systems demonstrate flexible organizational structures, robust collaborative operation abilities, and high
operational efficiency. Therefore, this paper proposes an innovative multi-spherical robot formation system based
on XK-I spherical robot [4]. Compared to traditional wheeled, footed and drone-based nuclear operations robots,
the greatest advantage of spherical robots applied in radiation source environment lies in that its special spherical
shell can effectively disperse the external impact and radiation energy, so that the direct radiation impact on the
internal electronic components and sensors is minimized. In addition, after the operation in the radiation source
environment, the spherical shell makes it easy to decontaminate the radioactive source substances. Moreover, for
nuclear power plants of different safety levels, the operation requirements can be realized by simply replacing the
anti-radiation spherical shells of different levels. Considering the communication constraints among robots, we
introduced graph theory concepts, enabling robots to achieve formation control by only communicating with their
neighboring nodes.
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Formation control is an important research component of time-varying formation control. It can be divided
into the leader-follower method, virtual structure method, behavior-based method, consensus-based method, APF
method and event-triggered method [5—10]. In recent years, distributed formation control methods based on graph
theory have been widely studied. Dong et al. [11] investigated the formation control problem under switching
interaction topologies. Lin et al. [12] introduced the stress matrix into the control of multi-robot systems, thereby
forming affine formations. Zhao et al. [13] extended affine formations to arbitrary dimensional spaces and thus
designed control laws. Building upon the affine theory, this study further explores the application of affine
geometry in the formation control of spherical robots.

Reliable path planning algorithms are also essential for multi-robot systems. It can be classified into local
path planning, heuristic search, intelligent search and sampling-based search. In this paper, we focus on enhancing
the RRT*, which is a widely used sampling-based search algorithm.

The Rapidly-exploring Random Tree (RRT) was first introduced by Steven et al. [14] in 1998. RRT generates
a tree structure through random sampling, avoids obstacles, and finds a path from the start to the goal. RRT does
not need to model the planning space, but it has certain limitations, such as difficulty in identifying the optimal
feasible path, high randomness, and low computational efficiency. To address these issues, researchers have
proposed various improvements. Steven et al. [15] introduced the RRT* to optimize the feasibility of the path.
Kuffner et al. [16] proposed the RRT-Connect algorithm to improve search efficiency. Additionally, Urmson et
al. [17] proposed a target-biased RRT algorithm to reduce randomness. Building upon the goal-biasing approach,
we incorporated this strategy into the RRT* algorithm to reduce path searching time. Furthermore, in complex
environments with multiple robots and obstacles, the conventional RRT* algorithm only generates the shortest
path without considering collision issues between the entire formation and obstacles. Thus, we introduced the
artificial potential field concept to improve the RRT* algorithm, making it more suitable for the multi-robot multi-
obstacle scenarios presented in this paper.

Based on the above analysis, this paper designs an affine transformation strategy and path planning algorithm
in complex obstacle environments. Therefore, the main research contents of this paper are as follows:

(1) A multi-spherical robotic formation system for radioactive source detection is proposed, considering the
complex environment of radioactive sources. In the event of a nuclear accident or other radioactive source
leakage, such systems can be used to quickly monitor and assess the level of environmental contamination
and enhance the efficiency of emergency response.

(2) This paper implements a multi-robot formation control algorithm considering the limitation of the
communication range, and the robot only communicates with neighbouring robots.

(3) This paper introduces APF into the goal-biased RRT* path planning algorithm for multi-robot multi-obstacle
environments, enabling the generation of reliable and effective formation traveling paths in such scenarios.

The paper is organised as follows. Section 2 introduces the kinematics model of spherical robots and the affine
formation control strategy of multi-spherical robot system; Section 3 introduces the improved RRT* path planning
algorithm; Section 4 introduces the experiments and results; The conclusion and future work are given in Section 5.

2. System Design

2.1. XK-I Spherical Robot Kinematics Model Analysis

The spherical robot structure studied in this paper consists of a spherical shell, a rectangular beam frame, a
gravity pendulum, a vision system, and a control system circuit board. In addition, we integrate the radiation
monitoring module MR-10-] to obtain the nuclear radiation dose information in real time and judge whether there
is a risk of nuclear radiation leakage or not.

According to the structure of the spherical robot, the model is established to describe the movement mode of
the spherical robot, the specific structure and coordinate system of XK-I spherical robot is shown in Figure 1 [4].

In the spherical robot coordinate system, (¢,B,y) is the X-Y-Z Euler angle. >{0,, X, Y, Z,} and
>{0,,X,,Y;,Z,} represent the inertial coordinate system fixed to the ground and the self-coordinate system of the
geometric center of the sphere, respectively. R is the radius of the spherical robot, (X, Y:) represents the position
coordinates of the spherical robot under the ground inertial coordinate system. Then the pose matrix q =
[Xc, Yo, ¥, B, @] can be established. Suppose that the spherical robot rolls without sliding during the movement,
the following constraint equation can be obtained according to the contact point between the spherical robot and
the ground.
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Figure 1. Structure and coordinate system of XK-I spherical robot.

2.2. Affine Formation Control Strategy for Multi-Spherical Robots

Affine transformation is widely used in the field of two-dimensional planar images, which is the superposition
of linear transformation and translation transformation. For a multi-spherical robot formation, it can be regarded
as a two-dimensional planar formation control. By introducing affine transformation, the state set of the multi-
spherical robot network can be associated with the target configuration through an affine transformation, so that
the time-varying formation can be described by an affine-equivalent formation. The changes of the nominal
formation through affine transformation are shown in Figure 2, where (a) represents the nominal formation, (b)
indicates the formation after the nominal formation is scaled, (¢) is the formation after (b) is rotated, and (d) and
(e) respectively stand for the formations after affine compression and rotation.

(a)Nominal (b) Scaling (c) Rotation

&

o=

o @ @@ em@ @

(e)Linear Formation (d)Affine Compression
Figure 2. Examples of an affine transformation of the nominal formation.

Basic knowledge: A multi-spherical robot formation can be regarded as the formation control in a two-
dimensional plane. We employ the stress matrix to design an undirected communication topology. Establish a
swarm system composed of n spherical robots in the two-dimensional space while the relationship between
spherical robots can be described by G = (V,E) which consists of an edge set £ €V XV and a vertex set V =
{1, ---,n}. The setting of edges and vertices composes the communication topology graph. Where V; represents
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robot i and the edge (i,j) € € indicates that robot i and robot j are neighbors and can realize information
interaction, which means (i,j) € € & (j,i) € £.

Denote (G,p) as the multi-spherical robot formation. Suppose that the first n; spherical robots are leaders
and the rest n =n —n,; robots are followers. V; = {1,---,n;} and Vy = V\V, are respectively the sets of
leaders and followers, and their real-time positions are recorded as p; = [plT PR pTTll]T, pr = [p,fl T ,pZ]T.

For the spherical robot formation (G,p), {w;;};jec is the stress weight on the edge (i,j) and w;; = wj;.
The structure of the stress matrix is determined by the topology graph and the value of the matrix is determined
by the formation shape. For any affine transformation of the swarm, its stress matrix remains unchanged. At the
same time, the equilibrium stress should satisfy e, w;; (p = pl-) = 0,i € V, and the equilibrium stress matrix
can be expressed as:

0, i#+j,0j)ecE
—wyj, i#+j,(,j)€e€E

o 3)
Z Wik, =]
KEN;

We take seven spherical robots as an example to design the formation control system and design the topology
graph of nominal formation for seven spherical robots as shown in Figure 3:

. Leader robot

[2];; =

Figure 3. Topology graph of nominal formation for seven spherical robots.

The time-varying formation form of the nominal formation under affine transformation is as follows:
p*(t) = [L, @ AD]r + 1, ® b(t) “

where A(t) € R?*?> and b(t) € R®> respectively represent the linear transformation and translation
transformation of the formation, and both are continuous of t while t is the parameter of time. p; =

T T . . . .
[pf, %] s = [Ph+1 - PR] s a constant configuration of the nominal formation. I, € R™™" and 1, €

R™are the identity matrix and vector with all entries equal to one, respectively. Then we quote the formation control
law of the time-varying leaders’ velocities under single-integrator agent dynamics [13] as follows.

. 1 . ,
pi=—— X wijli—p) —p;], i€V %)
yi JEN;

where y; = Xjen, ;j. As a result, we just need to plan the path of the leading robots and control the following
robots through the control law to realize the functions such as maintaining and transforming the formation.

3. Improved RRT* Algorithm for Path Planning

Initially, the Goal-Biased RRT* algorithm was employed in global path planning. However, experimental
findings reveal that, during the iteration of optimal paths, the generated paths frequently became too close to the
obstacles. Consequently, APF is introduced to ensure the safety of the formation, not merely the paths of the leader
robot.

The pseudocode of the improved RRT* algorithm is shown in Algorithm 1, where M and n are the known
static map and the number of iterations, respectively. g and ggoq represent the start and end points of the random
tree in the map, respectively. Initialisation of the search tree is the first step. Secondly, given a target bias
probability threshold pyesnois between 0 and 1, gyqnq is randomly generated on the map when p > puyesioid; Grand 18
equal to ggoar When 0 < p < pueshoia. The fifth step involves identifying the nearest node to g,.q in the tree, which
1S Gnearst- In steps 6 and 7, APF is employed to generate a new node (¢ew), and updating gne by extending it from
Gnearst tO gnew DY one stepsize. The eighth step in the process is to consider the extension of the tree in the absence
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of obstacles. Finally, reselection of parent nodes and resampling operations are performed in steps 9 and 10,
respectively.

Algorithm 1 Improved RRT* Algorithm

IIIPUt: M, 4 starts 4goal
Result: A path from g t0 Geoar

1. Tree « Initializetree(),
2. Tree « InsertNode(D, Gsiar, Tree);
3. Fori=0tondo
4 1](}7 > Dihreshold then

qrand <— Sample(jw);

else

qrand = qgoal;

end

3. nearest < Nearest(Tree, qrand);
6. Gnew (_APaneWPOint(qmndy nearest Obstacle);
7. new < Exz‘end(qnearest; Gnew St€pSiZ€)
8. HObStaClefree(qnearest; qnew) then

InsertNode(Tree, quev)
InSertedge(qnearest; qnew)
9, Orear < Near neighbors(Tree, Guew, 1)
If Obstaclefree(Qnear, Gnew) then
Gmin — Chooseparent(Quear, Gnew)
InSthEdge(qnearest, Qmin)

10. Tree < Review(T, Guear, Gmin, Tree)
11. End if

12. End for

End Tree

The concept of obstacle repulsion in APF is introduced into the RRT* algorithm to guide the local random

tree to grow away from obstacles. The schematic diagram is shown in Figure 4. In this study, the gravitational
force function of gua and the repulsive force function of obstacles are denoted as Ugee(x) and Upep(x),

respectively. The generation of g, is based on F(x), which can be expressed as Equation (6).

¢.

G new _,""qgaul/qrund

9rand’

Urep (x Uatt (x)

qnea rest

Obstacle

p start

Figure 4. Schematic diagram of the APF for generating qnew.

F(x) = Uatt(x) + Urep (X) 6)

Xrand — Xnearest

Ugee () = p X kg X
att( ) P att |xrand - xnearestl (7)
0,d(x) >R
Urep x) = ( 1 1) 1 Xopstacte = Xnearest ®)
k -= ,d(x) <R
rep d(x) R d(x)3 |xobstacle - xnearestl ( )
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As illustrated in Equations 7 and 8, Ugt(x) and U,ep(x) are shown respectively. The step size is denoted
by p, whilst k,;. and k,, represent the respective values of the gravitational coefficient and the coefficient of
repulsion of the obstacle. The position vectors of grund and guearse are indicated by X_rand X, nqgand Xpeqrest
respectively. The distance from the obstacle to guesrs: is denoted by d(x). R is the maximum range at which the
obstacle affects the spherical robot, and x,,s¢qcie 1S the position vector of the obstacle.

4. Experiments

To illustrate the feasibility of the proposed improved RRT* algorithm and the formation control system,
MATLAB is used to build the simulation environment. A simulation map (100 x 100) was created. The step size
is 3, the maximum number of iterations is 1000, and each group of experiments is run 50 times to obtain the mean
value. The starting point (1,1) and the goal point (100,100) are marked in pink and green, respectively.

To determine the value of puyesnois, We conducted comparative experiments with different pyesiors value (0.1,
0.2, ...,0.5), and the results are shown in Table 1. The experimental results indicate that when the pyyesnois increases
from 0.1 to 0.3, it can accelerate the map exploration rate. However, when the pyesnois increases from 0.3 to 0.5,
an excessively high puresnos may cause the generated tree to be formed inside obstacles, leading to wasted
exploration and consequently prolonged exploration time. Finally, we determined that 0.3 was adopted as the value
of Punreshold.

Table 1. Performance comparison results of different pureshota.

Pthreshold 0.1 0.2 0.3 0.4 0.5
Average experiment time(s) 1.331 0.985 0.7270 0.7598 0.7903
Average path length 165.682 168.176 164.859 166.304 165.063
Average iteration 295.660 245.880 213.060 262.540 290.900

To verify the reliability of the improved RRT* algorithm after introducing APF, we conducted comparative
experiments before and after the introduction, as shown in Figure 5, which shows that the improved RRT*
algorithm with APF can maintain a better distance from obstacles, thereby ensuring the safety of the entire
formation. This thus proves both the feasibility and necessity of introducing APF method.

100 T T T T T T T 100

90 - 90 -

80 - B 80

70 - B 70 -

60 | 1 60 -

50 | 1 50

40t B 40t

30} 1 30

20 1 20

10t 1 10

0 10 20 30 40 50 60 70 8 90 100 0 10 20 30 40 5 60 70 8 90 100
(a) Goal-based RRT*Algorithm (b) Improved RRT* Algorithm

Figure 5. Comparison of experimental results before and after the addition of APF.

To verify the proposed formation control system, a 100m*100m simulation environment was constructed to

model a simplified nuclear power plant. The starting coordinates of the seven spherical robots are:
[52.56.5 1605
5352525110
Several obstacles were added, and a linear segment path was manually set considering the specificity of the

passage. The original parameters were retained for path planning. It is evident that the RRT* algorithm generates
paths that are connected by line segments, which can cause large motion errors and increase energy loss. So we
employ the Bézier curve to smooth the paths, thus reducing the motion errors. The final planned global route is
shown in Figure 6.

], the starting point and goal point of the leader robot are (5, 5) and (95, 95), respectively.
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y(m)
y(m)

0 10 20 30 40 50 60 70 8 90 100 0 10 20 30 40 5 60 70 8 90 100
x(m) x(m)
(a) Global path planned by improved RRT* algorithm (b) Global path after Bézier curve optimisation

Figure 6. Experimental Results of Path Planning.

To verify the feasibility of radiation source detection, a simulated radiation source following a Poisson
distribution is added at the target location to construct a radiation field. The formation obstacle avoidance
simulation trajectory is shown in Figure 7. The corresponding tracking error, as well as the time-varying velocity
in the X-axis and Y-axis, are shown in Figures 8—10, respectively.

100

Obstacle
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1295 1325 1009 132
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Figure 7. Simulation diagram of formation trajectory.
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Figure 8. Tracking position error.
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Figure 9. Time-varying velocity in the X-axis.
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Figure 10. Time-varying velocity in the Y-axis.

Just as demonstrated in Figure 7, the multi-spherical robot formation starts at random positions, moves along
the planned path, bypasses obstacles and ultimately reaches the destination. Additionally, it can display the
detected radiation dose in real-time.

Figure 8 demonstrates the overall formation tracking error, showing three fluctuations. The first occurred at
0-10 s: since the robots’ initial positions were randomly assigned, which required time to converge to the
formation. The second and third fluctuations occurred at 68—80 s and 120—140 s, respectively, both triggered by
simultaneous sharp turns and formation scaling/expansion. Additionally, the lack of formation speed constraints
during movement exacerbated these three tracking errors—note that these errors were not caused by the algorithm
itself or simulation setup. Mitigation strategies include: reducing sharp turns in the planned path, and limiting
formation speed during turns or formation changes to minimize tracking errors. As demonstrated in Figures 9 and
10, the velocity of spherical robots exhibits no substantial fluctuations along the X-axis and Y-axis.

5. Conclusions and Future Work

This paper has presented a multi-spherical robot control system for the detection of nuclear radiation source
leakage in nuclear power plants. The system has two main functions: decision-making and execution capabilities.
An affine formation control method based on graph theory and stress matrices is proposed, which enables the
formation to perform scaling, rotation, and shearing transformations in a two-dimensional plane. Each spherical
robot can independently determine its actions based solely on the information from its neighbouring nodes. The
improved RRT* algorithm generates reliable paths by utilizing environmental information. The formation system
can follow the planned route and bypass obstacles, such as narrow passages and ultimately reach the target point.
Additionally, the system provides real-time detection data of radiation dose, effectively fulfilling the detection
tasks, and the collected data can serve as experimental support for radiation source estimation and related research.

Future work will focus on transferring the system from a simulated environment to real-world nuclear
radiation source detection scenarios. To address this, we will formulate local path planning strategies to cope with
possible dynamic obstacles and propose a radiation source positioning method during movement, to achieve
precise identification and localization of radiation sources. Other potential issues include but are not limited to
sensor accuracy, communication delay, and battery life. For sensor accuracy issues, we can improve the
positioning effect when sensor accuracy is insufficient by fusing multi-sensor data through Kalman filtering in a
multi-robot collaborative manner. For communication delays, we can initially solve the problem by strengthening
the radiation hardening of semiconductor components to ensure that robots can operate longer in radiation
environments. For the robot battery life issue, an adaptive sleep mechanism will be proposed to reduce the
sampling frequency in low-radiation areas, thereby reducing the power consumption of sensors.
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