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Abstract

This study designed planar path planning algorithm for mobile robots based on Cellular Automata (CA).
The construction of the algorithm was expounded including the cellular space, cellular states,
neighborhood and evolutionary rule. The distance from each free cell to the target point was generated
through the evolution of CA. Then, the negative gradient tracking mechanism was introduced to
generate the global optimal path based on the cellular state values. To enhance real-time performance,
the time complexity of the algorithm was reduced by stack-based cellular states updating strategy.
Verified by experiments on the Matlab simulation and physical robots, this algorithm demonstrates a
stable ability to generate the shortest path in complex obstacle environments.
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1 Introduction

Path planning in dynamic environments faces huge challenges, especially in terms of meeting the
requirements of environmental constraints and kinematics performance. Mobile robot path planning
refers to the design of the safely collision-free path with shortest distance and least time-consuming from
the starting point to the end point by a mobile robot autonomously [1]. Generally speaking, the path
planning can be divided into two categories: the global path planning and the local path planning,
according to whether all the information of the environment is accessible or not [2]. Nowadays, bio-
inspired techniques had been successfully applied to robot's path planning problems. Among these
technologies, CA models provide effective means for guiding robots through static and dynamic
environments, adeptly navigating obstacles to reach desired destinations [3].

CA is a dynamic system composed of discrete finite cells, which evolves in discrete time according to
the same evolutionary rules, so as to simulate the behaviors of complex systems. When the global
environment is known, CA can be used for global shortest path planning of mobile robot. The CA
consists of four parts: cellular space, cellular states, neighbors and evolutionary rules. The mathematical
form of standard CA is a quadruple:

A=(Ld, S, N, f) (1)

Where, A represents a CA model; Ld represents a d-dimensional cellular space, d € Z+; S is a finite
set of discrete states of a cell; N represents the neighbors associated to the central cell; f is the
evolutionary rules between the central cell and its neighbors.

These years, some representative studies had emerged on the path planning by using CA [4-11]. Zeng
M, et al [4] proposed a kind of the path planning algorithm based on CA. Accordingly, a cellular state
evolution rule was designed, and the optimal path search method was determined according to the
evolution of cellular state. Syed UA, et al [5] proposed an efficient path-planning scheme based on CA
that generates optimal paths in the minimum time, and performance comparisons with A*, Dijkstra, D*
and MPCNN have proven it to be time-efficient. Santoso J, et al [6] proposed a new approach to path
planning for mobile robots with cellular automata and cellular learning automata, and divided the path
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planning into two stages, namely the global path planning based on CA and the local path planning
based on cellular learning automata. Sedreh Z, et al [7] presented a method for solving robot routing
problem using CA and genetic algorithm(GA). In this method, the working space model and the
objective function calculation are defined by CA, and the generation of initial responses and acceptable
responses is done using the GA. Li W, et al [8] analysed the picking performance of a robotic mobile
fulfillment system (RMFS) and proposed a Simulation Framework of RMFS based on Cellular
Automata (SFRMFSCA). Duan Y, et al [9] proposed the Cellular Automata Slime Mold Algorithm
(CASMA), which enhanced slime mold algorithm accelerates convergence speed and improves search
accuracy. Zhu F [10] studied the problem of full coverage path planning for mobile robots based on
Biological Inspired Neural Network Cellular Automata (BINN-CA) system. The BINN algorithm is
used for full coverage path planning, and the escape mechanism when the robot falls into the dead zone
is designed based on CA. Our team [11] had previously utilized CA to plan the obstacle avoidance path
for mobile robots and achieved good results. The above-mentioned researches theoretically confirmed
the feasibility of using CA algorithm for path planning of mobile robots. However, due to the lack of
research on reducing the time complexity of the algorithm, the proposed algorithm was rather time-
consuming to calculate when applied in engineering practice.

The novelty of this study lies in the proposal of a universal method for generating the shortest path of
mobile robots using CA in any environment, and the presentation of a stack-based cells states update
strategy to reduce the time complexity of the algorithm. In the following parts, we will use CA to carry
out global path planning for mobile robot, and elaborate its principle in essence.

2 Design of Cellular Automata

2.1  Cellular Space

Creating a rectangle space L2, which composited of m X n square cells. Row label are denoted by i (1
<i<m) and column label by j (1 <j <n), namely:

L2ZUS,.,j(i=1,---,m;j=l,---,n) 2)

2.2 Cellular States

In the initial states of CA, each cell's state is defined as Table 1.

Table 1. The value of cellular state

Cellular state | Meaning
0 free cell
1 obstacle cell
2 starting cell
3 ending cell

2.3  Neighbors Definition

The neighbors definition of two-dimensional CA is more complex, including Von. Neumann type,
Moore type and other forms [12]. Since the mobile robot can move in any directions, Moore type
neighbors are adopted. As shown in Fig. 1, Moore type neighbors for central cell Si,j is defined as:

Nmoore (Si,j): {Si—l,j—l > Si—l,j > Si—l,j+l’ Si,j—l’

S S S S ®

i, j+12 ~i41, -1 M+, 2 Mi4l, j+1
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Fig. 1. Planar Moore type neighbors for cell S;;

2.4  Evolutionary Rules

The evolutionary rules of cell Si,j can be defined as:

Sit,;l = f[Sit,jaNmoore (Sit,j )]: f(Sit—l,j—lﬁ Sit—l,ja
S! AP A A S, S

i—1,j4+1° =0, j-12 0,7 Mi, j+1° M+l j-1° i+l j > i+l j+1

“

To mark the relative distance from each cell to the ending cell, the evolution rules of the cellular state
is designed as:

When the value of current cell is 0: finding a cell among current cell's neighbors, and this founded
cell has the smallest value in all the neighbors whose value is greater than or equal to 3. Then set the
value of current cell equal to the value of this founded cell plus 1 or 1.4. Specifically, the diagonal
neighbor plus by 1.4, and the non-diagonal neighbor plus by 1 to represent the cost of the relative
position moving.

When the value of current cell is not 0: keeping the value of current cell unchanged.

Based on the above rules, the evolutionary example of a CA is shown in Fig. 2.

Ojof1]OjO|0O]0]|O 0|01 ]0]0O|0]0]|O
0101 1 1 11701]0 0101 1 1 1101]0
0j]0]j]0|101010O0]O 0{0[O0O]JO]O|0O]0]|O
0j0[O0O]OJO|O0O]0O]|O 0100|000 |44] 4
oOojofo0ojOjO]|]O0O]O0O]|3 0100000 4]3
(a) Initial setting states (¢ = 0) (b) States after first-step evolution (¢ =1)

010 (110]01|78|74|7 161121 1 198887874 7
0101 1 1 1 64| 6 11211021 1 | 1 1 1 |64] 6
0100 (78]68|58|54|5 108/9.8|8.8(78|6.8|58(54]| 5
0100 ([74]64]|54|44)| 4 1041941847464 (54|44| 4
0|00 7|6 |5]|4]3 109|876 |5|4]3
(c) States after fourth-step evolution (= 4) (d) States after seventh-step evolution (¢ =7)

Fig. 2. The evolutionary example of a CA

3 Generation of Path

CA model is evolved according to above rules until all cell values are not zero. Based on the state of
the cells, it is easy to search for the shortest path by using the greedy strategy. The shortest path from the
starting point to the ending point is planned according to the idea of the negative gradient. The negative
gradient direction is the direction where the function decreases fastest, and the shortest path can be
obtained as long as the mobile robot moves along the negative gradient direction. The negative gradient
in two-dimensional space is generally presented as:



Innovative Applications of Al
Vol.2 Issue 3(2025)

- grad glx, y)=-Ve(v,)=-Zi- B )
ox Oy
The specific method is that taking the starting cell as the robot's first position, and then finding a cell
among neighbors of current cell as the next position, and requires that this founded cell has the smallest
value among all the neighbors with a value greater than 2. Repeating the above process until the robot
reaches the ending point. The mathematical expression for finding the next position [, j]T based on the
current position [i’, j]7 is as follows:

[i’ ]]T =arg min Nmoore (Si' j')
i " (0)
s.t. NS5 )> 2

The optimum path is obtained by connecting the adjacent points passed by the robot with a straight
line. The flowchart of generating the shortest path is shown in Fig. 3.

Initialization

Current cell value is compared with
the cell values of 8 neighbors to find
the minimum value greater than 2

'

I The robot moves to the new point I

Reach the
ending point?
Yes

The optimum path is obtained by
connecting the points passed by the
robot with a straight line

Fig. 3. Flowchart for generating the shortest path

\

Sometimes, the phenomenon of passing across obstacles occurs as Fig. 4(a). The solution is to
artificially fill the diagonal paired free cells in advance as Fig. 4(b).

(a) passing across obstacles  (b) after filling the diagonal paired free cells

Fig. 4. The phenomenon of passing across obstacles and pretreatment strategy

The search algorithm of the diagonal paired free cells is shown in Fig. 5. Creating a 2x2 sliding
window that starts the search from the top left corner until it reaches the bottom right corner. The window
moves one grid at a time, and when a row is completed searched, the window moves down one row and
continues searching the next row. When the diagonal paired free cells are found, setting their state values
to 1. After the above pretreatment, the phenomenon of passing across the obstacles will no longer occur.

—61 —
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Fig. 5. The search algorithm for the diagonal paired free cells

4 Reduction of Time Complexity

Generally speaking, CA algorithm needs to go through multiple rounds of iterations to reach a stable
state. In each evolution, the computational load for updating the cellular states is relatively large.
Especially in large-scale high-resolution simulations, the computational load increases exponentially.
The time complexity of our planar path planning algorithm based on CA is:

T(n) = O(k X ¢ X t) (7

Where, T represents the time complexity of the algorithm; k represents the number of neighbors of a
cell; ¢ represents the total number of free cells; t represents the iteration times of CA.

Although our previous research had achieved CA-based path planning [11], but the time complexity of
the algorithm is relatively high, which restricted the engineering application of the algorithm. The
complexity of the algorithm mainly stems from the repetitive calculation of cellular states. To avoid this
situation, the data structure of three segments stack was applied. Specifically, the stack was divided into
three segments, which stored zero cells with changed neighbor, zero cells with unchanged neighbor, and
non-zero cells, respectively. Schematic diagram of cell popping and pushing into the stack is shown in
Fig. 6.

SHI = f(S/’ Nr’noore)
push

7 7
. N

pop
zero cells with
ifSi1=0 changed neighbor
NITITOIOTE ¢ NL’IIOOFE
zero cells with
unchanged neighbors

ifS"1=0 -

Nr[nJrolore = NI{HOOTE -
non-zero cells

if S Z£ 0
T stack

Fig. 6. Schematic diagram of cell popping and pushing onto the stack
For each evolutionary step, a cell is poped from the top of the stack for calculation, and the position

where the cell is pushed into the stack is determined based on the calculation result. The flowchart of
above process is shown in Fig. 7.
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Fig. 7. Flowchart of stack-based cellular states calculation

Here, three situations will be considered. If the state of the cell is non-zero after calculation, it is
pushed at the bottom of the stack. If the state of the cell is zero and neighbor changed after the
calculation, it is pushed at the bottom of the top segment of the stack; If the state of the cell is zero and
neighbor unchanged after the calculation, it is pushed at the bottom of the middle segment of the stack.
Repeating the above process until all cells' states in the stack are non-zero value.

By applying the above method, the time complexity of the algorithm becomes:

T(n) = O(kxc'xt) (3)

Where, ¢’ represents the total number of free cells with changed neighbor, ¢’ < c.

5 Simulation and Experimental Verification

As an example, an indoor environment with many rooms and corridors is defined arbitrarily, and its
aerial view is shown in Fig. 8. The simulation is carried out in a 50 X 50 square space. Each square grid is
greater than the minimum enveloping square of the robot's outline. The starting point of the robot is set at
the top-left cell (1, 1), and the ending point is set at the bottom-right cell (50, 50).

First of all, we pretreated the original grid map according to the aforementioned method to eliminate
the diagonal paired free cells. The original map and the processed map are respectively shown in Fig. 8(a)

5|-".-| T£4

(a) orlglnal map (b) map after pretreatment

Fig. 8. Grid map definition and pretreatment
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Generating a path involves two stages. For the first stage, based on the cellular evolutionary rule, CA
evolved from the initial states to the non-zero final states. For the second stage, the obstacles avoidance
path was generated by the idea of the negative gradient, and the found path is shown as the red line in Fig.
9. After comparison, we found that the path is basically consistent with the path planned using the
Dijkstra algorithm. Here, we assumed that the robot is moving grid by grid, so, the path consists of a
combination of horizontal lines, vertical lines, and 45° oblique lines. As a contrast, the physical
experiment is carried out by using real mobile robot to make it travel on the path planned by our CA
algorithm, and several on-site pictures is shown in Fig. 10.

2

=
T=

5 W 1 20 2 W % 4 & 5

Fig. 9. Planar path planned by the CA algorithm

Fig. 10. The experiment of mobile robot running on the path planned by the CA algorithm

It should be emphasized that the actual running path (red line in Fig. 10 of the mobile robot is obtained
by offsetting the theoretical path (green line in Fig. 9) based on the mobile robot's safety rotational radius.
From Fig. 9 and Fig. 10, we can see that the CA algorithm can get the shortest path when the global
environment is known, which shows that the CA algorithm has excellent ability of path planning.

6 Conclusions

This paper proposed a algorithm for planar path planning of mobile robots based on CA. The
contributions and innovations of this paper are as follows: (1) a square grid is used to disperse the two-
dimensional environmental space, and each grid corresponds to a cell, and free cell's state is presented as
the distance between free cell to the ending cell; (2) central cell's evolutionary rules based on its Moore
type neighbors' states is proposed, which made CA evolves from an initial states to non-zero final states;
(3) a pretreatment strategy is presented to avoid the phenomenon of passing across obstacles by
searching and filling the diagonal free paired cells; (4) By using a stack data structure to store cellular
states, only cells with a state of zero and its neighbor's states has changed are considered to calculated,
while non-zero cells are not recalculated, which significantly reducing the computational complexity of
our algorithm; (5) the idea of negative gradient is borrowed to decide where is the next position to move,
and the shortest path search algorithm is designed. Simulation and physical experiment showed that the

— 64—
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CA algorithm is suitable for the shortest path planning when the global environment is known, and has
the characteristics of simple arithmetic calculation, fast speed and high efficiency. In future work, we
will continue to study CA algorithms that integrate other intelligent algorithms and heuristic information
to achieve more intelligent and faster planar path planning.
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