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Abstract. With the development of artificial intelligence, intelligent cars have gradually appeared in
people's lives and brought many conveniences to people's lives and work. On the street, we can see
many busy figures of unmanned delivery cars; In some factories, smart cars shuttle back and forth
between product production processes for material distribution; In some hospitals, we can also find
that some smatrt cars replace medical staff to undertake the task of sending medicines and tests.
For intelligent cars, autonomous collision-free path planning and trajectory tracking of the planned
path are the most basic and core tasks of intelligent vehicles. The existing path planning algorithms
are mainly divided into search-based algorithms (Dijkstra, A*, etc.) and sample-based algorithms
(PRM, RRT, etc.), and different types of algorithms have good performance in their respective
applicable scenarios. However, these path planning algorithms all use the same simplification
assumption, that is, the intelligent car is regarded as a freely moving point or sphere in the path
planning task, and the driving experience in life tells us that the movement of the wheel-driven
intelligent car is constrained by the turning radius of the vehicle, so the path planned by the simplified
intelligent car for a point is often not suitable for the driving of the intelligent car in reality. Considering
this constraint, this project models the kinematics of the intelligent trolley with four-wheel steering,
and adds kinematic constraints to the path planning, so as to plan the path that conforms to the
kinematics model of the intelligent trolley. The path planning algorithm proposed in this topic will be
tested in ROS and Gazebo simulation environments, and compared with the traditional search-based
A* algorithm, the results of multiple scenarios verify the effectiveness of the algorithm. Finally, this
project summarizes and looks forward to this research, which has completed the construction of low-
cost physical intelligent vehicles, and plans to complete the verification of the real vehicle function
by combining the designed path planning algorithm with the real-time mapping and positioning
system of the car in the future.
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1. Introduction

The intelligent car is an unmanned car equipped with sensors that can perceive the environment,
interact with the environment, plan sports independently, avoid collisions and avoid obstacles. Due
to its high degree of intelligence, intelligent cars can bring many conveniences to people's lives. At
the moment of the epidemic, human transportation is extremely tight, and many takeaway delivery
and express logistics staff are sick and unable to quickly deliver the required items to families and
companies in need. In this environment, smart cars have great use, such as Meituan's unmanned
delivery car (see Figure 1(a)), which can quickly find the optimal delivery route according to the
present map and real-time road conditions, and give the required items to those people. In addition,
such trolleys can be mass-produced and do not require a break, which can continue to serve couriers.
The popularity of smart cars can also reduce the number of people-to-person encounters, thus
reducing the risk of virus transmission. Smart cars can also replace human patrols in cities and replace
police patrols with video recordings (see Figure 1(b)), providing more evidence to maintain social
order and punish those who break the law. In addition to being popularized and applied in cities, smart
cars can also be applied to rural agriculture after receiving certain mechanical transformation (see
Figure 1(c) Plant Protection Agricultural Machinery). During the rice harvest season, farmers must
harvest the rice before the rainy day, but they also need plenty of rest and no outside influence that
causes farmers to stop working. In this way, farmers will not only be overworked, but the efficiency
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of rice harvesting will also be low. But with the help of smart cars, the work that would have taken
several days can be done by robots in a day, saving a lot of manpower and time. In the industrial
sector, people still rely heavily on mineral resources such as coal and oil, but there are also certain
dangers in mining such mines. A sudden collapse can lead to many unimaginable consequences, but
with the help of unmanned exploration vehicles (see Figure 1(d)), the structure and shape of the mine
cave can be detected in advance, and the mining plan can be set in advance, reducing the risk of
surveyors being killed.

(c) (d)

Figure 1. A series of applications of intelligent trolleys: (a) Meituan unmanned delivery trolley, (b)
unmanned patrol police vehicle, (c) unmanned agricultural machinery, (d) unmanned detection
mining vehicle

Path planning is one of the contents of robot motion planning. Motion planning consists of path
planning and trajectory planning. The curve that connects the start and end points of the robot in the
environment is called the path, and the strategy of finding the path is called path planning. Path
planning has many uses in life, such as vehicle route planning based on GPS navigation system [1],
express logistics distribution route planning [2], and sweeping robot route planning [3]. The general
steps of path planning are as follows: First, according to the sensor data (lidar or camera, etc.) that
can perceive the environment, a model of the environment around the robot is made, and at the same
time, the environment model is rasterized to facilitate the robot to carry out path planning tasks.
Second, the optimal collision-free path is searched by a specified algorithm in the map of the
modelling environment. Third, with the help of the controller, the trolley can follow the path planned
by the algorithm as much as possible, and if there is a situation where it cannot follow or the
movement obstacle interferes, the path is replanned.

Depending on the planning strategy, path planning algorithms can be divided into two broad
categories: search-based methods and sampling-based methods. Search-based methods include graph
search methods [4], Dijkstra [5], and A* [6] algorithms. The most commonly used in graph search
are breadth-first search, depth-first search, and heuristic search (greedy algorithm). These kinds of
graph search algorithms have obvious defects, breadth-first search and depth-first search often need
to visit a large number of nodes to search for the target point, heuristic search can search for the target
point faster, but at the same time, there is a greater probability of falling into the local optimal value,
resulting in the inability to search the global optimal path. Dijkstra and A* algorithms combine
breadth-first search and heuristic search to jointly consider, under the premise of ensuring that the
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optimal path is searched, the efficiency of search is improved, but the path planned by Dijkstra and
A* algorithm has quite a lot of corners, the corners are generally polylines, the path is not smooth,
resulting in the robot turning at the inflection point is difficult, resulting in the robot tracking the path
when tracking the difficult tracking, easy to collide at the corner. Sampling-based methods include
probabilistic road map (PRM) [7] and fast random tree (RRT) [8] algorithms; The PRM algorithm
transforms the continuous space into a discrete space by adoption, and uses the graph search method
to search for paths in the discrete space to improve efficiency. Although in small scenes, a relatively
small number of sample points can cover most of the feasible space, when there are too few sample
points or the sample points are not evenly distributed, the PRM algorithm will not be able to get a
feasible path. Compared with the PRM algorithm, the RRT algorithm is simpler and more versatile,
the search process of the RRT algorithm is equivalent to a tree growing continuously from the
beginning and spreading around, until the tree spreads to the end, because the RRT algorithm adopts
a completely random process, the final path obtained is not optimal, and even very twisted and
winding. The methods summarized above each have certain defects, and the methods have a basic
assumption: "treat the car as a point and move freely in any direction”, and most of the intelligent
cars in life use wheeled steering geometric models.

In order to solve the technical problems of these path planning algorithms, this study will propose
to improve the A* algorithm, after adding kinematic constraints, the improved A* algorithm avoids
the shortcomings of the traditional A* algorithm with large turning angle and planning path close to
obstacles, while retaining the advantages of high search efficiency and planning success rate of A*
algorithm. In addition, the size of the robot itself is usually not considered in the trajectory search, so
there is a chance that the planned route will not collide but the collision will occur in the actual
situation due to the robot volume, so the improved A* algorithm also introduces the function of
obstacle expansion, so that the safety of path planning is guaranteed.

The remainder of the article is as follows: the second part introduces the software framework,
system platform, and implementation details of the improved A* algorithm for this study; The third
part introduces the simulation environment and experiments for testing and improving the A*
algorithm, and analyses the experimental results. Part IV summarizes the entire topic and provides an
overview of ongoing research for future extensions.

2. Methods

2.1. Formatting the title

In this project, a robot operating system (ROS) is used. With the rapid development and complexity
of the field of robotics, the need for code reuse and modularization is becoming increasingly strong,
and the existing open source system can no longer adapt well to the needs, and in 2010, Willow
Garage released the open source robot operating system ROS [9]. ROS provides the services
engineers expect from an operating system, including hardware abstraction, low-level device control,
implementation of common functions, messaging between processes, and package management. It
also provides tools and libraries to get, build, write, and run code on multiple computers. At the same
time, ROS supports a variety of programming languages. It is easy to communicate between Python
and C++ nodes, and C++ programming is mainly used in this topic. ROS is a framework for robot
programming that couples otherwise loose components together and provides them with a
communication architecture in which ROS nodes are connected to the different modules used by the
robot and transferred data to and from the rest of the nodes through subscription-publish and client-
service frameworks. ROS topics are one-way communication mechanisms, when an ROS node is a
publisher, it usually converts data into message data and publishes it to a topic, while other nodes
need to subscribe to the topic if they want to get the message packet. ROS's service is a synchronous
two-way communication mechanism, the server only responds when there is a request, the client
accepts the response after the request is made, and when the service request and response are
completed, the two connection points are automatically disconnected. The communication method of
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ROS action is similar to that of the service, except that it takes a long time for the server to complete
the response after receiving the request, and it needs to feedback the current completion to the client
and report the current status in the middle. This article summarizes the communication mechanism
of ROS in Figure 2. Although ROS is called an operating system, it is not an operating system in the
usual sense of Windows and Mac, it is only connected to the operating system and the ROS
application developed by the user, so it is also a middleware, ROS-based applications have
established a bridge of communication, on the ROS platform, the robot perception, decision-making,
control algorithms can be better organized and run. In addition, the ROS platform is highly compatible
with the Gazebo simulation platform [10] mentioned below, and based on these advantages, most
robotics algorithm research and development will use the ROS platform.

ROS message communication

(topic, service, action, parameter) Node2

Nodel

Topic

Service request

e Service response

‘ ‘ Transmit action target

Transmit action feedback

Transmit action result

Parameter Parameter

Write Read

Figure 2. Schematic of the communication mechanism of ROS

2.2. Traditional A* algorithm

The A* algorithm is a very common path finding and graph traversal algorithm, and because it is
guided by heuristics, the A* algorithm generally has better performance than ordinary search
algorithms. Heuristic exploration is to use the heuristic information (such as the distance from the
end point) to guide the search, so as to reduce the scope of exploration and reduce the complexity of
the problem. The general idea of the A* algorithm is: starting from the starting point node, traversing
the search for neighbouring points around the starting point (usually eight nodes around the current
node, see Figure 3) through the heuristic function, and selecting the best advantage as the next
expansion point, and then performing the same heuristic search traversal operation on the next
expansion point, gradually spreading outward until the end point is found, and finally returning to the
starting point from the end node to obtain the final path.

The core formula of the A* algorithm is its heuristic function:

F(n)=Gmn)+ Hn) (1)

Where F(n) is the estimated cost of moving from the start to the end of the current node n; G(n)
represents the cost of moving from the origin to the current node n; H(n) represents the estimated
cost of moving from the current node n to the end point. The G-value of the child node is the G-
value of the parent node plus the cost of moving the parent node to the current node. The H value is
typically calculated from the distance from Manhattan [11] from the current node n to the end point.
Manhattan Distance (MD), also known as taxi distance, is used to calculate the sum of the absolute
axis distances of two points in a standard coordinate system. The distance of Manhattan between a
point (x,, y,) and a point (x;, y;) in two-dimensional space is defined as follows:

d = |x; — x| + [y1 — ¥2l (2)
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The A* algorithm usually uses two linked lists to record the nodes to be traversed and the nodes
that have been traversed, which are called open linked lists and closed linked lists, respectively. The
full A* algorithm description is described as Algorithm 1.

Figure 3. A* algorithm extends the node graph

2.3. Improved A* algorithm that considers kinematic constraints

2.3.1 Kinematic constraints of wheeled mobile robots

Assuming that the basic configuration space of the robot is g = (x,y, 6), in the traditional A*
algorithm, only the x and y states of the robot are considered, and there is no constraint on the
speed of the robot v = (x + y); However, the experience of car driving tells us that in the actual
driving process of the four-wheel mobile robot, the vehicle cannot directly translate to the left or right,
that is, the speed perpendicular to the front of the vehicle is 0. Using Figure 4 as an example, assuming
that the vehicle's velocity perpendicular to the front of the vehicle is v,, the following constraints

apply:

\}

X
Figure 4. Schematic diagram of kinematic constraints of a four-wheeled steering mobile robot

x

vl = cos(6-m/2) (3)
_ y
V1= T Sne-n/2 4)
Simultaneous (3) and (4) yield:
X _ y
cos(6-m/2)  sin(6-m/2) (5)
xsin(@ —n/2)+ycos(60 —m/2)=0 (6)
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Finally, the kinematic constraints of the four-wheeled mobile robot are:
xcos(@) —ysin(8) =0 (7)
2.3.2 Improved A* algorithm

In practice, the trajectory of the robot is smooth, while the A* algorithm is discrete when
expanding nodes, and some nodes that do not meet the kinematic constraints of wheeled robots are
also taken into account when searching for nodes, so that the resulting path is usually said to be
unexecutable because the direction change of the vehicle is sudden rather than smooth. To solve this
problem, this topic will improve the traditional A* algorithm.

First, consider the kinematic constraints introduced in 2.3.1 when searching for surrounding nodes.
The search space of the improved A* algorithm not only considers the search in the x and y
directions, but also considers the search element in the 6 direction, we adopt (x,y,8) to retain the
state that conforms to the kinematic constraints in equation (7) as the search point, compared with the
A* algorithm only for the x and y direction search, the search node of the improved algorithm will
be more in line with the kinematic constraints of the vehicle and smoother, the specific node
expansion comparison chart is shown in Figure 5. Due to the different ways of node expansion,
improving the heuristic function of the A* algorithm also needs to be modified in the heuristic
function formula (1) of the traditional * algorithm. While the traditional A* algorithm heuristic
function uses the cost of movement between lattices, the improved A* algorithm replaces G(n) with
a kinematically constrained path length from the starting point to the node n.

In addition, in the traditional A* algorithm, for the simplicity of the algorithm, the robot is usually
idealized as a particle without volume, and the path planned under this idealization premise is usually
attached to the obstacle, and there will be certain safety risks, especially when passing between the
obstacles of the two oblique streets, because the robot has its own volume, the robot has a high
probability of colliding with the obstacle, resulting in the inability to travel or even the robot damage.
In order to solve this problem, the improved A* algorithm rasterizes and expands all obstacles,
expands with the approximate radius of the robot, and then treats the robot as a particle for path
planning algorithm processing, which can effectively reduce the risk of obstacle collision while
retaining the simplicity and applicability of the algorithm to the greatest extent.
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(a) Traditional A* node extension (b) Improved A* node extension

Figure 5. Node expansion comparison chart for traditional A* and improved A*

3. Experimental testing and analysis

The path planning method proposed in this topic will be simulated and tested with the help of the
Gazebo simulation platform; the Gazebo platform is highly compatible with ROS and supports the
DART dynamic physics engine, which can highly simulate indoor and outdoor environments. In
addition, Gazebo also supports the simulation of sensors. This article will design two simulation maps
dedicated to testing, and use a four-wheel mobile car as the execution body of the path planning task.
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(@) Simple test scenario  (b) Complex test scenario  (c) Simulation of moving four-wheeled car
Figure 6. Gazebo path planning test scenario with simulation trolley

In order to reflect the comparison and improvement of the improved A* algorithm to the traditional
A* algorithm, this paper designs two maps with different degrees of difficulty. Figure 6(a) is a simple
map, and Figure 6(b) is a complex map. The complex map restores author's family building structure.
In order to avoid the contingency of a single planning result, this paper tests the planning paths of
traditional A* and improved A* under multiple different end points in simple maps and complex
maps, and the time required for the robot to reach the end point from the starting point in the
simulation. Under the premise of the same destination and using the same controller, the smoother
and more efficient the path, the easier the mobile robot will follow and the less time it will take to
reach the destination.

The comparison of planned paths between the traditional A* algorithm and the improved A*
algorithm under a simple map is shown in Figure 7; the comparison of planned paths under a complex
map is shown in Figure 8; the time-consuming summary of each planned path tracking is shown in
Table 1. In Figures 7 and 8, the white rectangle represents the robot (at the starting position), the red
arrow is the target point, and the green route is the trajectory; in order to avoid collisions, the maps
used by both improved A* and traditional A* have performed obstacle expansion operations (The
inflated part is the blue area).

Table 1. Comparison of the tracing time of the traditional A* algorithm and the improved A*
algorithm planning path

Easy test Easy test Easytest Complex Complex Complex Complex

Method 1 2 3 test 1 test 1 test 1 test 1

Traditional A* 59 065 32615 26345 28935 43285  47.955  18.63s
algorithm

Improved A% 19855 13215 9.86s 23125  21.50s 24635  16.47s
algorithm

(d) Improved A* path 1 (e) Improved A* path 2 (f) Improved A* path 3
Figure 7. Comparison of simple scene path planning results
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(a) Traditional A* route 1 (b) Improved A* route 1

(c) Traditional A* route 2 (d) Improved A* route 2

(e) Traditional A* route 3

(f) Improved A* route 3

(9) Traditional A* route 4 (h) Improved A* route 4
Figure 8. Comparison of path planning results for complex scenarios

It can be seen from the planning path diagram that the path planned by the improved A* algorithm
is smoother and more continuous than the traditional A* algorithm, and at the same time there are
few sudden corners (the corners of the route in the figure are when the car moves forward or backward
or turns backward. Forward); and the traditional A* algorithm, due to its eight-direction search
strategy, will generate a kink at the beginning of each turn, resulting in discontinuity of the path at
the turn. It can be seen from the path tracking time-consuming graph that when the improved A*
algorithm plans a path with a similar length to the traditional A* algorithm, the path planned by the
improved A* algorithm is easier to be tracked by the robot, and the tracking time is less; on average,
the path tracking time of the improved A* algorithm is about half that of the traditional A* algorithm,
which is mainly due to the fact that the improved A* algorithm takes the kinematic constraints of the
car into consideration, and the planned path conforms to the kinematic constraints of the vehicle, so
that it is easier to be tracked by the car.
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4. Summary and Outlook

This paper proposes an improved path planning algorithm based on the traditional A* algorithm.
This paper first analyses the defects of the traditional A* algorithm, including; the path is not smooth,
and the corners are full of broken lines, which makes it difficult for the robot to turn around the corner;
and then a new algorithm is proposed. The solution idea: consider the kinematic constraints of the
mobile robot when expanding the nodes in path planning, and model the kinematics of the four-
wheeled mobile robot to improve the A* algorithm; in addition, this paper also introduces obstacle
rasterization Expansion processing increases the safety of path planning. In the path planning tests of
simulation experiments, no collision case occurred. Finally, multiple experimental results in simple
and complex scenes have verified that the improved A* algorithm is more effective than the
traditional A* algorithm, the planned path is smoother, and it is easier to be tracked by the robot.

In the future, this study plans to apply the proposed algorithm to a physical mobile robot and
conduct a test in a real environment. At present, this research has built a physical mobile robot (see
Figure 9), and the follow-up will combine the radar/camera sensor installed on the mobile robot
Complete real-time environment modelling and path planning tasks together.

e —

Figure 9. Controllable physical four-wheeled trolley
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