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Abstract. In this paper, a real-time navigation control system based on lidar sens-
ing is proposed for use in unknown environments. The proposed system comprises
a behavioral controller for controlling an autonomous Ackerman robot for obstacle
avoidance in the absence of global map information when moving toward a goal.
The adopted obstacle avoidance method is selected by a wall-following fuzzy con-
troller. The input parameter of this controller is the distance between the robot and
the wall, which is determined by the lidar sensor, and the output parameter of the
controller is the steering angle of the robot for it to reach the destination without
collision. To prevent the robot from entering an endless loop, an endless loop es-
cape mechanism is added to the proposed system. The simulation and experimental
results of this study indicate that the proposed navigation control system can ef-
fectively assist an Ackerman robot to complete the navigation task successfully in
unknown environments.

Keywords: Ackerman robot, fuzzy logic controller, lidar, navigation system, un-
known environment.

1. Introduction

Autonomous mobile robots is key in the trend toward automation, due to labor shortages,
in factories. However, autonomy is difficult to achieve in these robots because of un-
known environments and uncertain dynamic obstacles[12], as evident in applications such
as self-driving cars [25] and large object manipulation [28],[17]. The navigation control
of autonomous mobile robots involves the two steps of goal finding and obstacle avoid-
ance, where are performed using a robust controller [26]. For unknown environments,
autonomous robots must perceive environmental information and control the angle and
speed of robot movement to reach the destination and automatically avoid obstacles [2].

Many methods have been proposed to solve problems related to robot navigation
control; these methods include artificial potential field [11], vector field histogram [5],
behavior-based [21], and fuzzy logic [7] methods. Behavior-based methods are widely
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used in the navigation of autonomous mobile robots [10], and these methods can handle
various situations without a global map. In behavior-based methods, autonomous mo-
bile robots engage in wall-following behavior to explore an unknown environment. These
robots can move by following the contour and distance information of an object to avoid
obstacles and move toward the destination [24],[15]. To control a robot efficiently and
stably, fuzzy logic control (FLC) has been incorporated into robot navigation controllers.

Fuzzy theory is used to express the knowledge and experience of experts in the form
of language rules to construct a knowledge base and handle uncertain situations [1]. Fuzzy
control systems have been used in many domains, including control engineering, signal
processing, information processing, and machine intelligence technology [13],[14],[3],
[22],[27]. In addition, FLC has proven to be a successful control method for many com-
plex nonlinear systems and has replaced traditional control methods [9]. Mamdani and
Assilian [18],[19] designed a fuzzy controller system for controlling a small steam en-
gine. Their experimental results indicate that a fuzzy controller system can achieve better
control performance than can a classical controller.

Autonomous mobile robots mostly rely on sensors to measure their relative distance
from objects in the environment [6] for perceiving an unknown environment, analyzing
and processing environmental information, and making relevant movement decisions. The
sensors commonly used in autonomous mobile robots include infrared cameras, sonar,
radar, and ultrasonic sensors. However, in a real environment, noise affects the signal
captured by a sensor and might lead to wrong decisions. In contrast to the aforemen-
tioned sensors, lidar sensors can measure the distance between objects with high pre-
cision, identify the shapes of objects, and construct a three-dimensional geographic in-
formation model of the surrounding area without being affected by the weather. In the
present study, a lidar sensor was adopted to obtain accurate environmental information.

The mobile chassis of autonomous mobile robots are mostly designed with a two-
wheel differential structure or omnidirectional wheel structure. The radius and speed of a
two-wheel differential structure during steering are determined by the speeds of the two
wheels, which can enable circular objects, such as wheels, to be turned on the spot. This
structure has relatively strong flexibility but low control precision. The omnidirectional
wheel structure can realize omnidirectional walking without changing the body posture
[20]. This structure results in very smooth movement but cannot be used in uneven en-
vironments. Compared with the aforementioned structures, the Ackerman chassis archi-
tecture has higher control precision and smoother movement. Moreover, this architecture
allows the robot to move freely in different types of terrain. When the Ackerman archi-
tecture is turning, each wheel rotates around the same center; thus, this architecture is not
prone to slippage and tire position misalignment [4].

In this paper, a navigation control method is proposed for an autonomous Ackerman
robots in unknown environments. The proposed system comprises a behavior controller
for controlling an Ackerman robot to achieve obstacle avoidance when heading toward
the destination in the absence of global map information. To achieve obstacle avoidance,
a wall-following fuzzy controller (WFFC) is used. Furthermore, an escape mechanism is
used to prevent the robot from entering an endless loop. Experimental results indicate that
the proposed navigation method can complete the navigation task in simulated and real
environments. The remainder of this paper is structured as follows. Section 2 illustrates
related work. Section 3 introduces the proposed navigation method. Section 4 presents the
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experimental results obtained in a simulated environment and real environment. Finally,
section 5 concludes this study.

2. Related Work

In recent years, the development of autonomous Ackermann robot controller has gained
significant attention. This section provides an overview of the related work and advance-
ments in this field.

� Lidar-based Perception and Mapping: Lidar sensors are widely used in autonomous
robotics for environment perception and mapping. Researchers have explored the integra-
tion of Lidar sensors with Ackermann steering robots to enable accurate and real-time
perception of the surroundings. Through Lidar data, the generated 3D environment map
was then used for localization and obstacle detection, facilitating autonomous navigation
of the Ackermann robot [23].

� Fuzzy Logic Control for Autonomous Navigation: Fuzzy logic controllers have been
applied to achieve autonomous navigation in various robotic systems. When combined
with Lidar sensing, these controllers can effectively handle uncertainties and variations
in the environment. The controller utilized fuzzy rules to interpret Lidar data and gen-
erate steering and speed commands, enabling safe and efficient navigation in dynamic
environments [16].

� Obstacle Avoidance and Collision Detection: Autonomous Ackermann robots re-
quire practical obstacle avoidance and collision detection capabilities to ensure safe nav-
igation. Researchers have developed a fuzzy logic-based collision avoidance system for
Ackermann steering robots. By analyzing Lidar data, their system made real-time deci-
sions to avoid obstacles and maintain a safe distance during navigation [8].

In summary, the development of autonomous Ackermann robot controller has seen
significant progress. Researchers have focused on perception, control, obstacle avoidance,
path planning, and real-world applications. The integration of Lidar sensors with fuzzy
control systems provides a powerful approach to achieving autonomous navigation in
diverse environments.

3. Navigation Control System for the Autonomous Ackerman Robot

This section introduces the proposed navigation control system for an autonomous Ack-
erman robot. The proposed navigation system includes a behavior controller that makes
an Ackerman robot move toward the destination while avoiding obstacles. The flowchart
of this navigation system is shown in Fig. 1. When the behavior controller does not detect
any obstacle, it instructs the robot to move toward the destination. By contrast, if this con-
troller detects an obstacle, it switches to the wall-following mode for the robot to avoid
the obstacle. However, in the wall-following mode, the robot might encounter an endless
terrain loop, which makes the robot unable to successfully complete the navigation task.
Therefore, an endless loop escape mechanism is designed to assist the robot to escape an
endless loop terrain. Navigation control is completed when the autonomous Ackerman
robot reaches its destination.
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Fig. 1. Flowchart of the proposed navigation system
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3.1. Autonomous Ackerman Robot

We independently developed the autonomous Ackerman robot used in this study. The
adopted robot uses a Velodyne Puck (VLP-16) lidar sensor to scan for surrounding ob-
stacles and an edge-embedded device [NVIDIA Jetson AGX Xavier (AGX)] to conduct
real-time data processing. The sensing range of VLP-16 is 0.5 to 5 m, and its horizontal
angular measurement range is 360�. AGX uses Ubuntu 16.04 and the Robot Operating
System (ROS) to drive the robot’s motor system. Through control commands, the move-
ment speed and turning angle of the robot are controlled. In addition, the robot chassis
has the Ackerman architecture for it to move smoothly when handling heavy objects and
uneven terrain. The designed autonomous Ackerman robot is shown in Fig. 2.

Fig. 2. Designed autonomous Ackerman robot

3.2. Behavior Controller

The behavioral controller plays a decision-making role in the proposed navigation sys-
tem. This controller switches between the toward-goal mode and wall-following mode
depending on the robot position and environment. To detect the position of an obstacle,
the sensing area of the lidar sensor is divided into three areas, denoted A1, A2 and A3
(Fig. 3). A1 is the front-right area of the robot, A2 is the front-left area of the robot,
and A3 is the rear of the robot. When an obstacle is detected in A1 or A2, the behavior
controller switches from the toward-goal mode to the wall-following mode. The behavior
controller remains in the toward-goal mode as long as the lidar sensor does not detect any
obstacles in A1 and A2.

A. Toward-Goal Mode
When no obstacle is detected in front of the autonomous Ackerman robot, the robot

moves toward the goal. As displayed in Fig. 4., the autonomous Ackerman robot calcu-
lates the steering angle according to its current position and the goal position, then turns
toward the goal position, and then moves straight toward the goal. The designed Acker-
man architecture has a turning angle between 45� and �45�; thus, the maximum angle of
left and right turns is 45�.
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Fig. 3. Three obstacle detection areas for the autonomous Ackerman robot

Fig. 4. Angle between the autonomous Ackerman robot and the goal

B. Wall-Following Mode
If an obstacle is detected in front of the autonomous Ackerman robot, the behavior

controller switches to the wall-following mode to instruct the robot to move along the
object until the object has been passed. To achieve this behavior, a fuzzy controller with
a wall-following function, namely a WFFC, is designed. Fig. 5 displays the system flow
of the wall-following mode. First, the lidar sensor detects the distance to obstacles around
the robot. Subsequently, the distance information is used as the input of the controller
to obtain the steering angle of the robot as the output. The proposed WFFC contains
four parts: a fuzzifier, fuzzy rule base, fuzzy inference engine, and defuzzifer. The basic
structure of the proposed WFFC is displayed in Fig. 6.

The various parts of the WFFC are detailed in the following text.

� Fuzzifier
A fuzzifier maps a crisp value to a fuzzy number (i.e., a real number between 0 and 1).

This process is called fuzzification, and fuzzy logic better accords with human cognition
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Fig. 5.System �ow of the wall-following mode

Fig. 6.Architecture of the proposed WFFC

relative to classical (bivalent) logic. Membership functions are used to evaluate the de-
gree of each input of a system. Triangular or trapezoidal membership functions are most
commonly used membership functions in fuzzy systems (Figs. 7 and 8). These member-
ship functions are constructed using straight lines. Please review whether the edits convey
your intended meaning accurately.Compared with Gaussian membership functions, linear
membership functions are simpler and thus enable the design of simpler and more compu-
tationally lightweight robot controllers. Therefore, triangular and trapezoidal membership
functions were used to design the robot controller in this study. The membership function
of fuzzy set A can be de�ned as� A (x), where� A (x) denotes the degree of inputx from
fuzzy setA. A triangular membership function contains three parameters, namelya1,
a2, andb1, which denote the positions of the left boundary, Please specify which ver-
tex of the triangle is being referred to here.triangle vertex, right boundary, respectively.
The de�nition of a triangular membership function is provided in Equation 1. Trapezoidal
membership functions contain four parameters, namelya1, a2, b1, andb2, which represent
the positions of the left boundary, right boundary, left triangle vertex, and right triangle
vertex, respectively. The de�nition of trapezoidal membership is provided in Equation 2.

� A (x) =

8
>>><

>>>:

0 x � a1
x � a1
a2 � a1

a1 < x < a 2
b1 � x
b1 � a2

a2 < x < b 1

0 b1 � x

(1)
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� A (x) =

8
>>>>>><

>>>>>>:

0 x � a1
x � a1
a2 � a1

a1 < x < a 2

1 a2 < x < b 1
b1 � x
b1 � a2

b1 < x < b 2

0 b2 � x

(2)

Fig. 7.Triangular membership function

Fig. 8.Trapezoidal membership function

The scanning angle range of a lidar sensor is 360� , and A1 covers an angular range of
90� . Therefore, if lidar information is acquired for each degree in A1, 90 input data are
obtained. To reduce the quantity of input data, only the lidar sensing data at 0� , 30� , 75� ,
and 90� are used as input (denoted as L1, L2, L3, and L4, respectively). Fig. 9 shows the
four directions sensed by the lidar in A1.

Three membership functions can be used to de�ne the distance of objects sensed by
the lidar sensor as near, normal, or far. The detection angle of L1 is close to that of L2,
and the detection angle of L3 is close to that of L4. Therefore, the same membership
function is used for the forward (L1) and obliquely forward (L2) directions, and the same
membership function is used for the forward-right (L3) and right (L4) directions. The
membership functions of lidar for forward and rightward sensing are displayed in Figs. 10
and 11, respectively. The Ackerman architecture requires a large radius of gyration when
turning. Therefore, in the membership function for forward sensing (Fig. 10), a sensing
distance of greater than 4.25 m indicates that the obstacle is located far away from the
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Fig. 9.Four directions sensed by the lidar sensor

robot. By contrast, a sensing distance of less than 3 m indicates that the object is close to
the robot. In the membership function for rightward sensing (Fig. 11), a sensing distance
of less than 2 m indicates that the robot is close to the obstacle. Moreover, a sensing
distance of greater than 2 m indicates that the robot is located far from the obstacle.

Fig. 10.Membership functions for forward sensing by the lidar sensor (L1 and L2)

� Fuzzy Rule Base and Fuzzy Inference Engine
If–then rule statements are adopted to construct a fuzzy rule base. A fuzzy rule can be

de�ned as follows:
Ri : If x1 is A1 andx2 is A2 : : : andxn is An ; theny is bi ;

wherex andy are linguistic variables. Because the robot might encounter different ter-
rains during its movement, appropriate fuzzy rules must be designed for different condi-
tions. Fig. 12 illustrates the obstacles located ahead of the robot at an acute angle, a right
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Fig. 11.Membership functions for rightward sensing by the lidar sensor (L3 and L4)

angle, and an obtuse angle. According to the distances sensed by L1 and L2, the state of
the obstacle can be obtained to determine the turning range. Fig. 13 depicts the state of
the robot and obstacles. In Fig. 13, three robot–obstacle conditions are observed: robot is
parallel to the obstacle, robot is located close to the obstacle, and robot is located far away
from the obstacle. On the basis of the values sensed by L3 and L4, the angle of the robot
body can be adjusted.

Fig. 12.Obstacles located ahead of the robot at three angles

On the basis of the aforementioned conditions, 21 fuzzy rules were designed ( Ta-
ble 1). The inputs of the proposed wall-following controller are four distance variables,
namely those sensed by L1–L4, and the output is the Ackerman turning angle (� ), which
is between 45� and� 45� . This angle is mapped to a value between 1 and� 1 (! ) by using
Equation 3. In this study, the AND operation is used for fuzzy rule computation.

! =
�

45� (3)
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Fig. 13.State of the robot and obstacles

Table 1.Twenty-one fuzzy rules of the proposed wall-following controller
Intput Output

L1 L2 L3 L4 !
ANY ANY ANY NEAR 0.7
ANY ANY ANY NORMAL 0
ANY ANY ANY FAR -0.7
NEAR NEAR ANY ANY 0.7
NEAR NORMAL ANY ANY 0.7
NEAR FAR ANY ANY 0.7
NORMAL NEAR ANY ANY 0.7
NORMAL NORMAL ANY ANY 0.6
NORMAL FAR ANY ANY 0.6
FAR NEAR ANY ANY 0.5
FAR NEAR ANY ANY 0
FAR FAR ANY ANY -0.3
ANY ANY NEAR NEAR 0.5
ANY ANY NEAR NORMAL 0.3
ANY ANY NEAR FAR 0.3
ANY ANY NORMAL NEAR 0.1
ANY ANY NORMAL NORMAL 0
ANY ANY NORMAL FAR -0.1
ANY ANY FAR NEAR 0.1
ANY ANY FAR NORMAL -0.2
ANY ANY FAR FAR -0.6
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� Defuzzi�er
The output of a defuzzi�er is a crisp value. The centroid defuzzi�cation process can be

expressed as follows:

y =

21X

i =1

� A (x i )! i

21X

i =1

� A (x i )

(4)

wherey represents the output of the wall-following controller,� A (x i ) is the �ring strength
of thei th rule, and! is the fuzzy value of the robot turning angle (between� 1 and 1).

3.3. Endless Loop Escape Mechanism

To prevent the autonomous Ackerman robot from falling into an endless loop, an endless
loop escape mechanism is proposed (Fig. 14). In Fig. 14(a), the robot faces no obstacle
when it moves toward the star point along the wall. At this time, the behavior controller
switches to the toward-goal mode and cause the robot to fall into an endless loop. In the
proposed endless loop escape mechanism, the shortest distance (� ) between the robot and
the goal is recorded to determine which behavioral mode should be employed. When the
robot moves to the star point, the current distance from the robot to the goal (
 ) is greater
than� , and the behavior controller executes the wall-following mode. Until� is greater
than
 , the behavior controller functions in the toward-goal mode to escape the endless
loop, as displayed in Fig 14(c).

(a) Trapped in an endless
loop (b) Escape mechanism (c) Escaping the endless loop

Fig. 14.Proposed endless loop escape mechanism

4. Simulation and Experimental Results

To verify the performance of the proposed navigation method, an open-source robot sim-
ulator (Webots) was used to construct a testing environment. Webots is a development
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environment software for the modeling, programming, and simulation of mobile robots,
and this software program can run on Linux, Windows, and macOS. The proposed robot
controller can be programmed in C, C++, Python, Java, MATLAB, or the ROS by using a
simple application programming interface that covers all basic robot control techniques.
Simulation experiments were conducted in six environments to test the effectiveness of
the proposed method, and the size of each simulated environment was 40 m 40 m. Fi-
nally, the proposed method was used to complete a navigation task with an autonomous
Ackerman robot in a real environment.

4.1. Simulation Results Obtained for the WFFC

We designed three environments with small numbers of square and circular obstacles to
test the performance of the proposed WFFC (Fig. 15). The �rst environment consisted of
simple circular objects, hypotenuses, and square obstacles. The second environment was
mainly composed of square obstacles to test the robot's obstacle avoidance performance
at right angles. Finally, the third environment was composed of circular obstacles and
special concave corners to test whether the robot could effectively avoid concave corners.

(a) Few obstacles (b) Square obstacles (c) Circular obstacles

Fig. 15.Three testing environments for the proposed WFFC

Fig. 16 illustrates the paths of the autonomous Ackerman robot in the aforementioned
three testing environments when using the proposed WFFC. The robot successfully cir-
cumnavigated the three environments without collision.

4.2. Simulation Results for Navigation Control

Three testing environments, namely a concave environment, convex environment, and
mixed concave–convex environment, were designed to evaluate the navigation control
performance achieved with the proposed method. These environments are displayed in
Fig. 17. The red movement path in Fig. 17 represents the behavior controller executing
the wall-following mode, whereas the blue movement path denotes this controller execut-
ing the toward-goal mode. As displayed in Fig. 17(b), when the navigation started, the
behavior controller executed the toward-goal mode because no obstacles were detected
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(a) Environment 1 (b) Environment 2 (c) Environment 3

Fig. 16.Movement paths of the autonomous Ackerman robot in the three testing
environments designed for the proposed WFFC

ahead of the robot (blue path). When an obstacle was detected, the controller switched to
the wall-following mode and moved the robot along the red path. Fig. 17(c) indicates that
the proposed endless loop escape mechanism effectively assisted the robot to escape an
endless loop terrain and complete the navigation task in an unknown environment.

(a) Concave environment (b) Convex environment
(c) Mixed concave–convex
environment

Fig. 17.Navigation paths of the autonomous Ackerman robot in three testing
environments

4.3. Experimental Results in a Real Environment

The proposed navigation control method was implemented for an autonomous Ackerman
robot in a real environment. Fig. 18 shows the �oor plan of the real testing environment.
Several square and circular obstacles were included in the real environment to verify the
effectiveness of the proposed navigation control method. As displayed in Fig 19, the au-
tonomous Ackerman robot sensed obstacles in detection area A1. Therefore, the behavior
controller executed the wall-following mode. Fig. 20 displays the computation time for
each time step. As displayed in Fig. 20, the computation time for each step was between
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0.275 and 0.295 s. Thus, the proposed navigation control method can realize real-time
computation. The results also indicate that the proposed method can be effectively ap-
plied in unknown environments without the need for complex global map construction
and model training.

Fig. 18.Floor plan of the real testing environment

Fig. 19.Navigation control in the real environment

5. Conclusion

In this paper, an effective navigation control method is proposed for autonomous Ack-
erman robots moving in unknown environments. The proposed method can accomplish
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