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This paper presents the design and implementation of a hybrid intelligent system
aimed at optimizing vehicle parking through efficient path planning. With the
increasing demand for intelligent transportation systems, optimizing parking
spaces and vehicle movement within parking areas has become a crucial research
focus. The proposed system integrates multiple computational techniques to
enhance the accuracy and efficiency of automatic parking. The Path Finding
Algorithm (PFA) is employed to identify potential parking locations based on
predefined constraints and real-time data. Unlike conventional approaches that rely
on static flowcharts for parking path planning, this study utilizes Petri nets, which
offer a more dynamic and structured framework for modeling alternative parking
paths, particularly in global coordinate systems. This method enables adaptive and
flexible decision-making in response to varying parking scenarios. To ensure
precise maneuverability along the optimized path, a fuzzy logic control system is

implemented, allowing the vehicle to adapt its movements in real time based on
environmental factors and space constraints. The effectiveness of the proposed
system is validated through numerical simulations and experimental studies,
demonstrating its capability to improve both parking efficiency and vehicle
positioning accuracy. Results indicate that the hybrid integration of PFA, Petri nets,
and fuzzy logic significantly enhances the automation and optimization of the
vehicle parking process, offering a robust, adaptive, and intelligent parking solution
for modern transportation systems.

Algorithm, Autonomous Vehicles.

1. INTRODUCTION

The application of artificial intelligence in the automotive industry has become a significant research focus. Many
researchers are working on driverless vehicles that can exhibit intelligence similar to humans. Automatic car parking
[3,6,8,9,10, 11, 13] refers to a vehicle's ability to park itself in a designated spot considering the surrounding static
or dynamic environment, posing a challenging problem. Parallel parking has been widely discussed in the literature
[1,2, 4,5, 6, 7], with researchers proposing techniques to address this issue. The vehicle parking problem can be
solved using a path planning approach [1, 8, 9]. Recent literature has developed and tested steering control
mechanisms based on numerical computations [2, 3, 4, 5, 6, 10], generally providing real-time simulation to achieve

" Corresponding Author: amirhatamil95@gmail.com
Department of Electrical Engineering, Technical and Vocational University, Tehran, Iran

81

http://dx.doi.org/10.47176/TM1.2020.81

© 2020 by the authors. Licensee T.M.I, Tehran, Iran. This article is an open access article distributed under the terms
E and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.47176/TMI.2020.81
http://creativecommons.org/

A. M. Hatami & A. Zamani / Transactions on Machine Intelligence 3(2) (2020) 81-89

the desired path. These systems take environmental feedback to determine the vehicle's movement and path. Fuzzy
logic-based parking control [15] seems promising due to its need for less space and can be applied in environments
like streets and markets. Such issues can be highly beneficial in large cities facing traffic problems.

Recently, Al-based control methods have been increasingly employed, including fuzzy logic controllers, neural
network controllers, and genetic algorithms. In the problem of automatic parallel parking, various factors need to be
considered to extend some technologies developed for mobile robot systems to automatic parking applications.
Hwang et al. [16] proposed that Petri nets are suitable for modeling real-time systems, and [17-19] suggested many
analytical techniques that allow Petri nets to examine the occurrence of potentially undesirable states.

Previous approaches to parallel parking have modeled the parking problem without considering collision risks.
In a real-world scenario, a human driver possesses all the necessary expertise and skills to reduce the likelihood of
accidents during vehicle parking. For example, humans can change the path by looking at obstacles near the vehicle.

This paper presents an automatic parallel parking path planning system that can be used in real-world applications.
Unlike traditional design methods, the proposed approach mainly focuses on path planning in global coordinates and
calculates the optimal vehicle parking path by combining Petri nets and the PFA algorithm. The proposed strategy
can be used in parking assistance devices and has the potential for use in vehicles.

This paper is organized as follows: Section 2 describes the vehicle model and path planning methodology. Section
3 details the system used in this study. Simulations for various scenarios are presented in Section 4. Finally,
conclusions and findings are presented in Section 5.

2. PROBLEM DESCRIPTION

Automatic parking is defined as the vehicle's independent movement from the traffic line into the parking space
for parallel, perpendicular, or diagonal parking. The goal of automatic parking is to increase the safety and
convenience of drivers and passengers during driving. Automatic parking is achieved by coordinating the steering
angle and speed, considering real-time conditions to ensure collision-free vehicle movement in the available space.

2.1. Vehicle Modeling

Consider the kinematic model of the vehicle shown in Figure 1. In this vehicle, the rear wheels are parallel to the
vehicle body and are allowed to rotate but not slip. This ensures that the rear wheels are always tangent to the
direction of the vehicle's movement. The vehicle's parameters are defined in Table 1. The rear wheels are always
tangent to the vehicle's direction. Under normal conditions, the vehicle's speed is about 5 km/h. Therefore, it can be
assumed that non-slip conditions exist, and the rear wheel speed in the vertical direction must be zero. This ensures
the following equations hold:

X, = vcos fOcos ¢
¥y, = vsin Ocos ¢ (1)
6=p2n®

1

These equations are used to determine the vehicle's next state (backward movement) when the current state and
control input are known.
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Fig. 1. Kinematic model of the vehicle

2.2. Reference Path for Automatic Parking

Providing a logical reference path for automatic parking is crucial to ensure the vehicle successfully performs the
parking operation, which in this study is parallel parking. A method based on the derivatives of fifth-order
polynomials [20] is adopted to implement a smooth path as the reference path.

2.3. Required Parking Space

Although this project considers the parking environment as realistic, not every path can be chosen. To prevent
collisions or accidents, the vehicle must be positioned within a suitable area before performing parking maneuvers.
Therefore, the primary task is to determine the appropriate area for parking using other constraints. The first
constraint is the maximum curvature of the path, defined by the following relation:

n
k() = ——— < knax @

3 =
[1+("2]2

Another constraint is the distance between the vehicle and an obstacle or poin (xob,yob), as shown in Figure 2.
Considering the vehicle dimensions specified in Figure 3, the values (xrr,yrr) and (xfr,yfr) can be calculated from
the reference point (xref,yref) generated by the reference path.

Xpp = (xref — L,cos 9) + (g) sin 6

3)
Vrr = (yref — L,sin 9) — (g) cos 6

X = [xpes + (Ly + Dcos 8] + (g) sin 6

4
Yir = [Vres + (Ly + Dsin 6] — (g) cos 6 )

If ¥ < Yopand X, = X,p, the rear right corner of the vehicle will collide with the obstacle. Similarly, if xz. =
Xop and Ys < Yop¢, the front right corner of the vehicle will collide with the obstacle. By adhering to these
constraints, the appropriate parking area can be determined.
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Table 1. Definitions of Variables Used in This Study

(xr¥p) Front Wheel Center Position
(X0 ¥r) Rear Wheel Center Position
@ Wheel Steering Angle
0 Vehicle Body to X-Axis Angle
l Wheelbase
(¢} Center of Curvature
P Distance from Point O to Front Wheel Midpoint
r Radius of Curvature
v Front Wheel Speed
K Path Curvature
%
A

Point A

X
Fig. 2. Vehicle Parking Procedure to Avoid Obstacles

2.4. Petri Nets

For novice drivers, determining the appropriate parking space is usually challenging. In most cases, drivers make
decisions and park instinctively. Nevertheless, the parking process is a discrete action that involves moving forward
and backward. Thus, different actions are necessary to find an appropriate path and an optimal solution. Petri nets
are recognized as a potential tool for collision avoidance and path control. This study employs a novel method
combining Petri nets and the PFA algorithm to solve the problem. The Petri net flowchart is illustrated in Figure 3,
where the entire parking space is divided into nine sub-regions P1-P9.

Y
A

X
Fig. 3. Description of Paths Taken for Parking the Vehicle

2.5. PFA Optimization Algorithm

The PFA (Path Finding Algorithm) is an efficient algorithm for solving complex optimization problems, recently
introduced by Yapici and Cetinkaya in 2019. This algorithm mimics the hierarchical command of creatures in finding
a target. In this algorithm, there is a leader that the rest of the members follow.

Each member in this algorithm has a position in a 2D, 3D, or d-dimensional space. If a member of the population
is in a promising position at any moment, that member is selected as the group leader, known as the Pathfinder (PF).
The position vector of the PF is updated according to Equation (5).
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x(t+At) = x(t) -n+ 6+, + ¢ (5)
Xp(t+At) = xp(t) + Ax+ A (6)

Considering the relationship where t is time, n is a unit vector, f; is the pairwise interaction effect for neighbors,
and fp is the global force dependent on global optimum or PF position, and ¢ is the vibration vector. x,(t) is the
position vector of PF, Ax is the distance that PF considers for moving from one point to another, and A is the
oscillation rate vector. Given practical issues and the practical use of the previously stated equations in optimization
problems, relations 7 to 10 are provided.

K xRy (= )+ Ry (=) + @)

Ry =ar, R, = 1, )
K

£= (1 - max) “uy - Dy s Dij = [lxi — x| ©)

XKt = x4 21 (kK =) + A (10)

In these equations, K is the current iteration number of the algorithm, xX is the position vector of the i-th member,
X]-K is the position vector of the j -th member, R1 and R2 are random vectors generated according to relation 11,
and ¢ ensures random and multidirectional movements for oscillation, generated according to relation 12. Here, 1,
and r; provide random movement and are chosen as random numbers with a uniform distribution in the range [0,1].
The coefficient @ indicates the intensity of the displacement of each member towards its neighbor, and B is the
absorption coefficient that adjusts the random distance to maintain population impurity with the leader. These two
parameters are randomly selected in the range [1,2] throughout the algorithm iterations. u; is a random vector in the
range [-1,1], and Dj; is the distance between two group members. K4, is the maximum number of algorithm
iterations. The position of PF is updated using relation 13, where r3 is a random vector with a uniform distribution
in the range [0,1], and A ensures random and multidirectional movements for the members, calculated according to
relation 16.

—2K
A =u, - eKmax (11

Here, u2 is a random vector with a uniform distribution in the range [-1,1].

2.6. Optimal Path Planning with the PFA Algorithm

In this section, the PFA algorithm is used to determine an optimal parking path. In the proposed method, an
additional factor, the number of gear shifts, is considered. Generally, a park requiring more than two gear shifts is
deemed inefficient.

Distance: In the vehicle parking process, the relative position of the parking spot to the vehicle is a very important
factor. Therefore, attention to forward and backward movements is crucial when measuring distance.

Curvature: The curvature of a vehicle directly affects the steering angle of the wheels. The maximum value usually
does not exceed 45 degrees. High curvature for a moving vehicle can cause physical discomfort or even dizziness in
passengers.

Number of Gear Shifts: Generally, considering the parking process, this method requires more than just steering
the vehicle to the desired parking spot. The number of gear shifts must be considered as another important factor.
More gear shifts increase the overall distance. Given the previously identified performance indicators, a suitable
function for the optimization problem can be designed.
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. 1
Cost Function = Sy (12)

Ng
% +W, +W-
LiDlmax " *Ngmax 3"2?:1 @il

max

In the above relation, wi are scalar weighting functions, D is the total distance traveled, Ng is the number of gear
shifts, and ¢;is the steering angle. The optimal parking path design for the vehicle shown in Figure 4 is summarized
in the following steps. The initial position (x0, y0) is randomly selected.

Step 1: Randomly search for point (xp, yp) in the P5 area.

Step 2: Apply these points and the initial position to the fifth-order equation and ensure that the curvature k does not
exceed the allowable maximum value. If this condition is met, the vehicle is allowed to move, and path 1 is generated.
If not, straight movement of the vehicle is impossible. Thus, the vehicle must be directed to another point that can
satisfy the maximum curvature condition.

Step 3: Apply (xp, yp) and (xG, yG) to compute the path.

Step 4:Calculate the number of gear shifts. For example, the vehicle moves backward, forward, and then backward,
resulting in three gear shifts.

Step 5: Calculate the change in ¢.
Step 6: Calculate path conformity and select better chromosomes.

Step 7: If termination conditions or an optimal solution are reached, the process ends. Otherwise, repeat steps 2-7.
3. DESIGNING A FUZZY LOGIC SYSTEM
Assume the target position is defined by coordinates (xG, yG) , the current vehicle position by (X, y) , the vehicle

direction 6., and the horizontal angle between the current and target coordinates 6. Therefore, given this target, we
have:

6; = tan™? (iz—:z) (13)
de = \/(xa —x)2 + (yg — ¥)? (14)
u =6, — 6, (15)
Uy = 6, — 6 (16)

In the above relations, d, is the distance between the vehicle and the target. In this study, a two-stage fuzzy logic
system is proposed, as shown in Figure 7, to control the front wheels' steering angle for parking. The input variables
of the first control stage are u; and u,. The output variable is 6,. The proposed fuzzy system rules are listed in
Tables 2 and 3.

6, and d, are defined as input variables for the second stage of the fuzzy logic system. de ranges from [0, 100]
meters, and 6, ranges from [-180, 180] degrees. The output variable is the steering angle ¢. Considering the vehicle's
actual status, the range of ¢ is [-45, 45] degrees. The goal is for d, < u; and u, to all converge to zero as t — oo,

1

. > Fuzzy System 1 9

P.Design » @

uz ‘I ¢
Fuzzy System 2 |—— |Car System

\

d (x,7.)

e

I Sensor I
| device I

Fig. 4. Block Diagram of a Two-Stage Fuzzy Logic for Vehicle Parking
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Table 2. Fuzzy Rules for Steering Angle Adjustment

Ge uq
NB NS ZE PS PB
u; NB NM NM NM NB NB
NM NS NM NM NM NB
NS PM PS NS NM NM
ZE PM PS AE NS NM
PS PB PS PS NS NM
PM PB PB PM PM PS
PB PB PB PB PB PM

Table 3. Fuzzy Rules for Movement Adjustment

¢ d
VS S M B VB
6, NB PM PM PM PB PB
NS PS PS PM PM PB
ZE PS ZE ZE ZE ZE
PS NS NS NM NM NB
PB NM NM NM NB NB

4. SIMULATION RESULTS

The simulation results presented here are based on a vehicle with a length of 4.825 meters, a width of 1.82 meters,
1=2.755 meters, and a maximum ¢ = 45. The parking space has dimensions of 6.5 meters by 2.5 meters. In the first
scenario, the vehicle has an initial position of (20,30,-50°) and a target point of (50,70,60°). The resulting paths from
the simulation optimized by Figure 8 are shown below.

P

-4
70 g
V., ol x Ref. Path |

65 g;"k E

60

ey
%

551

50

45t

40 +

Fig. 5. Path Traveled by the Vehicle

5. CONCLUSION

In this paper, a comprehensive automatic parking mechanism for vehicles is introduced and used to solve the
parallel parking problem. The solution involves a global path planner based on Petri networks, the PFA algorithm,
and a fuzzy logic system for path tracking. The advantage of the proposed method is that it creates an efficient
parking path. The simulation results demonstrate the effectiveness of the algorithms used.
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