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Design of Fuzzy Logic based Parking System for

Autonomous Vehicle

(Abstract)

This research deals with a fuzzy logic based parking system for an
autonomous mobile car. An existing systemn using a conventional fuzzy
logic method has some disadvantages, and it considers only rectangle
parking spaces.

A simple-structured FLS(Fuzzy Logic System) is designed, which is
applied to rectangular and slant parking spaces. The objective of this
study is to improve the trajectory of different scale cars so that they
can be parked well in the desired parking space. The mmplementation
shows that the SFLC can be effectively used for this purpose.
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I . Introduction

1. Background

Fuzzy logic was first introduced by Lotfi A. Zadeh[l] in 1965 as a
generalization of the classical binary logic. In his study he mtroduced
the concept of "linguistic variables”, which in this article equates to a
variable defined as a fuzzy set. This was followed by the first industrial
application (i.e. a cement kiln built in Denmark, came on line in 1975).
Fuzzy logic system has been proved to be effective ill-posed problems,
linguistically controlled devices, complex systems without exact
mathematical models, and etc. Nevertheless some demerits also
accompany the FLS, in that; too many parameters are required for
tuning. Furthermore, the FLSs have not been viewed as a rigorous
science due to a lack of formal synthesis techniques, which guarantee
the basic requirements of global stability and acceptable performance.
Therefore, a new FLS called SFLS (Simple-structured FLS)[9] has been
introduced.

Over the past decade, the field of automated intelligent wvehicle system
has been the focus of rigorous research. Man has long dreamed of
designing machines that are capable of operating themselves. One of the
basic milestones is to develop truly intelligent systems that can
mtuitively learn how to perform specific operations and execute them to
perfection. One field in which several branch have been made to this
end is that of automated parking systems.

In the autonomous vehicle area, autonomous parking problems have
attracted a great deal of attention and more intelligent technologies are
being applied to automobiles. An important part of them is the
autonomous parking problem. The garage parking and parallel parking
schemes have been proposed in many papers ([2]-[8]). The basic
method 1s to design a control algorithm that makes an automobile
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follow a reference trajectory via a tracking method.

Sugeno and Murakami [2] proposed an experimental study on fuzzy
logic systermn using model car, which 1s equipped with on-board
microprocessor and two superscnic sensors for the measurements of the
relative distance and direction. Sugeno et al. [3] adopted the hardware
arrangement presented by LA Zadeh [1], in order to execute the garage
parking by emploving fourteen fuzzy oral instructions. A study by A.
Ohata et al. [4] was reported a control law for guiding a car from any
position to an appointed parking position and it was studied through
trajectory simulations. They showed that the car could be guided along
the minimum path combined with changing a straight guideline.
Yasunobu and Murai [5] studied the state evaluation fuzzy logic system
and the predictive fuzzy logic system to achieve the drive knowledge.
Some computer simulations showed the effectiveness of the proposed
parking control system. Daxwanger et al. [6] presented a skill-based
visual parking control using neural networks and fuzzy logic system.
They used two control architectures, the direct neural control and the
fuzzy hybrid control, to generate the automatic parking commands.
Similarly, M.C. Leo et al. [7] developed a near-optimal fuzzy controller
for maneuvering a car in a parking lot. Near-optimal car trajectories
were here created from the cell mapping data, and trajectories with
similar features were collected to form groups. Fuzzy control rues and
membership functions were then expressed with respect to the
trajectory groups instead of individual cells. An et al [8] developed an
online path-plamming algorithm that guided an autonomous mobile robot
to avoid a obstacles in an unpredictable environment. The established
autonomous mobile robot could not move omni—direction and run on two
wheels equipped with a CCD camera. A studv on autonomous fuzzy
parking control of a model car was described in the reference [13],
which was simulated by using real-time image processing. In [9],
authors suggested a simple but powerful FLS design method using a
sole fuzzy mput variable instead of the error and the change-of-error to
represent the contents of the rule antecedent.

_3_
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In this dissertation, we designed a conventional FLS and SFLS (Simple
structured TFuzzy Logic System) [9] for the backward and forward
parking of an autonomous wvehicle. A promising feature of our design is
that a conventional FLS and SFLS for the forward parking of an
autonomous vehicle in a slant garage parking space is designed. It was
found that the parking system in a rectangular space is just a special
case of the slant parking space. In addition SFLS uses only 7 rules
compared to 49 of the conventional FLS. Furthermore, the effectiveness
of SFLS is also confirmed by simulation results.
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2. Scope of Research

The scope of our research is to design fuzzy logic based parking
systems for an autonomous vehicle. We perform some simulations to
show the effectiveness and feasibility of the proposed method. The
results show that the good agreement with conventional FLLS and SFLS
methods. We also introduce a method based on image processing in real
time, to recognize the parking line. The parking line recognition includes
not only the rectangular space proposed earlier [10], but also
development of the algorithm which works well in a different space
including the slant parking space. In the parking algorithm part, we first
discuss a trajectory m the parking space and simulate its efficiency.
Additionally, different scale and different shape of parking space i1s also
described. In this thesis, we deal with the analysis and design of the
SFLS for the different parking algorithms and wvarious parking spaces.
The encouraging simulation results confittn the effectiveness of the
algorithms designed by us.
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3. Organization

This study focuses on the design of an autonomous vehicle. This thesis
has been organized as follows: Section II deals with the derivation of
modeling equation, parking line recognition and parking algorithms for
rectangular and slant space for backward and forward parking. In
Section I, fuzzy logic systems based on conventional FLS and SFLS
parking algorithm are designed. The effectiveness of the proposed
methods  are given by simulations in Section IV. And Section V

discusses the concluding remarks.
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II. System Description

1. Modeling of an Autonomous Car

The controlled process is the four—wheeled car shown in Fig. 1.

YJ\

Fig. 2.1. Kinematic model of mobhile-car.

We assume that the wheels are fixed parallel to car body and allowed to
roll or spin but no side—slipping. The front wheels can turn to left or right,

but the left and right front wheels must be parallel. All the corresponding

parameters of the mobile car depicted n Fig. 2.1 are explained in Table
1.

The rear wheel is always tangent to the orientation of the vehicle. The
no-slipping condition mentioned previously requires that the mobile car
travels in the direction of its wheels. Thus, we have

y'rTcosﬁ — iTsinH = s 2.1}

This is the so—called nonholonomic constraint.
The front of the mobile car is fixed relative to the rear, thus the
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coordinate (z.y.) 1s related to (z,y)

x, =4y — Lcosf

Y = yp— Isind. (22)
Differentiating both sides of (2.2), we have
z,= 2+ Olsind
e A (2.3)
Y= yg— Olcosd
By substituting (2.3) to (2.1}, we can get
2500 — yscos0+ 1 = 0. (2.4)

Table 1. The meaning of parameters for a mobile car

Parameter(s) Meaning
(zp 1) position of the front wheel center
(x,.v,) position of the rear wheel center
" crientation of the steering-wheels  with

respect to the frame of the mobile car

angle between vehicle frame orientation and

4 X-axis

! wheel-base of the mobhile car

o center of curvature

r distance from point © to point (z; u,)
k curvature of the fifth-order polynomial
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From Fig. 1, we have

:r:'f: veos(B+ @)

%)
y=vsin(f+¢). 25

Substituting (2.5) to (2.4), we can derive
= Usulmﬁ‘ (26)

Equations (2.5) and (2.6) are the kinematic equations of mobile car with
respect to the axle center of the front wheels.

These equations are used to generate the next backward state position
of the vehicle when the present states and control inputs are given.
Similarly, we can get the kinematics of mobile car with respect to the
axle center of the rear wheels:

x,— v.cosflcos &

jg"T: v.sinflcos &
sin @

b=v."

(2.7)
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2. Recognition of Parking Line

(1) Introduction
MM.Suruz [B] reported a method to recognize a parking line and
parking slots for Automatic Parking Assist Svstem [5], which consisted
of six phases:
a. construction of the bird's eye view edge image of mput mage
captured with wide—angle lens,
b. Hough transform of edge mmage, marking line recognition by peak
pair detection,
c. marking line-segment recognition,
d. guideline recognition using modified distance between a pomt and a
line-segment,

e. and dividing marking line-segment recognition.

(2) Parking-slot-markings recognition algorithm
The six phases of the proposed method will be discussed in the
following section.

(a) Input image (b)Undistorted image

_‘IO_
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(c) bird's eye view image

Fig. 2.2. Construction of bird’'s eye view inage

a. Bird's Eyve View Edge Image

Rear-view image captured with wide—angle lens is transformed into
bird's eye view Image. First, input mmage is undistorted by radial lens
distortion model [17]. Then, undistorted image is transformed into bird’s
eve view Image with homography, which defines one-to-one relation
between two coordinate systems [18]. Fig. 2.2 shows the bird's eye
view Image of mput image.

Fig. 2.3 Bird's eve view Image and edge image

1

1
37 Y Sobel | oy (i) B(:cﬂ,w.j)‘

1=—13=—1

1 1
Z Z SObelhorizontat (?177) ¢ B(w_l_i’y_l_-j)‘ (28)

i=—1j=1

Ex,y) =

+

_‘I‘I_
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Edge image is generated from bird's eve view image(Fig. 2.3.) using
Sobel edge detector. Each pixel of the edge mmage is the summation of
Sobel horizontal mask application and Sobel vertical mask application
like (2.8). Fig. 2.3. shows a bird’s eye view image and resultant edge
mage.

. Hough Transform of Edge Image

Hough Transform is one of the most popular methods for the detection
of line mn binary image.

In general, Hough transform uses normal vector direction ¢ and distance
¢ as Hough space axes. In this research, for the sake of easier interface
with another components of vision system, somewhat different axes are
used: orientation angle ¢ instead of normal vector direction ¢, signed
distance d instead of positive distance p.

y=a.x+b=tanb.z+d
d = b.|cosd (2.9)

Equation (2.9) shows the definition of § and d.

. Marking line-segment recognition
ID{one-dimensional) filtering and clustering in Hough space are
developed to detect peak pairs, whose two peaks have the same 8 value
and fixed internal-distance W in d axis in Hough space.
Equation (2.10) and Fig. 2.4 shows the structure of designed 1D filter.
HS(0.d) is the value of a Hough space element at 6.d). HS(6,d—w/2)
and HS(O,d+w/2) are considered to be the peaks. P, P5 denotes
respectively each value of two peakness—testing coordinates. S0.d) is
the application result of the designed filter. Only when S6,d) s
positive, L(f,d) is defined as a likelihood ranging between 0-1. When

the valley values are all zeros, S(8,d) has its maximum value, £, + Py

If L(6,d) is greater than the threshold # the coordinates (6,d) in

dual peaks:

_12_
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Hough space becomes a candidate of marking line-segment.

5(0,d) =— HS(0,d— W)+ P, — HS(0,d) + Ps— HS(0,d+ W)

_ max .
}g—i:_l_lﬂSwd 5 i)
_ max w_.
Py=, N HSO.d+ i) (2.10)
min (P4, Pg)
L(6,d) = S E) "ty S
,d) =4 max (P, Pg) P+ Py
0 ,  S0.d) <0
1 :L(Gad) > gdual peak
O(@;d) - {0 ,L(Q,d) = gdualpeak
5 Ia‘d—w}
w iua,a-w,fz,\
% ¥ Ers.a]
W :Jil_a,rh'ﬁfﬂ]

Fig. 2.4 Structure of 1D filter

Fig. 2.5(a). shows detected candidate clusters and their centroids. Fig.
2.5(h). and (c). show overlaid lines designated by detected centroids in
edge Image and undistorted image.

_13_
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(b) In edge image (c) In undistorted image
Fig. 25 Recognized marking lines

Marking line-segment is recognized as a section of detected marking line,
which satisfies the condition of marking line—segment.

Fig. 2.6. Recognized marking line—segment

_14_
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d. Guideline recognition

(b) When P, is out of the line-segment

Fig. 2.7 Distance between a peoint and a line-segment

Distance between a point and a line-segment is defined as one of two
values: distance between the point and a line extending the
line-segment, minimum of two distances between the pomt and the two
endpoints of the line-segment. In other words, if the foot of a
perpendicular is in the line-segment as shown in Fig. 2.7(a), distance
between the point and the line-segment is defined as distance between
the pomt and the foot of a perpendicular. In opposite case as shown In
Fig. 2.7(b), minimum of two distances between the point and two
endpoints of line-segment is selected. Equation (2.11) shows the
equations of the extending line and normal line. Equation (2.12) shows

the equation of cross point F, as the solution of above two line
equations. Equation (2.13) defines distance between a point P and a
line-segment S. In this application, the given point P is always the
camera position and two endpoints of the given line—segment S are
previously defined £, and £, . F,,, Is nearer to the camera.
Modified distance from a point P to a line-segment S, D(P.S), is

defined like equation (2.14) and a line-segment with minimum modified

_15_
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distance is selected as a guideline. Fig. 2.8 shows the example.
Although the start-point of line-segment &, is nearer than the

start-point of guideline 5, because the direction of line-segment 9, is
similar to the gaze direction, & has greater modified distance than 5.

Fig. 2.9 shows the detected guideline.

(Pi{': rl';Plch)

o L u(PPg
t P

Fig. 2.8. Guideline is likely to be normal to the gaze

Fig. 2.9. Recognized guideline

¢. Dividing marking line-segment
Using the difference between the intensity of pixel on marking and the
mtensity of pixel off marking along the guideline, marking line-segment
dividing parking slots can be detected. By detecting a position where

_16_
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the intensity difference becomes small definitely, "T'-shape junctions
between the guideline and dividing marking line-segments can be
recognized successfully. Furthermore, since 'T'-shape junction is found
along a whole line extending the guideline, therefore additional dividing
line-segments can be detected, which are not detected during peak pair
detection because they are located far and blhurred.

y=a *» x+b
1 1 (211
’U——E . ZE"‘E ® $p+yp
Pz y):L(ia: +y £b) ¢ (z +a"y+£) (2.12)
I P A A C I T I
, distance(P,Ps) PoP, ; * PPy, <0
dwtance(P’S){dista,nce(P,P*t) PoPyy * PoPy, >0 (2.13)
D(P,S) = distance(P,S) < (u(P, Py ;) + u(Py s Pryyp)) (2.14)

Fig. 2.10. Recognized dividing marking line-segment

_17_
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(3) Computation of the slope of the parking line

Py

Fig. 2.11. Slant parking angle

Suppose Py 1s one of the parking slots in the binary image. And there
exist a lots of lines which are parallel of the guideline. Suppose which
one of them looks like in the Fig. 2.11. and meet a crosspoint P. It is
easy for us to count out the pixels between the point P, to pomt O,
and the pixels between the point P to the point O. So we can count out
the angle 6 in here.

(4) Regulation of the parking garage size
In reference[21], a law of the Ministty of Construction and
Transportation No. 29 in 2006.05.30. To the 6th item first law rule. We
can see the definition that for a number car the width must 2.3 meters
upper, and length 5 meters more. (For minicompact car, the unit of
parking space and length must be 2 meters and 35 meters higher,
respectively). Similarly similar regulations about the disables and large
size cars are also present, but i this study we considered the car of

the large size and not the cars for special situations.

_18_
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3. Parking Algorithm for a Rectangular Space

A reference trajectory 1s needed for a mobile car to be successfully
parked in the garage. In this regard, If the reference trajectory has low
feasibility, then the wvehicle can not follow the trajectory accurately.
Therefore, the reference trajectory must be set up to the track. The two
cases of parking, ie. backward parking and forward parking are
presented as follows.

For backward garage parking the steering wheel is typically tumed to
the right and the care is moved back. Accordingly the care will result
in an arc trajectory on entrance to the garage. Hence, a quarter circle is
used to form this trajectory. The reference trajectory for backward
garage parking includes a circular motion and a straight-line motion.
Fig. 2.12. shows the proposed trajectory, where (z.,%,) is the wvirtual
center of the circle, (z,,¥,) is the connection point, (z,y.) is the initial
location of the reference trajectory, and (z,y,) is the final location for
(@ u).

The reference rear trajectory during backward garage parking is
represented as a function v =f(z.). The general form for circular motion

and line motion are as follows:

(.?_’,’T _$5)2+ (y'r _yo)2 = ($6 _'?;Q‘)z

z, = zgand y, <y, <y, (215)
on successtful accomplishment of the said trajectory the vehicle can be
correctly parked in the garage.

As regards the forward garage parking, lets assume that the garage is

wide enough to park the vehicle directly. The corresponding reference

trajectory is shown in Fig. 2.13.

_19_
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T

(X 5,7 4

Fig. 2.12. Reference trajectory for
backward garage parking.

Fig. 2.13. Reference trajectory for forward garage parking

The reference trajectory during forward garage parking is represented
as functiony,=f(z;). The general form for circular motion and line

motion are as follows:

(zp—z, )"+ (yp—y,)° = (x,— x,)*

i, = i, S, A, 22 e 2 s (2.16)

_20_
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In the real world, there exists wvarious types of wvehicles which have
different scales including length width and height. For research, we search
for a great deal of data and divide them in classes. Research reports
[19]1[20], mention that in the market is to see the different scales of the
vehicles. The usual scales of wvehicles refers to the FKwopean and Asian
cars, Compared to some cars i Japan and America cars which m a
higger size. We just considered about the small and middle scale cars in
the usual situation, where the length are between 3.6m to 4.9m, the width
are in the range of 1.5m to Zm. Sure they also have different heights and
other elements, but which we are not consider in this paper.

The range of scales about the car looks as follows:

Wheelba
Unit{Meter) Length Width Height Model
se
EU, Asia Car:
Minicompact

3.6-4 1.5=1.7 1.3-1.5 | 2.2-2.5 XIALT
car(2 room)

minicompact
4.1-4.4 | 1.6-1.7 1.3-1.5 | 2.5-2.6 | COROLLA
car(3 room)

Midsize car 4.3-4.7 | 1.7-1.8 | 1.3-1.5 | 2.6-2.8 | JETTA

Special Size:

K-car <3.7 <1.5 ~ - SUZUKI
Large station Lincoln
5.2-b5.5 | 1.8-2.2 1.3-1.5 | 2.8-3.3
wagon Towncar
SUV 5-5.5 1.8-2.2 1.8-2.2 | 2.8-3.2 BUCK-GLS
s 21 —
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4. Parking Algorithm for Slant Space

3 (Xe¥Ye)

Fig. 2.14. Reference trajectories for forward garage parking in a slant parking
space.

But we assume the parking of the autonomous mobile car in a new
surrounding. 1e. a slant parking space shown in Fig. 2.14. shows the
proposed  trajectory, where (mﬂ,yﬂ) 1s the wvirtual center point of the

circle, (z,.y,) is the connection point, (z_.y.) is the initial location of the
reference trajectory, (z,.y,) is the final location for (xf,yf). # is the slant
angle of parking space. It is apparent that if the & is 90° in here, then
will be like the garage parking space like in Fig. 2.13.

In here, still there have a problem how to consider the initial location

point (z.y.), and how to find the connection point (z,.y,), and the

virtual center point (z,,3,) of the circle.

_22_
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Fig. 2.15. For finding the reference trajectories for forward garage parking in a
slant parking space.

In order to implement the slant parking, we adopt a circular arc and a
tangent line of the circle though the connection point (mo,yo). In fact,
several curves have been used to present the reference trajectory in the
circudar arc such as a circular arc through the initial location point
(x,.y,)the connection point (r,,y,) and a point at the right corner of the
bottom in the parking space, etc. However, at the straight-line motion
where the straight-line should be the tangent to the circular arc then
the trajectory will be the feasible and smooth.

First, at one side of the garage, we can find a line !, which is cross

the point A and the slope which is 45°. And a line which is cross the

points of the front and rear wheels center of autonomous mobile car

_23_
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which are (zny;) and (.y,). Thus, the intersecting point of the two

lines can be obtained.

Secondly, we have to find a connection point of the trajectory, for that
lets assume a parking garage (Fig. 2.12) in a slant parking garage
(drawn as dotted line in Fig. 2.15). As shown that the point A is no

varied, therefore the line [, is also unchanged. Thus, an intersecting
point B of the lines which are the center line of the dotted line garage
and the line 145u. Thus, there exist a circle which is cross the points
(a:e,ye) and the point B, and the center line of the dotted line garage is

a tangent line of the circle. Here, we just consider the center point of
the circle is C. Thus, we can get an intersecting point, the connection
point (z,,y,) we considered, of the lines which is the line cross the

points B, C, and the center line of the slant parking garage.

At last, the center point of the circular arc has to be determined. In
Fig. 4.2. where we can get two straight line functions, one is though
the points (z,,y,) and (mg,y_q), and one is though the points (z,y.) and

(x,.y,). Which leads to two more lines Z,,Z,, where Z, is the line which
though the center point of the line function between (me,ye) and (mo,yo)
and vertical the line which is though the points (z,,y.) and (x,,y,), thus,
we have the equation of [, as given as follows:

where

T, — X, i, 0%,
7_ . ZEl = 2 + 2 ;
Ye — Yo

Lo Yyy —— (217)

L, is the line function which though the point (z,.y,) and vertical the
line which 1s though the points (xo,yo) and (x_q,y_q). Thus, the equation
gives:

Lt Yo =— ctan®(ze — z,) + Y, (2.18)
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Thus the crossing value of the lines [,l; can be obtained, which is the
center pomt of the circular arc (xﬂ,yv) we considered in here,

where the values of ¥y, as follows:

_ (ajgia:g)i($€7$0)2+2$0($37y0)0tan9 ( )
Xy 2[(yefyo).ctan9— (xe*%)] 2.19
by == ctandlz, = z,) + g, (2.20)

Thus the reference the trajectory can be given as follows. Where the
general form for cireular motion 1s given by

(2p—2,)" + (yp—y,)* = (yo— )" + (2, — )%, (221)

where, the certain point of the circular arc is (mu,yy), the radius of the
circular arc is the length of the point (z,,y,) to the point (x,.y,).

And the line motion gives

Yi = tan@(:cf—azo) +y, and y, < yp < y,,. (2.22)

Which is a section of the center line of the slant parking garage, and
it's tangent line of the circular arc.

Equations (2.21) and (2.22) are the reference front trajectorv during front
garage parking is represented as a function y; = f (a:f). We rewrite them

in the following:
The circular motion is given by

(2 —a,)"+ (g —,)" = (y,— 9, + (2, — z,)". (2.23)

_25_
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And the line motion now is
yr = tanb(z; —x,) +y, and y, < yr < y,. (2.24)

By large, on fulfillment of the reference trajectory effectively, the
vehicle can be parked correctly in the garage.

_26_
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I Design of Fuzzy Logic based Parking System

In this section, we design two fuzzy logic systems for the garage parking

of a mobile car, are designed.

A. Backward parking system via the conventional FLC

The main role of backward parking system is to make the mobile car
follow the reference  trajectory from the start position to the end
position. The parameters used to construct the backward parking system
1s shown in Fig. 4, where (z..7,) is the desired position of the
reference trajectory at some sampling instants, ¢, is its orientation angle
corresponding to the X-axis, ¢, is the orientation angle of the mobile
car, and ¢, denotes an orientation angle between the X direction and the

line from (.. %.) t0 (£ 2.).

Fig. 3.1. Definition of parameters for backward parking system.

A FLC is an algorithm that can convert the linguistic control strategy
based on the knowledge of expert or operator into an automatic control
strategy. The rules of a FLC are usually determined by the human
operator's behavior. The kernel of the FLC 1s a set of linguistic control
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rules. According to the parking skill m our daily life, fuzzy reasoning
rules for the backward parking system can be expressed in linguistic
form.

A two-input single-output FLC for the garage parking task, was
designed. In this regard its input varables as follows:

Wy = B 0
oo (3.1)
ug =ty — 04
Then a sliding line is defined as follows:
5= U; — Uy
=0

That is, s=0 or @, =60, means that the mobile car follows the
trajectory.

If the output linguistic variable as the steering angle ¢, the governing
parameters for the conventional FL.C can be set up, as given in Table Z.

Table 2. Rule table for the
conventional FLC (forward parking).

u U | NB \NM| N5 | ZE | PS |PM | PB
FB |NB|NB|NB|NB|NM|N5 | ZE
PM |NB|NB|NB |NM|NS | ZE | PS
Ps |NB|NB|NM|Ns | ZE | PS |PM
ZE |NB|NM|NS | ZE | PS |PM | PB
NS |[NM|Ns | ZE | PS5 |PM | PB | PB
NM NS | ZE | Ps |PM | PB | PB | PB
NB |ZE |P5 |PM |PB |FB PB | PB
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The membership functions of v, u; and & are shown in Fig. b, where
they all are decomposed into seven fuzzy partitions, such as negative
big(NB), negative medium(NM), negative small(NS), zero(ZE), positive
small(P’S), positive medium(PM), and positive big(PB).

up M NS IE Ps P PH
1

T n I N
-E0 -40 -20 o 20 40 60

(a) Membership function of .

Hb (] NS IE PS Pl PB

05+

0 n r=) n T n T n T n
-80 -60 -40 -20 a 20 40 B0 a0

{b) Membership function of s,

Ilb bt NS IE PS Pt FB

o i T L I T T
-40 -30 =20 -10 a 10 0 3o 40

(c) Membership function of ©

Fig. 3.2, Fuzzy membership functions for the input-output variables of the

conventional FLC.

B. Backward parking system via the SFLC

The governing parameters can be changed and any similar type of table

can be applied to Fig. 3.3.
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Fig. 3.3. Depiction of Table 2 with infinitesimal quantization levels.

Consider the line which passes the origin and is parallel to straight lines

which are boundaries of control regions.

Sl 3 Uy — )\UQ — 0 (33)

We call it the switching line.
We can now derive a single variable d, from Fig. 3.3 [9]:

Uy — AU
d,= ————r (34)

AEDS

It represents the distance with a sign from s;= 0 to an operating point.
Then the control rule table can be established by a single variable of d,

instead of two wvariables of u,u,. We call it SFLC(Single-input Fuzzy
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Logic System).
The output linguistic variable is still the steering angle <. Therefore
the rule form for the SFLC is given as follows:

RE IR d, is LDLY THEN v isLo W,

where ZDL¥ is the linguistic value of 4, in the kth rule. Z&® is the lin-
guistic value taken by the process state variable. Then the rule table is es-
tablished by Table 3.

Table 3. Rule table for the SFLC (backward parking).

NM | NS ZE E5 PM FB
NM | NS ZE PS PM FB

5

o

NB
NB

The membership function of 4, for the SFLC is shown in Fig. 3.4.

A
= - v z = e ve
..\. |"-l ".'.‘ .'.,' l".l / ,-‘"‘ ‘\.'-. _,".‘
Y Y W !'( X ¥
i "\. \\ \ FAR
I \ \ r,l' \ / s \\
_’r‘. .". l". ¥ I"._
i % 0 12 3 0

Fig. 34. Membership function of d,.
From Table 3, we can see that the total number of rules is greatly
decreased compared to the case of conventional FLC. So we can easily

increase the number of rules for the purpose of a fine control.

. Forward parking system via the conventional FI.C

The reference trajectory for the forward garage parking was shown in
Fig. 3.2 and equations (2.23) and (2.24).

In this case, if the mobile car is above the ideal trajectory, one should
turn the steering angle to the right with a medium force to go along
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the trajectory. So, we can derive the following rule! if « i1s NS and w
1s PS, then ¢ is PM. The control rules for the forward parking system
are listed in Table 4, which is skew-symmetric to Table 2.
Except for the rule table, all the parameters and settings of the forward
parking systemn are the same as those in the backward one.

D. Forward parking system via the SFLC

The corresponding reference trajectory and equations are the same as
those described in Section C. In the forward parking syvstem, the rule
table for the SFLC is derived as Table 5 wvia the similar manipulations
to Section B:

Table 4. Rule table for the FLC
(forward parking).

Ns | ZE | P5 | FPM | PB

PM | PB | FB | FB | FB
PSs |\PM | PB | FB | PB
ZE | P5S |FPM | FB | PB
No | ZE | PS5 |PM | PB
NM | Ns | ZE | PS | PM
NB |[NM | Ns | ZE | PS
NB |NB |[NM | N5 | ZE

B
5888278 &
AEEBEEIEIE

Table 5. Rule table for the SFLC {forward parking).

d NB  NM|Ns | ZE | PS | FM | PB
o] FB | PM | PS5 | ZE | NS | NM | NB
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IV. Simulation and results

The computer simulation results of the autonomous mobile car are
represented to demonstrate the effectiveness of the proposed control
schemes. Taking into account real life, for forward parking, the length
and width of the garage is about 15 times greater than the car size.
The autonomous mobile car used in the simulation has the following
dimensions: length m, width m, and wheel base m. We simulated some
cases to demonstrate the effectiveness of the proposed scheme. Taking
into account the real life, the length of the garage is about 2 times
wider than that of a car for the garage parking.

A. Backward parking case

Suppose  the inttial postures of the mobile car is located at
(@, y,. 6,) = (5,6.5,0°).

First, we just simulate it with a line from the center position of the
front wheels to the center position of the rear wheels. Stmulation results
are shown in Fig. 4.1 and Fig. 4.2. These are the cases of conventional
FLC and SFLC, respectively. As we can see in figures, their results are

almost the same.
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L Rear  Front
g .

Start position

= meters)
=

Y (unit

End position

L : L L L !
2 0 2 4 ] B 10
Xr (unit = meters)

Fig. 4.1. Simulation result of the conventional FLC.

B Rear  Front

gl

Start position

= meters)
=
T

¥r (unit

End position

. . \ \ \ \
2 0 2 4 B 8 10
Xr {unit = meters)

Fig. 42. Smmulation result of the SFLC.

B. Forward parking case

We will now simulate the case of the forward parking system. We
suppose the initial postwres of the mobile car is located at
(x, v 6,) = (-5,6.5,0°). Simulation results are given in Fig. 10 and
Fig. 11. These are the cases of conventional FLC and SFLC,
respectively. Similar to the backward parking case, their results are

almost the same.
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Rear Front

Start position

meters)

=

¥r (umit

End position

-10 -8 B -4 -2 0 2
A (unit = meters)

Fig. 4.3. Simulation result of the conventional FLC.

Rear Front

Start position

= metars)
=

¥ (unit

End position

-10 B B -4 2 0 2
A (unit = meters)

Fig. 4.4. Simulation result of the SFLC.

C. Slant parking case

Lets simulate the case of the forward parking systermn. We suppose the
initial postures of the mobile car is located at (..., 8,) = (5,7.0°). The

result given as follows, shows that the wvehicle can follow this reference
trajectory very efficiently.

_35_

Collection @ daegu



meters)

o
T

YT (unit

End position

. . L L L L L L
7 [u} 2 4 B 8 10 12 14
Af {unit = meters)

Fig. 4.5. Simulation result of the conventional FLS.

tart position

¥f (unit =meters)
m

2 e
ok End pusm
2 L L L L L f f f
-2 0 2 4 B g 10 12 14

Xf (unit = meters)

Fig. 4.6. Simulation result of the simple-structured FLS.
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V. Concluding Remarks

In this paper, we introduced a method to recognize a parking line and
recognize out the angle of the parking space. We just confirmed its
performance available in theory, still its need to mspect in real-time
testing. The remained problem is to recognize out the actual garage size
in a real time image processing. We have also designed fuzzy logic
based backward and forward parking system for an autonomous mobile
car. We here introduced the reference trajectories for their garage
parking. Additionally, we designed fuzzy logic based backward and
forward parking system for autonomous mobile car, and designed the
reference trajectories for their garage parking. We have also designed
the SFLS for the backward and forward parking systems, respectively.

For improving the reliability of the simulation results. we analyvzed for a
great deal of data about the various types of vehicles and divided them
mto some classes. We made a simulation surrounding to the real world.
What was interesting in the simulation was that if we change a angle
of the slant garage parking space, the autonomous mobile car can still
follow the trajectory well. It showed many other advantages. One of
them was to reduce the number of the control rule greatly. Compared to
the conventional fuzzy logic systermn design it could reduce the design
time greatly and mmproved the processing speed. Also we confirmed the
parking systern not just in a rectangular spaces and also the slant

parking spaces.
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