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AUTOMATIC PARALLEL CAR PARKING

Abstract. This paper presents a method of automatic parallel car parking. The first part describes the principles of
vehicle movements. Erajectories of front and back axlevi are presented, as well as the difference between turning of a
car forward and backwards. The second part describes the developed algorithm. Position of the vehicle is determined
using readouts of six proximity sensors and mathematical calculations. Two kinds of parking are considered. The first
one is a maneuver in which the vehicle moves only backwards on the reverse gear. The trajectory of the car and its
mathematical description is provided. The second maneuver allows the car multiple change of the direction of
movement and is applied when there is not enough of space for performing the first one. The starting position of the
vehicle is determined by simulating the reverse maneuver, that is to say, going out of the parking spot. Amount of space
required for parking is calculated differently for each maneuver. The last part of the paper consist of a description of 3-
D animation of the system.
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b. Kuraaiao
ABTOMATHUUYECKAS ITAPAJUIEJIBHAS ITAPKOBKA ABTOMOBWISI

Annomayua. Ilpeocmasien memoo asmomamuieckoll NapaiieNvHol Napkoeku asmomobuns. Ilepsas uacmo
onucelgaem NPUHYUNGI 0BUNCEHUs agmomoouins. Bmopas npeocmasnsiem cnpoexmuposanusiii aneopumm. B cmamee
paccmompensl 08a 6uda napkoeku. llepgviv sensiemcs manedp, 8 KOMOPOM A8MOMOOUb 08USACMCA MOAbKO 3A0HUM
xo0om. Bmopoii paspewaem asmomobunio mensame Hanpagienue OGUINCEHUS. MHOZOKPAMHO U NPUMEHSIemCs 8 Clyyae,
Koe0a Hem 00CMAamo4yHO Mecma OJisl 8blNONHeHUs nepeoeo manegpa. Ilocneouss uwacme cmamvu onucvigaem 3-D
AHUMAYUIO CUCHEMbL NAPKOBKU.

Knrouegvie cnosa: naprxosxa, asmomamuzayus, 3-D epaguxa

B. Kuraaio
ABTOMATHUYHE MMAPAJIEJIBHE MTAPKYBAHHS ABTOMOBLJISA

Anomauia. IIpeocmasinen memoo agmomMamuyHo2o NapKyeanHs asmomoobins. Ilepuia yacmuna onucye npuHyunu
pyxy asmomobina. [pyea npedcmasniae cnpoekmosanuii aneopumm. Y cmammi po3enaoacmocs 08a u0U NAPKY8AHHSL.
THepuium € manesp, y akomy asmomoodine pyxacmuvcsi minoKu 3a0HIM X000M. JIpyeutl 0038074€ agmomoobinio 3MiHIo8amu
Hanpsamox pyxy 6azamopazoeo i 6UKOpUCMOBYEMbCA MOOi, KONU HeMae 00CMAamHb020 Micys OJid GUKOHAHHA NePULOO
manespy. Ocmanus wacmuna cmammi onucye 3-D animayiio cucmemu napKyeanis..

Kiiouoei cnoBa: napkysanns, asmomamusayis, 3-D epagixa

1. Introduction

Automatic parking is a system that moves
automatically a vehicle from a street into a
parking spot [1]. Its aim is to enhance the
comfort and safety of driving. Parking is
achieved by means of coordinated control of the
steering angle and speed which takes into
account the actual situation in the environment
to ensure collision-free motion within the
available space [2]. There are three
distinguished types of parking: parallel,
perpendicular and angle. The most difficult one
— parallel parking [3 — 4], has been presented in
this paper.

2. Vehicle movements principles

A turning vehicle rotates along a circle. The
position of the center of the circle depends on
the angle of the steering wheels [5].
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Actually moving along a straight line may
be also considered as circular motion, in which
the radius of the curve is infinite.

Fig. 1, a present’s movement of a car while
turning forward. All points of the car rotate
around the same point — the rotation center.
However, they move along different curves that
are they have different radius of rotation.

The curves of movement of all four wheels
have been shown. The radius of the turn of the
wheels is perpendicular to its elevation plan [6].
Since two back wheels are not steered, they are
always parallel to each other and the radius of
their rotation lies on the back axle. On the
contrary, the front wheels are steered and their
rotation radiuses do not lie on the front axle [7].
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a)

b)

Fig. 1. Trajectory of a car turning forward (a) and backwards (b)

Moreover they are not collinear and hence the
forward wheels are not parallel (the inner wheel
is rotated of a higher angle that the outer one).
The difference between features of the front
and back axle is the reason why the front of
the car shifts much more while turning than its
back. The higher is the angle of wheels turn,
the greater is the difference [8].

For comparison, turning of a car
backwards has been presented on Fig. 1, b.
The black curves on both sides of the figure
indicate the direction of movement. Because
of the reasons mentioned above, this
movement differs from turning forward. Even
though the car starts from the same position as
before (the bottom right corner) and makes the
same maneuver, it ends up in a different place.
In the first situation the final position is the
left side of the image, whereas in the second
one it is the top-right corner of the image.
This difference is the reason why parallel
parking is performed by going backwards.

The car is equipped with three pairs of
proximity sensors placed in its corners [9].
The sensors measure the distance from the
closest object in one of three directions
perpendicular to the car walls: front, right and
back side of the car [10]. The black dots with
numbers on Fig. 2 show the points of
placement of the sensors and the arrows
indicate ~ the  direction  of  distance
measurement.
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Fig. 2. Placement and direction
of the car sensors

3. Parking Algorithm

The system can perform two kinds of
parallel parking. In the first one, so called ,,one-
shot parking”, after finding a spot the car moves
only backwards (turning left or right, but using
only the reverse gear). In the second one, called
~multi-movement” parking, the car can change
the direction of movement (backwards/forward)
multiple times. The first phase of the algorithm
is searching for a free parking spot. This phase
has been presented on Fig. 3. It begins when the
driver going forward sees a parallel parking in
front of them and decides to park the car in it.
They stop the car and turn on the parking
system. Fig. 4 shows the flow chart of the
parking system algorithm. In each iteration of
the loop the car moves forward of a given,
relatively small entity (e.g. one centimeter) and
measures the length of the parking spot. In the
measurement procedure the car takes the
readout W of sensor 3 and compares it with the
minimum spot width W, If it is lower
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(Fig. 3, a), no parking space have been found

(L=0) and the algorithm performs another Gl
iteration of the loop. If it is greater, a space
between parked cars has been found and
measuring of its length starts.

The procedure repeats by adding the driven meaiﬁrfe()gfm;liace
distance in the iteration to the currently found
spot L (Fig. 3, b). When the found spot is longer
than the minimum length for one-shot parking
Lmin, this maneuver is performed.

A possibility of multi-movement parking is
checked only when measuring of the place has
finished and one-shot spot has not been found.
That means, that even if enough of space for
multi-movement parking has been found, this
maneuver is not performed immediately, but
looking for a one-shot parking spot continues.
One-shot parking has priority over multi-
movement parking because it is much easier and
quicker, even thought it requires a little more of
time to find a spot. The parking system uses
three types of movement in every direction
(forward or backwards): going straight, turning -

. . . . Multi movement
left and turning right. Turning of the car is Parking
performed with the maximum angle of rotation
of the steering wheels.

L=0 WEWmm: O<|—<me
STOP

Current space >=Min ONE-SHOT space

ONE-SHOT Parking

The space has finished

Current space >= Min MULTI-MOVE space

W < Wi,

Fig. 4. Flow chart of the parking algorithm

4. One-shot parking
One-shot parking is composed of three
[ steps:

3-—1—-> 1. Turning right backwards
L

2. Going straight backwards
3. Turning left backwards

All three steps of parking are shown in
Fig. 5. The numbers 1-4 denote possible
positions of the car between adjacent steps.
Note that position 2 appears in two phases: it is
the end position of the first phase (Fig. 5, a) and
Fig. 3. Search for a parking spot before (a) and  the starting position of the second one (Fig. 5,

after (b) finding a space between cars b). Similarly, position 3 of the car is present in
Fig. 5,b and Fig. 5, c.
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Fig. 5. The phases of one-shot parking:
a) Turning left backwards; b) Going straight backwards; c) Turning right backwards

The minimum length of a one-shot parking
spot is a place, in which a car can drive in
performing only one turn backwards. In this
case, the minimum length depends on the
dimensions of the car and on the maximum
angle of turn of the wheels a (Fig. 6).

Fig. 6. Calculation of the radius R
of rotation of the back left wheel

Turning starts from the end position of the
previous maneuver — going straight backwards.
This position is unknown in advance, however, it
may be determined from the goal position of
parking, which is known. In this position the car
is parallel to the street and standing right behind
the previous car (Fig. 5, ¢). The algorithm uses
the fact, that car movements are reversible. That

is, if a car turns forward of a given angle and
then turns backwards of the same angle, it ends
up in the same place in which it started the
maneuver. Hence, the end position of going out
is the starting point of the third phase of parking.

Fig. 7, a shows determination of the one-shot
parking length. A car going out turns left until its
front shifts enough to be able to go straight
forward without hitting the next car. This happens,
when the front right corner of the car moves from
point D to point A in the figure. The dotted line,
parallel to the car after turning, demonstrates that
the car is able to go straight forward.

a b

Fig. 7. Determination of minimum spot length
for two kinds of parallel parking:
a — one-shot; b) multi-movement
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The required spot is the length of the |AC|
segment, which is the sum of |AB| and |BC|
segments. |BC| is the distance between the back
axle and the back edge of the car and is known
in advance. |AB| may be determined from the
Pythagorean theorem, since the, angle ZOBA is
a right angle:

|OB|2 + |BA[? = |0AJ2
IBA| = {/|OA|? — |OB|? .

|OB] is the radius R of rotation of the back
left wheel and is calculated using the
trigonometric function tangent and the car data:
the maximum turn angle of the inner wheel o
and the distance between the two axles x
(Fig. 6).

The movement of the car in each step of
parking depends on the movement in the next
step. Therefore, the data is calculated in the
opposite order, from the third step to the first
one. As well as in case of determination of
minimum spot length, reversibility of the car
movement is used for calculations.

The angle B that the car rotates in the third
phase is equal to the angle of rotation while
going out of the parking. This angle is
calculated based on (Fig. 7, a). Using the
markings on the figure £ is the difference
between the angle (£ + y) and y, obviously:

B=B+y -y
Both angles on the right side of the formula may
be determined using inverse trigonometric

functions:
+ t |AB|
= arctan ——
v+h 08|
_ t |DE|
y = arctan 1OF|

Segments |AB| and |OB| have been already
determined. Segment |DE]| is the distance from
the back axle to the front edge of the car and is
known from the dimensions of the car. Segment
|OE| is the sum of the car width and segment
|OBJ. Finally:

_ |AB| __ |DE|
S = arctan jop] — arctan o

In the second phase of parking the car
moves straight backwards from position 2 and
stops at position 3. In these two points the
direction of the car is the same. Position 2 is

determined from the first phase of parking that
is turning left backwards. Since the parked car is
parallel to the car before parking, the angles of
rotation in the first and third phase are equal
(Fig. 5, a) and (Fig. 5, c¢). To describe the
position of the car it is enough to determine
coordinates of one point belonging to the car.
For convenience the center of the back axle has
been chosen, since at position 1 it has the same
y-coordinate as the center of rotation. Given the
angle f, the segment f'is determined (Fig. 8, a)
as:

f=rcosp.

Hence, given the radius of rotation, the
x-coordinate x, of the car in position 2 may be
found. The shift s, along the X-axis is calculated
as the difference between x-coordinates of the
car in positions 2 and 3. Then, the distance s
driven by car in the second step of parking is
determined, as well as the shift s, along the Y-
axis. The calculation is based on (Fig. 8, b) and
trigonometric functions. When the coordinates
(x5, ¥2) of the car in position 2 are found, the y-
coordinate y; of the car at position 1 is
determined as (Fig. 8, a):

y1 =y2th,
where 4 is a side of the triangle on Fig. 8, a and
is calculated using the tangent function.

v ol

a b
Fig. 8. Determination of the starting and end

position in the first step of parking (a) and the
distance driven in the second one (b)

5. Multi-movement parking
A car performing multi-movement parking
can change the direction of movement several
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times. The maneuver can be divided into three
steps, as well as in case of one-shot parking.
The two first phases are the same as before and
the difference is only in the last one. Fig. 9
presents movement of a car in the third step of
multi-movement parking. The arrows show the
direction of rotation of the car and the letters on
them indicate whether the car moves forward
(F) or backwards (B). There is not enough of
space for parking with only one turning left
back, therefore the car is turning right forward.
However, after that the car is not parallel to the
street and needs another turning back.

Fig. 9. Car parking with multiple change of
move direction

Since the vehicle is allowed to change the
direction of movement as many times as
needed, the minimum length of the spot depends
only on the car dimensions, and not on the
maximum angle of turn of the wheels. The
minimum length is the maximum segment
included in the car projection and it is its
diagonal (Fig. 7, b).

Calculation of the number of moves in the
multi-movement parking is difficult, especially
for a low angle of wheel turn and for a short
parking spot. Without it, the starting position
and direction of the car in the third step of
parking cannot be determined. Therefore, a
simulation of going out of a parking spot is
performed. The method, as the previous one, is
based on the reversibility of car movements. It
simulates alternating of forward and backwards
turns of a car until it is able to go straight
forward without hitting any obstacles. The final
position and rotation of the car after the

simulation is the starting position and rotation in
the third step of multi-movements parking.
Determination of the data in the previous two
phases is the same as in case of one-shot
parking.

6. Animation of the parking system

The developed parking system is presented
as a 3-D animation [11]. The algorithm is
programmed in C# language using DirectX API.
The car in the animation makes movements as a
real vehicle, that is moves either straight or
rotates around a center calculated according to
the formulas developed in the previous
paragraphs. All four wheels rotate while the car
moves and the two front wheels rotate along its
Z-axis while steering.

Minimurn length for ONE ST
Found space lenght: 0,00

Turking right backward

Fig. 10. Screenshots of the 3-D animation
of the parking system

The animation shows both types of parallel
parking. First, the car performs a one-shot
parking, then goes out, moves forward to
another spot and parks wusing the multi-
movement method. The application lets the user
steer the camera position and change the
animation speed [12]. It is also possible to set
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the maximum angle of wheels turn. That allows
seeing how the size of the parking spot change
and how the parking is performed e.g. for a very
low angles of wheels turn. Fig. 10 shows two
screenshots of the animation: searching for a
parking space (on the top) and one-shot parking
(on the bottom).

7. Conclusion

The developed parking system performs
two kinds of parallel parking, depending on the
available parking space. The algorithm is based
on mathematical principles of movement of a
vehicle. The developed 3-D animation is a
pleasant evaluation of the system and shows that
it works in practice. In the future the system
could be applied to real vehicles and compared
with the existing ones.
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