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Autonomous Fuzzy Parking Control
of a Car-Like Mobile Robot

Tzuu-Hseng S. LiMember, IEEEand Shih-Jie Chang

Abstract—This paper is devoted to design and implement A nonlinear control proposed by Sampei and Furuta [3] for
a car-like mobile robot (CLMR) that possesses autonomous parking a car from any position to an appointed parking position
garage-parking and parallel-parking capability by using real-time s t,died through trajectory simulations. The simulation results

image processing. For fuzzy garage-parking control (FGPC) and . .
fuzzy parallel-parking control (FPPC), feasible reference trajec- of the nonlinear control illustrate the best convergence com-

tories are provided for the fuzzy logic controller to maneuver the Pared with a LQ regulator and a human model control, which
steering angle of the CLMR. We propose two FGPC methods is based on Kondo’s driver model. The car can be guided along
and two FPPC methods j[O back-drive O!’ head-in the.CLMR to  the minimum pass with parking prob|em by this control com-
the garage and the parking lot, respectively. Simulation results pinad with changing a straight guideline. Yasunobu and Murai
illustrate the effectiveness of the developed schemes. The overall . : .
experimental setup of the parking system developed in this paper [4] exploit the state_ evaluatlon fuzzy control and the predictive
is composed of a host computer, a communication module, a fuzzy controlto achieve the drive knowledge. Only the computer

CLMR, and a vision system. Finally, the image-based real-time simulations are given to show the effectiveness of the proposed
implementation experiments of the CLMR demonstrate the parking control.

feasibility and effectiveness of the proposed schemes. A skilled-based visual parking control using neural networks

Index Terms—Car-like mobile robot, fuzzy logic control, garage and fuzzy is discussed in [5], where two control architectures,

parking, parallel parking, real-time implementation. the direct neural control and the fuzzy hybrid control, are used
to generate the automatic parking commands. The environment

|. INTRODUCTION information is measured by a video sensor. The control archi-

K bl :gctures are validated by experiments with an autonomous mo-
I N RECENT years, autonomous parking problems [1-[23)j6 ronot. Tayebi and Rachid [6] deal with the parking problem

of thﬁ CLMR'ha\./e attragted a gre?ldegl dOf attention 'frolrgr CLMR by using time-varying state feedback control law via
research organization and automobile industry. Basica h’re Lyapunov direct method. The control law is robust to ensure

the parking problems can be classified into two categoriesyoha| houndedness of the system states under measurement
garage-parking problem and parallel-parking problem. T R rturbations.
garage-parking [11-{8], [22], [23] and parallel-parking [9]-[23] development of a near-optimal fuzzy controller for ma-

schemes have been examined in many papers in the Iiteratllee(:"uverin a car in a parking lot is described in [7]. A cell map-
Most of these researches have been concentrated on trackin 9 P 9 ) P

and posture stabilization methods. The tracking method Ff'sn% based method is proposed to systematically group near-op-

to design a control algorithm that makes a CLMR follow timal trajectories for all p0_55|ble mmal states in the parking lot.
. S . The rules and membership functions of the fuzzy controller are
reference trajectory. The posture stabilization method is 10

stabilize the CLMR to a desired final posture from any initiagenerated using the statistical properﬂgs of the mdm@ual tra-
posture Jectory groups. Aret al.[8] develop an online path-planning al-

Sugeno and Murakami [1] propose an experimental stud ggrithm that guides an autonomous mobile robot to a goal with
g brop P yavoiding obstacles in an uncertain world. The established au-

FGPC using model car, which is equipped with on-board mji ; T
. on[omous mobile robot cannot move omni-direction and run on
croprocessor and two supersonic sensors for the measuremg/F S

of the relative distance and direction. They derive fuzzy contro 0 wheels equipped with a CCD camera. The path-planning

rules by utilizing Sugeno-type fuzzy implications to model th@ gorithm is constructed by three modes: straight mode, spin

parking experience of a skilled driver. Suganal.[2] adopt the mode, and avoidance mode. The simulation program and exper-

similar hardware arrangement as that in [1] to execute the gar'mé“:}ntal results are developed to check this algorithm by using

. . . : € garage parking motion.
parking by employing fourteen fuzzy oral instructions such as~ ¥~ = ) , ) .
“go straight,” “slow down,” “enter garage,” and “speed up.” Sh|rq2| and Yih [9] propose an expert’'s knowledge including
symbolic form and nonsymbolic form, where the former can
be obtained from expert directly and the latter can be obtained
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The parallel-parking problem of curvilinear path generationing architecture based on a radial basis function network is also
for a car with nonholonomic constraints is proposed in [11]. Aresented. Two general cases of backward parking are emulated
fifth-order polynomial as the parallel-parking path is derivetly using the proposed controller.
by utilizing slope and curvature constraints. The relationship The parking problem with the point-stabilization problem of
between the rear-path curvature and the steering anglenémholonomic CLMR is investigated in [23]. The algorithm is
also developed. Murray and Sastry [12] propose a methdiyided in two steps: stabilization to a desired line and stabi-
for open-loop steering of nonholonomic systems by usirligation to desired point. The steering operation is determined
sinusoidal trajectory which are optimal input form in chainetly nonlinear state feedback control law. Simulations and exper-

system. iments using a CLMR, Postur-I1, verify the performance of the
A complete motion-planning scheme for a CLMR is deveRlgorithm.
oped in [13]. That has three stages: Generally speaking, the kinematics equations of a car with

1) plan a path for the geometric system: nonhqlonomic.constr.aints are .nonline_ar and. time-varying .dif—
2) perform a subdivision on the path until all endpoints Caggrentlal t_aguahons. Itis almostimpossible to find an auto-driver
be linked by optimal feasible paths: y a traditional gontrol method to maneuver the car to perfqrm
3) run an “optimization” routine to reduce the length of théhe garage parking or parallel parking. However, a human driver
path. can _smoothly and even perfe_ctly_ park the car into garage or
parking zone by some simple instinct rules without the knowl-
The scheme has been implemented in a complex environmggge of the motion kinematics of the automobile.
including a number of polygonal obstacles. Paromtchik andt js well known that fuzzy set theory is arisen from the de-
Laugire [14] propose an iterative parallel-parking algorithm fagjre of linguistic description for complex system and it can be
a nonholonomic vehicle with ultrasonic sensor system, whejijized to formulate and translate the human experience to ap-
the vehicle follows sinusoidal reference functions. propriately automatic control strategies. This kind of human in-
Laugieret al.[15] propose a novel control architecture for aelligence is easily represented by the fuzzy logic control struc-
car-like vehicle with dynamic moving. The control architectureure. Most advanced control algorithms in autonomous mobile
includes an offline global trajectory planner, a decisional kerngibots can benefit from fuzzy logic control.
which generates on-line appropriate senor-based manoeuvredmong these literatures [1]-[23], one can find that about half
and a motion controller. Two experiment results of lane fothe garage parking and the parallel parking are maneuvered by
lowing/changing and parallel parking are presented with a raBk fuzzy logic control (FLC) scheme. In fact, the FLC has
automatic car. A genetic algorithm (GA) based on fuzzy comeen successfully applied to numerous industrial appliances,
trol is set up in [16], where they exploit a new context-depegonsumer electronics, and autonomous mobile robots. The deci-
dent coding technique, a chromosome reordering operator, &ish-making logic (DML) rules of a FLC can be obtained from
the coevolution of controller testing sets to improve the conveAuman experts, learning mechanisms, evolution algorithms, or
tional GAs in designing controller. The algorithm is applied t@ome traditional control theories. The parking problem that will
parallel parking maneuver for mobile robots. be dealt with in this paper corresponds to a reference trajectory
An abstraction mechanism based on flows of commutatorstedicking, and we will propound two FGPC methods and two
vector fields is formulated in [17] and is applied to the goal-dFPPC methods for the CLMR in the coordinate systems. The
rected motion of a car and the standard path-planning aldoML rules are derived by the sliding-mode control and human
rithm. Lian et al.[18] investigate a fuzzy gain scheduling condriving skills.
troller to parallel park a CLMR, where a fuzzy sliding mode This paper is organized as follows. In Section Il, for
controller is firstly used to locally track a typical path for théback-drive and head-in parking, kinematic equations and
parallel parking. For the nonholonomic constraints and mechaeference trajectories for garage parking and parallel parking
ical constraints, several typical paths are formed to complete e derived. Suitable FGPC and FPPC are investigated such that
parallel parking procedure. Jiang [19] and [20] offers an auta-CLMR can park in the desired zone appropriately and auto-
mated parking system works in three phases, scanning, paosatically in Section Ill. Computer simulation results are given
tioning, and manoeuvring. Speed control during the manoeuveeshow the validity of the proposed fuzzy logic control algo-
is also discussed. A real-time collision-free path algorithm rithms. Section IV addresses the overall system architecture of
designed the basis of mathematical models. The experimentshaf CLMR, where the host computer, communication module,
the parking system have been presented on a B12 mobile rothet CLMR, and vision system are presented. The image-based
with embedded microprocessor with ultrasonic sensors. real-time parking controls of the CLMR are also presented in
A motion planning for autonomous parking of an intelligenthis section. Two FGPC schemes and two FPPC schemes are
vehicle by utilizing vision is proposed in [21], where color segall applied to implement the real-time garage parking and the
mentation method is based on RCE neural network. They appal-time parallel parking, respectively. Section V concludes
quintic polynomials and symmetric posture to provide good réais paper.
sults in local path planning for automatic parking behaviors.
Autonomous parking algorithm is implemented in a simulation
program and a real Smart Car. Gorinevshkyal. [22] explore
stability of feedback controller, and optimal trajectory planning The motion of the CLMR is discussed firstly in this section.
and formulation for parking problem. A parking motion planTwo kinds of kinematic equations for CLMR are examined and

Il. KINEMATIC EQUATIONS AND REFERENCETRAJECTORIES



LI AND CHANG: AUTONOMOUS FUZZY PARKING CONTROL OF A CAR-LIKE MOBILE ROBOT

YA o

(x,.%,)

‘\0

Fig. 1. Kinematic model of a CLMR.
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Fig. 2. Reference trajectories for backward garage parking.

Fig. 3.

453

Reference trajectories for forward garage parking.

1 2 3 4 5 6 7 8

Fig. 4. Reference trajectories of the fifth-order polynomial with six initial
locations(z., y.): (8, 5), (8, 4), (7, 3), (7, 4), (6, 5), and (6, 4).

reference trajectories for garage parking and parallel parking ateis is the so-called nonholonomic constraint. The front of the
then provided. CLMR is fixed relative to the rear, thus the coordinéte, v..)
is related to(z s,y )

A. Modeling of a CLMR

Consider a kinematic model of the CLMR shown in Fig. 1,
where the rear wheels are fixed parallel to car body and allowxla
to roll or spin but not slip. The front wheels can turn to left or
right, but the left and right front wheels must be parallel. All the

z, =z — lcosl

Yr =Yy5 — lsing. (2)

Hus, differentiating (2) with respect to time gives

Ty =I5+ flsing

corresponding parameters of the CLMR depicted in Fig. 1 are Ur =Yf — flcosh. 3)
defined as follows. Substituting (3) to (1), we can get
(zg,yr)  position of the front wheel center of CLMR;  sinf — vecosf) + 61 — 0 4
(z,,yr)  position of the rear wheel center of CLMR; _ Tysing — ygeost 4 1= 0. )
) orientation of the steering-wheels with respect t5"0m Fig. 1, we have
the frame of CLMR; 5 =v-cos(d + @)
6 ir_g)l(?s.between vehicle frame orientation and ip =v-sin(0 + ). (5)
wheel-base of CLMR: Substituting (5) to (4), we can Qer|ve
center of curvature; f=uv- Sm¢. (6)

distance from poin®© to point(z ¢, yy);
curvature of the fifth-order polynomial.

The rear wheel is always tangent to the orientation of the
hicle. The no-slipping condition mentioned previously requir
that the CLMR travels in the direction of its wheels. Thus, we
have

> Q=

9rcosf — &,sinf = 0. )

l

Equations (5) and (6) are the kinematic equations of CLMR with
Jigspect to the axle center of the front wheels. We rewrite them
é'g the following:

&g =v-cos(d + ¢)
ys =v-sin(f + ¢)
é:y-ﬁ. (7)
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rear

Fig. 5. Definition of parameters for backward FGPC.

Equations (7) are used to generate the next forward state p&3g. 2 shows the proposed trajectory, whéte, y,) is the vir-
tion of the vehicle when the present states and control input apvel center of the circléx,,, y,) is the connection poinfx., y.)
given. Following these equations describing the motion kinés the initial location of the reference trajectory, ang, y,) is
matics, we can easily obtain the kinematic equations of the ube final location for(x,., y,.).
hicle motion described by the position of the front wheel center The reference rear trajectory during backward garage parking
(zr,y-). Then we can apply (3) to (7), the kinematics of CLMRs represented as a functign = f(z,.). The general form for
with respect to the axle center of the rear wheels will be dekcular motion is given by

seribed as (2r =) + (e = 90)* = (2 =) (99)
&, = v - cosfcosep And the line motion becomes
Ur =V - sinf cos ¢ z, =x4 and y, <y, <yo. (9b)

Sm?{" (8) If the vehicle can follow this reference trajectory completely,

! one can definitely say that the vehicle parks in the garage cor-
Equations (8) are used to generate the next backward state pasitly.
tion of the vehicle when the present state and control input areSuppose the garage is wide enough to park the vehicle di-

b=v-

given. rectly, we could design a controller such that the vehicle can
move forward into the garage. The corresponding reference tra-
B. Reference Trajectories for Gage Rarking jectory is shown in Fig. 3. The reference front trajectory during

Traditionally, a path planner who takes into account of the efrward garage parking is represented as a fungjos: f(x ).
vironmental model as well as the vehicle's dynamics and coh® 9eneral form for circular motion is now given by
straints determines a reference trajectory. It is important for us (x5 —x.)" + (yr — ¥0)” = (x4 — )" (10a)
to provide reasonable reference trajectories such that the CLMRy the line motion now is
can successfully accomplish the garage-parking mission. If the
reference trajectory is far from a feasible one because of the un- o =wg and y; <y, < yo. (10b)
modeled dynamics or modeling inaccuracy, then the vehicleTibe idea of forward garage parking is the same as that of back-
unable to follow the trajectory accurately. To avoid the abnoward garage parking. Similarly, if the vehicle can follow this
mality, we must adopt a precise reference trajectory to track. Teference trajectory completely, we would say that the CLMR
evaluate the feasibility and effectiveness of FGPC scheme, @&n park in the garage correctly.
set up two test grounds for garage parking—backward garage ) . ,
parking and forward garage parking. . Reference Trajectories for Parallel Parking

By backward garage parking, according to our driving expe- In order to implement the parallel parking, we adopt a fea-
riences, we always turn the steering wheel to the right and bagikle and smooth trajectory [11] such that the CLMR can track.
the car. Then the car will result in an arc trajectory as enteriig fact, several curves have been used to present the reference
the garage. Thus, a quarter circle is used to form this trajectamajectory such as two circular arcs, sine curve, cosine curve,
Because we hope the car can keep backing straight in the garagel, a fifth-order polynomial curve etc. These curves are deter-
we draw a line at the end of the quarter circle as a desired patiined by the initial position of the CLMR and final position of
In other words, the reference trajectory for backward garagarking zone. Lyon [11] has shown that a fifth-order polynomial
parking includes a circular motion and a straight-line motioiis the least polynomial behaving the parallel parking. Moreover,



LI AND CHANG: AUTONOMOUS FUZZY PARKING CONTROL OF A CAR-LIKE MOBILE ROBOT 455

TABLE |
Fuzzy RULE TABLE FOR BACKWARD FGPC

u2

u1¢
NB |[ZE | NS |NM|NB | NB | NB | NB

NM | PS | ZE | NS |[NM | NB | NB | NB
> NS |[PM | PS | ZE | NS |NM | NB | NB
ZE |PB |[PM| PS | ZE | NS |[NM | NB
(a) Membership function of ul. PS | PB | PB | PM | PS | ZE | NS | NM

Huo PM | PB | PB | PB |PM| PS | ZE | NS

NB |[NM| NS |ZE | PS |PM | PB

-60 -35 -15 0 15 35 60

A
PB |PB | PB | PB | PB |PM| PS | ZE
NB NM NS ZE PS PM PB
TABLE I
Fuzzy RULE TABLE FOR FORWARD FGPC
u2
90 58 27 0 27 58 90 h NB  NM| NS | ZE | PS |PM | PB
(b) Membership function of u2. NB |ZE | PS |PM | PB | PB | PB | PB
ff’ NM [NS|ZE | PS |PM | PB | PB | PB
NS (NM|NS | ZE | PS |PM | PB | PB
NB NM NS 2E PS PM PB
ZE [NB|NM|NS|ZE | PS |PM | PB
PS |[NB|NB |NM| NS | ZE | PS | PM
PM [NB |NB|NB |NM| NS | ZE | PS
P PB |[NB | NB|NB | NB NM| NS | ZE
N 40 25 -12 0 12 25 40 "

(c) Membership function of control input ¢. . ) )
Simulation of tracking System

Fig. 6. Fuzzy membership functions for the input—output variables.
9 Rear  Front
compared with the fifth-order polynomial, the disadvantage of 8
those simple curves is that they induce an extra time penalty in 7 e
straightening out the wheel at the maneuver end-points. The de-» g e Start Posiion
. . . - . . . Y o
tail derivation of the fifth-order reference trajectory is examined I , / ant Position
as follows. vl 4
The reference trajectory for backward parallel parking is rep- 5 ! g!( A
resented as a functiop. = f(z,). The general form of a ; 3 i ffﬁlf:;?h T
fifth-order polynomial is given by [11] 2 ] ¥=56m
5 4 3 2 1 1 ¥=7m
_ T, Ty Ty Ty 8= 0°
yr(z,) =as <—> +ay <—> + a3 <—> + a2 (-) 0
Te Te Te Ze

, -1 End Position
+ ai <.Z‘_> + ap (11a) -2 0 2 4 6 8 10
€ Xr (unit=meters)

, S5as [ T, 4 day [ Ty 3 3az [ T, 2
Yr (337*) = z :17_ + z x_ + z a:_ Fig. 7. Simulation result of backward garage parking: vehicle with start
52 € € € € € posture(z 2, yr2,8) = (5,7,0°).
+ =2 (x—) + 2 (11b)
Te \Te 4 Te , where
20a5 [ ., 12a4 [z, 6as [z, y
o () s () (o e
T Te T Te TZ \Te n2]2
2a4 1+ (yr )
— (11c)
xg so that
where(z., y.) is the initial location of the polynomial. The con- . B
straints on slope of (11) are v (0) = y,." (ze) = 0. (15)
dy, . .
Yy = ﬁ, v (0) = 4,/ (x.) = 0. (12) We can obtain the reference trajectory as
T

The curvature at the end points satisfies > 4 3
P Yr(Zr) = Ye |6 <&> —15 <&> +10 <&> . (16)
k(0) = k() (13) T N
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Simulation of tracking System Simulation of tracking System
9 Rear  Front 9 Rear  Front
8 8
7 g 7 e
—_ o o 5 =
g° Start Position 3. 7 Start Position
@ 5 ‘4 c 3‘
) L4 !«‘[
N >3 ‘{ dealpath
> | . ~— | i t -
—3 d idealpath — - —-- - ] laeaipa -
=5 | actual path =2 ) axfc;ueg ﬁqath
| M=6m l =7 m
1 i Yf: 7m ; ; 8 =-10°
0 8=10
1 End Po s -1 End Position
i SR 2 0 2 4 B B 10
-2 0 2 4 6 8 10 Xr {unit=meters)

Xr (unit=meters)

. . . . . . Fig. 9. Simulation result of backward garage parking: vehicle with start
Fig. 8. Simulation result of backward garage parking: vehicle with Staﬁosture(xrz.yrz.e) = (5,7,—10°).
posture(z 2, yr2,6) = (5,7,10°). :

algorithm that can convert the linguistic control strategy based

Substituting (16) into (14) results in on the knowledge of expert or operator into an automatic con-
Ye (120%: — 180222 + 60 xrg) trol strategy. The kernel of the FLC is a set of linguistic control
k(z,) = e e e . (17) rules. In this experiment, according to the parking skill in our

3
2

daily life, fuzzy reasoning rules for the backward FGPC can be
expressed in linguistic form as follows.

Some different reference trajectories of the fifth-order polyno- L€t the input variable of the FGPC be defined as

mial are shown in Fig. 4, where there are six initial locations. uy =03 — 61 (19a)
. The reference front trajectory during forward parallel parking Uy =0y — 0. (19b)
is also represented as a functigh= f(zs). The general form
of a fifth-order polynomial is now given by

x4 T,

[1 4,2 (soﬁ — 60 30“2)2}
Ye w5 + 3

The output linguistic variable is the steering angl&d he mem-
bership functions of:1, u2 and¢ are shown in Fig. 6, where

5 4 3
Ty Ty Ty they all are decomposed into seven fuzzy partitions, such as neg-
= — | =15 — 10 — . ) . . . .
yr(ws) = ye [6 < > 2 <:Le> +10 < ) ] (18) ative big (NB), negative medium (NM), negative small (NS),

:ES [

- ; . ero (ZE), positive small (PS), positive medium (PM), and pos-
If the vehicle can follow this reference trajectory completel;%ive éig ()Pg) Since each(inp)utF;s divided into seE/en )fuzzy spets

e would say that the CLMR could park in the parkin on'é - :
\évorr\(,evctlljy y Hia park parking z orty-nine fuzzy rules must be determined. We develop the back-

ward FGPC by using the fuzzy sliding-mode control (FSMC)
[24]-[26]. For FSMC, we first have to choose the sliding sur-
face (in fact, the sliding line in this application) that represents
After providing the reference trajectories, we propose fothe control purpose. For instance, the sliding line is defined as
ward and backward parking methods for back-drive parking and s = ul — u2. (20)

head-in parking, respectively. We address the design procedures = | e ) o
Hbstituting the definition ofi1 andu2 into (20) implies

I1l. Fuzzy PARKING CONTROL DESIGN

for the FGPC and FPPC. Computer simulations are also giv§

to examine the feasibility. s =03 —0s. (21)
Supposes = 0, i.e.,f3 = 65, which presents that the CLMR
A. Backward FGPC follows the trajectory, then the steering anglshould be zero.

The main theme of the backward FGPC is to make the CLMBne of the corresponding linguistic meanings is thai tifs NB
follow the derived reference trajectory from the start position @®ndw2 is NB, then¢ is ZE.” Similar ¢ can be determined when
the end position. The parameters used to construct the backwar@dndu2 are in NM, NS, . ., PB. Suppose < 0, (for example,
FGPC is shown in Fig. 5, whel@:.1, 1) is the desired posi- «1 is NS andu2 is PS), this phenomenon denotes the CLMR is
tion of the reference trajectory at some sampling instants  just above the desired trajectory, we have to turn the steering
its orientation angle corresponding to the X-axis, the orientati@mgle to the left to increasky and decrease,. Similarly, if ul
angle of the CLMR i9,, andd; denotes an orientation angle beis NB andu2 is PB, thenp should be NB. On the other hand, if
tween the X direction and the line frow,.1, y,1) to (z,2,y-2). s > 0, theng > 0. We can conclude that i1 — u2 is closed
We adopt a two-input-single-output FLC for the garage-parkirtg the sliding line, the control action is smaller than those are
task. far from the line. The rule table for backward garage parking is

It is well known that the rules of a FLC are usually detersummarized in Table I. The defuzzification strategy is the center
mined by the human operator’s behavior. In essence, a FLC isdrarea method.
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Simulation of tracking System Simulation of tracking System
10 10 Rear  Front
Rear  Front
8 ; 8
7 e A et
5 6 ‘ ' ” R 5 6 Start Position \
c Start Position s = %
1 b L i
§ 41 ideal path == = -~ ek 5 4 ideal path — - — - ‘;;'r
~ actual path~————- . ~ actualpath— {
= ) - !
2 d=-5m ; 2r d=-4m
2w | {255
D b B = D ) i 0 - 1
En&%’béiﬁon End Position
10 8 6 4 ) 0 2 4 -10 -8 6 -4 -2 0 2 4

Xr (unit=meters) Xr {unit=meters)

Fig.10. Simulation result of forward garage parking: vehicle with start postuFég' 11. Simulation result ,OI forward garage parking: vehicle with start posture
(272.52.8) = (=5,8,0°). (252,972,0) = (=4,8,-10%).

B. Forward EGPC Simulation of tracking System
The CLMR can track a reference trajectory and accomplish 10
the garage-parking problem in forward FGPC scheme. In this Rear  Front
case, the kinematic equation of the CLMR is represented by (7). 8
The reference trajectory for forward garage parking is described — =

in (10) except the start positida.., y. ) is located at the second 6 S
quadrant, i.e.z. < 0 andy, > 0. Except the fuzzy rule table, ¢ Start Pasfion X
all the parameters and settings of the forward FGPC are the sameg 4 idealpath — - — - - ’,‘
as those in the backward one. The fuzzy rule table for forward — actual path 1{
FGPC is listed in Table II, which is skew-symmetric to Table . > !
i

meters

Now, we take one rule to explain. The rule: it is NS andu2 ‘
is PS, ther) is PM” represents that the CLMR is above the ideal
trajectory, one should turn the steering angle to the right with a
medium force to go along the trajectory.

o, %,
oo
N
233

b

End Position

-10 -8 R -4 -2 0 2 4
Xr (unit=meters)

C. Simulation Results for FGPC

The computer simulation results of the CLMR are given tBig. 12. Simulation result of forward garage parking: vehicle with start posture
demonstrate the effectiveness of the proposed control schenés: ¥r2-¢) = (=4.7.10°).
Taking account of real life, the length of the garage is about 1.5
times longer than that of the car, and the widths of the garatgspectively. Simulation results for these three start postures
are 1.5 and 2 times wider than that of the car for back-dri@e illustrated in Figs. 7, and 8, and 9, respectively. For
and head-in garage parking, respectively. That is why the sef@pvard garage parking, the reference trajectory starts with
of test ground for forward garage parking is wider than that #fe initial location (ze,y.) = (—3.5,7.0) with orientation
backward one. 0° and ends at the finial location (0, 0) with orientation
The CLMR used in the simulation has the following dimen=90°. Suppose the start postures of the CLMR are located
sions: lengthL = 4.45 m, width W = 1.695 m, and wheel at(zf2,ys2,02) = (-3,8,0°), (- 4, 8,-10°), and (- 4, 7
basel = 2.62 m. For backward garage parking, garage has thel0°, respectively, then the simulation results for these three
dimensions: garage length 6.675 m and garage width 2.54 $i@rt postures are illustrated in Figs. 10, 11, and 12.
For forward garage parking, garage has the dimensions: garagé/e can find that the less differences between the initial
length 6.675 m and garage width 3.4 m. We exploit the followingosture of the reference trajectory and the start posture of the
cases with several situations to test the effectiveness of the grd-MR, the less differences between the ides path and the actual
posed FGPC scheme. path. It is also seen very clearly from all these figures that we
For backward garage parking, the reference trajectory stagtcessfully control the vehicle to park at the desired position.
with the initial location(z.,y.) = (3.5,7.0) with orienta-
tion 0° and ends at the final location (0, 0) with orientatiorP- Backward FPPC
90°. Suppose the start postures of the CLMR are locatedTo make the CLMR follow backwardly the derived reference
at (xp2,yr2,02) = (5,7,0°),(5, 7, 10), and (5, 7,—10°) trajectory from the start position to the end position is the pur-
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a2 o)

Fig. 13. Backward parallel parking.

Fig. 14. Forward parallel parking.

pose of the backward FPPC. In this case, the kinematic equati '°[
of the CLMR is represented by (8). The fifth-order polynomial A
of the reference trajectory is described in (16). Fig. 13 llustrate [ 2ol ~ 7"~
the reference trajectory of the backward parallel parking. Sirr e om stat ol
ilarly, the fuzzy variable and the fuzzy inference rules for theg o W-4m s oston
backward FPPC are the same as those in backward FGPC E% 8=20
the descriptions are omitted here for the sake of saving the pay i rf_:fw”’”
length. b Ciepostion %ﬂ/,» Initial Locaion
E. Forward FPPC L] Pt

The main objective in this subsection is to design a FPP!
scheme such that the CLMR can track forwardly a referenc -2 : > : . - m -

IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS—PART A: SYSTEMS AND HUMANS, VOL. 33, NO. 4, JULY 2003

trajectory and accomplish the parallel-parking problem. In thi:
case, the dynamic equation of the CLMR is represented by (7).
The fifth-order polynomial of the reference trajectory is thé
same as that in (18) except the start posifien y. ) is located
at the second quadrant, i.e, < 0 andy. > 0. The reference
trajectory of the forward parallel parking is shown Fig. 14. All

the parameters, settings, and the fuzzy rule table of the forwar '°
FPPC are also the same as those in the forward FGPC.

st

F. Simulation Results for FPPC

The dimensions of the CLMR used in the simulation are the
same as those in FGPC. According real life, the width of ther 4
parking zone is about 1.5 times wider than that of the car, thi

2]

meters)

lengths of the parking zone are 1.5 and 1.8 times longer tha™ 2f

that of the car for back-drive and head-in parallel parking, re-
spectively. Similarly, the setup of test ground for forward par- ©°
allel parking is longer than that of backward one.

The parking zone has the dimensions as follows. The widtho -2
the parking zone is 2.54 m. But, for backward parallel parking,

the length of the parking zone is 6.675 m; for forward para"ﬁg. 16. Simulation result of backward parallel parking: vehicle with start

parking, the length of the parking zone is 8.9 m. We also expl@istu

Xr (unit=meters)

ideal path
actual path

xf=am Start Position
yf=4m
8=0"

" - Initial Location
End P osition e

e
v
L AR o

14

ig. 15. Simulation result of backward parallel parking: vehicle with start
posture(z .o, Y2, 82) = (9,4.20°).

0 2 4 6 8 10
Xr (unit=meters)

re(wr2, Yra, 02) = (9,4,0°).

12

14
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101 101
8r idealpath —-—-— 8r idealpath — - — -~
actual path actual path
Start Position
~ g X¥=98m = Bf Start Position
B yf=4m g xf=-8m
g B =-20° g yf= 35m
£ 4r 4 4 8 =20
= =
~ St e - — T o
= 2k . . = 2+ . . \\*\
End P osition Initial Location Initial Location . End Position
U_—l e oF by s R
0 2 4 6 8 10 12 14 -14 -12 -10 -8 -6 -4 -2 0 2 4

Xr (unit=meters) Xr (unit=meters)

Fig. 17. Simulation result of backward parallel parking: vehicle with stafig. 18. Simulation result of forward parallel
posture(z .o, yr2, 02) = (9,4, —20°). posture(x j2, yy2,62) = (—8,3.5,20°).

parking: vehicle with start

the following three cases to demonstrate the effectiveness
the proposed FPPC scheme. For backward parallel parking,
reference trajectory starts with the initial location., y.) =

(7,3) with orientation 0 and ends at the final location (0, 0) _ ol

8r idealpath — - —--
actual path

with orientation 0. Suppose the start postures of the CLMR ar § Start Position W=-8m
respectively located dtc,.2, yr2,02) = (9,4,20°), (9, 4, O), § Al gi 35”‘
(9, 4, —20°), Simulation results for these three start postur¢g . -
are illustrated in Figs. 15, 16, and 17, respectively. ; L — -
For forward parallel parking, we also test the feasibility of th Initial Location . End Position

fuzzy logic controller via following three cases. The referenc
trajectory starts with the initial locatiafx., y.) = (—6, 3) with
orientation 0 and ends at the final location (0, 0) with orienta . .
tion O°. Ifthe start postures of the CLMR are respectively place & 72 -0 s 5 4 = 0 2 4
at(x o, yfa,02) = (—8,3.5,20°), (— 8,3.5,0),and (- 8, 3.5, Xr (unit=meters)
—20°), then the corresponding simulation trajectories for theggy. 19, Simulation result of forward parallel parking: vehicle with start
three start postures are shown in Figs. 18, 19, and 20. posture( sz, ys2, f2) = (—8,3.5,0°).

Note that the CLMR follows this reference trajectory and
parks in the lot perfectly. We can also find that the less diffe ']
ences between the initial posture of the reference trajectory ¢

the start posture of the CLMR, the less differences betweeni 8 ‘:;j;fa:h T
ides path and the actual path. °
—~ BF
g Start Position x=-8m
IV. REAL-TIME FUzzY PARKING CONTROL EXPERIMENTS 2 yi= 35m
st 8 =-20"
The fuzzy parking control mentioned in previous section '§ -
implemented in this section. The overall experimental setis ,| . N
of the parking system shown in Fig. 21 is composed of a hc intal Location X, FEndPodtion

computer, a communication module, a CLMR, and a visic
system. To implement the fuzzy parking control for the CLMF
by vision system, a CCD camera is put above the workir ) X ) , - , - )
environment. At first, the CCD camera catches the image oft - 12 108 '?um:m;ers) -2 0 2 4
working environment. The host computer captures the image

information via the grabber card. After image processing, th®). 20. Simulation result of forward parallel parking: vehicle with start
host computer calculates the posture (posture means both RPREIe(< 2, yr2, 62) = (=8,3.5,-20°).

position and the orientation of the CLMR) of the CLMR. The

control scheme generates actions to maneuver the motion offitlier parts, host computer, communication module, CLMR,
CLMR. The host computer sends commands (i.e. orientatiand vision system. We describe the system architecture in the
and speed) to the CLMR via wireless radio modem. The CLMRIlowing subsection. By the way, the actual real-time experi-
receives commands via wireless radio modem and executesnts for backward garage-parking, forward garage-parking,
motion control commands. The flow chart of the systerbackward parallel-parking, and forward parallel-parking tasks
architecture is shown in Fig. 22. It consists of the followingre also illustrated.
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Fig. 21. Overview of the experimental setup.

Vision System

Noise Filtering
Digitization of .
Raw Image g

Host Computer

Noise Removing

Radio Modem\ | \ Radio Modem
Transmitter J | Reciever

Fig. 22. Flow chart of the system architecture.

A. Host Computer computer and the CLMR. It can be used in the multiple access

The specification of the host computer adopted here is tﬂgtworking, and operating in 902-928 MHz bas_ed on direct
AMD Thunderbird 900M Hz with 256M SRAM, where the S€quence spread spectrum and RF technology. Fig.23(a) shows

Meteor grabber card is equipped. The Meteor manufactured appearance of SST-900. The SST-900 consists of one CPU,

: : . ; d spectrum technology chip, and one RF module
Matrox Electronic Systems Ltd is adept at real-time grabbi € sprea .
image data and transmits the image data to external interf ]? dFIgI. 23(b)1j The dSST—9r?0 gf‘“ tﬁperate In fEJ”'f.'“p"?Xf or
or displayed RAM. The Meteor comes with the software dev pai-auplex _";]O € an hcan andie the %ommunlca lonTlnkpr-
opment kit, which includes the MIL (Matrox Imaging Library)matlon in either synchronous or asynchronous way. Taking

and Matrox Intellicam. The kit is a C development library wittPY" requh|rements into fa?lcgunlt, our v(\jnrelesds gggegs Sre tset
commands for image acquisition, transfer, display control, a synchronous way, Tull-duplex mode an aud rate.

image processing applications. We can solve the intractable using synchronous way, the CPU of SST-900 will operate

time- consumin estions about image processing by usfgfuentially the information with the fixed format as start bit
,\I/”L functioliwsl g quest ut Image p ng by t bit), information (8 bits), and stop bit (1 bit), therefore all

of the SST-900 must be working in the same baud rate and
information format. By using full-duplex mode, one SST-900
is master and transmits information, the other is slave and

SST-900 wireless radio modem used here is developexteives information from Master. Fig. 24 shows the SST-900
by ICP DAS as the communication media between the hastd RS-232 pin connection.

B. Communication Module
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io Modem
Froquoncy Range: 902-928MHz
Channc! Spacing: 2MHz
Communication
Distance:100M~300M
Inierface:RS-232/RS-485

(RS232)  (Rs-485)

Tius-588i8

Z
22222222 2D
@
Antenna
v )
............ Fig. 25. Appearance of the CLMR.
Master
Oscillator
icro- DC6V, 12V i
o vl e It
Processor Module Switching
P Power AN
Supply } f

<
| |
i / N / |
<} PC ISA BUS \
H e S e P B e s T a1 [
/‘/\{\ H 4
S— ; < 1 8

‘/ ~
A/D-D/A Card /O E i
() PCL-SI1SHG paery G
Fig. 23. (a) Appearance and (b) block diagram of SST-900. =
T r Battery l
< L DC 7.2V
GND[B] @ [<— (-)DC 10v-30v DC Motor
Vs[R] @ |<«— (+) frompower supply PC's RS-232 Motor 7 Driver IC 4“J Servo Motor
[RS-485] { el ©
D-v] O Fig. 26. Signal processing diagram of the CLMR.
GND . il
X [ J
[RS-232] { °
sz o IDcC 6DSR The microcomputer module includes CPU board, and booting
S T e board. The CPU board (PCA-6143P), which is manufactured by
o | O 4DTR Rl Advantech Co. Ltd., is based on a 32 bit Intel 80 586DX4-100
S GNP CPU. The booting disk (PCD-896) manufactured by M-SYS-
Fig. 24. Wire connection of PC's RS-232 to SST-900. TEMS flash disk Pioneers Ltd emulates a floppy disk drive by

using solid-state memory chip to store program and data instead
of the magnetic particles on the mechanical drive’s disk. Hence,
C. CLMR flash disk is installed as a bootable device.

The hardware architecture of the CLMR consists of the fol- The A/D-D/A module (PCL-818HG) manufactured by
lowing four parts, CLMR mechanism, microcomputer modulédvantech Co., Ltd acts a very important part in this control
A/D-D/A module, and electronic driver module. The mobilesystem. It offers five most desired measurements and control
robot mechanism manufactured by TAMIYA Co. Ltd includegunctions: 12 bits A/D conversion, D/A conversion, digital
car body, driving motor, steering structure, gear trains, amput, digital output and timer/counter. We control the speed of
transmission systems. A 1/10th scale mobile robot mechanitime DC motor via connected the D/A conversion of A/D-D/A
adopted here is a four-wheeled vehicle with front wheel drivmodule with TA7291P IC, and connect digital output of the
and front steering wheels just like its full-size counterpar/D-D/A module with TA7291P IC for controlling the rotating
The mobile robot carries the CPU board, A/D-D/A carddirection of the DC motor.
wireless radio modem, and so on. The appearance of the realhe electronic driver module consists of a TA7291P DC
autonomous CLMR is shown in Fig. 25. The signal processimgotor driver IC and an I/O experiment card. The TA7291P IC
block diagram of a CLMR is shown in Fig. 26. is assembled in a PCB board to drive the DC motor to change
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CPU card

Rear

Fig. 28. Posture of the CLMR.
Fig. 27. Microcomputer system arrangement.

of environment are satisfying the HSI values of orange color,
the speed of the front wheels. The I/O experiment card tisen the X and Y coordinate values of the pixel are summarized
manufactured by ICC Information Co., Ltd. We employ the I/@nd the counter is increased by 1. After searching, the averages
card to generate PWM signal and to drive the DC servomotof X and Y summations are calculated by dividing the counter.
to control the steering angle of the front wheels. The micrdhe position of the CLMR is got and the direction of the CLMR
computer system arrangement is illustrated in Fig. 27. Fisrobtained by comparing with previous position of the CLMR.
recognizing the posture of the CLMR, a solid circle in orang€o eliminate the environment noise, an appropriate recognition
color is used within a black board at the front wheel centenethod is required. For example, if some orange pixels are far
above the CLMR in forward parking problem, and at the reaway from the orange cluster, they are regarded as the environ-
wheel center above the CLMR in backward parking problemment noises. The down sampling is utilized for reducing the pro-

cessing time.
D. Vision System Before the CLMR starts the parking missions, we will detect

The i ina beains f ccb ¢ and calculate the location of the end position. We put a color
€ Image processing begins from camera CaplUif, sk in the end position and use the color detection method

the informe_ltion of the working environment transmits ho B calculate this position. As the CLMR is put on the experi-
computer via Meteor grabber card. Each frame captured by &ntal ground, we can know the start position of the CLMR.
Meteor grabber card from CCD camera at each sampling hﬂ§ !

: . . . en we can determine the reference trajectories from (9), (10)
640x 480 pixels and each pixel has three eight-bit-depth col 6), and (18). In our experiments, the posture of the CLMR has
channels (red, green, and blue). We use HITACHI CCD color ./ ’

% be known by image information. We should have an effective

camera to photograph the image. The series number of f e recognition method to figure out the osture. which can
CCD is VK-C77U, and it uses DSP (Digital Signal Processin e dgetermingeé Iby the followingljgtcvo stléps posture, wh

technology to deal with the incoming image. We adopt the Itis known that the MIL library offers an edge detection func-

|mage—bas$d t:/_lsual_se;]vm_ng methlod [27] and ([jzs]’ vr\]/here tHSn to perform the edge detection operation and produce a gra-
postures of objects N the image p ane captgre y the camgig, intensity. We first utilize this function to get the positions
are not transformed into the Cartesian coordinate system. ¢ ~oocic of the CLMR By averaging these positions
In th_e_ yision-based system, im_age processing should have & can obtain the center position of the CLMRyn, yen: ), @S
capabilities to do some processing on strategies as well as Rbwn in Fig. 28. Second, we use the recognition method men-

eliminating noise of the gnvironment and calcu]ating IOCatiQtri‘bned previously to find out the center position of the orange
of the CLMR. The color information of the environment ca 0lOr Circle, 7.0, o). Thus, the direction of the CLMR can be

make 'the detection easigr tha}n gray level de'tection Or an €A lated by €., — Zems Yoo — Yem). And the orientatior of

deFectlon method. Spec@ly, if the target obj_e_ct has a certaillh vehicle can be obtained by

uniform color, we can easily calculate the position of the target

object from the environment by the color information. 9 = tan—1 Jeo — Yem (22)
Using the RGB color model is an uncomplicated method, ZTeo = Tem

but it makes the detection sensitive to the environment condi-After obtaining the posture of the CLMR, the host computer

tions such as illumination. To solve this problem, the detectiamill compare it with the reference trajectory and then sent the

method must be improved by using HSI color model. The deentrol command to the CLMR. The CLMR will track the ref-

tection algorithm used here is a pixel search method. If pixedsence trajectory till it appropriately finishes the parking task.
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Fig. 29. Twelve sequential image stills of backward garage parking (captured by a handheld CCD camera).

Fig. 30. Twelve sequential image stills of forward garage parking (captured by a handheld CCD camera).

E. Real-Time Experiments width 360 mm, and length 570 mm and width 480 mm, re-
Since the simulation results are successful, we want to use spectively. For backward parallel parking and forward parallel

developed CLMR to realize the FGPC schemes and the FPp&king, the dimensions of the parking zone are length 570 mm

schemes. The established CLMR is shown in Fig. 25, its cand width 360 mm, and length 760 mm and width 360 mm,

responding dimensions are length 380 mm, width 240 mm argbspectively.

weight 5 kg. For backward garage parking and forward garageThe actual experimental photographs for backward garage-

parking, the dimensions of the garage are length 570 mm apriking, forward garage-parking, backward parallel-parking,
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Fig. 31. Twelve sequential image stills of backward parallel parking (captured by a handheld CCD camera).

10 11

Fig. 32. Twelve sequential image stills of forward parallel parking (captured by a handheld CCD camera).

and forward parallel-parking tasks are demonstrated in Figs. 28mmunication module, CLMR, and vision system, have been
30, 31, and 32, respectively. One can find that the proposed Fk€& up. The host computer captures the working environment
schemes can successfully accomplish the parking missions.via the vision system, and calculates the posture of the CLMR
by utilizing image processing. The host computer sends com-
mands to the CLMR via wireless radio modem. The CLMR
receives commands via wireless radio modem and executes
In this paper, we have designed and implemented an ametion commands. No matter forward or backward driving, we
tonomous CLMR control system, where the host computdrave introduced the reference trajectories for garage parking

V. CONCLUSION
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and parallel parking, respectively. We also have proposes]
two FGPC schemes and two FPPC schemes, respectively.
All computer simulations and practically experimental resultsm]
illustrate that the propounded FGPC and FPPC methods are
indeed effective and feasible.

(18]

ACKNOWLEDGMENT
[19]

The authors are grateful to the anonymous reviewers for their
valuable comments, which improved the contents of this pap%o]
considerably.

(1]

[2]

(3]

[4]

(3]

(6]

(71

(8]

[9]

REFERENCES [21]
M. Sugeno and K. Murakami, “An experimental study on fuzzy parking [22]
control using a model car,” imdustrial Applications of Fuzzy Control

M. Sugeno, Ed. North-Holland, The Netherlands, 1985, pp. 105-124.

M. Sugeno, T. Murofushi, T. Mori, T. Tatematsu, and J. Tanaka, “Fuzzy
algorithmic control of a model car by oral instructionBrizzy Sets Syst. [23]
vol. 32, pp. 207-219, 1989.

A. Ohata and M. Mio, “Parking control based on nonlinear trajectory
control for low speed vehicles,” iRroc. IEEE Int. Conf. Industrial Elec- [24]
tronics, 1991, pp. 107-112.

S. Yasunobu and Y. Murai, “Parking control based on predictive fuzzy
control,” in Proc. IEEE Int. Conf. Fuzzy Systemsl. 2, 1994, pp.  [25]
1338-1341.

W. A. Daxwanger and G. K. Schmidt, “Skill-based visual parking con- [26]
trol using neural and fuzzy networks,” Froc. IEEE Int. Conf. System,

Man, Cyberneticsvol. 2, 1995, pp. 1659-1664.

A. Tayebi and A. Rachid, “A time-varying-based robust control for the [27]
parking problem of a wheeled mobile robot,” Broc. IEEE Int. Conf.
Robotics and Automatiori996, pp. 3099—3104. [28]
M. C. Leu and T. Q. Kim, “Cell mapping based fuzzy control of car
parking,” in Proc. IEEE Int. Conf. Robotics Automatiott998, pp.
2494-2499.

H. An, T. Yoshino, D. Kashimoto, M. Okubo, Y. Sakai, and T.
Hamamoto, “Improvement of convergence to goal for wheeled mobile

465

D. Leitch and P. J. Probert, “New techniques for genetic development
of a class of fuzzy controllers|EEE Trans. Syst., Man, Cybern, @lI.

28, pp. 112-123, Feb. 1998.

L. Dorst, “Analyzing the behaviors of a car: a study in abstraction of
goal-directed motions [EEE Trans. Syst., Man, Cybern, yol. 28, pp.
811-822, Nov. 1998.

K.Y.Lian, C.S. Chin,and T. S. Chiang, “Parallel parking a car-like robot
using fuzzy gain scheduling,” iRroc. 1999 IEEE Int. Conf. Control
Applications vol. 2, 1999, pp. 1686-1691.

K. Jiang and L. D. Seneviratne, “A sensor guided autonomous parking
system for nonholonomic mobile robots,” iroc. IEEE Int. Conf.
Robotics Automatigrvol. 1, 1999, pp. 311-316.

K. Jiang, “A sensor guided parallel parking system for nonholonomic
vehicles,” inProc. IEEE Conf. Intelligent Transportation Syste2800,

pp. 270-275.

J. Xiu, G. Chen, and M. Xie, “Vision-guided automatic parking for smart
car,” in Proc. IEEE Intelligent Vehicles Sym@000, pp. 725-730.

D. Gorinevsky, A. Kapitanovsky, and A. Goldenberg, “Neural network
architecture for trajectory generation and control of automated car
parking,” IEEE Trans. Contr. Syst. Technolol. 4, pp. 50-56, Jan.
1996.

S. Lee, M. Kim, Y. Youm, and W. Chung, “Control of a car-like mobile
robot for parking problem,” ifProc. IEEE Int. Conf. Robotics Automa-
tion, 1999, pp. 1-6.

C. S.Ting, T. H. S. Li, and F. C. Kung, “An approach to systematic de-
sign of the fuzzy control systemFuzzy Sets Systol. 77, pp. 151-166,
1996.

T. H. S. Liand M. Y. Shieh, “Switching-type fuzzy sliding mode control
of a cart-pole systemMechatronicsvol. 10, pp. 91-109, 2000.

0. Kaynak, K. Erbatur, and M. Ertugrul, “The fusion of computationally
intelligent methodologies and sliding-mode control—a survéyEE
Trans. Ind. Electron.vol. 48, pp. 4-17, Feb. 2001.

S. Hutchinson, G. D. Hager, and P. I. Corke, “A tutorial on visual servo
control,” IEEE Trans. Robot. Automatol. 12, pp. 651-669, Oct. 1996.

J. S. Cho, H. W. Kim, and I. S. Kweon, “Image-based visual servoing
using position and angle of image featureSlgctron. Lett, vol. 37, pp.
208-214, 2001.

robot using parking motion,” ifProc. IEEE Int. Conf. Intelligent Robots Tzuu-Hseng S. Li(S'85-M'90) received the B.S. degree in 1981 from Ta-Tung

Systems1999, pp. 1693-1698.

Institute of Technology, Taipei, Taiwan, R.O.C., and the M.S. and Ph.D. degrees

B. Shirazi and S. Yih, “Learning to control: a heterogeneous approachit 1985, from National Cheng-Kung University (NCKU), Tainan, Taiwan, all in

in Proc. IEEE Intl. Symp. Intelligent Control989, pp. 320-325.

electrical engineering.

[10] M. Ohkita, H. Mitita, M. Miura, and H. Kuono, “Traveling experiment He has been a Professor in the Department of Electrical Engineering,
of an autonomous mobile robot for a flush parking,Aroc. 2nd IEEE  NCKU since 1994. He has served as a Researcher for the Engineering and
Conf. Fuzzy Systemol. 2, Francisco, CA, 1993, pp. 327-332. Technology Promotion Center of the National Science Council since 1996.

[11] D. Lyon, “Parallel parking with curvature and nonholonomic confFrom 1999 to 2002, he served as a Director of Electrical Laboratories, NCKU.
straints,” in Proc. Symp. Intelligent Vehicle®etroit, MI, 1992, pp. His current research interests include singular perturbation, intelligent control
341-346. IC and system, mechatronics, mobile robots, RoboCup, and automobile active

[12] R. M. Murray and S. S. Sastry, “Nonholonomic motion planningsuspension systems.
steering using sinusoids/EEE Trans. Automat. Contrvol. 38, pp.

700-716, May 1993.
[13] J. P. Laumond, P. E. Jacobs, M. Taix, and R. M. Murray, “A motion

planner for nonholonomic mobile robot$ZEE Trans. Robot. Automat. Shih-Jie Changreceived the B.S. degree in electrical engineering from Chung
vol. 10, pp. 577-593, Oct. 1994. Yuan Christian University, Chung-Li, Taiwan, R.O.C. and the M.S. degree in
I. E. Paromtchik and C. Laugire, “Motion generation and control foelectrical engineering from National Cheng Kung University (NCKU), Tainan,
parking an autonomous vehicle,”Rroc. IEEE Conf. Robotics Automa- Taiwan, in 1995 and 1997, respectively. He is currently working toward the
tion, vol. 4, Minneapolis, MN, 1996, pp. 3117-3122. Ph.D. degree in the Department of Electrical Engineering, NCKU, Tainan,
C. Laugier, T. Fraichard, I. E. Paromtchik, and P. Garnier, “Sensor-baséaiwan, R.O.C.

control architecture for a car-like vehicle,” Proc. IEEE Int. Conf. In- His current research interests are concerned with fuzzy logic control, intelli-
telligent Robots Systemk998, pp. 216-222. gent control, and mobile robots.

(14]

(15]



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


