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Abstract

This paper describes the field verification of the ADVANCE-F’s lateral controller for vehicle steering automation and hands-free

lane keeping. The controller steers an equipped vehicle along a specially marked lane without cross-over lane markings. Testing

results give preliminary verification that controller performance is stable and has robust capability on meandering roads. The results

also reveal that the automatic steering mode can overcome the effects of unbalanced loading, missing alignment, and a distorted

positioning of the photosensors that are provided for lateral guidance of the vehicle. A smooth transition process from the manual

to the automatic mode is proposed to avoid abnormal and over-shooting situations.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

According to the proceedings of the world congress
on ITS from 1994 to 2002, many institutes and vehicle
manufacturers engaged in the study of Advanced
Vehicle Control Systems (AVCS). AVCS maneuvers
the equipped vehicle more precisely and stably when
car-following and lane-keeping, improving highway
capacity and traffic safety (Fenton, 1979; Ioannou,
Chien, & Hauser, 1992; Rao, Varaiya, & Eskafi, 1993).
ADVANCE-F is a project attempting to elevate
Taiwan’s highway traffic quality and transportation
quantity by developing an affordable AVCS (Chang,
1993, 1995). This study describes and assesses the
ADVANCE-F automatic steering mode. The automatic
steering mode keeps the equipped vehicle running along
a lane’s specially marked centerline without manual
handling. Fig. 1 describes the system configuration and
component relationships, and highlights that the special
material markings embedded in the selected lane is the
only public facility required. The width of the markings
is 0.0254m (1 in).
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In-vehicle equipment includes the sensors, computer,
steering controller and stepping motor, etc. There are
two sets of photosensors mounted in parallel beneath
the front and rear bumpers of the vehicle. Each set has
15 sensor units, equipped at equal, symmetrically
distributed intervals no greater than 0.05m, that emit
infrared to detect the guidance markings on the road-
way. Any sensor capturing the marking will transmit a
signal to the on-board computer (OBC). The computer
can calculate the vehicle’s yaw angle and lateral
deviation as well as estimate their rates of variation in
real time, based on the front and rear sensor signals. The
vehicle speed and steering angle will also be measured
from time to time. The designed control program allows
the computer to trigger the motor driver to engage the
stepping motor and keep the vehicle in and along the
lane with stability.
The system has been subjected to the field test. The

following paragraphs briefly describe the ADVANCE-F
system’s steering control methodology, followed by
discussion of the field test and a comparison between
human handling and the automatic driving mode.
Finally, a control algorithm for switching-in and
switching-out of the automatic steering system is
presented since the transition control from manual to
automatic driving is critical to avoid serious danger.
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Nomenclature

CLBW the lowest closed-loop pole
df the distance between the vehicle mass center

and the center of the front bumper
dr the distance between the vehicle mass center

and the center of the rear bumper
g the gravity acceleration
I the moment of inertia of the vehicle
k time step index
lf ; lr the lengths between the mass center and the

front wheel axle/ the rear wheel axle, respec-
tively

M the mass of the vehicle
s a complex variable operating for Laplace

Transforms
T the time interval
u control variable with a single input
V forward velocity of the vehicle
X ½ ’y ’f y f b �T

y lateral displacement

’y lateral velocity of the vehicle
y

f
b the lateral deviation measured from the center

of the front bumper to the front sensor that
captures the marking

yr
b the lateral deviation measured from the center

of the rear bumper to the rear sensor that
captures the marking

z a complex variable operating for discrete
sequence transforms

b the steer angle
’b steering velocity or frequency for the stepping

motor
f yaw angle
’f the yaw rate
rm correlation coefficient of the mean value of

indicated factor v.s. speed
rs correlation coefficient of the standard devia-

tion of indicated factor v.s. speed
r the correlation coefficient
df ; dr the cornering stiffness of the front wheels and

the rear wheels, respectively
m;c potentiometer reading of the steering wheel

angle and its conversion coefficient into a
steering angle, respectively

Stepping Motor

Steering Axle

Computer

Controller
Photo Sensors

Marking (Roadway Infrastructure)

Speed Pulse
Generator

V

β
φ
y

(Motor Driver)

(In-vehicle Equipment)

Fig. 1. ADVANCE-F’s lateral control frame.
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2. Lateral controller

Firstly, a major task is to devise a core controller to
completely handle the vehicle track within an acceptably
small deviation at any time and in any situation. The
author has used the optimization approach to devise
such a controller which concentrates on minimizing a
given performance function that satisfies several para-
meters. Fig. 2 shows the features of the ADVANCE-F
vehicle’s lateral controller. X is the system column
vector with element lateral velocity ’y; yaw rate ’f; lateral
displacement y; yaw angle f; and steer angle b: Y is the
output column vector with measured elements, y;f;
and b: Control variable, u; is denoted as the steering
rate ’b: A;B; and C are parameter matrices. An observer
for estimating ’y and ’f was built to reduce the equipment
cost. The control law from the feedback regulator has
been derived by Chang (1996a):

u ¼ ð�G0GeÞ #Xþ ð�ETÞU; ð1Þ

where

#X ¼ ½xe Y�T ð2Þ

and

xe
%
D est

’y

’f

" # !
: ð3Þ

The regulator U and the estimator xe should satisfy

’U ¼ ð�LÞUþ ðFGeÞ #X ð4Þ

’xe ¼ ðA11 � KeA21Þxe þ ðB1 � KeB2Þ ðA12 � KeA22Þ

þ ðA11 � KeA21ÞKe�
u

Y

" #
; ð5Þ

where

G0 ¼ ½ *g1 *g2 *g3 *g4 *g5 �;
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Ge ¼

1 0 k1ðV Þ k2ðV Þ 0

0 1 k3ðV Þ k4ðV Þ 0

0 0 1 0 0

0 0 0 1 0

0 0 0 0 1

2
6666664

3
7777775
;

Ke ¼
k1ðV Þ k2ðV Þ 0

k3ðV Þ k4ðV Þ 0

" #
;

E ¼ ½ 1 1 1 1 1 �T;

L ¼

1=l1 0 0 0 0 0

0 1=l2 0 0 0 0

0 0 1=l3 0 0 0

0 0 0 1=l4 0 0

0 0 0 0 1=l5 0

0 0 0 0 0 1=l6

2
6666666664

3
7777777775
;

F ¼

*g6=l1 0 0 0 0

0 *g7=l2 0 0 0

0 0 *g8=l3 0 0

0 0 0 *g9=l4 0

0 0 0 0 *g10=l5
*g11a11=l6 *g11a12=l6 0 *g11a14=l6 *g11a15=l6

2
6666666664

3
7777777775
;

A11 ¼
a11 a12

a21 a22

" #
; A12 ¼

0 a14 a15

0 a24 a25

" #
; B1 ¼

0

0

" #
;

A21 ¼

1 0

0 1

0 0

2
64

3
75; A22 ¼

0 0 0

0 0 0

0 0 0

2
64

3
75; B2 ¼

0

0

1

2
64
3
75;

a11 ¼ �2ðdf þ drÞ=MV ; a21 ¼ �2ðdf � lf � dr � lrÞ=IV ;

a12 ¼ �2ðdf � lf � dr � lrÞ=MV ; a22 ¼ �2ðdf � l2f þ dr � l2r Þ=IV ;

a14 ¼ 2ðdf þ drÞ=M; a24 ¼ 2ðdf � lf � dr � lrÞ=I ;

a15 ¼ 2df =M; a25 ¼ 2df � lf =I ;
Straight
Ahead, 0 u

+ _
X

A

B C
Y

Feedback
Regulator Observer

X+ .

Fig. 2. Feature of the lateral controller.
*gi; i ¼ 1; 2;y; 11; lj ; j ¼ 1; 2;y; 6; and k1ðV Þ; k2ðV Þ;
k3ðV Þ; k4ðV Þ are parameters varied on different levels
of velocity as illustrated in Chang (1996a).
For implementation, take bilinear C2D transforma-

tion (continuous state to discrete state) for Eqs. (1), (4)
and (5) by the Tustin’s method (Vegte, 1994) as

s ¼
2

T

z � 1
z þ 1

� �
ð6Þ

where s is a complex variable operating for the
Laplace transformation, T is the time interval and z is
also a complex variable operating for a discrete seque-
nce in the geometric transformation (a z-transform).
The time interval is determined by choosing an optimal
cycle for the execution of the control command
(Fenton, 1988):

Tp
1

10CLBW
; ð7Þ

where CLBW denotes the lowest closed-loop pole.
Herein, the time T is selected as 30ms, which is well
within the limit. Then we have, in a state k; k ¼
0; 1; 2;y; the form

uðkÞ ¼ ð�G0GeÞ
xeðkÞ

YðkÞ

" #
þ ð�ETÞUðkÞ; ð8Þ

UðkÞ ¼ #LUðk � 1Þ þ *F
xeðk � 1Þ

Yðk � 1Þ

" #
; ð9Þ

xeðkÞ ¼ *Aexeðk � 1Þ þ *Be

uðk � 1Þ

Yðk � 1Þ

" #
: ð10Þ

Expanding the elements of the above three matrix
equations, which yield to the following nine algebraic
equations in terms of 28 parameters of xi; i ¼ 1;
2;y; 28:

uðkÞ ¼ x1xe1ðkÞ þ x2xe2ðkÞ þ x3y1ðkÞ þ x4y2ðkÞ þ x5y3ðkÞ

� u1ðkÞ � u2ðkÞ � u3ðkÞ � u4ðkÞ � u5ðkÞ � u6ðkÞ;

ð11Þ

u1ðkÞ ¼ x9xe1ðk � 1Þ þ x10y1ðk � 1Þ þ x11y2ðk � 1Þ; ð12Þ

u2ðkÞ ¼ x6u2ðk � 1Þ þ x12xe2ðk � 1Þ

þ x13y1ðk � 1Þ þ x14y2ðk � 1Þ; ð13Þ

u3ðkÞ ¼ x15y1ðk � 1Þ; ð14Þ
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u4ðkÞ ¼ x16y2ðk � 1Þ; ð15Þ

u5ðkÞ ¼ x7u5ðk � 1Þ þ x17y3ðk � 1Þ; ð16Þ

u6ðkÞ ¼ x8u6ðk � 1Þ þ x18xe1ðk � 1Þ þ x19xe2ðk � 1Þ

þ x20y1ðk � 1Þ þ x21y2ðk � 1Þ þ x22y3ðk � 1Þ;

ð17Þ

xe1ðkÞ ¼ x23y1ðk � 1Þ þ x24y2ðk � 1Þ þ x25y3ðk � 1Þ; ð18Þ

xe2 ¼ x26y1ðk � 1Þ þ x27y2ðk � 1Þ þ x28y3ðk � 1Þ: ð19Þ

Corresponding to the test car, M ¼ 1120 kg, I ¼
2040 kgm2, lf ¼ 1:10m; lr ¼ 1:55m, df ¼ 48000N/rad
and dr ¼ 42000N/rad, parameters, xi; i ¼ 1; 2;y; 28
can be calculated when relevant to G0;Ge;E; *L; *F; *Ae; *Be

and with respect to different speeds, V ¼ 1; 2;y
120 kph. Also, since yiðkÞ; i ¼ 1; 2; 3; are three compo-
nents of vector YðkÞ; these are measured by two sets of
sensors which are mounted beneath the front and rear
bumpers, and a potentiometer installed beside the steer
axle. In detailed expression, at a certain state,

Y ¼

y1

y2

y3

2
64

3
75 ¼

y

f

b

2
64

3
75 ¼

dr

df þ dr

df

df þ dr

0

1

df þ dr

�1
df þ dr

0

0 0 m

2
666664

3
777775

y
f
b

yr
b

c

2
64

3
75;

ð20Þ

where df is the distance between the vehicle mass center
and the center of the front bumper, dr is the distance
between the vehicle mass center and the center of the
rear bumper, y

f
b is the lateral deviation measured from

the center of the front bumper to the front sensor that
captures the marking, yr

b is the lateral deviation
measured from the center of the rear bumper to the
rear sensor that captures the marking. m;c are the
steering wheel angle read from the potentiometer and its
conversion coefficient into a steering angle, respectively.
The control input from Eq. (11) can be obtained

by substituting the information of Eq. (20) into
Eqs. (12)–(19), and then used to accomplish the vehicle
lateral control.
3. Human drivers versus the automatic driving mode

The eigenvalues of the state matrix of the entire
system equation are entirely negative (Chang, 1996a).
This fact demonstrates that the model is stable
(Kuo, 1991). The model has withstood the noisy
rejections of Chang’s simulations (Chang, 1996a),
including side wind disturbances and curve transitions.
However, whether such stability is accepted or not by a
driver is measured in accordance with the following
task.
A comparison between the manual and automatic

modes in the same driving circumstances was made by
presenting the field performance of the automatic steer-
ing system. The ‘‘visual direction’’ of an ADVANCE-F
vehicle is quite different from a human driver’s because,
unlike humans who can watch hundreds of meters ahead
when driving, the ADVANCE-F’s vehicle uses photo-
sensors mounted under the front and rear bumpers that
look down to detect guidance markings along the road.
The decision and steering actuation time are among the
most important factors affecting the vehicle’s dynamics.
The response time should be as rapid as possible.
Fortunately, the photosensor response time is much
shorter than a human’s. Whether the ADVANCE-F’s
performance is acceptable to passengers can be judged
by a comparison of the outputs from human driving and
automatic driving.
The test was conducted in a near straight lane, 450m

long. The equipped vehicle was handled by an experi-
enced driver over four runs with speeds of 20 kph,
30 kph, 40 kph and 50 kph, respectively. Based on the
time series records from the mounted front/rear sensors
and the steering wheel, the vehicle’s lateral displacement,
yaw angle, and steering angle are measured. Table 1
shows the analytical outputs from the time series data
collected. The table indicates the following.
(1)
 Lateral displacement: According to Table 1, the
lateral displacement has a low correlation
(rm ¼ �0:3782) to vehicle speed. This means an
experienced/normal driver can track the lane within
reasonable speeds. However, the standard deviation
is reversed and has a high positive correlation
(rs ¼ 0:9742) to vehicle speed. Such a standard
deviation becomes larger as speed increases, indicat-
ing that humans have more difficulty handling a
high-speed vehicle than a low-speed vehicle. Conse-
quently, the lane and the lateral clearance of the
high-speed road must be wider than that of a low-
speed road. This inference matches current highway
design criteria.
(2)
 Yaw angle variation: The yaw angle variations are
always positive, but all the mean values of the lateral
displacement are negative. This phenomenon reveals
that the testing vehicle has a bias on body dynamics,
perhaps because of unbalanced loading, missing
alignment, or photosensor disposition or distortion.
(rm ¼ �0:5211;rs ¼ 0:7568)
(3)
 Steering angle variation: The positive magnitude
of the steering angle confirms that the testing
vehicle’s attribute is definitely biased as a result of
unbalanced loading, missing alignment, or photo-
sensor disposition or distortion. (rm ¼ 0:4765;
rs ¼ �0:043).
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Table 1

Results of the manual mode

Speeds

20 kph 30kph 40kph 50kph

Lateral displacement Mean (cm) �4.085 �12.861 �0.247 �15.221
Standard deviation ( #s) 1.530 2.366 2.772 3.102

Yaw angle variation Mean (deg) 0.391 0.401 0.507 0.157

Standard deviation ( #s) 0.241 0.270 0.459 0.373

Steer angle variation Mean(deg) 2.064 8.687 3.646 7.631

Standard deviation ( #s) 3.091 3.275 2.032 3.435

Table 2

Results of the automatic mode

Speeds

20 kph 30 kph 40kph 50kph

Lateral displacement Mean (cm) �4.496 �3.911 �1.080 0.56

Standard deviation ( #s) 1.897 1.587 1.338 0.95

Yaw angle variation Mean (deg) 0.370 �0.879 �0.242 0.13

Standard deviation ( #s) 0.414 0.357 0.301 0.21

Steer angle variation Mean (deg) 15.422 8.971 2.250 1.62

Standard deviation ( #s) 8.831 3.879 3.460 2.21
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Table 2 depicts the statistical results from conducting
the ADVANCE-F automatic driving mode with the
same running speed along the same roadway.
(1)
 Lateral displacement: The ADVANCE-F automatic
steering system contrasts with human handling in
the manner in which the vehicle behaves. The appa-
rent lateral displacement when utilizing the automatic
driving mode has a high correlation with vehicle
speeds as higher speeds result in lower displace-
ment (rm ¼ 0:9977). Also, the standard deviation
has a tendency to decrease when speed increases
(rs ¼�0:9963). In other words, the vehicle gains
stability as it gains speed. This indicates that lane
width and roadway clearance can be reduced when a
roadway such as the Automated Highway Systems
(AHS) is designed for high speeds with equipped
vehicles.
(2)
 Yaw angle variation: The yaw angle is independent
of speed (rm ¼ �0:0197). However, the yaw angle
variation and standard deviation gradually converge
as the speed is increased (rs ¼ �0:9922). This
indicates that the automatic steering mode is
capable of overcoming the vehicle’s original defi-
ciencies in body dynamics due to unbalanced
loading, missing alignment, or photosensor’ disposi-
tion/distortion.
(3)
 Steering angle variation: The steering angle
remains positive regardless of the speed, proving
that the testing vehicle has biased body dynamics.
However, both the mean value and the standard
deviation of the steering variation are reduced as the
speed increases (r ¼ �0:9576;rs ¼ �0:8993). Con-
sequently, the equipped vehicle is reliable in high-
speed situations when in the automatic mode.
When comparing Table 2 with Table 1, most
automatic mode values at speeds 40–50 kph are smaller
than those of manual driving. This fact indicates that the
automatic mode is better than manual driving, at higher
speeds. Although the automatic mode remains steady
throughout the test, since its lower speed variations are
somehow larger than that of manual driving, manual
driving is still required to improve control.
4. Meandering course

In order to evaluate the controller’s capability, the
field test course should include the following: (a)
switching the control from manual to automatic
steering, (b) side wind disturbance, and (c) transition
from a straight road into a curve. Thus, a meandering
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road section located on a southeastern mountain in
Taiwan was chosen for the experiment. Around 13
curvature layouts with radii varying from 30 to 100m
are in the approximately 1.3 km road segment. There is
also a 2% descending slope between the second curve
and the fifth curve. The speed during the test varied
from 20 to 50 kph. The testing day was sunny.
Variations in lateral displacement, yaw angle differen-
tial, and steering angle differential were recorded.
When the vehicle engaged the automatic driving
mode its speed was around 26 kph. The vehicle then
accelerated for 30 s. Between 30 and 75 s, its speed
fluctuated between 33 and 36 kph. From the 75th
second, the vehicle accelerated again. When vehicle
speed achieved 44 kph, it then decelerated. The termina-
tion was at 120 s. Based on the types of steering angle
variation shown in Fig. 3, there are eight right-turn
curves and five left-turn curves. As a group, their yaw
angles were confined within the range of �1.3	B2.5	

and the observed lateral deviations were smaller than
12 cm. A standard lane width in Taiwan is 365 cm
(12 feet, the same as in the USA). A passenger car is
about 210 cm wide. Thus, the tolerance limit for an
equipped passenger car’s lateral displacement is 75.5 cm
(i.e. [365�210]/2). This indicates that the presented
control was rather precise since the maximal lateral
displacement in the test is only 12 cm, smaller then the
tolerance limit.
Table 3 provides further information about the

test. According to the variation of steering angles in
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Fig. 3, the test can be divided into 21 stages. Stage
duration time, approximate speed, steering angle
range, yaw angle range, and lateral deviation
ranges are listed by stage in Table 3. Vehicle tracking
is evaluated using steering angle range, yaw angle
range, and lateral deviation range. It is evident that
the steering angle values were opposite to that of
lateral deviations when the vehicle encountered
curves 1–7. This indicates that while the vehicle is
turning right, its CG was located at the left-hand side
with respect to the central line of the occupied lane, and
vice versa for left-hand turns. During these stages, the
yaw angle values were consistent with the lateral
deviations.
The tracking control of the ADVANCE-F vehicle

is clearly conservative in driving, there was no over-
shooting and it was stable. But at stage 8, the com-
pound curve forms a sharp but short left-turn
curve followed by a smooth right-turn curve. In
Fig. 3, due to speed increments at that moment,
the steering quickly turned left to overcome the
sudden negative lateral displacement. No sooner had
the vehicle turned left then the yaw angle became
positive due to the vehicle’s encountering a right-turn
curve. The steering quickly recovered and turned
right until the yaw angle and lateral displacement
tended to zero.
At stages 15–18, the vehicle encountered a much

more complicated section of the road. The vehicle speed
was also significantly increasing. When encountering
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Table 3

Information of the meandering course

Stage Duration (s) Road

condition

Appx. speed

(kph)

Steering angle

range (deg.)

Yaw angle

range (deg.)

Lateral deviation

range (cm)

1 0–5 Bstraight 27 a a a

2 5–12 Curve 1,RT 29 �45B0 0B2.0 0B7.5
3 12–22.5 Curve 2,RT 31 �35B0 0B1.4 0B6.0
4 22.5–27.5 Straight 34 0 0 0

5 27.5–35 Curve 3,RT 34.5 �35B0 0B1.5 0B7.5
6 35–39 Straight 35.5 0 0 0

7 39–42.5 Curve 4,RT 35 �45B0 0B2.0 0–9.0

8 42.5–49 Curve 5,LT 34.5 0–30 �1.3B0 �7.0B0
9 49–59 Curve 6,RT 34 �35B0 0B2.0 0B6.0
10 59–62.5 Straight 34 0 0 0

11 62.5–72.5 Curve 7,RT 35.5 �30B0 0B1.0 0B4.0
12 72.5–76 Straight 36 0 0 0

13 76–89 Curve 8,LTBRT 38.5 �5B25 �0.3B2.0 �9.0B0
14 89–93 Bstraight 39 0 0 0

15 93–98 Curve 9,LT 41.5 0B15 0B0.7 �7.5B0
16 98–100 Curve 10,RT 41.5 �3B0 0B1.4 �5.0
17 100–102 Curve 11,LT 42.5 0–40 �0.3B0 �12.0B�5
18 102B110 Curve 12,RT 40 �20B0 0B2.5 �5B3.0
19 110–112.5 Straight 37 0 0 0

20 112.5–117 Curve 13,LT 35 0B30 �1.3B0 �10.0B0
21 117–120 Straight 34 a a a

Note: RT, Right turn; LT, Left turn.
a Initial and final states.
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curve 9, the lateral displacement was becoming
increasingly negative such that the steering turned
left. Nevertheless, there existed a slightly positive
yaw angle. This short turn increased the yaw angle,
because the vehicle encountered curve 10. Thus
the steering turned back and then forward to the right.
The situation during curves 11 and 12 is similar to
curve 8. The equipped vehicle was shaky from stages 15
to 18, in that its speed was too fast to maneuver
well. Finally, the vehicle arrived at stages 19 and 20
normally and then terminated at stage 21. Apparently
the controller is progressively successful on such a
complicated road. Again, the lateral displacement is
confined within 12 cm, matching the criterion. This
confirms that the controller is robust.
The test was performed at night. There is no affect

on the automatic driving at daytime or at night since
the marking detection system is composed of infrared
equipment.
5. Manual/auto switching process

The ADVANCE-F’s lateral control has modes for
manual driving and automatic driving. The major
control model for automatic driving is generally
satisfactory as described above. However, switching in
and out of the automatic mode is indeed very critical
for control convergence, especially when switching
from manual to automatic driving mode. Although
the automatic steering system possesses highly intelli-
gent equipment that can make optimal decisions when
adapting to various circumstances, it is not as clever
as a human being. Manual driving cannot be com-
pletely replaced by automatic driving and switching
between the manual and automatic driving modes
should be dependent upon the driver’s will. The
switching action should also be simple, quick,
and safe.
When the equipped vehicle is running on a lane

marked with special materials and the driver recognizes
all conditions as suitable for automatic driving, he can
press the ‘‘AUTO’’ button. The onboard computer will
instantaneously check whether the marking sensors
mounted under the front and real bumpers capture the
guidance marking. It will indicate whether markings
are captured by the photosensors and will actuate
the automatic steering system when ready. Establishing
a necessary delay time allows it to avoid over-shooting
phenomenon. The onboard computer will continuously
evaluate the control gain and will trigger the auto-
matic steering mode when the gain reaches a smaller
level than that at AUTO initiation. It generally
needs at least 3–4 s delay to resume control from
manual handling after ‘‘yes’’ is reached. If ‘‘no’’, the
automatic steering mode will not be actuated and
a beeper or alarm will broadcast continuously. The
driver should adjust the steering wheel until ‘‘yes’’ is
reached, but can release his hands once the automatic
mode is actuated.
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Switching from automatic to manual driving mode is
simpler than from manual to automatic. The driver
merely has to touch the ‘‘MANUAL’’ key and it
transfers without any delay. The auto mode will sound
an alarm and then release control if the following
situations occur (Chang, 1996b):
(1)
 Reaching the end of the special lane: The computer
will remind the driver to switch the driving mode or
the security system will light up a warning lamp and
sound an alarm when the vehicle reaches the end of
the special material-marked lane.
(2)
 Component breakdown: The system will immediately
light up the warning lamp and sound an alarm to
remind the driver to switch the driving mode if it
detects that any components are out of order.
(3)
 Marking failure: The controller will send out a
detection error message and also trigger the warning
light and alarm when the marking is blurry or
broken.
(4)
 Lane-changing: The driver must switch to the
manual driving mode if he/she wants to change
lanes since the system is not yet capable of
automatically changing lanes.
(5)
 Emergency: The driver should switch to manual
mode if there is an obstacle or some other
irregularity in the lane ahead.
(6)
 Weather effect: Bad weather may seriously affect the
accuracy of the system. Warning devices notify the
driver to switch back to the manual driving mode
when strong winds or storms occur.
6. Conclusions

The ADVANCE-F automatic steering control model
is almost complete. According to the preliminary tests
on the meandering course, the controller is robust and
satisfactory. The test comparison also reveals that
human driving is quite different from automatic driving.
The lateral deviation of human driving is independent of
vehicle speeds whereas that of automatic driving is
dependent on vehicle speeds. The automatic driving
mode can overcome a vehicle’s original deficiencies in
body dynamics as a result of unbalanced loading,
missing alignment or photosensors’ disposition/distor-
tion. The automatic mode seems to be reliable in
high speeds as the vehicle actually becomes more stable
in high-speed situations. However, the test was not
conducted at a speed beyond 50 kph. Also, compared to
an experienced driver, the automatic mode is still
somehow unsteady at low speeds. The greatest weakness
of the study is only providing one meandering course in
a single field, 1.3 km long. Such deficiencies are to be
improved in future work.
The field test reveals that the manner of switching in

and out of the AUTO mode is critical for continuous
control and safety. The algorithms contained herein
included: (1) from the manual driving mode to the
automatic driving mode and (2) from the automatic
driving mode to the manual driving mode. The main
feature of the system is that the automatic steering mode
is triggered as when the control gain reaches a lower
level. The driver will feel comfortable because the
handoff needs at least a 3–4 s delay before the machine
fully takes control, to avoid the mechanical over-
shooting phenomenon.
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