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The lane departure avoidance systems have been considered promising to assist human drivers
in AVCS (Advanced Vehicle Control System). In this paper, a lane departure monitoring and
control system is developed and evaluated in the hardware-in-the-loop simulations. This system
consists of lane sensing, lane departure monitoring and active steering control subsystems. The
road image is obtained based on a vision sensor and the lane parameters are estimated using
image processing and Kalman Filter technique. The active steering controller for avoiding the
lane departure is designed based on the lane departure metric. The proposed lane departure
avoidance system is realized in a steering HILS (hardware-in—the-loop simulation) tool and its

performance is evaluated with a driver in the loop.
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Nomenclature
a . Distance to the front axle from CG
b . Distance to the rear axle from CG

Cur and Cqr . Cornering stiffness of the front
and rear tires
Fys and F), . Lateral tire force of the front and

rear tires
hee - Height of center of gravity
I . Moment of inertia about the z axis

K LQR control gain
(I, w, h) : Camera origin in vehicle coordinate
m . Vehicle mass
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T : Lookahead time

dy, qv q:i, and gp . Weighting factors

R:  Camera rotation matrix considering the
camera tile angle

R, : Camera rotation matrix considering roll
and pitch angle

v . Yaw rate

X, Y., Z:) . Camera coordinate

(Xg, Ye.Zs) . Global coordinate

(Xo, Yu, Zy) : Vehicle coordinate

(y,2) . Image coordinate

u . longitudinal vehicle velocity

v . Lateral vehicle speed

ar and @, . Tire slip angle of the front and rear
tires

Jc . Steering control input

Oc.7 . Feedback steering control input

Oc.7r . Feedforward steering control input
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0« : Driver’s steer angle

Orimn . Kinematically required steer angle to fol-
low the lane curvature

A > Focal length of camera

1. Introduction

Lane departure warning/avoidance system is
one of the key technologies for the future active—
safety passenger cars. It warns the driver of drift-
ing off the lane due to sleeping or being inatten-
tive in a monotone environment such as straight
expressways. Besides, if necessary, this system
with an active steering controller can be used to
control the lateral position in an unintended road
departure. The lane departure warning/avoidance
systems require lane sensing, lane departure moni-
toring and active-steering control technologies.

Lane sensing technology based on vision sen-
sors requires little infrastructure on the highway
except clear lane markers. However, they require
intelligent processing algorithms in vehicles to
generate reliable previewed roadway from the
vision images. In order to implement the lane-
sensing techniques in passenger cars, the sensing
reliability and robustness should be guaranteed
for the harsh environment. Various lane sensing
techniques using vision sensors have been devel-
oped and reported (Takahashi and Ninomiya,
1996 ; Goldbeck and Huertgen, 1999 ; Dickmanns
and Mysliwetz, 1992 ; Lin and Ulsoy, 1995 ; Huh
and Park, 2002).

The lane departure monitoring of a vehicle
should be judged in real-time and on-line uti-
lizing the lane sensing results and the motion
status. The typical approach for monitoring the
road departure is to build rumble strips into the
road edge. The rumble strips can cause the vehicle
tire to vibrate as a distinctive warning, but cannot
monitor in advance before the road departure
actually occurs. A predictive measure of monitor-
ing the road departure is the TLC (Time-to-
Lane-Crossing) (LeBlance et al., 1996) which is
defined as the time until the vehicle center crosses
either edge of the roadway. The TLC is usually
calculated assuming constant vehicle speed and
front wheel steering angle.

1999

Regarding the active steering control system
for the lane departure avoidance, the brake-steer
method with braking only had been reported
(Pilutti et al., 1995), but its responses are slow
and cause the unnecessary deceleration. Recently,
several active steering actuators are developed
such as additional electric motor and planetary
gear set to the conventional steering systems
(Klier and Reinelt, 2004 ; Reinelt et al., 2004 ;
Asai and Kuroyanagi, 2004). These actuators
allow electronically controlled superposition to
the driver’s steering angle and enable the advanc-
ed functions such as variable steering ratio and
steering lead. In addition, they can provide inter-
face for the vehicle dynamics and stability control
systems. Moreover, the unmanned autonomous
guided vehicle based on the steering controller
and vision sensor is introduced (Lee et al., 2005) .

In this paper, a lane departure avoidance sys-
tem is developed and its performance is evaluat-
ed on a steering HILS (Hardware-in-the-loop
simulations) tool. A lane sensing algorithm using
vision sensors is constructed based on a lane geo-
metry model. Its parameters such as road curva-
ture are estimated by a Kalman filter technique
and utilized to reconstruct the road geometry in
the global coordinate. The FLOD (future lateral
offset distance) index is proposed for the lane de-
parture monitoring. The FLOD index is defined
as the future lateral distance between the vehicle
CG and the either lane of roadway after a certain
look-ahead time. The well-known TLC index
(LeBlance et al., 1996) and the proposed FLOD
index are utilized for constructing the lane depar-
ture monitoring systems and for comparing the
lane departure waring performances. The active
steering control system is developed based on the
LQR (Linear Quadratic Regulator) approach
such that an optimal controller is designed by
including lateral deviation, heading angle error,
yaw rate and steering angle in the cost function.
The key idea of the active-steering controller is
that the driver remains in the loop and the control
efforts only adjust the steering angle in addition
to that given by the driver. The driver provides
the primary steering commands, but only in the
case of imminent lane departure, the active-steer-

Copyright (C) 2005 NuriMedia Co., Ltd.



Lane Parameters
Estimators

lateral velocity

2000

road
Actual Vision image
Layout Sensor
roll/pitch angle
driver steer
Stearby-Wire | ange (" vemicLE )
Actuator

contral
input
Active Steering  j¢——
Controller

laveral velocity
VAW rate

Curvature
lateral offset
heading angle

Fig. 1 Structure of lane departure avoidance system

ing controller provides additional steering angle
with the steer-by-wire concept. Figure 1 shows
the block diagram of the lane departure avoid-
ance system proposed in this study. The propos-
ed lane sensing, lane departure monitoring and
active-steering control algorithms are implement-
ed into the steering HILS (Hardware-In-the-
Loop Simulation) tool.

The rest of this paper is organized as follows :
Section 2 derives the lane-sensing system and Sec-
tion 3 describes the active steering control system.
Section 4 verifies the performance of the proposed
system by HILS simulation.

2. Lane Sensing System

The structure of the proposed lane-sensing
system is illustrated in Fig. 2 and consists of
single camera, ROI set-up, inverse mapping and
Kalman filter. A single camera acquires road
scenes for the image plane. The ROI (Region Of
Interest) is selected as small as possible such that
the lane image processing is achieved in real-time
at a low cost. The lane markers inside the selected
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Fig. 2 Structure of lane sensing system
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ROI are detected in the image planes. The de-
tected lane markers in the camera coordinate are
transformed into the global coordinate through
the inverse perspective mapping.

Based on the transformed lane markers, the
lane geometry model is constructed and its para-
meters are estimated utilizing the Kalman filter
technique (Grewal and Andrews, 1993). In addi-
tion, the lane geometry model is used to predict
the ROI locations in the incoming images.

Figure 3 shows the camera configuration and
coordinate systems used in this study. Based on
the assumption that road is planar, X, in the
camera coordinate can be calculated from the
image coordinate and can be expressed as follows
(Huh and Park, 2002):

 —hee—Ry(3, 1) | —=Ry(3,2) w—Ry(3,3)

Xe= G )49k 2 ataRG. 34V

where R=RcR»
® (7,7) . 7-th row and j-th column element of ®

The global coordinate can be obtained from the
local coordinate and the above equation using the
following inverse perspective mapping relation
(Huh and Park, 2002).

Xe 0 / X
Yg =| 0 +Rv w +Rc y'Xc//‘ (2)
Zg hcg h Z')(C//1

The horizontal lane geometry is modeled as a
2"-order polynomial of the longitudinal distance
in the global coordinate assuming that the cur-
vature is unknown but slowly time-varying.

Yg(Xg) :Ch0+Ch1Xg+Ch2X§/2 (3)

L=

Fig. 3 Camera Coordinates
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where c¢po is the lateral offset, ¢z is the head-
ing angle and cp2 is the horizontal curvature.
Assuming the constant vehicle speed, the lane
parameters in Eq. (3) can be described into the
following dynamic equation (Lin and Ulsoy,
1995).

Cho Ou 0 Cho -1 0 v
Cm|=|00 u|lcm|t| O —1 [7] (4)
Ch2 00 Ollcp 0 0

Kalman filter (Grewal and Andrews, 1993) is
utilized to estimate the lane parameters in Eq. (4)
based on the calculated global coordinate values.

Yo 1 Xa él /2 Cho
Y.=| ¢ |=]|: Ch1 (5)
an 1 Xgn Xgn /2 Ch2

where 7 represents the number of ROIs for the
camera image. Because the proposed sensing sys-
tem assumes highway lane markers, the quality of
the lane marker image can be improved by pre-
dicting the possible lane marker locations. For
instance, if the marker image is ambiguous or
unreliable, it is unnecessary to perform the mea-
surement update in the Kalman filter calculations.
Thus, even if some lane markers are not available
due to bad environmental conditions, the filter
can continue to work effectively.

3. Active Steering Control System

Figure 4 shows the block diagram of the pro-
posed active steering control system. The active
steering control system is divided into two sub-
systems. The lane departure monitoring subsys-
tem predicts the lane departure of a vehicle based
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Fig. 4 Block diagram of the active steering control-
ler
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on the estimated lane parameters. The steering
control subsystem calculates the additional steer-
ing angle for avoiding the lane departure. The
calculated steering control angle is added to the
driver’s steering input using the steer-by-wire
actuator or the active steering actuator.

3.1 Lane departure monitoring

The lane departure monitoring subsystem re-
quires the information about the roadway geome-
try and the projected vehicle trajectory in order
to judge whether the vehicle will depart the lane
in a near future or not. For instance, by compar-
ing the estimated road geometry and the predicted
vehicle path, the TLC (Time-to-Lane-Crossing)
index (LeBlance et al., 1996) has been introduced
for the lane departure monitoring. The road ge-
ometry can be estimated from the lane sensing
system as explained in the previous section. The
predicted vehicle path can be obtained based on a
simple vehicle model and the motion variables
such as steering angle, yaw rate and longitudinal/
lateral velocity. The TLC calculation results are
highly dependent on the vehicle heading angel
and the road curvature. If a vehicle is very close
to the lane boundary and follows the lane, the
TLC value is still large and the departure warn-
ing is not triggered. In this case, a lane departure
may occur instantaneously by a driver’s small
steering input. In addition, the closer to the lane
a vehicle is, the more sensitive the warning based
on the TLC is to the driver’s steering input.

In this paper, in order to overcome the limita-
tion of the TLC index, the FLOD (Future Lateral
Offset Distance) index is proposed utilizing the
vehicle lateral offset. As illustrated in Fig. 5, the
FLOD is calculated using the current vehicle
lateral offset, lateral velocity and look-ahead time
as follows :

FLOD=L.—vyXT (6)

where L. is the current offset value in the lateral
direction. The look-ahead time, 7T, is selected
depending on the longitudinal velocity. A warn-
ing or an intervention for the lane departure
avoidance is issued when the calculated FLOD
falls below a threshold value.
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Fig. 5 Concept of the FLOD index

3.2 Steering controller design

The steering controller is activated when a
vehicle is about to run off the lane. The steering
controller consists of the feedforward and feed-
back controllers. The feedforward controller is
designed to make a vehicle to follow the lane
curvature and the feedback controller is designed
to reduce the lateral offset error and heading
angle error.

For designing the steering controller, the sim-
plified 2 DOF vehicle model is utilized.

i~ zcaf+zcw>v+< 2Casa—2Carb J)r

mu mu
7207‘”‘60[
@
= 2cafa[;l2cwb o 2C,,fa1z+uzcwb )r

In designing the feed-forward controller, the re-
quired steering angle to follow the lane curvature
is calculated from Eq. (7) for the steady-state
cornering.

(Cafa_ Carb) mu? >
2<Cafcar <a+b> >

B

Sun=((a+) + (®)

where £ is the estimated lane curvature. The
feed-forward steering control angle can be deter-
mined by comparing the driver’s steering angle to
the required steering input of Eq. (8).

Oc.rr=— (5d_ 5km> (9)

where J4 is the driver’s steering angle. The feed-
back controller is designed using the LQR (Line-
ar Quadratic Regulator) approach such that the
lateral offset error and heading angle error of a
vehicle can be minimized in the optimal manner.
The steering control input is augmented to the
standard 2 DOF vehicle model as follows :

02( 2caf7;ruzca, > H( zcafay};;ca,b u> .

_ 2Caf 8(1_ 2Cjarf 86
m m
(10)

7./:< 2Cafll[z_uzcarb >U+< 2Cafa2];|_ugcarbz ) .

_2Cssa  _ 2Cesa
A 0a 1. Oc
A simplified roadway model is also utilized for
designing the controller.

Ye=—0v—uve, !ﬁ'e:*V (11)

where y. and ¥, denote the lateral offset error and
heading angle error, respectively.

By combining Eq. (10) and Eq. (11) and in-
cluding the integral term of the lateral offset error,
the LQR controller is constructed with five state
variables.

x=A-x+G-6atB-6c (12)

T
where xZ[v ¥ Ve Ve /ye:|

[ 2Caf+2Car ZCafa_zcarb 0 0 07
mu mu
anfd_ZCarb ZCafdz‘i‘ZCarbz 00 0
A= Lu Lu
—1 0 0—u0
0 —1 00 0
0 0 100
2G| | 2Ce |
m m
_2Cafa _2Cafa
G= I | B== I
0 0
0 0
L 0 | L 0 i

Based on the above model, the optimal LQR
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controller is designed by including the lateral
deviation, heading angle error, integrated lateral
deviation and steering control angle in the cost
function.

J=[Tarttavita [v) et at (13)

3c,fb=_K9C (14)

Finally, the active steering control input is deter-
mined by summing the feedforward control input
and feedback control input.

0c= 0,77+ Oc.ro=—(8a— Onin) — Kx (15)

where &c is the active steering control input.
The proposed feedback controller is designed
based on the 2 DOF linear vehicle model with the
linear tire model in Eq. (7). However, the lateral
tire force has the nonlinear characteristics such
that the tire force is saturated beyond a certain
tire slip angle and the tire force from the linear
tire model becomes inaccurate with a large slip
angle. These characteristics are very crucial be-
cause they can induce the control system unstable.
In this paper, the closed-loop poles are inves-
tigated with respect to the cornering stiffness var-
iation and uncertainty range of the cornering
stiffness is determined for the stability robustness.

Fyf: (Caf+ACaf) ar

(16)
Fyr: (Car +Acar> dr

where ACqr and ACyr are the cornering stiffness
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changes of the front and rear tires, respectively.
The stable region varies according to the vehicle
speed and Fig. 6 shows the stable region in the
case of 90 km/h vehicle speed. As shown in Fig.
6, the decrease in the cornering stiffness results
in the saturated lateral tire force and leads to
instability in the closed loop system.

4. Hils Simulation

A steering Hardware-In-the-Loop Simulator
(HILS) is built to evaluate the performance of the
proposed system. As shown in Fig. 7, the HILS is
composed of hardware (steering wheel, torque
motor, and potentiometer) and software (vehicle
simulation tool, lane sensing algorithm and active
steering control system). The steering wheel is
connected to the BLDC motor to generate the
restoring torque and its angle is measured by the
potentiometer. The real vehicle model is the mo-
dified version of the CAPC software (Ervin et
al., 1995) including the 14 DOF vehicle model
and nonlinear Magic Formula tire model. The
proposed lane departure avoidance system is in-
cluded in the software and is connected as a steer—
by-wire system.

The block diagram of the HILS simulation is
illustrated in Fig. 8. The driver operates the steer-
ing wheel based on the driving animation view
from the screen. The driver’s steering command
is measured by the potentiometer and transferred
to the computer. In the computer, the lane sens-
ing system, active steering controller and vehicle

Fig. 7 Configuration of the Steering HILS
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simulation tool are worked and the driving status
is viewed on the screen.

The HILS simulation with 90km/h vehicle
speed is conducted in the straight road and the
driver is not attentive to depart the right lane
twice. Figure 9 shows the animation results from
the HILS. Figure 9 (a) and (b) are the animation

Sleering Torque Potentio | Ly ActiveSteering [y Vehicle Simulation
Contraller Tool

(o) e [l
System Animation View
1
J

Fig. 8 Block diagram of the Steering HILS
simulation

" G Fie Model Simulsten Daiubances v B G

views for the normal driving case and lane de-
parture warning case, respectively. Figure 9(c)
and (d) illustrate the animation views where the
active steering controller is activated and the
vehicle is kept from the lane departure, respec-
tively. The calculated TLC and FLOD (Future
Lateral Offset Distance) values are plotted in Fig.
10 and Fig. 11, respectively. The lane departure
warning results based on TLC and FLOD are
compared in Fig. 12. As shown in Fig. 12, the
warning trigger based on TLC is sensitive when
the vehicle is close to lane. Figure 13 illustrates
the trajectory of the vehicle in the HILS simu-
lation and shows that the FLOD index is more
consistent than the TLC index. It is also shown
that the active controller is activated and slowly
steers the vehicle back inside the lane width.

542 A D

" o T Model Simktes Dalwbances Readuwed Controlers Scenuen o

(a) Normal driving

-

" & Fie Model Simulsbon Bniwbances Rosduy Centrolers Scenarion i SR D G

(c) Avoidance control

(b) Lane departure warning

" Ve Mod Umukiben Dstubendes Rostwey Conirilen Somani o S8 B Gh

(d) Normal driving after control

Fig. 9 Graphical simulation display
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Figure 14 shows the heading angle in the HILS
simulation.
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Fig. 13 Vehicle trajectory
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5. Conclusions

The lane departure monitoring and control sys-
tem is developed based on the vision sensors and
active steering controller. A lane sensing algo-
rithm is constructed based on the model-based
lane geometry recognition method. The FLOD
(Future Lateral Offset Distance) index is propos-
ed in order to represent the margin before the lane
departure occurs. An active steering controller is
designed using the LQR optimal control method.
In the proposed system, the driver remains in the
loop and the control efforts only adjust the steer-
ing angle in addition to that given by the driver.
The proposed steering control system can avoid
the lane departure rapidly without unnecessary
deceleration using the steer-by-wire actuator or
active steering actuator. The proposed the lane
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departure avoidance system is implemented into
the steering HILS and its performance is eval-
uated.
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