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Abstract

We describe the problem of automated steering using computer vision, focusing on an analysis of the

problem and the design of appropriate controller. Realistic assumptions about the quality euid availability

of the measurementsextracted from imagesequences au^e tciken into account. Weinvestigate variousstatic

feedback strategies where the me2isurements obtmned from vision, namely offset from the centerline iuid

2uigle between the road tangent and the orientation of the vehicle at some look-ahead distance, cu-e

directly used for control. Within this setting weexplore the role of look-ahead, its relation to the vision

processing delay, longitudinal velocity and road geometry. Results from ongoing experiments with our

autonomous vehicle system are presented edong with simulation results.

1 Introduction and Motivation

This paper addresses the problem of designing control systems for steering a motor vehicle along a highway

using the output from a video camera mounted inside the vehicle. Several aspects of this problem have

been examined extensively in the past, both in the psychophysics literature as well as in control theoretic

studies. Land and his colleagues [LL94] studied the correlation between the direction of gaze and the steering

performance of human drivers. They assert that drivers make use of perceptually salient tangent points on

the images of the lane markers to negotiate curves in the road. The preview information that the drivers

obtain from vision has been shown to be sufficient for driving tasks even in the presence of a substantial

delay between gaze-shift to the next tangent point and steering movements. Part of the delay was attributed

to time it takes to process visual information [Lan96).

Land and Horwood showed that human drivers make use of information from various look-aheeui ranges

in front of the vehicle. They suggest that drivers use the information from the further regions of the roadway

for anticipatory control while the information about the roadway in the near look-ahead region is primarily

used to regulate the lateral position of the vehicle within the lane.

Control theoretic studies have been done for both kinematic and dynamic models of vehicles. In the

kinematic setting there have been several attempts to formulate the vision based steering task in the image

plane. Authors in [RH91] suggested the use of measurement of the projection of the road's tangent point



and its optical flow in the image for generating steering commands. The steering rate control commands

were made proportional to the flow of the tangent point and the angle of the tangent line with respect to

the car. The stability and sensitivity issues of this approach have not been explored.

The automated steering task has also been formulated within the visual servoing pareuligm. A stability

analysis was provided for an omnidirectional mobile base trying to align itself with a straight road [ECR92]

or nonholonomic mobile base following an arbitrary ground analytic curve [MKS97].

The controllers designed based on kinematic models were either tested in simulations or the experiments

were performed at speeds below 20 m/s. However at higher speeds dynamic effects are quite pertinent and

the need for a dynamic model becomes apparent.

The control problem in a dynamic setting, using measurements ahead of the vehicle, has been explored

by [OUH95] who proposed a constant control law proportional to the offset from the centerline at a look-

ahead distance. Their analysis showed that closed loop stability for this controller can always be obtained

by increasing the look-ahead distance to an appropriate value. In their experiments the look-ahead distance

was chosen to be proportional to the longitudinal velocity of the vehicle. This analysis holds for a general

class of look-ahead systems, where the measurements are naturally available ahead of the car (e.g. radar,

vision); however, it did not take into account the effects of delay (in case if visual processing) on the overall

performance of the system.

Dickmanns, et al [DM92] successfully demonstrated a vision-based autonomous steering system in 1985.

They developed a Kalman-filter based observer which estimated the position and orientation of the vehicle

with respect to the road along with the road geometry. The state estimates provided by the observer were

then used for full state feedback using a pole-placement method. The estimate of the curvature of the road

was used in a feedforward control law and improved the road following behavior of the system.

Another class of references involves both theoretical and experimental studies of the steering problem.

The studies typically use a small and fixed look-ahead distance and the control objective is formulated

either at the look-ahead distance [GTP96] or at the center of gravity of the vehicle [Pen92]. An analysis of

the tradeoffs between the performance requirements and robustness of the overall system can be found in

[GTP96]. Various control laws have been proposed, compensating for the small look-ahead distance, while

still achieving desired performance.

This paper willdiscuss the problemof automated steering using computer vision, focusing on the analysis

of the problem and controller design choice. Realistic assumptions about the quality and availability of the

measurements extracted from image sequences are taken into account. We investigate various static feedback

strategies where the measurementsobtained from vision, namelyoffset from the centerline and angle between

the road tangent and the orientation of the vehicle at somelook-ahead distance, are directly used for control.

Within this setting we explore the role of look-ahead, its relation to the vision processing delay, longitudinal

velocity and road geometry.



2 Modeling

Thedynamic behavior ofthe vehicle canbedescribed bya detailed 6-DOF nonlinear model [Pen92]. Since it is
possible to decouple the longitudinaland lateral dynamics, a linearized modelof the lateral vehicle dynamics
is used for controller design. The linearized model of the vehicle retains only lateral and yaw dynamics,

assumes small steering angles and a linear tire model, and is parameterized by the current longitudinal
velocity. Lumping the two front wheels and two rear wheels together, the resulting "bicycle model" (Figure 2)
is described by the following variables and parameters (Table 1):

V linear velocity vector with two components (oi, Vy), where v, denotes speed

af,Qr side slip angles of the front and rear tires respectively

xj) vehicle yaw cingle with respect to a fixed inertial frame

8j front wheel steering angle

8 commanded steering angle

m total mass of the vehicle

Irl, total inertia of the vehicle around center of gravity (CG)

//,/r distance of the front eind rear axles from the CG

I dist2mce between the front and the rear axle If + Ir

c/,Cr cornering stiffness of the front and rear tires.

Ir

Figure 1: The motion of the vehicle is characterized by its velocity v = (vi.Vj,) expressed in the vehicles inertial

frame of reference and its yaw rate ip. The forces acting on the front and rear wheels are F/ zind Fr, respectively.

The side slip angles cr/,Or denote the differences between the current steering angles and the velocity vectors of the

front and rear wheels respectively. The steering emgle of the front wheel is <5/, the distamce of the axles to the center

of gravity of the vehicle are If eind Ir-

The lateral dynamics equations are obtained by computing the net lateral force and torque acting on

the vehicle following Newton-Euler equations [Kos97] and choosing and Vy, as state variables. The state



m h h Ir Cj = Cr

1590 kg 2920 kg m2 1.22 m 1.62 m 2 X 60000 N/rad

Table 1: Parameters for a Honda Accord. The cornering stiffness is increased by factor 2 since the two tires are

lumped together.
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Figure 2: The vision system estimates the offset from the centerline yi and the angle between the road tangent and

heading of the vehicle et at some look-eihead distance L.

equations have the following form:

. ^ .

C/+Cr

mvx

—IfCf+lrCr
I^Vj:

If^Cf+lr^Cr

SL

+

m

h^f
L J

(1)

2.1 Vision Dynamics

The additional measurements provided by the vision system (see Figure 2) are:

yi. the offset from the centerline at the look-ahead distance,

£L the angle between the tangent to the road and the vehicle orientation

L the look-ahead distance at which these measurements are taken.

Kl the curvature of the road at the look-adiead distance,

The equations capturing the evolution of these measurements due to the motion of the car and changes



in the road geometry are:

yi = vei-Vy-rpL

El - VKl - ^

(2)

(3)

The rate of the change ifi of the offset at the look-ahead distance is proportional to the velocity v and the

current angle between the vehicle orientation and the roeid tangent ei, lateral velocity Vy, and yaw rate of

the car scaled by the look-ahead distance L. The second equation expresses the fact that the rate ofchange

of the angle between the road and the car at the look-ahead distance ii is proportional to the velocity v

scaled by the curvature at the look-ahead Kl and the yaw rate of the vehicle

Combining the vehicle lateral dynamics with the vision dynamics into a single dynamical system of the

form:

X — Ax + Bu + Ew

y = Cx+Du+Fw

state equations:

VL

_ Cj+Cr
mvx

—IfCf+lrCr
IxirVx

-1

0

-U -I- <'rlr-Cflf Q Q
* ' mVr

0 0

I
0 0

-L 0 V,

-1 0 0

The output equations have following form:

_£JL±£L Crlr-Cflf Q Q

y =

1 0 0

0 1 0

0 0 1

and disturbance w

1 ' £I
m

i>
+

yi 0

-

0

£1 •
m

rj)

-f

0

yi 0

0

Sf + Kl (4)

(5)

The road curvature Kl enters the model as an exogenous disturbance signal.

3 Vision System

The vision-based lane tracking system used in our experiments is an improved version of the one presented

at last year's ITS conference [TMW96]. This system takes its input from a single forward-looking CCD
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regicn

Figure 3: (Left) The camera setup. (Right) The position of the vehicle with respect to the lane.

video camera. It extracts potential lane markers from the input using a simple template-based scheme. It

then finds the best linear fits to the left and right lane markers over a certain look-ahead range through a

variant of the Hough transform. This robust fitting strategy allows us to overcome spurious lane markings

and other distracting features that are common on California's highways.

From the measurements of the positions of the left and right lane markers in the video images we can

compute an estimate for the lateral position and orientation of the vehicle with respect to the roadway at a

particular look-ahead distance, L, as shown in Figure 3. The vision system is implemented on an array of

TMS320C40 digital signal processors which are hosted on the bus of an Intel-based industrial computer. The

system processes images from the video camera at a rate of 30 frames per second. The total delay between

the time the shutter on the CCD video camera is closed and the time the results for that image are available

to the control computer is 57 milliseconds. Since the delay is quite substantial we will explicitly consider it

in the controller design.

4 Analysis

The aim of this analysis is to understand the relationship between the steering command and the output of

the vision system yi at various velocities and various road conditions as well as the road tracking capability

of the car under various road geometries. The vision-based lateral steering system is composed of three

subsystems;



• Action: The car dynamics characterized by a transfer function between steering angle Sj and lateral

and yaw accelerations at the center of gravity of the vehicle ^.

• Perception: The vision subsystem which provides positional measurements of the offset from the
centerline at the look-ahead and the angle with respect to the road. The offset at the look-ahead is

affected by the curvature of the road.

• Environment: In this case, represented by the curvature of the road which is modeled as an external

disturbance signal.

The block diagram ofthe overall system following the state equations is in Figure 4. The transfer function

Vi(s) between the steering angle Sj and offset at the look-ahead yi and 1^2(5) between Sj and El can be
obtained bytaking a Laplace transform ofthe state equations. The transfer functions Vi(s) and K2(^) share

a denominator P(s):

P{s) = S^(3^vlmlxp +s Vx(/^(c/ 4-Cr) + m{Cflj +Cr/r)) +CfCrl^ + mvl{Cflj -}- Crlr)) (6)

and have the following form:

, S^vlcfI,l,+SVxCrCf{ljlr+lr))+CrCjvll-hL{s^vlcflfm-^SVxCrCjl)
I/. (3) = (7)

rr 7 \ S^Cflfmvl + SCfCrVxl
= ;(.) —

From (7) and (8) we observe that the lateral offset at the look-ahead yi can bewritten as a sumofthe lateral
offset at the center of the gravity and the yaw at the center of the gravity scaled by look-ahead distance L:

V,{a) = V{s) + LV2{s) (9)

where V{s) is the transfer function between the offset at the center of the gravity ycG and 6j. Ekjuation

(9) can be rewritten by singling out the vehicle dynamics in termsof yea and ij) followed by the integrating

action 1/s^:
\/.(o\ —

There are two additional components which appear in the block diagram. The actuator A(s) is modeled as

a low pass filter of the commanded steering angle (5. The actual steering angle of the front wheel Sj is then

<5;(s) = A{sM(s). (11)

The second component is a pure time delay element representing the latency Td of the vision sub

system. The exponential function can be approximated by a rational function using the Fade approxima

tion [FPEN94] and becomes:

D{s) =e " « 2+TdS

In our system Td = 0.057 s. The transfer function C(s) corresponds to the controller to be designed.

' An additional component of the action subsystem is the actuator, which often imposes some practical constraints on the

design of the control strategy. We omitted the actuator model while studying conceptual issues

V,(s) =i(G(«) +LG2(s)) (10)
3^
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Figure 4; The block diagram of the over2dl system with the two outputs provided by the vision system.

4.1 Control objective

The vehicle control objective is to follow the reference path specified by radius Rref (curvature AVe/ =

Perfect tracking of the road (Figure 5) in steady state corresponds to the zero offset yea = 0 of the vehicle's

center of the gravity from the centerline, with the orientation of the vehicle aligned with the tangent to the

road. Fixing the look-ahead distance, at steady state we have: ex, = 0, yi = 0, Uy = 0, = 0 and Vyrej, ^ref

and Sref- In such case the yaw rate iprej can be obtained from (3) as reference signal:

tpref —^^ref (13)

The control objective can be also formulated at the lateral acceleration level, where the goal is to match the

lateral acceleration at the center of the gravity with the reference lateral acceleration:

Vref —^^rej V".

The latter formulation allows us to put bounds on lateral acceleration and adjust longitudinal velocity

accordingly while following a curve of a given curvature Krej- Lateral acceleration of 0.3-0.4g, where g =

9.81 m/s-, has been shown to be comfortably accepted by humans. In addition to limits on the steady-state

lateral acceleration an important design criterion is that of passenger comfort. This is typically expressed

in terms of jerk, corresponding to the rate of change of acceleration. For a comfortable ride no frequency

above 0.1 - 0.5 Hz should be amplified in the path to lateral acceleration [GTP96]. This frequency range

places limit on the bandwidth of the closed-loop transfer function of the system. This limit also reduces

susceptibility of the system to sensor noise.

While the passenger comfort criteria are imposed on the path between steering angle Sj and lateral

acceleration yi, the road following performancecriteria are captured by the transfer function F{s) =

between reference lateral acceleration j/re/ ) and yi:

ri/\ /1yl\

s2+C(s)yl(s) Vl(s) D(s)'

The road followingcriteria can be specified in terms of maximal allowable offset yimax as a response to the

step change in curvature as well as bandwidth requirements on the transfer function F(s) [GTP96].
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Figure 5: Perfect tracking of the road with reference radius Rrej-

In the remainder of this section we will concentrate primarily on the stability issues and controller design

which satisfies the criteria for passenger comfort. Since the primary advantage of the vision system is the

availabilityof measurementsat a point ahead of the vehicle, we willanalyze how the choice of the look-ahead

distance L affects the transfer function Vi(s) between steering angle and the offset at the look-ahead. The

analysis will also take into account the processing delay Td inherent in the vision system whichsubstantially

affects the stability of the system.

Look-ahead and Delay A root locus of the transfer function V\ (s) is in Figure 6. The transfer function

Vi(s) has four poles and two zeros, where the damping of the zero pair affects the location of closed loop

poles and subsequently the transient response of the system more profoundly. Figure 6a depicts the effect

of increasing the look-adiesui on the damping of the zero pair at Vx = 20 m/s and look-ahead L = 2, 5, 7, 10

m. As the look-ahead increases the zeros move closer to the real axis, improving the damping of the closed

loop poles of Vi(s). Increasing the velocity moves both poles and zeros of Ki(s) towards the imaginary axis,

resulting in a poor damping of the poles. The root locus of transfer function V\ (s) for different velocities

Vx = 10, 15, 20, 30 m/s is in Figure 6b. The choice of proper look-ahead distance is therefore crucial for

stability and performance of the system. Increasing the look-ahead improves the damping of the closed loop

poles of Vi(s).

Another parameter which affects the behavior of the overall system is the delay associated with the vision

system. The effect of the delay can be more conveniently examined in the frequency domain in terms of Bode

plots. The delay element adds an additional phase lag over the whole range of frequencies having a clear
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Figure 6: (a) Increasing the look-ahead distcince L moves the zeros of the transfer function Vi(s) closer to the real

axis, which improves their damping. Once they reach the real axis, further increasing of the look-cdiead doesn't have

any effecton damping. The poles of the transfer function are not tiffected by changes in L since the pzirameter appears

only in the numerator of Vi(s). (b) Root locus of Vi(fl) for velocities Vx —10, 15, 20, 30 m/s and fixed look-£iheeid

distance L = 10 m. Increasing the velocity Oi moves both the poles and zeros towards the imaginary axis.

v«20nM,L«S.t0.1lm
U$.l0.tS#n. T<W0j06t

t-1S0

Ff»qtMney (mcVtec) Ffaqutncy (tad/Me)

Figure 7: (a) Bode plot Vi(s) for varying look-ahead Z# = 5, 10, 15 m at Wi = 20 m/s with no delay. Increcising
the look-ahead adds substantial phase lead at the crossover frequency, (b) Bode plot of V\{8)D{8). The presence of

the delay adds an additional phase lag over the whole range of frequencies. The look-ahead of 15 m at u, = 20 m/s

provides 38.07® phase margin, withappropriate gain adjustment ofK=0.05. When the look-ediead decreases or speed

increases the phase margin in the presence of delay diminishes and the system becomes imstable. Choosing larger

look-ahead is more crucial in the presence of delay.
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destabilizing effect on the overall system and limiting system's bandwidth. Ideally the system should have
infinite gain margin and about 40-60° phase margin at the crossover frequency. Bode diagrams ofVi{s) and
Vi(s) D{3) in Figure 7 demonstrate the interplay between look-ahead and delay. The crossover frequency
has been shifted by a gain factor to the region where the maximum phase lead occurs. For smaller speeds the
delay in oursystem can becompensated by additional phase lead provided by increased look-ahead distance

and by adjusting the proportional gain of the system, for higher speeds proportional compensation is not
sufficient and additional lead action is necessary in order to achieve sufficient phase margin at the crossover

frequency of 0.1 - 0.5 Hz in order satisfy criteria for passenger comfort.

4.2 Controller Design

The analysis in the previous section demonstrated that at velocities up to 15 m/s the look-aheaud can

guarantee satisfactory damping of the closed loop poles of l'i(s) and compensate for the delay using simple

unity feedback control with proportional gain in the forward loop. As the velocity increases the transient

response is affected more by poordamping of the poles of Vi(s) introducing additional phase lag around the

0.1 - 2 Hz. Since further increasing the look-ahead does not improve the damping,gain compensation only

cannot achieve satisfactory performance (see Figure 8).

Gm.t0.7dB.(w«.2«1) Pfn.43.I>Sitog (w.3.4<7)

l-IIO

FmquMwy inOtfc)

Figure 8: Geiin compensation; maximum phase lead which is achievable at Vx = 30 m/s, Td = 0.06 s by the meeins

of gedn compensation emd increasing the look-ahead up to 15 m is 33°-not sufficient for satisfactory damping.

Looking at the bode plot of the open loop transfer function Vi (s) in Figure 8 natural choice for obtaining

an additional phase lead in the frequency range 0.1 - 2 Hz would be to introduce some derivative action. This

can be done by a PD controller. However pure derivative action has an effect of increasing the bandwidth of

the system which is undesirable for passenger comfort. In order to keep the the bandwidth lowan additional

lag term is necessary.

One possible lead-lag controller has the following form:

Tis-l-1 0.09s-f 0.18
C(s) = K

(aTis-H)(T2S-l- 1) 0.025s2-i-1.5s-1-20

where C(s) is a lead network in series with a singlepole. The abovecontroller wasdesigned for a velocity

of 30 m/s (108 km/h, 65 mph), a look-ahead of 15m and 60 ms delay. It also takes into account the limited

11
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bandwidth of the actuator, which was modeled via standard system identification techniques. The resulting

closed loop system has a bandwidth 0.45 Hz with a phase lead of 45® at the crossover frequency. Discretized

version of the above controller taking into account 30 ms sampling time of the control loop becomes:

Uk = 0.7ufc_i - 0.1ufe_2 + 0.85yi,fc + 0.054yLfc_, - 0.79yLk_3

where Uk is the commanded steering angle at time k and yi^ is the measurement of the offset at the look-

ahead at time k.

Since increasing the speed has a destabilizing effect on Vi(s), designing the controller for the highest

intended speed automatically guarantees stability at lower speeds and achieves satisfactory ride quality. In

order to tighten the tracking performance at lower speeds individual controllers can be designed for various

speed ranges and gain scheduling techniques used to interpolate between them. An alternative adaptive

self-tuning control scheme such as Ziegler-Nichols tuning rules could also be used [BlaQl^.

We can conclude that sufficiently large look-ahead affects favorably both the stability and performance

of the system and can partially compensate for the delay present in the sensory system. For higher velocities

an additional derivative action is necessary in order to provide satisfactory phase margin. An alternative

would be to further increase look-ahead to obtain the needed phase lead. However this is undesirable since

the accuracy of the measurements from the vision system decreases as the look-ahead increases and is also

affected by the speed of the vehicle. Furthermore large look-ahead distances also affect negatively the

transient behavior of the vehicle when it encounters large changes in the road curvature. This transient

behavior of the controller can be further improved by a feedforward control component. The steady state

behavior of the system during perfect tracking of a curve with radius Rrej, is characterized by particular

values of iprej,Vyrej and Srej- By setting the Vy^tl'.yL^^iV steering angle Srej can be obtained
from state equations after some algebraic manipulation and becomes:

= (16)

The feedforward control law essentially provides information about the disturbance ahead of the car and

improves the transient behavior of the system when encountering changes in curvature. The effectiveness of

the feedforward term depends on the quality of the curvature estimates. We discuss the curvature estimation

process as part of the observer design in section 5.

4.3 Lane Change

Another task in addition to the controller keeping the vehicle in the lane, is the execution of a lane change

maneuver. The lane changeconsists of a design of an open-loop trajectory and a controller for stabilizing the

vehicle along the trajectory. In this case, both objectives are formulated at the look-ahead: i.e., first wedesign

a virtual trajectory for the offset at the look-ahead and then utilize the feedback controller introduced in the

previous section to stabilize the vehicle around the desired trajectory. The proposed open-loop trajectory

is based on commanded desired lateral acceleration. The desired trajectory for the offset at the look-ahead

12



yd{t) is expressed by fifth order polynomial in order to satisfy the constraints on lateral £w:celeration: yd
should be zero at the beginning and at the end of the maneuver. The desired steering angle for following an

open-loop trajectory can be derived from the state equations and becomes:

<5rc/ =
yd

£1 + ^ •
m •

The open-loop trajectory is designed for a particular speed, taking into account limits on lateral acceler

ation and jerk. The execution of the lane change maneuver has been carried out successfully in experiments

at speeds around 40 mph. Since throughout the maneuver the lane markers are still being tracked by the

vision system after the transition to the next lane, the lanefollowing behavior can be robustly resumed.

(17)

5 Observer issues and design

In order to apply modern state space control techniques we require access to the states of the system. This

is usually accomplished by constructing an observer. Our first step is to rewrite Equation 4 in the following

form:

X = A{vx)x -t- BS}

where x = [uy,and

A{vx) =

C/+Cr
mvx

—IfCf+lrCr

^ ' mvx
If ^Cf+/r^Cp

l^Vx

1

H

-1 -L

0 -1

0 0

0

0

Vr

0

0

SL
m

LlEjL

and B = 0

0

0

(18)

(19)

Note that the state vector x has been augmented with the road curvature Kl since we are interested in

estimating this parameter as well. This differential equation can be converted to discrete time in the usual

manner by assuming that the control input, ^/, is constant over the sampling interval T.

x{k+l) = ^{vx)x(k) + ^u{k) (20)

$(u;,) = (21)

0 = - f dr (22)
Jo

Equation (20) allows us to predict how the state of the system will evolve between sampling intervals.

Note that since the state evolution matrix A{vx) is parameterized by the vehicle speed, u®, the discrete

version, $(vx) must be recalculated as the car accelerates and decelerates.

Measurements of the system state can be obtained from two sources: the vision system provides us with

measurements of yi and ei, while the on-board fiber optic gyro provides us with measurements of the yaw

rate of the vehicle, Our use of the yaw rate sensor measurements is analogous to the way in which

13



information from the proprioceptive system is used in animate vision. The measurements from the inertial

sensor help us to distinguish changes in the image measurements that are due to the motion of the camera

from changes that are due to the curvature of the road.

The measurement equations for our system can be written as follows:

Where y = and

y = C® (23)

0 10 0 0

C= 0 0 1 0 0 . (24)

0 0 0 1 0 _

The measurement vector y can be used to update an estimate for the state of the system x as shown in

the following equation:

®+(A0 = «"(^-)+ My(/c) - Cx-{k)) (25)

where x~{k) and x'̂ {k) denote the state estimate before and after the sensor update respectively.

The gain matrix L can be chosen in a number of ways [et a/.94], depending on the assumptions one makes

about the availability of noise statistics and the criterion one chooses to optimize. Regardless of the criterion

chosen, the optimal choice for L will usually depend upon the transition matrix $(ux) and hence on the

vehicle speed Vx.

Since the measurements from the vision system are delayed by 57 milliseconds, the measurements of the

other observer parameters, Vx, Sj and should also be delayed appropriately to ensure that the state update

steps are carried out correctly. The state estimate can be projected forward to the current time by applying

the state update equations.

6 Experimental Results

The controller has been tested both in simulation and in real experiments. In the simulation the full non

linear model of the vehicle has been used and the design has been tested for various roeid scenarios (see

Figure 9). The maximum offset did not exceed 10 cm and the lateral acceleration was within passenger com

fort standards. The initial experiments were carried out with the actual vehicle on the stretch of California

highway, with speeds varying between 20-70 mph.

With the introduction of the lead-lag controller and an observer to filter noise from our measurements,

we were able to take our experimental vehicle to speeds of 90 mph for extended periods of time without any

degradation in passenger comfort. The lateral controller has been subsequently integrated into a system with

a velocity controller, obstacle detection and avoidance system, and an intra-vehicle communication system.

14
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Figure 9: Tracking changes in curvature without intermediate straight line segments for various velocities,

(a) reference path with straight line segment, followed by two curved segments with Kire/ = 0.002 m~^ and

Kare/ = -0.002m~^. (b) v = 15m/s (c) v = 20m/s (d) v = 25m/s. The look-ahead distance used in all
experiments was L = v 0.9s.

15



0 20 40 60 80 100 120 140 160 180 200
Time<Mc)

0 20 40 60 80 100 120 140 160 180 200
Tim* (MC)

Figure 11: (a) The offset at the look-ahead yi used for control purposes, (b) Commanded steering angle.



7 Conclusions

The main focus of this analysis was on the role of the look-ahead and the delay in the design of a steering

controller.

The delay plays an important role in the system and should be taken into account explicitly in case of

output feedbeick strategies, such as the ones we presented. We showed that sufficiently large look-ahead

and appropriate choice of gain can compensate for the additional phase lag introduced by delay and vehicle

dynamics at lower velocities. At higher velocities additional lead action was introduced in order to achieve

desired phase margin. Since the criteria for passenger comfort put quite stringent limits on the bandwidth

of the system an additional pole (lag) was necessary in order to keep the low bandwidth.

Formulatingthe regulationproblemat smallerlook-ahead distances improves the robustness of the system

and increases the capability of tracking bigger changes in the curvature. The resulting controller has been

tested both in simulation and experiments. Further experiments for different road scenarios and detailed

performanceevaluation of the experimental testbed are currently being performed.

Introducing a real-timeobserver process into the systemnot onlyreduces the noise inherent in the system's

sensor measurements, but also provides an accurate estimate of the current vehicle state, circumventing the

delay in the vision system and permitting the implementationof more advanced state-space based controllers.
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