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1.0 Introduction

This document constitutes the final report on TACOM Contract No. DAAE07-93-C-R124
entitled, "The Crewman's Associate for Path Control (CAPC): An Automated Driving
Function." The project has developed an electronic system for preventing road-departure
accidents by motor vehicles. Insofar as the system concept involves supplementing driver
control, but not replacing it, this project builds upon the Army's interest in limited
automation of the driving function for the sake of reducing crew sizes in either wheeled or
tracked military vehicles. It also addresses the interest of the commercial motor-vehicle
industry in active-safety technologies for the private automobile.

The prime contractor has been the University of Michigan. The University's participation
has come from both the UM Transportation Research Institute (UMTRI) and the College of
Engineering's Mechanical Engineering and Applied Mechanics (MEAM) Department. The
Environmental Research Institute of Michigan (ERIM) has served as a subcontractor. The
Ford Motor Company's Research Laboratory has also participated as a collaborating
partner.

The project has involved a two-year effort to develop, design, fabricate, and test a road-
departure prevention system. The package design emerged with the aid of a complete
system simulation. System computational features were incorporated within the simulation
together with representations of the vehicle, sensors, roadway, and driver-assist function.
When refined, the software necessary for effecting the function of road-departure
prevention was downloaded onto a computer installed in the test vehicle. Equipped also
with a suite of sensors plus recording instrumentation, this vehicle then became a testbed
for a limited study of the road-departure issue using proving grounds and public roadways.

As with any system that intends to supplement the control activity of the human driver, it is
highly important that the scope of system functionality be carefully defined, lest it be
assumed that the remarkable robustness of the human operator is being somehow matched.
In Section 2.0 of this report, the distinctions relative to the scope of the currently addressed
system are delineated.

The development of a system configuration is covered throughout Section 3.0, presenting
both the development and design considerations that were addressed for each of the
principal subsystems of the package. The simulation tool is presented as both a stand-alone
engineering aid and as a complete analytical statement of the contents of the CAPC
warning-and-intervention system.

The developed system was built up on the platform of a Ford Taurus SHO passenger car.
With road-edge sensing by digital Charge-Coupled Detectors (CCD) video camera and
serial communication of data among three major modules of the system, the package
provided a complete working prototype of the road-departure-prevention function. The



physical implementation of this prototype is presented in Section 4.0 of this report. The
results of limited field testing are presented in Section 5.0.

It should be pointed out that the CAPC system was conceived as providing both a warning
functionality and a direct intervention by means of differential braking, which effects a
limited form of path control. While both functions were represented within the system
simulation, only the warning function was implemented on the prototype vehicle within this
project.

Conclusions and recommendations are presented in Section 6.0. The basic conclusion is
that while the working prototype does indeed provide a reasonable testbed for examining
this function, many opportunities for robustness improvement exist.

Finally, Section 8.0 includes an assessment of safety issues, a set of instructions for
system operation, and documentation of both the hardware and software aspects of system
design. A set of appendices provides supporting material.



2.0 CAPC Performance Goals & Objectives

This section presents statements of the system goal, objectives, and requirements that were
used to guide the initial development of the CAPC prototype. Upon having implemented a
working package in this project, it appears that substantial variation in the rules for
warning-and-intervention functions is both possible and worth further exploration.
Nevertheless, the reader may look upon the "Requirements” section as a set of assumptions
underlying the CAPC prototype as it was implemented within this project.

2.1 CAPC Goal

The goal statement provides the highest-level description of the purpose of this system.
The statement embodies the value judgment that it is safer to keep vehicles on the roadway
than it is to allow inadvertent departure from the road into the potentially threatening
roadside zone. The overarching goal of the CAPC system is stated as follows:

To limit the occurrence of events in which motor vehicles inadvertently depart from
the travel lanes of limited-access highways and intrude into the adjacent roadside,
perhaps risking rollover, collision with fixed objects, or uncontrolled reentry into
traffic.

2.2 Objectives of the System

The objectives characterize the desired performance attributes afforded by design features
of the system. Thus, the objectives serve to break down the goal in terms that point toward
the design approach:

1) to monitor the location and orientation of painted road edges and lane delineators,
so as to determine the layout of the road ahead of the host vehicle

2) to predict the path of the vehicle in near-future time

3) to determine the future time at which the predicted path of the vehicle departs
from the travel lanes of the roadway ahead

4) to monitor the driver's road-keeping behavior to more reliably discern whether a
certain variation in road-following performance is truly threatening or is benign for
this driver

5) to provide an audible warning to alert the driver to a impending road-edge
departure that is deemed truly threatening



6) to provide a control intervention that safely redirects the vehicle's path such that
the driver can readily regain manual control

7) to manage the monitoring and decisionmaking functions such that false alarms
are minimized and total "misses" of protective action are practicably nonexistent

8) to retain a level of control ﬁuthority for the driver that exceeds that of the
provided system at all imes

2.3 Technological Emphasis

The CAPC system prototype is to provide a testbed platform upon which to gain empirical
evidence of favorable approaches for predicting road departure, deciding on a protective
response, delivering that response, and studying human interaction during the recovery
phase of near-departure events. Accordingly, the sensing task is defined to have sufficient
simplicity that a minimum investment in sensing technology is required. A rather ideal set
of roadway conditions has been stipulated, below, in order to ensure that a relatively simple
sensor can deliver reliable road-edge detection, permitting the concentration of resources
onto the study of the driver-assistance functionality.

2.4 Requirements

The requirements constitute non-quantitative statements of system features upon which
design specifications would be based. The requirements have been categorized in three
groups—those dealing with the driver's activity, the highway environment, and the
warning-and-intervention process.

2.4.1 Driver Activity
The prototype system interacts with driver activity in the following way:

« The type of driver control failure for which the CAPC system serves as a countermeasure
involves inadvertent departure from the roadway due to inattention or drowsiness.
Such departures are assumed to involve rather small angles of departure—being of the
order of 1 degree of arc included between the resultant velocity vector of the vehicle and
the local tangent to the roadway centerline. Departures in this class are thought to be
amenable to correction by means of either an audible warning or a modest-authority
control intervention.

« The system does not interrupt the normal road-keeping task. Although this provision
suggests that lane-changing activity, for example, would not be interrupted in any way,
the stipulation of highway conditions, below, further constrains vehicle travel to the



right-most lane only. Thus, while the concept of CAPC is such that free change of
lanes would be supported in a fully mature system, the prototype vehicle does not
incorporate the high-level logic needed to support lane-changing.

* The prototype system accommodates a wide range in the road-keeping behavior of

drivers. As an example, "accurate road-keeping" behavior (such as a driver who steers
quite precisely down the center of the lane) enables a more certain conclusion of
pending road departures such that warnings come earlier in the departure sequence and
a greater likelihood exists of departure avoidance. On the other hand, "sloppy road-
keeping" behavior (i.e., weaving around in the lane) requires that a pending roadway
departure be defined more narrowly in order to reduce the burden of false alarms.
Warning-and-interventions both come later in the departure sequence and the likelihood
of departure avoidance is somewhat reduced.

* Recognizing that driver control is to be preserved as the highest authority, the system will

not intervene when the brake pedal has been applied and any intervention-in-progress
will be discontinued whenever manual braking begins. In order to permit steering-only
recovery by the driver, the system will "soften" the strength of its intervention
controller (i.e., effectively reduce its gain) as it approaches the intended conclusion of
the intervention sequence—such that any conflict between system-applied path
corrections and driver-applied control via steering inputs will diminish toward zero as
the system's authority is withdrawn. (While this initial statement attempts to address
the issues of driver interaction with machine-delivered intervention control, it is fully
recognized that a vast ignorance exists on this point, calling for extensive research with
an operating prototype.) '

¢ The driver will hear an audio warning just before and during any control intervention.

The warning will continue until braking is applied or until the warning sequence times
out.

» Even if path-control intervention has been initiated (by means of differential braking) a

driver will be able to override the path correction by means of the considerably higher
authority permitted via steering wheel actuation.

2.4.2 Application Environment

The prototype system applies to the following operating environment:

limited-access highways, away from entrance and exit ramps at which road-edge
striping is intentionally interrupted

white striping that is in virtually as-new condition and which is painted as a) a
continuous line on the right outside edge of the right-most lane and b) as a dashed
delineator on the left side of this lane



+ daytime, non shadowed, illumination of the pavement
» pavement free of water, snow, or other contaminants
* pavement in relatively good repair

+ shoulder of road clear of harmful objects and debris for at least the distance of a car
width

-+ other vehicles no closer than 50 meters in front of the CAPC prototype (implying a time
headway of some 2 seconds or more, at highway speeds)

2.4.3 Warning and Intervention to Avoid Road Departure

The Warning function activates when the current value of Time-to-Lane Crossing (TLC)
drops below a threshold value. The threshold value and the point on the vehicle to which
the TLC determination is "referenced” are to be adjustable in the CAPC prototype.

A Control Intervention is initiated at the latest point in time within which the differential
brake-steer system can act automatically and succeed without driver participation in
preventing a pending Road Departure, given the control authority of the system. (Although
within this phase of the project, this feature was not fully implemented a
warbled form of audible warning was sounded when the "latest point" criterion was
satisfied, as a simple indicator of the intervention event.)



3.0 Development of the System Design

3.1 CAPC System Concept

The CAPC system is designed to detect the impending departure of a motor vehicle from a
roadway, and to first wamn the driver of the danger. Then, if necessary, the system must
actively intervene with the goal of keeping the vehicle on the road. The system is designed
as a safety backup for situations in which a driver is not responding properly due to
drowsiness, illness, or other lapses. Intervention is done by differential braking, which
provides a limited path-control capability. The driver remains in the loop and is always able
to steer the vehicle even if differential braking is activated.

To anticipate road departures and provide assistance at appropriate moments, the system
includes the following functions and elements:

e asensing system that records and processes the roadway geometry in front of the
vehicle

e aprediction of the future trajectory of the vehicle
¢ an ongoing evaluation of the driver's lane-keeping performance

¢ logic for decision-making that considers information about the driver, the roadway
environment and the vehicle

¢ ameans of intervention

Figure 3.1.1 provides the basic layout of the lane-departure-avoidance system with
modules as described above.

When in operation, the system observes the lane-edge lines using optical sensing (a video
camera), converts images into a geometric rendering of the previewed roadway layout
(Roadway Geometry DSP block), and compares this with the predicted path of the vehicle
over the near-future time. Decisions for wamning or intervention are made on the basis of
rules that consider the anticipated time-to-lane crossing (TLC), the roadway configuration,
and the deduced status of the driver. The driver-status model is developed, in a training
sense, early in the trip sequence by means of a continuous state identification function
which is based on vehicle and roadway states as a result of the control activities of the
driver. While warnings might be issued through any variety of visual, audio, or kinesthetic
cues, intervention control will be accomplished by differential braking.



roadway geometry data ==
vehicle states

Figure 3.1.1 Basic CAPC system lay-out.

Figure 3.1.1 shows only the basic functionality of the system. A more detailed schematic
of the CAPC system is shown in figure 3.1.2, which also includes the signals of interest
for each module, especially a more detailed description of the roadway geometry signal
processing.

The lane marker data is provided by the lane-mark sensor subsystem (LMS), which uses a
single digital, high-resolution, black and white CCD camera and image processing to track
lane-marks (paint marks indicating lane and road boundaries). The system uses a flat-earth
model to convert image-coordinate locations of the lanemarks into vehicle coordinates; pitch
and roll estimates are passed from the CAPC system to the LMS to correct for low
frequency vehicle vibration. A distinction is made between near-range and far-range image
data, both in this schematic and throughout this report. The near-range lane marker data
consist of x-y coordinates of lane markers typically in the range of 5 to 20 meters ahead of
the vehicle. The far-range lane marker data includes data from 20 up to 100 meters ahead of
the vehicle.

The near-and far range data sets are used for different applications. The lane-marker data
from the far range is used for the lane-margin (TLC) calculations. Intersections between the
projected future vehicle path and the perceived road edges typically occur in the far-range if
the CAPC system is operated on highways. When closing the loop during an intervention,
the lane-marker data closer to the vehicle (near range) is of importance because the system
closes the loop around errors in the current vehicle position and heading relative to the road
edge.
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Figure 3.1.2 Detailed schematic of the CAPC system

Kalman filter techniques are used to match a model of the roadway geometry with the
perceived lane-mark data. The Kalman filter is a recursive computation, which makes use
of a state model to convert real-time measurements into updated estimates of system states.
For CAPC, two Kalman filters are used -- a so-called far-range Kalman filter, which
estimates road geometry in the far-range, and a near-range Kalman filter which estimates
both the near-range road geometry and the vehicle position and heading with respect to the
road edge. It also provides improvement of vehicle rate knowledge. Both near- and far-
range Kalman filters contain a simple three-state roadway geometry model with the lateral
relative position, relative heading, and curvature as states. Besides the roadway geometry
model, the near-range Kalman filter contains a simple two-degree-of-freedom vehicle
model.

The design of the Kalman filters will be described in detail in section 3.3 (far-range) and
section 3.5 (near-range). Section 3.2 presents the lane-mark sensor (LMS) subsystem.
The LMS includes a high-resolution CCD camera and image processing, and provides the
lane marker data to both Kalman filters. Section 3.4 describes the driver-state assessment
and section 3.5 discusses the subsystems necessary to close the loop during an intervention
(near-range roadway geometry and differential braking controller). The decision module is
presented in section 3.6. Finally, each of these modules are modeled and integrated in a



simulation tool. Section 3.7 describes the simulation requirements, architecture and
features.
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3.2 Design of the Lane-Mark Sensor (LMS) Subsystem

3.2.1 Design Requirements

The Lane-Mark Sensor (LMS) was spéciﬁcally engineered to support the CAPC Prototype
functional objectives. The following LMS requirements were stipulated:

 sense lane-marks up to 100 meters in front of a vehicle operating on a test track
traveling at interstate highway speeds during good daylight weather

« update lane-mark data every 100 milliseconds

« detect the position of lane-marks at 2 meter intervals in the near-range (6 to 20
m), and at 10 meter intervals in the far-range (30 to 100 m)

+ correct lane-mark positions for vehicle pitch and roll
« report lane-mark positions in vehicle coordinates, assuming a flat earth model of
the road

3.2.2 Lane-Mark Sensor Design

Design Alternatives

A number of different design alternatives were considered. The following objectives were
" used in evaluating the alternatives: meet all requirements; support easy software
development; and utilize simple, low-cost hardware.

The following sections outline a few of the alternatives considered for components of the
LMS system.

The Camera

Since the CAPC objectives require imaging from a moving vehicle, the camera needed to
possess a full-frame “snap-shot” exposure capable of capturing a full frame without any
blurring or interlace problems commonly associated with a standard TV camera.

The camera also needed a highly accurate pixel registration since the (x,y) position was
derived from a calibration of the image position. The best way to obtain this registration
accuracy is by using a digital-readout camera. Digital readout also has the advantages of
being immune to almost all electrical interference in the vehicle, as well as producing a
superior image quality over an analog camera.
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The pixel resolution of the camera was also a consideration. The resolution had to be fine
enough to give adequate sampling of the lane-mark at the 100-meter range for reliable
detection while giving sufficient roadway coverage. This resolution could have been
accomplished by one or multiple cameras. The use of two cameras, each having a different
field-of-view, was a design alternative considered.

Frame Grabber & Image Processing Hardware

Another option utilized DataCube image processing hardware on a VME-bus chassis.
Besides its relatively high cost as a frame grabber, the architecture would require a costly
computer specially made for the VME-bus. This type of system would not support easy
software development, would be relatively expensive, and would be unnecessarily
complex.

An ERIM-provided CYTO HSS specialized image-processing computer was considered,
but the processing power of this machine far exceeded the requirements of the CAPC
prototype. The cost of such a system would also be large, and future development of the
LMS system would require it to be replaced due to the cost of such a computer.

Another option was a digital frame grabber with no special image processor that was
accessed by a standard Pentium PC via the local-bus. The Pentium processor would
perform all the required image processing for real-time operation. It has the advantage of
being low-cost, capable of supporting easy software development, and supportive of future
system utilization.

The Selected Design

The selected LMS system consists of a Pulnix 9701 digital CCD camera (768 x 484
pixels), a MuTech MV-1000/MV-1100 PCI-bus digital frame-grabber with interconnect
cable, and a PCI-bus with an Intel 100 MHz Pentium computer. The LMS system
components are shown in figure 3.2.1 and figure 3.2.2. Significant features of the digital
camera are (1) exposure interval control, (2) exposure timing control (asynchronous
reset), and (3) full-frame “snap-shot” readout (progressive scan). The frame-grabber
provides software control of the exposure interval, the ability to trigger the timing of the
exposure by an external TTL signal, and capture of the digital image into memory space
that is directly accessible to the CPU. All LMS processing functions are performed by the
Pentium CPU.

The camera is rigidly mounted inside the CAPC test vehicle near the rear-view mirror and
views the roadway at a slight horizontal depression angle. Interior mounting provides the
benefits of isolation from environmental elements and utilization of the vehicle’s windshield
wiper system. Maximizing the height of the camera position above the road surface
improves the imaging perspective for long ranges; the CAPC system routinely locates
highway-quality lane marks to a distance of 100 m and can function out to 150 m (under
good lighting and pavement conditions).

12
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Figure 3.2.1: LMS System Block Diagram

PGl-bus 100 MHz Pentium PC (<$2k)
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Digital CCD Camera PCl-bus Frame Grabber

with Cabling ($2.8k) with MV-1100 Digital
Camera Interface ($3k)

Figure 3.2.2: LMS System Components
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Performance Attributes

The Pulnix digital CCD camera and MuTech framegrabber possesses unique capabilities
which are essential to the detection of lane marks up to and in excess of 100 meters:

1) full-frame "snapshot" exposure initiated via external TTL signal
2) short "freeze-frame" exposure length controllable by software
3) analog-to-digital conversion synchronized with CCD pixel readout

Together, these features make possible the capture of sharp roadway images in spite of
highway speeds and vehicle angular motion, as seen in Figure 3.2.3. Angular camera
displacements are particularly troublesome for the detection of lane marks at long range;
short exposure times mitigate the blurring. Software exposure control permits adjustment
to enhance the detection of lane marks, in spite of bright objects (e.g. sky) in the scenes.
Conventional auto-gain or auto-iris responds to peak scene values.

The lens selected to support CAPC provides a 40 degree horizontal field-of-view.
Neighboring pixels subtend a horizontal angle of 0.96 mrad. At a range of 100 meters, the
ground-sampled distance corresponding to the horizontal sampling is approximately 9.6
cm. Lane-mark widths are typically 10 cm, thus approximately one sample of lane-mark is
expected at 100 m range.

Figure 3.2.3: Example Image from LMS Camera
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The lane-mark detection algorithm exploits the relatively uncluttered (and fine spatial
sampling of the) near-range image to locate the lane marks over the range of 6 to 20 m.
The near-range lane marks are then "followed" out to a distance of 100 m. The near-range
algorithm also exploits the fact that the vehicle lateral deviation and heading angle undergo
relatively small changes over a 100 msec interval. The knowledge of heading angle and
lateral deviation from the previous frame is used to select small portions of the current
frame for lane mark processing, minimizing computational requirements, and permitting the
use of a conventional microprocessor.

3.2.3 Location and Tracking of Lane Marks

The horizontal regions overlaid in red in Figure 3.2.3 indicate the current search regions;
the down-range separation is two meters. Due to the PCI bus architecture of the MuTech
digital frame-grabber, the captured image is directly accessible to the Pentium processor.
An assembly-level routine is used to locate the position of the lane-mark within the linear
search region. The lane mark search proceeds as follows:

1) A vector representing the differences between successive pixels is calculated.
2) The maximum positive and negative transitions are recorded.

3) The mean of the absolute value of the maximum and minimum transitions is
calculated.

4) The pixel midway between the maximum and minimum transition is located.

5) If the mean of the transition exceeds a (suitable) threshold and the width of the
lane mark is less than 3 times the expected width. The pixel location is passed
to a routine which marks the location in the image with a vertical yellow line
(see figure 3.2.2) and converts the coordinates to the vehicle coordinate system.

Tracking Lane Marks

If four or more lane marks are found by the near-range, lane-mark search, a least squares
linear fit (in vehicle coordinates) is made to determine lateral deviation of the vehicle CG
from the right lane mark and the vehicle heading angle. Curvature in the lane mark (which
is minimal over the near-range) is ignored. The heading angle and lateral deviation values
are used to position the search regions for the successive frame. Once initialized, the
search windows track the vehicle motion.
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Initialization

Real-time, lane-mark location (and tracking) at 10 Hz (or faster) becomes tractable using a
conventional microprocessor if the initialization process is permitted to exceed the 100-
msec cycle time; initialization times up to a few seconds are insignificant relative to
operating times of minutes (or hours). During initialization the following process occurs:

1) exposure setting
2) initial lane mark acquisition

The exposure setting process involves the acquisition of successive frames of images while
adjusting the exposure time to achieve selected grey-scale values in the image. The
exposure is first set to achieve a road surface value of 80 counts. Next, the lane mark
search is initiated and lane marks located. The exposure is then adjusted to achieve a value
of approximately 200 for the right hand (white) lane mark.

Although it is possible to vary (the assumed) heading angle and lateral deviation during the
search process, the width of the search allows for considerable latitude in vehicle position
during the initial acquisition of the lane marks; the vehicle must be nominally in the center
of the lane and parallel to the roadway during initialization.

3.2.4 Calibration

The LMS converts the lane-mark locations in the image (row, column) to displacements in
the vehicle coordinate system. As shown in Figure 3.2.4, the vehicle coordinate system
origin is at the vehicle CG and the x-axis is aligned with the vehicle heading axis. The y-
axis lies in the plane of vehicle motion forming a right-handed orthogonal coordinate
system (as viewed from below).

Figure 3.2.4. Vehicle Coordinate System
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Since the LMS CCD sensor measures angular displacements to objects in the scene (two
parameters) transformation to a rectilinear vehicle coordinate system (three parameters)
requires the assumption of a model for the road surface. For implementation with CAPC,
the road surface was assumed to be flat (or reasonably close) for this transformation.

Assuming a "flat earth" each pixel (row and column) can be associated with a down-range
(x) and cross-range (y) displacement from the vehicle CG. Transformation from image
row and column to the vehicle coordinate system proceeds as follows:

1) Row and column values are transformed (rotated) as required by the vehicle
roll angle (provided to the LMS).

2) Row values are transformed (translated) as required by the vehicle pitch angle
(provided to the LMS).

3) The transformed row and column values are converted to rectilinear coordinates
(assuming a flat earth.)

Calibration of the LMS system was accomplished and verified at the Ford Dearborn
(dogbone) test track . A reflective hemisphere was placed at the center of the roadway at a
50 m displacement down-range from the vehicle CG; the vehicle was positioned so the sun
was illuminating from the rear of the vehicle and a bright reflection of the sun was observed
to illuminate a single pixel on the LMS engineering display. From the row location of this
pixel, the depression angle of the camera optical axis (with respect to horizontal) could be
accurately determined; from the column position and a sighting along the vehicle
longitudinal axis (using plumb bobs) to determine the lateral displacement, any offset in
azimuth (or yaw) angle of the optical axis with respect to vehicle heading could be
determined. The LMS software was updated with the precise angles and the calculated
downrange and lateral offset displacements were observed to yield the correct results. If
the camera is removed from the mount or adjusted in position, this calibration must be
repeated.

3.2.5 Software Documentation

The LMS software is documented in this report in four places. The specifications for
communication with the CAPC host are included as appendix B; mechanical and electrical
interface specifications are presented in appendix C. A flowchart is also presented in
section 8.3.2, and a listing of code is included as appendix E.
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3.3 Design of the Lane Margin Processor

The time to lane-crossing (TLC) is used to measure the "lane tracking margin" of a vehicle,
and is computed after the arrival of each set of data from the far-range portion of the lane
marker subsystem (LMS). The TLC is defined as the remaining time until the center of
mass of the vehicle will reach either edge of the roadway, and is estimated by comparing
the road geometry model (derived from vision data, as described in section 3.2) and the
predicted vehicle path, which will be described later in this section. In the current CAPC
vehicle prototype, the decision to issue a warning or indicate when an intervention would
occur is based upon the TLC. Our plan for the future is to include a driver-state assessment
in the decision making process.

This section presents a brief summary of how TLC is computed. Much work has been
done to develop algorithms for computing TLC and to assess the performance. In this
section we refer to several appendices which describe in detail both the heart of the
algorithms, the performance predicted by simulation, and supporting studies. Much of this
is included in appendix I -- a doctoral dissertation defended in 1995 and based on the
CAPC problem. Additional details can be found in numerous papers based on this work,
which are referenced as appendix 1. '

There are several motives for using TLC as a decision criterion instead of, for example, the
lateral position of the vehicle in the lane. First, TLC is a predictive measure which
considers not only the current vehicle position and the current roadway shape, but also
considers the steering input and the roadway far ahead of the vehicle to anticipate future
road departures. This prediction aspect makes the computations and the sensing more
complex -- more sensor range is required, a steering sensor is needed, and computations
must be done to predict the intersection of the roadway and the vehicle's trajectory. But
many practical advantages are gained. The use of TLC accommodates different driving
behaviors by allowing drivers to wander about the lane, in any normal patter of steering, as
long as complete lane-departure is not imminent. For example, some drivers may hug one
side of the lane which would result in false alarms if only the lane position were
considered. But the use of TLC allows this behavior -- until the driver either turns the
steering wheel too far toward the edge or until the driver is not reacting to changing
roadway curvature. Therefore the predictive nature of TLC provides improvement in
performance of the system.

Additionally, given a road-departure system which uses prediction, the use of TLC
simplifies the decision process. TLC is a single variable -- one that can be understood
intuitively -- and the decision to warn or intervene becomes a simple process. Tuning the
decision process in the prototype vehicle, for example, was accomplished in a matter of
hours. This simplicity, of course, derives from the fact that the TLC computation has
boiled down all the analog transducer information and all the roadway image information
into a continually updated scalar measure of the vehicle's proximity to a road departure.

In appendix I, Lin provides a review of the use of TLC for vehicle safety systems.
Significant advancements in the understanding and computation of TLC and its levels of
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uncertainty have occurred as part of the CAPC project. Lin developed many of the TLC
algorithms used in both the CAPC prototype vehicle and in the CAPC simulation code. In
addition he has completed work not included in either, and has established important facts
about TLC used directly in the prototype vehicle (for example, the use of 10Hz image
rates). This section summarizes the work on TLC for CAPC. Throughout this section we
make a distinction between algorithms that are included in the CAPC prototype vehicle and
other algorithms that have been tested extensively in simulation, but which are not included
in the prototype vehicle. For now, the vehicle includes only the most necessary parts of the
TLC algorithm,; this is to help increase computational speed and simplify the processes of
tuning and testing.

The TLC is computed by comparing the estimated road geometry with the predicted vehicle
path to find any intersections in the near future (up to four seconds). The road geometry is
estimated using measurements at 10Hz; the data includes LMS reports of lane edge
coordinates, vehicle yaw rate and forward speed, and front wheel steer angle. Road edge
geometry is estimated as either a second or third order polynomial curve fit. The predicted
vehicle path is computed from using current vehicle motion estimates (yaw rate, vehicle
speed, steer angle) and propagating the path into the future, assuming that the steer angle is
constant. The propagation is done using a simple two-degree-of-freedom dynamic model
with a linear tire/road interface model. Both lane-geometry estimation and vehicle-path
prediction are described in more detail in the subsections following this section. The reader
is referred to appendix I for more details. First, however, the following subsection
provides an overview of the TLC computation.

3.3.1 Time-to-Lane Crossing Computation

A flow chart describing the TLC calculation algorithm is shown in figure 3.3.1. The TLC
is obtained by first projecting forward the vehicle path until it intersects the lane boundary.
This provides a rough estimate of the TLC. Then, based on this TLC estimate, an
interpolation scheme is applied to refine the TLC such that the TLC error due to projection
time step can be nearly eliminated. If the predicted vehicle path does not intersect the
estimated edges of the roadway within four seconds, the TLC is assigned the saturation
value of four seconds. TLC values of greater than four seconds are not useful, since these
values indicate that the vehicle is in no immediate danger of leaving the road.

Appendix I describes the interpolation scheme used for TLC values less than four seconds.
This new method reduces the computations required to obtain an accurate TLC value. Also
in the appendix, the bandwidth of TLC is identified and used to show that the required
sampling rate of measurements supporting the TLC computation must be 10 Hz. This
sampling rate is implemented in the CAPC prototype system.

The major sources of error affecting the TLC are discussed in appendix I. These include
the image measurement errors of the roadway (due to pitch and roll, superelevation, or
grade) and vehicle-path-projection errors (due to wind and roadway disturbances, as well
as vehicle-motion-measurement error). The CAPC prototype includes on-line estimation of
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pitch and roll using LVDT deflection transducers at each wheel. These LVDTs measure the
travel between the sprung and unsprung masses at each wheel; section 8.3.3 describes the
approximation of pitch and roll from these measurements. The pitch and roll is used in the
LMS to correct the reported positions of points on the lane marker. Superelevation effects,
which are only significant on test tracks, are reduced by using a Kalman filter to combine
the image information in the far-range with vehicle motion data. This same Kalman filter
acts as a lowpass filter to further reduce effects of random measurement error in pitch and
roll, as well as the vehicle-motion measurements (yaw rate, vehicle speed, and steering)
used in projecting the vehicle path. In addition, Lin has developed an on-line estimation
scheme for computing the magnitude of external disturbances acting on the vehicle which
affect the vehicle path projection. This scheme,
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Figure 3.3.1: TLC Calculation Algorithm

however, is not included in the CAPC vehicle, but it is discussed later in the subsection on
vehicle path prediction.
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3.3.2 Lane Geometry Modeling

Lane-geometry modeling is the part of the TLC computation that represents the road edge in
the neighborhood of the predicted point of intersection. Lane geometry modeling is
performed after the arrival of each set of LMS data -- that is, at 10Hz. The output is a set
of three coefficients, which represent each of the two road edges as a polynomial, as seen
in vehicle coordinates. The inputs include the lane marker positions reported by the LMS,
yaw rate, vehicle speed, and front wheel steer input. The steering and vehicle motion
inputs are required because lane geometry modeling is computed using a Kalman filter
which combines all the measurements using a model of vehicle dynamics and kinematics.
The Kalman filter was developed to increase the performance of the system by reducing the
sensitivity of lane geometry modeling to errors due to pitch and roll, superelevation, and so
on. :

Furthermore, an uncertainty characterization for the lane-geometry representation has also
been developed by Lin so that the TLC uncertainty can be predicted on-line (see Appendix
I). This has not yet been implemented on the vehicle. The uncertainty of the lane geometry
model is a three-by-three covariance matrix for each road edge.

Figure 3.3.2 shows the structure of computations for lane-geometry modeling and the
characterization of its associated uncertainty. Image processing (described in section 3.2)
reports locations of points on the lane markers. Points in the near-range -- up to 20 m
ahead of the vehicle -- are incorporated along with vehicle motion and steering sensors into
a near-range Kalman filter. This Kalman filter provides estimates of the vehicle's position
and heading with respect to the roadway, as well as the yaw rate and lateral velocity. These
vehicle motion estimates are used in lane geometry estimation, vehicle path prediction, and
brake-steer intervention control. A detailed description of this filter is provided in section
3.5.2.

Lane geometry is estimated using a second Kalman filter, which is referred to as the far-
range Kalman filter. The far-range Kalman filter uses the estimates of vehicle position and
heading and vehicle rates provided from the near-range Kalman filter to combine data
reported by the LMS over successive images. This data describes far-range lane marker
positions -- 20 to 100 m ahead. The purpose of using two Kalman filters is to optimize the
accuracy of both local information (vehicle motion and position within the lane) and
previewed information (roadway geometry far ahead of the vehicle), since the models of
roadway geometry only approximate the true shape.
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Figure 3.3.2: Structure of the Lane Geometry Modeling Computation

The use of a far-range Kalman filter is the result of long examination of estimation
approaches. In Appendix I, simulation is used to compare the Kalman filter used in the
CAPC prototype with a simpler approach -- using only LMS data from a single frame --
and with a more complicated model of the lane geometry. The design used was chosen for
performance and simplicity. In that appendix, the effects of large superelevations often
found on test tracks are examined as well. The Kalman filter provides some advantages for
highly superelevated roadways, although there can be a loss of performance in tight
transitions between curves and straightaways that often occur on test tracks.

The TLC uncertainty is due in part to the uncertainty in the lane geometry estimate. The
lane geometry uncertainty, in turn, is due mainly to errors in the lane marker positions
reported by the vision-based LMS subsystem. A model of the errors in lane marker
position determination, as a function of lane marker position, is used to compute a set of
standard deviation values for the polynomial coefficients. This uncertainty algorithm uses
the model of LMS uncertainties, which considers the effects of the camera's pixel
resolution, vehicle vibration, and roadway roughness on the uncertainty of the lane marker
locations. An algorithm has been developed for the characterization of the lane marker
location uncertainty and subsequently the uncertainty of the roadway geometry, however
the CAPC vehicle does not contain the uncertainty computations. Details about the
computation of uncertainty of the lane geometry model are in Appendix L.
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3.3.3 Vehicle Trajectory Prediction

The vehicle's trajectory is predicted using a simple model of lateral vehicle dynamics and
measurements of the steer angle and the vehicle's current heading and displacement with
respect to the road edge. Figure 3.3.1 earlier showed that vehicle path projection is used to
compute the TLC by propagating the path (based on constant steer angle) until either the
vehicle CG crosses the roadway edge or until projection has continued for over four
seconds. Here we describe the process of propagating the vehicle path.

Figure 3.3.3 below shows that vehicle path projection uses the near-range Kalman filter
described in the previous section (and in Section 3.5 in detail) to provide the current vehicle
heading angle, lateral displacement, and vehicle rates. The steer angle is assumed constant
during the prediction interval, and takes a value provided on-line by a transducer measuring
the displacement of the steering rack. Vehicle longitudinal speed is also assumed constant
during the interval. The path is projected by numerically integrating the vehicle
displacement, using a simple two-degree-of-freedom dynamics model of the vehicle, which
includes the yaw angle and the vehicle lateral motion. Appendix I shows that this simple
model is sufficient for TLC purposes.

The vehicle lateral dynamics can be approximately described by a two-degree-of-freedom
lateral dynamics model, the so-called bicycle model:

1 1 -C
; —(G+C) ;;(-bcz +aC-md’)| — .
r —(aC, - bG,) —(a’c,+b'c)) |V : é
Izu - I:u Iz (l)

where v is the vehicle lateral velocity, r is the yaw rate, & is the steer angle, the C's are
the cornering stiffness of the tires (relating wheel slip angle and lateral forces on the tires),
m is the lumped vehicle mass, u is the vehicle forward speed, [ is the length of the vehicle
wheel base, /, is the moment of inertia about the z axis of a standard SAE coordinates
system, and a and b are the distances from the front tire axis and rear tire axis to the
vehicle's center of gravity respectively. The {e,,e,}” term represents disturbances acting on
the vehicle's lateral motion. Major disturbance sources include wind and superelevation of
the road, while minor disturbances derive from road crown, suspension misalignment,
unequal tire pressures, etc. Approaches to estimating components of these disturbances are
presented later in this subsection, so for the moment this term will be neglected.
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Figure 3.3.3: Structure of the vehicle path prediction computation

Three more states are added to integrate the yaw rate and the vehicle lateral velocity to
provide lateral and longitudinal displacements of the vehicle. Let x and y denote,
respectively, the longitudinal and lateral displacements of the vehicle in the vehicle's
coordinate system, and let ¥ denote the heading angle of the vehicle. The heading angle
is assumed to be small; Appendix F contains a simulation study which supports the
validity of this assumption for moderate vehicle maneuvers at highway speeds. Three
states can then be added:

X=u
y=v+uy
v=r

The propagation of the vehicle path is done using an interpolation scheme which first uses a
large time step for propagation, then, after the approximate time of lane-crossing is
identified, uses a smaller time step to compute a refined value. This approach was
developed to provide accurate TLC values while minimizing computation time. The applied
interpolation scheme for refining the predicted vehicle path is introduced in Appendix L.
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Additional computations have been developed to estimate the uncertainty in the predicted
path. These are not yet included in the CAPC vehicle, but are included in the simulation
tool. Appendix I describes the characterization of uncertainty of the path projection.

Disturbance Estimation

A further refinement to vehicle path projection is the on-line estimation of the lateral-force
and yaw-moment disturbances. These disturbances, which arise from effects such as
wind, crown, and superelevation, are modeled as unchanging over the period of path
projection (less than four seconds). Implementation involves augmenting the Near-range
Kalman filter with two additional states to be estimated: the lateral disturbance force acting
on the vehicle, and the yaw moment disturbance. In Appendix I, extensive simulation
studies show that for situations in which these disturbance sources are strong, the use of
on-line disturbance estimation can significantly improve the accuracy of TLC.

Adaptive Vehicle Modeling

The underlying assumption for the path projection algorithm and the disturbance
characterization algorithm is that accurate estimates of vehicle parameters (inertia and tire
cornering stiffness) have been given. To obtain these parameter estimates accurately, it is
necessary to monitor the vehicle status and road environment, and to update these vehicle
parameters accordingly. As part of this, on-line estimation of road/tire characteristics is
important for implementation of the TLC calculation and the overall lane-departure
warning system for a large fleet of vehicles. This is referred to as the adaptive vehicle
modeling issue, and is the main concern of this subsection. This work has not been
incorporated into the CAPC prototype vehicle, but has been presented in a conference
paper, Appendix F. An introduction to the work is provided here.

A disturbance observer has been developed to identify the road-surface friction coefficient.
The effect of the road surface condition on vehicle path prediction (measured in TLC) is the
main performance evaluation metric. The vehicle path prediction is obtained based on the
2-DOF lateral dynamic model (bicycle model). To calculate the TLC the longitudinal tire
force is first estimated from a single wheel model. The road friction coefficient and the tire
lateral force are then calculated based on an anisotropic model. Based on the estimated
lateral force, the cornering stiffness is then obtained. This updated cornering stiffness is
then used in the bicycle model to compute the TLC. In the estimation scheme, the wheel
speed and torque are assumed to be available (measured or calculated). From the measured
wheel speed and the estimated vehicle velocity the tire-slip ratio can be calculated. Vehicle
velocity is derived by the undriven wheel under driving conditions or estimated during
braking conditions.

The methods to estimate the road surface conditions involve a recursive least square method
using a forgetting factor and an enhanced adaptive observer which can improve the
performance of the observer based on a linear relationship between the output and input
signals. From simulation results we found that the inclusion of the road friction estimation
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scheme will improve the TLC accuracy significantly when the road is slippery and there is a
fair amount of steering applied. The TLC can be improved up to 0.5 second. We observe
that the TLC can be improved more significantly when TLC is large. This means that the
updating of the cornering stiffness is more useful for warning than intervention control.
See Appendix F for details.
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3.4 Design of the Driver Status Assessment

On-line identification of driver state is used in the decision to issue a warning, initiate
intervention, or do nothing. On-line identification of the driver state is also valuable for
other driver assistance features such as automatic cruise control, collision warning and road
departure warning. These driver assistance features are centered around the ability to
perform a control-type task while at the same time keeping the driver in the control loop.
Automatic cruise control takes over the function of headway control, but it remains the duty
of the driver to steer the vehicle. Road departure warning can be viewed as a further
extension where an additional driver support system acts as a co-pilot to monitor lane
keeping performance.

A system which includes driver behavior may make it possible to accommodate different
driving styles. If driver actions can be monitored, it would be possible to “personalize” the
warning criteria according to driving style. In addition, it would also be possible to track
changing driver parameters during a long drive. This would enable a driver assistance
system to provide warning as a function of changing driver state.

This section provides a brief overview of this driver assessment work; Appendix G, which
is a paper delivered to the 1995 American Control Conference, provides more details. At
this time, the CAPC prototype vehicle does not include a driver-state-assessment module.
The CAPC simulation tool includes a very simple driver-state-assessment module based on
the work of W. W. Wierwille at Virginia Tech [4], however, because driver drowsiness is
a very slow process and because desktop simulators do not easily lend themselves to
testing such effects, this feature is not often used. There are plans to include the new
driver-state-assessment work into the CAPC vehicle as soon as development is more
complete, but for now investigative work has proceeded using the driving simulator at the
Ford Research Laboratories.

Goal:

We seek a method to detect changes in driving patterns so that an assessment of driver
alertness/performance can be made. This assessment will be used first as an input to a lane
departure warning system. Our hypothesis is that system identification techniques can be
used to form a set of driver parameters that can be correlated with various levels of lane
keeping performance. Variations of these key parameters will then permit us to monitor
driver state. We are currently pursuing a system identification approach, which is
described briefly below and in more detail in Appendix G

Results & Discussion

Driver models found in the literature are used primarily for vehicle dynamics studies for
maneuvers such as lane changes, emergency maneuvers, and general tracking [1,2,3]. The
function of these driver models is to provide steering inputs in simulation so that vehicle
dynamics models can be evaluated. We have investigated driver steering frequency
distributions, stationarity issues, and comparisons of literature driver models and simulator
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data, and have found that driver models for vehicle dynamics studies are not readily
amenable to describing straight-line driving behavior.

Appendix G compares straight-line steering commands and vehicle lateral position obtained
from a simulation using a driver model with the same signals obtained from a driver using
the Ford Research Laboratory driving simulator. We have discovered what we call a
complacency zone where driver model output (steering position) remains constant while
lane deviation and heading angle errors build. Past some undefined threshold, the driver
makes a correction. Complacency is a function of disturbance level, and will also be a
function of other factors such as traffic density and road curvature. Additionally, real
drivers steer with a lower frequency spectrum than driver models from the literature.
Therefore these models cannot be used in on-line driver state assessment for a system such
as CAPC.

Additionally, driving-simulator tests over one hour duration have shown evidence that the
driver begins to allow the vehicle to wander about the lane more. This has helped to
motivate the use of a system identification approach to on-line driver modeling. We have
assumed an ARX structure as the candidate model structure, as shown in Figure 3.4.1:

A(q)y(t) = B(q)u(t - nk)

where y(t) is the driver-model, steering-position output (6 in the figure) and u(t-nk) is the
delayed driver-model input (in this case lateral vehicle position, y in the figure).
Indicators such as parameter values and pole/zero locations are used to track changes in
driver state. Appendix G describes the work in detail. It is concluded from driving
simulator experiments that such an approach may be capable of identifying changes in
driving behavior with simple on-line computations.
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Figure 3.4.1: Driver Identification Framework
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3.5 Design of the Brake-Steer Controller

This section deals with the design of a controller that operates the rear brakes to correct the
path of the vehicle in case of an intervention by the CAPC system. The CAPC prototype
vehicle does not include a completed implementation of this differential braking (or brake-
steer) approach. The vehicle does include a dual hydraulic system for later brake-steer
implementation, and the controller described in this section is also included in the software
onboard the vehicle. The prototype, however, is missing the necessary electronic driver
board to translate the controller's commanded brake pressure into electrical signals to open
and close the appropriate solenoid valves. Section 4 describes the existing hardware and
Section 8.4 includes schematics for an eventual implementation.

The use of brake-steer for active intervention is a natural step in the trend toward using
brake valving to achieve various vehicle control safety functions. To date, ABS, 4WS, and
traction control are widely available. Yaw-rate control using differential braking is available
in production models from Mercedes and Toyota. Pilutti et al. first proposed this in
conjunction with the CAPC project Appendix H is a conference paper describing the first
work on brake-steer for lateral path control. The final brake-steer design presented in this
section follows that work; more sophisticated control design was performed to account for
the prototype's discrete-time implementation and long (0.20 second) delay between image
information and controller command update.

First, the authority available with differential braking for lateral path control is discussed in
Section 3.5.1. Second, the design of an estimator is described in Section 3.5.2. This is
the "near-range" Kalman filter which has been referred to in previous sections. This uses
onboard vehicle motion transducers and near-range LMS data to estimate the current vehicle
position and orientation with respect to the local road edge, the local road curvature, and the
side-slip velocity and yaw rate. Finally, the design of the controller which effects the
differential braking during an active intervention is presented in Section 3.5.3. The
controller is a state-feedback controller designed using the theory of linear optimal control.
More states can be added to reject disturbances, as described in Chapter II of Appendix I.
The designs of the state estimator and the controller are performed separately, as the
separation principle of linear optimal control theory allows.

3.5.1 Brake-Steer Authority

Before discussing the details of controller design for active intervention, it is useful to
determine the authority available when using brakes to steer the vehicle. A simple
experiment using the CAPC simulation tool is used to determine the relation between
cornering control using steer inputs and cornering control using differential braking. The
relation between the front wheel steer angle 8 fw- the lateral acceleration Ay, and the vehicle
speed U can be derived from a simple 2 DOF vehicle model with linear tire characteristics
and is given by
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A= o f (3.5.1)
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where
) fw s the front wheel steer angle (rad)
A, is the lateral acceleration (m/s2)
U is the vehicle speed (m/s)

The vehicle model parameters for the prototype vehicle a Ford Taurus SHO are given in
Table 3.5.1. The values for the corering stiffnesses are valid for this particular vehicle-tire -
configuration. Due to compliance effects (suspension bushings, steering elasticity) the
cornering stiffnesses are lower than the values valid for a stand-alone tire and therefore
these numbers do represent effective cornering stiffnesses.

Cro cornering stiffness of 1 front tire 53,131 [N/rad]
Cron comnering stiffness of 1 rear tire 66,440 [N/rad]
m, total mass of vehicle 1,814 [kg]
1, |total yaw moment of inertia 3,962 (kg-m?]
a, |distance CG to front axle 1.073 [m]
b, distance CG to rear axle 1.620 [m]

T,, track width of rear axle 1.521 [m]
Ky, brake gain of 1 rear brake 3.549E-4 [N/Pa]

Table 3.5.1 Vehicle parameters (‘94 FORD Taurus SHO)

To characterize the performance of brake-steer actuation, a set of simulations are run in
which a single front or rear wheel of a Ford Taurus SHO is activated such that the
dimensionless longitudinal brake slip x = -10%. This slip value corresponds to a
longitudinal tire force that is slightly smaller than the tire force limit. The vehicle model
used in this simulation experiment contains 14 DOFs and the tire model is based on the
Magic Formula with combined slip. Figures 3.5.1 and 3.5.2 show two plots of interest.
With the above equation is it easy to calculate the lateral acceleration due to steering alone,
as a function of the vehicle speed. These lines are shown in both plots for front wheel steer
angles ranging from 0.5 to 3.0 deg. Overlaid on these lines of constant steer angle are the
lateral acceleration responses simulated for three different, initial, vehicle speeds (60, 90,
120 km/h) while one wheel (front or rear) is braked with 10 percent slip. The steering
wheel is held fixed in the straight ahead position. Due to the longitudinal braking force at
one wheel, the vehicle decelerates and corners at the same time. The plotted responses
illustrate that 10 percent rear wheel slip provides a cornering ability similar to steering the
front wheels with about 1.1 degree of front-wheel steer angle. Ten percent slip of a single
front wheel corresponds to about 1.5 degrees front-wheel steer angle.
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Figure 3.5.1 Brake-steer authority with 10% rear wheel slip.
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Figure 3.5.2 Brake-steer authority with 10% front wheel slip.
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The deceleration that occurs when braking one front wheel is much larger (= 0.3g) than
when braking a rear wheel (= 0.15g). This is due to the fact that the static front-tire load is
about 50% larger than the static rear-tire load. The vertical tire load of the rear wheel that is
braked is also reduced due to braking (load transfer from rear to front wheels) and due to
cornering (load transfer from right to left wheels in this case). The higher the speed of
travel, the higher the level of lateral acceleration is and thus the larger the tire side force.
This means that the brake force will also decrease due to combined slip effects. So, while
braking a single rear wheel, the normal load of this particular wheel is the lowest of all four
wheels on the vehicle.

For typical highway applications the authority of braking one rear wheel should be
sufficient to recover the vehicle from inadvertent road departures given that the angle of
attack (heading) between vehicle longitudinal axis and roadway axis is reasonable shallow.
If more steer performance is required, the front wheels might be used to accomplish a more
powerful steer effect under the requirement that the steering wheel is held firmly fixed.
Depending on the front suspension geometry, the vehicle might counteract the brake-steer
induced concerning motion if the driver does not hold the wheel fixed. In that case brake-
steer corrections will fail and a road departure cannot be avoided.

This analysis as presented above doesn't account for any influence of the geometry of the
suspension (such as the scrub radius) or elastokinematic properties (bushing compliances)
on the cornering ability using brakes. Both compliance and geometry effects might affect
the authority of brake-steer control significantly. The presented result did account for the
compliance in the steering system associated with aligning moments.
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3.5.2 Near-range Kalman Filter Design

A Kalman Filter [2] is used to estimate unknown or unmeasurable states of the vehicle-
roadway system. The following roadway model related states (Figure 3.5.3) are of interest:

Ye lateral position error [m]
v, heading error [rad]
K curvature [1/m]

The vehicle dynamics related states of interest are:
v side slip velocity [m/s]
r yaw rate [rad/s]

Figure 3.5.3 Roadway geometry and vehicle model.

The relation between the states and the derivatives of the states are described by the
equations of motion of the vehicle and roadway model. The road-model-related differential
equations are

ye=-v-Uy, (3.5.2)
v, =Ux-r (3.5.3)
k=0 (3.5.4)

where U is the speed of travel of the vehicle (m/s), r the yaw rate of the vehicle (rad/s) and
v the side slip velocity (m/s) of the vehicle. This road model assumes a constant curvature
(x). The dynamics of the vehicle may be described by a 2 DOF flat vehicle model with
equations of motion given by
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(3.5.6)

where 8 g, is the front wheel steer angle (rad) and P, the brake pressure applied at a rear
wheel in (Pa). The vehicle parameters are given by Table 3.5.1.

The equations of motion can be described as a matrix (state-space) form given by

;&:A-1+B-Pb+G-8fw (3.5.7)
with state vector
;c=[v r oy, V, K]T (3.5.8)

The linear time invariant state-space equation of the Kalman filter is given by [2]
izA'i"'B'Pb +G§fw+L(z—Ci)

(3.5.9)
=(A-LC)-2+B-P,+G-d4,+Ly

As can be seen from this equation, the Kalman filter is identical to the state-space model of
the vehicle-roadway system except for the input L(Z-Ci)- Vector y is a vector
containing the lateral position of the lane markers (coming directly from the LMS) at
various longitudinal distances in front of the vehicle, and Cx are the estimated lateral
positions at the same longitudinal distances. With the state-space description of the vehicle-
roadway model as defined above, the output vector can be composed as

y=Cx (3.5.10)

o — O

where x; are longitudinal coordinates in the vehicle frame (e.g., 5, 7.5, 10, 12.5, and 15
meter ahead of the vehicle). The dynamic behavior of the estimation error (y—CJ_E) is
prescribed by selecting a feedback matrix L. Matrix L may be designed to ensure that the
eigenvalues of the closed-loop Kalman filter eig(A — LC) correspond to a rapid well
behaved decay of any estimation error. The state estimation becomes faster, but also more
sensitive to measurement noise. Thus the Kalman filter provides a compromise between the
speed-of-state reconstruction and immunity to measurement noise. The balance between
these two properties is determined by the covariance matrices Qr and Ryin the design stage.
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Matrix Qs related to the known .inputs (front wheel steer/brake pressure) and matrix Ryto
the noise coming from the lane marker sensor.

The design of the Kalman filter is fairly straightforward. After determination of the state-
space matrices, the noise covariance matrices have to be chosen. A method of computing
the Kalman filter feedback gain matrix L is required. The method chosen is that one due to
Kalman and Bucy [1] in which it is assumed that the system to be observed is driven by
white noise and that the observed signals are corrupted by white noise too. Feedback
matrix L can be found by solving the algebraic Riccati equation. The only problem with the
above vehicle-roadway model is that this model is not directly driven by white process
noise. Furthermore the model is not observable because the curvature is modeled as an
integrator without input. To overcome the white noise input and observability requirement a
slight alteration of the model in the Kalman filter design phase has been made. First it is
assumed that the model is driven by white noise steer and brake pressure inputs.
Furthermore a third white noise source has been included representing the input for the
curvature state. This means that the curvature is expected to behave as integrated white
noise. A new process noise input vector Hand white noise source w can now be
determined

[ 2Cry 0 0-
e Tk "85
H=|22Fa% Zw2Bb2 o 2|y (3.5.11)
i 21 Py
(Z)v Ozv 1 Wy

The Kalman filter design should be based on matrices A, H, C, Qrand Ry. After some trial
and error the following covariance matrices resulted in a good Kalman filter performance.

1,0 o
0, =|0 = g (3.5.12)
Tw2 .
o 0 10
'5.0e+4 0 0 0 0
0 75e+4 0 0 0
R =| 0 0  10e+5 0 0 (3.5.13)
0 0 0 12545 0
0 0 0 0 LSe+5

Note, the elements of the white measurement noise covariance matrix Ry are proportional to
the longitudinal spacing of the lane marker data (5, 7.5, 10, 12.5 and 15 meter ahead of the
vehicle). Matrix L (5x5) can now determined by solving the matrix Riccati equation using
a routine such as the LQE function in the commercial package Matlab. Figure 3.5.4 - 3.5.7
illustrate the performance of the Kalman filter when it is implemented in the CAPC
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simulation tool. Random (low frequency) steering has been applied while the vehicle was
traveling 108 km/h on a straight uneven road. The vehicle model used was the 14 DOF
model with a non-linear transient tire model (Magic Formula).

From equations (3.5.2) - (3.5.6) it can be seen that the differential equations of the vehicle
mode] as well as the roadway geometry model are vehicle speed (U) dependent. This
implies that the time invariant Kalman filter as discussed above is valid for only one vehicle
speed because matrix A is not updated for the speed of travel. Although a Kalman filter is
normally robust for certain parameter changes, it is not expected that it will operate
satisfactorily when designed for one vehicle speed and operated at another speed that is
significantly different from the design speed. Therefore the equations of motion of the
roadway as well as the vehicle model are updated based on the speed of travel.

Two options are available. One might consider designing a time-variant Kalman filter
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