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1. INTRODUCTION

1.1 Subject

The subject of this report is the research performed to determine
the feasibility of designing and constructing a prototype
Autonomous Shadow Vehicle that follows a Lead Maintenance Vehicle
for use in highway maintenance operations to protect highway
maintenance personnel from injury by high-speed highway vehicles.
An Autonomous Shadow Vehicle is driverless and follows the Lead
Vehicle. Hence, personnel who would normally be driving a Shadow
Vehicle are removed from potential danger and injury.
Furthermore, highway maintenance productivity is increased and
highway maintenance activities that presently cannot "cost
justify"” the use of a Shadow Vehicle with a driver may be able to
"cost justify" using an Autonomous Shadow Vehicle.

Currently the Minnesota Department of Transportation(MNDOT) is
using Radio Controlled Shadow Vehicles. The steering, throttle,
and brake of a Radio Controlled Shadow Vehicle is controlled by a
maintenance worker standing on the roadside using joy sticks on a
control box that transmits the commands to the Radio Controlled
Shadow Vehicle's actuators. This radio control approach is only
usable for low speeds(walking speeds) and stop and go situations.
The use of an Autonomous Shadow Vehicle proposed by this research
project would eliminate the need for a maintenance worker to
perform the radio control function. However, it is proposed that
the Autonomous Shadow Vehicle has a back-up radio control mode in
addition to its autonomous tracking systems.

1.9 h Obdecti

The main objective of this research is to research feasible
technologies for autonomous tracking by the Shadow Vehicle, and to
design and construct an Autonomous Shadow Vehicle that tracks a
Lead Vehicle at a desired range. Track for this report is defined
to mean that the Autonomous Shadow Vehicle follows a Lead Vehicle
in the same manner Shadow Vehicles driven by maintenance workers
presently follow Lead Vehicles. Hence, curves will be considered
in the design process.

It is proposed that the research and experimentation consist of
three phases, Phases I, II, and III. 1In Phase I, tracking
technologies are to be researched and evaluated and feasibility of
designing an Autonomous Shadow Vehicle is to be determined. 1In
Phase II, feasibility of the tracking approach selected is
demonstrated using pre-prototype hardware and software. In Phase
III, a prototype Autonomous Shadow Vehicle and Lead Vehicle with
the appropriate hardware are designed and constructed in
partnership with the private sector. The description of the
research and experimentation objectives of Phase I, the subject of
this report, follows.
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The principal objectives of Phase I are to:

1)

2)

3)

4)

5)

6)

Research the literature for technologies that potentially
could be used for designing a tracking system(s) for an
Autonomous Shadow Vehicle.

Research the feasibility of using a transmitting antenna
on the Lead Vehicle and a receiving antenna array on the
Autonomous Shadow Vehicle as a tracking system.

Research the feasibility of using Global Positioning
Satellite(GPS) technology to design a tracking.

Research the feasibility of using a 3-D symbol mounted on
the Lead Vehicle and a video camera mounted on the
Autonomous Shadow Vehicle as a tracking system.

Research, design, and simulate control systems to control
the steering, throttle, and brake actuators of the
Autonomous Shadow Vehicle.

Evaluate and recommend a tracking system(s) for use in
Phase II.
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1.3 b Findi
1.3.1 had hic] .

Shadow vehicles, used in highway maintenance operations to provide
a safer operating environment for operating personnel, are usually
heavy vehicles which have a flashing arrow board mounted in the
rear. They are used for a variety of tasks including street
sweeping, laying cones for lane closure, painting lines, placing
thermoplastic lines, laying Bott Dots, and crack sealing. Street
sweeping and painting or placing lines and dots are carried out in
a moving lane closure mode while crack sealing takes place inside
a lane closed by cones.

For all tasks the shadow vehicle travels to site at normal highway
operating speeds often traversing minor roads and frequently
traveling on ramps of freeway interchanges. This segment of the
maintenance task will not be automated at this stage and the
automated shadow vehicle should be driven to site by crew members
needed at the site for other work or towed. If no such crew
member is available, consideration should be given to towing the
automated shadow vehicle to site, or towing one of the lighter
maintenance vehicles to site.

Once at the site the maintenance vehicles and shadow vehicle may
need to change lanes before or during the task. Changing lanes
before work begins may be necessary in all tasks so that work can
begin from the left shoulder. This part of the maintenance task
must also be accomplished with a driver for the shadow vehicle or
with one vehicle being towed.

Changing lanes during the task is necessary in setting cones for
lane closure, and may be necessary in painting or placing lines
and dots. For lane closure the shadow vehicle moves from the
shoulder to the first lane as the crew begin to lay the taper. 1In
painting or placing lines and dots it will be necessary to change
lanes during the task if work is taking place in the center lanes
of a freeway with three or more lanes in one direction. This
aspect of the task poses problems for automation because while
changing lanes the shadow vehicle is acting independently of the
maintenance vehicle.

Two shadow vehicles are often used in street sweeping. Only the
shadow vehicle closest to the street sweeper is being considered
for automation.

Crack sealing is the only operation which involves having crew
members on the road between the maintenance vehicle and the shadow
vehicle. Sometimes the vehicles are stationary while this is
happening but sometimes the wvehicles are moving ahead slowly.

For automation while moving it will be very important to ensure
that crew members will not interfere with the Autonomous Shadow
Vehicle's tracking system. Similarly objects being towed by the
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maintenance vehicle (such as signs for lane closure or equipment
for crack sealing) should be checked for interference with the
tracking line-of-sight and redesigned if necessary. Section 2
discusses current shadow vehicle operations in more detail.

1.3.2 Shadow Vehicle Automation - Geometric and Safety Factors

The proposed separation between the shadow vehicle and the
maintenance vehicle for operation in automated mode is a tracking
line-of-sight of 10 to 200 feet. As the Lead Vehicle enters a
horizontal curve, the Autonomous Shadow Vehicle will close the
range to the Lead Vehicle to maintain a tracking line-of-sight
with the Lead Vehicle until exiting from the curve when it will
resume the desired tracking line-of-sight range. Tracking line~
of-sight for the research project will be defined as the position
of the centerline(a line from the front to the back down the
center of the vehicle that approximately passes through its center
of gravity) of the Autonomous Shadow Vehicle such that it
approximately coincides with the center line of the Lead Vehicle
and such that the wheels(left or right) are within *2 feet. No
obstruction of the tracking line-of-sight between the Lead Vehicle
and Autonomous Shadow Vehicle will be caused by highway geometric
features or by bridges over sag curves. When the shadow vehicle
is operating on the shoulder crews should watch for overhanging
objects which may interfere with the Autonomous Shadow Vehicle's
tracking system.

Two advantages of keeping the shadow vehicle within tracking line-
of-sight behind the maintenance vehicle occur on vertical and
horizontal curves. Since the camera is set at a fixed angle to
the shadow vehicle, there will be a slight offset of the location
of the Lead and Autonomous Shadow as the vehicles travel over
vertical curves. This displacement is less than one tenth of one
foot, for curves with design speeds of 40 mph or more, when the
separation is 40 feet. 1In contrast a separation of 100 feet
causes vertical displacements up to 2 feet for similar curves.

On horizontal curves the shadow vehicle attempts to track the
maintenance vehicle in a straight line. This introduces a lateral
displacement of the shadow vehicle as it follows the maintenance
vehicle around a curve. A separation of 40 feet limits this
offset to 1.4 feet on curves with radius 500 feet, and to 0.8 feet
on curves with radius 1000 feet. If the maintenance vehicle
travels in the center of a twelve feet wide lane and if the shadow
vehicle is 8 feet wide, an offset of 1.4 feet places one side of
the shadow vehicle 0.6 feet from the lane line. A greater
separation between the shadow vehicle and maintenance vehicle
would result in unacceptably large lateral displacements.

The main disadvantage of maintaining small separations between the
shadow vehicle and maintenance vehicle lies in safety for roll
forward and for safe stopping of the shadow vehicle if the

1-4
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maintenance vehicle stops. Forty feet separation provides
adequate safety for sudden stops of the maintenance vehicle for
operating speeds up to at least 13.6 mph for speeds up to 30 mph
greater distances are required. Forty feet separation provides
adequate safety for shadow vehicle roll forward after impact if a
heavy shadow vehicle is used (25,000 pounds) and operating speed
is fast (25 mph). At lower operating speeds 40 feet separation
will not prevent the shadow vehicle from running into the
maintenance vehicle if the impacting vehicle is larger. For
example at 10 mph operating speed the 40 feet separation is only
safe for impacting vehicles up to 20,000 pounds in weight.

Lighter shadow vehicles provide less safety for roll forward. For
example safe separation exceeds 40 feet if a 10,000 pound shadow
vehicle traveling at 10 mph is impacted by a vehicle weighing
10,000 pounds. Section 3 discusses the geometric factors in more
detail.

To take advantage of the greater safety provided by large shadow
vehicles a heavy shadow vehicle should be used for automation. To
take advantage of the greater safety provided by higher operating
speeds (up to 13.6 mph for 40 feet separation) it would be best to
introduce automation in operations such as street sweeping or lane
closure. However, in the lane closure task the shadow vehicle
needs to operate independently of the maintenance vehicle for a
portion of the task. From the operations point of view street
sweeping is a better candidate for automation. The only problem
to overcome here is the need to have the shadow vehicle driven to
site or towed to the site by the sweeper. Another possible first
candidate is crack sealing which is done at slow speed but inside
a closed lane. The major considerations for the tracking system
here are the stop and go operation and the need for operators to
work on the road between the Autonomous Shadow Vehicle and the
Lead Maintenance Vehicle.
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1.3.3 . : K hnologi

An extensive literature search was performed. A partial list of
the material reviewed is given at the end of this report under
References. Various technologies were discovered that might prove
to be viable for the Shadow Project application. Table 1.1
contains a summary of the characteristics of the technologies
considered for use in designing tracking systems based on the
research findings. Table 1.1 shows the advantages and
disadvantages of the different technologies. The characteristics
important to the tracking task are identified in the left hand
column of Table 1.1. The objective is to identify technologies
which best satisfy all of the desired characteristics listed in
Table 1.1.

Based on Table 1.1 and our research findings, it is evident that
Antenna Array, Vision and Relative GPS tracking systems are the
most appropriate technologies to use. It is anticipated that
these three technologies will be cost effective and will
compliment each other. To ensure safe operation of the Autonomous
Shadow Vehicle, it is recommended that all three systems be used
for redundancy purposes.

The major strength of an Antenna Tracking System is that weather
conditions will not appreciably effect its operation. The major
strength of a Vision Tracking System is that it can assure that
the Autonomous Shadow Vehicle has acquired the appropriate target
for tracking, i.e., a proposed 3-D symbol mounted on the back of
the Lead Maintenance Vehicle. The Relative GPS Tracking System
will provide an additional check on the Antenna and Vision
Tracking Systems. Furthermore, each of these three systems has
completely different operating characteristics such that something
that might interfere with the operation of one of the tracking
systems is not likely to effect the operation of the other two
tracking systems. As the GPS technology matures it is expected
that it will become more reliable. The technologies reviewed are
discussed in more detail in Section 4.
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Table 1.1 Trackin

Sensor Technology Comparison
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ULTRA- LED LASER DIFF. RELATIVE ANTENNA MM VISION
SONIC INFRARED/ GPS GPS ARRAY SCANNING/
20-100KHz| VISIBLE {1.2/1.5GH|1.2/1.5GH 10GHz RADAR
MOD. UP z z 30-100GHz
TO 200MHz
REF. 1 REF. REF. REF. REF. REF. REF.
2,19,38, 14,7,8,9, 4,7,9, 10,18,20, 13,5,6,15,1| 11,12,13,
43 33,34,35, 33,34, 21,23,24, |16,17,24 | 14,39,41,
36,37 35,36,37 | 25,26,27, 42,46, 47,
28,29,31, 48,48
32,40,44,45
RAIN POOR FAIR EXCELLENT|EXCELLENT| EXCELLENT |EXCELLENT GOOD
(MODERATE)
FOG POOR POOR EXCELLENT [EXCELLENT{| EXCELLENT [EXCELLENT GOOD
(MODERATE)
SNOW POOR POOR EXCELLENT|EXCELLENT| EXCELLENT |EXCELLENT GOOD
(MODERATE)
LATERAL POOR GOOD POOR EXCELLENT GOOD EXCELLENT GOOD
IACCURACY 6"
RANGE POOR EXCELLENT GOOD EXCELLENT| EXCELLENT
ACCURACY FAIR GOOD
5-10%
RELATIVE
YAW ACCURACY POOR GOOD N/A GOOD GOOD GOOD GOOD
+1.0°
CURVE PROBABLY TBD N/A GOOD GOOD GOOD GOOD
TRACKING POOR
INTERFERENCE FAIR GOOD GOOD GOOD GOOD GOOD GOOD
REJECTION
EFFECT OF SMALL TO | SMALL TO { SMALL TO SMALL SMALL IF | SMALL IF SMALL
REFLECTIONS LARGE LARGE LARGE NARROW NARROW
BEAM BEAM
EFFECT OF N/A GREAT N/A N/A N/a N/A SMALL IF
VARYING OBJECT IS
LIGHT LITE
CONDITIONS
OPERATIONAL GOOD GOOD GOOD TO GOOD TO GOQD GOOD GOOD
RELIABILITY POOR POOR
PUBLIC UN- POOR EXCELLENT|EXCELLENT GOOD POCR EXCELLENT
ACCEPTANCE CERTAIN
SENSOR COST 85,000 $10,000 N/A $10,000 $10,000 $50, 000 $5,000
ESTIMATE
PHASE 1 REJECT REJECT REJECT |3RD 1mvEL PRIMARY REJECT SECONDARY
ASSESSMENT CHECK SYSTEM SYSTEM
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It is proposed that a safety redundancy checker software program
compare the data generated by each sensor tracking system to
ensure that the data presented is consistent before sending it on
to the steering and range Shadow Vehicle controllers. The block
diagram in Figure 1.1 illustrates this flow of data.

RANGE,
LATERAL ERROR _’ RANGE STEERING
& YAW FROM LAT. ERR. ACTUATOR
ANTENNA SYSTEM YAW ADAPTIVE |[COMMAND
SAFETY STEERING
RANGE
A REDUNDACY CONTROL
LATERAL ERROR _» CHECK THROTTLE
& YAW FROM ACTUATOR
VISION SYSTEM ADAPTIVE | COMMAND
RANGE AND RANGE "_-pg
LATERAL ERROR ? CONTROL ®
FROM GPS SYSTEM
BRAKE
ACTUATOR
PENTIUM PC ON SHADOW VEHICLE COMMAND

Figure 1.1. Safety Redundancy Check & Control

Range, lateral error and yaw angle of the shadow vehicle relative
to the lead vehicle determined by the Antenna, Vision and Relative
GPS Tracking Systems are inputs to the safety redundancy check
program. The safety redundancy check program checks for agreement
of the current data produced by all of the sensors and also
compares the sensor data with predicted values based on past
sensor data and the fed back steering angle. If two sensors do
not agree within an allowable tolerance, data from the sensor that
is most likely correct will be used and a warning will be sent to
the lead vehicle driver. The Relative GPS Tracking System also
has bi-directional data transmission capability that allows
information to be sent to the Lead Vehicle driver. The range,
lateral error, and yaw data that have been determined to be
correct are sent to adaptive controllers that send commands to the
steering, throttle and brake actuators. These control systems are
discussed in more detail in Section 8.

1-8
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1.3.5 Antenna Array Tracking System

In order for the Shadow vehicle to autonomously follow a Lead
vehicle, it needs to know range(distance between the two
vehicles), lateral displacement(the amount of shift left or right
from bore-sight), and yaw angle(direction angle of Shadow vehicle
with respect to Lead vehicle). The antenna design objective was
to be able to determine range(+10%), lateral displacement(+6"),

and yaw angle(il.oo). The general idea of the system is to mount
a transmitting antenna on the Lead vehicle(with a very narrow
beam) and a receiving antenna array(RAA) on the Shadow vehicle.
Section 1.3.5.1 describes a design based on using a transmitting
antenna array. Section 1.3.5.2 describes a design based on using
a parabolic dish as the transmitting source. The parabolic dish
approach is proposed for use as the Antenna Tracking System.

1.3.5.1 Transmitting Antenna Array Tracking System

The general idea of the system is to mount a 110 element
transmitting antenna array(TAA) on the Lead vehicle(with a very
narrow beam) and a set of 15 receiving antenna array(RAA) on the
Shadow vehicle, as shown in Figure 5.1. The TAA emits a pencil
beam pattern, as shown in Figure 5.2, which is directed at the
RAA. At the RAA, magnitude and phase are read from each of the 15
elements. If the RAA is directly behind the TAA, i.e., no lateral
shift or yaw, the magnitude and phase from the RAA will be
symmetrical about the center element, as shown in Figure 5.4. If
the RAA is laterally displaced, the magnitude and phase shift
accordingly, as shown in Figure 5.5. If the RAA is laterally
displaced and yawed, the magnitudes will indicate the lateral
shift and the phases indicate that it is yawed, as shown in Figure
5.6. The magnitude and phase from the RAA are then pre-processed
to obtain relative amplitude and phase measurements. The relative
information is then fed into an A/D converter and then into a
neural network. The neural network will then map magnitude and
phase into the required range, lateral displacement, and yaw
angle. This is the necessary information needed to control the
shadow vehicle accordingly. A summary of the first antenna design
is listed in Table 1.2.

Table 1.2. Summary of Antenna Design

Antenna ko. of Element AnteJ;nteﬁgntenna
Type Elements |[Spacing |na na Placement
(m) Heigh{width
t (m)j(m)
TransmitterjArray 110 0.015 0.5 [1.65 [Lead
Vehicle
Receiver Individual |15 0.014 0.5 2.0 |[Shadow
Elements Vehicle
1-9
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A model was developed in C language to test the antenna design.
The model was developed based on far-field calculations. This
means that all simulations were required to be performed with at
least a 100m between transmitting antenna array and the receiving
antennas. A range of 100-150m(steps of 1-5m), lateral
displacement of +0.6667m(in steps of 0.1667m), and yaw angle of

i3o(in steps of 10) was used in simulations to show proof of
concept.

1.3.5.9 s bolj ish Tracki :

The original antenna array tracking system has been revised to
reduce overall cost and manufacturing complexity. The original
transmitting dipole array consisted of 110 dipole elements spaced
0.015m (one half wavelength for a 10GHz excitation source). It
was discovered that reproduction of an antenna with this many
elements and element spacing would prove to very difficult. This
difficulty arises from the fact that each element would have to be
hand tuned to account for the different line lengths between each
element and the source, i.e., impedance matching of the elements
to the source. The output pattern had a half power beam width of
0.2 degrees. This antenna has been replaced with a parabolic dish
antenna with a diameter of 1.2192m (4ft). The output pattern has
a half power beam width of 1.7 degrees and a gain of 40dB. The
increased beam width size will still allow the receiving antenna
to detect any change in orientation of the transmitting antenna
relative to the receiving antenna.

The increased size of the transmitting antenna beam width has
required that the receiving antenna design to be revised. The
width of the receiving antenna is set at 2m. The number of
elements of the receiving antenna has been reduced to seven dipole
elements spaced 0.333m apart. This reduction in the number of
receiving elements was acceptable due to the fact that the
transmitted beam width was larger and the spacing on the receiving
antenna could be increased and still maintain phase and amplitude
resolution.

The general idea of the system is as before. The transmitting
antenna emits a pencil beam pattern which is directed at the
receiving antenna. At the receiving antenna, the phase and
amplitude from each of the elements is measured. Based on the
phase and amplitude distribution on the receiving elements range,
lateral displacement and yaw angle are attainable. These are the
three necessary parameters needed to computer control the Shadow
vehicle relative to the Lead vehicle. Table 1.3 summarizes the
revised antenna design.
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Table 1.3. Summary of Antenna Design Revision

Copyright 2011, AHMCT Research Center, UC Davis

Antenna No. of Flement AntenffaﬂAntenna Antenna
type Antennas/|Spacing [Height @Width Placement
Flements [(m) (m)
Transmitter [Parabolic |1 N/A 1.2192 [1.2192 [Lead
Dish Vehicle
Receiver Individual |7 0.333 0.5 2.0 Shadow
Elements Vehicle
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1.3.6 Visi Ki .

Figure 1.2 illustrates the proposed Vision Tracking System.

VIDEO CA

BACK OF
LEAD VEHICLE

AUTONOMOUS
SHADOW VEHICLE

Figure 1.2. Vision Tracking System

An extensive literature search was performed. Research was not
found that replicated this research. The image processing
techniques used in this research are well known [54], [55], [561],
[57], and [58]; but, this research has applied the techniques
uniquely. One paper was located that uses stereo (two cameras) to
track a light on a lead vehicle [11]. However, the possibility of
tracking light or lights other than that of the lead vehicle or
daylight effects of the sun were not addressed. The primary focus
of this research was to ascertain if one camera can be used. The
research objective in this regard was met. Demonstrations using a
single video camera and a symbol were performed. The data from
the experiment verified that for ranges up to 45 feet, using
vision to track a lead vehicle is clearly viable for moderate
weather conditions. That is, if a human can see the target symbol
on the back of the Lead Vehicle, then so can the vision system.
The results also indicate that tracking for ranges up to 200 feet
can also be performed using vision techniques.

It is proposed that a 3-D symbol such shown in Figure 1.3 be
mounted on the back of lead maintenance vehicles. Lights are
mounted inside of the symbol to eliminate shadows on the symbol
and for night operation.

1-12
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NOT TO SCALE
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Figure 1.3. Proposed Symbol for Lead Vehicle

A video camera with a controllable zoom lens is mounted on top of
the shadow vehicle and points down at the symbol on the lead
vehicle. Whether a fixed iris or computer controlled iris to
control the amount of light entering the lens should be used will
be determined in Phase II. A machine vision algorithm executed by
a Pentium PC on the shadow vehicle determines that in fact the
symbol and no other object has been acquired by the camera.

Points on the symbol found by the machine algorithm are then fed
to a neural network executed by the Pentium PC that determines
range, lateral error and yaw angle of the Autonomous Shadow
Vehicle relative to the Lead Vehicle. Range, lateral error and
yaw angle are sent to a safety redundancy checker software
program. If the safety redundancy checker software program
determines that wvalid data has been received, it sends the
determined range, lateral error, and yaw angle on to the
Autonomous Shadow Vehicle control system software program executed
by the Pentium PC.
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1.3.7 Relati ps Ki 5

Figure 1.4 illustrates the basic concept of the proposed Relative
GPS Tracking System.

SHADOW GPS

RECEIVER LEAD GPS

RECEIVER

\\\/ TRANSMIT LEAD VEHICLE \\\///

GPS COORDINATES TO
SHADOW VEHICLE

¥ Y
A A X = RANGE
. >
X
AY = LATERAL
ERROR
>
X
SHADOW VEHICLE LEAD VEHICLE
POSITION POSTION

Figure 1.4 Relative GPS Tracking System

GPS XYZ coordinates of the Lead Vehicle are received by Lead
Vehicle and transmitted back to Autonomous Shadow Vehicle. GPS
XYZ coordinates are also received simultaneously by the Autonomous
Shadow Vehicle. Autonomous Shadow Vehicle coordinates are
subtracted from the Lead Vehicle's coordinates to find range and
lateral error of the Autonomous Shadow Vehicle relative to the
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Lead Vehicle. Curves can be detected by mapping(plotting) the GPS
coordinates of the Lead Vehicle.

GPS coordinates are updated every second. Therefore, if the only
tracking system used is the proposed Relative GPS Tracking
Systems, then, a rate gyro or position gyro would be required to
obtain control information at least every 0.1 seconds.

GPS satellites can be occluded by hills and buildings.
Differential stations(repeater stations broadcasting local
corrections) will increase reliability. Even though GPS may drop-
out from time to time, the Relative GPS Tracking System will add a
third level check. Range, lateral error and approximated yaw
angle are sent to the safety redundancy checker and shadow vehicle
control system which are also executed on the Pentium PC.

1.3.8 Throttle, Brake and Steering Controllers

An extensive literature search and review of the literature
related to longitudinal and lateral control of vehicles was
performed. Based on this review, digital controllers for control
of throttle, brake, and steering actuators were designed, and
simulated. Section 8 describes the throttle and brake controllers
and Section 9 describes the Steering controller. The simulations
indicate that the designed controller using a 0.1 second sampling
interval meet the requirements for this research project.
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1.4 G . . £ 1)

Section 2 discusses current shadow vehicle operations. Section 3
continues discussing shadow operations in terms of the impact of
freeway geometry and safety factors that need to be considered.
Section 4 discusses the technologies researched for use in
designing tracking systems for this project. Section 5 describes
the antenna research and design performed in Phase I and that is
proposed for Phase II, experimentation and feasibility
demonstration. Section 6 describes the vision research and design
performed in Phase I and that is proposed for Phase II,
experimentation and feasibility demonstration. Section 7
describes the GPS research and design performed in Phase I and
that is proposed for Phase II, experimentation and feasibility
demonstration. Section 8 describes the longitudinal control
research and design performed in Phase I and that is proposed for
Phase II, experimentation and feasibility demonstration. Section
9 describes the lateral control research and design performed in
Phase I and that is proposed for Phase II, experimentation and
feasibility demonstration. Section 10 contains the references
referred to in the body of this report.
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2. CURRENT SHADOW VEHICLE OPERATIONS

2.1 Tasks

Shadow vehicles are used in highway maintenance operations to
provide a safer operating environment for maintenance personnel.
The minimum weight of a wvehicle that may be used as a shadow
vehicle is 4000 pounds [50]. A more typical weight is 25,000
pounds. The speed at which shadow vehicles operate when in
service as a shadow vehicle varies depending on the type of
maintenance task. Typical tasks and the associated operating
speed are shown in Table 2.1 and each of the tasks are described
below.

TABLE 2.1 Shadow Vehicle Tasks and Operating Speeds

TASK SPEED
Sweeping 6 to 12 mph
Setting Cones for Lane Closure 15 mph
Painting Lines 25 mph
Placing Thermoplastic Lines 2 to 3 mph
Laying Bott Dots Stop and Go
Crack Sealing : Stop and Go

W, 1 hic] 1 ¢ . i
2.2.1 Street Sweeping

Street sweeping is one of the most common highway maintenance
tasks in which shadow vehicles are utilized. Sweeping operations
are carried out on curbed sections of highway where trash and
debris is retained by the curb. On freeways these sections are
typically found on bridges and other elevated segments. The task
may involve one or two shadow vehicles. Two shadow vehicles are
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used where sight distances for oncoming traffic are restricted.
The driver of the second shadow vehicle positions the vehicle far
enough back from the operation to provide advance warning to
traffic. In order to indicate lane closure between the first and
second shadow vehicle, the driver of the first shadow vehicle
drops flares at regular intervals along the highway.

In street sweeping the vehicles are operating on the shoulder and,
depending on the available width of the shoulder, they may or may
not occupy part of the adjacent lane. The work crew includes the
driver of the sweeper truck and a driver for a pick-up truck which
travels in front of the sweeper truck. The driver of the pick-up
truck, or an additional crew member riding as a passenger in the
pick-up, removes any large objects along the curb. On multi-lane
highways it is necessary to sweep both the right and left sides of
the road. The pick-up truck, street sweeper vehicle, and shadow
vehicle(s) are positioned on the appropriate shoulder at the
beginning of the task. For operations on the left side of the
road this necessitates crossing other lanes of traffic before the
work begins. The shadow vehicle stays directly behind the sweeper
truck during the sweeping, but not while changing lanes for
positioning on the left side of the road.

2.2.2 Lane Closure

Lane closure is another task in which shadow vehicles are commonly
used. 1In this task the vehicles begin from the shoulder and move
out into the lane(s) to be closed. The shadow vehicle follows a
single maintenance vehicle with a crew of two maintenance workers.
The maintenance vehicle carries lane closure cones and roadwork
ahead signs, and tows a lane closed sign. The crew member
assigned to placing the cones generally sits in a special seat on
the left side of the maintenance vehicle but could alternatively
be on the right side.

In the early stages of the lane closure task stops are made while
the work crew leaves the maintenance vehicle and sets up the
required road work ahead and lane closure signs. When the
vehicles are stopped, the driver of the shadow vehicle turns the
vehicle's wheels in toward the side of the road to provide
additional safety if the shadow vehicle is hit from behind. The
driver of the shadow vehicle also keeps an eye on traffic so that
she/he can give a warning to the crew on the road if they are in
any danger. Cones are first placed along the edge of the shoulder
then, after the lane closed sign has been placed (this is the one
towed by the maintenance vehicle), the crew begins to taper out
the cones into the lane(s) to be closed.

During placement of the taper the maintenance vehicle remains on
the inside of the cones but the shadow vehicle moves out into the
adjacent lane to "take the lane" and give warning that the lane is
closed. At this time the shadow vehicle is not behind the
maintenance vehicle. After the taper is about half way across the
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lane to be closed, the shadow vehicle moves back behind the
maintenance vehicle for the remainder of the task. This procedure
is used for closing lanes on the right side of the road with the
crew member sitting on the left side of the maintenance vehicle
and for closing lanes on the left side of the road with the crew
member sitting on the right side of the vehicle.

To release a closed lane back to traffic, cone pick up is
performed by the crew on a maintenance vehicle and the wvehicle is
protected by a shadow vehicle. There are two alternative
procedures for cone pick up. In the preferred method the
maintenance and shadow vehicles travel in the same direction as
traffic. The shadow vehicle travels outside the cones, in the
closed lane, while the cone pick up crew travel inside the cones
to pick up the taper. Then the shadow vehicle travels directly
behind the maintenance vehicle, essentially creating a moving lane
closure, while the pick up crew remove the cones for the remaining
length of the lane closure. Again the shadow vehicle is not
directly behind the maintenance vehicle for the first part of this
task.

In the other, and less preferred, method of cone pick up the
maintenance and shadow vehicles travel in the opposing direction
to traffic. To provide protection for the maintenance crew the
vehicles travel backwards with the shadow vehicle preceding the
maintenance vehicle in their direction of motion. Cones are
picked up in reverse order of their placement. This method could
not be automated.

2.2.3 Painti laci . 1 placi

Placing of lines, either paint or thermoplastic, and bott dots is
a moving operation. The maintenance vehicle is a special truck
with a cage on one side for the maintenance worker. The cage is
generally on the left side of the vehicle. Lane painting can be
done at relatively high speeds (25 mph) but laying thermoplastic
is done very slowly and placing bott dots is a stop and go
operation. The work crew do not leave their vehicles except on
minor mountain roads. In this task the shadow vehicle provides a
moving lane closure. Stationary advance warning signs on the
shoulder are moved along the highway as work progresses but the
lane is not closed with cones. Lane changing, before execution of
the task, will be necessary to place the maintenance and shadow
vehicles in the appropriate location for the task.

For this task the maintenance vehicle and the shadow vehicle may
be in any of the available lanes on the highway. On multi-lane
highways with three lanes in each direction the work can be done
from the right lane and from the left lane (if a vehicle is
available with the cage on the right side.) But, if there are 4
or more lanes each way, or if the cage is on the left side of the
vehicle the work must be done from a lane which is not adjacent to
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the shoulder. This requires lane changing during execution of the
task.

2.2.4 Crack Sealing

In contrast to placing line and bott dots, crack sealing is done
inside a closed lane. Vehicles may be moving very slowly or
stopped completely while sealant is placed. Crew members work
outside the vehicles between the maintenance vehicle and the
shadow vehicle. The maintenance vehicle tows a trailer containing
the sealant.

2.3 Traveling to Site

For all shadow vehicle operations the maintenance vehicles and the
shadow vehicle(s) begin the task from the shoulder, or inside a
closed lane at the site. The vehicles are driven to site at
normal operating speeds restricted only by applicable speed
limits, other safety considerations and vehicle capabilities on
grades. Generally, but not necessarily, the shadow vehicle will
be driven to the site in convoy with other maintenance vehicles.

Automation of the shadow vehicle during this phase of the work is
not feasible at this stage because the high speeds impose greater
safety constraints. At 55 mph the separation between vehicles
should be two seconds or 162 feet. Another obstacle to automation
of the shadow vehicle while traveling to site are the sharp
horizontal curves which may be encountered on ramps and minor
roads. Shadow vehicle tracking of the maintenance vehicle on
sharp curves, at relatively high speeds, poses a problem beyond
the scope of work at this first stage.

For most maintenance tasks it will be feasible for the shadow
vehicle to be driven to site by maintenance personnel needed at
site for other work such as placing cones in lane closure.
Another alternative would be to tow the shadow vehicle to the
site, or tow one of the smaller maintenance vehicles to site so
that the shadow vehicle driver becomes the driver of the towed
maintenance vehicle for the maintenance task.

W s s .

As indicated earlier tasks involving shadow vehicles begin on the
shoulder. If the work is on the left side of a multi-lane highway
this means that the vehicles must change lanes to get to the left
shoulder. Changing lanes may also be necessary during execution
of the task for the line painting/bott dot placement. Current
practice for lane changing requires the shadow vehicle to change
lanes first. The shadow vehicle then provides space for the
vehicles in front to change lanes. This is similar to the
operation referred to as "taking the lane" during cone placement.
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When the shadow vehicle changes lanes before or without the
maintenance vehicle it cannot operate in automated mode. For
street sweeping the shadow vehicle could be driven to the left
side of the road or one of the vehicles could be towed there.
However, for line painting/bott dot placement in some lanes of a
multi lane highway, and for lane closure, lane changing is an
integral part of the task presenting a more difficult problem to
overcome before automation becomes practical in these tasks. For
crack sealing lane changing is not an integral part of the task.
The shadow vehicle can be driven, or towed, to the staging area
inside the closed lane(s) and automated operation can then begin.

2.5 Si . 1 Shad hicle C i d .

Aspects of site distance must be considered. Sight restrictions
due to highway geometry are discussed in the next chapter of this
report. Other things which might interfere with the line of sight
are objects or personnel between the shadow vehicle and the
maintenance vehicle. 1In lane closure, the maintenance vehicle
tows a sign board on a trailer. This must be checked and
redesigned if necessary to allow a clear line of sight. 1In crack
sealing, personnel may be working on the ground between the two
vehicles. Consideration of personnel between the Autonomous
Shadow Vehicle and the Lead Vehicle must be taken into account by
the tracking systems if an Autonomous Shadow Vehicle is used for
crack sealing operations. It may be necessary to restrict this
type of work to stationary operation only. The possibility of
other vehicles coming between the shadow vehicle and the
maintenance vehicle must also be considered when designing the
tracking systems.

Another sight distance concern occurs during moving lane closures
for street sweeping or line painting and bott dot placement. When
sight distances are restricted, oncoming traffic may not be able
to see the shadow vehicle far enough in advance. Under these
circumstances a second shadow vehicle is used, traveling as far
back as necessary to be seen by oncoming traffic. The driver of
this vehicle must vary his position to suit the needs of the
situation. It may not be possible to automate this second shadow
vehicle.
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3. GEOMETRIC AND SAFETY FACTORS

3.1 Line-of-siql ¢ shad hicl Ki hicl

The line of sight between two vehicles may be obstructed by
horizontal curves, vertical curves, or overhead bridges and signs.
The proposed mounting height of the camera (H1) on the shadow
vehicle is eight feet and the proposed mounting height of the
target (H2) on the maintenance vehicle is four feet. As shown in
Tables 3.1 and 3.2, with these mounting heights camera sight
distances on crest and sag vertical curves will be far in excess
of a 40 feet separation between the shadow vehicle and the
maintenance vehicle.

Table 3.1. Available Sight Distance Between Camera and Target
for Selected Crest Curves

Design Sum of Curve Camera Sight
Speed Grades Length Distance
(mph) (percent) (feet) (feet)

20 12 110 250

25 12 200 295

30 12 350 370

Notes: Sum of grades = 12%, and low speed curves provide the
worst case scenarios.
Curve length taken from CALTRANS' Highway Design
Manual[51].
Sight Distance based on equations from ref. 3 with H1 = 8
feet and HZ2 = 4 feet.

Table 3.2. Available Sight Distance Between Camera and Target
for Selected Sag Curves

Design Sum of Curve Camera Sight
Speed Grades Length Distance
(mph) {percent) (feet) (feet)

20 12 240 154

25 12 280 174

30 12 440 254

Notes: Sum of grades = 12%, and low speed curves provide the
worst case scenarios.
Curve length taken from CALTRANS' Highway Design
Manual[51].
Sight Distance based on equations from ref. 3 with HI = 8
feet and H2 = 4 feet.
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Since the camera, antenna array and transmitting dish are mounted
high on the vehicles, another sight distance concern occurs when
passing under bridges and other overhanging objects. Table 3.3
shows sight distance available when passing under a 15 foot high
bridge. Again these distances are far in excess of a 40 feet
separation.

Table 3.3. Available Sight Distance Between Camera and Target
for Selected Sag Curves Under Bridges

Design Sum of Curve Camera Sight
Speed Grades Length Distance
(mph) (percent) (feet) (feet)

20 12 240 420

25 12 280 440

30 12 440 520

Notes: Sum of grades = 12%, and low speed curves provide the
worst case scenarios.
Curve length taken from CALTRANS' Highway Design
Manual[51].
Sight Distance based on equations from ref. 4 with H1 = 8
feet and H2 = 4 feet.

As seen above no camera sight distance problem is anticipated on
vertical curves for the 40 feet separation between shadow vehicle
and maintenance vehicle. Since the camera and antenna array line
of sight is far above the line of sight assumed in computation of
safe stopping sight distance (H1 = 3.25, H2 = 0.5 feet), no
problem is anticipated on horizontal curves. Safe stopping sight
distances provide by design [51] are:

Speed (mph) 20 30 40 50 60
Safe stopping distance(feet) 125 200 325 550 1525

On any curve designed to provide these safe stopping distances the
camera sight distance will be greater than these distances except
in situations where overhanging objects interfere with the higher
line of sight. On horizontal curves it will be important for
maintenance workers to watch for overhanging obstacles which might
interfere with the tracking system's line of sight.

3.9 Ki Lcal c

The line of sight of the camera will be fixed relative to the
plane of the shadow vehicle. On vertical curves this will result
in a vertical displacement of the camera's view of the target.
Tables 3.4a and b show this vertical displacement for tracking
distances of 40 feet and 200 feet. As seen from these tables a
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tracking distance of 40 feet results in very small displacement
while a 200 feet tracking distance would pose a significant
problem in vertical displacement.
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Table 3.4a. Vertical Offset of Camera Line of Sight on Target for
Vertical Curves with Design Speeds 75, 60, and 45 mph
for 40 Feet Separation of Vehicles

75mph 60mph 45mph
A L DY A L DY A L DY
2% 11 0.01 2% 6 0.03 2% 2 0.08
4% 21 0.02 4% 11 0.03 4% 5 0.06
6% 31 0.02 6% 19 0.03 6% 7 0.07
8% 43 0.01 8% 26 0.02 8% 8 0.08
10% 53 0.02 10% 33 0.02 10% 10 0.08
12% 64 0.02 12% 39 0.02 12% 12 0.08
Notes: A = Total change of grade; I = curve length in

stations; DY = vertical offset

Table 3.4b. Vertical Offset of Camera Line of Sight on Target for
Vertical Curves with Design Speeds 75, 60, and 45 mph
for 100 Feet separation of Vehicles

75mph 60mph 45mph
A L DY A L DY A L DY
2% 11 0.36 2% 6 0.67 2% 2 2.00
4% 21 0.38 4% 11 0.73 4% 5 1.60
6% 31 0.39 6% 19 0.63 6% 7 1.71
8% 43 0.37 8% 26 0.62 8% 8 2.00
10% 53 0.38 10% 33 0.61 10% 10 2.00
12% 64 0.38 12% 39 0.62 12% 12 2.00

Notes: A = Total change of grade; I = curve length in stations;
DY = vertical offset

3.3 Tracki . 1

On horizontal curves the shadow vehicle will attempt to remain in
a straight line behind the work vehicle. The path of the shadow
vehicle will therefore be displaced laterally. A small
displacement is not a problem because all vehicles tend to move
laterally in their lanes to some degree. However a large
displacement could cause the shadow vehicle to move too close to
the lane limits, or even out of the lane, and this would be
hazardous.

Table 3.5 shows the horizontal displacement of the shadow vehicle
for various curve radii and various separation distances between
the shadow vehicle and the maintenance vehicle being tracked. As
seen in this table lateral movements in excess of 1.7 feet, and up
to 41.7 feet, could occur if the separation distance between the
shadow vehicle and the vehicle being tracked was 100 to 200 feet.
This is obviously not acceptable. Lateral offsets of 0.3 feet to
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0.8 feet would occur for a separation distance of 40 feet on
curves of 3000 to 1000 feet. This amount of lateral movement is
tolerable. However on curves with a radius of less than 1000 feet
the displacement increases rapidly with decrease in curve radius.
Operation of the automated shadow vehicle should, therefore, be
restricted to the larger radius curves.

Table 3.5. Displacement of Shadow Vehicle
on Horizontal Curves

RADIUS SEPARATION DISPLACEMENT
(feet) (feet) (feet)

500 40 1
100 9
200 38
1000 40 0.8
100 5.0
"""" 200 19.8
2000 40 0.4
100 2.5
200 10.1
3000 40 0.3
100 1.7
200 6.7

When asked about the separation distance between the shadow
vehicle and the working vehicle, operators indicated that they try
to maintain about 200 feet separation, varying the distance with
the gradient along the road. This distance is based on the roll
forward distance of a 25,000 pound shadow vehicle if the wvehicle
was hit from behind by a 60,000 pound truck traveling at 65 mph.
As seen in Table 3.6 the roll forward distance is 133 to 238 feet
for these circumstances if the shadow vehicle and the maintenance
vehicle are traveling at 10 to 25 mph and the available friction
ranges between 0.4 and 0.6.

Copyright 2011, AHMCT Research Center, UC Davis




Table 3.6. Roll Forward Distance for a 25,000 pound Shadow Vehicle
on Level Road Impacting Vehicle Speed 65 mph

Shadow Impacting Roll forward distance (feet) for:

vehicle vehicle Friction Factor (f)

speed weight £=0.2 £f=0.4 £f=0.6 £=0.8

10 mph 4,000 lbs 52 26 18 13
10,000 lbs 62 31 21 16
60,000 1lbs 400 200 133 100

25 mph 4,000 lbs 156 88 52 44
10,000 1bs 223 112 75 56
60,000 1bs 475 238 158 119

Notes: For design f is assumed to be between 0.3 and 0.4. This
is based on the assumption of a poor road surface, poor
tires, and wet road.

On downgrades the stopping force 1is counteracted by
gravity and the "effective friction"” is reduced (for
example by about 0.06 on a 6% downgrade).

It is possible to reduce the separation distance below the roll
forward distance while still maintaining safety. The separation
distance does not need to be as large as the roll forward distance
because the maintenance vehicle continues in motion while the
shadow vehicle comes to a stop after being impacted (See Figure
3.1). Separation should be equal to the roll forward distance
minus the distance through which the maintenance vehicle moves
while the shadow vehicle comes to a stop. Table 3.7 shows these
distances for a 25,000 pound shadow vehicle and, as can be seen
the required separation is very low except when the shadow and
maintenance vehicle are moving at a slow speed and the impacting
vehicle is very large. These results are based on the assumption
that the driver of the maintenance vehicle continues at the same
speed, if the driver increases his speed when the shadow vehicle
is struck the safety margin is increased. These results are also
based on a heavy shadow vehicle (25,000 pounds). The required
separation is larger for a lighter shadow vehicle (see Table 3.8)
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Table 3.7. Required Separation Allowing for Continued Motion
of Maintenance Vehicle for Shadow Vehicle Weighing
25000 pounds

Shadow Impacting Roll Time Distance Safe
vehicle vehicle forward to stop traveled Separation
speed weight (feet) (sec) (feet) (feet)
10 mph 4,000 1lbs 26 2.0 30 * %
10,000 1bs 55 2.9 43 12
20,000 1bs 100 3.9 58 42
60,000 1lbs 199 5.6 82 118
25 mph 4,000 1bs 78 3.5 128 * %
10,000 1bs 111 4.2 153 * %
20,000 1lbs 154 4.9 179 * ¥
60,000 1bs 238 6.1 223 14

Notes: ** Indicates that the theoretical safe separation is zero
for the condition considered here.
Assumption: friction factor = 0.4 providing deceleration
of 12.88 ft/sec/sec for shadow vehicle

Table 3.8. Required Separation Allowing for Continued Motion
of Maintenance Vehicle for Shadow Vehicle Weighing
10000 pounds

Shadow Impacting Roll Time Distance Safe

vehicle vehicle forward to stop traveled Separation

speed weight (feet) (sec) (feet) (feet)

10 mph 4,000 lbs 55 2.9 43 12
10,000 1bs 118 4.3 63 55
20,000 1lbs 183 5.3 78 104
60,000 1lbs 274 6.5 96 178

25 mph 4,000 1ibs 111 4.2 153 **
10,000 1bs 170 5.1 189 * %
20,000 lbs 224 5.9 217 7

60,000 1lbs 295 6.8 249
46

Notes: ** Indicates that the theoretical safe separation is zero
for the condition considered here.
Assumption: friction factor = 0.4 providing deceleration
of 12.88 ft/sec/sec for shadow vehicle

The condition covered by Tables 3.7 and 3.8 is safety for the
maintenance vehicle if the shadow vehicle is impacted from behind.
With the separation shown in these Tables, and under the
assumptions used, the shadow vehicle will not run into the
maintenance vehicle.
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The assumed friction factor was 0.4 producing a deceleration of
12.88 ft/sec/sec. The theoretically safe separation is less if
the shadow vehicle decelerates more rapidly than this which is
possible on a good road surface in dry weather. On downgrades the
"effective friction factor" is reduced by the pull of gravity and
in wet weather this may fall below the value of 0.4 assumed for
the above tables.

Safe separation should also be provided for the condition in which
the lead vehicle stops suddenly and space is needed for safe
deceleration of the following vehicle. For manual operation of
shadow vehicles CALTRANS now recommends 3 seconds separation [50]
which is 45 feet at 10 mph and 90 feet at 25 mph. For normal
driving a 2 second separation is recommended. This would be 29
feet at 10 mph and 73 feet at 25 mph. Since almost instantaneous
reaction can be designed into an automated system two seconds
separation is more than adequate for this safety condition.

An automated shadow vehicle separation distance of 40 feet is
proposed when on 850 feet radius horizontal curves. If 2 seconds
separation is required 40 feet is safe for speeds up to 13.6 mph.
With one second separation, probably adequate in automated mode,
40 feet is safe for speeds up to 30 mph. As seen in Tables 3.7
and 3.8 the 40 feet separation is also safe for roll forward after
impact except when the impacting vehicle is very heavy. Clearly
additional safety is provided by the heavier shadow vehicle for
which 40 feet separation is adequate for all impacting vehicle
weights at 25 mph and for impacting vehicle weights of up to
20,000 pounds at a working speed of 10 mph.
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4. TRACKING TECHNOLOGIES RESEARCHED

4.1 Ultrasound

Ultrasonics is unreliability in moderate weather conditiomns.
Signals in the 20-100 kHz frequency range display signal
degradation in moderated weather conditions. Furthermore, signal
reflections generally pose major problems. Hence, this technology
was ruled out for use as a reliable tracking technology.
Ultrasonics was found to be of moderate cost. See reference [1].

4.2 TLaser(Infrared & Visible)

Qualimatrix(a company in the San Francisco Bay Area) is
researching using nonvisible infrared laser LED's(Light Emitting
Diodes) as a tracking technology for range tracking. Qualimatrix
is researching the use of this technology to determine range
between vehicles for the PATH program. Their approach does not
readily yield lateral displacement and they continue to have
problems with the laser sensors regarding varying light
conditions.

Another company, MacLeod Technologies, Inc., has employed
nonvisible infrared laser technology as a tracking approach for
Shadow Vehicles under a Strategic Highway Research Program grant
SHRP-N-676 entitled "Automated Vehicle for Enhanced Work Crew
Safety" [43]. Their approach uses a 5 milliwatt nonvisible
infrared laser mounted at the rear of a Lead Vehicle that rotates
at 3000 rpm and three laser beam detector arrays mounted on the
front of an Autonomous Shadow Vehicle. Using the rotation rate of
the laser, the time at which the laser strikes each of the three
sensors on the Shadow Vehicle and the distance between the
sensors, range, lateral displacement, and yaw angle can be
calculated by the Shadow Vehicle computer. Test runs with actual
vehicles were made; however, the researchers noted that tuning of
the laser detector arrays was required under varying light
conditions. They postulate that they will solve this problem in
the next phase of the project. This approach is innovative, but,
there are concerns as follows:

1) Problems with Varying Light Conditions: May be solvable,
but, has not be proven so as of yet.

2) Lateral Displacement Accuracy: Claims were made in their
report that a lateral displacement accuracy of t1.2 feet
was attained. This conclusion was based on angles
measured by their detectors. An independent method to
measure the lateral displacement must be used to validate
the claim. Furthermore, based on the sparse technical
information given in the report, another timing signal is
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needed to signal the Shadow Vehicle that the rotating
laser has just passed some fixed degree marker.

3) Possible Failure Modes: Failure of the electronics could
cause a false timing measure. Tracking information relies
on just three sensor readings. Possibly another redundant
bank of detectors could be used to validate the sensor
readings. If the rotation speed of the laser varies,
false measurements would occur.

This type of technology currently does not perform well under
varying light conditions. Furthermore, signs may be required
declaring "Hazard - Laser in Operation" may create public
concern. However, this technology has great potential. However,
this technology was ruled out at this time as a reliable tracking
technology. LED laser infrared/visible modulation up to 200MHz
was found to be of moderate cost. See references [2], [19], [38]
and [43].

1.3 Relat] i Diff ial GPS

A GPS(Global Positioned Satellites) receiver determines the XYZ
location of the receiver relative to a fixed global XYZ location
to within approximately 100 m. If objects such as buildings and
terrain occlude the GPS satellites from the receiver, the receiver
may provide highly inaccurate data even though the receiver
attempts to estimate what the coordinates are based on past
coordinates. Differential GPS technology increases the accuracy
by using fixed local stations to broadcast coordinate corrections.
The accuracy of Differential GPS is approximately 1 to 3 m.

To overcome the accuracy problem whether using GPS or differential
GPS technology, it is necessary to use two GPS receivers. One GPS
receiver in the Lead Vehicle and one GPS receiver in the
Autonomous Shadow Vehicle. Then by transmitting the GPS
coordinates of the Lead Vehicle to the Autonomous Shadow Vehicle
and subtracting the GPS coordinates of the Autonomous Shadow
Vehicle from those of the Lead Vehicle highly accurate relative
coordinates can be obtained. The accuracy of the relative
position of one receiver with respect to the other is expected to
be within #10%. The current best update rate of the GPS
coordinates that can be obtained is in the order of one second.
For vehicles speeds up to 30 mph, a digital control system
sampling rate of 0.1 seconds or smaller is desired. Estimates of
angle, lateral displacement, and yaw angle every 0.1 seconds can
be made using measured speeds and steering angles of both vehicles
and using past data.

If a sufficient number of differential stations become

operational, The Relative GPS strategy may used as a primary
system. However, because of the current state of GPS technology,

4-2
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it is suggested this technology be used as a redundant system to
check the integrity of the other tracking systems. Relative GPS
was found to be of moderate cost. A proposed system in described
in Section 7.0. See references [4], [71, [81, [9]1, [331, [34],
[35]1, [36] and [371.

4.4 Antenna Array(10-20GHz)

Use of antenna technology for direction finding is well known.
However, the objective of this research was to determine if range,
lateral displacement, and yaw angle could be found using antenna
array approach. An antenna system that provided these needed
parameters was not found via a literature search. On the other
hand it was clear that the technology indicated that an antenna
system can be designed to achieve the desired results. The
primary concerns were size of the antennas and cost of the system.
As the transmitting frequency is increased, the size of the
antenna system decreases and the costs increase. The costs
dramatically increase when the frequency crosses over the 1 to 2
GHz. Antenna arrays at the 20 to 200 foot range are expected to be
reliable systems in moderate weather conditions.

Several conceptual designs have been researched by performing
simulations. The results have reinforced the expectation that
this technology will be reliable in obtaining range, lateral
displacement, and yaw angle.

The antenna array tracking approach was chosen as the primary
tracking technology for this application. Nevertheless, the
vision tracking approach proposed to be the secondary tracking
system is complementary to an antenna array system. That is, if
only one tracking system is to be used, it would be proposed that
the vision system be selected because we can be certain to a
probability of 0.999999 that we have acquired the lead vehicle.
Furthermore, range using vision can be accurately obtained using
vision techniques.

An antenna array system is expected to be of moderate cost.

Actual costs can not be determined until the proposed system is
constructed and tested. A proposed system is described in Section
5.0. See references [10], [181, [201, [211, [231, [241, [251,
[261, [271, [281, [29]1, [311, [32], [401, [44] and [45].
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Two scanning radar systems were considered in this research:

1) A system consisting of a rotating transmitting dish on the
Autonomous Shadow Vehicle and a symbol mounted on the back
of the Lead Vehicle that optimally reflects the
transmitted signal back to the Autonomous Shadow Vehicle.

2) A system consisting of a rotating transmitting dish on the
Lead Vehicle and an antenna array on the Autonomous Shadow
Vehicle.

Millimeter scanning radar tracking systems were found to be very
high cost systems. There is also a concern regarding negative
public opinion of using these very high frequencies. It is
expected that millimeter scanning radar tracking systems will be
reliable systems in moderate weather conditions. This technology
was found to be reliable for obtaining range, lateral
displacement, and vaw angle. Although it was found to be a very
robust system for tracking, for the reasons mentioned, this
technology was rejected as a tracking technology for this
application. See references [3]1, [5]1, [61, [15], [161, [171, and
[24].

46 Visi

Vision technology has been widely used for target identification
and tracking applications. Vision tracking systems are robust
systems if the lighting can be controlled in some manner, a
desired minimum spatial resolution(size of the object in the video
frame is large enough) can be maintained, and computation can be
performed within an acceptable time. Under the conditions
mentioned, it is expected that a vision tracking system will
perform very well in moderate weather conditions. It is expected
that range, lateral displacement, and yaw angle can be determined
within an acceptable accuracy. One of the main advantages of
vision is that it can be determined to a probability of 0.999999
that the appropriate target has been acquired.

Vision was found to be of moderate cost. For the reasons
mentioned, this technology is proposed as a secondary tracking
system for the Autonomous Shadow Vehicle. A proposed system is
described in Section 6.0. See references [111, [121, [131, [14],
[391, [411, [42], [46]1, [47]1, [48]1, [49], [60], [102], [105],
[1071, [108], and [1117].
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5. ANTENNA TRACKING SYSTEM

The Initial design consisted of a Lead Vehicle transmitting
antenna array of 110 elements. However, this approach proved to
be too costly and a great deal of work would be required to tune
each of these elements. As a result, it was decided to use a
parabolic dish on the Lead Vehicle even though the beam width is
wider. The approach whether using an 110 element array or dish is
basically the same.

5.1 System Geometry

The initial transmitting antenna array(TAA) consisted of a 110
elements, 0.015m spacing, 1.64m wide and 0.5m tall. The TAA is
excited by a 10GHz source. This will be mounted on the Lead
vehicle, as shown in Figure 5.1.

The initial Receiving Antenna Array(RAA) consisted of 15
individual elements, 0.0l4m spacing, 2m wide, and 0.5m tall. The
RAA will be mounted on the Shadow vehicle, as shown in Figure 5.1.

The transmitting antenna is now a parabolic dish antenna. The
diameter is 1.2192m (4ft). The dish antenna is excited by a 10GHz
source. This will be mounted on the Lead vehicle in the same
location as the TAA, Figure 5.1.

The RAA has been modified to 7 individual elements, 0.333m
spacing, 2m wide, and 0.5m in height. This will be mounted on the
Shadow vehicle in the same location as the originally stated,
Figure 5.1.
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Figure 5.1. Shadow and Lead Vehicle Initial Antenna Array Design

Copyright 2011, AHMCT Research Center, UC Davis




5.2 Range and Tateral Displacement

The TAA was designed to have a pencil beam output pattern. The
10GHz excitation source was required due to the small wave length
in relation to the short distances between the Lead vehicle and
Shadow vehicle. This excitation source, along with a 110 elements
spaced a half of a wave length apart produced the pencil beam
pattern, as shown in Figure 5.2. The RAA was designed to pick up
any variation in orientation of the TAA. The 15 elements and
spacing between elements on the RAA was required to obtain +5-10%
accuracy's in range, lateral displacement and yaw angle.

In the simulations the TAA and the RAA were set to ranges from
100~-150m(in steps of 1-5m). At each specified range, the RAA was
the laterally displaced +0.6667m(in steps of +0.1667m). This was
done to observe the changes in the magnitude and phase of the RAA.
Based on the simulated results, the amplitude and phase
distributions on the receiving elements showed that the magnitude
and phase measured at the RAA could be used to obtain range and
lateral displacement. For example, when the TAA and the RAA were
set a 105m apart with no lateral displacement, the amplitudes and
phases were perfectly symmetrical with the center elements showing
the largest magnitudes and the least phase, as shown in Figure
5.3. When the TAA and the RAA were set a 120m apart and the RAA
was laterally displaced +0.6667m, the magnitudes on each element
decreased and shifted accordingly as did the phasing on each
element, as shown in Figure 5.4.

5.3 Relati L tud { pI

Relative magnitudes and phases are used to calculate range,
lateral displacement and yaw angle as opposed to using the
magnitude and phase of each receiving array element to calculate
these values. That is, the difference between receiving array
element magnitudes and phases are used for training the neural
networks described further on in this section.

Copyright 2011, AHMCT Research Center, UC Davis




90 deg Frequency = 10GHz
0dB 110 Elements
0.015m Spacing

‘ Sp Bemmeidthes.2 deg
S,
A
I
N

4 %:ié%i‘é%%%%%:??

180 deg

0 deg

Figure 5.2. Transmitted Pattern by Lead Vehicle Antenna

5.4 Yaw Angle

When the TAA and the RAA were set 120m apart, yawed, and laterally
displaced with respect to one another, showed little change in the
magnitude and a drastic change in the phase. It is not apparent
from the phase data how to develop a relationship to map the phase
information into yaw angle. Hence, it was decided to use a neural
network to map the magnitude and phase of the received signals
into yaw.

5 5 N

As indicated in Figure 5.2, the Lead vehicle antenna array pattern
is a pencil beam with negligible side-lobe levels. The array was
designed this way so that any change in the orientation was
detectable at the receiver.
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5.6 .

Figures 5.3, 5.4, and 5.5 contain graphs of the data generated
from the system model developed in C language. MATLAB was used to
graph the generated data. The following describes the notation
used in the figures which is not clear from the graphs:

marSsrxx: The first four characters represent the date on which
the data was generated, i.e., mar5 means march
fifth. The fifth character, s, means the receiving
antenna was shifted, i.e., left or right. The
sixth character, r, means the receiving antenna was
rotated about the center element. The xxX is used to
keep each file name unique. If the s/r are not
present, the receiving antenna has not been shifted
or rotated.

lateral shift: This is the amount that the receiving antenna
has been shifted from the bore-sight relative
to the transmitting array.
thetal, and thetaR: This is the phase difference of the right
and left most elements with respect to the
center elements phase.
TX#: number of elements in the transmitting array.
RX#: number of elements in the receiving antenna.
fr: source frequency used.
rot: amount of rotation of the receiving antenna.

spTX: spacing between elements of the transmitting array.

spRX: spacing between the elements of the receiving antenna.
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5.7 Neural Network Implementation

A neural network was trained using NeuralWorks Professional
II/PLUS developed by NeuralWare Inc. Two networks were trained
using a back-propagation model with the Extended Delta-Bar-Delta
learning algorithm. One network was trained to produce range and
lateral displacement (using relative amplitude information), and
the other was trained to produce yaw (using range, lateral
displacement, and relative phase information).

The neural network used to produce range and lateral displacement
consisted of one input layer(l4 neurons), hidden layer 1(50
neurons), hidden layer 2(10 neurons), and an output layer(2
neurons),as show in Figure 5.6. The neural network used to
produce yaw consisted of one input layer(16 neurons), hidden layer
1(50 neurons), hidden layer 2(10 neurons), and an output layer(1l
neuron),as shown in Figure 5.7. The fifteen receiving elements
provide the magnitude and phase information which were used as
inputs to the neural networks which produced range, lateral
displacement, and yaw angle.
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Fig. 5.6. Neural network design used to determine range and lateratl displacement.
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Back-Propagation Network (Yaw Angle)
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Fig. 5.7. Neurat network design used to determine yaw angle.
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The data used for training was obtained from the model developed
in C language. The model was developed based on far-field
approximations for the antenna system. Far-field calculations are
used, as they are in most antenna research, due to the complexity
of the calculations and unexplained phenomena of antenna systems
at near-field. Using far-field calculations is an acceptable
approximation to show the behavior patterns of antenna systems.
Hence, all simulations were done with at least a 100m distance
between the TAA and the RAA. The program performs an analysis of
the antenna system and computes the amplitude and phase that each
receiving element would receive for various ranges, lateral
displacements, and yaw angles.

5.7.1 Range and Lateral Displacement

From the RAA, the measurements obtained are 15 magnitudes and
phases. The received magnitude and phase of each RAA element is
subtracted from the magnitude and phase of the center element to
obtain relative magnitude and phase information. This gives 14
relative magnitudes and phases.

Fourteen relative amplitudes were used to train for range and
lateral displacement. The starting distance was 100m and the
ending distance was 150m. Range was incremented using 5m steps.
For each range, the maximum lateral displacement was +0.67m moving
from left to right in 0.167m increments. Refer to Table 5.1 for a
summary of results.

Table 5.1. Neural Network Training Results

Error
Range 2%
Lateral
Displacement 5%
) 3%
Yaw

5.7.2 Yaw Angle

Sixteen inputs were used to train for yaw, fourteen relative
phases (the phase of each element minus the phase of the center
element), the range, and the lateral displacement. The range and
lateral displacement used are simulated here. For the application
they will be the outputs of the neural network that produces range
and later displacement. The starting distance was 100m and the
ending distance was 150m. Range was incremented using 5m steps.
For each range, the maximum lateral displacement was +0.67m moving
from left to right in 0.167m increments. Refer to Table 5.1 for a
summary of results.
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5.7.3 Neural Network Training Data

The training data required for training the two networks, shown in
Figure 5.6 and Figure 5.7, for range, lateral displacement, and
yaw will be obtained by physically measuring the true values(the
desired range, lateral displacement, and yaw angle output from the
neural network) and saving the raw data(obtained from the antenna
system) in a file. The raw data and the true data will be saved
in the file in a format so that it can then be fed to the neural
network for training. After the neural network is trained,
NeuralWare allows the trained network to be converted into a C
function. This function will then be integrated into the existing
control code for the Shadow vehicle.

5.8 EI . .
5.8, 1 s . s

The original theoretical design of the transmitting antenna
consisted of 110 elements with 0.015m spacing. This design would
be very costly to manufacture due to the number of elements,
spacing, and impedance matching of each element with respect to
the source. Each of the antenna elements would have to be tuned
such that each received equal power and 0 degree phasing from the
source. This antenna design was based on the premise that the
vehicles would be operating in close proximity of each other, a
maximum size of 2m in width for the transmitting antenna was
allowed, and a half power beam width of 0.2 degrees was required
to show relative amplitude and phase changes across the 15
elements of the receiving antenna. Due to the complexity and cost
of constructing the transmitting antenna array, it was decided to
use a different type of transmitting antenna. One which could be
easily ordered and mounted on the lead vehicle at a moderate cost.
The new design is a parabolic dish antenna (40dB gain) with a 1.7
degree half power beam width, 4ft in diameter, and weighing 201bs.

5.8.9 N . c

The design of the receiving antenna was changed from 15 elements
spaced 0.14m apart to 7 dipole elements spaced 0.333m apart. This
change was due to the fact that the transmitting antenna will now
have a larger half power beam width. The increased beam width
requires the spacing between the receiving elements be increased
such that the changing phase and amplitude distribution is still
discernible. The increased spacing of the receiving elements
means a decrease in the number of receiving elements. Hence, a
reduction in the overall cost of the receiving antenna.
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5.8.3 \ Vehicl 1 . .

The cost associated with using spread spectrum technology in the
microwave band grossly exceeded the budget . To combat this
cost, a new design was completed to transmit the 10GHz signal.
The new design consists of a GUNN oscillator and a power
amplifier. The amplified source signal is fed directly to the
transmitting dish antenna, see Figure 5.8.

5.8.4  Shad hic | . . -

The change in the design of the Lead wvehicle electronics
constituted a change in the receiver electronics to decrease cost.
See Figure 5.9 for the following discussion. The output from each
of the seven elements is fed into a downconverter. This will step
down the frequency into the MHz range. The local oscillator which
feeds each mixer is first passed through a amplifier driver and
then fed into an 8-way power divider. This drastically reduces
cost since only one local oscillator, amplifier driver, and 8-way
power divider is needed to feed seven mixers in the microwave
band. Once the frequency has been downconverted, the cost of the
components to process the received pattern becomes relatively
inexpensive. The output from the mixers is then fed into 2-way
power dividers. This gives two signals to process to obtain phase
and amplitude per receiver element. One signal from a 2-way is
fed into a phase detector and the other is fed into a peak
detector. The output from these two devices is then passed into
an A/D converter. The output from the A/D converter is then fed
to a neural network function which maps the phase and amplitude
values into range, lateral displacement, and yaw angle. These
three values are then software manipulated in C code to computer
control the Shadow vehicle.
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5.8.5 Ki S . .
An cost estimate for the major hardware components follows:
TRANSMITTER PARTS LIST

1. X BAND GUNN OSCILLATOR-PRICE: $460.00/Each
Microwave Development Co., INC.
Model: 88090-XXX

2. POWER AMPLIFIER-PRICE: $2,000.00/Each
MITEQ
Model: AMF-5B-1001100-30P

3. PARABOLIC DISH ANTENNA-PRICE: $1,400.00/Each
Antenna Research Associates, INC.
Model: PRA-11-11/A4

4. ESTIMATED LINE COST-PRICE: $20.00 @ $10.00/Section

RECEIVER PARTS LIST

1. 7 DIPOLE ANTENNA ELEMENTS-PRICE: $700.00 @ $100.00/Each
Antenna Research Associates, INC.
Model: mwh-1015A

2. X BAND GUNN OSILATOR-PRICE: $460.00/Each
Microwave Development Co., INC.
Model: 88090-XXX

3. LO DRIVER AMP-PRICE: $500.00/Each
MITEQ
Model AMF-1B-100110-20P

4, 8-WAY POWER DIVIDER~PRICE: $640.00/Each
MITEQ
Model: DO0858

5. 7 DOUBLE BALANCED MIXERS~PRICE: $1,365 @ $195.00/Each
MITEQ
Model: DB0218LW2

6. 7 2-WAY POWER SPLITTERS~-PRICE: §$118.65 @ $16.95/Each
Mini-Circuits
Model: PSC-2-1W

7. 7 PHASE DETECTORS-PRICE: $132.65 @ $18.95/Each
Mini-Circuits
Model: RPD-1

8. 7 WAVE DETECTPRS-PRICE: $2,499.00 @ $357.00/Each
Loral Narda Microwave Corp.
Model: 4507

9. ESTIMATED LINE COST~PRICE: $440.00/Each

ESTIMATED SYSTEM COST FOR MAJOR COMPONENTS

TRANSMITTER $3,880.00
RECEIVER $6,855.30
TOTAL $10,735.30
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6.0 VISION TRACKING SYSTEM DESIGN

Various 3-D symbols were computer generated and the image of the
symbol as seen by a video camera mounted on an Autonomous Shadow
Vehicle was computed and displayed using MATLAB, a matrix oriented
programming language. A candidate symbol was constructed out of
light weight materials. Machine vision algorithms were coded in
the "C" programming language for a 486 PC to locate the symbol in
the image and to information about the symbol. Information about
the symbol was then fed to a Neural Network. The trained Neural
Network produced Ranges within %1 foot, Lateral Displacements
within %6 inches, and Yaw Angles of *1 degree. The following
sections describe process in more detail.

6.1 Symbol simulati

Figure 6.1 illustrates the geometry used to obtain the homogeneous
matrices that relate the camera location and orientation to the
symbol location.
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Homogeneous matrices are 4x4 matrices used in robotics that
contain both position and orientation information [109]. Also, by
using the Denavit-Hartenburg(D-H) convention, a parameter table
can be constructed that represents the orientation and position of
one frame to another. We will assume that the reader has some
knowledge of coordinate frame transformations, homogeneous 4x4
matrices, and the D-H convention. The objective is to represent
mathematically the location and shape of the Lead Vehicles symbol
as seen in the video frame of the camera located on the Shadow
Vehicle. Table 1 contains the D-H parameters that describe the
transformations between frames.

Table 6.1. D-H Parameters For Figure 6.1

FRAME i
TO i+l a a d 0 VARIABLE
TRANSFOR
-MATION

1 1 _ o 0 1 _ 0 1 _
Tsym Agym =" 90 dsym =Range dsym =Range

2_ 2 =

TZ a.l Lat. d2 (s o1 0 all Lat.

1 0 Disp. 1=-(symb Disp.

(Right + |[to road)
Left -)
3
=+

73 0 0 d=+(Road 0 NONE

2 to Camera)

ggam=
cam cam _ o cam _
0 ' cam-yam
*Ycam-pitch (Left = + lPcam—yam
Right = =) .

We need T5YM 5o that we can find the coordinates in the camera

cam
frame of a point in the symbol frame. T%%ﬁ can be found by
concatenating transformations as follows:
m _ ml 2m3 mcam

TR = Tsym T1 T3 TS2". (6.1)
Hence,

Pcam = (Tedm)™! Psym (6.2)

6-3
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where Pcam and Psym are 4xl(row by column) column vectors
containing the three-dimensional coordinates of a single point

relative to the camera frame or symbol frame. For this report,
the fourth element is a "1".

Next we can insert all points that describe a symbol in symbol
frame coordinates as columns of a matrix we shall call SYMBOLsym.
We now can find the coordinates of all of the symbol points in
terms of the camera frame and write

SYMBOLcam = Tohpn SYMBOLsym- (6.3)

Now we must take into account the effect of a camera lens.
Depending on the focal length, the distance of the lens from the
image plane of the camera, the symbol will appear larger or
smaller in the camera image frame for a given range to the symbol.
We shall identify this two-dimensional frame as the "image" frame.
The coordinates of point on the symbol as it appears in the image
frame can be computed as

PXcam PXcam
le = 1 6.4
image —PzZcam _ 1 Magnitude ( )
f
Py Py
cam cam
P . = £ 6.5
Yimage —PzZcam _ 1 Magnitude ( )
£

where
“PZcam _ 4

Magnitude = p

(6.6)

PzZcam is the range of the camera to the symbol point and f is the
focal length of the lens. Since the distance from the camera to

points on the symbol is very large with respect to camera focal

lengths, in general, (6.6) can be approximated as

Magnitude = ZEE%EEB. (6.7)
We now rewrite (6.5) and (6.6) using (6.7) as
* f
Pximage = Eiﬁi?___. (6.8)
—PZcam
Py * f
PYimage = ‘—%i?L——- (6.9)
- PZcam
6-4
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We, also want to express the x and y coordinates of the symbol
point in the image frame in "pixels" instead of inches or mm.
Since we have a digitized image, we are interested in resolution
of the symbol, i.e., how many pixels represent the symbol. If the
resolution becomes to small, it will be difficult to impossible to

differentiate the symbol from noise or other objects in the image
frame.

A scale factor, Kpixels per inch, was derived experimentally for
two lenses that had 8.5 mm and 4.8 mm focal lengths. A wall area
of 8' 5" wide by 4' high was marked at the corners and a
triangular symbol with a base width of 48" and a height of 48" was
drawn in the center of this area. The camera was then moved
forward until the marked wall area filled the image frame.
Experimentally, these distances were measured in the image frame
in pixels. It was found that

Kpj_xe]_s‘_per_inch = (£ in mm)*98.5528 (6.10)
Equations (6.8) and (6.9) become

Pxcam * Kpixels per inch
PXimage = on (6.11)
-PZcam

PYcam * Kpixels per inch
Pyimage = on = = (6.12)
-PZcam

where the coordinates Pxjmage and PyYimage are now in pixels.

Since the 8.5 mm lens gives a larger field-of-view, it was
selected for this experiment.

Programs were written in MATLAB that implement the above equations

and are available upon request. An overview flow-chart of the
main program, CAMSIM.M, is shown in Figure 6.2.
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SPECIFY POINTS OF THE SYMBOL MEASURED IN THE SYMBOL
FRAME IN A COLUMN MATRIX CALLED "SIMBOL_ SYM"
REDUNDANT POINTS SHOULD BE SPECIFIED TO ENHANCE
THE DRAWING OF THE SYMBOL

v

INPUT ABSOLUTE VALUE OF SYMBOL HEIGHT FROM ROAD(INCHES)
AND ABSOLUTE VALUE OF CAMERA HEIGHT TO ROAD(INCHES)

v

INPUT FOCAL LENGTH(MM), AND CAMERA PITCH ANGLE(DEG.)

v

INPUT RANGE(FEET), LATERAL DISPLACEMENT(INCHES), AND
YAW ANGLE (DEGREES)

v

CALCULATE TRANSFORMATION MATRICES TSYM 1, Tl 2, T2 3,
AND T3_CAM USING FUNCTION TMX.M

v

CALCULATE TSYM CAM = TSYM_1*T1 2+*T2_3*T3_CAM AND
CALCULATE THE INVERSE OF TSYM CAM, (TSYM_CAM)

v

CALCULATE SYMBOL_CAM = (TSYM_CE&) *SYMBOL_SYM WE NOW
HAVE THE SYMBOL COORDINATES AS MEASURED IN THE CAMERA

v

CONVERT 3-D SYMBOL_ CAM COORDINATES IN INCHES TO
IMAGE FRAME 2-D COORDINATES IN PIXELS:
PXimage=(PXcam*Kpixels_ per_ inch)/(-PZcam),

PYimage=(PYcam*Kpixels_per_inch)/(-PZcam)

L 4

PLOT IMAGE FRAME SYMBOL IN PIXELS

v

Figure 6.2. Flow-Chart of MATLAB Program CAMSIM.M
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6.2 Yaw Angle Cone Experiments

If the Autonomous Shadow Vehicle is lateral displaced by 1 foot
and yawed so that the symbol is in the center of the image frame
the yaw angle of the Autonomous Shadow Vehicle relative to the
Lead Vehicle is small and decreases as the range increases. For a
range of 40 feet depicted in Figure 6.2, it can be seen that the
vaw angle is 1.4 degrees.

LEAD
VEHICLE

» SHADOW
VEHICLE

Figure 6.3. Yaw Angle for a Lateral Displacement of 1 ft.
and symbol centered

Experiments were conducted to determine if yaw angle could be more
accurately obtained with slits and a wedge object shown in Figure
»»»»» 6.4 and Figure 6.5 respectively. The motivation for experimenting
with this approach is based on billboards whose image changed as
one travels past it. The objects would be placed in the center of
the symbol that is mounted on the back of the Lead Vehicle.
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Figure 6.4. Slit Experiment

LIGHT
SOURCE

N0

NOT TO SCALE

1 FOOT
2 FEET

2 FEET

PATTERN AS 0.4 INCH
SEEN WHEN SPACING
VIEWING WEDGE
FROM THE LEFT

PATTERN REVERSES AS THE VIEWING ANGLE
| MOVES FROM LEFT TO RIGHT

Figure 6.5. Wedge Experiment

Copyright 2011, AHMCT Research Center, UC Davis




In theory, if the light from the slit in Figure 6.4 can be seen by
the camera, the Autonomous Shadow Vehicle is in a

Cone Angle = (0.1/24)*(180/m) = 0.955 degq. (6.13)

behind the Lead Vehicle. However, reflections were encountered
due to light reflecting inside of the slits even though the
partitions were painted flat black and exiting at different
angles. Highly light absorbing material most likely will reduce
this problem. Based on this limited experiment, this approach has
potential. However, it will not be pursued further unless
required as determined by Phase II experimentation.

The wedge was partitioned into four quadrants as illustrated in
Figure 6.5. The sides of each quadrant of the wedge were painted
flat black so that when viewing the wedge from a left viewing
angle a black and white checkerboard as shown in Figure 6.5 is
seen by the camera. When viewing the wedge from the left to
straight on, the checkerboard pattern changes until a solid gray
is seen. As one moves from viewing the wedge straight on to the
right a black and white checkerboard pattern emerges that is the
inverse of the pattern shown in Figure 6.5. Again lighting was a
problem. Reflections inside of the wedge and the challenge of
uniformly lighting the wedge walls were problems. However, as
with the slit experiment, based on limited experimentation, this
approach has potential. However, the wedge approach will not be
pursued further unless required as determined by Phase IT
experimentation.
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6.3 Visi i 1 ] .

Following is a general outline of the steps using a video frame,
machine vision processing and neural network implementation to
obtain range, lateral displacement, and yaw angle:

1) Control the zoom lens on the camera based on the desired
tracking range. This ensures that the symbol has
sufficient resolution in the image frame.

2) Every 0.1 seconds a video frame is digitized(256x240 8 bit
pixels) and thresholded and stored into a frame grabbers
memory as a binary image(l's and 0's).

3) Based on the last location of the symbol and an estimate
of the vehicle dynamics, the location of the symbol in the
current frame is predicted. A search algorithm finds the
edge of the symbol and "walks" around(chain codes) the
edge of the symbol. As a result only a few pixels of the
image need to be processed.

4) vVarious object descriptors will be computed and
correlations performed to ascertain to a probability of
0.999999 or greater that the object is the symbol mounted
on the back of the Lead vVehicle. Eight points on the
Image points and other image information are then set to
Neural Networks.

5) The Range Neural Network produces range. Area and
perimeter are inputs to the Range Neural Network. The
Range Neural Network consists of 8 neurons in the 1st
layer, 2 neurons in the 2nd layer, and 1 neuron in the
output layer whose output is range. The output of each
neuron is an input to all neurons in the next layer. A
radial-basis architecture was used.

6) The Lateral Displacement/Yaw Angle Neural Network produces
lateral displacement and yaw angle of the Autonomous
Shadow Vehicle relative to the Lead Vehicle. There are 10
inputs to this Neural Network. This Neural Network
consists of 30 neurons in the 1st layer, 15 neurons in the
2nd layer, and 7 neurons in the 3rd layer and 2 neurons in
the output layer whose outputs are lateral displacement
and yaw angle. The output of each neuron is an input to
all neurons in the next layer. A radial-basis
architecture was used.
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6.4 C . . . C K

Following is a cost estimate for the major hardware components for
the proposed Vision Tracking System Components:

Video Camera S 895

Zoom Lens with
controllable zoom,
and iris. $ 1500

Control Zoom Lens
control box $ 500

Pentium 90 MHz

(Also performs
computations for

antenna, GPS, &

control functions) $ 1500

Frame Grabber $ 1500
DSP Board $ 1500
Total Major Components = § 7395

The above cost estimate does not include cables, camera housing,
or cost to construct symbol on the Lead Vehicle. A more complete
cost estimate will be made at the end of Phase II.
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7. RELATIVE GPS TRACKING SYSTEM

7.1 Satellite System

GPS (Global Positioning system) is a satellite-based radio
navigation system. It consists of 24 satellites arranged in
six 55 degree orbit planes 10,898 nautical miles above the
earth (Figure 7.1). A GPS receiver obtains signals from four
or more satellites and uses these signals, or timing pulses,
to establish a three dimensional position: longitude,
latitude, and altitude. The signal consists of a string of
binary pulses, and takes about one eleventh of a second to
reach the receiver. The time of travel of the signal is
estimated by the receiver by subtracting the time from its
internal clock from the time the signal says it was
broadcast. This estimate is multiplied by the speed of light
to obtain a distance estimate, R1l, to the first satellite.
The same procedure is followed to obtain estimates to other
satellites.
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Figure 7.1 GPS Constellation
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The inexpensive quartz clocks on the receivers are not
perfectly synchronized to the more accurate atomic clocks on
board the satellites. As a consequence, the receiver
estimates a pseudo range to each of the satellites. The
error in the pseudo range measurement is usually called the
clock bias CB. Fortunately, all of the measurements to all
of the satellites are corrupted with the same CB due to the
good synchronization of the satellites to each other. This
means that the CB can be algebraically eliminated by making
four measurements instead of three to solve for the position
coordinates. The system of equations used to make the
calculations is as follows:

(X1-Ux P + (Y1-Uy)? 4 (21-Uz)2 = (Ry-Cp ) (7.1a)
(X2-Ux P + (Y2-Uy P 4 (Z22-Uz? = (Rp-Cg) (7.1b)
(X3-Ux P +(Y3-Uy P +(23-Uz)% = (R3-Cp )’ (7.1c)
(X4-Ux )P + (Ya-Uy)® + (Z4-Uz)? = (Rg4-Cp ) (7.1d)

The unknowns are Uy, Uy, U,, and Cp. They correspond to the

coordinates of the user or receiver and to the clock bias.
The wvariables Xir Yi, and Z; are the position coordinates of

the satellite being tracked. The receiver can solve for Xj,
Y;, and Z; using the ephemeris constants transmitted by the

satellite along with the timing pulse. Once the receiver has
the ephemeris constants, it can then solve for the
coordinates Uy, Uy, and U,. There is no explicit solution

for these equations, but they can be solved by iteration
using Taylor polynomial expansions.

It is necessary for the satellites to transmit very accurate
synchronized time pulses and orbital elements (ephemeris
constants) in order to obtain an accurate set of coordinates.
Satellites, however, tend to lose track of the time and where
they are. This problem is circumvented by having a control
station on earth track the satellites and periodically let
them know the corrections that must be made to their on board
clock and to their orbital elements.

7.2 113 s

Satellite signal transmission is accomplished using a Spread
Spectrum Multiple Access Modulation technique: Code Division
Multiple Access (CDMA). Each satellite is assigned its own
Coarse Acquisition (C/A) code and its own Precision (P)
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code. The C/A code is available to the public free of
charge; the P code is encrypted to restrict access and
accuracy to unauthorized users --its reserved for military
purposes. The C/A code has a chipping rate of 1 million bits
per second and a repetition interval of 1023 bits. The P
code has a chipping rate of 10 million bits per second and a

repetition interval of 6x1012 bits (Approximately seven days
pass before this code repeats.). Both are pseudo random
codes. When any of the signals reaches a receiver, within
the receiver an identical pulse train is generated to match
the incoming signal. When this is accomplished, an
autocorrelation function jumps from 0 to 1 --this signals
that lock-on has occurred. Once lock-on has been achieved,
the pseudo range can be calculated as mentioned before.

A data stream of 50 bits per second is superimposed onto the
pulse train. It is conformed in the following way: The data
is divided into 30 second frames of 1,500 data bits. Each
frame is subdivided into five 6-second subframes of 300 bits.
Subframe 1 contains the clock corrections. Subframes 2 and 3
contain the ephemeris constants. Subframe 4 contains
navigation messages and satellite health status information.
Subframe 5 contains the constellation almanac. In the
almanac the satellite tells the users where all the other
satellites are located. This way, the almanac can be used to
decide which four satellites provide the most accurate
navigation solution.

The objective of the GPS receivers is to acquire a set of
coordinates for each vehicle, communicate both sets of data
to the computer on board the shadow vehicle, and require the
computer to set a heading that guides the shadow vehicle
towards the lead vehicle (see Figure 7.2). For this purpose,
each vehicle will be equipped with a GPS receiver. 1In
particular, the GPS receiver module that will be used can be
placed directly on one of the computer slots for ease of
communication between the computer and the GPS module. This
module uses multiple channels to track 6 different satellites
continuously. This feature conduces to a time to first fix
of approximately 120 seconds, and an update rate of 1 per
second. These are desired qualities which will lead to
efficient tracking.

7-4
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7.3 Relative GPS

The position updates obtained with GPS are plagued with an
unacceptable error which must be dealt with. This error is
not the before mentioned clock bias --it was dealt with by
using an extra satellite. The error that we are dealing with
has to do simply with how good the receiver reports the
position. Typically, this error is greater than 10ft. One
method of reducing this error is known as differential GPS.
Differential GPS consists of utilizing stationary GPS
receivers to obtain and later broadcast a correction factor
to the mobile receivers. This option limits the operation of
the shadow vehicle to areas were the static stations are
readily available. This creates a dependency which is
counter intuitive in an autonomous vehicle. An alternative
solution was developed: a radio spread spectrum digital link
is added between the lead vehicle and the shadow vehicle
(Figure 7.2). This link will be used to re-transmit the lead
vehicle coordinates back to the shadow vehicle where the on-
board computer will compare the data transmitted by the lead
vehicle and its own GPS position. The idea is that both
receivers ( lead and shadow) will report the same
inaccuracy. The computer then subtracts the shadow
coordinates from the lead coordinates to obtain the position
of the shadow vehicle relative to the lead vehicle —--
effectively subtracting out the error or inaccuracy of the
GPS coordinates. With this information, the computer can
proceed to plot a course for the shadow vehicle to follow.
Next is a description of how the digital link is implemented.

1.4 Relative GPS System Design

The lead vehicle must share pertinent information with the
shadow vehicle. These data include speed, odometer reading,
and steering angle in addition to the GPS coordinates. The
speed, steering angle, and odometer reading will be taken
directly from the lead vehicle's mechanical system and later
compared, in a "checks and balances" sense, to the GPS
information. - As can be seen in Figqure 7.3, the Lead Vehicle
data gathering instrumentation consists of transducers that
will read speed, steering angle, and displacement, a GPS
receiver, and a microcontroller. Because of the different
nature of the data sources, some processing 1is necessary
prior to the transmission of the data. This preprocessing
will be accomplished by the Motorola HCll microcontroller.
Once the data is correctly formatted, the microcontroller
feeds the data to the digital transmitter, which sends the
data to the shadow vehicle (Figure 7.4).
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The information of the lead vehicle will be transmitted using
a spread spectrum modulation technique. This particular
technique was sought because of its ability to escape
friendly and unfriendly jamming signals. The fact that it
operates in a none-regulated FCC frequency band is an added
bonus. On the shadow vehicle, the receiver will capture the
data sent by the lead vehicle and provide it as input to the
computer (Figure 7.4). The computer is the cerebral of the
shadow vehicle. Given the lead vehicle coordinates and the
shadow vehicle's own coordinates, it will implement the
algorithm to find the relative position to the lead vehicle.
Once this is done, the computer will interface with the
control system of the shadow vehicle to produce the signals
that will allow the shadow vehicle to engage a course that
will follow the desired path to the lead vehicle. All the
interfacing of the system elements will be done via an RS232
standard interface. GPS is the third system added to the
tracking shadow vehicle; GPS will introduce triple redundancy
to the system to augment the robustness of the system and the
safety of the users. In other words, the system as described
above would be sufficient to guide the shadow vehicle;
however, the GPS system is not sufficiently reliable as a
sole solution because the signal tends to fade or disappear.
Thus, the GPS system will work in conjunction with the other
systems described in this document in such a way that there
is always a reliable path for the shadow vehicle to follow.

1.5 The Microcontroller

A block diagram of the MC68306 (QUICC)is shown in Figure 7.5.
Following is a brief description of the salient
characteristics that make this chip a good choice. The

QUICC(pronounced quick) processor is a specialized
communications processor. The speed of the core processor is
4MIPS at 25Mhz. At this processing speed, the amount of
data the shadow vehicle will need can be processed in 2.5
milliseconds or less. The microcontroller supports
continuous mode transmission and reception on all serial
channels. This will make possible the use of the full duplex
capability of the spread spectrum transmitter/receiver. This
means the computer on board the shadow vehicle can maintain
constant communication with the lead vehicle, thus enabling
the human inside the lead vehicle to oversee the entire
process. FEach serial channel can have its own pins; some
channels can support totally transparent bit stream
communication, binary synchronous communication, or
synchronous communication. Priority and multiplexing of the
channels is programmable. The QUICC also supports various
protocols; this allows much liberty in the selection of
peripheral devices.

7-9
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Figure 7.5. MC68306 Microprocessor Functional Block Diagram
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Figure 7.6 shows the QUICC with pin connections. (Some pin
connections have been omitted for clarity.) The external
clock is a crystal oscillating at 25Mhz. The SPI, pin(cs7),
(serial peripheral interface) can be used as a data
acquisition port because it provides a plug-in interface to
other MOTOROLA products such as the DAC that will be used to
convert the sensor data. The GPS receiver is connected to
SMC1, pin(cs5) (serial management controller) because of this
channel's ability for totally transparent operation. The
transmitter/receiver is connected to (cs3) because of this
port's full duplex capabilities. Finally, one of the
parallel ports will provide the output for the necessary
control lines.
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7.6 . ; : ] lat] : i

~~~~~ Following is a cost estimate for the proposed Relative GPS
Tracking System:

oTY PART CcCosT
1 Digital transmitter $ 1900
1 Digital receiver $ 1900
2 GPS receivers $ 4000
1 Microcontroller programmer $ 300
1 Microcontroller s 70
3 Transducers $ 300
Various resistors, capacitors,
and cables $ 100
Total Cost Estimate for Relative GPS $ 8,170

The GPS system is also used to transmit information other
than GPS data such as Lead Vehicle speed to Shadow Vehicle
and Shadow Vehicle status to the Lead Vehicle driver.
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8.0 LONGITUDINAL CONTROL DESIGN & SIMULATION

3.1 Ob3 .

The objectives of the design are multifaceted. We are primarily
interested in a control algorithm that places the shadow vehicle
at a safe distance from the lead vehicle. The desired range
between the two vehicles could be set as constant or could be
selected by a spacing policy that is consistent with the
California Department of Transportation regulations. The speed of
response and accuracy in estimating the actual range cannot be
compromised. Therefore steps were taken to simulate anomalies,
such as transmission delay, to insure that the controller would
compensate by continuously regulating the range.

The control law selected is nonlinear sliding mode adaptive
controller. It accounts for the changing dynamics in the vehicle
as a function of air resistance, gear selection and velocity. One
of the objects of the design was to integrate the system in a
manner where in most cases the range is determined by the
throttle. This implies that the shadow vehicle, when approaching
the lead vehicle, releases some of the throttle to increase the
range between the two vehicles. If the range rate is decreasing
rapidly, beyond a certain threshold, the brakes are then applied,
the controller adapts to the different braking dynamics and the
range is then rapidly increased. After the vehicle reaches the
desired value again, the vehicle shifts back into throttle mode.
Increasing range is not always controlled by the braking so that
brake pads would not be worn prematurely.

In addition to brake/throttle shifting, the controller has
limitors on both the brake and throttle torgque commands so that
the engine is not raced and the braking is not sudden to cause
slippage. The jerk is controlled by a first order low pass filter
with a time constant of 0.7 seconds. The LPF reduces sudden force
inputs and helps keeping the ride smooth.

8.2 Literature Search

Two primary goals were met by the literature search. The first
was to find a vehicle dynamics model that was realistic and
accounted for the changing dynamics of the velocity response as a
function of throttle, air resistance and other external factors.
The second was to build on existing control laws in order to
design a controller that adapts to the changing dynamics of the
vehicle.
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Most of the information available could be characterized as a
proposed simulation model for a longitudinal control algorithm.
None of the models however accounted for the discrepancy between
braking and throttle dynamics. The algorithms investigated could
be divided into two categories: 1) linear vehicle dynamics and
control and 2) nonlinear vehicle dynamics and control. Each
control law candidate was simulated and its performance was
analyzed. The simulated algorithms were mostly the product of a
cumulative study of an author or a set of authors and were
developed over time. Our simulations incorporated a whole design
path for each series of published papers focusing on a single
proposed control law and accounting for the suggested changes.
The conclusion of the literature search was the adoption of a
vehicle model, proposed by Fenton [61], [62], [63], and [64] that
accounted for velocity-dependent engine parameters.

Linear dynamics and control:

Many of the algorithms we analyzed were successfully simulated.
The simulation results for some of the successful ones indicated a
rising steady-state error in the range that was a function of
lead vehicle velocity variations [65]. Others accounted for the
delay caused by the transmission of necessary variables from the
lead vehicle [66], [67]. The time delay was a realistic control
constraint and was therefore included in our design. The adopted
model for braking was a first order linear system.

Nonlinear dynamics and control:

The Fenton vehicle model was used in a design by Hauksdottir that
was rather complex, in which it was redeveloped for control
adaptability [68], [61], [62], and [69]. The Hauksdottir
controller was not successfully simulated due to lack of necessary
information in the published papers. However, the Hauksdottir
vehicle model was used as the basis of our engine model.

3.3  tudinal C 11 .

The controller design was based on a nonlinear adaptive sliding
surface control law. The sensed range is given as an input and a
torque command is delivered as an output. Based on the range and
the error, a sliding surface function is formed and parameters
converge as functions of the sliding surface. In the simulation,
a logical decision determines which of the two dynamic models will
be actuated by the controller. Figure 8.1 shows a block diagram
of the simulation design.

The system is constructed to receive three inputs and delivers one
output. It requires the initial spacing between vehicles, the
desired range between the vehicles and the current velocity of the
lead vehicle. The controlled variable is the range.
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There are two separate "plants" to be controlled. The throttle
and the braking of the shadow vehicle. Both are controlled by the
same control law. The control law consists of two major blocks.
The first receives the sensed range and calculates a sliding
surface based on an error estimation algorithm. The second block
is the adaptive algorithm; it calculates the two gain parameters
to be used in the torque command. The torque output is added to
an integrated value of the error, then multiplexed by a logical
operand. If torque is positive, throttle is applied, and if
torque is negative, brakes are applied. 1In the simulation only
one part operates based on the current variables. When the other
plant is actuated, the current variables are sent to it in order
to update the state of the system.

The throttle command is derived from the inverse dynamics of a
robot actuator. The inverse dynamic parameters are set to be
variable, so that the Lyapunov is selected accordingly. The
sliding mode control is derived from the sliding surface as
follows:
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s=e+ Ae =0

Thestatex 3 X = f(x)+u

s(t,) = O for the initial condition .
Ksgn(s),K >0

Estimate of f

u=a-Ksgns)

u= -—fA+§i‘d-)\,é - Ksgn(s)

§=f- } - Ksgn(s), choose K > "f - f“

Terminal attractors ,

[

Y]

P 3.5 . "
f x=(1,,~ 1) = 5 x?, increased local stability .
to

Most general attractor ,
X + X(x) = 0, X bounded for bounded x.

X
sgn(X) = sgn(x) as LN o, asx— 0
ax

Attractor used:
B
x=axf a>0, B.B,=Q2i+D), B,>B,
B,
ns=é +aef =0

For bounded u and e,

ﬁ&>l=>ﬁn>-];ﬁd

B, 2 2

by %n

u =}éd—aﬁieﬂ‘é —ys’ —-}(x).
d

The dynamic terminal slider converges to s in finite time faster than an exponential response

This eliminates the need for high gain control switching .

3y

P-—-S’+ys” =0

8-4
Copyright 2011, AHMCT Research Center, UC Davis



Given robot motor and load dynamic equation ,

Ty = M(q,)( )G + CQy 9100 + G(q )

By
s=é+ ae’
B, | =
v.—.('de—a—ﬁ—”eﬂ" e —ys‘
d

The CONTROL LAW: (Terminal Sliding Control )
Toove = MV'*' Cé]w + G(‘IM)

—

resultsin s+ ysé"’ = (), that is terminally stable .
a>0,y>08,=2i+1),B,=(2j+1),8, >%ﬁd.
6, =2k+1),06,=(21+1),

0.559-“<1
d

Adaptive Inverse Dynamics

MR + CR+ G(R) = Mv + CR+ G(R)
MR - MR +MR +CR +q0 = Mv +CR+ éq
M(R -v) = (M - MR +(C -CO)R +(8 -0)q

[(M - M)]
YE[R' R q}Pesﬁ—P:M(R~v)=Yl -0 Lp, =P
- ]

assuming P is constant over a sufficiently long time .

, 0
R-v=M'YP - 0P, & -M"YV,p= |

7]

P --T'®TgTPX

P =P+ PAt.

R = R, if T, is small, R = sR
TS +1

TSR + R = sR

R = (—1—-\ R —(R)ﬂ = wyR — R(w,A).
\ 7z Tr
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Select Lyaponov .
w= (R -v);Mw =YP,

veLiwaws %PeTFPe

F

V = l—-WTMW + }‘WTMW'*‘ lPeTFPe + le?TFPe

2 2 2
YP,
W =
M
T
v LXP pp s Ly X P, TP,
2 2 M

V=P(Y'W+TP,)

For V<0 = V — O since trajectory does not vanish . Hence w — 0.
V can be O since trajectory cannot vanish until it reaches equilibrium

S YW +TP, = 0=V =0

. d P »

p APy g
dt

[P =-Y'wpP ="

(8] 1z, 0 07A]
:q:=1):—|o g. 0 IR
[éJ [O 0 gG”gJ

Where g is acceleration due to gravity .

Since the Hauksdottir model is a function of the current vehicle
velocity, the gravity parameter was neglected. Gravity is a force
and its effect, similar to friction and air resistance, will
affect the velocity. Therefore the final velocity is a function
of the external forces and the throttle command.
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8.4. Simulati ]

Figures 8.2 - 8.4 show the simulation results of the system. Three
cases were simulated. The first was run with initial range equal to
the desired range. The second with the initial range greater than
the desired range and the third run was with initial range less
than the desired range. All three simulations show the step
response to the lead vehicle velocity, as well as the step response
of the range variable. The control variable step response added to
another input step function, push the system to the limits of
stability. The system proved to be stable with all the
oscillations in the torque command filtered by the low pass filter.

The braking was only actuated when a threshold was exceeded. This
was shown in Figures 8.4.1-2. After the system is run, the first
stage of the demonstration is the convergence of the control
parameters. Then the range reaches a steady value, could be other
than that of the desired value. The final tuning of the range is
controlled by the steady-state error eliminator, the integral of
the error function that was added to the system. The coefficient
of the eliminator had to be large enough to cause timely
convergence, but small enough to avoid parameter divergence. As is
shown, the initial values of the control parameter v is quite
large, which also affects the sliding surface. These initial
values could be lowered by lowering the steady-state error
coefficient, but then the simulation would have taken a long time
to run.
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9. LATERAL CONTROL DESIGN & SIMULATION

9.1 Obs .

The objective of this research is to design and simulate a digital
steering controller that will steer an Autonomous Shadow Vehicle
such that it will track the reference of a Lead Vehicle to within
1 foot for speeds up to 30 mph whether straight or curved.

9.2 Background

The researcher has demonstrated lateral control of a Chevrolet
Celebrity Wagon at speeds up to 50 mph on an 1/4 mile track using
vision as the reference sensor [102] and [111]. The controller
design was based on a "sliding mode" control approach. The
standard steering of the Chevrolet Celebrity Wagon was used,
hence, backlash with a deadzone in the order of *0.75 degrees was
encountered. Others have reported steering controllers but usually
have neglected the effect of steering backlash and sampling
interval for implementation as a digital controller.

The approach of this lateral control research is to design a
digital adaptive controller with a target sampling rate of 0.1
seconds. We estimate that the tracking systems can provide
lateral displacement and yaw angle in 0.1 second.

9.3 . .

The approach chosen for this research is to persuade the closed-
loop response to approximate that of a desired response by
adapting controller parameters. We begin by representing the
desired system in block diagram form as

ym = yveh
(Lateral Displacement of

] »| cf(s) vehicle wrt the Reference)

Desired Transfer
Function -
+ Reference

hd

(Horizontal/Lateral
Error wrt Reference)
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Hence,

ym(s) _ _Gf(s)
Re ference(s) 1 + GE(s)

= Gcl(s) (9.1)

and
ym(s) = GEf(s)*hd(s). (9.2)
Since we desire curve tracking, we will require the steady-state

error for a parabolic input to be zero. We select the desired
transfer function

Nf(s)
o3

GEf(s) = (9.3)

where Nf(s) is a polynomial in s, the Laplace variable. For
convenience we will drop the function in s notation. Furthermore,
we require that Gf be strictly proper. This restriction leads us
to specify

Nf = K(azs? + a;s + 1). (9.4)

The closed-loop transfer function Gecl is then

Nf
=3
Gel = —NF (9.5a)
l+-—3
s
Nf
= —— 9.5b)
s3 + Nf (

Nf = K(azs2 +ajs +1
= = ( 2 L ), (9.5¢)
s® + Kaps® + Ka;s + K

Next, we select three negative real poles for Gcl. That is, we
desire the denominator to be of the form

(s+wcl) = 83 + 30cls? + 3wcl?s + wcld (9.6)

9-2
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for three poles at -wcl. Comparing the coefficients of the
denominator of (9.5c¢c) with those of (9.6) we find

K = ocl3, (9.7)
az = 3 (9.10)
2 wcl? )
and
3
a; = — (9.11)
wcl

The desired closed-loop transfer function is

3
wcl3 ( 2s2+--——1-s+1)
Gel = wcl s (9.12)

3
s3 + s2 + s + 1
wcl? ocl

and the desired forward path transfer function is

ocl3 ( s> s2 + ls+1)
wcl wc
Gf = 3 . (9.13)
We approximate the vehicle dynamics as [97]:
X = Aveh * X + B* U (9.14)
where
2 2 c(Ll - L2
[ _20(L1 + L24) 0 2_(__) 0]
| Vl*I 0 VO* . 0]
Aveh = | | (9.15)
c(Ll - L2 c r
[/2——(———————2~V) 0 -4 0
\ V* M V*M
| 0 v 1 0]
* L1
[2 S 0o ol
l 1 I
| 0 0 -1
Bveh = 1 ' (9.16)
I ,e 1 4
| M M |
| o o o]
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and ¢ is the tire cornering coefficient, V is the vehicle speed, M
is the vehicle mass, I is the vehicle yaw inertia, L1 is the
front-wheel position relative to the cg‘of the vehicle, and L2 is
the rear-wheel position relative to the cg of the vehicle.

The state variables are

x1 = yaw angle rate of the vehicle

x2 = yaw angle of vehicle between the vehicle & the reference
x3 = lateral acceleration of vehicle

x4 = lateral displacement of vehicle with respect to reference

and the inputs are

ul = front-wheel steering angle
u2 = lateral wind disturbance
u3 = yaw angle rate between vehicle and road

The output equation is selected to be

[0 0 0 17 9. 17
= X -
Y= 1o 1 0 o] ( )
where
vl = lateral displacement of vehicle with respect to reference
y2 = yaw angle of vehicle between the vehicle & the reference

Using symbolic manipulation application software, MAPLE, a vehicle
transfer function

hd
Gveh = 4 (9‘18)
dcom
was obtained as
Gveh =
(2ys2 4 2Ls 4 221,
Z 2 27112 Z 271 52
sz(sz+(2cL2 +_§_c_+ 2c¢ Ll 1S +(2cL1 _ 2¢cL2 + 4 c“L1% + 8¢c4L1L2 + 4c“L2 )
M T I I vZIim
(9.19)
Combining constants in (9.19) we define Gveh as
alveh
kveh(sza-——?;——s + al0veh)
Gveh = —— piven poveh ° (9.20)
s“(s” + (2kveh + )s + )

v2
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The poles and zeros of (9.19) were examined as the parameters in
(9.19) were varied for vehicles of 10000 to 25000 lbs in weight.
Neglecting poles and zeros whose real parts are less than
-5(assuming a time constant of 2 sample intervals = 0.2, pole =
-1/0.2 = ~-5) we approximate (9.20) as

kveh(s + a0veh * V
Gveh = Yol ot ) (9.21)

s2 (s +

v

where kveh, aOveh, and bOveh are adapted. It may be more accurate
to state that kveh is "gain scheduled" as a function of velocity
and vehicle mass.

A block diagram of the proposed lateral guidance digital control
system is drawn in Figure 9.1. A high pass/lead transfer function

Steer 2

= Gdam 9.22a)
Steerl P ¢

k 4
= damp s (9.22D)

(s2+40d 2s + ©d 22 Y

was added to assist in damping the yaw oscillation of the
controlled vehicle at speeds of 20 to 30 mph. The 0.1 second
delay introduced by the digital control system is the main cause
of the yaw oscillation. Steering backlash was also added. The
backlash deadzone is adjustable, however, a *0.5 degree deadzone
was used for all simulation runs.
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9.4 Adaptation Rule

Update rules for aOveh and bOveh are presented in this section.
The objective is to find update rules that adjust these parameters
in a stable manner. The following derivations of the update rules
are based on a modified MIT adaptation rule [114].

We begin by defining

hd(lateral error wrt reference) = Reference -~ yveh, (9.23)

Gc = Gf*Gcl, (9.24)
Nveh

Gveh = ——t, (9.25)
Dveh

and

Dveh

Gc2 = v . (9.26)
Nveh

Gdamp will be ignored in the derivation of the update rules.
Also, we assume that the vehicle speed can be considered constant
over 0.1 seconds. We use a gradient approach to find an estimate
of the change of the parameter of interest. That is, we want to
update the parameters such that the lateral error is driven to a
minimum. This motivates us to write

ohd d(Re ference - Gc * Gc2 * Gveh * hd) (9.27a)
da0veh da0veh .
~2kveh * V *# Dveh\/ Nveh
el 2k _ \( Nve )hd (9.27b)
\ Nveh J\ Dveh
Gec
- zv/-————>hd. (9.27¢)
\ Nveh

The estimated rate of change of alOveh with respect to time such
that hd is driven to be minimum is

[ .(_9hd \ |
d(aoveh) | "% aoven) |
— = -—adaptrate=* 5 (9.28)
dt l (_ond \?|
o +
[ \ 9a0veh ) JLimited to = B

where adaptrate, o and B are constants greater than zero. o is
used to prevent the denominator of (9.28) from becoming too small.

f
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The update of alveh is then

d(aOveh)*T

aOveh(k* T) = aOveh((k - 1)*T + ot

(9.29)

where k is an integer that represents the sample number and T is
the sample interval.

The derivation of the update rule for bOveh follows the above
procedure. We write

dhd _ o(Re ference - G¢ * Gc2 * Gveh * hd) (9.30a)
db0 veh 0b0veh
/kveh(i%>\ .
- _ac! ve/|(Nve )hd (9.30Db)
I Nveh I\Dveh
\ )
{kveh(i%g\
- —Gc Ve g (9.30c)
l Dveh |
\ )

The estimated rate of change of bOveh with respect to time such
that hd is driven to be minimum is

hd
d(boOveh) { hd(agl h) }
—————— = -adaptrate * 7 5 (9.31)
dt l ( ohd \?*|
o+ ..
l \ 8b0Oveh / Jlelted to = B

where adaptrate, o and B are constants greater than zero. a is
used to prevent the denominator of (9.28) from becoming too small.
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The update of bOveh is then

d(bOveh)*T

bOveh(k*T) = bOveh((k - 1)* T + e

(9.32)

where k is an integer that represents the sample number and T is
the sample interval.

The gain kveh is a function of vehicle speed and vehicle mass.
kdamp is a function of vehicle mass.

. . .
QL5_%9nt?nuguﬁ_lnﬁnaiQInijLJxuuzmata_mxansfgrmhnapplng_&
Simulations were performed for a 25,000 1b and a 10,000 1b vehicle
for vehicle speeds of 0 to 30 mph. An 850 foot radius curve can
be applied at a time specified by the user. Following is a screen
print out of the simulation options used most frequently:

Vehicle Weight(lbs) = 25000

Initial Vehicle Speed (ft/sec) = 0

Vehicle Accel. (ft/s"2) = 4

Max Vehicle Speed (ft/sec) 44

I
N

Lateral Displacement(feet)
Wind Disturbance(lbs) = 100
Backlash Deadzone(degrees) = 0.5

Time at which to Switch to Curve(sec) = 60

The position of the sensor, Lsensor, was set at 6 feet forward of
the cg of the vehicle. Lsensor was not varied since yaw of an
Autonomous Shadow Vehicle relative to a Lead Vehicle is known.
However, it was noticed that vaw angle is important to the
stability of the system and that having the sensor 6 feet forward
of the cg contributed to increased stability of the system.
Jiilrgen Ackermann [112] has shown that the vehicle yaw mode can be
decoupled from its lateral mode by using yaw rate feedback.

The continuous transfer functions in Figure 9.1 were converted to
pulse transfer functions in z using the bilinear transform
approach. Discrete equations were then obtained from the pulse
transfer functions. Other transformations were used such as the
Boxer-~Thaler continuous to discrete transform. However, it was
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found that the bilinear transform was more stable than the other
transforms [113]. The vehicle state equation was integrated using
fourth order Runge-Kutta integration with a step size of 0.005
seconds.

9.6 Simulation Results

The simulation results indicate that a sampling rate for the
digital control system of 0.1 seconds is adequate for speeds up to
30 mph for 10,000 to 20,000 1b vehicles. The conditions under
which a simulation run was made are listed on the plots for that
run. Straight freeway road sections are "feathered" into curves.
The simulation assumes an abrupt encounter between straight and
curved reference sections. Hence, the simulation provides a worst
case scenario.

Runs were made using constant vehicle velocities and vehicle

velocities that ramped-up at 4 ft/sec2. Wind loads of 100 and 500
l1bs were used. The wind effects were small as expected due to the
heavy vehicles simulated. Yaw inertia was also significantly
changed, but has little effect and was therefore kept at a
constant.

A steering backlash deadzone of *0.5 degrees results in a
continuous oscillation of the steering wheel in the order of 1
cycle/sec. However, the vehicle with backlash follows in an
average sense the vehicle path generated using a deadzone of zero
degrees (no backlash). The figures, Figures 9.2 through 9.12, were
selected as representative. The following table summarizes the
conditions selected for the simulation runs:

FIGURE | WEIGHT SPEED WIND | BACKLASH
DEADZONE

9.2 25,000 1.22 m/s, 0 m/s2 0 0.5

9.3 25,000 3.66 m/s, 0 m/s2 0 0.5

9.4 25,000 | 0-3.66 m/s, 1.22 m/s2 0 0.5

9.5 25,000 | 0-6.71 m/s, 1.22 m/s2 0 0

9.6 10,000 13.41 m/s, 0 m/s2 0 .

9.7 25,000 | 0-6.71 m/s, 1.22 m/s2 0 .

9.8 25,000 1.22 m/s, 0 m/s?2 0 .

9.9 25,000 6.1 m/s, 0 m/s2 0 .

9.10 25,000 | 0-13.41 m/s, 1.22 m/s? 0 0.5

9.11 25,000 6.1 m/s, 0 m/s2 100 0.5

9.12 25,000 6.1 m/s, 0 m/s2 500 0.5

9-10
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Deadzone=+- 0.5 deg, Wind=0.0 kg

Wit.= 11339.81 kg, Inertia= 69.13 kg-m-sec2

¢=1208 kghad, L1=1.448 m,

Loc. sensor from CG=1.829

12=1.448m
m

Steer comd. limit= 6 deg, Leam Rate=0.5

kvehinv:ic=2, end 2

a0veh: ic=0.15, end 0.1238

bOveh: ic= 6.857, end 18.1

kdamp= 0.3, wdamp= 0.005 rad, tatuc=5
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STEER ANGLES(deg)

1.5

0.5

05

stroommand(-), steerfb_backlash(-)

T T T T T

Date{month/day/year): 8/6/1994

Start Curve at 60 sec, radius = 259.1 m
Sample Interval, dt= 0.1 sec

Vehidle Accel.= 1.22 mikech2

Speed: start=0 mikec, end 6.706 m/sec
Deadzone=+/- 0.5 deg, Wind=0.0 kg
Wt= 11339.81 kg, Inertia= 69.13 kg-m-sec2
c=1208 kgtad, L1=1.448 m, L 2=1.448 m
Loc. sensor rom CG=1.829m

Steer comd. limit= 6 deg, Leam Rate= 0.5
kvehinv: ic= 10.88, end 1.325

alveh: ic=0.15, end 0.1263

bOveh: ic= 6.857, end 18.1

kdamp= 0.3, wdamp= 0.005 rad, tauc=5
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e, p ¥ 20 Speed: start= 0 m/sec, end 6.706 misec
o E 15k Deadzone=+- 0.0 deg, Wind=0.0 kg
= %’ : : : : Wit.= 11339.81 kg, Inertia= 69.13 kg-m-sec”2
e s T [ R c=1208 kghad, L1=1.448 m, L2=1.448 m
© Bostoo b P 1 Loc. sensor from CG=1.829m
5 : ' ' : Steer comd. limit= 6 deg, Leam Rate= 0.5
o

kvehinv: ic= 10.88, end 1.325

, : : : : abveh:ic=0.15, end 0.1174
1 1 : ; s : bOveh: ic= 6.857, end 18.1
TIME(seconds) kdamp= 0.3, wdamp= 0.005 rad, tauc="5
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100
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STEER ANGLES(de

strcommand(-), steerfb_backlash(-)

T

Date(month/day/year). 8/5/1994

Start Curve at 50 sec, radius = 259.1 m
Sample Interval, dt= 0.1 sec

Vehicle Accel.= 0.00 miec”2

Speed; start= 13.41 m/sec, end= 13.41 m/sec
Deadzone=+/- 0.5 deg, Wind=0.0 kg

Wi.= 11339.81 kg, Inertia= 69.13 kg-mn-sec”2
c=1208 kgfad, L1=1.448 m, L 2=1.448 m
Loc. sensor from CG=1.829m

Steer comd. limit= 6 deg, Leam Rate= 0.5
kvehinv:ic=1, end=1

a0veh: ic=0.15, end=0.1309

bOveh: ic= 6.857, end= 18.1

kdamp= 0.3, wdamp= 0.005 rad, tauc=5

100
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STEER ANGLES(deg)
S b o o o © —_
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strcommand(-), steerfb_backlash(—)

LA R Ot Ry ,,,,, -
20 40 & & 100 120
TRME(sec)
Date{month/day/vear): 8/6/1994

Start Curve at 60 sec, radius = 259.1 m
Sample Interval, dt= 0.1 sec

Vehicle Accel= 1.22 mikech2

Speed: start= 0 mésec, end 6.706 mfsec
Deadzone=+- 0.5 deg, Wind=0.0 kg
Wt.= 4535.92 kg, Inertia= 69.13 kg-m-sec”2
c=1208 kghad, L1=1.448 m, L2=1.448 m
Loc. sensor rom CG=1.829m

Steer comd. limit= 6 deg, Leam Rate=0.5
kvehinv: ic= 8.708, end 1.06

a0veh: ic=0.15, end 0.1277

bOveh: ic= 17.14, end 19.13

kdamp= 0.5, wdamp= 0.005 rad, tauc=5
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STEER ANGLES(leg)
S o

strcommand(-), steerfb_backlash(-)

T T T

Date(month/day/ear). 8/5/1994

No Curve

Sample Interval, dt= 0.1 sec

Vehicle Accel.= 0.00 misech2

Speed: start= 1.219 m/sec, end 1.219 m/sec
Deadzone=+/- 0.5 deg, Wind=0.0 kg

Wi.= 11339.81 kg, Inertia= 69.13 kg-m-sec2
c=1208 kgfad, L1=1.448 m, 1 2=1.448 m
Loc. sensor rom CG=1.829m

Steer comd. limit= 6 deg, Leam Rate=0.5
kvehinviic=7, end 7

alveh: ic=0.15, end 0.1177

bOveh: ic= 6.857, end 18.1

kdamp= 0.3, wdamp= 0.005 rad, tauc="5
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STEER ANGLES(leg)
(=]

strcommand(-), steerfb_backiash(—)

T T ¥ T

Date(month/day/year): 8/5/1994

No Curve

Sample Interval, dt= 0.1 sec

Vehicle Accel.= 0.00 mikech2

Speed: start= 6.096 m/sec, end 6.096 m/sec
Deadzone=+/ 0.5 deg, Wind=0.0 kg

Wt.= 11339.81 kg, Inertia= 138.3 kg-m-sec”2
c=1208 kghad, L1=1.448 m, L2=1.448 m
Loc. sensor from CG=1.829m

Steer comd. limit= 6 deg, Leam Rate= 0.5
kvehinv:ic= 1.5, end 1.5

a0veh: ic=0.15, end 0.1174

bOveh: ic= 6.857, end 18.11

kdamp= 0.3, wdamp= 0.005 rad, tauc=5
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STEER ANGLES(deg)
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strcommand(-), steerfb_backlash(~
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4t

f'\]'??“fnf'\"

Date(month/day/vear): 8/6/1994

No Curve

Sample Interval, dt= 0.1 sec

Vehicle Accel= 1.22 mfsech2

Speed: start= 0 m/sec, end 13.41 mfec
Deadzone=+/- 0.5 deg, Wind=0.0 kg
Wt.= 11339.81 kg, Inettia= 69.13 kg-m-sec’2
¢c=1208 kgfad, L1=1.448 m, L 2=1.448 m
Loc. sensor from CG=1.829m

Steer comd. limit=6 deg, Leam Rate=0.5
kvehinv: ic= 10.88, end 1.001
a0veh:ic=0.15, end 0.1176

bOwveh: ic= 6.857, end 18.1

kdamp= 0.3, wdamp= 0.005 rad, tauc=5
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Date(month/daylyear). 8/5/1994

Start Curve at 0 sec, radius = 259.1 m
Sample Interval, dt= 0.1 sec

Vehicle Accel.= 0.00 misecr2

Speed: start= 6.096 m/sec, end 6.096 m/sec
Deadzone=+/- 0.5 deg, Wind=45.4 kg

Wit.= 11339.81 kg, Inertia= 69.13 kg-m-sec’2
¢=1208 kgkad, L1=1.448 m, L 2=1.448 m
Loc. sensor from CG=1.829m

Steer comd. limit= 6 deg, L eam Rate= 0.5
kvehinv:ic=1.5, end 1.5

alveh: ic=0.15, end 0.1156

bOveh: ic= 6.857, end 18.11

kdamp= 0.3, wdamp= 0.005 rad, tauc=5
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stroommand(-), steerfb_backiash(~)

T T T

Date{month/day/vear): 8/5/1994

Start Curve at 0 sec, radius =259.1 m
Sample Interval, dt= 0.1 sec

Vehicle Accel.= 0.00 m/sec”2

Speed: start= 6.096 m/sec, end 6.096 m/sec
Deadzone=+~ 0.5 deg, Wind=226.8 kg
Wi.= 11339.81 kg, Inertia= 69.13 kg-m-sech2
c=1208 kgtad, L1=1.448 m, L.2=1.448 m
Loc. sensor from CG=1.829m

Steer comd. limit= 6 deg, Leam Rate= 0.5
kvehinv:ic=1.5, end 1.5

a0veh: ic=0.15, end 0.1154

bOveh: ic= 6.857, end 18.11

kdamp= 0.3, wdamp=0.005 rad, tauc=>5



10. CONCLUSION & RECOMMENDATIONS

The objectives of Phase I have been met. Following are
recommendations and comments for implementation in subsequent
phases of this research project:

1) Proceed with Phase II using the proposed Antenna, Vision, and
Relative GPS Tracking Systems. The execution speed of the
current 33 MHz 486 PC that was used for previous lateral
guidance research may not be sufficient to handle wvehicle
speeds of 20 to 30 mph. Hence, feasibility tests of the
proposed tracking systems may have to be run at lower vehicle
speeds. Our target will be 15 mph with the current computing
power available.

2) Early in Phase II, a weight for the Autonomous Shadow Vehicle
needs to be determined. If it desired to tow the Autonomous
Shadow Vehicle, the Autonomous Shadow Vehicle must be lighter
than the vehicle towing it. Furthermore, the weight of the
Autonomous Shadow Vehicle determines the tracking range
required.

3) Accelerate the Autonomous Shadow Vehicle so that it maintains
line-of-sight range(40 feet for an 850 ft. radius curve) when
the Lead Vehicle proceeds into a curve.

4) Integrate curve preview into the lateral guidance control
system and add yaw rate damping using a rate gyro. It will be
easy to change lateral guidance control software to include
curve preview. Curve preview will be obtained from the
tracking sensor systems. Using curve preview will permit
lowering the control system loop gain, hence, reducing the
frequency of the steering backlash oscillation. Lateral
displacement will still be updated every 0.1 seconds, however,
the rate gyro will permit us to update the steering command
every 0.02 seconds to facilitate damping yaw oscillations.

5) Reduce steering backlash as much as possible. This can be
accomplished by: 1) modifying the Autonomous Shadow Vehicle's
steering mechanism and/or 2) attaching a wheel angle sensor on
one of the front wheels of the Autonomous Shadow Vehicle for
use by the control program.
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