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Description

Integrated Vehicle Positioning and Navigation
System, Apparatus and Method

Background of the Invention
1. Field of the Invention

The present invention relates to positioning
systems, and more particularly, to a positioning
10 system and method for determining the terrestrial
position of an autonomous vehicle on or near the
planet Earth’s surface.

2. Related Art

15 Several national governments, including the
United States (U.S.) of America, are presently
developing a terrestrial position determination
system, referred to generically as a global
positioning system (GPS). In a GPS, a number of

20 satellites are placed in orbit around the planet
Earth. The GPS satellites are designed to transmit
electromagnetic signals. From these electromagnetic
signals, the absolute, terrestrial position (position
with respect to the Earth’s center) of any receiver at

25 or near the Earth’s surface can ultimately be
determined.

The U.S. government has designated its GPS
the "NAVSTAR." The NAVSTAR GPS will be declared
operational by the U.S.'government in 1993. Moreover,

30 the government of the Union of Soviet Socialist
Republics (U.S.S.R.) is currently developing a GPS
known as "GLONASS," which is substantially similar to
the NAVSTAR GPS.

In the NAVSTAR GPS, it is envisioned that

35 four orbiting GPS satellites will exist in each of six
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satellite orbits will be neither polar orbits nor
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in orbit at any given time with 21 GPS satellites in
operation and 3 GPS satellites serving as spares. The
three GPS satellite orbits will have mutually
orthogonal planes relative to the Earth. The GPS

™)

equatorial orbits. Moreover, the GPS satellites will
orbit the Earth once every 12 hours.

Using the NAVSTAR GPS, the relative position
of orbiting GPS satellites with respect to any Earth
receiver can be determined from the electromagnetic
signals. The relative position is commonly referred
to as a "pseudorange." Moreover, the relative
position can be calculated by two methods.

One method is to measure the propagation
time delays between transmission and reception of the
emanating electromagnetic signals. 1In the NAVSTAR
GPS, the electromagnetic signals are encoded
continuously with the time at which the signals are
transmitted from the GPS satellites. Needless to say,
one can make note of the reception time and subtract
the encoded transmission time in order to derive time
delays. From the calculated time delays and from
knowing the speed at which electromagnetic waves
travel through the atmosphere, pseudoranges can be
accurately derived. Pseudoranges computed using the
foregoing method are referred to in the context of
this document as "actual" pPseudoranges.

Another method involves satellite position
data that is encoded in the electromagnetic signals
being transmitted from the orbiting satellites.
Almanac data relating to the satellite position data
of the NAVSTAR GPS is publicly available. Reference
to this almanac data in regard to data encoded in the
electromagnetic signals allows for an accurate
derivation of pseudoranges. Pseudoranges computed
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using the foregoing method are referred to in the
context of this document as "estimated" pseudoranges.

However, with respect to the previous method
of deriving estimated pseudoranges, it should be noted

5 that the satellite position data is updated at the GPS
satellite only once an hour on the hour.
Consequently, an estimated pseudorange decreases in
accuracy over time after each hour until the next
hour, when a new estimated pseudorange is computed

10 using updated satellite position data.

Furthermore, by knowing the relative
position of at least three of the orbiting GPS
satellites, the absolute terrestrial position (that
is, longitude, latitude, and altitude with respect to

15 the Earth’s center) of any Earth receiver can be
computed via simple geometric theory involving
triangulation methods. The accuracy of the
terrestrial position estimate depends in part on the
number of orbiting GPS satellites that are sampled.

20 Using more GPS satellites in the computation can
increase the accuracy of the terrestrial position
estimate.

conventionally, four GPS satellites are
sampled to determine each terrestrial position

25 estimate because of errors contributed by circuit
clock differentials among the Earth receiver and the
various GPS satellites. Clock differentials could be
several milliseconds. If the Earth receiver’s clock
were synchronized with that of the GPS satellites,

30 then only three GPS satellites would need to be
sampled to pinpoint the location of the Earth
receiver.

In the NAVSTAR GPS, electromagnetic signals
are continuously transmitted from all of the GPS

35 satellites at a single carrier frequency. However,
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each of the GPS satellites has a different modulation
scheme, thereby allowing for differentiation of the
signals. 1In the NAVSTAR GPS, the carrier frequency is i
modulated using a pseudorandom signal which is unique
5 to each GPS satellite. Consequently, the orbiting GPs
satellites in the NAVSTAR GPS can be identified when
the carrier frequencies are demodulated.
Furthermofe, the NAVSTAR GPS envisions two
modes of modulating the carrier wave using
10 - pseudorandom number (PRN) signals. 1In one mode,
referred to as the "coarse/acquisition® (C/A) mode,
the PRN signal is a gold code sequence having a chip
rate of 1.023 MHz. The gold code sequence is a
well-known conventional pseudorandom sequence in the
15 art. A chip is one individual pulse of the
pseudorandom code. The chip rate of a Pseudorandom
code sequence is the rate at which the chips in the
Sequence are generated. Consequently, the chip rate
is equal to the code repetition rate divided by the
20 number of members in the code. Accordingly, with
respect to the coarse/acquisition mode of the NAVSTAR
GPS, there exists 1,023 chips in each gold code
Sequence and the sequence is repeated once every
millisecond. Use of the 1.023 MHz gold code sequence
25 from four orbiting GPS satellites enables the
terrestrial position of an Earth receiver to be
determined to an approximate accuracy of within 60 to
300 meters.
The second mode of modulation in the NAVSTAR
30 GPS is commonly referred to as the "precise" or
"protected" (P) mode. 1In the P mode, the pseudorandsm
code has a chip rate of 10.23 MHz. Moreover, the P
mode sequences are extremely long, so that the
Sequences repeat no more than once every 267 days. As
35  a result, the terrestrial position of any Earth

.
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receiver can be determined to within an approximate
accuracy of 16 to 30 meters.

However, the P mode sequences are classified
and are not made publicly available by the United
States government. In other words, the P mode is
intended for use only by Earth receivers authorized by
the United States government.

In order for the Earth receivers to
differentiate the various C/A signals from the
different orbiting GPS satellites, the Earth receivers
usually include a plurality of different gold code
sources for locally generating gold code sequences.
Each locally~-derived gold code sequence corresponds
with each unique gold code sequence from each of the
GPS satellites. 7

The locally-derived gold code sequences and
the transmitted gold code sequences are cross
correlated with each other over gold code sequence
intervals of one millisecond. The phase of the
locally-derived gold code sequences vary on a
chip-by-chip basis, and then within a chip, until the
maximum cross correlation function is obtained.
Because the cross correlation for two gold code
sequences having a length of 1,023 bits is
approximately 16 times as great as the cross
correlation function of any of the other combinations
of gold code sequences, it is relatively easy to lock
the locally derived gold code sequence onto the same
gold code sequence that was transmitted by one of the
GPS satellites. '

The gold code sequences from at least four
of the GPS satellites in the field of view of an Earth
receiver are separated in this manner by using a
single channel that is sequentially responsive to each
of the locally-derived gold code sequences, or
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alternatively, by using parallel channels that are
simultaneously responsive to the different gold code
sequences. After four locally-derived gold code
Sequences are locked in phase with the gold code
sequences received from four GPS satellites in the
field of view of the Earth receiver, the relative
position of the Earth receiver can be determined to an
accuracy of approximately 60 to 300 meters.

9oy

The foregoing approximate accuracy of the
NAVSTAR GPS is affected by (1) the number of GPS
satellites transmitting signals to which the Earth
receiver is effectively responsive, (2) the variable
amplitudes of the received signals, and (3) the
magnitude of the cross correlation peaks between the
received signals from the different GPS satellites.

Because multiple PRN signals are received
simultaneously at the Earth receiver, a common time
interval exists wherein some of the codes can
conflict. In other words, the codes cause a
degradation in measurements of the time of arrival of
each received PRN because of the cross correlations
between conflicting received signals.

The time of arrival measurement for each PRN
signal is made by determining the time of a peak
amplitude of a cross correlation between the gold code
sequence of the received PRN signal and the locally-
derived PRN signal. When a locally-derived PRN signal
is superimposed over a received PRN signal thereby
increasing the averaging time of their cross
correlation, the average noise contribution decreases.
However, because the cross correlation errors between %
the received PRN signals are periodic, increasing the
averaging time also results in increases to both the
error signal and the cross correlation value between
the received PRN’s alike. Consequently, errors
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relating to the time of arrival of PRN signals are not
reduced by cross correlation.

In addition to the GPS, it is known in the
conventional art to use inertial systems in navigation
systems to obtain position estimates of vehicles.

Such an inertial reference unit (IRU) obtains
specific-force measurements from accelerometers in a
reference coordinate frame which is stabilized by
gyroscopes, or gyros. An IRU can be of several types,
including for example, laser, mechanical, or fiber
optic. In an unaided navigation system using an IRU,
the specific force (corrected for the effects of the
Earth’s gravity) as measured by an accelerometer is
integrated into a navigation mathematical equation to
produce the vehicle’s position and velocity.

The instrument measurements of the IRU may
be specified in a different rectangular coordinate
frame than the reference navigation frame, depending
on the platform implementation. The most commonly
used reference navigation frame for near Earth
navigation is the local-level frame
(east-north-vertical). Several gimballed platform
implementations exist with the forgoing reference
navigation frame.

In a gimballed, local level-north seeking
IRU, the gyroscopes and accelerometers are mounted on
a platform which is torqued to maintain the platform
level and azimuth pointing to the north. The platform
is the reference plane. In contrast, in a gimballed,
local-level azimuth-wander IRU, the platform is
maintained level, but is not torqued about the
vertical axis.

Furthermore, in a strap-down IRU, the
gyroscopes and the accelerometers are directly mounted
on the vehicle body. They measure the linear and
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angular motion of the vehicle relative to inertial
Space. The motion is expressed in vehicle
coordinates. Therefore, in a strap-down IRU, it is
necessary to first compute the altitude of the vehicle
5 to the referenced navigation frame. Then, the
computed altitude is used to transform the
accelerometer measurements into the reference frame.
After the accelerometer data of a strap-down IRU has
been extrapolated into the reference frame, the
10 solution of the navigation equations mentioned
previously is identical in both the gimballed IRU and
the strap-down IRU.
In the strap-down IRU, the altitude
computations, which are required to resolve
15 accelerometer measurements, are usually carried out at
a high rate. The computations suffer from numerical
errors because of the limited computer byte size and
throughput availability. These computation errors
depend on the frequency response of the sensor loop,
20 data rate, and resolution and magnitude of the sensor
output at the sampling time.
However, significant benefits arise from
using the strap-down IRU, rather than the gimballed
IRU. The strap-down IRUs are less costly. Moreover,
25 the strap-down IRUs are generally smaller in physical
size. Thus, the potential to realize size and cost
- savings in IRUs can make strap-down IRUs attractive
for both military and commercial applications.
The performance of navigation systems using
30 IRUs is primarily limited by errors contributed by the
various constituent sensors within the IRUs.
Gyroscopes drift. Accelerometers have inherent
biases. Further, errors are contributed from improper
scale factors and improper IRU alignment angles.
35 Typically, the preceding errors cause inaccuracies in
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the estimates of vehicle positions, velocity, and
altitude, which accumulate over time as a vehicle
mission progresses. To some extent, the errors are
dependent on user dynamics.

If a very accurate navigation system is
required for a vehicle, high precision gyroscopes and
accelerometers can be utilized to satisfy that need.
However, such high precision equipment increase the
complexity and costs of the vehicle.

Autonomous vehicle navigation is also known
in the conventional art. "Autonomous" means unmanned
or machine controlled. However, the autonomous
systems known in the art are rudimentary at best.

Autonomous systems exist which rely on
positioning based on visual sensing. For instance,
vision-based positioning is used in the Martin
Marietta Autonomous Land Vehicle, as described in
"Obstacle Avoidance Perception Processing for the
Autonomous Land Vehicle," by R. Terry Dunlay, IEEE,
CH2555-1/88/0000/0912$01.00, 1988.

Some of the vision-based positioning systems
use fixed guide lines or markings on a factory floor,
for example, to navigate from point to point. Other
positioning systems involve pattern recognition by
complex hardware and software. Still other systems,
known as "dead-reckoning" systems, navigate by keeping
track of the vehicle’s position relative to a known
starting point. This tracking is performed by
measuring the distance the vehicle has travelled and
monitoring the vehicle direction from the starting
point. The preceding autonomous navigation systems
suffer from numerous drawbacks and limitations. For
instance, if a navigation system on a vehicle fails to
recognize where the vehicle is located, or looses
track of where the vehicle has been, or miscalculates
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the vehicle’s starting point, then the navigation
system will be unable to accurately direct the vehicle
to reach its ultimate destination.
Moreover, because errors in position
5 estimates of vehicles have a tendency to accumulate
over time in the conventional autonomous navigation
systems, the navigation systems require frequent and
time-consuming initializations. Finally, conventional
navigation systems require placement of patterns and
10 markers along vehicle routes. This placement of
. Pbatterns and markers is also time consuming and
costly, as well as limits the applicability of these
navigation systems to small, controlled areas.

15 Summary of the Invention

The present invention is a vehicle
positioning system which, as used throughout, means
apparatus, method, or a combination of both apparatus
and method. The present invention overcomes many of

20 the limitations of conventional technology in the art
of vehicle position determination.

The present invention can be used to aid any
navigation system for autonomous vehicles. The
autonomous vehicles can be stationary or moving.

25 Moreover, the autonomous vehicles can be at or near
the Earth’s surface. 7In other words, the present
invention provides for highly accurate and fast
tracking of any terrestrial vehicle.

The present invention envisions combining

30 and greatly enhancing the conventional capabilities of
an IRU and a GPS in a cost-effective manner to provide
extremely accurate position estimates of terrestrial
vehicles. 1In doing so, the present invention uses
many novel and inventive systems, including

35 apparatuses and methods, which allow for a superior
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positioning capability and, consequently, a flexible
autonomous navigational capability.

The present invention further envisions a
novel and enhanced combination of three independent

5 subsystems to determine position estimates of vehicles
on or near the Earth’s surface. One subsystem is a
first positioning system using a GPS, for example, the
NAVSTAR GPS. The first positioning system computes a
first position estimate of a vehicle. Another

10 subsystem is a second positioning system using an IRU
and a vehicle odometer. The second positioning system
computes a second position estimate. The final
subsystem is a processing system for computing the
more accurate, third position estimate of the vehicle

15 based upon the first and second position estimates
from the previous two subsystems.

The present invention envisions a
constellation effects method. The constellation
effects method provides for selecting the optimal

20 satellite constellation from a larger group of GPS
satellites in view of a vehicle to thereby increase
the accuracy of first position estimates derived from
a GPS.

The present invention increases the accuracy

25 of vehicle position estimates by providing
differential correction techniques/methods which
compensate for noise and errors in positioning data
obtained from a GPS and/or an IRU. In the preferred
embodiment, a base station serving as a reference

30 point can perform the differential correction
techniques/methods and can then relay the obtained
data to a vehicle. The vehicle can then use the data
received from the base station to enhance the accuracy
of the position estimates of the vehicle.

35
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The present invention envisions a parabolic
bias technique for increasing the accuracy of GPS data
received from GPS satellites. A parabolic bias is
derived for each GPS satellite to enhance actual

5 pseudoranges for that GPS satellite. In the parabolic
bias technique, parabolic models are constructed for
~ the actual pseudoranges and the parabolic biases are
extrapolated from the parabolic models.

The present invention envisions a base

10 residuals bias technique for increasing the accuracy
of GPS data received from GPS satellites. A base
residuals bias is derived for modifying first position
estimates from the VPS on a vehicle. A base residuals
bias is a spatial bias which is the effective

15 difference in the known position of the base station
and its estimated position.

The present invention includes a novel
satellite position predictor method. This method
allows the present invention to predict the future

20 positions of GPS satellites. As a result, the
accuracy and performance of the positioning system is
further enhanced. '

The present invention includes a weighted
path history technique for increasing the accuracy of

25 first position estimates ultimately derived from a
GPS. The weighted path history technique uses
previous first position estimates to derive a vehicle
path model for testing the validity of future first
position estimates. Use of the weighted path history

30 technique results in a reduction to wandering of first
position estimates and in enhanced immunities to
spurious position computations.

The present invention further provides for
anti-selective availability of data received from GPS

35 satellites of any GPS. an anti-selective availability
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technique detects and corrects false positioning data
received from any GPS. False data could be received
from the NAVSTAR GPS or the GLONASS GPS (1) because of
intentional tainting by the respective governments of

5 the U.S. and U.S5.S.R. or (2) because of technical
malfunctions.

Further features and advantages of the
present invention will become apparent to one of skill
in the art upon examination of the following drawings

10 and detailed description. It is intended that any
additional features and advantages be incorporated

herein.

Brief Description of the Drawings

15 The present invention as defined in the
claims can be better understood with reference to the
text and to the following drawings.

Figure 1 illustrates a high level block
diagram 100 of the preferred embodiment of the present

20 invention;

Figure 1A is a high level block diagram 100A
of the operational GPS satellites in the NAVSTAR GPS,
which comprises 21 operational GPS satellites 130-170
distributed in 6 orbital planes 174-184 and 3 spare

25 GPS satellites (not shown);

Figure 2 illustrates four, simultaneous,
navigation equations regarding four GPS satellites
200-206 of the NAVSTAR GPS, which equations include
the clock bias C,, between the GPS satellites 200-206

30 and the vehicle 102;

Figure 3 is a high level block diagram 300
of a typical autonomous work site within which the
present invention can be implemented and practiced;

Figure 4 is a high level block diagram 400

35 of the interrelationships between a navigator 406, a
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vehicle VPS architecture 1000, and vehicle controls

408 of the present invention;

Figure 5 is a

high level block diagram 500 .

illustrating the context of various elements and their

interrelationship in an autonomous control system

according to the present invention;

Figure 6 is a

high level block diagram 600

of the operation of a GPS, possibly the NAVSTAR GPS,
which includes a GPS satellite constellation 200, 202,
204, and 206 and which is used in conjunction with a
pseudolite 105 and a base station 188 to accurately
determine the position of a vehicle 102;

Figure 7 is a

low level block diagram

showing the electrical architecture/hardware 700 of a
GPS processing system of the preferred embodiment;

Figure 8 is a

low level flow diagram 800

illustrating the functioning of software in the GPS
processing system 700, as shown in Figure 7, of the

preferred embodiment;

Figure 9 is an intermediate level block
diagram illustrating the architecture/hardware 900 of

an MPS, which includes

in the preferred embodiment an

odometer 902 and an inertial reference unit (IRU) 904;

Figure 10 is an intermediate level block
diagram illustrating a vps architecture/hardware 1000
of a VPS in the preferred embodiment;

Figure 11 is a low level block diagram 1100
of the VPS architecture 1000 of Figure 10;

Figure 12 is an intermediate level block
diagram 1200 of a VPS main (I/0) processor 1002 of

Figure 10 showing a VPS
weighted combiner 1200;
Figure 123 is

Kalman filter 1202 and a

a high level block diagram of

a super Kalman filter 1200A of the preferred

‘embodiment;

"
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Figure 13 is a flowchart 1300 of the
constellation effects method for improving the
accuracy of first position estimates in the preferred
embodiment of the present invention;

5 Figure 14 is a polar plot 1400 on a
coordinate system 1402 illustrating a set of computed
estimated pseudoranges 1404, 1406, 1408, and 1410
pertaining to a GPS satellite constellation of four
GPS satellites (not shown), wherein a shaded region

10 1412 shows the possible position estimate of a vehicle
when the GPS satellites (not shown) giving rise to
pseudoranges 1406 and 1408 are consulted; '

Figure 15 is a flowchart 1500 of an original
bias technique of the preferred embodiment;

15 Figure 16 is a flowchart 1600 of a parabolic
bias technique of the preferred embodiment;

Figure 17 is a flowchart 1700 of a base
residuals bias technique of the preferred embodiment;

Figure 17A is a flowchart 1700A of a base

20 correlator bias technique of the preferred embodiment;

Figure 18 is a flowchart 1800 of a method in
the preferred embodiment for the prediction of future
satellite positions;

Figure 19 is a flowchart 1900 of a weighted

25  path history technique of the present invention;

Figure 20 is a high level graphical
representation 2000 of first position estimates of the
vehicle 102 wherein the weighted path history method
illustrated in Figure 19 would eliminate a first

30 position estimate 2010 because of its extreme
inconsistency with the vehicle path;

Figure 20A illustrates a high level
flowchart 2000A of a method for implementing the
weighted path history technique as disclosed in

35 Figures 19 and 20;
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Figure 21 is a flowchart 2100 of an anti-
selective availability technique of the present
invention;

Figure 22 is a diagram 2200 of vehicle route

5 definitions using nodes and segments according to the
present invention;

Figure 23 is a diagrammatical representation
2300 of how postures and associated circles are

~ obtained from objective points;
10 Figure 24 is a diagram 2400 of how the sign
of a first clothoid segment is determined;

Figure 25 is a diagram 2500 of how the sign
of a last clothoid segment is determined;

Figure 26 is a graphical illustration 2600

15 of a clothoid curve;

Figure 27 is a flowchart 2700 of a numerical
method for calculating approximate Fresnel integrals;

Figure 28 is a diagram 2800 showing the
replanning of a path;

20 Figure 29 is a graph 2900 of B-spline curves
of second third, and fourth order;

Figure 30 is a diagram 3000 of an embodiment
of the posture ring buffer of the present invention;

Figure 31 is a high level block diagram 3100

25 of a path tracking control architecture/hardware of
the preferred embodiment the Present invention;
Figure 32 is a diagram 3200 showing relevant
postures in steering planning cycle;
Figure 33 is a diagram 3300 showing how an
30 error vector including curvature is computed;

Figure 34 is a diagram 3400 showing how an
error vector including curvature is computed with the
vehicle path included;

Figure 35 is a context diagram 3500 of the

35 navigator 406 of the present invention;

(o
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Figure 36 is a context diagram 3600 of a
path tracking structure of the present invention;
Figures 37A-37D are data flow summaries
: 3700A-3700D, respectively, of the navigator 406;
5 Figure 38A is an illustration 3800B of a
vehicle mounted scanner 404;
Figure 38B is an illustration 3800B of an
autonomous vehicle scanning 102 for an obstacle 4002;
Figure 39 is a diagram 3900 of selected scan
10 l1ines 3904 and 3906 in a laser scanner system of the
present invention;
Figure 40 is a diagram 4000 of an autonomous
vehicle 102 avoiding cbstacles 4002;
Figure 41 is a diagram 4100 of obstacle
15 handling according to the preferred embodiment of the
present invention;
Figure 42 is an intermediate level block
diagram 4200 of a laser scanner system used for
obstacle detection in the preferred embodiment of the

20 present invention;
Figure 43 is a an intermediate level block

diagram 4300 of a control system for an autonomous
mining vehicle of the present invention;
Figure 44 is a state diagram 4400 showing
25 the transitions between modes of operation of the
control system of Figure 43;
Figure 45 is a high level block diagram 4500
of a tele-line of sight remote control systen of the

preferred embodiment;

: 30 Figure 46 is a high level block diagram 4600
of a speed control 4304 of the preferred embodiment;

: Figure 47 is a high level block diagram 4700
of a service brakes control circuit of the speed
control 4304 of the preferred embodiment;

35

——_
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Figure 48 is a high level block diagram 4800
of a governor control circuit of the speeqd control
4304 of the preferred embodiment;

Figure 49 is a high level block diagram 4900
of a steering control circuit 4306 of the Steering
control system of the preferred embodiment of the
pPresent invention;

Figure 50 is a high level bilock diagram 5000
of a park brake control circuit in the speed control
4304 of the present invention;

Figure 51 is a high level bilock diagram 5100
of a tricycle steering model used to develop a
navigation system of the Present invention;

Figure 52 is ap intermediate level block
diagram 5200 showing an embodiment of shutdown

- circuit of the Present invention;

Figure 53 is a 1ow level communicationg
diagram 5300 showing tasks of a navigator 406;

Figure 54 is anp intermediate level
communications diagram 5400 showing an embodiment of
navigator sharegd memory of a navigator 406;

Figure 55 js a high level executive

flowcharts 5600A~5600D of respective Figures 56A-56D;

Figures s56a-5¢p are low level executive
flowcharts 5600a~5600D, respectively, of the high
level executive flowchart 5500;

Figures 57a-57R are respective low level
flowcharts 5700A-5700R, each showing "act opn blocks s
of the executive flowcharts 5600A—5600D;

Figure 58 is a high level flowchart 5800 of
the interrelation of respective Figures 58A-58C; and
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Figures 58A-58C are respective low level
flowcharts 5800A-5800C showing the "act on state"
block 5510 in each of the executive flowcharts 5700A-

57000Q.
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Detailed Description of the Preferred Embodiment
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I. Definitions
The following alphabetical listing of
definitions is provided to promote a better *

understanding of the present invention disclosed

(1) "Absolute position" in the context of this
document refers to a position relative to the center
of the Earth. Generally, an absolute Position will pe
in reference to a vehicle or the base station, both on
Or near the Earth’s surface. First, Second, and thirg

(2) mactual pPseudorange" means an approximation of
the distance between (1) a reference point and (2) a

Pseudolites. Actual Pseudoranges can be readily

calculated by multiplying the calculated time delays
by the speed of light, or 2.9979245898 * 108 p/g.

(3) "Anti-selective availability“ refers to g *
method/technique/process for detecting and
compensating for Corrupted GPS data in the : *

Coarse/acquisition (C/A) mode of modulation.

(4) "Autonomous" jg used in this document in its
conventional sense. It indicates Operation which is
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either completely automatic or substantially automatic
or without significant human involvement in the
operation. Generally, an autonomous vehicle means an
unmanned vehicle in operation, or a vehicle in

5 operation without a human pilot or co-pilot. However,
an autonomous vehicle may be driven or otherwise
operated automatically and also have a human

passenger (s) as well.

10 (5) "Base correlator bias" means a spatial bias
derived in accord with the flowchart 1700A of Figure
17A.

(6) "Base correlator bias technique" means a
15 method/process for computing base correlator biases.

(7) "Base estimated position" or "BEP" refers to the
relative position of the base station with respect to
a vehicle. The BEP is used in the base correlator

20 bias technique of Part II.F.2.d. of this document.

(8) "Base known position" or "BKP" is the absolute
position of the base station (used as a reference
point) which is known. The BKP can be an estimate
25 itself, derived from any accurate positioning system.
The BKP is assumed to be a more accurate estimate of
the base station’s absolute position than any other

position estimate.

30 (9) "Base position estimate" means the absolute
position estimate of the base station as derived from
the GPS processing system within the host processing
system. The base position estimate is substantially
similar to the first position estimate derived by the

35 GPS processing system at the vehicle. The base
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position estimate is computed in the base residuals
bias technique at Part II.F.2.c. of this document.

(10) "Base residuals bias" means a spatial bias which

5 is the effective difference in the base known position
(BKP) of the base station and the position estimate of
the base station which is computed by the host
processing system.

10 (11) "Base residuals bias technique" refers to a
method for deriving base residuals biases.

(12) "Bias" refers to a differential between two
measurements, usually position estimates (spatial

15 bias) or clock rates (clock bias). Because one
measurement is usually known to be more accurate than

another, the bias is oftentimes referred to as an
"error."

20 (13) "Clock bias" means the difference in the clock
times between (1) the transmission circuitry of GPS
satellites and/or pseudolites and (2) the reception
circuitry of an Earth receiver. When using a clock
bias in the computation of a spatial bias, the clock

25 bias is multiplied by the speed of light, or 2.998 *
108 meters per second. Consequently, the clock bias
is transformed into units of length.

(14) "Constellation" refers to a group comprised of

30 GPS satellites and/or pseudolites whose signals are
utilized to derive an absolute position estimate of a
point on or near the Earth’s surface. See "optimal
constellation" below.

35
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(15) "Constellation effects method" means a technique
or process by which an optimal constellation of GPS
satellites is selected from a larger group of GPS
satellites in view of a vehicle.

5
(16) "Data radio" refers to a transmitter, receiver,
transceiver, or any combination thereof, for
communicating data at radio frequencies (RF).

10 (17) "Earth receiver" refers to any apparatus or

device, or any part thereof, which receives and

processes signals from a GPS and/or pseudolites.

Earth receivers may be situated on or near the Earth’s

surface. Moreover, earth receivers may take the form
15 of, for example, a vehicle or a base station.

(18) "Estimated pseudorange" refers to an
approximation of the distance between (1) a reference
point and (2) a source of a terrestrial position

20 determination system. In this document, actual
pseudoranges usually refers to an approximation of the
distance between (1) an Earth receiver and (2) GPS
satellites and/or pseudolites. Estimated pseudoranges
are computed from GPS data encoded on the

25 electromagnetic signals being transmitted from the GPS
satellites and/or the pseudolites. Almanac equations
for computing estimated pseudoranges from the GPS data
of the NAVSTAR GPS are publicly available.

30 (19) "First position estimate" or "FPE" or "FPE(i)"
refers to an estimated absolute position of any
vehicle which is outputted, in any form, from the GPS.
The first position estimate and a second position
estimate are independently derived in the present

35 invention. Subsequently, these estimates are combined
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and filtered to derive a third position estimate.
Consequently, the accuracy of the first pesition

estimate affects the accuracy of the third position 1
estimate.

(my

(20) "GLONASS GPS" refers to the GPS which has been

designed and which is currently being deployed by the
U.S.S.R.

10 (21) "Global positioning system" or "gpsg® is a type
of terrestrial position determination system. 1In a
GPS, a number of satellites are placed in orbit around
the planet Earth. The GPS satellites are designed to
transmit electromagnetic signals. From these

15 electromagnetic signals, the absolute, terrestrial
position (position with respect to the Earth’s center)
of any receiver at or near the Earth’s surface can
ultimately be determined. The U.S. government has
designated its GPS the "NAVSTAR." The government of

20 the U.S.S.R. has designated its GPS the "GLONASS."

(22) "GPS data" means all data encoded on signals
transmitted from GPS satellites of a GPS. GPS data
includes, for example, ephemeris data and time data.
25
(23) wGps Processing system" refers to the system of
the present invention for receiving signals from a
terrestrial position determination system ang for
deriving first position estimates of vehicles from the
30 received signals. In the preferred embodiment, the
GPS processing system receives electromagnetic signals
from GPS satellites of a GPS and/or from pseudolites.

(24) "Host processing system" refers to a computer
35 system which is operating at the base station for
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'performing methods and techniques which increase the
accuracy of position estimates of vehicles. Data
derived from these methods and techniques is
transmitted to vehicles so that the vehicles can use

5 the data when computing first, second, and third
position estimates. In the preferred embodiment, the
architecture/hardware of the host processing system is
substantially similar to the architecture/hardware of
the VPS.

10
(25) "Inertial reference unit" or "IRU" refers to a
system, usually on-board a vehicle, for aiding in the
derivation of a second position estimate of the
vehicle. An IRU obtains specific-force measurements

15 from accelerometers in a reference coordinate frame
which is stabilized by gyroscopes, or gyros. An IRU
can be of a laser type or a mechanical type. 1In an
unaided navigation system using an IRU, the specific
force (corrected for the effects of the Earth’s

20 gravity) as measured by an accelerometer is integrated
into a navigation mathematical equation to produce the
vehicle’s position and velocity. In the preferred
embodiment, the IRU is part of the MPS.

25 (26) "Kalman filter" is used in its conventional
sense. It refers to a software program for filtering
out noise or errors in data. In the preferred
embodiment, a GPS Kalman filter is utilized to filter
out noise or errors in the GPS processing system in

30 order to enhance the accuracy of first position
estimates. Also, a VPS Kalman filter is utilized to
filter out noise in the VPS in order to enhance the

accuracy of second position estimates.

35
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(27) "Motion positioning system" or "Mpg" means a
sSystem comprising at least an IRU and a vehicle
odometer. 1In the preferred embodiment, the MPS
derives the second position estimate of any vehicle on
or near the Earth’s surface. Moreover, an MPS need
not be present at the base station due to its
stationary nature.

(28) "Optimal constellation" means a satellite
constellation in which the relative positions of the
GPS satellites in space affords superior triangulation
capabilities in order to derive the most accurate
estimate of a point on or near the Earth’s surface.

(29) "original bias" means a spatial bias calculated
by subtracting both estimated pseudoranges and clock
biases (in units of length) from actual pseudoranges.
Clock biases are transformed into units of length by
multiplying them by the speed of light, or
2.9979245898 * 10° meters per second.

(30) “Original bias technique" is a method for
computing original biases.

(31) "NAVSTAR GPS" means the GPS which has been
designed and which is currently being deployed by the
U.S. government.

(32) "Navigation system" refers to any systems and/or
methods for guiding any vehicle on or near the Earth’s
surface. The navigation system can be on-board a
vehicle. The VPS of the present invention can supply
the navigation system of the vehicle with a very
accurate, third position estimate of the vehicle so

72
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that the navigation system can thereby precisely guide
the vehicle.

(33) "Parabolic bias" is a spatial bias computed by

5 constructing parabolic models for the actual
pseudoranges of each observed GPS satellite and
extrapolating values from the parabolic models. 1In
the preferred embodiment, the parabolic biases are the
actual pseudoranges minus the value extrapolated from

10 the constructed parabolic models and minus the clock
biases (in units of length, via multiplying by the
speed of light).

(34) "Parabolic bias technique" is a method for
15 computing parabolic biases for each of the GPS
satellites that are utilized.

(35) "Preferred embodiment" refers to the best mode
of implementing the present invention. The preferred

20 embodiment is merely exemplary. The present invention
should not be interpreted as being limited by the
preferred embodiment.

(36) "Pseudolite" refers to a radiating system on or
25 near the Earth’s surface for emulating a GPS
satellite. 1In the preferred embodiment,
electromagnetic signals, similar to those from GPS
satellites, are transmitted from land-based
pseudolites. One or more pseudolites can be used to
30 emulate GPS satellites to enhance the computation of

first position estimates.

(37) "Pseudolite data" means all data encoded on
signals received from pseudolites. Pseudolite data

35
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resembles GPS data in many respects and includes
similar information.

(38) "Pseudorange" means the distance between a

5 source of a terrestrial position determination system
and a point on or near the Earth’s surface. In the
preferred embodiment, sources can be GPS satellites
and/or pseudolites. The terrestrial position
determination system can be a GPS used with

10 pseudolites, if any. Further, the point on or near
the Earth’s surface can be the base station and/or
vehicles.

(39) "Satellite position predictor" is a method for

15 determining the future positions of GPS satellites.
The method allows for the selection of optimal
constellations ahead of time.

(40) "Second position estimate" or "Spgm refers to an
20 estimated absolute position of any vehicle which is

outputted, in any form, from the MPS. Second position

estimates include at least position information from

an IRU. The second position estimate could include

position information from a vehicle odometer situated
25 on a vehicle.

(41) "“spatial bias" refers to a bias related to
approximations of positions in two-dimensional or
three-dimensional space. Spatial biases are used to

30 offset a position estimate to enhance the accuracy of
the position estimate. Spatial biases can be computed
by a number of different methods of the present
invention. Included in these methods are, for
example, an original bias technique 1500 (Part

35 II.F.2.a.), a parabolic bias technique 1600 (Part

Volkswagen Exhibit 1011, Page 34 of 383



WO 91/09275 PCT/US90/07183

-33~

II.F.2.b.), a base residuals bias technique 1700 (Part
II.F.2.c.), and a base correlator bias technique 1700A
(Part II.F.2.d.).

5 (42) "System" is used for shorthand purposes to mean
apparatus, method, or a combination of both apparatus
and method. Moreover, it could include software,
hardware, or a combination of hardware and software.

10 (43) "Position determination system" means any system
having sources which emanate signals which can be used
by a receiver of the signals to estimate the relative
distance between the sources and the receiver. The
signals may be in the form of, for example,

15 electromagnetic waves, percussion waves, and/or sound

waves.

(44) "Terrestrial position determination system"
means any position determination system which can be

20 used to ultimately estimate the terrestrial position
of an Earth receiver. The signals may be in the form
of, for example, electromagnetic waves, percussion
waves, and/or sound waves. In the preferred
embodiment, the terrestrial position determination

25 system is the NAVSTAR GPS.

(45) "Third position estimate" or "TPE" refers an
estimated absolute position of any vehicle that is
outputted, in any form, from the VPS. Third position

30 estimates are more accurate position estimates of
vehicle positions than the first and second position
estimates. Third position are derived by the VPS
processing system from the first and second position
estimates.

35
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{46) "Vehicle" means any carrier for the
transportation of physical things. Vehicles may take
the form of mining trucks, construction trucks, farm
tractors, automobiles, ships, boats, trains, balloons,
missiles, or aircraft. 1In the preferred embodiment, a
Caterpillar Inc. 785 off-highway truck is utilized.

(47) "Vehicle positioning system" or "ypgw refers to
the system of the present invention for deriving
position estimates of any vehicle. The position
estimates from the VPS are extremely accurate and can
be used by a navigation system on any vehicle to
accurately guide the vehicle. In the preferred
embodiment, position estimates from the VPS are
referred to as third position estimates.

(48) "vps processing system" means the processing
system of the VPS. The VPS Processing system derives
third position estimates from the first and second
position estimates. The architecture is depicted in
Figures 10 and 11.

(49) "Weighted combiner" refers to a particular
software program which pbrocesses data. Inputted data
is assigned a predetermined weighing factor based on
the estimated accuracy of the data and the technique
used to gather the data. For example, in the
preferred embodiment, the first position estimate of
the GPS signal 716 is weighted heavier than the second
position estimate of the IRU signal 910 because the
former is inherently more accurate. Furthermore, the
velocity measured by the IRU can be weighted heavier
than the velocity measured by the GPs processing
system because the former is more accurate. 1In the
preferred embodiment, the velocity measured by the GPs

3

4
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processing system is not used at all, but could be

used in other implementations.

(50) "Weighted path history technique" is a method or

5 process for increasing the accuracy of first position
estimates outputted from the GPS proceséing system.
The technique uses previous first position estimates
to derive a vehicle path model for testing the
validity of future first position estimates. Use of

10 the weighted path history technique results in a
reduction to wandering of first position estimates and
in enhanced immunities to spurious position

computations.

15 II. General Overview
Figure 1 illustrates a high level block

diagram 100 of the preferred embodiment of the present
invention. To provide for the accurate autonomous
operation of a vehicle 102 on or near the Earth’s

20 surface, the present invention includes both a vehicle
positioning system (VPS) 1000 and a navigation system
1022. Both of these systems include apparatus,
methods, and techniques which, when integrated
together, provide for highly accurate control of

25 unmanned vehicles.

A. Vehicle Positioning System (VPS)

The task of guiding the autonomous vehicle
102 along a prescribed path requires, among other
30 things, an accurate estimate of the vehicle’s current
position relative to some reference point. Once the
current position is known, the vehicle 102 can be
commanded to proceed to its next destination.
Using the VPS 1000 of the present invention,
35 position estimates of the vehicle 102 can be
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determined with extreme preciseness. The VPS 1000
receives GPS data from GPS satellites 104 of a GPS,
such as the NAVSTAR GPS or the GLONASS GPS.

In the preferred embodiment, the NAVSTAR GPS
is utilized. Figure 1A illustrates the NAVSTAR GPS.
GPS satellites 130-168 travel around the Earth 172 in
six orbits 174-184.

Referring back to Figure 1, the VPS 1000
also may receive pseudolite data from a pseudolite(s)
105. The term "pseudolite" in the context of this
document means a radiating device on or near the
Earth’s surface for emulating a GPS satellite.

From the GPS data and/or the pseudolite
data, the VPS 1000 derives accurate estimates of
position of the vehicle 102. The GPS data and/or the
pseudolite data is significantly enhanced via numerous
inventive techniques and methods of the pPresent
invention to enhance the accuracy of vehicle position
estimates.

More specifically, the VPS 1000 of the
preferred embodiment is a positioning system based on
the incorporation of GPS data from the NAVSTAR GPS 104
and from a motion positioning system 900. In the
preferred embodiment, the motion positioning system
900 comprises an inertial reference unit (IRU) 904
and/or a vehicle odometer 902. The IRU 904 comprises
a laser gyroscope(s) 106 and an accelerometer(s) 108
which can be used to pProduce position, velocity, roll,
pitch and yaw data. The vehicle odometer 902 produces
data on the distance travelled by the vehicle 102.

A first position estimate of the vehicle 102
is derived by the GPS processing system 700 from Gps
data received from the GPS satellites 104 and from the
pseudolite data received from the pseudolite(s) 10s.
To increase the accuracy of the first position
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estimate the present invention implements a number of
methods discussed in detail below. In addition, a
second position estimate is derived by the MPS
intercommunications processor 906 of the motion

5 positioning system 900, which comprises the IRU 904
and/or the vehicle odometer 902.

As shown by respective arrows 112 and 114,
the first position estimate and the second position
estimate are then combined and filtered by a VPS

10 processing system 116. The result as shown by an
output arrow 118 is a more accurate, third position

estimate.

B. Navigation System
15 The navigation system 1022 receives the

third position estimate from the VPS 1000. The
navigation system 1022 uses the precise, third
position estimate to accurately navigate the vehicle
102. A primary purpose of the navigation system 1022
20 is to guide the vehicle 102 between points along
pre~established or dynamically-generated paths.

In the preferred embodiment, the navigation
system 1022 is situated on the vehicle 102 itself. 1In
other words, it is essentially an "on-board" system.

25 Moreover, the navigation system 1022 may be designed
to be retro-fitted into the vehicle 102.

So that the navigation system 1022 can guide
the vehicle 102 to follow the pre~established or
dynamically-generated paths, various models or

30 conceptual representations are generated and utilized.
For example, lines and arcs may be used to establish
vehicle paths between objective points. Mathematical
B-splines or clothoid curves may be used to model the
actual path where the vehicle 102 is to navigate.

35
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These mathematical curves will be discussed in detail
later in this document.

Using the above modelling or
representational techniques provides for enhanced data
communications, storage, and handling of the vehicle
102. The techniques further allow for simplification
of supervisory tasks by providing a hierarchy of
control and communication. The higher that a level of
control exists on the hierarchical control scheme, the
simpler the task and the more compact the commands.

The navigation system 1022 further provides
for controlling the vehicle’s mechanical systems, such
as brakes, steering, and engine and transmission, to
effect the necessary physical acts required to move,
stop, and steer the vehicle 102.

The navigation system 1022 also checks the
actual position of the vehicle 102 against the desired
position to correct vehicle control in accord with the
desired position. The navigation system 1022 may run
multi-state models to enhance this checking
capability. The navigation system 1022 also checks
for errors or failures in the system itself and
vehicle components. If errors or failures are
detected, the navigation system 1022 can provide for
fail-safe shutdown by bringing the vehicle 102 to a
complete stop.

The navigation system 1022 further provides
for different modes of controlling the vehicle 102.
These include (1) a fully autonomous mode, where
navigation of the vehicle 102 is automatically handled
by the navigation system 1022; (2) a tele or remote
control mode, where a remote human operator (not
shown) may control the direction and motion, and so
on, of the vehicle 102; and (3) a manual mode, where a

L
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human operator sitting in the vehicle 102 can take
control of the vehicle 102 and drive it manually.

In the autonomous mode, obstacle detection
is critical because if the vehicle 102 is not under

5 control, then it could cause great damage to property
and great injury to life. The navigation system 1022
can efficiently detect obstacles. Boulders, animals,
people, trees, or other obstructions may enter the
path of the vehicle 102 unexpectedly. The navigation

10 system 102 is capable of detecting these obstacles,
either stopping or plotting a path around the
obstruction, and returning the vehicle 102 to its
original route when the route is deemed safe.

Accurately tracking the desired route is

15 another function of the navigation system 1022. The
functioning and architecture of the navigation system
1022 has been designed for real time tracking of
vehicle paths at speeds of up to approximately 30
miles per hour (mph).

20
C. Base Station

The present invention can comprise a host
processing system 186 at a base station 188. The host
processing system 186 performs functions for both the

25 VPS 1000 and the navigation system 1022.

With respect to the VPS 1000, the host
processing system 186 receives GPS data and/or
pseudolite data, as shown by respective arrows 190 and
192. 1In effect, the host processing system 186 as

30 well as the base station 188 can serve as a known
reference point to improve the accuracy of vehicle
position estimates as discussed in detail below.

The host processing system 186 implements a
number of methods for increasing the accuracy of

35 vehicle position estimates. The satellite position
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predictor method 1800 (Part II.G.) discussed above is
also implemented by the host processing system 186.
The host processing system 186 will recognize the same
satellite constellation that is observed by the

5 vehicle 102.

Calculations are performed on the GPS data
and/or pseudolite data to derive biases. The term
"bias" in the context of this document refers to a
differential between two measurements, usually

10 position estimates (spatial bias) or clock rates
(clock bias). Because one measurement is usually
known to be more accurate than another, the bias is
oftentimes referred to as an "error."

To compute spatial biases, the host

15 processing system 186 implements a number of methods.
Included in these methods are, for example, an
original bias technique 1500 (Part II.F.2.a.), a
parabolic bias technique 1600 (Part II.F.2.b.), a base
residuals bias technique 1700 (Part II.F.2.c.), and a

20 base correlator bias technique 1700A (Part II.F.2.d.).

The foregoing differential correction
techniques compensate for data errors. In other
words, the biases computed at the host processing
system 186 are indicative of data errors. As shown by

25 an arrow 194, the biases are transmitted to the GPS
processing system 700 of the vehicle 102. The GPS
processing system 700 uses these biases to eliminate
errors in vehicle position estimates.

The host processing system 186 further

30 provides functions relating to the navigation system
1022 of the present invention. The host pProcessing
system 186 serves as the highest level of control of
the navigation system 1022, as indicated by an arrow
196. It handles scheduling and dispatching of the

35 ~ vehicle 102 with much the same results as a human
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dispatcher would achieve. Consequently, the host
processing system 186 can thereby determine the work
cycle of the vehicle 102.
The host processing system 186 commands the
5 vehicle 102 to proceed from a current position to a
future position via a specified route, so that the
vehicle 102 may accomplish its work goals. The host
processing system 186 can specify the vehicle routes
by name, rather than by listing each point along the
10 route, as is the case conventionally. Accordingly,
the vehicle’s on-board navigation system 1022 looks up
the named vehicle route and translates the named
vehicle route into sets of nodes and segments along
the named vehicle route.
15
ITI Vehicle Positioning System
A. Ooverview
The following discussion relative to the VPS
1000 will make specific reference to Figures 7 through
20 21. Figures 10 and 11 show the architecture/hardware
of the VPS 1000. The VPS 1000 is a highly accurate
position determination system for a moving or
stationary vehicle 102 on or near the Earth’s surface.
Recall that the VPS 1000 includes the GPS
25 processing system 700 and the MPS 900, which are shown
in respective Figures 7 and 9. Further recall that
the MPS 900 includes the IRU 904 and the vehicle
odometer 902, which are both shown in Figure 9. 1In
effect, these systems have been enhanced and
30 integrated by the present invention to produce a
highly effective position determining system.
Referring to Figure 7, the GPS processing
system 700 includes an antenna 702 connected to a GPS
receiver 706. When the GPS satellites 104 in view of
35 antenna 702 comprise multiple GPS satellites 200-206
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as shown in Figures 2 and 3, the GPS receiver 706
reads each of their GPS data along with any pseudolite
data from any pseudolite(s) 105 in view of antenna
702. In the preferred embodiment, the GPS receiver

5 706 is responsible for computing the first position
estimate of the vehicle 102 from the GPS data and/or
the pseudolite data.

To increase the accuracy of the first

position method, a satellite position predictor method

10 1800 (Part II.G.) is implemented by a GPS processor
710 of the GPS processing system 700. The satellite
position predictor method 1800 predicts the position
of any GPS satellite at the current time or any future
time.

15 Using the satellite position information,
the GPs processing system 700 can determine the
optimum GPS satellite constellation to recognize by
using a constellation effects method 1300 (Part
II.F.). The constellation effects method 1300 is also

20 implemented by the GPS processor 710 in the preferred
embodiment. Pursuant to the constellation effects
method 1300, a best constellation is selected from the
data sources comprising the GPS satellites 200-206 and
pseudolite(s) 105.

25 The GPS processor 706 computes a first
position estimate of the vehicle 102 based on the best
constellation and geometry/triangulation methods. The
accuracy of the first position estimate is, in part,
dependent on the number of GPS satellites used in the

30 computation. Each additional GPS satellite used can
increase the accuracy oI the first position estimate.
After the compuvation, the first position estimate of
the vehicle 102 is transmitted to a VPS main processor
1002 of Figure 10.

35
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Referring to Figure 9, the IRU 904 comprises
laser gyroscopes and accelerometers which produce
position, velocity, roll, pitch, and yaw data. The
IRU 904 combines this information into a second

5 position estimate of the vehicle 102. The odometer
902 can be implemented to measure the distance
traveled by the vehicle 102. The data from the IRU
904 and the odometer 902 is also transmitted via the
MPS intercommunications processor 906 to the VPS main

10 processor 1002, as shown in Figure 10.

The VPS main processor 1002 combines the
second position estimate from the MPS 900 (the IRU 904
and perhaps the odometer 902) with the first position
estimate from the GPS processing system 700 to produce

15 a more accurate third positién estimate.

The VPS 1000 further implements a method of
eliminating erratic or spurious, third position
estimates which can cause vehicle "wandering." This
method is called the weighted path history method

20 (Part II.H.). Essentially, the path history of the
vehicle 102 is used to statistically determine the
accuracy of future estimates of the vehicle 102’s
position.

Referring now to Figures 1 and 3, a base

25 station 188 provides a geographic proximate reference
point for the VPS 1000. The base station 188 includes
a host processing system 186. 1In the preferred
embodiment, the host processing system 186 comprises
similar a similar architecture and performs the same

30 functions as the GPS processing system 700. However,
the host processing system 700 performs additional
functions for increasing the accuracy of first
position estimates.

The satellite position predictor method 1800

35 (Part II.G.) is implemented by the host processing

[y
s
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system 186, in addition to the GPs processing system
700 as discussed above. Accordingly, the host
processing system 186 will recognize the same GPS
satellite constellation that is observed by the

5 vehicle 102 or include the same GPS satellite in a
larger constellation.

Calculations are performed on the GPS data
and/or pseudolite data to derive biases, including
spatial biases and clock biases. To compute spatial

10 biases, the host processing system 186 implements a
number of methods. Figure 15 discloses an original
bias technique 1500 (Part II.F.2.a.). Figure 16
discloses a parabolic bias technique 1600 (Part
II.F.2.b.). Figure 17 discloses a base residuals bias

15 technique 1700 (Part II.F.2.c.). Figure 17A discloses
a base correlator bias technique 1700A (Part
II.F.2.d.).

As shown by an arrow 194, the spatial and

clock biases are transmitted to the GPS processing

20 system 700 of the vehicle 102. The GPS processing

system 700 uses these biases to eliminate errors in
vehicle position estimates.

B. GPS Processing System
25 The GPS processing system 700 utilizes

vehicle position data from a terrestrial position
determination system to derive the first position
estimate of the vehicle 102. In the preferred
embodiment, the terrestrial position determination

30 system comprises the NAVSTAR GPS, which is currently
being developed by the U.S. government, and/or Earth-
based pseudolites.

35
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1. NAVSTAR GPS

As shown in Figure 1A, 24 man-made
electronic GPS satellites 132-170 in six orbits
174-184 are currently envisioned for the NAVSTAR GPS.
They are planned for deployment by 1993. As currently
envisioned, the GPS satellites 132-170 will orbit the
Earth 172 at an altitude of approximately 14,000 miles
and encircle the globe twice a day. Using the C mode
of the NAVSTAR GPS, as will be discussed below, it
will be possible to determine terrestrial positions
within 15 meters in any weather, any time, and most
areas of the Earth 172.

As of the date of the filing of this
document, there are known to be six experimental and
seven operational GPS satellites in orbit around the
Earth 172. Further, several manufacturers are known
to be designing and building GPS receivers, such as
the GPS receiver 706 of Figure 7. As more and more
GPS satellites are deployed and operational, the time
periods increase when three or more of the
experimental GPS satellites are available each day for
position tracking.

Moreover, the location of the experimental
GPS satellites (and all others once deployed) is very
predictable. The relative position, or
"pseudorange," of these GPS satellites with respect to
the GPS receiver 706 on the vehicle 102 can be
determined from the electromagnetic signals by two
methods.

One method is to measure the propagation
time delays between transmission and reception of the
emanating electromagnetic signals. In the NAVSTAR
GPS, the electromagnetic signals are encoded
continuously with the time at which the signals are
transmitted from the GPS satellites. Needless to say,
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one can make note of the reception time and subtract
the encoded transmission time in order to derive time
delays. From the calculated time delays and from
knowing the speed at which electromagnetic waves

5 travel through the atmosphere, pseudoranges can be
accurately derived. Pseudoranges computed using the
foregoing method are referred to in the context of
this document as "actual" pseudoranges.

Another method involves satellite position

10 data that is encoded in the electromagnetic signals
being transmitted from the orbiting GPS satellites.
Almanac data relating to the GPS satellite position
data of the NAVSTAR GPS is publicly available.
Reference to this almanac data in regard to data

15 encoded in the electromagnetic signals allows for an
accurate derivation of pseudoranges if the receiver
location is known. Pseudoranges computed using the
foregoing method are referred to in the context of
this document as "estimated" pseudoranges.

20 However, with respect to the previous method
of deriving estimated pseudoranges, it should be noted
that the satellite position data is updated at the GPS
satellite only once an hour on the hour.

Consequently, an estimated pseudorange decreases in

25 accuracy over time after each hour until the next
hour, when a new estimated pseudorange is computed
using updated satellite position data.

Reference is again made to Figure 1A of the
drawings wherein the configuration of the fully-

30 operational NAVSTAR GPS is schematically illustrated.
Each of the 24 GPS satellites 132-170 transmits
electromagnetic signals which can be used to determine
the absolute terrestrial position (that is, longitude,
latitude, and altitude with respect to the Earth 172’s

35 center) of the vehicle 102.
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Specifically, by knowing the relative
position of at least three of the orbiting GPS
satellites 132-170, the absolute terrestrial position
of the vehicle 102 can be computed via simple

5 geometric theory involving triangulation methods. The
accuracy of the terrestrial position estimate depends
in part on the number of orbiting GPS satellites
132-170 that are sampled by the vehicle 102. The
sampling of more GPS satellites 132-170 in the

10 computation increases the accuracy of the terrestrial
position estimate. Conventionally, four GPS
satellites, instead of three, are sampled to determine
each terrestrial position estimate because of errors
contributed by circuit clock differentials among the

15 circuitry of the vehicle 102 and the various GPS
satellites 132~-170.

In the NAVSTAR GPS, electromagnetic signals
are continuously transmitted from all of the GPS
satellites 132-170 at a single carrier frequency.

20 However, each of the GPS satellites 132-170 has a
different modulation scheme, thereby allowing for
differentiation of the electromagnetic signals. 1In
the NAVSTAR GPS, the carrier frequency is modulated
using a pseudorandom binary code signal (data bit

25 stream) which is unique to each GPS satellite. The
pseudorandom binary code signal is used to biphase
modulate the carrier frequency. Consequently, the
orbiting GPS satellites in the NAVSTAR GPS can be
identified when the carrier frequencies are

30 demodulated.

Furthermore, the NAVSTAR GPS envisions two
modes of modulating the carrier wave using
pseudorandom number (PRN) signals. In one mode,
referred to as the "coarse/acquisition™ (C/A) mode,

35 the PRN signal is a gold code sequence having a chip
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rate of 1.023 MHz. The gold code sequence is a
well-known conventional pseudorandom sequence in the
art. A chip is one individual pulse of the

pseudorandom code. The chip rate of a pseudorandom

code sequence is the rate at which the chips in the
Sequence are generated. Consequently, the chip rate
is equal to the code repetition rate divided by the
number of members in the code. Accordingly, with
respect to the coarse/acquisition mode of the NAVSTAR
GPS, there exists 1,023 chips in each gold code
sequence and the sequence is repeated once every
millisecond. Use of the 1.023 MHz gold code sequence
from four orbiting GPS satellites enables the
terrestrial position of the vehicle 102 to be
determined to an approximate accuracy of within 60 to
300 meters.

The second mode of modulation in the NAVSTAR
GPS is commonly referred to as the "precise" or
"protected" (P) mode. 1In the P mode, the pseudorandom
code has a chip rate of 10.23 MHz. Moreover, the P
mode sequences that are extremely long, so that the
Sequences repeat no more than once per 276 days. As a
result, the terrestrial position of the vehicle 102
can be determined to within an approximate accuracy of
16 to 30 meters.

However, the P mode sequences are classified
and are not made publicly available by the United
States government. In other words, the P mode is
intended for use only by Earth receivers authorized by
the United States government.

In order for the Earth receivers to
differentiate the various C/A signals from the
different orbiting GPS satellites, Earth receivers
usually include a plurality of different gold code
sources for locally generating gold code sequences.

[
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Each locally-derived gold code sequence corresponds
with each unique gold code sequence from each of the
GPS satellites.
The locally-derived gold code sequences and
5 the transmitted gold code sequences are cross
correlated with each other over gold code sequence
intervals of one millisecond. The phase of the
locally-derived gold code sequences vary on a
chip-by-chip basis, and then within a chip, until the
10 maximum cross correlation function is obtained.
Because the cross correlation for two gold code
sequences having a length of 1,023 bits is
approximately 16 times as great as the cross
correlation function of any of the other combinations
15 of gold code sequences, it is relatively easy to lock
the locally derived gold code sequence onto the same
gold code sequence that was transmitted by one of the
GPS satellites.
The gold code sequences from at least four
20 of the GPS satellites in the field of view of an Earth
receiver are separated in this manner by using a
single channel that is sequentially responsive to each
of the locally-derived gold code sequences, or
alternatively, by using parallel channels that are
25 simultaneously responsive to the different gold code
sequences. After four locally-derived gold code
sequences are locked in phase with the gold code
sequences received from four GPS satellites in the
field of view of the Earth receiver, the relative
30 position of the Earth receiver can be determined to an
accuracy of approximately 60 to 300 meters.
The foregoing approximate accuracy of the
NAVSTAR GPS is affected by (1) the number of GPS
satellites transmitting signals to which the Earth
35 receiver is effectively responsive, (2) the variable
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amplitudes of the received signals, and (3) the
magnitude of the cross correlation peaks between the

received signals from the different GPS satellites. z
With reference to Figure 7, the cPs
5 pProcessing system 700 processes the GPS data from the ]

GPS satellites 132-170 and the pseudolite data from
any pseudolite(s) 105. Furthermore, the GPS receiver
706 decodes the C/a signals from the various GPS
satellites 132-170.

10 Figure 2 illustrates navigation equations
212 regarding four GPS satellites 200-~206 of the
NAVSTAR GPS. The four GPS satellites 200, 202, 204,
and 206 have respective pseudoranges RO, R2, R4, and
R6 and comprise the current constellation of Gps

15 satellites 132-170 recognized by the vehicle 102.

The navigation equations 212 include the
clock bias C, between the GPS satellites 200-206 and
the vehicle 102. The navigation equations 212 are
used to compute the longitude and latitude of the

20 vehicle 102 using the pseudoranges RO, R2, R4, and R6

As is shown in the description block 208,
each of the GPS satellites 200, 202, 204, and 206
transmits GPS data that includes timing data (GPs
time) and ephemeris data. Using the navigation

25 equations 212, which are well-known in the
conventional art and the foregoing timing data, the
pseudoranges RO, R2, R4, and R6 can be estimated
(called actual pseudoranges) by the GPS processing
system 700. Furthermore, using the foregoing

30 ephemeris data and almanac data on the Earth 172, the

' pseudoranges RO, R2, R4, and R6 can be estimated
(called estimated pseudoranges) by the GPS processing
system.

35
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2. Operation
Turning now to Figure 6, a representative

GPS constellation is shown in operation. Four GPS
satellites 200, 202, 204 and 206 are transmitting GPS

5 data. Both the vehicle 102 and the base station 188
are receiving these signals from each of these GPS
satellites 200, 202, 204, and 206 on their respective
GPS antennas 312 and 316. In the preferred
embodiment, both the C/A code and the carrier

10 frequency are received at GPS antennas 312 and 316 for
processing.

In addition to the four GPS satellites shown
in the Figure 6 is the pseudolite 105. The
pseudolite(s) 105 can be strategically placed around

15 the perimeter of any mine pit and can emulate the GPS
satellites 200, 202, 204, and 206 as shown in Figure
6. This arrangement can be extremely useful in
situations such as a mine pit, cavity, or the like, in
which mining vehicles may be out of view of one or

20 more of the GPS satellites 200, 202, 204, and 206,
because of topographic features such as high mine pit
walls. The ground—based pseudolite(s) 105 provides
additional ranging signals and can thus improve
availability and accuracy of the positioning

25 capability in the present invention.

The pseudolite(s) 105 is synchronized with
the GPS satellites 200, 202, 204, and 206 and has a
signal structure that, while different, is compatible
with the GPS satellites 200, 202, 204, and 206.

30 Moreover, the distance (range) between the vehicle 102
and the pseudolite(s) 105 is calculated similarly as
the distance between the vehicle 102 and one of GPS
satellites 200, 202, 204, and 206. With pseudolite(s)
105, the ranging error does not include selective

35 availability nor ionospheric errors. However, other
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errors must be accounted for such as tropospheric,
pseudolite clock error and multipath errors.

In a deep pit surface mining operation, the
view of the sky from a vehicle 102 in the mine can be
limited by the walls of the mine. Conseqguently, an
adequate number of GPS satellites may not be in view
for the GPS processing system 700 to properly derive a
first position estimate. In such a case in the

present invention, one or more pseudolites 105 can

serve as secondary sources. The pseudolite(s) can be
placed on the rim of the mine or elsewhere. The
pseudolite(s) 105 can be used by the vehicle 102 in
conjunction with any visible GPS satellites to obtain
accurate first position estimates.

It is also envisioned that other forms of
secondary sources could be implemented to aid GPS
satellites or to completely eliminate the need to
receive GPS data from the GPS satellites. Moreover, a
laser scanning technique may utilized to give
localized ranging data to the vehicle 102 from a
secondary reference source.

Communication channel 618 represents the
communications link between the base station 188 and
the vehicle 102. 1In the preferred embodiment, the
communication channel 618 comprises an electromagnetic
link established by data-radios 620 and 622 which are
transceivers. The communication channel 618 is used
to transfer data between the base station 188 and the
vehicle 102. It is envisioned that other forms of
communication media may be utilized. For example, a
laser scanning technique may utilized to convey
information from the base station 108 to the vehicle
102.

The data radios 620 and 622 are located at
the base station 188 and vehicle 102 respectively.

%
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The radios 620 and 622 are responsible for exchanging
data between the base station 188 and the vehicle 102.
The type of data exchanged will be discussed further
below.

5 A radio transceiver which functions
appropriately in the preferred embodiment as the data
radios 620 and 622 is commercially available from
Dataradio Ltd. of Montreal, Canada, Model Number
DR-4800BZ. '

10 Turning now to Figure 7, the preferred
embodiment of a GPS processing system 700 is shown.
The GPS processing system 700 on the vehicle 102
includes a GPS antenna 702. In the preferred
embodiment, the GPS antenna 702 is receptive to the

15 radio spectrum of electromagnetic radiation. However,
the present invention contemplates reception of any
signal by which GPS satellites 132-170 might encode
data. 1In the preferred embodiment, the GPS antenna
702 is the commercially available antenna having Model

20 No. CA3224 from Chu Associates Inc. of Littleton,
Massachusetts. 7

The GPS antenna 702 is coupled to a

preamplifier 704 so that the signals received at the
GPS antenna 702 can be transmitted to the

25 preamplifier 704. The term "couple" in the context of
this document means any system and method for
establishing communication. Coupling systems and
methods may include, for example, electronics, optics,
and/or sound techniques as well as any others not

30 expressly described herein. In the preferred
embodiment, coupling is commonly electronic and
adheres to any one of numerous industry standard
electronic interfaces.

The preamplifier 704 amplifies and down
35 converts the GPS data received from the GPS antenna
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702 so that the GPS data can be procassed, or decoded.
The present invention contemplates any method by which
the received signals can be amplified. In the
preferred embodiment, the preamplifier 704 is the

5 commercially available preamplifier having Model No.
5300, Series GPS RF/IF from Stanford
Telecommunications Inc. (STel) of santa Clara,
California. The preamplifier 704 is coupled to a GPS
receiver 706. The GPS receiver 706 processes the GPS

10 data sent from the GPS satellites 200, 202, 204, and
206 in view of the GPS antenna 702. The GPS receiver
706 computes actual pseudoranges for each of the GPS
satellites 200, 202, 204, and 206. Actual
pseudoranges are defined in this document as an

15 estimate of the pseudoranges RO, R2, R4, and R6 which
is derived from the time delay between the
transmission of electromagnetic signals from the GPS
satellites and the reception of the electromagnetic
signals by the GPS processing system 700. Moreover,

20 in the preferred embodiment, the GPS receiver 706 can
process in parallel all of the actual pseudoranges for
the GPS satellites 200, 202, 204, and 206.

In the preferred embodiment of the present

invention, the GPS receiver 706 produces this data

25  when four or more GPS satellites are visible. Using
the differential correction techniques described in
Part II.F.2. of this document, the GPS processing
system 700 can compute (at GPS processor 710) the
first position estimate with an accuracy of

30 approximately 25 meters when an optimal constellation
of four GPS satellites 200, 202, 204, and 206 is in
view. When an optimal constellation of five GPS
satellites (not shown) is in view, the GPS processing
system 700 of the preferred embodiment can compute the

35 first position estimate with an accuracy of
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approximately 15 meters. An "optimal" constellation

is one in which the relative positions of the GPS

satellites in space affords superior triangulation

capability, triangulation technology being well known
5 in the art.

In the preferred embodiment, the GPS
receiver 706 outputs actual pseudorahges and the
number of GPS satellites 132-170 currently being
sampled. In cases in which the number of GPS

10 satellites 132-170 viewed for a series of first
position estimates is less than four, the VPS weighted
combiner 1204 (see Figure 12 and discussion) in the
preferred embodiment does not use the first position
estimates received from the GPS processing system 700

15 (specifically, the GPS processor 710) in the
computation of the third position estimate.

In the preferred embodiment, the GPS
receiver 706 comprises a Model Number 5305-NSI
receiver, which is commercially available from

20 Stanford Telecommunications Inc. However, any
receiver which is capable of providing actual
pseudoranges and the number of sampled GPS satellites
may be utilized.

Because of the type of receiver used in the

25  preferred embodiment, the GPS receiver 706 is coupled
to a GPS intercommunication processor 708. In the
preferred embodiment, the intercommunication processor
708 is the commercially available 68000 microprocessor
from Motorola Inc., of Schaumburg, Illinois, U.S.A.

30 Any processor alone or in combination with the GPS
receiver 706 for accomplishing the same purpose as
described below may be utilized.

The GPS intercommunication processor 708 is
further coupled to a GPS processor 710 and a GPS

35 Console 1 712. The GPS intercommunication processor
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708 coordinates data exchange between these three
devices. Specifically, the GpPS intercommunication
processor 708 receives pseudorange data from the GPS
receiver 706 which it passes on to the GPS processor
710. The pseudorange data includes, for example, the
actual pseudoranges computed by the GPS receiver 706,
the number of GPS satellites 200, 202. 204, and 206
currently being viewed by the GPS receiver 706, and
other GPS data needed by the GPS processor 710 to
compute the estimated pseudoranges for each of the GPS
satellites 200, 202, 204, and 206. The GPS
intercommunication processor 708 also relays status
information regarding the GPS receiver 706 and the GPS
processor 710 to the GPS Console 1 712.

The GPS intercommunication processor 708
transmits the above information to the GPS processor
710. In the preferred embodiment, the GPS processor
710 comprises the 68020 microprocessor, which is
commercially available from Motorola Inc. Figure 8 is
a low level flow diagram 800 illustrating the
functioning of the software in the GPS processor 710.

The GPS processor 710 uses a number of
algorithms and methods to process the data it receives
including, for example, a GPS Kalman filter 802, which
is shown in Figure 8. The Kalman filter 802 is well
known in the conventional art. In the preferred
embodiment, the GPS Kalman filter 802 is a module in
the software of the GPS processor 710.

In part, the function of the Kalman filter
802 is to filter out noise associated with the
pseudorange data. The noise may include, for example,
ionospheric, clock, and/or receiver noise. The GPS
Kalman filter 802 of the host Processing system 186 at
the base station 188 computes spatial and clock biases
which are both transmitted to the vehicle 102 for
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increasing the accuracy of first position estimates
(as discussed in Part II.F.2. of this document). In
contrast, the GPS Kalman filter 802 in the vehicle 102
takes into consideration the spatial and clock biases

5 which are received from the base station 188.

The GPS Kalman filter 802 functions in a
semi-adaptive manner. In other words, the GPS Kalman
filter 802 automatically modifies its threshold of
acceptable data perturbations, depending on the

10 velocity of the vehicle 102. The term "“perturbation"
in the context of this document refers to a deviation
from a regular course. The semi-adaptive functioning
of the GPS Kalman filter 802 optimizes the response
and the accuracy of the present invention.

15 Generally, when the vehicle 102 increases
its velocity by a specified amount, the GPS Kalman
filter 802 will raise its acceptable noise threshold.
Similarly, when the vehicle 102 decreases its velocity
by a specified amount the GPS Kalman filter 802 will

20 lower its acceptable noise threshold. This automatic
optimization technique of the present invention
provides the highest degree of accuracy under both
moving and stationery conditions.

In the best mode of the present invention,

25 the threshold of the GPS Kalman filter 802 does not
vary continuously or in very minute discreet
intervals. Rather, the intervals are larger discreet
intervals and, therefore, less accurate than a
continuously varying filter. However, the Kalman

30 filter 802 of the present invention is easy to imple-
ment, less costly, and requires less computation time
than with a continuously varying filter. However, it
should be noted that using a continuously varying
filter is possible and is intended to be includedr

35 herein.
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For operation, the GPS Kalman filter 802

- must be given an initial value at system start-up.

From the initial value and GPS data collected by the
GPS receiver 706, the GPS Kalman filter 802
extrapolates a current state (which includes the first
position estimate and the vehicle velocity for
horthing, easting and altitude). The GPS Kalman
filter 802 operates in a cyclical manner. In other
words, the extrapolated current state is assumed to be
the initial value for the next iteration. It is
combined/filtered with new GPS data (an update) to
derive a new current state.

The way that the GPS data is utilized is
dependent on a priori saved file called a control file
820. The control file 820 will determine the
following: (1) the noise threshold, (2) the speed of
response, (3) the initial states of vehicle position
and velocity, (4) the extent of deviation before a
reset of the GPS Kalman filter 802 occurs, (5) the
number of bad measurements allowed, and/or (6) the
time allotted between measurements.

The GPS processor 710 then computes the
estimated pseudoranges, the first position estimate,
and the vehicle velocity (from Doppler shift) using
the above current state and any biases, including the
clock biases and the spatial biases. However, the GPS
processor 710 discards the computed velocity data when
the C/A code, rather than the carrier frequency, is
utilized by the GPS receiver 706 to derive the vehicle
velocity. The rationale for discarding the vehicle
velocity is that experimentation has shown that it is
not ac:quately accurate when derived from the Cc/a
code.

Vehicle velocities derived from the carrier
frequency (Doppler shift) are much more accurate than

™
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the velocities derived from the C/A code. 1In the
preferred embodiment, the first estimated position
(and vehicle velocity if derived from the carrier
frequency) are encoded on GPS Signal 716 and sent on

5 to the VPS main processor 1002 shown on Figure 10.

As previously discussed, the GPS processor
710 analyzes both the carrier frequency and the C/a
code. Unlike data demodulated from the C/A code, data
may be retrieved from the carrier frequency by the GPS

10 receiver 706 at approximately 50 Hz (not approximately

' 2 Hz, as is the case for demodulating C/A code). This
increased speed allows the present invention to
produce more precise position and velocity
determinations with less error.

15 7 Figure 8 illustrates other functions of the
GPS processor 710 in the preferred embodiment.
However, the present invention contemplates any method
by which GPS data can be processed to determine
pseudoranges. As shown at a flowchart block 816, a

20 console function controls theroperation of the GPS
console 2. This console function regulates the
operation of the GPS Kalman filter 802 by providing a
user interface into the filter.

The VPS communications function 818 controls

25 the outputs of the GPS Kalman filter 802 which are
directed to the VPS 1000. At a flowchart block 806,
it is shown that the GPS Kalman filter 802 requests
and decodes data from the GPS receiver 706, which data
is routed through an IPROTO function 804 shown at a

30 flowchart block 804. '

, As shown, the IPROTO function 804 resides in
the GPS intercommunications processor 708 and executes
tasks associated with the GPS intercommunications
processor 708. 1In the preferred embodiment, the

35
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IPROTO function 804 is the model number XVME-081,
which is commercially available from Xycom Inc.

As shown at a flowchart block 810 the data
transmitted over the communication channel 618 enters
the IPROTO function 804. Much of this data is
ultimately destined for the GPS Kalman filter 802.
The communications manager function shown at a
flowchart block 808, coordinates the incoming data
from the IPROTO function. The communications manager
function 808 also coordinates data received from an
ICC function which is shown in a flowchart block 812.
The ICC function 812 exchanges data with the data-
radio 714 (via GPS intercommunications processors 720)
and the GPS data collection device 718 as shown.

The GPS console 712 is well known in the
art. Many types of devices are commercially available
which provide the desired function. One such device
is commercially available from Digital Equipment
Corporation of Maynard, Massachusetts Model Number
VT220. The GPS console 712 displays processor
activity data regarding the GPS intercommunications
processor 708 and the GPS processor 710.

' The GPS processor 710 is coupled to a GPS
console 722 and a GPS communications interface
processor 720. The GPS console 722 is well known in
the art. Many types of devices are commercially
available which provide the desired console function.

One such device is commercially available from Digital
Equipment Corporation of Maynard, Massachusetts Model
Number VT220. The GPS console 722 provides the user
interface from which the GPS processor 710 canrbé
activated and monitored.

The GPS communications interface processor
720 is essentially an I/O board. It is coupled to a
data-radic 714 and a GPS data collection device 718.
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The GPS communications interface processor 720
coordinates data exchange between the GPS processor
710 and both the data-radio 714 and the GPS data col-
lection device 718. The communications interface
processor 720 in the preferred embodiment is the model
no. MVME331, which is commercially available from
Motorola Inc., U.S.A.

The data-radio 714 establishes a
communication link between the GPS processor 710
(through the GPS communications interface processor
720) at the vehicle 102 to a similar data-radio 714
located at the base station 188 (see Figure 6). - In
the preferred embodiment, the data~-radio 714
communicates synchronously at 9600 baud using RF
frequencies. The data-radio 714 at the base station
188'provides periodic updates on the amount of spatial
bias and clock bias for each satellite to the
data-radio 714 at the vehicle 102 at a rate of 2 Hz
(twice per second). Spatial and clock biases computed
by the base station 188 will be discussed further
below.

The GPS data collection device 718 can be
any of numerous common electronic processing and
storage devices such as a desktop computer. Any
personal computer (PC) manufactured by the
International Business Machines Corporation (IBM) of
Boca Raton, Florida, U.S.A., can be implemented.

C. Motion Positioning System (MPS)

The MPS 900 of the preferred embodiment is
illustrated in Figure 9. The MPS 900 derives the
second position estimate of the vehicle 102. Usually,
this second position estimate is combined and filtered
with the first position estimate to thereby derive a
more accurate third position estimate. However, it is
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envisioned that in some instances the second position
estimate may be utilized exclusively as the third
position estimate, when the first position estimate is
deemed to be drastically inaccurate.

5 For the MPS 900, the preferred embodiment
envisions the combination of the odometer 902 and the
IRU 904. However, the IRU 904 could be utilized
without the odometer 902. The odometer and the IRU
904 are coupled to an MPS intercommunications

10 processor 906 to thereby comprise the MPS 900. IRUs

~ and odometers are well known in the art and are com-

mercially available, respectively, from Honeywell Inc.
of Minneapolis, Minnesota, Model Number HG1050-SR01
and from Caterpillar Inc. of Peoria, Illinois, Part

15 Number 7T6337.

The IRU 904 comprises ring-~laser gyroscopes
and accelerometers of known design. The IRU 904 used
in the preferred embodiment is a replica of the system

- used by Boeing 767 aircrafts to determine aircraft
20 position, except that the IRU 904 has been modified to
account for the lesser dynamics (for example,
velocity) that the vehicle 102 exhibits relative to
that of a 767 aircraft.

The IRU 904 can output vehicle position at 5

25 Hz, velocity at 10 Hz, roll at 50 Hz, pitch at 50 Hz,

“and yaw data at 50 Hz. Furthermore, in the preferred

embodiment, the vehicle odometer 902 can output the
distance traveled by the vehicle 102 at 20 Hz.

The laser gyroscopes of the IRU 904, in

30 order to function properly, must at first be given an
estimate of the vehicle 102’s latitude, longitude and
altitude. Using this data as a baseline position
estimate, the gyroscopes then use a predefined

calibration in conjunction with forces associated with
35
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the rotation of the Earth 172 to determine an estimate
of the wvehicle 102’s current position.

This information is then combined by the IRU
.904 with data acquired by the IRU 904 accelerometers

5 to produce a mofe accurate, second position estimate
of the vehicle’s current position. The second
- position estimate from the IRU 904 and the data from
the vehicle odometer 902 are transmitted to the MPS
intercommunications processor 906 as shown by
10 respective arrows 910 and 908 of Figure 9. Arrow 114
of Figure 1 includes arrows 908 and 910.

Upon experimentation, it has been determined
that the IRU 904 may provide erroneous second position
estimates of the vehicle 102 due to imprecise

15 constituent parts. More specifically, in the
preferred embodiment, it has been observed that the
directional output of the IRU 904 has drifted
counterclockwise from the direction north during
operation. The drift is dependent upon the direction

20 in which the vehicle 102, and consequently the IRU
904, is travelling.

Moreover, the drift can be defined by an IRU
drift equation. The IRU drift equation can be derived
similar to the construction of path equations

25 described in regard to the weighted path history
technique (Part II.H.) or similar to the construction
of parabolic equations described in regard to the
parabolic bias technique (Part II.F.2.b.). After
derived, the IRU drift equation can be utilized to

30 extrapolate more accurate second position estimates.

In the preferred embodiment, the
intercommunications processor 1002 comprises the
commercially available 68000 microprocessor from
Motorola Inc. The intercommunications processor 1002

35 coordinates exchange of data between the MPS 900 and
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the VPS 1000. Any processor with similar function as
described herein may be utilized.

D. Vehicle Positioning System (VPS)

5 Turning now to Figure 10, the preferred
' embodiment of the architecture of the VPS 1000 is

depicted. Figure 11 shows in detail a diagram of the
VPS 1000 connected to the GPS processing system 700
and MPS 900.

10 GPS processing system 700 and MPS 900 are
independently coupled to the VPS main processor 1002.
The independent coupling is an important novel feature
of the present invention. Because they are
independent, the failure of one of the systems will

15 not cause the other to become inoperative. Thus, if
the GPS processing system 700 is not operative, data
can still be collected and processed by the MPS 900
and, consequently, the VPS 1000. The GPS processing
system 700 and the MPS 900 transmit signals 716, 908,

20 910 to the VPS main processor 1002, as shown. These
signals contain position, velocity, time, pitch, roll,
yaw, and distance data (see Figures 7 and 9 ang
associated discussions).

The VPS main processor 1002 is coupled to

25 the VPS I/0 processor 1004. The VPS main processor
1002 transmits a signal 1008 to a VPS I/0 processor
1004, as shown. The signal 1008 comprises the third
position estimate. The third position estimate is
derived from the GPS, IRU, and odometer data noted

30 above, and more specifically, the first and second
position estimates of the vehicle 102.

The present invention contemplates any
system and method by which the signals indicated by
arrows 716, 908 and 910 can be received by the vps

35 main processor 1002 from the GPS processing system 700
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and MPS system 900 and forwarded to the VPS main
processor 1002. The VPS main processor 1002 is the
68020 microprocessor, which is commercially available
from Motorola Inc., U.S.A.
5 Fiqgure 12 is an intermediate level block
diagram 1200 of a VPS main processor 1002 of Figure 10
showing a VPS Kalman filter 1202 and a weighted
cbmbiner 1200. As shown, the GPS signal 716 and the
odometer signal 908 are transmitted directly to a
10 weighted combiner 1204. The IRU signal 910 is
transmitted into a VPS Kalman filter 1202. 1In the
preferred embodiment, the GPS signal 716 is
transmitted at a rate of 2 Hz. The odometer signal
908 is transmitted at a rate of 20 Hz. Moreover, the
15 IRU signal 910, which includes the second position
estimate, is transmitted at a rate of 50 Hz.

The VPS Kalman filter 1202 processes the IRU
signal 910, filters extraneous noise from the data,
and outputs the processed data to the weighted

20 combiner 1204.  Further, the VPS Kalman filter 1202
receives a signal from the weighted combiner 1204, as
shown by an arrow 1208, which is used to reset the VPS
Kalman filter 1202 with new position information.

The weighted combiner 1204 proceéses the

25 signals and gives a predetermined weighing factor to
each data based on the estimated accuracy of data
gathering technique used. Thus, in the preferred
embodiment, the first position estimate of the GPS
signal 716 is weighted heavier than the second

30 position estimate of the IRU signal 910. The reason
for this weighing scheme is that the first position
estimate is inherently more accurate than the second
position estimate from the IRU 904. 7

However, velocity can be more accurately

35 determined by the IRU. Therefore, the velocity
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component of the IRU signal 910 can be weighted
heavier than the velocity component of the GPS signal
716. In the preferred embodiment of the present
invention, the velocity component of the IRU signal

5 910 is used exclusive of the velocity component of the
GPS signal 71s6.

The weighted combiner 1204 produces an
output 1206 at 20 Hz. The output 1206 contains all
computed data and is sent to two locations: the VPS

10 Kalman filter 1202, as shown by an arrow 1208 and the

 VPS I/0 processor 1004, as shown by an arrow 1008.

The output 1206 contains time information relative to
the GPS satellites. The output 1206 further contains
information relative to vehicle position, velocity,

15 yaw, pitch, and roll. Finally, note that the VPS
output 1206 comprises the third position estimate of
the vehicle 102.

Another output shown at an arrow 1018 from

the weighted combiner 1204 contains only velocity data

20 pertaining to the vehicle 102. Velocity data is sent
to the GPS processing system 700 from the VPS main
processor 1002. The velocity data is used to increase
the accuracy of first position estimates as is
discussed hereinafter.

25 The present invention contemplates any
system and method by which the signals 716, 908, and
910 can be processed at the VPS main processor 1002 in
accordance with the above noted process steps. 1In the
preferred embodiment, the VPS main processor 1002 is

30 the 68020 microprocessor, which is commercially
‘available from Motorola Inc., U.S.A.

Figure 12A illustrates a super Kalman filter
12002 of the present invention. The super Kalman
filter 1200A is a system and method for processing

35 data to increase the accuracy of position estimates of
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the vehicle 102. Specifically, the super Kalman
filter directly increases the accuracy of the first
position estimate. Accordingly, the accuracy of the
third position estimate is indirectly enhanced. In

5 the preferred embodiment, the super Kalman filter
12002 comprises software within the architectures of
the GPS processing system 700 at Figure 7 and the VPS
1000 at Figure 10. It is envisioned that the super
Kalman filter 12002 could be constructed in hardware,

‘10 for example, as in an integrated circuit, an optical
filter, or the like.

As shown by the arrow an 1210, the GPS
Kalman filter 802 receives first data from a
terrestrial position determination system, which could

15 include, for example, GPS data and/or pseudolite data.
The GPS Kalman filter 802 operates on the data and
outputs the first position estimate (FPE), as
indicated by the arrow 716.

As shown by the arrow 910, the VPS Kalman

20 filter 1202 receives MPS data from the MPS 900. The
VPS Kalman filter operates on the MPS data and outputs
the second position estimate (SPE).

The weighted combiner 1204 receives the FPE
7 and the SPE as indicated by respective arrows 716 and

25  1210. The weighted combiner 1204 outputs the velocity
1018 of the vehicle 102 to the GPS Kalman filter 802.
The GPS Kalman filter 802 adapts pursuant to the
vehicle velocity 1018 of the vehicle to increase the
accuracy of the FPE at arrow 716.

30 The GPS Kalman filter 802 can be designed to
adapt in discreet time intervals or to adapt
continuously. In the preferred embodiment, the GPS
Kalman filter 802 adapts in discreet time intervals
due to a balance between cost and performance}

35
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It is envisioned that only one Kalman filter
(not shown) could be implemented td provide for an
accurate terrestrial position determination system.
More specifically, it is possible to have the GPS

5' processing system 700 and the MPS 900 (having an
odometer 902 and/or an IRU 904) connected to only one
Kalman filter which derives the third position
estimate. However, such a configuration would not
possess all of the favorable attributes as the

10 preferred embodiment.

The super Kalman filter of Figure 12 and 122
has the beneficial attributes of both a single Kalman
filter and of separate Kalman filters. As configqured,
the GPS Kalman filter 710 and the VPS Kalman filter

15 1202 can continuously exchange data to thereby
increase the accuracy of first and second position
estimates. Consequently, third position estimates are
enhanced. 1In a sense, a single Kalman filtering
system resides between the ultimate output of the

20 third position estimate and the position data being
inputted.

In a different sense, the GPS Kalman filter
710 and the VPS Kalman filter 1202 act entirely as
separate, independent filters. If, for example,

25 either GPS data or MPS data is tainted, then the
' tainted data can be totally or partially disregarded
via the weighted combiner 1204 without affecting the
accuracy of the non-tainted data. In a system
utilizing a single Kalman filter, the ultimate output,

30 or third position estimate, will be substantially

 inaccurate if either the GPS data or the MPS data is
substantially tainted.

Referring now back to Figure 10, the VPS I/0
processor 1004 is coupled to a VPS communications

35 interface processor 1020. The communications
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interface processor 1020 is the MVME331 processor,
which is commercially available from Motorola Inc.,
U.S.A. Any processor accomplishing the same purpose
as described below may be utilized.

5 In the preferred embodiment, the VPS
communications interface processor 1020 is coupled to
three different devices: (1) a VPS console 1012, (2)
a data collection device 1014, and (3) the navigation
system 1022. The VPS communications interface

10 processor 1020 routes the data, including the third
position estimate, contained in output 1016 to the
above three devices at a rate of 20 Hz.

The VPS console 1012 is well known in thé
art, and is commercially available from Digital

15 Equipment Corporation, of Minneapolis, Minnesota,
Model Number VT220. This VPS console 1012 is used to
display the current status of the VPS I/0 processor
1004.

The VPS data collection device 1014 can be

20 any of numerous commercially available electronic
processing and storage devices, for example, a desktop
PC. Any MacIntosh PC available from Apple Computer of
Cupertino, California, can be used successfully to 7
achieve this purpose.

25 The navigation system 1022 comprises the
features associated with the navigation of the vehicle
102. The -VPS 1000 transmits the third position
estimate to the navigation system 1022, so that the
navigation system 1022 can accurately and safely guide

30 the autonomous vehicle 102.

E. Base Station
With reference to Figure 7, the host
processing system 186 at the base station 188

35
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comprises the GPS processing system 700 of Figure 7.
The purposes of the host processing system 186 at the
base station 188 are to (1) monitor the operation of
the vehicle 102, (2) provide a known terrestrial

5 reference point from which spatial biases (see
differential bias techniques, Part II.F.2.) can be
produced, and (3) provide any other information to the
vehicle 102 when necessary over the high-speed data
communication channel 618.

10 In the preferred embodiment, the base
station 188 will be located close to the vehicle 102,
preferably within 20 miles. The close geographical
relationship will provide for effective radio commu-
nication between the base station 188 and the vehicle

15 102 over the communication channel 618. It will also
provide an accurate reference point for comparing
satellite transmissions received by the vehicle 102
with those received by the base station 188.

A geographically proximate reference point

20 is needed in order to compute accurate spatial biases.
Spatial and clock biases are, in effect, the common
mode noise that exists inherently in the NAVSTAR GPS
and the GPS processing system 700. Once computed at
the base station 188, the spatial and clock biases are

25 then sent to the vehicle 102 using the data-radio 714,
as shown in Figure 7. The spatial biases are computed
using various methods which are discussed further
below.

In the preferred embodiment of the present

30 invention, the host processing system 186 at the base
station 188 further coordinates the autonomous
activities of the vehicle 102 and interfaces the VPsS
1000 with human supervisors.

35
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F. Satellite Based Accuracy Improvements

The presentrinvention improves the accuracy
of the position estimates of the vehicle 102 via a
number of differential correction techniques. These

5 differential bias techniques are used to enhance the
first, second, and third position estimates.

, Several of these differential correction
techniques are designed to directly remove errors
(noise or interference) in the calculation of

10 pseudoranges RO, R2, R4, and R6 (both actual. and
estimated pseudoranges). The removal of these errors
results in a more precise first position estimate,
which is outputted by the GPS processing system 700 to
the VPS 1000, and ultimately, in a more precise third

15 position estimate, which is outputted by the VPS 1000
to the navigation system 1022.

In the preferred embodiment, the host
processing system 186 at the base station 188 is
responsible for executing these differential

20 techniques and for forwarding the results to the
vehicle 102. Recall that the host processing system
186 comprises the GPS processing system 700, just as
the vehicle 102. The term "differential" is used
because the base station 188 and the vehicle 102 use

25 independent but virtually an identical GPS processing
system 700. Furthermore, because the base station 188
is stationary and its absolute position is known, it
serves as a reference point from which to measure
electronic errors (noise or interference) and other

30 phenomena inducing errors.

1. Constellation Effects
Figure 13 is a flowchart 1300 of the
constellation effects method for improving the

35
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accuracy of first position estimates in the preferred
embodiment of the present invention. The method may
be implemented in the GPS processing system 700 at the
vehicle 102. Alternatively, the method may be
implemented in the host processing system 186 at the
base station 188. 1In the latter case, the information
determined by the method would subsequently be .
communicated to the vehicle 102 for appropriate
enhancement of first position estimates.

The flowchart 1300 shows a method for
selecting the best satellite constellation in view of
the GPS antenna 702. For the vehicle 102, many of the
GPS satellites 132-170 may be in view of the GPS
antenna 702. Only a subset of these satellites are
selected to form a particular constellation of any
number of satellites (at least four in the preferred
embodiment) .

Essentially, the "best" or "optimal®
constellation is selected based upon geometrical
considerations. The location in space of the GPS
satellites 132-170 in view of the GPS antenna and the
intended path of the vehicle 102 are taken into
account as will be discussed in detail below.

The flowchart 1300 begins at a flowchart
block 1302. At flowchart 1304, the estimated
pseudoranges of each GPS satellite in view of and
relative to the GPS antenna 702 are computed.
Estimated pseudoranges are defined in the context of
this document as estimated pseudoranges derived from
almanac data and the ephemeris from GPS satellites.
Almanac data refers to previously recorded data which
stores the location in space of the GPS satellites
132-170 at specific times during the day.

For the NAVSTAR GPS, the almanacrdata is in
the form of an equations with variables. These
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almanac equations are publicly available from the U.S.
government. Some of the variables identify the GPS
satellites 132-170. Further requisite inputs include
the time at which an estimated pseudorange is to be
determined and the known location of the relevant
point on the Earth. '

To determine the estimated pseudoranges
pertaining to each GPS satellite, the following
information is inserted into these almanac equations:
(1) the parameters identifying the GPS satellites,
which are encoded in the GPS data from the GPS
satellites, (2) the current time, and (3) the known
location of the base station 188.

Next, at flowchart block 1306, the estimated
pseudoranges are plotted uéing polar coordinates.
Figure 14 is a polar plot 1400 on a coordinate system
1402 illustrating a set of estimated pseudoranges
circles 1404, 1406, 1408, and 1410 pertaining to a GPS
satellite constellation of four GPS satellites (not
shown). The estimated pseudorange circles 1404, 1406,
1408, and 1410 are drawn so that an intersection
exists at the center 1412 of the polar map 1400. The
coordinate system 1402 reflects azimuth from the
direction north as indicated.

- The relative distances between the GPS
satellites and the GPS antenna are also represented in
the polar map 1400 by the size of the estimated
pseudorange circles 1404, 1406, 1408, and 1410.
Specifically, for example, the GPS satellite
represented by the estimated pseudorange circle 1406
is further away than the GPS satellite represented by
the estimated pseudorange circle 1408.

With reference to Figure 14, a shaded
ellipsoid region 1412 shows the possible position of
the vehicle 102 when the GPS satellites (not shown)

Volkswagen Exhibit 1011, Page 75 of 383



WO 91/09275 PCT/US90/07183

-7 4~

giving rise to the estimated pseudorange circles 1406
and 1408 are considered. An important parameter in
the ellipsoid representation is the ratio between the
semi-major and semi-minor access of the ellipsoid,

5 called the geometric ratio of access factor (GRAF) .
It is envisioned that the GRAF can be computed at a
next flowchart block 1308.

With reference to the flowchart block 1308,

the GRAF is used along with the angle of the major

10 access to compute a weighing factor, which will
ultimately assist the GPS processing system 700 to
compute a more accurate first position estimate as
described below.

As shown in flowchart block 1312, the GPS

15 Kalman filter 802 in the GPS processing system 700 at
the vehicle 102 is modified to accommodate for the
shape of the estimated ellipsoid and for the computed
northing-easting coordinates of the vehicle 102, as
illustrated in Figure 14. Moreover, as indicated by

20  an arrow 1314, the foregoing procedure is repeated
continuously so as to continuously enhance the
estimated position of the center 1412. at a flowchart
block 1316, the optimal satellite constellation for
the desired vehicle path is determined. The optimal

25 constellation will be one that gives the least error
perpendicular to the desired vehicle path.

As shown at a flowchart block 1318, the
optimal satellite constellation is transmitted to the
vehicle 102 over the data radio 714. The vehicle 102

30 uses the optimal satellite constellation to compute
first position estimates.

35
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2. Differential Correction Technigques

a. Original Bias Technique
Referring now to Figure 15, a flowchart 1500

illustrates the original bias technique, which is
known in the conventional art. The original bias
technique is a method for computing spatial biases to
increase the accuracy of first position estimates,
which ultimately participate in defining third
position estimates. The original bias technique,
described in detail below, uses a known position of
the base station 188 as a reference point for
determining spatial biases (original biases).

The original bias technique may be
implemented in the GPS processing system 700 at the
vehicle 102. Furthermore, the original bias technique
may be implemented in the host processing system 186
at the base station 188. 1In the latter approach, the
information determined by the method would
subseguently be communicated to the vehicle 102 for
appropriate enhancement of first position estimates.
Furthermore, the preferred embodiment adopts the
latter approach and implements the original bias
technique in the host processing system 186 at the
base station 188.

The original bias technique as shown in
Figure 15 begins at flowchart block 1502. As shown at
a flowchart block 1504, the actual pseudorange (base
actual pseudorange) and the estimated pseudorange
(base estimate pseudorange) for each GPS satellite in
view of the GPS antenna 702 are computed in the host
processing system 186 at the base station 188. The
base actual pseudorange is computed independently of
the base estimated pseudorange. The base actual
pseudorange is computed by the GPS receiver 706 in the
host processing system 186. Moreover, the base
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estimated pseudorange is computed by the GPS processor

710.

Base actual pseudoranges are calculated by
measuring the propagation time lapse between
transmission of electromagnetic signals from a GPS
satellite (or pseudolite) and reception of the signals
at the host processing system 186 at the base station
188. The electromagnetic signals encode the time of
transmission. Further, the GPS receiver 706 records
the time of reception. By assuming that these
electromagnetic signals travel at the speed of light,
or 2.9979245898 * 108 meters per second, the actual
pseudorange for each satellite can be determined by
multiplying the propagation time lapse by the speed of
light (in the appropriate units).

Base estimated pseudoranges are computed
from (1) almanac data (in NAVSTAR GPS, an almanac
equation), (2) the time of transmission of the
electromagnetic signals from the GPS satellites, and
(3) the known position (base known position) of the
base station 188. The transmission time and the base
known position (BKP) is inserted into the almanac
equation to derive an estimated pseudorange for a
satellite.

Clock biases (base clock bias) between the
circuitry clocks of the host processing system 186 and
the recognized GPS satellites are also computed, as
shown at the flowchart block 1604. In the preferred
embodiment, one base clock bias is calculated for all
of the satellites. The base clock bias is computed by
counting clock pulses of a satellite and the host
pProcessing system 188 ove: a preselected time period.
The pulses are then compared to derive a difference.
The difference is then multiplied by the speed of
light, or 2.998 * 10° meters per second, so as to
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convert the clock bias into units of length. However,
it should be noted that any method of computing and
expressing a base clock bias can be incorporated into
the present invention.

5 As shown in flowchart block 1508, a spatial
bias (original bias) is calculated by subtracting both
the base estimated pseudorange and the base clock bias
(in units of length) from base actual pseudorange.

The original bias is caused by many different effects,

10 such as atmospheric conditions, receiver error, etc.
It should be noted that the calculation of the
original bias cannot be performed by using the vehicle
102 as a reference point, because the actual position
of the vehicle 102 is not known. However, the

15 computation of the original biases could be performed
at the vehicle 102.

As shown at a flowchart block 1510, the GPS
Kalman filter 802 in the host processing system 188 is
updated with the original bias. Further, as shown by
20 an arrow 1512, the process of computing original
biases is performed continuously and the derived
original biases are used to iteratively update the GPS
Kalman filter 802.
Because the vehicle 102 is in close
25  proximity to the base station 188, the error in the
pseudorange computations is assumed to be identical.
Therefore, the original bias which has been determined
as shown in the flowchart block 1508 is also used to
modify the actual pseudoranges produced by the GPS
30 processing system 700 of the vehicle 102.
Accordingly, as shown at a flowchart block 1514, the
original biases are transmitted from the base station
188 to the vehicle 102 using the data radios 620 and
622.
35
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The original biases are used to update the
GPS Kalman filter 802 in the vehicle 102. The
updating of the GPS Kalman filter 802 results in more
accurate first position estimates.

Cdn

b. Parabolic Bias Technique
As the GPS satellites 132-170 rise and fall

in the sky, the path formed by each GPS satellite
132-170 follows a parabola with respect to tracking
pseudoranges on or near the Earth’s surface.
Therefore, a parabolic function can be derived which
represents the path of each GPS satellite in the sky.
The foregoing describes the essence of the parabolic
bias technique, which is performed in the host
processing system 186 at the base station 188 in the
preferred embodiment. It should be noted, however,
that the parabolic bias technique may be performed at
the vehicle 102.

Turning now to Figure 16, a flowchart 1600
illustrates the parabolic bias technique. A parabolic
function (model) is computed for each GPS satellite in
the view of the GPS antenna 702 at the base station
188.

- The flowchart 1600 begins at a flowchart
block 1602. As shown at a flowchart block 1604, at a
time t(n), actual pseudoranges are determined for each
GPS satellite in view of the GPS antenna 702 at the
base station 188, using the GPS receiver 706, as
described above. As shown at a flowchart block 1606,
the actual pseudoranges (for each GPS satellite) are
incorporated into parabolic best fit models for each
GPS satellite. Thus, at the flowchart block 1606 one

point is added on the parabolic model for each GPS
satellite.
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As shown at a flowchart block 1620, the
actual pseudorange computed at time T(n+l1) and the
base clock bias (in units of length) for each
satellite are subtracted from the locus point range to

5 generate the parabolic bias for each satellite.

As indicated in flowchart block 1624, the
parabolic biases are then transmitted to the GPS
processing system 700 of the vehicle 102 via the data
radio 714. The GPS processing system 700 ét the

10 vehicle 102 utilizes the parabolic biases to increase
the accuracy of its actual pseudorange (vehicle actual
pseudoranges) calculations to thereby increase the

accuracy of first position estimates.

15 c. Base Residuals Bias Technique
Figure 17 illustrates a flowchart 1700 for

implementing the base residuals bias technique. 1In
the preferred embodiment, the base residuals bias
technique is performed in the host processing systenm

20 186 at the base station 188. After the base residuals
bias has been computed at the base station 188, it is
transmitted to the GPS processing system 700 of the
vehicle 102. The GPS processing system 700 at the
vehicle 102 uses the base residuals bias to enhance

25 the accuracy of first position estimates.

A base residual bias in the context of this
document is a difference in the base known position of
the base station 188 and the position estimate (first

~ position estimate, if calculated by the vehicle 102)
30 of the base station 188 which is computed by the host
processing system 186 at the base station 188. To
illustrate how this functions, assume the base station
188 is at the corner of Elm and Maple streets. Also
assume the GPS processing system 700 at the base
35 station 188 estimates the position of the base station
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188 to be four miles due south of the base known
position (the corner of Elm and Maple). It is obvious
that the base residuals bias is a distance equal to
four miles in a due south direction.

5 Because the GPS processing system 700 on the
vehicle 102 is identical to the GPS processing system
700 at the base station 188, the four mile error in
computation can be deemed to be occurring at the
vehicle 102 as well as the base station 188. The

10 vehicle 102 can then use this information in its GPs
brocessor 710. 1In effect, the GPS processor on the
vehicle 102 will modify its first position estimates
to account for a four mile due south error in the
data.

15 } The methodology of the base residuals bias
technique will now be discussed in detail with
reference to Figure 17. At a flowchart block 1704,
the exact polar coordinates X0, y0, z0 of the base
station 188 is obtained from the base known position.

20 : At a flowchart block 1706, base actual
pPseudoranges, base estimated pseudoranges, and base
clock biases are computed by the host processing
system 186 at the base station 188. If the GPS
receiver 706 on the vehicle 102 is configured to read

25 data from a particular constellation of GPS satellites
(not shown), then the GPS receiver 706 at the base
station 188 will use the same satellite constellation.

As indicated in flowchart block 1708, a
position estimate (base position estimate) of the base

30 station 188 is computed. In the preferred embodiment,
the base position estimate is computed in the same way
as the first position estimate at the vehicle 102.

Next, at a flowchart block 1710, the base
position estimate is compared to the base known

35 position. The difference (such as the four miles in
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As shown at a flowchart block 1608, a test
is ﬁade as to whether enough points on the parabolic
models have been determined to estimate a parabolic
function for each GPS satellite. The number of points

5 that have been collected will determine a particular
statistical R2 value. In the preferred embodiment,
the R? value is computed as follows:

SUMz(est. pseudorange(t) -~ mean of est.

10 R2= pseudoranges)
SUMZ(act. pseudorange(t) =- mean of act.
pseudoranges)

The above standard statistical equation is
15 well known in the conventional art. For a further
discussion on this equation, refer to Draper, Applied
Regression Analysis, 1966 edition. By defining N as
the number of calculated pseudoranges, both estimated
and actual, and by mathematically expanding the
20 equation, the following more usable form of the
equation can easily be derived:

N * SUM(square of all est. pseudoranges) -
2 * SUM(est. pseudoranges) * SUM(actual
25 R2= pseudoranges) + SUM(actual pseudoranges)2
‘N * SUM (square of all actual pseudoranges) =
SUM (actual pseudoranges)

As shown at the flowchart block 1608, if
30 this R2 value is greater than 0.98 in the preferred
embodiment, then the parabolic model is deemed to be
accurate enough to estimate the future path of the GPS
satellite. If the R2 value is less than or egual to
0.98, then more points on the parabolic model must be
35 computed. These points are computed by incorporating
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the pseudorange data which is continually being
computed by the GPS receiver 706.

As shown at a flowchart block 1610, the N
value increments to show that the time at which the
ﬁseudorange is computed, as shown in the flowchart
block 1604, has increased. Because the GPS receiver
706 outputs actual pseudoranges for each GPS satellite
at 2 Hz (twice a second), each N increment should
represent approximately one half second.

If enough data points have been collected
such that the R2 value is greater than 0.98, then as
shown in a flowchart block 1612, the parabolic models
are deemed accurate enough to represent each
satellite’s orbital path. As shown in the flowchart
block 1612, the parabolic models represent points on
the past and future satellite paths. Now that the
parabolic models are complete, future points on the
models can be extrapolated, as shown at a flowchart
block 1614. )

As shown at the flowchart block 1614, for
the time T(n+1) the locus point on each of the
parabolic models is computed. The locus points are
the expected actual pseudoranges of the GPS satellites
at time T(n+l). Once this locus point is computed,
the range for the locus point (distance between the
GPS antenna 702 and the GPS satellite) is computed, as
shown at a flowchart block 1616.

At a flowchart block 1618, the actual
pseudoranges are computed for time T(n+l1l), which is
the current time in the preferred embodiment. The
actual pseudoranges are computed by the GPS receivér =
706 as described above. These actual pseudoranges at
T(n+l) are incorporated into the parabolic best fit
models during the next iteration of the flowchart
1600.
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the above example), if any, between the base position
estimate and the base known position is referred to in
this document as the base residuals bias.
The base residuals bias is transmitted to
5 the vehicle 102 via the data radio 714, as indicated
in flowchart block 1712. The base residuals bias is
processed at the GPS processor 710 of the vehicle 102
to enhance the accuracy of the first position
estimate.
10

d. Base Correlator Bias Technique
Figure 17A illustrates a high level

flowchart 1700A of a base correlator technique
utilized in the present invention to improve the
15 accuracy of the first position estimates of the
vehicle 102. Generally, the technique involves using
the known position of a reference point as a way of
increasing accuracy. In the preferred embodiment, the
base station 188 serves as the reference point. The
20 methodology of flowchart 1700A will be discussed in
detail below with specific reference to Figure 6.

In the base correlator technique, spatial
biases (base spatial biases) and clock biases (base
clock biases) are initially computed by the host

25 processing system 186 at the base station 188 of
Figure 6} as indicated in flowchart block 1705. The
base spatial biases can be any spatial error
computation including, but not limited to, the

- original and parabolic biases discussed previously in

30 this document.

Specifically, recall that the original bias
is calculated by subtracting both estimated
pseudoranges (base estimated pseudorange) and base
clock biases from actual pseudoranges (base actual

35 pseudoranges). The base estimated pseudoranges are
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determined from (1) almanac data, (2) the time of
transmission of the satellite signals, and (3) the
known position (base known position) of the base
station 188. The base clock biases are the
differences in the clock times between the
transmission circuitry of GPS satellites and/or
pseudolites and the reception circuitry of the base
station 188. The base clock biases are expressed in
terms of units of length by multiplying them by the
speed of light. The base actual pseudoranges are
determined from the propagation time delays between
transmission and reception of the electromagnetic
signals sent from GPS satellites and/or pseudolites to
the base station 188.

Moreover, the parabolic bias is computed by
constructing parabolic models for the base actual
pseudoranges of each observed GPS satellite and
extrapolating values from the parabolic models. In
the preferred embodiment, the parabolic biases are the
base actual pseudoranges minus the value extrapolated
from the constructed parabolic models and minus the
base clock biases (in units of length).

As shown in flowchart block 1709, the base
station 188 transmits to the vehicle 102 along
communication channel 618 its base actual
pseudoranges, base estimated pseudoranges, base
spatial biases, base clock biases, and the base known
position of the base station 188. Intended to be a
very accurate estimate itself, the base known position
can be determined by any appropriate means, including
but not limited to, the novel systems and methods of
the present invention or any other conventional
systems and methods. After the vehicle 102 receives
the foregoing information from the base station 188,
the GPS processor 710 of the vehicle 102 uses this

LA
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information in the calculation of its own spatial
biases (vehicle spatial biases).

Before the vehicle 102 performs computations
to derive the vehicle spatial biases at flowchart

5 block 1713, its GPS receiver 706 computes its own
actual pseudoranges (vehicle actual pseudoranges), its
own estimated pseudoranges (vehicle estimated
pseudoranges), and its own clock biases (vehicle clock
biases). From the vehicle actual pseudoranges, its

10 GPS processor 710 subtracts the vehicle estimated
pseudoranges, the vehicle clock biases, and the base
spatial biases which were sent from the base station
188 in flowchart block 1709. The result is a more
accurate calculation of the vehicle spatial bias at
15 the vehicle 102. ,

The vehicle spatial bias is then utilized to
more accurately modify the first position estimate
(FPE) of the vehicle 102, as shown in flowchart block
1717. It should be noted that the FPE is an estimate

20 of the absolute position (with respect to the Earth
172’s center) of the vehicle 102.

' Beginning with a flowchart block 1721, an
iterative method is instituted for improving the FPE
of the vehicle 102. The method envisions using the

25 base station 314 as a sort of correlator. In the
preferred embodiment, the method is implemented by the
GPS Kalman filter 802.
At the flowchart block 1721, an estimated
relative position (HBE) of the base station 188 with
30 respect to the vehicle 102 is determined. The initial
state of the FPE is assumed to be the current value of
FPE(i), where i is the positive integer value
corresponding to the iteration. Consequently, when
the method progresses from flowchart block 1717 to
35
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block 1721, the current value of FPE(i) will be

FPE(0) .

Still at flowchart block 1721, the vehicle
102 next calculates an estimated position (base
estimated position; BEP) of the base station 188 using
the base actual pseudoranges, base estimated
pseudoranges, base spatial biases, and base clock
biases, which all were transferred to the vehicle 102
from the base station 188. It should be noted that
the BEP is an absolute position (relative to the Earth
172's surface). By subtracting the BEP from the FPE,
an estimated relative position (HBE) of the base
station 188 with respect to the vehicle 102 is

deternmined.

As indicated at flowchart block 1725, an HBA
is determined. HBA is another estimated relative
position of the base station 188 with respect to the
vehicle 102. However, unlike the HBE, the HBA is
computed by subtracting the base known position (BKP)
from the FPE. Thus, HBE and HBA differ in that the
former is calculated using GPS data and/or pseudolite
data whereas the latter is calculated using the known

data.

Next at a flowchart block 1729, an offset is
computed by subtracting HBE and HBA. In the preferred
embodiment, the offset is a vector in a two-

dimensional, orthogonal coordinate system. It is

envisioned that a three-dimensional vector may be
implemented to consider elevational differences
between the vehicle 102 and the base station 18s8.

At a flowchart block 1733, a new FPE(i) is
computed by subtracting the offset from the old FPE.
In other words, the offset is used as a bias and is
subtracted from the FPE(i) in order to increase the

FPE(i)’s accuracy.

*
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At flowchart block 1737, the offset is
compared to a préselected threshold. In the preferred
embodiment, each vector component has a corresponding
threshold. If all the vector components are not less

5 than their corresponding preselected thresholds, then
the flowchart 1700A starts again at flowchart block
1721, as indicated by a feedback arrow 1739. 1In this
case, the positive integer i is increased by one to
indicate another iteration and a different FPE(i).

10 The present invention will operate in a cyclical, or
loop-like, manner until the preselected threshold is
achieved or surpassed.

When the offset finally achieves the
preselected threshold, then the FPE is assumed to be

15 the current state of FPE(i), as shown in flowchart
block 1743. Hence, the base correlator bias technique
provides for greater accuracy of the FPE.

G. Satellite Position Predictor

20 The present invention includes a method by
which the future positions of the GPS satellites
132-170 can be predicted with respect to a known
absolute position of the base station 188 and/or the
vehicle 102. The future positions are based upon

25 estimated pseudoranges calculated by the GPS processor
710 at the host processing system 188 and/ or the VPS
1000. Moreover, the computations can be performed at
the base station 188 and/or the vehicle 102 and
transferred anywhere, if necessary.

30 By predicting the future positions of the
GPS satellites 132-170, optimum satellite constella-
tions for the vehicle 102 can be determined well in
advance. Thus, the present invention can provide for
the prediction of satellite availability and

35 unavailability in a systematic manner. It further
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allows for future planning related to the operation,
service, and maiﬁtenance of the vehicle 102.

With reference to Figure 18, a flowchart
1800 illustrates the satellite position predictor

5 method of the present invention. At a flowchart block

1804, for a particular GPS satellite, a future date
and time is obtained or selected for any of a number
of reasons eluded to above.

After a future date and time is acquired,

10 the position of the base station 188 and/or the
vehicle 102 is determined, as shown at a flowchart
block 1806. 1In the preferred embodiment, the base
station 188 is used as the reference point. The
position of the base station 188 could be the base

15 known position or the base position estimate {both
discussed in relation to the base residuals
technique). 1In the preferred embodiment, the base
known position is utilized and will be referred to
hereinafter.

20 As shown at a flowchart block 18¢8, the
almanac data is then consulted. Aas discussed
previously in this document, the almanac data for the
NAVSTAR GPS is in the form of almanac equations. By
inputting into the almanac equations a satellite’s

25 identity, the future date and time, and the base known
position, the future position of any satellite can be
determined.

When the future position of a satellite
relative to the base station 188 is determined using

30 the almanac equations, the future position is in
orthogonal XYZ coordinates, as shown at a flowchart
block 1808. Finally, in the preferred embodiment at a
flowchart block 1810, the latitude, longitude,

elevation and azimuth of the satellite are computed
35
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from the XYZ coordinates and the position of the base
station 188. '

From the computation of the future positions
of satellites, optimal satellite constellations can be

5 determined. Optimal satellite constellations

determined using the base station 188 as the reference
point can be imputed to the vehicle 102 if close to
the base station 188.

10 H. Weighted Path History
The weighted path history technique of the

present invention improves the accuracy of first
position estimates of the vehicle 102 which are
derived from the GPS processing system 700. It should
15 be noted that the weighted path history technique
could be implemented in an identical fashion as is
described below to improve the accuracy of third
position estimates derived by the VPS 1000. The
weighted path history technique is depicted in Figures
20 19 and 20.

Essentially, the weighted path history
technique uses previous first position estimates to
derive a vehicle path model for testing the validity
of future first position estimates. Use of the

25 weighted path history technique results in a reduction
to wandering of first position estimates and in
enhanced immunities to spurious position computations.
The term "wandering" in the context of this document
means the tendency of the GPS processing system 700 to

30 estimate erroneous vehicle positions that deviate from
the actual path of the vehicle 102.

With reference to Figure 19, the weighted
path history flowchart begins at flowchart block 1902.
A first position estimate of the vehicle 102 is

35 computed and recorded by the GPS processing system
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700, as indicated in a flowchart block 1904. First
position estimates are recorded over time. As is
shown in Figure 20, first position estimates 2002,
2004, 2006, 2008, 2010, and 2012 of vehicle 102 are
plotted on a diagram 2000 to ultimately derive a
vehicle path 2022,

At a flowchart block 1906, the first
position estimate is used to manipulate/derive a path
equation that best fits the path of the vehicle 102.
In other words, first position estimates are
accumulated over time to derive an accurate "path
equation." 1In the preferred embodiment, the path
equation is a second degree (parabolic) equation.
However, it should be noted that a third degree
equation (having a mathematical inflection) is
envisioned for winding vehicle paths and vehicle
turns. Furthermore, an embodiment of the present
invention could utilize combinations of any types of
equations to map an infinite number of different
vehicle paths.

At a flowchart block 1908, the statistical
R? value in relation to the path equation and the
first position estimate is computed and compared to a
threshold numerical value. In the preferred
embodiment, the threshold has been set to 0.98. The

statistical R2 value was discussed in detail

previously in this document. 1In the context of the
weighted path history technique of Figure 19, the R?
value reflects the number of first position estimates
that have been taken thus far, and therefore, it
reflects the statistical accuracy of a future
prediction from the path equation.

El

If the R’ value is not greater than or equal
to 0.98, then a test is performed at a flowchart block
1910 to determine whether a new path equation should
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be derived. In other words, a determination is made
as to whether the currently collected first position
estimates as well as the path equation are inaccurate,
and therefore, should not be relied upon.

5 In the preferred embodiment, the number of
first position estimates is counted and compared to a
threshold of 20. Any threshold number could be
preselected. If more than 20 first position estimates
have been computed, then the flowchart moves to block

10 1914. Flowchart block 1914 indicates that a new path
equation will be started during the next iteration of
the flowchart 1900 at flowchart block 1906.

If less than or equal to 20 first position
estimates have been calculated and collected, then the

15 present path equation of flowchart block 1906 is still
utilized and will be considered again during the next
iteration of flowchart 1900. Moreover, the first
position estimate is outputted from the GPS processing
system 700, as shown at a flowchart block 1912.

20 , Referring back to the flowchart block 1908,
if the R? value of the path equation is greater than
or equal to 0.98, then as shown in a flowchart block
1916, the first position estimate is modified to be
the best fit prediction from the present path

25 equation. Finally, the first position estimate is
outputted by the GPS processing system 700, as shown
by flowchart block 1912.

Figure 20 illustrates graphically the
scenario at issue. The first position estimate 2010

30 of the vehicle 102 is radically different from the
best fit prediction 2006 of the path equation.
Therefore, the first position estimate 2010 is
replaced by best fit prediction 2006, so long as the
R2 value of the path equation is greater than or equal

35
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to preselected threshold and so long as enough
position estimates have been sampled.

Lines 2014 and 2016 illustrate the scope of
acceptability with respect to the first position

‘estimates. These lines 2014 and 2016 represent the

physical manifestation of the R® value. Thus, the
best fit prediction 2006 is outputted from the GPS
processing system 700 to the navigation system 1022,
instead of the first position estimate 2010 which is
outside the span of line 2016.

Figure 20A shows a high level flowchart
2000A of a method for implementing the weighted path
history technique as disclosed in Figures 19 and 20.
The method as shown accommodates for a vehicle travel
path having sharp corners, intersections, and/or any
drastic nonlinear path. The method increases the
accuracy of the first position estimate (FPE) of the
vehicle 102 outputted by the GPS processing system
700.

The preferred embodiment implements the
novel methodology of Figure 20A via software. The
software can be situated in the GPS processor 710 of
the GPS processing system 700 at the vehicle 102
and/or at the base station 188.

The flowchart 20002 begins at flowchart
block 2001 and ends at flowchart block 2019. As shown
in flowchart block 2005, the GPS processing system 700
as disclosed in Figures 7 and 8 computes the first
position estimate using any of the bias techniques
discussed previously in this document. In the
preferred embodiment, the bias techniques subject to

- the method of Figure 20A include, for example, the

original bias technique of Figure 15 and the parabolic
bias technique of Figure 1i6.

*
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At flowchart block 2009, a decision is made
as to whether the vehicle 102 is approaching or is in
the midst of a sharp corner, intersection, or other
irregular path. The information needed to answer this

5 question can be supplied to the GPS processor 710 from
the navigator 406 of Figure 4. If the answer to this
question is in the negative, then the flowchart 2000A
proceeds as indicated by an arrow 2013. In the
alternative, that is, if the answer to this question

10 is in the affirmative, then the flowchart 2000A
proceeds as indicated by an arrow 2021. Both of these
alternative avenues are discussed in detail below.

When the vehicle 102 is not approaching or
is not in the midst of a drastic nonlinear path, then

15 the flowchart 2000A commences with flowchart block
2015. At flowchart block 2015, the GPS processor 710
outputs the first position estimate to the VPS 1000,
which first position estimate was derived using one or
more bias techniques. Recall that the VPS 1000, which

20 is disclosed in Figures 10 and 11, calculates the
third position estimate of the vehicle 102 using, in
part, the first position estimate sent to it from the
GPS processing system 700.

When the vehicle 102 is approaching a

25 drastic nonlinear path, then the flowchart 20002
commences with flowchart block 2023. At flowchart
block 2023, the bias techniques are temporarily
abandoned, until a more linear path ultimately ensues.
The GPS processor 710 computes the first position

30 estimate of the vehicle 102 without regard to the bias
techniques, as indicated in flowchart block 2027.

The flowchart next proceeds to flowchart
block 2031. A determination is made as to whether the
vehicle 102 is approaching or is in the midst of a

35 relatively linear path. If so, then the flowchart
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2000A returns to flowchart block 2005, as shown by a
feedback arrow 2033. At the flowchart block 2005, any
previously-terminated bias techniques are again
instituted.

e

In the case of the parabolic bias technique
of Figure 16, new best-fit parabolic models are
constructed for each of the observed GPS satellites.
Recall that actual pseudoranges are determined for
each of the observed GPS satellites over a period of
time to construct a parabolic model for each GPS
satellite. The parabolic models are not utilized
until the accuracy of the models is greater than a
certain threshold. 1In the present invention, the
parabolic models are not utilized until a statistical
R® value is greater than 0.99.

Alternatively, if the vehicle 102 is not
approaching or is not in the midst of a relatively
linear path, then the flowchart 20002 moves to
flowchart block 2015 discussed previously. However,
it should be noted that the first position estimate
transmitted to the VPS 1000 at this point was derived
without regard to any bias techniques.

I. Anti-selective Availability
It is believed that the U.S. government (the

operator of the NAVSTAR GPS) may at certain times
introduce errors into the GPS data being transmitted
from the GPS satellites 132-170 by changing clock
and/or ephemeris parameters. 1In other words, the U.S.
government can selectively modify the availability of
the GPS data. For example, such an action might take
place during a national emergency. The U.S.
government would still be able to use the NAVSTAR GPS
because the U.S. government uses the other distinct
type of pseudorandom code modulation, called the P-
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mode. Thus, the U.S. government could debilitate the
C/A mode. Such debilitation could cause the GPS
receiver 706 to compute incorrect actual and estimated
- pseudoranges, and thus, incorrect first position
5 estimates. The anti-selective availability technique
of the present invention is a way to detect and
compensate for any misleading GPS data.

Turning now to Figure 21, a flowchart 2100
of the anti-selective availability technique is

10 depicted. 1In the preferred embodiment, the
anti-selective availability technique is performed in
the GPS processor 710 of the host processing system
186. However, the technique could be implemented in
the GPS processor 710 at the vehicle 102. The

15 flowchart 2100 begins at a flowchart block 2102 and
ends at flowchart block 2118.

At a flowchart block 2104, estimated
pseudoranges (predicted estimated pseudoranges; "0ij")
of GPS satellites in view of the GPS antenna 702 are

20 predicted by using old almanac data. 0l1d almanac data
is GPS data, or any part thereof, which has been
previously recorded by the GPS receiver 706 and which
enables the GPS processor 710 to compute predicted
estimated pseudoranges without regard to the

25 currently-received GPS data. In a sense, the old
almanac data is used to check the integrity of
currently-received GPS data. 1In the preferred
embodiment, the old almanac data is the previous
ephemeris which was received by the GPS receiver 706.

30 With further reference to the flowchart
block 2104, current estimated pseudoranges ("Nij") of
the GPS satellites are computed in the usual fashion
using the current ephemeris data (subset of GPS data)
being transmitted by the GPS satellites and the base

35 known position of the base station 188.
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At a flowchart block 2106, the predicted
estimated pseudofanges (using the almanac) and the
current estimated pseudoranges (using the latest
ephemeris data) are compared. As is shown in the
flowchart block 2106, the euclidian norm of the
predicted estimated pseudoranges and the current
estimated pseudoranges are computed and tested against
a preselected threshold.

If the euclidian norm is larger than the
preselected threshold, then the ephemeris data is
deemed to be corrupted, as shown at a flowchart block
2108. Consequently, the latest valid almanac data is
used instead to compute position estimates of the base
station 188, as shown at a flowchart block 2108. The
flowchart 2100 then continues to flowchart block 2110.

If the euclidian norm is less than or equal
to the preselected threshold, then the ephemeris data
is deemed to be proper and the flowchart 2100

-continues to flowchart block 2110.

Next, as shown at a flowchart block 2110,
the base position estimate of the base station 188 is
computed using the current time and either the

currently received GPS data or the old almanac data

(decided in flowchart block 2106).

At a flowchart block 2112, the base position
estimate is tested against expected values. In other
words, because the location (base known position) of
the base station 188 is known, the accuracy of the
base position estimate using the anti-selective
availability technique can be readily tested against a
preselected threshold.

If the accuracy is within the preselected
threshold, then the an indication is sent to the
vehicle 102 that the GPS data is proper, as shown at a
flowchart block 2116. As a result, the base station

i

&y
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188 forwards any information needed by the vehicle 102
in order to compute first position estimates. The
information forwarded could include, for example, base
clock biases, spatial biases (original biases,
parabolic biases, base residuals biases), base
estimated pseudoranges, and/or base actual
pseudoranges.

If the computed base station 188 is not
within preselected threshold, then base clock biases
and/or base spatial biases are manipulated so that the
estimated base position is within the preselected
threshold, as shown at a flowchart block 2114. The
base clock biases needed to bring the base estimated
position within the threshold of acceptability are
then sent to the vehicle 102, as indicated at the
flowchart block 2116.

J.  Surveying
In addition to the determination of position

estimates and navigation of the vehicle 102, the
present invention can be used in a separate embodiment
to accomplish surveying of the Earth 172’s surface in
real time. Thus, the position of any point on the
Earth 172 can be computed using the techniques and
methods of the present invention.

K. Graphic Representations
The present invention provides for the

production of graphic images on the user interface
(not shown) of the host processing system 188. The
graphic images allow human users at the base station
188 to view the paths of the vehicle 102 as well as
any other vehicles which are being navigated with the
present invention. In the preferred embodiment, the
graphic images are displayed on commercially available
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video displays and, if desired, the screens can be
printed by conventional printers.

IV. Navigation System

A. Ooverview

2

In considering implementation of an
autonomous navigation system, there are some basic
questions which any autonomous system must be able to
answer in order to successfully navigate from point A
to point B. The first question is "where are we (the
vehicle) now?" This first question is answered by the
positioning system portion of the present invention,
as discussed above in section II.

The next or second question is "where do we
go and how do we get there?" This second question
falls within the domain of the navigation system
portion of the present invention, discussed in this
section (III).

A further (third) question, really a
refinement of the second one, is "how do we actually
physically move the vehicle, for example, what
actuators are involved (steering, speed, braking, and
So on), to get there?" This is in the domain of the
vehicle controls subsystem of the navigation systenm,
also discussed below.

As has been discussed implicitly above,
autonomous navigation, of a mining vehicle as an
example, may provide certain significant advantages
over conventional navigation. Among them is an
increased productivity from round the clock, 24 hr.
operation of the vehicles. The problems presented by
dangerous work environments, or work environments
where visibility is low, are particularly well suited
to solution by an autonomous system.

Volkswagen Exhibit 1011, Page 100 of 383



WO 91/09275 PCT/US90/07183

-99-

There are, for instance, some mining sites
where visibility is so poor that work is not possible
200 days of the year. There are other areas which may
be hazardous to human life because of being

5 contaminated by industrial or nuclear pollution. An
area may be so remote or desolate that requiring
humans to work there may pose severe hardships or be
impractical. The application of the present invention
could foreseeably include extraterrestrial operations,

10 for example, mining on the Moon, provided that the
necessary GPS satellites were put in Moon orbit.

In a typical application of the present
invention, as shown in Figure 3, with regard to the
navigation of a mining vehicle at a mining site, there

15 are three basic work areas: the load site, the haul
segment, and the dump site. At the load site, a
hauling vehicle may be loaded with ore in any number
of ways, by human operated shovels for instance,
controlled either directly or by remote control, or by

20 autonomous shovels. The hauling vehicle then must
traverse an area called the haul segment which may be
only a few hundred meters or may be several km’s. At
the end of the haul segment is the dump site, where
the ore is dumped out of the hauling vehicle to be

25 crushed, or otherwise refined, for instance. In the
present invention, autonomous positioning and
navigation may be used to control the hauling vehicle
along the haul segment. Autonomously navigated
refueling and maintenance vehicles are also

30 envisioned.

Referring now to Figures 4 and 5, navigation
of the AMT (Autonomous Mining Truck) encompasses
several systems, apparatus and/or functions. The VPS
1000 subsystem of the overall AMT system as described

35 above, outputs position data that indicates where the
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vehicle is located, including, for example, a North
and an East position.
Referring now to Figures 4 and 5, position

data output from the VPS is received by a navigator

5 406. The navigator determines where the vehicle wants
to go (from route data) and how to get there, and in
turn outputs data composed of steer and speed commands
to a vehicle controls functional block 408 to move the
vehicle.

10 The vehicle controls block then outputs low
level commands to the various vehicle 102 systems,
such as the governor, brakes and transmission. As the
vehicle is moving towards its destination, the vehicle
controls block and the VPS receive feed-back

15 information from the vehicle indicative of, for
example, any fault conditions in the vehicle’s
systems, current speed, and so on.

Navigation also must include an obstacle
handling (detection and avoidance) capability to deal

20 with the unexpected. 2 scanning system 404 detects
obstacles in the vehicle’s projected trajectory, as
well as obstacles which may be approaching from the
sides and informs the navigator of these.

The navigator may be required to then decide

25 if action is required to avoid the obstacle. If action
is required, the navigator decides how to avoid the
obstacle. And after avoiding the obstacle, the
navigator decides how to get the vehicle back onto a
path towards its destination.

30 Referring now to Figure 35, titled the
context diagram, and Figure 37A-37D definitions of the
communications, which are shown as circles with
numbers in them, are provided below:

35
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502. Host commands & queries:
commands given by the host to the vehicle manager.
These commands could be of several types:
initiate/terminate;
5 supply parameters;
emergency actions; and
directives.
Queries inquire about the status of various parts of
the navigator.
10
504. replies to host:
These are responses to the queries made by the host.

432. position data:
15 This is streamed information provided by the VPS.

416. Range data:
This is range data from the line laser scanner.

20 432. VPS control:
These are commands given to the VPS to bring it up,
shut it down and switch between modes.

416. scanner control:
25 These are commands sent to the laser scanner to
initiate motion and set follow velocity profile.

420. steering & speed commands
These are commands given to the vehicle to control

30 steering and speed. These commands are issued at the
rate of 2-5 Hz.

Referring to Figure 5, in the preferred
embodiment of the present invention, as described
above, both the VPS and the navigator are located on

35 the vehicle and communicate with the base station 188
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to receive high level GPS position information and
directives from a host processing system 186,
discussed below. The system gathers GPS position
information from the GPS satellites 200-206 at the

5 base station and on-board the vehicle so that common-
mode error can be removed and positioning accuracy
enhanced.

In an alternate embodiment of the present
invention, portions of the VPS and navigator may be

10 located at the base station.

The host at the base station may tell the
navigator to go from point A to point B, for instance,
and may indicate one of a set of fixed routes to use.
The host also handles other typical dispatching and

15 scheduling activities, such as coordinating vehicles
and equipment to maximize efficiency, avoid
collisions, schedule maintenance, detect error
conditions, and the like. The host also has an
operations interface for a human manager.

20 It was found to be desirable to locate the
host at the base station and the navigator on the
vehicle to avoid a communications bottleneck, and a
resultant degradation in performance and
responsiveness. Since the host sends relatively

25 high-level commands and simplified data to the
navigator, it requires relatively little communication
bandwidth. However, in situations where broad-band
communication is available to the present invention,
this may not be a factor.

30 Another factor in determining the particular
location of elements of the system of the present
invention, is the time-criticality of autonomous
navigation. The navigation system must continually
check its absolute and relative locations to avoid

35 unacceptable inaccuracies in following a route. The
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required frequency of checking location increases with
the speed of the vehicle, and communication speed may
become a limiting factor even at a relatively moderate
vehicle speed.
However, in applications where maximum
vehicle speed is not a primary consideration and/or a
high degree of route following accuracy is not
critical, this communication factor may not be
important. For example, in rapidly crossing large
expanses of open, flat land, in a relatively straight
path, it may not be necessary to check position as
often in the journey as it would be in navigating a
journey along a curvaceous mountain road.
Conceptually, the navigation aspects of the
present invention can be arbitrarily divided into the
following major functions:
route planning/path generation;
path tracking; and
obstacle handling.
The function of the present invention are
discussed below.

B. Route Planning/Path Generation

1. Introduction

Autonomous vehicle navigation in accordance
with the present invention, conceptually consists of
two sub problems, path generation and path tracking,
which are solved separately.

Path generation uses intermediate goals from
a high level planner to generate a detailed path for
the vehicle 102 to follow. There is a distinct
trade-off between simplicity of representation of such
plans and the ease with which they can be executed.
For example, a simple scheme is to decompose a path
into straight lines and circular curves. However,
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such paths cannot be tracked precisely simply because
of discontinuities in curvature at transition points
of segments that require instantaneous accelerations.
Following path generation, path tracking
5 takes, as input, the detailed path generated and
controls the vehicle 102 to follow the path as
precisely as possible. It is not enough to simply
follow a pre-made list of steering commands because
failure to achieve the required steering motions
10 exactly, results in steady state offset errors. The
errors accumulate in the long run. Global position
feedback 432 may be used to compensate for less than
ideal actuators. Methods have been developed for the
present invention which deviate from traditional
15 vehicle control schemes in which a time history of
position (a trajectory) is implicit in the plan
specified to the vehicle 102.
These methods are appropriately labeled
"path" tracking in that the steering motion is time
20 decoupled; that is, steering motions are directly
related to the geometric nature of the specified path,
making speed of the vehicle 102 an independent
parameter.
Referring now to Figure 3, an autonomous
25 vehicle 102 may be required to traverse a haul segment
320 to a dump site 322, and after dumping its load,
traverse another haul segment to a service shop 324,
under the direction of the host processing system 186.
The host processing system 186 determines the vehicle
30 102’s destinations, which is called "cycle planning."
The determination of which routes to take to get to a
desired destination must be accomplished by "route
Vplanning."
"Route planning" is the determination of
35 which path segments to take to get to a desired
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destination. In general, a route can be thought of as
a high-level abstraction or representation of a set of
points between two defined locations. Just as one can
say to a human driver "take route 95 south from
Lobster, Maine to Miami, Florida," and the driver will
translate the instruction into a series of operations
(which may include starting the vehicle 102, releasing
the brake 4406, engaging the transmission 4610,
accelerating to the posted speed limit, turning the
steering wheel 4910, avoiding obstacles 4002, and so
on), the autonomous navigation system of the present
invention performs similarly. As used in the system of
the present invention; a "route" is a sequence of
contiguous "segments" between the start and end of a
trip.

An autonomous vehicle 102 may begin at any
position in the sequence and traverse the route in
either direction. A "segment" is the “path" between
"nodes." A "node" is a "posture" on a path which
requires a decision. Examples of nodes are load sites
3318, dump sites 322, and intersections 326.

There are various types of segments. For
instance, there are linear and circular segments.
Linear segments (lines) are defined by two nodes.
Circular segments (arcs) are defined by three nodes.

"Postures" are used to model parts of a
route, paths and nodes for instance. Postures may
consist of position, heading, curvature, maximum
velocity, and other information for a given point on
the path.

A "path" is a sequence of contiguous
postures.

A segment is, therefore, a sequence of
contiguous postures between nodes. All segments have a
speed associated with them, which specifies the
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maximum speed with which the vehicle 102 is to
traverse that segment. The navigator 406 can command
slower speeds, if necessary, to meet other
requirements.

5 Determining which postures are required to
define a path segment by analytical, experimental or a
combination of both, is called "path planning" in
accordance with the present invention. To bring the
discussion full circle, a sequence of contiguous

10 routes, as mentioned above, is referred to as a
"cycle," and a vehicle 102’s work goals determine its
cycle. "

Therefore, to define a route one must first
define the nodes and segments. Next, the nodes and

15 segments must be ordered. Finally the routes must be
defined by specifying where in the ordered set a route
is to begin, and in which direction the ordered set is
to be traversed (See Figure 22 which illustrates these
concepts of the present invention).

20 The aforementioned method of defining routes
was developed for memory efficiency in the present
invention. It is also a convenient way to define many
routes on a specific set of nodes and segments.

In a real world example of the present

25 invention, picture a site where there are many
intersecting roads 326. A route pProgrammer would
define nodes at the intersections, and segments to
define the roads between the intersections. Routes
would therefore be determined by the roads and

30 intersections. There will however, be many ways to get
from point A to point B (many routes) with a fixed set
of intersections and roads.

The path-tracking method of the present
invention (discussed below) uses route curvature to
- 35 steer the vehicle. Methods of route definition using
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lines and arcs do not provide for continuous
curvature. Clothoid curves are another way to define
routes.

Another method of defining routes developed
by the inventors, fits B-splines to the driven data.
B-splines provide continuous curvature and therefore
enhance tracking performances. 1In addition, since B-
splines are free form curves, a route may be defined
by a single B-spline curve. By using free form
curves, a more robust method (semi-automatic) for
fitting.routes to data collected by driving the
vehicle over the routes is produced by the present
invention.

Referring to Figures 4 and 22, in operation,
the host processing system 186 from the base station
188 commands an identified vehicle 102 to take route N
from its present location. The navigator 406 functions
to generate a path by translating "route 1" into a
series of segments, each of which may have a "posted"
or associated maximum speed limit, which together form
a generated path for the vehicle to attempt to follow.
By specifying routes and commanding the autonomous
vehicle 102 with high-level commands this way,
enormous data requirements and inefficiencies are in
the present invention avoided in giving directions.

The navigator 406 stores the routes as a
linked-list of path segments, rather than the set or
series of sets of individual points. These segments
are also abstractions of the set of points between
defined locations or nodes.

A LINKER then takes given path segments and
generates a linked-list of control points, allowing
for flexibility and efficiency. Path segments are
shared by different routes, as is shown in Figure 22.
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The path segments are stored in a memory
called the TARGA 5302 as a set of arcs, lines, and
postures. For instance, in one embodiment of the
present invention, an analytical generator function

5 generates paths using these arcs, lines and postures.
In another embodiment of the present invention,
B-splines are used as a mathematical representation of
a route, as mentioned above.

In another embodiment or the present

10 invention, "clothoid" curves are used in generating
path segments. These are discussed below.

a. CLOTHOID PATH SEGMENTS
As discussed above, part of the navigation
15 problem addressed and solved by the present invention
is really two sub-problems: path planning and path
generation. These are solved separately by the present
invention.
Path planning proceeds from a set of
20 sub-goals using some path optimization function and
generates an ordered sequence of "objective" points
that the vehicle 102 must attain.
The challenge of path generation is to
produce from the objective points (of path planning),
25 a continuous, collision-free path 3312, smooth enough
to be followed easily by the autonomous vehicle 102.
For example, a simple scheme is to decompose a path
3312 into straight lines and circular curves. The path
3312 is then converted into a sequence of explicit
30 directives provided to the vehicle 102 actuators to
keep the vehicle on the desired path 3312. It should
be noted that there is a distinct trade-off between
simplicity of representation of such plans and the
ease with which they can be executed.
35
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The ability of an autonomous vehicle 102 to
track a specified path 3312 is dependant on the
characteristics of the path. Continuity of curvature
and the rate of change of curvature (sharpness) of the
generated path 3312 are of particular importance since
these parameters dictate steering motions required of
a vehicle 102 for it to stay on the desired path 3312.
Discontinuities in curvature are impossible to follow
since they require an infinite acceleration. For some
autonomous vehicle configurations, the extent to which
the sharpness of a path is linear is the extent to
which steering motions are likely to keep the vehicle
on the desired path 3312, since linear sharpness of a
path equates to approximately constant velocity of
steering.

One method used by the present invention, is
to compose paths as a sequence of straight lines and
circular arcs. This method suffers from
discontinuities in curvature where arcs meet. Another
method of the present invention, is to use polynomial
splines to fit paths between objective points.

Splines assure continuity in curvature, but do not
make any guarantees of linearity in sharpness.

Inability to track the requisite curvature
results in steady state offset errors from the desired
path 3312. These errors can be compensated for by
closing a feedback loop on position 3314. This is
sufficient in those scenarios where the response of
the actuators is fast enough to guarantee negligible
tracking errors and position sensing is accurate, such
as on a factory floor. However, path tracking is
simpler if the path is intrinsically easier to track.

The method of the present invention
generates explicit paths that pass through a sequence
of objective points. A derivative method of the

PCT/US90/07183
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present invention replans parts of the path
dynamically in case the tracking error becomes large
or the desired path is changed.

5 b. Modeling A Vehicle Path
Any path can be parameterized as a function

of path length (s) by position coordinates (x(s),
y(s)) 3304. That is, position coordinates x and Yy can
be written as explicit functions of the path length s.

10 Heading (O(s)) 3318 and curvature (c(s)) 3316 can be
derived:

ay(s) (EQ.1)

0(s) ax(s)

15

do(s) (EQ.2)
ds

c(s)

20 The quadruple of these parameters, p =
(x,¥,0,c), is a posture 3314 that describes the state
of an autonomous vehicle 102 at any point in time.

C. Clothéid Curves

25 Clothoid curves are used in an embodiment of
the present invention. They are a family of curves
that are posture-continuous, and are distinct in that
their curvature varies linearly with the length of the
curve:

30

c(s) = ks+Ci (EQ.3)

where k is the rate of change of curvature (sharpness)

of the curve and subscript i denotes the initial
35
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state. A clothoid curve segment 2002 is shown in
Figure 26. '
Given an initial posture, sharpness of the
clothoid segment and the distance along that segment,
5 position, orientation and curvature at any point are

calculated as follows:

6(s) =8, + fs a = L2 1 cs+ 0 EO. 4
10 (s) =8, o C(8)as = 5 5 i (EQ. 4)
s s
x(s) = x; + Jo cose ({)d¢ = Jo cos {%52 + cyé
" *egral Xy (EQ. 5)
s s
Y(S) = Yi + _[O Sine (f)de = IO sin {%&2 + ci§
20

+ ei}dg + Y; (EQ. 6)

d. Generation of a Posture~Continuous
25 Path
Practical navigation problems require
composite paths whose range and complexity cannot be
satisfied by a single clothoid segment. Most paths
require multiple segments that pass through a sequence

30 of objective points.

(1) Existing Methods
An article by Hongo et al. entitled, "An

Automatic Guidance System of a Self-Controlled Vehicle
35
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-- The Command System and Control Algorithm",
Proceedings IECON. 1985, MIT Press, 1985, proposed a
method to generate continuous paths composed of
connected straight lines and circular arcs from a

5 sequence of objective points. While paths comprised
solely of arcs and straight lines are easy to compute,
such a scheme leaves discontinuities at the
transitions of the segments as discussed above.

'An article by Kanayama et al. entitled,
10 "Trajectory Generation for Mobile Robots", Robotics
Research: The Third International Symposium, ISIR,

Gouvieux, France, 1986, makes use of paired clothoid
curves with straight line transitions between
postures. The constraint of straight line transitions

15 is due to the integrals in Egs. (7) and (8) which do
not have closed form solutions. Kanayama simplified
this problem by requiring ¢;=0. Also, by rotating the
reference frame by the amount of the initial
orientation, 0;,=0; only a straight forward

20 approximation of

S
Jo sin(ke?)ae

25 is left.

Kanayama’s method leads to paths that are
sharper at some points and less compact than
necessary, with adverse consequences to control. 1In
addition, the requirement for straight-~line

30 transitions precludes the local replanning of paths
because there are no guarantees that a segment to be
' replanned will include an uncurved section.

35
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2. Path Generation From a Seguence of

Points

A two-step method of the present invention,

to generate a unique posture-continuous path from a
5 sequence of points is now described.

Referring now to Figures 23, 24 and 25), the
first step is to derive a sequence of unique postures
2302, 2304, 2306, 2308, 2310 from the objective
points. The second step is to interpolate between

10 those postures with clothoid segments. Heading and
curvature at the starting and ending positions 2402,
2404 are presumed. Let Pi’ Pe be the starting and
ending postures 2402, 2404, respectively.

It is not always possible to connect two

15 postures with one clothoid curve segment because four
equations EQ.2, EQ.4, EQ.5, and EQ.6 cannot be
satisfied simultaneously with only two parameters
(sharpness k and length s) of a clothoid curve.

In order to satisfy the four equations

20 EQ.2, EQ.4, EQ.5, and EQ.6, one needs at least two
clothoid curve segments. However, the general problem
cannot be solved with two clothoid segments because if
ki and kf have the same sign, in most cases a third
segment is required in between. One adequate set of

25 the clothoids connecting a pair of neighboring
associated postures is the set of three clothoid
segments (k,si), (-k,sz), (k,S3). The subscripts
denote the order of the clothoid segments from Pi'
This combination is plausible for the following

30 reasons:

1. The signs of k for the first and the
last clothoid segments are the same.
2. k for the second clothoid segment is
35
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equal in magnitude and opposite in sign
to that of the first and last segments.
This enables the curve of three
clothoid segments to satisfy the
5 curvature variation between the
' starting and the ending curvatures by
varying Sy S,r S5, even though the
sign of the first and the last clothoid
segments satisfies the curve location
10 requirement.
3. There are four variables in the
5+ It is
possible to find a unique solution
satisfying the following four equations
15 which describe the mathematical
relationship between the starting and
the ending postures.

combination: k, Sy Sy, 8

Ce = c; + k(sl-sz+s3) (EQ. 7)
20
ef = ei + ci(sl+sz+53) + k(slsz-szs3+5351)
k 2__ 2 2
+ 2(sl s, +s3 ) . (EQ. 8)
25
s s
= cose. (¢)de + cose, (¢)d¢
X X; + Jo 1 fo 2
s
cos6, (£)d¢ (EQ. 9)
30 + Jo 3
35
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Ye = ¥; + IO sinel(e)df + Jo sinez(e)df

s
5 + Jo sine3($)d£ (EQ. 10)

where

10
= k. 2
el(f) =6, +c;6 + 56,
15 C k. 2
82(5) =6, +cys, + 55 + (ci + ksi)f
k.2
20
= k,_2__2
93(5) = ei + ci(sl+sz) + k(slsz) + 2(s1 s, )
. K2
. + {ci + k(s1 sz)}g + 25
Referring now to the method shown in Figure
27. Since equations 9 and 10 above contain Fresnel
integrals, for which there is no closed form solution,
® 30 the values of k,sl,s2,and s3 are computed.
Paths resulting from the method have the
) following advantages over other methods:
o The method proceeds from an arbitrary
35

Volkswagen Exhibit 1011, Page 117 of 383



WO 91/09275

10

15

20

25

30

35

PCT/US90/07183

=116~

sequence of points. Generation of postures
is essential to exploratory planning where
goals are commonly posed as an evolving
string of points. Paths generated by the
method pass through all the objective points
whereas paths from Kanayama’s method and the
arc method are only proximate to many of the
points because these methods start from a
sequence of postures.

The method gquarantees continuity of
position, heading and curvature along the
path. Further, sharpness is piecewise
constant.

Paths generated by the method always sweep
outside the acute angles formed by straight
line connection of the way points. The
resulting paths are especially useful for
interpolating around obstacles that are
commonly on the inside of angles. 1In
contrast, Kanayama’s paths are always inside
the angles.

3. Clothoid Replanning Paths

Clothoid replanning is done either to

acquire the path initially, or to guide the vehicle
102 back to the desired path 3312 through normal
navigation according to the present invention.

To avoid abrupt accelerations in an attempt

to make gross corrections in tracking a pre-specified
path, a path replanner is used by the present
invention to generate a new path which converges
smoothly to the desired path 3312 from the current

position.
1.

Replanning decomposes to two sub problems:
Determining the point of convergence to the
intended path 3308.

e
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2. Planning a path from the current position
3302 to the convergent point 3308.

Reference is made to Figure 28, which
5 graphically illustrates replanning a path in
accordance with the present invention. A pre-
specified path consists of interpolations 2804 between
postures (k,s)m (m=1,. . .,n) 2804-2810 and the
postures Pm (located at the end of segment (k,s)m).
10 Assuming that the vehicle 102 deviates from the path
between Pm and Pm+1, then Pm+2 is chosen as the
posture 334 to which the replanned path 2816
converges. The distance to Pmt2 is variable.
A curve composed of two curve segments is
15 fitted to the postures (the current posture and the
one chosen as a convergence posture) to obtain a
replanned path 2816, satisfying four governing posture
equations EQ.7, EQ.8, EQ.9, EQ.10. If we assume that
the threshold that determines whether a path is to be
20 replanned or not is much smaller than the length of
each clothoid curve segment*(k,s)m, we can*find a new
p:sture-continuous path ((k k+1, sk+1), (K k+2,
S *2)) using a small perturbation from known ((ky+1,
sp*1), (kk+2, sk+2)). Since the replanned path 2816
25 is not likely to be very far from the original path
3312, two clothoid segments can be used.

4. Summary
In accordance with the present invention,

30 generation of continuous paths for autonomous vehicle
102 can use clothoid segments to generate paths not
only because the resulting path is posture continuous
but also because linear curvature along the curve
leads to steering angles that vary approximately

35 linearly along the path, facilitating path tracking.

Volkswagen Exhibit 1011, Page 119 of 383



WO 91/09275 PCT/US90/07183

-118-

The approach of the present invention is as
follows: first, a sequeﬁce of the postures is obtained
using the objective points. Then, each of the
adjacent postures is connected with three clothoid

5 curve segments.

The present method accrues additional
advantages in that preprocessing of the objective
points is not necessary as with arcs and zero
curvature clothoids. Further, the geometry of the

10 paths generated always sweeps outside the acute angles
formed by straight line connection of the way points.
These are especially useful for interpolating around
obstacles that are commonly on the inside of angles.

From the set of stored arcs, lines and

15 postures, clothoid curves, B-splines, and so on,
points along a path are generated with the VPS posture
block.

Advantages of the present invention’s
handling routes in this way, besides reducing the

20 bandwidth requirements between the host and the
vehicle, effects data compression reducing data

storage requirements, and functions to smooth-out
paths.

25 5. B-Splines
B-splines are well known by mathematicians

and those familiar with computer graphics (see
"Mathematical Elements for Computer Graphics," by
David F. Rogers and J. Alan Adams, McGraw-Hill Book

30 Company, New York, N.Y., pages 144 to 155) as a means
of describing the shape of a series of points by
specifying the coefficients of a polynomial equation.
This curve fit function is an Nth order polynomial,
where N is user specified and depends on the desired

35 shape of the curve. The B-spline curve can be of any
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order and are continuous to the order of the curve fit
function minus one.
B-splines are used in an embodiment of the
present invention. B-splines lend themselves well to
5 path generation in the present invention because an
arbitrarily long path can be described by a low number
of coefficients, thus reducing the amount of data
storage. Provided that the order of the curve fit
function is high enough (three or larger), then the
10 generated path will be smooth in curvature, resulting
in a path which is inherently easy to track with the
aforementioned embodiments of the present invention.
Figures 29 shows an example of B-spline
curves.
15

2. ROUTE CREATION AND STORAGE
a. INTRODUCTION

In one embodiment of the present invention,
in order to create routes for a site 300, data is

20 first collected from the VPS 1000 and stored while a
human drives the vehicle 102 over the road system of
the work site 300. Nodes and segments are then fitted
to the stored driven data, and organized into routes
per the aforementioned procedure.

25 An application on an APOLLO Computer (now
HEWLETT-PACKARD of Palo Alto, California) work station
(a graphics display system, not shown) was developed
to graphically fit route data to the stored driven
data and to further define routes (that is, speeds,

30 sequences, starting point, traversal direction). Any
graphics work stations equivalent to the APOLLO could
be used.

Once the routes for a site are defined, the
route data is written to a permanent storage device.

35 In one embodiment of the present invehtion, the
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storage device used is a bubble memory cartridge 5302
with an associated reader/writer. The bubble memory
device 5302 is durable and retains the data when power
is disconnected. The APOLLO application is capable of

5 writing data to a cartridge 5302 and reading data from
a cartridge 5302.

As implied above, routes in the present
invention may be predefined, or they may be generated
dynamically.

10 In mining applications, generally a site 300
is surveyed and roads are pre-planned, carefully laid
out and built. The routes used by the navigation
system may then either be obtained from a manually
created computer data base (created specifically to be

15 used by the navigation system), or alternately, a
vehicle may be physically driven over the actual
routes on site to learn the routes as described above.
In the learning method, several trips over a given
route may be made. Then the variations in the data

20 (due for instance to driver weaving) are averaged, and
a smoothed-out best fit developed.

b. ROUTE DEFINITION
In one embodiment of the present invention,
25 the following method is used for route definition.
Define the nodes and segments upon which the
routes will be built. Place the node and segment data
into an array called the "routeData" array. Each
record in the array contains the following
30 information:

1. Type of item (that is, node,
linear segment, circular segment,
end of route marker)

2. If node item, define the north and

35 east coordinates of the node.

£}
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else if linear segment item,
define the speed along the

segment.
else if circular segment item,
5 define the north and east

coordinates of the center,
the radius, the direction the
circle is traversed (that is,
clockwise, or

10 counterclockwise), and the

speed along the segment.
else if end of route marker, there
is no other information.
2. Link the node and segment data together into

15 sequences. The sequences are simply an array of
indexes into the routeData array. Each sequence
must begin with an end of route marker, followed
by a node, then the remainder of the sequence
alternate between segments and nodes until the

20 sequence is terminated by another end of route
marker. An example sequence would be,

i, 6, 3, 4, 7, 9, 10, 23, 78, 1
where the integers are indexes into the
routeData array.

25 3. Finally define a route by specifying an index
into the sequence array and whether to index
through the sequence in the positive or negative
direction. Place the index and index direction
into an array called the "routeSpec" array. An

30 item in the route spec array may look like the
following:
6, 1 This specification defines a route

which begins at node 6 and is
indexed in the positive direction.
35 : 78, =1 This specification defines a route
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which begins at node 78 and is
indexed in the negative direction.

A user simply tells the vehicle which item in the
routeSpec array to use as a route.

4. The aforementioned data is stored onto the
storage device in the order which it was defined
in steps 1 - 3.

C. NAVIGATOR ROUTE USAGE
The following describes how the navigator
406 uses the defined routes from the above method of
the present invention.

When the navigator 406 is powered on it
reads the route information from the storage device
5302 and stores it in RAM in the syntax already
presented.

Next the operator specifies a route for the
vehicle 102 to follow. Again, the route is simply an
index into the routeSpec array.

When the navigator 406 decides that all
systems are ready for auto-operation, it sends a
message to the vps_posture task 5324 telling it to
engage. '

The vps_posture task 5324 then determines
the position, along the route which is closest to the
vehicle 102’s present position 2812. The search for

the closest position 284 on the route proceeds as
follows:

1. A pointer is set to the first segment in the
route.

2. The perpendicular distance from the vehicle
position to the segment is determined.

3. The pointer is moved to the next segment in
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the route.

4. The perpendicular distance from the vehicle
position to the next segment is determined.

5. Repeat steps 3 and 4 until the end of route
marker 2218 is reached.

6. Determine the distance from the vehicle
position to the end points 2218 of the
route. .

7. Set a pointer to the route segment which had
the closest distance and store the
coordinates of the closest distance.

The vps_posture task 5324 then uses the
description of the route (lines, arcs and speeds) to
generate posture at one meter intervals. The task
5324 generates a predefined distance of postures plus
a safety margin and puts the postures into a buffer
3000. To generate a posture which is one meter from a
given posture the vps posture task 5324 uses the
following procedure:

1. Determine the type of segment from which the
given posture was generated.

2. Use the proper formula for the type of
segment to determine the change in north and
east per meter of segment length.

3. Add the change in north and east per meter
to the last given posture.

4. If the generated posture is beyond the end
of the current segment, set a pointer to the
next segment and repeat steps 2 and 3.
else, return the generated posture.

The vps-posture task 5324 then informs the
executive 5316 that it is ready for tracking.
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As the autonomous vehicle 102 moves along
the posture in the buffer 3000, the safety margin 3006
is depleted. When the safety margin is below a
specified amount, the vps_posture task 5324 generates

5 another safety margin 3006 of postures and appends
them to the current buffer 3000. The vps_posture task
5324 depletes the posture buffer 3000 by monitoring
the current position 2812 of the vehicle 102 and
moving a pointer 3002 in the buffer 3000 to the

10 nearest posture. The posture buffer 3000 is
constructed as a ring which is traversed in the
clockwise direction (see Figure 30, Posture Ring
Buffer). That is, postures are placed in the ring
such that the direction of vehicle travel corresponds

15 to a clockwise traversal of the posture ring buffer
3000. Therefore, as the vehicle 102 moves the pointer
3002 to the nearest posture in the buffer 3000 will be
moved in the clockwise direction. When the pointer
3002 will be moved in the clockwise direction, memory

20 in the ring behind posture (counterclockwise of the
pointer) is free to be over written.

Step 7 (in the search routine above) is
registered until the end of route marker 2218 is reset
at which time the vps_posture task 5324 ceases to

25 generate posture and informs the executive 5316 that
it has reached the end of the route.

As mentioned above, a path is as a series or
sequence of contiguous "postures." A posture includes
the speed and steering angle required to be on track.

30 A posture may include latitude, longitude, heading,
curvature (1/turning radius), maximum velocity and
distance to next posture information.

35
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3. POSTURE GENERATION

The traéking method of the present
invention, requires certain information about the
route it is tracking. The information is contained in

5 a packet called a "posture" 3314. A single posture
3314 may contain position (that is, north and east
coordinates), heading, and curvature data, for a
specified location on the route. Therefore, a way of
producing posture data from the route specification is

10 required in accordance with the present invention.

Among the navigator tasks, (discussed below)
is a task which reads the route information and
produces postures at intervals (one meter for
instance) along the route which are used by the

15 tracking method. In one embodiment of the present
invention, each posture requires 36 bytes of memory

. which translates to about 36k of memory for each
kilometer of route. To reduce the memory
requirements, the navigator buffers posture data.

20 The task which produces the postures reads
the current position of the vehicle 102, finds the
nearest point on the route to the current position,
then generates a specified number of postures ahead of
the vehicle 102. The number of postures generated is

25 dependent on the maximum stopping distance of the
vehicle 102. That is, there should always be enough
postures in the buffer 3000 to guide the vehicle 102
to a stopping point.

In the B-spline approach to route definition

30 according to the present invention however, the need
for a posture buffer is eliminated, since the tracking
method is able to directly produce posture information

from the B-spline curve.

35
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C. PATH TRACKING
1.  INTRODUCTION
Path tracking or following is a critical
aspect of vehicle navigation according to the present
5 invention. The technique of the present invention uses
position based navigation (rather than vision based
navigation used in conventional navigation systems) to

ensure that the correct autonomous vehicile path 3312
is followed. The present invention is also innovative

10 in that it provides for separate control of steering
angle 3116 and vehicle speed 3118. Figure 36
graphically illustrates the path tracking system 3102
of the present invention.

For an autonomous vehicle 102 according to

15 the present invention to track specified paths, it is
necessary to generate referenced inputs for the
vehicle servo-controllers. Thus, path tracking can be
considered as a problem of obtaining a referenced
steering angle and a reference speed for the next time

20 interval in order to get back to the referenced path
ahead from the current deviated position.

In general terms, path tracking is
determining the autonomous vehicle commands (speed,
steer angle) required to follow a given path. Given a

25 pre-specified steering angle, driven wheel velocity
values and error components, the command steering and
driving inputs are computed in the present invention.

2. CONSTDERATIONS
30 a. GLOBAL POSITION FEEDBACK
The path to be tracked is specified in
Cartesian coordinates. If the control scheme consists
of only a servo-control to reference steering
commands, vehicle position and heading errors

35 accumulate. Position and heading result from
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integrating the whole history of steering and driving.
Thus, it is neceséary to feedback vehicle position
3304 and heading 3318 in Cartesian space.
Consequently, referenced inputs to the
5 servo-controllers are generated in real time, based on
positioned feedback 3114 (as shown in Figure 36).

b. SEPARATE STEERING AND DRIVING
CONTROL
10 Steering and driving reference inputs are
computed in the present invention, from the given path
and vehicle speed, respectively. This enables easy
integration of path tracking with other modules of the
present invention, such as collision avoidance.
15
3. EMBODIMENTS
a. TRACKING CONTROL STRUCTURE
(Figure 31)
One of the challenges of vehicle autonomy is
20 to determine the steering inputs required to track a
specified path. For conventionally steered vehicles,
in the present invention the desired path and the
desired speed along the path can be tracked
separately, reducing the problem to one of controlling
25 the steering. (A path, for this discussion, being a
geometric curve independent of time in contrast to a
trajectory, which is a time history of positions.)

Steering angles are planned from the desired
path 3312 and sensed vehicle positions. These angles

30 are commanded to the vehicle via a steering controller
3104.

The functional block diagram in Figure 31,
shows a tracking control structure according to the
present invention.

35
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In kinematic steering schemes, errors in
position, heading-and curvature are reduced based on
the geometry of the errors without consideration of
actuator saturation, compliance, any friction or mass

5 terms. Tuning values, such as look-ahead distance and
selection of curvature on the path, are selected
through empirical trials and simulations in order to
get good performance.

In a manually driven vehicle, the look-ahead

10 distance is the distance 3310 in front of a vehicle
that a driver looks during driving. The look-ahead
distance in the present invention, is the distance by
which the errors in position, heading and curvature
are planned to be reduced to zero. It varies with the

15 speed of the conventional or autonomous vehicle.

Varying the look-ahead distance varies the
degree to which steering adjustments must be made to
effect a change of course. Look-ahead distance is
discussed in more detail in a following section.

20 However, real vehicles depart from kinematic

' idealization, and their control response departs
accordingly. As vehicle speed, mass and path
conditions change, actual vehicle response departs
even further from kinematic idealization. Hence,

25 kinematic idealization is generally valid only at low
speeds with constant conditions.

An embodiment of the present invention uses
a8 model which includes considerations of cornering
stiffness, mass and slip angle. The control problem

30 is formulated as a linear quadratic optimal tracking
problem where the errors in position, heading and
curvature are minimized based on the vehicle control
model.

The optimal path and controls are computed

35 from the desired path 3312 and the currently sensed
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vehicle position using the current errors as initial
conditions to the'optimal control problem. A few
computed steering angles along the initial part of the
optimal path are used as references to the low level

5 steering controller for the next sensing time
interval.

This preview optimal steering planning has
the advantage of guaranteeing stability and optimality
with respect to the given performance index. The

10 optimal preview control method of the present
invention is central to the steering planning of an
autonomous vehicle.

Turning again to Figure 31, the inner loop
3116 of steering control 3104 is executed on the order

15 of 10 milliseconds, while the outer loop 3114 is
closed at the rate of 0.25-0.5 second.

The following procedure is used to close the
loop on position. After sensing the current position
(Pa,k) 3210, the posture at the end of the current

20 time interval (Ea,k+1) 3216 is expected.

Then, the desired posture at the end of the
next time interval (Pd,k+2) 3218 is computed in a
referenced steering angle between (Ea,k,+1) 3216 and
(Pd,k+2) 3218 are determined.

25 Significantly, as mentioned above, these vehicle
and path techniques of the present invention, decouple
steering control from velocity control at the vehicle.

b. QUINTIC METHOD

30 Shown in the navigator task diagram, Figure
53, which is discussed in more detail below, is a
functional block called the tracker 5306. The tracker
5306 operates to construct a smooth path back to the
desired or correct path. In one embodiment of the

35 present invention, as mentioned above, a quintic
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method is used. This involves a fifth order curve in
error space for steering commands.

The quintic polynomial method of the present
invention replans a simple, continuous path that
converges to a desired path in some look-ahead
distance 3310 and computes a steering angle
corresponding to the part of the replanned path 2816
to be followed for the next time interval.

If the desired path is considered as a
continuous function of position and the vehicle is
currently at Pa 3320, an error vector can be
calculated (Figure 33) that represents error in the
distance transverse to the path (e0) 3322 relative to
Po 3304, in heading (Bo) 3322, and in curvature (yo)
3404. If the vehicle is to be brought back onto the
specified path within distance L 3310 (measured along
the reference path), six boundary conditions can be

stated corresponding to the initial errors and to zero
errors at PL.

e(Po) = eqi e(PL) =0
B(PL) = Bi B(P) =0
1(Pg) = i 1(Pp) =0 (EQ. 11)

A quintic polynomial can be constructed to
describe the replanned path (in error space) as
follows:

_ 2 3 4 5
e(s) = a, + a,s + a,s + a,s + a,s + ags (EQ. 12)

¥

where s is in the set of [0,L] N
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The expression for e(s) gives the error
along the replannéd path 2816 from Po 3304 to PL 3308.
The second derivative describes path curvature, which
can in turn, be used to calculate a steering command
5 to guide the vehicle back to the desired path 3312.
Variation in the steering angle 3116 from the
replanned path 2816 (or in error space) is computed
from the second derivative of error function e(s).
Then, curvature along the new path can be computed as:
10 2
d e(s)

cnew(s) = Cold(s) + d52 (EQ. 13)

The reference steering angle 3112 along the

15 new path can be converted from curvature. Since this
procedure is executed at every planning interval, the
entire new path back to the reference path 3312 is not
required. Only the steering angle 3112 for the next
time interval is computed from the curvature at the

20 point on the new path that can be achieved in the next
time interval.

The look-ahead distance, L 3310, is a
parameter that can be used to adjust how rapidly the
vehicle steers to converge to the desired path.

25  Additionally, better performance is obtained if L 3310
is chosen proportional to the vehicle speed because
for small values of L 3310, the vehicle oscillates
around the path 3312, while for large values of L 3310
the variation introduced by the quintic polynomial is

30 small enough that the tracking performance is poor.

Since there are six boundary conditions
used: epo
(distance) and epl (look-ahead), €, ~ error in
heading and e (look=-ahead), and e,o ~ error in

35 curvature and e.1 (look-ahead), a fifth order curve is

- error in position at the current position
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required. This is used to generate a steering angle
3112. '

Recall that path tracking schemes in
general, perform better when the path specified is
intrinsically easier to track. This is especially the
case when the steering actuators are slow compared to
the speed of the vehicle.

Other vehicle characteristics, like steering
response, steering backlash, vehicle speed, sampling,
and planning time intervals significantly affect
vehicle performance. As expected, at higher wvehicle
speeds, faster and more accurate actuators are
necessary, if sensing and planning time intervals are
kept constant.

An advantage of the quintic polynomial
method in general, is that it is simple, and reference
steering angles can be computed very easily. However,
since there is no consideration of vehicle
characteristics (mass, inertia, time delays, vehicle
ground interaction, and so on) in the control schemne,
stability and convergence are not guaranteed.

The parameter L 3310 (look-ahead distance)
can be adjusted to modify response to the vehicle, and
the value of L 3310 can be chosen based on trial and
error. This scheme has provided good results at
speeds up to approximately 28 Km per hour at the time
this application disclosure was prepared.

The method used by the tracker of the
present invention is:

(1) estimate the next position by either
averaging or evaluating the states of
position;

(2) compensate for delays using either of the
estimating methods

»
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(3) dynamic look-ahead changes at different
speeds - the coefficients of the quintic:
look-ahead distance.

5 C. LATENCY AND SILOW SYSTEM RESPONSE

An additional path tracking embodiment of
the present invention uses various compensation
techniques to improve vehicle response
characteristics. This is used in conjunction with the

10 quintic polynomial method to realize improved tracking
performance.

Some vehicle response characteristics
include latency of vehicle control commands, slow
system response, and vehicle dynamic characteristics

15 including vehicle-ground interaction (VGI), (slip
angle and under/over steer).

The latency of vehicle commands was
compensated in one embodiment of the present
invention, by modifying the vehicle control hardware

20 to reduce time delays, and by utilizing a method which
sets control commands far enough in advance to
compensate for the existing delays.

Decreasing the time lag between when the
vehicle position is sensed and when the command is

25 issued reduces prediction errors, which reduction is
required to plan steering angles, and results in
better tracking performance.

A varying look-ahead distance with speed
also improves the tracking performance in comparison

30 to the constant look-ahead distance.

A tracking method outputs steering and speed
commands over a serial link to a vehicle control
system. The vehicle control system is a multi-
processor, multi-tasking system, relying on a mailbox

35 gueue for communication between tasks.
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This mailbox queue is composed of two types
of queues, a highrperformance queue and an overflow
queue. During high data flow rates from the tracking
task, the high performance queues spill into the

5 overflow queue, degrading the performance of inter-
task communication. This can result in total latency
times between the tracking task and actual steering
actuator commands which are on the order of seconds.

The steering dynamics may be modeled as a

10 first order lag system. It takes a period equivalent
to one time constant for a first order lag response to
reach approximately 63% of the desired final value.
As can be appreciated, for slow systems with large
time constants, the response time can be significant.

15 To resolve the latency and response
problems, hardware may be adjusted to be used in close
conjunction with the tracking method to control
vehicle steering, and a new control scheme devised to
compensate for pure time delay and poor response.

20 The hardware may be adjusted, for example,
to reside on the same back plane as the processor
which executes the tracking method and controls the
vehicle steering system directly. This serves to
eliminate delays due to the serial link and queuing.

25 To compensate for the remaining delays
(delays due to processing time of the tracking method
and inter-task communication within the tracking
system), a method which sends speed and steering
‘commands in advance to counteract any delays is used

30 in accordance with the present invention. The method
may be executed as follows:

35
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sense the current position Pactual

(Initialization: Pactual = P[O] = P[1] =
«...= P[d_index+1])
compute error between predicted and sensed
5 position:
Pe = Pactual - P[O] for i = O, d_index
P[i] = P[i+1] + P,
compute the position on the path
corresponding to the position of the
10 beginning of the time interval: get Py
(P[d_index], Pon)
get initial condition:errors(0) = P[d_index]
- P
on
compute a quintic polynomial curve in error

n

15 space [1]
predict a position at the end of the
planning time interval;
get despos(Pon,ds,P+d_index+l)
P[d+index+1] + = errors(ds)
20 For example, to compensate a system which
has time delays on the order of two planning intervals
(on the order of 250 mSec), the variable d_index is
set to 2.0.
Tracking performance improves as the
25 compensation index (d_index) is increased to match the

delays inherent to the system.

d. VEHICLE-GROUND INTERACTION (VGT):

Reference commands for steering angle and
30 vehicle speed result in varying angular velocities and
accelerations of the vehicle wheels.
VGI describes how the vehicle moves, given
steered wheel angles and wheel angular velocities.
The principal VGI phenomena are slip angle and
35 under/oversteer characteristics which are based on the
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tire/road contact region geometry, and are affected by
tire elastic deformation. These phenomena require a

larger steering angle as compared to a kinematically
computed one.

e. SENSING AND ACTUATION TIMING

Since actual path tracking is controlied by
digital processors in the present invention, a
discrete time interval is used. It is governed by the
10 position sensing time interval (which may be on the
order of 0.25 Sec) which is much longer than the
computing time required for steering planning (which
may be on the order of 16 mSec) .
At times, especially when the discrete time
15 interval is large, poor predictions of the vehicle
position may be made which degrade performance of the
. tracking method.

20 k k+1 k+2
executed
old sensing and | | |

actuation timing

sense P
25 expect Pk+1
plan ¢, .,

A compensation method of the present
invention, serves to reduce the error in predicting
30 the next vehicle position by decreasing the discrete
time interval. 1In this method, the vehicle position
is predicted for the end of the computing interval (16
mSec) rather than at the end of the planning interval

(250 mSec). The method is executed as follows:
35
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sense the current position Pactual

(Initialization: Pactual = P[0] = P[1] = «v.. =
P[d_index+l1] = Pactual’k+1
compute error between predicted and sensed
5 position:
Pe = Pactual - Pactual'
for i = 0, d_index
P[i] = P[i+1]+ P_
compute the position on the path corresponding to
10 the position of the beginning of the time interval:

get Pon(P[d_index], P )

k+1

on
get initial condition: errors(0) = P[d_index] -
Pon
compute a quintic polynomial curve in error space
15 compute a quintic polynomial curve in error
space[1]

predict a position at the end of the planning
time interval:
get despos(Pon, ds , P+d_index+1)
20 P[d+index+1] += errors(ds)
predict a position at the next sensing time:
P.ctual’ X*t1 = P[O] + (P[1] - P[O])*(dt plan - dt

comput) /dt plan

25 f. LOOK AHEAD
Human operators use different look-ahead
distances 3310 when driving. At slow speeds, a driver
generally looks at a point on the road relatively
close to the vehicle, while at higher speeds, this
30 point is generally farther ahead of the vehicle. The
higher the speed, the farther ahead the reference
point is, resulting in smaller steering corrections.
Thus, in an autonomous application, a
look-ahead distance which varies with speed, logically
35 helps to improve tracking performance.
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A desired steering angle may consist of a
steering angle from the reference path 3312 and a
steering angle 3112 which is computed with a quintic
method to correct for tracking errors. These steering
5 angles are summed to give the vehicle steering command
as shown in equation (1) below:

ref ¥ Qerror

10 Note that look-ahead in the autonomous
scheme affects only ®orror’ €Ven though look-ahead in
manual driving affects both the reference and error
compensating steering angles. Shorter look-ahead
values result in large steering corrections; the look-

15 ahead distance can therefore be interpreted as a gain
in an error feedback system.

An arbitrary model for varying look-ahead
distance (L) with speed (V) is expressed with three
parameters, Vref' Lref’ and slope, as shown in

20 equation (2) below:

L = slope * (V- ref)+Lref
where V is the speed of a vehicle and L should be
25 between Lmin=10 and L,ax=30. Tracking performance is
improved with the varying look-ahead distance 3310 of
the present invention.

g. OPTTMAL, CONTROL METHOD
30 As mentioned above, an embodiment of the
present invention uses a model which includes
considerations of cornering stiffness, mass and slip
angle.

The control problem is formulated as a
35 linear quadratic optimal tracking problem where the
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errors in position, heading and curvature are
minimized based on the vehicle control model. The
optimal path and controls are computed from the
desired path 3312 and the currently sensed vehicle
5 position 3304 using the current errors as initial
conditions to the optimal control problem.

A few computed steering angles along the
initial part of the optimal path are used as
references to the low level steering controller for

10 the next sensing time interval. This preview optimal
steering control has the advantage of guaranteeing
stability and optimaiity with respect to the given
performance index. The optimal preview control method
according to the present invention, is applicable to

15 the steering planning of an autonomous vehicle 102.

The model is derived from a standarad
telescoped, or bicycle model (not shown) or
approximation of the vehicle. The equations
describing the vehicle motion include terms which

20 represent the VGI described earlier. These equations

use the state variables:

X=[XIYI87‘GJ

25
where x and y represent the global position
of the vehicle; 0 is the heading 3318 of the vehicle,
and O is the rate of change of heading.
Using these variables, the equations are:
30
35
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- x351n(x4) + Vncos(x4)

x3cos(x4) + Vn51n(x4)

(caF + CaR)
= = nv X3
n
(bC - ac )
+ { aR v aF -V } ox
n n 5
= x5
(bcaR - acaF)
= = X
IVn 3
2 2
- (a CaF + b caR) X + acaF
IVn . 5 T
= — —n;L
6 (o4 [ T ]
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where:
V€: lateral velocity

5 v i constant forward velocity
§ steering angle
ap! slip aﬁgle

10
Vgt speed of the front wheel

F.: 1lateral force between front wheel and ground

15 F,: lateral force between rear wheel and ground

m: vehicle mass

I: vehicle moment of inertia

20
6: vehicle heading
CaF' C&R : Front and rear tire cornering stiffness
25 y L3
A

, v
30 é/v
— Vehicle

» X

X,y: inertial system

35
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It is well known in the art of optimal
control theory, that a cost function must be selected
which is used to minimize selected parameters in the
system. The cost function used in this problem was

5 selected as:

_ 9 2

+ R () = ya(te) 127
2'°f d‘'"f

10
T [ R, {u,(t) }2 + { % (t) - xq(t) }2
E"‘t 1 1 1 d
15 xRy (8) -y (e) 32 ] at (EQ. 15)

There are several problems to solve the
optimal control problem with the state equations (14)

20 and the cost function (15);

1. The system is nonlinear. Usually, a two
point boundary value problem which results from a
nonlinear system does not have an analytic solution.
Numerical solutions, on the other hand, take a long

25 time to compute.

2. The resulting optimal control problem is a
free final time problem. Generally fixed final time
problems are simpler to solve than those with free
final time.

30 3. The first term inside the integration
(within the above cost function) is the time
derivative of the control input, which is not usual in
a quadratic cost function of an optimal control
problem. However, the time rate change of steering is

35 very important for smooth path following, because it
is directly related to the time rate of change of
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centrifugal force (due to lateral accelerations of the
vehicle). A

Note that the steering angle is dependent on
the curvature of the path as in Figure 51.

The following approaches are applied in
order to overcome the above three problems and to make
the resulting optimal control problem tractable:

1. Since the sinusoidal functions in the first
and the second equations of (14) make the system
nonlinear, a new coordinate system, an axis of which
is parallel to the tangent direction of the
corresponding point of the path to the current vehicle
The deviations only in the lateral
These

two approximations not only eliminate the nonlinearity

position, is used.
direction are considered in the cost function.

. in the system equation but alsc reduce the number of

equations to deal with; the first equation of (14) is
not required now. (Refer to "Coordinate Systems.")

2. This problem with free final time, tf, can
be converted to the one with a fixed final value of
the independent variable by writing the differentials
in the equation of motion with respect to the forward
distance. To this end, a non-dimensional independent

variable, s, is defined as:

[} ]
0
o]
al

[l

= = s accel

91a
ot
n
n

3. To solve the third problem pointed out above,
a new state vector and a control input are defined as:

= T g
Xhew = [Xo1ar Uold] ' Unew = Yo1q
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where Xnew satisfies:

I | l I |
A | a | B | B o |
new = | old | old | new = | |
| == | | =-— |
l l | l I
| o | 0 | I 1 ]
| | | [ __|

y=AX+B

where Aold and Bold denote the old system

matrix and the old input matrix.

input are

VA =

following:

Then, the state variables and the control
defined as:

[ EI vgl e, él 6 ]T, u =; (EQ- 16)

which satisfies the system equations as the

W
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a@ _ "
= Zl (22 + VnZ3) o
av o C g+ Cp)
> == 2; = [~ mv Z,
ds n
.y (bCaR - ac p) Sy g
v_ n 4
n
10 C.p
+ o ZS] o
g% = Z, = Z4 o
ds
15
de _ o, . : (bC_p = aC_ o) .
S: 4 IV 2
2 2
20 _ (a"C.p + P°C.R) . aCF 2z J o
IV 4 I 5
n
7
$ -z = w (EQ. 17)
ds
25

30

35

The new cost function becomes:

- q
L (2,5) =< [ 2(1) - ¢g (1) 1°

f; [ RUZ(S) + { 2,(5) - £4(8) }2 1 a8

(EQ. 18)

1
+2

PCT/US90/07183
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The steering planning with resulting system
equation (17) and the cost function (18) above, can be
solved as a linear quadratic tracking problem as the
following. Suppose the system equation and the cost

5 function are described as

X=2X +BU , t >t ' (EQ. 19)

10 L=3 [ X(t) - Xt 1T @ [ X(t,) - Xq(tg)
t
p17 X(t) - x,(0) 1T 0(t) [ X(t) - X (t) ]
2 Jy DX a 4
15 T
+ UT(£)R(t)U(L) } dt (EQ. 20)
and Qf2, o, @3, 0, R> o
20 are chosen all symmetric. Then the resulting
equations are:
-p=2aTp + pa - PBR 'BTP + o P(ty) = Q. (EQ. 21)
25
k(t) = R IBTp(t) (EQ. 22)
-v= (BT + Ky . V() = Xy(tp) (EQ. 23)
30 yo kx + 7Ty (EQ. 24)

Thus, the riccati equation (21) must be
solved first and the gains are computed from the
result of the riccati equation and then the forcing

35 function driven by the desired path are computed by
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solving equation (23). Then, the control and states
are obtained by solving equation (19) and (24).

The MacFarlane-Potter integration method
was tried to solve the riccati equation. This method

5 is known to be very effective for the steady-state
solution of the time-invariant problem. Since the
previewed distance is quite long and the initial parts
of the solution are used, this method seems good to
reduce the computation time.

10 Hence, equation (23) is changed as the
following equation (25) and solved, because the
previewed distance is long and only the inertial part
of the solution is used.

5 (a-Br) Ty + Qxy = 0 (EQ. 25)

h. CONCLUSION
Tracking performance has been improved
20 according to the present invention, by investigating
and understanding vehicle and control system dynamics
and by designing compensation methods given this
understanding.
A degraded perfbrmance of a tracking method
25 is attributable to latency of vehicle control
commands, slow system response, and vehicle dynamic
characteristics. It is possible to counteract each of
these effects.
Latency of Vehicle commands, a dominant
30 effect, can be successfully compensated by modifying
the vehicle control hardware and by utilizing a method
which set control commands far enough in advance to
compensate the delays. Decreasing the time lag
between when the vehicle position is sensed and when

35 the command is issued reduces prediction errors. This
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is required to plan steering angles, and results in
better tracking performance.

Varying look-ahead distance with speed also
improves tracking performance in comparison to using a
constant look-ahead distance.

In general terms then, path tracking is the
function of staying on course. In path tracking'in the
present invention, as discussed, some of the
considerations are errors in distance, heading and
curvature, delays in the system including processing
delays and delays in vehicle response to actuators,

and so on, dynamic look ahead distance, weighted path
history, and extrapolation.

.

D. OBSTACLE HANDLING

1. INTRODUCTION

Obstacle handling involves at least three
major functions: detection of obstacles 4002,
avoidance of obstacles 4002, and returning to path
3312. The returning to path function is similar to
path generation and tracking, as described above.

In addition to path tracking (following),
successful navigation of vehicle 102 requires that
vehicle 102 be able to detect obstacles 4002 in its
path, thus allowing the vehicle to stop or otherwise
avoid such an obstacle before a collision occurs.

In one embodiment of the present invention,
a single line infra-red laser Scanner 404 (See Figure
38) is used in a configuration where the scan is
horizontal (not shown). The scan line 3810 does not
contact the ground, so any discontinuities in the
range data can be attributed to objects 4002 in the
environment.

Since a reference path 3312 is available and
the vehicle position is known relative to the
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reference path, only the range data and a region
bounding the reference path 3312 is processed for
threatening objects 4002. Objects outside of this
region, or boundary zone, are ignored. The width of
5 the boundary zone (not shown) is equal to the vehicle
width plus some selected safety buffer to allow for
tracking and positioning errors. This method is
limited in its usefulness and is referred to as
"clearance checking."
10
2. DETECTION OF OBSTACLES
a. CLEARANCE CHECKING
In the simplest case of the present
invention, the laser 404 may be used in a single line
15 scan mode with successive range measurements being
made at regular angular intervals as the laser scans
over the field of view. Again for simplicity, these
scans can commence at regular time intervals. The
term "clearance checking" has been used to describe
20 this method. In this version of the present
invention, the method has been limited to processing
only two dimensional data.
This type of obstacle method is limited to
checking to see if the paﬁh 3312 is clear using a
25 single line scan mode with successive range
measurements being made at regular angular intervals
as the scanner 404 scans over the field of view. It
does not include any methods to establish the
existence of any obstacle 4002 or to create a path
30 around it if the path is not clear. This type of
method is not deemed to be a particularly useful
obstacle detection method, except in very rigidly
controlled environments, such as on a factory floor.

35
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b. FILTERING AND EDGE DETECTION
SCHEME
A second obstacle detection embodiment of
the present invention uses a multiple-line scanner
5 3804 (See Fiqure 38), whose scan 3810 contacts the
ground at some distance in front of the vehicle 102.
Since the scan line contacts the ground, discon-
tinuities in range data can no longer be attributed to
threatening objects 4002. For example, profiles from

10 natural objects such as hills and banked or crowned
roads can cause discontinuities in range data. This
technique of the present invention can discern
discontinuities in range data between threatening
objects 4002 and natural objects (not shown).

15 In this embodiment of the present invention,
a filtering scheme is used to decrease the amount of
data processed and is independent of the scanner
configuration used. The edges of the boundary zone
are found by traﬁsferring the range data to an image

20 plane representation 3900 (See Figure 39), where each
range value is located by a row number 3908 and a
column number 3910 (a matrix representation).

Processing load is minimized by selecting a
relatively small number of the scan lines available in

25 a range image representation 3900. The scan lines are
selected by vehicle speed, and are concentrated at,
and beyond, the vehicle stopping distance. The
selected scan lines from successive frames of data can
overlap.

30 In this method, if the vehicle 102 is moving
fast, the selected scan lines 3906 are far in front of
the vehicle (near the top of the range image
representation 3900). 1In contrast, when the vehicle

is traveling slowly, the selective scan lines 3906 are
35
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closer to the vehicle (near the bottom of the range

image representation 3900).
Each scan line is made up of many pixels of

. data. Each pixel has two parameters associated with
5 it. First, the actual value of the pixel is the range
* value returned by the scanner 3804. Second, the

location of the pixel on the scan line gives an
indication of the angle, relative to the vehicle
centerline, at which the range value was recorded.
10 This corresponds to a cylindrical coordinate frame
(R, THETA, Z) description.
Given the cylindrical description and the
known scanner location with respect to the vehicle
102, the range values can be converted to a Cartesian
15 coordinate (X,Y,Z) system. The result is a road
profile description which can be used by a novel
filtering scheme to determine if threatening objects
4002 are present in the vehicle path 3812, while
ignoring effects due to natural hills and valleys in a
20  typical roadway.
After the scanner data is converted to
Cartesian coordinates, the data is processed to
determine which part of the scan is actually on the
road 3312 and which part of the scan line is outside
25 of the vehicle path and therefore safely ignored.
Given the vehicle position and the width of a boundary
(which is equal to the vehicle width plus some safety
margin), the coordinates of the boundary on either
side of the vehicle path can be determined. The
N 30 coordinates of the boundary can be compared to the
| coordinates of each pixel on the current scan line.
¢ The pixels which have coordinates outside of the
boundary are ignored.
The filtering scheme builds an expectation
35 of the road profile from previously sensed road

Tagaa
7%Qi
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profiles. This expectation is based on three
parameters which were found to adequately describe
typical paved roads. These three parameters are:

o road crown: the curvature of the road cross ®
section (perpendicular to the road
centerline). -
° road bank: the ’tilt’ of the road profile

(perpendicular to the centerline).

o road height: the height of the road
centerline above a reference blane described
by the location of the four tires of the
vehicle 102.

Expected values of the road crown and the
road bank are determined by performing a standard,
least-squares Kalman filtering technique on previously
sensed scanner data. The Kalman filter basically
keeps a type of running average of the two pParameters
based on the values determined from the previous data.

In accordance with the present invention,
the expected road height for a particular scan can be
determined through one of two similar methods.

One is to average the road height at each
pixel within the current scan line to determine a
Ccharacteristic height of the scan line in question.

The second. method is to filter the road
height using the standard Kalman filter similar to
that used when determining crown and bank

expectations.

These three parameters can be used to »
determine a second order equation which describes the
expected road profile. This expected profile is '

compared to the actual road profile. Any deviations
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between the two which exceed a preset threshold value
are assumed to be threatening objects.

This scheme of the present invention is
viable given the assumption that any detected objects
4002 are small in comparison to the width of the road.
Then, when these averaging or least squares methods
are used, the effects due to objects are negligible in
comparison to natural road data.

This filtering scheme also includes a very
simple edge detection method which convolves the
selected range data with a simple seven point weighing

function.

c. OBSTACLE EXTRACTION
An additional technique of the present
invention processes an entire range image
representation 3900 from a multi-line scanner 3804 for
objects. This method of the present invention
accomplishes three goals:

1. Do not detect obstacles 4002 when none
exists,

2. Detect obstacles 4002 when obstacles do
exist, and '

3. Detect the correct obstacles 4002 when
obstacles exist.

Obstacle extraction is obstacle detection
through the use of blob extraction. Blob extraction
is well known in the art of computer graphics.
Obstacles are found by clustering similar pixels into
groups, called blobs. The goal of obstacle extraction
is to store and process obstacles as units rather than
as individual pixels.
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The obstacle extraction of the present
invention may be done by preforming the following
steps in the image plane 3901:

5 1. Project the vehicle path into the image
plane 3901,
2. Transform range data into height data,
3. Fit a curve to the height at the center of
the road (this represents the expected road
10 height at each row),

4. Threshold the actual road height against the
height expectation, and
5. Extract the obstacles (indicated by
differences in actual and expected road
15 heights which exceed the threshold).

(1) EINDING THE ROAD
In order to process all the available data,
the images must be processed at the frame rate of the

20 Scanner 3804. For this reason, most of the
computations in the obstacle extraction method are
done in the image plane 3901. By projecting the path
into the image, a large portion of the image can be
ignored, and many needless computations avoided.

25 Assuming that the vehicle path 3812 is
specified at regular intervals, the current vehicle
position can be used to locate the path segment line
3902 in front of the scanner. This path 3812 is
transformed from world coordinates into image

30 coordinates by projecting the points corresponding to
the road or boundary edges 3902 into the image plane
3901 (see Figure 39).

A cubic spline is used to interpolate
between the gaps. Thus, the center and edges of the

35 row 3902 are found for each row 3908 in the image
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plane 3901. The pixels isolated between the road
edges 3902 are converted (cylindrical to Cartesian
coordinates) from range to height data. The outlying
pixels are discarded and not processed any further.

(2) MODELING ROAD HEIGHT
Once the center of the road is known for
every row 3908 in the image plane 3901, the height for
each of these points can be determined. A third order

least squares curve is fit to these data.

This has the effect of modeling the general
trend of the road (up and down hills) as well as
filtering out the effects of noise and small objects
lying in the center of the road.

(3) THRESHOLDING

Obstacles may be located by using a height
threshold. A straight height threshold would be
meaningless since the surrounding terrain is not
necessarily flat. Hence, the threshold is referenced
against the expected height, as predicted by the third
order fit, at the row number 3908 of the given pixel.

In this manner, a hill is not considered an
obstacle since the height expectation and the actual
height should match very closely. On the other hand,
a real obstacle 4002 would barely reflect the expected
road height (due to the least squares fit), and
therefore is readily found by thresholding. The
result of this thresholding is a binary image (not
shown) suitable for a "blob extraction." The binary
image only indicates where an object is or is not

present in the image.
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(4) BLOB EXTRACTION
Blob extraction works by clustering adjacent
set pixels (indicating an obstacle 4002 is present)
together and treating them as a unit. Two pixels are

adjacent if they are either:

1. In the same column 3910 and have consecutive *
row numbers 3908, or

2. In the same row 3908 and have consecutive
column numbers 3910.

By grouping pixels together into blobs, the
obstacles 4002 can be treated as a whole unit and are
suitable for further processing.

(5) APPLICATIONS

One way to use extracted blobs is to pipe
them as input into another program. For example, the
objects 4002 can be parsed into coordinates and used
to accumulate a global object map 4004 (See Figure
40). This map 4002 is then passed into another
program, and used to do collision avoidance or path
planning.

3. AVOIDANCE OF OBSTACIL.ES

Once the present invention detects an
obstacle 4002 in the path of the vehicle 102 (See
Figure 40), it must then avoid a collision with the
object. Certain assumptions are made concerning the
obstacle avoidance problem:

1. The obstacle environment is populated with
obstacles 4002 that can be represented by
convex-polygons or convex lines;

2. The navigation methods only have access to
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the local environment information in the
form of a local map representing all of the
visible faces of the obstacle from the
position of the vehicle 102, which can be
obtained from unprocessed laser range data
or from data processed through
blob-extraction;

3. The vehicle 102 is a conventionally steered
type which has constraints on its speed and
acceleration and constraints on its steering
angle and the rate of change in the steering
angle.

To deal with the obstacle avoidance problem,
the present invention divides it into two
sub-problens.

First, to decide if any obstacles are in the
way, and if so, which side should the vehicle pass on.
Then select a sub-goal 4006, which will lead the
vehicle 102 around the obstacle 4002, leading towards
a higher level goal 4008, which is to get back on the
desired path.

Second, once a sub-goal 4006 is selected,
make a steering decision which drives the vehicle 102
towards the sub-goal 4006, while steering clear of the
obstacle 4002. A sub-goal selection method and a
steering decision method of the present invention
solve these two sub-problems.

The above enumerated assumptions are managed
in the following process:

The obstacle locations are obtained from the
laser range scanner 3804 or 404. The range data
generated by the scanner 3804 or 404 are processed to
produce a list of polygonal faces, modeling the
visible portions of the obstacle 4002 from the vehicle
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position. Each time new range data become available,
a sub-goal selection method is executed to generate a
sub-goal 4006 and determine regions of safe navigation
(free-space 4010) for the steering decision method.

5 The frequency at which the sub-goal selection method
can be executed depends on the rate at which the

Scanner 3804 or 404 can collect data. The achievable *
vehicle speed, in turn, depends on this frequency of
éxecution.

10 For the steering decision method, a higher

sampling rate is desirable in order to produce a
smooth path. Therefore, the steering decision method
is executed more frequently than the sub-goal method.

The basic flow of the sub-goal method is the
15 following:

1l save last initial-subgoal, subgoal, and
free-space, set goal blocked flag to true

20 2 if final goal is visible
generate direct goal
if direct goal is visible
set goal_ blocked flag to false

25 3 otherwise
generate an initial subgoal
set-subgoal to initial subgoal
recursively generate subgoals until the

latest one is visible. jif subgoal not
30 feasible, abort

4 if goal blocked flag is true

restore old initial-subgoal, subgoal,
and free_space
35
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5 otherwise
generate free-space
if free-space is not safe
restore old initial-subgoal,
5 subgoal, and free space.

Sub-goal Method: First (step 1 above), the
initial-subgoal, subgoal, and free-space generated
from the previous iteration is saved. This assures

10 that when the newly generated subgoal is not safe, the
old subgoal can continue to be pursued.

Next (step 2 above), when the final goal is
visible, attempt to generate a direct goal which is
not associated with any obstacles 4002. Although the

15 final goal is visible in the local map, it does not
necessarily mean that no obstacle is blocking the
final goal because obstacles outside the scanner range
(both distance and angular wise) will not be
represented in the local map. Therefore, when

20 generating a direct goal, ensure that the goal is
located in the cone area which is covered by the
scanner 3804 or 404 to avoid placing a subgoal on or
behind an obstacle 4002 that is not in the local map.

The next step (step 3 above) handles the

25 situation where the final goal is blocked by an
obstacle 4002 in the local map. In this case, the
obstacle 4002 that blocks the line of sight to the
final goal is first determined.

Given a flowchart blocking obstacle, there

30 are two possible ways of going around it. If both
edges of the obstacle are in the range of the scanner
3804 or 404, we may choose to go around the edge which
gives the minimum sum of the distances from the
vehicle 102 to edge and from the edge to the final

35 distance. If only one edge of the obstacle 4002 is in
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the range, choose that edge to go around. If none of
the edges is visible, always arbitrarily choose the
left edged to go around. Once the edge to go around
is determined, place the initial subgoal away from the

5 edge at a distance that is proportional to the vehicle
size.

Because of this displacement, the resulting v
subgoal may be blocked by other obstacles 4002. This
calls for the recursive generation of subgoal on the

10 obstacle, which blocks the line of sight to the
subgoals just generated. This recursive process
continues until a subgoal visible to the vehicle 102
is generated. Each subgoal so generated is checked
for viability. By viability it is meant that the

15 subgoal does not lead the vehicle 102 towards a gap
between two obstacles 4002 which is too small for the
vehicle to pass through. When such a condition is
-detected, the vehicle 102 will stop.

The direct subgoal generated in the second

20 step (step 2 above) could possibly be obscured from
the vehicle 102. 1If such is indeed the case, the old
subgoals from the previous iteration is restored and
used next (step 4 above) .

In the final step (step 5 above), generate

25 the free-space 4010 for the visible subgoal, which is
a triangular region that contains no obstacles. Once
the free-space 4010 is generated, the safeness of the
subgoal and free-space 4010 can be determined. When
the new subgoal and free-space 4010 is not safe, the

30 old subgoal and free~space is again retained.
Otherwise, the new subgoal and free-space is used.

The steering decision method of the present
invention is composed of two major components:
transferring state constraints to control constraints;

35 and determination of the desired control vector.
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Once the control constraints and the desired
control vector are computed, the control vectors can
be determined using optimization techniques well known
in the art.

4. RETURN TO PATH

The present invention includes a method, as
shown diagrammatically in Figure 40, whereby a safe
path around a detected object 4002 will be plotted and
navigated so that the vehicle 102 will reacquire the
reference path after avoiding the object 4002.

5. SCANNER SYSTEM

a. INTRODUCTION
Referring to Figures 38 and 42, the present

invention also includes a laser scanner system 404.
The scanner 404 is used to find obstructions 4002 (See
Figure 40) that randomly crop up in the vehicle 102
path, as previously discussed.

Sources of such obstructions 4002 may be
varied and numerous depending on the particular work
site. They may include fallen trees and branches,
boulders, moving and parked vehicles, and people.

The scanner 404 gives the autonomous vehicle
102 the ability to detect and deal with the external
world as conditions require.

b. LASER_SCANNER
The major components of the laser
scanner system 404 are depicted in Figure 42.

A laser range finder 3804 uses an infra-red
beam 3810 to measure distances between the range
finder unit 3804 and the nearest object 4002. A brief
pulse is transmitted by the unit 3804 and the time for
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the beam 3810 to reflect off an object 4002 and return
gives the distance.

The beam 3810 from the range finder 404 is
reflected by a rotating mirror 4222 giving the range

5 finder 404 a 360° view of the world. Mirror rotation
is accomplished through a motor 4206. The motor speed
is controlled via a terminal 4210, which communicates
with a motor amplifier/controller 4220 through a
standard RS232C serial link 4224. Synchronization

10 between laser firings and mirror angular position is
done with an encoder.

Distance data on a line 4226 from the laser
range finder 404 is taken by an interface circuit
4228, which transmits the data differentially to a

15 buffer circuit 4214. 1Individual pieces of data are
collected by the buffer circuit 4214 until the mirror
4222 makes one full revolution. This set of data
comprises one scan. When a scan is complete, the
buffer circuit 4214 signals a pProcessor 4212,

20 whereupon data for the entire scan is transferred to
the processor 4212 for processing.

C. SCANNER SYSTEM INTERFACE
The interface circuit 4228 has three
25 functions.

First, it acts as a safety monitor. 2a
situation could occur where the mirror 4222 would stop
rotating, as in the case of the drive belt 4230
between the motor 4206 and mirror 4222 breaking.

30 Under this condition, the laser 4204 would continue to
fire, and since the mirror 4222 is stationary, it
would fire at a single point (dangerous for anyone
looking directly into the laser beam). The interface
circuit 4228, however, senses when the angular

35 velocity of the mirror 4222 falls below half a
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b’fi‘ revolution per second, and disables the laser 4204 if

| such a condition occurs.

The second function is to disable the laser

v 4204 from firing for part of the 360 degrees scan

‘ 5 area. Typically, the laser scanner unit 404 will be

ot mounted in front of a vehicle 102, and the field of

o interest is in the 180 degree area in front of the
vehicle. The vehicle itself will block the back
portion of the 360 degree scan area. In this case,

10 the circuitry 4228 will prevent the laser 4204 from
firing into the vehicle, extending the life of the
laser diode while receiving range data for the area in

A front of the vehicle. The enabling and disabling of

the laser range-finder 4204 is done through two
15 sensors (not shown) mounted near the mirror housing
4222. For testing purposes, or for applications where
a 360 degree scan is desirable, the disable feature
can be turned off through a DIP switch.
The third function of the circuit 4228 is to
20 convert signals between single ended and differential
form. TTL signals from the laser unit 4204 are
o differentially transmitted to the buffer circuit 4214,
and differentially transmitted signals from the buffer
circuit 4214 are converted to TTL levels. This
25 prevents noise contamination along the cable 4226

connecting the two circuits.

d. SCANNER SYSTEM BUFFER CIRCUIT
The function of the buffer circuit 4214 is

e 30 to synchronize laser 404 firings with the angular
position of the mirror 4222, to collect data for one
: complete scan, and to transmit the scan to computer
4214 for processing.
The angular position of the mirror 4222 can
35 be determined through signals sent by the encoder

peictansl
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4208. The buffer circuit 4214 uses two signals from
the encoder 4208: the Z and A channels.

The Z channel is the encoder index; it gets
asserted once per revolution of the encoder 4208, and

5 is used to signal the beginning of the scan area.

The A channel is one line of the two line
quadrature output of the encoder 4208, and pulses 1000 "
times per revolution of the encoder. This channel is
used to trigger laser firings.

10 One additional signal is needed to fully
synchronize the scan field with the encoder signals.
There is a gearing ratio of 2:1 between the
encoder/motor 4206 and the mirror 4222. Two
revolutions of the encoder 4208 rotates the mirror

15 4222 once. This translates to 27 channel pluses and
2000 A channel pulses per revolution of the mirror

. 4222, and the inability to differentiate the beginning
of the first half of the scan with the beginning of
the second half.

20 To fully synchronize the scan field, the DB
(dead band) signal generated by the interface circuit
4222 is used. The DB signal, used to disable the
laser 4204 from firing in the back half of the scan,
allows the differentiation of the front and back

25 halves of the scan. The Z and DB signal together
signal the beginning of the scan area.

The second task of the buffer circuit 4214,
to collect data for one complete scan, is accomplished
through the A channel of the encoder 4208. The 2000

30 pPulses of the channel are divided by either 2, 4, s,
or 16, selected through DIP switches (not shown) on
the circuit board 4228. This allows the number of
data points per scan to be varied between 1000, 500,
250, and 125. The divided signal is used to trigger

35 the laser range-finder 4204 at appropriate angular
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intervals, and to store the resulting range data in
memory 4214.
The sequence of events is as follows. W
(write) is asserted one clock cycle upon a rising edge
5 on the divided A signal. At this point, data from a
previous T (laser trigger) is available and is stored
in memory 4214. T is asserted the following clock
cycle, triggering the laser and putting the resulting
range data onto the memory input bus 4226. This data

10 is written on the next W pulse, repeating the cycle.

The final task of the buffer circuit 4214 is
to transmit the scan data to a computer 4212 for
processing. Completed scans are signaled by the Z and
the DB signals (the beginning of a scan is also the

15 end of a previous one). Upon a completed scan, an
interrupt request line is asserted, and remains
asserted until either the mirror 4222 has made half a
revolution, or the processor 4212 acknowledges the
interrupt. 1In the first case, the half revolution of

20 the mirror 4222 is signaled by a subsequent Z pulse
and indicates a timeout condition; the processor 4212
has failed to respond and the data is lost.

In the normal case, the interrupt is
acknowledged. Upon receipt of the acknowledgement,

25 STR (data strobe) is asserted and held until IBF
(input buffer full) is received. During this time,
data is put on the data bus 4230 and may be ready by
the computer 4212. Data is valid on the bus 4230
until IBF is asserted, at which time STR is de-

30 asserted and the data removed from the bus 4230. Once
the processor 4212 detects the de-assertion of STR, it
de-asserts IBF. This causes STR to be asserted for
the next piece of data, repeating the cycle.

Scan data is collected and stored in two

35 memory banks 4214. This avoids shared memory and

Volkswagen Exhibit 1011, Page 167 of 383



WO 91/09275 PCT/US90/07183

10

15

20

25

30

35

~-166-

synchronization problems between scan storage and scan
transmission. Data for a new scan is stored in one
bank, while the previous scan is being transmitted
from the other bank.

The buffer circuit 4214 removes from the
processor 4212 the responsibility of synchronizing
laser findings with mirror position and collecting
individual pieces of data. It allows more efficient
use of CPU time, as data is received in scan sized
chunks. The processor 4212 spends its time processing
the data, not in collecting it.

E. VEHICLE CONTROLLING SYSTEMS
1. INTRODUCTION

Referring now to Figure 43, the vehicle

controls are comprised of four, low-level functional
blocks.

One is called a "vehicle manager" (4302). A
second is called a "speed control" (4304). The third
is called a "steering control" (4306) . The fourth is
called a "monitor/auxiliary control" (depicted as two
Separate blocks 4310 and 4308. These are described in
turn below.

They are all tied together with a high-speed
serial data bus 4314. The bus 4314 is a data
collision detection, packet passing systen.

Each of these functional blocks have
Separate microprocessors, for instance of the Motorola
68000 16 bit series. Each of these microprocessors
talks to and listens to the others over the bus 4314.

While each functional block has a2 more or
less specific function, the vehicle manager 4302
functions as a communications hub. It sends to and
receives messages from the navigator 406 via an
R5-422, 9600 Baud serial link 431s. It is also
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listening to and sending to the remote control or
"tele" panel 410 via an FM radio communications link

4318.
;o
i 5 2. VEHICLE MANAGER (modes)
o As mentioned above, the vehicle manager 4302
« receives commands from a remote control panel 410 and

the navigator 406. It then decides which mode "A, M,
T, or R" (for Autonomous, Manual, Tele, or Ready) the
10 vehicle 102 should be in.

a. READY MODE
Reference is now made to Figure 44, which
shows the states (modes) and how the vehicle 102

15 changes between states. The navigator 406 cannot set
the mode itself. Notice that the vehicle 102 cannot
change from tele to auto, for instance, directly. It
must pass through the ready mode 4404 first in that
case.

20 The ready mode 4404 brings the vehicle 102
to a stop in a known state. This is because it would
be difficult to make a smooth transition, from, for
instance, auto mode 4408 to tele mode 4406 while the
vehicle 102 was moving. The tele control panel joy-

25 stick 4502, 4504 would have to be in just the right
position when control was switched.

Going from tele 4406 to auto 4408 mode,
there is the consideration that the navigator 406 must
initialize. For example, it must determine where it

’ 30 is with respect to a route before taking control,
which takes some finite time, during which the vehicle
102 might otherwise drive off uncontrolled.

35
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b. TELE MODE

Tele control mode 4406, also referred to as
tele-operation, remote control or radio control mode,
provides a way of controlling the vehicle 102 from a
remote location while the vehicle 102 is kept in view.

Shop personnel would use the tele-operation
mode 4406 to move the vehicle 102 in the yard, for *
example. Advantageously, this mode would also be used
by a shovel or loader operator to maneuver the vehicle
into position for loading or unloading, and moving the
vehicle into a location where autonomous mode 4408
would resume control.

In tele-operation mode 4406, each vehicle
102 at an autonomous work site 300 would have its own
unique identification code that would be selected on a
radio control panel 410 to ensure communication with
and control of the correct vehicle only. The vehicle
102 would only respond to tele~operation commands 4318
when its unique identification code is transmitted.
Any conflict between modes, such as between manual
4402 and tele 4406, would be resolved in favor of
manual mode 4402, for obvious safety reasons.

The navigator 406 keeps track of where the
vehicle 102 is while being operated in the tele mode
4406, even though, in tele mode, the vehicle can be
maneuvered far off of a known route.

c. MANUAL MODE
Manual control mode 4402 may be required

when the vehicle 102 is being maneuvered in very close

quarters, for example, at a repair shop, eguipment

yard, and so on, or when a control subsystem needs to

be removed for repair or maintenance. ¢
This control mode may be implemented to be

invoked whenever a human operator activates any of the
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manual controls. The simple action of stepping on the
brakes 4708, moving the shift lever from some
predetermined, autonomous mode position, or grasping
r the steering wheel 4910, for example, would
5 immediately signal the control system that manual

rys

control mode 4402 is desired and the system would
. immediately go to the manual mode.
While in manual mode, the autonomous system
would continuously monitor vehicle motion and maintain
10 an updated record of the vehicle position so that when
and if autonomous mode 4408 was desired, a quicker and
more efficient transition could be made.
When autonomous mode 4408 is again desired,
the human operator would then affirmatively act to
15 engage autonomous mode 4408, by physically moving a
switch or lever, for instance, to the autonomous
control mode. A time delay would preferably be built
in so that the human operator would have the
opportunity to leave the vehicle 102 if desired. At
20 the end of the time delay, the system would then give
several levels of warning, such as lights, horn, or
the like, indicating autonomous takeover of the
vehicle 102 was imminent.

25 d. AUTONOMOUS MODE
The autonomous mode 4408 is entered into
from ready mode 4404. In the autonomous mode 4408,
the vehicle 102 is under the control of the autonomous
navigation system.
. 30 In this mode, the vehicle control system
receives messages from the navigator 406 as discussed

.

above, through the vehicle manager 4302. The vehicle
4 manager 4302 is, as discussed, basically the
communications and command hub for the rest of the

35 controllers.

#ray
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The vehicle manager 4302, and the other
functional control blocks, all communicate with the
shutdown circuits 4312 as well. The shutdown circuits
4312 are discussed in more detail below.

3. SPEED CONTROL
The speed control subsystem 4302 may be *
organized to contain a speed command analyzer, closed
loop controls 4800 for the engine 4614, transmission
10 and brakes 4700, 5000, a real time simulation model of
the speed control system, and a monitor 4310 that is
tied to an independent vehicle shutdown system 4312.
It is designed to be placed in parallel to the
production system on the vehicle 102.

15 The speed control functional block 4304
takes care of three basic functions. It controls the
governor on the engine 4614. It controls the brake
system 4606. And it controls the transmission 4610
via the production transmission control block 4616.

20 The production transmission contrel block
4616 is interfaced with the speed control block 4304
in a parallel retro-fit of the autonomous system onto
the production system as shown in Figure 48. The
production transmission control block 4616 is a

25 microprocessor based system which primarily monitors
speed and shifts gears accordingly.

The autonomous systen speed control block
4304 feeds the transmission control block 4616 the
maximum gear desired. For instance, if the vehicle 102

30 is to go 15 mph, the maximum gear might be third gear.
The production transmission control block 4616 will
control all the shifting hecessary to get to that gear
appropriately.

The governor 4626 (Figure 46) controls the

35 amount of fuel delivered to the engine 4616. Thus, it
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controls engine speed. The autonomous system is
capable of being retro-fitted in parallel with the
production governor control system, in a similar
fashion as described with respect to the transmission
system.

The brake system is shown in Figures 47 and
50. The autonomous system here is also capable of
being retro-fitted to the production brake system.

The following discusses vehicle systems
shown in Figures 46, 48, 47, 50 and 49. These systems
relate to the vehicle drive train 4600 and steering
4900 systems.

Referring to Figure 46 a governor 4626
controls engine speed 4222, which in turn controls
vehicle speed 4624. The engine power is transferred
to the drive wheels through the drive train 4600 which

is comprised of:

torque converter 4612

transmission 4610

final drive 4608

brake system 4606

wheels 4604
The function of these systems is well known in the
art.

Several key systems were modified in
accordance with the present invention to effect
autonomous control. The primary systems were the
speed control (engine speed, transmission, vehicle
speed, and brakes) and steering systems. Each key
system is design with manual override capability as a
safety measure. 1In all cases, manual control has
priority so that if the vehicle is operating
autonomously, and an operator takes control of any one
of the vehicle functions, control automatically is
returned to the operator.
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The system also provides an emergency
override button (not shown; also referred to as a
‘panic’ button) which, when activated, disables all
electronically controlled systems and returns the
5 vehicle 102 to manual control 4402.

)

- The system also provides for sensing the
pneumatic pressure which is a key part for actuating :
some of the key systems. If this pressure falls below
some preset threshold, it is assumed that there is a

10 problem and the vehicle control system reverts to
manual control 4402 and the vehicle 102 is stopped.

Figure 48 depicts the system used to control

engine speed. This system uses electronically
controlled valves 4808 and 4812 to regulate pneumatic

15 pressure in parallel to a pedal 4806 which can be
manually operated to override electronic control of
the engine speed 4622. The pPressure sensor 4802 and
the engine speed sensor 4622 provide the necessary
feedback for the electronic speed control system 4304.

20 Also required to control the vehicle speed
is a transmission control 4616. The basic control
system is readily available on the particular vehicle
used for this purpose.

In addition to controlling the engine speed

25 4622 as a means of regulating vehicle speed, it is
also necessary to control the vehicle service brakes
4606. This system is shown in Figure 47 and is
necessary to effect normal stoppage or slowing of the
vehicle 102. fThis system uses electronically

30 controlled pneumatic valves 4712 and 4716 in parallel
with a manually operated brake pedal 4708 and/or
retarder lever 4710 to regulate the braking force.
These two manual inputs can override the electronic

control system when actuated. The préssure sensor
35

L
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4702 and the vehicle speed sensor 4624 provide the
necessary feedback to regulate the braking force.

Control of vehicle steering is also required
for the vehicle to operate autonomously. The system
which performs this function is shown in Figure 49.
The system consists of a Rexroth proportional
hydraulic valve 4912 which can be actuated
electronically to provide flow to hydraulic cylinders
4914 and 4916 attached to the vehicle steering
linkage. The system also comprises a manually
operable hand-metering unit, or HMU, 4918, which is in
parallel to the electronically controlled system. The
manual system can override the electronic system, if
required, as a safety measure. Also, the system
provides a switch 4920 on the HMU to detect when the
manual steering wheel 4910 is different from the
centered position. When not centered, the autonomous
system assumes that the system is being operated
manually 4402 and disables autonomous control of the
vehicle 102.

Electronic control of the vehicle parking
brake is also included as an added safety feature.
This system is shown in Figure 50. For proper
operation under autonomous control, the parking brake
is manually placed in the ‘ON’ position. When the
vehicle proceeds through the status modes (MANUAL
4402, READY 4404, and AUTO 4408), the parking brake is
automatically released by electronically controlling
the pneumatic valve 5008. This system is in parallel
to the manual systems comprised of the brake lever
release valve 5016 and the Emergency brake lever 5014.

When a problem is encountered, the vehicle
102 is automatically placed under manual control.
Since the manual setting of the park brake is normally
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'ON’, this activates the parking brake, stopping the
vehicle 102 as quickly as possible.

4. STEERING CONTROIL

5 Referring again to Figure 43, the steering
control functional block 4306 is responsible for
controlling the steer angle of the vehicle’s wheels. s
It sends out commands to a valve 4912 to control the
Steer angle and receives information from a resolver

10 (not shown) mounted on the tie rod system, so that it
knows what the actual wheel angle is.

The steering angle can be controlled with an
accuracy on the order of a half a degree, and the
resolver is accurate to something less than that, on

15 the order of an eighth of a degree.

At some point in the useful life of the

vehicle 102 the resolver may go out of adjustment. If
"this happens, the vehicle will not be able to track
the path 3312 properly.

"~ 20 However, the navigator 406 constantly
monitors the vehicle 102 to determine how far the
vehicle 102 is from the desired path 3312. (The
vehicle 102 is always off the desired path 3812 to
some extent, and the system is constantly correcting.)

25 If the vehicle 102 is more than a certain distance,
for example several meters, from the desired path
3312, the navigator 406 stops the vehicle as a safety
precaution.

The steering control system 4306 itself is

30 also always checking to make sure the resolver is
accurate, and that steering commands 420 received have
not been corrupted (not shown) by noise or other error
Sources. A steering simulation model may also be

implemented as an additional check of the system.
35
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The autonomous steering system 4900 may be
designed to be implemented in parallel with a manual
steering system, and can be retro-fitted on to the
vehicle 102 in a similar manner as the speed control
system.

As shown in Figure 49, the existing or
production manual steering system has a manual
steering wheel 4910 which turns a hand metering unit,
or HMU 4918. The HMU 4918 controls a valve 4912 which
controls flow of hydraulic fluid to steering cylinders
4914, 4916, which turn the wheels (not shown).

A switch 4920 on the HMU 4918 detects
off-center position of the steering wheel 4910 as an
indication to change to manual control of steering.

An operator riding in the cab can merely turn the
steering wheel 4910 to disable autonomous steering
control 4408.

Under autonomous steering control 4408, the
manual steering wheel 4910 in the cab remains centered
no matter what position the autonomous steering
control has turned the wheels to. There is no
mechanical linkage between the steering wheel 4910 and
the wheels themselves.

Of course a vehicle 102 may be manufactured
without any manual steering system at all on the
vehicle if desired. To drive the vehicle manually,
the tele-panel 410 could be used, or some sort of
tele-panel might be plugged into the side of the
vehicle 102 to control it without a radio link 4506 in
close quarters, for instance. A jump seat might be
provided for an operator in such situations.

Some discussion of the steering model
developed may facilitate a better understanding of the

present invention.
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a. STEERING MODEL

The basis for the steering planner is a
tricycle steering model shown in Figure 5.1. This
model permits the calculation of the required steer

5 angle independent of the velocity of the vehicle. §

¢= tan™! Lc path :

To use this model, the desired path 3312
10 must contain the curvature of the path to be followed.
The curvature is the inverse of the instantaneous
radius of curvature at the point of the curve.

f(s) P C=1/r
15
20
f(s)|p:position curve
£’ (s)|p:tangent to curve or heads
£/’ (s)|p:curvature at the point
25 This is also equal to the second path
derivative at the point.
b. PATH REEEESENTA::ION
Referring to Figures 22-34, the response of
30

autonomous vehicle 102 in tracking a path 3312 depends
partly on the characteristics of the path 3312. 1In
particular, continuity of the curvature and the rate
of change of curvature (sharpness) of the path 3312
are of particular importance, since these parameters
35 govern the idealized steering motions to keep the
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vehicle 102 on the desired path 3312. In the case
where a path 3312 is specified as a sequence of arcs
and lines, there are discontinuities of curvature at
the point where two arcs of differing radii meet.
Discontinuities in curvature are troublesome, since
they require an infinite acceleration of the steering
wheel. A vehicle travelling through such transition
points with non-zero velocity will experience an
offset error along the desired path 3312.

In general, and as shown in Figure 33, if a
posture 3314 is desired as the quadruple of
parameters--position 3320, heading 3318, and curvature
3316 (x, y, 0, c), then it is required that the path
3812 be posture-continuous. 1In addition, the extent
to which steering motions are likely to keep the
vehicle 102 on the desired path 3312 correlates with
the linearity of sharpness of the path, since linear
curvature along a path means linear steering velocity
while moving along the path.

Certain spline curves guarantee posture
continuity. However, these spline curves do not
guarantee linear gradients of curvature along curves.
Clothoid curves 2602 have the "good" property that
their curvature varies linearly with distance along
the curve. Paths composed of (a) arcs and straight
lines or (b) clothoid segments have been developed.

A path that has discontinuities in curvature
results in larger steady state tracking errors. This
is particularly the case when the actuators are slow.

The path representation must contain
sufficient information to calculate the steer angle
3112 (See Figure 31) needed to drive the desired path
3312, that is, it must consist of at least the
position, heading, curvature and speed. 2 position on
the desired path 3312 has been defined as a posture
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3314, and the structure of a posture in the present
invention is given by:

c. POSTURE_DEFINITION

5 North: desired north coordinate
East: desired east coordinate
Heading: desired heading
Curvature: desired curvature
Speed: desired ground speed

10 Distance: distance between current

posture and the previous
posture.

d. POSITION INFORMATION
15 The position information 3322 is obtained
from the VPS 1000 and is, for example, 71 bytes of
data. The structure of the information used to track
the desired path 3312 is a subset of the 71 byte VPS

output and is given by the VPS short definition shown
20 below.

e. VPS SHORT DEFINITION

Time: gps time
North: wgs 84 _northing
25 East: ' wgs 84_easting
Heading: compass direction vehicle is
moving
Curvature: calculated from other
variable
30 N_velocity: north velocity
E velocity: east velocity
Yaw rate: rate of change of the heading
G_speed: ground speed

distance travelled
35

Volkswagen Exhibit 1011, Page 180 of 383



vy

WO 91/09275

10

15

20

25

30

35

PCT/US90/07183

~-179~-

f. STEERING METHOD

The steering planner calculates the steer
angle needed to follow the desired path. If the
vehicle 102 was on the desired path 3312, the steer
angle is:

ON PATH &steer = f(Cdesired) = tan ® LC

If the vehicle 102 is off the desired path
3312, then the steer angle is:

OFF PATH ¢steer = f(Cdesired + Cerror).

The method of the present invention used to
calculate Cerror is a quintic method. The quintic is
a fifth degree polynomial in an error space that
defines a smooth path back to the desired path 3312.
The degree of the polynomial is defined by the needed
data, that is, Cerror and the known end constraints.
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Polynomial in error space:
error '

L
s®+a’+a,st+a_s5 |

error(s)= a°+a,s+a2 4 5

i

L
s+3a.s’+4a,s +5a_s? |

error’ (s)= a,+2a2 3 4 5

2 3 b
s+l2a,s%+20a.s” |

+6a 5

error’’ (s)= 2a

2 3

fp — — — e e

0 s=speed*dt_plan L s

at s=0:

error (O) position = current desired position -
current actual position

error’ (0) heading = current desired heading -
current actual heading

error’’(0) curvature = current desired curvature
- current actual curvature

at s=L (L = lookahead distance):

error (L) position = 0
error (L) heading = 0
error (L) curvature = 0O

The coefficients of the polynomial error(s)
are functions of L, the distance at which the errors
go to zero:
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error (O)

[

(o]
error’ (0) a;
error’’(0) = 2

[
[\V]

error (L) = o + alL + a L + a, L + a, L + ag L
4

a
error’ (L) = a,; + 2a L + 3a L + 4a4L + 5a L
error’’ (L) = 2a, + 6a3L + 12a4L2 + 20a L

N

These five equations are solved symbolically
for the coefficients ag, aj...ag. Then, each
coefficient can be easily determined for any
reasonable set of boundary conditions.

Once the coefficients of the polynomial are
obtained, the error’’(s) can be evaluated for some
picked_s, which corresponds to a distance along
desired path from s=0 and is presently defined as:

= * i 1
spicked ground speed planning interval
to obtain the correction term:

= error’’(s_,
Cerror r ( plcked)curvature

to calculate the new steer angle:

®steer = tan ' [ (Cdesired + Cerror L]

@spicked)
This calculation is done at each planning
interval which is presently .25 sec. (dt_ plan).

5. MONITOR/AUXILIARY

Referring now to Figure 43, the
monitor/auxiliary functional block(s) 4308 and 4310
take care of some miscellaneous functions not
performed by the other blocks of the vehicle control
system. For instance, start or kill the engine 4616,
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honk the horn, raise or lower the bed, setting the
parking brake on or off, turning the lights on or off,
are some of its functions.
The monitor block 4310 also checks the
5 commands that are being sent by or to the other %
functional blocks on the bus 4314 to see if they are
valid. If error is detected, it will signal the
shutdown circuits block 4312 and the system will
shutdown as discussed below.
10
6. SAFETY SYSTEM (SHUTDOWN)
a. INTRODUCTION
The safety systen, including shutdown
circuits 4312, (see Figures 43 and 52) operates to
15 stop the vehicle 102 on detection of a variety of
error conditions by setting the parking brake on.
This results in the vehicle 102 coming to a safe stop
in the shortest distance possible.
Since the parking brake is designed to be
20 normally "set" or "on," and the electronic circuits
operate to release it, upon a failure of the
electronic controlling system(s) the power 5216 is
turned off to the actuators 5006, so that there is no
power to actuate valves, and the parking brake returns
25 to its normal position, called "set.®

Whenever several erroneous commands are
received, or whenever the speed and/or steering
simulation models disagree beyond an acceptable
tolerance with vehicle sensor outputs 4622 and 4624,

30 are examples of conditions which could result in
shutdown of the system. The shutdown system 4312 is
an independent and separate subsystem from the other
autonomous control Subsystems (see Figures 43 and 52).

35
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b. SHUTDOWN CONTROL

The safety system shutdown circuits 4312
shown in Figure 43 connected to receive the outputs of
the other vehicle control system functional blocks is
shown in more detail in Figure 52.

It is a fail-safe type design. It contains
no microprocessor at all. It is all hard-wired,
discrete logic.

A feature of the vehicle control system 4312
design is that all functional blocks are capable of
detecting errors in the output of the others on the
serial bus 4314. So if one of them senses that
another is not functioning correctly, it can send a
signal to the shutdown circuits 4312 to shut the
system down.

For example, the speed and steering blocks
each look at their received commands (received via the
vehicle manager 4302) to make sure they are valid.
They also make sure that what they are told to
execute, that is, what they are requested to command,
is within predetermined bounds. If not, they will act
to shut the system down.

The safety system may also be monitoring
oil, hydraulic and pneumatic pressures, and
temperatures, for instance, making sure they are
sufficient to safely operate and control the vehicle.

The safety system includes switches for
manual override, including a panic stop 5208, switches
on the brake pedal 5202 and steering wheel 5206.

7. BUS _ARCHITECTURE
The bus 4314 that inter-connects the vehicle
control system functional units 4302, 4304, 4306,
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4308, and 4310 is a serial data type common bus
implemented in a ring structure using a data packet
collision detection scheme.

F. FUNCTIONAL DESCRIPTIONS /METHODS %
1. NAVIGATOR
The following is a description of the ‘

navigator 406, shown in Figure 53, titled TASK
DIAGRAM. Each of the tasks diagrammed is discussed
below.

a. MAIN (executive)

In the center of Figure 53 is a task
labelled "main (exec)" 5316. This task 5316
coordinates inter-task communications and performs
hlgh level decision making for the navigator 406. One
of the primary decisions the task 5316 makes is when
to (dis)engage the tracker 5306, based on messages
received from the other tasks in the system.

b. MONTTOR VEH STATUS
This task 5308 is shown above and to the
right of the "main" task 5316. It functions to read
the vehicle port 5326, and report vehicle mode changes
and navigator-to-vehicle communication state to the
"main" 5316 via the EXEC QUEUE 5328. Additionally,
the status of the vehicle 102 is written to a global

memory structure 5400 (see Figure 54).

c. SCANNER

Shown in the lower right-hand corner of the ¥
task diagram Figure 53 is the scanner task 53n10,
which provides for communication to the "main" 5316 of :

data from the obstacle detection system 404,
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d. CONSOLE_AND CONSOLE PARSER

The console 5312 and the console-parser 5314
are shown just below the "main" task 5316 in the task
diagram Figure 53. These tasks were developed as a
debugging tool during the development of the system.
They display and manipulate navigator 406 states
according to user input from a terminal 5302. The
console_parser task 5314 also is used to set tracker

parameters.

e. GET DIRECTIVES

This task 5320 is shown in the upper
left-hand corner of the task diagram Figure 53. It is
part of the host-navigator interface 5330. Messages
from the host processing system 186 are received and
decoded by this task 5320. Then, depending on the
message, the message is either communicated to the
"main" task 5316, or to another task. This other task
would then formulate an appropriate response from the
navigator 406 to the host processing system 186.

f. MSG TO HOST
This task 5318, shown just above and to the
left of the "main" task 5316, formulates messages from
the navigator 406 to the host processing system 186
and communicates them to the host processing system
186.

g. VPS POSITION
This task 5322 is shown at the left side of
the task diagram Figure 53. The vps_position task
5322 reads the (20 Hz) output from the VPS 1000. The
data is checked for correctness (for example,

"checksum") and if correct, it is put into a global
memory structure 5400, the position buffer

PCT/US90/07183
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(VPS_POSITION QUEUE) 5332. The task sends a message
to the "main" 5316 whenever a position fault occurs.

h. VPS_POSTURE

This task 5324 is shown at the lower %
left-hand corner of the task diagram. When the vehicle
is tracking, this task maintains the posture buffer ¢

(VPS_POSTURE_QUEUE) 5334. The task (5324) monitors
the vehicle’s position and maintains approximately 50
postures, from the current vehicle position in the
direction of travel, in the posture buffer (3000).

i. TRACKER
Shown in the upper right-hand corner of the
task diagram Figure 53, the task 5306 reads the
current position 5332 and posture buffers 5334. Based
on the information read, task 5306 calculates steer
and speed corrections 420. It sends them to the
vehicle 102, thereby controlling the vehicle’s course.

J. NAVIGATOR SHARED (GLOBAL) MEMORY
As mentioned above with regard to the
navigator tasks 5300, the navigator 406 has a global
memory structure 5400 which the various tasks

read/write. This memory structure 5400 is illustrated
in Figure 54.

Referring now to Figure 54, the tasks are

depicted as ellipsoids, with the particular task

written inside. The memory 5400 is depicted in the

center section of Figure 54 as a stack of boxes.

Unprotected memory is depicted as a single box in the »

stack of boxes. Semaphore protected memory is depicted

as a box within a box in the stack. )
An arrow points in the direction of data

transfer between tasks and memory. Therefore, a write
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to memory from a task is shown as a line with an arrow
pointing towards the memory in question from the task.
Likewise, a read from memory by a task is depicted by
a line with an arrow pointing towards the task in
question from the memory. Where two-way data transfer
between task and memory exists, a line with an arrow
at both ends is shown.

k. MAIN (EXEC) FLOW CHARTS

Figures 55 and 56A~56D are flow charts of
the navigator main or executive task 5316.

Referring first to Figure 55, it is a
diagram of the general structure of the main or
executive task flow. The following describes several
flowcharts associated with the navigator executive
task 5316.

Referring to Figure 55, which is the
executive flowchart, it shows of five blocks: block
5502 which is the Start block; block 5504 which is the
initialize navigator; block 5506, which is the Pend on
Exec Queue; block 5506, which is the executive
decisions; and block 5510, which is the act on state.

Flowchart Figure 55 describes how the
executive task 5316 executes its functions beginning
at power up (switching on electrical power) of the
navigator 406. Upon power up, the executive task 5316
(or Executive) begins at the start block 5502 and
proceeds immediately to initialize navigator 5504,
where the executive 5316 puts the navigator 406 in a
known initial state. The executive then proceeds to
the Pend on exec queue 5506 and waits for a message
from a number of sources to arrive in its message
queue 5328. For example, a typical message could be a
query for information from the host processing system
186.
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Upon receipt of a message in the Exec Queue
5328, the executive 5316 proceeds to the executive
decisions block 5508. 1In this block, the executive
5316 sets a series of status flags in a known manner.

5 These flags put the navigator 406 in a known state,
particular to the message received.

Once the status flags have been properly
set, the executive 5316 then proceeds to the Act on
State 5510, where the necessary action is carried out

10 according to the type of instruction received.

Referring now to Figures 56A-56D, they show
the flow of the "executive decisions" block 5508 of
the general structure diagram Figure 55.

The various responses which the executive

15 task 5316 can initiate are now described in more
detail. There are a known set of messages which are
expected within the Exec Queue 5328. These messages
are shown in detail in Figures 56a-56D.

Figure 56A diagrams the organization of

20 Figures 56A-56D. Figures 56A-56D describe in detail
the procedure which the executive 5316 uses to respond
to various messages. .

Referring to Figure 56A, the action of the
executive 5316 to particular messages is described.

25 Upon receipt of a message to the Exec Queue 5328, the
program flow leaves block 5506 and proceeds to block
5602, where the executive 5316 determines if the
message is ‘NEW_ROUTE _DIRECTIVE’. If the message is
"NEW_ROUTE_DIRECTIVE’, then the executive 5316

30 proceeds to the Act On “NEW_ROUTE_DIRECTIVE’ block
5604. Once the action particular to the
"NEW_ROUTE_DIRECTIVE’ message has been completed
successfully, the executive 5316 then proceeds to the
Act on State block 5510. Once the action has been

35 completed, the executive 5316 returns to the Pend on
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Exec Queue block 5506 to await another message. If
the initial message in block 5602 is not
'NEW_ROUTE_DIRECTIVE’, then the executive 5316
proceeds to block 5606 to determine if the message is
'CHANGE_SPEED_DIRECTIVE’.

The response to messages such as
CHANGE_SPEED _ DIRECTIVE', 'VEH_RESPONDING’,
NO_VEH_RESPONSE’, and VEH_CHECKSUM_ERR’, follow a
procedure similar to that described for the message
’NEW_ROUTE_DIRECTIVE’. However, the actions performed
in the Act On ’....’ blocks 5604 through 5620 are
different for the different possible messages. The
various types of valid messages and a brief
description of each are:

NEW_ROUTE_DIRECTIVE: set the route number for the
vehicle to follow.

CHANGE_SPEED DIRECTIVE: command a maximum
possible speed for which the vehicle can
traverse a particular part of the route.

VEH_RESPONDING: the vehicle is responding to
commands properly, set Navigator status flags to
Healthy.

NO_VEH_RESPONSE: the vehicle is not responding to
commands, stop the vehicle.

VEH_CHECKSUM_ERR: the vehicle is not
receiving/sensing data correctly, stop the

vehicle.

TELE, MANUAL, READY, or AUTO: set the mode of the
vehicle IN THE PROPER ORDER.
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VPS_TIMOUT: VPS is not sending data, stop the
vehicle.

VPS_CHECKSUM_ERROR: the VPS is sending garbled
data, stop the vehicle.

VPS_POSTURE_READY: ready to generate path
postures.

VPS_POSITION_READY: VPS data is available.

VPS_POSITION_ALIGN: the VPS is initializing, do
not move the vehicle.

END_OF_ROUTE: the vehicle is approaching the end
of the current route, has been reached inform the
host processing system.

SCAN_READY: the scanning system is ready look
for objects in the path.

SCAN_ALL_CLEAR: no objects have been detected in
the vehicle path, continue normally.

SCAN_OBSTACLE: an object has been detected on the
vehicle path, stop the vehicle.

TRACKER_OFF_COURSE: the vehicle is not following
the desired path within tolerance, stop the

vehicle.

TRACKER_END_OF_ROUTE: tracker has reached the
end of the path, stop the vehicle.

TRACKER_STOPPED: notify the Navigator that the
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The responses to the messages ’TELE’,
'MANUAL’, ‘AUTO’, and ’'READY’ are somewhat different
5 because these messages are related and must be acted
upon in a specific order. This has been described
above. The program flow for these messages is shown
in Figures 56A and 56B with respect to block
5622-5630.

10 The response to subsequent message
possibilities are depicted by blocks 5632 through 5678
in Figures 56B through 56D. These responses are
similar to those described for the message
"NEW_ROUTE DIRECTIVE’.

15 If the received message is not one of the
expected messages, or if the message is garbled, then
the executive 5316 is directed to block 5680, where
the host processing system 186 is informed of the
problem. The executive 5316 then returns to the Exec

20 Queue 5506 to respond to the next message in the
gueue.

Figures 57A through 57R show the specific
procedures which the executive 5316 uses to respond to
a particular message. For example, Figure 57A details

25 how the executive 5316 responds to a
'NEW_ROUTE_DIRECTIVE’ message. Once this message
arrives in the Exec Queue 5328, the executive 5316
then proceeds to a flowchart block 5702 to determine
what the message is: in this case,

30 'NEW_ROUTE_DIRECTIVE’. If the message is
"NEW_ROUTE_DIRECTIVE’, the executive 5316 then
proceeds to a flowchart block 5705 to respond to the
message. Otherwise, it proceeds on to a flowchart
block 5704 to determine if it is valid (one of the

35 other possible messages) or invalid.
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Given that the message is a
"NEW_ROUTE_DIRECTIVE’, then the executive 5316 follows
the process described in Figure 57a to respond to the
message. This process is depicted by blocks 5706
through 5714. 1In this procedure (and in responses to
other directives), the executive 5316 checks the
states of different tasks within the navigator 406 and
reacts to these states in a known, predetermined
manner.

The effect of this response is to set a
series of status flags, which effect subsegquent
responses by other tasks in the navigator 406 when the
executive 5316 reaches the Act On State 5510. The
actual procedures implemented in block 5510 is shown
in Figure 58.

The responses of the executive 5316 to other

.valid messages are similar to that described for the

'NEW_ROUTE_DIRECTIVE’. The effect of each response to

- directives first changes a set of flags, which in turn

affect the state of the navigator 406. The particular
flags set depend on the particular directive. The
navigator 406 responds to the changes in these flags
when the executive 5316 moves to the Act On state
block 5510. '

Figures 58A-58C illustrate the flow of the
"act on state" block 5510.

The act on state block 5510 is shown in Figures
58A-58C. Figure 58 shows the interrelationship of
Figures 58A-58C, where each of these three figures
depict a portion of the Act On State block 5510.

Once the executive task 5316 has set the
appropriate flags in response to a particular Exec
message, the executive 5316 then proceeds to send
messages to the appropriate tasks or entities which

PCT/US90/07183
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must be informed of changes to the navigator 406
system as a result of the Exec message.

For example, when the executive task 5316
leaves the executive decisions 5508, and first enters
the act on state block 5510, it checks to see that
the status is set such that the vehicle is ready for
autonomous mode (for example - VPS is ready, vehicle
is communicating. properly, a proper route has been
commanded, and the vehicle is ready for auto mode).
See block 5802. If one or more of these conditions is
not met, then the Exec returns to wait for another
valid message. If all of these conditions are met,
then the executive 5316 checks to see that the path
generator 5804 is operating. If so, then the
executive 5316 proceeds to start the other systems
required for autonomous operation.

If the path generation system is not
operating, then the executive 5316 task sends the
message 'VPS_POSTURE_ENGAGE’ to the Vps Posture Queue
5334, in order to start the path generator. The
executive task will then return to the Pend on Exec
Queue 5506, to wait for another directive so that
proper operation of thevvehicle 102 is ensured.
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Claims

1. A system (1000) for estimating the
terrestrial position of a vehicle (102) on or near the
Earth’s surface, comprising:

(a) a first positioning system (700) adapted
to provide a first position estimate (716) of the
vehicle (102) based on first signals (110) from a

Ay

terrestrial position determination system (132-170,
200-206, 105);

(b) a second positioning system (900)
adapted to provide a second position estimate (908,
910) of said vehicle (102) based on second signals
(908, 910) obtained from an inertial reference device
(904) mounted on said vehicle (102) and a vehicle
odometer (902); and

(c) a processing system (1002, 1004, 1020)
adapted to compute a third position estimate of said
vehicle (102) from said first position estimate (716)
and said second position estimate (°08, 910).

2. The system of claim 1, wherein said
terrestrial position determination system (132-170,
200-206, 105) has at least one source for transmitting
said first signals (110), said at least one source
comprised of any one of:

(a) a global positioning system (100) having
at least four orbiting satellites (132-170, 200-206) ;

(b) at least one pseudolite (105); and

(c) a global positioning system (100) having
at least one orbiting satellite (132-170, 200-206) and ¥
at least one pseudolite (105).
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system of claim 2, wherein said

satellites (132-170, 200-206) are part of the NAVSTAR

Global Positioning

4. The

Systen.

system of claim 1, wherein said

vehicle (102) comprises a mining truck (102).

5. The

system of claim 1, wherein said

first positioning system (700) communicates with a
transponder of said terrestrial position determination
system (132-170, 200-206, 105) to receive said first

signals (110).

6. The
second positioning

system of claim 1, wherein said
system (900) comprises an

intercommunications processor (906) for receiving
vehicle data from said inertial reference device (904)

and said vehicle odometer (902), said

intercommunications processor (906) for processing

said vehicle data,

and said intercommunications

processor (906) for transmitting said second position
estimate (908, 910) to said processing system (1002,

1004, 1020).

7. The

inertial reference

8. The
inertial reference
accelerometer.

9. The

inertial reference
HG1050-SRO1.

system of claim 1, wherein said
device (904) comprises a gyroscope.

system of claim 1, wherein said
device (904) comprises an

system of claim 1, wherein said
unit (904) comprises a "HONEYWELL"
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10. The system of claim 1, wherein said
vehicle odometer (902) comprises a “CATERPILLAR"
7T6337.

11. The system of claim 1, wherein said
processing system (1002, 1004, 1020) comprises a main
processor (1002) coupled to said first positioning
system (700) and said second positioning system (900),
said main processor (1002) adapted to receive said
first position estimate (716) and said second position
estimate (908, 910) respectively, said main processor
(1004) for computing said third position estimate from
said first position estimate (716) and said second
position estimate (908, 910).

12. The system of claim 2, wherein said
first positioning system (700) further comprises a
reference receiver (316) at a known location situated
near the vehicle (102), said reference receiver (316)
for receiving said first signals (110) from said
terrestrial position determination system (132-170,
200-206, 105), and said reference receiver (316) for
computing a spatial biases.

13. The system of claim 2, wherein said
first positioning system (700) comprises:

(a) an antenna (702) for receiving said
first signals (110);

(b) a preamplifier (704) coupled to said
antenna (702), said preamplifier (704) for amplifying

~said first signals (110);

(c) a first receiver (706) coupled to said
preamplifier, said first receiver (706) for tracking
said sources (105, 132-170, 200-206) currently

e
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observed and for measuring actual pseudoranges (Ro,
R,, R R6) of said sources (105, 132-170, 200-206);
(d) an intercommunications processor (708)

2’ 4!

coupled to said first receiver (706), said

5 intercommunications processor (708) for receiving said
actual pseudoranges from said first receiver (706) and
distributing said actual pseudoranges and status
information; and

(e) a GPS processor (710) coupled to said

10 intercommunications processor (708), said GPS
processor (710) for computing said first position
estimate (716) from said actual pseudoranges.

14. The system of claim 2, wherein said
15 first signals (110) are modulated by a pseudorandom

code sequence.

15. The system of claim 2, wherein said
first signals (110) from each of said at least one
20 source (132-170, 200-206, 105) are at the same carrier

frequency.

16. The system of claim 2, wherein said
global positioning system (100) comprises the NAVSTAR
25 GPS.

17. The system of claim 6, wherein said
intercommunications processor (906) comprises a
"MOTOROLA" 68000 microprocessor.

30

18. The system of claim 11, further
comprising a processor means (1004, 1020) coupled to
said main processor (1002), said processor means
(1004, 1020) for distributing said third position

35 estimate.
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19. The system of claim 11, wherein said
main processor (1002) comprises software including a
second Kalman filter (1202) for filtering data from
said inertial reference device (904).

20. The system of claim 12, wherein said
spatial biases comprise original biases computed by
subtracting estimated pseudoranges (Ro, R2, R4, R6)
and base clock biases from actual pseudoranges (RO,
R2, R4, R6).

21. The system of claim 12, wherein said
spatial biases comprise parabolic biases computed by
subtracting from actual pseudoranges (RO, R2, R4, R6)
an associated value on a parabolic model and a clock
bias, said parabolic model constructed over a time
period from prior actual pseudoranges (Ro, Rz, R4,
R6), and said clock bias being the difference in clock
rates between the circuitry of said first positioning

system and said terrestrial position determination
system.

22. The system of claim 12, wherein said
spatial biases comprise base residuals biases computed
by deriving a difference between an estimated location
of said reference receiver (316) and said known
location of said reference receiver (316), said
estimated location derived from a constellation of
said sources (132-170, 200-206, 105), said
constellation used by said first positioning system
(700) of said vehicle (102) to derive said first
position estimate (716) of said vehicle (102).

23. The system of claim 12, wherein said
reference receiver (316) further comprises a first

P
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transceiver (714) communicating with said vehicle
(102), said first transceiver (714) for communicating
said spatial bias to said vehicle (102) and wherein
said first positioning system (700) further comprises
a second transceiver (714) situated at said vehicle
(102) for receiving said spatial bias.

24. The system of claim 13 further
comprising a first console (712) coupled to said
intercommunications processor (708), said first
console (712) for displaying said status information.

25. The system of claim 13, wherein said
GPS processor (710) is a microprocessor.

26. The system of claim 13, wherein said
GPS processor (710) is a "MOTOROLA" 68020

microprocessor.

27. The system of claim 13, wherein said

preamplifier (704) comprises a "STEL" 5305.

28. The system of claim 13, wherein said
actual pseudoranges (Ro, Rz' R4, RG) corresponding to
each of said at least one sources are computed in
parallel by said first receiver (706).

29. The system of claim 13, wherein said
first receiver (706) does not determine said actual
pseudoranges (RO, R2, R4, R6) if less than four said
orbiting satellites (132-170, 200-206) are observed by
said first receiver (706).

30. The system of claim 13, wherein said
first receiver (706) comprises a "“STEL" 5305.
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31. The system of claim 13, wherein said
intercommunications processor (906) is a
microprocessor.

#e.

32. The system of claim 13, wherein said
intercommunications processor (906) is a "MOTOROLAY
68000 microprocessor.

33. The system of claim 13, wherein said
GPS processor (710) comprises a first Kalman filter
(802) for filtering said first signals (110).

34. The system of claim 13 further
comprising:

(2) a communications interface processor
(720) coupled to said GPS processor (710), said
communications interface processor (720) for
coordinating exchange of said first position estimate;

(b) a transceiver (714) coupled to said
communication interface processor (720), said
transceiver (714) for distributing, via
electromagnetic energy, (618) said first position
estimate (716); and

(c) a data collection device (718) coupled
to said communications interface processor (720) for
recording said first position estimate (716) over a
time period.

35. The system of claim 18, further
comprising a data collector (718) coupled to said
processor means (1004, 1020), said data collector k-

(718) for storing third position estimates over a time
period.
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36. The system of claim 18, further
comprising a console (722) for displaying the current
status of said processor means (1004, 1020).

5 37. The system of claim 20, wherein said
main processor (1002) includes software further
comprising a weighted combiner (1204) coupled to the
output of said first Kalman filter (802).

10 38. The system of claim 24, wherein said
first transceiver (714) and said second transceiver
(714) communicate via electromagnetic energy (618)
with a carrier wave at radio wave frequencies.

15 39. The system of claim 36, wherein said
first Kalman filter (802) modifies its acceptable data
perturbations depending on the velocity of said
vehicle (102).

20 40. The system of claim 36, wherein said
processing system (1002, 1004, 1020) adapted to
compute said third position estimate continuously
communicates vehicle velocity data (1018) to said
first Kalman filter (802) of said first positioning

25 system (700), said first Kalman filter (802) using
said vehicle velocity data to thereby enhance the
accuracy of said first position estimate (716) of said
first positioning system (700).

30 41. The system of claim 39, wherein said

first Kalman filter (802) regulates the threshold of
said data perturbations in discreet intervals.

35
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42, The system of claim 39, wherein said
first Kalman filter (802) regulates the threshold of
said acceptable data perturbations continuously.

43. A system for estimating the terrestrial
position of a vehicle (102), comprising:
(a) first receiver means (316, 702, 704,

- 706) for receiving signals from a terrestrial position

determination system (132-170, 200-206, 105) for
transmitting said signals;

(b) first processor means (708, 710)
coupled to said first receiver means (316, 702, 704,
706) , said first processor means (708, 710) for
processing said signals to determine a first estimated
position of said first receiver means (316, 702, 704,
706), said first processor means (708, 710) for
determination a spatial bias;

(c) means (618, 620, 622, 714, 720) for
communicating said spatial bias from said first
processor means (708, 710);

(d) second receiver means (622, 714, 720)
for receiving said spatial bias and for receiving said
signals, said second receiver means (622, 714, 720)
situated on said vehicle (3440) relatively close to
said first receiver means (316, 702, 704, 706); and

(e) second processor means (708, 710)
coupled to said second receiver means (622, 714, 720),
said second processor means (708, 710) for processing
said spatial bias and said signals to accurately
determine a second estimated position of said second
receiver means (622, 714, 720).

44. The system of claim 43, wherein said
terrestrial position determination system (132-170,
200-206, 105) comprises any one of a global

B

&
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positioning system (100) having at least four orbiting
satellites (132-170, 200-206), at least one pseudolite
(105), and both said global positioning system (100):
having at least one orbiting satellite (132-170,

5 200-206) and said at least one pseudolite (105).

45. The system of claim 43, wherein said
first receiver means (706) is located at a base
station (188).

10
46. The system of claim 43, wherein said
second receiver means (622) is located on a mining
truck (102).
15 47. The system of claim 43, wherein said

means (618, 620, 622) for communicating uses a carrier
wave (618) at radio wave frequencies.

48. The system of claim 43, wherein said
20 means (618, 620, 622) for communicating uses a carrier

wave (618) at infrared frequencies.

49. The system of claim 43, wherein said
means (618, 620, 622) for communicating operates in
25 conjunction with a transponder of said terrestrial
position determination system (132-170, 200-206, 105)
to receive said signals. '

50. The system of claim 43, wherein said
30 spatial bias is computed from the difference between
said first estimated position derived from said
signals and said known location of said first receiver
means (316, 702, 704, 706).

35
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51. The system of claim 43, wherein said
first and second receiver means (316, 622, 702, 704,
706) comprises:

(1) an antenna (702) for receiving said
signals;

(2) a preamplifier (704) coupled to said
antenna (702), said preamplifier (704) for amplifying
said signals; and

(3) a receiver (706) coupled to said
preamplifier (704).

52. The system of claim 43, wherein said
first and second processor means (708, 710) comprises:

(1) an intercommunications processor (708)
coupled to said first and second receiver means (316,
622, 702, 704, 706);

(2) a GPS processor (710) coupled to said
intercommunications processor (708);

(3) a first console (712) coupled to said
intercommunications processor (708);

(4) a second console (722) coupled to said
GPS processor (710);

(5) a communications interface processor
(720) coupled to said GPS processor (710);

(6) a transceiver (714) coupled to said
communication interface processor (720); and

(7) a data collection device (718) coupled
to said communication interface processor (720).

53. A system (1000) for processing first
signals (110) from a first positioning system (700)
and second signals from a second positioning system
(900), the system comprising a main processor (1002)
for receiving a first position estimate (716) of a
vehicle (102) from a first positioning system (700),

wW®

"
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said main processor (1002) for receiving a second
position estimate (908, 910) of said vehicle (102)
from a second positioning system (900), said main
processor (1002) for computing a third position
estimate from said first position estimate (716) and
said second position estimate (908, 910).

54. The system of claim 53, further
comprising a processor means (1004, 1020) coupled to
said main processor (1002), said processor means
(1004, 1020) for distributing said third position

estimate.

55. The system of claim 53, wherein said
first positioning system (700) comprises a terrestrial
position determination system (132-170, 200-206, 105)
having at least one source for transmitting said first
signals, said at least one source comprised of any one
of the following: a global positioning system (100)
having at least four orbiting satellite (132-170, 200-
206), at least one pseudolite (105), and both said
global positioning system (100) having at least one
orbiting satellite (132-170, 200-206) and said at
least one pseudolite (105).

56. The system of claim 53, wherein said
second positioning system (900) comprises any one of
an inertial reference device (904) mounted on said
vehicle (102), a vehicle odometer (902), and both said
inertial reference device (904) and said vehicle
odometer (902).

57. The system of claim 53, wherein said
main processor (1004) includes software comprising a
Kalman filter (1202) and weighted combiner (1204).
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58. The system of claim 53, wherein said
main processor (1004) transmits vehicle velocity data

(1018) to said first positioning system (700).

59. The system of claim 54, wherein said
communications interface processor (1020) is coupled
to a vehicle navigator (1022).

60. The system of claim 54, further
comprising a data collector (1014) coupled to said
processor means (1004, 1020).

61. The system of claim 54, further
comprising a console (1012) coupled to said processor
(1004, 1020).

62. The system of claim 56, wherein said
inertial reference device (904) comprises any one of a

gyroscope, an accelerometer, and both a gyroscope and
accelerometer.

63. A system for determination which
satellites (132-170, 200-206) to sample in a set of
observable satellites (132-170, 200-206) of a global
positioning system (100) in order to achieve an

‘accurate estimate of a terrestrial position, the

system comprising:

(a) first means (706, 710) for anticipating
the relative position of the observable satellites
(132-170, 200-206) with respect to the terrestrial
position and for communicating with said terrestrial
position;

(b) second means (710) responsive to said
first means, and second means for selecting a best

wé

»
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constellation of said satellites (132-170, 200-206);
and

(c) third means (710) responsive to said
first means and said second means, said third means
for recognizing only signals from said best
constellation.

64. The system of claim 63, wherein said
first means (706, 710) comprises almanac data.

65. The system of claim 63, wherein said
second means (710) selects said best constellation
based on the geometry of said satellites (132-170,
200-206) relative to said terrestrial position.

66. A system for using parabolic models to
improve the accuracy of terrestrial position estimates
based on pseudoranges (RO, R2, R4, R6) derived from a
global positioning system (100), the system
comprising:

(a) first means (706) for determining
pseudoranges (Ro, Rz, R4, R6) at consecutive times for
a time period, said pseudoranges (Ryr Rys Ry, Rg)
being between a reference antenna and satellites
(132-170, 2004206) in view of said reference éntenna;

(b) second means (710) responsive to said
first means, second means for constructing parabolic
models for each of said satellites (132-170, 200-206)
based on said pseudoranges (Ro, Rz' R4, Rs); and

(c) third means (710) responsive to said
first means and said second means, said third means
for computing a spatial bias between extrapolated
pseudoranges (RO, R2, R4, RG) from said parabolic best
fit models and future pseudoranges (RO, R2, R4, R6)
derived after said time period.
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67. The system of claim 66, wherein said
parabolic models are constructed by said second means
(710) from said pseudoranges (RO, Rz, R4, R6) based on
a statistical R squared value of 0.98 or greater.

¥

68. A system for improving the accuracy of
terrestrial position estimates based on pseudoranges
(Rysr Ry, Ry, RG) derived from a global positioning
system (100), the system comprising:

(a) first means (706) for computing
reference antenna pseudoranges (Ro, Rz' R4, R6) for
satellites (132-170, 200-206) in view of a reference
antenna (316) at a known position;

(b) second means (710) responsive to said
first means (706), said second means (710) for
computing an estimated position of said reference
antenna (316) using said reference antenna
pseudoranges (RO, Rz' R,, R6); and

(c) third means (710) responsive to said
second means (710), said third means (710) for
comparing said estimated position with said known
position to derive a spatial bias.

69. A system for improving the accuracy of
terrestrial position estimates based on user
pseudoranges (RO, Rz' R4, RG) derived from a global
positioning system (100), the system comprising the
steps of:

(a) first means (706) for computing
reference antenna pseudoranges (Ro, R2, R4, R6) for
satellites (132-170, 200-206) in view of said »
reference antenna (316) at a known position;

(b) second means (710) responsive to said
first means (706), said second means (710) for
computing the user pseudoranges (Ro, Rz, R4, RG) for
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satellites (132-170, 200-206) in view of a user
antenna (312);

(c) third means (710) responsive to said
second means (710), said third means (710) for
computing an estimated position of said reference
antenna (316) using said reference antenna
pseudoranges (RO, R2, R4, R6);

(d) fourth means (710) responsive to said
tﬂird means (710), said fourth means (710) for
comparing said estimated position with said known
position; 7 '

(e) fifth means (714, 720) responsive to
said fourth means (710), said fifth means (714, 720)
for transmitting a spatial bias to said user antenna
(312); and

(f) sixth means (710) responsive to said
fifth means (714, 720), said sixth means (710) for
modifying said future user pseudoranges (Ro, Ryr Ry,
Re) using said spatial bias.

70. A system for estimating the relative
position of orbiting satellites (132-170, 200-206)
with respect to a terrestrial reference point, the
system comprising:

(a) first means (710) for obtaining a date
and a time at which a position of a satellite is to be
estimated;

(b) second means (710) responsive to said
first means (710), said second means (710) for
determination the latitude and longitude of the
reference point;

(c) third means (710) responsive to said
second means (710), said third means (710) for
obtaining the orthogonal coordinates of said satellite
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from almanac data (706) based upon said date and said
time; and

(d) fourth means (710) responsive to said
third means (710), said third means (710) for
computing the latitude, longitude, elevation, and
azimuth of said satellite relative to said reference
point from said orthogonal coordinates.

71. A system for estimating the relative
position of orbiting satellites (132-170, 200-206)
with respect to a terrestrial reference point, the
system comprising:

(a) first means (710) for obtaining a date
and a time at which a position of a satellite is to be
estimated;

(b) second means (710) responsive to said
first means, said second means (710) for determination

the latitude and longitude of the reference point;

- (c) third means (710) responsive to said
second means, said third means (710) for obtaining an
estimated position of said satellite from almanac data
(706) based upon said date and said time; and

(d) fourth means (710) responsive to said
third means, said fourth means (710) for computing the
latitude, longitude, elevation, and azimuth of said
satellite relative to said reference point from said
estimated position.

72. A system for improving the accuracy of
position estimates based on pseudoranges (RO, Ry, R4,
R6) derived from a vehicle positioning system (1000)
by considering prior position estimates, the system
comprising the steps of:

(a) first means (700, 900) for deriving a
first position estimate (716)s;
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(b) second means (700, 900) responsive to
said first means (700, 960), said second means (700,
900) for incorporating said first position estimate
(716) into a best fit algorithm;

(d) third means (700, 900) responsive to
said second means (700, 900), said third means (700,
900) for extrapolating a second position estimate
(908, 910) from said best fit algorithm; and

(e) fourth means (700, 900) responsive to
said third means (700, 900), said fourth means (700,
900) for substituting a particular first position
estimate (716) derived by said first means (700, 900)
with said second position estimate (908, 910)
extrapolated by said third means (700, 900) if said
second position estimate (908, 910) is more accurate.

73. A system for detecting corrupted
ephemeris data from orbiting satellites (132-170,
200-206) of a global positioning system (100), the
system comprising:

(a) first means (700, 710) for computing
first positions of the satellites (132-170, 200-206)
in contact with a reference antenna using almanac
data;

(b) second means (700, 710) for computing
second positions of said satellites (132~170, 200-206)
using ephemeris data;

(c) third means (700, 710) responsive to
said first and said second means (700, 710), said
third means (700, 710) for comparing the difference of
said first positions and said second positions against
a preselected threshold; and

(d) fourth means (700, 710) responsive to
said third means (700, 710), said fourth means (700,
710) for adopting said almanac data if said difference

Volkswagen Exhibit 1011, Page 213 of 383



WO 91/09275 PCT/US90/07183

10

15

20

25

30.

35

=212~

is greater than said preselected threshold; otherwise,
adopting said ephemeris data.

74. The system of claim 73, further
comprising:

(e) fifth means (700, 710) responsive to
said fourth means (700, 710), said fifth means (700,
710) for deriving a reference antenna position of said
reference antenna from said ephemeris or almanac data
adopted in step (d); and

(f) sixth means (700, 710) responsive to

said fifth means (700, 710), said sixth means for

comparing said reference antenna position with the
known position of said reference antenna to derive a
spatial bias and differential clock time;

75. The system of claim 74, further

- comprising a seventh means (714, 720) responsive to

said sixth means (700, 710), said seventh means (714,
720) for sending said spatial bias and said
differential clock time to a nearby vehicle (102).

76. A system (700) for processing signals
from a terrestrial position determination system
(132-170, 200-206, 105) having signal sources
(132-170, 200-206, 105), the system (700) comprising:

(a) first means (702, 704) for receiving and
for amplifying the signals;

(b) second means (706) for determination
data from said signals, said data including the number
of said signal sources (132-170, 200-206, 105)
currently observed and the pseudoranges (RO, R2, R4,
R6) of said sources (132-170, 200-206, 105); and

(c) third means (708, 710) responsive to
said second means (706), said third means (708, 710)
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for receiving said data and for computing a
terrestrial position estimate of said first means
(702, 704) from said data.

5 77. A system. (700) for processing signals
from a terrestrial position determination system
(132-170, 200-206, 105) having signal sources
(132-170, 200-206, 105), the system (700) comprising:

(a) an antenna (702) for receiving said
10 rsignals; 7
(b) a preamplifier (704) coupled to said
antenna (702), said preamplifier (704) for amplifying
said signals; ,
(c) a receiver (706) coupled to said

15 preamplifier (704), said receiver (706) for
determination data including the number of said signal
sources (132-170, 200-206, 105) currently observed and
pseudoranges (RO' R2, R4, R6) of said sources
(132-170, 200-206, 105);

20 (d) an intercommunications processor (708)
coupled to said receiver (706), said
intercommunications processor (708) for receiving said
data from said receiver (708), said
intercommunications processor (708) for determination

25 status information, said intercommunications processor
(708) for distributing said data and said status
information; and

(e) a GPS processor (710) coupled to said
7 intercommunications processor (708), said GPS

30 processor (710) for receiving said data, said GPS
processor (710) for computing a position estimate of
said antenna (702) from said data.

35
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' 78. The system (700) of claim 77, wherein
said GPS processor (710) comprises software said
software implementing:

(a) a Kalman filter function (802);

Qe

(b) a communications manager function (808);

(c) an ICC function (812);

(d) a GPS raw data output function (814);

(e) a radio link data decoder function
(810) ;

(f) a console function (816); and

(g) a VPS communications function (818).

79. The system (700) of claim 77, further
comprising a console (712) coupled to said
intercommunications processor (708).

80. The system (700) of claim 77, further
comprising a console (722) coupled to said GPS
processor (710).

81. The system (700) of claim 77, further
comprising a communications interface processor (720)
coupled to said GPS processor (710).

82. The system (700) of claim 81, further
comprising a transceiver (714) coupled to said
communications interface processor (720).

83. The system (700) of claim 81, further
comprising a data collection device (718) coupled to
said communications interface processor (720). %

84. A system for processing data to
increase the accuracy of a position estimate of a
vehicle (102), the system comprising:
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(a) a first Kalman filter (802) receiving
first data from a first positioning system (700) and
outputting a first position estimate (716) of the
vehicle, said first Kalman filter (802) adapting
pursuant to a vehicle velocity (1018) of said vehicle
to increase the accuracy of said first position

estimate (716);

(b) a second Kalman filter (1202) receiving
second data (910) from a second positioning system
(900) and outputting a second position estimate of the
vehicle; and

(c) a weighted combiner (1204) receiving
said filtered first data (716) and said filtered
second data (910), said weighted combiner (1204)
outputting said vehicle velocity (1018) of said
vehicle (102) to said first Kalman filter function
(802).

85. The system of claim 84, wherein said
adapting of said first Kalman filter function (802)
occurs in discreet time intervals.

86. The system of claim 84, wherein said
adapting of said first Kalman filter function (802)

occurs continuously.

87. A method for estimating the terrestrial
position of a vehicle (102), wherein a first
positioning system (700) determines a first position
estimate (716) of the vehicle (102) based upon signals
received from a terrestrial position determination
system (132-170, 200-206, 105), a second positioning
system (900) determines a second position estimate
(908, 910) based upon an inertial reference device
(904) mounted on the vehicle (102) and a vehicle
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odometer (902), a processing system (1002, 1004, 1020)
coupled to said first and second positioning systems
(700) (900) derives a more accurate third position
estimate based upon the first and second position
estimate (908, 910)s, the method comprising the steps
of:

af

(1) determinating the first position
estimate (716) of the vehicle (102) based on first
signals from the terrestrial position determination
system (132-170, 200-206, 105);

(2) determinating a second position estimate
(908, 910) of said vehicle (102) based on second
signals obtained from the inertial reference device
(904) mounted on said vehicle (102) and the vehicle
odometer (902); and

(3) processing said first position estimate
(716) and said second position estimate (908, 910) to
derive a more accurate third position estimate.

88. The method of claim 87, further
comprising the step of forwarding said third position
estimate to a vehicle navigator (1022).

89. A method for estimating a vehicle (102)
position using a terrestrial position determination
system (132-170, 200-206, 105), wherein a reference
position is used to determine a spatial bias of the
terrestrial position determination system (132-170,
200-206, 105), the method comprising the steps of:

(1) receiving signals transmitted from the
terrestrial position determination system (132~-170, 4
200-206, 105) at a reference position;

(2) processing said signals to determine a
spatial bias;
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(3) communicating said spatial bias from

-said reference position to a vehicle position; and

(4) processing said spatial bias at said
vehicle position to accurately determine an estimate

of said vehicle position.

90. A method (1300) for determining which
satellites (132~170, 200-206) to sample in a
constellation of satellites (132-170, 200-206) of a
global positioning system (100) in order to achieve an
accurate estimate of a terrestrial position, the
method comprising the steps of:

(1) anticipating (1304, 1306) the relative
position of the satellites (132-170, 200-206) with
respect to the terrestrial position based upon data in
an almanacj

(2) selecting (1312) a best constellation of
said satellites (132-170, 200-206) based on the
geometry of said satellites (132-170, 200-206)
relative to said terrestrial position; and

(3) recognizing (1314) only signals from
said best constellation. '

91. A method (1600) for using parabolic
models to impfove the accuracy of terrestrial position
estimates based on actual pseudoranges (Ro, Rz' R4,
R6) derived from satellites of a global positioning
system (100), the method comprising the steps of:

(1) computing actual pseudoranges (Ro, R,,
Rys R6) for satellites (132~170, 200-206) in view of a
reference antenna (316) until a time when a parabolic
model can be constructed based on said actual
pseudoranges (RO, Rys Ry R6) with a preselected
statistical R® value;
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(2) extrapolating estimated pseudoranges
(Ro, Rz, R4, RG) of said satellites (132-170, 200-206)
at future times from said parabolic models;

(3)7computing spatial biases between said
actual pseudoranges (RO, Rz, R4, RG) and said
estimated pseudoranges (Ro, Rz, R4, R6); and

ad

(4) using said spatial biases to increase
the accuracy of terrestrial position estimates.

92. A method (1700) for improving the
accuracy of terrestrial position estimates based on
pseudoranges (Ro, RZ’ R4, RG) derived from satellites
(132-170, 200-206) of a global positioning system
(100), the method (1700) comprising the steps of:

(1) obtaining (1706) a known position of a
reference antenna (316);

(2) computing (1706) reference antenna
pseudoranges (Ro, Ry, Ry, R6) for satellites (132-170,
200-206) in view of said reference antenna (316);

(3) computing (1708) an estimated position
of said reference antenna (316) using said reference
antenna pseudoranges (Ro, R_, R4, R6);

(4) comparing (1710) said estimated position
with said known position to derive a spatial bias; and

(5) using (1712) said spatial bias to
increase the accuracy of the terrestrial position
estimates.

93. A method (1700) for improving the
accuracy of terrestrial position estimates of a user
antenna (312) based on pseudoranges (RO, Rz' R4, R6) 4
derived from satellites (132-170, 200-206) of a global

positioning system (100), the method (1700) comprising
the steps of:
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(1) obtaining (1704) a known position of a
reference antenna (312);

(2) computing (1706) the reference antenna
pseudoranges (RO’ Ry, Ry, R6) for satellites (132-170,
200-206) in contact with said reference antenna (316);

(3) computing present user pseudoranges (Ro,
Ry, Ry, R6) for satellites (132-170, 200-206) in
contact with the user antenna (312);

(4) computing (1708) an estimated position
of said reference antenna (316) using said reference
antenna pseudoranges (Ro, R2, R4, R6);

(5) comparing said estimated position with
said known position to derive a base residuals bias;

(6) transmitting said base residuals bias to
said user antenna (312); and

(7) computing future user pseudoranges (RO,
R

R R6) using said base residuals bias.

2' 4!

94. A method (1800) for estimating the
relative position of orbiting satellites (132-170,
200-206) with respect to a terrestrial reference
point, the method (1800) comprising the steps of:

(1) obtaining (1804) a date and a time at
which a position of a satellite is to be estimated;

(2) computing (1808) estimated pseudoranges
of satellites in view of a reference point from
almanac data (706) based upon said date and said time;
and '

(3) determining (1806) an absolute position
of said reference point from said estimated
pseudoranges;

(4) computing (1812) a position of said
satellite relative to said reference point from said
absolute position of said reference point, said date,
and said time.
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95. A method (1900) for improving the
accuracy of position estimates of a vehicle (102)
based on a vehicle positioning system (1000) by
considering prior position estimates via a best fit
algorithm, the method (1900) comprising the steps of:

(1) computing (1904) a position using the
vehicle positioning system (1000);

(2) incorporating (1906) said position into
a best fit algorithm;

(3) repeating (1908) steps (1) and (2) until
the statistical R® value of said best fit algorithm is
greater than or equal to a preselected threshold;

(4) extrapolating (1916) an estimated
subsequent position from said best fit algorithm; and

(5) substituting (1916) a subsequent
position computed by said vehicle positioning system
(1000) with said estimated subsequent position
extrapolated from said best fit algorithm.

96. A method (1900) for improving the
accuracy of position estimates of a vehicle (102)
based on a vehicle positioning system (1000) by
considering prior position estimates via a best fit
algorithm, the method (1900) comprising the steps . of:

(1) computing (1904) positions using the
vehicle positioning system (1000);

(2) incorporating (1906) said positions into
a best fit algorithm;

(3) extrapolating (1916) an estimated
subsequent position from said best fit algorithm; and

(4) substituting (1916) a subsequent
position computed by said vehicle positioning system
(1000) with said estimated subsequent position
extrapolated from said best fit algorithm.

4t
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97. The method of claim 96, further
comprising the step of outputting (1912) said
estimated subsequent position to a vehicle navigator
(432, 1022).

98. A method (2100) for detecting corrupted
ephemeris data from orbiting satellites (132-170,
200-206) of a global positioning system (100), the
method (2100) comprising the steps of:

(1) predicting (2104) first estimated
pseudoranges of the satellites (132-170, 200-206) in
view of a reference antenna using old almanac data,
the current date, and the current time;

(2) computing (2104) second estimated
pseudoranges of said satellites (132-170, 200-206)
using current ephemeris data, the current date, and
the current tinme;

(3) comparing (2106) the difference between
said first estimated pseuddranges and said second
estimated pseudoranges against a preselected
threshold;

(4) adopting (2108) said old almanac data to

_determine future pseudoranges if said difference is

greater than said preselected threshold; otherwise,
adopting (2110) said ephemeris data to determine

future pseudoranges.

99. A method for processing data to
increase the accuracy of a position estimate of a
vehicle (102), wherein a first positioning system
(700) is coupled to a first Kalman filter, a second
positioning system (900) is coupled to a second Kalman
filter (1202), and the first and second Kalman filters
(802, 1202) are coupled to a weighted combiner (1204),
the method comprising the steps of:
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(1) transmitting second data (910) from the
second positioning system (900) to a second Kalman
filter (1202);

(2) outputting a second position estimate
from said second Kalman filter (1202) to a weighted

L

- combiner (1204);

(3) outputting from said weighted combiner
(1204) a vehicle velocity (1018) of said vehicle (102)
to a first Kalman filter (802); and

(4) adapting said first Kalman filter (802)
pursuant to said vehicle velocity (1018) to increase
the accuracy of a first position estimate (716)
outputted from said first Kalman filter (802).

100. The method of claim 99, wherein step
(3) further comprises the step of outputting weighted
data (1206) to said second Kalman filter (1202) to
increase the accuracy of said second position
estimate.

101. The method of claim 99, wherein step
(3) further comprises the step of outputting weighted
data (1016) to a vehicle navigator (406, 1022).

102. The method of claim 99, wherein step
(3) further comprises the step of outputting weighted
data (1016) to a data collector (1014).

103. The method of claim 99, wherein step ®
(3) further comprises the step of outputting weighted
data (1016) to a console (1012). *

104. A method for computing a position

estimate of a vehicle, the method comprising the steps
of:
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(1) transferring from a base station serving
as a reference point to a vehicle the following data:
base actual pseudoranges, base estimated pseudoranges,
base clock biases, and base spatial biases for each
source of a terrestrial position determination system
and a base known position;

(2) using said base spatial biases to offset
vehicle spatial biases;

(3) computing a first position estimate and
a base estimated position using said data;

(4) subtracting said base estimated position
from said first position estimate to derive a relative
position HBE of said vehicle with respect to said base
station;

(5) subtracting said base known position
from said first position estimate to derive a relative
position HBA of said vehicle with respect to said base
station;

(6) deriving an offset from the difference
between HBA and HBE;

(7) comparing said offset to a preselected
threshold;

(8) if said offset is less than said
preselected threshold, then the first position
estimate is used by vehicle; and

(9) if said offset is not less than said
preselected threshold, then repeat steps (4) through
(8) iteratively until said offset is less than said

preselected threshold.

105. A method for implementing spatial bias
techniques, comprising the steps of:
(1) using spatial bias technigques to compute

position estimates of a vehicle;
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(2) if said vehicle approaches a drastic
nonlinear path, then cease using said spatial bias
techniques; and

(3) computing said position estimates
without spatial biases until a relatively linear path
approaches said vehicle.

Lk

106. A computer-based system for
autonomously navigating a vehicle (310) along a
predetermined path, the system comprising:

(1) first means (1000) for determining a
location of said vehicle (310), said first means
including:

(a) a first positioning system (700)

-adapted to provide a first position estimate (716) of

said vehicle (310) based on first signals (110) from a
terrestrial position determinating system (200-206,
624);
(b) a second positioning system (900)
adapted to provide a second position estimate (908,
910) of said vehicle (310) based on second signals
(208, 910) obtained from an inertial reference unit
(904) mounted on said vehicle (310) and a vehicle
odometer (902); and
(c) a processing system (1002, 1004,
1020) adapted to compute a third position estimate of
said vehicle (310) from said first position estimate
(716) and said second position estimate (908, 910).
(2) second means (5306) for causing said
vehicle (310) to track said predetermined path; and
(3) third means (4150) for causing said *
vehicle (310) to detect and avoid obstacles while
tracking said predetermined path.
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107. The system of claim 106, wherein said

terrestrial position determinating system (200-206,
624) has at least one source for transmitting said
first signals (110), said at least one source

5 comprised of any one of one or more pseudolites (624),
a global positioning system (200-206) having at least
one orbiting satellite (200-206), and both said global
positioning system (200-206) and said one or more
pseudolites (624).

10
108. The system of claim 106, wherein said

vehicle (310) comprises a mining truck (310).

109. The system of claim 106, wherein said
15 first positioning system (700) communicates with a
transponder of said terrestrial position determinating
system (200-206, 624) to receive said first signals

(110) .

20 110. The system of claim 106, wherein said
second positioning system (900) comprises an
intercommunications processor (906) for receiving
vehicle data from said inertial reference unit (904)
and said vehicle odometer (902), said

25 intercommunications processor (906) for processing
said vehicle data, and said intercommunications
processor (906) for fransmitting said second position
estimate (908,'910) to said processing system (1002,
1004, 1020).

30

111. The system of claim 106, wherein said
inertial reference unit (904) comprises a gyroscope.

35
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112. The system of claim 106, wherein said
inertial reference unit (904) comprises an -

accelerometer. .
113. The system of claim 106, wherein said %
processing system (1002, 1004, 1020) comprises:
an I/0 processor (1002) coupled to said ¥

first positioning system (700) and said second
pésitiouing system (900), said I/O processor (1002)
adapted to receive said first position estimate (716)
and said second position estimate (908, 910)
respectively;

a main processor (1004) coupled to said I/0
processor (1002), said main processor (1004) for

‘computing said third position estimate from said first

position estimate (716) and said second position
estimate (908, 910); and

a communications interface processor (1020)
coupled to said main processor (1004), said
communications interface processor (1020) for
distributing said third position estimate.

114. The system of claim 107, wherein said
first positioning system (700) further comprises a
reference receiver (316) at a known location situated
near the vehicle (310), said reference receiver (316)
for receiving said first signals (110) from said
terrestrial position determinating system (200-206,

624), and said reference receiver (316) for computing
a differential bias.

115. The system of claim 107, wherein said
first positioning system (700) comprises: Ny
) (a) an antenna (702) for receiving said
first signals (110);
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(b) a preamplifier (704) coupled to said
antenna (702), said preamplifier (704) for amplifying
said first signals (110);
(c) a first receiver (706) coupled to said
5 preamplifier, said first receiver (706) for tracking
said sources (200-206, 624) currently observed and for
deriving actual pseudofanges (Ro, Rz, R4, R6) of said
sources (200-206, 624);
, ‘ (d) an intercommunications processor (708)
10 coupled to said first receiver (706), said
intercommunications processor (708) for receiving said
actual pseudoranges from said first receiver (706) and
distributing said actual pseudoranges and status
information; and
15 (e) a GPS processor (710) coupled to said
intercommunications processor (708), said GPS
processor (710) for computing said first position
estimate (716) from said actual pseudoranges.

20 116. The system of claim 107, wherein said
first signals (110) are modulated by a pseudorandom

code sequence.

117. The system of claim 107, wherein said
25 first signals (110) from each of said at least one
source (200-206, 624) are at the same carrier

frequency.

118. The system of claim 107, wherein said
30 global positioning system (200-206) comprises the
NAVSTAR GPS.

119. The system of claim 113, further
comprising a data collector (718) coupled to said
35 communications interface processor (1020), said data
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collector (718) for storing third position estimates
over a time period.

120. The system of claim 113, further
5 comprising a console (722) for displaying the current
status of said communications interface processor
(1020).

121. The system of claim 113, wherein said
10 main processor (1004) comprises software including a
second Kalman filter (1202) for filtering data from

said inertial reference unit (904).

122. The system of claim 114, wherein said
15 differential bias comprises an original bias computed
by subtracting estimated pseudoranges (Ro, Rz, R4, R6)
and base clock biases from actual pseudoranges (RO,
R2, R4, R6).

20 123. The system of claim 114, wherein said
differential bias comprises a parabolic bias computed
by using a parabolic model constructed over a time
period from prior actual pseudoranges.

25 124. The system of claim 114, wherein said
differential bias is computed by deriving a difference
between an estimated location of said reference
receiver (316) and said known location of said
reference receiver (316), said estimated location

30 derived from a constellation of said sources (200-206,
624), said constellation used by said first
positioning system (700) of said vehicle (310) to
derive said first position estimate (716) of said
vehicle (310).

35

EAS
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125. The system of claim 114, wherein said
reference receiver (316) further comprises a first
data radio (714) communicating with said vehicle
(310), said first data radio (714) for communicating

5 said differential bias to said vehicle (310) and
wherein said first positioning system (700) further
comprises a second data radio (714) situated at said
vehicle (310) for receiving said differential bias.

10 126. The system of claim 115 further
comprising a first console (712) coupled to said
intercommunications processor (708), said first
console (712) for displaying said status information.

15 127. The system of claim 115, wherein said
GPS processor (710) is a microprocessor.

128. The system of claim 115, wherein said
actual pseudoranges (Ro, Rz, R4, RG) corresponding to
20 each of said at least one source are computed in
parallel by said first receiver (706).

129. The system of claim 115, wherein said
intercommunications processor (906) is a

25 microprocessor.

130. The system of claim 115, wherein said
GPS processor (710) comprises a first Kalman filter
(802) for filtering said first signals (110).

30
131. The system of claim 115, further
comprising:
(a) a communications interface processor
(720) coupled to said GPS processor (710), said
35
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communications interface processor (720) for
coordinating exchange of said first position estimate;

(b) a data radio (714) coupled to said
communication interface processor (720), said data
radio (714) for distributing, via electromagnetic
energy, (618) said first position estimate (716); and

(c) a data collection device (718) coupled
to said communications interface processor (720) for
recording said first position estimate (716) over a
time period.

132. The system of claim 121, wherein said
main processor (1004) includes software further
comprising a weighted combiner (1204) coupled to the
output of said second Kalman filter (802).

133. The system of claim 125, wherein said
first data radio (714) and said second data radio
(714) communicate via electromagnetic energy (618)
with a carrier wave at radio wave frequencies.

134. The system of claim 130, wherein said
first Kalman filter (802) modifies its acceptable data
perturbations depending on the velocity of said
vehicle (310).

135. The system of claim 130, wherein said
processing system (1002, 1004, 1020) adapted to
compute said third position estimate continuously
communicates vehicle velocity data (1018) to said
first Kalman filter (802) of said first positioning
system (700), said first Kalman filter (802) using
said vehicle velocity data to thereby enhance the
accuracy of said first position estimate (716) of said
first positioning system (700).

»

ar
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136. The system of claim 130, wherein said
first Kalman filter (802) regulates the threshold of
said data perturbations in discreet intervals.

5 137. The system of claim 130, wherein said
first Kalman filter (802) regulates the threshold of
said data perturbations continuously.

138. A computer-based method for
10 autonomously navigating a vehicle (310) along a
predetermined path, the method comprising the steps
of:
(a) determining a location of said vehicle
(310) using a terrestrial position determining system
15 (200-206, 624), an inertial reference unit (904), and
a vehicle odometer (902);
(b) causing (5306) said vehicle (310) to
track said predetermined path based upon said

location; and
20 (c) causing (4150) said vehicle (310) to

detect and avoid obstacles while tracking said

predetermined path.

139. The method of claim 138, wherein step

25 (a) comprises the steps of:

(a) deriving a first position estimate (716)
of said vehicle (310) based on first signals (110)
from said terrestrial position determinating system
(200-206, 624);

30 (b) deriving a second position estimate
(908, 910) of said vehicle (310) based on second
signals (908, 910) obtained from said inertial
reference unit (904) mounted on said vehicle (310) and
said vehicle odometer (902); and

35
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(c) deriving said location of said vehicle
(310) from said first position estimate (716) and said
second position estimate (908, 910).

5 140. The method of claim 138, wherein step
(a) comprises the steps of:
(a) receiving signals from said terrestrial
position determining system (200-206, 624) at a
reference position;
i0 (b) processing said signals at said
reference position to determine a differential bias;
(c) communicating said differential bias
from said reference position to said vehicle; and
(d) processing said differential bias at
15 said vehicle to accurately determine said location.

141. The method of claim 138, wherein step
(a) comprises the steps of:
(a) anticipating (1304, 1306) the relative
20 position of satellites (200-206) of said terrestrial
position determining system with respect to said
location based upon data in an almanac;
(b) selecting (1312) a best constellation of
said satellites (200-206) based on the geometry of
25 said satellites (200-206) relative to said location;
and
(c) recognizing (1314) only signals from
said best constellation.

30 142. The method of claim 139, wherein step
(a) comprises the steps of:
(1) incorporating (1906) previous first
position estimates into a best fit algorithm;
(2) monitoring (1908) said best fit
35 algorithm until the statistical R squared value of

,a#
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said best fit algorithm is greater than or equal to a
preselected threshold 0.98; and

(3) extrapolating (1916) said first position
estimate from said best fit algorithm.

143. The method of claim 139, wherein step
(a) comprises the steps of:

(1) deriving (2104) actual pseudoranges of
satellites (200-206) of said terrestrial position
determining system using almanac data;

(2) computing (2104) estimated pseudoranges
of said satellites (200-206) using ephemeris data;

(3) comparing (2106) the differences between
said actual pseudoranges and said estimated
pseudoranges against a preselected threshold;

(4) adopting (2108) said estimated
pseudoranges if said differences are greater than said
preselected threshold; otherwise, adopting (2110) said
actual pseudoranges; and

(5) using said adopted pseudoranges of step
(4) to compute said first position estimate.

144. The method of claim 139, further
comprising the steps of:

(1) transmitting said second signals (908,
910) (1010) to a second Kalman filter (1202);

(2) outputting said second position estimate
from said second Kalman filter (1202) to a weighted
combiner (1204);

(3) outputting from said weighted combiner
(1204) a vehicle velocity (1018) of said vehicle (102)
to a first Kalman filter (802) of said first
positioning system; and

(4) adapting said first Kalman filter (802)

pursuant to said vehicle velocity (1018) to increase
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the accuracy of said first position estimate (1006)
outputted from said first Kalman filter (802).

145. The method of claim 144, wherein step
(3) further comprises the step of outputting weighted
data (1206) to said second Kalman filter (1202) to
increase the accuracy of said second position
estimate.

146. The method of claim 144, wherein step
(3) further comprises the step of outputting weighted
data (1016) to a vehicle navigator (406, 1022).

147. The method of claim 144, wherein step
(3) further comprises the step of outputting weighted
data (1016) to a data collector (1014).

148. The method of claim 144, wherein step
(3) further comprises the step of outputting weighted
data (1016) to a console (1012).

149. The method of claim 140 wherein step
(b) comprises the steps of:

(1) obtaining (1706) the known position of
said reference position (316);

(2) computing (1706) reference antenna
pseudoranges (Ro, R2, R,, R6) for sources (200-206,
624) of said terrestrial position determining system
in view of said reference position (316);

(3) deriving (1708) an estimated position of
said reference position (316) using said reference
antenna pseudoranges (Ro, R2, R4, RG); and

(4) comparing (1710) said estimated position
with said exact position to derive said differential
bias.

4

L
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150. The method of claim 140, wherein step
(b) includes the steps of:

(1) computing actual pseudoranges (Ro, Rz'
Rys RG) for sources (200-206, 624) of said terrestrial

5 positioning determining system in view of a reference
antenna (316) at said reference position until a time
when a parabolic model can be constructed based on
said actual pseudoranges (Ro, Rz' R4, RG) with a
preselected statistical R, value;

10 (2) extrapolating estimated pseudoranges
(Ryr Ry Ry R6) of said sources (200-206, 624) at
future times from said parabolic models; and

(3) computing differential biases by
comparing said actual pseudoranges (Ro, R2, R4, RG)

15 and said estimated pseudoranges (Ro, Rz, R4, RG).

151. A navigation system (406), adapted for
use with autonomous operation of a surface based
vehicle (310) of the type having an instantaneous

20 center to which all motions can be referenced, for
example, conventionally steered, articulated,
omni-directional, or skid-steered, exhibiting either
oversteer or understeer characteristics, which
comprises:

25 (1) first means (5306) for compensating for
latency effects among dynamic effects of the vehicle
(310), said first means using feedforward
compensation; and

(2) second means (5306) for compensating

30 for other dynamic effects of the vehicle (310) using
feedback compensation.

152. The navigation system (406) of claim
49, wherein said first means (5306) comprises means

35
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(5306) for using an early steering command for said
feedforward compensation.

€]

153. The navigation system (406) of claim
5 152, wherein said means (5306) for using an early

b

steering command comprises means (5306) for using a
preselected number of time constants of said latency
effect to advance said early steering command.

10 154. The navigation system (406) of claim
154, wherein said second means (5306) comprises means
(5306) for using a quintic polynomial for said
feedback compensation.

15 155. The navigation system (406) of claim
154, wherein said means (5306) for using a quintic
polynomial comprises means (5306) for replanning a
simple continuous path that converges to a desired
path at some lookahead distance (3310).

20

156. The navigation system (406) of claim
155, wherein said means (5306) for replanning
comprises means (5306) for converging to said desired
path in a variable, speed-dependant lookahead distance

25 (3310).

157. A navigation method (406), adapted for
use with autonomous operation of a surface based
vehicle (310) of the type having an instantaneous

30 center to which all motions can be referenced, for
example, conventionally steered, articulated, *
omni-directional, or skid-steered, exhibiting either
oversteer or understeer characteristics, which
-comprises the steps of:

35
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(1) compensating (5306) for latency effects
among dynamic effects of the vehicle (310) using
feedforward compensation; and

(2) compensating (5306) for other dynamic
effects of the vehicle (310) using feedback
compensation.

) 158. The navigation method (406) of claim
157, wherein said step of compensating (5306) using
feedforward compensation comprises:

(a) using (5306) an early steering command

for said feedforward compensation.

159. The navigation method (406) of claim
158, wherein said step of using (5306) an early
steering command comprises:

(1) using (5306) a preselected number of
time constants of said latency effect to advance said

early steering command.

160. The navigation method (406) of claim
157, wherein said step of compensating (5306) using
feedback compensation comprises:

(a) wusing (5306) a quintic polynomial for
said feedback compensation.

161. The navigation method (406) of claim
160, wherein said step of using (5306) a quintic
polynomial comprises:

(i) replanning (5306) a simple continuous
path that converges to a desired (3312) path at some
lookahead distance (3310).

162. The navigation method (406) of claim
161, wherein said step of replanning (5306) comprises:
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converging (5306) to said desired path
(3312) in a variable, speed-dependant lookahead
distance (3310).

163. In an autonomously navigated surface
based vehicle (310), a system for controlling the
vehicle (310) comprising:

(1) first means (4302) for managing the
system for controlling the vehicle, responsive to
commands from either a vehicle navigation system (406)
or a remote control panel (410);

(2) second means (4304) for controlling
speed of the vehicle (310) in response to commands
from said first means (4302);

(3) third means (4306) for controlling
steering of the vehicle (310) in response to commands
from said first means (4302);

(4) fourth means (4308) for controlling
auxiliary functions of the vehicle (310) in response
to commands from said first means (4302);

(5) fifth means (4310) for monitoring the
vehicle’s status and the operation of the first (4302)
through fourth means (4308) in response to commands
from said first means (4302);

(6) first bus means (4314) for
interconnecting the first (4302) through fifth means
(4310); and

(7) shutdown means (4312), connected to the

first (4302) through fifth means (4310), for shutting

down the vehicle (310)in response to an error
condition in any of the first (4302) through fifth
means (4310).

»h
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164. In an autonomously navigated surface
based vehicle (310), a method of controlling the
vehicle (310) comprising the steps of:

(1) high level controlling (4302) vehicle
subsystems, responsive to commands from either a
vehicle navigation system (406) or a remote control

panel (410);
(2) controlling (4304) vehicle speed in

response to said high level controlling vehicle
subsystems (4302);

(3) controlling (4306) steering of the
vehicle (310) in response to said high level
controlling vehicle subsystem (4302);

(4) controlling (4308) auxiliary functions
of the vehicle (310) in response to said high level
controlling vehicle subsystems (4302);

(5) monitoring (4310) the vehicle’s status
and the operation of steps (1) through (4) in response
to said high level controlling vehicle subsystems
(4302);

(6) shutting down (4312) the vehicle (310)
in response to an error condition in any of the steps
(1) through (5).

165. A tele-operation system (4406) for a
surface based vehicle (310) comprising:

(1) control panel means (410) for providing
a user of the system hand actuated controls for
controlling such things as speed (4502), steering
(4504), horn, bed raising and lowering, and mode of
operation of the vehicle (310);

(2) a first tele-radio transceiver means
(4502), connected to communicate with said control
panel means (410), for sending and receiving signals
to and from a vehicle tele-radio transceiver means;
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(3) said vehicle tele-radio transceiver
means, connected to communicate with on-board vehicle
sub-systems (4302) such as to effect speed, steering,
horn, bed raising and lowering, and mode of operation,

2]

FLd

for sending and receiving signals to and from said
first tele-radio transceiver means (4502); and

(4) identification means for identifying
uniquely a vehicle (310) to be controlled so that
communication and control by said system (4406) is
only effectuated with an intended vehicile (310).

166. A tele-operation method (4406) for a
surface based vehicle (310) comprising the steps of:

(1) providing a user of the method (4406)
hand actuated controls (410) for controlling such
things as speed (4502), steering (4504), horn, bed
raising and lowering, and mode of operation of the
vehicle (310);

(2) identifying uniquely a vehicle (310) to
be controlled so that communication and control by
said method (4406) is only effectuated with an
intended vehicle (310);

(3) sending and receiving signals between a
pair of tele-radio transceivers connected to
communicate with the hand actuated controls (410) and
on-board vehicle sub-systems (4302) of an identified
vehicle (310), such as effect speed, steering, horn,
bed raising and lowering, and mode of operation.

167. A surface based vehicle control system
comprising: »

(1) means (4402) for providing for manual
operation of said vehicle (310);

(2) means (4406) for providing for
tele-operation of said vehicle (310);
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(3) means (4408) for providing for
autonomous operation of said vehicle (310); and

(4) means (4404) for providing for an
orderly transition between manual operation,
tele-operation, and autonomous operation of said
vehicle (310).

168. A surface based vehicle control method
comprising the steps of:

(1) providing (4402) for manual operation
of said vehicle (310);

(2) providing (4406) for tele-operation of
said vehicle (310);

(3) providing (4408) for autonomous
operation of said vehicle (310); and

(4) providing (4404) for an orderly
transition between manual operation, tele-operation,
and autonomous operation of said vehicle (310).

169. A method of navigation (406) adapted
for use with a surface based vehicle (310) of the type
having an instantaneous center to which all motions
can be referenced, for example, conventionally
steered, articulated, omni-directional, or
skid-steered, exhibiting either oversteer or
understeer characteristics, to follow a predetermined
path (3312), which method (406) comprises the steps
of:

(1) retrieving (3622) from a table (3010) a
given posture comprising a reference path curvature, a
maximum velocity, a desired heading, and desired
vehicle position coordinates of the predetermined path
(3312);

(2) determining (5306) a reference steering
angle from the reference path curvature;
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(3) determining (5306) a posture error;

(4) determining (5306) a desired steering
angle from said reference steering angle of step (2)
and said posture error of step (3);

(5) using (5306) said desired steering
angle of step (4) to direct the vehicle (310) toward
the predetermined path (3312);

(6) determining (5306) a commanded speed
less than said maximum velocity independently of said
steps (2)-(5); and

(7) using (5306) said commanded speed of
step (6) to control the speed of the vehicle (310),
including stopping the vehicle (310) if necessary.

a¥

170. The method (406) of claim 169, further
comprising the step of safely controlling lateral
acceleration during turning by modifying said maximum
velocity of step (1) by referring to the reciprocal of
said desired steering angle of step (4).

171. The method (406) of claim 169, further
comprising the steps of:

determining a vehicle stopping distance from
an actual vehicle speed and a specified maximum
vehicle deceleration value;

performing (4150) detection of an object
(4002) using range data at a distance greater than
said vehicle stopping distance; and

modifying (4150) said commanded speed in
accordance with distance to said object (4002),
thereby enabling the vehicle (310) to stop before .
contacting said object (4002).

¥

172. The method (406) of claim 169, wherein
the step of determining a commanded speed comprises:
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oring speed setpoints commanded by
) or a vehicle obstacle detection

ing the smallest of the setpoints.

igation system (406) adapted for a
e (310) of the type having an
to which all motions can be

conventionally steered,

articulated, omni-directional, or skid-steered,

exhibiting either ov
characteristics, to
(3312), which system

(1) means
table (3010) a given
curvature, maximum v

ersteer or understeer

follow a predetermined path

(406) comprises:

(5306) for retrieving from a
posture comprising reference path
elocity, desired heading, and

desired vehicle position coordinates of the

predetermined path (
(2) means

3312);
(5306) for determining a

reference steering angle from the reference path

curvature;

(3) means
error;

(4) means

(5306) for determining a posture

(5306) for determining a desired

steering angle from said reference steering angle and

said posture error;
(5) means

(5306) for using said desired

steering angle to direct the vehicle (310) toward the

predetermined path (3312);

(6) means
commanded speed less
independently of the

(7) means
speed to control the

(5306) for determining a

than said maximum velocity
means in (2)-(5); and

(5306) for using said commanded
speed of the vehicle (310),

including stopping the vehicle (310) if necessary.
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174. The system (406) of claim 173, further
comprising:

(8) means for safely controlling lateral
acceleration during turning by modifying said maximum
velocity by referring to the reciprocal of said
desired steering angle.

4R

175. The system (406) of claim 173, further
comfrising:

(8) means for determining a vehicle
stopping distance from an actual vehicle speed and a
specified maximum vehicle deceleration value;

7 (2) means (4150) for performing detection
of an object (4002) using range data at a distance
greater than said vehicle stopping distance; and

(10) means for modifying said commanded
speed in accordance with distance to said object
(4002), thereby enabling the vehicle (310) to stop
before contacting said object (4002).

176. The system (406) of claim 173, wherein
the means for determining a commanded speed comprises:

(a) means for monitoring speed setpoints
commanded by a host computer (402) or a vehicle
obstacle detection system (4150); and

(b) means for choosing the smallest of the
setpoints.

177. A navigation method (406) adapted for a
surface based vehicle (310) of the type having an
instantaneous center to which all motions can be , *
referenced, that is, conventionally steered,
articulated, omni-directional, or skid-steered,
exhibiting either oversteer or understeer

characteristics, said vehicle (310) to travel over a
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route (3312), said method (406) comprising the steps
of:
(1) manually driving the vehicle (310) over
the route (3312) to collect driven data;
5 (2) smoothing out said driven data to

produce smoothed data comprising a consistent path;
(3) using (5306) said smoothed data

comprising a consistent path to navigate the vehicle
(310) over the route.

10
178. The navigation method (406) of claim

177, wherein said step of smoothing out said driven
data further comprises the step of:
performing an integration function on said
15 driven data, thereby smoothing the driven data so that
measured vehicle position, heading and curvature are
consistent along the route (3312).

179. A navigation system (406) adapted for a
20 surface based vehicle (310) of the type having an
instantaneous center to which all motions can be
referenced, that is, conventionally steered,
articulated, omni-directional, or skid-steered,
exhibiting either oversteer or understeer
25 characteristics, said vehicle (310) to travel over a
route (3312), said system (406) comprising:

(1) means for manually driving the vehicle
over the route to collect driven data;

(2) means for smoothing out said driven

30 data to produce smoothed data comprising a consistent
path;

(3) means (5306) for using said smoothed
data comprising a consistent path to navigate the
vehicle (310) over the route (3312).

35
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180. The navigation system (406) of claim
179, wherein said means for smoothing out said driven
data further comprises:

(a) means for performing an integration
function on said driven data, thereby smoothing the
driven data so that measured vehicle position, heading
and curvature are consistent along the route.

181. A method of tracking (5306) a desired
path (3312) for an autonomous surface based vehicle
(310) comprising the steps of:

(1) determining reference postures (3202,
3214, 3220) at regular unit distances along a desired
path (3312), where postures are packets of information
about a particular location on the path including
longitude, latitude, heading, curvature, maximum
velocity, and distance to the next posture;

(2) determining an actual vehicle posture
(3210, 3212, 3218) based on the reference postures
(3202, 3214, 3220);

(3) determining an expected vehicle posture
(3216) at a future time corresponding to a current
planning time interval based on the actual vehicle
posture (3210, 3212, 3218);

(4) determining a desired posture (3204,
3212, 3218) at the end of a next planning time
interval;

(5) determining a steering angle (3112)
from the expected vehicle posture (3216) and the
desired posture (3212, 3218);

(6) commanding the vehicle (310) to steer
the determined steering angle (3206, 3208); and

(7) repeating steps 2 through 6.

#*

&
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182. A system for tracking (5306) a desired
path (3312) for an autonomous surface based vehicle
(310) comprising:

(1) means for determining reference

5 postures (3202, 3214, 3220) at regular unit distances
along a desired path (3312), where postures are
packets of information about a particular location on
the path including longitude, latitude, heading,
curvature, maximum velocity, and distance to the next

10 posture;

(2) means for determining an actual vehicle
posture (3210, 3212, 3218) based on the reference
postures (3202, 3214, 3220);

(3) means for determining an expected

15 vehicle posture (3216) at a future time corresponding
to a current planning time interval based on the
actual vehicle posture (3210, 3212, 3218);

(4) means for determining a desired posture

(3204, 3212, 3218) at the end of a next planning time
20 interval;

(5) means for determining a steering angle
(3112) from the expected vehicle posture (3216) and
the desired posture (3212, 3218);

(6) means for commanding the vehicle (310)

25 to steer the determined steering angle (3206, 3208).

183. A system (5306) for a vehicle (310) for
enabling said vehicle (310) to track a preset path
(3312) comprising:

30 means for executing vehicle commands causing
said vehicle (310) to attempt to follow said preset
path (3312);

means for periodically calculating errors in

following said preset path (3312);
35
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means, responsive to said calculated errors,
for adjusting said vehicle commands to reduce said
calculated errors, whereby said vehicle (310) tracks
said preset path (3312) with a high degree of
accuracy.

184. The system (5306) for a vehicle (310)
for enabling said vehicle (310) to track a preset path
(3312) of claim 183, wherein said vehicle commands
comprise separate steering and speed control aspects,
and said means for executing vehicle commands causing
said vehicle (310) to attempt to follow said preset
path (3312) comprises:

means (3102, 3104, 3110) for executing said
steering control aspects; and

means (3106, 3108, 3110) for executing said
speed control aspects, whereby steering and'speed
control of said vehicle (310) are decoupled.

185. Ehe system (5306) for a vehicle (310)
for enabling said vehicle (310) to track a preset path
(3312) of claim 183, wherein said means, résponsive to
said calculated errors, for adjusting said vehicle
commands to reduce said calculated errors, includes
means for constructing a smooth path back to said
preset path (3312) using a quintic polynomial, whereby
said vehicle (310) tracks said preset path (3312) with
a high degree of accuracy.

186. The system (5306) for a vehicle (310)
for enabling said vehicle (310) to track a preset path
(3312) of claim 183, wherein said means, responsive to
said calculated errors, for adjusting said vehicle
commands to reduce said calculated errors, includes
means for constructing a smooth path back to said

«®
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preset path (3312) using a quintic polynomial and
means for compensating for vehicle response
characteristics, said vehicle response characteristics
including latency of vehicle control commands, slow
system response and vehicle dynamics including
vehicle~ground interaction, slip angle and under/over

steering.

187. The system (5306) for a vehicle (310)
for enabling said vehicle (310) to track a preset path
(3312) of claim 186, wherein said means, responsive to
said calculated errors, for adjusting said vehicle
commands to reduce said calculated errors, further
includes means for compensating for sensing and
actuation timing characteristics of said system.

188. The system (5306) for a vehicle (310)
for enabling said vehicle (310) to track a preset path
(3312) of claim 186, wherein said means, responsive to
said calculated errors, for adjusting said vehicle
commands to reduce said calculated errors, further
includes means for varying a look-ahead distance
(3310) based on the speed of travel of said vehicle
(310).

189. The system (5306) for a vehicle (310)
for enabling said vehicle (310) to track a preset path
(3312) of claim 186, wherein said means, responsive to
said calculated errors, for adjusting said vehicle
commands to reduce said calculated errors, further
includes means for adjusting control of the vehicle

using an optimal control system.
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190. A method (5306) for a vehicle (310) for
enabling said vehicle (310) to track a preset path
(3312), said method comprising the steps of:

(1) executing vehicle commands causing said
vehicle (310) to attempt to follow said preset path
(3312);

(2) periodically calculating errors in
following said preset path (3312);

(3) adjusting, responsive to said
calculated errors, said vehicle commands to reduce
said calculated errors;

whereby said vehicle (310) tracks said
preset path (3312) with a high degree of accuracy.

191. The method (5306) for a vehicle (310)
for enabling said vehicle (310) to track a preset path
(3312) of claim 190, wherein said vehicle commands
comprise separate steering and speed control aspects,
and said step of executing vehicle commands causing
said vehicle (310) to attempt to follow said preset
path (3312) comprises:

(a) executing (3102, 3104, 3110) said
steering control aspects; and

(b) executing (3106, 3108, 3110) said speed
control aspects;

whereby steering and speed control of said
vehicle (310) are decoupled.

192. The method (5306) for a vehicle (310)
for enabling said vehicle (310) to track a preset path
(3312) of claim 190, wherein said step of adjusting,
responsive to said calculated errors, said vehicle
commands to reduce said calculated errors, includes
the step of:

%)

(4
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(a) constructing a smooth path back to said
preset path (3312) using a quintic polynomial;

whereby said vehicle (310) tracks said
preset path (3312) with a high degree of accuracy.

193. The method (5306) for a vehicle (310)
for enabling said vehicle (310) to track a preset path
(3312) of claim 190, wherein said step of adjusting,
responsive to said calculated errors, said vehicle

10 commands to reduce said calculated errors, includes
the steps of:

(a) constructing a smooth path back to said
preset path (3312) using a quintic polynomial; and

(b) compensating for vehicle response

15 characteristics, said vehicle response characteristics
including latency of vehicle contrel commands, slow
system response and vehicle dynamics including
vehicle-ground interaction, slip angle and under/over
steering.

20

194. The method (5306) for a vehicle (310)
for enabling said vehicle (310) to track a preset path
(3312) of claim 193, wherein said step of adjusting,
responsive to said calculated errors, said vehicle

25 commands to reduce said calculated errors, further
includes the step of:

(c) compensating for sensing and actuation
timing characteristics of said method (5306).

30 195. The method (5306) for a vehicle (310)
for enabling said vehicle (310) to track a preset path
(3312) of claim 193, wherein said step of adjusting,
responsive to said calculated errors, said vehicle
commands to reduce said calculated errors, further

35 includes the step of:
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(c) varying a look-ahead distance (3310)
based on the speed of travel of said vehicle (310).

196. The method (5306) for a vehicle (310)
for enabling said vehicle (310) to track a preset path
(3312) of claim 193, wherein said step of adjusting,
responsive to said calculated errors, said vehicle
(310) commands to reduce said calculated errors,
further includes:

(c) adjusting control of the vehicle (310)
using an optimal control method.

197. A system (5306) for a vehicle (310) for
enabling said vehicle (310) to track a preset path
(3312) comprising:

means (3102) for planning steering, by
outputting a desired steering angle (3112), based on a
desired path input from a supervisory system and
sensed vehicle positions input (3114) from a
positioning system (1000);

means (3104) for controlling steering of
said vehicle (310), by outputting steering servo
commands to a steering system (3104) of said vehicle,
responsive to the output (3112) of said means for
planning steering (3102) and to feedback (3116) from
said steering system (3110) of said vehicle;

means for setting speed (3106), by
outputting a desired speed signal, based on a desired
speed input from said supervisory system;

means for controlling the speed (3108) of
said vehicle (310), by outputting speed commands to a
vehicle speed system (3110), responsive to the output
of said means for setting speed (3106) and feedback
(3118) from said vehicle speed system (3110);

o

‘y

Volkswagen Exhibit 1011, Page 254 of 383



-

WO 91/09275 PCT/US90/07183

-253~

whereby a path tracking control structure (3100) is

realized.

198. A method of operating a system (5306)
5 for a vehicle (310) for enabling said vehicle to track
a preset path (3312) comprising the steps of:
(1) planning steering (3102), by outputting
a desired steering angle (3112), based on a desired
path input from a supervisory system and sensed
10 vehicle positions input (3114) from a positioning
system (1000);
(2) controlling steering (3104) of said
vehicle (310), by outputting steering servo commands
to a steering system (3104) of said vehicle (310),
15 responsive to the output (3112) of the step of
planning steering (3102) and to feedback (3116) from
said steering system (3110) of said vehicle (310);
(3) setting speed (3106), by outputting a
desired speed signal (3130), based on a desired speed
20 input from said supervisory system;
(4) controlling the speed (3108) of said
vehicle (310), by outputting speed commands to a
vehicle speed system (3110), responsive to the output
of said step of setting speed (3106) and feedback
25 (3118) from said vehicle speed system (3110);
whereby a path tracking control structure
(3100) method is realized.

199. In a system (406) for enabling a
30 vehicle (310) to traverse a predetermined route (3312)
by generating a series of paths to be tracked, a
system for generating said paths comprising:
means for storing route data representing
beginning and ending points on a predetermined route
35 (3312);
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means for storing sets of compressed path
data for each predetermined route (3312);

means for successively retrieving sets of
compressed path data associated with a predetermined
route (3312); and

means for successively generating a

~ €

continuous path from each of said sets of compressed
path data.

200. The system for generating paths of
claim 199, wherein said compressed path data for each
predetermined route is comprised of nodes (2202),
lines (2204), and arcs (2210), and said means for
successively generating a path from each of said sets
of compressed péth data includes means to select a
series of nodes, means to connect said series of nodes
using lines, arcs, or both, and means to compile a set
of points along said connected nodes.

201. The system for generating paths of
claim 199, wherein said compressed path data for each
predetermined route is comprised of B-splines.

202. The system for generating paths of
claim 199, wherein said compressed path data for each
predetermined route is comprised of clothoid curves
(2602) .

203. In a system (406) for enabling a
vehicle (310) to traverse a predetermined route (3312)
by generating a series of paths to be tracked, a =

method for generating said paths comprising the steps
of:
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(1) storing route data representing
beginning and ending points on a predetermined route
(3312);

(2) storing sets of compressed path data
for each predetermined route (3312);

(3) successively retrieving sets of
compressed path data associated with a predetermined
route (3312); and

(4) successively generating a continuous
path from each of said sets of compressed path data.

204. The method for generating paths of
claim 203, wherein said compressed path data for each
predetermined route stored in step (2) is comprised of
nodes (2202), lines (2204), and arcs (2210), and said
step of successively generating a continuous path from
each of said sets of compressed path data includes the
steps of:

(a) selecting a series of nodes;

(b) connecting said series of nodes using
lines, arcs, or both, and;

(c¢) compiling a set of points along said

connected nodes.

205. The method for generating paths of
claim 203, wherein said compressed path data for each
predetermined route stored in step (2) is comprised of

B-splines.

206. The method for generating paths of
claim 203, wherein said compressed path data for each
predetermined route stored in step (2) is comprised of
clothoid curves (2602).
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207. In a task oriented system (406) for
controlling an autonomously navigated land based
vehicle (310), a memory system (5400) for facilitating
communication among tasks comprising:'

(1) first memory means (5402) for storing %
route data;

(2) second memory means (5404) for storing *
vehicle identification data; 7

(3) third memory means (5406) for storing
execution flag data;

(4) fourth memory means (5408) for storing
status data;

(5) fifth memory means (5410) for storing
ring buffer data;

(6) sixth memory means (5412) for storing
. position data;

(7) seventh memory means (5414) for storing
current route data;

(8) eighth memory means (5416) for storing
current vehicle status data;

(9) ninth memory means (5418) for storing
current speed factor data; and

(10) tenth memory means (5420) for storing
tracker parameter data.

208. The memory system (5400) of claim 207,
wherein said fourth memory means (5408), said fifth
memory means (5410), said sixth memory means (5412),
said seventh memory means (5414), said eighth memory R
means (5416) and said ninth memory means (5418) each \
further comprise semaphore means for protecting &

associated memory means from undesired access.

209. In a task oriented system (406) for
controlling an autonomously navigated land based
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vehicle (310), a memory storage method (5400) for
facilitating communication among tasks comprising the

steps of:

(1) storing route data (5402);

(2) storing vehicle identification data
(5404) ;

(3) storing execution flag data (5406);

(4) storing status data (5408);

(5) storing ring buffer data (5410);

(6) storing position data (5412);

(7) storing current route data (5414);

(8) storing current vehicle status data
(5416) ;

(9) storing current speed factor data
(5418) ;

(10) storing tracker parameter data (5420);
and

(11) protecting status data, ring buffer
data, position data, current route data, current
vehicle status data, current speed factor data, and
tracker parameter data from undesired access.

210. A method of operating an autonomous
navigation system (406) comprising the steps of:

(1) initializing (5504) said system (406);

(2) waiting (5506) for messages to arrive
in a message queue (5328);

(3) upon receipt of a message, determining
and setting (5508) a series of status flags to place
the system (406) in a known state particular to said
message;

(4) carrying out (5510) an appropriate
action in accordance with said message;

(5) returning to step (2).
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211. The method of claim 210, wherein the
step of determining and setting (5508) a series of
flags comprises the steps of:

(a) determining (5602) if a received

5 message is a new route directive message and if true,
then in step (4) set (5604) a route number for the
vehicle to follow;

(b) determining (5606) if a received
message is a change speed directive message and if

10 true, then in step (4) command (5608) a maximum speed
for the vehicle;

(c) determining (5610) if a received
message is a vehicle responding message and if true,
then in step (4) set (5612) status flags to healthy;

15 (d) determining (5614) if a received
message is a no vehicle responding message and if
true, then in step (4) set (5616) status flags to
unhealthy;

(e) determining (5618) if a received

20 message is a vehicle checksum error message and if
true, then in step (4) set (5620) status flags to
unhealthy;

(f) determining (5622) if a received
message is a tele-mode message and if true, then in

25 step (4) set (5624) the vehicle to tele-operation
mode;

(g) determining (5626) if a received
message is a manual-mode message and if true, then in
step (4) set (5624) the vehicle to manual operation

30 mode;

(h) determining (5628) if a received
message is an auto-mode message and if true, then in
step (4) set (5624) the vehicle to autonomous
operation mode;

35

» e
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(i) determining (5630) if a received
message is a ready mode message and if true, then in
step (4) set (5624) the vehicle to ready operation
mode;

5 (j) determining (5632) if a received
message is a VPS timeout message and if true, then in
step (4) conduct (5634) an emergency stop of the
vehicle;

(k) determining (5636) if a received

10 message is a VPS checksum error message and if true,
then in step (4) conduct (5638) an emergency stop of
the vehicle;

(1) determining (5640) if a received
message is a VPS posture ready message and if true,

15 then in step (4) set (5642) a vps-posture-ready flag
true;

(m) determining (5644) if a received
message is a VPS position ready message and if true,
then in step (4) set (5646) a vps-position-ready flag

20 true;

(n) determining (5648) if a received
message is a VPS position align message and if true,
then in step (4) wait (5650) until VPS has completed
initialization;

25 (o) determining (5652) if a received
message is a end of route message and if true, then in
step (4) inform (5654) a host computer;

(p) determining (5656) if a received
message is a scan ready message and if true, then in

30 step (4) begin (5658) to scan for objects in front of
the vehicle;

(q) determining (5660) if a received
message is a scan all clear message and if true, then
in step (4) indicate (5662) no objects have been

35 detected;
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(r) determining (5664) if a received
message is a scan obstacle message and if true, then
in step (4) indicate (5666) an obstacle has been
detected in front of the vehicle;

(s) determining (5668) if a received
message is a tracker off course message and if true,
then in step (4) indicate (5670) the vehicle is not
following a desired path within tolerance and stop the
vehicle;

(t) determining (5672) if a received
message is a tracker end of route message and if true,
then in step (4) indicate (5674) the vehicle has
reached an end of the route and stop the vehicle;

(v) determining (5676) if a received
message is a tracker stopped message and if true, then
in step (4) indicate (5678) that the tracker has
stopped the vehicle; '

(w) determining (5676) if a received
message is not one of the above messages and if true,

then in step (4) inform (5680) a host computer of an
error condition.

212. An autonomous navigation system (406)
comprising: .

(1) means (5504) for initializing said
system (406);

(2) means (5506) for waiting for messages
to arrive in a message que (5328), comprising means
(5508) for determining and means (5508) for setting a
series of status flags to place the system (406) in a
known state particular to a message, activated upon
receipt of a message; and

(3) means (5510) for carrying out an
appropriate action in accordance with said message.

R )
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213. The system (406) of claim 212, wherein
the means (5506) for waiting for messages further
comprises:

(a) means (5602) for determining if a
received message is a new route directive message and
if true, then causing (5604) said means (5510) for
carrying out to set a route number for the vehicle to
follow;

' (b) means (5606) for determining if a
received message is a change speed directive message
and if true, then causing (5608) said means (5510) for
carrying out to command a maximum speed for the
vehicle;

(¢) means (5610) for determining if a
received message is a vehicle responding message and
if true, then causing (5612) said means (5510) for
carrying out to set status flags to healthy;

(d) means (5614) for determining if a
received message is a no vehicle responding message
and if true, then causing (5616) said means (5510) for
carrying out to set status flags to unhealthy;

(e) means (5618) for determining if a
received message is a vehicle checksum error message
and if true, then causing (5620) said means (5510) for
carrying out to set status flags to unhealthy;

(f) means (5622) for determining if a
received message is a tele-mode message and if true,
then causing (5624) said means (5510) for carrying out
to set the vehicle to tele-operation mode;

(g) means (5626) for determinihg if a
received message is a manual-mode message and if true,
then causing (5624) said means (5510) for carrying out
to set the vehicle to manual operation mode;

(h) means (5628) for determining if a
received message is an auto-mode message and if true,
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then causing (5624) said means (5510) for carrying out
to set the vehicle to autonomous operation mode;

(i) means (5630) for determining if a
received message is a ready mode message and if true,
then causing (5624) said means (5510) for carrying out
to set the vehicle to ready operation mode;

(jJ) means (5632) for determining if a
received message is a VPS timeout message and if true,
then causing (5634) said means (5510) for carrying out
to conduct an emergency stop of the vehicle;

(k) means (5636) for determining if a
received message is a VPS checksum error message and
if true, then causing (5638) said means (5510) for
carrying out to conduct an emergency stop of the
vehicle;

» €

(1) means (5640) for determining if a
received message is a VPS posture ready message and if
true, then causing (5642) said means (5510) for
carrying out to set a vps-posture-ready flag true;

(m) means (5644) for determining if a
received message is a VPS position ready message and
if true, then causing (5646) said means (5510) for
carrying out to set a vps-position-ready flag true;

(n) means (5648) for determining if a
received message is a VPS position align message and
if true, then causing (5650) said means (5510) for
carrying out to wait until VPS has completed

initialization;

(o) means (5652) for determining if a .
received message is a end of route message and if
true, then causing (5654) said means (5510) for *

carrying out to inform a host computer;

(p) means (5656) for determining if a
received message is a scan ready message and if true,
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then causing (5658) said means (5510) for carrying out
to begin to scan for objects in front of the vehicle;

(g) means (5660) for determining if a
received message is a scan all clear message and if
true, then causing (5662) said means (5510) for
carrying out to indicate no objects have been
detected;

(r) means (5664) for determining if a
received message is a scan obstacle message and if
true, then causing (5666) said means (5510)for
carrying out to indicate an obstacle has been detected
in front of the vehicle;

(s) means (5668) for determining if a
received message is a tracker off course message and
if true, then causing (5670) said means (5510) for
carrying out to indicate the vehicle is not following
a desired path within tolerance and stop the vehicle;

(t) means (5672) for determining if a
received message is a tracker end of route message and
if true, then (5674) causing said means (5510) for
carrying out to indicate the vehicle has reached an
end of the route and stop the vehicle;

(v) means (5676) for determining if a
received message is a tracker stopped message and if
true, then causing (5678) said means (5510) for
carrying out to indicate that the tracker has stopped
the vehicle;

(w) means (5676) for determining if a
received message is not one of the above messages and
if true, then causing (5680) said means (5510) for
carrying out to inform a host computer of an error

condition.

214. A multi-tasked navigation system (406)
for an autonomous land based vehicle (310) comprising:
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(1) a main task means (5316) for
coordinating inter-task communications including means
for performing high-level decision making;

(2) a monitor vehicle status task means
(5308) for reading a communications port (5326) to
said vehicle (310) including means for reporting
vehicle mode changes and means for reporting system to
vehicle communication state, to said main task means
(5316), and further including means for writing a
vehicle status message to a global memory structure
(5400) ;

(3) a scanner task means (5310) for
providing data from an obstacle detection system (404)
to said main task means (5316);

(4) a get directives task means (5320) for
interfacing the system (406) to a host (402),
including means for receiving and means for decoding
messages from the host (402), and means for
communicating a received and decoded message to
another task means;

(5) a message to host task means (5318) for
interfacing the system (406) to said host (402),
including means for forming and means for
communicating messages from the system to said host;

(6) a VPS position task means (5322) for
interfacing a vehicle positioning system (1000) to the
system (406), including means for reading output from
the vehicle positioning system (1000), checksum means
for checking the output for correctness, writing means
for putting checked output into a position buffer
(5412) in a globalrmemory structure (5400), and fault
indicating means for sending a message to the main
task means (5316) whenever a position fault occurs;

(7) a VPS posture task means (5324) for
monitoring the vehicle’s position while the vehicle

rY
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(310) is tracking, including means for maintaining a
plurality of postures in a posture buffer (5410) of
the global memory structure (5400); and

(8) a tracker task means (5306) for
calculating steer and speed corrections for said
vehicle (310), including means for reading position
information from the position buffer (5412) of the
global memory structure (5400), means for reading
posture information from the posture buffer (5410) of
the global memory structure (5400), and means for
sending said steer and speed corrections to the
vehicle (310) to control the vehicle’s course.

215. A method of operating a multi-tasked
navigation system (406) for an autonomous land based
vehicle (310), comprising the steps of:

(1) coordinating (5316) inter-task
communications;

(2) performing (5316) high-level decision
making;

(3) reading (5308) a communications port
(5326) to said vehicle (310);

(4) reporting (5308) vehicle mode changes
to a main task (5316);

(5) reporting (5308) system-to-vehicle
communication state to a main task (5316);

(6) writing (5308) a vehicle status message
to a global memory structure (5400);

(7) providing (5310) data from an obstacle
detection system (404) to said main task (5316);

(8) interfacing (5320) the system (406) to
a host (402) by receiving and decoding messages from
the host (402), and communicating a received and

decoded message to another task;
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(9) interfacing (5318) the system (406) to
said host (402) by forming and communicating messages
from the system (406) to said host (402);

(10) interfacing (5322) a vehicle
positioning system (1000) to the system (406) by
reading output from the vehicle positioning systenm
(1000) , checksum checking the output for correctness,
writing checked output into a position buffer (5412)
in a global memory structure (5400), and fault
indicating by sending a message to the main task
(5316) whenever a position fault occurs;

(11) monitoring (5324) the vehicle'’s
position while the vehicle is tracking by maintaining
a plurality of postures in a posture buffer (5410) of
the global memory structure (5400); and

(12) calculating (5306) steer and speed
corrections for said vehicle (310) by reading position
information from the position buffer (5412) of the
global memory structure (5400), reading posture
information from the posture buffer (5410) of the
global memory structure (5400), and calculating and
sending said steer and speed corrections to the
vehicle (310) to control the vehicle’s course.

» R

216. A computer based method (4150), for use
with a vehicle (310), for projecting road edges of a
road (3312) ahead of the vehicle (310) in an image
plane (3900), which computer based method (4150)
comprises the steps of:

(1) calculating edge points of the road
(3312) from stored road data; =

(2) projecting said edge points to an image
plane (3900); and

(3) determining a left edge point (3902)
and a right edge point (3902) of a scan line (3904) of
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range data, which points correspond to left and right
edges of the road (3312).

217. The computer based method (4150) of
claim 216, further comprising the step of:

(4) detecting for an obstacle (4002)
between said left edge point (3902) and said right
edge point (3902). '

218. The computer based method (4150) of
claim 216, further comprising the step of:

(4) detecting for a discontinuity between
said left edge point (3902) and said right edge point
(3902).

219. The computer based method (4150) of
claim 216, further comprising the steps of:

(4) fitting scan line data between said
left edge point (3902) and said right edge point
(3902) with either of a constant or a polynomial of at
least a first order.

220. (New) The computer based method (4150)
of claim 219, further comprising the steps of:

(5) estimating road crown with a first
coefficient of said polynomial, road bank with a
second coefficient of said polynomial, and road height
with a third coefficient of said polynomial;

(6) building an estimated road profile from
the estimates of road bank, crown, and height of step
(5); and

(7) comparing the estimated profile with an
actual measured profile to detect obstacles (4002).
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221. A computer based system (4150), for use
with a vehicle (310), for projecting road edges of a
road (3312) ahead of the vehicle (310) in an image
plane (3900), which computer based system (4150)
comprises:

a®

(1) means for calculating edge points of
the road (3312) from stored road data;

(2) means for projecting said edge points
to an image plane (3900); and

(3) means for determining a left edge point
(3902) and a right edge point (3902) of a scan line
(3904) of range data, which points correspond to left
and right edges (3902) of the road (3312).

222. The computer based system (4150) of
claim 221, further comprising:

(4) means for detecting for an obstacle
(4002) between said left edge point (3902) and said
right edge point (3902).

223. The computer based system (4150) of
claim 221, further comprising:

(4) means for detecting for a discontinuity
between said left edge point (3902) and said right
edge point (3902).

224. The computer based system (4150) of
claim 221, further comprising:

(4) means for fitting scan line data
between said left edge point (3902) and said right
edge point (3902) with either of a constant or a «
polynomial of at least a first order.

225. The computer based system (4150) of
claim 224, further comprising:
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(5) means for estimating road crown with a
first coefficient of said polynomial, road bank with a
second coefficient of said polynomial, and road height
with a third coefficient of said polynomial;

5 (6) means for building an estimated road
profile from the estimates of road bank, crown, and
height of step (5); and

(7) means for comparing the estimated
profile with an actual measured profile to detect

10 obstacles (4002).

226. A computer based method (4150) of
detecting an object (4002), said computer based method
(4150) adapted for use with a land based vehicle

15 (310), said computer based method (4150) comprising
the steps of:

(1) determining a stopping distance of the
vehicle (310);

(2) selecting one or more scan lines (3904)

20 of an image (3900) composed of multiple scan lines,
which are beyond said stopping distance;

(3) projecting left and right edge points
(3902) of a road (3312) onto said image (3900); and

(4) processing range data from scan lines

25  (3904) selected in step (2) above between said left
and right edge points (3902) to detect for obstacles

(4002).

227. A computer based system (4150) for
30 detecting an object (4002), said computer based system
(4150) adapted for use with a land based vehicle
(310), said computer based system (4150) comprising:
(1) means for determining a stopping
distance of the vehicle (310);
35
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(2) means for selecting one or more scan
lines (3904) of an image (3900) composed of multiple
scan lines, which are beyond said stopping distance
(3820);

54

(3) means for projecting left and right
edge points (3902)of a road (3312) onto said image
(3900) ; and

(4) means for processing range data from
scan lines (3904) selected by (2) above between said
left and right edge points (3902) to detect for
obstacles (4002).

228. A computer based method (4150) of
detecting an object (4002), said computer based method
(4150) adapted for use with a land based vehicle
(310), said computer based method (4150) comprising
the steps of:

(1) finding edge points of a road (3312)
from stored road data;

(2) projecting said edge points onto a road
image (3900) made of scan lines (3904);

(3) determining a left edge point and a
right edge point (3902) of each scan line (3904) in
said image;

(4) modeling road height by processing scan
line data between said left and right edge points
(3902); and

(5) comparing the modeled road height of
step (4) with expected road height to detect
deviations indicative of an obstacle (4002).

229. The computer based method (4150) of
detecting an object (4002) of claim 228, wherein said
step of modeling road height comprises the steps of:

Volkswagen Exhibit 1011, Page 272 of 383



R

WO 91/09275 PCT/US90/07183

=271~

(a) £inding center points of said road
(3312) for each scan line;
(b) determining the height of said center
points;
5 (c) fitting a third order profile to said
center points; and
(d) performing thresholding on height data.

230. A computer based system (4150) for

10 detecting an object (4002), said computer based system
(4150) adapted for use with a land based vehicle
(310), said computer based system (4150) comprising:

(1) means for finding edge points of a road
(3312) from stored road data;

15 (2) means for projecting said edge points
onto a road image (3900) made of scan lines (3904);

(3) means for determining a left edge point
(3902) and a right edge point (3902) of each scan line
(3904) in said image (3900);

20 (4) means for modeling road height by
processing scan line data between said left and right
edge points (3902); and

(5) means for comparing the modeled road
height -from (4) with expected road height to detect

25 deviations indicative of an obstacle (4002).

231. The computer based system (4150) for
detecting an object (4002) of claim 230, wherein said
means for modeling road height comprises:

30 (a) means for finding center points of said
road (3312) for each scan line (3904);

(b) means for determining the height of
said center points;

(c) means for fitting a third order profile

35 to said center points; and
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, (d) means for performing thresholding on
height data.

232. An obstacle scanning system (4150), for

use in a housing (404) on a land based vehicle (310),
comprising:

)

a 360 degree rotatable mirror (4222);

a motor (4206), connected to said mirror
(4é22) by a pulley/belt arrangement (4230);

a position encoder (4208), operatively
connected to said motor;

a range finder (4204), oriented so as to
output a beam of energy and receive back a portion of
said beam of energy by reflection on said mirror;

a bus (4226), connecting said motor, said
encoder and said range finder to separately housed
interface (4214), power (4216, 4218, 4220) and control
circuitry (4210, 4212, 4220, 4224, 4230); and

means for ensuring that said range finder
(4204) is only operative when said mirror (4222) is
rotating.

233. An obstacle scanning system (4150), for
use in a housing (404) on a land based vehicle (310),
comprising:
rotatable reflection means (4222), for
reflecting a beam of energy through up to a full 360
degrees;
rotating means (4206), connected to said
reflection means (4222), for rotating said reflection
means through 360 degrees; : 4
position encoding means (4208), operatively
connected to said rotating means (4206), for
indicating a position of said rotating means (4206) ;
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range finding means (4204), for outputting a
beam of energy and receiving back a portion of said
beam of energy by reflection on said reflection means
(4222);

bus means (4226) for connecting said
rotating means (4206), said encoding means (4208) and
said range finding means (4208) to interface, power
(4216, 4218, 4220) and control means (4210, 4212,
4220, 4224, 4230); and

means for ensuring that said range findihg
means (4204) is only operative when said reflection

means (4222) is rotating.

234. An obstacle scanning method (4150), for
use in a housing (404) on a land based vehicle (310},
comprising the steps of:

rotatably scanning a beam of energy through
up to a full 360 degrees;

indicating a position of rotation of said
beam of energy;

receiving back a portion of said beam of
energy reflected from an obstacle (4002) indicative of
a range of said obstacle (4002);

determining, based on said position of
rotation and said portion reflected indicative of
range, whether any obstacles are present in a
direction of travel of said vehicle (310); and

ensuring that beam of energy is only emitted
when rotation is occurring.

235. An automatic obstacle handling system
(4150) for a land based vehicle (310) comprising:
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means (404), mounted on said vehicle (310),
for automatically detecting obstacles (4002) in a path
(3312) of said vehicle (310); and

means for causing said vehicle (310) to
automatically avoid said obstacles (4002).

s ¥

236. The obstacle handling system (4150) of
claim 196, wherein said means (404) for detecting
obstacles comprises:

means (4222) for transmitting energy some
distance along said path (3312) of said vehicle (310);

means (4222) for receiving that portion of
said transmitted energy which is reflected back from
potential obstacles (4002); and

means (4212) for processing said portion
which is reflected back to thereby detect actual
obstacles (4002).

237. The obstacle handling system (4150) of
claim 236, wherein said transmitted energy is
electro-magnetic in nature.

238. The obstacle handling system (4150) of
claim 237, wherein said transmitted energy is
electro-magnetic radiation in the infra-red spectrum.

239. The obstacle handling system (4150) of
claim 238, wherein said transmitted energy of
electro-magnetic radiation in the infra-red spectrum
is produced by a laser.

240. The obstacle handling system (4150) of

claim 236, wherein said transmitted energy is acoustic
in nature.
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241. The obstacle handling system (4150) of
claim 235, wherein said means (4222) for transmitting
comprises means for scanning said path with a single

scan line.

242. The obstacle handling system (4150) of
claim 241, wherein said single scan line does not
contact the ground in front of said vehicle (310).

243. The obstacle handling system (4150) of
claim 236, wherein said means (4222) for transmitting
comprises means (3804) for scanning said path with
multiple-lines.

244. The obstacle handling system (4150) of
claim 236, wherein said means (4212) for processing
said portion which is reflected back comprises:

means for filtering said portion to discriminate
between threatening obstacles and natural objects,
including expected changes in road features.

245. The obstacle handling system (4150) of
claim 244, wherein said means for filtering said
portion comprises:

means for varying the portion to be filtered
based on the speed of said vehicle (310).

246. The obstacle handling system (4150) of
claim 236, wherein said means (4212) for processing
said portion which is reflected back comprises:

means for producing range data based on said
reflected back portion;

means for producing angular position data
based on said reflected back portion and scanning data

indicative of position in a scan cycle;
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means for producing cylindrical coordinate
data based on said range data and said angular
position data; and

means for converting said cylindrical
coordinate data into Cartesian coordinate data to
thereby produce a road profile of said vehicle path
(3312), whereby image data is compiled in frames and
threatening obstacles (4002) are distinguished from
natural objects.

247. The obstacle handling system (4150) of
claim 246, wherein said means (4212) for processing
said portion which is reflected back further
comprises:

means for comparing expected road profiles,
which have been previously stored, with said road
profile produced; and

means, responsive to said means for
comparing, for signalling detection of an obstacle
(4002) when said comparing means finds a difference
exceeding a preset threshold value.

248. The obstacle handling system (4150) of
claim 246, wherein said means (4212) for processing
said portion which is reflected back further
comprises:

means for performing blob extraction on a
full frame of image data.

249. The obstacle handling system (4150) of
claim 248, wherein said means for performing blob
extraction comprises:

means for clustering the data produced into

. groups based on height data;

e
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means for comparing an expected road height
with said clustered data; and

means for indicating detection of an
obstacle (4002) when said means for comparing finds a
difference exceeding a preset threshold.

250. The obstacle handling system (4150) of
claim 249, wherein said means for performing blob
extraction further comprises:

means for accumulating a global obstacle map
(4004) based on the detected obstacles (4002) whereby
said global obstacle map (4004) is used in planning
vehicle paths (3312).

251. The obstacle handling system (4150) of
claim 246, wherein said means (4212) for processing
said portion which is reflected back further
comprises:

means for selecting a relatively small
amount of the data produced from said portion
reflected back in order to minimize processing load,
the data selected being associated with an area lying
in the desired vehicle path at and beyond said
vehicle’s stopping distance, the selection of said
area being affected by the vehicle speed.

252. The obstacle handling system (4150) of
claim 236, wherein said means (4222) for transmitting
comprises means for scanning said path within a
boundary zone, said boundary zone being equal in width
to the width of said vehicle (310) plus a safety
margin, and said boundary zone extending in front of
said vehicle (310) from a distance equal to said
vehicle’s minimum stopping distance and to a distance
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less than or equal to said means for transmitting’s
maximum range.

253. The obstacle handling system (4150) of
5 claim 252, wherein the width of said boundary zone is
determined according to the width of said vehicle
path, and at least the length of said boundary zone
varies with variations in said vehicle’s speed and
stopping distance.

10
254. The obstacle handling system (4150) of
claim 252, wherein said boundary zone’s edges are
found by transferring said range data to an image
plane representation (3900).
15

255. The obstacle handling system (4150) of
claim 235, wherein said means for causing said vehicle
(310) to avoid said obstacles (4002) comprises:

means for immediately stopping said vehicle

20 (310) before contact with any of said obstacles (4002)
is made, if said contact is imminent;

means for planning a path around said
obstacles (4100); and

means for causing said vehicle (310) to

25 follow said planned path around said obstacles (4002).

256. The obstacle handling system (4150) of
claim 254, wherein said means for planning a path
around said obstacles (4002) comprises:

30 means for deciding which side of an obstacle
(4002) said vehicle (310) should pass; and

means for selecting subgoals which lead to a

higher level goal, said subgoals representing points

which define a path around said obstacle, said higher
35
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level goal being a return to an original path after
said vehicle (310) avoids said obstacle (4002).

257. An automatic obstacle handling method
(4150) for a land based vehicle (310) comprising:

automatically detecting obstacles (4002) in
a path of said vehicle (310); and

causing said vehicle (310) to automatically
avoid said obstacles (4002).

258. The obstacle handling method (4150) of
claim 257, wherein said step of detecting obstacles
(4002) comprises:

transmitting energy some distance along said
path (3312) of said vehicle (310);

receiving that portion of said transmitted
energy which is reflected back from potential
obstacles (4002); and

processing said portion which is reflected
back to thereby detect actual obstacles (4002).

259. The obstacle handling method (4150) of
claim 258, wherein said transmitted energy is

electro-magnetic in nature.

260. The obstacle handling method (4150) of
claim 259, wherein said transmitted energy  is
electro-magnetic radiation in the infra-red spectrum.

261. The obstacle handling method (4150) of
claim 260, wherein said transmitted energy of
electro-magnetic radiation in the infra-red spectrum

is produced by a laser.
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claim 258, wherein
in nature.

263. The
claim 258, wherein
comprises:

scanning

264. The
claim 263, wherein
contact the ground

265. The
claim 258, wherein
comprises:

scanning

266. The
claim 258, wherein

PCT/US90/07183

-280-
obstacle handling method (4150) of
said transmitted energy is acoustic
obstacle handling method (4150) of
said step of transmitting
said path with a single scan line.
obstacle handling method (4150) of
said single scan line does not

in front of said vehicle (310).

obstacle handling method (4150) of
said step of transmitting

said path with multiple-lines.

obstacle handling method (4150) of
said step of processing said

portion which is reflected back comprises:

filtering said portion to discriminate
between threatening obstacles (4002) and natural

objects, including

267. The

claim 266, wherein said step of filtering said portion

comprises:

expected changes in road features.

obstacle handling method (4150) of

varying the portion to be filtered based on
the speed of said vehicle (310).

268. The
claim 258, wherein

obstacle handling method (4150) of
said step of processing said

portion which is reflected back comprises:

i
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producing range data based on said reflected
back portion;

producing angular position data based on
said reflected back portion and scanning data
indicative of position in a scan cycle;

producing cylindrical coordinate data based
on said range data and said angular position data; and

converting said cylindrical coordinate data
into Cartesian coordinate data to thereby produce a
road profile of said vehicle path (3312), whereby
image data is compiled in frames and threatening
obstacles (4002) are distinguished from natural

objects.

269. The obstacle handling method (4150) of
claim 268, wherein said step of processing said
portion which is reflected back further comprises:

comparing expected road profiles, which have
been previously stored, with said road profile
produced; and

responsive to said step of comparing, signalling
detection of an obstacle (4002) when said comparing
step finds a difference exceeding a preset threshold

value.

270. The obstacle handling method (4150) of
claim 268, wherein said step of processing said
portion which is reflected back further comprises:

performing blob extraction on a full frame

of image data.

271. The obstacle handling method (4150) of
claim 270, wherein said step of performing blob

extraction comprises:
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clustering the data produced into groups
based on height data;

comparing an expected road height with said
clustered data; and

indicating detection of an obstacle (4002)
when said step of comparing finds a difference
exceeding a preset threshold.

272. The obstacle handling method (4150) of
claim 271, wherein said step of performing blob
extraction further comprises:

accumulating a global obstacle map (4004)
based on the detected obstacles (4002) whereby said

global obstacle map (4004) is used in planning vehicle
paths (3312).

273. The obstacle handling method (4150) of
claim 268, wherein said step of processing said
portion which is reflected back further comprises:

selecting a relatively small amount of the
data produced from said portion reflected back in
order to minimize processing load, the data selected
being associated with an area lying in the desired
vehicle path at and beyond said vehicle’s stopping
distance, the selection of said area being affected by
the vehicle speed.

274. The obstacle handling method (4150) of
claim 258, wherein said step of transmitting
comprises:

scanning said path within a boundary zone,
said boundary zone being equal in width to the width
of said vehicle (310) plus a safety margin, and said
boundary zone extending in front of said vehicle (310)
from a distance equal to said vehicle’s minimum

o 8

*)
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stopping distance and to a distance less than or equal

to a maximum range of transmission of said energy.

275. The obstacle handling method (4150) of
5 claim 274, wherein the width of said boundary zone is
determined according to the width of said wvehicle
path, and at least the length of said boundary zone
varies with variations in said vehicle’s speed and
sfopping distance.

10
276. The obstacle handling method (4150) of
claim 274, wherein said boundary zone’s edges are
found by transferring said range data to an image
plane representation (3900).
15 .

277. The obstacle handling method (4150) of
claim 257, wherein said step of causing said vehicle
(310) to avoid said obstacles (4002) comprises:

immediately stopping said vehicle (310)

20 before contact with any of said obstacles (4002) is
made, if said contact is imminent;

planning a path around said obstacles; and

causing said vehicle (310) to follow said
planned path around said obstacles (4002).

25

278. The obstacle handling method (4150) of
claim 277, wherein said step of planning a path around
said obstacles (4002) comprises:

deciding which side of an obstacle (4002)

30 said vehicle (310) should pass; and

selecting subgoals which lead to a higher
level goal, said subgoals representing points which
define a path around said obstacle, said higher level
goal being a return to an original path after said

35 vehicle (310) avoids said obstacle (4002).
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279. A scanning system (404) for detecting
obstacles (4002) in a path (3312) of a vehicle (310),
mounted on said vehicle (310), comprising:
means (4222) for producing a beam of energy;
means (4206) for scanning said beam of
energy through a desired range of angles relative to
said vehicle in cycles;
means (4212, 4214, 4222, 4228) for measuring
distances between said vehicle and objects in the path
of said vehicle, comprised of
means (4222) for detecting reflected
energy,
means (4212, 4214, 4226, 4228, 4230)
for storing information associated with said reflected
energy detected, during each of said scanning cycles;
and
means (4212) for calculating the
distance said reflected energy detected has travelled
by processing the associated information which is
stored during each of said scanning cycles.

280. The scanning system (404) of claim 279,
further comprising means (4228) for disabling said
means (4222) for producing a beam of energy if the
operation of said means (4206) for scanning said beam
of energy through a desired range of angles relative
to said vehicle in cycles is substantially impaired.

281. The scanning system (404) of claim 279,
wherein said means for measuring distances (4212,
4214, 4222, 4228) between said vehicle (310) and
objects (4002) in the path of said vehicle (310)
further comprises:

means (4228) for detecting substantial
impairment of said means (4206) for scanning said beam

L&
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of energy through a desired range of angles relative
to said vehicle (310) in cycles.

282. The scanning system (404) of claim 279,
5 further comprising:
means (4228) for disabling said means (4222)
for producing a beam of energy, during a portion of
said scanning cycle, so that only a fractlon of the
total field of view is scanned, wherein the total
10 amount of data transferred is minimized.

283. The scanning system (404) of claim 279,

further comprising:
means (4210) for varying the scanning cycles

15 in number of scans per unit time.

284. The scanning system (404) of claim 279,
further comprising:
means (4210) for varying distance
20 measurements per scan, thereby varying scanner

resolution.

285. The scanning system (404) of claim 279,
wherein said means (4212, 4214, 4226, 4228, 4230) for
25 storing information associated with said reflected
energy detected further comprises:
means (4228) for converting signals from TTL
to differential type signals;
means (4226) for transmitting said
30 differential type signals to a temporary storage

buffer (4214); and
means (4230) for transmitting said

differential type signals from said storage buffer
(4214) to a host processing system (4212).
35
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286. A scanning method (4150) of detecting
obstacles (4002) in a path (3312) of a vehicle (310),
using a scanner (404) mounted on said vehicle (310),
comprising the steps of:

(1) producing a beam of energy;

(2) scanning said beam of energy through a
desired range of angles relative to said vehicle in
cycles;

(3) measuring distances between said
vehicle and objects in the path of said vehicle,
comprising the steps of:

(a) detecting reflected energy,

(b) storing information associated
with said reflected energy detected, during each of
said scanning cycles, and

(c) calculating the distance said
reflected energy detected has travelled by processing
the associated information which is stored during each
of said scanning cycles.

287. The scanning method (4150) of claim
286, further comprising:

(4) disabling said step of producing a beam
of energy if the operation of said step of scanning
said beam of enérgy through a desired range of angles
relative to said vehicle (310) in cycles is
substantially impaired.

288. The scanning method (4150) of claim
286, wherein said step of measuring distances between
said vehicle (310) and objects (4002) in the path of
said vehicle (310) further comprises:

(a) detecting substantial impairment of
said step of scanning said beam of energy through a

5 &

L3
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desired range of angles relative to said vehicle in

cycles.

289. The scanning method (4150) of claim

286, further comprising:
(a) disabling said step of producing a beam

-
(8]

of energy, during a portion of said scanning cycle, so
that only a fraction of the total field of view is
scanned, wherein the total amount of data transferred

10 is minimized.

290. The scanning method (4150) of claim

286, further comprising:
(a) varying the scanning cycles in number

15 of scans per unit time.

291. The scanning method of claim 286,
further comprising:
(a) varying distance measurements per scan,
20 thereby varying scanner resolution.

292. The scanning method (4150) of claim
286, wherein said step of storing information
associated with said reflected energy detected further
25 comprises:
(a) converting signals from TTL to

differential type signals;
(b) transmitting said differential type
signals to a temporary storage buffer (4214); and
30 (c) transmitting said differential type
signals from said storage buffer (4214) to a host

o

processing system (4212).

293. An obstacle scanning system (4150), for
35 use in a housing (404) on a vehicle (310), comprising:
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a rotatable mirror (4222);

a motor (4206), connected to said mirror
(4222) by a pulley/belt arrangement (4230);

a position encoder (4208), operatively
connected to said motor;

a range finder (4204), oriented so as to
output a beam of energy and receive back a portion of
said beam of energy by reflection on said mirror 7
(4222);

a bus (4226), connecting said motor (4206),
said encoder (4208) and said range finder (4204) to
interface (4214), power (4216, 4218, 4220) and control
circuitry (4210, 4212, 4220, 4224, 4230).

294. An obstacle scanning method (4150), for
use in a housing (404) on a vehicle (310), comprising
the steps of:

rotating a mirror (4222) with a motor (4206)

- connected to said mirror (4222) by a pulley/belt

arrangement (4230);

encoding rotational position of said motor
(4206) using a position encoder (4208), operatively
connected to said motor (4206);

determining range data using a range finder
(4204), oriented so as to output a beam of energy and
receive back a portion of said beam of energy by
reflection on said mirror (4222);

connecting said motor (4206), said encoder
(4208) and said range finder (4204) to interface
(4214), power (4216, 4218, 4220) and control circuitry
(4212, 4230, 4220, 4224, 4210) using a bus (4226).

295. A system for navigating (406) a vehicle
(310) along a route (3312) comprising:

»
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means for storing route data representing a
predetermined route;

means for storing path data for each
predetermined route;

5 means for selecting a predetermined route
for said vehicle (310) to traverse;

means for retrieving route data representing
a selected predetermined route;

means for retrieving path data for retrieved

10 route data; '

means for generating a path from retrieved
path data;

means (5306) for associating vehicle
commands with a generated path;

15 means (5306) for executing associated
vehicle commands causing said vehicle to attempt to
follow a generated path;

means (5306) for periodically calculating
errors in following a generated path;

20 means (5306), responsive to calculated
errors, for adjusting the execution of associated
vehicle commands to reduce said calculated errors so
that said vehicle tracks a generated path with a high
degree of accuracy;

25 means (4150) for detecting obstacles in the
vehicle’s direction of travel;

means (4150) for avoiding collision with
said obstacles, comprising means for stopping said
vehicle to prevent a collision with said obstacles and

30 means for generating a path around said obstacles;

whereby an autonomous system (406) for
safely and efficiently navigating a vehicle along a

route is realized.

35
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296. The system (406) for navigating a
vehicle (310) along a route (3312) of claim 193,
wherein said means (5306) for periodically calculating
errors in following a generated path comprises: 7

means for determining said vehicle’s actual
position (3210, 3212, 3218);

means for determining said vehicle’s desired
position (3204); and

means for comparing said actual (3210, 3212,
3218) with said desired (3204) position thereby

calculating said errors in following said generated
path.

297. The system (406) for navigating a
vehicle (310) along a route (3312) of claim 193,
wherein said means, responsive to calculated errors,
for adjusting the execution of associated vehicle
commands to reduce said calculated errors so that said
vehicle tracks a generated path with a high degree of
accuracy comprises:

means (3102, 3104, 3110) for dynamically
determining a correcting steering angle so that said
correcting steering angle causes said vehicle to steer
from an actual position (3210, 3212, 3218) to a
desired position (3204).

298. A method (406) of navigating a vehicle
(310) along a route (3312) comprising the steps of:

(1) storing route data representing a
predetermined route;

(2) storing path data for each
predetermined route;

(3) selecting a predetermined route for
said vehicle (310) to traverse;

kG

o
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(4) retrieving route data representing a
selected predetermined route;
(5) retrieving path data for retrieved

route data;
(6) generating a path from retrieved path

data;

(7) associating (5306) vehicle commands
with a generated path;

(8) executing (5306) associated vehicle
commands causing said vehicle to attempt to follow a
generated path;

(9) periodically calculating (5306) errors
in following a generated path;

(10) adjusting (5306), responsive to
calculated errors, the execution of associated vehicle
commands to reduce said calculated errors so that said
vehicle tracks a generated path with a high degree of
accuracy;

(11) detecting (4150) obstacles (4002) in
the vehicle’s direction of travel;

(12) avoiding (4150) collision with said
obstacles (4002) by

(a) stopping said vehicle to prevent a
collision with said obstacles (4002),

(b) generating a path around said
obstacles (4002), or

(c) performing both (a) and (b);

whereby an autonomous method (406) of

safely and efficiently navigating a vehicle (310)
along a route is realized.

299. The method (406) of navigating a
vehicle (310) along a route (3312) of claim 298,
wherein said step (5306) of periodically calculating
errors in following a generated path comprises:
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(a) determining said vehicle’s actual
position (3210, 3212, 3218);

(b) determining said vehicle’s desired
position (3204); and

o B

(c) comparing said actual (3210, 3212,
3218) with said desired position (3204); thereby
calculating said errors in following said generated
path.

300. The method (406) of navigating a
vehicle (310) along a route (3312) of claim 298,
wherein said step (5306) of adjusting, responsive to
calculated errors, the execution of associated vehicle
commands to reduce said calculated errors so that said
vehicle tracks a generated path with a high degree of
accuracy comprises:

(a) dynamically determining a correcting
steering angle so that said correcting steering angle
causes said vehicle (310) to steer from an actual

position (3210, 3212, 3218) to a desired position
(3204). '

i
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Navigator Data Flow Summary

The purpose of this summary is to list all of the data flows defined in the
Navigator Architecture. Where the flow is defined, whether it is control or data,
how it is used and what it is made up of is listed in this summary. A list of aorevia-

tions used in this list is included at the end of the list.

Data Ctil/
Flow Title (DFD diagram) Data Flow Direction
502 Host Cmds and Queries (NI(2)) C Host - > NI
= {follow path n | set scan speed | set speed
limit | start fracking | restart fracking | shutdown}
504 Replies to Host (NI(2)) D Ni - > Host
= {navigator status summary | VPS Packet |
Excepnon Condition n1 ACK I Nack |
Invalid command/query )
3604 Supervisor instr. (NI(2)} C Ni->TC
= {FOLLOW_PATH n | SPEED_UMIT |
START_TRACKING |
RESTART_TRACKING ISHUTDOWN}}
3658 Navigator Status (NI(2)) D /Nav Status/ - > NI
={21+37+69+ 71 + 84)
432 Position Data (Context (0)) D VPS - > PE
= {VPS packet)
3702 CK Status (OD(2)) C CC - >/Navstatus/
= [RUNNING | WAINTING | SLOW |
STOP}
3704 Obs. det. instr, (ALL(T)) C SUPER-> QD
= {38 + 39 + 42}
416 Scanner Data (CONTEXT(0)) D Scanner - > SIO
3638 Safe_Dis (OD(2)) D CC - > /Safe_Dis/
->8P
3636 Min (MaxSpeeds) (VC (2)) D /MaxSpeed/ - > SP
=min { 18 & 25 & 29} (not implemented)
3628 Poth Man tnst. (PM (2)) C TC->PM

{ INIT_TASK | START_TASK | STOP
~TASK }

:”.'___'LE 37A
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Data Cirl/
Flow Titie (DFD diagram) Data Fiow Direction
3614 Vehicle Conrol (VC(2)) c ->TC
= (ACKINACK }
3612 Veh. Ctrl. Insw. (VC(2); C TC->SP

= | INIT_TASK | START_TASK | stop
_TASK | STOP_VEH }

3650 Position Est. Instr. (PE(2)) C TC->Pt
= {INIT-TASK | START_TASK | STOP_TASK }

l»)

3660 Vehicie Path (PM(2)) PM - >/Path Buf/

= { n Path Postures i

3612 Exception Veh. Cmd (VC(2)) C EC->8P

= { STOP_VEH }
3644 Speed Limit (Path Manager) (PM(2)) D PM - >/MaxSpeed/
432 VPS Control (PE(2)) C PE - > VPS

(not implemented)

416 Scanner Cirl (OD(2)) C SC - > Scanner
= {Scanner Motor Amp Instruchons) (not
implemented)

4102 Obs det Status (ALL(T)) D OD - >/Navstatus/
= {6+85+86)

420 Vehicte Commands (VC(2) C SP - > Vehicle

3622 Path Data (PM(2)) D /Path Store/ - > PM

= { n Path Postures)

3642 Valid VPS Packet (PE(2)) D PE - > /Pos Buff/
= {VPS dataj
3654 Speed Limit (Task Ctrl) (TC23 D TC - > /MaxSpeed’

F=37B
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Data Cirl/
Flow Titie (DFD diagram) Data Flow Direction
3612 Supervisor Resp. (ALL(1)) C SUPER -> Ni
= {87 + 61}
3626 Path Manager Resp. (PM(2)) C PM ->TC
= { ACKINACK}
4104 Speed Limit (Obs. Det.) (OD(2)) D CC ->/MaxSpeea/
3648 PE Response (PE(2)) C PE->TC
={ ACKINACK}
3606 Obs. Det. Resp. (ALL(1)) C OD - > SUPER
={40+4) +43)
3706 Scan Done (OD(2)) C SIO-> CC
= { SDAT_AVAILABLE ]
3616 Veh. Ctrl. Status (VC(2)) D SP->/NavStatus/
= { WAITING | RUNNING }
3616 Venh. Ctrl. Status (VC(2)) D SP->/Navstatus/
= { WAITING | RUNNING } -
3708 Clear Chk Instr. (OD(2)) C TC->CC
= [ START_TASK | INIT_TASK |
STOP_TASK }
3710 Scan Cirl Instr. (OD(2)) C TC->8C
= { START_TASK | INIT_TASK |
STOP_TASK }
3712 Scan Ctrl Resp. (OD(2)) C SC->TC
= { ACKINACK} (not impiemented)
3714 Clearance Chk. Resp. (OD(2)) C CC->TC
2716 Scan 1/0 instr. (OD(2)) C TC -> 81O
(not implementea yet)
3718 Scan I/0 Reso. (OD2))
={ ACKINACK)
3720 Tagged Scans (OD(2)) T SIO -> /Scon Buf

= { 8 + Scan Numpe! :

EF1r537C
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4/89

Data 4 / Ctrl/

Flow Titie (DFD diagram) Data Flow Direction
3614 Tracking Exception (VC(2)) C SP->EC

= {VEH_OFF_PATH |
PARAM_OO_BOUNDS | PDAT_NEXIST |
SDAT_NEXIST | PBUF_EMPTY |
PBUFF_INSUFFICIENT | VEH_TOO_FAST

| TRACK_HEAD_ERR | VEH_NOT_CONN
| VPS_NOT_READY | VPS_NOT_REC |
SKIPPED_SCAN | PBUF_EMPTY]

3722 Collision Avoid. Except. (OD(2)) C CC->EC
= {BAD_ANGLE | PDAT_NEXIST |
SDAT_NEXIST | PBUFF_INSUFFICIENT |
VEH_OFF_PATH | VEH_TOQ_FAST |
TRACK_HEAD_ERR}

3724 Obstacie Det Except (ALL(1)) C OD - > SUPER
= {52+56+57)

3726 Scan Ctil Except (OD(2)) C SC->EC
= {LASER_FAULT] (not implemented)

3728 Scan 1/O Exception (OD(2)) C SIO->EC
= {LASER_FAULT}

3730 Exceptions (EC(2)) C EC->NI
= {51+52+53+57+127+130}

3732 PE Status (PE(2)) D PE - >/Navstatus/
= (WAITING | RUNNING} )

3618 PM Status (PM(2)) D PM - >/NavStatus/
= {WAITING | RUNNING}

3662 Supervisor Status (TC(2)) D TC - >/NavStatus/
= (WAITING | RUNNING}

3734 Scan I/O Status (OD(2)) D SIO - >/Navstatus/
= [WAITING | RUNNING}

3736 Scan Cir Status (OD(2)) D SC - >/Navstatus/
= [WAITING | RUNNING}

3732 Supervisor Starus (TC(2)) C TC - >N
= {ACK I NACK]

3636 PM Excepfion (PM(2)) C PM - >EC

Frg37D
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