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APPARATUS AND METHOD FOR 
TRACKING A VEHICLE 

BACKGROUND OF THE INVENTION 

This invention relates generally to the tracking of vehicle 
motion, and more particularly, to the utiliZation of redundant 
vehicle state information and clinometers to provide accu 
rate measurements of the vehicle state in real time. 

The interest in the tracking of land vehicles has recently 
increased dramatically. Vehicle tracking is an applied sci 
ence Which utiliZes a variety of techniques and approaches 
to determine vehicle state information. The vehicle state 
information may include present position, velocity, accel 
eration as Well as attitude information. 

For centuries, the position and course of ships Were 
determined by celestial observations and compass readings. 
Subsequently, similar technology Was utiliZed for aircraft 
navigation. More recently, radio location systems, inertial 
measurement systems (IMS), and Global Positioning Sys 
tems (GPS) have been utiliZed to assist With the tracking and 
navigation of vehicles. In addition, map matching has also 
been introduced to reduce time based error in vehicle 
tracking and navigation systems. 

Vehicle tracking and navigation systems provide an abun 
dance of useful information related to the vehicle state. This 
information may be utiliZed by the driver for planning the 
best possible route to reach a particular destination and may 
include distance and direction information as Well as 
detailed guidance instructions. 

Additionally, the vehicle tracking systems may be utiliZed 
in a ?eet management system Wherein a central control 
facility remotely monitors the status of individual vehicles. 
Typical applications include bus schedule control, police car 
dispatching, and emergency car dispatching. Location and 
status data may be transmitted betWeen the plurality of 
vehicles and the central control facility via radio communi 
cation. 

Inertial measurement units or guidance systems Were 
developed in Germany during the Second World War. These 
initial inertial systems Were generally utiliZed for determin 
ing desired ?ight attitude in aircraft and measuring accel 
eration or thrust along a longitudinal aXis. 
More recently, inertial measurement units have been 

utiliZed to assist With the tracking and navigation of land 
vehicles. Speci?cally, inertial measurement units can moni 
tor the acceleration vector of a land vehicle in motion. The 
inertial measurement units generally consist of various com 
binations of inertial sensors including one to three gyros and 
one to three accelerometers. Additional sensors may be 
utiliZed to provide fault tolerant operation. 

The gyros used in the inertial measurement unit measure 
the angular velocity of the vehicle With respect to inertial 
space and the accelerometers measure the linear acceleration 
of the vehicle. The angular orientation of the vehicle may be 
obtained by integrating the output of the gyros With respect 
to time. The linear velocity and position of the vehicle may 
be obtained by integrating the accelerometer output With 
respect to time and performing appropriate coordinate trans 
formations. 
Some tracking subsystems such as dead reckoning or 

inertial measurement systems inherently accumulate error 
over time. While this error may be reduced through various 
error collapsing schemes, the accuracy of the entire vehicle 
tracking system Will be drastically improved if the error is 
minimiZed before the vehicle begins to move. 
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2 
Other errors may arise in the vehicle tracking subsystems 

due to noise in the tracking instruments, processing limita 
tions and errors in the map database if map matching is 
utiliZed. Therefore, the accuracy of the vehicle tracking 
system is greatly improved if an increased amount of vehicle 
state information, including redundant vehicle state 
information, is utiliZed by the vehicle tracking system. 

SUMMARY OF THE INVENTION 

This invention provides for a vehicle tracking system 
Which preferably utiliZes redundant sensor integration for 
providing error reduction and accurate vehicle state infor 
mation. In addition, the vehicle tracking system utiliZes 
clinometers for increasing the accuracy of the vehicle track 
ing system during the initial stages of vehicle movement. 

In particular, the vehicle tracking system in accordance 
With the present invention includes an inertial measurement 
unit Which includes one or more gyros and one or more 

accelerometers for providing inertial state characteristics of 
the vehicle. The vehicle tracking system additionally 
includes an inertial converter coupled With the inertial 
measurement unit for obtaining vehicle state information 
from the inertial state characteristics. One or more clinom 
eters are implemented in the vehicle tracking system for 
initialiZing the gyros and providing vehicle acceleration 
information. 

The vehicle tracking system preferably includes a plural 
ity of redundant sensors coupled With the ?lter for providing 
redundant vehicle state information. The redundant sensors 
can include Wheel rotation sensors such as an odometer or 

tachometer, a Global Positioning System receiver, a tag 
receiver or a map matching system. The vehicle tracking 
system preferably includes a recursive estimation ?lter 
coupled With the inertial converter and redundant sensors for 
removing noise from the vehicle state information and 
outputting corrected vehicle state information. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a functional block diagram of a vehicle tracking 
system and a ?eet management system; 

FIG. 2 is a functional block diagram of a vehicle tracking 
system in accordance With the present invention; and 

FIG. 3 is a diagram of a vehicle travelling on a route. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The vehicle tracking system according to the present 
invention provides an apparatus and a method for determin 
ing vehicle state information including position, velocity, 
acceleration, and attitude. 
As shoWn in FIG. 1, the vehicle 10 is equipped With a 

plurality of sensors and a processor 48 for obtaining vehicle 
state information. The vehicle state information may be 
utiliZed on board the vehicle 10 to inform the driver, via a 
user interface 20, of present position, velocity and accelera 
tion as Well as attitude information. 

Alternatively, the vehicle 10 may include a ?rst trans 
ceiver 22 for transmitting the vehicle state information to a 
second transceiver 24 and a ?eet management system 40 for 
remote monitoring of the vehicle 10. The vehicle state 
information may be utiliZed by the ?eet management system 
40 to coordinate the dispatching of the vehicles 10 or 
monitor public transportation vehicles 10. 
The vehicle tracking system preferably includes an iner 

tial measurement unit 26 for providing vehicle state infor 
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mation including position, velocity, acceleration and attitude 
of the vehicle 10. The inertial measurement unit 26 can 
include a plurality of inertial sensors including one or more 
gyros and one or more accelerometers. 

Preferably, the inertial measurement unit 26 consists of a 
full set of strapdoWn inertial instruments including three 
orthogonally oriented gyros and three orthogonally oriented 
accelerometers. HoWever, the inertial measurement unit 26 
provides accurate vehicle state characteristics With three 
orthogonally oriented gyros and a single accelerometer 
aligned With the mean direction of the linear vehicle velocity 
vector. 

The accelerometer of the inertial measurement unit 26 
provides the linear velocity of the vehicle 10 While the gyros 
provide angular rotational rates of the vehicle. The gyros are 
preferably oriented to provide attitude information including 
roll, pitch and heading of the vehicle 10. The vehicle state 
characteristics from the inertial measurement unit 26 may 
thereafter be forWarded to an inertial converter 27 as shoWn 
in FIG. 2. 

The inertial converter 27 may be organiZed into a velocity 
module and an attitude module. The velocity module of the 
inertial converter 27 may obtain velocity information of the 
vehicle 10 by integrating the accelerometer output With 
respect to time. Further, the position of the vehicle 10 may 
be approximated by integrating the velocity information 
With respect to time. 

The attitude module may integrate the rotational rate 
measured by each gyro to provide an instantaneous angular 
orientation of the vehicle 10. HoWever, the initial orientation 
of the vehicle must be knoWn in order to obtain accurate 
information from the gyros. 

Therefore, the vehicle tracking system may include one or 
more clinometers 28 for initialiZing the gyros, and addition 
ally providing vehicle state information. Operating in a 
static mode, the clinometers 28 measure the angle betWeen 
the gravity vector and an axis of orientation of the clinom 
eter 28. Preferably, tWo clinometers 28 are utiliZed by the 
vehicle tracking system for measuring the roll and pitch of 
the vehicle 10 While the vehicle is not accelerating. The 
output of the clinometers 28 in the static mode may there 
after be forWarded to the inertial converter 27 for initialiZing 
the roll and pitch gyros of the inertial measurement unit 26. 

The output of the clinometers 28 may additionally be 
processed during a dynamic mode Wherein the vehicle is 
accelerating. The clinometer output approximates the accel 
eration of the vehicle 10. 

The vehicle tracking system may additionally include a 
plurality of redundant sensors 30 as shoWn in FIG. 2. The 
redundant sensors 30 obtain redundant vehicle state infor 
mation through a variety of methods to help reduce error 
Within the vehicle tracking system. 

The redundant sensors 30 may include an absolute track 
ing system such as a Global Positioning System (GPS) 32. 
The vehicle can be equipped With a Global Positioning 
System receiver 31 as shoWn in FIG. 1 for receiving position 
data of the vehicle 10 from the Global Positioning System 
32. 

The use of a Global Positioning System 32 is advanta 
geous inasmuch as the position data is determined indepen 
dent of previous data. Therefore, error Within the Global 
Positioning System 32 Will not increase over a period of 
time. Additional sensors may be utiliZed Within the vehicle 
tracking system inasmuch as Global Positioning Systems 32 
are limited by line-of-sight coverage, Weather conditions 
and terrain characteristics. 
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4 
The vehicle tracking system may therefore include a map 

matching system for providing continuous correction of the 
heading and position of the vehicle 10 When recogniZable 
road features are identi?ed. An example of a map matching 
system for collapsing error Within the vehicle tracking 
system is disclosed in the Applicant’s copending US. patent 
application Ser. No. 08/518,639, ?led Aug.24, 1995, Which 
is entitled “Map Matching Navigation System,” has Attor 
ney’s Docket No. 950464, and is incorporated herein by 
reference. 

The map matching system may include a map database 34 
and a map matching module 46 as shoWn in FIG. 2. Map 
matching systems depend on an accurate map database 34 in 
order to provide reliable and useful vehicle state informa 
tion. Therefore, the map database 34 is preferably generated 
from numerous sources to eliminate obsolete or inaccurate 
data. 
The operation of a map matching system is shoWn With 

reference to FIG. 3. In particular, the inertial measurement 
unit 26 obtains vehicle state characteristics as the vehicle 10 
travels on a vehicle route 47. The vehicle state characteris 
tics are forWarded to the inertial converter 27 to provide 
vehicle state information. This vehicle state information 
may include position information de?ned as a plurality of 
measured points 42. The measured points 42 may vary from 
a map route 44 as shoWn in FIG. 3 due to approximation 
error, map database error, digitiZation error and the like. 
The map matching module 46 is con?gured to match each 

measured point 42 to a matched point 43 on the map route 
44. The matched points 43 correspond to the measured 
points 42 and are the most probable locations of the vehicle 
10 on the map route 44. Furthermore, the position of the 
vehicle 10 may be updated on the map route 44 at a plurality 
of positions Wherein the location of the vehicle 10 is knoWn 
With a high level of con?dence. These locations may include 
the end of curves in the map route 44 and recogniZable road 
features. 
The map matching module 46 may additionally be uti 

liZed to update heading information of the vehicle 10 With 
information stored Within the map database 34 at positions 
on the map route 44 Wherein the con?dence level of the 
vehicle position is high. 

The vehicle tracking system may further include a plu 
rality of tags 45 or proximity beacons located at a plurality 
of positions adjacent the vehicle route 47. The tags 45 may 
be passive tags Which transmit information in response to an 
interrogation signal from the vehicle 10 as the vehicle 10 
passes each individual tag 45. The tags 45 can be transpon 
ders. 

Each tag 45 may transmit information including position, 
velocity, route location, route identi?cation, tag number and 
the like. The vehicle 10 is preferably equipped With a tag 
receiver 36 for receiving the transmitted vehicle state infor 
mation from the tag 45 for reducing the error Within the 
vehicle tracking system. The tag receiver 36 can be a 
transponder read device. 
The vehicle tracking system may alternatively include a 

plurality of tags 45 Which are infrared beacons positioned 
adjacent the vehicle routes 47. The tag receiver 36 Would 
therefore include an infrared receiver for receiving the tag 
information. 
The redundant sensors 30 of the vehicle tracking system 

may further include a sensor such as an odometer/ 
tachometer 38 for measuring the rotation of a Wheel of the 
vehicle 10. The odometer counts the number of rotations of 
a Wheel of the vehicle 10 and may therefore provide distance 
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information as the vehicle 10 travels on the vehicle route 47. 
The tachometer additionally counts the number of rotations 
over a speci?ed period of time and may provide velocity 
information of the vehicle 10. 

Each redundant sensor 30 may introduce error into the 
vehicle tracking system (eg error in odometer/tachometer 
data due to vehicle Wheel slippage). Therefore, the vehicle 
tracking system preferably includes a recursive estimation 
?lter for removing error from the vehicle state information 
provided by the Global Positioning System 32, map data 
base 34, tag receiver 36, odometer\tachometer 38, inertial 
measurement unit 26, and inertial converter 27. The clinom 
eters 28 may additionally provide vehicle state information 
to the Kalman ?lter 50 during vehicle acceleration. The 
recursive estimation ?lter can be a Kalman ?lter 50. 

The vehicle state information from the inertial measure 
ment unit 26 and the redundant sensors 30 may be applied 
to the Kalman ?lter 50 as shoWn in FIG. 2. The Kalman ?lter 
50 utiliZes the vehicle state information in order to estimate 
sources of error Within the vehicle tracking system. In effect, 
the Kalman ?lter 50 uses each neW vehicle state observation 
to update a probability distribution for the state of the 
vehicle. The Kalman ?lter 50 is additionally ef?cient in 
operation inasmuch as the ?lter does not refer back to 
previous observations of the vehicle state. Accordingly, the 
Kalman ?lter 50 is tailored to real-time applications for 
providing on the spot decision making. 
As previously described, the Kalman ?lter 50 may col 

lapse or reduce error Within the vehicle tracking system 
through the processing of vehicle state information from the 
redundant sensors, inertial measurement unit 26, and inertial 
converter 27. Furthermore, the Kalman ?lter 50 is preferably 
con?gured to assign independent Weights to the vehicle state 
information provided from each source depending upon the 
level of con?dence in the accuracy of the source. 

As shoWn in FIG. 2, the Kalman ?lter 50 integrates the 
vehicle state information from the inertial converter 27 and 
each redundant sensor 30 and provides an output 52 of 
corrected position, velocity and attitude information. In 
addition, the Kalman ?lter 50 may feedback biases of the 
inertial measurement unit 26 to correct future output from 
the inertial converter 27. 

The output 52 of the Kalman ?lter 50 may additionally be 
applied to the map matching module 46 Which may be 
utiliZed for determining the matched points 43. The matched 
points 43 may thereafter be applied to the Kalman ?lter 50 
for integration With the vehicle state information. 

The matched points 43 may additionally be applied to the 
user interface 20 for displaying the approximate location of 
the vehicle 10 on the map route 44 or to the transceivers 22, 
24 and the ?eet management system 40 for remote moni 
toring. The corrected position, velocity and attitude infor 
mation from the Kalman ?lter 50 may additionally be 
applied to the user interface 20 or the transceivers 22, 24 and 
the ?eet management system 40. 

The Kalman ?lter 50 and the map matching module 46 
and the inertial converter 27 may be implemented in a 
processor 48 for ?exibility. 

While speci?c embodiments of the invention have been 
described in detail, it Will be appreciated by those skilled in 
the art that various modi?cations and alternatives to those 
details could be developed in light of the overall teachings 
of the disclosure. Accordingly, the particular arrangements 
disclosed are meant to be illustrative only and not limiting 
to the scope of the invention Which is to be given the full 
breadth of the folloWing claims and all equivalents thereof. 
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We claim: 
1. An apparatus to obtain vehicle state information, com 

prising: 
a. an inertial measurement unit including a plurality of 

inertial sensors to provide a plurality of vehicle state 
characteristics; 

b. an inertial converter coupled With said inertial mea 
surement unit to derive inertial vehicle state informa 
tion from the vehicle state characteristics; 

c. a ?lter coupled With said inertial converter to remove 
error from the inertial vehicle state information and 
outputting corrected vehicle state information; 

d. at least one clinometer coupled With said inertial 
converter to initialiZe the vehicle state characteristics, 

Wherein said at least one clinometer is coupled With the 
?lter to apply dynamic vehicle state information 
thereto, and 

Wherein said vehicle state information corresponds to a 
position of a land based vehicle. 

2. The apparatus of claim 1 Wherein the inertial sensors 
include at least one gyro and at least one accelerometer. 

3. The apparatus of claim 2 Wherein said at least one 
clinometer initialiZes a pitch gyro and a roll gyro When the 
acceleration of the vehicle is Zero. 

4. The apparatus of claim 1 further comprising a plurality 
of redundant sensors coupled With said ?lter to provide 
redundant vehicle state information. 

5. An apparatus to obtain vehicle state information, com 
prising: 

a. an inertial measurement unit including a plurality of 
inertial sensors to provide a plurality of vehicle state 

characteristics; 
b. an inertial converter coupled With said inertial mea 

surement unit to derive inertial vehicle state informa 
tion from the vehicle state characteristics; 

c. a ?lter coupled With said inertial converter to remove 
error from the inertial vehicle state information and 
outputting corrected vehicle state information; and 

d. at least one clinometer coupled With said inertial 
converter to initialiZe the vehicle state characteristics, 

Wherein said at least one clinometer is coupled With said 
?lter to apply dynamic vehicle state information 
thereto, 

Wherein said inertial sensors include at least one gyro and 

at least one accelerometer, 
Wherein said at least one clinometer initialiZes a pitch 

gyro and a roll gyro When the acceleration of the 
vehicle is Zero, 

Wherein said at least one clinometer is coupled With said 
?lter to apply dynamic vehicle state information 
thereto, 

a plurality of redundant sensors coupled With said ?lter to 
provide redundant vehicle state information, and 

Wherein said redundant sensors include a Wheel rotation 
sensor to provide velocity and distance information, a 
global positioning system to provide position 
information, a tag receiver and a plurality of physical 
tags to provide position and velocity information, and 
a map matching database and a map matching module 
to provide position and attitude information. 

6. The apparatus of claim 5 Wherein said inertial 
converter, said ?lter, and said map matching module are 
implemented in a processor. 

7. The apparatus of claim 5 Wherein said ?lter applies 
corrected vehicle state information to said inertial converter 
to update the derived vehicle state information therein. 
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8. The apparatus of claim 7 wherein said ?lter is a Kalman 
?lter. 

9. The apparatus of claim 8 Wherein said inertial mea 
surement unit includes three orthogonal gyros and one 
accelerometer. 

10. The apparatus of claim 9 further comprising a user 
interface to display corrected vehicle state information. 

11. The apparatus of claim 10 further comprising a ?eet 
management system to receive and monitoring the corrected 
vehicle state information. 

12. A method to determine vehicle state information, 
comprising the steps of: 

a. initialiZing at least one inertial sensor using a clinom 

eter; 
b. extracting inertial vehicle state information from at 

least one inertial sensor using said clinometer; 

c. obtaining redundant vehicle state information from at 
least one redundant sensor; 

d. ?ltering the inertial vehicle state information and the 
redundant vehicle state information to reduce error 

therein; 
e. determining corrected vehicle state information from 

the inertial vehicle state information and the redundant 
vehicle state information, 

Wherein said vehicle state information corresponds to a 
position of a land based vehicle. 

13. The method of claim 12 further comprising the step of 
updating the position and heading of the vehicle in a map 
matching system. 

14. The method of claim 12 Wherein the at least one 
inertial sensor includes three orthogonal gyroscopes and an 
accelerometer. 

15. The method of claim 14 further comprising the step of 
updating the position and heading of the vehicle in a map 
matching system. 
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16. The method of claim 14 Wherein said initialiZing is 

performed When the acceleration of the vehicle is Zero. 
17. A method to determine vehicle state information, 

comprising the steps of: 
a. initialiZing at least one inertial sensor using a clinom 

eter; 
b. extracting inertial vehicle state information from said at 

least one inertial sensor using said clinometer; 

c. obtaining redundant vehicle state information from at 
least one redundant sensor; 

d. ?ltering the inertial vehicle state information and the 
redundant vehicle state information to reduce error 

therein; 
e. determining corrected vehicle state information from 

the inertial vehicle state information and the redundant 
vehicle state information; 

f. updating position and heading of the vehicle in a map 
matching system; and 

Wherein said at least one inertial sensor includes three 
orthogonal gyroscopes and an accelerometer, 

Wherein said initialiZing is performed When the accelera 
tion of the vehicle is Zero, and 

Wherein said at least one redundant sensor includes a 
Wheel rotation sensor to provide velocity and distance 
information, a global positioning system to provide 
position information, a tag receiver and a plurality of 
tags to provide position and velocity information, and 
a map matching system to provide position and attitude 
information. 

18. The method of claim 17 Wherein the inertial vehicle 
state information is extracted from the at least one inertial 
sensor and the ?lter. 
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