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(57) ABSTRACT

Vehicle with an occupant safety system includes an occupant
safety system designed to reduce injury to an occupant during
an accident involving the vehicle and a processor coupled to
the safety system and that receives at least one inertial prop-
erty of the vehicle and information about a portion of a road
ahead of the vehicle in its travel direction. If the processor
determines, based on the at least one inertial property and the
information, that the vehicle is unlikely to safely travel that
portion of the road, the processor initiates action to ensure
safe travel of the vehicle or safety ofthe occupant. The inertial
property of the vehicle may be provided by an inertial mea-
surement unit (IMU) that measures acceleration in three
orthogonal directions and angular velocity about three
orthogonal axes, all at a substantially common location. The
occupant safety system may include one or more inflatable
airbags.

20 Claims, 12 Drawing Sheets
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NEURAL NETWORK SINGLE POINT, PASSENGER COMPARTMENT MOUNTED SENSOR PERFORMANCE

SCALED BARRIER SCALING FACTOR
VELOCITY
1 1.2 1.4 1.6 1.8 2
8 MPH NT NT NT NT NT NT
10 MPH NT 0.7/2.9 0.9/3.1 1.0/3.0 NT NT
12MPH | 0.0/1.1 0.8/3.5 0.9/3.5 1.0/3.4 1.4/3.9 2.0/4.7
14MPH|  0.0/1.2 0.9/4.1 1.0/3.8 1.2/4.0 1.3/4.0 1.7/4.5
16 MPH |  0.0/1.4 0.9/4.4 1.0/4.0 1.1/4.0 1.4/4.3 1.7/4.6
18 MPH |  0.0/1.6 0.8/4.2 0.7/3.6 1.2/4.5 1.6/4.8 1.8/4.9
20MPH |  0.01.8 0.7/4.3 0.7/4.0 1.1/4.3 1.3/4.4 1.0/3.8
22MPH |  0.01.9 0.5/3.9 0.7/4.0 0.9/4.1 1.2/4.6 1.1/4.2
24MPH | 0.0/2.1 0.1/2.3 0.8/4.4 0.8/4.2 1.3/5.0 1.4/4.8
26MPH | 0023 0.1/2.5 0.5/4.0 0.9/4.5 1.0/4.4 1.2/4.6
28MPH [ 0.0/2.5 0.0/2.1 0.1/2.4 0.7/4.2 0.8/4.1 0.5/3.2
30MPH [ 00727 0.0/2.3 0.1/2.6 0.1/2.3 0.8/4.4 1.2/5.0
32MPH [ 0.0/2.8 0.0/2.4 0.1/2.8 0.1/2.5 0.9/4.7 1.1/4.9
34MPH |  0.0/3.0 0.0/2.3 0.0/2.0 0.0/1.8 0.6/4.2 1.2/5.3
Tg. 3

OPTIMIZED SINGLE POINT, PASSENGER COMPARTMENT MOUNTED SENSOR PERFORMANCE

SCALED
VELOCITY

BARRIER SCALING FACTOR

8 MPH
10 MPH
12 MPH
14 MPH
16 MPH
18 MPH
20 MPH
22 MPH
24 MPH
26 MPH
28 MPH
30 MPH
32 MPH
34 MPH

1
NT
4.7/10.37
2.2/6.7
2.2/7.2
2.2/76
2.2/8.0
2.0/7.9
1.0/5.3
.5/14.2
A4/4
A4/4.1
4142
.3/14.2
.3/14.0

1.2
NT
NT
5.8/112:4
2.7175
2.717.9
2.8/18.7
3.119.3
2.718.9
1.6/6.5
1.2/5.7
.6/4.0
.5/4.0
.5/4.1
.5/4.2

1.4
NT
NT
NT
3.9/8.9
3.4/8.5
3.6/9.2
3.7/9.7
3.9/10.4
3.9/10.8
2.0/6.8
1.8/6.6
.8/14.2
T717.2
7143

Fig. 4

1.6
NT
NT
NT
NT
4.219.3
4.2/9.7
4.3/11:2
4.5/10.9
4.8/11.6
451116
2.7/7.8
2.2/6.9
2.1/7.0
.9/4.5

1.8
NT
NT
NT
NT
NT
5.0/10.5
5.0/10.9
3.2/11:5
5.4/12.0
5.8/13
5.9/18.8
641145
2.6/74
2.6/7.5

2
NT
NT
NT
NT
NT
17.8121.5
5:9/1157
5:9/12:2
6.1/12.8
8.4/13.5
6.8/14.4
741154
3.4/84
4.0/9.6
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TECHNIQUE FOR ENSURING SAFE TRAVEL
OF A VEHICLE OR SAFETY OF AN
OCCUPANT THEREIN

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional application of U.S. patent
application Ser. No. 12/028,956 filed Feb. 11, 2008, now
abandoned, which is:

1. a CIP of U.S. patent application Ser. No. 11/082,739
filed Mar. 17, 2005, now U.S. Pat. No. 7,421,321, which is a
CIP of U.S. patent application Ser. No. 10/701,361 filed Nov.
4, 2003, now U.S. Pat. No. 6,988,026, which is a CIP of U.S.
patent application Ser. No. 10/638,743 filed Aug. 11, 2003,
now U.S. Pat. No. 7,284,769,

2. a CIP of U.S. patent application Ser. No. 11/131,623
filed May 18, 2005, now U.S. Pat. No. 7,481,453, which is a
CIP of U.S. patent application Ser. No. 10/638,743 filed Aug.
11, 2003, now U.S. Pat. No. 7,284,769;

3. a CIP of U.S. patent application Ser. No. 11/833,033
filed Aug. 2, 2007, now abandoned, which is a CIP of U.S.
patent application Ser. No. 10/638,743 filed Aug. 11, 2003,
now U.S. Pat. No. 7,284,769; and

4. a CIP of U.S. patent application Ser. No. 11/833,052
filed Aug. 2, 2007, now U.S. Pat. No. 8,060,282, which is a
CIP of U.S. patent application Ser. No. 10/638,743 filed Aug.
11, 2003, now U.S. Pat. No. 7,284,769.

All of the above applications and patents, and any applica-
tions, publications and patents mentioned below, are incor-
porated by reference herein in their entirety and made a part
hereof.

FIELD OF THE INVENTION

The present invention relates to ensuring safe travel of a
vehicle or safety of an occupant of the vehicle.

BACKGROUND OF THE INVENTION

Background of the invention is set forth in the parent *743
application. The definitions in section 5 of the parent *623
application may be applicable herein.

SUMMARY OF THE INVENTION

Land vehicle including an occupant safety system that is
designed to reduce injury to an occupant during an accident
involving the vehicle, such as an airbag, and a processor
coupled to the safety system and that receives at least one
inertial property of the vehicle and information about a por-
tion of a road ahead of the vehicle in a travel direction of the
vehicle. If the processor determines, based on the at least one
inertial property and the information, that the vehicle is
unlikely to safely travel that portion of the road, the processor
is configured to initiate action to ensure safe travel of the
vehicle or safety of the occupant.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings are illustrative of embodiments of
the invention and are not meant to limit the scope of the
invention as encompassed by the claims.

FIG. 1 is a view of the front of the passenger compartment
of a motor vehicle, with portions cut away and removed,
having dual airbags and a single point crash sensor and crash
severity forecaster including an accelerometer and using a
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2

pattern recognition technique. FIG. 1A is an enlarged view of
the sensor and diagnostic module shown in FIG. 1.

FIG. 2 is a diagram of a neural network used for a crash
sensor and crash severity forecaster designed based on the
teachings of invention and having more than one output node.

FIG. 3 contains the results of a neural network algorithm on
a crash matrix created using the techniques of velocity and
crash scaling.

FIG. 4 contains the results of a standard single point crash
sensor on a crash matrix created using the techniques of
velocity and crash scaling.

FIG. 5 is a perspective view of a preferred embodiment of
the sensor of this invention for use in frontal impacts shown
removed from the vehicle.

FIG. 6 is a perspective view taken along line 6-6 of the
sensor shown in FIG. 5 with the interior parts pulled apart to
illustrate the interior structure.

FIG. 7 is a frontal view of another preferred embodiment of
the sensor of shown mounted on a vehicle to sense frontal
impacts with portions of the vehicle removed to permit view-
ing of the sensor.

FIG. 7A is a view of a vertical segment of the sensor shown
in FIG. 7 taken along line 7A-7A in a condition before being
impacted by the vehicle bumper during a crash.

FIG. 7B is the same view of the sensor shown in FIG. 7A
after being impacted by the vehicle bumper during a crash.

FIG. 8 is a partial view of an alternate configuration of a
vertical portion of the sensor of FIG. 7 showing it displaced
rearward to reduce its sensitivity to impacts above the
bumper.

FIG. 9 is a view of a vehicle taken from the side, with
certain portions removed, which is about to impact a low pole
which misses the bumper, illustrating the ability of the sensor
to respond to this type of crash.

FIG. 10 is a side view of another preferred embodiment of
the sensor in accordance with the invention shown mounted
on a vehicle in a position to sense side impacts, with portions
of the vehicle removed to permit viewing of the sensor.

FIG. 11 is a rear view of another preferred embodiment of
the sensor in accordance with the invention shown mounted
on a vehicle in a position to sense rear impacts with portions
of the vehicle removed to permit viewing of the sensor.

FIG. 12 is a cutaway view of the header/connector assem-
bly of FIG. 5 taken along line 12-12 illustrating the construc-
tion details and in particular the method of sealing the sensor.

FIG. 13 is a partial cutaway view of a portion of the sensor
illustrating a bend in the sensor.

FIG. 14 is a cutaway of the sensor end showing the welded
seal.

FIG. 15 is a view of the sensor of FIG. 5 taken along the line
15-15 with part of the tube and rod cut away illustrating the
positioning of spacers within the sensor and their use to
change the sensitivity of the sensor to deformation.

FIG. 16 is a view ofthe sensor of FIG. 5 with portions of the
tube and rod cut away illustrating the use of a grease to fill the
cavity between the rod and tube to minimize the effects of
vibration and to protect the surfaces of the conductors from
corrosion.

FIG. 17 is a side view of another preferred embodiment of
a sensor in accordance with the invention shown mounted on
a vehicle in a position to sense both frontal and side impacts,
with portions of the vehicle removed to permit viewing of the
sensor.

FIG. 18 is a perspective view of an automobile, as viewed
partially from above, of a side impact anticipatory sensor
system using the same computer as the single point crash
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sensor and also showing inputs from a front mounted crush
zone sensor, an engine speed sensor, and an antilock braking
system sensor.

FIG. 19 is a frontal view of an automobile showing the
location of an electromagnetic wave crash anticipatory or
avoidance sensor which uses the same pattern recognition
computer system as the crash sensor.

FIG. 20 is a circuit schematic showing a side mounted
velocity sensor used with a non-crush zone mounted sensor.

FIG. 21 is a circuit schematic showing a forward mounted
sensor used as an input to an electronic sensor.

FIG. 21A is a circuit schematic showing a forward
mounted ball-in-tube sensor used as an input to a crash sensor
mounted outside of the crush zone.

FIG. 21B is a circuit schematic showing a forward mounted
electronic sensor used as an input to a crash sensor mounted
outside of the crush zone.

FIG. 21C is a schematic of an electronic crash sensor
arrangement including a crush-zone mounted crash sensor
and a non-crush-zone mounted crash sensor.

FIG. 21D is a flow chart showing the manner in which an
occupant restraint device may be deployed using the crash
sensor arrangement of FIG. 21C.

FIG. 22 isaperspective view of a side impact airbag system
illustrating the placement of the airbag vents in the door panel
and the exhausting of the inflator gases into the vehicle door
and also showing the use of a pusher plate to adjust for the
mismatch between the point of impact of an intruding vehicle
and the sensor of a self-contained side impact airbag system.

FIG. 23 is a cross section view of a self-contained side
impact airbag system using an electronic sensor.

FIG. 24 is a schematic of the electric circuit of an electro-
mechanical or electronic self-contained side impact airbag
system.

FIG. 25 is a side view of a vehicle showing the preferred
mounting of two self-contained airbag modules into the side
of'a coupe vehicle, one inside of the door for the driver and the
other between the inner and outer side panels for the rear seat
passenger.

FIG. 26 is a perspective view of a vehicle with the vehicle
shown in phantom illustrating one preferred location of the
occupant transducers placed according to the methods taught
in U.S. patent application Ser. No. 08/798,029.

FIG. 26A is a view of the passenger compartment of a
motor vehicle, with portions cut away and removed, illustrat-
ing an occupant out-of-position sensor and a rear facing child
seat detector, both located on the A-pillar and both using the
same computer as the pattern recognition based crash sensor.

FIG. 27 is a perspective view of a vehicle seat and headrest
containing ultrasonic head location sensors consisting of one
transmitter and one receiver.

FIG. 28 is a schematic diagram showing a Phase 4 Smart
Airbag System.

FIG. 29 is a schematic illustration of a generalized com-
ponent with several signals being emitted and transmitted
along a variety of paths, sensed by a variety of sensors and
analyzed by the diagnostic module in accordance with the
invention and for use in a method in accordance with the
invention.

FIG. 30 is a schematic of a vehicle with several compo-
nents and several sensors and a total vehicle diagnostic sys-
tem in accordance with the invention utilizing a diagnostic
module in accordance with the invention and which may be
used in a method in accordance with the invention.

FIG. 31 is a flow diagram of information flowing from
various sensors onto the vehicle data bus and thereby into the
diagnostic module in accordance with the invention with
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outputs to a display for notifying the driver, and to the vehicle
cellular phone for notitying another person, of a potential
component failure.

FIG. 32 is a flow chart of the methods for automatically
monitoring a vehicular component in accordance with the
invention.

FIG. 33 is a schematic illustration of the components used
in the methods for automatically monitoring a vehicular com-
ponent.

FIG. 34 is a schematic of a vehicle with several accelerom-
eters and/or gyroscopes at preferred locations in the vehicle.

FIG. 35 is a block diagram of an inertial measurement unit
calibrated with a GPS and/or DGPS system using a Kalman
filter.

FIG. 36 is a block diagram illustrating a method of obtain-
ing a sensor and prediction algorithm using a neural network.

FIG. 37 is a schematic of a vehicle with several accelerom-
eters and/or gyroscopes at preferred locations in the vehicle.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

1. Crash Sensors

1.1 Pattern Recognition Approach to Crash Sensing

Throughout much of the discussion herein, the neural net-
work will be used as an example of a pattern recognition
technique or algorithm since the neural network is one of the
most developed of such techniques. However, it has limita-
tions that are now being addressed with the development of
newer pattern recognition techniques as well as better neural
network techniques such as combination or modular neural
networks. These limitations involve the difficulty in describ-
ing the process used in classifying patterns with the result that
there is a fear that a pattern that was not part of the training set
might be missed. Also, the training process of the neural
network does not guarantee that convergence to the best solu-
tion will result. One such example is the local minimum
problem wherein the training algorithm converges on a result
that is not the best overall or global solution. These problems
are being solved with the development of newer pattern rec-
ognition techniques such as disclosed in various U.S. patents
and technical papers. One invention disclosed herein is the
use of pattern recognition techniques including neural net-
works, regardless of the particular technique, to provide a
superior smart airbag system. In particular, genetic algo-
rithms are being applied to aid in selecting the best of many
possible choices for the neural network architecture. The use
of'genetic algorithms helps avoid the local minimum situation
mentioned above since several different architectures are
tried and the best retained.

The pattern recognition algorithm, which forms an integral
part of the crash sensor described herein, can be implemented
either as an algorithm using a conventional microprocessor,
FPGA or ASIC or through a neural computer. In the first case,
the training is accomplished using a neural pattern recogni-
tion program and the result is a computer algorithm fre-
quently written in the C computer language, although many
other computer languages such as FORTRAN, assembly,
Basic, etc. could be used. In the last case, the same neural
computer can be used for the training as used on the vehicle.
Neural network software for use on a conventional micro-
computer is available from several sources such as Interna-
tional Scientific Research, Panama City, Panama. An
example of a neural network-based crash sensor algorithm
produced by ISR software after being trained on a crash
library created by using data supplied by an automobile
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manufacturer for a particular model vehicle plus additional
data created by using the techniques of crash and velocity
scaling is:
Neural net for crash sensor. 23 Aug. 94. 50 input nodes,
6 hidden nodes (sigmoid transfer function), 1 output node
(value O or 1).
Network was trained using back propagation with Logicon
Projection.
Yin(1-50) are raw input values. Xin(1-50) are scaled input
values.
Yin(50) is the sum of'the latest 25 accelerations, in tenths of
ag,
Yin(49) is the sum of the previous 25, etc. The time step is
80 microsecond.
logical function nnmtlpn3(Yin, firesum, Yout)
real*4 firesum, Yin(50), Yout
integer i, j
real*4 biashid(6), biasout, fire_criterion, hiddenout(6),
NormV, NV(4),
& offset_in(50), offset_out,
wgthid(51,6),
& wgtout(6), Xin(51), Xsum
parameter(fire_criterion=0.0)
data scale_in/ (omitted)/
data offset_in/ (omitted)/
data scale_out, offset_out/ 0.625, 0.5/
data NV/2.0,7.0,7.0711002, 50.000458/
data biashid/ -49.110764, -69.856407, -48.670643,
& -48.36599, -52.745285, -49.013027/
data biasout/ 0.99345559/
data wgthid/ (omitted)/
data wgtout/ (omitted)/
NormV=0.0
do i=1,50
Xin(i)=scale_in(i)*Yin(i)—offset_in(i)
NormV=NormV +Xin(i)*Xin(i)
enddo
NormV=NV(1)*NV(2)*NV(3) / (NV(4)+NormV)
do i=1,50
Xin(i)=NormV*Xin(i)
enddo
Xin(51)=NV(2)-NV(3)*NormV
do i=1,6
Xsum=biashid(i)
do j=1,51
xsum=xsum+wgthid(j,1)*Xin(j)
enddo
hiddenout(i)=1.0/ (1.0+exp(-Xsum))
enddo
firesum=biasout
do i=1,6
firesum=firesum+wgtout(i)*hiddenout(i)
enddo
Yout=offset_out+scale_out*tanh(firesum)
if(firesum .GE. fire_criterion) then
nnmtlpn3="TRUE.
else
nnmtlpn3=FALSE.
endif
return
end
Neural computers on a chip are now available from various
chip suppliers. These chips make use of massively parallel
architecture and allow all of the input data to be processed
simultaneously. The result is that the computation time
required for a pattern to be tested changes from the order of
milliseconds for the case of the microprocessor-implemented
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system to the order of tens to hundreds of microseconds for
the neural computer. With this computational speed, one neu-
ral computer can easily be used for several pattern recognition
implementations simultaneously even during the crash event
including dynamic out-of-position and crash sensing. A dis-
cussion of the structure of such a neural computer can be
found on page 382 of Digital Neural Networks, by Kung, S.
Y., PTR Prentice Hall, Englewood Cliffs, N.J., 1993.

An example of an algorithm produced by such software
after being trained on a crash library created by using data
supplied by an automobile manufacturer for a particular
model vehicle plus additional data created by using the tech-
niques of crash and velocity scaling is illustrated above. In
this case, the network was trained to give a value of 1 for
triggering the airbag and O for not triggering. In the instant
case, this value would depend on the type of gas control
module that is used and in general would vary continuously
from O to 1 with the particular value indicative of the action to
be taken by the gas control module, such as adding more gas
to the airbag.

Examples of neural networks in several forms will be dis-
cussed in more detail below in several sections of this appli-
cation.

1.2 Electronic Crash Sensors

An airbag electronic sensor and diagnostic module (SDM)
is typically mounted at a convenient location in the passenger
compartment such as the transmission tunnel or firewall. FIG.
1 is a view of the front of a passenger compartment 50 of an
automobile with portions cut away and removed, having dual
airbags 51, 52 and an SDM 55 containing a non crush zone
electronic crash sensor and crash forecasting algorithm,
(hereinafter this combination will be referred to as a crash
sensor) comprising one to three accelerometers and zero to
three gyroscopes 56, one or more analog to digital converters
(ADC) 57 and a pattern recognition algorithm contained
within a microprocessor 59, all of which may be mounted on
a single circuit board and electrically coupled to one another
(see FIG. 1A). Alternately, the microprocessor 59 can be a
neural computer.

A tri-axial accelerometer is a device that includes three
accelerometers and measures accelerations in three orthogo-
nal directions that are typically the longitudinal, lateral and
vertical directions, although there are sometimes reasons to
use a different orientation. Such a different orientation can be
useful to remove some of the bias errors in the accelerometers
by, for example, allowing each accelerometer to be partially
influenced by gravity. Also, in some applications, the tri-axial
accelerometer is intentionally rotated relative to the vehicleto
expose different accelerometers to gravity again for accuracy
calibration purposes. An alternate method is to electronically
test the acceleration sensing elements by exposing them to an
electric field and measure their response. Such an accelerom-
eter is called a “testable” accelerometer.

The circuit board of the SDM 55 also optionally contains a
capacitor 61 as a backup power supply, other electronic com-
ponents 58 and various circuitry. The SDM is connected to the
airbags 51, 52 with wires 53 and 54 (shown in dotted lines in
FIG. 1), although a wireless electrical connection is also a
possibility as wireless data transfer has become more reliable.
In this embodiment, the pattern recognition technique used is
a neural network that analyzes data from one, two or three
accelerometers, and optionally up to three gyroscopes, to
determine whether the vehicle is experiencing a crash from
any direction. Alternately, an IMU may be used. If the neural
network determines, e.g., by analysis of a pattern in the sig-
nals emanating from the accelerometer(s) 56 and gyro-
scope(s) 56, that the accident merits deployment of one or



US 8,768,573 B2

7

more protection or restraint systems, such as a seatbelt retrac-
tor, frontal or side airbag, or a movable headrest, it initiates
such deployment and thus constitutes in this regard airbag
deployment initiation means. It also may determine the set-
tings for an airbag inflation/deflation control module which
determines how much gas is to be generated, how fast it is to
be generated, how much should be fed into the airbag, how
much should be dumped to the atmosphere and/or how much
should be permitted to exhaust from the airbag. The particular
method and apparatus for controlling the flows of gas into
and/or out of the airbag will depend on the particular system
design. The controller for any such system will hereinafter be
referred to as the gas control module and is illustrated in FI1G.
1A schematically as 60.

For frontal impacts, for example, a signal is sent through
wires 53 and 54 to initiate deployment of airbags 51 and 52
and to control the gas flow into and/or out of each airbag 51,
52 through the gas control modules (not shown) for each
airbag. The ADC 57 is connected to the acceleration sensor, in
this case the tri-axial accelerometer 56, and converts an ana-
log signal generated by one or more of the accelerometers 56
representative of the acceleration thereof, and thus the
vehicle, into a digital signal. In one embodiment, the ADC 57
may derive the digital signal from the integral of the analog
signal. Naturally, many of the components of the printed
circuit board can be incorporated into an ASIC as is obvious
to those skilled in the art.

The tri-axial accelerometer and/or gyroscopes 56 (or IMU)
are mounted by suitable mounting structure to the vehicle and
can be mounted in a variety of positions to sense, e.g., frontal
impacts, side impacts, rear impacts and/or rollovers. In
another embodiment described below, the microprocessor 59
may include a detection system for detecting when the occu-
pant to be protected by the deployable airbags 51, 52 is
out-of-position and thereupon to suppress deployment
thereof. Also, the detection system may be applied to detect
the presence of a rear-facing child seat positioned on a pas-
senger seat and thereupon to suppress deployment of the
airbag. In each case, the microprocessor or neural computer
59 performs an analysis on signals received from appropriate
sensors and corresponding ADCs. Recent advances in com-
putational theory suggest that a form of computation using
analog data rather than digital data may become viable. One
example is the use of optical correlators for object detection
and identification in the military where the optical signal from
a video scene is converted to its Fourier transform using
diffraction techniques.

The pattern recognition crash sensor described and illus-
trated in FIGS. 1 and 1A is capable of using information from
three accelerometers 56, for example, each measuring accel-
eration from an orthogonal direction. As will be described in
more detail below, other information can also be considered
by the pattern recognition algorithm such as the position of
the occupants, noise, data from anticipatory acoustic, radar,
infrared or other electromagnetic sensors, seat position sen-
sors, seatbelt sensors, speed sensors, gyroscopes or any other
information present in the vehicle which is relevant. Since the
pattern recognition algorithm is trained on data from real
crashes and non-crash events, it can handle data from many
different information sources and sort out what patterns cor-
respond to airbag-required events in a way that is nearly
impossible for an engineer to do. For this reason, a crash
sensor based on neural networks, for example, will invariably
perform better than one devised by engineers. The theory of
neural networks including many examples can be found in
several books onthe subjectincluding: Techniques and Appli-
cation of Neural Networks, edited by Taylor, M. and Lisboa,
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P., Ellis Horwood, West Sussex, England, 1993; Naturally
Intelligent Systems, by Caudill, M. and Butler, C., MIT Press,
Cambridge Mass., 1990; J. M. Zaruda, Introduction to Arti-
ficial Neural Systems, West Publishing Co., N.Y., 1992 and,
Digital Neural Networks, by Kung, S.Y., PTR Prentice Hall,
Englewood Clifts, N.J., 1993, Eberhart, R., Simpson, P. and
Dobbins, R., Computational Intelligence PC Tools, Aca-
demic Press, Inc., 1996, Orlando, Fla. The neural network
pattern recognition technology is one of the most developed
of'pattern recognition technologies. Newer and more efficient
systems are now being developed such as the neural network
system which is being developed by Motorola and is
described in U.S. Pat. Nos. 5,390,136 and 5,517,667. The
neural network will be used here to illustrate one example of
a pattern recognition technology but it is emphasized that this
invention is not limited to neural networks. Rather, the inven-
tion may apply any known pattern recognition technology. A
brief description of the neural network pattern recognition
technology is set forth below.

A diagram of one example of a neural network used for a
crash sensor designed based on the teachings of this invention
is shown in FIG. 2. The process can be programmed to begin
when an event occurs which indicates an abnormal situation
such as the acceleration in the longitudinal direction, for
example, exceeding the acceleration of gravity, or it can take
place continuously depending on the demands on the com-
puter system. The digital acceleration values from the ADC
57 may be pre-processed, for example by filtering, and then
entered successively into nodes 1, 2, 3, . . ., N (this entry
represented by the arrows) and the neural network algorithm
compares the pattern of values on nodes 1 through N with
patterns for which it has been trained. Each of the input nodes
is connected to each of the second layer nodes h-1, . . . h-n,
called the hidden layer, either electrically as in the case of a
neural computer, to be described below, or through math-
ematical functions containing multiplying coefficients called
weights, also described in more detail below. The weights are
determined during the training phase while creating the neu-
ral network as described in detail in the above text references.
At each hidden layer node, a summation occurs of the values
from each of the input layer nodes, which have been operated
on by functions containing the weights, to create a node value.
Similarly, the hidden layer nodes are connected to the output
layer nodes O-1, O-2, . . ., O-n, which can be only a single
node representing the control parameter to be sent to the gas
control module, for example. If this value exceeds a certain
threshold, the gas control module initiates deployment of the
airbag.

During the training phase, an output node value is assigned
for every setting of the gas control module corresponding to
the desired gas flow for that particular crash as it has occurred
ata particular point in time. As the crash progresses and more
acceleration values appear on the input nodes, the value of the
output node may change. In this manner, as long as the crash
is approximately represented in the training set, the gas flow
can be varied at each one or two milliseconds depending on
the system design to optimally match the quantity of gas in the
airbag to the crash as it is occurring. Similarly, if an occupant
sensor and a weight sensor are present, that information can
additionally be fed into a set of input nodes so that the gas
module can optimize the quantity of gas in the airbag taking
into account both the crash deceleration and also the position,
velocity, size and/or weight of the occupant to optimally
deploy the airbag to minimize airbag induced injuries and
maximize the protection to the occupant. Details of the man-
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ner in which a neural network process operates and is trained
are described in above-referenced texts and will not be pre-
sented in detail here.

A time step, such as two milliseconds, is selected as the
period in which the ADC pre-processes the output from the
accelerometers and feeds data to input node 1. Thus, using
this time step, at time equal to 2 milliseconds from the start of
the process, node 1 contains a value obtained from the ADC
and the remaining input nodes have a random value or a value
of 0. At time equal 4 milliseconds, the value that was on node
1 is transferred to node 2 (or the node numbering scheme is
advanced) and a new value from the ADC is fed into node 1.
In a similar manner, data continues to be fed from the ADC to
node 1 and the data on node 1 is transferred to node 2 whose
previous value was transferred to node 3 etc. The actual
transfer of data to different memory locations need not take
place but only a redefinition of the location that the neural
network should find the data for node 1. For one preferred
embodiment of this invention, a total of one hundred input
nodes were used representing two hundred milliseconds of
acceleration data At each step, the neural network is evaluated
and if the value at the output node exceeds some value such as
0.5, then the airbags are deployed by the remainder of the
electronic circuit. In this manner, the system does not need to
know when the crash begins, that is, there is no need for a
separate sensor to determine the start of the crash or of a
particular algorithm operating on the acceleration data to
make that determination.

In the example above, one hundred input nodes were used,
along with twelve hidden layer nodes and one output layer
node. Accelerations from only the longitudinal direction were
considered. If other data such as accelerations from the ver-
tical or lateral directions or the output from a number of
gyroscopes were also used, then the number of input layer
nodes would increase. If the neural network is to be used for
sensing rear impacts, or side impacts, 2 or 3 output nodes
might be used, one for each gas control module, headrest
control module etc. Alternately, combination, modular or
even separate neural networks can be used. The theory for
determining the complexity of a neural network for a particu-
lar application is the subject of many technical papers and will
not be presented in detail here. Determining the requisite
complexity for the example presented herein can be accom-
plished by those skilled in the art of neural network design
and is discussed briefly below. In another implementation, the
integral of the acceleration data is used and it has been found
that the number of input nodes can be significantly reduced in
this manner

The neural network described above defines a method of
sensing a crash and determining whether to begin inflating a
deployable occupant protection device, and at what rate, and
comprises:

(a) obtaining one or more acceleration signals from one or
more accelerometers mounted on a vehicle;

(b) converting the acceleration signal(s) into a digital time
series which may include pre-processing of the data;

(c) entering the digital time series data into the input nodes
of a neural network;

(d) performing a mathematical operation on the data from
each of the input nodes and inputting the operated-on data
into a second series of nodes wherein the operation performed
on each of the input node data prior to inputting the operated
on value to a second series node is different from that opera-
tion performed on some other input node data;

(e) combining the operated-on data from all of the input
nodes into each second series node to form a value at each
second series node;
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() performing a mathematical operation on each of the
values on the second series of nodes and inputting the oper-
ated-on data into an output series of nodes wherein the opera-
tion performed on each of the second series node data prior to
inputting the operated on value to an output series node is
different from that operation performed on some other second
series node data;

(g) combining the operated on data from all of the second
series nodes into each output series node to form a value at
each output series node; and,

(h) initiating gas flow into an airbag if the value on one
output series node is within a selected range signifying that a
crash requiring the deployment of an airbag is underway; and

(1) causing the amount of gas flow into or out of the airbag
to depend on the value on that one output series node.

The particular neural network described and illustrated
above contains a single series of hidden layer nodes. In some
network designs, more than one hidden layer is used although
only rarely will more than two such layers appear. There are
of course many other variations of the neural network archi-
tecture illustrated above which appear in the literature.

The implementation of neural networks can have at least
two forms, an algorithm programmed on a digital micropro-
cessor or in a neural computer. Neural computer chips are
now available and neural computers can be incorporated into
ASIC designs. As more advanced pattern recognition tech-
niques are developed, specially designed chips can be
expected to be developed for these techniques as well.

FIG. 3 provides the results of a neural network pattern
recognition algorithm, as presented in U.S. Pat. No. 5,684,
701 referenced above, for use as a single point crash sensor.
The results are presented for a matrix of crashes created
according to the velocity and crash scaling techniques pre-
sented in the above-referenced papers (1-13). The table con-
tains the results for different impact velocities (vertical col-
umn) and different crash durations (horizontal row). The
results presented for each combination of impact velocity and
crash duration consist of the displacement of an unrestrained
occupant at the time that airbag deployment is initiated and 30
milliseconds later. This is presented here as an example of the
superb results obtained from the use of a neural network crash
sensor that forms a basis of the instant invention. In FIG. 3, the
success of the sensor in predicting that the velocity change of
the accident will exceed a threshold value is demonstrated. In
the instant invention, this capability is extended to where the
particular severity of the accident is (indirectly) determined
and then used to set the flow of gas into and/or out of the
airbag to optimize the airbag system for the occupant and the
crash severity.

Airbags have traditionally been designed based on the
assumption that 30 milliseconds of deployment time is avail-
able before the occupant, as represented by an unbelted
dummy corresponding to the average male, has moved five
inches. An occupant can be seriously injured or even killed by
the deployment of the airbag if he or she is too close to the
airbag when it deploys and in fact many people, particularly
children and small adults, have now beenkilled in this manner
It is known that this is particularly serious when the occupant
is leaning against the airbag when it deploys which corre-
sponds to about 12 inches of motion for the average male
occupant, and it is also known that he will be uninjured by the
deploying airbag when he has moved less than 5 inches when
the airbag is completely deployed. These dimensions are
based on the dummy that represents the average male, the
so-called 50% male dummy, sitting in the mid-seating posi-
tion.
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The threshold for significant injury is thus somewhere in
between these two points and thus for the purposes of this
table, two benchmarks have been selected as being approxi-
mations of the threshold of significant injury. These bench-
marks are, based on the motion of an unrestrained occupant,
(1) if the occupant has already moved 5 inches at the time that
deployment is initiated, and (ii) if the occupant has moved 12
inches by the time that the airbag is fully deployed. Both
benchmarks really mean that the occupant will be signifi-
cantly interacting with the airbag as it is deploying. Other
benchmarks could of course be used; however, it is believed
that these two benchmarks are reasonable lacking a signifi-
cant number of test results to demonstrate otherwise, at least
for the 50% male dummy.

The tables shown in FIGS. 3 and 4, therefore, provide data
as to the displacement of the occupant relative to the airbag at
the time that deployment is initiated and 30 milliseconds later.
If the first number is greater than 5 inches or the second
number greater than 12 inches, itis assumed that there is a risk
of significant injury and thus the sensor has failed to trigger
the airbag in time. For these cases, the cell in the table has
been shaded. As can be seen in FIG. 3, which represents the
neural network crash sensor designed according to the teach-
ings of this invention, none of the cells are shaded so the
performance of the sensor is considered excellent.

The table shown in FIG. 4 represents a model of a single
point crash sensor used on several production vehicle models
in use today. In fact, it was designed to be optimized for the
crashes shown in the table. As shown in FIG. 4, the sensor
fails to provide timely airbag deployment in a significant
percentage of the crashes represented in the table. Since that
sensor was developed, several manufacturers have developed
crash sensor algorithms by trial and error that probably per-
form better than that which would provide the results shown
in FIG. 4. It is not possible to ascertain the success of these
improved sensors since the algorithms are considered propri-
etary. Note, the figures used including the 50% male, 30
milliseconds and travel distances of 5 and 12 inches are
assumptions and simplifications that are not necessary once
occupant sensors are installed in vehicles.

One additional feature, which results from the use of the
neural network crash sensor of this invention, is that at the
time the decision is made to deploy the airbag and even for as
long afterward as the sensor is allowed to run, in the above
example, 200 milliseconds of crash data is stored in the net-
work input nodes. This provides a sort of “black box™ which
can be used later to accurately determine the severity of the
crash as well as the position of the occupant at the time of the
crash. If some intermediate occupant positions are desired,
they could be stored on a separate non-volatile memory.

Above, the sensing of frontal impacts has been discussed
using a neural network derived algorithm. A similar system
can be derived for rear and side impacts especially if an
anticipatory sensor is available as will be discussed below. An
IMU located at a single location in a vehicle can do an excel-
lent job of monitoring the motions of the vehicle that could
lead to accidents including pre-crash braking, excessive yaw
or pitching or roll which could lead to a rollover event. If the
vehicle also has a GPS system, then the differential motion of
the vehicle over a period of one second as measured by the
GPS can be used to calibrate the IMU eliminating all signifi-
cant errors. This is done using a Kalman filter. If a DGPS
system is also available along with an accurate map, then the
vehicle will also know its precise position within centimeters.
This however is not necessary for calibrating and thereby
significantly improving the accuracy of the IMU and thus the
vehicle motion can be known approximately 100 times better
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than systems that do notuse such a GPS-calibrated IMU. This
greatly enhances the ability of vehicle systems to avoid skid-
ding, rollover and other out-of-control situations that fre-
quently lead to accidents, injuries and death. This combina-
tion of an inexpensive perhaps MEMS-based IMU with GPS
and a Kalman filter has previously not been applied to a
vehicle for safety and vehicle control purposes although the
concept has been used with a DGPS system for farm tractors
for precision farming.

With an accurate IMU, as mentioned above, the weight of
a variably loaded vehicle can be determined and sent by
telematics to a weigh station thereby eliminating the need for
the vehicle to stop and be weighed.

Such an accurate IMU can also be used to determine the
inertial properties of a variably loaded vehicle such as a truck
or trailer. In this case, the IMU output can be analyzed by
appropriate equations of a neural network, and with assumed
statistical road properties plus perhaps some calibration for a
particular vehicle, to give the center of mass of the vehicle as
well as its load and moments of inertia. With this knowledge
plus even a crude digital map, a driver can be forewarned that
he might wish to slow down due to an upcoming curve. If
telematics are added, then the road properties can be auto-
matically accumulated at an appropriate off-vehicle location
and the nature of the road under all weather conditions can be
made available to trucks traveling the road to minimize the
chance of accidents. This information plus the output of the
IMU can significantly reduce truck accidents. The informa-
tion can also be made available to passing automobiles to
warn them of impending potential problems. Similarly, if a
vehicle is not behaving appropriately based on the known
road geometry, for example if the driver is wandering off the
road, traveling at an excessive speed for conditions or gener-
ally driving in an unsafe manner, the off-vehicle site can be
made aware of the fact and remedial action taken.

There are many ways to utilize one or more IMUs to
improve vehicle safety and in particular to prevent rollovers,
out-of-control skidding, jack-knifing etc. In a simple imple-
mentation, a single IMU is placed at an appropriate location
such as the roof of a truck or trailer and used to monitor the
motion over time of the truck or trailer. Based on the assump-
tion that the road introduces certain statistically determinable
disturbances into the vehicle, such monitoring over time can
give a good idea of the mass of the vehicle, the load distribu-
tion and its moments of inertia. It can also give some idea as
to the coefficient of friction on the tires against the roadway.
If there is also one or more IMUs located on the vehicle axle
or other appropriate location that moves with the wheels, then
a driving function of disturbances to the vehicle can also be
known leading to a very accurate determination of the param-
eters listed above especially if both a front and rear axle are so
equipped. This need not be prohibitively expensive as IMUs
are expected to break the $100 per unit level in the next few
years.

As mentioned above, if accurate maps of information from
other vehicles are available, the IMUs on the axles may not be
necessary as the driving function would be available from
such sources. Over the life of the vehicle, it would undoubt-
edly be driven empty and full to capacity so that if an adaptive
neural network is available, the system can gradually be
trained to quickly determine the vehicle’s inertial properties
when the load or load distribution is changed. It can also be
trained to recognize some potentially dangerous situations
such as loads that have become lost resulting in cargo that
shifts during travel.

If GPS is not available, then a terrain map can also be used
to provide some corrections to the IMU. By following the
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motion of the vehicle compared with the known geometry of
the road, a crude deviation can be determined and used to
correct IMU errors. For example, if the beginning and end of
a stretch of a road is known and compared with the integrated
output of the IMU, then corrections to the IMU can be made.

The MEMS gyroscopes used in a typical IMU are usually
vibrating tuning forks or similar objects. Another technology
developed by the Sciras Company of Anaheim, Calif., (The
USCIRAS multisensor, a Coriolis Vibratory Gyro and Accel-
erometer IMU) makes use of a vibrating accelerometer and
shows promise of making a low cost gyroscope with
improved accuracy. A preferred IMU is described in U.S. Pat.
No. 4,711,125. One disclosed embodiment of a side impact
crash sensor for a vehicle in accordance with the invention
comprises a housing, a mass within the housing movable
relative to the housing in response to accelerations of the
housing, and structure responsive to the motion of the mass
upon acceleration of the housing in excess of a predetermined
threshold value for controlling an occupant protection appa-
ratus. The housing is mounted by an appropriate mechanism
in such a position and a direction as to sense an impact into a
side of the vehicle. The sensor may be an electronic sensor
arranged to generate a signal representative of the movement
of'the mass and optionally comprise a microprocessor and an
algorithm for determining whether the movement over time
of the mass as processed by the algorithm results in a calcu-
lated value thatis in excess of the threshold value based on the
signal. In the alternative, the mass may constitute part of an
accelerometer, i.e., a micro-machined acceleration sensing
mass. The accelerometer could include a piezo-electric ele-
ment for generating a signal representative of the movement
of the mass.

An embodiment of a side impact airbag system for a
vehicle in accordance with an invention herein comprises an
airbag housing defining an interior space, one or more inflat-
able airbags arranged in the interior space of the system
housing such that when inflating, the airbag(s) is/are expelled
from the airbag housing into the passenger compartment
(along the side of the passenger compartment), and an inflator
mechanism for inflating the airbag(s). The inflator mecha-
nism may comprise an inflator housing containing propellant.
The airbag system also includes a crash sensor as described
above for controlling inflation of the airbag(s) via the inflator
mechanism upon a determination of a crash requiring infla-
tion thereof, e.g., a crash into the side of the vehicle along
which the airbag(s) is/are situated. The crash sensor may thus
comprise a sensor housing arranged within the airbag hous-
ing, external of the airbag housing, proximate to the airbag
housing and/or mounted on the airbag housing, and a sensing
mass arranged in the sensor housing to move relative to the
sensor housing in response to accelerations of the sensor
housing resulting from, e.g., the crash into the side of the
vehicle. Upon movement of the sensing mass in excess of a
threshold value, the crash sensor controls the inflator to inflate
the airbag(s). The threshold value may be the maximum
motion of the sensing mass required to determine that a crash
requiring deployment of the airbag(s) is taking place.

The crash sensor of this embodiment, or as a separate
sensor of another embodiment, may be an electronic sensor
and the movement of the sensing mass may be monitored. The
electronic sensor generates a signal representative of the
movement of the sensing mass that may be monitored and
recorded over time. The electronic sensor may also include a
microprocessor and an algorithm for determining whether the
movement over time of the sensing mass as processed by the
algorithm results in a calculated value that is in excess of the
threshold value based on the signal.
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In some embodiments, the crash sensor also includes an
accelerometer, the sensing mass constituting part ofthe accel-
erometer. For example, the sensing mass may be a micro-
machined acceleration sensing mass in which case, the elec-
tronic sensor includes a micro-processor for determining
whether the movement of the sensing mass over time results
in an algorithmic determined value which is in excess of the
threshold value based on the signal. In the alternative, the
accelerometer includes a piezo-electric element for generat-
ing a signal representative of the movement of the sensing
mass, in which case, the electronic sensor includes a micro-
processor for determining whether the movement of the sens-
ing mass over time results in an algorithmic determined value
which is in excess of the threshold value based on the signal.

1.3 Crash Severity Prediction

In the particular implementation described above, the neu-
ral network could be trained using crash data from approxi-
mately 25 crash and non-crash events. In addition, the tech-
niques of velocity and crash scaling, as described in the
above-referenced technical papers, were used to create a large
library of crashes representing many events not staged by the
automobile manufacturer. The resulting library, it is believed,
represents the vast majority of crash events that occur in real
world accidents for the majority of automobiles. Thus, the
neural network algorithm comes close to the goal of a univer-
sal electronic sensor usable on most if not all automobiles as
further described in U.S. Pat. No. 5,684,701. The results of
this algorithm as reported in the *701 patent for a matrix of
crashes created by the above-mentioned velocity and crash
scaling technique appears in FIGS. 7 and 8 of that patent
(FIGS. 3 and 4 herein). An explanation of the meaning of the
numbers in the table can be found in reference 2 above.

The °701 patent describes the dramatic improvement
achievable through the use of pattern recognition techniques
for determining whether the airbag should be deployed. Such
a determination is really a forecasting that the eventual veloc-
ity change of the vehicle will be above an amount, such as
about 12 mph, which requires airbag deployment. The instant
invention extends this concept to indirectly predict what the
eventual velocity change will in fact be when the occupant,
represented by an unrestrained mass, impacts the airbag. Fur-
thermore, it does so not just at the time that the deployment
decision is required but also, in the preferred implementation,
at all later times until adding or removing additional gas from
the airbag will have no significant injury reducing effect. The
neural network can be trained to predict or extrapolate this
velocity but even that is not entirely sufficient. What is needed
is to determine the flow rate of gas into and/or out of the airbag
to optimize injury reduction which depends not only on the
prediction or extrapolation of the velocity change at a par-
ticular point in time but must take into account the prediction
that was made at an earlier point when the decision was made
to inject a given amount of gas into the airbag. Also, the
timing of when the velocity change will occur is a necessary
parameter since gas is usually not only flowing into but out of
the airbag and both flows must be taken into account. It is thus
unlikely that an algorithm, which will perform well in all real
world crashes, can be mathematically derived.

The neural network solves the problem by considering all
of the acceleration up to the current point in the crash and
therefore knows how much gas has been put into the airbag
and how much has flowed out. It can be seen that even if this
problem could be solved mathematically for all crashes, the
mathematical approach becomes hopeless as soon as the
occupant properties are added.

Once a pattern recognition computer system is imple-
mented in a vehicle, the same system can be used for many
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other pattern recognition functions such as the airbag system
diagnostic. Testing that the pattern of the airbag system dur-
ing the diagnostic test on vehicle startup, as represented by
the proper resistances appearing across the wires to the vari-
ous system components, for example, is an easy task for a
pattern recognition system. The system can thus do all of the
functions of the conventional SDM, sensing and diagnostics,
as well as many others.

1.4 Crush Zone Mounted Sensors

So far electronic sensors mounted in the passenger com-
partment for sensing crashes have been considered. Ithas also
been pointed out that there is insufficient information in the
passenger compartment to sense all crashes in time. The best
place to sense a crash is where it is happening, that is, where
the vehicle is crushing and in this section, crush zone sensing
will be introduced.

Referring now to FIGS. 5-17, a crush zone mounted sensor
constructed in accordance with the teachings of at least one
invention herein for use in sensing frontal impacts is shown
generally at 70 in FIG. 5. The sensor 70 comprises a unitary,
tubular member having two vertical portions 84 and 85, a
lower horizontal portion 86, two upper horizontal portions 87
and 88 and a rearward projecting portion 89. The sensor 70 is
closed at an end 71 of horizontal portion 88, e.g., by welding,
as described below and a header/connector 72 is attached to
the sensor 70 at the end of portion 89.

The sensor 70 is mounted to the front of the vehicle as
shown in FIG. 7 and is constructed of a tube 74 and a centrally
located rod 73 as shown in FIG. 6, which is substantially
coextensive with the tube 74 but normally not in contact
therewith. The sensor 70 functions (for example by initiating
airbag deployment) when it is bent at any position along the
tube 74 with the exception of bent sections or bends 96 which
join the vertical portions 84, 85 to the upper horizontal por-
tions 87, 88, respectively, and where plastic spacers 75 pre-
vent the rod 73 from contacting the tube 74.

When the sensor 70 is bent during a crash, the rod 73,
which is made of an electrically conductive material and thus
electrically conducting, approaches and potentially contacts
the tube 74, which is also made of an electrically conductive
material and thus electrically conducting. In addition to using
the fact that when the rod 73 contacts the tube 74, an accident
of sufficient severity as to require airbag deployment has
occurred, there are other methods of using the rod-in-tube
construction to sense crashes. One approach, for example, is
to use appropriate circuitry to induce an electromagnetic
wave in the tube 74 relative to the rod 73 with a wavelength
what is approximately equivalent to the length of the tube 74.
The wave reflects off of the end of the tube 74, which is
connected to the rod 73 though an impedance device, typi-
cally a resistor.

If the impedance between the tube 74 and rod 73 changes
along its length such as would happen if the tube 74 were bent
or crushed, a reflection from the lower impedance point also
occurs and by comparing the phase with the wave reflected off
of'the end of the tube 74, the location of the lower impedance
point can be determined. By comparing the magnitudes of the
intermediate reflected waves over time, the rate of change in
the impedance can be determined and an estimate of the crush
velocity obtained. Alternately, the time that the initial inter-
mediate reflection first occurred can be noted and the time
when the tube 74 contacts the rod 73 can also be noted and the
difference divided into the deflection required to cause rod-
to-tube contact at that particular location providing a measure
of the crush velocity.

If this crush velocity is above the threshold for airbag
deployment as determined by a processor (not shown) which
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is coupled to the header/connector 72 (and in a circuit with the
rod 73 and tube 74), the airbag coupled to the processor can be
deployed. If the sensor 70 is mounted far forward in the crush
zone, then it will provide an early measurement of the crash
velocity providing an earlier deployment decision than prior
art velocity change sensors that are located on the crush zone
boundary.

The shape of the sensor 70 shown in FIG. 5 or its rod-in-
tube construction is not limiting and is shown for illustration
purposes only. For the same vehicle shown in FIG. 7, other
shapes of sensors may be used and for a vehicle with a
different front end, the sensor may take any form sufficient to
enable it to perform the desired functions, as described
herein.

The rod 73 is maintained in a central location within the
tube 74 as illustrated in FIG. 6 by means of the substantially
cylindrical spacers 75 that are placed at each of the bends 96
in the tube 74 and, in one preferred embodiment, in the center
of the lower horizontal portion 86 as shown in FIG. 6. The
spacers 75 are made from an electrically non-conductive
material, such as plastic or other suitable flexible material
such as rubber, thus preventing the completion of the electric
circuit through the spacers 75.

Although in the preferred embodiment shown in FIG. 5,
spacers 75 are only placed in the bends 96 and at the center of
the horizontal portion 86, in other embodiments, spacers 75
can be placed arbitrarily along the length of the sensor 70 in
order to adjust the sensitivity of the sensor 70 to particular
crash events. The effect of the spacers 75 is dramatic. The
deflection required to cause electrical contact in the sensor at
the center of the lower horizontal portion 86 is approximately
0.1 inches if the spacer 75 is not present, and greater than 1
inch if the spacer 75 is present.

Also, the tubular form of the sensor 70 is only a preferred
embodiment, and it may have other cross-sectional forms,
e.g., rectangular, oval or polygonal, depending on the particu-
lar need while the spacers 75 similarly are constructed to
substantially conform to the interior shape of the sensor 70.
The variable positioning of the spacers 75 provides the advan-
tage of the selective sensitivity of the sensor 70 to crashes in
specific areas along the length of the sensor 70. As shown, the
spacers 75 extend circumferentially about the rod 73 only at
discrete locations in the tube 74 so that entire circumferential
portions of the rod 73 are spaced from the tube 74. When a
coaxial cable is used as described below, spacers are not
required as the entire space between the center and outer
conductors is filled with dielectric material.

Although spacers 75 are shown to prevent electrical
engagement of the rod 73 and the tube 74, other spacing
mechanism may also be provided to achieve the same func-
tion.

The crush velocity sensor of this invention is shown
mounted on a vehicle in FIG. 7 where a substantial portion of
the vehicle has been removed to better illustrate how the
sensor 70 is mounted. In the configuration in FIG. 7, the
rearward portion 89 of the sensor 70 has been eliminated and
the sensor 70 extends only toward the outside of the vehicle.
The vehicle structure shown consists of an upper radiator
support 81, two vertical radiator supports 82 and a lower
radiator support 83. The two vertical radiator supports 82 and
the lower radiator support 83 are attached to rails 90 which are
the structures of the vehicle that support the front end.

A bumper structure 80 (of a particular vehicle) but not the
bumper plastic cover is also illustrated in FIG. 7. The crush
velocity sensor 70 in accordance with the invention is
attached to the upper radiator support 81 by attachment struc-
ture, e.g., conventional hardware 76 and 77, and to the lower
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radiator support 83 by attachment structure, e.g., conven-
tional hardware 78 and 79. Hardware elements 76, 77, 78, 79
are clamps having two holes for enabling a screw or nail to
connect the clamps to the radiator supports. Obviously, any
attachment structure is suitable for these purposes. Note that
this arrangement is the furthermost to the rear of the vehicle
that such a frontal impact sensor can be located. Generally, it
will be located more forward in the crush zone.

During a frontal impact with either a barrier or another
vehicle, for example, bumper structure 80 is displaced toward
the rear of the vehicle relative to the radiator supports 81, 82,
83 of the vehicle to a position where it impacts the vertical
portions 84 and 85 of the crush sensor 70, which are mounted
s0 as to be spaced away by attachments 76-79 and thereby not
in contact with the vehicle. This sequence is illustrated in
FIGS. 7A and 7B which are views taken along lines 7A-7A of
FIG. 7. Upon impact with sensor vertical portion 85, bumper
structure 80 causes the rod and tube assembly of sensor 70,
and at least vertical portions 84, 85, to bend which in turn
causes the rod 73 to move relatively closer to the inside of the
tube 74, at locations 91, 92, 93, and 94, which can be mea-
sured by the change in impedance as is known to those skilled
in the art. This is known as time domain reflectometry.

By measuring this change in impedance over time, an
estimate of the crash velocity can be made. Alternately, by
timing the interval from the first change in impedance until
contact between the rod 73 and tube 74, the velocity can be
determined and if above a threshold, the airbag can be
deployed. Although in this case four contacts are made
between the rod 73 and the tube 74, they will not occur
simultaneously and thus the crush velocity can be determined
based on the first occurrence. In this manner, any crash that
causes the bumper structure 80 to be displaced toward the rear
of'the vehicle will permit the crash velocity to be determined.

A key advantage of the sensor in accordance with this
invention is that it operates on bending. During a crash, the
impact to a particular point in or on the vehicle cannot be
guaranteed but the fact that a line across the front, side or rear
of'the vehicle will not remain straight can almost assuredly be
guaranteed. Therefore, a sensor that is long and narrow and
responds to bending will be highly reliable in permitting the
crash velocity to be determined even in the most unusual
crashes.

The sensor 70 in accordance with the invention can be
designed to cover a significant distance across the vehicle as
well as along both sides back almost to the B-pillar that
increases the probability that it will be struck by crushed
material and bent as the crush zone propagates in the vehicle
during a crash. At the same time, the sensor 70 can be small so
that it can be located in a position to sense the fact that one part
of'the vehicle has moved relative to some other part or that the
structure on which the sensor 70 is mounted has deformed. In
this regard, sensor 70 may be positioned at the rear of the
crush zone of the vehicle but for reflectometry measurements
it is most appropriately positioned as far forward in the
vehicle as practical.

The particular implementation of the rod-in-tube is for
illustration purposes only and many other technologies exist
that permit the velocity change of a portion of an elongate
sensor due to a crash to be determined and thereby the local
velocity change of a part of a vehicle. Such alternate tech-
nologies include the use of distributed piezoelectric materials
to measure local crush, and distributed accelerometers that
are attached by rigid structures or arms that transfer the accel-
eration to accelerometers.

Not all crashes involve the bumper and in a survey of
crashed vehicles (see SAE Paper No. 930650 (8)), as many as
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about 30% of the surveyed vehicles were involved in crashes
where the bumper was not primarily involved. A typical crash
of this type involves a vehicle that is braking and therefore
pitching forward which lowers the front bumper and raises
the rear bumper. If this first vehicle is struck in the rear by
another, second vehicle which is similarly pitching, the sec-
ond striking vehicle can impact the first struck vehicle with
the front bumper of the second striking vehicle riding under-
neath the rear bumper of the first struck vehicle. In this case,
the bumper of the first struck vehicle will impact the grill and
radiator of the second striking vehicle and displace the verti-
cal portions 84 and 85 of the crush switch sensor in accor-
dance with this invention. As such, the crash velocity can be
determined and the airbag deployed. The under-ride problem
is compounded by the recent increase in the number of SUVs
and pickup trucks which tend to have higher bumpers.

When the bumper structure 80 is involved in an accident, it
generally maintains its structural shape until it begins impact-
ing the radiator and other vehicular structures behind the
radiator. This is after it has impacted the sensor 70. Since the
bumper structure 80 has not yet deformed when it strikes the
sensor 70, the sensor 70 senses the crush of the vehicle
equivalent to the distance between the rear of the bumper
structure 80 and the sensor 70, plus the amount of sensor
deflection required to deform the sensor 70 and change its
properties such as its impedance.

If the bumper structure 80 is not primarily involved in the
accident, the amount of penetration into the vehicle required
to activate the sensor 70, measured from the front of the
bumper structure 80, will be greater by the amount of the
thickness of the bumper structure 80. In this manner, the
sensor system requires greater penetration into the vehicle in
bumper underride crashes. This results in a longer sensing
time which is desired when the sensor 70 is acting as a switch
since such crashes are softer than those crashes which involve
the bumper and therefore there is more time available before
deployment of the airbag is required. On the other hand, for
crash velocity sensors, it is desirable that the sensor be as far
forward as practical since the sensor functions by measuring
the velocity of the crash and not the crush. Sensor 70 can be
designed to act in both capacities, as a velocity measuring
device and as a crush measuring device, at the expense of
somewhat later triggering.

In some cases, it is necessary to further desensitize the
sensor to bumper underride type crashes to make the sensor
less sensitive to deer impacts, for example. Every year in the
U.S. there are more than 300,000 impacts with deer and in
most cases, airbag deployment is not needed. Some currently
used sensor systems, however, can cause the airbag to deploy
on deer impacts. When impacted at high speeds, the crash
pulse in the non-crush zone can be similar to the crash pulse
from a barrier crash up to the time that the decision must be
made to deploy the airbag. In such cases, electronic sensors
operating on the non-crush zone crash pulse will determine
that the airbag deployment is required. Currently used crush
zone sensors may be mounted above the bumper and project
outward from brackets attached to the upper radiator support.
These sensors are impacted by a deer even at lower speeds and
experience a velocity change sufficient to cause deployment
of the airbag.

Crush velocity sensors in accordance with this invention,
however, can be desensitized in a manner such as shown in
FIG. 8 so as to render it insensitive to deer impacts (or impacts
with other large animals) In this case, a section designated at
95, of at least the vertical portion 84 ofthe sensor 70, has been
displaced rearward to render it less sensitive to deer impacts.
Section 95 is substantially U-shaped. Vertical portion 84 and
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horizontal portion 86 can also be constructed with a rear-
wardly displaced portion to thereby enable adjustment of the
degree of sensitivity of the sensor 70.

Approximately 2% of frontal crashes involve impacts to
the vehicle below the bumper. In a typical case, a vehicle
impacts with a large stone, tree stump or short or low pole that
miss the bumper. This type of accident is expected to become
more common since in order to make vehicles more aerody-
namic, vehicle hoods have been made lower and the radiators
have also been lowered until as much as one-third of the
radiator now projects below the lower edge of the bumper. An
impact with a short pole or curb 97 such as shown in FIG. 9
where the pole 97 interacts with the lower portion of the
radiator, can result in an airbag-required crash which will not
be properly sensed by some sensor technologies, e.g., ball-
in-tube based crush zone sensors. These crush zone sensors
are typically mounted above the bumper and therefore would
not be in the crush zone for this kind of a crash causing them
to trigger on the non-crush zone crash pulse resulting in a late
deployment of the airbag.

The preferred embodiment of the crush switch sensor of
this invention shown in FIG. 9, on the other hand, stretches
across the front of the vehicle and will trigger thereby causing
the airbag to deploy in time for these crashes.

About the most common of all real-world airbag crashes
involve impacts with poles. Pole impacts are some of the most
difficult crashes to sense properly with current airbag sensor
technology. Poles that can require airbag deployment vary in
diameter from as little as about 4 inches to greater than about
24 inches. They involve such objects as fence posts, light
poles, trees and telephone poles that are the most common
obstacles found along the sides of roads. An impact into a pole
at any position along the front of the vehicle can result in a
serious accident requiring deployment of the airbag. The
stiffness ofthe vehicle, however, varies significantly from one
part of the front to the other. For most vehicles, the center
front is the softest part of the vehicle, and the rails are the
stiffest. In a typical accident, the bumper will buckle around
a pole resulting in a soft crash pulse until the pole penetrates
sufficiently into the vehicle that it begins to engage major
structural members or the engine at which time, the pulse
becomes very stiff. This type of crash pulse is particularly
difficult for non-crush zone sensors to sense properly.

Pole crashes are typically staged by automobile manufac-
turers during their airbag development programs, but they are
limited in scope. They typically involve large poles that are
one foot or more in diameter and are usually run at high
speeds. It has been found, however, that thin poles at low
speeds are much more difficult to enable proper sensing for
airbag deployment than thick poles at high speeds. They are
also much more common in the real world. Non-crush zone
sensors have a particularly difficult time in sensing pole
crashes especially those involving thin poles at low velocities,
since the crash pulse is very soft until it is too late to initiate
airbag deployment. Conventional crush zone sensors, such as
the ball-in-tube sensors, function properly as long as the
sensor is located in-line with the impact point of the pole.
When this is not the case, and especially when the impact
speed is low, these sensors can fail.

A particular case, for example, involved a vehicle that has
three ball-in-tube sensors mounted in the crush zone, one
center-mounted and one on each side approximately in line
with the rails. This vehicle impacted a pole at approximately
15 miles per hour at a point midway between the front center
and side sensors. An examination of the vehicle showed that
there was no crush at either of the sensor locations. In this
case, the sensors triggered the airbag late based on the non-
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crush zone crash pulse as described in U.S. Pat. No. 4,900,
880. Before the airbag deployed, the occupant had already
impacted with the steering wheel and although conscious
after the accident, later died from internal injuries.

The crush velocity disclosed here, in the embodiment illus-
trated in FIG. 7, would have measured the crash velocity and
caused the airbag to deploy in time for this and all other pole
impacts since it stretches substantially across the entire front
of'the vehicle, i.e., from one side of the vehicle to the opposite
side of the vehicle. Of course, the sensor 70 may be designed
to stretch across only a portion of the front of the vehicle in
which case, it would be beneficial but not required to use
multiple sensors. The sensor 70 could also be designed to
stretch across a portion of or all of the rear of the vehicle or
along a portion of or the entire side of the vehicle (as dis-
cussed below).

In a small but significant percentage of automobile crashes
(less than about 2%), the point of impact is outside of the main
vehicle supporting structure, that is typically the rails. In a
common accident, a vehicle impacts a pole at approximately
the location of the headlights at a slight angle and the pole
penetrates into the vehicle with little resistance until it
encounters the front wheel structure at which point the
vehicle rapidly stops. This crash cannot be properly sensed by
most, if not all, conventional airbag sensor system in use
today. Electronic non-crush zone mounted sensors will either
trigger late or not at all due to the very soft nature of this crash
up to the point where the pole impacts the wheel structure,
which is too late.

Since conventional crush zone sensors are usually mounted
inside of the rail structure, they are not in the crush zone for
this crash, which is usually exterior of the rail structure. They
also, therefore, would either not trigger or trigger late. The
crush sensor as shown FIG. 7 projects only slightly beyond
the rail structure and therefore could also miss this type of
crash. The extension of the upper horizontal portions 87 and
88, however, will permit the crush sensing sensor to sense this
type of crash. These extensions would trigger the deployment
of the airbag in this pole crash and other airbag desired
crashes outside of the rail structure. This crash is a soft crash
and therefore there will be substantial penetration before the
sensor must trigger. The upper horizontal portions 87 and 88
therefore could be angled toward the rear in the vehicle to
adjust the penetration required for the sensor to trigger. Alter-
nately, the crush velocity sensor of this embodiment of the
invention can extend along the entire side on the vehicle
almost to the B-pillar and thus can sense this crash. A crush
switch sensor, on the other hand, would be too sensitive if
placed adjacent the side of the vehicle. By measuring the
crash velocity, as is done in the sensor of this embodiment of
the invention, this is not a problem and the sensor can be
placed as close as practical to the exterior surfaces of the
vehicle.

In order for current technology crush zone sensors to sense
crashes outside of the rails in time, additional sensors would
have to be placed outboard of the rails. As mentioned above,
even three sensors are insufficient to catch all pole crashes to
the front of the vehicle, such as the low pole crash described
above, and when bumper override crashes are considered,
additional sensors are required. A primary advantage of the
crush or crush velocity sensors of these embodiments of the
invention is that a single sensor can be used to sense crashes
to all portions ofthe front and most portions of the sides of the
vehicle. To achieve the equivalent coverage using conven-
tional sensors would require at least five and probably more
sensors. The manufacturing cost of a sensor described in this
embodiment of the invention is about equivalent to the manu-
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facturing cost of a single ball-in-tube crush zone sensor.
Therefore, in addition to the substantial performance advan-
tage, there is also a substantial cost advantage in using the
sensor described herein.

In addition, a significant cost in a sensor system is the cost
of the wires to connect each sensor to the remainder of the
airbag system. It is typical for a wire and connector assembly
plus the cost of insulation to be as much as half of the cost of
the sensor itself. In sensors described herein, a single wire
assembly is all that is required to connect the sensor to the
airbag system. It would also be possible to wirelessly connect
the sensor assembly to the airbag system. With conventional
crush zone sensors, a separate wire assembly is needed for
each sensor. Finally, in order to minimize the possibility of the
conventional crush zone sensor from rotating during angle
crashes, for example, the mounting structure, typically the
upper radiator support, is frequently strengthened to provide
a more rigid mounting structure for the sensor. This modifi-
cation to the vehicle structure is not required for sensors
described herein and therefore additional cost savings result.
To be able to measure the velocity change of the crash, addi-
tional electronics are required that will increase the cost of the
sensor of this embodiment of the invention compared to a
pure crush switch crash sensor.

As discussed above, and in several of the cited references
on sensing side impacts, crush sensing alone is not the best
technical solution for sensing side impacts. In spite of this
fact, Volvo has marketed a side impact airbag protection
system where the sensor is a crush sensing sensor, although it
is a point sensor and not a rod-in-tube geometry. In the event
that other automobile manufacturers choose this approach,
the rod-in-tube crush sensor described herein can be used as
shown in FIG. 10 which is a side view of the sensor of this
invention shown mounted on a vehicle to sense side impacts.
One advantage of the rod-in-tube sensor is that it can cover a
large area of potential crash sites at little additional cost.
Thus, a single sensor can stretch along the entire door in
whatever shape desired, e.g., linearly as shown at 98 in a
position substantially parallel to the door panel. Thus, the
sensor 98 would measure the crush velocity upon impact at
any location along the door. This solves a potential problem
with the Volvo system that requires that the crash take place at
a particular location for the airbag to be deployed.

In addition, sensors could extend across the side panels of
the vehicle and not only across the doors. Such a sensor can
also be used for rear impacts.

The use of a rod-in-tube sensor for side impacts as well as
one for frontal impacts is particularly attractive since it can be
easily attached to the same diagnostic module. Thus, the same
Diagnostic and Energy Reserve Module (DERM) can be used
for frontal, side and even rear impacts. A particularly eco-
nomical system results if these sensors are used for the entire
vehicle permitting a simple electronic diagnostic system to be
used, in contrast to the complicated microprocessor-based
systems now in use. Thus, superior protection for the entire
vehicle for crashes from any direction can be obtained at a
substantial cost reduction over currently used electronic sys-
tems.

Some of the objections for use of a crush sensing sensor for
side impact are overcome by the use of the sensor to measure
the crash velocity rather than pure crush. A pure crush sensor
is prone to inadvertent triggering since the amount of crush in
side impacts cannot be used as a measure of impact velocity
due to the short triggering time requirement. Use ofthe sensor
of this embodiment of the invention in conjunction with an
electronic sensor for side impacts will be discussed in detail
below.
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The application of the sensor of this embodiment of the
invention for rear impacts is in theory and practice similar to
that for frontal impacts. In contrast to frontal impacts, there is
not yet universal agreement as to the velocity change at which
the deployment of a headrest-mounted airbag is needed.
Many whiplash injuries occur at very low velocity changes, as
low as about 5 mph. The replacement cost for such an airbag
will be substantially less than for frontal impact airbags,
consequently the deployment velocity could be made lower.
On the other hand, if the headrest is properly positioned, only
high velocity impacts would require airbag deployment. It is
important to keep in mind that whiplash injuries are the most
expensive group of automobile injuries even though they are
usually not life-threatening. Any airbag in the headrest can
cause more injury than help due to the proximity of the
occupant’s head to the headrest.

Thus, it is conceivable that the threshold velocity can be
determined as a function of the position of the headrest. The
position of the headrest may be determined by a sensor sys-
tem and then a processor coupled to the sensor system and to
the rear impact sensor would factor in the position of the
headrest when determining an appropriate threshold velocity
above which the airbag should be deployed.

The choice of the marginal deployment velocity signifi-
cantly impacts the location of the rod-in-tube crush switch
sensor but has much less effect on the crush velocity sensor of
this invention. Also, the rear end sections of automobiles
differ substantially in their structure, stiffness, and suitable
sensor mounting locations. In some vehicles, the optimal
sensor mounting location will be in the trunk lid. In others,
especially if low velocity impacts are to be sensed, a location
behind the bumper is appropriate. In many vehicles, the
proper location for a crush switch sensor is in the middle of
the trunk volume, an impractical place to mount any sensor.
For the crush velocity sensor of this embodiment of the inven-
tion, on the other hand, this is not a problem and the sensor can
be mounted at a more convenient rearward location.

Due to this wide variability in sensor strategies and result-
ing sensor locations and geometries, FIG. 11 illustrates a
general sensor 99 arbitrarily mounted to the rear of the vehicle
to sense rear impacts, and as shown, in a position extending
across substantially the entire width of the rear of the vehicle.
Portions of the vehicle are removed to permit viewing of the
sensor 99. The determination of the proper mounting position
and sensor design follows the same strategy illustrated above
and in the cited references. Other sensor designs such as the
ball-in-tube or spring mass sensors such as the rolemite can be
used for sensing rear impacts and the sensing or rear impacts
is not limited to the particular designs disclosed herein.

The environment experienced by a sensor mounted in the
front of the radiator on a vehicle is one of the most severe in
the automobile. In addition to the extremes of temperature
encountered between winter in Alaska and summer in the
Arizona desert, this location is impacted by hail, stones, dust,
dirt, salt water, radiator coolant, steam cleaner and occasion-
ally even battery acid. This sensor must be capable of surviv-
ing any combination of these environments for the useful life
of the car that is typically considered to be in excess of ten
years. It is important, therefore, that this sensor be hermeti-
cally sealed. A great deal of effort has been put into the
ball-in-tube crush zone sensors to seal them from these envi-
ronmental influences. Nevertheless, sensors that have been on
vehicles have been dissembled and found to contain moisture.
Although moisture would not have as detrimental effect to the
rod-in-tube sensor described here as it does to ball-in-tube
sensors, the sensor has nevertheless been designed to be truly
hermetically sealed as described below.
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FIG. 12 is a cross sectional view of the header/connector
assembly 72 shown mounted on the tube 74 and rod 73. One
of'the spacers 75 is used to position the rod 73 inside the tube
74 as described above. The primary seal for this sensor 70 is
injected and cured in place and is urethane or a silicone rubber
compound 100.

Current ball-in-tube crush zone sensors are attached to the
vehicle wire harness and, thus to the remainder of the airbag
system, by means of a pigtail which is a wire assembly ema-
nating from the sensor at one end and having a connector at
the other end. It is believed that the environment in front of the
radiator is too severe for connectors, therefore connectors
integral with the sensor have not been considered. This pigtail
is one of the most expensive parts of the standard ball-in-tube
crush zone sensor. Substantial cost savings result if the con-
nector could be made integral with the sensor. This has been
accomplished in the crush switch sensor of the current design
as shown in FIGS. 5, 7 and 12.

The sealing technique used for the header/connector is to
form a rubber mold within the housing and to pump a rubbery
material such as urethane or silicone rubber, or similar com-
pound, 100 into the cavity. This is accomplished in such a
manner that the air is displaced and forced to flow through
various clearances between the parts in much the same man-
ner as air is forced out of a plastic injection mold when the
liquid plastic is forced in under pressure. The rubber com-
pound 100 is injected through hole 101 in the bottom of the
connector portion of the assembly and flows upward as the air
flows out through holes or slots 111 in tube 74 and finally out
of the assembly through the clearance between the tube 74
and a plastic dam 110. The plastic dam 110 is a part that fits
snugly to the tube 74 and also against a plastic header body
113 of the header/connector assembly 72. These snug fits
permit the air to flow while offering a substantial resistance to
the flow of the rubber 100. In this manner and through the
proper geometric shaping of the various parts, all but a few
minute air bubbles are effectively removed and the rubber 100
thereby attaches and seals to all of the relevant surfaces.

A second dam 109 is also used to limit the passage of the
rubber into the main body of the sensor 70. The spacers 75
typically contain a groove to permit the passage of grease, as
will be explained below, and the dam 109 effectively seals this
area and prevents passage of the rubber. Since the grease is
typically pumped into the sensor 70 after the header/connec-
tor assembly 72 is assembled, this last spacer 75 adjacent to
the header/connector assembly 72 need not have the groove
and thus the dam 109 and spacer 75 can be made as one part
if desired.

The seal is thus made by the steps of:

a) assembling the header/connector assembly 72 to the
rod-in-tube assembly 73/74 creating at least one enclosed
cavity therein having at least one inlet port 101 for injecting a
rubber compound and at least one narrow passage for air to
escape (the clearance between tube 74 and dam 110), this
passage being sufficiently narrow as to permit only a small
amount of rubber compound to flow out of the assembly
during the filling process, but large enough to permit air to
easily flow out of the assembly;

b) injecting an uncured rubber compound through the inlet
port(s) in such a manner that the at least one narrow passage
remains open during the injection process until the cavity is
substantially filled permitting air within the cavity to be dis-
placed by the rubber compound; and

¢) curing the rubber compound.

Usually a room-temperature curing rubber compound is
used and thus the curing process comprises storing the assem-
bly until the curing is complete. In many cases, the tempera-
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ture of the assembly is elevated to accelerate the curing pro-
cess and in others, the rubber is exposed to ultra violet light to
affect the cure.

Tests were run on this system whereby the assembly was
held at about -40 degrees Celsius for more than twelve hours
and then immersed into boiling water and then into near
freezing water containing a penetrating die. After tens of
cycles, the test units were cut open to search for the penetra-
tion of the die that would indicate a failure of the seal. None
was found. In contrast, a commercially available ball-in-tube
sensor failed on the first cycle. This test is more severe than
any sensor is likely to experience in the field and therefore
proves the viability of the sealing system.

A preferred plastic material used for the header/connector
is 30% glass-filled polyester although other plastic materials
would work as well. Standard crush zone sensor connectors
are frequently made from unfilled NYLON® and this would
also be suitable for the header/connector design used in the
sensor of this invention. Although unfilled NYLON® has a
high coefficient of thermal expansion, the urethane or silicone
rubber has even a higher one and therefore the seals between
the NYLON® and metal parts will remain intact.

The lower portion of the header body 310 of header/con-
nector assembly 72 shown in FIG. 12, is in the form of a
mating connector which attaches to the wire harness connec-
tor provided by the automobile manufacturer. Connector pins
104 and 105 are extensions of the header pins 102 and 103,
which are connected to the rod 73 and tube 74, respectively,
and are designed to mate with the appropriate connector, not
shown in detail. Connector pins 104 and 105 are made of an
electrically conductive material. Upon completion of the cir-
cuit via contact between the rod 73 and the tube 74 upon a
crash, current flows through the connector pins 104, 105,
header pins 102, 103 and rod 73 and tube 74. The header pins
102, 103 are formed from, e.g., sheet brass, in such a manner
that they surround the rod 73 and tube 74 and are electrically
connected thereto. This is accomplished in the case of the tube
74, for example, by solder-coating the end 112 of'the tube 74.
A mating portion 107 of the header pin 103 fits snugly inside
the tube 74 and, through induction heating, is soldered to the
tube 74. Similarly, mating portion 106 of header pin 102
surrounds the rod 73 that has been soldered-coated at its end
108.

The header pins 102 and 103 are first formed from, e.g.,
tin-plated brass material, into the proper shape and then
placed in a mold in an insert molding operation to form the
header/connector assembly 72. Note that a reflection will
come from the different impedance in the connector but it will
be at a known position and can be ignored. This is believed to
be a ground-breaking use of an integral connector for a crush
zone mounted sensor.

Spacers 75, in addition to their use in a straight portion of
the rod and tube assembly as shown in FIG. 6, are also placed
in each of the bends 96. A partial cutaway view of a typical
bend 96 is shown in FIG. 13. During assembly the spacers 75
are placed on the rod 73 and the rod 73 is inserted into a
straight tube 74 with the spacers 75 located at each position
where the tube 74 will be bent. The tube 74 is then bent at
spacer locations using conventional tubing benders and the
rod 73 is also forced to bend by virtue of the spacer 75. The
spacers 75 are formed from extruded plastic tubing and are
slightly smaller in diameter than the tube 74. The internal
diameter of the spacer 75, however, is such as to require a
press fit onto the rod 73. Thus, the spacers 75 are held firmly
on the rod 73 as the rod 73 is inserted into the tube 74. Spacers
75 used in the bends are typically about 3 inches long when
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used witha 0.5 inch tube and a 1.0 inch bend radius. Typically
a substantially thinner tube is used sometimes as small as %
inch in diameter.

In a typical large tube assembly, the tube outside diameter
is approximately 0.5 inch and the wall thickness approxi-
mately 0.035 inches and in a small tube assembly, the outside
diameter is approximately 0.25 inches and the wall thickness
is about 0.02 inches. The large tube design is used when there
is no convenient structure to mount the sensor against and it is
vulnerable to abuse, while the thin or small tube design is used
when it can be mounted nearly flush against the radiator
support, for example, or in a protected location such as inside
of the vehicle door.

The end 71 of the sensor 70, which does not have the
header/connector 72, is welded closed as shown in FIG. 14.
An impedance such as a resistor 117 is placed across the
contacts in the sensor 70 to create the reflection at the end on
the sensor 70. This is accomplished as shown in FIG. 14 by
attaching a resistor 117 to an end 114 of rod 73 and to an end
115 of the tube 74. The end 115 is formed by squeezing the
tube 74 in the appropriate set of dies which gradually taper
and flatten the tube 74, squeezing the end of resistor 117 and
closing off the tube 74 with a straight line seal. The end of this
seal, 116, is then TIG welded using conventional equipment
to assure a hermetic seal.

FIG. 15 is a view of the sensor of FIG. 5, with half of the
tube 74 and rod 73 removed but showing complete spacers 75,
taken along lines 12-12 and showing the location of all of the
spacers 75 and the rod 73 and tube 74.

A typical length of the span between spacers 75 for the
vertical portions 84 and 85 of FIG. 5 is approximately 10-15
inches. In this configuration, the rod 73 will actually deflect
and contact the tube 74 during minor accidents and therefore
in a preferred embodiment of the design, the tube 74 is filled
with a damping material which is typically a viscous liquid or
grease which has been formulated to operate over the required
temperature range of from about —40° C. to about 125° C.
This grease should have approximately the same dielectric
constant as the plastic spacers 75 to minimize extraneous
echoes. For the purposes of this disclosure, the term grease
will be used to include all flowable materials having a viscos-
ity between about 100 and about 100 million centipoises. This
would include, therefore, all silicone and petroleum and other
natural and synthetic oils and greases in this viscosity range.

This grease 118 is shown in FIG. 16 where half of the tube
74 has been removed to show the grease 118 filling substan-
tially the entire tube 74 Small voids 119 are intentionally
placed in the grease 118 to allow for differential expansion
between the grease 118 and the tube 74 due to variations in
temperature. When grease 118 is used, small channels, not
shown, are provided in the spacers 75 to permit the grease to
flow past the spacers 75 as the sensor 70 is pumped full of the
grease 118.

The sensor described and illustrated above is designed to
catch all impacts to the vehicle regardless of where they occur
providing the sensors are properly located. For frontal and
rear impacts, the severity of the crash required to cause sensor
triggering is determined by the amount of crush of the vehicle
at each location which is necessary to cause the sensor to
experience a measurable and timely velocity change. The
amount of crush necessary to transmit this velocity change to
relative motion of the rod in the tube at any location can be
varied arbitrarily by the distance the sensor is located from the
front or rear of the vehicle, by the location and characteristics
of spacers in the sensor and/or by the location and character-
istics of the supports that are used, as discussed above.
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Steel has been used for the materials for the rod 73 and tube
74 for a preferred embodiment described herein. The tube 74
is in an annealed state to promote easy forming to the required
shape and to promote deformation during the crash. The rod
73, on the other hand, is typically hardened so as to maintain
its spring temper and promote good positioning with the tube
74 when the assembly is bent. The outside of the sensor 70 is
coated with a protective coating to prevent it from rusting
during the estimated 10 year life of the vehicle. The interior
surfaces are coated with grease to prevent corrosion in those
cases where the entire sensor in not filled with grease. Other
materials such as aluminum, brass or even plastic with an
electrically conductive surface coating could be used for the
rod and tube.

Therod and tube described above, for the large tube design,
have been designed to require approximately fifty to one
hundred pounds of force in order to cause the sensor to sig-
nificantly bend. This is to minimize the chance of inadvertent
deployment during routine vehicle maintenance. For cases
where the sensor is in a protected location, the small tube
design typically uses about a 0.25 inch diameter tube with
about a 0.0625 inch diameter rod.

Once the crush velocity sensor of the present design bends
significantly to where the rod 73 contacts the tube 74, it
remains latched in the conductive state for the duration of the
crash. This important feature guarantees overlap between the
triggering of the crush zone sensor and the passenger com-
partment-mounted arming sensor when used for frontal and
rear impacts.

The sensor described and illustrated herein can use an
impedance such as a resistor. In contrast to many sensor
designs, monitoring of the entire functioning of the sensor
continuously occurs with the crush velocity sensor of this
invention. The driving and control electronics can continu-
ously transmit waves into the sensor and monitor the reflec-
tions that are returned. Thus, if there is a broken connection
for example, the system will not get the expected return and
can signal to the airbag system to display a fault.

The tube of the sensor described herein can be electrically
grounded to the vehicle. In some applications, it may be
desirable not to ground the outside of the tube in which case,
the tube might be surrounded by an insulating plastic tube.
The use of a grounded outer tube has the advantage of pro-
viding shielding from electro-magnetic radiation for the rod
and thus minimizing the chance of an inadvertent signal
reaching the electronic sensor, for example, as the vehicle
passes through strong electro-magnetic fields.

A primary advantage of the sensor described herein is its
coaxial design that permits arbitrarily shaping of the sensor to
adapt the sensor to a particular vehicle and to a particular
place on that vehicle. There are, of course, other designs that
could also be arbitrarily shaped including, but not limited to,
tubes having a square, elliptical or triangular cross-section.
All of these and similar geometries are considered tubes for
the purpose of this invention. Similarly, the rod can take on a
variety of shapes without departing from the teachings of this
invention. In particular, the rod can also be a tube which has
advantages in minimizing the effects of vibration. The rod
need not be round and can be triangular, elliptical, square or
even ribbon-shaped. All of these geometries are considered
rods for the purposes of this invention.

Another key feature of this invention is that, when the
sensor is properly mounted on the vehicle, plastic deforma-
tion of the tube generally occurs prior to triggering of the
sensor and always occurs in a crash where the deployment of
the airbag is required. This results in the sensor latching
closed during the crash but it also prevents it from being
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reused on the same or another vehicle. In an alternate con-
figuration, the dimensions of the rod and tube and the material
properties are chosen so that the sensor can be caused to
trigger with sufficient force without causing plastic deforma-
tion. This usually permits a more accurate estimation of the
crash velocity.

The use of grease to dampen the motion of one or more of
the parts of a crash sensor has been disclosed herein. Other
crash sensor designs, and particularly crush switch sensor
designs, could also make use of a grease to surround and
dampen the motion of one or more of the internal parts of the
sensor.

The hermetic sealing system disclosed herein has permit-
ted use of an integral header/connector thus eliminating the
need for the pigtail and substantially reducing the cost of
airbag sensors for frontal mounting in the “splash zone”. Now
that this system has been disclosed, other applications of this
system to other types of crash sensors will become obvious to
those skilled in the art.

In another implementation, the crash velocity can be deter-
mined through the use of two crush switch crash sensors. If
two sensors of the type disclosed above are mounted on a
vehicle with one closer to the front than the other, then, during
a crash, the forwardmost sensor will trigger first followed by
the second, more rearward sensor. If the spacing between the
sensors is known, an estimate of the crash velocity can be
obtained by measuring the time between switch closures. In
this manner, the use of two switches can be used to determine
the crash velocity.

This concept can be further improved if the phase measure-
ment system of this invention is added. In this case, therefore,
the location of the contact will be determined in each crush
switch and then the velocity determined as discussed above.
This is another method of obtaining both the velocity change
and the location of the impact and is perhaps more accurate
that the single sensor system. This concept can be applied
using other technologies where the impact with a sensor can
be determined. If the sensor contains distributed piezoelectric
material, for example, an impact will send a voltage spike to
the evaluation circuitry.

For cases where actuation by bending of the sensor is not
required and the sensor can be configured to reliably be
impacted during the crash, a coaxial cable design is appropri-
ate. In this case, a cable is selected which will deform under
a 10 to 500 pound load in a manner such that the impedance
change that occurs during the deformation can be measured.
Since in most cases, the resisting deformation force is small
compared with the crush forces of an accident, an appropri-
ately mounted cable should provide an accurate measurement
of the crash velocity. Such a sensor can be configured such
that a single sensor will sense crashes from near the B-pillar
on the driver side, across the entire front of the vehicle to near
the B-pillar on the passenger side as shown as 121 in FIG. 17.
The sensor would thus have a substantially U-shaped portion
and would extend substantially completely across the front
doors between longitudinal edges of the doors.

In one embodiment, an electronic control module 122
including a processor is mounted in the passenger door and
feeds electromagnetic waves, generated by an electromag-
netic wave generator, having a wavelength on the same order
as the length of the coaxial cable into cable 121. A similar
sensor can also be used for the rear doors as shown at 120, and
would thus extend substantially completely across the rear
doors between longitudinal edges of the doors. This device
acts like a time domain reflectometer. That is, the magnitude
and location of any changes in impedance are measured. A
change in impedance can be related to the magnitude of the
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crush ofthe cable and thus by successive measurements of the
change in impedance, the crush velocity can be determined by
aprocessor, possibly embodied in the control module 122. In
this case, the outside conductor of the coaxial cable is
grounded and the interior conductor acts as an antenna. The
cable is terminated in the driver door with an impedance-
matching resistor to complete the assembly.

The use of a coaxial cable and time domain reflectometry
was discussed above. Another possible method is to use light
and a fiber optic cable. In one implementation, Abacus Opti-
cal Mechanics of Oxnard, Calif., has demonstrated how a
fiber optic cable as it is distorted can restrict the passage of
light and that this effect can be used to measure acceleration,
pressure etc. If this device is fed with modulated light, then
the location of the disturbance along the fiber can be deter-
mined.

Another embodiment of the invention uses parallel strips of
conductive material and is sometimes referred to as a tape
switch sensor and is described in detail in the above-refer-
enced patents and therefore will not be repeated herein.

Knowledge of the location of the impact, e.g., as detected
using the coaxial cable sensor described above, can be used to
enhance and improve the effectiveness of an occupant
restraint system. For example, if an algorithm is used to
control the deployment and operation of occupant restraint
devices, the algorithm can be designed to consider the loca-
tion of the impact, e.g., by factoring in the location of the
impact when determining which airbags to deploy and the
inflation of those airbags. In some crashes, it might be the case
that only the side airbags are deployed if the crash location is
along the side of the vehicle. On the other hand, it might be the
case that only the front airbags are deployed if the crash
location is in the front of the vehicle. Of course, both the front
and side airbags could be deployed if such deployment is
warranted by the impact location.

In order to prevent seismic sensors, such as the ball-in-tube
or accelerometer-based sensors, from rotating in a crash, it
has become common to increase the strength of the radiator
support or other structure on which the sensor is mounted.
The sensor mounting bracket, however, must then permit the
sensor to move relative to this structure, complicating the
bracket design, or this structure must be weakly attached to
the remainder of the vehicle so that the whole assembly will
move in the crash. This added structural strength adds weight
to the vehicle and is not needed for the sensors described
herein. It is even desirable for the sensors described herein to
be mounted on weaker structural members in order to
enhance the chance for the structure to deform, especially in
soft crashes. The use of the rod-in-tube, coaxial cable, tape
switch or other elongate sensor disclosed herein, therefore,
results in a weight saving for the vehicle that is very important
with the increasingly stringent fuel economy standards man-
dated by the U.S. Government.

Operation of the crush zone crash sensor of this invention,
as well as all others, can be critically affected by the material
which is located between the sensor and the front of the
vehicle and the geometry of this material as it crushes and
comes back to strike the sensor. Sensors of the present inven-
tion are considerably more tolerant to variations in the geom-
etry of this material for two reasons. Considering the com-
pression mode, the length of the sensor can be increased so
that the probability of it being impacted is very high.

Alternately, in the bending mode, the sensor can be
attached to two portions of the vehicle that are likely to
experience relative motion during the crash. In this latter case,
the two portions of the vehicle effectively become extensions
of'the sensor. In some cases, the radiator support structure is
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designed so that it will always deform at a particular location
with the result that the sensor can be quite short since the
entire radiator structure becomes an extension of the sensor.
In other cases, such a location is not readily available and the
sensor must be made longer to guarantee that it will be bent or
compressed in a crash by crushed material coming from areas
further forward in the vehicle.

The use of crush initiators is becoming increasingly com-
mon in vehicle design. These usually take the form of a hole,
wrinkle, notch or bend intentionally placed in a structural
member to cause the member to bend in a particular manner
during a crash. As the sensor of the present invention is
adapted to a particular vehicle, the use of crush initiators to
control the manner in which the member, on which the sensor
is mounted, bends will result in a shorter and more reliable
sensor. Additional, usually minor, design modifications can
also be used to permit the sensor to be mounted in protected
locations so as to minimize the chance of sensor damage
during vehicle maintenance.

The force required to cause sensor closure is an important
design parameter of the sensor of this invention. In one typical
design configuration, a 20 pound force on the sensor is
required to move the front contact strip toward the rear mem-
ber sufficiently to permit a velocity to be measured. This force
is sufficient so that it is unlikely for the sensor to inadvertently
provide a velocity indication sufficient to cause airbag
deployment during vehicle maintenance, stone and some ani-
mal impacts and yet, this force is quite low compared to the
forces typically experienced during even marginal crashes.

The angle required to cause sensor closure is also an impor-
tant parameter of the sensor of this invention. In one typical
design configuration, a 15 degree bend angle of the sensor is
required to move the front contact strip toward the rear mem-
ber sufficiently to cause a false velocity reading indicative of
a crash in the bending mode. This angle is sufficient so that it
is unlikely for the sensor to inadvertently close during vehicle
maintenance, stone and some animal impacts and yet, this
angle is quite low compared to the relative displacements and
the angles that will occur in a sensor mounted on two loca-
tions which typically move relative to each other in even
marginal crashes.

In one preferred embodiment of the invention, an elongate
sensor such as a coaxial cable stretches from the driver side
door near the B-pillar through the A-pillar, across the front of
the vehicle and into the passenger side door. A signal having
afrequency on the order of about 10 megahertz is imposed on
the cable, which frequency is selected so that approximately
the cable is approximately one wavelength long (thus the
frequency could vary depending on the length of the cable).
The cable is terminated at the far end with aknown resistance.
Under normal operation, the wave travels down the cable and
reflects off of the end and returns in phase with the transmitted
pulse. If, however, the cable is compressed along its length a
reflected wave will be returned that is out of phase with the
transmitted wave.

By comparing the phase of the reflected wave with the
transmitted wave, the location of the compression can be
determined and by comparing the magnitude of the reflection,
the amount of compression can be determined. By measuring
the amount of compression over time, the velocity of com-
pression can be found. Thus, the location of the impact and
the crush velocity (which can be considered a function of the
velocity of compression) can both be determined by this
sensor for both side and frontal impacts. A similar sensor
could be designed for use in sensing side and rear impacts.

More generally, a crash sensor arrangement for determin-
ing whether the crash involving the vehicle requires deploy-
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ment of the occupant restraint device comprises an elongate
sensor arranged in the crush zone to provide a variable imped-
ance as a function of a change in velocity of the crush zone
and a processor for measuring the impedance of the sensor or
a part thereof at a plurality of times to determine changes in
the impedance of the sensor or part thereof. The processor
provides a crash signal for consideration in the deployment of
the occupant restraint device based on the determined
changes in impedance of the sensor or part thereof. The sensor
can have a U-shaped portion extending along both sides of the
vehicle and across a front of the vehicle, and thus substan-
tially completely between opposed longitudinal edges of a
door of the vehicle.

In the embodiment wherein the sensor comprises a coaxial
cable, an electromagnetic wave generator generates electro-
magnetic waves and feeds the waves into the cable and the
processor is preferably embodied in an electronic control
module coupled to the electromagnetic wave generator. The
electromagnetic wave generator preferably feeds electromag-
netic waves into the cable having a wavelength on the same
order as a length of the cable. In the alternative, the sensor can
comprise parallel strips of conductive material spaced apart
from one another in the absence of deformation of the crush
zone and arranged to contact one another during deformation
of'the crush zone. The contact strips are positioned so as to be
compressed during deformation of the crush zone whereby
such compression causes changes in impedance of the sensor.

Another method of determining the deflection of the
periphery of a vehicle that can be used as a crash sensor is to
use the bend sensor principles as reported in 06497430 mass
profiling system. Such devices can be placed on or inside of
the vehicle skin and measure the relative deflection of a por-
tion of the vehicle during a crash.

1.5 Anticipatory Sensing

FIG. 18 illustrates a side impact anticipatory sensor sys-
tem, shown here including transducers 130-138 which can be
situated in different locations on one side of the vehicle, using
the same or a different computer system or processor as
discussed above, and coupled thereto by suitable means (the
other side of the vehicle can be provided with the same
arrangement). These transducers can be optical or infrared
imagers such as two or three dimensional CMOS or CCD
cameras, line cameras, laser radar (lidar or ladar) devices,
ultrasonic sensors, radar devices etc. These transducers can
provide the data to permit the identification of an object that
is aboutto impact the vehicle at that side as well as its velocity
and point of impact. An estimate can then be made of the
object’s weight and therefore the severity of the pending
accident. This provides the information for the initial inflation
of the side airbag before the accident begins. If additional
information is provided from the occupant sensors, the
deployment of the side airbag can be tailored to the occupant
and the crash in a similar manner as described above.

FIG. 18 also illustrates additional inputs that, in some
applications, provide useful information in determining
whether a side airbag should be deployed, for example. These
include inputs from a front-mounted crash sensor 139
mounted on the vehicle radiator 140, an engine speed sensor
166, and a wheel speed sensor 141 as used in an antilock
braking system sensor.

The use of anticipatory sensing, as described above and in
U.S.Pat.No. 6,343,810 can be used in a Phase 4 Smart Airbag
system. This can be done with the anticipatory sensor acting
in concert with or in place of the accelerometer-based neural
network crash sensor described above. In a preferred embodi-
ment, both sensors are used with the anticipatory sensor fore-
casting the crash severity before the collision occurs and one
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or more accelerometer based sensors confirm that forecast.
The mass of the impacting object, for example, can be antici-
pated and confirmed.

Collision avoidance systems currently under development
use radar or laser radar to locate objects such as other vehicles
that are in a potential path of the subject vehicle. In some
systems, a symbol can be projected onto the windshield in a
heads-up display signifying that some object is within a pos-
sible collision space with the subject vehicle. No attempt at
present is made to determine what that object is and to display
an image of the object. Neural network pattern recognition
systems, as well as other pattern recognition systems, have
that capability and future collision avoidance systems may
need this capability. The same pattern recognition computer
system that is proposed here for sensing crashes can also be
used for collision avoidance pattern recognition as well as
anticipatory sensing.

If a camera-based system is used for anticipatory sensing,
an accurate image can be obtained of the bullet object and a
neural network-based classifier can identify what the object
is. Unless stereo or other 3D camera systems are used, it is
difficult to obtain the velocity and range on the bullet object
from the camera image alone unless range gating is used as
disclosed in U.S. patent application Ser. No. 11/034,325. On
the other hand, if a scanning laser ranging system is used, the
image quality is poor if a single scan line is used and improves
with more scan lines but at the expense of increasing cost and
complexity. A 6 sided polygon-based rotating mirror scanner
can provide 6 lines of scan and cover 60 degrees which is
sufficient for frontal or rear impacts but probably not for side
impacts where at least a 90 degree or 120 degree scan is
preferred. Fortunately, a neural network can usually accu-
rately identify an object from a few scan lines especially
considering that the relative motion of the vehicle permits the
system to really obtain more lines that the scanner produces in
a single revolution. An alternate system is to use a modulated
laser or other light source in a diverging beam mode and to
either modulate the light and determine the nearest object and
assume that it is a reflection from the bullet object or to use a
Kerr or Pokel cell or equivalent as a range gating light valve to
permit an image of the bullet object to be acquired along with
its range. In the latter case, the Doppler shift can be used to
determine the velocity of the bullet object (see the *325 appli-
cation).

FIG. 19 is a front view of an automobile showing the
location of an electromagnetic wave anticipatory or collision
avoidance sensor 145 which can use the same neural com-
puter system as the crash sensor discussed above and thus is
coupled thereto. Previously, radar and laser radar systems
have been developed for collision avoidance systems. It is
noteworthy that no such systems have been fielded on a pro-
duction vehicle due to significant problems that remain to be
solved. An alternate technology uses infrared electromag-
netic waves and a receiver and processing system which both
analyzes the image prior to illumination from the vehicle and
after illumination to achieve more information. The image is
then digitized and fed into a neural network for analysis.

Once an anticipatory sensor is in place, the data can also be
combined with data from acceleration sensors and occupant
sensors fed into the neural network system for the smart
airbag. Even prior to the smart airbag system, pre-crash data
can be combined with acceleration data and the acceleration
data used to confirm the conclusions of the pre-crash sen-
sor(s) with regard to mass of the striking object and the
location of the impact. Thus, the data from the anticipatory
sensor can be incorporated as soon as it is available to
improve the airbag system.
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As mentioned elsewhere herein and in other patents of the
current assignee, anticipatory sensors can also be used to
identify the object that may be involved in a rear impact. In
this manner, the driver would know if he or she is about to run
over something as the vehicle is being operated in reverse and
also what the object is. Thus, an image of that object can be
made available on any convenient display, such as a heads-up
display to the vehicle operator. This provides a clear view of
objects in the rear of the vehicle that may sometimes be
difficult to see in a video image. Anticipatory sensors are
useful when a vehicle is about to be impacted from the rear by
another vehicle. Both the identity and the velocity can be
determined and the seatbelts pretensioned, seats and head-
rests adjusted etc. to prepare the occupant(s) for the impact.

Anticipatory sensors are most applicable for side impacts
as discussed above but of course can be effectively used for
frontal and rear impacts. Another feature that becomes avail-
able is the possibility of using the seatbelt or another small,
positioning airbag that would be inflated prior to the curtain
airbag to prevent the head of the occupant from being trapped
between the window frame and the curtain airbag. If an IMU,
or equivalent sensor system, is available, then the motion of
an occupant’s head can be projected and again action taken to
prevent head entrapment. If occupant sensors are also present
that can visually or ultrasonically, for example, track the
occupant’s head then, coupled with appropriate acceleration
sensors, the curtain airbag deployment timing can be made
such that the occupant’s head is not trapped. As mentioned
above, a seatbelt pretensioner can also be designed to provide
a force on the occupant to prevent entrapment.

Appendix 2 of the parent *623 application contains a tech-
nical report of frontal anticipatory sensing development.

1.6 Rollover Sensing

As mentioned above (see FIG. 2 and the tri-axial acceler-
ometer and/or gyroscopes 56 (or IMU)), the event of a vehicle
rollover can be sensed and forecasted early in the process
through the use of the satellite accelerometers and/or the use
of gyroscopes and in particular an IMU. Additionally, if a
plurality of GPS antennas are mounted spread apart on the
vehicle the vehicle attitude can be determined from the phases
of the carrier signals from the GPS satellites. Outputs from
these sensors can be fed into a microprocessor where either a
deterministic algorithm based on the equations of motion of
the vehicle or a pattern recognition algorithm can be used to
process the data and predict the probability of rollover of the
vehicle. This process can be made more accurate if map
information is available indicating the shape of the roadway
on which the vehicle is traveling. Furthermore, vertical accel-
erometers can provide information as to inertial properties of
the vehicle which can be particularly important for trucks
where the loading can vary.

1.7 Rear Impact Sensing

A preferred method for rear impact sensing as discussed
herein is to use anticipatory sensors such as ultrasonic backup
sensors. However, sensors that measure the crash after the
crash has begun can also be used as also disclosed herein.
These can include the rod-in-tube crush sensor or other crush
measuring sensors, a ball-in-tube velocity change sensor or
other velocity change sensors, a swinging flapper inertially
damped sensor, an electronic sensor based on accelerometers
or any other principles or any other crash sensor. The sensor
can be mounted in the crush zone or out of the crush zone in
the passenger compartment, for example. A preferred non-
crush zone mounted sensor is to use an IMU as discussed
herein.
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1.8 Sensor Combinations

If the passenger compartment discriminating sensor is of
the electronic type, the triggering threshold can be changed
based on the crush velocity as measured by the sensor of this
invention in the crush zone. Passenger compartment sensors
sometimes trigger late on soft long duration frontal crashes
even though the velocity change is significantly higher than
the desired deployment threshold. In such a case, the fact that
the crush velocity sensor has determined that a crash velocity
requiring an airbag is occurring can be used to modify the
velocity change required for the electronic passenger com-
partment-mounted sensor to trigger. Thus, in one case, the
passenger compartment sensor can prevent the deployment of
the air bag when the velocity change is too low as in the
animal impact situation discussed above and in the second
case, the crush zone sensor can cause the discriminating
sensor to trigger faster in a soft crash and minimize the chance
of a late triggering condition where the occupant is out-of-
position and in danger of being injured by the deploying air
bag.

FIG. 20 shows schematically such a circuit applied to side
impacts where an electronic sensor 159 triggers deployment
of the side airbag resident in a side airbag module and crush
velocity sensor 158 is used as input to the electronic sensor
159. The electronic sensor could be mounted in the passenger
compartment but designed with a very low threshold. Its
purpose is to verify that a crash is in progress to guard against
a hammer blow to the sensor setting off the airbag. In this
case, the current carrying capacity of the crush sensor 158 can
be much less and thinner wires can be used to connect it to the
electronic sensor 159.

In one scenario, the electronic sensor may be monitoring an
event in progress when suddenly the crush sensor 158 signals
that the vehicle has crushed with a high velocity where the
sensor is mounted. The electronic sensor 159 now uses this
information along with the acceleration signal that it has been
monitoring to determine the severity of the crash. The crush
velocity sensor 158 informs the electronic sensor 159 that a
crash of a certain velocity is in progress and the electronic
sensor 159, which may comprise an accelerometer and a
microprocessor with a crash analysis algorithm, determines
the severity of the crash based on the acceleration signal and
the crush velocity.

Ifthe acceleration signal is present but the crush sensor 158
fails to record that a crash is in progress, then the electronic
sensor 159 knows that the acceleration signal is from either a
non-crash event or from a crash to some part of the vehicle,
such as in front of the A-pillar or behind the C-pillar where
deployment of the airbag is not warranted. The A-pillar is the
forwardmost roof support member on which the front doors
are hinged and the C-pillar is the rearmost roof support pillar
usually at or behind the rear seat.

Knowledge of the impact location, as detected using the
coaxial cable sensor described above, can be used to alter the
interpretation of the acceleration signal provided by the pas-
senger compartment sensor, if such is deemed beneficial. This
may provide an advantage in that a decision to deploy an
occupant restraint device is made earlier than normally would
be the case if the location of the impact location were not
considered in the control of the occupant restraint devices.

If the passenger compartment discriminating sensor is of
the electronic type, the triggering threshold can be changed
based on the condition of the sensor in the crush zone. Pas-
senger compartment sensors sometimes trigger late on soft
long duration crashes even though the velocity change is
significantly higher than the desired deployment threshold.
See for example, SAE Paper No. 900548 (reference 4). In
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such a case, the fact that the crush velocity change sensor in
the crush zone indicates that deployment of an airbag is
required can be used to modify the velocity change, or other
parameters, required for the electronic sensor in the passenger
compartment to trigger. Thus, in one case, the passenger
compartment sensor can prevent the deployment of the airbag
when the velocity change is too low as in the animal impact
and in the second case, the crush zone sensor can cause the
passenger compartment sensor to trigger faster in a soft crash
and minimize the chance of a late triggering condition where
the occupant is out-of-position and in danger of being injured
by the deploying airbag.

FIG. 21 shows schematically such a circuit where an elec-
tronic sensor 161 triggers deployment of the airbag and crush
zone velocity sensor 160 is used as input to the electronic
sensor 161. In this case, the current carrying capacity of the
crush zone sensor 160 can be much less and thinner wires can
be used to connect it to the electronic sensor 161. In one
scenario, the electronic sensor 161 may be monitoring a crash
in progress when suddenly the front crush zone sensor 160
signals that the vehicle crush zone is experiencing a high
velocity change. The electronic sensor 161 now realizes that
this is a soft, deep penetration crash that requires an airbag
according to amodified algorithm. The conditions for deploy-
ing the airbag can be modified based on this crush velocity
information. In this manner, the combined system can be
much smarter than either sensor acting alone. A low speed
offset pole or car-to-car underride crash are common real
world examples where the electronic sensor 161 in the pas-
senger compartment might trigger late without the informa-
tion provided by the forward-mounted crush zone sensor 160.

The crush zone sensor 160 can detect a reaction of the crush
zone to the crash, e.g., crush of the crush zone, a velocity
change of the crush zone or acceleration of the crush zone.
That is, sensor 160 does not necessarily have to be one of the
crush sensors disclosed above (or another sensor which trig-
gers based on crush of the crush zone of the vehicle) but
rather, can be designed to trigger based on other reactions of
the crush zone to a crash, including the velocity change of the
crush zone and the acceleration of the crush zone, as well as
functions thereof (and combinations of any such reactions).

FIG. 21A shows a schematic circuit of an arrangement in
accordance with the invention with a ball-in-tube sensor 162
as the crush zone sensor and

FIG. 21B shows a schematic circuit of an arrangement in
accordance with the invention with an electronic sensor 163
as the crush zone sensor

Referring now to FIGS. 21C and 21D, in keeping with the
same theme discussed with reference to FIGS. 21, 21A and
21B, an electronic crash sensor arrangement in accordance
with the invention may include a first electronic crash sensor
164 mounted in the crush zone and a second electronic crash
sensor 165 mounted outside of the crush zone, for example in
or around the passenger compartment. It may optionally
include one or more anticipatory sensors 166. A processor
167 is coupled to the crash sensors 164,165 to receive signals
therefrom indicative of measurements obtained by the crash
sensors 164, 165. One or more occupant restraint devices 168
is coupled to the processor 167 and controlled thereby. The
crash sensors 164, 165 are thus coupled together indirectly
via the processor 167 or may be coupled together directly, i.e.,
via a common bus.

Each crash sensor 164, 165 provides measurements or data
readings to the processor 167 which then determines whether
the conditions for deploying any of the occupant restraint
devices 168 are satisfied and if'so, initiates deployment of one
or more of the occupant restraint devices 168. The conditions
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for deployment may be satisfied by the measurements from
only one crash sensor, e.g., a high velocity crash with only
minimal crush of the vehicle or a low velocity crash with
significant crush of the vehicle, or from both crash sensors (or
all three crash sensors when an anticipatory crash sensor 166
is provided or two of the three crash sensors when an antici-
patory crash sensor 166 is provided).

In addition, it is possible to relate the deployment condi-
tions of the non-crush-zone mounted sensor 165 to the mea-
surements from the crush zone. In such an embodiment, the
reaction of the crush zone to a crash is measured via the
electronic crash sensor 164 (step 169 in FIG. 21D) and
another reaction of the vehicle to a crash, other than crush, is
measured by the second electronic crash sensor 165 (step
170). The measurements may be spaced in time or simulta-
neous. Thereafter, at step 171, a determination is made, e.g.,
by processor 167, whether there is a reaction in the crush
zone, i.e., crush of the vehicle or a portion thereof. If so, an
algorithm or parameters of the deployment may be modified
at step 172. Thereafter, a determination is made by the pro-
cessor 167 whether any of the conditions for deployment of
the occupant restraint device 168 are satisfied (step 173),
either the predetermined conditions or modified conditions.

If'so, a control signal is generated and sent to deploy one or
more of the occupant restraint devices to initiate deployment
of'the same (step 174). If not, then the crash sensors 164, 165
would continue to measure the reaction of the vehicle or
portions thereof, i.e., a feedback loop to steps 169 and 170.

FIG. 37 illustrates the placement of a variety of sensors,
primarily accelerometers and/or gyroscopes, which can be
used to diagnose the state of the vehicle itself. Sensor 571 can
measure the acceleration of the firewall or instrument panel
and is located thereon generally midway between the two
sides of the vehicle. Sensor 572 can be located in the headliner
or attached to the vehicle roof above the side door. Typically,
there will be two such sensors one on either side of the
vehicle. Sensor 573 is shown in a typical mounting location
midway between the sides of the vehicle attached to or near
the vehicle roof above the rear window. Sensor 576 is shown
in a typical mounting location in the vehicle trunk adjacent
the rear of the vehicle. One, two or three such sensors can be
used depending on the application. If three such sensors are
use one would be adjacent each side of vehicle and one in the
center. Sensor 574 is shown in a typical mounting location in
the vehicle door and sensor 575 is shown in a typical mount-
ing location on the sill or floor below the door. Finally, sensor
577, which can be also multiple sensors, is shown in a typical
mounting location forward in the crush zone of the vehicle. If
three such sensors are used, one would be adjacent each
vehicle side and one in the center.

In general, sensors 571-577 measure a physical property of
the location at which they are mounted. For example, the
physical property would be the acceleration of the mounting
location if the sensor is an accelerometer and would be angu-
lar inclination if the sensor is a gyroscope. Another way of
looking at would be to consider that sensors 571-577 provide
a measurement of the state of the sensor, such as its velocity,
acceleration, angular orientation or temperature, or a state of
the location at which the sensor is mounted. Thus, measure-
ments related to the state of the sensor would include mea-
surements of the acceleration of the sensor, measurements of
the temperature of the mounting location as well as changes in
the state of the sensor and rates of changes of the state of the
sensor. However, any described use or function of the sensors
571-577 above is merely exemplary and is not intended to
limit the form of the sensor or its function.
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Each of the sensors 571-577 may be single axis, double
axis or triaxial accelerometers and/or gyroscopes typically of
the MEMS type. These sensors 571-577 can either be wired to
the central control module or processor directly wherein they
would receive power and transmit information, or they could
be connected onto the vehicle bus or, in some cases, using
RFID technology, the sensors can be wireless and would
receive their power through RF from one or more interroga-
tors located in the vehicle. In this case, the interrogators can
be connected either to the vehicle bus or directly to control
module. Alternately, an inductive or capacitive power and
information transfer system can be used.

One particular implementation will now be described. In
this case, each of the sensors 571-577 is a single or dual axis
accelerometer. They are made using silicon micromachined
technology such as disclosed in U.S. Pat. Nos. 5,121,180 and
5,894,090. These are only representative patents of these
devices and there exist more than 100 other relevant U.S.
patents describing this technology. Commercially available
MEMS gyroscopes such as from Systron Doner have accu-
racies of approximately one degree per second. In contrast,
optical gyroscopes typically have accuracies of approxi-
mately one degree per hour. Unfortunately, the optical gyro-
scopes are prohibitively expensive for automotive applica-
tions. On the other hand, typical MEMS gyroscopes are not
sufficiently accurate for many control applications.

The angular rate function can be obtained through placing
accelerometers at two separated, non-co-located points in a
vehicle and using the differential acceleration to obtain an
indication of angular motion and angular acceleration. From
the variety of accelerometers shown on FIG. 37, it can be
readily appreciated that not only will all accelerations of key
parts of the vehicle be determined, but the pitch, yaw and roll
angular rates can also be determined based on the accuracy of
the accelerometers. By this method, low cost systems can be
developed which, although not as accurate as the optical
gyroscopes, are considerably more accurate than conven-
tional MEMS gyroscopes.

Instead of using two accelerometers at separate locations
on the vehicle, a single conformal MEMS-IDT gyroscope
may be used. Such a conformal MEMS-IDT gyroscope is
described in a paper by V. K. Varadan, “Conformal MEMS-
IDT Gyroscopes and Their Comparison With Fiber Optic
Gyro”. The MEMS-IDT gyroscope is based on the principle
of surface acoustic wave (SAW) standing waves on a piezo-
electric substrate. A surface acoustic wave resonator is used to
create standing waves inside a cavity and the particles at the
anti-nodes of the standing waves experience large amplitude
of vibrations, which serves as the reference vibrating motion
forthe gyroscope. Arrays of metallic dots are positioned at the
anti-node locations so that the effect of Coriolis force due to
rotation will acoustically amplify the magnitude of the waves.
Unlike other MEMS gyroscopes, the MEMS-IDT gyroscope
has a planar configuration with no suspended resonating
mechanical structures.

Accelerometers and gyroscopes based on SAWs have been
reported in the literature mentioned herein. Some such SAW
devices can be interrogated wirelessly and require no source
of power other than the received RF frequency. Such devices,
therefore, can be placed in a variety of locations within or on
a vehicle and through a proper interrogator can be wirelessly
interrogated to obtain acceleration and angular rate informa-
tion from various locations. For example, a plurality of such
devices can be distributed around the periphery of a vehicle to
sense the deformation velocity or angular rate of a portion of
the periphery of the vehicle giving an early crash signal.
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The system of FIG. 37 using dual axis accelerometers
therefore provides a complete diagnostic system of the
vehicle itself and its dynamic motion. Such a system is far
more accurate than any system currently available in the
automotive market. This system provides very accurate crash
discrimination since the exact location of the crash can be
determined and, coupled with knowledge of the force deflec-
tion characteristics of the vehicle at the accident impact site,
an accurate determination of the crash severity and thus the
need for occupant restraint deployment can be made. Simi-
larly, the tendency of a vehicle to roll over can be predicted in
advance and signals sent to the vehicle steering, braking and
throttle systems to attempt to ameliorate the rollover situation
or prevent it. In the event that it cannot be prevented, the
deployment side curtain airbags can be initiated in a timely
manner

Similarly, the tendency of the vehicle to the slide or skid
can be considerably more accurately determined and again
the steering, braking and throttle systems commanded to
minimize the unstable vehicle behavior.

Thus, through the sample deployment of inexpensive
accelerometers and MEMS gyroscopes, particularly MEMS-
IDT gyroscopes, at a variety of locations in the vehicle, sig-
nificant improvements are made in the vehicle stability con-
trol, crash sensing, rollover sensing, and resulting occupant
protection technologies.

Finally, as mentioned above, the combination of the out-
puts from these accelerometer sensors and the output of strain
gage weight sensors in a vehicle seat, or in or on a support
structure of the seat, can be used to make an accurate assess-
ment of the occupancy of the seat and differentiate between
animate and inanimate occupants as well as determining
where in the seat the occupants are sitting. This can be done
by observing the acceleration signals from the sensors of F1G.
37 and simultaneously the dynamic strain gage measure-
ments from the seat-mounted strain gages. The accelerom-
eters provide the input function to the seat and the strain gages
measure the reaction of the occupying item to the vehicle
acceleration and thereby provide a method of determining
dynamically the mass and other inertial properties of the
occupying item and its location. This is particularly important
during occupant position sensing during a crash event. By
combining the outputs of the accelerometers and the strain
gages and appropriately processing the same, the mass and
weight of an object occupying the seat can be determined as
well as the gross motion of such an object so that an assess-
ment can be made as to whether the object is a life form such
as a human being.

For this embodiment, sensor 578 represents one or more
strain gage weight sensors mounted on the seat or in connec-
tion with the seat or its support structure. Suitable mounting
locations and forms of weight sensors are discussed in the
current assignee’s U.S. Pat. No. 6,242,701 and contemplated
for use in this invention as well. The mass or weight of the
occupying item of the seat can thus be measured based on the
dynamic measurement of the strain gages with optional con-
sideration of the measurements of accelerometers on the
vehicle, which are represented by any of sensors 571-577.

1.9 Safety Bus

The vehicle safety bus is described in U.S. Pat. Nos. 6,533,
316 and 6,733,036 and can be used with any or all of the
sensors, sensor systems, airbag systems and safety systems
disclosed herein.

2. Systems

2.1 Seltf-Contained Airbag Systems

Self-contained airbag systems contain all of the parts of the
airbag system within a single package, in the case of mechani-
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cal implementations, and in the case of electrical or electronic
systems, all parts except the primary source of electrical
power and, in some cases, the diagnostic system. This
includes the sensor, inflator and airbag. Potentially, these
systems have significant cost and reliability advantages over
conventional systems where the sensor(s), diagnostic and
backup power supply are mounted separate from the airbag
module. In mechanical implementations in particular, all of
the wiring, the diagnostic system and backup power supply
are eliminated.

FIG. 22 is a perspective view of a side impact airbag system
illustrating the placement of the airbag vents in the door panel
and exhausting of the inflator gases into the vehicle door and
also showing the use of a pusher plate 190 to adjust for the
mismatch between the point of impact of an intruding vehicle
and the sensor of a self-contained side impact airbag system.
The pusher plate 190 is shown attached to the main structural
door beam 191 in this illustration but other mounting systems
are also possible. The pusher plate 190 is dimensioned and
installed in the door so that during a side impact to any portion
of'the side of the vehicle which is likely to cause intrusion into
the passenger compartment and contact an occupant, the
pusher plate will remain in a substantially undistorted form
until it has impacted with the sensor causing the sensor to
begin deployment of the airbag. In this implementation, a
non-sodium azide propellant, such as nitro-cellulose, is used
and the gas is exhausted into the door though a pair of orifices
192 (only one of which is shown). The airbag system may be
any of those disclosed herein.

FIG. 23 is a cross-sectional view of a self-contained side
impact airbag system using an electronic sensor that gener-
ates a signal representative of the movement of a sensing
mass. Unless otherwise stated or inconsistent with the follow-
ing description of an airbag system with an electronic sensor,
the airbag system with an electronic sensor may include the
features of the airbag system described above and below. An
electronic sensor is one in which the motion of the sensing
mass is typically continuously monitored with the signal elec-
tronically amplified with the output fed into an electronic
circuit which is usually a micro-processor. Electronic sensors
typically use accelerometers that usually make use of micro-
machined, SAW, strain gage or piezo-clectric elements shown
here as 193. The accelerometer element 193 generates a sig-
nal representative of the movement of the sensing mass.

Modern accelerometers are sometimes micro-machined
silicon and combined with other elements on an electronic
chip. In electro-mechanical sensors, the motion of the sensing
mass is typically measured in millimeters and is much larger
than the motion of the sensing mass in electronic sensors
where the motion is frequently measured in microns or por-
tions of a micron. The signal representative of the motion of
the sensing mass is recorded over time and an algorithm in the
microprocessor may be designed to determine whether the
movement over time of the sensing mass results in a calcu-
lated value thatis in excess of the threshold value based onthe
signal. The sensing mass may constitute part of the acceler-
ometer, e.g., the sensing mass is a micro-machined accelera-
tion sensing mass. In this case, the microprocessor deter-
mines whether the movement of the sensing mass over time
results in an algorithmic determined value that is in excess of
the threshold value based on the signal.

For side impact electronic sensors, the acceleration of the
sensing mass is acceleration in a lateral direction or lateral
acceleration since the passenger compartment is inward rela-
tive to the side of the vehicle.

In embodiments using an electronic sensor, the inflator
may include a primer that is part of an electronic circuit
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including the accelerometer such that upon movement over
time of the sensing mass which results in a calculated value in
excess of the threshold value, the electronic circuit is com-
pleted thereby causing ignition of the primer. In this case, the
primer may be initiated electronically through a bridge or
similar device that is initiated electronically.

When the term electrical is used herein, it is meant to
include both electro-mechanical and electronic systems. FIG.
24 is a schematic of an exemplifying embodiment of an
electric circuit of an electro-mechanical or electronic side
impact airbag system in accordance with the invention. The
self-contained module implementation shown generally at
194 contains a sensor assembly 204 and an airbag and inflator
assembly 202. The sensor assembly 204 contains a sensor
205, a diagnostic module 206, an energy storage capacitor
207, and a pair of diodes 203 to prevent accidental discharge
of the capacitor 207 if a wire becomes shorted. The module
206 is electrically connected to a diagnostic monitoring cir-
cuit 208 by a wire 195 and to the vehicle battery 209 by a wire
197. The module 206 is also connected to the vehicle ground.
The sensor, diagnostic and capacitor power supplies are con-
nected to the squib by wires 199-201.

In a basic configuration, the diagnostic monitoring circuit
208 checks that there is sufficient voltage on the capacitor 207
to initiate the inflator assembly 202 in the event of an acci-
dent, for example, and either of wires 195, 197 or 198 are
severed. In this case, a diagnostic component internal to the
self-contained module would not be necessary. In more
sophisticated cases, the diagnostic module 206 could check
that the squib resistance is within tolerance, that the sensor
calibration is correct (through selftesting) and that the arming
sensor has not inadvertently closed. It could also be used to
record that the arming sensor, discriminating sensor and air-
bag deployment all occurred in the proper sequence and
record this and other information for future investigative pur-
poses. In the event of a malfunction, the diagnostic unit could
send a signal to the monitoring circuitry that may be no more
than an indication that the capacitor 207 was not at full
charge. Other related circuit components include capacitor
211 and resistor 210.

A substantial improvement in the reliability of the system
is achieved by placing the diagnostic module and backup
power supply within the self-contained airbag system par-
ticularly in the case of side impacts where the impact can take
place at any location over a wide area. An impact into a
narrow pole at the hinge pillar, for example, might be suffi-
cient to sever the wire from the airbag module to the vehicle
power source before the sensor has detected the accident. The
placement of an electronic self-contained airbag module in
the steering wheel also provides for significant economic and
reliability improvements especially since the energy needed
to trigger the airbag can be stored on the capacitor and does
not need to be transmitted to the module through the “clock
spring” coiled ribbon cable that connects the steering wheel
horn, switches etc. to vehicle power. Thus, the current-carry-
ing capability of the clock spring can be substantially
reduced.

Most of the advantages of placing the sensor, diagnostic
and backup power supply within the self-contained module
can of course be obtained if one or more of these components
are placed in a second module in close proximity to the
self-contained module. For the purposes of electro-mechani-
cal or electronic self-contained modules, therefore, as used
herein, the terms “self-contained module” or “self-contained
airbag system” will include those cases where one or more of
the components including the sensor, diagnostic and backup
power supply are separate from the airbag module butin close
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proximity to it. For example, in the case of steering wheel-
mounted systems, the sensor and backup power supply would
be mounted on the steering wheel and in the case of side
impact door mounted systems, they would be mounted within
the door or seat. In conventional electrical or electronic sys-
tems, on the other hand, the sensor, diagnostic module and
backup power supply are mounted remote from the airbag
module in a convenient location typically centrally in the
passenger compartment such as on the tunnel, under the seat
or in the instrument panel.

With the placement of the backup power supply in the
self-contained module, greater wiring freedom is permitted.
For example, in some cases for steering wheel-mounted sys-
tems, the power can be obtained through the standard horn
slip ring system eliminating the requirement of the ribbon coil
now used on all conventional driver airbag systems. For side
impact installations, the power to charge the backup power
supply could come from any convenient source such as the
power window or door lock circuits. The very low resistance
and thus high quality circuits and connectors now used in
airbag systems are not required since even an intermittent or
high resistance power source would be sufficient to charge the
capacitor and the existence of the charge is diagnosed as
described above.

Herein, the terms capacitor, power supply and backup
power supply are used interchangeably. Also, other energy
storage devices such as a rechargeable battery could be used
instead of a capacitor. For the purposes of this disclosure and
the appended claims, therefore, the word capacitor will be
used to mean any device capable of storing electrical energy
for the purposes of supplying energy to initiate an inflator
Initiation of an inflator will mean any process by which the
filling of an airbag with gas is started. The inflator may be
either pure pyrotechnic, stored gas or hybrid or any other
device which provides gas to inflate an airbag.

FIG. 25 is a side view showing the preferred mounting of
two self-contained airbag modules 212 and 213 on the side on
a two door vehicle. Module 212 is mounted inside of a door,
whereby the sensor housing of module 212 is most proximate
the exterior of the vehicle, while module 213 is mounted
between the inner and outer side panels at a location other
than the door, in this case, to protect a rear seated occupant.
Each module has its own sensor and, in the case of electrical
self-contained systems, its own capacitor power supply and
diagnostic circuit. Any of the airbag systems disclosed herein
may be mounted either inside a door or between inner and
outer side panels of the vehicle at a location other than the
door and for non-self-contained systems, the sensor can be
mounted anywhere provided there is a sufficiently strong link
to the vehicle side so that the sensor is accelerated at a mag-
nitude similar to the vehicle side crush zone during the first
few milliseconds of the crash. In view of the mounting of
module 213 between inner and outer panels of the vehicle at
a location other than the door, the inner and outer panels are
thus fixed to the vehicle frame and the module 213 is also thus
fixed to the frame. By contrast, the module 212 mounted
inside the door is moved whenever the door is opened or
closed.

This invention is also concerned with a novel self-con-
tained airbag system for protecting occupants in side impacts
and in particular with the sensors used either with self-con-
tained modules or apart from the airbag module. This is
accomplished by using the sensors described in U.S. Pat. No.
5,231,253, along with other improvements described in detail
below. This invention is also concerned with applying some
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of the features of the novel side impact system to solving
some of the problems of prior art mechanical airbag systems
discussed above.

The inflator mechanism may be any component or combi-
nation of components which is designed to inflate an airbag,
preferably by directing gas into an interior of the airbag. One
embodiment of the inflator mechanism may comprise a
primer. In this case, the crash sensor includes an electronic
circuit including the accelerometer and the primer such that
upon movement over time of the sensing mass results in a
calculated value in excess of the threshold value, the elec-
tronic circuit is completed thereby causing ignition of the
primer.

2.2 Occupant Sensing

In U.S. Pat. Nos. 5,829,782 and 5,563,462, the use of
neural networks as a preferred pattern recognition technology
is disclosed identifying a rear facing child seat located on the
front passenger seat of an automobile. These patents also
disclose many other applications of pattern recognition tech-
nologies for use in conjunction with monitoring the interior of
an automobile passenger compartment and more generally,
monitoring any interior space in a moving vehicle which
might be occupied by an object.

FIG. 26 illustrates an occupant monitoring system that is
capable of identifying the occupancy of a vehicle and mea-
suring the location and velocity of human occupants. This
system is disclosed in detail in US RE37260. In this preferred
implementation, four transducers 220, 221, 222 and 223 are
used to provide accurate identification and position monitor-
ing of the passenger of the vehicle. A similar system can be
implemented on the driver side or rear seat. In FIG. 26, lines
connecting the transducers C and D and the transducers A and
B are substantially parallel permitting an accurate determina-
tion of asymmetry and thereby object rotation as described in
US RE37260.

The system is capable of determining the pre-crash loca-
tion of the critical parts of the occupant, such as his/her head
and chest, and then to track their motion toward the airbag
with readings as fast as once every 10 milliseconds. This is
sufficient to determine the position and velocity of the occu-
pant during a crash event. The implementation described in
US RE37260 can therefore determine at what point the occu-
pant will get sufficiently out-of-position so that deployment
of the airbag should be suppressed. In the instant invention,
the same data is used but instead of only making a trigger/no-
trigger decision, the information is also used to determine
how fast to deploy the airbag, and if the weight of the occu-
pant is also determined in a manner such as disclosed in U.S.
Pat. No. 5,748,473, the amount of gas which should be
injected into the airbag and perhaps the outflow resistance can
be controlled to optimize the airbag system not only based on
the crash pulse but also the occupant properties. This provides
the design for Phase 3 Smart Airbags.

In U.S. Pat. No. 5,684,701, concern was expressed about a
possible contention for processor resources when multiple
systems were using the same microprocessor. This is no
longer a problem with the availability of neural computer
designs that can be incorporated into an ASIC for this system.
Such designs utilize a parallel computing architecture to cal-
culate all of the node calculations simultaneously. Further-
more, the neural computer can be made with as many input
nodes as desired with little penalty in ASIC cost. Thus, both
the calculation of the position of the occupant and the crash
pulse analysis can occur at the same time.

In the neural network ASIC design, it is anticipated that, for
most applications, the node weights will be read in at execu-
tion time. Therefore, a single neural network hardware design
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can perform many pattern recognition functions as long as the
functions that share the neural computer do not need to be
done at the same time. To the extent that this sharing can be
done, each of these non-critical features can be added at very
little additional cost once one system is implemented.

In FIG. 26A, an alternate view of the passenger compart-
ment of a motor vehicle is presented which illustrates an
occupant out-of-position sensor and a rear facing child seat
detector, both located on the A-pillar of the vehicle and both
using the same neural computer as the neural network crash
sensor. In other applications, these transducers are mounted
on other locations such as the B-pillar and headliner. Thus,
once one neural network application for an automobile is
implemented, the same neural network computer system can
be used for several pattern recognition applications.

Use of the neural network to identify or detect a rear facing
child seat occurs when the vehicle is first put in motion. In
contrast, use of the neural network for crash pattern recogni-
tion occurs continuously but need only take place when an
abnormal event is taking place. Since it is highly unlikely that
both events will take place simultaneously, the same system
can easily accomplish both tasks. In event of a conflict, one of
the functions takes priority. A strong motivation for the use of
a neural network crash sensor, therefore, in addition to its
superior performance, is that substantial economies result.
Use of neural networks for interior vehicle monitoring or for
crash sensing is not believed to have been discovered prior to
its discovery by the current assignee, let alone the greater
advantage of combining both functions with the same neural
network system. When the added requirement of determining
the position of an occupant dynamically is considered, the
chance of a conflict between the occupant sensing and the
crash sensing systems increases since both must be done
continuously. Both systems can still use the same neural
network system providing the processor is fast enough. One
method of assuring that this is true is to use a parallel proces-
sor, such as a neural computer.

An interesting point is that each feature can be added at
very little additional cost once one system is implemented.
The distance measurement to determine an out-of-position
occupant is a minor software change and the addition of the
driver system once a passenger system is in place, or vice
versa, requires only additional transducers which are inex-
pensive in large quantities. Since both the driver and passen-
ger systems can share the same electronics, there will be
virtually no additional cost for electronic components.

InFIG. 26 A, four ultrasonic transducers 224, 225,226, and
227, are used to identify an object occupying the front pas-
senger seat as described in U.S. Pat. Nos. 5,563,462 and
5,829,782. In this particular implementation, an additional
transducer 224 is provided to improve the identification accu-
racy of the system. Ultrasonic transducers 228 and 229 are
used to determine the distance from the transducers to the
vehicle driver and ultrasonic transducers 230,231 and 232 are
used to measure the distance to the steering wheel mounted
airbag module 51 and also to the driver. The second measure-
ment of the driver’s position is used to confirm the measure-
ments obtained from transducers 228 and 229. The distance
from the airbag can be calculated knowing the distance to the
driver and the distance to the steering wheel 233. Other types
of transducers or measurement devices could be used without
deviating from the teachings of this invention. What is illus-
trated and taught here is that there are many applications
requiring pattern recognition technologies which can be
achieved very economically through shared pattern recogni-
tion computer facilities.
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Since the cost of optical or camera systems have recently
plummeted, this is now the technology of choice for occupant
sensing. Such systems are described in detail in the U.S.
patents referenced under this subject above. A single camera
is, naturally, the least expensive solution but suffers from the
problem that there is no easy method of obtaining three-
dimensional information about people or objects that are
occupying the passenger compartment. A second camera can
be added but to locate the same objects or features in the two
images by conventional methods is computationally intensive
unless the two cameras are close together. If they are close
together, however, then the accuracy of the three dimensional
information is compromised. Also, if they are not close
together, then the tendency is to add separate illumination for
each camera. An alternate solution is to use two cameras
located at different positions in the passenger compartment
but to use a single lighting source. This source can be located
adjacent to one camera to minimize the installation sites.
Since the LED illumination is now more expensive than the
imager, the cost of the second camera does not add signifi-
cantly to the system cost. Correlation of features can then be
done using pattern recognition systems such as neural net-
works. Two cameras also provide a significant protection
from blockage and one or more additional cameras, with
additional illumination, can be added to provide almost com-
plete blockage protection.

Although some implementations of an occupant sensing
system has been shown in FIGS. 26 and 26 A, other types of
transducers or measurement devices could be used without
deviating from the teachings of this invention including, for
example, laser radar, stereo and other 3D imaging techniques,
radar, electric field, capacitance, weight distribution etc. (see,
e.g., U.S. patent application Ser. No. 10/413,426).

In FIG. 27, an occupant position sensor arrangement 241,
242 located in a headrest 240 of an automobile seat is illus-
trated. Such a sensor arrangement 241, 242 can be used to
automatically position the headrest 240 for protection of
occupants in rear impacts, as part of a system to automatically
adjust the position of the seat based on the morphology of the
occupant, and to monitor the position of the head in the event
of'a frontal impact. In each case, the sensor may interface with
the neural network computer system that is used for crash
sensing. In the case of rear impact protection, for example, the
neural computer, using information from the accelerometers,
may determine that a rear impact is in progress and command
the headrest to move closer to the occupant’s head. If an
anticipatory sensor is used for predicting a rear impact, the
neural computer can be used to identify the approaching
object and decide if positioning the headrest is warranted.
When the longitudinal position of the occupant’s head is
monitored, then the neural crash sensor would take this into
account along with other occupant position information, if
available, when determining whether to deploy the airbag if
the occupant is out-of-position.

Other sensors which can be added to this system include
those which measure the position of the seat, position of the
seat back, weight of the occupant, height of the occupant,
seatbelt spool out, seatbelt buckle engagement etc. The head-
rest position adjustment can be accomplished in a number of
ways including motors and an associated mechanism such as
a four-bar or other linkage.

2.3 Controlling Airbag Inflation

A schematic of an airbag gas control system in illustrated in
FIG. 28 and follows the description presented above. Data
from the occupant, accelerometer(s), gyroscope(s), if present,
and anticipatory sensor(s) are fed into the control module
which controls one or more of: (i) the quantity of gas pro-
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duced by the gas generator, (ii) the flow of the gas from the gas
generator into the airbag or, alternately, the flow of a portion
of'the gas from the gas generator to the atmosphere before it
enters the airbag, and (iii) the flow of the gas out of the airbag
into the atmosphere.

One issue that remains to be discussed is to derive the
relationship between the gas controller setting and the desired
volume or quantity of gas in the airbag. Generally, for a low
velocity, long duration threshold crash, for a small light
weight out-of-position occupant, the airbag should be inflated
slowly with a relatively small amount of gas and the outflow
of gas from the airbag should be controlled so a minimum
value constant pressure is maintained as the occupant just
contacts the vehicle interior at the end of the crash.

Similarly, for a high velocity crash with large heavy occu-
pant, positioned far from the airbag before deployment is
initiated, but with a significant forward relative velocity due
to pre-crash braking, the airbag should be deployed rapidly
with a high internal pressure and an outflow control which
maintains a high pressure in the airbag as the occupant
exhausts the airbag to the point where he almost contacts the
interior vehicle surfaces at the end of the crash. These situa-
tions are quite different and require significantly different
flow rates into and/or out of the airbag. As crash variability is
introduced such as where a vehicle impacts a pole in front of
a barrier, the gas flow decisions may be changed during the
crash.

The neural network crash sensor has the entire history of
the crash at each point in time and therefore knows what
instructions it gave to the gas controller during previous por-
tions of the crash. It therefore knows what new instructions to
give the controller to account for new information. The prob-
lem is to determine the controller function when the occupant
parameters and crash-forecasted severity are known. This
requires the use of an occupant crash simulation program
such as Madymo™ from TNO in Delft, The Netherlands,
along with a model of the gas control module.

A series of simulations are run with various settings of the
controllable parameters such as the gas generation rate, gas
inflow and gas outflow restriction until acceptable results are
obtained and the results stored for that particular crash and
occupant situation. In each case, the goal may be to maintain
aconstant pressure within the airbag during the crash once the
initial deployment has occurred. Those results for each point
in time are converted to a number and that number is the
desired output of the neural network used during the training.
A more automated approach is to couple the simulation
model with the neural network training program so that the
desired results for the training are generated automatically.

Thus, as a particular case is being prepared as a training
vector, the Madymo program is run which automatically
determines the settings for the particular gas control module,
through a trial and error process, and these settings are con-
verted to a number and normalized, with the normalized
number becoming the desired output value of the output node
of'the neural network. The above discussion is for illustration
purposes only and there are many ways that the interface
between the neural network system and the gas controller can
be designed. The descriptions above have concentrated on the
control of the gas flows into and out of an airbag. Other parts
of the occupant restraint system can also be controlled in a
similar manner as the gas flows are controlled. In particular,
various systems are now in use and others are being devel-
oped for controlling the force applied to the occupant by the
seatbelt. In this case, it is desired to maintain a constant
acceleration to the occupant depending on the crash severity.
Such systems can use retractors or pretensioners, others use
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methods of limiting the maximum force exerted by the seat-
belt, while still others apply damping or energy absorbing
devices to provide a velocity sensitive force to the occupant.

A preferred approach, as disclosed in U.S. patent applica-
tion Ser. No. 10/413,426, uses a method of measuring the
acceleration of the occupant, or some part such as his or her
chest, and a mechanism that controls the spool out of the
seatbelt to maintain the chest acceleration, for example, to an
appropriate limit such as 40 Gs. To the extent that these
systems can be actively controlled by the restraint system
based on the pattern recognition techniques described herein,
they are contemplated by this invention.

Also, the crash accelerometer(s), gyroscopes and occupant
sensors have been the main inputs to the pattern recognition
system as described above. This invention also contemplates
the use of other available information such as seatbelt use,
seat position, seat back position, vehicle velocity etc. as addi-
tional inputs into the pattern recognition system for particular
applications depending on the availability of such informa-
tion.

2.4 Diagnostics

A smart airbag system is really part of a general vehicle
diagnostic system and many of the components that make up
the airbag system and the rest of the vehicle diagnostic system
can be shared. Therefore, we will now briefly discuss a gen-
eral vehicle diagnostic system focusing on the interaction
with the occupant restraint system. This description is taken
from U.S. Pat. No. 6,484,080.

For the purposes herein the following terms are defined as
follows:

The term “component” refers to any part or assembly of
parts that is mounted to or a part of a motor vehicle and which
is capable of emitting a signal representative of its operating
state that can be sensed by any appropriate sensor. The fol-
lowing is a partial list of general automobile and truck com-
ponents, the list not being exclusive:

Occupant restraints; engine; transmission; brakes and
associated brake assembly; tires; wheel; steering wheel and
steering column assembly; water pump; alternator; shock
absorber; wheel mounting assembly; radiator; battery; oil
pump; fuel pump; air conditioner compressor; differential
gear; exhaust system; fan belts; engine valves; steering
assembly; vehicle suspension including shock absorbers;
vehicle wiring system; and engine cooling fan assembly.

The term “sensor” as used herein will generally refer to any
measuring, detecting or sensing device mounted on a vehicle
or any of its components including new sensors mounted in
conjunction with the diagnostic module in accordance with
the invention. A partial, non-exhaustive list of common sen-
sors mounted on an automobile or truck is:

airbag crash sensor; accelerometer; microphone; camera;
antenna; capacitance sensor or other electromagnetic wave
sensor; stress or strain sensor; pressure sensor; weight sensor;
magnetic field or flux sensor; coolant thermometer; oil pres-
sure sensor; oil level sensor; air flow meter; voltmeter; amme-
ter; humidity sensor; engine knock sensor; oil turbidity sen-
sor; throttle position sensor; steering wheel torque sensor;
wheel speed sensor; tachometer; speedometer; other velocity
sensors; other position or displacement sensors; oxygen sen-
sor; yaw, pitch and roll angular sensors; clock; odometer;
power steering pressure sensor; pollution sensor; fuel gauge;
cabin thermometer; transmission fluid level sensor; gyro-
scopes or other angular rate sensors including yaw, pitch and
roll rate sensors; coolant level sensor; transmission fluid tur-
bidity sensor; break pressure sensor; tire pressure sensor; tire
temperature sensor; tire acceleration sensor; GPS receiver;
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DGPS receiver; coolant pressure sensor; occupant position
sensor; and occupant weight sensor.

The term “actuator” as used herein will generally refer to a
device that performs some action upon receiving the proper
signal. Examples of actuators include:

window motor; door opening and closing motor; electric
door lock; deck lid lock; airbag inflator initiator; fuel injector;
brake valves; pumps; relays; and steering assist devices.

The term “signal” as used herein will generally refer to any
time varying output from a component including electrical,
acoustic, thermal, or electromagnetic radiation, or mechani-
cal vibration.

Sensors on a vehicle are generally designed to measure
particular parameters of particular vehicle components. How-
ever, frequently these sensors also measure outputs from
other vehicle components. For example, electronic airbag
crash sensors currently in use contain an accelerometer for
determining the accelerations of the vehicle structure so that
the associated electronic circuitry of the airbag crash sensor
can determine whether a vehicle is experiencing a crash of
sufficient magnitude so as to require deployment of the air-
bag.

An IMU using up to three accelerometers and up to three
gyroscopes can also be used. This accelerometer continu-
ously monitors the vibrations in the vehicle structure regard-
less of the source of these vibrations. If a wheel is out-of-
balance or delaminating, or if there is extensive wear of the
parts of the front wheel mounting assembly, or wear in the
shock absorbers, the resulting abnormal vibrations or accel-
erations can, in many cases, be sensed by the crash sensor
accelerometer. There are other cases, however, where the
sensitivity or location of the airbag crash sensor accelerom-
eter is not appropriate and one or more additional accelerom-
eters and/or gyroscopes or IMU may be mounted onto a
vehicle for the purposes of this invention. Some airbag crash
sensors are not sufficiently sensitive accelerometers or have
sufficient dynamic range for the purposes herein.

Every component of a vehicle emits various signals during
its life. These signals can take the form of electromagnetic
radiation, acoustic radiation, thermal radiation, electric or
magnetic field variations, vibrations transmitted through the
vehicle structure, and voltage or current fluctuations, depend-
ing on the particular component. When a component is func-
tioning normally, it may not emit a perceptible signal. In that
case, the normal signal is no signal, i.e., the absence of a
signal. In most cases, a component will emit signals that
change over its life and it is these changes that contain infor-
mation as to the state of the component, e.g., whether failure
of the component is impending. Usually components do not
fail without warning. However, most such warnings are either
not perceived or if perceived are not understood by the vehicle
operator until the component actually fails and, in some cases,
a breakdown of the vehicle occurs. In a few years, it is
expected that various roadways will have systems for auto-
matically guiding vehicles operating thereon. Such systems
have been called “smart highways” and are part of the field of
intelligent transportation systems (ITS). If a vehicle operating
on such a smart highway were to breakdown, serious disrup-
tion of the system could result and the safety of other users of
the smart highway could be endangered.

As discussed in detail above, accelerometers are routinely
used mounted outside of the crush zone for sensing the failure
of'the vehicle, that is, a crash of the vehicle. Looking at this in
general terms, there is synergy between the requirements of
sensing the status of the whole vehicle as well as its compo-
nents and the same sensors can often be used for multiple
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purposes. The output of a microphone mounted in the vehicle
could be used to help determine the existence and severity of
a crash, for example.

In accordance with the invention, each of these signals
emitted by the vehicle components is converted into electrical
signals and then digitized (i.e., the analog signal is converted
into a digital signal) to create numerical time series data that
is then entered into a processor. Pattern recognition algo-
rithms are then applied in the processor to attempt to identify
and classify patterns in this time series data For a particular
component, such as a tire for example, the algorithm attempts
to determine from the relevant digital data whether the tire is
functioning properly and/or whether it requires balancing,
additional air, or perhaps replacement. Future systems may
bypass the A/D conversion and operate directly on the analog
signals. Optical correlation systems are now used by the
military that create the Fourier transform of an image directly
using diffraction gratings and compare the image with a
stored image.

Frequently, the data entered into the computer needs to be
pre-processed before being analyzed by a pattern recognition
algorithm. The data from a wheel speed sensor, for example,
might be used as is for determining whether a particular tire is
operating abnormally in the event it is unbalanced, whereas
the integral of the wheel speed data over a long time period
(integration being a pre-processing step), when compared to
such sensors on different wheels, might be more useful in
determining whether a particular tire is going flat and there-
fore needs air.

In some cases, the frequencies present in a set of data are a
better predictor of component failures than the data itself. For
example, when a motor begins to fail due to worn bearings,
certain characteristic frequencies began to appear. In most
cases, the vibrations arising from rotating components, such
as the engine, will be normalized based on the rotational
frequency as disclosed in a recent NASA TSP. Moreover, the
identification of which component is causing vibrations
present in the vehicle structure can frequently be accom-
plished through a frequency analysis of the data. For these
cases, a Fourier transformation of the data is made prior to
entry of the data into a pattern recognition algorithm. As
mentioned above, optical correlations systems using Fourier
transforms can also be applicable.

Other mathematical transformations are also made for par-
ticular pattern recognition purposes in practicing the teach-
ings of this invention. Some of these include shifting and
combining data to determine phase changes for example,
differentiating the data, filtering the data, and sampling the
data. Also, there exist certain more sophisticated mathemati-
cal operations that attempt to extract or highlight specific
features of the data. This invention contemplates the use of a
variety of these preprocessing techniques, and combinations
thereof, and the choice of which one or ones is left to the skill
of the practitioner designing a particular diagnostic module.

Another technique that is contemplated for some imple-
mentations of this invention is the use of multiple accelerom-
eters and/or microphones that allow the system to locate the
source of any measured vibrations based on the time of flight,
or time of arrival of a signal at different locations, and/or
triangulation techniques. Once a distributed accelerometer
installation has been implemented to permit this source loca-
tion, the same sensors can be used for smarter crash sensing as
it will permit the determination of the location of the impact
on the vehicle. Once the impact location is known, a highly
tailored algorithm can be used to accurately forecast the crash
severity making use of knowledge of the force vs. crush
properties of the vehicle at the impact location.

20

25

30

35

40

45

50

55

60

65

48

When a vehicle component begins to change its operating
behavior, it is not always apparent from the particular sensors,
if any, which are monitoring that component. Output from
any one of these sensors can be normal even though the
component is failing. By analyzing the output of a variety of
sensors, however, the pending failure can be diagnosed. For
example, the rate of temperature rise in the vehicle coolant, if
it were monitored, might appear normal unless it were known
that the vehicle was idling and not traveling down a highway
at a high speed. Even the level of coolant temperature which
is in the normal range could in fact be abnormal in some
situations signitying a failing coolant pump, for example, but
not detectable from the coolant thermometer alone.

Pending failure of some components is difficult to diagnose
and sometimes the design of the component requires modifi-
cation so that the diagnosis can be more readily made. A fan
belt, for example, frequently begins failing by a cracking of
the inner surface. The belt can be designed to provide a sonic
or electrical signal when this cracking begins in a variety of
ways. Similarly, coolant hoses can be designed with an inten-
tional weak spot where failure will occur first in a controlled
manner that can also cause a whistle sound as a small amount
of steam exits from the hose. This whistle sound can then be
sensed by a general purpose microphone, for example.

In FIG. 29, a generalized component 250 emitting several
signals that are transmitted along a variety of paths, sensed by
a variety of sensors and analyzed by the diagnostic device in
accordance with the invention is illustrated schematically.
Component 250 is mounted to a vehicle and during operation,
it emits a variety of signals such as acoustic 251, electromag-
netic radiation 252, thermal radiation 253, current and volt-
age fluctuations in conductor 254 and mechanical vibrations
255. Various sensors are mounted in the vehicle to detect the
signals emitted by the component 250. These include one or
more vibration sensors (accelerometers) 259, 261 and/or
gyroscopes also mounted to the vehicle, one or more acoustic
sensors 256, 262, electromagnetic radiation sensor 257, heat
radiation sensor 258, and voltage or current sensor 260. In
addition, various other sensors 263, 264 measure other
parameters of other components that in some manner provide
information directly or indirectly on the operation of compo-
nent 250.

All of the sensors illustrated on FIG. 29 can be connected
to a data bus 265. A diagnostic module 266, in accordance
with the invention, can also be attached to the vehicle data bus
265 and receives the signals generated by the various sensors.
The sensors may however be wirelessly connected to the
diagnostic module 266 and be integrated into a wireless
power and communications system or a combination of wired
and wireless connections.

As shown in FIG. 29, the diagnostic module 266 has access
to the output data of each of the sensors that have potential
information relative to the component 250. This data appears
as a series of numerical values each corresponding to a mea-
sured value at a specific point in time. The cumulative data
from a particular sensor is called a time series of individual
data points. The diagnostic module 266 compares the patterns
of data received from each sensor individually, or in combi-
nation with data from other sensors, with patterns for which
the diagnostic module 266 has been trained to determine
whether the component 250 is functioning normally or abnor-
mally Note that although a general vehicle component diag-
nostic system is being described, the state of some vehicle
components can provide information to the vehicle safety
system. A tire failure, for example, can lead to a vehicle
rollover.
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Important to this invention is the manner in which the
diagnostic module 266 determines a normal pattern from an
abnormal pattern and the manner in which it decides what
data to use from the vast amount of data available. This is
accomplished using pattern recognition technologies such as
artificial neural networks and training. The theory of neural
networks including many examples can be found in several
books on the subject as discussed above. The neural network
pattern recognition technology is one of the most developed
of pattern recognition technologies. The neural network will
be used here to illustrate one example of a pattern recognition
technology but it is emphasized that this invention is not
limited to neural networks. Rather, the invention may apply
any known pattern recognition technology including sensor
fusion and various correlation technologies. A brief descrip-
tion of the neural network pattern recognition technology is
set forth below.

Neural networks are constructed of processing elements
known as neurons that are interconnected using information
channels call interconnects. Each neuron can have multiple
inputs but generally only one output. Each output however is
connected to all other neurons in the next layer. Neurons in the
first layer operate collectively on the input data as described
in more detail below. Neural networks learn by extracting
relational information from the data and the desired output.
Neural networks have been applied to a wide variety of pat-
tern recognition problems including automobile occupant
sensing, speech recognition, optical character recognition,
and handwriting analysis.

To train a neural network, data is provided in the form of
one or more time series that represents the condition to be
diagnosed as well as normal operation. As an example, the
simple case of an out-of-balance tire will be used. Various
sensors on the vehicle can be used to extract information from
signals emitted by the tire such as an accelerometer, a torque
sensor on the steering wheel, the pressure output of the power
steering system, a tire pressure monitor or tire temperature
monitor. Other sensors that might not have an obvious rela-
tionship to an unbalanced tire are also included such as, for
example, the vehicle speed or wheel speed. Data is taken from
avariety of vehicles where the tires were accurately balanced
under a variety of operating conditions also for cases where
varying amounts of unbalance was intentionally introduced.
Once the data has been collected, some degree of preprocess-
ing or feature extraction is usually performed to reduce the
total amount of data fed to the neural network. In the case of
the unbalanced tire, the time period between data points
might be chosen such that there are at least ten data points per
revolution of the wheel. For some other application, the time
period might be one minute or one millisecond.

Once the data has been collected, it is processed by a neural
network-generating program, for example, if a neural net-
work pattern recognition system is to be used. Such programs
are available commercially, e.g., from NeuralWare of Pitts-
burgh, Pa. The program proceeds in a trial and error manner
until it successfully associates the various patterns represen-
tative of abnormal behavior, an unbalanced tire, with that
condition. The resulting neural network can be tested to deter-
mine if some of the input data from some of the sensors, for
example, can be eliminated In this way, the engineer can
determine what sensor data is relevant to a particular diag-
nostic problem. The program then generates an algorithm that
is programmed onto a microprocessor, microcontroller, neu-
ral processor, or DSP (herein collectively referred to as a
microprocessor or processor). Such a microprocessor appears
inside the diagnostic module 266 in FIG. 29.
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Once trained, the neural network, as represented by the
algorithm, will now operationally recognize an unbalanced
tire on a vehicle when this event occurs. At that time, when the
tire is unbalanced, the diagnostic module 266 will output a
signal indicative of the unbalanced tire, such as a signal to be
sent to an output device which provides a message to the
driver indicating that the tire should be now be balanced as
described in more detail below. The message to the driver is
provided by an output device coupled to or incorporated
within the module 266 and may be, e.g., a light on the dash-
board, a vocal tone or any other recognizable indication appa-
ratus. Messages can also be transmitter to others outside of
the vehicle such as other vehicles or to a vehicle dealer. In
some cases, control of the vehicle may be taken over by a
vehicle system in response to a message. In some cases, the
vehicle component failure portends an oncoming accident
and one or more parts of the restraint system can be deployed.

It is important to note that there may be many neural
networks involved in a total vehicle diagnostic system. These
can be organized either in parallel, series, as an ensemble,
cellular neural network or as a modular neural network sys-
tem. In one implementation of a modular neural network, a
primary neural network identifies that there is an abnormality
and tries to identify the likely source. Once a choice has been
made as to the likely source of the abnormality, another of a
group of neural networks is called upon to determine the exact
cause of the abnormality In this manner, the neural networks
are arranged in a tree pattern with each neural network trained
to perform a particular pattern recognition task.

Discussions on the operation of a neural network can be
found in the above references on the subject and are well
understood by those skilled in the art. Neural networks are the
most well-known of the pattern recognition technologies
based on training, although neural networks have only
recently received widespread attention and have been applied
to only very limited and specialized problems in motor
vehicles. Other non-training based pattern recognition tech-
nologies exist, such as fuzzy logic. However, the program-
ming required to use fuzzy logic, where the patterns must be
determined by the programmer, render these systems imprac-
tical for general vehicle diagnostic problems such as
described herein. Therefore, preferably the pattern recogni-
tion systems that learn by training are used herein. On the
other hand, the combination of neural networks and fuzzy
logic, such as in a Neural-Fuzzy system, are applicable and
can result in superior results.

The neural network is the first highly successful of what
will be a variety of pattern recognition techniques based on
training. There is nothing that suggests that it is the only or
even the best technology. The characteristics of all of these
technologies which render them applicable to this general
diagnostic problem include the use of time-based input data
and that they are trainable. In all cases, the pattern recognition
technology learns from examples of data characteristic of
normal and abnormal component operation.

A diagram of one example of a neural network used for
diagnosing an unbalanced tire, for example, based on the
teachings of this invention is shown in FIG. 2 (discussed
above). The process can be programmed to periodically test
for an unbalanced tire. Since this need be done only infre-
quently, the same processor can be used for many such diag-
nostic problems. When the particular diagnostic test is run,
data from the previously determined relevant sensors is pre-
processed and analyzed with the neural network algorithm.
For the unbalanced tire, using the data from an accelerometer
for example, the digital acceleration values from the analog to
digital converter in the accelerometer are entered into nodes 1
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through n and the neural network algorithm compares the
pattern of values on nodes 1 through n with patterns for which
it has been trained as follows.

Each of the input nodes is connected to each of the second
layer nodes, h-1, h-2, . . . h-n, called the hidden layer, either
electrically as in the case of a neural computer, or through
mathematical functions containing multiplying coefficients
called weights, in the manner described in more detail in the
above references. At each hidden layer node, a summation
occurs of the values from each of the input layer nodes, which
have been operated on by functions containing the weights, to
create a node value. Similarly, the hidden layer nodes are in
like manner connected to the output layer node(s), which in
this example is only a single node O representing the decision
to notify the driver of the unbalanced tire. During the training
phase, an output node value of 1, for example, is assigned to
indicate that the driver should be notified and a value of 0 is
assigned to not providing an indication to the driver. Once
again, the details of this process are described in above-
referenced texts and will not be presented in detail here.

In the example above, twenty input nodes were used, five
hidden layer nodes and one output layer node. In this
example, only one sensor was considered and accelerations
from only one direction were used. If other data from other
sensors such as accelerations from the vertical or lateral direc-
tions were also used, then the number of input layer nodes
would increase. Again, the theory for determining the com-
plexity of a neural network for a particular application has
been the subject of many technical papers and will not be
presented in detail here. Determining the requisite complex-
ity for the example presented here can be accomplished by
those skilled in the art of neural network design. For an
example of the use of a neural network crash sensor algo-
rithm, see U.S. Pat. No. 5,684,701. Note that the inventors of
this invention contemplate all combinations of the teachings
of the *701 patent and those disclosed herein.

It is also possible to apply modular neural networks in
accordance with the invention wherein several neural net-
work are trained, each having a specific function relating to
the detection of the abnormality in the operation of the com-
ponent. The particular neural network(s) used, i.e., those to
which input is provided or from which output is used, can be
determined based on the measurements by one or more of the
sensors.

Briefly, the neural network described above defines a
method, using a pattern recognition system, of sensing an
unbalanced tire and determining whether to notify the driver
and comprises:

(a) obtaining an acceleration signal from an accelerometer
mounted on a vehicle;

(b) converting the acceleration signal into a digital time
series;

(c) entering the digital time series data into the input nodes
of the neural network;

(d) performing a mathematical operation on the data from
each of the input nodes and inputting the operated on data into
a second series of nodes wherein the operation performed on
each of the input node data prior to inputting the operated on
value to a second series node is different from(e.g. may
employ a different weight) that operation performed on some
other input node data;

(e) combining the operated on data from all of the input
nodes into each second series node to form a value at each
second series node;

(f) performing a mathematical operation on each of the
values on the second series of nodes and inputting this oper-
ated on data into an output series of nodes wherein the opera-
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tion performed on each of the second series node data prior to
inputting the operated on value to an output series node is
different from that operation performed on some other second
series node data;

(g) combining the operated on data from all of the second
series nodes into each output series node to form a value at
each output series node; and

(h) notifying a driver or taking some other action if the
value on one output series node is within a selected range
signifying that a tire requires balancing.

This method can be generalized to a method of predicting
that a component of a vehicle will fail comprising:

(a) sensing a signal emitted from the component;

(b) converting the sensed signal into a digital time series;

(c) entering the digital time series data into a pattern rec-
ognition algorithm;

(d) executing the pattern recognition algorithm to deter-
mine if there exists within the digital time series data a pattern
characteristic of abnormal operation of the component; and

(e) notifying a driver or taking some other action, includ-
ing, in some cases, deployment of an occupant restraint sys-
tem, if the abnormal pattern is recognized.

The particular neural network described above contains a
single series ofhidden layer nodes. In some network designs,
more than one hidden layer is used, although only rarely will
more than two such layers appear. There are of course many
other variations of the neural network architecture illustrated
above which appear in the referenced literature. For the pur-
poses herein, therefore, “neural network” will be defined as a
system wherein the data to be processed is separated into
discrete values which are then operated on and combined in at
least a two-stage process and where the operation performed
on the data at each stage is, in general, different for each
discrete value and where the operation performed is at least
determined through a training process.

Implementation of neural networks can take on at least two
forms, an algorithm programmed on a digital microprocessor,
DSP or in a neural computer. In this regard, it is noted that
neural computer chips are now becoming available.

In the example above, only a single component failure was
discussed using only a single sensor since the data from the
single sensor contains a pattern which the neural network was
trained to recognize as either normal operation of the com-
ponent or abnormal operation of the component. The diag-
nostic module 266 contains preprocessing and neural net-
work algorithms for a number of component failures. The
neural network algorithms are generally relatively simple,
requiring only a few hundred lines of computer code. A single
general neural network program can be used for multiple
pattern recognition cases by specifying different coefficients
for various terms, one set for each application. Thus, adding
different diagnostic checks has only a small affect on the cost
of the system. Also, the system has available to it all of the
information available on the data bus. During the training
process, the pattern recognition program sorts out from the
available vehicle data on the data bus or from other sources,
those patterns that predict failure of a particular component.
Sometimes more than one data bus is used. For example, in
some cases, there is a general data bus and one reserved for
safety systems. Any number of data buses can of course be
monitored.

In FIG. 30, a schematic of a vehicle with several compo-
nents and several sensors in their approximate locations on a
vehicle is shown along with a total vehicle diagnostic system
in accordance with the invention utilizing a diagnostic mod-
ule in accordance with the invention. A flow diagram of
information passing from the various sensors shown on FIG.
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30 onto a vehicle data bus and thereby into the diagnostic
device in accordance with the invention is shown in FIG. 31
along with outputs to a display 278 for notifying the driver
and/or to the vehicle cellular phone 279, or other communi-
cation device, for notifying the dealer, vehicle manufacturer
or other entity concerned with the failure of a component in
the vehicle including the vehicle itself such as occurs in a
crash. If the vehicle is operating on a smart highway, for
example, the pending component failure information may
also be communicated to a highway control system and/or to
other vehicles in the vicinity so that an orderly exiting of the
vehicle from the smart highway can be facilitated. FIG. 31
also contains the names of the sensors shown numbered on
FIG. 30.

Sensor 1 is a crash sensor having an accelerometer (alter-
nately one or more dedicated accelerometers can be used),
sensor 2 is represents one or more microphones, sensor 3 is a
coolant thermometer, sensor 4 is an oil pressure sensor, sensor
5 is an oil level sensor, sensor 6 is an air flow meter, sensor 7
is a voltmeter, sensor 8 is an ammeter, sensor 9 is a humidity
sensor, sensor 10 is an engine knock sensor, sensor 11 is an oil
turbidity sensor, sensor 12 is a throttle position sensor, sensor
13 is a steering torque sensor, sensor 14 is a wheel speed
sensor, sensor 15 is a tachometer, sensor 16 is a speedometer,
sensor 17 is an oxygen sensor, sensor 18 is a pitch/roll sensor,
sensor 19 is a clock, sensor 20 is an odometer, sensor 21 is a
power steering pressure sensor, sensor 22 is a pollution sen-
sor, sensor 23 is a fuel gauge, sensor 24 is a cabin thermom-
eter, sensor 25 is a transmission fluid level sensor, sensor 26 is
a yaw sensor, sensor 27 is a coolant level sensor, sensor 28 is
a transmission fluid turbidity sensor, sensor 29 is brake pres-
sure sensor and sensor 30 is a coolant pressure sensor. Other
possible sensors include a temperature transducer, a pressure
transducer, a liquid level sensor, a flow meter, a position
sensor, a velocity sensor, a RPM sensor, a chemical sensor
and an angle sensor, angular rate sensor or gyroscope.

If a distributed group of acceleration sensors or accelerom-
eters are used to permit a determination of the location of a
vibration source, the same group can, in some cases, also be
used to measure the pitch, yaw and/or roll of the vehicle
eliminating the need for dedicated angular rate sensors. In
addition, as mentioned above, such a suite of sensors can also
be used to determine the location and severity of a vehicle
crash and additionally to determine that the vehicle is on the
verge of rolling over. Thus, the same suite of accelerometers
optimally performs a variety of functions including inertial
navigation, crash sensing, vehicle diagnostics, roll over sens-
ing etc.

Consider now some examples. The following is a partial
list of potential component failures and the sensors from the
list on FIG. 31 that might provide information to predict the
failure of the component:

Vehicle crash 1,2,14,16,18,26,31,32,33
Vehicle Rollover 1,2,14,16,18,26,31,32,33
Out of balance tires 1, 13,14, 15,20,21

Front end out of alignment 1,13,21,26

Tune up required 1,3,10,12,15,17,20,22
Oil change needed 3,4,5,11

Motor failure 1,2,3,4,5,6,10,12,15,17,22
Low tire pressure 1,13, 14,15, 20,21

Front end looseness 1, 13,16, 21, 26

Cooling system failure 3,15,24,27,30

Alternator problems 1,2, 7 8,15,19,20
Transmission problems 1,3,12,15,16, 20,25, 28
Differential problems 1,12,14

Brakes 1,2, 14,18, 20, 26, 29
Catalytic converter and muffler 1,2,12,15,22

5

20

25

30

40

45

50

55

60

65

54

-continued
Ignition 1,2,7,8,9,10,12,17, 23
Tire wear 1,13, 14, 15, 18, 20, 21, 26
Fuel leakage 20,23
Fan belt slippage 1,2,3,7,8,12,15,19,20
Alternator deterioration 1,2,7,8,15,19
Coolant pump failure 1,2,3,24,27,30
Coolant hose failure 1,2,3,27,30
Starter failure 1,2,7,8,9,12,15
Dirty air filter 2,3,6,11,12,17,22

Several interesting facts can be deduced from a review of
the above list. First, all of the failure modes listed can be at
least partially sensed by multiple sensors. In many cases,
some of the sensors merely add information to aid in the
interpretation of signals received from other sensors. In
today’s automobile, there are few if any cases where multiple
sensors are used to diagnose or predict a problem. In fact,
there is virtually no failure prediction undertaken at all. Sec-
ond, many of the failure modes listed require information
from more than one sensor. Third, information for many of
the failure modes listed cannot be obtained by observing one
data point in time as is now done by most vehicle sensors.
Usually, an analysis of the variation in a parameter as a
function of time is necessary. In fact, the association of data
with time to create a temporal pattern for use in diagnosing
component failures in automobile is believed to be unique to
this invention as is the combination of several such temporal
patterns. Fourth, the vibration measuring capability of the
airbag crash sensor, or other accelerometer, is useful for most
of'the cases discussed above yet, at the time of this invention,
there was no such use of accelerometers except as non-crush
zone mounted crash sensors. The airbag crash sensor is used
only to detect crashes of the vehicle. Fifth, the second most-
used sensor in the above list, a microphone, does not currently
appear on any automobiles yet sound is the signal most often
used by vehicle operators and mechanics to diagnose vehicle
problems. Another sensor that is listed above which also did
not currently appear on automobiles at the time of this inven-
tion is a pollution sensor. This is typically a chemical sensor
mounted in the exhaust system for detecting emissions from
the vehicle. It is expected that this and other chemical sensors
will be used more in the future.

In addition, from the foregoing depiction of different sen-
sors which receive signals from a plurality of components, it
is possible for a single sensor to receive and output signals
from a plurality of components which are then analyzed by
the processor to determine if any one of the components for
which the received signals were obtained by that sensor is
operating in an abnormal state. Likewise, it is also possible to
provide for a multiplicity of sensors each receiving a different
signal related to a specific component which are then ana-
lyzed by the processor to determine if that component is
operating in an abnormal state. Note that neural networks can
simultaneously analyze data from multiple sensors of the
same type or different types.

The discussion above has centered on notifying the vehicle
operator of a pending problem with a vehicle component.
Today, there is great competition in the automobile market-
place and the manufacturers and dealers who are most respon-
sive to customers are likely to benefit by increased sales both
from repeat purchasers and new customers. The diagnostic
module disclosed herein benefits the dealer by making him
instantly aware, through the cellular telephone system, or
other communication link, coupled to the diagnostic module
or system in accordance with the invention, when a compo-
nent is likely to fail.
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As envisioned, on some automobiles, when the diagnostic
module 266 detects a potential failure, it not only notifies the
driver through a display 278, but also automatically notifies
the dealer through a vehicle cellular phone 279. The dealer
can thus contact the vehicle owner and schedule an appoint-
ment to undertake the necessary repair at each party’s mutual
convenience. The customer is pleased since a potential
vehicle breakdown has been avoided and the dealer is pleased
since he is likely to perform the repair work. The vehicle
manufacturer also benefits by early and accurate statistics on
the failure rate of vehicle components. This early warning
system can reduce the cost of a potential recall for compo-
nents having design defects. It could even have saved lives if
such a system had been in place during the Firestone tire
failure problem mentioned above. The vehicle manufacturer
will thus be guided toward producing higher quality vehicles
thus improving his competitiveness. Finally, experience with
this system will actually lead to a reduction in the number of
sensors on the vehicle since only those sensors that are suc-
cessful in predicting failures will be necessary.

For most cases, it is sufficient to notify a driver that a
component is about to fail through a warning display. In some
critical cases, action beyond warning the driver may be
required. If, for example, the diagnostic module detected that
the alternator was beginning to fail, in addition to warning the
driver of this eventuality, the module could send a signal to
another vehicle system to turn off all non-essential devices
which use electricity thereby conserving electrical energy
and maximizing the time and distance that the vehicle can
travel before exhausting the energy in the battery. Addition-
ally, this system can be coupled to a system such as
ONSTAR® or a vehicle route guidance system, and the driver
can be guided to the nearest open repair facility or a facility of
his or her choice.

In the discussion above, the diagnostic module of this
invention assumes that a vehicle data bus exists which is used
by all of the relevant sensors on the vehicle. Most vehicles
manufactured at the time of this invention did not have a data
bus although it was widely believed that most vehicles will
have one in the near future. A vehicle safety bus has been
considered for several vehicle models. Relevant signals can
be transmitted to the diagnostic module through a variety of
coupling systems other than through a data bus and this inven-
tion is not limited to vehicles having a data bus. For example,
the data can be sent wirelessly to the diagnostic module using
the Bluetooth or WiF1i specification. In some cases, even the
sensors do not have to be wired and can obtain their power via
RF from the interrogator as is well known in the RFID (radio
frequency identification) field. Alternately, an inductive or
capacitive power transfer system can be used.

As can be appreciated from the above discussion, the
invention described herein brings several new improvements
to automobiles including, but not limited to, use of pattern
recognition technologies to diagnose potential vehicle com-
ponent failures, use of trainable systems thereby eliminating
the need of complex and extensive programming, simulta-
neous use of multiple sensors to monitor a particular compo-
nent, use of a single sensor to monitor the operation of many
vehicle components, monitoring of vehicle components
which have no dedicated sensors, and notification to the
driver and possibly an outside entity of a potential component
failure in time so that the failure can be averted and vehicle
breakdowns substantially eliminated. Additionally, improve-
ments to the vehicle stability, crash avoidance, crash antici-
pation and occupant protection are available.

To implement a component diagnostic system for diagnos-
ing the component utilizing a plurality of sensors not directly
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associated with the component, i.e., independent of the com-
ponent, a series of tests are conducted. For each test, the
signals received from the sensors are input into a pattern
recognition training algorithm with an indication of whether
the component is operating normally or abnormally (the com-
ponent being intentionally altered to provide for abnormal
operation). Data from the test is used to generate the pattern
recognition algorithm, e.g., a neural network, so that in use,
the data from the sensors is input into the algorithm and the
algorithm provides an indication of abnormal or normal
operation of the component. Also, to provide a more versatile
diagnostic module for use in conjunction with diagnosing
abnormal operation of multiple components, tests may be
conducted in which each component is operated abnormally
while the other components are operating normally, as well as
tests in which two or more components are operating abnor-
mally In this manner, the diagnostic module may be able to
determine based on one set of signals from the sensors during
use that either a single component or multiple components are
operating abnormally Of course, crash tests are also run to
permit crash sensing.

Furthermore, the pattern recognition algorithm may be
trained based on patterns within the signals from the sensors.
Thus, by means of a single sensor, it would be possible to
determine whether one or more components are operating
abnormally To obtain such a pattern recognition algorithm,
tests are conducted using a single sensor, such as a micro-
phone, and causing abnormal operation of one or more com-
ponents, each component operating abnormally while the
other components operate normally and multiple components
operating abnormally In this manner, in use, the pattern rec-
ognition algorithm may analyze a signal from a single sensor
and determine abnormal operation of one or more compo-
nents. In some cases, simulations can be used to analytically
generate the relevant data.

The invention is also particularly useful in light of the
foreseeable implementation of smart highways. Smart high-
ways will result in vehicles traveling down highways under
partial or complete control of an automatic system, i.e., not
being controlled by the driver. The on-board diagnostic sys-
tem will thus be able to determine failure of a component
prior to and/or upon failure thereof and inform the vehicle’s
guidance system to cause the vehicle to move out of the
stream of traffic, i.e., onto a shoulder of the highway, in a safe
and orderly manner Moreover, the diagnostic system may be
controlled or programmed to prevent movement of the dis-
abled vehicle back into the stream of traffic until repair of the
component is satisfactorily completed.

In a method in accordance with this embodiment, the
operation of the component would be monitored and if abnor-
mal operation of the component is detected, e.g., by any of the
methods and apparatus disclosed herein (although other com-
ponent failure systems may of course be used in this imple-
mentation), the vehicle guidance system which controls the
movement of the vehicle would be notified, e.g., via a signal
from the diagnostic module to the guidance system, and the
guidance system would be programmed to move the vehicle
out of the stream of traffic, or off of the restricted roadway,
possibly to a service station or dealer, upon reception of the
particular signal from the diagnostic module. The automatic
guidance systems for vehicles traveling on highways may be
any existing system or system being developed, such as one
based on satellite positioning techniques or ground-based
positioning techniques. Since the guidance system may be
programmed to ascertain the vehicle’s position on the high-
way, it can determine the vehicle’s current position, the near-
est location out of the stream of traffic, or off of the restricted
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roadway, such as an appropriate shoulder or exit to which the
vehicle may be moved, and the path of movement of the
vehicle from the current position to the location out of the
stream of traffic, or off of the restricted roadway. The vehicle
may thus be moved along this path under the control of the
automatic guidance system. In the alternative, the path may
be displayed to a driver and the driver can follow the path, i.e.,
manually control the vehicle. The diagnostic module and/or
guidance system may be designed to prevent re-entry of the
vehicle into the stream of traffic, or off of the restricted
roadway, until the abnormal operation of the component is
satisfactorily addressed.

FIG. 32 is a flow chart of a method for directing a vehicle
off of a roadway if a component is operating abnormally The
component’s operation is monitored at 40 and a determina-
tion is made at 42 whether its operation is abnormal. If not, the
operation of the component is monitored further (at periodic
intervals). If the operation of the component is abnormal, the
vehicle can be directed off the roadway at 44. More particu-
larly, this can be accomplished by generating a signal indi-
cating the abnormal operation of the component at 46, direct-
ing this signal to a guidance system in the vehicle at 48 that
guides movement of the vehicle off of the roadway at 50.
Also, if the component is operating abnormally, the current
position of the vehicle and the location of a site off of the
roadway can be determined at 52, e.g., using satellite-based or
ground-based location determining techniques, a path from
the current location to the oft-roadway location determined at
54 and then the vehicle directed along this path at 56. Peri-
odically, a determination is made at 58 whether the compo-
nent’s abnormality has been satisfactorily addressed and/or
corrected and if so, the vehicle can re-enter the roadway and
operation and monitoring of the component begin again. If
not, the re-entry of the vehicle onto the roadway is prevented
at 60.

FIG. 33 schematically shows basic components for per-
forming this method, i.e., a component operation monitoring
system 62 (such as described above), an optional satellite-
based or ground-based positioning system 64 and a vehicle
guidance system 66.

FIG. 34 illustrates the placement of a variety of sensors,
primarily accelerometers and/or gyroscopes, which can be
used to diagnose the state of the vehicle itself. Sensor 300 can
measure the acceleration of the firewall or instrument panel
and is located thereon generally midway between the two
sides of the vehicle. Sensor 301 can be located in the headliner
or attached to the vehicle roof above the side door. Typically,
there will be two such sensors, one on either side of the
vehicle. Sensor 302 is shown in a typical mounting location
midway between the sides of the vehicle attached to or near
the vehicle roof above the rear window. Sensor 305 is shown
in a typical mounting location in the vehicle trunk adjacent
the rear of the vehicle. One, two or three such sensors can be
used depending on the application. If three such sensors are
used, one would be adjacent each side of vehicle and one in
the center. Sensor 303 is shown in a typical mounting location
in the vehicle door and sensor 304 is shown in a typical
mounting location on the sill or floor below the door. Finally,
sensor 306, which can be also multiple sensors, is shown in a
typical mounting location forward in a forward crush zone of
the vehicle. If three such sensors are used, one would be
adjacent each vehicle side and one in the center.

In general, sensors 300-306 provide a measurement of the
state of the sensor, such as its velocity, acceleration, angular
orientation or temperature, or a state of the location at which
the sensor is mounted. Thus, measurements related to the
state of the sensor 300-306 would include measurements of
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the acceleration of the sensor, measurements of the tempera-
ture of the mounting location as well as changes in the state of
the sensor and rates of changes of the state of the sensor. As
such, any described use or function of the sensors 300-306
above is merely exemplary and is not intended to limit the
form of the sensor or its function.

Each of the sensors 300-306 may be single axis, double
axis or triaxial accelerometers and/or gyroscopes typically of
the MEMS type. MEMS stands for microelectromechanical
system and is a term known to those skilled in the art. These
sensors 300-306 can either be wired to the central control
module or processor directly wherein they would receive
power and transmit information, or they could be connected
onto the vehicle bus or, in some cases, using RFID technol-
ogy, the sensors can be wireless and would receive their
power through RF from one or more interrogators located in
the vehicle. RFID stands for radio frequency identification
wherein sensors are each provided with an identification code
and designed to be powered by the energy in aradio frequency
wave containing that code which is emitted by the interroga-
tor. In this case, the interrogators can be connected either to
the vehicle bus or directly to control module. Alternately, an
inductive or capacitive power and information transfer sys-
tem can be used.

One particular implementation will now be described. In
this case, each of the sensors 300-306 is a single or dual axis
accelerometer. They are made using silicon micromachined
technology such as disclosed in U.S. Pat. Nos. 5,121,180 and
5,894,090. These are only representative patents of these
devices and there exist more than 100 other relevant U.S.
patents describing this technology. Commercially available
MEMS gyroscopes such as from Systron Doner have accu-
racies of approximately one degree per second. In contrast,
optical gyroscopes typically have accuracies of approxi-
mately one degree per hour. Unfortunately, the optical gyro-
scopes are prohibitively expensive for automotive applica-
tions. On the other hand, typical MEMS gyroscopes are not
sufficiently accurate for many control applications.

Referring now to FIG. 35, one solution is to use an IMU
311 that can contain up to three accelerometers and three
gyroscopes all produced as MEMS devices. Ifthe devices are
assembled into a single unit and carefully calibrated to
remove all predictable errors, and then coupled with a GPS
312 and/or DGPS system 314 using a Kalman filter embodied
in a processor or other control unit 313, the IMU 311 can be
made to have accuracies comparable with military grade IMU
containing precision accelerometers and fiber optic gyro-
scopes at a small fraction of the cost of the military IMU.

Thus, in connection with the control of parts of the vehicle,
location information may be obtained from the GPS receiver
312 and input to a pattern recognition system for consider-
ation when determining a control signal for the part of the
vehicle. Position information from the IMU 311 could alter-
natively or additionally be provided to the pattern recognition
system. The location determination by the GPS receiver 312
and IMU 311 may be improved using the Kalman filter
embodied in processor 313 in conjunction with the pattern
recognition system to diagnose, for example, the state of the
vehicle.

Another way to use the IMU 311, GPS receiver 312 and
Kalman filter embodied in processor 313 would be to use the
GPS receiver 312 and Kalman filter in processor 313 to peri-
odically calibrate the location of the vehicle as determined by
the IMU 311 using data from the GPS receiver 312 and the
Kalman filter embodied in processor 313. A DGPS receiver
314 could also be coupled to the processor 313 in which case,
the processor 313 would receive information from the DGPS
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receiver 314 and correct the determination of the location of
the vehicle as determined by the GPS receiver 312 or the IMU
311.

The angular rate function can be obtained through placing
accelerometers at two separated, non-co-located points in a
vehicle and using the differential acceleration to obtain an
indication of angular motion and angular acceleration. From
the variety of accelerometers shown on FIG. 34, it can be
readily appreciated that not only will all accelerations of key
parts of the vehicle be determined, but the pitch, yaw and roll
angular rates can also be determined based on the accuracy of
the accelerometers. By this method, low cost systems can be
developed which, although not as accurate as the optical
gyroscopes, are considerably more accurate than conven-
tional MEMS gyroscopes. The pitch, yaw and roll of a vehicle
can also be accurately determined using GPS and three anten-
nas by comparing the phase of the carrier frequency from a
satellite.

Instead of using two accelerometers at separate locations
on the vehicle, a single conformal MEMS-IDT gyroscope
may be used. A MEMS-IDT gyroscope is a microelectrome-
chanical system-interdigital transducer gyroscope. Such a
conformal MEMS-IDT gyroscope is described in a paper by
V. K. Varadan, Conformal MEMS-IDT Gyroscopes and Their
Comparison With Fiber Optic Gyro, incorporated in its
entirety herein. The MEMS-IDT gyroscope is based on the
principle of surface acoustic wave (SAW) standing waves on
apiezoelectric substrate. A surface acoustic wave resonator is
used to create standing waves inside a cavity and the particles
at the anti-nodes of the standing waves experience large
amplitude of vibrations, which serves as the reference vibrat-
ing motion for the gyroscope. Arrays of metallic dots are
positioned at the anti-node locations so that the effect of
Coriolis force due to rotation will acoustically amplify the
magnitude of the waves. Unlike other MEMS gyroscopes, the
MEMS-IDT gyroscope has a planar configuration with no
suspended resonating mechanical structures.

The system of FIG. 34 preferably uses dual axis acceler-
ometers, and therefore provides a complete diagnostic system
of'the vehicle itself and its dynamic motion. Such a system is
believed to be far more accurate than any system currently
available in the automotive market. This system provides very
accurate crash discrimination since the exact location of the
crash can be determined and, coupled with knowledge of the
force deflection characteristics of the vehicle at the accident
impact site, an accurate determination of the crash severity
and thus the need for occupant restraint deployment can be
made. Similarly, the tendency of a vehicle to roll-over can be
predicted in advance and signals sent to the vehicle steering,
braking and throttle systems to attempt to ameliorate the
rollover situation or prevent it. In the event that it cannot be
prevented, the deployment side curtain airbags can be initi-
ated in a timely manner

Similarly, the tendency of the vehicle to slide or skid can be
considerably more accurately determined and again the steer-
ing, braking and throttle systems commanded to minimize the
unstable vehicle behavior.

Thus, through the sample deployment of inexpensive
accelerometers at a variety of locations in the vehicle, signifi-
cant improvements are many in the areas of vehicle stability
control, crash sensing, rollover sensing, and resulting occu-
pant protection technologies.

Finally, as mentioned above, the combination of the out-
puts from these accelerometer sensors and the output of strain
gage weight sensors in a vehicle seat, or in/on a support
structure of the seat, can be used to make an accurate assess-
ment of the occupancy of the seat and differentiate between
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animate and inanimate occupants as well as determining
where in the seat the occupants are sitting. This can be done
by observing the acceleration signals from the sensors of F1G.
34 and simultaneously the dynamic strain gage measure-
ments from seat mounted strain gages. The accelerometers
provide the input function to the seat and the strain gages
measure the reaction of the occupying item to the vehicle
acceleration and thereby provide a method for dynamically
determining the mass of the occupying item and its location.
This is particularly important for occupant position sensing
during a crash event. By combining the outputs of acceler-
ometers and strain gages and appropriately processing the
same, the mass and weight of an object occupying the seat can
be determined as well as the gross motion of such an object so
that an assessment can be made as to whether the object is a
life form such as a human being.

For this embodiment, sensor 307 in FIG. 34 (not shown)
represents one or more strain gage or bladder weight sensors
mounted on the seat or in connection with the seat or its
support structure. Suitable mounting locations and forms of
weight sensors are discussed in U.S. Pat. Nos. 6,242,701 and
6,442,504 and contemplated for use in this invention as well.
The mass or weight of the occupying item of the seat can thus
be measured based on the dynamic measurement of the strain
gages with optional consideration of the measurements of
accelerometers on the vehicle, which are represented by any
of sensors 300-307.

Thus, discussed above is an embodiment of a component
diagnostic system for diagnosing the component in accor-
dance with the invention which comprises a plurality of sen-
sors not directly associated with the component, i.e., indepen-
dent therefrom, such that the component does not directly
affect the sensors, each sensor detecting a signal containing
information as to whether the component is operating nor-
mally or abnormally and outputting a corresponding electri-
cal signal, a processor coupled to the sensors for receiving and
processing the electrical signals and for determining if the
component is operating abnormally based on the electrical
signals, and an output system coupled to the processor for
affecting another system within the vehicle if the component
is operating abnormally The processor preferably comprise a
pattern recognition system such as a trained pattern recogni-
tion algorithm such as a neural network, modular neural net-
work or an ensemble of neural networks, cellular neural net-
works, support vector machines or the like. In some cases,
fuzzy logic will be used which can be combined with a neural
network to form a neural fuzzy algorithm.

The second system may be a display for indicating the
abnormal state of operation of the component arranged in a
position in the vehicle to enable a driver of the vehicle to view
the display and thus the indicated abnormal operation of the
component. At least one source of additional information,
e.g., the time and date, may be provided and an input system
coupled to the vehicle for inputting the additional information
into the processor. The second system may also be a warning
device including a transmission system for transmitting infor-
mation related to the component abnormal operating state to
a site remote from the vehicle, e.g., a vehicle repair facility.

In another embodiment of the component diagnostic sys-
tem discussed above, at least one sensor detects a signal
containing information as to whether the component is oper-
ating normally or abnormally and outputs a corresponding
electrical signal. A processor is coupled to the sensor(s) for
receiving and processing the electrical signal(s) and for deter-
mining if the component is operating abnormally based
thereon. The processor preferably comprises a pattern recog-
nition algorithm for analyzing a pattern within the signal
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detected by each sensor. An output system is coupled to the
processor for affecting another system within the vehicle if
the component is operating abnormally The second system
may be a display as mentioned above or a warning device.

A method for automatically monitoring one or more com-
ponents of a vehicle during operation of the vehicle on a
roadway entails, as discussed above, monitoring operation of
the component in order to detect abnormal operation of the
component, e.g., in one or the ways described above, and if
abnormal operation of the component is detected, automati-
cally directing the vehicle off of the restricted roadway. For
example, in order to automatically direct the vehicle off of the
restricted roadway, a signal representative of the abnormal
operation of the component may be generated and directed to
a guidance system of the vehicle that guides the movement of
the vehicle. Possibly the directing the vehicle off of the
restricted roadway may entail applying satellite positioning
techniques or ground-based positioning techniques to enable
the current position of the vehicle to be determined and a
location off of the restricted highway to be determined and
thus a path for the movement of the vehicle. Re-entry of the
vehicle onto the restricted roadway may be prevented until the
abnormal operation of the component is satisfactorily
addressed.

The state of the entire vehicle may be diagnosed whereby
two or more sensors, preferably acceleration sensors and
gyroscopes, detect the state of the vehicle and if the state is
abnormal, an output system is coupled to the processor for
affecting another system in the vehicle. The second system
may be the steering control system, the brake system, the
accelerator or the frontal or side occupant protection system.

An exemplifying control system for controlling a part of
the vehicle in accordance with the invention thus comprises a
plurality of sensors or systems mounted at different locations
on the vehicle, each sensor system providing a measurement
related to a state of the sensor system or a measurement
related to a state of the mounting location, and a processor
coupled to the sensors or sensor systems and arranged to
diagnose the state of the vehicle based on the measurements
of the sensor system, e.g., by the application of a pattern
recognition technique. The processor controls the part based
at least in part on the diagnosed state of the vehicle.

At least one of the sensors or sensor systems may be a high
dynamic range accelerometer or a sensor selected from a
group consisting of a single axis acceleration sensor, a double
axis acceleration sensor, a triaxial acceleration sensor and a
gyroscope, and may optionally include an RFID (radio fre-
quency identification) response unit. The gyroscope may be a
MEMS-IDT (microelectromechanical system-interdigital
transducer) gyroscope including a surface acoustic wave
resonator which applies standing waves on a piezoelectric
substrate. If an RFID response unit is present, the control
system would then comprise an RFID interrogator device
which causes the RFID response unit(s) to transmit a signal
representative of the measurement of the sensor system asso-
ciated therewith to the processor.

The state of the vehicle diagnosed by the processor may be
the vehicle’s angular motion, angular acceleration and/or
angular velocity. As such, the steering system, braking system
or throttle system may be controlled by the processor in order
to maintain the stability of the vehicle. The processor can also
be arranged to control an occupant restraint or protection
device in an attempt to minimize injury to an occupant.

The state of the vehicle diagnosed by the processor may
also be a determination of a location of an impact between the
vehicle and another object. In this case, the processor can
forecast the severity of the impact using the force/crush prop-
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erties of the vehicle at the impact location and control an
occupant restraint or protection device based at least in part
on the severity of the impact.

The system can also include a weight sensing system
coupled to a seat in the vehicle for sensing the weight of an
occupying item of the seat. The weight sensing system is
coupled to the processor whereby the processor controls
deployment or actuation of the occupant restraint or protec-
tion device based on the state of the vehicle and the weight of
the occupying item of the seat sensed by the weight sensing
system.

A display may be coupled to the processor for displaying
an indication of the state of the vehicle as diagnosed by the
processor. A warning device may be coupled to the processor
for relaying a warning to an occupant of the vehicle relating to
the state of the vehicle as diagnosed by the processor. Further,
a transmission device may be coupled to the processor for
transmitting a signal to a remote site relating to the state ofthe
vehicle as diagnosed by the processor.

The state of the vehicle diagnosed by the processor may
include angular acceleration of the vehicle whereby angular
velocity and angular position or orientation are derivable
from the angular acceleration. The processor can then be
arranged to control the vehicle’s navigation system based on
the angular acceleration of the vehicle.

A method for controlling a part of the vehicle in accordance
with the invention comprises mounting a plurality of sensors
or sensor systems at different locations on the vehicle, mea-
suring a state of the sensor system or a state of the respective
mounting location of the sensor system, diagnosing the state
of the vehicle based on the measurements of the state of the
sensors or sensor systems or the state of the mounting loca-
tions ofthe sensors or sensor systems, and controlling the part
based at least in part on the diagnosed state ofthe vehicle. The
state of the sensor system may be any one or more of the
acceleration, angular acceleration, angular velocity or angu-
lar orientation of the sensor system. Diagnosis of the state of
the vehicle may entail determining whether the vehicle is
stable or is about to rollover or skid and/or determining a
location of an impact between the vehicle and another object.
Diagnosis of the state of the vehicle may also entail determin-
ing angular acceleration of the vehicle based on the accelera-
tion measured by accelerometers if multiple accelerometers
are present as the sensors or sensor systems.

Another control system for controlling a part of the vehicle
in accordance with the invention comprises a plurality of
sensors or sensor systems mounted on the vehicle, each pro-
viding a measurement of a state of the sensor system or a state
of'the mounting location of the sensor system and generating
a signal representative of the measurement, and a pattern
recognition system for receiving the signals from the sensors
or sensor systems and diagnosing the state of the vehicle
based on the measurements of the sensors or sensor systems.
The pattern recognition system generates a control signal for
controlling the part based at least in part on the diagnosed
state of the vehicle. The pattern recognition system may com-
prise one or more neural networks. The features of the control
system described above may also be incorporated into this
control system to the extent feasible.

The state of the vehicle diagnosed by the pattern recogni-
tion system may include a state of an abnormally operating
component whereby the pattern recognition system is
designed to identify a potentially malfunctioning component
based on the state of the component measured by the sensors
or sensor systems and determine whether the identified com-
ponent is operating abnormally based on the state of the
component measured by the sensors or sensor systems.
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In one preferred embodiment, the pattern recognition sys-
tem may comprise a neural network system and the state of
the vehicle diagnosed by the neural network system includes
a state of an abnormally operating component. The neural
network system includes a first neural network for identifying
a potentially malfunctioning component based on the state of
the component measured by the sensors or sensor systems
and a second neural network for determining whether the
identified component is operating abnormally based on the
state of the component measured by the sensors or sensor
systems.

Modular neural networks can also be used whereby the
neural network system includes a first neural network
arranged to identify a potentially malfunctioning component
based on the state of the component measured by the sensors
or sensor systems and a plurality of additional neural net-
works. Each of the additional neural networks is trained to
determine whether a specific component is operating abnor-
mally so that the measurements of the state of the component
from the sensors or sensor systems are input into that one of
the additional neural networks trained on a component which
is substantially identical to the identified component.

Another method for controlling a part of the vehicle com-
prises mounting a plurality of sensors or sensor systems on
the vehicle, measuring a state of the sensor system or a state
of the respective mounting location of the sensor system,
generating signals representative of the measurements of the
sensors or sensor systems, inputting the signals into a pattern
recognition system to obtain a diagnosis of the state of the
vehicle and controlling the part based at least in part on the
diagnosis of the state of the vehicle.

In one notable embodiment, a potentially malfunctioning
component is identified by the pattern recognition system
based on the states measured by the sensors or sensor systems
and the pattern recognition system determine whether the
identified component is operating abnormally based on the
states measured by the sensors or sensor systems. If the pat-
tern recognition system comprises a neural network system,
identification of the component entails inputting the states
measured by the sensors or sensor systems into a first neural
network of the neural network system and the determination
of' whether the identified component is operating abnormally
entails inputting the states measured by the sensors or sensor
systems into a second neural network of the neural network
system. A modular neural network system can also be applied
in which the states measured by the sensors or sensor systems
are input into a first neural network and a plurality of addi-
tional neural networks are provided, each being trained to
determine whether a specific component is operating abnor-
mally, whereby the states measured by the sensors or sensor
systems are input into that one of the additional neural net-
works trained on a component which is substantially identical
to the identified component.

Another control system for controlling a part of the vehicle
based on occupancy of the seat in accordance with the inven-
tion comprises a plurality of strain gages mounted in connec-
tion with the seat, each measuring strain of a respective
mounting location caused by occupancy of the seat, and a
processor coupled to the strain gages and arranged to deter-
mine the weight of an occupying item based on the strain
measurements from the strain gages over a period of time, i.e.,
dynamic measurements. The processor controls the part
based at least in part on the determined weight of the occu-
pying item of the seat. The processor can also determine
motion of the occupying item of the seat based on the strain
measurements from the strain gages over the period of time.
One or more accelerometers may be mounted on the vehicle
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for measuring acceleration in which case, the processor may
control the part based at least in part on the determined weight
of the occupying item of the seat and the acceleration mea-
sured by the accelerometer(s).

By comparing the output of various sensors in the vehicle,
it is possible to determine activities that are affecting parts of
the vehicle while not affecting other parts. For example, by
monitoring the vertical accelerations of various parts of the
vehicle and comparing these accelerations with the output of
strain gage load cells placed on the seat support structure, a
characterization can be made of the occupancy of the seat.
Not only can the weight of an object occupying the seat be
determined, but also the gross motion of such an object can be
ascertained and thereby an assessment can be made as to
whether the object is a life form such as a human being. Strain
gage weight sensors are disclosed in U.S. Pat. No. 6,242,701.
In particular, the inventors contemplate the combination of all
of the ideas expressed in this patent with those expressed in
the current invention.

2.5 Smart Airbags

A block diagram of the neural network computer method of
obtaining a smart airbag algorithm is illustrated in FIG. 36. In
the first step, one or more vehicle models are crashed under
controlled conditions where the vehicle and crash dummies
are fully instrumented so that the severity of the crash, and
thus the need for an airbag, can be determined. An occupant
sensor is also present and in use so that key occupant motion
data can be obtained. The occupant data will be insufficient
for the full neural network algorithm development but will
provide important verification data Acceleration during the
crash is measured at all potential locations for mounting the
crash sensors. Normally, any position which is rigidly
attached to the main structural members of the vehicle is a
good mounting location for the non-crush zone sensors.

The following crash event types, at various velocities, are
representative of those that should be considered in establish-
ing crash sensor designs and calibrations for frontal impacts,
a similar set also exists for side and rear impacts:

Frontal Barrier Impact

Right Angle Barrier Impact

Left Angle Barrier Impact

Frontal Offset Barrier Impact

Frontal Far Offset (Outside of Rails) Barrier Impact

High Pole on Center Impact

High Pole off Center Impact

Low Pole (below bumper)Impact

Frontal Car-to-Car Impact

Partial Frontal Car-to-Car Impact

Angle car-to-car Impact

Front to Rear car-to-car Impact

Front to Side Car-to-Car Impact, Both Cars Moving

Bumper Underride Impact

Animal Impact—Simulated Deer

Undercarriage Impact (hang-up on railroad track type of

object)

Impact Into Highway Energy Absorbing Device (Yellow

Barrels, etc.)

Impact Into Guardrail

Curb Impacts

Rollovers

The following non-crash event types are representative of
those considered in establishing crash sensor designs and
calibrations:

Hammer Abuse (shop abuse)

Rough Road (rough driving conditions)

Normally, a vehicle manufacturer will only be concerned
with a particular vehicle model and instruct the crash sensor



US 8,768,573 B2

65

designer to design a sensor system for that particular vehicle
model. This is in general not necessary when using the tech-
niques described herein and vehicle crash data from a variety
of different vehicle models can be included in the training
data

Since the system is typically being designed for a particular
vehicle model, static occupant data needs to be obtained for
that particular model and still maintain approximately 100%
accuracy. As vision systems improve, the ability to move
systems from vehicle to vehicle will also improve and even-
tually all of the occupant portion of the training will be done
by simulation and through use of databases on a computer.
Although crash data from one vehicle can frequently be used
for the training purposes, occupant data cannot in general be
interchanged from one vehicle model to another vehicle
model. Dynamic position data for an occupant will, in gen-
eral, be analytically derived based on the initial position and
rules as to how the body translates and rotates which will be
determined from sled and crash tests. This is not as compli-
cated as might first appear since for most practical purposes,
anunbelted occupant will just translate forward as a free mass
and thus the initial position plus the acceleration of the
vehicle allows a reasonably accurate determination of posi-
tion over time. The problem is more complicated for a belted
occupant and rules governing occupant motion must be
learned from modeling and verified by sled and crash tests.
Fortunately, belted occupants are unlikely to move signifi-
cantly during the critical part of the crash and thus, the initial
position plus some belt payout and stretch at least for the chest
is a good approximation.

The vehicle manufacturer will be loath to conduct all of the
crashes listed above for a particular vehicle since crash tests
are very expensive. If, on the other hand, a particular crash
type that occurs in the real world is omitted from the library,
there is a chance that the system will not perform optimally
when the event occurs later and one or more people will
unfortunately be killed or injured. One way to partially solve
this dilemma is to use crash data from other vehicles as
discussed above. Another method is to create data using the
data obtained from the staged crash tests and operating on the
data using various mathematical techniques that permits the
creation of data that is representative of crashes not run. One
method of accomplishing this is to use velocity and crash
scaling as described in detail in the above referenced papers
and particularly in reference (1) at page 8 and reference (2) at
pages 37-49. This is the second step in the process illustrated
in FIG. 36. Also included in the second step is the analytical
determination of the occupant motion discussed above.

The third step is to assume a candidate neural network
architecture. A choice that is moderately complex is sug-
gested such as one with 100 input nodes and 6 hidden layer
nodes. If the network is too simple, there will be cases for
which the system cannot be trained and, if these are important
crashes, the network will have to be revised by adding more
nodes. If the initial choice is too complex, this will usually
show up after the training with one or more of the weights
having a near zero value. In any event, the network can be
tested later by removing one node at a time to see if the
accuracy of the network degrades. Alternately, genetic algo-
rithms are used to search for the optimum network architec-
ture. A similar set of steps apply to other pattern recognition
technologies.

Usually a combination neural network is used and tools are
now available of generating and training such a network. This
is described in some detail for occupant sensing in U.S. Pat.
No. 6,445,988.
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The training data must now be organized in a fashion
similar to the way it will be seen on a vehicle during a crash.
Although data from a previously staged crash is available for
the full time period of the crash, the vehicle-mounted system
will only see the data one value at a time. Thus, the training
data must be fed to the pattern recognition computer, or
computer program, in that manner This can be accomplished
by taking each crash data file and creating 100 cases from it,
assuming that the time period chosen for a crash is 200 mil-
liseconds and that each data point is the pre-processed accel-
eration over two milliseconds. This data must also be com-
bined with the occupant data derived as discussed above. The
first training case contains the first crash data point and the
remaining 99 points are zero, or random small values for the
crash data nodes, and the segmented occupant position data as
described in US RE37260 for the occupant nodes.

Since the handling of the occupant data is described in the
’260 patent, the remaining description here will be limited to
the handling of the crash data. The second crash data case
contains the first two data points with the remaining 98 points
set to zero or random low values etc. For the tenth data file,
data point one will contain the 2 ms average acceleration at
twenty milliseconds into the crash, data point two the average
acceleration at eighteen milliseconds into the crash, and data
point ten will contain the data from the first two milliseconds
of'the crash. This process is continued until the one hundred
data cases are created for the crash. Each case is represented
as a line of data in the training file. This same process must be
done for each of the crashes and non-crash events for which
there is data A typical training set will finally contain on the
order of 50,000 crash data cases and 500,000 occupant static
data cases. The addition of other data such as from multiple
accelerometers and gyroscopes can result in a significant
increase in the dataset. One variable that has not been con-
sidered is pre-crash braking. This can influence the initial
crash data points prior to the start of the crash, those that were
set to small random values. One alternative to eliminate this
influence, since pre-crash braking may or may not be present,
is to set all acceleration values less than 1 G to zero. On the
other hand, there can be significant information in the pre-
crash braking data and therefore it may be desirable to present
this as additional information for the smart airbag system to
consider.

Inthe pure neural network crash sensor case as described in
U.S. Pat. No. 5,684,701, it was possible to substantially trim
the data set to exclude all those cases for which there is no
definite requirement to deploy the restraint and the same is
true here. For a particular 30 mph frontal barrier crash, for
example, analysis of the crash has determined that the sensor
must trigger the deployment of the airbag by 20 milliseconds
for a 50% male with the seat in the mid seating position. For
data greater than 20 milliseconds, the data is of little value
from the point of view of a neural network crash sensor that
only needs to determine whether to deploy the airbag since
that would represent a late deployment, such is not the case
here since, for some gas control modules, the inflation/defla-
tion rate can be controlled after the decision to deploy. Also,
the 20 millisecond triggering requirement is no longer appli-
cable since it depends on the initial seating position and
perhaps the size of the occupant.

For cases where the airbag should not trigger, on the other
hand, the entire data set of 200 data files must be used. Finally,
the training set must be balanced so that there are about as
many no-trigger cases as trigger cases so that the output will
not be biased toward one or the other decision. This then is the
fourth step in the process as depicted in FIG. 36.
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In the fifth step, the pattern recognition program is run with
the training set. The program, if it is a neural network pro-
gram, uses a variety of techniques such as the “back propa-
gation” technique to assign weights to the connections from
the input layer nodes to the hidden layer nodes and from the
hidden layer nodes to the output layer nodes to try to mini-
mize the error at the output nodes between the value calcu-
lated and the value desired. For example, for a particular crash
such as a 30 mph frontal barrier impact, an analysis of the
crash and the particular occupant has yielded the fact that the
sensor must trigger in 20 milliseconds and the data file rep-
resenting the first 20 milliseconds of the crash would have a
desired output node value which would instruct the gas mod-
ule to inject a particular amount of gas into the airbag.

For another crash such as an 8 mph barrier crash where
airbag deployment is not desired, the desired output value for
all of the data vectors which are used to represent this crash
(100 vectors) would have associated with them a desired
output node value of 0 which corresponds to a command to
the gas control module not to inject or direct gas into the
airbag. The network program then assigns different weights
to the nodes until all of the airbag-deployment-not-desired
cases have an output node value nearly equal to 0 and simi-
larly, all of the airbag-deployment-desired cases have an out-
put value close to that which is required for the gas control
module to inject the proper amount of gas into the airbag. The
program finds those weights that minimize the error between
the desired output values and the calculated output values.

Since a neural network may have a problem with the dis-
continuity between zero gas flow and a substantial flow
needed even for a marginal airbag deployment, a continuous
function may be used and then interpreted such that all flows
below a certain value are set to zero at postprocessing.

The term weight is a general term in the art used to describe
the mathematical operation that is performed on each datum
at each node at one layer before it is inputted into a node at a
higher layer. The data at input layer node 1, for example, will
be operated on by a function that contains at least one factor
that is determined by the training process. In general this
factor, or weight, is different for each combination of an input
node and hidden layer node. Thus, in the example above
where there were 100 input nodes, 12 hidden layer nodes and
1 output node, there will in general be 1,212 weights which
are determined by the neural network program during the
training period. An example of a function used to operate on
the data from one node before it is input to a higher level node
is the sigmoid function:

In the usual back propagation trained network, let

O,, be the output of node j in layer i,

then the input to node k in layer i+1 is

L1, =E W, 0,

where W,g.(i) is the weight applied to the connection
between node j in layer i and node k in layer i+1.

Then the output of node k in layer i+1 is found by trans-
forming its input, for example, with the sigmoid function:

Oy 5=1/(L4e7 1Ry

and this is used in the input to the next, i+2, layer.

If'the neural network is sufficiently complex, that is if ithas
many hidden layer nodes, and if the training set is small, the
network may “memorize” the training set with the result that
it can fail to respond properly on a slightly different case from
those presented. This is one of the problems associated with
neural networks which is now being solved by more advanced
pattern recognition systems including genetic algorithms
which permits the determination of the minimum complexity
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network to solve a particular problem. Memorizing generally
occurs only when the number of vectors in the training set is
not sufficiently large compared to the number of weights. The
goal is to have a network that generalizes from the data
presented and therefore will respond properly to a new case
that is similar to but only slightly different from one of the
cases presented.

The network can also effectively memorize the input data if
many cases are nearly the same. It is sometimes difficult to
determine this by looking at the network so itis important that
the network not be trained on all available data but that some
significant representative sample of the data is held out of the
training set to be used to test the network. It is also important
to have a training set which is very large (one hundred to one
thousand times the number of weights or more is desirable).
This is the function of step five, to test the network using data
that it has not seen before, i.e., which did not constitute part of
the training data.

Step six involves redesigning the network and then repeat-
ing steps three through five until the results are satisfactory.
This step is automatically accomplished by some of the neu-
ral network software products available on the market.

The final step is to output the computer code for the algo-
rithm and to program a microprocessor, FPGA or design an
ASIC with a neural computer, with this code. One important
feature of this invention is that the neural network system
chosen is very simple and yet, because of the way that the data
is fed to the network, all relevant calculations are made with
a single network. There is no need, for example, to use an
additional network to translate a prediction of a vehicle veloc-
ity change, and thus the crash severity, into a time to trigger
airbag deployment or the setting for the gas controller. In fact,
to do this would be difficult since the entire time history
would need to be considered. The output from the network is
the setting of the gas controller in the preferred implementa-
tion. Naturally, there may be cases where some intermediate
step might be desirable.

The steps described above and illustrated in FIG. 36 are for
the case where a neural computer program is used to generate
code that will be then used to program a standard micropro-
cessor. Similar steps apply also to the case where a neural
computer is used. Finally, smart seatbelts are under develop-
ment wherein the seatbelt induced deceleration to the occu-
pant is another controllable parameter and when available
they can also be incorporated in the above smart airbag devel-
opment process.

3. Summary

One embodiment of the vehicle electrical system in accor-
dance with the invention discussed above includes a plurality
of electrical devices used in the operation of the vehicle, a
single communication bus, all of the devices being connected
to the communication bus and a single power bus, all of the
devices being connected to the power bus (which may be one
and the same as the communication bus). The devices are
preferably provided with individual device addresses such
that each device will respond only to its device address. Each
bus may comprise a pair of wires connected to all of the
devices. The devices are, e.g., actuators, sensors, airbag mod-
ules, seatbelt retractors, lights and switches. If each device is
assigned a unique address, the communication bus may be
arranged to transfer data in the form of messages each having
an address of a respective device such that only the respective
device assigned to that address is responsive to the message
having the address. Each device thus determines whether the
messages of the communication bus include the address
assigned to the device, e.g., a microprocessor. The commu-
nication bus may also include a token ring network to provide
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a protocol for the transfer of messages through the commu-
nication bus. Each device may be arranged to acknowledge
receipt of a communication via the communication bus and
indicate operability of the device upon ignition of the vehicle.

Another electrical system for a vehicle in accordance with
the invention comprises a plurality of devices used in the
operation of the vehicle, and a single network constituting
both a power distribution and a communication/information
bus. The network may be a time multiplex network or a code
division multiple access or other shared network and consists
of a single wire, or a pair of wires, connecting all of the
devices. For the single wire case, each device is grounded to
an adjacent part of the vehicle.

Still another electrical system for a vehicle in accordance
with the invention comprises a plurality of sensors, each
detecting a physical characteristic, property or state of the
vehicle, and a data bus, all of the sensors being connected to
the data bus. A module is also preferably connected to the data
bus and arranged to receive signals from the sensors and
process the signals to provide information derived from the
physical characteristics, properties or states detected by the
sensors. The module may be arranged to process the physical
characteristics, properties or states detected by the sensors to
determine whether a component in the vehicle is operating
normally or abnormally A display, e.g., a light on the vehicle
dashboard, may be coupled to the module for displaying the
information derived from the physical characteristics, prop-
erties or states detected by the sensors. A telecommunications
device may also be coupled to the module for communicating
with a remote station to provide the remote station with the
information derived from the physical characteristics, prop-
erties or states detected by the sensors, e.g., impending failure
of a specific vehicle component or a vehicle crash. More
specifically, the sensors may generate signals containing
information as to whether the component is operating nor-
mally or abnormally whereby the module comprises a pattern
recognition system for receiving the signals and ascertaining
whether the signals contain patterns representative of normal
or abnormal operation of the component.

With a single pair of wires in a twisted pair or coaxial
configuration for the communication bus, and perhaps
another for the power bus, the connector problem can now be
addressed as a single design can be used for all connections on
the bus and each connector will only be connecting at most
two wires. A great deal of effort can thus be applied to sub-
stantially improve the reliability of such a connector.

In another embodiment of a vehicle electrical wiring sys-
tem in accordance with the invention, substantially all of the
devices, and especially substantially all of the safety devices,
are connected together with a single communication bus and
a single power bus. In the preferred case, a single wire pair
will serve as both the power and communication buses. When
completely implemented each device on the vehicle will be
coupled to the power and communication buses so that they
will now have an intelligent connection and respond only to
data that is intended for that device, that is, only that data with
the proper device address.

The benefits to be derived from the vehicle electrical sys-
tem described herein include at least at 50% cost saving when
fully implemented compared with current wire harnesses. A
weight savings of at least 50% is also expected. Most impor-
tantly, a multi-fold improvement in reliability will result. The
assembly of the system into the vehicle is greatly simplified as
is the repair of the system in the event that there is a failure in
the wiring harness. Most of the connectors are eliminated and
the remaining ones are considerably more reliable. Diagnos-
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tics on all devices on key-on can now be accomplished over
the network with a single connection from the diagnostic
circuit.

In contrast to other multiplexing systems based on zone
modules, the communication to and from each device in the
instant invention is bi-directional.

It is now believed that for side impacts, the airbag crash
sensor should be placed in the door. There is reluctance to do
s0 by the automobile manufacturers since in a crash into the
A-pillar of the vehicle, for example, the wires leading to and
from the door may be severed before the crash sensor acti-
vates. By using the two wire network as described herein,
only two, or possibly four if a separate pair is used for power,
of'wires will pass from the door into the A-pillar instead of the
typically fifty or more wires. In this case, the wires can be
protected so that they are stronger than the vehicle metal and
therefore will not sever during the early stages of the accident
and thus the door mounted sensor can now communicate with
the airbag in the seat, for example.

In the preferred system then, the power line or distribution
network in the vehicle is used to simultaneously carry both
power and data to all switches, sensors, lights, motors, actua-
tors and all other electrical and electronic devices (hereinafter
called devices) within the vehicle and especially all devices
related to deployable restraints. The same system will also
work for vehicles having different voltages such as 48 volts.
Also a subset of all vehicle devices can be on a net. Initially,
for example, an automotive manufacturer may elect to use the
system of this invention for the automobile safety system and
later expand it to include other devices. The data, in digital
form, is carried on a carrier frequency, or as pulse data as in
the Ethernet protocol, and is separated at each device using
either a microprocessor, “high-side driver” or other similar
electronic circuit. Each device will have a unique, individu-
alized address and be capable of responding to a message sent
with its address. A standard protocol will be implemented
such as SAE J1850 where applicable. The return can be
through vehicle ground comprising the vehicle sheet metal
and chassis or through a wire.

The advantages of such a system when fully implemented
are numerous, among which the following should be men-
tioned:

1. The amount of wire in the vehicle will be substantially
reduced. There is currently about 500 or more meters of wire
in a vehicle.

2. The number and complexity of connectors will be sub-
stantially reduced. There are currently typically about 1000
pin connections in a vehicle. When disconnection is not
required, a sealed permanent connector will be used to join
wires in, for example, a T connection. On the other hand,
when disconnection is required, a single or dual conductor
connector is all that is required and the same connector can be
used throughout the vehicle. Thus, there will be only one or
two universal connector designs on the vehicle.

3. The number of electronic modules will be substantially
reduced and maybe even be completely eliminated Since each
device will have its own microprocessor, zone modules, for
example, will be unnecessary.

4. Installation in the vehicle will be substantially easier
since a single conductor, with branches where required, will
replace the multi-conductor wire harnesses currently used.
Wire “choke points” will be eliminated

5. Reliability will be increased based on system simplicity.

6. Two way or bi-directional communication is enabled
between all devices. This simplifies OBD2 (On Board Diag-
nostic Level 2 now required by the U.S. Government for
pollution control) installation, for example.
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7. All devices on the vehicle are diagnosed on key-on. The
driver is made aware of all burned out lamps, for example
before he or she starts the vehicle.

8. Devices can be located at optimum places. A side impact
sensor can be placed within the vehicle door and still com-
municate with an airbag module located in the seat, for
example, with high reliability and without installation of
separate wiring. In fact, only a single or dual wire is required
to connect all of the switches, sensors, actuators and other
devices in the vehicle door with the remainder of the vehicle
electrical system.

9. Electro-magnetic interference (EMI) Problems are
eliminated. The driver airbag system, for example would have
the final circuit that deploys the airbag located inside the
airbag module and activated when the proper addressed sig-
nal is received. Such a circuit would have an address recog-
nition as well as diagnostic capabilities and might be known
as a “smart inflator”. EMI, which can now cause an inadvert-
ent airbag deployment, ceases to be a problem.

10. Vehicle repair is simplified and made more reliable.

It is important that any wire used in this embodiment of the
invention be designed so that it won’t break even in an acci-
dent since if the single bus breaks the results can be cata-
strophic. Additionally, the main bus wire or pair of wires can
be in the form of a loop around the vehicle with each device
receiving its messages from either direction such that a single
major break can be tolerated. Alternately, a tree or other
convenient structure can be used and configured so that at
most a single branch of the network is disabled.

It should be understood that with all devices having access
to the network, there is an issue of what happens if many
devices are attempting to transmit data and a critical event
occurs, such as a crash of the vehicle, where time is critical,
i.e., will the deployment of an airbag be delayed by this
process. However, it is emphasized that although the precise
protocol has not yet been determined pending consultation
with a customer, protocols do exist which solve this problem.
For example, a token ring or token slot network where certain
critical functions are given the token more frequently than
non-critical functions and where the critical device can retain
the token when a critical event is in progress is one solution.
A crash sensor, for example, knows that a crash is in progress
before it determines that the crash severity requires airbag
deployment. That information can then be used to allocate the
bandwidth to the crash sensor. An alternate approach is to use
a spread spectrum system whereby each device sends and is
responsive to a pattern of data that is sorted out using corre-
lation techniques permitting any device to send and receive at
anytime regardless of the activity of any other device on the
network.

Another issue of concern is the impact of vehicle noise on
the network. In this regard, since every device will be capable
otf'bi-directional communication, standard error checking and
correction algorithms are employed. Each device is designed
to acknowledge receipt of a communication or the commu-
nication will be sent again until such time as receipt thereof by
the device is acknowledged. Calculations show that the band-
width available on a single or dual conductor is much greater
than required to carry all of the foreseeable communication
required within an automobile. Thus, many communication
failures can be tolerated.

This application is one in a series of applications covering
safety and other systems for vehicles and other uses. The
disclosure herein goes beyond that needed to support the
claims of the particular invention that is claimed herein. This
is not to be construed that the inventors are thereby releasing
the unclaimed disclosure and subject matter into the public
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domain. Rather, it is intended that patent applications have
been or will be filed to cover all of the subject matter disclosed
above.

The inventions described above are, of course, susceptible
to many variations, modifications and changes, all of which
are within the skill of the art. It should be understood that all
such variations, modifications and changes are within the
spirit and scope of the inventions and of the appended claims.
Similarly, it will be understood that applicant intends to cover
and claim all changes, modifications and variations of the
examples of the preferred embodiments of the invention
herein disclosed for the purpose of illustration which do not
constitute departures from the spirit and scope of the present
invention as claimed.

Although several preferred embodiments are illustrated
and described above, there are possible combinations using
other geometries, materials and different dimensions for the
components and different forms of the neural network imple-
mentation that perform the same functions. Also, the neural
network has been described as an example of one pattern
recognition system. Other pattern recognition systems exist
and still others are under development and will be available in
the future. Such a system can be used to identify crashes
requiring the deployment of an occupant restraint system and
then, optionally coupled with additional information related
to the occupant, for example, create a system that satisfies the
requirements of one of the Smart Airbag Phases. Also, with
the neural network system described above, the input data to
the network may be data which has been pre-processed rather
than the raw acceleration data either through a process called
“feature extraction”, as described in Green (U.S. Pat. No.
4,906,940) for example, or by integrating the data and input-
ting the velocity data to the system, for example. This inven-
tion is not limited to the above embodiments and should be
determined by the following claims.

The invention claimed is:

1. A land vehicle, comprising:

an occupant safety system that is designed to reduce injury

to an occupant during an accident involving the vehicle;

a processor coupled to said safety system and that receives

at least one inertial property of the vehicle and informa-
tion about a portion of a road ahead of the vehicle in a
travel direction of the vehicle, wherein said processor is
configured to initiate action to ensure safe travel of the
vehicle or safety of the occupant when said processor
determines, based on the at least one inertial property
and the information, that the vehicle is unlikely to safely
travel that portion of the road; and

at least one accelerometer that provides acceleration of the

vehicle in three orthogonal directions to said processor
and at least one gyroscope that provides angular velocity
of the vehicle to said processor such that the at least one
inertial property includes acceleration of the vehicle in
three orthogonal directions and angular velocity of the
vehicle about three orthogonal axes, the accelerations
and angular velocities being measured at a substantially
common location.

2. The vehicle of claim 1, wherein the action initiated by
said processor includes actuation of said safety system.

3. The vehicle of claim 1, wherein said at least one accel-
erometer comprises a tri-axial accelerometer that measures
acceleration of the vehicle in three orthogonal directions.

4. The vehicle of claim 1, wherein said processor embodies
a pattern recognition technique for analyzing the at least one
inertial property.

5. The vehicle of claim 4, wherein said pattern recognition
technique is a neural network.
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6. The vehicle of claim 1, wherein said processor analyzes
the at least one inertial property of the vehicle to determine at
least one of center of mass of the vehicle, load and moments
of inertia.
7. The vehicle of claim 1, further comprising an inertial
measurement unit (IMU) that houses said at least one accel-
erometer and said at least one gyroscope.
8. The vehicle of claim 7, further comprising at least one
additional IMU arranged on an axle of the vehicle and that
provides another inertial property to said processor.
9. The vehicle of claim 1, wherein the information about
the portion of the road ahead of the vehicle is obtained from
a digital map.
10. The vehicle of claim 1, wherein the information about
the portion of the road ahead of the vehicle is obtained using
telematics.
11. The vehicle of claim 1, wherein the action initiated by
said processor includes issuance of a warning to a driver of the
vehicle.
12. The vehicle of claim 1, wherein the action initiated by
said processor includes notification to an off-vehicle site.
13. The vehicle of claim 1, wherein said processor is fur-
ther configured to predict whether the vehicle will rollover on
the road.
14. A land vehicle, comprising:
an occupant safety system that is designed to reduce injury
to an occupant during an accident involving the vehicle;

aprocessor coupled to said safety system and that receives
at least one inertial property of the vehicle and informa-
tion about a portion of a road ahead of the vehicle in a
travel direction of the vehicle, wherein said processor is
configured to initiate action to ensure safe travel of the
vehicle or safety of the occupant when said processor
determines, based on the at least one inertial property
and the information, that the vehicle is unlikely to safely
travel that portion of the road, the action initiated by said
processor including actuation of said safety system, said
processor embodying a pattern recognition technique
for analyzing the at least one inertial property; and

at least one accelerometer that provides acceleration of the

vehicle in three orthogonal directions to said processor
and at least one gyroscope that provides angular velocity
of'the vehicle to said processor such that the at least one
inertial property includes acceleration of the vehicle in
three orthogonal directions and angular velocity of the
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vehicle about three orthogonal axes, the accelerations
and angular velocities being measured at a substantially
common location.

15. The vehicle of claim 14, wherein said pattern recogni-
tion technique is a neural network.

16. The vehicle of claim 14, wherein said processor is
further configured to predict whether the vehicle will rollover
on the road.

17. The vehicle of claim 14, wherein the action initiated by
said processor further includes issuance of a warning to a
driver of the vehicle.

18. The vehicle of claim 14, wherein the action initiated by
said processor further includes notification to an off-vehicle
site.

19. A land vehicle, comprising:

an occupant safety system that is designed to reduce injury

to an occupant during an accident involving the vehicle;

a processor coupled to said safety system and that receives

at least one inertial property of the vehicle and informa-
tion about a portion of a road ahead of the vehicle in a
travel direction of the vehicle, wherein said processor is
configured to initiate action to ensure safe travel of the
vehicle or safety of the occupant when said processor
determines, based on the at least one inertial property
and the information, that the vehicle is unlikely to safely
travel that portion of the road, wherein the information
about the portion of the road ahead of the vehicle is
obtained from a digital map or using telematics, and
wherein the action initiated by said processor includes
issuance of a warning to a driver of the vehicle or noti-
fication to an off-vehicle site; and

at least one accelerometer that provides acceleration of the

vehicle in three orthogonal directions to said processor
and at least one gyroscope that provides angular velocity
of the vehicle to said processor such that the at least one
inertial property includes acceleration of the vehicle in
three orthogonal directions and angular velocity of the
vehicle about three orthogonal axes, the accelerations
and angular velocities being measured at a substantially
common location.

20. The vehicle of claim 19, wherein said processor is
further configured to predict whether the vehicle will rollover
on the road.



