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- —ty]
Pp=.3 Pgs=10

DETECT SENSORY [B=Z7
REAR FACING R=.98
CHILD SEAT L ~SENSORZ R= 08

Pp=.99 Pea=10"

P,=.90 R.,=10"3 i

SENSOR1 |B=:8°

DETECT r R=.988
OCCUPANT L SENSORS R= 89

P.=.90 P.,=10-3
LEGEND: 0 FA
Pp= PROBABILITY OF CORRECT DETECTION

Pra= PROBABILITY OF AN INCORRECT DETECTION
(FALSE ALARM)

FIg-23 R = RELIABILITY, 1.00 = 100%

AQOS Detection Range | Range R R Detection
Condition Motion | Abs Motion Abs Pd

RFCS 0.9959 0.9959 0.3760 0.2747 0.999992
Occupant 0.9163 0.9519 0.9959 0.7026 0.999995
Empty Seat 0.9163 0.9519 0.9959 0.7924 0.999997
RFCS under

2 Thick Blankets 0.9591 0.9742 0.1892 0.2747 0.999379
AOS Diagnostic R us ASIC Circuit Diagnostic
Condition Sensor | Sensor | Circuits | Controller | Pd
Blockage 0.9742 0.9959 0.0000 0.0000 0.999894
Part Failure 0.9591 0.9591 0.9742 0.9742 0.999999
Out of Spec Part 0.9163 0.9163 0.8591 0.9519 0.999986

Fig. 26
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METHOD OF OPERATING A VEHICLE
OCCUPANCY STATE SENSOR SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATION

This Application is a divisional of U.S. application Ser.
No. 08/731,355 of the same title filed by us on Oct. 11, 1996,
now U.S. Pat. No. 5,890,085 issued Mar. 30, 1999, which is
a National Phase Divisional of PCT/US95/04780 filed by us
on Apr. 12, 1995, which was published on Oct. 19, 1995 as
WO 95/27635, which in turn is a continuation-in-part of
U.S. application Ser. No. 08/227,531 of the same title filed
by us on Apr. 12, 1994, now U.S. Pat. No. 5,482,314 issued
Jan. 9, 1996, the priority of each of which applications is
hereby claimed under 35 U.S.C. §119, §120 and §365 and
Treaties and PCT Rules.

FIELD

This invention relates to automotive occupancy sensor
(AOS) systems and methods of operation by sensor fusion to
determine the presence and position of an object in a seat,
and to classify it by type or nature, to provide an occupancy
state or condition signal for use with other automotive
control systems, typically in conjunction with air bag acti-
vation or other type of safety restraint system for protection
of passengers in the event of a collision. A principal embodi-
ment is a multi-sensor US/IR occupant detection unit
co-located in the vehicle headliner which provides an occu-
pancy state signal to an air bag controller. The AOS deter-
mines by fusion of cross correlated sensor features the
presence, absence, orientation and classification of a human
or animal occupant, child seat (front or rear-facing), out-of-
position occupant, or other types of occupancy, to provide an
occupancy state signal to the air bag controller which
indicates the appropriateness to deploy (or not) the air bag,
thereby increasing the reliability and safety of an air bag
activation system.

BACKGROUND

Virtually all modern vehicles, autos, vans and trucks have
air bag deployment systems. An increasing fraction of the air
bag deployment systems currently available include a
passenger-side air bag as well as a driver-side air bag.

However, a passenger-side air bag deployment system
presents problems in regard to criteria for deployment. That
is, it is not simply an issue of always deploying a passenger
air bag, as injury to occupants can occur by deployment in
certain situations. For example, the air bag should deploy
only if an occupant is in fact in the passenger seat, and not
when the seat is empty. An even more important problem is
the danger of deploying a passenger side air bag when it has
a rear-facing child seat (RFCS). The deployment of an air
bag against the back portion of an RFCS occupied by a child
can cause serious injury to the child by catapulting the child
into the back of the car seat, thus defeating the safety
advantages of both the air bag and the RFCS during a
collision.

Accordingly, it is very important to provide a means for
determining when the passenger seat is occupied and when
it is not occupied. It is even more important to determine the
classification of the “object” in the seat, including when it is
occupied by a child in a RFCS so that such information can
be used to prevent deployment of the air bag for an RFCS
occupancy state. Any means for determining the nature and
status of an occupant, including the presence and orientation

20

25

30

35

40

45

50

60

65

2

of a child seat, must be highly reliable in order to signal
selective deployment of the air bag when the seat is occupied
by a passenger and prevent deployment of the air bag when
the seat is occupied by an RFCS. This is compounded by the
fact that there are over thirty-five different infant seats
available. The seats are adjustable, and the interior configu-
ration and buckling arrangement of each vehicle is different.

Thus, it is no easy task to provide a sensor system,
meaning sensor units and methods of operation and signal
processing, to reliably detect change of state from an empty
to an occupied seat and determine the nature (classify),
position (location) and/or orientation of an object or pas-
senger in the vehicle. By way of example, if a thermal sensor
is used, its reliability may be reduced by thermal conditions
within the vehicle which can change dramatically with the
seasons, weather, vehicle interior configuration, rapidly
changing exterior shading, passenger clothing and/or size,
driver’s choice of interior climate, smoking, activity, hot
food (e.g., pizza) on the seat, etc. Thus, a thermal sensor
acting alone can lead to falsely declared occupant presence,
and more importantly, failure to detect the presence of an
occupant. Furthermore, there may be cases where the ther-
mal signature of an RFCS blends so well with the seat
upholstery that a thermal sensor does not see it, allowing the
air bag system to deploy despite the presence of a child-
occupied RFCS.

Conversely, if one were to use instead distance
measurements, such as by the use of acoustic sensors, such
sensor must be capable of distinguishing between the pres-
ence of an RFCS and the presence of a passenger holding an
object, being in a position or making a motion which can
result in distance measurements which mimic the presence
of an RFCS.

There are other scenarios as well that require a sensor
system to recognize, classify and signal air bag controllers
to take appropriate action, such as an FFCS, inanimate
objects, a passenger holding an inanimate object, an out-of-
position passenger, and so on.

In addition to these basic sensor requirements, the system
for determining the presence of a passenger in the passenger
seat and the presence or absence of a rear-facing child seat,
must be cost effective and must be in a sufficiently small
package to prevent interference with normal vehicle opera-
tion. Such systems must be compatible with the aesthetics of
the vehicle so as not to affect a vehicle’s salability particu-
larly as it relates to new passenger cars. Furthermore, the
cost of installing such system in the vehicle must remain
simple to keep manufacturing cost low. Preferably, all the
sensors should be kept in a single unit to ease the assembly
of the vehicle in production or retrofitting older vehicles.

There is no currently available sensor system known to
the Applicants which can reliably distinguish the presence,
absence and nature of an object or a passenger in the
passenger seat. None today can selectively distinguish the
presence or absence of a rear-facing child seat in the
passenger seat.

There is also no currently available sensor system that can
account for a wide variety of possible variations in both
thermal and distance parameters that are encountered in the
actual wide range of circumstances of occupancy, nor one
that is sufficiently versatile to be adaptable to the wide range
of vehicle interior configurations.

An example of a system for actuating a driver air bag
restraint is shown in White et al U.S. Pat. No. 5,071,160
(Automotive Systems Laboratory) which employs an ultra-
sonic acoustic sensor for sensing the position of the driver,
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a “pyrotechnic” sensor for sensing the presence of the driver,
and a pressure transducer within the seat to sense the
approximate weight of the driver and an air bag control
module to trigger deployment of the air bag. As best
understood, when an impending crash is sensed by a crash
sensor, a control module samples the sensed position of the
passenger at fixed time intervals to calculate the rate or
movement of the passenger relative to the various fixed
motion structures of the vehicle. This rate of relative pas-
senger movement is used to corroborate the acceleration
data from the crash sensor and ensure deployment of the air
bag where the passenger is at substantial risk of injury. That
is, the interior passenger acceleration is apparently used to
prevent false crash signals from the crash sensor. Crash
sensors may trigger air-bag deployment during a minor
bump in close slow moving traffic or during parking. This
“is-the-passenger-being-accelerated-at-the-same-time” sys-
tem is directed to correcting false crash sensor signals.

The patent describes the desired results but does not detail
the process or circuitry to achieve these results beyond
stating that the air bag control circuit uses error correction
methods such as a plurality of each type of sensors (crash
sensor, pyrotechnic, ultrasonic, acoustic, and pressure
transducer) for each assigned monitoring task to prevent
falsing. Accordingly, the control circuit is said to employ
redundant sensors for each monitoring task and the instruc-
tions executed by the control module are said to include
error correction subroutines known to one skilled in the art.
A dashboard signal lamp can be lit when the air bag
effectiveness is too low, or the likelihood of passenger injury
by the air bag is greater than the injury if he hit the steering
wheel, dash or knee bolster, the latter being consistent with
the slow bump situation described above.

Accordingly, there is a need in the art for a reliable
occupant sensor system for use in conjunction with vehicle
air bag deployment systems. There is also a need for a sensor
system that can meet the aforementioned requirements for
reliability in detecting the presence, absence and classifica-
tion of an object, a passenger or RFCS in a wide range of
circumstances, irrespective of whether a passenger is hold-
ing an object and irrespective of the thermal conditions that
may be found in the vehicle. Such a sensor system must also
be a cost effective component of the vehicle that does not
detract from the aesthetics of the vehicle interior or unduly
increase the cost of manufacturing or assembling a vehicle.

THE INVENTION
OBIJECTS

It is an object of the present invention to provide an
automotive occupancy sensor system to reliably detect the
presence or absence of a passenger in the passenger seat and
the presence or absence of a rear-facing child seat in the
passenger seat and to provide an occupancy state signal to
the air bag control system to permit it to either inhibit or
deploy a passenger side air bag during a collision.

It is another object of the invention to provide a vehicle
passenger sensing system which relies upon multiple sensors
with cross correlation of features from different physical
phenomena to provide signals which are processed by sensor
fusion to significantly enhance the reliability of passenger
detection while permitting the use of relatively low cost
conventional sensors.

It is another object of the invention to provide a vehicle
occupancy sensing system adapted for use with a passenger
seat of a vehicle to control the deployment of an air bag, and
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specifically to provide an occupancy state signal that permits
controlling, including inhibiting, the deployment of an air
bag when a passenger seat is classified as unoccupied,
occupied by inanimate objects, the occupant is out-of-
position, or when an RICS is present in the passenger seat,
in order to prevent unneeded or unsafe deployment which
might otherwise cause injury.

It is another object of the invention to provide a passenger
occupancy sensor system which utilizes both thermal and
acoustic sensors, the signals from which are processed in a
fusing algorithm to produce an output signal indicative of
the state and classification of occupancy, which signal can be
used in an air bag control system to permit deployment of a
passenger side air bag only when the passenger seat is
occupied by a passenger properly positioned in the seat and
inhibiting deployment of an air bag in other preselected
conditions of occupancy.

It is another object of the invention to provide a multiple
sensor occupancy detection system which processes by
sensor fusion certain preselected features extracted from
signals provided by different sensors which sense different
physical parameters and correlate them to increase the
reliability of the individual sensing characteristics of the
individual sensors.

It is another object of the invention to provide a multiple
sensor occupancy detection system while maintaining low
cost in manufacturing of tile vehicle by locating multiple
sensors co-located in a single unit to ease the task of
mounting the sensor system to the vehicle.

It is another object of the present invention to provide a
multiple sensor occupancy detection system while maintain-
ing aesthetics of the vehicle by producing a sensor system of
minimal size.

It is another object of the invention to provide a sensor
system that can be tuned to individual vehicle interior
configurations with unparalleled precision of discrimination
by sensor fusion signal processing to produce state, condi-
tion or decision signals that may be used as input to a wide
variety of automotive systems, including but not limited to
occupant safety, vehicle integrity and safety, vehicle oper-
ating systems condition or position (e.g. seat position and
load adjusting systems), unusual conditions, interior tem-
perature control, unauthorized entry (Passive Theft
Deterrency), near object detection systems, and the like.

Still other objects will be evident from a review of the
Summary, Drawings, Detailed Description and Claims.

BRIEF DESCRIPTION OF DRAWINGS

The invention is illustrated in the drawings in which:

FIGS. 1-8 show various conditions illustrative of some of
the variety and range of real conditions that must be detected
and accurately discriminated-amongst (classified) by a fully-
functional automotive occupant sensor system which, by
way of example, is focused on a passenger seat of a vehicle,
with:

FIG. 1 showing the seat being occupied by a passenger;

FIG. 2 showing the passenger seat unoccupied and sensed
as “empty”;

FIG. 3 showing a child in a rear-facing child seat
(“RFCS”);

FIG. 4 showing a passenger holding a bag of groceries;

FIG. 5 showing a child in a forward-facing child seat
(“FFCS”),

FIG. 6 showing a dog in the seat;
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FIG. 7 showing an out-of-position passenger (“OOP”);
and

FIG. 8 showing a moderate sized package on the seat;

FIG. 9A is an enlarged front view of the sensor taken
along line 9—9 of FIG. 2 having a multi-element infrared
sensor and an ultrasound sensor contained in a single unit,
and illustrating a multi-element Fresnel lens system over a
co-located dual-detector infrared sensor;

FIG. 9b is a longitudinal section view of the IR sensor
taken along line 9B—9B of FIG. 9A;

FIG. 9C s a transverse section view of the IR sensor taken
along line 9C—9C of FIG. 9A,;

FIG. 10 is a view of the passenger seat and the sensor unit
in relative relationship, illustrating the infrared detector
zoning of the seat and seat back areas as sensed through the
Fresnel lens;

FIG. 11a is a side view illustrating the infrared detectors
fields of view coverage on the passenger seat;

FIG. 115 is a side view illustrating a typical ultrasound
transducer field of view coverage on the passenger seat;

FIG. 12 is a schematic diagram of the electronic circuit of
an embodiment of the sensor system of the present inven-
tion;

FIG. 13 is a functional block diagram of an application
specific integrated chip (“ASIC”) means for carrying out the
sensor fusion methods of the present invention;

FIG. 14 is a signal processor functional block diagram
illustrating the processing steps used in the operation of the
presently preferred best mode embodiment of the sensor
system of the present invention;

FIGS. 15a and 15b are feature processing block diagrams
showing the steps of processing raw data from the sensors to
produce infrared (FIG. 154) and ultrasound (FIG. 15b)
feature vectors;

FIG. 16 is a fused feature processing block diagram
illustrating the process of fusing infrared features and ultra-
sound features to produce a fused feature vector;

FIG. 17 is a detection processing block diagram showing
the processing of the infrared feature vector, ultrasound
feature vector, and fused feature vector to produce state;

FIG. 18 is a graph illustrating the relationship between a
feature vector component and confidence levels of various
occupancy states by way of example: OOP state, RFCS
state, inanimate object state, occupant state, and empty state;

FIG. 19 is a graph illustrating the progression of confi-
dence levels for a given state and a given feature vector
component over time;

FIG. 20 is a graph showing confidence level upon fusion
of two feature vector components;

FIG. 21 is a graphically illustrated matrix of the relation-
ship between vector components, and fused vector
components, states, and confidence levels; and

FIG. 22 is decision processing block diagram illustrating
factors considered in a state change decision process.

FIG. 23 is a diagram of sensor decision reliability in a case
of discriminating between (classification of) a normal occu-
pant and an RFCS;

FIG. 24a shows a signature trace from an automobile;

FIG. 24b shows the physical layout of the vehicle giving
the trace of FIG. 24a;

FIG. 25a shows a signature trace from a truck;

FIG. 25b shows the physical layout of the vehicle giving
the trace of FIG. 25a;
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FIG. 26 is a table of test data from actual testing of a
sensor system of the invention;

FIGS. 27a and 27b are comparative traces showing sen-
sibility of the discrimination between an RFCS and the same
RFCS covered with two blankets; and

FIG. 28 is an isometric view of a presently preferred
embodiment of the AOS unit having co-located sensors,
three US and 2 IR inset in off-axis tapered bore-holes to
accommodate their respective views.

SUMMARY

The present invention is directed to an automotive interior
occupant sensor system employing sensor-fusion signal pro-
cessing which combines information provided by two or
more sensors, each of which “sees” the world in an unique
sense. The multi-sensor fusing process of this invention
greatly enhances performance and reliability In much the
same way as human ability to visually distinguish and
classify-objects is greatly enhanced with the addition of
sound. While the invention is described in detail with respect
to sensing the presence (or absence) of a variety of seat
occupants for the purpose of sending an occupancy state
signal to an air bag deployment control system, thus per-
mitting it to enable or disable the air bag system to permit
or prevent deployment in preselected situations, the “deci-
sion” or state signal produced by the sensor system appa-
ratus and sensor signal fusion method of this invention may
be applied to also, or alternately, check, affect or trigger
other systems, such as automatic safety belts, seat position-
ing systems, interior climate controls, lighting, dashboard or
other signal or warning lights, audio alert or status signals
(buzzers, recordings, or synthesized voices), door locks,
load adjusting systems, reminder systems, crash conditions
recording systems, and the like.

In a preferred embodiment, the automobile passenger seat
occupancy sensor of the present invention relies on two
detectable properties: One such property is the thermal
signature and associated motion, and the second is the
acoustic distance and the associated acoustic motion. By
relying on a plurality of two distinct types of sensors in
which a plurality of independent features (or characteristics)
are extracted and cross-correlated, and fusing some of these
features, the accuracy and reliability of sensing is vastly
improved as compared to single sensor or even multiple
sensors not employing sensor fusion. For example, in cases
where the thermal signature of a rear-facing child seat blends
with seat upholstery and provides no motion signal, the
distance measurement may be able to detect that something
is in the seat with suitable reliability. However, in cases
where passengers are holding objects or are much larger than
normal, an ultrasonic sensor will provide ambiguous dis-
tance measurements which “look” like an RFCs. By the
fusion method of this invention, combining features
extracted from IR detectors angled and zoned to “look ” at
different fields and from an ultrasound sensor can ensure
proper identification and output of an appropriate decision
signal.

In accord with the present invention, measurements of
conditions are taken continuously and compared to prior
conditions to provide a current state profile. At least initially,
the updates are compared to initial conditions obtained at the
start-tip of the vehicle, and later the comparison is with prior
state conditions. If initial conditions indicate a recognized
(or “valid”) occupant classification, this condition will tend
to prevail throughout operation of the vehicle with the
sensor algorithm always erring on the side of safety. If initial




































