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Removing noise caused by vehicular movement from sensor signals using Deep Neural Networks.

A method of operating a sensor device (10) in an interior PRIOR ART
(18) of a vehicle (16) for detecting at least one vehicle

passenger-related physical quantity comprises steps of ACC /
providing (70, 72) data sensed by the at least one sensor

(12) and data sensed by at least one motion sensor device

(14) that provides information regarding motion of a body 40
(24) of the vehicle {16) as input data to at least one

artificial neural network {48, 50, 52), carrying out (74) a

combined deep learning scheme with the at least one

artificial neural network (52), - generating (84) data of the | 22 35
at least one sensor {12) and data of the at least one
motion sensor device (14) in a detection scenario,
providing (86, 88) the data generated in the detection
scenario as an input to at least one artificial neural
network {52) trained by the combined deep learning
scheme, and - by operating at least the artificial neural
network {52) for processing the provided input data,
derive (90) an output representing one or more vehicle
passenger-related physical quantity or quantities, based on Y
the carried out combined deep learning scheme. f 7
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Removing noise caused by vehicular movement from sensor signals

using Deep Neural Networks

Technical field

[0001] The invention relates to a method of operating a sensor device in an

interior of a vehicle for obtaining vehicle passenger-related physical quantities.

Background of the invention

[0002] Itis known in the art to use radar technology for automotive seat occupant
detection systems. Occupancy sensors based on radar technology offer
advantages in comparison to other occupancy detection methods as their
operation is contact-free and unnoticeable for vehicle occupants. Moreover, radar
sensors can easily be integrated in the vehicle interior, for example behind plastic

covers and textiles.

[0003] Vehicle seat occupancy detection systems are nowadays widely used in
vehicles, in particular in passenger cars, for instance for detection of left-behind
pets and/or children, vital sign monitoring, vehicle seat occupancy detection for
seat belt reminder (SBR) systems, or anti-theft alarm. Such vehicle seat
occupancy detection systems can be employed for providing a seat occupancy
signal for various appliances, for instance for the purpose of a seat belt reminder

(SBR) system or an activation control for an auxiliary restraint system (ARS).

[0004] An output signal of a seat occupant detection and/or classification system
is usually transferred to an electronic control unit of the vehicle to serve, for
instance, as a means of assessing a potential activation of an installed vehicle

passenger restraint system, such as an airbag.

[0005] Further valuable information, usable as important input for Advanced
Driver Assistance Systems (ADAS) could be provided by monitoring a vital sign of

the detected person, which has been proposed in the art.

[0006] For instance, WO 2013/037399 A1 describes a system and method for
detecting a vital-related signal pattern of a seated person in a vehicle seat. The
seat comprises a substantially horizontal base and a substantially vertical backrest
having a front surface accommodating the back of the seated person when in use,

and a rear surface. The system further comprises at least one Doppler radar
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arranged behind the front surface of the backrest, in such a way that a main
radiation lobe of the emitter/receiver of the Doppler radar is focused towards the
front surface of the backrest, by which a movement created by a vital sign of the
person can be detected and a vital-related signal can be obtained. Moreover, the
system comprises a module for detecting, based on a radar signal obtained by the

Doppler radar, a vital-related signal pattern of the seated person.

[0007] Due to their operation principle, many sensors, in particular for automotive
applications, generate undesired signals in a moving environment such as a
moving vehicle. An application of sensor-based devices that include at least one
such sensor becomes more challenging, as a vehicle is naturally undergoing some
vertical movement caused by, for instance, driving on a road with an uneven road
profile, by vibrations from a running car engine or by wind gusts. In such
scenarios, the vehicle motion induces a movement of the sensor device and the
passengers. Consequently, a sensor-based device such as an interior RADAR
device with a radar sensor not only measures the motions that are desired to
observe, such as a breathing motion or a heart rate, but also captures unwanted
passenger motions, which are induced by the vehicle motions. Further, the sensor
device itself may undergo a different motion than the passengers do, which, for
example in the case of RADAR-based devices, causes complex relative motions in
the observations. This leads to noisy sensor measurements, in which it is more
difficult to detect and monitor e.g. vital signs. A de-noising, i.e. a removal of a
motion-induced portion from such signals becomes challenging when using

conventional de-noising techniques.

[0008] It has therefore been proposed in the art to employ additional sensors that
are sensitive to vehicle movements for distinguishing between a vital signal portion

and a signal portion induced by vehicle movement.

[0009] By way of example, WO 2016/038148 A1 (US 2017/0282828 A1)
describes a method for sensing an occupancy status within an automotive vehicle.
The method uses a radar sensor system having an antenna system, at least one
sensor and processing circuitry. The method comprises a step of illuminating,
using the antenna system, at least one occupiable position within the vehicle with
an outgoing radar signal; a step of receiving, using the at least one sensor, at least

one sensor signal reflected as a result of the outgoing radar signal, a step of
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obtaining accelerometer data value from at least one accelerometer, wherein the
accelerometer data contain information regarding vibration or motion of the
automotive vehicle and a step of supplying the accelerometer data to the
processing circuitry; and a step of operating the processing circuitry for generating,
based on the at least one sensor sighal and on the accelerometer data, one or
more occupancy status signals, wherein the occupancy status signal indicates a

property related to the at least one occupiable position.

[0010] The method includes accelerometer data to a classification software of the
radar sensor system and is therefore able to compensate for motion or vibration of
the vehicle. The information regarding vibration or motion can be taken into
consideration when a classification (interior human detection) algorithm needs to
classify. This information can help to filter out exterior influences that might falsify
the classification (passing traffic, wind shakes, various vibrations of the engine or

any exterior event leading to a vehicle movement).

[0011] A typical scenario for conventional detection and monitoring of, for
instance, vital signs of one or several persons 32 seated in an interior 18 of a
vehicle 16 by radar is illustrated in Fig. 1 in a side view. A radar-based sensor
device RS with one radar sensor is shown being installed in an interior 18 of the
vehicle 16, which is designed as a sedan passenger car. While driving on a
roadway 42, the vehicle 16 is undergoing some motion, for example, due to an
uneven vertical road profile 44, which is shown in Fig. 1 in an exaggerated manner
for clarity purposes, or even by a running engine of the vehicle 16. The roughness
of the vertical road profile 44 causes vertical motion 38 of vehicle wheels 22. The
vertical motion 38 of the wheels 22 is transferred to a vehicle body 24 via a vehicle
suspension system 26, generating force vibrations of the seat20 and the
person 32 occupying the seat 20, forming a seat/person system 36. In addition,
force vibrations of the seat 20 and the person 32 are induced by the mechanical
vibrations 40 of the running vehicle engine. In other words, the vehicle motion
induces a movement of the radar-based sensor device RS and also causes the
passenger(s) 32 to move away from a rest position. This additional motion is going
to introduce noise to the sensor measurement signal. In order to remove this noise
from the sensor measurement signal, information about the motion of the vehicle

body 24 can be provided, for instance by using an accelerometer device ACC.
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Thus, a breathing motion 34 of the person 32 is superimposed by the forced
vibrations of the seat 20 and the person 32 that are mainly induced by the vertical
road profile 44 and the vehicle engine vibrations 40. Other exterior sources that
may as well induce forced vibrations of the seat 20 and the person 32 are, for

instance, strong winds or heavy oncoming traffic passing in a close distance.

[0012] As shown in Fig. 1, a physical model can be introduced for simulating a
relation of motions of the wheels 22 of the vehicle 16, the suspension system 26
connecting the wheels 22 to the vehicle body 24, the vehicle body 24, the seat 20,
the radar-based sensor device RS and the accelerometer device ACC that are
fixedly attached to the vehicle body 24.

[0013] In Fig. 2, a possible embodiment of a mathematical model is described,
which takes the motion of the vehicle body 24 as an input and then describes the
resulting motion of the seat 20. The corresponding differential equation describing

this specific model can be expressed as
Mx(t) + Dx(t) + Sx(t) = Dy(t) + Sy(t),

wherein x denotes a displacement of the seat 20 and the chest of the person 32,
respectively (Fig. 1), y denotes a displacement of the interior 18 of the vehicle 16
and parameter M denotes the mass of the seat/person system 36. Further
parameters are damping coefficientD and stiffness coefficientS (Fig. 2),
representing a resilient member and a damping member between the seat 20 and

the vehicle body 24, respectively, which are taken to be constant over time.

[0014] The accelerometer data contain information regarding vibration or motion
of the vehicle body 24. In this way, the coupled motion between the seat 20 and
the radar-based sensor device RS can be described and solved in a
mathematically simple way, for instance by applying the simple Euler method for

solving differential equations.

[0015] However, all the constants in the above differential equation are a priori
unknown, and it is quite complex to determine them in practice. Furthermore, it is
not clear if the differential equation is able to describe the physical system

accurately enough in the first place.
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Object of the invention

[0016] It is therefore an object of the invention to provide a method that is
capable of either removing a portion of a sensor signal that is generated by the
sensor due to being moved by vehicular movements from a signal portion that is
generated by the sensor due to motions that are desired to observe, such as a
vital sign of a person or pet, and/or that is capable of directly extracting desired
information from a sensor signal comprising a signal portion generated due to a
sensor being moved by vehicular movements and a signal portion generated due

to motions that are desired to observe, in particular vital signs of a person or pet.

General Description of the Invention

[0017] In one aspect of the present invention, the object is achieved by a method
of operating a sensor device in an interior of a vehicle. The sensor device has at
least one sensor that is sensitive to a relative motion to parts of and objects within
the interior of the vehicle, wherein the at least one sensor is configured for

detecting at least one vehicle passenger-related physical quantity.
[0018] The proposed method comprises at least steps of

- providing raw or processed data sensed by the at least one sensor and raw
or processed data sensed by at least one motion sensor device that is
configured to provide information regarding vibration or motion of a body of
the vehicle as input data to at least one artificial neural network,

- carrying out a combined deep learning scheme with the at least one artificial
neural network,

- generating raw or processed data of the at least one sensor and raw or
processed data of the motion sensor device in a detection scenario within the
vehicle interior,

- providing the raw or processed data generated in the detection scenario as
an input to at least one artificial neural network trained by the combined deep
learning scheme, and

- by operating at least the artificial neural network trained with the combined
deep learning scheme for processing the provided input data, derive an
output representing one or more vehicle passenger-related physical quantity

or quantities, based on the carried out combined deep learning scheme.
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[0019] Non-limiting examples of vehicle passenger-related physical quantities are
vital signs of one or several passengers in the vehicle interior, a number of
breathing motions present in the vehicle interior, individual breathing frequencies,

a presence of a baby, a mass of the passenger, and so forth.

[0020] Artificial neural network are known to comprise a plurality of
interconnected artificial neurons and to have an input side and an output side. As
is well known in the field of artificial neural networks, each artificial neurons of the
plurality of interconnected artificial neurons (also called nodes) can transmit a
signal to another artificial neuron connected to it, and the received signal can
further be processed and transmitted to the next artificial neuron. The output of
each artificial neuron may be calculated using a non-linear function of the sum of
its inputs. In a learning process, weights of the non-linear function usually are
being adjusted. A complex task may be learned by determining a set of weights for
the artificial neurons such that the output signal of the artificial neural network is
close to a desired output signal, which is performed when the artificial neural
network is trained. Multiple methods for training an artificial neural network are
known in the art. In supervised learning, a function is learned that maps an input to
an output based on exemplary input-output pairs. An artificial neural network that
has been submitted to a learning scheme is often called a “trained” artificial neural
network.

[0021] The term “vehicle’, as used in this application, shall particularly be

understood to encompass passenger cars, trucks, semi-trailer tractors and buses.

[0022] The phrase “being configured to”, as used in this application, shall in
particular be understood as being specifically programmed, laid out, furnished or

arranged.

[0023] ltis an insight of the present invention that, by using the proposed at least
one artificial neural network efficient methods can be learned, which can take into
account information about the motion of the vehicle in order to perform a de-
noising of interior vehicle sensor measurement data or can extract desired
information from the noisy sensor measurement data directly. Instead of defining a
mechanical model, for which the physical parameter are a priori unknown, and/or
instead of defining pre-processing techniques and corresponding best parameters
by hand, the at least one artificial neural network can learn the physical model
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and/or pre-processing techniques necessary to efficiently remove a portion of a
sensor signal that is generated by the sensor due to being moved by vehicular
movements and/or can directly extract desired information, such as a vehicle

passenger-related physical quantity, for a system it is implemented in.

[0024] Since the above-mentioned physical models and parameters are different
for each specific type of vehicle, with the proposed method an approximation of
the true physical relation of the motions can be learned from sensor data and data
of at least one motion sensor device of each vehicle, and by adapting the pre-
processing techniques necessary to successfully extract the desired information

from the sensor measurement.

[0025] Preferably, the motion sensor device may include at least one motion
sensor, which may be formed by an accelerometer sensor or a gyroscope sensor.
it is known in the art to employ gyroscope sensors (gyrometers) in passenger cars
for measuring a car directional change. In combination with a measurement
traveled distance, a determination of a car position is facilitated even in regions

without GPS signal by extrapolation.

[0026] The combined deep learning scheme may comprise a plurality of
exemplary pairs of raw or processed data sensed by the at least one sensor and
raw or processed data sensed by the at least one motion sensor device on the one
side and at least one specific vehicle passenger-related physical quantity on the
other side, wherein the exemplary pairs of raw or processed data and the at least

one specific vehicle passenger-related physical quantity are known a priori.

[0027] In a preferred embodiment of the method, the step of carrying out a
combined deep learning scheme further comprises a preceding step of carrying
out a first deep learning scheme with a first artificial neural network, wherein the
first deep learning scheme comprises a plurality of exemplary pairs of raw or
processed data of the at least one sensor and at least one specific vehicle
passenger-related physical quantity, and further comprises a preceding step of
carrying out a second deep learning scheme with a second artificial neural
network, wherein the second deep learning scheme comprises a plurality of
exemplary pairs of raw or processed data sensed by the at least one motion
sensor device and at least one specific motion of the vehicle body. Further, the

step of providing the raw or processed data generated in the detection scenario
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comprises providing an output of the first artificial neural network in response to
the generated raw or processed data of the at least one sensor in the detection
scenario within the vehicle interior as one input to the artificial neural network
trained by the combined deep learning scheme, and providing an output of the
second artificial neural network in response to the generated raw or processed
data of the at least one motion sensor device in the detection scenario within the
vehicle interior as another input to the artificial neural network trained by the

combined deep learning scheme.

[0028] It is noted herewith that the terms “first”, “second”, etc. are used in this
application for distinction purposes only, and are not meant to indicate or

anticipate a sequence or a priority in any way.

[0029] In this way, instead of defining the physical model and the parameters by
hand, the artificial neural networks can learn transformations of the sensor data
and data of the at least one motion sensor device that are necessary to output
sensor data with a removed motion-induced signal portion or, instead, can extract
desired information from the noisy sensor measurement data directly, for instance
vital signs, properties of the vital sign(s) like the number of breathing motions
present in the vehicle interior, frequencies of the breathing motion, or an individual

mass of the passengers.

[0030] Preferably, the exemplary pairs of the first deep learning scheme are
known a priori, and the exemplary pairs of the second deep learning scheme are

known a priori.

[0031] Preferably, the step of generating raw or processed data of the at least
one sensor and raw or processed data of the at least one motion sensor device in
a detection scenario is a step of generating processed data of at least one out of
the at least one sensor and the at least one motion sensor device and includes
applying a fast Fourier transform on raw data of at least one out of the at least one
sensor and the at least one motion sensor device. In this way, the deep learning
can be extended to then include the frequency domain, which can enable an

easier and faster learning process.

[0032] Preferably, the step of deriving an output representing one or more vehicle

passenger-related physical quantity or quantities comprises using the derived
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output of the artificial neural network trained with the combined deep learning
scheme for directly deriving the output representing one or more vehicle
passenger-related physical quantity or quantities, and/or for determining and
applying parameters for de-noising the signal of the at least one sensor by
removing a portion of the sensor signal that is generated by the at least one
sensor due to being moved by vehicular movements. Depending on the
application and a necessity for determining de-noised data of the at least one
sensor and/or the at least one motion sensor device, a flexible provision of an
output can be enabled that represents one or more vehicle passenger-related
physical quantity or quantities, based on the carried out combined deep learning

scheme.

[0033] In another aspect of the invention, a sensor device for operation in an
interior of a vehicle is provided that comprises at least one sensor and an

evaluation and control unit.

[0034] The at least one sensor is sensitive to a relative motion to parts of and
objects within the interior of the vehicle, wherein the at least one sensor is

configured for detecting a vehicle passenger-related physical quantity.

[0035] The evaluation and control unit comprises at least one artificial neural

network and is at least configured for

- evaluating signals received by the at least one sensor in a detection
scenario,

- receiving motion sensor data from at least one motion sensor device,
wherein the motion sensor data contain information regarding vibration or
motion of a body of the vehicle in the detection scenario,

- providing the evaluated signal information and the information regarding
vibration or motion of a body of the vehicle as input data to the at least one
artificial neural network, and

- operating the at least one artificial neural network that has been trained with
a combined deep learning scheme for processing the provided input data to
derive an output representing one or more vehicle passenger-related
physical quantity or quantities, based on the combined deep Ilearning

scheme.
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[0036] The benefits described in context with the disclosed method of operating a
sensor device in an interior of a vehicle apply to the sensor device for operation in
an interior of a vehicle for detecting a vehicle passenger-related physical quantity

o the full extent.

[0037] The combined deep learning scheme may comprise a plurality of
exemplary pairs of raw or processed data of the at least one sensor and raw or
processed data of the at least one motion sensor device on the one side and at
least one specific vehicle passenger-related physical quantity on the other side,
wherein the exemplary pairs of raw or processed data and the at least one specific

vehicle passenger-related physical quantity are known a priori.

[0038] Preferably, at least one artificial neural network is formed by a deep neural
network (DNN), for instance a recurrent neural network (RNN). A DNN is an
artificial neural network with multiple hidden layers of artificial neurons between
the input and the output side. DNNs are known to be able to model complex non-
linear relationships. An RNN is a DNN whose connections between nodes form a
directed graph along a sequence. RNNs can show dynamic temporal behavior for
a time sequence. Both types of artificial neural network are beneficially employable

in the proposed sensor device for operation in an interior of a vehicle.

[0039] In preferred embodiments of the sensor device, the sensor device is
formed as a radar sensor system and the at least one sensor is formed by a radar
sensor. The radar sensor includes a radar transmitting unit having at least one
radar transmitting antenna and being configured for transmitting radar signals
towards at least a portion of the vehicle interior. The radar sensor further
comprises a radar receiving unit having at least one radar receiving antenna and
being configured for receiving radar signals that have been transmitted by the
radar transmitter unit and have been reflected by parts of and objects within the

interior of the vehicle. The evaluation and control unit is configured for

- evaluating information from radar signals received by the at least one radar
sensor in the detection scenario, and for

- providing the evaluated radar signal information and the information
regarding vibration or motion of a body of the vehicle as input data to the at

least one artificial neural network.

LU100925
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[0040] In this way, a contactless way of reliably detecting a vehicle passenger-

related physical quantity can beneficially be enabled.

[0041] By way of example, the evaluated radar signal information may be formed
by Doppler radar signal information, which is well known in the art. However, it is
also contemplated within the scope of the invention that the evaluated radar signal
information comprises angular information; i.e. azimuthal and/or elevational

quantities.

[0042] In preferred embodiments, the sensor device further includes at least one
motion sensor device that is configured for providing the motion sensor data. By
that, a short signal path can be established for providing the motion sensor data

without data sharing, and a fast signal processing can be accomplished.

[0043] In preferred embodiments of the sensor device, the at least one motion
sensor device is an integral part of the sensor device. In this way, a sensor device,
in particular a radar sensor system, with a compact design can be provided.
Moreover, a systematic error for the motion sensor data due to a spatial

separation of the motion sensor device and the sensor device can be avoided.

[0044] Preferably, the sensor device and the at least one motion sensor device
forming an integral part of the sensor device are rigidly attached to the vehicle

body. In this way, any motion of the vehicle body can properly be detected.

[0045] Preferably, the at least one motion sensor device comprises at least one
accelerometer sensor that is designed as a micro-electromechanical system
(MEMS). In this way, data of the motion sensor device can readily be provided in

an economic and part-saving manner.

[0046] In yet another aspect of the invention, the use of the disclosed sensor
device, including at least one radar sensor as the at least one sensor, in an
automotive vehicle interior sensing system for detection of vital sign characteristics
is proposed. The benefits described in context with the disclosed method of
operating a sensor device in an interior of a vehicle apply to the use of the
disclosed sensor device for operation in an interior of a vehicle for vital sign

detection to the full extent.

[0047] These and other aspects of the invention will be apparent from and
elucidated with reference to the embodiments described hereinafter.

LU100925
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[0048] It shall be pointed out that the features and measures detailed individually
in the preceding description can be combined with one another in any technically
meaningful manner and show further embodiments of the invention. The
description characterizes and specifies the invention in particular in connection

with the figures.

Brief Description of the Drawings

[0049] Further details and advantages of the present invention will be apparent
from the following detailed description of not limiting embodiments with reference

to the attached drawing, wherein:

Fig. 1 schematically shows a conventional radar sensor system for detecting
passenger vital signs in an interior of a vehicle in a side view, installed in the

vehicle,
Fig. 2 is a mechanical equivalent of the configuration pursuant to Fig. 1,

Fig. 3 schematically shows a possible embodiment of a sensor device in
accordance with the invention, formed as a radar sensor system and being

installed in a vehicle, in a side view, and

Fig. 4 schematically illustrates an evaluation and control unit of the radar sensor
system pursuant to Fig. 3, and further illustrates steps of a method of operating the
radar sensor system in accordance with the invention for detecting vehicle

passenger-related physical quantities.

Description of Preferred Embodiments

[0050] Fig. 3 schematically shows, in a side view, a possible embodiment of a
sensor device in accordance with the invention. The sensor device, which is
formed as a radar sensor system 10, is installed in an interior 18 of a vehicle 16,
which is identically designed to the vehicle 16 pursuant to Fig. 1. The sensor
device is configured for operation in the interior 18 of the vehicle 16, and for use in

an automotive vehicle interior sensing system for vital sign detection.

[0051] The person 32 in the interior 18 of the vehicle 16 is the driver, who is
located at and is occupying a seat 20 of the vehicle 16, namely the driver's seat,

thus forming a seat/person system 36. The vehicle 16 is shown to be driving on a

LU100925
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roadway 42 having a vertical road profile 44, which is shown in Fig. 3 in an
exaggerated manner for clarity purposes. The roughness of the vertical road
profile 44 causes vertical motion 38 of vehicle wheels 22. The vertical motion 38 of
the wheels 22 is transferred to a vehicle body 24 via a vehicle suspension system
(not shown), which is identical to the suspension system 26 shown in Fig. 1,
generating forced vibrations of the seat20 and the person 32 occupying the
seat 20. Additional forced vibrations of the seat/person system 36 are induced by

mechanical vibrations 40 of a running engine of the vehicle 16.

[0052] The radar sensor system 10 includes a radar sensor 12 that is arranged in
front of the person 32 at an inside of a roof 28 of the vehicle 16, and that is
configured for detecting vehicle passenger-related physical quantities that are
given by a breathing motion 34, characterized by an amplitude and a breathing
frequency. The radar sensor 12 includes a radar transmitting unit and a radar
transceiver antenna that is directed backwards towards the vehicle interior 18 and
is configured for transmitting radar signals towards the vehicle interior 18. The
radar sensor 12 is sensitive to a relative motion between the radar transceiver
antenna and the person's chest, and is further configured for receiving radar
signals that have been transmitted by the radar transmitting unit and have in
particular been reflected by the person's chest. The radar sensor 12 is also
sensitive to a relative motion of the radar transceiver antenna to parts within the

interior 18 of the vehicle 16.

[0053] The radar sensor system 10 moreover comprises an evaluation and
control unit 46, shown in detail in Fig. 4, which is configured for evaluating Doppler
information from the radar signals received by the radar receiving unit in a
detection scenario. To this end, the evaluation and control unit 46 comprises a
processor unit and a digital data memory unit (not shown) to which the processor
unit has data access. The evaluation and control unit 46 further inciudes a plurality
of three artificial neural networks, which are formed as deep neural networks 48,
50, 52.

[0054] As the vital sign breathing motion 34 of the person's chest is
superimposed by the forced vibrations of the seat/person system 36 (Fig. 3), the
evaluated Doppler information is also a superposition of Doppler information

generated by the person’s breathing motion 34 and Doppler information generated

LU100925
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by the forced vibrations of the seat/person system 36 that are mainly induced by
the vertical road profile 44 and the vehicle engine vibrations 40. Other exterior
sources that may as well induce forced vibrations of the seat/person system 36

are, for instance, strong winds or heavy oncoming traffic passing in close distance.

[0055] Furthermore, the radar sensor system 10 includes a motion sensor device,
which is formed by an accelerometer device 14 that is arranged at the inside of the
vehicle roof 28 (Fig. 1). The accelerometer device 14 comprises a three-axis
accelerometer sensor that is designed as an on-chip micro-electromechanical
system (MEMS). A digital data link (wireless or by wire connection), indicated in
Fig. 3 by a dashed line, is provided between the accelerometer device 14 and the
evaluation and control unit 46. The accelerometer device 14 is configured to
provide digital accelerometer data to the evaluation and control unit 46 via the
digital data link. The accelerometer data contain information regarding vibration or
motion of the vehicle body 24 in the detection scenario. The evaluation and control
unit 46 is configured to receive digital accelerometer data from the accelerometer

device 14 via the digital data link.

[0056] In the embodiment of the radar sensor system 10 illustrated in Fig. 3, the
accelerometer device 14 is arranged near a top of the inside of the vehicle roof 28,
spaced from the balance of the radar sensor system 10. In other embodiments of
the radar sensor system, the accelerometer device 14 may be an integral part of
the radar sensor system, and, in this way, may be arranged close to the radar

transceiver antenna.

[0057] In the following, an embodiment of a method of operation the radar sensor
system 10 in the interior 18 of the vehicle 16 will be described with reference to
Fig. 4, which schematically illustrates the evaluation and control unit 46 of the
radar sensor system 10 pursuant to Fig. 3, and further illustrates steps of the
method of operating the radar sensor system 10 in accordance with the invention
for detecting vehicle passenger-related physical quantities. In preparation of
operating the radar sensor system 10, it shall be understood that all involved units

and devices are in an operational state and configured as illustrated in Fig. 3.

[0058] In order to be able to carry out the method automatically and in a
controlled way, the evaluation and control unit 46 is equipped with a software

module. The method steps to be conducted are converted into a program code of

LU100925
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the software module. The program code is implemented in the digital data memory
unit of the evaluation and control unit 46 and is executable by the processor unit of

the evaluation and control unit 46.

[0059] In a first step 70 of the method, processed data sensed by the radar
sensor 12 is provided to a first deep neural network (DNN) 48 of the plurality of
three DNNs 48, 50, 52. To this end, a data connection is provided within the
evaluation and control unit 46 from an output port of the processor unit to an input
side 54 of the first DNN 48. In this specific embodiment, the processed data
sensed by the radar sensor 12 are given by the evaluated Doppler information

from the radar signals received by the radar receiving unit in a detection scenario.

[0060] In another step 72 of the method, which may be executed before,
simultaneously to or after the first step 70, processed data sensed by the
accelerometer device 14 is provided to a second DNN 50 of the plurality of three
DNNs 48, 50, 52. To this end, a data connection is provided between an output

port of the accelerometer device 14 to an input side 56 of the second DNN 50.

[0061] Next, a combined supervised learning scheme is carried out in another
step 74 of the method. This step comprises a preceding step 76 of carrying out a
first supervised learning scheme with the first DNN 48 and another preceding
step 78 of carrying out a second supervised learning scheme with the second
DNN 50.

[0062] The first learning scheme comprises a plurality of exemplary pairs of
processed data sensed by the radar sensor 12 and specific vehicle passenger-
related physical quantities, which are given by the breathing amplitude and the
breathing frequency. The exemplary pairs of the first learning scheme are known a
priori.

[0063] The second learning scheme comprises a plurality of exemplary pairs of
processed data sensed by the accelerometer device 14 and a specific motion of
the vehicle body 24. The exemplary pairs of the second learning scheme are

known a priori.

[0064] Both the first DNN 48 and the second DNN 50 use the data obtained from
the respective exemplary pairs in order to learn a function that will be used to map

a future input to an output. The output 60 of the first DNN 48 will contain main
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features in the processed data sensed by the radar sensor 12 occurring in the
event of a certain combination of the breathing amplitude and the breathing
frequency of the vehicle passenger 32. The output 62 of the second DNN 50 will
contain main features in the processed data sensed by the accelerometer

device 14 occurring in the event of a certain motion of the vehicle body 24.

[0065] In a next step 80 for carrying out the combined supervised learning
scheme with the third DNN 52, the output 60 of the first DNN 48 is provided to an
input side 58 of the third DNN 52 of the plurality of three DNNs 48, 50, 52 as one
input. The output 62 of the second DNN 50 is provided to the input side 58 of the
third DNN 52 as another input. In this specific embodiment, the step 80 of
providing the output 60 of the first DNN 48 and providing the output 62 of the
second DNN 50 to the input side 58 of the third DNN 52 is carried out by a step 82
of combining the output 60 of the first DNN 48 and the output 62 of the second
DNN 50.

[0066] The combined supervised learning scheme comprises the plurality of
exemplary pairs of processed data sensed by the radar sensor 12 and processed
data sensed by the accelerometer device 14 on the one side and the specific
vehicle passenger-related physical quantities, which are given by the breathing
amplitude and the breathing frequency, on the other side. The exemplary pairs of
processed data and the specific vehicle passenger-related physical quantities are

known a priori.

[0067] Once the step 74 of carrying out the combined supervised learning
scheme has been completed, the radar sensor system 10 is ready for operation in

an actual detection scenario.

[0068] The data flow scheme shown in Fig. 4 is the same for carrying out the

supervised learning and for processing data in the actua! detection scenario.

[0069] In the actual detection scenario, processed data of the radar sensor 12
and processed data of the accelerometer device 14 are generated in another
step 84 of the method. In next steps 86, 88 of the measurement, the processed
data of the radar sensor 12 and the processed data of the accelerometer
device 14 are provided as input to the third DNN 52 that is trained by the

combined supervised learning scheme.
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[0070] By operating the third DNN 52 in the next step 90 for processing the
provided input data, an output is derived directly by the third DNN 52, based on
the carried out combined supervised learning scheme, that represents the
breathing amplitude, the breathing frequency or the number of passengers 32
present in the interior 18 of the vehicle 16. In other embodiments, the directly

derived output may represent a vital sign motion or other vital sign characteristics.

[0071] In this specific embodiment, the output 64 is formatted as an output
vector 66 and can be expressed as (number n, breathing amplitude 1, breathing
frequency 1, breathing amplitude 2, breathing frequency 2, ..., breathing
amplitude n, breathing frequency n), wherein placeholders for more than one
vehicle passenger 32 may be filled up with zeros if not detected. In this specific

embodiment, the number n is equal to or less than five.

[0072] In other embodiments, the output 64 of the third DNN 52 may contain a
plurality of parameters for de-noising the processed radar signal sensed by the
radar sensor 12 for removing a portion of the processed radar signal that has been

generated by the radar sensor 12 due to being moved by vehicular movements.

[0073] While the invention has been illustrated and described in detail in the
drawings and foregoing description, such illustration and description are to be
considered illustrative or exemplary and not restrictive; the invention is not limited

to the disclosed embodiments.

[0074] Other variations to be disclosed embodiments can be understood and
effected by those skilled in the art in practicing the claimed invention, from a study
of the drawings, the disclosure, and the appended claims. In the claims, the word
“comprising” does not exclude other elements or steps, and the indefinite article
“a” or “an” does not exclude a plurality, which is meant to express a quantity of at
least two. The mere fact that certain measures are recited in mutually different
dependent claims does not indicate that a combination of these measures cannot
be used to advantage. Any reference signs in the claims should not be construed

as limiting scope.
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List of Reference Symbols

10 radar sensor system 42 roadway

12 radar sensor 44 vertical road profile

14 accelerometer device 46 evaluation and control unit
16 vehicle 48 deep neural network

18 vehicle interior 50 deep neural network

20 seat 52 deep neural network

22 wheel 54 input side 15 DNN

24 vehicle body 56 input side 2™ DNN

26 suspension system 58 input side 3™ DNN

28  vehicle roof 60  output 1% DNN

32  person 62  output 2" DNN

34  breathing motion 64  output ™ DNN

36 seat/person system 66 output vector

38 vertical motion of wheel RS radar-based sensor device
40 vehicle engine vibrations ACC accelerometer device
Method steps:

70 provide radar sensor data to 1% DNN
72 provide accelerometer device data to 2" DNN
74 carry out combined supervised learning scheme

76  carry out 1%

supervised learning scheme

78 carry out 2" supervised learning scheme

80  provide outputs of 15t and 2™ DNN to input of 3" DNN

82  combine outputs of 15t and 2™ DNN

84 generate processed data of radar sensor and processed data of
accelerometer device

86  provide radar sensor data to 1% DNN

88 provide accelerometer device data to 2™ DNN

90 derive output of 3™ DNN directly by operating 3™ DNN
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Claims

1.

A method of operating a sensor device (10) in an interior (18) of a vehicle (16),
the sensor device (10) having at least one sensor (12) that is sensitive to a
relative motion to parts of and objects within the interior (18) of the
vehicle (16), wherein the at least one sensor (12) is configured for detecting at
least one vehicle passenger-related physical quantity, the method comprising

at least steps of

- providing (70, 72) raw or processed data sensed by the at least one
sensor (12) and raw or processed data sensed by at least one motion
sensor device (14) that is configured to provide information regarding
vibration or motion of a body (24) of the vehicle (16) as input data to at least
one artificial neural network (48, 50, 52),

- carrying out (74) a combined deep learning scheme with the at least one
artificial neural network (52),

- generating (84) raw or processed data of the at least one sensor (12) and
raw or processed data of the at least one motion sensor device (14) in a
detection scenario within the vehicle interior (18),

- providing (86, 88) the raw or processed data generated in the detection
scenario as an input to at least one artificial neural network (52) trained by
the combined deep learning scheme, and

- by operating at least the artificial neural network (52) trained with the
combined deep learning scheme for processing the provided input data,
derive (90) an output representing one or more vehicle passenger-related
physical quantity or quantities, based on the carried out combined deep

learning scheme.

The method as claimed in claim 1, wherein

the step (74) of carrying out a combined deep learning scheme further
comprises a preceding step (76) of carrying out a first deep learning scheme
with a first artificial neural network (48), wherein the first deep learning scheme
comprises a plurality of exemplary pairs of raw or processed data sensed by
the at least one sensor (12) and at least one specific vehicle passenger-
related physical quantity, and further comprises a preceding step (78) of

carrying out a second deep learning scheme with a second artificial neural
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network (50), wherein the second deep learning scheme comprises a plurality
of exemplary pairs of raw or processed data sensed by the at least one motion
sensor device (14) and at least one specific motion of the vehicle body (24),
and wherein

the step (86, 88) of providing the raw or processed data generated in the
detection scenario comprises providing an output of the first artificial neural
network (48) in response to the generated raw or processed data of the at
least one sensor (12) in the detection scenario within the vehicle interior (18)
as one input to the artificial neural network (52) trained by the combined deep
learning scheme, and providing an output of the second artificial neural
network (50) in response to the generated raw or processed data of the at
least one motion sensor device (14) in the detection scenario within the
vehicle interior (18) as another input to the artificial neural network (52) trained

by the combined deep learning scheme.

The method as claimed in claim 1 or 2, wherein the step (84) of generating
raw or processed data of the at least one sensor (12) and raw or processed
data of the at least one motion sensor device (14) in a detection scenario is a
step (84) of generating processed data of at least one out of the at least one
sensor (12) and the at least one motion sensor device (14) and includes
applying a fast Fourier transform on raw data of at least one out of the at least

one sensor (12) and the at least one motion sensor device (14).

The method as claimed in any one of the preceding claims, wherein the
step (90) of deriving an output representing one or more vehicle passenger-
related physical quantity or quantities comprises using the derived output of
the artificial neural network (52) trained with the combined deep learning
scheme for directly deriving the output representing one or more vehicle
passenger-related physical quantity or quantities, and/or for determining and
applying parameters for de-noising the signal of the at least one sensor (12)
by removing a portion of the sensor signal that is generated by the at least one
sensor (12) due to being moved by vehicular movements.

A sensor device (10) for operation in an interior (18) of a vehicle (16),

comprising
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- at least one sensor (12) that is sensitive to a relative motion to parts of and

objects within the interior (18) of the vehicle (16), wherein the at least one

sensor (12) is configured for detecting a vehicle passenger-related physical

quantity, and

- an evaluation and control unit (46) that comprises at least one artificial

neural network (48, 50, 52) and is at least configured for

evaluating signals received by the at least one sensor (12) in a
detection scenario,

receiving motion sensor data from at least one motion sensor
device (14), wherein the motion sensor data contain information
regarding vibration or motion of a body (24) of the vehicle (16) in the
detection scenario,

providing the evaluated signal information and the information regarding
vibration or motion of a body (24) of the vehicle (16) as input data to the
at least one artificial neural network (48, 50, 52), and

operating the at least one artificial neural network (52) that has been
trained with a combined deep learning scheme for processing the
provided input data to derive an output representing one or more
vehicle passenger-related physical quantity or quantities, based on the

combined deep learning scheme.

6. The sensor device as claimed in claim 5, wherein at least one artificial neural
network (48, 50, 52) is formed by a deep neural network (48, 50, 52).

7. The sensor device (10) as claimed in claim5 or 6, wherein the sensor

device (10) is formed as a radar sensor system (10) and the at least one

sensor (12) is formed by a radar sensor (12), the radar sensor (12) including

- aradar transmitting unit having at least one radar transmitting antenna and

being configured for transmitting radar signals towards at least a portion of

the vehicle interior (18),

- a radar receiving unit having at least one radar receiving antenna and being

configured for receiving radar signals that have been transmitted by the

radar transmitter unit and have been reflected by parts of and objects within
the interior (18) of the vehicle (16),
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10.

and wherein the evaluation and control unit (46) is configured for

- evaluating information from radar signals received by the at least one radar
sensor (12) in the detection scenario, and for

- providing the evaluated radar signal information and the information
regarding vibration or motion of a body (24) of the vehicle (16) as input data
to the at least one artificial neural network (48, 50, 52).

The sensor device (10) as claimed in any one of claims 5 to 7, further
including at least one motion sensor device (14) that is configured for

providing the motion sensor data.

The sensor device (10) as claimed in any one of claims 5 to 8, wherein the at
least one motion sensor device (14) comprises at least one accelerometer

sensor that is designed as a micro-electromechanical system.

Use of the sensor device (10) as claimed in any one of clams5 to 9,
comprising at least one radar sensor (12) as the at least one sensor (12), inan
automotive vehicle interior sensing system for detection of vital sign

characteristics.
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ANSPRUCHE

1. Verfahren zum Betreiben einer Sensorvorrichtung (10) in einem
Innenraum (18) eines Fahrzeugs (16), wobei die Sensorvorrichtung (10)
mindestens einen Sensor (12) aufweist, der gegeniber einer Relativbewegung
zu Teilen des und Gegenstanden innerhalb des Innenraums (18) des
Fahrzeugs (16) empfindlich ist, wobei der mindestens eine Sensor (12) dafur
ausgelegt ist, mindestens eine auf den Fahrzeugpassagier bezogene
physikalische GréRe zu erkennen, wobei das Verfahren mindestens die
folgenden Schritte umfasst:

- Bereitstellen (70, 72) von unverarbeiteten oder verarbeiteten Daten, die
von dem mindestens einen Sensor (12) abgefiihlt wurden, und unverarbeiteten
oder verarbeiteten Daten, die von mindestens einer
Bewegungssensorvorrichtung (14) abgefluhlt wurden, die dafur ausgelegt ist,
Informationen betreffend die Vibration oder Bewegung einer Karosserie (24)
des Fahrzeugs (16) als Eingabedaten in mindestens ein kiinstliches neurales
Netz (48, 50, 52) bereitzustellen,

- Ausfihren (74) eines kombinierten maschinellen Lernplans mit dem
mindestens einen kinstlichen neuralen Netz (52),

- Erzeugen (84) von unverarbeiteten oder verarbeiteten Daten des
mindestens einen Sensors (12) und unverarbeiteten oder verarbeiteten Daten
der mindestens einen Bewegungssensorvorrichtung (14) in einem
Erkennungsszenarium innerhalb des Fahrzeuginnenraums (18),

- Bereitstellen (86, 88) der in dem Erkennungsszenarium erzeugten
unverarbeiteten oder verarbeiteten Daten als Eingabe in mindestens ein
kunstliches neurales Netz (52), das durch den kombinierten maschinellen
Lernplan trainiert wurde, und

- durch Betreiben zumindest des kunstlichen neuralen Netzes (52), das mit
dem kombinierten maschinellen Lernplan trainiet wurde, um die

bereitgestellten Eingabedaten zu verarbeiten, Herleiten einer Ausgabe (90), die
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eine oder mehrere, auf einen Fahrzeugpassagier bezogene physikalische
GroRe oder GroRen darstellt, basierend auf dem ausgefithrten kombinierten

maschinellen Lernplan.

2. Verfahren nach Anspruch 1, wobei

der Schritt (74) des Ausfiihrens eines kombinierten maschinellen Lernplans
ferner einen vorausgehenden Schritt (76) des Ausfihrens eines ersten
maschinellen Lernplans mit einem ersten kinstlichen neuralen Netz (48)
umfasst, wobei der erste maschinelle Lernplan mehrere beispielhafte Paare von
unverarbeiteten oder verarbeiteten Daten, die von dem mindestens einen
Sensor (12) abgefthlt wurden, und mindestens eine spezifische, auf einen
Fahrzeugpassagier bezogene physikalische GroRe umfasst, und ferner einen
vorausgehenden Schritt (78) des Ausfiihrens eines zweiten maschinellen
Lernplans mit einem zweiten kinstlichen neuralen Netz (50) umfasst, wobei der
zweite maschinelle Lernplan mehrere beispielhafte Paare von unverarbeiteten
oder  verarbeiteten Daten, die von der mindestens einen
Bewegungssensorvorrichtung (14) abgefihlt wurden, und mindestens eine
spezifische Bewegung der Fahrzeugkarosserie (24) umfasst, und wobei

der Schritt (86, 88) des Bereitstellens der unverarbeiteten oder verarbeiteten
Daten, die in dem Erkennungsszenarium erzeugt wurden, das Bereitstellen
einer Ausgabe des ersten kunstlichen neuralen Netzes (48) in Reaktion auf die
erzeugten unverarbeiteten oder verarbeiteten Daten des mindestens einen
Sensors (12) in dem Erkennungsszenarium innerhalb des Fahrzeuginnenraums
(18) als Eingabe in das kinstliche neurale Netz (52), das durch den
kombinierten maschinellen Lernplan trainiert wurde, und das Bereitstellen einer
Ausgabe des zweiten kunstlichen neuralen Netzes (50) in Reaktion auf die
erzeugten unverarbeiteten oder verarbeiteten Daten der mindestens einen
Bewegungssensorvorrichtung (14) in dem Erkennungsszenarium innerhalb des
Fahrzeuginnenraums (18) als weitere Eingabe in das kinstliche neurale Netz
(62), das durch den kombinierten maschinellen Lernplan trainiert wurde,

umfasst.
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3. Verfahren nach Anspruch 1 oder 2, wobei der Schritt (84) des Erzeugens
von unverarbeiteten oder verarbeiteten Daten des mindestens einen Sensors
(12) und unverarbeiteten oder verarbeiteten Daten der mindestens einen
Bewegungssensorvorrichtung (14) in einem Erkennungsszenarium ein Schritt
(84) des Erzeugens von verarbeiteten Daten von mindestens einem von dem
mindestens  einen  Sensor (12) und der mindestens einen
Bewegungssensorvorrichtung (14) ist und das Anwenden einer schnelien
Fouriertransformation an verarbeiteten Daten von mindestens einem von dem
mindestens  einen Sensor  (12) und der mindestens einen

Bewegungssensorvorrichtung (14) aufweist.

4. Verfahren nach einem der vorhergehenden Anspriiche, wobei der Schritt
(90) des Herleitens einer Ausgabe, die eine oder mehrere, auf einen
Fahrzeugpassagier bezogene physikalische GréRe oder GroRRen darstellt, die
Verwendung der hergeleiteten Ausgabe des kiinstlichen neuralen Netzes (52),
das mit dem kombinierten maschinellen Lernplan trainiert wurde, umfasst, um
unmittelbar die Ausgabe herzuleiten, die eine oder mehrere, auf einen
Fahrzeugpassagier bezogene physikalische GroRe oder GroRen darstellt,
und/oder um Parameter fir eine Rauschentfernung aus dem Signal des
mindestens einen Sensors (12) durch Entfernen eines Abschnitts des
Sensorsignals, das durch den mindestens einen Sensor (12) dadurch erzeugt
wird, dass er durch Fahrzeugbewegungen bewegt wird, zu bestimmen und

anzuwenden.

5. Sensorvorrichtung (10) zum Betrieb in einem Innenraum (18) eines
Fahrzeugs (16), umfassend

- mindestens einen Sensor (12), der gegenuber einer Relativbewegung zu
Teilen des und Gegenstéanden innerhalb des Innenraums (18) des Fahrzeugs
(16) empfindlich ist, wobei der mindestens eine Sensor (12) dafir ausgelegt ist,
eine auf einen Fahrzeugpassagier bezogene physikalische GréRe zu erkennen,
und

- eine Auswerte- und Steuereinheit (46), die mindestens ein kiinstliches

neurales Netz (48, 50, 62) umfasst und mindestens dafiir ausgelegt ist,
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. Signale, die von dem mindestens einen Sensor (12) in einem
Erkennungsszenarium empfangen werden, auszuwerten,

. Bewegungssensordaten von mindestens einer
Bewegungssensorvorrichtung 14) Zu empfangen, wobei die
Bewegungssensordaten Informationen betreffend eine Vibration oder
Bewegung einer Karosserie (24) des Fahrzeugs (16) in dem
Erkennungsszenarium enthalten,

. die ausgewerteten Signalinformationen und die Informationen betreffend
eine Vibration oder Bewegung einer Karosserie (24) des Fahrzeugs (16) als
Eingabedaten in das mindestens eine kinstliche neurale Netz (48, 50, 52)
bereitzustellen, und

. das mindestens eine kinstliche neurale Netz (52), das mit einem
kombinierten maschinellen Lernplan trainiert worden ist, zur Verarbeitung der
bereitgestellten Eingabedaten zu betreiben, um eine Ausgabe herzuleiten, die
eine oder mehrere, auf einen Fahrzeugpassagier bezogene physikalische
GroBe oder GroRen darstellt, basierend auf dem kombinierten maschinelien

Lernplan.

6. Sensorvorrichtung nach Anspruch 5, wobei mindestens ein kunstliches
neurales Netz (48, 50, 52) durch ein maschinelles neurales Netz (48, 50, 52)
gebildet ist.

7. Sensorvorrichtung (10) nach Anspruch 5 oder 6, wobei die
Sensorvorrichtung (10) als Radarsensorsystem (10) gebildet ist und der
mindestens eine Sensor (12) durch einen Radarsensor (12) gebildet ist, wobei
der Radarsensor (12) aufweist

- eine Radarsendeeinheit mit mindestens einer Radarsendeantenne, und
die dafur ausgelegt ist, Radarsignale zu mindestens einem Abschnitt des
Fahrzeuginnenraums (18) zu senden,

- eine Radarempfangseinheit mit mindestens einer
Radarempfangsantenne, und die dafir ausgelegt ist, Radarsignale zu

empfangen, die von der Radarsendereinheit gesendet und von Teilen des und
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Gegenstanden innerhalb des Innenraums (18) des Fahrzeugs (16) gesendet
worden sind,

und wobei die Auswerte- und Steuereinheit (46) dafiir ausgelegt ist,

- Informationen von Radarsignalen, die von dem mindestens einen
Radarsensor (12) in dem Erkennungsszenarium empfangen wurden,
auszuwerten, und

- die ausgewerteten Radarsignalinformationen und die Informationen
betreffend eine Vibration oder Bewegung einer Karosserie (24) des Fahrzeugs
(16) als Eingabedaten in das mindestens eine kiinstliche neurale Netz (48, 50,
52) bereitzustellen.

8. Sensorvorrichtung (10) nach einem der Anspriiche 5 bis 7, ferner
aufweisend mindestens eine Bewegungssensorvorrichtung (14), die dafur

ausgelegt ist, die Bewegungssensordaten bereitzustellen.

9. Sensorvorrichtung (10) nach einem der Anspriiche 5 bis 8, wobei die
mindestens eine Bewegungssensorvorrichtung (14) mindestens einen
Beschleunigungssensor umfasst, der als mikro-elektromechanisches System

gestaltet ist.

10.  Verwendung der Sensorvorrichtung (10) nach einem der Anspriiche 5 bis
9, umfassend mindestens einen Radarsensor (12) als der mindestens eine
Sensor (12) in einem Kraftfahrzeug-Innenraum-Messsystem zum Erkennen von

Lebenszeichenmerkmalen.
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