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(57) ABSTRACT

A method is provided for determining an operating state of
a burner. The method includes receiving baseline character-
istic data for a plurality of burner operating states. The
baseline characteristic data for each burner operating state of
the plurality of burner operating states comprises baseline
data of a plurality of data types indicative of a corresponding
burner operating state. The method also includes receiving
monitoring data captured for a burner by a plurality of
burner sensors. The method further includes using to
machine learning to compare at least a portion of the
monitoring data captured for the burner with the baseline
characteristic data. The method still further includes deter-
mining an operating state of the burner based at least in part
on results of comparing the at least a portion of the moni-
toring data with the baseline characteristic data. A corre-
sponding apparatus and computer program product are also
provided.
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METHOD, APPARATUS, AND COMPUTER
PROGRAM PRODUCT FOR DETERMINING
BURNER OPERATING STATE

TECHNOLOGICAL FIELD

[0001] Example embodiments of the present disclosure
relate generally to burner operation and, more particularly,
to the determination of operating states of a burner.

BACKGROUND

[0002] Without time-consuming, manual inspections of
individual burners, detection of faulty burner operation has
generally been difficult. As there may be a large quantity of
burners located within furnaces and other heating vessels,
inspecting individual burners can often be an extremely
time-intensive task, and faulty burners may not be identified
for several days after those burners have ceased proper
functionality. Additionally, technical expertise on burner
operation can also be scarce. Through applied effort, inge-
nuity, and innovation, many of these identified problems
have been solved by developing solutions that are included
in embodiments of the present disclosure, many examples of
which are described in detail herein.

BRIEF SUMMARY

[0003] Methods, apparatuses, and computer program
products of various embodiments are provided herein for
determining an operating state of a burner. In an example
embodiment, a method is provided for determination an
operating state of a burner. The method includes receiving
baseline characteristic data for a plurality of burner operat-
ing states. The baseline characteristic data for each burner
operating state of the plurality of burner operating states
includes baseline data of a plurality of data types indicative
of a corresponding burner operating state. The method also
includes receiving monitoring data captured for a burner by
a plurality of burner sensors. The method further includes
comparing, via machine learning, at least a portion of the
monitoring data captured for the burner with the baseline
characteristic data. The method still further includes deter-
mining an operating state of the burner based at least in part
on results of comparing the at least a portion of the moni-
toring data with the baseline characteristic data.

[0004] In some embodiments, the method also includes
generating at least a portion of the baseline characteristic
data by classifying an operating state associated with moni-
toring data captured during one or more trial runs of the
burner. In some embodiments, the method also includes
generating at least a portion of the baseline characteristic
data by augmenting monitoring data captured during one or
more trial runs of the burner.

[0005] In some embodiments, the baseline characteristic
data for each of the plurality of burner operating states
includes at least two of sound data, image data, or process
data. In some embodiments, the monitoring data includes a
time stamp, and the method further includes matching the
monitoring data from the at least two of sound data, image
data, or process data of the monitoring data based at least in
part on the time stamp. In some embodiments, the monitor-
ing data includes process data and at least one of image data
or sound data. In some embodiments, the baseline data of the
baseline characteristic data includes image data and the
image data includes video data. In some embodiments, the
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baseline data of the baseline characteristic data includes
process data and the process data includes data relating to
operating parameters of the burner defining at least one of
control, output, or environment data. In some embodiments,
the method also includes providing a visual display of
information relating to the operating state of the burner and
information relating to an intended operating state of the
burner at a given time.

[0006] In another embodiment, an apparatus is provided
for determining an operating state of a burner. The apparatus
includes at least one processor and at least one non-transi-
tory memory including computer program code instructions,
the computer program code instructions configured to, when
executed, cause the apparatus to receive baseline character-
istic data for a plurality of burner operating states. The
baseline characteristic data for each burner operating state of
the plurality of burner operating states includes baseline data
of a plurality of data types indicative of a corresponding
burner operating state. The computer program code instruc-
tions are also configured to, when executed, cause the
apparatus to receive monitoring data captured for a burner
by a plurality of burner sensors. The computer program code
instructions are further configured to, when executed, cause
the apparatus to compare, via machine learning, at least a
portion of the monitoring data captured for the burner with
the baseline characteristic data. The computer program code
instructions are still further configured to, when executed,
cause the apparatus to determine an operating state of the
burner based at least in part on results of comparing the at
least a portion of the monitoring data with the baseline
characteristic data.

[0007] In some embodiments, the computer program code
instructions are also configured to, when executed, cause the
apparatus to generate at least a portion of the baseline
characteristic data by classifying an operating state associ-
ated with monitoring data captured during one or more trial
runs of the burner. In some embodiments, the computer
program code instructions are also configured to, when
executed, cause the apparatus to generate at least a portion
of'the baseline characteristic data by augmenting monitoring
data captured during one or more trial runs of the burner. In
some embodiments, the baseline characteristic data for each
of the plurality of burner operating states includes at least
two of sound data, image data, or process data.

[0008] In some embodiments, the monitoring data
includes a time stamp and the computer program code
instructions are also configured to, when executed, cause the
apparatus to match the monitoring data from the at least two
of sound data, image data, or process data of the monitoring
data based at least in part on the time stamp. In some
embodiments, the monitoring data includes process data and
at least one of image data or sound data. In some embodi-
ments, the baseline data of the baseline characteristic data
includes image data and the image data includes video data.
In some embodiments, the baseline data of the baseline
characteristic data includes process data and the process data
includes data relating to operating parameters of the burner
defining at least one of control, output, or environment data.
In some embodiments, the computer program code instruc-
tions are also configured to, when executed, cause the
apparatus to provide a visual display of information relating
to the operating state of the burner and information relating
to an intended operating state of the burner at a given time.
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[0009] In still another embodiment, a computer program
product is provided for determining an operating state of a
burner. The computer program product includes at least one
non-transitory computer-readable storage medium having
computer-executable program code portions stored therein,
the computer-executable program code portions comprising
program code instructions configured to receive baseline
characteristic data for a plurality of burner operating states.
The baseline characteristic data for each burner operating
state of the plurality of burner operating states includes
baseline data of a plurality of data types indicative of a
corresponding burner operating state. The program code
instructions are also configured to receive monitoring data
captured for a burner by a plurality of burner sensors. The
program code instructions are further configured to com-
pare, via machine learning, at least a portion of the moni-
toring data captured for the burner with the baseline char-
acteristic data. The program code instructions are still
further configured to determine an operating state of the
burner based at least in part on results of comparing the at
least a portion of the monitoring data with the baseline
characteristic data.

[0010] In some embodiments, the program code instruc-
tions are also configured to generate at least a portion of the
baseline characteristic data by classifying an operating state
associated with monitoring data captured during one or more
trial runs of the burner. In some embodiments, the program
code instructions are also configured to generate at least a
portion of the baseline characteristic data by augmenting
monitoring data captured during one or more trial runs of the
burner. In some embodiments, the baseline characteristic
data for each of the plurality of burner operating states
includes at least two of sound data, image data, or process
data.

[0011] In some embodiments, the monitoring data
includes a time stamp, and the program code instructions are
also configured to match the monitoring data from the at
least two of sound data, image data, or process data of the
monitoring data based at least in part on the time stamp. In
some embodiments, the monitoring data includes process
data and at least one of image data or sound data. In some
embodiments, the baseline data of the baseline characteristic
data includes image data and the image data includes video
data. In some embodiments, the baseline data of the baseline
characteristic data includes process data and the process data
includes data relating to operating parameters of the burner
defining at least one of control, output, or environment data.
In some embodiments, the program code instructions are
also configured to provide a visual display of information
relating to the operating state of the burner and information
relating to an intended operating state of the burner at a
given time.

[0012] The above summary is provided merely for pur-
poses of summarizing some example embodiments to pro-
vide a basic understanding of some aspects of the invention.
Accordingly, it will be appreciated that the above-described
embodiments are merely examples and should not be con-
strued to narrow the scope or spirit of the invention in any
way. It will be appreciated that the scope of the invention
encompasses many potential embodiments in addition to
those here summarized, some of which will be further
described below.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Having described certain example embodiments of
the present disclosure in general terms above, reference will
now be made to the accompanying drawings. The compo-
nents illustrated in the figures may or may not be present in
certain embodiments described herein. Some embodiments
may include fewer (or more) components than those shown
in the figures.

[0014] FIG. 1 is a block diagram of an apparatus config-
ured in accordance with an example embodiment of the
present disclosure;

[0015] FIG. 2 is a flowchart illustrating a method for
determining an operating state of a burner performed in
accordance with an example embodiment of the present
disclosure;

[0016] FIG. 3 is a schematic view of the model training
circuitry, such as within the processing circuitry of FIG. 1,
in accordance with an example embodiment of the present
disclosure; and

[0017] FIGS. 4A-4D illustrate multiple images of a burner
in accordance with image data received by an example
embodiment of the present disclosure.

DETAILED DESCRIPTION

[0018] The present invention now will be described more
fully hereinafter with reference to the accompanying draw-
ings in which some but not all embodiments of the inven-
tions are shown. Indeed, these inventions may be embodied
in many different forms and should not be construed as
limited to the embodiments set forth herein; rather, these
embodiments are provided so that this disclosure will satisfy
applicable legal requirements. Like numbers refer to like
elements throughout. As used herein, terms such as “front,”
“rear,” “top,” etc. are used for explanatory purposes in the
examples provided below to describe the relative position of
certain components or portions of components. Further-
more, as would be evident to one of ordinary skill in the art
in light of the present disclosure, the terms “substantially”
and “approximately” indicate that the referenced element or
associated description is accurate to within applicable engi-
neering tolerances.

[0019] Various embodiments discussed herein provide a
method, apparatus, and a computer program product for
determining an operating state of a burner. Current burner
fault detection technology using acoustic sensors and/or
image sensors are costly to install and operate in areas that
burners are used. Various embodiments discussed herein
allow for similar fault detection effectiveness without requir-
ing robust sensor installation by using process data along
with available imaging and/or acoustic data. Embodiments
discussed herein allow for a reduction in manufacturing
cost, while maintaining the efficiency of more complex
detection mechanisms.

[0020] FIG. 1 is a schematic diagram of an example
apparatus configured for performing any of the operations
described herein. Apparatus 10 is an example embodiment
that may be embodied by or associated with any of a variety
of computing devices. For example, the computing device
that embodies the apparatus may be a mobile terminal, a
computer terminal, or the like. In other embodiments, the
apparatus may be embodied or partially embodied as a
mobile terminal, such as a personal digital assistant (PDA),
mobile telephone, smart phone, smart watch, tablet com-
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puter, an edge device, one or more single-board computers
(e.g., raspberry pi), or any combination of the aforemen-
tioned and other types of voice and text communications
systems.

[0021] In an example embodiment, the apparatus may be
embodied by or associated with a plurality of computing
devices that are in communication with or otherwise net-
worked with one another such that the various functions
performed by the apparatus may be divided between the
plurality of computing devices that operate in collaboration
with one another.

[0022] The apparatus 10 may include, be associated with,
or may otherwise be in communication with a processing
circuitry 12, such as a processor 14 and a memory device 16;
a communication interface 20; a user interface 22; one or
more burner sensors, such as imaging sensor(s) 24, acoustic
sensor(s) 26, and/or process sensor(s) 28. In some embodi-
ments, the processor 14 (and/or co-processors or any other
processing circuitry assisting or otherwise associated with
the processor) may be in communication with the memory
device 16 via a bus for passing information among compo-
nents of the apparatus. The memory device may be non-
transitory and may include, for example, one or more
volatile and/or non-volatile memories. In other words, for
example, the memory device 16 may be an electronic
storage device (for example, a computer readable storage
medium) comprising gates configured to store data (for
example, bits) that may be retrievable by a machine (for
example, a computing device such as the processor). The
memory device 16 may be configured to store information,
data, content, applications, instructions, or the like for
enabling the apparatus to carry out various functions in
accordance with an example embodiment of the present
disclosure. For example, the memory device 16 could be
configured to buffer input data for processing by the pro-
cessor 14. Additionally or alternatively, the memory device
16 could be configured to store instructions for execution by
the processor 14.

[0023] The processor 14 may be embodied in a number of
different ways. For example, the processor 14 may be
embodied as one or more of various hardware processing
means such as a coprocessor, a microprocessor, a controller,
a digital signal processor (DSP), a processing element with
or without an accompanying DSP, or various other process-
ing circuitry including integrated circuits such as, for
example, an ASIC (application specific integrated circuit),
an FPGA (field programmable gate array), a microcontroller
unit (MCU), a hardware accelerator, a special-purpose com-
puter chip, or the like. As such, in some embodiments, the
processor 14 may include one or more processing cores
configured to perform independently. A multi-core processor
may enable multiprocessing within a single physical pack-
age. Additionally or alternatively, the processor 14 may
include one or more processors configured in tandem via the
bus to enable independent execution of instructions, pipe-
lining and/or multithreading.

[0024] In an example embodiment, the processor 14 may
be configured to execute instructions stored in the memory
device 16 or otherwise accessible to the processor. Alterna-
tively or additionally, the processor 14 may be configured to
execute hard coded functionality. As such, whether config-
ured by hardware or software methods, or by a combination
thereof, the processor 14 may represent an entity (for
example, physically embodied in circuitry) capable of per-
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forming operations according to an embodiment of the
present disclosure while configured accordingly. Thus, for
example, when the processor 14 is embodied as an ASIC,
FPGA or the like, the processor 14 may be specifically
configured hardware for conducting the operations
described herein. Alternatively, as another example, when
the processor 14 is embodied as an executor of software
instructions, the instructions may specifically configure the
processor 14 to perform the algorithms and/or operations
described herein when the instructions are executed. How-
ever, in some cases, the processor 14 may be a processor of
a specific device (for example, the computing device) con-
figured to employ an embodiment of the present disclosure
by further configuration of the processor by instructions for
performing the algorithms and/or operations described
herein. The processor 14 may include, among other things,
a clock, an arithmetic logic unit (ALU) and logic gates
configured to support operation of the processor. In some
embodiments, the processor 14 may be configured to use
machine learning or other operations described herein.

[0025] The apparatus 10 of an example embodiment may
also include or otherwise be in communication with a user
interface 22. The user interface 22 may include a display
(e.g., a touch screen display), a speaker, physical buttons,
and/or other input/output mechanisms. In an example
embodiment, the processor 14 may comprise user interface
circuitry configured to control at least some functions of one
or more input/output mechanisms. The processor 14 and/or
user interface circuitry comprising the processor 14 may be
configured to control one or more functions of one or more
input/output mechanisms through computer program
instructions (for example, software and/or firmware) stored
on a memory accessible to the processor (for example,
memory device 16, and/or the like). In this regard, the
apparatus 10 may interpret data collected by its sensors and
provide burner operating state information, for example.

[0026] The apparatus 10 of an example embodiment may
also include a communication interface 20 that may be any
means such as a device or circuitry embodied in either
hardware or a combination of hardware and software that is
configured to receive and/or transmit data from/to other
electronic devices in communication with the apparatus, via
wired or wireless technologies. For example, the commu-
nication interface 20 may be configured to communicate
over wireless communication protocols including WiFi,
Bluetooth, NFC (near field communication), and/or other
wireless technologies, such as Global System for Mobile
Communications (GSM), such as but not limited to Long
Term Evolution (LTE). In this regard, the communication
interface 20 may include, for example, an antenna (or
multiple antennas) and supporting hardware and/or software
for enabling communications with a wireless communica-
tion network. Additionally or alternatively, the communica-
tion interface 20 may include the circuitry for interacting
with the antenna(s) to cause transmission of signals via the
antenna(s) or to handle receipt of signals received via the
antenna(s). In some environments, the communication inter-
face 20 may alternatively or also support wired communi-
cation. Although in certain embodiments one or more burner
sensors, such as one or more imaging sensors 24, one or
more acoustic sensors 26, and/or one or more process sensor
28 may be embodied as a part of the apparatus 10, in various
embodiments, the communication interface 20 may also be
in communication, wired and/or wirelessly, with one or
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more burner sensors, such as one or more imaging sensors
24, one or more acoustic sensors 26, and/or one or more
process sensor 28. In some embodiments, the apparatus 10
may be in communication with the burner itself (e.g., a smart
burner).

[0027] The apparatus 10 may be equipped, associated, or
in communication with any number of imaging sensor(s) 24,
which may embody one or more of the burner sensors.
Various embodiments may include the imaging sensor(s) 24
at or near a burner and may be used to determine the
operating state of said burner. The imaging sensor(s) 24 may
be directional, and the imaging sensor(s) 24 may be posi-
tioned such that one or more burners (e.g., a nozzle or cone
of a burner) are within the field of view (FOV) of the
imaging sensor(s) 24. Moreover, the imaging sensor(s) 24
may be configured to generate an image (e.g., a high-
resolution image) of one or more burners, to enable analysis
of the functionality of particular portions of the burner(s),
for example, by a computing program. In certain embodi-
ments, the imaging sensor(s) are configured to generate
full-color images, although it should be understood that
certain imaging sensor(s) may be configured to generate
black-and-white or grayscale images of one or more burners.
The imaging sensor(s) 24 may be a camera, a video camera,
and/or the like. The imaging sensor(s) may be configured to
operate in accordance with a defined sampling rate (e.g.,
number of frames per second (fps)). As just one example, the
imaging sensor(s) may be configured to collect data (e.g.,
generate images) at a rate of 30 fps (30 Hz). Any of the
imaging sensors 24 may be used to sense information
regarding the movement, positioning, or orientation of one
or more nearby burners, as described herein according to
example embodiments. As just one example, each imaging
sensor 24 may be associated with a single burner, such that
the imaging sensor 24 is configured to position the single
corresponding burner within the FOV of the imaging sensor
24. In various embodiments, the imaging sensor 24 may
produce image data used in various embodiments discussed
herein. In some example embodiments, such imaging sen-
sors may be implemented in a machine, and the information
detected may be transmitted to the apparatus 10, such as by
NFC, Bluetooth™ communication, WiFi communication,
wired communication, or the like.

[0028] The apparatus 10 may be equipped, associated or in
communication with any number of acoustic sensor(s) 26.
Various embodiments may include the acoustic sensor(s) 26
at or near a burner and may be used to determine the
operating state of said burner. The acoustic sensor(s) 26 may
be a microphone, sound recording device, and/or the like.
The acoustic sensor(s) 26 may have a sample rate approxi-
mately equal to the sample rate of other burner sensors, such
as the imaging sensor(s) 24. However, in other embodi-
ments, the sample rate of the acoustic sensor(s) 26 may not
match the sample rate of other burner sensors, and a com-
puting device may be configured to upsample or down-
sample burner sensor data (e.g., data collected from the
acoustic sensor(s) 26) to match a sample rate of other burner
sensors. As just one example, the acoustic sensor(s) 26 may
be configured to collect samples at a rate of between about
1 sample/10 seconds (0.1 Hz) and about 1 sample/second (1
Hz). However other sample rates may be utilized in certain
embodiments. Any of the acoustic sensors 26 may be used
to sense information regarding the movement, positioning,
or orientation of one or more nearby burners, as described
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herein according to example embodiments. The acoustic
sensor(s) 26 may be directional (e.g., via included sound
isolating cones), and may be configured such that one or
more burners are within the field of sound collection of the
acoustic sensor(s) 26. In just one example, each acoustic
sensor 26 may correspond to a single burner, such that the
acoustic sensor 26 is oriented such that the corresponding
burner is within the field of sound collection of the acoustic
sensor 26. The acoustic sensor 26 may be further oriented to
minimize sound collection from sound sources external to
the corresponding burner. In various embodiments, the
acoustic sensor(s) 26 may produce sound data (e.g., embod-
ied as a plurality of sound samples) used in various embodi-
ments discussed herein. In some example embodiments,
such acoustic sensors may be implemented in a machine,
and the information detected may be transmitted to the
apparatus 10, such as by NFC, Bluetooth™ communication,
WiFi communication, wired communication, or the like. In
some embodiments, the apparatus 10 may include additional
burner sensors configured to collect data other than sound
data or image data (e.g., process data). In some embodi-
ments, the apparatus 10 may include means, such as the
communication interface 20, for receiving process data from
a third-party source. For example, the process data, such as
operating parameters of the burner defining at least one of
control, output, or environment data, may be received from
a burner controller or the like.

[0029] In various embodiments, the apparatus 10 may be
in communication, directly or via the communication inter-
face 20, with one or more process sensors 28. In various
embodiments, the apparatus 10 may receive process data
collected by one or more process sensors 28. In various
embodiments, a process sensor may include a carbon mon-
oxide (CO) sensor, a carbon dioxide (CO,) sensor, an
oxygen (O,) sensor, and/or the like. It should be understood
that other sensor types may be utilized to collect process data
in certain embodiments.

[0030] In various embodiments, the apparatus 10 may
receive and/or store data generated by various burner sen-
sors, such as various process data, sound data, and/or image
data. In various embodiments, process data may comprise
data relating to operating parameters defining control, out-
put, and environment variables, such as throttle position, air
valve position, air flow, stack temperatures, carbon monox-
ide levels (e.g., determined by one or more other burner
sensors, such as carbon monoxide sensors), and the like. In
various embodiments, the process data may be collected
during regular operation of the one or more burners. Sound,
or acoustic, data may be embodied as any audio relating to
the operation of one or more burners, including time
stamped variables such as amplitude max, permutation
energy, and the like. In some embodiments, the sound data
may be derived from raw audio measurements using acous-
tic sensor(s) 24 discussed above. In various embodiments,
image data may include both still-images and video data
relating to operation. The image data of a burner may be
preprocessed, such as to isolate and extract portions of the
image data reflecting the inner flame generated by the burner
in order to use within a model of an example embodiment.
[0031] Referring now to FIG. 2, the operations performed
by the apparatus 10 of an example embodiment are depicted.
Both FIGS. 1 and 3 may be discussed in reference to FIG.
2 discussed herein. Various steps of the method described
herein may be carried out by the apparatus 10 discussed in
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reference to FIG. 1. In various embodiments, the apparatus
10 may include means for machine-learning (“ML”) to
identify faulty burner operation. In some embodiments, the
apparatus 10 may include means for training the ML system
using supervised learning data collected during one or more
trial runs. In various embodiments, the training of the ML
system may include training for proper operation, training
for different types of improper operation (e.g., fuel too rich
(e.g., 2% Rich), fuel too lean (e.g., 7% Lean), blocked air
blower, blocked fuel port, damaged cone, etc.), training for
different burner types, and the like.

[0032] In some embodiments, the burner data may be a
generic term for the types of data that may be collected. In
various embodiments described herein, the baseline charac-
teristic data may be burner data collected during training
(e.g., such as during one or more trial runs); in some
embodiments, the monitoring data may be burner data
collected during actual production runs. As discussed herein
in relation to ML, the monitoring data of a production run
may be used as baseline characteristic data for subsequent
production runs.

[0033] Referring now to Block 200 of FIG. 2, the appa-
ratus 10 includes means, such as the processing circuitry 12,
the processor 14, or the like, for generating at least a portion
of'the baseline characteristic data by classifying an operating
state associated with monitoring data captured during one or
more trial runs of the burner. As noted, various embodiments
may utilize a supervised learning model, and therefore, the
operating state may be known during one or more trial runs
in which the burner data (e.g., monitoring data or baseline
characteristic data) may be captured. In various embodi-
ments, the baseline characteristic data may include baseline
data of different burner data types such as process data,
image data, and/or sound data relating to one or more
operating states. In some embodiments, the apparatus 10
may include means, such as the memory device 16, for
storing the baseline characteristic data for one or more
operating states. In some embodiments, the apparatus 10
may include means, such as the processing circuitry, for
generating at least a portion of the baseline characteristic
data by augmenting monitoring data captured during one or
more trial runs of the burner. As discussed in more detail
below, the monitoring characteristic may include process
data and at least one of image data or sound data.

[0034] In various embodiments, different burners may
have different baseline characteristic data corresponding to
one or more operating states. Accordingly, in various
embodiments the apparatus 10 (e.g., via the ML models and
based at least in part on burner data, such as process data)
may determine the type of burner for which burner data is
collected. This initial determination of the type of burner for
which data is collected may be utilized for training the ML
model, for example, using baseline characteristic data (e.g.,
ensuring that data is utilized to train the data for the relevant
burner) and/or while collecting monitoring data (e.g., such
that the collected monitoring data is compared against
relevant baseline characteristic data to precisely identify the
operating state of the burner based on baseline characteristic
data generated specifically for that burner type). It should be
understood that in certain embodiments, a single ML, model
is utilized for determining a burner state for a plurality of
burner types (e.g., wherein the ML model utilizes data
indicative of a burner type when determining a burner
operating state). In other embodiments, a plurality of ML
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models may be utilized, with each ML model corresponding
to a single burner type (or a subset of all burner types), such
that determinations of a burner operating state is determined
by a ML model relevant to the particular burner type for
which monitoring data is collected. Thus, embodiments are
configured to distinguish between burner types because, for
example, a burner of a first burner type may be operating
normally and have similar sound data (or other burner data)
to another burner of a second burner type that is malfunc-
tioning. In various embodiments, the operating state may
indicate a malfunction of the burner. Examples of potential
burner malfunctions include fuel too rich (e.g., 2% Rich),
fuel too lean (e.g., 7% Lean), blocked air blower, blocked
fuel port, damaged cone, and the like. In some embodiments,
the apparatus 10 includes means for training the ML system
(e.g., the model training circuitry 320) for each potential
operating state to be tested. In some embodiments, one
model may be trained for one or more of the operating states
and other models may also be trained for the same and/or
different operating states, such that the models when used in
combination may be trained for multiple operating states. In
some embodiments, a singular model may be trained for
each potential operating state tested by the apparatus 10. In
various embodiments, the apparatus 10 may be configured to
determine important and/or frequently occurring operating
states (e.g., an apparatus 10 monitor for 6 classes however
more or less classes may be monitored in certain embodi-
ments). In some embodiments, the apparatus 10 may include
an “other” determination in an instance the operating state
does not correspond to one of the trained operating states.

[0035] Referring now to Block 210 of FIG. 2, the appa-
ratus 10 includes means, such as the processing circuitry 12,
the processor 14, the communication interface 20, or the
like, for receiving baseline characteristic data for a plurality
of burner operating states. In some embodiments, the base-
line characteristic data may be stored in the memory device
16. In some embodiments, the apparatus 10 may include
means, such as the communication interface 20, for receiv-
ing the baseline characteristic data from outside of the
apparatus 10, such as through a third party (e.g., a database
server or the like).

[0036] In some embodiments, the baseline characteristic
data for each burner operating state may include baseline
data of a plurality of data types indicative of a corresponding
burner operating state. In various embodiments, the baseline
characteristic data for each of the plurality of burner oper-
ating states may include baseline data of different burner
data types including sound data, image data, and/or process
data. In some embodiments, the baseline characteristic data
for each of the plurality of burner operating states may
include one or more (e.g., at least two) of sound data, image
data, or process data. For example, the baseline character-
istic data may include sound data or image data in addition
to process data for the burner. In some embodiments, the
apparatus 10 may include one or more models (e.g., as a part
of the training model circuitry 320 shown in FIG. 3). In
some embodiments, the apparatus 10 may include one or
more models that are configured to use a specific data type.
For example, the apparatus 10 may include one model
configured to use image data only, one model configured to
use acoustic data only, and/or one model configured to use
process data only. In some embodiments, the apparatus 10
may include one or more models that are configured to use
two data types (e.g., two out of image data, acoustic data, or
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process data). In some embodiments, an apparatus 10 may
include a model that is configured to use three data types
(e.g., each of image data, acoustic data, and process data). In
some embodiments where the baseline characteristic data
includes image data, the image data may include video data.
In some embodiments where the baseline characteristic data
includes process data, the process data may include data
relating to the operating parameters of the burner defining at
least one of control, output, or environment data.

[0037] In various embodiments, baseline characteristic
data may be generated during one or more trial runs, defined
as an operating run in which the operating state is known.
For example, in an instance the burner is operating normally,
the burner may have a specific appearance (e.g., image data)
and/or a specific sound (e.g., acoustic data) at various times
during operation. Alternatively, in an instance the burner is
operating improperly, one or more of the appearance or
sound may change over the appearance or sound of a
properly operating burner at a given time. At various times
in the process (e.g., throttle up and/or down) of the burner,
the baseline characteristic data may be different for both
properly operating states and improperly operating states.
For example, at full throttle, the burner flame may be bluer
than at half throttle. In some embodiments, the baseline
characteristic data may be captured at various times of a trial
run where the burner settings (e.g., burner throttle, operating
states, etc.) are known in order to train one or models (e.g.
such as by the training model circuitry 320). Additionally, as
discussed herein the baseline characteristic data generated
via the trial run(s) may be augmented to simulate other
operating states as well. For example, a hole may be placed
in an image to simulate burner blockages and an image of a
burner with a damaged cone may be rotated to simulate
cones damaged in other locations.

[0038] Referring now to Block 220 of FIG. 2, the appa-
ratus 10 includes means, such as the processing circuitry 12,
the processor 14, the communication interface 20, or the
like, for receiving monitoring data captured for a burner by
a plurality of burner sensors. In various embodiments, the
burner sensors may comprise at least one of an imaging
sensor 24 or an acoustic sensor 26. In some embodiments,
the monitoring data may include at least two of sound data,
image data, or process data. In various embodiments, the
apparatus 10 may include means for receiving image data
from one or more imaging sensors 24 connected to, or in
communication with, the apparatus, such as via the com-
munication interface 20. In some embodiments, the appa-
ratus 10 may include means for receiving sound data from
one or more acoustic sensors 26 connected to, or in com-
munication with, the apparatus, such as via the communi-
cation interface 20. In some embodiments, the apparatus 10
may include means, such as the communication interface 20,
for receiving the process data. In various embodiments, the
apparatus 10 may receive the process data collected by
process sensors currently employed in burners. In some
embodiments, the process data may be tracked in a time
series database (e.g., a data historian). For example, the
apparatus 10 may receive the process data from a time series
database via the communication interface 20.

[0039] In some embodiments, the apparatus 10 may
include means, such as the processing circuitry 12, for
matching the monitoring data from the at least two of sound
data, image data, or process data of the monitoring charac-
teristic. In some embodiments, the monitoring data may
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include a time stamp. In some embodiments, the matching of
the monitoring data from the at least two of sound data,
image data, or process data may be based at least in part on
the time stamp of the monitoring data. In some embodi-
ments, the apparatus 10 may include means, such as the
processing circuitry 12, for normalizing time stamp infor-
mation (e.g., convert times to a common time zone). For
example, imaging data may use a different standard time
zone for time stamps than sound data. In various embodi-
ments, the apparatus 10 may include means, such as the
processing circuitry 12, for adjusting the frequency of the
different data types (e.g., image data, sound data, process
data) to match with each data type. For example, image data
(e.g., video data) may be recorded at 30 hertz (30 frames per
second), while the process data and sound data may be
recorded at 0.1 hertz (1 sample every 10 seconds) and
therefore all of the data types may be converted to a common
sample frequency, such as 1 hertz (1 sample per second). In
some embodiments, the frequency adjustment may be
accomplished through linear interpolation. In some embodi-
ments, the apparatus 10 includes means, such as the pro-
cessing circuitry 12, for augmenting the monitoring data.
For example, the apparatus 10 may isolate and/or remove a
portion of image data determined to include an image of the
flame generated by the burner, and blacken the area around
the burner for a more robust analysis. Examples of images
augmented in such a manner are shown in FIGS. 4A-4D.

[0040] Referring now to Block 230 of FIG. 2, the appa-
ratus 10 includes means, such as the processing circuitry 12,
the processor 14, or the like, for comparing at least a portion
of the monitoring data captured for the burner with the
baseline characteristic data. In various embodiments, like
data types may be compared to like data types. For example,
the image data of the monitoring characteristic may be
compared to the image data for baseline characteristic data
of one or more burner operating states. In some embodi-
ments, the apparatus 10 may include means, such as the
processing circuitry 12, for using machine learning to com-
pare at least a portion of the monitoring data captured for the
burner with the baseline characteristic data. The apparatus
10 may incorporate any of a variety of machine-learning
model types, such as a neural network model, random-forest
model, clustering model, and/or the like.

[0041] The artificial intelligence (Al) and machine learn-
ing employed according to certain example embodiments
described herein will now be described. Machine learning is
often used to develop a particular pattern recognition model
(e.g., a model comprising one or more algorithms that
represent a particular pattern recognition problem, such as
the comparing of at least a portion of the monitoring data
captured for the burner with the baseline characteristic data
herein) that is based on statistical inference. In some
embodiments, the apparatus 10, such as the processing
circuitry 12, the processor 14 or the like, receives large
quantities of data (e.g., inputs and outputs) from a variety of
sources relating to baseline characteristic data and monitor-
ing data.

[0042] For example, a set of clusters may be developed
using unsupervised learning, in which the number and
respective sizes of the clusters is based on calculations of
similarity of features of the patterns within a previously
collected training set of patterns. In another example, a
classifier representing a particular categorization problem
may be developed using supervised learning based on using
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a training set of patterns and their respective known catego-
rizations. Each training pattern is input to the classifier, and
the difference between the output categorization generated
by the classifier and the known categorization is used to
adjust the classifier coefficients to more accurately represent
the problem. A classifier that is developed using supervised
learning also is known as a trainable classifier.

[0043] In some embodiments, the Al and models
described herein use “deep learning”. Deep learning is a
subset of machine learning that generates models based on
training data sets that have been provided. In some embodi-
ments, the models may use unsupervised learning tech-
niques like generative adversarial networks, or variational
auto-encoders which have a loss or an objective function. In
some embodiments, the models may also use reinforcement
learning methods, such as where the objective is to maxi-
mize the reward. In some embodiments, the models may
also use supervised learning methods, for example feed-
forward neural networks where the input data is mapped to
target labels. In general, these different methods can share
intermediate models as long as the intermediate models are
trained iteratively, the intermediate models have internal
representations which create positive transfer benefit
between tasks, and the respective objectives of the interme-
diate models can be balanced manually or using multi-
objective optimization techniques to allow each use case to
achieve good performance and benefit from the positive
transfer.

[0044] Referring to FIG. 3, the diagram illustrates an
example of machine learning, such as by the processing
circuitry 12, during the operation of an example embodi-
ment of the present disclosure. As shown, the baseline
characteristic data database 300 may include preexisting
data of varying types (e.g., burner data, such as sound data,
image data, and/or process data). In some embodiments, the
baseline characteristic data database 300 may be in com-
munication with the model training circuitry 320, which
may be embodied as a part of the processing circuitry 12 of
apparatus 10. In some embodiments, the monitoring data
database 315 may be in communication with the model
training circuitry 320. In various embodiments, the model
training circuitry 320 may include a plurality of models
relating to one or more data types. In some embodiments, the
image data may be processed using an image classification
model (e.g., a Convolutional Neural Network (CNN)
Model). In some embodiments, each of the sound data and
the process data may be processed by a feed-forward neural
network, such as a Multilayer Perceptron (MLP) model. In
some embodiments, the monitoring data, after being pro-
cessed by the model training circuitry 320, may be incor-
porated into the data models (e.g., along with the baseline
characteristic data). In some embodiments, various other
models may be trained in accordance with the present
disclosure.

[0045] Referring now to Block 240 of FIG. 2, the appa-
ratus 10 includes means, such as the processing circuitry 12,
the processor 14, or the like, for determining an operating
state of the burner based at least in part on results of
comparing the at least a portion of the monitoring data with
the baseline characteristic data. In various embodiments, the
model training circuitry 320, such as by the processing
circuitry 12, may provide the probability of one or more
operating states. In some embodiments, the apparatus 10
may be configured to determine the operating state from a
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set of operating states (e.g., a set of the most common
operating states). In some embodiments, based on the prob-
ability of one or more operating states determined, the
apparatus 10, such as by the processing circuitry 12, may
determine the operating state of the burner, or the most likely
operating state of the burner. For example, the comparison
may indicate that the burner is operating normally and
therefore the determination of the operating state may indi-
cate that the burner is operating normally.

[0046] In some embodiments, the apparatus 10 includes
means, such as the user interface 22, for providing infor-
mation (e.g., via a visual display) relating to the operating
state of the burner and information relating to an intended
operating state of the burner at a given time. In some
embodiments, the visual display may indicate the operating
state of the burner. In some embodiments, the apparatus 10,
such as the user interface 22, may allow for a user input. In
some embodiments, the user input may indicate a change to
the burner operation based on the operating state. For
example, in an instance an error message is provided to the
user, the apparatus 10 may receive an input to turn off the
burner until the potential malfunction may be investigated.
In some embodiments, the apparatus 10 may provide infor-
mation to a user device (e.g., a cell phone) audibly and/or
tactilely in addition to, or instead of, the visual display.
[0047] FIGS. 4A-4C are images of a burner at full throttle
with three different operating states in accordance with an
example embodiment. Each of FIGS. 4A-4C may be either
monitoring data and/or a baseline characteristic data. FIG.
4A illustrates the burner in an instance the fuel port may be
plugged. FIG. 4B illustrates the burner in an instance the fuel
may be too lean (e.g., 7% lean). FIG. 4C illustrates the
burner in an instance the fuel port may be blocked. As
shown, each of the three images have different visual
appearance. In some embodiments, the images of FIGS.
4A-4C may be incorporated as baseline characteristic data
for each operating state. In various embodiments, the appa-
ratus 10 may include means, such as the processing circuitry
12, for augmenting at least a portion of the monitoring data
and/or baseline characteristic data. FIG. 4D, for example,
illustrates an augmentation of FIG. 4C. In some embodi-
ments, such as shown in FIG. 4D, image data (e.g., baseline
characteristic data) may be augmented to simulate other
errors (e.g., placing holes in the image to simulate burner
blockages, rotating one image of a damaged cone to simulate
cones damaged in other locations, etc.). In some embodi-
ments, the augmentation may be used to reduce overfitting
training data, such that the model will allow for better
generalization of new data. In various embodiments, the data
may be augmented using image rotation, zooming, and
otherwise altering. In some embodiments, the augmentation
of data may be used to normalize the data within a set.
[0048] Various embodiments discussed herein provide a
method, apparatus, and computer program product for deter-
mining an operating state of a burner. Various embodiments
use machine learning models to allow for similar fault
detection effectiveness of expensive sensor configurations
without said configurations. This may be accomplished by
using process data along with available imaging and/or
acoustic data. Embodiments discussed herein allow for a
reduction in manufacturing cost, while maintaining the
efficiency of more complex detection mechanisms.

[0049] FIG. 2 illustrates a flowchart of an apparatus,
method and computer program product according to
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example embodiments of the invention. It will be under-
stood that each block of the flowchart, and combinations of
blocks in the flowchart, may be implemented by various
means, such as hardware, firmware, processor, circuitry,
and/or other communication devices associated with execu-
tion of software including one or more computer program
instructions. For example, one or more of the procedures
described above may be embodied by computer program
instructions. In this regard, the computer program instruc-
tions which embody the procedures described above may be
stored by a memory device 16 of an apparatus 10 employing
an embodiment of the present invention and executed by a
processing circuitry 12 of the apparatus. As will be appre-
ciated, any such computer program instructions may be
loaded onto a computer or other programmable apparatus
(for example, hardware) to produce a machine, such that the
resulting computer or other programmable apparatus imple-
ments the functions specified in the flowchart blocks. These
computer program instructions may also be stored in a
computer-readable memory that may direct a computer or
other programmable apparatus to function in a particular
manner, such that the instructions stored in the computer-
readable memory produce an article of manufacture the
execution of which implements the function specified in the
flowchart blocks. The computer program instructions may
also be loaded onto a computer or other programmable
apparatus to cause a series of operations to be performed on
the computer or other programmable apparatus to produce a
computer-implemented process such that the instructions
which execute on the computer or other programmable
apparatus provide operations for implementing the functions
specified in the flowchart blocks.

[0050] Accordingly, blocks of the flowchart support com-
binations of means for performing the specified functions
and combinations of operations for performing the specified
functions for performing the specified functions. It will also
be understood that one or more blocks of the flowchart, and
combinations of blocks in the flowchart, can be imple-
mented by special purpose hardware-based computer sys-
tems which perform the specified functions, or combinations
of special purpose hardware and computer instructions.

[0051] In some embodiments, certain ones of the opera-
tions above may be modified or further amplified. Further-
more, in some embodiments, additional optional operations
may be included, some of which have been described above.
Modifications, additions, or amplifications to the operations
above may be performed in any order and in any combina-
tion.

[0052] Many modifications and other embodiments of the
inventions set forth herein will come to mind to one skilled
in the art to which these inventions pertain having the benefit
of the teachings presented in the foregoing descriptions and
the associated drawings. Therefore, it is to be understood
that the inventions are not to be limited to the specific
embodiments disclosed and that modifications and other
embodiments are intended to be included within the scope of
the appended claims. Moreover, although the foregoing
descriptions and the associated drawings describe example
embodiments in the context of certain example combina-
tions of elements and/or functions, it should be appreciated
that different combinations of elements and/or functions
may be provided by alternative embodiments without
departing from the scope of the appended claims. In this
regard, for example, different combinations of elements
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and/or functions than those explicitly described above are
also contemplated as may be set forth in some of the
appended claims. Although specific terms are employed
herein, they are used in a generic and descriptive sense only
and not for purposes of limitation.

What is claimed is:

1. A method of determining an operating state of a burner,
the method comprising:

receiving baseline characteristic data for a plurality of

burner operating states, wherein the baseline charac-
teristic data for each burner operating state of the
plurality of burner operating states comprises baseline
data of a plurality of data types indicative of a corre-
sponding burner operating state;

receiving monitoring data captured for a burner by a

plurality of burner sensors;

comparing, via machine learning, at least a portion of the

monitoring data captured for the burner with the base-
line characteristic data; and

determining, based at least in part on results of comparing

the at least a portion of the monitoring data with the
baseline characteristic data, an operating state of the
burner.

2. The method of claim 1, further comprising generating
at least a portion of the baseline characteristic data by
classifying an operating state associated with monitoring
data captured during one or more trial runs of the burner.

3. The method of claim 1, further comprising generating
at least a portion of the baseline characteristic data by
augmenting monitoring data captured during one or more
trial runs of the burner.

4. The method of claim 1, wherein the baseline charac-
teristic data for each of the plurality of burner operating
states comprises at least two of sound data, image data, or
process data.

5. The method of claim 4, wherein the monitoring data
comprises a time stamp, and wherein the method further
comprises matching the monitoring data from the at least
two of sound data, image data, or process data of the
monitoring data based at least in part on the time stamp.

6. The method of claim 4, wherein the monitoring data
comprises process data and at least one of image data or
sound data.

7. The method of claim 4, wherein the baseline data of the
baseline characteristic data comprises image data, and
wherein the image data comprises video data.

8. The method of claim 4, wherein the baseline data of the
baseline characteristic data comprises process data, and
wherein the process data comprises data relating to operat-
ing parameters of the burner defining at least one of control,
output, or environment data.

9. The method of claim 1, further comprising providing a
visual display of information relating to the operating state
of the burner and information relating to an intended oper-
ating state of the burner at a given time.

10. An apparatus for determining an operating state of a
burner, the apparatus comprising at least one processor and
at least one non-transitory memory including computer
program code instructions, the computer program code
instructions configured to, when executed, cause the appa-
ratus to:

receive baseline characteristic data for a plurality of

burner operating states, wherein the baseline charac-
teristic data for each burner operating state of the



US 2021/0089821 Al

plurality of burner operating states comprises baseline
data of a plurality of data types indicative of a corre-
sponding burner operating state;

receive monitoring data captured for a burner by a plu-

rality of burner sensors;

compare, via machine learning, at least a portion of the

monitoring data captured for the burner with the base-
line characteristic data; and

determine, based at least in part on results of comparing

the at least a portion of the monitoring data with the
baseline characteristic data, an operating state of the
burner.

11. The apparatus of claim 10, wherein the at least one
memory and computer program code are further configured
to, with the processor, cause the apparatus to generate at
least a portion of the baseline characteristic data by classi-
fying an operating state associated with monitoring data
captured during one or more trial runs of the burner.

12. The apparatus of claim 10, wherein the at least one
memory and computer program code are further configured
to, with the processor, cause the apparatus to generate at
least a portion of the baseline characteristic data by aug-
menting monitoring data captured during one or more trial
runs of the burner.

13. The apparatus of claim 10, wherein the baseline
characteristic data for each of the plurality of burner oper-
ating states comprises at least two of sound data, image data,
or process data.

14. The apparatus of claim 13, wherein the monitoring
data comprises a time stamp, and wherein the at least one
memory and computer program code are further configured
to, with the processor, cause the apparatus to match the
monitoring data from the at least two of sound data, image
data, or process data of the monitoring data based at least in
part on the time stamp.

15. The apparatus of claim 13, wherein the monitoring
data comprises process data and at least one of image data
or sound data.

16. The apparatus of claim 13, wherein the baseline data
of the baseline characteristic data comprises image data, and
wherein the image data comprises video data.

17. The apparatus of claim 13, wherein the baseline data
of the baseline characteristic data comprises process data,
and wherein the process data comprises data relating to
operating parameters of the burner defining at least one of
control, output, or environment data.

18. The apparatus of claim 10, wherein the at least one
memory and computer program code are further configured
to, with the processor, cause the apparatus to provide a visual
display of information relating to the operating state of the
burner and information relating to an intended operating
state of the burner at a given time.

19. A computer program product comprising at least one
non-transitory computer-readable storage medium having
computer-executable program code portions stored therein,
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the computer-executable program code portions comprising
program code instructions configured to:

receive baseline characteristic data for a plurality of

burner operating states, wherein the baseline charac-
teristic data for each burner operating state of the
plurality of burner operating states comprises baseline
data of a plurality of data types indicative of a corre-
sponding burner operating state;

receive monitoring data captured for a burner by a plu-

rality of burner sensors;

compare, via machine learning, at least a portion of the

monitoring data captured for the burner with the base-
line characteristic data; and

determine, based at least in part on results of comparing

the at least a portion of the monitoring data with the
baseline characteristic data, an operating state of the
burner.

20. The computer program product of claim 19, further
comprising program code instructions to generate at least a
portion of the baseline characteristic data by classifying an
operating state associated with monitoring data captured
during one or more trial runs of the burner.

21. The computer program product of claim 19, further
comprising program code instructions to generate at least a
portion of the baseline characteristic data by augmenting
monitoring data captured during one or more trial runs of the
burner.

22. The computer program product of claim 19, wherein
the baseline characteristic data for each of the plurality of
burner operating states comprises at least two of sound data,
image data, or process data.

23. The computer program product of claim 22, wherein
the monitoring data comprises a time stamp, and wherein the
computer program product further comprises program code
instructions to match the monitoring data from the at least
two of sound data, image data, or process data of the
monitoring data based at least in part on the time stamp.

24. The computer program product of claim 22, wherein
the monitoring data comprises process data and at least one
of image data or sound data.

25. The computer program product of claim 22, wherein
the baseline data of the baseline characteristic data com-
prises image data, and wherein the image data comprises
video data.

26. The computer program product of claim 22, wherein
the baseline data of the baseline characteristic data com-
prises process data, and wherein the process data comprises
data relating to operating parameters of the burner defining
at least one of control, output, or environment data.

27. The computer program product of claim 19, further
comprising program code instructions to provide a visual
display of information relating to the operating state of the
burner and information relating to an intended operating
state of the burner at a given time.
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