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(57) Abstract: Examples of the present invention utilize principal component analysis (PCA) to detect cough sounds in an audio
stream. Comparison of all or portions of the audio stream with a cough model may be conducted. The cough model may include a
number of basis vectors may be based on initial portions of known coughs. The initial portions may be non-user specific, and ac -
cordingly the cough model may be used to detect coughs across individuals. Moreover, examples of the present invention may re-
construct the cough sounds from stored features such that the cough sounds are reconstructed but the reconstruction techniques used
may be insufficient to reconstruct speech sounds that may also have been recorded, which may increase user privacy.
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COUGH DETECTING METHODS AND DEVICES FOR DETECTING COUGHS

CROSS-REFERENCE TO RELATED APPLICATION(S)

[001] This application claims the benefit of the earlier filing date of U.S. Provisional
Application 61/535,174, filed September 15, 2011, entitled “Medical sensing from a mobile
phone microphone,” which application is hereby incorporated by reference in its entirety for

any purpose.

TECHNICAL FIELD

[002] Examples described herein relate generally to cough detection and examples are

described of audio-based cough detection devices and methods.

BACKGROUND

[003] Coughing is a common symptom which may result in significant health care costs,
medical consultations, and medication use. Proper diagnosis, monitoring, and management
of coughs for an individual or population of individuals may be of importance.

[004] One conventional method for monitoring coughs includes self-reporting by the individual,
which tends to be highly inaccurate. Other known methods for monitoring coughs include
automatic cough detection systems which measure thoracic pressure changes in order to
determine whether a cough has occurred and thus monitor the frequency of coughs,
However, such thoracic pressure based systems tend to be very expensive and cumbersome,
as the individual may be required to wear specialized pressure measuring equipment or
clothing.

[005] More recent developments in cough detection include certain advances in audio-based
cough detection. However, known methods for audio-based detection of coughs generally
expose private information about the individual to the person or entity monitoring or
classifying the cough. For example, one currently known audio-based detection system is
the Leicester Cough Monitor (LCM) system which uses a lapel microphone with a portable
audio recorder. However, the LCM system is not only semi-autonomous as it requires
human annotators to listen and discard false positives, but is also a poor performer when it
comes to preserving audio privacy. The LCM methodology reveals not only speech but also
inflections and prosody in the recorded audio. As such, conventional audio-based detection
systems may be poorly adapted to offer both accuracy and privacy protection features. The
examples described herein may address some or all of the shortcomings in the art, as well as

provide additional benefits.
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SUMMARY

[006] The summary is provided here by way of example and is not intended to limit the scope
of any of the described examples or claims.

[007] Examples of the present invention include tangible computer readable media encoded
with instructions. The instructions, when executed, may cause a computing system to
receive an audio signal from a microphone, convert at least a portion of the audio into a
frequency-based matrix representation, transform the frequency-based matrix into a lesser
dimensional matrix using projections from a set of basis vectors in a cough model, and
classify at least a portion of the audio signal as corresponding to a cough based, at least in
part, on the lesser dimensional matrix.

[008] The instructions, when executed, may in some examples further cause the computing
system to classify multiple portions of the audio signal as respective multiple coughs and
the multiple coughs as a cough epoch, at least in part, on the lesser dimensional matrix.

[009] In some examples, the frequency-based matrix representation of the at least a portion of
the audio signal is an audio spectrogram.

[010] In some examples, the basis vectors of the cough model include eigenvectors of a
covariance matrix of frequency-based matrix representations of audio signals corresponding
to known cough sounds. In some examples, the basis vectors of the cough model include
magnitude spectrograms of audio signals corresponding to known cough sounds. In some
examples, the basis vectors of the cough model include complex spectrograms of audio
signals corresponding to known cough sounds.

[011] In some examples, the instructions which, when executed, cause the computing system to
classify at least a portion of the audio signal as corresponding to a cough include
instructions for calculating a score for one or more of the basis vectors in the cough model.
In some examples, the instructions that, when executed, cause the computing system to
classify at least a portion of the audio signal as‘ corresponding to a cough include
instructions for comparing the calculated scores for the one or more basis vectors to
threshold values and discarding portions of the transformed audio signal having calculated
scores below a predetermined threshold value. In some examples, the instructions that,
when executed, cause the computing system to classify at least a portion of the audio signal
as corresponding to a cough include instructions for implementing a random forest classifier
based on a comparison of the lesser dimensional matrix representation of the at least a

portion of the audio signal with the basis vector representation of the cough model.
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[012] The cough model may be a non-user specific cough model. The cough model may be
stored in a memory accessible to the computing system. The computing system may
include a mobile phone.

[013] In some examples, at least in part to preserve privacy, the basis vectors and lesser
dimensional matrix may be used to reconstruct the at least a portion of the audio signal
corresponding to the cough, but may not effectively reconstruct speech sounds.

[014] In some examples, computer readable media may be further encoded with instructions
that, when executed, cause the computing system to reconstruct the at least a portion of the
audio signal using multiplication of the basis vectors with the lesser dimensional matrix.

[015] In some examples, the instructions that cause the computing system to reconstruct the at
least a portion of the audio signal include instructions for implementing an iterative
reconstruction approach including minimizing differences between the frequency based
representation of the at least a portion of the audio signal, and a reconstructed frequency-
based representation.

[016] In some examples, the instructions, when executed, may also cause the computing system
to store a duration of the cough, frequency of multiple coughs in the audio signal, number of
coughs in the audio signal, cough epochs in the audio signal, or combinations thereof.

[017] Examples of the present invention include devices, An example device may include a
microphone, at least one processor, and a memory encoded with computer readable
instructions that, when executed, cause the at least one processor to receive an audio signal
from a microphone, convert at least a portion of the audio into a frequency-based matrix
representation, transform the frequency-based matrix into a lesser dimensional matrix using
projections from a set of basis vectors in a cough model, and classify a portion of the audio
signal as corresponding to a cough based, at least in part, on the lesser dimensional matrix.

[018] The devices may be implemented using a mobile phone. In some examples, the memory
may be further configured to store the cough model.

[019] Example devices may further include a network interface. The instructions, when
executed, may further cause the at least one processor to transmit the lesser dimensional
matrix to another device for reconstruction. The another device may in some examples be
configured to utilize the lesser dimensional matrix to reconstruct the audio corresponding to
the cough.

[020] Examples described herein further include methods. An example method for
reconstructing cough sounds may include receiving features extracted from an audio signal
corresponding to cough sounds, wherein the features were extracted using basis vectors

from a cough model and a lesser dimensional matrix based on a comparison between the
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basis vectors and the audio signal, reconstructing the features using the basis vectors and

lesser dimensional matrix, and wherein the reconstructing results in reconstruction of the
cough sounds but does not result in effective reconstruction of speech sounds in the audio
signal.

[021] In some examples, the basis vectors may be based on selected portions of a cough. In
some examples, the cough model is not based on a final, wheeze phase of a cough.

[022] In some examples, the features include features corresponding to cough sounds and
further include features from the audio signal occurring within a specified period of time

after the features corresponding to cough sounds.

BRIEF DESCRIPTION OF THE DRAWINGS

[023] The foregoing and other features of the present disclosure will become more fully
apparent from the following description and appended claims, taken in conjunction with the
accompanying drawings. Understanding that these drawings depict only several examples
in accordance with the disclosure and are, therefore, not to be considered limiting of its
scope, the disclosure will be described with additional specificity and detail through use of
the accompanying drawings, in which:

[024] Figure 1 is a schematic illustration of a system for detecting and reconstructing coughs in
accordance with an embodiment of the present invention.

[025] Figure 2 is a flowchart of a method for cough detection according to an example of the
present invention.

[026] Figure 3 is a flowchart of an example of cough reconstruction in accordance with an

example of the present invention.

DETAILED DESCRIPTION

[027] Certain details are set forth below to provide a sufficient understanding of embodiments
of the invention. However, it will be clear to one skilled in the art that embodiments of the
invention may be practiced without various specifics of these particular details. In some
instances, well-known circuits, control signals, computer system ‘components, timing
protocols, and software operations have not been shown in detail in order to avoid
unnecessarily obscuring the described embodiments of the invention.

[028] In the following detailed description, reference is made to the accompanying drawings,
which form a part hereof. In the drawings, similar symbols typically identify similar
components, unless context dictates otherwise. The illustrative examples described in the

detailed description, drawings, and claims are not meant to be limiting. Other examples
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may be utilized, and other changes may be made, without departing from the spirit or scope

of the subject matter presented herein. It will be readily understood that the aspects of the
present disclosure, as generally described herein, and illustrated in the Figures, can be
arranged, substituted, combined, separated, and designed in a wide variety of different
configurations.

[029] An audio-based cough detection system is described which may effectively and
inexpensively allow for the monitoring and automatic detection of coughs (e.g., without the
need for self-reporting) while offering privacy preserving advantages. According to some
examples, principal component analysis and classifiers, such as a random forest classifier,
are used to detect desired audio features in an audio stream. Moreover, the audio signal
corresponding to detected and stored audio features may be reconstructed with high fidelity
from the isolated features while simultaneously preventing speech from being reconstructed
with useful fidelity. In this manner, the audio privacy of the individual may be preserved.
As will be appreciated the example systems and methods described may be implemented in
a variety of platforms including mobile platforms, such as cell phones, which may facilitate
ubiquitous yet non-invasive ambulatory monitoring of coughs.

[030] According to an example method for detecting a cough, an audio signal may be received
by a receiver, for example a microphone or other device that may convert sound pressure
waves to an electronic signal. The received audio signal or portions thereof may be
analyzed using a set of bases derived from principal component analysis (PCA) to provide a
lesser dimensional representation of the analyzed audio signal or portion thereof. The lesser
dimensional representation of the analyzed audio signal is created using basis vectors from a
cough model. The lesser dimensional representation may be a projection from the cough
model vectors on the spectrogram of all or a portion of the received audio signal and may
serve aé a comparison between the received audio and a cough sound. Accordingly, based
on the comparison, the audio signal or portion thereof may be identified as a cough (or not).
In some examples, when the audio signal or portion thereof is identified as a cough, the
cough features may be extracted from the audio signal (e.g. the lesser dimensional
representation of that portion of the audio signal and/or portions around it may be stored).
If the portion of audio does not correspond to a cough, that portion may be discarded (e.g.,
not stored).

[031] In some examples, the cough model may be based on only certain portions of a cough
(e.g., initial portions of a cough) which are generally non-user specific. In this manner, one

cough model may be used to identify coughs across multiple individuals.
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[032] Examples of the present invention further include reconstructing an audio signal

corresponding to a cough from extracted features. Using the cough model, the extracted
features may be reconstructed, and the cough replayed. In some examples, the cough model
is provided such that it is sufficiently specific to enable reconstruction of cough sounds, but
is ineffective for use in reconstructing other portions of the audio signal, such as speech. In
this manner, a monitoring device, €.g., a cell phone may be used to record audio signals,
features corresponding to coughs may be extracted, and reconstruction of only the cough
sounds may take place by a healthcare provider or other recipient of the extracted feature
information. Privacy of the monitored individual may be preserved because the cough
model used to perform the reconstruction may be ineffective in reconstructing speech
sounds that may also be included in the recording. In this manner, privacy of a user of the
cough detecting device may be preserved from users later seeking to reconstruct the cough
sounds, e.g., users of the computing system 104 of Figure 1, which may be a healthcare
provider (e.g., pulmonologist) or other monitor of the user of the cough detecting device
102.

[033] While specifics of cough detection are described, it will be appreciated that the systems
and methods described herein may be applicable to the detection of any of a variety of
sounds, for example alarms, explosions, shattering of glass, or other sounds whose sound
signature or spectrogram may be studied and a feature detection model developed according
to the examples described herein.

[034] Figure 1 is a schematic illustration of a system for detecting and reconstructing coughs in
accordance with an embodiment of the present invention. The system 100 includes a cough
detection device 102 and another computing system 104. The cough detection device 102
may include a microphone 110 or similar receiver for receiving an audio signal. The cough
detection device 102 may be configured to record the received sound or may provide the
audio signals to other components in real-time as the signal is received by the microphone
110. Received sounds may be recorded, for example, in the memory 125 or other electronic
storage accessible to the cough detection device 102.  The memory 125 may be
implemented using any non-transitory, physical, and/or tangible computer readable media.
Non-transitory, physical, and/or tangible computer readable media include, but are not
limited to, externally or internally attached hard disk drives, solid-state storage (such as, but
not limited to, NAND flash or NOR flash media), tiered storage solutions, storage arca
networks, network attached storage, and/or optical storage. In examples where the audio

signal is initially recorded locally on the device, the audio signal (or interchangeably
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referred to herein as audio stream) may be subsequently deleted following the cough

detection analysis to aid in improving a user’s privacy.

[035] The cough detection device 102 may also include one or more processing unif(s) 120.
The processing unit(s) may be implemented using one or more processors or other hardware
capable of performing the analysis described herein. The memory 125 may further be
encoded with executable instructions for cough extraction 130 that, when executed by the
processing unit(s) 120 (e.g., by one or more processors), may cause the cough detecting
device 102 to extract cough features from an audio signal as described herein. In further
examples, the memory 125 or other memory or storage accessible to the cough detection
device 102 may store executable instructions for cough classification, and/or executable
instructions for cough reconstruction, which may cause the cough detecting device 102
further to classify coughs and/or reconstruct audio cough signals as described herein. The
memory 125 further may store a cough model 132 which may be utilized to detect and/or to
reconstruct cough sounds as described herein. The cough model 132 may be stored in the
memory 125 and/or other memory or electronic storage accessible to the cough detecting
device 102.

[036] Examples of the cough model 132 are described herein. The cough model 132 may be
stored in the cough detecting device 102 in some examples, may be downloaded from
another location (not shown in Figure 1), and/or may be accessed from another location in
electronic communication or capable of electronic communication with the cough detecting
device 102. In this manner, the cough model 132 may be updated either at the cough
detecting device 102 or at the other location where it is stored.

[037] The cough detecting device 102 may be implemented using any of a variety of computing
systems such as, but not limited to, portable computing systems such as cellular telephones,
personal digital assistants, tablet computers, or voice recorders. In some examples, a voice
recorder may be used as the cough detecting device 102 and recorded audio signals and/or
extracted features corresponding to coughs may be provided to another computing system,
e.g., via transfer by a USB or other memory device. The cough detecting device 102 may
include a network interface 135 for communication with other computing systems and/or
storage resources. The cough detecting device 102 may further include any number of input
and/or output components 140 such as, but not limited to, keyboards, keypads, touch
screens and displays. In some examples, the cough detecting device 102 may be worn by a
user, monitor audio, and extract features from the audio signal corresponding to cough

sounds as described herein.
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[038] The executable instructions for cough extraction 130 and/or other executable instructions

present in the cough detecting device 102 may be implemented by, for example, loading one
or more applications onto the cough detecting device 125. The cough detecting device 125
may be programmed to perform cough detection, cough feature extraction, cough
classification, and/or cough reconstruction using examples described herein.

[039] In other examples, the microphone 110 may be present in a separate device (¢.g., an audio
recorder or other computing system) and may be used to record an audio stream. The
recorded audio stream may be provided to the cough detecting device 102, e.g., received
over a network, loaded from a memory or other storage media (e.g. USB drive, RAM,
ROM) for extraction of cough features from the recorded audio stream.

[040] The computing system 104 may be used to reconstruct sounds corresponding to a cough.
While in some examples the cough detecting device 102 itself may include executable
instructions for and function to reconstruct cough sounds, in other examples, the features
extracted may be communicated, e.g. using the network interface 135, to the computing
system 104. The communication may occur over any type of communication mechanism
such as but not limited to the Internet, a cellular or other telephone network, or may occur
by providing stored cough features to the computing system 104 (e.g. by providing storage
containing the stored cough features in electronic communication with the computing
system 104).

[041] The computing system 104 may include one or more processing unit(s) 150 which may be
implemented using one or more processors or other hardware capable of performing the
analysis described herein. The computing system 104 may include a memory 152. The
memory may be implemented using any non-transitory, physical, and/or tangible computer
readable media. Non-transitory, physical, and/or tangible computer readable media include,
but are not limited to, externally or internally attached hard disk drives, solid-state storage
(such as, but not limited to, NAND flash or NOR flash media), tiered storage solutions,
storage area networks, network attached storage, and/or optical storage. The memory 152
may be encoded with executable instructions for cough reconstruction 154. In other
examples, the memory 152 may further include executable instructions for cough extraction
and/or executable instructions for cough classification as described herein. However, in the
example shown in Figure 1, extracted features corresponding with a cough sound may be
extracted by the cough detecting device 102 and provided to the computing system 104.
The computing system 104 may reconstruct the cough sounds using the extracted features
and a cough model, e.g., a cough model 156 which may also be stored in the memory 152

and/or may be stored in a different memory or other storage accessible to the computing
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device 104. The cough model 156 may be the same as cough model 132. In some

examples, the cough model may be stored in a single or multiple locations accessible to
both the cough detecting device 102 and the computing system 104.

[042] The executable instructions for cough reconstruction 154 and/or other executable
instructions present in the computing system 104 may be implemented by, for example,
loading one or more applications onto the computing system 104. The computing system
104 may be programmed to perform cough detection, cough feature extraction, cough
classification, and/or cough reconstruction using examples described herein.

[043] As described herein, the cough model used to reconstruct coughs from extracted features
may be sufficient to reconstruct the extracted cough features but may be insufficient to
reconstruct other audio sounds, e.g., speech, that may also have been recorded by the
microphone 110. Examples of cough models described herein include principal component
analysis representations of a cough. The principal components may be used to extract
features from an audio signal and then again to reconstruct the audio signal. However,
because the cough model includes principal components indicative of a cough, the cough
model may not be adequate for use in reconstructing other portions of the audio signal, such
as speech.

[044] The computing system 104 may further include a network interface 160 which may
receive and/or provide data over a network from and/or to the cough detecting device 102.
The network may be implemented as, for example, an internet, a cellular telephone network,
or any other electronic communication mechanism. The computing system 104 may further
include any number of input/output components such as, but not limited to, keyboards,
displays, or touch screens.

[045] While a particular example of an arrangement of components for the cough detecting
device 102 and computing system 104 are shown in Figure 1, it is to be understood that the
arrangement of computing components according to examples of the invention is quite
flexible. Any number of processors may be used, the described executable instructions may
be distributed amongst several storage locations or consolidated into fewer, and
responsibility for the various components of methods described herein may be given to
different arrangements of devices. So long as the components described are in or able to be
in electronic communication at the time when such communication is necessary, the
components may form examples of the present invention regardless of which physical
devices they reside in.

[046] Figure 2 is a flowchart of a method for cough detection according to an example of the

present invention. An audio signal (e.g., audio stream) may be received as shown in box
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210. The audio signal may be represented as an audio spectrogram. The spectrogram may

generally be a data representation of the audio including a measure of how the spectral
density of the audio signal varies with time. For example, the audio spectrogram may
include amplitude of sound at particular frequencies over time. All or a portion of the audio
signal may be converted into a frequency-based matrix representation in box 220. The
conversion in box 220 may result in a representation of all or a portion of the audio signal
that may include a matrix of sound amplitudes at particular frequencies.

[047] Examples of the present invention may utilize a cough model to detect coughs in an audio
signal. The cough model may be a data model including a plurality of eigenvectors of a
spectrogram (e.g., the principal components of a portion of a cough spectrogram).
Accordingly, the cough model may include a representation of audio spectrograms
indicative of a known cough. The cough model may include any number of basis vectors
(e.g., cigenvectors), 10 eigenvectors in one example, and any number of cigenvectors in
other examples including 5, 6, 7, 8, 9, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
or 25 eigenvectors. The cough model may be generated by analysis of known cough
sounds, such as by portions of audio spectrograms manually identified by listeners as cough
sounds. The cough model may be represented as a matrix Xy where N denotes the number
of components in the model. Eigenvectors may be selected through this analysis which
reliably describe cough sounds as distinguished from non-cough sounds. The eigenvectors
may be eigenvectors of a covariance matrix of frequency-based matrix representations of

- audio signals corresponding to known cough sounds. Accordingly, multiple frequency-
based matrix representations (e.g., spectrograms) of audio signals corresponding to known
cough sounds may be provided, and a covariance matrix of those representations may be
provided. Eigenvectors of that covariance matrix may be used as the basis vectors for a
cough model. Moreover, in some examples, the cough model may be based on only
portions of known cough sounds. In some examples, the fidelity of the reconstructed cough
sound may be increased by using a larger number of components (for example larger than
10) at the expense of making speech more intelligible during reconstruction, which is a
tradeoff to be evaluated as may be desired.

[048] Some discussion of example physiology of cough sounds is provided herein by way of
example and is not intended to be limiting as to the cough models or analysis techniques
described herein. Irritation of afferent cough receptors in airways may trigger a cough
reflex. Once triggered, the cough reflex may include four phases: (1) an initial deep
inspiration and glottal closure, (2) contraction of the expiratory muscles against the closed

glottis, (3) a sudden glottis opening with an explosive expiration, (4) a wheeze or “yoiced”
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sound. The third and fourth phases of the cough reflex may generally be manifested as a

cough sound. Cough sounds may share common attributes such as a relatively loud
intensity, quick burst of sounds, and predictable duration and falloff. The overall energy of
a cough reflex may be much stronger relative to the surrounding environment and the initial
burst of air may cause significant energy, for example well into the 15 kHz range. During
the fourth stage of the cough reflex, remaining air from the initial impulse may be pushed
out of a vocal tract. It is this fourth stage of the cough which may cause coughs to sound
different amongst different individuals as the pathological processes in the lungs may
determine the characteristics of the sound based on how the lung tissue and vocal
resonances are affected. Accordingly, this fourth stage of a cough may vary from person to
person and may not be useful in cough detection across a larger population.

[049] In some examples, accordingly, cough models used herein are based only on portions of
coughs which are non-specific to users, e.g., the third or explosive stage of a cough. Stages
of a cough which may be more likely to be user-specific (e.g. the fourth stage of a cough)
may not be used to develop a cough model in examples of the present invention.
Accordingly, cough models described herein, such as the cough models 132 or 156 of
Figure 1 or the cough model used in box 225 of Figure 2 may be developed without using
the fourth stage of known coughs (e.g., using only the explosive stage of known coughs). In
one example, only the first 150ms of cough sounds were used to develop cough models
described herein. A complete cough sound may typically last 300ms including the fourth,
more personalized, cough stage. Other durations of cough sounds may be used to develop
cough models according to examples of the present invention including the first 100ms,
110ms, 120ms, 130ms, 140ms, 160ms, 170ms, and 180ms.

[050] Returning to the example method in Figure 2, the audio signal (e.g., the frequency-based
representation of the audio signal from box 220) may be compared with a cough model in
box 230. The comparison may reduce the dimensionality of the frequency-based
represenation of the audio signal, resulting in a lesser dimensional matrix. The comparison
may occur in accordance with principal component analysis, which generally uses
orthogonal components (e.g., projections of eigenvectors) of a particular feature space to
reduce dimensionality. The frequency-based representation provided by box 220 may be
multiplied by a matrix vectors from a cough model, resulting in a representation of
projections of the cough model vectors into the frequency-based representation of the audio
signal, a generally lesser dimensional matrix. A selected number of projections may be
selected for use in the lesser dimensional matrix, and remaining projections discarded (e.g.,

the projections may be sorted by eigenvalue and the largest eigenvalue projections retained).
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The lesser-dimensional matrix may in one example include 10 projections, although in other

examples any number of projections may be used including 5, 6, 7, 8, 9, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 projections. The number of projections in the
lesser-dimensional matrix of the audio signal may be selected to match a number of
eigenvectors used in a cough model as described herein.

[051] So, for example, the frequency-based representation of the audio signal or portion of
audio signal may be compared with the cough model including principal components
indicative of coughs. The lesser-dimensional matrix provided in box 230 may include a
score for each of the principal components of the audio signal or portion thereof based on
the vectors of the cough model. A plurality of scores (e.g. one score per eigenvalue) may be
obtained in box 230 for use in determining whether or not the audio signal or portion
thereof corresponds with a cough. The scores may represent entries in the lesser
dimensional matrix which, as described above, may be generated by multiplying vectors
from a cough model with the frequency-based matrix representation of the audio signal. The
lesser dimensional matrix may also accordingly be referred to as a matrix of projection
scores, where the lesser dimensional matrix includes scores representing a projection of the
basis vectors of the cough model into the audio spectrogram.

[052] Once a comparison has been performed with the cough model, one or more tiers of
classification may be used to determine whether the audio signal or portion thereof
corresponds with a cough sound in box 240. An initial or threshold analysis may be
performed to filter out any features which fall below a predetermined threshold. For
example, all of the scores obtained during the comparison in box 230 may be required to be
at or above a threshold to indicate a cough sound. In other examples, a certain number of
scores (e.g., corresponding to a certain number of eigenvalues) may be required to be above
the threshold for the audio signal or portion thereof to be considered a cough sound. In
some examples, higher fidelity classification techniques may be used. For example, tree
classifiers, such as but not limited to a random forest classifier, may be used to classify a
portion of the audio signal as a cough sound. The random forest classification may allow
for increased accuracy and/or lower false positive as to which of the extracted features from
the audio correspond to cough sounds. The thresholds and/or configuration information for
the tree classifiers may be additionally included in cough models described herein, such as
the cough model 132 and/or 156 of Figure 1, or may be stored as separate cough models or
cough model information.

[053] Extracted features which are classified as a cough (e.g., determined to correspond to a

cough sound) may be stored, as shown in box 250. The extracted features may correspond
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to a representation of the audio signal or portion thereof identified as corresponding to a

cough sound. As described above, the cough model may be based on only certain portions,
e.g., initial portions, of a cough sound. Accordingly, in some examples, the extracted
features may correspond to the representation of the portion of audio signal corresponding
to the cough sound as detected using the cough model plus an additional amount of the
audio signal (e.g., 1, 2, 3, 4, or 5 additional seconds of audio signal). In some examples,
additionally or instead, representations of portions of the audio signal preceding the detected
cough may be stored (e.g., 1, 2, 3, 4, or 5 additional seconds of audio signal). The
additional amount of audio signal may facilitate later reconstruction of the entire cough
sound. The extracted features may be stored locally on the same device which receives the
audio or they may be transmitted to a remote location (e.g., database). Other parameters,
for example time of the cough, may also be recorded and used in further analysis, for
example in determining duration, frequency, quality of cough, number of coughs, cough
epochs, and the like. In this manner, the computing system 102 of Figure 1 may further be
configured (e.g., by being programmed with further executable instructions) to provide data
(e.g., store data and provide the data to the computing device 104 or other remote device)
regarding cough frequency, quality, length, number of coughs, cough epochs, and the like
over time. Moreover, the computing system 104 may be configured to provide (e.g.,
display) data regarding the frequency, quality, length, number of coughs, and/or cough
epochs (e.g., multiple coughs within a certain time combined to form one coughing
episode). Such data may be useful for, e.g., pulmonologists in treating diseases
characterized by coughing. Pulmonologists or other users of the computing system 104 of
Figure 1 may accordingly review a frequency, quality, length of time, number of cough
epochs, etc. associated with the audio received by the device 102. As described further
below, pulmonologists or other users of the computing system 104 may further replay the
cough sounds.

[054] Referring again to Figure 2, the features stored in box 250 may correspond to the scores
or other indication of the comparison from box 230. In some examples, only the scores or
other features corresponding to portions of the audio signal where coughs were detected, or
scores or other features corresponding to those portions plus some amount of data proximate
to those locations, may be stored. In other examples, all scores or other features may be
stored and indicators may also be stored of the portions corresponding to coughs. The
extracted features may be the mean decibel energy of a Fast Fourier Transform (FFT) of all

" or a portion of the audio signal, the mean decibel energy of the FFT coefficients above 16

kHz (or other threshold in other examples), and below 16kHz (or other threshold in some
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examples). The energy values, components weights, and residual error between a

reconstructed cough sound and actual cough portion of the audio signal may be referred to
as the extracted features.

[055] The boxes 210, 220, 230, 240, and 250 of Figure 2 may be performed, e.g., by the
executable instructions for cough extraction 130 of Figure 1 in cooperation with the
processing unit(s) 120. Extracted cough features may further be stored in the memory 125
or other memory accessible to the cough detecting device 102. The executable instructions
for cough extraction 130 of Figure 1 may include instructions for performing any or all of
the boxes 210, 220, 230, 240, and 250 of Figure 2. In some examples, executable
instructions encoded on the memory 152 of the computing system 104 of Figure 1 may
include instructions for performing any or all of the boxes 210, 220, 230, 240, and 250 of
Figure 2.

[056] Figure 3 is a flowchart of an example of cough reconstruction in accordance with an
example of the present invention. In box 310, extracted features from an audio signal may
be received. The extracted features may correspond to those, for example, stored in box
250 of Figure 2. The extracted features may include the mean, normalization constant,
and/or phase of the spectrogram in addition to projection scores, which may be used in
reconstruction, examples of which are described further below. The extracted features may
include the lesser dimensional matrices described above. These quantities may not increase
privacy vulnerabilities of the system at least because phase and mean have typically been
found to have little use in speech or speaker recognition.

[057] The extracted features may be received, for example by the computing system 104 from
the cough detecting device 102. In box 320, the audio signal may be reconstructed based on
the stored features using a cough model. Recall a mean and projection scores (e.g., weights)
may be received in box 310. In box 320, the spectrogram of the audio signal may be
reconstructed using those projection scores, also referred to herein as a lesser dimensional
matrix. In some examples, the reconstruction method performed in box 320 may include
multiplying basis vectors of the cough model with the lesser dimensional matrix. The
cough model used in reconstruction may be the same as the cough model used to extract the
features. Reconstruction methods may in some examples be iterative and may be selected
to minimize mean-squared error between a reconstructed frequency-based representation of

the audio signal and the original frequency-based representation of the audio signal. The

reconstruction may be expressed as: a =X, X “(a—a)+a where @ is the mean of @ and

X ! (a—a) are the projection weights (an N element row vector). Xu, as described above,

refers to the cough model. Stacking and normalization may be removed, and the phase of
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the original spectrogram (which may have been received as part of the features) may be
reapplied. The extracted portions of the transformed audio (e.g., the extracted features) may
be transformed again to the phase of the original spectrogram, and the spectrogram may be
converted back to the time domain signal by: (1) performing the inverse short time Fourier
transform (ISTET) and (2) applying an inverse hamming window, as examples.

[058] In this manner, pdrtable devices such as cell phones and/or audio recorders may be used
to continuously record sounds in the vicinity of a user. Sounds may include ambient noises,
speech, coughs, sneezes, and other environmental noises occurring in the vicinity of the
user. Events may be extracted from the audio recordings, either by the same device as
performed by the recording or by a different device. The events may be extracted and then
determined whether or not they correspond with cough sounds using PCA and a known
cough model. The cough model may be stored on a device performing the analysis and/or
may be downloaded from or accessed from another remote device. Features relating to
cough sounds may be stored, and may be provided to the same or another device for
reconstruction. Someone, e.g., a pulmonologist, interested in reconstructing the cough
sound may conduct a reconstruction using the PCA cough model. The reconstruction may
be effective to reconstruct cough sounds but due to the information provided as the
extracted features and/or the cough model, other sounds such as speech sounds may be
unable to be reconstructed.

[059] Accordingly, systems and methods for detecting and enabling reconstruction of cough
sounds have been described. The systems and methods may enhance user privacy by
providing mechanisms for storing audio features corresponding to the coughs and cough
models which are unable or ineffective to reconstruct speech sounds.

[060] EXAMPLE

[061] An example of a cough model generation process is described to aid in understanding and
is not intended to be limiting.

[062] In one example of generating a cough model which may be used in examples of the
present invention, participants were provided with an Android G1 mobile phone and the
phone was programmed with software to record sounds. A resulting 72 hours of audio were
recorded from 17 participants. The audio recordings, made at a 32 kHz sampling rate, were
manually annotated as cough, speech, laughter, breathing, throat clearing, sneezing,
sniffing, other people’s cough, and environmental noise.

[063] The magnitude spectrogram of the entire audio sequence was taken (using a hamming
window size of 16ms, 50% overlap, and 512 point FFT). Annotated coughs were selected

randomly for a training fold. For each cough, the first 150ms of cough were placed in a
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single column vector and the vector normalized. Each column vector was concatenated to

create a matrix of cough spectrograms, X. PCA was run on X, yielding a matrix of
eigenvectors. The N components having the largest eigenvalues were saved, yielding a
cough model Xy.

[064] The training data spectrograms were reconstructed from Xjo and the projection weights
used for reconstruction were saved along with the residual error of the reconstructed
spectrogram. Three energy measures of the spectrogram were calculated, the mean decibel
energy of the entire FFT, the mean decibel energy of the FFT coefficients above 16 kHz,
and below 16 kHz. The energy values, component weights, and residual error were used as
the feature set.

[065] The feature set was used to generate an extraction methodology. The extraction
methodology pruned the audio stream in search of events. A threshold was found at which
98% of the coughs in the training fold were retained regardless of false positives, and five
features were selected that yielded a lowest false positive rate. The thresholds of those
features were saved and used to prune the audio during evaluation.

[066] A random forest classifier was trained on the feature set. The random forest classifier
was set to weight cough errors more during the building of the forest and the majority
voting threshold for the cough class was set to three times lower than non-cough sounds.
The maximum number of trees was set to 500. The trained random forest classifier may be
used in classifying cough sounds in further audio recordings.

[067] For cough reconstruction, an optimal PCA reconstruction method was used, designed to
minimize mean-squared error between the reconstruction and vector of interest. For a given
spectrogram, 150ms of adjacent columns were stacked into a normalized column vector, a.
The reconstruction may be expressed as:

[068] a=)A(N)A(,7\;(a—c_z)+Zi where a is the mean of a and )A(f,(a——ﬁ) are the projection
weights (an N element row vector). This provided an estimate of the overall spectrogram
magnitude for a 150ms segment of audio. The stacking and normalization were removed,
and the phase of the original spectrogram reapplied. The spectrogram was converted back
into the time domain signal by (1) performing the inverse short time Fourier transform
(ISTFT) and (2) applying an inverse hamming window.

[069] The executable instructions for cough reconstruction 154 of Figure 1 may include
instructions for performing any or all of the boxes shown in Figure 3. The executable
instructions may be executed by the processing unit(s) 150 to perform the method shown in

Figure 3. In other examples, executable instructions for performing the method of Figure 3
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may be encoded in the memory 125 of the cough detecting device 102 and the cough

detecting device 102 may be capable of reconstructing the cough sounds.

[070] Although the present invention has been described with reference to specific examples,
persons skilled in the art will recognize that changes may be made in form and detail
without departing from the spirit and scope of the invention. Furthermore, while various
aspects and examples have been disclosed herein, other aspects and examples will be
apparent to those skilled in the art. The various aspects and examples disclosed herein are
for purposes of illustration and are not intended to be limiting, with the true scope and spirit

being indicated by the following claims.
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What is claimed is:

1. A tangible computer readable medium encoded with instructions that, when
executed, cause a computing system to:

receive an audio signal from a microphone;

convert at least a portion of the audio into a frequency-based matrix
representation;

transform the frequency-based matrix into a lesser dimensional matrix using
projections from a set of basis vectors in a cough model; and

classify at least a portion of the audio signal as corresponding to a cough based, at

least in part, on the lesser dimensional matrix.

2. The computer readable medium of claim 1, wherein the instructions, when
executed, further cause the computing system to classify multiple portions of the audio signal as
respective multiple coughs and the multiple coughs as a cough epoch, at least in part, on the

lesser dimensional matrix.

3. The computer readable medium of claim 1, wherein the frequency-based matrix

representation of the at least a portion of the audio signal is an audio spectrogram.

4, The computer readable medium of claim 1, wherein the basis vectors of the cough
model comprise eigenvectors of a covariance matrix of frequency-based matrix representations

of audio signals corresponding to known cough sounds.

5. The computer readable medium of claim 1, wherein the basis vectors of the cough

model comprise magnitude spectrograms of audio signals corresponding to known cough sounds.

6. The computer readable medium of claim 1, wherein the basis vectors of the cough

model comprise complex spectrograms of audio signals corresponding to known cough sounds.

7. The computer readable medium of claim 1, wherein the instructions which, when
executed, cause the computing system to classify at least a portion of the audio signal as
corresponding to a cough include instructions for calculating a score for one or more of the basis

vectors in the cough model.
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8. The computer readable medium of claim 7, wherein the instructions that, when
executed, cause the computing system to classify at least a portion of the audio signal as
corresponding to a cough include instructions for comparing the calculated scores for the one or
more basis vectors to threshold values and discarding portions of the transformed audio signal

having calculated scores below a predetermined threshold value.

9. The computer readable medium of claim 1, wherein the instructions that, when
executed, cause the computing system to classify at least a portion of the audio signal as
corresponding to a cough include instructions for implementing a random forest classifier based
on a comparison of the lesser dimensional matrix representation of the at least a portion of the

audio signal with the basis vector representation of the cough model.

10.  The computer readable medium of claim 1, wherein the cough model is a non-user

specific cough model.

11.  The computer readable medium of claim 1, wherein the computing system

comprises a mobile phone.

12.  The computer readable medium of claim 1, wherein, at least in part to preserve
privacy, the basis vectors and lesser dimensional matrix may be used to reconstruct the at least a
portion of the audio signal corresponding to the cough, but may not effectively reconstruct

speech sounds.

13.  The computer readable medium of claim 12, further encoded with instructions
that, when executed, cause the computing system to reconstruct the at least a portion of the audio

signal using multiplication of the basis vectors with the lesser dimensional matrix.

14.  The computer readable medium of claim 13, wherein the instructions that cause
the computing system to reconstruct the at least a portion of the audio signal include instructions
for implementing an iterative reconstruction approach including minimizing differences between
the frequency based representation of the at least a portion of the audio signal, and a

reconstructed frequency-based representation.
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15.  The computer readable medium of claim 1, wherein the cough model is stored in a

memory accessible to the computing system.

16.  The computer readable medium of claim 1, wherein the instructions, when
executed, further cause the computing system to store a duration of the cough, frequency of
multiple coughs in the audio signal, number of coughs in the audio signal, cough epochs in the

audio signal, or combinations thereof.

17. A device comprising:
a microphone;
at least one processor; and
a memory encoded with computer readable instructions that, when executed, cause the at
least one processor to:

receive an audio signal from a microphone;

convert at least a portion of the audio into a frequency-based matrix
representation;

transform the frequency-based matrix into a lesser dimensional matrix using
projections from a set of basis vectors in a cough model; and

classify a portion of the audio signal as corresponding to a cough based, at least in

part, on the lesser dimensional matrix.

18.  The device of claim 17, wherein the device is a mobile phone.

19. The device of claim 17, wherein the memory is further configured to store the
cough model.

20. The device of claim 17, wherein the device further comprises a network interface

and wherein the instructions, when executed, further cause the at least one processor to transmit

the lesser dimensional matrix to another device for reconstruction.

21. The device of claim 20, wherein the another device is configured to utilize the

lesser dimensional matrix to reconstruct the audio corresponding to the cough.

22. A method for reconstructing cough sounds, the method comprising:

20



WO 2013/040485 PCT/US2012/055614
receiving features extracted from an audio signal corresponding to cough sounds, wherein

the features were extracted using basis vectors from a cough model and a lesser dimensional
matrix based on a comparison between the basis vectors and the audio signal; and
reconstructing the features using the basis vectors and lesser dimensional matrix; and
wherein the reconstructing results in reconstruction of the cough sounds but does not

result in effective reconstruction of speech sounds in the audio signal.

23.  The method of claim 22, wherein the basis vectors are based on selected portions
of a cough.
24.  The method of claim 23, wherein the cough model is not based on a final, wheeze

phase of a cough.
25.  The method of claim 22, wherein the features include features corresponding to

cough sounds and further include features from the audio signal occurring within a specified

period of time after the features corresponding to cough sounds.
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