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(57) Abstract: Firearm discharge location systems and methods are described.
According to one aspect, a firearm discharge location system includes a plurality
of microphones spaced from one another, timing circuitry configured to generate
a plurality of asynchronous timing references, wherein data capture operations
with respect to the microphones of a first pair are synchronized with one another
using a first of the timing references and data capture operations with respect
to the microphones of a second pair are synchronized with one another using
a second of the timing references, and processing circuitry configured to use
outputs of the first and second pairs of the microphones to identify a location of
a firearm discharge.
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FIREARM DISCHARGE LOCATION SYSTEMS AND METHODS

RELATED PATENT DATA

This application claims the benefit of U.S. Provisional Patent
Application Serial No. 62/849,877, filed May 18, 2019, titled "Low-Cost
Highly Accurate Microphone Array for Echo-Location of Gunshots," the

disclosure of which is incorporated herein by reference.

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY-SPONSORED RESEARCH AND DEVELOPMENT

This invention was made with Government support under
Contract DE-AC0576RL01830 awarded by the U.S. Department of
Energy. The Government has certain rights in the invention.

TECHNICAL FIELD
This disclosure relates to firearm discharge location systems and

methods.

BACKGROUND OF THE DISCLOSURE

Incidents involving active shooters which include shootings in

confined environments, such as a school or classroom, shopping mall,
airport, train station as well as in open spaces have been increasing
yearly and some statistics indicate that a life is lost every 15 seconds
due to shootings.

Rapid identification of the location of a firearm discharge allows
first responders to locate and engage the shooter as quickly as possible
as well as search for potential victims. Information related to the
detection and location of the shooter can be some of the most critical
information provided to first responders.

Firearm discharges such as gunshots are significant energy
events having both large audio decibel levels and long signal durations
of up to half a second. Both of these attributes are enhanced by
reflections from walls, ceilings, floors and other items, which can
increase signal duration by the associated delayed arrival of the signal
multi-paths. The large amounts of energy released by a weapon
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discharge also generate significant nonlinearities which can result in
the generation of higher harmonics and signal perturbations. The sound
of the firearm discharge itself, the sound of the bullet impacting an
object, the proximity or distance from the gunshot, and reflections off
of other objects can all impact the shock wave or shock front from the
firearm discharge and provide distortion.

Aspects of the present disclosure described below are directed
to firearm discharge location systems and related methods that enable

accurate determination of a location of a firearm discharge.

BRIEF DESCRIPTION OF THE DRAWINGS

Example embodiments of the disclosure are described below with

reference to the following accompanying drawings.

Fig. 1 is an illustrative representation of a firearm discharge
location system according to one embodiment.

Figs. 2A-2D are graphical representations of intersecting
hyperbolas according to one embodiment.

Fig. 3 is an illustrative representation of a microphone array
according to one embodiment.

Fig. 4 is an illustrative representation of a microphone array and
associated circuitry according to one embodiment.

Fig. 5 is an illustrative representation of a microphone array and
associated circuitry according to one embodiment.

Fig. 6 is an illustrative representation of a quad array including
two non-parallel pairs of synchronized microphones according to one
embodiment.

Fig. 7 is an illustrative representation of an octagonal array
including four non-parallel pairs of synchronized microphones
according to one embodiment.

DETAILED DESCRIPTION OF THE DISCLOSURE
The present disclosure is directed to sensor systems and

associated methods that can detect and analyze firearm discharges in
multiple environments, including both confined environments as well as

open outdoor environments, and determine additional information, such
2
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as location of the firearm discharge (e.g., gunshot) and the number of
rounds fired. In some embodiments described herein, plural
intersecting hyperbolas and acoustic source localization are used to
identify the location of a shooter within an area being monitored.

Referring to Fig. 1, a firearm discharge location system 10 is
shown according to one embodiment. The system 10 includes a
microphone array 12, a plurality of analog-to-digital converters (ADCs)
20, a plurality of clocks 22, processing circuitry 24, a comparator 25, a
user interface 26 and a timer 27 in the illustrated configuration. Other
embodiments are possible including more, less and/or alternative
components.

In Fig. 1, microphone array 12 is configured as a quad
microphone array including four microphones 14-17 that are spaced
from one another in two dimensions and positioned to receive acoustic
signals from an indoor or outdoor area 18 being monitored. Example
microphones that may be utilized include either model number VM1000
or VM3000 available from Vesper Technologies Inc., or a model
INMP404 available from TDK InvenSense.

The microphones 14-17 are arranged generally in the shape of a
cross in the depicted embodiment. The acoustic signals received by
the microphone array 12 are processed to provide information
regarding a location of a shooter/firearm discharge within area 18 (as
well as determining locations of firearm discharges within regions
adjacent to area 18).

The illustrated microphones 14-17 of the array 12 are positioned
at a preselected distance (i.e., microphone spacing parameter ¢) from
an origin or center 19 and monitor the area 18 generally in the shape
of a square in the illustrated embodiment. Microphones 14-17 are
located at midpoints of the sides of the square area 18 in Fig. 1.

The area 18 within a perimeter defined by the placement of
microphones 14-17 is the primary area to be monitored although system
10 can process signals received by the microphones 14-17 that
originate from outside of the area 18 if the acoustic wave of the firearm
discharge outside of area 18 is received by microphones 14-17.
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System 10 has increased sensitivity and accuracy for locating firearm
discharges that occur within area 18 compared with those that originate
outside of area 18, and in typical applications, the placement of the
microphones 14-17 defines the perimeter of the primary area to be
monitored.

The system 10 may be utilized in many different applications and
monitor areas 18 of many different sizes. The values of microphone
spacing parameter ¢ may vary greatly depending upon the application,
for example from 0.5 m to hundreds or perhaps thousands of meters
depending upon the sensitivity of the microphones to receive acoustic
waveforms of sufficient energy from firearm discharges.

Details regarding processing of acoustic signals received by the
microphone array 12 are discussed below according to example
embodiments.

ADCs 20 are each coupled with a respective one of the
microphones 14-17 via a plurality of wired connections 21 in one
embodiment. Connections 21 are coupled with signal inputs of the
ADCs 20 and ADCs 20 sample analog electrical signals from the
microphones 14-17 to provide a plurality of digital data samples to
implement data capture operations with respect to microphones 14-17
in the described embodiment. In one embodiment, ADCs 20 are each
implemented using model ADC12DL080 available from Texas
Instruments.

In some implementations, the microphone array 12 is arranged
adjacent to the area 18 to be monitored and the remaining components
of system 10 are implemented in a base station (not shown). For
applications of larger areas to be monitored, the ADCs 20 may be co-
located with the respective microphones 14-17 and wireless clock
signals from clocks 22 in the base station may be communicated to the
respective ADCs 20 and data samples from the ADCs 20 may be
wirelessly communicated to comparator 25 in the base station in one
embodiment.

Microphone array 12 includes plural independent (i.e.,

asynchronous) pairs of synchronized microphones in one embodiment.
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In addition, timing circuitry provides a plurality of independent clock
signals to independently synchronize respective pairs of the
microphones in the described embodiment. One arrangement of the
timing circuitry includes a plurality of independent clocks 22 configured
to generate a plurality of independent asynchronous timing or clock
signals or references. In one embodiment, clocks 22 are each
configured to generate an independent clock signal having the same
frequency within an example range of 1-40 MHz.

The clock and sampling frequency is determined by location
precision requirements and maximum allowed separation between the
microphones within each pair. If the microphones pairs are close
together (e.g., less than 1m) a frequency in the upper end of the range
may be utilized and if the microphones of a pair are further apart (e.g.,
greater than 1m), a frequency in the lower range may be utilized.

A first of pair of the microphones 14, 16 receive a first timing
reference from a first of the clocks 22 and the first timing reference
operates to synchronize data capture operations of the first pair of
microphones 14, 16. The data capture operations include sampling of
analog signals outputted from the microphones 14, 16 to generate a
plurality of data samples in one embodiment.

In the embodiment of Fig. 1, the first pair of microphones 14, 16
is oriented along an axis that is orthogonal or at a right angle with
respect to an axis of the second pair of microphones 15, 17. In addition,
microphones 14, 16 of the first pair are located at opposite first and
second sides of the square area 18 and the microphones 15, 17 of the
second pair are located at opposite third and fourth sides of the square
area 18. The first and second pairs of microphones are co-located in
the depicted embodiment.

In one embodiment, the first timing reference controls the timing
of the data conversion operations of the first and third ADCs 20 and
corresponding sampling of signals from respective microphones 14, 16.
The data capture operations of the first pair of microphones 14, 16 are
considered to be synchronized with one another. Furthermore, the data
capture operations of a second pair of microphones 15, 17 are
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considered to be synchronized with one another using a second timing
reference in the illustrated embodiment.

The data capture operations of the first and second pairs of
microphones are considered to be asynchronous with respect to one
another in the described embodiment. Data capture operations of the
first pair of microphones 14, 16 are synchronized with the first timing
reference and are asynchronous with respect to data capture
operations of the second pair of microphones 15, 17 that are
synchronized with the second timing reference. The electronics utilized
for determination of the location of the firearm discharge may be
simplified if synchronization of all microphones of the array 12 is not
implemented in some embodiments discussed herein.

In one embodiment, processing circuitry 24 is configured to
implement desired programming provided by appropriate computer-
readable storage media in at least one embodiment. For example, the
processing circuitry 24 may be implemented as one or more
processor(s) and/or other structure configured to execute executable
instructions including, for example, software and/or firmware
instructions. Other example embodiments of processing circuitry 24
include hardware logic, PGA, FPGA, ASIC, state machines, and/or
other structures alone or in combination with one or more processor(s).
These examples of processing circuitry 14 are for illustration and other
configurations are possible.

Processing circuitry 24 accesses storage circuitry (not shown)
that is configured to store programming, such as executable code or
instructions (e.g., software and/or firmware), electronic data,
databases, or other digital information and may include computer-
readable storage media. At least some embodiments or aspects
described herein may be implemented using programming stored within
storage circuitry and configured to control appropriate processing
circuitry 24.

In addition, processing circuitry 24 also controls other operations
of firearm discharge location system 10 including data access and
storage, and generation of information regarding the position of a
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shooter as a result of the processing of the signals from the
microphones 14-17.

User interface 26 is configured to interact with a user including
conveying data to a user. For example, user interface 26 may include
a display to depict visual images for observation by the user as well as
an input device configured to receive inputs from the user. In one
embodiment, the user interface 26 generates a visual image of the area
being monitored by the system and displays the location of the firearm
discharge within the visual image of the area. User interface 26 may
alternatively or additionally display the co-ordinates of the location of
the determined firearm discharge.

In one embodiment, timer 27 is implemented as a 16-bit that
perpetually counts up and rolls over when reaching its maximum value.
The timer 27 increments values at a frequency of approximately 1 MHz
in implementation. The output of timer 27 is utilized to generate a
plurality of time stamps as described below.

In one embodiment, processing circuitry 24 is configured to use
outputs of the microphones 14-17 to identify a location of a firearm
discharge as described further below. In the illustrated embodiment,
the ADCs 20 are connected to a low-latency input of a comparator 25.
Comparator 25 compares data samples outputted by the ADCs 20 to a
threshold selected to filter out or remove acoustic waves received by
the microphones 14-17 having intensities less than those resulting from
a firearm discharge. Processing circuitry 24 is configured to
continuously monitor outputs of comparator 25 from the microphones
14-17 to determine if any of the data samples from the microphones 14-
17 triggered the threshold.

If a data sample exceeds the threshold (i.e., corresponding to
receipt of an acoustic wave front having the sufficient energy of a
firearm discharge by the respective microphone), the processing
circuitry 24 records the event along with an associated time stamp from
timer 27 indicating the moment in time when the data sample from one

of the microphones 14-17 triggered the comparator 25 as well as an
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indication of the specific microphone 14-17 from which the data sample
came from.

Accordingly, data samples from microphones 14-17
corresponding to a firearm discharge from a shooter at location 30
would be associated with different time stamps as a result of the
microphones 14-17 being placed at different distances from the location
30 of the shooter. The time stamps are processed to determine first
and second time differences of signals arriving at the microphones of
respective ones of the first and second pairs as discussed below in
illustrative embodiments.

In one embodiment, the sound wave front’s arrival times at each
microphone of a synchronized pair can be cross-correlated by system
10 with sub-microsecond precision. By analyzing the respective time
stamps of the data samples from the synchronized pair of microphones,
a time difference is determined indicative of the amount of time between
an acoustic wave generated by a firearm discharge being received at
the different microphones of a synchronized pair.

In one embodiment, the processing circuitry 24 calculates a first
time difference indicative of the amount of time between the firearm
discharge being received at the different microphones 14, 16 of a first
pair and a second time difference indicative of the amount of time
between the firearm discharge being received at the different
microphones 15, 17 of a second pair. The processing circuitry 24
processes the time differences of the respective pairs of synchronized
microphones to determine the location of the firearm discharge as
discussed further below with respect to Figs. 2A-2D.

In some embodiments, the microphones 14-17 may be installed
at locations above the ground, such as 10 meters, using towers to
provide increased sensitivity to the acoustic signals and increased
sensing range compared with arrangements where the microphones 14-
17 are installed close to the ground.

A plurality of microphones 14-17 are placed about an area 18 to
be monitored in the above-described embodiment of Fig. 1. In other

embodiments, the microphones 14-17 are positioned at center 19 of an
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area to be monitored and are arranged closer together (e.g.,
microphone spacing parameter ¢ = 0.5 — 1 meter apart). This
arrangement can provide location information regarding a firearm
discharge within a relatively large area such as hundreds or thousands
of meters away from the microphone array as long as the acoustic
signal of sufficient energy corresponding to the firearm discharge is
received by the microphones of the array.

Components of the firearm discharge location system may be co-
located with the microphone array or located in a base station remote
from the microphone array. In some arrangements, wired or wireless
connections are used to communicate appropriate signals, such as
clock or timing reference signals and outputs of the microphones,
between the microphone array and the base station. In one more
specific embodiment, the ADCs 20 are co-located with the microphone
array and the remaining components are implemented using the base
station. In one embodiment, provision of a timing accuracy between
synchronized pairs of microphones of +15us enables accurate location
information to be determined within +0.1m out to a distance of at least
225m from the microphone array installed at a center of area 18 to be
monitored.

Referring to Figs. 2A-2D, the firearm discharge location system
10 utilizes intersecting hyperbolas to provide information regarding a
location 30 of a shooter within an area being monitored according to
one embodiment. One example of the system 10 determines the points
of intersection of the hyperbolas determined by the time differences of
signals outputted by the independent pairs of orthogonally oriented
synchronously triggered microphones as discussed in detail below.

In Figs. 2A and 2B, data capture operations of the first pair of
microphones 14, 16 are described. Microphones 14, 16 are arranged
along the x axis at respective coordinates (-c, 0) and (c, 0). Acoustic
signals, such as a firearm discharge, generated within the area being
monitored are received by microphones 14, 16 at different moments in
time if the location 30 of a shooter is different distances from
microphones 14, 16 as shown.
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Processing circuitry 24 is configured to determine a time
difference indicative of the amount of time between the firearm
discharge being received at the different microphones 14, 16 of the first
pair at different moments in time by analyzing the respective time
stamps of the data samples from the microphones 14, 16.

In Figs. 2C and 2D, data capture operations of the second pair of
microphones 15, 17 are described. Microphones 15, 17 are arranged
along the x axis at respective coordinates (-¢, 0) and (&, 0). As
mentioned above, the data capture operations of the second pair of
microphones 15, 17 are synchronized with one another using a common
timing reference. Acoustic signals of the firearm discharge are also
received by microphones 15, 17 of the second pair at different moments
in time and the processing circuitry uses the respective time stamps of
the corresponding data samples to determine the time difference of the
arrival of the acoustic wave from the firearm discharge at microphones
15, 17 of the second pair.

Figs. 2A and 2B show the hyperbola 32 of possible shooter
positions resulting from a firearm discharge from a shooter at location
30 and consistent with the difference in acoustic signal arrival time
between the first pair of synchronously triggered microphones 14, 16.

The equations of the hyperbola 32 depicted in Fig. 2A are

Yy
a? b2

Equation 1
b2 = 2 — g2

Equation 2

A microphone spacing parameter c is the distance from the center
19 of the array to the microphones and is chosen during the design of
the microphone array and is therefore known. The time difference in
signal arrival time at the microphones 14, 16, At, is also known as
mentioned above along with the speed of sound vs.

The parameter a of equation 1 may be determined as discussed
with reference to Fig. 2B which depicts the case where the shooter is
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located on the x-axis between the positive vertex at (a, 0) and the focal
point at (c, 0) (the foci are also the locations of the horizontal pair of
microphones 14, 16). Analysis of this situation enables determination
of the value of parameter a according to

_ UsAt
=7

Equation 3

Using the determined value of parameter a, parameter b may be
determined using equation 2.

Referring to Figs. 2C and 2D, the hyperbola 34 of possible
shooter positions resulting from a firearm discharge from a shooter at
location 30 and consistent with the difference in acoustic signal arrival
time between the second pair of synchronously triggered microphones
14, 16.

The equation of the hyperbola 34 depicted in Fig. 2C is

X2 y?
a gt
Equation 4
v At
a =
2
Equation 5

The parameter & is chosen during the design of the microphone
array and is therefore known. The difference in signal arrival time at the
microphones 15, 17, At is also known as mentioned above along with
the speed of sound vs. The parameter a of equation 4 may be
determined as discussed with reference to Fig. 2D similar to the
discussion above with respect to the first pair of microphones. Analysis
of this situation enables determination of the value of parameter a using
equation 5.

Using the determined value of parameter a, parameter B may be
determined using equation 6

ﬂzzzz_az

Equation 6

11
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Thereafter, the following simultaneous equations may be solved
to determine the intersections of the hyperbolae 32, 34

y
aZ bz
Equation 7
2 2
X
5 y—z——z =1
a p
Equation 8
These become
2 g2
2z pE
Equation 9
2 2
X y
10 - F + ? =1
Equation 10
Or, using X = x2and Y = y?
1 1
2 2 _
?X —ﬁY =1
Equation 11
1 1
15 ——X?+—=Y%2=
B2 )
Equation 12
These may be solved using Cramer’s rule
1
L=z
1
X = i a?
1 1
az  b?
1 1
_F —
Equation 13
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1
2 1
1
Y =
1 1
az  b?
1 1
_F 3
Equation 14
Or
1 1 5 5
y__ aztpz _ (bap)’ + (aap)
1 ___1 (bB)? — (aa)?
(aa)?  (bB)?
Equation 15
1.1
V- a? ' B? :(baﬁ)2+(aab)2
e A
aa
Equation 16

The square roots of X, Y provide the x, y coordinates
corresponding to the location 30 of the shooter.

However, in Fig. 1, there are four quadrants (i.e., upper left, upper
right, lower left and lower right) about the origin 15 of the microphone
array 12. The x, y coordinates discussed above are ambiguous to sign
and the processing circuitry is configured to perform additional
processing to identify the specific one of the quadrants containing the
xy co-ordinates of location 30 of the firearm discharge using the first
and second time differences.

In one embodiment, the signs of the time differences Aty, Aty of
the two pairs of microphones are used to determine the specific
quadrant that includes the location of the shooter 30 in accordance with
Table A. In the example of Table A with respect to Fig. 1, quadrant | is
the upper right portion of area 18, quadrant |l is the upper left, quadrant

[1l'is the lower left, and quadrant IV is the lower right.
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Aty Atn Quadrant
positive positive I

positive negative v
negative positive I

negative negative Il

TABLE A

For example, if the time difference At, of the first pair of
microphones 14, 16 is positive and the time difference of the second
pair of microphones 15, 17 is positive, this indicates that the location
30 of the shooter is in the upper right quadrant of the area being
monitored.

Accordingly, in one embodiment, the firearm discharge location
system uses data samples corresponding to acoustic signals received
from a microphone array to identify the location of the firearm discharge
in x, y co-ordinates in one of a plurality of different quadrants.

Referring to Fig. 3, another microphone array 12a is shown
according to an additional embodiment. The microphones 14, 15, 16,
17 of array 12a are positioned at the corners of the area 18a being
monitored in the shape of a square in the illustrated configuration.

The location 30 of a firearm discharge 30 is determined using
plural intersecting hyperbolas in one embodiment. The location 30
along hyperbola 36 is determined by processing data samples from
microphones 14, 16 using a time difference ti14 — t1s corresponding to
the time for the acoustic signals from the firearm discharge to arrive at
microphones 14, 16 from location 30. The location 30 along hyperbola
38 is determined by processing data samples from microphones 15, 17
using a time difference t2 — t4 corresponding to the time for the acoustic
signals from the firearm discharge to arrive at microphones 15, 17 from
location 30.

Referring to Fig. 4, a quad microphone array 12 having four
microphones 14-17 arranged in a cross is shown according to one
embodiment. A plurality of wired or wireless connections 13

14
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communicate signals between microphones 14-17 and a hub 40. A bus
42 further communicates the signals between ADCs 20 and clocks 22
and hub 40.

It is noted that sensitivity of a pair of dual independently-
synchronized microphones (i.e., quad microphone array) arranged in a
cross falls to a minimum on two lines at forty-five degrees relative to
the horizontal and vertical axes of the array 12. In one embodiment,
sensitivity may be improved by also using another quad array including
two pairs of dual independently-synchronized microphones as
discussed immediately below.

Referring to Fig. 5, an octagonal microphone array 12b including
two quad arrays is shown according to one embodiment. A first quad
array includes microphones 14-17 and a second quad array includes
microphones 50-53.

Microphones 50, 52 form a third synchronized pair and
microphones 51, 53 form a fourth synchronized pair of the second quad
array and the four pairs of microphones are synchronized
independently (or asynchronously) of each other for data capture
operations, for example using four independent clocks in one
embodiment. The first quad array includes a first pair of microphones
14, 16 and a second pair of microphones 15, 17 as discussed above.
The second quad array includes a first pair of microphones 50, 52 and
a second pair of microphones 51, 53.

The quad arrays are co-centered and are offset with respect to
one another by forty-five degrees in the illustrated example. In
addition, the four pairs of microphones implement data capture or
sampling operations independently or asynchronously with respect to
one another in one embodiment. In other embodiments, the quad
arrays are not co-centered and/or may be offset with respect to each
other by other non-zero angles in other embodiments.

A plurality of wired or wireless connections 23 communicate
signals from the microphones 14-17, 50-53 to a hub 40a. A bus 42a
communicates signals for the first quad array between the hub 40a and
the ADCs 20 and clocks 22 shown on the left and a bus 42b
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communicates signals for the second quad array between the hub 40a
and the ADCs 20 and clocks 22 shown on the right.

In one embodiment, the processing circuitry receives and
processes data samples of the signals generated by the microphones
14-17, 50-53 to determine the location of a firearm discharge. In one
embodiment, the system 10 separately processes the data samples
from each quad array as discussed above providing two locations of a
firearm discharge. In particular, in addition to using the outputs of the
first quad array to identify a first location of the firearm discharge, the
system is further configured to use the outputs of the third and fourth
pairs of the microphones to identify a second location of the firearm
discharge using data from the second quad array. Thereafter, the
processing circuitry is configured to combine (e.g., average) the first
and second locations resulting from the data samples of each
respective first and second quad array to provide a third final location
of the firearm discharge in one embodiment.

Addition of another array co-centered and oriented orthogonally
to the plane of the aforementioned quad or octagonal arrays enables
determination of the location of a firearm discharge in three dimensions.

The embodiments discussed above are with respect to co-
centered, orthogonally oriented synchronized pairs of microphones
(i.e., the axes between the microphones of the respective pairs are
orthogonal to one another). In other embodiments, such as the
examples shown in Figs. 6 and 7, the axes of the independent pairs of
synchronized microphones are non-parallel with respect to one another
but not necessarily orthogonal. In addition, the synchronized pairs of
microphones are not co-centered in some embodiments as shown in
Figs. 6 and 7. The axes of the independent pairs of synchronized
microphones intersect and divide the area to be monitored into four
distinct half planes in the illustrated example embodiments.

Referring to Fig. 6, a quad array including two independent pairs
60 of synchronized microphones that are not parallel with respect to
one another are shown. Referring to Fig. 7, a first quad array of the
illustrated octagonal array includes two independent pairs 62 of
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synchronized microphones that are not parallel with respect to one
another. A second quad array includes two independent pairs 64 of
synchronized microphones that are not parallel with respect to one
another. The outputs of the microphones of the embodiments of Figs.
6 and 7 may be processed as discussed above with respect to the
orthogonal microphone arrays in one embodiment. Different pairs of
the microphones illustrated in Fig. 7 that intersect one another may be
selected to form the quad arrays in other embodiments.

In one embodiment, two independent pairs of synchronously
triggered microphones generated signals that were useable to detect a
shooter 200m away with an accuracy of 99.7%, and a position accuracy
of +/- 1m. Using four pairs of independently synchronized pairs of
microphones, it is possible to estimate xy co-ordinates of the shooter
within a 400m by 400m-grid to within 0.2m with a probability of actually
being correct of 68%, 0.4m with a probability of actually being correct
of 95%, and 0.6m with a probability of actually being correct of 99.7%.
A location of firearm discharge may be determined to within £0.1m
accuracy using pairs of microphones that are independently
synchronized if arrival times of the acoustic wave from the firearm
discharge are measured with at least £15us accuracy.

According to some embodiments discussed herein, different pairs
of microphones of a microphone array are synchronized independent
of each other. These embodiments avoid the complexities inherent with
the utilization of a master clock to synchronize all of the microphones
of the microphone array. In addition, these embodiments provide
increased reliability compared with arrangements which utilize a master
clock due to their reduced complexity.

In addition, some of the disclosed embodiments permit the timing
references for the different pairs of microphones to drift relative to each
other in a random or systematic way as time progresses while still
providing accurate results.

Some embodiments of the disclosure described herein may be
implemented in portable or permanent installations depending upon the
area to be monitored. The disclosed systems and methods extend
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abilities to locate shooters as well as perform other operations including
triggering of ancillary surveillance equipment, and inform first
responders to quickly arrive at specific locations resulting in reduced
casualties during these events.

Systems and methods discussed herein supplement electronic
surveillance and security systems to provide situational awareness and
to provide monitoring of “soft targets” such as schools, universities,
airports, train stations, large stadium concerts, sporting events,
shopping malls, county fairs, construction sites, parking garages, etc.
Furthermore, the systems and methods disclosed herein enable quick
location information to be determined regarding threats posed by an
active shooter to critical infrastructures such as nuclear power
generating facilities, military bases, electric substations, etc.

In compliance with the statute, the invention has been described
in language more or less specific as to structural and methodical
features. It is to be understood, however, that the invention is not
limited to the specific features shown and described, since the means
herein disclosed comprise preferred forms of putting the invention into
effect. The invention is, therefore, claimed in any of its forms or
modifications within the proper scope of the appended aspects
appropriately interpreted in accordance with the doctrine of
equivalents.

Further, aspects herein have been presented for guidance in
construction and/or operation of illustrative embodiments of the
disclosure. Applicant(s) hereof consider these described illustrative
embodiments to also include, disclose and describe further inventive
aspects in addition to those explicitly disclosed. For example, the
additional inventive aspects may include less, more and/or alternative
features than those described in the illustrative embodiments. In more
specific examples, Applicants consider the disclosure to include,
disclose and describe methods which include less, more and/or
alternative steps than those methods explicitly disclosed as well as
apparatus which includes less, more and/or alternative structure than

the explicitly disclosed structure.
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CLAIMS

What is claimed is:

1. A firearm discharge location system comprising:

a plurality of microphones spaced from one another,

timing circuitry configured to generate a plurality of asynchronous
timing references;

wherein data capture operations with respect to the microphones
of a first pair are synchronized with one another using a first of the
timing references and data capture operations with respect to the
microphones of a second pair are synchronized with one another using
a second of the timing references; and

processing circuitry configured to use outputs of the first and
second pairs of the microphones to identify a location of a firearm
discharge.

2. The system of claim 1 wherein the microphones are

arranged in in a microphone array having two dimensions.

3. The system of claim 1 wherein the processing circuitry is
configured to determine a first time difference corresponding to the
reception of an acoustic signal of the firearm discharge by the
microphones of the first pair at different moments in time, to determine
a second time difference corresponding to the reception of the acoustic
signal of the firearm discharge by the microphones of the second pair
at different moments in time, and to use the first and second time

differences to identify the location of the firearm discharge.

4. The system of claim 3 further comprising a plurality of
analog-to-digital converters configured to sample analog signals
received from respective ones of the microphones and to generate a
plurality of data samples to implement the data capture operations, and
wherein the processing circuitry is configured to associate a plurality of
time stamps with the data samples that exceed a threshold indicative
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of a certain level of acoustic energy, and use the time stamps to
determine the first and second time differences.

5. The system of claim 4 further comprising a comparator
coupled with the processing circuitry, wherein the comparator is
configured to compare the outputs of the microphones with respect to
a threshold, and wherein the processing circuitry is configured to
associate a plurality of time stamps with the outputs as a result of
respective ones of the outputs exceeding the threshold, and use the

time stamps to identify the location of the firearm discharge.

6. The system of claim 3 wherein the firearm discharge
location system is configured to monitor for the presence of the firearm
discharge within an area comprising a plurality of quadrants, and the
processing circuitry is configured to identify one of the quadrants
containing the location of the firearm discharge using the first and
second time differences.

7. The system of claim 1 wherein the firearm discharge
location system is configured to monitor for the presence of the firearm
discharge within a square area, and the microphones are located at
midpoints of the sides of the square area.

8. The system of claim 1 wherein the microphones of the first
pair are located at opposite first and second sides of the square area
and the microphones of the second pair are located at opposite third
and fourth sides of the square area.

9. The system of claim 1 wherein the firearm discharge
location system is configured to monitor for the presence of the firearm
discharge within a square area, and at least some of the microphones
are located at corners of the square area.

10. The system of claim 1 wherein the microphones are located
in a center of an area to be monitored.
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11. The system of claim 1 wherein the timing circuitry
comprises first and second clocks configured to generate the timing
references comprising a plurality of independent clock signals.

12. The system of claim 1 wherein an axis of the microphones
of the first pair and an axis of the microphones of the second pair are

non-parallel.

13. The system of claim 1 wherein an axis of the microphones
of the first pair is orthogonal with respect to an axis of the microphones

of the second pair.

14. The system of claim 13 wherein the first and second pairs
of the microphones are co-centered.

15. The system of claim 1 further comprising a third pair of the
microphones and a fourth pair of the microphones, and wherein the
processing circuitry is configured use outputs of the microphones of the
third and fourth pairs to identify the location of the firearm discharge.

16. The system of claim 15 wherein data capture operations
with respect to the microphones of the third pair are synchronized with
one another using a third of the timing references and data capture
operations with respect to the microphones of the fourth pair are
synchronized with one another using a fourth of the timing references.

17. The system of claim 15 wherein the location of the firearm
discharge is a first location, wherein the processing circuitry is
configured to process the outputs of the third and fourth pairs of the
microphones to identify a second location of the firearm discharge, and
wherein the processing circuitry is configured to combine the first and
second locations to identify a third location of the firearm discharge.

18. The system of claim 15 wherein the first, second, third and

fourth pairs of the microphones are co-centered.
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19. The system of claim 18 wherein the first and second pairs
of the microphones form a first microphone array, the third and fourth
pairs of the microphones form a second microphone array, and the first
and second arrays are offset by a non-zero angle with respect to one

another.

20. The system of claim 18 wherein the first and second pairs
of the microphones form a first microphone array, the third and fourth
pairs of the microphones form a second microphone array, and the first
and second arrays are offset by forty-five degrees with respect to one
another.

21. The system of claim 1 further comprising a plurality of
analog-to-digital converters configured to digitize analog signals
received from respective ones of the microphones to implement the
data capture operations, and wherein the data capture operations of
the analog-to-digital converters are controlled by respective ones of the

timing references.
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