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DESCRIPTION

FIELD

[0001] Embodiments described herein relate to the detection of a projectile. Particularly,
embodiments relate to ascertaining an estimate of the trajectory of a projectile.

BACKGROUND

[0002] Circumstances arise in which it is desirable to detect a projectile, and to determine, with
reasonable certainty, an estimated source of the origin of the projectile.

[0003] Techniques exist for determining projectile trajectory for supersonic projectiles, using
acoustic features such as a shockwave, produced by the motion of the projectile at a
supersonic speed, and/or the sound of a muzzle blast.

[0004] For subsonic projectiles, such techniques are not available. For example, a revolveris a
commonplace weapon which fires projectiles at a speed lower than the speed of sound in air,
and the muzzle blast from such a revolver typically has a sound signature which is difficult to
distinguish from other sounds found in nature, such as clapping hands, the slam of a shutting
door, the ignition of a firework, or a solid object such as a lump of wood hitting a floor.
Consequently, in the absence of a preceding shockwave, such as would be encountered with a
supersonic projectile, muzzle blast is an unreliable indicator for projectile detection.

[0005] WO97/37194 discloses a method and a device for deciding relative to a chosen
reference system, and without contact, the position, direction or speed - or any combination
thereof - for a subsonic projectile in its flight through a gas towards a given target. The position
of the projectile in a first plane is decided at a certain distance from the target by means of at
least three acoustic sensors arranged in a vicinity of the plane.

[0006] It is desirable to provide a means by which subsonic projectiles, and their trajectories,
can be better detected.

FIGURES

[0007]
Figure 1 is a schematic illustration of an implementation of an embodiment;

Figure 2 is a plan view of a sensor plate of a sensor of the illustrated embodiment;
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Figure 3 is a schematic diagram of a gunshot detector of the illustrated embodiment;

Figure 4 is a graph of acoustic pressure against time illustrating an acoustic signature of a
theoretical muzzle blast;

Figures 5 to 12 are graphs of acoustic pressure against time of various practical muzzle blast
measurements;

Figure 13 is a plot showing detection data for acoustic signals resultant from passage of a
bullet nearby an acoustic sensor;

Figure 14 is a plot illustrating schematically the passage of a bullet nearby a sensor; and

Figure 15 is a diagram showing geometry supporting analysis to be carried out by the acoustic
detector of the described embodiment.

DESCRIPTION OF EMBODIMENTS

[0008] In general terms, an embodiment as described herein comprises a gunshot sensor for
determining the existence of a gunshot. From received information, the gunshot sensor can
obtain an estimate of trajectory of a subsonic projectile.

[0009] The gunshot sensor of an embodiment comprises an acoustic sensor, operable to
convert received acoustic oscillations into electrical signals, and a signal processor operable to
process such electrical signals. The processing is capable of determining the signature of a
wake of a projectile and, if discernible, the muzzle blast of a gun from which such a projectile
has been fired.

[0010] On detection of a wake signature, subsequent processing of measurements of the
wake signature and muzzle blast can determine an estimate of bearing and distance of origin
of the projectile.

[0011] Aspects of embodiments disclosed herein provide acoustic frequency and trajectory
information over time which can be used in a discrimination process, to determine to a degree
of confidence that an acoustic feature is, for instance, that causal of a flying bullet, as opposed
to background acoustic noise of any sort, such as a backfiring engine or a car door slamming.
This information can then be used, with muzzle blast information, to determine an estimate for
a source direction of the detected bullet. This approach is suitable for subsonic projectiles, as it
does not rely on shockwave processing, but it is not exclusively so, and acoustic features of
supersonic projectiles can be processed in the same way.

[0012] Embodiments described herein may provide a desirable focus on avoiding false alarm,
that is, determination that an acoustic feature is causal of a bullet when in fact it is not so
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caused.

[0013] Figure 1 illustrates an embodiment, in which a vehicle 10 is equipped with an acoustic
sensor 20 connected to a gunshot detector 30. The gunshot detector 30 may, in certain
embodiments, be connected to other on-board electronic equipment, such as a navigation
system, so that the outcome of gunshot detection can be integrated with navigation data so as
to present location information to a user.

[0014] A scenario is illustrated whereby a bullet is fired from a firearm 12. The trajectory of the
bullet is illustrated in broken line.

[0015] The acoustic sensor 20 is of known type, as described in European Patent Application
EP2884762A1. The acoustic sensor 20 includes a circular sensor plate 40, as illustrated in
figure 2. The sensor plate 40 has five through holes 42 defined therein. The through holes 42
are arranged in a cruciform formation, centred with the sensor plate 40. Each through-hole 42
has a microphone 44 mounted therein, oriented so as to be directed to detect sound
emanating from the exterior of the acoustic sensor 20.

[0016] Each microphone 44 has an output connection (not shown), which are collectively
indicated by an arrow extending from the acoustic sensor 20 to the gunshot detector 30.

[0017] The architecture of the gunshot detector 30 as illustrated in figure 3 is, generally
speaking, composed of two stages. A first stage comprises a pre-processor 32 which receives
the analogue feeds from the five microphones 44 of the acoustic sensor 20, and processes
these into digitised representations of frequency and bearing information gained from the
microphone outputs.

[0018] A second signal processing stage comprises a trajectory determination unit 34 which
processes the digital information produced by the pre-processor 32 so as to produce a reading
of trajectory information for a bullet as detected by the detector 30.

[0019] By way of background, when a projectile, such as a bullet, is shot from a firearm, and
the firearm is configured to fire at a subsonic speed, then the sound associated with the shot
will give rise to a number of discrete sounds detectable at the detector 30 as the projectile flies
past:

. 1. Direct acoustic excitation associated with a muzzle blast;

. 2. The ground reflection of the muzzle blast;

. 3. The bullet's wake;

. 4. A sound associated with impact of the bullet on a target or other object;

. 5. In some circumstances, reflections other than ground reflections of the muzzle blast
on other surfaces such as buildings or hillsides.

oA WDN -
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[0020] These effects are listed, broadly, in likely order of receipt at the detector 30. Of course,
the reader will appreciate that the timing of reflections such as echoes is dependent on the
specific environment.

[0021] In practice, the spectrum of the measured muzzle blast will be composed predominantly
of low frequency oscillation. Often, it may be difficult to separate the direct arrival of the muzzle
blast from ground reflections thereof.

[0022] Figure 4 illustrates a theoretical signature waveform for a muzzle blast, measuring
acoustic overpressure in nominal units against time, again, in nominal units. It will be
appreciated by the reader that a waveform with this clear signature will be rare in practical
examples, but it provides the reader with teaching as to what features may characterise a
muzzle blast signature.

[0023] As shown, the muzzle blast is characterised by a sudden step change in pressure,
followed by a rapid drop to a pressure lower than equilibrium, then a decay back to the
equilibrium pressure.

[0024] In practice, muzzle blast comprises emission of a bullet, followed closely by a blast of
propulsive hot gas. This hot gas emerges at a supersonic speed behind the bullet, and thus
generates a shockwave at its own leading edge. However, this shockwave is generally
neglected in detection, for two reasons. Firstly, the shockwave initially already has an
amplitude lower than that of the main blast pressure, which diminishes its discernibility.
Secondly, the predominantly high frequencies it contains attenuate significantly with distance
so that, when firing takes place tens of metres away from the detection point, the leading
shockwave has substantially lost its identity by the time it reaches the acoustic sensor 20 to be
picked up by the detector 30.

[0025] It has been found that, in practical circumstances, the low frequency waveform
associated with a muzzle blast usually comprises three half cycles, often as a chirp, with each
half-cycle longer than its predecessor. With some configurations, the second and third half-
cycles can have the same duration.

[0026] Further examples of practical muzzle blast detections are provided in figures 5 to 12.
Figure 5 shows a blast from a [insert gun details here] in a quarry environment. This shows a
profile substantially similar to theoretical prediction. Figures 6 to 9 show different muzzle blasts
in different environments. Figure 6 is of a shot fired over grass and, as can be seen, has a
profile in which high frequency sounds are attenuated, particularly in contrast to the less
acoustically absorbent environment of a quarry in figure 7. Figure 8 shows a firing over ice,
and the amplitude of the muzzle blast is notable. A similar profile is found in two more quarry
firings in figures 9 and 10.

[0027] Figure 11 is of a 0.762 gunshot, and Figure 12 is of a 0.556 gunshot. As suggested by
the amplitude axis, these were taken at long range.
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[0028] These readings are illustrated to show that there is no evidence of correlation between
the characteristic or structure of a muzzle blast waveform and the calibre of the firearm from
which it emanates. It will also be apparent to the reader that the muzzle blast waveforms have
a range of signatures. There are potentially some extractable features which may allow for
partial classification, but the degree of certainty that can be attached to classification decisions
will inevitably be poor.

[0029] Whereas, in previous approaches, muzzle blast alone was used to identify a gunshot
event, embodiments disclosed herein employ detection of the sound of the bullet's wake as it
flies past the acoustic sensor 20.

[0030] Figure 13 shows a three plot diagram illustrating signal analysis of a typical gunshot by
the acoustic detector 30.

[0031] In the uppermost plot, a chart is plotted of pressure against time, showing the
progression of acoustic features past the acoustic sensor 20. A shockwave is identifiable at
0.13 seconds time lapse, a blast is shown at 0.58 seconds, and a wake extends from 0.14
seconds to at least 0.4 seconds. In fact, the scaling of the plot conceals the duration of the
wake, which extends considerably beyond that time.

[0032] The middle plot shows amplitude versus frequency versus time. The amplitude is coded
by shading - darkest shades are loudest and lighter shades are quietest. The vertical axis
indicates frequency and the horizontal axis represents time lapse. It can thus be seen that the
wake (from 0.14s) has substantial high frequency acoustic components.

[0033] The lowermost plot is a graph of bearing against time. This is calculated using the
whole energy within a succession of time domain sample data blocks. Using an inverse tangent
operation, such as the atan2 function provided within the Matlab tool, these data blocks can be
converted to a measure of bearing.

[0034] The reader will appreciate that, as a bullet passes by, it causes an acoustic effect,
discernible to the human ear, which can be best described as a "fizzing" or "humming" sound.
This sound is caused by cavitation behind the bullet, generating predominantly random noise.
In the case of a bullet from a rifled bore, this will be modulated by the spin of the bullet - the
spin rate will usually be a few hundred revolutions per second or faster. The audible wake is
persistent, and can last for most of a second.

[0035] Figure 14 illustrates the passage, over four points of time, of a bullet past the acoustic
sensor 20 and how this affects the acoustic signal received at that sensor over that time.

[0036] In the uppermost, first stage, the bullet has not yet reached the detection position. The
acoustic wake signal received at the detector 30 in respect of the bullet in that position will
therefore emanate from a single direction - the direction defined by a line between the
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cavitation region behind the bullet from which the wake sound is generated and the detector.

[0037] Thereafter, as time passes, the sound detected at the detector obtains contributions
from earlier points in the trajectory, whose sound has now had time to arrive, and from later
parts of the trajectory as the bullet continues on its path.

[0038] The past and future contributions are not symmetrical. Observing the path of the bullet
as it moves beyond the detector towards the target, the bullet steadily decelerates, and its spin
also decreases, resulting in the wake signal so generated reducing in amplitude. A steady
reduction of spin tones and modulation frequencies can thus be expected.

[0039] On the other hand, looking at the progress of the bullet towards the point of detection,
as it travels from the gun, the wake contribution would have been louder, due to the faster
speed of the bullet (and faster spin). However, the wake contribution closer to the gun is older,
and thus will have attenuated more before it reaches the detector.

[0040] It has been observed in trials that the wake contribution persists for some considerable
time, and is detectable even after target strike.

[0041] The effect of this can be observed in figure 13. In the bearing plot, in the lowermost
portion of the diagram, an initial (correct) bearing calculation then disappears for a period of
time in which the forward and backward spatial contributions are of such similar magnitude that
the bearing is irresolvable. After this gap, the contribution pointing towards the target
dominates (the contribution prior to the detector, being earlier, has attenuated further), leaving
a track whose asymptote is 180° from the direction of the firing gun. This is because there has
been longer dissipation time for the trail back to the gun, than for the trail to the target.

[0042] It will be observed that a significant proportion of the energy in the acoustic signals is at
relatively high frequencies (1kHz to 20kHz). This means that it is discernible from other noise
sources, such as vehicle noise. This is useful, because the detector may in certain practical
applications, be mounted on a vehicle, whose engine may be running during operation.

[0043] It is possible to simulate the wake of a bullet using white (Gaussian) noise, modulated
at 220Hz to 50% depth, setting initial amplitude to 4Pa, linearly decreasing to zero at 1.0
seconds. Spatially, it should be modelled as the integration of the contributions from both paths
(forward and backward). The limits of the integral diverge at the speed of sound, after the
shockwave.

[0044] Figure 15 shows a diagram from which the following description will derive an analytical
method for determining an estimate of bullet trajectory from detection and measurement of a
wake acoustic contribution over time.

[0045] A bullet at time £ is considered. While the exact decay characteristic of a wake sound is

not material to this disclosure, it is expected to be monotonic and, for the purpose of this
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analysis, is assumed to be exponential.

[0046] Then, the following quantities are defined:

P

Pressure
t

time
to

time of bullet's nearest approach to sensor
t4

time now
At

time after tg
m

miss distance
c

speed of sound

[0047] Thus, the wake sound takes the form:
—(t-ty)
P =P (1 —-e )

[0048] So, the contribution from the indicated element length ¢ét now has age (At + t4 - tp).

Thus, the overall pressure becomes:

—(At+t; —tg) —(—At+t1—tg)\ -+
At (1_e f ) At (1_e ¢ )
P=pl ] T s W (1)

t=to \/c2(At+1y —to)2—m? JeR(—At+ty —tg)2—m?

[0049] As the reader will appreciate, this shows that the dependency of the contribution on
time is complex. However, some straightforward observations can be made.

[0050] In the long term, the contribution of the wake past the sensor, nearer to the target,
dominates. This is represented by the right hand term in equation (1) above. In the short term,
both contributions are roughly equal. Although the bullet may "race ahead", the integrated
energy contributions nearer to the miss point, being close, would dominate. So, an imaginary
"single point of emission" moves away from the miss point more slowly than the bullet does.

[0051] There are several ways of calculating the wake signal. An example of this is explained.
Initially, time domain signals are obtained from every microphone. The continual stream can be
divided into equal size blocks for further processing.
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[0052] For each block of data, the bearing of an assumed plane-wave signal is derived, over a
limited frequency range only. A typical frequency range is selected by high-pass filtering the
signal above around 800 Hz. In the context of a real-life implementation whereby the sensor 20
is set on an automotive vehicle, this value enables exclusion of all the largest amplitude
automotive sounds. Knowledge of the spatial arrangement of sensors enables determination of
a vector of bearings and amplitudes versus time.

[0053] It is recognised that the frequency range over which the bearing derivation needs to
operate, crosses the range in which there is less than, and more than, one wavelength
difference between pairs of transducers.

[0054] Given that microphone positions are fixed, then a position matrix is constructed
containing rows of coordinates. A pseudoinverse matrix is then constructed. A suitable
approach to determination of the pseudoinverse matrix is the Moore-Penrose "Left divide"
method. The derivation then continues in two phases, which can be considered as the
correlation part, and the phase difference part.

[0055] Initially, a Fourier transform is carried out on all the time signals. One channel may be
selected as a reference, and cross-spectra are generated between all other channels and this.
These cross spectra are assembled into a cross spectrum matrix.

[0056] This is converted into a cross-correlation matrix by taking the real part of the inverse
transform of the cross spectrum matrix.

[0057] As the microphone spacings are known, then a largest feasible delay is known, and the
cross correlation can be limited in length to fit this value. Peaks therein provide the integer part
of inter-microphone delays.

[0058] From this, a 'rotating vector' is generated with the same frequency shift between cells
as the existing spectra. The cross spectrum matrix is then dot multiplied by the rotating vector.
The magnitude and unwrapped phase (which should not be wrapped at this point) are
calculated, and thence the fractional delay (effect in frequency domain).
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-1-
PROJEKTILDETEKTERING
PATENTKRAV
1. Fremgangsmade til detektering af baneinformationer for et subsonisk projektil, hvilken

fremgangsmade omfatter:

indsamling af detekteringssignaler fra en gruppering af detekteringsmikrofoner (44), hvilke

detekteringsmikrofoner (44) er etableret i et ikke-kolineart rumligt forhold i forhold til hinanden,

bestemmelse ud fra mindst ét af detekteringssignalerne af eksistensen af en akustisk bglgeform,
herunder et slipstrgmsbidrag, der er karakteristisk for slipstrgmmen for et subsonisk projektil, der passerer

pa en bane i nzerheden, og en mundingstrykbglgeform, der er karakteristisk for en mundingstrykbglge;
opnaelse af en flerhed af tidsprgver af slipstrgmsbidraget over et tidsrum;

behandling af flerheden af tidsprgver af slipstrgmsbidraget og den detekterede

mundingstrykbglgeform til at bestemme geometriske egenskaber for projektilets bane.

2. Fremgangsmade ifglge krav 1, hvor indsamlingen af detekteringssignaler omfatter etablering af en
gruppering af akustiske detektorer (44), hvor detektorerne (44) er placeret adskilt i en fast disposition i
forhold til hinanden, og udledning af et elektrisk signal ved hver akustisk detektor (44) svarende til derpa
indfaldende akustiske bglger.

3. Fremgangsmade ifglge krav 2, hvor den séledes etablerede gruppering af akustiske detektorer (44)

omfatter mindst to akustiske detektorer (44).

4. Fremgangsmade ifglge krav 2 eller krav 3, hvor grupperingen af akustiske detektorer (44) omfatter

mindst tre akustiske detektorer (44) i et ikke-koline®rt arrangement.

5. Fremgangsmade ifglge krav 4, hvor grupperingen af akustiske detektorer (44) omfatter fem

akustiske detektorer (44) i en korsformation, hvor de akustiske detektorer (44) er koplanar.

6. Fremgangsmade ifglge et hvilket som helst af de foregiende krav, hvor behandlingen af

slipstrgmsprgver omfatter, for hver prgve, anvendelse af et hgjpasfilter.

7. Fremgangsmade ifglge et hvilket som helst af de foregiende krav, hvor behandlingen af
slipstrgmsprgver omfatter, for hver prgve, udledning af en kurs for et plant bglgesignal, hvortil den
respektive slipstrgmsprgve svarer, konstruktion af en vektor af kurser og amplituder over for tid og
konstruktion, ud fra overensstemmelse mellem kurser og amplituder over for tid, og i forhold til det rumlige
forhold mellem mikrofonerne (44), af et tidsvarierende kursestimat for et projektil, der forarsager

slipstrgmsbidraget.

8. Fremgangsmade ifglge krav 7, hvor konstruktionen af kursestimatet omfatter dannelse af en
matrix, der beskriver det rumlige forhold mellem mikrofonerne (44) og derfra dannelse af en pseudoinvers
matrix, derefter korrelering af slipstrgmsprgverne i forhold til hinanden til at bestemme en heltalsdel af
forsinkelser mellem mikrofoner (44) og behandling af faseforskelle mellem bglgeprgverne for at udlede

fraktionsmassige forsinkelser mellem mikrofoner, og ud fra forsinkelserne bestemmelse af kursestimatet.

9. Skuddetektor (30), der kan detektere baneinformationer om et subsonisk projektil, hvilken detektor

omfatter:
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-2
en flerhed af akustiske transducere (44), der er anbragt i en gruppering i et i alt vasentligt
horisontalt referenceplan, hvor hver transducer (44) er i stand til at omdanne akustiske excitationer til

elektriske detekteringssignaler; og

en signalprocessor (34), der reagerer pa detektering af eksistensen pa detekteringssignalerne af en
akustisk bglgeform, herunder et slipstrgmsbidrag, der er karakteristisk for en slipstrgm for et subsonisk
projektil, der passerer pa en bane i nzrheden, der er i stand til at behandle detekteringssignalerne fra de
akustiske transducere (44) til at bestemme mundingstrykbglgeformer, der er karakteristiske for en
mundingstrykbglge og til at behandle slipstrgmsegenskaber og detekterede mundingstrykbglgeformer til at

bestemme estimerede baneinformationer for projektilet.
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