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ABSTRACT

The nation’s first operational trial of a gunshot location system is underway in
Redwood City, California. The system uses acoustic sensors widely distributed over an
impacted community. The impulses received at each sensor allow triangulation of the
gunfire location and prompt police dispatch. A computer display shows gunfire location
superimposed on a map showing property boundaries. Police are responding to system
events immediately and in a community-policing investigative role.

1. Introduction

The Trilon Technology ShotSpotter gunshot location system is being tested in Redwood
City California. Figure 1 shows a police officer firing a shotgun blank to test the system’s
location accuracy prior to the present operational phase. After 11 weeks of operational trials,
66 potential gunshot events were located and presented to dispatchers in a one square mile
test area, and police and sheriff’s deputies responded to 47 of these. The incidence of gunfire
has substantially diminished, due to a combination of publicity about the system and to law
enforcement response. A citizen committee and the law enforcement agencies are seeking to
have a permanent system installed.

Gunfire is quite prevalent in many urban communities. It originates from gang
activities, drive-by shootings, armed assaults, and from celebratory shooting. Whatever the
cause, most citizens are disturbed by such shooting which make their neighborhoods a less
desirable place to live.

It is very difficult for the human ear to determine the direction from which a gunshot
originates. Police, even if they hear the shots themselves, cannot locate the sources
accurately. When 911 calls arrive to report gunfire, the report is often delayed and
inaccurate, unless the caller actually witnessed a shooting. Moreover, only a small fraction of
the gunfire is ever reported via 911 or other means. A technological tool is needed to assist
police in suppressing gunfire.

2. Shotspotter Gunshot Location System

The Shotspotter consists of elevated acoustic sensors distributed in a community
having unwanted gunfire. The sensors are mounted on rooftops or on utility poles so that
distant gunfire can readily reach the sensors. Only a few sensors - between six and ten - are
needed for every square mile in mixed residential and light industrial areas. The elevated
microphones are in enclosures for protection against wind and rain. The acoustic signals can
be networked via telephone or radio to a central computer where the impulsive gunfire
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sounds are analyzed, triangulated, annunciated, and presented on a community map.
Dispatchers hear an alarm, view the precise location on the computer screen, listen to the
recorded shots, and then dispatch officers. The system saves the data and can give evidence
for patterns of gunfire in space and time. Detectives or community police officers can
investigate specific events or patterns of events at a later time to help suppress gunfire.

Figure 2 shows an acoustic sensor enclosure mounted on a rooftop. The enclosure has a
volume of about one cubic foot. This sensor is connected to the central computer via a
telephone line.

The heart of the system is proprietary software which discriminates against most
incidental noises, accurately locates the gunfire, and presents the location results on a
computer screen. A snippet of 6 sec of data is stored for subsequent analysis when a
gunshot or other impulsive noise is located, and this data can be played back through
speakers so that the dispatchers can ascertain the nature of the sound to determine if they
will dispatch to it. While the system is excellent in discriminating against all but explosive
events, some large firecrackers and loud backfires will trigger the system.

3. Characteristics of Gunshots and Impulsive Noise

Gunfire in urban neighborhoods typically can travel for roughly a mile before it is
dissipated and cannot be distinguished above the ambient noise level. Since the noise level is
lower at nighttime, gunfire will be easier to detect at greater ranges at night. The day to
night ambient urban noise levels may vary from 65 down to 45 dB SPL (decibels sound
pressure level). In traffic the noise levels can be 70 dB SPL or more.

The levels of the muzzle blast from rifle and pistol shots are approximately 160 and 140
dB SPL/re 1m, respectively. In free space at a one kilometer distance, assuming only inverse
range-squared spreading loss and no other attenuation, the received levels would be 60 dB
less, or 100 and 80 dB SPL. These values are significantly above the known ambient noise
levels. This simple analysis predicts that a widely-spaced set of sensors can readily detect
and locate urban gunfire.

Complications arise which make the actual situation more complex. The impulse itself
spreads with time while molecular attenuation severely absorbs the higher frequency
components, reducing signal levels. Most of the spectral energy is below 1 kHz at ranges
greater than 300 m. The most severe limitations come from the impulsive content of the
background noise and blockage from urban structures.

The urban environment is replete with impulsive dog barks, car door slams, bouncing
balls, firecrackers, backfires, hammering, crashing garbage cans, and chirpy bird songs.
More continuous but variable sounds such as train whistles, aircraft, and motorcycles round
out the acoustic environment against which the gunfire must be located.

Only explosive events such as gunfire, some fireworks, or very strong backfires have

the strength and characteristics to be located by the Shotspotter. An example of the signature
from a shotgun blank fired a police officer is presented in Figure 3. Note the abrupt onset of
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the impulses in the time axis which extends over 5s, and the variable secondary echoes at
each sensor. The nearest sensor which responded at 0.000 on the time axis was about 1000
feet away. The relative time between the first and the second impulses is 0.57s, or a relative
distance of 640 feet. In this case triangulation was accurate enough to specify the correct
corner of the intersection where the test shot was fired (as will be shown in Figure 5).

The greatest uncertainty in the sound strength from gunfire is due to blockage from
urban structures. When sound is blocked from a direct path to the sensors, it must refract
around a building or else reflect from another structure and then propagate to the far sensor.
Each refraction of the sound around a building can easily reduce the strength by 5 to 15 dB,
so more than two refractions will likely reduce the intensity to an unusable level. The
refracted wave will also have a longer path length. Hence the triangulation solution, which
assumes straight line propagation will be slightly in error. Comparisons of experiments done
over open land and in a city show that the degradation in accuracy, with sensors on the
order of a half mile apart is from about 10 feet to about 30 feet due to refraction around
buildings.

The effect of structures can be more insidious if the most direct path (i.e. refracted path)
is so attenuated that the computer cannot recognize it, and hence uses a reflected path in its
place. Then the error in location can be hundreds of feet rather than the much more
common 10 to 50 feet. While the closest sensor is usually the strongest, sometimes it will be
completely blocked, but the remaining sensors can often accurately locate the gunfire. A
consistency check between triangulated solutions when more than three sensors respond has
yielded excellent results in identifying correct locations.

The nighttime is also more favorable for distant sound propagation because there is apt
to be less wind, which itself is noisy and can produce impact sounds at the microphones if
they are not protected by windshields. Wind will also bend sound waves which reduces
propagation against the wind, or increases sound levels propagating with the wind.

Because the velocity of sound has a small temperature coefficient, temperature
compensation can help to improve the accuracy of location of the gunfire. Temperature
gradients will also refract the sound -- sound propagating over a hot street will bend
upward and away from distant sensors. At night, there will be less temperature gradient
from streets, and if a temperature inversion exists, it can improve propagation over very
long distances.

The perpetrators of gunfire feel safer shooting under cover of darkness, so there are
more gunfire events at nighttime, when conditions provide better detection and location
capabilities.

The Shotspotter has been designed to operate in this environment and to readily locate
the gunfire. The strategies include adaptive thresholding, testing for rapidity of onset and
amplitude of impulse, spatial filtering from the widely-spaced sensors, and consistency
checks on the triangulated solution.



4. Redwood City Trial

Redwood City California and the adjacent unincorporated areas of San Mateo county,
like many communities, suffers a moderate amount of random gunfire. Citizen groups
demanded stronger efforts to eliminate this mostly celebratory gunfire, which a few years
ago became intolerable. The citizens brought to the city council recordings of gunfire and
spent bullets found in the street. The RCPD inaugurated a “Silent Night” program during
New Year’s Eve in 1994 and 1995 to minimize the problem through education, apprehension
and prosecution. A reduction of gunfire was obtained, yet the police could not do as
effective a job as they hoped. Trilon Technology was placed under contract in 1995 to test
their new gunshot location system -- a technical tool to assist law enforcement in
suppressing gunfire.

The test area is about one square mile in South-East Redwood City and in San Mateo
County, so there is a split jurisdiction between two law enforcement agencies. The area is
illustrated in Figure 4. A set of square boxes indicates submap positions which cover more
than the formal test area. Each box is 1500 feet across, so the area within the 6 by 4 boxes
covers 9000 by 6000 feet. The Shotspotter can detect events over the entire area. Eight
sensors are located in the boxes, but their positions are not shown, since the home or
business owners have been promised anonymity.

The contract specified a Phase I trial wherein the police fired off rifle, pistol, or shotgun
blanks at random times and locations in order to assess the system capability. After the
system was fully configured with eight sensors, it passed the test with an 80% detection rate
and a median location accuracy of 15 yards. The output of the ShotSpotter is shown in
Figure 5, where a trial shotgun blast was precisely located on the correct corner of the
intersection.

Currently a Phase II trial is underway, where the effectiveness of dispatching officers to
gunshot events is under evaluation. Of the 47 events to which responses were made in the
first 11 weeks of the trial, 20 are known to be gunfire. Many events are difficult to evaluate,
as sometimes the citizens may not be cooperative, or may not have been awake when the
event occurred. The police and sheriff’s officers have confirmed the proper operation of the
system by investigating many of the detected events. Shell casings have been found in the
street exactly where the system declared a firing occurred.

Many interesting events have occurred which illustrate the variety and complexity of
the gunfire problem. Late in the Phase I trials, a double shot was located at the front corner
of a property at 2AM. In the evening on the next day, officers went out to that spot and
made a double shot with a pistol, to determine if the Shotspotter had been accurate. The
property owner came out and said that a drunk had been by early last morning and fired off
two shots just where the officer was shooting. The system also confirmed the location of the
test shots.

An officer witnessed a shooting near a highway sign, but could not follow the shooters
across a median strip. Those shooters had previously shot-up several mailboxes along the
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street. The Shotspotter caught a single shot and then a sextuple shot a few seconds later.
Five of the seven shots penetrated the highway sign.

At 4:02 AM one morning, a triple shot was located and annunciated. Then at 4:08
another 4 shots were fired at the same location. Six 911 calls, beginning at 4:09, came in over
the next 15 minutes, reporting 4 locations relatively close to the true spot, but up to a block
away. Deputy sheriffs arriving at 4:17 confirmed the events by speaking to residents, and
determined that drunks were involved.

Several drive-by shootings have been located, and the velocity of the vehicle has been
determined by measuring the change in position between the first and last shots of a
sequence. Sequences of from two to eight shots have been detected. The measured vehicle
velocities have been between 11 and 40 MPH.

The community and the two law enforcement agencies are now evaluating how they
might insure the continuation of the Shotspotter operations beyond the present trial. They
wish to have this tireless electronic citizen continuously on duty, “calling” 911 promptly to
help make their neighborhood a quieter and safer place.

5. Conclusions

Results of the Redwood City operational test, as reported by the residents and the
police, show that the system has greatly reduced the incidence of illegal shooting in the test
area. The ShotSpotter’s chief benefits are:

1. The system is automatic and promptly notifies dispatchers of any shootings with an
accurate location. This compares favorably with 911 reports, which arrive late, if at all, and
do not pinpoint the location, making police response less effective.

2. The officers get a print-out of the location and time of the incident. This enables them
to follow up by visiting the residents in the immediate area of the shooting. This visit with
the printout is dramatic to the residents, and builds every ones confidence that gunfire can
be detected. It discourages any residents who fired guns from continuing the practice,
because they know they are being monitored. The process educated the community that joy-
shooting is not acceptable.

3. The ShotSpotter has enabled the residents to feel much safer and to enjoy an
enhanced quality of life. It has united the neighborhood, improved relations with the police,
and will likely increase property values.






