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ABSTRACT
We present an assessment of the use of a neuromorphic camera
in a Laser Warning Systems (LWS). The tested configuration is
composed of a fisheye lens mounted onto a neuromorphic camera,
yielding hemispherical coverage. We show that the tested configu-
ration can identify the angle of incidence of a laser beam to typi-
cally within 0.05◦. Our results suggest that, in the visible spectrum,
neuromorphic camera would combine the advantage of existing
camera-based and photodiode-based LWSs.

CCS CONCEPTS
•Computingmethodologies→Object detection; •Hardware
→ Biology-related information processing; • Computer systems
organization→ Sensor networks.
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1 INTRODUCTION
Lasers aimed at aircraft put the safety of pilots, crews and passen-
gers at risk. During a laser incident, the pilot may become distracted
or temporarily blinded during critical maneuvers. In Canada, laser
attacks on aircraft are serious events that are registered in the Civil
Aviation Daily Occurrence Reporting System (CADORS). Between
2000 and 2021, a total of 4826 incidents were recorded [11]. The
number of laser incidents in Canada reached a peak in 2015 and
has recently started to rise again. In the USA, the number of laser
strikes was declining until 2018 and then increased to 9723 inci-
dents in 2021, the highest yearly total recorded to-date[1] . The
use of a laser detector, known as laser warning system (LWS), can
confirm the moment of the incident, the origin of the laser pointer
and potentially the wavelength, intensity, and exposure time. This
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information can be used for prosecution and for evaluating the risk
of eye injury.

LWSs are also widely used in military applications for threat
detection [5, 7, 14]. There are many commercial [2, 6, 9] and pro-
totype systems [4, 10, 13] available with a variety of viewing an-
gle resolutions, field-of-view (FOV) coverage and wavelength re-
sponse . Camera-based LWSs have higher angular resolution than
photodiode-based systems due to the larger number of pixels [4].
However, photodiode-based systems are smaller [3, 12] and draw
less power. Although a small footprint LWS is likely often desirable,
the physical size of the aperture can limit the sensitivity of the
overall system. These tradeoffs must be considered in choosing the
appropriate LWS for a given application.

Neuromorphic cameras are attractive for use in a LWS because
laser attacks are expected to be infrequent events and neuromorphic
cameras require processing only when events are registered. This
would enable a LWS to be deployed with limited power consump-
tion and a small physical footprint compared to an LWS based on a
traditional image sensor. Moreover, for fast moving laser threats,
localization with a neuromorphic sensor is not restricted by the
frame rate of a synchronous readout camera, which also requires a
significant power draw to operate at an elevated refresh rates. A
neuromorphic LWS has the potential to combined the best of both
worlds - high resolution, high sensitivity laser threat detection with
a low power draw.

In this paper, we present the results of experiments conducted
using a neuromorphic camera for laser threat detection in the visible
spectrum. The tested configuration is composed of a fisheye lens
mounted on a neuromorphic camera (DAVIS346, iniVation). We
show that this combination provides a hemispherical FOV with
angular resolution and typical accuracy on the order of 0.05◦ − 0.1◦.

2 EXPERIMENTAL
An experimental test bench was built to assess the performance of
a neuromorphic camera for laser event detection and localization.
A schematic of the system is shown in Fig. 1. The camera (iniVation
DAVIS346) was mounted on an automated rotation stage (PI M-
060PD) in the path of a collimated laser beam (658nm). The laser
beam was collimated from the output of a single mode fiber by a
2-inch diameter 200mm focal length plano-convex lens. The camera
is fitted with a fisheye lens (Edmund Optics 62-274) that fills the
camera sensor with a circle of diameter approximately equal to the
frame height. Thus, the camera observes a full hemisphere field of
view (FOV).

The image projected onto the camera sensor is made slightly
out of focus by using a c-mount spacer ring between the lens and
camera. Because of this defocus, the image of the collimated laser
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Figure 1: a) Schematic of experimental setup. SMF: Single
mode fibre; CL: Collimation lens (200mm focal length); LB:
Laser beam (wavelength 658nm); θ : Stage rotation angle; FL:
Fisheye lens; NC: Neuromorphic camera. b) Typical event
density image acquired when scanning from −90◦ to 90◦ in
10◦ steps with fisheye lens aperture set to f/4. The frame is
cropped vertically. Scalebar is 50 pixels.

beam on the camera sensor is approximately 10 pixels in diameter
when the fisheye lens aperture is set to f/4. This defocus is key to
being able to precisely localize a light source incident on the lens.
If the laser beam were instead imaged in focus, it would span less
than a pixel on the sensor. In this situation, localization precision
is poor due to the relatively large discretization and low fill factor
(22%) of the sensor. However, when imaged with defocus, the event-
weighted centroid of the 10 pixel wide spot can be reliably estimated
to within a fraction of a pixel diameter.

Our main goal in this work is to assess the capability of the
neuromorphic camera with fisheye lens to measure incident angle
of a collimated laser beam. Because the collimated laser beam is
located at optical infinity, the displacement of the image of a fo-
cused spot is expected to vary linearly on the image sensor under
the paraxial (small angle) approximation. Although our system is
neither paraxial nor in focus, we expect the equidistant design of
the fisheye lens to result in an approximately linear displacement
vs. angle relationship.

We measure the spot position vs. angle relationship experimen-
tally by acquiring ∆T = 4s of event data for 10 equally spaced
stage rotation angles from −90◦ to 90◦. The laser beam was set to
pulse at 10Hz with a duty cycle of 5%. The time averaged power
incident on the fisheye lens was 81nW (all powers reported are for
the total power incident on the 50mm diameter fisheye lens). From
this 4s event stream for each angle, the event-weighted centroid
was calculated. To filter out noise, a morphological opening with a
3x3 square pixel kernel was performed prior to centroid calculation.

In Fig. 2a we show the event-weighted centroid position along
the x-axis (the direction of rotation) as a function of stage angle.
Although the trend is nearly linear, a linear fit fails to accurately
capture the position of the spot at the extremes of the FOV (Fig. 2b).
The root-mean-squared error (RMSE) of the linear fit is 0.24◦ when
averaged over the 180◦ range of rotation. Although the error of a
linear fit is large at the edges of the FOV, the slope of the fit gives

Figure 2: a) Spot position xc vs. stage angle θ calibration
curve. The dashed curve is the 5th-order polynomial fit the
the experimental datapoints (circles). b) Fit error for a 5th-
order polynomial and a linear fit.

an approximate indication of the angular sampling of the camera
and fisheye system: 0.58◦/pixel . To eliminate the systematic errors
from a linear calibration, we instead fit a 5th order polynomial to
the data:

θ (xc ) =
5∑

n=0
cnx

n
c (1)

where θ is the stage angle, xc is the spot centroid position along
the x-axis, and the cn ’s are fit coefficients. We found that this 5th-
order polynomial fit yielded a RMSE of 0.013◦ with roughly uniform
magnitude over the FOV (i.e. without large over or under shoots at
the edge of the FOV as can be seen in the orange data in Fig. 2b).

3 RESULTS
We assessed the resolution of the neuromorphic laser warning
system by measuring the standard deviation of a stationary spot.
The laser was set to pulse at 10Hz with 5% duty cycle, and for
each pulse the event-weighted centroid was calculated. A typical
distribution of the spot centroids (shown in blue) is shown in Fig.
3a for an angle of incidence of −30◦ and aperture setting of f/4; the
mean position of the spot centroids is shown in orange. The same
measurement was performed for an angle of incidence ranging
from −90◦ to 0◦ along the horizontal (x) direction. The resulting
mean angle from the average centroid ∆θ is shown as a function of
θ is shown in Fig. 3b. Typical values of ∆θ are between 0.03− 0.05◦,
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Figure 3: a) Blue spots: laser spot centroids for 20 sequen-
tial laser pulses at −30◦ incidence. Orange spot: mean cen-
troid position. The radius of the dashed black circle is the
mean distance from pulse centroids to mean pulse position.
b) Mean angle between pulse centroids and mean pulse cen-
troid position (repeatability). Error bars indicate the stan-
dard deviation of the angles between the mean pulse cen-
troid and all pulse centroids. These data are all for an aper-
ture setting of f /4

f /# f /2 f /4 f /8 f /16
∆θ total 0.067◦ 0.040◦ 0.047◦ 0.063◦

Table 1: Repeatabilitymetric ∆θ total for apertures f /2 - f /16

with similar values for standard deviations about this mean. This
means the measured angle of incidence of a single 20ms pulse is
repeatable to within 0.03 − 0.05◦ with an aperture setting of f /4.
This repeatability characterization was repeated for different f /#’s;
the resulting ∆θ total values (∆θtotal averaged over −90◦ to 0◦) are
presented in Table 1.

From the the data in Table 1, an aperture setting of f /4 provides
a good tradeoff between spot size and increased signal, with re-
peatability degrading at either very small or very large aperture
settings. Thus, we use f /4 for all of the data presented in this paper.

Figure 4: Angle error θerr for an incident laser beam mod-
ulated at 80Hz, with duty cycle 50%, with time averaged-
power 810nW, integration time 1s.

The accuracy of the neuromorphic LWSwas investigated bymea-
suring laser spot positions at varying stage angles across the FOV
and comparing with the ground truth angle of incidence given by
the stage position (manufacturer’s resolution specification: 0.0018◦).
After finding the centroid position on the image sensor, the mea-
sured angle of incidence of the laser θmeas was found via Eq. 1. A
typical example of the the difference between the measured angle
and the stage angle θerr = θmeas − θ is shown in Fig. 4. For this
example, the laser was modulated at 80Hz (duty cycle 50%), with
an integration time of 1s. The RMS error (RMSE) of the measured
angle of incidence (over all angles) in this case is 0.054◦.

This RMSE value depends on the laser modulation frequency due
to the high pass filter in the neuromorphic camera circuitry. For all
data in this paper, the bias settings were tuned manually to increase
responsiveness at high frequencies. In Fig. 5a, (same illumination
parameters as for Fig. 4), the RMSE (green dashed curve) initially
improves with increasing laser modulation frequency (due to more
events per unit time) and then degrades rapidly at 1kHz when
the cutoff frequency of the neuromorphic camera’s hardware is
reached. To illustrate the effect of frequency on the response of the
neuromorphic camera, we measured the event frequency response
function for incident powers ranging from 20nW to 9631nW, as
shown in Fig. 5a. While the event response rate drops sharply at
higher frequencies, the value of the cut off frequency increases with
increasing power. We define the cutoff frequency as the frequency
at which the number of events per pulse drops to 10−1; the resulting
cutoff frequencies are plotted in Fig. 5b. At 20nW incident power,
repeated pulses are not detectable above 40Hz compared to a cutoff
of 4kHz at 9631nW. Above the cutoff, individual pulses are not
detectable and instead, the laser appears as a continuous wave
(CW) source: the laser is observable only when it is turned on or
off. For a quasi-CW source pulsing at 1Hz, we measured a detection
limit of 1.2nW of time averaged incident power (0.06nW/cm2) for a
500ms pulse (2.4nW during the pulse, orange datapoint in Fig. 5b).

4 DISCUSSION AND CONCLUSIONS
In this work we presented the results of our investigation on the
use neuromorphic image sensor within LWS. The tested device
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Figure 5: a) Event frequency response function for varying
incident laser powers (left y-axis) and RMSE for 806nW inci-
dent power (right y-axis). b) Frequency cutoff values where
response in (a) drops to 10−1. In the gray region, individual
pulses are not visible, and instead a pulse laserwill appear as
a CW source. The orange datapoint indicates the minimum
time-averaged power for which a 1Hz, 50% duty cycle (quasi-
CW) pulse is detectable.

consist of a fisheye lens with a hemispherical FOV, mounted with a
slight defocus to an iniVation DAVIS346 neuromorphic camera. The
position of resulting laser spot is calibrated as a function of incident
angle using an automated rotation stage setup. We measured a
typical repeatability ∆θ total of ≈ 0.04−0.07◦, and accuracy (RMSE)
of ≈ 0.05 − 0.1◦.

For most LWS applications, the laser source is expected to be
moving with respect to the LWS. Thus, a quickly pulsing laser is
newly observable every time a new pixel is irradiated, thereby mit-
igating the adverse effect of the ≈ 103Hz − 104Hz frequency cutoff.
Even if the laser spot is stationary on the image sensor, we verified
that a quasi-CW (1Hz, 50% duty cycle) source is detectable if the inci-
dent energy at the LWS is above 1.2nJ/pulse. A neuromorphic LWS
has the potential to combine the advantages of photodiode-based
LWSs and camera-based ones. - high resolution, high sensitivity
laser threat detection with a low power draw.

The strong frequency dependent response shown in Fig. 5 is a
reminder that the ability of neuromorphic cameras to capture fast
dynamics is not completely captured by the sensor’s timing accu-
racy or latency metrics. The actual single pixel frequency response
(≈ 103Hz − 104Hz) is significantly slower than the timing accuracy
may suggest 1/1µs = 106Hz. While the single pixel response in
Fig. 5 is known [8], most of the recent literature focuses on moving

stimuli. We caution against overestimating the capability of neuro-
morphic cameras to detect fast, spatially stationary stimuli, as may
be encountered in other fields.

In future work, the combination of the interleaved event sensing
and standard irradiance sensing pixels in the DAVIS346 camera
may by leveraged to further increase repeatability, accuracy and
detectability for low incident power and/or high pulse frequency
scenarios.
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