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1
PASSIVE ELECTRO-OPTICAL TRACKER

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims benefit of and commonly owned
U.S. Provisional Patent Applications No. 61/208,700 titled
“Multiple Object Omnidirectional Passive Electro-Optical
Tracker” filed Feb. 25, 2009 by Agurok and No. 61/260,149
titled “Passive Electro-Optical Tracker” filed Nov. 11, 2009
by Agurok. Both of those applications, which have at least
one common inventor to the present application, are incorpo-
rated herein by reference in their entirety.

BACKGROUND OF THE INVENTION

Surveillance, detection, and tracking of multiple high-
speed objects, particularly bullets, mortars, small rockets, and
artillery shells, can help military forces immediately locate
sources of enemy fire and trigger countermeasures, thereby
reducing combat casualties.

The traditional techniques for detection and tracing of fast
moving objects are different kinds of radar but unfortunately,
traditional radar has inherently low resolution for such small
objects. Worse yet, radar cannot scan 360° of azimuth with a
high enough frequency (times per second) for timely bullet
detection.

Fast moving projectiles rapidly heat up by several hundred
degrees Kelvin, thereby radiating in the Mid-Infrared
(MWIR) region, where electro-optical resolution is far supe-
rior, even to microwave radars. An MWIR system of the prior
art was recently developed by Trex Enterprise Corp and is
described in Ref. [1]. This technique comprises a high-reso-
Iution, “roving fovea” MWIR telescope for projectile track-
ing and a coordinated pulsed-laser radar (lidar) for distance
determination. The rapidly slewing “roving fovea” method is
quite fast by mechanical standards, but it still takes 200 msec
for one scan of a field of regard of only 36° square and,
therefore, five seconds are required for a full hemisphere.
This means that bullets will not be detected and tracked to any
useful extent. Moreover, the use of lidar on a precise targeting
platform results in a system that is too bulky and expensive to
purchase and not useful for tracking anything smaller than
rockets and artillery shells.

One object of the present invention is to make possible a
compact, cost-effective passive electro-optical tracker of
multiple high-speed objects in a combat environment. The
Passive Electro-Optical Munitions Tracker (PET) described
in this specification can assist in providing pinpoint 3D infor-
mation in real time to back-track projectiles to their source of
fire.

SUMMARY OF THE INVENTION

Fast moving projectiles rapidly heat up by several hundred
degrees Kelvin, thereby radiating in the Mid-Infrared
(MWIR) region, where electro-optical resolution is far supe-
rior even to microwave radars.

The temperature of fast moving projectiles depends
directly on their speed [1]. According to Wien’s displacement
law, the spectrum maximum of light emitted by a heated body
shifts to shorter wavelengths as the temperature increases [4].
The atmosphere has two high transmission windows in the
MWIR region, at wavelengths from 3.0 to 4.2 um and from
4.3 t0 5.2 pm. The temperature of an object can be estimated
by comparing the irradiance measured by the sensor for that
object for these two sub-wavebands. Once this value is deter-
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2

mined the speed of the projectile can then be calculated. The
instantaneous speed data and array of azimuth and elevation
obtained from the electro-optical sensor, together with the
calibrated signal levels in each of its pixels, can be used to
determine the ballistic trajectory by a proprietary application
of' the least-square method. This approach can determine the
3D trajectory of projectiles with very high degree of accuracy
using passive electro-optical sensors without the need for
scanning lidar.

The imaging system can be a fixed staring array that moni-
tors the entire target region for every image cycle. This staring
array may use a “fish-eye” or similar lens or mirror arrange-
ment to view 360° of azimuth using a CCD or other sensor
array on a flat image plane. The projectile tracking optics can
be compact as 60 mm in diameter and no more than 100 mm
in length, and can be mounted on an army vehicle or
unmanned aerial vehicle (UAV) to support troops with tacti-
cal battlefield information. This passive electro-optical
tracker can have a short enough reaction time not only to
back-track projectiles and pinpoint the source of the fire
nearly in real time, but also to trigger alarms and automatic
countermeasures. The system can also be tied into a battle-
field database to help distinguish friendly versus enemy fire,
which can also be used to both save lives and quickly rule out
projectiles which are not emanating from hostile positions.
The latter can reduce the computing power needed to track
hostile projectiles.

One objective of the present invention is to make possible
a system reaction time short enough to backtrack projectiles
and pinpoint the source of the fire to trigger automatic coun-
termeasures, such as laser designation or even counter-sniper
fire, before a second enemy shot can be fired. Also, an audible
warning to troops in the target zone could allow a second or
two of time to simply duck.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, features, and advantages of
the present invention will be more apparent from the follow-
ing more particular description thereof, presented in conjunc-
tion with the following drawings wherein:

FIG. 1 is a graph of bullet speed as a function of tempera-
ture.

FIG. 2 is a graph of spectral radiant emittance of heated up
gray bodies.

FIG. 3 is a graph of atmospheric spectral transmission.

FIG. 4 is a perspective view of an omnidirectional two-
mirror optic.

FIG. 5 is an axial sectional view of another, similar two-
mirror optic.

FIG. 6 shows an example of the annular format of an image
from an omnidirectional optic similar to those of FIG. 4.

FIG. 7 is an axial sectional view of an omnidirectional
fish-eye lens optic.

FIG. 8 is a diagram illustrating how range is calculated
from successive observations of azimuth and speed.

FIGS. 9A and 9B are a flow chart of a combined projectile
tracking algorithm.

FIG. 10 is a view similar to FIG. 5 of an omnidirectional
optic with a beam splitter for directing dual subbands to
separate detectors.

FIG. 11 is a graph showing optical transfer function as a
function of spatial frequency.

FIG. 12 is a perspective view of an urban scene.

FIG. 13 is an image of the urban scene of FIG. 12 as
projected onto a flat optical plane by an omnidirectional optic.
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FIG. 14 is a diagram of spherical coordinates in the field of
view.

FIG. 15 is a graph of projectile radiance spectrum at dif-
ferent temperatures.

FIG. 16 is a snapshot of the system output on a computer
screen.

FIG. 17 is a schematic aerial view of a system operation
scenario.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A better understanding of various features and advantages
of the present methods and devices may be obtained by ref-
erence to the following detailed description of the invention
and accompanying drawings, which set forth illustrative
embodiments. Although these drawings depict embodiments
of'the contemplated methods and devices, they should not be
construed as foreclosing alternative or equivalent embodi-
ments apparent to those of ordinary skill in the subject art.
1. Principles of Operation
1.1 Aerodynamics of Fast Moving Projectiles; Speed-Tem-
perature Dependence.

The surface of fast-moving bullets and other projectiles is
quickly heated by air friction to a speed-dependent tempera-
ture, as detailed in Ref[1]. FIG. 1 shows a graph 100 with an
ordinate 101 of projectile speed in Mach numbers (relative to
Mach 1=340.3 nv/s) and an abscissa 102 of absolute tempera-
ture. High speed IR imaging of an example of a bullet from a
rifle reveals that it is traveling with a speed of 840 m/s (Mach
2.5) at a distance of 1 meter from the rifle. Aerodynamic
frictional heating of the bullet’s nose at this distance reaches
atemperature 0f440° K [3]. By the time the bullet has reached
2 m into its flight, it will reach a temperature of 600° K, the
maximum temperature associated with a bullet speed of
Mach 2.5, as can be seen in FIG. 1. Therefore by 2 meters
from the muzzle of the rifle the “signature” of such a rifle and
bullet can be fully determined.

1.2 Infrared Signature of Hot Objects.

Heated up projectiles radiate light and have their spectral
maxima in or near the MWIR region. A very useful fact is that
projectiles heated up to different temperatures have a differ-
ent ratio between the IR energies radiated in the 4.3 to 5.2
microns transmission band, referred to in this specification as
wavelength Bandl, and in the 3.0 to 4.2 microns transmission
band, referred to in this specification as wavelength Band2.
By finding the ratio between the energies in the two bands,
Bandl and Band2, the absolute temperature can be deter-
mined with good accuracy [2]. Once the absolute temperature
is known, the speed can then be calculated with a high degree
of confidence. Because only a ratio of two radiations is
needed, the temperature, and therefore the speed, can be
determined without needing to know the absolute radiation
intensity, and therefore before determining the type, size, or
distance of the target projectile.

The monochromatic intensity from a black body is given
by the following equation from Planck’s law [4]

20 1 (69)

“n D=4
eksT —1

where u is thermal radiation intensity as a function of light
frequency v and absolute temperature T. The physical con-
stants in equation 1 are listed in Table 1. The total emissive
power within a particular bandwidth is calculated by integrat-
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4

ing equation 1 over the frequency interval of the bandwidth
using the above equation from Planck or the modified Planck
equation that gives the monochromatic intensity as a function
of wavelength [4].

TABLE 1

Physical constants

h  Planck’s constant 6.626 0693(11) x 1074

Ts=4.13566743(35)x 107°eV's
b Wien’s displacement constant  2.897 7985(51) x 10> m K
kp Boltzmann constant 1.380 3205(24) x 10723
TK'=8.617343(15)x 102 eV K™!
o Stefan-Boltzmann constant 5.670 400(40) x 107 Wm—=2 K™
¢ Speed of light 299,792,458 ms~!

Projectiles are typically made of metals. Such objects radi-
ate as a gray body [4]. A gray body’s spectral radiation power
isu' (v,I)=eu(v,T), where u(v,T) is the spectral radiation of a
black body (see Equation 1), and € is the emissivity of the

metal body (which is typically slowly varying over tempera-
ture but is constant over all wavelengths for a particular tem-
perature). For a gray body e=1. Integrating u' (v,T) over the
two MWIR bands gives the ratios (as parameter C) shown in
Table 2. FIG. 2 shows graphs 200 with functions u' (v,T) for
several temperatures: graph 201 for 500° K, graph 202 for
600° K and graph 203 for 700° K. Because € is independent of
wavelength, it will not affect the value of the parameter C, and
will therefore not impair the estimation of temperature.

TABLE 2

Thermal Signature of Different Bullet Speeds

Speed, m/s T,°K Ppeaier HTL C = Band1/Band2
700 511 5.67 1.68
800 570 5.08 1.4
900 628 4.61 1

FIG. 3 shows graph 300 of the infrared transmittance of air
as a function of wavelength, with the two MWIR atmospheric
transmission windows, Band1=4.3-5.3 um, indicated at 301,
and Band2=3.0-4.2 pm, indicated at 302, used in Table 2
calculations (for a 1800 m propagation distance at sea level).
1.3 Optical Tracker Architectures.

In an embodiment of the proposed system, a multilayer
filter is used to split the two bands at 4.2 um, so that light in
one band is sent to one sensor and the other to a second sensor.
An analysis shows that for this two band approach a 1%
thermal and readout noise of the sensor results in 2% accuracy
for the Band1/Band2 ratio, which in turn correlates to £7° C.
temperature accuracy.

Several optical architectures can be used for omni-direc-
tional optics of the system. FIG. 4 shows the 3D view of a
prior art embodiment of an omnidirectional optical system
400 of Ref. [5]. This sort of two mirror configuration is
suitable in a ground mounted electro-optical tracker, where
the blind spot directly upwards, caused by the secondary
mirror, may be acceptable.

FIG. 5 shows a plan view of a further development using a
two-mirror panoramic system 500 according to U.S. Pat. No.
6,611,282 [6].

FIG. 6 shows example of an annular field of view, 601, that
would be seen by a sensor, which is 360° in azimuth and -20°
to +80° degrees in elevation. This is typical of the image
obtained using the optical systems of FIG. 4. The Azimuth is
mapped directly onto the image, and the elevation is mapped
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directly to a radius within the annulus. FIG. 6 shows the
image with the highest elevation at the largest radius.
Depending on the optical geometry, the image may instead
have the highest elevation at the smallest radius, as illustrated
in FIG. 13 below. The skilled optical designer will also under-
stand how to control the relationship between altitude in the
field of view and radius in the image plane.

For UAV mounted systems the Fish-eye imager with hemi-
spherical field of view, as shown FIG. 7 and indicated by the
reference number 701, is preferable. As may be seen from
FIG. 7, the fish-eye lens naturally produces an image with the
center of the field of view at the center of the image, but the
relationship between elevation (relative to the optical axis)
and radius on the image is still to a significant extent control-
lable by the optical designer.

In the proposed system, the omni-directional optics, exem-
plified by FIG. 4, FIG. 5, or FIG. 7, is augmented with a
spectrum splitting mirror (see FIG. 10) that enables two bore-
sighted CCD images to be formed. A system controller col-
lects and concurrently analyzes both streams of high-speed
video data. By the next readout cycle there will be a tempera-
ture map highlighting objects of interest. Within a few more
readout cycles, a complete 3D trajectory can be modeled, and
the impact point and shooter position predicted. Also, once
the range from the observing system to the projectile object is
known, the absolute intensities of the original infrared images
give an indication of the object’s surface area, and hence
bullet caliber, as well as providing a means of quickly calcu-
lating the planar trajectory angle that the bullet is traveling on
(see angle p in FIG. 8)

Inthe case of multiple snipers firing in concert, there are the
well-proven Kalman filtering algorithms utilized for strategic
missile defense against even hundreds of projectiles. Kalman
filtering is thus well suited for ‘connecting the dots’ for doz-
ens of bullets at once, while simultaneously registering other
items of military interest, particularly muzzle flashes, fires,
detonations, and rocket exhaust, which could be tracked as
well. Modern electronics have provided miniature field-de-
ployable computers that can be adapted to such a video-
computation load. Some of the early stages of pixel compu-
tation can be done integrally with the image readout.

FIG. 5 shows a possible type of hemispheric imaging with
atwo-mirror panoramic head. Primary mirror 501 is a convex
hyperboloid and secondary mirror 502 is a concave ellipsoid.
This pair transfers the omnidirectional input field into a flat
internal ring shaped image 503 located between the mirrors.
The beams are focused in this plane. A Double-Gauss projec-
tion lens 504 re-images this ring-shaped image onto receiver
plane 505. It is necessary to perform this re-image, as the
two-mirror optic produces a primary image in an intermediate
plane located between the two mirrors. If the camera were
positioned between the mirrors at the primary image plane
location, the camera would obscure the incoming beams from
the primary mirror to the secondary mirror. Given the practi-
cal constraints on the mirrors, it would be difficult to obtain a
primary image behind the primary mirror. In addition, the
mirrors 501, 502 typically produce a primary image so
severely distorted that using a projection optic 504 to reduce
the distortion is highly desirable.

The projection lens and CCD camera, which are typically
the most expensive and most fragile parts of the tracker head,
are also much less vulnerable when they are positioned
behind the primary mirror, and can be placed in an armored
enclosure for additional protection. The exposed parts of the
optics are two mirrors, which can be reflective surfaces
deposited on massively constructed, and therefore relatively
robust, substrates. A polycrystalline alumina dome mounted
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on the primary mirror housing supports the secondary mirror
and provides environmental protection for the whole optical
assembly. Double Gauss lens 504 is a well known universal
type of objective. It can compensate for a wide variety of
aberrations—spherical, coma, astigmatism, and field curva-
ture. In such an inherently distorted image, the optical system
should not introduce any un-wanted aberrations since it could
potentially destroy important information. Therefore, the
omnidirectional optic should have controlled distortion so
that, for example, the radial (elevations) distortion can be
removed at the post processing.

The lens material for refractive optical elements must have
a high transmission for the MWIR band. A suitable material
can be germanium, silicon, or ZnSe, among others. The
beamsplitter can be located in the object space so as to sepa-
rate the two sub bands by reflecting one to a second camera.
Theratio of image irradiance on the sensors in the two MWIR
bands will give a temperature map, so that a small pixel-
cluster can be tentatively identified as a projectile target and
assigned an expected projectile speed. This also determines
the radius within which the same projectile is expected to
show up for the next readout cycle.

1.4 Tracking Algorithms.

A 2D example of the simulated trajectory of a bullet and its
position over time is illustrated in FIG. 8. Table 3, which
follows, provides the azimuth angle and range at several
intervals of Y30 sec. In this example the bullet tracking begins
at point A, FIG. 8, which is 300 meters away from the omni-
directional lens (“omnilens”) at the origin O. For conciseness,
it will be assumed that the tracker is a compact device at the
origin O. However, the computer or other logic device that
does the calculations could be separate from the optics. In that
case, the origin O is the location of the imaging optics. The
data calculated in Table 3, which assumes a constant bullet
speed, are used to show the accuracy of the different tracking
algorithms in the Passive Electro-Optical Munitions Tracker
(PET) system for a variety of atmospheric conditions. One of
the advantages of the proposed system is that several methods
of analysis can be carried out independently of one another,
thus providing checks and balances and a higher degree of
confidence to the projected values.

In this calculated example, the bullet’s trajectory, line 801,
crosses the azimuth A O, segment 802, at an angle $=40°. It
is assumed that the tracker is taking new azimuth readings of
the projectile every At=V30 sec, which results in array of
azimuth angles o, 803. Every time segment At, the bullet
travels a distance A=At*V, shown as segments 810, where
V5 is a bullet speed (which in the PET system is calculated
from bullet temperature). In this example, the trajectory was
simulated for V=853 nv/s and A,O=300 m. In the following
calculation, it is assumed that the azimuth angles a, are mea-
sured in the plane containing the bullet trajectory (approxi-
mated to a straight line) and the position O of the tracker. That
usually gives more accurate results than measurements pro-
jected into the local absolute geodesic azimuth plane.

As long as the trajectory approximates to a straight line in
the plane of computation, the choice of computational frame
ofreference does not typically significantly increase the com-
putational burden because, as discussed elsewhere in this
specification, the observed trajectory is in any case trans-
posed from the (usually severely distorted) camera pixel array
space to a real world space.






