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(37) ABSTRACT

Search points in a search space may be projected onto
images from cameras imaging different parts of the search
space. Subimages, corresponding to the projected search
points, may be selected and processed to determine 1f a
target object has been detected. Based on subimages in
which target objects are detected, as well as orientation data
from cameras capturing 1mages from which the subimages
were selected, positions of the target objects in the search
space may be determined.
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DETECTING TARGET OBJECTS IN A 3D
SPACE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a divisional application of U.S.
Ser. No. 17/715,194, filed on Apr. 7, 2022 and entitled
“Detecting Target Objects mm a 3D Space,” which 1s a

divisional application of U.S. Ser. No. 16/779,917, filed on
Feb. 3, 2020 and entitled “Detecting Target Objects 1n a 3D
Space,” the entireties of which are incorporated herein by
reference for all purposes.

GOVERNMENT LICENSE RIGHTS

[0002] This mnvention was made with Government support
under Contract No. GS00Q140ADU329 awarded by the
United States Air Force. The Government has certain rights
in this invention.

BACKGROUND

[0003] Unmanned aerial vehicles (UAVs), also known as

drones, are widely used. Detecting UAV's can be a challeng-
ing problem. Although radar i1s a useful tool, some radars
may struggle to detect objects, such as some UAVs, that may
be relatively slow-moving and that have small radar cross-
sections. Moreover, radar may lack the spatial resolution to
satisfactorily detect and track large numbers of UAVs.

SUMMARY

[0004] This Summary 1s provided to itroduce a selection
of some concepts 1n a simplified form as a prelude to the
Detailed Description. This Summary 1s not intended to
identify key or essential features.

[0005] Multiple cameras may be arranged in and/or
around a search space. Some or all of the cameras may
continuously pan and/or tilt to move fields of view of those
cameras to 1image different portions of the search space. A
plurality of search points in the search space may be
selected. Based on orientation data for the cameras, posi-
tions of at least some of the search points may be projected
onto 1mages captured by at least a portion of the cameras.
Subimages, corresponding to the projected search point
positions, may be selected and processed to determine 1f a
target object has been detected. Based on subimages with
which target objects are detected, as well as orientation data
from cameras capturing 1mages from which the subimages
were selected, positions of the target objects 1n the search
space may be determined. The search point positions may be
randomly selected and/or may change over time (e.g., each
search cycle). If a target object 1s detected, a portion of the
search points may be assigned to the target object and
positioned based on a position of the target object.

[0006] These and other features are described in more
detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Some features are shown by way of example, and
not by way of limitation, in the figures of the accompanying,
drawings and i which like reference numerals refer to
similar elements.

[0008] FIG. 1 1s a partially schematic plan view of a
system for detecting target objects.

Feb. 1, 2024

[0009] FIG. 2 1s a partially schematic elevational view of
the system of FIG. 1.

[0010] FIGS. 3A, 3B, and 3C are respective top, side, and
front views ol an example camera and pan/tilt mount
attached to a pole.

[0011] FIG. 3D 1s a top view of the example camera,
pan/tilt mount, and pole of FIGS. 3A through 3C and
showing the camera panned relative to the orientation shown
in FIG. 3A.

[0012] FIG. 3E 1s a side view of the example camera,
pan/tilt mount, and pole of FIGS. 3A through 3C and
showing the camera tilted relative to the orientation shown
in FIG. 3B.

[0013] FIG. 4A shows an example calibration image.

[0014] FIG. 4B shows a portion of the example calibration
image of FIG. 4A.

[0015] FIG. 5A1s a partially schematic elevational view of
an example camera at a time of capturing an 1mage of an
example target object.

[0016] FIG. 5B is a partially schematic plan view of the
example camera of FIG. SA at the time of capturing the
image ol the example target object.

[0017] FIG. 5C 1s a partially schematic view of an

example 1mage captured by a camera at the time correspond-
ing to FIGS. SA and 5B.

[0018] FIG. 6 1s a partially schematic plan view of the
system of FIG. 1, showing a plurality of search points.

[0019] FIG. 7 1s a partially schematic elevational view of
the system of FIG. 1 showing a plurality of search points.

[0020] FIGS. 8A and 8B are a tlow chart showing an

example method for detecting target objects 1 a search
space.

[0021] FIGS. 9A and 9B shows examples of subimages.

[0022] FIGS. 10A and 10B are partially schematic eleva-
tional and plan views, respectively, showing overlapping

fields of view (FOVs) of two cameras.

[0023] FIG. 11 1s a flow chart showing an example of

additional steps that may be performed as part of the
example method shown 1n FIGS. 8A and 8B.

[0024] FIG. 12 1s a flow chart showing an example of

additional steps that may be performed as part of the
example method shown 1n FIGS. 8A and 8B.

[0025] FIG. 13 15 a partially schematic elevational view of
the system of FIG. 1 after redistribution of search points.

[0026] FIG. 14 1s a block diagram of an example com-
puter.
[0027] FIGS. 15A, 15B, and 15C are graphs showing

estimated RMS error and error ellipsoid dimensions based
on simulations.

[0028] FIGS. 15D, 15E, and 15F are graphs showing
estimated RMS error and error ellipsoid dimensions based
on additional simulations.

DETAILED DESCRIPTION

[0029] Arrays of cameras may be used to distinguish,
detect, and/or track target objects such as small UAVs. Data
from multiple cameras capturing images ol a target object
may be used to determine an XYZ position of the target
object 1n a search space. Unlike many radars, which may
have errors of 1 to 2 degrees when determining azimuth or
clevation of a detected object, a camera may have an angular
resolution on the order of 0.01 degrees. Although a single
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camera may be less able to determine range than radar, range
may be determined 11 at least 2 cameras capture 1images of
a target object.

[0030] FIG. 1 1s a partially schematic plan view of a
system 10 configured to detect target objects (e.g., UAVs)
that may enter a search space 11. The search space 11 may
cover an area A extending across a horizontal plane corre-
sponding to the X and Y axes shown 1n FIG. 1. The Z axis
shown 1 FIG. 1 axis may correspond to a vertical axis and
may, 1n combination with the X, Y, or other horizontal axis,
define one or more vertical planes. The search space 11 may,
as explained in more detail below, extend vertically over the
area A. A Tacility (e.g., a military base or camp) be located
in the area A, and 1t may be desirable to protect the facility
from UAVs. The system 10, upon detecting a UAV or other
target object 1n the search space 11, may output information
(¢.g., coordinates defining a location of the target object) to
one or more other systems so that the target object may be
tracked and/or otherwise acted upon (e.g., shot down).

[0031] The system 10 may comprise a plurality of cameras
(“C”). In the example of FIG. 1, the system 10 comprises 12
cameras 14.1 through 14.12. For convenience, the cameras
14.1 through 14.12 may be referred to collectively as the
cameras 14 and/or generically as the (or a) camera 14. The
cameras 14 may be equally spaced around a circular bound-
ary of the area A. However, this 1s not required. In other
example configurations, the cameras 14 may not be equally
distributed, some or all of the cameras 14 may be displaced
inward or outward from a boundary of an area covered by a
search space, and/or there may be more or fewer cameras 14.
An area covered by a search space need not be circular, and
may have any regular or irregular shape.

[0032] FEach of the cameras 14 may have a field of view
(FOV). The FOV of a camera 14 may be a frustoconical or
frusto-pyramidal spatial region, extending from the camera
14, that can be 1maged by an 1mage sensor of the camera 14.
The onientation of an FOV of a camera 14 may change as
that camera 14 1s moved. To avoid confusing FIG. 1 with
unneeded details, FOV lines are only included for the
cameras 14.2, 14.4, and 14.12. The lengths of lines used to
indicate FOVs 1n the drawings are not mtended to indicate
depths associated with FOVs. The widths, depths, and
shapes of the FOVs of the cameras 14 may all be the same,
or one or more of the cameras 14 may have an FOV having
a width, depth, and/or shape different from that of the
FOV(s) of one or more other cameras 14.

[0033] FEach of the cameras 14 may pan by rotating about
a first (e.g., a vertical) axis. Each of the cameras 14 may also
t1lt by rotating about a second (e.g., a horizontal axis). For
example, the camera 14.12 1s shown panned toward the
camera 14.11 and the camera 14.2 1s shown panned toward
the camera 14.3. Additional details of the cameras 14 are
described below 1n connection with FIGS. 3A through 3E.
Each of the cameras 14 may be configured to continuously
pan back and forth and/or continuously tilt up and down so
as to capture 1images of all or substantially all of the search
space 11 during the course of one or more search cycles. The
pan and/or tilt of each camera may be random, regular (e.g.,
periodic), and/or otherwise controlled.

[0034] An area associated with a search space may be tens,
hundreds, or thousands of meters across. For example, a

distance D separating cameras on opposite sides of the area
A (e.g., the cameras 14.1 and 14.7) may be 50 meters, 100
meters, 500 meters, 1000 meters, 1500 meters, or another
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value. A size of an area such as area A may similarly have
a wide range of values. For example, the area A may have
a size of at least 2000 square meters (m>), at least 8000 m~,
at least 200,000 m?, at least 500,000 m~, at least 785,000 m~,

at least 1,767,000 m=*, or another value.

[0035] FEach of the cameras 14 may be 1n communication
with one or more computers 18. Although FIG. 1 only shows
communication paths between the computer 18 and the
camera 14.5 and between the computer 18 and the camera
14.6, similar communication paths may extend between the
computer 18 and each of the cameras 14. The communica-
tion paths may be wired and/or wireless. The computer 18
and the cameras 14 may be nodes of a network. Data that
may be transmitted from a camera 14 to the computer 18 via
one of the communication paths may comprise 1image data
for an 1mage captured by the camera 14, values for pan and
t1lt of the camera 14 at the time ol an 1mage capture,
metadata (e.g., time/date) for a for a captured 1image, status
and/or error reports for the camera, etc. Data that may be
transmitted to a camera 14 may comprise a pan instruction,
a tilt instruction, an instruction to capture an image, an
instruction to provide image data, an instruction to provide
pan and/or tilt values, and/or other information. The com-
puter 18 may also provide data in the form of programming
istructions to a camera 14. For example, each camera 14
may comprise a separate control device that executes pro-
gramming 1nstructions to control pan and/or tilt actuators, to
control zoom-in and/or zoom-out, to control aperture open-
ing, and/or to control other operations of the camera 14.
Those programming instructions, and/or updates or modifi-
cations thereto, may be downloaded to a camera 14 by the
computer 18.

[0036] FIG. 2 1s a partially schematic elevational view,
from the location indicated 1n FIG. 1, of the system 10. The
X, Y, and Z axes shown in FIG. 2 are the same as those
shown 1 FIG. 1. For convenience, only the cameras 14.1
and 14.7 are included in FIG. 2, but the other cameras 14
may have heights above the ground surface G similar to
those of the cameras 14.1 and 14.7. The cameras 14.1 and
14.7 are both tilted upward. Also shown in FIG. 2 1s a ground
surface G. The search space 11 1s shown 1 FIG. 2 as a
hemispherical region above the ground surface G. However,
the shape of a search space need not be hemispherical and
may have any shape. Also shown 1n FIG. 2 15 a center pixel
vector VCP(14.7) associated with the camera 14.7. Center
pixel vectors are further described below.

[0037] FIG. 3A 15 a partially schematic top view showing
an example camera 14 mounted for use 1n the system 100.
FIGS. 3B and 3C are partially schematic side and front
views, respectively, of the mounted example camera 14. The
camera 14 may comprise a lens/aperture assembly 20. The
lens/aperture assembly 20 may be adjustable to control a
width and/or height of the FOV, and/or depth of the FOV
(e.g., a zoom). The lens/aperture assembly may be con-
trolled by a servo or other actuator, not shown, that can be
controlled remotely (e.g., by the computer 18). The camera
14 may attached to a pan/tilt mount 21, and the mount 21
may be attached to a post 25 or other support. The mount 21
may include a base 22, a main body 23, and a camera
mounting bracket 24. The main body 23 may be rotatably
coupled to the base 22 and configured to rotate about a pan
axis APAN. The bracket 24 may be rotatably coupled to the
main body 23 and configured to rotate about a tilt axis
ATILT. The tlt axis ATILT, which may pass through the
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center of a pivotal coupling between the bracket 24 and the
main body 23, may be orthogonal to, but rotatable about, the
pan axis APAN. Main body 23 may contain actuators (e.g.,
stepper motors, servos, and/or other mechanical actuators) to
rotate the main body 23 relative to the base 24, and to rotate
the bracket 24 relative to the main body 23, in response to
input control signals. The mount 21 may further comprise
pan and tilt encoders. The pan encoder may output signals
indicative of the pan angle (e.g., an angle relative to true
North or other calibration reference) of the mount 21. The
t1lt encoder may output signals indicative of the tilt angle
(e.g., an angle relative to a horizontal plane or other cali-
bration reference) of the mount 21. Pan/tilt camera mounts,
including pan/tilt camera mounts with built-in pan and tilt
encoders, are commercially-available components.

[0038] FIG. 3D 1s a top view of the example camera 14
similar to FIG. 3A, but showing the mount 21 and the
camera 14 panned relative to the orientation shown 1n FIG.
3A. FIG. 3E 1s a side view of the example camera 14 similar
to FIG. 3B, but showing the mount 21 and the camera 14
tilted relative to the orientation shown 1n FIG. 3B. Although
FIG. 3D only shows panning relative to FIG. 3A and FIG.
3E only shows tilting relative to FIG. 3B, this 1s only for
convenience 1n the drawings. The mount 21, with the
mounted camera 14, may simultaneously pan and tilt.

[0039] Each combination of a camera 14 and a mount 21
may comprise a dedicated control device 30, which for
convenience 1s only shown 1n FIG. 3B. The control device
30 may comprise a computing device configured to execute
instructions to control operations of the camera 14 and/or of
the mount 21. For example, the control device 30 may
execute 1nstructions (e.g., previous provided by the com-
puter 18) that cause the control device 30 to output control
signals to the mount 21 so as to control pan and tilt
movements. As another example, the control device 30 may
execute 1nstructions to perform processing of 1mages cap-
tured by the camera 14. The control device 30 may also store
images captured by the camera 14. Such processing may
comprise, for example, use of one or more known algo-
rithms to correct lens distortion. The control device 30 may
communicate (e.g., via a network) with the computer 18.
Instead of, or 1n addition to, a single camera 14/mount 21
combination comprising a dedicated control device 30, a
single control device 30 may control and/or perform pro-
cessing for multiple camera 14/mount 21 combinations.
Also or alternatively, a control device 30 may be omitted and
all control and processing performed by the computer 18

[0040] FEach camera 14 may comprise an 1image sensor,
e.g., an 1maging element such as a charged-coupled device
(CCD) or a complimentary metal oxide semiconductor
(CMOS). The image sensor may comprise pixels arranged 1n
a known pattern. For example, an 1mage sensor may com-
prise an array of pixels arranged 1n columns and rows (e.g.,
an 1920 column by 1280 row array). The pixels of the image
sensor may correspond to positions 1n an 1mage captured by
a camera with that image sensor. A center pixel of an 1mage
sensor array, or a group of center pixels, may be determined
and may represent an end point of a center pixel vector such
as the center pixel vector VCP(14.7) shown in FIG. 2. If the
spatial position (e.g., XYZ coordinates), pan angle, and tilt
angle of a camera 14 are known (e.g., based on calibration
such as described below), the location and orientation of a
center pixel vector may be determined for that camera 14.
Other pixels of the 1image sensor for that camera may also
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correspond to separate vectors, and the relation between
those other vectors and the center pixel vector may be
determined (e.g., during calibration).

[0041] Based on vectors from camera pixels, a location of
a target object in the search space 11 may be determined. For
example, a first camera 14 may capture a {first i1mage
comprising a target object image in a portion of the first
image. As used herein, a target object image may refer to a
portion of an 1mage (or to a portion of a subimage) that
shows and/or otherwise represents a target object in the FOV
of a camera that captured the image. Based on a determi-
nation of which pixels of the first camera 14 1maging
clement are centered on the target object image, based on the
position of the first camera 14, and based on the pan and tilt
angles of the first camera 14 when the first image 1s captured,
a first vector may be determined. That first vector may
extend from the first camera 14, through the target object,
and mto the search space 11. A second camera 14 may
simultaneously capture a second 1image showing the target
object 1n a portion of the second 1image. Based on a deter-
mination of which pixels of the second camera 14 1imaging
clement are centered on the target object, based on the
position of the second camera 14, and based on the pan and
t1lt angles of the second camera 14 when the second 1mage
1s captured, a second vector may be determined. That second
vector may extend from the second camera 14, through the
target object, and into the search space 11. This may be
repeated for additional cameras 14 simultaneously capturing
additional 1images of the target object. Based on the deter-
mined vectors, a position of the target object in the search
space 11 may be determined.

[0042] The system 10 may be calibrated for use in detec-
tion of target objects in the search space 11. The calibration
may comprise, for each of the cameras 14, determining the
camera position relative to the search space 11. The location
of each camera may be described 1n XYZ coordinates
relative to fixed point in or near the search space 11, or may
be defined using one or more other coordinate conventions.
To determine the locations of the cameras 14, stakes with
fiducial markings may be placed in numerous locations
throughout the area A. Using LIDAR and/or other known
mapping technology, the distances between the stakes, and
relative directions between the stakes, may be determined.
With this information, the XYZ locations of the stakes 1n a
local coordinate system for the search space 11 may be
determined. After each of the cameras 14 1s installed (e.g.,
alter each of the cameras 14 1s attached to a mount 21 and
the mount 21 1s attached on a pole 25 or other support), each
camera may be panned and/or tilted so that, for each of the
calibration stakes, a calibration image and related data (e.g.,
values for pan and tilt angles at image capture) are collected.

[0043] FIG. 4A shows an example calibration image 50.
The image 50 shows a calibration stake 55 comprising a
plate 60 with a center fiducial mark 56, a top fiducial mark
57, and a bottom fiducial mark 58. At the time the stake 55
1s placed, the plate 60 may be adjusted so that the fiducial
marks 56, 57, and 58 have a known orientation (e.g.,
vertical). To capture the image 50, the camera 14 may be
panned and tilted until an 1mage of the center fiducial mark
56 1s near a center pixel of the camera’s image sensor. The
camera 14 capturing the image 50 may be imperiectly
aligned. In particular, rows of the camera 14 pixels may be
at a slight angle to a reference horizontal plane (e.g., the XY

plane of the XY Z axes shown in FIGS. 1 and 2) of the search
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space 11, and columns of the camera 14 pixels are at a slight
angle to reference vertical axis (e.g., the Z axis shown 1n
FIGS. 1 and 2) of the search space 11. This 1s indicated 1n
FIG. 4A by the broken line 51, which shows the boundaries

the 1mage 50 may have 11 the camera 14 capturing the image
50 was pertfectly aligned.

[0044] FIG. 4B shows a portion of the image 50 contain-
ing 1mages of portions of the fiducial marks 57 and 58.
Blocks of the grid in FIG. 4B represent individual pixels. For
convenience, the sizes of the individual pixels 52 1n the
image 50, as well as the sizes of pixels shown in other
drawings figures, may be exaggerated. In FIG. 4B, the rows
of the camera 14 pixels 52 capturing the image 30 are
arranged horizontally on the page, and columns of those
pixels 52 are arranged vertically on the page. Based on a
known actual distance between the fiducial marks 57 and 58,
a known actual orientation of the fiducial marks 57 and 58
in the search space 11, and a measured distance to the plate
60 from the camera 14 that captured the image 50, relation-
ships between vectors respectively originating at each of the
pixels 52 may be determined for the camera that captured the
image 50.

[0045] The locations of each of the cameras 14 may be
determined based on pan and tilt angles corresponding to
captured calibration images, and based on the relationships
determined, for each of the cameras 14, between pixels and
vectors originating at those pixels. For example, based on a
first calibration 1mage of a first stake 55 captured by a first
camera 14, and based on pan and tilt angles corresponding
to the first calibration 1image, pan and tilt angles correspond-
ing to alignment of the first camera 14 center pixel with the
center fiducial point 56 of that first stake 55 may be
determined. Based on a second calibration 1image of a second
stake 335 captured by the first camera 14, and based on pan
and tilt angles corresponding to the second calibration
image, pan and tilt angles corresponding to alignment of the
first camera 14 center pixel with the center fiducial point 56
of that second stake 55 may be determined. A diflerence
between the pan angles for the first and second calibration
images, a difference between the tilt angles for the first and

second 1mages, and the known locations of the first and
second stakes 535 may be used to determine a location of the

Data Element

X(1), Y{1), Z(1)
CP_Pan_Oflset(1)

CP_Tilt Offset(i)

F1[P1xColA(1, j), PixRowA(l, j),
ElevCP(1)]

F2[P1xColA(1, 1), PixRowA(l, j),
AzimCP(1)]

PV{(c, r)[P1xColA(c, 1), PixRowA(c, 1),
AzimCP(1)]
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first camera 14 relative to the search space 11, as well as
respective relationships between pan and tilt angles of the
first camera and a reference direction (e.g., true North) and
a reference plane (e.g., a horizontal plane). Additional
calibration 1mages, captured by the first camera 14 of
additional stakes 35, may similarly be used, with known
locations of those additional stakes 55, to obtain additional
precision and/or accuracy for values of the location, of the
relation between pan angle and the reference direction, and
of the relation between the tilt angle and the reference plane.

Similar calibration may be performed for additional cameras
14.

[0046] FIG. 5A1s a partially schematic elevational view of
an example camera 14(i), at a time of capturing an 1image of
an example target object TO(3), and showing examples of
physical quantities represented by various data items
described below. In connection with the drawings and
description herein, “1” may be a counter variable corre-

sponding to an i” camera 14, with 1 having a value between
1 and N. In the example of FIGS. 1 and 2, N=12. Similarly,

“” may be a counter variable corresponding to a j” target
object image within a single image, and may have an integer
value of zero or greater. Although examples of FIGS. SA
through 5C show a single target object TO(3) 1n the FOV of
a camera 14(i), multiple target objects may be present in a
camera FOV and may correspond to multiple target object
images 1n a captured image. FIG. 5B 1s a partially schematic
plan view of the camera 14(i), at the time of capturing the
image of the target object TO(y), and showing additional
examples of physical quantities represented by various data
items described below. FIG. 5C 1s a partially schematic view
of an example 1image Im(1), captured by the camera 14(i) at
the time corresponding to FIGS. SA and 5B, and showing
turther examples of physical quantities represented by vari-
ous data items described below. The pixels at the edges and
center of the 1mage Im(1) are blacked out 1 FIG. 50 for

purposes ol explanation.

[0047] Based on calibration, the computer 18 may store,
for each of N cameras 14 1n a system such as the system 10,

data such as that summarized in Table 1 and described 1n
further detail after Table 1.

TABL.

(L.

1

Description

Coordinates for location of camera 14(1)
Offset to pan angle for camera 14(1) to obtain
AzimCP(1) (azimuth of VCP(1))

Offset to tilt angle for camera 14(1) to obtain
ElevCP(1) (elevation of VCP(1))

Function to obtain ElevTO(1, |) (target object |
elevation) based on PixColA(1, ) (no. of pixel
columns from center pixel of camera 14(1) to
center pixel of target object j 1n 1mage Im(1)),
PixRowA(1, |) (no. of pixel columns from
center pixel of camera 14(1) to center pixel of
target object | 1n Im(1)), and ElevCP(1)
Function to obtain AzimTO(1, j) (target object |
azimuth) based on PixColA(1, ), PIxRowA(l, |),
and AzimCP(1)

Function to obtain pixel vector PV(c, r)
corresponding to pixel ¢, r (pixel in column c,
row r), based on PixColA(c, r) (no. of pixel
columns from center pixel of camera 14(1) to
column c¢), PixRowA(c, r) (no. of pixel rows
from center pixel of camera 14(1) to row r),

and AzimCP(1)
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[0048] The values X(1), Y(1), and Z(1) may be coordinates,
in a coordinate system associated with the search space 11,
of the location of the camera 14(i). The data eclement
CP_Pan_OfIset(1) may be an oflset value that may be added
to a pan angle, associated with an 1image Im(1) captured by
the camera 14(i), to determine the value AzimCP(1). The
value AzimCP(1) may be a value for an azimuth angle,
relative to a reference horizontal direction, of the vector
VCP(1) corresponding to the center pixel of the camera 14(;)
at the time the image Imf(1) 1s captured. The data element
CP_Tilt_Oflset(1) may be an oflset value that may be added
to a t1lt angle, associated with the image Im(1), to determine
the value ElevCP(1). The value ElevCP(1) may be a value for
an elevation angle, relative to a reference horizontal plane,
of the vector VCP(1) corresponding to the center pixel of the
camera 14(i) at the time the 1mage Im(1) 1s captured.

[0049] The data element F1[P1xColA(1,1), PixRowA(1,1),
ElevCP(1)] may be a function that, based on input elements
PixColA(Q1,)), PixRowA(1,1), ElevCP(1), outputs a value for
ElevTO(,;). The output value FElev1O(1,1) may be an eleva-
tion angle, relative to the reference plane, of a vector
VTO(1,1). The vector VIO(Q1,]) may be a vector that corre-
sponds to a pixel in the center of a target object image of j”*
target object TO(1) 1n the mmage IM(1). The mput value
ElevCP(1) 1s described above. Examples of the input values
PixColA(1,1) and PixRowA(1,1) are shown 1n FIG. 5C, which
shows the image Im(1) captured by the camera 14(i) in FIGS.
5A and 5B. The value PixColA(1,)) may be a quantity of
pixel columns separating a center pixel CP(1) for the camera
14(i) and a pixel P1xTO(1,;) corresponding to a centroid of
the target object image of the target object To(y). The value
PixRowA(1,1) may be a quantity of pixel rows separating the
center pixel CP(1) and the centroid pixel PixTO(,;). The
function of the data element F1[P1xColA(1,1), PixRowA(1,1),
ElevCP(1,7)] may comprise a lookup table and may be
derived based on the relationships, described above 1n
connection with FIG. 4B, between vectors respectively
originating at each of the pixels of the camera 14(i).

[0050] The data element F2[P1xColA(1,1), PixRowA(1,1),
AzimCP(1,1)] may be a function that, based on mput ele-
ments P1IxColA(1,1), PIxRowA(1,7), and AzimCP(1), outputs a
value for AzimTO(1,7). The output value AzimTO(1,)) may
be an azimuth angle, relative to the reference horizontal
direction, of the vector VI O(1,)). The mput values PixColA
(1,1), PIxRowA(1,1), and AzimCP(1) are described above. The
function of the data element F2[P1xColA(1,1), PixRowA(1,)),
AzimCP(1)] may comprise a lookup table and may also be
derived based on the relationships, described above 1n
connection with FIG. 4B, between vectors respectively
originating at each of the pixels of the camera 14(7).

[0051] The data element PV{(c,r)[PixColA(1,c), PIxRowA
(1,r), AzzimCP(1)] may be a function that, based on input
clements PixColA(c,r) (a number of pixel columns separat-
ing pixel c¢,r and the center pixel CP(1)), PixRowA(c,r) (a
number of pixel rows separating pixel c,r and the center
pixel CP(1)), and AzimCP(1), outputs data indicating a vector
PV(c,r). The vector PV(c,r) may be a vector, corresponding
to a pixel at column ¢, row r, located 1n the FOV of camera
14(i). A vector PV (c,r) may be an edge vector corresponding
to a pixel at the edge of a camera 14 1imaging element. For
example, and for a camera 14(7) having an 1imaging element
with C columns and R rows of pixels, ¢ may have values
from 1 to C and r may have values from 1 to R. Edge vectors
at the corners of the FOV may be PV(1,1) (corresponding to
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pixel 1,1), PV(C,1) (corresponding to pixel c¢,1), PV(1,R)
(corresponding to pixel 1,R), and PV(C,R) (corresponding
to pixel C,R). Between each of the corners, edge vectors
may be determined for some or all edge pixels between those
corners. For example, an edge vector PV(c1,1) may corre-
spond to edge pixel cl1,1 between pixels 1,1 and C,1 (with
1<c1<C), an edge vector PV(C,r2) may correspond to edge
pixel C.r2 between pixels C,1 and C,R (with 1<r2<R), an
edge vector PV(c2,R) may correspond to edge pixel c2,R
between pixels 1,R and C,R (with 1<c2<C), and an edge
vector PV(1,rl) may correspond to edge pixel 1,r1 between

pixels 1,1 and 1,R (with 1<r1<R).

[0052] The system 10 may operate using search cycles.
During a search cycle, each of the cameras 14(i) may
simultaneously capture an image Im(1). Each of the cameras
14(i) may store the image Im(1) that 1t captures, as well as
values for the pan angle (pan(1)) and the tilt angle (tilt(1)) at
the time the image Im(1) was captured. Based on an image
Im(1) and on values for pan(1) and tilt(1), as well as data
described above in connection with Table 1 and FIGS. 5A
through 5C, the computer 18 may determine vectors V1O
(1,7) for j target object images 1n the 1image Im(1). Each of the
vectors V10(1,1) may comprise, for example, the location of
the camera 14(7) and the angles Azzim'TO(1,1) and ElevTO(1,7)
for the vector VTO(1,1). Using vectors VIO obtained for
multiple cameras 14 during the same search cycle, the
computer 14 may determine positions of target objects 1n the
search space 11.

[0053] As described 1n further detail below, various
known algorithms can be used to determine whether an
image Im(1) comprises target object image. However, such
algorithms may be computationally intensive. Performing
such algorithms for an entire image (e.g., across all pixels of
that image) may be impractical when trying to track moving
objects such as UAVs 1n real time. If there are multiple
moving objects 1 a search space, the challenges may be
even greater. To address one or more of the challenges
associated with detecting target objects using multiple cam-
eras, search points may be used to limit the amount of a
particular image Im(1) that must be processed when search-
ing for a target object.

[0054] FIG. 6 1s a partially schematic plan view of the
system 10, similar to FIG. 1, showing a plurality of search
points 1n the search space 11. FIG. 7 1s a partially schematic
clevational view, similar to FIG. 2, showing a portion of that
same plurality of search points. For purposes of explanation,
search points are indicated in FIGS. 6 and 7 and in other
drawings as dots. However, a search point may be an
invisible point in space. For convenience, only a single
search point SP(K) 1s labelled in FIGS. 6 and 7. In connec-
tion with the drawings and description herein, “k™ may be a
counter variable corresponding to a k” search point SP, with
k having an integer value between 1 and K. K may, for
example, have a value 1n the hundreds (e.g., K=500, K=600,
K=750, K=900, etc.), thousands (e.g., K=1000, K=2000,
ctc.), or millions. As explained in more detail below, posi-
tions of search points may change (e.g., between every
search cycle), but a quantity of search points may remain
constant from cycle to cycle.

[0055] FEach search point SP(k) may correspond to a
search point spatial position SPSP(k) having coordinates
X(k), Y(k), Z(k) in the search space 11. Each search point
spatial position may be assigned by the computer 18. For a
grven search point SP(k) and camera 14(i), and based on the
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coordinates of the search point spatial position SPSP(k), on
the pan(1) and tilt(1) angles for the current orientation of the
camera 14(i), and on the information for the camera 14(i)
described in connection with Table 1 and FIGS. 5A through
5C, the computer 18 may geometrically determine if the
search point SP(k) 1s in the FOV of the camera 14(i). It the
search point SP(K) 1s 1n the FOV of the camera 14(i), the
computer may project that search point SP(k) onto an image
Im(1) captured by that camera 14(7). For example, and based
on the same data used to determine 1t the search point SP(k)
1s 1n the camera 14(i) FOV, the computer 18 may geometri-
cally determine a position of the search point SP(k) in the
image Im(1). A position of a search point SP(K) 1n an image
Im(1), which may represent the position in the image the
search pomnt SP(k) may appear if the search SP(k) were
visible, may be referred to as a search point image position
SPIP(1.k). Positions 1n an 1image from a camera 14(i) may be
described, for example, using a coordinate system (local to
images irom that camera 14(7)) based on pixel rows and
pixel columns.

[0056] Based on a search point image position SPIP(1,k) 1in
an 1mage Im(1), a subimage ImSub(1,k) corresponding to the
search point 1mage position SPIP(1,k) may be selected. The
subimage ImSub(1,k) may comprise, for example, an MxM
block of 1image Im(1) pixels centered on the search point
image position SPIP(1,k). Example values for M may com-
prise, for example, values equal to a sum of 1 added to a
power of 2 (e.g., M=9, M=17, M=33, M=65, etc.). The
subimage ImSub(1,k) may then be processed, using one or
more algorithms described below, for detection of a target
object (e.g., to determine 1 the subimage comprises a target
object 1mage). Although a target object 1n a camera FOV
may not be detected 11 that target object 1s not sufliciently
near a search point, the computational load reduction from
processing less than entire 1images allows search cycles to be
performed more rapidly. If one or more of the cameras 14
change orientation between successive search cycles, and/or
if the spatial positions of search points change between
successive search cycles, the likelihood of capturing a target
object 1n at least some 1mages may be increased.

[0057] FIGS. 8A and 8B are a flow chart showing an
example method for detecting target objects in a search
space. FIGS. 11 and 12 (described below) show additional
steps of the example method that have been provided as
separate drawing figures for convenience, but that may be
part of the same example method. The method of FIGS. 8A,
8B, 11, and 12 may be performed for the search space 11
using the system 10. Although various operations shown in
FIGS. 8A, 8B, 11, and 12 are described as performed by the
computer 18, one, some, or all such operations (or parts
thereol) may be performed by one or more additional
computing devices. The order of steps shown 1n FIGS. 8A,
8B, 11, and 12 may be varied, and/or one or more steps may
be omitted, and/or one or more steps may be added.

[0058] In step 801, the system 10 may be initialized. As
part of step 801, the computer 18 may send 1nstructions to
the control devices 30 of the cameras 14 for pan and tilt
movements of each of the cameras 14. For example, a first
camera 14 may be instructed to continuously pan back and
forth between a first pair of pan angle values over first
successive pan time periods, while continuously tilting up
and down between a first pair of tilt angle values over first
successive tilt time periods. A second camera 14 may be
instructed to continuously pan back and forth between a
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second pair of pan angle values over second successive pan
time periods, while continuously tilting up and down
between a second pair of tilt angle values over second
successive tilt time periods. Additional cameras 14 may be
similarly nstructed. The ranges of pan angles over which the
cameras pan may be the same or different, as may the ranges
of t1lt angles over which the cameras tilt. For example, one
camera 14 may be instructed to pan back and forth over a
relatively narrow pan range (e.g., 10 degrees) and/or to tilt
up and down over a relatively narrow tilt range (e.g., 10
degrees). Another camera 14 may be instructed to pan back
and forth over a relatively wide pan range (e.g., 180 degrees)
and/or to tilt up and down over a relatively wide tilt range
(e.g., 90 degrees). Similarly, the pan time periods of the
cameras 14 may be the same or different, as may be the tilt
time periods of the cameras.

[0059] Also as part of step 801, the computer 18 may
determine a spatial position, 1n the search space 11, for each
search point SP(k) 1n a set of K search points. The computer
18 may determine the search point spatial positions by
selecting positions (e.g., XYZ coordinates) distributed
throughout the search space 11. The computer 18 may select
the search point spatial positions randomly, according to one
of multiple predetermined patterns, and/or 1n other ways.

[0060] From step 801, the computer may proceed to step
802 and begin a search cycle. A search cycle may begin with
step 802 and may comprise steps 802 through 815 (FIG. 8B)
or 816. As part of step 802, the computer 18 may instruct the
control devices 30 of all the cameras 14(i), for 1=1 through
1=N, to capture an image Im(1), and to store values for a
corresponding pan angle pan(1) and a corresponding tilt
angle t1lt(1) at the time the 1mage Im(1) 1s captured. Based on
receiving the mstructions from the computer 18, the control
devices 30 may cause each of the cameras 14 to capture an
image and may store the captured images with the corre-
sponding pan and tilt angles. The control devices 30 may
send the captured 1images with the corresponding pan and tilt
angles to the computer 18.

[0061] From step 802, the computer may proceed to step
803. As part of step 803, the computer 18 may determine, for
cach of the search points SP(k), each of the cameras 14(7) for
which the search point 1s in the FOV. Depending on the
distribution of the search points and on the orientation of the
cameras, each search point may be located 1n the FOV of
none, some, or all of the cameras. The below pseudocode
shows an example of an algorithm by which step 803 may
be performed.

Fork=1tok=K
Fori=1to1=N
If search point spatial position SPSP(k) i1s located in portion of
search space 11 defined by FOV of camera 14(1), store
an SPinFOV data element indicating SP(k), SPSP(k),

and camera 14(1)
increment 1 by 1
increment k by 1

[0062] The computer 18 may determine 11 a search point
spatial position SPSP(k) 1s in a portion of the search space
11 defined by an FOV of camera 14(i) based on data for the
camera 14(i) described above in connection with Table 1,
and based on the values of pan(1) and t1lt(1) for the camera
14(i). The computer 18 may, for example determine a vector
SPSP(k)-14(7) passing through the search point spatial posi-
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tion SPSP(k) and the spatial coordinates (X(1), Y(1), Z(1)) of
the camera 14(i). Based on whether the vector SPSP(k)-14(;)
1s between edge vectors for the image Im(1), the computer 18
may determine whether the search point SP(k) 1s in the
portion of the search space 11 defined by the FOV of the
camera 14().

[0063] From step 803, the computer may proceed to step
804. In step 804, and for each of the search points deter-
mined 1n step 803 to be within the FOV of one or more of
the cameras 14, the computer 18 may project the search
point onto 1mages Im of all cameras 14 for which the search
point 1s 1n the FOV. In connection with each projection, the
computer 18 may determine a search point 1image position
SPIP(1,k). Each search point image position SPIP(,k) may
indicate the position, in an 1mage Im(i1) having a FOV 1n
which a search point SP(k) 1s located, of a projection of the
search point SP(k). Although “1,k” 1s included 1n “SPIP(1,k)”
to indicate that each search point image position may
correspond to a specific image Im(1), from a specific camera
14(i), and a specific search point SP(k), there may not be a
search point 1mage position corresponding to every combi-
nation of 1 and k values.

[0064] The computer 18 may, for example, perform step
804 using the data elements SPInFOV stored 1n step 803. A
data element may comprise any type of data structure or
combination of data structures. As indicated above, each
data element SPinFOV indicates a search point spatial
position SPSP(k) for a search point SP(k) located in the FOV
of a camera 14(i). A data element may indicate data by, for
example, including a copy of that data, including a pointer
to that data, and/or by otherwise referencing (directly or
indirectly) that data. For each SPinFOV data element, the
computer 18 may determine a vector SPSP(k)-14(i) based on
the indicated search point spatial position SPSP(k) and
camera 14(i) and may then compare that vector SPSP(k)-
14(i) to vectors corresponding to pixels of the indicated
camera 14(i). The vectors to which the vector SPSP(k)-14(i)
1s compared may be determined using the data element
PV(c,r) stored for the idicated camera 14(i). The search
point 1mage position SPIP(1,k) for the SPinFOV data ele-
ment may be determined based on the vector PV(c,r) that 1s
the closest match to the vector SPSP(k)-14(i). The search
point 1mage position SPIP(1,k) may be a position (e.g.,
specified using pixel column and row values) of the pro-
jected search point SP(k) in the image Im(1) from the
indicated camera 14(i). Each search point image position
SPIP(1.k) may be stored as part of an SPIPde(i1.k) data
clement that also indicates the image Im(1) in which the
search point 1image position SPIP(1.k) 1s located and the
camera 14(i) that captured that 1image Im(1).

[0065] From step 804, the computer may proceed to step
805. In step 805, and for some or all of the search point
image positions SPIP(1,k) determined 1n step 804, the com-
puter 18 may select a subimage ImSub(1,k). Although “1,k”
1s included 1 “ImSub(i1,k)” to indicate that each subimage
may correspond to a specific image Im(1), from a specific
camera 14(i), a specific search point SP(k), and a specific
search point image location SPIP(1,k), there may not be a

subimage corresponding to every combination of 1 and k
values.

[0066] Foreach SPIPde(1.k) data element, the computer 18

may, for example, determine the image Imf(1), the camera
14(i), and the search point image position SPIP(1,k) indi-
cated by that data element. The computer 18 may then select,
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from that image Im(1), an M pixel by M pixel subimage
centered on that search point image position SPIP(1,k). An
example of a selected subimage 1s shown 1n FIG. 9A.
Although M 1s 25 11 FIG. 9A, M could be a larger or smaller
value. Moreover, a selected subimage need not be square or
perfectly centered on a search point image position. Each
subimage ImSub(i1,k) may be stored as part of an ImSubde
(1.k) data element that also indicates the image Im(1) from
which the subimage ImSub(1,k) was selected, the camera
14(:;) that captured that image Im(1), and the search point
image position SPIP(1,k) on which the subimage ImSub(1,k)
1s based.

[0067] From step 805, the computer may proceed to step
806. In step 806, the computer 18 may determine, for each
subimage ImSub(1,k), 1f the subimage comprises a target
object image. FIG. 9A shows an example of a subimage
without a target object image. FIG. 9B shows an example of
a subimage ImSub(1,k) that contains a target object image
TO_Im. The computer 18 may perform step 806 using any
of various i1mage processing algorithms for blob and/or
teature detection and/or classification. Such algorithms may,
for example, analyze data for multiple 1mage portions (e.g.,
data for each of multiple pixels), process the data to elimi-
nate or minimize a background, and determine whether
something other than the background 1s present.

[0068] For example, the computer 18 may in step 806
perform sum of normalized difference of Gaussians process-
ing for each subimage ImSub(1,k). Normalized Diflerence of
(Gaussians 1s an 1mage processing method that may be used
to artificially increase contrast of an image. A two dimen-
sional Gaussian bump with a first kernel size (related to the
sigma (a) value of the Gaussian (exp(-D*/(207)), where D
represents distance 1n pixels from the center of the bump)
may be convolved with an 1image. Subsequently, the same
image may be convolved with a second kernel size. These 2
convolved 1mages may be subtracted in a pixel by pixel
manner to generate a difference 1image. Another Gaussian
bump with a third kernel size may be convolved with the
original image and those values, on a per-pixel basis, divided
into the difference image. With appropriately-selected the
kernel sizes (e.g., determined by rule of thumb and/or by
adjusting based on initial test images), salient features may
be enhanced, and the results may be somewhat immune to
the original brightness or darkness of the image.

[0069] As another example, the computer 18 may 1n step
806 perform pulse-coupled neural network (PCNN) image
processing for each subimage ImSub(1,k). Using this
approach, data for an image may feed a lattice of cells
mapped to the image pixels. The cells may be 1n a non-linear
communication with their near neighbors. The non-linearity
may derive from the cells being configured to fire based on
the firing of their neighbors, but only after an exponential
decay of their previous values falls below an inhibitory
threshold. The firing pulses spread in repetitious waves
across the image, lighting up (e.g., emphasizing) various
parts of the image, 1n turn, based on their visual similarity
with one another. By choosing an appropriate pulse to halt
the firing pulses, 1mage segments corresponding to target
objects may be determined. Depending on which implemen-
tation of the network 1s used, there may be 8 control
parameters shared in common among all the cells. A genetic
algorithm may be used to set these 8 parameters so that the
final pixel values, used as a mask, may designate the
interesting features (e.g., one or more target objects) of the
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image. The genetic algorithm may also determine the pulse
on which the network should be stopped for the best
segmentation. The PCNN 1s based on a cat’s 7 layer retina.
The biological version of the PCNN 1s thought to account for
the fact that cats have excellent night vision.

[0070] The above are few examples of algorithms that
may be used to process each subimage ImSub(1,k) 1n step
806. Any of numerous known algorithms for detection of an
object (e.g., for distinguishing background from an object)
may be used. Examples include SIFT (Scale Invariant Fea-
ture Transform), SURF (Speeded Up Robust Features),
Hasio-Sawchuk Textures, Entropy Images, and Sobel Edge
Enhancement. More than one 1image processing algorithm
may be applied i step 806. For example, a first image
processing algorithm may be used 1n connection with pro-
cessing of subimages from one or more first cameras, and a
second 1mage processing algorithm may be used 1n connec-
tion with processing of subimages from one or more second
cameras. Also or alternatively, multiple 1image processing
algorithms may be applied to each of one or more subim-
ages.

[0071] As part of step 806, and for every target object
image that the computer 18 determines to be present, the
computer 18 may determine a position TO_centroid of a
centroid of that target object 1image. An example of a
centroid position TO_centroid 1s shown i FIG. 9B. The
centroid position TO_centroild may, for example, be
described by a quantity of pixel rows and columns separat-
ing TO_centroid from the SPIP(1.k) corresponding to the
subimage ImSub(1,k) 1n which the target object image was
determined. For each target object representation deter-
mined by the computer 18 1n step 806, the computer 18 may
store a separate TO_det data element corresponding to that
target object image and to a detection of a target object. Each
TO_det data element may indicate: an i1dentifier assigned to
that TO_det data eclement, the corresponding subimage
ImSub(1,k) 1n which that target object 1image was deter-
mined, the search point SP(k) and/or the search point image
location SPIP(1,k) corresponding to that subimage ImSub(i,
k), the centroid position TO_centroid of the target object
image, the image Im(1) from which the corresponding sub-
image was selected, the camera 14(i) that captured that
image Im(1), and/or pan(1) and tilt(1) values for that camera
14(7).

[0072] From step 806, the computer may proceed to step
807. In step 807, the computer 18 may determine, based on
the target object images determined 1n step 806 (e.g., based
on the TO_det data elements stored 1n step 806), a quantity
ol target objects that are present. Notably, two cameras 14
may simultaneously capture images of regions that comprise
the same search point SP(k), and each of those images may
comprise a representation of a target object near that search
point. However, those two cameras 14 may not be 1maging
the same target object. FIGS. 10A and 10B show an example
of how this may occur. FIG. 10A 1s a partially schematic
clevational view showing an FOV(14(i1)) ol a camera 14(i1)
and an FOV(14(i2)) of a camera 14(:i2). FIG. 10B 15 a
partially schematic plan view showing the FOV(14(i1)) of
the camera 14(i1) and the FOV(14(i2)) of the camera 14(i2)
at same time as the time of FIG. 10A. The FOV(14(i1))
overlaps with the FOV(14(i2)). A search point SP(k) is
located 1n the region of the overlap. A first target object TO1
1s positioned 1n the FOV(14(i1)) between the search point
SP(k) and the camera 14(i1), but 1s outside the FOV(14(i2)).
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A second target object TO2 1s positioned in the FOV(14(i2))
between the search point SP(k) and the camera 14(:2), but 1s
outside the FOV(14(i1)). Although the plan view of FIG.
10B suggests that both target objects TO1 and TO2 are 1n the
FOVs of both cameras 14(i1) and 14(i2), the t1lt of the
cameras prevents the camera 14(i1) from seeing the target
object TO2 and prevents the camera 14(i2) from seeing the
target object TO1.

[0073] The computer 18 may perform step 807 by, for
example, performing additional steps such as those shown 1n
FIG. 11 (e.g., the steps of FIG. 11 may be a subroutine of the
algorithm of FIGS. 8A and 8B). In step 807.1, the computer
18 may sort and group the target object images, determined
in step 806, based on the search points associated with those
target object 1mages.

The computer 18 may perform this
sorting by sorting the TO_det data elements, stored 1n step
806, based on the search point SP(k) indicated by each of the
TO_det data elements. A group of sorted TO_det data
clements may comprise TO_det data elements that all indi-
cate the same search point SP(k).

[0074] In step 807.2, the computer 18 may select a group
of TO_det data elements. In step 807.3, the computer 18 may
flag a first TO_det data element 1n a queue formed from all
the TO_det data elements 1n the currently-selected group. In
Step 807.4, the computer 18 may determine 1f there are
additional TO_det data elements 1n the currently-selected
group that have not yet been selected for evaluation relative
to the first TO_det data element that was flagged 1n step
807.3. That evaluation 1s described below 1n connection with
step 807.6. I there are no additional TO_det data elements
in the currently-selected group that have not yet been
selected for evaluation relative to the first TO det data
clement, and as indicated by the “no” branch, the computer
18 may proceed to step 807.9, described below. If there are
additional TO_det data elements 1n the currently-selected
group that have not yet been selected for evaluation relative
to the first TO_det data element, and as indicated by the
“yes” branch, the computer 18 may proceed to step 807.5
and select the next TO_det data element 1n the queue that has
not yet been evaluated relative to the first TO_det data
clement.

[0075] In step 807.6, the computer 18 may evaluate the
first TO_det data element relative to the currently-selected
TO_det data element from step 807.5. As part of step 807.6,
the computer 18 may determine 11 the target object image
indicated by the first TO_det data element and the target
object 1mage indicated by the currently-selected TO_det
data element are images of the same target object. The
computer 18 may make this determination 1n any of various
ways. For example, the computer 18 may use epi-polar
geometry or trilinear tensors to determine if the subimage
ImSub(1.k) indicated by the first TO_det data element and
the subimage ImSub(1.k) indicated by the currently-selected
TO_det data element are views of a common point 1n space
that coincides with the centroid position TO_centroid indi-
cated by the first TO_det data element and with the centroid
position TO_centroid indicated by the currently-selected
TO det data element.

[0076] If the computer 18 determines that the target object
images indicated by the first and currently-selected TO_det
data elements are not images of the same target object, the
computer 18 may proceed to step 807.8 (described below).
It the computer 18 determines that the target object images
indicated by the first and currently-selected TO_det data
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clements are 1images of the same target object, the computer
18 may proceed to step 807.7. In step 807.7, the computer
18 may flag the currently-selected TO_det data element for
turther processing described below in connection with step

307.9.

[0077] In step 807.8, the computer 18 may determine 1f
there are additional TO_det data elements, 1in the queue of
TO_det data elements of the currently-selected group, that
remain for evaluation relative to the first TO det data
clement. If so, and as indicated by the “yes” branch, step
807.5 may be repeated. If not, and as indicated by the no
branch, the computer 18 may proceed to step 807.9 (de-
scribed below).

[0078] If the computer 18 determines in step 807.4 that
there are no additional TO det data elements in the cur-
rently-selected group that have not yet been selected for
evaluation relative to the first TO det data element, and as
indicated by the “no” branch, the computer 18 may proceed
to step 807.9. The computer 18 may in step 807.9 convert all
of the tflagged TO_det data elements, which the computer
has now confirmed to correspond with the same target
object, nto TO_conf data elements. This conversion may
remove the converted data elements from the queue of
TO_det data elements 1n the currently-selected group. As
part of step 807.9, the computer 18 may assign a common
target object identifier to the TO_cont data elements so that
they may be easily distinguished from TO_cont data ele-
ments corresponding to different target objects. In step
807.10, the computer 18 may determine if there are any
remaining TO_det data elements in the currently-selected
group that have not been converted to TO_coni data ele-
ments. If so, and as indicated by the “yes™ branch, step 807.3
may be repeated. I not, and as indicated by the “no” branch,
the computer 18 may proceed to step 807.11 and determine
i there are any additional groups of TO_det data elements
that have not yet been selected. If yes, and as indicated by
the “ves™ branch, step 807.2 may be repeated. If not, and as
indicated by the “no” branch, the computer 18 may proceed

to step 808 (FIG. 8A).

[0079] In step 808 the computer 18 may determine, for
cach confirmed target object, a spatial position of that
confirmed target object 1n the search space 11. The computer
18 may perform step 808 by, for example, performing
additional steps such as those shown i FIG. 12 (e.g., the
steps ol FIG. 12 may be a subroutine of the algorithm of
FIGS. 8A and 8B). In step 808.1, the computer 18 may sort
and group the TO_cont data elements, stored during one or
more 1terations of step 807.9, based on target object 1den-
tifiers. A group of sorted TO_cont data elements may
comprise TO_cont data elements that all correspond to the
same target object identifier. In step 808.2, the computer 18
may select one of the groups of sorted TO_conf data
clements. In step 808.3, the computer 18 may determine 1f
the currently-selected group of TO_cont data elements has
at least two TO_conf data elements. If not, there may be
isuilicient data to determine a spatial position of the target
object corresponding to the currently-selected group, and the
computer 18 may proceed to step 808.6 (described below) as
indicated by the “no” branch. Otherwise, and as indicated by
the “yes” branch, the computer 18 may proceed to step

308.4.

[0080] In step 808.4, the computer 18 may determine a
point approximating an intersection ol vectors correspond-
ing to each of the TO_cont data elements in the currently-
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selected group. For example, each of the TO_conf data
clements may indicate a target object centroid position
TO_centroid 1n an image Im(1) from a camera 14(i), a pan(1)
angle for that camera 14(i), and a tilt(1) angle for that camera
14(i). Based on this information, and using the information
described above 1n connection with Table 1, the computer 18
may determine a target object vector VIO (e.g., as described
above 1n connection with FIGS. 5A and 5B) for the TO_conf
data element. Because of imaging errors of one or more
cameras and/or for other reasons, some or all of the target
object vectors calculated for the TO_cont data elements 1n
the currently-selected group may coincide with skew lines
and may not truly intersect. However, an approximated
intersection point can be calculated by determining a point
P 1n the search space 11 such that a sum of the squares of the
shortest distances, between the pomnt P and each of the
vectors V1O determined for the currently-selected group, 1s
minimized. For example, for a currently-selected group of
TO_cont data elements having G TO_cont data elements,
the computer 18 may determine a point P that minimizes

(21 “d(VTO,P)T,

wherein V1O, 1s a target object vector corresponding to the
g” TO_conf data element of the currently-selected group,
and d(VTO,, P) 1s the shortest distance between the point P
and the target vector VIO.,.

[0081] In step 808.5, the computer 18 may store the
position of the point P as the current position of the target
object having the target object identifier corresponding to
the currently-selected group. The computer 18 may also
store a time (e.g., a current system time) with that position.
In step 808.6, the computer 18 may determine if there are
additional TO_cont data element groups, determined from
the sorting and grouping in step 808.1, to be processed for
determining a target object position. If so, and as indicated
by the “yes” branch, the computer 18 may repeat step 808.1.
If not, and as indicated by the “no” branch, the computer 18
may proceed to step 809.

[0082] Instep 809 (FIG. 8B), the computer 18 may assign,
to each target object for which a position was determined in
step 808, a corresponding subset ol K search points. A subset
ol search points assigned to a target object may comprise, for
example 10 search points, 15 search points, 20 search points,
or another quantity of search points. For each subset of
search points, the computer 18 may position all of the search
points 1n that subset 1n spatial positions that are based on the
position determined for the corresponding target object. For
example, the computer 18 may determine a spherical portion
of the search space 11 that 1s centered on the determined
target object position and that comprises a radius r. Example
values of r include 2 meters, 5 meters, 10 meters, etc. The
computer 18 may then randomly distribute the subset of
search points 1n that spherical portion of the search space.
By placing a portion of the search points near a currently-
known position of a target object, the computer 18 may
increase the probability that the target object will be detected
in 1mages captured during the next search cycle.

[0083] In step 811, the computer 18 may distribute
remaining search points that have not been assigned to a
target object. The computer 18 may distribute those remain-
ing search points throughout the search space 11 using the
same method used 1n step 801. Optionally, the computer 18
may subtract any portions of the search space 11 determined
in step 810 for individual target objects, and may avoid
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distributing any of the remaiming search points 1 any of
those portions. FIG. 13 1s a partially schematic elevational
view of the system of FIG. 1 after distribution of search
points SP(k) i step 811. It 1s possible that a target object
detected 1n a search cycle, and to which a subset of search
points 1s assigned during that cycle, may escape detection in
the next cycle. If this occurs, the quantity of search points in
a subset of search points assigned to that target object, and/or
a size ol a region 1n which the search points of that subset
may be positioned relative to the last known position of that
target object, may be increased 1n subsequent cycles (e.g.,
until the target object 1s again detected).

[0084] In step 812, the computer 18 may determine 11 a
target object was detected during the current search cycle. I
so, and as shown by the ves branch, the computer 18 may
proceed to step 813. In step 813, the computer 18 may
initiate an audible alarm (e.g., actuate a siren, a buzzer, a
voice recording, and/or other sound) and/or a visual alarm
(e.g., a blinking light, a message on a display screen, and/or
other visual indication) to indicate that a target object has
been detected 1n the search space 11. It step 813 is reached
during a search cycle following a search cycle in which a
target object was detected, a previously-initiated alarm may
be continued.

[0085] In step 814, the computer 18 may start or update a
track for each of the target objects for which a position was
determined 1n step 808. The computer 18 may start and/or
update the track(s) of detected target objects based on the
position and time data stored in step 808. As part of step 814,
the computer 18 may determine, for each of the target
objects for which a position was determined in step 808,
whether that target object 1s the same as a target object for
which a position was determined during a previous search
cycle. Determining detections that should be correlated (e.g.,
determining that two detections are of the same object) and
fusion (combining a string of detections of the same object
in a mathematical way to reduce error (e.g., by using low
order polynomuial {itting)) may be complicated by the pres-
ence ol numerous target objects (e.g., a “swarm”) and by
radical maneuvering of target objects. When target objects
are numerous, one approach 1s to project the detections onto
various datum planes to convert the 3D problem into a 2D
problem. By determining an optimal plane for which an
orthogonal projection operation may be performed, two
close-by fliers may be distinguished and treated (e.g.,
engaged with fire) separately. Also, projection operations
may “bunch up” the detections of separate target objects,
making them easier to segment from their brethren. For
radically maneuvering target objects, a usetful principle 1s
that any object with mass cannot instantaneously change
direction or accelerate. For target objects such as UAVs,
even those that can hover, any movement 1n a sufliciently
short time interval may be indistinguishable from a straight
line 1n space-time. Therefore, methods that assume straight
line flight, sutliciently truncated in time, may be applied to
the maneuvering case.

[0086] In step 815, the computer 18 may output (e.g., via
a computer screen, an LED or OLED display device, and/or
other video display device) data indicating the position
and/or track of target objects for which positions were
determined 1 step 808 of the current search cycle. For
targets objects that may have been detected but for which a
position could not be determined (e.g., because only a single
camera 14 captured an image of the target object), the

Feb. 1, 2024

computer 18 may cause display of a warning indicating a
possible detection, and further indicating that there 1s mnsui-
ficient data to determine a position. As part of step 813, the
computer 18 may also or alternatively output data indicating
target object positions to a fire-control system that controls
aiming of a gun or other countermeasure for disabling and/or
destroying target objects.

[0087] If the computer 18 determines 1n step 812 that a
target object was not detected during the current search
cycle, and as shown by the “no” branch, the computer 18
may proceed to step 816. In step 816, the computer 18 may
discontinue audio and/or visual warmings (1f any) that were
active at the end of a previous search cycle. At the conclu-
s1on of step 815 or 816, a current search cycle may conclude,
and the computer 18 may proceed to step 802 (FIG. 8A) to
begin a new search cycle.

[0088] Systems and methods such as are described herein
may oifer multiple advantages. The computational load to
determine whether target object images are present in sub-
images may be substantially less than that needed to process
entire 1mages {rom the subimages are selected. This may
allow for substantially faster search cycles without need for
expensive computer equipment. Although performing target
detection using subimages selected based on spatial sam-
pling may miss a portion of target objects during a given
cycle, changing positions of the search points and/or orien-
tations ol the cameras reduce the probability of a target
object completely escaping detection. If a target object 1s
detected, search points may be assigned to that target object
and repositioned to increase the probability that the target
object will continue to be detected. Detecting and tracking
objects using an array of cameras may allow improved
accuracy, relative to detecting and tracking with radar, at
shorter ranges and/or 1n connection with smaller objects. An
array ol cameras, pan/tilt mounts, computers and other
components of a system such as the system 10 may be
substantially less expensive than a conventional radar.
Moreover, an array of cameras may operate without emitting
energy and may thereby avoid detection. Conversely, radar
emits energy and 1s detectable, and may also pose a potential

health hazard.

[0089] An array of cameras in a system similar to the
system 10 may comprise cameras that are non-moving, or
that move only 1n certain ways (e.g., only panning or only
tilting). Cameras used 1n a system such as the system 10 may
be operable 1 the mnfrared (IR) spectrum so as to capture
images at night and/or 1n hazy or smoky conditions.

[0090] Cameras used 1n a system such as the system 10
may comprise video or still cameras. If video cameras are
used, for example, cameras may be configured to continu-
ously record video. Such cameras may, on command from
the computer 18 or another computer, provide a frame of the
video corresponding to a particular time and, 1f the camera
1s moving, pan and tilt angles for the camera at that
particular time. Also or alternatively, a system such as
system 10 and using video cameras may be configured to
perform a modified version of the method described in
connection with FIGS. 8A, 8B, 11, and 12. In a modified step
802, cameras may capture a series of 1mages with pan and
t1lt data for each 1mage. Steps 803-805 may be performed,
for each 1mage 1n a series of 1mages from a camera, 1n a
manner similar to how described above in connection with
a single 1mage from each camera.
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[0091] A modified step 806 may be performed using one
or more 1mage processing algorithms that detect a transient
feature 1n a series of 1mages. For example, the computer 18
may in a modified step 806 process a series of M pixel by
M pixel subimages, corresponding to the same search point,
taken from slightly different positions 1n a series of 1images
from a single moving camera. A third-order filter (e.g., a
Butterworth filter) may be applied to each subimage pixel
position (e.g., each of the M* positions based on the MxM
pixel array of the subimages) over the series of subimages.
The Butterworth Filter 1s a third-order time series filter
which may take a noisy raw signal and smooth 1t out to make
it less noi1sy. The behavior of the filter may be controlled by
a single parameter, omegal, set between 0 and 1. If ome-
gal=1.0, then the original signal, at the present instant, may
result. If omegaT=0, then the output may eventually reach a
constant DC value equal to the average of the history of the
original signal. Appropriate selection of an intermediate
value of omegal results 1n a signal similar to the recent
history of the original, yet less noisy. The calculations to
implement this filter are simple, fast, and require very few
remembered values. Every pixel’s value may be based on a
value from a subimage pixel plus a weighted sum of the
recent history of that same pixel in other subimages, and a
“smoothed out” version of the subimage obtained. The
smoothed out version may be subtracted from each actual
subimage 1n a series to indicate a transient feature such as a
target object. Additional software may be used capture the
novelties and flag them for further processing. For example,
the subimage from a series that reveals, alter subtraction of
the smoothed out subimage, a target object may be identi-
fied. Additional steps of the method of FIGS. 8A, 8B, 11, and
12 may be performed, based on that identified subimage, 1n
a manner similar to that previously described.

[0092] Cameras in a system such as the system 10 need not
be arranged around a circle, and may be arranged in other
manners (e.g., around other shapes, 1n a gnid, 1rregularly,
etc.). Cameras 1n a system such as the system 10 may be
located at different heights relative to one another (e.g.,
some at or near ground level, some in towers, some on
rooftops, etc.). Cameras may be located nside or outside a
search space. For example, a search space may extend
beyond a ring of cameras positioned inside the search space.

[0093] A combination of wide FOV and narrow FOV
cameras may be used 1n a system such as the system 10. A
wider FOV may increase the probability of detection, as the
FOV may cover a larger portion of a search space and thus
have a greater probability of capturing an 1image of a region
with numerous search points. However, a wider FOV may
increase resolution error. A narrower FOV may cover a
smaller portion of a search space and may have less prob-
ability of capturing an i1mage of a region with numerous
search points, but may have less resolution error and allow
for greater precision 1n determining target object position.

[0094] When projecting search points onto images from
cameras having the search points in the FOVs of those
cameras (€.g., as described 1n connection with step 804 of
FIG. 8A), the computer 18 may be configured to ignore
search point projections that result 1n search point image
positions near an edge of an image. For example, 11 subim-
ages will be selected based on an MxM block of pixels
centered on a search point image position (e.g., as described
in connection with step 8035 of FIG. 8A), the computer 18
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may be configured to 1gnore projections that result 1n a
search point image position that 1s closer that M/2 pixels to
an 1mage edge.

[0095] Target object detection (e.g., as described 1n con-
nection with step 806 of FIG. 8A) may comprise one or more
additional steps to discriminate target objects. For example,
one or more steps may be performed to determine if a
detected target object 1s a man-made object such as a UAV
or a natural object such as a bird. Data for objects deter-
mined to be natural objects (e.g., birds) may be 1gnored to
conserve processing power and/or to help avoid use of UAV
countermeasures against birds. Birds and UAVs may be
distinguished 1n numerous ways. For example, birds and
UAVs may be distinguished based on motion signatures. I
search cycles are performed sufliciently fast, the motion
characteristic of bird movements may become detectable
alter several cycles. After a target object 1s determined to be
a bird, further tracking of that target object may be discon-
tinued and/or information about that target object not sent to
other systems (e.g., not sent to a fire control computer of a
weapon or other countermeasure). Also or alternatively, i
the cameras 14 include video cameras, target object motion
may be independently analyzed by the cameras 14 (e.g., by
control devices 30) to determine target objects that may be
birds, and highlighting or other marking added to 1mages to
indicate birds.

[0096] A system such as the system 10 may be configured
to train a camera on a detected target object. For example,
if a target object 1s detected, the computer 18 may send
pan/tilt 1nstructions to one of the cameras 14 to keep the
FOV of that camera 14 centered on the target object position
and/or estimated position (e.g., based on target object track).
Even while trained on a specific target object, however, that
camera would still be able to provide images for detection of
other target objects within 1ts FOV.

[0097] FIG. 14 1s a block diagram of an example computer
1401, one or more of which may be used to implement the
computer 18, the control device(s) 30, and/or other computer
(s) and to perform operations such as those described herein.
Computer 1401 may comprise one or more processors 1402,
one or more memories 1403, one or more 1nput interface
controllers 1404, one or more output interface controllers
1405, and one or more network interfaces 1406, all of which
may communicate over one or more busses 1407. Processor
(s) 1402 may include any of various types of computational
devices such as, without limitation, programmable micro-
processors. Processor(s) 1402 may execute instructions that
cause computer 1401 to perform one or more operations
such as are described herein. Memory(ies) 1403 may include
any ol various types of non-transitory machine-readable
storage media such as, without limitation, random access
memory (RAM), read-only memory (ROM), FLASH
memory, magnetic tape or discs, optical discs, etc. Memory
(1es) 1403 may be volatile or non-volatile. Input interface
controller(s) 1404 may include hardware and/or software
that allow user input devices (e.g., a keyboard, a mouse, a
touch screen) to communicate data to processor(s) 1402,
Output interface controller(s) 1405 may include hardware
and/or software that allow user output devices (e.g., display
screens, printers) to output user-understandable information
based on data from processor(s) 1402. Network interface(s)
1406 may include hardware and/or software that allow
processor(s) 1402 to communicate with processors of other
computers via one or more types of wired or wireless
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networks. Examples of network interfaces include, without
limitation, Ethernet adaptors and Wi-F1 adaptors (e.g., oper-
ating 1n accordance with one or more IEEE 802.11 WLAN
standards).

[0098] Memorv(ies) 1403 may store soitware 1408 that
provides 1nstructions to processor(s) 1402 that, when
executed by processor(s) 1402, cause computer 1401 to
perform some or all operations such as are described herein.
Software 1408 may comprise machine-executable instruc-
tions and/or other data, and may include both application
soltware and operating system software. Executable instruc-
tions that cause computer 1401 to perform operations such
as are described herein may also or alternatively be stored 1n
other forms, e.g., as firmware or as hardware logic 1 an
integrated circuit.

[0099] FIG. 15A 1s a graph showing estimated RMS error
in meters, as a function of range (e.g., for multiple cameras,
a value based on a center of a circle on which the cameras
are positioned), for 10,000 Monte Carlo simulations of a
system similar to those described above. The simulations of
FIG. 15A assume a system with six high-resolution cameras
arranged 1n a circle having a radius of 750 meters, each
having an 1maging element with 1920 columns by 1280
rows of pixels, and each having a 2 degree FOV. The
simulations further assumed a target object at an altitude of
100 meters, with the cameras mounted at altitudes of 3
meters. The simulations also assumed an error model with a
1 sigma pixel error of 2 pixels, a 1 sigma pan angle error of
0.005 degrees ( ), and a 1 sigma tilt angle error of 0.005
degrees. During each simulation, the pixel error, pan angle
error, and tilt angle error for each camera were randomly
varied according to the error model. FIG. 15B 1s a graph of
error ellipsoid major axis dimension (1n meters), as a func-
tion of range, for the simulations of FIG. 15A. FIG. 135C 1s
a graph of error ellipsoid minor axis dimension (1n meters),
as a function of range, for the simulations of FIG. 15A.

[0100] FIG. 15D 1s a graph showing estimated RMS error
in meters, as a function of range, for 10,000 Monte Carlo
simulations of a system similar to those described above.
The simulations of FIG. 15D assume a system with six
low-resolution cameras arranged 1n a circle having a radius
of 750 meters, each having an imaging element with 1920
columns by 1280 rows of pixels, and each having a 60
degree FOV. The simulations further assumed a target object
at an altitude of 100 meters, with the cameras mounted at
altitudes of 3 meters. The simulations also assumed an error
model with a 1 sigma pixel error of 2 pixels, a 1 sigma pan
angle error of 0.005 degrees, and a 1 sigma tilt angle error
of 0.005 degrees. During each simulation, the pixel error,
pan angle error, and tilt angle error for each camera were
randomly varied according to the error model. FIG. 15E 1s
a graph of error ellipsoid major axis dimension (1n meters),
as a function of range, for the simulations of FIG. 15D. FIG.
15F 1s a graph of error ellipsoid minor axis dimension (in
meters), as a function of range, for the simulations of FIG.

13D.

[0101] For the avoidance of doubt, the present application
includes, but 1s not limited to, the subject-matter described
in the following numbered clauses:

[0102] 1. A method comprising determining, by one or
more computing devices, a plurality of search point
spatial positions 1n a three-dimensional search space.

[0103] 2. The method of clause 1, comprising determin-
ing, based on the search point spatial positions and on
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orientation data for a plurality of cameras imaging at
least portions of the search space, a plurality of search
point image positions, wherein each of the search point
image positions comprises a location 1n an 1image from
a camera, of the plurality of cameras, to which a search
point spatial position, of the plurality of search point
spatial positions, 1s projected.

[0104] 3. The method of any of clauses 1-2, comprising
selecting, from the images in which the search point
image positions are located, subimages corresponding
to the search point 1image positions.

[0105] 4. The method of any of clauses 1-3, comprising
determining, from the subimages, a plurality of subim-
ages comprising a target object image.

[0106] 5. The method of any of clauses 1-4, comprising
determining, based on the plurality of subimages com-
prising a target object image, a position of a target
object 1n the search space.

[0107] 6. The method of any of clauses 1-5, comprising
outputting 1nformation indicating the position of the
target object.

[0108] 7. The method of any of clauses 1-6, wherein
cach of the subimages corresponds to a search point
image position, of the plurality of search point image
positions, and 1s less than all of the image 1n which the
corresponding search point image position 1s located.

[0109] 8. The method of any of clauses 1-7, comprising
assigning a subset of a plurality of search points to the
target object; determining, based on the position of the
target object, search point spatial positions 1n the search
space for the search points of the subset; and determin-
ing, without regard to the position of the target object,
search point spatial positions in the search space for
remaining search points of the plurality of search
points.

[0110] 9. The method of clause 8, wherein the deter-
mining search point spatial positions in the search
space for the search points of the subset comprises
determining positions within a predetermined distance
of the position of the target object.

[0111] 10. The method of any of clauses 1-9, wherein
the plurality of subimages comprising a target object
image 1s less than all of the selected subimages.

[0112] 11. The method of any of clauses 1-10, wherein
the plurality of cameras comprises at least s1x cameras
and the plurality of search point spatial positions com-
prises at least five hundred search point spatial posi-
tions.

[0113] 12. The method of any of clauses 1-11, wherein
cach camera, of the plurality of cameras, corresponds to
a field of view (FOV), wherein at least a portion of the
FOVs are smaller than the search space, and wherein
cach camera, of the plurality of cameras, 1s moving
independently of the other cameras of the plurality of
cameras.

[0114] 13. The method of any of clauses 1-12, wherein
the determining the plurality of search point spatial
positions comprises, for each search point spatial posi-
tion of the plurality of search point spatial positions,
selecting a random location 1n the search space.

[0115] 14. The method of any of clauses 1-13, wherein

cach camera, of the plurality of cameras, corresponds to
a field of view (FOV), and wherein at least one of the
FOVs 1s narrower than at least one other of the FOVs.
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[0116] 15. The method of any of clauses 1-14, wherein
the target object comprises an unmanned aerial vehicle
(UAV), and wherein the determiming the plurality of
subimages comprises determining that a target object
image 1s not an 1mage of a bird.

[0117] 16. The method of any of clauses 1-15, wherein
at least two cameras, of the plurality of cameras, are
separated by a distance of at least 100 meters.

[0118] 17. The method of any of clauses 1-16, wherein
the search space covers an area of at least 10,000 square
meters.

[0119] 18. The method of any of clauses 1-17, compris-
ing determining whether two subimages, of the plural-
ity ol subimages comprising a target object 1mage,
comprise target object images corresponding to a same
target object.

[0120] 19. An apparatus comprising one or more pro-
cessors and memory storing instructions that, when
executed by the one or more processors, cause the
apparatus to perform the method of any of clauses 1-18.

[0121] 20. A system comprising the apparatus of clause
19 and a camera configured to provide at least one of

the 1mages.

[0122] 21. A non transitory computer-readable medium
storing instructions that, when executed, cause perfor-
mance of the method of any of clauses 1-18.

[0123] 22. A method comprising determining, based on
a plurality of search point spatial positions distributed
throughout a three-dimensional search space, and from
images from a plurality of cameras positioned to 1mage
different portions of the search space, a set of subim-
ages corresponding to at least a portion of the search
point spatial positions.

[0124] 23. The method of clause 22, comprising deter-
mining, from the subimages, a plurality of subimages
comprising a target object image.

[0125] 24. The method of any of clauses 22-23, com-
prising determining whether two subimages, of the
plurality of subimages comprising a target object
image, comprise target object images corresponding to
a same target object.

[0126] 25. The method of any of clauses 22-24, com-
prising determining, based on the plurality of subim-
ages comprising a target object image and on a deter-
mination of whether the two subimages comprise target
object 1mages corresponding to a same target object,
positions of target objects in the search space.

[0127] 26. The method of any of clauses 22-25, com-
prising outputting information indicating the positions
of the target objects.

[0128] 27. The method of any of clauses 22-26, com-
prising assigning, to each of the target objects, a
corresponding subset of a plurality of search points;
and determining, for each of the target objects, and
based on the positions of the target objects, search point
spatial positions in the search space for the search
points of the corresponding subsets.

[0129] 28. The method of any of clauses 22-2°7, wherein
the determining search point spatial positions in the
search space for the search points of the corresponding
subsets comprises, for each of the subsets, determining
positions within a predetermined distance of the posi-
tion of the corresponding target object.
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[0130] 29. The method of any of clauses 22-28, wherein
the plurality of subimages comprising a target object
image 1s less than all of the set of subimages.

[0131] 30. The method of any of clauses 22-29, wherein
cach camera, of the plurality of cameras, corresponds to
a field of view (FOV), wherein at least a portion of the
FOVs are smaller than the search space, and wherein
cach camera, of the plurality of cameras, 1s moving
independently of the other cameras of the plurality of
cameras.

[0132] 31. The method of any of clauses 22-30, com-
prising selecting, for each search point spatial position
of the plurality of search point spatial positions, a
random location in the search space.

[0133] 32. The method of any of clauses 22-31, wherein
the target objects comprise unmanned aerial vehicles
(UAVs), and wherein the determining the plurality of
subimages comprises determining that a target object
image 1s not an 1mage of a bird.

[0134] 33. An apparatus comprising one Oor more pro-
cessors and memory storing instructions that, when
executed by the one or more processors, cause the

apparatus to perform the method of any of clauses
22-32.

[0135] 34. A system comprising the apparatus of clause
33 and a camera configured to provide at least one of
the 1mages.

[0136] 35. A non transitory computer-readable medium
storing instructions that, when executed, cause perfor-
mance of the method of any of clauses 22-32.

[0137] 36. A method comprising determining, based on
images from a plurality of cameras positioned to image
portions of a search space, subimages indicating detec-
tion of an unmanned aerial vehicle (UAV) in the search
space, wherein at least two cameras, of the plurality of
cameras, are separated by a distance of at least 100
meters, and wherein the search space covers an area of
at least 10,000 square meters.

[0138] 37. The method of clause 36, comprising deter-
mining, based on the subimages indicating detection of
a UAV 1n the search space, a position of a UAV 1n the
search space.

[0139] 38. The method of any of clauses 36-37, com-
prising outputting information indicating the position
of the UAV.

[0140] 39. The method of any of clauses 36-38, wherein
cach camera, of the plurality of cameras, corresponds to
a field of view (FOV), wherein at least a portion of the
FOVs are smaller than the search space, and wherein
cach camera, of the plurality of cameras, 1s moving
independently of the other cameras of the plurality of
cameras.

[0141] 40. The method of any of clauses 36-39, com-
prising assigning a subset of a plurality of search points
to the UAV; determining, based on the position of the
UAYV, search point spatial positions 1n the search space
for the search points of the subset; determining, without
regard to the position of the UAV, search point spatial
positions in the search space for remaining search
points of the plurality of search points; selecting, from
additional 1mages from the plurality of cameras and
based on the plurality of search points, additional
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subimages; and determiming, based on at least a portion
of the additional subimages, a second position of the
UAV 1n the search space.

[0142] 41. The method of any of clauses 36-40, wherein
the determining the subimages comprises selecting
subimages based on projections, of randomly selected
search point spatial positions 1n the search space, onto
the 1mages.

[0143] 42. An apparatus comprising one or more pro-
cessors and memory storing instructions that, when
executed by the one or more processors, cause the
apparatus to perform the method of any of clauses

36-41.

[0144] 43. A system comprising the apparatus of clause
42 and a camera configured to provide at least one of
the 1mages.

[0145] 44. A non transitory computer-readable medium
storing instructions that, when executed, cause perfor-
mance ol the method of any of clauses 36-41.

[0146] The foregoing has been presented for purposes of
example. The foregoing 1s not imtended to be exhaustive or
to limit features to the precise form disclosed. The examples
discussed herein were chosen and described 1 order to
explain principles and the nature of various examples and
their practical application to enable one skilled 1n the art to
use these and other implementations with various modifi-
cations as are suited to the particular use contemplated. The
scope of this disclosure encompasses, but 1s not limited to,
any and all combinations, subcombinations, and permuta-
tions of structure, operations, and/or other features described
hereimn and in the accompanying drawing figures.

1. A method comprising:

determining, based on 1images from a plurality of cameras
positioned to image portions ol a search space, subim-
ages indicating detection of an unmanned aerial vehicle
(UAV) 1n the search space, wherein at least two cam-
eras, of the plurality of cameras, are separated by a
distance of at least 100 meters, and wherein the search
space covers an area of at least 10,000 square meters;

determining, based on the subimages indicating detection
of the UAV 1n the search space, a position of the UAV
in the search space; and

outputting information indicating the position of the UAV.

2. The method of claim 1, wherein each camera, of the
plurality of cameras, corresponds to a field of view (FOV),
wherein at least a portion of the FOVs are smaller than the
search space, and wherein each camera, of the plurality of
cameras, 1s capable of moving independently of the other
cameras of the plurality of cameras.

3. The method of claim 1, further comprising;:

assigning a subset of a plurality of search points to the
UAV;

determining, based on the position of the UAV, search

point spatial positions in the search space for the search
points of the subset;

determining, without regard to the position of the UAYV,
search point spatial positions in the search space for
remaining search points of the plurality of search
points;

selecting, from additional 1mages from the plurality of
cameras and based on the plurality of search points,
additional subimages; and

Feb. 1, 2024

determining, based on at least a portion of the additional
subimages, a second position of the UAV 1n the search
space.

4. The method of claim 1, wherein the determining the
subimages comprises selecting subimages based on projec-
tions, of randomly selected search point spatial positions in
the search space, onto the 1mages.

5. The method of claim 1, further comprising:

performing, based on the information indicating the posi-

tion of the UAV, one or more countermeasures to
disable or destroy the UAV.

6. The method of claim 1, further comprising:

selecting, for each search point spatial position of a

plurality of search point spatial positions, a random
location 1n the search space.

7. The method of claim 1, further comprising:

ignoring, based on a determination that at least one

subimage comprises at least one of a man-made object
or a natural object, the at least one subimage.

8. A computing device comprising:

one or more processors; and

memory storing instructions that, when executed by the

one or more processors, cause the computing device to:

determine, based on 1images from a plurality of cameras
positioned to i1mage portions of a search space,
subimages indicating detection of an unmanned
aerial vehicle (UAV) in the search space, wherein at
least two cameras, of the plurality of cameras, are
separated by a distance of at least 100 meters, and
wherein the search space covers an area of at least
10,000 square meters;

determine, based on the subimages indicating detection
of the UAV 1n the search space, a position of the
UAV 1n the search space; and

output information indicating the position of the UAV.

9. The computing device of claim 8, wherein each camera,
of the plurality of cameras, corresponds to a field of view
(FOV), wherein at least a portion of the FOVs are smaller
than the search space, and wheremn each camera, of the
plurality of cameras, 1s capable of moving independently of
the other cameras of the plurality of cameras.

10. The computing device of claim 8, wherein the 1nstruc-
tions, when executed by the one or more processors, cause
the computing device to:

assign a subset of a plurality of search points to the UAV;

determine, based on the position of the UAYV, search point
spatial positions i1n the search space for the search
points of the subset;

determine, without regard to the position of the UAYV,

search point spatial positions in the search space for
remaining search points of the plurality of search
points;

select, from additional images from the plurality of cam-

eras and based on the plurality of search points, addi-
tional subimages; and

determine, based on at least a portion of the additional

subimages, a second position of the UAV 1n the search
space.

11. The computing device of claim 8, wherein the nstruc-
tions, when executed by the one or more processors, cause
the computing device to determine the subimages by select-
ing subimages based on projections, of randomly selected
search point spatial positions in the search space, onto the
1mages.
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12. The computing device of claim 8, wherein the mstruc-
tions, when executed by the one or more processors, cause
the computing device to:

perform, based on the information indicating the position

of the UAV, one or more countermeasures to disable or
destroy the UAYV,

13. The computing device of claim 8, wherein the mstruc-
tions, when executed by the one or more processors, cause
the computing device to:

select, for each search point spatial position of a plurality

ol search point spatial positions, a random location 1n
the search space.

14. The computing device of claim 8, wherein the mstruc-
tions, when executed by the one or more processors, cause
the computing device to:

ignore, based on a determination that at least one subim-

age comprises at least one of a man-made object or a
natural object, the at least one subimage.
15. A non-transitory computer-readable medium compris-
ing instructions that, when executed, cause a computing
device to:
determine, based on 1mages from a plurality of cameras
positioned to 1image portions of a search space, subim-
ages indicating detection of an unmanned aerial vehicle
(UAV) 1n the search space, wherein at least two cam-
cras, ol the plurality of cameras, are separated by a
distance of at least 100 meters, and wherein the search
space covers an area of at least 10,000 square meters;

determine, based on the subimages indicating detection of
the UAV 1n the search space, a position of the UAV in
the search space; and

output information indicating the position of the UAV.

16. The non-transitory computer-readable medium of
claim 15, wherein each camera, of the plurality of cameras,
corresponds to a field of view (FOV), wherein at least a
portion of the FOVs are smaller than the search space, and
wherein each camera, of the plurality of cameras, 1s capable
of moving imndependently of the other cameras of the plu-
rality of cameras.

17. The non-transitory computer-readable medium of
claim 15, wherein the instructions, when executed, cause the
computing device to:
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assign a subset of a plurality of search points to the UAV;

determine, based on the position of the UAV, search point
spatial positions 1n the search space for the search
points of the subset;

determine, without regard to the position of the UAYV,
search point spatial positions in the search space for
remaining search points of the plurality of search
points;

select, from additional 1images from the plurality of cam-

eras and based on the plurality of search points, addi-
tional subimages; and

determine, based on at least a portion of the additional
subimages, a second position of the UAV 1n the search
space.

18. The non-transitory computer-readable medium of
claim 15, wherein the instructions, when executed, cause the
computing device to determine the subimages by selecting
subimages based on projections, of randomly selected
search point spatial positions 1n the search space, onto the
1mages.

19. The non-transitory computer-readable medium of

claim 15, wherein the instructions, when executed, cause the
computing device to:

perform, based on the information 1indicating the position

of the UAV, one or more countermeasures to disable or
destroy the UAV.

20. The non-transitory computer-readable medium of
claim 15, wherein the instructions, when executed, cause the
computing device to:

select, for each search point spatial position of a plurality
ol search point spatial positions, a random location 1n
the search space.

21. The non-transitory computer-readable medium of
claim 15, wherein the instructions, when executed, cause the
computing device to:

ignore, based on a determination that at least one subim-
age comprises at least one of a man-made object or a
natural object, the at least one subimage.
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