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METHOD AND APPARATUS FOR LOCATING
A TARGET USING AN AUTONOMOUS
UNMANNED AERIAL VEHICLE

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit under 35 U.S.C.
§119(e) of U.S. Provisional Application No. 61/870,573 filed
Aug. 27, 2013, which application is incorporated herein by
reference in its entirety.

GOVERNMENT RIGHTS

[0002] This invention was made with government support
under Contract No. FA8721-05-C-0002 awarded by the US
Air Force. The government has certain rights in this inven-
tion.

FIELD

[0003] The subject matter described herein relates to
unmanned aerial vehicles (UAVs) and more particularly to a
UAV that utilizes sensor data to statistically reduce, and ide-
ally minimize, an amount of time required for the UAV to
autonomously locate a target.

BACKGROUND

[0004] As is known in the art, sensor integrated path plan-
ning has been a central area of research for autonomous
robotic systems for many decades. In recent years, goal-
oriented path planning with obstacle avoidance has gained
widespread exposure (see e.g., the 2004 and 2007 DARPA
Unmanned Ground WVehicle (UGV) challenges). More
recently, due at least in part to improvements in power sources
(e.g., lithium polymer batteries) and less expensive motors
(e.g., brushless motors), task planning for small multirotor
platforms has become an active area of autonomous systems
research.

[0005] One common method for aerial Intelligence,
Search, and Reconnaissance (ISR) missions over a desig-
nated area of interest is to use pre-programmed flight paths
that cover a specified area. “Lawnmower” path or polygonal
flight paths are common examples. Unmanned aerial vehicle
(UAV) flight control and sensor data acquisition are typically
decoupled in intelligence-related missions. In the archetypal
case, a UAV flies pre-programmed Global Positioning Satel-
lite (GPS) waypoints while an onboard sensor streams data to
a ground control station observed by a human or post-pro-
cessed for analysis.

SUMMARY

[0006] Itis appreciated herein that there is a need to rapidly
and autonomously locate a target in an unknown location
within a designated area of interest, specifically in situations
where a sensor’s range to the target is smaller (and in some
cases significantly smaller) than the designated area of inter-
est. In particular, an unmanned aerial vehicle (UAV) that
incorporates onboard sensors to complete a pre-determined
mission (e.g. searching for a target at an unknown location)
more efficiently improves upon conventional pre-pro-
grammed search fight path techniques that are decoupled
from potentially useful sensor data.

[0007] In accordance with the concepts sought to be pro-
tected herein, a UAV for locating a target within a designated
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area of interest comprises: a position determination unit to
generate location data concerning the UAV’s position; a sen-
sor to obtain sensor data associated with the target; a flight
path determination unit operatively coupled to receive the
location data from the position determination unit and the
sensor data from the sensor, and in response to the location
data and the sensor data the flight path determination unit
selects a flight path directed by one of: a randomized flight
process to search the designated area of interest and a geo-
localization flight process to home in on the target. The UAV
further includes a flight controller operatively coupled to the
flight path determination unit to fly the UAV along the
selected flight path.

[0008] With this particular arrangement, a UAV for finding
(i.e. physically locating) a target located in an unknown place
within a region of known bounds in a minimum time possible
is provided. By combining onboard location data and sensor
data, the UAV autonomously directs itself along a flight path
that statistically reduces (and ideally minimizes) an overall
flight time required to locate a target.

[0009] In particular embodiments, the randomized flight
process comprises Lévy flight and/or the geo-localization
flight process comprises a simplex minimization process.
[0010] Insomeembodiments, the flight path determination
unit is located remote from the UAV, such as within in a
ground station. In various embodiments, the sensor data
includes values corresponding to confidence levels which
provide at least a general indication of the proximity of the
UAV to the target. In some embodiments, the target comprises
aradio frequency (RF) transmitter and the sensor comprises a
received signal strength indicator (RSSI) receiver. In various
embodiments, the position determination unit comprises a
Global Positioning System (GPS) receiver. In some embodi-
ments, the flight path determination unit transitions from the
randomized flight process to the geo-localization flight pro-
cess when at least three different locations are identified
having associated confidence level values exceeding a pre-
determined threshold value and/or only if the at least three
different locations are not collinear. In various embodiments,
the flight path determination unit bounds the selected flight
path to within the designated area of interest.

[0011] According to another aspect of the concepts sought
to be protected herein, a method for navigating a UAV to
locate a target within a designated area of interest comprises:
directing the UAV over the designated area of interest using a
randomized flight process; during the randomized flight pro-
cess, receiving location data (e.g., GPS coordinates) concern-
ing the UAV’s position and sensor data associated with the
target; processing the location data and the sensor data to
identify a plurality of locations suitable to initialize a geo-
localization flight process; transitioning from the randomized
flight process to the geo-localization flight process; directing
the UAV over the designated area of interest using the geo-
localization flight process initialized using the plurality of
locations; and estimating the target location using a final UAV
location.

[0012] In a particular embodiment, the randomized flight
process comprises choosing a random step sizes, choosing a
random directions, and directing the UAV to random loca-
tions defined by the random step sizes and the random direc-
tions. The random step sizes may be chosen using a Cauchian
or a Gaussian distribution. In some embodiments, receiving
sensor data associated with the target comprises receiving
received signal strength indication (RSSI) data associated
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with a radio frequency (RF) transmitter. In various embodi-
ments, processing the location data and the sensor data to
identify a plurality of locations suitable to initialize a geo-
localization flight process comprises identifying at least three
locations having associated confidence level values which
exceed a pre-determined threshold value and/or finding at
least three locations that are not collinear. In a particular
embodiment, the geo-localization flight process comprises a
simplex minimization process.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The concepts, structures, and techniques sought to
be protected herein may be more fully understood from the
following detailed description of the drawings, in which:
[0014] FIGS. 1 and 1A are perspective-view diagrams
illustrating a technique for navigating an unmanned aerial
vehicle (UAV) to locate a target within a within a designated
area of interest;

[0015] FIG. 2 is a block diagram illustrating a UAV plat-
form having an onboard sensor to locate a target;

[0016] FIG. 3 is a block diagram illustrating a target locat-
able by the UAV of FIG. 2;

[0017] FIG. 4 is a block diagram illustrating an alternate
embodiment of a UAV platform;

[0018] FIG. 5 is a block diagram illustrating a ground sta-
tion for use with the UAV platform of FIG. 4;

[0019] FIGS. 6, 6A, and 6B are flowcharts illustrating
methods and processes for use with the systems of FIGS. 2, 4,
and 5; and

[0020] FIG. 7 is a schematic representation of an illustra-
tive computer which may form part of the systems of FIGS. 2,
4, and 5.

[0021] The drawings are not necessarily to scale, or inclu-
sive of all elements of a system, emphasis instead generally
being placed upon illustrating the concepts, structures, and
techniques sought to be protected herein.

DETAILED DESCRIPTION

[0022] Before describing embodiments of the concepts,
structures, and techniques sought to be protected herein,
some terms are explained. As used herein, the term “confi-
dence level” refers to a measure or assessment of the reliabil-
ity that a UAV is within a certain distance from a target and/or
is moving closer to the target. As used herein, the term “UAV
platform” used herein is synonymous with “UAV,” which may
be a customized or specially manufactured UAV or a com-
mercially available UAV that can be readily modified by the
addition of hardware and/or software components.

[0023] Referring to FIGS. 1 and 1A, in which like elements
are shown having like reference designations, a UAV 102 uses
onboard sensor data to locate a target 104 within a designated
area of interest (also referred to herein as a “search area™) 100.
The UAV 102 may be based upon any suitable UAV platform,
including but not limited to a single rotor, a multirotor (e.g., a
quadrotor or octorotor), or a fixed wing platform. Illustrative
UAV platforms for use with the UAV 102 are described in
detail below in conjunction with FIGS. 2 and 4. The UAV 102
generally has no prior knowledge as to the location of target
104 within the search area 100. In some embodiments, the
UAV 102 operates autonomously, meaning without input
from an operator or other external entity. In a particular
embodiment, described below in conjunction with FIGS. 4
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and 5, the UAV delegates certain processing to a remote
processor (e.g., a ground station).

[0024] Ingeneral,the target 104 can be any type of physical
object known to the UAV 102. In embodiments, the target 104
includes an emitter (or “beacon”) to radiate electromagnetic
waves detectable by the UAV’s onboard sensor. Non-limiting
examples of beacons which may be used include an RF trans-
mitter to transmit RF signals, a light source to emit light (e.g.,
infrared radiation, visible light, laser beams, etc.), and a
sound generator to generate and radiate audio waves. In other
embodiments, the UAV 102 uses a camera and image pro-
cessing techniques to detect the target 104, in which case the
target need not include a beacon. For example, the target 104
may have a distinctive shape or surface known to the UAV,
enabling the UAV to detect the target within the search area
100. As a more specific example, if the target is known to be
ared car, the UAV can capture images using a camera and use
image processing techniques known in the art to identify ared
car and to estimate the proximity of the car. An illustrative RF
transmitter target is shown in FIG. 3 and described below in
conjunction therewith.

[0025] The UAV sensor is capable of detecting (or “sens-
ing”) the target 104 within a certain range 104a (referred to
herein as the “sensor range”). The particular sensor range in
any application may be affected by a number of factors,
including but not limited to the power of the target’s beacon,
the sensitivity/accuracy of the onboard sensor, and/or the
physical size of the target (e.g., in the case when the sensor
comprises a camera). In general, the sensor range 104 is
smaller (and in some applications significantly smaller) than
the overall search space 100, hence the need to move the UAV
throughout the search space to locate it.

[0026] Inoperation, the UAV 102 moves within the search
area 100 along a dynamically selected flight path 106 to locate
the target 104. The flight path 106 can include a plurality of
waypoints 108 (for clarity and simplicity of explanation, only
four of the waypoints 1084-108/ are labeled in the figures). A
segment of the flight path between two waypoints is referred
to as a “step” and the distance between two waypoints is
referred to as a “step size” or “step radius.” In some embodi-
ments, the UAV 102 flies at a generally fixed altitude (e.g., 20
or 25 meters above the ground) while searching for the target
104. Accordingly, the flight path 106 may lie within a plane
(referred to herein as the “flight plane™) and well-known
two-dimensional search techniques can be employed.

[0027] The UAV 102 (or a ground station) selects the flight
path 106 using a two-part search strategy. First, the UAV 102
uses randomized flight (e.g., Lévy flight) to move within
proximity of the target 104. Second, the UAV 102 uses a
geo-localization process (e.g., a simplex minimization pro-
cess) to home in on the target 104. In the example shown in
FIGS. 1 and 1A, the waypoints 108a-108f are selected using
randomized flight, whereas the waypoints 108g and 108/ are
selected using a geo-localization process. In other words, the
UAV 102 starts its search at location 1084 and uses random-
ized flight to fly to locations 1085, 108¢, etc. until reaching
the locations 1084-108f. During the randomized flight por-
tion, each next waypoint is selected by choosing a random
step size and a random direction to determine the next way-
point

[0028] Those skilled in the art will appreciate that, statisti-
cally, the optimal flight path strategy is a generalized random
walk called Lévy flight. In Lévy flight, the directions of flight
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are random and isotropic (as in a usual random walk) but the
step sizes are chosen from a probability distribution that is

typically

1
— (Cauchian)
o

or

1
= (Gaussian)
7

where r is the radius step size (as opposed to a usual random
walk where all of the step sizes are the same). It should be
noted that using an inverse power distribution yields step
sizes that more often small and clustered and only occasion-
ally far and distant.

[0029] Accordingly, the UAV 102 may choose the step size
to the next waypoint (e.g., 10854) using the Cauchian, Gaus-
sian, or any other any suitable random distribution. Likewise,
the UAV 102 uses any suitable random distribution (e.g., the
uniform distribution) to choose the direction of the next way-
point.

[0030] Since Lévy flights and other random walks are theo-
retically unbounded, a search limit may be imposed. In FIG.
1, for example, the search may be limited to the search area
100. The target is known/assumed to be within the search area
and, thus, during the course of its search flight, the UAV 102
can ignore and choose not fly to locations outside of the
search area. For example, if the UAV 102 chooses a random
waypoint outside the search area, it may elect to disregard that
choice and choose another waypoint, repeating the process
until a waypoint within the search area is chosen. The search
area can have any suitable shape, such as a circular shape, an
elliptical shape, a polygon shape, etc. In a particular embodi-
ment, the search area is defined by a radius about a designated
origin point on the ground. Although the search area can be
any size, it is contemplated herein that a search area may be
limited to a few square miles. Prior to a search operation, the
defined search area 100 can be stored within the UAV 102
and/or within a ground station.

[0031] The UAV 102 flies to the next waypoint 1085 and
uses a sensor (e.g., an onboard sensor) to attempt to detect the
target 104. Using sensor data, the UAV 102 calculates a
confidence level value (i.e., a scalar value), which is related
to, for example, an estimate of the relative distance between
the UAV 102 and the target 104. If the UAV 102 cannot detect
the target beacon (e.g., the UAV 102 is outside the range
104a), the confidence level can be set to a nominal value (e.g.,
zero). In various embodiments, the UAV 102 collects
Received Signal Strength Indication (RSSI) data in response
to a target emitting an RF signal. As the UAV flies closer to the
target 104, the detected RSSI signal level increases.

[0032] The UAV 102 repeats the randomized flight step-
ping process until certain criteria are met and, subsequently,
switches to a geo-localization process. In various embodi-
ments, the geo-localization process corresponds to a simplex
minimization process.

[0033] It will be understood that simplex minimization is
an optimization technique which can be used to statistically
reduce (and ideally minimize) the time to locate a point within
a plane. Although a more detailed description of simplex
minimization is shown in FIG. 6B and discussed below in
conjunction therewith, a brief overview is given herein. The
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applied method essentially takes three points in a plane, each
of which has an associated scalar value (which may, for
example, correspond to a confidence level), and uses the
associated values to select a fourth point which is expected to
have a higher associated value (e.g., have a stronger RF sig-
nal). At the fourth point, an associated scalar value is obtained
and, using that value, a decision is made to move furtherin the
same direction or to backtrack. The method begins by finding
three points to form an initial (or “seed”) simplex triangle and
is iterated until certain criteria are satisfied (e.g., the most
recent step size is below a minimal threshold value or “epsi-
lon™).

[0034] Accordingly, in embodiments that utilize a simplex
minimization process, the UAV 102 may switch form ran-
domized flight to a geo-localization process when at least
three points having a sufficient confidence level are found
(e.g., confidence levels above a pre-determined threshold) so
as to form an adequate initial simplex triangle. In general, the
threshold value may be selected, at least in part, based upon
the characteristics (e.g., one or more electrical and/or
mechanical characteristics) of the UAV 102 and associated
sensors. In one embodiment, the threshold value is selected in
an ad hoc manner. The threshold value may also be deter-
mined empirically. In one embodiment, the threshold value is
selected such that the initial simplex triangle is within an area
that is a certain fraction of the overall search area. For
example, if the search is limited to a 90-meter radius, the
threshold may be selected to such that the transition from
randomized flight to a geo-localization process occurs when
the UAV is within 10-20 meters of the target. In some embodi-
ments, the points are selected so as to not be collinear and to
have geometric spread exceeding a pre-determined threshold.

[0035] Any suitable measure of geometric spread can be
used. In a certain embodiment, a triangle’s geometric spread
is defined as the difference between the sum of the lengths of
the two shorter sides and the length of the longest side, nor-
malized by the sum of the lengths of all three sides.

[0036] Referring specifically to FIG. 1A and the example
shown therein, the UAV 102 transitions to simplex minimi-
zation when the three waypoints 1084, 108¢, 108/ are located
and used to form the initial simplex triangle. The subsequent
waypoints 108g, 108/ are selected by iteratively applying a
simplex minimization process, starting with the initial tri-
angle. With each iteration, a new simplex triangle may be
defined and, in general, each iteration brings the UAV closer
to the target. After a series of simplex minimization sequences
has completed, the UAV 102 autonomously lands near the
target 104 and reports its geographic location, which can be
an accurate estimate of the target location. In embodiments,
the UAV 102 transmits its geographic location to a remote
system (e.g., a ground station).

[0037] Referring to FIG. 2, an illustrative UAV platform
200 may be the same as or similar to UAV 102 of FIG. 1. The
UAV platform 200 includes a plurality of rotors 202 and
various avionics 206 supported by a support structure (or
“body”) 204. In this example, the UAV platform 200 includes
four rotors 202 and is thus referred to as a quadcopter. The
illustrative avionics 206, which may include any suitable
combination of hardware and/or software components,
includes a flight controller 208, a position determination unit
210, a sensor 212, and a flight path determination unit 214. In
some embodiments, a rotor 202 comprises a brushless electric
motor and a plurality of blades coupled thereto. The UAV
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platform 200 may further include a power supply 216 (e.g., a
battery, solar cell, etc.) to power the avionics 206 and/or the
rotors 202.

[0038] The flight controller 208 executes a flight plan,
which can be pre-determined or dynamic. In the embodiment
shown, the flight controller receives flight path information
from the flight path determination unit 214 and controls the
rotors 202 to fly the UAV along a dynamically selected flight
path. The flight path information may include one or more
waypoints expressed in absolute terms (e.g., as GPS coordi-
nates) or in relative terms (e.g., as step sizes and step direc-
tions). The flight controller 208 may also receive automatic
and/or manual flight instructions from other processing units
within the UAV and/or from a remote operator. In some
embodiments, the flight controller 208 also uses position
information from the position determination unit 210 to navi-
gate to an instructed location.

[0039] The sensor 212 includes any suitable combination
of software and/or hardware to detect a target and to generate
corresponding sensor data. The sensor data may comprise
scalar values, such as confidence levels. As discussed above,
various types of sensors 212 are contemplated. In some
embodiments, a sensor 212 comprises an RSSI receiver to
indicate the proximity to an RF transmitter. In some embodi-
ments, a “heat map” technique may be used (e.g. in combi-
nation with RSSI data). In other embodiments, the sensor
uses a Doppler technique to indicate the UAV is moving
towards the target or away from the target (e.g., as the UAV
moves toward a target, frequency is redshifted and as the UAV
moves away from a target, frequency is blueshifted; the point
at which this transition occurs allows identification of one
coordinate). In still other embodiments, a LiDAR or camera
could be input as the sensor. In general, any sensor that can
generate a scalar value indicating, within a certain confi-
dence, that a target is nearby and/or that the UAV is moving
closer to (or further from) the target may be suitable. In the
case of an RF transmitter target, the sensor 212 may include
an RF receiver configured to use to the same frequency and/or
modulation scheme as the RF transmitter.

[0040] The flight path determination unit 214 uses position
information received from the position determination unit
210aq and sensor data received from the sensor 212 to generate
flight path information, which is provided to the flight con-
troller 208. In some embodiments, the flight path determina-
tion unit 214 also uses information about the search area
boundaries to limit the search to a designated area of interest.
For example, search area boundaries may be pre-pro-
grammed into the flight determination unit 214 or stored upon
a memory accessible by the unit 214.

[0041] In general, the flight path determination unit 214
uses an autonomous control scheme whereby it uses the
UAV’s current position, sensor data, and search area bound-
aries to continuously search for the target. In one embodi-
ment, the UAV performs all necessary computations on the
UAV platform. In an alternate embodiment, which is
described more fully below in conjunction with FIG. 4, a
remote processor performs at least a portion of the flight path
determination process. An illustrative technique that can be
used within the flight path determination unit 214 is shown in
FIGS. 6, 6A, and 6B and described below in conjunction
therewith.

[0042] In some embodiments, the UAV platform 200 is
implemented using commercially available equipment and
software. For example, in a particular embodiment, the UAV
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platform 200 is based on the ArduCopter multicopter UAV
platform and, more specifically, may be a modified version of
a “ready-to-fly” ArduCopter distributed by 3D Robotics of
Berkley, Calif., USA. In particular, for the UAV platform, a
3D Robotics Arducopter with an integrated, onboard Ardupi-
lot CPU can be used. It will be understood that the Arducopter
platform includes open source software and configurable
hardware system, making it relatively easy to adapt and
extend to achieve the functionality described herein. Ready-
to-fly Arducopters may include flight dynamics control, auto-
matic takeoff and landing capability, GPS-guided flight capa-
bility, altimeter sensors, and a basic communication
structure. Thus, the flight controller 208 and position deter-
mination unit 210 can be provided by an unmodified ready-
to-fly Arducopter. A ready-to-fly Arducopter may further
include a serial data link to a PC (e.g., a 900 MHz XBee serial
data link, a USB XBee PC serial data link, etc.) and/or a
manual override signal input (e.g., operating at 2.4 GHz).
[0043] In some embodiments, a commercially available
UAV platform is modified to include an onboard sensor 212.
For example, to locate an RF transmitter, an RSSI receiver
may be added. In the case of an Arducopter, the RSSI receiver
output may be coupled to a serial input port of the central
Ardupilot controller, allowing the Ardupilot CPU to receive
and process signal strength data from the RSSI receiver. In
embodiments, the RSSI receiver generates a voltage level
signal (e.g., between OV and +5V) and the serial input port is
ananalog input. Inembodiments, the RSSI receiverisa LINX
RSSI/RF receiver distributed by Linx Technologies of Mer-
lin, Oreg., USA. A LINX receiver is capable of estimating
physical proximity to an RF transmitter located on the
ground. The RSSI output voltage amplitude of a LINX
receiver generally decreases as

r2’

where r is an estimate or me distance between the transmitter
and receiver.

[0044] It should be understood that other hardware periph-
eral devices could be readily integrated into the UAV platform
200, including various communication and control capabili-
ties. For example, a Spektrum DX8 900 MHz manual radio
controller can be added for manual flight takeoffs and manual
override to the Ardupilot controller for testing purposes.
[0045] In various embodiments, a ready-to-fly Arducopter
is modified to include software and/or hardware to implement
the flight path determination unit 214. For example, the flight
path determination unit 214 may correspond to computer
instructions stored in a memory and executable by a general-
purpose processor (e.g., an Ardupilot CPU). In a particular
embodiment, the computer instructions correspond to one or
more of the steps shown in FIGS. 6, 6 A, and 6B and described
below in conjunction therewith.

[0046] Referring to FIG. 3, an illustrative target 300, which
may be the same as or similar to target 104 of FIG. 1, is
locatable by a UAV within a search area. The target 300 may
include a beacon 302, a power supply 304, and other features
that are not shown. In various embodiments, the beacon 302
comprises a RF emitter to transmit RF signals at a known
frequency into free space via an antenna 302a. The RF emitter
may be configured to use to the same frequency and/or modu-
lation scheme as an RF receiver upon a UAV (e.g., UAV 102
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of FIG. 1). In some embodiments, a target 300 does not
include a beacon, but can be located by a UAV sensor using
other techniques described above, including but not limited to
thermal processing and image processing.

[0047] FIG. 4 shows an illustrative UAV platform 400
which is similar to the UAV platform 200 of FIG. 2, but
wherein at least a portion of the processing is performed
remote from the UAV (i.e., not all processing is done onboard
the UAV). Within FIGS. 2 and 4, like elements are shown
having like reference designations and, for simplicity of
explanation, FIG. 4 is described herein only in terms of the
differences there between. In the example shown, the UAV
400 relies on a remote processor to determine flight path
information. Accordingly, the UAV 400 does not include a
flight path determination unit, but does include a modem 402
to communicate with a remote processor. The modem 402
receives position information from a position determination
unit 210, sensor data from a sensor 212, and is configured to
transmit this information along with any other useful telem-
etry data to a remote processor via an RF antenna 402a. The
modem 402 may include any suitable hardware and/or soft-
ware to transmit the telemetry data to the remote processor
and to receive flight path information (e.g., waypoints) in
response. For example, the modem 402 may include an RF
transceiver. In a particular embodiment, the modem 402 com-
prises a 900 MHz XBee modem module.

[0048] In operation, the illustrative UAV 400 sends telem-
etry data to a remote processor, such as a ground station 500
shown in FIG. 5. The UAV 400 may send telemetry data
continuously, periodically, or on an as-needed basis (e.g.,
when a next waypoint is needed). In response, the remote
processor returns flight path information (e.g., GPS way-
points), which is used (either directly or indirectly) by the
flight controller 208 to control the UAV’s flight.

[0049] Referring to FIG. 5, an illustrative ground station
500 may perform some or all of the remote processing
described above in conjunction with FIG. 4. For example, the
ground station 500 can include a flight path determination
unit 504 to receive telemetry data (e.g., position information
and sensor data obtained by the UAV) and determine flight
path information that is returned to the UAV. Accordingly, the
flight path determination unit 504 may use the same or similar
techniques described above in conjunction with the unit 214
of FIG. 2. In a particular embodiment, the flight path deter-
mination unit 504 uses two-part flight strategy including ran-
domized flight and a geo-localization process to locate a
target at an unknown location. As shown, the ground station
500 may include amodem 502 coupled to an RF antenna 5024
and configured to receive the telemetry data from the UAV
400 (FIG. 4) and to transmit flight path information.

[0050] The ground station 500 may be provided, for
example, as a personal computer (PC), a tablet computer, or
other mobile or non-mobile processing device including
hand-held devices. In a particular embodiment, the modem
502 comprises a 900 MHz DIGI XBee module. In some
embodiments, the ground station 500 further includes a user
input device (e.g., a keyboard, mouse, touch screen, etc.) by
which an operator can provide override flight instructions to
the UAV. In a particular embodiment, the ground station
includes a user display to present information about the
UAV’s flight path. For example, the ground station may dis-
play telemetry data to the operator. In some embodiments, the
ground station 500 generates a display including a map of the
search area overlaid with the UAV’s flight path. In a particular
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embodiment, the ground station 500 is connected to the Inter-
net to query a United States Geological Survey (USGS)
server and configured to build maps for an overview of the
region of interest.

[0051] FIGS. 6, 6A, and 6B are flowcharts corresponding to
below contemplated techniques that may be implemented
within a UAV (e.g., the UAV 200 of FIG. 2) and/or within a
ground station (e.g., the ground station 500 of FIG. 5). Rect-
angular elements (typified by element 604 in FIG. 6), herein
denoted “processing blocks,” represent computer software
instructions or groups of instructions. Rectangular elements
having double vertical bars (typified by element 602 in FIG.
6), herein denoted “sub-processing blocks,” represent groups
of computer software instructions. Diamond shaped elements
(typified by element 624 in FIG. 6A), herein denoted “deci-
sion blocks,” represent computer software instructions, or
groups of instructions, which affect the execution of the com-
puter software instructions represented by the processing
blocks.

[0052] Alternatively, the processing and decision blocks
represent steps performed by functionally equivalent circuits
such as a digital signal processor circuit or an application
specific integrated circuit (ASIC). The flow diagrams do not
depict the syntax of any particular programming language.
Rather, the flow diagrams illustrate the functional informa-
tion one of ordinary skill in the art requires to fabricate cir-
cuits or to generate computer software to perform the pro-
cessing required of the particular apparatus. It should be
noted that many routine program elements, such as initializa-
tion of loops and variables and the use of temporary variables
are not shown. It will be appreciated by those of ordinary skill
in the art that unless otherwise indicated herein, the particular
sequence of blocks described is illustrative only and can be
varied without departing from the spirit of the concepts, struc-
tures, and techniques sought to be protected herein. Thus,
unless otherwise stated the blocks described below are unor-
dered meaning that, when possible, the functions represented
by the blocks can be performed in any convenient or desirable
order.

[0053] Referring to FIG. 6, an illustrative method 600,
begins at block 602, where randomized flight is used to locate
at least three points (referred to as “initialization points™)
suitable for constructing an initial simplex triangle. At block
604, one or more candidate triangles are enumerated having
vertices at the initialization points; in some embodiments, all
possible such triangles are enumerated. At block 606, one of
the candidate triangles having a suitable geometric spread is
chosen as the initial simplex triangle. This involves finding
three points that are not collinear and/or have geometric
spread exceeding a pre-determined threshold, ensuring that
the initial triangle for the subsequent simplex minimization
process is adequately chosen for recursively homing in on the
target. In a certain embodiment, the random flight measure-
ments are sorted by confidence level, then the first M points
(e.g., M=50 points) are used to construct the candidate tri-
angles. All possible triangles may be constructed and sorted
by geometric spread to choose the triangle having the highest
spread. Alternatively, processing may be stopped after any
triangle with suitable geometric spread is found.

[0054] Having chosen an initial simplex triangle, an itera-
tive simplex minimization process 608 is executed to home in
on the target and. In some embodiments, at block 610, the
UAV autonomously lands near the target and broadcasts its
geographic location (e.g., to the ground station 500 of FIG. 5).
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[0055] It should be appreciated that the method 600 may be
implemented via a finite state machine by dividing or other-
wise treating the method as a randomized flight stage (block
602) and a simplex minimization (block 608) stage. The UAV
transitions from randomized flight to the simplex minimiza-
tion stage after at least suitable points are located.

[0056] An illustrative randomized flight procedure 602 is
shown in FIG. 6 A where, beginning at blocks 620 and 622, a
random target location is selected by choosing a random
direction and a random step size. In some embodiments, if the
random location is outside the bounded search area (block
624), the location may be ignored and a new location is
random chosen. Otherwise, at block 626, the UAV flies to the
random location and, at block 628, obtains a confidence level
associated with that location using an onboard sensor. If the
confidence level exceeds a pre-determined threshold, the ran-
dom location may be saved (e.g., in memory) for possible use
to construct the initial simplex triangle.

[0057] Therandom flight procedure ofblocks 620-628 may
be repeated until certain at least three suitable points are
found to form the initial simplex triangle. In some embodi-
ments (block 630), random flight is terminated if at least three
locations (referred to as “initializing points”) have been found
having associated confidence levels above the pre-deter-
mined threshold. The other requirements is that at least three
ofinitializing points must define a triangle with points that are
not collinear and/or have a geometric spread above a pre-
determined threshold. This ensures that the initial simplex
triangle for the subsequent simplex optimization is
adequately chosen for recursively homing in on the target.
Although the method 602 can terminate after finding as few as
three points, it should be understood that it may be advanta-
geous to identify more than three points. For example,
increasing the number of points measured during random
flight can increase the likelihood of receiving a real signal as
opposed to noise, which is a concern if the system does not
have any a priori knowledge of what the minimum RSSI must
be.

[0058] An illustrative simplex minimization process 608 is
shown in FIG. 6B, which begins with an initial simplex tri-
angle. As discussed above, each of the three vertexes of the
simplex triangle have an associated confidence level. At block
640, the vertex with the lowest confidence level is reflected
through the line defined by the other two vertexes; the corre-
sponding location is referred to here as the “candidate vertex.”
The line connecting the vertex with the lowest confidence
level and the candidate vertex is referred to herein as the
“reflection line.”

[0059] Forexample, referring back to FIG. 1A, assume that
the simplex triangle is defined by points 1084, 108¢, and 108/,
with point 108e having a lowest confidence level (i.e., it is
furthest from the target 104). Accordingly, at block 640, the
point 108e is reflected through the line 112 defined by points
1084 and 108/ to determine the candidate vertex 108g. A
reflection line 110 connects the points 108¢ and 108g, as
shown.

[0060] At block 642, the UAV flies to the candidate vertex
(or “takes a step”) and, at block 644, the UAV determines
(e.g., by computing or measuring) a confidence level at that
location using an onboard sensor. At block 646, if the candi-
date vertex confidence level is greater than the previous high-
est confidence level (i.e., the highest confidence level of any
vertex previously considered in the current simplex loop), the
candidate vertex is re-defined (block 648) to be another step
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of the same size in the same direction and (block 650) the
UAV flies to the re-defined candidate location. Otherwise, at
block 652, if the candidate vertex confidence level is less than
the previous second lowest confidence level (i.e., the second
lowest confidence level of any vertex previously considered
in the current simplex loop), the candidate vertex is re-defined
(block 654) to be half the distance back along line defined by
the other two vertexes and (block 650) the UAV flies to the
re-defined candidate location. At block 656, a new simplex
triangle is defined consisting of the two vertexes having the
previous two highest confidence levels and the candidate
vertex.

[0061] Using FIG. 1A again as an example, the UAV 102
flies to the candidate vertex 608g and obtains a confidence
level measurement associated with that location. Assuming
that the new confidence level is greater than the previous
highest confidence level (i.e., higher than the confidence lev-
els associated with points 1084-108f), the candidate vertex is
re-defined to be location 108/, which is another size step of
the same size in the same direction (i.e., along the reflection
line 110). Accordingly, the new simplex triangle is defined by
the points 1084, 108/, and 108/. Alternatively, assuming that
the new confidence level is less than the previous second
lowest confidence level (i.e., the confidence level associated
with either waypoint 1084 or 108/in this example), the UAV
would backtrack halfway along the reflection line 110 and the
candidate vertex would be re-defined accordingly.

[0062] The processing of blocks 640-656 can be iterated
until the UAV is sufficiently close to the target. In some
embodiments, this determination is made (block 658) by
comparing the last step size to a pre-determined minimum
value (or “epsilon”).

[0063] FIG. 7 shows an illustrative computer or other pro-
cessing device 700 that can perform at least part of the pro-
cessing described herein. The computer 700 includes a pro-
cessor 702, a volatile memory 704, a non-volatile memory
706 (e.g., hard disk), an output device 708 and a graphical
user interface (GUI) 710 (e.g., amouse, akeyboard, a display,
for example), each of which is coupled together by a bus 718.
The non-volatile memory 706 stores computer instructions
712, an operating system 714, and data 716. In one example,
the computer instructions 712 are executed by the processor
702 out of volatile memory 704. In one embodiment, an
article 720 comprises non-transitory computer-readable
instructions.

[0064] Processing may be implemented in hardware, soft-
ware, or a combination of the two. In embodiments, process-
ing is provided by computer programs executing on program-
mable computers/machines that each includes a processor, a
storage medium or other article of manufacture that is read-
able by the processor (including volatile and non-volatile
memory and/or storage elements), at least one input device,
and one or more output devices. Program code may be applied
to data entered using an input device to perform processing
and to generate output information.

[0065] The system can perform processing, at least in part,
via a computer program product, (e.g., in a machine-readable
storage device), for execution by, or to control the operation
of, data processing apparatus (e.g., a programmable proces-
sor, a computer, or multiple computers). Each such program
may be implemented in a high level procedural or object-
oriented programming language to communicate with a com-
puter system. However, the programs may be implemented in
assembly or machine language. The language may be a com-
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piled or an interpreted language and it may be deployed in any
form, including as a stand-alone program or as a module,
component, subroutine, or other unit suitable for use in a
computing environment. A computer program may be
deployed to be executed on one computer or on multiple
computers at one site or distributed across multiple sites and
interconnected by a communication network. A computer
program may be stored on a storage medium or device (e.g.,
CD-ROM, hard disk, or magnetic diskette) that is readable by
a general or special purpose programmable computer for
configuring and operating the computer when the storage
medium or device is read by the computer. Processing may
also be implemented as a machine-readable storage medium,
configured with a computer program, where upon execution,
instructions in the computer program cause the computer to
operate.

[0066] Processing may be performed by one or more pro-
grammable processors executing one or more computer pro-
grams to perform the functions of the system. All or part of the
system may be implemented as special purpose logic cir-
cuitry (e.g., an FPGA (field programmable gate array) and/or
an ASIC (application-specific integrated circuit)).

[0067] Having described certain embodiments of the con-
cepts, structures, and techniques sought to be protected herein
it will now become apparent to those of ordinary skill in the
art that other embodiments incorporating these concepts and
techniques may be used. Additionally, the software included
as part of the concepts, structures, and techniques sought to be
protected herein may be embodied in a computer program
product that includes a computer-readable storage medium.
For example, such a computer-readable storage medium can
include a computer-readable memory device, such as a hard
drive device, a CD-ROM, a DVD-ROM, or a computer dis-
kette, having computer-readable program code segments
stored thereon. In contrast, a computer-readable transmission
medium can include a communications link, either optical,
wired, or wireless, having program code segments carried
thereon as digital or analog signals. Accordingly, it is submit-
ted that that the concepts, structures, and techniques sought to
be protected herein should not be limited to the described
embodiments but rather should be limited only by the spirit
and scope of the appended claims.

What is claimed is:

1. An unmanned aerial vehicle (UAV) for locating a target
within a designated area of interest, the UAV comprising:

aposition determination unit to generate location data con-
cerning the UAV’s position;

a sensor to obtain sensor data associated with the target;

a flight path determination unit operatively coupled to
receive the location data from the position determination
unit and the sensor data from the sensor, and in response
to the location data and the sensor data, the flight path
determination unit selects a flight path directed by a
randomized flight process to search the designated area
of'interest and a geo-localization flight process to home
in on the target; and

a flight controller operatively coupled to the flight path
determination unit to fly the UAV along the selected
flight path.

2. The UAV of claim 1 wherein the sensor data comprises
confidence levels estimating the proximity of the UAV to the
target and said flight path determination unit utilizes the con-
fidence levels to select a flight path directed by a randomized
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flight process to search the designated area of interest and a
geo-localization flight process to home in on the target.
3. The UAV of claim 1 wherein the randomized flight
process comprises Levy flight.
4. The UAV of claim 1 wherein the geo-localization flight
process comprises a simplex minimization process.
5. The UAV of claim 1 wherein the target comprises a radio
frequency (RF) transmitter and the sensor comprises a
received signal strength indicator (RSSI) receiver.
6. The UAV of claim 1 wherein the position determination
unit comprises a Global Positioning System (GPS) receiver.
7. The UAV of claim 2 wherein the flight path determina-
tion unit transitions from the randomized flight process to the
geo-localization flight process only if at least three different
locations are identified having associated confidence levels
exceeding a pre-determined threshold.
8. The UAV of claim 7 wherein the flight path determina-
tion unit transitions from the randomized flight process to the
geo-localization flight process only if the at least three differ-
ent locations are not collinear.
9. The UAV of claim 1 wherein the flight path determina-
tion unit bounds the selected flight path to within the desig-
nated area of interest.
10. A method for navigating an unmanned aerial vehicle
(UAV) to locate a target within a designated area of interest,
the method comprising:
directing the UAV over the designated area of interest using
a randomized flight process;

during the randomized flight process, receiving location
data concerning the UAV’s position and sensor data
associated with the target;

processing the location data and the sensor data to identify

a plurality of locations suitable to initialize a geo-local-
ization flight process;

transitioning from the randomized flight process to the

geo-localization flight process;

directing the UAV over the designated area of interest using

the geo-localization flight process initialized using the
plurality of locations; and

estimating the target location using a final UAV location.

11. The method of claim 10 wherein using randomized
flight process comprises:

choosing a random step sizes;

choosing a random directions; and

directing the UAV to random locations defined by the ran-

dom step sizes and the random directions.

12. The method of claim 11 wherein choosing the random
step sizes comprises choosing random step sizes using a
Cauchian or a Gaussian distribution.

13. The method of claim 10 wherein receiving sensor data
associated with the target comprises receiving received signal
strength indication (RSSI) data associated with a radio fre-
quency (RF) transmitter.

14. The method of claim 10 wherein processing the loca-
tion data and the sensor data to identify a plurality oflocations
suitable to initialize a geo-localization flight process com-
prises identifying at least three locations having associated
confidence levels which exceed a pre-determined threshold.

15. The method of claim 14 wherein processing the loca-
tion data and the sensor data to identify a plurality oflocations
suitable to initialize a geo-localization flight process further
comprises finding at least three locations that are not col-
linear.
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16. The method of claim 15 wherein the geo-localization
flight process comprises a simplex minimization process.

17. The method of claim 10 wherein receiving location data
concerning the UAV’s position comprises receiving Global
Positioning System (GPS) data.

18. A system for locating a target within a designated area
of interest, the system comprising:

an unmanned aerial vehicle (UAV) comprising:

a position determination unit to generate location data
concerning the UAV’s position,

a sensor to obtain sensor data associated with a target,
and

a flight controller to fly the UAV along a selected flight
path; and

a remote processor comprising:

a flight path determination unit operatively coupled to
receive the location data from the position determina-
tion unit and the sensor data from the sensor, and in
response to the location data and the sensor data the
flight path determination unit selects the flight path
directed by a randomized flight process to search the
designated area of interest and a geo-localization
flight process to home in on the target.

19. The system of claim 18 wherein the randomized flight
process comprises Levy flight and the geo-localization flight
process comprises a simplex minimization process.

20. The system of claim 18 wherein the flight path deter-
mination unit transitions from the randomized flight process
to the geo-localization flight process only if at least three
different locations are identified having associated confi-
dence levels exceeding a pre-determined threshold.
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