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ADAPTIVE SENSE AND AVOID SYSTEM

ABSTRACT

An adaptive sense and avoid system for use with an aerial vehicle (100) in an environment, the
adaptive sense and avoid system comprising a processor, a plurality of sensors (110, 140c, 226),
an obstacle detection circuit (202), and an avoidance trajectory circuit. The processor may be
operatively coupled with a flight controller (126) and a memory device (128), wherein the
memory device (128) comprises one or more databases. The plurality of sensors (110, 140c, 226)
generates sensor data reflecting a position of an obstacle in the environment. The obstacle
detection circuit (202), which is operatively coupled to the processor and the plurality of sensors
(110, 140c, 226), may be configured to identify obstacles based at least in part on the sensor data
and to generate obstacle information that reflects a best estimate of a position of the obstacle in
the environment. The obstacle detection circuit (202) is configured to weigh the sensor data as a
function of the aerial vehicle’s state and its environment. The avoidance trajectory circuit, which
is operatively coupled to the obstacle detection circuit and the processor, may be configured to
calculate trajectory data as a function of the obstacle information and information from the one
or more databases. The obstacle detection circuit is configured to communicate the trajectory

data to the flight controller.
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1
ADAPTIVE SENSE AND AVOID SYSTEM

Field

[0001] The present disclosure relates to the field of flight control systems, methods, and
apparatuses; even more particularly, to a system, method, and apparatus for detecting and

automatically navigating a vehicle around obstacles, including other airborne vehicles.

Background

[0002] The use of Unmanned Aerial vehicles (UAVs) and Unmanned Aerial Systems (UASs)
has grown in recent years. UAVs and SUASs are employed in a wide variety of applications,
including both military and civilian applications. Accordingly, research is continually being
performed to improve UAS autonomy. Often, such research endeavors to address multiple
aspects of UAV/UAS operation, including inter alia (1) automatic flight control of a given
vehicle to support remote human control, (2) optimization systems (and associated methods) to
determine how, for a given vehicle or set of vehicles, tasks should be ordered and/or allocated,
and (3) automatic, real-time data processing, and exploitation in support of automatic path

planning, landing, and other activities.

[0003] Aircraft technology, including UAV technology, is a valuable tool for mission profiles
involving intelligence, surveillance, reconnaissance, and payload delivery. In operation, aircraft
may encounter both large and small obstacles within the aircraft’s airspace, which may be fixed
or moving, and whose position may not be known in advance. Traditional forms of obstacle
detection and avoidance within an aircraft rely on a pilot to provide the critical duty of looking
outside the aircraft in order to make sure that the aircraft is not on a collision course with an
obstacle, such as another aircraft. Without a human pilot looking out of the cockpit, UAVs
cannot guarantee that they will detect and avoid other air traffic, whether be it manned,
unmanned, or natural objects (e.g., trees, mountains, etc.). Existing technology for preventing
aircraft from colliding with obstacles, including obstacle databases paired with location data
provided by Global Positioning System (“GPS”), are often inadequate as many obstructions may
not be included in an obstacle database (especially moving obstacles) and, depending on the

altitude or terrain, GPS accuracy performance varies widely across environments.
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[0004] The commercial aviation industry has, however, adopted a traffic collision avoidance
system (“TCAS”) as a standard to avoid collisions, which allows cooperative aircraft to locate
and avoid each other. A cooperative aircraft refers to an aircraft able to cooperate with a
cooperative sensor. For example, a cooperative aircraft may be equipped with a TCAS (TCAS
IT or earlier generation), such as a Mode S or a Mode C transponder, Automatic Dependent
Surveillance — Broadcast (ADS-B), or, alternatively, using other emissions and squitter
messages such as ADS-B. While TCAS offers a solution to the problem of detection and
avoidance of obstructions for UAVs, TCAS is only able to accomplish this objective if each
UAYV and obstacle contains a transponder. In other words, a cooperative target sends out its
location and heading (e.g., GPS location and velocity vector) to other aircraft via radio (e.g.,
using ADS-B or other methods), whereas non-cooperative obstacles do not send location and
heading information to others (multi-rotor aircraft, general aircraft, gliders, birds, etc.).
Additionally, current flight control systems designed to detect and avoid non-cooperative
obstructions utilize costly radar arrays to track obstacle obstructions and are generally only

used with large scale aircraft.

[0005] While cooperative systems are useful for detecting air traffic having transponders (e.g.,
ADS-B), detecting non-cooperative traffic without a transponder is much more difficult.
Attempts have been made, and are ongoing, to utilize small radars, camera-based visual
systems, and other detection sensors for non-cooperative targets. Therefore, despite

advancements, existing autonomy systems with sense and avoid capability can be improved.
Summary of the Disclosure

[0006] The present disclosure relates to the field of flight control systems, methods, and
apparatuses; even more particularly, to a system, method, and apparatus for detecting and

automatically navigating around stationary and/or moving obstacles.

[0006a] In a first aspect, the present disclosure provides an adaptive sense and avoid system
for use with an aerial vehicle in an environment, the adaptive sense and avoid system
comprising: a processor operatively coupled with a flight controller and a memory device; a
plurality of sensors coupled to the aerial vehicle, each of the plurality of sensors configured to
generate sensor data reflecting a position of an obstacle in the environment of the aerial
vehicle; an obstacle detection circuit operatively coupled to the processor and the plurality of
sensors, the obstacle detection circuit configured to blend the sensor data from each of the

plurality of sensors to identify obstacles in the environment and to generate obstacle
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information that reflects a best estimate of a position of the obstacle in the environment,
wherein the obstacle detection circuit is configured to (i) set a mode for each of a plurality of
sensors based at least on a present state of the aerial vehicle and a condition of the
environment, and (ii) assign a weight to the sensor data from each of the plurality of sensors as
a function of sensor type, the present state of the aerial vehicle and the condition of the
environment; and an avoidance trajectory circuit operatively coupled to the obstacle detection
circuit and the processor, wherein the obstacle detection circuit is configured to (i) calculate
trajectory data as a function of the obstacle information and information from one or more
databases, and (i1) communicate the trajectory data to the flight controller, wherein the one or
more databases comprises (1) an airspace database of airspace data reflecting a defined legal
airspace for the environment, wherein the obstacle detection circuit is configured to assign a
first weight to sensor data from a first sensor and to assign a second weight to sensor data from

a second sensor as a function of the airspace data.

[0006D] In a second aspect, the present disclosure provides a method for navigating an aerial
vehicle in an environment, the method comprising: determining, via a processor, a state of the
acrial vehicle and the environment, wherein the processor is operatively coupled with a flight
controller and a memory device having one or more databases; setting a mode for each of a
plurality of sensors based at least on the state of the aerial vehicle and the environment,
wherein each of the plurality of sensors is configured to generate sensor data reflecting
positions of obstacles in the environment; assigning, via an obstacle detection circuit, a weight
to the sensor data from each of the plurality of sensors as a function of the state of the aerial
vehicle and the environment, wherein the obstacle detection circuit is operatively coupled with
the processor; generating, via the obstacle detection circuit, obstacle information reflecting a
best estimate for an obstacle's position in the environment; monitoring, via the processor, the
state of the aerial vehicle and the environment; querying the one or more databases to identify
any flight constraints upon the aerial vehicle; calculating, via an avoidance trajectory circuit, a
trajectory command for the aerial vehicle as a function of the obstacle information and the one
or more databases, wherein the avoidance trajectory circuit is operatively coupled with the
processor; and communicating the trajectory command to the flight controller, wherein the one
or more databases comprises (1) an airspace database of airspace data reflecting a defined legal
airspace for the environment, and wherein, during the assigning step, the obstacle detection
circuit assigns a first weight to sensor data from a first sensor and to assign a second weight to

sensor data from a second sensor as a function of the airspace data.
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[0006¢] In a third aspect, the present disclosure provides and aerial vehicle comprising: a flight
controller; a processor operatively coupled with the flight controller and a memory device,
wherein the memory device comprises (i) an airspace database of airspace data reflecting a
defined legal airspace for the environment, (ii) an environment database of environment data
reflecting environmental factors for the environment, and (iii) a terrain database of terrain data
reflecting terrain characteristics of the environment; a plurality of sensors configured to
generate sensor data reflecting a position of an obstacle in the environment; an obstacle
detection circuit operatively coupled to the processor and the plurality of sensors, the obstacle
detection circuit configured to blend the sensor data from each of the plurality of sensors to
identify obstacles in the environment and to generate obstacle information that reflects a best
estimate of a position of the obstacle in the environment, wherein the obstacle detection circuit
is configured to (i) set a mode for each of a plurality of sensors based at least on a present state
of the aerial vehicle and a condition of the environment, and (i1) assign a weight to the sensor
data from each of the plurality of sensors as a function of sensor type, the present state of the
aerial vehicle and the condition of the environment; and an avoidance trajectory circuit
operatively coupled to the obstacle detection circuit and the processor, wherein the obstacle
detection circuit is configured to (i) calculate trajectory data as a function of the obstacle
information and information from the one or more databases, and (i) communicate the
trajectory data to the flight controller; wherein the one or more databases comprises an
airspace database of airspace data reflecting a defined legal airspace for the environment, and
wherein the obstacle detection circuit is configured to assign a first weight to sensor data from
a first sensor and to assign a second weight to sensor data from a second sensor as a function

of the airspace data.

[0007] According to another aspect, an adaptive sense and avoid system for use with an aerial
vehicle in an environment comprises: a processor operatively coupled with a flight controller
and a memory device, wherein the memory device comprises one or more databases reflecting
flight constraints upon the aerial vehicle; a plurality of sensors coupled to the aerial vehicle,
each of the plurality of sensors configured to generate sensor data reflecting a position of an
obstacle in the environment; an obstacle detection circuit operatively coupled to the processor
and the plurality of sensors, the obstacle detection circuit configured to blend the sensor data
from each of the plurality of sensors to identify obstacles in the environment and to generate
obstacle information that reflects a best estimate of a position of the obstacle in the

environment, wherein the obstacle detection circuit is configured to (i) set a sensor mode for
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each of a plurality of sensors based at least in part on a present state of the aerial vehicle and a
condition of the environment, and (ii) assign a weight to the sensor data from each of the
plurality of sensors as a function of sensor type, the present state of the aerial vehicle and the
condition of the environment; and an avoidance trajectory circuit operatively coupled to the
obstacle detection circuit and the processor, wherein the obstacle detection circuit is
configured to (i) calculate trajectory data as a function of the obstacle information and
information from the one or more databases, and (ii) communicate the trajectory data to the

flight controller.

[0008] According to a further aspect, a method for navigating an aerial vehicle in an
environment comprises: determining, via a processor, a state of the aerial vehicle and the
environment, wherein the processor is operatively coupled with a flight controller and a
memory device having one or more databases; setting a sensor mode for each of a plurality of
sensors based at least in part on the state of the aerial vehicle and the environment, wherein
each of the plurality of sensors is configured to generate sensor data reflecting positions of
obstacles in the environment; assigning, via an obstacle detection circuit, a weight to the sensor
data from each of the plurality of sensors as a function of the state of the aerial vehicle and the
environment, wherein the obstacle detection circuit is operatively coupled with the processor;
generating, via the obstacle detection circuit, obstacle information reflecting a best estimate for
an obstacle’s position in the environment; monitoring, via the processor, the state of the aerial
vehicle and the environment; querying the one or more databases to identify any flight
constraints upon the aerial vehicle; calculating, via an avoidance trajectory circuit, a trajectory
command for the aerial vehicle as a function of the obstacle information and the one or more
databases, wherein the avoidance trajectory circuit is operatively coupled with the processor;

and communicating the trajectory command to the flight controller.

[0009] According to yet a further aspect, an aerial vehicle comprises: a flight controller; a
processor operatively coupled with the flight controller and a memory device, wherein the
memory device comprises (1) an airspace database of airspace data reflecting a defined legal
airspace for the environment, (ii) an environment database of environment data reflecting
environmental factors for the environment, and (iii) a terrain database of terrain data reflecting
terrain characteristics of the environment; a plurality of sensors configured to generate sensor
data reflecting a position of an obstacle in the environment; an obstacle detection circuit
operatively coupled to the processor and the plurality of sensors, the obstacle detection circuit

configured to blend the sensor data from each of the plurality of sensors to identify obstacles in

44558829



2019208250 04 Sep 2024

4b

the environment and to generate obstacle information that reflects a best estimate of a position
of the obstacle in the environment, wherein the obstacle detection circuit is configured to (i) set
a sensor mode for each of a plurality of sensors based at least in part on a present state of the
acrial vehicle and a condition of the environment, and (ii) assign a weight to the sensor data
from each of the plurality of sensors as a function of sensor type, the present state of the aerial
vehicle and the condition of the environment; and an avoidance trajectory circuit operatively
coupled to the obstacle detection circuit and the processor, wherein the obstacle detection
circuit is configured to (i) calculate trajectory data as a function of the obstacle information
and information from the one or more databases, and (i) communicate the trajectory data to

the flight controller.

[0010] In certain aspects, the one or more databases comprises (i) an airspace database of
airspace data reflecting a defined legal airspace for the environment, (ii) an environment
database of environment data reflecting environmental factors for the environment, and (iii) a

terrain database of terrain data reflecting terrain characteristics of the environment.

[0011] In certain aspects, the obstacle detection circuit is configured to assign a first weight to
sensor data from a first sensor and to assign a second weight to sensor data from a second

sensor a function of the airspace data.

[0012] In certain aspects, the obstacle detection circuit is configured to assign a first weight to
sensor data from a cooperative sensor and to assign a second weight to sensor data from a non-
cooperative sensor a function of the airspace data, wherein the first weight is greater than the

second weight.

[0013] In certain aspects, the obstacle detection circuit is configured to assign a first weight to
sensor data from a first sensor and to assign a second weight to sensor data from a second

sensor a function of the environmental data.

[0014] In certain aspects, the obstacle detection circuit is configured to assign a lower weight
to sensor data from visual sensors when the environmental data reflects poor visibility for the

environment,
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[0015] In certain aspects, the obstacle detection circuit is configured to identify obstacles
dynamically as a function of each of the airspace data, the environmental data, and the terrain

data.

[0016] In certain aspects, the avoidance trajectory circuit is configured to calculate trajectory
data dynamically as a function of at least one of the airspace data, the environmental data, and

the terrain data.

[0017] In certain aspects, the adaptive sense and avoid system is communicatively coupled with
a human-machine interface to provide a control and communication interface between the

adaptive sense and avoid system and a human operator.

[0018] In certain aspects, the aerial vehicle is a multirotor aircraft.

[0019] In certain aspects, the aerial vehicle is a fixed-wing aircratft.

[0020] In certain aspects, the plurality of sensors comprises at least one cooperative sensor and

at least one non-cooperative sensor.

[0021] In certain aspects, the at least one cooperative sensor comprises a radio-frequency
transceiver configured to communicated using at least one of the ADS-B, TCAS, or TAS

protocols.

[0022] In certain aspects, the at least one non-cooperative sensor includes at least one of a radar-
based system, an electro-optical systems, an infrared system, an acoustic system, or a vision-

based system.

[0023] In certain aspects, the at least one non-cooperative sensor comprises an acoustic system

and a vision-based system.

[0024] In certain aspects, the obstacle information reflects a velocity or an identity of the

obstacle.

DRAWINGS

AH25(23148614_1):MSD
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[0025] These and other advantages of the present disclosure may be readily understood with the

reference to the following specifications and attached drawings wherein:

[0026] Figures la and 1b illustrate, respectively, views of an example multirotor aircraft and an

example fixed-wing aircraft.

[0027] Figure 1c illustrates a block diagram of an example flight control system for the aircraft

of Figures la and/or 1b.

[0028] Figures 2a through 2c illustrate an adaptive sense and avoid (ASA) system for the

automatic detection and avoidance of obstacles.

[0029] Figure 3 illustrates an example navigational method for operating an aircraft equipped

with an ASA system.

DESCRIPTION

[0030] Preferred embodiments of the present disclosure will be described hereinbelow with
reference to the accompanying drawings. The components in the drawings are not necessarily
drawn to scale, the emphasis instead being placed upon clearly illustrating the principles of the
present embodiments. For instance, the size of an element may be exaggerated for clarity and
convenience of description. Moreover, wherever possible, the same reference numbers are used
throughout the drawings to refer to the same or like elements of an embodiment. In the
following description, well-known functions or constructions are not described in detail because
they may obscure the disclosure in unnecessary detail. No language in the specification should
be construed as indicating any unclaimed element as essential to the practice of the

embodiments.

[0031] Recitation of ranges of values herein are not intended to be limiting, referring instead
individually to any and all values falling within the range, unless otherwise indicated herein, and
each separate value within such a range is incorporated into the specification as if it were

7% ¢

individually recited herein. The words “about,” “approximately,” or the like, when
accompanying a numerical value, are to be construed as indicating a deviation as would be
appreciated by one of ordinary skill in the art to operate satisfactorily for an intended purpose.

Ranges of values and/or numeric values are provided herein as examples only, and do not

AH25(23148614_1):MSD
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constitute a limitation on the scope of the described embodiments. The use of any examples, or

% 66

exemplary language (“e.g.,” “such as,” or the like) provided herein, is intended merely to better
illuminate the embodiments and does not pose a limitation on the scope of the embodiments. No
language in the specification should be construed as indicating any unclaimed element as

essential to the practice of the embodiments.

% 66

[0032] In the following description, it is understood that terms such as “first,” “second,” “top,”

% 66

“bottom,” “side,” “front,”, “frontal”, “back,” and the like, are words of convenience and are not
to be construed as limiting terms. The various data values (e.g., distances, seconds, etc.)
provided herein may be substituted with one or more other predetermined data values and,
therefore, should not be viewed limiting, but rather, exemplary. For this disclosure, the

following terms and definitions shall apply:

[0033] The terms “aerial vehicle” and “aircraft” refer to a machine capable of flight, including,
but not limited to, fixed wing aircraft, unmanned aerial vehicle, variable wing aircraft, and

vertical take-off and landing (VTOL) aircraft.

[0034] The term “and/or” means any one or more of the items in the list joined by “and/or”. As
an example, “x and/or y” means any element of the three-element set {(x), (y), (x, y)}. In other
words, “x and/or y” means “one or both of x and y”. As another example, “x, y, and/or z”” means
any element of the seven-element set {(x), (y), (z), (X, y), (X, 2), (¥, ), (X, y, z)}. In other words,

“Xx, y, and/or z” means “one or more of x, y, and z.”

[0035] The terms “circuits” and “circuitry” refer to physical electronic components (e.g.,
hardware) and any software and/or firmware (“code’) which may configure the hardware, be
executed by the hardware, and or otherwise be associated with the hardware. As used herein, for
example, a particular processor and memory may comprise a first “circuit” when executing a
first set of one or more lines of code and may comprise a second “circuit” when executing a
second set of one or more lines of code. As utilized herein, circuitry is “operable” to perform a
function whenever the circuitry comprises the necessary hardware and code (if any is necessary)
to perform the function, regardless of whether performance of the function is disabled, or not

enabled (e.g., by a user-configurable setting, factory trim, etc.).

[0036] The terms “communicate” and “communicating” refer to (1) transmitting, or otherwise

conveying, data from a source to a destination, and/or (2) delivering data to a communications

AH25(23148614_1):MSD
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medium, system, channel, network, device, wire, cable, fiber, circuit, and/or link to be conveyed

to a destination.

[0037] The terms “coupled,” “coupled to,” and “coupled with” as used herein, each mean a
relationship between or among two or more devices, apparatuses, files, circuits, elements,
functions, operations, processes, programs, media, components, networks, systems, subsystems,
and/or means, constituting any one or more of: (i) a connection, whether direct or through one or
more other devices, apparatuses, files, circuits, elements, functions, operations, processes,
programs, media, components, networks, systems, subsystems, or means; (ii) a communications
relationship, whether direct or through one or more other devices, apparatuses, files, circuits,
elements, functions, operations, processes, programs, media, components, networks, systems,
subsystems, or means; and/or (iii) a functional relationship in which the operation of any one or
more devices, apparatuses, files, circuits, elements, functions, operations, processes, programs,
media, components, networks, systems, subsystems, or means depends, in whole or in part, on

the operation of any one or more others thereof.

[0038] The term “data” as used herein means any indicia, signals, marks, symbols, domains,
symbol sets, representations, and any other physical form or forms representing information,
whether permanent or temporary, whether visible, audible, acoustic, electric, magnetic,
electromagnetic, or otherwise manifested. The term “data” is used to represent predetermined
information in one physical form, encompassing any and all representations of corresponding

information in a different physical form or forms.

[0039] The term “database” as used herein means an organized body of related data, regardless
of the manner in which the data or the organized body thereof is represented. For example, the
organized body of related data may be in the form of one or more of a table, map, grid, packet,

datagram, frame, file, email, message, document, report, list, or in any other form.

[0040] The term “exemplary” means “serving as an example, instance, or illustration.” The
embodiments described herein are not limiting, but rather are exemplary only. It should be
understood that the described embodiments are not necessarily to be construed as preferred or
advantageous over other embodiments. Moreover, the terms “embodiments of the invention,”
“embodiments,” or “invention” do not require that all embodiments of the invention include the

discussed feature, advantage, or mode of operation.

AH25(23148614_1):MSD
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[0041] The term “memory device” means computer hardware or circuitry to store information
for use by a processor. The memory device can be any suitable type of computer memory or any
other type of electronic storage medium, such as, for example, read-only memory (ROM),
random access memory (RAM), cache memory, compact disc read-only memory (CDROM),
electro-optical memory, magneto-optical memory, programmable read-only memory (PROM),
erasable programmable read-only memory (EPROM), electrically-erasable programmable read-

only memory (EEPROM), a computer-readable medium, or the like.

[0042] The term “network” as used herein includes both networks and inter-networks of all

kinds, including the Internet, and is not limited to any particular network or inter-network.

[0043] The term “processor” means processing devices, apparatuses, programs, circuits,
components, systems, and subsystems, whether implemented in hardware, tangibly embodied
software, or both, and whether or not it is programmable. The term “processor” includes, but is
not limited to, one or more computing devices, hardwired circuits, signal-modifying devices and
systems, devices and machines for controlling systems, central processing units, programmable
devices and systems, field-programmable gate arrays, application-specific integrated circuits,
systems on a chip, systems comprising discrete elements and/or circuits, state machines, virtual
machines, data processors, processing facilities, and combinations of any of the foregoing. The
processor may be, for example, any type of general purpose microprocessor or microcontroller,
a digital signal processing (DSP) processor, an application-specific integrated circuit (ASIC).

The processor may be coupled to, or integrated with, a memory device.

[0044] Disclosed herein are a system, method, and apparatus for detecting and automatically
navigating around stationary and/or moving obstacles. UAVs, especially tactical or MALE-class
UAVs, can fly in very different environments when performing missions and, as a result, may
have an impact on the type of sense and avoid sensors and behavior that is ideal for different
environments. For instance, UAVs may fly a relatively high altitude (~15,000 feet above ground
level) or descend to a relatively low altitude (~1,000 feet above ground level), depending
mission or weather factors. Especially at lower levels, terrain can then also play a larger role,
depending if nearby terrain is flat, hilly, or mountainous. These UAVs may also be operating in
different types of airspace. The same type of sense and avoid sensing and response may not be
appropriate for different types of airspace. For instance, in high-altitude airspace under radar

surveillance, non-cooperative obstacles are less likely, while at lower altitudes these targets may
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be the highest risk. Therefore, the disclosed sense and avoid system adapts the fusion (e.g.,
blends) of sensors depending on the altitude, geographic area, and/or airspace in which the
vehicle is navigating. An advantage of the disclosed adaptive sense and avoid system over prior
systems is that the adaptive sense and avoid system optimizes operation of the UAVs for
different altitude ranges, airspaces, and other contexts, thereby providing the best safety while

minimizing deviations for false alarms, etc.

[0045] Figures 1a and 1b illustrate perspective views of example aerial vehicles 100 for use
with an adaptive sense and avoid system, namely a multirotor aerial vehicle 100a and a fixed-
wing aerial vehicle 100b. More specifically, Figure 1a illustrates an exemplary autonomous
multirotor aerial vehicle 100a (illustrated as a quadcopter) capable of vertical take-off and
landing, while Figure 1b illustrates a fixed wing aircraft 100b. In either case, the aerial vehicles
100 may comprise an airframe 102 (e.g., a fuselage or chassis), landing gear 104, a flight control
system 120 (better illustrated in Figure 1¢), and one or more thrust generators 106 to provide lift
or thrust (e.g., a turbine, a motor 108 or engine 118 operatively coupled with a propeller, etc.).
The flight control system 120 may be housed at least in part within an electronics module, which
can be integrated with the airframe 102, provided via a separate housing or pod, or a
combination thereof. In the case of the multirotor aerial vehicle 100a, the thrust generators 106
may be coupled to the airframe 102 via a plurality of rotor booms 112. In the case of the fixed
wing aircraft 100b, one or more fixed wings 114 may be coupled to the airframe 102. While the
one or more fixed wings 114 may be distinct from the airframe 102, the fixed wing aircraft 100b

may instead be configured as a blended-wing or flying-wing configuration.

[0046] Regardless of configuration, the aerial vehicle 100 may comprise one or more sensors
110 (e.g., as part of an intelligence, surveillance, and reconnaissance (ISR) payload 140 or
separately therefrom), such as echolocation sensors, which generally function by emitting a
sound frequency into an environment and detecting any echoes of the sound frequency that
return from obstacles near the echolocation sensors. Using the strength of the echo and/or
direction of echo’s return, the echoes may be used to locate and/or identify obstacles, which in
turn may cause the aerial vehicle to change direction so as to avoid collision with one or more
obstacles. The sensors 110, however, are not limited to echolocation sensors and may include,
inter alia, any vision-based sensor or acoustic sensor known in the art or that will become known
in the art, including, without limitation, cameras, radar, LIDAR, and the like. In one aspect,

cameras may be used to identify larger objects through three-dimensional reconstruction
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techniques such as optical flow. While this may provide useful information for autonomous
navigation, the processing latency associated with optical imaging, as well as the sensitivity to
the visibility of various types of objects, may limit the utility of optical sensing techniques for
detecting small, rapidly approaching objects in a line of flight of a vehicle. Therefore,

echolocation may be used to supplement vision sensing systems.

[0047] The sensors 110 may be positioned to obtain a field of view in the aerial vehicle’s
direction of travel, thereby identifying potential obstacles in the aerial vehicle 100’s path. For
example, a single sensor 110 (or single group of sensors 110) may be provided at the front of the
acrial vehicle 100 to detect a threat of collision (e.g., obstructions or obstacles) in the path of the
aerial vehicle 100. By orienting the sensors 110 toward the line of flight, acoustic detection may
supplement optical detection and be used for detecting immediate obstructions that should
trigger the execution of responsive maneuvers by a vehicle. While acoustic detection is provided
as an example, interactions from virtually any kind of sensor may be used or blended. Moreover,
as demonstrated by the autonomous multirotor aerial vehicle 100a, a plurality of sensors 110 (or
multiple groups of sensors) may be positioned around the perimeter (and/or top and bottom) of
the aerial vehicle 100 to provide a field of view that is oriented with the aerial vehicle 100’s line
of flight, as well as above and below the aerial vehicle 100, such that the plurality of sensors
cover the environment surrounding the aerial vehicle 100. Accordingly, the plurality of sensors
110 would enable the aerial vehicle 100 to detect a threat of collision on any side of the aerial

vehicle 100, effectively providing a 360 degree field of view around the aerial vehicle 100.

[0048] It will be appreciated that an objective of the acoustic sensors is to provide immediate
detection of obstacles directly in a flight path (or other line of travel), particularly obstacles that
might not be detected using visual detection or other techniques. Correspondingly, it should be
appreciated that an objective of the sensors 110 is to provide immediate detection of obstacles in
a specific direction (e.g., any direction of the aerial vehicle), particularly obstacles that might
not be readily detected using visual detection or other techniques. While an echolocation array
operates well, other sensor systems may also, or instead, be suitably employed for rapid,
accurate detection of obstacles, such as laser-based techniques or any other suitable techniques
using optical, acoustic, radio frequency, or other sensing modalities. Any such technique
suitable for implementation in an autonomous vehicle and capable of accurately and quickly
identifying obstructions may be used in lieu of (or to supplement) the echolocation sensors in

the systems and methods contemplated herein. For example, the adaptive sense and avoid
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system may employ a combination of vision- and acoustic-based sensors, as well as radar-based

or LIDAR systems.

[0049] Figure 1c illustrates a block diagram of an example flight control system 120 for the
acrial vehicle 100. The flight control system 120 may be configured to control the various
components and functions of the aerial vehicle 100. As illustrated, the flight control system 120
includes one or more aircraft processors 124 communicatively coupled with at least one memory
device 128, a flight controller 126, a wireless transceiver 130, and a navigation system 142. The
aircraft processor 124 may be configured to perform one or more operations based at least in
part on instructions (e.g., software) and one or more databases stored to the memory device 128
(e.g., hard drive, flash memory, or the like). The aircraft control system may further include
other desired services, such as a wireless transceiver 130 coupled with an antenna 132 to
communicate data between the flight control system 120 and a remote device 138 (e.g., a
portable electronic devices, such as smartphones, tablets, laptop computers) or other controller
(e.g., at a base station). The flight control system 120 may also communicate with another aerial
vehicle 100 via the wireless transceiver 130, thereby facilitating collaborative operations, for

example.

[0050] In certain aspects, the flight control system 120 may communicate data (processed data,
unprocessed data, etc.) with the remote device 138 and/or another aerial vehicle 100 over a
network 134. In certain aspects, the wireless transceiver 130 may be configured to communicate
using one or more wireless standards such as longer-range links, C-band, Ku/Ka-band, Ultra-
High Frequency (UHF) radio waves in the Industrial, Scientific, and Medical (ISM) band from
2.4 to 2.485 GHz), Wi-Fi (e.g., Institute of Electrical and Electronics Engineers’ (IEEE) 802.11
standards), etc. The remote device 138 may facilitate monitoring and/or control of the flight

control system 120 and its payload(s), including an ISR payload 140.

[0051] The remote device 138 provides a control and communication interface for the user. The
remote device 138 may be configurable to operate as a manager that enables the user to monitor,
direct, and control the ASA system 200. The remote device 138 can be used to enable a user to
input tasks, constraints, revise task assignment lists, update software/firmware, etc. The remote
device 138 may include a touch screen graphical user interface (“GUI”) and/or speech-
recognition systems. The remote device 138 may employ, for example, a tablet computer, a

laptop computer, a smart phone, or combination thereof. The remote device 138 serves as a
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primary channel of communication between the pilot and the ASA system 200, enabling the user
to, where desired, command tasks to and receive feedback or instructions from the ASA system
200. The remote device 138 may give visual and auditory alerts to direct the pilot’s attention to

a particular alert.

[0052] The aircraft processor 124 may be operatively coupled to the flight controller 126 to
control operation of the various actuators (e.g., those to control movement and locking of any
flight surfaces, such as the moveable flight control surfaces, electric motor 108 (e.g., via an
electronic speed controller (ESC) 116), and/or engines 118 (e.g., via an engine controller 122) in
response to commands from an operator, autopilot, a navigation system 142, or other high-level
system via the wireless transceiver 130. In certain aspects, the aircraft processor 124 and the
flight controller 126 may be integrated into a single component or circuit. In operation, the flight
controller 126 may dynamically (i.e., in real-time or near real-time) and independently adjust
one or more moveable flight control surfaces and/or thrust from the thrust generators 106 during
the various stages of flight (e.g., via the ESC 116 or engine controller 122 (as the case may be))
to control roll, pitch, or yaw of the aerial vehicle 100. When rotors with rotor blades (e.g.,
propellers) are used, the flight controller 126 may vary the revolutions per minute (RPM) of the
rotor and/or, where desired, vary the pitch of the rotor blades. For example, the electric motors
108 may be controlled by adjusting power supplied to each electric motor from a power supply

(e.g., a battery pack or a battery bank) via the ESC 116.

[0053] The aircraft processor 124 may be operatively coupled to the navigation system 142,
which may include the GPS 142a that is communicatively coupled with the INS 142b and/or the
IMU 142¢, which can include one or more gyros and accelerometers. The GPS 142a gives an
absolute drift-free position value that can be used to reset the INS solution or can be blended
with it by use of a mathematical algorithm, such as a Kalman Filter. The navigation system 142

may communicate, inter alia, inertial stabilization data to the aircraft processor 124,

[0054] To collect data and/or monitor an area, the flight control system 120 may be equipped
with additional sensors 110, such as an ISR payload 140 comprising, for example, one or more
cameras 140a (e.g., an optical instrument for recording or capturing images and/or video,
including light detection and ranging (LiDAR) devices), audio devices 140b (e.g., microphones,
echolocation sensors, etc.), and other sensors 140c¢ to facilitated ISR functionality and provide

ISR data (e.g., photographs, video, audio, sensor measurements, etc.). The ISR payload 140 is
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operatively coupled to the aircraft processor 124 to facilitate communication of the ISR data
(sensor data) between the ISR payload 140 and the aircraft processor 124. The ISR data may be
used to navigate the aerial vehicle 100 and/or otherwise control the flight control system 120. In
certain aspects, the ISR payload 140 may be rotatably and pivotally coupled to, for example, the
underside surface of the airframe 102 (or another structural component, such as the rotor booms
112 or the wings 114) via a gimbal system to enable the ISR payload 140 to be more easily
oriented downward to monitor objects below and/or on the ground. The data may be
dynamically or periodically communicated from the flight control system 120 to the remote
device 138 over the network 134 via the wireless transceiver 130, or stored to the memory

device 128 for later access or processing.

[0055] The below-described ASA system 200 may be integrated with the flight control system
120 such that it uses preexisting hardware, including, for example, the aircraft processor 124,
memory device 128, flight controller 126, and sensors 110. In this example, the features and
processes of the ASA system 200 may be implemented in the aircraft 100 through a software
and/or firmware update (e.g., to the memory device 128 via the remote device 138). In another
example, the ASA system 200 may be couple to the aircraft 100 as a module that is
communicatively coupled with the flight control system 120 (e.g., via the aircraft processor 124,

as illustrated in Figure 1c).

[0056] Figures 2a through 2c illustrate an adaptive sense and avoid (ASA) system 200 for the
automatic detection and avoidance of obstacles (e.g., other air traffic, structures, natural
formations, animals, etc.) to be utilized on an aircraft 100. The ASA system 200 fuses sensors
(e.g., dynamically — in real-time or near real-time) as a function of the altitude, geographic area,
and/or airspace in which the aircraft 100 is flying. The ASA system 200 may be configured to
pass warning alerts and status to any ground operator or supervisor through an existing datalink
(e.g., to a remote device 138 over network 136) on the UAV aircraft 100. In operation, the ASA
system 200 endeavors to detect cooperative and/or non-cooperative obstacles and to command
an automatic avoidance maneuver to avoid a collision with the obstacle and/or other obstacles.
The ASA system 200 cross-correlates and blends multiple obstacle sensors to develop the most

accurate estimation of the position(s) and type(s) of obstacle(s) in an environment.

[0057] The ASA system 200 offers a number of advantages. For example, in addition to
altitude, geographic area, and/or airspace, the ASA system 200 may further adapt the fusion of
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sensors as a function of the time of day, current weather, and season of the year. There may be
multiple areas of fusion, such as weighting of the different sensors for refining obstacle position
relative to the host aircraft, and any assigning priority for alerting or avoidance maneuvers. For
instance, depending on current location (airspace type), an obstacle detection radar might be
given a higher priority for obstacle detection, while visual sensors neglected. In another
example, when operating inside an airport terminal area, cooperative sensors (e.g., ADS-B data)
could be given a highest priority for weighting, with less priority on visual sensors. In another
example, during summertime operations in areas known to be popular with hang gliders or other
non-cooperative obstacles, sensors for such obstacles will be given priority (such as visual
sensors or small radar.) Sensors capable of detecting hazardous bird obstacles would also be
given higher priority when operating in locations and times of the day or times of the year when

bird activity is expected to be high.

[0058] Using the ASA system 200, the aircraft 100 may perform automatic obstacle avoidance
maneuvers to account for local terrain conditions, which can avoid potential collisions with
terrain while avoiding obstacles. Therefore, the ASA system 200 may employ a model of
aircraft performance, which can be used to determine possible collision-avoidance trajectories
that will be successful. The ASA system 200 may also take into account weather conditions
when calculating obstacle avoidance maneuvers. For example, the ASA system 200 may
account for ambient winds or density altitude when determining optimal trajectories, and

avoiding weather hazards in the immediate vicinity.

[0059] With reference to Figure 2a, the ASA system 200 may generally comprise an obstacle
detection circuit 202, an avoidance maneuver trajectory circuit 204, one or more databases 224,
and obstacle sensors 226 (e.g., one or more sensors 110) to generate lists of possible obstacle
threats. The ASA system 200 may be operatively coupled with (or integrated with) the flight
control system 120 of the aircraft 100. Accordingly, the obstacle detection circuit 202 and/or the
avoidance maneuver trajectory circuit 204 may receive positional data from an external GPS or
an integrated (internal) GPS (e.g., GPS 142a) and/or aircraft state data (e.g., altitude, speed, A
altitude, etc.) from the aircraft data system 228. In addition to position data, the ASA system
200 may receive aircraft state information (e.g., altitude, rate of climb, pitch angle, bank angle,
yaw angle, sideslip, etc.) from an aircraft data system 228, which may be integrated with the
aircraft 100 (e.g., as part of the flight control system 120). The aircraft data system 228 may

comprise, for example, a gyro and/or other state sensors.
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[0060] When a threat (e.g., a potential collision threat or other obstacle) is detected, the ASA
system 200 can issue trajectory commands to the onboard flight control system 120 of the
aircraft 100, which may cause (instruct) the aircraft 100 to execute an avoidance trajectory (or
flight path). The avoidance trajectory may be calculated in real-time based at least in part on
sensor data from the sensors 110, ISR payload 140, etc. The ASA system 200 can also pass
warning alerts and status information to any ground operator or supervisor via, for example, a
remote device 138 at a ground control station (GCS) 230 through an existing datalink on the
aircraft 100, such as network 136. More specifically, the obstacle detection circuit 202 may send
obstacle alerts to the GCS 230, while the avoidance maneuver trajectory circuit 204 may send

avoidance maneuver information to the GCS 230.

[0061] The plurality of obstacle sensors 226 may comprise, for example, cooperative obstacle
sensors 226a to detect cooperative obstacle (e.g., another aircraft having a cooperative
transmitter or transceiver) and/or non-cooperative obstacle sensors 226b to detect non-
cooperative obstacle. The cooperative obstacle sensors 226a may be used to detect obstacles
(e.g., other air traffic) using, for example, a radio-frequency transceiver configured to
communicated using one or more of various protocols, including ADS-B, TCAS, TAS, etc. The
non-cooperative obstacle sensors 226b may detect obstacles (e.g., other air traffic) using, for
example, radar-based systems, electro-optical systems (e.g., LIDAR), infrared systems, acoustic
systems, vision-based systems, etc. In some cases, the obstacle sensors 226 may assign a threat
level (priority level) to one or more (or all) of possible obstacle threats, in other cases they may
not; instead only providing location information for the other obstacles. For example, location
information may include GPS coordinates or angle and distance. Obstacle information from the
obstacle sensors 226 may also include velocity of the target obstacle and/or information on the
type or identity of the obstacles (e.g., aircraft, tail number, bird, size, etc.). The type of sensors
110 used as the obstacle sensors 226 may depend on the type and size of aircraft 100 being

considered and the operating environment of that aircraft 100.

[0062] The one or more databases 224, which may be stored to memory device 128, can be used
to identify any flight constraints imparted upon the aircraft 100. To that end, the one or more
databases 224 may comprise, for example, an airspace database 224a, an environment database
224b, a terrain database 224c, etc. The one or more databases 224 may cover a larger area than
expected for current operations of the aircraft 100; however the one or more databases 224 may

be limited to a specific area/environment if desired. The ASA system 200 may update the one or
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more databases 224 dynamically to reflect the most current data available, which may be
captured by the obstacle sensors 226 or another sensor 110. The one or more databases 224 (in
connection with the obstacle sensors 226 and any other sensors 110) support the obstacle
detection circuit 202 for calculating obstacle threats. Once a threat has been detected, the one or
more databases 224 support the avoidance maneuver trajectory circuit 204, by providing

information on airspace, terrain, and/or environmental factors that affect the trajectory.

[0063] The airspace database 224a may comprise airspace data reflecting airspace and
acronautical features. The airspace database 224a holds detailed data on all types of defined
legal airspace in the area of operations including, without limitation: control zones, traffic
management areas, en route airspace, restricted areas, prohibited areas, temporary flight
restrictions, military operating areas, etc. Further, data reflecting established airways and
approach procedures may also be included. The environment database 224b may comprise
environment data reflecting environmental factors, including current and expected weather,
local effects of time of day or time of year, etc. The environmental database 224b may include,
without limitation, obstacle data, expected climate data, current and pending weather data, and
human activity data (expected events or activity in a given area in a given time period). Finally,
the terrain database 224c may comprise terrain data reflecting terrain clearance, including
specific man-made or natural features, such as peaks, antenna towers, buildings, etc., for
example. The terrain database 224c holds detailed data on the terrain in the area of operations.
The terrain database 224c¢ may cover a larger area than expected for current operations, or data
for specific areas can be loaded as required. The terrain database 224c can be updated by the

aircraft 100 with the most current data available, for accuracy.

[0064] The obstacle detection circuit 202 can use input from sensors to determine the best
estimate of obstacles (e.g., type, location, trajectory, etc.). Obstacle detection circuit 202 may be
used to correlate data (e.g., using internal algorithms) from multiple sensors to refine obstacle
location, and to determine the threat level of detected obstacles. For example, as illustrated, the
obstacle detection circuit 202 may receive sensor state and obstacle information from the
cooperative obstacle sensors 226a and/or non-cooperative obstacle sensors 226b. The obstacle
detection circuit 202 may also be configured to communicate mode commands 208 to the
cooperative obstacle sensors 226a and/or non-cooperative obstacle sensors 226b. The mode
commands 208 may cause the cooperative obstacle sensors 226a and/or non-cooperative

obstacle sensors 226b to change, or otherwise adjust, its mode of operation. Further, in certain
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aspects, one or more machine learning techniques may be employed and used to fuse sensor data
from different types of sensors based at least in part on historic performance data associated
with the aerial vehicle 100 (e.g., in various situations and environments, such as weather
condition, time, location, altitude, etc.). For example, while certain sensors systems may not be
ideal in certain environments, historical data may indicate that such sensors systems are
nevertheless favorable or useable in certain regions when subject to certain environmental

conditions or coupled with other types of sensors.

[0065] The obstacle detection circuit 202 also uses information about vehicle location,
compared from the aircraft data system 228 against the one or more databases 224 of geography,
airspace, and environmental factors to set weighting of the cooperative obstacle sensors 226a
and/or non-cooperative obstacle sensors 226b via the obstacle detection circuit 202, For
example, the obstacle detection circuit 202 can use airspace data from the airspace database
224a to refine the detection algorithms based on the location of the aircraft 100 in relation to
different types of regulated airspace. In another example, the obstacle detection circuit 202 can
use environmental data from the environmental database 224b refine the detection algorithms
based on environmental factors such as time of year, day of week, time of day, climate and
weather conditions, etc. Based on the various input from sensors and databases, the obstacle
detection circuit 202 may output to the avoidance maneuver trajectory circuit 204 a best

estimate of obstacles in the form of, for example, obstacle alert information/data.

[0066] The avoidance maneuver trajectory circuit 204 can use internal algorithms to calculate
an avoidance maneuver to avoid detected obstacle and terrain based at least in part on the
obstacle alert information/data from the obstacle detection circuit 202. In other words, the
avoidance maneuver trajectory circuit 204 is configured to develop an avoidance trajectory to
ensure safe separation from obstacle targets, while also accounting for local terrain, airspace,
and environmental factors based on data from the one or more databases 224. For example, the
avoidance maneuver trajectory circuit 204 can use terrain data from the terrain database 224c to
ensure avoidance maneuvers are not compromised by local terrain. In certain aspects, different
groupings of the plurality of sensors may be blended and/or selected depending on the current
operation (i.e. mission objective) and/or environment of the aerial vehicle 100. For example, one
or more sensor groupings may be employed, whether automatically or manually selected, based
on the surrounding environment. The one or more database may store one or more

predetermined groupings of sensors to be utilized upon detection of certain environmental
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conditions, aerial vehicle operation, aerial vehicle health or status, and/or flight constraints

imparted upon the aerial vehicle 100.

[0067] Figure 2b illustrates an example process for the obstacle detection circuit 202, The
subtasks of the obstacle detection circuit 202 may run dynamically to provide the fastest
response to potential obstacle threats. The obstacle detection circuit’s 202 subtasks may include
checking current aircraft state and environment 206, setting sensor modes 208, setting obstacle
detection weights 210, evaluating incoming obstacle data 212, and transmitting obstacle threat

information to the avoidance maneuver trajectory planner 213.

[0068] When checking current aircraft state and environment 206, the obstacle detection circuit
202 constantly monitors the aircraft state and environment from the aircraft data system 228.
Example aircraft states include, for example, a current altitude, airspeed, and type of mission
(e.g., transiting versus loitering). The obstacle detection circuit 202 also checks current location
in relation to airspace and environment. For example, the aircraft’s 100 location in relation to
defined airspace, its location in relation to ground features (e.g., urban areas and rural areas),

and its location in relation to terrain features such as hills and mountains.

[0069] The obstacle detection circuit 202 may also set any sensor modes 208 as necessary,
which may be as a function of the current aircraft state and environment. For compatible
sensors, the obstacle detection circuit 202 can send mode commands to the obstacle sensors 226
to set particular sensor modes as a function of the current aircraft state and environment. For
instance, when the aircraft 100 is in a transiting mission, obstacle sensors 226 may be directed to
a mode that emphasizes the area in front of the aircraft, while if the aircraft is in a loitering
mission, sensor modes that examine 360 degrees around the aircraft 100 would be selected. In
another example, if operating at a low level, a radar sensor may be commanded to a mode that

does more to reject ground clutter in the radar signal.

[0070] The obstacle detection circuit 202 can also set obstacle detection weights 210 based on
current state and environment, as well as currently-active sensors 226. Based on the
environmental factors described above, the obstacle detection circuit 202 sets weighting factors
for evaluating the obstacle data coming from the sensors. For instance if current weather
conditions include poor visibility, data from a radar sensor may be given a greater weight than

data from a vision-based sensor. In another case, when flying in controlled airspace where other
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obstacles would be expected to be equipped with cooperative systems, such cooperative obstacle
sensors would be given higher weights than non-cooperative obstacle sensors like vision
systems. The exact degree or level of weighting can be determined through a combination of

analysis, simulation, and collection of empirical data.

[0071] Using weighted sensor data, the obstacle detection circuit 202 can evaluate incoming
obstacle data 212 using, for example, weighted sensor values. In other words, with the obstacle
detection weights already set, the obstacle detection circuit 202 evaluates the incoming obstacle
data. Where multiple sensors 226 detect the same obstacle, the obstacle detection circuit 202 can
use the obstacle detection weights to cross-check and refine the relative position of the obstacle.
For instance, if a radar sensor and a vision sensor both detect what appears to be an obstacle, but
the reported relative positions are slightly off, if the radar sensor has a higher weighting than the
vision sensor, then the actual position of the obstacle will be assumed to be closer to the data
reported by the radar sensor. Since the obstacle detection weights are based on changing aircraft
and environment factors, the action of the obstacle detection circuit 202 may also change as the
weighting factors between sensors may change as a function of the aircraft and environmental

factors.

[0072] Finally, the obstacle detection circuit 202 can communicate obstacle threat information
(e.g., obstacle position and state) 213 to the avoidance maneuver trajectory circuit 204. The
obstacle detection circuit 202 can share the obstacle threat information dynamically (e.g., in
real-time or near real-time) with the avoidance maneuver trajectory circuit 204, The obstacle
detection circuit 202 may be configured to share not only the highest-priority obstacle targets,
but also other detected obstacles to provide a complete picture of the obstacle(s) in the area to
the avoidance maneuver trajectory circuit 204. The obstacle detection circuit 202 may use
advanced logic such as machine learning to refine the ability to detect obstacles while
minimizing false positive detections. Such machine learning may build and then use a database
of information gathered on previous flights. Such a database may include a hot spot of
geographic areas or temporal or environmental factors where other obstacles (e.g., air traffic) are
often detected, or conversely areas where false positives are likely for environmental or other

reasoms.

[0073] By employing a system that uses machine learning/deep learning techniques for

capturing information associated with an aerial vehicle, determining a condition of the aerial
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vehicle, and/or generating a response for the aerial vehicle to engage with the environment, the
system is capable of avoiding potentially hazardous situations. For example, information
collected from the various sensors can be compiled and analyzed as a whole, in view of stored
data including historical trends, to quickly and accurately build a picture of an aerial vehicle’s
expected and/or common reaction to a variable. In other words, the system may be configured to
accept, analyze, and/or make determinations based at least in part on the various sensor
information, or “sensor fusion”, among sensors of differing types, such as optical sensors,
physiological sensors, vehicle state sensors, to name but a few. Thus, machine learning/deep
learning techniques, capable of collecting data and building models over time to recognize and
adapt to similar situations in the future, are used to overcome limited views, damaged
identifiers, variable lighting conditions, to name a few. Similarly, the machine learning
technique may be utilized to update the logic of determining the selection of a group of the
various sensors in certain environmental conditions by analyzing the effectiveness of the

selected group in various environmental conditions.

[0074] As noted above, the avoidance maneuver trajectory circuit 204 evaluates the obstacle
threats reported by the obstacle detection circuit 202 and plans avoidance maneuver(s) to avoid
conflicts or collisions. Figure 2c illustrates subtasks of an avoidance maneuver trajectory circuit
204. The avoidance maneuver trajectory circuit’s 204 subtasks may include monitoring aircraft
location and state 214, querying databases 216, calculating a trajectory 218, calculating an

avoidance maneuver 220, and issuing commands 222 to the flight control system 120.

[0075] The avoidance maneuver trajectory circuit 204 monitors aircraft location and state
dynamically 214, which may be received from the GPS 142a and/or the aircraft data system 228,
for example. The avoidance maneuver trajectory circuit 204 then queries databases 216, such as
the one or more databases 224. More specifically, based at least in part on the current location
and state of the aircraft 100, the avoidance maneuver trajectory circuit 204 queries the airspace,
terrain, and environment databases 224a, 224b, 224c¢ for data relevant to the current location and

state.

[0076] The avoidance maneuver trajectory circuit 204 may calculate a trajectory 218. More
specifically, the avoidance maneuver trajectory circuit 204 can calculate trajectories

continuously that are clear of terrain and accounts for airspace and other factors, even without
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the presence of traffic obstacles. These default trajectories can define safe zones, where the ASA

system 200 knows the aircraft 100 will not conflict with terrain or airspace.

[0077] The avoidance maneuver trajectory circuit 204 may also calculate an avoidance
maneuver 220. That is, when information on potentially dangerous obstacles is received from
the obstacle detection circuit 202, the avoidance maneuver trajectory circuit 204 can
immediately calculate a flightpath trajectory to avoid the traffic obstacle(s), while also
considering other nearby traffic, terrain, obstacles, and nearby airspace based on data from the
one or more databases 224. For instance, if the ASA system 200 has possible avoidance
trajectories either to the right or left, but the data that the avoidance maneuver trajectory circuit
204 has shown that there is conflicting terrain or restricted airspace to the right of the aircraft
100, then the avoidance maneuver trajectory circuit 204 will plan an avoidance trajectory to the
left side instead. Therefore, when an obstacle threat report from the obstacle detection circuit
202 is received, the avoidance maneuver trajectory circuit 204 recalculates a trajectory to avoid
the obstacle, while also avoiding terrain, accounting for airspace, and operating within a/c

performance envelope.

[0078] The avoidance maneuver trajectory circuit 204 issues the resulting commands 222 to
flight control system 120 to execute the avoidance maneuver. Depending on the type of flight
control system 120, the resulting commands may be, for example, a commanded waypoint or

speed, heading, altitude commands.

[0079] Figure 3 illustrates an example navigational method 300 for operating an aircraft 100
equipped with an ASA system 200. For purposes of this example, assume that the aircraft 100 is
performing a loitering mission at a relatively low level in an environment with a mountainous
terrain. Upon start up at step 302, the ASA system 200 determines the state of the aircraft 100
and the surrounding environment at step 304. For example, the obstacle detection circuit 202
evaluates the location to identify and/or locate the mountains. The obstacle detection circuit 202
may also determine that the current time of year is summer based on, for example, the location
(e.g., via GPS data) and an internal calendar, which may be supplemented/confirmed using one
or more sensors (e.g., thermometers, light sensors, barometers, etc.). The one or more sensors

may also be used to determine the current weather.
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[0080] Based on the state of the aircraft 100 and the surrounding environment, the obstacle
detection circuit 202 may set the sensor modes for each of the obstacle sensors 226 at step 306.
When the aircraft 100 is in a loitering mission, the obstacle detection circuit 202 may command
both the vision-based sensor and a radar sensor to be in 360-degree mode, thereby looking for
obstacles on all sides of the aircraft 100. At step 308, the obstacle detection circuit 202 may
assign weights to the various sensors 110 (e.g., obstacle sensors 226). For example, if the
weather is clear (e.g., high visibility), the ASA system 200 may set obstacle detection weights
that favor the sensor data from vision-based obstacle sensors, since hard-to-detect non-

cooperative obstacles such as paragliders might be expected under these conditions.

[0081] At step 310, the ASA system 200 evaluates sensor data captured from the obstacle
sensors 226. Although it is possible to detect an obstacle using multiple sensors (e.g., both the
vision and radar sensors), where the weighting factor favors the vision-based system, the vision-
based system is given preference (or priority) when evaluating the sensor data from both
sensors. At step 312, the obstacle detection circuit 202 generates threat information and reports
the data reflecting the detected obstacles to the avoidance maneuver trajectory circuit 204, At
step 314, the avoidance maneuver trajectory circuit 204 dynamically monitors the location and
state of the aircraft 100 in the environment. In additional to monitoring sensor data, the
avoidance maneuver trajectory circuit 204 queries at step 316 one or more databases 224, which
may identify, for example, nearby mountainous terrain, restricted airspace, etc. Based at least in
part on the sensor data and the database information, the ASA system 200 evaluates the
potential avoidance maneuvers and calculates a trajectory command for the aircraft. At step 320,
the trajectory command is communicated as a command to the flight control system 120 of the
aircraft 100 to complete the maneuver. If the mission is complete at step 322, the 300 may end
at step 324. Otherwise, the navigational method 300 returns to step 304, where the process

repeats.

[0082] While the navigational method 300 is illustrated as an example having a particular
combination of steps, one of skill in the art would appreciate that fewer or additional steps may
be implemented. In certain aspects, one or more steps may be performed in parallel. Further, one
or more steps may be optional and omitted from the navigational method 300, or performed
separately and/or upon request from an operator. In some aspects, one or more steps may be

conditional, such that execution of the one or more steps may be contingent upon predetermined
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requirements and/or conditions. Moreover, the order in which the steps are cycled may be

rearranged depending on the needs of the operator or the system.

[0083] While the ASA system 200 is described having certain features, other extra features can
be considered optional, and could be added or subtracted as software upgrades, depending on
user needs and budget. For instance, system adjustments may be based only on airspace or
geography, without including adjustments for time of year or time of day. This could be added
as an upgrade on a cost basis. Another variation could be the system installed in a piloted
aircraft, as a complementary obstacle detection system, still using the situation-based blending
of sensor data to give obstacle alerts and recommended avoidance trajectories to a human pilot.
Yet another variation would be for the avoidance maneuver trajectory circuit 204 to include
additional logic to account for balancing avoidance maneuvers against passenger comfort and
safety, to be used for pilot-less autonomous aircraft carrying passengers, or could also be used in
the variation described above for piloted aircraft. This variation would balance obstacle threat
level and the maneuvers required to avoid the obstacle, against passenger comfort factors such
as accelerations and jerk (change in acceleration). The ASA system 200 may be employed in
military, government, and civilian applications. Though, the ASA system 200 is particularly
useful for aircraft 100 with a wide range of operating altitudes and airspace types, such as

tactical- or MALE-class aircraft 100.

[0084] The above-cited patents and patent publications are hereby incorporated by reference in
their entirety. Although various embodiments have been described with reference to a particular
arrangement of parts, features, and like, these are not intended to exhaust all possible
arrangements or features, and indeed many other embodiments, modifications, and variations
may be ascertainable to those of skill in the art. Thus, it is to be understood that the disclosure

may therefore be practiced otherwise than as specifically described above.

[0085] The disclosure comprises the subject matter described in the following clauses:

Clause 1. An adaptive sense and avoid system for use with an aerial vehicle (100)
in an environment, the adaptive sense and avoid system comprising:
a processor operatively coupled with a flight controller (126) and a memory device

(128);
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a plurality of sensors (110, 140c, 226) coupled to the aerial vehicle (100), each of the

plurality of sensors (110, 140c, 226) configured to generate sensor data reflecting a position of
an obstacle in the environment;
an obstacle detection circuit (202) operatively coupled to the processor and the plurality
of sensors (110, 140c, 226), the obstacle detection circuit (202) configured to blend the sensor
data from each of the plurality of sensors (110, 140c, 226) to identify obstacles in the
environment and to generate obstacle information that reflects a best estimate of a position of
the obstacle in the environment,
wherein the obstacle detection circuit (202) is configured to
(1) set a sensor mode for each of a plurality of sensors (110, 140c, 226) based at
least in part on a present state of the aerial vehicle (100) and a condition of the
environment, and
(ii) assign a weight to the sensor data from each of the plurality of sensors (110,
140c, 226) as a function of sensor type, the present state of the aerial vehicle (100) and
the condition of the environment; and
an avoidance trajectory circuit operatively coupled to the obstacle detection circuit (202)
and the processor,
wherein the obstacle detection circuit (202) is configured to
(i) calculate trajectory data as a function of the obstacle information and
information from the one or more databases (108, 224), and

(i) communicate the trajectory data to the flight controller (126).

Clause 2. The adaptive sense and avoid system of clause 1, wherein the one or more
databases (108, 224) comprises (i) an airspace database (224a) of airspace data reflecting a
defined legal airspace for the environment, (ii) an environment database (224a, 224b, 224c¢) of
environment data reflecting environmental factors for the environment, and (iii) a terrain

database (224c) of terrain data reflecting terrain characteristics of the environment.

Clause 3. The adaptive sense and avoid system of clause 2, wherein the obstacle
detection circuit (202) is configured to assign a first weight to sensor data from a first sensor and

to assign a second weight to sensor data from a second sensor a function of the airspace data.

Clause 4. The adaptive sense and avoid system of clause 2, wherein the obstacle
detection circuit (202) is configured to assign a first weight to sensor data from a cooperative
sensor and to assign a second weight to sensor data from a non-cooperative sensor a function of

the airspace data, wherein the first weight is greater than the second weight.
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Clause 5. The adaptive sense and avoid system of clause 2, wherein the obstacle
detection circuit (202) is configured to assign a first weight to sensor data from a first sensor and
to assign a second weight to sensor data from a second sensor a function of the environmental

data.

Clause 6. The adaptive sense and avoid system of clause 5, wherein the obstacle
detection circuit (202) is configured to assign a lower weight to sensor data from visual sensors

(110, 140c, 226) when the environmental data reflects poor visibility for the environment.

Clause 7. The adaptive sense and avoid system of clause 2, wherein the obstacle
detection circuit (202) is configured to identify obstacles dynamically as a function of each of

the airspace data, the environmental data, and the terrain data.

Clause 8. The adaptive sense and avoid system of any of clauses 2 to 7, wherein the
avoidance trajectory circuit is configured to calculate trajectory data dynamically as a function

of at least one of the airspace data, the environmental data, and the terrain data.

Clause 9. The adaptive sense and avoid system of any of any of clauses 2 to 7, wherein
the adaptive sense and avoid system is communicatively coupled with a human-machine
interface to provide a control and communication interface between the adaptive sense and

avoid system and a human operator.

Clause 10. A method for navigating an aerial vehicle (100) in an environment, the
method comprising:

determining, via a processor, a state of the aerial vehicle (100) and the environment,
wherein the processor is operatively coupled with a flight controller (126) and a memory device
(128) having one or more databases (108, 224);

setting a sensor mode for each of a plurality of sensors (110, 140c, 226) based at least in
part on the state of the aerial vehicle (100) and the environment, wherein each of the plurality of
sensors (110, 140c, 226) is configured to generate sensor data reflecting positions of obstacles in
the environment;

assigning, via an obstacle detection circuit (202), a weight to the sensor data from each
of the plurality of sensors (110, 140c, 226) as a function of the state of the aerial vehicle (100)
and the environment, wherein the obstacle detection circuit (202) is operatively coupled with the
processor;

generating, via the obstacle detection circuit (202), obstacle information reflecting a best

estimate for an obstacle’s position in the environment;
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monitoring, via the processor, the state of the aerial vehicle (100) and the environment;

querying the one or more databases (108, 224) to identify any flight constraints upon the
aerial vehicle (100);

calculating, via an avoidance trajectory circuit, a trajectory command for the aerial
vehicle (100) as a function of the obstacle information and the one or more databases (108, 224),
wherein the avoidance trajectory circuit is operatively coupled with the processor; and

communicating the trajectory command to the flight controller (126).

Clause 11. The method of clause 10, wherein the one or more databases (108, 224)
comprises (i) an airspace database (224a) of airspace data reflecting a defined legal airspace for
the environment, (i1) an environment database (224a, 224b, 224c¢) of environment data reflecting
environmental factors for the environment, and (iii) a terrain database (224c) of terrain data

reflecting terrain characteristics of the environment.

Clause 12. The method of any of clauses 10 to 11, wherein, during the assigning step, the
obstacle detection circuit (202) assigns a first weight to sensor data from a first sensor and to

assign a second weight to sensor data from a second sensor a function of the airspace data.

Clause 13. The method of any of clauses 10 to 12, wherein, during the assigning step, the
obstacle detection circuit (202) assigns a first weight to sensor data from a cooperative sensor
and to assign a second weight to sensor data from a non-cooperative sensor a function of the

airspace data, wherein the first weight is greater than the second weight.

Clause 14. The method of any of clauses 10 to 12, wherein, during the assigning step, the
obstacle detection circuit (202) assigns a first weight to sensor data from a first sensor and to

assign a second weight to sensor data from a second sensor a function of the environmental data.

Clause 15. The method of clause 14, wherein, during the assigning step, the obstacle
detection circuit (202) assigns a lower weight to sensor data from visual sensors (110, 140c,

226) when the environmental data reflects poor visibility for the environment.

Clause 16. The method of any of clauses 10 to 15, wherein, during the step of generating
the obstacle information, the obstacle detection circuit (202) identifies obstacles dynamically as

a function of each of the airspace data, the environmental data, and the terrain data.

Clause 17. The method of any of clauses 10 to 16, wherein, during the step of calculating
the trajectory command, the avoidance trajectory circuit calculates trajectory data dynamically

as a function of at least one of the airspace data, the environmental data, and the terrain data.
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Clause 18.  An aerial vehicle (100) comprising:
a flight controller (126);
a processor operatively coupled with the flight controller (126) and a memory device
(128), wherein the memory device (128) comprises
(1) an airspace database (224a) of airspace data reflecting a defined legal airspace
for the environment,
(i1) an environment database (224a, 224b, 224c) of environment data reflecting
environmental factors for the environment, and
(iii) a terrain database (224c) of terrain data reflecting terrain characteristics of
the environment;
a plurality of sensors (110, 140c, 226) configured to generate sensor data reflecting a
position of an obstacle in the environment;
an obstacle detection circuit (202) operatively coupled to the processor and the plurality
of sensors (110, 140c, 226), the obstacle detection circuit (202) configured to blend the sensor
data from each of the plurality of sensors (110, 140c, 226) to identify obstacles in the
environment and to generate obstacle information that reflects a best estimate of a position of
the obstacle in the environment,
wherein the obstacle detection circuit (202) is configured to
(1) set a sensor mode for each of a plurality of sensors (110, 140c, 226) based at
least in part on a present state of the aerial vehicle (100) and a condition of the
environment, and
(i1) assign a weight to the sensor data from each of the plurality of sensors (110,
140c, 226) as a function of sensor type, the present state of the aerial vehicle (100) and
the condition of the environment; and
an avoidance trajectory circuit operatively coupled to the obstacle detection circuit (202)
and the processor,
wherein the obstacle detection circuit (202) is configured to
(i) calculate trajectory data as a function of the obstacle information and
information from the one or more databases (108, 224), and

(i) communicate the trajectory data to the flight controller (126).

Clause 19. The aerial vehicle (100) of clause 18, wherein the obstacle detection circuit
(202) is configured to assign a lower weight to sensor data from visual sensors (110, 140c, 226)

when the environmental data reflects poor visibility for the environment.
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Clause 20. The aerial vehicle (100) of clause 18 or clause 19, wherein the obstacle
detection circuit (202) is configured to assign a first weight to sensor data from a cooperative
sensor and to assign a second weight to sensor data from a non-cooperative sensor a function of

the airspace data, wherein the first weight is greater than the second weight.
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CLAIMS

1. An adaptive sense and avoid system for use with an aerial vehicle in an environment,
the adaptive sense and avoid system comprising:

a processor operatively coupled with a flight controller and a memory device;

a plurality of sensors coupled to the aerial vehicle, each of the plurality of sensors
configured to generate sensor data reflecting a position of an obstacle in the environment of the
aerial vehicle;

an obstacle detection circuit operatively coupled to the processor and the plurality of
sensors, the obstacle detection circuit configured to blend the sensor data from each of the
plurality of sensors to identify obstacles in the environment and to generate obstacle
information that reflects a best estimate of a position of the obstacle in the environment,

wherein the obstacle detection circuit is configured to

(1) set a mode for each of a plurality of sensors based at least on a present state of the
acrial vehicle and a condition of the environment, and

(ii) assign a weight to the sensor data from each of the plurality of sensors as a function
of sensor type, the present state of the aerial vehicle and the condition of the environment; and

an avoidance trajectory circuit operatively coupled to the obstacle detection circuit and
the processor,

wherein the obstacle detection circuit is configured to

(i) calculate trajectory data as a function of the obstacle information and information
from one or more databases, and

(i1) communicate the trajectory data to the flight controller,

wherein the one or more databases comprises an airspace database of airspace data
reflecting a defined legal airspace for the environment,

wherein the obstacle detection circuit is configured to assign a first weight to sensor
data from a first sensor and to assign a second weight to sensor data from a second sensor as a

function of the airspace data.

2. The adaptive sense and avoid system of claim 1, wherein the obstacle detection circuit is
configured to assign the first weight to sensor data from a cooperative obstacle sensor and to
assign the second weight to sensor data from a non-cooperative obstacle sensor as a function of

the airspace data, wherein the first weight is greater than the second weight.
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3. The adaptive sense and avoid system of claim 2, wherein the cooperative obstacle sensor
comprises a radio-frequency transceiver configured to communicated using at least one of the

ADS-B, TCAS, or TAS protocols.

4.  The adaptive sense and avoid system of claim 2 or 3, wherein the one or more databases
further comprises an environment database of environment data reflecting environmental
factors for the environment and the obstacle detection circuit is configured to assign the first
weight to sensor data from the first sensor and to assign the second weight to sensor data from

the second sensor also as a function of the environmental data.

5. The adaptive sense and avoid system of claim 4, wherein the obstacle detection circuit
is configured to assign a lower weight to sensor data from visual sensors when the

environmental data reflects poor visibility for the environment.

6. The adaptive sense and avoid system of claim 1, wherein the one or more databases
further comprises an environment database of environment data reflecting environmental
factors for the environment and a terrain database of terrain data reflecting terrain
characteristics of the environment and wherein the obstacle detection circuit is configured to
additionally identify obstacles dynamically as a function of each of the airspace data, the

environmental data, and the terrain data.

7. The adaptive sense and avoid system of any one of claim 1 to claim 6, wherein the
avoidance trajectory circuit is configured to calculate trajectory data dynamically as a function

of at least one of the airspace data, the environmental data, and the terrain data.

8. The adaptive sense and avoid system of any one of claim 2 to claim 7, wherein the
adaptive sense and avoid system is communicatively coupled with a human-machine interface
to provide a control and communication interface between the adaptive sense and avoid system

and a human operator.

9. A method for navigating an aerial vehicle in an environment, the method comprising:
determining, via a processor, a state of the aerial vehicle and the environment, wherein the
processor is operatively coupled with a flight controller and a memory device having one or
more databases;

setting a mode for each of a plurality of sensors based at least on the state of the aerial
vehicle and the environment, wherein each of the plurality of sensors is configured to generate

sensor data reflecting positions of obstacles in the environment;
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assigning, via an obstacle detection circuit, a weight to the sensor data from each of the
plurality of sensors as a function of the state of the aerial vehicle and the environment, wherein
the obstacle detection circuit is operatively coupled with the processor;

generating, via the obstacle detection circuit, obstacle information reflecting a best
estimate for an obstacle’s position in the environment;

monitoring, via the processor, the state of the aerial vehicle and the environment;

querying the one or more databases to identify any flight constraints upon the aerial
vehicle;

calculating, via an avoidance trajectory circuit, a trajectory command for the aerial
vehicle as a function of the obstacle information and the one or more databases, wherein the
avoidance trajectory circuit is operatively coupled with the processor; and

communicating the trajectory command to the flight controller,

wherein the one or more databases comprises (i) an airspace database of airspace data
reflecting a defined legal airspace for the environment, and

wherein, during the assigning step, the obstacle detection circuit assigns a first weight
to sensor data from a first sensor and to assign a second weight to sensor data from a second

sensor as a function of the airspace data.

10. The method of claim 9, wherein, during the assigning step, the obstacle detection
circuit assigns the first weight to sensor data from a cooperative obstacle sensor and to assign
the second weight to sensor data from a non-cooperative obstacle sensor as a function of the

airspace data, wherein the first weight is greater than the second weight.

11. The method of claim 10, wherein the cooperative obstacle sensor comprises a radio-
frequency transceiver configured to communicated using at least one of the ADS-B, TCAS, or

TAS protocols.

12.  The method of any one of claims 9 to 11, wherein the one or more databases comprises
further an environment database of environment data reflecting environmental factors for the
environment, and wherein, during the assigning step, the obstacle detection circuit assigns the
first weight to sensor data from the first sensor and to assign the second weight to sensor data

from the second sensor as a function of the environmental data.

13. The method of claim 12, wherein, during the assigning step, the obstacle detection
circuit assigns a lower weight to sensor data from visual sensors when the environmental data

reflects poor visibility for the environment.
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14. The method of any one of claims 9 to 13, wherein the one or more databases further
comprises an environment database of environment data reflecting environmental factors for
the environment, and a terrain database of terrain data reflecting terrain characteristics of the
environment, and wherein, during the step of generating the obstacle information, the obstacle
detection circuit additionally identifies obstacles dynamically as a function of each of the

airspace data, the environmental data, and the terrain data.

15. The method of any one of claims 9 to 14, wherein the one or more databases further
comprises an environment database of environment data reflecting environmental factors for
the environment, and a terrain database of terrain data reflecting terrain characteristics of the
environment, and wherein, during the step of calculating the trajectory command, the
avoidance trajectory circuit calculates trajectory data dynamically as a function of at least one

of the airspace data, the environmental data, and the terrain data.

16.  An aerial vehicle comprising:
a flight controller;
a processor operatively coupled with the flight controller and a memory device,
wherein the memory device comprises
(1) an airspace database of airspace data reflecting a defined legal airspace for
the environment,
(ii) an environment database of environment data reflecting environmental
factors for the environment, and
(ii1) a terrain database of terrain data reflecting terrain characteristics of the
environment;
a plurality of sensors configured to generate sensor data reflecting a position of an
obstacle in the environment;
an obstacle detection circuit operatively coupled to the processor and the plurality of
sensors, the obstacle detection circuit configured to blend the sensor data from each of the
plurality of sensors to identify obstacles in the environment and to generate obstacle
information that reflects a best estimate of a position of the obstacle in the environment,
wherein the obstacle detection circuit is configured to
(1) set a mode for each of a plurality of sensors based at least on a present state

of the aerial vehicle and a condition of the environment, and
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(ii) assign a weight to the sensor data from each of the plurality of sensors as a
function of sensor type, the present state of the aerial vehicle and the condition of the
environment; and
an avoidance trajectory circuit operatively coupled to the obstacle detection circuit and

the processor,
wherein the obstacle detection circuit is configured to

(1) calculate trajectory data as a function of the obstacle information and

information from the one or more databases, and

(i1) communicate the trajectory data to the flight controller;

wherein the one or more databases comprises an airspace database of airspace data
reflecting a defined legal airspace for the environment, and

wherein the obstacle detection circuit is configured to assign a first weight to sensor
data from a first sensor and to assign a second weight to sensor data from a second sensor as a

function of the airspace data.

19. The aerial vehicle of claim 18, wherein the obstacle detection circuit is configured to
assign a lower weight to sensor data from visual sensors when the environmental data reflects

poor visibility for the environment.

20. The acrial vehicle of claim 18 or claim 19, wherein the obstacle detection circuit is
configured to assign the first weight to sensor data from a cooperative obstacle sensor and to
assign the second weight to sensor data from a non-cooperative obstacle sensor as a function of

the airspace data, wherein the first weight is greater than the second weight.

Aurora Flight Sciences Corporation
Patent Attorneys for the Applicant/Nominated Person
SPRUSON & FERGUSON
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