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UNMANNED AERIAL VEHICLE INSPECTION SYSTEM

BACKGROUND
13001 ] Inspecting a vertical structure {e.g., a cell phone tower, a nuclear
radiator, and so on) for damage, or other reasons, can include significant time investments
bv personnel frained to perform the mspection. Additionally, companies mvolved m
mspection generally need to devote substantial time training personncel, and then ensaring

the personnel are following proper safety and governmental procedures.

SUMMARY

130021 Particular embodiments of the subject matter descubed in this
specification can be implemented so as to realize one or more of the following
advantages. Utilizing an unmanned aenal vehicle (UAVY), an operator can guickly and
safely obtain detailed tmage and/or other sensor data of structures. By working with a
UAV, the operator can initiate an automatic scanning process of wdentified structures,
without having to place himsclf/herself in harm’s way and without requining cumbersome
and expensive equipment, sach as cranes or raised or suspended platforms. Furthermore,
by enabling an operator to intelligently define a safe fight plan of a UAV, and enable the
UAV to follow the flight plan and intelligently react to contingencics, the UAV can be
placed in a greatly reduced nisk of harm.

j0003] In general, one tonovative aspect of the subject matter described in this
specification can be embodied in a svstem, computer readable media and methods that
mclude the actions of obtaining, from a user device, flight operation mformation
describing an inspection of a vertical structure to be performed, the flight operation
information including locations of one or more safe locations for vertical inspection;
determining that a location of the UAV comresponds 1o a first safe location; in response to
the determination, performing a first mspection of the structure at the first safe location,
the first inspection including activating the one or more cameras; traveling to a second
safe location, and performing a second inspection of the structure, the second inspection
mcluding activating the one or more cameras; and providing, to the user device,
mformation assoctated with the inspection, the mformation mchiding mages obtained
from the one or more cameras.

[0004] Another mnovative aspect of the subject matter descnbed in this

specification can be embodied in a system, computer readable media and methods that
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include the actions of receiving, by a UAVY, a flight plan comprising one or more
mnspection locations for a structure, wherein the one or more mspection locations cach
comprise a wavpomt having a geospatial reference; navigating the UAV to ascend to a
first altitude; conducting an inspection for an inspection location, the inspection
comprising. {navigating the UAV to a location above an inspection location; navigating
the UAV to flv vertically above the inspection location; and triggering one or more
sensors at one or more altitudes to obtain sensor information describing the structure);
repeating the conducting an mspection for at least another of the one or more inspection
locations; and navigating the UAY to a landing location.

[0005] The details, mchuding optional details, of one or more emabodiments of
the subject matter of this specification are set forth in the accompanymg drawings and the
description below. Other optional features, aspects, and advantages of the subject matter

will become apparent from the description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

{3006] FIG. 1A illustrates an exampie of an Unmanned Acrial Vehicle (UAV)
performing a vertical inspection of a structure.

000671 FIG. 1B illustrates an example of the UAV ascending during the
vertical inspection of the stracture.

[B008] FIG. 1C illustrates an example of the UAV traveling to a subsequent
safe location at the global minimum safe altitude.

0009 FIG. 1D illustrates an example of an operator indicating safe locations
for a UAV to perform a vertical inspection of a structure.

{801 6] FIG. 2 is a block diagram of example systems uilized m a vertical
mapection of a structure.

10011} FiG. 3 15 a flowchart of an example process for generating a flight plan
describing a vertical inspection of a structure.

[0012] FIG. 4 15 a flowchart of an example process for performing a vertical
mspection.

j0013] FIG. 5 dlustrates a block diagram of an example flight control system
architecture for an unmanned aenal vehicle (UAV).

[0014] FIG. 6 illustrates an example interface for defining vertical imspection

locations.

[V
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001 5] Like reference numbers and designations in the various drawings

indicate like elements.

DETAILED DESCRIPTION

[3016] This specification describes systoms and methods to safely implement
mspections of one or more verfical structures by unmanned aenal vehicles (UAVs).
Optionally, the mspections can be facilitated by a human operator who determines initial
information that informs a flight plan, and who then provides the information to a UAV to
cffect the thight plan.  In this specification, UAVs include any unmanuved acnal vehicles,
such as drones, unpiloted aeral vehicles, remotely piloted arcraft, unmanned aircraft
systems, any aircraft covered under Circular 328 AN/190 classified by the International
Civil Aviation Organization, and so on. For exarnple, the UAV may be in the form of a
single or multi-rotor copter (¢.g., a quad-copter) or a fixed wing aircraft. In addition,
certain aspects of the disclosure can be utilized with other types of unmanned vehicles
{e.g.. wheeled, tracked, and/or water vehicles).

[0017] As will be described, optionally an operator can interact with a user
device that exccutes {e.g., rung) an apphcation {(¢.g., an ‘app’ downloaded from an
clectronic application store} which enables generation of flight plans to be provided to a
UAYVY or via 3 web service accessed by the user device {e.g., via a browser), where a
remote server executes the application. Sinularly, a UAV can execute an application that
is in communication with the user device (such as a ground control system) (or the remote
server), which receives information describing the flight plan, and utilizes the mformation
to perform vertical inspections. To determine a flight plan, the operator can move {c.g.,
walk) around a vertical structure of interest, and mark points in a radius around the
structure that are clear of vertical obstractions. For instance, the operator can stand
within a horizontal distance from the structure, gaze upwards, and upon determining that
no obstructions exist above them {¢.g., tree branches, guy-wires, or other obstructions
within a threshold distance above his/her head), can utilize the user device (¢.g., laptop,
mobile device, or the UAV #tself) to obtain and store location mformation {e.g., Global
Positioning System {(GPS) coordinates, cell tower tnangulation location information,
gte ).

{3018} The operator can determine additional information, including location
nformation wdentifving a centroid of the structure {e.g., the operator can utilize satellite
imagery or map data to identify a GPS coordinate}).  After the operator provides the

-~
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location mformation {c.g., by entering the above location information for storage in the
user deviee), the user device can provide the information to the UAVY. The centroid of the
structure can be determined by various methods. For example, geospatial readings may
be taken from equidistant points on either side of the structure. The user device or the
UAY, may then calculate a lat/long of the center of the geospatial readings. Also, a
ranger finder. or LIDAR sensor may be used the UAV when identifying vertical
mspection locations, and calculating the center of the structure based on the information
returned.

0019] Upon receipt of the information, the UAV can initiaie an mspection of
the structure {e.g.. upon receiving an inttiation command or request from the operator).
As will be further described in FIG. 1A, the UAV can travel (e.g., flv vertically and/or
horizontally) to a first safe location (also referred to as vertical mspection location)
recorded by the operator as being free of vertical obstructions at a height indicated by the
operator as being safe to travel {c.g., above the structure, above or below other
obstructions such as freeways, buildings, powerlines, gwidewires, and so on).  Afier
reaching the first safe location at the height {c.g., a global minimum safe alttude as
described below), the UAVY can descend 1 a vertical line to a threshold distance above
the ground. As the UAV descends, the UAV can activaie one or more sensors {¢.g.,
visible and/or non-visible hight cameras, RF sensors, chemical sensors, sound sensors,
spectrometers, magnetometers, radiometers, wind sensors, ambient light sensors,
barometers, temperature sensors, thermal imagers, range sensors, and/or other sensors),
and so on, which capture real-world information describing the structure and/or the
structure environment {c.g., optical images, heat nformation, radiation information,
chemical emissions, range information, multi-spectral information, and so on}. The UAV
can store the real-world information along with metadata (eg., time mformation
associated with each activation, position and attitude data of the UAV, distance of the
UAY from the structure, wind ioformation, ambient light information, and so on}. The
UAY can then ascend, activate one or more of the sensors, and upon reaching the safe
height (e.g., global mimimum safe altitude), can travel to a subsequent safe location. The
sensors may be selectively activated, where certain sensors may be activated at different
times, altitudes, range distances from the structure, ete,

{00201 The real-world mformation gathered during the inspection can be

provided to the operator’s user device after the UAV completes the inspection. For
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instance, the JAV can provide the mformation wirelessly {e.g., using a BLUETOOTH
connection, a Wi-Fi connection, a near field communication connection, and so on)
and/or using a wired convection with the user device. As will be descenbed, the user
device, or a server system in communication with the user device, can optionally generate
3D information from the real-world wformation and metadata {e.g., a 3D model of the
vertical structure).

[0021] FIG. 1A dlustrates an example of an Unmanned Acrial Vehicle (UAVY)
10 performing a vertical inspection of a structure 20, As illustrated, the UAV 10 is
descending from a global safe munimum altitude 30 {e.g., an aklitude identified by the
operator 12 as being free of obstructions, which affords the UAV safe travel over the
structure 28} at a safe location 14A m a vertical hine downwards. As described above, the
operator 12 can indicate safe locations (o.g., safe locations 14A-14F) that are free of
obstructions in a vertical direction above the safe location {e.g., enabling the UAV 1o
safely descend and ascend in the vertical direction). The UAVY can be limited to a
particular geofence surrounding the structure 20 {e.g., circular geofence 2 that includes
the safe locations 14A-14-F on its circumference}. The geofence can be mdicated by the
operator 12, and can be a greater radius than the distance from the safe locations 14A-
14F.

{8022} As the UAV descends, real-world mformation 16 s gathered
describing the structure 20, For instance, the UAV can include sensor modules, including
clectro~-optic sensors, infra-red sensors, cameras {¢.g., multi-spectral cameras, visual
cameras), and so on. The UAV can optionally keep a portion of iiself {e.g., a front of the
UAV) and/or one or more sensors pointed at the center {e.g., centroid) of the structure 20.
As will be described, the operator 12 can provide information identifying a centroid of the
structure 20 (e.g., vsing satelhite imagery), and the UAVY can ensure that the UAVY and/or
one or more sensors are pointed at the centroid. In this way, the sensor, camera, data can
always include the structure 20, taken from a same perspective as the UAVY descends.
Additionally, the UAV can cnsure that as it descends, it maintains a same threshold
distance from the structure 20 (2.g., using sensors that can accurately obtain distance and
range measurements, such as LiDAR, Leddar, or Sonar}.

0023] The real-world information 16 can be gathered according to one or
more triggers as the UAVY 10 descends. For instance, the UAV can selectively active one

or more of the included sensors, periodically {e.g., every 3 seconds, 10 seconds), based on

A
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a distance descended (e.g., every 10 centimeters, every ¥ meter, every meter, and so on),
i response to an event, etc. For example, if a first sensor senses a first event, a second
sensor may be activated in response. Additionally, the triggers can depend on capabilitics
of the UAV and immcluded sensors, such as a focal length of the camera (e.g., a shorter
focal length can provide a wider angle of view, enabling less pictures to be taken), an
aperture of the camera {¢.g., a wider aperture can enable the camera o obtain pictures
with less noise, by utilizing a lower 18O 1 cloudy conditions, but have shaliower depth of
ficld and potentially require more images), and sc on.

0024] The UAY 10 descends until it reaches a threshold distance above the
ground, and ascends from the threshold distance back to the global minimum safe altitude
30. As will be described below, the YAV 10 can determine that one or more of the
sensors, were not saccessfully triggered, leaving a hole in the coverage of the structure
20. Optionally, the UAVY can activate the scnsors, as it ascends back io the global
minimum safe altitude 30, or while descending at another safe location (¢.g., as described
n FIG. 1C). Optionally, the UAV can travel to the location associated with the hole, and
activate the sensors. Re-activating sensors, due to incomplete, corrupted, poorly exposed,
bad imagery or sensor information is described further below. The safe locations are
referred to as vertical inspection locations in the specification.

[0025] FIG. 1B lustrates the UAV 10 ascending during the vertical
inspection of the structure 20 at a vertical inspection location. As illustrated, the UAV 10
has completed descending to a minimum threshold distance above the ground, and has
begun ascending back to the global mimimum safe alhiude 30

j0026] Opticnally, one or more of the sensors may be mounted on gimbals.
Ovptionally, the UAV 10, or gimbals that control attitudes of the sensors and cameras, can
angle upwards as the UAV 10 ascends (e.g., a 15 degree, 30 degree, 45 degree, angle
upwards) to obtain oblique imagery of the structure 20, By gathering real-world
information 16 of the structure 20 at an angle pointed upwards, the UAY 10 can capture
details, which would otherwise be hidden. Additionally, some materials on the structure
20 can provide useful information if light mteracts with the matenals at particular angles
{e.g., a retrorveflector).

0027] After ascending to the global minimum altitude 30, the UAV 10 travels
to a subsequent safe location {¢.g., safe location 14B}, to again descend m a vertical line

at the safe location. The UAV can store mformation describing an order in which the

&
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UAYV 1s 1o travel to safe locations, and after inspecting at a safe location, the UAV can
travel to a subsequent safe location according to the order.

{3028] FIG. 1C illustrates an example of the UAVY 10 traveling 1o a
subsequent sate location 4B at the global mimimum safe altitude 306, Since the global
minimam safe altitude 30 indicates an altitude that provides the UAV 10 with freedom of
travel, the UAV 10 ascends to the altitade 30, and moves to the subsequent safe location
14B.

[0{29] As described above, the UAV can then descend to a minimmem
threshold above the ground, and selectively activate one or more sensors, to obtain real
world information 16. As will be descnbed below, upon completion of the vertical
mspection, the UAV can provide the real world information 16 to the user device of the
operator 12, or to a cloud system in commumication with the UAVY (e.g., using a wireless
connection such as a 4G, LTE, Wi-Fi, connection). In some implementations, the real-
world information can be provided, for presentation, to the operator 12 as the UAVY
obtains it {¢.g., the operator can view images taken by the UAV in substantially real-
time).

{30301 FIG. 1D lustrates an operator 40 indicating safe locations (also
referred to as a vertical inspection location) for a UAV to perform a vertical mnspection of
a structure 50, As illustrated, the structure 50 has adiacent obstructions that can interfere
with a UAV's ability to safely ascend and descend. For instance, the structure 40 is
secured to the ground with several guy-wires (¢.g., guv-wires 52A-~52C), and has adjacent
trees (e.g., tree obstructions 54A-54B). The operator 40 can travel {¢.g., walk) arcond the
structure 50, and indicate safe locations that are free of obstructions in a vertical direction.
In some implemerndations, the operator 40 can prefer to be a threshold distance away from
the structure 50 when determining safe locations {¢.g., 3 meters, 7 meters, 12 meters), and
can indicate safe focations surrgunding the structure 50 at the same threshold distance.

100311 For instance, the operator 40 has traveled to location 42, and has
verified that in a vertical ine-of-sight above the location 42, there arc no obstructions that
can interfere with the safe operation of the UAV. The operator 40 can then interact with a
user device {g.g., laptop, mobile device, accurate GPS device such as a Carrier-Phase
Enhanced GPS) to obtain information identifying the location 42 {c.g., GPS coordinates).
Optionally, the operator 40 can miteract with the UAV {c.g., a AV that includes a GPS

recetver} to record information identifving the location 42. The UAV can maintain the
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safe locations for use when performing the vertical inspection (e.g., as lustrated in FlGs.
1A-1C). Sumlarly. the operator’s 40 user device can be in communication with the UAVY,
and the operator 40 can place the UAV at the safe location 42, indicate that the location is
safe m sottware executing on the user device, and the user device can obtain location
iformation from the placed UAV.

[0032] After recording information idewmtifving the safe location 42. the
operator 40 can travel to a different location, and determine whether obstructions exist.
As will be described below, the operator 40 can indicate a number of safe locations
surrounding the structure 50 such that the entirety of the structure 30 can be safely
mspected. Since the number of safe locations may depend on a size of the structure 50
{c.g.. a footprint of the structure), the operator’s 50 user device can deternune a nunimum
number of safe locations necessary or desirable to perform the mspection. For instance,
the user device can obtain satellite mmagery of the stracture, and determine a size of the
structure {c.g., footprint). Furthermore, the number of safc locations can be moditied
depending on functionality of a UAV to be utilized. For instance, different camera and
other sensor capabilities might require more or less safe locations.

[0033] In the example of FIG. 1D, the operator has determined that location
44 is not safe. Guy-wire 52A exists m a vertical line-of-sight from location 44, which
might interfere with the safe operation of a UAV. Therefore, the operator can move o a
different location the same threshold distance from the structure 30, and identify a
subsequent safe location {¢.g., by activating a safe location control on the user device). In
some implementations, the operator’s user device can inform the operator 40 if the
operator 40 has moved too far, which can cause a hole m the mspection of the structure
50. In these implementations, the operator 50 can then move back and attempt to identify
a safe location.

[0034] FIG. 2 15 a block diagram of example systems atilized in a vertical
imspection of 3 structure. In this example, the block diagram includes a user device 110 1
communication with an Unmanned Acrnial Vehicle (UAV) 100 and a cloud system 120
{c.g., a system of one or more computers connected with the user device 110 over a
network). As described above, the user device 110 can determine flight information 114
descnibing a flight plan, and the UAV 100 can perform a vertical inspection in accordance

with the flight plan.
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[0035] The user device 110 mcludes an apphcation engine 112 that can
receive user input 132 from a user 130 (e.g.. an operator) specifving flight mformation
114 {(although optionally the application eogine 112 may be hosted by the cloud system
120 and accessed by the user device 110 via a browser or otherwise). The application
engine 112 can be obtained from an electronic application store, which provides various
applications that each cnable a UAV io perform specific functionality (vertical
mspections, rooftop damage inspections, and so on). The user 130 can direct his/her user

device 110 to obtain {e.g.

P

download) the application engine 112,

[0036] The application engine 112 can generate wuser interfaces for
presentation to the user 139 that enable the user 130 to specify flight information 114,
For instance, the application engine 112 can generate mieractive documents (e.g., web
pages) for presentation on the user device 110 (e.g., in a web browser execating on the
user device), or the application engine 112 can generate user interfaces to be presented in
an apphication window. For instance, the uvser 130 can specify mformation describing
safe locations (¢.g., location mformation, which can include location data 116 from the
UAVY 100 as described in FiG. 1D), along with height intervals at which a UAV 1s to
obtain sensor, camera, information of a structure. Optionally, the application engine 112
can obtain configuration information of the UAV 100 to be tlown, and determine what
sensors are included in the UAV 100, The application engine 112 can then provide a
recommendation regarding height mtervals to the user 130 {c.g., based on capabilitics of
the camera, including aperture, focal length, resolution, and so on}. Additionally, the user
130 can enter height mformation of the structure, location information identifving a
center of the structure {e.g., from satellite imagery, map data, structure blueprints, or
otherwise}, and location information identifving safe take-off / landing points {¢c.g., the
application engine 112 can assume that an mitial safe location is a take~off point, and a
last safe location 1s a landing point). Furthermore, the user 130 can enter a radius of a
circular geofence centered at the structure {c.g. as described above), and a global
minimum safe altitude within the geofence.

10037 In the case of antenna structure inspection, the user device may obtain
information about an antenna structure registration for the relevant country of mapection.
In the United States for example, antenna structures are registered with the Federal
Communications Conmmission, and can be searched at www fee.gov., The user device

may query a database, or receive from a cloud system, mformation for a particular

9
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Antenna Structure Registration Number. Typically, the registered antenna structure will
have associated latitude/longitude coordmates, elevation of the site above mean sea fevel,
overall height above mean sea level (AMSL), overall height above ground (AGL), and
overall height above ground w/o appurtenances. An imitial geofence may be deternmined
by the user device, or by a cloud system and transmitted to the user device for an antenna
struchire using the associated latitude/longitude coordinates. The geofence then can be
resized as nceded by the operator of the user device. The overall all height above ground
w/o appurtenances, or the overall height above ground may be used to set an initial
maximum height for the YAV’ s inspection of the antenna structure. Additionally, during
an inspection, the UAV can confirm the height above ground to ensure that the actual
height of the antenna structure with appurtenances conforms with the registered antenna

structure information.

{0033] After receiving the above-specified mformation, the application engine
112 can generate flight information 114, and provide the flight information 114 to the
UAV 100. The UAVY includes a UAV application engine 102 that can receive the flight
mformation 114, and enforce the constraints and information cntered by the user 130 An
operator can place the UAV 100 near the structure at, or near, the safe take-off location,
and the application engine 102 can effect the specified flight plan. For mstance, the
application engine 102 can direct the UAV o travel o safe locations, ascend/descend,
and so on. Optionally, the application engine 102 can be in communication with a flight
control engine 104 that maintains the UAV 100 within the specified geofence, and
controls the movement of the UAV. The application engine 102 can direct the UAV 100
to activate included sensors, {c.g.. the application engine 114 can include drivers
associated with the sensors and cameras), and the application engine 102 can control a
gimbal associated with each camera {e.g., to maintain the camera being pointed at the
center of the structure) and/or other sensor.

[0038] Optionally, during the UAV’s 100 fhight, the UAV 100 can provide
sensor information 106 (¢.g., sensor measurements, camera images, along with associated
metadata) to the wser device 100 {e.g., mn substantially real-tme} for the user 130 to
review. Metadata can include an identification of each camera image, or other sensor
measurement, an estimated position and attitude of the UAV at the time of capture (c.g.

activation of the camera} deterniined asing an Inertial Navigation System (INS) meluded

10
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in the UAV, gimbal mformation {¢.g., gimbal attitude at the time of capture), and so on.
Optionally, the YAV 100 can provide sensor / camera information 106 apon completion
of the vertical inspection.  The user device 100 can then provide the received
sensor/camera information 106 to a cloud system 120 for storage (e.g.. in one or more
databases 122, or a storage sysiem in communication with the cload svstem 120).

13039] For a conducted flight plan, the interface of the user device may
display the UAV moving along the pre-planned flight path. While in flight, the UAV
may transmit its geo-spatial location to the user device. Also, the UAV may also transmit
information to the user device indicating that a photograph has been taken, and the
coordinates of the photograph. The UAY may also transmit a thumb-nail image of the
photograph to the UAV. The mterface of the uvser device then may display a user
affordance, such as an icon, or the thumb-nail image, representing a location where the
image was taken. Also, the UAY may be opticnally configured to transmit in real-time

the images to the user device.

0040] Optionally, the clond system 120, or the user device 100, can generate
mformation associated with the received sensor information, including a 3D model of the
vertical structure, a 3D point cloud, digital surface model, surface mesh, and so on. The
generated 3D models can be atilized in subsequent vertical mspections {e.g., to identify
obstructions, determine safe locations, and automate the inspection process).

{3041 ] FIG. 3 15 a flowchart of an example process for generating a flight plan
describing a vertical inspection of a structure. For convenience, the process 300 will be
described as being performed by a system of one or more processors (e.g., the user device
110).

[0042] The user device obtains, and executes, a vertical mspection application
{block 302). As described above, the user device can access an application store {e.g.,
maintained by a company that enables UAVs to perform specific functionality). The user
device can receive an application specific, or that includes functionality, to enable vertical
mspections {e.g., a user of the user device can select a vertical inspection application from
a list of apphications, and receive the application). Afier obtaining the vertical inspection
application, the user device exgcutes the application and, using configuration information
of a UAV 1o be utihized, the user device can obtain other needed or desirable software or

executable code to implement the vertical nspection (e.g., drivers assoctated with
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cameras included in the UAVY, and so on). In this way, the user of the user device can
swap a different camera into the UAVY, and the vertical inspection application can obtain
drivers for the different camera.

[0043] The user device receives input specifving flight mformation for the
vertical inspection (block 304}  The user device can gencrate user interfaces for
presentation to the user of the user device, with the user interfaces including selectable
arcas to onter information associated with the vertical inspection.  Additionally, as
described above, location mformation identifying safe locations can be obtamed from the
UAY, another user device {¢.g., a mobile device), an accurate GPS such as a Carrier-
Phase Enhanced GPS, and automatically included i the user interfaces.

{00441 For mnstance, the user device can receive information describing safe
locations {e.g., locations in which a UAV can safely ascend/descend in a vertical hine
from a global minimum safe altitude to the ground, as thustrated s FIG. 1A). The user of
the user device can walk around a vertical structure {¢.g., a threshold distance from the
structure such as 5 meters, 7 meters, 10 meters, or a distance that depends on the
configuration nformation of the UAVY or height/footprnt of the structure), and identify
safe locations by activating a corresponding control on the user device. The user device
stores m memory, the safe location vepresented by latitudmal and longitudinal
coordinates, or a radius length from a centroid of the structure and a radial degree, or
other mformation representing the safe location.

[0045] Optionally, the user can place the UAV at a safe location, and interact
with the user device {(e.g.. activate a safe location control) to record a location as
determined by the UAV {c g, the UAY can obtain GPS coordinates), which provides the
coordinates to the user device for storage. Also, the user may place the UAVY, for example
on the ground, and the UAV may determine that motion of the UAVY has stopped by
referring to onboard accelerometers. The UAVY may then record its position and then
store the position in onboard non-volatile memory. Additionally, afier the UAV is placed
on the ground, the UAV may use a timer where the UAV waits for a predetermined
period of time before obtaining s positional information.

[0046] Referring to Fig. 6 an cxample user device mnterface 60 is shown.
Opticnally, an interface of the user device may present an aerial image of the structure, or
other representation of the structure, such as a 3D CAD drawing. The mterface may

present proposed safe locations (604A-604H} for the vertical columns of flight by the
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UAVY. The interface may display an inspection perimeter, for example a circular ring
608, or other shape arcund the structure 602 presented in the image. The vertical
mspection perimeter 608 may be adjusted to increase, or decrease the radius or distance
of the inspection penmeter around the structure 602, Additionally, vertical inspection
locations (604A-604H) may be displaved about the inspection perimeter. A vertical
mspection location can be represented with by a waypoint having a geospatial position,
for example, with latitude/longitude coordinates, and optionally an altitude for the
waypomnt. For each vertical inspection location, the UAV will perform a vertical
inspection at the waypoint.  For example, waypoints for safe locations (604A-604H) may
be displaved via the user interface about the inspection perimeter. Additional vertical
mspection locations may be added, or removed. The mterface allows a user to drag and
move arcund a vertical inspection around the perimeter. In one embodiment, the vertical
imspection location may be moved along the displaved inspection perimeter. The size of
the perimeter may bave a nunimum distance, and/or a maxinmm distance. For example,
the smallest radial size of the inspection perimeter would be limited to the minimum
distance, for example 3 meters. Likewise, the maximum distance would be himited to the
maximum distance, for example 20 meters. Effectively, this provides a vanable distance
range for the mspection perimeter, from 3-20 meters around the structure.  As the
mapection perimeter 608 increases in size {as shown by arrow 610), additional vertical
mspection locations may be astomatically added to the inspection perimeter, and as the
mspection perimeter decreases in size (as shown bv arrow 610), vertical mspection
locations may be automatically removed. The remaining vertical inspection locations
may automatically be spaced so that they are equidistant from one ancther around the
mspection pertmeter.

{00471 While the vertical inspection locations {(604A-604H) are discussed as
being placed equidistant from the center of the structure 602, they may also be placed in
other locations. Also, while the interface is discussed using a user device, a similar
mterface may be used for a cloud system.

[0048] Optionally, using the safe location imtormation the user device can
determine a geofence envelope 612 {e.g., a 2D or 3D virtual perimeter for a real-world
arca or volume that hmits locations of the UAV to real-world locations 1o the geofonce)
that includes each safe location (604A-604H). A Ul panel 614 inset in the main user

mterface 600 may depict a 3-dimensional view of the structure 602 to be nspected, and
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display the vertical inspection locations, and the geofence envelope. Additionally, a
geofence envelope may be placed around, or above the top of the primary structure 602 to
prevent a UAY from flving to close to antenna, or other structures or devices on top of the
primary structure.  Additionally, information such as heights and altitudes may be
displayed m the mterface 600 of the primary structure 602, The geofence envelope can
therefore be a substantially circular geofence 612 centered at the structure, which forces
the UAV to maintain itself within the threshold distance (¢.g., as described above) from
the structure. The geofence may be other shapes, for example an oval, rectangle, sphere,
cyhinder, or other shape. The user device may have collected a number of safe locations
around the perimeter of the structure to be analyzed. The user device may then determine
a geofence envelope 612 that surrounds the safe locations {604A-604H). Similar to the
mspection perimeter, the geofence may be increased or decreased in size. The geofence
may be created with a predetermined distance from each of the safe locationg, such as 10
meters. The UAVY can then be constrained for flight operations only within the geofence
envelope. For both autonomous UAVY flight operations, and manually controlled flight
operations, the UAVY would be limited to flight within the geofence envelope.
Additionally, similar to creating the safe locations using the user device or the UAVY,
geofence boundary locations may be created. The user may capture geofence boundary
locations around the safe locations using the user device or ground placement of the
UAYVY. The user device, or the UAVY, may then use these geofence boundary locations to
create the geofence envelope.

{3049} The user device can receive information identifving height intervals
indicating a vertical distance to be traveled by the UAVY before activating sensors, and/or
cameras. [n some mplementations, the height interval can be a defanlt value, or in some
mmplementations, the user can select from among several default values. As described
above, the height interval can depend on the capabilities of the sensors included i the
UAYVY {eg., the user device can obtain configuration information describing the UAVY).
For instance, a particular camera with a high resolution sensor {¢.g., a 42 megapixel
backside illuminated sensor), configured with a lens which can resolve the high resolution
with a wide focal length, can have a larger height mnterval than a low guality sensor and
fens which can merely accurately resolve a smaller area of the image {e.g., the center of
the mmage). The user device can determine one or more height intervals for the UAV, and

the user device can receive a selection of a particular height interval from the user.
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[030] The wser device can receive information describing the vertical
structure, such as location wformation {¢.g.. the user can capture GPS coordinates of the
structure, or the user can obtain coordinates from geo-rectified imagery), height
imformation of the structure, and location information identitving a center ot the structure.
To determine the center of the structure, optionally the user device can compute the
center of a circle sketched out by the safe locations {(e.g., the safe locations are all a
threshold distance from the structure). The safe locations may be at different distances
from the structure, and the user can obtain additional locations (e.g., all a same distance
from the structure), and the user device can determine a center.

{3051 The user device can receive location mformation {(GPS coordinates)
identifving safe take-off and safe landing locations. As described above, m some
implementations the user device can indicate, or recommend to the user, the take-off
location as an ntially entered safe location {e.g., as described above}, and the landing
location as a subsequent safe Jocation (e.g., a final entered safe location). Optionally, the
user device can receive uniquely indicated take-off and landing locations.

00521 Additionally, the user device can receive a global minimum safe
altitude indicating an altitude at, or above, which no obstructions exist and the UAV can
travel freely within the geofence. For instance, the user can indicate the global minimum
safe altitude as being a threshold distance above the height of the structure {e.g.. one
meter, two meters, and so on). Opticnally, the global minimum safe altitude can be a
range of values, for instance, the range can begin a threshold distance above the structure,
and end a threshold distance below a higher obstruction {¢.g., the roof of a freeway).
Similarly, optionally the global munimum safe altitude can be a 3D geofence describing a
volume of space that 1s indicated as safe for travel. For mstance, the user device can
recerve a 3D model of the structure, and determine allowable locations for the UAVY to
travel.

[6653] Optionally, the user device can determine whether weather will
negatively affect the vertical inspection.  For instance, the user device can receive
mformation identifving a start time of the inspection, and obtain mformation over a
network describing weather for that time period from an online weather service. The user
device can then recommend alternate times if the weather will negatively affect the
vertical mspection. For example, the user device can determine that the weather will be

cloady, rainy, and so on, and that one or more of the sensors mcluded in the UAV will be
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negatively affected. Furthermore, the user device can determine locations of the sun
during the vertical inspection, and based on the locations, can determine whether the sun
will be pointed at the one or more of the sensors of the UAVY {c.g., the bright hight of the
sun can cause clipping in the image) based on the start time of the mspection, safe
locations, and location mformation of the structure. The user device can recommend
alternate times, or recommend a particelar order for the UAV 1o travel to cach safe
location.

[0034] The user device provides flight information to the UAV (block 306},
The user device can be m communication with the UAY {e.g., an application executing
on the UAV), and can provide the flight information described above to the UAV for
storage.

{B0SS] After receiving the flight imformation (e.g., over a wired or wireless
connection), the UAV can begin the vertical mspection.  Optionally, the UAV can
determine its present location, and if the present location 1s the safe take-off location, can
begin the vertical mspection {e.g., afier receiving a request from the user device).

0056] FIG. 4 15 a flowchart of an example process 400 for performing a
vertical inspection.  For convenience, the process 400 will be described as being
performed by a svstem of one or more processors {e.g., the Unmanned Aenal Vehicle
1003,

{6057} The Unmanned Aerial Vehicle (UAV) obtains flight information
describing a vertical inspection flight operation (block 402). As described m FIG. 3, the
user device can receive information describing a flight operation, and can provide the
flight information to the UAV.

{30581 The UAV travels to an mitial safe location (block 404}, An operator
located near the UAV {e.g., as illustrated in FIG. 1A) can place the UAYVY at the initial safe
location, or at a safe take-off location. The operator begins the inspection when the aser
device receives a start wnspection input. In response, the user device submits a command
to the UAV to begin an auto-piloted mnspection.  Durning the inspection, the operator may
pause, unpause, or abori the inspection with the user device. Also the operator may take
full control of the UAV | and operate the UAV in a manual mode. The user device pause
command temporarily suspends the progress of the mspection, leaving the UAV hovering
m s current position. The user deviee unpause command instructs the UAV to resume

the inspection from the current position. If the operator enters an abort wput, the aser
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device transmits a command to the UAV, and m response the UAV will immediately
chimb o the global minimum safe altitude, fly to a pre-determined landing zoune, and land
mmmediately.

[3059] While the UAV computer system autopilot module is navigating the
UAY for the mmspection, certain aspects of the flight pattern may be controlled by the
operator's user device. For example, while the UAVY is performing an inspection of a
structure, the UAV would be ascending and/or descending while obtaining sensor
information describing the structure, for example triggering a camera to obtain digital
munages. The flight plan or pattern may be configured such that for a particular safe
location (i.¢., vertical inspection location) vertical ascent/descent rate, UAV altitude,
horizontal JAYV rotation, pavicad gimble, pavioad direction, or trigger a pavicad sensor
may be controlled by the operator.  The user device may have a physical control such as
a toggle or joystick, or a user interface control, that allows the user to control vertical
ascent/descent rate, UAV altitude, UAV aftitude, horizontal UAV rotation, payload
gimble, pavload direction, or trigger a payload sensor while conducting the mspection.
For example, the UAV may navigate via avtopilot to a position over, or at a safe location,
and the operator then can provide input to the user device, and the user device may
transnut a signal or information corresponding to the user mmput, to the UAV (via radio
commmunication} to control the vertical ascent/descent rate, UAV altitede, UAV attitude,
horizontal UAVY rotation, payload gimble, or payload direction, or trgger a payload
sensor. This particular mode allows for partial auto-piot control, and operator control of
the UAY. In this case, the UAV automatically via autopilot moves from safe location to
safe location, but the operator has the ability to control only the vertical ascent/descent
rate, and the altiude. However, cven though the operator may control the vertical
ascent/descent rate, the UAV still may enforce the highest altitude, and the lowest altitude
the UAV may fly to. Additionally, the operator may choose to hold the position of the
UAVY in the vertical cohwmn, and manually trigger one or more sensors of the UAV. The
user device may receive an input indicating that the UAV should move to the next safe
tocation {or could receive an mput (o move o a previous safe location}. In this case, the
UAY will then resume autopilot mode and move over the next safe location to perform a
vertical mspection. The inspection may continue in an autopilot mode, or may again be
partially manually controlled by the operator using the vser device.  Additionally, the

UAVY may receive a command from the user device to nadge the UAV in a particular
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direction. In this case, the control mput of the user device, allows for sending a command
to the UAV to move shlightly, for example between .1 and 3 meters. in a particular
direction {(in an x, v, or z axis, or diagonally). The particular distance can be
predetermined, or be vanable based on the proxamity to the structure. Nudging the UAVY,
allows the operator to move the UAV away from the structure if the operator sees that the
UAYVY flying too close to the structure. The mudge command may be provided any time to
the UAV while it is operating in an auto-piloted mode. However, the UAV should still
enforce geofence boundaries and not allow a nudge to cause the UAV to move beyond
across a geofence boundary envelope.

(0060 The UAY operating systemn may automatically mudge the UAV to
maintan a fixed distance from the structure. For example, the UAY may use a camera
with a particular focal length lens. The camera may nced to stay a particular distance
from the structure so that the camera will be in focus when taking a picture. This is
particularly true if the camera lens does not use autofocusing functionality. The UAVY
computer operating system may receive a focal length distance value for the UAV to take
images of a structure. This value may be asscciated with a particelar waypont, or a
general value used for any image taken.

{00611 An application engine, or module, running on the primary or secondary
UAY operating system commands the UAV 1o ascend to a mimimum altibide above the
ground and travel {e.g., flv} until reaching an mitial safe location, as described above, and
ascends to the global minimum safe altitude. The UAV can obtain the location
information identifying the mitial safe location (¢.g., latitude / longitude), and compare
the initial safe location to its present location {(e.g., determined using a GPS receiver).
Once reaching the global nunimum safe altitude for the initial safe location, the UAV
descends and performs the vertical mepection.

[03662] The UAV performs an inspection at the mitial safe location {block
4063 As slustrated m FIG. 1A, the UAY descends from the global miniowum safe
altitude towards the ground {e.g., a surface on which the structure is located).

[0063] As the UAV descends, the UAV maintains a portion {¢.g., tront) of it
towards the center of the stracture. For mstance, the UAVY can mclude a magnetometer,
and using the location mformation of the center of the structure and the present location
of the UAV, can determine a direction the portion is to be pomnted at {¢.g., using the

determined magnetic direction). Optionally, the UAV can provide additional refinements
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to readings from the magnetometer. For instance, the UAV can utibize information from a
LiDAR sensor {¢.g., a sensing technology that wtilizes lasers to determine distance) to
determine boundarics of the structure {c.g., the UAV, or a gimbal that mcludes the
LiBAR sensor can move back and forth to deteroune the horizontal boundanes). The
UAY can then determine the center of the structure, and point the portion at the center.
Optionally, a beacon {e.g., visual identifier {¢.g., an active beacon, such as ong including
a light emitting device or passive beacon, such as a reflector), or a beacon that outputs a
signal recognizable to the UAV) can be placed on the structure. The UAY can then
utifize the beacon to maintain the portion pointed at the structure. In this way, the UAV
can cnsurc that images, and other sensor data, can nclude a same perspective of the
structure.

{00641 Additionally, as the UAV descends it ensures that #t maintaing a
constant {¢.g., within a threshold) distance from the structure. For instance, as described
above the safe locations can be a threshold distance from the structure (¢.g., 6 meters, 7
meters, 10 meters). Using a LiDAR sensor in a feedback loop, the UAV can make
corrections to its descending flight path to maintain the constant distance. Additionally,
the UAV can provide corrections with stereo imagery {(e.g., the UAV can determine that
the structure encompasses a same area of the stereo images, or the UAV can deterune
that 1t’s looking at the structure using visual classifiers}.

13065] The UAVY activates ong or more sensors according to the height
micrvals received in the flight mformation.  As the UAV descends. it provides
mstructions to some or all of the sensors to take measurements and tmages. The UAV
stores metadata associated with the activations. For instance, the UAV may uniguely
wdentify cach measurement and 1mage, and may store a timestamp associated with cach
measurement and image, a geospatial position, barometric altitude, or vertical distance
above the ground. The UAV may additionally obtain estimated position information
from an inchided Inertial Navigation System (INS}, and estimated attitude information
from the INS. Additionally, the UAV may obtain gimbal attitude information associated
with each sensor and camera. Since, as described above, gimbals can be moved to
maintain one or more of the sensors pointed at the center of the structure, the gimbal
attitude information can be used to describe each camera’s and/or other sensor’s location
in a coordinate frame. As will be described below, the posiion/attitude mformation of

the UAV and attitede information of the gimbal, will be used to reconstruct the position

19



WO 2017/116841 PCT/US2016/067729

and attitide of each camera and sensor {e.g., to be used when generating 3B models of
the structure).

{3066] The UAV mayv have an onboard iHumination system to light arcas of a
structure being inspected. For example, the lighting svstem may help illuminate areas that
have darkened areas or shadows. The UAVY may activaie the lighting when ascending or
descending and capture sensor data. The UAVY may use different light frequencies based
on a particular tvpe of inspection.  The lighting may be automatically operated based on
an optical sensor reading of the structure. I, for example, the UAV detects a threshold
value indicating a dark area, shading or shadows, the UAV may turn on the lighting to
tHuminate the particular arca of the structurc. If the lighting is powered from the UAV
power system, turning the illumination system on when needed will conserve battery
power, and provide a longer flight time for the UAV. Morgover, an onboard ilumination
system may be activated depending on the time of day, and the position of the UAY
relative to the structure being mnspected. For example, the structure may be a pole tower
supporting antenna structures. The pole tower may cast a shadow during certain times of
the day during dayvlight hours. The UAVY may awtomatically activate the tllumination
system when the UAY is physically located in a position behind the structure relative 1o
the sun. The UAV computer system may determine that it is located in a shadowed
position, and activate the lighting to inspect the shadowed area. Additionally, the UAVY
computer system may automatically activate the dlumination system based on the time of
day, or using an optical sensor to detcroune that ambient lighting is not sufficient to
obtain clear or uscable sensor data.

00671 To determine height information of the UAY, and thug to determing
times at which to activate the sensors, and cameras, the UAY may obtain barometer
readings describing estimated heights. Optionally, wn addition or nstead, the UAV can
utilize other sensors, mchuding LiIDAR, for use in accurately determining a present height
of the UAV.

[3068] The UAV descends until it reaches a threshold distance above the
ground, and then begins to ascend back to the global minimum safe altitude. Optionally,
to ensure that the UAV inspects the entirety of the external, visible, portions of the
structure, the sensors, and cameras, can be poined upwards at a particolar angle {the
associated gimbals can be pomnted upwards at 30 degrees, 45 degrees). In this way, the

UAY can mspect portions of the structure that would otherwise be hidden. One or more
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cameras may be pomnted at a particular angle above the honzontal at the center of the
structure, and ascend along the vertical direction while maintaining, using the gimbals,
the one or more cameras pointed at a particular angie above the honzontal at the center of
the structure, with the particular angle 1s between 30 and 60 degrees.

[3669] After ascending to the global mmimum safe altitade, the UAV can
descend and ascend another time, to ensure that the desired measurements and images
were obtained, or the UAV can travel to a subsequent safe location. Optionally, the UAY
can determine whether any sensors or cameras faled to activate during one or more times
of the descent or ascent {e.g.. by interrogating a camera and determining that the camera
did not capturc any images during the descent or ascent). The UAY can then descend and
ascend at the mitial safe location until all desired or commanded measurements and
tmages are obtained. Additionally, as described above the measurements and images can
be provided to an operator {¢.g., an operator utilizing the user deviee) for presentation.
The operator can indicate that one or more measurements or images were of poor quality
(e.g., image was out of focus, there was msufficient light, or the sun cansed clipping of
the image based on an analysis of a histogram of the image), or were not taken, and the
UAV can determine a height interval associated with the poor or missing images {¢.g.,
from metadata of the images or the absence of an tmage with a timestamp during a cortain
period of time}, and descend back to the height mterval to activate the sensors at issue
and/or all the sensors.

[3070] The VAV travels to subsequent safc locations and performs
inspections (block 408y, The UAYV travels at the global minimum safe altitude between
safe locations, and performs ingpections as described above.

[0071] The UAV travels to the sate landing location and provides the obtained
mspection information {block 410). After completion of the inspection, the UAV travels
to the safe landing location (c.g., the safe landing location can be the ultimate safe
location), and the operator can obtain the stored inspection information. For instance, the
operator can connect the user device to the UAV {cg. using a wired or wircless
connection), and the user device can obtam the stored measurements, images, and
assoctated metadata from the UAV,

0072} Ongee the user device imports the data from the flight, the operator may
validate the quality of that. A user interface of the user device, may provide viewmg of

cach of the mdividaal images such that the user may visually mspect the images. Also,
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images may be marked automatically as potentially problematic, for example the user
device may perform an analysis of the images and determine that the image s not useable
o1 has poor image characteristics. An image quality score may be assigned to each of the
images based on evaluation of the image bv evaluating the generated stitched mosaic
image for continuity, sufficient overlap, distortion, geographic location error, etc. Also, a
composite mmage quality score may be calculated by the average of all image quality
scores, a weighted average of image guality scores, or a minimum/maximum of all image
quality scores.  The user device may mdicate that ancther structural inspection is
necessary if the overall composite score reaches a threshold number, or if there are a
predetermined number of images that are potentially problematic.

[8073] The user device can then uuilize sofiware, such as photogrammetry
software that makes measurements from photographs, to reconstruct a 3D model of the
struchure. The operator can roview the received sensor information on one or more user
interfaces prescnted on the operator’s user device. For instance, the user device can
execute an application that is in communication with the UAV, and can present sensor
mnformation fo the operator for review. The operator’s user device can oxecute software
{c.g., mosaicking software, photogrammetry software) that can combine {(c.g., stitch
together) the received images, and geo-rectify the wmages. Additionally, the UAV, or
aser device, can provide the stored mformation to a cloud svstem that can reconstruct the
3D model. The received images can be used to generate a 3D model of the structure (8 g,
the user device can generate the 3D model, or the user device can provide the sensor
mformation to the cloud system and recetve information deseribing a 3D model).

0074} Optionally, the operator may place physical visual markers at the
wdentificd safe locations. The UAY may have a downward-looking camera, and the UAV
computing system may take and analyze periodic images of the visual marker during
ascent, or descent, above the visaal marker. The UAV computer system may determine
that the UAYV is centered, or not, above the visual marker. Ifthe UAV 15 off-center of the
visual maker, the computer system may mnstruct the UAV flight controlier to move in a
direction{s) to maintain the UAV in a centered position over the marker. Upon traveling
to the global minimnum safe alitude, the UAV and position over another visual maker at
ancther safe location and begin its descent.

[8075] In one implementation, a fow recognizable landmarks may be surveved

at the site and the landmarks may be geospatially referenced or tied to the same features
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in exasting geospatial referenced imagery (such as satellite map imagery). This would
vicld a map that is correctly geo-registered in the local arca, and this map could then be
used to accurately sct the locations of the inspection columns (that is, the safe location,
mspection location) and tower center without having to physically place the vehicle at the
desired locations.

13076] The UAY may be configured with a downward facmg camera whose
output is displayed to the user. As the vehicle flies over the site at the safe altitude, and
the user device may display the cutpot via an mterface. The operation of the device
designates the inspection columng by visuvally venfving it 1s safe to descend based on the
camera output.

[0077] After obtaining the 3D model, the operator can utilize the 3D model in
subsequent inspections of the structure. For instance, the operator can mndicate safe
locations from the 3D model (e.g.. the 3D model can include locations of obstructions as

tllustrated in FIG. 1D}

Additional Optional Features
Re-taking Images
[0078] As described above, the UAY, or an operator, can determine that

images taken by one or more cameras included in the UAY resulted in poor quality
mmages, or that the cameras never took the images. Depending on a location of the UAY
when the above 1s determined, the UAV can re-take the images to complete the vertical
mapection of a structure.

130791 For instance, if the UAVY fails to take an image when the UAVY s
descending at a particular height interval location, and determines that the camera failed
to activate prior to again reaching that location during a subsequent ascent, the UAV can
re-take the image. If the UAV is past the location, the UAY can descend again to the
location and re-take the tmage.

{3080] The UAV™s onboard processing system may detect sudden shifts or
movement of the UAV, for example due to a sudden gust of wind, The onboard
processing svstem may detect output of UAV accelerometers and/or UAV rotational rate
gvros. If a threshold magnitude level is detected when an image, or sensor reading, is
taken by the UAY, then the UAY may be configured or programmed 1o retake the image.

[0081] A UAV configured for streaming of images to the user may receive a

command from the user device to retake an image. For example, as images are received
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by the user device, the user device may display the image. (Quality information about the
image may be determined by varous techniques, such as sharpness measurement (2.g. by
frequency domain analysis, Laplacian of Gaussian analysis, cte.), sutficient overlap with
neighboring images, brighiness measurerent, oxposure measurement, or contrast
measurement. The user device may automatically tfransmit instructions to the UAV to
retake an 1mage at a given waypoint if the image fails to meet an tmage quality threshold.
Optionally, the UAV may have onboard GPU processing capabilitics. The UAV may
after taking an image, move into a holding position, and the UAVY onboard processing
system may analyze the image. If the onboard processing systern determines that an
mmage does not meet a threshold guality, the YAV then retakes another picture. The UAV
processing system reruns the image quality review process, and then continues with the
flight plan if the image passes the quality threshold.

130821 In another example, the UAVY ¢an fail to take the image and determine
that the camera failed to activate after completing the inspection of the associated safe
tocation {¢.g., the UAV can be traveling to a subsequent safe location, or the UAV can be
mspecting a subsequent safe location). The UAVY, or the user device, can obtain
mformation descnbing a geometric model of the field of view of the camera, and
determine a field of view of the structure that was nmussed by the failed image. The UAYVY,
or the user device, can compare the determined field of view with mmages taken in prior
and subsequent height intervals, and determine a bole {e.g., missing field of view of the
structure) that would be provided had the image been taken. The UAV, or user device,
can then determine that during an inspection of an adjacent safe location, the UAV can ult
{e.g.. tumn) towards the safe location at the height interval and take an image. The
resulting image may show the missing hole of the vertical structure at the height mterval,
and photogrammetry sofiware can utilize the taken image. Since the perspective will be
different, the photogrammetry software can correct for the differing perspective.
Additionally, optionally the UAV can travel horizontally at the height interval back to the
location at which the camera failed to activate (¢.g., travel from the adjacent safe location
to the mitial safe location at the height mterval), take an image, and then travel back to
the adjacent safe location to complete the vertical inspection. The operator can mdicate
on histher user device that no obstruction exists at that height interval, and that the UAY

can safely perform the honzontal movement.  Additionally, optionally the UAV can
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include sensors, and using obstacle avoidance methods can determine (e.g., in real-time as
it moves) whether obstructions exist in the horizontal direction.

{3083] Additionally, the UAV can travel back to the height interval of the safe
focation {¢.g., after completing the remaimder of the safe locations, or afer completing an
adjacent safe location) to re-take the image.

13084] Optionally, the user device may import data from the flight the
operator may validate the quality of that data before the user device begins stitching the
images together. A user interface of the user device, may provide viewing of each of the
individual images such that the user may visually inspect the images. Also, images may
be marked automatically as potentiallv problematic.  An image quality score may be
assigned to each of the images based on evaluation of the image by evaluating the
generated stitched mosaic image for continuity, sufficient overlap, distortion, geographic
location error, etc. Also, a composite image quality score may be caloulated by average of
all image quality scores, a weighted average of wmage quality scores, or a
mintmum/maximum of all image guality scores. The user device may indicate that
another photo survev is necessary if the overall compostie score reaches a threshold
number, or if there arc a predetecrnuned number of images that arc potentially
problematic. The user device may then use photos from the previous flight to generaie a

quick-stitch of the roof-top.

Global Minimum Safe Altitude
{3085] The description above describes the global minimum safe altitude as an

altitude at which the UAYV can safely travel within the geofence. For some structures,
such as a structure beneath a surface {(e.g., a cohunn below a frecway or a bridge), the
global minimom safe altitade will necessanily have to be less than the height of the
structure. As described above, optionally the global munimum safe altitude can be a range
of safe altitudes, or a 3D geofence describing a volume of space known to be safe {¢.g.,
determined from a 3D model of the stractore and surrounding areas). Therefore, when
traveling from a first safe location to a second safe location, the YAV can travel at one or
more global minimum safe altitudes. For instance, in the example of a structure bencath a
surface, the UAYVY can travel a threshold distance above the ground (e.g., the safe distance
can be one meter above ground). The UAV can travel o the safe location at the threshold
distance, descend below the threshold distance, ascend to the top of the structure, descend

to the threshold distance and move to a subsequent safe location.
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Obstacle Avoidance
[0086] The description above mcludes the global mimimum safe altitude and

safe locations to provide the UAY with assurances that it will not encounter any obstacles
{c.g., the guv-wires llustrated in FIG. 1A can be thin and hard to detect). Optionally, the
UAVY can include sensors that can determine obstacles during flight.  For instance, the
UAY can execute one or more visual classifiers that can detect obstacles {e.g.. the UAV
can recognize objects; the UAV can determine an upcoming obstruction based on an
analysis of pixels in images, such as an increasing size of an object, and so on).
Additionally, the UAV can utilize sensors {¢.g., LiDAR sensors, Leddar or Sgnary to
detect that the UAYV is approaching an object {e.g., a roof or other cetling). In this way,
the UAV can perform an inspection of a vertical structurc without an operator designating
safe locations (e.g., the UAV can travel around the structure and avoid obstacles).

[0087] As an example of utilizing sensor data, the UAV can be performing an
mspection of a radiator tower for cracks. Since a crack in a radiator can causc a large
amount of heat to escape, the UAVY can be badly damaged 1t it is unable to determine that
heat is being released at a location along the tower. The UAV can therefore melude a
sensor designed to detect heat {¢.g., a temperature sensor or thermal imager), and can
determine that an increasing measurcmaent of heat is being determined along a direction

{c.g., along the UAV s descent of a safe location as descnibed and dlustrated above). The

UAY can then stop traveling along the direction, and move to a subsequent safe location.
Since the UAVY can thercfore miss the inspection of locations (¢.g., height intervals)
further along the direction, in some nmplementations the operator can indicate that it's
safe for the AV 1o travel to the remaining locations along the direction (e.g., below the
heat source) utilizing a different path {e.g., as described above with respect to re-taking

images).

Cell-Site Determination
[0088] An example use of a vertical mmspection 15 inspecting a cell phone

tower or anienna structure. The UAV can include sensors that measure wireless signal
strength, and can determine whether the cell phone tower is ouiputiing an approved
amount of radiation. Additionally, the UAV can map the near-field of the outputted

radiation, and determine a far-field pattern. This determined far-field pattern can be
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provided to, and utihized by, cell phone companies to indicate reception in various
locations.

{30891 While measuring the signal strongth during an inspection of a tower or
structure, the UAV computer systemn may perform conditional operations based on the
level of the signal strength. For example, in terms of an RSST value in dBm, the UAV
may maintain a distance from the source of the signal based on a3 range of the RSSI value.
RSSI is usually expressed in decibels from a 0 value to -120 db.  The closer the RSSI is
to zero, the stronger the signal is. For example, if the UAV is ascending and UAV
computer sysiem detects an RSSI in the range of ¢ to -15 db, then the UAV may
manguver to a position farther away from the source of the signal so that the RSS!
maintains a level of -15db or lower. Moving farther away from the signal source may
help avoid potential RF nterference of the UAVY electronics due to the proximity of a
very strong signal, especially for high gain, narrow beam antennas.

[3050] Also, the UAV computer svstem may log RSSI and geospatial location
around a tower and antennas to generate a 3D coverage map of the tower. For example,
the UAV mav receive a flight plan to fiy a pattern of certain distance from the radios on
the tower structure. For example, the UAV may fly a 360 degree paticem, or st radius
from the tower, at a frst altitude below antennas oo a tower. The UAV records the
geospatial location, and the RSSI. The UAY then may ascend to a higher altitude, and fly
another 360 degree patiern, or set radius from the fower, again recording RSS1. The
number of different altitudes to fly the 360 degree pattern may be set by the user device.
Optionally, the UAV computer system can automatically flyv a pattern arcund the top of
the tower, untdl encugh RSSI data is collected to provide a signal strength map of the
antenna(s). The RSSI may be recorded for different froquencies of the antennas.

{00911 Fig. 5 illustrates a block diagram of an example Unmanned Aerial
Vehicle (UAV) architecture for implementing the features and processes described
herein. A UAV primary processing svstem 500 can be a system of one or more
computers, or software cxecuting on a system of one or more compuiers, which is in

communicaion with, or maintains, one or more databases. The UAY primary processing

£

I/

wwstem 500 can be a system of one or more processors 535, graphics processors 536, VO
subsystem 334, logic circuits, analog circuts, associated volatile and/or non-volatile
memory, associated mput/output data ports, power ports, etc., and/or ong or more

software processing execufing one Of more processors or computers. Memory 518 may



WO 2017/116841 PCT/US2016/067729

include non-volatile memory, such as one or more magnetic disk storage devices, sohid
state hard drives, or flash memory. Other volatile memory such a RAM, DRAM, SRAM
may be used for temporary storage of data while the UAVY is operational. Databases may
store information describing UAV flight operations, flight plans, contingency events,
geofence information, component information, and other information.

130921 The UAV processing system may be coupled to one or more sensors,
such as GPS receivers 350, gyvroscopes 556, accelerometers 358, pressure sensors (static
or differential} 552, current sensors, voltage sensors, magnetometer, hydrometer, and
motor sensors. The UAY may use an inertial measurement unit (JMU) 532 for use
navigation of the UAV . Sensors can be coupled to the processing svstem, or to controller
boards coupled to the UAV processing system.  One or more communication buses, such
as a CAN bus, or signal lines, may couple the various sensor and components,

13093] Vanous sensors, devices, firmware and other systems may be
interconnected to support multiple functions and operations of the UAV. For exarmple, the
UAYV prnmary processing system SO0 may use various sensors to deternmine the vehicle's
current geo-spatiad location, attitude, altitude, velocity, direction, pitch, roll, vaw and/or
airspeed and to pilot the vehicle along a specified route and/or to a specified location
and/or to control the vehicle's attitude, velocity, altitude, and/or airspeed (optionally even
when not navigating the vehicle along a specific path or to a specific location).

6094} The flight control module {(also referred to ag flight control engine) 522
handies flight control operations of the UAV. The module mteracts with one or more
controllers 940 that control operation of motors 542 and/or actuators 544, For example,
the motors may be used for rotation of propellers, and the actuators may be used for flight
surface countrol such as ailerons, rudders, flaps, landing gear, and parachute deplovment.

[3095] The contingency module 524 monitors and handles contingency
cvents. For example, the contingency module may detect that the UAVY has crossed a
border of a geofence, and then instruct the flight control module to retum to a
predetermined landing location. Uther contingency criteria may be the detection of a low
batterv or fuel state, or malfunctioning of an onboard sensor, motor, or a deviation from
the flight plan. The foregoing is not meant o be limiting, as other contingency events
may be detected. In some instances, if equipped on the UAV, a parachutec may be

deploved if the motors or actuators fail,
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[0{96] The mussion module 529 processes the flight plan, waypoints, and
other associated information with the flight plan. The mission module 329 works in
conjunction with the flight control module. For example, the mission module may send
mformation concemning the flight plan to the flight control module, for example lat/long
waypoints, altitude, flight velocity, so that the flight control module can autopilot the
UAV.

[3057] The UAY may have various devices connected to it for data collection.
For example, photographic camera 349, video cameras, infra-red camera, mudtispectral
camera, and Lidar, radio transceiver, sonar, TCAS (traffic collision avoidance system).
Data collected by the devices may be stored on the device collecting the data, or the data
may be stored on non-volatile memory 518 of the UAV processing system 500.

[0098] The UAYV processing system 500 may be coupled to various radios,
and transmiticrs 559 for manual control of the UAV, and for wircless or wired data
transmission to and from the UAVY primary processmg system 500, and optionally the
UAYV secondary processing system 502, The UAY may use one or more communications
subsystems, such as a wircless communication or wired subsystem, to facilitate
communication to and from the UAV. Wircless conumunication subsystems may include
radio transceivers, and infrared, optical ultrasonic, electromagnetic devices. Wired
communication systems may include ports such as Ethernet, USB ports, serial ports, or
other types of port to establish a wired connection to the UAY with sther devices, such as
a ground control system, cloud-based svstem, or other devices, for example a mobile
phone, tablet, personal computer, display monitor, other other network-enabled devices.
The UAV may us¢ a hght-weight tethered wire to a ground control station for
communication with the YAV, The tethered wire may be removeably affixed to the
UAY, for exampie via a magnetic coupler.

{03099] Flight data logs may be gencrated by reading various mformation from
the UAV sensors and operating system and storing the information in non-volatile
memory. The data logs may include a combination of various data, such as time, altitude,
heading, ambient {emperature, processor temperatures, pressure, battery level, fuel level,
absolute or relative position, GPS coordinates, pitch, roll, vaw, ground speed, hunudity
level, velocity, acceleration, contingency information. This foregong is not meant to be
himiting, and other data may be captured and stored in the fhight data logs. The theht data

logs may be stored on a removable media and the media mstalied onto the ground control
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system. Alternatively, the data logs may be wirelessly transmitted to the ground control
system or to the cloud system. Sensor information, and flight log data, may be stored onto
a removeable storage card used by the sensor, or as configured, from the UAV s onboard
processing system.

316G} Modules, programs or mstructions for performing flight operations,
contingency maneuvers, and other functions may be performed with the operating systent.
In some implementations, the operating system 520 can be a real time operating svstem
(RTOS), UNIX, LINUX, 08 X, WINDOWS, ANDROID or other operating system.
Additionally, other software modules and applications may run on the operating system,
such as a flight control module 322, contingency maodule 524, application module 526,
and database module 528, Typically flight cnitical functions will be performed vsing the
UAVY processing system 500, Operating system 520 may mclude instructions for
handling basic system services and for performing hardware dependent tasks.

[0101] In addition to the UAV primary processing svstem 500, a sccondary
processing system 502 may be used to run ancther operating system to perform other
functions. A UAYVY secondary processing system 302 can be a system of one or more
computers, or software executing on a system of one or more computers, which is in
communicafion with, or mamtains, one or more databases. The UAV secondary
processing sysiem 502 can be a system of one or more processors 594, graphics
processors 392, /0 subsvsiem 594 logic circuits, analog circuits, associated volatile
and/or non-volatile memory, associated input/output data ports, power ports, ¢tc., and/or
one or more software processing execufing one Of MOre Processors of computers.
Memory 370 may mmclude non-volatile memory, such as one or more magnetic disk
storage devices, solid state hard drives, flash memory. Other volatile memory such a
RAM, DRAM, SRAM may be used for storage of data while the UAV is operational.

{0162] Ideally modules, applications and other functions ronning on the
secondary processing svstem 502 will be non-critical functions in nature, that is if the
function fails, the UAY will still be able to safely operate. In some implementations, the
operating system 572 can be based on real time operating system (RTOSR), UNIX,
LINUX, 08 X, WINDOWS, ANDROID or other operating system. Additionally, other
software modules and applications may ren on the operating system 572, such as an

application module 574, database module 576, Operating system 302 may mcluade
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nstructions for handling basic system services and for performing hardware dependent
tasks.

{3163] Also, controllers 546 mayv be used to interact and operate a payload
device 948, and other devices such as photographic camera 549, video camera, mfra-red
camera, multispectral camera, stereo camera pair, Lidar, radio fransceiver, sonar, laser
ranger, altimeter, TCAS {traffic collision avoidance system} ADS-B (Automatic
dependent surveillance — broadcast) transponder.  Optionally, the sccondary processing
system 902 may have coupled controliers to control payload devices.

13194} Fach of the processes. methods, and algorithms described i the
preceding sections may be embodied in, and fully or partially automated by, code
modules executed by one or more computer svstems or compuier processors comprising
computer hardware. The code modules {or “engimes™) may be stored on any type of non-
transitory computer-readable medium or computer storage device, such as hard drives,
solid statc memory, optical disc, and/or the like. The systems and modules may also be
transmitted as generated data signals (for example, as part of a cammer wave or other
analog or digital propagated signal) on a variety of computer-readable transmission
mediums, inchuding wircless-based and wired/cable-bascd medivms, and may take a
variety of forms (for example, as part of a single or multiplexed analog signal, or as
multiple discrete digital packets or frames). The processes and algonthms may be
implemented parttally or wholly i application-specific circuitrv.  The resulis of the
disclosed processes and process steps may be stored, persistently or otherwise, in any
type of non-transitory computer storage such as, for example, volatile or non-volatile
storage.

[0165] In general, the terms “engine” and “module”, as used herein, refer to
logic embodied m hardware or firmware, or to a collection of software instructions,
possibly having entry and exit points, written in a programming language, such as, for
example, Java, Lua, € or {4+, A software module may be compiled and linked nto an
cxecutable program, mstalled in a dynamic hink library, or may be written in an
mterpreted programming language such as, for example, BASIC, Perl, or Pyvthon. It will
be appreciated that software modules may be callable from other modules or from
themselves, and/or may be invoked in response to detected evenis or interrupts. Sofiware
modules configured for execution on computing devices may be provided on a computer

readable medium, such as a compact disc, digital video disc, flash drive, or any other
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tangible medium.  Such software code may be stored, partially or fudly, on a memory
device of the executing computing device, such as the user log correlation system 100, for
execution by the computing device. Software mstructions may be embedded i firmware,
such as an EPROM. It will be further appreciated that hardware modules mav be
comprised of connected logic units, such as gates and flip-flops, and/or may be comprised
of programmable units, such as programmable gate arravs or processors. The modules
described herein are preferably implemented as software modules, but may be represented
tn hardware or firmware. Qenerally, the modules described herein refer to logical
modules that may be combined with other modules or divided into sub-modules despite
their physical organization or storage. Electronic Data Sources can include databases,
volatile/mon-volatile memory, and any memory system or subsystem that maintaing
information.

13106] The various features and processes descrbed above may be used
independently of onc another, or mayv be combined i various ways. All possible
combinations and subcombinations are intended to fall within the scope of this disclosure.
In addition, certain method or process blocks may be omitted in some implementations.
The methods and processes described hercin are also not bimited to any particular
sequence, and the blocks or states relating thereto can be performed m other sequences
that are appropriate. For example, described blocks or states may be performed in an
order other than that specifically disclosed, or multiple blocks or states may be combined
in a single block or statc. The example blocks or states may be performed in serial, in
parallel, or in some other manner. Blocks or states may be added to or removed from the
disclosed example embodiments. The example systems and components described herein
may be configured differcntly than described. For example, clements may be added to,
removed from, or rearranged compared to the disclosed example embodiments.

{6167} Conditional language used herein, such as, among others, “can,”
“could,” “mught,” “may,” “for example,” and the hike, unless specifically stated
otherwise, or otherwise understood within the context as used, 15 generally mtended o
convey that certain embodiments include, while other embodiments do not nclude,
certain features, elements and/or steps. Thus, such conditional language is not generally
intended to imply that features, elements and/or steps are 1o any way required for one or
more cmbodiments or that one or more embodiments necessarily include logic for

deciding, with or without author input or prompting, whether these features, elements
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and/or steps are included or are to be performed in any particular embodiment. The terms
“comprising,” “including,” “having.,” and the like are svnonvmous and are used
mclusively, m an open-ended fashion, and do not exclude additional elements, features,
acts, operations, and so forth, Also, the term “or” is used n its mclusive sense {and not in
its exclusive sense) so that when used, for example, to connect a list of elements, the term
“or” means one, some, or all of the clements in the list. Conjunctive langoage such as the
phrase “at least one of X, ¥ and Z.” unless specifically stated otherwise, is otherwise
understood with the context as used in general to convey that an item, term, ete. may be
either X, Y or Z. Thus, such conpunctive language is not generally intended to imply that
certain embodiments require at least one of X, at least one of Y and at least one of Z 1o
cach be present.

[3108] The term “a” as used herein should be given an inclusive rather than

(392

exchusive interpretation. For example, unless specifically noted, the term “a” should not
be understood o mean “exactly one” or “one and only one”; instead, the term “a” means
“ong or more” or “at least one,” whether used m the claims or elsewhere m the

ER IS

specification and regardless of uses of quantifiers such as ““at least one,” “one or more,”
or “a plurality” elsewhere in the claias or specification.

[3169] The term “comprising” as used herein should be given an inclumive
rather than exclusive interpretation. For example, a general purpose computer comprising
one of more processors shouold not be mterpreted as excluding other computer
components, and may possibly include such componcnts as memory, mput/output
devices, and/or network mterfaces, among others,

10116 While certain example embodiments have been described, these
embodiments bave been presented by way of example only, and are not intended to limit
the scope of the disclosure. Thus, nothing in the foregoing description is intended to
mnply that any particular clement, feature, characteristic, step, module, or block is
neccessary or indispensable. Indecd, the novel methods and systems described herein may
be embodied in a variety of other forms; furthermore, various omissions, substitutions,
and changes m the form of the methods and systems described herein may be made
without departing from the spirit of the inventions disclosed herein. The accompanying
claims and their equivalents are intended to cover such forms or modifications as would

fall within the scope and spirit of certain of the iventions disclosed herein.
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0111} Any process deseriptions, elements, or blocks i the flow diagrams
described herein and/or depicted in the attached figures should be understood as
potentially representing modules, segments, or portions of code which include one or
more executable mstructions for implementing specific logical functions or steps in the
process. Altemnate implementations are included within the scope of the embodiments
described herein in which clements or functions may be deleted, executed out of order
from that shown or discussed, including substantially concurrently or i reverse order,
depending on the functionality mvolved, as would be understood by those skilled in the
art.

{31121 It should be emphasized that many variations and modifications may
be made to the above-deseribed embodiments, the clements of which are to be understood
as being among other acceptable examples. All such modifications and varations are
imtended to be included hercin within the scope of this disclosure. The foregoing
description details certain embodiments of the invention. It will be appreciated, however,
that no matter how detailed the foregoing appears 1n text, the mvention can be practiced
1 many wavs. As is also stated above, it should be noted that the use of particular
terminclogy when describing certain features or aspects of the invention should not be
taken to imply that the terminology is being re-defined heremn to be restricted to imcluding
any specific characteristics of the features or aspects of the invention with which that

terminology is associated.
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CLAIMS
What is claimed is:
1. A computerized method performed by an unmanned acnal vehicle (UAV)
comprising one or more processors, the method comprising:
receiving, by the UAV, a fhight plan comprising one or more vertical imspection
locations near a structure, wherein the one or more vertical inspection locations each
comprise a waypoint having a geospatial refercnce;
navigating the UAV to ascend to a first altitude;
conducting an inspection for a vertical inspection location of the one or more
vertical inspection locations, the inspection comprising:
navigating the UAV 1o a position at or above a vertical inspection location;
navigating the UAV to fly vertically at or above the vertical inspection
location; and
obtaining, while at one or more altitudes, sensor information describing the
structure; and

navigating the UAV to a landing location.

2. The method of claim |, wherein navigating the UAV to fly vertically further
comprises:
ascending or descending along a vertical direction, and pointing substantially
horizontally one or more cameras towards the structure, the horizontal corresponding

to the ground.

3. The method of claim 1, whercin navigating the UAV to fly vertically further
COMPTISSS:

ascending or descending along a vertical direction, and pomting at a particular
angle above a horizontal plane, one or more cameras towards the structure, the horizontal

plane corresponding to the ground.

4. The method of claim 1, further comprising: repeating the inspection for one or
more other vertical inspection locations, and collecting sensor data to provide a 3-

dimensional view of at least a portion of the structure.
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5. The method of claim 1, wherein conducting an inspection further comprises:
maintaining the UAV at a minimum distance from the structure while conducting

the mspection.

6. {Original) The method of claim 1, further comprising: determining whether the
UAVY may cross a geofence envelope boundary, and executing a contingency operation if

the UAV deternuines the boundary has been crossed.

7. The method of claim 1, further comprising: triggering one of More sensors (o
obtain the sensor information comprising:
determining a value from accelerometers or rotational rate gyros of the UAV, and
if the value exceeds a threshold value, then triggering the one or more sensors

again to obtain sensor mformation describing the stracture,

3. (Oniginal) The method of claim 1, further comprising: maintainimg the UAVina
holding position above the inspection location until the UAVY determines that the sensor

mformation passes a quality criteria.

9. The method of claim 1, further comprising:
performing visual odometry using sensor information obtained as the UAY
moves i a vertical direction; and
correcting a position of the UAV while ascending or descending based on

the performed visual odometry.

10. The method of claim I, wherein conducting an inspection further comprises:
maintaining the UAV below a predetermined altitade, and/or

maintaining the UAV above a predetermined altitude.
11, An unmannved acnial vehicle (UAV) system comprising one or more processors, and

a compuier storage media storing instructions, that when executed by the one or more

processors, cause the one or more processors to perform operations comprising
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receiving, by the UAVY, a flight plan comprising one or more vertical inspection
locations near a structure, wherein the ong or more vertical ingpection locations ¢ach
comprise a wavpoint having a geospatial retercnce;
navigating the UAV 1o ascend to a first altitude;
conducting an mspection for a vertical inspection location of the one or more
vertical inspection locations, the inspection comprising:
navigating the UAV o a position at or above a vertical inspection location;
navigating the UAV to fly vertically at or above the vertical inspection
location; and
obtaining, while at one or more altitudes, sensor information describing the
structure; and

navigating the UAV to a landing location.

12. The system of claim 11, whercin navigating the UAV to fly vertically further
COMPTISES:
ascending or descending along a vertical direction, and pointing substantially
horizontally one or more cameras towards the structure, the horizontal corresponding

to the ground.

13. The system of claim 11, wherein navigating the UAV to fly vertically further
COTNPTISES:

ascending or descending along a vertical direction, and pointing at a particular
angle above a horizontal plane, one or more cameras towards the structure, the horizontal

plane corresponding to the ground.

14, The system of clatm 11, wherein the operations further comprise: repeating the
imspection for one or more other vertical inspection locations, and collecting sensor data

to provide a 3-dimensional view of at least a portion of the structure.

15. The system of claim 11, wherein conducting an ispection further comprises:
maintaining the UAV at a minimuom distance from the structure while conducting the

mspection.
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16. The system of claim 11, wherein the operations further comprise: determining
whether the UAV may cross a geofence envelope boundary, and executing a contingency

operation if the UAV determines the boundary has been crossed.

17. The system of clarm 11, wherein the operations further comprise triggering one
or more sensors to obtain the sensor information comprising:
detcrmining a value from accelerometers or rotational rate gyros of the UAV; and
if the value exceeds a threshold valoe, then triggering the one or more sensors

again to obtain sensor information describing the structure.

18. The systern of claim 11, wherein the operations further comprise: maintaining
the UAV in a holding position at or above the vertical inspection location until the UAVY
determines that the sensor information passes a quality criteria.
19 The system of claim 11, wherein the operations further comprnise:

performing visual odometry using sensor information obtained as the UAY moves
in a vertical direction; and

correcting a position of the AV while ascending or descending based on the

performed visual odometry.

20 The system of claim 11. wherein conducting an inspection further comprises:
maintaining the UAV below a predetermined altitude, and/or

maintaining the UAV above a predetermined altitude.

21. A computer storage medium comprising instructions that when executed by one
or more processors nchuded in an Unmanned Aerial Vehicle (UAV), cause the UAV 1o
perform operations comprising:

receiving, by the UAV, a flight plan comprising onc or more vertical mspection
locations near a structure, wherein the one or more vertical mspection locations each
comprise a waypoint having a geospatial reference;

navigating the UAV to ascend to a first altitude;

conducting an mspection for a vertical inspection location of the one or more

vertical inspection locations, the inspection comprising:

3%
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navigating the UAV to a position at or above a vertical inspection location;

navigating the UAV to fly vertically at or above the vertical inspection
location; and

obtaining, while at one or more altitudes, sensor information describing the
stracture; and

navigating the UAV to a landing location.

22. The computer storage medium of claim 21, wherein the operations further
COMPTISe:
determining whether the UAY may cross a geofence envelope boundary, and

exgcuting a contingency operation if the UAV determines the boundary has been crossed.

23. The computer storage medium of claim 21, wherein the operations further
COMmprise:
determining a value from accelerometers or rotational rate gyros of the VAV, and
if the value exceeds a threshold value, then triggering one or morg sensors o

obtain sensor information describing the structure.

24. The computer storage medium of claim 21, whercin the operations further
coOmprise;
ascending or descending along a vertical direction, and pointing substantially
horizontally one or more cameras towards the stracture, the horizontal corresponding

to the ground.

25. The computer storage medium of claim 21, wherein the operations further
comprise:
ascending or descending along a vertical direction, and pointing at a particular
angle above a horizontal plane, one or more cameras towards the structure, the

horizontal plane corresponding to the ground.
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26. The computer storage medium of claim 21, wherein the operations further
COMPTISe:
performing visual odometry using sensor information obtained as the UAY moves in
a vertical direction; and
correcting a position of the UAV while ascending or descending based on the

performed visual odometry.

27. The computer storage medium of claim 21, wherein the operations further
COMPTISe:
determining a value from accelerometers or rotational rate gyros of the UAV; and
if the value exceeds a threshold value, then triggering one or more sensors o

obtain sensor information describing the structure.

28, (Origmal) A user device comprising one Of more processors, and a computer
storage media storing instructions, that when executed by the one or more processors,
cause the one or more processors to perform operations comprising;
receiving, by the user device, information descrbing a job for an unmanned acnal
vehicle (UAV) to perform an inspection of a structure;
recetving, by the user device, a selection of one or more vertical inspection
focations for the UAY,
determining a flight pattern for the UAV, wherein the flight patiern
comprises wavpoints for the selected vertical inspection locations and a landing
waypoint, wherein the waypoints have an associated geospatial location, and an
associated waypoint inspection action; and
transmitting to the UAV flight information including the flight pattern via

a wireless or wired conmection.
29 The device of claim 28, wheremn the operations further comprise:

determuning a geofence envelope boundary, and providing geofence envelope

boundary information with the flight mformation.

40
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30 The device of claim 28, wherein the waypoint mspection action comprises

information to cause the UAVY to vertically navigate at or above a vertical inspection

location, and obtain, at ong or more altitudes, sensor data describing the structure.

41
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