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AUTONOMOUS ASSET INSPECTION ROBOT MONITOR

BACKGROUND
{0011 The subject matter disclosed herein relates to indusirial asset management, and
more particelarly, to monttoring and managing the health of an industrial asset using one or

move agtonomons robotic nspection systems.

[002] Vanous entities may own or maiitam vanous types of industrial assets as part
of their operation. Such assets may include physical or mechanical devices or structures,
wihich may, in some mstances, utilize electrical and/or chamical technologies. Sach assets
may be used or maintained for a variety of purposes and may be characterized as capital
infrastrocture, inventory, or by other nomenclature depending on the context. For example,
industrial assets may nchude distributed assets, such as a pipeline or an electrical grid, as well
as individual or discrete assels, such as a wind turbine, alrplane, g Hare stack, vehicle, erc.
Assets may be subject {o vanons types of defects (eg | spontaneous mechamcal defects,
elecincal defects, or routine wear-and-tear) that may impact operation. Forexample, over
thime, an indusirial asset may undergo corrosion or crackmg due to weather or may exhibat
deteriorating performance or efficiency doe to the wear or fathire of one or more component

parts.

{0031 In some cases, a human mspector may nspect and analyes an industrial asset.
For example, an mspector may look for and locate corrosion ot the surface of an asset.
However, depending on the location, size, and/or complexity of the asset and the surrounding
environment, having one or more humans manually perfonm the inspection may take a
substantial amownt of time, Addiionally, some mspection tasks may be bonng, dinty, or
otherwise pnsaitable for a human. For example, sone assets may have locations that ave not

easily accessible by humans doe to height, confined spaces, danger, or the hke.

{0041 To address these issues, one or more asset inspection robots equipped with
sensors might heused to inspect an indusinial assel. For exgraple, a drone might be
configured to Iy in the proxivaity of an industnal {lare stack taking protures of various points
of mterest. Often, this will require one human operator to safely and effectively pilot the

drone and another human operaior 10 operaie a sensor (e.g., a camera) to collect miormation
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about the asset. In another approach, an autonomons (or seati-autonomous} drone nught
follow a pre-determined flight path and/or make on-the-fly navigation decisions to collect
data as appropriate. In some cases, however, it may be desirable 1o have a human monitor
operation of an mspeciion robot (in case the robot runs into something it cannot handle itself],
or the robot or inspection plan includes mistakes resulling in improper opeation, efe). Note
that baving a hurpan review and/or monitor aspects of an inspection process can be a difficult
and ervor-prone task. Thus can be especially true when a planned spection will 1ake g
substantial amount of time, the inspection can potentially take various routes, there are many
pomts of terest to be examined, the asset andfor swrounding environment are complex and
dynamically changing, other people andfor robots are simultaneously operating in the avea,
efe.

10051 It would therefore be desirable o provide systers and methods to facilitate
situational awareness for an autonomons asset inspection robot momior accarately and

efficiently.

SUMMARY

{0061 According to sonwe embodiments, a three-dimensional mode] data store may
contain a three-dimensional model of an indasinial asset, including points of interest
associated with the industnial asset. An mnspection plan data store may contain an inspection
plan for the induatrial asset, inclading 2 path of movement for an autonomons inspection
robot. An industrial asset inspection platform may receive sensor data from an astonomouns
mspection robot indicating charactenstics of the industrial asset and determine a current
location of the autonomous inspection robot along the path of movement in the inspection
plan along with cwrrent context information. A forward smmdation of movement for the
autonomous inspection robot may be executed from the carrent location, through a pre-
determined time window, to determine a difference between the path of movement in the
imspection plan and the forward stmdation of movement along with fature context
mformation. I some embodiments, the platform may then viseally provide results ofsaid
forward simulation 1o a human inspection monitor via an inferactive display along with the
sensor data, mdications of the points of interest, and a representation of the three-dimensional
model. Moreover, in some embodiments at leasi one of the current context mformation and

the future context mformation inclades a sensor projection onto the three-dimensional model

v
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of the indusirial assed, an estimated remaining batery hife, an ostimated time of arvivad 8t g
point of interest, a data bink strength, storage media operational status, a namber of available
satellites, a strength of a Differential Global Positioning System ("DGPS”) base station bink,
efe. In some embodiments, the system nwy automatically generate and ransmit an alarmio a
homan monitor based o at {east one of the current context information and the futare context

information.

16071 Some embodiments comprise: means for receiving, by a computer processor
of an industrial asset inapection platform, sensor data from an astonomons inspection robot
mdicating one or more characteristics of the industrial asset; means for accessing an
ispection plan data store comaining electronic records comprising an inspection plan for the
mdustrial asset, the inspection plan including a path of movement for an autonomous
mspection robot; means for delermining a current location of the autonomous inspection
robot along the path of movement m the nspection plan along with carrent context
nformation; means for execating a forward simalation of movement for the avtonomous
mspection robot from the current location, through a pre-determined time window, {o
deternune a difference between the path of movement in the inspection plan and the forward
simulation of movement along with future context information; and means for accessing a
threg-dimensional model data store containing electronie records comprising a three-
dimensional model of the ndustrial asset, the three-dimensional model inchuding a plurality

of points of interest associated with the industnial asset.

{0081 Technical advaniages of some embodiments disclosed hevein inclade
aproved systems and methoeds © facilitaete situational awarsness for an autonomeous asset

mspection robot monitor acourately and efficiently.

BRIEF DESCRIPTION OF THE DRAWINGS
{0091 FIG. 1 s a lugh-level block disgram of an asset inspection system in

accordance with some embodiments.

{01 FIG. 2 iltastrates an asset inspection method that might be performed
according to some embodiments.

{011} FIG. 3 iHustraies a three-dimensional fare stack model in accordance with

some embodiments.
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10121 FIG. 439 an example of an mepection plan for 8 wind turbing according to
some embodiments,
{0131 FIG. S is an mieractive user interface display in accordance with some

gmbodiments.

{014} FIG. 6 illustrates a monitoring platform i accordance with some

embodiments.

{015} FIG. 7 1s a tabular portion of an asset inspection database gccording o some

embodiments,

10161 FIG. 8 is another example of an inspection plan for an industrial asset in

accordance with some embodiments.

{0171 FIG. 9 tHostrates a tablet computer displaving an iteractive graphical user

mterface according 1o some embodiments,

DETAILED DESCRIPTION

{018} In the following detasled deseription, numerous specific detals are
set forth in order to provide a thorough understanding of embodiments. However, it will be
understood by those of ordinary skill in the art that the embodiments may be practiced
without these specific details. In other mstances, well-known methods, procedures,
components and civcuits have not been described in detail so as not 1o obsowre the

embodimenis.

0191 Some embodiments described herein relate to providing situational
awarenass for an avionomonus asset inspaction robot monior. Such embodimenis may be
wsefud when mspecting indusinal assets associated with variows entities, including business or
corparate entities, governments, individuals, non-profit organizations, and so forth. As
discussed herein, sach assets may be geperally discrete or imited in their extent{e.g., a
vehicle such as a plane, helicopter, ship, submersible, space laanch vehicle, satellite,
locomotive, and so forth) or may be geographically distributed (@2, a road or rail track, a
part or aitport, a pipeline or electrical infrastructire, a power generation facility or
manudfacturing plant, and so forth). Some embodiments described herein may be used to
mspect assets of these types {as well ag others not listed) i an autonomous or semi-

auonemaus manner using rohotic iermediaries.
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10201 With this m mind. {1 will be apprecipted that in wvariety of fields,
assets, such as distributed assets andfor individual assets, may be used to perform any number
of operattons. Over {ime, assets may deteriorate due to weather, physical wear, or the like.
For example, over months or years, one or more components of an asset may wear or
deteriorate due 1o rain and wind or other environmental conditions or doe to inadequate
maintenance. Aliematively, in some instances, spontaneous fmlures of one or more
components or systems of an asset may occur which may be unrelated to wear or
maintenance conditions but may instead be attributable to an undetected defect or an
unknown stressor. Regardless of whether an asset defect s due to gradual process or a
sudden occurrence, understanding the health of the asset depends on inspecting for such

defiects i a timely and effective manner.

10211 In some conventional approaches, ong or more Innman agents {eg.,
field engineers, operators, or other users of the asset) may mspeet the asset for wear at imited
intervals (o deternune the health of the asset. However, human agents may be unable to
mspect components or focations that mav not be easily accessible to humans, sach as below
the waterline of @ marine assel, within a tank or pipe of a pipeline or storage facility, on the
exterior surfaces or components of g vehicle in motion {such as a flying plane or helicopter, a

moving truck or locomodive, and so forth}

{022} To address these issues, one or more asset inspection robots
equipped with sensors might be used (o inspect an ndustrial asset. For example, a drone
muight be configured to fly in the proximity of an industrial flare stack taking pictures of
various points of mierest. Often, this will require one human operator to safely and
affectively pilot the drone and another human operator to operate a sensor (e.2., a camera) o
collect information about the asset. In another approach, an astonomous {or semi-
astonomons) drose might follow a pre~determined fhight path andfor make oun-the-fly
navigation decisions to collect data as appropriate. In some cases, however, i may be
desirable to have a buman monttor operation of an inspection robot (in case the robot runs
mto something it cannot handle itself, or the robot or mspection plan meoludes mistakes
resulting in improper operation, efc.} Nofe that having a human review and/or monitor
aspects of an inspection process can be a difficult and error-prone task. This can be
aspegiaily true when a planned mspection will take a substantial amount of (ime, the

mspection can potentially take various routes, there are many points of interest to be



WO 2018/208548 PCT/US2018/030547

axamined, the asset andfor swrrounding environment are complex and dynamically changing,

other people andfor robots ave simaltaneously operating in the area, efc.

{0231 it would therefore be desirable to provide systems and methods to
faciliiate sttuational gwarensss for an gutonomious assetl spection robot monttor accurately
and efficiently. FIG. 1 15 g high-level block diagram of a system 100 according {0 some
smbodiments of the present invention. In particular, the svstemt 100 inclodes an industrial
asset mspection platform 150 that may access nformation in a three-dimensional model data
store 110 {e.g., storing a set of electronic records defimng a three-dimensional modetl of an
mdustrial asset including o plorality of points of interest) snd an mspection plan data store
120 {e.g., storing a set of electronic records defining an inspection plan including a path of
movement for an autonomous nspection robot 130}, The indusinal asset inspection platform
150 may also exchange mnformation with remote homan monstor devices 160 {e.g, viaa
firewall 163). According to some embodiments, a user interface 155 of the industrial asset
nspection platform 150 may communicate with the front-end user devices 160, access
information in the three-dimensional model data store 110 and/or the inspection plan data
store 120, and facilitate the presentation of mteractive user interface displavs to a human
momior. Note that the imndustrial asset inspection platform 1350 might also be associated with

a third party, such as a vendor that performs a service for an enterprise.

{024} The indusirial asset mspection platform 150 nught be, for example,
associated with a Personal Computer (“PC™, laptop computer, smartphone, an enterprise
server, a server farm, andfor a database or similar stovage devices. According o some
smbodiments, an “automated”™ indusirial asset inspection platfonm 130 may automatically
facilitate the presentation of interactive user ferface displavs. Asused herein, the term
“automated” may refer to, for example, actions that can be performed with littde {or no})

mitervention by a human.

10251 As used herein, devices, including those associated with the
mdustrial assel inspeciion platform 150 and any other device described hervin, may exchange
information via any communication nebwork which may be one or more of a Local Area
Network {“"LANT}, 3 Metropolitan Area Network ("MAN"), a Wide Ares Network ("WAN},
a proprigtary network, a Public Switched Telephone Network (“PSTN}, a Wireless
Apphication Protocol ("WAP”) network, a Blaetooth network, a wireless LAN network,

andfor an Internet Protocol (P natwark such as the Internet, an intranet, or an extranet.

6
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Note that any devices descoribed hevein may communicals via one of more such
comnunication networks.

{0261 The mdusinial asset inspection platforny 130 may store information
into andior retrieve mlormation from the three-dimensional model data store 110 andior the
mspection plan data store 120, The three-dimensional model data store 116 andfor the
mspection plan data store 120 may contain data that was downloaded, that was originally
wnpat by an operator of an enterprise, that was generated by the industrial asset imspection
platform 150, ere. The three~-dimensional model data store 114 andfor the mspection plan
data store 120 may be locally stored or reside remote from the indastrial asset inspection
platform 150, As will be described further below, the three-dimensional model data store 110
andor the inspection plan data store 120 may be used by the industrial asset inspection
platform 130 to provide situational awareness for an autonomous asset inspection robot 134
monitor {e.g., a human). Althoogh a single mdustrial asset inspection platform 15( is shown
i FIG, 1, any number of such devices may be included. Moreover, various devices
described herein might be combined according to embodiments of the present invention. For
example, i some embodiments, the industrial asset inspection platform 150, three-
dimensional model data store 110 and/or the inspection plan data store 120 be co-located

and/or may comprise a single apparatus.

{0271 In some cases, the autonomous inspection “robots™ 130 may fiy
themselves and/or be wirelessly controlled via the industrial asset inspection platforn 156
{e.g. by a human monitor using the remote device 160} As used herein, the tevmn “robot”
might refer to 3 machine {e.g., an electro-mechanical apparatus) capable of carrying out a sat
of' tasks {e.g., movement of alf or part of the maching, operation of one or more type of
sensors 135 to acquire sensed data or measurements, and so forth} antomatically {e.g. at least
partially without input, oversight, or control by a user), such as a set of tasks progranuned by
a compaier. Note that an mutopomous inspection robot 134 may include one or more sensors
135 to detect one or more characteristics of an indusinial asset. The antonomons mspection
robot 130 may also include a processing system that inclodes one ot more processors
pperatively coupled to memeory and storage components.

{0281 According 1o some embodiments, the system 100 may
automatically provide a homan monitor with siteational awsareness daring ay inspection

process via interactive user interface displays. For example, at (1) the industrial asset

-3
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wspection platform 130 may access information in the three-dimmensional modal data store
110, Further information about indusinal asset models is provided in connection with FIG. 3.
At (2), the mdustnal asset ingpection platform 130 may sccess wnfornation in the mspection
plan data store 120, Further information about inspection plans 1s provided in connection
with FIG. 4. AL {3), the industrial asset inspection platform 150 may exchange information
with one or more autonomous inspection robots 130, For example, the industrial asset
mspection platform 140 might prowvide model and/or inspection plan data to the robots 130 {at
which point the robots 130 can begin to fly themselves through an inspection process} andfor
receive information gathered by the sensors 138 from the robots 130 {as the robots 130

perform the mspection process).

10291 At {4), the industrial asset inspection platform 150 may provide a
user interface 155 {0 a buman monitor at a remote buman monitor device 166k For example,
the aser wterface 155 might display a carrent position of the robots 130 i relation o the
wndastrial asset andior the surround environment, According to some embodiments, the user
mterface 155 also provides a predicted fight path, sensor 135 operation, efe. for each robot
130 for an upcoming pre~deterniined time window {e.g., for the next thivty seconds, the next
two minutes, #fc.). The human monitor can the review the user imerfice 155 for nussion
critical and/or safety critical issues. Further information about the user mterface 135 ig
provided in compection with FIG. 5. I necessary, the human monitor can also use the user
wterface 155 1o change the operation of the robots 130 at (5). For example, the human
monitor might ustruct the robots 136 to “panse™ ihe ispection process because of a
predicted dangerous stuabion {e.g, 1t appears that two of the robots 130 will iy too close 1o

each other in the near futwre).

{6303 Thus, some embodiments may automatically provide a human
monitor with situational awareness doring an inspection process in an automated, efficient,
and accurate manner. Note that the system 100 of FIG. 1 is provided only as an example, and
embodiments may be associated with additional elements or components. According to some
embodiments, the elements of the system 100 avtomatically support interactive user interface
displavs over a distributed commumication network. FIG., 2 illustrates a method 200 that
might be performed by some or all of the elements of the system 100 described with respect
to FIG. 1, or any other system, according to some embodiments of the present invention. The
flow charts described herein do not imply a {ixed order to the steps, and embodiments of the

present invention may be practiced in anv order that is practicable. Note that any of the
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methods described herein may be performed by bardware, software, or any combnnation of
these approaches. For example, a computer-readable storage medium may store thereon
mstructions that when executed by a machine result in performance according to any of the

embodiments described herain.

1031 At 8210, a computer processor of an industrial assed inspection
platform may receive sensor data from an autonomous imspection robot {e.g., a drone, a
wheeled vehicle, a vehicle adapted to travel along s track, a climbing vehicle, ee.) indicating
one or more characieristics of an indusinial asset {e.g., a flare stack, a wind turbine, a power
grid, an aiverafl, & locomotive, a pipe, a storage tank, a dam, erc}). Note that an asionomous
inspection robot may include at least one sensor to collect the sensor data. According to
some embodiments, a sensor nught be associated with, for example, a camera (2., a Red-
Green-Blue ("RGB™) camera), a video camera, an Infra~-Red ("IR7} camera, a microphone, a
chemical detector, a Light Detection and Ranging (“LIDAR”) sensor, 8 vadiation detector,
efe. Note that the industrial asset inspection platform might also receive, 1n addition to sensor
data, other information, such as planned objectives, Global Posttioning System
{“GPSTY Differential GPS ("DGPS™) coordinates, altitude information, proximity information
{e.z.. how close the robot is o the asset or to a geo-fence or boundary}, battery mnformation
{e.g.. mdicating a current amount of power), mission critical information, safety critical

information, ere.

{0321 A1 8220, an inspection plan data store containing electronic records
{comprising an mspection plan for the industrial asset) may be accessed. The nspection plan
might inchude, for example, a path of movement for an autonomous mspection robot,
Agccording to some smbodiments, an mspection plan may be associaied with a plurality of
autonomoens mspection robots simaltaneously collecting information. Note that an inspection
plan mught further include, in addition to the path of movement, other information, such as a
sensor type associated with a point of interest (e.g., whether an RGB or IR camera should be
used to collect data at a particolar location), an anomaly associated with a point of intevest
{e.g., whether the robot is looking for corrosion or a crack at a particular focation), a
perspective associated with a pomt of interest 2 (e.g., a camera angle), an amount of time
assoviated with a point of nterest {e.g., that a robot should collsct ten seconds of video at a
parhicndar focation), ere. According to some embodiments, the inspection plan inclades
mlormation about prior inspections of the industrial asset {e.g., historical flight paths or

results obtained during prior inspections).
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10331 A S230, acirvent location of the sutonomous nspection robot
may be determined along the path of movement in the inspection plan along with current
context information. For example, the robot might report the current location {e.g., via
GPS/DGPS coordinates, altitude data, efc)) or an industrial asset ingpection platform might be
mouttoring the location of a robot {e.g., via a camera located at ground level, s camera
mounted on the industrial asset, erc). At S240, a forward sinulation of movement may be
executed for the autonomous mspection robot from the current location, through a pre-
determined time window, to determine a difference between the path of movement in the
nspection plan and the forward simulation of movement along wath future context
information. The time window might represent a fixed period of time {e.g., the next ten
seconds) or might be dynamically adjusied based on other factors {e.g., to include the next
100 meters of travel or the nexd five points of biterest), As used herein, the phrases carrentor

B

foture “context mformation” might refer to any data needed 1o detenmine inspection context,
including, for example, a sensor projection onio the three-dimensional model of the mdustnial
asset {e. g to determing whether the sensor is targeting the appropriate point of miterest as
deseribed with regpect to FIG. 8}, an estimated remaining battery life, an gatimated time of
arrival at g point of fnterest, a data Hnk strength, storage media operational status {e.g.,
indicating if sensor data is being properly recorded), 3 number of gvailable satellites, a
strength of 2 DGPS base station link, ere. In some embodiments, the system may
automatically genevate and transmit an alavm o a human monior based on ot least one of the
current coniext information snd the fisure covext informaiian. In this way, the human
monitor may take preventive and/or corrective action as appropriate {e.g., by pausmy the
mspection).

1034} According to some eimbodireents, a three~-dimensional eodel data
store contatning electronic records {comprising a three-dimensional model of the indusirial
asset) may be accessed. The three-dimensional model might include, for example, 8 plurality
of points of interest associated with the industrial asset. According 1o some embodiments, the
three~dimensional mode! of the indastrial asset inclodes information about the envivomment
surroanding the industrial asset {e.g., including building data, other nearby industrial assets,
other robots, humans moving through the area, trees, erc. ). According to some smbodiments,
the three-dimensional model includes information about prior ingpections of the industrial

asset {¢.g., based on sensor data gathered during prior inspections).

10
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10351 According to some embodiments, the system may also visually
provide resolts of the forward simulation (o a hbuman inspection monitor via an inferactive
display along with the sensor data, indications of the points of interest, and a representation
of the three-dimensional madel. As a result, the amount of data presented to the human
mouttor may be lmited allowing him or her to betier process and respond to the information.
According to some embodiments, the nieractive display can be utilized by the inspection
AIOMIOT {0 pause Mspeciion, resume inspection, abott nspection, adjust the path of
movement, pilot the inspection robot, efe. iy this way, the human monitor can effectively
respond to the corrent sitaation and avoid mission critical {e.g., preventing effective data
gathering) or safety entical {e.g., resulting in asset damage or injury) fatlures. Although
some embodiments are divected to systems v which a hwman operator menitors the current
inspection situation, note that embodiments night also be assocmted with systems in which
machine intelligence monitors the corrent inspection situation. For example, a software
module or standalone monttonng apparatus equipped with artificial intelligence might
similarly benefit from the focused and enhanced quality of mformation that mayv be available
using a forward simulation, points of fnterest, anddor a representation of an mdustiial assat

three-dimensional model.

{0361 FIG. 3 tHlustrates 300 a three-dimensional flare stack model 310 in accordance
with some embodiments, The flare stack model 310 may include, for example, points of
wierest 320 {e.g., also designated with an “X herein representing an aves where a robot
should collect sevsor data) andfor mformation about the enviromment 330 surrounding the
flare stack 310 {e.z., the nesby terrain, objects located near the asset 31, ere).

10371 According {0 soane embodiments, the mode! 310 might be generated,
maintained, and/or apdated s a digital representation of the asset based on one or more
characteristics that may be monitored using robot intermediaries anddor derived from known
operating specifications. For example, the system may create g digital representation that
mchades, among other aspects, a structural moded 310 of the asset (which may mchude
separately modeling components of the asset as well as the asset as a whole), Sucha
structural model 310 may include material data for one or more components, lifespan and/or
workload data derived from specifications andfor sensor data, and so forth, The digital
representation, in some implementations, may also nclade operations! or functional models
of the asset, such as flow models, pressure models, temperature models, acoustic models, and

so forth, Further, the digital representation may incomporate or separately model 316
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envirommental factors relevant to the asset, such as envivommental temperatire, hunudity,
pressure (such as in the context of a submersible asset, airborne asset, or space-based asset).
As part of mantaining and updating the digiial represeniation, one or more defecis in the
asset as a whole or componenis of the asset may also be madeled based on sensor data
communicated {0 the processing components,

{0381 Depending on the characteristics of the stractural model, the system may
generate a plan specifying one or more tasks or action, such as acquiring additional data
related to the assel. For example, if the system deternunes that acquired data of a location on
the structural model 310 15 below a threshold quahty or is otherwise msafficient, the sysiem
nay generate or update a revised plan that includes one or more tasks that position the robot

1o acquire additional data regarding the location.

{0391 The sensor data used to generate, maintam, and update the digital
representation, inchuding modeling of defects, may be derived from sensor data collecied
using one of more of seusors mowed on robots contralled by the processing components
and/or by sensors mitegral to the asset itself which conumunicate their sensor data (o the
processing components. As used herein, the robots used to collect sensor data may be
autonomoens and capable of movement and ovientation in one- {such as along a track), two-
{such as along connected roads or along a generally planar surface), or three dimensions
{such as three-dimensional movement within a body of water, air, or space). The sensors
psed o collect the sensor data may vary between robots andfor may be interchangeable
altowing for costomization of robots depending on need. Example of sensors include, but ave
not hinuied to, cameras or visual sensors capable of imaging n one or more of visible, low-
{ight, ultraviolet, and or infrared (i.e., thermal} contexts, thernustors or other temperatare
sensors, material and electrical sensors, pressure sensers, gecoustic sensors, radiation sensors
or imagers, probes that apply non-destructive testing technology, and so forth. With respect
{0 probes, for example, the robot may contact or mteract physically with the asset to acquire

data.

[040] The digital representation may ncorporste of be updated based on g
combination of factors detected from one or more sensors on the robot {or istegral to the gsset
iself}. For instance, the sysiem may receive visual image data from image sensors {e.g.,
cameras) on the robots to create or update a model 310 of the asset to focalize defects on the

model. Based on the sensor data, as incorporated nto the model, the processor may detect a

o
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defect, such as g coack, o region of corvosion, or missing part, of the asset. For example, the
sysiem may detect a crack on a location of a velucle based on visual image data that includes
color andfor depth information mdicative of the crack. The model 310 may additionally be
used as a basts for modeling other layers of information related o the asset. Further, the
system may determine risk associated with a potential or imminent defect based on the digital
representation,

[041] FIG. 415 an example 400 of an nspection plan for a wind tubine 410 andior
the environment 430 surrounding the wind babine 410 according 1o some embodiments. In
particular, the inspection plan includes a path of movement 446 for an anlonomons inspection
robot 450, For example, the path of movement 440 might take the robot 430 past various
points of interest (e.z., on the tower of the wind turbine 410, at the blades or rotor of the wind
tarbine 414, at the nose cone or hub of the wind turbine 4141, ere. as designated with “X™ in
FIG. 4). Assunung the that robot 450 1s curvently located near the nose cone or hub of the
wind turbine 416 (g3 tHustrated in FIG 4), the path or movement 440 might inchude; (1) a past
path of movement 440a {represented by a dashed line in FIG. 4) indicated where the robot
450 as already traveled; (2) results of a forward simudation 440b (represented by a solid line
in FIG. 4} from the current location of the robot 450 tlwough a pre-determuned time window,
and (3} a predicted path of movement $40¢ (represented by a dashed line in FIG. 4} after that
tme window. Note that only portion $40b mught be displayed to a human monitor via a user
wierface. This will it the information that needs to be processed by the human monitor to

only the most important data, thereby improving his of her situational awareness.

10421 Note that the path of movement 440 miglt be associated with a single path
moving near the wind turbine 410, In other embodiments, however, the robot 450 might
dynanuacally make decisions along the path that could polentially result in different path
branches being taken. For example, at point (A) in FIG. 4 the robot 430 might continue along
the resuliz of the forward simulation 440b or, in the alisrnative, mstead take a conditional
branch path 440d (represented by a dotted line wy FIG. 4). This nught depend, for example,
one charactenistics of sensor data collected duning the inspection process {e.g., the robot 450
might return to a previous point of interest to collect more information). Executing a forward
simulation, and displaying to & nunan operator the resulis of that execution, will further
reduce the smount of information that needs 1o be processed {e.g., associated with conditional

branch paths that are not Hkely to be taken) and improve his or her situational awareness.
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10431 Thus, the systenmay be configured to gonerate a plan to assess the asset for
defects. For example, the system may deterniine a plan based on the tasks (e g., desired
mspection coverage of the asset) andfor resowrces (e.g., robots} available. Based on the
generated plan systent nmay inplenent the plan by sending signal{s) to the robots providing
mnstructions to perform the fasks defined in the plan. A controller of each robot may process
any received mstructions and i tum send signal(s) to one or more effectors conirolled by the

respective robot to control operation of the robot 1o perform the assigned tasks.

{0441 The system may determine a plan to monitor the asset. The plan may include
one or more tasks {0 be performed by one or more robois of the robotic system. Further, the
system may adjust {e.g., revise) the plan based on the data received from the sensors related
10 the asset. For example, the plan may be adjusted based on acquired data mndicative of a
potential defect of the asset. The system may send a signal(s} encoding or conveying
mstrections to travel a specified distance andfor direction that enables the robot to acquire

additional daia related to the asset associated with the potential defect.

{0451 Upon performing the assigned tasks, the system may assess the quality of data
recetved from the sensors. Due {0 a vatiety of factors, the quality of the data may be below g
threshold level of quality, For example, pressure sensors of acoustic sensors may have
background noise due to the conditions proximate to the asset. As such, the system may
determine a signal-lo-noise ratio of the signals from the sensors that indicates a relationship
between a desived signal and background noise. If the system determines that the signal to~
nose ratio falls below a threshold level of quality, the system may adapt the plan to acquive

additional data.

{0461 Note that inspections of industrial assets ustng robotic systems may introduce
of safety concerns {e.g., wornes that a robotic system smght harm an industrial asset, other
robotic systems, or even nearby personnel). Current inspection techniques may utilize tele~
pperation such that a human operator drives decision related to robotic navigation/flight, data
vollection, and ensures that the robot operates safely. In other approaches, a robot may
perform mspection avtonomously while critical safety decisions are stilf based on visual
observations and judgaments of a human montter. Further note that safety critical decisions
based on visual observations might not be appropriate in some cases {e.g., when operating
robots within highly harardous and/or cluttered environments). Embodiments described

heretn may provide tmproved information to a human monior about robots, objectives,
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ntentions, efc. during the mapection process. This may let the homan opeator proactively

miervene to avord safety issues,

{0471 Forexanple, FIG. 3 1s an interactive user interface display 500 m accordance
with some embodiments. The display 300 might be associated with gn inspection as g service
process and include a representation of an mdustrial asset moded 510, poiis of interest ("X
the nearby enviroument, efc. According 1o some embodiments, the display S04 further
nchudes resubis 530 of a forward simulation of robot operation from a carrent tocation though
a pre-determined fime window {e.g., the next thirty seconds). By removing extraneous data
{e.2., past movement of the robot, conditional branch paths that will not be taken by the
robot, movements too far in the future, erc. ), the results 540 improve the situational
awareness of 8 human monitor interacting with the display 300, According 1o some
embodiments, the display 500 includes addittonal information, such as a hive view 320 of the
area, a street view 530 of the mdustrial asset, battery power 574 of one or more astonomous
wmnspection robats, ere. The display 300 might firther include icons 560 that, when selected
by 8 human monttor {e.g., via a compuler mouse or touchscreen), alter the inspection process
{e.g., by stopping the process, transferring control to the human monitor, efc. ). In some
cases, selection of an element on the display 500 mught result in further information being
provided about that element {e.g., in a “pop-up” window), adjust display parameters {e.g., by

zooming a portion of the display SO0 in or out}, efe.

{0481 Thus, embodiments may provide an gutonomous robotic system with an
inspection plan. The inspection plan may include, for example, points of interest, anomalies
1o look for at each point of interest, a desived viewing perspective for each point of mlerest,
efe. Based on the mspection needs, the robolies sysisim generaies a flight'motion plan around
the asset that will be followed to collect inspection data as appropriate. The robotics system
may also be provided with the three-dimensional model of the environment in which the
mspection will be conducted. During the autonomous inspection execution, the robotic
system may send information about planned objectives, namely the objectives that will be
executed within the next few mimgdesseconds, three~-dimensional information about the
operating envirommnent, a live feed from a sensor {e.g., an RGB camera), GPS coordinates,
and any other safety critical information fo the monitor of the user iterface. This
wformation voay then be projected on a three-dimensional wodel 510 of the display 500, The
hwman montor may then look at the mivrmation and make an assessment about whether the

robot’s mtended actions within next few minutes/seconds are consistent with the original
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wspection objectives, I there 13 g mismaich, the human monior can mervens as appropriate
{e.g., by taking control of the robot}.

{0491 The embodiments described herein may be implemented using any number of
different hardware configurations. For example, FIG, 6 15 block dmgram of ab imdustrial
asset inspection platform 600 that may be, for example, assoctated with the system HKvof
FIG. 1. The industrial asset inspection platforn 600 comprises a processor 618, such as one
or more conunercially avalable Central Processing Units ("CPUS™} in the form of one-chip
meroprocessors, coupled fo a communication device 620 configured to commugicate via a
compuntication network (not shown in FIG. 6}, The compummcation device 620 may be used
to commuuucate, for exanple, with one or more remote robots, human monitor devices, efc.
The industrial asset inspection platform 600 further includes an input device 840 (e, a
computer mouse and/or kevboard to input inspection information, asset modeling data, drone
control signals, ere) andfan output device 650 (e g, a computer monitor to render a user
nterface display, transmit control signals to inspection robots, ¢fe ). According to some
embodiments, 3 mobile device andfor PC may be ased to exchange information with the

mdustrial asset inspection platform 600.

{0507 The processor 610 also communicates with a storage device 630, The storage
device 630 may comprise any appropriate information storage device, including
combinations of magnetic storage devices {e.g., a hard disk drive}, optical storage devices,
mobile telephones, and/or semiconductor memory devices. The storage device 630 stoves a
program 612 and/or an asset inspection engine 614 for controlling the processor 610, The
processor 610 perfonns instructions of the programs 012, 614, and thereby operates in
accordance with any of the embodiments described herein. For example, the processor 610
may access a three-dimensional model data store that contains a three-dimensional model of
an mndastrial asset {including points of Diuerest associated with the industriad asset}, The
processor 610 might also access an mspection plan data store that containg an mspection plan
for the industrial asset (including 2 path of movement for an autonomous nspection robot).
The processor 610 may receive sensor data from an astonomous inspection robot indicating
characteristies of the industrial assed and determine a current location of the autonomous
inspection robot along the path of movement in the nspection plan along with current context
wiormation, A forward simalation of movement for the autonomouns mspection robol nay be
executed by the processor 610 from the current location, through a pre-determined nime

window, to determine a difference between the path of movement in the inspection plan and
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the forward simuigtion of movement along with future context mfornmation. According 1o
some embodiments, the processor 6 1 may then viseally provide resulis of said forward
simulation 10 a human mspection monior via an interactive display along with the sensor
data, ndications of the points of interest, and a representation of the three-dimensional
model. According to other embodiments, the processor 610 may instead provide information
about the forward simulation to a monitoring apparatus (e.g., associated with machine

mtelligence),

{051} The programs 612, 614 may be stored in a compressed, uncompiled andfor
encrypied format. The programs 612, 614 may finthermore inclade other program elements,
such as an operating svstem, clipboard application, a database management system, and/or

device drivers used by the processor 61} to interface with peripheral devices.

{0521 As used herein, information may be “recetved” by or “transmitted™ fo, for
exampler (1) the wonttoring and control platforn 600 from another device; or (i) a soltware
application or module within the industrial asset inspection platform 600 from another

software application, module, or any other source.

{0531 In some embodiments (such as the one shown in FIG. 8), the storage device
630 further stoves an asset spection database 700. An example of a database that may be
psed in connection with the industrial asset inspection platforn 600 will now be deseribed o
detail with respect o FIG. 7. Note that the database described herein is only one example,
and additional and/or different information may be stored thersin. Moreover, various
databases might be sphit or combined in accordance with any of the embodiments deseribed

herain.

j034] Referring o FHA. 7, a table 1 shown that represents the asset inspeciion
database 700 that may be stored at the indastrial asset inspection platform 600 according to
some embodiments. The table may include, for example, entries identifving asset inspection
processes that have been executed in accordance with any of the ambodiments described
hersin. The table may also define fields 702, 704, 706, 708, 710, 712, 714 for each of the
entries. The Nelds 702, 704, 706, 708, 710, 712, THbrmoay, according (o sowme embodiments,
specily: an asset inspection dentifier 702, an asset identifier 704, three-dimensional model
data 706, inspection plan data 708, results of forward simmlation 710, collected sensor data
712, and a status 714, The asset inspection database 700 may be created and updated, for

exarople, when an industrial asset is installed, inspections are performed, efc
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10351 The asset mspection identiher 762 may be, for example, 8 wnique
alphanumeric code identifyimg an mspection process that was performed by an autonomous
mspection robot under the supervision of a human monttor {and nught include the date andéor
time of the mspection). The asset identifier 704 moight identify the mdustrial asset that was
being nspected. The three-dimensional model data 706 (e g, including Points of Interest
(PO and the mspection plan data 708 might comprise the mformation that used o conduct
the mspection. The results of forward simulation 710 might represent, for exaraple, the path
of an inspection robot for the next hwenty seconds. The results of forward simuelation 716
might represent data that is displaved to the human monitor for real-time review during the
inspection processes. The collected sensor data 712 might inchude the pictures, videos, ere.
used to record characteristics of the mdusivial ssset being inspected. The status 714 nught
represent the current status of the mspection process {e.g s the process curvently halted
because the human momitor noticed g potential anomaly i the results of forward stmulation
T,

{0561 FIG. 8 is another example 860 of an inspection plan for an industrial
asset/model 810 10 accordance with some embodimenis.  As before, results of a forward
simulation representing a path of movement 840 for an autonoraous imspection robot 830 mmay

Y

he displayed to @ buman monttor along with indications of points of iserest (X7},
According to this embodiment, an orlentation of the antonomous inspection robot 830 may
also be displaved along with a feld of view 835 of a sensor on that robot 830, Such an
approach might, for exavople, let a uvoan mowitor ensure that a point of interest is going fo
be within the field of view 835, According 10 some embodiments, a “sensed area of
collection™ 870 may also be projected onto a surface of the industrial asset model 81 {as
indicated by the cross-hatched ares in FIG. §), This may further improve the situational

awareness of the human operator.

{0371 Thus, some embodiments may provide svstenms and methods to facilitate
stiuational awareness for an autonomous asset mspection robot monitor accurately and
efficiently. This may reduce both mission critical and safety critical problems during an
imspection process. In particular, a robotics system performs a forward simudation of its
actions against planned actions. A human monitor is informed of this information on 8 user

migrface (o let the monitor proactively take remedisl action as appropriate.
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10381 The followmy iHustrates vanous additional embodiments of the invention.
These do not constitete a definition of all possible embodiments, and those skilled in the art
will understand that the present invention is applicable to many other embodiments. Further,
although the following embodiments are briefly described for clarity, those skilled in the art
will understand how to make any changes, if necessary, to the above~-described apparatus and
methods to accommodate these and other embodiments and applications.

10397 Although specific hardware and data configurations have been deseribed
herein, note that any member of other configurations may be provided in accordance with
erhodiments of the present invention (e.g., some of the information associated with the
databases described herein may be combined or stored in external systems). Moreover,
although some embodiments are focused on certain types of industrial asset damage or
mspection, any of the embodiments described herem could be applied to other situations,
mcluding cyber-attacks, weather damage, ere. Moreover, the displays deseribed herein are
used only as examples, and any namber of other types of displays could be used. For
example, FIG. 9 ilustrates a tablet computer 900 displaying an interactive graphical user
mterface 910 according o some embodiments. In particular, the display 910 inclades results
of a forward simulation for an autonomous mspection robot proximate fo an mdustnial gsset
{e.g., elements of 3 power grid). Moreover, the touchscreen of the {ablet 900 may be used (o
select fcons 930 that control the asset inspection process {e.g., to et a human monitor viewing

the display 910 avoid upcoming problems).

{06071 The present invention has been described iy terms of several embodiments
solely for the purpose of illustration. Persons shilled in the art will recogmizg from this
description that the invention is not limited to the embodiments described, bt may be
practiced with modifications and alterations himited only by the spirit and scope of the

appended claims.
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CLAIMS

1. A system for inspecting an industrial asset, comprising:

a three-dimensional model data store containing electronic records comprising 8
three-dimensional model of the industrial asset, the three-dimensional model including a
plurality of points of interest associated with the industrial asset;

an inspection plan data store containing electronic records conywising an inspection
plan for the indusinial asset, the mspection plan mchuding a path of movement for an
AULOHOMONS mspection robot;

8 communication port to exchange information with the avlonomons inspection robot;
and

an industrial asset ingpection platform, coupled 1o the three-dimensional model data
store, the inspection plan dala store, and the conunpnication port, having at least ong
computer processor operatively coupled o at least one memory, wherein the processor is
configaed to:

receive sensor data from the antonomous mspection robot indicating one or
more characteristics of the indusirial asset,

determine a courrent focation of the autonomous mapection robot along the path
of movement in the inspection plan along with current context information, and

execute a forward stmulation of movement for the autonomous inspection
robot from the cuarrent focation, throagh a pre-determined time window, to determine

a difference between the path of movement in the inspection plan and the forward

simudation of movement along with future context information.

2. The system of claim |, wherein at least one of the carrent context information and
the futare context mformation inclndes at least one of) {1} a sensor projection onto the three-
dimensional model of the mdusirial asset, (1) an estimated remaining battery hife, (i) an
estimated time of artval at a point of interest, (iv) a data hnk strength, (V) storage media
operationad status, (v} o number of available satellites, and (vitY o strenpth of g Differential

Global Positioning System (“DGPS”) base station link.

0



WO 2018/208548 PCT/US2018/030547

3. The system of clavm 1, wheremn the processor of the indusinsl asset fnspecthion
platform is further configured
avtomatically generate and transmit an alanm 10 a human monittor based on at

least one of the current context information and the feture context mformation.

4. The sysiem of clatm 1, wherein the processor of the indusirial asset inspection
platform is further configured to:
visually provide results of said forward simulation to 8 human inspection
monitor via an interactive display along with the sensor data, indications of the pomts

of inferest, and a representation of the three-dimensional model.

5. The system of claim 1, further comprising:
the autonomous mspection robod, including at least one sensor to collect the sensor

data received by the industrial asset inspection platform.

6. The svstem of claim 3, wherein the autonomous nspection robot is associated with
at least ooe ofl (1) a drove, (1) a wheeled vehicle, (i) a vehicle adapted to travel along &

track, and {iv} a climbing vehicle.

7. The sydem of claim 3, wherein the sensor is associaled with atleastone of (Y a

camerg, (1) a video camera, (i1} an infra-red camera, (iv) a microphone, (v} a chemicat

& The system of clains §, wherein the inspection plan i3 associated with a phurality of

autonomons mspection robots simeltaneously collecting information.

9. The system of claim 1, wherem the indusirial asset 1s associated with at least ong
of: {1y a fare stack, (1) a wind torbine, (31} a power grid, (1v) an airerafl, {v) a locomotive,

{vi} a pipe, {vi1} a storage tank, and {viit) a dan.

10, The svstem of claim 1, wherein an interactive display can be utilized by the

mspection momior o perform at least one of the following: (§) paase nspection, (i1} resume
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mspection, (1) abort inspection, (v) adjust the path of movement, and ¢v) pilot the

mspection robot.

11. The systemn of clatm 1, wherein the inspection plan further includes at least one
of: {i} a sensor type associated with a point of intersst, (1) an anomaly associated with a poit
of interest, {111} a perspective associated with a point of mterest, and (iv) an amoumn of time

associated with a point of interest.

12. The system of claim 1, wherein the three-dimensional model of the mdustrial
asset includes information about the environment surrounding the industrial asset.
13, The system of chum 1, wheremn al least one of the inspection plan and the three

dimensional model includes mformation about prior inspections of the industrial asset.

14, The system of claim 1, wherein the industrial asset inspection platform further
recetves, from the sutonomous inspection robot, st least one oft (information about planned
objectives, {11} Global Posittorung Svystem ("GPS™) coordinates, (111) Differential GPS
{"DOPS™ coordingtes, (iv) sltitede information, (v} proximity information, {1} battery

mformation, (vit} mission critical information, and {vili) safety critical information.

15, A method for inspecting an industrial asset, comprising;

receiving, by a computer processor of an mdusirial asset inspection platform, sensor
data from an autonomous inspection robot indicating one or more charactenistics of the
mdustrial asset;

accessing an inspection plan data store containing electronic records comprising an
mspection plan for the industrial asset, the inspection plan including a path of movement for
an aufonomous inspection robot;

determining a current location of the sutonomoeus inspection robot along the path of
movement 11 the inspection plan along with current context information;

execnting a forward simulation of movement for the astonomous mspection robot
from the awrent location, through a pre-deternuned time window, to deternuine a difference
between the path of movement in the flight plan and the forward simulation of movenent

along with future context information;

3
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accessing a three-dirvensional model data store containmng electronic records
comprising a three-dimensional model of the industrial assed, the three-dimensional modet
mcluding a plurality of points of interest associated with the indusirial asset; and

visually providing resulis of said forward simulation 1o a human mspection monitor
via an interactive display along with the sensor data, indications of the points of interest, and

a representation of the three-dimensional model.

16, The method of claim 13, wherein at-least one of the current content imformation
and the future context mformation ncludes at least one oft (1) a sensor projection onto the
three-dimensional model of the industrial asset, (i1 an estimated remaining battery life, (i11)
an estivgted time of arrival at a point of interest, (v} a data hink strength, (v} siovage media
operational statas, {vi) 8 number of avatlable satelliles, and (vin) & strength of a Differential

Global Positioning System ("DGPS™) base station Hnk.

17. The method of claim 13, further comprising:
automatically generate and tansmit an alarm o a human monttor based on at Jeast

one of the current context inforroation and the Buure context informiaiion,

18, The methed of claim 13, wherein the autonomous inspection rebot is associated
with at feast one of: (1) a drone, (0) & wheeled vehicle, (11 ¢ vehicle adapted 1o travel along a

track, and (v} a climabhing vehicle,

19, The method of claim 15, wherein the sensor is associated with at least one of {1}
a camera, (it) a video camera, (311} an infra-red camers, (iv} a microphone, {v} a chemical

detector, (vi} a Light Detection and Ranging ("LIDAR™) sensar and (vii} & radistion detector,

36, The method of clanm 15, wherein the inspection plan is associated with a plurahity

of autonomous inspection robots simultaneousty collecting nformation.

21. The method of claim 13, wherein the industrial asset 1s associated with at least

one oft (1) a flare stack, (11} 8 wind turbine, (iy) a power grid, (v} an aireraft, (via
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22, A nop-transitory, computer-readable medivm storing program code, the program
code execotable by a processor of an indusirial asset inspection platform to cause the
platform to perform a method comprising:

receiving, by a computer processor of an mdustrial asset inspection platform, sensaor
data from an avtonomous inspection robot ndicating one or more charactenstics of the
industrial assef;

accessing an mspection plan data store containing electronic records comprising an
mspection plan for the industrial assed, the inspection plan including 8 path of movement for
an autonomons mspection roboi;

determining a current location of the awtonemons inspection robot along the pathof
mavement 1 the inspection plan along with current contexi information;

execiting @ forward sinmdation of movement for the sutonomous inspection robot
from the current location, throngh a pre-detenmined time window, to determine a difference
between the path of movement in the mspection plan and the forward simulation of
movement along with fulure context information;

accessing a three-dimensional mode! data store comtaining electronic records
comprising a three-dimensional model of the mdustrial asset, the three-dimensional model
including 3 plurality of poinis of interest associated with the industrial asset; and

visually providing results of said forward simulation to a human mnspection monitor
via an interactive display slong with the sensor data, indications of the points of interest, and

a representation of the threg-dimensional model.

23, The medivwm of claim 22, wherein at legst one of the current context information
and the future context information includes at least one off (1) a sensor projection onto the
three-dumensional madel of the industrial asset, {11} an estimaied remaining battery life, {1i)
an estimated time of arrival at a point of iterest, {iv} a data fink strength, (v} storage media
operational statas, {viy 8 number of available satellites, and (viy) a strength of a Differential

Global Positioning System ("DGPS™) base station Hok,

24, The medium of claim 22, wheremn the method further comprises:
automatically generate and transmit an alarm o a human momtor based on at least

one of the current context information and the futwe context information.



WO 2018/208548 PCT/US2018/030547

25, The mediom of claim 22, wherent the interactive display can be utilized by the
mspection monitor to perform at least one of the following: (i) pause inspection, (1} resume
mspection, (i) abort inspection, (1v) adjust the path of movement, and (v} pilot the

mspection robat.

26. The medium of claim 22, wherein the inspection plan further includes at least one
of: {1) a sensor type associated with a point of mterest, (i1} an anomaly associated with a pomnt
of mterest, (111} a perspective associated with a point of interest, and (v} an amownt of time

associated with a pomt of interest.
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