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(57) Abstract: Example implementations may relate to a mobile ro-
botic device that is operable to reorient a distance sensor using an
adjustable leveler. According to these implementations, the robotic
device may determine a height map indicating surface elevation data
for a ground surface on which the robotic device is travelling within
an environment. Then, the robotic device may determine a current
location of the robotic device relative to the height map. Based on
the current location, the robotic device may determine a current spa-
tial orientation of the distance sensor relative to the ground surface.
Further, the robotic device may (i) determine an adjusted position
of the leveler to which the leveler is movable to cause the distance
sensor to spatially reorient from the current spatial orientation to a
target spatial orientation and (ii) cause the distance sensor to reorient
to the target spatial orientation by moving the leveler to the adjusted
position.
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Heorienting a Distance Sensor using an Adjustable Leveler

CROSS REFERENCE TO RELATED APPLICATION

6001} The present apphication claims prionty to US. Patent Application No.
15/216,145, filed on July 21, 2016 and entitled “Reorienting a Distance Sensor using an

Adjustable Leveler,” which is hereby incorporated by reference in ifs entirety.

BACKGROUND
{0602} A warchouse may be used for storage of goods by a variety of different types
of commercial entitics, including manutacturers, wholesalers, and transport businesses.
Example stored goods may include raw materials, parts or components, packing materials,
and finished products. In some cases, the warchouse may be equipped with loading docks to
atlow goods to be loaded onto and unloaded from debivery trucks or other types of vehicles.
The warchouse may also use rows of pallet racks to allow for storages of pallets, flat
transport structures that contain stacks of boxes or other objects. Additionally, the warchouse
may use machines or vehicles for hfing and moving goods or pallets of goods, such as cranes
and forklifts. Human operators may be emploved to operate machines, vehicles, and other
equipment. In some cases, one or more of the machines or vehicles may be robotic devices

guided by computer control systems.

SUBSTITUTE SHEET (RULE 26)
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SUMMARY

{0003} According to an example implementation, a mobile robotic device may
mclude a distance sensor coupled to an adjustable leveler. Moreover, the mobile robotic
device may be configured to adjust position of the adjustable leveler so as to spatially reonent
the distance sensor. With this arrangement, the mobile robotic device may spatially reorient
the distance sensor based on varying elevation of the grovad surface on which the mobile
robotic device is currentlv traveling.  For instance, the mobile robotic device may use the
leveler to keep the distance sensor orientated at a target spatial orientation relative {o the
ground surface, which may be an orientation that allows the distance sensor to emit cmissions
that are substantially paralle! to the ground surface.

004} In one aspect, a method is provided. The method involves determining, by a
mobile robotic device, a height map indicating sarface clevation data for a ground surface on
which the mobile robotic device is travelling within an environment, where the mobile
robotic device including a distance sensor and a leveler configured to spatially reorient the
distance sensor relative to the ground surface. The method also involves determining, by the
mobile robotic device, a current location of the mobile robotic device within the environment
relative to the height map. The method additionally involves deternuning, by the mobile
robotic device, a current spatial ornentation of the distance sensor relative to the ground
surface, based on the determuned current location of the mobile robotic device within the
environment refative to the height map. The method further involves determining, by the
mobile robotic device, an adjusted position of the leveler to which the leveler is movable to
cause the distance sensor to spatially reorient from the current spatial onentation to a target
spatial onentation. The method vet further involves causing, by the mobile robotic device,
the distance sensor 1o spatially reorient from the current spatial orientation to the target
spatial onentation by moving the leveler to the deterouned adjusted position.

[005] In another aspect, a mobile robotic device is provided. The mobile robotic
device mchude a distance sensor, a leveler configured to spatially reorient the distance sensor
relative to the ground surface, one or more processors, a non-transitory computer readable
medium, and program instructions stored on the non-transitory computer readable medium
and executable by the one or more processors to perform fimctions.  In particular, the
program instructions may be executable to determine a height map indicating surface
elevation data for a ground surface on which the mobile robotic device is travelling within an
environment.  Also, the program instructions may be executable to determine a current

)
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location of the mobile robotic device within the environment relative to the height map.
Additionally, the program mstructions may be executable to determine a current spatial
origntation of the distance sensor relative 1o the ground surface, based on the deternuned
current location of the mobile robotic device within the environment relative to the height
map. Further, the program instructions may be executable to determine an adjusted position
of the leveler to which the leveler is movable to cause the distance sensor to spatially reornient
from the current spatial orientation to a target spatial orientation. Yet further, the program
mstructions may be executable to cause the distance sensor to spatially reonent from the
current spatial ovientation to the target spatial orientation by moving the leveler to the
determined adjusted position.

[(006] In vet another aspect, a non-transitory computer readable medium is provided.
The non-transitory computer readable mediam has stored therein instructions executable by
one OF mMore processors 1o cause a mobile robotic device to perform functions. In particular,
the functions involve determining a height map indicating surface ¢levation data for a ground
surface on which the mobile robotic device 1s travellimg within an environment, where the
mobile robotic device comprises a distance sensor and a leveler configured to spatially
reorient the distance sensor relative to the ground surface.  Also, the functions involve
determining a current location of the mobile robotic device within the environment relative to
the height map. Additionally, the functions involve determining a current spatial onentation
of the distance sensor relative to the ground surface, based on the determined current location
of the mobile robotic device within the environment relative to the height map. Further, the
functions mvolve determining an adjusted position of the leveler to which the leveler is
movable to cause the distance sensor to spatially reorient from the current spatial orientation
to a target spatial orientation. Yet further, the functions involve causing the distance sensor
to spatially reonient from the current spatial orientation to the target spatial orientation by
moving the leveler to the determined adiusted position.

[6007] In yet ancther aspect, a system is provided. The system may mchude means
for determiming a height map mdicating surface clevation data for a ground surface on which
a mobile robotic device is travelling within an environment, where the mobile robotic device
meludes a distance sensor and a leveler configured to spanally reorient the distance sensor
relative to the ground surface. The system may also include means for determining a current
tocation of the mobile robotic device within the environment relative to the height map. The
system may additionally mchide means for determining a current spatial orientation of the
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distance sensor relative to the ground surface, based on the determined current location of the
mobile robotic device within the environment relative to the height map. The system may
further include means for determining an adjusted position of the leveler to which the leveler
is movable to cause the distance sensor to spatially reonent from the current spatial
orientation to a target spatial orientation. The system may vet further include means for
causing the distance sensor to spatially reorient from the current spatial position to the target
spatial orientation by moving the leveler to the determined adjusted position.

0008} These as well as other aspects, advantages, and aliernatives will become
apparent to those of ordmary skill i the art by reading the following detailed description,

with reference where appropriate to the accompanying drawings.
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BRIEF DESCRIPTION OF THE BRAWINGS

[{0009] Figure 1A shows a robotic flect, according to an cxamplc tnplementation.
{010} Figure 1B 1s a functional block diagram iilustrating components of a robotic

fleet, according to an example implementation.
[6611] Figure 2A shows a robotic truck unloader, according tc an example

mplementation.

{6612} Figure 2B shows a robotic arm on a pedestal, according to an example
implementation.
[B013] Figure 2C shows an autonomous guided vehicle, according to an example
mmplementation.
6014} Figure 2B shows an autonomous fork truck, according to an example
unplementation.
[06615] Figure 3 illustrates components of a robotic device, according to an example

mplementation.

{08616} Figure 4A to 4C illustrate a robotic device including an adjustable leveler,
according to an example implementation.

{017} Figure 5 is a flowchart for reorienting a distance sensor, according o an

example implementation.

{(018] Figure 6 iHlustrates a height map. according to an example mmplementation.
{0019] Figures 7A to 7C collectively illustrate a first scenario for reorienting a

distance sensor, according to an example implementation.
8024} Figures 8A to 8C collectively illustrate a second scenario for reorienting a

distance scnsor, according to an example tmplementation.
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BETAILED DESCRIPTION

{0021} Example methods and systems are described herein. It should be understood

#oCe

that the words "example,” “exemplary,” and “1llustrative” are used herein to mean "serving as

an example, instance, or dlustration.” Any implementation or feature described herein as

L

being an "example," bemng “exemplary,” or being “ilustrative” is not necessarily to be
construed as preferred or advantageous over other implementations or features. The example
implementations described herein are not meant to be limitimg. It will be readily understood
that the aspects of the present disclosure, as generally described herein, and itlustrated in the
figures, can be arranged, substituted, combined, separated, and designed in a wide vanety of
different configurations, all of which are exphicitly contemplated heremn.

i Overview

[022] Example implementations may relate to methods and systems for maintaining
a desired orentation of a distance sensor of a mobile robotic device, such as of a laser sensor
contigured 1o collect two-dimensional (213) planar distance measurements. In particular, a
mobile robotic device may generally travel on a ground surface within an environment and,
while doing so, may use the distance sensor to collect distance measurements that indicate
respective distances between the distance sensor and varnous points in the environment. In
practice, the mobile robotic device may use such distance measurements for the purpose of
obstacle detection and/or object recognition, among other possibilities. Morcover, when
collecting distance measurements, the distance sensor would ideally emit sensor cmissions
that are substantiallv parallel to the ground surface.

[80623] In some situations, however, the distance sensor may be unable to emit sensor
cmissions that are substantially parallel to the ground surface, and these situations could arise
for various reasons. For instance, a mobile robotic device may continuouslty operate within a
given space that may have floors which are not level, such as a warchouse, and a distance
sensor may be situated in a fixed position on that mobile robotic device. With this
arrangement, as clevation of the ground surface changes while the mobile robotic device
travels on the ground surface, the distance sensor may sometimes end up orientated such that
sensor emissions are emitted towards the ground surface and/or substantially away from the
ground surface (c.g., towards a ceiling). Consequently, these situations may lead to false
detection of objects within the environment and/or missed detections of objects within the

environment, among other outcomes.



WO 2018/017918 PCT/US2017/043214

[8024] Moreover, the distance sensor may sometimes be positioned on the mobile
robotic device relatively close to the ground surface, so that the distance sensor can detect
objects with a small beight. And in such cases, as elevation of the ground surface changes
while the mobile robotic device travels on the ground surface, the distance sensor may
sometimes end up orientated in a manner that decreases the distance being scanned. In
practice, this may lead to various issues in addition to or aliernatively to the above-mentioned
false and/or missed detections. For instance, the distance sensor may sometimes be unable to
detect objects at a distance beyond the mobile robotic device’s minimum stopping distance
for a given speed. Thus, the mobile robotic device may end up baving to reduce the mobile
robotic device’s speed of travel so as to ensure the mobile robotic device retains the ability to
stop or maneuver around a detected obstacle without collidimg.  As such, disclosed herein are
methods and systems to help avoid or at least reduce such false and/or missed detections, and
perhaps to also help optimize range of distance measurements.

[6625] In accordance with the disclosure, the mobile robotic device may have an
adjustable leveler that 1s movable to spatially reorient the distance sensor. In practice, the
leveler could take the form of any feasible mechanical feature, such as a leveling plate. Also,
the leveler could be coupled to an actuator of the mobile robotic device and is thus movable
based on forees that the mobile robotic device directs the actuator to apply to the leveler. In
this way, the leveler is movable through various positions, such as through various angular
positions relative to a portion {e.g., chassis) of the mobile robotic device. With these
arrangements, the mobile robotic device could use various approaches to reorient the distance
sensor relative to the ground swface and do so from time-to-time {¢.g., continuously or
periodicallv}.

{8626} More specifically, the mobile robeotic device may determing a height map
mdicating surface elevation data for the ground surface at issue, which may simply involve
the mobile robotic device receiving a predetermined height map, among other options. And
once the mobile robotic device determings the height map, the mobile robotic device may
determine 1ts current location relative to the beight map. In doing so, the mobile robotic
device may determine information related to the various surface elevations of the ground
surface at and/or in the vicmity of the mobile robotic device™s current location. Furthermore,
once the mobile robotic device determines the current location relative to height map, the
mobile robotic device could use that particular mformation as a basis for determining a

current spatial orientation of the distance sensor relative to the ground surface. As an
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example, the mobile robotic device may determine that the current spatial ortentation is in an
origntation that results in sensor emissions that are emutted towards the ground swrface,
among other possibilities.

{60271 After the mobile robotic device deternunes the current spatial orentation of
the distance sensor relative to the ground surface, the mobile robotic device may determine
an approach for spatially reorienting the distance sensor io a target spatial orientation.
Generally, that target spatial orientation mav be a spatial orientation at which the distance
sensor is oriented to cmit sensor emissions that are substantially parallel to the ground
surface. However, the target spatial orientation could also take other forms without departing
from the scope of the present disclosurc.  Nonctheless, the mobile robotic device may
determine an adjusted position of the leveler to which the leveler 1s movable to cause the
distance sensor to spatially reorient from the current spatial orientation to the target spatial
orientation.  In practice, this may involve determining an adjusted angular position of the
eveler relative to the above-mentioned portion of the mobile robotic device.

{0628} Consequently, once the adjusted position of the leveler 18 determined, the
mobile robotic device may then cause the distance sensor to reorient to the farget spatial
orientation by moving the leveler to the determined adjusted position. In this way, the mobile
robotic device can maintain the distance sensor at a desired orientation that allows for
avoiding or reducing false and/or missed detection of objects, and perhaps also allows for

optimizing range of various distance measurements.

H, Example Warehouse Envirgnment
106029} Example implementations may involve a robotic fleet deploved within a

warchouse environment. More specifically, a combmation of fixed and mobile components
may be deploved within the environment to facilitate automated processing of boxes,
packages, or other types of objects. Example systems may mvolve automated loading and/or
uniocading of boxes and/or other objects, such as mto storage containers or to and from
delivery vehicles. In some example implementations, boxes or objects may be aotomatically
organized and placed omto pallcts.  Within cxamples, automating the process of
loadimg/unloading trucks and/or the process of creating pallets from objects for easier storage
within a warchouse and/or for transport to and from the warchouse may provide a nomber of
mdustrial and business advantages.

[6030] According to various implementations, automating the process of loading
and/or unloading delivery trucks at the warchouse and/or the process of creating pallets may

8
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melude the deployment of one or more different types of robotic devices to move objects or
perform other functions. In some implementations, some of the robotic devices can be made
mobile by coupling with a wheeled base, a holonomic base {¢.z., a base that can move in any
direction}, or rails on the ceiling, walls, or floors. In additional ioplementations, some of the
robotic devices may be made fixed within the environment as well. For mstance, robotic
manipulators can be positioned on clevated bases at different chosen locations within a
warchouse.
{6631} As used herein, the term “warchouse” may refer to any physical environment
i which boxes or objects may be manipulated, processed, and/or stored by robotic devices.
In some cxamples, a warchouse may be a single physical building or structure, which may
additionally contain certain fixed components, such as pallet racks for storing pallets of
chiccts. In other examples, some fixed components may be mnstalled or otherwise positioned
within the environment before or during object processing.  In additional examples, a
warchouse may include multiple separate physical structures, and/or may also include
physical spaces that are not covered by a physical structure as well.
{8032} Further, the term “boxes™ may refer to any object or item that can be placed
onto a pallet or loaded onto or unloaded from a truck or container. For example, in addition
to rectangular solids, “boxes” can refer to cans, drums, fires or any other “simple” shaped
geometric items. Additionally, “boxes” may refer to totes, bins, or other types of containers
which may contain one or more items for transport or storage. For instance, plastic siorage
totes, fiberglass trays, or steel bins may be moved or otherwise manipulated by robots within
a warchouse. Examples herein may also be applied toward objects other than boxes as well,
and toward objects of various sizes and shapes. Additionally, “loading” and “unloading™ can
cach be used to vuply the other. For instance, if an example describes a method for loading a
truck, 1t 18 1o be understood that substantially the same method can also be used for unloading
the truck as wel. As used herein, “palletizing™ refers to loading boxes onto a pallet and
stacking or arranging the boxes in a way such that the boxes on the pallet can be stored or
transported on the pallet. In addition, the terms “palletizing” and “depalletizing” can cach be
used to imply the other.
[80633] Within examples, a heterogeneous warchouse robot fleet may be used for a
number of different applications. One possible application includes order fulfillment {(e.g..
for individual customers), in which cases may be opened and individual items from the cases
may be put mio packagmg within boxes to fulfill individual orders. Another possible
9
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application mcludes distribution {¢.g., {o stores or other warchouses), in which mixed pallets
may be constructed containing groups of different types of products to ship to stores. A
further possible application includes cross-docking, which may mvolve transporting between
shipping containers without storing anything {e.g., items may be moved from four 40-foot
tratlers and loaded into three lighter tractor trailers, and could also be palletized). Numerous
other applications are also possible.

0034} Referring now to the figures, Figure 1A depicts 2 robotic fleet within a
warchouse setting, according to an example maplementation. More specifically, different
types of robotic devices may form a heterogeneous robotic fleet 100 that may be controlled to
collaborate to perform tasks related to the processing of 1iems, objects, or boxes within a
warchouse environment. Certain example types and numbers of different robotic devices are
shown here for illustration purposes, but robotic fleet 100 may employ more or fewer robotic
devices, may omit certain types shown here, and may also include other types of robotic
devices not explicitly shown. Additionally, a warchouse environment is shown here with
certain tvpes of fixed components and structures, but other tvpes, numbers, and placements of
fixed components and structures may be used in other examples as well.

{0035] Une example type of robotic deviee shown within robotic fleet 100 is an
autonomous guided vehicle (AGV) 112, which may be a relatively small, mobile device with
wheels that may function to transport individual packages, cases, or totes from one location to
ancther within the warchouse. Another example type of robotic device is an avtonomous
fork truck 114, a mobile device with a forklift that mayv be used to transport pallets of boxes
and/or to Iift pallets of boxes {e.g., to place the pallets onto a rack for storage). An additional
example type of robotic device is a robotic truck loader/undoader 116, a mobile device with &
robotic manipulator as well as other components such as optical sensors to facilitate loading
and/or unloading boxes onto and/or off of trucks or other vehicles. For mstance, robotic
track unloader 116 may be used to load boxes onto delivery truck 118, which may be parked
adjacent to the warchouse. In some examples, movements of delivery truck 118 {cg., to
deliver packages to another warchouse) mav also be coordinated with robotic devices within
the fleet.

8036} Other types of mobile devices than those ilastrated here may also be included
as well or instead. In some examples, one or more robotic devices may use different modes
of transportation besides wheels on the ground. For instance, one or more robotic devices
may be airborne (e.g., quadcopters), and may be used for tasks such as moving objects or

10
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collecting sensor data of the environment.
{6637} In further examples, the robotic fleet 100 may also meclude various fixed
components that may be positioned within the warchouse. In some examples, one or more
fixed robotic devices may be used to move or otherwise process boxes. For mstance, a
pedestal robot 122 may include a robotic arm clevated on a pedestal that is fixed to the
ground floor within the warchouse. The pedestal robot 122 may be controlied to distribute
boxes between other mobots and/or to stack and unstack pallets of boxes. For example, the
pedestal robot 122 may pick up and move boxes from nearby pallets 140 and distribute the
boxes to individual AGY s 112 for transportation to other locations within the warchouse.
[6038] In additional ecxamples, robotic fleet 100 may employ additional fixed
corponents positioned within a warchouse space. For mstance, high density storage racks
124 may be used to store pallets and/or objects within the warchouse. The storage racks 124
may be designed and posttioned to facilitate interaction with one or more robotic devices
within the fleet, such as autonomous fork truck 114, In further examples, certain ground
space may be selected and used for storage of pallets or boxes as well or instead. For
mstance, pallets 130 may be positioned within the warchouse environment at chosen
locations for certain periods of time to allow the pallets to be picked up, distributed, or
otherwise processed by one or more of the robotic devices.
6039} Figure 1B is a functional block diagram illustrating components of a robotic
warchouse fleet 100, according 1o an example implementation. The robotic fleet 100 could
mclude one or more of various mobile components, such as AGY’s 112, autonomous fork
trucks 114, robotic truck loaders/unloaders 116, and delivery trucks 118, The robotic flect
100 may additionally include one or more fixed components positioned within a warchouse
or other environment, such as pedestal robots 122, density storage containers 124, and battery
exchange/charging stations 126. In further examples, different numbers and tvpes of the
components illustrated within Figure 1B may be included within a flect, certaim types may be
omitted, and additional functional and/or physical components may be added to the examples
tHustrated by Figure 1A and 1B as well. To coordinate actions of separaic components, a
clobal control system 150, such as a remote, cloud-based server system, mav communicate
{¢.g., through wireless commuonication} with some or all of the system components and/or
with separate local control systems of individual components.
[0040] Within examples, certain of the fixed components 120 may be installed before
deployvment of the rest of the robotic flect 100. In some examples, one or more mobile robots
I
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may be brought in to map a space before determining placement of certain fixed components
120, such as the pedestal robots 122 or battery exchange stations 126, Once map information
is available, the system may determine (¢.g., by running simulations} how to lavout the fixed
components within the space available. In certain cases. a lavout may be chosen to minimize
the number of fixed components needed and/or the amount of space used by those
components. The fixed components 120 and mobile components 110 may be deploved n
separate stages or all at once. In additional examples, certain of the mohile components 110
may only be brought i during particular time pertods or to complete particular tasks.

{0041} In some examples, global conirol svstem 150 may include a contral planning
system that assigns tasks to different robotic devices within fleet 100, The central planning
gystern may employ varnous scheduling algorithms to determine which devices will complete
which tasks at which times. For instance, an auction type svsiem may be used in which
mdividual robots bid on different tasks, and the central planning system may assign tasks to
robots to minimize overall costs. In additional examples, the central planming svstem may
optimize across one or more different resources, such as time, space, or energy utilization. In
further examples, a planning or scheduling system may also incorporate particular aspects of
the geometry and physics of box picking, packing, or storing.

(042} Planning control may also be distributed across mdividual svstem components.
For example, global control system 150 may issug mstructions according to a global system
plan, and individeal system components may also operate according to separate local plans.
Additionally, different Iovels of detail may be included within a global plan, with other
aspects left for individual robotic devices to plan locally. For mstance, mobile robotic
devices may be assigned target destinations by a global planner but the full routes to reach
those target destinations may be planned or modified locally.

[6043] In additional examples, a central planning svstem mav be used in conjunction
with local vision on individaal robotic devices to coordinate fanctions of robots within
robotic fleet 100, For instance, a central planning systen: may be used to gt robots relatively
close to where they need to go. However, it may be difficult for the central planning system
to command robots with mullimeter precision, unless the robots are bolted to rails or other
measured components are used to precisely control robot positions.  Local vision and
planning for mdividual robotic devices may therefore be used to allow for elasticity between
different robotic devices. A general planner may be used to get a robot close to a target
location, at which point local vision of the robot may take over. In some examples, most

12
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robotic functions may be position-controlled to get the robots relatively close to target
locations, and then vision and handshakes may be used when needed for local control.

[0044] In further examples, visual handshakes may cnable two robots to identify one
another by AR tag or other characteristics, and to perform collaborative operations within
fleet 100, In additional examples, items {¢.g., packages to be shipped) may be provided with
visual tags as well or instead, which may be used by robotic devices to perform operations on
the iterns using local vision control. In paricular, the tags mav be used to facilitate
manipulation of the items by the robotic devices. For mstance, one or more tags on particalar
locations on a patlet may be used to inform a fork lift where or how to Eft up the pallet.

{0045] In additional examples, deployment and/or planning strategies for fixed and/or
mobile components may be optinized over time. For instance, a cloud-based server svstem
may incorporate data and information from individual robots within the fleet and/or from
external sources. Strategies may then be refined over time to enable the fleet to use loss
space, less time, less power, less electricity, or to optimize across other variables. In some
examples, optimizations may span across multiple warchouses, possibly mcluding other
warchouscs with robotic flects and/or traditional warchouses. For mnstance, global control
systermn 150 may incorporate information about delivery vehicles and transit times between
facilities into central planming,

03046} In some examples, a central planming system may sometimes fal, such as
when a robot gets stuck or when packages get dropped in a location and lost. Local robot
vision may also therefore provide robustness by inserting redundancy to handle cases where
the central planner fails. For instance, as an automatic pallet jack passes and identifies an
obiect, the pallet jack may send mformation up to a remote, cloud-based server system. Such
mformation may be used to fix errors in central planming, help to localize robotic devices, or
to wdentify lost objects.

6047} In further examples, a central planning svstem may dynamically update a map
of the physical environment containing robotic flect 100 and objects undergoing processing
by the robotic devices. In some examples, the map may be continuously updated with
mformation about dynamic objects {(¢.g., moving robois and packages moved by robots). In
additional examples, a dynamic map could contain information on both the current
configuration or placement of components within a warchouse {or across multiple
warchouses) as well ag information about what is anticipated in the near term. For instance,
the map could show current locations of moving robots and anticipated locations of the robots
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i the future, which may be used to coordinate activity between robots. The map could alse
show current locations of items undergoing processing as well as anticipated future locations
of the items {¢.g., where an ifem is now and when the item is anticipated to be shipped out).
(048] In additional examples, some or all of the robots may scan for labels on
ohiccts at different points within the process. The scans may be used to look for visual tags
that may be applied to individual components or specific items to facilitate finding or keeping
track of components and ttems. This scanning may vield a trail of iteras constantly moving
around as the items are manipulated or transported by robots. A potential benefit 1s added
transparency, both on the supplier side and the consumer side. Oo the supplier side,
mformation about current locations of inventory may be used to avoid overstocking and/or to
move items or pallets of items to different locations or warchouses to anticipate demand. On
the consumer side, the information about current locations of particular items may be used 1o
determune when a particular package will be delivered with improved accuracy.
{0049] In some examples, some or all of the mobile components 110 within robotic
fleet 100 may penodically receive charged batteries from a battery exchange station 126
cquipped with multiple battery chargers. In particular, the station 126 may replace a mobile
robot’s old baticrics with recharged batteries, which mav prevent robots from having to sit
and wait for battenies to charge. The battery exchange station 126 may be equipped with a
robotic manipulator such as a robotic arm.  The robotic manipulator may remove batterics
from an mdividual mobile robot and attach the batteries to available battery chargers. The
robotic mamipulator may then move charged batteries located at the station 126 mto the
mobile robot to replace the removed batteres. For instance, an AGV 112 with a weak battery
may be controlled to move over to battery exchange station 126 where a robotic arm pulls a
battery out from the AGY 112, puts the battery in a charger, and gives the AGY 112 a fresh
battery.
6050} In further examples, battery exchanges may be scheduled by a central planning
system. For mmstance, individual mobile robots may be configured to monitor their battery
charge status. The robots may periodically send information to the central planning svstem
mdicating the status of their batteries. This mformation may then be used by the central
planning system to achedule battery replacements for individual robots within the flect when
needed or convenient.
{6051 In some examples, a fleet 100 mayv contain a number of different types of
mobile components 110 that use different tvpes of batteries. A battery exchange station 126
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may therefore be equipped with different tvpes of battery chargers for different types of
batteries and/or mobile robots. The battery exchange station 126 may also be equipped with
a robotic mamipulator that can replace batteries for differcnt types of robots. In some
examples, mobile robots may have battery containers containing multiple battenies. For
mstance, an autonomous fork track 114 such as a pallet jack may have a steel bucket with 3
or 4 batteries. The robotic arm at the station 126 may be configured to hft out the entire
bucket of batteries and attach individual batierics to baticry chargers on a shelf at the station
126. The robotic arm may then find charged battenies to replace the old batteries, and move
those battenies back 1nto the bucket before remserting the bucket into the pallet jack.

{0052] In further examples, global control system 150 and/or a separate control
system of the battery exchange station 126 may also automate batterv management strafegies.
For instance, each battery may have a barcode or other identifving mark so that the system
can identify individual batterics. A control system of the battery exchange station 126 may
count how many times mdividual batteries have been recharged {e.g., to determine when to
change water or empty batieries completelv). The control system may also keep track of
which batterics have spent time in which robotic devices, how long the batteries took to
recharge at the station 126 in the past, and other relevant propertics for efficient battery
management. This battery usage information may be used by the control svstem to select
battenes for the robotic manipulator to give to particular mobile robots.

[6053] In additional examples, a battery exchange station 126 may also mvolve a
human operator in some cases. For instance, the station 126 could include a rig where people
can safely perform manual battery changing or deliver new batterics to the station for
deployment into the fleet 100 when necessary.

{0654} Figurgs 2A-2D illustrate several examples of robotic devices that may be
meluded within a robotic warchouse fleet. Other robotic devices which vary in form from
those illustrated here as well as other types of robotic devices may also be inchuded.

6055] Figure 2A illustrates a robotic truck unloader, according to an example
mmplementation.  fn some examples, a robotic truck unloader may include onc or more
sensors, one or more computers, and one or more robotic arms. The sensors may scan an
environment containing ong or more objects in order to capture visuval data and/or three-
dimensional (3D} depth information. Data from the scans may then be infegrated mto a
representation of larger areas in order to provide digital environment reconstruction. In
additional examples, the reconstructed environment may then be used for identifyving objects
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to pick op, detenmining pick positions for objects, and/or planning collision-free trajectories
for the one or more robotic arms and/or a mobile base.
{0056} The robotic truck unloader 200 may include a robotic arm 202 with a gripping
coraponent 204 for gripping objects within the environment. The robotic arm 202 may use
the gripping component 204 to pick up and place boxes to load or unload trucks or other
containers. The truck unloader 200 may also include a moveable cart 212 with wheels 214
for locomotion. The wheels 214 are shown to be mecanum wheels, although other types of
wheels are possible as well.  Additionally, a wrap arcund front conveyor belt 210 may be
mehuded on the holonomic cart 212, In some examples, the wrap around front conveyer belt
may allow the truck loader 200 to unload or load hoxes from or fo a truck container or pallct
without having to rotate gripper 204,
[B057] In further cxamples, a sensing system of robotic truck unloader 200 may use
one or more sensors attached to a robotic arm 202, such as sensor 206 and sensor 208, which
may be two-dunensional (213} sensors and/or 3D depth sensors that sense mformation about
the environment as the robotic arm 202 moves.  The sensing systers may determime
mformation about the environment that can be used by a control system {(¢.g., a computer
running motion planning software) to pick and move boxes efficiently. The control system
could be located on the device or could be i remote commumication with the device. In
further examples, scans from one or more 2D or 3D sensors with fixed mounts on a mobile
base. such as a front navigation sensor 216 and a rear navigation sensor 218, and one or more
sensors mounted on a robotic arm, such as sensor 206 and sensor 208, may be integrated o
bwld up a digital model of the environment, including the sides, floor, ceiling, and/or front
wall of a truck or other container. Using this information, the control system may cause the
mobile base to navigate nto a position for unloading or loading.
[058] In further examples, the robouc arm 202 may be equipped with a gripper 204,
such as a digital suction grid gripper. In sach implementations, the gripper may include one
or more suction valves that can be turned on or off either by remote sensing. or single point
distance measurement and/or by detecting whether suction is achieved. In additional
examples, the digital suction gnd gripper may include an articulated extension. In some
implementations, the potential to actuate suction grippers with rheological fluids or powders
may enable extra gripping on objects with high curvatures.
[B059] The truck unloader 200 may additionally include a motor, which may be an
glectric motor powered by electrical power, or may be powered by a number of different
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energy sources, such as a gas-based fuel or solar power. Additionally, the motor may be
configured 1o receive power from a power supply. The power sapply may provide power to
various components of the robotic system and could represent, for example, a rechargeable
hithium-ion or lead-acid batteryv. In an example mplementation, one or more banks of such
battenies could be configured to provide elecirical power. Other power supply materials and
types are also possible.
{6660} Figure 2B illustrates a robotic arm on a pedestal, according to an example
mnplementation.  More specifically, pedestal robot 220 may be positioned within an
environment such as a warchouse environment and used to pick up, move, and/or otherwise
manipulate objects within rcach. In some examples, the pedestal robot 220 may be
specialized for heavy lifting without requiring batteries to operate. The pedestal robot 220
may include a robotic arm 222 with an end-effector-mounted gripper 224, which may be of
the same type as the robotic manipulator 202 and gripper 204 described with respect to the
robotic truck unloader 200.  The robotic arm 222 may be mounded on a pedestal 226, which
may allow the robotic arm 222 to easily pick up and move nearby packages, such as to
distribute packages between different mobile robots. In some examples, the robotic arm 222
mayv also be operable to construct and/or deconstruct pallets of boxes. In additional
examples, the pedestal 226 may mclude an actuator to allow a control system to change the
height of the robotic arm 222.
{6061} In further examples, a botiom surface of the pedestal robot 220 may be a
pallct-shaped structurc.  For instance, the bottom surface mayv have dimension and shape
roughly equivalent to other pallets used for object transport or storage within a warchouse.
By shaping the bottom of the pedestal robot 220 as a pallet, the pedestal robot 220 may be
picked up and moved to different locations within a warchouse environment by a pallet jack
or different type of antonomous fork truck. For instance, when a delivery truck ammives at a
particudar docking port of the warchouse, a pedestal robot 220 may be picked up and moved
to a location closer to the delivery truck to more efficiently process boxes coming from or
going to the delivery truck.
10062} In additional examples, the pedestal robot 220 may also mclude one or more
visual sensors to wdentify boxes and/or other robotic devices within the vicinity of the
pedestal robot 220, For instance, a control system of the pedestal robot 220 or a global
control systerm may use sensor data from sensors on the pedestal robot 220 to identify boxes
for the robotic arm 222 and gripper 224 of the pedestal robot 220 to pick up or mampulate.
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In further examples, the sensor data may also be used to identify mobile robotic devices n
order to determine where to distribute individual boxes.  Other types of robotic fixed
manipulation stations may also be used within a heterogencous robotic flect as well.

(3063} Figure 2C shows an autonomous guided vehicle (AGVY), according o an
example implementation. More specifically, AGY 240 may be a relatively small, mobile
robotic device that is capable of trangporting individual boxes or cases. The AGY 240 may
mclude wheels 242 to allow for locomotion within a warchouse environment. Additionally, a
top surface 244 of the AGY 240 may be used to places boxes or other obiects for transport.
In some examples, the top surface 244 may inclode rotating conveyors to move objects to or
from the AGV 240. In additional examples, the AGV 240 may be powered by onc or more
batteries that can be quickly recharged at a battery charging station and/or exchanged for
fresh batteries at a battery exchange station.  In further examples, the AGVY 240 may
additionally mclude other components not specifically wdentified here, such as sensors for
navigation. AGVYs with different shapes and sizes also may be mcluded within a robotic
warchouse fleet, possibly depending on the types of packages handled by a warchouse.

0064} Figure 2D shows an austonomous fork truck, according to an example
implementation. More specifically, antonomous fork truck 260 may include a forklift 262 for
Lifting and/or moving pallets of boxes or other larger materals. In some examples, the
forkhift 262 may be clevated to reach different racks of a storage rack or other fixed storage
structure within a warchouse. The autonomous fork truck 260 may additionally include
wheels 264 for locomotion to transport palicts within the warchouse. In additional examples,
the autonomous fork truck may include a motor and power supply as well as a sensing
system, such as those described with respect to robotic truck unloader 200. The autonomoas
fork truck 260 may also vary in size or shape from the one illustrated in Figure 20

HER Example Conficuration of a Robotic Device

[0065] Figure 3 next shows an example configuration of a robotic device 300
Robotic device 300 may be any device that has a computing ability and interacts with its
surroundings with an actuation capability and/or with ability to emit/gencraie physical
phenomena such as light and/or sound, among others. For exampie, the robotic device 300
may take the form of any one of the above-described devices, such as of a robotic truck
unloader 200, pedestal robot 220, an AGY 240, or an autonomous fork truck 260, In other
examples, the robotic device 300 could take the form of a humanoid robot, a robotic arm, a
guadruped robot, among others. Additionally, the robotic device 300 may also be referred to
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as g robotic system, a robotic manipulator, or a robot, among others.

[0066] The robotic device 300 is shown to include processor{s) 302, data storage 304,
progran instructions 306, coniroller 308, scnsor{s) 310 {c.g., a distance sensor 318), power
source(s) 312, actuator(s) 314, and movable component{s) 316 (e.g., a leveler 320}, Note that
the robotic device 300 is shown for illustration purposes only and robotic device 300 may
mclude additional components and/or have one or more components removed without
departing from the scope of the disclosure. Further, note that the various components of
robotic device 300 may be arranged and connected in any manner.

{6667} Processor(s) 302 may be a general-purpose processor or 3 special purpose
processor (.3, digital signal processors, apphcation specific integrated circuits, ¢ic.). The
processor{s) 302 can be configured to execute computer-readable program instructions 306
that are stored in the data storage 304 and are executable to provide the functionality of the

-
ol

robotic device 300 described herein.  For instance, the program instructions 306 may be
exccutable to provide fimctionality of controller 308, where the controller 308 may be
configured to instruct an actuator 314 to cause movement of one or more movable
compeonent(s} 316, among other operations.

{0068 The data storage 304 may include or take the form of onc or more computer-
readable storage media that can be read or accessed by processor(s) 302, The one or more
computer-readable  storage media can include volatile and/or nos-volatile storage
components, such as optical, magnetic, organic or other memory or disc storage, which can
be integrated in whole or in part with processor(s) 302 In some tmplementations, the data
storage 304 can be implemented using a single physical device (e.g., one optical, magnetic,
organic or other memory or disc storage unit), while in other implementations, the data
storage 304 can be implemented using two or more phvsical devices. Further, in addition to
the computer-readable program mstructions 306, the data storage 304 may mnclude additional
data such as diagnostic data, among other possibilitigs.

[(3069] The robotic device 300 may include one or more sensor{s) 310 such as force
sensors, proximity sensors, load scusors, position sensors, touch sensors, depth sensors,
ultrasonic range sensors, infrared sensors, Global Posttioning System (GPS) receivers, sonar,
optical sensors, biosensors, Radio Frequency identification (RFID) sensors, Near Field
Communication {(NFC) sensors, wireless sensors, compasses, smoke sensors, hght sensors,
radio sensors, microphones, speakers, radar, cameras {(¢.g., color cameras, gravscale cameras,
and/or infrared cameras), depth sensors {¢.g., Red Green Blue plus Depth (RGB-D), lasers, a
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hght detection and ranging (LIDAR) device, a structured-light scanner, and/or a time-of-
flight camera}, a storeo camgra, motion sensors {€.g., gyroscope, accelerometer, inertial
measurement unit (IMU}, and/or foot step or wheel odometry), and/or range sensors {(¢.g.,
ulirasonic and/or infrared), among others. The sensor(s} 310 may provide sensor data to the
processor(s) 302 to allow for appropriate interaction of the robotic device 300 with the
environment.  Additionally, the robotic device 300 may also include one or more power
source(s) 312 configured to supply power o varicus components of the robotic device 300,
Any type of power source may be used such as, for example, a gasoline engine or a battery,
{667¢] The robotic device 300 may alsc include one or more actuator(s) 314. An
actuator is a mechanism that may be used to introduce mechanical motion. 1o particular, an
actuator may be configured to convert stored energy mnfo movement of one or more
components. Various mechanisms may be used to power an actuator. For instance, actuators
may be powered by chemicals, compressed air, hvdraulics, or electricity, among cother
possibilities.  With this arrangement, actuator(s) 314 may cause movement of varnous
movable component(s} 316 of the robotic device 300, The moveable component(s) 316 may
mehude appendages such as robotic arms, legs, and/or hands, among cthers. The moveable
component(s) 316 may also include a movable base, wheels, and/or end effectors, among
others. Further, when a robotic device 300 includes at least one end effector, such an end
effector may be a tool and/or a gripper, among others.

[6671] In accordance with the present disclosure, the robotic device 300 may also
mclude at least one distance sensor 318 coupled to an adjustable leveler 320, In particular,
the distance sensor 318 may be used by the robotic device 300 to deternune presence of one
or more objects in the environment, to determine respective locations of oneg or more objects,
and/or to respectively identify one or more objects, among other possibilitics. In this way,
the distance sensor 318 may help the robotic device 300 navigate the environment, avoid
obstacles, and/or identify objects to be manipulated, among others.

[6672] Generally, the distance sensor 318 may be configured to detect radiation
reflected from at least one object in the environment. Also, the distance sensor 318 may be
contigured o generate a signal that corresponds to the detected radiation and thus provides to
the robotic device 300 data about the environment in which the robotic device 300 is
operating. In practice, that data may be m form of distance measurements each indicating a
distance between the distance sensor and at least one pont in the environment, among other
possibilities.
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8673} Moreover, the source of the detected reflected radiation may be emuissions
emitted by an emitter of the robotic device 300, In particular, the emitter may emit emissions
that arc reflected from objects in the environment and then detected by the distance sensor
318 so as to gain the data about the environment. Generally, the emissions may be
glectromagnetic radiation that falls within any feasible portion of the clectromagnetic
spectrum and thus the emissions may include {(without limitation): radic waves, microwaves,
mfrared radiation, and/or visible light, among others. Additionally or alternatively, the
cmissions may be acoustic emissions including acoustic waves that fall within any feasible
portion of the accustic frequency spectrum. Other types of enissions are possible as well.
{6074} In an cxample arrangement, the emitter may be incorporated as part of a
sensor system used for such detection, such as by being incorporated as part of the distance
sensor 318 self. With this arrangement, the distance sensor 318 could thus take the form of
a light detection and ranging {LIDAR) sensor, a time-of-flight (ToF} laser sensor, ultrasonic
sensor, stercoscopic sensor, visual depth-by-motion sensor, laser or LED iniangulation
sensing, among others. In other arrangements, however, the enutter may be physically
separate from the distance sensor 318, Other arrangements are possible as well.

[B075] In some cases, the distance sensor 318 mav be a two-dimensional (2D)
horizontal planar distance sensor. In particular, a 2D distance sensor may be configured to
emit emissions that substantially travel along a 2D plane in physical space. Also, the 2D
distance sensor would ideally be arranged on the robotic device 300 so as to emit such
emisstons that are substantially parallel to the ground surface on which the robotic device 300
is travelling . Moreover, the 2D distance sensor would ideally be arranged on the robotic
device 300 so as to receive reflected radiation along a substantially parallel plane relative to
the ground surface. In some situations, however, the robotic device 300 may encounier a
change in elevation while traveling on the ground surface {c.g., curvature of the ground
surface may change), which may result in the 2D distance sensor no longer emitting
emissions that are substantially paralie! to the ground surface and/or no longer receiving
reflected radiation along a substantially paraliel plane relative to the ground surface.

{8676} To help compensate for such change in elevation, the robotic device 300 may
be equipped with a leveler 320 configured to spatially reorient the distance sensor 318
relative to the ground surface on which the robotic device 300 1s traveling. More specifically,
the leveler 320 may be any mechanical feature that is directly or indirectly attached to a
portion of the robotic device 300 and 1s movable relative to that portion of the robotic device
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300. In practice, the leveler 320 may take on any feasible form, may be composed of any
feasible material, and may be of any feasible size and shape. For instance, the leveler 320
could take the form of a leveling plate, among other possibilitics. Moreover, the leveler 320
may be arranged 10 one of various ways so as to be configured spatially reorient the distance
sensor 318 relative to the ground surface.

[6677] In particelar, the leveler 320 may be coupled to a portion of the robotic device
300 in any feasible manner. For ecxample, leveler 320 may be coupled to a portion of the
robotic device 300 by way of a hinge or other mechamical bearing, thereby allowing a change
of angular position of the leveler 320 relative to that portion of the robotic device 300, In
ancther example, the leveler 320 may simply be a part of an actuator 314 and that part may
be directly connected to the distance sensor 318, In this way, the actuator 314 may be
configured to apply via the leveler 320 one or more forces that cause the distance sensor 318
to spatially recrient.

{0078] In vet another example implerentation, the leveler 320 may be a mechanical
feature that is not part of an actuator 314, which, in some situations, could help provide
flexibility with regards to arrangement of the various components of the mobile robotic
device, among other possible advantages. In particular, at least one actuator 314 of the
robotic device 300 may be configured to apply one or more forces to the leveler 320 that
cause the leveler 320 to move relative to a portion of the robotic device 308, For example,
the robotic device 300 may direct the actuator 314 to apply one or more forces that cause a
change of angular position of the leveler 320 relative to that portion of the robotic device 300.
Further, m some arrangements, the leveler 320 could also be arranged so that the robotic
device 300 couid additionally or alternatively change a lincar position of the leveler 320.
{8079} Regardless of the particular implementation, the robotic device 300 may also
melude at least one encoder (not shown) or the hike that the robotic device 300 may use to
determine position of the leveler 320. In particular, the encoder may be coupled to the leveler
320 {(which could be part of an actuator or coupled to an actuator) and/or to the actuator 314
configured to move the leveler, among other options. In cither case, the encoder may output
data representative of a current position of the leveler 320 and/or of a change 1n position of
the leveler 3200 Moreover, the encoder may be an angular encoder that outputs data
representative of an angular position and/or a change in angular position. Additionally or

afternatively, the encoder may be a linear encoder that outputs data representative of a linear
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position and/or a change m linear position. Nonetheless, the robotic device 300 may
determine position of the leveler 320 based on the data provided by the encoder.

{0080 Furthermore, the distance sensor 318 may be coupled to the feveler 320 in any
feasible manner. For example, the distance sensor 318 may be bolied onto the leveler 320,
glued onto the leveler, or connected via any other mechanical connection. In either case, the
distance sensor 318 may be arranged on the leveler 320 in any feasible manner. For instance,
the distance sensor 318 may be arranged in an upright position or could be arranged upside
down, among other possibilities.

{0081} Figures 4A to 4C illustrate the AGV 240 traveling on a ground surface 402
As shown, a feveling plate 404 1s connected to a portion of the AGY 240 via a connector
arrangement 406, Also, a distance sensor 408 is shown as connected to the teveling plate 404
in an upside down position. With this arrangement, the AGY 240 may be configured to cause
the distance sensor 408 to spatially reorient by moving the levehng plate 404,

{0082] In particular, Figurc 4A illustrates that the leveling plate 404 is at an angular
position o relative 1o a portion of the AGY 240 and thus that the distance sensor 408 is
spatially oriented to emit emissions 410A 1 a particudar divection relative to the AGY 240,
Further, Figure 4B illustrates that the leveling plate 404 is at an angular position f relative to
the portion of the AGV 240 and thus that the distance sensor 408 1s spatially oriented to emit
gmissions 410B in another direction relative to the AGV 240, Yet further, Figure 4C
tHustrates that the leveling plate 404 15 at an angular position v relative to the portion of the
AGY 240 and thus that the distance sensor 408 1s spatially onented to emit enussions 410C in
vet another direction relative to the AGY 240, As such, the AGY 240 may be configured to
move the leveling plate 404 between these various angular positions o, B, and v (and perhaps
afso other positions) so as to spatially reorient the distance sensor 408,

[{3083] Note that, although Figures 4A to 4C illustrate a leveler and a distance sensor
arranged on an AGVY i accordance with the present disclosure, a leveler and a distance
sensor could be arranged on any robotic device, such as any of those described herein. Other

tHustrations are possible as well.

V. Hlustrative Methods
0084} Figure 5 18 a flowchart illustrating a method 500, according to an example

implementation.  In particular, method 500 may be implemented to spatially reorient a
distance sensor of a robotic device.

[085] Method 500 shown in Figure 5 (and other processes and methods disclosed
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herein) presents a method that can be mmplemented within an arrangement nvolving, for
example, the robotic device 300 (or more particularly by one or more componenis or
subsystems thereof, such as by a processor and a non-transitory computer-readable medium
having nstructions that are executable to caunse the device to perform functions described
hereiny.  Additionally or alternatively, method 500 may be implemented within any other
arrangements and systems.

{6686} Method 500 and other processes and methods disclosed herein may include
one or more operations, functions, or actions as thustrated by one or more of blocks 502-310.
Although the blocks are illustrated in sequential order, these blocks may also be performed n
paralicl, and/or in a different order than those described herein. Also, the various blocks may
be combmed mnto fower blocks, divided mto additional blocks, and/or removed based upon
the destred mmplementation.

{6087] In addition, for the method 300 and other processes and methods disclosed
herein, the flowchart shows functionality and operation of one possible implementation of
present implementations. In this regard, each block may represent a module, a segment, or a
portion of program code, which includes one or more instructions executable by a processor
for implementing specific logical functions or steps in the process. The program code may be
stored on any type of computer readable medium, for example, such as a storage device
mclading a disk or hard drive. The computer readable medium may include non-transifory
computer readable medivm, for example, such as computer-readable media that stores data
for short pertods of time like register memaory, processor cache and Random Access Memory
{RAM}. The computer readabie medium may also include non-transitory media, such as
secondary or persisient fong term storage, like read only memory (ROM), optical or magnetic
disks, compact-disc read only memory (CD-ROM), for example. The computer readable
media may also be anv other volatile or non-volatile storage svstems. The computer readable
medium may be considered a computer readable storage medium, for example, or a tangible
storage device. o addition, for the method 500 and other processes and methods disclosed
herein, each block m Figure 5 may represent circuitry that is wired to perform the specific
logical functions in the process.

{0088} At block 502, method 500 involves determining, by a mobile robotic device, a
height map indicating surface elevation data for a ground surface on which the mobile robotic

device 18 travelling within an cnvironment (e.g., a warchouse), where the mobile robotic
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device comprises a distance sensor and a leveler configured to spatially reorient the distance
sensor relative to the ground surface.

[0089] In an example implementation, a height map may indicate various forms of
mformation about the ground surface. In particular, the height map may mclude elevation
data for gach of a plurality of points and/or argas on the ground surface. For example, the
height map may associate each point respectively with a particular elevation that is relative to
a fixed reference elovation {e.g.. mean sca level (MSL)). In practice, the mobile robotic
device may use the height map to determine curvature of a certain area of the ground surface
and/or a change in elevation between certain points of the ground surface, among other
possibilitics. Nonetheless, the mobile robotic device may detenmine the height map in
various ways.

3090} In one case, the mobile robotic device may receive the height map from a
control system, such as from the global control system 150 for instance, and may do so by
requesting the height map and/or by receiving the height map from time-to-time {e.g., when
the control system updates the height map}. In practice, the control sysiem at issue may be
configired with the height map via mamual engincering mput.  Additionally or alternatively,
the control svstem may be in communication with one or more sensors w the environment
and may thus receive, from such sensors, sensor data based on which the control svstem may
determine or otherwise gencrate the height map.

[6091] For example, the control system may receive distance measurements from
fixed distance sensors and/or those arranged on mobile robotic devices and, based on such
distance measurements, the control system may determine the height map. The control
system could do so m various ways. For instance, the control system may determing an
clevation of a distance sensor relative to the fixed refercnce elevation and may obtain from
that distance sensor a distance measurement of a certain point on the ground surface. Then,
based at least on the elevation of the distance sensor relative to the fixed reforence elevation
and on the distance measurement of the point, the control system may determing an elevation
of that point on the ground surface. In this way, the control system may determine elevation
of each of various points on the ground surface so as to generate the height map. Other
examples are possible as well.

{6692} In ancther case, the mobile robotic device may use the distance sensor
arranged on the mobile robotic device to receive distance measurements based on which the
mobile robotic device may then determine or otherwise gencrate the height map. In
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particolar, the mobile robotic device may receive, from the distance sensor, sensor data
mdicative of one or more distance measurcments cach indicating a respective distance
between the distance sensor and a respective point on the ground surface. Then, the mobile
robotic device may use such distance measurements to generate a height map and may do so
in one of various ways.

[6093] For example, the mobile robotic device may receive a first distance
measurcment for a first point on the ground surface and may associate that first point with the
first distance measurement. Morcover, the mobile robotic device may designate that first
point as a reference point corresponding to a reference clevation. Then, the mobile robotic
device may receive a second distance measurement for a second point on the ground surface
and may associate that second pomnt with the second distance measurement. In this example,
the mobile robotic device may determine a difference between these distance measurements.
And based on the determined difference, the mobile robotic device may deternung 3 spatial
position of the second point relative to a spatial position the first point (i, the reference
point}. Thus, given these spatial positions, the mobile robotic device may have mformation
imdicating elevation of the second pomt relative to reference elevation.  Various other
cxamples are possible as well without departing fromt the scope of the present disclosure.
(30694} Moreover, the mobile robotic device may carry out various movements so as
to obtain distance measurgments for various points on the ground surface (“sweeping the
ground surface™).  For example, the mobile robotic device may reccive distance
measurements while the mobile robaotic device travels on the ground surface. In doing so, the
mobile robotic device may receive distance measurements respectively for points within a
portion of the ground surface that corresponds to the direction of travel of the mobile robotic
device. In another example, the mobile robotic device may receive distance measurcments
while the mobile robotic device causes the leveler to move through one or more positions. In
practice, the mobile robotic device may obtain distance measurements while traveling vet
without concurrently causing the leveler to move, may obtain distance measurements while
causing the leveler to move vet not concurrently traveling, and/or may obtain distance
measurements while traveling and also concurrently causing the leveler to move, among
other possibilities. In this manner, the mobile robotic device may mdependently generate a
height map using distance measoremends obtained for a phuality of point throughout the

ground surface. Other examples are possible as well.
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8095} Yet further, the mobile robotic device could also use sensor scans obtained by
the distance sensor o assist with localization. For example, the mobile robotic device may
use the distance sensor to detect well-defined features 1n the environment, such as walls and
columns for instance. In doing so. the mobile robotic device may receive consistent distance
measurements because those measurements may be nearly perpendicular to the emission of
the distance sensor. And using such measurements, the mobile robotic device may accurately
deternune the mobile robotic device’s location within the environment. Thus, using the
combination of these localization technigues and the above-mentioned height measurements
{ic., distance measwements for various points on the ground surface), the mobile robotic
device may accurately determine the relative ground surface height at a particular determined
location and may do so for cach of various locations throughout the environment. Moreover,
the mobile robotic device may use such localization to avgment an existing height map (¢.g.,
obtamed from a control system).

{6096} Furthermore, 1n some arrangements, the mobile robotic device may determine
the height map based on distance measurements obtained by one or more distance sensors
other than the distance sensor arranged on the mobile robotic device itself. For example, the
maobile robotic device may receive distance measurcments from fixed distance sensors and/or
those arranged on one or more other mobile robotic devices and, based on such distance
measurements, the mobile robotic device at issue may determine the height map n
accordance with the techniques discussed herein. In practice, the mobile robotic device may
thus determine the height map based on one or both of the distance measurements obtained
from extemal sensors and/or those obtained from the distance sensor arranged on the mobile
robotic device.

{6697} In vet another case, the mobile robotic device may be configured with the
height map via manual cngincering input.  For example,

B

a user mayv manually generate a
height map via a computer modeling software or the like, and may then upload the generated
height map onic the mobile robotic device. Other cases and combinations of the descnbed
cases are possible as well,

[06%8] Figure 6 illustrates a visual representation of a height map 600, in accordance
with an example muplementation.  As shown, the map 600 includes various patterns each
representative of a certain range of elevations, with such representations being tlustrated by
the legend 602, For example, the legend 602 indicates that a horizontal striped pattern
represents a reference clevation and that a square pattern represents an clevation range
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between -0.8 meters and -0.5 meters. As such, when the mobile robotic device seeks to
determine an ¢levation for a particular location {¢.g., particelar point) on the ground surface,
the mobile robotic device may refer to the beight map 600 to determine the particular
elevation at that particular location.

[6099] Further, although Figure 6 illustrates a visual representation of a height map,
the mobile robotic device may have stored thercon or could otherwise have access to a height
map that could take on onc of various forms. For example, the height map could take the
form of mapping data the maps each of a plurality of points on the ground swrface with a
respective elevation.  Thus, the mobile robotic device may determine an elevation of a
particular point on the ground surface based on the mapping data. Also, the mobile robotic
device may determine curvature of a portion of the ground surface by determuning pomnts
located within that portion and then using the mapping data to determine a respective
elevation of each such point. Other iHlustrations and examples are also possible.

[60106] Referring back to Figure 3, at block 504, method 500 involves determining, by
the mobile robotic device, a current location of the mobile robotic device within the
environment relative to the height map.

{60101 In an example implementation, the mobile robotic device may use one of
various techniques to determine a current location of the mohile robotic device within the
environment, with that cuarrent location bemng specified relative to a reference coordinate
system, among other options. For exampie, the mobile robotic device may use a global
positioning systern (GPS) to determine the current location. In another example, the mobile
robotic device may use sensors to detect one or more markers {¢.g., reflective markers) within
the environment and may determine the current location relative to the detected markers.
Other examples are also possible.

{66102 Furthermore, the mobile robotic device may deternune the current location
relative to the height map. In particular, the mobile robotic device may determine at least one
point in the height map that corresponds to the current location of the mobile robotic device.
For example, the mobile robotic deviee may determine one or more points of the ground
surface that are undemeath the physical space which the mobile robotic device occupies at
the current location. In another example, the mobile robotic device may determine one or
more points within a portion of the ground surface that corresponds to the direction of travel
of the mobiie robotic device, which may essentially be a portion of the ground surface that 1s
“m front” of the mobile robotic device. In ecither example, the mobile robotic device may
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determine the corresponding point(s) within coordinates of the height map for instance. Other
examples are alsc possible.

{00103} At block 506, method 500 involves determining, by the mobile robotic device,
a current spatial onentation of the distance sensor relative to the ground surface, based on the
determined current location of the mobile robotic device within the environment relative to
the height map. Also, at block 508, method 500 nvolves determiming, by the mobile robotic
device, an adjusted position of the leveler to which the leveler 1s movable to cause the
distance sensor to spatially reorient from the current spatial orientation to a target spatial
orientation. Further, at block 510, method 500 involves causing, by the mobile robotic device,
the distance sensor 1o spatially reorient from the current spatial orientation to the target
spatial onentation by moving the leveler to the deterouned adjusted position.

60104 In practice, a spatial orientation may define how a physical entity 1s placed
within the physical space in which that entity is located. Also, a spatial onentation may be
mathematicallv represented relative to a frame of reference, such as a cartesian coordinate
system for instance. Moreover, a mathematical representation of a spatial orientation may
take on one of various forms, such as of Euler angles or of an orientation vector, among
others forms currently known or developed in the future. In this way, the mobile robotic
device could determine or otherwise have access to information representative of a spatial
orientation of a component of the mobile robotic device, such as of the distance sensor for
example. And generally, the spatial orientation of distance sensor relative to the ground
surface may depend on charactenstics of the ground surface.

[861645] In particular, if the elevation of the ground surface on which the mobile
robotic device travels remains constant and assuming that the distance sensor is in a fixed
position relative to the mobile robotic device, then the spatial orientation of the distance
sensor relative to the ground surface mav remain the same over time. However, if the
elevation of the ground surface on which the mobile robotic device travels changes and
assuming that the distance sensor is still 10 a fixed position relative to the mobile robotic
device, then the spatial orientation of the distance sensor relative to the ground surface may
change over time. In practice, this change n spatial orientation may result m the distance
sensor being oriented away from objects i the environment and/or being oriented towards
the ground surface, which could ultimately lead to false and/or missed detections.

{00106 Thus, the mobile robotic device may be configured to use the height map so as
to deternuine the current spatial orientation of the distance sensor relative to the ground
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surface on which the mobile robotic device is traveling. In particular, given that the height
map provides data about surface elevation and/or curvature of the ground surface, the mobile
robotic device may use the height map to determine one or more clevations of the ground
surface at the current location of the mobile robotic device, to determine a change n
glevation of the ground surface from a previous location of the mobile robotic device to the
current location of the mobife robotic device, to determine a curvature of the ground surface
at the current location of the mobile robotic device, and/or to determine a change i curvature
of the ground surface from a previous location of the mobile robotic device to the current
location of the mobile robotic device, among others. Then, the mobile robotic device may
use that mformation in one of various ways so as fo deternuine the current spatial orientation
of the distance sensor.

[60107] By way of example, the mobile robotic device may select at least one point on
the ground surface that corresponds fo the current location of the mobile robotic device, such
as a point within the portion of the ground surface that is “in front” of the mobile robotic
device for instance. Then, the mobile robotic device may use the height map as basis to
determine a current spatial orientation of the leveler relative to that select pomnt on the ground
surface. Moreover, given that the distance sensor is coupled to the leveler in a certain manner
{c.g., “upside down”}, the current spatial orientation of the distance sensor may correspond to
the current spatial orientation the leveler. As such, the mobile robotic device may determine
a current spatial orientation of the distance sensor that corresponds to the current spatial
orientation the leveler,

[86148] For stance, if the distance sensor is positioned at a ninety degree angle
relative to the leveler and the mobile robotic device determines that the leveler 15 at a
particular spatial orientation relative to the select point, then the mobile robotic device may
determine the spatial orientation of distance sensor by computationally applving a ninety
degree spatial translation to the determined particular spatial orientation of the leveler. In
ancther mstance, the mobile robotic device may have stored thercon or otherwise have access
to mapping data that map cach of various spatial orientations of the leveler with a
corresponding spatial orientation of the distance sensor. In this instance, once the mobile
robotic device determines the spatial orentation of the leveler, the mobile robotic device may
refer to the mapping data to determine the corresponding spatial onentation of the distance

sensor. (ther instances are possible as well.
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[66109] As noted, the mobile robotic device may use the height map as basis to
determine a current spatial orientation of the leveler relative to the select point on the ground
surface. In practice, the mobile robotic device may do so m one of various ways. In one
example approach, the mobile robotic device may determine a current position of leveler
relative to a portion of the mobile robotic device. Additionally, the mobile robotic device
may us¢ the height map and/or other wnformation {(e.g., from an inertial measurement unit
{(IMU})} as basis to determine a current spatial orientation of the mobile robotic device, such a
spatial orientation relative to the select point.

{06116 For instance, the mobile robotic device may imchude an IMU and may use data
from that IMU (among other data) so as to determine the current spatial orientation of the
mobile robotic device. In another instance, given accurately determined localization of the
mobile robotic device {e.g., three degree of freedom positioning and heading) as well as
mformation about mobile robotic device configuration {e.g., size, aumber of wheels,
suspension type), the mobile robotic device may determine a plane from the height map
where wheels of the mobile robotic device are 1n contact with the ground surface, and the
mobile robotic device may then determine or otherwise approximate the current spatial
orientation of the mobile robotic device that corresponds to the determined plane. In vet
another instance, the mobile robotic device may use any feasible combination of data from
the IMU and information from the height map so as to determine the current spatial
orientation. Other mstances are also possible.

{00111} Finally, based on the determined current position of leveler relative to a
portion of the mobile robotic device and on the determined current spatial onentation of the
mobile robotic device relative to the select point, the mobile robotic device may determine
the current spatial onentation of the leveler relative to the select point and thus wltimately the
corresponding current spatial onentation of the distance sensor.

[o0112] As an example mmplementation of this approach, the mobile robotic device
may determine {¢.g., using an encoder) that the current position of leveler is the above-
mentioned angular position o, Additionally, the mobile robotic device may determine that
the height map is indicative of a particular curvature of the ground surface at the current
location and thus that the mobile robotic device 1s at a particular angular orientation 5 relative
to the select point. Consequently, the mobile robotic device may offset the particular angular

orientation by the angular position ¢ s0 as to deternmine the current spatial onentation of the
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leveler relative to the sclect point and thus ultimately the corresponding current spatial
crientation of the distance sensor. Other examples and approaches also possible.
{00113 Once the mobile robotic device deternunes the current spatial orientation of
the distance sensor relative 1o the ground surface, the mobile robotic device may then use the
disclosed leveler arrangement to spatially reorient the distance sensor to a target spatial
orientation if necessary.
{00114 More specifically, the mobile robotic device may have stored thercon or may
otherwise have access to information that specifies at least one target spatial orientation of the
distance sensor, which could be specified as a target spatial orientation relative to the ground
surface, among other options.  In accordance with the present disclosure, the target spatial
orientation may be a spatial orientation at which the distance sensor is oriented to emit sensor
emissions that are substantially parallel to the ground surface and/or a spatial orientation at
which the distance sensor is oriented to receive reflected radiation along a substantially
parallel plane relative to the ground surtace. As such, the target spatial oriendation may be
ong at which the distance sensor would ideally avoid talse and/or missed detections of objects
in the environment. However, the present disclosure may also be carried out in the context of
other target spatial oricntations as well.
[6115] Generally, the mobile robotic device may encounter one of various tnggers
that may lead to the mobile robotic device responsively reorienting the distance sensor. For
mstance, after determining the current spatial orientation of the distance sensor relative to the
ground surface, the mobile robotic device may use the determined current location (and/or a
determuned direction of travel) of the mobile robotic device relative to the height map as basis
for determining whether or not the current spatial orientation of the distance sensor is
different from the target spatial orientation of the distance sensor. As such, if the mobile
robotic device determines that the current spatial onentation is different from the target
spatial orientation, then the mobile robotic device may responsively reorient the distance
sensor as further described herein. Whereas, if the mobie robotic device determines that the
current spatial oricntation is the target spatial orientation, then the mobile robotic device may
responsively not reorient the distance sensor.
[06116] In some cases, the mobile robotic device may reorient the distance sensor
based on whether the current spatial ovientation is different from the target spatial orientation
by at least a threshold amount, such as by at least a threshold angular positional difference for
mstance. As such, if the mobile robotic device determines that the current spatial onentation
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i3 different from the target spatial orientation by at least a threshold amount, then the mobile
robotic device may responsively reovient the distance sensor as further described hergin
Whereas, if the mobile robotic device determines that the current spatial orientation different
from the target spatial orientation by less than the threshold amount (or perhaps not different
at all}, then the mobile robotic device may responsively not reorient the distance sensor.
{0117} Bv way of example, the mobile robotic device may determine that the current
spatial orientation of the distance sensor is a spatial angular orientation & relative to the
ground surface (2.g., an angolar offset relative to a particular axis of a coordimate system) and
that the target spatial orientation of the disiance sensor is a spatial anguolar orientation o
relative to the ground surface {(¢.g., anocther angular offset relative to the particular axis of the
coordinate svstem). Then, the mobile robotic device may deternune a difference between the
spatial angular orientation % and the spatial angular orentation p. Finally, if the mobile
robotic device determines that the difference is higher than a threshold angular positional
difference {c.g., higher than a 10° difference), then the mobile robotic device may
responsively reorient the distance sensor as further described herein. Otherwise, the mobile
robotic device may not reorient the distance sensor. Other cxamples are also possible.
[00118] In accordance with the present disclosure, the mobile robotic device may
determine an adjusted position of the leveler to which the leveler 1s movable to cause the
distance sensor to spatially reorient from the current spatial orientation to the target spatial
orientation.  In particelar, if the mobile robotic device moves the leveler to the adjusted
position, then the distance sensor may correspondingly move along with the leveler and may
thus end up at the target spatial onentation. As such, the mobile robotic device may
determine the adpusted position of the leveler in various ways.

{06119} For mstance, the mobile robotic device may deternuine a particular change in
spatial orientation of the distance sensor that may cause the distance sensor to spatially
reorient  from the determined current spatial orientation to the target spatial origntation.
Then, the mobile robotic device may use the determined particular change as basis for
deternuning a particular adjustment to position of the leveler awav from the current position
of the leveler. Finally, the mobile robotic device may determine the adjusted position based
on that particular adjastment away from the current position. Moreover, in this regard, the
mobile robotic device may determine the particular change in spatial onentation based on that

change compensating for a deternined difference between the current spatial orientation of
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the distance sensor and the target spatial onentation of the distance sensor and/or based on
other factors.

{00126} For example, the mobile robotic device may determune a difference between
the current spatial angular orientation A of the distance sensor and the target spatial angular
orientation u of the distance sensor, which may be a difference of @ {e.g., @=h-u). In this
example, the mobile robotic device may determine that the particular change in spatial
orientation of the distance sensor is a spatial angular shift o (e.g., an angular shift © relative
to a particular axis of a coordinate system). Moreover, given this determined particular
change in spatial orientation, the mobile robotic device may thus determine that the leveler
should be adjusted by an angular displacement @. As such, assuming that the current angular
posttion of the leveler is the above-mentioned angular position g, the mobile robotic device
may apply the angular displacement ® to the angular position ¢ s0 as to determine the
adjusted position of the leveler, which may be the above-mentioned angular position B {e.g.,
P=a-w) for instance. In this manner, determining the adjusted position of the leveler may
cssentially mvolve determining an adjusted angular position of the leveler relative to a
particelar portion of the mobile robotic device. Other instances and examples are possible as
well.

{66121 Once the mobile robotic device determines the adjusted position of the leveler
to which the leveler 1s movable to cause the distance sensor to spatially reorient to the target
position, the mobike robotic device may then cause the distance sensor {6 reorient to the target
position by moving the leveler to the deternuned adjust position. To do so, the mobile
robotic device may direct at least one actuator to provide one or more particular forces to the
leveler that may cause the leveler to move to the adjusted position. In this way, the mobile
robotic device may use the disclosed leveler arrangement to reorient the distance sensor o the
target position and do so when encountering a change in elevation of the ground surface on
which the mobile robotie device is currently traveling.

[066122] In a further aspect, the mobile robotic device may use one or more of various
possible cost functions and/or techuiques so as to optimize the target spatial orientation of the
distance sensor.

[66123] For example, the mobile robotic device may evaluate the height map to
determine local maxima within a given range of a function {¢c.g., corresponding to a current
tocation}. Then, the mobile robotic device may use the determined local maxima as basis to
determine a target spatial orientation of the distance sensor at which the sensor may carry out
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detections that overcome the local maxima (Mlocking over the local maxima”™), which may
help avoid obstruction of the distance sensor’s field of view. Additionally or alternatively,
the mobile robotic device may evaluate the height map to determine local miima within a
given range of a function {¢.g., corresponding to a current location).  Then, the mobile
robotic device may use the determined local mimima as basis to determine a target spatial
orientation of the distance sensor at which the sensor may carry out detections that
correspond to the local mimima (Mlooking 1o the local minima™), which may help detect
obstacles at or near the local minima that the distance sensor may otherwise miss.

{86124} In another example, the mobile robotic device may determine unobstructed
points that the distance sensor already scanned {c.g., approximate visible range) and may then
use root mean square (RMS) or another plane-fitting regression technigue to best fit a plane
onto such points. Then, the mobile robotic device may deternuine a target spatial orentation
of the distance sensor that corresponds to that plane, which may help minimize occlusions to
the distance sensor.

[86125] In vyet another exampie, the mobile robotic device may incorporate
mformation about the mobile robotic device as part of the optimization. For instance, the
maobile robotic device mav use the mobile robotic device’s kinematic capabilitics and/or
trajectory to imtially optimuize the target spatial onientation for a local space where the mobile
robotic device may move. In particular, this optimization may be carried out such that the
“retarn region {arca where reflected ooussions are within a certain height) matiches a
polygon that is sized and shaped based on the mobile robotic device’s kinematic capabilitics
and trajectory. Then, the mobile robotic device may use other techmiques {(¢.g., above-
described local munima/maxima and/or plane fitting) to additionally optimize the target
spatial orientation for an arca beyond the return region.

061 26] In vet another example, the mobile robotic device may use information about a
planned trajectory of the mobile robotic device to filter the optimization criteria.  For
mstance, the mobile robotic device may determine a region substantially in the vicinity of the
planned trajectory, such as a region cncompassing the width of the mobile robotic device for
a certain distance {¢.g., two to three meters) out along the mobile robotic device’s planned
direction of travel. Then, the mohile robotic device may carry out the various optimization
techniques described herein {¢.g., plane-fitting) only for that determuned region. In this
manner, instead of optimizing for the entire ficld of view of the distance sensor {or perhaps
even for the entire height map), the mobhile robotic device may optimize the target spatial
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orientation of the distance sensor for a determined region of the height map that is relevant to
the device’s planned trajectory.
[0606127] In vyet another example, the mobile robotic device mav determine a target
spatial ornentation that would allow for maximizing use of the particular distance sensor’s
capabilitics. In particular, different distance sensor may have different respective ranges to
which distance measurement may be obtained. For instance, a certain distance sensor may
have a respective range of up to ten meters and another distance sensor may have a respective
range of up to four meters. In this regard, the mobie robotic device may use the range of the
distance sensor {and/or other specific sensor capabilities) as an additional constraint in the
optimization, so that the distance sensor can optimally obtain distance measurement up to that
range and/or carry out other optimal fumetions. In practice, assumung other constraints are
static, the determined target spatial orientation could thus vary across different distance
sensors depending on the respective range of the distance sensor.  Other examples are
possible as well.
[66128] In vet a further aspect, the mobile robotic device may be configured to plan a
spatial reorientation of the distance sensor in advance of arriving at a certain location. More
specifically, such advance planning may help the mobile robotic device ensure that the spatial
orientation of the distance sensor is changed in advance of or at least upon amrival at a certain
location, which may help avoid missed and/or false detection resulting from the distance
sensor not being at the target spatial orientation upon or mmmediately after arrival at that
certain location. In practice, the mobhile robotic device may carry out such advance planning
m one of various ways.
[66129] For instance, the mobile robotic device may determine an expected location of
the mobile robotic device at a futare time and may do so relative to the height map. By way
of example, the mobile robotic device may have a planned trajectory according to which the
mobile robotic device plans to move throughout the environment. In this example, the
mobile robotic device may refer to the planned trajectory to determine an expected location at
a certain future time. Also, the mobile robotic device may determine the expected location
relative to the height map using technigues described above, such as by determining at least
one point on the ground surface that corresponds to the expected location.
{06136 Further, once the mobile robotic device determunes the expected location, the
mobile robotic device may then use that cxpected location as basis for determining an
adjusted position of the leveler to which the feveler is movable to cause the distance sensor o
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spatially reorient to a target spatial orentation relative to the ground surface at the expected
location.  In this way, the mobile robotic device can use the above-described approach to
determine the adjusted position of the leveler that will allow the mobile robotic device to
reorient the distance sensor to the target spatial orientation at the future time. In practice,
such reorientation may be carried out in advance of arriving at the expected location or upon
arriving at the expected location, among other possibilities. For example, the mobile robotic
device may determine that the mobile robotic device arnived {(or is about to arrive) at the
expected location and may responsively cause the distance sensor to reorient to the target
spatial orientation by moving the leveler to the previously determined adjusted position
Other examples are also possible.

{66131 In vet a further aspect, the above description and figures describe
mmplementation of the present disclosure in the context of reonenting the distance sensor
about ong axis of control orientation {e.g., one degree of ficedom (DOF)). However, it
should be understood that the present disclosure may be carried out in the context of
reorienting the distance sensor about any feasible number of axes {(e.g., two or more DOFs).
For example, assuming that yaw is fixed, the mobile robotic device could reorient the
distance sensor along pitch and/or roll. Other examples are also possible.

V. Hlustrative Scenarios

[00132] Figures 7A to 7C as well as 8A to 8C respectively illustrate example scenarios
i which the mobile robotic device may carry cut spatial reorientation of the distance sensor
m accordance with the present disclosure.  Although two such scenarios are described,
various other scenarios are possible as well without departing from the scope of the present
disclosure.

{00133} In one example scenario, Figure 7A illustrates a current location 700 of the
AGY 240 relative 1o the height map 600. As shown, the AGY 240 1s at a location 700 where
glevation of the ground surface varies. Moreover, the AGY 240 s traveling in a direction of
mcreasing elevation, which may correspond to a change in curvature of the ground surface.
160134} Next, Figure 7B is an dlustration of the AGY 240 traveling on the ground
surface 402 at the current location 700, As shown, the leveling plate 404 15 at an angular
position o relative 1o a portion of the AGY 240 and thos that the distance sensor 408 is
spatially oriented to emit emissions in a particular direction relative to the AGY 240
However, given the current location 700, the angular position o of the leveling plate 404 may
cause the distance sensor 408 to be spatially orientated away from the above-described target
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spatial ortentation relative to the ground surface. Specifically, the current spatial orientation
of the distance sensor 408 may result in emissions being reflected from the ground surface
402, which could ultimately lead to false detection of an object.

[06135] Further, Figure 7C 1s an illustration of the AGYV 240 reonenting the distance
sensor 408 to the target spatial orientation. As shown, the AGY 240 moved the leveler 404 to
an adjusted angular position v. And in doing so, the AGV 240 reorients the distance sensor
408 to the target spatial orientation while traveling at the current location 700. In this
manner, the distance sensor 408 1s reoriented to a spatial orentation n which the distance
sensor ¢an enut sensor emissions that are substantially parallel to the ground surface and/or
receive reflected radiation along a substantially paralie] plane relative to the ground surface.
{60136} In another example scenario, Figure 8A illustrates a current location 800 of the
AGY 240 relative to the height map 600. As shown, the AGV 240 is at a location 800 where
clevation of the ground surface varics. Moreover, the AGV 240 is traveling 1o a direction of
decreasing clevation, which may comrespond to another change i curvature of the ground
surface.

[86137] Next, Figure 8B is an illustration of the AGVY 240 traveling on the ground
surface 402 at the current location 800, As shown, the leveling plate 404 is at an angular
posttion g relative to a portion of the AGV 240 and thus that the distance sensor 408 1s
spatially oriented to emit emissions m a particular direction relative to the AGY 240
However, given the current location 800, the angular position o of the leveling plate 404 may
cause the distance sensor 408 to be spatially orientated away from the above-described target
spatial ortentation relative to the ground surface. Specifically, the current spatial ortentation
of the distance sensor 408 may result in emissions being emitted significantly away from the
ground surface 402, which could ultimately lead to missed detection of an object, such as of
object 802 for mmstance.

[60138] Further, Figure 8C 15 an tHlustration of the AGY 240 reorienting the distance
sensor 408 to the target spatial orientation. As shown, the AGY 240 moved the leveler 404 to
an adjusted angular position B. And in doing so, the AGV 240 reorients the distance sensor
408 to the target spatial orientation while traveling at the current location 800. In this
manner, the distance sensor 408 1s reoriented to a spatial orentation n which the distance
sensor ¢an enut sensor emissions that are substantially parallel to the ground surface and/or
receive retlected radiation along a substantially parallel plane relative to the ground surface.
Thus, the AGV 240 could use the distance sensor 408 to detect the object 802,
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VI Conclusion

{86139 The present disclosure is not to be hmited in terms of the particular
implementations described in this application, which are mtended as illustrations of vanous
aspects. Many modifications and vanations can be made without departing from its spint and
scope, as will be apparent to those skilled in the art. Functionally equivalent methods and
apparatuses within the scope of the disclosure, in addition to those enumerated herein, will be
apparent to those skilled in the art from the foregoing descriptions. Such modifications and
variations are intended to fall within the scope of the appended clamms.

{06140 The above detailed description describes varous features and functions of the
disclosed systems, devices, and methods with reference to the accompanving figures. In the
figures, similar symbols typically identify similar components, unless context dictates
otherwise. The example implementations described herem and in the figures are not meant to
be limiting. Other implomentations can be utihized, and other changes can be made, without
departing from the spirit or scope of the subject matter presented herein. It will be readily
understood that the aspects of the present disclosure, as generally described herein, and
tHustrated in the figures, can be arranged, substitated, combined, separated, and designed n a
wide variety of different configurations, all of which are exphcitlv contemplated herein.
06141 The particular arrangements shown m the figures should not be viewed as
Iemiting. It should be understood that other implementations can mclude more or less of cach
slement shown i g given figure. Further, some of the illustrated elements can be combined
or omitied. Yet further, an example implementation can include elemenis that arc not
iHustrated in the figures.

[66142] While vanous aspects and implementations have been disclosed herein, other
aspects and implementations will be apparent to those skilled in the art. The various aspecis
and mplementations disclosed herein are tor purposes of illustration and are not miended to

be limiting, with the true scope being mdicated by the followmg claims.

[9%]
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CLAIMS
We Claim:
i A method comprising:
determining, by a mobile robotic device, a height map indicating surface elevation

data for a ground surface on which the mobile robotic device s travelling within an
environment, wherein the mobile robotic device comprises a distance sensor and a leveler
configured to spatially reorient the distance sensor relative to the ground surface;

determining, by the mobile robotic device, a current location of the mobile robotic
device within the environment relative to the beight map;

determining, by the mobile robotic device, a current spatial orientation of the distance
sensor relative to the ground surface, based on the determined current location of the mobile
robotic device within the environment relative to the height map;

determining, by the mobile robotic device, an adjusted position of the leveler to which
the leveler 1s movable to cause the distance sensor to spatially reorient from the current
spatial origntation to a target spatial origntation; and

causing. by the mobile robotic device, the distance sensor to spatially reorient from
the current spatial orientation to the target spatial orientation by moving the leveler to the

determined adjusted position.

Z. The method of claim 1, wherein determining the height map comprises
receiving the beight map from a control system that is n communication with at least one
other sensor located within the environment, and wheremn the height map is based on sensor

data collected by the at least one other sensor.

3. The method of ¢laim 1, wherein determining the height map comprises:

receiving, from the distance sensor, sensor data indicative of one or more distance
measurements cach providing a respective distance between the distance sensor and a
respective point on the ground surface; and

determining the height map based on the received sensor data.

4. The method of claim 3, wherein receiving the sensor data occurs while the
mobile robotic device travels on the ground surface within the environment,
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3. The method of claim 3, further comprising:

causing, by the mobile robotic device, the leveler to move through one or more
particular positions,

wherein recetving the sensor data occurs while the mobile robotic device causes the

leveler to move through the one or more particular positions.

6. The method of claim 5, wherein receiving the sensor data cccurs while the
mobile robotic device travels on the ground surface along a particular direction of travel,
wherein a particular portion of the ground surface corresponds to the particular divection of
travel, and wherein receiving the sensor data while the mobile robotic device causes the
leveler to move through the one or more particular positions comprises:

while the mobile robotic device causes the leveler to move through the one or more
particular positions, recetving sensor data mdicative of one or more distance measurements
sach providing a respective distance between the distance sensor and a respective point

within the particular portion of the ground surface.

7. The method of claim 1, further comprising:

after determuning the current spatial orientation of the distance sensor relative to the
ground surface, the mobile robotic device determining, based on the determined current
location of the mobile robotic device within the environment relative to the height map, that
the current spatial orientation of the distance sensor is different from the target spatial
orientation of the distance sensor, and

wherein determining the adjusted position of the feveler is responsive to determining
that the current spatial orientation of the distance sensor is different from the target spatial

orentation of the distance sensor.

g The method of claim 7, wherein determining that the current spatial
oricntation of the distance sensor is different from the target spatial orientation of the distance
sensor comprises determinimg the current spatial orientation of the distance sensor 1s different

from the target spatial orientation of the distance sensor by at least a threshold amount.
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9. The method of claim 1, wherein the target spatial orientation comprises a

target spatial oricatation of the distance sensor relative to the ground surface.

16, The method of clamm 1, wherein the leveler is a leveling plate on which the

distance sensor 18 arranged.

1. The method of claim 1, wheremn the distance sensor is contigured to emit
sensor emissions towards objects in the environment, and wherein the target spatial
oricrdation of the distance sensor is a spatial onentation at which the distance sensor is

oriented to emit sensor emussions that are substantially parallel to the ground surface.

12. The method of claim 1, wherein the distance sensor is configured to receive
radiation reflected from objects in the environment, and wherein the target spatial orientation
of the distance scusor is a spatial orientafion at which the distance sensor is oriented to

receive reflected radiation along a substantially parallel plane relative to the ground surface.

13. The method of claim 1, wherein determining, based on the determined current
location of the mobile robetic device within the environment relative to the height map, the
current spatial orientation of the distance sensor relative to the ground surface comprises:

selecting at least one pomnt on the ground surface based at least in part on the at least
one point corresponding to the determined carrent location of the mobile robotic device;

based on the height map, determining a current spatial orentation of the leveler
relative to the at least one point on the ground surface; and

determining the current spatial orientation of the distance sensor based on the current
spatial onentation corresponding to the determined current spatial orientation of the leveler

relative to the at least one point on the ground surface.

14. The method of claim 13, further comprising:

determining, by the mobile robotic device, a current position of the leveler relative to
a particular portion of the mobile robotic device, and

wherein determining, based on the height map, a current spatial orientation of the

leveler relative to the at least one point on the ground surface comprises:
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based on the height map, determining a current spatial orientation of the
mobile robotic device relative to the at least one point of the ground surface; and

based on (i) the determined current position of the leveler relative to a
particular portion of the mobile robotic device and (11) the determined current spatial
ortentation of the mobile robotic device relative to the least one point of the ground
sarface, determining the current spatial orientation of the leveler relative to the least

one pomt of the ground surtace.

i3, The method of claim 1, wherein determiming the adjusted position of the
leveler comprises:

determining a particular change in spatial orientation of the distance sensor that
causes the distance sensor to spatially reorient from the current spatial orientation to the
target spatial origntation;

based on the determined particular change in spatial orientation of the distance sensor,
deternuning a particular adjustment to position of the leveler away from a current position of
the leveler; and

based on the determined particolar adjustment, determining the adjusted position of

the leveler.

16.  The method of claim 1. whercin detcrmining the adjusted position of the
leveler comprises determiming an adjusted angular position of the leveler relative to a

particudar portion of the mobile robotic device.

17, The method of claim 1, wherein the mobile robotic device comprises an
actuator coupled to the leveler, and wherein causing the distance sensor o spatially reorient
from the current spatial onentation to the target spatial orientation by moving the leveler to
the determined adjusted position comprises:

directing the actuator to provide to the loveler at least one force that causes the feveler

to move to the adjusted position.

18. The method of claim 1, further comprising:
determining, by the mobile robotic device, an expected location of the mobile robotic

device at a future time within the environment relative to the height map;
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based on the determined expected location, determining, by the mobile robotic device,
a further adjusted position of the leveler to which the leveler is movable to cause the distance
sensor to spatially reorient to a further target spatial orientation at the future time; and

determining, by the mobile robotic device, that the mobile robotic device armved at
the expected location and responsively causing the distance sensor to reorignt to the further

target spatial orientation by moving the leveler to the determined further adjusted position.

19. A mobile robotic device comprising:
a distance sensor;
a leveler configured to spatially reorient the distance sensor relative to the ground
surface;
OB OF MOTES Processors;
a non-transitory compater readable medium; and
program instructions stored on the non-transitory computer readable medium and
executable by the one or more processors to:

determing a height map indicating surface elevation data for a ground surface
on which the mobile robotic device is travelling within an environment;

determing a current location of the mobie robotic device within the
environment relative to the height map;

determine a current spatial onentation of the distance sensor relative to the
ground surface, based on the determined current location of the mobile robotic device
within the environment relative to the height map;

determing an adjusted position of the leveler to which the leveler is movable to
cause the distance sensor to spatially reorient from the current spatial onentation to a
target spatial orientation; and

cause the distance sensor to spatially reorient from the cument spatial
origntation to the target spatial orientation by moving the leveler to the determined

adjusted position.
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20. A non-transitory computer readable medium having stored therein instructions
executable by one or more processors to cause a mobile robotic device to perform functions
corpnsing’

determining a height map mdicating surface elevation data for a ground surface on
which the mobile robotic device 18 travelling within an environment, wherein the mobile
robotic device comprises a distance sensor and a leveler configured to spatially reorient the
distance sensor relative to the ground surface;

determining a current location of the mobile robotic device within the environment
relative to the height map,

determining a current spatial orientation of the distance sensor relative to the ground
surface, based on the determmed current locanion of the mobile robotic device within the
environment relative to the height map:

determining an adjusted position of the leveler to which the leveler s movable to
cause the distance sensor to spatially reorient from the current spatial orientation to a target
spatial origntation; and

causing the distance sensor to spattally reorient from the current spatial orientation to

the target spatial orientation by moving the leveler to the determined adjusted position.
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