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METHOD AND SYSTEM FOR ENVIRONMENT MAP GENERATION AND ALIGNMENT

CROSS-REFERENCE TO RELATED APPLICATION
[B001] This application claims prority to U.S. Patent Application No. 15/494,341, filed
April 21, 2017, which is incorporated herein by reference in its entirety.
BACKGROUND
{0602} Commercial entities, such as manufacturers, wholesalers, and transport
businesses, often use warchouses to store ttems, such as raw materials, parts or components,
packing materials, and finished products. A warchouse can enable the organization of items
through use of pallets and pallet racks fo store numerous pallets holding vartous items m a
manner that permits for easier access and efficient processing. As such, a warchouse may use
various types of pallets, which are flat transport structures configured to hold wtems for
transportation by vehicles and other equipment operating in the warchouse.
{8603} Traditionally, human operators may operate machines, vehicles, and other
equipment within the warchouse. For instance, a buman operator may navigaie a forkhft to
Lift and transport pallets between a delivery area and storage. However, with continucus
advancements in sensors, compating power, and other technologics, companies are switching
to autonomous and semi-autonomous vehicles for performing operations within warehouses
rather than relving on human operators.
SUMMARY
[0604] Example implementations relate to methods and systems for map gencration
and alignment.  An exampic implementation may involve a computing system using
measurements of markers placed within an covironment from a sensor to build a map of the
marker positions. The computing systern may further use distance measurements to surfaces
in the environment to align the map of the markers with a design model of the environment.
{8003} In onc aspect, an example method s provided. The method mayv include
receiving, from a sensor, first sensor data mdicative of posifions of a plurality of markers
relative to the sensor within an environment, and determining a pose of the sensor within a
map of the plurality of markers based on the first sensor data.  The method may further
mclude receiving, from the sensor, second sensor data indicative ot distance from the sensor
to a surface within the environment, and determining an occupancy grid map representing the
surface within the environment based on the second sensor data and the determined pose of

the sensor. The method may also include determiming a transformation between the map of
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the plurality of markers and a design model of the environment that relates occupied cells in
the occupancy grid map to sampled points from the design model, and providing the
transformation between the map of the plurality of markers and the design model.

[(006] In another aspect, an example system 1s provided. The svstem may include a
sensor, a computing system, a non-fransitory computer readable medium, and program
mstructions stored on the non-transitory computer readable medium and executable by the
computing system to receive, from the sensor, first sensor data indicative of positions of a
plurality of markers relative to the sensor within an environment and determine a pose of the
sensor within a map of the plurality of markers based on the {first sensor data. The program
mstructions stored on the non-transitory computer readable medium may further cause the
computimg system o receive, from the sensor on the sensor, second sensor data mdicative of
distance from the sensor to a swrface within the environment, and determine an occapancy
grid map representing the surface within the environment based on the second sensor data
and the determined pose of the sensor. The program instructions stored on the non-transitory
computer readable medium may forther cause the computing system to determine a
transformation between the map of the plurality of markers and a design model of the
environment that relates occupied cells in the occupancy grid map to sampled poings from the
design model, and provide the transformation between the map of the plurality of markers
and the design model.

[6007] In a further aspect, a non-transitory computer readable medium is provided.
The non-transitory computer readable medium has stored thercin instructions exccutable by a
computing system to cause the computing system to perform operations. The operations may
melude recetving, from a sensor, first sensor data indicative of positions of a plurality of
markers relative to the sensor within an environment, and determining a pose of the sensor
within a map of the plurality of markers based on the first sensor data. The operations may
further include receiving, from the sensor, second sensor data indicative of distance from the
sensor to a surface within the environment, and determining an occupancy grid map
representing the surface within the environment based on the sccond sensor data and the
determined pose of the sensor. The operations may also include determining a transformation
between the map of the plurality of markers and a design model of the environment that
relates occupied cells in the occupancy grd map to sampled points from the design model,

and providing the transformation between the map of the plurality of markers and the design
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model.

{0008} In vet another aspect, a system 1s provided. The system may include means for
map generation and alignment. In particular, the systom may include means for receiving,
from a sensor, first sensor data indicative of positions of a plurality of markers relative to the
sensor within an environment, and means for determining a pose of the sensor within a map
of the plurality of markers based on the first sensor data. The system may further wclude
means tor receiving, from the scusor, second sensor data indicative of distance from the
sensor to a surface within the environment, and means for determuining an occupancy gnd
map representing the surface within the environment based on the second sensor data and the
determined pose of the sensor. The svstom may also include means for determining a
transformation between the map of the plurality of markers and a design model of the
environment that relates occupied cells in the occupancy gnd map to sampled points from the
design model, and means for providing the transformation between the map of the plurality of
markers and the design model.

10609} These as well as other aspects, advantages, and aliematives will become
apparent to those of ordimary skill in the art by reading the following detailed description,
with reference where appropriate to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

6010} Figure 1 18 a block diagram of a system, n accordance with an example
embodiment.
{6611} Figure 2 depicts a system for operating one or more warchouses,

accordance with an example embodiment,

[8012] Figure 3 tllustrates a system, in accordance with an example embodiment.
{6613} Figure 4 tustrates robotic device architecture for one or more robotic devices,

mn accordance with an example embodiment.
6014} Figure 5 tllustrates laser scanner architecture for one or more robotic devices,

i accordance with an example embodiment,

{00158} Figure 6 shows a device for pre-mapping a space, according to an cxample
embodiment.
8014} Figure 7 shows a robot navigating within an environment, according to an

example embodiment,

[0017] Figure 8§ shows a robot associating detections with mapped landmarks,
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according to an example embodiment.

{0018} Figure 9 is a functional block diagram illustrating modules of a robot control
system, according to an example embodiment.

[6019] Figure 10 15 a flowchart that shows an example method for map generation

and alignment.

{6020] Figure 11 dlustrates an occupancy grid map, in accordance with example
mmplementations.
{8021} Figure 12A illustrates a transformation determination between a map of

marker positions and a design model, in accordance with example embodiments.

[0022] Figure 128 illustrates an alignment between the map of marker positions and

the design model depicted in Figure 12A, in accordance with example embodiments.
DETAILED DESCRIPTION

[022] Example methods and sysiems are described herein. It should be understood

that the words “example,” “cxemplary,” and “illustrative” are used herein to mean “serving

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

being an “example,” being “exemplary,” or being “iHustrative” is not necessarnly to be

construed as preferred or advantageous over other implementations or features.

[023] The example implementations described herein are not meant to be hnuting, It

will be readily understood that aspects of the present disclosuwre, as generally described

herein, and illustrated in the figures, can be arranged, substituted, combined, separated, and

designed in a wide vanecty of different comfigurations, all of which are expliculy

contemplated herein.

L Overview

{0624} Advancements in computing and sensor capabilities have helped contribute to

an increase wn the deplovment of robotic devices (robots) to perform operations within

warchouses and other types of environments. Although some operations can be performed by

stationary robots, many tasks offen require a robot to successfully navigate between multiple

positions. Therefore, in order to complete tasks, a mobile robot mav reguire a substantial

understanding of the environment.

[8025] In practice, various methods may be used to develop mformation for a mobile

robot to use to navigate an cnvironment effectively. Particularly, a mobile robot may rely

upon one or more maps of the space that can enable its control system to determine proper
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navigation strategies around physical boundaries.

{8626} To develop a map of an environment, an cxample method may involve
manually surveving the environment to determine the positions of varous landmarks that a
robot may use dunng mnavigation. Landmarks represent detectable features in the
environment that can be vsed for position and onentation reference.  For example, a
warchouse may include retroreflective markers (markers) or other infrastructure positioned at
particular locations to help guide robots. Markers and other possible landmarks are useful
since they can be re-observed from different positions and different angles as a robot changes
position. For illustration purposes, markers will be used as the pnmary landmarks discussed
herein, but other types of landmarks are also possible within examples.

{60271 Although a manual survev of an environment may enable the creation of an
accarate map of the markers that a robot can use, this process is time consuming and can
delay the deplovment of robots. Further, the method may not produce a map of marker
positions aligned with a design model that specifies physical features of the space. The
method may also require subsequent tests to identify particular arcas that prove difficult to
navigate without adding more markers.

{0028] In order to speed up the mapping process and enable real-time user feedback, a
computimg system may perform a simultaneous localization and mapping (SLAM} process to
build a map of an unknown environment {¢.g., a warchouse) using measurements provided by
a sensor while the sensor provides measurements from different positions within the
covironment.  SLAM mayv involve marker detection, data association, posc estimation, and
pose/marker refinement, and can be performed in cither two-dimensions (2D} or three-
dimensions (3D} using a varicty of sensor data, such as laser scans of the environment.
While performing SLAM, the computing svstem may develop a map that specifies positions
of detected markers that can be used by robots and other vehicles {autonomous or manual)
deploved i the environment.

[(6029] In some example embodiments, the computing system may simultancously
perform SLAM while also determining a transformation that aligns a partially completed map
of marker positions with a design model of the environment, such as a computer-aided design
{CAD) model that specifies structure and locations of physical features (¢.g., walls, stairs,
charging stations, and parking spots). The transformation may align the map of markers with

the design model such that a robot control system may accurately use the position of markers
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and physical features together during navigation. The computing system may provide the
transformation, the design model, and the map of markers to control systems of rohots
deploved 1n the environment to cnable safc navigation. In some instances, a huran operator
may use the combined information when navigating a vehicle within the environment.

16030} In an example embodiment, a computing system may use distance
measurements from a sensor to align detected positions of markers with the walls and cther
mfrastructure in a CAD model of the environment. For instance, the computing system may
determine that a first marker is positioned nearby stairs and another marker is positioned on a
wall relative to a door based on distance measurements provided by the sensor.

[0031] In some examples, a computing system may gencrate an occupancy grid map
that includes a number of cells that represent corresponding areas in the environment based
on incoming sensor measurements of surrounding surfaces.  In particular, the computing
system may develop the occupancy gnd map with a coordinate frame that corresponds to the
point-of-view (POV} of the sensor. Each cell of the occupancy gnd map may have an
assigned state that indicates a status of the represented area.  For instance, a cell may include
an obstacle, free space, or unknown. Since the occupancy grid map may be developed using
sensor measurements from the POV of the senmsor, the occupancy grid map may be
determined using the same coordinate frame as the map of markers developed based on
sensor measurements. As a result, the computing system may align the map of markers with
a CAD model by minimizing errors between the occupaney grid map and the CAD model.
16032} To nunimize errors between a developed occupancy grid map and a CAD
model representative of the environment, a transformation that relates occupied cells n the
oceupancy grid map to sampled points from the design model may be used. For tnstance, the
transformation may involve a rotation and a translation of a horizontal plane that reduces
errors between cells or points of the occupancy grid map and sampled ponts from the design
model.  In some examples, a computing system may sample varions 2P rotation and
transiation values when determining the transformation.

{6633} In further examples, a computing system may stmultancously develop a map
of marker positions within the environment while also determining a transformation that
aligns the map of markers to a design model. For instance, the computing system may build a
transformation optimization mto a graph-based SLAM implementation that cnables a single

run through an environment to align a map of marker positions within the environment with

&

SUBSTITUTE SHEET (RULE 26)



WO 2018/194767 PCT/US2018/022385

the design model. In effect, a computing system may use the above process to enable robots
to leverage an existing CAD model of an environment after a single tteration of SLAM.
[B034] In some examples, a computing svstem may altcmate between performing
operations of SLAM {or a simular process) and updating a transformation that ahligns a
developed map of marker positions to a design model. For instance, a computing system may
determune a pose of a sensor relative to a map of detected markers and subsequently use
measurements of nearby surfaces in the environment to align the map of marker positions to a
CAD model. As a result, a robot as well as other vehicles may navigate the environment
using information indicative of both the positions of markers and physical features. For
cexample, a control system may use the positions of markers to determine a stratogv to
navigate around physical walls 1o a parking spot or storage rack as indicated in the design
model of the environment.

[0635] In some examples, a computing system may align a map of markers with a
CAD model by setting the coordinate frame of the map of markers m relation with the
coordinate frame of the CAD model. As such, the computing system may be configured to
automatically align new additions to the map of markers via transform to the walls, racking,
and other structures set forth in a CAD model. In addition, the computing system may use
additional sensor data to refine the pose of the sensor within the map of marker positions.
The computing system may also use the refined pose to adjust the transformation that aligns
the map of marker positions with the design model. For example, the computing system may
adjust the transformation by sampling a narrower range of candidate transformations that arc
based on the original transformation,

{6836} In some example embodiments, a compufing system may provide a
determined transformation to other systems {¢.g., control systems of robots deploved in the
environment). Control systems of robots may use the marker map, the transformation, and/or
the design model to navigate the environment. In some cases, the computing system may
provide control instructions based on the transformation and the design model of the

environment (e.g., CAD model) to the robot’s control system.

. System Design for Robotic Bevices
{8037} Figure 1 is a block diagram of system 100, in accordance with an example

embodiment. System 100 includes planning system 110 and robotic device 120. Planning
system 110 can mclude offboard planner 112 that can coordinate motions of one or more

-
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robotic devices operating in an environment. (ffboard planner 112 may melude roadmap
planner 114 such that offboard planner 112 and/or roadmap planner 114 may generate one or
maore asynchronous paths 116 for a robotic device (¢.g., robotic device 120) to follow in an
environment,

{6038} A roadmap graph, prototype graph, or other roadmap representative of an
environment, such as prototype graph 300 discussed below 1n the context of Figure 3, can be
received, detormined, or otherwise provided to plamming system 110, offboard planner 112
and/or roadmap planner 114, Asyachronous paths 116 can be one or more paths developed
based on one or more of the roadmap graph, prototype graph, or other roadmap. For example,
if the roadmap graph, prototvpe graph, or other roadmap has a plurality of edges that connect
a plurality of intersections, asvnchronous paths 116 can be specified m terms of the plurality
of edges and/or the plarality of intersections.

[6039] In some examples, robotic device 120 can be any one or more steered
vehicle(s) capable of following a path. For example, robotic device 120 can include onboard
software 130 and/or hardware 130, Onboard software 130 can mclude one or more of
localization subsystem 132, obstacle detection subsvstern 134, odometry subsystem 136,
path-following subsystern 138, and trajectorv-following subsystem 142, As such, onboard
software 130 may include additional software systemas i other examples.

3040} Localization subsystem 132 represents a system capable of localizing a robotic
device. In other words, localization subsystem 132 may enable location determination of the
robotic device with respect to an environment. For mstance, localization subsvstem 132 can
generate position estimates of the robotic device and/or other objects that can be used to
localize the robotic device and assist the robotic device in following a desired path {(e.g.,
asynchronous paths 116), and/or assist the robotic device in following a trajectory {(c.g.,
trajectories 140). Once the position estimates are generated, localization subsvstem 132 can
provide the position gstimates to path-following subsystem 138,

[6041] An agynchronous path, or path for short, can be a ime-invariant plan or other
mformation indicating how robotic device 120 may travel from a starting point (5P) to an
ending point {EP}; i.e., an (asynchronous) path does not take time mto account. In contrast, a
trajectory can include values of a steenng angle and of traction motor velocity that robotic
device 120 can follow for a planning time interval.

{0042} The planming time interval can be a duration of time during which a robotic

3
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device 1s guided, or planmed, to follow a path, route, and/or travel. In some embodiments, the
planning time interval can be a predeiermined amount of time; e.g., five seconds, one second,
0.2 scconds, 0.1 seconds. In particular, a predetermined planning time interval can be
determined based on a user input that specifies a value for the planning time interval. In other
embodiments, the planning time interval can be determined based on one or more other
values; e.g., a stitch time, a time associated with a uniform edge {or path) cost, an ¢stimated
time to travel along a trajectory. Uther techniques for determining the planning tune interval
and values for the planning time interval are possible as well.

[0043] Then, one or more trajectories can be used to describe how robotic device 120
can travel from starting point {5P) to an ending point (EP) n a time-variant manner. In some
embodiments, a trajectory can also provide mformation about values of other vanables than a
steering angle and a traction motor velocity over the planning time interval, such as, but not
fimited to, other kinematic variables {e.g., velocity and acceleration) of robotic device 120,
and actuator positions of robotic device 120.

{0044} As an example, a path to drive a car from a location “home” to a location
“work” may include an ordered listing of streets that a control entity, such as a person or
control device of an autonomous vehicle, can use to drive the car from home to work. In this
example, a trajectory from home to work can mvolve one or more mstructions specifving
velocity and/or acceleration that the control entity can use to drive the car from home to
work. In some examples, the trajectory can take traffic, obstacles, weather, and other time-
sensitive conditions into account; e.g., the ifrajectory to go from home to work can indicate
that the control entity “turn right for 10 seconds at 20 MPH or less”, “accelerate to 535 MPH
and drive straight for 3 sunutes”, “slow to 20 MPH within 30 seconds™, “turn left for 10
seconds at 20 MPH or less”, ctc. In some embodiments, the trajectory can be changed along
the way; e.g., to account for obstacles, changes n path, etc.

[3045] Obstacle detection subsystem 134 can deternine whether one or more
obstacles are blocking a path and/or a trajectory of robotic device 120, Examples of these
obstacles can include, but are not limited to, pallets, objects that may have fallen off a pallet,
robotic devices, and human operators working in the environment. If an obstacle is detected,
obstacle detection subsystem 134 can provide one or more communications indicating
obstacle detection to path-following subsystem 138, The one or more communications

mdicating obstacle detection can mclude location mformation about one or more positions of

g
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one or more obstacles detected by obstacle detection subsvstem 134 and/or identification
mformation about the one or more cbstacles detected by cbstacle detection subsystem 134
Odometry subsvstem 136 can use data, such as data from servo drives 152, to estimate one or
more changes in position of robotic device 120 over time.

03046} Path-following subsystem 138 and/or trajectory-following subsystem 142 can
act as a planner aboard robotic device 120, This onboard planner can follow one or more
paths, such as asynchronous paths 116, based on position cstimates provided by localization
subsysiem 132,

{0047} Path-following subsystem 138 can receive asynchronous paths 116, position
cstimate inputs from localization subsystern 132, location information about one or more
posttions of one or more obstacles from obstacle detection subsystem 134, and/or information
about ong or more changes in position from odometry subsystem 136, and generate one or
morg trajectories 140 as outputs.

[06048] Hardware 150 can include servo drives 152 and/or motors 154, Servo drives
152 can include one or more servomechanisms and related electrical equipment. In some
examples, servo drives 152 can include one or more electronic amplifiers used to power the
onc or more scrvomechanisms and/or to monitor feedback signals from  the
servomechanism{s). Servo drives 152 can receive control signals, such as trajectories 144,
from onbgoard software 130, and can provide electric current to the servomechamism(s} to
produce motion proportional o the control signals. In some embodiments, servo drives 152
can comapare status information received from the servomechanism(s) with an expected status
as commanded by trajectories 144. Then, servo drives 152 can adjust a voltage frequency or
pulse width of the provided electne current to correct for deviations between recetved status
mformation and an expected status. In other crabodiments, servo drives 152 can provide
mformation, such as the feedback signals and/or location-related mformation, to onboard
softwarg 130

[(3049] (ue or more motors 154 can be part or all of the servomechanism(s} of serve
drives 152. For cxample, motors 134 can use the electric current provided by servo drives
152 to generate mechanical force to drive part or all of robotic device 120; e.g., motors 154
can provide force to propel robotic device 120 and/or drive one or more effectors of robotic
device 120.

{0030 Path planning of robotic devices within an environment, such as an

10
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environment that includes indoor settings, such as a warchouse, office building, or home,
and/or outdoor settings, such as a park, parking lot, or vard, can be performed with respect to
a roadmap graph, which is a connected graph of paths that agents, such as robotic devices,
may follow. Using roadmap graphs to plan agent routing within the environment rather than
taking a free-space approach can reduce a total planning state space and so making large-
scale multi agent coordination tractable. Further, the vse of roadmap graphs can enable
operators to mtuitively control arcas in which robotic devices are allowed to navigate.

8051} Roadmap graph generation can first involve generation of a prototype graph,
which indicates the rough position of lanes and directions of travel In some examples, a
prototype graph can be a directed graph that indicates lanes and directions of travel of robotic
devices. In other exampies, a prototype graph can be generated manually based on a map or
drawing of the environment.

[6052] Figure 2 depicts system 200 for operating one or more warchouses, in
accordance with an example cmbodiment. System 200 includes warchouse management
system 210, planning syvstem 110, and robotic device 220. Warchouse management svstem
210 can recetve one or more logistics requests 212 associated with the warchouse; e.g,
requests to store one or more items in the warchouse and/or requests to ship one or more
tiems from the warchouse. Warchouse management system 210 can translate logistics
requests 212 nto one or more actions 214, where actions 214 can include, but are not himited
to, a “move-to” action t0 move one or more designated agents to one or more designated
locations, and a “transport” action to carry one or more Hems 1o one or more designated
locations. In some examples, actions 214 can include go-to commands of the form {agent 1D,
destination}, but other actions are possible such as “move pallet”. These are typically

decomposable into move-to commands, however (move to pick location, move to place

location).
[B033] Planning system 110 includes oftboard planner 112 and executor 220.

Offthoard planner 112 can receive actions 214 as inputs and generate one or more coordinated
paths 216 for one or more ageunts operating i a warchouse; e.g., multiple robotic devices, to
carry out actions 214, Coordinated paths 216 can be part of a coordinated action plan for all
agents in the warchouse to fulfill logistics requests 212, The coordinated action plan can take
precedence of agents into account; e.g.. if robotic devices RD1 and RD2 are both expected to

reach a point at approximately the same time, one of the robotic devices can have precedence
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or priority over the other, such as robotic device RD1 waiting for robotic device RD2 to pass
through the point {or vice versa). Hxecutor 220 can receive coordinated paths 216 and
generate non-conflicting sub-paths 222 to direct robotic device 120 in accomplishing #s part
of the coordinated action plan to carry out actions 214 to fulfill logistics requests 212,

j6054] Ag dlustrated above in Figure 2, planning system 110, which inclades
offboard planner 112 and executor 220, can communicate with robotic device 120, In some
embodiments, the robotic device can be a fork truck; for example, any Occupational Safety
and Health Administration (OSHA) Class 1 or Class 3 powered industrial truck. In other
cembodiments, planning system 110 can includes software that executes using one or more
networked computing devices located m the "cloud” {e.g.. one or more networked computing
devices) and/or located somewhere on a premises co-located with robotic device 120.

HEIRRY! Figure 3 illustrates a systern 300 that inclades logistics interface 310,
warchouse management system 210, and one or more robotic devices 120 connected using
network 318, i accordance with an cxaraple crabodiment. Logistics interface 310 can
provide mventory task instructions to warchouse management system 210 via network 318
regarding movement of objects, such as pallets, and/or robotic devices to warchouse
management system 210, An example mventory task can be to move pallet A containing
ttems of type B to location C.

[8056] Warchouse management system 210 can receive the inventory task
mstructions from logistics interface 310 and generate one or more task / mission instructions
{e.g., an instruction to robotic device A 1o move paliet B from location C to location D)
and/or plans for controlling robotic device(s) 120 to carry out the mventory task mstructions.
The task / mission imstructions and/or plans can include information about one or more paths
and/or one or more trajectories, where the task / mission instruction{s), plan{s}, path(s) and
trajectory/trajectories are generated by plannmg svstem 110 of warchouse management
ayastem 210 using the technigues discassed in the context of Figures 1 and 2.

[6057] For example, warchouse management system 210 can be a centralized control
service runming on and storing data using one or more computing deovices, e.g., server
computing devices. To perform these tasks, warchouse management systern 210 can include
WMS middleware and can provide a user interface to provide access (o tools for monitoring
and managing system 300. The WMS middleware and/or other components of warchouse

management system 210 can use one or more application programnung interfaces {APIs),
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such as protocol conversion APIs for conversion between task / mission mstructions (e.g., an
mstruction to robotic device A to move pallet B from location € to location D) to robutic
device paths, poses, and/or trajectorics; conversion between mventory tasks and task /
mission mstructions; and conversions between APIs.

[058] The uvser interface provided by warchouse management system 210 can
provide one or more user interface functions for system 300, mcluding, but not limited to:
monitoring of robotic device{s} 120, e.g, presenting data related to location, battery status,
state of charge, etc. of one or more robotic devices; enabling generation and sending of
mventory task instruction{s), task / mussion instroction{s}, plan{s), path{(s} and/or
trajectory/trajectorics to one or mote of robotic device(s) 120; and reviewing, updating,
deletion, and/or insertion of data related to one or more warchouse maps, pallets, networks,
and/or planning systems {e.g., planning system 110, warchouse management system 210,
and/or fogistics interface 310).

10059] In some cmbodiments, warchouse management svstem 210 can route
communications between logistics nterface 310 and robotic device(s) 120 and between two
or more of robotic device(s) 120 and manage one or more onboard systems, such as onboard
system 320 aboard one or more of robotic device(s) 120, In other embodiments, warchouse
management system 210 can store, generate, read, write, update, and/or delete data related to
system 300, such as, but not mited to: data regarding completion of a task / mission
mstruction by one or more of robotic device(s} 120; data regarding locations and/or poses of
some or all of robotic device(s) 120, including data indicating a location where a robotic
device was mtiabized / booted; data related to one or more audit trails for human actions,
meident analysis, and/or debugging: and data for state iracking. In other embodiments,
warchouse management system 210 can include a central message router/persistence manager
that communicates with robotic device(s} 120 and one or more adapters. Each of the one or
more adapters can provide access to data and/or commumications of system 300 available to
warchouse management system 210, and can include, but are not hmited, to: a user interface
service adapter for the above-mentioned user interface, a web content service adapter
enabling World Wide Web (WWW) / Intemet access to information about system 300, a
message proxy adapter and/or a WMS adapter to act as intermediarics between
communications between APIs and/or the WMS.

{0060} Figure 3 shows that cach of the one or more robotic devices 120 can include
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one or more of onboard system 320, network switch 330, vehicle controller 332,
programmable logic controller (PLCY 334, one or more device sensors 338, and ong or more
drives 340.

(061 Onboard svstem 320 can be a computation and sensor package for robotic
planning configured for installation into and use with robotic device 120, where onboard
system 320 can mmclude onboard sensors 322 and one or more planning/execution processors
324. Figure 3 also shows that onboard system 320 that is configured to use network switch
330 at least to commumnicate with planning system 110 (via network 318), with device sensors
338, and/or with one or more actuators of robotic device 120.

[0062] Onboard system 320 can be responstble for one or more of: localization of
robotic device 120, generation of local trajectonies to carry out plans and/or travel along paths
and/or trajectories provided by warchouse management system 210, gencration of commands
to drives 340 to follow one or more {local) trajectories, generation of commands to control
actuator{s) of robotic device 120, and reporting pose, status and/or other information to
warchouse management system 210,

8063} Onboard sensors 322 can include one or more navigation lasers, laser
scanners, cameras, and/or other sensors for navigating and/or controlling onboard system
320. For example, a robotic device of robotic device(s) 120 can include one or more laser
scanners, such as one or more laser scanners provided by SICK AG of Waldkirch, Germany,
HOKUYO AUTOMATIC CO. LTD of Osaka, Japan, and/or KEYENCE CORPORATION
of Osaka, Japan. The laser scanners can be used for obstacle detection and/or avoidance along
a direction of travel of the robotic device as well as along the sides, comners, and/or back of
the robotic device. The faser scanners can also be used {o localize the robotic device using
reflector-based localization. In some embodiments, cameras and/or other sensors can be used
for obstacle detection, obstacle avoidance, and/or localization mstead of or along with the
faser scanners.

[(064] Planning/execution processor(sy 324 can include onc or more computer
processors connected at least to onboard sensors 322, Planning/execution processor{s} 324
can read data from onboard sensors 322, sencrate local trajectories and/or commands to
drive(s} 340 to move robotic device 120, and communicate with warchouse management
systern 210, A local trajectory can be a trajectory where robotic device 120 starts at a starting

pose and reaches an ending pose at some time. In some examples, the starting pose can be
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mnplicitly specified; e.g., the starting pose can be a current pose of robotic device 126 and so
the local trajectory be based on an assumption that its starting pose is the current pose of
robotic device 120,

[(3065] Planning/execution processor(s) 324 can utilize a component tramework. The
component framework can be a multi-threaded job schedohng and message passing system
built on software libraries for input/output (/0) and signaling configured to provide a
consistent asynchronous model of robotic device 120, such as the “boost:asio” and
“boost:signals?” software lhibraries provided by boostorg of Onancock, Virginia. The
component framework can enable communication between software components (or
modules) so that the software components can be executed 1n parallel in a thread safe manner.
(066} The component framework can include one or more of a state machine
component, a localization component, a planning component, and a trajectory following
compeonent. The state machine component can manage a state of robotic device 120 for
vehicle initialization, vehicle commanding and fault handling. The state machine component
can use a determunistic finite automaton or other state machine to manage the state of the
robotic device.

{6067} The localization component can rcad data from vehicle sensors and integrate
prior state information of robotic device 120 to determine a pose of robotic device 120, The
vehicle sensor data may be mdicative of one or more landmarks/points of interest detected by
the vehicle sensors. Altematively, the data from the vehicle sensors may require processing
such that the localization component detects the one or more landmarks/poutts of interest
based on the vehlicle sensor data. The pose can be determuned relative to the one or more
detected landmarks/points of interest, such as pallets or other objects. The planning
component can receive one or more objectives from warchouse management system 210 and
determine a local trajectory for robotic device 120 to achieve those objectives. In some
embodiments, the local trajectory can be a short-term trajectory that robotic device 120 15 to
follow for a predetermined amount of time; e.g., 100 milliscconds, 200 milliseconds, 500
milliscconds, 1 second, 5 seconds. The trajectory following component can receive the local
trajectory generated by the planming component, and generate drive control mstructions to
travel along the local trgjectory. The drive control instructions that are then relayed to drives
340 that conirol a traction motor and other actuators for robotic device 120.

[0068] Network switch 330 can cnable communications for robotic device(s) 120
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These commummcations can wnchude, but are not hoted to, commumications between onboard

system 320 and the rest of robotic device 120; e.g, device sensors 338 and drives 340, and
cormmunications with warchouse management system 210 via network 318, For example,
network switch 330 can enable Transnussion Control Protocol/Internet Protocol (TCP/AP)-
based communications over Ethernet and/or other wireline communications interface(s) to a
wireline network and/or over Wi-Fi™ and/or other wireless communications interface(s) to a
wircless network, such as a PLANET Ethemet Switch by PLANET Technology Corporation
of New Taipet City, Taiwan.

[0069] In some embodiments, communications between robotic device(s) 120 and
planning svstem 110 can include remote procedure calls (RPCs}. The remote procedure calls
can aliow mvocation of software procedures, methods, and/or functions resident on one or
more of robotic device(s) 120 by software of planning system 110 and vice versa. The remote
procedure calls can be based on a communications protocol, such as TCP/IP, a HyperText
Transfer Protocol (HTTP) such as HTIP 1.0 andlor HTTP 20, and/or another
communications protocol. Some or all of the remote procedure calls can mclude encrypted
data; such data may be encrypted using the Sccure Sockets Layer {(88L), Transport Laver
Security {TLS), and/or one or more other encrvption algorithms and/or protocols. In
embodiments where encrypted data is used, one or more certification authorities, such as a
private certification avthority, can authenticate one or more certificates used in encrypting
and/or decrypting the encrypted data. A certificate authority can use an access control list
{ACL) to control access to the one or more certificates. The remote procedure calls canuse a
request/response  protocol and/or a bidirectional streaming protocol for RPCerelated
communications. In embodiments where the bidirectional streaming protocol is used for
RPC-related communications, a single long-lived RPC can be used to implement the
bidirectional streaming protocol.

{06070} Vehicle controller 332 and/or programmable logic controller 334 can provide
slectrical and sensor management functionality for robotic device{s) 120. The clectrical and
sensor management functionality can include, but is not limited to, functionality for electrical
Ioad control, lighting control, sensor control, sensor and/or switch signal processing, and
power management. Yehicle master 336 can provide functionality for controlling one or more
actuators, such as lift devices, of robotic device(s) 320.

[6071] Device sensor{s) 338 can nclude one or more sensors that can provide data
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related to controlling and/or operating robotic device(sy 120, The data can provide
mformation about an environment about robotic device(s) 120, such as but not limited to,
localization mformation, position estimates, and mapping data. For example, device sensor{(s)
338 can mnclude one or more lasers {e.g., two-dimensional (2D) lasers, safety lasers, laser

scanners), cameras (e.g., Time-of-Flight (ToF) cameras, Red-Green-Blue (RGB) cameras,

thermal cameras), electrical sensors, proximity sensors, navigational devices, and location

SCNSOTS.
[6672] Drive(s) 340 can include one or more drive controllers and/or actuators that

provide functionality for moving robotic device{s) 120. The drive controllers can direct the
drive actuators to control movement of robotic device(s) 120. The drive actuators can include
one or more traction motors, electric drives, hydraulic drves, and pneumatic drives.

[6673] Figure 4 illustrates robotic device architecture 400 of robotic device{s) 120,
accordance with an example embodiment. Robotic device architecture 400 of robotic
device(s) 120 can include software. The software can include software for localization 410,
software for a pallet pose estimator 412, software related to state machine 414, software for
planner follower 416, software for component framework 420 and sofiware for operating
systermn 430. The software can be executed by one or more hardware planning/cxecution
processors 324, Communications between robotic device(s) 120 and other devices can be
carried out using network gateway 440 and/or network switch 330, For example, network
gateway 440 can be used for wireless communications with and within a robotic device of
robotic device(s) 120 and network switch 330 can be used for wirchine communications with
and within a robotic device of robotic device{s) 120. Robotic device architecture 400 also
mehudes additional hardware such as device sensor(s) 338 and drive(s) 340 discussed above
i the context of Figure 3. In some embodiments, robotic device architecture 400 can include
one or more cameras, mcluding but not hinuted {o, ToF camera 450 and RGB camera 452,
where the one or more cameras can include ong or more still cameras and/or one or more
video cameras.

{6674} Figure 5 illustrates laser scanner architecture 500 for robotic device(s) 120, in
accordance with an cxample embodiment. In some embodiments, some or all of device
sensor(s} 338 can be lasers and laser scanners llustrated by laser scarmer architecture 500
[BG75] Laser scanner architecture 500 can mclude lasers 510, 512, 520, 522, laser

scanner 524, protocol converter 526, network switch 330, and onboard system 320, Lasers
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510, 512, 520, and 522 can be located at fixed positions of robotic device(s) 120; for
example, laser 510 can be located at the front of a robotic device, laser 512 can be located at
the rear of the robotic device, laser 520 can be located at a front left comer of the robaotic
device, and laser 522 can be located at a tront right comner of the robotic device. Lasers 510,
512, 520, 522, and/or laser scanner 324 can provide information to localize the robotic device
within an environment. In some embodiments, lasers 510, 512, 520, 322, and/or laser scanner
524 can cmott light that is reflected off of onc or more reflectors — the reflected light can be
detected by one or more laser sensors, and the robotic device can be localized within the
environment based on a duration of time taken to detect the reflected light. In particudar of
these embodimenis, some or all of lasers 310, 512, 520, 822, and/or laser scanner 524 can
melude one or more laser sensors for detecting reflected laser light. Then, some or all of
lasers 510, 512, 520, 522, and/or laser scanner 524 can generate data, mmchiding but not
limited to, data related to a laser {¢.g., maintenance data for the laser), data related to hight
emitted by the laser, and data related to onc or more durations of time taken to detect
reflected laser light by the laser sensor(s).

{6876} As illustrated in Figure 5, some lasers, such as lasers 520, 322, and laser
scanner 524 can be directly connected to network switch 330, while other lasers, such as
tasers 510, 512, can be connected to network switch 330 via protocol converter 526, Protocol
converter 526 can convert a communications protocol used by a laser, such ag laser 510
and/or 512, to a commumications protocol used by network switch 330; e g, convert from a
communications protocol based on R5-422 to a communications protocol based on Ethernet.
Then, lasers 510, 512, 320, 522, and laser scanner 5324 can send data to and receive
commands from onboard system 320 via network switch 330 and perhaps protocol converter
326,

{077} In some embodiments, robotic device(s) 120 can be subject to one or more
fatlure conditions. Examples of those faillure conditions and related recovery strategies are

described in Table 1 below.

Name Summary Recovery Strategy
Stale Localization Localization  system  is | Robotic device will halt and
unable to determine robotic | notify  human  operator. e
device pose and/or | operator  can  intervene by
localization certainty | manually driving robotic device
18

SUBSTITUTE SHEET (RULE 26)



WO 2018/194767

PCT/US2018/022385

estimate has excecded

bounds.

to a location for re-localization
and reengaging,

Tragectory Following

Trajectory  following  error
exceeds threshold.

Robotic device will halt and
aftempt to  restart  trajectory
followmg  automatically. I

system fails twice in a row then
human operator will be notified.
The operator can intervene by
manually driving robotic device
back onto roadmap.

No Safe Trajectory

Due to obstacle proximity,
the trajectory planner cannot
find a safe trajectory that
would keep the robotic
device a safe distance from
known obstacles.

Robotic device will halt and
notify  human operator. The
operator  can  imtervene by

manually driving robotic device
around obstacle.

Hardware Fault

Steermg/traction drive fault
or other low-level hardware
Vo

fault condition

Robotic device will halt and
notify  human  operator. <
operator  can  power-cvele  and
manually drive robotic device

back onto roadmap.

Pallet Detection Fathure

Robotic device expected to
discover  a
commanded

pallet  at
focation; no

pallet was found

Robotic device will send message
o a control service that mchades
sensor data relative to where the
pallet expected 1o be
discovered. The control service

was

will notify hwman operator and
optionally may send pallet pose
information manually,

Ballet
Fatlure

Pose  Estimation

Robotic device could not
determine pose of pallet
relative to robotic device at

high confidence.

Robotic device will send message
to a control service that includes
sensor data relative to where the
pallet was expected. The control
service  will  notify  human
operator and send pallet pose
information manually,

Table 1
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i, Example Pre-mapping an Environment
[8078] Figure 6 shows an example device for pre-mapping a space, according € an

example embodiment. More specifically, the device includes a sensor 602 configured to
collect sensor data representative of an environment i which one or more robots may later be
deploved. In some exampies, the sensor 602 may be a two-dimensional navigation laser
sensor capable of producing distance measurements to surfaces in the environment, as well as
locations of detected markers. In particular, the sensor 602 may project laser light beams 604
and measure reflected beams to measure distance. The sensor 602 may be mounted at a same
hewght as a sensor on a robot to be deployed within a space in order to replicate detection
capability of the robot. For instance, the sensor 602 may be positionad at a height to detect
retroreflective reflectors arranged in a horizontal plane within an environment. In other
examples, the sensor 602 may be a two-dimensional laser scanner that only produces distance
or contour measurements. In further examples, the sensor 602 may be another type of sensor,
such as a sterco camera.

{6679] The device additionally includes a computing unit 606 that processes the
sensor data from sensor 602, In particular, computing unit 606 may be configured to run any
of the types of mapping functionality described herein to generate maps of the space andfor
use generated maps. The device additionally includes a battery pack 608 for powering both
the sensor 602 and the computmg unit 606. The device further includes a mobile base 610
that allows the device to be ecasily moved through a space m advance of deploving one or
morg robots. For instance, the mobile base 610 may be a tripod on wheels as shown wnx Figure
6. Other tvpes of mobile bascs may be used, including power and/or unpowercd mobile
bases.

e Within examples, the appheation of astomated guided vehicles (AGVs) and
optimization of warchouses (with or without AGVs) may require accuratc geometric
mformation about the environment {¢.g., accurate maps). Accurate facility maps may lead to
wdentification of facilityAwvorkflow wefficiencies i both manual and automatic vehicle
environments {¢.g., racks too ¢lose together to allow two power industrial trucks to pass).
Facility layouts {¢.g., CAD models) are used to guide the building design and construction
process, and may not always updated to reflect the real world. Therefore, they often contain
maccuracies and may not be considered trustworthy (e g, a CAD may contain correct and
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accurate walls while racks and other infrastructure added later may be off by considerable
amounts, ¢.g., 30 centimeters). In some examples, a pre-mapping device such as shown in
Figure 6 may be used to help gencrate accurate facility maps that cnable optimized AGV
and/or manual fork truck deployments.

[B0&1] A pre-mapping system may be used for a number of different applications. In
some examples, a map of a warchouse {e.g., a geometne map containing walls and other
mfrastructure such as racks) may be generated and compared to an existing CAD model of
the space. This process may reveal that the CAD model does not properly reflect the real
world., Facility maps may then be updated to the correct layouts. In further examples,
warchouse mapping mav be used to deploy a robotic system in simulation to demonstrate
how the warehouse can be automated using robotic AGVs and/or optimized using manually-
driven powered industrial trucks.

[6082] In additional examples, a warchouse space may be pre-mapped 1o assist in
plamung a marker (reflector) setup (c.g.. locations to place reflectors in the environment)
based on the map. Such a process mayv be used to speed up the planming phase of an AGY
deployment.

[G083] In further examples, a warchouse map and reflector setup may be deternuned
carly in the AGV rollout process betore sending any vehicles to the location {or while the
vehicles are shipped to save time). Once vehicles arrive, they may upload the map(s) and
start deving or use the map(s) to tutialize and bootstrap subsequent mapping runs with
vehicles.

{0684} In some examples, accurate mapping can also be used to determine if a new
generation of manual trucks will be able to operate m an existing facility or if the facihity will
require modification. in additional examples, accurate maps may also allow for identification
of manual facility inefficiencies hike placement of racking, charging stations, or parking
stations relative to workflows and travel distances. This information may be used to provide
suggestions for more optimal facility layouts.

{0085] As mentioned, the computing unit 506 may be configured to mun various
mapping functionality based on sensor data collected by sensor 602, In some examples, the
mapping functionality may nclude a hierarchical pose graph SLAM and bundle adjustment
to build both a warebouse map and a reflector map. The functionality may produce both

maps by swiiching between contours/distance measurements and marker detections in order
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to map a warchouse with only a partial reflector setup or no reflector setap at all. The
mapping functionality may additionally include automatically aligning generated maps with
the CAD model of the warchouse. The mapping functionality may additionally include
bootstrapping the mapping process with a previously built map {¢.g., a new map may be
automatically aligned with both a CAD model and a previous map, with reflector positions
bootstrapped from the previous map).

[06686] An example process may include retrieving results of a mapping run using the
device illustrated i Figure 6, including storage, visualization, etc. The retneved results may
then be applied for various functions, including uploading to vehicles for navigation,
uploading to vechicles for new mapping runs (bootstrapped with results from the prior run),
mmporting the results mto a component that shows deployment of a system in simulation,
importing the results mto a component that compares a generated map with an existing CAD

model, and/or importing the results mto a component that assists with automated reflector

planning.
Iv. Example Localization of 2 Bobot in an Environment
{8087} Figure 7 shows a robot navigating within an environment, according to an

cxample embodiment. A location and orientation of robot 700 relative to the cnvironment
may be estimated, enabling the robot to navigate through the environment accordingly.
Particularly, the pose may mndicate the location and orientation of the robot within the
environment,

{0088] A computing system may determine the pose of robot 700 based on received
signajs 706 from one or more sensors 702, Signals 706 provided by sensor 702 may be
reflected by retroreflective markers placed in varous locations in a warchouse. For mstance,
the robot may use a hight ranging and detection (LIDAR) unit that emits light to an arca
surrounding the robot, and markers positioned in the arca surrounding the robot may reflect
the hight back for detection by a sensor of the robot.

{(6089] Reflected signals 706 received at sensor 702 may indicate locations of the
markers relative to the robot. A computing svstem may use these defermined locations of the
markers to develop a map of the markers. In some cases, the computing system may use
detected markers to supplement an already generated map of the marker positions. For
mstance, the computing svstem may modify the position of one or more markers in the map

USﬁHg new measurements.
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8094} A computing systerm may also determine the pose of the robot as the robot
navigates using the map of markers. The computing system may match detected markers
with markers in the map to deternune the robot’s posttion and orientation. The locations of
the markers n relation to obstacles 710 within the environment may be predeternuned. For
example, the locations of obstacles may also be mapped. The robot may make movements
708 to navigate within the environment while avoiding the sbstacles based on the estimated
posc and the predetermined locations of the obstacles.

{8091} Figure 8 shows a robot associating detections with mapped landmarks,
according to an cxample embodiment. Detected signals 806 from candidate landmarks 812
may be received by one or more sensors 802 of a robot R00. The signals may be indicative of
locations of the candidate landmarks in relation to the robot. The candidate landmarks may
be transformed to align with mapped landmarks 804, Associations 814 may be formed
between the candidate landmarks and the mapped landmarks that result in a minimal distance
between the transformed candidate landmarks and the mapped landmarks. For example, the
associations 814 may be formed using a least means squared method such as an ilerative
closest point (1P} method. The candidate landmarks may be translated and rotated based on
the associations 814 between the candidate landmarks and the mapped landmarks. The pose
of the robot may be inferred by sinilarly translating and rotating the robot.

6092} Figure 9 is a functional bock diagram illustrating modules of a robot control
system, according to an example embodiment. The robot control system may mclade one or
more sensors as part of an on-board sensing module 900. The sensors may provide data that
is indicative of wheel odometry 908 of the robot. The sensors may also include a navigation
scanner 910, The navigation scanner 910 may be configured to receive signals from
candidate landmarks in an environment of the robot.

093] A pose estimation module 902 of the robot control svstermn may indicate the
location and orientation of the robot with respect to mapped landmarks in the environment.
The pose estimation module 902 may include software that performs functions based on
mputs from the on-board sensing module 900, For example, cach time the navigation scammer
910 performs a scan, sensor data from the on-board sensing module may be processed by the
pose estimation module 902 to determine a current location and orientation of the robot in the
environment. The pose tracking/refinement block 912 and global localization block 914 of

the pose estimation module 902 represent processing steps, while the pose block 916,
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confidence/accuracy block 918, and initial pose estimate block 920 represent ouiputs of the
processing blocks 912 and 914,

{0094 The posc estimation module 902 may operate in two modes. In a furst mode,
the pose estimation module 902 may have an initial pose estimate 920 of the robot, and the
pose tracking/estimate block 912 may update the mmtial pose estimate 920. The pose
tracking/refinement 912 mav wtilize the wheel odometry 908 and data from the navigation
scanner 910 in conjunction with the mitial pose estimate 920 to identity the location of the
robot i relation to candidate landmarks. The pose tracking/refinement block 912 may
associate the candidate landmarks to particular mapped landmarks that are oear to the initial
posc estimate 920. The pose estimation module 902 may turther provide a pose cstimate 916
based on the association, and a confidence/accuracy 918 of the pose estimate. The
confidence/accuracy 218 may mdicate that the titial pose estimate 18 adequate, or that #t
requires further refinement. Also in the first mode, the pose 916 and confidence/accuracy
918 determuned by the pose tracking/refinement block 912 may be used m the post-
processing module 904 to determine a refined pose estimate of the robot. Meanwhile, the
global localization block 914 may be skipped. Further, the pose estimate 916 derived during
posc tracking/refinement 912 may be treated as the nitial pose estimate 920 of the robot for
use in subsequent pose estimations.

J3095] In a second mode, the pose estimation module 902 may have no initial
mdication of where the robot is within the environment. In other words, the initial pose
estimate 920 may not vet be determined. o the sccond mode, the pose estimation module
902 may utilize global localization 914 rather than pose tracking/refinement 912 to determine
the pose of the robot. The global localization block 914 may test associations between the
candidate landmarks and mapped landmarks across the entire environment of the robot. The
global localization block 914 may also output a pose cstimate 916 and confidence/accuracy
918, Also in the second mode, the pose 916 and confidence/accuracy 918 determined by the
global localization block 914 may be used in the post-processing module 904 to determine a
refined pose estimate of the robot.  Further, the pose estimate 916 denved during global
localization 914 may be treated as the mitial pose estimate 920 of the robot for use m
subsequent pose estimations.

{6696} A post-processing module 904 may be used to refine the pose estimation

derived from the pose tracking/refinement or global localization.  The post-processing
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module may perform fusion extrapolation 922 of the pose estimate and confidence/accuracy
of the localization module, and wheel odometry of the on-board sensing moduie. During
fusion extrapolation, the refined pose estimate may rely more on the estimated pose provided
by the localization module when there 1s a high confidence/accuracy. Conversely, the refined
pose estimate mayv rely more on the wheel odometry when there s a low
confidence/accuracy. Further, the post-processing module may provide a map update 924
based on the provided confidence/accuracy and refined pose estimate. For example, the map
update may update locations of the mapped landmarks based on the refined pose estimate. In
other examples, the map vpdate may update statistical information associated with the
mapped landmarks used to generate the refined pose estimation.

{6097} Each of the functions performed by the robot control system of Figure 9 may
be performed periodically. For example, navigation scammer 910 may perform scans at 8§ Hz,
while the wheel odometry 908 may vpdate at 100 Hz.  As another example, the processing
blocks 912 and 914 of the pose estimation module may receive data from the on-board
sensing module at 8 Hz, and may produce poses 916 and confidence/accuracies 918 at 8 Hz.

Different frequencics are possible as well.

Y. Example SLAM Implementations
{3098 A computing system may perform SLAM or similar processes to determine a

location of a robot while also detecting positions of markers within the environment. For
example, the computing system may detect markers based on the intensity of measurements
within laser scans and may match observed markers from different sets of measurements.

16099} Potential errors can arise when attempting to associate detected markers across
different scans, such as failures that result from a lack of enough detected markers or wrong
associations between detected markers. A computing system may gvercome these and other
potential errors using a nearest neighbor approach that may associate cach detected marker to
the closest marker that has been detected nultiple times. Particularly, the nearest neighbor
approach may involve determinming the nearest marker using a Euclidean distance or other
distance determinations {¢.g., Mahalanobis distance}. In some instances, the computing
system may also be configured to utilize a vahdation gate o determine when a marker has
previously been observed or when the marker should be added as a newly detected landmark.
The results of the data association between detected markers can enable the computing

system to estimate a current pose of the robot within the environment.
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{60100} The computing system may use control instructions from the robot’s control
system when gstimating its current pose. For instance, odometry data provided from sensors
positioned on wheels of the robot may be used to estimate changes in the current pose of the

robot. As an example,

B

a robot may have an initial 2D position {(x,v} with initial orientation 6.
After changing position by {(Ax, Ay) and changing orientation by {AB) as indicated by the
controls applied by the control system, the updated pose of the robot is {x + Ax, vy + Ay} with
updated orientation (8 + AB). The computing system may further refine the estunated pose
using the detected markers within incoming sensor scans.

{06101 The computing systern may also ostimate a current pose of a sensor {or the
robot} using detected markers and other measurements of the environment {c.g., contour
measurements representing distances to nearby surfaces). When the prior pose of the
sensor/robot 18 known, the computing system may use the recent pose estimation to predict
where markers should be located based on prior detection of markers. The computing system
may continue to monitor changes in the robot’s pose using subsequent measurcments.

[861682] In some instances, the computing system may modify the uncertamty
associated with cach observed marker to reflect recent changes based on new measurements,
and may also add newly detected markers to the map of markers m the environment. The
coraputing system may perform SLAM iteratively to continuously update the map of markers
in the space cnabling the robot to map the environment while also navigating safely.

[06103] In another cxample implementation, a computing system may perform a
modified SLAM process that uses one or more operations, such as initial pose monitoring,
local window optimization, global optimization, and complete bundle adjustment.  The
computing system can often refrain from subsequent operations after the initial pose
cstimation. In effect, the computing systern may determine whether or not to perform the
next, computationally more expensive operation during performance of the preceding
operation.

[0104] The computing system mav add an mitial scan of the environment to an
underlying pose graph that represents a serics of poses the robot. The initial scan may be
assigned as pose (0) to form the basis of a map’s coordimate frame. Thereafter, for every
subsequent scan of the environment, the computing system may refer to the prior node added
i the graph {¢.z., pose (0)) and update the current pose accordingly. In some instances, the

corputing system may update the pose using a registration process {¢.g., an lerative Closest
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Pommt (ICP) algorithm)) for marker-based localization and the Fuchdean pomnt-to-point
distance between pairs of matching marker detections and mapped landmarks as shown in the
transform of equation [1].

106105} ] T =argmin ¥ 3wy |lmy - TP

{68166} Equation {1} may be used to determine an orror for a simgle link m a pose
graph. In other words, a computing svstem may use equation {1} to determine if an error
exists between two different poses.  As such, a pose graph may include numerous links
producing the optimization problem for reducing error. Equation {1} may assume constant
weights of w;; = 1 for maiches. In some instances, however, the computing system may be
configured to apply non-constant weights to give a higher influence to markers detected
closer to the robot or to detected markers that have been deemed stable by the computing
system. FThe computing system may also factor detection rate of the markers and use a
different error function, such as covariance-to-covariance metrics as in a generalized
registration process {e.g., ICP). For every pair of matches between markers, the computing
system may optimize the whole pose graph (or a partial graph) to solve individual ICP
problems between two nodes simultancously.

[86147] In some cases, matching of laser scans and marker detections within the scans
may result in shight errors and maccuracies.  As such, local window optimization may
overcome unwanted cffects by refining the estimated pose via a pose graph optimization in a
tocal window. Particularly, the computing system may optimize the estimated pose while
keeping prior poses of neighboring nodes constant in the pose graph and hmiting the use of
older pose estimates that are outside the local window. For example, when scans only
produce a fow detected markers nearby the robot, the computing system may utilize local
window optimization to improve the posc estimate.

[06108] The computing system may add a new node to a pose graph when the robot
travels a distance or tumns an angle between scans of the environment that exceed a maximum
distance or a maximum twrp angle. Particularly, the computing svstem may add the current
scan to the underlving pose graph as the new reference scan that can be used for subsequent
pose determinations.

{00109] The computing system may further determine a local neighborhood of other
nodes in the pose graph and optimize the resulting sub-graph (i.e., the local neighbothood of
nodes) to refine the estimate of the robot’s current pose as well the other poses represented by
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the nodes 1n the local window. The computing system may keep nodes that connect the sub-
graph to the rest of the pose graph constant and optimize all other poses within the sub-graph
to refine the current posc while factoring new scans (i.¢., information that has not been
avatlable when inmitial computing the respective poses).

00116} The computing system may also perform loop detection and verification. For
mstance, if the local window countains graph nodes created during a previcus pass through
that area of the environment, the computing system may trigger a global optimization of the
pose graph using the prior scans of the area. Global optinmization may optimize all nodes m a
posc graph representing changes in the robot’s pose and enable building a map of marker
positions. The computing system may add an edge with both poses to the graph when a
marker is detected from two poses/modes. By changing the two poses, the computing system
may minimize the distances between the two points and obtain new robot poses. The
computing system may go through all nodes and exiract all marker detections in the world
frame {o obtain a map.

166111} During global optimization, the computing sysiem may match marker
detections {or match contour scans of the environment} thereby form blocks within a large
optimization problem that requires all poses in the graph to be optimized in order to minimize
the differences between all found matches of markers detected within different scans of the
environment., The computing system may match and optimize the pose graph in a repeated
process until the global svstem converges to produce accurate pose estimations of the robot.
[066112] To account for noise and obtain a more accurate map of marker positions, the
computing svstem may perform a final complete adjusiment to optimize both the path of the
robot and the map of marker positions. The computing system may optimize poses in the
graph together with respective scans to build a new map of markers and may further correct
measurement errors and other inaccuracies by refining the positions of mapped reflectors
during bundle adjustment. Particularly, in some instances, aggregated marker detections may
match very well 1o the pair-wise formulation of the global graph optimization, but may not
accurately represent the actual positions of markers in the environment. Therefore, the
computing system may use complete bundle adjustment to improve the accuracy of
mdividual marker positions 1 the map of marker positions.

{86113} Table 2 below illustrates the various steps and corresponding pose graphs of

the modified SLAM process.
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Pose Monitoring:

Optimizing the current pose {circle 5)
based on the last pose estimate (circle 4)
and both scans {squares 4, 3}

Pose Monitering Refinement:
Optimizing the current pose (crcle 5)
using a local window of poses {circles 2,
3, 4} and scans {squares 2, 3, 4, 5).

Local Window Optimization:

All poses {circles 3, 4, 5) in the local
window are optimized based on all scans
{squares 2, 3, 4, 5} in the window. The
first pose {circle 5} remains constant (and
all other poses directly connected to
poses outside the window) remain not
optimized to keep the integrity with the
overall SLAM graph.

Global Optimization:

All poses {circles 2, 3. 4, 5) are
optimized using all scans (squares 1, 2,
3,4,5). Only the first pose {circle D is
not optimized as the first pose {(circie 1)
defines the origm of the map coordinate
frame.

0,0,0,0,0

Complete Bundle Adjustment:
All poses {circles 2, 3, 4, 3) and mapped
markers (donuts 1, 2, 3, 4, 5) are globally
optimized. Only the first pose {circle 1}
1s not optimized.

TABLEZ2

[00114]

The computing svstem may continue to update the map of marker positions by

aggregating marker detections of aligned scans. For cach detected marker, the computing

system may check to see if the detected marker matches a marker already added to the map,
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which may involve using a nearest neighbor search with a maximum distance corresponding
to the expecied mter-marker distance {¢.g., 0.5 meter distance threshold) to identify matches
between markers detected within multiple scans of the environment. If the computing system
finds that a detected marker matches a marker positioned in the map, the computing system
may adjust the position of the marker within the map if needed. In some instances, the
computing systom may speed up the matching process using an approximate nearest neighbor
search in a kd-tree of the map of markers that can be rebuilt afier adding new markers or
rebuilding the map i general.

{00115} In some examples, a computing system may determine matches by going
through all points in a set and matching cach point with the closest point in another set of
points. In particular, closest points within distance thresholds may be considered matches. In
other examples, a computing system may use kd-trees or other search structures that may
enable searching for matches faster.

[06116] In order to identify marker detections that are likely false detections, the
computing svstem may monitor a local detection history to determine whether the marker 1s
stable. Stable markers are included in the final map of marker positions as cither new
markers or to correct previously added markers. The computing system may distinguish an
miermediate map representation that contains mformation about all markers detected within
scans of the environment from a final map of the marker positions that only contains stable
markers and no false detections hikely caused by highly reflective surfaces.

{66117} In an example embodiment, the computing system may monitor a local
detection history for each mapped marker to remove false detections. For instance, 1o a local
window of # scans, the computing system may add a negative (for every mapped marker} for
every scan added and a positive if the scan contained a marker detection matching the

mapped marker. An example of the local window of detection is shown below in table 3.

[XIx[x[x[x[x]o|x[x]x]o[x|x[o[X]x[X[X]o]o]

Local detection history:
- Square = a scan of the environment
- “X” = detected marker,

L

6” = no marker detected.
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- window size 20 with 15 detections = 758% detection rate

Table 3

{00118} As shown in table 3, the computing system may use a window size of 7 = 20
scans of the environment. Once the local window of a mapped marker shows a threshold
amount of positives (e.g., 75% positives of the total scans), the computing system may
consider the marker stable.  Ag such, the computing systern may continue to update stable
marker, which cannot thercafter become unstable unless manuvally removed or if considered
unstable during a complete rebuilt of the final map of markers. In the case the graph
considerably changes from adding new scans {c.g.. in the case of global optimization), the
computing system may rchuild the map of markers, which may ivolve using a higher
threshold for determining when a marker 1s stable {e.g., over 80% positives threshold of the
total scans}).

{06119} In some examples, the computing system may be configured to update the
posttion of markers within the map of markers. For instance, to update the position of a
mapped marker, the computing system may incrementally compute the mean p over all »

positions p; of matching marker detections as shown 1n equation {2].

e 1 g 1
{00126} 12 Hn = p i—l Pi = gyt . Fn — 1)
106121 As shown in equation 2], the computing svstem mayv weigh all marker

detections equally, but may use incremental weighted mean in some examples o give
markers detected closer to the sensor a higher weight than markers detected far away from
the robot since the noise in the measured positions likely increase with distance. The
corputing systern may also compute an incremental covariance for the aggregated posttion to
provide an additional way of discriminating false from true marker detections since a false
detection may likely show a larger vanance. Further, the computing system may also switch
from point-to-poutt crrors to covariance-based crror functions in pose monitoring and the cost

functions of the graph optimizations.

VL Example Systems and Methods
1066122} Figure 10 is a flowchart dustrating a method 1000, according to an example
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mnplementation. Particularly, method 1000 may be implemented to perform map generation
and alignment.

[00123] Method 10600 {and other processes and methods disclosed herein) presents a
method that can be implemented within an arrangement involving, for example, robotic
device(s) 120 {or more particularly by components or subsystems thereof, sach as by a
processor and a non-transitory computer-readable medium having instructions that are
executable to cause the device to perform functions described herein). Additionally or
alternatively, method 1000 may be maplemented within any other arrangements and systems.
{86124} Method 1000 and cther processes and methods disclosed hereim may include
operations, functions, or actions as illustrated by one or more of blocks 1002, 1004, 1006,
1008, 1010, and 1012, Although the blocks are ilustrated in sequenial order, these blocks
may also be performed m parallel, and/or in a different order than those described herein.
Also, the various blocks may be combined nto fower blocks, divided into additional blocks,
and/or removed based upon the desired implementation.

[06125] In addition, for the method 1000 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 excecutable 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 medinm, for example, such as a storage device
mchuding a disk or hard drive. The computer readable medium may include non-transitory
computer readable medium, for example, such as computer-readable media that stores data
for short peniods of time like register memory, processor cache and Random Access Memory
(RAM).

061 26] The computer readable medium may also mclude non-transitory media, such
as secondary or persistent long term storage, bike read only memory (ROM), optical or
magnetic disks, compact-disc read only memory (CD-ROM), for example. The computer
readable media may also be any other volatile or non-volatile storage systems and may be
considered a computer readable storage medium, for example, or a tangible storage device. In
addition, for the method 1000 and other processes and methods disclosed herein, cach block
in Figure 10 may represent circunitry that is wired to perform the specific logical functions

the process.
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[86127] At block 1002, method 1000 may include receiving first sensor data mdicative
of positions of a plurality of markers relative to the sensor within an environment. A
computing system {¢.g., condrol system, remotely positioned computing system) may receive
sensor measurements of the envuonment from a sensor or sensors.  For mstance, the
computing system may recctve scans from a laser scanner as the laser scanner changes
positions within the environment. The computing system may detect landmarks {eg,
markers) positioned 1o the environment within the incoming sensor data.

{66128} In an example implementation, the computing system may  receive
measurements of markers arranged along a horizontal plane from a 2D laser scanner. The
computing system mayv detect markers 1n the horizontal planc in each scan from the laser
scanner. In other examples, the computing system may receive sensor data from other types
of sensors coupled to a mobile robot, such as camera images, RADAR, etc.

{30129 At block 1004, method 1000 may inchude detenmining a pose of the sensor
within a map of the plurality of markers bascd on the first sensor data. Using the sensor data,
the computing system may perform SLAM or a similar process to determine a pose of the
sensor relative to the environment while also developing a map that specifies the positions of
markers. The computing systern may further deternvine and update the estimated pose as well
as the map of markers as the sensor changes position within the environment.

{60136 In some examples, a computing system may determing a pose of a robot that
mcludes the sensor. For instance, the computing system may assume that the pose of the
sensor and the pose of the robot are equal. In further examples, a computing svstem may
determune a pose of the robot using a fixed sensor {0 robot transform.

[806131] At block 1006, method 1000 may include receiving second sensor data
mdicative of distance from the sensor to a surface within the environment. The computing
system may further receive sensor data that specifics distances between sensor(s) and
surfaces in the environment. These contour measurements may specify the distance between
the sensor and different physical features positioned nearby, such as walls, stairs, storage
racks, etc. In some examples, the sensor(s} may be coupled to a robot or other type of vehicle
and the computing system may define the distance between the sensor and a surface within
the environment as the distance between the robot and the surface.

166132} At block 1008, method 1000 may include determining an occupancy grid map

representing the surface within the environment based on the second sensor data and the
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determined pose of the sensor. The computing system may use the estimated pose of the
robot and the sensor data indicative of distances between the sensor and physical features n
the environment to determing the occupancy grid.

[30133] The occupancy grid may include numerous cells from the robot’s pomt of
view {(POV) that represents surrounding arcas of the environment. Each cell may represent a
particular area and may be assigned a state that indicates the status of the area. Particularly, a
cell mav be assigned as having an obstacle, free space, or unknown. Unknown cells may
require additional sensor data to determine whether the area includes an obstacle or not.
Since the occupancy gnd is determined uvsing sensor data from the robot’s POV, the
occupancy grid may be determined using the same coordinate frame as the map of marker
positions determined using sensor data from a sensor of the robot.  Accordingly, the
computing svstem may align the map of marker positions with the occupancy grid.

{00134] Figure 11 illustrates an example socupancy grd, in accordance with example
embodiments. Occupancy grid 1100 represents surrounding arcas of the environment from
the POV of a sensor coupled to robot 1140. However, for illustration purposes, occupancy
grid 1100 15 shown from a top view perspective that further shows robot 1140 positioned
within the environment. Each square cell of occupancy gnd 1100 represents a corresponding
arca of the environment. In other examples, occupancy gnid 1100 may mclude more or fewer
cells, which may have different shapes and sizes. For example, the size and overall
configuration of occupancy grid 1100 may differ depending on the environment that it
represents.

[86135] Occupancy grid 1100 includes three different types of cells. The first type,
cell 1110, includes crisscross patterns shading and represents areas that include a detected
obstacle, such as physical features in the environment. Occupancy grid 1100 further includes
numerous cells 1110 positioned around the border of occupancy grid 1100, which may
corrgspond to walls or other physical obstacles that a robot may avoid during navigation,
{0136] The second type, cell 1120, includes no shading {empty celis) and represents
free spaces in the eovironment. A robot may successfully navigate through cells 1120 in the
environment without striking potential obstacles in the environment. The third type, cell
1130, mcludes dotted shading and represents unknown arcas m the environment. A
computing system developing occupancy grid 1000 may have not vet identified whether such

areas contfain an obstacle or are open space.
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[86137] A computing system may continue to update and adjust occupancy gnid 1100
ptilizing new measurements of the environment from sensors coupled to one or more robots
navigating the covironment. As such, robot 1140 may devclop occupancy grid 1100 to align
the map of markers with a design model.
[B0138] Referring back to Figure 10, block 1010 may include determining a
transformation between the map of the plurality of markers and a design model of the
environment that relates occupied cells in the occupancy grd map to sampled points from the
design model. A design model (e g, CAD model) may specify the location and position of
physical features of an environment, such as the positions of storage racks, charging stations,
entrances and cxits, parking spots, and a general lavout of the walls and other structures. The
computing system may determine a transformation between the map of markers and the CAD
design model such that a control system navigating a robot in the environment may use both
the marker positions and physical features to determine control strategy.
60139} In an cxample cmbodiment, the computing system may sample a set of
potential translations with a set of potential rotations and run a registration of the points using
these mitial estimates. For instance, the computing system may start with a large distance
between point matches {e.g., 50 m) and render down to a resolution of the occupancy gnd
map during the registration. In each iferation step, the computing system may search for
correspondences in the sampled model for all cccupied cell conters {or a subset of these), and
compute the transformation that minimizes the point to hine error using equation [3]. In
cquation [3], “R” represents rotation, “¢ represents translation, “p” is the point from the grid
map, “g” is its maich in the model, and “»” is the normal at the pomt (Le., vector
perpendicular to the direction of the line the point ¢ has been sampled on}.
{60140} Bl T=Z2[Rp+t—q)nl
160141} In some instances, a CAD model representing aspects of an eovironment {(e.g,
warchouse) may comtain polygons or seis of line segments that depict walls, racking, and other
physical features in a space. When sampling points between a generated map of madker positions and
the CAD model, a compuiing system may extract all line segments. When the length of a path
segment 10 the map of markers exceeds a sampled distance, the computing system may add the start
point and then sample along the line segment a set sample distance apart from one another. The
computing system may also check for duplicates, which may involve determuning that added sample
points from several line segmenis do not correspond to a previously added point. For instance, when
two line scgments end or start in the same point, the computing system may add the point only onee to
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the sampled point set.

[66142] In some examples, the computing system may determine a confidence based
on how wel points of the map of marker positions align with points of the design model
The confidence may be used to select a transformation that vields the highest confidence. For
mstance, the computing system may require the confidence to be above a threshold
confidence level {e.g., 50% confidence). The computing system may also optimize the robot
poses in the marker map and the transformation between the map of marker positions and the
CAD model using matches between distance measurements and the CAD model.

[06143] In some examples, the computing systern may determine a transformation via
a rotation and a translation of a horizontal plane. For instance, the computing system may
rotate the map of marker posttions 1o align a coordinate frame of the map with a coordinate
frame of the design model.

00144} In a further example, the computing system may determine the transformation
bv samphing multiple two-dimensional rotation and translation values. In particular, the
computing system may determine, for cach candidate transtormation of multiple candidate
transformations, a sum of pomt-to-line normal distances between occupied cells m the
oceupancy grid map and lings from the design model that contain the sampled points. The
computing svstem may further deternmine the transformation from the multiple candidate
transformations based on the sum of point-to-line normal distances determined for each
candidate transformation.

[30145] Additionally, the computing system may determine, for each candidate
transformation of multiple candidate transformations, a measure confidence comprising a
percentage of occupied cells in the occupancy grid map that are within a threshold distance of
hnes from the design model that contain the sampled points. The computing system may
then determine the transformation based on the measured confidence determined for each
candidate transformation. The computing system may also provide an indication of the
measured confidence for the determined transformation.

{30146 Figure 12A illustrates a transformation determination between a map of
marker positions and a design model, 1n accordance with exaraple embodinents. As shown
m Figure 12A, map of markers 1200 conveys positions of markers 1202 detected in scans
from a sensor coupled to a robot navigating the environment. Markers 1202 are shown

positicned at various focations to assist robots to navigate safely. In other examples, markers
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1202 may include more or fewer markers m other examples.

100147} Design model 1210 represents a 2D overview model of the same environment
represented by map of markers 1200, and shows positions of physical structures, such as
storage racks, walls, and other features. In the example illustration shown in Figure 124, a
coordinate frame of map of markers 1200 is not aligned with a coordinate frame of design
model 1210, A computing system, however, may determine a transformation that aligns the
coordinate frame of map of markers 1200 with the coordinate frame of design model 1210,
For mstance, the computing system may use measurements of surfaces nearby the robot to
determine an occupancy gnd map and further determine a transformation that relates
occupied cells i the occupancy grid map to sampled points from the design model.

[30148] As an example, the computing system may determine a sum of pomt-to-line
normal distances between oceapied cells in the ocoupancy grid map and lines from the design
model that contain the sampled points and determine the transformation from a set of
candidate transformations based on the sum of point-to-line normal distances deternined for
cach candidate transformation. The computing systermn may also determine the transformation
psing other processes.

[00149] Figure 12B illustrates an alignment between the map of marker positions and
the design model depicted in Figure 12A, in accordance with example embodiments. As
discussed above, a computing systemn may determine a transformation that aligns map of
markers 1200 with design model 1210, As a result, the computing system may determing
aligned map 1230 that depicts positions of markers 1202 relative to physical features in the
environment. Accordingly, robots may use aligned map 1230 to determine paths and avoid

obstacles during navigation.

[0G150] Referring back o Figure 10, block 1012 may include providing the
transformation between the map of the plurality of markers and the design model. e

computing system may provide the transformation to one or more devices, such as the control
systems of robots deploved in the environment or other systems. As an example, the
computing system may use the transformation, marker positions, and positions of physical
features ndicated m a design model to provide control instructions for navigating a robot m
the environment. The computing system may supplement the control instructions with
additional mformation, such as alerts for difficult areas to navigate.

[B0151] In some cxample embodiments, a computing system may refine pose
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estimation for a robot relative to a developed map of marker positions using additional sensor
data received. For instance, the computing systemn may adjust the position or orientation of
the robot relative to a sct of markers using newly acquired scans of the enviromment.

{6152 The computing system may also adjust the deternuned transformation based
on the refined pose of the robot.  For example, the computing system may adjust the
transtormation by sampling a range of candidate transformations based on the previously
determined transformation.  Particularly, the range of candidate transformations may be
narrower than the imtial range of candidate transformations that the computing system used
to originally determine the mitial transformation.

[O0153] In some SLAM graphs, a graph may mclude pose and scans m the nodes and
edges formed by matches of marker detections from two poses (nodes).  When
simultanecusly doing  alignment, the computing system may add additional edges
representing matches of distance measurements {not marker detections) to the closest points
samapled from the CAD model. Instead of using a pomt-to-error, the computing system may
use a pomt to line error to optimize the poscs m a way that minimize the distances between
matching marker detections and between measured 2D scan point to walls and racking in the
CAD model.

0154 In some example embodiments, the computing system may deternmine the map
of marker positions and the transformation by solving a graph-based optimization problem.
The graph-based optimization problem may involve minimizing a separate edge for each
poini-to-line normal distance between an occupied cell in the occupancy grid map and a line
from the design model that contains a sampled pomt. The computing svsiem mayv solve the
graph-based optimization problem to align points in the map of markers with pomts in the
design model while simultancously performing SLAM.

[BB155] In some examples, a computing system may identify an alignment error in the
CAD model based on a determined transformation and further provide an indication of the
wdentified alignment error 1n the CAD meodel. For mstance, the computing system may
determine that the CAD model representation of a position and orientation of physical feature
slightly differs from the actual position and onentation ot the physical feature. As such, the
compuiting system may dentify the alignment error when determining the transformation (or
aftery and provide an indication of the alignment error.

{00150} In another example tvolving a large covironment with dozens or hundreds of
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markers, a computing system may determine a transform between the map of marker
positions and a design model by determining a centroid for both the map and the design
model. The computing system may subtract the means from all markers in the map of the
markers and use a regisiration based process {¢.g., an [CP process) on the resulting point sets
with different initial poses covering a range of potential ortentations.  Accordingly, the
computing systom may use the registration alignment that vields the highest sumber of inliers
to determuine alignment parameters (1.¢., a transform that enables the alignment).

[86157] In a further example embodiment, a computing system may align a map of
marker positions with a prior version of the map to confirm positions of markers within the
environment. For example, the computing sysiem may sample potential matches between
markers positioned within both maps using a consensus-based framework and further use the
matches that produces the largest number of mliers (matches found afier using the alignment
computed for the sampled set) tc generate an updated map of marker positions that factors
both maps.

V. Conclusion

[06158] The present disclosure is not to be Iimited n terms of the particular
implementations described in this application, which are miended as illustrations of vanous
aspects. Many modifications and varnations can be made without departing from its spirit and
scope, as will be apparent to those skilled m 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 claims.

{8159} The above detailed description describes various features and functions of the
disclosed systems, devices, and methods with reference to the accompanying figures. In the
figures, similar symbols typically identify similar components, unless context dictates
otherwise. The example implementations described herein and i the figares are not meant to
be limiting. Other implementations can be utilized, and other changes can be made, without
departing from the spirit or scope of the subjoct matter presented herein. 1t will be readily
understood that the aspects of the present disclosure, as generally described herein, and
tHustrated 1n the figures, can be arranged, substitated, combined, separated, and designed in a
wide variety of different configurations, all of which are explicitly contemplated herein.

{3160} The particular arrangements shown in the figures should not be viewed as
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hEmuiting. It should be anderstood that other implementations can melude more or less of each
clement shown in a given figure Further, some of the Hustrated elements can be combined
or onutted. Yet further, an cxample implementation can include elements that arc not
tustrated in the figures.

4161} While various aspects and implementations have been disclosed herein, other
aspects and implementations will be apparent to those skilled in the art. The various aspects
and implementations disclosed herein are for purposes of illustration and are not intended to

be hmiting, with the true scope being indicated by the following claims.
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CLAIMS

What is claimed is:

L A method comprising:

receiving, from a sensor, first sensor data mdicative of positions of a plurality of
markers relative to the sensor within an environment;

determining a pose of the sensor within a map of the plurality of markers based on the
first sensor data;

recerving, from the sensor, second seusor data mdicative of distance from the sensor
to a surface within the environment;

determining an occupancy grid map representing the surface within the environment
based on the second sensor data and the determined pose of the sensor;

determining a transformation between the map of the phurality of markers and a
design model of the covironment that relates occupied cchis in the occupancy grid map to
sampled points from the design model; and

providing the transformation between the map of the plurality of markers and the

design model.

2. The method of claim 1, wherein the plarality of markers comprise a plurality of
retrorefiective markers arranged along a horizontal plane, and wherein the first sensor data is

recetved from a two-dimensional laser scanner.

3. The method of claim 1, wherein determiming the transformation comprises

determining a rotation and a transiation of a horizontal plane.

4. The method of claim 1, wherein determining the transformation comprises sampling a

plurality of two-dimensional rotation and translation values.

5. The method of claim I, wherein determining the transformation comprises:
determining, for each candidate transformation of a plurality of candidate
transformations, a sum of pomt-to-line normal distances between occupied cells in the

occupancy grid map and hines from the design model that contain the sampled points; and
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determining the transformation from the plurality of candidate transformations based

on the sum of pomt-to-line normal distances determined for cach candidate transformation.

6. The method of claim 1, wherem determining the transformation comprises:
determining, for each candwdate transformation of a plurality of candidate
transtormations, a measure confidence comprising a percentage of cocupied cells in the
occupancy grd map that are within a threshold distance of lines from the design model that
contain the sampled points; and
determining the transformation from the plurality of candidate transformations based

on the measure confidence deternmined for each candidate transformation.

7. The method of clamm 6, further comprising providing an mdication of the measure

confidence for the determined transformation.

8. The method of claim 1, wherem deternuning the occupancy grid map comprises

assigning cach cell a state that is one of an obstacle, free space, and an unknown region.

9, The method of claim 1, further comprising:

refining the pose of the sensor within the map of the plurality of markers based on
additional received sensor data; and

adjusting the transformation between the map of the plurality of markers and the
design model of the environment based on the refined pose of the sensor within the map of

the plurality of markers.

10 The method of claim 9, wherein adjusting the transformation comprises samphing a
range of candidate transformations based on the determined transformation, wherein the
samplied range of candidate transformations in narrower than an initial range of candidate

transformations used to determine the transformation.

i The method of claim 1, further comprising determining the map of the plurality of

markers and the transformation by solving a graph-based optimization problem.
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12, The method of claim 11, wherein the graph-based optimization problem comprises a
separate edge for cach powmnt-to-line normal distance between an occupied cell in the

occupancy grid map and a hine from the design model that contains a sampled point.

[V,
52

The method of claim 1, finther comprising:
providing instructions to control a robot based on the transformation and the design

model of the environment.

14 The method of claim 1, wherein the design model of the environment comprises a

computer-aided design (CAD) model.

15. The method of claim 14, further comprising:
identifving an alignment error in the CAD model based on the transformation; and
providing an indication of the identified alignment error in the CAD model.

16, A system, comprising:

a scnsor;
a computing system; and
a non-transitory compater readable medium; and
program instructions stored on the non-tramsitory computer readable mediem and
executable by the computing system to;
receive, from the sensor, first sensor data indicative of positions of a plarality
of markers relative to the sensor within an environment;
deternuine a pose of the sensor within a map of the plurality of markers based
on the first sensor data;
receive, from the sensor, second sensor data indicative of distance from the
sensor to a surface within the environment;
determine an occupancy grid map representing the surface within the
environment based on the second sensor data and the determimed pose of the sensor;
determine a transformation between the map of the plurality of markers and a
design model of the environment that relates occupied cells in the occupancy gnd

map to sampled points from the design model; and
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provide the transformation between the map of the plurality of markers and the

design model.

17. ¢ system of claim 16, wheremn the plurality of markers comprise retroreflective
markers.
18, The system of claim 16, wherein the computing system 1s further configured to:

refine the pose of the sensor within the map of the phurality of markers based on
additional received sensor data; and

adjust the transformation between the map of the plurality of markers and the design
model of the environment based on the retined pose of the sensor within the map of the

plurality of markers.

19, A non-ransitory computer readable medium having stored therein program
mstructions executable by a computing system to cause the computing system to perform
operations, the operations comprising:

recetving, from a sensor, first sensor data indicative of positions of a plurality of
markers relative to the sensor within an environment;

determining a posc of the sensor within a map of the plurality of markers based on the
first sensor data;

receiving, from the sensor, sccond sensor data indicative of distance from the sensor
to a surface within the environment;

determining an occupancy grid map representing the surface within the environment
based on the second sensor data and the determined pose of the sensor;

determining a transformation between the map of the plurabity of markers and a
design model of the environment that relates sccupied cclls in the occupancy grid map to
sampled points from the design model; and

providing the transformation between the map of the plurality of markers and the
design model.
20, The non-transitory computer readable mediam of claim 19, wherein the sensor is

coupled to a vehicle; and
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wherein the operations further comprise:

determining a pose of the vehicle using a fixed sensor to vehicle transform.
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