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Systems and Methods for Utilizing Semantic Information for Navigation of a Robotic

Device
BACKGROUND

{6001] Robouc devices have become increasingly commonplace for performing various
tasks in a sermi-aulonomous or autonomous manner. Such robotic devices may be
embodied in a variety of forms and used in a variety of applications, such as in automated
vacuum cleaners, unmanned aerial vehicles, terresinal vehicle, ete. Applications for
which robotic devices may be employed may include entertainment applications (e.g., toy
robots), utility applications in environments that are unfriendly to humans (e.g., space,
deep water, cold temperature, radiation, chemical exposure, bichazards, etc.), dangerous
tasks (e.g., defusing of explosives), operation in confined spaces {e.g., collapsed

buildings) performing menal tasks (e.g., cleaning), etc.

[0002] Since many environments are not static, a robotic device may be provided with
mapping techniques allowing the device to construct a map of its surroundings. Further,
a robotic device may be configured to localize itsell within the map, and thereby exhibit a
relatively high degree of autonomy. However, autonomous navigation may be complex
due to temporal and spatial variations in the local environment, as well as changes in the
position and motion of obstacles. Such complexities may create navigation problems for

the robotic device using existing techniques.
SUMMARY

[0063] Various embodiments include methods performed by a processor of a robotic
device {or improving navigation. Various embodiments may include mitiating a start of a
predetermined time period associated with semantic wformation extraction, determining
whether an adverse event related to one or more sensors of the robotic device is detected,

and 1n response to determining that an adverse event related to one or more sensors of the
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robotic device 1s detected, identifying a current time slot of the predetermined time period,
identifying a current estimated position and orientation of the robotic device, and
recording updates to semantic information stored for the one or more sensor based on the
wdentified current time slot and the current estimated position and orientation of the

robotic device.

[0004] Some embodiments may further include determining whether the predetermined
time period has ended, and in response to determining that the predetermined time period
has ended, identifying, for each sensor, any spatial region of low performance within a
local environment of the robotic device based on stored semantic information, and
adjusting a weight factor applied to measurements {rom the sensor when the robotic

device 1s at an wdentified spatial region of low performance.

[0005] Some embodiments may {urther include, in response to determining that the
predetermined time period has ended, identifying, for each sensor, any times of low
performance based on corresponding semantic information, and adjusting the weight
factor applied to measurements {rom each sensor during identified times of low
performance. In some embodiments, identifying, for each sensor, any spatial region of
low performance may include determining whether the stored semantic information for
the sensor indicates that a number of adverse event occurrences for a specific pose of the

robotic device satisfies or exceeds a first event threshold.

[6006] In some embodiments, identifying, for each sensor, any time of low performance
may include determining whether the stored semantic information indicates that a number
of adverse event occurrences during a specific tmeslot satislies or exceeds a second
event threshold. In some embodiments, determining whether an adverse event related to
one or more sensors of the robotic device 15 detected may include, for each sensor,
obtaining processed measurements output by pre-processor operations for the sensor,

obtaining the current estimated position and orientation of the robotic device, and
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determining whether a difference between a pose indicated by the processed
measurements and the current estimated position and orientation satisfies or exceeds a
sensor-specific threshold. In some embodiments, determining whether an adverse event
related to one or more sensors of the robotic device 15 detected may include determining

that an adverse event is detected n response (o receiving an outlier data measurement.

{0007} In some embodiments, the predetermined time period associated with semantic
information extraction may be configured on a time server. In some embodiments, the

time server maintains settings for timeslots of the predetermined time period.

{0008} In some embodiments, identifying the current estimated position and orientation
of the robotic device may include obtaining output from localization operations on the
robotic device. In some embodiments, the localization operations may be performed as

part of a simultaneous localization and mapping (SLAM) process.

[0009] In some embodiments, the one or more sensors of the robotic device includes at
least one tmage sensor, at least one mertial measuremnent unit (IMU) sensor, and at least
one motion feedback sensor. In some embodiments, the semantic information stored for
the one or more sensors may be represented in a data structure that provides a number of
adverse event occurrences for each pose of the robotic device during each timeslot of the

predetermined time period.

[0018] Various embodiments may mclode a robotic device having a processor configured
with processor-executable wstructions o perform operations of any of the methods
summarized above. In some embodiments, the robotic device may be a ground vehicle.
Various embodiments may include processing device for use in a robotic device and
configured to perform operations of any of the methods summarized above. Various
embodiments may nclude a robotic device having means for performing functions of any

of the methods summarized above.

(SN
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BRIEF DESCRIPTION OF THE DRAWINGS

{6011] The accompanying drawings, which are incorporated herein and constitute past of
this specification, llustrate exemplary embodiments of the claims, and together with the
general description given above and the detailed description given below, serve (o

explain the features of the claims.

[0012] FIG. 1 1s a system block diagram of a robotic device operating within a

communication system according to various embodiments.

[6013] FIG. 2 1s a component block diagram illustrating components of a robotic device

suitable for use with various embodiments.

[0014] FIG. 3 15 a component block diagram illustrating a processing device suitable for

use in robotic devices implementing various embodiments.

[0015] FIG. 4 is a block diagram illustrating a system for utilizing semantic information

to adjust navigation of a robotic device according to various embodiments.

[0016] FIG. 5 1s a process flow diagram illusirating an example method lor extracting

and using semantic information to improve navigation by a robotic device.

[0017] FIG. 6 is a process flow diagram tllustrating an example method for identifying
an adverse event related to one or more sensor as part of the navigation implemented in
FI1G. 5.

DETAILED DESCRIPTION

[0018] Various embodiments will be described in detail with reference to the
accompanying drawings. Wherever possible, the same reference numbers will be used
throughout the drawings to refer to the same or like parts. References made to particular
examples and implementations are for tllustrative purposes, and are not intended to limit

the scope of the claims.
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{0019} Various embodiments include methods performed by a processor of a robotic
device for improving navigation by identifying and adapting (o temporal and spatial
patterns in its surroundings. Specifically, the processor of the robotic device may employ
localization and mapping techmiques, such as simultaneous localization and mapping
(SLAM), to plan a navigation path within the environment. In various embodiments, the
processor of the robotic device may extract semantic information about situations that
negatively alfect performance and/or accuracy of one or more sensor used for localization.
Examples of such situations maybe mclude poor ighting conditions or lack of objects in
the environment, which may impact computer vision based sensors. Further examples
may include a particular {looring matenal or a degree of incline, which may 1mpact wheel

encoders.

{0020] In various embodiments, the processor of the robotic device may extract semantic
information by identifying and recording events that are indicated by variations in sensor
performance across different positions of the robotic device and times. The semantic
miormation may be used by the processor to adjust a weighting factor that 1s apphied to
measurements from the corresponding sensor, thereby improving input to the localization
and/or mapping modules for performing SLAM functions. Additionally, such semantic
miormation may be used by the processor {or other navigation-related tasks, such as to

compute a cost in path planning, to set task priorities, etc.

10021 As upsed heremn, the term “robotic device” refers to one of various types of robotic
vehicles, robotic appliances, robots, ete. mncluding an onboard processing device
configured to provide some avtonomous or semi-autonomous capabilities. Examples of
robotic devices include but are not imited to: aeral vehicles, such as an unmanned aerial
vehicle (UAV); ground vehicles and robots (e.g., autonomous or semi-autonomous cars,
vacuum robots, search and rescue robots, bomb detection and disarming robots, etc.);
walter-based vehicles (i.e., surface watercraft and submarines); space-based vehicles (e.g.,

a spacecrafl or space probe); and/or some combination thereof. In some embodiments,

[
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the robotic device may be manned. In other embodiments, the robotic device may be
unmanned. In embodiments i which the robotic device 1s autonomous, the robotic
device may tnclude an onboard processing device configured to maneuver and/or
navigate the robotic device without remote operating nstructions (i.e., autonomously),
such as from a human operator (e.g., via a remote computing device). In embodiments in
which the robotic device is semi-autonomous, the robotic device may include an onboard
processing device configured to receive some information or instructions, such as from a
human operator (e.g., via a remote computing device), and autonomously maneuver

and/or navigate the robotic device consistent with the received information or instructions.

{00221 In some implementations, the robotic device may be an aerial vehicle (unmanned
or manned), which may be a rotorcraft or winged aircraft. For example, a rotorcraft (also
referred to as a multurotor or multicopter) may include a plurality of propulsion units (e.g.,
rotors/propellers) that provide propulsion and/or lifting forces for the robotic device.
Specific non-limiting examples of rotorcraft include tricopters (three rotors), quadcopters
{({four rotors), hexacopters (six rotors), and octocopters (eight rotors). However, a
rotorcraft may mclude any number of rotors. A robotic device may include a vanety of

components and/or payloads that may perform a vanety of functions.

{0023} Robotic devices such as vehicles may employ simultanecus localization and
mapping (SLAM) techniques to construct and update a map of an unknown environment
while simultanecusly keeping track of the robotic device’s location within the
environment. Robotic vehicles are tncreasingly equipped with image sensors for

capturing images and video, and which may be used to gather data useful for SLAM.

[0024] As used herem, the term “pose” refers to the position and orientation of a robotic
device within the environment. In a configuration in which a robot travels in two
dimensions, such as along the surface of a floor, the robot pose can be specified by a two-

dimensional position (x,y) and a heading (8).
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[0025] Various embodiments may be implemented within a robotic device operating
within a variety of communication systems 100, an example of which is illustrated in FIG.
I. The communication system 100 may include a robotic vehicle 102, a base station 104,

an access point 106, a communication network 108, and a network element 110.

{0026} In some embodiments, the robotic device 120 may be equipped with at least one
spatial measurement device 103, such as an tmaging sensor {e.g., a camera). In some
embodiments, the robotic device 102 may be equipped with any of a number of
additional sensors, such as a wheel/rotary encoder, a GPS an inertial measurement unit
(IMU) or component thereo! (e.g., accelerometer, gyroscope, magnetometer, etc.), and

ortentalion sensor, monocular Hnage sensor.

{60271 The base station 104 may include base stations conligured to provide wireless
communications over a wide area (e.g., macro cells), as well as small cells, which may
include a micro cell, a femto cell, a pico cell, and other similar network access points.
The access point 106 may include access points configured (o provide wireless
communications over a relatively smaller area. Other examples of base stations and

access points are also possible.

[0028] Devices including the robotic device 102 may communicate over the
communication network 108 through wireless links provided by the base station 104 and
the access point 106. The robotic device 102 may communicate with the base station 104
over a wireless communication link 112, and with the access point 106 over a wireless
communication link 114. The wireless communication links 112 and 114 may include a
plurality of carrier signals, {requencies, or {requency bands, each of which may include a
plurality of logical channels. The wireless communication links 112 and 114 may utilize
one or more radio access lechnologies (RATs). Examples of RATs that may beused ina
wireless communication hink include 3GPP Long Term Evolution (LTE), 3G, 4G, 5G,

Global System for Mobility (GSM), Code Division Multiple Access (CDMA), Wideband
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Code Division Multiple Access (WCDMA), Worldwide Interoperability for Microwave
Access (WiIMAX), Time Division Multiple Access (TDMA), and other mobile telephony
communication technologies cellular RATs. Further examples of RATs that may be used
in one or more of the various wireless communication links within the communication
systemn 100 include medium range protocols such as Wi-Fi, LTE-U, LTE-Direct, LAA,
Mul.TEfire, and relatively short range RATs such as ZigBee, Bluetooth, and Bluetooth
Low Energy (LE).

{0029} The network element 110 may connect the communication network 108 (o the
Internet and/or to a network server. The robotic device 102 may send information to
and/or receive commumications from the network element 110 via the communication
network 108, The network element 110 may provide the robotic device 102 with a
variety of mformation, such as navigation information, weather mformation, information
about local air, ground, and/or sea traffic, movement control instructions, and other

wformation, instructions, or commands relevant to operations of the robotic device 102.

{0030} In various embodiments, the robotic device 102 may move in an environment 120
and use one or more sensors, such as the spatial measurement device 103, to capture at

least one 1mage of a target 125 in the environment 120.

{0031} Navigation of a robotic device in various embodiments may be performed
autonomously using systems that rely on SLAM techniques. While the localization and
mapping processes may be performed simultaneously, the processes may instead be
performed sequentially, such as in a multiplexed fashion. For example, a SLLAM system
may use the same data to both localize a robotic device within a map and also to update
the map.

{0032] Conventional SEAM systems employ algorithims to solve the computational
problem of constructing or updating a map of an unknown environment while

stmultanecusly keeping track of a devices location within the map. Typical modern
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SLAM systems are based on tracking a set of points through sensor inputs (e.g., camera

or video frames), and using estimated locations of the tracked points to calculate the pose
from which the device could have observed or measured the points while simultaneously
constructing or updating a map based on the tracked point locations i three-dimensional

space.

[0033] In particular, to accomplish SLAM, a robotic device that has a multicore
processor may separate the localization and mapping functions onto different threads.
Specifically, localization (i.e., current pose estimation) may be performed in real time on
one thread, while the mapping thread runs processes in the background to minimize the
differences between the tracked point locations and where the points are expected to be
given the pose estimate (1.., reprojection errors). On completion, the mapping thread
updates the information used to track the set of points, and in turn the localization thread

adds new observations to expand the map.

{0034] Further, SLAM techniques may be applied to non-autonomous tasks by a robotic
device, such as a remotely-controlled vehicle for bomb detection or search and rescue.
For example, a robotic device may mmplement SLAM in a remote-control application to
assist an operator to navigate around an environment. In some embodiments, a robotic
device may include various operational modes, such as a mode for manual control and
another mode for an autonomous control. For example, a robotic device in the formof a
vehicle may be manually-driven during an nitial mapping stage, and later configured for

autonomous control.

[0035] FIG. 2 illustrates an example robotic device 200 of a ground vehicle design that
utilizes one or more wheels 202 driven by corresponding motors to provide locomotion (o
the robotic device 200. The robotic device 200 is illustrated as an example of a robotic
vehicle that may utilize various embodiments, but 1s not intended to imply or require that

vartous embodiments are limited to ground robotic vehicles. For example, various
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embodiments may be used with rotorcraft or winged robotic vehicles, water-borne robotic

vehicles, and space-based robotic vehicles.

[0036] With reference to FIGS. 1-2, the robotic device 200 may be similar to the robotic
device 102. The robotic device 200 may include a number of wheels 202, a body 204,

and at least one spatial measurement device 206.

{0037] The spatial measurement device(s) 206 may be the same as or sirilar to the

spatial measurement device 103. In some embodiments, the spatial measurement
device(s) 206 may include, for example, systems configured as raw range scan sensors, or
feature-based systems configured to recognize landmarks from scans or images. For
example, a laser-based scanner (e.g., Light Detection and Ranging (LiDAR)) or sonar-
based system may be used to extract landmarks from scans. In some embodiments,
landmarks may be extracted from images taken by any of a number of tmage sensors (e.g.,
cameras, optical readers, etc.). In some embodiments, any of a number of other devices
capable of detecting a landmark in 1ts vicinity may also be implemented as a spatial

measurement device.

{0038] The frame 204 may provide structural support for the motors and their associated
wheels 202 as well as for the spatial measurement device 206. For ease of description
and iltustration, some detailed aspects of the robotic device 200 are omitted such as
wiring, frame structure interconnects, or other features that would be known to one of
skill in the art. While the illustrated robotic device 200 has wheels 202, this is merely
exemplary and various embodiments may include any variety of components (o provide
propulsion and maneuvering capabilities, such as treads, paddies, skids, or any

combination thereof or of other components.

{6039} The robotic device 200 may further include a control unit 210 that may house
various circuits and devices used to power and control the operation of the robotic device

200. The control unit 210 may wnclude a processor 220, a power module 230, sensors

10
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240, one or more payload securing units 244, an output module 250, an input module 260,
and a radio module 270.

[0040] The processor 220 may be configured with processor-executable instructions to
control travel and other operations of the robotic device 200, including operations of
various embodiments. The processor 220 may include or be coupled to a navigation unit
222, a memory 224, and a maneuvering data module 226. The processor 220 and/or the
navigation unit 222 may be conligured to communicate with a server through a wireless
connection (e.g., a cellular data network) to receive data useful in navigation, provide

real-time position reports, and assess data.

[0041] The maneuvering data module 226 may be coupled to the processor 220 and/or
the navigation unit 222, and may be configured to provide travel control-related
mformation such as orientation, attitude, speed, heading, and similar information that the
navigation unit 222 may use {or navigation purposes, such as dead reckoning between

Global Navigation Satellite System (GNSS).

[6042] The maneuvering data module 226 may receive input from one or more sensor
240, such as an IMU or similar sensors (e.g., accelerometer, a gyroscope, etc.). In some
embodiments, the sensor(s} 240 providing input to the maneuvering data module 226
may include or overlap with the one or more spatial measurement device206. The input
to the maneuvering data module 226 may provide data regarding the orientation and
accelerations of the robotic device 200 that may be used in navigation and positioning
calculations, as well as providing data used in various embodiments for processing
1mages.

[0043] The processor 220 may further receive additional information from one or more
sensors 240 (e.g., a camera, which may be a monocular camera) and/or other sensors. In
some embodiments, the sensor(s) 240 may include one or more optical sensors capable of

detecting infrared, uliraviolet, and/or other wavelengths of light. In some embodiments,

11



WO 2019/019136 PCT/CN2017/094876

the sensor(s) 240 may include and/or overlap with the range measurement device(s) 206.
In some embodiments, the sensor(s) 240 may also mclude at least one sensor that

provides motion feedback to the processor 220, for example, a wheel sensor (e.g.,
wheel/rotary encoder), a contact or pressure sensor that provides a signal indicative of
contact with a surface, etc. The sensor(s) may also include a radio frequency (RF) sensor,
a barometer, a sonar emitter/detector, a radar emitter/detector, a microphone or another
acoustic sensor, or another sensor that may provide information usable by the processor

220 for movement operations as well as navigation and positioning calculations.

[0044] In some embodiments, the payload-securing units 244 may include an actuator
motor that drives a gripping and release mechanism and related controls that are
responsive to the control unit 210 to grip and release a payload in response to commands

from the control unit 210,

[0045] The power module 230 may mnclude one or more batteries that may provide
power (o various components, including the processor 220, the sensors 240, the payload-
securing unit(s) 244, the drive motors coupled to the wheels 202, the output module 250,
the input module 260, and the radio module 270. The power module 230 may be
rechargeable. The processor 220 may be configured with processor-executable
mstructions to control the charging of the power module 230, such as by executing a
charging control algorithm using a charge control circuit. Alternatively or additionally,
the power module 230 may be configured to manage its own charging. The processor
220 may be coupled to the output module 230, which may output control signals for

managing motors that drive the wheels 202 and other components.

[0046] The robotic device 200 may be maneuvered by controlling individual motors
driving the wheels 202 as the robotic device 200 progresses toward a destination. The
processor 220 may receive data from the navigation unit 222 and use such data 1n order to

determine the present position and orientation of the robotic device 200, as well as the
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appropriate course towards the destination or intermediate sites. In various embodiments,
the navigation unit 222 may include a GNSS recetver system (e.g., one or more global
positioning system {GPS) receivers) enabling the robotic device 200 to navigate using
GNSS signals. Alternatively or in addition, the navigation unit 222 may be equipped
with radio navigation receivers for receiving navigation beacons or other signals {rom
radio nodes, such as navigation beacons (e.g., very high frequency (VHF) omni-
directional range (VOR) beacons), Wi-Fi access points, cellular network sites, radic

station, remote computing devices, robotic vehicles, etc.

{0047] The radio module 270 may be conligured (o receive navigation signals, such as
stgnals from aviation navigation facilities, etc., and provide such signals to the processor
220 and/or the navigation unit 222 to assist in robotic device navigation. In various
embodiments, the navigation unit 222 may use signals received {rom recognizable RF
emitters (e.g., AM/FM radio stations, Wi-Fi access points, and cellular network base

stations) on the ground.

{0048} The radio module 270 may include a modem 274 and a transmit/receive antenna
272. In some embodiments, the radio module 270 may be configured to conduct wireless
communications with a variety of wireless communication devices (e.g., a wireless
communication device (WCD) 290), examples of which mnclude a wireless telephony
base station or cell tower (e.g., the base station 104), a network access point {e.g., the
access point 106), a beacon, a smartphone, a tablet, or another computing device (e.g.,
110} with which the robotic device 200 may communicate. In some embodiments, the
processor 220 may establish a bi-directional wireless communication link 294 via the
modem 274 and the antenna 272 of the radio module 270 and the wireless
communication device 290 via a transmit/receive antenna 292. In some embodiments,
the radio module 270 may be configured to support multiple connections with different

wireless communication devices using different radio access technologies.
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{06049} In various embodiments, the wireless communication device 290 may be
connected to a server through intermediate access points. In an example, the wireless
communication device 290 may be a server of a robotic vehicle operator, a third party
service (€.g., package delivery, billing, etc.), or a site communication access point. The
robotic device 200 may communicate with a server through one or more intermediate
communication links, such as a wireless telephony network that is coupled to a wide area
network (e.g., the Internet) or other communication devices. In some embodiments, the
robotic device 200 may include and employ other forms of radio communication, such as
mesh connections with other robotic vehicles or connections 1o other information sources
{e.g., balloons or other stations for collecting and/or distributing weather or other data

harvesting information).

{0050] In various embodiments, the control unit 210 may be equipped with an mput
module 260, which may be used for a variety of applications. For example, the tnput
module 260 may receive images or data from an onboard camera or sensor, or may

receive electronic signals from other components (e.g., a payload).

[0051] While various components of the control unit 210 are illustrated in FIG. 2 as
separate components, some or all of the components (e.g., the processor 220, the output
module 250, the radio module 270, and other units) may be integrated together in a single

processing device 310, an example of which is illustrated in FIG. 3.

[0052] With reference to FIGS. 1-3, the processing device 310 may be configured to be
used 1 a robotic device and may be configured as or including a system-on-chip (50(C)
312. The SoC 312 may mclude (but 1s not himited to) a processor 314, a memory 316, a
communication interface 318, and a storage memory mterface 320. The processing
device 310 or the SoC 312 may further include a communication component 322, such as
a wired or wireless modem, a storage memory 324, an antenna 326 for establishing a

wireless communication link, and/or the like. The processing device 310 or the SoC 312

14
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may further include a hardware interface 328 configured to enable the processor 314 to
communicate with and control various components of a robotic device. The processor
314 may include any of a variety of processing devices, for example any number of

PYOCCSSOT COTCs.

{0053} The term “system-on-chip” (SoC) is used herein to refer to a set of mterconnected
electronic circuits typically, but not exclusively, including one or more processors (e.g.,
314), a memory (e.g., 316), and a communication interface (e.g., 318}, The SolC 312 may
wclude a variety of different types of processors 314 and processor cores, such as a
general purpose processor, a central processing unit (CPU), a digital signal processor
(DSP), a graphics processing unit (GPU), an accelerated processing unit (APU}, a
subsystem processor of specific components of the processing device, such as an image
processor for a camera subsystem or a display processor for a display, an auxihary
processor, a single-core processor, and a multicore processor. The SoC 312 may further
embody other hardware and hardware combinations, such as a field programmable gate
array (FPGA), an application-specific mtegrated circuit (ASIC), other programmable
logic device, discrete gate logic, transistor logic, performance monitoring hardware,
watchdog hardware, and time references. Integrated circuits may be configured such that
the components of the integrated circuit reside on a single piece of semiconductor
material, such as silicon.

{0054] The SoC 312 may include one or more processors 314, The processing device
310 may mnclude more than one SoC 312, thereby increasing the number of processors
314 and processor cores. The processing device 310 may also include processors 314
that are not associated with a SoC 312 (1.e., external to the SoC 312). Individual
processors 314 may be multicore processors. The processors 314 may each be
configured for specific purposes that may be the same as or different from other
processors 314 of the processing device 310 or SoC 312, One or more of the processors

314 and processor cores of the same or different configurations may be grouped together.
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A group of processors 314 or processor cores may be referred to as a multi-processor

cluster.

[0053] The memory 316 of the SoC 312 may be a volatile or non-volatile memory
configured for storing data and processor-executable mstructions for access by the
processor 314. The processing device 310 and/or So” 312 may include one or more
memories 316 configured for various purposes. One or more memories 316 may include
volatile memories such as random access memory (RAM) or main memory, or cache

memory.

[0056] Some or all of the components of the processing device 310 and the SoC 312 may
be arranged differently and/or combined while still serving the functions of the various
aspects. The processing device 310 and the 50C 312 may not be himited to one of each of
the components, and multiple instances of each component may be mcluded 1 various

configurations of the processing device 310.

{00571 As described, a robotic device in various embodiments may utilize SLAM
processes in order to navigate and in order to carry out tasks. Such processes may
include mapping the spatial information of landmarks within the environment, as well as
representing the robotic device’s pose (1.¢., position and orientation) relative to the

mapped environment.

[0058] SLAM algorithms must take account of a variety of parameters, such as sensors,
map representation, device dynamics, environmental dynamics, and the integration of
sensor measurements and the robot’s control system over time. Mapping the spatial
imnformation of the environment generally requires employing spatial sensors {e.g., spatial
measurement device(s) 206) to which SLLAM algorithms may be applied. For example,
landmarks may be extracted {rom 1mages obtained by one or multiple cameras, which
may be any of a variety of configurations (e.g., monocular, stereo vision, multiple camera,

eic.).
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{0059} Localization of the robotic device may be performed by obtaining sensory
information regarding the position and ornientation (1.e., pose} of the device within the

generated map.

[0060] For example, for vehicle-type robotic devices, pose information may be obtained
from rotary encoders, which measure the rotational movement of the wheel(s). The

robotic device may also use a GPS sensor, which allows acquisition of pose information.

[0061] Robotic devices may be configured with different types of sensors suitable 1o the
unique environments that such devices may encounter. While inclusion of a plurality of
sensor types enables a robotic device to receive a large set of information, each sensor
may be vulnerable to failure and/or to providing outlier data in different scenarios. For
example, a sensor used for computer vision, such as an 1mage sensor (e.g., camera) may
exhibit lower performance in a local environment that has dim lighting or that lacks
observable features (e.g., landmarks). In another example, a wheel rotation sensor, such
as a rotary encoder, may be prone to error on certain surfaces due to slippage or
resistance, or due to an incline. In another example, a GPS sensor may be unreliable at
certain times or positions due to signal strength 1ssues. In another example, if the robotic
device gets stuck in a narrow area, a collision sensor (e.g., in a bumper) may falsely

detect a collision.

[0062] Changes in conditions of a robotic device’s local environment may occur in
temporal and/or spatial patterns. For example, in an indoor environment, the level of
lighting may sharply increase in the evening at a predictable time. Such change may
correspond to the user’s arrival home from work and turning on the indoor lights. Further,
the distribution of objects within the local environment (e.g., landmarks) may

dynamically change, for example, based on movement of humans or pets.

[0063] Various embodiments may improve navigation by the robotic device by

extracting and using patterns of variation in performance for each sensor. The robotic
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device may record and store such patterns as semantic information, which may be used to
dynamically adjust sensor mput for performing localization. In this manner, semantic
nformation may be accumulated over ttme for each sensor used in the navigation system,
and utilized to change the weight given to the corresponding sensor {or pose estimation.
Additionally or alternpatively, the semantic information may be utilized (o change the
weight given to the corresponding sensor for map development. In some embodiments,
the semantic mformation may be used for evaluating task priorities or other factors in
path planning. In some emboduments, the semantic mformation for a particular sensor
may reflect a temporal pattern, such as a duration of time (e.g., every day, once per week,
elc.) during which the sensor underperforms. In some embodiments, the semantic
wiormation for a particular sensor may reflect a spatial pattern, such as a specific region
of the local environment in which the sensor underperforms. In some embodiments, the
semantic information for a particular sensor may reflect both a temporal and spatial
pattern, such as a duration of time in which the sensor underperforms in a specific region

in the local environment,

[0064] FIG. 415 a functional block diagram of an example navigation system that uses
semantic information according (o various embodiments. With reference to FIGS. 14,
the navigation system 400 may be implemented on a processor of a robotic device (e.g.,
102, 2003, such as a ground vehicle {e.g., car, vacuum robot, etc.}, an aenal vehicle (e.g.,
UAYV), etc.

{0065] In the navigation system 400, inputs may be received from multiple sensors in
order to enable the system to perform localization, map generation, and path planning {or
SLAM processes on the robotic device.

[0066] In some embodiments, sensors 402 may include at least one IMU sensor for
detecting orientation or other maneuvering data. As described, the sensor(s) 402 may

also include at least one motion feedback sensor, such as a wheel encoder, pressure
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sensor, or other collision or contact-based sensor. Further, the sensor(s) 402 may include
at least one tmage sensor, such as a visual camera, an mirared sensor, a sonar detector,

etc.

[0067] Raw measurement data from the sensors 402 may be provided (o a pre-
processor(s) 404. Pre-processing performed by the pre-processor 404 may nclude
removal of outliers and noise suppression, as well as landmark/feature extraction, data
assoctation, ete. In various embodiments, the pre-processor(s) 404 may output processed
measurements relating to position and orientation of the robotic device (e.g., acceleration,

velocity, odometry information, etc.).

[0068] While shown together, the pre-processor(s) 404 may represent multiple pre-
processors that each correspond to a different sensor or group of sensors. For example,
some pre-processors may be configured to receive and jointly process raw measurements
from multiple sensors, or may be configured to receive and process raw measurements

from a single sensor 402.

[6069] Processed measurements from each pre-processor(s) 404 may be provided to
semantic information extractor(s) 406, which may obtain semantic information about
each sensor(s) 402 associated with the corresponding pre-processor(s) 404, Specifically,
the semantic information extractor(s) 406 may be configured to identify and record
specilic adverse events relating to the associated sensor(s) 402. Such adverse events may
include, for example, an cutlier data measurement, a string of blank measurements from a
sensor, data indicating a condition of the robotic device (e.g., device stuck, collision with
obstacle, elc.), or any other measurement indicating dimimished performance by one or

mMere sensoer.

{6070} In various embodiments, the semantic information extractor(s) 406 may store and
update semantic information for each associated sensor 402. Such semantic information

may be represented in any of a number of data structures, which may be stored in a
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database in local storage on the robotic device. Examples of data structures that may be
used to represent the semantic information mclude, for example, a data table/array, tree,

etc.

[6071] The type of data structure employed may be selected for efficiency based on the
volume of semantic information collected. In some embodiments, semantic information
that 1s relatively dense across time and space may be represented in a data array. For
example, semantic information based on recording outhier sensor data may be best
represenied in a data array. In some embodiments, semantic information that is relatively
sparse across time and space may be represented in a data tree. For example, semantic
information based on recording events in which the robotic device 1s stuck may be best

represented in a data tree.

{0072} In some embodiments, local storage may be a separate storage device, examples
of which may include universal serial bus (USEB) drives, memory cards, solid-state drives
(55Ds), hard disk drives (HDDs), floppy disks, optical disks, magnetic tapes, and the like.
For example, the local storage may be a removable storage device such as a memory card,
for example, a PC Card, CompactFlash, SmartMedia, Memory Stick, Memory Stick Duo,
Memory Stick PRO Duo, Mimature Card, Multimedia Card (MMC), Reduced Size
Multimedia Card (RS-MMC), MMCmicro Card (MMCmicro), P82 card, Secure Digital
(5D} card, Sx8, Universal Flash Storage (UES), muniSD, microSD, xD-Picture Card,
Intelligent Stick (15tick), etc. In some embodiments, the local storage may be a partition

or part of a memory device (e.g., 224).

{0073] An adverse event may be detected in various embodiments by comparing the
processed measurement s from the corresponding pre-processor 406 with a current
estimated pose for the robotic device. In various embodiments, feedback from a
localization module 408 for SLAM may provide the current estimated pose to each

semantic information extractor(s) 406. If the difference between a pose indicated by the
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processed measurement(s) from the pre-processor 404 and the current estimated pose is
greater than a pre-deternmned threshold, the semantic information extractor 406 may
record an adverse event for the related one or more associated sensor{s) 402. Specifically,
the semantic mformation extractor 406 may identily a timeslot during which the adverse
event occurred within a time period by accessing a timeslot server 410, In some
embodiments, the timeslot server 410 may maintain independent time period and timeslot

insiructions for each semantic information extracior 406,

[06074] Using the current estimated pose and the timeslot, the semantic information
extractor 406 may update the stored semantic information for the related one or more
assoctated sensor(s) 402. The semantic information extractor 406 may periodically seek
to identify patierns in the adverse event occurrence across timesiots and/or poses for each
associated sensor 402, such as when each time period ends. Any such identified patterns
may be provided to a weighting factor module 412, which may receive the processed
measurement(s) from the corresponding pre-processor 404, In various embodiments, the
weighting module 412 may adjust the weight given to data (1.e., processed
measurement(s}) from the related associated sensor(s) 402 based on the identified pattern.
For example, such adjustment may wnvolve lowering the weighting factor of data from a
sensor 402 for a specific time duration, or when the robotic device 1s located in a

particular spatial region.

[0075] After adjusting weighting factor(s) based on semantic informaton, the processed
measurements may be provided (o the localization module 408. As discussed, the
localization module 408 may generale a current estimated pose for the robotic device as
part of SLAM processes. In addition to providing the current estimated pose to the
semantic information module(s} 406, the location module 408 may provide such
information to a mapping module 414 and to a path planning module 416, In various
embodiments, the pre-processing module(s) 404 may provide data about the position of

obstacles in the local environment to the mapping module 414. The pre-processor(s) 404
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that provide such obstacle position information, as well as their associated sensor(s) 402,
may be either the same as or different {rom those used to provide processed
measurements (o the semantic information extractor(s) 406. In some embodiments, the
object position information may be computed based on an identified point set and/or
landmarks in the local environment. In some embodiments, the mapping module 414
may utilize the current estimated pose and obstacle position information to construct at
least one map. For example, i using SLAM techmques, the mapping module 414 may
generate a map with spatial representations of the local environment for navigation, as
well as update mapping information relative to the robotic device about features (e.g.,

landmarks).

[0076] The map(s) generated by the mapping module 414 may be provided to the path
planning module 416. The path planning module 416 may use the received map(s) and
the current estimated pose information to select, create, or update a navigation path for

the robotic device.

[0077] FIG. 5 illustrates a method 500 for extracting and using semantic information to
improve navigation on a robotic device according to various embodiments. Referring to
FI1GS. 1-5, the operations of the method 500 may be implemented by one or more
processors of a robotic device, such as the robotic device 102, 200, the processor 220, or
the processing device 312. The one or more processor may include, for example, the
processor(sy 314, or a separate controller (not shown) that may be coupled to memory,

such as the memory 224 or storage memaory 324.

{0078] In block 502, a processor of the robotic device may configure setiings {or a time
period and timeslot on a time server. The time period and timeslot may be configured to
define a ime span and resolution for collecting semantic wmformation of sensor(s) (e.g.,
240, 402) associated with a pre-processor (e.g., 402). An example time period setting

may be 24 hours, and example timeslot setting may be one hour. Specifically, semantic
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wformation may be recorded for each hour over a period of 24 hours, which may be
repeated following evaluation by the navigation system. In some embodiments, separate
time period and timeslot settings may be configured for each pre-processor in the

navigation system.

[6079] In block 504, the processor may select at least one adverse event related (o one or
more sensors of the robotic device. Examples of adverse events that may be selected
include outlier data measurements, measurements indicating a condition of the robotic
device (e.g., collision, getting stuck, etc.), a string of blank measurements from one or
more sensors, etc. In some embodiments, an adverse event may be a hardware based

event based on the particular sensors and build of the robotic device.

[0080] In block 506, the processor may 1nitiate the start of the time period, which may be
tracked in real time by the time server. In various embodiments, the time server may
maintain a clock for the time period, as well as an indicator of the current timeslot within

the time period.

[0081] The processor may determine whether any adverse event related (o one or more
sensor of the robotic device 1s detected in determination block 508. As long as no
adverse event is detected (i.e., determunation block 508 = “No™), the processor may

repeat determining whether any adverse event is detected in determination block 508.

[0082] Inresponse to determining that an adverse event related to one or more sensor 18
detected (1.e., determination block 508 = “Yes”), the processor may identify the time slot

i which the adverse event has occurred by accessing the time server in block 510.

[6083] In block 512, the processor may record updates to the semantic information that is
stored for the related sensor(s) based on the current pose of the robotic device and the
identified timeslot. In various embodiments, the current estimated pose (1.e., position and
orientation) for the robotic device may be identified through localization processes.

Recording the adverse event may involve, per timeslot, incrementing a separate count of
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occurrences of the adverse event at each pose of the robotic device. In some
embodiments, the updates to the semantic information may involve calculating a

probability of the event’s occurrence for each pose and timeslot.

[0084] In deterpunation block 514, the processor may determine whether the time period
has ended. In response to determining that the time period has not ended, the processor
may again determine whether any adverse event related to one or more sensor of the

robotic device is detected in determination block 508.

{0085} In response to determining that the time period has ended (i.e., determination
block 514 =“Yes”), the processor may 1dentity, for each sensor of the robotic device, any
region and/or times of low performance based on the stored semantic information i
block 516. That 1s, the processor may identify any patterns of adverse events that
occurred during a specific timeslot or while 1 a specific pose. Such identiflication may
be based on a number of adverse events occurring that is greater than an event threshold.
For example, a first event threshold may be established for the count of adverse events
occurring within a timeslot, and a second event threshold may be established for the
count of adverse events occurring at a pose of the robotic device. In various
embodiments, such patterns if identified may be used to make conclusions about the
performance of that sensor at particular time(s) corresponding to the timeslot, and/or
while the device 1s within a spatial region(s) corresponding to the pose.

[0086] In block 518, the processor may adjust a weighting factor for one or more sensors
at any corresponding spatial region or time of low performance. For example, during the
particular time(s), and/or when the robotic device 1s within the particular spatial region(s),
a weighting factor may be applied to downscale the value of measurements taken by that

SENsor.

{0087] The processor may again initiate the start of the time period m block 506.
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{0088} FI1G. 6 illustrates a method 600 of detecting an adverse event related to one or
more sensors i block 508 of the method 500, Operations of the method 600 may be
performed with respect to each sensor of the robotic device. With reference to FIGS. 1-6,
the operations of the method 600 may be implemented by one or more processors of a
robotic device, such as the robotic device 102, 200, the processor 220, or the processing
device 312. The one or more processors may include, for example, the processor(s) 314,
or a separate controller (not shown) that may be coupled to memory, such as the memory

224 or storage memory 324,

[0089] In block 602, the processor may obtain processed measurements that are output as
a result of pre-processor operations. For example, the processed measurements may be
data relating to position and orientation of the robotic device, with outlier data
measurements removed.

[0090] In block 604, the processor may obtain the current estimated pose of the robotic
device based on localization. For example, the current pose may be calculated in

performing localization for a SLAM system.

[0091] In determination block 606, the processor may determine whether the difference

between a pose indicated by the processed measurements and the current estimated pose
calculated through localization satisfies or exceeds a threshold. In some embodiments, a
different threshold may be configured for each sensor by the robotic device, and may

depend on the acuity/capabilities of the various sensors.

[0092] In response to determining that the difference between a pose indicated by the
processed measurements and the current estimated pose calculated through localization is
greater than the threshold (1.e., determmation block 606 = “Yes”), the processor may

detect an adverse event for the sensor in block 608,

[6093] In response to determining that the difference between a pose indicated by the

processed measurements and the current estimated pose calculated through localization 1s

N2
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not greater than the threshold (i.e., determination block 606 = “No”), the processor may

detect that no adverse event has occurred for the sensor in block 610,

[0094] Various embodiments enable the processor of the robotic device to improve the
calibration of an image sensor of the robotic device. Various embodiments also improve
the accuracy of the robotic device’s SLAM capabilities using a more accurately
calibrated image sensor. Various embodiments also improve capability of a robotic

device to calibrate 2 monocular image sensor for use with SLAM determinations.

{0095} Various embodiments illustrated and described are provided merely as examples
to dlustrate various features of the claims. However, features shown and described with
respect to any given embodiment are not necessarily limited to the associated
embodiment and may be used or combined with other embodiments that are shown and
described. Further, the claims are not mtended to be lumited by any one example
embodiment. For example, one or more of the operations of the methods 500 and 600
may be substituted {or or combined with one or more operations of the methods 500 and

600, and vice versa.

[0096] The foregoing method descriptions and the process flow diagrams are provided
merely as iHustrative examples and are not intended to require or imply that the
operations of various embodiments must be performed in the order presented. As will be
appreciated by one of skill in the art the order of operations in the {oregoing

2% i

embodiments may be performed in any order. Words such as “thereafter,” “then,” “next,”
etc. are not intended to limit the order of the operations; these words are used to guide the
reader through the description of the methods. Further, any reference to claim elements

o

in the singular, for example, using the articles “a,” “an,” or “the” 1s not to be construed as
limtting the element to the singular.
{0097} Various tHustrative logical blocks, modules, circuits, and algorithm operations

described in connection with the embodiments disclosed herein may be implemented as
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electronic hardware, computer software, or combinations of both. To clearly llustrate
this interchangeability of hardware and software, various tllustrative components, blocks,
modules, circuits, and operations have been described above generally in terms of their
functionality. Whether such functionality 1s implemented as hardware or software
depends upon the particular application and design constraints imposed on the overall
systenm. Skilled artisans may umplement the described functionality in varying ways for
cach particular application, but such embodiment decisions should not be interpreted as

causing a departure from the scope of the claims.

{0098] The hardware used to mmplement various llustrative logics, logical blocks,
modules, and circuits described in connection with the aspects disclosed herein may be
umplemented or performed with a general purpose processor, a digital signal processor
(DSP), an application spectfic mtegrated circuit (ASIC), a field programmable gate array
(FPGA) or other programmable logic device, discrete gate or transistor logic, discrete
hardware components, or any combination thereof designed to perform the functions
described herem. A general-purpose processor may be a microprocessor, but, in the
alternative, the processor may be any conventional processor, controller, microcontroller,
or state machine. A processor may also be implemented as a combination of receiver
smart objects, e.¢., a combination of a DSP and a microprocessor, a plurality of
TRICTOPTOCESSOrS, ONe OF MOTe MICToprocessors in conjunction with a DSP core, or any
other such configuration. Alternatively, some operations or methods may be performed

by circuitry that 1s specific to a given function.

{0099} In one or more embodiments, the functions described may be implemented in
hardware, software, firmware, or any combination thereof. If implemented 1n software,
the functions may be stored as one or more wstructions of code on a non-transitory
computer-readable storage medium or non-transitory processor-readable storage medium.
The operations of a method or algonithm disclosed herein may be embodied in a

processor-executable software module or processor-executable instructions, which may
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reside on a non-transitory computer-readable or processor-readable storage medium.
Non-transitory computer-readable or processor-readable storage media may be any
storage media that may be accessed by a computer or a processor. By way of example
but not limitation, such non-transitory computer-readable or processor-readable storage
media may include RAM, ROM, EEPROM, FLASH memory, CD-ROM or other optical
disk storage, magnetic disk storage or other magneltic storage smart objects, or any other
medium that may be used to store desired program code in the form of nstructions or
data structures and that may be accessed by a computer. Disk and disc, as used herein,
includes compact disc (CD), laser disc, optical disc, digital versatile disc (DVD), {loppy
disk, and Blu-ray disc where disks usually reproduce data magnetically, while discs
reproduce data optically with lasers. Combinations of the above are also included within
the scope of non-transitory computer-readable and processor-readable media.
Additionally, the operations of a methed or algorithm may reside as one or any
combination or set of codes and/or instructions on a non-transitory processor-readable
storage medium and/or computer-readable storage medium, which may be incorporated

into a computer program product.

{00100} The preceding description of the disclosed embodiments is provided to enable any
person skilled 1n the art to make or use the claims. Various modifications to these
embodiments will be readily apparent o those skilled in the art, and the generic
principles defined herein may be applied to other embodiments without departing from
the scope of the claims. Thus, the present disclosure s not intended to be limited to the
embodiments shown herein but is to be accorded the widest scope consistent with the

following claims and the principles and novel features disclosed herein.
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CLAIMS
What 1s claimed is:

1. A method performed by a processor of a robotic device for improving navigation, the
method comprising:
nitiating a start of a predetermined time period associated with semantic
wiormation extraction;
determining whether an adverse event related to one or more sensors of the robotic
device 1s detected; and
in response to determining that an adverse event related to one or more sensors of
the robotic device s detected:
wentifying a current time slot of the predetermined time period;
identifying a current estimated position and orientation of the robotic
device; and
recording updates to semantic information stored for the one or more
sensors based on the identified current time slot and the current estimated position

and orientation of the robotic device.

2. The method of claim 1, further comprising:
determining whether the predetermined time period has ended; and
in response to determining that the predetermined time period has ended:
identifying, for each sensor, any spatial region of low performance within a
local environment of the robotic device based on stored semantic information; and
adjusting a weight factor applied to measurements from the sensor when

the robotic device 1s at an identified spatial region of low performance.
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3. The method of claim 2, further comprising, in response to determining that the
predetermined time period has ended:

identifying, for each sensor, any times of low performance based on corresponding
semantic information; and

adjusting the weight factor applied to measurements from each sensor during

identified times of low performance.

4. The method of claim 2, wheremn wdentifying, for each sensor, any spatial region of low
performance comprises:

determining whether the stored semantic mformation for the sensor mndicates that a
number of adverse event occurrences for a specific pose of the robotic device satisfies or

exceeds a first event threshold.

5. The method of claim 4, wherein identifying, for each sensor, any time of low
performance comprises determining whether the stored semantic nformation indicates
that a number of adverse event occurrences during a specific timeslot satisfies or exceeds

a second event threshold.

6. The method of claim 1, wherein determining whether an adverse event related (o one
or more sensors of the robotic device 1s detected comprises for each sensor:

oblaining processed measurements oulput by pre-processor operations for the
Sensor;

obtaining the current estimated position and orientation of the robotic device; and

determining whether a difference between a pose indicated by the processed
measurements and the current estimated position and orientation satisfies or exceeds a

sensor-specific threshold.
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7. The method of claim 1, wherein determining whether an adverse event related to one
or more sensors of the robotic device 1s detected comprises determining that an adverse

event is detected in response to receiving an outlier data measurement.

8. The method of claim 1, wherein the predetermined time period associated with
semantic information extraction is configured on a time server, wherein the time server

maintains settings for timeslots of the predetermined time period.

9. The method of claim 1, wherein identifying the current estimated position and
orientation of the robotic device comprises obtaming output from localization operations
on the robotic device, wherein the localization operations are performed as part of a

stmultaneous localization and mapping (SLAM) process.

10. The method of claim 1, wherein the robotic device is a ground vehicle, and wherein
the one or more sensors of the robotic device comprises at least one image sensor, at least

ome mnertial measurement unit (IMU) sensor, and at least one motion feedback sensor.

11. The method of claim 1, wherein the semantic information stored for the one or more
sensors 15 represented in a data structure that provides a number of adverse event
occusrences for each pose of the robotic device during each timeslot of the predetermined

time period.

12. A robotic device, comprising:
one or more sensors; and
a processor coupled to the one or more sensors and configured with processor-

executable instructions to:
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wnttiate a start of a predetermined time period associated with semantic
information extraction;
determine whether an adverse event related o one or more sensors is
detected; and
i response to determining that an adverse event related to the one or more
sensors 1s detected:
identily a current time slot of the predetermined time period;
identifly a current estimated position and orientation of the robotic
device; and
record updates to semantic information stored for the one or more
sensors based on the wdentified current time slot and the current estimated

position and orientation of the robotic device.

13. The robotic device of claim 12, wherein the processor is further configured with
processor-executable instructions (o:
determine whether the predetermined time period has ended; and
in response to determining that the predetermined time period has ended:
wdentify, for each sensor, any spatial region of low performance within a
local environment of the robotic device based on stored semantic information; and
adjust a weight factor applied to measurements from the sensor when the

robotic device 15 at an identified spatial region of low performance.

14. The robotic device of claim 13, wherein the processor is further configured with
processor-executable instructions to:

identity, for each sensor, any times of low performance based on corresponding
semantic information in response to determining that the predetermined time period has

ended; and
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adjust the weight factor applied to measurements from each sensor during

identified times of low performance.

15. The robotic device of claim 13, wherein the processor 15 [urther configured with
processor-executable mstructions to identily, for each sensor, any spatial region of low
performance by:

determining whether the stored semantic mformation for the sensor indicates that a
number of adverse event occurrences for a specific pose of the robotic device satisfies or

exceeds a first event threshold.

16. The robotic device of claim 15, wherein the processor is further configured with
processor-executable instructions to identfy, {for each sensor, any time of low

performance by determining whether the stored semantic information indicates that a
number of adverse event occurrences during a specific timeslot satisfies or exceeds a

second event threshold.

17. The robotic device of claim 12, wherein the processor is further configured with
processor-executable instructions to determine whether an adverse event related to the
one or more sensors 18 detected by:

obtaining processed measurements cutput by pre-processor operations for each
SEnsor;

obtaming the current estimated position and orientation of the robotic device; and

determining whether a difference between a pose indicated by the processed
measurements and the current estimated position and orientation satis{ies or exceeds a

sensor-spectfic threshold for each sensor.



WO 2019/019136 PCT/CN2017/094876

18. The robotic device of claim 12, wherein the processor is further configured with
processor-executable mstructions to determine that an adverse event related to one or

more sensors is detected tn response to receiving an outlier data measurement.

19. The robotic device of claim 12, wherein the predetermined time period associated
with semantic information extraction is configured on a time server, wherein the time

server maintains settings for timeslots of the predetermined time period.

20. The robotic device of claim 12, wherein the processor s further configured with
processor-executable instructions to wdentify the current estimated position and
orientation of the robotic device by obtaining ouiput from localization operations on the
robotic device, wherein the localization operations are performed as part of a

stmultaneous localization and mapping (SLAM) process.

21. The robotic device of claim 12, wherein the robotic device is a ground vehicle, and
wherein the one or more sensors comprise at least one image sensor, at least one inertial

measurement unit (IMU)} sensor, and at least one motion feedback sensor.

22. The robotic device of claim 12, wherein the semantic information stored for the one
or more sensors is represented in a data structure that provides a number of adverse event
occurrences for each pose of the robotic device during each timeslot of the predetermined

time period.
23. A robotic device, comprising:

means {for inttiating a start of a predetermined time period associated with

semantic information extraction;
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means for determining whether an adverse event related (o one or more sensors of
the robotic device 1s detected;

means for identifying a current time slot of the predetermined time period in
response to determining that an adverse event related to one or more sensors of the
robotic device 1s detected;

means for identifying a current estimated position and orientation of the robotic
device 1 response to determuning that an adverse event related to one or more sensors of
the robotic device 1s detected; and

means for recording updates to semantic information stored for the one or more
sensors based on the wdentified current time slot and the current estimated position and
orientation of the robotic device in response (o determining that an adverse event related

to one or more sensors of the robotic device is detected.

24. A processing device for use in a robotic device, the processing device configured (o:
witiate a start of a predetermined time period associated with semantic
information extraction;
determine whether an adverse event related to one or more sensors is
detected; and
i response to determining that an adverse event related (o the one or more
sensors is detected:
identify a current time slot of the predetermined time period;
identify a current estimated position and orientation of the robotic
device: and
record updates to semantic mformation stored {or the one or more
sensors based on the identified current time slot and the current estimated

position and orientation of the robotic device.

(o
W
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25. The processing device of claim 24, wherein the processing device is further
configured to:
determine whether the predetermined time period has ended; and
m response to determining that the predetermined time period has ended:
identify, for each sensor, any spatial region of low performance within a
local environment of the robotic device based on stored semantic wnformation; and
adjust a weight {actor applied to measurements from the sensor when the

robotic device 1s at an 1dentified spatial region of low performance.

26. The processing device of claim 25, wherein the processing device 1s further
configured to:

wdentity, for each sensor, any times of low performance based on corresponding
semantic information in response to determining that the predetermined time period has
ended; and

adjust the weight factor applied to measurements from each sensor during

wdentified times of low performance.

27. The processing device of claim 25, wherein the processing device is further

configured to identily, for each sensor, any spatal region of low performance by:
determining whether the stored semantic information for the sensor indicates that a

number of adverse event occurrences for a specific pose of the robotic device satisfies or

exceeds a first event threshold.

28. The processing device of claim 27, wherein the processing device 1s {urther
configured to identify, for each sensor, any time of low performance by determining
whether the stored semantic information indicates that a number of adverse event

occurrences during a spectfic timeslot satislies or exceeds a second event threshold.
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29. The processing device of claim 24, wherein the processing device 1s {urther
configured to determine whether an adverse event related to the one or more sensors is
detected by:

obtaining processed measurements cutput by pre-processor operations {or each
Sensor;

obtamning the current estimated position and orientation of the robotic device; and

determining whether a difference between a pose indicated by the processed
measurements and the current estimated posilion and orientation satis{ies or exceeds a

sensor-specific threshold for each sensor.
30. The processing device of claim 24, wherein the processing device is further

confligured to determne that an adverse event related to one or more sensors 15 detected

1 response to receiving an outlier data measurement.

37



WO 2019/019136 PCT/CN2017/094876
1/6

100
7

Communication
Network
108

FIG. 1



WO 2019/019136

2/6

204

PCT/CN2017/094876

;. K?Z\— 292

WCD
202 202 250
~
AN
N
AN
/
/
4
/ l
/
%i Control
- Unit
Output Input Radio / 210
Module Moduie Module -
250 260 270
MODEM
274
Payiocad
Securing Sensor(s)
Unit(s) Processor [2__4;@_
244 220 "
Memory Navigation
e 224 222 .

Maneuvering

Data

228
Power Module
230

FIG. 2



WO 2019/019136 PCT/CN2017/094876

316
326 -
310 - \
\\
322 L 324 -
1 Communication Storage
Component Memory
312 N\
SoC
318 - I communication 320 - Storage
Memory
interface
interface
314 - 318 -
‘ Processor Memory

328 N Hardware
interface




4/6

PCT/CN2017/094876

WO 2019/019136

JaAlas Jojs Ul |

iy

il

(shiosseonid-aid

¥ "Old

(s)iosues
abewi

{s)iosues
Hoegpesy

i

LAI.III\
\ (shicioeixs
UoIle ULIoUl S1IUBWS
o0p i Ui O S
g0y
N ¥
LUCHBZHBO0T jegmmrt Bunubispa g
{shuswsinsesu
POSSB00Id
™ iy «\\ wmw\\
asod
pajeuinsy
Buidde -
: W {scwsod
/( apesq)
¥y
(s)deiy
Buiued
b=
Hed /mww

sjUslIBINSESW
MEY

UoHOW

{sliosuas
(Al

giosueg

20y \\

Lo



WO 2019/019136 PCT/CN2017/094876
5/6

SO0 e ——————— 502
Configure settings for time period and |/

4 time slot on time server

Y

Select adverse event(s) related to one |/
or more sensor of robotic device

é — 508
M initiate start of the time period ’

event related to one
— of More $ensor

Yas
510 — ¥
“§  identify ime slot by accessing time
server

!

$12 — Record updates to semantic

Ninformation stored for related sensor(s)

based on current pose and identified
timeslot

- 'End of time period? |

Yas

¥
For each sensor, identify any region(s){ /' 516
and/or time(s) of low performance |
based on stored semantic information
Adjust weight factor of sensar(s) atany|/ 518
identified region(s) and/or time(s) of
low performance

\. J
FIG. 5




WO 2019/019136
6/6

800

8602 - | Obtain processed measurements

output by pre-processor operations

i

“§  Obtain current estimated pose of
robotic device based on localization

604

- Difference ™
between pose indicated by

< processed measurements and current
estamated pose = Sensor- speoafsc

-~ threshold? .

No

¥

No adverse event detected for the
Sensor

PCT/CN2017/094876

508

Adverse event
detected for the sensor




INTERNATIONAL SEARCH REPORT

International application No.

PCT/CN2017/094876

A.

CLASSIFICATION OF SUBJECT MATTER
GO1S 5/02(2010.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B.

FIELDS SEARCHED

GO01S; HO4W; HO4Q; HO4L

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

CNPAT,CNKLEPODOC,WPI:semantic,navigat+,robot,robotic,vehicle?, UAV, time+,position,orientation,"simultaneous
localization and mapping”,SLLAM,sensor?,updat+,adverse,outlier,blank,stuck,collision,conflict,obstacle

C. DOCUMENTS CONSIDERED TO BE RELEVANT
Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A WO 2012161597 A2 (CROWN EQUIPMENT LIMITED) 29 November 2012 (2012-11-29) 1-30
description paragraphs [0004], [0035]-[0089], figures 3-11

A US 2017057528 Al (THALES CANADA INC.) 02 March 2017 (2017-03-02) 1-30
the whole document

A US 2017029213 A1 (SCENIC TECHNOLOGY CORPORATION) 02 February 2017 1-30

(2017-02-02)

the whole document

A US 2015239482 A1 (THALES CANADA INC.) 27 August 2015 (2015-08-27) 1-30
the whole document

DFurther documents are listed in the continuation of Box C.

See patent family annex.

£

NG

“R

“p

“”

“pr

Special categories of cited documents:

document defining the general state of the art which is not considered
to be of particular relevance

earlier application or patent but published on or after the international
filing date

document which may throw doubts on priority claim(s) or which is

cited to establish the publication date of another citation or other
special reason (as specified)

document referring to an oral disclosure, use, exhibition or other
means

document published prior to the international filing date but later than
the priority date claimed

«Tr

ey

wy

“ &

later document published after the international filing date or priority
date and not in conflict with the application but cited to understand the
principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

document member of the same patent family

Date of the actual completion of the international search

Date of mailing of the international search report

100088
China

Facsimile No. (86-10)62019451

03 April 2018 20 April 2018
Name and mailing address of the ISA/CN Authorized officer
STATE INTELLECTUAL PROPERTY OFFICE OF THE
P.R.CHINA
6, Xitucheng Rd., Jimen Bridge, Haidian District, Beijing LIU,Hanyan

Telephone No. (86-10)010-53961659

Form PCT/ISA/210 (second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members

PCT/CN2017/094876
. Patc.ant document Publication date Patent family member(s) Publication date
cited in search report (day/month/year) (day/month/year)
WO 2012161597 A2 29 November 2012 BR 112013030237 A2 06 December 2016
CA 2854756 Al 29 November 2012
KR 20140036264 A 25 March 2014
AU 2012259536 Al 02 May 2013
CN 103733084 A 16 April 2014
RU 2013156780 A 10 July 2015
EP 2715393 A2 09 April 2014
us 2012303176 Al 29 November 2012
us 2017057528 Al 02 March 2017 WO 2017033150 Al 02 March 2017
us 2017029213 Al 02 February 2017 us 2017261992 Al 14 September 2017
WO 2017023841 Al 09 February 2017
CA 2993660 Al 09 February 2017
Uus 2015239482 Al 27 August 2015 None

Form PCT/ISA/210 (patent family annex) (July 2009)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - wo-search-report
	Page 47 - wo-search-report

