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MAPPING METHOD , LOCALIZATION surrounding area of the mobile robot by an external sensor 
METHOD , ROBOT SYSTEM , AND ROBOT onboard the mobile robot ; receiving third map information 

including information about the surrounding area of the 
BACKGROUND mobile robot from the environmental sensor node ; ( i ) in the 

5 third map information , if information exists about a place in 
1. Technical Field which an amount of change over time is equal to or greater 

than a certain threshold value , conducting a removal process 
The present disclosure relates to technology that conducts of removing information about a place in the first map 

localization and environment map creation for a mobile information and information about a place in the second map 
robot , and more particularly , relates to a system of an information that correspond to the place in which the environmental sensor installed in an environment and a amount of change over time is equal to or greater than the mobile robot that links with the environmental sensor . certain threshold value in the third map information , or 

2. Description of the Related Art alternatively , conducting a variance - increasing process of 
15 increasing a variance of each of information about a place in 

For a mobile robot to move autonomously in an environ the first map information and information about a place in 
mental space in which people and other machines are the second map information that correspond to the place in 
present , the mobile robot itself needs to correctly recognize which the amount of change over time is equal to or greater 
its own location and orientation , as well as the surrounding than the certain threshold value in the third map information ; 
environment . In the related art , a known technique for 20 ( ii ) matching the first map information and the second map 
conducting such recognition is Simultaneous Localization information after being subjected to the removal process or 
and Mapping ( SLAM ) technology , which estimates the the variance - increasing process , and generating map infor 
agents location while at the same time creating a map of the mation based on the ma ching result ; and ( iii ) updating the 
environment . first map information to the map information generated 

A mobile robot according to SLAM technology is 25 based on the matching result . 
equipped with an internal sensor , which is a sensor for Note that these general or specific aspects may also be 
learning the internal state of the mobile robot , and an realized by a system , method , integrated circuit , computer 
external sensor , which is a sensor for learning the state of the program , or computer - readable recording medium such as a 
external world . CD - ROM disc , and may also be realized by an arbitrary 
With SLAM technology , first , a current location and 30 combination of a system , method , integrated circuit , com 

orientation are estimated from internal sensor information . puter program , and recording medium . 
Next , from already - stored map information about the sur Additional benefits and advantages of the disclosed 
rounding environment at the estimated location and orien embodiments will become apparent from the specification 
tation , the mobile robots ( i ) location , ( ii ) orientation , ( iii ) and drawings . The benefits and / or advantages may be indi 
uncertainty of location , and ( iv ) uncertainty of orientation 35 vidually obtained by the various embodiments and features 
are predicted . Next , observation information obtained by the of the specification and drawings , which need not all be 
external sensor is compared to the information predicted provided in order to obtain one or more of such benefits 
from the internal sensor information . Next , from the likeli and / or advantages . 
hood of each set of information computed by the compari 
son , a weighting of the information from the internal sensor 40 BRIEF DESCRIPTION OF THE DRAWINGS 
and the external sensor is decided . Subsequently , informa 
tion about the weighting of the data from the internal sensor FIG . 1 is a block diagram illustrating an example of a 
and the external sensor is used to conduct a process of configuration of a robot system according to Embodiment 1 ; 
updating the current location and orientation as well as the FIG . 2 is a diagrammatic view illustrating an example of 
map information . 45 an environment in which environmental sensor nodes and a 

Japanese Unexamined Patent Application Publication No. mobile robot are present ; 
2012-248032 discloses a robot system that evaluates the FIG . 3A is a flowchart illustrating an example of a process 
reliability of multiple estimators that conduct localization by a robot system ; 
based on the outputs from multiple different sensors , and FIG . 3B is a flowchart illustrating an example of a process 
integrates the localization information from the multiple 50 by a moving object movement and environmental change 
estimators according to the reliability . information integration unit ; 

Japanese Patent No. 5617562 discloses a mobile robot FIG . 4A is a diagram illustrating an example of an 
that links with an environmental sensor to move while environment including a mobile robot at a time T ; 
avoiding collisions with people and obstacles , without inter FIG . 4B is an explanatory diagram illustrating an example 
fering with the activity of the people . The environmental 55 of an environment including a mobile robot at a time T + a ; 
sensor is multiply disposed to detect the locations of all FIG . 4C is a diagram illustrating an example of sensor 
people present in the environment . data acquired by a mobile robot at a time T ; 

FIG . 4D is a diagram illustrating an example of sensor 
SUMMARY data acquired by a mobile robot at a time T + a ; 

FIG . 5A is an explanatory diagram illustrating an example 
In one general aspect , the techniques disclosed here of data matching during a mapping and localization process ; 

feature a mapping method of a mobile robot that conducts FIG . 5B is a diagram illustrating an example of a match 
mapping using at least one or a plurality of an environmental ing result ; 
sensor node , the mapping method including : acquiring first FIG . 5C is a diagram illustrating an example of a match 
map information created in advance , including information 65 ing score value ; 
about a surrounding area of the mobile robot ; acquiring FIG . 6A is a diagram illustrating an example of a data 
second map information including information about the removal process ; 

60 
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FIG . 6B is a diagram illustrating an example of a match mation and information about a place in the second map 
ing result of data after a removal process ; information that correspond to the place in which the 

FIG . 6C is a diagram illustrating an example of a match amount of change over time is equal to or greater than the 
ing score value of data after a removal process ; certain threshold value in the third map information , or 

FIG . 7A is a diagram illustrating an example of a data 5 alternatively , conducting a variance - increasing process of 
variance - increasing process ; increasing a variance of each of information about a place in 

FIG . 7B is a diagram illustrating an example of a match the first map information and information about a place in 
ing result of data after a variance - increasing process ; the second map information that correspond to the place in 

FIG . 7C is a diagram illustrating an example of a match which the amount of change over time is equal to or greater 
ing score value of data after a variance - increasing process ; 10 than the certain threshold value in the third map information ; 

FIG . 8 is a diagram illustrating map data at a time T ; ( ii ) matching the first map information and the second map 
FIG . 9 is a diagram for explaining an example of a information after being subjected to the removal process or 

variance - increasing process ; the variance - increasing process , and generating map infor 
FIG . 10 is a diagram illustrating an example of a result of mation based on the matching result ; and ( iii ) updating the 

a variance - increasing process ; and 15 first map information to the map information generated 
FIG . 11 is a flowchart illustrating an example of a process based on the matching result . 

by a robot system according to Embodiment 2 . A configuration is also possible in which , in the third map 
information , if information exists about a place in which the 

DETAILED DESCRIPTION amount of change over time between a first timing and a 
20 second timing is equal to or greater than the certain threshold 

( Underlying Knowledge Forming Basis of the Present Dis value , the removal process is conducted if a time difference 
closure ) between the first timing and the second timing is within a 

With SLAM technology , there is a problem in that , if there range between a first time and a second time longer than the 
is an environmental change in an area within the sensing first time , and the variance - increasing process is conducted 
range of the external sensor of the mobile robot during 25 if the time difference between the first timing and the second 
mapping or localization , an error occurs in the mapping and timing is equal to or greater than the second time . 
localization , and estimation may no longer be conducted A configuration is also possible in which , in the third map 
correctly . In spaces with large environmental changes due to information , if information exists about a place in which the 
people and other moving objects , such as an office or inside amount of change over time between the first timing and the 
a home , or in spaces where many people come and go , such 30 second timing is equal to or greater than the certain threshold 
as a rail station or a shopping mall , mapping with SLAM value , if the time difference between the first timing and the 
technology is difficult because large disturbances , or in other second timing is less than or equal to the first time , the 
words large environmental changes , occur frequently . As a removal process and the variance - increasing process are not 
result , using SLAM technology to plan a route that avoids conducted , the first map information and the second map 
people and obstacles becomes difficult . 35 information are matched , and map information is generated 

Furthermore , for spaces with large environmental changes based on the matching result . 
as discussed above , in the mapping and localization process , A configuration is also possible in which , in the third map 
the convergence worsens for estimated values according to information , if information does not exist about a place in 
the least squares method in the part of the process that which the amount of change over time is equal to or greater 
compares the information obtained by the external sensor to 40 than the certain threshold value , the first map information 
the predicted information , and the computational complexity and the second map information are matched , and map 
increases . information is generated based on the matching result . 

In methods of the related art , such as PTL 1 and PTL 2 , A configuration is also possible in which the variance 
conducting mapping and localization accurately and increasing process is a process of increasing an indefinite 
robustly , even in a space with large environmental changes , 45 ness of information about a corresponding place in the first 
is not investigated . For this reason , moderating increases in map information and a corresponding place in the second 
the required computational complexity has not been pos map information . 
sible . A configuration is also possible in which the third map 

The present disclosure proposes a localization method , a information includes information about an existence prob 
robot system , and a mobile robot that conduct mapping and 50 ability of an object near the environmental sensor node , and 
localization accurately and robustly , even in a space with the amount of change over time is an amount of change in 
large environmental changes . the existence probability . A configuration is also possible in 

A mapping method according to the present disclosure is which the first map information , the second map informa 
a mapping method of a mobile robot that conducts mapping tion , and the third map information are coordinate informa 
using at least one or a plurality of an environmental sensor 55 tion in a two - dimensional coordinate system or coordinate 
node , the mapping method comprising : acquiring first map information in a three - dimensional coordinate system , and 
information created in advance , including information about before conducting the matching , a coordinate conversion 
a surrounding area of the mobile robot ; acquiring second process is conducted to convert the respective coordinate 
map information including information about the surround systems of the first map information , the second map infor 
ing area of the mobile robot by an external sensor onboard 60 mation , and the third map information to a common coor 
the mobile robot ; receiving third map information including dinate system . 
information about the surrounding area of the mobile robot A localization method according to an aspect of present 
from the environmental sensor node ; ( i ) in the third map disclosure is a localization method of a mobile robot that 
information , if information exists about a place in which an conducts localization using at least one sensor node , the 
amount of change over time is equal to or greater than a 65 localization method comprising : acquiring first map infor 
certain threshold value , conducting a removal process of mation created in advance , including information about a 
removing information about a place in the first map infor surrounding area of the mobile robot ; acquiring second map 
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information including information about the surrounding A mobile robot according to an aspect of the present 
area of the mobile robot by an external sensor onboard the disclosure comprises : a database recording first map infor 
mobile robot ; receiving third map information including mation created in advance , including information about a 
information about the surrounding area of the mobile robot surrounding area of the mobile robot ; an external sensor that 
from an environmental sensor node ; ( i ) in the third map 5 acquires second map information including information 
information , if information exists about a place in which an about the surrounding area of the mobile robot ; a commu 
amount of change over time is equal to or greater than a nicator that acquires third map information including infor 
certain threshold value , conducting a removal process of mation about the surrounding area of the mobile robot by 
removing information about a place in the first map infor communicating with at least one environmental sensor node , 
mation and information about a place in the second map 10 which is external to the mobile robot and which acquires the 
information that correspond to the place in which the third map information ; and an information processor that ( i ) 
amount of change over time is equal to or greater than the in the third map information , if information exists about a 
certain threshold value in the third map information , or place in which an amount of change over time is equal to or 

greater than a certain threshold value , conducts a removal alternatively , conducting a variance - increasing process of 15 process of removing information about a place in the first increasing a variance of each of information about a place in map information and information about a place in the second the first map information and information about a place in map information that correspond to the place in which the 
the second map information that correspond to the place in amount of change over time is equal to or greater than the 
which the amount of change over time is equal to or greater certain threshold value in the third map information , or 
than the certain threshold value in the third map information ; 20 alternatively , conducts a variance - increasing process of 
( ii ) matching the first map information and the second map increasing a variance of each of information about a place in 
information after being subjected to the removal process or the first map information and information about a place in 
the variance - increasing process , and generating map infor the second map information that correspond to the place in 
mation based on the matching result ; ( iii ) updating the first which the amount of change over time is equal to or greater 
map information to the map information generated based on 25 than the certain threshold value in the third map information , 
the matching result ; and ( iv ) estimating a location of the ( ii ) matches the first map information and the second map 
mobile robot in the updated first map information , based on information after being subjected to the removal process or 
the updated first map information , and a detection result of the variance - increasing process , and generates map infor 
an internal sensor that detects at least one of a position and mation based on the matching result , and ( iii ) updates the 
an orientation of the mobile robot . 30 first map information recorded in advance to the map 

Another possible configuration comprises : calculating a information generated based on the matching result . 
movement path based on the updated first map information Note that these general or specific aspects may also be 
and the estimated location ; and causing the mobile robot realized by a system , method , integrated circuit , computer 
along the movement path . program , or computer - readable recording medium such as a 

A robot system according to an aspect of the present 35 CD - ROM disc , and may also be realized by an arbitrary 
disclosure is a robot system comprising : at least one envi combination of a system , method , integrated circuit , com 
ronmental sensor node ; and a mobile robot , wherein the puter program , and recording medium . 
environmental sensor node acquires third map information The embodiments described hereinafter all illustrate 
including information about a surrounding area of the examples of the present disclosure . Features such as numeri 
mobile robot , and the mobile robot includes a database 40 cal values , shapes , structural elements , steps , and the order 
recording first map information created in advance , includ ing of steps indicated in the following embodiments are 
ing information about a surrounding area of the mobile merely examples , and are not intended to limit the present 
robot , an external sensor that acquires second map informa disclosure . In addition , among the structural elements in the 
tion including information about the surrounding area of the following embodiments , structural elements that are not 
mobile robot , a communicator that communicates with the 45 described in the independent claim indicating the broadest 
environmental sensor node to acquire the third map infor concept are described as arbitrary or optional structural 
mation , and an information processor that ( i ) in the third elements . Furthermore , the individual contents in all of the 
map information , if information exists about a place in embodiments may also be combined . 
which an amount of change over time is equal to or greater Hereinafter , embodiments will be described with refer 
than a certain threshold value , conducts a removal process of 50 ence to the drawings . 
removing information about a place in the first map infor 
mation and information about a place in the second map Embodiment 1 
information that correspond to the place in which the 
amount of change over time is equal to or greater than the FIG . 1 is a block diagram illustrating an example of a 
certain threshold value in the third map information , or 55 configuration of a robot system according to Embodiment 1 . 
alternatively , conducts a variance - increasing process of The robot system includes a mobile robot 100 and an 
increasing a variance of each of information about a place in environmental sensor node 120 . 
the first map information and information about a place in The mobile robot 100 includes an external sensor 101 , an 
the second map information that correspond to the place in internal sensor 102 , an information processing unit ( moving 
which the amount of change over time is equal to or greater 60 object and environmental change information integration 
than the certain threshold value in the third map information , unit 103 , mapping and localization unit 104 , map informa 
( ii ) matches the first map information and the second map tion database 105 , and path planning unit 106 ) , a control unit 
information after being subjected to the removal process or 107 , an actuator 108 , and a communication unit 109 . 
the variance - increasing process , and generates map infor Also , as a means of moving the mobile robot 100 , the 
mation based on the matching result , and ( iii ) updates the 65 mobile robot 100 includes two or four wheels , or alterna 
first map information recorded in advance to the map tively , two or more legs , for example . These wheels or legs 
information generated based on the matching result . operate by motive force from the actuator 108 , and are 
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thereby able to move the mobile robot 100. The legs of the information about a place that changes dynamically in a time 
mobile robot 100 discussed above desirably are equipped series from the information detected by the external sensor 
with one or more joints . Furthermore , as a means of moving 101 ( removal process ) , or a process of lowering the trust 
the mobile robot 100 , it is desirable to include one or more worthiness of information about that place ( variance - in 
arms for wearing or gripping a sensor or arbitrary object . 5 creasing process ) . The specific content of the removal pro 
The one or more arms of the mobile robot 100 discussed cess and the variance - increasing process will be discussed 
above desirably are equipped with one or more joints . later . 

Additionally , the mobile robot 100 is equipped with one The mapping and localization unit 104 acquires at least 
or more CPUs , one or more primary memories , and one or one of the absolute values of the three directional compo 
more auxiliary memories ( not illustrated ) . 10 nents for each of the movement distance , velocity , accelera 

The one or more CPUs of the mobile robot 100 discussed tion , angular velocity , and orientation of the mobile robot 
above conduct various computational processes performed 100 obtained by the internal sensor 102. Also , the mapping 
by units such as the moving object and environmental and localization unit 104 acquires information about the 
change information integration unit 103 , the mapping and surrounding environment of the mobile robot 100 from the 
localization unit 104 , the path planning unit 106 , and the 15 external sensor 101 , which has been processed by the 
control unit 107 described hereinafter . moving object and environmental change information inte 

The one or more primary memories of the mobile robot gration unit 103 ( that is , already subjected to the removal 
100 discussed above are memory devices directly accessible process or the variance - increasing process ) . Subsequently , 
by the CPU or CPUs discussed above , and may be config the mapping and localization unit 104 estimates the location 
ured by memory such as DRAM , SRAM , flash memory , 20 of the mobile robot 100 and generates map information from 
ReRAM , FRAM , MRAM , STT - RAM , or PCRAM . the acquired information at the same time by a filtering 

The one or more auxiliary memories of the mobile robot process . Note that the location estimation and the map 
100 discussed above are memory devices that persistently information generation may also not be conducted at the 
save , copy , or backup the content of the one or more primary same time . The filtering process may be made up of the 
memories discussed above , and may be configured by an 25 respective techniques of the Kalman filter , the extended 
HDD , flash memory , an optical disc , a magnetic disk , or the Kalman filter , the unscented Kalman filter , a particle filter , 
like . and the Rao - Blackwellized particle filter . Additionally , the 

The external sensor 101 is a sensor that detects informa mapping and localization unit 104 saves the generated map 
tion about the surrounding environment of the mobile robot in the map information database 105. If a map for the 
100 , and detects the two - dimensional shape or three - dimen- 30 relevant environment already exists , an update of the map 
sional shape as well as the color and material of the information is conducted using the generated map in con 
surrounding environment . The external sensor 101 may be junction with the map information saved in the map infor 
configured by a sensor such as a laser rangefinder ( LRF ) , mation database 105 , and the updated map information is 
Laser Imaging Detection and Ranging ( LIDAR ) , a camera , then saved in the map information database 105 . 
a depth camera , a stereo camera , sonar , radar , or a combi- 35 The map information database 105 saves map information 
nation of all of the above , for example . Herein , the infor generated and updated by the mapping and localization unit 
mation about the surrounding environment acquired by the 104 ( first map information ) . The saved map information is 
external sensor 101 includes information related to coordi used by each of the mapping and localization unit 104 and 
nates ( coordinate information ) . the path planning unit 106. The map information database 

The internal sensor 102 is a sensor that detects the 40 105 is disposed in a primary memory or an auxiliary 
location and orientation of the mobile robot 100. The memory of the mobile robot 100 . 
internal sensor 102 is able to detect at least one of the The path planning unit 106 uses map information saved in 
absolute values of three directional components ( for the map information database 105 and information about the 
example , the X - axis directional component , the Y - axis direc location of the mobile robot 100 estimated by the mapping 
tional component , and the Z - axis directional component in 45 and localization unit 104 to plan a path by which to move 
an X - Y - Z orthogonal coordinate system ) for each of the over the map from the current location . The path to be 
movement distance , velocity , acceleration , angular velocity , planned is a path that minimizes the path cost . The path cost 
and orientation of the mobile robot 100. Additionally , the may be expressed by the total movement time , the total 
internal sensor 102 may also be able to detect the absolute movement distance , the total energy used for movement , the 
values of the velocity , acceleration , angular velocity , orien- 50 total sum congestion on the path , or a combination of all of 
tation , and torque for each joint of the one or more arms and the above . 
two or more legs of the mobile robot 100. The internal The control unit 107 controls the execution of movement 
sensor 102 may be configured by a sensor such as an operations of the mobile robot 100 in the environment where 
acceleration sensor , an angular velocity sensor , an encoder , the mobile robot actually operates , for the path planned by 
a geomagnetic sensor , a barometric or hydraulic sensor , a 55 the path planning unit 106 . 
torque sensor , or a combination of the above . The actuator 108 drives the wheels or the like , for 

The moving object and environmental change informa example , based on control commands from the control unit 
tion integration unit 103 acquires information detected by 107 , and thereby actually moves the mobile robot 100 . 
the external sensor 101 onboard the mobile robot 100 The communication unit 109 is equipped with a function 
( second map information ) , and also acquires moving object 60 of conducting one - to - many or many - to - many communica 
movement and environmental change information extracted tion , in a wired or wireless manner . The communication unit 
in the environmental sensor node 120 ( third map informa 109 queries the environmental sensor node 120 about 
tion ) via the communication unit 109. Additionally , the whether or not moving object movement and environmental 
moving object and environmental change information inte change information exists for a specified place . 
gration unit 103 uses the moving object movement and 65 The environmental sensor node 120 includes an environ 
environmental change information extracted by the environ mental sensor 121 , a moving object movement and envi 
mental sensor node 120 to conduct a process of removing ronmental change information extraction unit 122 , an envi 
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ronmental sensor information time series database 123 , a surrounding environment , the changed shape , the magnitude 
moving object movement and environmental change infor of the change , and the time taken for the change in the 
mation database 124 , and a communication unit 125 . moving object movement and environmental change infor 

The environmental sensor 121 is a sensor that detects mation database 124 as moving object movement and envi 
information about the surrounding environment of the envi- 5 ronmental change information . Note that the moving object 
ronmental sensor node 120. The information about the movement and environmental change information may also 
surrounding environment includes information related to the not include all of the changed place in the surrounding 
two - dimensional shape or three - dimensional shape as well environment , the changed shape , the magnitude of the 
as the color and material of the surrounding environment . change , and the time taken for the change , but instead 

FIG . 2 is a diagrammatic view illustrating an example of 10 include only a subset of the above information , or include 
an environment in which the environmental sensor node other information . 
120 , multiple environmental sensor nodes 312 to 319 similar The environmental sensor information time series data 
to the environmental sensor node 120 , and the mobile robot base 123 saves information about the surrounding environ 
100 are present . ment in a time series detected by the environmental sensor 
Note that even if the signs differ in the configurations 15 121 and acquired by the moving object movement and 

illustrated in FIGS . 1 and 2 , elements with the same name environmental change information extraction unit 122 , in 
are taken to have the same configuration . pairs of detection information and a detection timing . The 

The environmental sensor nodes 120 and 312 to 319 are saved information is used to extract moving object move 
equipped with environmental sensors 121 and 322 to 329 , ment and environmental change information by the moving 
respectively . The environmental sensor nodes 120 and 312 20 object movement and environmental change information 
have detection ranges 331 and 332 , respectively . The detec extraction unit 122 . 
tion ranges of the environmental sensor nodes 313 to 319 are The moving object movement and environmental change 
not illustrated for the sake of simplicity in the diagram , but information database 124 saves moving object movement 
the environmental sensor nodes and the environmental sen and environmental change information computed by the 
sors are installed so that the possible movement space of the 25 moving object movement and environmental change infor 
mobile robot is entirely detectable by the respective envi mation extraction unit 122. The saved moving object move 
ronmental sensor nodes . ment and environmental change information is transmitted 

Additionally , the environmental sensors 121 and 322 to to the mobile robot 100 by the communication unit 125 after 
329 of the environmental sensor nodes 120 and 312 to 319 receiving a query from the communication unit 109 of the 
may be configured by a sensor such as a laser rangefinder 30 mobile robot 100 . 
( LRF ) , Laser Imaging Detection and Ranging ( LIDAR ) , a The communication unit 125 receives a query from the 
camera , a depth camera , a stereo camera , sonar , radar , a communication unit 109 of the mobile robot 100 about 
pyroelectric infrared sensor , an infrared time of flight ( TOF ) whether or not moving object movement and environmental 
sensor , or a combination of all of the above , for example . change information exists , searches the moving object 
As illustrated in FIG . 2 , the mobile robot 100 is equipped 35 movement and environmental change information database 

with the external sensor 101 , and is moving in a movement 124 , and transmits the moving object movement and envi 
direction 303 . ronmental change information to the mobile robot 100 by 
At the timing illustrated in FIG . 2 , the detection range of wired or wireless communication . 

the external sensor 101 is 304 . Next , the flows of processes in the robot system will be 
Also , FIG . 2 illustrates a current location 341 of a 40 described with reference to FIGS . 2 , 3A , and 3B . FIG . 3A 

person / moving object , a past location 342 of a person / is a flowchart illustrating an example of a process by a robot 
moving object , and a current movement direction 343 of a system . T201 indicates a process flow of the mobile robot 
person / moving object . Although discussed in detail later , the 100 , while T221A and T221B indicates a process flow of the 
time - series environmental change caused by the person / environmental sensor node 120 . 
moving object moving from the location 342 to the location 45 First , in step S201 in FIG . 3A , the internal sensor 102 
341 is extracted as moving object movement and environ acquires information . At this point , the information to 
mental change information by the environmental sensor acquire is the absolute values of the three directional com 
nodes 120 , 312 , 313 , and 314 . ponents for each of the movement distance , velocity , accel 

The information about the surro irrounding environment eration , angular velocity , and orientation of the mobile robot 
acquired by the environmental sensor 121 includes infor- 50 100 . 
mation related to coordinates ( coordinate information ) . Next , in step S202 , the external sensor 101 acquires 

The moving object movement and environmental change information about the surrounding environment of the 
information extraction unit 122 saves information about the mobile robot 100. The information about the surrounding 
surrounding environment detected by the environmental environment at the timing illustrated in FIG . 2 is information 
sensor 121 in the environmental sensor information time 55 detected by the external sensor 101 for the detection range 
series database 123 , in the form of a pair of detection 304. At this point , the information to acquire includes 
information and a detection timing . For example , the detec information related to the two - dimensional or three - dimen 
tion timing is expressed by a time . The moving object sional shape as well as the color and material of the 
movement and environmental change information extraction surrounding environment . 
unit 122 also calculates the changed place in the surrounding 60 Next , in step S203 , the mobile robot 100 queries the 
environment , the changed shape , the magnitude of the environmental sensor nodes 120 and 312 to 319 via the 
change , and the time taken for the change , based on multiple communication unit 109 about whether or not moving object 
pairs of a detection timing and detection information fol movement and environmental change information exists in 
lowing a time series saved in the environmental sensor a specified time period in a specified place having an 
information time series database 123. Subsequently , the 65 arbitrary two - dimensional or three - dimensional size , and 
moving object movement and environmental change infor waits a certain time for a response to the query . At this point , 
mation extraction unit 122 saves the changed place in the the time and place may be specified in advance as a time of 



US 10,549,430 B2 
11 12 

arbitrary length and a place of arbitrary ( fixed ) size by a user shape of the moving object movement and environmental 
who manages the mobile robot 100. Additionally , the mobile change information is greater than a threshold value Th_ch . 
robot may also modify and specify the size of the place and In the case of the present embodiment , the “ change over 
the length of the time depending on the situation . time ” relates to the existence probability at each point , 

In addition , the query from the mobile robot 100 may also 5 which is the probability that an object exists at each point in 
be issued to all other mobile robots and other environmental a two - dimensional space or a three - dimensional space , for 
sensor node that the mobile robot 100 is able to communi example . Specifically , the absolute value of the difference 
cate with . The mobile robot 100 is able to receive responses between the existence probability at a first timing and the 
and moving object movement and environmental change existence probability at a second timing chronologically 
information from all mobile robots and environmental sen- 10 after the first timing is computed for each point , and the 
sor nodes . Additionally , queries from the mobile robot 100 respective absolute values of the difference for each the 
may be issued at the same time or sequentially to multiple points are added together to obtain a value ( the sum of 
environmental sensor nodes ( or multiple other mobile absolute differences ) . In other words , this value is the 
robots ) . amount of change in the existence probability that changed 
Next , in step S204 , the communication unit 109 deter- 15 over time between the first timing and the second timing . 

mines whether or not there is a response from the environ Additionally , the first timing and the second timing may be 
mental sensor nodes 120 and 312 to 319 in response to the clock times , or may be elapsed times since the robot system 
query in step S203 . If there are one or more responses , the started running 
process proceeds to step S205 , whereas if there are no In addition , the change over time related to shape may 
responses , the process proceeds to step S208 . 20 also be the sum of squared differences ( SSD ) or the sum of 
Next , in step S205 , the communication unit 109 receives absolute transformed differences ( SATD ) for each point , the 

moving object movement and environmental change infor mean absolute difference ( MAD ) , the mean square differ 
mation from the environmental sensor nodes 120 and 312 to ence ( MSD ) , or a difference of feature vectors , such as the 
319 , all other environmental sensor nodes , and all other image features SIFT , SURF , and HoG . Additionally , the 
mobile robots . Note that the communication unit 109 may 25 change over time related to shape may also be a difference 
also receive moving object movement and environmental of bag - of - features ( BoF ) feature vectors generated using the 
change information from only a specific environmental above feature vectors , for example . 
sensor node among the environmental sensor nodes 120 and The configuration of the specific value of the threshold 
312 to 319. The communication unit 109 may also acquire value Th_ch differs depending on the standard of the amount 
information from only environmental sensor nodes having 30 of change to be used , and the situation . As an example , in a 
environmental change information regarding the place 10 mx10 mx10 m space , the change when a 100 mmx100 
specified in step S203 . mmx100 mm object moves 20 mm conceivably may be set 

In step S206 , the moving object and environmental as the threshold value Th_ch . However , the configuration of 
change information integration unit 103 acquires , from the the specific value of the threshold value Th_ch is not limited 
map information database 105 , map information ( first map 35 to the above example . 
information ) to use in the next step S207 , which includes If there exists a place in which the magnitude of the 
information about the place corresponding to the place change over time between different timings is greater than 
where the moving object movement and environmental the threshold value Th_ch , the process proceeds to step 
change information received in step S205 exists . S20703 . Otherwise , the process proceeds to step S20707 . 
Meanwhile , FIG . 3B is a flowchart illustrating an example 40 Next , in step S20703 , the moving object and environmen 

of a process of the robot system , and more specifically , is a tal change information integration unit 103 determines 
flowchart illustrating an example of the process in step S207 . whether or not the time difference between the timings for 
The specific content of step S207 , namely , the detailed steps which the change over time related to the shape of the 
from step S20701 to step S20706 , will be described with moving object movement and environmental change infor 
reference to FIG . 3B . 45 mation is greater than the threshold value Th_ch is greater 

In step S207 , the moving object and environmental than a threshold value Th_tu ( first time ) . If greater than the 
change information integration unit 103 conducts a process threshold value Th_tu , the process proceeds to step S20707 . 
of integrating the one or more sets of moving object move The time difference being greater than the certain threshold 
ment and environmental change information extracted in the value Th_tu means that the relevant moving object move 
environmental sensor nodes 120 and 312 to 319 with the 50 ment and environmental change information is not a tem 
information acquired by the external sensor 101 in step S202 porary environmental change due to a disturbance , but 
and the map information acquired in step S206 . instead may be considered to be a semi - permanent or 

First , in step S20701 , the moving object and environmen permanent change of the environment due to the movement 
tal change information integration unit 103 conducts a of a stationary object or the like , and the changed portion of 
coordinate conversion of converting the coordinate system 55 the environment is handled as a new map . For example , a 
of the information about the surrounding environment layout change when the furniture or the like in a room is 
acquired by the external sensor 101 in step S202 and the moved corresponds to the above , and a change with a large 
coordinate system of the moving object movement and time difference , like a layout change , is treated as a new 
environmental change information transmitted from the map . If the time difference is less than or equal to the 
environmental sensor nodes 120 and 312 to 319 to the 60 threshold value Th_tu , the process proceeds to step S20704 . 
coordinate system of the map information acquired in step Next , in step S20704 , the moving object and environmen 
S206 . Each of the coordinate systems is converted to a tal change information integration unit 103 determines 
common coordinate system . whether or not the time difference between the timings for 
Next , in step S20702 , the moving object and environmen which the change over time related to the shape of the 

tal change information integration unit 103 determines 65 moving object movement and environmental change infor 
whether or not a place exists in which the magnitude of the mation is greater than the threshold value Th_ch is less than 
change over time between different timings related to the a threshold value Th_tb ( second time ) . 
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If less than the threshold value Th_tb , in step S20705 , the movement and environmental change information from the 
moving object and environmental change information inte external sensor information and map information becomes 
gration unit 103 executes a removal process of removing the valid . 
information about the place in the information about the Next , in step S20707 , the moving object and environmen 
surrounding environment ( second map information ) 5 tal change information integration unit 103 determines 
acquired by the external sensor 101 of the mobile robot 100 whether or not the moving object and environmental change 
and the information about the place in the map information information integration unit 103 has not processed a set of 
( first map information ) acquired in step S206 which corre received moving object movement and environmental 
spond to the place in which the change over time in the change information related to one or more places , in other 
moving object movement and environmental change infor- 10 words , whether or not unprocessed moving object move 
mation ( third map information ) is greater than the threshold ment and environmental change information exists . If 
value Th_ch . This removal process of removing information unprocessed moving object movement and environmental 

change information exists , the process returns to step will be discussed in detail later . S20701 , and the process continues until there is no more On the other hand , if equal to or greater than the threshold 15 unprocessed moving object movement and environmental value Th_tb , in step S20706 , the moving object and envi change information . If unprocessed moving object move 
ronmental change information integration unit 103 executes ment and environmental change information does not exist , 
a variance - increasing process of increasing the variance of the process proceeds to step S208 . 
each of the information about the place in the information Returning to FIG . 3A , in step S208 , the generation of map 
about the surrounding environment ( second map informa- 20 information and the estimation of the location of the mobile 
tion ) acquired by the external sensor 101 of the mobile robot robot 100 ( including a matching process ) are conducted . If 
100 and the information about the place in the map infor there is a response from the environmental sensor node 120 
mation ( first map information ) acquired in step S206 which in step S204 , the mapping and localization unit 104 conducts 
correspond to the place in which the change over time in the the generation of map information and the estimation of the 
moving object movement and environmental change infor- 25 location of the mobile robot 100 using the information 
mation ( third map information ) is greater than the threshold acquired by the external sensor 101 and resulting from the 
value Th_ch . Note that the threshold value Th_tb is a value integration of moving object movement and environmental 
that is greater than the threshold value Th_tu . For example , change information in step S207 , and the information 
the increase in the variance is calculated by multiplying the acquired by the internal sensor 102 in step S201 . At this 
variance V by a constant a greater than 1 ( axV ) . 30 point , during the estimation of the location , the map infor 

Herein , the “ variance of information ” refers to an indi mation and the sensor data acquired by the external sensor 
are checked against each other ( matching process ) , a search cator expressing the inconsistency or indefiniteness of the is conducted for a transform having a high similarity , and the information . With regard to the information about the sur transform having the highest similarity is used to estimate rounding environment , a small variance means that in the 35 the movement distance and the movement direction of the space of the surrounding environment , there is a high mobile robot 100 , or in other words , the current location . If probability that a target of detection exists near an expected there is no response from the environmental sensor node 120 

value . On the other hand , a large variance means that there in step S204 , the mapping and localization unit 104 conducts 
is a low probability that a target of detection exists near an the generation of map information and the estimation of the 
expected value , and the distribution of the probability over 40 location of the mobile robot 100 using the information 
which the target of detection may possibly exist becomes acquired by the external sensor 101 in step S202 , and the 
more spread out in the space . information acquired by the internal sensor 102 in step S201 . 

Also , the “ variance - increasing process ” of information The generation of map information and the estimation of 
refers to increasing the inconsistency or indefiniteness of the location are conducted at the same time by a filtering process 
information , or in other words , refers to lowering the trust- 45 in the mapping and localization unit 104 . 
worthiness of the information . This variance - increasing pro Next , in step S209 , the path planning unit 106 uses the 
cess of increasing the variance of information will be map information generated in step S208 and saved in the 
discussed in detail later . map information database 105 to plan a path by which to 
Note that in step S20704 , it is determined whether or not move from the current location . The path planning method 

the time difference between the timings for which the change 50 is as discussed earlier . 
over time related to the shape of the moving object move Next , in step S210 , the control unit 107 generates a 
ment and environmental change information is greater than control command for conducting the movement operations 
the threshold value Th_ch is less than a threshold value of the mobile robot 100 for the path planned in step S209 . 
Th_tb , but the process is not limited thereto . For example , it Next , in step S211 , the actuator 108 receives the control 
may also be determined whether or not the magnitude of the 55 command generated in step S210 , and actually moves the 
change over time related to the shape of the moving object mobile robot 100 . 
movement and environmental change information is greater Hereinafter , the process from step S221 to S227 in the 
than a new threshold value different from the threshold value environmental sensor node 120 will be described . 
Th_ch . In other words , if the magnitude of the change over In step S221 of the process flow T221A , the communi 
time related to the shape of the moving object movement and 60 ?ation unit 125 of the environmental sensor node 120 
environmental change information greater than the new receives a query from the mobile robot 100 . 
threshold value ( Yes ) , the process proceeds to step S20705 , In step S223 , the moving object movement and environ 
and if not ( No ) , the process proceeds to step S20706 . Herein , mental change information database 124 is used to check 
the new threshold value is a value higher than the threshold whether or not there exists moving object movement and 
value Th_ch . In other words , the case of Yes in step S20704 65 environmental change information corresponding to the 
is a case in which the change is greater than the negative case content of the query from the mobile robot 100 , namely the 
( No ) , and thus the process of removing the moving object condition of a specified place and a specified time period . If 
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the result of the check is that moving object movement and FIG . 4B illustrates the mobile robot 100 existing in the 
environmental change information corresponding to the environment 400 at a time T + a after an arbitrary time 
condition exists , the process proceeds to step S225 . If interval a elapses from the time T. FIG . 40 illustrates 
moving object movement and environmental change infor information ( sensor data ) 431 acquired by the external 
mation corresponding to the condition does not exist , the 5 sensor 101 of the mobile robot 100 at the time T + a after the 
process returns to step S221 . arbitrary time interval a elapses from the time T. 
Next , in step S225 , the communication unit 125 transmits As illustrated in FIG . 4A , in the environment 400 , there 

to the mobile robot 100 a response to the query in step S203 exist the mobile robot 100 , a stationary object A existing at 
about whether or not there exists moving object movement 
and environmental change information for the specified 10 and the environmental sensor node 120. The mobile robot 

a position 401 , a moving object H existing at a position 402 , 
place and time period ( information about whether or not 100 is moving in a forward direction 405. The moving object moving object movement and environmental change infor 
mation for the specified place exists ) . H is moving from the position 402 in a forward direction 

404 . Next , in step S226 , the communication unit 125 transmits 
moving object movement and environmental change infor- 15 As illustrated in FIG . 4B , in the environment 400 , there 
mation to the mobile robot 100 that issued the query exist the mobile robot 100 , the stationary object A existing 
received in step S221 . After the transmission is conducted , at the position 401 , the moving object H existing at a 
the process returns to step S221 . position 403 , and the environmental sensor node 120 . 

In step S222 of the process flow 221B , the moving object Comparing FIG . 4A and FIG . 4B , the position of the 
movement and environmental change information extraction 20 mobile robot 100 has changed . Additionally , the position of 
unit 122 acquires information about the surroundings of the the moving object H has also changed from the position 402 
environmental sensor node 120 detected by the environmen to the position 403 . 
tal sensor 121 , and saves the acquired information in the The external sensor 101 onboard the mobile robot 100 
environmental sensor information time series database 123 , acquires information about the surroundings of the mobile 
in a time series in the form of a pair of a detection time and 25 robot 100 in the environment 400 . 
detection information . FIG . 4C illustrates the sensor data 430 ( bold line ) 

In step S224 , the moving object movement and environ acquired by the external sensor 101 for the environment 400 
mental change information extraction unit 122 references at the time T. The sensor data 430 includes the stationary multiple pairs of a detection time and detection information object A existing at the position 401 , the moving object H regarding the surroundings of the environmental sensor node 30 existing at the position 402 , as well as the respective shapes 120 following the time series saved in the environmental of walls W and their respective distances from the external sensor information time series database 123 , and determines sensor 101 in the environment 400 . whether or not the environment around the environmental 
sensor node 120 has changed . FIG . 4D illustrates the sensor data 431 ( bold dashed line ) 

In step S227 , the moving object movement and environ- 35 acquired by the external sensor 101 for the environment 400 
mental change information extraction unit 122 calculates the at the time T + a after the arbitrary time interval a elapses 
changed place in the surrounding environment , the changed from the time T. The sensor data 431 includes the stationary 
shape , the magnitude of the change , and the time taken for object A existing at the position 401 , the moving object H 
the change , based on multiple pairs of a detection time and existing at the position 403 , as well as the respective shapes 
detection information following the time series saved in the 40 of walls W and their respective distances from the external 
environmental sensor information time series database 123 . sensor 101 in the environment 400 . 
The changed place , the magnitude of the change , and the The sensor data 430 and the sensor data 431 may include 
time taken for the change are saved in the moving object data formats such as two - dimensional distance data , three 
movement and environmental change information database dimensional distance data , two - dimensional shape data , 
124 as moving object movement and environmental change 45 three - dimensional shape data , image feature points , or a 
information . combination of all of the above . In other words , the infor 
As illustrated in FIG . 2 , the extracted moving object mation acquired by the external sensor 101 includes coor 

movement and environmental change information is sent to dinate information . The environmental sensor node 120 uses 
the mobile robot from the environmental sensor node over a the environmental sensor 121 to extract environmental 
communication link 353 by a communication means 351 50 changes caused by the moving object H moving from the 
onboard the environmental sensor node and a communica position 402 to the position 403 in the interval from the time 
tion means 352 onboard the mobile robot 100. The moving T to the time T + a as moving object movement and envi 
object movement and environmental change information ronmental change information . FIGS . 5A to 5C illustrate a 
sent to the mobile robot is used by the moving object and matching process between the map data at the time T and the 
environmental change information integration unit to 55 sensor data at the time T + a , and example results . 
remove information about the place in the information The sensor data matching process is executed by the 
detected by the external sensor 101 of the mobile robot 100 mapping and localization unit 104 in step S208 discussed 
( second map information ) corresponding to the place for above . The matching process checks the map information 
which environmental change information exists due to a ( data ) and the sensor data acquired by the external sensor 
person or moving object . Consequently , it becomes possible 60 against each other , conducts a search for a transform having 
to remove dynamic environmental changes that act as dis a high similarity , and uses the transform having the highest 
turbances from the information detected by the external similarity to estimate the movement distance and the move 
sensor 101 of the mobile robot 100 . ment direction of the mobile robot 100 , or in other words , 

FIG . 4A illustrates , as an example , the mobile robot 100 the current location . 
existing in an environment 400 at an arbitrary time T. FIG . 65 As an example , a matching process between the map data 
4C illustrates information ( sensor data ) 430 acquired by the 501 at the time T created based on the sensor data 430 ( in 
external sensor 101 of the mobile robot 100 at the time T. other words , the map information inside the map informa 
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tion database 105 ) and the sensor data 431 acquired by the minimum . For this reason , in the case of computing a result 
external sensor 101 of the mobile robot 100 at the time T + a by using a technique such as the gradient method , the result 
will be described . converges on the score 506 , and the example result 503 , 

The matching process is a process of checking multiple which has a low correspondence with the ground truth , is 
sets of data against each other , and searching for a transform 5 incorrectly determined to be the optimal result . In this way , 
between the multiple sets of data with low dissimilarity , or the problem of converging on the example result 503 and 
in other words , high similarity . The matching process cal incorrectly determining that a low correspondence with the 
culates a gradient of dissimilarity , and searches for a trans ground truth is optimal may also occur . 
form for which the dissimilarity is a minimum . Consequently , the search accuracy for a transform 
However , if the shape of the target to search changes 10 between data is lowered , and as a result , the map generation 

shape , or if noise due to a disturbance enters the data , a accuracy and the location estimation accuracy of the mobile 
problem occurs in that the dissimilarity does not fall below robot 100 based on such a map are lowered . 
a predetermined dissimilarity threshold , and the search does In this way , if a change occurs in the shape of the sensor 
not converge . Furthermore , in such cases , a problem occurs data due to the movement of a moving object , a problem 
in that an incorrect correspondence different from the cor- 15 occurs in that the number of iterations of the matching 
respondence between the data that would have been correct calculation increases , and by incorrectly judging a low 
originally is determined to be the optimal correspondence , correspondence with the ground truth to be optimal , the map 
and the accuracy of the transform search falls . generation accuracy and the location estimation accuracy of 

The matching result between the map data 501 and the the mobile robot 100 are lowered . Hereinafter , two processes 
sensor data 431 by the matching process may become like 20 addressing this problem will be described with reference to 
the example result 503 and the example result 504 illustrated FIGS . 6A to 6C and FIGS . 7A to 7C . 
in FIG . 5B . FIG . 6A is a diagram illustrating an example of a data 

The example result 504 illustrates an example that is removal process . FIG . 6A illustrates conducting a first 
extremely close to the ground truth as the correspondence process , namely a process of removing the data of a place 
between the map data 501 and the sensor data 431 . 25 ( region C ) in which moving object movement and environ 

In the example result 504 , the portion of the data from the mental change information exists due to the movement of 
stationary object A that does not move from the position 401 the moving object H , which results in map data 601 at the 
and the shape of the walls ( the left - side portion ) corresponds time T and sensor data 602 at the time T + a after the process 
with high accuracy , and accurately corresponds to the of removing the data of the target place is conducted . 
ground truth . On the other hand , the portion in which the 30 Note that the process illustrated in FIG . 6A is the same 
shape of the sensor data changed due to the movement of the process as step S20705 . In other words , the region C 
moving object H from the position 402 to the position 403 illustrated in FIG . 6A corresponds to a place in which the 
( the right - side portion ) does not correspond well , and as a change over time is greater than the threshold value Th_ch . 
result , the similarity of the sensor data as a whole is lowered . FIGS . 6B and 6C illustrate an example matching result 
For this reason , depending on the search method and the 35 and an example matching score of the map data 601 and the 

threshold , a problem occurs in that the number of iterations sensor data 602. At this point , for the sake of comprehen 
of the matching calculation increases until convergence is sion , the example matching score illustrates an example for 
reached on the example result 504 that is correct . the case in which the sensor data 602 is translated only in the 

FIG . 5C illustrates an example score 505 for matching . As X - axis direction with respect to the map data 601. In other 
the example score 505 , an example is illustrated in which the 40 words , in the graph of FIG . 60 , the horizontal axis represents 
distance in the X - axis direction between two sets of data 501 the distance in the X - axis direction between the two sets of 
and 431 to match is plotted on the horizontal axis , and the data 601 and 602 , while the vertical axis represents the score 
score is plotted on the vertical axis . The score expresses the ( the dissimilarity between the two sets of data 601 and 602 ) . 
dissimilarity between the data , and takes a low value as the As illustrated in FIG . 6C , according to the removal 
shape of the data matches better . 45 process illustrated in FIG . 6A , the effects of the change in 

At this point , for the sake of comprehension , the example the shape of the sensor data caused by the movement of the 
score 505 illustrates an example for the case in which the moving object are removed , and thus the change in the score 
sensor data 431 is translated only in the X - axis direction becomes steeper . Thus , in the case of computing a result by 
with respect to the map data 501. Note that in actuality , using a technique such as the gradient method , a local 
translations and rotations of the data with respect to each 50 minimum corresponding to the point of the score 506 does 
axis may be conducted to search for a transform . Translation not exist in the example score illustrated in FIG . 6C com 
herein refers to an action of moving parallel in one direction . pared to the example score 505 illustrated in FIG . 5C . In 
As illustrated in FIG . 5C , in the example score 505 for other words , in the example score illustrated in FIG . 6C , 

matching , a score 507 of the matching calculation with only the minimum corresponding to the point of the score 
respect to the example result 504 is illustrated . In the vicinity 55 607 exists as a local minimum . According to this example 
of the score 507 , the change in the score is smooth , and in score , an incorrect judgment may be avoided , and an accu 
the case of computing a result by using a technique such as rate correspondence with the ground truth is possible . Fur 
the gradient method , a large number of iterations of the thermore , the change in the score near the score 607 is steep 
matching calculation becomes necessary until convergence compared to the score 507 illustrated in FIG . 50 , thereby 
on a result is reached . 60 reducing the number of iterations of the matching calcula 

In addition , the example result 503 illustrated in FIG . 5B tion compared to the case of using the example score 505 
illustrates an example of a low correspondence with the illustrated in FIG . 5C . 
ground truth as the correspondence between the map data According to the above , in a data matching process for 
501 and the sensor data 431. As illustrated in FIG . 5C , in the mapping and localization , by removing information about a 
example score 505 for matching , a score 506 of the matching 65 region ( the region C illustrated in FIG . 6A ) in which a 
calculation with respect to the example result 503 is illus moving object exists in each of two sets of data to match 
trated . In the example score 505 , the score 506 is a local before executing the matching process , the accuracy of the 
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matching process may be increased while also reducing the process , the accuracy of the matching process may be 
computational complexity of the matching process . increased while also reducing the computational complexity 
Next , the second process will be described . FIG . 7A is a of the matching process . 

diagram illustrating an example of a data variance - increas The information removal process illustrated in FIG . 6A 
ing process . FIG . 7A illustrates conducting a process of 5 and the information variance - increasing process illustrated 
increasing the variance of the data of a place ( region C ) in in FIG . 7A are used in different situations depending on a 
which moving object movement and environmental change condition , as illustrated in FIG . 3B . Specifically , if there 
information exists due to the movement of the moving exists a place in which the change over time between the first 
object H , which results in map data 603 at the time T and timing and the second timing is greater than the threshold 
sensor data 604 at the time T + a after the process of 10 value Th_ch ( if there is a place in which such moving object 
increasing the variance of the data of the target place is movement and environmental change information exists ) , 
conducted . and if the time difference between the first timing and the 

second timing is less than the threshold value Th_tb ( second At this point , increasing the variance of information will time ) , or in other words , if the effects due to the movement be described further with reference to FIGS . 8 to 10 . 15 of a moving object or the change in the environment are FIG . 8 illustrates the map data 501 at the time T. As judged to be relatively large , the removal process is executed illustrated in FIG . 8 , the map data 501 includes actual points in step S20705 . On the other hand , if the time difference ( actual coordinates ) actually observed by the external sensor between the first timing and the second timing is greater than 
101 of the mobile robot 100 . the threshold value Th_tb , or in other words , if the effects 

The variance of the information of the map data 501 may 20 due to the movement of a moving object or the change in the 
be treated as the variance of the actual points , and express environment are judged to be relatively small , the variance 
the indefiniteness of the actual points ( the trustworthiness of increasing process is executed in step S20706 . 
the coordinate information ) . As illustrated in FIG . 9 , the Compared to the variance - increasing process , the removal 
variance of an actual point may be defined specifically as the process is a suppressing process that reduces the effects due 
width of an existence probability distribution having a peak 25 to the movement of a moving object or the change in the 
at the actual point . Consequently , increasing the variance of environment . In this way , in the present embodiment , the 
the information means increasing the width of the existence removal process and the variance - increasing process are 
probability distribution having a peak at the actual point . used in different situations depending on the degree of the 
As an example , FIG . 10 illustrates how the variance of effects due to the movement of a moving object or the 

information is increased for a portion of the map data 501 30 change in the environment , thereby realizing a matching 
( right - side portion ) , or in other words , how the width of the process between data using an optimal technique . 
existence probability distribution of the actual points is According to Embodiment 1 , it is possible to conduct 
increased . mapping , and localization of a mobile robot moving by 

using the map , accurately and robustly , even in a space with Note that the process illustrated in FIG . 7A is the same 35 large environmental changes . process as step S20706 . In other words , the region C 
illustrated in FIG . 7A corresponds to a place in which the Embodiment 2 change over time is greater than the threshold value Th_ch . 
FIGS . 7B and 7C illustrate an example matching result The robot system according to Embodiment 1 above 

and an example matching score of the map data 603 and the 40 includes one mobile robot , and at least one environmental 
sensor data 604. At this point , for the sake of comprehen sensor node . In contrast , a robot system according to 
sion , the example matching score illustrates an example for Embodiment 2 includes multiple mobile robots , and at least 

which the sensor data 604 is translated only in the one environmental sensor node . Additionally , each of the 
X - axis direction with respect to the map data 603 . multiple mobile robots is equipped with functions similar to 
As illustrated in FIG . 7C , according to the variance- 45 the environmental sensor node in Embodiment 1 above . In 

increasing process illustrated in FIG . 7A , the effects of the other words , with respect to one mobile robot conducting 
change in the shape of the sensor data caused by the mapping and localization , the remaining mobile robots are 
movement of the moving object are relaxed , and thus the able to function as environmental sensor nodes . 
change in the score becomes steeper . Thus , in the case of Specifically , each mobile robot in Embodiment 2 is con 
computing a result by using a technique such as the gradient 50 figured to acquire moving object movement and environ 
method , the local minimum corresponding to the point of the mental change information ultimately by using an external 
score 506 in the example score 505 illustrated in FIG . 50 sensor , similarly to the environmental sensor node of 
becomes a sufficiently large value compared to the point of Embodiment 1 above that acquires moving object movement 
the score 608 , and thus convergence is reached more readily and environmental change information ultimately by using 
on the score 608 compared to the example score 505 in FIG . 55 an environmental sensor . Also , the mobile robot includes 
5C . According to this example score , an incorrect judgment structural elements that are substantially the same as the 
may be avoided more easily , and an accurate correspondence moving object movement and environmental change infor 
with the ground truth is possible . Furthermore , the change in mation extraction unit , the environmental sensor informa 
the score near the score 608 is steep compared to the score tion time series database , and the moving object movement 
507 illustrated in FIG . 5C , thereby reducing the number of 60 and environmental change information database of the envi 
iterations of the matching calculation compared to the case ronmental sensor node illustrated in FIG . 1 . 
of using the example score 505 illustrated in FIG . 5C . FIG . 11 is a flowchart illustrating an example of a process 

According to the above , in a data matching process for by multiple mobile robots in the robot system according to 
mapping and localization , by increasing the variance of Embodiment 2 . 
information about a region ( the region C illustrated in FIG . 65 As illustrated in FIG . 11 , a mobile robot according to 
7A , for example ) in which a moving object exists in each of Embodiment 2 is configured to operate according to a main 
two sets of data to match before executing the matching process flow T701 , and sub process flows T702A and 

the case 
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1702B . Also , FIG . 11 illustrates the exchange of information up of a plural combination of instruction codes indicating 
between a robot that executes the main process flow ( cor commands to the computer in order to achieve a designated 
responding to the mobile robot 100 of Embodiment 1 above ) function . 
and at least one other mobile robot that executes the sub ( 2 ) Some or all of the structural elements constituting the 
process flows T702A and T702B ( a robot that functions as 5 above device may also be configured as a single system 
the environmental sensor node 120 of Embodiment 1 large - scale integration ( LSI ) chip . A system LSI chip is a 
above ) . multi - function LSI chip fabricated by integrating multiple The differences between the robot system according to components onto a single chip , and specifically is a com Embodiment 2 that conducts the process flows illustrated in 
FIG . 11 and the robot system according to Embodiment 1 10 the like . A computer program is stored in the RAM . The 

puter system including a microprocessor , ROM , RAM , and 
above illustrated in FIGS . 3A and 3B are that the moving system LSI chip achieves the functions thereof as a result of object movement and environmental change information is 
extracted by a mobile robot that executes the process flows the microprocessor operating in accordance with the com 
T702A and T702B to act as an environmental sensor node , puter program . 
and transmitted from that robot to the mobile robot that 15 ( 3 ) Some or all of the structural elements constituting the 
executes the main process flow to conduct mapping and above device may also be configured as an IC card or a 
localization , and that the mobile robot that acts as an separate module that may be inserted into the device . The IC 
environmental sensor node uses the external sensor to card or the module is a computer system made up of a 
acquire information about the surroundings . microprocessor , ROM , RAM , and the like . The IC card or 

According to Embodiment 2 , and similarly to Embodi- 20 the module may also include the advanced multi - function 
ment 1 above , it is possible to conduct mapping , and LSI chip discussed above . The IC card or module achieves 
localization of a mobile robot moving by using the map , the functions thereof as a result of the microprocessor 
accurately and robustly , even in a space with large environ operating in accordance with the computer program . The IC 
mental changes . Additionally , by having a mobile robot able card or the module may also be tamper - resistant . 
to move around act as an environmental sensor node , the 25 ( 4 ) The present disclosure may also be taken to be the 
area over which moving object movement and environmen methods indicated in the foregoing . In addition , these meth 
tal change is detectable may be expanded , thereby corre ods may be taken to be a computer program realized by a spondingly increasing the amount of information in the computer , or a digital signal containing the computer pro 
moving object movement and environmental change infor gram . mation compared to a robot system with one or more 30 ( 5 ) In addition , the present disclosure may also be realized stationary environmental sensor nodes ) . As a result , reduced by recording the computer program or the digital signal onto accuracy of estimation values in the process of mapping and 
localization may be inhibited , and increases in the compu a computer - readable recording medium , such as a flexible 
tational complexity due to disturbances may be inhibited . disk , hard disk , CD - ROM , MO , DVD , DVD - ROM , DVD 

Note that in the case of Embodiment 2 , any of the multiple 35 RAM , Blu - ray ( registered trademark ) Disc ( BD ) , or semi 
mobile robots fulfills the role of an environmental sensor conductor memory , for example . In addition , one aspect of 
node , and thus it is also possible to remove at least one the present disclosure may also be taken to be the digital 
environmental sensor node itself from the robot system . In signal recorded on these recording media . 
other words , in this case , the robot system does not include In addition , the present disclosure may also be realized by 
an environmental sensor node , but instead includes at least 40 transmitting the computer program or the digital signal over 
two mobile robots able to fulfill the role of the environmen an electrical communication link , a wired or wireless com 
tal sensor node . munication link , a network such as the Internet , or a data 
Note that the technology described in the foregoing broadcast . 

aspects may be realized in the following robot system In addition , the present disclosure may also be a computer 
categories , for example . However , the robot system catego- 45 system equipped with a microprocessor and memory , in 
ries for realizing the technology described in the foregoing which the memory stores the above computer program , and 
aspects are not limited to the following . the microprocessor operates according to the computer 

The foregoing thus describes processes of the present program . 
disclosure by way of exemplary embodiments , but the In addition , one aspect of the present disclosure may also 
primary agents and devices by which each process is per- 50 be carried out by another independent computer system by 
formed are not particularly limited . A process may be recording and transporting the program or the digital signal 
executed by a processor or the like ( described below ) on a recording medium , or transporting the program or the 
embedded into a specific device disposed locally . Addition digital signal over a medium such as a network . 
ally , a process may also be executed by a cloud server or the ( 6 ) The foregoing embodiments and their modifications 
like disposed in a different location from a local device . 55 may also be combined with each other . 
Additionally , each process described in the present disclo Finally , the mobile robot and the environmental sensor 
sure may also be executed in a distributed manner by linking node may be realized in a variety of aspects . For example , 
information between a local device and a cloud server . the mobile robot 100 and the environmental sensor node 120 
Hereinafter , aspects of the present disclosure will be ( 312 to 319 ) illustrated in FIG . 2 are used indoors , but are 
described . 60 not limited thereto . For example , an aspect in which the 

( 1 ) The above device is specifically a computer system mobile robot is a wheeled vehicle that drives autonomously 
made up of a microprocessor , ROM , RAM , a hard disk unit , on an outdoor road or the like is also possible . In this case , 
a display unit , a keyboard , a mouse , and the like . A computer the environmental sensor node is disposed along the road 
program is stored in the RAM or the hard disk unit . Each like a traffic sign , or alternatively , provided in a building 
device achieves the respective functions thereof as a result 65 near the road . 
of the microprocessor operating in accordance with the The present disclosure is applicable to a mapping method , 
computer program . The computer program herein is made a localization method , a robot system , and a robot . 



10 

30 

US 10,549,430 B2 
23 24 

What is claimed is : 5. The mapping method according to claim 1 , wherein 
1. A mapping method of a mobile robot that conducts the variance - increasing process is a process of increasing 

mapping using at least one or a plurality of an environmental an indefiniteness of information about a corresponding 
sensor node , the mapping method comprising : place in the first map information and a corresponding 

acquiring first map information created in advance , 5 place in the second map information . 
including information about a surrounding area of the 6. The mapping method according to claim 1 , wherein 
mobile robot ; the third map information includes information about an 

acquiring second map information including information existence probability of an object near the environmen 
about the surrounding area of the mobile robot by an tal sensor node , and 
external sensor onboard the mobile robot ; the amount of change over time is an amount of change 

receiving third map information including information in the existence probability . 
about the surrounding area of the mobile robot from the 7. The mapping method according to claim 1 , wherein 
environmental sensor node ; the first map information , the second map information , 

( i ) in the third map information , if information exists and the third map information are coordinate informa 
about a place in which an amount of change over time 15 tion in a two - dimensional coordinate system or coor 
is equal to or greater than a certain threshold value , dinate information in a three - dimensional coordinate 

conducting a removal process of removing information system , and 
about a place in the first map information and infor before conducting the matching , a coordinate conversion 
mation about a place in the second map information process is conducted to convert the respective coordi 
that correspond to the place in which the amount of 20 nate systems of the first map information , the second 
change over time is equal to or greater than the certain map information , and the third map information to a 
threshold value in the third map information , or alter common coordinate system . 
natively , 8. A localization method of a mobile robot that conducts 

conducting a variance - increasing process of increasing a localization using at least one sensor node , the localization 
variance of each of information about a place in the first 25 method comprising : 
map information and information about a place in the acquiring first map information created in advance , 
second map information that correspond to the place in including information about a surrounding area of the 
which the amount of change over time is equal to or mobile robot ; 
greater than the certain threshold value in the third map acquiring second map information including information 
information ; about the surrounding area of the mobile robot by an 

( ii ) matching the first map information and the second external sensor onboard the mobile robot ; 
map information after being subjected to the removal receiving third map information including information 
process or the variance - increasing process , and gener about the surrounding area of the mobile robot from an 
ating map information based on the matching result ; environmental sensor node ; 
and ( i ) in the third map information , if information exists 

( iii ) updating the first map information to the map infor about a place in which an amount of change over time 
mation generated based on the matching result . is equal to or greater than a certain threshold value , 

2. The mapping method according to claim 1 , wherein conducting a removal process of removing information 
in the third map information , if information exists about about a place in the first map information and infor 

a place in which the amount of change over time 40 mation about a place in the second map information 
between a first timing and a second timing is equal to that correspond to the place in which the amount of 
or greater than the certain threshold value , change over time is equal to or greater than the certain 

the removal process is conducted if a time difference threshold value in the third map information , or alter 
between the first timing and the second timing is within natively , 
a range between a first time and a second time longer 45 conducting a variance - increasing process of increasing a 
than the first time , and variance of each of information about a place in the first 

the variance - increasing process is conducted if the time map information and information about a place in the 
difference between the first timing and the second second map information that correspond to the place in 
timing is equal to or greater than the second time . which the amount of change over time is equal to or 

3. The mapping method according to claim 2 , wherein greater than the certain threshold value in the third map 
in the third map information , if information exists about information ; 

a place in which the amount of change over time ( ii ) matching the first map information and the second 
between the first timing and the second timing is equal map information after being subjected to the removal 
to or greater than the certain threshold value , process or the variance - increasing process , and gener 

if the time difference between the first timing and the 55 ating map information based on the matching result ; 
second timing is less than or equal to the first time , the ( iii ) updating the first map information to the map infor 
removal process and the variance - increasing process mation generated based on the matching result ; and 
are not conducted , the first map information and the ( iv ) estimating a location of the mobile robot in the 
second map information are matched , and map infor updated first map information , based on the updated 
mation is generated based on the matching result . first map information , and a detection result of an 

4. The mapping method according to claim 1 , wherein internal sensor that detects at least one of a position and 
in the third map information , if information does not exist an orientation of the mobile robot . 
about a place in which the amount of change over time 9. The localization method according to claim 8 , further 
is equal to or greater than the certain threshold value , comprising : 
the first map information and the second map informa- 65 calculating a movement path based on the updated first 
tion are matched , and map information is generated map information and the estimated location ; and 
based on the matching result . causing the mobile robot along the movement path . 

35 

50 

60 



5 

10 

15 

US 10,549,430 B2 
25 26 

10. A robot system comprising : 11. A mobile robot , comprising : 
at least one environmental sensor node ; and a database recording first map information created in 
a mobile robot , wherein advance , including information about a surrounding 
the environmental sensor node acquires third map infor area of the mobile robot ; mation including information about a surrounding area an external sensor that acquires second map information of the mobile robot , 
the mobile robot includes including information about the surrounding area of the 

a database recording first map information created in mobile robot ; 
advance , including information about a surrounding a communicator that acquires third map information 
area of the mobile robot , including information about the surrounding area of the 

an external sensor that acquires second map informa mobile robot by communicating with at least one 
tion including information about the surrounding environmental sensor node , which is external to the 
area of the mobile robot , mobile robot and which acquires the third map infor 

a communicator that communicates with the environ mation ; and mental sensor node to acquire the third map infor an information processor that mation , and ( i ) in the third map information , if information exists an information processor that 
( i ) in the third map information , if information exists about a place in which an amount of change over 
about a place in which an amount of change over time is equal to or greater than a certain threshold 
time is equal to or greater than a certain threshold value , 
value , conducts a removal process of removing information 

conducts a removal process of removing information about a place in the first map information and 
about a place in the first map information and information about a place in the second map infor 
information about a place in the second map mation that correspond to the place in which the 
information that correspond to the place in which amount of change over time is equal to or greater 

than the certain threshold value in the third map the amount of change over time is equal to or 
greater than the certain threshold value in the third information , or alternatively , 

conducts a variance - increasing process of increasing a map information , or alternatively , 
conducts a variance - increasing process of increasing variance of each of information about a place in the 

a variance of each of information about a place in first map information and information about a place 
the first map information and information about a in the second map information that correspond to the 
place in the second map information that corre place in which the amount of change over time is 
spond to the place in which the amount of change equal to or greater than the certain threshold value in 

the third over time is equal to or greater than the certain map information , 
threshold value in the third map information , ( ii ) matches the first map information and the second 

( ii ) matches the first map information and the second 35 map information after being subjected to the removal 
map information after being subjected to the process or the variance - increasing process , and gen 
removal process or the variance - increasing pro erates map information based on the matching result , 

and cess , and generates map information based on the 
matching result , and ( iii ) updates the first map information recorded in 

( iii ) updates the first map information recorded in 40 advance to the map information generated based on 
advance to the map information generated based the matching result . 
on the matching result . 
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