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I, Mary K. Bolin, declare as follows:

1. [ am Emeritus Professor at the University of Nebraska, Lincoln
Libraries. I have held the following positions: Professor and Catalog and Metadata
Librarian, Digital Initiatives and Special Collections Department, University of
Nebraska—Lincoln Libraries (2015-2020); Professor and Chair, Discovery and
Resource Management and Coordinator of Collection Development, University of
Nebraska, Lincoln Libraries (2004-2015); San Jose State University School of
Information: Lecturer (2008—present); Head of the Technical Services Department,
University of Idaho Library (1993-2003; promoted to Professor in 1999); Head of
the Cataloging Department, University of Idaho Library (1986—1993; promoted to
Associate Professor and tenured in 1991); and Head of Records Maintenance
Section, Cataloging Department, University of Georgia Libraries (1981-1986).

2. Over the course of my work as a librarian, professor, researcher, student
research supervisor, and author of numerous scholarly papers and other publications,
I have had extensive experience with cataloging records and online library
management systems built around Machine-Readable Cataloging (MARC)
standards. I also have substantial experience in authenticating printed documents and
establishing the date when they were accessible to ordinarily skilled researchers.

3. Attachment A is my full resume.

Avidbots Ex1008

Page 2 of 120



4. I have been retained by counsel for Avidbots Corp. and Avidbots USA
Corp. (“Petitioners”) to evaluate, authenticate, and establish the date of public
availability of documents relevant to the above-captioned Petition for Inter Partes
Review. For my time performing this service, I am being paid my usual hourly fee.
I have no financial interest in this action, or affiliation with Petitioner. My
compensation is not dependent upon the outcome of, or my testimony in, this
proceeding or any other proceeding, including before the U.S. Patent Office.
A.  Documents of Interest
5. The documents that are the subject of this Declaration are the following:
a) Document 1. Castellanos, J. A., Montiel, J. M., Neira, J.,
& Tardos, J. D., The SPmap: A probabilistic framework for
simultaneous localization and map building, IEEE Transactions
on Robotics and Automation 15(5), 948-952 (2002).
b) Document 2. Khatib, O., Real-time obstacle avoidance for
manipulators and mobile robots, The International Journal of
Robotics Research 5(1), 90-98, (1986).
c) Document 3. Chang, Ya-Chun, Yamamoto, Yoshio, On-
line path planning strategy integrated with collision and dead-

lock voidance schemes for wheeled mobile robot in indoor
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environments, Industrial Robot, An International Journal 35(5)
421-34 (2008).
d) Document 4: J. Scholz, S. Chitta, B. Marthi and M.
Likhachev, Cart pushing with a mobile manipulation system:
Towards navigation with moveable objects, IEEE International
Conference on Robotics and Automation 6115-6120 (2011)

B. Methodology

6. I searched for these documents in the OCLC database, Google Scholar,
and several subscription databases such as IEEE Xplore, SpringerLink, Emerald, and
ACM Digital Library. I also searched the library catalogs of institutions such as the
University of Nebraska—Lincoln and other large research libraries. My goal was to
find a record in one of these databases that contained a date indicating when these
documents were available to the public.

7. Use of MARC Records. The “Machine Readable Cataloging” standard,
also known as “MARC,” is an industry-wide standard method of organizing library
catalog information. The Library of Congress first developed MARC in the 1960s.
A MARC-compatible library is one that has a catalog consisting of individual
MARC records for each of its works. Today, MARC is the primary communication

protocol for the transfer and storage of bibliographic metadata in libraries.
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8. OCLC is a database of MARC records used by libraries worldwide.
When an OCLC-participating institution acquires a work, it creates a MARC record
for this work in its computer catalog system, and OCLC automatically supplies the
date of creation. The MARC record creation date reflects the date on which (or
shortly after) the item was first acquired and cataloged. Once the MARC record is
created by a cataloger at an OCLC-participating member institution, it is
instantaneously available to any OCLC-participating members and, therefore,
available to the public.

9. A MARC record comprises several fields, each of which contains
specific data about the work. Each field is identified by a standardized, unique, three-
digit code corresponding to the type of data that follows. For example, a work’s title
is recorded in field 245, the primary author of the work is recorded in field 100, an
item’s International Standard Book Number (“ISBN”) is recorded in field 020, an
item’s Library of Congress call number is recorded in field 050, and the publication
date is recorded in field 260 or 264 under the subfield “c.” If a work is a periodical,
then its publication frequency is recorded in field 310, and the publication dates (e.g.,
the first and last publication) are recorded in field 362, which is also referred to as
the enumeration/chronology field. The library that created the record is recorded in
field 040 in subfield “a” with a unique library code. When viewing the MARC record

online via OCLC’s Worldshare Record Manager database, hovering over this code
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with the mouse reveals the name of the library. I used this method of “mousing over”
the library codes in the OCLC database to identify the originating library for all of
the MARC records in this Declaration, as well as the “display holdings” command
to see a list of libraries that own the item. In the MARC records in the OCLC
Worldshare Record Manager database, MARC field 040 contains the OCLC symbols
of institutions transcribing, creating, and modifying the record.

10. OCLC was created “to establish, maintain and operate a computerized
library network and to promote the evolution of library use, of libraries themselves,
and of librarianship, and to provide processes and products for the benefit of library
users and libraries, including such objectives as increasing availability of library
resources to individual library patrons and reducing the rate of rise of library per-
unit costs, all for the fundamental public purpose of furthering ease of access to and
use of the ever-expanding body of worldwide scientific, literary and educational
knowledge and information.”' Among other services, OCLC and its members are
responsible for maintaining the WorldCat database (http://www.worldcat.org/), which is
used by independent and institutional libraries throughout the world. OCLC is the
international cooperative to which libraries catalog records and others pay to access

MARC records. The MARC records referenced in this Declaration, extracted from

! Third Article, Amended Articles of Incorporation of OCLC Online Computer
Library = Center, Incorporated (available at  http://www.oclc.org/en-
US/membership/councils.html).
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the OCLC database, were generated in the ordinary course of business. Further, I
personally located and downloaded each of these records associated with the
document on which this Declaration focuses.

11.  OCLC provides its members online access to MARC records through
its OCLC Worldshare Record Manager database. When an OCLC member
institution acquires a work, it creates a MARC record for this work in its computer
catalog system in the ordinary course of its business. MARC records created at the
Library of Congress are batch-loaded into the OCLC database through a subscription
to MARC Distribution Services daily or weekly. Once the MARC record is created
by a cataloger at an OCLC member institution or is tape-loaded from the Library of
Congress, it is then made available to any other OCLC members online, and,
therefore, made available to the public.

12.  When an OCLC member institution creates a new record, OCLC
automatically supplies the date of creation for that record. The MARC record
creation date reflects the date on which, or shortly after which, the item was first
acquired or cataloged.

13.  The date of creation for the MARC record appears in the fixed field
(008), characters 00 through 05. Field 005 is a 16 digit field that records the date
characters yyyymmdd including 4 for the year, 2 for the month, and 2 for the day.

The date entered on file never changes. These dates are automatically supplied by
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the OCLC system and cannot be changed by the user. When the MARC record is
created in OCLC, it is available throughout the world to other libraries and in
WorldCat, the public version of OCLC Connexion. Thus, the date of creation of the
MARC record by a cataloger at an OCLC member institution reflects when the
underlying item is accessible to the public.

14.  MARC records also include several fields that include subject matter
classification information. An overview of MARC record fields is available through
the Library of Congress.? For example, 6XX fields are termed “Subject Access
Fields.”®> Among these, for example, is the 650 field, which is the “Subject Added
Entry — Topical Term” field.* The 650 field is a “[s]ubject added entry in which the
entry element is a topical term.” Id. The 650 field entries “are assigned to a
bibliographic record to provide access according to generally accepted thesaurus-
building rules (e.g., Library of Congress Subject Headings (LCSH), Medical Subject
Headings (MeSH)).” Id. Thus, a researcher can easily discover material relevant a
topic of interest with a search using the terms employed in the MARC Fields 6XX.

15.  For Document 2, I performed a search of OCLC (www.oclc.org), which

is a large shared database used by libraries around the world to create and exchange

2 See http://www.loc.gov/marc/bibliographic/.
3 See http://www.loc.gov/marc/bibliographic/bd6xx.html.
* See http://www.loc.gov/marc/bibliographic/bd650.html.

-7 -

Avidbots Ex1008

Page 8 of 120



cataloging data, using MARC format, which is a universal communications format
for that data.

16. I am also familiar with many online catalogs, databases, and search
engines. In preparing for this Declaration, I used authoritative information systems
such as the above-mentioned WorldCat (https://www.worldcat.org), the online
catalog of the Library of Congress (https://catalog.loc.gov), shared research
databases such as ResearchGate and CiteSeerX (formerly known as CiteSeer), the
online catalog of a number of large research libraries such as the University of
Nebraska—Lincoln, IEEExplore, SpringerLink, Emerald Insights, Sage Journals,
and Google Scholar search for records. Where relevant these records are identified
and discussed in this Declaration.

17. The IEEE Xplore® research database is a vital resource for
undergraduate and graduate students, researchers, scientists, and the public, offering
access to high-quality, peer-reviewed publications. IEEE Xplore serves as a
repository for IEEE’s ebooks, standards, conference proceedings, technical reports,
and journal articles, with content dating back to 1988 and selectively covering
materials from 1913 to 1987. The database currently includes over 5.5 million full-

text documents and is recognized for its rigorous curation and accurate bibliographic

> See https://iceexplore.ieee.org/Xplore/home.jsp.
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records. IEEE Xplore ensures precise reporting of publication dates and event
locations in alignment with industry standards for major scholarly and technical
journals. Approximately 20,000 new documents are added each month. While
abstracts are freely available, full-text access requires a subscription or institutional
login. The IEEE Xplore database has been online since May in the year 2000.°

18.  SpringerLink’ is a similar research database that is commonly used by
students, researchers, scientists, and the public to access high-quality, peer-reviewed
publications. SpringerLink serves as an online repository of ebooks, conference
papers, and journal articles, including content dating back decades. SpringerLink
ensures precise reporting of publication dates and event locations in alignment with
industry standards for major scholarly and technical journals. While abstracts are
freely available, full-text access requires a subscription or institutional login. The
SpringerLink database has been online since the year 1996.

19.  Emerald Insights® is a similar research database that is commonly used
by students, researchers, scientists, and the public to access high-quality, peer-
reviewed publications. Emerald Insights serves as an online repository of ebooks,
case studies, and journal articles, including content dating back decades. Emerald

Insights ensures precise reporting of publication dates and event locations in

6 See https://innovate.ieee.org/icee-xplore-reaches-5-million-documents/.
7 See https://link.springer.com/.
8 See https://www.emerald.com/.
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alignment with industry standards for major scholarly and technical journals. While
abstracts are freely available, full-text access requires a subscription, purchase, or
institutional login. The Emerald Insights database has been online since the year
2000.°

20. Sage Journals'®is a similar research database that is commonly used by
students, researchers, scientists, and the public to access high-quality, peer-reviewed
publications. Sage Journals serves as an online repository of research articles, case
reports, scholarly commentary, meeting reports, and other similar content, including
content dating back decades. Sage Journals ensures precise reporting of publication
dates and event locations in alignment with industry standards for major scholarly
and technical journals. While abstracts are freely available, full-text access to some
material requires a subscription, purchase, or institutional login. The Sage Journals
database has been online since the year 1998.!!

21. 1 am familiar with the Internet Archive, a digital library formally
certified by the State of California as a public library. Among other services that the
Internet Archive makes available to the general public, is the Wayback Machine, an

online archive. The Internet Archive’s Wayback Machine service archives webpages

? See https://www.emeraldgrouppublishing.com/who-we-are/the-emerald-
timeline#:~:text=1967,2008.

10 See https://journals.sagepub.com/.

! See https://www.sagepub.com/about/sage-history-timeline#time-1990.

-10 -
Avidbots Ex1008
Page 11 of 120



as of a certain capture date to track changes in the web over time. The Internet
Archive has been in operation as a nonprofit library since 1996 and has hosted the
Wayback Machine service since its inception in 2001. I consider the Internet
Archive’s records keeping to be as rigorous and detailed as other formal library
records keeping practices such as MARC records and OCLC records. That said, the
inability to find a particular webpage on the internet archive is not dispositive or
telling of a document’s historic availability, because the Internet Archive does not
archive all web content all of the time, and for some paywalled databases the Internet
Archive cannot access particular webpages.

C. Conclusions Regarding Document 1

22.  The following are my conclusions with respect to the authenticity and
public availability of Document 1—Castellanos, J. A., Montiel, J. M., Neira, J., &
Tardos, J. D., The SPmap. A probabilistic framework for simultaneous localization
and map building, IEEE Transactions on Robotics and Automation 15(5), 948-952

(2002) (“Castellanos™).

1. Authentication of Document 1

23. Attachment B is true and correct copy of Document 1, which was
downloaded from IEEE Xplore. Attachment B is identical to Exhibit 1007 to the
Petition for Inter Partes Review.

2. Public Availability of Document 1

-11 -
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24.  Attachment B is a PDF of Document 1, downloaded from IEEE Xplore,
with a publication date of October 1999, where it was originally published in volume
15(5) of the journal “IEEE Transactions on Robotics and Automation.”

25. Attachment C is a PDF of the search results for Document 1 from the
IEEE Xplore database, showing a publication date of October 31, 1999.

26. Attachment D is a declaration from Gordon MacPherson, who is the
Director of Board Governance & Policy Development at the IEEE. Id. § 1. Mr.
MacPherson’s declaration confirms that Document 1 was published in the IEEE
Xplore digital database as of October 31, 1999.

27. Based on the fact that Document 1 was published in the IEEE Xplore
digital database on October 21, 1999, and the IEEE Xplore database was put online
a few months later in May 2000, Document 1 was available online as of May 2000,
and could have been found by a skilled researcher.

3. Locating Document 1

28. In my professional experience as a librarian, academic libraries had
access to online periodical databases by 1998.

29. For example, Document 1 could have been found by searching the
IEEE Xplore database for any words in the article title, journal title, authors’ names

99 ¢¢

and subject terms. This includes terms such as “localization,” “map building,” and

“robotics and automation.”
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D. Conclusions Regarding Document 2

30. The following are my conclusions with respect to the authenticity and
public availability of Document 2—Khatib, O., Real-time obstacle avoidance for
manipulators and mobile robots, The international journal of robotics research 5(1),
90-98, (1986).

1.  Authentication of Document 2

31. Attachment E is true and correct copy of Document 2, which was
downloaded from Sage Journals. Attachment E is identical to Exhibit 1006 to the
Petition for Inter Partes Review.

2. Public Availability of Document 2

32. Attachment E shows a publication in the International Journal of
Robotics Research, Volume 5(1) in Spring of 1986. Further, Attachment F shows
the availability of Document 2 on Sage Journal’s online database.

33.  Further, as shown in Attachment G, the PDF of Attachment E (i.e., the
version added to Sage Journals) was created on October 31, 2006. In my experience,
this indicates that Document 2 was added to Sage Journals on October 31, 2006, or
within a day or two of the PDF’s creation. It is thus my opinion that Document 2
was available online on Sage Journals on or around October 31, 2006.

34.  Document 2 was also published as a chapter in the book Autonomous
Robot Vehicles, which was published in 1990. Attachment H is a version of

Document 2 as published in that book, which I have pulled from a digital copy of

-13 -
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the book Autonomous Robot Vehicles. 1 have confirmed that the version of
Document 2 published in Autonomous Robot Vehicles (that is, Attachment H) is
identical but for pagination to the version published on Sage Journals (that is,
Attachment E).

35. Attachment I is a screenshot of a URL on SpringerLink’s website from
December 21, 2013 accessed via the WayBack Machine’s Internet Archive showing
the availability of Document 2 (and of the book Autonomous Robot Vehicles
generally) on SpringerLink’s website as of that time. Based on the fact that
Document 2 was published on SpringerLink by at least December 21, 2013,
Document 2 was available online by at least December 2013,!'? and could have been
found by a skilled researcher as of that date.

36. As noted above, Document 2 was also published as a chapter in the
book Autonomous Robot Vehicles, which was published in 1990. Attachment J is
MARC record for that book, showing a creation date of January 17, 1990. And
Attachment K shows the MARC record for that book from the Library of Congress,
showing in the 955 field that this book was added to the collection in January 17,

1990.

12 Note that the internet archive does not scan and save all pages of the all websites
every day. Thus, it is in my opinion highly likely that Document 2 was on
SpringerLink long before 2013, and it was just not archived until the date shown in
Attachment .
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37. And even before that date, Document 2 was published in the
International Journal of Robotics Research in 1986. See Attachment E.

38. In sum, Document 2 has been publicly available for decades. It was
published in 1986 in the International Journal of Robotics Research, it was then
published as a chapter in the book Autonomous Robot Vehicles in 1990, it was
available on Sage Journals on or around October 31, 2006, and it was added to the
SpringerLink database by at least December 21, 2013 (and likely earlier).

3. Locating Document 2

39. In my professional experience as a librarian, academic libraries had
access to online periodical databases by 1998.

40. It is my opinion that someone searching for Document 2 on
SpringerLink or Sage Journals would have found the document using any number
of basic keyword searches. For example, Document 2 could have been found by
searching the SpringerLink database for any words in the article title, journal title,
authors’ names and subject terms. These include terms such as “obstacle avoidance,”
“mobile robots,” or “Khatib.”

41.  Further, the 1986 publication date is for the print version of the journal,
which could have been located using the catalog of any library that owned the journal

International Journal of Robotics Research. And likewise, as of 1990 Document 2
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could have been found using the catalog of any library that owned the book
Autonomous Robot Vehicles as of 1990.

E. Conclusions Regarding Document 3

42.  The following are my conclusions with respect to the authenticity and
public availability of Document 3—Chang, Ya-Chun, Yamamoto, Yoshio, On-/ine
path planning strategy integrated with collision and dead-lock voidance schemes for
wheeled mobile robot in indoor environments, Industrial Robot, An International
Journal 35(5) 421-34 (2008).

1. Authentication of Document 3

43. Attachment L is true and correct copy of Document 3, which was
downloaded from Emerald Insight’s online database. Attachment L is identical to
Exhibit 1010 to the Petition for Inter Partes Review.

2. Public Availability of Document 3

44.  Attachment M is a screenshot of the webpage on Emerald Insight’s
online database where Document 3 is available for download. At the top of
Attachment M is the date August 22, 2008, which is the publication date of this
article. Because this article lists a specific publication date (as opposed to just a
month or year), and because it was published in 2008—a time when scientific and
academic articles were typically published simultaneously both in print journals and
in corresponding online databases—this August 22, 2008 date represents both the

date when Document 3 was published in the journal “Industrial Robot, An
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International Journal,” and the date that Document 3 was published on Emerald
Insight’s online database.

45. My conclusion is buttressed by several additional indicia confirming
simultaneous online and print publication. First, Attachment N is a screenshot
showing the document properties for Attachment L. The metadata indicates that this
PDF was created on August 21, 2008—the day before the article was published. This
date being the day before the listed publication date confirms that the document was
created in a web accessible format (i.e., a PDF) the day before it was published,
which confirms to me that it was published online on its listed publication of August
22,2008. Second and relatedly, Attachment L (i.e., Document 3, which PDF was
created on August 21, 2008) states that the “the current issue and full text archive of
this journal is available at [a particular URL].” See Attachment L at 1. Thus,
Document 3 itself confirms that it was published simultaneously online and in the
print journal.

46. In sum, Document 3 was published both in print on the Emerald Insight
online database on August 22, 2008, and was publicly available as of that date.

3. Locating Document 3

47. In my professional experience as a librarian, academic libraries had

access to online periodical databases by 1998.
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48. It is my opinion that someone searching for Document 3 on Emerald
Insights online database would have found the document using any number of basic
keyword searches. For example, Document 3 could have been found by searching
the Emerald Insight database for any words in the article title, journal title, authors’

99 ¢¢

names and subject terms. These include terms such as “mobile robot,” “mobile robot
in indoor environment,” or “path planning.”

F.  Conclusions Regarding Document 4

49. The following are my conclusions with respect to the authenticity and
public availability of Document 4—J. Scholz, S. Chitta, B. Marthi and M.
Likhachev, Cart pushing with a mobile manipulation system: Towards navigation
with moveable objects, IEEE International Conference on Robotics and Automation
6115-6120 (2011).

1. Authentication of Document 4
50. Attachment O is true and correct copy of Document 4, which was
downloaded from IEEE Xplore. Attachment O is identical to Exhibit 1015 to the

Petition for Inter Partes Review.

2. Public Availability of Document 4

51. Attachment P is a screenshot of the webpage on IEEE Xplore where
Document 4 1s available for download. In the middle of Attachment P 1s a field titled

“Date Added to IEEE Xplore,” which shows the date August 18, 2011. That is the
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date which this article was added to IEEE Xplore, and therefore the date that the
article was available online.

52.  Insum, Document 4 was published on the IEEE Xplore online database
on August 18, 2011, and was publicly available as of that date.

3. Locating Document 4

53. In my professional experience as a librarian, academic libraries had
access to online periodical databases by 1998.

54. It is my opinion that someone searching for Document 4 on the IEEE
Xplore online database would have found the document using any number of basic
keyword searches. For example, Document 4 could have been found by searching
IEEE Xplore for any words in the article title, journal title, authors’ names and

99 ¢¢

subject terms. These include terms such as “robotic navigation,” “mobile robots,” or

“path planning.”

st sk sk o s sk sk sk sk sk sk sk sk skosk skook

I hereby declare that all statements made herein of my own knowledge are
true and that all statements made on information and belief are believed to be true;
and further that these statements are made with the knowledge that willful false

statements and the like are punishable by fine, imprisonment, or both, under Section
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1001 of Title 18 of the U.S. Code. I state under penalty of perjury under the laws of

the United States of America that the foregoing is true and correct.
Executed this 20th day of November, 2025, in Minneapolis, Minnesota.

Mary K. Bolin
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Mary K. Bolin, PhD
2433 U Street
Lincoln, Nebraska 68503
marv@marvkbolin.com

Mary K. Bolin, PhD

Professor Emeritus

University Libraries

University of Nebraska—Lincoln
mbolin2@unl.edu

Lecturer,
School of Information
San José State University

mary.bolin@sjsu.edu

EDUCATION

PhD, Educational Studies (Educational Leadership and Higher Education), 2007, University of
Nebraska

Dissertation: A Typology and Discourse Analysis of the Status and Appointments of Librarians at
Land Grant Universities (available at_digitalcommons.unl.edu)

MA, English, 1999, University of Idaho
Thesis: Grace: A Contrastive Analysis of a Biblical Semantic Field (available at

digitalcommons.unl.edu)

MSLS, 1981, University of Kentucky
BA, Linguistics, 1976, University of Nebraska—Lincoln
WORK EXPERIENCE

Center for Digital Research in the Humanities. Fellow, 2019- Emeritus, 2020-
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University of Nebraska--Lincoln Libraries: Professor and Catalog and Metadata Librarian,
Digital Initiatives and Special Collections, 2015-2020. Emeritus, 2020-

University of Nebraska—Lincoln Libraries: Professor and Chair, Discovery and Resource
Management, 2004-2015; Coordinator of Collection Development, 2012-2015

University of Idaho Library: Head, Technical Services Department, 1993-2003. Promoted to
Professor in 1999

University of Idaho Library: Head, Cataloging Department, 1986-1993. Promoted to Associate
Professor and tenured, 1991

University of Georgia Libraries: Head, Records Maintenance Section, Cataloging Department,
1981-1986

Teaching:
San José State University School of Information:

LIBR 281, Metadata. 2009-

LIBR 248, Introduction to Cataloging and Classification. 2013-

LIBR 202, Information Retrieval. 2008-2013

Associate Coordinator, Gateway PhD program, San Jose State University, 2021-2022

American Library Association:

Cataloging for Non-Catalogers, Online Continuing Education Course, 2017-
Intermediate Cataloging for Non-Catalogers, Online Continuing Education Course, 2018-

Lyrasis:

Webinar on BibFrame, taught twice a year, 2020-
Quick and Clean Cataloging, Parts 1, 2, and 3. 2022-

Independent Study in Idaho:
Library Science C415, Technical Services for Small Libraries, 2004-2013

Library Science C416, Library Services to Rural Libraries, 2004-2013
Library Science C422, Use of the School Library, 1999-2013
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Library Science C425/525, Organization and Management of Small Libraries,
1988-2013
Library Science C427, Library or Media Center Practicum, 1995-2013

Gateway PhD Program (San Jose State University and Queensland University of Technology).
SJSU supervisor for two PhD students, 2015-

Gateway PhD Program (San Jose State University and Manchester Metropolitan University).
Associate Coordinator, 2021-2022

Consulting
Expert witness for multiple attorneys employed by Wolf, Greenfield & Sacks, P.C.,
Hughes Hubbard & Reed LLP, and other firms. 2017-

Editing
Language and academic editing for EditSprings, a service for international scholars, 2020-

SCHOLARSHIP
Refereed Publications:
(Publications available from digitalcommons.unl.edu)

Pytlik Zillig, Brian, and Mary K. Bolin. (Forthcoming 2024).“Visualization of Semantic Primes
in Texts from Early Modern English Drama.” Journal of the Japanese Association for the Digital
Humanities.

Bolin, Mary K. (2022). “Academic Libraries and Writing Centers: Collaborations at US Public
Research Universities.” School of Information Student Research Journal, 11(2). Retrieved from
https://scholarworks.sjsu.edu/ischoolsrj/voll1/iss2/2

Bolin, Mary K. (2022). Refocusing Academic Libraries through Learning and Discourse: The
Idea of a Library. Oxford, UK: Chandos/Elsevier.

Bolin, Mary K. (2022). “Metadata, Catalog Systems, Linked Data, and the Evolving ILS.” In:
Sandra Hirsh (Ed.), Information Services Today: An Introduction. 3rd ed. New York: Rowman
and Littlefield.
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Wintermute, Harriet E., and Bolin, Mary K. (2018). “Metadata Generators for Backlog
Reduction: Metadata Maker Streamlines Cataloging and Facilitates Transition. 7echnical
Services Quarterly 35(2) doi: https://doi.org/10.1080/07317131.2018.1422879

Bolin, Mary K. (2018). “Metadata, Catalog Systems, Linked Data, and the Evolving ILS.”
In: Sandra Hirsh (Ed.), Information Services Today: An Introduction. 2™ ed. New York: Rowman
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The SPmap: A Probabilistic Framework for —
Simultaneous Localization and Map Building Catbration oD per s

Jose A. Castellanos, J. M. M. Montiel, J. Neira, and J. D. dard \ /
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Processing
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Abstract—This article describes a rigorous and complete framework Segments
for the simultaneous localization and map building problem for mobile Local 7
robots: the symmetries and perturbations map (SPmap), which is based LMkdp
on a general probabilistic representation of uncertain geometric informa- Odometry S P
tion. We present a complete experiment with a LabMatéM mobile robot el — k \\ Map Building |

|
navigating in a human-made indoor environment and equipped with a and |
SPmap Robot Relocation :
Prediction !

rotating two-dimensional (2-D) laser rangefinder. Experiments validate
SPmap

the appropriateness of our approach and provide a real measurement of

the precision of the algorithms. Gg;;ﬂ Map
k-1

Estimation

Index Terms—Correlations, probabilistic model, simultaneous localiza-
tion and map building.

Global Map
|. INTRODUCTION

Successful path planning and navigation of a mobile robot in a ' o o
human-made indoor environment requires the availability of bothF48- 1. Simultaneous localization and map building.
sufficiently reliable estimation of the current vehicle location, and a
sufficiently precise map of the navigation aréapriori model maps 3) SPmap overcomes the difficulties reported in previous works

are rarely available, costly to obtain, and when they are available, they dealing with singularities in the representation of geometric
usually introduce inaccuracies in the planning tasks. An automatic features

con_structlon Olfd Lhedm‘"?‘p bcl)f thed fsr;]wrotr)lment n Wh'Ch the rahot AR SPmap has been experimentally validated by a complete exper-
havigates would be desirable, and it has become an important research o \yhich profited from ground-truth to accurately validate

direction in today’s robotics community. the precision and the appropriateness of the approach.

The precision of the constructed map is highly influenced by the . ticle al tend limi It ted in 1101 t
accuracy of the dead-reckoning system of the mobile robot, who?@'s articie also extends our preliminary results reported in [10] to
monstrate the importance of maintaining the correlations between

location estimations drift with time. An improved solution would € timai ¢ th tities involved in the simult locali
require the relocation of the mobile robot along its trajectory tg]e estimation of the entilies involved in the simultaneous localiza-

avoid biases introduced by odometry, hence, an approach basec}'%'ﬁ an(_d map bw_ldmg problem, tc_) _av0|d Opt'm's“? estimations of
\ncertainty associated to the precision of the locations of features.

the simultaneous localization and map building would be nece h t of the article is structured as foll Section Il d ib
sary (Fig. 1). Exact mathematical approaches to the simultanequ € rest ot the article 1S structured as 1oflows. Section 1 describes

localization and map building problem were originally addressetge probabilistic representation of uncertain geometric information.

by Smith et al. [1], [2] who introduced the concept aftochastic ections Ill and IV present our probabilistic framework for the
map, a representation of spatial relationships, their uncertainties, grlmultaneous Iogallzqt|on and map puﬂdmg problem: Experimental
ults are described in Section V while some conclusions and further

their interdependencies with respect to a base reference. Later, thifd ; .

concept was used in the works of Moutarleral. [3], Leonardet work are shown in Section V1.

al. [4]-[6], and Hébertet al. [7]. Recently, Uhimanret al. [8] have

reported interesting work related to the problem of correlations in the Il. SYMMETRIES AND PERTURBATIONS MODEL

simultaneous localization and map building problem. In our feature-based approach, uncertain geometric information
This article proposes a new probabilistic framework adapted © represented using a probabilistic model: the symmetries and

the problem of simultaneous localization and map building: theerturbation model (SPmodel) [11], [12] which combines the use

symmetries and perturbations map (SPmap) [9] which is based oBfgprobability theory to represent the imprecision in the location of

general representation of uncertain geometric information. Our majngeometric element, and the theory of symmetries to represent the

contributions are as follows. partiality due to characteristics of each type of geometric element.

1) SPmap represents a rigorous and complete solution to thdn the SPmodel, the location of a geometric eleméhtwith
simultaneous localization and map building problem for mobileespect to a base referentdé is given by alocation vectorxy z =
robots. (x, y, ¢)!. The estimation of the location of an element is denoted by

2) SPmap consistently formulates the representation and integkar rz, and the estimation error is represented locally lojfferential
tion of sensorial information gathered by different sensors. location vectord x relative to the reference attached to the element.

. ) ) ) Thus, the true location of the element is
Manuscript received July 30, 1998; revised May 25, 1999. This paper was

recommended for publication by Editor V. Lumelsky upon evaluation of the Xxwp=%Xwr Ode 1)
reviewers’ comments. This work was supported by Spanish CICYT Project
TAP97-0992-C02-01. whered: represents the composition of location vectors. To account
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josemari@posta.unizar.es; jneira@posta.unizar.es; tardos@posta.unizar.e8ll value to the degrees of freedom corresponding to them, because
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Feature 2 m E
dFZ

\

The covariance matrix of the SPmap represents the covariance of
the estimation of the robot and the map feature locations, the cross-
covariances between the robot and the map features, and finally, the
cross-covariances between the map features themselves

Cr Crr, Crry,
r .
W Chkry Cr CFll“NF
c” = . . . : (7)
Feature 1 Mobile . . . :
T T
Feature n CRFNF CFIFNF - Cry,

Note that we may represent any type of geometric entity within
this general framework. The proposed approach can include different
types of features obtained by different types of sensors, and thus it
is suitable to deal with a multisensor system.

IV. INCREMENTAL CONSTRUCTION OF THESPVAP

Base
Reference

This section describes the incremental construction of the SPmap
using suboptimal estimation techniques based on the extended
Fig. 2. Representation of the SPmap with generic features and the moldlgiman filter [13].
robot expressed with respect to a base referdficeThe location vector of
each entity is obtained by the composition of its estimated location vector and ) ) )
its differential location vector. A. Uncertain Displacement of the Mobile Robot

An estimation of the displacement of the mobile robot between
two intermediate points along its trajectory can be obtained by dead-

vector the vectorprz formed by the non null elements dfz. Both )
reckoning

vectors can be related by a row selection malix that we call

self-binding matrixof the geometric element Xr, Ry = %r,_ R, ©dr, . #, 8)

—_— 1' Ve = ) N
de =Brpe;  pr=Bede ) wherexr, _,r, represents the estimated displacement of the robot

Then, theuncertain locationof every geometric entity is representeo"’mo_I dRIgflR{v ~ N (0, CRk*l_Rk) represents the imprecision In its
in the SPmodel by a quadrupBiw s = (Xw e, pe, Cr, Br) estimation (i.e., dead-reckoning errors). Other nonrandom sistematic
where the transformatiotyz is an estimation taken as base fof''0rS aré not considered because they can be corrected by an

perturbationspr is the estimated value of the perturbation vecto@pproprlate callbratlon proc_edure. . .
and C its covariance. Thus, the predicted locatiogw 1, of the mobile robot at timé:

can be calculated by the composition

Ill. SYMMETRIES AND PERTURBATIONS MAP XWR, =XWRy_; D XRy,_{Ry

The symmetries and perturbations map (SPmap) is a complete
representation of the environment of the robot which includes the
uncertain location of the mobile robdtw r, the uncertain loca-
tions of the features obtained from sensor observatlops:;, i €
{1---Nr} and their interdependencies (Fig. 2).

The SPmap can be defined as a quadruple

=xwgR,_, ©dr, , DXRr, r, Ddr, R,

=Xwr, ®Ir,R,_dr,_, Ddr,_, R, 9)

where Jx, r, _, is the Jacobian of the transformaticty, », _,
between the location vectors of the robot at timand that at time
B — 1.

After the displacement of the vehicle, only the location of the
mobile robot changes as estimated by dead-reckoning, while the
location of map features, being static entities, remain the same
as the estimated in the previous time instant 1. Nevertheless,
the displacement of the mobile robot produces changes in the
dr dependencies existing between the location of the robot and those

SPmap = (fc””; p". v, BW) ©)

wherex" is theestimated location vectasf the SPmap ang" is

the perturbation vectorof the SPmap

;‘ff D of the map features. The complexity of this phase grows linearly
W L : wo_ _1 4) with the number of features)(Nr).
XW F, Pry,. B. Matching Local and Global Maps

The predicted mobile robot location is improved by matching local
observations expressed with respect to the robot refer&aogith
map features represented with respect to the base refeF&nokt
- L . each point of the robot's trajectory it is desirable to obtain as much
where the composition operatey applies in this case to each Ofpairings as possible because they represent the links between new

Vo P :

the componv_ents of the vgctors, aBd" is the blndl_ng_matnxof_ the observations and previous stored knowledge of the navigation area.
SPmap, a diagonal matrix formed by the self-binding matrix of the Fig. 3 exemplifies the pairing between a local observation
robot and the self-binding matrices of the map features

The true location of the robot and the map features is

x" =" o B")p" )

obtained at timekt and represented with respect to the robot by
. Lrr = (Xrr, Pr, Cr, Br), and a global map featu® available
B" =d (B.Bv.---,Bv ) R ! : ¢
1Y Bt Bans e B ©) at timek — 1 and represented with respect to the base referéfice
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(10). Linearization of (10) is done by considering a first order Taylor

expansion
v h, =fi m(Pi . Pr) = Brekrn
Observation f m
Hm:ak,w :(HEO-"OHZO"'O)
IPL v oy
W f m X
] H = E)a'jT =BrpJoo{xrp. 0}Jpr
BApY. Pg)
Rase g of m 2 -
Reference H,I:L = QL = —Bj«'b'-]lgg{o, Xf'b‘}BJE
Prpw Py
af m 5 T
ot G, = Zkm = BFEJQ@{XFE-/ O}B%@- (14)
IPE |(pw o)

Fig. 3. Matching local observatiok with global featurefF'. . . .
g g 9 Integration of local observationsA{;. (i.e., new knowledge of the

navigation area) into the SPmap known up to the previous time instant
by Lwr = (Xwe, Pr, Cr, By). From their relative location we GMy 1 by using the EKF equations, produces a reestimation of its

formulate a nonlinear measurement equation [11] whole perturbation vectqs}” and the uncertainties represented by its
covariance matrixC}’ . Location estimations of the complete set of
fi, m(dr, Pr, PR) entities included in the SPmap are reestimated after the integration of
=Brexrr new information. Furthermore, correlations between their estimations

are also updated. The complexity of this phase grows polynomially
with the number of feature®(NZM), whereM is the number of
matched observations.

=Bre(Cxwr © xwr © XRrE)
=Brp(OBLpr O xrp © Iprdr © BLpr)
—0 (10)

whereB 1 is the binding matrix of the pairingL1], a row selection D- Adding Nonmatched Features to the Global Map

matrix which selects the componentsofz which must be zero. Due  Local observations obtained at tirkewhich cannot be paired with
to uncertainty, a hypothesis test based on the squared Mahalan@ig of the global features ai3{,; are interpreted as knowledge
distanceD?, validates the compatibility betweefi and F about the environment which has not yet been learned. These local
9 . " o . observations are added to the SPmap by considering the composition
D” = (Brpxrp) [BrrC(xrr)Brp]™ (Brekrs)  (11)

XWwE =XWR 6 XRE
where matrixC(xr ) is computed from the linearization of (10) —%wr @ Iprdr @ BLpe. (15)
taking into account the correlations between the map feafusnd
thé robot: The covariance matrix of the SPmap is extended to represent the
. Pl correlation between the mobile robot and the nonpaired fedire
Cxre) = J2e{xrp, 0}C(dp)doe {Xre. 0} (12) " the cross-correlation between the previous map features and the non-

where paired featureF’, and the covariance of the nonpaired feature. When
’ the whole local map is composed only of nonpaired observations, the
C(d}) =JprCrILp +IprBLCrBpI L, robot’s location estimation obtained by odometry cannot be improved.
~JprBEChiIbr — IprCrrBriie
+BLCLB.. (13) V. EXPERIMENTING WITH THE SRvAP

) ) This section presents the experimental verification of the previous
Under the Gaussianity hypothesis;’ follows ax* distribution. For jgeas by considering a LabM&t mobile robot navigating indoors,
a given significance level, the local feature? is compatible with - ang equipped with a two-dimensional (2-D) rotating laser scanner.
the global feature” if D* < x7 ., with » = rankB«;) degrees of e also analyze the effects of neglecting correlations between the
freedom, otherwise the matching between thand F' is discarded. |ocation estimation of the features. The vehicle was programmed to
In general, when there exist multiple possible pairings for a particulgyjiow a trajectory (53 m approximately), stopping at regular intervals
local feature, the pairing with the smallest Mahalanobis distancetis take measurements. Complementary information was taken, by
chosen. hand, with a pair of theodolites which provided real locations of the

robot with respect to a base reference.

C. Estimating the SPmap at Tinke From the laser readings gathered at each point along the trajectory,

The matching betweet and F is used both to relocalize the @ Straight-line segment-based local map/; was constructed. A
robot at the current trajectory point and, simultaneously, to update fgmentation algorithm [14] was used. The resultant 2-D segments
estimated location of the map features. The perturbation vector of {fdd. 4) were expressed with respect to the mobile robot reference
local observatiopz ~ A’(0, Cr) constitutes the measurement usedf@me R by using the SPmodel formulation; also, estimations of their

to improve the estimation b} through the relation established byl€ngths were computed from their endpoints. Typically the number
of straight-line segments was kept small for each local map (below

IMatricesJ 1, andJa¢ are the Jacobians of the composition of locatioten segments per local map) by considering only meaningful (i.e.,
vectors [1] long) segments.

R — 9yoz) . . .
Jieix x2} = Z5; yox1. z=%s Pairings between local observations and previously stored knowl-
Joodxi, x2} = G(yarzw edge of the navigation area were obtained by using a 5% significance

y=%1, 2=X2. level. In the following figures, precision of the results has been
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N
Mobile /
Robot
\\ 2D Laser
Segments
Fig. 4. Straight-line segment representation of a local environment of the

vehicle R at the first point of its trajectory. Lateral uncertainty for each
detected 2-D segment has been represented (magnified three times).

represented by 95% error ellipses (i.&-2¢ bounds). This proba-
bilistic matching technique has proven to be simple and effective for __
laser segments. However, other sensor systems, such as monocular
or stereo vision, require more robust matching strategies to properly )
solve the data association problem.

A. Neglecting Correlations Between Entities

When neglecting correlations, the EKF estimation phase is de-
composed into the estimation of the mobile robot location and
subsequently the estimation of the map features [10] from a common
set of observations. Fig. 5(a) shows the result of this process. It can
be seen that this two-step process produces optimistic estimations
of uncertainty because the same observations are used twice in the
estimation algorithms.

Table | presents the maximum errors and the error growing-rate
along the vehicle trajectory when neglecting correlations between
features. An increasing discrepancy of the estimated robot location
with respect to ground truth was observed (only 5.6% of the esti-

-------

mations were compatible with the real solution). This discrepancy_w : ,_+_,><
became larger as the vehicle moved to previously learned placés

in the navigation area, and was due to optimistic estimations of ¥ X
the uncertainty associated to the location of environment features; —————————=—— ARaenats ﬁ[_'_j_'*_t‘f**‘_ +-[—
producing a high rejection rate in the matching process. Thus, when ‘ ’ ' )
the robot revisited places already learned, very few pairings were (b)

obtained and neither the mobile robot was effectively relocalized NBfy. 5. Estimated robot trajectory and built map (a) neglecting correlations
the global map was accurately built. Most of the local map featurgstween entities, where the estimated solution diverges from ground-truth, and
were directly added to the representation, creating multiple locati¢) using the SPmap approach. Ampriori model map is drawn for reference
hypotheses for the same map feature. Later, matchings involviPi¢fPOSes.

those false hypotheses (i.e., data association errors) induce the final

solution to diverge from ground truth. TABLE |

SUMMARY OF THE SOLUTIONS OBTAINED BY THE DIFFERENT APPROACHES
. . . . MAXIMUM ERRORS (Tmax, Ymax, AND tmax), DISTANCE d,..; AND
B. Maintaining Correlations within the SPmap ANGULAR t,..; ERROR GROWING-RATES, AND 2 TEST RESULTS
Fig. 5(b) shows the result of the robot localization and map

building process considering the SPmap approach. Even though we

[ Odometry | Neg. Corr. | SPmap

. L . . Tmae (M) 1518.22 416.24 272.09
simultaneously were bun_dlng the_ map _and rel_ocatmg the mobile Ymas () 2066.69 35936 208.99
robot, whenever the vehicle navigated in previously unknown ar- bmas (deg) 1550 389 5.05
eas, uncertainty continually increased, that is, integration of new drel (mm/m) 6.3 95 59
observations only reduced the uncertainty growing rate downtown ¢retr (deg/m) 0.293 0.055 0.039
the measurement error of the sensor used, but not further. On the Xiest () 100 5.6 98.1

contrary, whenever the vehicle revisited places in the environment

already learned, uncertainty decreased, converging to the values of

the location uncertainty of the reobserved global map features. AlsoTable | compares the largest errors obtained by the SPmap ap-
the “indirect estimation” effect appeared, that is, location uncertainproach with the approach neglecting correlations. Clearly, the SPmap
decreased for all the features of the SPmap, even for those not visiéggroach obtained estimations for the mobile robot localization
from the current robot location but statistically correlated to curremiith an upper bound of around 5.9 mm/m of the total trajectory
observations through the off-diagonal elements of the covarianemgth for the distance error and 0°@4 for the orientation error,
matrix of the SPmap. which represented an order of magnitude below dead-reckoning
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1) sensor cooperation to obtain more robust and reliable observa-
tions from the navigation area [15];
2) increase in the structuration and the semantical contents of the
] representation toward a topological description where human-
language-like instructions could be commanded to the vehicle;
search for optimal representations of the navigation area to
reduce the complexity?(N?) of the current approach, when
larger environments are considered;
design of strategies to maintain the constructed map, such as
those required to remove features not visible for a long time.
Also, we believe that when the vehicle revisited places of the
navigation area already learned after travelling for a long time
in unknown areas, the Mahalanobis distance would be insufficient
to match local observations with previously stored features in the

2500 T T T T T

Odometry
Neg. Corr.
o—= SPmap

2000

3)

i

Distance-error (mm)

] 4)

[ 10 30 40 60
Timesiep SPmap. In those cases, new data association mechanisms would be
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Fig. 6. Comparison of errors along the robot trajectory: (a) distance error

and (b) angular error.

(7]

errors. Also, the location uncertainty of the map features was ndg]
underestimated, with a compatibility ofi.., ~ 98%, therefore,
pairings between local observations at tilm@nd previously stored
knowledge up to timek — 1 were found at each point along the [g]
robot trajectory even when the vehicle returned to previously learned
places of the navigation area. An average of 74% of the number of
available observations were matched with previous known featur&
Fig. 6 compares the real errors along the robot path, obtained by
each approach. The highest errors correspond to odometry-based
navigation, while the smallest correspond to the SPmap approafti]
From the Fig. 6 note how the location uncertainty of the robot
decreases when the vehicle revisits previously learned places (i[fzj
from trajectory point 40 onwards).

VI. [13]

This article has presented the symmetries and perturbations nt&f
(SPmap), a probabilistic framework for the simultaneous localization
and map building problem for mobile robots. We have presented a
complete experiment, where a LabMate mobile robot equipped witte]
a rotating 2-D laser rangefinder navigated indoors. Experimentation
showed the importance of maintaining correlations between entities.
Satisfactory results have been obtained concerning the problem of
revisiting previously learned places of the navigation area.

Our recent work has motivated us with further extensions of
the concept of SPmap, both to extent its applicability to real-life
environments and to increase its robustness:

CONCLUSION
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The SPmap: A Probabilistic Framework for —
Simultaneous Localization and Map Building Catbration oD per s

Jose A. Castellanos, J. M. M. Montiel, J. Neira, and J. D. dard \ /

2D Laser

Processing

Laser

Abstract—This article describes a rigorous and complete framework Segments
for the simultaneous localization and map building problem for mobile Local 7
robots: the symmetries and perturbations map (SPmap), which is based LMkdp
on a general probabilistic representation of uncertain geometric informa- Odometry S P
tion. We present a complete experiment with a LabMatéM mobile robot el — k \\ Map Building |

|
navigating in a human-made indoor environment and equipped with a and |
SPmap Robot Relocation :
Prediction !

rotating two-dimensional (2-D) laser rangefinder. Experiments validate
SPmap

the appropriateness of our approach and provide a real measurement of

the precision of the algorithms. Gg;;ﬂ Map
k-1

Estimation

Index Terms—Correlations, probabilistic model, simultaneous localiza-
tion and map building.

Global Map
|. INTRODUCTION

Successful path planning and navigation of a mobile robot in a ' o o
human-made indoor environment requires the availability of bothF48- 1. Simultaneous localization and map building.
sufficiently reliable estimation of the current vehicle location, and a
sufficiently precise map of the navigation aréapriori model maps 3) SPmap overcomes the difficulties reported in previous works

are rarely available, costly to obtain, and when they are available, they dealing with singularities in the representation of geometric
usually introduce inaccuracies in the planning tasks. An automatic features

con_structlon Olfd Lhedm‘"?‘p bcl)f thed fsr;]wrotr)lment n Wh'Ch the rahot AR SPmap has been experimentally validated by a complete exper-
havigates would be desirable, and it has become an important research o \yhich profited from ground-truth to accurately validate

direction in today’s robotics community. the precision and the appropriateness of the approach.

The precision of the constructed map is highly influenced by the . ticle al tend limi It ted in 1101 t
accuracy of the dead-reckoning system of the mobile robot, who?@'s articie also extends our preliminary results reported in [10] to
monstrate the importance of maintaining the correlations between

location estimations drift with time. An improved solution would € timai ¢ th tities involved in the simult locali
require the relocation of the mobile robot along its trajectory tg]e estimation of the entilies involved in the simultaneous localiza-

avoid biases introduced by odometry, hence, an approach basec}'%'ﬁ an(_d map bw_ldmg problem, tc_) _av0|d Opt'm's“? estimations of
\ncertainty associated to the precision of the locations of features.

the simultaneous localization and map building would be nece h t of the article is structured as foll Section Il d ib
sary (Fig. 1). Exact mathematical approaches to the simultanequ € rest ot the article 1S structured as 1oflows. Section 1 describes

localization and map building problem were originally addressetge probabilistic representation of uncertain geometric information.

by Smith et al. [1], [2] who introduced the concept aftochastic ections Ill and IV present our probabilistic framework for the
map, a representation of spatial relationships, their uncertainties, grlmultaneous Iogallzqt|on and map puﬂdmg problem: Experimental
ults are described in Section V while some conclusions and further

their interdependencies with respect to a base reference. Later, thifd ; .

concept was used in the works of Moutarleral. [3], Leonardet work are shown in Section V1.

al. [4]-[6], and Hébertet al. [7]. Recently, Uhimanret al. [8] have

reported interesting work related to the problem of correlations in the Il. SYMMETRIES AND PERTURBATIONS MODEL

simultaneous localization and map building problem. In our feature-based approach, uncertain geometric information
This article proposes a new probabilistic framework adapted © represented using a probabilistic model: the symmetries and

the problem of simultaneous localization and map building: theerturbation model (SPmodel) [11], [12] which combines the use

symmetries and perturbations map (SPmap) [9] which is based oBfgprobability theory to represent the imprecision in the location of

general representation of uncertain geometric information. Our majngeometric element, and the theory of symmetries to represent the

contributions are as follows. partiality due to characteristics of each type of geometric element.

1) SPmap represents a rigorous and complete solution to thdn the SPmodel, the location of a geometric eleméhtwith
simultaneous localization and map building problem for mobileespect to a base referentdé is given by alocation vectorxy z =
robots. (x, y, ¢)!. The estimation of the location of an element is denoted by

2) SPmap consistently formulates the representation and integkar rz, and the estimation error is represented locally lojfferential
tion of sensorial information gathered by different sensors. location vectord x relative to the reference attached to the element.

. ) ) ) Thus, the true location of the element is
Manuscript received July 30, 1998; revised May 25, 1999. This paper was

recommended for publication by Editor V. Lumelsky upon evaluation of the Xxwp=%Xwr Ode 1)
reviewers’ comments. This work was supported by Spanish CICYT Project
TAP97-0992-C02-01. whered: represents the composition of location vectors. To account

The authors are with the Departamento de Informatica e Ingenier'lafi . . L
Sistemas, Universidad de Zaragoza, Spain (e-mail: jacaste@posta.uniza (.)js;the symmetries of the geometric element, we assigklina

josemari@posta.unizar.es; jneira@posta.unizar.es; tardos@posta.unizar.e8ll value to the degrees of freedom corresponding to them, because
Publisher Item Identifier S 1042-296X(99)06997-9. they do not represent an effective location error. We patturbation

1042-296X/99$10.0Q) 1999 IEEE
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Feature 2 m E
dFZ

\

The covariance matrix of the SPmap represents the covariance of
the estimation of the robot and the map feature locations, the cross-
covariances between the robot and the map features, and finally, the
cross-covariances between the map features themselves

Cr Crr, Crry,
r .
W Chkry Cr CFll“NF
c” = . . . : (7)
Feature 1 Mobile . . . :
T T
Feature n CRFNF CFIFNF - Cry,

Note that we may represent any type of geometric entity within
this general framework. The proposed approach can include different
types of features obtained by different types of sensors, and thus it
is suitable to deal with a multisensor system.

IV. INCREMENTAL CONSTRUCTION OF THESPVAP

Base
Reference

This section describes the incremental construction of the SPmap
using suboptimal estimation techniques based on the extended
Fig. 2. Representation of the SPmap with generic features and the moldlgiman filter [13].
robot expressed with respect to a base referdficeThe location vector of
each entity is obtained by the composition of its estimated location vector and ) ) )
its differential location vector. A. Uncertain Displacement of the Mobile Robot

An estimation of the displacement of the mobile robot between
two intermediate points along its trajectory can be obtained by dead-

vector the vectorprz formed by the non null elements dfz. Both )
reckoning

vectors can be related by a row selection malix that we call

self-binding matrixof the geometric element Xr, Ry = %r,_ R, ©dr, . #, 8)

—_— 1' Ve = ) N
de =Brpe;  pr=Bede ) wherexr, _,r, represents the estimated displacement of the robot

Then, theuncertain locationof every geometric entity is representeo"’mo_I dRIgflR{v ~ N (0, CRk*l_Rk) represents the imprecision In its
in the SPmodel by a quadrupBiw s = (Xw e, pe, Cr, Br) estimation (i.e., dead-reckoning errors). Other nonrandom sistematic
where the transformatiotyz is an estimation taken as base fof''0rS aré not considered because they can be corrected by an

perturbationspr is the estimated value of the perturbation vecto@pproprlate callbratlon proc_edure. . .
and C its covariance. Thus, the predicted locatiogw 1, of the mobile robot at timé:

can be calculated by the composition

Ill. SYMMETRIES AND PERTURBATIONS MAP XWR, =XWRy_; D XRy,_{Ry

The symmetries and perturbations map (SPmap) is a complete
representation of the environment of the robot which includes the
uncertain location of the mobile robdtw r, the uncertain loca-
tions of the features obtained from sensor observatlops:;, i €
{1---Nr} and their interdependencies (Fig. 2).

The SPmap can be defined as a quadruple

=xwgR,_, ©dr, , DXRr, r, Ddr, R,

=Xwr, ®Ir,R,_dr,_, Ddr,_, R, 9)

where Jx, r, _, is the Jacobian of the transformaticty, », _,
between the location vectors of the robot at timand that at time
B — 1.

After the displacement of the vehicle, only the location of the
mobile robot changes as estimated by dead-reckoning, while the
location of map features, being static entities, remain the same
as the estimated in the previous time instant 1. Nevertheless,
the displacement of the mobile robot produces changes in the
dr dependencies existing between the location of the robot and those

SPmap = (fc””; p". v, BW) ©)

wherex" is theestimated location vectasf the SPmap ang" is

the perturbation vectorof the SPmap

;‘ff D of the map features. The complexity of this phase grows linearly
W L : wo_ _1 4) with the number of features)(Nr).
XW F, Pry,. B. Matching Local and Global Maps

The predicted mobile robot location is improved by matching local
observations expressed with respect to the robot refer&aogith
map features represented with respect to the base refeF&nokt
- L . each point of the robot's trajectory it is desirable to obtain as much
where the composition operatey applies in this case to each Ofpairings as possible because they represent the links between new

Vo P :

the componv_ents of the vgctors, aBd" is the blndl_ng_matnxof_ the observations and previous stored knowledge of the navigation area.
SPmap, a diagonal matrix formed by the self-binding matrix of the Fig. 3 exemplifies the pairing between a local observation
robot and the self-binding matrices of the map features

The true location of the robot and the map features is

x" =" o B")p" )

obtained at timekt and represented with respect to the robot by
©) Lrr = (Xrr, Pr, Cr, Br), and a global map featu® available

B" = di (B . By, . By ) . : !
1ag\Brt, B P PN at timek — 1 and represented with respect to the base refer&ice
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(10). Linearization of (10) is done by considering a first order Taylor

expansion
v h, =fi m(Pi . Pr) = Brekrn
Observation f m
Hm:ak,w :(HEO-"OHZO"'O)
IPL v oy
W f m X
] H = E)a'jT =BrpJoo{xrp. 0}Jpr
BApY. Pg)
Rase g of m 2 -
Reference H,I:L = QL = —Bj«'b'-]lgg{o, Xf'b‘}BJE
Prpw Py
af m 5 T
ot G, = Zkm = BFEJQ@{XFE-/ O}B%@- (14)
IPE |(pw o)

Fig. 3. Matching local observatiok with global featurefF'. . . .
g g 9 Integration of local observationsA{;. (i.e., new knowledge of the

navigation area) into the SPmap known up to the previous time instant
by Lwr = (Xwe, Pr, Cr, By). From their relative location we GMy 1 by using the EKF equations, produces a reestimation of its

formulate a nonlinear measurement equation [11] whole perturbation vectqs}” and the uncertainties represented by its
covariance matrixC}’ . Location estimations of the complete set of
fi, m(dr, Pr, PR) entities included in the SPmap are reestimated after the integration of
=Brexrr new information. Furthermore, correlations between their estimations

are also updated. The complexity of this phase grows polynomially
with the number of feature®(NZM), whereM is the number of
matched observations.

=Bre(Cxwr © xwr © XRrE)
=Brp(OBLpr O xrp © Iprdr © BLpr)
—0 (10)

whereB 1 is the binding matrix of the pairingL1], a row selection D- Adding Nonmatched Features to the Global Map

matrix which selects the componentsofz which must be zero. Due  Local observations obtained at tirkewhich cannot be paired with
to uncertainty, a hypothesis test based on the squared Mahalan@ig of the global features ai3{,; are interpreted as knowledge
distanceD?, validates the compatibility betweefi and F about the environment which has not yet been learned. These local
9 . " o . observations are added to the SPmap by considering the composition
D” = (Brpxrp) [BrrC(xrr)Brp]™ (Brekrs)  (11)

XWwE =XWR 6 XRE
where matrixC(xr ) is computed from the linearization of (10) —%wr @ Iprdr @ BLpe. (15)
taking into account the correlations between the map feafusnd
thé robot: The covariance matrix of the SPmap is extended to represent the
. Pl correlation between the mobile robot and the nonpaired fedire
Cxre) = J2e{xrp, 0}C(dp)doe {Xre. 0} (12) " the cross-correlation between the previous map features and the non-

where paired featureF’, and the covariance of the nonpaired feature. When
’ the whole local map is composed only of nonpaired observations, the
C(d}) =JprCrILp +IprBLCrBpI L, robot’s location estimation obtained by odometry cannot be improved.
~JprBEChiIbr — IprCrrBriie
+BLCLB.. (13) V. EXPERIMENTING WITH THE SRvAP

) ) This section presents the experimental verification of the previous
Under the Gaussianity hypothesis;’ follows ax* distribution. For jgeas by considering a LabM&t mobile robot navigating indoors,
a given significance level, the local feature? is compatible with - ang equipped with a two-dimensional (2-D) rotating laser scanner.
the global feature” if D* < x7 ., with » = rankB«;) degrees of e also analyze the effects of neglecting correlations between the
freedom, otherwise the matching between thand F' is discarded. |ocation estimation of the features. The vehicle was programmed to
In general, when there exist multiple possible pairings for a particulgyjiow a trajectory (53 m approximately), stopping at regular intervals
local feature, the pairing with the smallest Mahalanobis distancetis take measurements. Complementary information was taken, by
chosen. hand, with a pair of theodolites which provided real locations of the

robot with respect to a base reference.

C. Estimating the SPmap at Tinke From the laser readings gathered at each point along the trajectory,

The matching betweet and F is used both to relocalize the @ Straight-line segment-based local map/; was constructed. A
robot at the current trajectory point and, simultaneously, to update fgmentation algorithm [14] was used. The resultant 2-D segments
estimated location of the map features. The perturbation vector of {fdd. 4) were expressed with respect to the mobile robot reference
local observatiopz ~ A’(0, Cr) constitutes the measurement usedf@me R by using the SPmodel formulation; also, estimations of their

to improve the estimation b} through the relation established byl€ngths were computed from their endpoints. Typically the number
of straight-line segments was kept small for each local map (below

IMatricesJ 1, andJa¢ are the Jacobians of the composition of locatioten segments per local map) by considering only meaningful (i.e.,
vectors [1] long) segments.

R — 9yoz) . . .
Jieix x2} = Z5; yox1. z=%s Pairings between local observations and previously stored knowl-
Joodxi, x2} = G(yarzw edge of the navigation area were obtained by using a 5% significance

y=%1, 2=X2. level. In the following figures, precision of the results has been

Authorized licensed use limited to: IEEE - Staff. Downloaded on October 17,2025 at 21:02:46 UTC from IEEE Xplore. Restrictions apply. AVidbOtS EX1008
Page 46 of 120



IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 15, NO. 5, OCTOBER 1999 951
N
Mobile /
Robot
\\ 2D Laser
Segments
Fig. 4. Straight-line segment representation of a local environment of the

vehicle R at the first point of its trajectory. Lateral uncertainty for each
detected 2-D segment has been represented (magnified three times).

represented by 95% error ellipses (i.&-2¢ bounds). This proba-
bilistic matching technique has proven to be simple and effective for __
laser segments. However, other sensor systems, such as monocular
or stereo vision, require more robust matching strategies to properly )
solve the data association problem.

A. Neglecting Correlations Between Entities

When neglecting correlations, the EKF estimation phase is de-
composed into the estimation of the mobile robot location and
subsequently the estimation of the map features [10] from a common
set of observations. Fig. 5(a) shows the result of this process. It can
be seen that this two-step process produces optimistic estimations
of uncertainty because the same observations are used twice in the
estimation algorithms.

Table | presents the maximum errors and the error growing-rate
along the vehicle trajectory when neglecting correlations between
features. An increasing discrepancy of the estimated robot location
with respect to ground truth was observed (only 5.6% of the esti-

-------

mations were compatible with the real solution). This discrepancy_w : ,_+_,><
became larger as the vehicle moved to previously learned placés

in the navigation area, and was due to optimistic estimations of ¥ X
the uncertainty associated to the location of environment features; —————————=—— ARaenats ﬁ[_'_j_'*_t‘f**‘_ +-[—
producing a high rejection rate in the matching process. Thus, when ‘ ’ ' )
the robot revisited places already learned, very few pairings were (b)

obtained and neither the mobile robot was effectively relocalized NBfy. 5. Estimated robot trajectory and built map (a) neglecting correlations
the global map was accurately built. Most of the local map featurgstween entities, where the estimated solution diverges from ground-truth, and
were directly added to the representation, creating multiple locati¢) using the SPmap approach. Ampriori model map is drawn for reference
hypotheses for the same map feature. Later, matchings involviPi¢fPOSes.

those false hypotheses (i.e., data association errors) induce the final

solution to diverge from ground truth. TABLE |

SUMMARY OF THE SOLUTIONS OBTAINED BY THE DIFFERENT APPROACHES
. . . . MAXIMUM ERRORS (Tmax, Ymax, AND tmax), DISTANCE d,..; AND
B. Maintaining Correlations within the SPmap ANGULAR t,..; ERROR GROWING-RATES, AND 2 TEST RESULTS
Fig. 5(b) shows the result of the robot localization and map

building process considering the SPmap approach. Even though we

[ Odometry | Neg. Corr. | SPmap

. L . . Tmae (M) 1518.22 416.24 272.09
simultaneously were bun_dlng the_ map _and rel_ocatmg the mobile Ymas () 2066.69 35936 208.99
robot, whenever the vehicle navigated in previously unknown ar- bmas (deg) 1550 389 5.05
eas, uncertainty continually increased, that is, integration of new drel (mm/m) 6.3 95 59
observations only reduced the uncertainty growing rate downtown ¢retr (deg/m) 0.293 0.055 0.039
the measurement error of the sensor used, but not further. On the Xiest () 100 5.6 98.1

contrary, whenever the vehicle revisited places in the environment

already learned, uncertainty decreased, converging to the values of

the location uncertainty of the reobserved global map features. AlsoTable | compares the largest errors obtained by the SPmap ap-
the “indirect estimation” effect appeared, that is, location uncertainproach with the approach neglecting correlations. Clearly, the SPmap
decreased for all the features of the SPmap, even for those not visiéggroach obtained estimations for the mobile robot localization
from the current robot location but statistically correlated to curremiith an upper bound of around 5.9 mm/m of the total trajectory
observations through the off-diagonal elements of the covarianemgth for the distance error and 0°@4 for the orientation error,
matrix of the SPmap. which represented an order of magnitude below dead-reckoning
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1) sensor cooperation to obtain more robust and reliable observa-
tions from the navigation area [15];
2) increase in the structuration and the semantical contents of the
] representation toward a topological description where human-
language-like instructions could be commanded to the vehicle;
search for optimal representations of the navigation area to
reduce the complexity?(N?) of the current approach, when
larger environments are considered;
design of strategies to maintain the constructed map, such as
those required to remove features not visible for a long time.
Also, we believe that when the vehicle revisited places of the
navigation area already learned after travelling for a long time
in unknown areas, the Mahalanobis distance would be insufficient
to match local observations with previously stored features in the

2500 T T T T T

Odometry
Neg. Corr.
o—= SPmap

2000

3)

i

Distance-error (mm)

] 4)

[ 10 30 40 60
Timesiep SPmap. In those cases, new data association mechanisms would be
(@) required.
16 T i T T T
——  Odometry
k| == Neg.Corr. | REFERENCES
¢——=0 SPmap

(1]

(2]

PHi-arror (deg)

1 (3]

(4]

(5]
(6]

Time step

(b)

Fig. 6. Comparison of errors along the robot trajectory: (a) distance error

and (b) angular error.

(7]

errors. Also, the location uncertainty of the map features was ndg]
underestimated, with a compatibility ofi.., ~ 98%, therefore,
pairings between local observations at tilm@nd previously stored
knowledge up to timek — 1 were found at each point along the [g]
robot trajectory even when the vehicle returned to previously learned
places of the navigation area. An average of 74% of the number of
available observations were matched with previous known featur&
Fig. 6 compares the real errors along the robot path, obtained by
each approach. The highest errors correspond to odometry-based
navigation, while the smallest correspond to the SPmap approafti]
From the Fig. 6 note how the location uncertainty of the robot
decreases when the vehicle revisits previously learned places (i[fzj
from trajectory point 40 onwards).

VI. [13]

This article has presented the symmetries and perturbations nt&f
(SPmap), a probabilistic framework for the simultaneous localization
and map building problem for mobile robots. We have presented a
complete experiment, where a LabMate mobile robot equipped witte]
a rotating 2-D laser rangefinder navigated indoors. Experimentation
showed the importance of maintaining correlations between entities.
Satisfactory results have been obtained concerning the problem of
revisiting previously learned places of the navigation area.

Our recent work has motivated us with further extensions of
the concept of SPmap, both to extent its applicability to real-life
environments and to increase its robustness:

CONCLUSION

Authorized licensed use limited to: IEEE - Staff. Downloaded on October 17,2025 at 21:02:46 UTC from IEEE Xplore. Restrictions apply.

R. Smith, M. Self, and P. Cheeseman, “Estimating uncertain spatial
relationships in robotics,” indncertainty in Artificial Intelligence 2,).

F. Lemmer and L. N. Kanal, Eds. New York: Elsevier, 1988, pp.
435-461.

—, “A stochastic map for uncertain spatial relationships,Riobotics
Research, The Fourth Int. Symposiutn, Faugeras and G. Giralt, Eds.
Cambridge, MA: MIT Press, 1988, pp. 467-474.

P. Moutarlier and R. Chatila, “Stochastic multisensory data fusion for
mobile robot location and environment modeling,” %ith Int. Symp.
Robot. Res.Tokyo, Japan, 1989, pp. 207-216.

J. J. Leonard and H. F. Durrant-Whyte, “Simultaneous map building and
localization for an autonomous mobile robot,” Rroc. 1991 IEEE/RSJ
Int. Conf. Intell. Robot. SystQsaka, Japan, 1991, pp. 1442-1447.
__, Directed Sonar Sensing for Mobile Robot Navigatioh.ondon,
U.K.: Kluwer, 1992.

J. J. Leonard, H. F. Durrant-Whyte, and I. J. Cox, “Dynamic map
building for an autonomous mobile robotlfit. Robot. Res.yol. 11,

no. 4, pp. 286-298, 1992.

P. Hébert, S. Betg-Brezetz, and R. Chatila, “Probabilistic map learning:
Necessity and difficulties,” irProc. Int. Workshop Reasoning Uncer-
tainty Robot.,Amsterdam, The Netherlands, 1995.

J. K. Uhlmann, S. J. Julier, and M. Csorba, “Nondivergent simulta-
neous map building and localization using covariance intersection,” in
Proc. AeroSense: 11th Int. Symp. Aerospace/Defense Sensing, Simulation
Contr., Orlando, FL, 1997.

J. A. Castellanos, “Mobile robot localization and map building: A
multisensor fusion approach,” Dept. Inform. Eng. Syst., Univ. Zaragoza,
Maria de Luna, Spain, May 1998.

] J. A. Castellanos, J. D. Tapd, and G. Schmidt, “Building a global map

of the environment of a mobile robot: The importance of correlations,”
in Proc. 1997 IEEE Int. Conf. Robot. Automailbuquerque, NM, Apr.
1997, pp. 1053-1059.

J. D. Tards, “Representing partial and uncertain sensorial information
using the theory of symmetries,” iRroc. 1992 |IEEE Int. Conf. Robot.
Automat.,Nice, France, 1992, pp. 1799-1804.

J. Neira, J. D. Targs, J. Horn, and G. Schmidt, “Fusing range and
intensity images for mobile robot localization|EEE Trans. Robot.
Automat.,vol. 15, pp. 76-84, Feb. 1999.

T. Bar-Shalom and T. E. Fortmaniiracking and Data Association.
New York: Academic, 1988.

J. A. Castellanos and J. D. Tardos, “Laser-based segmentation and
localization for a mobile robot,” ifProceedings of the Sixth International
Symposium (ISRAMF,. Pin, M. Jamshidi, and P. Dauchez, Eds. New
York: ASME, 1996, pp. 101-108.

J. A. Castellanos, J. M. Martez, J. Neira, and J. D. Tad, “Simulta-
neous map building and localization for mobile robots: A multisensor
fusion approach,” inProc. 1998 IEEE Int. Conf. Robot. Automat.,
Leuven, Belgium, May 1998, pp. 1244-1249.

Avidbots Ex1008
Page 48 of 120



10/17/25, 5:02 PM The SPmap: a probabilistic framework for simultaneous localization and map building | IEEE Journals & Magazine | IEEE Xplore

Journals & Magazines > |EEE Transactions on Robotics... > Volume: 15 Issue: 5 9

The SPmap: a probabilistic framework for simultaneous localization and map
building

Publisher: IEEE Cite This

J.A. Castellanos ; J.M.M. Montiel ; J. Neira; J.D. Tardos All Authors

201 691 o < © 2
Cites in Full
Papers Text Views
Abstract Abstract:
This article describes a rigorous and complete framework for the simultaneous localization and map building problem
Authors for mobile robots: the symmetries and perturbation map (SPmap), which is based on a general probabilistic
representation of uncertain geometric information. We present a complete experiment with a LabMate/sup TM/ mobile
References robot navigating in a human-made indoor environment and equipped with a rotating 2D laser rangefinder. Experiments
validate the appropriateness of our approach and provide a real measurement of the precision of the algorithms.
Citations
Published in: IEEE Transactions on Robotics and Automation ( Volume: 15, Issue: 5, October 1999)
Keywords
) Page(s): 948 - 952 DOI: 10.1109/70.795798
Metrics
Date of Publication: 31 October 1999 9 Publisher: |IEEE

More Like This
VISSN Information:

Authors v
References v
Citations v
Keywords v
Metrics v

Need

Full-Text

access to IEEE Xplore
for your organization?

CONTACT IEEE TO SUBSCRIBE >

&)

https://ieeexplore.ieee.org/document/795798 Avidbots E%l008

Page 49 of 120


https://ieeexplore.ieee.org/browse/periodicals/title/
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=70
https://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=17252&punumber=70
https://ieeexplore.ieee.org/Xplorehelp/ieee-xplore-training/working-with-documents#interactive-html
javascript:void()
https://ieeexplore.ieee.org/author/37447788900
https://ieeexplore.ieee.org/author/37274019300
https://ieeexplore.ieee.org/author/37274022500
https://ieeexplore.ieee.org/author/37351680900
javascript:void()
https://innovate.ieee.org/interested-in-a-subscription-for-your-organization/?LT=XPLLG_XPL_2020_SUB_Journals300x250_Sub-NFT
https://www.ieee.org/profile/changeusrpwd/showChangeUsrPwdPage.html?refSite=https://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/changeusrpwd/showChangeUsrPwdPage.html?refSite=https://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/payment/showPaymentHome.html?refSite=https://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/ieee-privacyportal/app/ibp?refSite=https://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/ieee-privacyportal/app/ibp?refSite=https://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
tel:+1-800-678-4333
tel:+1-800-678-4333
https://www.facebook.com/IEEEXploreDigitalLibrary/
https://www.facebook.com/IEEEXploreDigitalLibrary/
https://www.instagram.com/ieeexplore_org
https://www.instagram.com/ieeexplore_org
https://www.linkedin.com/showcase/ieee-xplore
https://www.linkedin.com/showcase/ieee-xplore
https://www.youtube.com/ieeexplore
https://www.youtube.com/ieeexplore
https://twitter.com/IEEEXplore?ref_src=twsrc%5Egoogle%7Ctwcamp%5Eserp%7Ctwgr%5Eauthor
javascript:void()
javascript:void()
javascript:void()
javascript:void()
javascript:void()
javascript:void()
javascript:void()
javascript:void()
https://ieeexplore.ieee.org/document/795798
https://ieeexplore.ieee.org/document/795798/authors
https://ieeexplore.ieee.org/document/795798/references
https://ieeexplore.ieee.org/document/795798/citations
https://ieeexplore.ieee.org/document/795798/keywords
https://ieeexplore.ieee.org/document/795798/metrics
https://ieeexplore.ieee.org/document/795798/similar
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=70
https://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=17252&punumber=70
http://ieeexplore.ieee.org/Xplorehelp/Help_Pubdates.html
https://doi.org/10.1109/70.795798

10/17/25, 5:02 PM The SPmap: a probabilistic framework for simultaneous localization and map building | IEEE Journals & Magazine | IEEE Xplore

Avidbots EMOOS

https://ieeexplore.ieee.org/document/795798
Page 50 of 120


https://ieeexplore.ieee.org/articleSale/purchaseHistory.jsp
https://ieeexplore.ieee.org/articleSale/purchaseHistory.jsp
https://www.ieee.org/profile/profedu/getProfEduInformation.html?refSite=https://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/profedu/getProfEduInformation.html?refSite=https://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/tips/getTipsInfo.html?refSite=https://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
tel:+1-732-981-0060
tel:+1-732-981-0060
https://ieeexplore.ieee.org/xpl/contact
https://ieeexplore.ieee.org/Xplorehelp/overview-of-ieee-xplore/about-ieee-xplore
https://ieeexplore.ieee.org/Xplorehelp/overview-of-ieee-xplore/about-ieee-xplore
https://ieeexplore.ieee.org/xpl/contact
https://ieeexplore.ieee.org/Xplorehelp
https://ieeexplore.ieee.org/Xplorehelp/overview-of-ieee-xplore/accessibility-statement
https://ieeexplore.ieee.org/Xplorehelp/overview-of-ieee-xplore/terms-of-use
http://www.ieee.org/web/aboutus/whatis/policies/p9-26.html
http://www.ieee-ethics-reporting.org/
http://www.ieee-ethics-reporting.org/
https://ieeexplore.ieee.org/Xplorehelp/overview-of-ieee-xplore/ieee-xplore-sitemap
http://www.ieee.org/about/help/security_privacy.html

ATTACHMENT E



Oussama Khatib

Artificial Intelligence Laboratory
Stanford University
Stanford, California 94305

Abstract

This paper presents a unique real-time obstacle avoidance
approach for manipulators and mobile robots based on the
artificial potential field concept. Collision avoidance, tradi-
tionally considered a high level planning problem, can be
effectively distributed berween different levels of control, al-
lowing real-time robot operations in a complex environment.
This method has been extended to moving obstacles by using
a time-varying artificial potential field. We have applied this
obstacle avoidance scheme to robot arm mechanisms and
have used a new approach to the general problem of real-time
manipulator control. We reformulated the manipulator con-
trol problem as direct control of manipulator motion in oper-
ational space— the space in which the task is originally
described— rather than as control of the task’s corresponding
Joint space motion obtained only after geometric and kine-
matic transformation. Outside the obstacles’ regions of influ-
ence, we caused the end effector to move in a straight line
with an upper speed [imit. The artificial potential field ap-
proach has been extended to collision avoidance for all ma-
nipulatror links. In addition, a joint space artificial potential
Jfield is used to satisfy the manipulator internal joint con-
straints. This method has been implemented in the COSMOS
system for a PUMA 560 robot. Real-time collision avoidance
demonstrations on moving obstacles have been performed by
using visual sensing.

1. Introduction

In previous research, robot collision avoidance has
been a component of higher levels of control in hierar-
chical robot control systems. Collision avoidance has
been treated as a planning problem, and research in
this area has focused on the development of collision-

The International Journal of Robotics Research,
Vol. 5, No. 1, Spring 1986
© 1986 Massachusetts Institute of Technology.
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Real-Time Obstacle
Avoidance for

Manipulators and
Mobile Robots

free path planning algorithms (Lozano-Perez 1980;
Moravec 1980; Chatila 1981; Brooks 1983). These al-
gorithms aim at providing the low level control with a
path that will enable the robot to accomplish its as-
signed task free from any risk of collision.

From this perspective, the function of low level
control is limited to the execution of elementary oper-
ations for which the paths have been precisely speci-
fied. The robot’s interaction with its environment is
then paced by the time cycle of high level control,
which is generally several orders of magnitude slower
than the response time of a typical robot. This places
limits on the robot’s real-time capabilities for precise,
fast, and highly interactive operations in a cluttered
and evolving environment. We will show that it is
possible to extend greatly the function of low level
contrel and to carry out more complex operations by
coupling environment sensing feedback with the low-
est level of control.

Increasing the capability of low level control has
been the impetus for the work on real-time obstacle
avoidance that we discuss here. Collision avoidance at
the low level of control is not intended to replace high
level functions or to solve planning problems. The
purpose is to make better use of low level control
capabilities in performing real-time operations. At this
low level of control, the degree or level of competence
(Brooks 1984) will remain less than that of higher
level control,

The operational space formulation is the basis for
the application of the potential field approach to robot
manipulators. This formulation has its roots in the
work on end-effector motion control and obstacle
avoidance (Khatib and Le Maitre 1978) that has been
implemented for an MA23 manipulator at the Labor-
atoire d’Automatique de Montpellier in 1978. The
operational space approach has been formalized by
constructing its basic tool, the equations of motion in
the operational space of the manipulator end effector.
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Details of this work have been published elsewhere
(Khatib 1980; Khatib 1983; Khatib 1985). In this
paper, we review the fundamentals of the operational
space formulation and the artificial potential field
concept. We present the integration of this collision
avoidance approach into the operational space control
system and its real-time implementation. The exten-
sion of this work to link collision avoidance is also
developed.

2. Operational Space Formulation

An operational coordinate system is a set x of m,, inde-
pendent parameters describing the manipulator end-
effector position and orientation in a frame of refer-
ence R,. For a nonredundant manipulator, these pa-
rameters form a set of configuration paiameters in a
domain of the operational space and constitute a sys-
tem of generalized coordinates. The kinetic energy of
the holonomic articulated mechanism is a quadratic
form of the generalized velocities,

T(x, X) = YiTAX)X, (1)

where A(x) designates the symmetric matrix of the
quadratic form, i.e., the kinetic energy matrix. Using
the Lagrangian formalism, the end-effector equations
of motion are given by

d oL oL
P (a) T F, (2)

where the Lagrangian I(x, x) is
L(x, X) = T(x, X) — U(x), (3

and U(x) represents the potential energy of the gravity.
The symbol F is the operational force vector. These
equations can be developed (Khatib 1980; Khatib
1983) and written in the form,

A% + u(x, %) + p(x) =F, 4
where u(x, X) represents the centrifugal and Coriolis

forces and p(x) the gravity forces.
The control of manipulators in operational space is

based on the selection of F as a command vector. In
order to produce this command, specific forces I' must
be applied with joint-based actuators. The relationship
between F and the joint forces I is given by

I'=J7q)F, ®

where q is the vector of the # joint coordinates and
J(q) the Jacobian matrix.

The decoupling of the end-effector motion in opera-
tional space is achieved by using the following struc-
ture of control,

F=AXF* + u(x, X) + p(x), ®)

where F* represents the command vector of the de-
coupled end effector that becomes equivalent to a
single unit mass.

The extension of the operational space approach to
redundant manipulator systems is discussed in Khatib
(1980); Khatib (1983). The integration of active force
control for assembly operations is presented in Khatib
(1985).

3. The Artificial Potential Field Approach

We present this method in the context of manipulator
collision avoidance. Its application to mobile robots is
straightforward. The philosophy of the artificial poten-
tial field approach can be schematically described as
follows:

The manipulator moves in a field of forces. The
position to be reached is an attractive pole for the
end effector and obstacles are repulsive surfaces for
the marnipulator parts.

We first consider the collision avoidance problem of
a manipulator end effector with a single obstacle O. If
x4 designates the goal position, the control of the ma-
nipulator end effector with respect to the obstacle O
can be achieved by subjecting it to the artificial poten-
tial field,

Uan(x) = Uy (x) + Up(x). Y]
This leads to the following expression of the potential
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energy in the Lagrangian (Eq. 3),
Ux) = U,y (x) + Uy(x), . (8)

where U,(x) represents the gravity potential energy.
Using Lagrange’s (Eq. 2) and taking into account the
end-effector dynamic decoupling (Eq. 6), the com-
mand vector FZ%, of the decoupled end effector that
corresponds to applying the artificial potential field
U,. (Eq. 7) can be written as

Ft, =F},+Fg, 9)
with

F:d == grad[de(x)], (10)
F} = —grad[Uy(x)].
The symbol F},is an attractive force allowing the point
x of the end effector to reach the goal position x,, and
F* represents a Force Inducing an Artificial Repulsion
from the Surface (FIRAS, from the French) of the
obstacle created by the potential field U,(x). The sym-
bol F¥, corresponds to the proportional term, i.e.
—k,(x — x,4), in a conventional PD servo where k,is
the position gain. The attractive potential field U, (x)
is simply
U, (%) = Yok (x — x,)% (1D

U,(x) is selected such that the artificial potential field
U,{(x) is a positive continuous and differentiable func-
tion which atiains its zero minimum when x = x,.
The articulated mechanical system subjected to U,,.(x)
is stable. Asymptotic stabilization of the system is
achieved by adding dissipative forces proportional to
%. Let k, be the velocity gain; the forces contributing to
the end-effector motion and stabilization are of the
form,

Fr=—lk,(x —x,) — kX (12)
This command vector is inadequate to control the
manipulator for tasks that involve large end-effector
motion toward a goal position without path specifica-
tion. For such a task, it is better for the end effector to
move in a straight line with an upper speed limit,

92

Rewriting Eq. (12) leads to the following expression,
which can be interpreted as specifying a desired veloc-
ity vector in a pure velocity servo-control,

Xa =72 (54— ) (13)

4

Let V,,,,, designate the assigned speed limit. The limi-
tation of the end-effector velocity magnitude can then
be obtained (Khatib, Llibre, and Mampey 1978),

where
V
y=min{ 1, == ) 15
(7

With this scheme, the velocity vector X is controlled to
be pointed toward the goal position while its magni-
tude is limited to V,,,. The end effector will then
travel at that speed in a straight line, except during the
acceleration and deceleration segments or when it is
inside the repulsive potential field regions of influence.

4. FIRAS Function

The artificial potential field Uy(x) should be designed
to meet the manipulator stability condition and to
create at each point on the obstacle’s surface a poten-
tial barrier which becomes negligible beyond that sur-
face. Specifically, U,(x) should be a nonnegative con-
tinuous and differentiable function whose value tends
to infinity as the end effector approaches the obstacle’s
surface. In order to avoid undesirable perturbing
forces beyond the obstacle’s vicinity, the influence of
this potential field must be limited to a given region
surrounding the obstacle.

Using analytic equations f(x) = 0 for obstacle de-
scription, the first artificial potential field function
used (Khatib and Le Maitre 1978) was based on the
values of the function f(x}),

) if f(x) < f(xo),
if f(x) > f(xo).

1 /1 1
Uplx) = 5"(1@ fxp) (16)

(=]
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The region of influence of this potential field is
bounded by the surfaces f(x) = 0 and f(x) = f(%,),
where x, is a given point in the vicinity of the obstacle
and 5 a constant gain. This potential function can be
obtained very simply in real time since it does not
require any distance calculations. However, this po-
tential is difficult to use for asymmetric obstacles
where the separation between an obstacle’s surface
and equipotential surfaces can vary widely.

Using the shortest distance to an obstacle O, we
have proposed (Khatib 1980) the following artificial

potential field;
1 {1 1Yy .
—n(———) if p < py,

Ux)=92"\p po (17)

o

if p > po,

where p, represents the limit distance of the potential
field influence and p the shortest distance to the obsta-
cle O. The selection of the distance p, will depend on
the end effector operating speed ¥, and on its decel-
eration ability. End-effector acceleration characteris-
tics are discussed in Khatib and Burdick (1985).

Any point of the robot can be subjected to the artifi-
cial potential field. The control of a Point Subjected to
the Potential (PSP) with respect to an obstacle O is
achieved using the FIRAS function,

(O, psp) ﬁ ]

5} ; .
where i denotes the partial derivative vector of the

distance from the PSP to the obstacle,

ox 9y 9z (19)

_[220]
The joint forces corresponding to Ff, ., are obtained
using the Jacobian matrix associated with this PSP.
Observing Egs. (6) and (9), these forces are given by

Lo, = I psplQAKIFE, - (20)

Fig. 1. An n-ellipsoid with
n=4,

5. Obstacle Geometric Modelling

Obstacles are described by the composition of primi-
tives. A typical geometric model base includes primi-
tives such as a point, line, plane, ellipsoid, parallele-
piped, cone, and cylinder. The first artificial potential
field (Eq. 16) requires analytic equations for the de-
scription of obstacles. We have developed analytic
equations representing envelopes which best approxi-
mate the shapes of primitives such as a parallelepiped,
finite cylinder, and corne.

The surface, termed an »-ellipsoid, is represented by
the equation,

G+ Q) =)=

and tends to a parallelepiped of dimensions

(2a, 2b, 2¢) as » tends to infinity. A good approxima-
tion is obtained with » = 4, as shown in Fig. 1. A cyl-
inder of elliptical cross section (2a, 2b) and of length
2c can be approximated by the so-called n-cylinder

equation,
2 2 2n
ORONCORS
a b c

The analytic description of primitives is not neces-
sary for the artificial potential field (Eq. 17) since the

@1

(22)
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continuity and differentiability requirement is on the
shortest distance to the obstacle. The primitives above,
and more generally all convex primitives, comply with
this requirement.

Determining the orthogonal distance to an n-ellip-
soid or to an n-cylinder requires the solution of a
complicated system of equations. A variational proce-
dure for the distance evaluation has been developed
that avoids this costly computation. The distance ex-
pressions for other primitives are presented in Appen-
dices I through IIIL.

6. Robot Obstacle Avoidance

An obstacle O, is described by a set of primitives {P,}.
The superposition property (additivity) of potential
fields enables the control of a given point of the ma-
nipulator with respect to this obstacle by using the
sum of the relevant gradients,

F?J.-,psp = 2 F(’.;’p,psp)' (23)
P

Control of this point for several obstacles is obtained
using

F;S.v = 2 F?O.-,psp)' (24)

It is also feasible to have different points on the
manipulator controlled with respect to different obsta-
cles. The resulting joint force vector is given by

r obstacles 2 J g;p,-(Q)A(X)F;spj- (25)
J

Specifying an adequate number of PSPs enables the
protection of all of the manipulator’s parts. An ¢xam-
ple of a dynamic simulation for a redundant 4 dof
manipulator operating in the plane is shown in the
display of Fig. 2.

The artificial potential field approach can be ex-
tended to moving obstacles since stability of the mech-
anism persists with a continuously time-varying po-
tential field.

The manipulator obstacle avoidance problem has
been formulated in terms of collision avoidance of

94

Fig. 2. Displacement of a 4
dof manipulator inside an
enclosure.

—

links rather than points. Link collision avoidance is
achieved by continuously controlling the link’s closest
point to the obstacle. At most, # PSPs then have to be
considered. Additional links can be artificially intro-
duced or the length of the last link can be extended to
account for the manipulator tool or load. In an articu-
lated chain, a link can be represented as the line seg-
ment defined by the Cartesian positions of its two
neighboring joints. In a frame of reference R, a point
m(x, y, z) of the link bounded by m,(x,, y,, z;) and
my(x,, V», Z,) is described by the parametric equations,

x=Xx;+ Ax; — Xxy),
y=y+tAuy.—nk
2=+ Mz — 2y)

(26)

The problem of obtaining the link’s shortest distance
to a parallelepiped can be reduced to that of finding
the link’s closest point to a vertex, edge, or face. The
analytic expressions of the link’s closest point, the
distance, and its partial derivatives are given in Ap-
pendix 1. In Appendices II and III these expressions are
given for a cylinder and a cone, respectively.

7. Joint Limit Avoidance

The potential field approach can be used to satisfy the
manipulator internal joint constraints. Let ¢; and g, be
respectively the minimal and maximal bounds of the
i joint coordinate g,. These boundaries can contain g,
by creating barriers of potential at each of the hyper-
planes (g; = ¢;) and (g; = g;). The corresponding joint
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forces are

§ (i - L) — ifp<p
Yo = g P/ PP EE™ @7

0 if,g,. > Pioys
and.
(o)L i<
Ya.= pi .5:(0) p? ' 1 (28)
0 if p; > 77:'(0),

where p,, and pyp, represent the distance limit of the
potential field influence. The distances p; and p; are
defined by

| I

4 ' (29)
—g;.

i

q;
g;

)

1

8. Level of Competence

The potential field concept is indeed an attractive
approach to the collision avoidance problem and
much research has recently been focused on its appli-
cations to robot control (Kuntze and Schill 1982;
Hogan 1984; Krogh 1984). However, the complexity
of tasks that can be implemented with this approach is
limited. In a cluttered environment, local minima can
occur in the resultant potential field. This can lead to
a stable positioning of the robot before reaching its
goal. While local procedures can be designed to exit
from such configurations, limitations for complex
tasks will remain. This is because the approach has a
local perspective of the robot environment.

Nevertheless, the resulting potential field does pro-
vide the global information necessary and a collision-
free path, if attainable, can be found by linking the
absolute minima of the potential. Linking these min-
ima requires a computationally expensive exploration
of the potential field. This goes beyond the real-time
control we are concerned with here but can be consid-
ered as an integrated part of higher level control.
Work on high level collision-free path planning based
on the potential field concept has been investigated in
Buckley (1985).

9. Real-Time Implementation

Finally, the global control system integrating the po-
tential field concept with the operational space ap-
proach has the following structure:

r= rmotion + robstacles + rjaint—limm (3 0)

where I, can be developed (Khatib 1983) in the
form,

Fiion = T (@A@Y, + B(a)[4]
+ C@)I4*] + g(@),

where B(q) and C‘(q) arethen Xn(n—1)/2andnXn
matrices of the joint forces under the mapping into
joint space of the end-effector Coriolis and centrifugal
forces. The symbol g(q) is the gravity force vector, and
the symbolic notations [qq] and [g?] are for the
n(n—1)/2 X 1 and n X I column matrices,

€2y,

[QQ]=[‘11‘12 QIQS LR ‘?n—l Qn]Ta 32
@1=[3a . . . &~ 32

In this control structure, dynamic decoupling of the
end effector is obtained using the end-effector dy-
namic parameters (EEDP) A(q), B(q), C(q) and g(q),
which are configuration dependent. In real time, these
parameters can be computed at a lower rate than that
of the servo control. In addition, the integration of an
operational position and velocity estimator allows a
reduction in the rate of end-effector position computa-
tion, which involves evaluations of the manipulator
geometric model. This leads to a two-level control
system architecture (Khatib 1985):

o A low rate parameter evaluation level that up-
dates the end-effector dynamic coeflicients, the
Jacobian matrix, and the geometric model.

® A high rate servo control level that computes the
command vector using the estimator and the
updated dynamic coefficients.

The control system architecture is shown in Fig. 3
where np represents the number of PSPs. The Jacobian
matrices J 7, (q) have common factors with the end-
effector Jacobian matrix J7(q). Thus, their evaluation

does not require significant additional computation.
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Fig. 3. Control system
architecture.
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10. Applications

This approach has been implemented in an experi-
mental manipulator programming system Control in
Operational Space of a Manipulator-with-Obstacles
System (COSMOS). Demonstration of real-time colli-
sion avoidance with links and moving obstacles (Kha-
tib et al. 1984) have been performed using a PUMA
560 and a Machine Intelligence Corporation vision
module.

We have also demonstrated real-time end-effector
motion and active force control operations with the
COSMOS system using wrist and finger sensing. These
include contact, slide, insertion, and compliance oper-
ations (Khatib, Burdick, and Armstrong 1985).

In the current multiprocessor implementation (PDP
11/45 and PDP 11/60), the rate of the servo control
level is 225 Hz while the coeflicient evaluation level
runs at 100 Hz.

11. Summary and Discussion

We have described the formulation and implementa-
tion of a real-time obstacle avoidance approach based
on the artificial potential field concept. Collision
avoidance, generally treated as high level planning, has
been demonstrated to be an effective component of
low level real-time control in this approach. Further,
we have briefly presented our operational space for-
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mulation of manipulator control that provides the
basis for this obstacle avoidance approach, and have
described the two-level architecture designed to in-
crease the real-time performance of the control system.

The integration of this low level control approach
with a high leve!l planning system seems to be one of
the more promising solutions to the obstacle avoidance
problem in robot control. With this approach, the
problem may be treated in two stages:

e at high level control, generating a global strategy
for the manipulator’s path in terms of interme-
diate goals (rather than finding an accurate
collision-free path);

e at the low level, producing the appropriate
commands to attain each of these goals, taking
into account the detailed geometry and motion
of manipulator and obstacle, and making use of
real-time obstacle sensing (low level vision and
proximity sensors).

By extending low level control capabilities and re-
ducing the high level path planning burden, the inte-
gration of this collision avoidance approach into a
multi-level robot control structure will improve the
real-time performance of the overall robot control
system. Potential applications of this control approach
include moving obstacle avoidance, collision avoid-
ance in grasping operations, and obstacle avoidance
problems involving multimanipulators or multifin-
gered hands.

Appendix I: Link Distance to a Parallelepiped

The axes of the frame of reference R are chosen to be
the parallelepiped axes of symmetry. The link’s length
is / and the dot product is ().

DISTANCE TO A VERTEX

The closest point m of the line (Eq. 26) to the vertex v
is such that

_ (vm,) - (m,;m,)

A 2

(Al-1)
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The link’s closest point # is identical to m, if 4 < 0; it
is identical to »1, if 1 = 1 and it is given by Eq. (26)
otherwise. The shortest distance is therefore,

[p? — 222, if0<is<],
p=1p1 if <0, (A1-2)
P ifA> 1,

where p, and p, are the distance to the vertex from m,
and m,, respectively. The distance partial derivatives

are
@{zzz]T
ox |pppl’

DISTANCE TO AN EDGE

(A1-3)

By a projection in the plane perpendicular to the con-
sidered edge (xoy, voz, or zox), this problem can be
reduced to that of finding the distance to a vertex in
the plane. This leads to expressions similar to those of
(A1-1)-(A1-3) with a zero partial derivative of the
distance w.r.z. the axis parallel to the edge.

DISTANCE TO A FACE

In this case, the distance can be directly obtained by
comparing the absolute values of the coordinates of m,
and m, along the axis perpendicular to the face. The
partial derivative vector is identical to the unit normal
vector of this face.

Appendix II: Link Distance to a Cylinder

The frame of reference R is chosen such that its z-axis
is the cylinder axis of symmetry and its origin is the
cylinder center of mass. The cylinder radius and height
are designated by r and A, respectively.

DiSTANCE TO THE CIRCULAR SURFACE

The closest point of the link (Eq. 27) to the circular
surface of the cylinder can be deduced from the dis-

tance to a vertex considered in the xoy plane and by
allowing for the radius r.

DisTANCE TO THE CIRCULAR EDGES

The closest distance to the cylinder circular edge can
be obtained from that of the circular surface by taking
into account the relative z-coordinate of m to the cir-
cular edge, i.e., (z + h/2) for the base and (z — 4/2) for
the top. The distance partial derivative vector results
from the torus equation,

[2+ 2 + (g £ hj27 — 12— p2P?

=4r}p?* — (z £ h/2P). (A2-1)
This vector is
ap [x yzi-h/Z]T
—=|¢=¢= , A2-2
I Cpé’p ; ( )
with
2 2 2 _ 2 2
C_x +yi+(@zEh2P—r2—p (A2-3)

_x2+y2+(zih/2)2+r2—p2'

The distance to the planar surfaces is straightforward
and can be simply obtained as in Appendix I.

Appendix III: Link Distance to a Cone

In this case, the frame of reference R is chosen such
that its z-axis is the cone axis of symmetry and its
origin is the center of the cone circular base. The cone
base radius, height and half angle are represented re-
spectively by r, h, and B.

DisTANCE TO THE CONE-SHAPED SURFACE

The problem of locating m(x, y, z) is identical to that
for the cylinder case. The distance can be written as

p=zsin () + (Vx2+ y2 —r)cos (f). (A3-1)
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The partial derivatives come from the equation,

x2+yr=r2, (A3-2)
where
r,=1tan (f)[h + psin (B) — z]. (A3-3)
They are
dp _ X y 1 |7
ax [rz tan () 7, tan (B) sin (ﬁ)] - (A34)

The problem of the distance to the cone circular edge
is identical to that of the cylinder circular edge in Ap-
pendix II. The distance to the cone vertex is solved as
in Appendix L
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Abstract

This paper presents a unigue real-time obstacle avoidance
approach for manipulators and mobile robots based on the
artificial potential field concept. Collision avoidance, tradi-
tionally considered a high level planning problem, can be
effectively distributed between different levels of control, al-
lowing real-time robot operations in a complex environment.
This method has been extended to moving obstacles by using
a time-varying artificial potential field We have applied this
obstacle avoidance scheme to robot arm mechanisms and
have used a new approach to the general problem of real-time
manipulator control. We reformulated the manipulator con-
trol problem as direct control of manipulator motion in oper-
ational space— the space in which the task is originally
described— rather than as control of the task’s corresponding
Joint space motion obtained only afier geometric and kine-
matic transformation. Qutside the obstacles' regions of influ-
ence, we caused the end effector to move in a straight line
with an upper speed limit. The artificial potential field ap-
proach has been extended to collision avoidance for all ma-
nipulator links. In addition, a joint space artificial potential
field is used to satisfy the manipulator internal joint con-
straints. This method has been implemented in the COSMOS
system for a PUMA 560 robot. Real-time collision avoidance
demonstrations on moving obstacles have been performed by
using visual sensing.

1. Introduction

In previous research, robot collision avoidance has
been a component of higher levels of control in hierar-
chical robot control systems. Collision avoidance has
been treated as a planning problem, and research in
this area has focused on the development of collision-
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free path planning algorithms (Lozano-Perez 1980,
Moravec 1980; Chatila 1981; Brooks 1983). These al-
gorithms aim at providing the low level control with a
path that will enable the robot to accomplish its as-
signed task free from any risk of collision,

From this perspective, the function of low level
control is limited to the execution of elementary oper-
ations for which the paths have been precisely speci-
fied. The robot’s interaction with its environment is
then paced by the time cycle of high level control,
which is generally several orders of magnitude slower
than the response time of a typical robot. This places
limits on the robot’s real-time capabilities for precise,
fast, and highly interactive operations in a cluttered
and evolving environment. We will show that it is
possible to extend greatly the function of low level
control and to carry out more complex operations by
coupling environment sensing feedback with the low-
est level of control.

Increasing the capability of low level control has
been the impetus for the work on real-time obstacle
avoidance that we discuss here. Collision avoidance at
the low level of control is not intended to replace high
level functions or to solve planning problems. The
purpose is to make better use of low level control
capabilities in performing real-time operations. At this
low level of control, the degree or level of competence
(Brooks 1984) will remain less than that of higher
level control.

The operational space formulation is the basis for
the application of the potential field approach to robot
manipulators. This formulation has its roots in the
work on end-effector motion control and obstacle
dvoidance (Khatib and Le Maitre 1978) that has been
implemented for an MA23 manipulator at the Labor-
atoire d’Automatique de Montpellier in 1978. The
operational space approach has been formalized by
constructing its basic tool, the equations of motion in
the operational space of the manipulator end effector.,
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Details of this work have been published elsewhere
(Khatib 1980; Khatib 1983; Khatib 1985). In this
paper, we review the fundamentals of the operational
space formulation and the artificial potential field
concept. We present the integration of this collision
avoidance approach into the operational space contro!
system and its real-time implementation. The exten-
sion of this work to link collision avoidance is also
developed.

2. Operational Space Formulation

An operational coordinate system is a set x of my inde-
pendent parameters describing the manipulator end-
effector position and orientation in a frame of refer-
ence R,. For a nonredundant manipulator, these pa-
rameters form a set of configuration paiameters in a
domain of the operational space and constitute a sys-
tem of generalized coordinates. The kinetic energy of
the holonomic articulated mechanism is a quadratic
form of the generalized velocities,

T(x. X) = RXTA(X)X (1)

where A(x) designates the symmetric matrix of the
quadratic form, i.e., the kinetic energy matrix. Using
the Lagrangian formalism, the end-effector equations
of motion are given by

where the Lagrangian L(x, x) is

L(x, x) = T(x, x) — U(x), (3)
and U(x) represents the potential energy of the gravity.
The symbol F is the operational force vector. These

equations can be developed (Khatib 1980; Khatib
1983) and written in the form,

A(x)% + p(x, x) + p(x) =F, (4)
where u(x, x) represents the centrifugal and Coriolis

forces and p(x) the gravity forces.
The control of manipulators in operational space is

397

based on the selection of F as a command vector. In
order to produce this command, specific forces I' must
be applied with joint-based actuators. The relationship
between F and the joint forces I is given by

=J7q)F, (5)

where q is the vector of the 7 joint coordinates and
J(q) the Jacobian matrix.

The decoupling of the end-effector motion in opera-
tional space is achieved by using the following struc-
ture of control,

F = A(x)F* + u(x, X) + p(x), (6)

where F* represents the command vector of the de-
coupled end effector that becomes equivalent to a
single unit mass.

The extension of the operational space approach to
redundant manipulator systems is discussed in Khatib
(1980); Khatib (1983). The integration of active force
control for assembly operations is presented in Khatib
(1985).

3. The Artificial Potential Field Approach

We present this method in the context of manipulator
collision avoidance. Its application to mobile robots is
straightforward. The philosophy of the artificial poten-
tial field approach can be schematically described as
follows:

The manipulator moves in a field of forces. The
position to be reached is an attractive pole for the
end effector and obstacles are repulsive surfuaces for
the manipulator parts.

We first consider the collision avoidance problem of
a manipulator end effector with a single obstacle O. If
x 4 designates the goal position, the control of the ma-
nipulator end effector with respect to the obstacle O
can be achieved by subjecting it to the artificial poten-
tial field,

Uan(X) = U, (x) + Up(x, (N

This leads to the following expression of the potential
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295
energy in the Lagrangian (Eq. 3),
Ux) = U, (x) + Uyxx), (8)

where U,(x) represents the gravity potential energy.
Using Lagrange’s (Eq. 2) and taking into account the
end-effector dynamic decoupling (Eq. 6), the com-
mand vector FX, of the decoupled end effector that
corresponds to applying the artificial potential field
U, (Eq. 7) can be written as

=B sndo, 9)
with

F:, ST, gl'ad[Ux,fK)l- (10)
F3 = —grad[Up(x)].
The symbol F}, is an attractive force allowing the point
x of the end effector to reach the goal position x,, and
F% represents a Force Inducing an Artificial Repulsion
from the Surface (FIRAS, from the French) of the
obstacle created by the potential field Ug(x). The sym-
bol F¥, corresponds to the proportional term, i.e.
—k,(x — x4), in a conventional PD servo where k, is
the position gain. The attractive potential field U, (x)
1s simply
U, (x) = Yek,(x — x,). (11)
U,(x) is selected such that the artificial potential field
U, (x) is a positive continuous and differentiable func-
tion which attains its zero minimum when x = x,.
The articulated mechanical system subjected to U,,,(x)
is stable. Asymptotic stabilization of the system is
achieved by adding dissipative forces proportional to
x. Let k, be the velocity gain; the forces contributing to
the end-effector motion and stabilization are of the
form,
Pl (x— ) =, (12)
This command vector 1s inadequate to control the
manipulator for tasks that involve large end-effector
motion toward a goal position without path specifica-
tion. For such a task, it is better for the end effector to
move in a straight line with an upper speed limit.

Rewriting Eq. (12) leads to the following expression,
which can be interpreted as specifying a desired veloc-
ity vector in a pure velocity servo-control,

(13)

k

Let V.. designate the assigned speed limit. The limi-
tation of the end-effector velocity magnitude can then
be obtained (Khatib, Llibre, and Mampey 1978),

Fon=—k,(x — vi,), (14)
where
: Ko
V= min (l, m). (15)

With this scheme, the velocity vector X is controlled to
be pointed toward the goal position while its magni-
tude is limited to V,,,. The end effector will then
travel at that speed in a straight line, except during the
acceleration and deceleration segments or when it is
inside the repulsive potential field regions of influence.

4. FIRAS Function

The artificial potential field Uy(x) should be designed
to meet the manipulator stability condition and to
create at each point on the obstacle’s surface a poten-
tial barrier which becomes negligible beyond that sur-
face. Specifically, Uy(x) should be a nonnegative con-
tinuous and differentiable function whose value tends
to infinity as the end effector approaches the obstacle’s
surface. In order to avoid undesirable perturbing
forces beyond the obstacle’s vicinity, the influence of
this potential field must be limited to a given region
surrounding the obstacle.

Using analytic equations f(x) = 0 for obstacle de-
scription, the first artificial potential field function
used (Khatib and Le Maitre 1978) was based on the
values of the function f(x),

1 1 I A%
Ugxy=12" (J‘Tx)—}{x_o]) if f(x) = f(x,),
0 100 > f(xo).

(16)
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The region of influence of this potential field is
bounded by the surfaces f(x) = 0 and f(x) = f(x,),
where X, 1s a given point in the vicinity of the obstacle
and 77 a constant gain. This potential function can be
obtained very simply in real time since it does not
require any distance calculations, However, this po-
tential is difficult to use for asymmetric obstacles
where the separation between an obstacle’s surface
and equipotential surfaces can vary widely.

Using the shortest distance to an obstacle O, we
have proposed (Khatib 1980) the following artificial

potential field;
1 11\2
B it o= i
”(p Pn) ot

ifp> po,

| —

Uo(x) = (17

=

where p, represents the limit distance of the potential
field influence and p the shortest distance to the obsta-
cle O. The selection of the distance p, will depend on
the end effector operating speed V.., and on its decel-
eration ability. End-effector acceleration characteris-
tics are discussed in Khatib and Burdick (1985).

Any point of the robot can be subjected to the artifi-
cial potential field. The control of a Point Subjected to
the Potential (PSP) with respect to an obstacle O is
achieved using the FIRAS function,

(AR
P po)p

395 P =Pos
0 if p > py,

F(‘b.psp) = “8)

9, . ol
where gx’?- denotes the partial derivative vector of the

distance from the PSP to the obstacle,

e [a_pa_pég]’i (19)

Ix ax dy dz

The joint forces corresponding to Ff, ,,, are obtained
using the Jacobian matrix associated with this PSP.
Observing Egs. (6) and (9), these forces are given by

r(O. e psp(q )A(X}Fto psp) (20)

Fig. 1. An n-ellipsoid with
n=4+4.

e ":s*‘:s\“ \\\\\\
ff_;, '?' ‘ “ \ |
*” ‘ “\

\\\\N\\l

5. Obstacle Geometric Modelling

Obstacles are described by the composition of primi-
tives. A typical geometric model base includes primi-
tives such as a point, line, plane, ellipsoid, parallele-
piped, cone, and cylinder. The first artificial potential
field (Eq. 16) requires analytic equations for the de-
scription of obstacles. We have developed analytic
equations representing envelopes which best approxi-
mate the shapes of primitives such as a parallelepiped,
finite cylinder, and cone.

The surface, termed an n-ellipsoid, is represented by
the equation,

ORERCa

and tends to a parallelepiped of dimensions

(2a, 2b, 2c¢) as n tends to infinity. A good approxima-
tion is obtained with n = 4, as shown in Fig. 1. A cyl-
inder of elliptical cross section (2a, 2b) and of length
2¢ can be approximated by the so-called n-cylinder

equation,
2 2 2n
0 -+
a b i)

The analytic description of primitives is not neces-
sary for the artificial potential field (Eq. 17) since the

(21)

(22)
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continuity and differentiability requirement is on the
shortest distance to the obstacle. The primitives above,
and more generally all convex primitives, comply with
this requirement.

Determining the orthogonal distance to an n-ellip-
soid or to an n-cylinder requires the solution of a
complicated system of equations. A variational proce-
dure for the distance evaluation has been developed
that avoids this costly computation. The distance ex-
pressions for other primitives are presented in Appen-
dices I through ITI.

6. Robot Obstacle Avoidance

An obstacle O, is described by a set of primitives (P, ).
The superposition property (additivity) of potential
fields enables the control of a given point of the ma-
nipulator with respect to this obstacle by using the
sum of the relevant gradients,

Ono0 ™= E F, .00 (23)
?

Control of this point for several obstacles is obtained
using

F:sp e 2 Fibf.psp) " (24)
i

It is also feasible to have different points on the
manipulator controlled with respect to different obsta-
cles. The resulting joint force vector is given by

Cobstactes = X, I 3op (QAK)F 3y, (25)
i

Specifying an adequate number of PSPs enables the
protection of all of the manipulator’s parts. An exam-
ple of a dynamic simulation for a redundant 4 dof’
manipulator operating in the plane is shown in the
display of Fig. 2.

The artificial potential field approach can be ex-
tended to moving obstacles since stability of the mech-
anism persists with a continuously time-varying po-
tential field.

The manipulator obstacle avoidance problem has
been formulated in terms of collision avoidance of

Fig. 2. Displacement of a 4
dof manipulator inside an
enclosure.

links rather than points. Link collision avoidance is
achieved by continuously controlling the link’s closest
point to the obstacle. At most, n PSPs then have to be
considered. Additional links can be artificially intro-
duced or the length of the last link can be extended to
account for the manipulator tool or load, In an articu-
lated chain, a link can be represented as the line seg-
ment defined by the Cartesian positions of its two
neighboring joints. In a frame of reference R, a point
m(x, ¥, z) of the link bounded by m (x,. y,, z;) and
my(x;, V5, Z5) is described by the parametric equations,

x=x,+ Alx;—Xx,),
y=n+iy;—n,
=utMn—z)

(26)

The problem of obtaining the link’s shortest distance
to a parallelepiped can be reduced to that of finding
the link’s closest point to a vertex, edge, or face. The
analytic expressions of the link’s closest point, the
distance, and its partial derivatives are given in Ap-
pendix I. In Appendices II and III these expressions are
given for a cylinder and a cone, respectively.

7. Joint Limit Avoidance

The potential field approach can be used to satisfy the
manipulator internal joint constraints. Let ¢, and g, be
respectively the minimal and maximal bounds of the
i* joint coordinate g,. These boundaries can contain q,
by creating barriers of potential at each of the hyper-
planes (¢, = g;) and (g, = g,). The corresponding joint
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forces are

1 1 1
———) = ifp, < puoy
Vo= ”(ei- e«m) 7 eSlo oy

0 if 0i > Py
and
n(E-sL) L w5
Ya= :Ef ,‘_?;'w} pi Il (28)
0 ifﬁ{>5!(m!

where p,, and p,, represent the distance limit of the
potential field influence. The distances p, and p, are
defined by "

Nl
S

|
S

(29)

>0
I

=i
|

=

8. Level of Competence

The potential field concept is indeed an attractive
approach to the collision avoidance problem and
much research has recently been focused on its appli-
cations to robot control (Kuntze and Schill 1982;
Hogan 1984; Krogh 1984). However, the complexity
of tasks that can be implemented with this approach is
limited. In a cluttered environment, local minima can
occur in the resultant potential field. This can lead to
a stable positioning of the robot before reaching its
goal. While local procedures can be designed to exit
from such configurations, limitations for complex
tasks will remain. This is because the approach has a
local perspective of the robot environment.

Nevertheless, the resulting potential field does pro-
vide the global information necessary and a collision-
free path, if attainable, can be found by linking the
absolute minima of the potential. Linking these min-
ima requires a computationally expensive exploration
of the potential field. This goes beyond the real-time
control we are concerned with here but can be consid-
ered as an integrated part of higher level control.
Work on high level collision-free path planning based
on the potential field concept has been investigated in
Buckley (1985).

9. Real-Time Implementation

Finally, the global control system integrating the po-
tential field concept with the operational space ap-
proach has the following structure:

- rmouon kG robsmcfes + r,r'o;'n:—h’mm (30)

where I',,...... can be developed (Khatib 1983) in the
form,

L morion = J (Q)AQ)F % + B(a)l4d] G
+ C(q)[d?] + g(q),
where B(q) and C(q) are the n X n(n — 1)/2 and n X n
matrices of the joint forces under the mapping into
joint space of the end-effector Coriolis and centrifugal
forces. The symbol g(q) is the gravity force vector, and
the symbolic notations [qq] and [¢?] are for the
n(n—1)/2 X 1 and n X | column matrices,

[a4] = (4,42 4143 - - - Guy én}rs 32
@1=1Gd3 . . . &I ta

In this control structure, dynamic decoupling of the
end effector is obtained using the end-effector dy-
namic parameters (EEDP) A(q), B(q), C(q) and g(q),
which are configuration dependent. In real time, these
parameters can be computed at a lower rate than that
of the servo control. In addition, the integration of an
operational position and velocity estimator allows a
reduction in the rate of end-effector position computa-
tion, which involves evaluations of the manipulator
geometric model. This leads to a two-level control
system architecture (Khatib 1985):

® A low rate parameter evaluation level that up-
dates the end-effector dynamic coefficients, the
Jacobian matrix, and the geometric model.

e A high rate servo control level that computes the
command vector using the estimator and the
updated dynamic coefficients.

The control system architecture is shown in Fig. 3
where np represents the number of PSPs. The Jacobian
matrices J ;,, (q) have common factors with the end-
effector Jacobian matrix J7(q). Thus, their evaluation

does not require significant additional computation.
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Fig. 3. Control system
architecture.

Deatwheas PSPy Spemifietan

WS SO

10. Applications

This approach has been implemented in an experi-
mental manipulator programming system Control in
Operational Space of a Manipulator-with-Obstacles
System (COSMOS). Demonstration of real-time colli-
sion avoidance with links and moving obstacles (Kha-
tib et al. 1984) have been performed using a PUMA
560 and a Machine Intelligence Corporation vision
module,

We have also demonstrated real-time end-effector
motion and active force control operations with the
COSMOS system using wrist and finger sensing. These
include contact, slide, insertion, and compliance oper-
ations (Khatib, Burdick, and Armstrong 19835).

In the current multiprocessor implementation (PDP
11/45 and PDP 11/60), the rate of the servo control
level is 225 Hz while the coefficient evaluation level
runs at 100 Hz.

11. Summary and Discussion

We have described the formulation and implementa-
tion of a real-time obstacle avoidance approach based
on the artificial potential field concept. Collision
avoidance, generally treated as high level planning, has
been demonstrated to be an effective component of
low level real-time control in this approach. Further,
we have briefly presented our operational space for-

mulation of manipulator control that provides the
basis for this obstacle avoidance approach, and have
described the two-level architecture designed to in-
crease the real-time performance of the control system.

The integration of this low level control approach
with a high level planning system seems to be one of
the more promising solutions to the obstacle avoidance
problem in robot control. With this approach, the
problem may be treated in two stages:

* at high level control, generating a global strategy
for the manipulator’s path in terms of interme-
diate goals (rather than finding an accurate
collision-free path);

® at the low level, producing the appropriate
commands to attain each of these goals, taking
into account the detailed geometry and motion
of manipulator and obstacle, and making use of
real-time obstacle sensing (low level vision and
proximity sensors).

By extending low level control capabilities and re-
ducing the high level path planning burden, the inte-
gration of this collision avoidance approach into a
multi-level robot control structure will improve the
real-time performance of the overall robot control
system. Potential applications of this control approach
include moving obstacle avoidance, collision avoid-
ance in grasping operations, and obstacle avoidance
problems involving multimanipulators or multifin-
gered hands.

Appendix I: Link Distance to a Parallelepiped

The axes of the frame of reference R are chosen to be
the parallelepiped axes of symmetry. The link’s length
is / and the dot product is (-).

DISTANCE TO A VERTEX

The closest point 2 of the line (Eq. 26) to the vertex v
is such that

_(vm,) : (m,m,)

A 7

(Al-1)
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The link’s closest point m is identical to m, if 2 < 0; it
is identical to m, if A = 1 and it is given by Eq. (26)
otherwise. The shortest distance is therefore,

[p3— RP)2, ifo<is],
p=1p., if1<0, (A1-2)
P ifA> 1,

where p, and p, are the distance to the vertex from m,
and m,, respectively. The distance partial derivatives

are
o _ [5.}: z]’
ox [pppl

DisTANCE TO AN EDGE

(A1-3)

By a projection in the plane perpendicular to the con-
sidered edge (xoy, yoz, or zox), this problem can be
reduced to that of finding the distance to a vertex in
the plane. This leads to expressions similar to those of
(A1-1)-(A1-3) with a zero partial derivative of the
distance w.r.z. the axis parallel to the edge.

DisTANCE TO A FACE

In this case, the distance can be directly obtained by
comparing the absolute values of the coordinates of m,
and m, along the axis perpendicular to the face. The
partial derivative vector is identical to the unit normal
vector of this face.

Appendix II: Link Distance to a Cylinder

The frame of reference R is chosen such that its z-axis
is the cylinder axis of symmetry and its origin is the
cylinder center of mass. The cylinder radius and height
are designated by r and A, respectively.

DisTANCE TO THE CIRCULAR SURFACE

The closest point of the link (Eq. 27) to the circular
surface of the cylinder can be deduced from the dis-

tance to a vertex considered in the xoy plane and by
allowing for the radius 7.

DISTANCE TO THE CIRCULAR EDGES

The closest distance to the cylinder circular edge can
be obtained from that of the circular surface by taking
into account the relative z-coordinate of m to the cir-
cular edge, i.e., (z + h/2) for the base and (z — h/2) for
the top. The distance partial derivative vector results
from the torus equation,

22 432 H(z = h2Y—ri—ptP

=4rp* — (z £ h/2)*]. (A2-1)
This vector is
i) X yzthi2|T
Dofe22 2R
X PP P
with
2_+_ ,2+ - p SR

24y (2 h2P + 2= p*

The distance to the planar surfaces is straightforward
and can be simply obtained as in Appendix I.

Appendix III: Link Distance to a Cone

In this case, the frame of reference R is chosen such
that its z-axis is the cone axis of symmetry and its'
origin is the center of the cone circular base. The cone
base radius, height and half angle are represented re-
spectively by #, h, and p.

DISTANCE TO THE CONE-SHAPED SURFACE

The problem of locating m(x, y, z) is identical to that
for the cylinder case. The distance can be written as

p=zsin(f) + (Vx?+ p?—r)cos (). (A3-1)
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The partial derivatives come from the equation,

x:+y?=ri, (A3-2)
where
r.=tan (B)[h + psin (B) — z]. (A3-3)
They are
ap x y ) Il i
x [rz tan () r, tan () sin (ﬁ)] e

The problem of the distance to the cone circular edge
is identical to that of the cylinder circular edge in Ap-
pendix II. The distance to the cone vertex is solved as
in Appendix L.
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Research article

On-line path planning strategy integrated with
collision and dead-lock avoidance schemes for
wheeled mobile robot in indoor environments

Ya-Chun Chang
Graduate School of Tokai University, Hiratsuka, Japan, and

Yoshio Yamamoto
Department of Precision Engineering, Tokai University, Hiratsuka, Japan

Abstract

Purpose — This paper aims to present a hybrid path planning algorithm which is designed for use of autonomous vehicles in indoor environments. The
approach mainly contributes the ability of generating a safe and smooth collision avoidance path for attaining a desired position in an unknown and
obstructed environment.

Design/methodology/approach — The hybrid planner is based on potential field method and Voronoi diagram approach, and it is represented with
the ability of concurrent map building and autonomous navigation.

Findings — The possibility of controlling the look-ahead distance allows the mobile robot to smartly control the velocity for creating a smooth trajectory
autonomously. The dead-lock problem is solved by defining necessary sub-goals between targets on the constructed map.

Originality/value — The system controller (look-ahead control) with the potential field method allows the robot to generate a smooth and safe path
for an expected position. Only essential exploration of unknown environment is performed since the approach constrains the mobile robot to explore a
safe and sub-optimal route towards a destination.

Keywords Robotics, Navigation, Control systems, Linear motion

Paper type Research paper

1. Introduction In this paper, we propose a hybrid path planner model which

. ) . . achieves concurrent navigation and topological map building.
Path planning has been studied extensively in recent years The hybrid path planner is composed of potential field method
because of. its }mportance to mobile .robot control. Most .of (Khatib, 1986) (Volpe and Khosla, 1990) and Voronoi diagram
path planning is executed by calculating a path for a mobile approach. The notion of this approach is inspired by the fact
robot to follow, so that it can move from one pose to another that most of mapping and path search algorithms are not
without colliding with obstacles. Moreover, in order to allow a computationally viable over large-scale environment. In

robot to perform autonomous tasks in a wide and unknown contrast, the proposed approach constrains the mobile robot
environment, the ability of bui}ding a reliable map of its to explore a safe and sub-optimal route to a destination and
Wo.rks.pace becomes extr§mely important. At present, map allows the robot to accomplish environment modeling and safe
bglldlng and path planning are always being dlSCllSSCdA m path finding parallelly when a position of where the robot should
dlfferent. areas because of vastness.of b.oth ﬁel'd.s. Durlpg attain is explicitly (Figure 1(b)). As a result, computational
exploration stage the robot localizes its position while burden of environment exploration is reduced to a safe path

g}eneliatlng a lma% m(:idel of 1t31§111)\;1r0nr;1ent Vvia sensory da;a finding for reaching a target position and the approach benefits
s1nl;1u tan?ouls y. base }? n a reliable and con's1.stent maput ¢ from saving time during environment exploration if a target
robot calculates a path to an expected position as well as position is explicitly defined.

updz.iting its p(}sition in ({onjunction with perforn}ing‘a desired The potential field-based path strategy is straightforward
mgtlon precisely during a long-term navigation task and guarantees a safe navigation under dynamic environment.
(Figure 1(a)). However, it suffers from a certain limitation (Krogh, 1984)
(Lau, 2003) in which the robot will be trapped in positions
The current issue and full text archive of this journal is available at where attractive and repulsive forces negate each other. There
www.emeraldinsight.com/0143-991X.htm are several conventional solutions for the dead-lock problem.

(Connolly, 1992; Connolly and Grupen, 1993 utilized

Laplace’s heat equation to create a potential field without

Industrial Robot: An International Journal local minima. Koditschek and Rimon, 1990) developed a
35/5 (2008) 421-434 - . S
TAPN  © Emerald Group Publishing Limited [ISSN 0143-991X] local minima .free potentlal- field metho.d. by deﬂgfllI?g
[DOI 10.1108/01439910810893590] potential functions that contain only one minimum which is
421 .
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Figure 1 Notion of proposed hybrid path planner: (a) general
procedure of autonomous navigation; (b) our approach

Environment .
exploration Map construction.
Peth finding techniques:
Finding a path ineing ) 'au
for atar A* search agorithm,
get N )
Dijkstras algorithm, etc.
Autonomous Path planning strategy
maneuvers versus moving obstacles
@)
Environment Finding a path
exploration for atarget
! | ! |
Autonomous
maneuvers

(b)

precisely at the goal position. Also there is a conventional
recovery algorithm called wall following method (Borenstein
and Koren, 1989) that can be used for solving the dead-lock
problem. In our approach, we propose our potential field-
based path planner within topological map building ability
which enables the robot to perform an exploration towards a
desired position and to build a reliable and compact map
between targets (a start and goal), as well as helping the robot
to avoid dead-lock positions existing in environment during a
navigation task.

We also propose a recovery algorithm (Chang and
Yamamoto, 2006) for dead-lock problem encountered while
the robot is travelling along sub-goals. Three dead-lock
avoidance schemes are taken into account in different
consequences of positions of obstacles which surround a
mobile robot while it is in a dead-lock position. In order to
estimate the space between the obstacles and be applicable for
modifying repulsive potential shapes, the shapes of the
obstacles causing the robot halt are detected by adopting the
Hough transformation (Hough, 1962).

The system controller (look-ahead control) used in this
research is based on feedback linearization technique in which
linearization is achieved between the control inputs and
appropriate outputs. By controlling the output equation, the
velocity of the mobile robot can be controlled to create a very
smooth trajectory during obstacle avoidance. Within Look-
ahead control framework, our path planner becomes more
powerful and allows the mobile robot to easily maneuver in an
environment where obstacles exist.

422

Volume 35 - Number 5 - 2008 - 421-434

The paper is organized as follows. Section 2 introduces our
system controller. In Section 3, we verify the control method
in real experiments. Having covered the control system of the
mobile robot, we go into the path planning of the robot in
Section 4. Section 5 presents a recovery algorithm for dead-
lock problem, and Section 6 concludes with final remarks.

2. System model and controller

2.1 Modeling of system
In this subsection we derive the motion equation of the
mobile robot. Motion equation of the mobile robot which is
two wheeled can be obtained from the approach proposed in
(Yamamoto and Yun (1997). Suppose we choose M(qg) as
inertia matrix, C(q,g) as velocity vector, G(g) as gravity
vector, E, 7, AT(¢) and A as constant matrix, input torque
vector, constraint matrix and Lagrange multipliers,
respectively. Then we can write the motion equation as:
M(¢)§ + C(g,4) + G(g) = ET— A% (g)A (1)
The system model of the mobile robot is shown in Figure 2
where b represents half the distance between two driving
wheels, and r is the radius of the wheel.

In this kind of mobile robot (two wheeled type), two
kinematic constraints are imposed. First, no lateral slip is
allowed between the wheels and the floor, and the second one
is the no longitudinal slip constraint. According to these two
constraints, the mobile robot is subject to two kinds of non-
holonomic constraints which can be described by:

(2)
(3)

Xosin ¢ — yocos p =0

X0cos ¢ + osin ¢ =~ (6, + 6;)

N =

where (xo, Vo) is the coordinates of the center of the mobile
robot, ¢ is the heading angle of the mobile robot measured
from X-axis, 0, and 6; are the angular positions of the right
wheel and the left wheel.

Figure 2 System model
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Here, we choose ¢=[xo %0 6, Ol]Tas the generalized
coordinate vector. By following the standard approach for
dimensional reduction, the motion equation (1) can be
transformed as:

ST™S1+S™Sy+STC =~ (4)
where a distribution matrix S = {S;, S,} satisfies
A(g9)S(g) = 0. Moreover, the velocity vector ¢ also has to be
in the same null space of A(g) while the vector 5 = [n; 1]
represents an independent pseudo velocity vector which lives
in the same null space.

Combining ¢ with 7 to define x as the state vector of the
mobile robot, from equation (4) we can write the differential
of the state vector x as:

(5)

where:

f(x)

- [ —(STMS) 1(STMSn + STC)
and:

0
g(x) = |:(STMS)1:|

2.2 Controller design
The control method using in this study is based on feedback
linearization technique in which linearization is achieved
between the control inputs and appropriate outputs. The
control diagram of the mobile robot is shown in Figure 3.
We choose the output equation at the XY coordinates of the
appropriate reference point P, (refer to Figure 2). The output
equation y is:

X0 + x,Cc08 ¢ — y,8in ¢

= . 6

Y= | 30 + xsin ¢ + y,cos ¢ (©)

To find the new linearization between the control input and

output, we differentiate the output (6) with respect to time
until a new input u appears.

After the second time-differential of y, the new input u
appears while ¥ is written as:

Figure 3 Control diagram

Volume 35 - Number 5 - 2008 - 421-434

y=®x)n+ by =dx)u+dn (7)
where ®(x) is the decoupling matrix described as:
(r/2)cos ¢ — Lesing  (r/2)cos ¢ + Lesin ¢
P(x) = (8)

(r/2)sin¢ — Lecos ¢ (r/2)sin ¢p — Lecos ¢
where L is the distance between the reference point P, and the
center of the mobile robot, and ¢ = r/2b.

Also the new input u is given by:

p=07 (x)(u— d(x)n) 9)
From equations (7) and (9), we obtain:
T
y=u u=|m w] (10)

Equation (10) is our new linearization between the control
input and output. Moreover, for stabilizing the output y, the
following equation is used:

u=y+kp(® =) +k(H ) (11)

where ¥, 3 and # are the targets.

In addition, from (9) we know that the decoupling matrix
has to be invertible, namely, ® has to be a non-singular
matrix. Also from equation (8) we obtain:

r
det(®) = —— L.
et®) =%
Therefore, L # 0 has to be satisfied because b and r always are

positive.

By using this control system, the motion of the mobile robot
is generated so as to compensate any deviation from the
desired one, for example, in the sense of manipulability
(Yamamoto and Yun, 1994). Moreover, because of the
capability of controlling the distance between the center of
robot and the reference point, the motion of the mobile robot
can be more flexible and easy to control under dynamic
environment where moving obstacles exist. In addition, for
the sake of simplicity, we choose the reference point on the
Xr-axis (Figure 2) in the following implementations.

3. Experimental setup

The mobile robot we use for experiments is an ActivMedia
product, Pioneer 3-DX, which has two independent wheels

A J

1= %—Lgsing—Lygcosp |

S/Z: )'/O—LX¢SCOS¢—Ly¢S'n¢ )

%0 Yo ¢ 6; 61 111 1

Yy1= Xt Lxcos¢—Lysin¢
Y2= Yot LxSin¢+ Ly005¢

r Y

423
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and eight sonars affixed under the front deck. In order to Figure 5 Experimental result: trajectory of mobile robot: (a) 45°; (b)
make our robot more autonomous, having the ability of 225°

gathering accurate information about environment becomes

extremely important. Therefore, a range finding device, SICK 5 R R T A S U R
laser, is equipped on our robot. Figure 4 shows Pioneer 3 with i i Refereﬁice . ; :
SICK laser loaded on the top. 4 ._p

3.1 Implementation of look-ahead control system

In this subsection we verify our system controller in real robot
experiments. There are two kinds of case studies conducted
while the mobile robot is moving along a straight line 45 and
225° from a positive X-axis, respectively. In both studies, the
mobile robot initially faces to a positive X-axis, and the length
of L set in 1 [m], also the velocity of the mobile robot is at
0.15 (m/s). Figure 5(a) and (b) show the experimental results
of the trajectory of mobile robot which moves along a straight
line 45 and 225° from a positive X-axis in processing time
25 and 30s, respectively.

Y (m)

=L
N
w
g o PR et ot APy JruRions
(6]
»

Figure 6 plots the heading angle of mobile robot with -1 0
respect to time in two case studies. Figure 7 represents the X (m)
occurring error during the mobile robot chases the reference @
point in both studies. From both studies, it is seen that by L

using look-ahead control system, the mobile robot will always
keep chasing the reference point, which agrees with the three
necessary conditions for asymptotic convergence discussed in
Brockett (1983). Therefore, as to path planning, instead of
scheming the path of the mobile robot directly we plan on
calculating the path to reach the target position for the
reference. As a result, the mobile robot will attain the target
position as we expect by following the motion of the reference
point.

Figure 4 Pioneer 3 with SICK laser

4. Concurrent navigation and map building
system

As mentioned previously, we propose our path planner with
both navigation and map building abilities. Based on our
approach, the a priori unknown environment does not need to
be neither bounded nor static in terms of building a map
model of robot’s workspace since the robot is constrained to
explore a route towards a destination and is capable of
avoiding collisions with moving obstacles during exploration.
Based on the constructed map, the robot is able to seamlessly
start autonomous maneuvers between any targets in the
explored area as well as starting a new exploration to an
unvisited region.

The hybrid path planner is comprised of two modules.
Section 4.1 introduces the obstacle avoidance module of the
hybrid planner. Section 4.2 explains the map building module
of the system and shows a demonstration result in real
environment.
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Figure 6 Experimental result: heading angle of mobile robot: (a) 45°;
(b) 225°
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4.1 Collision avoidance algorithm

Since the control system we use will cause the mobile robot keep
chasing the reference point, instead of scheming the obstacle
avoidance of the mobile robot directly, we focus on the path
planning of the reference point. In this research, we adopt the
potential field method for obstacle avoidance during navigation.

4.1.1 Potential field method

Potential field method is widely used in decades for
autonomous mobile robot path planning because of its
simplicity. An attractive potential which drives the mobile
robot to its destination can be described by:

Uatt(x) = A\/(xr - xg)z + (yr _yg)z (12)

where A is a positive constant, (x,, V,) is the coordinates of the
reference point, and (x;, y,) is the coordinates of the
destination.

Also a repulsive potential well which prevents the mobile
robot from collisions can be written as:

Volume 35 - Number 5 - 2008 - 421-434

Figure 7 Experimental result: tracking error: (a) 45°; (b) 225°
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e*ozK
Urep(K) =B I (13)

where B and « are positive constants. K is the variable which
acts as a pseudo-distance from the obstacle, becoming zero at
the surface and increasing with successive contours away from
the surface.

From equations (12) and (13), we obtain the potential
energy U which drives the reference point of the mobile robot
to the destination, described by:

U = Upee(x) + Usrep(K) (14)

also the momentary force F which the reference point receives
can be given by:

F=—-VU-= {—% —%}T

(15)
In order to perform our avoidance algorithm in real-time,
unlike the conventional potential field method we do not
take into account whole existing obstacles in environment.
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We use the closest sensory measurement from the obstacle
surface, and define a smallish particle obstacle at the closest
location which generates a small repulsive potential as well. As
a result, the generated repulsive potential will vary with time
even though there are only static obstacles existing in
environment, and the momentary potential fields from
smallish particle obstacles will be gradually generated in
discrete time which eventually sum up to create almost as the
same shape as repulsive potential generated from the original
obstacle. Figure 8 shows the comparison between the result of
conventional potential field method and the result based on
our new approach.

Figure 8 Simulation results for comparison: (a) conventional approach;
(b) our approach
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4.1.2 Dynamic control of output equation
As for creating a smooth trajectory in conjunction with
obstacle avoidance, we vary the output equation of the control
system to control the velocity of the mobile robot. Figure 9(a)
and (b) represent the obstacle avoidance path of the mobile
robot moving with a large and small look-ahead distance (L),
respectively. From both results it can be seen that although
the path of the reference point is the same, the motion of the
mobile robot can be totally different, and the mobile robot
may possibly collide with the obstacle if L is too large
(Figure 9(a)). On the other hand, if we always keep L small,
the mobile robot takes almost the same path as the reference
point at the expense of lack of smoothness, and in general it
takes more time for the mobile robot to reach the destination
(Figure 9(b)). The term “dynamic control” should not be
confused with “dynamic compensation” or “dynamic
extension” used in the context of differential geometric
control (Isidori, 1995; Nijmeijer and van der Schaft, 1990).
The natural choice is to keep L large when the mobile robot
is away from the obstacle, and make it automatically become
smaller while the mobile robot is being closer to the obstacle.
Moreover, referring to Figure 3, we know that L cannot be 0
because the decoupling matrix ®(x) has to be invertible.

Figure 9 Simulation with different look-ahead distances: (a) large L;
(b) small L
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Since L cannot become 0, we realize that the mobile robot
actually cannot attain the exact target position as we expect.
Therefore, we propose:

_ Urep -1/K,
L_(Lm+C e )e ta (16)

where L,, and C are positive adjustable constants, and K, is
the distance between the center of the mobile robot and the
target position. L changes along with 9U,p/9K which
becomes smaller as the mobile robot comes closer to the
obstacle. The exponential function reduces L,, to become as
close as O while the reference point attains the goal
point, and also «a keeps L would not become 0 and allows
the mobile robot to attain the target position as closely as
possible.

4.1.3 Under static and dynamic environment

Two experiments are conducted to verify the proposed path
planning method under static and dynamic environment. In
both experiments, the mobile robot initially faces to a positive
X-axis, the length of the initial look-ahead distance (L) set in
1 [m], and the mobile robot moves at a constant velocity of
0.4 (m/s). Tables I and II show the condition settings of two
experiments, respectively.

Figure 10 represents the obstacle avoidance path of the
mobile robot while its look-ahead distance varies along with
equation (16). Figure 11 shows the look-ahead distance with
respect to time. L becomes short when robot is close to an
obstacle, and increases gradually to the initial setting
when robot is away from obstacle, and eventually varies

Table | Experimental conditions of obstacle avoidance (static case)

Initial robot position
Initial robot direction

Initial reference point position

Goal position
Obstacle position

Obstacle shape
Processing time

Origin

0°

X = 1.0[m], y,= 0.0[m]

Goal, = 7.0[m], Goal, = 7.0[m]
Obs1, = 3.0[m], Obs1,=5.0[m]
Obs2, = 4.0[m], Obs2, = 2.0[m]
Obs3y = 6.0[m], Obs3, = 4.5[m]
Width = 1.0[m], Height = 0.8[m]
30s

Table Il Experimental conditions of obstacle avoidance (dynamic case)

Initial robot position
Initial robot direction
Initial reference point
position

Goal position

Initial obstacle position

Obstacle shape
Processing time

Origin
00
X = 1.0[m], y,= 0.0[m]

Goaly = 7.0[m], Goal, = 7.0[m]

Obs1, = 0.0[m], Obs1, = 2.0[m] moving
direction and velocity moving in a positive
X-axis direction at 0.2 (m/s)

Obs2, = 8.5[m], Obs2, = 5.5[m] moving
in a negative X-axis direction at 0.2 (m/s)
Obs3y = 6.0[m], Obs3, = 6.0[m] moving
in a negative Y-axis direction at 0.2 (m/s)
Width = 1.0[m], Height = 0.8[m]

30s

Volume 35 - Number 5 - 2008 - 421-434

Figure 10 Collision avoidance (static case)
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Figure 11 Look-ahead distance (static case)
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almost to a constant when the robot is trying to attain the goal
position.

Figure 12(a) to (e) thoroughly plot the obstacle avoidance
path of the mobile robot in discrete time while it is
maneuvered in a dynamic environment where three
rectangular shapes of obstacles are moving in different
directions. Figure 13 shows the change of the look-ahead
distance with respect to time, as well as controlling the
velocity of the mobile robot for creating a smooth obstacle
avoidance path during a navigation task.

From these results, it is seen that based on our collision
avoidance algorithm by predefining start and goal positions
the mobile robot can find a safe and smooth path for attaining
the target position autonomously whether in a static or
dynamic environment.
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Figure 12 Collision avoidance (dynamic case): (a) 0.0s; (b) 3.655; (c) 14.85; (d) 12.0s; (e) 19.55; (f) 20.0s
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4.2 Simultaneous map building 2 Secondly, their approaches do not support the obstacle
In terms of modeling a configuration space of robot’s avoidance ability. It limits the robot to trace the constructed
environment during navigation, we adopt Voronoi diagram Voronoi edges from one to another in a certain range, in
approach to enable the robot to generate a map of its workspace order to allow the robot to follow a safe path while it is

while it is moving towards a destination. Topological structure of
environment representation can benefit from its compact model
that achieves fast route planning and reduces the amount of
sensory data. Usage of such technique for environment modeling
has been demonstrated in previous approaches (Thrun, 1998;

tracing towards Voronoi edges. As a result, it slows down the
exploration process, as well as limiting the robot to perform
exploration tasks in only static environments.

3 After an exploration process is finished, a graph search

Mahkovic and Slivnik, 2000; Choset and Nagatani, 2001). algorithm is required to calculate a path for performing
However, their approaches have three common limitations: autonomous maneuvers between targets defined in the
1 First, size of the exploration space has to be set up as either a existing exploration. However, most of graph search
bounded area or a close environment in order to terminate algorithms are not computationally viable over large-scale
the exploration when all the edges have been explored. environment.
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Figure 13 Look-ahead distance (dynamic case)
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To cope with these limitations, the proposed hybrid path

planner features:

* Efficient environment exploration: Instead of performing
an exploration in a bounded area, the exploration is
constrained to finding a safe path for attaining a target
position. Moreover, the mobile robot does not have to
trace the generated Voronoi edges one by one during
exploration phase since this approach allows the mobile
robot to simultaneously avoid collisions with obstacles and
generate a smooth obstacle avoidance path while it is
moving towards an edge position.

* Map building in conjunction with finding a sub-optimal
path for attaining a desired position: It is unnecessary to
search a safe path on the graph for attaining a target
position. After an exploration towards a target, the robot
can perform autonomous maneuvers immediately by
setting up sub-goals on the constructed map.

4.2.1 Approximate Voronot diagram

In order to reduce the computational burden of the Voronoi
edge calculation, despite of the richness of the information
obtained by a laser range finder, we approximate the sensory
data to allow the robot to generate an approximate Voronoi
structure such as a representation of free space of its
environment. Before getting into the details of determining
edges for tracing towards a target during an exploration, we
explain the algorithm of approximate Voronoi diagram
computation in this approach. Figure 14 shows the pseudo-
code description for generating approximate Voronoi diagram
from the sensory information.

First, the robot gathers information of its vicinity and
creates a finite set P of points which approximates the sensory
data from each laser scan. Clustering of each point is done by
perceiving the change of distance between two successive laser
readings. Based on each local scan, the robot accumulates the
approximate sensory data for incrementally building an
approximate Voronoi structure of its workspace while
moving towards a target.

To allow the robot to create only useful Voronoi edges for
exploration, the radius of Delaunay circle is constrained as:

(17)

diameter of robot < R < a certain limitaion

429
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This constraint guarantees not only that safe edges allow mobile
robot to pass through a narrow passage, but also that none of
unnecessary edge caused by a large concave environment is
created (Figure 15). Figure 15(a) represents approximate

Voronoi diagram which is defined by equation (17).

Figure 15(b) shows the motion of mobile robot which traces

towards explored Voronoi edges as:

* access an unvisited Voronoi edge which is closest to the
goal in the sense of exploring towards goal position;

* during an exploration if no Voronoi edge can be found, the
mobile robot automatically switches to the motion of
attaining the goal position;

* restart to trace an edge if any new and unvisited Voronoi
edge is perceived; and

* the mobile robot avoids colliding with obstacle
simultaneously while accessing an edge position.

4.2.2 Tracing edge determination

Figure 16 shows the notion of tracing Voronoi edges
incrementally towards a target. By selecting an edge point
which is unvisited and is closest to a predefined goal as an
edge for tracing, the mobile robot is able to accomplish an
exploration towards the target. However, there is a possibility
for the robot to fall into a dead-lock while the robot is
accessing an edge which is closest to goal and is created by an
occlusion (Figure 17).

In order to avoid being trapped in a dead-lock position
while the mobile robot is accessing an uncertain Voronoi
edge, we allow the robot to access a three-equidistant point
which is recorded as a node with departing edges if a node is
perceived. In addition, in this approach the node point is
created by points belonging to large groups in which the
amount of each group is large enough and each group
contains over a certain number of members. It allows the
mobile robot to perform an exploration task in environment
where moving obstacles exist, since a node created by a
moving obstacle is unnecessary to be recorded and it may
cause unexpected problem if the robot accesses a node
generated by a moving obstacle despite of ignoring the motion
of the moving obstacle. According to the definition of the
node point, it is seen that none of node point is generated by
an environment shown in Figure 15.

Once the mobile robot attains a node position, the mobile
robot then selects one unexplored edge of the defined node
which is closest to the goal and continues tracing. During an
exploration if the mobile robot reaches a dead-end, the robot
returns back to the closest visited node and restarts to trace
another unexplored Voronoi edge which is closest to the goal,
as well as starting to explore a new route for attaining the
target position.

4.2.3 Sub-goal setting

The proposed hybrid path planner is demonstrated in real
environment. The mobile robot initially faces to a positive
X-axis, and starts at the origin (0, 0). The position of the goal
is predefined as:

Goal(15.0[m], —37.5[m])

Figure 18 shows the real experimental result in which (a) and (b)
represent the motion of the mobile robot while it is tracing
Voronoi edges towards a target and the accessed Voronoi edges
of approximate Voronoi diagram, respectively. It is seen that the
mobile robot autonomously generates a smooth and safe
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Figure 14 Computation of approximate Voronoi diagram

Compute Approximate Voronoi Diagram (Input: sensory data)
01. for each local scan
02. approximate sensory data and save as P(x,y, scanning degree)
03. Clusterrize (P)
04. write new dataon datalist and save datalist as Datal.ist.
05. if first scan from laser range finder
06. divide DataList into different groups and save as group list (GroupList).
07. else
08. divide DataList into different groups and save as new group list (NewGroupList).
09. Compare groups of GroupList to groups of NewGroupList
10. if distance between two group are small enough
11. add new data to group of GroupList.
12. ese
13. add group of NewGroupList as new group on GroupList.
14. Triangulate (GroupList)
15. calculate center of circumcircle for each triangle
16. if radius of circumcircleisin acertain range (here we set as 1000[mm)] < radius < 3000[mm])
17. Generate AVD (GroupList)

Figure 15 Approximate Voronoi diagram defined by constraints: (a) approximate Voronoi diagram; (b) motion of mobile robot
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Figure 16 Procedure of autonomous navigation trajectory by receiving attractive and repulsive forces while it is

travelling along the accessed edge positions, and simultaneously
avoids possible dead-locks caused by concave spaces existing in

environment by exploring and tracing Voronoi edges.
Figure 19 shows the constructed map after the robot

explores a route for attaining the goal position. From this
result, it can be seen that instead of an exploration of whole
free space of the bounded environment, only a safe route
exploration is performed when a desired goal position is given.
Moreover, in order to reduce the computational burden, the
mobile robot stops calculating Voronoi edges and performs
autonomous maneuvers in a manner of fully depending on its
obstacle collision avoidance ability after an exploration
process is accomplished. As a result, after constructing and

modeling the environment of robot’s workspace, sub-goals are

set up at positions of visited node points on the map for
immediate applications such as travelling between targets

(start and goal positions) in the existing exploration.
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Figure 17 Robot is dead-locked while tracing an edge created by an
occlusion
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5. Recovery algorithm for dead-lock

Through previous section, we explain the notion of our hybrid
path planner. We propose a potential field-based avoidance
algorithm within map building ability which allows our robot
to be able to trace explored Voronoi edges for attaining a goal
position simultaneously while avoiding local minimum
problem caused by concavities in environment. However,
there is still a possibility for the robot to be trapped in a dead-
lock position because of the presence of changes to the
environment while it travels along setup sub-goals between
targets. Here, we propose a recovery algorithm for solving the
dead-lock problem. Figure 20(a) and (b) shows the iso-
potential contours of two repulsive potential fields in both
XY and 3D where the deadlock problem occurred.

Volume 35 - Number 5 - 2008 - 421-434

From Figure 20, we understand that the dead-lock problem
is occurred when multiple potential contours are overlapping,
and sum up as one big potential field with concavity that
causes the mobile robot facing uphill from the repulsive
potential well when an undesirable minimum is created.

5.1 Obstacle detection

In order to conduct our dead-lock avoidance technique for
solving such type of deadlock problem, we need to acquire the
actual shapes of obstacles that cause the robot to stop. Thus,
there is a preliminary requirement that the obstacle
recognition ability for dead-lock avoidance has to be taken
into account. In this paper, we adopt the Hough
transformation for it. For a simple example, suppose there
is a rectangular shape of obstacle in environment.
The detection of this rectangular obstacle can be done by
the line detection. Because it requires that the desired feature
be specified in parametric form, a measurement of the
obstacle with coordinates x and y can be written as:

p=xcos 0+ ysin 6 (18)
where p and 0 are variables used in parameter space.

After mapping all measurements into parameter space, the
shape of the obstacle can be extracted by finding local maxima
in the parameter space (i.e. local peaks). Figure 21 shows the
result of a real obstacle detection based on the LRF
measurements by using this procedure.

5.2 Dead-lock solution

We propose a dead-lock recovery algorithm which is stated as

the following procedure:

* Set a criterion, that is, if the mobile robot moves under a
limit of speed (almost to zero) except in a goal position,
the robot will declare itself to be in a dead-lock position.

* Define shapes and positions of obstacles that surround the
robot in a certain area by adopting the obstacle detection

Figure 18 Experimental demonstration of proposed path planner: (a) motion of mobile robot; (b) accessed Voronoi edges
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Figure 19 The topological map constructed by the proposed path

planner
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technique mentioned in previous subsection. Figure 22(a)
shows a circular area which is drawn from the center of the
robot where r is the radius of the circular area.
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perpendicular to Line 1 and goes straight across the center
of the robot. Areas 1 and 2 indicate the areas that are on the
right side and the left side of Line 2, respectively. Area 3
represents the area that is behind the two closest obstacles.
Based on obstacle information extracted from laser range
finder measurements, the robot itself can estimate the
space between the obstacles, and choose a suitable
avoidance scheme to proceed by going through the
decision-making process shown in Figure 22(b).

Three available dead-lock avoidance schemes that are taken
into account as decisions:

Reduce the repulsive potential energy to create smaller
potential contours for the robot to pass through
(Figure 23(a)).

B-1. Combine the two obstacles into one pseudo-obstacle to

make the mobile robot move to the downhill side of the
obstacle and take a detour to escape from a dead-lock
position. As a result shown in Figure 23(b), to make
the mobile robot turn right and detour around a new
potential field yielded from the pseudo-obstacle.

* Pick up two closest obstacles and define two reference lines B-2. Tilt the merged obstacle for adjustment to let the robot

to divide the area into three regions. Line 1 is a reference line
that is across the centers of two obstacles. Line 2 is

Figure 20 Potential fields causing a dead-lock: (a) X¥-plane; (b) elevated view
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Figure 21 Obstacle detection example: (a) line detection; (b) extracted obstacle
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Figure 22 Making decisions for dead-lock avoidance: (a) a dead-lock position; (b) decision-making process
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Figure 23 Dead-lock solutions: (a) reduce potential fields; (b) merge of potential fields
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5.3 Real experimental results

The proposed dead-lock avoidance technique is implemented
on the real robot in an environment where two circular
obstacles are located as to generate artificial potentials which
stop the mobile robot at a dead-lock position. Figure 24
shows the results of applying our technique in different dead-
lock conditions (different distances between obstacles causing
dead-lock problem). From both results, we can verify that our
dead-lock avoidance technique works successfully, and it
gives the robot ability of escaping from a dead-lock position
and choosing a suitable path for attaining the goal
autonomously.

6. Conclusion

A hybrid path planner comprised of ability of concurrent
navigation and map building is proposed. The collision
avoidance algorithm presented has demonstrated its flexibility
in both dynamically controlling the output equation and
changing the shape of the repulsive potential field. By using
Look-ahead control as the system controller, the possibility of
controlling the look-ahead distance (L) allows the mobile
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robot to define the suboptimal path and smartly control the
velocity for creating a smooth trajectory autonomously. The
dead-lock problem is solved by defining necessary sub-goals
between targets on the constructed map and a recovery
algorithm is proposed for dead-lock avoidance while the robot
travels between sub-goals.

Instead of giving a limitation such as setting up a
bounded area for autonomous exploration during a
navigation mission, we combine our path planner with
map building ability to enable the mobile robot to explore a
safe path towards a target as reducing the exploration as
finding a safe route for attaining the target. As a result, only
an essential exploration of unknown environment is
performed and it allows the mobile robot to benefit from
time saving during exploration for autonomous navigation.
Based on collision avoidance algorithm the constructed map
information is immediately applicable to autonomous
maneuvers for helping the mobile robot to travel between
predefined start and goal positions as well as travelling
between any targets on the existing map. It should be
mentioned that a new Voronoi structure will be naturally
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Figure 24 Dead-lock avoidance on real robot: (a) able to pass through; (b) unable to pass through

35 :
Mobije Rpbot
3 i
25 . &

2
15
1
0.5
0

Y (m)

-05 ;
—050 05 1 15 2 25 3 35 4
X (m)
@

merged to existing one and active area for further
expansion. Thus, the map information can be augmented
if the robot starts a new exploration to an unvisited area.
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Purpose

This paper aims to present a hybrid path planning algorithm
which is designed for use of autonomous vehicles in indoor
environments. The approach mainly contributes the ability of
generating a safe and smooth collision avoidance path for
attaining a desired position in an unknown and obstructed
environment.

Design/methodology/approach

The hybrid planner is based on potential field method and
Voronoi diagram approach, and it is represented with the ability
of concurrent map building and autonomous navigation.

Findings

The possibility of controlling the look-ahead distance allows the
mobile robot to smartly control the velocity for creating a
smooth trajectory autonomously. The dead-lock problem is
solved by defining necessary sub-goals between targets on the
constructed map.

Originality/value

The system controller (look-ahead control) with the potential
field method allows the robot to generate a smooth and safe
path for an expected position. Only essential exploration of
unknown environment is performed since the approach
constrains the mobile robot to explore a safe and sub-optimal
route towards a destination.
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Cart Pushing with a Mobile Manipulation System:
Towards Navigation with Moveable Objects

Jonathan Scholz, Sachin Chitta, Bhaskara Marthi, Maxim Likhachev

Abstract— Robust navigation in cluttered environments has
been well addressed for mobile robotic platforms, but the
problem of navigating with a moveable object like a cart has
not been widely examined. In this work, we present a planning
and control approach to navigation of a humanoid robot while
pushing a cart. We show how immediate information about the
environment can be integrated into this approach to achieve
safer navigation in the presence of dynamic obstacles. We
demonstrate the robustness of our approach through long-
running experiments with the PR2 mobile manipulation robot
in a typical indoor office environment, where the robot faced
narrow and high-traffic passageways with very limited clear-
ance.

I. INTRODUCTION

Navigating safely while manipulating moveable objects is
a hard task especially in cluttered, crowded environments
where the amount of space available is limited and the
obstacles are non-stationary. Particularly in tasks like retail
stocking or table cleanup, the robot may need to manipulate
and carry a large number of objects. We address this need by
describing a system for smoothly and safely pushing carts in
such environments. This ability underlies not only navigation
with carts, but with many standalone mobile objects such as
chairs, tables, and boxes.

Robust mobile manipulation has been a topic of research
for a long time but there are few examples of real-world
applications. This shortage can be partially blamed on com-
plexity: mobile manipulation requires a careful synthesis
of navigation and manipulation capabilities. Navigating ef-
fectively requires consistent knowledge of the environment
around the system, often achieved through vision, laser,
proprioceptive and other types of sensors and an ability to
respond to sudden changes in the environment. Effecting
the environment, e.g. opening doors, often requires dealing
with constraints that, if violated, can results in large internal
forces. Mobile manipulation tasks like cart pushing will thus
require a tight integration of several components including
sensing, motion planning and control.

In this paper we present our approach to planning, control,
and sensing for navigation with moveable objects, with a
particular application to pushing holonomic utility carts. Our
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Fig. 1. The PR2 mobile manipulation robot with a holonomic cart
approach exploits a proven anytime planner for generating
near-optimal plans given a set of motion primitives that
can drive the robot and the cart. We also provide a local
controller which functions in the robot odometric frame and
is responsible for both following the plan and avoiding static
and dynamic obstacles observed by sensors. Using a combi-
nation of these controllers and a 3D sensing framework, we
are able to demonstrate reliable and robust navigation with
a holonomic cart in a typical office environment using the
PR2 mobile manipulation robot. Our work builds on previous
successes in both navigation and manipulation on the PR2,
and leverages the Robot Operating System (ROS) framework
for integration of the multiple components needed for robust
mobile manipulation [8], [11].

A. Related Work

The earliest results in pushing carts using robots were
achieved using a single manipulator mounted on a mobile
holonomic base [14], [15], [16]. In these systems the manip-
ulator came into contact with the cart at a single point, and
the problem was to solve for the effector forces required
to produce desired trajectories with the cart. This work
showed progress towards task-level cart manipulation, but
was limited to tracing simple open-loop paths with the cart
[16]. In contrast, our solution can execute smooth, arbitrary
trajectories in a closed-loop controller using two arms.

Subsequent work explored the use of full humanoid robots
for pushing carts with two arms. In principle, two arms can
simplify the cart control problem by fully constraining all
degrees of freedom. Honda’s ASIMO is capable of pushing
a cart while walking across a room and even up an incline,
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but does not make use of its arms to articulate the cart for
navigation [13].

Several projects have explored the use of another hu-
manoid robot, the HRP-2, for pushing mobile objects. One
domain which shares our interest in manipulating large
objects is navigation among moveable obstacles (NAMO).
Although both domains involve navigation and manipulation,
NAMO addresses the complementary problem of navigating
the robot on a map containing obstacles that must be moved
in order to achieve the goal [7]. Rather than focusing
on navigation among static objects, our work focuses on
navigation of objects, amidst other dynamic obstacles.

In another mobile manipulation application with a biped
humanoid, [9] presented an HRP-2 capable of pushing
a human in a wheelchair. As with ASIMO and NAMO,
this project described a zero-moment-point (ZMP) offset
approach to achieving basic mobility with a mobile object
[2]. However, none of these examples with humanoid robots
demonstrated robust navigation in dynamic, cluttered envi-
ronments with tight clearances for the robot, and none took
advantage of both arms for articulation. The PR2 mobile
manipulation robot used in this study offers a stable, omni-
directional base. Its ability to articulate the cart greatly
enhances the reachable workspace for the robot since it can
now take tight turns in cluttered spaces.

The work that is closest to ours is the approach of
Lamiraux, et. al., who demonstrated motion planning for
a robot towing a trailer [4]. The trailer is attached to the
robot through a single degree of freedom pivot joint. In our
approach, we restrict the motion of the cart to be around
an (imaginary) pivot point in front of the robot. In contrast
to [4], we present a complete solution integrating 3D sensing
to develop a system capable of realtime navigation in a
cluttered indoor environment.

II. THE PR2 HARDWARE PLATFORM

The hardware used for the experiments in this paper is the
PR2 personal robot (Figure 1) which has an omni-directional
base and two 7-DOF arms. It is also equipped with a tilting
laser scanner mounted to the head, two stereo cameras,
an additional laser scanner mounted on the base, and a
body-mounted IMU. Encoders on each joint provide joint
angle information. The end-effector is a parallel jaw gripper
whose fingertips are equipped with capacitive sensor arrays,
each consisting of 22 individual cells. The laser scanner
mounted on the base is useful both for obstacle detection
and localization. The robot’s base is approximately 63 cm in
both length and width.

The cart used in the experiments in this work is a regular
holonomic utility cart. It has casters mounted at all four
corners and can thus be pushed in any direction. The top
shelf of the cart was removed to reduce the volume of the
region in front of the cart that is occluded from the PR2’s tilt
scanning laser sensor mounted on the head. The PR2 grasps
the handle of the cart as shown in Figure 2(a). The grasp is
sufficiently rigid to maintain its relative pose with respect to
the cart handle.

A B

(a) The PR2 has a firm grasp on (b) State representation: Blue rectan-

the cart handle (right). gle represents the robot, and 6 its
orientation. Green rectangle represents
the cart, and ) its orientation in the
robot frame.

Fig. 2. Cart grasping (a), and state representation (b)

III. APPROACH

Navigation with moveable objects is a challenging plan-
ning and control problem. Ideally, a planner used for this task
should efficiently take advantage of the latent capabilities
of the robot, and react quickly to failure given a cluttered
and dynamic environment. We make almost no assumptions
about the structure of the environment. For simplicity, we
assume a known 2D map of the environment as a starting
representation. The map was built separately from real sensor
data using tools available in the ROS framework [11]. This
map is not, however, assumed to be a completely accurate
representation of the environment, which can contain both
static and dynamic obstacles such as people or other robots.
We demonstrate, through experiments, the ability of our
approach to deal with such static and dynamic obstacles that
are not initially known to the robot. We assume a known
geometric and kinematic model for the cart. This helps us
in localizing and controlling the cart relative to the robot.
Although the task of determining a model for the cart is, by
itself, challenging and interesting, it is beyond the scope of
this paper and will be examined in greater detail in future
work.

Overall our approach consists of a tight integration of
three different components: sensing for the cart and the
environment, motion planning for the robot and the cart, and
control of the robot and the cart along the desired path.

IV. SENSING

Our approach to mobile manipulation builds on compo-
nents developed for navigation and manipulation with the
PR2 [8], [12]. To navigate effectively, our system must
be able to differentiate between sensor readings that may
correspond to points on the cart or the robot, and those from
points in the environment. Sensor readings corresponding to
points on the cart are filtered out directly from a 2D costmap
representation (Figure 3) of the collision environment if their
2D projection falls within the known polygonal footprint of
the cart.

Two approaches were implemented to sense the pose of
the cart relative to the robot. First, a checkerboard attached to
the cart was used to localize the cart pose relative to the robot
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Fig. 3. A view of the local costmap. Red cells are lethal obstacles while
blue cells lie within a threshold distance of the nearest obstacle.

using the cameras mounted on the head of the PR2. Second,
the known initial positions of the grasps of the two end-
effectors on the cart were used to provide a proprioceptive
estimate of the cart relative pose. Note that this assumes that
the cart handle stays rigidly fixed relative to the end-effectors
of the two arms, which proved a safe assumption in our
experiments. Indeed, we found the proprioceptive estimate
to be more stable than the checkerboard estimate due to the
visual noise and jitter in the camera.

V. MOTION PLANNING

The motion planner provides global collision-free plans
between the start pose (the current pose of the robot) and
the final desired position of the robot and the cart. There
are several approaches to motion planning for mobile robots
that could be applicable in this case, including both graph
and sampling-based planners [3]. We choose to use a graph
based approach coupled with an anytime planner. As we shall
describe in the next few sections, the choice of such a planner
allows us to specify candidate motions of the robot and cart
system (motion primitives) that allow the robot to navigate
tight turns.

We first describe the construction of the graph itself and
then we describe the construction of the transitions between
the nodes in the graph. We will then briefly describe the
algorithm used to search the graph for low-cost solutions.

A. State Representation

To construct the graph, we need to specify the state
representation for the nodes of the graph. A full state
representation would include the 7 degrees of freedom for
each arm, the 3 degrees of freedom of the robot base
and the 3 planar degrees of freedom of the cart relative
to the robot base. However, as noted earlier, the arms of
the robot are constrained by the grasp on the cart, which
itself is constrained to planar motion. One simpler rep-
resentation to eliminate redundancies could be the planar
degrees of freedom of both the base of the robot and the
cart (in the robot reference frame). Such a representation

Fig. 4.
right: move forward, Bottom left: move diagonally, Bottom right: articulated
motion primitive. The red arrow indicates the final pose of the robot at the
end of each primitive.

Four example motion primitives. Top left: rotate in place, Top

(z,9,0,2¢,9c,0.) would result in a highly controllable 6-
dimensional state space for the system. However, we choose
instead to restrict the motion of the cart by specifying a
fixed point of articulation for the cart in the robot frame. This
choice is motivated planning considerations — it reduces the
dimensionality of the search space for planning while still
retaining enough flexibility to allow the articulation needed
to execute tight turns. Our choice of state representation
(z,9,0,¢) is shown in Figure 2(b).

B. Transitions

The transitions between nodes in the search graph are
defined using a lattice-based planning representation [5],
[10]. A lattice-based planning representation discretizes the
configuration space into a set of states. The connections
between the states are also discretized and every connection
represents a feasible path. The lattice representation can be
used to specify the motion planning problem as a graph-
search. The key advantage of this representation, in contrast
to other approaches like 4-connected or 8-connected grids, is
that every connection between states is a feasible connection.
This makes the lattice-based representation a good choice for
constrained systems, such as a robot with an articulable cart.

Since the PR2 robot is omni-directional, we choose to
enable transitions that allow the robot to move forwards,
along diagonal paths, rotate in place, move backwards and
move forwards and backwards while rotating. These transi-
tions are thus motion primitives and can be used to generate
a search graph of the task space. In order to exploit the
controllable degrees of freedom of the robot+cart system,
we also designed primitives for simultaneous navigation and
articulation. Four of the motion primitives used are illustrated
in Figure 4. During the search process, the planner checks
the entire motion primitive between parent and child nodes
for collisions using the global costmap.
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C. Cost Function

In general, the planner can accommodate an arbitrary cost
function reflecting such objectives as travel time, risks in-
volved in hard-to-execute maneuvers, distance from obstacles
and other metrics. In our experiments, the cost of each edge
in the constructed graph corresponded to the time required
to execute the motion primitive represented by the edge.
The cost of the edge was also increased further when the
corresponding motion primitive traveled close to an obstacle.
Finally, we also increased the cost of edges for certain motion
primitives that were harder to execute.

D. Graph Search

Given a graph defined as above and a cost function
associated with each action, an efficient search method is
required for finding a solution path. A* search is one of
the most popular methods for this problem [1]. It utilizes
a heuristic to focus the search towards the most promising
areas of the search space. While highly efficient, A* aims to
find an optimal path which may not be feasible given time
constraints and the dimensionality of the problem. To cope
with limited deliberation time, we use an anytime variant of
A* — Anytime Repairing A* (ARA*) [6]. This algorithm
generates an initial, possibly suboptimal solution quickly
and then concentrates on improving this solution while time
allows. The algorithm guarantees completeness (for a given
graph) and provides bounds on the sub-optimality of the
solution at any point of time during the search. Furthermore,
this bound, denoted by ¢, can be controlled by a user. In all of
our experiments, we set the initial € to 3.0, implying that the
cost of the returned solution can be no worse than 3.0 times
the cost of an optimal solution (even though the optimal
solution is not known). In nearly all of our experiments,
ARA* was able to decrease the bound on on sub-optimality
to 1.0 (corresponding to a provably optimal solution) within
the time we allocated for planning.

Similar to [5], the heuristics we used were computed
online as costs of 2D (z,y) paths that take into account
obstacles. These heuristics were computed via a single
Dijkstra’s search before each planning episode.

E. Local Control

Given a path from the global planner, ie., a set of
waypoints of the form (x,y,0,¢), a local controller is
responsible for translating this path into commands for the
base and arms. It runs at 20 hz in the odometric (rather
than the map) frame. It therefore provides robustness against
dynamic obstacles and localization errors. It aims to follow
the global plan as closely as possible: if the plan is found to
be in collision, it will slow down or stop rather than attempt
to move around the obstacle. If it is unable to follow the
global plan, the local controller aborts, forcing the system to
re-plan a global path.

The local controller operates by moving its desired goal
along the global plan returned by the planner. Desired base
velocity (vp) and cart (v.) velocities are determined using a

proportional controller (Equation 1).

Vp = Tszeb 1)
ve = Kie, 2)

where e, and e, represent the errors in base pose (expressed
in the global frame) and cart pose (expressed in the robot
frame), T}, transforms the desired base velocity into the base
frame and Kg and K7 are positive definite gain matrices.
The errors are given by,

d a
€y ={qy, — G
d a
eC:qciqc

The superscripts d and a indicate desired and actual veloc-
ities respectively. The desired base and cart command ve-
locities are scaled appropriately based on desired maximum
speeds for the base and the cart.

Note that because of our choice to parametrize the base
motion by articulating the cart about a fixed point in the
robot base frame, the position of the center of the cart and
orientation of the cart ¢, = (2, ye,0.) are a function of
the cart articulation angle ¢. The position and orientation of
the base in the global frame, g, = (z,y,6) is completely
specified by the plan. The desired base (vp) and cart (v.)
velocities are determined using a proportional controller.

The velocities for the base and the cart are forward
simulated in the odometric frame to check for collisions
against the local costmap. If they result in collision, the
velocities are scaled down until a collision is avoided, and
failure is declared by the local controller if no scaling is
possible. The failure of the controller triggers global re-
planning. These steps serve to slow the system down when
operating near obstacles, and results in re-planning if failure
of the local controller is unavoidable.

FE Cart Articulation

Articulation of the cart is critical for narrow-tolerance
navigation problems, such as passing through doors, round-
ing corners in narrow hallways, or avoiding obstacles in
densely cluttered areas. Where previous approaches required
error-prone analysis of contact forces and dynamics, the
presence of two arms allowed us to produce accurate cart
trajectories simply by transforming the desired cart velocity
appropriately into desired velocities for the two end-effectors
(vee)- These velocities are then mapped into the joint space
of each arm using the transpose of the manipulator Jacobian.
The net result is a set of desired joint velocities (¢¢,,,) for
each arm that allow the system to track the desired cart
velocity:

Qo = I Ve (3)

VI. EXPERIMENTAL RESULTS
We conducted extensive experimentation to validate the
robustness and reliability of our system. The experiments
were carried out in a typical office building with furniture and

people. The robot was completely autonomous and would
follow a sequence of waypoints defined on the building
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Fig. 5. A long planned path using the lattice-based planner. The red arrow
indicates the goal for the robot base, the blue polygon is the footprint of
the robot during the plan and the green rectangle represents the cart. Note
the frequent use of the articulated motion primitives.

Fig. 6. Articulating the cart to execute a tight turn.

map. Waypoints were chosen such that the robot would have
to move through tight spaces and high-traffic areas. The
global planner was allocated a maximum planning time of
10 seconds. In most cases, the planner took significantly less
time to plan the first solution. Data logged for the global
planner included time to first plan, time to final plan, and
cost of the plan. An example global plan returned by the
planner on the global map is shown in Figure 5 which shows
the plan for a distant goal.

The system performed exceptionally well. It was able to
handle the presence of people in its vicinity, stopping when
they suddenly stepped in front of it, and either re-planning or
restarting once they moved away. It never hit any obstacle in
the environment. Figure 6 provides a series of snapshots of a
run of the robot as it was performing a tight 90 degree turn.
Figure 7 contains a series of snapshots showing the robot
stopping in time to avoid hitting a person and then planning
a path around the person.

Analysis of the data from the planner showed that it was
generally successful in finding paths quickly. The analysis is
summarized in Table VI for one run lasting nearly an hour in
which we repeatedly directed the robot to goals at far regions

Fig. 7.
him.

Stopping in presence of person and then replanning to go around

of the building. The time to first solution corresponds to the
time (in seconds) taken to find a solution with the initial
value of € = 3.0. The number of expands corresponds to the
number of states that were expanded in getting to the initial
solution (e = 3.0).

number of planner calls 134
expansions (first solution) (mean) 15157.87
expansions (first solution) (std. dev.) 24529.92
time to first solution (secs) (mean) 1.23
time to first solution (secs) (std. dev.) | 1.93
final epsilon (mean) 1.30
final epsilon (std. dev.) 0.61
number of planning failures 25

TABLE I
GLOBAL PLANNER STATISTICS FROM A LONG RUN.

Of the 134 calls that were made to the planner, 25 did
not succeed. An examination of these calls showed that
they failed much before the allocated final time for the
planner expired. There are several reasons that this could
have happened. If the robot was blocked by people, no plan
would be found for getting out of a tight spot and the planner
would fail. Once the people moved out of the way and the
costmap was clear, the planner would be able to find a path
to its goal. Spurious sensor readings were another frequent
cause of failures. Although we attempted to filter out these
readings, they were never completely eliminated and would
often completely block all plans for the robot. The recovery
behavior helped in clearing out these spurious reading but
improving the quality of our sensing is essential to achieve
longer robust continuous operation.

The addition of the articulated primitives clearly helped
the robot traverse tight corridors, made the plans look much
more natural, and reduced the total footprint of the robot as
it was making turns. Figure 8 illustrates the plans for a turn
through -90 degrees. The motion plan on the left was made
with a set of articulated motion primitives while the plan on
the right was planned without them.
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Fig. 8. The overall footprint of the robot when using articulated primitives
is much smaller (left) than when it is not using them (right). The red arrow
indicates the goal for the robot base, the blue polygon is the footprint of
the robot during the plan and the green rectangle represents the cart

VII. CONCLUSIONS AND FUTURE WORK

In this work we have demonstrated a robust and reliable
system for cart pushing in a typical office environment. Our
approach is, to the best of our knowledge, the first demon-
stration of such a system in an unconstrained environment.
Our method is able to handle tight turns using articulation
of the cart, to escape very tight spots requiring the planning
of a series of small moves, and can respond to the presence
of dynamic obstacles such as humans.

The sensing component of our system was the most
frequent source of failure. We plan to address this in future
work, possibly through the use of new more accurate 3D
sensors or additional sensors mounted on the cart itself. In
addition, we plan to incorporate more proprioceptive sensing
to detect and account for changes in indoor terrain, e.g. if
the cart were to get stuck on a wire on the ground. We also
hope to improve the localization of the cart pose relative
to the robot by fusing information from proprioception and
visual perception.

Our local controller was able to follow paths very closely
throughout the experiment, but we would like to be able to
track the desired plan at faster speeds. Currently, our speed
is limited by safety concerns, by noise in sensing, and by
the small amount of compliance in the grasp between the
cart and the robot. Safety is a critical issue, especially in
the absence of a sensor on the front of the robot. The noise
in sensing, especially in the tilting laser sensor, seems to be
worsened with faster motion of the robot. The compliance
in our grasps implies that if we move too fast, the cart starts
overshooting its desired path and could possibly come into
contact with the environment.

Our long-term goal is to achieve navigation with arbitrary
moveable objects. In this context, our approach is a good
starting point since it provides a solution to the motion
planning and control of such objects. However, a full real-
world solution would also include being able to determine,
online, the geometric and physical model for any object. We
could attempt to learn the model for the object by exploring
different actuation schemes for it online. The learnt model
would then form a basis for the design of new feasible
motion primitives for the object that the planner could use
to plan global plans. Our other goal is to be able to respond
faster to changes in the environment and quickly plan around
obstacles locally while still following (nominally) the global

plan. These issues are currently the focus of active research.
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