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I. INTRODUCTION 

I, James L. Mullins, am above the age of majority and hereby declare under 

penalty of perjury: 

1. I have been retained by counsel for Petitioners Amazon.com, Inc. and 

Amazon.com Services LLC to analyze and opine on the authenticity and public 

accessibility of certain documents referenced herein. 

2. I am presently Dean Emeritus of Libraries and Esther Ellis Norton 

Professor Emeritus at Purdue University.  My career as a professional and 

academic/researcher spanned more than 44 years, including library positions at 

Indiana University, Villanova University, Massachusetts Institute of Technology, and 

Purdue University.  Appendix H is a true and correct copy of my curriculum vitae 

describing my background and experience. 

3. In 2018, I founded the firm Prior Art Documentation Librarian 

Services, LLC, now located at 205 Saint Cuthbert, Williamsburg, VA 23188.  Further 

information about my firm, Prior Art Documentation Librarian Services, LLC 

(PADLS), is available at www.priorartdoclib.com.   

4. For my services in connection with this case, I bill at my usual and 

customary hourly fee of $275.00.  I have no stake in the outcome of this proceeding 
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or any related litigation or administrative proceedings, and my compensation in no 

way depends on the substance of my testimony or the outcome of this proceeding. 

5. As part of my preparation for completing this report, I have reviewed 

and considered the materials identified in this report. 

II. QUALIFICATIONS 

6. I received a Bachelor of Arts degree in History, Religion and Political 

Science in 1972 as well as a Master of Arts degree in Library Science in 1973, both 

from the University of Iowa.  I received my Ph.D. in Academic Library Management 

in 1984 from Indiana University.  Over forty-four years, I have held various positions, 

and I am considered a leader in the field of library and information sciences. 

7. I am currently Dean Emeritus of Libraries and Esther Ellis Norton 

Professor Emeritus at Purdue University, 2018 – present.  I was previously employed 

as follows: 

i) Dean of Libraries and Esther Ellis Norton Professor, Purdue 

University, West Lafayette, IN, 2004 – 2017; 

ii) Assistant/Associate Director for Administration, Massachusetts 

Institute of Technology (MIT) Libraries, Cambridge, MA 2000 – 2004;  

iii) University Librarian and Director, Falvey Memorial Library, 

Villanova University, Villanova, PA, 1996 – 2000;  
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iv) Director of Library Services, Indiana University South Bend, 

South Bend, IN, 1978 – 1996; 

v) Part-time Instructor, School of Library and Information Science, 

Indiana University, Bloomington, IN, 1979 – 1996; 

vi) Associate Law Librarian, and associated titles, Indiana 

University School of Law, Bloomington, IN, 1974 –1978; 

vii) Catalog Librarian, Assistant Professor, Georgia Southern 

College (now University), Statesboro, GA, 1973 – 1974. 

8. I am a member of the American Library Association (“ALA”), where I 

served as the chair of the Research Committee of the Association of College and 

Research Libraries (“ACRL”).  My service to ALA included service on the editorial 

board of the most prominent library journal, College and Research Libraries.  I also 

served on the Standards Committee, College Section of the ACRL, where I was 

instrumental in developing a re-issue of the Standards for College Libraries in 2000. 

9. I am an author of numerous publications in the field of library science 

and have given presentations in library sciences at national and international 

conferences.  During more than 44 years as an academic librarian and library science 

scholar, I have gained extensive experience with techniques and systems for 

cataloging and indexing printed materials in the library setting, including catalog 

records and online library management systems built using Machine-Readable 
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Cataloging (“MARC”) standards.  As an academic library administrator, I have had 

responsibility to ensure that students were educated to identify, locate, assess, and 

integrate information garnered from research library resources.  I have also facilitated 

the research of faculty colleagues either directly or through the provision of and access 

to the requisite print and/or digital materials and services at the universities where I 

worked.     

10. Based on my experience identified above and detailed in my curriculum 

vitae, which is attached hereto as Appendix H, I consider myself to be an expert in the 

field of library science and academic library administration.  I have previously offered 

my opinions on the public accessibility and authenticity of documents in over 118 

cases.  I have been deposed in one case. 

III. LEGAL STANDARDS 

11. I am not a lawyer.  My understanding of the legal standards to apply in 

reaching the conclusions in this declaration is based on discussions with counsel for 

Petitioner, my experience applying similar standards in other patent-related matters, 

and my reading of the documents related to this proceeding.  In preparing this 

declaration, I have tried to faithfully apply these legal standards to the authenticity of 

the documents referenced herein and whether, when, and how these documents were 

publicly accessible. 
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A. Authentication 

12. I have been informed by counsel and understand that an item is 

considered authentic if there is sufficient evidence to support a finding that the item is 

what it is claimed to be by the proponent of the item.  I have also been informed that 

authenticity can be established based on the properties of the item itself, such as the 

appearance, content, substance, internal patterns, or other distinctive characteristics of 

the item. 

B. Public Accessibility 

13. I have been informed by counsel and understand that a given reference 

qualifies as publicly accessible if it were disseminated or otherwise made available 

such that persons interested and ordinarily skilled in the relevant subject matter could 

locate it through the exercise of ordinary diligence.   

14. I have been informed by counsel and understand that the determination 

of public accessibility under the foregoing standard rests on a case-by-case analysis 

of the facts particular to an individual publication.  However, I also understand that 

one way that public accessibility can be shown is if a publication is cataloged and 

indexed by a library such that a person interested in the relevant subject matter could 

locate it.  In other words, I understand that cataloging and indexing by a library, such 

that a person interested in the relevant subject matter could locate the reference, is 

sufficient to render it publicly accessible, though there are other ways that a given 
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reference may qualify as publicly accessible.  One manner of sufficient indexing is 

indexing according to subject matter.  I have been informed by counsel and understand 

that it is not necessary to prove someone actually looked at the reference in order to 

show it was publicly accessible by virtue of a library’s cataloging and indexing 

thereof.  I understand that cataloging and indexing of a particular printed publication 

can indicate that the publication is publicly accessible. 

15. I also understand that there are other ways that a given reference may 

be deemed publicly accessible, including where that reference is cited by others in the 

field. 

C. The Critical Date   

16. I have been informed by counsel that for purposes of this declaration I 

should consider evidence of public accessibility prior to October 1, 2010.  As 

described further below, I have concluded that each of the references discussed herein 

was publicly accessible, including to a Person of Ordinary Skill in the Art, prior to 

October 1, 2010. 

D. The Person of Ordinary Skill in the Art 

17. I have been informed by counsel that a person of ordinary skill in the 

art at the time of the inventions (“POSITA”) is a hypothetical person who is presumed 

to be familiar with the relevant field and its literature at the time of the inventions.  
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This hypothetical person is also a person of ordinary creativity, capable of 

understanding the scientific principles applicable to the pertinent field. 

18. In addition, I have been informed by counsel that as relevant to these 

proceedings, the POSITA would have the skills of one or more individuals with 

experience in the fields of interactive computer applications.  These individuals would 

have at least a four-year degree in electrical engineering, mechanical engineering, 

computer science, or a closely related field, and at least a year of experience working 

in interactive computer applications with integrated cameras.  Lack of work 

experience can be remedied by additional education, and vice versa. 

IV. BACKGROUND OF LIBRARY CATALOG RECORDS AND OTHER 

RESOURCES 

19. Some background on MARC formatted records, the Online Computer 

Library Center (“OCLC”), and WorldCat is helpful to understand the library catalog 

records discussed in this report.  I am fully familiar with the library cataloging 

standard known as the MARC standard, which is an industry-wide standard method 

of storing and organizing library catalog information.1   MARC practices have been 

consistent since the MARC format was developed by the Library of Congress in the 

 

1 The full text of the standard is available from the Library of Congress at 
http://www.loc.gov/marc/bibliographic/. 
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1960s, and by the early 1970s became the U.S. national standard for disseminating 

bibliographic data.  By the mid-1970s, the MARC format became the international 

standard, and it persists as such through the present.  A MARC-compatible library is 

one that has a catalog consisting of individual MARC records for each of its items.  

The underlying MARC format underpins the online public access catalog (“OPAC”) 

that is available to library users to locate a particular holding of a library.  Today, 

MARC is the primary communications protocol for the transfer and storage of 

bibliographic metadata in libraries.2   The MARC practices discussed below were in 

place during the time frames relevant to the documents referenced herein. 

20. OCLC is a not-for-profit worldwide consortium of libraries.  Similar to 

MARC standards, OCLC’s practices have been consistent since the 1970s through the 

present.  Accordingly, the OCLC practices discussed below were in place during the 

time frame discussed in my opinions section.  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 

 

2 Almost every major library in the world uses a catalog that is MARC-compatible.  See, e.g., 
Library of Congress, MARC Standards Frequently Asked Questions (FAQ), available at 
https://www.loc.gov/marc/faq.html  (last visited Jan. 24, 2018).  “MARC is the acronym for 
MAchine-Readable Cataloging. It defines a data format that emerged from a Library of 
Congress-led initiative that began nearly forty years ago. It provides the mechanism by which 
computers exchange, use, and interpret bibliographic information, and its data elements make up 
the foundation of most library catalogs used today.”  Id. MARC is the ANSI/NISO Z39.2-1994 
(reaffirmed 2009) standard for Information Interchange Format.   
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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.”3   Among other 

services, OCLC and its members are responsible for maintaining the WorldCat 

database (http://www.worldcat.org/), used by libraries throughout the world. 

21. Libraries worldwide use the machine-readable MARC format for 

catalog records.  MARC-formatted records include a variety of subject access points 

based on the content of the document being cataloged.  A MARC record for a 

particular work 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, a work’s 

International Standard Book Number (“ISBN”) is recorded in field 020, and the 

work’s Library of Congress call number (assigned by the Library of Congress) is 

 

3 OCLC Online Computer Library Center, Inc., Amended Articles of Incorporation of OCLC 
Online Computer Library Center, Inc., Third Article (OCLC, Dublin, Ohio) Revised June 23, 
2017, available at https://www.oclc.org/content/dam/oclc/membership/articles-of-
incorporation.pdf. 
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recorded in field 050.  Some fields can contain subfields, which are indicated by 

letters.  For example, a work’s publication date is recorded in field 260 under the 

subfield “c.” 

22. The MARC Field 040, subfield “a,” identifies the library or other entity 

that created the catalog record in the MARC format.  MARC Field 008 identifies the 

date when this first MARC record was created. 

23. 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 at http://www.loc.gov/marc/bibliographic/.   For example, 

6XX fields are termed “Subject Access Fields.”4   Among these, for example, is the 

650 field; this is the “Subject Added Entry - Topical Term (R)” field.  See 

http://www.loc.gov/marc/bibliographic/bd650.html.   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 to a topic of interest with a search using the terms employed 

in MARC Fields 6XX. 

 

4 See http://www.loc.gov/marc/bibliographic/bd6xx.html.  
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24. Further, MARC records include call numbers, which themselves 

include a classification number.  For example, the 050 field is dedicated as the 

“Library of Congress Call Number (R)”5  as assigned by the Library of Congress.  A 

defined portion of the Library of Congress Call Number is the classification number;  

the “source of the classification number is Library of Congress Classification and the 

LC Classification-Additions and Changes.”  Id.  (emphases in original). Thus, 

included in the 050 field is a subject matter classification.  As an example:  TK5105.59 

indicates books on computer networks - security measures.  When a local library 

assigns a classification number -- most often a Library of Congress derived 

classification number created by a local library cataloger, but sometimes a Dewey 

Decimal classification number such as, for example, “005.8, computer networks - 

security measures” --  that classification number appears in the 090 field.  In either 

scenario, the MARC record includes a classification number in the call number field 

that represents a subject matter classification. 

25. The 9XX fields, which are not part of the standard MARC 21 format6, 

were defined by OCLC for use by the Library of Congress in processing or holding 

notes for a local library, and for internal OCLC use.  For example, the 955 field is 

 

5 See http://www.loc.gov/marc/bibliographic/bd050.html.  
6 See https://www.oclc.org/bibformats/en/9xx.html.  
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reserved for use by the Library of Congress to track the progress of a new acquisition 

from the time it is submitted for Cataloging in Publication (“CIP”) review until it is 

published and fully cataloged and publicly available for use within the Library of 

Congress.  Fields 901-907, 910, and 945-949 have been defined by OCLC for local 

use and will pass OCLC validation.  Fields 905 and 910 are often used by an individual 

library for internal processing purposes, for example, the date of cataloging and/or the 

initials of the cataloger. 

26. WorldCat is the world’s largest public online catalog. It is maintained 

by the OCLC, a not-for-profit international library consortium, and built with the 

records created by the thousands of libraries that are members of OCLC.  OCLC 

provides bibliographic and abstract information to the public based on MARC-

compliant records through its OCLC WorldCat database.  WorldCat requires no 

knowledge of MARC tags and codes and does not require a login or password.  

WorldCat is easily accessible through the World Wide Web to all who wish to search 

it; there are no restrictions to be a member of a particular community, etc.  The date a 

given catalog record was created (corresponding to the MARC Field 008) appears in 

some detailed WorldCat records as the Date of Entry but not necessarily all.  WorldCat 

does not provide a view of the underlying MARC format for a specific WorldCat 

record.  In order to see the underlying MARC format, the researcher must locate the 

book in a holding library listed among those shown in WorldCat, and search the online 
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public catalog (OPAC) of a holding library.  Whereas WorldCat records are widely 

available, the availability of library-specific MARC formatted records varies from 

library to library.  When a specific library wishes to make the underlying MARC 

format available, there will be a link from the library’s OPAC display, often identified 

as an option to click on the MARC record or use the librarian/staff view. 

27. When a MARC record is created by the Library of Congress or an 

OCLC member institution, the date of creation for that record is automatically 

populated in the fixed field (008), with characters 00 through 05 in year, month, day 

format (YYMMDD).7   Therefore, the MARC record creation date reflects the date on 

which the publication associated with the record was first cataloged.  Thereafter, the 

local library’s computer system may automatically update the date in field 005 every 

time the library updates the MARC record (e.g., to reflect that an item has been moved 

to a different shelving location within the library, or a reload of the bibliographic data 

with the introduction of a new library management system that creates and manages 

the OPAC). 

 

7 Some of the newer library catalog systems also include hour, minute, second (HHMMSS). 

Amazon Ex. 1008.0022



 

14 
 

A. Monograph Publications   

28. Monograph publications are written on a single topic, presented at 

length, and distinguished from an article. They include books, dissertations, 

proceedings of a conference, and technical reports.  A library typically creates a 

catalog record when the monograph is acquired by the library.  First, it will search the 

OCLC to determine if a record has already been created by the Library of Congress 

or another OCLC institution.   

29. If a record is found in the OCLC, the record is downloaded into the 

library’s management system, which typically includes the OPAC.  Once the item is 

downloaded into the library’s management system, the library adds its identifier to the 

OCLC database so when a search is completed on WorldCat, the library will be 

indicated as possessing the publication.  Once a record is created in a library’s 

management system, it is searchable and viewable through the library’s OPAC, 

typically by author, title, and subject heading, at that library and from anywhere in the 

world through the internet by accessing that library’s OPAC.  The OPAC also 

connects with the circulation function of the library, which typically indicates whether 

the record is available, in circulation, etc., with its call number and location in a 

specific departmental/disciplinary library, if applicable.  The OPAC not only provides 

immediate bibliographic access on-site, but it also facilitates the interlibrary loan 

process, which is when one publication is loaned from one library to another. 
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B. Periodical Publications   

30. A periodical publication is a published work in a series, for example, a 

journal article.  A library typically creates a catalog record for a periodical publication 

when the library receives its first issue.  When the institution receives subsequent 

issues or volumes of the periodical, the issues or volumes are checked in, often using 

a date stamp; added to the institution’s holding records; and made available very soon 

thereafter, normally within a few days of receipt or at most within a few weeks of 

receipt. 

C. Cataloging / Indexing 

31. A researcher may discover material relevant to a topic of interest in a 

variety of ways.  One common means of discovery is to search for relevant 

information in an index of periodicals and other publications.  Having found relevant 

material, the researcher will then normally obtain it online, look for it in libraries, or 

purchase it from a publisher, a bookstore, a document delivery service, or another 

provider.   

32. Indexing services use a wide variety of controlled vocabularies to 

provide subject access and other means of discovering the content of documents.  The 

formats in which these access terms are presented vary from service to service.   

33. Online indexing services commonly provide bibliographic information, 

abstracts, and full-text copies of the indexed publications, along with a list of the 
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documents cited in the indexed publication.  These services also often provide lists of 

publications that cite a given document.  A citation of a document is evidence that the 

document was publicly available and in use by researchers no later than the 

publication date of the citing document. A few examples are provided below. 

34. ACM Digital Library - Association for Computing Machinery.  The 

ACM was founded in 1947 and is the world’s largest scientific and educational 

computing society.  The portal has two main sections: the ACM Digital Library and 

the ACM Guide to Computing Literature.  The ACM Digital Library provides access 

to the journals, newsletters and conference proceedings of the organization.  The 

Guide to Computing Literature is a bibliography of computing literature beginning in 

the 1950s with more than a million entries.  See ACM Digital Library home page, 

available at https://dl.acm.org/. 

35. CiteSeerx.  – CiteSeer is an evolving scientific literature digital library 

and search engine that has focused primarily on literature in computer and information 

science.  CiteSeer was developed in 1997 at the NEC Research Institute (now known 

as NEC Laboratories America, Inc.) in Princeton, New Jersey.  The service 

transitioned to Pennsylvania State University’s College of Information Sciences and 

Technology in 2003. Since its inception, CiteSeer has grown to an index of over 

750,000 documents and served over 1.5 million requests daily. See CiteSeer home 

page, available at http://csxstatic.ist.psu.edu/home. 
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36. Google Scholar - This web search engine indexes full text or metadata 

of scholarly literature, covering numerous formats and disciplines.  The size of the 

database is not published by Google, but researchers have estimated that it contained 

approximately 160 million items in 2014.  See Orduña-Malea, Enrique; Ayllón, Juan 

Manuel; Martín-Martín, Alberto; Delgado López-Cózar, Emilio, “About the size of 

Google Scholar: playing the numbers” Granada: EC3 Working Papers, 18:23 July 

2014, available at https://arxiv.org/ftp/arxiv/papers/1407/1407.6239.pdf. 

37. IEEE Xplore - The Institute of Electrical and Electronics Engineers is 

the world’s largest organization for the advancement of technology with some 

430,000 members in 160 countries.  Known by its acronym IEEE, it has created a 

database, IEEE Xplore, that provides access to its hundreds of publications and those 

of its publishing partners.  This includes the content of over 170 journals, more than 

1,400 conference proceedings, some 5,100 technical standards, 2,000 eBooks and 400 

educational courses.  In all, more than 3 million documents, dating from 1872 on, are 

searchable and available for purchase either through subscription or individually.  

Many of these records are accessible via Google Scholar.  See IEEE Xplore home 

page, available at https://ieeexplore.ieee.org/Xplore/home.jsp. 

38. ResearchGate – ResearchGate is the professional network for scientists 

and researchers. Over 15 million members from all over the world use it to share, 
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discover, and discuss research. See ResearchGate’s “About” page, available at  

https://www.researchgate.net/about. 

39. ScienceDirect – ScienceDirect is a website which provides 

subscription-based access to a large database of scientific and medical research.  It 

hosts over 12 million pieces of content from 3,500 academic journals and 

34,000 eBooks.  The journals are grouped into four main sections: Physical Sciences 

and Engineering, Life Sciences, Health Sciences, and Social Sciences and 

Humanities.  Article abstracts are freely available, but access to their full texts 

(in PDF and, for newer publications, also HTML) generally requires a subscription 

or pay-per-view purchase. See ScienceDirect webpage, available at 

https://www.elsevier.com/solutions/sciencedirect. 

40. SPIE Digital Library - The SPIE Digital Library is the database of the 

International Society for Optical Engineering (originally the Society of Photographic 

Instrumentation Engineers).  The technical papers, journals, eBooks, and conference 

proceedings of the organization are included in the database.  More than 500,000 

technical papers make up the database, with more than 18,000 new technical  papers 

and 25 eBooks added each year. See SPIE Digital Library “About” page, available at 

https://www.spiedigitallibrary.org.  

41. Springer Link - Springer Link provides researchers with access to 

millions of scientific documents from journals, books, series, protocols, reference 
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works and proceedings. See SpringerLink home page, available at 

https://link.springer.com/.  

42. Wisconsin TechSearch (“WTS”) - WTS is a set of services offered by 

the University of Wisconsin Libraries.  WTS offers an array of article delivery and 

research services to any individual or organization who requests the specialized skills 

of WTS staff in locating and retrieving information, regardless of whether the 

individual is affiliated with the University of Wisconsin.  See WTS home page, 

available at https://wts.wisc.edu/.  

V. OPINIONS REGARDING AUTHENTICITY AND PUBLIC 
ACCESSIBILITY OF REFERENCES  

A. Exhibit 1005: Rick Kjeldsen, Claudio Pinhanez, Gopal Pingali, 
Jacob Hartman, Tony Levas and Mark Podlaseck. “Interacting 
with Steerable Projected Displays.” Proceedings of Fifth IEEE 
International Conference on Automatic Face Gesture 
Recognition, Washington, DC, USA, May 20-21, 2002, pp. 402-
407.  IEEE Computer Society, 2002. (“Kjeldsen”) 

43. I have been asked to opine on the authenticity and public access of an 

article, Exhibit 1005, authored by Rick Kjeldsen, et al., titled “Interacting with 

Steerable Projected Displays,” published by the IEEE Computer Society in 

Proceedings of Fifth IEEE International Conference on Automatic Face Gesture 

Recognition, Washington, DC, USA, May 20-21, 2002, on pages 402-407  

(“Kjeldsen”). 
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44. For consistency and clarification, Kjeldsen, when used in this 

declaration, refers not only to the Kjeldsen article but also the monograph in which it 

was published: Proceedings of Fifth IEEE International Conference on Automatic 

Face Gesture Recognition, Washington, DC, USA, May 20-21, 2002. 

1. Authentication 

45. I have evaluated the Kjeldsen reference in three ways: (1) by assessing 

Exhibit 1005, provided to me by counsel; (2) by requesting and assessing scans of 

Kjeldsen from the Linda Hall Library through its Document Delivery Services on June 

8, 2023, appended to this declaration as Appendix A-18; and (3) by retrieving and 

reviewing a download I made from IEEE Xplore, a proprietary database provided by 

IEEE, on June 8, 2023, through Purdue University Libraries. 

46. Appendix A-1 is a scan of Kjeldsen received from the Linda Hall 

Library that also includes the title page of Proceedings of Fifth IEEE International 

Conference on Automatic Face Gesture Recognition, Washington, DC, USA, May 20-

21, 2002. As shown below, the version of Kjeldsen attached as Appendix A-1 also 

includes (1) a copy of the proceedings title page including a copy of a sticker that says,  

 

8 The Linda Hall Library, located in Kansas City, Missouri, is a pre-eminent research library in 

the areas of science, engineering and technology. 
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“See Reference Librarian for assistance.”  (2) a handwritten call number on the title 

page that reads “TK7895.S65 I5 2002”;  (3) the Table of Contents with a handwritten 

date written on the left side of the page that reads “6-5-02” (June 5, 2002); and (4) a 

stamp that reads “LINDA HALL LIBRARY, KANSAS CITY, MO.” 

 

 

Appendix A-1 at 1-3.  The table of contents shows that Kjeldsen was published 

starting on pp. 402 of these proceedings: 

 

Id. at 6.  The Kjeldsen article itself appears on pp. 7-12 of Exhibit A-1. 

47. All identifying characteristics on Appendix A-1, such as the 

handwritten call number, date and stamp,  are consistent with library practice and 

procedure that I have observed during my career as a professional librarian, 

specifically with those I have seen over the last five years with items held by the Linda 

Hall Library.   I have no cause for concern about the authenticity or accuracy of these 

Amazon Ex. 1008.0030



 

22 
 

identifying attributes.  Appendix A-1 was found within the custody of a library, the 

Linda Hall Library, one of the most likely locations for an authentic publication. 

48. Kjeldsen is available on-line through the IEEE Xplore database.  I 

downloaded Appendix A-2 from IEEE Xplore through Purdue University Libraries 

by my emeritus faculty position at this URL: https://ieeexplore-ieee-

org.ezproxy.lib.purdue.edu/stamp/stamp.jsp?tp=&arnumber=1004187. Kjeldsen is 

available for a fee at: 

https://ieeexplore.ieee.org/abstract/document/1004187/citations?tabFilter=papers#cit

ations. 

49. I have compared Appendix A-1 and Appendix A-2 and have found no 

difference between the two.  Additionally, I have compared Appendix A-1 and 

Appendix A-2 with Exhibit 1005, provided to me by counsel, and have found no 

differences in content among the three.  Given the above, I conclude that each of 

Exhibit 1005, Appendix A-1, and Appendix A-2 contains an authentic, true, and 

correct copy of Kjeldsen. 

2. Public Accessibility 

50. Appendix A-3 is a true and correct copy of the WorldCat entry for 

Kjeldsen, Proceedings of Fifth IEEE International Conference on Automatic Face 

Gesture Recognition.  Kjeldsen was included among the papers published in 
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Proceedings of Fifth IEEE International Conference on Automatic Face Gesture 

Recognition on pages 402-407. 

51. I obtained Appendix A-3 by completing a search on WorldCat on June 

8, 2023, Proceedings of Fifth IEEE International Conference on Automatic Face 

Gesture Recognition. 

52. The document indexed in this record is Kjeldsen as verified by title 

(Fifth IEEE International Conference on Automatic Face Gesture Recognition, 

Proceedings); publisher and date (IEEE in 2002); and ISBN (0-7695-1602-5). 

53. When undertaking the search of WorldCat as described above using the 

geographical location of Missouri, the Linda Hall Library was 1st on the list among 

the 52 libraries that hold Kjeldsen (Fifth IEEE International Conference on Automatic 

Face Gesture Recognition, Proceedings) world-wide.  Consistent with WorldCat 

standard practice, the entry for Kjeldsen would have been created in response to 

cataloging by a member library, no later than 2002 (as indicated below by the Linda 

Hall Library’s cataloging of this document). 

54. As a result, by 2010, the WorldCat record of Kjeldsen, Fifth IEEE 

International Conference on Automatic Face Gesture Recognition, Proceedings, 

could have been retrieved by searching title (Fifth IEEE International Conference on 

Automatic Face Gesture Recognition, Proceedings), and/or subject headings (e.g., 
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Face perception; Gesture; Human computer interaction; Image processing digital 

techniques; Optical pattern recognition; among many others). 

55. Appendix A-4 is a download I made from the Linda Hall Library OPAC 

(online catalog) on June 11, 2023.  The document cataloged in this record is Kjeldsen 

as verified by title (Fifth IEEE International Conference on Automatic Face Gesture 

Recognition, Proceedings); and by ISBN (0-7695-1602-5).  The “Creation date” for 

this catalog entry is indicated as 2002. 

56. Thus, after the proceedings were catalogued in 2002, Kjeldsen could 

have been located by searching on the Linda Hall Library OPAC (online catalog) for 

the title (Fifth IEEE International Conference on Automatic Face Gesture 

Recognition, Proceedings), and/or subject headings (e.g., Optical pattern recognition 

– Congresses; Face perception automation - Congresses; Gesture - Congresses; 

Image processing digital techniques - Congresses; Human computer interaction – 

Congresses). 

57. Evidence that the Linda Hall Library owns and received Kjeldsen (Fifth 

IEEE International Conference on Automatic Face Gesture Recognition, 

Proceedings) is detailed below. 

58. On Appendix A-1 the ownership stamp on the first page of Table of 

Contents, reading “LINDA HALL LIBRARY,” and the handwritten date of receipt, 

“6-5-02” (June 5, 2002), are shown below. 
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59. Consistent with standard library policy and practice, Kjeldsen (Fifth 

IEEE International Conference on Automatic Face Gesture Recognition, 

Proceedings) would have been accessible on the shelf in the Linda Hall Library within 

a week to ten days after cataloging, labeling, and transfer to the shelf, that is, no later 

than June 15, 2002. 

60. Evidence that Kjeldsen was publicly accessible is further confirmed by 

articles that cite Kjeldsen prior to October 1, 2010. 

61. Appendix A-5 is an article by Si-Jung Kim, Moon-Sung Jang, Hong-

Sic Kim and Tae-Yong Kuc, titled “A Development of Interactive Game ‘Ting Ting’ 

Using Real and Virtual Objects” published in the 2004 IEEE International Conference 

on Systems, Man and Cybernetics, The Hague, Netherlands, October 10-13, 2004, in 

volume 2, on pages 1191-1197 (“Kim”). 

62. Appendix A-5 was downloaded by me on June 11, 2023, enabled by 

my emeritus faculty position at Purdue University, through the Purdue University 

Libraries at this URL: https://ieeexplore-ieee-

org.ezproxy.lib.purdue.edu/stamp/stamp.jsp?tp=&arnumber=1399786.  Kim is 

available for a fee at this URL: 

https://ieeexplore.ieee.org/abstract/document/1399786. 
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63. On page 1197 of Kim is a citation to Kjeldsen, as shown below: 

 

64. The citation to Kjeldsen in Kim is evidence that Kjeldsen was known 

and accepted as a scholarly reference when Kim was presented as a paper at the 2004 

IEEE International Conference on Systems, Man and Cybernetics held in the Hague, 

Netherlands, between October 10-13, 2004. 

65. Based on the above, I conclude that Kjeldsen, submitted in this 

proceeding as Exhibit 1005, is an authentic document that was publicly accessible 

before October 1, 2010.  

B. Exhibit 1006: Claudio Pinhanez, Rick Kjeldsen, Anthony Levas, 
Gopal Pingali, Mark Podlaseck, and Paul Chou. “Ubiquitous 
Interactive Graphics.” IBM Research Report RC22495 (W0205-
143) (2002). (“Pinhanez-I”) 

66. I have been asked to opine on the authenticity and public accessibility 

of a document authored by Claudio Pinhanez, et al., titled “Ubiquitous Interactive 

Graphics” and published as IBM Research Report RC22495 (W0205-143) in 2002  

(“Pinhanez-I”). 

1. Authenticity 
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67. I have evaluated the Pinhanez-I reference several ways: (1) by assessing 

Exhibit 1006, provided to me by counsel; (2) by retrieving and assessing a copy of 

Pinhanez-I which I downloaded from the CiteSeer database, stewarded by the Penn 

State University, College of Information Science and Technology, appended to this 

declaration as Appendix B-1; (3) by accessing and verifying a copy of Pinhanez-I 

from the list of  IBM Research Reports available through an open access website, 

Appendix B-2; (4) by retrieving and reviewing a download I made on May 11, 2023 

of Pinhanez-I from the personal website of Claudio Pinhanez, Appendix B-4; and (4) 

retrieving and assessing articles that cite Pinhanez-I prior to October 1, 2010, 

discussed in the Public Accessibility section of Part V.B, infra.  

68. Appendix B-1 is a copy of Pinhanez-I I downloaded from the CiteSeer 

database, stewarded by the Penn State University, College of Information Science and 

Technology.   CiteSeer is a trusted academic research repository and as such would 

only provide access to authentic research documents.  Appendix B-1 was downloaded 

by me on May 11, 2023 from this URL: 

https://citeseerx.ist.psu.edu/pdf/391893bda0d70ab64e8b0ad90d375b80d9075970 

69. Appendix B-2 is a bibliography of the publications of Claudio Pinhanez 

published between 1995 and 2020.  It is downloaded from IBM Research at this URL:      

https://researcher.watson.ibm.com/researcher/view_person_pubs.php?person=br-
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csantosp&t=1&mhsrc=ibmsearch_a&mhq=RC22495.  The following citation is 

shown by scrolling to year 2002: 

 

70. The hyperlink from the title in Appendix B-2, labeled “Ubiquitous 

interactive graphics,” does not link to the document, only to a “404” missing link.  

However, the fact that Pinhanez-I is linked from the IBM Research Report website 

provides evidence that it is a research publication issued under the auspices of IBM. 

71. Appendix B-3 is the personal website of Claudio Pinhanez accessible 

at the URL http://www.pinhanez.com/claudio/.  Appendix B-4 is a copy of Pinhanez-

I I downloaded from Pinhanez’s personal website at this URL: 

http://www.pinhanez.com/claudio/publications/rc22495.pdf. 

72. Having compared Appendix B-1 and Appendix B-4, I found no 

difference between the two.  I then compared Appendix B-1 and Appendix B-4 with 

Exhibit 1006, provided to me by counsel, and found no difference among the three.  

Given the above, I conclude that each of Exhibit 1006, Appendix B-1, and Appendix 

B-4 contains an authentic, true, and correct copy of Pinhanez-I. 

2. Public Accessibility 
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73. To determine the public accessibility of Pinhanez-I, I researched 

articles that cite Pinhanez-I prior to October 1, 2010.   

74. Appendix B-5 is a true and correct download of the Google Scholar 

entries that cite Pinhanez-I and were published between 2004 and 2007.  The citation 

list in Appendix B-5 consists of 10 documents. Of those 10 documents which cite 

Pinhanez-I, 3 documents are as follows: Appendix B-6, Flagg; Appendix B-7, 

Bhasker; and Appendix B-8, Borkowski.  I completed the download of this list of 

entries from Google Scholar on May 7, 2023, at this URL:  

https://scholar.google.com/scholar?hl=en&as_sdt=5%2C47&sciodt=0%2C47&cite

s=8433351548041826889&scipsc=&as_ylo=2004&as_yhi=2007. 

75. Appendix B-6 is an article by Matthew Flagg and James M. Rehg titled 

“Projector-Guided Painting,” published in the Proceedings of the 19th Annual ACM 

Symposium on User Interface Software and Technology, Montreux, Switzerland, 

October 15-18, 2006, on pages 235-243 (“Flagg”). 

76. Flagg was downloaded by me from the ACM Digital Library on April 

25, 2023, enabled by my emeritus faculty position at Purdue University, through the 

Purdue University Libraries at this URL: https://dl-acm-

org.ezproxy.lib.purdue.edu/doi/abs/10.1145/1166253.1166290.  Flagg is available for 

a fee at this URL: https://dl.acm.org/doi/abs/10.1145/1166253.1166290. 
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77. Appendix B-6, Flagg, at page 243, shows Pinhanez-I in the References 

section, which lists citations, as shown below: 

 

78. The citation to Pinhanez-Ubiquitous in Flagg is evidence that Pinhanez-

I was known and accepted as a scholarly reference when Flagg was presented as a 

paper at 19th Annual ACM Symposium on User Interface Software and Technology in 

Montreux, Switzerland on October 15-18, 2006 and was subsequently published in its 

Proceedings.  

79. Appendix B-7 is an article by E. Bhasker, R. Juang and A. Majumder 

titled “Registration Techniques for Using Imperfect and Partially Calibrated Devices 

in Planar Multi-Projector Displays” published in IEEE Transactions on Visualization 

and Computer Graphics, volume 13, number 6, November – December 2007, on 

pages 1368-1375 (“Bhasker”). 

80. Bhasker was downloaded by me from IEEE Xplore on April 25, 2023, 

enabled by my emeritus faculty position at Purdue University, through the Purdue 

University Libraries at this URL: https://ieeexplore-ieee-

org.ezproxy.lib.purdue.edu/stamp/stamp.jsp?tp=&arnumber=4376163&tag=1.  

Bhasker is available for a fee at this URL: 

https://ieeexplore.ieee.org/abstract/document/4376163/references#references. 
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81. Appendix B-7, Bhasker, at page 1375, shows Pinhanez-I as the 25th 

citation in its References, as shown below: 

 

82. The citation to Pinhanez-I in Bhasker is evidence that Pinhanez-I was 

known and accepted as a scholarly reference when Bhasker was published as a paper 

in IEEE Transactions on Visualization and Computer Graphics, volume 13, number 

6, November – December 2007, on pages 1368-1375. 

83. Appendix B-8 is an article by S. Borkowski, J. L. Crowley, J. Letessier 

and F. Berard, "User-Centric Design of a Vision System for Interactive Applications," 

Fourth IEEE International Conference on Computer Vision Systems (ICVS'06), New 

York, NY, USA, January 4-7, 2006 on pages [9-9] (“Borkowski”). 

84. Borkowski was downloaded by me from IEEE Xplore on April 26, 

2023, enabled by my emeritus faculty position at Purdue University, through the 

Purdue University Libraries at this URL: https://ieeexplore-ieee-

org.ezproxy.lib.purdue.edu/search/searchresult.jsp?searchWithin=%22Publication%

20Number%22:10542&searchWithin=%22Document%20Title%22:User%20Centric

%20Design%20of%20a%20Vision%20System%20for%20Interactive%20Applicatio

ns.  Borkowski is available for a fee at this URL: 

https://ieeexplore.ieee.org/abstract/document/1578697/references#references. 
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85. Appendix B-8, Borkowski, at page [9], shows Pinhanez-I as the 9th 

citation in its References, as shown below: 

 

86. The citation to Pinhanez-I in Borkowski is evidence that Pinhanez-I 

was known and accepted as a scholarly reference when Borkowski was presented as 

a paper at the Fourth IEEE International Conference on Computer Vision Systems 

(ICVS'06), New York, NY, USA, January 4-7, 2006. 

87. Based on the above, I conclude that Pinhanez-I, submitted in this 

proceeding as Exhibit 1006, is an authentic document that was publicly accessible 

before October 1, 2010.   

C. Exhibit 1014: Claudio Pinhanez, et al., “Applications of Steerable 
Projector-Camera Systems.”  Proceedings of the IEEE 
International Workshop on Projector-Camera Systems at ICCV.  
Nice, France.  October 12, 2003  (“Pinhanez-II”). 

88. I have been asked to opine on the authenticity and public accessibility 

of a paper authored by Claudio Pinhanez, et al., “Applications of Steerable Projector-

Camera Systems” from the Proceedings of the IEEE International Workshop on 

Projector-Camera Systems at International Conference on Computer Vision (ICCV) 

held in Nice, France on October 12, 2003 (“Pinhanez-II”).  The Proceedings were 

published by the ICCV 2003 committee in a CD-ROM distributed to all ICCV’03 

Amazon Ex. 1008.0041



 

33 
 

conference, associated workshops, and courses participants,9 and online at this URL: 

http://lear.inrialpes.fr/people/triggs/events/iccv03/cdrom/index.php. 

1. Authentication 

89. I have evaluated Pinhanez-II in three ways:  (1) by assessing the version 

of this document attached as Exhibit 1014, provided to me by counsel; (2) by 

accessing and reviewing a download of Pinhanez-II that I obtained from the open 

access digital repository CiteSeer on April 25, 2023, appended to this declaration as 

Appendix C-1; and (3) by retrieving and reviewing articles that cite Pinhanez-II, 

published prior to October 1, 2010, discussed further below. 

90. Exhibit 1014 is a copy of Pinhanez-II provided to me by counsel.  I 

have been informed that it was downloaded from the ICCV 2003 website at this URL: 

http://lear.inrialpes.fr/people/triggs/events/iccv03/cdrom/procams03/pinhanez_kjelds

en_levas_pingali_podlaseck_sukaviriya.pdf. 

91. Appendix C-1 is a copy of Pinhanez-II that I downloaded from 

CiteSeer, a respected database stewarded by Penn State University, College of 

 

9 See Information for Authors, ICCV’03, 
http://lear.inrialpes.fr/people/triggs/events/iccv03/author-info.php (last visited May 25, 2023) 
(“We will also be producing a scratch CD-ROM containing all of the ICCV main conference 
papers, many of the workshop papers and course notes, and other supplementary materials. The 
CD-ROM will be distributed to all ICCV main conference, workshop and course participants, 
and most of it will also be made available on the web.”) 
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Information Science and Technology, on April 25, 2023, at this URL: 

https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=6e4804c182b0ed

9e2204b5e229efaea0ba96f2a8. 

92. In order to verify that Pinhanez-II was indeed an article by Claudio 

Pinhanez, I located his Google Scholar record.  Pinhanez’s Google Scholar record is 

attached as Appendix C-2 and can be accessed digitally at: 

https://scholar.google.com/citations?user=YPq3ax4AAAAJ&hl=en. 

93. Pinhanez-II is listed in Pinhanez’s Google Scholar record as shown 

below and on the third page of Appendix C-2: 

 

94. I have compared Exhibit 1014, a copy of Pinhanez-I provided by 

counsel, to Appendix C-1, the digital version I retrieved from CiteSeer.  I have 

concluded that they are the same, which supports my opinion that both Exhibit 1014 

and Appendix C-1 are authentic, true, and correct copies of Pinhanez-Applications. 

95. Additionally, based on my review of Appendix C-2, Pinhanez’s Google 

Scholar record, I have no reason to question that this is an authentic document 

presented by Pinhanez at the IEEE International Workshop on Projector-Camera 

Systems at ICCV in Nice, France, on October 12, 2003. 

Amazon Ex. 1008.0043



 

35 
 

96. My finding of authenticity is further supported based on finding 

Pinhanez-II in digital format on CiteSeer, which is where a publication such as 

Pinhanez-II is likely to be archived and accessible.   

97. Therefore, for the reasons I have described above, I conclude that 

Exhibit 1014 contains an authentic, true, and correct copy of Pinhanez-II.   

2. Public Accessibility  

98. To determine the public accessibility of Pinhanez-II, I researched 

articles that cite Pinhanez-II prior to October 1, 2010.  Appendix C-3 is a true and 

correct screen capture of the Google Scholar entries published between 2003 and 2005 

that cite Pinhanez-II.  The screen capture, which I conducted on May 15, 2023, can be 

accessed here: 

https://scholar.google.com/scholar?hl=en&as_sdt=5%2C47&sciodt=0%2C47&cites

=2989178860379338159&scipsc=&as_ylo=2003&as_yhi=2005. 

99. Appendix C-3 shows nine citations to Pinhanez-II between 2003 and 

2005. Two citations, discussed below, demonstrate the public accessibility of 

Pinhanez-I prior to October 1, 2010.  

100. Appendix C-4 is an article by Andreas Butz, Michael Schneider, and 

Mira Spassova, titled: “Searchlight - A Lightweight Search Function for Pervasive 

Environments” published in Pervasive, in volume 3001, April 2004, on pages 351-

356 (“Butz”).  Butz is listed as citing Pinhanez-II in Appendix C-3.  
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101. I downloaded Butz on April 24, 2023 through the Purdue University 

Libraries at the following URL: https://link-springer-

com.ezproxy.lib.purdue.edu/chapter/10.1007/978-3-540-24646-6_26.  Butz may be 

downloaded for a fee at this link: https://link.springer.com/chapter/10.1007/978-3-

540-24646-6_26. 

102. Appendix C-4, which is a true and correct copy of Butz, lists Pinhanez-

II as a reference, as shown below:  

 

103. Based on this, I conclude that Butz is evidence that Pinhanez-II was 

known and accepted as a scholarly reference when Butz was published in Pervasive 

in its April 2004 issue, which is prior to October 1, 2010. 

104. Appendix C-5 is an article published in Japanese that appears on 

Appendix C-3.  The citation in English is: Toyohisa Nakada, Hideaki Kanai, and 

Susumu Kunifuji, “A Supporting System for Finding Lost Objects by Spotlight,” IPSJ 

SIG Technical Report 2005/3/17, pages 25-30 by Information Processing Society of 

Japan, March 17, 2005 (“Nakada”). 

105. I retrieved Nakada, appended as Appendix C-5, on May 15, 2023 from 

the following open access URL:  
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https://ipsj.ixsq.nii.ac.jp/ej/?action=repository_uri&item_id=42046&file_id=1&fil

e_no=1. 

106. Appendix C-5 is a true and correct copy of Nakada.  Page 30 of Nakada 

includes Pinhanez-II in its list of references as shown below:    

 

107. Nakada’s citation to Pinhanez-II provides further evidence that 

Pinhanez-II was known and accepted as a scholarly reference when Nakada was 

published as a Technical Report by the Information Processing Society of Japan on 

March 17, 2005. 

108. Appendix C-6 is an article by M. B. Kuren and J. Soltani, “An 

Intelligent Disassembly Assistant for Man-Machine Demanufacturing,” published in 

the Proceedings, 2005 IEEE/ASME International Conference on Advanced 

Intelligent Mechatronics., Monterey, CA, USA, July 24-28, 2005 on pages 1109-

1113 (“Kuren”). 

109. Kuren was downloaded by me on April 25, 2023, enabled by my 

emeritus faculty position at Purdue University, through the Purdue University 

Libraries at this URL: 
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https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1511158.  Kuren is 

available for a fee at this URL: 

https://ieeexplore.ieee.org/abstract/document/1511158. 

110. Appendix C-6 is a true and correct copy of the Kuren paper, showing 

Pinhanez-II as the 3rd item in the list of references on page 1113, as shown below: 

 

111. The Kuren article is evidence that Pinhanez-II was known and accepted 

as a scholarly reference when Kuren was presented as a paper at the 2005 IEEE/ASME 

International Conference on Advanced Intelligent Mechatronics., Monterey, CA, 

USA, July 24-28, 2005. 

112. Based on the above, I conclude that Pinhanez-II, submitted in this 

proceeding as Exhibit 1014, is an authentic document that was publicly accessible 

before October 1, 2010.   

D. Exhibit 1015: Claudio Pinhanez and Gopal Pingali, “Projector-
Camera Systems for Telepresence.” IBM Research Report 
RC23308 (W0408-130) (2004); also in Proceedings of the 2004 
ACM SIGMM Workshop on Effective Telepresence, October 15, 
2004, New York, NY.  Sponsored by SIGMM, SIGCOMM, & 
SIGGRAPH, 2004. pp. 63-66 (“Pinhanez-III”). 

113. I have been asked to opine on an article by Claudio Pinhanez and Gopal 

Pingali, titled “Projector-Camera Systems for Telepresence,” published as IBM 
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Research Report RC23308 (W0408-130) in 2004 and in Proceedings of the 2004 ACM 

SIGMM Workshop on Effective Telepresence on pages 63-66 (“Pinhanez-III”).  

Pinhanez-III was presented as a paper at the 2004 ACM SIGMM Workshop on 

Effective Telepresence held on October 15, 2004, in New York, NY.  The workshop 

was sponsored by SIGMM, SIGCOMM, & SIGGRAPH. 

114. For consistency and clarification, Pinhanez-III, when used in this 

report, refers not only to the Pinhanez-III article but also to the publication in which 

it appears, Proceedings of the 2004 ACM SIGMM Workshop on Effective 

Telepresence. 

1. Authentication 

115. I have evaluated the Pinhanez-III reference four ways: (1) by assessing 

Exhibit 1015, provided to me by counsel; (2) by assessing scans of a copy of Pinhanez-

III owned by the Library of Congress, Appendix D-1; (3) by retrieving and assessing 

a copy of Pinhanez-III I downloaded from the ACM Digital Library, Appendix D-2; 

and (4) by retrieving and assessing articles that cite Pinhanez-III prior to October 1, 

2010 (discussed in the Public Accessibility section of Part V.D, infra). 

116. Appendix D-1 is a scan of the copy of Pinhanez-III owned by the 

Library of Congress, provided to me at my request by the WTS on April 25, 2023.  

Appendix D-1 includes: front cover with a label and a shelving number that reads, 

“FT MEADE, Gen Coll, MLCM 2006/41169 Copy 1,” as shown below; title page; 
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verso of the title page (copyright); Foreword with a stamp that reads, “LIBRARY OF 

CONGRESS, NOV 10 2004, COPYRIGHT OFFICE,’ as shown below; Table of 

Contents; and the Claudio Pinhanez article, titled: “Projector-camera Systems for 

Telepresence” on pages 63-66. 

                                        

117. All identifying characteristics, such as stamps and notations, on 

Appendix D-1, are consistent with library practice and procedure that I have observed 

during my career as a professional librarian, specifically with those items held by the 

Library of Congress.  I have no cause for concern about the authenticity or accuracy 

of these identifying attributes.  In addition, Pinhanez-III was found within the custody 

of a library, the Library of Congress, one of the most likely locations for an authentic 

publication to be located. 

118. Evidence of the ownership of Pinhanez-III by the Library of Congress 

will be further explored and detailed in Part V.D’s  section on public accessibility, 

infra. 
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119. Appendix D-2 is a download I made of Pinhanez-III, by my emeritus 

faculty position at Purdue University, through the Purdue University Libraries on 

April 25, 2023, from the ACM Digital Library at this URL: https://dl-acm-

org.ezproxy.lib.purdue.edu/doi/pdf/10.1145/1026776.1026795. Pinhanez-III is 

available for a fee at this URL: https://dl.acm.org/doi/abs/10.1145/1026776.1026795. 

120. After comparing Appendix D-1 and Appendix D-2, I found no 

difference between the two.  I then compared Appendix D-1 and Appendix D-2 with 

Exhibit 1015, provided to me by counsel, and have found no differences among the 

three.  Given the above, I conclude that each of Exhibit 1015, Appendix D-1, and 

Appendix D-2 contains an authentic, true, and correct copy of Pinhanez-III. 

2. Public Accessibility 

121. Appendix D-3 is a true and correct copy of the WorldCat entry for 

Pinhanez-III.  I obtained Appendix D-3 by completing a search on WorldCat on May 

7, 2023 by searching District of Columbia (Library of Congress). 

122. Appendix D-3 shows that Pinhanez-III is the document associated with 

this WorldCat entry, as verified by title (Proceedings of the 2004 ACM SIGMM 

Workshop on Effective Telepresence); publisher and publication date (ACM Press in 

2004); and ISBN (1581139330).  Consistent with WorldCat practice, this entry would 

have been created at or around the time of cataloging by the Library of Congress 

(April 12, 2005, as discussed below). 
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123. As a result, by 2010, Pinhanez-III could have been located by searching 

for the title (Proceedings of the 2004 ACM SIGMM Workshop on Effective 

Telepresence); or by searching the subject headings (e.g., Computer Science – 

Conference papers and proceedings; Multimedia systems; Multimedia systems – 

Congresses; Video telephone; and/or Video telephone – Congresses; among others). 

124. When I searched WorldCat for holdings of Pinhanez-III in the District 

of Columbia, the Library of Congress was second on the list among the 304 shown 

as holding Pinhanez-III worldwide.  

125. By 2010, the search discussed above could have been performed 

anywhere in the world by anyone who accessed WorldCat and its predecessor 

database through an OCLC member library. 

126. Appendix D-4 is a download I made from the Library of Congress 

OPAC (online catalog) on April 24, 2023.  The document cataloged in this record is 

Pinhanez-III as verified by the OPAC record fields including main title (Proceedings 

of the 2004 ACM SIGMM Workshop on Effective Telepresence); publisher and 

publication (ACM Press in 2004); and ISBN (1581139330). 

127. I compared the Library of Congress Classification (call number), 

MLCM 2006/41169, with that shown on the cover.  It is the same on both, except for 

the inclusion of “Copy 1,” which was a shelf indicator location and is not indicated 

in the OPAC or MARC records.  
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128. Pinhanez-III could have been located in the Library of Congress OPAC 

by searching for title (Proceedings of the 2004 ACM SIGMM Workshop on Effective 

Telepresence); and/or by searching the subject headings (e.g., Video telephone – 

Congresses; and/or Multimedia systems – Congresses). 

129. The date stamped on Appendix D-1, as shown below, indicates receipt 

of Pinhanez-III by the Library of Congress on November 10, 2004. After such a 

receipt, it would have been sent to the cataloging department for cataloging/indexing. 

After that, it would have been immediately retrievable through the Library of 

Congress OPAC. 

 

130. Appendix D-5 is the MARC record I downloaded from the Library of 

Congress OPAC on April 24, 2023.  The MARC format provides information about 

the processing of Pinhanez-III by the Library of Congress.  As mentioned above, the 

9XX field in the MARC format is allocated to local libraries to enter information 

specific to that library.  The Library of Congress has reserved the 955 field to indicate 

date of receipt of the published book and cataloging.  The MARC 955 Field in this 

record reads: 
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131. The 955 MARC Field indicates that Pinhanez-III was received by the 

catalog/index department of the Library of Congress on “2005-04-12” (April 12, 

2005), and that it finished cataloging and was sent to the “Ft. Meade” location on 

“2006-08-25” (August 25, 2006). 

132. The print copy of Pinhanez-III at the Library of Congress would have 

been available for public access one week to ten days after it was sent to the Fort 

Meade location on August 25, 2006. 

133. Therefore Pinhanez-III would have been accessible to the public in the 

Library of Congress no later than September 4, 2006. 

134. Once Pinhanez-III was entered into the general collection of the Library 

of Congress, members of the public could access the book by having it brought to 

either the Jefferson or Adams Reading Rooms.  

135. As of 2006, members of the public could read, study, and make notes 

about a selected work in the Library of Congress Reading Rooms.  Further, members 

of the public were permitted to make photocopies of portions of the work while in 

the Reading Rooms.  Accordingly, Pinhanez-III was accessible to interested 

researchers and the general public when it was available at the Library of Congress, 

no later than September 4, 2006. 

Amazon Ex. 1008.0053



 

45 
 

136. Evidence that Pinhanez-III was publicly accessible to researchers is 

further confirmed by articles that cite Pinhanez-III prior to October 1, 2010, thereby 

also confirming authenticity as an acceptable scholarly publication in the field. 

137. Appendix D-6 is a true and correct download of the Google Scholar 

entries that cite Pinhanez-III. The citation list on this download consists of seven 

documents. Of those seven documents that cite Pinhanez-III, three are listed as 

follows: Appendix D-7 (Schmitt); Appendix D-8 (Olwal); and Appendix D-9 

(Weber).  I completed the download of Appendix D-6 from Google Scholar on May 

7, 2023, at this URL: 

https://scholar.google.com/scholar?cites=15663163250938915955&as_sdt=5,47&sc

iodt=0,47&hl=en. 

138. Appendix D-7 is an article by Christian Schmitt, Detlef Schoder, Kai 

Fischbach, and Steffen Muhle, titled “Towards Ambient Business: Enabling Open 

Innovation in a World of Ubiquitous Computing.” This article was published at 

Chapter 10, pages 251-279, in Advances in Ubiquitous Computing: Future Paradigms 

and Directions, which was edited by Soraya Kouadri Mostefaoui, Zakaria Maamar, 

and George M. Giaglis, and published by IGI Global in 2008.  (“Schmitt”). 

139. Schmitt was downloaded by me on April 26, 2023, enabled by my 

emeritus faculty position at Purdue University, through the Purdue University 

Libraries at this URL:  

Amazon Ex. 1008.0054



 

46 
 

https://www-igi-global-com.ezproxy.lib.purdue.edu/gateway/book/53. 

Schmitt is available for a fee at this URL within the published book: 

https://www.igi-global.com/chapter/towards-ambient-business/4925. 

140. Appendix D-7, Schmitt, shows Pinhanez-III in the alphabetical listing 

in References on page 276 as shown below: 

 

141. The citation to Pinhanez-III in Schmitt is evidence that Pinhanez-III 

was known and accepted as a scholarly reference when Schmitt was published in the 

Advances in Ubiquitous Computing: Future Paradigms and Directions in 2008. 

142. Appendix D-8 is a thesis by Alex Olwal titled “Unobtrusive 

Augmentation of Physical Environments: Interaction Techniques, Spatial Displays, 

and Ubiquitous Sensing”, submitted in fulfillment of the requirements for the Doctor 

of Philosophy degree (Ph.D.) on June 5, 2009 at KTH, Royal Institute of Technology, 

Stockholm, Sweden (“Olwal”). 

143. Olwal was downloaded by me on April 26, 2023 from the open access 

link provided by DiVA portal. See DiVA portal “About” page, available at 

https://www.diva-portal.org/smash/aboutdiva.jsf. DiVA portal is “a finding tool for 

research publications and student theses written at . . .  50 universities and research 
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institutions” in Sweden. Id.  I downloaded Olwal at this URL: https://www.diva-

portal.org/smash/get/diva2:217821/FULLTEXT02.pdf. 

144. In Appendix D-8, Olwal, Pinhanez-III is cited in the alphabetical listing 

in “References” on page 70 as shown below: 

 

145. The citation to Pinhanez-III in Olwal is evidence that Pinhanez-III was 

known and accepted as a scholarly reference when Olwal submitted his thesis on June 

5, 2009 at KTH, Royal Institute of Technology in Stockholm, Sweden. 

146. Appendix D-9 is an article by Karsten Weber, titled “Mobile Devices 

and a New Understanding of Presence,” published in Workshop Paper from 

SISSI2010 at the 12th Annual ACM International Conference on Ubiquitous 

Computing, Copenhagen, Denmark, September 26-29, 2010, on pages 101-109  

(“Weber”). 

147. Weber was downloaded by me on April 26, 2023 from this URL: 

https://d1wqtxts1xzle7.cloudfront.net/50467482/20101215053038_Proceedings-

SISSI-2010-libre.pdf?1479784028=&response-content-

disposition=inline%3B+filename%3DA_Framework_for_Communication_and_Inte

ra.pdf&Expires=1694618300&Signature=Es7kd6qs8tCJYdA7UqNFoM~J4wtOx2E

Tamx68famdICkKgnHq1r6OQJCtcdDdAnNIpDQv-
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rpveYavEQagNPN8h38ki51oNZStTD4j6PMMFsFifxBBGWT1MhGCHr9OPFxDk

ochlhMtB7Y5dCrdFNMBK02pGaPuDGLw~4BetuYNOE-

2mOeW5LigBIKWonka0VejJ7-8COAyjLAlCEbj2I295kBJR3k094-

Hx05hfrdHKyV4cCz26Uq4IQyaZoEz7eB0FXfGk-

QdErep2Oa5MFL9mNQKJckiUEHqVbh8xZ-~29cfKbFhhahAzW-

VcpOlIwTCr~Fzq2GysF3z~5MuUVh-w__&Key-Pair-

Id=APKAJLOHF5GGSLRBV4ZA 

148. Appendix D-9, Weber, shows Pinhanez-III as the 17th citation in 

References on page 109 as shown below: 

 

149. The citation to Pinhanez-III in Weber is evidence that Pinhanez-III was 

known and accepted as a scholarly reference when Weber was presented as a paper 

at the 12th Annual ACM International Conference on Ubiquitous Computing, 

Copenhagen, Denmark, September 26-29, 2010. 

150. Based on the above, I conclude that Pinhanez-III, submitted in this 

proceeding as Exhibit 1015, is an authentic document that was publicly accessible 

before October 1, 2010. 
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E. Exhibit 1016: Tamotsu Machino, Yoshito Nanjo, Yoshimasa 
Yanagihara, Hiroaki Kawata, Satoshi Iwaki, and Ken-ichiro 
Shimokura. “Robot-Augmented Communication: A Remote-
collaboration System based on a Shared Field of View in Real 
Space.”  In Proceedings 2005 IEEE/RSJ International Conference 
on Intelligent Robots and Systems, Edmonton, AB, Canada, 
August 2-6, 2005, pp. 3467-3473  (“Machino-I”). 

151. I have been asked to opine on the authenticity and public accessibility 

of an article authored by Tomotsu Machino, et al., titled “Robot-Augmented 

Communication: A Remote-collaboration System Based on a Shared Field of View 

in Real Space,” published in Proceedings 2005 IEEE/RSJ International Conference 

on Intelligent Robots and Systems, Edmonton, AB, Canada, August 2-6, 2005, pp. 

2203-2209, by IEEE in 2005 (“Machino-I”). 

152. For consistency and clarification, Machino-I, when used in this report, 

refers not only to the Machino article but also to the publication in which it appears, 

Proceedings 2005 IEEE/RSJ International Conference on Intelligent Robots and 

Systems.   

1. Authentication 

153. I have evaluated Machino-I in four ways:  (1) assessing Exhibit 1016, 

provided to me by counsel;  (2) requesting a scan of the print copy owned by the 

Library of Congress through WTS, appended to this petition as Appendix E-1; (3) 

reviewing a download of Machino-I that I obtained from the IEEE Xplore on July 7, 

Amazon Ex. 1008.0058



 

50 
 

2023, appended as Appendix E-2; and (4) by retrieving and reviewing articles that cite 

Machino-I, which were published prior to October 1, 2010. 

154. Appendix E-1 is a scan of the print copy of Machino-I owned by the 

Library of Congress, which was obtained by WTS at my request on July 10, 2023.  

155. These scans show: inside front cover and flyleaf, with the endpapers 

indicating ownership by the Library of Congress, as shown below; title page of 

Volume 4; verso of the title page (copyright) with a handwritten call number that reads 

“TJ210.3 .I44 2005, v.4, copy 1”, as shown below; Table of Contents, pages iii-liii; 

and the Machino article on pages 3467-3473.  

          

156. All identifying characteristics of Appendix E-1, including endpapers 

and handwritten call numbers, are consistent with library practice and procedure that 

I have observed during my career as a professional librarian, specifically with those 

applied by the Library of Congress, and support a finding of authenticity.  I have no 

cause for concern about the authenticity or accuracy of these attributes.  Indeed, 
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Machino-I was found within the custody of a library, the Library of Congress, one of 

the most likely locations for an authentic publication to be located. 

157. Appendix E-2 is a copy of Machino-I that I downloaded through the 

Purdue University Libraries on July 7, 2023 from the IEEE Xplore at the following 

URL: https://ieeexplore-ieee-

org.ezproxy.lib.purdue.edu/stamp/stamp.jsp?tp=&arnumber=1545507  

Machino-I is also available for a fee at the following link: 

https://ieeexplore.ieee.org/abstract/document/1545507 

158. I compared Exhibit 1016 with Appendix E-1 and Appendix E-2. I found 

no difference between Exhibit 1016 and Appendices E-1 and E-2, except Exhibit 1016 

has ‘color’, whereas the scans and download are black and white. But the content is 

the same.  Therefore, given that I have located Machino-I in the Library of Congress 

and found it in a publisher proprietary database, I conclude that each of Exhibit 1016, 

Appendix E-1, and Appendix E-2 contains an authentic, true, and correct copy of 

Machino-I.   

2. Public Accessibility   

159. Appendix E-3 is a true and correct copy of the WorldCat entry for 

Machino-I.  I obtained Appendix E-3 by completing a search on WorldCat on July 7, 

2023 with Washington, D.C., as a geographical limitation.  As shown in Appendix E-

3, Machino-I is the document associated with this WorldCat entry, as verified by title 

Amazon Ex. 1008.0060



 

52 
 

and ISBN.  Consistent with WorldCat practice, this entry would have been created at 

or around August 6, 2006, the time of cataloging by the Library of Congress as 

discussed below. 

160. When I searched WorldCat for holdings of Machino-I with the 

geographical designation of Washington, D.C., the Library of Congress was fourth on 

the list among 298 libraries shown to have Machino-I.  As of 2010, this search could 

have been performed anywhere in the world by anyone who accessed WorldCat or its 

predecessor database through an OCLC member library in the early 2000s through 

today. 

161. As of 2010, Machino-I could have been located in WorldCat by 

searching for the title (Proceedings 2005 IEEE/RSJ International Conference on 

Intelligent Robots and Systems) and/or by searching the subject headings (e.g., 

Artificial intelligence; Intelligent control systems; and/or Robotics, among others).  

162. Appendix E-4 is a download from the Library of Congress OPAC on 

July 7, 2023.  The document cataloged in this record is verified by the OPAC record 

fields including main title, publisher and publication date, and ISBN. 

163. I compared the Library of Congress Classification call number, 

TJ210.3.I44 2005, with the call number shown in Exhibit 1016.  It is the same except 

for the inclusion of “v.4 Copy 1,” which was a shelf indicator location and is not 

indicated in the OPAC or MARC records.  
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164. Machino-I could have been located in the Library of Congress OPAC 

by searching for title (Proceedings 2005 IEEE/RSJ International Conference on 

Intelligent Robots and Systems) and/or by searching the subject headings (e.g., 

Robotics-Congresses; Artificial intelligence – Congresses; and/or Intelligent control 

systems – Congresses).  

165. Appendix E-5 is the MARC record I downloaded from the Library of 

Congress OPAC on July 7, 2023.  The MARC format provides information about the 

processing of Machino-I by the Library of Congress.  The 9XX field in the MARC 

format is allocated to local libraries to enter information specific to that library.  The 

Library of Congress has reserved the 955 field to indicate date of receipt of the 

published book and cataloging.  The MARC 955 Field in this record reads: 

955 __ |a jf09 2006-08-01 z-processor |i jf09 2006-08-01 to sl |e jf09 2006-08-01 to 
Dewey |a aa07 2006-08-04 

 
166. The 955 field above indicates that Machino-I was received by the 

Library of Congress on “2006-08-01” (August 1, 2006) and that cataloging was 

completed on “2006-08-04” (August 4, 2006).                                               

167. The physical copy of Machino-I at the Library of Congress would have 

been available for public access one week to ten days after it was fully cataloged on 

August 4, 2006, received labelling, and was transferred to the stacks.  Therefore, 
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Machino-I would have been accessible to the public in the Library of Congress no 

later than August 14, 2006. 

168. Once Machino-I was entered into the general collection of the Library 

of Congress, members of the public could access Machino-I by having it brought to 

either the Jefferson or Adams Reading Rooms.  

169. Evidence that Machino-I was publicly accessible is further confirmed 

by articles that cite Machino-I prior to October 1, 2010. 

170. Appendix E-6 is a true and correct screen capture of two Google 

Scholar entries that cite Machino-I in 2009.   I completed the screen capture on July 

7, 2023, which can be accessed through the following URL:  

https://scholar.google.com/scholar?cites=4216749433296779189&as_sdt=5,47&sci

odt=0,47&hl=en. 

171. Appendix E-7 is an article by Takafumi Matsumaru and Kosuke Akai, 

titled “Step-on Interface on Mobile Robot to Operate by Stepping on Projected 

Button,” published in The Open Automation and Control Systems Journal, volume 2, 

number 1,  in 2009 on pages 85-95 (“Matsumaru – 1”). 

172. I downloaded Matsumaru – 1 on July 7, 2023 from this open access 

URL: https://benthamopen.com/contents/pdf/TOAUTOCJ/TOAUTOCJ-2-85.pdf 
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173. In “References” on page 95 of Appendix E-7, Matsumaru – 1,  

Machino-I is shown as 20th in the list of references, as shown below. (Note that the 

pagination of the article is incorrectly entered.)   

 

174. The Matsumaru – 1 citation to Machino-I is evidence that Machino-I 

was known, publicly accessible, and accepted as a scholarly reference when 

Matsumaru – 1 was published in 2009 in the Open Automation and Control Systems 

Journal, volume 2, number 1.  

175. Appendix E-8 is an article by Takafumi Matsumaru and Kosuke Akai, 

titled, “Functions of Mobile-Robot Step-On Interface” published in the Journal of 

Robotics and Mechatronics, volume 21, number 2 in 2009, on pages 267-276 

(“Matsumaru – 2”). 

176. I downloaded Matsumaru - 2 on July 7, 2023 through Purdue University 

Libraries at this URL: https://www.fujipress.jp/main/wp-

content/themes/Fujipress/pdf_subscribed.php.  It is available without a fee through 

Research Gate at this URL: 

https://www.researchgate.net/publication/263275136_Functions_of_Mobile-

Robot_Step-On_Interface. 
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177. In “References” on page 275 of Appendix E-8, Matsumaru – 2,  

Machino-I is shown as 24th in the list of references, as shown below. (Note that the 

pagination is incorrectly entered.)     

 

178. The Matsumaru – 2 citation to Machino-I is evidence that Machino-I 

was known, publicly accessible, and accepted as a scholarly reference when 

Matsumaru – 2  was published in 2009 in the Journal of Robotics and Mechatronics, 

volume 21, number 2 in 2009, 

179. Based on the above, I conclude that Machino-I, submitted in this 

proceeding as Exhibit 1016, is an authentic document that was publicly accessible 

before October 1, 2010.  

F. Exhibit 1017: Tamotsu Machino, Satoshi Iwaki, Hiroaki Kawata, 
Yoshimasa Yanagihara, Yoshito Nanjo, and Ken-ichiro 
Shimokura. “Remote-Collaboration System Using Mobile Robot 
with Camera and Projector.” In Proceedings 2006 IEEE 
International Conference on Robotics and Automation, Orlando, 
Florida, May 15-18, 2006. ICRA 2006 on pages 4063-4068, 
published by IEEE Robotics and Automation Society, 2006 
(“Machino-II”). 

180. I have been asked to opine on the authenticity and public accessibility 

of an article authored by Tomotsu Machino, et al., titled “Remote-Collaboration 

System Using Mobile Robot with Camera and Projector,” published in Proceedings 
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2006 IEEE International Conference on Robotics and Automation, 2006. ICRA 2006 

on pages 4063-4068. These proceedings were published by the IEEE Robotics and 

Automation Society in 2006 (“Machino-II”). 

181. For consistency and clarification, Machino-II, when used in this report, 

refers not only to the Machino article but also to the publication in which it appears, 

Proceedings 2006 IEEE International Conference on Robotics and Automation, 2006. 

ICRA 2006. 

1. Authentication 

182. I have evaluated the Machino-II reference in four ways:  (1) by 

assessing a copy of Machino-II provided to me by counsel, Exhibit 1017;  (2) by 

requesting a scan from Western University Libraries (London, Ontario) through 

WTS, appended to this declaration as Appendix F-1; (3) by accessing and assessing 

a download of Machino-II that I obtained from the IEEE Xplore database on April 

25, 2023, enabled by my emeritus faculty status at Purdue University through the 

Purdue University Libraries, Appendix F-2; and (4) by retrieving and reviewing 

articles that cite Machino-II, published prior to October 1, 2010, discussed in Part 

V.F’s section on public accessibility, infra. 

183. Appendix F-1 is a scan of the print copy of Machino-II owned by the 

Western University Libraries, obtained for me by WTS on April 11, 2023.  Print 

copies of Proceedings 2006 IEEE International Conference on Robotics and 
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Automation, 2006. ICRA 2006 are rare, because it was a ten-volume print set, 

published nearly at the same time as the digital version; libraries frequently opted for 

the digital version and did not acquire the print copy. However, as discussed further 

in Part V.F’s section on public accessibility, infra, access to Machino-II was available 

through the digital version. 

184. Appendix F-1 is composed of: title page of the 2006 International 

Conference on Robotics and Automation (ICRA), with a bar code partially obscuring 

the title that reads, “Western Libraries UWD”, as shown below; title page of volume 

9 of 10; verso of the title page for volume 9; a print of the fore edge of that reads, 

“U.W.O. Library”, as shown below; Table of Contents on pages iii-lxvii; and the 

Machino article on pages 4063-4068. 

 

 

185. The identifying ownership barcode and fore edge ownership stamp are 

consistent with library practice and procedure that I have observed during my career 

as a professional librarian.  I have no cause for concern about the authenticity or 
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accuracy of this ownership attribute.   Machino-II was found within the custody of a 

library, the Western University Libraries, one of the most likely locations for an 

authentic publication to be located. 

186. Evidence of the ownership of Machino-II by the Western University 

Libraries will be further explored and detailed below in section on public 

accessibility, infra. 

187. Appendix F-2 is a download I made of Machino-II, enabled by my 

emeritus faculty position at Purdue University, through the Purdue University 

Libraries on April 25, 2023 from the IEEE Xplore at this URL: https://ieeexplore-

ieee-org.ezproxy.lib.purdue.edu/stamp/stamp.jsp?tp=&arnumber=1642326.  

Machino-II is also available for a fee at this URL: 

https://ieeexplore.ieee.org/document/1642326. 

188. I compared Appendix F-1 and Appendix F-2, and I found no difference 

between the two.  I then compared Appendix F-1 and Appendix F-2 with Exhibit 

1017, provided to me by counsel, and found no differences among the three.  Given 

the above, I conclude that each of Exhibit 1017, Appendix F-1, and Appendix F-2 

contains an authentic, true, and correct copy of Machino-II. 

2. Public Accessibility 

189. Appendix F-3 is a true and correct copy of the WorldCat entry for 

Machino-II.  I obtained Appendix F-3 by completing a search on WorldCat on May 
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9, 2023, by setting Williamsburg, Virginia as the geographical limiter.  Only three 

holding libraries appear anywhere in the world: Western University, Canada; 

Technische Informationsbibliothek (TIB), Germany; and Kanagawa Institute of 

Technology, Japan. 

190. Appendix F-3 shows that Machino-II is the document associated with 

this WorldCat entry, as verified by title (2006 IEEE International Conference on 

Robotics and Automation, 2006. ICRA 2006; Orlando, Florida, 15-19, 2006) and 

ISBN (0780395050).  Consistent with standard WorldCat practice, entry for these 

conference proceedings would have been created on or about July 14, 2006 at the 

time of original cataloging by a member library (as discussed below relative to the 

MARC record for the proceedings). 

191. As a result, by 2010, Machino-II could have been located by searching 

for the title (2006 IEEE International Conference on Robotics and Automation, 2006. 

ICRA 2006; Orlando, Florida, 15-19), and/or by searching the subject headings (e.g., 

Automation; Automation-Congresses; and/or Robotics).  

192. By 2010, the search discussed above could have been performed 

anywhere in the world by anyone who accessed WorldCat and its predecessor 

database through an OCLC member library in the early 2000s. 

193. Appendix F-4 is a screen capture I made from the Western University 

Libraries OPAC (online catalog) on May 9, 2023.  The document cataloged in this 
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record is Machino-II as verified by the OPAC record fields including main title (2006 

IEEE International Conference on Robotics and Automation, 2006. ICRA 2006; 

Orlando, Florida, 15-19, 2006); publisher and publication (IEEE Robotics and 

Automation Society in 2006); and ISBN (0780395050). 

194. Machino-II could have been located in the Western University 

Libraries OPAC  by searching for title  (2006 IEEE International Conference on 

Robotics and Automation, 2006. ICRA 2006; Orlando, Florida, 15-19, 2006); and/or 

subject headings (e.g., Robotics – Congresses; and/or Automation-Congresses).  

195. Appendix F-10 is the MARC record that I downloaded from the 

Western University library OPAC.  The 008 MARC field reads “008

 060714s2006    njua     b    101 0 eng d.”  This indicates that the proceedings including 

Machino-II were originally cataloged on July 14, 2006.  It is unclear from the MARC 

record which library performed the original cataloging; nevertheless, on or around 

this date, the proceedings would have been added to WorldCat, as discussed above. 

196. Appendix F-5 is a download from IEEE Xplore of the webpage that 

provides access to Machino-II.  On Appendix F-5 toward the lower middle of the 

page it reads: 
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197. The date above of June 26, 2006, provides evidence that Machino-II 

was accessible and retrievable to anyone who had access to IEEE Xplore as of June 

26, 2006 through a personal membership in IEEE, as well as to anyone who had access 

through a subscribing institution to IEEE Xplore, which most research libraries would 

provide.  

198. Evidence that Machino-II was publicly accessible to researchers is 

confirmed by articles that cite Machino-II prior to October 1, 2010, thereby also 

confirming authenticity as an acceptable scholarly publication in the field. 

199. Appendix F-6 is a true and correct screen capture of the Google Scholar 

entries that cite Machino-II between the years 2007 and 2009. This citation list 

consists of six documents that cite Machino-II  during that period of time.  Three of 

these six documents are listed as follows: Appendix F-7, Park; Appendix F-8, 

Kawata; and Appendix F-9, Niitsuma.  I completed the screen capture from Google 

Scholar on May 9, 2023, at this URL: 

https://scholar.google.com/scholar?hl=en&as_sdt=5%2C47&sciodt=0%2C47&cites

=10317471256020941969&scipsc=&as_ylo=2007&as_yhi=2009. 

200. Appendix F-7 is an article by Jongkyeong Park and Gerard Jounghyun 

Kim, titled “Robots with Projectors: An Alternative to Anthropomorphic HRI,” 

published in Proceedings of the 4th ACM/IEEE International Conference on Human 
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Robot Interaction, La Jolla, California, March 9-13, 2009 on pages 221-222. 2009 

(“Park”). 

201. Park, Appendix F-7, was downloaded by me on April 25, 2023 from 

the ACM Digital Library, enabled by my emeritus faculty position at Purdue 

University, through the Purdue University Libraries at this URL: https://dl-acm-

org.ezproxy.lib.purdue.edu/doi/abs/10.1145/1514095.1514146.  Park is available for 

a fee at this URL: https://dl.acm.org/doi/abs/10.1145/1514095.1514146. 

202. Appendix F-7, a true and correct copy of the Park paper, shows 

Machino-II as the 9th citation in the “References” on page 222, as shown below: 

 

203. The citation to Machino-II in Park is evidence that Machino-II was 

known, publicly accessible, and accepted as a scholarly reference when Park was 

presented as a paper at the 4th ACM/IEEE International Conference on Human Robot 

Interaction, La Jolla, California, March 9-13, 2009, and later published in its 

proceedings. 

204. Appendix F-8 is an article by Hiroaki Kawata, Yosuke Takano, 

Yoshiyuki Iwata, Naoyoshi Kanamaru, Ken-ichiro Shimokura and Yoshihiro Fujita, 

titled “Field Trial of Asynchronous Communication Using Network-Based 

Amazon Ex. 1008.0072



 

64 
 

Interactive Child Watch System for the Participation of Parents in Day-Care 

Activities,” published in the Proceedings, 2008 IEEE International Conference on 

Robotics and Automation, Pasadena, CA, USA May 19 – 23, 2008, on pages 2558-

2563 (“Kawata”). 

205. Appendix F-8, Kawata, was downloaded by me on April 25, 2023, from 

IEEE Xplore, enabled by my emeritus faculty position at Purdue University, through 

the Purdue University Libraries at this URL:  

https://ieeexplore-ieee-

org.ezproxy.lib.purdue.edu/stamp/stamp.jsp?tp=&arnumber=4543598. 

Kawata is available for a fee at this URL:  

https://ieeexplore.ieee.org/abstract/document/4543598. 

206. Appendix F-8, a true and correct copy of the Kawata paper, shows 

Machino-II as the 7th citation in the “References” on page 2563, as shown below: 

 

207. The citation to Machino-II in Kawata is evidence that Machino-II was 

known, publicly accessible, and accepted as a scholarly reference when Kawata was 

presented as a paper at the 2008 IEEE International Conference on Robotics and 

Automation, Pasadena, CA, USA, May 19 – 23, 2008. 
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208.   Appendix F-9 is an article by Mihoko Niitsuma and Hideki 

Hashimoto, titled “Spatial Memory for Collaboration Support System in Intelligent 

Space-User Identification Based on Spatial Memory,” published in the proceedings 

of the SICE Annual Conference 2007, Takamatsu, Japan, September 17-20, 2007, on 

pages 3073-3079 (“Niitsuma”). 

209. Niitsuma, Appendix F-9, was obtained for me by the Purdue University 

Libraries Interlibrary Loan Department from the print copy owned by the University 

of Texas at Dallas on April 25, 2023.  Niitsuma is available for a fee at this URL: 

https://ieeexplore.ieee.org/abstract/document/4421519. 

210. Appendix F-9, a true and correct copy of the Niitsuma paper, shows 

Machino-II as the 5th citation in “References,” on page 3079 as shown below:  

 

211. The citation to Machino-II in the Niitsuma article is evidence that 

Machino-II was known, publicly accessible, and accepted as a scholarly reference 

when Niitsuma was presented as a paper at the SICE Annual Conference 2007, 

Takamatsu, Japan, September 17-20, 2007, and subsequently published in its 

Proceedings. 
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212. Based on the above, I conclude that Machino-II, submitted in this 

proceeding as Exhibit 1017, is an authentic document that was publicly accessible 

before October 1, 2010. 

G. Exhibit 1018: Tetsuo Iyoda, Tsutomu Abe, Kiwame Tokai, Shoji 
Sakamoto, Jun Shingu, Hiroko Onuki, Meng Shi, and Shingo 
Uchihashi. “LightCollabo: Distant Collaboration Support System 
for Manufacturers.” In Advances in Multimedia Modeling: 14th 
International Multimedia Modeling Conference, MMM 2008, 
Kyoto, Japan, January 9-11, 2008, Proceedings, vol. 4903, p. 369. 
Springer Science & Business Media, 2007 (“Iyoda”). 

213. I have been asked to opine on an article by Tetsuo Iyoda, et al., titled 

“LightCollabo: Distant Collaboration Support System for Manufacturers,” published 

in Advances in Multimedia Modeling: 14th International Multimedia Modeling 

Conference, MMM 2008, Kyoto, Japan, January 9-11, 2008, Proceedings, volume 

4903, page 369, Springer Science & Business Media, 2007  (“Iyoda”). 

214. For consistency and clarification, Iyoda, when used in this report, refers 

not only to the Iyoda article but also to the publication in which it appears, Advances 

in Multimedia Modeling: 14th International Multimedia Modeling Conference, 

MMM 2008, Kyoto, Japan, January 9-11, 2008, Proceedings. 

1. Authentication 

215. I have evaluated the Iyoda reference four ways: (1) by assessing a copy 

of Iyoda provided to me by counsel, Exhibit 1018; (2) by assessing scans of a copy 

of Iyoda owned by the Cornell University Libraries, appended to this declaration as 
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Appendix G-1; and (3) by retrieving and assessing a copy of Iyoda I downloaded 

from the Springer Link, Appendix G-2. 

216. Appendix G-1 is a scan provided to me at my request by the WTS on 

April 11, 2023 from the copy owned by Cornell University Libraries.  Appendix G-

1 includes: front cover; inside front cover with handwritten call number that reads, 

“QA76.575.I333 2008”, as shown below; a date due slip with a stamp that reads, 

Cornell University Libraries, Engineering Library, as shown below, and a date 

stamped above the “Date Due” slip that reads “MAR 28 2008”, as shown below; title 

page; verso of the title page (copyright) with a handwritten call number that reads, 

“ENGR QA75.575.I333 2008,” and a faint stamp of the Cornell University Libraries, 

as shown below; Table of Contents; and the Tetsuo Iyoda article, titled, 

“LightCollabo: Distant Collaboration Support System for Manufacturers.” 
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217. All identifying characteristics, such as stamps and notations, on 

Appendix G-1, are consistent with library practice and procedure that I have observed 

during my career as a professional librarian, specifically with those items I have had 

retrieved from the Cornell University Libraries.  I have no cause for concern about the 

authenticity or accuracy of these identifying attributes.  In addition, Iyoda was found 

within the custody of a library, the Cornell University Libraries, one of the most likely 

locations for an authentic publication to be located. 

218. Evidence of the ownership of Iyoda by the Cornell University Libraries 

will be further explored and detailed in Part V.G’s section on public accessibility, 

infra. 

219. Appendix G-2 is a download I made of  Iyoda, by my emeritus faculty 

position at Purdue University, through the Purdue University Libraries on May 2, 

2023 from the Spring Link digital database at this URL: https://link-springer-

com.ezproxy.lib.purdue.edu/chapter/10.1007/978-3-540-77409-9_35.  Iyoda is 

available for a fee at this URL: https://link.springer.com/book/10.1007/978-3-540-

77409-9. 

220. I compared Appendix G-1 and Appendix G-2, and I found no difference 

between the two.  I then compared Appendix G-1 and Appendix G-2 with Exhibit 

1018, provided to me by counsel, and found no difference among the three.  Given 
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the above, I conclude that each of Exhibit 1018, Appendix G-1, and Appendix G-2 

contains an authentic, true, and correct copy of Iyoda. 

2. Public Accessibility 

221. Appendix G-3 is a true and correct copy of the WorldCat entry for 

Iyoda.  I obtained Appendix G-3 by completing a search on WorldCat on May 10, 

2023 by setting New York as the geographical limiter. 

222. Appendix G-3 shows that Iyoda is the document associated with this 

WorldCat entry, as verified by title (Advances in Multimedia Modeling: 14th 

International Multimedia Modeling Conference, MMM 2008, Kyoto, Japan, January 

9-11, 2008, Proceedings); publisher and publication date (Springer in 2008); and 

ISBN (3-540-77407-6). Consistent with WorldCat practice, the entry for Iyoda would 

have been added to the WorldCat database on, or soon thereafter, the date of 

cataloging by Cornell University Libraries on March 28, 2008. 

223. Iyoda could have been located by searching for the title (Advances in 

Multimedia Modeling: 14th International Multimedia Modeling Conference, MMM 

2008, Kyoto, Japan, January 9-11, 2008, Proceedings); and/or by searching the 

subject headings (e.g., Computer graphics; Computer graphics – Congresses; 

Multimedia systems; Multimedia systems – Congresses; Visual communication 

Digital techniques; and/or Visual communication Digital techniques – Congresses).  
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224. When I searched WorldCat for holdings of Iyoda in New York, Cornell 

University was on the list among the 497 libraries shown as holding Iyoda worldwide.  

225. The search discussed above could have been performed anywhere in 

the world by anyone who accessed WorldCat or its predecessor database through an 

OCLC member library in the early 2000s through today. 

226. Appendix G-4 is a download I made from the Cornell University 

Libraries OPAC (online catalog) on May 10, 2023.  The document cataloged in this 

record is Iyoda as verified by the OPAC record fields including main title  (Advances 

in Multimedia Modeling: 14th International Multimedia Modeling Conference, 

MMM 2008, Kyoto, Japan, January 9-11, 2008, Proceedings); publisher and 

publication date (Springer in 2008); and ISBN (3540774076). 

227. I compared the Library of Congress Classification (call number), 

QA76.575 .I333 2008, with that shown inside the front cover and on the verso of the 

cover page. It is the same on both.   

228. Iyoda could have been located in the Cornell University Libraries 

Library by searching for title (Advances in Multimedia Modeling: 14th International 

Multimedia Modeling Conference, MMM 2008, Kyoto, Japan, January 9-11, 2008, 

Proceedings); and/or by searching the subject headings (e.g., Multimedia systems – 

Congresses; Computer graphics – Congresses; and/or Visual communication – 

Digital techniques – Congresses).  
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229. The date stamped on Appendix G-1 of March 28, 2008 indicates receipt 

of Iyoda by the Cornell University Engineering Library, as shown below: 

 

230. The date, March 28, 2008, is consistent with the MARC 948 Field 

shown on Appendix G-5. Cornell University’s catalog department designates the 948 

MARC field (as provided in the MARC protocol) for local holding notes.  Cornell 

University Libraries staff insert the date of acquisition in the 948 field for each item 

added to the collections.  The 948 fields read as shown below: 

948   3    ‡a 20080320 ‡h YANKEE ‡i YANK0311.dat 

948   1    ‡a 20080320 ‡b f ‡d fl31 ‡e lts 

231. The date in the 948 MARC FIELD reads: 20080320 (March 20, 2008). 

From my experience of over forty-four years as an academic and research librarian, 

the typical time for an item to be labeled and processed in an academic research 
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Interacting with Steerable Projected Displays
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Abstract

When computer vision is combined with a steerable 
projector, any surface in an environment can be turned 
into an interactive interface, without having to modify or 
wire the surface. Steerable projected displays offer rich
opportunities and pose new challenges for interaction 
based on gesture recognition.  In this paper, we present 
real-time techniques for recognizing “touch” and “point” 
gestures on steerable projected displays produced by a 
new device called the Everywhere Displays projector (ED-
projector). We demonstrate the viability of our approach 
through an experiment involving hundreds of users
interacting with projected interfaces. 

1. Introduction

Most displays today are tethered to special devices
such as monitors. Projectors make it possible to display on
any surface, but are static and typically tied to one
designated surface in an environment. We have developed 
a new device called the Everywhere Displays projector [9], 
or ED-projector, that uses a computer-controlled mirror to 
steer a projected display on to any surface in an
environment, while correcting for distortion caused by 
oblique projection. With the ED-projector, any surface can 
become a display and everyday objects can be enriched 
with information without having to wire them.  

This ability to steer projected displays introduces the 
challenge of interacting naturally with such displays. If 
steerable displays could actually become steerable 
interfaces, it is possible to bring computer access to where 
the user is located or wherever the user desires. Indeed, an 
entire environment can act as the output device of an
invisible computer to which a user’s natural gestures and 
actions are the input. This lends another dimension to the 
vision of ubiquitous computing [12]. 

The ED-projector is composed of an LCD projector, a 
computer-controlled pan/tilt mirror, and a pan/tilt/zoom 
camera. The projector is connected to the display output of 
a host computer that also controls the mirror and the 
camera. The camera is steered to observe the projected 
display. Figure 1 shows two prototypes of ED-projectors

built with off-the-shelf components — rotating mirrors 
used in theatrical/discotheque lighting, steerable cameras 
and LCD projectors.  

The use of projection systems to augment reality has 
been demonstrated by researchers in many different 
situations [7, 8, 10, 11, 13, 14, 16]. However, these 
systems were constrained to a fixed projector that could 
only project information on a limited area of an 
environment. Projected images can become interactive by 
using a vision system to detect the users’ hand gestures [2], 

moving objects [11], or the users’ body position [6]. 
In this paper we document our first attempts at 

interacting with displays produced by the ED-projector. 
Users interact with the projected displays by touching them 
with their hands. These hand gestures are recognized by a 
computer vision system attached to the steerable camera of 
the ED-projector. Gesture recognition poses new 
challenges in the context of projected displays as the 
appearance of the user’s hand changes drastically as it 
moves through the projection, and the projected light 
overwhelms the inherent color of the surfaces. 

Fig. 1: Two prototypes of the Everywhere Displays 
projector.
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2. An experiment on interaction with 
projected displays 

We designed an experiment to both demonstrate and 
test the concept of transforming ordinary surfaces into 
interactive touch-screens. The experiment, which engaged 
hundreds of users in an augmented reality assembly task, 
was conducted in the Emerging Technologies area of the 
computer graphics conference, SIGGRAPH’01. As in any 
assembly task, each individual contributes to the assembly 
of an object by executing specific parts of the assembly 
process. In keeping with the theme of entertainment at our 
venue, we chose the assembled object to be a 60x50 
picture made of M&M1 ’s (multi-colored sugar-coated
chocolates) where each M&M is regarded as a “pixel” of 
the picture. Figure 3 shows an example, based on a portrait 
by Van Gogh. 

In the front of our experimental space is a table; on the 
table lies a flat transparent Plexiglas board coated with
double-sided transparent stick tape. This board is used as a 
mounting “canvas” for the M&M’s and after assembly, as 
the hanging support for the pictures. On the back walls of 
the space are shelves with unlabeled buckets, each 
containing one of the 18 different colors of M&M’s used. 
                                          
1 “M&M” is a registered trademark of Mars, Inc..

Each bucket is covered with paper of different color and
texture. Two other surfaces are also used for projection: a
painter’s palette mounted on an easel and a wood board
first covered with one inch thick foam and then topped 
with white fabric. On the surrounding walls are completed 
M&M pictures, giving users a notion of the final goal of 
the assembly task.  

2.1 The user experience

As the visitor arrives in the space, she sees the image
of an M&M projected on the painter’s palette with the
instruction “Touch to begin”, as shown in Fig. 2a. When
the visitor touches the M&M “button,” the system 
responds by projecting an arrow onto the palette and a 
message inviting the visitor to “Come in.” The ED-
projector is then steered towards the foam-covered-board 
where images of different colored M&Ms are projected 
along with the invitation “Pick a color” (see fig. 2b). Here, 
the user can select which color to place in this iteration by 
simply touching the M&M of the desired color. 

As soon as the system detects the user selecting the 
color she wants to place, it projects a message on the foam 
covered-board, asking the user to get a certain number of 
M&M’s from a highlighted can. The ED-projector then 
rotates the mirror so it highlights the bucket that contains 
the M&Ms of that color. It displays the message “Get n”, 
(where n is the number of M&Ms to be picked up from the 

Fig. 2: Steps followed by each user when placing the M&M’s in the SIGGRAPH’01 demo: a) the entrance panel is 
touched to start the process; b) a color is selected; c) the bucket containing the selected color is projected upon and
the “done” button bucket is touched after the M&M’s are picked up; e) the user places the M&M’s on highlighted 
pixels; e) finger-painting to reveal the full image; and f) a “yes” button is touched after all interaction is done. (c&e
from system camera) 

a b

d e

c

f

Proceedings of the Fifth IEEE International Conference on Automatic Face and Gesture Recognition (FGRí02)
0-7695-1602-5/02 $17.00 © 2002 IEEEAuthorized licensed use limited to: Purdue University. Downloaded on June 08,2023 at 17:17:40 UTC from IEEE Xplore.  Restrictions apply. 

Amazon Ex. 1008.0097



bucket) on the bucket’s frontal face. In addition, a button 
with the word “done” on it, i.e., an image of an M&M
underlined by a pointing finger (see Fig. 2c), is also
displayed on the can. After retrieving the appropriate 
number of M&M’s from inside the bucket, the visitor has 
to touch this “done” button to communicate that the 
picking has been completed (Fig. 2c). Immediately
afterward an instruction to “Go to the table” is projected on 
the bucket and the ED-projector is redirected to the 
Plexiglas board.

Fig. 3: A picture made of M&M’s

The ED-projector then indicates the precise location 
where the M&M’s should be placed (Figs. 2d) by
projecting an image of the target locations on the canvas. It 
also displays the instructions “Place the M&M’s”, and 
“Done ?” and an M&M button labeled “yes”. After the 
user places the M&M’s, she communicates the end of her 
action by touching this button. At this point, the user is 
invited to “Finger paint.” The vision system tracks the 
position of the user’s hand and fills in circles of the 
appropriate color in the vicinity of the fingertip, 
interactively completing the picture (Fig. 2e). At any time 
the user can stop this activity by touching the “yes” button 
to the right of the image (Fig. 2f). The system times out 
after 40 seconds and shows the complete image to the user. 

3. Gesture recognition for user input

A user’s interactions with the Everywhere Display are
detected with a single pan/tilt/zoom camera that is steered 
to follow the projected image. A vision system examines 
the video stream for user actions and generates events for 
the application software. The camera is located adjacent to 
the mirror assembly so that the camera’s view of the user’s 
hand interacting with the display is generally occluded 
only if she occludes the projected image itself, a situation 

that is apparent to the users and which we assume she will 
quickly correct.

The user interface is composed of individual 
interactive components (widgets), similar to the way 
current GUIs are composed of scroll bars, buttons, menus 
and the like.  Each widget provides a basic type of 
interaction, such as triggering an event or controlling the 
value of a parameter.  A widget need not have a visible 
representation on the display.  Just as with current 
interfaces, when the task changes the set of active widgets 
changes as well.  For insights into the design philosophy of 
the user interface see [5]. 

The vision system makes no attempt to model the 
user’s activity.  Instead it examines portions of the video 
stream for image events that indicate a user has interacted 
with a widget, and generates an application event in 
response.  

We have implemented two types of widgets for this 
system: a button the user touches, and a tracking region 
where the location the user is pointing at is determined. In 
both cases the vision system first determines when and 
where the user is pointing.  For buttons it then looks for a 
button touch motion in the trajectory of the pointing 
fingertip.  For tracking it passes the fingertip position 
through a transfer function similar to that described in [4] 
to obtain a pleasing pointing dynamics, and translates to 
the coordinate system of the region. 

3.1 Pointing Detection

Detecting the user’s hand in the context of an ED-
projector presents several challenges. For one the 
appearance of the user’s hand changes drastically as it 
moves through the projection. This makes techniques 
based on color or appearance unusable. Similarly, 
techniques based on background subtraction often give 
unreliable results, as the projected image can completely 
overwhelm the inherent color of the moving surface. 
Hence, many of the techniques used in other gesture 
recognition systems [15] will not work with projected 
displays. 

Even though the appearance of an object will change 
as it moves across a projected image, it will create a region 
of changed pixels that retains the basic shape of the 
moving object (see Figs. 4a and 4b). Therefore each video 
frame is subtracted from the frame before it, and noise is 
removed with computational morphology.   

When people reach out to touch or point at something, 
they use a variety of hand shapes, but almost invariably 
there is a finger that extends further than the rest by some 
amount leading the way.  We assume this fingertip 
provides the most accurate estimate of where a user is 
pointing. 
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We find fingertip-like shapes by convolving a
fingertip template (Fig. 5) over the difference image using
a matching function tuned so that the gray level in the
template determines the desirability of finding a changed 
pixel at that location, and changed pixels in black regions 
of the template are penalized more severely than 
unchanged pixels in the white regions.  If the template does 
not match well anywhere in the image, we assume the user 
is not pointing. 

The fingertip template is deliberately kept short so that 
it will match fingertips that extend only slightly beyond 
their neighbors and will match fingertips within a wider 
range of angles. As a result the template often matches 
well at several points in the image. We resolve between 
these hypotheses by using the “fingertip” furthest from the 
user. 

This approach supports a tracking rate between 5 and 
30 frames/second on a 500 MHz workstation for a
320x240 image, depending on the size of the search region 
and the size of the fingertip template (as determined by the 
expected size of the user's hand). 

3.2 Button Touch Detection

A button touch event is defined to occur when a 
fingertip is in the vicinity of a button, travels away from 
the user to a point within the button and then returns 
toward the user. Button touches are detected by examining
the hand trajectory for several specific patterns that 
indicate this type of motion.  If more than one button is 
present in a configuration, and there is any ambiguity about 
which has been touched, only the button furthest from the 
user is allowed to generate an event. 

This algorithm works very well on interactions where 
the user is asked to touch one button at a time. Importantly, 
it also resists generating an event when the user’s hand 
moves through a button on the way to or from another
location. The algorithm can fail when the user touches 
several buttons without retracting their hand, or “flies” 
their finger around in the image before touching a button.

Notice that although our vision system was built to 
recognize the touching of a button, the image of a button 

tends to elicit from the user a slightly different gesture, the 
pressing of the button. We will address the consequences 
of this difference later. 

3.3 Calibration

For each surface where the user will interact with the 
display, the vision system requires knowledge about the
location and size of the user’s hand. While this
information could be inferred dynamically from the shape
and motion of the changed region, to keep the
implementation simple we obtain it during calibration by 
sizing and rotating a hand icon to match the image of the 
hand.  This approach assumes that the user will approach 
the interaction area from a consistent location each time.  
In practice this assumption worked well for most surfaces, 
but failed often for others. 

During calibration we also show the system the 
location and size of buttons and tracking regions.  A search 
region is identified for each surface in order to help the 
system ignore extraneous movement in the image and 
speed response (see Fig. 4c). 

The optimal recognition behavior varies from surface 
to surface, depending on the requirements of the task.  For 
example on the selection screen (Figure 2b) false positive 
button presses are very disruptive to the demo, while false 
negatives, where the user must press again, are less 
disruptive.  Conversely on the buckets of M&Ms the false 
negative rate is “naturally” higher because the user’s 
pointing behavior is less consistent.  Here false positives 
are less disruptive to the demo, while false negative results 
make the problem worse.  

Several parameters can be used to adjust the inherent 
tradeoffs in the recognition system to match these desired 
characteristics.  In the case of the selection screen we have 

 

Fig. 5: Fingertip template.

Fig. 4. a) Camera view of an interaction with a bucket; b) image difference data; c) overlay of search region
(square), button active area (circle), and the fingertip template shown at the pointing location.

a b c
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the system emphasize a good fingertip template match, 
which has the effect of lowering the false positive rate, but 
increasing the false negative rate.  For the buckets, we 
place less emphasis on a good template match, as users 
tend to point at the can buttons from a wide range of 
orientations.  We also ensure the search region extends 
well above the button so that when the user reaches into 
the can for M&Ms the trajectory is more likely to fly
through the button and not stop inside.

All calibration information for a surface is saved in a 
configuration file that is loaded each time the display
switches to that surface. 

4. Experimental Results 

During the 6 days of SIGGRAPH ’01 more than 650 
people went through our demo and 4 complete M&M
pictures were composed. The camera video stream was
recorded onto tape and the users’ selections were logged. 

One objective of the SIGGRAPH experiment was to 
use the large number of subjects to help determine the 
main issues associated with the usage of projected 
displays, which could then be explored more deeply in 
controlled studies.  Since most of our users were
confronting a novel interaction paradigm, we were not shy 
of giving them instruction as needed.

A problem that we detected early on was the 2 to 9 
second delay required to move the ED-projector’s mirror 
and adjust focus between surfaces. Even the fastest 
transitions seem to be perceived as too long by the users of 
the system. The problem seems to be exacerbated by the 
lack of familiarity with the application, and by not 
knowing on which surface of the environment the display
would appear next. 

To minimize the perceived delay, the interaction was 
changed so that the user always received some information 
about what to expect next before the time-consuming 
mirror movement. For instance, after the user touched the 
“Done” button on a bucket (see Fig. 2c), the instruction 
“Go to the table” was immediately projected. Although this 
helped to alleviate some of the anxiety, confusion and 
frustration we observed before the change, the delays were 
still uncomfortably long. 

Considering that the vision system and the projection 
system were integrated for the first time only in the weeks 
preceding the exhibition, the combined system worked 
remarkably well. A sample with 130 consecutive users 
with 621 button touch events (touching gestures or false
detections) yielded correct detection of touching gestures 
up to 81%, with 12% of false negatives and 7% of false
positives, as shown in table 1. If the buckets are excluded 
from the count, the performance exceeds 89%.

The buckets yielded a high number of errors for
several reasons. The biggest problem was that while
picking M&M’s from the bucket, the user often partially or 
completely occluded the display with their head or back. 

The user’s motion in such situations sometimes triggered 
false positives for the button projected on the bucket.  

Some false negative errors were due to the fact that the 
system was tuned to detect a straight, forward, out-and-
back touch motion and the user sometimes assumed 
otherwise. For example, when picking a color, some users 
would fly their hand over several buttons, then press one 
with a vertical motion that was not readily visible to the 
camera. Others tried to wave their hands through the 
buttons or made similar non-touching actions. The later 
problem seemed particularly acute on non-standard 
interaction surfaces like the buckets.   

The assumption that a user will not interact with an 
occluded button held true for most interactions, but there 
was one instance when it was repeatedly violated.  After 
picking out their M&Ms from a bucket, a user would often 
begin to walk toward the table, then realize that they had 
not touched the “Done” button.  Returning to the bucket 
they would occlude the projection (and camera) with their 
head or back just before they arrived, but they still 
continued to reach out and touch the now dark bucket.   

Finally, we credit the high number of false negatives 
during finger painting to the reduced frame rate when 
simultaneously tracking over a large area and detecting 
touch events. Occasionally the brief interval when the 
finger was inside the button would fall between video 
frames.  

Either when trying to click a button on the hard 
surface of the Plexiglas board or the soft foam board, our 
users almost always applied pressure to the projected 
“buttons.” When a button touch was not detected by the 
vision system, the most common reaction was to try to 
press again with more pressure.  Other common reactions 
were to use the whole hand instead of a finger, and to 
change the touch motion to a wave or some other action.   

To reduce the excessive pressure users would often 
apply to the surfaces, we changed the wording of the 
instruction from “Press to begin” to “Touch to begin” 
(Fig. 7a). Although this helped somewhat, it seems that 
people expect buttons, even projected buttons, to react to 
pressure. 

Users also seemed to react differently to the various 
surfaces on which the display was projected.  Our users 

Success false positives false negatives
Entrance 88% 9% 3%
select board 94% 2% 4%
buckets 55% 33% 12%
board (place) 91% 8% 2%
board (paint) 80% 2% 18%
total w/o buckets 89% 6% 5%
total 81% 12% 7%

Table 1: Performance of the vision system (130 
users).
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looked more tentative interacting with the fabric-covered
soft board and, especially, the buckets than with the 
painter’s palette in the entrance and the Plexiglas board on 
the table.  We often had to tell users to “Click the bucket” 
after picking out the M&Ms, while interaction with the 
more traditional surfaces came naturally.  Are buckets 
expected to be less interactive than tables? Our experience 
at SIGGRAPH suggests an interesting hypothesis: people 
seem to attribute different interactive capabilities to 
surfaces transformed into touch-screens according to the 
nature of the surfaces themselves.  If true, this observation 
may have implications in a variety of areas, e.g. [3]

5. Conclusions 

The ED-projector introduces a new concept: 
projecting an interactive display onto arbitrary surfaces in 
the environment.  This technology can be used as a generic 
input/output device that can replace, in many situations, 
current displays and interactive devices.  Instead of being 
limited to a fixed display, an application can now move to 
wherever it is needed in the environment, such as a phone 
book by the phone, or a database of papers by the file
cabinet. Computer and information access can be provided 
in spaces where traditional displays can be broken or 
stolen. An interactive display can also be brought to the
proximity of a user without requiring the user to move. In
particular, the ED-projector can facilitate the access and
use of computers by people with locomotive disabilities. 
For instance, it can project an interactive display on a 
hospital bed sheet without patient contact with any device.

Projected displays also enable a new set of
applications where a computer acts on the physical world, 
almost like a robotic arm made of light. These applications 
can use the ED-projector to point to physical objects, show 
connections among them, and project patterns to indicate
movement or change in the real world. The experiment 
described here is an example of this class of applications. 
We also see the Everywhere Displays projector as a 
potential enabler of a new generation of games that happen 
not in the virtual world but are projected into the physical, 
everyday world where we live [1].  

  In this paper, the viability of the ED concept was 
demonstrated in an experiment where we guided several 
hundred first-time users through an assembly task.  The 
experiment was too simple to enable us to draw definitive 
conclusions about how people react to a system that 
transforms everyday surfaces into touch-screens. However, 
it has alerted us about some limitations of the technology 
and has suggested guidelines for the design of such 
applications.  For example, it is evident that the switching 
time between surfaces has to be either shortened or filled 
with some sort of user feedback.  

The analysis of our errors in detecting user input 
points out many ways in which we can improve the
performance of the vision system. It has become clear that, 

like in many other computer vision systems, domain 
knowledge is essential to obtaining good performance. 
This might include knowledge of where the user is located 
during the interaction, what types of activities she is likely 
to perform outside the context of the interaction, and what 
types of errors are more or less disruptive to the 
interaction. 

Some of the most interesting research concerns what 
interaction mechanisms are best suited for a display 
projected on an arbitrary surface.  Is a “button” the right 
metaphor for interaction? As we demonstrated, we can 
detect button-pressing actions with reasonable accuracy, 
even with a single camera, but is this the right paradigm 
from the user’s point of view for a widget that detects the 
hand position, not pressure? How can more flexible and 
expressive hand gestures play a role in these interfaces? 
Should other body gestures and natural actions by the user 
also play a role? 
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Screen capture made by J L Mullins from the Linda Hall Library OPAC record for Kjeldsen 
(Fifth IEEE International Conference on Automatic Face Gesture Recognition, Proceedings) 
on June 11, 2023 
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Abstract 
This paper presents a device that creates ubiquitous interactive 
graphics in a real world environment without the need for 
pre-wiring surfaces or requiring users to carry or wear any special 
devices. Called the Everywhere Displays projector, or 
ED-projector, this device employs steerability as the key principle 
to achieve the promise of ubiquitous computing and augmented 
reality. The ED-projector uses an LCD projector with a steerable 
mirror to project graphics onto any pre-calibrated surface, while 
warping the projected image to correct for oblique distortion. 
Three different methods to determine this warping function are 
given. To sense user interaction with the projected image, the 
ED-projector employs a pan/tilt/zoom camera and a motion-based 
computer vision system to track the user’s hand and touch-like 
gestures. We propose a system software structure that ties together 
steering, display, and sensing. Three implemented applications 
demonstrate the notion of ubiquitously “painting” the real world 
with interactive graphics, in the context of a futuristic office, an 
augmented assembly task, and a ubiquitous computer game. The 
observation of hundreds of users performing the assembly task 
suggests that the traditional desktop paradigm is inadequate for 
ubiquitous interaction and that new conceptual widgets and 
interaction paradigms must be developed. 

Keywords: ubiquitous computing; augmented reality; gesture 
recognition; interactive projections; ubiquitous games. 
 
1  INTRODUCTION 
The extraordinary success of computer graphics technology in 
recent years has been responsible for the creation of amazing new 
worlds in movies, interactive computer games, and virtual reality 
(VR) environments. However, this very success poses the question 
of when the real world, where we live and work, is going to be as 
rich with imagery and information as movies and games today. 

This paper describes technology that can be used to 
ubiquitously augment, correct, and enhance reality. Although the 
ultimate goal is to create interactive pixels anywhere in a space as 
seamlessly as it happens in movies (thanks to CG special effects), 
this particular work focus on how to “paint” interactive graphics
on the surfaces of an environment without requiring any kind of 
fixed display devices, special wiring of surfaces or the use of 
encumbering headsets. 

The system described here is based on a new device, the 
Everywhere Displays projector (ED-projector), composed of a 
steerable projection system and a pan/tilt camera. A prototype of 
the projection system has been built using a pan/tilt mirror that 
directs imagery generated by a standard LCD projector. To capture 
user interaction with the projected graphics, the images gathered 
by the camera are processed using computer vision techniques. In 
the current prototype, it is possible to determine the user’s hand 
position in referennce to a surface and to detect simple, touch-like 

gestures, effectively mapping the user’s hand gestures into 
mouse-like events. 

For instance, we have developed a computer game, called 
“Fro…og!”, where a computer generated image of a frog initially
appears “sitting” on the side of a file cabinet (see Figure 1). If a 
player tries to catch it, the vision system detects the player’s hand 
approaching and then shows an image of frog jumping (see 
Figure 1). This is followed by moving the image of the frog to 
another surface, for instance the top of a table by appropriately 
steering the mirror. All this happens in an environment under
normal lighting conditions, ultimately creating the illusion that the 
frog jumps around the space to avoid being caught by the player. 

Our goals, however, go beyond transforming the real world into 
a magical entertaining place. In particular, we envision the 
creation of seamless interfaces to devices on surface of walls and 
everyday objects such as tables, chairs, couches, doors, cabinets, 
and carpets. Currently, only very “special” surfaces such as TVs, 
monitors, and projected screens support the creation of computer 
graphics, and usually require external devices such as mice and 
joysticks to make them interactive. In our paradigm, any surface is 
regarded as generic support for interactive graphics. By projecting 
imagery and detecting user interaction with a camera, it is possible 
to transform every surface into a virtual touch-screen. 

These ideas have been explored in three application prototypes 

 

 
Figure 1. Trying to catch a projected frog. 
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described in the paper. The first in an attentive/interactive office 
space.The second is in the context of augmenting the environment 
of an assembly task by projecting interactive graphics directly 
onto the surfaces of the objects involved. Ultimately we aim to 
realize Mark Weiser’s paradigm of ubiquitous computing (see [1]) 
without having to change the fabric of the world by embedding 
touch-screens on every surface. The thir application is the 
ubiquitous computer game “Fro…og!”. 

This paper starts by comparing our approach and solutions with 
previous work, followed by a description of the technology used in
the prototypes we have built. Although initial ideas on the 
ED-projector have been reported in a previous publication [2], this 
paper presents the device comprehensively including mathematical 
formulation, computer vision based interaction, and three 
implemented applications. Specifically, this paper describes the 
mathematical formulation of the method for correcting oblique 
distortion and presents two new calibration methods for the first 
time. Further, in this paper we describe an integrated, working 
computer vision system that we implemented to track hands and 
detect touches, as well as a way to structure the interface to 
application software. While [2]ellaborates only on conceptual 
mock-ups, this paper describes three implemented applications 
using the ED-projector, followed by a discussion of how novice 
users — in one case, more than 600 of them — have experienced 
and interacted with the application prototype. We conclude by 
examining other applications that can take special advantage of the 
ED-projector and discuss the challenges these new interfaces and 
applications create for HCI research. 

2  RELATED WORK 
In his seminal paper that defined the field of ubiquitous computing, 
Weiser [1] envisioned computers embedded everywhere 
— ubiquitous and transparent. In his view, interaction with 
computers would be accomplished both through direct 
mechanisms linking sensors and actuators and by the widespread 
presence of cheap interactive screens (referred as “pads”) 
embedded on the surfaces of walls, furniture, and objects. Since 
the publication of that paper, different devices and methods to 
implement the functionality envisioned for Weiser’s pads have 
been proposed. In general, those devices and methods can be 
divided into four categories: head-mounted, portable, embedded, 
and projection-based.

A good survey of the current research on head-mounted devices 
and their uses in ubiquitous computing is provided by Barfield and 
Caudell [3], describing both wearable computers and the more
traditional approach of off-body computer power. We see two 
main challenges in this approach First, in order to really connect to 
the physical world, it is necessary to precisely register the position 
and attitude of the head of the user with the environment in real 
time. An examination of the state-of-art of the research in the area 
shows that this is currently achievable only in very constrained 
environments (see, for example, Raskar et al. [4]). 

The second challenge with head-mounted methods for 
ubiquitous displays is that they do not work well in social contexts 
and collaborative tasks. If multiple users are looking at the same 
surface (for instance, a whiteboard), it is necessary to render 
exactly the same graphics on each user’s head-mounted display 
simultaneously. This creates considerable difficulties in terms of 
accomodating different resolutions, rendering speeds, etc. of 
different brands and models of head-mounted displays. In practice, 
it is very hard to guarantee that all participants are seeing exactly 
the same images. 

The second method being studied to create ubiquitous displays 
utilizes portable devices such as laptops, PDAs, and mobile 

phones. Like head-mounted displays, portable devices do not work 
well in social and collaboration tasks (except in very unusual 
conditions such as in multi-player games [4]), and are a nuisance 
to carry and power. 

The third method involves embedding screens or similar 
interaction devices into the objects themselves, as proposed 
initially by Weiser [1] and more recently by Ishii [5]. However, 
even if screens became extremely cheap, this approach requires a 
widespread change in the way everyday objects are manufactured 
and installed. Power and network access (or wireless bandwidth) 
has to be provided to even the simplest object in a home or 
workplace. In other words, this approach requires a drastic change 
of the very fabric of the real world. 

Our approach follows the fourth method of creating ubiquitous 
displays that is based on projection devices. Interestingly, the use 
of projectors to change and augment reality was pioneered by 
media artists such as Tony Oursler [6] and Michael Naimark [7].  
The use of projectors to access computers have been initially 
proposed by Bolt  [8] and Wellner [9]. Recently, more radical 
applications of projectors have been proposed by Morishima et 
al. [10] that enhance the face of an actor, and by Raskar et al. [11] 
to change the color and texture of real objects such as vases and 
architectural models. Although our system does not currently track 
moving surfaces as in the former example, or project onto 3D 
objects as the latter, it can clearly incorporate both features in 
future versions. 

Deviceless interaction with projections was pioneered by 
Krueger [12], using camera-based systems to detect the users’ 
hand and body. The fact that most vision techniques put strict 
constraints on lighting conditions and on the background surfaces 
has restricted the use of these systems to entertainment 
applications such as Keays and McNeil’s metaField [13]. To avoid 
lighting constraints, Omojola et al. [14], Ju [15], and the RED 
project at Xerox Parc [16], among others, embedded sensors on 
the surface where the images are projected. As in the embedded 
approach described before, the widespread adoption of 
sensor-loaded surfaces requires a dramatic change in the objects of 
the real world. Underkoffler and Ishii [17] and Rekimoto [18] used 
visual tags to detect the position and the identity of the objects on 
a surface and to overlay the interaction based on these attributes. 
To avoid the need of tagging all objects in an environment as in 
those two cases, a possible option is the use of object recognition 
techniques (such as those described by Schiele and Crowley [19]). 
However, those techniques currently work only in very 
constrained situations. We believe, though, that incorporating 
object recognition capabilities into our system is an important 
direction to follow, and we plan to do so forspecific applications. 

Vision-based gesture recognition has received a great deal of 
attention in recent years [20], but only a little of that work has 
attended to the problems of gesture recognition in the context of a 
projected display. Because the projected image drastically changes 
the appearance of the hand, most approaches to hand detection are 
based on either background subtraction or motion (frame-frame 
differencing). Our experience agrees with that of von-Hardenberg 
and Berard [21] in that background subtraction does not give 
reliable results in the presence of strong projected images. 

Gesture-based interaction methods tend to fall into one of two 
catagories: either variations of a point-and-click paradigm [21, 22] 
or application-specific pose or motion gestures [23]. Both these 
approaches have disadvantages. The point-and-click approach is 
often not well suited to hand pointing due to limited resolution and 
the lack of a natural "click". On the other hand, a proliferation of 
application-specific gestures will make for a complex gestural 
interface that a user will have to learn and execute largely without 
feedback, as discussed by Kjeldsen in [24]. 
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A major difference between our approach and the cited work on 
the use of projection-based devices to create ubiquitous interactive 
displays is steerability. By directing the projection and vision 
subsystems to a relevant position, it is possible to create new 
“interactive” surfaces in a space without any hardware installation,
addition, or change. Unlike Raskar et al. [25], who use mirrors to 
increase the resolution of multiple-projector installations, we steer 
the image from a projector to realize interactive displays 
everywhere in the workspace. By doing so, we opportunistically 
use the surfaces of the objects present in the environment. We 
believe that steerability is a key feature that creates a real 
alternative to realize the promises of ubiquitous computing. 
However, it has constraints and technical challenges of its own, 
such as obstruction, oblique distortion, and surface texture 
interference. These issues are discussed in the next section where 
solutions to some of these problems are proposed. 

3  THE ED-PROJECTOR 
Our approach to ubiquitous interactive graphics uses a device 
— the Everywhere Displays projector (the ED-projector) — that 
can steer graphic displays onto any surface and can also sense user 
interaction with these steered graphical displays. The ED-projector 
is composed of an LCD projector, a computer-controlled pan/tilt 
mirror, and a pan/tilt/zoom camera. The projector is connected to 
the display output of a host computer that also controls the mirror 
and the camera (see Figure 2). The video output of the camera is 
sent to a digitizer board in the host computer where the imagery is 
processed, as described later. 

Figure 3 shows a prototype of the ED-projector built with 
off-the-shelf components — a rotating mirror used in 
theatrical/discotheque lighting, a standard LCD projector, and a
pan/tilt camera. The projector’s light can be directed anywhere 

within a cone defined by approximately 60 degrees in the vertical 
axis and 230 degrees in the horizontal axis. The camera has a 
maximum vertical viewing range of 88 degrees and a horizontal 
range of 249 degrees, and is thus able to view the projected 
displays as they are steered around.  

In general, a projector needs to be able to project a white 
pattern approximately 10 times brighter than its surroundings to 
create the illusion of contrast. Our current prototype employs a 
3000 lumen projector, which we have found to be sufficiently 
bright in typical home and office lighting conditions to provide 
good contrast in the projected displays. Of course, the perceived 
brightness and constrast is heavily dependent on the color and
material of the projected surface. Although our best results involve 
projection on white surfaces, we have also obtained good results 
projecting on carpets, black objects, and even translucent backlit 
surfaces. However, highly textured surfaces such as natural wood 
and surfaces with high reflectance are, in general, less suited for 
projected displays. 

The three main issues with the ED-projector are 1) correction 
of the projected image to compensate for distortion due to oblique 
projection and surface characteristics; 2) sensing the user 
interactions with the projected displays; and 3) a system software 
structure that enables applications to easily define interactive 
display surfaces. These issues are discussed in detail in the rest of 
this section. 

3.1 Correcting the Projected Image 
Standard LCD projectors are designed to project light in a 
direction orthogonal to the projected surface. In the ED-projector, 
the pan/tilt mirror can deflect the light to multiple surfaces in the
room, but most of the times the projected surface is oblique to the 
direction of projection. The result is a distorted image. 

To correct the oblique projection distortion, we pre-warp the 
image to be projected to compensate for the distortion. It is always 
possible to correct the projected image, as long as the projected 
surface does not have a geometry that occludes the cone of 
projection (see [2] for details). However, the process of warping 
the image normally uses only a fraction of the projector’s image 
plane, causing loss of resolution. We will discuss this issue later; 
first, we address the problem of determining the warping function 
that corrects the oblique distortion. 

Although there are many different ways to determine and 
implement the warping function, it is important to use a method 
that allows fast computation. We choose to implement it using 3D 
computer graphics hardware to texture map the images to be 
displayed onto a mesh in 3D space. If the mesh is appropriately 
warped and/or positioned in 3D space and the virtual camera 
correctly positioned, the projection of the resulting rendered image 
is free of distortion. 

The basic structure of the problem, in the case of planar 
surfaces, is illustrated in Figure 4. We start by defining the 
application plane, a coordinate system where images to be 
projected are positioned within the area of a rectangular mesh M, 
and the projector image plane, the coordinate system associated 
with the LCD matrix of the projector. We also define a projected 
surface to be the real world surface on to which images are 
projected. In addition, we have the camera image plane, the 
coordinate system associated with the CCD matrix of the camera. 

The goal is to define a transformation H from the application 
plane into the projector image plane so the transformation that 
maps the support mesh M into the projected surface is the identity 
I, and, therefore, appears free of distortion from an observer 
orthogonal to the projected surface. Since the process of projecting 
the image can be modeled as a projective transformation P (as 

 

Figure 2. Diagram of the components of the ED-projector. 

  
Figure 3. Prototype of the ED-projector: a) ED-projector 
without the camera mounted; b) a detail of a complete
prototype, including the pan/tilt camera. 
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observed in [26, 27]), we can represent the relationships among 
the planes as matrices in planar homogeneous coordinates, 
I PH= . Since H and P are projective transformations and 
therefore invertible, we obtain:

1H P−=

Similarly if P′ is the projective transformation between the 
camera image plane and the projected surface, and vH is the 
transformation from the application plane to the camera image 
plane, we have vI P H′= . Although there is no easy direct way to 
compute the projection function P, we developed three different
methods to determine the actual value of H for a given surface. Of 
course, H and vH  are different for each planar surface in an 
environment. 

1st method: Using an Equivalent 3D Virtual CG World 
This method, first described in [2], is based on the fact that, 
geometrically, projection is the inverse of camera viewing. So, it is 
possible to model the projection by simulating the camera view by 
rotating, scaling, and viewing the support mesh M in 3D space. 

Given the n mesh points in 2D projective space, 
[ 1]x y

i i im m m= , 1 i n≤ ≤ , let M be the matrix of all n  points, 
1 2[ ]T T T

nM m m m= K . This mesh can be “positioned” in the XY 
plane of the 3D space by multiplying it by the matrix

1 2

1 2

1 0 0
0 1 0
0 0 0 0 0 0
0 0 1 1 1 1
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n

y y y
n

m m m
m m mK KM

  
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We can then simulate the proces of projecting the mesh as the 
inverse of the process of “viewing” the appropriately positioned 
mesh in 3D space. That is,

1
f x y x y x y zP M P R R S S T T R K M− =  

where , ,x y zR R R  are rotation matrixes in 3D homogeneous 
coordinates, ,x yS S  are scale matrixes, ,x yT T  are translation 
matrixes, and fP  is the 3 4× projective matrix with focus 
point f. Since 1H P−= , we obtain

f x y x y x y zH P R R S S T T R K=

Notice that all the matrices that compose H, with the exception 
of K, correspond to standard projection parameters of computer 
graphics boards. Therefore, to implement this method it is only
necessary to determine these individual parameters, load them into 

the hardware, and command the graphics board to render the 
scene. 

To determine the projection parameters for a given surface we 
start by texture mapping a calibration pattern to the mesh M.
Starting off with default values for the projection parameters that 
render the mesh on the center of the projector image plane without 
warping (i.e., H I≈ ), we iteratively change each of the 
projection parameters until the projection of the pattern on the 
projected surface is observed to be identical to the original mesh. 
We then record these parameters and reload them whenever the
ED-projector is aimed at that surface. Although conceptually 
simple, this iterative process of determining the right projection 
parameters is typically very time consuming. 

2nd method: Manual Determination of Corresponding Points 
This and the following method are based on the fact that projective 
transformations can be completely determined if the 
corresponding coordinates of four points in each 2D projective 
space are known (as shown by Faugeras [28]). 

In this method, four points [ 1]x y
i i ia a a= , 1,2,3,4i = , are 

directly rendered on the projector image plane. We  then iteratively 
move these points over the projector image space with a pointing 
device such as a mouse until their projections overlap the location
of four known points on the projected surface, [ 1]x y

i i ib b b= , 
1,2,3,4i = . For greater accuracy, we can choose these four points 

to be the corners of the mesh M. 
It is easy to see that if the projected points are aligned with the 

projected surface points then PA B= , where 
1 2 3 4[ ]T T T TA a a a a=  and 1 2 3 4[ ]T T T TB b b b b= . By computing the 

pseudo-inverse, 

( ) 1T T T TPA B PAA BA P BA AA
−

= → = → =  

Since 1H P−= , we obtain 1( )T TH AA BA −= . To implement 
this procedure, we simply construct a warped mesh M′ in 3D 
projective space by computing M KHM′ = , texture map the 
image to be projected on it, and use the graphics engine to render 
it in real time. 

As we see, the calibration procedure of this method is quite 
simple and fast, requiring only a few minutes for the manual
alignment of the four projected points. Although similar to the 
method proposed by  [29], here the use of the 3D mesh M and the 
computer graphics hardware yields much faster rendering speeds. 

3rd method: Using a Camera and a Paper Pattern 
In this method, we employ the ED-projector camera so we can 
avoid any manual calibration procedure. In [30], Yang et al. have 
proposed a method to automatically determine the warping 
function using a projector/camera pair. Unfortunately, their 
approach requires precise 3D calibration of the relative attitude of 
the camera to the projector and, in practice, a considerable 
baseline distance between them. In particular, it does not work 
with the ED-projector that aligns the projector and the camera axis 
as much as possible to avoid user’s obstruction of the camera’s 
view.

Instead, we propose here a method that employs a paper pattern 
positioned on the surface to be calibrated so it is aligned with the 
desired coordinate system. No relative 3D or 2D calibration is 
necessary, although we assume that the camera has been
positioned in such a way that it has a complete view of the 
projected surface. Under these conditions, we can define a 
projective transformation P′  between the camera image and the 
projected surface (see Figure 4). This transformation can be 
determined automatically by processing an image of the pattern 
and extracting the camera image coordinates of the corners,

[ 1]x y
i i ic c c= , 1,2,3,4i = . Assuming the coordinates of the 

  
Figure 4. The transformations between the application plane,
the projector’s image plane, the camera’s image plane and the 
projected surface. 
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pattern corners to be identical to the mesh M in application space, 
[ 1]x y

i i ib b b= , 1,2,3,4i = , we obtain P C B′ = , and computing 
the pseudo-inverse, 

( ) 1T TP BC CC
−

′ =  

To complete the computation of the transformation H, it is 
necessary to determine the correspondence between the projector 
and the camera image planes. This can be done by projecting a 
pattern with four non-colinear points rendered on the projector 
image plane [ 1]x y

i i id d d= , 1,2,3,4i = , and obtaining four 
points on the projected surface, [ 1]x y

i i ie e e= , 1,2,3,4i = . Then, 
by image processing the image of the pattern, it is possible to 
determining the coordinates of its four corners on the camera 
image plane, [ 1]x y

i i if f f= , 1,2,3,4i = . 
Since 1 2 3 4[ ]T T T TE e e e e=  corresponds both to the projection 

of 1 2 3 4[ ]T T T TD d d d d= by the projector, PD E= , and to the 
captured image of the pattern, P F E′ = , we obtain PD PF′= . 
Computing the pseudo-inverse, we obtain 1( )T TP PFD DD −′=  
and therefore

( ) 1T TH DD PFD
−

′=  

As in the previous method, this transformation is implemented by 
computing a warped mesh M KHM′ = . 

One problem with all these three distortion-correcting methods 
is that they project displays with resolution lower than the 
projector’s resolution. The distortion-correction process normally 
fits an irregular quadrangle into the 4:3 viewing area of typical 
displays. A considerable amount of display area, and thus 
resolution, is lost in the process. We have employed standard 
1024x768 XVGA projectors in our prototypes. Due to the loss of 
display area created by the distortion correction process, the final 
display resolution has approximately corresponded to VGA, i.e., 
640x480 pixels. 

3.2 Sensing Interaction on Any Surface 
To support the ability to interact on any surface we use a pan/tilt 
camera feeding custom image processing and gesture recognition 
engines. This process has been detailed in another publication [31], 
but will be outlined here for completeness.

Image processing in this domain is both simplified and made 
more difficult by the strong light of the projected image. It is 
simplified in the sense that the lighting environment is very 
consistent because the dynamic range of the projection swamps all 
but major changes in ambient light. It is made more difficult 
because the appearance of the user’s hand can be severely 
distorted as it passes through the projected image (see Figure 5.a). 

Although parts of the hand can be hard to detect in a static 
image, by looking at the differences between adjacent images in
the video stream, we can still detect the shape of a moving object 
as shown in Figure 6.a and b.The use of motion for segmentation 
instead of background subtraction techniques (such as [32]) also 
makes it easier to accommodate the variability in the projected 
image caused by the texture of the surface it is projected on. This 
motion mask forms the basis of subsequent image understanding.

To provide interaction in a flexible and consistent manner we 
use the notion of interface widgets . Each widget generates 
computer or application events in response to a particular user 
motion in a region of the image. We currently use three types of 
widgets: buttons that respond to touch-like motions; sliders, 
1-dimensional tracking regions, and touch pads, which are 
2-dimensional tracking regions. 

These three widget types rely on tracking the user’s fingertip. 
Convolution template matching is used to find fingertip candidates
in the motion mask image described above. The candidates are 
evaluated using spatial clustering and domain specific heuristics, 
such as the distance from the user, to determine the best estimate 
of whether there is a fingertip in the image and where it is 
currently pointing. The trajectory created by this point over a 
sequence of video frames is examined by each widget to determine
when it should trigger an event. 

Touch pad widgets smooth the fingertip trajectory and map it 
into the touch pad coordinate system. Motion events are only 
generated when the fingertip is within the touch pad’s borders. 
Sliders are simply a 1-dimensional version of touch pads. 

Buttons, however, are more complex widgets. What buttons 
attempt to detect is when a surface in the environment is touched. 
Inferring the distance of the fingertip to the surface using the 
shadow proved to be difficult and unreliable. Fortunately, people 
tend to interact with real-life buttons by moving in a characteristic 
forward/pause/backward pattern, and this seems to carry over well 
to projected buttons. Our implementation of buttons takes 
advantage of this movementpattern. 

To determine when a user has touched a button we look for a 
roughly linear sequence of fingertip locations that persists for 
250ms or longer, with speed within a set range, that either ends or 
begins with a pause (i.e. the fingertip template did not find a match 
in the motion mask). A button generates its event when the pause 
in such a trajectory occurs within it (see Figure 6.c). In other 
words, we are looking for the user’s fingertip to travel in one 
direction for ¼ second and stop within the button, or start moving 
from the button and move in a consistent direction for ¼ second. 
These approximations for the motion of a fingertip in the moments 
before and after it touches a button seem to be universal: almost 
every button touch either starts or ends that way. Interestingly 
though, many button touches only have one or the other of these 
motions. Of course, adjustments are needed in the case of people 
with tremors or other motor disabilities. 

  
Figure 5. Difficulties faced by the vision system: a) the user’s 
hand is partially hidden by the strong projection; b) the 
interactive surface is occluded by the user’s shoulder as he 
moves to gather objects from inside a bucket. 

   
Figure 6. Detecting a touch: a) camera view of an interaction 
with a bucket; b) image difference data; c) overlay of search 
region (square), button active area (circle), and the fingertip 
template shown at the pointing location. 

a b

a b c 
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One of the interesting problems in this domain occurs when 
users occlude buttons as shown in Figure 5.b. Our experiments 
with users, even novices, have shown that they naturally avoid 
obstructing the projection if they are attending to it, but they are 
quite bad at staying out of the way when they are working with the 
physical world instead. Buttons have inherent resistance to 
triggering in these types of situations because any motion must 
pass several tests before it generates an event. It must resemble a 
fingertip for several frames; during that time it has to travel with a 
consistent direction and velocity and stop within a button. Such a 
sequence sometimes occur as a result of a chance combination of 
errors, contributing to a somewhat higher false positive rate for 
some buttons, particularly those which the user occludesfor a 
period of time  rather than just passes through.  

By using both the shape of the moving region as well as an 
analysis of its trajectory, this touch detection method gives far 
better accuracy than using either one alone. Because it relies 
directly on image data, rather than building an explicit model of
the hand, it is computationally efficient enough to run at high 
frame rates on standard hardware. 

Widgets can be combined in various ways in order to perform a 
complete interaction with the user. However, configurations of 
widgets are defined independently of the surface where they are 
used. That is, if an application interface using a set of buttons is 
moved to different surfaces, it is not necessary to define each 
button for each surface. Instead, the location of a widget within the 

camera image is determined at run time by appropriately mapping 
the configuration onto the camera image plane. In this case the 
surface refers to a set of camera parameters. These parameters, 
like those of the projector, have to be calibrated in advance. In 
particular, the calibration process has to determine the 
transformation vH  between the widget coordinate system and 
the camera image (as shown in Figure 4). Calibration of surfaces is 
performed using methods analogous to the 2nd and 3rd methods of 
projection calibration, although information about the expected 
location of the user, and the size of their hand, has to be obtained 
during an extra, special calibration step (see [31]for details). 

3.3 Integrating Displaying and Sensing
The two preceding sections described the techniques and 
subsystems that provide the display (output) and sensing (input)
functionality of the ED-projector. This section discusses the 
integration of these separate subsystems in a manner that affords 
application development and human interaction. One of our 
primary objectives here is to enable a specific user interaction to 
occur on any calibrated surface in a room without requiring the 
customization of this interaction for every surface. This leads to a
clear separation of the abstract definition of an interaction from the 
actual surface upon which it occurs. 

Our widgets are constructed using the standard Model View 
Controller (MVC) design pattern structure [33]. In our case, the 
projector subsystem is resp onsible for rendering the view, while 
the vision subsystem provides the controller input events. The 
definition layer of Figure 7 shows the separation of the display and 
interaction areas that are reponsible for the definition of the view 
and the interaction respectively. Display and interaction will often 
overlap as shown by the square overlapping buttons on the right of 
the display area. Provision is also made, however, for allowing 
interaction to occur in a region where nothing is displayed, as 
shown in the large rectangular region on the right of the 
interaction area. Notice that the display area here corresponds to 
the mesh M of the application plane decribed before (see also 
Figure 4). 

Every interaction surface in a physical space is named and 
initially calibrated by the projection and vision subsystems 
yielding the transforms H and vH  respectively. H corrects the 
projected image while vH  provides the transformation to the 
camera image, for a specific surface as described in the prior
sections. Figure 7 demonstrates the flow of definitions for display 
images and interaction data (widget data) from the definition layer 
to the mapping layer. During run-time, the system software 
automatically maps (through the warping functions H and vH ) 
the definition layer data into the projected image and the camera 
view associated with the current surface. The result is a projected
image that generates application events when user gestures occur 
in the areas defined in the camera view, as shown in the 
integration layer of Figure 7. 

4  PAINTING WITH INTERACTIVE 
GRAPHICS 

To better understand how to use projected interactive graphics and 
how users relate to them, we have designed and implemented three 
application prototypes using the ED-projector. In the first 
application, an office space is augmented with dynamic wallpapers, 
visual notifications of messages, and computer access from 
multiple surfaces. The second prototype explores an assembly task 
where the instructions are projected directly onto the surfaces of 
the objects involved in the task. The third prototype is the “catch 
the frog” game described in the introduction to this paper.  

 
Figure 7. Process of creating an interactive surface on a table. 
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4.1 An Office Application 
The first prototype application in which we have deployed the 
ED-projector is a futuristic personalized and context -aware 
workspace. The workspace has an 8’ by 10’ footprint and 
incorporates several sensors for measuring ambient lighting, 
temperature, humidity and noise level. Users and visitors to the 
workspace wear active badges that facilitate presence detection 
and identification. The desk chair is equipped with a pressure 
sensor connected to a wireless micro-controller, which detects if a 
person is sitting in the chair. This environment incorporates an 
ED-projector, strategically located to maximize coverage of the 
workspace. In this setting, we have used a non-interactive version 
of the ED-projector to facilitate greater personalization of the 
environment and to free its users from the confines of the desktop 
displays. 

The presence of an ED-projector in the office tranfigures the 
space into an extended graphical display and enables the user to 
have a favorite painting on a wall, receive important notifications 
on surfaces that catch their attention, or use a tabletop as a display 
when collaborating with a colleague (see also the video figure). 
Figure 8.a shows an example of a dynamic wallpaper created by 
the ED-projector. The user can similarly have a virtual window 
that is connected to a live webcam looking at her favorite scenery 
(effectively making it a window office) or monitoring her child at 
home. The ED-projector can automatically switch to a neutral, less 
personal image when a co-worker comes to the office, based on 
the active badge. 

Figure 8.b illustrates an urgent notification to the user 
appearing on a surface close to the user’s current location. Here, 
the smart office detects that the user is seated at the desk and steers 
the notification right to the surface of the desk. By determining the 
position of the user, the system is assured that the user will see the 
urgent message without having to rely on the traditional sound 
alerts which tend to be disruptive to people working in a shared 
environment. 

Another example of the utility of a steerable display is seen in 
Figure 8.c where two colleagues have created a computer desktop 
display on the working surface of their choice. Here, interactive 
capabilities, provided by a camera system, are planned to be 
incorporated to facilitate collaborative work. 

4.2 Augmenting an Assembly Task
The ED-projector can be seen as a device for augmenting reality – 
a beam of light that can add information on to real world objects 
by highlighting them, adding text or images, flashing etc. For
example, the ED-projector can show the user an object they are 
searching for, or indicate the procedure for an assembly task, and 
even where to place a part in an assembly.  

We developed a prototype assembly task to highlight these 
themes of augmented reality and interaction anywhere. In this 
prototype application, which was experienced by hundreds of 
novice users in a major technical exhibition, the object to be 
assembled is a picture made of M&M’s (multi-colored 
sugar-coated chocolates) where each M&M is regarded as a pixel 
of the picture. 

The theme of interactivity anywhere is demonstrated several 
times in this prototype application (see also the video figure). 
Figure 9.a shows a white fabric on a table transformed into an 
interactive menu for color selection. The user simply touches the 
color of his choice to select it. Figure 9.b shows a “clickable”
button appearing on a paint bucket that contains the M&M’s of the 
selected color. Figure 9.b and c highlight the augmented reality 
and user assistance aspects of the system. In Figure 9.b the system 
highlights the bucket that contains the M&M’s of the selected 
color, and also provides additional information on how many 
M&M’s to pick. In Figure 9.c, the system points the exact places
on the picture board where the M&M’s should be placed. 
Figure 9.d shows another combination of interaction and 
augmented reality: the user moves her hand over the surface to 
interactively reveal the rest of the picture being built. 

More than 650 people participated in this augmented assembly 
over 6 days and completed 4 different M&M pictures. Considering 
that the vision system and the projection system were integrated 
for the first time only in the weeks preceding the exhibition, the 
combined system worked remarkably well. A sample with 130 
consecutive users with 621 button touch events (touching gestures 
or false detections) yielded correct detection of touching gestures  
in 81% of the events, with 12% false negatives and 7% false 
positives. If the bucket events are excluded from the count, the 

 

 
Figure 8. Uses of the ED-projector in an office application: 
a) to create dynamic wallpapers; b) to provide silent 
notification of e-mail; and c) to create a computer desktop on 
a working surface. 

a

b 

c
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performance exceeds 89%. A detailed account of the reasons why 
buckets yielded more errors is given in [31]. 

The experiment also revealed that users are readily able to 
relate to the notion of steerable interactive graphics. We also 
observed the value of the projection creating a shared experience 
between the users and the people observing the demo: in many 
cases, users learned the interaction process by first watching other 
users; and frequently, observers helped users suggesting what to
do next. As mentioned before, a major advantage of projection 
over goggles is precisely this “social” nature of projection. 

An interesting observation is that our users were less hesitant to 
interact with the fabric-covered interactive color selection 
menu (Figure 9.a) and the M&M placement board (Figure 9.c,d) 
than with the paint buckets (Figure 9.b). When they went to a 
bucket to pick up M&M’s, many of them did not realize that they 
had to click the big “done” button on it (see also Figure 6.a). We 
had expected that, since this was the third occasion for touch 
interaction in the demo, users would quite naturally press the 
button on the bucket as instructed. Most of the time, this was not 
the case. To help the users in that situation we often gave them 
verbal instructions such as “Click the bucket,” aiming to make 
clearer that there was, in fact, a button on the bucket. 

4.3 “Fro…og!” 
The ED-projector’s unique characteristic of being able to quickly 
move the projected image to different surfaces is being explored in 
a computer game for young children. In this game, called 
“Fro…og!”, an image of a frog is projected on a surface.
Whenever the child tries to touch the frog, the camera detects her 
approach, and the frog “jumps” to another surface, that is, the 
projector moves the image to a wall or the top a chair. 

Figure 1 shows two pictures of a user playing with the current 
prototype of “Fro…og!”. The basic idea is to define surfaces in the 
environment where the animated frog can jump to. Whenever the 
user’s hand approaches the frog, the next surface is randomly 
chosen, and an image of the frog jumping in that direction is 
briefly shown. After landing on the new surface, a simple 
animation of the frog jumping up and down is projected, so it 
becomes easier to find the frog in the environment. 

In the next development phase of this game we plan to 
integrate it to a system that tracks the position of multiple children 
in the room, so the frog can jump to surfaces which are far from 
most players. Tracking is also particularly important to avoid

projecting the frog directly onto the players which, in this scenario, 
can easily break the illusion of the game. 

5  DISCUSSION 
Having shown how we implemented a working prototype of an 
ED-projector and deployed it in three different applications, it is 
interesting to explore other possible applications and scenarios,
and discuss how to design efficient interfaces for them. 

5.1 Other Applications 
We see two classes of applications of the ED-projector to create 
ubiquitous interactive graphics. The first involves the creation of 
computer interfaces anywhere, while the second deals with 
augmented reality in a variety of public and private spaces. 

In the first class of applications, we regard the ED-projector as
a generic input/output device that can replace, in many situations, 
current displays and interactive devices by creating computer 
desktop -like interactive displays on non-tethered surfaces. For 
example, a desktop application can be projected directly on any 
surface, as previously suggested by Wellner [9] and as 
demonstrated in subsection 4.1 . Unlike the interactive whiteboard
described in [34], the projected application can be easily moved 
around the room, for instance, from a whiteboard on the wall to 
the top of a desk for more detailed reading. Similarly, the 
ED-projector can be used to bring information to the physical 
location where it is used or needed. For example, a database 
application managing reports can be projected on top of the file 
cabinet with hard copies of the reports. 

In the second class of applications the ED-projector can 
augment reality by pointing to physical objects, showing 
connections among them, and projecting patterns to indicate 
movement or change in the real world. The prototype assembly 
task described in subsection 4.2 is a typical example of this class 
of applications. Another example applies to a library in which 
directions are provided to a user looking for a book by projecting 
arrows on the floor, walls and shelves, and finally by highlighting 
the desired book. 

Steerable graphics produced by the ED-projector can also aid in 
collaborative work by providing large displays on convenient 
surfaces, and allowing easy reconfiguration of meeting spaces for 
different functions and teamwork styles, in similar ways to the 
office project described in subsection 4.1 . 

The ED-projector can also be used to provide computer and 
information access in environments where traditional displays are 

    
Figure 9. The M&M picture assembly task: a) choosing a color; b) “clicking” a bucket after getting the M&Ms; c) placing the M&Ms on the 
highlighted areas; and d) “finger painting” to reveal the complete picture. 

a b c d
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difficult to install, secure, or maybe unsafe to operate, such as 
public spaces and areas subject to harsh environmental conditions. 
The device also permits an interactive display to be brought to the 
proximity of a user, eliminating the need for the user to approach a 
traditional, fixed display. In particular, the ED-projector can 
facilitate the access and use of computers by people with 
locomotive disabilities. For instance, it can project an interactive 
display on a hospital bed sheet without requiring the patient to 
contact any device. 

We also see the ED-projector as a potential enabler of a new 
generation of games where interaction happens not in the virtual 
world but in the physical world such as the “Fro…og!” game 
described above. Unlike games based on phones and portable 
computers [4], the use of the ED-projector provides 
high-resolution displays where characters and fantastic objects can 
move from surface to surface, creating a game that surrounds the 
players. Using video input, various user actions can be detected 
depending on the game needs, for example, hand gestures, body 
movements, foot action, and/or facial expressions. Above all, a 
single ED-projector installed on the ceiling of a living room or an 
arcade, using just software commands, can completely reconfigure 
the space to create different games according to the interests, age, 
and motor skills of the players. 

The scenarios examined so far are chiefly concerned in creating 
ways for humans to command computers and/or obtain 
information. However, we see the projecting of interactive 
graphics ubiquitously as a way to provide computer agents the 
ability to “reach and touch” the real world and the people that 
inhabit it. By using projected patterns, it is possible to make 
computers not only interact with people, but act and coordinate 
them. For instance, a computer agent can control people in a line
by projecting red lines and green arrows around the people on the 
line. A steerable projector system is, thus, able to create a “body”, 
composed of light, for an agent. From this perspective, we may be 
creating an interface to the real world for computers. 

5.2 Human Interface Issues 
As foreseen by Weiser [1], ubiquitous interactive graphics do not 
seem to follow the standard paradigm of interaction based on the 
desktop metaphor. In our M&M demonstration, we had the 
opportunity to observe more than 650 novice users experiencing a 
scenario of true ubiquitous computing, in the context of an
assembly task. On one side, we observed that they quite naturally 
accepted the idea of augmenting reality with information directly 
projected on objects. Moreover, we saw they naturally change 
their body’s position to minimize problems like the shadow of 
their arms and body over the board. People seemed not only to 
accept projected graphics naturally but also to compensate for its
limitations. 

However, when trying to click a button, the users almost 
always applied pressure onto the projected surface with their 
fingers. Also, whenever a button touch was not detected by the 
vision system, the most common reaction was to press again with 
more pressure and, if still not successful, using the whole hand 
instead of a finger. It seems that people expect buttons, even 
virtual buttons, to react to pressure and not to touch, and to fail if
enough pressure is not applied on them. 

This observation clearly illustrates the limitations of the 
hand-as-a-mouse paradigm used in the M&M demo. Although it is 
easier for users to relate the ubiquitous experience to their 
everyday contact with desktop interfaces, the metaphor proved to 
be misleading to the true nature of the interface. Unlike a mouse 
that has appropriate haptic feedback for clicking gestures,
touching a projected button is devoid of feedback movement. 

Similar observations prompt us to believe that a new paradigm for 
interaction with projected screens must be developed, with new 
kinds of widgets, tuned for the natural capabilities and limitations 
of projection and gesture-based interaction, just as the point and 
click paradigm is tuned for the characteristics of a physical mouse. 
Touch-screen-like interactions do translate better to the projected 
interface domain. Although our widgets are not based on surface 
contact, the widgets we have found useful so far (buttons, scroll 
bars and touch pads) are all based on motions people naturally 
make when touching. 

One of the exciting aspects of this work is that it is an excellent 
environment to explore more adventurous gesture-based 
interaction styles. By giving the user feedback as to what gestural 
interactions the system is expecting and where in the environment 
they may be peformed, the cognitive load on the user can be 
reduced. Without such feedback a user would have to memorize 
what amounts to a set of complex dance steps to simply use a 
gesture-based interface. 

This investigation of new human-computer interface paradigms 
is even more important in the case of multi-user interaction. 
Unlike desktops, wearable computers, or PDAs, projected 
interactive graphics naturally allow many users to simultaneously 
interact with an application. Although the applications we have 
developed so far are all single-user, it seems clear multi-user 
interaction will soon became an important area of research. 

Another intriguing question is related to the different degrees of 
difficulty experienced by users when interacting with graphics 
projected on different supporting objects. Clicking a paint bucket 
seems to be harder to accept then clicking a table. Of course the 
design of our system and the simplicity of our experiment allow us 
neither to definitively state that the phenomenon does happen nor 
to draw conclusions about its causes. However, one hypothesis is 
that people seem to attribute different interactive capabilities to 
projected interactive graphics according to the nature of the 
surfaces themselves. Are the paint buckets “functionally fixed”, 
that is, if something looks and acts like a paint bucket, is it less 
likely to be perceived as something else – namely, a touch-screen? 
We are currently preparing a study to determine the validity of this 
hypothesis. 

Finally, our research so far has addressed only visual input and 
output. A promising area of research seems to be the application of 
the concept to steerability of other stimuli such as sound, using, 
for instance, the audio spotlights described by Pompei [35]. What 
kind of interfaces and applications can be created by a full 
multimodal steerable system? 

6  CONCLUSION 
This paper describes a new method and device for creating 
ubiquitously interactive graphics on non-tethered surfaces. We 
have shown three different methods to determine the warping 
function that corrects for oblique projection distortion and a
computer vision system that tracks the user’s hand over the 
projected images and detects touch-like gestures. We have also 
implemented three applications that realize ubiquitous computing 
concepts such as everywhere computer access and augmented 
reality. Based on the experience of running the M&M demo with 
hundreds of novice users, we have also detected a need to
re-examine the current interaction paradigms, and possibly, 
investigate and propose new ones. 

We see this work as an important contribution to realize the 
vision of ubiquitous computing, without asking people to wear 
headsets or wiring the surfaces of everyday objects. However, we 
do not advocate projection-based solutions as a panacea for 
ubiqutious applications: in many cases, it is more desirable and 
efficient to use head-mounted displays. A good analogy is to 
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compare headsets and projectors to Walkmans and stereo sound 
systems. Walkmans are unsurpassable as a way to provide  music 
when people are moving around or in public spaces such as trains 
and airplanes. They are very effective in creating a personal 
experience, albeit not able to create social interaction. Similarly, 
we keep loving stereo systems because they render music to a 
whole space, nurturing a collective experience that is attached to 
the space itself. We see similar advantages and limitations when 
comparing headsets and steerable projectors as a way to render 
interactive graphics onto the real world. 
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Personality Archetypes, Pantomime, Comics: New Methods to Design Interfaces with Human Traits

Modeling Task Deviations as Eccentricity Distribution Peaks
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Candello, Heloisa and Pinhanez, Claudio and Figueiredo, Flavio

Proceedings of the 2017 CHI Conference on Human Factors in Computing Systems, pp. 3476--3487

Abstract

Gatti de Bayser, Maira and Cavalin, Paulo and Souza, Renan and Braz, Alan and Candello, Heloisa and Pinhanez, Clau

arXiv preprint arXiv:1705.01214, 2017

Abstract

Shaping the Experience of a Cognitive Investment Adviser
Candello, Heloisa and Pinhanez, Claudio and Millen, David and Andrade, Bruna Daniele

International Conference of Design, User Experience, and Usability, pp. 594--613, 2017

Marisa Vasconcelos, Heloisa Candello, Claudio Pinhanez

IHC 2017, ACM

Evaluating the Conversation Flow and Content Quality of a Multi-bot Conversational System
Heloisa Candello, Marisa Vasconcelos, Claudio Pinhanez

HCI in Practice (IHC na Pratica) Workshop (co-located with the Brazilian Symposium about Human Factores in Comp

Pinhanez, Claudio

arXiv preprint arXiv:1712.03012, 2017

Abstract

2016

Candello, Heloisa and Pinhanez, Claudio and Millen, David and Bianchi, Silvia

Service Design Geographies. Proceedings of the ServDes. 2016 Conference, pp. 192--204

Abstract

2015

Cavalcante, Victor and Candello, Heloisa and Pinhanez, Claudio and Braz, Alan and Amorin, Franklin and Nauata, Ne

Maximizing Management Performance and Quality with Service Analytics, pp. 207--232, IGI Global, 2015

Abstract

Typefaces and the Perception of Humanness in Natural Language Chatbots

A Hybrid Architecture for Multi-Party Conversational Systems

Bottester: Testing Conversational Systems with Simulated Users

Computer Interfaces to Organizations: Perspectives on Borg-Human Interaction Design

Service Design Tools to Explore Financial Services for Poor Microbusiness Owners

Using Visual Analytics to Diagnose Productivity and Quality Issues on IT Service Pools
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Heloisa Candello, David Millen, Silvia Bianchi, Rogerio de Paula, Claudio Pinhanez

Proceedings of the 2015 Annual Symposium on Computing for Development, 147-147

Abstract   northeast brazil, microfinance, marketing, financial application, database transaction, biology

Cavalin, Paulo Rodrigo and Gatti, Ma{\'\i}ra A de C and Moraes, TGP and Oliveira, Fabio Silva and Pinhanez, Claudio S

Paula, Rog{\'e}rio Abreu

IBM Journal of Research and Development 59(2/3), 16--1, IBM, 2015

Abstract

Millen, David R and Pinhanez, Claudio and Kaye, Jofish and Bianchi, Silvia Cristina Sardela and Vines, John

Proceedings of the 18th ACM Conference Companion on Computer Supported Cooperative Work & Social Computing, p

Abstract

2014

Claudio S. Pinhanez

ServDes.2014 Service Future; Proceedings of the fourth Service Design and Service Innovation Conference; Lancaster 

April 2014 pp. 99, 100-109

Abstract   service design, personality, narrative, human computer interaction, human interaction, engineering, embo

methods

Paulo Cesar Calabria, Roberto Carlos Bernardes, Eduardo Raupp de Vargas, Claudio S. Pinhanez

RAI: Revista de Administracao e Inovacao 10(4), 110-135, 2014

Abstract

de Santana, Vagner Figueredo and Pinhanez, Claudio Santos and de Paula, Rog{'e}rio Abreu

Proceedings of the 13th Brazilian Symposium on Human Factors in Computing Systems, pp. 207--215, 2014

Maira A. de C. Gatti, Marcos R. Vieira, Joao Paulo F. de Melo, Paulo Rodrigo Cavalin, Claudio Santos Pinhanez

Proceedings of the 2014 Winter Simulation Conference, pp. 851--862, IEEE Press

Paulo Rodrigo Cavalin, Maira Gatti, Claudio Santos Pinhanez

Understanding Fiado : Informal Credit in Brazil

A scalable architecture for real-time analysis of microblogging data

Collaboration and social computing in emerging financial services

Borg-Human Interaction Design

A CIENCIA DA INOVACAO EM SERVICOS: ESTUDO EXPLORATORIO SOBRE OS INTERESSES E PRIORI
PESQUISA NO BRASIL

Unsupervised annotation of usability test videos

Handling Big Data on Agent-based Modeling of Online Social Networks with Mapreduce

Towards Personalized Offers by Means of Life Event Detection on Social Media and Entity Matching
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HT (Doctoral Consortium / Late-breaking Results / Workshops), 2014

Abstract   world wide web, software framework, social media, life events, infosphere, ibm, computer science, blosso

2013

Vagner Figueredo de Santana, Rogerio Abreu de Paula, Claudio Santos Pinhanez, Silvia Cristina Sardela Bianchi, Elai

Costa, Carina Missae

Proceedings of Brazilian Symposium on Collaborative Systems, pp. 136, 2013

Vagner Figueredo de Santana, Rogerio Abreu de Paula, Claudio S Pinhanez, Silvia Cristina Sardela Bianchi, Elaine Na

Carina Missae

Proceedings of the 12th Brazilian Symposium on Human Factors in Computing Systems, pp. 300--303, 2013

Victor F. Cavalcante, Claudio S. Pinhanez, Rogerio A. de Paula, Carolina S. Andrade, Cleidson R. B. de Souza, Ana Pau

web science, pp. 295-310, 2013

Abstract   service quality, service product management, service level requirement, service level objective, service gu

delivery framework, operations research, operations management, incident management, computer science

Samuel Martins Barbosa Neto, Maira Athanazio De Cerqueira Gatti, Paulo Rodrigo Cavalin, Claudio Santos Pinhanez,

Paula Appel

Proceedings of the 2103 workshop on Data-driven user behavioral modelling and mining from social media, pp. 17--2

Cavalcante, Victor F and Pinhanez, Claudio S and de Paula, Rog{'e}rio A and Andrade, Carolina S and de Souza, Cleid

Journal of Service Research, 1094670513480559, SAGE Publications, 2013

Abstract

Maira A de C Gatti, Ana Paula Appel, Cicero Nogueira dos Santos, Claudio Santos Pinhanez, Paulo Rodrigo Cavalin, S

Winter Simulation Conference, WSC'13, 2013

accepted for publication

Maira Gatti, Ana Paula Appel, Claudio Pinhanez, Cicero dos Santos, Daniel Gribel, Paulo Cavalin, and Samuel Barbos

The 14th International Workshop on Multi-Agent-based Simulation (MABS, AAMAS 2013)

An Awareness Raising System to Support Cross-department Coordination in Matrix Organizations

Visual summarization of incidents in the context of service delivery factories

Data-Driven Analytical Tools for Characterization of Productivity and Service Quality Issues in IT Serv

Reaction times for user behavior models in microblogging online social networks

Data-driven analytical tools for characterization of productivity and service quality issues in IT service

A Simulation-based Approach to Analyze the Information Diffusion in Microblogging Online Social Net

Large-Scale Multi-Agent-based Modeling and Simulation of Microblogging-based Online Social Netwo
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2012

de Souza, Cleidson Ronald B and Pinhanez, Claudio S and Cavalcante, Victor F and Aluani, Fernando and Daros, Vini

Paula, Rog{\'e}rio A

Proceedings of the 30th ACM international conference on Design of communication, pp. 55--64, 2012

Abstract

Rog\'erio A de Paula, Ana Paula Appel, Claudio S Pinhanez, Victor F Cavalcante, Carolina S Andrade

Collaborative Systems (SBSC), 2012 Brazilian Symposium on, pp. 146--153

Marcos D. Assuncao, Victor F. Cavalcante, Maira A. de C. Gatti, Marco A. S. Netto, Claudio S. Pinhanez, and Cleidson 

Proceedings of the Winter Simulation Conference (WSC '12), pp. 12, ACM, 2012

V Cavalcante, Claudio S Pinhanez, CB de Souza, RA de Paula, Ana Paula Appel, Carolina S Andrade

SRII Global Conference (SRII), 2012 Annual, pp. 750--759

2011

De Souza, Cleidson RB and Pinhanez, Claudio S and Cavalcante, Victor

Proceedings of the 10th Brazilian Symposium on Human Factors in Computing Systems and the 5th Latin American C

Interaction, pp. 81--90, 2011

Abstract

C.R.B. de Souza, C.S. Pinhanez, V.F. Cavalcante

Proceedings of the 5th ACM Symposium on Computer Human Interaction for Management of Information Technology,

C.S. Pinhanez

Journal of Internet Services and Applications 1(3), 155--164, Springer, 2011

2010

C. Pinhanez

Proceedings of the 28th ACM International Conference on Design of Communication, pp. 253--253, 2010

Designing an enterprise social tool for cross-boundary communication, coordination, and information

Using Social Analytics for Studying Work-Networks: A Novel, Initial Approach

Scheduling with Preemption for Incident Management: When Interrupting Tasks is not Such a Bad Ide

Characterizing Time-Bounded Incident Management Systems

Knowledge and information and needs of system administrators in IT service factories

Information needs of system administrators in information technology service factories

Human aspects of internet services: considering the needs of users and providers

Designing the interaction with service systems
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2009

Claudio Pinhanez

Design Issues 25(2), 3-13, 2009

Abstract   type of service, service system, service provider, service product management, service design, service de

process management, marketing, information system, business

C. Pinhanez

International Journal of Information Systems in the Service Sector (IJISSS) 1(2), 17--35, IGI Global, 2009

C. Pinhanez

Proceedings of QUIS, pp. 515--524, 2009

Z.Y. Shae, T. Bergstrom, C. Pinhanez, M. Podlaseck

IEEE International Symposium on Object/Component/Service-Oriented Real-Time Distributed Computing ISORC'09, p

2008

Claudio Pinhanez

IHC 08 Proceedings of the VIII Brazilian Symposium on Human Factors in Computing Systems, pp. 346-347, 2008

Abstract   philosophy, humanities

Z.Y. Shae, T. Bergstrom, C. Pinhanez, M. Podlaseck

IEEE Congress on Services. Part I, pp. 75-77, 2008

C. Pinhanez

Hawaii International Conference on System Sciences, Proceedings of the 41st Annual, pp. 117--117, 2008

C. Pinhanez

Proceedings of the VIII Brazilian Symposium on Human Factors in Computing Systems, pp. 11--20, 2008

Services as Customer-Intensive Systems

A Service Science Perspective on Human-Computer Interface Issues of Online Service Applications

Humans insideâ€� as the key characteristic of service systems

Multimedia Chat for Helpdesks: A Requirements Study, a Practical SOA Architecture, and an Interface

Aplicando conceitos e tecnicas de servicos em IHC

Multimedia Chat for Helpdesks: a Practical SOA Architecture

Service systems as customer-intensive systems and its implications for service science and engineer

A service science perspective for interfaces of online service applications
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C. Pinhanez, P. Kontogiorgis

Frontiers in Service conference, 2008

2007

C. Pinhanez

Services Computing, 2007. SCC 2007. IEEE International Conference on, pp. 146--153

C. Pinhanez

Services Computing, 2007. SCC 2007. IEEE International Conference on, pp. 395--402

2006

C. Pinhanez

Information \& Communications Technology, 2006. ICICT'06. ITI 4th International Conference on, pp. 1--1

2005

S. Voida, M. Podlaseck, R. Kjeldsen, C. Pinhanez

Proceedings of the SIGCHI conference on Human factors in computing systems, pp. 611--620, 2005

C. Pinhanez, M. Podlaseck

UbiComp 2005: Ubiquitous Computing, 903-903, Springer

S. Berger, R. Kjeldsen, C. Narayanaswami, C. Pinhanez, M. Podlaseck, M. Raghunath

3rd IEEE International Conference on Pervasive Computing and Communications, PerCom, pp. 139-148, 2005

2004

N. Sukaviriya, R. Kjeldsen, C. Pinhanez, L. Tang, A. Levas, G. Pingali, M. Podlaseck

CHI'04 extended abstracts on Human factors in computing systems, pp. 789--790, 2004

A Proposal for a Service Science Discipline Classification System

Ubiquitous Services

A Services Theory Approach to Online Service Applications

From Users to Customers: HCI for Online Services

A study on the manipulation of 2D objects in a projector/camera-based augmented reality environme

To frame or not to frame: The role and design of frameless displays in ubiquitous applications

Using symbiotic displays to view sensitive information in public

A portable system for anywhere interactions
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C. Pinhanez, G. Pingali

Proceedings of the 2004 ACM SIGMM workshop on Effective telepresence, pp. 63--66

R. Kjeldsen, A. Levas, C. Pinhanez

Machine Vision and Applications 16(1), 6--12, Springer, 2004

2003

C.S. Pinhanez, A.F. Bobick

Personal and Ubiquitous Computing 7(1), 1--21, Springer, 2003

A. Levas, C. Pinhanez, G. Pingali, R. Kjeldsen, M. Podlaseck, N. Sukaviriya

UbiComp 2003: Ubiquitous Computing, pp. 333--348

C. Pinhanez, M. Podlaseck, R. Kjeldsen, A. Levas, G. Pingali, N. Sukaviriya

Proceedings of SIGGRAPH Sketches 2(3), Citeseer, 2003

C Pinhanez, R Kjeldsen, A Levas, G Pingali, M Podlaseck, N Sukaviriya

ICCV 2003: Proceedings of the IEEE International Workshop on Projector-Camera Systems

Noi Sukaviriya, Mark Podlaseck, Rick Kjeldsen, Anthony Levas, Gopal Pingali, Claudio Pinhanez

CHI '03 extended abstracts on Human factors in computing systems, pp. 978--979, ACM, 2003

Abstract   608035

S.S. Intille, V. Lee, C. Pinhanez

Proc. of the Video Session of Ubi-Comp3, 12--15, 2003

M. Podlaseck, C. Pinhanez, N. Alvarado, M. Chan, E. Dejesus

CHI'03 extended abstracts on Human factors in computing systems, pp. 802--803, 2003

C. Pinhanez, R. Kjeldsen, L. Tang, A. Levas, M. Podlaseck, N. Sukaviriya, G. Pingali

Proceedings of the eleventh ACM international conference on Multimedia, pp. 460--461, 2003

Projector-camera systems for telepresence

Dynamically reconfigurable vision-based user interfaces

Interval scripts: a programming paradigm for interactive environments and agents

An Architecture and Framework for Steerable Interface Systems

Ubiquitous interactive displays in a retail environment

Applications of steerable projector-camera systems

Augmenting a Retail Environment Using Steerable Interactive Displays

Ubiquitous computing in the living room: Concept sketches and an implementation of a persistent use

On interfaces projected onto real-world objects

Creating touch-screens anywhere with interactive projected displays
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Abstract 
This paper presents a device that creates ubiquitous interactive 
graphics in a real world environment without the need for 
pre-wiring surfaces or requiring users to carry or wear any special 
devices. Called the Everywhere Displays projector, or 
ED-projector, this device employs steerability as the key principle 
to achieve the promise of ubiquitous computing and augmented 
reality. The ED-projector uses an LCD projector with a steerable 
mirror to project graphics onto any pre-calibrated surface, while 
warping the projected image to correct for oblique distortion. 
Three different methods to determine this warping function are 
given. To sense user interaction with the projected image, the 
ED-projector employs a pan/tilt/zoom camera and a motion-based 
computer vision system to track the user’s hand and touch-like 
gestures. We propose a system software structure that ties together 
steering, display, and sensing. Three implemented applications 
demonstrate the notion of ubiquitously “painting” the real world 
with interactive graphics, in the context of a futuristic office, an 
augmented assembly task, and a ubiquitous computer game. The 
observation of hundreds of users performing the assembly task 
suggests that the traditional desktop paradigm is inadequate for 
ubiquitous interaction and that new conceptual widgets and 
interaction paradigms must be developed. 

Keywords: ubiquitous computing; augmented reality; gesture 
recognition; interactive projections; ubiquitous games. 
 
1  INTRODUCTION 
The extraordinary success of computer graphics technology in 
recent years has been responsible for the creation of amazing new 
worlds in movies, interactive computer games, and virtual reality 
(VR) environments. However, this very success poses the question 
of when the real world, where we live and work, is going to be as 
rich with imagery and information as movies and games today. 

This paper describes technology that can be used to 
ubiquitously augment, correct, and enhance reality. Although the 
ultimate goal is to create interactive pixels anywhere in a space as 
seamlessly as it happens in movies (thanks to CG special effects), 
this particular work focus on how to “paint” interactive graphics
on the surfaces of an environment without requiring any kind of 
fixed display devices, special wiring of surfaces or the use of 
encumbering headsets. 

The system described here is based on a new device, the 
Everywhere Displays projector (ED-projector), composed of a 
steerable projection system and a pan/tilt camera. A prototype of 
the projection system has been built using a pan/tilt mirror that 
directs imagery generated by a standard LCD projector. To capture 
user interaction with the projected graphics, the images gathered 
by the camera are processed using computer vision techniques. In 
the current prototype, it is possible to determine the user’s hand 
position in referennce to a surface and to detect simple, touch-like 

gestures, effectively mapping the user’s hand gestures into 
mouse-like events. 

For instance, we have developed a computer game, called 
“Fro…og!”, where a computer generated image of a frog initially
appears “sitting” on the side of a file cabinet (see Figure 1). If a 
player tries to catch it, the vision system detects the player’s hand 
approaching and then shows an image of frog jumping (see 
Figure 1). This is followed by moving the image of the frog to 
another surface, for instance the top of a table by appropriately 
steering the mirror. All this happens in an environment under
normal lighting conditions, ultimately creating the illusion that the 
frog jumps around the space to avoid being caught by the player. 

Our goals, however, go beyond transforming the real world into 
a magical entertaining place. In particular, we envision the 
creation of seamless interfaces to devices on surface of walls and 
everyday objects such as tables, chairs, couches, doors, cabinets, 
and carpets. Currently, only very “special” surfaces such as TVs, 
monitors, and projected screens support the creation of computer 
graphics, and usually require external devices such as mice and 
joysticks to make them interactive. In our paradigm, any surface is 
regarded as generic support for interactive graphics. By projecting 
imagery and detecting user interaction with a camera, it is possible 
to transform every surface into a virtual touch-screen. 

These ideas have been explored in three application prototypes 

 

 
Figure 1. Trying to catch a projected frog. 
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described in the paper. The first in an attentive/interactive office 
space.The second is in the context of augmenting the environment 
of an assembly task by projecting interactive graphics directly 
onto the surfaces of the objects involved. Ultimately we aim to 
realize Mark Weiser’s paradigm of ubiquitous computing (see [1]) 
without having to change the fabric of the world by embedding 
touch-screens on every surface. The thir application is the 
ubiquitous computer game “Fro…og!”. 

This paper starts by comparing our approach and solutions with 
previous work, followed by a description of the technology used in
the prototypes we have built. Although initial ideas on the 
ED-projector have been reported in a previous publication [2], this 
paper presents the device comprehensively including mathematical 
formulation, computer vision based interaction, and three 
implemented applications. Specifically, this paper describes the 
mathematical formulation of the method for correcting oblique 
distortion and presents two new calibration methods for the first 
time. Further, in this paper we describe an integrated, working 
computer vision system that we implemented to track hands and 
detect touches, as well as a way to structure the interface to 
application software. While [2]ellaborates only on conceptual 
mock-ups, this paper describes three implemented applications 
using the ED-projector, followed by a discussion of how novice 
users — in one case, more than 600 of them — have experienced 
and interacted with the application prototype. We conclude by 
examining other applications that can take special advantage of the 
ED-projector and discuss the challenges these new interfaces and 
applications create for HCI research. 

2  RELATED WORK 
In his seminal paper that defined the field of ubiquitous computing, 
Weiser [1] envisioned computers embedded everywhere 
— ubiquitous and transparent. In his view, interaction with 
computers would be accomplished both through direct 
mechanisms linking sensors and actuators and by the widespread 
presence of cheap interactive screens (referred as “pads”) 
embedded on the surfaces of walls, furniture, and objects. Since 
the publication of that paper, different devices and methods to 
implement the functionality envisioned for Weiser’s pads have 
been proposed. In general, those devices and methods can be 
divided into four categories: head-mounted, portable, embedded, 
and projection-based.

A good survey of the current research on head-mounted devices 
and their uses in ubiquitous computing is provided by Barfield and 
Caudell [3], describing both wearable computers and the more
traditional approach of off-body computer power. We see two 
main challenges in this approach First, in order to really connect to 
the physical world, it is necessary to precisely register the position 
and attitude of the head of the user with the environment in real 
time. An examination of the state-of-art of the research in the area 
shows that this is currently achievable only in very constrained 
environments (see, for example, Raskar et al. [4]). 

The second challenge with head-mounted methods for 
ubiquitous displays is that they do not work well in social contexts 
and collaborative tasks. If multiple users are looking at the same 
surface (for instance, a whiteboard), it is necessary to render 
exactly the same graphics on each user’s head-mounted display 
simultaneously. This creates considerable difficulties in terms of 
accomodating different resolutions, rendering speeds, etc. of 
different brands and models of head-mounted displays. In practice, 
it is very hard to guarantee that all participants are seeing exactly 
the same images. 

The second method being studied to create ubiquitous displays 
utilizes portable devices such as laptops, PDAs, and mobile 

phones. Like head-mounted displays, portable devices do not work 
well in social and collaboration tasks (except in very unusual 
conditions such as in multi-player games [4]), and are a nuisance 
to carry and power. 

The third method involves embedding screens or similar 
interaction devices into the objects themselves, as proposed 
initially by Weiser [1] and more recently by Ishii [5]. However, 
even if screens became extremely cheap, this approach requires a 
widespread change in the way everyday objects are manufactured 
and installed. Power and network access (or wireless bandwidth) 
has to be provided to even the simplest object in a home or 
workplace. In other words, this approach requires a drastic change 
of the very fabric of the real world. 

Our approach follows the fourth method of creating ubiquitous 
displays that is based on projection devices. Interestingly, the use 
of projectors to change and augment reality was pioneered by 
media artists such as Tony Oursler [6] and Michael Naimark [7].  
The use of projectors to access computers have been initially 
proposed by Bolt  [8] and Wellner [9]. Recently, more radical 
applications of projectors have been proposed by Morishima et 
al. [10] that enhance the face of an actor, and by Raskar et al. [11] 
to change the color and texture of real objects such as vases and 
architectural models. Although our system does not currently track 
moving surfaces as in the former example, or project onto 3D 
objects as the latter, it can clearly incorporate both features in 
future versions. 

Deviceless interaction with projections was pioneered by 
Krueger [12], using camera-based systems to detect the users’ 
hand and body. The fact that most vision techniques put strict 
constraints on lighting conditions and on the background surfaces 
has restricted the use of these systems to entertainment 
applications such as Keays and McNeil’s metaField [13]. To avoid 
lighting constraints, Omojola et al. [14], Ju [15], and the RED 
project at Xerox Parc [16], among others, embedded sensors on 
the surface where the images are projected. As in the embedded 
approach described before, the widespread adoption of 
sensor-loaded surfaces requires a dramatic change in the objects of 
the real world. Underkoffler and Ishii [17] and Rekimoto [18] used 
visual tags to detect the position and the identity of the objects on 
a surface and to overlay the interaction based on these attributes. 
To avoid the need of tagging all objects in an environment as in 
those two cases, a possible option is the use of object recognition 
techniques (such as those described by Schiele and Crowley [19]). 
However, those techniques currently work only in very 
constrained situations. We believe, though, that incorporating 
object recognition capabilities into our system is an important 
direction to follow, and we plan to do so forspecific applications. 

Vision-based gesture recognition has received a great deal of 
attention in recent years [20], but only a little of that work has 
attended to the problems of gesture recognition in the context of a 
projected display. Because the projected image drastically changes 
the appearance of the hand, most approaches to hand detection are 
based on either background subtraction or motion (frame-frame 
differencing). Our experience agrees with that of von-Hardenberg 
and Berard [21] in that background subtraction does not give 
reliable results in the presence of strong projected images. 

Gesture-based interaction methods tend to fall into one of two 
catagories: either variations of a point-and-click paradigm [21, 22] 
or application-specific pose or motion gestures [23]. Both these 
approaches have disadvantages. The point-and-click approach is 
often not well suited to hand pointing due to limited resolution and 
the lack of a natural "click". On the other hand, a proliferation of 
application-specific gestures will make for a complex gestural 
interface that a user will have to learn and execute largely without 
feedback, as discussed by Kjeldsen in [24]. 
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A major difference between our approach and the cited work on 
the use of projection-based devices to create ubiquitous interactive 
displays is steerability. By directing the projection and vision 
subsystems to a relevant position, it is possible to create new 
“interactive” surfaces in a space without any hardware installation,
addition, or change. Unlike Raskar et al. [25], who use mirrors to 
increase the resolution of multiple-projector installations, we steer 
the image from a projector to realize interactive displays 
everywhere in the workspace. By doing so, we opportunistically 
use the surfaces of the objects present in the environment. We 
believe that steerability is a key feature that creates a real 
alternative to realize the promises of ubiquitous computing. 
However, it has constraints and technical challenges of its own, 
such as obstruction, oblique distortion, and surface texture 
interference. These issues are discussed in the next section where 
solutions to some of these problems are proposed. 

3  THE ED-PROJECTOR 
Our approach to ubiquitous interactive graphics uses a device 
— the Everywhere Displays projector (the ED-projector) — that 
can steer graphic displays onto any surface and can also sense user 
interaction with these steered graphical displays. The ED-projector 
is composed of an LCD projector, a computer-controlled pan/tilt 
mirror, and a pan/tilt/zoom camera. The projector is connected to 
the display output of a host computer that also controls the mirror 
and the camera (see Figure 2). The video output of the camera is 
sent to a digitizer board in the host computer where the imagery is 
processed, as described later. 

Figure 3 shows a prototype of the ED-projector built with 
off-the-shelf components — a rotating mirror used in 
theatrical/discotheque lighting, a standard LCD projector, and a
pan/tilt camera. The projector’s light can be directed anywhere 

within a cone defined by approximately 60 degrees in the vertical 
axis and 230 degrees in the horizontal axis. The camera has a 
maximum vertical viewing range of 88 degrees and a horizontal 
range of 249 degrees, and is thus able to view the projected 
displays as they are steered around.  

In general, a projector needs to be able to project a white 
pattern approximately 10 times brighter than its surroundings to 
create the illusion of contrast. Our current prototype employs a 
3000 lumen projector, which we have found to be sufficiently 
bright in typical home and office lighting conditions to provide 
good contrast in the projected displays. Of course, the perceived 
brightness and constrast is heavily dependent on the color and
material of the projected surface. Although our best results involve 
projection on white surfaces, we have also obtained good results 
projecting on carpets, black objects, and even translucent backlit 
surfaces. However, highly textured surfaces such as natural wood 
and surfaces with high reflectance are, in general, less suited for 
projected displays. 

The three main issues with the ED-projector are 1) correction 
of the projected image to compensate for distortion due to oblique 
projection and surface characteristics; 2) sensing the user 
interactions with the projected displays; and 3) a system software 
structure that enables applications to easily define interactive 
display surfaces. These issues are discussed in detail in the rest of 
this section. 

3.1 Correcting the Projected Image 
Standard LCD projectors are designed to project light in a 
direction orthogonal to the projected surface. In the ED-projector, 
the pan/tilt mirror can deflect the light to multiple surfaces in the
room, but most of the times the projected surface is oblique to the 
direction of projection. The result is a distorted image. 

To correct the oblique projection distortion, we pre-warp the 
image to be projected to compensate for the distortion. It is always 
possible to correct the projected image, as long as the projected 
surface does not have a geometry that occludes the cone of 
projection (see [2] for details). However, the process of warping 
the image normally uses only a fraction of the projector’s image 
plane, causing loss of resolution. We will discuss this issue later; 
first, we address the problem of determining the warping function 
that corrects the oblique distortion. 

Although there are many different ways to determine and 
implement the warping function, it is important to use a method 
that allows fast computation. We choose to implement it using 3D 
computer graphics hardware to texture map the images to be 
displayed onto a mesh in 3D space. If the mesh is appropriately 
warped and/or positioned in 3D space and the virtual camera 
correctly positioned, the projection of the resulting rendered image 
is free of distortion. 

The basic structure of the problem, in the case of planar 
surfaces, is illustrated in Figure 4. We start by defining the 
application plane, a coordinate system where images to be 
projected are positioned within the area of a rectangular mesh M, 
and the projector image plane, the coordinate system associated 
with the LCD matrix of the projector. We also define a projected 
surface to be the real world surface on to which images are 
projected. In addition, we have the camera image plane, the 
coordinate system associated with the CCD matrix of the camera. 

The goal is to define a transformation H from the application 
plane into the projector image plane so the transformation that 
maps the support mesh M into the projected surface is the identity 
I, and, therefore, appears free of distortion from an observer 
orthogonal to the projected surface. Since the process of projecting 
the image can be modeled as a projective transformation P (as 

 

Figure 2. Diagram of the components of the ED-projector. 

  
Figure 3. Prototype of the ED-projector: a) ED-projector 
without the camera mounted; b) a detail of a complete
prototype, including the pan/tilt camera. 
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observed in [26, 27]), we can represent the relationships among 
the planes as matrices in planar homogeneous coordinates, 
I PH= . Since H and P are projective transformations and 
therefore invertible, we obtain:

1H P−=

Similarly if P′ is the projective transformation between the 
camera image plane and the projected surface, and vH is the 
transformation from the application plane to the camera image 
plane, we have vI P H′= . Although there is no easy direct way to 
compute the projection function P, we developed three different
methods to determine the actual value of H for a given surface. Of 
course, H and vH  are different for each planar surface in an 
environment. 

1st method: Using an Equivalent 3D Virtual CG World 
This method, first described in [2], is based on the fact that, 
geometrically, projection is the inverse of camera viewing. So, it is 
possible to model the projection by simulating the camera view by 
rotating, scaling, and viewing the support mesh M in 3D space. 

Given the n mesh points in 2D projective space, 
[ 1]x y

i i im m m= , 1 i n≤ ≤ , let M be the matrix of all n  points, 
1 2[ ]T T T

nM m m m= K . This mesh can be “positioned” in the XY 
plane of the 3D space by multiplying it by the matrix

1 2

1 2

1 0 0
0 1 0
0 0 0 0 0 0
0 0 1 1 1 1

x x x
n

y y y
n

m m m
m m mK KM

  
  = =   
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We can then simulate the proces of projecting the mesh as the 
inverse of the process of “viewing” the appropriately positioned 
mesh in 3D space. That is,

1
f x y x y x y zP M P R R S S T T R K M− =  

where , ,x y zR R R  are rotation matrixes in 3D homogeneous 
coordinates, ,x yS S  are scale matrixes, ,x yT T  are translation 
matrixes, and fP  is the 3 4× projective matrix with focus 
point f. Since 1H P−= , we obtain

f x y x y x y zH P R R S S T T R K=

Notice that all the matrices that compose H, with the exception 
of K, correspond to standard projection parameters of computer 
graphics boards. Therefore, to implement this method it is only
necessary to determine these individual parameters, load them into 

the hardware, and command the graphics board to render the 
scene. 

To determine the projection parameters for a given surface we 
start by texture mapping a calibration pattern to the mesh M.
Starting off with default values for the projection parameters that 
render the mesh on the center of the projector image plane without 
warping (i.e., H I≈ ), we iteratively change each of the 
projection parameters until the projection of the pattern on the 
projected surface is observed to be identical to the original mesh. 
We then record these parameters and reload them whenever the
ED-projector is aimed at that surface. Although conceptually 
simple, this iterative process of determining the right projection 
parameters is typically very time consuming. 

2nd method: Manual Determination of Corresponding Points 
This and the following method are based on the fact that projective 
transformations can be completely determined if the 
corresponding coordinates of four points in each 2D projective 
space are known (as shown by Faugeras [28]). 

In this method, four points [ 1]x y
i i ia a a= , 1,2,3,4i = , are 

directly rendered on the projector image plane. We  then iteratively 
move these points over the projector image space with a pointing 
device such as a mouse until their projections overlap the location
of four known points on the projected surface, [ 1]x y

i i ib b b= , 
1,2,3,4i = . For greater accuracy, we can choose these four points 

to be the corners of the mesh M. 
It is easy to see that if the projected points are aligned with the 

projected surface points then PA B= , where 
1 2 3 4[ ]T T T TA a a a a=  and 1 2 3 4[ ]T T T TB b b b b= . By computing the 

pseudo-inverse, 

( ) 1T T T TPA B PAA BA P BA AA
−

= → = → =  

Since 1H P−= , we obtain 1( )T TH AA BA −= . To implement 
this procedure, we simply construct a warped mesh M′ in 3D 
projective space by computing M KHM′ = , texture map the 
image to be projected on it, and use the graphics engine to render 
it in real time. 

As we see, the calibration procedure of this method is quite 
simple and fast, requiring only a few minutes for the manual
alignment of the four projected points. Although similar to the 
method proposed by  [29], here the use of the 3D mesh M and the 
computer graphics hardware yields much faster rendering speeds. 

3rd method: Using a Camera and a Paper Pattern 
In this method, we employ the ED-projector camera so we can 
avoid any manual calibration procedure. In [30], Yang et al. have 
proposed a method to automatically determine the warping 
function using a projector/camera pair. Unfortunately, their 
approach requires precise 3D calibration of the relative attitude of 
the camera to the projector and, in practice, a considerable 
baseline distance between them. In particular, it does not work 
with the ED-projector that aligns the projector and the camera axis 
as much as possible to avoid user’s obstruction of the camera’s 
view.

Instead, we propose here a method that employs a paper pattern 
positioned on the surface to be calibrated so it is aligned with the 
desired coordinate system. No relative 3D or 2D calibration is 
necessary, although we assume that the camera has been
positioned in such a way that it has a complete view of the 
projected surface. Under these conditions, we can define a 
projective transformation P′  between the camera image and the 
projected surface (see Figure 4). This transformation can be 
determined automatically by processing an image of the pattern 
and extracting the camera image coordinates of the corners,

[ 1]x y
i i ic c c= , 1,2,3,4i = . Assuming the coordinates of the 

  
Figure 4. The transformations between the application plane,
the projector’s image plane, the camera’s image plane and the 
projected surface. 
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pattern corners to be identical to the mesh M in application space, 
[ 1]x y

i i ib b b= , 1,2,3,4i = , we obtain P C B′ = , and computing 
the pseudo-inverse, 

( ) 1T TP BC CC
−

′ =  

To complete the computation of the transformation H, it is 
necessary to determine the correspondence between the projector 
and the camera image planes. This can be done by projecting a 
pattern with four non-colinear points rendered on the projector 
image plane [ 1]x y

i i id d d= , 1,2,3,4i = , and obtaining four 
points on the projected surface, [ 1]x y

i i ie e e= , 1,2,3,4i = . Then, 
by image processing the image of the pattern, it is possible to 
determining the coordinates of its four corners on the camera 
image plane, [ 1]x y

i i if f f= , 1,2,3,4i = . 
Since 1 2 3 4[ ]T T T TE e e e e=  corresponds both to the projection 

of 1 2 3 4[ ]T T T TD d d d d= by the projector, PD E= , and to the 
captured image of the pattern, P F E′ = , we obtain PD PF′= . 
Computing the pseudo-inverse, we obtain 1( )T TP PFD DD −′=  
and therefore

( ) 1T TH DD PFD
−

′=  

As in the previous method, this transformation is implemented by 
computing a warped mesh M KHM′ = . 

One problem with all these three distortion-correcting methods 
is that they project displays with resolution lower than the 
projector’s resolution. The distortion-correction process normally 
fits an irregular quadrangle into the 4:3 viewing area of typical 
displays. A considerable amount of display area, and thus 
resolution, is lost in the process. We have employed standard 
1024x768 XVGA projectors in our prototypes. Due to the loss of 
display area created by the distortion correction process, the final 
display resolution has approximately corresponded to VGA, i.e., 
640x480 pixels. 

3.2 Sensing Interaction on Any Surface 
To support the ability to interact on any surface we use a pan/tilt 
camera feeding custom image processing and gesture recognition 
engines. This process has been detailed in another publication [31], 
but will be outlined here for completeness.

Image processing in this domain is both simplified and made 
more difficult by the strong light of the projected image. It is 
simplified in the sense that the lighting environment is very 
consistent because the dynamic range of the projection swamps all 
but major changes in ambient light. It is made more difficult 
because the appearance of the user’s hand can be severely 
distorted as it passes through the projected image (see Figure 5.a). 

Although parts of the hand can be hard to detect in a static 
image, by looking at the differences between adjacent images in
the video stream, we can still detect the shape of a moving object 
as shown in Figure 6.a and b.The use of motion for segmentation 
instead of background subtraction techniques (such as [32]) also 
makes it easier to accommodate the variability in the projected 
image caused by the texture of the surface it is projected on. This 
motion mask forms the basis of subsequent image understanding.

To provide interaction in a flexible and consistent manner we 
use the notion of interface widgets . Each widget generates 
computer or application events in response to a particular user 
motion in a region of the image. We currently use three types of 
widgets: buttons that respond to touch-like motions; sliders, 
1-dimensional tracking regions, and touch pads, which are 
2-dimensional tracking regions. 

These three widget types rely on tracking the user’s fingertip. 
Convolution template matching is used to find fingertip candidates
in the motion mask image described above. The candidates are 
evaluated using spatial clustering and domain specific heuristics, 
such as the distance from the user, to determine the best estimate 
of whether there is a fingertip in the image and where it is 
currently pointing. The trajectory created by this point over a 
sequence of video frames is examined by each widget to determine
when it should trigger an event. 

Touch pad widgets smooth the fingertip trajectory and map it 
into the touch pad coordinate system. Motion events are only 
generated when the fingertip is within the touch pad’s borders. 
Sliders are simply a 1-dimensional version of touch pads. 

Buttons, however, are more complex widgets. What buttons 
attempt to detect is when a surface in the environment is touched. 
Inferring the distance of the fingertip to the surface using the 
shadow proved to be difficult and unreliable. Fortunately, people 
tend to interact with real-life buttons by moving in a characteristic 
forward/pause/backward pattern, and this seems to carry over well 
to projected buttons. Our implementation of buttons takes 
advantage of this movementpattern. 

To determine when a user has touched a button we look for a 
roughly linear sequence of fingertip locations that persists for 
250ms or longer, with speed within a set range, that either ends or 
begins with a pause (i.e. the fingertip template did not find a match 
in the motion mask). A button generates its event when the pause 
in such a trajectory occurs within it (see Figure 6.c). In other 
words, we are looking for the user’s fingertip to travel in one 
direction for ¼ second and stop within the button, or start moving 
from the button and move in a consistent direction for ¼ second. 
These approximations for the motion of a fingertip in the moments 
before and after it touches a button seem to be universal: almost 
every button touch either starts or ends that way. Interestingly 
though, many button touches only have one or the other of these 
motions. Of course, adjustments are needed in the case of people 
with tremors or other motor disabilities. 

  
Figure 5. Difficulties faced by the vision system: a) the user’s 
hand is partially hidden by the strong projection; b) the 
interactive surface is occluded by the user’s shoulder as he 
moves to gather objects from inside a bucket. 

   
Figure 6. Detecting a touch: a) camera view of an interaction 
with a bucket; b) image difference data; c) overlay of search 
region (square), button active area (circle), and the fingertip 
template shown at the pointing location. 

a b

a b c 
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One of the interesting problems in this domain occurs when 
users occlude buttons as shown in Figure 5.b. Our experiments 
with users, even novices, have shown that they naturally avoid 
obstructing the projection if they are attending to it, but they are 
quite bad at staying out of the way when they are working with the 
physical world instead. Buttons have inherent resistance to 
triggering in these types of situations because any motion must 
pass several tests before it generates an event. It must resemble a 
fingertip for several frames; during that time it has to travel with a 
consistent direction and velocity and stop within a button. Such a 
sequence sometimes occur as a result of a chance combination of 
errors, contributing to a somewhat higher false positive rate for 
some buttons, particularly those which the user occludesfor a 
period of time  rather than just passes through.  

By using both the shape of the moving region as well as an 
analysis of its trajectory, this touch detection method gives far 
better accuracy than using either one alone. Because it relies 
directly on image data, rather than building an explicit model of
the hand, it is computationally efficient enough to run at high 
frame rates on standard hardware. 

Widgets can be combined in various ways in order to perform a 
complete interaction with the user. However, configurations of 
widgets are defined independently of the surface where they are 
used. That is, if an application interface using a set of buttons is 
moved to different surfaces, it is not necessary to define each 
button for each surface. Instead, the location of a widget within the 

camera image is determined at run time by appropriately mapping 
the configuration onto the camera image plane. In this case the 
surface refers to a set of camera parameters. These parameters, 
like those of the projector, have to be calibrated in advance. In 
particular, the calibration process has to determine the 
transformation vH  between the widget coordinate system and 
the camera image (as shown in Figure 4). Calibration of surfaces is 
performed using methods analogous to the 2nd and 3rd methods of 
projection calibration, although information about the expected 
location of the user, and the size of their hand, has to be obtained 
during an extra, special calibration step (see [31]for details). 

3.3 Integrating Displaying and Sensing
The two preceding sections described the techniques and 
subsystems that provide the display (output) and sensing (input)
functionality of the ED-projector. This section discusses the 
integration of these separate subsystems in a manner that affords 
application development and human interaction. One of our 
primary objectives here is to enable a specific user interaction to 
occur on any calibrated surface in a room without requiring the 
customization of this interaction for every surface. This leads to a
clear separation of the abstract definition of an interaction from the 
actual surface upon which it occurs. 

Our widgets are constructed using the standard Model View 
Controller (MVC) design pattern structure [33]. In our case, the 
projector subsystem is resp onsible for rendering the view, while 
the vision subsystem provides the controller input events. The 
definition layer of Figure 7 shows the separation of the display and 
interaction areas that are reponsible for the definition of the view 
and the interaction respectively. Display and interaction will often 
overlap as shown by the square overlapping buttons on the right of 
the display area. Provision is also made, however, for allowing 
interaction to occur in a region where nothing is displayed, as 
shown in the large rectangular region on the right of the 
interaction area. Notice that the display area here corresponds to 
the mesh M of the application plane decribed before (see also 
Figure 4). 

Every interaction surface in a physical space is named and 
initially calibrated by the projection and vision subsystems 
yielding the transforms H and vH  respectively. H corrects the 
projected image while vH  provides the transformation to the 
camera image, for a specific surface as described in the prior
sections. Figure 7 demonstrates the flow of definitions for display 
images and interaction data (widget data) from the definition layer 
to the mapping layer. During run-time, the system software 
automatically maps (through the warping functions H and vH ) 
the definition layer data into the projected image and the camera 
view associated with the current surface. The result is a projected
image that generates application events when user gestures occur 
in the areas defined in the camera view, as shown in the 
integration layer of Figure 7. 

4  PAINTING WITH INTERACTIVE 
GRAPHICS 

To better understand how to use projected interactive graphics and 
how users relate to them, we have designed and implemented three 
application prototypes using the ED-projector. In the first 
application, an office space is augmented with dynamic wallpapers, 
visual notifications of messages, and computer access from 
multiple surfaces. The second prototype explores an assembly task 
where the instructions are projected directly onto the surfaces of 
the objects involved in the task. The third prototype is the “catch 
the frog” game described in the introduction to this paper.  

 
Figure 7. Process of creating an interactive surface on a table. 
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4.1 An Office Application 
The first prototype application in which we have deployed the 
ED-projector is a futuristic personalized and context -aware 
workspace. The workspace has an 8’ by 10’ footprint and 
incorporates several sensors for measuring ambient lighting, 
temperature, humidity and noise level. Users and visitors to the 
workspace wear active badges that facilitate presence detection 
and identification. The desk chair is equipped with a pressure 
sensor connected to a wireless micro-controller, which detects if a 
person is sitting in the chair. This environment incorporates an 
ED-projector, strategically located to maximize coverage of the 
workspace. In this setting, we have used a non-interactive version 
of the ED-projector to facilitate greater personalization of the 
environment and to free its users from the confines of the desktop 
displays. 

The presence of an ED-projector in the office tranfigures the 
space into an extended graphical display and enables the user to 
have a favorite painting on a wall, receive important notifications 
on surfaces that catch their attention, or use a tabletop as a display 
when collaborating with a colleague (see also the video figure). 
Figure 8.a shows an example of a dynamic wallpaper created by 
the ED-projector. The user can similarly have a virtual window 
that is connected to a live webcam looking at her favorite scenery 
(effectively making it a window office) or monitoring her child at 
home. The ED-projector can automatically switch to a neutral, less 
personal image when a co-worker comes to the office, based on 
the active badge. 

Figure 8.b illustrates an urgent notification to the user 
appearing on a surface close to the user’s current location. Here, 
the smart office detects that the user is seated at the desk and steers 
the notification right to the surface of the desk. By determining the 
position of the user, the system is assured that the user will see the 
urgent message without having to rely on the traditional sound 
alerts which tend to be disruptive to people working in a shared 
environment. 

Another example of the utility of a steerable display is seen in 
Figure 8.c where two colleagues have created a computer desktop 
display on the working surface of their choice. Here, interactive 
capabilities, provided by a camera system, are planned to be 
incorporated to facilitate collaborative work. 

4.2 Augmenting an Assembly Task
The ED-projector can be seen as a device for augmenting reality – 
a beam of light that can add information on to real world objects 
by highlighting them, adding text or images, flashing etc. For
example, the ED-projector can show the user an object they are 
searching for, or indicate the procedure for an assembly task, and 
even where to place a part in an assembly.  

We developed a prototype assembly task to highlight these 
themes of augmented reality and interaction anywhere. In this 
prototype application, which was experienced by hundreds of 
novice users in a major technical exhibition, the object to be 
assembled is a picture made of M&M’s (multi-colored 
sugar-coated chocolates) where each M&M is regarded as a pixel 
of the picture. 

The theme of interactivity anywhere is demonstrated several 
times in this prototype application (see also the video figure). 
Figure 9.a shows a white fabric on a table transformed into an 
interactive menu for color selection. The user simply touches the 
color of his choice to select it. Figure 9.b shows a “clickable”
button appearing on a paint bucket that contains the M&M’s of the 
selected color. Figure 9.b and c highlight the augmented reality 
and user assistance aspects of the system. In Figure 9.b the system 
highlights the bucket that contains the M&M’s of the selected 
color, and also provides additional information on how many 
M&M’s to pick. In Figure 9.c, the system points the exact places
on the picture board where the M&M’s should be placed. 
Figure 9.d shows another combination of interaction and 
augmented reality: the user moves her hand over the surface to 
interactively reveal the rest of the picture being built. 

More than 650 people participated in this augmented assembly 
over 6 days and completed 4 different M&M pictures. Considering 
that the vision system and the projection system were integrated 
for the first time only in the weeks preceding the exhibition, the 
combined system worked remarkably well. A sample with 130 
consecutive users with 621 button touch events (touching gestures 
or false detections) yielded correct detection of touching gestures  
in 81% of the events, with 12% false negatives and 7% false 
positives. If the bucket events are excluded from the count, the 

 

 
Figure 8. Uses of the ED-projector in an office application: 
a) to create dynamic wallpapers; b) to provide silent 
notification of e-mail; and c) to create a computer desktop on 
a working surface. 

a

b 

c
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performance exceeds 89%. A detailed account of the reasons why 
buckets yielded more errors is given in [31]. 

The experiment also revealed that users are readily able to 
relate to the notion of steerable interactive graphics. We also 
observed the value of the projection creating a shared experience 
between the users and the people observing the demo: in many 
cases, users learned the interaction process by first watching other 
users; and frequently, observers helped users suggesting what to
do next. As mentioned before, a major advantage of projection 
over goggles is precisely this “social” nature of projection. 

An interesting observation is that our users were less hesitant to 
interact with the fabric-covered interactive color selection 
menu (Figure 9.a) and the M&M placement board (Figure 9.c,d) 
than with the paint buckets (Figure 9.b). When they went to a 
bucket to pick up M&M’s, many of them did not realize that they 
had to click the big “done” button on it (see also Figure 6.a). We 
had expected that, since this was the third occasion for touch 
interaction in the demo, users would quite naturally press the 
button on the bucket as instructed. Most of the time, this was not 
the case. To help the users in that situation we often gave them 
verbal instructions such as “Click the bucket,” aiming to make 
clearer that there was, in fact, a button on the bucket. 

4.3 “Fro…og!” 
The ED-projector’s unique characteristic of being able to quickly 
move the projected image to different surfaces is being explored in 
a computer game for young children. In this game, called 
“Fro…og!”, an image of a frog is projected on a surface.
Whenever the child tries to touch the frog, the camera detects her 
approach, and the frog “jumps” to another surface, that is, the 
projector moves the image to a wall or the top a chair. 

Figure 1 shows two pictures of a user playing with the current 
prototype of “Fro…og!”. The basic idea is to define surfaces in the 
environment where the animated frog can jump to. Whenever the 
user’s hand approaches the frog, the next surface is randomly 
chosen, and an image of the frog jumping in that direction is 
briefly shown. After landing on the new surface, a simple 
animation of the frog jumping up and down is projected, so it 
becomes easier to find the frog in the environment. 

In the next development phase of this game we plan to 
integrate it to a system that tracks the position of multiple children 
in the room, so the frog can jump to surfaces which are far from 
most players. Tracking is also particularly important to avoid

projecting the frog directly onto the players which, in this scenario, 
can easily break the illusion of the game. 

5  DISCUSSION 
Having shown how we implemented a working prototype of an 
ED-projector and deployed it in three different applications, it is 
interesting to explore other possible applications and scenarios,
and discuss how to design efficient interfaces for them. 

5.1 Other Applications 
We see two classes of applications of the ED-projector to create 
ubiquitous interactive graphics. The first involves the creation of 
computer interfaces anywhere, while the second deals with 
augmented reality in a variety of public and private spaces. 

In the first class of applications, we regard the ED-projector as
a generic input/output device that can replace, in many situations, 
current displays and interactive devices by creating computer 
desktop -like interactive displays on non-tethered surfaces. For 
example, a desktop application can be projected directly on any 
surface, as previously suggested by Wellner [9] and as 
demonstrated in subsection 4.1 . Unlike the interactive whiteboard
described in [34], the projected application can be easily moved 
around the room, for instance, from a whiteboard on the wall to 
the top of a desk for more detailed reading. Similarly, the 
ED-projector can be used to bring information to the physical 
location where it is used or needed. For example, a database 
application managing reports can be projected on top of the file 
cabinet with hard copies of the reports. 

In the second class of applications the ED-projector can 
augment reality by pointing to physical objects, showing 
connections among them, and projecting patterns to indicate 
movement or change in the real world. The prototype assembly 
task described in subsection 4.2 is a typical example of this class 
of applications. Another example applies to a library in which 
directions are provided to a user looking for a book by projecting 
arrows on the floor, walls and shelves, and finally by highlighting 
the desired book. 

Steerable graphics produced by the ED-projector can also aid in 
collaborative work by providing large displays on convenient 
surfaces, and allowing easy reconfiguration of meeting spaces for 
different functions and teamwork styles, in similar ways to the 
office project described in subsection 4.1 . 

The ED-projector can also be used to provide computer and 
information access in environments where traditional displays are 

    
Figure 9. The M&M picture assembly task: a) choosing a color; b) “clicking” a bucket after getting the M&Ms; c) placing the M&Ms on the 
highlighted areas; and d) “finger painting” to reveal the complete picture. 

a b c d
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difficult to install, secure, or maybe unsafe to operate, such as 
public spaces and areas subject to harsh environmental conditions. 
The device also permits an interactive display to be brought to the 
proximity of a user, eliminating the need for the user to approach a 
traditional, fixed display. In particular, the ED-projector can 
facilitate the access and use of computers by people with 
locomotive disabilities. For instance, it can project an interactive 
display on a hospital bed sheet without requiring the patient to 
contact any device. 

We also see the ED-projector as a potential enabler of a new 
generation of games where interaction happens not in the virtual 
world but in the physical world such as the “Fro…og!” game 
described above. Unlike games based on phones and portable 
computers [4], the use of the ED-projector provides 
high-resolution displays where characters and fantastic objects can 
move from surface to surface, creating a game that surrounds the 
players. Using video input, various user actions can be detected 
depending on the game needs, for example, hand gestures, body 
movements, foot action, and/or facial expressions. Above all, a 
single ED-projector installed on the ceiling of a living room or an 
arcade, using just software commands, can completely reconfigure 
the space to create different games according to the interests, age, 
and motor skills of the players. 

The scenarios examined so far are chiefly concerned in creating 
ways for humans to command computers and/or obtain 
information. However, we see the projecting of interactive 
graphics ubiquitously as a way to provide computer agents the 
ability to “reach and touch” the real world and the people that 
inhabit it. By using projected patterns, it is possible to make 
computers not only interact with people, but act and coordinate 
them. For instance, a computer agent can control people in a line
by projecting red lines and green arrows around the people on the 
line. A steerable projector system is, thus, able to create a “body”, 
composed of light, for an agent. From this perspective, we may be 
creating an interface to the real world for computers. 

5.2 Human Interface Issues 
As foreseen by Weiser [1], ubiquitous interactive graphics do not 
seem to follow the standard paradigm of interaction based on the 
desktop metaphor. In our M&M demonstration, we had the 
opportunity to observe more than 650 novice users experiencing a 
scenario of true ubiquitous computing, in the context of an
assembly task. On one side, we observed that they quite naturally 
accepted the idea of augmenting reality with information directly 
projected on objects. Moreover, we saw they naturally change 
their body’s position to minimize problems like the shadow of 
their arms and body over the board. People seemed not only to 
accept projected graphics naturally but also to compensate for its
limitations. 

However, when trying to click a button, the users almost 
always applied pressure onto the projected surface with their 
fingers. Also, whenever a button touch was not detected by the 
vision system, the most common reaction was to press again with 
more pressure and, if still not successful, using the whole hand 
instead of a finger. It seems that people expect buttons, even 
virtual buttons, to react to pressure and not to touch, and to fail if
enough pressure is not applied on them. 

This observation clearly illustrates the limitations of the 
hand-as-a-mouse paradigm used in the M&M demo. Although it is 
easier for users to relate the ubiquitous experience to their 
everyday contact with desktop interfaces, the metaphor proved to 
be misleading to the true nature of the interface. Unlike a mouse 
that has appropriate haptic feedback for clicking gestures,
touching a projected button is devoid of feedback movement. 

Similar observations prompt us to believe that a new paradigm for 
interaction with projected screens must be developed, with new 
kinds of widgets, tuned for the natural capabilities and limitations 
of projection and gesture-based interaction, just as the point and 
click paradigm is tuned for the characteristics of a physical mouse. 
Touch-screen-like interactions do translate better to the projected 
interface domain. Although our widgets are not based on surface 
contact, the widgets we have found useful so far (buttons, scroll 
bars and touch pads) are all based on motions people naturally 
make when touching. 

One of the exciting aspects of this work is that it is an excellent 
environment to explore more adventurous gesture-based 
interaction styles. By giving the user feedback as to what gestural 
interactions the system is expecting and where in the environment 
they may be peformed, the cognitive load on the user can be 
reduced. Without such feedback a user would have to memorize 
what amounts to a set of complex dance steps to simply use a 
gesture-based interface. 

This investigation of new human-computer interface paradigms 
is even more important in the case of multi-user interaction. 
Unlike desktops, wearable computers, or PDAs, projected 
interactive graphics naturally allow many users to simultaneously 
interact with an application. Although the applications we have 
developed so far are all single-user, it seems clear multi-user 
interaction will soon became an important area of research. 

Another intriguing question is related to the different degrees of 
difficulty experienced by users when interacting with graphics 
projected on different supporting objects. Clicking a paint bucket 
seems to be harder to accept then clicking a table. Of course the 
design of our system and the simplicity of our experiment allow us 
neither to definitively state that the phenomenon does happen nor 
to draw conclusions about its causes. However, one hypothesis is 
that people seem to attribute different interactive capabilities to 
projected interactive graphics according to the nature of the 
surfaces themselves. Are the paint buckets “functionally fixed”, 
that is, if something looks and acts like a paint bucket, is it less 
likely to be perceived as something else – namely, a touch-screen? 
We are currently preparing a study to determine the validity of this 
hypothesis. 

Finally, our research so far has addressed only visual input and 
output. A promising area of research seems to be the application of 
the concept to steerability of other stimuli such as sound, using, 
for instance, the audio spotlights described by Pompei [35]. What 
kind of interfaces and applications can be created by a full 
multimodal steerable system? 

6  CONCLUSION 
This paper describes a new method and device for creating 
ubiquitously interactive graphics on non-tethered surfaces. We 
have shown three different methods to determine the warping 
function that corrects for oblique projection distortion and a
computer vision system that tracks the user’s hand over the 
projected images and detects touch-like gestures. We have also 
implemented three applications that realize ubiquitous computing 
concepts such as everywhere computer access and augmented 
reality. Based on the experience of running the M&M demo with 
hundreds of novice users, we have also detected a need to
re-examine the current interaction paradigms, and possibly, 
investigate and propose new ones. 

We see this work as an important contribution to realize the 
vision of ubiquitous computing, without asking people to wear 
headsets or wiring the surfaces of everyday objects. However, we 
do not advocate projection-based solutions as a panacea for 
ubiqutious applications: in many cases, it is more desirable and 
efficient to use head-mounted displays. A good analogy is to 
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compare headsets and projectors to Walkmans and stereo sound 
systems. Walkmans are unsurpassable as a way to provide  music 
when people are moving around or in public spaces such as trains 
and airplanes. They are very effective in creating a personal 
experience, albeit not able to create social interaction. Similarly, 
we keep loving stereo systems because they render music to a 
whole space, nurturing a collective experience that is attached to 
the space itself. We see similar advantages and limitations when 
comparing headsets and steerable projectors as a way to render 
interactive graphics onto the real world. 
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Projector-Guided Painting

Matthew Flagg and James M. Rehg
GVU Center, College of Computing,

Georgia Institute of Technology, Atlanta, GA
{mflagg,rehg}@cc.gatech.edu

ABSTRACT
This paper presents a novel interactive system for guiding
artists to paint using traditional media and tools. The en-
abling technology is a multi-projector display capable of con-
trolling the appearance of an artist’s canvas. This display-on-
canvas guides the artist to construct the painting as a series
of layers. Our process model for painting is based on classi-
cal techniques and was designed to address three main issues
which are challenging to novices: (1) positioning and siz-
ing elements on the canvas, (2) executing the brushstrokes to
achieve a desired texture and (3) mixing pigments to make
a target color. These challenges are addressed through a set
of interaction modes. Preview and color selection modes en-
able the artist to focus on the current target layer by high-
lighting the areas of the canvas to be painted. Orientation
mode displays brushstroke guidelines for the creation of de-
sired brush texture. Color mixing mode guides the artist
through the color mixing process with a user interface simi-
lar to a color wheel. These interaction modes allow a novice
artist to focus on a series of manageable subtasks in execut-
ing a complex painting. Our system covers the gamut of the
painting process from overall composition down to detailed
brushwork. We present the results from a user study which
quantify the benefit that our system can provide to a novice
painter.

ACM Classification H5.2 [Information interfaces and pre-
sentation]: User Interfaces. - Graphical user interfaces.

General Terms Design, Human Factors, Algorithms

INTRODUCTION
In this paper, we present an interactive painting system to
support novice artists in the creation of paintings using tra-
ditional media and tools. In contrast with other computer
painting systems that provide tools for digital image synthe-
sis, this work focuses on guiding users to paint according to
classical techniques for creating paintings as objects, not just
images. By employing multiple projectors to create an inter-
active display on the artist’s canvas, our system is capable of
augmenting a painting in progress with visualization features
to assist with technical details such as brushstroke position,
orientation and color mixing. We present a set of interaction
modes designed to address common challenges for novices.

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee.
UIST’06, October 15–18, 2006, Montreux, Switzerland..
Copyright 2006 ACM 1-59593-313-1/06/0010 ...$5.00.

(a) (b)

(c) (d)

Figure 1: (a) Painting studio setup (b) Viewing a layer
in preview mode (c) Painting the black regions of a
layer in color selection mode (d) Final painting created
using our system

Our system is part of a long history of tools for reflecting and
capturing the perspective and shading of a scene as a first step
in establishing the structure of a painting. Perhaps the most
well-known of such tools is the camera obscura [22]. The
modern descendant of the camera obscura is the art projec-
tor, a projector sold in most major art stores. The art pro-
jector is commonly used by professional painters to make
accurate perspective sketches as a first step in copying origi-
nals. By replacing the art projector with video projectors and
a camera, we propose using visual feedback to guide the user
through the steps that follow toward creating a final desired
painting.

Our system employs a multi-projector adaptive display for
minimal intrusion on the traditional painter’s environment in
order to assist with painting technique. The display is formed
on the canvas by aligning multiple overlapping front projec-
tors. As shown in Figure 1(a), projectors are positioned on
both sides of the artist to minimize the occlusion of the pro-
jected light by the artist’s body. The design of our system is
based on our previous work on shadow removal using redun-
dant projection [23, 7]. Following a geometric calibration
step, each pixel on the display may be illuminated by two
rays of light. In addition to reducing shadows, this redun-
dancy facilitates adaptation to the painted canvas.
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An issue that arises in projecting onto a painted canvas is the
need to photometrically adapt the projected image to com-
pensate for the varying reflectance properties of the paint.
We use visual feedback to incrementally adjust the projected
light for each canvas pixel so as to minimize the difference
between the observed and desired display color. This visual
feedback approach has the advantage of avoiding the need
for an explicit model of paint reflectance. Our domain is
a challenging one for adaptation because the canvas is con-
tinuously changing throughout the painting process and the
presence of wet paint results in specular surfaces. We note
that projecting onto the canvas from behind is not an option
when opaque paints such as oil and acrylic are used.

This paper makes the following contributions:

• A novel interactive system for guiding artists to paint using
traditional methods and tools.

• A set of interaction modes for a canvas-centric interface
which supports a traditional layer-based approach to paint-
ing.

• A novel method for creating virtual paint on a previously
painted canvas, which allows artists to paint each layer
without being distracted by the layers underneath.

We have conducted a user study which quantifies the benefits
provided by our system over a standard art projector in assist-
ing novice painters. We show that our system provides a sig-
nificantly greater improvement in the confidence of novice
painters and enables them to produce higher quality artifacts
as measured by a panel of experts.

Related Work
While there is a long line of work in painterly rendering for
digital images [11, 15, 8, 20, 13, 12] and the simulation of
traditional media and tools for art [4, 3], to our knowledge
there have only been a few systems for creating art as ob-
jects using physical tools. A robotic painting system named
AARON [14] has been actively developed for three decades
and its paintings have been featured in several museums and
art galleries. The Everywhere Display (ED) demonstration at
Siggraph in 2001 [17] guided users to create “paintings” on a
table out of a collection of M&Ms. In contrast, our system is
designed to support a fundamentally creative process within
the framework of traditional painting practice.

Other researchers have used projector-camera systems to sup-
port spatially augmented reality [18]. Shader lamps [19],
for example, used multiple projectors to illuminate complex
models, such as the Taj Mahal, or animate static objects,
such as toy cars. As an application of real painting aug-
mentation, [24] use projectors for restoring colors in dam-
aged paintings. In the work of [5], a film was applied to a
painting to make the surface more amenable to displaying
visualization information, such as x-ray images, directly on
the canvas for display in art museums. A system described
in [1] used a single portable projector to create displays that
spanned multiple non-coplanar surfaces. Multiple projectors
were used in [6] to boost the dynamic range of projected light
in a view-dependent stereoscopic display that featured pho-
tometric adaptation to the projection surface. In contrast to
these applications, the goal of our system is to support a cre-
ative process through the construction of a dynamic display

on the work of art as it is being developed. Our compensation
approach is based on the method of [16], which addressed
the problem of projecting onto photometrically non-uniform
surfaces using feedback.

MOTIVATION AND GOALS
Existing tools that support the creation of works of art in-
clude books and manuals, demonstration videos, and art pro-
jectors. These tools have many deficiencies which limit their
effectiveness. While books and manuals can demonstrate
technique and illustrate the elements of painting style, it is
difficult for the novice painter to bridge the gap between the
printed page and the canvas. For example, painting manuals
such as [2] demonstrate how to decompose a complex paint-
ing into a sequence of layers, but do not provide any direct
support for the execution of each layer on the canvas. The
execution of individual layers affects the overall composi-
tion in ways that are difficult for a novice painter to predict.
It is also hard for novices to detect deviations between the
painted layer and a reference picture.

In contrast to books and manuals, art projectors do provide
direct support for the execution of the initial stages of a paint-
ing through their ability to project light directly onto the can-
vas. Art projectors are commonly used to trace or sketch
onto the canvas the rough geometric forms that comprise a
painting. Unfortunately, art projectors are unable to provide
support to the artist throughout the entire painting process.
They are also cumbersome to work with, as they lack the
ability to calibrate and adapt automatically to the canvas and
its contents.

The motivation for this work is the opportunity to leverage
recent advances in projection and camera-based sensing tech-
nologies which make it possible to create a new projector-
based painting aid. Our painting system has a number of
novel features: it supports interaction directly on the canvas,
it incorporates a model of the painting process, and it sup-
ports adaptation to an evolving painting through sensing and
analysis of the painted content.

The target audience for our system is novices who would like
to have an enjoyable painting experience while creating a
high-quality work of art. Our system is designed to enable
people who have never painted before to create a piece of
artwork that they can be proud of. We accomplish this task
by addressing, in the design of our system, the primary dif-
ficulties and pitfalls which novices encounter when working
with oil paints. Note that we are not claiming to teach people
how to paint or to provide a substitute for formal art instruc-
tion. Our system is part of a spectrum of painting aids which
include traditional art projectors as well as instruction books
and videos. Unlike these passive aids, however, our system
is interactive and adaptive and incorporates a computational
model of the painting process.

LAYER-BASED PROCESS MODEL FOR PAINTING
The versatility of oil and acrylic paint as an artistic medium
has led to the development of highly refined processes and
techniques for expressing a wide variety of artistic styles.
These processes range from the quick freeform application of
paint in impressionist styles to the painstaking 7-layer Flem-
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ish method, a classically realist style with drying periods of
months between each layer [21]. Coupled to these wide vari-
ations in the strategy for building up a painting is an equally
wide range of methods for applying paint to canvas, from
precisely controlled strokes or dots to the ’drip and splash’
approach that characterized Jackson Pollock’s work.

The design of our system is based on the following two as-
sumptions about the process of painting in acrylics and oils:

• We assume that paintings will be planned out in advance of
execution and decomposed into a series of layers that can
be applied to the canvas in linear order (back to front).

• When painting each layer, we assume that the artist will
want to apply paint to the canvas in an orderly, sequential
manner and will base their palette on the color scheme for
the layer and the desired amount of manipulation.

Under these assumptions, a painting consists of the execu-
tion of a series of layers. Therefore, our system adapts a
layer-based representation. In painting each layer we assume
that the artist will mix one or more desired paint colors, se-
lect an appropriate brush or knife, and load it with paint.
The artist then chooses a region of the layer corresponding
to the selected color, applies the paint, and manipulates it
until the desired effect has been achieved. Thus a layer is
painted region-by-region until it is complete. The interaction
modes described on the next page are designed to support
each of these tasks. While our approach can apply equally to
acrylic paints with minimal modification, for the purpose of
our discussion and experiments we will confine ourselves to
painting in oil.

Our model of the painting process is consistent with a num-
ber of classical and popular painting styles. Traditional layer-
based oil painting methods are characterized by long drying
times, which can be accelerated by thinning the paint heav-
ily with turpentine, as in the “fat over lean” approach [10].
In these layer-based methods, wet paint is applied on top of
existing layers of dry paint. An alternative is the Alla Prima
method of wet-into-wet, which was popularized by Impres-
sionist painters like Edouard Manet. In this approach paints
are applied in rapid succession without intervening drying
times. The goal is to achieve decisive, clean strokes which
remain visible in the final painting. Although the Alla Prima
method is not limited to a layer-based painting approach, it
is compatible with our layer-based computational represen-
tation. Brushstrokes will often follow a progression in both
size and color as early layers tend to consist of broad gen-
eral strokes, followed by a progression of detail. Cézanne’s
advice, cited in [10], was to “start with the broom and end
with the needle!”. Similarly, the more opaque light paints
are frequently applied after the darks. For the purpose of
testing and evaluating our painting system, we have adopted
the Alla Prima method, as the shorter drying times facilitate
experimentation and the immediacy of the technique is ap-
pealing to beginners.

The layers which our painting model requires can come from
a variety of sources. One possibility is to capture the paint-
ing process of an experienced artist. In addition, layers can
be scanned in from painting manuals and registered. We can
also use painterly rendering techniques to create layers auto-

matically from photographs or 3-D models. One of the exam-
ple paintings from our video submission uses the method of
Hays and Essa [12] to generate layers from an input photo-
graph, by rendering brushstrokes along contours which are
generated by a multi-scale edge detector. Low frequency
edges are rendered with wider brushstrokes and high fre-
quencies are rendered with narrower ones.

CHALLENGES FACED BY NOVICE PAINTERS
Novice painters face a variety of challenges in executing a
complex painting, including the difficulty of positioning and
sizing the elements of the composition on the canvas, the
challenge of executing the required brushstrokes, and the com-
plexity of mixing paints to achieve the desired colors. For
example, as described in [10], inexperienced painters often
make the mistake of working on one small area of a painting
until it is finished and then move on to the next area. This can
result in a “confused and disjointed image because each area
of tone and colour is separate and unrelated to its neighbors.”
Our adoption of a layer-based approach and the development
of interaction modes which support the execution of individ-
ual layers addresses this concern.

The desired look of the painting is achieved through careful
control of the brush, by regulating the pressure, movement,
speed, and distance of each stroke. Impasto, for example,
is a technique for producing a “fresh, vigorously textured
look” [21] using thick, expressive brushstrokes. Smith [21]
recognizes the difficulty of applying brushstrokes to gener-
ate the characteristic impasto texture in a uniform manner
throughout a layer. This is an example of the larger class
of problems novices may face at the brushstroke application
level. Our system can provide guidance in the application of
brushstrokes to create a desired effect.

Color mixing is one of the most difficult tasks faced by a
novice painter. The proportions of paints which must be
combined will vary dramatically from one shade of color
to the next, and most beginning painters are unfamiliar with
the subtleties of the subtractive color space that governs the
paint mixing process [9]. In our observations, users can eas-
ily spend 20 minutes or longer in an attempt to reproduce
a specified color for a particular painting. These long de-
lays are a source of frustration, particularly when users must
re-mix a given color after running out of it. Our system in-
cludes support for color mixing by automatically identifying
the components that are required for a particular color and
adaptively guiding the mixing process.

INTERACTION MODES
Our system is designed around a set of interaction modes
that assist the artist in painting the ordered set of layers that
comprise a finished painting. We support hands-free switch-
ing between interaction modes using a foot pedal (see the
included video for example usage). Each interaction mode is
realized by projecting light onto the surface of the painting
itself and adapting the projection to existing paint on the can-
vas in creating the desired display. We describe our adaptive
projected display in the following section. Our system pro-
vides five interaction modes to support the painting process:

• Preview Mode to display layers
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(a) (b) (c)

Figure 2: (a) Layer 4 out of 4 in preview mode, with highlighted region around lips. (b) Closeup of lip region. (c) Lip region
following color selection. Note that all images are photographs of the actual canvas under compensation.

• Color Selection Mode to paint with specific colors
• Blank Mode to assess the state of the painting
• Orientation Mode to display brushstroke guidelines
• Color Mixing Mode to aid in creating the desired colors

Preview Mode: A visual guide for painting a given layer is
provided by preview mode, which creates an overlay on the
canvas that displays the current layer in progress while com-
pensating for the underlying paint. The use of this mode is
depicted in Figs. 1(b) and 2(a). In preview mode, areas of
the canvas that are not to be painted in the current layer are
hidden from the artist using a checkered pattern. This pattern
is easily distinguished from the foreground elements of the
layer. This reduces the chance that regions outside the cur-
rent layer will distract the artist from a particular execution
step.

Furthermore, the clear visibility of all layer regions and “in-
visibility” of off-layer regions provided in preview mode helps
the artist devise a strategy for selecting a color palette and
set of brushes that are used to paint the layer. For example,
it may be the case that each layer corresponds naturally to
one specific brush size. It is easy to select a brush in preview
mode by physically comparing brushes to their previewed
strokes on the canvas.

Color selection mode: Another challenge in executing a par-
ticular layer is the efficient use of paint. An artist with a
loaded brush would like to quickly identify regions of the
canvas that need that particular color. To address this need,
we designed a color selection mode that highlights all strokes
of a chosen color in the current layer. The artist uses a Wa-
com tablet with a pen attached to the opposite end of the
paintbrush to select a specific color in the layer. Figs. 1(c)
and 2 illustrate the use of this mode. The white cross in
Fig. 2(b) indicates the selection of a particular shade of red
in the layer containing the girl’s lips. We employ a user-
specified tolerance parameter to determine which parts of the
layer match the selected color. The tolerance is adjusted in-
teractively via the foot pedal, to expand or contract the color
region of interest.

Following color selection, all other colors are hidden from
view so that the artist can apply the color where it is needed.
A comparison between Fig. 2(b) and 2(c) demonstrates that
color selection mode effectively masks out regions in the

layer which do not correspond to the selected color. For areas
like these where it is difficult to distinguish between various
shades of red, the color selection tool is useful for clearly
marking where paint should be added.

Blank mode: The artist can systematically complete each
layer through the use of the preview and color selection modes.
In order to assess the progress made in painting a layer, along
with the current state of the painting, the artist may switch the
projectors off at any time using blank mode. The included
video shows the utilization of preview, color selection, and
blank mode in completing a layer.

Orientation mode: While preview and color selection modes
show the artist where to apply paint, orientation mode shows
the artist how to apply it. A set of guidelines overlaid on
the layer indicate the orientation, width, and extent of brush-
strokes that should be applied to achieve a desired brush-
stroke texture. For example, long, linear guidelines would
indicate the need for bold, expressive strokes, while a short
hatching pattern would indicate the use of a dabbing tech-
nique. Guidelines can also be used to indicate directions for
blending paints, as depicted in Figures 4(b) and 4(c). Ori-
entation guidelines must be generated along with their as-
sociated layer images. We note that one benefit of using the
painterly rendering method of Hays and Essa [12] to produce
layers is that it automatically generates contours that can be
used as orientation guidelines.

Color mixing mode: Support for the task of combining paints
to achieve a desired color is provided by color mixing mode.
Fig. 3 shows the interface, which depicts a standard color
wheel along with a camera view of the artist’s palette. Using
the Wacom tablet, the user identifies an area on the palette
where paint is to be mixed. A desired color from the current
layer can be specified via color selection mode. A precali-
brated table maps the target color to a specific location on the
color wheel, known as the target point. Labeled source points
on the color wheel correspond to fully-saturated source pig-
ments (labeled “18” and “24” in Figure 3).

The first step in mixing the target color is to identify the fully
saturated colors that may be combined to make the target
color. For any point on the color wheel, the system selects
the two colors that lie on both the outer boundary of the color
wheel and on a line connecting the center of the wheel to the
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Figure 3: Interface for color mixing mode, which em-
ploys automated capture of and localization of palette
colors on a color wheel to guide the paint mixing
process. The blue arrow illustrates the movement of
the current mixture color, which is the selected region
in the camera image, to the desired target.

target color’s location on the wheel. These two fully satu-
rated components of the target color are complementary col-
ors. Following identification of these two ingredient colors,
the user may put a sample of the color on the palette directly
from the tube or by means of another mixture process. The
interface may be used to help mix these source ingredients if
needed. After both ingredient colors have been placed on the
palette, one color is gradually mixed with the other. Follow-
ing each step of paint addition, the camera image is analyzed
to identify the point on the model color wheel which corre-
sponds to the mixture in progress. Estimation of the mix-
ture point is accomplished using a pre-calibrated set of his-
tograms obtained for a representative set of pigments. These
points chart the geometric progress of moving the color along
a gradient on the color wheel. The system guides the user to
slowly add one ingredient color to the other to achieve the
desired target point.

CREATING A DISPLAY ON A PAINTED CANVAS
We employ a system of two projectors and one camera to cre-
ate an adaptive display directly on the canvas. The projector
outputs and camera input can be automatically warped and
aligned with the surface of the canvas using standard calibra-
tion methods [7].

Multi-Projector Adaptive Display: By placing the two pro-
jectors at an oblique angle to the canvas and overlapping and
aligning their outputs, we gain the ability to illuminate each
pixel on the canvas with two distinct sources of light. This
has two benefits. First, by projecting simultaneously from
both projectors we gain robustness to shadows and occlu-
sions, as described in [7]. Second, by adapting with both pro-
jectors during compensation, we can increase the dynamic
range of the display on the canvas. This is particularly useful
in trying to adapt dark colors to make them lighter.
Photometric Adaptation: In order to control the appearance
of the canvas, our system must account for the spatially vary-
ing reflectance of a painted canvas. Any image projected
onto the canvas will be modulated by the reflectance of the
paint and therefore create an undesired appearance as shown
in Fig. 5(d). To achieve a desired appearance, we adapt a

(a) (b)

(c) (d)

Figure 4: Painting a sphere using orientation mode. (a)
Sphere with highlight and shadow; (b) Coarse blending
with bristle brush in orientation mode; (c) Fine blending
with fan brush in orientation mode; (d) Finished result.

feedback approach in which a captured camera image of the
canvas is analyzed to create a compensation image for each
projector to output.

Our compensation approach is based on the method of Nayar
et. al. [16] for adapting the output of a single projector to a
surface with varying reflectance. Our system employs mul-
tiple projectors to increase the dynamic range of the com-
pensation method and supports the positioning of the pro-
jectors beside the artist instead of directly in front of the can-
vas. The algorithm works by projecting an initial input image
and iteratively adjusting image intensities using visual feed-
back. Starting with all projectors projecting black, each pro-
jector iteratively reduces compensation error, the difference
between desired and measured intensities for each pixel and
channel independently, according to the proportional feed-
back law Pi+1 = k(I −Ci)+Pi, where Pi is the compensation
image for iteration i, I is the desired appearance image, Ci is
the surface-aligned camera image for iteration i, and k is the
gain. Once the error has dropped below a threshold tolerance,
a completion mask is toggled for the finished pixel to avoid
further adjustment of its compensation intensity. Adaptation
halts after the change in error for all pixels has stabilized or
a maximum number of iterations have occurred. Following
adaptation, the compensation image for the current projector
is fixed and adaptation begins for the next projector. Each
subsequent projector reduces error for the remaining pixels
that have not met the target intensities for each channel. Fig-
ure 5 illustrates the compensation process for 2 projectors
positioned as in Figure 1(a). Clearly, the appearance of the
canvas is closer to the desired image with two projectors than
with one. These results establish the effectiveness of com-
pensation in the case of oil paints.
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Figure 6: 3 paintings made using our system by 3 painters who had never painted before.

RESULTS
We present the results of a formal user study of novice painters
along with informal observations on the usage of our system
by several subjects.

User Study
We conducted a formal user study to quantify the benefit that
our system can provide to a novice painter, relative to a stan-
dard art projector. The study had two components. In the
first component, a population of twenty subjects was asked
to paint copies of the model painting illustrated in Fig. 8(b).1

Each of the subjects was given a canvas containing an ini-
tial sketch of the desired shape (as produced by a standard
art projector) and printouts of the model painting. Ten of the
subjects served as a control group and produced their paint-
ings without the use of our system. The other ten subjects
had full access to our system.

Prior to their painting experience, each subject filled out a
questionnaire in which they were asked to rate their confi-
dence in their ability, on a scale of 1 to 5 where 1 means “not
confident at all” and 5 means “very confident”, to paint a set
of three paintings which were identified by an art expert to be
of low, medium, and high difficulty.2 The questionnaire also
contained questions to assess whether the subject had any
previous painting experience.3 (Subjects with prior experi-
ence were allowed to complete their paintings but one was
dropped from the analysis due to experience.) Each subject
was then given a brief orientation session and then asked to
paint a short warm-up painting which took approximately 15
minutes.4 Each subject then completed the model painting,
which took three hours on average.

Following their painting experience, the subjects filled out
a second survey which again asked them to rate their abil-
ity to execute a different set of three paintings of equivalent
levels of difficulty. In addition, subjects were asked to rate

1An experienced artist created the barn image in two layers with associated
orientation mode guidelines. The captured layers and guidelines were used
by our system.
2The paintings used in our survey were as follows: Before painting, diffi-
culty Low “Composition with Red, Blue, and Yellow” (Mondrian), Medium
“The Lemon” (Manet), and High “Floor Scrapers” (Caillebotte). After
painting, difficulty Low “Number 10” (Rothko), Medium “Dusk” (Monet),
and High “The Music Lesson” (Vermeer).
3All questionnaires and raw data are available at
http://www.cc.gatech.edu/cpl/projects/painting
4The warm-up session was conducted to help eliminate any negative effects
of using basic painting tools for the first time.

their level of frustration, level of boredom, likelihood to paint
again, assessment of the quality of their painting, and overall
satisfaction with the experience, on a scale of 1 to 5.

We conducted an analysis of the self-assessed ability rat-
ings for each subject population before and after their paint-
ing experience. The average prior confidence rating for the
painting of Medium difficulty was 2.2 for the control group
and 2.3 for the group that used our system. Following their
painting experience, the average rating for the Medium diffi-
culty painting dropped to 1.6 for the control group, and rose
slightly to 2.5 for the group that used our system. We ran
a t-test and Mann-Whitney-U nonparametric test for the null
hypothesis that there was no significant difference in the de-
pendent variables between the two groups. The difference
in assessed ratings was found to be statistically significant
(at level p < 0.05) using both tests. We conclude that our
system has a quantifiable, positive benefit over what an art
projector alone can provide in improving the confidence of
novice users.5

In the second component of the study, a group of three ex-
perienced painting professors filled out two questionnaires
to evaluate each of the twenty paintings completed by the
novice users (see Fig. 8). The first questionnaire asked re-
spondents to rate 6 attributes of painting quality on a scale
of 1 to 7 and the second questionnaire asked the professors
to rank their top ten paintings in terms of overall quality and
overall similarity to the model painting.6 Fig. 7 reports the
sum of the ranks of expert ratings for six survey attributes
over the two populations of paintings, where 1 = “poor qual-
ity”, 4 = “medium quality” and 7 = “high quality.” The p-
values for the Mann-Whitney-U test are shown for each at-
tribute. A statistically significant difference (at p < 0.05) was
observed for every attribute except “quality of color match-
ing to original painting.” Furthermore, a majority of the top
10 paintings ranked by each professor were painted with the
use of our system. These results serve to further validate our

5The average confidence ratings for the Low and High difficulty paintings
did not show a statistically significant variation between the two groups.
However the mean ratings for both attributes were higher for the group that
used our system. Note that the model painting was designed to be of medium
difficulty.
6In addition to ranking the paintings, the second questionnaire asked for
open comments on standard attributes they have used in the classroom for
comparing paintings and assessing their relative quality. These comments
were found to validate our choice of survey attributes for the quality of the
painting and its similarity to the model.
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(a) (b)

(c) (d)

(e) (f)

Figure 5: (a) Canvas before compensation; (b) Desired
appearance; (c) Projector 1 compensation image; (d)
Compensation result for projector 1 alone; (e) Projector
2 compensation image; (f) Final canvas appearance
under the combination of projectors 1 and 2.

claim that our system can help novice painters to produce
higher-quality artifacts than an art projector alone.

Usage Trends
Figure 6 shows three paintings created using our system by
three novice artists who had never painted in oils before.
Each painting took an average of 5 hours to create using our
system. We observed the painting process for these artists
and identified the following trends:

First, two of the subjects exhibited initial hesitation in apply-
ing the brushstrokes directly on top of the displayed virtual
brushstrokes. For the two impressionist style paintings in
Figure 6, for example, both artists applied the paint in very
small and slow brushstrokes despite the implicit instruction
to paint with quicker and more sweeping brushstrokes as vi-
sually suggested in preview, color selection and orientation
modes.
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Figure 7: Aggregate quality ratings reported by three
painting professors, for the two sets of paintings shown
in Fig. 8.

Second, as the novices’ hesitations faded and they switched
between interaction modes more frequently, task execution
speed increased. This indicates that they learned how to ap-
ply regions of color in a layer in a more effective manner and,
as a result, became more confident in their ability to accom-
plish painting goals.

Third, as the paintings progressed, all three users switched to
color selection mode more frequently. In one case, the artist
repeatedly re-adjusted the color similarity tolerance for each
color selection before applying a new color to the canvas.
This enabled him to grow or shrink the layer segmentation
until it appeared to conform to contiguous brushstroke ar-
eas as opposed to pieces of brushstrokes resulting from color
variation across the brushstroke. This behavior suggests the
need for a more sophisticated means of detecting and seg-
menting brushstrokes for color selection mode.

We were initially concerned about the potential negative ef-
fects of glare and shadows on the subjects in our experiment.
Glare caused by projecting light onto wet oil paint could both
hinder the ability to control the appearance of the canvas us-
ing photometric compensation and annoy users of our sys-
tem. Shadowing on the display due to projector occlusions
by the artist could prevent the effective use of interaction
modes for painting guidance at the color application and ma-
nipulation level. We found that by positioning our projectors
at oblique angles, we were able to reduce both of these ef-
fects in practice. None of the artists reported any discomfort
caused by glare or shadows.

CONCLUSION AND FUTURE WORK
We have described a novel interactive system for guiding
novice artists to paint using traditional methods and tools.
We have demonstrated how a multi-projector adaptive dis-
play can support artistic painting by guiding users according
to traditional painting techniques taught in artist’s manuals.
Furthermore, we presented a set of five interaction modes for
a canvas-centric interface which supports a traditional layer-
based approach to painting. We evaluated the effectiveness
of our system in meeting the goals of improved quality of ex-
perience and high quality of output. The results of our user
study indicate that these goals were met.
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(a)

(b)

(c)
Figure 8: (a): Top two rows: Paintings made with the system. Lower two rows: Corresponding zoomed-in regions for the
paintings in the top rows. (b): Model painting all subjects in the user study were told to copy (c): Top two rows: Paintings
made without the system. Lower two rows: Corresponding zoomed-in regions for the paintings in the top rows. Notice
the larger deviation in shading from the model for the zoomed in portion between the two groups.
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Our system has the flexibility to handle a wide range of paint-
ing styles and approaches. Portraiture, still life, and land-
scape paintings are examples of domains that are supported
by our process model. However, Jackson Pollock’s paintings
provide an example of a less traditional means of applying
paint that does not fall within the range of techniques that we
currently support.

In future work, we are considering extending the painting
interaction techniques presented in this paper to other areas
of the fine arts. Multiple projectors could guide a sculptor
in subtracting material from a block of marble, for exam-
ple. Just as layers were used to build up the composition of
a painting in the current system, a sculpting system could
guide an artist in a hierarchical broad-to-fine chiseling ap-
proach.
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Registration Techniques for Using Imperfect and Partially
Calibrated Devices in Planar Multi-Projector Displays

Ezekiel Bhasker, Ray Juang, Student, IEEE, and Aditi Majumder, Member, IEEE

Abstract— Multi-projector displays today are automatically registered, both geometrically and photometrically, using cameras. Exist-
ing registration techniques assume pre-calibrated projectors and cameras that are devoid of imperfections such as lens distortion. In
practice, however, these devices are usually imperfect and uncalibrated. Registration of each of these devices is often more challeng-
ing than the multi-projector display registration itself. To make tiled projection-based displays accessible to a layman user we should
allow the use of uncalibrated inexpensive devices that are prone to imperfections. In this paper, we make two important advances
in this direction. First, we present a new geometric registration technique that can achieve geometric alignment in the presence of
severe projector lens distortion using a relatively inexpensive low-resolution camera. This is achieved via a closed-form model that
relates the projectors to cameras, in planar multi-projector displays, using rational Bezier patches. This enables us to geometrically
calibrate a 3000× 2500 resolution planar multi-projector display made of 3× 3 array of nine severely distorted projectors using a low
resolution (640× 480) VGA camera. Second, we present a photometric self-calibration technique for a projector-camera pair. This
allows us to photometrically calibrate the same display made of nine projectors using a photometrically uncalibrated camera. To the
best of our knowledge, this is the rst work that allows geometrically imperfect projectors and photometrically uncalibrated cameras
in calibrating multi-projector displays.

Index Terms—Geometric calibration, photometric calibration, tiled displays.

1 INTRODUCTION

Multi-projector displays are popular today for many applications such
as visualization, entertainment, training, and simulation. Contem-
porary researchers envision future workspaces with ubiquitous pixels
rendered by multi-projector displays of various scales and forms aid-
ing users in collaboration, interface, and visualization [9, 12, 16, 17,
24, 25, 30, 33, 36].

To enable such readily accessible multi-projector displays, auto-
mated camera-based registration techniques that register the imagery
coming from multiple projectors, both geometrically and photomet-
rically, have been proposed [5, 6, 13, 19, 20, 21, 23, 26, 27, 28, 29,
34, 37, 38]. More recently, Bhasker, et al. [2], proposed a distributed
network of compact projector-camera units that can self-register with-
out any user input, relieving the user of installation and maintenance
responsibilities. However, all these methods do not handle imperfec-
tions, such as lens distortions, that are common in inexpensive com-
modity devices. They assume pre-calibrated devices (i.e., devices
whose geometric and photometric parameters are known) leaving the
responsibility of device calibration to the user. Device calibration is of-
ten more challenging than multi-projector display registration and de-
mands a very educated user. This difculty in deployment has quaran-
tined tiled projection-based displays to national laboratories and uni-
versities despite huge advances in automated camera-based registra-
tion techniques.

The work in this paper makes initial advances by developing ge-
ometric and photometric registration techniques that allow imperfect
uncalibrated devices to be used for the most common cases of planar
displays. The ultimate goal would be to allow the use of projectors
with severe geometric and photometric distortion and still achieve ac-
ceptable geometric and photometric registration. We achieve this goal
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using cameras that are neither geometrically nor photometrically reg-
istered. The paper by Majumder and Stevens [21] is the only work
to date in this direction and presents initial methods to handle large
spatial variation in intensity within and across projectors. In this pa-
per, we make further advances to these unexplored domains. These
are: (a) achieving geometric registration while using projectors that
have considerable geometric imperfections (e.g., lens distortions); (b)
achieving photometric registration with a photometrically uncalibrated
camera.

1.1 Using Geometrically Imperfect Projectors

We present a new geometric registration technique that can correct for
severe lens distortion using a relatively low-resolution camera for pla-
nar multi-projector displays. This method relies on a new parametric
geometric model relating the projector to the camera used for register-
ing the display. The relationship is modeled in a compact and efcient
manner using a rational Bezier patch.

Projection technology is advancing at a tremendous pace. Pocket
projectors that can t on one’s palm are no longer a myth but a re-
ality [1]. Industry initiatives are nding ways to build short-throw,
unbreakable projectors that use LEDs as light sources so that they can
be embedded in cell phones. It is evident that lens distortion will be
signicant in such low-cost projectors. Our method will enable the use
of such low-cost projectors to build commodity tiled displays.

Further, in designing a compact multi-projector display or changing
an existing setup to increase space utility, a short-throw lens is required
to decrease the throw distance of the projectors. These lenses currently
require several optical elements to reverse the high lens distortion cre-
ated by short focal lengths. Hence, they are cost-prohibitive (around
$2000 - $6000) and at least 5-6 times the cost of regular projectors
(around $800 - $1500). Our work handles severe lens distortions, thus
paving the way for using inexpensive lenses on projectors, just as they
are used on cameras today. This allows for even more compact multi-
projector display designs.

1.2 Using Photometrically Uncalibrated Cameras

Existing methods for photometric calibration of a multi-projector dis-
play often use a camera that is rst calibrated using high dynamic
range images [8, 26]. This involves taking images in an outdoor envi-
ronment where one does not have control of motion, illumination, etc.
This calibrated camera is then used to recover the photometric proper-
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ties of the projectors which are then modied appropriately to achieve
a photometrically seamless multi-projector display [21, 26].

In this paper, we present a photometric self-calibration technique
for a projector-camera pair that allows us to register a multi-projector
display photometrically using an uncalibrated camera. To the best of
our knowledge, this is the rst work that estimates both the intensity
transfer function and the spatial variation in intensity of projectors si-
multaneously using a photometrically uncalibrated camera.

2 RELATED WORK

In this section, we review existing geometric and photometric regis-
tration techniques and relate them to the techniques we present in this
paper.

2.1 Geometric Registration
Geometric registration of planar multi-projector displays entails re-
constructing two functions: (a) the function that relates the individual
projector coordinates to the camera coordinates; and (b) the function
that relates the camera coordinates to the global screen coordinates.
Most geometric registration techniques devised for planar displays so
far fall into the following categories.

Linear methods assume linear models for cameras and projectors.
They relate the projector, camera, and the screen coordinates by lin-
ear matrices called homographies [5, 34]. However, linear models do
not account for geometric non-linearities, such as lens distortion, and
cannot achieve accurate alignment in their presence. To achieve ac-
ceptable alignment in such cases, projectors are manually adjusted to
the ‘sweet-spot’ in zoom level where the non-linear distortions become
negligible.

Piecewise linear methods address these geometric non-linearities
by using a piecewise linear function, essentially a triangulation, to
relate the projector, camera and screen coordinates to each other.
Though this achieves reasonable geometric accuracy, a dense trian-
gulation is required to sample the parameter space adequately [37].
Thus, a high-resolution (5-6 Megapixel) camera is required to register
even relatively small displays made of 4-6 projectors.

Hereld, et. al. [13], use a non-linear model where a closed-form
cubic function handles some of the geometric non-linearities. This
method has two limitations. First, a simple cubic polynomial cannot
capture the perspective projection between the projector and the cam-
era adequately. As a result, this method assumes a close-to-rectangular
array of projectors resulting from on-axis projection. Such an arrange-
ment is relatively easy to achieve manually in a rear-projection system,
but not in front-projection system where the projector is on the ceiling
projecting on a screen placed on the ground. Second, this work is not
motivated by accurate analysis of the kind of non-linearities seen in
projectors and hence cannot handle higher order non-linearities.

Our method incorporates the non-linear distortions of the projec-
tor into the function that relates the projector to other entities, such as
the camera and screen, using a single accurate closed-form function
– the rational Bezier patch. This allows combination of distortions
arising from completely different reasons (e.g., lens distortion and key-
stoning) into a single unied representation. Further, it results in an ef-
cient camera-based geometric registration for planar, multi-projector
displays, that can handle signicant lens distortion.

2.2 Photometric Registration
Photometric properties of a camera/projector involve its intensity
transfer function, or ITF (more commonly called the gamma function),
and the spatial intensity fall-off in its eld-of-view (more commonly
called the vignetting effect). Photometric registration of projection-
based displays requires estimation of the photometric properties of the
projectors using a camera. To do this, the camera is rst photometri-
cally registered. The high dynamic range imaging technique [8, 22]
can be used to estimate the camera’s ITF by taking images outdoors.
Currently, there is no simple automated way of estimating the cam-
era’s vignetting effect. The registered camera is usually set to a nar-
row aperture when using it to estimate the photometric properties of
the projectors in a tiled display. The techniques in the work by Raij,

et al. [26], are then applied to estimate the projectors’ ITF using the
registered camera. Using the projectors with known ITF, the tech-
niques described in the papers by Majumder and Stevens [20, 21] are
then used to estimate the spatial intensity fall-off of the projector, and
to register the multiple projectors photometrically using the estimated
photometric properties. No method currently exists that can use a pho-
tometrically uncalibrated camera and recover both the ITF and the spa-
tial intensity fall-off of the projectors simultaneously. Our method in
this paper estimates all the different photometric parameters of both
devices in a photometrically uncalibrated projector-camera pair. It is
accomplished in a controlled indoor setting without using any other
physical props. Photometric registration techniques that use these pa-
rameters [20, 21, 38] can then be utilized to achieve photometric seam-
lessness in the multi-projector display.

3 USING GEOMETRICALLY IMPERFECT PROJECTORS

In this section, we present our geometric registration technique that
corrects for projector geometric imperfections, such as lens distortion.
We use a camera that is corrected for lens distortion [3]. First, we de-
velop a new model that relates a single projector to the camera in a
planar multi-projector display using a rational Bezier patch. The pro-
jector lens distortion is modeled by an afne-invariant non-rational
Bezier patch. For a projector-camera setup with a planar display, this
function is followed by a homography that relates the projector to the
camera and to the screen linearly. We use a perspective-invariant ratio-
nal Bezier patch to model the combination of these non-linear and lin-
ear functions. Thus, all the different distortions in a planar projection-
based display (e.g., key-stoning, radial, and tangential distortions) are
combined into a single closed-form function. To the best of our knowl-
edge, this is the rst work that models both linear and non-linear dis-
tortions of a projector-camera system in a unied manner.

To geometrically register multiple distorted projectors, we sparsely
sample the rational Bezier function relating the projector coordinates
with the camera and screen coordinates, and estimate the function pa-
rameters. These parameters are then used to warp the input image to
the projector appropriately resulting in a geometrically aligned image.
The sparse sampling proves adequate for acceptable geometric regis-
tration since the rational Bezier offers a piecewise curve representa-
tion (which is more suited for lens distortions that transform lines to
curves), rather than a piecewise linear representation. This sparse sam-
pling allows us to use a low-resolution camera to achieve geometric
registration for even medium sized displays made of 6-16 projectors.

3.1 Model for Single Projector
We rst consider the simple case of a single projector projecting onto
a planar screen and being observed by a single camera corrected for
lens distortion. Our goal is to design an accurate parametric function
F that denes the relationship between the projector pixels (x,y) and
the camera pixels (u,v), i.e., (u,v) = F (x,y). Ideally, the function
F has two components. The rst is the lens distortion function R
that relates the undistorted projector coordinates (x,y) to the distorted
coordinates on the display screen (xd ,yd). The second component is
the well-known homography H that relates the distorted coordinates
to camera coordinates (u,v).

(u,v) = H (xd ,yd) = H (R(x,y)) = F (x,y) (1)

We would like to model F by a single compact parametric function
that accurately captures the effect of the concatenation of these two
functions, H and R, and is amenable to efcient data tting compu-
tation.

Modeling R with Non-rational Bezier Patches: The classic lens
distortion model [4, 10] consists of two independent distortions: radial
distortion (e.g., barrel or pin-cushion) and tangential distortion.

Radial distortion is usually modeled by

xd = x+(x− xp)(k1r2 + k2r4 + k3r6) = x+ρx, (2)

yd = y+(y− yp)(k1r2 + k2r4 + k3r6) = y+ρy, (3)
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Case No. Lens Distortion Parameters % Error For
Center Radial Tangential Bezier of degree
(xc,yc) (k1,k2,k3) (p1, p2) 2 3 4 5 6 7

(a) (0.5,0.5) (−0.35,0,0) (0,0) 5.78 ε
(b) (0.5,0.5) (0,0,0) (0.1,0.1) ε
(c) (0.5,0.5) (−0.35,−0.35,0) (0,0) 9.00 0.91 0.56 ε
(d) (0.6,0.55) (−0.35,−0.13,0) (0.05,0.05) 1.9 0.14 0.03 ε
(e) (0.6,0.55) (−0.35,−0.13,−0.016) (0.05,0.05) 2.0 0.17 0.038 0.0012 0.00022 ε

Table 1. This table shows the accuracy of our t for lens distortion functions using non-rational Bezier patches of different degree. Due to the large
number of lower degree terms, note that in case (e) distortion of higher degrees (e.g., degree 7) can be tted to reasonable accuracy by a lower
degree Bezier (e.g., degree 4). ε represents the convergence threshold used which is strictly less than 10−11.

(a) (b) (c) (d) (e)

Fig. 1. Images showing the ves cases of distortion mentioned in Table 1.

where (xd ,yd) and (x,y) are the distorted and undistorted image coor-

dinates respectively, r =
√

(x− xp)2 +(y− yp)2 is the radial distance
from the principal center (xp,yp) in the undistorted image, and ki,
1 ≤ i ≤ 3 are the radial distortion coefcients. Negative values of ki re-
sult in barrel distortion while positive values result in pin-cushioning.
The principal center is a point in the image that is unchanged by radial
distortion. In general, the principal center (xp,yp) need not be at the
center of the image but is usually close to the center.

The tangential distortion is modeled by

xd = x+2p1xy+ p2r2 +2p2x2 = x+ τx, (4)

yd = y+2p2xy+ p1r2 +2p1y2 = y+ τy (5)

where r =
√

(x− xp)2 +(y− yp)2 and p1 and p2 are the tangential
distortion parameters.

Radial and tangential distortion are independent of each other and
hence their effects can be combined into a comprehensive lens distor-
tion equation, as

(xd ,yd) = (x+ρx + τx,y+ρy + τy). (6)

Estimating the unknown radial and tangential distortion coefcients
involves solving complex non-linear optimization problems. Hence,
several simplifying assumptions are usually made which are often not
true in a real system. The most common simplications are to assume
that the principal point coincides with the center of the image and to
ignore the higher degree terms [3, 7, 15, 32, 35, 39].

We model this lens distortion by non-rational Bezier patches in-
stead. A non-rational Bezier patch of degree k and dimension d is de-
ned by (k +1)d control points in a d-dimensional space. In our case,
we consider a two-dimensional patch where d = 2. The Bezier patch
is a tensor product patch where the control points, Pi j, are weighted by
blending functions that are products of independent one-dimensional
Bernstein polynomials. There are k + 1 Bernstein polynomials of de-
gree k given by

bnk(t) =
k!

n!(k−n)!
tn(1− t)k−n (7)

where 0 ≤ n ≤ k and 0 ≤ t ≤ 1. The non-rational Bezier patch can then
be dened from these polynomials as

N B(x,y) =
k

∑
i=0

k

∑
j=0

Pi jbik(x)b jk(y) (8)

=
k

∑
i=0

k

∑
j=0

Pi jBi jk(x,y), (9)

where Bi jk is the tensor product of the Bernstein polynomials bik and
b jk and 0 ≤ (x,y) ≤ 1. Hence, in the context of the single projector-
camera pair for planar displays, the projector lens distortion function
R(x,y) is represented by

(xd ,yd) = R(x,y) = N B(x,y) (10)

Our choice of using a non-rational Bezier patch is guided by the
following rationale.

1. The non-rational Bezier patch provides a unied framework to
represent a large range of lens distortions. More severe lens dis-
tortions can be included by increasing the degree of the Bezier
patch. For example, a bicubic Bezier patch may be sufcient for
standard narrow FOV lenses, but a Bezier patch of degree 4 may
be required for the more severe distortions of wide FOV lenses.
All of these are handled by the non-rational Bezier patch without
affecting the underlying computational framework.

2. When Equation 10 is expanded and compared with Equation
6, one nds that the non-rational Bezier patch has many more
higher-order cross terms, making it a more exible model. For
example, it is possible for short-throw lens projectors to have
a mix of both barrel and pin-cushion distortions. Such cases are
better handled by a more exible model such as the Bezier patch.

3. The principal center creates a particular nuisance in traditional
lens distortion estimation techniques, and forces most practical
systems to assume it to be at the center of the image. When
using a non-rational Bezier patch, the principle center is encoded
within the control points themselves, and need not be estimated
seperately.

4. Like lens distortion, non-rational Bezier patches are also afne-
invariant and hence provide an accurate model.

Table 1 and Figure 1 present results on the accuracy of our Bezier
patch model. We consider a dense sampling of the (x,y) space, distort
it using various traditional lens distortion parameters, and t a non-
rational Bezier patch to the distorted points. To evaluate the accuracy
of the tted Bezier, we nd the average Euclidian distance error be-
tween tted and the distorted data as a percentage of the distance from
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(a) (b) (c)

(d) (e) (f)

Fig. 2. Results of geometric registration shown on our display which is a 3×3 array of nine projectors. The geometric registration is achieved using
bicubic rational Bezier patches with sparse correspondences (8×6 for a 1024×768 projector). (a, b, c) Before registration; (d, e, f) After registration.
The grid image in the last column is made of lines that are one pixel wide. To retain clarity of the grids in the overlap region, photometric registration
is not applied to the grid image in (c) when generating the registered image (f).

the principal center. Note that even when higher order distortions are
present (e.g., x7), lower degree Bezier patches (e.g., bicubic) can pro-
vide a good t. This is due to the presence of a large number of lower-
order cross-terms, which are absent in the traditional lens distortion
model.

Modeling H R with Rational Bezier Patches: Non-rational
Bezier patches are afne-invariant but not perspective-invariant. Re-
lating the projector to the camera not only involves a lens distortion
but also a perspective projection. In the case of planar displays, this
is a homography H , a simpler 3× 3 transformation induced by the
planar display screen. So, to model the combined effects of H and
R in Equation 1, we desire a function that retains all the properties
of the Bezier and is also perspective-invariant. Retaining all the prop-
erties of Bezier patch assures retaining the accurate model of non-
linearities due to distortion. Invariance under perspective projection
assures the additional modeling of the perspective projection between
the projector and the camera. To our advantage, a generalized form of
Bezier patches called rational Bezier patches offer us a function that
has all the properties of a non-rational Bezier and is also perspective-
invariant. In addition to the 2D control points of Bezier patches, ratio-
nal Bezier patches have a scalar weight associated with each control
point, and the patch is dened as a weighted sum of the blended con-
trol points:

B(x,y) =
∑k

i=0 ∑k
j=0 Pi jwi jBi jk(x,y)

∑k
i=0 ∑k

j=0 wi jBi jk(x,y)
. (11)

The weights provide this function with the capability to sample the
parameter space in a non-uniform (but controlled) manner. This makes
it perspective-invariant. Hence, we propose the use of a rational Bezier
patch to estimate the function F = H R.

3.2 Geometric Registration of Multiple Projectors
Geometric registration of a multi-projector display requires estimating
two functions. The rst function maps the projector coordinates (x,y)
to the camera coordinates (u,v). We use a rational Bezier patch B for

this purpose. The second function maps the camera coordinates (u,v)
to the normalized screen coordinates (p,q). The presence of a planar
screen allows us to use a homography HS for this mapping. These
functions are estimated as follows.

Parameter Estimation: To estimate HS, we require four corre-
spondences between the camera and screen coordinates, (u,v) and
(p,q). The four correspondences result in a system of linear equa-
tions that can be solved to recover the homography matrix. To nd
the correspondences, we identify four points in the camera image that
correspond to the four corners of the screen. This can be done au-
tomatically by attaching ducials to the display. Since our display
is nearly rectangular, we set all the projectors to display white light
and use simple image processing to detect the extreme corners of the
lighted regions to nd the camera coordinates that correspond to the
four corners of the normalized screen space.

To estimate the parameters of the rational Bezier patch, B, we
nd correspondences between projector pixels (x,y) and camera pixels
(u,v). Let us assume N correspondences, i.e., (xc,yc) corresponding
to (uc,vc), 0 ≤ c ≤ N −1. The unknowns are the control points in the
camera’s space, Pi j = (ui j,vi j), and their scalar weights wi j. From the
known correspondences, Equation 11 can be written for each corre-
spondence as follows:

(uc,vc)
k

∑
i=0

k

∑
j=0

wi jBi jk(xc,yc)−
k

∑
i=0

k

∑
j=0

(ui j,vi j)wi jBi jk(xc,yc) = 0.

(12)
Assuming Ui j = ui jwi j and Vi j = vi jwi j, Equation 12 yields two equa-
tions for each correspondence, as follows:

uc

k

∑
i=0

k

∑
j=0

wi jBi jk(xc,yc)−
k

∑
i=0

k

∑
j=0

Ui jBi jk(xc,yc) = 0. (13)

vc

k

∑
i=0

k

∑
j=0

wi jBi jk(xc,yc)−
k

∑
i=0

k

∑
j=0

Vi jBi jk(xc,yc) = 0. (14)
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(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 3. Geometric registration of projectors with severe barrel distortion: using a linear piecewise method with sparse - 48 samples (a) and
dense - 432 samples (b) correspondences; using rational bicubic Bezier patches with sparse - 48 samples (c) and dense - 432 samples (d)
correspondences. (e,f,g,h) provides a zoomed in view of the projector overlap regions in (a,b,c,d) respectively. It is evident that piecewise linear
methods with sparse correspondences lead to severe mismatches. The results using rational Bezier are similar, even when the sampling is reduced
by an order of magnitude. In fact, at places, the results from using rational Bezier patches with sparse sampling is better than the results from using
a dense sampling for the piecewise linear method. This is evident as the grid lines are thicker in the overlap region in (b) due to slight errors.

The unknowns for estimating a two-dimensional rational Bezier patch
of degree k are (k + 1)2 control points and weights, which result in a
total of 3(k + 1)2 unknowns. The weights are variables that depend
on the control points in a non-linear fashion. So, the above equations
result in a non-linear least-squares tting problem that can be solved
efciently using the Levenberg-Marquardt gradient descent optimiza-
tion technique [31]. As an initial guess to this optimization, we t the
control polygon tightly around the set of correspondences (uc,vc) in
the camera space and constrain the weights to be strictly greater than
0.

To nd the correspondences between projector and camera coordi-
nates, (x,y) and (u,v), we display a rectangular grid of Gaussian blobs
with known coordinates on each projector. These are captured by a
calibrated camera in a series of non-overlapping images. We use a 2D-
stepping procedure that depends on a user to identify the top-left blob
and its immediate right and bottom neighbors in camera space. With
this minimal three point user input, we can design a stepping proce-
dure that (a) estimates the rough position of the next blob in scan-line
order, and (b) searches for the correct blob position using the nearest
windowed center-of-mass technique [11]. If this is not possible for
more extreme projector distortions, one can binary-encode the blobs
and project them in a time sequential manner to recover the exact ids
of the detected blobs and nd the correspondences [28, 37].

Image Correction: To create a geometrically seamless and undis-
torted display, we warp the image for each projector as follows: For
each projector coordinate (x,y), we rst compute the corresponding
camera coordinate (u,v) using the rational Bezier patch B. Next, we
compute the corresponding normalized screen coordinates (p,q) us-
ing the homography HS. The generated coordinates (p,q) are used
as indices into the image being rendered on the tiled display. Bilinear
interpolation is used to assign the nal value of each projector pixel.
Thus, the correction is achieved by the mapping

(p,q) = HS(u,v) = HS(B(x,y)). (15)

3.3 Implementation and Results
We have applied our method on our 8× 6-foot display made of 3× 3
array of nine projectors. Our projectors have relatively large throw ra-

tios and hence do not reveal major lens distortions. Instead of choosing
the cost prohibitive option of buying nine short-throw lenses, we chose
to simulate the distortion digitally by distorting the input images to the
projectors.

The registration is done ofine and takes a couple of minutes. This
generates the parameters of the rational Bezier for each projector,
which are then stored to be used during image correction. We have
implemented the image correction in real-time using modern GPUs
through Chromium – an open-source distributed rendering engine for
PC clusters [14]. A module for Chromium is written that rst pre-
computes the coordinate-mappings of all pixel coordinates using the
stored parameters of the rational Bezier. This results in a per-pixel
projector to screen lookup table. A fragment program for the pixel
shader quickly maps pixels from the projector coordinate space to the
screen coordinate space during rendering.

Figure 2 shows the results. The advantage of using an appro-
priate parametric function lies in an accurate alignment even with a
sparse sampling of the function. We can achieve accurate alignment
of our relatively high resolution display (3000×2100) by using a low-
resolution VGA (640 × 480) camera. Notice that even with a low-
resolution camera we get sub-pixel accuracy for ne grids (one pixel
wide lines) and text. Figure 3 shows that we can achieve accuracy
comparable to existing methods (that use much higher resolution cam-
eras) even when our sampling is sparser by an order of magnitude.
To achieve perceptual photometric seamlessness, we used the work by
Majumder, et al. [21]. To make the quality of the geometric regis-
tration visible in the grid images, we did not register the display pho-
tometrically for Figure 2(c) and Figure 3. So, these images, though
geometrically aligned, still show photometric seams. The real-time
rendering is demonstrated in the submitted video. However the video,
being in VGA resolution, cannot capture the high resolution details.

4 USING PHOTOMETRICALLY UNCALIBRATED CAMERAS

In this section, we present a method for photometric registration of
multi-projector displays using a photometrically uncalibrated camera.
Projector photometric parameters that include its ITF and spatial inten-
sity variation, need to be estimated to instrument existing photometric
registration techniques [21]. We use an uncalibrated camera (whose
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Fig. 4. The transformation process of an image as it passes through a projector-camera system.

ITF is unknown) to extract these projector photometric parameters. In
the process, we also recover the camera ITF and hence calibrate the
camera photometrically. To suppress the spatial intensity variation,
such as vignetting effect, of the camera, like most previous work in
scene reconstruction [8, 23], we operate the camera at a narrow aper-
ture setting where it approaches the ideal pinhole model.

4.1 Model for a Single Projector
We assume a geometrically calibrated projector-camera system where
a pixel (u,v) in the camera coordinate system is related to a pixel
(x,y) in the projector coordinate system by a linear or non-linear warp
G(x,y) = (u,v). G can be determined by any geometric calibration
method, including the one presented in the previous section [38].

Consider a spatially uniform grayscale input to the projector. Let
the grayscale level be denoted by i. As per the model presented in the
paper by Majumder and Gopi [18], the uniform image is rst trans-
formed by a spatially invariant input transfer function of the projec-
tor, fp, to create a spatially uniform output, fp(i). Next, the pro-
jector optics introduce a spatially-dependent but input-independent
intensity variation. This is further modulated by the screen re-
ectance/transmittance function. We denote this combined spatially
dependent attenuation factor due to projector lens and screen as L(x,y).
Thus, the image produced after passing through the projector lens and
screen is fp(i)L(x,y). The light from the screen then reaches the cam-
era. The amount of light accepted by the camera is scaled by its ex-
posure time t j, where j indexes different exposure times. The differ-
ent exposures are instrumented by changing the shutter speed of the
camera. This produces an image fp(i)L(x,y)t j that passes through the
camera optics. Assuming negligible camera vignetting at narrow aper-
tures, the image is transformed only by the input transfer function of
the camera, fc, to generate the grayscale value recorded by the camera
Z. Thus, Z is a function of the input i, the exposure time index j, and
the spatial coordinates (x,y). This is illustrated in Figure 4. The nal
equation is

Z(i, j,x,y) = fc( fp(i)L(x,y)t j). (16)

For cameras, the intensity transfer function is monotonic [8], and
hence invertible. Note that the same is not true for projectors [20].
Assuming invertible fc, the above equation becomes

f−1
c (Z(i, j,x,y)) = fp(i)L(x,y)t j. (17)

Taking the natural logarithm of both sides we get,

ln f−1
c (Z(i, j,x,y)) = ln fp(i)+ ln(L(x,y))+ ln(t j). (18)

To simplify the notation, we dene hc = ln f−1
c and hp = ln fp, The

above equation then becomes

hc(Z(i, j,x,y)) = hp(i)+ ln(L(x,y))+ ln(t j) (19)

where i ranges over the grayscale inputs, j ranges over the exposure
times, and (x,y) ranges over the spatial coordinates of the projector.
In this equation, Z and t j are known while hp, hc and L are unknown.
Varying i and t j results in different values of Z for each pixel (x,y).
We can use this to setup a system of linear equations. We recover
hp, hc and L that best satisfy Equation 19 in a least-squares sense.
Note that recovering hp and hc involves solving the functions for a

nite number of samples in the complete range of input values. The
recovered parameters are illustrated in Figure 5.

Improving Efciency: The system of linear equations achieved by
Equation 19 is very large. Let Ri and RZ each be the cardinality of the
set of input samples for hp and hc respectively, P be the total number
of projector pixels, and T be the number of exposures. This results in
PT Ri equations and P +Ri +RZ unknown variables for the system of
equations dened by Equation 19. Typically Ri = RZ = 256 and P =
1,000,000 (assuming common XVGA projector resolution). Since
there are multiple exposures for each input in the range Ri, the size of
the linear system is on the order of at least a few million equations and
cannot be solved efciently.

To address this inefciency we use a limited number of pixels in the
projector space to solve for hp and hc. This is possible since hp and hc
are both spatially constant. To ensure a sufciently over-determined
system, the criteria PT Ri > P + Ri + Rz should be satised. For Ri =
RZ = 256 and T = 6, a choice of 100 for P is more than adequate. So,
we rst subsample L to a resolution of 10× 10 pixel and use this to
setup a smaller linear system of equations to solve for hp and hc.

With the estimated hp and hc, we substitute these into Equation 19
and quickly solve for L(x,y) at the various projector coordinates, by
rewriting Equation 19 as

ln(L(x,y)) = hc(Z(i, j,x,y))−hp(i)− ln(t j) (20)

Handling Noise: Our system does exhibit considerable random
noise arising not only from the devices (camera and projector) but
also from the screen. In particular, we use a rear projection screen
with relatively high gain which has been shown to generate consider-
able random noise [20]. This has an adverse effect on the signal to
noise ratio, especially for low projector input i or low camera output
Z. Thus, estimating hp and hc directly from Equation 19 and L from
Equation 20 results in noisy parameter estimation. We take several
measures to reduce the effect of this random noise.

To assure smooth hp and hc while solving the system of equations,
we minimize the error function

E = ∑
j∈T

∑
(x,y)∈P

∑
i∈Ri

[(hc(Z)−hp(i)− ln(L(x,y))− ln(t j)]2 (21)

+λ

(
∑

Z∈RZ

hc (Z)2 + ∑
i∈Ri

hp(i)
2

)
. (22)

The rst term assures that the solution arises from the set of equations
given by Equation 19 in a least-squares sense. The second term is a
smoothing constraint on the curvature of hp and hc, given by their sec-
ond derivatives. In the discrete domain, we use the Laplacian operator
to nd the curvature of hp and hc, i.e., hp(i) = hp(i− 1)− 2hp(i) +
hp(i + 1). The scale factor λ weights the smoothness term relative
to the data tting term and should be chosen based on the amount of
noise in Z. We choose λ = 10.

However, note that the rst term in Equation 22 gives equal weights
to all recorded camera values Z, and the second term gives equal
weights to all i and Z. For the rst term, we want to emphasize im-
ages with higher signal to noise ratio i.e. images for higher i with
higher recorded values Z. For the second term, we want to emphasize
smoothing of hp and hc in the lower ranges of i and Z respectively
where low signal to noise ratio would result in a noisier estimate. To
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(a) (b) (c)

Fig. 5. (a) The estimated camera input transfer function fc. (b) The estimated projector input transfer function fp. (c) The estimated spatial intensity
variation due to projector, screen, and camera L.

achieve this, we weight the rst and second term of the error function
in Equation 22 as follows,

E = ∑
j∈T

∑
(x,y)∈P

∑
i∈Ri

[wc(Z)(hc(Z)−hp(i)− ln(L(x,y))− ln(t j)]2 (23)

+λ

(
∑

Z∈RZ

[(Zmax −wc(Z))hc (Z)]2 + ∑
i∈Ri

[(imax −wp(i))hp(i)]
2

)
. (24)

where wp and wc are the weighting functions corresponding to the
projector input and the recorded camera values, respectively, and Zmax
and imax are the maximum camera output and projector input respec-
tively. To give the higher intensities greater condence we use linear
weighting functions, wc(Z) = Z and wp(i) = i.

Similarly, noise can have adverse effects when estimating L using
Equation 20 after hp and hc are recovered. Usually the image cap-
tured for input i at a particular exposure does not yield unsaturated
outputs at all spatial pixel locations (x,y). So, we need to use differ-
ent images for reconstruction of L at different spatial locations. This
will yield an L with different signal to noise ratio at different spatial
regions depending on the image that was used to reconstruct L in any
spatial region. Even if a rare situation occurs when one nds a single
image (at a particular input and exposure) where all the pixels are un-
saturated, L will still be noisy due to the inherent random noise of the
projector-screen-camera system.

Averaging multiple observations is the standard way to reduce ran-
dom noise signicantly [11]. Using this fact, we reduce noise in L
at any pixel (x,y) by solving it from multiple images and nding
a weighted mean of the multiple solutions. The weighting function
should emphasize higher i and Z to reduce the effect of random noise.
We achieve this by a weighting function wL(Z, i) = wc(Z)wp(i). The
solution can now be derived by modifying Equation 20 as

ln(L(x,y)) =
∑ j∈T ∑i∈Ri

wL(Z, i)[hc(Z)−hp(i)− ln(t j)]

∑ j∈T ∑i∈Ri
wL(Z, i)

, (25)

resulting in clean estimated parameters as illustrated in Figure 5.

4.2 Photometric Registration of Multiple Projectors
For photometric registration of a multi-projector display, we estimate
the fp and L(x,y) of each projector independently using the same cam-
era. Note that in order to recover the relative intensity levels of the pro-
jectors, we use the unnormalized L(x,y) estimated independently from
each projector. Using the extracted parameters from each projector,
we use the photometric registration method proposed by Majumder
and Stevens [21] to generate a perceptually seamless display.

4.3 Implementation and Results
We used a Kodak DCS ProSLR/n camera and projected 32 at
grayscale elds with intensity levels uniformly sampled from 0 to 255.
For each intensity level, 15 exposures were taken. The camera was set
to a narrow aperture, f/32. The data collection took 25 minutes. To

reduce the collection time, we tried reducing the number of exposures.
Empirically, the minimum number of exposures needed before quanti-
zation effects became visible was eight. The exposures used, however,
need to be well distributed amongst the range of available camera ex-
posures. The program was written in C++ and utilizes Matlab and the
OpenCV library. It takes about 11-15 minutes to register each projec-
tor on a Pentium 4, 2.8 GHz PC.

The photometric registration in Figure 2 (d) and (e) are achieved by
using a photometrically uncalibrated camera. Additional results with
projectors that do not exhibit lens distortion are shown in Figure 6.
Here a linear geometric registration method is used [5]. These results
show that a photometrically uncalibrated camera can be used irrespec-
tive of the kind of geometric registration method being used. When
using the photometric registration technique of Majumder and Stevens
[21] we use a low photometric uniformity parameter to retain the high
contrast of the display as much as possible. This results in some per-
ceivable seams near the boundaries of the bottom left and right projec-
tors, which are signicantly dimmer than the other projectors in our
display. However, these seams exist even when the photometric reg-
istration is carried out with a calibrated camera, showing that they are
artifacts of the photometric registration method itself and are not due
to imperfect projector parameter estimation.

5 CONCLUSION

This paper presents new registration techniques to handle imperfect
and uncalibrated devices in planar multi-projector displays. The four
relevant cases include allowing (a) photometrically imperfect projec-
tors, (b) geometrically imperfect projectors, (c) a photometrically un-
calibrated camera, and (d) a geometrically uncalibrated camera. Our
work addresses (b) and (c) in particular, while (a) is addressed by ex-
isting literature [21]. Our work allows severely distorted projectors to
be used which opens up the possibility of mounting inexpensive lenses
on projectors, just as with cameras, leading to very short-throw projec-
tors. Using a photometrically uncalibrated camera allows the photo-
metric registration to be conducted within a controlled indoor environ-
ment. Further, we have proposed the rst method that estimates all
projector/camera photometric parameters simultaneously. However,
case (d) above of achieving geometric registration in multi-projector
displays using a geometrically uncalibrated camera is still a challeng-
ing problem.

Further, our methods are within the realm of centralized architec-
ture. Current distributed architectures [2] are very amenable to easy
deployment, simple maintenance and hence more affordable multi-
projector displays. Our goal is to extend our developed methodologies
in this paper to the distributed framework of a network of projector-
camera systems [2]. This poses a signicant challenge which, if re-
solved, can be instrumental in realizing commodity tiled projection-
based displays. All of these methodologies are stepping stones towards
the vision of ubiquitous pixels in future workspaces.
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(a) (b) (c) (d)

Fig. 6. Images of our 3×3 array of nine projectors. (a,c) The geometrically registered display without any photometric registration. (b,d) Photometric
registration achieved by using an uncalibrated camera.
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Abstract

Despite great promise of vision-based user interfaces,

commercial employment of such systems remains marginal.

Most vision-based interactive systems are one-time, “proof

of concept” prototypes that demonstrate the interest of a

particular image treatment applied to interaction. In gen-

eral, vision systems require parameter tuning, both during

setup and at runtime, and are thus difcult to handle by non-

experts in computer vision. In this paper, we present a prag-

matic, developer-centric, service-oriented framework for

the construction of vision-based interactive systems. Our

framework is designed to allow developers unfamiliar with

vision to use computer vision as an interaction modality.

To achieve this goal, we address specic developer- and

interaction-centric requirements during the design of our

system. We validate our approach with an implementa-

tion of standard GUI widgets (buttons and sliders) based

on computer vision.

1. Introduction

Computer vision has the potential to provide a rich
modality for user input in interactive systems. Numerous
examples from the literature illustrate the diversity of appli-
cation domains and interaction styles created using vision
as input modality [7, 11, 9, 14, 2, 12, 10]. Yet, there are sur-
prisingly few examples of commercially available vision-
based interactive systems.

Human-computer interface (HCI) developers are used to
hardware-based input devices that provide data “out of the
box” with little or no off-line or runtime tuning. In contrast,
vision-based input systems can only be integrated by HCI
developers with great difculty: they require vision exper-
tise for setup, as well as execution conditions incompatible
with typical HCI requirements. In this sense, most current
computer vision systems do not just work.

We believe that to popularize vision-based interfaces,
computer vision systems must be made more developer-
friendly as well as more user-friendly. To accomplish this,
it is necessary that vision system developers adopt a dif-
ferent perspective. In this paper, we present an approach
to vision system design that aims at minimizing the dif-
culties related to the deployment of vision-based interactive
systems by: (a) encapsulating vision components in isolated
services, (b) imposing these services to meet specic usabil-
ity requirements, and (c) limiting communications between
the services and the interactive applications to a minimum.
We describe our approach in section 3.

In section 4, we design a system for vision-based interac-
tive widgets for augmented surfaces, and propose a break-
down into atomic services. In this context, we identify the
necessary information exchange between services and with
the application. Meeting the requirements detailed in sec-
tion 3 inuences the choices of the image processing algo-
rithms used; in particular, they require little or no setup and
tuning and feature usability-grade latency. Our implemen-
tation is robust to light changes and is moderate in CPU
usage. Finally, in section 5 we detail an implementation of
a simple vision-based calculator built using the described
vision system.

In this paper, we consider the requirements of developers
and end-users. By “developers”, we refer to the developers
of the interactive systems aimed at “end-users”. In particu-
lar, these are not the developers of the vision system and we
do not expect them to have computer vision expertise. By
“end-users”, we refer to the users of the nal system, who
are assumed to have neither developer nor computer vision
expertise.

2. Related work

Much work has been done in vision-based gesture recog-
nition and novel interaction styles research, but the problem
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of integrating vision to standard development has only re-
cently received attention. Kjeldsen et al.[5] present an ar-
chitecture for dynamically recongurable vision-based user
interfaces (VB-UIs). They propose to separate the applica-
tion from the vision engine. The core application controls
the vision engine by sending XML messages specifying the
current interface conguration. The interface is composed
of interaction widgets dened at the level of functional core
by their function and position in the interface. As end-users
actuate widgets, the image processing engine sends mes-
sages that correspond to interaction events to the applica-
tion’s functional core.

The modular decomposition of vision components, as
well as the separation of image treatment from the func-
tional core of applications are important steps toward
“developer-usable” VB-UI components. However, as pre-
sented, the VB-UI approach requires its developer to dene
sets of parameters and calibration data for the vision treat-
ment engine for each interface conguration and location.
Setting parameters for particular conditions allows ne tun-
ing of the vision system. On the other hand, it requires the
user of the vision system (the developer) to understand the
underlying image processing algorithms, which is contra-
dictory with the idea of VB-UI deployment by developers
unfamiliar with vision.

In [13] Ye et al. present a framework for vision-based in-
teractive components design. Both Kjeldsen et al. and Ye et
al. propose to analyze camera input only in regions of inter-
est around interactive “zones” of the interface, thus making
the vision engine more economic in CPU usage. However
Ye et al. go a step further, and instead of applying one vi-
sion algorithm per widget type, they propose to use a set of
different detection techniques to obtain visual events called
Visual Interface Cues (VIC). Each VIC detector called also
selector examines a small part of the camera image for vi-
sual events that can be of different nature, like color, tex-
ture, motion or object geometry. Selectors are structured
into hierarchies, and each selector can trigger one or more
other selectors. Interaction events are detected based on se-
quences of selectors output. For instance, a touch sensitive
button uses only motion detection at rst. Once motion is
detected, a VIC-based button switches to color-based im-
age segmentation and to segmentation-based gesture recog-
nition.

While the VIC paradigm presented in [13] is appealing
for widget-oriented interface design, it lacks the analysis
of VIC selectors suitability for interactive systems. Indeed,
the VICs framework is presented from the perspective of an
expert in computer vision. It does not consider setup and
maintenance issues related to each selector such as thresh-
old setting or lighting requirements. In section 4 we present
a VIC-based implementation of basic interactive widgets
that was conceived to respect the requirements identied in

section 3.
Finally, the Papier-Mâché [6] toolkit features a frame-

work for the creation of multimodal interactive applications,
in particular using computer vision. The toolkit design is
based on a detailed user study, and offers an abstract, event-
based model to work with multiple modalities. The vision
part allows object recognition and tracking to be used as ap-
plication input. While the design seems to be well-thought
from the HCI perspective, it has several architectural short-
comings; in particular typical problems linked to object
recognition (such as the aspect variations due to lighting
changes) are not dealt with, and several thresholds must be
set manually, on-line, by the developer using the toolkit.

3. Service-oriented design

Vision-based user interfaces rely on vision processes that
extract high-level, abstract information from streams of im-
ages. This information is what is relevant for the interaction
task. Except for “proof of concept” demonstrations created
by computer vision researchers, this information is to be
used by interactive application developers who have little to
no expertise in the computer vision. This implies that a vi-
sion system that aims to be used outside the laboratory must
be designed from a developer-centric point of view. In ad-
dition, all interactive systems, including vision based once,
must consider end-user requirements. In this section, we de-
scribe how user-centric and developer-centric requirements
inuence both the structure of a VB system and its applica-
tion programming interface (API).

Our goal is to provide a set of computer vision services to
developers of interactive systems. We aim at offering these
services at different levels of abstraction. At the highest
level, a service is an autonomous “black-box” application
that, once launched, provides abstract information through
some communication channel (a network socket, or a shared
memory for examples). Developers should not need any
knowledge of the vision processes. They simply connect to
the black-box application and receive abstract events such
as the position of the ngers in the case of a nger tracker
service, or activation of striplets in the case of the SPOD
service that we describe later. We facilitate the communi-
cation between the vision application and the developer’s
application by using a very simple communication proto-
col. This approach is developer-centric in the sense that we
only expose and make easy to access what matters to the
developer: the high-level events.

3.1. Non-functional requirements

Typical user-centric criteria against which an interactive
system is evaluated include overall latency, reliability and
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autonomy [7]. Here, we shortly describe these criteria and
how they constrain the architecture of vision systems.

Latency. Interactive systems generally require a con-
straint on latency. For user input systems latency is mea-
sured as the time between the user action and the notica-
tion of the application. Typically, when using a vision-based
nger tracker or a mouse to drag projected objects on a sur-
face, the latency must be under 50 ms to optimize usability
[8]. On the other hand, for a system that monitors the num-
ber of persons present in a room, a latency of 1 second may
be acceptable. In consequence, a general architecture for
vision services must be able to respect strict latency limits
in communicating information to the application.

Autonomy. Vision-based systems usually require opera-
tor intervention for initial setup and maintenance. While ac-
ceptable in a laboratory setting, such intervention is poorly
suited for deployment. Our “black-box” approach reduces
the possibility of operator maintenance by reducing com-
munication between the vision service and the developer’s
application to a minimum.

Ideally, vision system developers should devise auto-
matic maintenance solutions without offering a mainte-
nance API. However, we acknowledge that designing fully
autonomous vision system is a difcult goal that will not
be reached in the short run for many services. When oper-
ator intervention is mandatory, one must take into account
that the calibration task will be performed by a non-expert.
Therefore, the maintenance procedure must be designed ap-
propriately to minimize disrupting the end-user from her/his
primary tasks.

Reliability. In most cases, information needs to be reli-
ably conveyed between the input system and the applica-
tion. For instance, an application that receives events when
a person enters or exits an augmented room cannot afford
to “miss” an event because its state would become incoher-
ent. Losing some events from a tracking system, on the
other hand, would not necessarily break the interaction, but
would deteriorate the end-user experience. Therefore, our
architecture must include reliable transport for interactive
events.

3.2 Functional requirements

We propose a number of developer-centric requirements
for our system in order to successfully address the target au-
dience. These requirements include abstraction, isolation,
and contract. Together they form the notion of a service.

Abstraction. To HCI developers, “abstracting the input
[is] the most time consuming and challenging piece of ap-
plication development” [6]. Since we assume the user of
our vision system (the application developer) has no vision
expertise, vision-specic information should not be made
visible.

Even though coupling processing results with a con-
dence factor might be richer, this information is, in most
cases, of no interest to developers. For instance, optical
mice use normalized cross-correlation to determine the di-
rection and speed of the movement. As long as the corre-
lation coefcient is above a threshold they send positional
data to the computer, otherwise they remain silent. The cor-
relation coefcient is not sent to the system. The services
internal data, such as the condence factor, should not be
considered as rst-class output of services and should not
be made visible by default. However, in cases where devel-
opers need to access this information, it should be available
by explicit request from the developer.

End-user input should be abstracted to interaction events
that are the same for a given class of input. For example,
a nger tracker should produce “motion” events compatible
with mouse “motion” events so that developers can, as a rst
step, quickly substitute vision-based input to existing event
processing code. In other words, the abstracted data from
the vision service should be in a form that is easily con-
nectable to existing graphical user interface code. Conse-
quently, the API of a VB input system for interaction should
(a) render the vision aspects invisible, and (b) generalize the
input used for a given task.

Isolation. Input subsystems like a VB-UI may need to
be used by multiple applications, possibly running on dif-
ferent machines – for performance or geographic reasons.
For instance, a video capture service might be used concur-
rently by a surveillance system located on a remote server,
by a video-conference application, and by a motion cap-
ture service, both co-located to the camera. Since “a par-
ticular piece of input can be used for many different types
of output” [6], information generated by a vision system
must be shareable, and both remotely and locally accessi-
ble. Moreover, any input system for interaction should be
easily extensible (for instance using output adapters, aggre-
gators, or supervisor patterns) and embeddable in other ser-
vices or in applications. Designing a VB input system as a
federation of “black box” components therefore appears to
be adequate.

Contract. Developers of toolkits or input devices usually
establish a contract with the UI developer, in terms of HCI-
centric, non-functional criteria. For instance, for positional
or tracking input (mice, trackpads, laser trackers, etc.), the
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relevant criteria are latency, precision, robustness, and au-
tonomy.

• latency is implicitly under a usability threshold for
standard tracking input devices (the textbook value [8]
is around 50 ms);

• precision is also implicitly dened for a
mouse/trackpad (under 1 display pixel, scaled
with respect to the device gain)

• robustness is generally “absolute”. In other words the
device or system either works or doesn’t. For instance
an optical mouse “just works” as long as used on an
adequate surface, and stops emitting positional events
as soon as the contact stops.

• autonomy, or the lack of setup and maintenance, is also
tacit for traditional devices.

In the case of VB input systems, these criteria are dif-
cult to meet. Therefore, it is the role of the vision sys-
tem designer to explicitly state in contract form the limita-
tions with respect to these criteria. For instance, the system
should notify the client application about robustness-related
failures rather than provide incorrect or distorted informa-
tion along with a (low) condence factor. This corresponds
to a binary quality of service evaluation and requires the
system to perform introspection.

3.3. A pragmatic approach

Our approach is to generally isolate as much as possi-
ble the VB input system from the application that uses it,
and minimize the communications between them. We pro-
pose to encapsulate the relevant services into independent,
“black-box” processes that use only serialized communica-
tions.

To allow for low latency while preserving reliabil-
ity, we propose to use traditional socket-based (TCP and
UDP) communications. We use the TCP link to guar-
antee the connection between services or with the appli-
cation, and to allow for reliable, high-latency communi-
cations, and the UDP link for low-latency communica-
tions. This constitutes the base of the “BIP/1.0” protocol
we use for communications between services (draft spec-
ication at http://www-prima.inrialpes.fr/

prima/pub/Publications/index.php).
System autonomy cannot be enforced at the architec-

tural level. Nevertheless, not providing support for syn-
chronous communications (thus making it difcult to im-
plement transactions between the application and a service)
limits the possibility of implementing setup mechanisms
where automatic setup can be devised.

Finally, since the contract offered by a VB input system
cannot be expressed simply as a part of an API, we propose
to document it explicitly. This means that the developer
of the system must evaluate it against the criteria presented
above in order to circumscribe conditions of use for the vi-
sion system.

4. Basic services for vision-based UI design

To illustrate our service-oriented approach with an im-
plementation, we choose to study vision systems applied
to traditional interfaces. Typically, we investigate the use
of graphical WIMP-like interfaces projected on surfaces of
mundane objects. We assume that end-users are free to in-
teract with projected images without wearing markers or ac-
tuating any hardware.

We break down our VB input system into three services:
(1) the widget service, which the client will interoperate
with; (2) the image capture service, which abstracts the
camera, allowing it to be used by other systems eventually;
and (3) the calibration service, which establishes the geo-
metrical mapping between the camera view and the display.

4.1. Simple Pattern Occlusion Detectors

In [3] we presented an appearance-based implementation
of touch sensitive projected buttons which we called “Sen-
sitive widgets”. The presence of an object over a button on
the interaction surface is detected by observing the change
of perceived luminance over the button center area with re-
spect to a reference area. By dening the reference area
around the central-one, the button is made robust to com-
plete occlusion, and sensitive to appearance changes made
by elongated objects. Very simple image processing allows
this system to maintain several dozens of sensitive widgets
at camera frame rate (PAL-size images at 25 Hz) on a typ-
ical desktop computer. Moreover, this approach is robust
to lighting changes, and thus suitable for congurations in
which the interface is projected frontally from a video pro-
jector.

Implementation and evaluation of several interface pro-
totypes based on sensitive widgets demonstrated that, from
the end-user’s perspective, robustness to partial occlusions
is also necessary. Indeed, a user pointing at a far-part of the
interface would likely hover her/his arm over projected but-
tons, thus triggering partially occluded widgets. A partial,
unsatisfactory solution was obtained by deactivating partly
occluded widgets based on the input from widgets placed
further away from the user. The idea of combining inputs
from several sensitive widgets led us to re-think the touch
detection approach.

We now choose to assemble atomic occlusion detectors,
which are to be placed within and around widgets, in a way
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that allows the system to distinguish some simple occlusion
patterns. The geometry of the detectors (called “striplets”)
is simplied to a rectangular strip. These detectors are as-
sembled into a federation to provide the SPOD (Simple
Pattern Occlusion Detectors) service. The SPOD service
is internally divided into two separated layers: the image
processing layer called the Striplet Engine (SE), in charge
of image processing, and the Vision Events Interpretation
Layer (VEIL), in charge of input abstraction. Both of these
layers were designed to meet the requirements described in
section 3.

Striplets are dened as sensitive patches on the interface.
Their response is calculated as the integral of the perceived
luminance multiplied by a gain function over the surface
of the striplet. The gain function has to be chosen so that
the integral equals zero when the luminance over the whole
striplet is constant. In current implementation the gain func-
tion is a symmetric step function with positive value over
the central part of the striplet and negative value at both
ends of the striplet (Figure 1).

x

1

−1

x

y

gain

Figure 1. Striplet geometry and the gain func-
tion.

Striplets are designed to detect occlusion by elongated
objects. Each striplet is 40 millimeters long and 10 millime-
ters wide on the projected interface. These dimensions are
chosen to ensure a maximal response to occlusions made
by nger-sized objects occluding the striplet’s central area.
Occlusions of any extremity of a striplet are intentionally
ignored.

The camera coordinates of a striplet are calculated based
on its position in the interface as given by the VEIL ser-
vice and the camera-interface mapping. The event trigger
threshold, on the other hand, is estimated individually for
each striplet by the SE without any control from the client
application. This threshold is automatically set to half of
the maximal positive response of a striplet during interac-
tion. The only assumption is that ngers contrast with the
interface, which is true in most setups.

The VEIL is the “brain” of the SPOD service. The VEIL
(a) translates widgets coordinates dened by the client ap-
plication to a set of striplets coordinates, and (b) analyses
the occlusion events generated by the SE and issues inter-
action events when appropriate.

Currently two types of interactive widgets are imple-
mented: touch buttons and sliders. This allows a designer to
build simple WIMP-like user interfaces. The button widget
is composed of six striplets: two crossed in the center and
four other surrounding the button center (Figure 2). Touch
events are issued only if occlusion is detected by at least
one of the center striplets and no more than one surrounding
striplets. Sliders are simply obtained by assembling multi-
ple partially overlapping buttons.

Finger

Projected button

Stripltes sending
occlusion event

Figure 2. Button widget made of six striplets.

Since monocular vision systems cannot detect when a
nger actually touches the interface, interaction events are
generated only after detecting a short pause of the nger
over a widget. The dwelling period, set to 250 ms, cor-
responds to the button-down event for mouse-based inter-
action. To move a slider, the end-user has to rst “press” it
and then drag it. This is coherent with existing WIMP inter-
face behavior. In contrast, the dragging task requires from
the end-user 2D movement coordination. If user’s nger
exits the SPOD slider area, dragging is stopped.

By assembling striplet detectors in more sophisticated
ways, it is also possible to develop different types of inter-
active widgets, for instance crossing-based menus [1]. An
extreme case would cover the whole interface surface with
SPOD-button-like structures, thus making a SPOD-based
nger tracker.

Service API. The SPOD service requires the client appli-
cation to specify the position of each interactive widget in a
normalized coordinate frame of the interface. Additionally,
the SPOD service needs to know the mapping between the
camera view and the interface, as well as a rough estimate
of the number of pixels per unit length of the interface in the
scene. Both the mapping and the scale, are provided by a
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calibration service (discussed below). The communication
between SPOD service and calibration service is invisible to
the client application. The SPOD service exclusively sends
to the client application a stream of interaction events. All
communication occurs via TCP/IP connections, using the
BIP protocol described in section 3.3.

Inter-layer API. Both the SE and the VEIL are imple-
mented as independent services, running in independent
processes. Their communication also is asynchronous and
event-driven, using BIP. For a given interface conguration,
the VEIL sends to the SE coordinates of all striplets together
with the interface-camera mapping matrix. The SE layer
sends back to VEIL striplets state-change events that result
from end-user interaction with the system.

Contract for the SPOD service. The initial SPOD ser-
vice implementation can handle up to 300 striplets at cam-
era frame rate (30 Hz) with images of 320x240 pixels size
on a 2.8 GHz Pentium IV processor. In terms of widgets,
this means the system can handle roughly 50 SPOD buttons
simultaneously.

Because actuating buttons is not close coupled interac-
tion, the latency is less of an issue. In fact, the VEIL
makes the distinction between accidental occlusions and in-
tentional actions based on a dwell time. On the other hand,
the SE service is implemented to minimize latency.

Striplets only provide coarse resolution for nger posi-
tions. The resolution can be enhanced by averaging the
position of several striplets detecting the same nger. Our
implementation of a slider widget achieves a resolution of
about 5 millimeters.

The SPOD service is made autonomous (i.e. exept for
the UI-camera mapping and scale there are no parameters
to set), at the expense of robustness to certain condition
changes. In particular, the SE layer would fail to detect oc-
clusion from a nger on a dark background, it would also
fail if the image contrast decreases due to a change in cam-
era setting.

While the SPOD service was designed to respect the
developer-centric requirements, it does not fully meet user-
centric requirements. In particular, the simplistic auto-
matic threshold estimation results in occasional false pos-
itive touch detections. However, the SPOD service can be
described within the Visual Interface Cues (VICs) frame-
work [13], with local luminance changes as the only visual
cue. Using a similar approach for spacio-temporal gesture
recognition like in [13], we can hope to alleviate the need of
setting an occlusion threshold. Instead, striplets responses
would be fed to a neural network based VEIL.

4.2. Support Services

Calibration consists in the geometrical coupling of the
camera view (what the vision system percieves) and the dis-
played interface (what the application developer controls).
The calibration service clients need to access the mapping
information to transform vision information (e.g. positions
in camera coordinates) into application-relevant data (e.g.
positions in interface coordinates). This is achieved by pro-
viding the associated projective transformation in matrix
form. Because the calibration service needs information
from both the camera and the application, two approaches
are possible: (a) If it controls the graphical output, it can
work without interaction with the application. This is the
case in the PDS example [3], where the interactive surface
itself is tracked by the service. (b) In the general case, it
must negotiate with the client application the display of a
calibration grid [7].

Image acquisition service creates an abstraction of the
camera. It allows concurrent access to the camera by multi-
ple services. In our case, both the calibration service and the
SE require access to the image stream. Low latency video
sharing is implemented using shared memory buffers.

5. Application

Using the widget implementation described above, we
have implemented a simple calculator application. The cal-
culator interface can be projected and manipulated directly
with ngers on the top of a desk. This interface allows a
user to perform basic calculations such as addition, subtrac-
tion, division and multiplication. Numbers can be either
typed on the calculator keyboard or chosen from the history
buffer containing results of previous operations. The his-
tory buffer can be browsed using a slider on the left side of
the calculator.

An informal evaluation of the calculator application,
made by volunteers from our laboratory, showed that
SPOD-widgets are easy to use and allow fast interface
prototyping. A video showing the application working is
available in the demo section of http://www-prima.
inrialpes.fr/

6. Conclusions

This paper presents a developer oriented design approach
for vision-based interactive systems. Inspired by [5], we de-
compose the vision-based applications to isolated processes
of vision components and functional core of the applica-
tion. The implementation of the vision-components draws
on the VICs framework presented by Ye et. al in [13].
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We believe that extending these two design approaches by
an HCI-centric requirements analysis allows to build vision
systems that can be used for interactive systems designed by
developers unfamiliar with vision. Following the guidelines
of the developer-centric and end-user-centric requirements
analysis we implemented vision-based interactive widgets:
buttons and sliders. We illustrate the feasibility of our ap-
proach with an implementation of a simple calculator for
projection-augmented surfaces.
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Abstract

 
How can interactive computer interfaces be created

anywhere in a space without wiring or modifying objects 
or people? We propose using steerable projector-camera
systems employing computer vision to realize such 
“steerable interfaces.” In this paper, we illustrate the
potential of the new kinds of applications enabled by 
steerable interfaces and discuss the challenges imposed
on computer vision through the presentation of four 
application prototypes: a collaborative assembly task
coordinator; a multi-surface presentation viewer; a 
ubiquitous product finder for retail environments; and an
interactive merchandise shelf. 

1. Introduction

The main goal of our research is to create devices 
capable of realizing the ubiquitous computing (ubicomp)
vision of everywhere computer access and seamless 
integration of computers with the real world [1]. However,
unlike the most commonly proposed devices that have to 
be either worn or carried by the user (such as cell phones
or PDAs), or embedded in the environment, we are 
investigating devices that can create interactive displays
with minimal physical change to the user or to the 
environment.

In this context, using projectors to create interfaces 
becomes a natural candidate, especially when combined
with cameras and computer vision systems able to directly 
detect user interaction with the projected surface. The
combination projector-camera is thus able to create 
projected interfaces on most planar surfaces without
requiring any modification on it. 

However, if the goal is to provide multiple points of
seamless computer access in an environment, it is not 
practical to install pairs of projector-cameras facing every
possible surface. Even in the unlikely case that projectors 
become extremely cheap, installation of these devices will
still be costly. Even worse, any change in the 
configuration of the environment will require re-
installation and re-wiring of many devices. 

To cope with those problems, we have been advocating
the use of steerable projected interfaces [2, 3], referred in 
this paper simply as steerable interfaces. Steerable
interfaces can be created, for example, by fitting a pan/tilt 

mirror into a LCD projector and combining it with a
pan/tilt/zoom camera. 

We have described the basic structure of the vision
systems used in our prototypes in previous 
publications [4, 5]. In this paper we focus on four
different application prototypes that explore the potential 
of steerable interfaces. These applications employ vision
systems that detect point-and-click interaction, toolbar
scrolling, and simple user activity recognition. However,
unlike traditional vision-based interfaces, these vision 
systems are required to work seamlessly on distinct
surfaces under very different observation angles and 
lighting conditions. They also have to cope with the
changes in the pattern of user interaction caused by
moving the interface to a new surface, which alters the
relative size and orientation of the gesture to the interface. 
In some ways, these applications require computer vision
systems much more robust and adaptable to contextual
changes than currently used vision systems.

This paper presents these new computer vision-based
applications that are only possible due to use of steerable
projectors and cameras. As we present these applications,
we analyze and discuss the challenges created by steerable
interfaces to computer vision and the ways we have
addressed them. We conclude by suggesting possible
ways to improve the performance of steerable vision 
systems.

2. Related Work

Deviceless interaction with projected images based on
video processing was pioneered in the 1980s by
Krueger [6] in systems that often used a backlit white
background to simplify segmentation. Real-time static
background segmentation became a reality in the 1990s,
notably in the ALIVE system [7] and the technique has
been a cornerstone of most segmentation work in vision-
based gesture recognition.

However, only a little of that work has attended to the
problems of segmentation in the context of a projected 
display. Because the projected image drastically changes
the appearance of the hand, we tend to agree with
Hardenberg and Berard [8] in that background subtraction
does not give reliable results in the presence of strong
projected images.

Different proposals have been made to use hand or 
body gestures to interact with the projected images. In

In: Proc. of ICCV Workshop on Projector-Camera Systems (PROCAMS'03). Nice, France.
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general, gesture-based interaction methods tend to fall into 
one of two categories: either variations of a point-and-
click paradigm [8, 9] or application-specific pose or 
motion gestures [10]. Both these approaches have
disadvantages. While the point-and-click approach is 
often not well suited to hand pointing due to limited
resolution and the lack of a natural “click”, a large number 
of application-specific gestures makes interfaces complex:
users have to learn and execute these gestures largely 
without feedback, as discussed in [11].

3. Computer Vision for Steerable Interfaces

The applications described in this paper use a device to
create steerable interfaces called the Everywhere Displays 
projector (ED-projector) [2]. Figure 1 shows a prototype
of this device, made of off-the-shelf components: a LCD 
projector, a pan/tilt mirror used in theatrical lighting, and
a videoconference pant/tilt/zoom camera. 

The system is currently run on two different computers,
one responsible for the application software and the 
projector software; the other controlling the positioning of
the camera and runs the computer-vision system 
responsible for detecting user interaction. The projector
software stores and manages the calibration parameters to 
correct the distortion caused by oblique projection as well
as the projector focus and zoom parameters. In the current 
implementation, these parameters are determined
manually as described in [2]. 

Our methods to detect user activity involve the
interpretation of the path of the user’s hand. Because the 
projection can radically change the appearance of objects
moving through it, appearance-based techniques were 
ruled out. Instead motion is detected by looking at the
differences between adjacent images in the video stream. 
Hands are tracked by looking for fingertips in the filtered
motion data. Candidate fingertips are identified based on 
shape and evaluated using spatial heuristics such as
orientation, distance from the user’s body, and the 
previous fingertip locations.

To build an interface, application designers assemble 
“widgets” that specify areas where users can interact.
Each type of widget responds differently to the user’s 
motions. A touch widget looks for an in-pause-back
motion of the hand. A continuous motion widget reports 
the relative location of a fingertip in one or two
dimensions. The system can also track objects of distinct 
colours. As we see, our system employs traditional
computer vision methods in the implementation of the 
basic widget set (see [4] for details).

Most real-life vision interface systems incorporate the 
vision system as a module that is hard-coded to operate
under a fixed set of circumstances. Our system, on the 
other hand, requires the application to send the vision
system a description of the user interface as a 

configuration of widgets (describing what the interface is).
Based on these specifications, the vision system assembles 
a set of image processing components that implement the 
interface, sharing computational resources when possible.
To change the interaction, a new interface description can
be sent to the system at any time. 

The system, described in detail in [5], also provides
for the deployment of an interface onto different real-
world planar surfaces. Like Zhang et al. [12], we
dynamically map the interactive interface based on the
four corners of the contour of the surface. However, in our 
system the parameters of the surfaces where the interface
can be realized are represented and referenced
independently of any particular interface. These include
the size, location and perspective distortion within the 
image and characteristics of the physical environment
around that surface, such as the user’s likely position
while interacting with it. When the application requests an 
interface to be activated on a particular surface (that is,
defines where the interaction should happen in the 
environment), the system retrieves the surface parameters
and propagates them through the assembly of image
processing components that implements that interface. 

By explicitly decoupling the information describing the 
characteristics of where an interface happens in an
environment, i.e., surface-specific information, we enable:
(1) the porting an application to a new environment where 
the interaction surfaces could be different; (2) the use of
one surface by multiple applications; and (3) the use of the
same interface on multiple surfaces. 

4. Applications Using Steerable Interfaces

Steerability considerably expand the potential of 
projected interface systems by making them devices much
more adaptable to environmental changes, especially 
when compared to embedded displays and monitors. For
example, if the furniture of an office is rearranged, it is

 
Figure 1. Prototype of the ED-projector. 
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necessary to rewire monitors and, many times, remove and 
reinstall embedded displays. Instead, if a steerable 
interface system is used, adaptation is simply a matter of 
recalibrating the position and parameters of the interactive 
surfaces by software.

However, the addition of steerability to a projected 
interface system goes beyond easy and flexible 
deployment of interfaces on different surfaces. It also 
enables a new set of applications that explore more direct 
connections to real-world objects. In particular, it allows 
the creation of augmented reality applications where 
information about objects is projected directly onto or 
around them, freeing the users from the inconvenience of 
wearing head displays and cumbersome input devices and 
avoiding the difficulty of registering the computer 
generated imagery to the real-world view.

The possibilities opened up by the use of steerable 
interfaces to create different and exciting applications 
come with a price. On the display side, there are issues 
such as reduction of perceived resolution, constraints on 
environment brightness, and occlusion, as discussed 
in [2].

4.1. Collaborative Assembly Task Coordinator 

Steerable interfaces can augment reality without 
requiring users to wear goggles or other cumbersome 
devices. To demonstrate this premise, we developed for a 
the Emergent Technologies Exhibit of SIGGRAPH’01 a 
whimsical demonstration of a system that uses steerable 
interfaces to coordinate a collaborative assembly task. In 
this prototype application, the object to be assembled is a 
picture made of 3,000 M&M’s (multi-colored sugar-
coated chocolates) where each M&M is regarded as a 
pixel of the picture. Each user contributes to the task by 
placing 10 to 15 pixels. Here is a description of the main 
characteristics of this application: 
Context: a collaborative assembly task in a factory.

Application Goal: to guide users to find the components 
to be assembled and to help placing them in the
appropriate position. 
Technology: the application uses an ED-projector
overlooking the assembly area. The vision system 
implements widgets that detect touch events and that
report continuous motion of the user’s hand on a surface.  
Interaction: as the user enters the environment, she is
asked to touch a picture projected on a board to activate 
the system. The system responds by projecting an
instruction asking the user to go to the selection area. The 
interface is then steered towards a table. Figure 2.a shows 
this table as it is transformed into an interactive menu for
color selection. The user simply touches the color of his 
choice to select it. Then the user receives a projected
instruction prompting him to look for a highlighted 
bucket. In Figure 2.b, the system highlights the bucket that 
contains the M&M’s of the selected color and provides 
additional information on how many M&M’s to extract 
from the bucket. The interface also includes a touchable
button, where the user indicates that the retrieval of 
M&Ms is completed. When this button is touched, the 
system projects on the bucket an instruction telling the 
user to walk to the picture board. In Figure 2.c, the system 
is pointing to the exact places on the picture board where 
the M&M’s should be placed. After the M&Ms are put in
place, the user can signal the end of this task by touching a 
button projected on the side of the picture board. The user 
is then invited to wave her hand over the surface to
progressively reveal the rest of the picture being built (see 
also the video, from the system’s camera point of view, at 
http://www.research.ibm.com/people/p/pinhanez/downloa
d/video1.avi). 

The computer vision system faced many issues in this
application. The first difficulty involved the interactive
menu for color selection. As shown in Figure 2.a, this
menu presented a choice among 18 buttons, arranged in a 

   
Figure 2. The M&M picture assembly task: a) choosing a color; b) “clicking” a bucket after getting the M&Ms;
c) placing the M&Ms on the highlighted areas; and d) “finger painting” to reveal the complete picture. 

a b c d 
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grid configuration closely juxtaposed to each other. 
Correct selection was possible because the system looked
for the complete gesture of touching and not simply by the 
presence of the hand in a particular spot. Therefore, the
user could select a color in the top row without triggering 
the buttons on the rows below. As we see here, simple
tracking without gesture recognition is often insufficient 
to implement even basic projected interfaces.

A second major challenge for the vision system was to 
realize the bucket interface dialog onto the many different
buckets. At the time of this demonstration, the automatic 
mapping of configurations of widgets onto surfaces
described in section 3 was not implemented, so each 
interface had to be painstakingly mapped to each surface
that realized it. In fact, the difficulties experienced during 
this demonstration were a major factor to develop the
description-based interface system described in section 3.. 

More than 650 novice users participated in the
collaborative assembly task demonstration. Considering 
that the vision system and the projection system were
integrated only weeks preceding the exhibition, the 
combined system worked remarkably well. As shown in
Table 1, a sample with 130 consecutive users with 621 
button touch events (touching gestures or false detections)
yielded correct detection of touching gestures in 81% of 
the events, with 12% false negatives and 7% false
positives. If the bucket events are excluded from the 
count, the performance exceeds 89%.

The buckets yielded a high number of errors for several 
reasons. The biggest problem was that while picking
M&M’s from the bucket, the user often partially or 
completely occluded the display with their head or back,
accidentally triggering the button projected on the bucket. 
A possible way to handle this is to include in the vision
system improved methods to distinguish between the 
shapes of hands and other body parts. Currently, the
system only looks for fingertip-shaped patterns on the 
motion image. However, if view-based methods are used
to identify body parts larger than a fingertip, the apparent 
shapes can vary dramatically from surface to surface due
to the different relative positioning of camera.

Although we choose to use the M&Ms placement task
to demonstrate steerable interfaces in augmented reality, it 

should be evident the applicability of this technology in 
real-world assembly tasks and similar augmented reality
scenarios.

4.2. Anywhere Presentation Viewer 

Another important area of applications of steerable 
interfaces involves the access to desktop applications from 
different surfaces. A typical scenario occurs when people
assemble in an office or meeting room to review
electronic documents. According to the number of
participants and their roles, documents are preferably
viewed by individuals on monitor-like displays, by large
groups of people on vertical screens, or by a small number 
of people in configurations that better facilitate 
collaborative work such as the one shown in Figure 3. 

Trying to address these problems, we developed a
presentation viewer that can move to different surfaces: 
Context: office or meeting room.
Application Goal: to create a viewer for presentations 
that can be accessed on walls or tables to facilitate
collaborative work.
Technology: an ED-projector overlooks the working area.
The vision system utilizes only touch widgets; the 
interfaces are dynamically defined by the application and 
mapped automatically onto the calibrated surfaces. 
Interaction: using a touch-screen LCD monitor, the user
selects through an icon a surface in the environment to
launch the application. The presentation is projected on
the selected surface, topped by buttons allowing the users
to select the next, the previous, or the first slides, or to
dismiss the viewer. The viewer can be moved to other 
surface by selecting the corresponding icon on the LCD 
monitor. 

This application clearly demonstrates the need of a 
vision system that can automatically map any application 
interface onto any given surface. In real offices and 
meeting rooms, tables move to different areas, walls are
set up and removed, etc. Easily coping with these 
environmental changes is an essential feature of the vision 
system here. 

Table 1: Performance of the vision system (130 users) 

success false 
positives

false
negatives 

Entrance 88% 9% 3%
select board 94% 2% 4%
buckets 55% 33% 12%
board (place) 91% 8% 2%
board (paint) 80% 2% 18%
total w/o buckets 89% 6% 5%
total 81% 12% 7% 

Figure 3. Anywhere presentation viewer. 
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A difficulty with this application, particularly in 
collaborative scenarios such as the one depicted in Figure
3, is that the context invites multi-user interaction. If that 
is the case, buttons have to respond to activation patterns
from different directions corresponding to where each 
user is positioned relatively to the interface. Such ability is
not currently supported by our system: it assumes that all 
touch widgets in an interface are accessed from the same
direction. Supporting multi-directional access requires 
either tracking and differentiating multiple fingertip paths
simultaneously, which is currently very error prone, or 
monitoring the location of every user. In the second case,
the vision system may use contextual information 
provided by an environmental user positioning tracking
system. We are also evaluating more sophisticated hand 
path representation and recognition methods.

4.3. Ubiquitous Product Finder 

Computerized access to information in public spaces 
such as malls and stores has been primarily deployed
through kiosks. A major advantage of using virtual display 
systems such as the ED-projector in such spaces is that
they can be installed on the ceiling, thereby preventing 
accidental damage and discouraging vandalism and theft.

We are exploring such ubicomp applications in public 
spaces in the context of retail environments. The first
application developed in this framework is a system to 
help customers to find products in a large store. A major
requirement for this application is ubiquity, i.e., the 
product finder has to be easily accessible from anywhere
in the store. Another requirement is that it has to be simple 
to learn and use.

Figure 5 shows a conceptual view of the ubiquitous 
product finder. ED-projectors are installed in every aisle,
and small white boards placed in strategic locations on the 
shelves. These boards can be easily moved to different
positions to respond to marketing and customer needs. A 
large table is place at the entrance to the store (on the right
side of Figure 4). On it, an enlarged, intuitive-to-use 
version of the interface is projected aiming to make
customers acquainted to the system. Signage boards are 
hung up from the ceiling or placed on top of the shelves,
allowing the system to project directions to the product 
requested by the customer or to display advertisements
when the system is idle. 

A full-scale version of this application has not been
deployed yet. Here, we describe a laboratory prototype of 
the system we have built and tested.
Context: a large retail environment.
Application Goal: to help customers everywhere in the
store to find products by pointing directly to where they 
are located.
Technology: (laboratory prototype) an ED-projector is
mounted on the ceiling. A table with a wooden red slider 

is used for projecting a larger introductory version of the
product finder interface. Two smaller foam boards, 
visually similar to the table with the slider, are placed on
the walls representing the smaller replicas of the same
interface used in other areas of the store. The vision
system is able to detect touch events, hand position and
movement over the foam boards, and the position of the
wooden slider relative to the table.
Interaction: the product list is projected on the product 
finder table located at the entrance of the store. The user
can move the wooden red slider on the left of the table to 
find a product as illustrated in Figure 4.a. As he does this,
the product list projected to the right of the slider scrolls
up and down mirroring the motion of the slider. Once the
user touches the “where” symbol on the right, arrows 
guiding the user to the location of the highlighted product
are projected on signage boards hanging from the ceiling

  

  
Figure 4. Prototype of ubiquitous product finder.

Figure 5 Concept of ubiquitous product finder. 

a b 

c d 
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as illustrated in Figure 4.b (see also video at 
http://www.research.ibm.com/people/p/pinhanez/downloa
d/video2.avi). Alternatively, the user may initiate the 
product finder from the foam boards at other locations of
the store by touching the boards as shown in Figure 4.c. 
This action triggers the system to project the product
finder interface onto these foam boards as shown in Figure 
4.d. In the wall version, the user slides his finger up and
down a red velvet strip to scroll the product list (see 
http://www.research.ibm.com/people/p/pinhanez/downloa
d/video3.avi). 

Our laboratory prototype of this application currently 
does not address two important issues present in real
stores. First, we use a camera-based user tracking system 
(based on [13]) to detect proximity to the foam boards. If
a user is close to one of them, we aim the ED-projector 
camera to the board surface and, without projecting any
information, wait for the user to “call” the system by 
touching the board. This is not a practical solution in real
store where multiple customers may be close to different 
foam boards at the same time. We envision here the use of
an array of steerable cameras that can be dedicated 
exclusively to monitor the foam boards. The second issue
is the inability of the system to help more than one 
customer at a time. In particular, if many boards share an
ED-projector, we may have situations where users will 
have to wait for their turn to use the product finder. The
severity of this is yet to be tested in a real-world 
deployment, but we expect that customers may tolerate
reasonable waiting times as the situation is similar to when 
they consult an information desk or a sales assistant.

The flexible structure of our computer vision system 
simplified significantly the implementation of the
laboratory prototype. To detect the movements of the 
wooden slider of Figure 4.a, a widget to detect linear
movements of blocks of solid color was implemented. In 
the case of the foam boards, fingertip tracking is used to
determine its position on the velvet strip as shown in 
Figure 4.d. Switching between the two different widgets is
accomplished by the application simply sending the vision 
system the description of the appropriate interface.

We initially had some difficulties with the interaction 
on the velvet strip. After scrolling through the list and
finding the desired product, users move away to touch the 
“where” button on the right, sometimes causing unwanted
scrolling before they exit the tracking region. We solved 
the problem heuristically, ignoring quick motions after a
pause that immediately exit the tracking region 

This problem is common to many gesture-based
interfaces: the segmentation of continuous gestures into 
distinct “phrases”. In our case the problem is simplified
somewhat by using the spatial adjacency of gestures to 
interaction widgets. As with the problem of continuous
speech, there is some amount of “co-articulation” that 

affects the ends of adjacent phrases, complicating their 
recognition. Gestural phrasing has been an issue for many
years but, despite many different proposals (such as [14]),
it is still largely unsolved.

4.4. Interactive Clothing Bins 

Another application developed in the context of a retail 
environment uses a checkerboard arrangement of bins
containing women’s pants and projectable surfaces as 
shown in Figure 6. It explores steerable interfaces as a
way to augment the functionality of everyday objects and
furniture. In this particular application, the system detects
user interest with the product in a particular bin and 
automatically brings information designed to assist the
customer. 
Context: a retail environment. 
Application Goal: to assist customers interested in a
product by displaying information about it.
Technology: an ED-projector is aimed at the clothing
bins. In our particular implementation, the system is
unable to project an image large enough to cover all
projectable surfaces on the bins. Instead, it selects groups 
of juxtaposed surfaces and steers the interface towards
them according to the user hand’s position, i.e., the top
parts of the bins, the bottom part of the bins, etc. The
vision system can detect user activity in each of the 
clothing bins and touch events. No surface contains any
sensor or wire. A camera-based user tracking system
(similar to [13]) is used to determine the position of the
user relative to the clothing bins. 
Interaction: When the user is at a distance from the bins, 
a circulating series of advertisements for women’s
clothing are projected on the panels, trying to attract
customers to the area. When the user approaches the bins,
the display is changed to advertise the store’s credit card 
and special promotions. Once the user starts examining
pants in a bin, information pertaining to the pants in that
bin is displayed in the proximity of the bin. Additional
interactive panels are projected allowing the user to find 
information about similar pants styles, to check the size
chart, or to check whether the desired size and color is 
available in stock (see demonstration video at
http://www.research.ibm.com/people/p/pinhanez/downloa
d/video4.avi).

The major difference between this application and the
ones previously examined is that this system proactively 
tries to engage and help the customer. By recognizing user
activity in a particular bin (by simple hand tracking) and 
interpreting it as an interest in the products stocked there,
the application takes the “liberty” of augmenting the
environment with information. This example clearly
demonstrates the potential of steerable interface systems
to create new models of interaction by directly engaging
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people while they execute everyday activities in the real 
world. Since application interfaces can be created on areas
very close to where the activities are happening, user 
attention can be more easily grabbed. This kind of
engaging application involving physical objects cannot be 
easily implemented with traditional embedded displays
such as monitors or kiosks.

This example also shows how computer vision
methods and algorithms for recognition of human activity 
and behavior can be used for the development of
applications with steerable interfaces. Our system 
determines user interest in a particular bin by detecting
long duration hand movements within the bin. The 
performance achieved with this simple measurement is
adequate for a research prototype but we clearly see 
opportunity here for more sophisticated methods of action
and behavior recognition.

5. Improving the Performance of the Vision
System of a Steerable Interface 

By decoupling the functional definition of the interface
from the specification of its location in the physical 
environment and in the camera image, the ED-projector
vision system supports a great deal more flexibility than 
most vision-based interaction systems. This flexibility
requires significant architectural complexity to 
dynamically realize an efficient recognition process from
the task and surface descriptions.

Up to this point, our efforts have mostly concentrated
on developing this flexible internal architecture [5], while 
the interaction widgets themselves have been
comparatively simple. We are now beginning to 
concentrate on developing widgets that are capable of
supporting more interesting interactions. This work is 
proceeding along several dimensions.

People have difficulty seeing the exact shape of a 
moving object, so natural gestures most often consist of a
sequence of motions and static poses, where a hand 
movement is followed by a static pose, possibly followed
by another movement, and so on [9]. In order to recognize 
hand poses, it will be necessary to either incorporate
techniques to recognize shape in the sparse and noisy 
motion data or to incorporate hand segmentation
techniques that do not rely on motion. However, as 
mentioned above, to avoid problems caused by the change
in appearance of the user’s hands as they pass through the 
projected image, the current interactions have all been
based on detection and analysis of motion in the video 
stream. One possible alternative is to use a segmentation
method that uses knowledge about the image being 
projected, the physical surface where the interface is being
projected on, and how they interact, so that it can estimate 
the appearance of the projection to the camera. By using
techniques such as those presented in [15], it may be 

possible to estimate the appearance of the projection in
the digitized video stream. This will also allow
interactions to take place in the presence of a changing
projection, such as a projected video clip.

Interestingly, the flexibility provided by computer
vision allows interactions that are more abstract than the 
manipulative hand gestures implemented to date. One line
of investigation concerns intentional control actions that 
the user takes with parts of the body other than their
hands. These include interactions where whole body
movements such as waves or jumps are used to control the
interaction [16]. 

In addition to extending the gesture recognition
capabilities of the system, we feel performance can be
significantly improved by enabling the system to adapt to
its current context. There are several areas where 
adaptation may be important. For instance, the current
widget set requires information about the expected size 
and orientation of the user’s hand. By making better use of
user tracking information and observing user movements 
as they approach a widget, it is possible to determine this
type of information automatically.

Every person moves with different rhythms and
patterns. When users interact with a system using physical 
devices like a keyboard or mouse, the device standardizes
and masks many of these differences, but because our 
vision system directly senses and interprets a user’s
movements, it can be sensitive to them. Techniques
similar to [17] can allow adaptation to an individual user’s
movement patterns. 

One constraint on any interaction system is that it be
able to respond to the user smoothly and in a timely
manner. For a vision-based system this implies it runs at a
sufficiently high frame rate. Research with other 
interaction methods [18] has shown that tracking rates on
the order of 10 Hz and response times less than 200ms are 
needed for a system to feel comfortable, except in the case
of manipulation of virtual objects. If the frame rate falls
below what is required to support these response times
there are several trade-offs that can be adjusted to

Figure 6. Interactive clothing bins.
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compensate. For example the incoming resolution may be 
reduced, trading off accuracy for speed. We are exploring
techniques to do this automatically.

6. Conclusion

We have shown in this paper how possible ways to use 
computer vision in applications based on steerable
projected interfaces. Our basic approach involves using 
motion data to identify the user’s hand and path analysis
to identify touch events, hand movement, and simple 
manipulative actions.

A major factor enabling the development of three of 
the prototype systems was the application-driven dynamic
definition of interfaces and their automatic mapping to 
any surface known by the vision system. With this
architecture (defined in detail in [5]), surface and 
viewpoint-specific characteristics are abstracted from the
development process of the application. 

Some shortcomings of the current system and
challenges for computer vision have also been identified 
as a result of our work developing these applications. In
general, projected interfaces limit the use of appearance-
based techniques. Also, steerability requires gesture
recognition algorithms to be viewpoint independent or, at 
least, adaptable to new viewpoints if basic contextual
information is provided. Gesture segmentation based on 
spatial location and greater use of contextual information
such as user position contributed to the success of the 
system. As the complexity of the underlying widgets
increases, a challenge will be to ensure that the additional 
complexity does not spill over to affect the application
developer or the end user. 

Finally, in this paper we demonstrate that ubicomp
applications can be implemented based on the steerable 
interface paradigm. The extension that this paradigm will
become a major part of the ubiquitous computing reality 
substantially depends, in our view, on the development of
adequate and robust computer vision systems that satisfy 
the constraints imposed by projection and steerability.
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Applied Artificial Intelligence 11 (4), 285-305

20 1997
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Collaboration and social computing in emerging financial services
DR Millen, C Pinhanez, J Kaye, SCS Bianchi, J Vines
Proceedings of the 18th ACM Conference Companion on Computer Supported …

16 2015

A proposal for a service science discipline classification system
C Pinhanez, P Kontogiorgis
IBM Corporation

16 2008

Can Web entertainment be passive
C Pinhanez, CM Karat, J Vergo, J Karat, R Arora, D Riecken, T Cofino
Proceedings of WWW01

16 2001

Improving out-of-scope detection in intent classification by using
embeddings of the word graph space of the classes
P Cavalin, VHA Ribeiro, A Appel, C Pinhanez
Proceedings of the 2020 Conference on Empirical Methods in Natural Language …

15 2020

Specifying and Implementing Multi-Party Conversation Rules with Finite-
State-Automata.
MG de Bayser, MA Guerra, PR Cavalin, CS Pinhanez
AAAI Workshops, 713-719
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Having an Animated Coffee with a Group of Chatbots from the 19th Century
H Candello, C Pinhanez, MC Pichiliani, MA Guerra, M Gatti de Bayser
Extended abstracts of the 2018 CHI conference on human factors in computing …
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Flood data collection and warning mechanism
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US Patent 8,614,631

14 2013

A services theory approach to online service applications
C Pinhanez
IEEE International Conference on Services Computing (SCC 2007), 395-402
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Teaching robots to act and converse in physical spaces: participatory
design fictions with museum guides
H Candello, M Pichiliani, M Wessel, C Pinhanez, M Muller
Proceedings of the Halfway to the Future Symposium 2019, 1-4

13 2019

Ubiquitous interactive displays in a retail environment
C Pinhanez, M Podlaseck, R Kjeldsen, A Levas, G Pingali, N Sukaviriya
Proceedings of SIGGRAPH Sketches
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System and Method for Credit Score Based on Informal Financial
Transactions Information
SCS Bianchi, HCDSP Candello, DR Millen, CS Pinhanez
US Patent App. 14/863,470
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Designing conversational interfaces
H Candello, C Pinhanez
Simpósio Brasileiro sobre Fatores Humanos em Sistemas Computacionais-IHC
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e prioridades para uma agenda de pesquisa no Brasil
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Design Decisions for Interactive Environments: Evaluating the KidsRoom
A Bobick, S Intille, J Davis, F Baird, C Pinhanez, L Campbell, Y Ivanov, ...
Proceedings of

12 1998

System, method and computer program product for assessing the
capabilities of a conversation agent via black box testing
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US Patent 10,102,846
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Different but equal: Comparing user collaboration with digital personal
assistants vs. teams of expert agents
CS Pinhanez, H Candello, MC Pichiliani, M Vasconcelos, M Guerra, ...
arXiv preprint arXiv:1808.08157
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Recovering from dialogue failures using multiple agents in wealth
management advice
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Studies in conversational UX design, 139-157
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An architecture and framework for steerable interface systems
A Levas, C Pinhanez, G Pingali, R Kjeldsen, M Podlaseck, N Sukaviriya
UbiComp 2003: Ubiquitous Computing: 5th International Conference, Seattle …
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" Less clicking, more watching" an option for entertainment on the web?
C Pinhanez, CM Karat, J Karat, J Vergo, R Arora
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Age density patterns in patients medical conditions: A clustering approach
F Alhasoun, F Aleissa, M Alhazzani, LG Moyano, C Pinhanez, ...
PLOS Computational Biology 14 (6), e1006115
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Shaping the experience of a cognitive investment adviser
H Candello, C Pinhanez, D Millen, BD Andrade
Design, User Experience, and Usability: Understanding Users and Contexts …
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A service science perspective for interfaces of online service applications
C Pinhanez
Proceedings of the VIII Brazilian Symposium on Human Factors in Computing …

10 2008

A portable system for anywhere interactions
N Sukaviriya, R Kjeldsen, C Pinhanez, L Tang, A Levas, G Pingali, ...
CHI'04 Extended Abstracts on Human Factors in Computing Systems, 789-790

10 2004

Segmenting social media users by means of life event detection and entity
matching
PR Cavalin, MG De Bayser, JPF De Melo, CS Pinhanez
US Patent 10,108,714

9 2018

Ravel: a mas orchestration platform for human-chatbots conversations
MG de Bayser, C Pinhanez, H Candello, M Affonso, MP Vasconcelos, ...
The 6th International Workshop on Engineering Multi-Agent Systems (EMAS …

9 2018

Evaluating the conversation flow and content quality of a multi-bot
conversational system
H Candello, M Vasconcelos, C Pinhanez
Proceedings of the 2017 CHI Conference Extended Abstracts on Human Factors …

9 2017

Method and system for automated service climate measurement based on
social signals
CS Pinhanez
US Patent 8,121,890

9 2012

Computer theater: Stage for action understanding
CS Pinhanez, AF Bobick
Proc. of the AAAI'96 Workshop on Entertainment and AI/A-Life, 28-33

9 1996

Machine teaching by domain experts: towards more humane, inclusive, and
intelligent machine learning systems
C Pinhanez
arXiv preprint arXiv:1908.08931

8 2019

A social network analysis framework for modeling health insurance claims
data
AP Appel, VF de Santana, LG Moyano, M Ito, CS Pinhanez
arXiv preprint arXiv:1802.07116

8 2018

Real-time sentiment analysis in social media streams: The 2013
confederation cup case
PR Cavalin, MAC Gatti, CN dos Santos, C Pinhanez
Proceedings of BRACIS/ENIAC 2014

8 2014
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ProxNet: Secure Dynamic Wireless Connection by Proximity Sensing . . . . 213
Jun Rekimoto, Takashi Miyaki, Michimune Kohno

Tackling Security and Privacy Issues in Radio Frequency
Identification Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

Dirk Henrici, Paul Müller

Architectures and Systems

Towards Wearable Autonomous Microsystems . . . . . . . . . . . . . . . . . . . . . . . . 225
Nagendra B. Bharatula, Stijn Ossevoort, Mathias Stäger,
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Abstract. We present a lightweight search function for physical objects
in instrumented environments. Objects are tagged with optical markers
which are scanned by a steerable camera and projector unit on the ceil-
ing. The same projector can then highlight the objects when given the
corresponding marker ID. The process is very robust regarding calibra-
tion, and no 3D model of the environment is needed. We discuss the
scenario of finding books in a library or office environment and several
extensions currently under development.

1 Introduction

Ubiquitous computing landscapes extend our physical surroundings by a com-
putational layer providing new functionalities. One such functionality can be
the capability of objects to make themselves known in order to be noticed or
found by humans. This functionality was already proposed in the original Ubiq-
uitous Computing vision [8]. A search function for physical environments would
alleviate the need to keep track of all of the things in our environment.

One obvious application is keeping track of books in our office, in a library
or a book store. Let’s think of a library with ubiquitous display capabilities.
Let’s assume there will still be a conventional inquiry terminal to find out about
books. The inquiry interface on the computer terminal in a library could then
just provide an additional ”show this book” button for the selected book, which
prompts the environment to highlight its position on the shelf.

Let’s think of an instrumented office in which there are many books and other
things, either neatly sitting on the shelf where they belong, or left somewhere
in the room on a pile. A physical search functionality will find and highlight
missing objects for us, no matter where we left them. In this paper we describe
such a search function for physical objects, and how it was implemented in our
instrumented environment.

2 The SUPIE Environment

The Saarland University Pervasive Instrumented Environment (SUPIE) is an
instrumented room with various types of displays, sensors, cameras, and other

A. Ferscha and F. Mattern (Eds.): PERVASIVE 2004, LNCS 3001, pp. 351–356, 2004.
c© Springer-Verlag Berlin Heidelberg 2004
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Fig. 1. The steerable projector mounted on the ceiling (left) and one corner of SUPIE
with a book shelf (right)

devices. By means of a steerable projector, the room has continuous display
capabilities which are limited in resolution and temporal availability (only one
area at a time). The various other displays provide islands of higher resolution
and interactivity within this display continuum.

Fig. 2. Images taken during the scanning process (left) and an example of an AR
Toolkit marker (right)

The projector can project arbitrary light patterns onto all surfaces in the
room with line of sight to its position in the center of the ceiling. An attached
camera can take high resolution pictures from (almost) the same position and
scan them for objects and markers. It also provides a low resolution video stream
in real time for the recognition of movements.
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3 Implementation of SearchLight

3.1 General Thoughts

All that is needed to implement SearchLight is the steerable projector with its
camera and the capability to recognize optical markers. The only determining
factors for finding objects and highlighting them, are the pan and tilt angles of
the unit moving the projector. If a marker is found at given pan and tilt angles,
these can be stored and used directly for projecting a highlight area around
the corresponding object. Thus, not even a 3D model of the room is needed.
Absolute registration errors of the camera and projector will cancel each other
out since they are mounted in one unit and moved together.

3.2 Devices

The steerable projector is mounted on a moving yoke produced by a stage equip-
ment manufacturer, controlled via a DMX interface, and mounted in the center
of the ceiling of the room. The unit carries a 3.000 ANSI lumen projector with
a lens of long focal length, in order to provide sufficient contrast and brightness
in daylight. The camera attached to the projector (see figure 1 right) is a reg-
ular Digicam with an image resolution of four Megapixels. The high resolution
pictures are triggered and read out over USB with the camera’s freely available
SDK. Each object that should be found by SearchLight is tagged by an AR
Toolkit marker (see [1]). Each marker has a large black fringe and an individual
small black symbol on a white background. (See figure 2) These markers are
recognized by the Java version of AR Toolkit, the JAR Toolkit.

3.3 Implementation

SearchLight performs two main tasks: It scans the room for markers and mem-
orizes the corresponding angles, which are used later to show searched objects.

Scan. The room is scanned by taking slightly overlapping pictures in all hor-
izontal and vertical directions (see Fig. 2 left). Each picture is analyzed using
JAR Toolkit. Marker IDs are stored in a list together with their pan and tilt an-
gle, derived from their position and orientation in the picture and the orientation
of the moving yoke when taking the picture.

Show. After the room has been scanned, the user can search for marked objects.
The request to show a specific book in a library can, for example, be given from
the library enquiry system through a ”show this book” button. The object’s
Marker ID is then looked up and the projector unit moves to the position where
this marker was detected during the last scan and projects a bright spot around
the searched object. Due to the speed of the steerable projector, highlighting an
arbitrary object takes less than a second, thus providing almost instant feedback
to the search request.
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Fig. 3. A book was found on the shelf (left) and another one on the window sill (right)

4 Related Work

The use of a steerable projector to transform environments into continuous dis-
plays has first been proposed by Claudio Pinhanez [3] at IBM. In their Siggraph
2001 emerging technologies demo, where colored M&Ms were composed by vis-
itors to form large pixel images, the Everywhere Display Projector was used to
highlight trays with different colors on a shelf. The positions of these trays were,
however, not acquired automatically.

Additional applications are presented in [4], including a ubiquitous product
finder and an interactive shelf. The product finder guides people towards prod-
ucts in a store environment, using blank projection surfaces as individual direc-
tion signs and interaction spaces. The interactive shelf uses similar surfaces for
the display of product-related information. While these prototypes are strongly
related to the work presented here, both of them require dedicated projection
space in the environment.

Raskar et al. present in [5] a method for simultaneous acquisition of room
geometry and use of the acquired surfaces as an output medium for mobile
projectors. They also use markers for object recognition and annotation. The
FindIT Flashlight [2] can find objects instrumented with responsive elctronic
tags. Users scan the environment with an electronic flashlight emitting a digital
code, and the corresponding tags respond when hit by the flashlight’s beam.
Both systems rely on the user pointing to the right direction, while in our demo,
the environment actively controls the projector.

In [7] another augmented library environment is described, where books or
their requested positions can be highlighted on the shelf through a head-mounted
display. While this approach is more general in terms of scalability and topology
of the environment, it requires an instrumentation of the user and an explicit
3D model of the environment, which we were able to avoid.
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5 Current Results and Future Work

One immediate application scenario is a public library where each book has a
marker on its front and back side and on the spine. In this way a book can
be located even if it is not at its usual place in the shelf. When the library is
closed, Search Light can scan all shelves and tables and take inventory. During
opening hours, only certain areas must be re-scanned as described above. With
our experimental setup in SUPIE (room size 5x6m, shelf on the wall, 4 Megapixel
steerable camera with 3x optical zoom in the center of the ceiling) we were able
to reliably recognize markers down to a size of 10mm in the whole room. Initial
scanning of the room took roughly 1 hour, mostly due to the slow transmission
of pictures over the USB 1.1 link to the camera. Currently we are improving
SearchLight in various respects.

5.1 Continuous Model Update

In the current demo, scanning is done only once when SearchLight is started.
In the future we will use idle times of the projector to systematically re-scan
the room for changes. This process will also prioritize regions where changes are
more likely by using additional sensors, such as RFID tags or motion detection
with other cameras. On the down side, including external sensors will require the
use of at least a simple 3D model of the room in order to relate locations of sensor
events to pan and tilt angles of the projector. This model might, however, be
acquired automatically by methods similar to those described in [6]. Upcoming
versions of SearchLight may use the camera even when the projector is used for
other tasks by just analyzing images as they appear rather than actively steering
the camera to certain positions for scanning.

5.2 Extension to Other Markers

In theory, existing bar codes on many products could be used for the recognition
process. In the case of books, OCR could even eliminate the need for markers
altogether, since book spines and covers are designed to clearly identify books.
Currently, we are working on integrating RFID tags by watching the region
around the RFID antenna. When the antenna registers a change in its field,
a new image is taken and the exact position of the new resp. removed object
is identified from a difference image. As a side effect the exact silhouette of
the object might be obtained for highlighting by the projector. To overcome
the visibility problems inherent to the use of optical markers, radio tags might
even fully replace them. This will, on the other hand, make a 3D model of the
environment necessary, in order to relate object positions to pan and tilt angles
of the projector.

5.3 Fuzzy Search Results

If the exact position or dimension of a searched object is unknown, a fuzzy
search result can be visualized as a spot whose diameter reflects the amount of
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uncertainty. If, in addition, we know the probabilistic distribution over possible
locations, we can adjust the brightness of the spot to reflect this distribution. In
the extreme case this means highlighting a whole area of the room, which would
signify that the object must be ”somewhere in that area”.

6 Conclusions

We have discussed an approach to implementing a search functionality for phys-
ical environments by a steerable camera-projector unit, and we have shown that
it is possible to implement this functionality without an explicit 3D model of the
environment. One big advantage of our approach is, that no calibration between
the projector-camera-unit and the environment is needed. One obvious limita-
tion is that only objects within sight from the unit can be searched and found.
This limits the topology of the environments in which our approach can be used.

Acknowledgements. The work described here was funded by ”Deutsche
Forschungsgemeinschaft” under a young investigator award for the project FLU-
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Abstract—In order to handle the complexity of
demanufacturing operations, a combined man-machine system
is proposed that incorporates projector-vision technology. As
part of this system, an intelligent disassembly assistant has been
developed to provide a flexible and efficient method for
facilitating demanufacturing. The assistant is comprised of a set
of software modules that are processed in a distributed
computing environment. Hardware and software components
of the intelligent assistant are identified. The assistant
determines the base elements of the structure, checks for
stability, and then determines a disassembly sequence. The
projector-vision system provides information to a human
operator and detects operations performed on the product. The
system can adapt to unexpected human operator behavior.

I. INTRODUCTION

HE dismantlers of end of life electronic equipment
process a wide variety of product models even for a

single product type. Each product may contain unique
components to be removed either due to hazardous material
or reuse. Jovane et. al. noted a trend towards increased
product take back and subsequent automation, with the
emphasis on automated disassembly and separation for
product recycling and reuse [1].
Currently, most dismantlers of electronic waste in the

United States rely upon manual labor to disassemble used
products. Operators must recognize the model under
consideration and determine the appropriate level of
processing. These operator decisions are based on varying
product conditions, dynamic scrap lists, and dynamic
material costs. However, operator information is often
provided by static printouts and visual displays. Projector-
vision systems such as the system investigated by Pinhanez
et. al. [2] have been proven as an effective interface between
humans and computer systems. In demanufacturing, a
projector-vision system can provide real time interface
between the dynamic information in the dismantler
databases and the disassembly operator.
Bailey-Van Kuren [3] investigated a demanufacturing

approach that processes used products with a combination of
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a human operator and the application of robotic machining
methods. A combined man-machine demanufacturing
system provides the advantages of automated methods on
known tasks and human flexibility to deal with complex
tasks.
Schmult [4] developed a system for automated

disassembly of block structures for a fully automated
system. This system addresses the general problem of
acquiring desirable or undesirable material from a product,
or segregation of dissimilar materials. This same problem
must be addressed by the combined man-machine
demanufacturing system.
Therefore, an intelligent system for product identification

and disassembly assistance is proposed. Using projector-
vision technology, product models can be identified on-line
and relevant product information can be actively displayed
at the work station. Projector-vision systems are being
studied in a variety of fields as a flexible method for user-
system interaction. For dismantling operations, a high speed
inspection camera monitors the work station while human
operators process the used electronic equipment and
identifies models from a product database. The product
database monitors scrap list information, material
component cost information and refurbishment
requirements. Thus, dynamic data, such as a disassembly
sequence or a scrap list change, is broadcast to the operator
when necessary. System efficiency is improved due to
proper processing of the specified product model.
The distributed computing hardware implemented in the

demanufacturing work cell is presented in section II. Section
III presents the software components. Conclusions and
future work are discussed in section IV.

II. DEMANUFACTURINGWORK CELL HARDWARE

The hardware elements integrated in the intelligent
demanufacturing work cell assistant include a robot
controller, two autonomous machine vision systems, a
projection system, tooling, and a supervisory controller, see
Fig. 1. The robot controller, vision systems, and the
supervisory controller contain processors thus establishing a
distributed computing platform that can concurrently process
independent software modules.
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Fig 1. Automated disassembly work cell with projector-vision analyzing a
block structure.

A. Robot / Robot Controller

The work cell utilizes a Fanuc S-10 robot which is a six-
axis articulated arm robot powered by brushless AC
servomotors. The S-10 has a maximum work load at the
wrist of 10kg. In the demanufacturing application, the robot
hand carries a lightweight projector system, two machine
vision cameras, a high speed cutting tool, and a vacuum
gripper. Thus, the robot controls the position and orientation
of the projector- vision system as well as tools and
manipulators for interacting with the used product. The S-10
has a large spherical workspace which enables the system to
interact with the product on two separate work table
surfaces. One work table is dedicated to automated
processing and the second work table supports manual
disassembly and projector-vision interaction with the human
operator. The positioning repeatability of the S-10 robot is
+- 0.2mm. In general, a combined manual and automated
demanufacturing station does not require high accuracy
since the automation processes the used product with
flexible cutting operations and the human operator is relied
upon for accurate tasks. The S-10 Karel Controller
communicates with the other system components using
Ethernet based RS-232 communication or fixed I/O with 32
digital inputs and 24 digital outputs. The Ethernet based
communications facilitate communication between the robot
controller, the supervisory controller, and the vision systems.

B. Projection - Machine Vision System

In order to obtain information on the structure presented
for disassembly and provide feedback to a human
disassembly operator, the automated work cell utilizes a
projector-vision system. The projection-vision system
utilizes a Dell 3200MP projector and two DVT Series 600
Smart Image Sensors. The projector and cameras are
mounted on the hand of the robot as shown in Fig. 2.

Fig. 2 Projection-vision system mounted to hand of the robot.

The Dell 3200Mp projector was selected for low weight
and high brightness. The projector weight reduces the
remaining effective capacity of the robot since it is mounted
to the hand. The Dell projector weighs 1.6 kg and provides a
brightness of 1300 lumens. The projector also provides
digital zoom and keystone correction which can be adjusted
from the supervisory control computer.
The image sensor is 4.8mm x 3.6mm CCD with a 640 x

480 pixel resolution, and 7.4um x 7.4 um pixels. The overlap
in the cameras field of view provides depth perception for
the work cell automation. The Series 600 has a
programmable range of 10µs – 1s exposure times, allowing a
flexible platform to account for the varying amount of light
intensity needed for different automated tasks. The cameras
communicate with built in external ports for RJ-45 (10/100
megabit Ethernet communications, TCP/IP protocol)
communications. A digital I/O board also accompanies each
camera to communicate data. Each board has 12
configurable inputs and outputs that are 24Volt DC
regulated.
The cameras facilitate the distributed computing

environment with built in processors. Each camera is
programmed with a logic structure that reacts to various
camera inputs and generates various camera outputs. In this
manner, the cameras can dynamically switch between
different operating modes to identify product features or
determine operator actions in the projector-vision interface.
Camera outputs are directed toward the robot controller or
the work cell supervisory controller.

C. Supervisory Controller

A desktop personal computer is used to communicate with
the robot controller and vision systems, direct the projector –
vision system and run high level logic. High speed
computing is not required for supervisory control in this
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distributed environment. The work cell supervisory
controller that is currently employed is a Pentium II
processor running at 448 Mhz. This processor speed is well
below current available processing speeds in the gigahertz
range. The supervisory controller communicates with the
vision systems and robot controller via Ethernet based serial
communication. Furthermore, the supervisory controller
transforms the image coordinate data from the cameras to
work space coordinates for the robot, providing surface data
points of the used product surfaces. In the demonstration
work cell, the supervisory controller maintains the product
databases required for projecting real time data to the work
cell operator. Figure 3 presents a schematic of the computing
hardware set up for the work cell.

Supervisory
Controller

(Disassembly
Sequencing)

Robot Controller

Vision System
(Stability Analysis)

Vision System
(Stability Analysis)

DIgital IO

Ethernet
RS 232

Digital IO

Ethernet
RS232

Ethernet RS232

Projection System

Disassembly
Execution

(Human Operator)

Information Projection

Visual
Feedback

Visual
Feedback

Fig.3. Relationship of disassembly assistant within the demanufacturing
system

III. DEMANUFACTURINGWORK CELL SOFTWARE

A. Logic Overview

The demanufacturing system relies upon three distributed
software modules based at the robot controller, the machine
vision systems, and the supervisory controller. The robot
controller based module controls robot disassembly motion,
reports robot positions, and interacts with the used product
through peripheral software/hardware. The vision system
based module provides image information regarding the
phone surfaces and feature recognition requested by the
robot controller. The supervisory controller coordinates the
robot and machine vision information to coordinate and
redirect robot motion based on the visual feedback from the
used product. The tasks required to dismantle a used product
are interrelated, therefore the programs on the vision system,

robot, and supervisory controller must run simultaneously.
The disassembly assistant software is triggered when the

machine vision systems identify a used product on the work
table. Schmult [4] implemented stability analysis in the
automated system to prevent a disassembly operation that
leaves the product unstable. A similar stability analysis is
performed in the combined man-machine system. Once
stable configurations are determined, a disassembly
sequence is generated. Figure 3 shows the relationship of the
disassembly assistant modules within the computing
hardware structure. Note that “Execution” is carried out by
the operator and visual feedback verifies task execution.
Operator choices can change task planning and overall
planning in the system.

B. Stability Analysis

Stability analysis is performed in two steps: identification
of product feet and determination of stability. In order to
maintain the structural stability of the product on the work
surface, components in contact with the work surface that
are supporting the structure or “feet” must be identified. Any
product can be segregated into a body and limbs that
protrude from a product body. In the simplest case, the
product body is resting on the work surface and the
identification of a “foot” is trivial. In order for stability
analysis to be pertinent, a product must have the ability to
rest in a variety of orientations based on some subset of
protrusions contacting the work surface. Machine vision
based segregation of the product body and limbs can be
obtained through standard blob processing to segregate
blobs. The identification of protrusions that are in contact
with the work surface can be obtained by comparing blob
location parameters within the image to the known work cell
orientation of the camera relative to the work surface.
Figure 4 presents the identification logic for product feet.
Each camera surveys objects in its field of view to

identify feet. The supervisory controller resolves redundant
feet by comparing transformed component coordinates. The
result of this module is a set of feet components. After the
feet of the structure are identified, the product structure
undergoes a stability analysis to prevent product tipping
during disassembly tasks.
The machine vision systems compute the visual center of

mass of the structure in the image plane as well as the center
of mass of each body or limb in the structure. In block
structures, these individual center of mass coordinates are
compared to the maximum X and Y extents of the feet
structure to determine stability [4]. The block with its center
of mass farthest from the feet is chosen for removal because
it results in the most stable structure. This method assumes
uniform density throughout the structure. This assumption
would not be valid for various used products such as
computers with dense power supplies and batteries.
However, one principle product for the demanufacturing cell
is used mobile phones after battery removal. Although
component density varies for mobile phones, this variation is
small.
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The stability analysis was tested on basic block structures
in order to demonstrate the identification scheme. Figure 5
shows a basic block structure with feet identified as well as
the target, “most stable”, component. The target component
is identified to a human operator via projected light on the
target component. This stability analysis provides the basis
for the disassembly of the product structure.

Fig. 5 Block structure with feet and target block as identified by the
intelligent agent.

C. Real Time Disassembly Sequencing

The disassembly sequencing is not performed by a priori
planning. In the previous work [4] that focused on

automated disassembly, the stability analysis can determine
the entire disassembly sequence prior to disassembly
because it is assumed that the robot will remove items in the
appropriate sequence. In the case of human directed
disassembly, the human operator may not perform the
directed task. Therefore, a new analysis must be performed
for the new state of the product.
The disassembly sequence is obtained one part at a time

using the process defined in Fig. 6. The stability analysis is
directly identifying the next part for removal. Each step in
the disassembly sequence is presented to the operator via the
projector. The projector visually “marks” on the structure
which block is to be removed. The operator can then either
correctly remove the piece identified or incorrectly remove a
different block that was not specified by system to be
removed at that time.

Start

Inspect Structure

Indentify Largest Feet

Stability Test
(Calculate Blocks
Distance From Feet
and Sort Blocks)

Remove Block
Farthest From

Feet

Is Correct Block
Removed?

Wrong
Block

Removed

Are All Blocks
Removed?

End

Yes

No

Yes

No

Fig. 6. Disassembly Sequence Logic

If the correct block was removed, the system does not
need to recalculate the stability criteria and continues with
the subsequent component identified in the disassembly
sequence. However, if the user incorrectly removes a block
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Block
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Y
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Fig. 4. Logical Structure of Feet Identification

1112

Authorized licensed use limited to: Purdue University. Downloaded on April 25,2023 at 22:26:03 UTC from IEEE Xplore.  Restrictions apply. 
Amazon Ex. 1008.0235



from the structure, the system visually detects the error and
recalculates the feet identification and stability based on the
new product structure. If there are no stability traps or other
limiting factors for further disassembly in the structure, the
system dynamically determines the disassembly sequence
and provides the operator with a new component for
disassembly. The inspection and verification process is
iterative until the entire structure has been disassembled.
If an incorrectly block is removed and stability poses to be

a limiting factor, then a visual message is presented to the
operator via the projection system informing the operator of
the mistake. This message only occurs when the previous
piece removed must be put back for further disassembly to
occur while maintaining stability of the structure. In this
manner, the system accounts for the goal interaction problem
between stability and disassembly.

IV. CONCLUSIONS AND FUTUREWORK

A disassembly agent has been proposed for combined
automated and manual demanufacturing. The agent supports
a distributed computing environment with camera based
intelligence for determining structural stability. The system
can react to operator changes in the disassembly sequence by
dynamically determining the demanufacturing sequence.
The existence of a projector-vision system facilitates the
dynamic processing of the product through the capability of
presenting dynamic information to the human operator.
Issues related to component density have been raised and

will be a source for further study. Testing of the developed
agent upon block structures and products with increasing
complexity from that of block structures will be performed.
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ABSTRACT 
Projector-camera systems provide tools for telepresence that
enable novel experiences not possible with currently available
schemes for remote interaction including video conferencing
systems, virtual reality, and augmented reality systems. Projector-
camera systems have the potential not only to allow remote 
individuals to view each other's environments but also to 
communicate in new ways by overlaying and embedding 
information and visualizations on real objects and surfaces in the 
remote environment, without requiring people in the remote 
environment to “wire” the space or wear special devices. We 
demonstrate some of this potential with an initial implementation. 

Categories and Subject Descriptors 
H.5.1 [Information Systems and Presentation]: Multimedia 
Information Systems – Artificial, augmented, and virtual realities; 
H.5.2: User Interfaces; H.5.3: Group and Organization Interfaces; 
H.4.3 [Information Systems Applications]: Communications 
Applications – Computer conferencing, teleconferencing, and 
videoconferencing. 

General Terms 
Algorithms, Design, Experimentation, Human Factors.

Keywords 

Collaboration, remote interaction, interfaces, meetings, context 
modeling, action capture, presentation systems, ubiquitous 
computing, pervasive systems. 

1. INTRODUCTION 
Research in multimedia and telepresence is working towards the 
grand challenge of making “interactions with remote people 
and environments nearly the same as interactions with
local people and environments” [10]. There have been many 
years of research in this area spanning collaborative virtual 
environments [4], video conferencing systems [11], and 
augmented reality systems [1]. For the most part, these systems 
have been centered on special devices – needing a special 

computer or special conferencing system at either end or requiring 
people to sit in front of a special display or wear special devices to 
interact with remote people. With recent advances, it is 
increasingly becoming possible to look at controlling and 
manipulating an entire space rather than one special device in the 
space. This is leading to “smart” or “active” spaces and “room 
operating systems” [2] that treat the whole environment with its 
diverse set of computing, input and output devices, and sensors 
and actuators, as one collection of resources to be made available 
to users in a unified manner, much like a conventional operating 
system treats the resources on a desktop computer. This evolution 
of computing towards smart spaces is opening up new vistas for 
telepresence. It is now becoming possible to produce a different 
kind of immersive experience, remote interaction, and 
collaboration by augmenting the space as a whole [8]. This whole 
move towards smart spaces is also significant in the context of 
experiential computing as envisioned in [5]. 

In this context, we see a significant role for camera-projector 
systems [3]. These systems can add a new dimension to 
telepresence that has hitherto been uncommon. Projection and 
lighting can be used as an element of telepresence that allows 
overlaying and embedding information and visualizations on real 
objects, besides producing informative displays wherever they are 
needed. The Everywhere Display [9] and its dynamically 
reconfigurable interactive capabilities [6] is a good example of a 
projector-camera system that has significantly augmented spaces 
in this manner. When combined with people tracking and 
environment modeling, the Everywhere Display can be extended 
to produce steerable interfaces [7] that appear anywhere in a space 
and dynamically adapt to user activities in an environment and 
changes in the environment. While previous work on the camera-
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Figure 1. Overview of using a projector-camera system 
in a telepresence application.  
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projector systems and steerable interfaces has been primarily 
focused on local augmentation, we begin to explore its potential in 
telepresence or remote augmentation here. 

Figure 1 shows an overview of our proposal for using camera-
projector systems in telepresence. Here, an environment is 
equipped with steerable camera(s) and steerable projector(s). A 
user in a remote space can access/view and control both the 
projector and the camera through a display and writing device. 
A user at a remote site can view the local environment through 
video from the remote camera. The remote user can also control 
the projector in the local environment to project highlights, video, 
text, etc. in the local environment. As the projector is steerable, 
these virtual objects can be moved on to real objects and people in 
the local environment by the remote user. The remote user’s 
interface can itself be an interactive steerable display although this 
is not a requirement. In this paper, we describe an initial 
demonstration we have put together to further illustrate this vision. 

2. DEMONSTRATION OVERVIEW 

This demonstration uses a steerable projector-camera system – the 
Everywhere Display – in a local environment and provides a 
control interface to a user in a remote environment. For illustrative 
purposes, we demonstrate this system in the context of a 

conference/workshop taking place in a local environment for 
which a session chair of the workshop is in a remote location. The 
chair can view the workshop live from a remote location through 
on-site cameras and can provide instructions and messages to the 
local workshop attendees. We assume that the chair also has two-
way audio communication to the conference. 
Figure 2 shows a screenshot of the control interface available to 
the session chair. The upper window in this figure shows the 
interface to camera views. This window displays video from (one 
of) the remote camera(s) and enables the chair to manipulate the 
remote camera(s) through the pan, tilt, and zoom controls and also 
define camera views. In the example in Figure 2, pre-defined 
views include audience, podium, entrance, screen etc. The lower 
window in Figure 2 shows the interface for the chair to control the 
remote Everywhere Display projector. As discussed in [6], this 
projector has the notion of a “projection surface”. Calibration of a 
projection surface ensures that projections can appear on these 
surfaces without keystone distortion as discussed in [9]. Different 
projection surfaces can be defined and calibrated for the 
environment in which the ED-projector is situated. The mid 
window in Figure 2 (labeled “Projection Surfaces”) shows how 
these pre-defined projection surfaces are made available to the 
remote user, the session chair in this case. Several available 
projection surfaces are shown in Figure 2 such as podium, wall, 
screen, floor etc. In addition to pre-calibrated surfaces, there is 
also a “direct mapping” option which automatically associates the 
current camera view to an overlapping projection, as will be 
discussed shortly. 
There are two basic ways determine what is going to be projected 
on the selected projection surface: grab and draw, corresponding 
to the two buttons on the upper right of Figure 2. The “grab” 
button on the upper right in Figure 2 allows the chair to grab any 
portion of his computer desktop and project it on the remote 
environment. Any computer application on the grab area is then 
projected onto the selected surface of the local environment. For 
example, the chair may choose to project his own image (as 
shown in Figure 3), a webpage running on a browser, etc. 
Pressing the “draw” button on the upper right of the control 
interface shown in Figure 2 enables an embedded drawing 
application that allows the chair to easily “paint” the projected 
surface. Any drawing appearing on the lower window is 
immediately and efficiently transferred to the remote projector. 
The blank area in the lower window of Figure 2 is therefore a 
drawing canvas. Moreover, the real effect on the local 

Figure 2. Example of control interface for a remote 
session chair using a projector-camera system to 
communicate with local conference participants. 

 
Figure 3. The session chair projects live video showing his
face on to the wall next to the speaker’s podium in the remote
environment.
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environment can now be monitored through the live video in the 
upper window. 
The icons on the left of the lower window show predefined 
drawing icons such as a highlight (which the session chair can use 
to highlight an object in the remote environment), a question mark 
(which the session chair can use to indicate it is time for 
questions), an arrow mark (to provide directions or point to 
objects in the remote environment), and a stop-watch icon (that 
can be used to show a speaker how much time is left for their 
talk). Besides these icons, the chair has a regular paint/drawing 
interface to draw on the canvas. The icons on the lower right 
allow the session chair to resize any element of the drawing 
canvas, and to switch between “live drawing” (the “play” button) 
where any modification on the canvas is immediately projected on 
the conference environment; and “hidden drawing” (the “pause” 
button), where the chair can draw, size, and compose all elements 
before displaying them. 
The following three figures and descriptions provide some 
examples of how this interface is used by the session chair for 
telepresence in the remote conference session.  

In Figure 3, the remote session chair has selected the podium as 
the camera view, the wall as the projection surface, and used the 
grab option to provide the participants a video stream of his face. 
To do so, he simply runs his standard application to a local camera 
that displays his image on the computer desktop. By selecting the 
grab option, the chair can place the camera application exactly on 
the are where the desktop is being grabbed (shown by an yellow 
rectangle in Figure 3). As seen in the camera view on the right, the 
live video showing the chair’s face is projected on the wall next to 
the podium in the conference room. Of course, the quality of the 
video depends on the speed of the connection between the local 
and the remote environments. 
In Figure 4, the session chair has selected the same camera view 
and projection surface. In this case, however, he has used the 
“draw” option to transmit the drawing in the lower window, where 
he is showing the time left for the speaker. As seen in the live 
camera view, this information is projected on the wall next to the 
speaker in the conference. 
In Figure 5, the chair has selected the camera view that shows the 
audience in the conference. In the lower window, he has chosen 
the highlight as the drawing option and moved this highlight onto 

 
Figure 4. The remote session chair indicates to the
speaker how much time is left for her talk.

Figure 5. The remote session chair throws a spotlight on 
an audience member to give her the chance to speak. 
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the face of one of the audience members who has raised her hand 
to ask a question. Using the direct mapping option instead of a 
pre-defined surface, he uses the highlight (without any keystone 
correction) to “point” to the audience member to give her a chance 
to speak. As seen in the live video in the upper window the 
audience member in the conference room is now highlighted with 
a projected spotlight. By using processes like this, the chair can 
effectively point to people and objects in the conference 
environment in a very intuitive manner. 

3. APPLICATIONS 

We see a number of other applications for such remote controlled 
projector-camera systems. In workspace collaboration, such 
systems allow people in remote offices to work with each other 
using the whiteboards, table etc. in each other’s offices for 
collaboration. In a retail application, a remote expert can interact 
with a customer in the store who needs help and explain the 
features of a product by pointing to and drawing/writing on the 
product. Similarly, a remote expert on store design or advertising 
and signage can guide local store personnel in many stores 
equipped with such systems. Such systems can also help people 
with accessibility needs in assisted living homes. Here, remote 
nurses and healthcare professionals can view and help people with 
instructions and advice at the location where the person in need 
happens to be such as the bed or the floor. These systems also 
provide new capabilities for education and distance learning as 
illustrated by the example in this paper. Finally, new forms of 
entertainment and shared interactive games between remote 
people are enabled by such systems.  

4. CONCLUSIONS AND FUTURE WORK 

In this paper, we presented a simple demonstration to indicate the 
power of projector-camera systems in telepresence applications. 
The applications detailed in this work focus on providing 
mechanisms for a remote participant in a meeting to act on the 
local environment through projected imagery. 
Future work will address several issues. One important problem is 
providing better means for remote people to calibrate new 
projection surfaces in a local environment. This can also be 
important simply as a way for a remote expert to set up such a 
system in an environment even in applications that are not focused 
on telepresence. Another interesting issue is exploring new forms 
of interaction when users at both ends have projector-camera 
systems as the primary means for interaction.  
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World of Ubiquitous Computing
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Abstract

Ubiquitous computing enables the development of new innovative applications and
services. Particularly infuential on uture business services will be the connection
of the real with the virtual world by embedding computers or smallest processors,
memory chips, and sensors into the environment and into physical objects, as well
as using natural, multimodal customer interaction. Bearing in mind that ubiquitous
computing entails the interaction of mobile smart objects and local smart envi-
ronments hosted by different service providers, we propose an open approach to
encourage the development of new and innovative smart applications and services.
Considering the Open Source community, we assert that such an open approach
reveals innovation potentials that cannot be achieved in proprietary information
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system environments. Most research projects, as well as commercial initiatives,
however, ocus mainly on specic, proprietary applications like smart shopping
environments, and do not incorporate further prospects of using an open approach.
Thereore, this chapter discusses as a rst step the impact o Open Innovation in a
world of ubiquitous computing from an economic perspective. Then, the design of
an Open Object Information Infrastructure (OOII) that enables Open Innovation
in the context of ubiquitous computing is presented. Finally, an innovative smart
service called the Federative Library (FedLib), which represents arst instantiation
of the OOII, is introduced to demonstrate the feasibility of the design.

Introduction

The connection of the real and the virtual world encourages the development of
new and innovative applications and services. Google is a prominent case which
distinctly underlines the creative power of combining both worlds (Roush, 2005). In
June o 2005, Google released an ocial API or Google Maps and Google Earth.
Through this, consumers and external developers now have access to detailed aerial
and satellite maps and advanced geographical visualization tools that can easily be
used to display data atop the Google maps. Almost immediately, a community of
“geotagging” map makers was formed that ties information on theWeb to geographi-
cal coordinates in order to build geospatial applications (examples of so-called “map
mash-ups” can be found in Gibson, 2006). Geotagging means amplifying physical
places with information so that, for instance, users of mobile devices with location
technologies can retrieve additional information related to their current locations.
This includes location-based ads and listings for nearby shopping, dining, entertain-
ment, and business outlets or even photographs, videos, stories, and other personal
inormation uploaded to the Internet and pinned to specic latitudes and longitudes.
As a result, the community participates in the innovation process and in building
“a browser for the earth,” as John Hanke, general manager of Google’s Keyhole
Group, describes Google Earth (Roush, 2005). This could enable a new and natural
means of accessing location-based information. Wade Roush (2005) describes this
vision by drawing a comparison: “Every page on the Web has a location, in the form
of a URL. Now every location can have a Web page [...] it means that navigating
both the Web and the real geography around us is about to become a much richer
experience, rife with occasions for on-the-spot education and commerce. It means
that we will be able to browse the Web-and the virtual earth encompassed within
it-simply by walking around.” (p. 60)
As the Google case also illustrates, opening access to information systems and
intellectual property (IP) to complementors, suppliers, users, and even to competi-
tors encourages innovation, increases the attractiveness of platforms, and enriches
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serviceprovision through the incorporationofexternal informationsources.With the
world evolving from Electronic Business to ubiquitous computing (Weiser, 1991)
(and pervasive computing (Hansmann, 2003) or ambient intelligence (Aarts, 2001)
respectively), even more comprehensive opportunities for implementing innova-
tion are likely to arise. Innovative information gathering and access is enabled by
the connection between the real with the virtual world by embedding computers or
the smallest processors, memory chips, and sensors into the environment and into
physical objects (Gershenfeld, 1999), as well as using natural, multimodal user
interaction (Dam, 2001).
However, existing approaches frequently rely on rather proprietary information
systems that reveal their data and services only partially or under certain condi-
tions. Bearing in mind that ubiquitous computing entails the interaction of mobile
smart objects and local smart environments hosted by different service providers,
we propose using an open approach to encourage the development of new and in-
novative smart applications and services. Considering the Open Source community,
we assert that such an open approach reveals innovation potentials that cannot be
achieved in proprietary information system environments. Various developers with
different perceptions can then search for relevant smart services, as well as informa-
tion gathered by smart objects or environments, combine them freely, and hence
create their own innovative services.
The rest of the chapter is structured as follows. The following section presents re-
lated work. Then, we rst introduce our ramework or ambient business. We then
discuss the impact and potential of Open Innovation in a world of ambient business
from an economic perspective. Next, we present the design of an architecture called
the open object information infrastructure (OOII) that enables open innovation in
the context of ambient business. To demonstrate the feasibility of the design, we
introduce an innovative smart service called the Federative Library (FedLib) that
will be the rst instantiation o the OOII. The chapter concludes with a summary
and further research questions.

Background

Several authors have considered the impact on business that comes with ubiquitous
computing. Most work starts with a discussion of technological progress and the
business impact arising from that progress. Roussos (2006) adopts this perspective.
Inhisview,contingencies forubiquitouscommercearise fromemerging technologies
which again have an impact on business innovation, as well as on society. Similar
to that view, Mattern (2005) discusses technological progress that allows deploying
smart objects in an informatized world around us. Within this world, informational
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counterparts of everyday objects and of people induce social and political chal-
lenges and pave the way to new applications. Fleisch and Tellkamp (2006) act on
this assumption and provide a framework that helps to identify value-creating ap-
plication areas and discuss challenges in implementing these applications. Whereas
Fleisch and Tellkamp focus on processes within a company or between companies,
Fano and Gershman (2002) consider the impact that smart services will have on
relationships between customers and the service provider. These relationships will
be profoundly affected by new classes of services emerging in smart environments.
Based on the vision that a service provider will steadily be able to access customers,
they make a set of assumptions about how services will be provided in a world of
ubiquitous computing.
By discussing technology, smart environments and several business aspects, the
present literature gives considerable insights into how ubiquitous computing will
impact future business. However, current frameworks do not even consider the
potentials or innovation. For example, the German Federal Oce or Inormation
Security provides a framework to discuss the socio-economic impact of ubiquitous
computing (BSI, 2006). It considers “determining factors,” “enabling technologies,”
“pervasive computing features,” and “Impacts” without addressing innovation.
Therefore, we propose in the following section our framework for ambient business
before discussing the impact of ambient business on innovation.

The Framework for Ambient Business

The framework for ambient business divides the analysis of ubiquitous computing
in the context of entrepreneurial activities into four perspectives (see Figure 1).
First, the emerging technologies layer focuses on advances in technology during
the last few decades that allow the development of new types of IT-infrastructures.
These emerging technologies present new qualities that open up new forms of IT
usage covered in the smart environments layer. Thus, new applications (smart ser-
vices layer) can be implemented within smart environments. Finally, the ambient
business layer deals with the impact of these innovative smart services on economy,
business environment, and society.

Emerging Technologies

Advances in networking as well as embedded technology, display technology, and
nanotechnology have been driving the research on ubiquitous computing during
recent past decades (Hilty, 2005). Smaller and more powerful, but less power-con-
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suming, information technology has facilitated the developmentnot only of common
IT-devices. Even objects such as coffee cups (Gellersen, 1999) and pens (Anoto,
2007) can be equipped with sensors, processors, storage capacity, and actuators.
The objects can be connected with each other in order to “cooperate,” thus forming
joint embedded IT environments. As a result, new opportunities for applications
scenarios arise.
Current progress in the layer of emerging technologies is indeed quite remarkable.
An in-depth discussionof technologies, therefore, isbeyond the scopeof this chapter.
The remainder of this chapter assumes a portfolio of technologies which design-
ers and developers of applications and services can use as a basis for presenting
technical solutions for application demands in a world of ubiquitous computing.
In this context, Semantic Web (Berners-Lee, 2001) technologies are of particularly
great relevance.

Smart Environments

In the second layer, the qualities of emerging technologies are explored. The role
of these qualities is twofold. First, they are the means for revealing new applica-

Figure 1. The Framework for Ambient Business
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tions and services based on the emerging technologies. Second, when analyzing the
shortcomings of current applications and services, the qualities can pave the way
for satisfying people’s innovation needs at the emerging technologies level.
An environment equipped with an IT-infrastructure as described above is able to
gather information about people, things, and other surrounding conditions. The
information can be used to recognize the context in which people and things are
embedded, so that the environment becomes aware of the real world. Thus, the
environment is able to estimate the needs arising from the real world and to adapt
itself to (mobile) users and situations (Coutaz, 2005), or may even act autonomously.
The environment becomes “smart.”
Emerging technologies not only facilitate extensive information gathering, but also
provide new ways to interact with users. Information access and services presented
by the smart environment can be almost seamlessly integrated into the user’s world.
Interfaces become natural and interaction with them subliminal. The technology
even disappears from the user’s perception (Weiser, 1991; Norman, 1998; Want,
2002).
Although different qualities reveal different potential applications, the qualities of
emerging technologies are not independent from each other. In fact, like the emerg-
ing technology layer, only by analyzing the interplay of different qualities and by
transferring them to the application domain, can the full breadth of application
potentials be revealed. Accordingly, these qualities point to smart services that may
be developed on top of smart environments.

Smart Services

Merging the real and thevirtualworld, every relevantobject in the realworldacquires
an informational counterpart in the form of a data object (Mattern, 2005). Thus, a
service that uses this informational counterpart may know the location and condition
o a physical object. Such services are already applied to ensure ecient logistic
processes (Angeles, 2005) and whenever assets have to been managed. Due to the
decreasing costs of corresponding technology, services will not only be offered to
companies, but a vast range of services is also conceivable for individuals. Books,
clothes, and CDs may be managed in a similar manner in the future. By analyzing
the current and past context of an object, which comprises additional information
from outside the environment, appropriate supportive services can be developed and
offered through a so called smart product (Maass, 2006).Additional services may be
presented for use, for example, at a medicine cabinet when the medicine runs short
(Floerkemeier, 2003). Such services can also be individualized, so that they adapt
to the preferences, habits, and current situation of the user (Coutaz, 2005). When
services become fully aware of their context, they could be invoked automatically,
without explicit manual interaction by the user (Tennenhouse, 2000).
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Ambient Business

The ability of smart services to adapt themselves to situations and provide a huge
amount of information instantly not only supports current business processes and
distribution channels, but it also opens new ways of doing business.
Services in the application domain of supply chain and asset management reveal
opportunities for monitoring tangible assets more closely and thus creating a higher
degree of control. Yet, the costs of control decline at the same time. Not only high-
value products, but also lower-value ones can be managed by eciently smart ser-
vices. This results in a very tight mesh of control throughout the company (Fleisch,
2005). Through means of such control, processes can be adjusted to incidents that
are internal or external to the processes. This may result in more ecient and reli-
able processes within an organization.
Inter-organizational processes that utilize smart services may also cut costs in the
supply chain.Through crossing internal company borders, inormation fows that are
highly aligned with the fow o physical goods reduce losses, and control overhead
that frequently occur at such borders (Strasser, 2005). Furthermore by, opening up
their data base, companies are able to offer smart services to each other, for example,
control and information services (Fleisch, 2005). Functions that were previously
closely linked to one’s own organization can now be outsourced. It becomes feasible
for companies to offer their outstanding capabilities that were previously bound to
the organization to suppliers, customers, and even to competitors.
In the future, products may be provided more as a bundle of the physical product
itself and the services linked to it. It may be sold as a platform for generating ad-
ditional revenues by means of services in the after-sale phase. In this case, the
vendor comes closer to the customer through two means. First, he is able to ad-
dress a customer not only through traditional sales channels like a store. He can
also address the customer at the preferred location (Fano, 2002), which may have
an enormous impact on business models and sales channels. Second, information
may fow in the other direction as well. Users can provide usage inormation to the
vendor and receive special services or a monetary reward in return. The vendor can
use this information to align R&D-efforts to users’ needs. Going one step further,
smart services can be used to involve users in the R&D-process, whether directly
or via mediators like Innocentive (Innocentive, 2007).
It can be assumed that ambient business entrepreneurs will nd themselves in mar-
kets with short innovation cycles. Like the internet, smart environments follow the
end-to-end principle. This principle states that the intelligence of an information
system rests, that is, in the end-user-devices, not in the network (Saltzer, 1984).
Someone who can exercise control as a central authority typically owns the network.
In contrast, the “ends” of the network are typically in user’s control. The user is able
to replace or enhance the ends and to deploy innovative applications and content.
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Thus, Lessig (2002) argues, systems that put the end-to-end principle into practice
encourage innovation. The short innovation cycles in the internet can largely be
explained by the fact that they implement this principle. Smart environments are
largely considered to be built out of smart devices and, therefore, follow the end-
to-end principle as well. Users of smart environments can decide what device they
want to use and what smart services they should deliver. Therefore, the innovation
cycles in ambient business are likely to be at least as short as in Electronic Busi-
ness. Moreover, consideration must be given to the fact that smart services can be
invented around all instances of our life that allow the creation of manifold potential
applications. New entrants may attend to these potential applications, enter existing
markets, and shift competition (Watson, 2002). Companies have to reconsider how
to cope with new competitors in a high-velocity market as well as what strategies
and business models to apply.
Smart environments and services that are deployed in our everyday life may have
considerable social, ethical, and legal implications which also have to be consid-
ered in the business perspective. Different studies reveal corresponding potentials
and perils. Positive effects can be expected throughout all activities of daily life.
In particular, elderly people and handicapped persons may benet rom supportive
applications and natural interfaces (Coroama, 2003). These interfaces may also
close the digital divide between those with and those without access to computing
facilities (BSI, 2006). Hilty et al. (2005) raises the question whether positive effects
resulting rom eciency enhancements may be partially undone by side eects,
that is, by increasing people’s stress level, and whether smart products may lead
to pollution and health hazards. However, most concerns relate to the amount of
gathered data and resulting privacy issues. History suggests that balancing compa-
nies’ benets and customers’ privacy is crucial or the success o commercial smart
environments (McGinity, 2004). Bohn (2005), Hilty (2005), Bizer (2006), and BSI
(2006) provide an in-depth analysis of possible perils and give hints how to balance
benets and user’s privacy. Lahlou (2003) proposes a set o privacy guidelines to
cope with this challenge.
In addition to these social, ethical, and legal implications, the aim of this chapter is
primarily to discuss the impact of open innovation in a world of ambient business
from an economic perspective.

Open Innovation from an Economic Perspective

The idea of encouraging innovation throughout openness with regard to IS was
widely discussed in the early 1980s when mainframe vendors started to restrict
the use of object program and source code of formerly unrestricted software. As a
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countermove and in order to gain independence of the software industry, Richard
Stallman (1999) propagated the idea of free software. This paradigm shift away
rom the conventional IP regime resulted in sotware that can be used, modied,
and redistributed by everyone. Related movements like Open Source (Lerner, 2002;
O’Reilly, 1999), Open Standards (Perens, 2006; West, 2004), Open Systems (Gabel,
1987), and Open Content (Ciffoilli, 2003; Wiley, 1999) all follow a similar idea: By
modifying and recombining existing work, innovation can be collectively achieved.
Thus, self-organized ecosystems of Open Innovation emerge when independent
actors contribute to a product system (the product and its complementary assets).
These Open Innovation ecosystems have proven that they are able to compete with
companies that are reluctant to open up their systems and their IP. Software like
Apache,Mozilla, andLinuxhasachievedaconsiderablemarket share, andWikipedia
comes close to the quality of the Encyclopaedia Britannica (Wales, 2005).
The idea of openness may contradict the common approach of value extraction of
a kind of assets, that is, intellectual assets, in most societies. It is widely assumed
that these assets can and should be owned by someone and hence are the IP of the
creator or perhaps of the buyer. However, such IP shares the fate of most intangible
assets. Once it is revealed and brought into the public domain, there is the risk that it
becomes common. The creator and his competitors can use the asset to create value.
The potential for the creator to differentiate his products from those of competitors
is reduced. Hence, the use of the asset by competitors reduces the creator’s return
on the asset (Magee, 1977). In order to ensure compensation for the creators of
innovative intellectual work, legislators enact laws to protect intellectual property
rights (IPR). Creators and buyers of special rights are exclusively allowed to utilize
property for a certain period of time. Through these laws, intellectual work should
be rewarded and innovation stimulated (Chesbrough, 2006).
Themanagementof intellectualassetsoftenfocusesonclosingupcompanies’borders
from the intellectual assets point of view in order to keep others from harvesting
the fruit of their labor. However, legal instruments often cannot hinder third parties
rom gaining large shares o the prot arising rom innovations: The protection
mechanisms are often not enforceable. They are easy to bypass by using slight modi-
cations o the IP in question, and this results in various orms o uncompensated
adaptation (Teece, 1986). Under certain conditions, IPR can be ignored. The music
and software industries are examples of this phenomenon. Thus, IPR are often not
capable of protecting the owner from the exploitation of assets by others.
Closed companies’ borders may not only frustrate the aim to protect assets; in
act, they may prevent companies rom gaining prot rom their assets at all. R&D
departments regularly create intellectual assets that cannot be utilized within the
company. Procter & Gamble, for example, estimated in 2002 that it only commer-
cialized 10 % of its patents, whereas the remaining 90 % virtually gathered dust
on shelves (Sakkab, 2002). Licensing may be a viable option to exploit unutilized
patents (Rivette, 2000). However, potential licensees are often reluctant to adopt
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external technology (Chesbrough, 2006), and the legal protection of an IP is often
too weak to make licensing a viable option.
Companies such as Google and Amazon turn in part away from the closed way of
managing intellectual assets and appear to prot rom opening up their inorma-
tion systems and, therefore, revealing some of their intellectual assets. As another
example, IBM donated 500 patents to the Open Source community in 2005 instead
of generating revenue by licensing it. Moreover, IBM spends $100 million each
year in the development of Linux. IBM opens up these assets to regain a prominent
role in the operating system market—a position it had lost beforehand with AIX
(Chesbrough, 2006)—and is now able to use Linux as a platform to sell products
and services around Linux (West, 2003).

Drivers for Open Innovation in Ambient Business

To reveal the drivers for making assets publicly available in a world of ubiquitous
computing and the resulting potential benets, the open approach can be discussed
from a resource perspective (Barey, 1991; Penrose 1959; Wernerfelt 1984). This
perspective reveals the possibilities arising from a resource exchange at the layers of
the device infrastructure, the information infrastructure, and of the smart service.
Resources can be considered as tangible and intangible assets that are tied somehow
semi-permanently to the rm (Wernerelt, 1984). They compass all input actors
that are needed to create value during a product life cycle. Companies can lever-
age the resource base to achieve a competitive advantage if these are valuable,
rare, imperfectly imitable, and nonsubstitutable (Barney, 1991). As such, innova-
tive related resources that ulll these requirements can contribute to achieve an
advantageous position in markets in which innovative products and services are
valued by customers.
As argued before, in a world of ubiquitous computing, innovation life cycles may
be short. From innovations in technologies and services often spring a disruptive
force that leads to changes in the market environment: New innovators entering the
market and unpredictable demand shifts may change the market structure. However,
competitive advantage can only be achieved when the company’s resources are in
line with market conditions (Eisenhardt, 2000). Yet, in the changing markets of
ubiquitous computing, frequent adaptation of the resource base is necessary. On the
one hand, this is a major challenge for companies in UC markets. On the other hand,
this should be seen as an outstanding opportunity to gain competitive advantage
through superior capabilities in resource acquisition, namely adaptation, integration
and reconguration o internal and external resources (Teece, 1997).
However, companies may not be able to alter their resource base on their own fast
enough, and necessary resources may not be available for licensing. For example,
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when Microsoft released Windows NT and Windows 95, Apple had to innovate in
its operating system to cope with Microsoft. However,Apple was not able to alter its
resource base accordingly. It, therefore, published its source code partly as an open
source and allowed external programmers to contribute to the software development
process (West, 2003). Following this example, opening up a company’s border and
letting resources and, thus, intellectual assets pass through may be a viable strategy
for acquiring new resources.

Open Innovation in Ambient Business Settings

In ambient business, diverse resources can be incorporated to enhance the innovative
potential that is associated with a company’s innovation processes and the innova-
tion potential of its products. These resources can be obtained from all stakeholders
of the company’s products, especially customers, suppliers and manufacturers of
complementary products, and also from competitors as well.Accordingly, a transfer
can be conducted at every level of the proposed framework.
The device infrastructure builds up a smart environment and, hence, provides the
foundation for smart services by gathering data and interacting with the user. Ac-
cess to a device infrastructure is an essential asset for service providers. A tightly
restricted and exclusive access to the IT-infrastructure through proprietary stan-
dards allows the creation of a monopoly position. This facilitates the monopolist
to set rules which rivals must obey (Adams, 1982). Furthermore, the proprietary
standards of the infrastructure create a barrier for new entrants because a change
to another infrastructure is linked with incompatibility costs. However, providers
of complementary devices and services are likely to be discouraged from using a
tightly controlled IT-infrastructure (Farrell, 1985; Garud, 2002). Therefore, it may
be impossible for a company that is playing the proprietary game to build up the
full range of different devices of various application domains. Hence, if a company
opens up its device infrastructure and relies on open standards, access to foreign
innovative components may be gained by allowing them to become integrated into
the company’s own infrastructure.
Garud and Kumaraswamy (1993) showed through the Sun Microsystems case how
companies could improve their strategic position by implementing an open system
strategy. By relying on open standards and by liberally licensing some of its own
know-how, Sun attracted capable complementors that helped to improve the over-
all systems performance. Sun ensured its head start in competition by conducting
shorter innovation cycles then its competitors.
Another strategy to ensure returns is to retreat to a certain layers of the product
architecture. Layers that do not contribute to a distinctive resource base generally
do not help companies to gain a competitive advantage. By opening up these lay-
ers, an unrestricted foundation for higher layers may be laid that will be further
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developed by external innovators. Thus, the company may concentrate on extending
its distinctive resource base on an upper layer, such as developing smart services.
Apple, for example, published only source code of the operation system’s lower
levels. However, the Graphical User Interface and certain APIs, with which Apple
can differentiate its operation system from its rivals, remained closed source (West,
2003).
As demonstrated earlier, the information infrastructure is the basis on which services
are growing. It is, therefore, an important resource. The richer the information pool
in terms of quality and quantity, the more services can be provided. These services
will also be more reliable. For that infrastructure, the same principles apply as to
the device infrastructure, since both are infrastructure layers. The information in-
frastructure that is available can be enhanced by opening it up and allowing other
inormation inrastructures to interlink with it. Furthermore, companies may benet
from receding that layer and to commercialize the smart service layer. As distinct
from the device infrastructure, when considering the information infrastructure, the
user may play a more important role. Sensors deployed in the environment allow
gathering data from a user’s context without bothering the user, who may here fore
willingly contribute this information to a company’s information infrastructure as-
suming he trusts it. In this case, a services provider as well as a user may benet
from highly customized services. The user may play a more active role when it
comes to semantically enriched data. Such enrichment can only be automatically
conducted in exceptional cases.
Such tasks commonly require human judgment, for instance, to decide whether the
Eiffel tower is ugly or beautiful. By opening up the base data, users can be encour-
aged to ulll the tasks. Amazon’s mechanical Turk is an example or a platorm
that brings together tasks that need human judgment to be solved and people that
are willing to solve such tasks. Persons like students, housewives/ husbands, and
pensioners may be attracted by being paid a small amount of money (Amazon,
2007). A voluntary participation, however, may be provoked whenever the user can
benet rom an enriched inormation pool or consider his participation as an act o
self-expression. Google Earth is a prime example of users being willing to contribute
to a (partly) opened database (Roush, 2005). Other motivation mechanisms exist,
such a mechanism, in which the work is disguised as a game (Ahn, 2006).
One of the major challenges of innovation—and therefore of creating smart ser-
vices—is bringing together need information and solution information. These two
types of information cannot usually be found at one and the same site (Hippel, 1994;
Thomke, 2002). As a resource, solution information encompasses all information
that provides a company with the technological competence and the potential that is
necessary to supply customer needs and that resides traditionally in the company’s
site (Thomke, 2002; Thomke, 2003). Need information encompasses the user’s
preferences and requirements with respect to new products and services (Reichwald,
2006). It is generally in the user’s domain. The innovator’s lack of need information
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is a critical drawback for creating smart services. Thackara (2001) states that in the
current ubiquitous computing research, developers know how to create amazing
things with ubiquitous computing technology, but they lack in need information.
They do not know how to use their knowledge to create solutions that benet the
user. However, obtaining this information is far from easy. Need information is
somewhat“sticky,” that is, it canonlybeconventionally revealed frompotentialusers
through costly and time consuming methods. Users often do not fully understand
their needs or are not able to explicate them (Hippel, 1994). Smart environments
can help to overcome this problem by studying contextual data gained from the user.
Thus, it may be able to observe how a user behaves in using a smart service, which
problems he encounters and what needs may remain unullled.
Another way to overcome the problem is suggested by von Hippel (Hippel, 2002,
2005). By outsourcing need-related tasks to users, the problem of how to directly
acquire sticky need information can be avoided. Thus, the user handles a task, which
the company ormally conducted, and returns a solution he is satised with. This
solution is commonly less sticky than the need inormation itsel. However, to ulll
the task, the user needs relevant solution-information that sticks with the company.
Here, the company partly opens up its information pool by providing a design tool,
called toolkit, to the user. This toolkit implements the company’s solution informa-
tion, which is provided in such a manner that the user can handle it easily. Smart
Environment may broaden the facility of toolkits. Sophisticated toolkits may be
able to be provided to the user at that point where his need generally occurs. Mul-
timodal interfaces (Dam, 2001) may facilitate a richer interaction with the toolkit
and, thus, allow solving complex tasks. Tangible interfaces can be used to let the
user not only interact by “mediating” devices such as keyboard, mouse, and display,
but to directly manipulate physical objects (Sharlin, 2004). An example of such a
tangible interface is the “illuminating clay” from Piper et al. (2002). The comput-
ing system is able to gather the form of the clay the user works with and is able to
augment it with additional information. Recent advancements in 3D-Printers may
open up additional opportunities to integrate need information. The project Fab@
Home, for example, provides documentation about how to build a 3D-Printer for
private purposes (Fab@home, 2006).

Enabling Open Innovation in a World of
Ambient Business

Asmentionedabove, the informationinfrastructure isanimportant resourceinambient
business settings. Accordingly, opening up ubiquitous computing systems enables
innovation in a world of ambient business. If smart devices and smart environments
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are built on common standards and are opened up mutually, new possibilities for in-
novation arise through the combination of information pools, devices, and services.
Furthermore, natural, multimodal, and tangible interfaces may simplify remote
interaction within Open Innovation ecosystem (e. g., Pinhanez, 2004).
Xerox took the rst steps to implementing smart environments in their research
project Parctab (Want, 1995). Since then, many more research projects, as well as
commercial initiatives, have appeared (for an overview of selected projects, see
Endres, 2005). However, these initiatives ocus mainly on specic, proprietary ap-
plications like smart shopping environmentsanddonot incorporate further prospects
of using an open approach (for an overview of smart environments in general, see
Cook, 2005). Implementing an open approach as proposed in this chapter means,
in essence, granting access to mobile smart objects and local smart environments
hosted by different service providers, and to information gathered by them. To en-
able the reuse of smart environments and information gathered by smart objects, a
common understanding of their semantics is essential to the recombination and to
the creation of new smart applications and services. Accordingly, we propose the
creation of an Open Object Information Infrastructure (OOII) as shown in Figure
2, which complies with the requirements to enable Open Innovation. The various
components will be explained below.

Building up Smart Environments

The embedding of computers or smallest processors, memory chips, and sensors
into physical objects, referred to as smart objects, constitutes a step toward connect-
ing the real with the virtual world. Other examples are sensor networks—smallest
sensors introduced into the environment, forming ad-hoc networks in order to
recognize, for example, the whereabouts, speed, size, and form of objects and to
observe them over a period of time (Culler, 2004). Sensors may perform an impor-
tant role in the context of managing object information. This is particularly true for
the use o sensors which permit a clear identication o smart objects by remote
enquiry. With the assistance o Radio Frequency Identication (RFID), objects are
identied automatically without line o sight, by transponders which are attached
to them (Finkenzeller, 2003).
It has to be taken into account that the information content of sensor data is rather
limited. Hence, the data must be gathered and formed into usable events by means
o appropriate lter and aggregation procedures. Numerous projects or the devel-
opment of suitable middleware have already commenced, but focus primarily on
integration of sensor data in closed, business-related applications or communication
between smart objects (for an overview of selected projects, see Henrickson, 2006
and Schoch, 2005). Most projects, however, ignore the further use of the informa-
tion in other contexts or by external developers.
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Ensuring the utilization of gathered data for external developers requires extending
existing middleware technologies with mechanisms for the semantic markup of
sensor data. Semantic Web standards such as Topic Maps (Durusau, 2006; Garshol,
2006; Pepper, 2001;), or RDF(S)/OWL (Brickley, 2004; McGuinness, 2004) can
be employed for this purpose. Several middleware technologies have already been
extended with mechanisms for the semantic markup of sensor data. SOAM (Smart
Object Awareness and Adaptation Model) (Vazquez, 2006) is one initial approach.
SOAM is a smart environment reactivity model in which user preferences are for-

Figure 2. The Open Object Information Infrastructure (OOII)
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malized using the Standard Ontology for Ubiquitous and Pervasive Applications
(SOUPA)(Chen,2005).Thesepreferences lead toadaptationonsmartobjectswithout
explicit user intervention, because of the use of automatic, semantic reasoning with
respect to the environmental conditions.
An extended version of this ontology is also used by the Context BrokerArchitecture
(CoBrA) (Chen, 2005). This is a broker-centric agent architecture for supporting
context-aware systems in smart meeting rooms. The project goal is to create a meet-
ing room that can facilitate typical activities as setting up presentations (allowing
users to control services via speech), or adjusting lighting and background music
in a room in a manner that is tailored or the specic meeting.
Even if these projects incorporate semantic technologies, they do not consider the
reuse of their smart environments within external smart services. Nevertheless, they
could be suitable for application within the OOII, as they enable the combination of
ubiquitously gathered information with additional semantically-enriched informa-
tion provided, for example, by the Semantic Web.

Building up Open Information

In developing smart environments, the large number of smart objects must be
taken into account. Additionally, the prevailing energy and capacity limitations of
embedded computers and sensors make it necessary to save accompanying virtual
data objects and to process information on additional network nodes which have
sucient memory capacity and computer power. These prerequisites advise the
implementation of peer-to-peer (P2P) networks that offer better scalability and a
self-organized and decentralized coordination of unused or limited resources, com-
pared to the alternative client/server architecture (Barkai, 2001; Milojicic, 2002;
Oram, 2001; Schoder 2003). Other characteristics, including a higher fault toler-
ance and a more effective support of spontaneous networking of entities, may be
advantageous as well, because no continuous connection can be ensured for smart
objects, due to their mobility.
In order to enable Open Innovation, arbitrary access to the stored semantically en-
riched object information must be ensured for external developers. As the Napster
case revealed, central approaches tend to limit access to the information offered or
even deny it completely. However, P2P projects like Freenet (Clarke, 2000) and
Free Haven (Dingledine, 2000) have demonstrated how an anonymous and censor-
free information access can be made possible. Using P2P networks for storing and
retrieving semantically enriched information requires an extension of possibilities
to pose semantic queries. On the one hand, scientic research is pursuing scheme-
based approaches, and, on the other hand, ontologies or P2P Semantic Web services
are applied (for an overview of selected projects, see Staab, 2006).
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Using semantic query facilities, various developers with different perceptions can
search for relevant (object) information, combine the information freely, and, hence,
create innovative services (as indicated in Figure 2). For example, information about
the speed of vehicles (low speed for a number of cars) combined with their actual
location (they are all in a certain area) and additional information (a road map) might
indicate that they are stuck in a trac jam on a highway. This inormation could
then be provided to others as a trac-inormation service. In order to acilitate even
the reuse o this new smart service, the service has to be specied semantically and
published in the OOII. Subsequently, other developers can reuse this service (and
the connected smart environments and objects), combine services with information
gathered by another local sensor network (the outdoor temperature in a certain area
is below zero), and set up a warning system (you are traveling to a snowy area—do
not forget your snow chains).
In order to discover and integrate semantically enriched information, a number of
semantic web services (Alesso, 2004; Fensel, 2002) and smart agents (Konnerth,
2006; Lee, 2005;) have been developed. However, these projects mainly solve
negotiation problems with respect to a common understanding of certain applica-
tion contexts. The user-oriented framework of Task Computing (Masuoka, 2004)
is a promising approach in the context of ubiquitous computing. It uses the Task
Computing Environment Object Ontology (TCE, 2004) and is designed to operate
dynamic ubiquitous environments in which a mobile computing user dynamically
discovers the current set o available semantically dened services (Song, 2004).
The end-user can easily and seamlessly integrate and manipulate services found
on their own computer, the nearby devices and relevant remote Web services.
However, Ben Mokhtar et al. (2006) claim that even this opportunity, or need to
select the right composition among all the possible compositions suggested to the
user, presents a major drawback of this framework. Accordingly, they developed a
COnversation-basedserviceCompositionmiddleware (COCOA) thatminimizes the
necessary user interaction by enabling the automatic and transparent deployment
and execution of user tasks.
Nevertheless, these approaches are limited to the discovery of smart services within
smart environments in order to improve user interaction. They do not address global
service discovery as needed within our OOII. METEO-S WDSI (Verma, 2005) and
GloServ (Arabshian, 2005) are approaches that perform global service discovery
through the use of P2P networks. METEO-S WDSI presents a scalable environment
forWebservicepublicationanddiscoveryamongmultiple registries ingeneral. Ituses
an ontology-based approach to organize registries into domains and enable domain
based classication o all Web services. Each o these registries supports semantic
publication and the discovery of Web services. GloServ is a global service discovery
architecture that can be used to build a distributed context-aware service discovery
system related to pervasive computing scenarios (Arabshian, 2006). Currently, we
examine which one of these approaches would be applicable within the OOII.
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Building Up Smart Services

Based on Open Information, innovative services can be developed. The Federative
Library (FedLib) represents one rst instantiation o our OOII (see Figure 3) and
demonstrates the feasibility of the design. The FedLib is a library service for work
groups that functions without the need for collecting books at a centralized location.
In fact, the collection is held by the participants themselves. Book owners decide

Figure 3. The Federative Library (FedLib)
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about making their books available for use by others. Thus, originally exclusive
private collections of books that are common in organizations could be opened up
to other would-be readers.
The pilot implementation of the FebLib will be realized within the Department of
Inormation Systems and Inormation Management and includes our own oce
rooms and books, as well as books from the faculty library. We already built up the
necessary smart environment and started to extend a reference information manager
to the corresponding search-client in order to integrate the smart service into the
daily workfow o a research assistant. Besides building up the smart environment,
we focus on reviewing existing technology for further use within the FedLib and
OOII.
Implementing the smart environment of the FedLib, bookshelves and doors of our
oce rooms are equipped with RFID readers (see Figure 4). Books labeled with
RFID tags are distributed in the participants’ oces. In order to enable ubiquitous
information gathering about the presence of books, the detection of a book’s cur-
rent location must be combined with former “reads” to corresponding events. For
instance, when the system detects a book at the door reader in Oce 1, inormation
must be available as to whether the book is leaving or entering the oce. It is leav-
ing i the book was previously detected on the bookshel in Oce 1. It is entering
i the book was previously located at the door reader in Oce 2.
Byaggregating thesesemanticallyenrichedeventswithadditional informationabout
the occupant o each oce, the FedLib can track and allocate books automatically
in terms of the current borrower. This minimizes administrative overhead, due to the
ubiquitous integration o processes in the daily workfow o the research assistants.
It therefore becomes possible to borrow books by collecting them directly from a
colleague’s shel, taking them to one’s own oce, and placing them at the table

Figure 4. Smart Oce Environment or the FedLib
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there. In order to return a book, it can simply be put back on one’s own bookshelf.
During that natural interaction with the Federative Library, the location and status
of the book changes according to the events occurring (numbered 1 to 5 in Figure
4). In order to integrate even the management and the retrieval of books into the
daily work of a research assistant, the corresponding search-client is integrated in a
reference information manager. Furthermore, services like Amazon’s Web Service
(Levitt, 2005) and special semantically-annotated resources produced by Semblog-
ging (Cayzer, 2004), are suitable for integration into the manager in order to provide
additional useful information.

Conclusion

Previous research and the movement towards openness suggest that an opening
of information systems may reveal new contingencies for innovation. In order to
analyze these contingencies in a world of ubiquitous computing, we applied the
framework of ambient business. We showed that opening up smart environments
as well as smart services, reveals potentials for innovative services that can be cre-
ated by external developers. Thus, the innovative strength of companies that act in
open systems cannot be achieved by those that rely on rather proprietary informa-
tion systems. However, most contemporary projects ignore the further use of the
information in other contexts or by external developers.
By designing the Open Object Information Infrastructure, we showed how to open
up ubiquitous computing systems. Within this infrastructure, information pools
that emerge from smart devices are connected by existing Semantic Web standards.
This allows developers to search for and combine information they need, create
innovative services, and reuse and combine them in an innovative manner. By in-
troducing the rst instantiation o the OOII, we demonstrated the feasibility of our
design. The Federated Library combines information from decentralized objects
and external services to an innovative library services that cannot be realized in
closed environments.
However, the open approach is not only applicable from the technological point
of view. Economic rationality can argue similarly in favor of opening information
systems and thus companies’ intangible assets. In some instances, property rights
cannot ulll their aim o ostering innovation, but in act encumber a urther de-
velopment that builds up on the protected assets. Therefore, in terms of economic
and social welfare, the guarantee to freely use innovation as well as the incentive
to commercialize innovations has to be perfectly balanced.
Additionally, a cross-border fow o intellectual resources can be benecial. In
high-velocity markets as can be expected in ambient business, the alignment of
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company resources to the corresponding market becomes critical. In particular,
innovation-related resources have to cope with market developments. Opening up
the company’s borders can be a strategy for acquiring external innovation-related
resources and, therefore, a head start in competition with closed innovators.

Future Research Directions

Questions arise regarding the willingness of market players to adopt the idea of Open
Innovation. First, open smart environments may infringe privacy. Consequently,
we may ask what information a user considers private and in what situations. What
information should, therefore, not be freely available to service providers? How
should laws be formulated in a world in which information is freely exchanged?
The rst studies have already appeared which analyze the dangers associated with
the emergence of ubiquitous computing (Hilty, 2005; Bizer, 2006; BSI, 2006), but
they are only the rst steps towards answering the core questions.
Likewise, companies must consider which resources and information should be
allowed to cross their borders. Sophisticated strategies have to be implemented
to ensure the appropriability and, therefore, the return on the innovations. Thus, a
manager may ask what products and resources should be opened and to what extent.
What are the company’s distinct resources that have to be maintained inside the
company? What kind of resources can be utilized more effectively outside? Control
of the resource transfer must be established.
Furthermore, organizational structures and processes have to be adapted to facilitate
the adaptation of external resources, and employees have to be trained to interact
withexternal stakeholders.Moreover, external innovatorshave tobeattracted.When
increasingly more companies try to harness users’ resources and creative power,
how will the users react? Will their attention and time become a limited resource
so that companies have to compete for it?
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