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I. INTRODUCTION 

1. I, James L. Mullins, Ph.D., hereby declare as follows: 

2. I have been retained by Foley & Lardner LLP on behalf of Dental 

Imaging Technologies Corporation to authenticate and establish the date of public 

accessibility of a document for use in an inter partes review proceeding. For this 

service, I am being paid my usual hourly fee of $275/hour. My compensation in no 

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

3. I have personal knowledge of the facts and opinions set forth in this 

declaration. I believe them to be true, and if called upon to do so, I would testify 

competently to them. I have been warned that willful false statements and the like 

are punishable by fine or imprisonment, or both. 

II. BACKGROUND AND QUALIFICATIONS 

4. I am a retired academic librarian working as the Founder and Owner 

of the firm Prior Art Documentation Librarian Services, LLC at 205 Saint 

Cuthbert, Williamsburg, VA 23188. Attached as Appendix B is a true and correct 

copy of my Curriculum Vitae (“CV”) describing my background and experience. 

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

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

5. In forming the opinions expressed in this Declaration, I have 

considered and relied upon my background and experience. In addition, I have 
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reviewed and relied upon additional materials in preparation of this Declaration, as 

described below and provided in the Appendixes to this Declaration. 

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

Professor Emeritus, Purdue University, 2018 – present. 

7. I was previously employed as follows: 

 Dean of Libraries and Professor & Esther Ellis Norton Professor, 

Purdue University, West Lafayette, IN, 2004-2017. 

 Assistant/Associate Director for Administration, Massachusetts 

Institute of Technology (MIT), Cambridge, MA, 2000-2004. 

 University Librarian and Director, Falvey Memorial Library, 

Villanova University, Villanova, PA, 1996-2000. 

 Director of Library Services, Indiana University South Bend, South 

Bend, IN, 1978-1996. 

 Part-time instructor, School of Library and Information Science, 

Indiana University, Bloomington, IN, 1979-1996. 

 Associate Law Librarian, and associated titles, Indiana University 

School of Law, Bloomington, IN, 1974-1978. 

 Catalog Librarian, Assistant Professor, Georgia Southern College 

(now University), Statesboro, GA, 1973-1974. 

Exhibit 1010 page 4 of 78 
DENTAL IMAGING



 

-5- 

8. Over the course of my career as a librarian, instructor of library 

science, author of scholarly publications, and presenter at national and 

international conferences, I have had experience with catalog records and online 

library management systems built around Machine-Readable Cataloging (MARC) 

standards. 

9. In the course of more than forty-four years as an academic librarian 

and scholar, I have been an active researcher. In my years as a librarian, I have 

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 I worked. I have kept current on the professional library science 

literature and served on the editorial board of the most prominent library journal, 

College and Research Libraries. This followed service as the chair of the Research 

Committee of the Association of College and Research Libraries (ACRL), a 

division of the American Library Association (ALA). As an academic library 

administrator, I have had responsibility to ensure that students were educated to 

identify, locate, assess and integrate information garnered from library resources. 

III. PRELIMINARIES 

10. I am not a lawyer, and I am not rendering an opinion on the legal 

question of whether a particular document is, or is not, a “printed publication” 

under the law. 

Exhibit 1010 page 5 of 78 
DENTAL IMAGING



 

-6- 

11. I am, however, rendering my expert opinion on the authenticity of the 

documents referenced herein and on when and how these documents were 

disseminated or otherwise made available to the extent that persons interested and 

ordinarily skilled in the subject matter or art, exercising reasonable diligence, could 

have located the documents by at least June 17, 2008. 

12. I am informed by counsel 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. I 

am also informed that authenticity can be established based on the contents of the 

documents themselves, such as the appearance, content, substance, internal 

patterns, or other distinctive characteristics of the item, taken together with all of 

the circumstances. 

13. I am informed by counsel that a given reference is publicly accessible 

upon a satisfactory showing that such a document has been disseminated or 

otherwise made available to the extent that persons interested and ordinarily skilled 

in the subject matter or art exercising reasonable diligence, can locate it. I have 

also been informed by counsel that materials available in a library constitute 

printed publications if they are cataloged and indexed according to general library 

practices that make the references available to members of the interested public. 

14. In forming the opinions expressed in this declaration, I have reviewed 

the documents and appendices referenced herein. These materials are records 

Exhibit 1010 page 6 of 78 
DENTAL IMAGING



 

-7- 

created in the ordinary course of business by publishers, libraries, indexing 

services, and others. From my years of experience, I am familiar with the process 

for creating many of these records, and I know these records are created by people 

with knowledge of the information in the record. Further, these records are created 

with the expectation that researchers and other members of the public will use 

them. All materials cited in this declaration and its appendices are of a type that 

experts in my field would reasonably rely upon and refer to in forming their 

opinions. 

15. I am told by counsel that the subject matter of this proceeding relates 

to a scanner for scanning three-dimensional objects. 

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

art at the time of the purported inventions is a hypothetical person who is presumed 

to be familiar with the relevant field and its literature at the time of the purported 

inventions. This hypothetical person is also a person of ordinary creativity, capable 

of understanding the scientific principles applicable to the pertinent field. 

17. I am told by counsel that a person of ordinary skill in the art 

(“POSA”) would have had a bachelor’s degree in Computer Engineering, 

Computer Science, Electrical Engineering, Physics, or an equivalent field, as well 

as at least one or two years of design experience, or alternatively, at least five years 

of comparable industry experience. In particular, I am informed that a POSA 
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would have had experience with and knowledge of three-dimensional (“3D”) 

imaging systems and 3D modeling techniques. 

18. It is my opinion that such a person would have been engaged in 

academic research, learning through study and practice in the field and possibly 

through formal instruction the bibliographic resources relevant to that person’s 

research. Such a person would have had access to a vast array of print resources in 

3D scanner design. 

A. Library Records 

19. Some background on MARC formatted records, OCLC, WorldCat, 

and OCLC’s Connexion is needed to understand the library catalog records 

discussed in this declaration. 

20. Libraries world-wide use the MARC format for catalog records; this 

machine-readable format was developed by the Library of Congress in the 1960s. 

21. MARC formatted records provide a variety of subject access points 

based on the content of the document being cataloged. All subject headings may be 

found in the MARC fields 6XX. For example, MARC Field 600 identifies personal 

names used as subjects and the MARC Field 650 identifies topical terms. A 

researcher might discover material relevant to his or her topic by a search using the 

terms employed in the MARC Fields 6XX. 

22. The MARC Field 040, subfield a, identifies the library or other entity 
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that created the original catalog record for a given document and transcribed it into 

machine readable form. The MARC Field 008 identifies the date when this first 

catalog record was entered on the file. This date persists in all subsequent uses of 

the first catalog record, although newly-created records for the same document, 

separate from the original record will show a new date. It is not unusual to find 

multiple catalog records for the same document. 

23. WorldCat is the world’s largest public online catalog, maintained by 

the Online Computer Library Center, Inc., or OCLC, and built with the records 

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

provides a user-friendly interface for the public to use MARC records; it requires 

no knowledge of MARC tags and codes. 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. 

24. Whereas WorldCat records are widely available, the availability of 

MARC formatted records varies from library to library. 

25. When an OCLC participating institution acquires a document for 

which it finds no previously created record in OCLC, or when the institution 

chooses not to use an existing record, it creates a record for the document using 
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OCLC’s Connexion, the bibliographic system used by catalogers to create MARC 

records. Connexion automatically supplies the date of record creation in the 

MARC Field 008. 

26. Once the MARC record is created by a cataloger at an OCLC 

participating member institution, it becomes available to other OCLC participating 

members in Connexion and also in WorldCat, where persons interested and 

ordinarily skilled in the subject matter or art, exercising reasonable diligence, can 

locate it. 

B. Periodicals 

27. A library typically creates a catalog record for a periodical publication 

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

issues/volumes of the periodical, the issues/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. 

28. The initial periodicals record will sometimes not reflect all subsequent 

changes in publication details (including minor variations in title, frequency, etc.). 

C. Cataloging/Indexing 

29. A researcher may discover material relevant to their topic in a variety 

of ways. One common means of discovery is to search for relevant information in 
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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 the publisher, a bookstore, a document delivery service, or other provider. 

Sometimes, the date of a document’s public accessibility will involve both 

indexing and library date information. Date information for indexing entries is, 

however, often unavailable. This is especially true for online indices. 

30. 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. 

31. Online indexing services commonly provide bibliographic 

information, abstracts, and full-text copies of the indexed publications, along with 

a list of the 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. 

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

ACM was founded in 1947 and is a 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 
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Computing Literature is a bibliography of computing literature beginning in the 

1950s with more than a million entries. https://dl.acm.org. 

33. All metadata in the ACM database are freely available on the web. 

This includes abstracts, linked references, citing work, and usage statistics. Full 

text of articles are available with subscription. 

34. Wisconsin TechSearch (WTS) -  WTS offers an array of article 

delivery and research services to individuals and organizations not affiliated with 

the University of Wisconsin or who need the specialized skills of WTS staff in 

locating and retrieving information. It is the policy of WTS to keep confidential all 

material submitted by clients with respect to searches as well as search results. 

https://wts.wisc.edu/. 

IV. OPINION REGARDING INDIVIDUAL DOCUMENT 

A. Zhang 

35. I have been asked to opine on an article authored by: L. Zhang et al., 

titled: “Projection Defocus Analysis for Scene Capture and Image Display;” 

published in ACM SIGGRAPH 2006, July 2006, on pages 907-915. (“Zhang”). 

1. Authentication 

36. I have evaluated the Zhang reference three ways: (1) by assessing the 

copy of Zhang (Ex. 1006 to the Petition for Inter Partes Review) provided to me 

by counsel; (2) by assessing scans of a copy of Zhang owned by the Library of 
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Congress, Appendix A-1; and (3) by accessing and assessing a download of Zhang 

I made on September 7, 2022. 

37. Appendix A-1 is a scan of the print document held by the Library of 

Congress. It was provided to me at my request from the Wisconsin TechSearch 

from the print copy of Zhang owned by the Library of Congress on September 1, 

2022. Appendix A-1 includes: bound front cover, spine and back cover with a 

stamp that reads “T 385.A28 Set 1”, as shown below; published cover; publication 

information page; title page; verso of the title page (copyright) with a stamp that 

reads “Library of Congress AUG 15 2006”, as shown below; Table of Contents; 

and Zhang article on pages 907-915. 

 

                                         

 

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

Appendix A-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 
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or accuracy of these identifying attributes. In addition, Zhang 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. 

39. Evidence of the ownership of Zhang by the Library of Congress will 

further be explored and detailed in the section below on public access. 

40. Appendix A-2 is a download I made on September 8, 2022. I accessed 

and downloaded Appendix A-2 from the ACM Digital Library database by my 

emeritus faculty status through Purdue University Libraries at this URL: https://dl-

acm-org.ezproxy.lib.purdue.edu/doi/pdf/10.1145/1141911.1141974. 

It is available for a fee at this URL:  

https://dl.acm.org/doi/abs/10.1145/1179352.1141974. 

41. After comparison of Zhang between Appendix A-1 and corresponding 

pages of Appendix A-2, I found no difference between the two. Therefore, upon 

finding Zhang in the Library of Congress and also in the ACM Digital Library 

database, I have determined that Ex. 1006, Zhang, is an authentic document. 

42. I conclude and affirm that Zhang, Ex. 1006, is an authentic document. 

2. Public Accessibility 

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

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

September 10, 2022 by searching geographical location, Washington, D.C. 
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(Library of Congress). When I searched WorldCat for holdings of Zhang in 

Washington, D.C., the Library of Congress was third on the list among the 459 

libraries shown as holding Zhang worldwide. 

44. Appendix A-3 shows that Zhang is the document associated with this 

WorldCat entry, as verified by title and authors: Proceedings. ACM SIGGRAPH 

Symposium on Interactive 3D Graphics and Games, SIGGRAPH, Association of 

Computing Machinery; publication date: c2005-, which is an open entry indicating 

that it is an annual and each year would be added as received. 

45. Zhang could have been located by searching for the author and title: 

Proceedings. ACM SIGGRAPH Symposium on Interactive 3D Graphics and 

Games; and/or by searching the subject headings: Computer graphics; Computer 

graphics - Congresses; Three-dimensional display systems; and/or Three-

dimensional display systems - Congresses. 

46. 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, which have been available from the 1990s through 

today. 

47. Appendix A-4 is a download I made from the Library of Congress 

OPAC (online catalog) on September 1, 2022. The document cataloged in this 

record is Zhang as verified by the OPAC record fields including meeting name: 
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ACM SIGGRAPH Symposium on Interactive 3D Graphics and Games; main title: 

Proceedings; publisher and publication date; Association of Computing Machinery 

from 2005-. 

48. Zhang could have been located in the Library of Congress OPAC by 

searching for meeting name and title: Proceedings, ACM SIGGRAPH Symposium 

on Interactive 3D Graphics and Games; or by searching the subject headings: 

Computer graphics – Congresses; Three-dimensional – Congresses; Computer 

graphics; and/or Three dimensional display systems. 

49. The Library of Congress OPAC record documents that the 2006 

Proceedings, ACM SIGGRAPH Symposium on Interactive 3D Graphics and 

Games is held by the Library of Congress is listed in “Request in Jefferson or 

Adams Reading Rooms” Latest receipts 2009, 2008, 2007, 2006, 2005, as shown 

below: 

 

Request in 
Latest receipts 

Jefferson or Adams Building Reading Rooms 
2009 

 2008 
 2007 
 2006 
 2005 

 

50. The date stamped on Appendix A-1 of August 15, 2006, as shown 

below, indicates receipt of Zhang by the Library of Congress, after which it would 

have been sent for processing and labeling. From my extensive professional 

experience and my knowledge of the Library of Congress processing, it is my 
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opinion that Zhang would have been available at the Library of Congress within a 

week to ten days, therefore, Zhang would have been available no later than August 

25, 2006. 

                                                 

51. Once Zhang 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. The collections of the Library of 

Congress are searchable by subject matter, author, or title such that a skilled 

researcher could find works in which they were interested. For example, a member 

of the public could have located a copy of Zhang by searching for the meeting 

name and title: Proceedings, ACM SIGGRAPH Symposium on Interactive 3D 

Graphics and Games; or by searching the subject headings: Computer graphics – 

Congresses; Three-dimensional – Congresses; Computer graphics; and/or Three 

dimensional display systems. 

52. 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, a copy of Zhang was accessible to the general 
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public when it was available at the Library of Congress. 

3. Conclusion Regarding Zhang 

53. I conclude that Zhang, Ex. 1006, is an authentic document and would 

have been publicly accessible through the Library of Congress no later than August 

25, 2006. 

V. CONCLUSION 

54. I reserve the right to supplement my opinions in the future to respond 

to any arguments that Patent Owner or its expert(s) may raise and to take-into 

account new information as it becomes available to me. 

I hereby declare under penalty of perjury under the laws of the United 

States of America that the foregoing is true and correct, and that all statements 

made of my own knowledge are true and that all statements made on information 

and belief are believed to be true. I understand that willful false statements and the 

like are punishable by fine or imprisonment, or both (18 U.S.C. § 1001). 

Executed on December 12, 2022 in Williamsburg, Virginia. 

~&Ll11~ 
~SL. MULLINS, Ph.D 

-18-
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Projection Defocus Analysis for Scene Capture and Image Display * 

Li Zhang hrcc aya r 
olumbia Un iver ity 

Abstract 
11 rd , 111 produc right image . 1>rojcct r. ha la , ap nure 
110 hen~•· narrm dcplh, or fie ld. In 1hi ·paper.we present mclh-

31 d h d ' . od~ for 1 1husl :ccnc capt t'. re an en unce 111~ugc ~• ·plu_ based _on 
rojc,·ll ,n clefoeu~ anal SJ!,. We model a proJeCtor s JeJc,cu: us111 , 

P1 lincac , ·stem. Thi model i • u. ed 10 develop a novel tempt ml 
I • d d fo u~ unalys1 metJ10 tu recu er depth at each cumer:i pi el b 
-~iima1111g the pnrameter of it: p ~ectiun dcfocu. kernel in fre­
q~icnc tit main. omparcd to mo L d pth re ovcry method • our 
urprc,.1d11 rno~· acct'.ra tc ncurckptJ1 di~ ominuitie ·. Funh rmorc. 
b u in~ ,1 ·oa ml pr ~cctor- .uncrn ys1e111. , e ensure th,ll depth i 
c mpuh.:ll at all ca mera pi cl . , ith lit an mi ing part . We hO\ 
th:ll the r.:co creel . ccne geometry can he used for rcfocu • ymh is 
and for depth-based image compo i1ion. Using 1he . ame projector 
ctdocu~ model and cstimntion tc hniquc, we al o pr po ea defocu · 
compcn, ati n method lhal filter~ a projecLion image in a pmially­
v:1ryi11 . lcpth-dcpcnclenl m,111 11er lo minimize its defocus blur arter 
it i pfl>Jl'Cted 111110 the cene. Thi. method effe ti ely increase 1he 
depth or Ii Id of a projec1or without modifying its optics. Finally, 
we pre~cnl an algo1i1hn1 that e plait projector defocu to reduce 
the su· ng pixelation artifact produced by digital projectors, while 
pre erving the quality of the projected image. We have experimen­
tally venlicd each of our methods using real cenes. 

R atcgoric ·: l.3.3 I .ompuler Graphic ]: Picture/Image 
Gcner:nion-Digitizing und scu1111i11g, displny :1lgorithm; 1.4.8 [Im­
age Proce~ ing and ompuler Vision] : Scene Am1lysi. - Depth 
en ·, range data, shape. 

Keywords: projector defocus, temporal del'ocui; :muly ·is. dept h 
recovery. multi-focal projection, projector depixelution, refocus 
synthc i~. image compo~ition. 

1 Introduction 
Digital p1ojcc1i n Le hnol gics, such as Digital Light Procc. s­
ing (!JLP) and Liquid Cry IHI Di play (LCD). ure incre, ingly 
used 111 rnnsumer, commercial and cientific appl icmion . In com­
puter gmphics and vi ion, video projec101 have recently been used 
n_ per-piwl c ntrollablc light s ur e for real-time hape ncqui i­
!lon I H11:in et al. 200 : Zhang ct al. 2004: Davis ct al. 2005; Kon­
mck ct .1I. 2005], for complex :1ppcarn nc captu re [Levo cl al. 
-004; l' ll cl .ii. 2005] nd cu111 ro l I Raskar c l al. _QO I: Gr berg 
eL a_l. 2 ti-I : Bimber et al. 005]. All thee applicmion require the 
proJc I01 , I be fi cu c I r r best p rfonnance. I.ti I r.tcticc, proje -
10 nre ~11ilt with la rge n1Je 11 urc · 10 maximize their brightness. a 
result , vinually all projectors have very nurrm d plhs II field; they 

' 111i, work w 1, c ndu 1cJ u1 1h mnpu1er bion Lnh m1ory a1 
C.~iumt,ia l l11 ivcr.;i1y. II ,, s • upponcd b on ITR gr.1111 rrom 1hc mionnl 
K~ence hi1111d.,1inn ( . II -00-85 6-1). The nuth . th;mJ.. urum111dm 
~ n~lmuo l11r 111, help, ilh the expcnmcnis and ch• video omJ ,me Fle111i1111 
hrh~r help\\ llh 1he :1ut1i11 re~,11tling :md 1hc pruol"reatll 11g. T11e ;iu1htm 111~11 

I nnk "'111 dp~ . r . . . .. Ilic . · ev1e~. com or pcr111 1111 ng us usmg 1heir 1111.,ges !l~ some of 
c .implc , 1111wn 111 the 1>aper. 

~: 20116 by lhe Associalian lot Compu1m9 Machlnory, Inc. 
Cl11Ss,00mn In in e lfg tal ot ha,d copies of pan or all of lhls wollc lor per91lnal or 
fo, conu,, U5 IS granted wilhoul fee provided 1ha1 cop,oa are nol made or dls1nbu1ed 
llfSI page Ora~, Advantaoe and lh I cop,os bear lhls nouce ond 1he full e11a1Jon on u,e 
haoored • COf)Vnghis lor 0001p0n nls l>t 1h15 l'IOllc owned by othors than ACM must 
&&Nert · Ahs1rncting wllh oredil Is pem"iUed. To copy otherwlse. 10 republish, 10 posl oo 
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are de igned to produce focused images on a single fronto-parnllel 
crecn. n analysis r the defocu propcrtic f projector. i there­

fore bencfi ial as it could lead to new methods that take advantage 
of, a well a compen ate ~ r. proje tion defocu . 

In thi paper, we pro ide the Ii t ysten1atic analy is of rojeclor 
defocu nd demonstrate it appli ation t I bust ~cene aplure 
and enhanced image display. We first present a imple linear model 
for projector defocus. Based on thi model, we pre enl a frequency­
domain mclhod for estimating the spatially-v::uying defi -u. kernel 
of a projector. The kernel e ti mated at each cene poinl i used 10 re-
over the 3D geometry of the cene. Ba ed on the cslimalcd kernel. 

we also present a technique that computatio11ally nuinipulute · an 
input image to minimize iL~ dcfocu blur when it is projected onto 
11 11011-plunai cene. Finally, we demonstrate that defocusing can 
be pul to good use. A . light amount of defocu. ing. in conjunction 
with a compen a1ion algorithm, an be II ed to reduce pi elation, a 
strong artifa t produ ed by all digital proje tor . Specifically, this 
paper makes the following three contributions: 

c ne comctry using emporal Defocu. nalysi : We propo e 
a method called temporal defocus analysi thut e. timate depth at 
each camera pi el. independently, wi thout using infom1a1io11 from 
neighboring pixels (Section 3). Our method. compared to cxis1-
ing methods. uch as stereo or even tradition I depth from fo­
cus/defocus algorithm , i more a cu rote near deplh disco111in11i1ies. 
Sin c the mcth d is not ba ed on triangulation , we can u. e coax­
ial projector-camera ·ystcm and compute depth al all camem pix­
el • without any mi ing parts. The. e advantages make 1he 111clhod 
uniquely uited 10 computer gmphics application like refocu . syn­
the i and image compo ilion, bo1h of which we demonstrate. 

Focus d Proj lion al Mu llipl Depth : We pie em an iterntive, 
palially-varying til lering algorithm that c mpensatc. for def cu 

blur ba cc.I on · enc geom t1y ( ecti n 4). Thi technique effec­
tively increases the depth of field of u projector wi thout modifying 
it optics. As a re ult, we are able lo use a ingle projector Lo project 
well-~ u ed image on mult iple plane that are ;H different deplh 
a well a on curved projection surfaces. We believe 1hi capability 
addre se 1111 import ant limitation of curre111 projector · and widen 
their applicability in the rea l world. 

Depixclalion by D focu ing: Finally. we generalize our defocu 
compensation algorithm 10 reduce the tr ng pixelmi n a11ifac1 
produced by all digital projectors ( cction ). The key idea is 10 

slightly defocus the projector o II to 1111enu111e the high frcquen­
cie. pr duccd by pixelati n and u e the defocus compen ·ation 111 -
goii thm to make up for the induced projector d focu . This method 
is e pe ially suited for projec1ing high resoluti II images using a 
low re olution projector, and we bow several example of r ult 
Lo illu Irate ii effecl . 

2 Previous Work 
Many methods have been proposed in computer vi i 11 10 re over 

D hapc from image , including mu hi-view triangulation methods, 
single-view photomerric me1hod , and camera focus/defocu meth­
od . Triangulation-based methods [Faugera I 9 ], e.g. , structure 
from m lion and stereo. require a point to be visible in al lea t 

two view. to be rccon tructed. cenes with c mplex lu. ions re­
main a challenging problem for these methods. Photometric meth­
od [Horn and Brook. 1989), e.g., pho10111 Irie tere and hape 
from shading, estimate urface normal in tead of urface depth. 

onve11ing normals to deplh i an ill-posed problem for scene 
wilh depth di continuitie.~ . 
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Deplh recovery methcxi ba ed on camera focu and defoc11s, 
e.g. ( Pemlnnd 19 7; ayar and Nakagawa 1994; ayar cl nl. 1996: 
Schechner el al. 20CXl; Favam and oa110 2005 I, have the po1e111ial 
10 recover depth at every pixel, regardless of 1he ene comple · 
ity and occlu ion . To resolve the focu ambiguity of le turcless 
u1face . pallem can be projected 10 force cene te ture [Girod 

and cherock l989j. However. camera defo u kernel depend on 
loc,1I surface geometry. To simplify the kcm ·I analy is, m ·1 previ­
ou work a ume that, within a , mall spatial window, the . urfocc 
depth is con tant, the a-called eq11a/fncal as.rnmptio11. Thi a · 
sumpti n smears shape detail and is in alid acm s depth disconti­
nuitie . To alleviate this problem, Jin et al. (20021 and Rajagopalan 
and Chaudhuri L 1997] estimate depth for all pixel imuhanc u ly 
via a larg scale energy minimization, , hich is computationally 
expen. ive and prone t lo al minima. Our key observation i lhnt. 
unlike camera defocu , the kernel for projector defocus is scene ill• 
d pe1ule111, form I ccnc s111f11 cs. Specifically. when a D scene 
point ee I.he entire projector aperture. iL\ defocus kernel depends 
only on it di tance 10 the project r lens and not 011 its neighboring 
urface geometry. Thi difference arises f 111 the fact that projector 

defo us convolu1io11 happens on the proje tor' image plane while 
camera defocu convolution happen on 1h scene surlace. E ploi1-
ing this cene-i ndependent properly, we project a hifting pattern 
over the scene and compute depth at each pixel u ·ing just its inlen-
ity variation over time. Whhout u ing the equal~ cal a s11mp1ion, 

our method work well at depth db on1inui1ies. Furtherm re, it is 
imple and not ubject lo local minima. 

Our temporal per-pixel defocus analysi i inspired by previous 
structured light range finding meth ds. In particular, Kanade 
et al. [ 1991 I a11d Curless and Levoy l 1995] u c tempora I intcn ity 
variation 10 resolve corre pondcnce. between camera pixel and a 
sweeping la er stripe. Huang t ,1I. [2 31 have developed a real­
Lime range rindcr by sweeping periodic inusoidal stripe using a 
DLP projector. Zhang ct al. [2004J anti Davi et al. [2005) have 
generalized the e idea 10 spa e-1im tcreo. All th range fi nd­
ing 1ech11iquc are b, ed on the p1inciple of triangulation. which 
cannot estimate depth for point that are vi ibl to only th camera 
or the urce but not both. ince our method i not based n triangu­
lation. we are able t u ·ea coa ial configurat i n where the camera 
and project r hare the ame optical center, and co111putedep1h at all 
camern pixeb (n mi sing part ). To ur knowledge. th nly othe1 
technique that i. able t e timate n complete depth map with clean 
di conlinuity boundarie i time-of-flight, e.g., I onz.ale -Rana 
and Davi 20041, which reqL1ires expensive pecializ.ed hardware. 
Ra kar et al. [20041 proposed a method to detc Id pth disc ntinu­
itie. u ing multiple na. h light ·. The de1ec.1ed di cominui1ie can 
be u ed to enhance tereo matching algorithm . mparcd to this 
work, our method dir ctly generntes reliable depth es1i111 tion for 
all pixel , including 1he ones near di. cominui tie ·. 

In addition 10 cene cnpwre, several methods hnve been propo eel 
1ha1 u. e camera. 1 enable pr jeclors t di play "belier" image . 
The e in Jude compensating dist rtions tlue lo 111 ace geome­
try [Ra k r et al. 200 l an on·ecling b1ightnc variations due 
to surface color and 1exwrc [Gro berg et al. 2004; Himber ct al. 
2005!. In these work , the proj cto1 ' are oflen used 10 di ·play im­
ages onto scene with con iderabl depth variation, where defocus 
bl.ur i inevitable and mo I often ·palially-varying. omplemcntary 
t these prcviou methods, our work seek. to compen. :ite for de­
focu blur, and hence could be beneficial to the previous methods. 
In [Bimber and Emmerling 20061, a ystem i propo ed that can 
project focu ed images on multiple plane nl differ nt depth . Thi 
ystem u e multiple projectors where each pr ~ector i. focused on 

a single plane. In our case, we use a single projector to simulla­
ncou ly project well-focused image · at multiple depths. Another 
imere. ting related work is by Majumder and Greg (200 I], in which 
multiple project rs at different focal se11ings are c mbined 10 gen-
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Figure I : Th · · · h from projection d •frn.:11, Poiub 
at diff rem d' ·cwr lcn exh ibit tli1Tcr~111 alllount., 
of blur in the c prolile as a perindk ill11111i11ution 
panern is shil'letl across , e. 

(a) b) 

Figure 2: (a) A coaxial pr 1ector-camera ystem for ll .:111h from 
projec1ion defocus. · he ystem is made coaxial only 10 ~11,ure 1ha1 
depth can be computed at all camera pixel.. (h) The ill ulllinmion 
pallern that i · hifted aero the scene to measure depth al each 
pix.:!, independently. 

crate depth of field el eel. al an intera live r, re. 
Dcblurring i a well-studied lopic in image processing II here 1111-
mcrou techniques have been propo. ctl, ranging f1mn l'la,sical 
Wiener filtering and conjugate gradient optimization [J111n 19 9) 10 
more recent algorithm ba ·cd on g1~1ph cuts [Ruj and Zabih 2(JOS! 
and belie propagalion I Tappen er al . 2004] . Our 1echniqt11.' is bused 
on bouncl-c IISll'ained quadratic programming I oce<lril and Wrighr 
1999], which is a v;1riant or cxi ·ting algorithm. that he,1 ~uit~ our 
formulation of lhe problem. As we show, our deblurri11g method 
• n al reduce pixelation cffe 1s produced by digital p1,1,1cc1ors. 

3 Depth from Projection Defocus 
In this .·ccli n. we formulate the problem of recovcrinµ JD shape 
from projection dcfocu antl pre. em our ·olut ion. 

3.1 Temporal Defocus Analysis 

n ·Id r as enc thal i illumirmted by 1ruc1ured li:;ht lwnl a pro­
je I r which i r ·u. cd behind 1hc s ·enc. u.~ shown 111 f-igurc I. ~or 
a p in1 q that i in ~ u ·, it irradi:m e 11111e. fmm n 111gle _P011~1 
on the projecwr'" image plane. ror a poi nt s 1hat i, 0111 of tocu ~ 
it; irmdia111.:e equal Lhe convolut ion r it dclocu~ 1-1::111 •I wllh !11~ 
~truc1ured light pattern on the project r' · image plane 1\s. unuo 
Lhat th . urfo i opaque the mdian / rs al ng rm) uiven 111· 
gain direction can be wriuen us 

l=af( :z)•P( }+(3 , 
(I) 

whe1·e den te con Jution, a i · a factor depending on u_rfat 
reflectanc 1, /3 is lhc radiimce due to the ambielll light . f( s::) 1· 1 ie 

• . . BRDF, 
1 To be prei.:i~e. a 1nkc i1110 a ount all surfu c . hn<.11 11 ~ l1tl'1111 • ..• ,ice 

. . . I . cl ' cl ' . I 11 ' i111m,tl d1stu llCIIIUll011 Wllh ,cspecl lo l le ,n·a lltllCC ln!CllUII [1111 ,~' 
full -off of the projector brightness. 
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Figure :i: lllu 1ra1ion of 1hc calibralion procedure. (a) A white board with four markers tilted in front or the camera. (b) Depth map of 
the board computed u ing the marke1 . . (c) The board under one or 1he stripe proj clion panern . (d) B map for the board. (e) B values in 
colun111 J50 f (d). (f,g) Temporal radiance profile. of the point. q ands, respec1ively. (h,i) Di cre1e-time Pourier series (OF ) of (f) and (g). 
(j) Mappings from 9 to d pth ;: for columns I 00, 3 0 and 600, respectively. 

defocu~ kernel. and P(x) is 1hc. illurninmion pallc.m. The defocus 
ken1el / depends n the deplh :.2 We now de cribe how to rec v r 
ihe depth : bye. tima1ing the kernel f from radian e men. urements. 

3.2 Depth Estima tion 

To c~ti1mlle the kernel/, we note that Eq. (I) define a linear sy -
1em in which the p1 ~cction pattern and the . cene radian c arc the 
input uml 1he output, respectively. E 1im:iling lh kernel of a linear 
system i, a classical problem in ystem identification [Ljung I 9 J 
and we take a frequency-domain approach to olve it in our setting. 
Our ba~k- idea i 10 shift an illuminu1io11 p:111e111 with :i wide range 
of freq11cncies wilhin it aero s th cene. The radiance of a u1foce 
poi Ill 01 er tune i then the l'C ·pon of ii defocu l.cmcl to the cxci-
101io11 by the illumina tion pattern. As the pallem i hifted, poinl nt 
dilTerenl dis lances 10 the projector exhibit different um unls of blur 
in their ti-mµoral rndiuncc profile. as illustrated in Figure I . We u e 
1his tcmpnral blur for depth re overy. 

Given tht: temporal rndiance sequence. l1, I = O, ... . L - 1, for a 
poi111, we 4u1111tify its blur by dee mposing ii int a discrete-lime 
Fourier ~cncs (DFS) !Oppenheim and Willsky 19971 a · 

L- 1 

1, = Ao I [ Akcos wk/ - 'Pd, (2) 
1= 1 

where w, - ¥ , 114 = (Rf + f )i , ¢4 = arcinnfR4. !). 84 = 
I L: 1 L-1 
[ L /p 111((1)4/l und i. = t L /11.:o~({J)J./ ). in e ,11 ~ kernel .f i 

.lec(l J. =0 
~ lo, ·Ju~~ li lt<!r, how 1ui kly the co lliciencs J. diminish with k 
IS u mea un: of th<! a111nu111 of dcfncu . whkh in 1um yi Id depth. 

l)tc tlnt1 /\ 11 cannot be used to cstimu1e depth bi:cuu$e ii depends 
on thi;: amh1cn1 light~ - llhough buth A I und 2 arc ·calcd by Lhe 
~lbedn . their rmi can b u cd to d 1er111i11 h w . ve.rel the de­
tr~ ke111d ,lttenu.ue. 1he sec nd-ord r hurmoni I ilh re I ecc 10 
ic hrn-orucri ne. There~ re. we us the~ II 1wing rati 

0 = Ai (3) 
~ At 
/-~ mea~ure nf depth. lo Eq. (3),A 1 > A2 > O and e E [O. lj becau e 
, _is a l~w-pa,~ filter. Deriving the analyti mapping between 9 and 
~h•~ '.cclit~u~ hut possible if we know preci ely 1he optical design of s; ~~cifk projector. However. analytically deriving n projc tor-

e, c mapping i 1101 worth the effort a. ii would 1101 apply 10 

-r---------
Duc 10 k11 ,1ben111ion. J g.enemll nl~u varie~ .icro, differe111 pixel~. 
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other projectors - each projector tends to have a unique optical 
design. Therefore, in 1he next section. we prc.ent a general data­
driven approach that calibrate the 9 - :. mappin, on e and fo r all. 
for :111y given optical selling of any given projector-camera system. 

3.3 System Setup and Illumination Pattern 

We have built a prototype camera-projeclor . ys1em to implemenl 
our depth from projectio11 defocu. method. Our sy 1cm consis1 of 
an NEC LT260K DLP projector and a Ba fer A3 I Ir monochrome 
camera. To avoid hadows and occlu ions, we approximately align 
the p1ical center. of 1he projector and the camern with a beam spli t­
ler (Edmund Opti stock /INT39 93), u~ shown in Figure 2(a)1. 
The project r i always fo u. cd on a plane behind the working 1-
ume to avoid a two-way defocu ambiguity. As Lhe projc ·tori quite 
brigh14, we lop-down the apenure of the camera 10 Fl I 1hnl it 
works approxim, lely as a pinhole camern - any defocu introduced 
by lhc camera i neg.ligible compared 10 1ha1 of lhe projeclor. 
There are many choices of input . equence! (excitati 11 signals) in 
y tem identification the ry. We have cho en to use a imple one -

a binary periodic equence 01 IOI IOI IOI I... with period 3, which 
is one type or M-scqucnce LLjung 199 J. We encode thi. 5 qucnc 
as a stripe pallern in which each bi1 correspond 10 an -pixel wide 
tripe, ns . hown in igure 2(b). We ~hift thi p:rnem, one pi.-.el flt a 

time, and take at tat of L = 24 images for each experimcnc5. 

3.4 Calibration 

W calibrntc the mapping from the 9 in ·q. ( ) co the depth ;:: in 
1hree Mcp.. lcp J: We compute the con-e. p ndcncc bctw en pro• 
j tor and camera pixel . Thi is achieved by projecting hified si­
nu oid in both horizontal and ve11ical directions. The dctaib of this 
procedure can be ~ und in [ har lein and zeli ·ki 20031. let> 2: 

1 We align rhc cn111c1, nod rhe projccror by projccring an image 01110 a 
while board with u fen e in ront of it and adjus1ing the cumera position 
u111il it docs 1101 see nny shadows cast by rhc projecto1·. 

~During d p1h c tima1ion, we have 11 ·ed the projcc1or a n gray ale one 
by removing it c lor wheel from 1hc light pa1h 10 boost iL~ brightncs . 

Sin our expcrimenrs. we hnve found 1ha11he projec1or produce se,•ernl 
undesirable cffecrs: ii vibrat . .ii ;1 high frc(juency. po~ 1bly due 10 1he 1 -
I, Ii 11 firs fan; it~ brightness i~ not . table o,•er 1,me: 1he imprecise syn­
chronizution between the camera a11d p1ojL-ctor cau ·es n1ca ured mdi~ncc · 
to nuctumc sligh1ly uvcr rime, To ,-c, Ive 1hc c is u ·. we repcm the shifling 
of the pallem abou1 5 times and compule a mean image for e,1 h hil't. The 
camera run~ at 60Hz nnd lhe rlltul a qui ii ion time i. w11hi11 .i minute. 
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Depth map Magnified depth map 

Figure 4: Depth recovery results for three cenes. rom left to right : An image or the enc, the computed intensity-coded depth map. a 
clo c-up view or the depth map, a gray-shaded 3D model of the scene, a een from a novel viewpoint. oti e the quality of th omputed 
depth around scene discontinuit ies. (Please cc the companion video.) 

We til t a foam board in front of the y tern and compute depth for 
each nf iii. poi nts. This is done by taking an image of the board with 
a rcw reference markers, as shown in Figure 3(a),6 and computing 
the homography from the board to lhe projection plune. A detailed 
in [Zhang 20001, thi homograpl¥ llows us 10 estimate the po i-
1ion and orientation of the board . from which the depth or every 
point or the board can be ea ily computed. Figure (b) how the 
intensity-coded depth map of the boa rd. tep 3: We compute the 9 
value for all points on the board by shift ing the stripe pallem and 
computing A 1 and A2 fo r each pix.el. 

Figure 3(c hows an image or the board under one or the shifted 
pauerns. and (f) and (g) show the temporal radiance pr fi l of 
two point , q and , on the board. As is cto ·er to the pr ~ector 
and more defocused than q, it temporal radiance profile is more 
blurred. Figures J(h) and (i) sh w plots of lhe DFS coeffic ients Ak 
for th profi les in (f) nd (g), respectively. Figure 3(d) hows the 
inten ·ity-codcd 9 map an (e) shows a plot of the 8 vnluc · (blue 
curve) for the column 350 in (d). The raw 9 values includ u mall 
mount of noise and hence we fi t a smooth curve which is ·hown as 
the green curve in (e). U ing the depth estimation in ' Lep 2, we can 
tnbulale the mapping from 9 to z. In our current implementat ion, 
we build a lookup table fo r each column, as uming 1ha1 the defo-

6Toe glare is produced by a number of dust panicles on the hal f-mirror. 
Since 1h half-mirror 1 ,•cry close 10 the projcc(or. lhese particles ure Iii with 
roughly 100 times the intensity c mpared 10 the scene, lhcreby producing 
bright spots in the image thnl htwe the hapc of lhc camera apenurc. 

7Zhang [20001 takes several images or a board al different orientations 10 
c ti mote a comcrn's intrinsic parameters. In our work, we approximntely cs­
limate the projector's intri nsics from 1he frustum specification in its mun11nl. 
Therefore. we only 1akc one image of the board 10 compulc its pose. 
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cus kernel is vert ically invariant but ha · ome horizontal variation. 
Figure 3(j) how three 9- z mapping curve for lhe columns 100, 
350 and 600. An even more comprehensive calibra1ion would in­
volve translating the board aero 1he whole working volume ond 
generating a lookup table f, reach pixel. Such a calibration wuuld 
account fo r higher-order projector lens 11be0111ions 11s w II. 

3.5 Depth Recovery Results 
Once \\oe know the mapping be1ween 8 and z, the depth recovery i 
1raightforward. We take 24 images while shifting the illumination 

pattern aero s the scene. From th c images. we compute O for each 
amer:-i pi el using Eq~. (2. am.I then trans~ rm the B image t a 

depth image u ·ing the pre-computed loul-up tnblc. Figure .J show, 
e crul depth recover results. In th lir I row., e IHm 1 -~uhs_ r 

a ~ccne, iLh bouks and wo den lock~ th:11 has simple b11undanc • 
ur method re o er the harp d plh dL ·0111 i11 ui1i s :it 1hc bound­

arie. . In Lhc ~e ond m, . w, ~how result~ fo r a . ccnc with 11 0 

toy wre ·1le , ith ·im llor ~kin c lor. guin. ur mcth u<l l' /111 cpu­
rmc the lW figure , ilh lean boundaries. even though lhC . urfoccs 
have a pc ultir comp nent. In the: third rm , 1 e shm1 1csulls for 
a ·ccne with lea e behind a fence. Thi resu lt hm 1ha1 ihC p_cr• 
f m1an ce of our methoJ is indepenrl m of ncclusion cu111 ple~ t1 .' 
In rac,. it has be 11 ho n I harstcin und Szeli:ki _Q(}_q 111111 11 ts 
very difficult to obtain a depth mup 1hat is complet in any i::u~,c~ 
ic\ ~ r a n like th one with leaves u ing trinngu la1111 n-h,i,e 

methods. even ir multiple camero. om.l projectors arc 11 . .-J. 11 ihe 
re ·uh · ore computed within a minute u ·in lutlnh. 
W h • . . Ii d I .,,·1•11•1t inn. c ave nlso computed nm ·e . tnll . l1 or our epl • L ' ' ed 

pccilically. \ e chns.: _Q planar patchc fr ,m the e peiilll 11,1 1• 
seen~~ that an: lucatec.l m different i.leplh wi th in 1hc wn~'-•11~r\'!1c 
ume. ~ c then computed the menn nncl s1t111dal' I dcv1:11n111 1 
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Figure 5: ii.e sw1istics in 1he depth eslimmion. Twenty planar 
pt1tchc,- are ch . en ft m tb c pcrimentcd ·ccn ·. ·hown n 1he lop. 
nnd the mean and 1andarcl de inlion of the depth for those patchc 
are plotted al the botlom. Within a 600mm working volume, our 
depth e 1ima1ion noi c is around 4mm. 
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Figure 6: (a) Refocu ed images of the book scene in Figure 4. The 
defocus effects are yn thesi~ed u1,ing lhe recovered depth map. (b) 
A collection or playing cards placed al four depth layers and their 

timated depth map. (c) A moving hand fr m another vide is 
in ertecl into lhe card cene wi th all lhc desired occlusi n effect . 
(Pica c e the companion video.) 

depths in ·ide these patches, as shown in Figure S. r m this fig­
ure, we ·un ec that our depth estimation noise is abom 4mm for a 
working volume of 600mm. 

3.6 Applications: Refocusing & Video Composition 

A distinctive featu re of ou r depth recovery method is that it csti­
~ate · depth al every pixel in the camera"s view and the estimation 
1~ reliuhlc near deplh di continuit ies. Thi make our approach par­
ticularly well-suited for a variety of image-ba ed applications i.n 
~ompu1er graphics. Herc, we . how two e amples, mimcly, refocu. -
tng and object in ertion to compose a new image or video, 

Pieure flea ) sh w. 1, o ref' usec.J imuges of the bo k scene in Fig­
ure 4: the top n i fl ·used n the foreg r und , o den block · and 
!he h llum one i ~ u. d n 1hr b, kgr und lcucrs. Th s 1, 
1~ugc · were gcncrmcd , ith the "lens blur" t ol in 1\tlohc Ph m-

op. rhis t ul wkc. an image untl its depth map as inputs 10 

encrnk nc, image that are focu ·ed ut .an c.Jesired depth. 

In theory. withou t huving the ull light lield nvui lnble. refocusing t·nn 
no, ~ ,i111ulatcd ..: :1c1I •. ·rhe PlmwSh p in1plcmemmi11n uf lem, hlur is 
P~P~Ol:it) \ C thin!,. Op 1c1ical \ ay 10 1mplt:1t1Cnt it would be Ill hcuri 'li­
e ly 111lll.lllll thi, o clutlctl la ers a little hit lu uhtain lhc l'ull lighl fie ld. 

911 

Figure 6(b) shows a collection of playing curd placed al four depth 
layers. The repetitive textures on the card .ind the complex oc Ju­
. ions make ii very hnrd 10 ,egmen1 the scene inlo layer automati­
cally, or even manual ly. U ing projection dcfocu . our method pro­
duce a dean depth map that egment the cene into layer . This 
segmentation mak it easy to in erl objects into the cene with cor­
rect occlu ion effects. Figure 6(c) shows a real hand rr m another 
video inserted into the scene with all the desired occlusion effect . 
Plea. e sec the video for more re ult ·. 

We believe that when a complete depth m, p i available for an im­
age, 11 variety of image editing applicalions become pos ible or eas­
ier to implcmenl. Example other than the ones we have shown are 
creating layered rcprc cntation of comple scene for view mor­
phing, egmentation for matting, object replacement, and hadow 
removal. In the past, ·u h applications haven t been cu y to imple• 
ment as "clean" depth maps ha e not been ea y to obtain . For mo t 
image editing ta ks 1hc depth map need not be highly preci e (a ' 
with time-of-flight cnsors), but they need to be complete and they 
need 10 be r liable at di conti nuit ies, as human are particularly 
sensitive lo edge aniracts. We hope our depth r overy method, a l­
though n t as accurate a· la er canner or lructured light ens r • 
will in pire new type or image ediring applications. 

4 Focused Projection at Multiple Depths 

Due to th ir optical de ign. standard projectors can only be rocu ed 
on a ~inglc fronto•parallcl plane. In some application . ii i de­
sirable to project images onto non-planar tructure.; for example, 
multiple planes or ad me 10 create a virtual environment (Ra kar 
ct al. 1998 (. In uch case , mo. I parts of the image arc bl urred due 
LO defocus. One way Lo solve this problem is Lo de ign soph1. ticated 
optic . Even if this i possible, the optics cannot be modified Lo ac­
commodate hanges in the structure that i being projected onto. 
An Lher approach i · to use multiple projectors IBimber and Em­
merling 20061, where the number of depth for which the projected 
image can be in focu. equals th number of projectors. In Lhi. sc -
Lion, complemen1ary to the mul ti-projector approach, we propose 
a computational method that proees e an input image in a ccne­
dependenl way to minimize the defocus blur at all point in the 
projected outpul image. Our method requires just a camera and can 
be applied Lo any off-the- helf projector. 

4.1 Defocus Compensation Algorithm 

onsider lhe scenario where an image / needs to be projected onto 
a urf cc wi th given depth variation. The radiance of a p int n the 
surface due 10 illumination by the projector i governed by the pro­
jection defocu equation Eq. ( I ). As in previous work, e.g. [Ra kar 
ct al. 2003; Fujii et al. 2005), we use a camera as a proxy for the 
hun,on eye and eek to make lhe cene radiance captured by the 
camera be lhc amc a the input image /. T do ·o, we can project 
a cn111pe11sarin11 image. r. by solving the projection defocus equa-
tion as 

(4 

where ( a/) - 1 i the inverse of the kernel aj. Theoretically. if r is 
projected, the scene brightnes will be the ame the input image 
/ . However,/ is a low-pass filter and its invea. e will have Lrong 
ringing effect,. Therefore, Eq. 4) will nol be feasible 10 implement 
unlc the projector has an infinite dynamic range. Instead. we cast 
the problem of computing the compen .. ation image as a constrained 
minimization problem a follow ·: 

p• = argn~n {d(aJ•P + tJ,1) IV , 0 S P( ) S 255} , (5) 

where x i the projector pbiel coordinate and d(·, •) is an image 
di tancc metric. q. (S) find · the compcn at ion imuge r , with all 
it brightnes values within Lh projector' dynamic range. that after 
defocus blurring most clo ely matches the input image/ . 
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(a) (b) 

Figure 7: Mem,uring 1hc spatially-varying defocus kernel. (a) A 
ponion of the dot pallem projec1ed onto the ·cenc. (b) The corre­
spondi 11g amern image with sample of the point spread fu n lion. 

(a) (b) 

1g11re 8: Two te 1 ~ ene.~ for focu. ed projection at mult iple depths. 
(a) Projection onto th ree planes at different depths from the projec­
tor. (b) Projec1ion 01110 :1 hemispherical dome. 

In our implementnti n, we have u ed 1he ·um-of-squared pixel dif­
erences for th image di I.Ince melri d(·.·). Thee mpcnsation 

image P is found by uppl ying an i1era1ivc, con~trained, steepest­
de ·celll algo ri1hm [ occdal and Wright 1999]. We 1cpre cnt the 
dcfocu convoluti n, a.{ * P, a· a ma11'ix mllllipli mion, FP, where 
each rO\ of F i the defocus kernel of 1he corresponding pixel mod­
lll:ued by i1 , albedo. The alg l'i1hm starts wi th P«1 = I and iterates 
lhe followinu 1wo s1cps: 

P; 1 = P; t IJ;G; (6) 

~ + I CLAMP (P;+1: 0.255) (7) 

where G1 = FT(! - {3 - FP;) , r,; = 11
1k~1;: . und CLAMP is a pixel­

wi~ clamping peration. oli · · 1hu1 G; i · the gr.1dicn1 f1hc image 
di tancc IIF P f-/3 - Ill ~ \ ith respect to P. • alua1ing G; b s1raight­
forward - i involves two image fi lleting with the kernel malrices F 
uml F1 • re. pectively. ote that these ti llering are ~patio ll y-varying 
and scene-dependent, unlike 1he iandard sharpenin operalions 
that are often built into projectors by lhcir manufacturers. With­
out q. (7), iterating Eq. (6) alone i · a standard 1cepes1-de. 1:c111 
algo1ithm, which converges 10 1he , olution of Eq. (4). ombining 
Eq. (7) :lnd Eq. (6) minimize the difference betwe 11 1he dcfocu ed 
compcn. ation image and the original input image within the dy­
namic mngc.! of the projector. 

4.2 Kernel Estimation 

W now dcsciibc how we obtain f3 and a/ for ny given . enc. We 
obtain the a111bien1 1em1 /3 by turning off 1he projector and taking 
nn ima e. To obi.tin a/ r reach pi cl , we could shift n dot pnllern 
ucro. s the scene and the temporal .-adian e proti le for each pi el i. 
then it~ k rnel. This method i effec1ivc for a scene with intricate 
geometry, uch n. the sce11 . shown in ec1ion 3. However. the 

9 12 

,;ccne: used 111 our c pcri mcn1: here arc al lcm,1 piece-I\ 1 c . 
1, . . I . b" ~mo th hcrelore. we ·1111p pro1ec1 a sparsc.! 11101_ dot p:utcrn l"k · 
one n Figure 7(a}. In oure perimc111'. 1he di . tun •c h.:t\\c~,1

1 ~-lhe 
b · d · · I · I Tl · d 11 1 •h ormg ots 1s - p1 c "· 1 po1111 prca put1ern l .l(llllrcd 1 • 
amera. :;he\ n in Figur· 7(1 ). arc appr xi111:11cl the 1..erno:i~ /Y 1h 

prujcc1 r pix Is 1ha1 nrc ' I'. r-rom the. e kcrneb, w.: llltl·rp,· h:1~ 1~ 
kernel I' r 01111:r pi · -I~ 1hu1 an: ' () ' in II bilinear 111.111 11 ,1 111 11; c l ic 
\cha ca per-pixel kernel map tha t m.:c1111 n1s 1'1r ~pat i;tll\-v•~e!id, 
defocus cffc Is. c repeal 1hc . nmc procedure w cap1uic kcryrnl . 
for each of 1hi: 1hrc color chnnn I f 1h p1 ~cctnr. 'ulihr::~1 s 
uch ;1 k rnel map al. o helps I mp~ns:uc lens 111 rra1i1111~ a. weir 

r the ah e compu1mion. r /3 and a/", we .ih a s \v;u11 th im· , · 
f I I . ' 11.r f ,le rum I 1_ Cll lll 11110 I lC J)rtlJCClor S con 111ute ra ~nc .. ' h1ch 1nul..es ii 
con cn1cn110 compurc 1hc defocused compensation 1111u~•c. f·'P f3 
and thi: input image /. The correspondence between thl.' 1:uincn • · 
itncJ the projector' pi. els arc cJ tennineJ h shiftin • ~i11 11 111Ja l P~l~ 
lcm~ in both horiwnta l and ver1i nl dire Lion . . a in Cl"ltui) J. 

4.3 Focused Projection on Mult iple Planes 

ln our fir t e ·perim nl , our goal wa~ 10 project an image t11" 1hrec 
fash ion mod Is onto three planes lh:tt :ire Ill different depth., a 
shown in Figure 8(.1). The projector is focused on the middle plaiie. 
We show the focus compen. 111ion rcsulL~ for rhe three fal"c region 
in the left three col umns of igme 9. The first row ,1 1 Figure 9 
sh w~ the 01iginul i111ngc regions for lhe three face , The third r w 
. hows the defocused 01iginal image regions. captured b~ a .:amcrn, 
without any compensaiion. This row represcms 1hc bcM lhe projec­
tor (without compensation) can pr duce. otice that c1 c11 though 
the middle plane i in focu . . th face till look. a li 11 k hlurrcd 
for this plane due to projector artifa ts.9 As expected. the face. 
on the left und righ1 planes arc even more bll!frecl due 111 defocu . 
The sec nd row shows 1he compen ation image region, rc/,ulling 
from Eq . (6,7). which rcpresem the ne inpul lo lhi: p1ojector. 
Thc~e image region I ok like high-pass lillcrcd 1•el\1tln~ of the 

riginal input n . This i · expected a our mc1hod b110,h high­
frequency components to compen ·nte for the clefocu ~ indu e I by 
scene gcome1ry. The loun h rm shows the defocused w mpcnsa­
li n image regions captured by 1he ume umcn1. which 1cp1 -.~ent 
our result . otice that the e imag_e region arc le. blurry and more 

lo cly re~emble 1he input image region . Am ng the~l' three dc­
fo u. d co111pe11. n1ion image regions. the one on the nutldl plnnc 

ccond 0!1111111) is 1111110 l ide111ic 11 lo the input. The OIIC/, on 1hc 
lert and right planes (first and third column:) ure sligh1I~ blurred 
with re pect 10 their input:. becau:c defocu. is m 11: scve11: in these 
two cu es, and ertain high frequcn ie. in lhc input image 1hat arc 
cut by the defo u · cannot b fu lly compen ·aied for due to the lim­
ited dynomic range f the projector. 

4.4 Focused Project ion on a Dome 

In our econd experiment, we project an image of n tih:d !lower 
texmre 01110 1hc inside of a hcmi pheric:il dome, :is shnll'n in Fig• 
ure (b). The pr 1ector i focused on the front plane or 1hc d 111c. 
In the righl two column. of Figure 9, we show 1he fo ·1is cwnpen· 
sati 11 re:ult for two patches on the dome - one:: i from 11\c iop 
of the dome and the other i. from the ccnlcr. The I p patch is 1i:5 
blurred than the enter one because the former b closc1 to the lo-
al plan r the projector. As with the lhrec-planc c;,,pe ri 111~111. ihc 

compen ,Il ion re ·ulls closely resem le Lhe input image~. 

5 Depixelation 
In this ·ection. we show how [he defocus compensa1io11 met~iod 
discussed in ection 4 c:111 be u ·ed to ,educe projecior I ,,d01100· 

9W , ·r r • t' . ·,l id 1ilanc. e ,011ncl Ihm even I we: ,ocu~ 11 J)fOJ<:<:tor on a mntv-r,u , . 1 
when pmjecting a binnry dot pancni. we ,ee " Ii •hi leak:igc·· fnm1 unc,p_,~c 
i1110 ii~ neighhol'(. We b~erved thi~ effect on different pmjcell>I ,,,c11.lcb. 
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Figure 9: Re. ult for dcfocu compensation. The th ree f.tce , on the left were projected onto the thr c planar surfaces in igure 8(u . The 
two n1mer texwre on the right were projected 01110 the hcmi pherical dome in Figure 8(b). The def cu compensation method resul t in 
less blt1 rry image regi n (founh r w) th:in the uncompensated image regiun. (thi rd row). The original image region are hown in the fin,t 
row and the compen ation image regions computed by the method ,md u cd a input to the projector are . hown in the econd r w. The 
co111pe1hation method is scene independent as it can handle a spatially-varying defocu kernel. (Pica c . ce lhe companion video.) 

Pixclution is u clearly noticeable urtiroct produced by al l digi tal pro­
jectors. It i~ cau cd by tw fac to1 . The first i. the spatial cligitiza­
lion du.- to the finite rc~olu tion of the projector. The second is rhc 
gap (dead-zone) between adjnccnt pixels on the projector' physical 
i1n:1 •c plw1c that ari . . t cnu~ lh pi cl lill-facwr i~ nc er I 00 % . 
TI,c dig11 1zation i. kn wn to rcnte j:iggy b undaries , hen tht: reso­
lu ti n nl the projector i~ not high en ugh ~ r the given :ipplil::uion . 
Tiii. clt ccl i , ob. ervcd punicularly when high 1ualil e.tpturcd im­
ugc arc projected. a., the rcs(llution of 111 1~1 L D und D P projc -
ll11'\ hai. rcni:iined :ll I 024 768 or II: s for the h1.~t ~even curs.\ hilc 
dig,ltul l11mcrJS h I c uipled in their re lut ion during the same time 
peri d. 1 he dcnd-zonc between 11i el. d es 11 t gencr.ue light und 
protlucl•, thin hlack line on the projc ti n • reen. kn , 11 a , the 
,ft'r!'"tl •1/,111r t>.Oe,·t. This clfcct ma cs pi clalion more pr 11 u111;eu 
as 11 ·lcarl nrnrks out pi cl hnundarics on lhc screen. 

~n 11tr t111p lem nt:ilion uf dcpL cl:lli m. we a. sumc thut the imngcs 
,trc pr1ljc 'led 11111 n ing.le fronw-parnllcl screen. i.e .. the tradi tiona l 
l'l~>J' 11(111 ,ccnurio. Our basic appr inch b IO f cu~ the projecwr 
hl!hlly III fr 111 nf or behind) !IP pr ~e ti II s -re n ;u ti ut the i111-

ag un the ,creen b slight! blurred. In thi~ ·ase. a light amount 1>f 

913 

light is lc.iked in to the bl;1ck oap and neighboring pi els, which re­
duce he screen-door elTecL as well a 11oothcs out th j:iggy pixel 
boundaries. 1-l wever. doing · al o creates bl urry image ·. ince 
thi. purp sely induced blur i. very light , we con use the ompen­
sation 111eth d in Section 4 10 proce . . the input inwge o th.it the 
clefocu ed projection look very imilar to the originnl input image. 
Theref re, the compensation meth cl c,m be u ·ed in conjuncti n 
, ith the minor ind uced dcfo us to nchieve d pixel:uion. 

pccific:illy, we u. e the compen mion method to compure an op­
timal image p• al the projector resolution , hose d focu. ed pro­
jection 1110~1 clo ely re embles 1he input image, which may have 
higher re ohui n. Nole th, t if the input image resolution is higher 
than the pr ~cctor's nativ resolution. the number of rows in F is 
larger than the number of olumn . Each row of Fis a defocu ker­
nel modulated by both !.urfil e :ilbcdo and the , reen-door effect. 

We have tc ted the dcpixe l31ion method on scvernl high r solution 
input inrngc~ (each one with 3 tim the projector re olution). The 
capture of /3 and F i done using the method in ection 4. except 
that we apture n higher re. o ution ke111el map by zooming-in our 
camera o that 3 3 111nera pi el see about one projector pixel. 
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(g) (h) (i) (j) (kl 
Figure I 0: Example of Projector Depixelation. (a) An original image of 3 x projector resolution . (b) A patch in (a) of projector ,c~nluiion. 
(c.d) Projection f (b) under fo u. ed and defocused selling , re pec1i ely. {e) Our depixelation re ult. (f-k) Three more cxamph~, 11r depix­
clation with (f,h.j) as focused projection and (g,i,k) as depi elated projcc1i 11. In all examples. the ompensation greatly reduce. pixelat ion 
elk t. while preserving image qualily. Please cc the companion video.) 
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Figure 11: Albedo- orrelated bia. and h:ilo ef ect in depth e tim -
tion. (a) The depth profile ror r w 380 of the ·cenc. (b) The depth 
profile after removing noise and halo by "7 x 7 median filler. 

Figure 10 show four c amples of depixela1ion. In all the a es, 
spatial digitization :111d screen-door effects are greatly reduced and 
yet image hn'l)ne. i. pre erved. ur curre111 implemenwtion of 
Lhecompcnsmion algorithm 11. e atlab. The algorithm lnke · bo1it 
10 iteration to nverge and takes 3-5 minutes to pmd11 e the final 
compen ation imnge. ince the compen ation method nly involve~ 
filtering I ith F and FT. we bcliev it ·an be implemented on image 
pro e ing chips or grnphic hardware to a hieve real-time (frnmc­
rate) pe1fonnnnce. 

6 Discussion 
In this pap r. we have modelled projection de ocu. as a linear . ys­
tem and developed a tempoml defocus method that recove depth 
at all pixel in an image. regardl or the scene ('0l11plexity. We 
also propo cd a scene-dependent fillcring algorithm that increu e 
the depth of field of a pr ~ector without modifying it · optics. Fi­
nully, we . howed that defocu cnn be exploited to redu e pixelntion 
artifact produced by digit.II projector . We now di. ·11 s the limitu-

14 

lions of our work and open problem as !Opie ~ r futu re rc~carch. 

First. our temporal defocu method should, in principle. be invari­
nnt to surface albedo. In practice, we found that the surfo.:c albedo 
ometimc d c affe I the depth e timation. as hown in · igurc 11. 

We believ thai this i. on ly an i sue wi th our eumrnt implemen­
tation . ur benm- pliller not only re0ect~ ligh1 from th.: ,ccne 10 

the camera, but also transmits light from a black backdrop ploc<?d 
behind it. Therefore, the defocu kernel f in Eq. ( I) b actually 
a , um of the defc cus kernels of both the . cene and the hackdrop. 
If the cene i much brighter than the bl d.. backdr p. Eq. (3) is 
dominated by the scene' defocus kernel. However.\ hen th cene 
~mini is d rk, due 10 low nlbedo or because il urfa c one1llmion 
i near-grazing for the projector, the light f 111 1he ~ enc point 10 
the camera is weak and comparable to the light from the ha kdrop. 
In thi ca e, Eq. J) will depend al o on the dcfocu kc111d of lhe 
ba kdrop. whi h cau es en·o in depth e timati n. The backdrop 
kernel remains con. lalll ;1nd can be calibrated to reduce th:p h e~­
timution enu rs. Alternatively, the bcam-spliller can be pl,,~·r:d in a 
custom-design d chamber 1h01 ab orb nil f rm of stray ligh t. 

The projector dcfo us b for m st ·a ·c~ indep ndcnt ,j .... ·cue gc-
mctry, and 1hi: ind penden c makes i~ ~uperfor to camcr,1 d· focu 

f r depth estimati n. However, there is o. pcci:il us thm lhi~ Inde­
pendence does n l hold. pecificnll y. 1 hen a eluscr hjecl o.: ludc 
u dilolanl object. there will be a narrow bund of poinb nenr the 
eluding co111our on lhc distant bject 1h111 "see·• nly p:1rt of the pro­
jech:,r'. aperture:~, th proje tcd pattern will be mo in l u~ thnn 
it would be i the entire aperture were visible. Thi~ part i.i l apcr1t1rc 
effoc1 re ult · in II halo anifo 1: depth e. 1imati n bin, cl wward 1!1 

foeul plune. a h \ 11 in Figure 11. However, even in 1hi ·pecml 
case. proje t r dcfo u is till belier than curner.i d ~ ·u,. 'iun~m 
defocu. will cau ·c c~limuliun en-or for both the f rc .. r, und ~nd 
ba kground pi els neur the luding bo11nd.rry. In cclllUll'l, I l'OJ~r 
Lor de~ 11 will nly ·nuse rro . at the backgruund p1~cl • 1 1.11 e 

leaving 1hc foreground pi ·el · unaffi ctcd. Fur1hen11 re. 111 P'. ,cuc~; 
because the solid angle ubtcnded hy the proj ·tor ap 0 11urc •~ 1111,~ 
nhout I c.Jegre , ith res1 cct t a scene point, the number 111 affect~ e 
b~ kground pi el i smull . There~ re, n· sho n in Figure. I I. t 1 

halo ffec t can b greatly reduced by :1 si mple mec.J i:m llltcrrng. 
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1ructic:-, u~ing projector defo u. for depth estimation due: n 1 
11:/uirr 111 ing dc te I rs r hangi ng pt ical e11ing a 1rmli1ionnl 
~ 1,icnt dcfo ·u~ methods du fPcntlancl I 7; oyar :ind oln1guwa 
~;",-11 Therefore, our method can be more con eniently implc-

,n,cd, Hu, · er. u coa.~ial i1nplc111entat ion of depth from c:imcm 
~~c~ 11 , as in I ayar et ul. 19 61. all I for apluring dynami · 
r ncs, , hkh our mcth d urr ntly is inc,1pnble of. becau. e we 
·c -4 image" for depth cstimnti n. c b lie,,e thi • number cun 

~~ "' •atl reduced. , hich I ould cnnblc u 10 develop n renl- time 
~en~111 1h01 an handle tlynumic ~ccne . In • I· I • there nre three 
uikn11wns: a. (J. :111d -. tr, L: can culib tic the dcfocu~ kernel J a 

~ri rl. 1hcn. in ti~ ry, _i111 u~e~ are enough t~, s Ive or th c un­
~nown~. lnten!,~tmgl . 1h1. 111111111111111 numher ,. the . ame ror other 
Im( ul'quisition method . like the phn. e-shi ft method [lluang 

et :ii 100 I- the time-of-night method !Gonzale -Bam . and D11 i · 
2()041., nd phot mcrric tereo [Horn and Bro ks 1989). 

our 1crnporal defo u. method an deal wi th specular urface , 
whenever the BRDF' are appro imately constant wi1hin the olid 
angle ubtcnded by the projector aperture from the ccnc point. 
Ncvc11hcle ·s, the extreme ca e of near-mirror renec1ion, as well a. 
. aturmcd highlight pixel , will cau e errors. Although our method 
b developed under rhe direct illumination assumpti n, it' 11 t very 
en itive 10 the indirect illumi11a1ion. Thi i because indirect illu­

;ninution usually creates only very low frequency in ten ity fluc1ua-
1ion, which will mainly affect Fourie r coefficient Ao, Our deplh i 
howe1cr estimated via A I and A2. Of cou. e, for extremely pecu­
lar re tkc ti 11, the global illumination cun change drnmatically with 
1he projected pauern and hence our method will break d wn. 

One ch,1llen ing open problem for defocu -based m !hods i han­
tlling 1r.111 lucent object . A translucent material introduce oddi-
1ional (llur due to subsurface . aucring, which would cause a y -
1e111atic hia in our method . Th am um of biu. dcp nds on 1he 
amo11111 ur 1ra 11 lucency blur compared I de~ us blur. Ir the de­
focu blur domina1 the tmnslu II y blur, 1he e1i-or will be small. 
Othern ise, the en-or will be large. Lt would be interes1in 10 extend 
our arn1ly is 10 handle blur induced by translucency. In practice, the 
depth of mixture pixel. at b undarics i. often a blend or its neigh­
bori11g depth value . It wou ld be inlere ting 10 accurately m del the 
mixture pixel~. e.g., combining our approach wi th 1hc def u mal­
ling method [McGuire et al. 2005), to e~1ima1e mauc ~ r cene. 
with ontinuou depth variations. 

nr rnl'lhod fordefocu~ compensation es emially e tends the dep1h 
or fie ld of the project r. However, when the blur i very eve1 , 
our method c11nno1 fully compen ,lie for 1he blur due 10 the lim­
ited dyn.imic range of the projector. In . uch a case, combining ur 
method I ith 111ul1iple-projeetor olution. I Bimber and Emmerling 
2006] c.:iu ld be beneficial. -inally, we plan to extend ou r w rk on 
dcpi elation 10 m:ike it a prac1i HI and useful proje tor fi ature. H1 w 
bjcct ionuble pi lati 111 anifacts are, is reu lly a ubje tivc i uc. 

For 1ur technique to be incorporated im ommcrcial project 1 . a 
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Projection Defocus Analysis for Scene Capture and Image Display

Li Zhang Shree Nayar
Columbia University

Abstract

In order to produce bright images, projectors have large apertures
and hence narrow depths of eld. In this paper, we present meth-
ods for robust scene capture and enhanced image display based on
projection defocus analysis. We model a projector’s defocus using
a linear system. This model is used to develop a novel temporal
defocus analysis method to recover depth at each camera pixel by
estimating the parameters of its projection defocus kernel in fre-
quency domain. Compared to most depth recovery methods, our
approach is more accurate near depth discontinuities. Furthermore,
by using a coaxial projector-camera system, we ensure that depth is
computed at all camera pixels, without any missing parts. We show
that the recovered scene geometry can be used for refocus synthesis
and for depth-based image composition. Using the same projector
defocus model and estimation technique, we also propose a defocus
compensation method that lters a projection image in a spatially-
varying, depth-dependent manner to minimize its defocus blur after
it is projected onto the scene. This method effectively increases the
depth of eld of a projector without modifying its optics. Finally,
we present an algorithm that exploits projector defocus to reduce
the strong pixelation artifacts produced by digital projectors, while
preserving the quality of the projected image. We have experimen-
tally veri ed each of our methods using real scenes.

CR Categories: I.3.3 [Computer Graphics]: Picture/Image
Generation—Digitizing and scanning, display algorithm; I.4.8 [Im-
age Processing and Computer Vision]: Scene Analysis—Depth
cues, range data, shape.

Keywords: projector defocus, temporal defocus analysis, depth
recovery, multi-focal projection, projector depixelation, refocus
synthesis, image composition.

1 Introduction

Digital projection technologies, such as Digital Light Process-
ing (DLP) and Liquid Crystal Displays (LCD), are increasingly
used in consumer, commercial and scienti c applications. In com-
puter graphics and vision, video projectors have recently been used
as per-pixel controllable light sources for real-time shape acquisi-
tion [Huang et al. 2003; Zhang et al. 2004; Davis et al. 2005; Kon-
inckx et al. 2005], for complex appearance capture [Levoy et al.
2004; Sen et al. 2005] and control [Raskar et al. 2001; Grossberg
et al. 2004; Bimber et al. 2005]. All these applications require the
projectors to be focused for best performance. In practice, projec-
tors are built with large apertures to maximize their brightness. As a
result, virtually all projectors have very narrow depths of eld; they
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are designed to produce focused images on a single fronto-parallel
screen. An analysis of the defocus properties of projectors is there-
fore bene cial as it could lead to new methods that take advantage
of, as well as compensate for, projection defocus.

In this paper, we provide the rst systematic analysis of projector
defocus and demonstrate its applications to robust scene capture
and enhanced image display. We rst present a simple linear model
for projector defocus. Based on this model, we present a frequency-
domain method for estimating the spatially-varying defocus kernel
of a projector. The kernel estimated at each scene point is used to re-
cover the 3D geometry of the scene. Based on the estimated kernel,
we also present a technique that computationally manipulates an
input image to minimize its defocus blur when it is projected onto
a non-planar scene. Finally, we demonstrate that defocusing can
be put to good use. A slight amount of defocusing, in conjunction
with a compensation algorithm, can be used to reduce pixelation, a
strong artifact produced by all digital projectors. Speci cally, this
paper makes the following three contributions:

Scene Geometry using Temporal Defocus Analysis: We propose
a method called temporal defocus analysis that estimates depth at
each camera pixel, independently, without using information from
neighboring pixels (Section 3). Our method, compared to exist-
ing methods, such as stereo or even traditional depth from fo-
cus/defocus algorithms, is more accurate near depth discontinuities.
Since the method is not based on triangulation, we can use a coax-
ial projector-camera system and compute depth at all camera pix-
els, without any missing parts. These advantages make the method
uniquely suited to computer graphics applications like refocus syn-
thesis and image composition, both of which we demonstrate.

Focused Projection at Multiple Depths: We present an iterative,
spatially-varying ltering algorithm that compensates for defocus
blur based on scene geometry (Section 4). This technique effec-
tively increases the depth of eld of a projector without modifying
its optics. As a result, we are able to use a single projector to project
well-focused images on multiple planes that are at different depths
as well as on curved projection surfaces. We believe this capability
addresses an important limitation of current projectors and widens
their applicability in the real world.

Depixelation by Defocusing: Finally, we generalize our defocus
compensation algorithm to reduce the strong pixelation artifacts
produced by all digital projectors (Section 5). The key idea is to
slightly defocus the projector so as to attenuate the high frequen-
cies produced by pixelation and use the defocus compensation al-
gorithm to make up for the induced projector defocus. This method
is especially suited for projecting high resolution images using a
low resolution projector, and we show several examples of results
to illustrate its effects.

2 Previous Work

Many methods have been proposed in computer vision to recover
3D shape from images, including multi-view triangulation methods,
single-view photometric methods, and camera focus/defocus meth-
ods. Triangulation-based methods [Faugeras 1993], e.g., structure
from motion and stereo, require a point to be visible in at least
two views to be reconstructed. Scenes with complex occlusions re-
main a challenging problem for these methods. Photometric meth-
ods [Horn and Brooks 1989], e.g., photometric stereo and shape
from shading, estimate surface normals instead of surface depth.
Converting normals to depths is an ill-posed problem for scenes
with depth discontinuities.
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Depth recovery methods based on camera focus and defocus,
e.g. [Pentland 1987; Nayar and Nakagawa 1994; Nayar et al. 1996;
Schechner et al. 2000; Favaro and Soatto 2005], have the potential
to recover depth at every pixel, regardless of the scene complex-
ity and occlusions. To resolve the focus ambiguity of textureless
surfaces, patterns can be projected to force scene texture [Girod
and Scherock 1989]. However, camera defocus kernels depend on
local surface geometry. To simplify the kernel analysis, most previ-
ous works assume that, within a small spatial window, the surface
depth is constant, the so-called equalfocal assumption. This as-
sumption smears shape details and is invalid across depth disconti-
nuities. To alleviate this problem, Jin et al. [2002] and Rajagopalan
and Chaudhuri [1997] estimate depths for all pixels simultaneously
via a large scale energy minimization, which is computationally
expensive and prone to local minima. Our key observation is that,
unlike camera defocus, the kernel for projector defocus is scene in-
dependent, for most scene surfaces. Speci cally, when a 3D scene
point sees the entire projector aperture, its defocus kernel depends
only on its distance to the projector lens and not on its neighboring
surface geometry. This difference arises from the fact that projector
defocus convolution happens on the projector’s image plane while
camera defocus convolution happens on the scene surface. Exploit-
ing this scene-independent property, we project a shifting pattern
over the scene and compute depth at each pixel using just its inten-
sity variation over time. Without using the equalfocal assumption,
our method works well at depth discontinuities. Furthermore, it is
simple and not subject to local minima.

Our temporal per-pixel defocus analysis is inspired by previous
structured light range nding methods. In particular, Kanade
et al. [1991] and Curless and Levoy [1995] use temporal intensity
variation to resolve correspondences between camera pixels and a
sweeping laser stripe. Huang et al. [2003] have developed a real-
time range nder by sweeping periodic sinusoidal stripes using a
DLP projector. Zhang et al. [2004] and Davis et al. [2005] have
generalized these ideas to space-time stereo. All these range nd-
ing techniques are based on the principle of triangulation, which
cannot estimate depth for points that are visible to only the camera
or the source but not both. Since our method is not based on triangu-
lation, we are able to use a coaxial con guration where the camera
and projector share the same optical center, and compute depth at all
camera pixels (no missing parts). To our knowledge, the only other
technique that is able to estimate a complete depth map with clean
discontinuity boundaries is time-of- ight, e.g., [Gonzales-Banos
and Davis 2004], which requires expensive specialized hardware.
Raskar et al. [2004] proposed a method to detect depth discontinu-
ities using multiple ash lights. The detected discontinuities can
be used to enhance stereo matching algorithms. Compared to this
work, our method directly generates reliable depth estimation for
all pixels, including the ones near discontinuities.

In addition to scene capture, several methods have been proposed
that use cameras to enable projectors to display “better” images.
These include compensating distortions due to surface geome-
try [Raskar et al. 2003] and correcting brightness variations due
to surface color and texture [Grossberg et al. 2004; Bimber et al.
2005]. In these works, the projectors are often used to display im-
ages onto scenes with considerable depth variation, where defocus
blur is inevitable and most often spatially-varying. Complementary
to these previous methods, our work seeks to compensate for de-
focus blur, and hence could be bene cial to the previous methods.
In [Bimber and Emmerling 2006], a system is proposed that can
project focused images on multiple planes at different depths. This
system uses multiple projectors where each projector is focused on
a single plane. In our case, we use a single projector to simulta-
neously project well-focused images at multiple depths. Another
interesting related work is by Majumder and Greg [2001], in which
multiple projectors at different focal settings are combined to gen-
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Figure 1: The principle of depth from projection defocus. Points
at different distances to the projector lens exhibit different amounts
of blur in their temporal radiance pro le as a periodic illumination
pattern is shifted across the scene.

projector

beam splitter

camera

(a) (b)

Figure 2: (a) A coaxial projector-camera system for depth from
projection defocus. The system is made coaxial only to ensure that
depth can be computed at all camera pixels. (b) The illumination
pattern that is shifted across the scene to measure depth at each
pixel, independently.

erate depth of eld effects at an interactive rate.

Deblurring is a well-studied topic in image processing where nu-
merous techniques have been proposed, ranging from classical
Wiener ltering and conjugate gradient optimization [Jain 1989] to
more recent algorithms based on graph cuts [Raj and Zabih 2005]
and belief propagation [Tappen et al. 2004]. Our technique is based
on bound-constrained quadratic programming [Nocedal andWright
1999], which is a variant of existing algorithms that best suits our
formulation of the problem. As we show, our deblurring method
can also reduce pixelation effects produced by digital projectors.

3 Depth from Projection Defocus

In this section, we formulate the problem of recovering 3D shape
from projection defocus and present our solution.

3.1 Temporal Defocus Analysis

Consider a scene that is illuminated by structured light from a pro-
jector which is focused behind the scene, as shown in Figure 1. For
a point q that is in focus, its irradiance comes from a single point
on the projector’s image plane. For a point s that is out of focus,
its irradiance equals the convolution of its defocus kernel with the
structured light pattern on the projector’s image plane. Assuming
that the surface is opaque, the radiance I of s along any given out-
going direction can be written as

I = f (x;z) P(x)+ , (1)

where denotes convolution, is a factor depending on surface
re ectance1, is the radiance due to the ambient light, f (x;z) is the
1To be precise, takes into account all surface shading factors: BRDF,

orientation with respect to the irradiance direction and the squared distance

fall-off of the projector brightness.
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Figure 3: Illustration of the calibration procedure. (a) A white board with four markers tilted in front of the camera. (b) Depth map of
the board computed using the markers. (c) The board under one of the stripe projection patterns. (d) map for the board. (e) values in
column 350 of (d). (f,g) Temporal radiance pro les of the points q and s, respectively. (h,i) Discrete-time Fourier series (DFS) of (f) and (g).
(j) Mappings from to depth z for columns 100, 350 and 600, respectively.

defocus kernel, and P(x) is the illumination pattern. The defocus
kernel f depends on the depth z.2 We now describe how to recover
the depth z by estimating the kernel f from radiance measurements.

3.2 Depth Estimation

To estimate the kernel f , we note that Eq. (1) de nes a linear sys-
tem in which the projection pattern and the scene radiance are the
input and the output, respectively. Estimating the kernel of a linear
system is a classical problem in system identi cation [Ljung 1998]
and we take a frequency-domain approach to solve it in our setting.
Our basic idea is to shift an illumination pattern with a wide range
of frequencies within it across the scene. The radiance of a surface
point over time is then the response of its defocus kernel to the exci-
tation by the illumination pattern. As the pattern is shifted, points at
different distances to the projector exhibit different amounts of blur
in their temporal radiance pro le, as illustrated in Figure 1. We use
this temporal blur for depth recovery.

Given the temporal radiance sequence, Il , l = 0, . . . ,L 1, for a
point, we quantify its blur by decomposing it into a discrete-time
Fourier series (DFS) [Oppenheim and Willsky 1997] as

Il = A0+
L 1

k=1
Ak cos( kl k), (2)

where k = 2k
L , Ak = (B2k +C2k )

1
2 , k = arctan(Bk,Ck), Bk =

1
L
L 1

k=0
Il sin( kl) and Ck = 1

L
L 1

k=0
Il cos( kl). Since the kernel f is

a low-pass lter, how quickly the coef cients Ak diminish with k
is a measure of the amount of defocus, which in turn yields depth.
Note that A0 cannot be used to estimate depth because it depends
on the ambient light . Although both A1 and A2 are scaled by the
albedo , their ratio can be used to determine how severely the de-
focus kernel attenuates the second-order harmonic with respect to
the rst-order one. Therefore, we use the following ratio

=
A2
A1

(3)

as a measure of depth. In Eq. (3), A1>A2> 0 and [0,1] because
f is a low-pass lter. Deriving the analytic mapping between and
z is tedious but possible if we know precisely the optical design of
the speci c projector. However, analytically deriving a projector-
speci c mapping is not worth the effort as it would not apply to

2Due to lens aberration, f generally also varies across different pixels.

other projectors — each projector tends to have a unique optical
design. Therefore, in the next section, we present a general data-
driven approach that calibrates the z mapping once and for all,
for any given optical setting of any given projector-camera system.

3.3 System Setup and Illumination Pattern

We have built a prototype camera-projector system to implement
our depth from projection defocus method. Our system consists of
an NEC LT260K DLP projector and a Basler A311f monochrome
camera. To avoid shadows and occlusions, we approximately align
the optical centers of the projector and the camera with a beam split-
ter (Edmund Optics stock #NT39-493), as shown in Figure 2(a)3.
The projector is always focused on a plane behind the working vol-
ume to avoid a two-way defocus ambiguity. As the projector is quite
bright4, we stop-down the aperture of the camera to F11 so that it
works approximately as a pinhole camera – any defocus introduced
by the camera is negligible compared to that of the projector.

There are many choices of input sequences (excitation signals) in
system identi cation theory. We have chosen to use a simple one –
a binary periodic sequence 011011011011... with period 3, which
is one type of M-sequence [Ljung 1998]. We encode this sequence
as a stripe pattern in which each bit corresponds to an 8-pixel wide
stripe, as shown in Figure 2(b). We shift this pattern, one pixel at a
time, and take a total of L= 24 images for each experiment5.

3.4 Calibration

We calibrate the mapping from the in Eq. (3) to the depth z in
three steps. Step 1: We compute the correspondence between pro-
jector and camera pixels. This is achieved by projecting shifted si-
nusoids in both horizontal and vertical directions. The details of this
procedure can be found in [Scharstein and Szeliski 2003]. Step 2:
3We align the camera and the projector by projecting an image onto a

white board with a fence in front of it and adjusting the camera position

until it does not see any shadows cast by the projector.
4During depth estimation, we have used the projector as a grayscale one

by removing its color wheel from the light path to boost its brightness.
5In our experiments, we have found that the projector produces several

undesirable effects: it vibrates at a high frequency, possibly due to the ro-

tation of its fan; its brightness is not stable over time; the imprecise syn-

chronization between the camera and projector causes measured radiances

to uctuate slightly over time. To resolve these issues, we repeat the shifting

of the pattern about 85 times and compute a mean image for each shift. The

camera runs at 60Hz and the total acquisition time is within a minute.
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Scene Depth map Magni ed depth map Gray-shaded 3D model

Figure 4: Depth recovery results for three scenes. From left to right: An image of the scene, the computed intensity-coded depth map, a
close-up view of the depth map, a gray-shaded 3D model of the scene, as seen from a novel viewpoint. Notice the quality of the computed
depth around scene discontinuities. (Please see the companion video.)

We tilt a foam board in front of the system and compute depth for
each of its points. This is done by taking an image of the board with
a few reference markers, as shown in Figure 3(a),6 and computing
the homography from the board to the projection plane. As detailed
in [Zhang 2000], this homography allows us to estimate the posi-
tion and orientation of the board7, from which the depth of every
point of the board can be easily computed. Figure 3(b) shows the
intensity-coded depth map of the board. Step 3: We compute the
values for all points on the board by shifting the stripe pattern and
computing A1 and A2 for each pixel.
Figure 3(c) shows an image of the board under one of the shifted
patterns, and (f) and (g) show the temporal radiance pro les of
two points, q and s, on the board. As s is closer to the projector
and more defocused than q, its temporal radiance pro le is more
blurred. Figures 3(h) and (i) show plots of the DFS coef cients Ak
for the pro les in (f) and (g), respectively. Figure 3(d) shows the
intensity-coded map and (e) shows a plot of the values (blue
curve) for the column 350 in (d). The raw values include a small
mount of noise and hence we t a smooth curve which is shown as
the green curve in (e). Using the depth estimation in Step 2, we can
tabulate the mapping from to z. In our current implementation,
we build a lookup table for each column, assuming that the defo-

6The glare is produced by a number of dust particles on the half-mirror.
Since the half-mirror is very close to the projector, these particles are lit with

roughly 100 times the intensity compared to the scene, thereby producing

bright spots in the image that have the shape of the camera aperture.
7Zhang [2000] takes several images of a board at different orientations to

estimate a camera’s intrinsic parameters. In our work, we approximately es-

timate the projector’s intrinsics from the frustum speci cation in its manual.

Therefore, we only take one image of the board to compute its pose.

cus kernel is vertically invariant but has some horizontal variation.
Figure 3(j) shows three –z mapping curves for the columns 100,
350 and 600. An even more comprehensive calibration would in-
volve translating the board across the whole working volume and
generating a lookup table for each pixel. Such a calibration would
account for higher-order projector lens aberrations as well.

3.5 Depth Recovery Results

Once we know the mapping between and z, the depth recovery is
straightforward. We take 24 images while shifting the illumination
pattern across the scene. From these images, we compute for each
camera pixel using Eqs. (2,3) and then transform the image to a
depth image using the pre-computed lookup table. Figure 4 shows
several depth recovery results. In the rst row, we show results for
a scene with books and wooden blocks that has simple boundaries.
Our method recovers the sharp depth discontinuities at the bound-
aries. In the second row, we show results for a scene with two
toy wrestlers with similar skin color. Again, our method can sepa-
rate the two gures with clean boundaries, even though the surfaces
have a specular component. In the third row, we show results for
a scene with leaves behind a fence. This result shows that the per-
formance of our method is independent of occlusion complexity.
In fact, it has been shown [Scharstein and Szeliski 2003] that it is
very dif cult to obtain a depth map that is complete in any camera
view for a scene like the one with leaves using triangulation-based
methods, even if multiple cameras and projectors are used. All the
results are computed within a minute using Matlab.

We have also computed noise statistics for our depth estimation.
Speci cally, we chose 20 planar patches from the experimented
scenes that are located at different depth within the working vol-
ume. We then computed the mean and standard deviation of the
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Figure 5: Noise statistics in the depth estimation. Twenty planar
patches are chosen from the experimented scenes, shown on the top,
and the mean and standard deviation of the depth for those patches
are plotted at the bottom. Within a 600mm working volume, our
depth estimation noise is around 4mm.

(a) (b) (c)

Figure 6: (a) Refocused images of the book scene in Figure 4. The
defocus effects are synthesized using the recovered depth map. (b)
A collection of playing cards placed at four depth layers and their
estimated depth map. (c) A moving hand from another video is
inserted into the card scene with all the desired occlusion effects.
(Please see the companion video.)

depths inside these patches, as shown in Figure 5. From this g-
ure, we can see that our depth estimation noise is about 4mm for a
working volume of 600mm.

3.6 Applications: Refocusing & Video Composition

A distinctive feature of our depth recovery method is that it esti-
mates depth at every pixel in the camera’s view and the estimation
is reliable near depth discontinuities. This makes our approach par-
ticularly well-suited for a variety of image-based applications in
computer graphics. Here, we show two examples, namely, refocus-
ing and object insertion to compose a new image or video.

Figure 6(a) shows two refocused images of the book scene in Fig-
ure 4: the top one is focused on the foreground wooden blocks and
the bottom one is focused on the background letters. These two
images were generated with the “lens blur” tool in Adobe Photo-
Shop.8 This tool takes an image and its depth map as inputs to
generate new images that are focused at any desired depth.

8In theory, without having the full light eld available, refocusing can
not be simulated exactly. The PhotoShop implementation of lens blur is

proprietary. We think a practical way to implement it would be to heuristi-

cally impaint the occluded layers a little bit to obtain the full light eld.

Figure 6(b) shows a collection of playing cards placed at four depth
layers. The repetitive textures on the cards and the complex occlu-
sions make it very hard to segment the scene into layers automati-
cally, or even manually. Using projection defocus, our method pro-
duces a clean depth map that segments the scene into layers. This
segmentation makes it easy to insert objects into the scene with cor-
rect occlusion effects. Figure 6(c) shows a real hand from another
video inserted into the scene with all the desired occlusion effects.
Please see the video for more results.
We believe that when a complete depth map is available for an im-
age, a variety of image editing applications become possible or eas-
ier to implement. Examples other than the ones we have shown are
creating layered representations of complex scenes for view mor-
phing, segmentation for matting, object replacement, and shadow
removal. In the past, such applications have not been easy to imple-
ment as “clean” depth maps have not been easy to obtain. For most
image editing tasks, the depth maps need not be highly precise (as
with time-of- ight sensors), but they need to be complete and they
need to be reliable at discontinuities, as humans are particularly
sensitive to edge artifacts. We hope our depth recovery method, al-
though not as accurate as laser scanners or structured light sensors,
will inspire new types of image editing applications.

4 Focused Projection at Multiple Depths

Due to their optical design, standard projectors can only be focused
on a single fronto-parallel plane. In some applications, it is de-
sirable to project images onto non-planar structures; for example,
multiple planes or a dome to create a virtual environment [Raskar
et al. 1998]. In such cases, most parts of the image are blurred due
to defocus. One way to solve this problem is to design sophisticated
optics. Even if this is possible, the optics cannot be modi ed to ac-
commodate changes in the structure that is being projected onto.
Another approach is to use multiple projectors [Bimber and Em-
merling 2006], where the number of depths for which the projected
image can be in focus equals the number of projectors. In this sec-
tion, complementary to the multi-projector approach, we propose
a computational method that processes an input image in a scene-
dependent way to minimize the defocus blur at all points in the
projected output image. Our method requires just a camera and can
be applied to any off-the-shelf projector.

4.1 Defocus Compensation Algorithm

Consider the scenario where an image I needs to be projected onto
a surface with given depth variation. The radiance of a point on the
surface due to illumination by the projector is governed by the pro-
jection defocus equation Eq. (1). As in previous work, e.g. [Raskar
et al. 2003; Fujii et al. 2005], we use a camera as a proxy for the
human eye and seek to make the scene radiance captured by the
camera be the same as the input image I. To do so, we can project
a compensation image, P , by solving the projection defocus equa-
tion as

P = ( f ) 1 (I ), (4)

where ( f ) 1 is the inverse of the kernel f . Theoretically, if P is
projected, the scene brightness will be the same as the input image
I. However, f is a low-pass lter and its inverse will have strong
ringing effects. Therefore, Eq. (4) will not be feasible to implement
unless the projector has an in nite dynamic range. Instead, we cast
the problem of computing the compensation image as a constrained
minimization problem, as follows:

P = argmin
P

{d( f P+ , I) | x, 0 P(x) 255} , (5)

where x is the projector pixel coordinate and d(·, ·) is an image
distance metric. Eq. (5) nds the compensation image P , with all
its brightness values within the projector’s dynamic range, that after
defocus blurring most closely matches the input image I.
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(a)(b)

Figure7:Measuringthespatially-varyingdefocuskernel.(a)A
portionofthedotpatternprojectedontothescene.(b)Thecorre-
spondingcameraimagewithsamplesofthepointspreadfunction.

1 foot

1.5 feet

6 feet

projector

(a)(b)

Figure8:Twotestscenesforfocusedprojectionatmultipledepths.
(a)Projectionontothreeplanesatdifferentdepthsfromtheprojec-
tor.(b)Projectionontoahemisphericaldome.

Inourimplementation,wehaveusedthesum-of-squaredpixeldif-
ferencesfortheimagedistancemetricd(·,·).Thecompensation
imagePisfoundbyapplyinganiterative,constrained,steepest-
descentalgorithm[NocedalandWright1999].Werepresentthe
defocusconvolution,fP,asamatrixmultiplication,FP,where
eachrowofFisthedefocuskernelofthecorrespondingpixelmod-
ulatedbyitsalbedo.ThealgorithmstartswithP0=Ianditerates
thefollowingtwosteps:

P̃i+1=Pi+iGi(6)

Pi+1=CLAMP(P̃i+1;0,255)(7)

whereGi=F
T
(IFPi),i=Gi2

FGi2,andCLAMPisapixel-

wiseclampingoperation.NoticethatGiisthegradientoftheimage
distanceFP+I2withrespecttoP.EvaluatingGiisstraight-
forward–itinvolvestwoimagelteringswiththekernelmatricesF
andF

T
,respectively.Notethattheselteringsarespatially-varying

andscene-dependent,unlikethestandardsharpeningoperations
thatareoftenbuiltintoprojectorsbytheirmanufacturers.With-
outEq.(7),iteratingEq.(6)aloneisastandardsteepest-descent
algorithm,whichconvergestothesolutionofEq.(4).Combining
Eq.(7)andEq.(6)minimizesthedifferencebetweenthedefocused
compensationimageandtheoriginalinputimagewithinthedy-
namicrangeoftheprojector.

4.2KernelEstimation

Wenowdescribehowweobtainandfforanygivenscene.We
obtaintheambienttermbyturningofftheprojectorandtaking
animage.Toobtainfforeachpixel,wecouldshiftadotpattern
acrossthesceneandthetemporalradianceproleforeachpixelis
thenitskernel.Thismethodiseffectiveforascenewithintricate
geometry,suchasthescenesshowninSection3.However,the

scenesusedinourexperimentshereareatleastpiece-wisesmooth.
Therefore,wesimplyprojectasparsebinarydotpattern,likethe
oneinFigure7(a).Inourexperiments,thedistancebetweenneigh-
boringdotsis12pixels.Thepointspreadpatternscapturedbythe
camera,showninFigure7(b),areapproximatelythekernelsforthe
projectorpixelsthatare’1’.Fromthesekernels,weinterpolatethe
kernelsforotherpixelsthatare’0’inabilinearmanner.Intheend,
wehaveaper-pixelkernelmapthataccountsforspatially-varying
defocuseffects.Werepeatthesameproceduretocapturekernels
foreachofthethreecolorchannelsoftheprojector.Calibrating
suchakernelmapalsohelpstocompensatelensaberrationsaswell.
Fortheabovecomputationsofandf,wealwayswarptheimage
fromthecameratotheprojector’scoordinateframe,whichmakesit
convenienttocomparethedefocusedcompensationimage,FP+,
andtheinputimageI.Thecorrespondencesbetweenthecamera’s
andtheprojector’spixelsaredeterminedbyshiftingsinusoidalpat-
ternsinbothhorizontalandverticaldirections,asinSection3.

4.3FocusedProjectiononMultiplePlanes

Inourrstexperiment,ourgoalwastoprojectanimageofthree
fashionmodelsontothreeplanesthatareatdifferentdepths,as
showninFigure8(a).Theprojectorisfocusedonthemiddleplane.
Weshowthefocuscompensationresultsforthethreefaceregions
intheleftthreecolumnsofFigure9.TherstrowofFigure9
showstheoriginalimageregionsforthethreefaces.Thethirdrow
showsthedefocusedoriginalimageregions,capturedbyacamera,
withoutanycompensation.Thisrowrepresentsthebesttheprojec-
tor(withoutcompensation)canproduce.Noticethateventhough
themiddleplaneisinfocus,thefacestilllooksalittleblurred
forthisplaneduetoprojectorartifacts.9Asexpected,thefaces
ontheleftandrightplanesareevenmoreblurredduetodefocus.
Thesecondrowshowsthecompensationimageregionsresulting
fromEqs.(6,7),whichrepresentthenewinputtotheprojector.
Theseimageregionslooklikehigh-passlteredversionsofthe
originalinputones.Thisisexpectedasourmethodboostshigh-
frequencycomponentstocompensateforthedefocusinducedby
scenegeometry.Thefourthrowshowsthedefocusedcompensa-
tionimageregionscapturedbythesamecamera,whichrepresent
ourresults.Noticethattheseimageregionsarelessblurryandmore
closelyresembletheinputimageregions.Amongthesethreede-
focusedcompensationimageregions,theoneonthemiddleplane
(secondcolumn)isalmostidenticaltotheinput.Theonesonthe
leftandrightplanes(rstandthirdcolumns)areslightlyblurred
withrespecttotheirinputsbecausedefocusismoresevereinthese
twocases,andcertainhighfrequenciesintheinputimagethatare
cutbythedefocuscannotbefullycompensatedforduetothelim-
iteddynamicrangeoftheprojector.

4.4FocusedProjectiononaDome

Inoursecondexperiment,weprojectanimageofatiledower
textureontotheinsideofahemisphericaldome,asshowninFig-
ure8(b).Theprojectorisfocusedonthefrontplaneofthedome.
IntherighttwocolumnsofFigure9,weshowthefocuscompen-
sationresultsfortwopatchesonthedome–oneisfromthetop
ofthedomeandtheotherisfromthecenter.Thetoppatchisless
blurredthanthecenteronebecausetheformerisclosertothefo-
calplaneoftheprojector.Aswiththethree-planeexperiment,the
compensationresultscloselyresembletheinputimages.

5Depixelation

Inthissection,weshowhowthedefocuscompensationmethod
discussedinSection4canbeusedtoreduceprojectorpixelation.

9Wefoundthatevenifwefocusaprojectoronafronto-parallelplane,
whenprojectingabinarydotpattern,wesee”lightleakage”fromonepixel

intoitsneighbors.Weobservedthiseffectondifferentprojectormodels.
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Figure 9: Results for defocus compensation. The three faces on the left were projected onto the three planar surfaces in Figure 8(a). The
two ower textures on the right were projected onto the hemispherical dome in Figure 8(b). The defocus compensation method results in
less blurry image regions (fourth row) than the uncompensated image regions (third row). The original image regions are shown in the rst
row and the compensation image regions computed by the method and used as input to the projector are shown in the second row. The
compensation method is scene independent as it can handle a spatially-varying defocus kernel. (Please see the companion video.)

Pixelation is a clearly noticeable artifact produced by all digital pro-
jectors. It is caused by two factors. The rst is the spatial digitiza-
tion due to the nite resolution of the projector. The second is the
gap (dead-zone) between adjacent pixels on the projector’s physical
image plane that arises because the pixel ll-factor is never 100 %.
The digitization is known to create jaggy boundaries when the reso-
lution of the projector is not high enough for the given application.
This effect is observed particularly when high quality captured im-
ages are projected, as the resolution of most LCD and DLP projec-
tors has remained at 1024x768 or less for the last seven years, while
digital cameras have tripled in their resolution during the same time
period. The dead-zone between pixels does not generate light and
produces thin black lines on the projection screen, known as the
screen-door effect. This effect makes pixelation more pronounced
as it clearly marks out pixel boundaries on the screen.

In our implementation of depixelation, we assume that the images
are projected onto a single fronto-parallel screen, i.e., the traditional
projection scenario. Our basic approach is to focus the projector
slightly in front of (or behind) the projection screen so that the im-
age on the screen is slightly blurred. In this case, a slight amount of

light is leaked into the black gaps and neighboring pixels, which re-
duces the screen-door effect as well as smoothes out the jaggy pixel
boundaries. However, doing so also creates blurry images. Since
this purposely induced blur is very slight, we can use the compen-
sation method in Section 4 to process the input image so that the
defocused projection looks very similar to the original input image.
Therefore, the compensation method can be used in conjunction
with the minor induced defocus to achieve depixelation.

Speci cally, we use the compensation method to compute an op-
timal image P at the projector resolution whose defocused pro-
jection most closely resembles the input image, which may have
higher resolution. Note that if the input image resolution is higher
than the projector’s native resolution, the number of rows in F is
larger than the number of columns. Each row of F is a defocus ker-
nel modulated by both surface albedo and the screen-door effect.

We have tested the depixelation method on several high resolution
input images (each one with 3 times the projector resolution). The
capture of and F is done using the method in Section 4, except
that we capture a higher resolution kernel map by zooming-in our
camera so that 3×3 camera pixels see about one projector pixel.
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(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j) (k)

Figure 10: Examples of Projector Depixelation. (a) An original image of 3× projector resolution. (b) A patch in (a) of projector resolution.
(c,d) Projection of (b) under focused and defocused settings, respectively. (e) Our depixelation result. (f-k) Three more examples of depix-
elation with (f,h,j) as focused projection and (g,i,k) as depixelated projection. In all examples, the compensation greatly reduces pixelation
effects while preserving image quality. (Please see the companion video.)
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Figure 11: Albedo-correlated bias and halo effects in depth estima-
tion. (a) The depth pro le for row 380 of the scene. (b) The depth
pro le after removing noise and halo by a 7×7 median lter.

Figure 10 shows four examples of depixelation. In all the cases,
spatial digitization and screen-door effects are greatly reduced and
yet image sharpness is preserved. Our current implementation of
the compensation algorithm usesMatlab. The algorithm takes about
10 iterations to converge and takes 3-5 minutes to produce the nal
compensation image. Since the compensation method only involves
ltering with F and FT, we believe it can be implemented on image
processing chips or graphics hardware to achieve real-time (frame-
rate) performance.

6 Discussion

In this paper, we have modelled projection defocus as a linear sys-
tem and developed a temporal defocus method that recovers depth
at all pixels in an image, regardless of the scene complexity. We
also proposed a scene-dependent ltering algorithm that increases
the depth of eld of a projector without modifying its optics. Fi-
nally, we showed that defocus can be exploited to reduce pixelation
artifacts produced by digital projectors. We now discuss the limita-

tions of our work and open problems as topics for future research.

First, our temporal defocus method should, in principle, be invari-
ant to surface albedo. In practice, we found that the surface albedo
sometimes does affect the depth estimation, as shown in Figure 11.
We believe that this is only an issue with our current implemen-
tation. Our beam-splitter not only re ects light from the scene to
the camera, but also transmits light from a black backdrop placed
behind it. Therefore, the defocus kernel f in Eq. (1) is actually
a sum of the defocus kernels of both the scene and the backdrop.
If the scene is much brighter than the black backdrop, Eq. (3) is
dominated by the scene’s defocus kernel. However, when the scene
point is dark, due to low albedo or because its surface orientation
is near-grazing for the projector, the light from the scene point to
the camera is weak and comparable to the light from the backdrop.
In this case, Eq. (3) will depend also on the defocus kernel of the
backdrop, which causes errors in depth estimation. The backdrop
kernel remains constant and can be calibrated to reduce depth es-
timation errors. Alternatively, the beam-splitter can be placed in a
custom-designed chamber that absorbs all forms of stray light.

The projector defocus is for most cases independent of scene ge-
ometry, and this independence makes is superior to camera defocus
for depth estimation. However, there is a special case that this inde-
pendence does not hold. Speci cally, when a closer object occludes
a distant object, there will be a narrow band of points near the oc-
cluding contour on the distant object that “see” only part of the pro-
jector’s aperture; so the projected pattern will be more infocus than
it would be if the entire aperture were visible. This partial aperture
effect results in a halo artifact: depth estimation biased toward the
focal plane, as shown in Figure 11. However, even in this special
case, projector defocus is still better than camera defocus. Camera
defocus will cause estimation errors for both the foreground and
background pixels near the occluding boundary. In contrast, projec-
tor defocus will only cause errors at the background pixels, while
leaving the foreground pixels unaffected. Furthermore, in practice,
because the solid angle subtended by the projector aperture is only
about 1 degree with respect to a scene point, the number of affected
background pixels is small. Therefore, as shown in Figure 11, the
halo effect can be greatly reduced by a simple median ltering.
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In practice, using projector defocus for depth estimation does not
require moving detectors or changing optical settings as traditional
camera defocus methods do [Pentland 1987; Nayar and Nakagawa
1994]. Therefore, our method can be more conveniently imple-
mented. However, a coaxial implementation of depth from camera
defocus, as in [Nayar et al. 1996], allows for capturing dynamic
scenes, which our method currently is incapable of, because we
use 24 images for depth estimation. We believe this number can
be greatly reduced, which would enable us to develop a real-time
sensor that can handle dynamic scenes. In Eq. (1), there are three
unknowns: , , and z. If we can calibrate the defocus kernel f a
priori, then, in theory, 3 images are enough to solve for these un-
knowns. Interestingly, this minimum number is the same for other
shape acquisition methods, like the phase-shift method [Huang
et al. 2003], the time-of- ight method [Gonzales-Banos and Davis
2004], and photometric stereo [Horn and Brooks 1989].

Our temporal defocus method can deal with specular surfaces,
whenever the BRDF’s are approximately constant within the solid
angle subtended by the projector aperture from the scene point.
Nevertheless, the extreme case of near-mirror re ection, as well as
saturated highlight pixels, will cause errors. Although our method
is developed under the direct illumination assumption, it’s not very
sensitive to the indirect illumination. This is because indirect illu-
mination usually creates only very low frequency intensity uctua-
tion, which will mainly affect Fourier coef cient A0. Our depth is
however estimated via A1 and A2. Of course, for extremely specu-
lar re ection, the global illumination can change dramatically with
the projected patterns and hence our method will break down.

One challenging open problem for defocus-based methods is han-
dling translucent objects. A translucent material introduces addi-
tional blur due to subsurface scattering, which would cause a sys-
tematic bias in our methods. The amount of bias depends on the
amount of translucency blur compared to defocus blur. If the de-
focus blur dominates the translucency blur, the error will be small.
Otherwise, the error will be large. It would be interesting to extend
our analysis to handle blur induced by translucency. In practice, the
depth of mixture pixels at boundaries is often a blend of its neigh-
boring depth values. It would be interesting to accurately model the
mixture pixels, e.g., combining our approach with the defocus mat-
ting method [McGuire et al. 2005], to estimate mattes for scenes
with continuous depth variations.

Our method for defocus compensation essentially extends the depth
of eld of the projector. However, when the blur is very severe,
our method cannot fully compensate for the blur due to the lim-
ited dynamic range of the projector. In such a case, combining our
method with multiple-projector solutions [Bimber and Emmerling
2006] could be bene cial. Finally, we plan to extend our work on
depixelation to make it a practical and useful projector feature. How
objectionable pixelation artifacts are, is really a subjective issue.
For our technique to be incorporated into commercial projectors, a
few preset options can be provided so that the user can decide how
much focus quality they are willing to tradeoff for depixelation.
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(ARL). Houston, TX, March 21, 2012. 
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Group – American Library Association, New Orleans, Louisiana, June 25, 2011. 
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“Cooperation for improving access to scholarly communication,” with N. Lossau (Germany), C. 

Mazurek (Poland), J. Stokker (Australia), panel moderator and presenter, Second Plenary Session, 

International Association of Scientific and Technological University Libraries (IATUL) 32nd Conference 

2011, Warsaw, Poland. May 29-June 2, 2011. 

“Riding the Wave of Data,” STM Annual Spring Conference 2011. Trailblazing & transforming 

scholarly publishing 2011. Washington, D.C., April 28, 2011. 

“Confronting old assumptions to assume new roles: physical and operational integration of the Press and 

Libraries at Purdue University,” keynote speaker, 2011 BioOne Publishers & Partners Meeting.

Washington, D. C., April 22, 2011. 

“Are MLS Graduates Being Prepared for the Changing and Emerging Roles that Librarians must now 

assume within Research Libraries?” University of Oklahoma Libraries Seminar, March 4, 2011, 

Oklahoma City, Oklahoma. 

“The Future Role of University Librarians,” the University of Cape Town, South Africa, February 25, 

2011.

“New Roles for Librarians: the Application of Library Science to Scientific/Technical Research –

Purdue University – a case study. International Council for Science and Technology (ICSTI); Ottawa, 

Canada. June 9, 2009. 

“Reinventing Science Librarianship: Models for the Future,” Association of Research Libraries / 

Coalition for Networked Information. October 16-17th, 2008, Arlington, VA. Moderator and convener of 

Data Curation: Issues and Challenges. 

“Practical Implementation and Opportunities Created at Purdue University,” African Digital Curation 

Conference, Pretoria, South Africa, (live video transmission), February 12, 2008. 

Keynote speaker. “Scholarly Communication & Academe: The Winter of Our Discontent,” XXVII 

Charleston Conference on Issues in Book and Serial Acquisition, Charleston, South Carolina. November 

8, 2007. 

Keynote speaker. “Enabling Access to Scientific & Technical Data-sets in e-Science: a role for Library 

and Archival Sciences,” Greater Western Library Alliance (GWLA), Tucson, Arizona. September 17, 

2007. A meeting of library directors and vice presidents for research of member institutions. 

“The Challenge of e-Science Data-set Management to Domain Sciences and Engineering: a Role for 

Academic Libraries and Librarians,” KIT (Kanazawa Institute of Technology)/CLIR (Council of 
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Library and Information Resources) International Roundtable for Library and Information Science, July 

5-6, 2007. Invited to participate by the Deputy Librarian of Congress.

International Association of Technological University Libraries (IATUL), Stockholm, Sweden. June 8,

2007. Invited paper, Enabling International Access to Scientific Data-sets: creation of the Distributed

Data Curation Center (D2C2).

“A New Collaboration for Librarians: The Principles of Library and Archival Sciences Applied to the

Curation of Datasets,” Symposium of the Libraries and the College of Engineering, University of

Louisville, April 6, 2007.

“Purdue University Libraries: Through Pre-eminent Innovation and Creativity, Meeting the Challenges

of the Information Age,” Board of Trustees, Purdue University, February 15, 2007.

ARL Workshop on New Collaborative Relationships: The Role of Academic Libraries in the Digital

Data Universe, September 26-27, 2006, Arlington, VA. Invited participant.

NARA and SDSC: A partnership. A panel before the National Science Foundation, June 27, 2006.

Arlington, VA. Invited participant.

“Kaleidoscope of Scientific Literacy: fusing new connections,” with Diane Rein, American Library

Association, Association of College and Research Libraries, Science & Technology Section, Annual

Conference, New Orleans, June 26th, 2006.

“Leadership for Learning: Building a Culture of Teaching in Academic Libraries – an administrative

perspective,” American Library Association, Association of College and Research Libraries, Instruction

Section, Annual Conference, New Orleans, June 25th, 2006.

“Building an interdisciplinary research program in an academic library:

how the Libraries’associate dean for research makes a difference at Purdue University,” International

Association of Technological University Libraries (IATUL), Porto, Portugal, May 23rd, 2006.

“Enabling Interaction and Quality in a Distributed Data DRIS,” Enabling Interaction and Quality:

Beyond the Hanseatic League. 8th International Conference on Current Research Information Systems,

with D. Scott Brandt and Michael Witt. Promoted by euro CRIS, Bergen, Norway, May 12th, 2006,

Brandt, and Witt presented in person

“Interdisciplinary Research,” with D. Scott Brandt, Coalition for Networked Information (CNI) Spring

Meeting: Project Briefing, Washington, D.C., April 3rd, 2006.

“An Interview with Purdue’s James Mullins,” a podcast submitted by Matt Pasiewicz, on Educause

Connect, http://connect.educause.edu/James_L_Mullins_Interview_CNI_2005
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“Managing Long-Lived Digital Data-sets and their Curation: Interdisciplinary Policy Issues,” Managing 

Digital Assets Forum, Association of Research Libraries (ARL), Washington, D.C., October 28th, 2005. 

“The Odyssey of a Librarian.” Indiana Library Federation (ILF), District 2 Meeting, South Bend, 

Indiana. October 4th, 2005. 

"New College Library Standards," Standards Committee Presentation, ALA, Chicago, July 7, 2000. 

SUNY Library Directors, Lake George, New York. “The College Library Standards: a Tool for 

Assessment.” April 5, 2000. 

Tri-State College Library Association, Finding You Have Talents You Never Knew You Had, Penn State 

Great Valley, March 25, 2000. 

Using Web Statistics, American Library Association, New Orleans, June 24, 1999. 

Keynote speaker at the JSTOR Workshop, January 29, 30, 1999. University of Pennsylvania, 

Philadelphia, PA. 

"The New Standards for Electronic Resources Statistics," Society of Scholarly Publishers, Washington, 

D.C., September 17, 1998.

"Evaluating Online Resources: Now that you've got them what do you do?," joint presenter with Chuck

Hamaker, LSU, at the NASIG Conference, Boulder, Colorado. June 1998.

"What Employers Are Looking for in New Librarians?" Pennsylvania Library Association, Philadelphia.

September 26, 1997.

"The Theory of Matrix Management" panel presentation of the Comparative Library Organization

Committee of the Library Organization and Management Section of the Library Administration and

Management Association, a division of the American Library Association, Annual Meeting, Chicago,

June 24, 1990.

Professional Involvement: (summary of recent emphasis) 
The focus for my professional involvement and research has moved recently toward managing massive 

data-sets. This has resulted in working with faculty in the sciences and technology to determine how 

librarians can collaborate in managing, curating, and preserving data-sets for future access and 

documentation. This has included various speaking opportunities as well as participation in planning 

with the National Science Foundation (NSF) on ways in which librarians can be integrated more 

completely into the funded research process. Participation in the Kanazawa Institute of 

Technology/Council of Library Resources Roundtable was particularly rewarding and provided new 

opportunities to share with international colleagues the issues surrounding data-set management. I was 
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the champion for the creation of the Distributed Data Curation Center (D2C2) at Purdue University 

(http://d2c2.lib.purdue.edu/)

Throughout my career, beginning with my dissertation, I have been actively involved with assessing and 

evaluating libraries. In the fall of 1999, I contacted twenty-two academic library directors to determine 

whether the need was also felt by others. The response was overwhelmingly affirmative. This resulted in 

a meeting at ALA Midwinter, January 2000. A formal meeting followed at Villanova University in April 

2000. As convener, I helped to form the University Libraries Group (ULG), modeled after the Oberlin 

Group for college libraries. The ULG is made up of university libraries that support diverse wide- 

ranging programs through doctoral level and have a level of support that places them in the top tier of 

academic institutions. A few of the member libraries, along with Villanova, are William and Mary, 

Wake Forest, Lehigh, Carnegie-Mellon, Tufts, Marquette, Miami of Ohio, and Southern Methodist. 

In 1994 appointed to the Standards Committee, College Section, Association of College and Research 

Libraries. During the next six years, the Committee concentrated on changing the focus of the standards 

from quantitative analysis of input and output factors to emphasis on assessment of the outcome. 

Culmination of the work was a re-issue of the Standards for College Libraries in 2000. The knowledge 

gained through my work experience enabled me to formulate the changes needed in the standards. This 

work allowed for close collaboration with accrediting agencies, both professional and regional. 

During this same time another focus emerged, the impact of digital resources. Through my work on the 

JSTOR Statistics Task Force, standards were developed on the collection of use of electronic databases. 

This Standard was later adopted in 1998 by the International Consortium of Library Consortia (ICOLC). 

In 2002, the American Library Association appointed me to serve as the liaison to the Marketing and 

Management Section of the International Federation of Library Associations (IFLA). 

Professional Service: (representative list) 
Nominations Committee, Association of Research Libraries (ARL), 2016. 

Steering Committee, Scholarly Publishing and Academic Resources Coalition (SPARC), 2016 – 2017. 

“Excellence in Library Services,” Chair, Review Team, University of Hong Kong, Hong Kong, August 

24-27, 2015.

Chair, Management Advisory Board, 2015-2017; Member, Scientific Advisory Board, arXiv, Cornell

University, 1/1/2013 – present.

Advisory Board for the Wayne State University School of Library and Information Science, July 2012 –

present.
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Advisory Board for Microsoft Academic Search, 2012 – 2015. Redmond, WA. 

Transforming Research Libraries, a Strategic Direction Steering Committee of the Association of 

Research Libraries (ARL), 2012-2015. 

Science and Technology section, representing ARL, International Federation of Library Associations 

(IFLA), Chair, 2013 – 2017; Member, 2011 to present. 

Member of University of Pretoria, South Africa, Library Review Committee. August 2013. 

Co-chair, Local Arrangements Planning Committee for 2013 Conference, Association of College and 

Research Libraries (ACRL), a division of the American Library Association (ALA). 

Association of Research Libraries Leadership & Career Development Program Mentor, 2011-2017. 

e-Science Task Force, Association of Research Libraries. July 2006 – present. Chair, October 2011 –

October 2012.

Board of Directors, International Association of Technological University Libraries (IATUL). January

2008 – December 2014.

Midwest Collaborative for Library Services (MCLS); Board Member, October 2010 – December 2012.

Chair, Library Directors, Committee on Institutional Cooperation (CIC), July 2010 – June 2012.

Board of Directors, Association of Research Libraries (ARL); October 2008 – October 2011.

Scholarly Communication Steering Committee, Association of Research Libraries (ARL)

2008-2011.

Editorial Board, College and Research Libraries, Association of College and Research Libraries,

American Library Association. January 2008 – December 2014.

Chair, Organizing Committee for IATUL Conference 2010, June 21-24, 2010, Purdue University, West

Lafayette, Indiana/Chicago, Illinois.

Conference Planning Committee for National Conference of the Association of College and Research

Libraries, 2009, Seattle, Washington.

Research Committee, Association of College and Research Libraries, ACRL, division of ALA. 2002-

2007, chair, 2005-2007.

Association of Research Libraries, Search and Screen Committee, Executive Director. March – January

2008.

Center for Research Libraries, Board of Directors. April 2006 – April 2012.

Academic Libraries of Indiana, Board of Directors, 2004 – present. Vice-president, 2005-2007.

President, 2007- 2009.
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ALA Representative to the International Federation of Library Associations (IFLA), Marketing and 

Management (M&M) Section, initial term 2003-2007, re-appointed for second term, 2007-2011. 

Invited to represent Research Libraries at the ACRL/3M Wonewok Retreat to assess Marketing of 

Academic Libraries, October 2002. 

Hugh A. Atkinson Award Committee, LAMA Representative, ALA, 2001-2005. 

Program Committee, Library Administrators and Management Association (LAMA), a division of ALA. 

1996-2001.

ACRL, Standards and Accreditation Committee, a division of ALA. Liaison to RBMS Section of 

ACRL. 1997-2002. 

Elected to the Executive Committee of LAMA, LOMS, a division of the American Library Association, 

1998-2000. Nominated as Chair/Elect for 2003 – 2005. 

Columbia University Press Advisory Committee. 1996 - 2000. 

LITA/LAMA Conference Evaluation Committee, Pittsburgh, Pennsylvania, October 1996. 

"New Learning Communities," Coalition for Networked Information, Indianapolis. November 19-21, 

1995. Facilitator for invitational, national conference committed to developing collaborative learning 

and teaching techniques, involving librarians. 

Planning Committee-Evaluation. LITA/LAMA 1996 Conference, Pittsburgh. This first conference, to be 

held jointly between two divisions of ALA, will focus on new technologies within libraries. 

Indiana Cooperative Library Services Authority (InCoLSA), elected to Executive Committee, April 

1991, served as President in 1993-94. InCoLSA is a statewide network of academic, public, school, and 

special libraries that supports library cooperation for cataloging, interlibrary loan, collection 

development and application of new technologies. 

Governor’s Conference on Libraries and Information Services. Served on Planning Committee, 

Academic Libraries Representative, appointed by the Governor to represent academic libraries in 

Indiana, Chair, Finance Committee, April 1989-July 1991. 

Indiana Library Endowment Foundation Board, 1984-92. Charter Member, 1984, President, 1988-1992. 

2004-2005.

University Service: (Summary) 
Served on search and screen committees for senior positions including chancellor, dean, and directors; 

most recently I have been asked to serve on the search committee for the provost of Purdue University. 

At MIT service included the Library Council & appointment to the Administrative Council by President 
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Vest, 2001-2003 & Member of the Faculty Committee on the Library System. At Purdue appointed by 

the President to the Search Committee for the Provost, October 2007 to May 2008; member of the 

Capital Projects Committee, and IT Operational Oversight Committee as senior academic dean, 2008- 

2014.

Global Council, Global Policy Institute, 2012 – 2016. 

Academic Program Excellence and Rankings (APER) project team, 2014. 

Representative of the Academic Deans on the Re-engineering Business Operations, Purdue University, 

2016 –

Academic Deans Council chaired by Provost – 2004 – 2017. 

University Promotion and Tenure Committee – 2006 – 2017. 

"Outstanding Team Award, Electronic Reserve Project," served as Chair, recognition awarded by the 

President of Villanova University to one team who made an outstanding contribution to the operations 

of the University, selected by a committee of administrators, faculty, and staff. Awarded September 9, 

1999.

Nominated for the IUSB Lundquist Award, 1995 & 1996. The Lundquist award is given to faculty who 

have "exhibited excellence in teaching, scholarly or artistic achievement, and diversified relevant 

service..." 
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