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I, Mary K. Bolin, declare as follows:

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

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

3. Attachment A is my full resumé.
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4. I have been retained by counsel for NVIDIA Corporation ( “Petitioner’)
to evaluate, authenticate, and establish the date of public availability of a document
relevant to the above-captioned Petition for Infer Partes Review. For my time
performing this service, I am being paid my usual hourly fee. I have no financial
interest in this action, or affiliation with Petitioner. My compensation is not
dependent upon the outcome of, or my testimony in, this proceeding or any other
proceeding, including before the U.S. Patent Office.

A. Document of Interest

5. The document that is the subject of this Declaration is the following:
Document 1. Oh, Kyoung-Su, and Keechul Jung. “GPU
implementation of neural networks.” Pattern Recognition 37, no. 6
(2004): 1311-1314.

Document 2. Pharr, Matt, and Randima Fernando. GPU Gems 2:
Programming techniques for high-performance graphics and general-
purpose computation (gpu gems). Addison-Wesley Professional, 2005.

B. Methodology

6. I searched for this document in the OCLC database, Google Scholar,
and one or more subscription databases such as I[EEE Xplore and ACM Digital
Library. I also searched the library catalogs of institutions such as the University of

Nebraska—Lincoln and other large research libraries. My goal was to find a record
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in one of these databases that contained a date indicating when the document was
available to the public.

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

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

0. A MARC record comprises several fields, each of which contains
specific data about the work. Each field is identified by a standardized, unique, three-
digit code corresponding to the type of data that follows. For example, a work’s title

is recorded in field 245, the primary author of the work is recorded in field 100, an
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item’s International Standard Book Number (“ISBN”) is recorded in field 020, an
item’s Library of Congress call number is recorded in field 050, and the publication
date is recorded in field 260 or 264 under the subfield “c.” If a work is a periodical,
then its publication frequency is recorded in field 310, and the publication dates (e.g.,
the first and last publication) are recorded in field 362, which is also referred to as
the enumeration/chronology field. The library that created the record is recorded in
field 040 in subfield “a” with a unique library code. When viewing the MARC record
online via OCLC’s Worldshare Record Manager database, hovering over this code
with the mouse reveals the name of the library. I used this method of “mousing over”
the library codes in the OCLC database to identify the originating library for all of
the MARC records in this Declaration, as well as the “display holdings” command
to see a list of libraries that own the item. In the MARC records in the OCLC
Worldshare Record Manager database, MARC field 040 contains the OCLC
symbols of institutions transcribing, creating, and modifying the record.

10. OCLC was created “to establish, maintain and operate a computerized
library network and to promote the evolution of library use, of libraries themselves,
and of librarianship, and to provide processes and products for the benefit of library
users and libraries, including such objectives as increasing availability of library
resources to individual library patrons and reducing the rate of rise of library per-

unit costs, all for the fundamental public purpose of furthering ease of access to and
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use of the ever-expanding body of worldwide scientific, literary and educational
knowledge and information.”! Among other services, OCLC and its members are

responsible for maintaining the WorldCat database (http://www.worldcat.org/),

which is used by independent and institutional libraries throughout the world. OCLC
is the international cooperative to which libraries catalog records and others pay to
access MARC records. The MARC records referenced in this Declaration, extracted
from the OCLC database, were generated in the ordinary course of business. Further,
I personally located and downloaded each of these records associated with the
document on which this Declaration focuses.

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

by a cataloger at an OCLC member institution or is tape-loaded from the Library of

! Third Article, Amended Articles of Incorporation of OCLC Online Computer

Library = Center, Incorporated (available at  http://www.oclc.org/en-

US/membership/councils.html).
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Congress, it is then made available to any other OCLC members online, and,
therefore, made available to the public.

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

13. The date of creation for the MARC record appears in the fixed field
(008), characters 00 through 05. Field 005 is a 16 digit field that records the date
characters yyyymmdd including 4 for the year, 2 for the month, and 2 for the day.
The date entered on file never changes. These dates are automatically supplied by
the OCLC system and cannot be changed by the user. When the MARC record is
created in OCLC, it i1s available throughout the world to other libraries and in
WorldCat, the public version of OCLC Connexion. Thus, the date of creation of the
MARC record by a cataloger at an OCLC member institution reflects when the
underlying item is accessible to the public.

14.  MARC records also include several fields that include subject matter
classification information. An overview of MARC record fields is available through

the Library of Congress.? For example, 6XX fields are termed “Subject Access

2 See http://www.loc.gov/marc/bibliographic/.
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Fields.”*> Among these, for example, is the 650 field, which is the “Subject Added
Entry — Topical Term” field.* The 650 field is a “[s]ubject added entry in which the
entry element is a topical term.” Id. The 650 field entries “are assigned to a
bibliographic record to provide access according to generally accepted thesaurus-
building rules (e.g., Library of Congress Subject Headings (LCSH), Medical Subject
Headings (MeSH)).” Id. Thus, a researcher can easily discover material relevant a
topic of interest with a search using the terms employed in the MARC Fields 6 XX.

15.  For Documents 1 and 2, I performed a search of OCLC (www.oclc.org),

which is a large shared database used by libraries around the world to create and
exchange cataloging data, using MARC format, which is a universal
communications format for that data.

16. Using the records from OCLC, I determined when the record was
created, and which libraries own the item. I then visited the website of the library or
libraries that own the item, searched their library catalog, and determined when the
item was added to the library’s collection.

17. I am familiar with many online catalogs, databases, and search engines.

In preparing for this Declaration, I used authoritative information systems such as

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

4 See http://www.loc.gov/marc/bibliographic/bd650.html.
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the above-mentioned WorldCat (https://www.worldcat.org), the online catalog of

the Library of Congress (https://catalog.loc.gov), shared research databases such as

ResearchGate and CiteSeerX, the online catalog of a number of large research
libraries such as the University of Nebraska—Lincoln, IEEE Xplore, and Google
Scholar search for records. These records are identified and discussed in this
Declaration.

18.  ScienceDirect is a leading online database of scientific and technical
research articles, operated by Elsevier, a major academic publishing company.
Launched in 1997, ScienceDirect provides access to a vast collection of peer-
reviewed journals, book chapters, and conference proceedings across various
disciplines, including life sciences, physical sciences, health sciences, and social
sciences. Skilled researchers have long been aware of ScienceDirect as a key
repository for scholarly articles and could readily locate relevant publications
through its search tools, indexing features, and integration with other research
databases. By 2005, ScienceDirect already offered advanced search features,
including keyword searches, filtering options, and citation tracking, making it a well-
established and widely used tool for researchers and professionals in various
scientific fields.

19. 1 am familiar with the Internet Archive, a digital library formally

certified by the State of California as a public library. Among other services that the
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Internet Archive makes available to the general public, is the Wayback Machine, an
online archive. The Internet Archive’s Wayback Machine service archives webpages
as of a certain capture date to track changes in the web over time. The Internet
Archive has been in operation as a nonprofit library since 1996 and has hosted the
Wayback Machine service since its inception in 2001. I consider the Internet
Archive’s records keeping to be as rigorous and detailed as other formal library
records keeping practices such as MARC records and OCLC records.

C. Opinions Regarding Document 1

20. The following are my opinions with respect to the authenticity and
public availability of Document 1—Oh, Kyoung-Su, and Keechul Jung. “GPU
implementation of neural networks™ (2004).

1. Authentication of Document 1

21. Attachment B is a true and correct copy of Document 1 obtained from
the ScienceDirect database. This attachment is identical to Exhibit 1007 to the
Petition for Inter Partes Review.

22. Attachment C is a PDF of the record of Document 1 on ScienceDirect,
which includes the full text of Document 1, and the context is identical to that of
Exhibit 1007 to the Petition for Inter Partes Review..

23. It is therefore my opinion that Exhibit 1007 to the Petition for Inter

Partes Review is an authentic copy of Document 1.
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2. Public Availability of Document 1

24.  Document 1, on its face, states that it is in Volume 37 of The Journal of
the Pattern Recognition Society on pages 1311-1314, and that it was published in
2004. Att. B at 1. The document states “Received 6 January 2004; accepted 14
January 2004.” It also bears other indicia of publication, such as “© 2004 Pattern
Recognition Society,” “Published by Elsevier Ltd.,” the print ISBN “0031-3203,”
and the DOI (Digital Object Identifier) doi:10.1016/j.patcog.2004.01.013.

Document 1 states that it is “Available at www.ElsevierComputerScience.com,”

which was a website of the publisher.

25.  Attachment C (the PDF of the record of Document 1 on ScienceDirect)
states that the document was “Received 6 January 2004, Accepted 14 January 2004,
Available online 12 April 2004.” Att. C at 1; see also Att. B at 1.

26. Document 1 was cited by many other references in the field by mid-
2005, confirming that it was available before then to the authors of those references,
who would have been persons interested in the art. See Att. D at 5 (Artificial Neural
Network Computation on Graphic Process Units, presented at the International Joint
Conference on Neural Networks in Montreal, Canada, from July 31 to August 4,
2005); Att. E at 1 (Particle Filter on GPUs for Real-Time Tracking, with a PDF
create date of June 18, 2004, see Att. F at 1); Att. G at 8 (Hardware-Accelerated

Template Matching, with a PDF create date of November 19, 2004, see Att. H at 1).
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27. Based on the facts that Document 1 is found in ScienceDirect with an
availability date of April 12, 2004, which is consistent with the markings on the first
page of Document 1, it is my opinion that Document 2 was available in April 2004.

3. Locating Document 1

28. It is my opinion that someone searching for the subject matter of

29 ¢¢

Document 1, including by terms such as “artificial neural network,” “neural
network,” “graphics processing unit,” and/or “GPU” would have been able to locate
Document 2.

29. It is my opinion that someone searching for any of the above terms on
ScienceDirect would have been able to locate Document 2. In the ScienceDirect
database, the user can search by title, abstract, keywords, journal title, and author.
Indeed, and as an example, I searched ScienceDirect to confirm that by merely
searching using keywords, a skilled researcher would be able to retrieve Document
2. By searching articles from 2004 and using the Boolean search (“neural network”
AND “GPU”) in ScienceDirect, I was able to locate Document 2. See Att. 1. Search
tools in ScienceDirect existed around 2005.

30. Thus, it is my opinion that a skilled researcher searching the subject-

matter of Document 1 would have been able to locate this reference prior to

September 25, 2005.
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D. Opinions Regarding Document 2

31. The following are my opinions with respect to the authenticity and
public availability of Document 2—Pharr, Matt, and Randima Fernando. GPU Gems
2: Programming techniques for high-performance graphics and general-purpose
computation (gpu gems). Addison-Wesley Professional, 2005 (also referred to below
as “GPU Gems 2”).

4. Authentication of Document 2

32. Attachment J is a true and correct copy of Document 2, which was
scanned from a copy of GPU Gems 2 that I understand was purchased by counsel
for Petitioner (see Attachment K). I compared the pages of Attachment J to the pages
of the physical copy of GPU Gems 2, and I confirmed that Attachment J is an
accurate and complete scan of GPU Gems 2.

33. I have been informed by counsel and understand that Exhibit 1032
submitted by Petitioner in the /PR proceedings is the same true and correct copy of
Attachment J that I attach to my declaration.

34. It is therefore my opinion that Attachment J (Exhibit 1032 to the
Petition for Inter Partes Review) is an authentic copy of Document 2.

5. Public Availability of Document 2

35. Attachment J shows a copyright date of 2005 and a “First printing” date
of March 2005. It was published by Addison-Wesley, a known and reputable book

publisher.
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36. Attachment L is a PDF of the MARC record for Document 2 from the
UT-Austin library catalog. The creation date is listed as July 18, 2005.

37. Attachment M is a PDF of the MARC record for Document 2 from the
Brigham Young University library catalog. The creation date is listed as July 28,
2005.

38. Based on the facts that Document 2 lists a “First printing” data of March
2005 (Att. J) and MARC records for Document 2 with creation dates of July 18,
2005 (Att. L) and July 28, 2005 (Att. M), it is my opinion that Document 2 was
available in libraries around July 2005.

6. Locating Document 2

39. In my professional experience as a librarian, academic libraries
possessed some form of digital catalog by 2005. A skilled researcher could have
accessed the digital catalogs of libraries such as those at UT-Austin or Brigham
Young University, where Document 2 was located.

40. For example, Document 2 could have been located by searching the
above libraries by some portion of the title (GPU Gems 2: Programming techniques
for high-performance graphics and general-purpose computation) or by searching
the subject headings (from Field 650 of the MARC records) “Computer graphics”

and “Real-time programming.”
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41. Thus, it is my opinion that someone searching for the title or subject
matter of Document 2 would have been able to locate Document 2 around July 2005.
* * *

I hereby declare that all statements made herein of my own knowledge are
true and that all statements made on information and belief are believed to be true;
and further that these statements are made with the knowledge that willful false
statements and the like are punishable by fine, imprisonment, or both, under Section
1001 of Title 18 of the U.S. Code. I state under penalty of perjury under the laws of

the United States of America that the foregoing is true and correct.

Executed this April 22, 2025, in Lincoln, Nebraska.

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

Mary K. Bolin, PhD

Professor Emeritus

University Libraries

University of Nebraska—Lincoln
mbolin2@unl.edu

Lecturer,
School of Information
San José State University

mary.bolin@sjsu.edu

EDUCATION

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

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

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

digitalcommons.unl.edu)

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

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

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

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

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

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

Teaching:
San José State University School of Information:

LIBR 281, Metadata. 2009-

LIBR 248, Introduction to Cataloging and Classification. 2013-

LIBR 202, Information Retrieval. 2008-2013

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

American Library Association

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

Lyrasis

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

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

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

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

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

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

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

SCHOLARSHIP

Refereed Publications:

(Publications available from digitalcommons.unl.edu)

Pytlik Zillig, Brian, and Mary K. Bolin. (Forthcoming 2023).*Visualization of Semantic Primes
in Texts from Early Modern English Drama.” Journal of the Japanese Association for the Digital

Humanities.

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

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

Bolin, Mary K. (2022). Refocusing Academic Libraries through Learning and Discourse: The
Idea of a Library. Oxford, UK: Chandos/Elsevier.
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Bolin, Mary K. (2022). “Metadata, Catalog Systems, Linked Data, and the Evolving ILS.” In:
Sandra Hirsh (Ed.), Information Services Today: An Introduction. 3rd ed. New York: Rowman
and Littlefield.

Wintermute, Harriet E., and Bolin, Mary K. (2018). “Metadata Generators for Backlog
Reduction: Metadata Maker Streamlines Cataloging and Facilitates Transition. 7echnical
Services Quarterly 35(2) doi: https://doi.org/10.1080/07317131.2018.1422879

Bolin, Mary K. (2018). “Metadata, Catalog Systems, Linked Data, and the Evolving ILS.”
In: Sandra Hirsh (Ed.), Information Services Today: An Introduction. 2™ ed. New York: Rowman
and Littlefield.

Bolin Mary K. (2017). The 21-century Academic Library: Global Patterns of Organization and
Discourse. Oxford: Chandos Publishing. (Chandos Information Professional Series)

Bolin, Mary K. (2017). Linguistics and LIS: A Research Agenda.” SLIS Student Research
Journal, 7:1.
Retrieved from http://scholarworks.sjsu.edu/slissrj/vol7/iss1/2

Bolin, Mary K. (2014). "Open Access Web Resources for Library Continuing Education and
Training." In S. Hines (Ed.), Revolutionizing the Development of Library and Information
Professionals: Planning for the Future (pp. 107- 124). Hershey, PA: .
doi:10.4018/978-1-4666-4675-9.ch008.

Bolin, Mary K. (2014). "The Language of Academic Librarianship: The Discourse of Promotion
and Tenure. “Advances in Library Administration and Organization 32.

Bolin, Mary K. "Librarian Status at US Research Universities: Extending the Typology." Journal
of Academic Librarianship 34:4 (September 2008)

Bolin, Mary K. "A Typology of Librarian Status at Land Grant Universities." Journal of
Academic Librarianship, 34: 3 (May 2008)220:230.

Bolin, Mary K. "The Library and the Computer Center: Organizational Patterns at Land Grant
Universities." Journal of Academic Librarianship, 31:1 (2005)

Eckwright, Gail Z. and Mary K. Bolin. "The Hybrid Librarian: The Affinity of Collection
Management with Technical Services and the Organizational Benefits of an Individualized
Assignment." Journal of Academic Librarianship, 27:6 (2001)452:457.
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Bolin, Mary K. "Catalog Design, Catalog Maintenance, Catalog Governance," Library
Collections, Acquisitions, and Technical Services. 24: (2000)53-63.

Bolin, Mary K. "The Collegial Environment and the Functional Organization," Journal of
Library Administration. 29:2(1999):49-61.

Bolin, Mary K. "Cataloging Environmental Impact Statements and Related Documents,"
Resource Sharing and Library Networks. 14:1(1999): 21-40.

Bolin, Mary K. "Waiting for the Electrician or Someone like Him: Client-Centered Technical
Services" Proceedings of the Association of College and Research Libraries National
Conference, Nashville, April 1997.

< http://www.ala.org/Content/ContentGroups/ACRL 1/Nashville 1997 Papers/Bolin.htm >

Grants:

Electronic Theses and Dissertations. Seed Grant from University of Idaho Office of Research,
2002. Co PI with Gail Z. Eckwright. $6500.

Interoperability of Metadata for Thematic Research Collections. Grant to the Center for Digital
Research in the Humanities from the Institute of Museum and Library Services 2005-2008.
Project Team Member.
http://unlcms.unl.edu/cas/center-for-digital-research-in-the-humanities/projects/pages/iom_files/I

OM_Final Narrative Report July 2008.pdf

Other Publications:

Library Philosophy & Practice. Peer-reviewed electronic library science journal. Mary K. Bolin
and Gail Z. Eckwright, founders and editors. http://digitalcommons.unl.edu/libphilprac

Library Science C415, Technical Services for Small Libraries, through Independent Study in
Idaho. 2004.

Library Science C416, Library Services to Rural Libraries, through Independent Study in Idaho.
2004.

Library Science C422, Use of the School Library, through Independent Study in Idaho. Revised
1999.
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Library Science C425/525, Organization and Management of Small Libraries through
Independent Study in Idaho. Revised 2005.

Library Science C427, Library or Media Center Practicum, Independent Study in Idaho. Revised
1999.

Presentations:
Bolin, Mary K. “BibFrame and the MARC Cataloging Environment: an Introduction.” Lyrasis

Webinar, June 16, 2020, August 17, 2021.. Recording available
http://lyrasis.adobeconnect.com/paufo9e0dm30/

Pytlik Zillig, Brian, and Mary K. Bolin. “A Little More than Kin, a Little Less than Kind”: the
Semantic Field Grace in Early Modern English" Poster Session, Text Encoding Initiative
Meeting, Graz, Austria, September 18, 2019

Pytlik Zillig, Brian, and Mary K. Bolin. “Shakespeare and the Enumeration of Semantic Primes.”
Research Paper Presentation, Text Encoding Initiative Meeting, Tokyo, Japan, September 13,
2018

"Library Philosophy and Practice: Creating and Maintaining an Open-Access E-Journal,"
Presentation to UNCL meeting (libraries at campuses of the University of Nebraska), Lincoln,
Nebraska, March 20, 2008.

Presentation to "Thinking outside the Borders" participants on the open-access electronic journal
Library Philosophy and Practice and its role in the international library community. University of
Nebraska—Lincoln Libraries, October 24, 2007

Panel discussion on open access electronic journals. GWLA directors' meeting. Linda K. Hall
Library, Kansas City, Missouri. April 2007.

"Waiting for the Electrician or Someone Like Him: Client-Centered Technical Services."
Association of College and Research Libraries National Conference, Nashville, April 5, 1997.

" 'Some Problems of an Editor": the Idaho Librarian from Manuscript to Published Issue," Joint
Annual Conference of the Idaho Library Association and the Washington Library Association,
Spokane, Washington, April 6, 1995.
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"Automating Idaho's Libraries: a Historical Perspective." Idaho Library Association Annual
Conference, Idaho Falls, October 4, 1990.

"Small Library Management." Idaho Library Association Spring Conference, Lewiston, Idaho,
May 13, 1989.

"No More 'Good Workers': Excellence and Academic Library Classified Staft." Association of
College and Research Libraries 5th Annual Conference, Cincinnati, April 7, 1989.

"Communication to and from Cataloging Departments." Heads of Cataloging Discussion Group,
American Library Association Midwinter Meeting, San Antonio, January 1988.

Discussion Leader at the LAMA (Library Administration and Management) Management
Exchange. American Library Association Annual Meeting, San Francisco, June 1987.

"Staff Turnover." Heads of Cataloging Discussion Group, American Library Association
Midwinter Meeting, Chicago, January 1987.

SELECTED PROFESSIONAL SERVICE

Reviewer. Resources for College Libraries. Linguistics bibliography, Spring 2020.
Peer reviewer for ALISE National Conference presentations, Spring 2020.

Peer reviewer for Journal of Academic Librarianship, 2012-

Peer reviewer for refereed journal, Western Nigerian Journal of Medical Sciences

(http://www.wnjms.org/ ), a publication of Ladoke Akintola University of Technology
(LAUTECH) Teaching Hospital, 2008-

PhD Reviewer for students from Aligarh Muslim University, India, 2010-
Outside reviewer for numerous library faculty promotion and tenure cases in US universities.

University of Nebraska--Lincoln
Chair, University Libraries Faculty, 2018

Faculty Senate Academic Rights and Responsibilities Committee, 2016- Chair, 2018-19
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Faculty Senate — 2004-2008; 2008-2011
Faculty Senate Executive Committee 2004-2008

Academic Planning Committee (APC), 2005-2008; Vice Chair, 2006-2007; Chair,
2007-2008

Aesthetic Review Committee 2006-2007

APC monitor for academic program reviews: Department of Political Science, 2005;
Department of Educational Psychology 2006
Pacific Northwest Library Association:
Editor, PNLA Quarterly, December 2002-December 2013

Idaho Library Association:

Editor, The Idaho Librarian, September 1990-January 1996
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Abstract

Graphics processing unit (GPU) is used for a faster artificial neural network. It is used to implement the matrix multiplication
of a neural network to enhance the time performance of a text detection system. Preliminary results produced a 20-fold
performance enhancement using an ATI RADEON 9700 PRO board. The parallelism of a GPU is fully utilized by accumulating
a lot of input feature vectors and weight vectors, then converting the many inner-product operations into one matrix operation.
Further research areas include benchmarking the performance with various hardware and GPU-aware learning algorithms.

© 2004 Pattern Recognition Society. Published by Elsevier Ltd. All rights reserved.

Keywords: Graphics processing unit(GPU); Neural network(NN); Multi-layer perceptron; Text detection

1. Introduction

Recently graphics hardware has become increasingly
competitive as regards speed, programmability, and price.
Besides, graphics processing units (GPUs) have already
been used to implement many algorithms in various areas,
including computational geometry, scientific computa-
tion, and image processing, as well as computer graphics
[1,2].

In the case of using a neural network (NN) for image
processing and pattern recognition, the main problem is the
computational complexity in the testing stage, which ac-
counts for most of the processing time. Moreover, NN-based
image convolution has to exhaustively scan an input im-
age in order to process an entire image [3]. Although an
NN can be simulated using software, many potential NN
applications require real-time processing, which means
fully parallel specially designed hardware implementations,
such as an FPGA-based realization of an NN. However,
this is somewhat expensive and involves extra design
overheads [4].

* Corresponding author. Tel.: +82-2-828-7260;
Fax: +82-2-822-3622.
E-mail addresses: oks@ssu.ac.kr (K.-S. Oh), kcjung@ssu.ac.kr
(K. Jung).

Accordingly, the current paper presents a faster NN us-
ing common graphics hardware GPU. Although no graph-
ics hardware is dedicated to NN computation, it can still be
adapted to many pattern recognition problems with an inex-
pensive and minimal hardware overhead. The essential oper-
ation in an NN is the inner-product between a weight vector
and an input vector in each layer. Therefore, to utilize the
parallelism of a GPU, lots of input feature vectors and weight
vectors are accumulated, then the many inner-product op-
erations are converted into one matrix operation. As such,
‘multiplication’ and a ‘non-linear threshold function, such
as a sigmoid’ can be effectively implemented using the ver-
tex shader and pixel shader in a GPU.

2. Neural network architecture

An artificial neural network, usually referred to as ‘neural
network’, is based on the concept of the workings of the
human brain. There are many different types of NN, with the
more popular being a multilayer perceptron, learning vector
quantization, radial basis function, Hopfield, and Kohonen.

The current study focuses on using a GPU to implement
a multilayer perceptron, which is usually fully connected
between adjacent layers. The input layer receives the in-
put features of a given application. Although the network

0031-3203/$30.00 © 2004 Pattern Recognition Society. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.patcog.2004.01.013

NVIDIA Ex1023
Page B-2


mailto:oks@ssu.ac.kr
mailto:kcjung@ssu.ac.kr

1312 K.-S. Oh, K. Jung/ Pattern Recognition 37 (2004) 1311-1314

structure can vary as regards the number of layers, number of
nodes in each layer, and input mask size, each layer performs
the same inner-product operation between the given input
vectors and the weight vectors, followed by a non-linear
function. Moreover, many inner-product operations can be
replaced with a matrix multiplication, which is more appro-
priate for GPU implementation.

3. GPU processing

Graphics hardware has only been used for rendering
within the last few decades, however, its extended capabil-
ities in supporting complex operations have also become
useful in non-graphics applications. In particular, the advent
of a programmable vertex shader and pixel shader enables
flexible functions for general computation. Since GPUs are
designed for high-performance rendering where repeated
operations are common, they are more effective in utilizing
parallelism and more pipelined than general purpose CPUs.
Therefore, in areas where repeated operations are common,
a GPU can produce a better performance than a CPU.

The mechanism of general computation using a GPU is
as follows. The input is transferred to the GPU as textures
or vertex values. The computation is then performed by the
vertex shader and pixel shader during a number of rendering
passes. The vertex shader performs a routine for every ver-
tex that involves computing its position, color, and texture
coordinates, while the pixel shader is performed for every
pixel covered by polygons and outputs the color of the pixel.

As described above, the inner-product operation for each
layer of an NN can be replaced with a matrix multiplication
based on accumulating the input vectors and weight vec-
tors. As such, the computation-per-layer can be written as
follows:

wii Wiz Wiz ... Wiy 4
w21 Wy o W23 ... Wiy /%)

W= — ,
wMmi Wm2 WMz ... WumN W
X1 X X;3o ... XL
X21 X2 X3 ... X
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XN1 XN2 XN3 XNL

=[x X X - X,

by by by ... b
b2 b2 bz cee b2

B= , (1)
bu by by ... by
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+
bM bu bM .. bM
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where w;; denotes the weight at the connection between the
ith node of the output layer and the jth node of the input
layer, M is the number of nodes in the output layer, and N
is the number of nodes in the input layer. In addition, x;;
is the ith feature value of the jth input vector and b; is the
bias term for the ith output node from L input vectors. The
final result R;; is the output of the ith output node for the
jth input vector.

The above computation comprises of a matrix multiplica-
tion followed by a bias factor addition and sigmoid opera-
tion. The matrix multiplication is explained first. The method
proposed by Moravanszky [1] is used to implement the ma-
trix multiplication. The two matrices are converted into tex-
tures, denoted by texture 7 and texture X, then the matrix
multiplication is performed by rendering. A rectangle is ren-
dered to cover the whole screen. The vertex shader outputs
the position and texture coordinates for each vertex of the
rectangle, where each vertex has two texture coordinates:
one for the row of texture W and the other for the column
of texture X. For example, the upper left vertex will have
the texture coordinates of the first row of texture W and the
first column of texture X, while the upper right vertex will
have the texture coordinates of the first row of texture W
and the last column of texture X, and so on. As a result of
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Fig. 1. Overview of matrix multiplication using GPU.

the vertex shader, every pixel (7, ) has texture coordinates
corresponding to the ith row of ' and the jth column of X.
The pixel shader then performs the inner-product between
the row of W and the column of X specified by the texture
coordinates. Fig. 1 shows an example of matrix multiplica-
tion using a GPU. The number of rendering passes required
for matrix multiplication depends on the capability of the
GPU, including the number of pixel shader operations and
number of texture load operations.

The bias term addition and sigmoid operation can be per-
formed in one rendering pass. The bias texture and texture
that contains the result of the matrix multiplication, texture
W x X, are set as the active texture. The vertex shader then
outputs a full-screen rectangle as before. Each vertex’s tex-
ture coordinate for the texture W x X correspond to its
position. For example, the upper left vertex has the texture
coordinate (0,0), while the texture coordinate for the upper
right vertex is (1,0). As the bias term is identical for one
row, the bias term matrix is one-dimensional and the bias
texture coordinates for each vertex correspond to its vertical
position. The pixel shader adds two textures and performs a
sigmoid operation.

If there is more than one layer in an NN, the above pro-
cedure is repeated for each layer. The result of the previous
layer is saved in the form of a render target texture, which
is then used as an input for the next layer. Note that, even
though an NN may have multiple layers, the GPU can per-
form all the operations after texture creation.

4. Application to pattern recognition

Recently, researchers have attempted text-based retrieval
of image and video data using several image processing

techniques [3]. As such, an automatic text detection algo-
rithm for image data and video documents is important as
a preprocessing stage for optical character recognition, and
an NN-based text detection method has several advantages
over other methods [3].

Therefore, this paper briefly describes such a text detec-
tion method, and readers are referred to the author’s previous
publication for more details [3]. In the proposed method, an
NN is used to classify the pixels of input images, whereby
the feature extraction and pattern recognition stage are inte-
grated in the neural network. The NN then examines local
regions looking for text pixels that may be contained in a
text region. Therefore, an M x M pixel region in the im-
age is received as the input and a classified image is gen-
erated as the output. After the pattern passes the network,
the value of the output node is compared with a threshold
value and the class of each pixel determined, resulting in a
classified image. GPU-based pipelining processing is used
to reduce the processing time, and the GPU’s performance
is maximized by accumulating a large number of input vec-
tors! to create a two-dimensional texture. The input layer
then receives the grey values for the pixels at predefined po-
sitions inside an M x M window over the input image. Ex-
periments were conducted using an 11 x 11 input window
size, with the number of nodes in each hidden layer set at
30. As a result, the processing time for pixel classification
was significantly reduced using a GPU. Fig. 2(b) shows the
pixel classification result for the left input image, where a
black pixel denotes a text pixel. The classification using a
GPU produced almost the same result as without a GPU.

!t is dependent on the GPU configuration. The maximum tex-
ture size of an ATI RADEON 9700 PRO board is 2048.
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Fig. 2. Experimental Results: (a) test image, (b) result of MLP with GPU.

Table 1
Processing times per elementary operations

Texture creation Matrix multiplication Sigmoid
GPU  0.469000 0.030000 0.031000
CPU 11.743

As shown in Table 1, we get a 20-fold performance enhance-
ment using an ATI RADEON 9700 PRO board compared
to CPU-only processing.
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Abstract

Graphics processing unit (GPU) is used for a faster artificial neural network. It is used to implement the matrix multiplication of a neural network to
enhance the time performance of a text detection system. Preliminary results produced a 20-fold performance enhancement using an ATI RADEON
9700 PRO board. The parallelism of a GPU is fully utilized by accumulating a lot of input feature vectors and weight vectors, then converting the
many inner-product operations into one matrix operation. Further research areas include benchmarking the performance with various hardware

and GPU-aware learning algorithms.

< | Previous Next

Keywords

Graphics processing unit(GPU); Neural network(NN); Multi-layer perceptron; Text detection

1. Introduction

Recently graphics hardware has become increasingly competitive as regards speed, programmability, and price. Besides, graphics processing units
(GPUs) have already been used to implement many algorithms in various areas, including computational geometry, scientific computation, and

image processing, as well as computer graphics [1], [2].

In the case of using a neural network (NN) for image processing and pattern recognition, the main problem is the computational complexity in the
testing stage, which accounts for most of the processing time. Moreover, NN-based image convolution has to exhaustively scan an input image in
order to process an entire image [3]. Although an NN can be simulated using software, many potential NN applications require real-time processing,
which means fully parallel specially designed hardware implementations, such as an FPGA-based realization of an NN. However, this is somewhat

expensive and involves extra design overheads [4].

Accordingly, the current paper presents a faster NN using common graphics hardware GPU. Although no graphics hardware is dedicated to NN
computation, it can still be adapted to many pattern recognition problems with an inexpensive and minimal hardware overhead. The essential
operation in an NN is the inner-product between a weight vector and an input vector in each layer. Therefore, to utilize the parallelism of a GPU, lots
of input feature vectors and weight vectors are accumulated, then the many inner-product operations are converted into one matrix operation. As
such, ‘multiplication’ and a ‘non-linear threshold function, such as a sigmoid’ can be effectively implemented using the vertex shader and pixel
shader in a GPU.

2. Neural network architecture
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An artificial neural network, usually referred to as ‘neural network’, is based on the concept of the workings of the human brain. There are many
different types of NN, with the more popular being a multilayer perceptron, learning vector quantization, radial basis function, Hopfield, and
Kohonen.

The current study focuses on using a GPU to implement a multilayer perceptron, which is usually fully connected between adjacent layers. The input
layer receives the input features of a given application. Although the network structure can vary as regards the number of layers, number of nodes in
each layer, and input mask size, each layer performs the same inner-product operation between the given input vectors and the weight vectors,
followed by a non-linear function. Moreover, many inner-product operations can be replaced with a matrix multiplication, which is more

appropriate for GPU implementation.

3. GPU processing

Graphics hardware has only been used for rendering within the last few decades, however, its extended capabilities in supporting complex
operations have also become useful in non-graphics applications. In particular, the advent of a programmable vertex shader and pixel shader
enables flexible functions for general computation. Since GPUs are designed for high-performance rendering where repeated operations are
common, they are more effective in utilizing parallelism and more pipelined than general purpose CPUs. Therefore, in areas where repeated

operations are common, a GPU can produce a better performance than a CPU.

The mechanism of general computation using a GPU is as follows. The input is transferred to the GPU as textures or vertex values. The computation
is then performed by the vertex shader and pixel shader during a number of rendering passes. The vertex shader performs a routine for every vertex
that involves computing its position, color, and texture coordinates, while the pixel shader is performed for every pixel covered by polygons and
outputs the color of the pixel.

As described above, the inner-product operation for each layer of an NN can be replaced with a matrix multiplication based on accumulating the

input vectors and weight vectors. As such, the computation-per-layer can be written as follows:

@
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where w;; denotes the weight at the connection between the ith node of the output layer and the jth node of the input layer, M is the number of nodes
in the output layer, and N is the number of nodes in the input layer. In addition, x;; is the ith feature value of the jth input vector and b; is the bias

term for the ith output node from L input vectors. The final result R;; is the output of the ith output node for the jth input vector.

The above computation comprises of a matrix multiplication followed by a bias factor addition and sigmoid operation. The matrix multiplication is
explained first. The method proposed by Moravanszky [1] is used to implement the matrix multiplication. The two matrices are converted into
textures, denoted by texture W and texture X, then the matrix multiplication is performed by rendering. A rectangle is rendered to cover the whole
screen. The vertex shader outputs the position and texture coordinates for each vertex of the rectangle, where each vertex has two texture
coordinates: one for the row of texture W and the other for the column of texture X. For example, the upper left vertex will have the texture
coordinates of the first row of texture W and the first column of texture X, while the upper right vertex will have the texture coordinates of the first
row of texture W and the last column of texture X, and so on. As a result of the vertex shader, every pixel (i,/) has texture coordinates corresponding
to the ith row of W and the jth column of X. The pixel shader then performs the inner-product between the row of W and the column of X specified
by the texture coordinates. Fig. 1 shows an example of matrix multiplication using a GPU. The number of rendering passes required for matrix

multiplication depends on the capability of the GPU, including the number of pixel shader operations and number of texture load operations.
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Fig. 1. Overview of matrix multiplication using GPU.
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The bias term addition and sigmoid operation can be performed in one rendering pass. The bias texture and texture that contains the result of the
matrix multiplication, texture WxX, are set as the active texture. The vertex shader then outputs a full-screen rectangle as before. Each vertex's
texture coordinate for the texture WxX correspond to its position. For example, the upper left vertex has the texture coordinate (0,0), while the
texture coordinate for the upper right vertex is (1,0). As the bias term is identical for one row, the bias term matrix is one-dimensional and the bias

texture coordinates for each vertex correspond to its vertical position. The pixel shader adds two textures and performs a sigmoid operation.

If there is more than one layer in an NN, the above procedure is repeated for each layer. The result of the previous layer is saved in the form of a
render target texture, which is then used as an input for the next layer. Note that, even though an NN may have multiple layers, the GPU can

perform all the operations after texture creation.

4. Application to pattern recognition

Recently, researchers have attempted text-based retrieval of image and video data using several image processing techniques [3]. As such, an
automatic text detection algorithm for image data and video documents is important as a preprocessing stage for optical character recognition, and
an NN-based text detection method has several advantages over other methods [3].

Therefore, this paper briefly describes such a text detection method, and readers are referred to the author's previous publication for more details
[3]. In the proposed method, an NN is used to classify the pixels of input images, whereby the feature extraction and pattern recognition stage are
integrated in the neural network. The NN then examines local regions looking for text pixels that may be contained in a text region. Therefore, an
MxM pixel region in the image is received as the input and a classified image is generated as the output. After the pattern passes the network, the
value of the output node is compared with a threshold value and the class of each pixel determined, resulting in a classified image. GPU-based
pipelining processing is used to reduce the processing time, and the GPU's performance is maximized by accumulating a large number of input
vectors' to create a two-dimensional texture. The input layer then receives the grey values for the pixels at predefined positions inside an MxM
window over the input image. Experiments were conducted using an 11x11 input window size, with the number of nodes in each hidden layer set at
30. As a result, the processing time for pixel classification was significantly reduced using a GPU. Fig. 2(b) shows the pixel classification result for
the left input image, where a black pixel denotes a text pixel. The classification using a GPU produced almost the same result as without a GPU. As

shown in Table 1, we get a 20-fold performance enhancement using an ATI RADEON 9700 PRO board compared to CPU-only processing.
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Fig. 2. Experimental Results: (a) test image, (b) result of MLP with GPU.

Table 1. Processing times per elementary operations

Texture creation Matrix multiplication Sigmoid
GPU 0.469000 0.030000 0.031000
CPU 11.743
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Abstract

Artificial Neural Network (ANN) is widely used in pattern
recognition related area. In some case, the computational load
is very heavy, in other case, real time process is required. So
there is a need to apply a parallel algorithm on it, and usually
the computation for ANN is inherently parallel. In this paper,

graphic hardware is used to speed up the computation of ANN.

In recent years, graphic processing unit (GPU) grows faster
than CPU. Graphic hardware venders provide
programmability on GPU. In this paper, application of
commodity available GPU for two kinds of ANN models was
explored. One is the self-organizing maps (SOM); the other is
multi layer perceptron (MLP). The computation result shows
that ANN computing on GPU is much faster than on standard
CPU when the neural network is large. And some design rules
for improve the efficiency on GPU are given.

Keywords: Graphic Process Unit; ANN; SOM; MLP
I. INTRODUCTION

Artificial neural network is widely used in classification
and pattern recognition. In this paper, two kinds of ANN,
self-organizing maps (SOM) ' and multi layer perceptron
(MLP), are implemented on graphic hardware for speed up
the computation.

MLP is a very simple neural network, the process is
linear with one input layer, several hidden layer, and an
output layer. It is usually trained by back propagation (BP)
algorithm. SOM consists of one layer of n-dimensional
units (neurons). It is fully connected with the network input.
Additionally, there exist lateral connections through which
a topological structure is imposed. For the standard model,
the topology is a regular two-dimensional map instantiated
by connections between each unit and its direct neighbors.

For relative works, Kyoung-Su Oh et al.”} implement
an GPU based MLP for classify the text area in a image,
and give an almost 20 time speed up over CPU. Thomas

0-7803-9048-2/05/$20.00 ©2005 IEEE

Rolfes”! gives an artificial neural network implementation
using a GPU-based BLAS level 3 style single-precisions
general matrix-matrix product. Bohn!* describes an SOM
calculation method based on OpenGL hardware speed-up
on SGI workstation, which inspired our work to further
deploy the possibility to implement ANN calculation based
on PC commodity graphic hardware.

In recent years, the graphic hardware performance is
doubled every 12 months which is much faster than CPU’s
performance increase speed which is doubled every 18
months. And GPU vendors had make programmability on
GPU, which make it possible for implement general-
purpose computation.

In this paper, two kinds of ANN computation on GPU
are given. In section 2, SOM computation model and
implementation on graphic hardware is discussed. In
section 3, MLP computation model and implementation on
GPU is discussed. In section 4, the computation result and
comparison are given for both CPU and GPU. In section 5,
some of the design details and lessons we learned during
implementation are given. In section 6, conclusion and
some future works are given.

1. COMPUTATIONAL MODEL AND IMPLEMENT
METHOD FOR SOM

A. The SOM Computational Model

The SOM takes a two-step computation: search for the best
matching unit (BMU) and modify the map according to a
distance function of the lateral connections. Usually, the
Euclid distance is chosen as similarity measure method.
The calculation formula takes as follow:

| Wo—&ll <l Wi=&]| forany i (1

Modify the unit value regarding a distance function of the
lateral connections as follow.

winew=wiold_ SQ(rb,ri)*(inId‘ &) [2]
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As Bohn described, three OpenGLP! extension functions
are needed, they are blending, glColorMatrix and
glminmax. These functions are fully support by SGI
workstation, but only partially supported by PC graphic
hardware. So it is difficult to fully implement SOM on
OpenGL. Fortunately, current GPU provide more
programmability, which makes it possible for implement
the SOM calculation on GPU.

B. SOM Implementation on Programmable GPU

As discussed in the previous part, not all OpenGL functions
supported by SGI workstation are supported by PC
commodity graphic hardware. But recently, graphic
hardware vendors provide programmability and some high-
level program language!®”!. This kind of programmability is
at a lower level than OpenGL, and is more powerful than
fixed OpenGL function. In this implementation, Cg ! (C
for graphic) is chosen as developing environment.

As described in previous part, the calculation contains
two steps. The first is finding the best matching unit, and
the second is adjusting the value according to the distance
from BMU.

For finding the BMU, two steps are needed. In the first
step, similarity measurement is calculated; in the second
step, the minimum values which represent the BMU are
found and located. The similarity computation code for
GPU takes as follow:

Half 4 temp= tex2D(texture,coords) -intrain;

c.x = dot(temp,temp);

c.yz= coords.xy;

The first two sentences calculate the square of Euclid
distance of two vectors, the third sentence save the unit
coordinate, which will be used late for locating the best
match unit.

The main difficulty in Cg computation comes from
finding the minimum value and determination its location,
for there is no global variable in Cg environment. We use a
multipass method to calculate it. Our scheme shows as Fig
1. In each pass we find the minimum value of four units
show as colored and save the result in a small size texture.
After some step, the size decrease to 1, and we can get the
minimum value and its location.

After 'get BMU, we can adjust the self-organize map
according to equation [2].

III. MLP FOR REAL TIME BALL RECOGNIZING IN
FIRA SOCCER ROBOT

A. Background

Currently, there are two main world soccer-robot
competition, one is RoboCup', the other is FIRA!". In
both case, Object are identified by their unique color. But in
the near future, these color cues may be removed, so new
vision algorithms based on model are needed to cope with
the situation. The model based algorithm for finding ball

Origin Data( Texture)
31 41 59 | 26 | 33 38 | 97 43
23 84 | 64 | 37 | 83 | 33 | 52 | 95
25 3 88 16 | 41 93 | 49 | 34 a
1™ Pass

2 31 28 61 74 | 83 | 94 | 43
21 36 | 39 | 61 52 3519 39 27 | 33 9 26 ai

27 Pass
32148 | 26 | 46 | 33 83 | 47 59
23 38 4179 26 |39 |79 ] 73 5
12 3 28 | 91 4 1 75 | 53 62 3

Fig. 1: Scheme for find the minimum value
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and non-ball location will discussed below.

R -

Fig 2. An image from FIRA SimuroSot

s

Fig2 shows an image taken from FIRA robot soccer
5vs5 simulator. Our task is to develop a model to recognize
the ball, and then using this model to recognize the ball in
real time.

For each location, the characters are calculated
considering the color value at a small area around the
location. The area radius takes as 7, which is shown in Fig

~

2,

Fig 3. region for character calculation

Seven parameters are selected as characters of the ball.
There are 3 average value of the colors red, green and blue
around the concerning position:

/ 49

303
mean,\‘,_v = Z Zc.\'+1,_v+_/
3 standard deviation of the colors red green and blue:

i==3 j=-3

624

3

deltany = Z i(cxw,yf/ —meanx,_v)z 48

i==3 j=-3
And the luminance:

luminance=r + g +b

B.Computational Model of MLP

Three layer MLP neural network is selected to recognize
the ball. The input layer consists of seven nodes for seven
characters. The hidden layer consists of three nodes, and the
output layer consists of just one node. Back propagation
method was chosen to train the network.

The train set takes as follow. 16 locations are selected
from each of 10 robot cars, 4 locations are selected from
center of ball, and one location is selected from background
field. Totally, 165 locations are selected as the train set. For
each selected location, seven characters are calculated and
take as an element of the train set.

The trained MLP is used to recognize and trace the
ball in real time.

There are two main computation steps for MLP used
as the classification machine. The first one is matrix
multiplication:

net=wex+b

(3]

The second one is sigmoid function calculation:

o(net) = [4]

—net

l+e

As for the determination of ball on robot soccer, the MLP
calculation was applied on each point in the play ground.
And MLP was used to distinguish between ball and non-
ball position.

C. MLP Implementation on Graphic Hardware

Current GPU has a limited instruction length and a limited
number of temporary variables for calculation at each
location. So multipass is needed for complex problem. For
MLP discussed in this section, three passes are performed.
In the first pass, average values of three color and
luminance are calculated. In the second pass, the standard
deviations of the three colors are calculated. In the third
pass, classification result is got from MLP calculation on
the characteristic.
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In this calculation, we use a new Nvidia’s GF6000
serious graphic hardware. The reason is that the ATI’s GPU
supports very few numbers of operations in each pass; so
more passes are need for MLP calculation. Old Nvidia’s
GPU does not support fully float texture, which is crucial
for the precision of result.

[V. RESULTS AND DISCUSSION

The environment for CPU computing is INTEL P4 2.4G.
Based on this PC, ATI 9550 and Nvidia GF5700 GPU are
used for SOM computing, Nvidia GF6200 GPU is used for
MLP computing.

A. CPU and GPU Train Time for SOM and Discussion

Usually the train process for self organize map is time
consuming when the map is large enough. So there is a
need to speed up the training procedure. For our test
problem, 80 data are chosen for training the SOM and
average time for the computation on CPU and GPU can be
reached. The result is shown in Fig 4.

3000
2000
1000
0 —
128128 | 256%256 | 5124512
——EPT fus 122 500 2000
—8—CPUA fms | 211 244 511
GPUN /ms| 104 256 900

Fig. 4: SOM train computing time on GPU and CPU

The result shows that GPU based implementation is
faster than CPU, especially for large self organize map. As
map size increase, the computation time on GPU increase
slowly than that on CPU. And different GPU had different
result, for Nvidia’s GPU, it takes the least time for small
size SOM like 128*128, but for ATI’s GPU it takes the
least time for larger size SOM like 256*256. The difference
may come from vendor’s hardware implementation. The
result shows that ATI’s graphic card takes more time for
the compile of program and the code is better optimized so
computation time decrease with more data, but Nvidia’s
graphic card takes less time for compile and takes more
time to computing.

B. MLP Computation Time for CPU and GPU

The application of MLP in this paper is to trace the ball in
robot soccer in real time. The result is shown in table 1.

625

The result shows that GPU based MLP computation is
about 200 times faster than that of CPU. And the result also
shows that GPU computation is fast enough for the locating
of the ball in real time.

TABLE I: MLP COMPUTATION ON CPU AND GPU.
CPU /ms 11328
GPUN /ms 46

~

J

V. SOME IMPLEMENTATION DETAILS AND
LESSONS

To increase the efficiency, some basic rule should obey.
The main rules are given below.

First, create the GPU hardware program only once and
enable it when it is needed. The reason is that when a new
program is created, it will be compiled by Cg, which is time
consuming.

Second, if possible, do one’s best to decrease the
calculation passes. For computation scheme described in
section 2.2, the main bottleneck is at finding minimum
procedure. The test shows that the bottleneck comes from
multi-pass used in finding minimum procedure. Table 2
shows result for different scheme of finding the minimum.
To decrease the pass, we make two changes, the first is to
combine the value calculation with one pass of find
minimum, and the second is to combine two pass of find
minimum computation into one pass. Instead of calculate 4
units, 16 units are calculated. GPUA represent calculation
on ATI graphic card and GPUN represent the calculation on
NVIDIA graphic card. The performance increase is clear,
especially for Nvidia’s graphic card.

TABLE II: COMPARISON BETWEEN MORE AND FEW PASS

KFM size 128*128 | 256%256 | 512*512
GPUA more | 366 400 533
pass /ms

GPUA few pass | 211 244 511

/ms

GPUN more | 190 640 2889
pass /ms

GPUN few pass | 104 256 900
/ms

Third, do best to decrease the data exchange between CPU
and GPU. Usually OpenGL’s PBuffer are used to save the
intermediate result in a texture on GPU and reuse it as an
input data. Harris®®! had created a class called “Render to
Texture” to easy the use of PBuffer. We had used this class
in our program.

Fourth, hardware from different venders usually has
different property. So if one implementation is not work at
one kind of hardware, try another implementation. For
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example, in the calculation of minimum value, firstly we
use the following code:

c=tex2D(texture,coords).x<tex2D(texture,coords+half
2(0,offset)).x? tex2D(texture,coords) :
tex2D(texture,coords+half2(0,offset));

Which can give the correct result in ATI card, but can not
get correct result in an Nvidia’s card, we think that the
inner parallel schemes makes the difference. To work
around it, the above sentence is changed to the following
logical equivalent one:

half4 c=tex2D(tex,coords);
if (c.x>tex2D(tex,coords+half2(0,half_side)).x)
c=tex2D(tex,coords+half2(0,half side));
Then the result is correct for both graphic cards.
VI. CONCLUSION

In this paper, implementation for two ANN models on
graphic hardware is given. Inherent parallelism of
commodity graphic hardware is used to accelerate the
computation of ANN. The result shows that GPU is capable
for some of ANN calculation, the graphic hardware make it
possible for an increasing performance/cost ratio on the
area of large size ANN computation.

Compared to Bohn’s initial computation on SGI
workstation, our implementation has two benefits. One is
our calculation is more precise, for we had use the float
point computing. The other is that we only use a
commodity available graphic card, which is much more

easily available than SGI workstation so can be widely used.

The implementation on graphic hardware introduce in
this paper has other implicit benefit too. For the SOM
computing, a multi-texture or 3-D texture can be used to
store the map and make more general SOM computing
without the restriction of the vector length of 4. For the
MLP used in robot soccer, some graphic hardware have
“video in” function, using this kind of graphic hardware;
image information can be retrieved directly from camera
and store on graphic memory, and don’t need to transfer
data between CPU and GPU, which will speed the process.

We can also do other general ANN computation on
GPU, because GPU provide almost all arithmetic operation,
logic operation and some important mathematic function.
And for the application of neural network on images, it is
more naive to make such computing on a graphic hardware.

For future works, one is to make other kinds of ANN
computation on GPU. The other is to further deploy the

626

MLP on more real situation of robot soccer, which include
select better parameter and use faster algorithm on GPU.
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Particle Filter on GPUs for Real-Time Tracking
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Efficient object tracking is required by many Computer Vision ap- ) EEEEFQHQ
plication areas like surveillance or robotics. It deals with state- )@ o 4 T O T
space variables estimation of interesting features in image se- ) QCEEDDUH
qguences and their future prediction. Probabilistic algorithms has ) gsagaaag
been widely applied to tracking. These methods take advantage of ‘ Fragment Program

knowledge about previous states of the system reducing the compu-
tational cost of an exhaustive search over the whole image. In this
framework, posterior probability density function (pdf) of the state
is estimated in two stages: prediction and update. General particle
filters are based on discrete representations of probability densities
and can be applied to any state-space model [Arulampalam et al.
2002]. Discrete particlegof a set(X, M) = {0, 70)... (¢, 78¥) }

in time stept, contains information about one possmle state of the
systemx! and its importance weightf. In a practical approach,
particle weights computation is the most expensive stage of the par-
ticle filter algorithm, and it has to be executed at each time step for
every particle [Deutscher et al. 2000].

Measurement process

PRED

o]
(XetN)

i ™

Image
sequence

Data input 1

Figurel: Hybrid GPU/CPU patrticle filter scheme.

Consumegraphics processing units (GPU) have become inexpen-
sive and programmable stream processors. Their programmable
capabilities have drastically grown and this has helped the devel-

opment of applications far beyond rendering purposes. ) ) )
Next, we get the rendering results to proceed with the following

In this work, we have designed and implemented a preliminary real- stages of the particle filter. The particle with the maximum weight
time particle filter algorithm that makes use of a GPU to execute the x"® s selected as best candidate for the state of the system in the
algorlthm 'S main performance bottleneck. Our strategy uses a tex-jteration. A new part|c|e Set)q* N— 1) at t|met is created by se-

ture multiplication for reducing the computational efforts generated lecting individuals from, with probabllltlesq _We use a roulette
byﬂ?tﬁequerlu(tla}l egiluat(ljo‘]n Tglgovl\llork plr_ezetntéFs)(L)Jme si'm'la”tt'e_s wheel as selection strategy. Since particles with larger weight val-
wi e work of [Oh and Jung 1applied to Implementa- o5 can be chosen several times, a Gaussian diffusion stage is ap-

tion of neural networks. plied to avoid loss of diversity. Finally, particle set at time 1,
(X%-1,N~1), is predicted by using an appropriate motion model.

2 Exposition
3 Conclusion

Figure 1 outlines an iteration of the particle filter algorithm. The
performance of the filter has been tested on a rolling ball sequence.A preliminary real-time particle filter that exploits the intrinsic par-
The actual frame of the sequence is loaded into main memory andallelism of GPUs architecture has been implemented. As future
N samples are taken usirg,y) coordinates stored in each parti-  works we propose comparisons between GPU and optimized CPU
cle. In the first iteration this sampling is randomly generated from a implementations. Also it would be very interesting to study related
uniform pdf. In a measurement procéésquare windows are cap-  realistic applications of this GPU particle filter framework such as
tured from the image using the coordinates given by the previous articulated motion and multiple object tracking.

sampling stage. These windows are arranged and loaded in a first

texture unit fex0). In another oneTex1) a tracked shape template
is loaded. This template consistsfrepeated instances with the

same size and spatial distribution of the target shape. References

Particle weights computation is based on a template matchlng aP-ARULAMPALAM , S., MASKELL, S., GORDON, N., AND CLAPP,
proach although we have previously sampled the original image at™ "+ "5005 A tutorial on particle filters for on-line nonlinear/non-

dlscret.e locations !nstead of perfqrmlng an exhaustive seqrch Inor- gaussian bayesian trackingEEE Trans. on Signal Processing
der to improve weights computation a fragment program is created 50. 2 174-188.

to carry out an effective hardware accelerated texture multiplica-

tion. The overlapping of both textures results the likelihood of a DEUTSCHER J., BLAKE, A., AND REID, |. 2000. Articulated
template given a measure. As we have chosen square regions for body motion capture by annealed particle filtering. Piroc. of
each measurement a mipmap reduction is accomplished to get an the IEEE Conf. on CVPRvol. 2, 126-133.

estimation of the particle weights:,‘I in each pixel position. OH, K.-S., AND JUNG, K. 2004. Gpu implementation of neural

networks.Pattern Recognition 371311-1314.
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Abstract. In the last decade, consumer graphics cards have increased
their power because of the computer games industry. These cards are
now programmable and capable of processing huge amounts of data in a
SIMD fashion. In this work, we propose an alternative implementation of
a very intuitive and well known 2D template matching, where the most
computationally expensive task is accomplished by the graphics hard-
ware processor. This computation approach is not new, but in this work
we resume the method step-by-step to better understand the underly-
ing complexity. Experimental results show an extraordinary performance
trade-off, even working with obsolete hardware.

1 Introduction

Object recognition problems are described as a labeling problem based on models
of known objects [1]. Template matching is a very well known feature detection
technique used in low level Image Processing and Computer Vision tasks, such
as object recognition and tracking. As an image matching technique it compares
portions of images against one another [2]. Many kind of implementations have
been proposed, although the most basic one is related to the cross-correlation
computation in order to compare the image and a pattern using a distance
measure.

The template matching calculation involves a pixel by pixel analysis of the
template into an image portion, evaluating every location of the target image. In
a generalized approach template matching should be invariant under scale and
rotation transformations. As a consequence, this technique is computationally
very expensive.

Computer graphics have been very popular during the last two decades for
the rapid expansion of computer generated special effects in films, multimedia
and computer games. This fact has allowed the evolution of graphics hardware
to unprecedent limits. Commodity graphics hardware has evolved since the mid
90’s giving a considerable amount of programming power to developers in order
to customize their rendering effects in real time. Apart from that, a consumer
graphics processing unit (GPU) has become inexpensive and can be considered
a kind of programmable stream processor. Their programmable capabilities has
helped the development of applications far beyond rendering purposes. Many
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authors have demonstrated that these consumer GPUs have a great raw perfor-
mance, some times even superior to the most common and powerful CPUs [3—6].
They have been used as a co-processor for the central processing unit (CPU)
remaining the idea that they can be encountered in most off-the-shelf desktop
computers. Examples of it can be found in applications that exploits the power
of the GPU for linear algebra calculations [9-12], physically-based simulations
[6], image and volume processing [4, 13-15], neural network implementations [16,
17] or even acceleration of database operations [18] among others [19].

In this work we demonstrate that an efficient template matching based on
cross-correlation calculation can be achieved using a commodity graphics card.
It has been implemented exploiting the intrinsic parallelism of the graphics hard-
ware. Additionally, we have proposed three kinds of models to increase the effi-
ciency of the process step by step, showing details of their implementation and
encountered difficulties. Apart from that, we propose a not-new but recent frame-
work for image processing development that can give ideas to other researchers
for customizing their implementations.

2 Graphics Hardware

Commodity graphics hardware has evolved drastically since the mid 90’s. With
the aid of the rapid expansion of computer games and multimedia technolo-
gies these consumer graphics processing units (GPUs) have also become very
powerful and inexpensive hardware.

Traditionally, these 3D graphics cards implemented a fixed pipeline for the
processing of primitive descriptions tuned as a state machine from an API such as
OpenGL. But their previously fixed graphics pipeline stages were replaced with
programmable components, the transform and lighting (T&L) and the multi-
texturing one, providing great versatility and power to the developer [7].

The hardware accelerated programmability of GPUs has been exposed to
programmers for the development of programs called shaders. These shaders are
loaded into the graphics card for replacing the fixed functionality. There are two
kinds of shaders, respectively called vertex and fragment shaders. They consti-
tute the executable code of the corresponding programmable components of the
graphics pipeline. These shaders are primarily used for rendering complex spe-
cial effects and realistic images in real-time. The basic CPU/GPU architecture
model is outlined in Figure 1.

The programmability of the GPU is very well suited for stream computations,
in which a simple kernel operation is executed over a large number of elements
in a single-instruction multiple-data (SIMD) fashion [8, 9].

Textures and the multi-texturing capability provides some ways of efficient
SIMD computation. In this context, a texture is an image that can be mapped
to a polygonal structure to provide realism to the model. Basically, as an image,
it can represent four values (R, G, B, A) as color and transparency components
in every accesible location, called fragments or texels. The programmer is re-
sponsible for organizing its data in a grid way to convert them into a texture, so
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Fig. 1. Basic CPU/GPU programming model. When enabled, programmable vertex
and fragment execution paths replace their corresponding stages of the fixed graph-
ics pipeline (represented in dot-lines). Also note the possibility of direct rendering to
framebuffer or rendering to another texture (pbuffer), that can be used again as input
data in the multipass approach.

creating textures in which texels keep numerical values of interest. As it will be
shown in Section 3 and 4, it is desirable to fill the whole capacity of the textures.
This is because, in the fragment program, the processing cost of a single channel
in comparison to the processing cost of the entire quadruple (RGBA) is similar.

In order to operate on the texels, the texture is fixed to a well determined
grid. Then, a custom fragment shader is enabled and the operation kernel is
executed over every fragment by simply rendering. A schematic visualization of
a number of textures applied as input for a fragment program can be seen in
Figure 2.

The output result can be redirected to the input (by means of a pbuffer) in
a multi-pass approach for continuing the processing task (see Figure 1). At this
point, it is important to remark that the readback process from video memory
to host memory after the rendering step is a computation bottleneck.

In this model, a shader is a program executed by the GPU. Originally they
had to be coded in assembly, but as the graphics hardware increased in func-
tionality and programmability, these shaders were more difficult to implement.
Even more, the rapid evolution of GPUs forced to rewrite previous shaders to get
maximum performance when a new family of graphics hardware were released.
The solution came with the apparition of comercial high level shading languages
and their compilers, which helped in portability and legibility, so improving effi-
ciency in the development process. Nvidia’s Cg, Microsoft’s HLSL and recently
OpenGL Shading Language have been the first commercially available languages
for commodity graphics hardware with major acceptance. A brief classification,
chronology and explanation of these languages can be found in [20].
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executed over every position of the input textures (T'ez0-TexN), for example returning
a value at (s,t) in the output texture for values at (s,t) in the input textures.

3 Application to Pattern Recognition: Template
Matching

We have developed three models of a basic template matching for being processed
on the GPU. Each one of the models increase its complexity but also its efficiency.
For demonstration purposes they do not consider rotations and scales.

The first model does not exploit the SIMD capability of the graphics pipeline.
It only computes the cross-correlation between the template and each location
inside the image in a GPU architecture approach.

The second model uses the four channels (RGBA) of the template and target
textures to compute the cross-correlation in four different positions at a time
(at each rendering pass). This model is preferable in respect to the previous one
although it is not as efficient as it could be.

The third model uses the same philosophy as the second one but computes
much more positions. It exploits not only the RGBA data allocation fashion but
also the repetition of the template in a texture of equal size than the target
image texture.

For every model we consider three stages of processing: initialization, distance
measurement calculation for a single position and new position estimation or
updating. In the initialization stage we can preprocess the input images. In
this application, if input images were in color format, an RGB to gray scale
conversion is executed as a preliminar rendering with the appropriate fragment
program enabled. Another kind of preprocessing could be done in this stage,
such as a gaussian filtering to reduce noise artifacts.

An intrinsic limitation of the GPU architecture is the lack of global registers
in the programmable rendering pipeline. For the template matching, a subwin-
dow is computing a distance function among pixels and, after that, a sum for
all distance values is computed in order to get the cross-correlation result. This
sum has to be kept for every position to compare the evaluations. As there is
no accumulative register, this sum of distance values must be computed in an
alternative fashion. A typical way to proceed is by asking for a reduced level
of detail (mipmap) of the output texture. That level will offer average values
of the corresponding neighborhood of the texture at each fragment. With that
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Fig. 3. a) Model 1 only takes advantage of the R channel and Tex1 have to be updated
at each evaluation to complete the matching. b) Model 2 takes advantage of the RGBA
channels. Four subwindows are loaded into an RGBA texture (Texl). Also, the gray
scale template is repeated in each channel of Tex0. Thus, four positions are evaluated
in each pass.

average it is easy to obtain the corresponding summation multiplying by the
ratio between the number of fragments of the original texture and the number
of fragments of the resulted mipmap. This process can be done for power-of-two
textures and in cases where precision of one byte is enough for the result. In
other cases, a “ping-pong” strategy with two pbuffers is needed.

3.1 Model 1: Red channel exploitation

This is the most limited model but it is easy to understand. It does not exploit
the entire quadruple of an RGBA texture, but it can open the mind for next
approaches.

First, we load the template and an equal size portion of the target image into
two textures (Tex0 and Texl). The RGBA textures have the gray value of each
fragment in its RGB channels. It is easy to calculate the difference between the
R channels of both textures fragment-by-fragment. By the explained limitation
of the GPU, the global value of the matching fitness is done reducing the output
texture to one pixel, thus returning in the pixel the average of the whole output
texture. This average value is a proportional measure of the summation, and can
be kept in system memory to be compared to other results. Figure 3.a outlines
the procedure. The performance of this model is very limited because of in each
pass we just evaluate one position. Once we have evaluated the matching of the
template in that position, we have to “move” the texture coordinates of the
target image to load another subwindow and repeat the entire process. Then,
the number of rendering passes is proportional to the number of pixels of the
target image.
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Fig. 4. In Model 3 the target image (Lenna) is loaded into the RGBA channels of Tez1,
the arrows represent different offsets. The template image is loaded and repeated along
the T'ex0. In each rendering pass this model evaluates many positions in parallel.

3.2 Model 2: RGBA channel exploitation

This model exploits the RGBA texture channels. Now, the programmer is re-
sponsible for organizing its data to produce the textures. The key point is the
decomposition of four portions of the target image into the RGBA channels of
Tex1 as shown in Figure 3.b. Also, it is important to note that the template is
repeated in each channel of T'ex0 to make the fragment program work in RGBA.

Again, after each rendering pass the texture that contains the subwindows
have to be updated (Texl), allocating portions of the original image in the
texture. This process can be computationally expensive, even a main bottleneck
depending on the performance of the results readback.

3.3 Model 3: Vectorization and repetition

This model is much more efficient than the previous ones. An outline of this
model can be seen in Figure 4. The target image (NxN pixels) is loaded into
the RGBA channels of a texture (Texl). However, there is an offset of 1 pixel
in the horizontal direction in each channel except the first one. On the other
hand the template (nxn pixels) is loaded into the RGBA channels of Tex0,
repeated until having a size equal to the target texture (Texl). In this way,
every texels will have correspondence one each other in the fragment program.
The offset of the GBA channels of Texl provides a way to evaluate 3 more
different positions at the same time, so for each RGBA template subwindow
of Tex0, 4 positions are evaluated. As the template is repeated %x% times in
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Fig. 5. a) Different models for three different GPUs (target image: 1024x1024; template
image: 32x32). b) Comparison between CPU vs GPU (Model 3) performance. Different
sizes of square templates and target images are considered.

Tex0, the number of parallel evaluations in each rendering pass is increased to
4xTx N For a 1024x1024 target image and a 32x32 template this leads to 4096
evaluated positions for each rendering pass. The updating rule for this model is
quite simple because it only needs the translation of the whole template texture
over the target texture. This translation implies no data reallocation after the
rendering pass and thus it eliminates a previous explained bottleneck.

4 Experimental Results

Experiments have been performed using 3 different graphics card. The first plat-
form is a Nvidia GeForce4 Ti4600 VGA card (NV25) in a 1.4GHz Pentium 4,
128 MB RAM, AGPx4 (named CPUx4). The second and third platforms use
a 3.2GHz Pentium 4, 1GB RAM, AGPx8 (named CPUx8) and respectively a
Nvidia GeForce FX5200 (NV34), and a Nvidia 6800GT (NV40). GPU applica-
tions have been coded in C using OpenGL as rendering API, Cg 1.2 as shading
language and Nvidia v66.93 drivers, while CPU programs were coded in C.

Figure 5 shows the experimental results. We have considered the previous
3 models for the GPU implementation and 5 different platforms. In respect to
the GPU implementations Model 1 is the worst in terms of efficiency, while, as
described before, Model 3 exploits the intrinsic parallelism of the graphics card.
Note that Figure 5 a) is semilogarithmic. Figure 5 b) shows that in the latest
GPU the performance of this algorithm is very high, even superior to its host
CPU performance.

5 Conclusions

We have presented a step-by-step alternative implementation of a well known ob-
ject recognition method. We have demonstrated that the processor of a modern
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graphics card can afford better performance than a modern CPU under certain
conditions, in particular, allocating data in a regular and parallel manner. The
GPU should operate in a SIMD fashion to get the most performance hit. Exper-
imental results show that the graphics card can be exploited in order to execute
non-rendering tasks freeing some computational load to the CPU.
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Foreword

Before the advent of dedicated PC graphics hardware, the industry’s first 3D games used
CPU-based software rendering. I wrote the first Unreal Engine in that era, inspired by
John Carmack’s pioneering programming work on Doom and Quake. Despite slow
CPUs and low resolutions, the mid-1990s became a watershed time for graphics and
gaming. New visual effects appeared almost monthly, marked by milestones like Quake’s
light mapping and shadowing and Unreal’s colored lighting and volumetric fog. That era
faded away as fixed-function 3D accelerators appeared. Deprived of the programmabil-
ity that drove innovation and differentiation, 3D games grew indistinct.

Today, a new Renaissance in 3D graphics is under way, driven by fully programmable
GPUs—graphics processing units—that deliver thousands of times the graphics power avail-
able just ten years ago. Combining incredible parallel computing power with modern,
high-level programming languages, today’s GPUs have unleashed a Cambrian Explosion
of innovation and creativity. Real-time soft shadowing, accurate lighting models, and real-
istic material interactions are readily achievable. But the most important gain of program-
mability is that you can do anything with a GPU so long as you can find an algorithm to
express your idea. GPU Gems 2 demonstrates many such ideas-turned-algorithms.

Let us take a moment to review the set of resources available to today’s graphics pro-
grammer. First, you have access to a GPU that can perform tens of billions of floating-
point calculations per second in programmable shading algorithms. It’s your workhorse;
if you can move your problem into the realm of pixels and vertices, then you can har-
ness the GPU’s immense power. Second, you have a CPU, the system’s general-purpose
computing engine. The CPU sends commands to the graphics processing unit, man-
ages resources, and interacts with the outside world. Finally, you have access to artistic
content-—texture maps, meshes, and other multimedia data that the GPU can com-
bine, filter, and procedurally modify during rendering.

The Gems in this book employ these resources in novel ways to render realistic scenes,
process images, and produce special effects. In doing so, many of the previous era’s
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graphics rules may be broken. GPUs are fast and flexi-
ble enough that you may render a given object many
times, decomposing a scene into its components—
lighting, shadowing, reflections, post-processing ef-
fects, and so on. You can employ the GPU for
decidedly non-graphics tasks like collision detection,
physics, and numerical computation; and within tex-
ture maps you can encode arbitrary data, such as vec-
tors, positions, or lookup tables used by shader
programs. And while visual realism is now achievable
on GPUs, it is not your only option: nonphotorealistic rendering techniques are avail-
able, such as cel shading, exaggerated motion blur and light blooms, and other effects
seen frequently in Hollywood productions.

Seven years after I wrote Unreal’s original software renderer, my company began develop-
ing a new game engiae, Unreal Engine 3, designed for the capabilities of today’s modern
GPUs. It has been an incredible experience! Where we once built 300-polygon scenes with
static lighting and texture maps, we now combine dynamic per-pixel lighting and shadow-
ing with realistic material effects in million-polygon scenes. We've seen an explosive
growth in the power and flexibility available =3
to programmers and artists alike. But while
much has changed in graphics development,
several truths have remained: that graphics
requires a unique combination of engineer-
ing, artistry, and invention unmatched in
other fields; that innovation moves at an
incredible pace as hardware performance
increases exponentially; and that graphics

programming is & heck of a lot of fun!

Here in GPU Gems 2, you'll find a wealth of knowledge and insight, plus many just plain
neat ideas, which can be readily applied on today’s graphics hardware. But the techniques
here are only a starting point on your adventure—the real fun and opportunity lie in
finding new ways to customize and combine these Gems and to invent new ones.

Tim Sweeney
Founder and Technical Director, Epic Games

Sereenshots from Unreal Engine 3 Technology Demo, hup:/fwww. unrealtechnology.com

XXX
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Preface

The first volume of GPU Gems was conceived in the spring of 2003, soon after the arrival
of the first generation of fully programmable GPUs. The resulting book was released less
than a year later and quickly became a best seller, providing a snapshot of the best ideas
for making the most of the capabilities of the latest programmable graphics hardware.

GPU programming is a rapidly changing field, and the time is already ripe for a sequel. In
the handful of years since programmable graphics processors first became available, they
have become faster and more flexible at an incredible pace. Early programmable GPUs
supported programmability only at the vertex level, while today complex per-pixel pro-
grams are common. A year ago, real-time GPU programs were typically tens of instruc-
tions long, while this year's GPUs handle complex programs hundreds of instructions
long and still render at interactive rates. Programmable graphics has even transcended the
PC and is rapidly spreading to consoles, handheld gaming devices, and mobile phones.

Until recently, performance-conscious developers might have considered writing their
GPU programs in assembly language. These days, however, high-level GPU program-
ming languages are ubiquitous. It is extremely rare for developers to bother writing
assembly for GPUs anymore, thanks both to improvements in compilers and to the
rapidly increasing capabilities of GPUs. (In contrast, it took many more years before
game developers switched from writing their games in CPU assembly language to using
higher-level languages.)

This sort of rapid change makes a “gems”-style book a natural fit for assembling the
state of the art and disseminating it to the developer community. Featuring chapters
written by acknowledged experts, GPU Gems 2 provides broad coverage of the most
exciting new ideas in the field.

Innovations in graphics hardware and programming environments have inspired fur-
ther innovations in how to use programmability. While programmable shading has long
been a staple of offline software rendering, the advent of programmability on GPUs has
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led to the invention of a wide variety of new techniques for programmable shading.
Going far beyond procedural pattern generation and texture composition, the state of
the art of using shaders on GPUs is rapidly breaking completely new ground, leading to
novel techniques for animation, lighting, particle systems, and much more.

Indeed, the flexibility and speed of GPUs have fostered considerable interest in doing
computations on GPUs that go beyond computer graphics: general-purpose computa-
tion on GPUs, or “GPGPU.” This volume of the GPU Gems series devotes a significant
number of chapters to this new topic, including an overview of GPGPU programming
techniques as well as in-depth discussions of a number of representative applications
and key algorithms. As GPUs continue to increase in performance more quickly than
CPUs, these topics will gain in importance for more and more programmers because

GPUs will provide superior results for many computationally intensive applications.

With this background, we sent out a public call for participation in GPU Gems 2. The
response was overwhelming: more than 150 chapters were proposed in the short time
that submissions were open, covering a variety of topics related to GPU programming.
We were able to include only about a third of them in this volume; many excellent
submissions could not be included purely because of constraints on the physical size of
the book. It was difficult for the editors to whittle down the chapters to the 48
included here, and we would like to thank everyone who submitted proposals.

The accepted chapters went through a rigorous review process in which the book’s edi-
tors, the authors of other chapters in the same part of the book, and in some cases addi-
tional reviewers from NVIDIA carefully read them and suggested improvements or
changes. In almost every case, this step noticeably improved the final chapter, due to
the high-quality feedback provided by the reviewers. We thank all of the reviewers for

the time and effort they put into this important part of the production process.

Intended Audience

We expect readers to be familiar with the fundamentals of computer graphics and GPU
programming, including graphics APIs such as Direct3D and OpenGL, as well as GPU
languages such as HLSL, GLSL, and Cg. Readers interested in GPGPU programming

may find it helpful to have some basic familiarity with parallel programming concepts.

Developers of games, visualization applications, and other interactive applications, as
well as researchers in computer graphics, will find GPU Gems 2 an invaluable daily
resource. In particular, those developing for next-generation consoles will find a wealth

of timely and applicable content.
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Trying the Examples

GPU Gems 2 comes with a CD-ROM that includes code samples, movies, and other
demonstrations of the techniques described in the book. This CD is a valuable supple-
ment to the ideas explained in the book. In many cases, the working examples provided
by the authors will provide additional enlightenment. You can find sample chapters,

updated CD content, supplementary materials, and more at the book’s Web site,
hetp://developer.nvidia.com/GPUGems2/.
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and soft shadows. Before attending graduate school, Eric was a research staff member in

. the Stanford Computer Graphics Laboratory. As part of the Real-Time Programmable
Shadmg team, he wrote compiler back ends for the NV30 and R300 fragment architectures and developed a
pass-decomposition algorithm for virtualizing hardware resources. Eric enjoys photography and spends an

unreasonable amount of his free time behind the camera.

Greg Coombe, The University of North Carolina at Chapel Hill

| Greg Coombe is a graduate student at the University of North Carolina at Chapel Hill.

| He received a B.S. in mathematics and a B.S. in computer science from the University of
Utah in 2000. Greg’s research interests include global illumination, graphics hardware,

| nonphotorealistic rendering, virtual environments, and 3D modeling. During the course
B of his graduate studies, he has worked briefly at Intel, NVIDIA, and Vicious Cycle Soft-
ware. Greg was the recipient of the NVIDIA Graduate Fellowship in 2003 and 2004.

Jiirgen Déllner, University of Potsdam, Hasso-Plattner-institute

‘ Jiirgen Déllner, a professor at the Hasso-Plattner-Institute of the University of Potsdam,
! e directs the computer graphics and visualization division. He has studied mathematics
X - ¢ | and computer science and received a Ph.D. in computer science. He researches and
“! S teaches in real-time computer graphics and spatial visualization.
| William Donnelly, NVIDIA Corporation and University of Waterloo
William Donnelly is a fourth-year undergraduate in computer science and mathematics at
- = the University of Waterloo in Ontario. He interned with Okino Computer Graphics, where

: l he worked on global illumination and volumetric rendering; and with NVIDIAs Demo
o ! | Team, where he worked on the “Last Chance Gas” and “Nalu” demos. He has been destined

for greatness in computer graphics since mastering the art of the Bezier spline at age ten.

Frédo Durand, Massachusetts Institute of Technology

Frédo Durand received a Ph.D. from Grenoble University in France in 1999, where he worked
on both theoretical and practical aspects of 3D visibility. From 1999 until 2002, he was a

| postdoc in the M.LT. Computer Graphics Group, where he is now an assistant professor. His

i research interests span most aspects of picture generation and creation, including realistic

L 2hENST AN graphics, real-time rendering, nonphotorealistic rendering, and computational photography.
He received a Eurographics Young Researcher Award in 2004. (Digrtal drawing courtesy of Victor Ostromoukhov)
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Eric Enderton, NVIDIA Corporation

! Eric Enderton is a senior engineer at NVIDIA, where he is working on the Gelato film
renderer. After studying computer science at the University of California, Berkeley, Eric
spent a decade developing rendering and animation software at Industrial Light &

| Magic, and he later consulted at other studios. His film credits include Zerminator 2;

Jurassic Park; and Star Wars, Episode I: The Phantom Menace.

Zhe Fan, Stony Brook University

Zhe Fan is a Ph.D. candidate in the computer science department at Stony Brook Univer-
sity. He received a B.S. in computer science from the University of Science and Technology
" of China in 1998 and an M.S. in computer science from the Chinese Academy of Sciences

| in 2001. His current research interests include GPU clusters for general-purpose computa-

' tion, parallel graphics and visualization, and modeling of amorphous phenomena.

| Randima Fernando, NVIDIA Corporation

Randima (Randy) Fernando has loved computer graphics since age eight. Working in
| NVIDIA’s Developer Technology group, he helps teach developers how to take advantage
of the latest GPU technology. Randy has a B.S. in computer science and an M.S. in com-
| puter graphics, both from Cornell University. He has published research in SIGGRAPH
] J and is coauthor, with Mark Kilgard, of The Cg Tutorial: The Definitive Guide to Program-
mzzb/e Rm[ Time Graphics. He edited GPU Gems: Programming Techniques, Tips, and Tricks for Real-Time Graphics
and is the GPU Gems series editor.

. Nathaniel Fout, University of California, Davis

| Nathaniel Fout received a B.S. in chemical engineering and an M.S. in computer science

' from the University of Tennessee in 2002 and 2003, respectively. He is a Ph.D. student in
computer science at the University of California, Davis, where he is a member of the Insti-

tute for Data Analysis and Visualization. His research interests include volumetric compres-

sion for rendering, multivariate and comparative visualization, and tensor visualization.

. James Fung, University of Toronto

James Fung is completing his Ph.D. in engineering. He received a B.A.Sc. in engineering
| science and an M.S. in electrical engineering from the University of Toronto. His re-

i search interests include wearable computing, mediated reality, and exploring new types

. of musical inscrument interfaces based on EEG brain-wave signal processing. His most

. recent work has been the development of the GPU-based computer vision and mediated

reality library called OpenVIDIA,
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Simon Green, NVIDIA Corporation

Simon Green is a senior software engineer in the Developer Technology group at

: NVIDIA. He started graphics programming on the Sinclair ZX-81, which had 1 kB of

' RAM and a screen resolution of 64 x 48 pixels. He received a B.S. in computer science
from the University of Reading, in the United Kingdom, in 1994. Since 1999 Simon has

! found a stable home at NVIDIA, where he develops new rendering techniques and helps
application developers take maximum advantage of GPU hardware. He is a frequent presenter at GDC, has
written for Amiga Shopper and Wired magazines, and was a section editor for GPU Gems. His research interests

include cellular automata, general-purpose computation on GPUs, and analog synthesizers.

Toshiya Hachisuka, University of Tokyo

Toshiya Hachisuka is an undergraduate in the Department of Systems Innovation at the

University of Tokyo. He also works as a programmer for MagicPictures, integrating cutting-

edge research results into current computer graphics software. He has studied computer

graphics since age ten. His current research interests are physically based rendering, physically

J based modeling, real-time rendering techniques, and general-purpose computation on GPUs.

Markus Hadwiger, VRVis Research Center

Markus Hadwiger received his Ph.D. in computer science from the Vienna University of
Technology in 2004, where he concentrated on high-quality real-time volume rendering and
texture filtering with graphics hardware, in cooperation with the VRVis Research Center. He
has been a researcher at VRVis since 2000, working in the Basic Research on Visualization
group and the Medical Visualization group (since 2004). From 1996 to 2001, he was also

the lead programmer of the cross-platform 3D space-shooter game Parsec, which is now an open source project.

Mark Harris, NVIDIA Corporation
Mark Harris received a B.S. from the University of Notre Dame in 1998 and a Ph.D. in
computer science from the University of North Carolina at Chapel Hill (UNC) in 2003.

At UNC, Mark’s research covered a wide variety of computer graphics topics, including

| real-time cloud simulation and rendering, general-purpose computation on GPUs, global

illumination, nonphotorealistic rendering, and virtual environments. Mark is now a

member ofNVIDIAs Developer Technology team based in the United Kingdom.

Jon Hasselgren, Lund University
Jon Hasselgren received an M.Sc. from Lund University. He now pursues graduate stud-

ies in the computer science department, where he researches graphics for mobile phones.
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Oliver Hoeller, Piranha Bytes

| Oliver Hoeller is a senior software engineer at Piranha Bytes, which developed the RPGs
Gothic I and Gorhic II. Previously he was director of development at H2Labs/Codecult,

| where he was responsible for development and architecture design of the Codecreatures

. game system. He was an active member of the German demo scene in the 1980s and

. i early 1990s. After exploring different areas—developing music software, creating a secu-
rity program, and working as a Web services consultant—Oliver returned to his roots and now guarantees a

high level of visual quality for Piranha Bytes” forthcoming Gozhic I11.

Hugues Hoppe, Microsoft Research
%! Hugues Hoppe is a senior researcher in the Computer Graphics Group at Microsoft

. Research. His primary interests lie in the acquisition, representation, and rendering of

| geometric models. He received the 2004 ACM SIGGRAPH Achievement Award for his
: pioneering work on surface reconstruction, progressive meshes, geometry texturing, and
' . B geomertry images. His publications include twenty papers at ACM SIGGRAPH, and he
is associate editor of ACM Transactions on Graphics. He received a B.S. in electrical engineering in 1989 and a

Ph.D. in computer science in 1994 from the University of Washington.

- | Daniel Horn, Stanford University
‘ i Daniel Horn is a Ph.D. candidate at the Stanford Computer Graphics Lab; he received
+ his B.S. from the University of California, Berkeley. While Daniel focuses on program-
J aj ming graphics hardware and real-time graphics, theory and compilers have always inter-
14 ' i

’[ ested him deeply, and he tries to incorporate knowledge from those fields into his

graphics research. In his spare time, Daniel enjoys hacking with his brother, Patrick, on
their open source space sim, Vega Strike. He also enjoys roaming with friends in the Bay Area’s many natural

parks, from Palo Alto’s Foothills Park to Berkeley’s Tilden Park.

Samuel Hornus, GRAVIR/IMAG~INRIA

. Samuel Hornus is a Ph.D. candidate at INRIA in Grenoble, France. He is a former
student of the Ecole Normale Supérieure de Cachan. His research focuses on 3D visibil-
| ity problems, as well as other aspects of computer graphics, such as texture authoring,
interactive walkthroughs, real-time shadows, realistic rendering, implicit surfaces, and

image-based modeling.
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Arie Kaufman, Stony Brook University

Arie Kaufman is the director of the Center for Visual Computing, a distinguished profes-
, F R sor and chair of the Computer Science Department, and distinguished professor of radi-
1 ology at Stony Brook University. He received a B.S. in mathematics and physics from the

Hebrew University of Jerusalem in 1969; an M.S. in computer science from the Weiz-

mann Institute of Science, Rehovot, Israel, in 1973; and a Ph.D. in computer science
from thc Ben-Gurion University, Israel, in 1977. Kaufman has conducted research and consulted for more
than thirty years, with numerous publications in volume visualization; graphics architectures, algorithms, and

languages; virtual reality; user interfaces; and multimedia.

Jan Kautz, Massachusetts Institute of Technology

‘ Jan Kaurz is a postdoctoral researcher at M.I.T. He is particularly interested in realistic shad-
| ing and lighting, hardware-accelerated rendering, textures and reflection properties, and
interactive computer graphics. He received his Ph.D. in computer science from the Max-
Planck-Institut fiir Informatik in Germany; a diploma in computer science from the Univer-
L sity of Erlangen in Germany; and an M.Math. from the University of Waterloo in Ontario.

| Emmett Kilgariff, NVIDIA Corporation

- Emmett Kilgariff is a director of architecture in the GPU group at NVIDIA, where he
has contributed to the design of many GeForce chips, including the GeForce 6 and

. GeForce 7 Series. He has more than twenty years of experience designing graphics hard-
| ware, at Sun Microsystems, Silicon Graphics, 3dfx, and many small companies whose

| memories have faded over time.

Gary King, NVIDIA Corporation

. Unscrupulous. Unconventional. Uncouth. Unkempt. All are accurate adjectives for the
| worst thing to happen to the graphics industry since Execute Buffers. A master of GPU
| arcana, lore, and the occult, he spends his days at NVIDIA crafting increasingly ingen-

iously nefarious rendering techniques, imbuing next-generation architectures with un-

| holy energies, worshipping the Dark Lord, and kicking puppies.

| Peter Kipfer, Technische Universitit Miinchen

| Peter Kipfer is a postdoctoral researcher in the Computer Graphics and Visualization

, Group at the Technische Universitit Miinchen. He received his Ph.D. from the Univer-
. sity of Erlangen-Niirnberg in 2003 for his work on parallel and distributed visualization
. and rendering within the KON'WIHR supercomputing project. His current research

| focuses on general-purpose computing and geometry processing on the GPU.
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| Joe Kniss, University of Utah
Joe Kniss is a Ph.D. student in computer science at the University of Utah, where he is a

| member of the Scientific Computing and Imaging Institute. His research interests include

!
1 nonpolygonal rendering, light transport in participating media, user-interface design, and
i all things GPU. He is a Department of Energy High-Performance Computer Science

| graduate fellow.

3| Craig Kolb, NVIDIA Corporation

1 Craig Kolb has been interested in computer graphics since he began writing games on his high
. school’s sub-megaflop PDP-11. He received a B.A. and an M.Sc. from Princeton, where he
wrote the first version of rayshade, a popular ray tracer, as part of his senior thesis. He spent the
1990s waiting for frames to render: first as a research assistant to Benoit Mandelbrot at Yale,

. then asa Ph.D. candidate researching camera and rendering systems at Princeton and Stanford,

and later as head of rendering development at Pixar Animation Studios. In 2000 he cofounded Exluna and now
works in the Software Architecture group at NVIDIA finding novel ways to push multi-gigaflop GPUs to their limits.

~ 1M\ Jens Kriiger, Technische Universitdit Miinchen

Jens Kriiger is a Ph.D. student in the Computer Graphics and Visualization Group at the
Technische Universitit Miinchen. Jens’s current research focuses on GPU solutions to nu-
merical problems, often arising in physically based simulations. He has published papers on
GPU programming at conferences such as ACM SIGGRAPH and IEEE Visualization. In

. 2004 he received an ATI Fellowship, which honors outstanding graduate students in areas

related to computer graphics and graphics systems.

PR Yuri Kryachko, 1C:Maddox Games

: Yuri Kryachko is the 3D graphics and effects programmer on IL-2 Sturmovik, WW2, IL-2

| Sturmovik: Forgotten Battles, AEP, and Pacific Fighters. He has been at Maddox Games since
. = : _; 1996, and he’s been playing and creating PC games since writing his first 2D game in

g' R ) oo 1987. He received an M.S. from the department of applied mathematics of the Moscow

! . State Engineering Physics Institute (Technical University). Previous game projects include

City3D—Drive Simulator (ELF) in 1995 and Helicopter Simulator from 1995 to 1996.

Sylvain Lefebvre, GRAVIR/IMAG—INRIA

Sylvain Lefebvre is a final-year Ph.D. student at INRIA in Grenoble, France. He received
| an M.S. in computer science from the INPG University, Grenoble, in 2001. His research
. focuses on developing new texturing methods for creating, storing, and rendering highly
| derailed textures for real-time applications. Recently he has worked on landscape textur-

ing, direct painting on meshes, and the progressive loading of texture maps. He is also

interested in many aspects of game programming,
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Aaron Lefohn, University of California, Davis

Aaron Lefohn is a Ph.D. student in the computer science department at the University
| of California, Davis, and a graphics software engineer at Pixar Animation Studios. His
current research focuses on data-parallel darta structures and programming models and

| their application to high-quality interactive rendering. Aaron completed his M.S. in

. computer science at the University of Utah in 2003; he received an M.S. in theoretical
chemlstry from the University of Utah in 2001 and a B.A. in chemistry from Whitman College in 1997.

Aaron is a National Science Foundation graduate fellow in computer science.

| Martin-Karl Lefrangois, mental images

Martin-Karl Lefrancois is senior graphics software engineer at mental images in Berlin,
| maker of the mental ray renderer and other graphics software products. Under his lead,
| his team at mental images delivered automatic GPU support in mental ray 3.3 and is

! responsible for GPU acceleration support in all mental images products. After graduating

0 with a degree in computer science and mathematics from the University of Sherbrooke in
Quebec, he worked as a graphics developer for nearly ten years at Softimage in Montreal and Tokyo before
leading the core game engine team at A2M.

| Wei Li, Siemens Corporate Research

{ Weei Li is a research scientist at Siemens Corporate Research in Princeton, New Jersey. His
current research focuses on texture-based volume rendering and general-purpose computa-
tion on the GPU. He received an M.S. and a Ph.D. in computer science from Stony Brook
| University in 2001 and 2004, respectively. He also received a B.S. and an M.S. in electrical
engineering from Xi'an Jiaotong University in China in 1992 and 1995, respectively.

Donald Liu, Siemens Medical Solutions USA
Donald Liu received a B.Eng. from Qinghua University in Beijing in 1984; he received
| an M.Eng. and a D.Eng. from the University of Tokyo in 1988 and 1991, respectively.

He was an assistant professor at Sophia University in Tokyo for a year before joining the
| faculty of the electrical engineering department at the University of Rochester in New
York. Since 1997 he has been with the Siemens Medical Solutions Ultrasound Group in

Issaquah, Washington, where he is currently a senior staff systems engineer. He is a senior member of IEEE
and a recipient of the National Institutes of Health FIRST award. His research interests include analysis and

correction of ultrasonic wavefront distortion, efficient image formation, and digital signal processing.
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I Paulius Micikevicius, Armstrong Atlantic State University

| Paulius Micikevicius received a B.S. in computer science from Midwestern State Univer-
% sity in 1998 and a Ph.D. in computer science from the University of Central Florida

| (UCF) in 2002. He is an assistant professor at Armstrong Atlantic State University in

| Savannah, Georgia, as well as a research associate at the Media Convergence Laboratory

. at UCFE His research interests include real-time graphics, graphics processing for

mixed/augmented reality experiences, and parallel computing and graph theory.

| Fabrice Neyret, GRAVIR/IMAG—INRIA
Fabrice Neyret has worked on the R&D teams of several companies, including TDI in

Paris and Alias|Wavefront in Toronto. He received a master’s degree in applied mathemat-
| ics, an engineering degree from Telecom Paris (ENST), and a Ph.D. in computer science.
' He did his postdoctoral work at the University of Toronto. He is currently a full-time
— . CNRS researcher at GRAVIR lab in Grenoble, France. His research interests include natu-
ral phenomena (especially water and clouds), highly complex scenes (such as Jandscapes covered by forest), tex-
tures, local illumination and shaders, alternate representations (such as volumetric textures), phenomenological
approaches, and, of course, getting the most out of GPUs. He is also involved in pedagogic software (such as

MobiNet), scientific popularization, and writing short stories.

[ aae | Hubert Nguyen, NVIDIA Corporation

Hubert Nguyen is a software engineer on the NVIDIA Demo Team. He spends his time
searching for novel effects that show off the features of NVIDIA’s latest GPUs. He most
recently worked on “Nalu,” NVIDIA’s mermaid. Before joining NVIDIA, Hubert was at
| 3dfx interactive, the creators of Voodoo Graphics. Prior to 3dfx, Hubert was part of the

w | . :
L R&D department of Cryo Interactive in Paris. Hubert started to develop 3D graphics

programs when he was involved in the European demo scene. He holds a degree in computer science.

[ | Marc Nienhaus, University of Potsdam, Hasso-Plattner-Institute
Marc Nienhaus is a Ph.D. candidate at the Hasso-Plattner-Institute of the University of
Potsdam. He studied mathematics and computer science and has worked as a software

© engineer focusing on computer graphics. His research interests include real-time render-

ing, nonphotorealistic rendering, and depiction strategies for symbolizing dynamics.
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= 3 /ust/'n Novosad, discreet

Justm Novosad is a software developer for discreet (a division of Autodesk). He received a
bachelor’s degree in computer engineering and a master’s degree in medical imaging, both

| from Ecole Polytechnique de Montréal, in 2001 and 2003, respectively. Justin is a member

of the “effects” team at discreet, working on the Inferno, Flame, and Flint visual effects and
- 2 digital compositing products. Before joining discreet in 2004, he was a research engineer at
Sainte-Justine Hospital in Montreal, where he developed computer vision algorithms for the study of spinal defor-
mities from X-ray data. His fields of interest include computer graphics, computer vision, machine learning, image

processing, and applied mathematics. He is a cofounder of the ACM SIGGRAPH Montreal Professional Chapter.

M|

| Lennart Ohlsson, Lund University
o Lennart Ohlsson is an assistant professor in the computer science department at Lund

University. His primary research interest is software architecture for computer graphics.

| Jon Olick, 2015

Jon Olick has been creating games since age 11. He is a senior software engineer special-
| izing in graphics technology and engine design at 2015, where he has worked on titles

| such as Medal of Honor: Allied Assault and Men of Valor: Vietnam. He is now developing

engine technology for future products.

Sean O’Neil

Sean O’Neil graduated from Georgia Tech in 1995 with a B.S. in computer science. He
lives in Atlanta with his wife and two wonderful children. All of his full-time positions

i have been in the telecommunications industry, so for now graphics programming is just

a hobby.

I John Owens, University of California, Davis

John Owens is an assistant professor of electrical and computer engineering at the Univer-
| sity of California, Davis, where he leads research projects in graphics hardware/sofrware

| and wireless sensor networks. Prior to his appointment at Davis, he earned an M.S. and a
! Ph.D. in electrical engineering from Stanford University in 1997 and 2002, respectively.

At Stanford he was an architect of the Imagine Stream Processor and a member of the
Concunent VLSI Architecture Group and the Computer Graphics Laboratory. He received a B.S. in electrical

engineering and computer science from the University of California, Berkeley, in 1995.
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"W ... KurtPelzer, Piranha Bytes
e ;A Kurt Pelzer is a senior software engineer at Piranha Bytes, where he worked on the PC
A oy game Gothic, the top-selling Gothic II (awarded RPG of the Year in Germany during
' 2001 and 2002, respectively), and the add-on Gorhic II: The Night of the Raven. Previ-
| ously he was a senior programmer at Codecult and developed several real-time simula-

!~- b . tions and technology demos built on Codecult’s 3D engine. Kurt has published in GPU
Gems, ShaderX2, and Game Programming Gems 4.

Matt Pharr, NVIDIA Corporation

| Mart Pharr is a senior sofrware developer in the Software Architecture group at NVIDIA,
where he works on Cg and interactive rendering techniques. He is coauthor, with Greg
Humphreys, of Physically Based Rendering: From Theory to Implementation. Previously he

'\ was a cofounder of Exluna and a Ph.D. student in the Stanford Computer Graphics Lab,

W where he researched systems issues for rendering and theoretical foundations of rendering;

he published a series of SIGGRAPH papers on these topics.

| Jeremy Selan, Sony Pictures Imageworks

| Jeremy Selan currently pioneers color and lighting tools at Sony Pictures Imageworks. His

| work has been utilized on numerous motion pictures, most recently on Spider-Man 2.

i Professionally, he maintains an active interest in colorimetry and digiral cinema. He is a
graduarte of the Program of Computer Graphics and the School of Electrical and Com-

¥~ puter Engineering at Cornell University. In his free time—drawn by a climate markedly

superior to that of his homerown, Skokie, Illinois—Jeremy is an aspiring Sanra Monica beach bum.

- — | Oles Shishkovtsov, GSC Game World

| Oles Shishkovtsov became interested in programming and graphics at age 13; by age 17
he had won two national competitions in programming and enrolled at the Junior Acad-
emy of Science in Ukraine. At 19 he started working for White Lynx as a software devel-
oper/graphics programmer, where he successfully completed three projects. Since 2000 he
has worked for GSC Game World as an engine architect/team leader and has continued

doing R&D in his free time. He has spent the last three years working on 8. TTA. L. K E.R.: Shadows of Chernobyl.

] Christian Sigg, ETH Zurich

' | Christian Sigg received his degree in computational science and engineering from the

1 Swiss Federal Institute of Technology Zurich. He became interested in computer graph-
|

ics during a semester abroad at the University of Texas at Austin, where he worked on

)

l&- parallel volume rendering at the Compurational Visualization Center. He is working on
B.' = his Ph.D. at the ETH Zurich Computer Graphics Laboratory. His research interests lie

in the area of algorithms for implicit surface representations using graphics hardware.
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| Tiago Sousa, Crytek

| Tiago Sousa is a self-taught game and graphics programmer who has worked at Crytek as
| an R&D software engineer for the last two years. He has contributed to most of the

' special effects in Crytek’s games. In 1999, before joining Crytek, he cofounded a pio-

| neering game development team in Portugal and studied computer science at a local
= MM university. He spends most of his time researching real-time and non-real-time graphics

and readmg all kinds of technical books.

| Thilaka Sumanaweera, Siemens Medical Solutions USA

| Thilaka Sumanaweera has been having fun with first GL and then OpenGL since the late

. 1980s, creating 2, 3, and 4D applications in computer vision, image processing, and med-

. ical imaging. He received his Ph.D. in electrical engineering from Stanford University in
1992. He then joined the Radiological Sciences Laboratory at Stanford’s Radiology Depart-
= mentasa postdoc and a research associate developing CT/MRI image fusion and image-

guided neurosurgery. Currently he is a Fellow in the Siemens Medical Solutions Ultrasound Division, working in

the areas of volume rendering, motion detection and compensation, and image segmentation. He holds 24 patents

for techniques related to medical imaging and visualization, and he has published extensively in medical journals.

Yury Uralsky, NVIDIA Corporation
Yury Uralsky became interested in games and computer graphics when the ZX Spectrum

48K was a dream machine and writing software rasterizers in assembly language was fun.

2001. He worked as a graphics engine programmer for Eagle Dynamics, creating graphics
for the flight simulator LockOn: Modern Air Combat. He joined the NVIDIA Developer
Technology group in March 2004 and enjoys pushing 3D graphics forward in the NVIDIA Moscow office.

i
|
i
! He received an M.S. in computer science from the Moscow State Technical University in

Pete Warden, Apple Computer

Pete Warden has worked as a graphics engine programmer on PC, PSX, PS2, GameCube,
and Xbox titles, specializing in low-level assembler and vector unit programming on the
PS2. He has also published 45 open source video filters that run in a variety of real-time
video applications on Windows, Linux, and OS X, including After Effects, and helped to

. create the Freeframe open plug-in standard. Pete is now part of the team working on
Apple’s Motion video effects package, a fully GPU-based image-processing application. He has written many of
its original video filters and also works on the rendering engine.
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Li-Yi Wei, NVIDIA Corporation

Li-Yi Wei is a 3D graphics architect at NVIDIA Corporation. He received a B.S. in electri-
' cal engineering from the National Taiwan University in 1993 and a Ph.D. in electrical

j engineering from Stanford University in 2001. He spends 1 percent of his time designing

: next-generation graphics hardware and the remaining 99 percent verifying that the design
actually works. When not wreaking havoc on NVIDIA’ chips, he enjoys researching vari-

ous fields of computer graphics. He is a frequent contributor to SIGGRAPH and other academic conferences.

| Xiaoming Wei, Stony Brook University

Xiaoming Wei is an assistant professor of computer science at lona College in New

| Rochelle, New York. She received her Ph.D. in computer science from Stony Brook
University in 2004. She received a B.Sc. from the Beijing University of Aeronautics and
Astronautics in 1995 and an M.Sc. in computer science from Tsinghua University in

Beijing in 1998. Her research interests include physically based modeling, natural phe-

nomena modeling, and computer animation.

Riidiger Westermann, Technische Universitdt Miinchen

Riidiger Westermann studied computer science at the Technical University Darmstadst,

Germany. He received a Ph.D. in computer science from the University of Dortmund,

~ Germany. In 2002 he was appointed the chair of Computer Graphics and Visualization
at the Technische Universitdt Miinchen. His research interests include general-purpose

computing on GPUs, hardware-accelerated visualization and image synthesis, hierarchi-

cal methods in scientific visualization, volume rendering, flow visualization, and parallel graphics algorithms.

' Daniel Wexler, NVIDIA Corporation

Daniel Wexler attended the University of California, Berkeley, where he studied with the
graphics research group before leaving school to work at Sun Microsystems. He worked

| at Xaos Tools before joining the R&D team at Pacific Data Images (PDI) in 1995. After

‘ spending six years writing a new renderer and shading system for PDI, which was used

on a variety of feature film projects including Anzz and Shrek, he joined NVIDIA to
work on hardware-based rendering systems with Larry Gritz and the rest of the NVIDIA architecture team.

David Whatley, Simutronics Corporation

. David Whatley is president and CEO of Simutronics Corporation and a developer and
publisher of online games. His passion for online gaming led him to found Simutronics

| in 1987, when he was 20 years old. David—-chief designer and technology architect of

. most of the company’s games—has won numerous awards, including Computer Gaming
| World’s first Online Game of the Year award for CyberStrike. His current focus is on

alternate techniques for more photorealistic rendering of 3D environments in games.
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Michael Wimmer, Vienna University of Technology

] Michael Wimmer is an assistant professor at the Institute of Computer Graphics and

Algorithms of the Vienna University of Technology, where he received an M.Sc. in 1997
| and a Ph.D. in 2001. His current research interests are real-time rendering, virtual and
augmented reality, computer games, and real-time visualization of urban environments;
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Today’s games are visually more interesting and complex than ever before. Geo-
metric complexity—how many objects are visible and how detailed each looks—
is one of the dimensions in which games are making leaps and bounds.

Advances in technology are partly responsible for these leaps and bounds:
CPUs, memory, and buses all have become faster, but specifically GPUs are un-
dergoing significant change and are becoming ever more powerful—at a rate
faster than Moore’s Law.

These GPU changes include incorporating fixed-function processing for the ver-
tex- and pixel-shading units, then generalizing those to be fully programmable.
GPUs also have gained more units to process pixels and vertices in parallel: the
GeForce 6800 Ultra, for example, incorporates 6 vertex shader units and 16
pixel pipelines.

Despite these performance advances, rendering complex scenes is still more
difficult than simply dumping all geometry onto the GPU and forgetting about it.
The simple approach tends to fail either because the generated GPU workload
turns out to be excessive, or because the associated CPU overhead is prohibi-
tive. This part of the book discusses the challenges today’s games face in ren-
dering complex geometric scenes.

Chapter 1, “Toward Photorealism in Virtual Botany” by David Whatley of
Simutronics Corporation, provides a holistic view on how to render nature
scenes. It explains the multitude of different techniques, from scene manage-
ment and rendering various plant layers to post-processing effects, that
Simutronics’ Hero’s Journey employs to generate complex and stunning visuals.

Rendering terrain is a good example of why simply dumping all available data to
the GPU cannot work: the horizon represents a near-infinite amount of vertex
data and thus workload. Arul Asirvatham and Hugues Hoppe of Microsoft Re-
search use vertex texture fetches for a new highly efficient terrain-rendering
algorithm. Their technique avoids overloading the GPU even as it shifts most
work onto the GPU and away from the CPU, which too often is the bottleneckin
modern games. Chapter 2, “Terrain Rendering Using GPU-Based Geometry
Clipmaps,” provides all the implementation details.

PART! GEOMETRIC COMPLEXITY 3
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As already mentioned, another way to increase geometric complexity is to increase
the number of visible objects in a scene. The straightforward solution of drawing
each object independently of the others, however, quickly bogs down even a high-
end system. It is much easier to efficiently draw ten objects that are one million
triangles each, than it is to draw one million objects that are ten triangles each.
Francesco Carucci of Lionhead Studios faces this very problem while developing
Black & White 2, the sequel to Lionhead’s critically acclaimed Black & White.
Chapter 3, “Inside Geometry Instancing,” describes his solution: a framework of
instancing techniques that applies to legacy GPUs as well as to GPUs supporting
DirectX 9’s instancing APL. jon Olick of 2015 provides further optimizations to the
instancing technique that prove beneficial for 2015’s title Men of Valor: Vietnam.
jon describes his findings in Chapter g4, “Segment Buffering.”

Also, as games incorporate more and more data—more complex scenes of more
complex meshes rendered in multiple, disparate passes supporting the gamut of
differing functionality from legacy to current high-end GPUs—managing this glut
of data efficiently becomes paramount. Oliver Hoeller and Kurt Pelzer of Piranha
Bytes are currently working on Piranha Bytes’ Gothic /Il engine. They share their
solutions in Chapter 5, “Optimizing Resource Management with Multistreaming.”

The best way to render lots of geometry to create geometric complexity is to avoid
rendering the occluded parts. Michael Wimmer and Jii Bittner of the Vienna Uni-
versity of Technology explore how best to apply that idea in Chapter 6, “Hardware
Occlusion Queries Made Useful.” Occlusion queries are a GPU feature that pro-
vides high-latency feedback on whether an object is visible or not after it is ren-
dered. Untlike earlier occlusion-guery culling technigues, Michael and Jif’s
algorithm is pixel-perfect. That is, it introduces no rendering artifacts, generates a
near-optimal set of visible objects to render, does not put unnecessary load on the
GPU, and has minimal CPU overhead.

Similarly, increasing geometric detail only where visible and simplifying it when
and where it isn’t visible is a good way to avoid excessive GPU loads. View-
dependent and adaptive subdivision schemes are an appealing solution that the
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offline-rendering world already employs to render their highly detailed models to
subpixel geometric accuracy. Subdivision surfaces have not yet found a place in
today’s real-time applications, partly because they are not directly supported in
graphics hardware. Rendering subdivision surfaces thus seems out of reach for
real-time applications. Not so, says Michael Bunnell of NVIDIA Corporation. In
Chapter 7, Michael shows how his implementation of “Adaptive Tessellation of
Subdivision Surfaces with Displacement Mapping” is already feasible on modern
GPUs and results in movie-quality geometric detail at real-time rates.

Finally, faking geometric complexity with methods that are cheaper than actually
rendering geometry allow for higher apparent complexity at faster speeds. Re-
placing geometry with textures that merely depict it used to be an acceptable
trade-off—and in the case of grates and wire-mesh fences, often still is. Normal
mapping is @ more sophisticated fake that properly accounts for lighting informa-
tion. Parallax mapping is the latest craze that attempts to also account for intra-
object occlusions. William Donnelly of the University of Waterloo one-ups
parallax mapping: he describes “Per-Pixel Displacement Mapping with Distance
Functions” in Chapter 8. Displacement mapping provides correct intra-object
occlusion information, yet minimally increases computation cost. His technique
gives excellent results while taking full advantage of the latest programmable
pixel-shading hardware. Even better, it is practical for applications today.

Matthias Wloka, NVIDIA Corporation
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1.1

Chapter 1

Toward Photorealism in
Virtual Botany

David Whatley

Simutronics Corporation

Rendering natural scenes in real time, while leaving enough CPU and GPU resources
for other game-engine requirements, is a difficult proposition. Images of botany require
a great deal of visual depth and detail to be convincing. This chapter describes strategies
for rendering more photorealistic natural scenes in a manner that is friendly to real-
time game engines. The methods presented here work together to create a convincing
illusion of grassy fields teeming with plants and trees, while not overwhelming either
the CPU or the GPU. These techniques are used in Simutronics’ Hero’ Journey, as
shown in Figure 1-1.

We begin by describing the foundation for managing scene data in large outdoor envi-
ronments. Next, we provide details on how to maximize throughput of the GPU to
achieve the required visual density in grass. Then we expand on these techniques to add
ground clutter and larger-scale botany, such as trees. Finally, we tie the visuals together
with shadowing and environmental effects.

Scene Management

Game engines must manage their rendering techniques to match the scope of the envi-
ronment they hope to visualize. Game levels that feature nature scenes, made up of thou-
sands of trees and bushes and perhaps millions of blades of grass, present significant data
management problems that must be solved to allow rendering at interactive frame rates.

1.1 Scene Management 7

NVIDIA Ex1023
Page J-56



1.1.1

Figure 1-1. Babbling Brook: A Nature Scene from Hero’s Journey

Rendering a virtual nature scene convincingly is both an artistic and a technical chal-
lenge. We can approach the rendering of nature much like a painter: break down the
elements into layers and treat each layer independently to ultimately create a unified
whole. For example, a layer of grass, a layer of ground clutter, a layer of trees, and so
on. All these layers share some common properties, which we can leverage to compress

our data representation.

Our goal is to travel the game camera over long distances of convincing outdoor scenes
without having to dedicate excessive memory resources to managing the task. With
guided deterministic random-number generation, we have an algorithm that can
“plant” all of the elements of nature in a reasonable manner while achieving the same
visual results each time we revisit the same spot on the map. In an online game, every-
one would see the same thing right down to the placement of a blade of grass without

this placement being permanently stored in memory.

The Planting Grid

We establish a world-space fixed grid around the camera to manage the planting data
for each layer of plants and other natural objects. Each grid cell contains all of the data

—r e 2= T R i
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to render its layer in the physical space it occupies. In particular, the cell data structure
stores the corresponding vertex and index buffers, along with material information to
represent what is drawn.

For each layer of botany, we establish a distance from the camera that the layer needs to
generate visuals; this determines the size of our virtual grid. As the camera moves, the virtual
grids travel with it. When a grid cell is no longer in the virtual grid, we discard it and add
new cells where needed to maintain our full grid structure. As each cell is added, a planting
algorithm is used to fill in the layer with the appropriate data for rendering. See Figure 1-2.

1.1.2 Planting Strategy

For each cell that is filled with natural objects, we need to pick suitable spots on the
ground where those objects are placed. The heuristic used to choose these spots
depends on the type of object being placed. Generally, we would like to pick random
spots, at some desired density, and then see if the corresponding points on the ground
are acceptable for what we are planting. In our implementation, a ground polygon’s
material determines what layers are applicable.

The obvious approach is to randomly cast rays straight down at the ground within the
volume of the cell. Each time we hit a polygon, we check to see if it is suitable (Can
grass be planted here? Is the slope too severe?). If we succeed, then we have a planted

point. We continue until we reach the proper density.

Figure 1-2. The Virtual Grid

Each layer consists of a fixed-size grid that is world-space aligned. The dark green cells represent
active cells. The camera is moving forward, and the cells marked with an X are being discarded as
new cells (shown in light green) are added to maintain our virtual grid size. A useful improvement
in the implementation is to pool the grid cells and simply recycle them, because a new cell is
always added when an old one is discarded.

1.1 Scene Management 9
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1.1.3

This approach yields good results but has significant problems. First, in grid cells where
there are few suitable places to plant (for example, just the top of a polygon that is
marked for grass), we can burn inordinate amounts of CPU time trying to randomly
achieve our density requirement. So in the worst case, we must abandon our search if
we reach some maximum limit of planting attempts. Second, we cannot handle over-

lapping terrain (such as a land bridge) with this approach.

A better approach is to collect all of the polygons that intersect the cell, discard all poly-
gons inappropriate for planting, and then scan-convert them to find suitable spots for
planting. This is similar to rasterizing a polygon for rendering, but instead each “pixel”
of our traversal is a world-space potential planting point. We must be careful to keep
the scan conversion rate appropriate to the density, while not exceeding the boundaries
of the triangle. Further, at each planting point we select, it is important to offset along
the plane of the polygon by some suitable random distance to eliminate repeating pat-
terns. All of these values are adjustable coefficients that should be determined during
design time. In our implementation, the designer can interactively tweak these values to

achieve the desired result for the layer.

Finally, when scan-converting we also must take care to clip to the polygon edges
(when offsetting) as well as to the cell’s border, because the polygon may extend beyond
it (and another cell is managing the planting there).

Planting in this manner can take place in real time or as part of offline level preprocess-
ing. In the latter case, the grass planting spots should be stored in a highly compressed
form; the data should be uncompressed at run time as each cell is added to the set of
potentially visible cells by the moving camera.

Real-Time Optimization

If this planting operation is done in real time, care must be taken to ensure that plant-
ing is a fast operation. Collecting polygons in a grid cell can be done quickly by using
an AABB tree or a similar data structure. Because many cells may need to be planted
suddenly due to continuous camera movement, it is also effective to queue up this task
so that we spend only a relatively fixed amount of CPU on the task for each frame. By
extending the size of the grid, we can be reasonably sure that all the appropriate plant-
ing will take place before the contents of the cell come into view.

Chapter1 Toward Photorealism in Virtual Botany
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The Grass Layer

Achieving interactive frame rates for endless fields of grass requires a careful balance of
GPU techniques and algorithms. The key challenge is to create a visual that has high
apparent visual complexity at relatively low computational and rendering cost. Doing
so creates a2 convincing volume of grass. Here we introduce a technique similar to the
one presented by Pelzer (2004) in “Rendering Countless Blades of Waving Grass.” Our
technique yields higher-quality and more-robust results at a reduced GPU and CPU

burden. Figure 1-3 shows a scene rendered with our technique.

Obviously, drawing each grass blade is out of the question. But we can create such an
illusion with clumps of grass, which are best represented by camera-facing quads with a
suitable grass texture. Billboards of this nature create the illusion of volume at a mini-
mal cost. However, a large field of grass can still require an excessive number of draw
calls, so we must carefully structure our usage of the GPU to achieve sufficient volume

and density.

Figure 1-3. A Convincing Grass Layer
To be convincing, the illusion of volume must be maintained even though the grass is drawn using
camera-facing quads.

1.2 The Grass Layer 1
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GPUs work best when they are presented with large batch sizes to draw at once. There-
fore, our goal is to figure out how to draw fields of grass with a relatively small number
of draw calls to the APIL. The naive approach is to draw one billboard at a time. Instead,

what we want is to draw as many as is practical in one draw call.

To achieve this, we use a technique whereby we create a vertex and an index buffer and
fill it with a large number of grass billboards. We then draw all these billboards in one
call. This algorithm is similar to speeding up a CPU loop by unrolling it.

For our purposes, each layer of grass—that is, all grass that uses the same texture and
other parameters—is represented by a vertex and an index buffer pair per grid cell, as
shown in Figure 1-4. For each clump of grass (or billboard) we plant, we write its posi-
tions into the vertex buffer and update the index buffer accordingly. We need four ver-
tices and six indices per billboard. For each vertex, we set the position to the point
where we have planted the grass clump. This means that all four vertices of a billboard
have an identical position, but we offset this position in the vertex shader to create the
proper camera-facing quad shape. Alternatively, if the grass texture fits within a triangu-
lar shape, we can save processing one vertex each. Even better, at this point, indices
become unnecessary and can be skipped altogether without loss of performance; no
vertex is ever reused out of the post-transformation-and-lighting cache when rendering
this sort of triangle soup.

Once the vertex buffer is created and sent to video memory, we can draw each grid
cell’s worth of botany with a single draw call. On the GPU, we use a vertex shader to

Y ]
(-1,3-1) (1, -1) Vertex Buffer
’ ' L Cump1 Clump 2
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l sl
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Figure 1-4. Structures for Drawing Each Grid Cell

Each grid cell contains a vertex and an index buffer into which we unroll our grass quads. The
position of each of the quad’s four vertices is set to the planting point (where the grass roots enter
the ground) and the vertex shader moves the vertices into proper position. The entire grid cell’s
worth of grass can now be drawn in one call.
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1.2.1

offset each of the vertices so that they form a screen-aligned quad. Since each vertex
moves in a different direction, we have to identify which vertex forms what corner of
the quad. To do this, we augment our vertex data with two additional floats that con-
tain —1, 0, or 1. The first float is for the x direction on the screen, and the second is for
the y. We multiply this factor by our scale in x and y to offset as necessary. Additionally,
we can randomly set all —1 and 1 values to slightly different values (such as 0.98 or
—1.2) to add size variety to each grass clump.

Though we intend to move the vertex in screen space, we do all our work in world
space so that we get the perspective effect for free. To do this, we provide our vertex
shader with a vector that points to the right of the camera and another that points up
from the camera. Simple math moves the vertex into the correct position:

// FPor each vertex, we pass a -1, 0, 1 value for %, vy, which determines

// how it is moved by the right and up vectors of the camera. This
// we pass in as a texture coordinate (inTexCoord2).

Out.Pos = Input.inPos + (Input.inTexCoord2.x * RightVector) +
(Input .inTexCoord2.y * UpVector);

Our approach differs from Pelzer’s because we use camera-facing billboards instead of
having three quads per clump and doing no screen alignment. The screen-facing bill-
boards create a constant depth at all view angles (even when looking down), whereas
the three-quad clump approach progressively breaks down as the camera looks more
directly down at the grassy field. In a third-person camera view, typical of many types
of games and simulations, this is not an uncommon camera angle.

Simulating Alpha Transparency via Dissolve

When rendering grass, we want to use transparency to improve the visual blending and
fade out at a distance near the boundary of our virtual grid. However, alpha-based
transparency is far from ideal because it requires sorting, which is slow. Although there
are techniques that take advanrtage of the chaotic nature of grass to minimize some of
the sorting (Pelzer 2004), we can actually eliminate it altogether.

To do this, we adopt a dissolve effect (also called the screen-door effect) instead of alpha
blending to simulate translucency. We accomplish this by modulating the alpha chan-
nel of our grass texture with a noise texture. Then we use alpha test to eliminate pixels
from rendering. By sliding the alpha test value from 0 to 1, the texture appears to dis-
solve. The process is shown in Figure 1-5. SpeedTreeRT, a commercial package for real-
time foliage creation, was the first to use this technique to blend between levels of derail

1.2 The Grass Layer 13
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Figure 1-5. Components of the Grass Texture

Grass texture with (a) the diffuse texture, (b) the artist-created alpha channel, (c) the Perlin noise
texture, and (d) the result of multiplying the artist alpha by the Perlin noise. This can be done in the
pixel shader, or the fixed-function pipeline, or as part of the authoring process by generating mip
levels that have a progressively more transparent pattern, to create fade with a fixed alpha-test value.

with alpha testing enabled. Simutronics has licensed IDV’s Speed TreeRT for Hero’s
Journey, and techniques drawn or adapted from this commercial foliage toolkit are
noted as such in this chapter.

The benefit of this technique is that the alpha test is a fast operation and order-independent.
We no longer need to sort, yet grass appears to fade out at a distance. Although a dissolve
does not look nearly as good as true alpha translucency under normal circumstances, we
can exploit the fractal properties of nature to completely mask any visual artifacts of the
screen-door technique. Experimentally, we have found that if we use a Perlin noise texture
(Perlin 2002) rather than a random noise texture, the dissolve effect matches the environ-
ment well enough to be nearly as good as alpha translucency.

One problem we have, however, is that the alpha test value we select needs to be based
on the distance of each billboard from the camera. However, we can only use exactly
one alpha test value for each batch (each grid cell) even though the batch is filled with
grass clumps at varying distances; this is because we are rendering the entire grid cell in
one draw call. Because we want each grass billboard to fade out precisely based on its
distance from the camera, we select a fixed alpha test value and instead manipulate the

14
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alpha channel in the shaders, linearly interpolating them toward full alpha based on the
distance from the camera and the maximum range at which we want grass to start
being visible. We do this by adjusting the alpha component of the output color of the
vertex shader, which then attenuates the alpha of the texel in the pixel shader (this can
also be done with the fixed-function pipeline).

An additional pass can be made over grid cells nearest the camera, drawing with alpha
blending to feather the edges of the grass blades into the scene, thus eliminating any
harsh edges from blades of grass close to the camera. This can achieve marginally better
compositing at the expense of another pass. But because alpha test is still used, rela-
tively few pixels are written to the back buffer (just the edges of the blades, at most).
Alpha blending and alpha testing work well together; it is often a good idea to experi-
ment with both to achieve the best illusion of depth and volume.

1.2.2 Variation

To increase the realism of our grass, we want to introduce as much variety as we can
without impeding frame rate. One approach is to use a variety of images for grass, but
our batching approach limits us to one texture per draw call. Fortunately, we can use a
larger texture with different variations of grass arranged on them. During the vertex
building, we can adjust the UV coordinates to select different subregions of the texture
(that is, we can build a texture atlas; see NVIDIA 2004 for more on this technique). It
is easy to have, for instance, four different grass clump variations on one texture. Plus,
as we unroll grass quads into the vertex buffer, we can randomly flip the U coordinate
to mirror the image. Be sure to allow space between your images so that mipmapping
does not introduce texel-bleed artifacts.

Each billboard can also carry along color information. This is very useful for tinting a
grayscale texture or doing subtle color shifting in the vertex shader, if you also establish
a color for each cluster when planting. We have found that Perlin noise works here as
well. It is easy, for example, to tint grass from a healthy green to a dying brown to im-
part broad color variations and break up the repetitiveness of the grass. See Figure 1-6.

1.2.3 Lighting

Lighting plays an important role in how grass looks. For billboard grass, we want to
make sure that our grass is lit like the ground underneath. Because the ground naturally
undulates, and thus picks up different angles of sunlight, we want to simulate this by
attenuating the brightness of the grass. To do so, we need to know the angle of the

_— —_— ——
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Figure 1-6. Using RGB Information to Increase Realism

Each planting of grass carries RGB information in the vertices. in this scene, the color values are
derived from a Perlin noise function to simulate grass that is greener and patches that are a less-
healthy brown.

ground on which the grass is sitting. An easy solution is to pass along this information in
the vertex definition as another vector. During planting, we determine the normal of the
polygon on which we are planting grass and carry this along in our grass billboard defi-
nition. With this approach, the vertex shader can do the same lighting calculation as for
the polygon underneath the grass and attenuate its color to match. On hilly terrain, this
causes the grass to have the subtle angle-to-the-light cues that the ground has.

Unfortunately, this approach leads to a faceted shading of the grass even though the
ground polygons are likely smooth shaded (such as with Gouraud shading). To get
around this discrepancy, the normal that is passed through the vertex shader must itself
be smoothly interpolated during the planting process.

If the sun angle is dynamic, a simplification is to assume that the ground normal is
roughly straight up and then carry out the lighting based on this normal and the light
angle. In this way, we do not have to compute or carry the ground polygon normal in
the vertex definition. There is a quality trade-off here, but this approach was good
enough for our application.

16
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1.2.4 Wind

Grass comes alive when wind affects it. Offsetting the top two vertices of the grass quad
each frame causes the quad to wave in the wind. We compute this offset by using a sum
of sines approximation, similar to computing surface undulation for water (Finch 2004).
The trick to this is to carry a blend weight in the vertex definition, where the top two
vertices of the grass quad are set to 1 and the bottom two to 0. Then we multiply our
wind scale factor by this value, so that the bottom vertices remain firmly planted in the
ground. For additional variation, we can randomize the top two vertex weights some-
what during planting. This simulates some grass being more or less rigid.

Grass blades often change their orientation to the light as they wave in the wind, caus-
ing them to brighten and darken. We can use the wind term to augment the lighting to
simulate this effect. This greatly improves the visual effect of the wind, even for grass
clumps at a distance where the physical waving deformation becomes subpixel in size.

Note, however, that the wind factors should not be allowed to deform the grass quads
too much. If they do, the resulting deformation will appear comical rather than realis-

tic. Subtlety is the key.

1.3 The Ground Clutter Layer

Ground cover consists of more than just waving fields of grass. Twigs, small plants,
rocks, and other debris complete the illusion of natural complexity. Some of these can
be represented as billboards just as grass is, but the richness of the environment is en-
hanced when we mix in an assortment of geometric objects, as well.

Just as we did with grass billboards, we unroll our 3D mesh data into vertex and index
buffers for each grid cell, which can then be drawn with a single call. We must group
our ground clutter into layers that use the same textures and shaders. We can apply
random transforms to vary their size and orientation as we pick our planting points,
but the transforms must vary depending on the nature of the mesh: an upside-down
rock is okay, but an upside-down bush is not. For additional variety, we can pass RGB
information to tint the objects just as we did with the grass polygons.

The dissolve technique for handling order-independent transparency effects works exactly
the same for 3D meshes as it does for billboards. We modulate the alpha channel of the
texture by our Perlin noise texture and use our distance from the camera to attenuate.
Then alpha test dissolves the 3D meshes the same way it did with the grass billboards.

1.3 The Ground Clutter Layer 17
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1.4

Each vertex can be given a weighting value, which allows us to apply the same wind
math ro the 3D as we did with the billboards. Obviously, we want objects such as rocks
and twigs to be rigid, but leafy plants can have artist-driven weights to achieve the
proper effect. Figure 1-7 shows an example of a scene with ground clutter.

Figure 1-7. Using Ground Clutter to Add Dense Detail

Here ground clutter is used to add dense detail to the shoreline of a river. The rocks, branches, and
twigs are all 3D meshes unrolled into vertex buffers per grid cell. The reeds are rendered with the
grass-rendering technique.

The Tree and Shrub Layers

The trunk and primary branches of a tree should be modeled as 3D meshes. Secondary
branches can be simulated with billboards to add visual complexity. For trees that are
leafy, we can use techniques similar to the one we used for grass to create clumps of

leaves from camera-facing billboards.

The following approach to rendering trees and shrubs is based on SpeedTreeRT, which
provides all of the real-time rendering information for tree assets and includes

SpeedTreeCAD for parametric authoring of trees (IDV 2004). The actual rendering of

— —

18

Chapter1 Toward Photorealism in Virtual Botany

NVIDIA Ex1023
Page J-67



trees is still the responsibility of the game engine, which gives developers a lot of flexi-
bility in implementation.

Because trees need to maintain their basic volume over long distances but are expensive
to render in great detail, a level-of-detail (LOD) strategy must be employed. As a tree
recedes into the distance, larger but fewer leaf clump billboards can be used. For the
larger billboards, we use a different texture that shows more but smaller leaves.

For efficiency, all of the textures related to a tree should be consolidated into a single
texture, as shown in Figure 1-8. In fact, it is even preferable to have multiple tree tex-

tures packed into one texture, so we can draw more of them in one call.

At some suitable distance, we eventually want to represent a tree with a camera-facing
billboard. This can be difficult when the tree’s profile is asymmetrical. To get around

Figure 1-8. Storing Multiple Leaf Cluster Images in a Single Texture

A single texture contains many leaf cluster images, at different resolutions for level of detail, plus the
billboards for a tree at a distance. Building a composite texture in this way makes it possible to draw
many trees with fewer texture changes. This composite map was generated using SpeedTreeCAD.

— e e
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1.5

the problem, we can produce tree images for the billboard at various angles and then
blend berween them based on the angle of the tree and the camera.

If trees are placed manually, we have found that it is best to give the level designer fine
control over LOD transition points for each instance. In areas where trees are dense,
you can get away with LOD transitions fairly near the camera. But in other places, with
long lines of sight but fewer trees, it’s easier to maintain their high detail and avoid

visual artifacts.

Shrubs and fronds can be handled as just another type of tree using many of the same
techniques. For example, a leafy bush is simply a tree with a small or nonexistent trunk.
Further, you can turn a tree upside down, turn off the leaves, and get an elaborate ex-

posed root system to marry up with a normal tree.

Trees can be authored in a standard modeling package, but artists need some mecha-
nism to specify where leaf points and branch billboards go. This can complicate export-
ing. The actual rendering of the trees is still the responsibility of the game engine,
which gives developers a lot of flexibility in implementation.

Shadowing

Because we pass an RGB tint for grass and ground clutter, we can choose a dark tint for
areas in shadow. This requires us to know whether or not each planted item is in
shadow. To be effective in natural environments, this sort of shadowing needs to only

grossly approximate the correct shadowing. See Figure 1-9.

One approach is to make the shadow determination when the planting occurs. Simply
cast a shadow feeler ray from the planting position toward the dominant light source
(the sun) and see if there is an intersection. If so, adjust the RGB values toward the
scene’s ambient color. Remember that a shadow feeler ray cast is concerned only about
any intersection (not just the closest) so it can be much more efficient than a standard

collision ray cast.

Soft shadows (technically called antialiased shadows in this context) can be achieved by
casting more than one shadow feeler. Figure 1-10 shows how this works. By offsetting
each ray start position slightly, three or five ray casts from a given spot can be per-
formed. The fraction of hits is used to attenuate the light between the diffuse sun light-
ing and the scene’s ambient lighting. Widening the offsets increases the softness of the
shadowing,
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Figure 1-9. Grass Shadowed by a Tree Root
In this scene, grass is shadowed by an object (an oversized tree root). Having multiple shadow
feelers per grass clump helps soften the transitions between shadowed and illuminated areas.

These sorts of shadows are not dynamic, but they can be recomputed fairly quickly at
intervals for slow-moving light sources (such as the traveling sun). In general, they pro-
vide sufficient visual cues to cause the scenery to seem more lifelike.

Special approximation techniques can be used to cause shadow feeler hits when casting
through the bulk of a tree. Instead of looking for intersections with individual leaves,
simply collide with the spherical volume of the leafy part of the tree or the cylinder of
the trunk. For the leafy part, use a random function to determine if rays intersect based
on the density of the leaves. Although this shadowing technique is crude, accurate solu-
tions are not visually distinct.

If planting is precomputed as an offline process, then shadow fidelity can be greatly
enhanced. One possibility beyond shadow feelers is to look at the texel of a light map
to determine shadowing. This can be difficult in real time if the light map is not in
system memory.
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Figure 1-10. Visibility Testing Using Ray Casts

Shadow feeler ray casts are projected from the planting point toward the light source (which is
directional in this case). Any collision indicates that the point is in shadow. To get a softer shadow,
project additional offset shadow feelers and use the fraction of hits to determine how much to tint
toward the ambient lighting. Care must be taken so that the shadow feelers do not immediately
intersect the ground plane at the planting point.

1.6 Post-Processing

Natural environments react to sunlight in ways that are hard to simulate in real time.
Like most interactive techniques, the goal is to find methods that achieve a reasonable,
if not accurate, result. Using post-processing effects, we can tie the visuals together to

achieve a superior environment.

Full-scene post-processing glow is useful for magical and high-tech effects in games,
and extending this simple technique for natural effects has proven effective. Real-time
glow techniques provide a way to simulate blooming—as well as create a natural soften-
ing effect (brought about by a Gaussian blur)(James and O’Rorke 2004). However,
because glow is an additive effect, care must be taken to account for this when author-
ing textures. It is easy to get carried away and overbrighten a scene. As with all effects,
just because a little is good, more isn’t necessarily better.

— e =
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1.6.1 Sky Dome Blooming

A textured sky dome provides a rich opportunity to use glow to our advantage. We can
set aside the alpha channel of the sky dome for the artist to define areas that are more
luminous. This allows the artist to have a lot of control over how the sun and the
clouds interact. When rendering the sky dome, simply apply the alpha layer to the glow
channel. Figure 1-11 shows an example.

A sky dome with a good amount of glow blooms around the delicate structure of tree
leaves and branches. This yields a particularly realistic touch that is almost immediately
noticeable, as shown in Figure 1-12. Because the sky glow is controlled by the artist,

this technique is particularly effective and finely tuned at no additional cost.

Figure 1-12. Varying Amounts of Sky Dome Glow
From left to right, no glow, moderate glow, and a lot of glow. Notice that it glows only in the areas
of the sky designated by the artist in the alpha channel of the sky dome texture.
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1.6.2

1.7

1.8

Full-Scene Glow

Cinematography of natural environments is often enhanced by a technique in which
diffusing gauze (cheesecloth) is placed over the camera lens. If post-processing glow is
being used, we can simply clear the glow channel to an adjustable, nonzero value to
create a full-scene glow. Because the glow is a simulation based on a Gaussian blur, this
causes the whole scene to appear to be diffused; also, bright areas bloom slightly without
having to resort to more expensive HDR effects. For natural outdoor scenes, this ap-
proach can greatly mitigate the harsh computer-generated look of polygons for no extra
GPU cost (because full-scene glow processing is already occurring). See Figure 1-13.

Figure 1-13. The Effect of Full-Scene Glow

The scene on the left is rendered with no glow; the scene on the right has a large amount of full-
scene glow. Besides the obvious brightening effect, the glow’s Gaussian blur causes the scene to
appear softer and diffused.

Conclusion

Rendering nature in a convincing way always adds visual drama to a game. Figure 1-14
illustrates how these techniques can be very effective at conveying a sense of the inher-

ent complexity and grandeur of natural scenery.
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Figure 1-14. Creating the (llusion of a Lush Landscape

Here all techniques work together to produce a suitable illusion of a lush landscape. As the
camera travels over this expansive game level, the level of detail remains high near the camera at
interactive frame rates.

NVIDIA Corporation. 2004. “Improve Batching Using Texture Atlases.” SDK white
paper. http://download.nvidia.com/developer/NVTextureSuite/Atlas_Tools/
Texture_Atlas_Whitepaper.pdf

Pelzer, Kurt. 2004. “Rendering Countless Blades of Waving Grass.” In GPU Gems,
edited by Randima Fernando, pp. 107-121. Addison-Wesley.

Perlin, Ken. 2002. “Improving Noise.” ACM Transactions on Graphics (Proceedings of
SIGGRAPH 2002) 21(3), pp. 681-682. http://mrl.nyu.edu/-perlin/paperd45.pdf

I would like to thank the entire Simutronics Hero's Journey art and programming team for
their invaluable contributions to this effort, especially 3D artists Richard Amsinger and Kyle
Knight, whose work is featured in this chapter. Additionally, I would like to thank Dave
Dean and Bryan Cool for their programming wizardry, which contributed a great deal to
the techniques presented in this chapter. Last, [ want to thank our art director, Tracy Butler,
for providing the illustrations that belp clarify many of the concepts in this chapter.

1.8 References 25

NVIDIA Ex1023
Page J-74



2.1

Chapter 2

Terrain Rendering Using
GPU-Based Geometry Clipmaps

Arul Asirvatham
Microsoft Research

Hugues Hoppe
Microsoft Research

The geometry clipmap introduced in Losasso and Hoppe 2004 is a new level-of-detail
structure for rendering terrains. It caches terrain geometry in a set of nested regular
grids, which are incrementally shifted as the viewer moves. The grid structure provides
a number of benefits over previous irregular-mesh techniques: simplicity of data struc-
tures, smooth visual transitions, steady rendering rate, graceful degradation, efficient
compression, and runtime detail synthesis. In this chapter, we describe a GPU-based
implementation of geometry clipmaps, enabled by vertex textures. By processing terrain
geometry as a set of images, we can perform nearly all computations on the GPU itself,
thereby reducing CPU load. The technique is easy to implement, and allows interactive
flight over a 20-billion-sample grid of the United States stored in just 355 MB of mem-
ory, at around 90 frames per second.

Review of Geometry Clipmaps

In large outdoor environments, the geometry of terrain landscapes can require signifi-
cant storage and rendering bandwidth. Numerous level-of-detail techniques have been
developed to adapt the triangulation of the terrain mesh as a function of the view.
However, most such techniques involve runtime creation and modification of mesh
structures (vertex and index buffers), which can prove expensive on current graphics
architectures. Moreover, use of irregular meshes generally requires processing by the
CPU, and many applications such as games are already CPU-limited.
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The geometry clipmap framework (Losasso and Hoppe 2004) treats the terrain as a
2D elevation image, prefiltering it into a mipmap pyramid of L levels as illustrated in
Figure 2-1. For complex terrains, the full pyramid is too large to fit in memory. The
geometry clipmap structure caches a square window of # x # samples within each level,
much like the texture clipmaps of Tanner et al. 1998. These windows correspond to a
set of nested regular grids centered about the viewer, as shown in Figure 2-2. Note that
the finer-level windows have smaller spatial extent than the coarser ones. The aim is to
maintain triangles that are uniformly sized in screen space. With a clipmap size

n = 255, the triangles are approximately 5 pixels wide in a 1024 x 768 window.

Only the finest level is rendered as a complete grid square. In all other levels, we render
a hollow “ring,” which omits the interior region already rendered at finer resolutions.

As the viewer moves, the clipmap windows are shifted and updated with new data. To
permit efficient incremental updates, the clipmap window in each level is accessed
toroidally, that is, with 2D wraparound addressing (see Section 2.4).

One of the challenges with the clipmap structure is to hide the boundaries between suc-
cessive resolution levels, while at the same time maintaining a watertight mesh and
avoiding temporal popping artifacts. The nested grid structure of the geometry clipmap
provides a simple solution. The key idea is to introduce a transition region near the outer
perimeter of each level, whereby the geometry and textures are smoothly morphed to
interpolate the next-coarser level (see Figure 2-3). These transitions are efficiently imple-
mented in the vertex and pixel shaders, respectively.

Finest Level L-/ Top View of Terrain

Figure 2-1. How Geometry Clipmaps Work

Given a filtered terrain pyramid of L levels, the geometry clipmap caches a square window at each
resolution level. From these windows, we extract a set of L nested “rings” centered about the
viewer. The finest-level ring is filled in.
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Figure 2-2. Terrain Rendering Using a Coarse Geometry Clipmap
Hlustration of terrain rendering using a coarse geometry clipmap (size n = 31, L = 10). Each
colored ring is formed from a different clipmap level.

The nested grid structure of the geometry clipmap also enables effective compression
and synthesis. It allows the prediction of the elevation data for each level by upsampling
the data from the coarser level. Thus, one need only store or synthesize the residual

detail added to this predicted signal.

(b) (©

Figure 2-3. Achieving Visual Continuity by Blending Within Transition Regions
(a) Transition regions (in purple). (b) Without blending. (c) With blending.
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Overview of GPU Implementation

The original implementation of geometry clipmaps presented in Losasso and Hoppe
2004 represents each clipmap level as a traditional vertex buffer. Because the GPU cur-
rently lacks the ability to modify vertex buffers, that implementation required signifi-
cant intervention by the CPU to both update and render the clipmap (see Table 2-1).

In this chapter, we describe an implementation of geometry clipmaps using vertex tex-
tures. This is advantageous because the 2D grid data of each clipmap window is much
more naturally stored as a 2D texture, rather than being artificially linearized into a 1D

vertex buffer.

Recall that the clipmap has Z levels, each containing a grid of 7x » geometric samples.
Our approach is to split the (x, y, ) geometry of the samples into two parts:

» The (x, y) coordinates are stored as constant vertex data.

+ The z coordinate is stored as a single-channel 2D texture—the elevation map. We
define a separate 7 x # elevation map texture for each clipmap level. These textures are
updated as the clipmap levels shift with the viewer’s motion.

Because clipmap levels are uniform 2D grids, their (x, y) coordinates are regular, and
thus constant up to a translation and scale. Therefore, we define a small set of read-only

Table 2-1. Comparison with Original CPU Implementation
Our implementation of geometry clipmaps using vertex textures moves nearly all operations
to the GPU.

Original Implementation® GPU-Based Implementation

Flevation Data In vertex buffer In 2D vertex texture

Vertex Buffer Incrementally updated by CPU Constant!

Index Buffer Generated every frame by CPU Constant!

Upsampling Cru GPU

Decompression Cru CPU

Synthesis CPU GPU

Adding Residuals CPruU GPU

Normal-Map Update CPruU GPU

Transition Blends GPU GPU

1. Losasso and Hoppe 2004.
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2.2.1

2.2.2

vertex and index buffers, which describe 2D “footprints,” and repeatedly instance these
footprints both within and across resolution levels, as described in Section 2.3.2.

The vertices obtain their z elevations by sampling the elevation map as a vertex texture.
Accessing a texture in the vertex shader is a new feature in DirectX 9 Shader Model 3.0,

and is supported by GPUs such as the NVIDIA GeForce 6 Series.

Storing the elevation data as a set of images allows direct processing using the GPU
rasterization pipeline (as noted in Table 2-1). For the case of synthesized terrains, all
runtime computations (elevation-map upsampling, terrain detail synthesis, normal-
map computation, and rendering) are performed entirely within the graphics card,
leaving the CPU basically idle. For compressed terrains, the CPU incrementally decom-
presses and uploads data to the graphics card (see Section 2.4).

Data Structures

To summarize, the main data structures are as follows. We predefine a small set of con-
stant vertex and index buffers to encode the (x, y) geometry of the clipmap grids. And
for each level 0. .. L—1, we allocate an elevation map (a 1-channel floating-point 2D
texture) and a normal map (a 4-channel 8-bit 2D texture). All these data structures
reside in video memory.

Clipmap Size

Because the outer perimeter of each level must lie on the grid of the next-coarser level (as
shown in Figure 2-4), the grid size » must be odd. Hardware may be optimized for tex-
ture sizes that are powers of 2, so we choose 7 = 2“~1 (that is, 1 less than a power of 2)
leaving 1 row and 1 column of the textures unused. Most of our examples use 7 = 255.

The choice of grid size n = 2*—1 has the further advantage that the finer level is never
exactly centered with respect to its parent next-coarser level. In other words, it is always
offset by 1 grid unit either left or right, as well as either top or bottom (see Figure 2-4),
depending on the position of the viewpoint. In fact, it is necessary to allow a finer level
to shift while its next-coarser level stays fixed, and therefore the finer level must some-
times be off-center with respect to the next-coarser level. An alternative choice of grid
size, such as 7 = 2*—3, would provide the possibility for exact centering, but it would
still require the handling of off-center cases and thus result in greater overall complexity.
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2.3

2.3.1

Figure 2-4. Two Successive Clipmap Rings
Note that vertices of the coarser level are coincident with those of the finer level at the interlevel
boundary. This property is crucial for avoiding cracks in the rendered terrain.

Rendering

Active Levels

Although we have allocated L levels for the clipmap, we often render (and update) only
a set of active levels O . . . L'—1, where the number of levels L’ < L is based on the
height of the viewpoint over the underlying terrain. The motivation is that when the
viewer is sufficiently high, the finest clipmap levels are unnecessarily dense and in fact
result in aliasing artifacts. Specifically, we deactivate levels for which the grid extent is
smaller than 2.54, where 4 is the viewer height above the terrain. Since all the terrain
data resides in video memory, computing 4 involves reading back one point sample
(immediately below the viewpoint) from the elevation map texture of the finest active
level (L'-1). This readback incurs a small cost, so we perform it only every few frames.
Of course, we render level L'—1 using a complete square rather than a hollow ring.

The implementation described in Losasso and Hoppe 2004 allows “cropping” of a level
if its data was not fully updated during viewer motion. To simplify our GPU imple-
mentation, we have decided to forgo this feature. We instead assume that a level is ei-
ther fully updated or declared inactive.
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2.3.2

Vertex and Index Buffers

As explained earlier, we represent the grid (x, y) values as vertex data, while storing the z
elevation values as a one-channel floating-point texture. A brute-force approach would
be to define a single vertex buffer containing the (x, y) data for the entire ring within a
level. To both reduce memory costs and enable view frustum culling, we instead break
the ring into smaller 2D footprint pieces, as illustrated in Figure 2-5.

Most of the ring is created using 12 blocks (shown in gray) of size mx m, where m =
(n + 1)/4. Since the 2D grid is regular, the (x, y) geometries of all blocks within a level
are identical up to a translation. Moreover, they are also identical across levels up to a
uniform scale. Therefore, we can render the (x, y) geometries of all terrain blocks using
a single read-only vertex buffer and index buffer, by letting the vertex shader scale and
translate the block (x, y) geometry using a few parameters.

For our default clipmap size n = 255, this canonical block has 64 x 64 vertices. The
index buffer encodes a set of indexed triangle strips whose lengths are chosen for opti-
mal vertex caching. We use 16-bit indices for the index buffer, which allows a maxi-
mum block size of 7 = 256 and therefore a maximum clipmap size of » = 1023.

= | % (Example: n=15, m=4)
1,' 72 3 = '/ ‘ S R 2D Footprints:
157 16 ) m x m Block
5 =13
171 g1 e i \|'_ m x 3 Ring Fix-up
| Bl I ¢
o | » = T, ,/’
: s bt » - I 3
_______ . Vs } o V7 [__‘[ ]i 1 (2m + 1) x 2 Interior Trim
191 La0] 12
_______ | tall ; ‘ Outer Degenerate Triangles

n=15 Vertices

Figure 2-5. Partitioniné a Clipmap Ring
Each clipmap ring is partitioned into a set of 2D footprints: 12 block instances, ring fix-up, and
interior trim.
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However, the union of the 12 blocks does not completely cover the ring. We fill the
small remaining gaps using a few additional 2D footprints, as explained next. Note that
in practice, these additional regions have a very small area compared to the regular mx m
blocks, as revealed in Figure 2-6. First, thereisagap of (n — 1) — ((m — 1) x 4) =2
quads at the middle of each ring side. We patch these gaps using four mx 3 fix-up re-
gions (shown in green in Figures 2-5 and 2-6). We encode these regions using one vertex
and index buffer, and we reuse these buffers across all levels. Second, there is a gap of one
quad on two sides of the interior ring perimeter, to accommodate the off-center finer
level. This L-shaped strip (shown in blue) can lie at any of four possible locations (top-
left, top-right, bottom-left, bottom-right), depending on the relative position of the fine
level inside the coarse level. We define four vertex and one index buffer for this interior

trim, and we reuse these across all levels.

Also, we render a string of degenerate triangles (shown in orange) on the outer perimeter.
These zero-area triangles are necessary to avoid mesh T-junctions. Finally, for the finest
level, we fill the ring interior with four additional blocks and one more L-shaped region.

Because the footprint (x, y) coordinates are local, these do not require 32-bit precision,
so we pack them into a D3DDECLTYPE_SHORT2, requiring only 4 bytes per vertex. In
the future, it may be possible to compute the (x, y) coordinates within the 7 x m block
from the vertex index 7 itself as (fmod (i, m), floor(i/m)).

Figure 2-6. Visualizing the Nested Grid Structure

For practical clipmap sizes, most of the terrain is rendered using instances of the mxm block. Left:
top view of terrain, showing each nested grid composed of 12 blocks. Right: forward view, showing
nested grid structure and final shaded terrain.
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2.3.3

2.3.4

View Frustum Culling
View frustum culling is done at the block level on the CPU. Each block is extruded by

(2,0 Zma) and intersected with the view frustum in 3D. It is rendered only if this inter-

section is nonempty. Depending on the view direction, the rendering load is reduced by
a factor of 2 to 3 for a 90-degree field of view, as shown in Figure 2-7.

DrawPrimitive Calls

For each level, we make up to 14 DrawPrimitive (DP) calls: 12 for the blocks, 1 for
the interior trim, and 1 for the remaining triangles. With view frustum culling, on
average only 4 of the 12 blocks are rendered each frame. The finest level requires 5
more calls to fill the interior hole. Thus, overall we make 6L 4 5 (71 for L = 11) DP
calls per frame on average. This total number could be further reduced to 3L + 2 (35)

by instancing all blocks rendered in each level using a single DP call.

Figure 2-7. View Frustum Culling
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2.3.5 The Vertex Shader

The same vertex shader is applied to the rendering of all 2D footprints described previ-
ously. First, given the footprint (x, y) coordinates, the shader computes the world (x, )
coordinates using a simple scaling and translation. Next, it reads the 2 value from the

elevation map stored in the vertex texture. No texture filtering is necessary because the

vertices correspond one-to-one with the texture samples.

For smooth transitions, the vertex shader blends the geometry near the outer boundary
of each level with that of the next-coarser level. It computes the blending parameter o
based on the (x, ) location relative to the continuous viewer position (v,, U),). Specifi-

[t o

Here, all coordinates are expressed in the [0 . . . #—1] range of the clipmap grid, and w
is the transition width (chosen to be #/10). The desired property is that a evaluates to
0 except in the transition region, where it ramps up linearly to reach 1 at the outer

cally, o = max(a,, a]), with

o, = clamp[[‘x =

and similarly for a,

perimeter. Figure 2-3a (on page 29) shows the evaluation of the parameter a within the

transition regions in purple.

For geometric blending, we linearly interpolate between the current (fine-level) eleva-
tion z; and the elevation z_ at the same (x, ) location in the next-coarser level:

!

z = (l—oz)zf + oz,

In the general case, the sample location lies on an edge of the coarser grid, and z, is
obtained by averaging the two coarse samples on the edge endpoints. We could perform
this computation at runtime, but it would require a total of three vertex-texture
lookups (one for 2 and two for z. = (z,, + z,,)/2) and vertex-texture reads are currently

expensive (Gerasimov et al. 2004).

Instead, we compute z, as part of the clipmap update, and pack both 2 and z, into the
same 1-channel floating-point texture. We achieve this by storing z into the integer
part of the float, and the difference z, = 2, - 2 (scaled) into the fractional part. The
packing is done in the pixel shader of the upsampling stage (see Section 2.4.1).
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Listing 2-1 is the High-Level Shader Language (HLSL) vertex program for clipmap

rendering.

Listing 2-1. Vertex Shader Code for Rendering a Clipmap Level

struct OUTPUT
vector pos
float2 uv
float =z
float alpha
124

uniform float4
uniform float2
uniform float

{
POSITION;
TEXCOORDO; // coordinates for normal-map lookup
TEXCOORD1; // coordinates for elevation-map lookup
TEXCOORD2; // transition blend on normal map

ScaleFactor, FineBlockOrig;
ViewerPos, AlphaOffset, OneOverWidth;
ZScaleFactor, ZTexScaleFactor;

uniform matrix WorldViewProjMatrix;

// Vertex shad

er for rendering the geometry clipmap

OUTPUT RenderVS(float2 gridPos: TEXCOORDO)

{

OUTPUT output;

// convert £
// ScaleFac
// ScaleFac

rom grid xy to world xy coordinates
tor.xy: grid spacing of current level
tor.zw: origin of current block within world

float2 worldPos = gridPos * ScaleFactor.xy + ScaleFactor.zw;

// compute ¢

ocordinates for vertex texture

// FineBlockOrig.xy: 1/{w, h) of texture

// FineBlockOrig.zw: origin of block in texture

float2 uv =

gridPos * FineBlockOrig.xy + FineBlockOrig.zw;

// sample the vertex texture

float zf_ zd

= tex2Dlod (ElevationSampler, float4{(uv, 0, 1));

// unpack to obtain zf and zd = (zc - zf)

// zf is elevation value in current {(fine) level

// zc is elevation value in coarser level
float zf = floor(zf_zd);
float zd = frac(zf_zd) * 512 - 256; // {(zd = zc - zf)
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Listing 2-1 (continued). Vertex Shader Code for Rendering a Clipmap Level

// compute alpha (transition parameter) and blend elevation

float2 alpha = clamp( (abs(worldPos - ViewerPos) -
AlphaOffset) * OneOverWidth, 0, 1);

alpha.x = max{alpha.x, alpha.y);

float z = zf + alpha.x * zd;

z = z * ZScaleFactor;

output.pos = mul{float4 (worldPos.x, worldPos.y, z, 1},
WorldvViewProjMatrix) ;

output.uv = uv;

output.z = 2z * ZTexScaleFactor;

output.alpha = alpha.x;

return output;

2.3.6 The Pixel Shader

The pixel shader accesses the normal map and shades the surface. We let the normal
map have twice the resolution of the geometry, because one normal per vertex is too
blurry. The normal map is incrementally computed from the geometry whenever the

clipmap is updated (see Section 2.4.3).

For smooth shading transitions, the shader looks up the normals for the current level
and the next-coarser level and blends them using the « value computed in the vertex
shader. Normally this would require two texture lookups. Instead, we pack the two
normals as (/V,, N], N ]\7(]) in a single four-channel, 8-bit-per-channel texture, implic-

o

itly assuming N, =1 and NV, = 1. We must therefore renormalize after unpacking.
Shading color is obtained using a lookup into a z-based 1D texture map.

Listing 2-2 shows the HLSL pixel program for clipmap rendering.

Listing 2-2. Pixel Shader Code for Rendering a Clipmap Level

// Parameters uv, alpha, and z are interpclated from vertex shader.
// Two texture samplers have min and mag filters set to linear:

// NormalMapSampler: 2D texture containing normal map,

/7 ZBasedColorSampler: 1D texture containing elevation-based color

uniform float3 LightDirection;
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2.4

Listing 2-2 (continued). Pixel Shader Code for Rendering a Clipmap Level

// Pixel shader for rendering the geometry clipmap
float4 RenderPS(float2 uv : TEXCOORDO,

float =z : TEXCOORD1,

float alpha : TEXCOORD2) : COLOR

float4 normal_ fc = tex2D(NormalMapSampler, uv);

// normal fc.xy contains normal at current {£fine) level

// normal fc.zw contains normal at coarser level

// blend normals using alpha computed in vertex shader

float3 normal = float3 ({1 - alpha) * normal_fc.xy +
alpha * (normal_fc.zw), 1};

// unpack coordinates from [0, 1] to [-1, +1] range, and renormalize
normal = normalize(normal * 2 - 1);

// compute simple diffuse lighting

float s = clamp(dot(normal, LightDirection), 0, 1);

// assign terrain color based on its elevation

return s * texlD (ZBasedColorSampler, z);

Update

As the viewer moves through the environment, each clipmap window translates within
its pyramid level so as to remain centered about the viewer; thus, the window must be
updated accordingly. Because viewer motion is coherent, generally only a small L-shaped
region of the window needs to be incrementally processed each frame. Also, the relative
motion of the viewer within the windows decreases exponentially at coarser levels, so

coarse levels seldom require updating.

We update the active clipmap levels in coarse-to-fine order. Recall that each clipmap
level stores two textures: a single-channel floating-point elevation map, and a four-
channel, 8-bit-per-channel normal map. During the update step, we modify regions of
these textures by rendering to them using a pixel shader.

To avoid having to translate the existing data, we perform all accesses toroidally as illus-
trated in Figure 2-8. That is, we use wraparound addressing to position the clipmap
window within the texture image. Under this toroidal access, the L-shaped update region
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2.4.1

@ ® ©

Figure 2-8. Processing a Toroidal Update
(a) Elevation map before update. (b) Viewer motion in green and update region in red. (c) Elevation
map after update.

usually becomes a + shape, shown in red in Figure 2-8. We write to this region by ren-
dering two quads. Note that three or four quads may be needed if the update region

wraps across the texture boundary.

To facilitate terrain compression and synthesis, elevation data in the update region is
first predicted by upsampling the coarser level, and a residual signal is then added to
provide the detail. The next sections describe the three basic steps of the update proc-
ess: upsampling the coarser-level elevation data, adding the residuals, and computing

the normal map.

Upsampling

The finer-level geometry is predicted from the coarser one using an interpolatory sub-
division scheme. We use the tensor-product version of the well-known four-point sub-
division curve interpolant, which has mask weights (—%is, %s, %, —/is)(Kobbelt 1996).
This upsampling filter has the desirable property of being C' smooth.

Depending on the position of the sample in the grid (even-even, even-odd, odd-even,
odd-odd), a different mask is used. For an even-even pixel, only 1 texture lookup is
needed because the sample is simply interpolated; for an odd-odd pixel, 4 x4 texture
lookups are needed; the remaining two cases require 4 texture lookups. On the CPU,
the mask to be used can be easily deduced using an “if” statement. However, branch

40
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statements are expensive in the pixel shader. Hence, we always do 16 texture lookups
but apply a different mask based on a lookup in a 2 x2 texture.

The HLSL code for the upsampling shader appears in Listing 2-3. Code for the missing

functions Upsample and ZCoarser is included on the accompanying CD.

Listing 2-3. Pixel Shader Code for Creating/Updating a Clipmap Elevation Map

// residualSampler: 2D texture containing residuals, which can be
// either decompressed data or synthesized noise
// p_uv: coordinates of the grid sample

uniform float2 Scale;

// Pixel shader for updating the elevation map
float4 UpsamplePS(float2 p_uv : TEXCOORDO) : COLOR
{

float2 uv = floor(p_uv);

// the Upsample() function samples the coarser elevation map
// using a linear interpolatory filter with 4x4 taps

// (depending on the even/odd configuration of lccation uv,
// it applies 1 of 4 possible masks)

float z_predicted = Upsample(uv); // details omitted here

// add the residual to get the actual elevation
float residual = tex2D(residualSampler, p_uv * Scale);
float zf = z_predicted + residual;

// zf should always be an integer, since it gets packed
// into the integer component of the floating-point texture
zf = floor(zf);

// compute zc by linearly interpolating the vertices of the

// coarse-grid edge on which the sample p uv lies

float zc = ZCoarser{uv); // details omitted here

float zd = zc - zf;

// pack the signed difference zd into the fractional component
float zf zd = zf + (zd + 256)/512;

return float4(zf_zd, 0, 0, 0);
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2.4.2

2.4.3

Residuals

The residuals added to the upsampled coarser data can come from either decompres-

sion or synthesis.

In the compressed representation, the residual data is encoded using image compres-
sion. We use a particular lossy image coder called PTC because it supports efficient
region-of-interest decoding (Malvar 2000). The CPU performs the decompression and

stores the result into a residual texture image.

Alternatively, we synthesize fractal detail by letting the residuals be uncorrelated Gauss-
ian noise (Fournier et al. 1982). This synthesis is made extremely fast on the GPU by
reading a small precomputed 2D texture containing Gaussian noise. We enable texture
wrapping to extend the Gaussian texture infinitely, and apply a small magnification to
the texture coordinates to break the regular periodicity. The superposition of noise
across the many resolution levels gives rise to a terrain without any visible repetitive

patterns, as Figure 2-9 shows.

Normal Map

The shader that updates the normal map for a level takes as input the elevation map at
the same level. It computes the current normal as the cross product of two grid-aligned
tangent vectors. Additionally, it does a texture lookup to gather the normal from the

coarser level. Finally, it packs (V,, N, N, N_) into the four-channel texture. The code

'y LV

is included in the accompanying CD.

(@ (b)

Figure 2-9, On-the-Fly Terrain Synthesis
(a) Coarse geometry plus zero residuals. (b) Coarse geometry plus synthesized noise.
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2.5 Results and Discussion

Our main data set is a 216,000 x 93,600 height map of the conterminous United States
at 30-meter spacing and 1.0-meter vertical resolution. It compresses by a factor of more
than 100 and therefore fits in only 355 MB of system memory. We render this terrain
into a 1024 x 768 window on a PC with a 2.4 GHz Pentium 4, 1 GB system memory,
and an NVIDIA GeForce 6800 GT.

Rendering rate: For L = 11 levels of size n = 255, we obtain 130 frames/sec with view
frustum culling, at a rendering rate of 60 million triangles/sec. The use of a vertex-
texture lookup is a bottleneck, since removing the lookup increases rendering rate to
185 frames/sec. (For n = 127, the rate with vertex textures is 298 frames/sec.)

Update rate: Table 2-2 shows the processing times for the various steps of the update
process, for the extreme case of updating a whole level at once. Decompression on the
CPU is clearly the bottleneck of the update process.

Final frame rate: For decompressed terrains, the system maintains a rate of around 87
frames/sec during viewer motion, and for synthesized terrains, the frame rate is about
120 frames/sec.

Table 2-2. Update Times for Processing an Entire 255 x 255 Level
These are worst-case numbers because, in general, during smooth viewer motions, only small
fractions of a full level need be updated per frame.

Previous Implementation* GPU-Based Implementation
Upsampling 3 ms 1.0 ms
Decompression 8 ms 8 ms**
Synthesis 3 ms ~0 ms
Normal-Map Computation 11 ms 0.6 ms

* Losasso and Hoppe 2004.
**Still on the CPU.

2.6 Summary and Improvements

We have presented a GPU implementation of the geometry clipmap framework. The
representation of geometry using regular grids allows nearly all computation to proceed
on the graphics card, thereby offloading work from the CPU. The system supports
interactive flight over a 20-billion-sample grid of the U.S. data set stored in just 355
MB of memory at around 90 frames/sec.

SRR L. ke ——
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2.6.1

2.6.2

2.6.3

2.7

[ T
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Vertex Textures

Geometry clipmaps use vertex textures in a very special, limited way: the texels are ac-
cessed essentially in raster-scan order, and in one-to-one correspondence with vertices.
Thus, we can hope for future mechanisms that would allow increased rendering

efficiency.

Eliminating Normal Maps

It should be possible to directly compute normals in the pixel shader by accessing four
filtered samples of the elevation map. At present, vertex texture lookups require that the
elevation maps be stored in 32-bit floating-point images, which do not support efficient

bilinear filtering.

Memory-Free Terrain Synthesis

Fractal terrain synthesis is so fast on the GPU that we can consider regenerating the
clipmap levels during every frame, thereby saving video memory. We allocate two tex-
tures, 7, and 7, and toggle between them as follows. Let 7] initially contain the coarse
geometry used to seed the synthesis process. First, we use 7 as a source texture in the
update pixel shader to upsample and synthesize the next-finer level into the destination
texture T,. Second, we use 7, as a vertex texture to render its clipmap ring. Then, we
swap the roles of the two textures and iterate the process until all levels are synthesized
and rendered. Initial experiments are extremely promising, with frame rates of about

59 frames/sec using L = 9 levels.
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Chapter 3

——

Inside Geometry Instancing

Francesco Carucci
Lionbead Studios

A great way to enrich the user experience in an interactive application is to present a
credible world, full of small, interesting features and objects. From countless blades of
grass, to trees, to generic clutter: it all improves the final perception and helps maintain
the user’s “suspension of disbelief.” If the user can believe the world he is immersed in,
he is more likely to be emotionally connected to that world—the Holy Grail of game

y y Y 2
development.

From a rendering point of view, achieving this richness translates into rendering many
small objects, often each one similar to the next, with only small differences such as
color, position, and orientation. For example, every tree in a big forest might be geo-
metrically very similar, but all may be different in terms of their color or height. The
user perceives a forest made of many unique trees and believes the world to be credible,
enriching his or her game experience.

However, rendering a large number of small objects, each made from a few polygons,
imposes a big strain on today’s GPUs and rendering libraries. Graphics APIs such as
Direct3D and OpenGL are not designed to efficiently render a small number of poly-
gons thousands of times per frame (Wloka 2003).

This chapter addresses the problem of rendering many unique instances of the same
geometry in Direct3D. Figure 3-1 shows an example from Black & White 2, a game in
development at Lionhead Studios.

R
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3.1

Figure 3-1. Geometry Instancing in Black & White 2

Why Geometry Instancing?

Submitting triangles to the GPU for rendering in Direct3D is a relatively slow opera-
tion. Wloka 2003 shows that a 1 GHz CPU can render only around 10,000 to 40,000
batches per second in Direct3D. On a more modern CPU, we can expect this number
to be between 30,000 and 120,000 batches per second (around 1,000 to 4,000 batches
per frame at 30 frames/sec). That’s not much! It means that if we want to render a for-
est of trees, and we submirt one tree per batch, we cannot render more than 4,000 trees,
regardless of how many polygons are in a tree—with no CPU time left for the rest of
the game. This situation is clearly not ideal. We would like to be able to minimize the
number of state and texture changes in our application and render the same triangles
multiple times within the same batch in a single call zo Direct3D. Thus, we would
minimize CPU time spent in submitting batches and free up that time for other sys-
tems, such as physics, artificial intelligence, and game logic.
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3.2

3.2.1

3.2.2

Definitions

We first define concepts behind geometry instancing, to make clear the kinds of objects
that are part of the problem.

Geometry Packet

A geometry packet is a description of a packet of geometry to be instanced, a collection
of vertices and indices. A geometry packet can be described in terms of vertices—with
position, texture coordinates, normal, possibly tangent space and bones information for
skinning, and per-vertex colors—and in terms of indices into the vertex stream. This
kind of description directly maps to the most efficient way to submit geometry to the

GPU.

A geometry packet is an abstract description of a piece of geometry, where the geomet-
ric entities are expressed in model space without any explicit reference to the context in

which they will be rendered.

Here’s a possible description in code of a geometry packet; it includes both the geomet-
ric information for the object as well as its bounding sphere:

struct GeometryPacket
{
Primitive mPrimType
void* mvVertices;
unsigned int mvVertexStride;

unsigned short* mIndices;

unsigned int mvertexCount;
unsigned int mIndexCount;

D3DXVECTOR3 mSphereCentre;
float mSphereRadius;

Instance Attributes

Typical attributes per instance are the model-to-world transformation matrix, the in-
stance color, and an animation player providing the bones used to skin the geometry

packet.
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3.2.3

3.2.4

3.2.5

50

struct InstanceAttributes

{
D3DXMATRIX mModelMatrix;
D3DCOLOR mInstanceColor;
AnimationPlayer* mAnimationPlayer;
unsigned int mLOD;

}i

Geometry Instance

A geometry instance is a geometry packet with the attributes specific to the instance. It
directly connects a geometry packet and the instance attributes packet with which it’s
going to be rendered, giving an almost complete description of the entity ready to be
submitted to the GPU.

Here’s how a geometry instance structure might look in code:

struct GeometryInstance

{

GeometryPacket* mGeometryPacket;
InstanceAttributes mInstanceAttributes;
Y

Render and Texture Context

The render context is the current state of the GPU in terms of render states (such as
alpha blending and testing states, active render target, and more). The texture context
tracks the currently active textures. Render context and texture context are usually

modeled with classes, as shown in Listing 3-1.

Geometry Batch

A batch is a collection of geometry instances and the render states and texture context
to be used to render the collection. It always directly maps to a single DrawIndexed-
Primitive () call, to simplify the design of the class.

Listing 3-2 is an abstract interface for a geometry batch class.

— e
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Listing 3-1. Render and Texture Context Classes

class RenderContext

{
public:

// Begin the render context and make its render state active

//

void Begin(void) ;

// End the render context and restore previous render state,

// if necessary

/7

void End(void) ;
private:

// Any description of the current render state and pixel
// and vertex shaders.
// D3DX Effect framework is particularly useful.

//
ID3DXEffect* mEffect;

// Application-specific render states

/7
}i

class TextureContext

{
public:

// Set current textures to the appropriate texture stages

//
void Apply (void) const;

private:
Texture mDiffuseMap;
Texture mLightMap;

//
}i

3.2 Definitions 51

NVIDIA Ex1023
Page J-98



Listing 3-2. GeometryBatch Class

class GeometryBatch

{
public:

// Remove all instances from the geometry batch

//

virtual void ClearInstances (void) ;

// Add an instance to the collection and return its ID.
// Return -1 if it can’t accept more instances.

/7

virtual int AddInstance(GeometryInstance* instance);

// Commit all instances, to be called once before the
// render loop begins and after every change to the
// instances collection

/7

virtual unsigned int Commit (void) = 0;

// Update the geometry batch, eventually prepare GPU-specific
// data ready to be submitted to the driver, fill vertex and
// index buffers as necessary, to be called once per frame

/7

virtual void Update(void) = 0;

// Submit the batch to the driver, typically implemented
// with a call to DrawIndexedPrimitive

/7

virtual void Render (void) const = 0;

private:
GeometryInstancesCollection mInstances;

//
WG
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3.3 Implementation

The engine’s renderer can see geometry instancing only in terms of the abstract inter-
face of a GeometryBatch, which hides the specifics of the instancing implementation
and provides services for managing instances, updating, and rendering a batch. This
way, the engine can concentrate on sorting batches to minimize render state and texture
changes, while the GeometryBatch takes care of the actual implementation and com-
munication protocol with Direct3D.

Listing 3-3 shows a simple implementation of a render loop in pseudocode, sorting
GeometryBatches first by render context and then by texture context, thus minimizing
the number of render-state changes.

Listing 3-3. Render Loop in Pseudocode

// Update phase
Foreach GeometryBatch in ActiveBatchesList
GeometryBatch.Update() ;

// Render phase

Foreach RenderContext

Begin
RenderContext.BeginRendering () ;
RenderContext.CommitStates() ;

Foreach TextureContext
Begin
TextureContext.Apply () ;
Foreach GeometryBatch in the texture context
GeometryBatch.Render () ;
End
End

The update and render phases can be kept separate in case we want to update all
batches once and render several times: this idea is extremely useful when implementing
shadow mapping or water reflection and refraction, for example.

In this chapter, we discuss four implementations of GeometryBatch and analyze their
performance characteristics, with a particular interest in the memory footprint and
flexibility of each technique.
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Here’s a brief summary:

» Static batching,. The fastest way to instance geometry. Each instance is transformed once
to world space, its attributes are applied, and then it’s sent already transformed to the
GPU with every frame. Although simple, static batching is the least flexible technique.

o Dynamic batching. The slowest way to instance geometry. Each instance is streamed to
GPU memory every frame, already transformed and with attributes applied. Dynamic
batching seamlessly supports skinning and provides the most flexible implementation.

« Vertex constants instancing. A hybrid implementation in which multiple copies of the
geometry for each instance are copied once into GPU memory. Instance attributes are
then set every frame through vertex constants, and a vertex shader completes geometry
instancing,

* Batching with Geometry Instancing API. Using the Geometry Instancing API pro-
vided by DirectX 9 and fully supported in hardware by GeForce 6 Series GPUs, this
implementation offers a flexible and fast solution to geometry instancing. Unlike all
other methods, this does not require geometry packet replication in the Direct3D
vertex stream.

3.3.1 Static Batching

In static batching, we want to transform all instances once and copy them to a static
vertex buffer. The most noticeable advantages of static batching are its rendering effi-
ciency and its compatibility with any GPU on the market, regardless of age.

To implement static batching, we first create a vertex buffer object (with its associated
index buffer) to fill with the transformed geometry. This object must be big enough to
accept the maximum number of instances we decide to handle. Because we fill the
buffer once and never touch it again, we can create it with the D3USAGE_WRITEONLY
flag, giving a useful hint to the driver to put the buffer in the fastest memory available:

HRESULT res;

res = lpDevice->»CreateVertexBuffer (
MAX_STATIC_BUFFER_SIZE,
D3DUSAGE WRITEONLY,
0,
D3DPOOL_MANAGED,
&mStaticVertexStream,
0);

ENGINE_ASSERT (SUCCEEDED(res)) ;

————— i =
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Whether to choose D3DPOOL_MANAGED or D3DPOOL_DEFAULT to create the buffer
depends on the particular application and especially on the memory management strat-
egy of the engine.

The next step is to implement the Commit () method to actually fill the vertex and
index buffers with the transformed geometry that needs to be rendered.

Here is the Commit () method in pseudocode:

Foreach GeometryInstance in Instances

Begin
Transform geometry in mGeometryPacket to world space

with instance mModelMatrix

Apply other instance attributes (like instance color)
Copy transformed geometry to the Vertex Buffer
Copy indices (with the right offset) to the Index Buffer
Advance current pointer to the Vertex Buffer
Advance current pointer to the Index Buffer

End

From now on, it’s just a matter of submitting the instances we have already prepared
with a simple call to DrawIndexedPrimitive (). The actual implementation of the
Update () and Render () methods is trivial.

Static batching is the fastest way to render many instances, and it supports instances of
different geometry packets inside the same geometry batch, but it has a few serious
limitations:

+ Large memory footprint. Depending on the size of each geometry packet and the
number of instances being rendered, the memory footprint might become too big;
for large worlds, it’s easy to spend the video memory budget reserved for geometry.
Falling back to AGP memory is possible, but that makes this technique slower and
thus less appealing.

+ No support for different levels of detail. Because all instances are copied once into
the vertex buffer at commit time, choosing a level of detail valid for all situations is
not easy and leads to suboptimal usage of the polygon budget. A semi-static solution
is possible, in which all the levels of detail of a particular instance are instanced in the
vertex buffer, while indices are streamed every frame, picking up the right level of
derail for each instance. But this makes the implementation clumsier, defeating the
purpose of this solution: simplicity and efficiency.

—— e —
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3.3.2
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 No support for skinning.

+ No direct support for moving instances. Implementing moving instances requires
vertex shader logic with dynamic branching in order to be efficient. This can be pro-
hibitive on older graphics cards. The end result would essentially be vertex constants

instancing.

These limitations are addressed with the next technique, trading off rendering speed for

additional flexibility.

Dynamic Batching

Dynamic batching overcomes the limitations of static batching at the cost of reducing
rendering efficiency. A major advantage of dynamic batching is, like static batching,
that it can be implemented on any GPU without support for advanced programmable
pipelines.

The first step is to create a vertex buffer (and its associated index buffer) as dynamic by
using the D3DUSAGE_DYNAMIC and D3DPOOL_DEFAULT flags. These flags ensure that
the buffer is placed in the best possible memory location, given that we intend to dy-
namically update its contents.

HRESULT res;

res = lpDevice->CreateVertexBuffer (
MAX_ DYNAMIC_ BUFFER_SIZE,
D3DUSAGE DYNAMIC | D3DUSAGE WRITEONLY,
0.
D3DPOOL_DEFAULT,
&mDynamicVertexStream,
Q);

Choosing the right value for MAX_DYNAMIC_BUFFER_SIZE is vital in this implemen-
tation. Two choices dictating the actual value are possible:

* Choosing a value large enough to contain geometry for all instances that might be
needed in a frame

s Choosing a value large enough to contain geometry for a certain number of instances

The first approach ensures a proper separation between updating and rendering a

batch. Updating a batch means streaming all instances into the dynamic buffer; render-
ing just submits the geometry with a call to DrawIndexedPrimitive (). But this

——
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approach typically requires a large amount of graphics memory (that is, either video or
AGP memory) and is less reliable in the worst case if we can’t ensure that the buffer is
always big enough during the life of the application.

The second solution requires interleaving between streaming geometry and rendering
it: when the dynamic buffer is full, its geometry is submitted for rendering and the
content of the buffer is discarded, ready for more instances to be streamed. For optimal
performance, it is important to use the proper protocol, that is, locking the dynamic
buffer with D3DLOCK_DISCARD at the beginning of 2 new batch of instances and with
D3DLOCK_WRITEONLY for each new instance to be streamed. The drawback of this
solution is that it requires locking the buffer and streaming geometry again each time
the batch needs to be rendered, for example, when implementing shadow mapping.

The choice depends on the particular application and its requirements. In this chapter,
we choose the first solution, for its simplicity and clarity, but we add a slight complica-
tion: dynamic batching naturally supports skinning, and we address this in our imple-
mentation.

The Update () method is very similar to the Commit () method we have already de-
scribed in Section 3.3.1, but it is executed every frame. Here it is in pseudocode:

Foreach GeometryInstance in Instances
Begin
Transform geometry in mGeometryPacket to world space with
instance mModelMatrix
If instance needs skinning, request a set of bones from
mAnimationPlayer and skin geometry
Apply other instance attributes (like instance color)
Copy transformed geometry to the Vertex Buffer
Copy indices (with the right offset) to the Index Buffer
Advance current pointer to the Vertex Buffer
Advance current pointer to the Index Buffer
End

In this case, the Render () method is a trivial call to DrawIndexedPrimitive().

3.3.3 Vertex Constants Instancing

In vertex constants instancing, we take advantage of vertex constants to store instancing
attributes. Vertex constants batching is very fast in terms of rendering performance, and it
supports instances moving from frame to frame, but it pays in terms of flexibility.
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The main limitations are these:

¢ Limited number of instances per batch, depending on the number of constants avail-
able; usually no more than 50 to 100 instances can be batched in a single call. How-
ever, this can be enough to significantly reduce the CPU load from draw calls.

¢ No skinning; vertex constants are already used to store instance attributes.

» Need graphics hardware support for vertex shaders.

The first step is to prepare a static vertex buffer (with its associated index buffer) to
store multiple copies of the same geometry packets, stored in model space, one for each
instance in the batch.

The vertex buffer layout is illustrated in Figure 3-2.

The source vertex format must be updated to add an integer index to each vertex,
which is constant per instance, indicating which instance the geometry packet belongs

Vertex Stream Layout Vertex Format
‘ )
| Instance O: Vertex 1 pb——~ | Position
S — L
hustance 0: Vertex 2 Normal

f e - . .

! Texture Coordinates |

Instance 0: Vertex n [ Instance Index

Instance 1: Vertex 1
L =

Instance 1: Vertex 2

|
i
]

Instance 1: Vertex n

’ Instance k: Vertex 1

‘ Instance k: Vertex 2

Instance k: Vertex n

Figure 3-2. Vertex Buffer Layout
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to. This is similar to palette skinning, in which each vertex contains an index to the

bone (or multiple bones) affecting it.

The updated vertex format is this:

struct InstanceVertex
{
D3DXVECTOR3 mPosition;

// Other vertex properties, such as normal and texture
// coordinates

WORD mInstanceIndex(4]; // Direct3D ragquires SHORT4

Yi

The Commit () method prepares the vertex buffer with the proper layout after all in-

stances have been added to the geometry batch.

The next step is to upload attributes for each instance being rendered. Suppose we have

only the model matrix, describing instance position and orientation, and the instance

color.

When using a DirectX 9-class GPU, we can use a maximum of 256 vertex constants;

we can reserve 200 for instancing attributes. In our example, each instance requires 4

constants for the model matrix and 1 constant for instance color, for a total of 5 con-

stants per instance, leading to a maximum of 40 instances per batch.

Listing 3-4 shows the Update () method. The actual instancing is done in the vertex

shader, shown in Listing 3-5.

Listing 3-4. The Update () Method

D3DXVECTOR4 instancesData[MAX_NUMBER_OF _CONSTANTS] ;
unsigned int count = 0;

for (unsigned int 1 = 0; 1 < GetInstancesCount(); ++1)
{
// write model matrix
instancesData(count++] = * (D3DXVECTOR4*)
&mInstances[i] .mModelMatrix.mll;
instancesData{count++] = * (D3DXVECTOR4*)
&mInstances[i] .mModelMatrix.m21;
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Listing 3-4 (continued). The Update () Method

instancesData[count++] = * (D3DXVECTOR4*)
&mInstances([i] .mModelMatrix.m31;

instancesData[count++] = * (D3DXVECTOR4*)
&mInstances|[i] .mModelMatrix.mdl;

// write instance color
instanceData[count++] = ConvertColorToVec4d (mInstances[i].mColor));

lpDevice->SetVertexConstants (
INSTANCES_DATA_FIRST_CONSTANT,
instancesData,
count) ;

Listing 3-5. Vertex Shader for Vertex Constants Instancing

// vertex input declaratior
struct vsInput
{
float4 position : POSITION;
float3 normal : NORMAL;

// other vertex data
int4 instance_index : BLENDINDICES;
s

vsOutput VertexConstantsInstancingVs(
in vsInput input)

// get the instance index; the index is premultiplied

// by 5 to take account of the number of constants

// used by each instance

int instanceIndex = ((int[4]) (input.instance_index)) (0];

// access each row of the instance model matrix
float4 m0 = InstanceDatalinstanceIndex + 0];
float4 ml InstanceData{instanceIndex + 1];
float4 m2 InstanceData[instanceIndex + 2];
float4 m3 = InstanceData[instanceIndex + 3];

Il

// construct the model matrix
float4x4 modelMatrix = { m0, ml, m2, m3 };
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Listing 3-5 (continued). Vertex Shader for Vertex Constants Instancing

// get the instance color
float4 instanceColor = InstanceDatal[instancelIndex + 4];

// transform input position and normal to world space with
// the instance model matrix

float4 worldPosition = mul (input.position, modelMatrix) ;
float3 worldNormal = mul (input.normal, modelMatrix) ;

// output position, normal, and color

output.position = mul (worldPosition, ViewProjectionMatrix);
output .normal = mul (worldNormal, ViewProjectionMatrix) ;
output.color = instanceColor;

// output other vertex data

The Render () sets the view projection matrix and submits all instances with a
DrawIndexedPrimitive () call.

A possible optimization in production code is to store the rotational part of the model
matrix as a quaternion, saving two vertex constants and increasing the maximum num-
ber of instances to around 70. A uniform scaling value can be stored in the w compo-
nent of the translation vector. The model matrix is then reconstructed in the vertex
shader, increasing its complexity and execution time.

3.3.4 Batching with the Geometry Instancing API

The last technique we present in this chapter is batching with the Geometry Instancing
API exposed by DirectX 9 and fully implemented in hardware on GeForce 6 Series
GPUs. As more hardware starts supporting the Geometry Instancing API, this tech-
nique will become more interesting, because it elegantly solves limitations imposed by
vertex constants instancing, has a very limited memory footprint, and requires little
intervention by the CPU. The only drawback of this technique is that it can only han-
dle instances of the same geometry packet.

DirectX 9 provides the following call to access the Geometry Instancing API:

HRESULT SetStreamSourceFreq(
UINT StreamNumber,
UINT FrequencyParameter) ;
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StreamNumber is the index of the source stream and FrequencyParameter indi-

cates the number of instances each vertex contains.

We first create two vertex buffers: a static one to store geometry for the single geometry
packet we want to instance multiple times, and a dynamic one to store instance data.
The two vertex streams are shown in Figure 3-3.

The Commit () method ensures that all instances are using only one geometry packet

and copies its geometry to the static buffer.

The Update () method simply copies all instance attributes into the second stream. Even
though this method looks very similar to the Update () method of a dynamic batch,
CPU intervention and graphics bus (AGP or PCI Express) bandwidth are minimal.
Moreover, we can choose to allocate a vertex buffer big enough to accept attributes for all
instances without worrying about graphics memory consumption, because each instance
attribute uses only a fraction of the memory consumed by a whole geometry packet.

Vertex Stream 0 Layout Geometry Data
Instance Vertex 1 }—= Position

Instance Vertex 2 Normal

Texture Coordinates '

Instance Vertex n

Vertex Stream 1 Layout Instance Data
Instance 0 —>  Model Matrix Row 0

Instance 1 . Model Matrix Row 1
Model Matrix Row 2 *
Instance k Model Matrix Row 3

Instance Color

Figure 3-3. Vertex Streams for Instancing with the Geometry Instancing API
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The Render () method sets up two streams with the correct stream frequency and

issues a DrawIndexedPrimitive () call to render all instances in one batch, as

shown in Listing 3-6.

The GPU takes care of virtually duplicating vertices of the first stream and packing them

together with the second stream. The vertex shader sees as input a vertex with its position

in model space and an additional instance attribute giving the model matrix to transform it

to world space.

Listing 3-6. Setting Up Two Streams for Batching with the Geometry Instancing API

unsigned int instancesCount = GetInstancesCount({);

// set up stream source frequency for the first stream
// to render instancesCount instances
// D3DSTREAMSOURCE INDEXEDDATA tells Direct3D we’ll use
// indexed geometry for instancing
lpDevice->SetStreamSourceFreq(

0,

D3DSTREAMSOURCE INDEXEDDATA | instancesCount);

// set up first stream source with the vertex buffer
// containing gecmetry for the geometry packet
lpDevice->SetStreamSource (

0,

mGeometryInstancingVB[0],

0,

mGeometryPacketDecl) ;

// set up stream source frequency for the second stream;
// each set of instance attributes describes one instance
// to be rendered
1lpDevice->SetStreamSourceFreqg(

1%

D3DSTREAMSOURCE_INSTANCEDATA | 1);

// set up second stream source with the vertex buffer
// containing all instances’ attributes
pd3dDevice->SetStreamSource (

1,

nGeometryInstancingVB(0],

0,

mInstancesDataVertexDecl) ;
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The vertex shader code appears in Listing 3-7.

Listing 3-7. Vertex Shader for Batching with the Geometry Instancing API

// vertex input declaration
struct vsInput
{
// stream G
float4 position : POSITION;
float3 normal : NORMAL;

'/ stream 1

float4 model_matrix0 : TEXCOORDO;
float4 model_matrixl : TEXCOORDI;
float4 model matrix2 : TEXCOORD2;
float4 model matrix3 : TEXCOORDS3;

float4 instance_color : D3DCOLOR;
}i

vsQutput GeometryInstancingVs(
in vsInput input)

// construct the model matrix
float4x4 modelMatrix =
{
input .model matrix0,
input .model_matrixl,
input.model _matrix2,
input.model_matrix3
};

// transform input position and normal to world space

// with the instance model matrix

float4 worldPosition = mul {input.position, modelMatrix);
float3 worldNormal = mul (input.normal, modelMatrix);

output position, normal, and color

output .position = mul (worldPosition, ViewProjectionMatrix);
output .normal = mul(worldNormal, ViewProjectionMatrix);

output.color = input.instance_color;

// output other vertex data
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With minimal CPU overhead and memory footprint, this technique can efficiently
render many copies of the same geometry and is therefore the ideal solution in many
scenarios. The only drawback is that it requires special hardware capabilities and doesn’t
easily support skinning.

To implement skinning, it would be possible to store all bones for all instances into a
texture and fetch the right bones of the right instance with the texture fetch available in
Shader Model 3.0 (which is required by the Geometry Instancing API). If this solution
seems attractive, the performance impact of using texture fetches with this kind of ac-
cess pattern is uncertain and should be tested.

Conclusion

This chapter defined the concepts behind geometry instancing and described four dif-

ferent techniques to achieve the goal of efficiently rendering the same geometry multi-

ple times. Each technique has pros and cons, and no single technique clearly represents
the ideal choice for every scenario. The best choice depends mainly on the application

and on the type of objects being rendered.

Some scenarios and proposed solutions:

+ An indoor scene with many static instances of the same geometry, which rarely or
never move (such as walls or furniture). This is an ideal case for static batching.

+ An outdoor scene with many instances of animated objects, as in a strategy game
with big battles involving hundreds of soldiers. In this scenario, dynamic batching is
probably the best solution.

+ An outdoor scene with lots of vegetation and trees, many of which tend to modify
their attributes (for example, trees and grass swaying in the wind), and lots of particle
systems. This is probably the best scenario for the Geometry Instancing API.

Often the same application needs to rely on two or more techniques. Figures 3-4 and 3-5
show two examples. In such cases, hiding the implementation behind an abstract geome-
try batch concept makes the engine more modular and easier to maintain. As a result, the
costs of implementing all the geometry-instancing techniques are greatly reduced for the
entire application.
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Figure 3-4. Combining Static Batching and Geometry Instancing in a Real Scene
Buildings in this screenshot are rendered with static batching, while trees use the Geometry
Instancing API.

Figure 3-5. Combining GPU and CPU Animation in a Real Scene
Close soldiers are animated on the GPU, while distant soldiers are batched in few dynamic batches
and animated on the CPU.
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Chapter 4

Segment Buffering

Jon Olick
2015

As graphical requirements evolve to include more polygons, more clutter, and better
lighting to create more realistic-looking scenes, we are forced to produce more art to
meet those requirements. One technique that helps to conserve development time is an
instancing approach. For example, a single chair is modeled and placed all around the
game world (see Figure 4-1). Instancing helps immensely to shrink development time.
It is, however, all too common for modern games to become limited by the number of
draw calls (Wloka 2003). If each instance used in a scene leads to one more batch, it
may not be possible to realize the benefits of instancing: batches become the bottle-
neck. Segment buffering is a technique that collects multiple instances that are close to
each other in the scene and merges them into “iiber-instances,” thus reducing the num-
ber of batches and providing a simple and elegant solution to the batch bottleneck.

The Problem Space

Figure 4-1 shows a scene containing many static objects of the same material. Most
GPUs cannot efficiently render scenes like this for more than a thousand instances;
each instance potentially requires a render-state change, such as transform changes,
light map texture changes, or vertex stream changes. These render-state changes cause
driver and thus CPU overhead, ultimately resulting in poor performance. Although we
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4.2

Figure 4-1. A Scene with Many Instances of the Same Object
From Men of Valor: Vietnam

could work around this problem on the content side by merging multiple models to
create new models to instance around the world (thereby reducing the total number of
instances), such an approach would require making a fair amount of custom art and

could cause the maps to look repetitious.

The Solution

Segment buffering automates the merging of similar instances while maintaining most
of the benefits of rendering separate instances. The primary benefits of segment buffer-
ing are thus a nonrepetitious look and the ability to not draw some of the original in-

stances, as if they were removed from the visibility set.

e
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4.3 The Method

Let’s assume that we have a list of instances of a specific model. The next step is to spa-
tially organize the instances such that in a 1D array, objects that are near each other
spatially are also near each other in the array. With this new, organized list, the final
step s to stitch all of the individual instances together as if they were one big instance,
recording which parts in the new vertex/index buffers belong to the individual
instances. We call each record in this list a segment. To render objects inside the seg-
ment buffer, simply generate a list of segments to be rendered while merging sequential
segments in the list. This procedure thus generates a new list of optimally merged sec-
tions of the vertex/index buffer to render. Segments are rendered as static batches (see

Chapter 3 of this book, “Inside Geometry Instancing”).

4.3.1 Segment Buffering, Step 1

The key to making segment buffering work and work well is in the spatial organization
of the segments inside the segment buffer. For this, we can use any spatial organization
structure. K-d trees (Samet 1989, 1990), where £ is 3, perform well for 2015’s game
Men of Valor: Vietnam. Octrees (Suter 1999) or any other spatial data structures would
probably work just as well.

The tree is generated from a list of points that represent the locations of the instances
for which we are creating a segment buffer. Once we have this tree, we do a depth-first
traversal, always branching left first at every interior tree node. When we hit a leaf, we
add all the points contained in the leaf to the new ordered list. When the traversal is
complete, we have a spatially ordered list of instances.

The segment buffers and the spatially ordered list of instances need to be generated
only when a new list of instances is introduced. In the majority of cases, then, the seg-
ment buffers and ordered list of instances need to be created only at load time.

4.3.2 Segment Buffering, Step 2

Given a spatially ordered list of instances, we iterate through the list and construct a
single vertex/index buffer containing all of the instances. We make sure to transform
each instance’s vertex buffer components into world space before the instance is written
into the big vertex buffer. Also, we need to record what parts of the big vertex/index

P ]
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4.3.3

44

4.5

72

buffer belong to each instance, for later reference during rendering. Again, this big
vertex/index buffer needs to be created only in the event a new list of instances is intro-

duced, typically at load time.

Segment Buffering, Step 3

When rendering, instead of immediately drawing an instance that is segmented, we
generate a list of all these instances that need to be rendered. Instances outside the view
frustum, for example, need not be rendered and should be omitted. Then we translate
this list of instances into the parts of the big vertex/index buffer we previously gener-
ated for segment buffering. While doing this, we can merge segments adjacent to one
another in the big vertex/index buffer to achieve an optimal list of the pieces of those
buffers to be rendered. The result is the exact same output as if the instance list was
rendered individually without segment buffering.

Improving the Technique

To make segment buffering a viable technique for a game that uses light mapping ex-
tensively, we need to implement automatic texture-atlas generation (NVIDIA 2004).
This is because we cannot segment instances together that require render-state changes
in between the rendering of each instance. In scenes where every instance has its own
light map, a texture change is required between the rendering of each instance. Auro-
matic texture-atlas generation is fairly easy to implement in the context of segment
buffering because every instance inside the big vertex buffer has a unique section. Thus,
the texture coordinates can be directly modified without affecting any other instance.
This is in contrast to the traditional method of modifying the texture coordinates in-
side a vertex or pixel shader.

Conclusion

In this chapter, we have described a technique to significantly reduce the number of
batches rendered in a single displayed frame. In doing so, the technique enables us to
create a much richer and more realistic-looking environment. In addition to segment
buffering, we described enhancements that make it applicable in situations where it
normally would not be appropriate.
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Chapter s

Optimizing Resource :
Management with
Multistreaming

Oliver Hoeller
Piranha Bytes

Kurt Pelzer
Piranba Bytes

One of the most difficult problems in modern real-time graphics applications is the
massive amount of dara that must be managed. Complex scenes with complex meshes
combined with multiple render passes—as are needed for high-quality shadows and
additional reflection and refraction effects, for example—are expensive to render. Find-
ing ways to feed the GPU with optimally formatted data is crucial for successfully ren-
dering complex scenes.

This chapter addresses this issue and focuses on a flexible mode] to resolve the problem
of handling the gamut of graphics hardware found in current PCs. A PC game must be
able to run and run well on the latest high-end GPU all the way down to last year’s
“value” GPU-—and on everything in between. We introduce a solution that handles the
massive amount of data and is careful to transmit only the currently needed vertex
components for each pass. This system, which has been implemented in the Gozhic III
engine, combines two powerful techniques: several vertex buffers are combined via
multistreaming (a feature introduced with Microsoft DirectX 8.0), and each vertex
buffer is controlled by an optimized resource manager. We present both the abstract
concept as well as its implementation based on DirectX 9.0c.
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5.1 Overview

Each vertex in a mesh has multiple components associated with it (position, normal,
tangent, texture coordinates, and so on), but all of these entities aren’t always necessary
when rendering the object. We want an automated system that uses only the currently
needed vertex components. To handle the task, we use vertex buffer streams specialized
for certain subtasks. Depending on the current rendering pass, subsets of these streams
are combined to assemble the vertices.

We need four basic types of streams, as shown in Figure 5-1. Here are the streams and

their subtasks:

o G—Vertex stream for geometry data. Contains vertex position, normal, and vertex
color(s).

o T—Vertex stream for texture-mapping data. Holds texture coordinate sets and addi-
tional information such as tangent vectors for tangent-space normal maps.

o A-—Vertex stream for animation data. Holds animation data such as bone weights
and influences.

» I—Vertex stream for instancing data. Contains data for vertex stream frequency

instancing.
Subsets of these four streams combine to handle different tasks, as shown in Figure 5-2:
» Render meshes without animation

Possible stream combinations: G or G + T

+ Render meshes with animation
Possible stream combinations: G+ Aor G+ T + A
+ Render instanced meshes (optionally with animation)
Possible stream combinations: G +1or G + T + |
(Optional: G+ A+1orG+T+A+1I)
+ Render pure z-pass (optionally with or without instancing, with or without animation)
Possible stream combinations: G
(Optiona: G+ AorG+1orG+A+1])

The next section presents an implementation of this model.

e s e e e =

76 Chapters  Optimizing Resource Management with Multistreaming

NVIDIA Ex1023
Page J-121



Vertex Position —

Vertex Normal — Stream !
Vertex Diffuse Cotor (Cotor 0) l-———v G
Vertex Specular Color (Cotor 1) Jr———'
Texture Coordinate Set 0 —
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T

Tangent Vector for Tangent-Space Normat Maps ~———

Bone Weight —
Additional Animation Data el
{Bone Weights and Influences) A
User-Defined Instance Data t-—'
Additional User-Defined SR
Instance Data I

Figure 5-1. Four Types of Vertex Streams

5.2 Implementation

Now we show how to implement the abstract concept discussed in Section 5.1. First we
examine some multistreaming example code based on DirectX 9.0c. Next we present
the resource manager that handles the mesh resources. Finally, we show how to trans-
late generic mesh data into the appropriate hardware structure.

et
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Figure 5-2. Combining Currently Needed Streams

5.2.1 Multistreaming with DirectX 9.0

Microsoft DirectX 8.0 introduced the notion of a stream to bind data to input regis-
ters. A stream is a uniform array of component data. Fach component consists of one

or more elements that represent a single entity, such as position, normal, color, texture
coordinate set, and so on. With streams, GPUs are able to perform a direct memory
access (DMA) from multiple vertex buffers in parallel. The Direct3D caps bit
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D3DCAPS9 . MaxStreams defines how many streams a GPU supports; modern hard-
ware supports up to 16 streams, while older, DirectX 8.0-compliant GPUs are limited
to 8 streams. Because multistreaming has some minor performance implications, it’s
advisable to minimize the number of active streams. Because our implementation uses
only 1 to 4 streams, all GPUs with multistreaming support can be targeted, with mini-
mal loss of performance.

Listing 5-1 shows our multistreaming example code. Using DirectX 9.0 for this task,
we need only three simple components:

* A correct vertex declaration (an array of D3DVERTEXELEMENT9) and the
IDirect3DDevice9: :CreateVertexDeclaration () method to create a
vertex declaration object.

e The TDirect3DDevice9d: :SetVertexDeclaration () method to set the ver-
tex declaration object.

e The TDirect3DDevice9d: : SetStreamSource () method to bind a vertex
buffer to a device data stream, creating an association between the vertex data and
one of several data stream ports that feed the primitive processing functions.

Listing 5-1. A Set of Vertex Definitions and a Vertex Declaration

//
// Initializations:
//
// Here is a set of vertex definitions to support two streams.
// Vertex format:
/7 stream 0 -> position + normal + color 0 + color 1
// stream 1 -> 4 texture coordinate pairs
struct VTXSTREAM_ 0
{
float fPosX, fPosY, fPosZ;
float fNormX, fNormy, fNormz;
DWORD dwColor0, dwColorl;
bi

struct VTXSTREAM 1

{
float fTexU0, fTexV0;
float fTexUl, fTexVl;
float fTexU2, fTexV2;
float fTexU3, fTexV3;

5.2 Implementation 79

NVIDIA Ex1023
Page J-124



8o

Listing 5-1 (continued). A Set of Vertex Definitions and a Vertex Declaration

// Vertex declaration

D3DVERTEXELEMENTY m_VtxDcl[) =

{
{0, O, D3DDECLTYPE FLOAT3, D3DDECLMETHOD DEFAULT,
D3DDECLUSAGE POSITION, 03}, // stream 0, position
{0, 12, D3DDECLTYPE FLOAT3, D3DDECLMETHOD DEFAULT,
D3DDECLUSAGE NORMAL, 0}, // stream 0, normal
{0, 24, D3DDECLTYPE D3DCOLOR, D3DDECLMETHOD DEFAULT,
D3DDECLUSAGE COLOR, 0}, // stream 0, color 0
{0, 28, D3DDECLTYPE D3DCOLOR, D3DDECLMETHOD DEFAULT,
D3DDECLUSAGE _COLOR, 1}, // stream 0, color 1
{1, O, D3DDECLUSAGE_ FLOAT2, D3DDECLMETHOD DEFAULT,
D3DDECLUSAGE_TEXCOORD, 0}, // stream 1, tex coord set 0
{1, 8, D3DDECLUSAGE FLOAT2, D3DDECLMETHOD DEFAULT,
D3DDECLUSAGE TEXCOORD, 1}, // stream 1, tex coord set 1
{1, 16, D3DDECLUSAGE FLOAT2, D3DDECLMETHOD DEFAULT,
D3DDECLUSAGE TEXCOORD, 2}, // stream 1, tex coord set 2
{1, 24, D3DDECLUSAGE FLOAT2, D3DDECLMETHOD DEFAULT,
D3DDECLUSAGE TEXCOORD, 3} // stream 1, tex coord set 3

// Create a vertex declaration object
LPDIRECT3DVERTEXDECLARATIONS m_pVtxDeclObject;
m_pd3dDevice->CreateVertexDeclaration (m_VtxDcl, &m_pVtxDclObj);

In Listing 5-1, we present a set of vertex definitions and create a vertex declaration
object m_pvtxDeclObject that describes the following vertex data layout:

» Vertex position data are found in stream 0 with a 0-byte offset. The data type is
three-component float that expands to (float, float, float, 1).

* Vertex normal data are found in stream 0 with a 12-byte offset. The data type is
three-component float that expands to (float, float, float, 1).

« Diffuse and specular color are found in stream 0 with offsets of 24 bytes (diffuse) and
28 bytes (specular). The data type is four-component, packed, unsigned bytes
mapped to a range of 0 to 1.

+ Texture coordinate data (sets 0 to 3) are found in stream 1 with offsets of 0 bytes (set 0),
8 bytes (set 1), 16 bytes (set 2), and 24 bytes (set 3). The data type is two-component
float that expands to (float, float, 0, 1).

e
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Before calling a draw method, we must set this vertex declaration object together with
the vertex buffers bound to the correct device data streams, as shown in Listing 5-2.

Listing 5-2. Binding Vertex Buffers to Streams

//

// Each time we want to render primitives:

//

// 8et the vertex declaration object
m_pd3dDevice->SetVertexDeclaration(m_ pvVtxDclObj) ;

// Bind vertex buffers to device data streams
m_pd3dDevice->SetStreamSource (0, m_pVtxBufl, 0, sizeof (VTXSTREAM 0));
m_pd3dDevice->SetStreamSource(l, m pVtxBufl, 0, sizeof(VITXSTREAM 1));

// Render
m_pd3dDevice->DrawIndexedPrimitive( .. |;

The actual references to the stream data do not occur until a drawing method, such as
IDirect3DDevice9d: :DrawlndexedPrimitive (), is called.

5.2.2 Resource Management

In the Gothic II] engine, we employ the concept of resource management to handle the
administration of all data-intensive elements, such as vertex data (mesh information),
textures, animation data (key frames and skinning data), sounds, and music. All these
data structures use a uniform framework. It provides a simple interface so that other

systems of the engine can access it.

All resources are packed into abstract data objects. We address these data objects by file
name or by a globally unique identifier (GUID). The access of data containers is simi-
larly organized like a database access. If you call a query, you get a referenceable data
container with all necessary structures of the specified data.

The resource management system ensures the immediate and simultaneous availability
of the data. It is also responsible for converting this proprietary data into the graphics
hardware’s preferred format.

As we mentioned, the resource management system makes it possible to store mesh
data in specified file locations and to load these mesh objects only as needed. These
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structures must be stored in an efficient and flexible way, but vertex data layout can

vary substantially from mesh to mesh.

The loaded resources should provide a reference counter, so that the same mesh can be
used repeatedly in a scene. Geometry instancing is used to speed up rendering this type
of mesh. (See Chapter 3 of this book, “Inside Geometry Instancing.”)

The mesh information is generated by tools such as 3ds max or Maya. For this opera-
tion, a suitable importer has to be developed, as shown in Figure 5-3.

The Mesh Resource

One of the database containers provided by the resource management system is a mesh
resource, which has all relevant structures, all vertex and index data arrays, and a link to
an abstract material object (which is also a referenceable resource).

Note that the vertex structure wrapped into a resource class (as shown in Figure 5-3)
isnt adapted to any specific graphics API (such as DirectX or OpenGL). We can there-

fore implement the whole resource system independent of the graphics API used.

3D Modeller (for example, 3ds max or Maya)

ResourceAdmin
+m_ArrayOfResources : R ceMesh Importer (to Import Vertex t
+CreateMesh() : R ceMesh Data into Proprietary Format)

+LoadMesh() : ResourceMesh e L S U R S L P
+SaveMesh() : ResourceMesh
+UnloadMesh ()

ResourceMesh | enum Vertexcomponent
+m_FVFFlag : long | +Index = Int
+m_RefCount : long +Position = Vector3
+SetVertexStreamArray() : enum Vertexcomponent +Normal = Vector3

+GetVertexStreamArray() : enum Vertexcomponent F— +Diffuse = DWORD

+Doload() | +Specular = DWORD
+DoSave() | +TexCoord1_0 = Float
+DoUnload() i +TexCoord2_0 = Vector2

+TexCoord3_0 = Vector3
+TexCoord4_0 = Vectord
+NextType

e

Figure 5-3. Structure of the Resource Framework
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5.2.3

These structures consist of simple vertex streams (arrays) containing a single vertex com-
ponent, such as position (an array of 3D vectors), normals (an array of 3D vectors), color
(an array of DWORD values), or up to 16 texture coordinates (an array of 1D, 2D, 3D, or
4D vectors) and other customized data arrays such as weights for hardware skinning.

To complete this groundwork, we have developed a hardware-independent resource
framework with a mesh class and its administrative interface. Furthermore, we have
written a specified importer for the corresponding modeling tool.

Processing Vertices

The renderer takes over the task of changing the hardware-independent data into a
format that is optimal for the graphics hardware.

First, the mesh resources are loaded into main memory at the start of the application.
Alternatively, we use an on-demand approach to load the data into memory when
needed, using a separate thread.

For the renderer, the mesh object is only a temporary container to build up the correct
format. The generated hardware-dependent format is used by the application to draw
the scene. The reason for this strict separation is the ability to tailor the data optimally
for the GPU found in the PC on which the application is currently running. We use
only the vertex data that are actually needed.

This separation becomes useful in the adaptation of needed texture coordinates: On less
powerful hardware, many visual effects are turned off because the hardware is incapable
of running them, or because the overall rendering load needs to be reduced. Because
these effects are not rendered, the texture coordinates used by these effects need not be
passed to the graphics hardware. They can simply be removed. So we reduce memory
consumption and save processor power and bandwidth.

For this task, we provide a submodule, which we have named Vertexprocessor, that
translates the generic mesh data into the specified hardware structure. The following
steps are necessary for the data to be prepared for multistreaming:

» When 2 mesh resource is requested, Vertexprocessor loads this data into memory if
the object isn't already available, or increments the reference counter of the mesh
object if it is already loaded.

o The stored vertex format of the mesh object is determined. This can happen via the
embedded FVF flag or with the implementation used in the resource class (hardware

independent).
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o The Vertexprocessor divides the single generic vertex arrays into the four hardware-
specific vertex streams (that is, streams G, T, A, and I, discussed in Section 5.1). The
vertex arrays are accessed by the MeshResource: :GetVertexStreamArray ()
method, as shown in Figure 5-4, which translates or copies the arrays into the specific

component of one of the four vertex buffers.

ResourceSystem 1

ResourceMesh
+m_FVFFlag : long
+m_RefCount : long
+SetVertexStreamArray() : enum Vertexcomponent
+GetVertexStreamArray() : enum Vertexcomponent

+DoLoad()
+DoSave()
+DoUnload()
Calls ResourceMesh::GetVertexStreamArray for each existing array |
Vertexprocessor ]
- » +m_maplLoadedResourceObjects l[-u------_
5 e . i
Vertexprocessing_Geometry . Vertexprocessing_Animation }
+m_pVertexBuffer : void +m_pVertexBuffer : void
+Size : unsigned long = 32 H +m_WeightCount : int |
+CalcPosition() +GetNumberQfWeights() : int !
+CalcNormal() +CalcWeightings() |
+CalcDiffuseColor() ' - —
+_C alc‘S EeculLrColor() S - i _____ Vertexprocessing_Index }
.- = +m_plndexBuffer : void t
Jeianmcessingilexture et +m_b16BitBuffer : bool
+m_pVertexBuffer : void ] +Has16BitBuffer() : bool [
+m_TextureCoordinateSlotCount : unsigned long | : +GetNumberOfindices() : int
+m_FlexibleVertexDecl : +CalcIndices() i
+GetNumberOfTextureSlots() : int
+GetTextureCoordinateSizeBySlot() : int f
+CalcTextureSlot() 8
v
Renderer

+SetProcessorGeometry()
+SetProcessorTexture()
+SetProcessorAnimation ()
+SetProcessorIndex()

Figure 5-4. Query of Single Vertex Streams Used by Vertexprocessor
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Geometry Data
The Vertexprocessor unit for geometry data seeks position, normals, and the two colors
(if available) from a mesh object.

For illustration purposes, Listing 5-3 creates a vertex buffer that contains all this infor-
mation and uses this specific vertex layout. The buffer should have a cache-friendly size
of 32 bytes per entry, so the layout is fixed for this buffer type.

Listing 5-3. Creating a Vertex Buffer

D3DVERTEXELEMENTY m_VtxDcl[] =

{
{0, 0, D3DDECLTYPE FLOAT3, D3DDECLMETHOD DEFAULT,
D3DDECLUSAGE POSITION, 0}, // stream 0, position
{0, 12, D3DDECLTYPE FLOAT3, D3DDECLMETHOD DEFAULT,
D3DDECLUSAGE NORMAL, 0}, // stream 0, normal
{0, 24, D3DDECLTYPE D3DCOLOR, D3DDECLMETHOD DEFAULT,
D3DDECLUSAGE_COLOR, 0}, // stream 0, color 0
{0, 28, D3DDECLTYPE D3DCOLOR, D3DDECLMETHOD DEFAULT,
D3DDECLUSAGE COLOR, 0}, // stream 0, color 1

¥

// Here comes the vertex definition.
// Vertex format:
// stream 0 -> position + normal + color 0 + color 1
struct sVTXStreamGeometry
{
float vecPos[ 3 J;
float vecNorm[ 3 ];
DWORD dwColor(, dwColorl;
i

// Data container Resourcemesh supports GetVertexStreamArray here.
// {(See API methods above.)
cResourceMesh* m_pResourceMesh;

// Create the vertex declaration and create a specific vertex buffer.
// For clarity, we calculate the size of the buffer in the number of
// elements and the corresponding FVF flags. In our engine implementation,
// the geometry stream has a size of 32 bytes (cache-friendly), so we
// can easily create the sufficient memory size of the vertex buffer.
CreateVertexDeclaration( m_VtxDcl );
m_pVixBuf(Q = CreateVertexBuffer (NumVertices,
FVF_XYZ | FVF_NORMAL | FVF DIFFUSE | FVF_SPECULAR) ;
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Listing 5-3 (continued). Creating a Vertex Buffer

sVTXStreamGeometry* pBuffer = LockBuffer (m pvtxBufl);
for each vertexIndex in m pResourceMesh
{
pBuffer->m_vecPos =
m_pResourceMesh->GetVertexStreamArray (enum_Position, vertexIndex);
pBuffer->m vecNorm =
m_pResourceMesh->GetVertexStreamArray (enum Normal, vertexIndex);
pBuffer->m_dwColor0O =
m_pResourceMesh->GetVertexStreamArray (enum Diffuse, vertexIndex);
pBuffer->m_dwColorl =
m_pResourceMesh->GetVertexStreamArray (enum Specular, vertexIndex) ;
pBuffer++;

Texture Data

The Vertexprocessor unit for texture data fetches the available texture coordinate slots
from the mesh object and builds up a flexible vertex buffer with all necessary texture
coordinates. At most, eight texture coordinate groups (with a 1D, 2D, 3D, or 4D vec-

tor per texture coordinate) are possible.

In addition, one of the slots can be encoded as tangent vectors for tangent-space nor-
mal maps; otherwise, it would be necessary to use a separate vertex buffer stream for
this information. We omit this in Listing 5-4 for clarity. It is, however, straightforward
to add this feature.

If light maps are available, we should use a separate Vertexprocessor unit (that is, a sepa-
rate vertex buffer per mesh instance), because every instance must have unique UV
pairs for light map textures. Light maps must be individually mapped, and their map-
ping coordinates depend on their world-space position, and so they can’t be instanti-
ated. This can be a big problem for the memory footprint and performance of your
application. Consequently, light maps are useful for big meshes, such as terrain in out-
door scenarios or irregular wall meshes in dungeons, but not for small meshes or multi-

instantiated objects.

Listing 5-4. A Vertex Buffer Stream for Texture Data

// Data container Resourcemesh supports GetVertexStreamArray here.
// (See API methods above.)
cResourceMesh* m_pResourceMesh;
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Listing 5-4 (continued). A Vertex Buffer Stream for Texture Data

// This is a template array structure to allocate a flexible amount
// of vtxDel structures in one block
Array<D3DVERTEXELEMENT9> arrDeclVtx;

// We create a specific vertex buffer for textures. We use the FVF flag
// from Resourcemesh and filter the specific texture flags to create
// the specific buffer.
// For clarity, we use here a function that calculates the size of the
// buffer and the corresponding FVF flags. You can use an altermative
// implementation to calculate the correct size of the vertex buffer.
sVTXStreamTexture* pVtxBufl =
CreateVertexBuffer (NumTextureEntries,

m_pResourceMesh->m FVFFlag & TextureFlags);
// Lock buffer with unspecific byte pointer
char* pBuffer = LockBuffer( pVtxBufl );

// Current buffer position (in bytes) in locked data of vertex buffer
DWORD dwGlobalBufferPosition = 0;
for each texturelndex in m_pResourceMesh
{
DWORD dwCurrentOffset = 0; // Current offset position for vtxbDecl

for (int i1 = 0; i<m_pResourceMesh->GetNumberOfTextureSlots(); i++)

{
// Array template allocates us a new structure at the end of the
// structure block and returns a nonconstant reference of the block.
// All structures allocated before remain unchanged (by realloc).
D3DVERTEXELEMENT9& flexibleElement = arrDeclVitx.InsertNewEnd();

flexibleElement.Stream = 1; // Is at 2nd position after Geometry
flexibleElement .Usage D3DDECLUSAGE TEXCOORD;

// Current size in bytes of texture slots (u,v = 8 bytes)

// r,s,t = 12 bytes, r,8,t,w = 16 bytes

DWORD dwCurrentTextureSlotSize =
m_pResourceMesh->GetTextureCoordinateSizeBySlot( 1 );

// For specified slot, we look for what size (in bytes) we need

// and add it to our global offset counter dwCurrentOffset
flexibleElement .Offset = dwCurrentOffset;
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Listing 5-4 (continued). A Vertex Buffer Stream for Texture Data

)

// Calculate stream position in Resourcemesh for specified

// texture slot

int enumStreamArraySlot =
m_pResourceMesh->GetTextureSlotEnum( 1 );

// Now copy out the vertex information from the Resourcemesh

// stream into locked buffer

memcpy (&pBuffer|[ dwGlobalBufferPosition + dwCurrentOffset ],

m_pResourceMesh->GetVertexStreamArray (enumStreamArraySlot,
textureindex), dwCurrentTextureSlotSize);

dwCurrentOffset += dwCurrentTextureSlotSize;

// Calculate types of vtxDecl (D3DDECLTYPE FLOAT2 = 8 bytes,

// D3DDECLTYPE FLOATZ = 12 bytes, D3DDECLTYPE FLOAT4 = 16 bytes)

flexibleElement .Type =
CalculateDataSizeType (dwCurrentTextureSlotSize) ;

// Add new position offset to global position in buffer
dwGlobalBufferPosition += dwCurrentOffset;

Animation Data

The Vertexprocessor unit for animation data builds up weights for animation skinning
with bones in hardware. A varying number of weights per bone can be used, so it is not
necessary to waste more memory than is really needed. In Gozhic II1, we use up to six

weights per bone for our animation system.

Index Data

An index buffer corresponding to the above vertex buffers is also built up. Indices are
stored into a mesh object as a separate stream of information. The bit size of index
entries (whether 16 or 32 bit) depends on the number of vertices. Having more than
65,535 entries necessitates using DWORDs as index entries. Otherwise, WORD (16-bit)
indices suffice. Choosing the smallest possible data type helps reduce an application’s

memory footprint.

—— s
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The Vertexprocessor has the responsibility to create all the previously described vertex
buffers in an optimal manner for hardware (typically they are created as Pool_Managed
and WriteOnly)(Ashida 2004).

Rendering the Streams
Once all the streams are built up properly, they are available for rendering and drawing.

As an example of using streams separately, we execute the G-stream (that is, the geome-
try stream) as a separate z-pass, to achieve fast z-rejects in hardware and to use this
buffer in conjunction with an occlusion query system implemented in the render sys-
tem. (See Chapter 6 of this book, “Hardware Occlusion Queries Made Useful,” for an
example of such a system.)

It is possible to add the A-stream (the animation stream) in the calculation, but the
effort isn’t worthwhile in most cases. The number of pixels that differ because of the
animation is typically small and thus out of proportion to the additional rendering cost
of adding animation.

Individual streams are activated depending on the view (whether solid rendering or
z-pass) by the renderer.

Conclusion

In this chapter, we have shown how current applications can overcome problems caused
by the growing amount of geometry data in scenes. We've discussed a flexible model
that gives the application more control over the data and drives the detected hardware
optimally by combining two powerful techniques:

« Several vertex buffers are combined via multistreaming.

+ Each vertex buffer is controlled by an optimized resource manager.

A nice side benefit: we efficiently handle the bandwidth for data, which sometimes can
be limited because of data duplication/redundant data transmission across the bus from
system memory to the GPU.
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6.1

Chapter 6

Hardware Occlusion Queries
Made Useful

Michael Wimmer
Vienna University of Technology

JiF{ Bittner
Vienna University of Technology

Introduction

Hardware occlusion queries were one of the most eagerly awaited graphics hardware
features in a long time. This feature makes it possible for an application to ask the 3D
API (OpenGL or Direct3D) whether or not any pixels would be drawn if a particular
object were rendered. With this feature, applications can check whether or not the
bounding boxes of complex objects are visible; if the bounds are occluded, the applica-
tion can skip drawing those objects. Hardware occlusion queries are appealing to
today’s games because they work in completely dynamic scenes.

However, although this feature has been available for more than two years (via the
NV/ARB_occlusion_query OpenGL extension and by the IDirect3DQuery9
interface in Direct3D), there is not yet widespread adoption of this feature for solving
visibility culling in rendering engines. This is due to two main problems related to
naive usage of the occlusion query feature: the overhead caused by issuing the occlusion
queries themselves (since each query adds an additional draw call), and the latency
caused by waiting for the query results.

In this chapter, we present a simple but powerful algorithm that solves these problems
(Bittner et al. 2004): it minimizes the number of issued queries and reduces the impact

of delays due to the latency of query results.

- — ——
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6.2

To achieve this, the algorithm exploits the spatial and temporal coherence of visibility
by reusing the results of occlusion queries from the previous frame in order to initiate
and schedule the queries in the current frame. This is done by storing the scene in a
hierarchical data structure (such as a k-d tree or octree [Cohen-Or et al. 2003]), pro-
cessing nodes of the hierarchy in a front-to-back order, and interleaving occlusion
queries with the rendering of certain previously visible nodes.

The algorithm is smart about the queries it actually needs to issue: most visible interior
nodes of the spatial hierarchy and many small invisible nodes are not tested at all. Further-
more, previously visible nodes are rendered immediately without waiting for their query
result, which allows filling the time needed to wait for query results with useful work.

For Which Scenes Are Occlusion Queries Effective?

Let’s recap briefly for which scenes and situations the algorithm presented in this chap-
p y g p P

ter is useful.

Occlusion queries work best for large scenes where only a small portion of the scene is
visible each frame—for example, a walkthrough in a city. More generally, the algorithm
presented here works if in each frame there are large occluded interior nodes in the
hierarchy. These nodes should contain many objects, so that skipping them if they are
occluded saves geometry, overdraw, and draw calls (which are a typical bottleneck in
today’s rendering systems [ Wloka 2003]). An important advantage the algorithm has
over most other techniques used nowadays in games (such as portal culling) is that it

allows completely dynamic environments.

Some games—for example, shader-heavy ones—use a separate initial rendering pass
that writes only to the depth buffer. Subsequent passes test against this depth buffer,
and thus expensive shading is done only for visible pixels. If the scenes are complex, our
occlusion-culling algorithm can be used to accelerate establishing the initial depth
buffer and at the same time to obtain a complete visibility classification of the hierar-
chy. For the subsequent passes, we skip over objects or whole groups of objects that are
completely invisible at virtually no cost.

Finally, if there is little or no occlusion in a scene—for example, a flyover of a city—
there is no benefit to occlusion culling. Indeed, occlusion queries potentially introduce
an overhead in these scenes and make rendering slower, no matter how the occlusion
queries are used. If an application uses several modes of navigation, it will pay to switch
off occlusion culling for modes in which there is no or only very little occlusion.
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What Is Occlusion Culling?

The term occlusion culling refers to a method that tries to reduce the rendering load on the
graphics system by eliminating (that is, culling) objects from the rendering pipeline if they
are hidden (that is, occluded) by other objects. There are several methods for doing this.

One way to do occlusion culling is as a preprocess: for any viewpoint (or regions of
viewpoints), compute ahead of time what is and is not visible. This technique relies on
most of the scene to be static (so visibility relationships do not change) and is thus not
applicable for many interactive and dynamic applications (Cohen-Or et al. 2003).

Portal culling is a special case of occlusion culling; a scene is divided into cells (typically
rooms) connected via portals (typically door and window openings). This structure is
used to find which cells (and objects) are visible from which viewpoint—either in a
preprocess or on the fly (Cohen-Or et al. 2003). Like general preprocess occlusion
culling, it relies on a largely static scene description, and the room metaphor restricts it
to mostly indoor environments.

Online occlusion culling is more general in that it works for fully dynamic scenes. Typi-
cal online occlusion-culling techniques work in image space to reduce computation
overhead. Even then, however, CPUs are less efficient than, say, GPUs for performing
rasterization, and thus CPU-based online occlusion techniques are typically expensive

(Cohen-Or et al. 2003).

Fortunately, graphics hardware is very good at rasterization. Recently, an OpenGL exten-
sion called NV_occlusion_query, or now ARB_occlusion_query, and Direct3D’s
occlusion query (D3DQUERYTYPE_OCCLUSION) allow us to query the number of raster-
ized fragments for any sequence of rendering commands. Testing a single complex object
for occlusion works like this (see also Sekulic 2004):

1. Initiate an occlusion query.

2. Turn off writing to the frame and depth buffer, and disable any superfluous state. Mod-
ern graphics hardware is thus able to rasterize at a much higher speed (NVIDIA 2004).

3. Render a simple but conservative approximation of the complex object—usually a
bounding box: the GPU counts the number of fragments that would actually have
passed the depth test.

4. Terminate the occlusion query.
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5. Ask for the result of the query (that is, the number of visible pixels of the approxi-
mate geometry).

6. If the number of pixels drawn is greater than some threshold (typically zero), render
the complex object.

The approximation used in step 3 should be simple so as to speed up the rendering

process, but it must cover at least as much screen-space area as the original object, so

that the occlusion query does not erroneously classify an object as invisible when it

actually is visible. The approximation should thus be much faster to render, and does

not modify the frame buffer in any way.

This method works well if the tested object is really complex, but step 5 involves wait-
ing until the result of the query actually becomes available. Since, for example,
Direct3D allows a graphics driver to buffer up to three frames of rendering commands,
waiting for a query results in potentially large delays. In the rest of this chapter, we refer
to steps 1 through 4 as “issuing an occlusion query for an object.”

If correctness of the rendered images is not important, a simple way to avoid the delays is to
check for the results of the queries only in the following frame (Sekulic 2004). This obvi-
ously leads to visible objects being omitted from rendering, which we avoid in this chapter.

Hierarchical Stop-and-Wait Method

As a first attempt to use occlusion queries, we show a naive occlusion-culling algorithm
and extend it to use a hierarchy. In the following section, we show our coherent hierar-
chical culling algorithm, which makes use of coherence and other tricks to be much
more effective than the naive approach.

The Naive Algorithm, or Why Use Hierarchies at All?
To understand why we want to use a hierarchical algorithm, let’s take a look at the
naive occlusion query algorithm first:
1. Sort objects front to back.
2. For each object
a. Issue occlusion query for the object (steps 1-4 from previous section).

b. Stop and wait for result of query.

c. If number of visible pixels is greater than 0, render the object.

— 0 ——
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6.4.2

6.4.3

Although this algorithm calculates correct occlusion information for all of our objects,
it is most likely slower than just rendering all the objects directly. The reason is that we
have to tssue a query and wait for its result for every object in the scene!

Now imagine, for example, a walkthrough of a city scene: We typically see a few hun-
dred objects on screen (buildings, streetlights, cars, and more). But there might be tens
of thousands of objects in the scene, most of which are hidden by nearby buildings. If
each of these objects is not very complex, then issuing and waiting for queries for all of
them is more expensive than just rendering them.

Hierarchies to the Rescue!

We need a mechanism to group objects close to one another so we can treat them as a
single object for the occlusion query. That’s just what a spatial hierarchy does. Examples
of spatial hierarchies are k-d trees, BSP trees, and even standard bounding-volume hierar-
chies. They all have in common that they partition the scene recursively until the cells of
the partition are “small” enough according to some criterion. The result is a tree structure
with interior nodes that group other nodes, and leaf nodes that contain actual geometry.

The big advantage of using hierarchies for occlusion queries is that we can now test
interior nodes, which contain much more geometry than the individual objects. In our
city example, hundreds or even thousands of objects might be grouped into one indi-
vidual node. If we issue an occlusion query for this node, we save the tests of all of these
objects—a potentially huge gain!

If geomerry is not the main rendering bottleneck, but rather the number of draw calls
issued (Wloka 2003), then making additional draw calls to issue the occlusion queries
is a performance loss. With hierarchies, though, interior nodes group a larger number
of draw calls, which are all saved if the node is occluded using a single query. So we see
that in some cases, a hierarchy is what makes it possible to gain anything at all by using
occlusion queries.

Hierarchical Algorithm

The naive hierarchical occlusion-culling algorithm works like this—it is specified for a
node within the hierarchy and initially called for the root node:

1. Issue occlusion query for the node.

2. Stop and wait for the result of the query.
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6.4.4

3. If the node is visible:

a. Ifit is an interior node:
i. Sort the children in front-to-back order.
ii. Call the algorithm recursively for all children.
b. If it is a leaf node, render the objects contained in the node.
This algorithm can potentially be much faster than the basic naive algorithm, but it has

two significant drawbacks.

Problem 1: Stalls

This approach shares the first drawback with the naive algorithm. Whenever we issue
an occlusion query for a node, we cannot continue our algorithm until we know the
result. But waiting until the query result becomes available may be prohibitive. The
query has to be sent to the GPU. There it sits in a command queue until all previous
rendering commands have been issued (and modern GPUs can queue up more than
one frame’s worth of rendering commands!). Then the bounding box associated with
the query must be rasterized, and finally the result of the query has to travel back over
the bus to the driver.

During all this time, the CPU sits idle, and we have caused a CPU stall. But that’s not
all. While the CPU sits idle, it doesn’t feed the GPU any new rendering commands.
Now when the result of the occlusion query arrives, and the CPU has finally figured
out what to draw and which commands to feed the GPU next, the command buffer of
the GPU has emptied and it has become idle for some time as well. We call this GPU
starvation. Obviously, we are not making good use of our resources. Figure 6-1 sums up

these problems.
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Figure 6-1. CPU Stalls and GPU Starvation Caused by Occlusion Queries
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6.4.5 Problem 2: Query Overhead

The second drawback of this algorithm runs contrary to the original intent of the hier-
archical method. We wanted to reduce the overhead for the occlusion queries by group-
ing objects together. Unfortunately, this approach increases the number of queries
(especially if many objects are visible): in addition to the queries for the original ob-
jects, we have to add queries for their groupings. So we have improved the good case
(many objects are occluded), but the bad case (many objects are visible) is even slower
than before.

The number of queries is not the only problem. The new queries are for interior nodes
of the hierarchy, many of which, especially the root node and its children, will have
bounding boxes covering almost the entire screen. In all likelihood, they are also visible.
In the worst case, we might end up filling the entire screen tens of times just for raster-
izing the bounding geometry of interior nodes.

6.5 Coherent Hierarchical Culling

As we have seen, the hierarchical stop-and-wait method does not make good use of
occlusion queries. Let us try to improve on this algorithm now.

6.5.1 Idea 1: Being Smart and Guessing

To solve problem 1, we have to find a way to avoid the latency of the occlusion queries.
p y y q

Let’s assume that we could “guess” the outcome of a query. We could then react to our

guess instead of the actual result, meaning we don’t have to wait for the result, eliminat-

ing CPU stalls and GPU starvations.

Now where does our guess come from? The answer lies, as it so often does in computer
graphics, in temporal coherence. This is just another way of expressing the fact that in
real-time graphics, things don’t move around too much from one frame to the next. For
our occlusion-culling algorithm, this means that if we know what’s visible and what’s
occluded in one frame, it is very likely that the same classification will be correct for
most objects in the following frame as well. So our “guess” is simply the classification
from the previous frame.

Burt wait-—there are two ways in which our guess can go wrong: If we assume the node
to be visible and it’s actually occluded, we will have processed the node needlessly. This

————
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6.5.2

can cost some time, but the image will be correct. However, if we guess that a node is
occluded and in reality it isn’t, we won't process it and some objects will be missing

from the image—something we need to avoid!

So if we want to have correct images, we need to verify our guess and rectify our choice
in case it was wrong. In the first case (the node was actually occluded), we update the
classification for the next frame. In the second case (the node was actually visible), we
just process (that is, traverse or render) the node normally. The good news is that we
can do all of this later, whenever the query result arrives. Note also that the accuracy of
our guess is not critical, because we are going to verify it anyway. Figure 6-2 shows the

different cases.
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Figure 6-2. Processing Requirements for Various Nodes

Idea 2: Pull Up, Pull Up

To address problem 2, we need a way to reduce overhead caused by the occlusion

queries for interior nodes.

Luckily, this is easy to solve. Using idea 1, we are already processing previously visible
interior nodes without waiting for their query results anyway. It turns out that we don’t
even need to issue a query for these nodes, because at the end of the frame, this infor-
mation can be easily deduced from the classification of its children, effectively “pulling
up” visibility information in the tree. Therefore, we save a number of occlusion queries

and a huge amount of fill rate.

On the other hand, occlusion queries for interior nodes that were occluded in the pre-
vious frame are essential. They are required to verify our choice not to process the node,
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and in case the choice was correct, we have saved rendering all the draw calls, geometry,
and pixels that are below that node (that is, inside the bounding box of the node).

What this boils down to is that we issue occlusion queries only for previously visible
leaf nodes and for the largest possible occluded nodes in the hierarchy (in other words,
an occluded node is not tested if its parent is occluded as well). The number of queries
issued is therefore linear in the number of visible objects. Figure 6-3 illustrates this

approach.
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Algorithm

We apply these two ideas in an algorithm we call “coherent hierarchical culling.” In
addition to the hierarchical data structure for the front-to-back traversal we already
know, we need a “query queue” that remembers the queries we issued previously. We
can then come back later to this queue to check whether the result for a query is already
available.

The algorithm is easy to incorporate into any engine as it consists of a simple main
traversal loop. A queue data structure is part of the C++ standard template library
(STL), and a hierarchical darta structure is part of most rendering libraries anyway; for
example, for collision detection.

The algorithm visits the hierarchy in a front-to-back order and immediarely recurses
through any previously visible interior node (idea 1). For all other nodes, it issues an
occlusion query and stores it in the query queue. If the node was a previously visible
leaf node, it also renders it immediately, without waiting for the query result.
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6.5.4

During the traversal of the hierarchy, we want to make sure that we incorporate the
query results as soon as possible, so that we can issue further queries if we encounter a

change in visibility.

Therefore, after each visited node, we check the query queue to see if a result has al-
ready arrived. Any available query result is processed immediately. Queries that verify
our guess to be correct are simply discarded and do not generate additional work.
Queries that contradict our guess are handled as follows: Nodes that were previously
visible and became occluded are marked as such. Nodes that were previously occluded
and became visible are traversed recursively (interior nodes) or rendered (leaf nodes).
Both of these cases cause visibility information to be pulled up through the tree. See
Figure 6-4, which also depicts a “pull-down” situation: a previously occluded node has
become visible and its children need to be traversed.

Frame i Frame i+1
S

@

N\

O ® O ,.,..,.0 O O O
O d O O : Pull Down

Queried Nodes

(O visible @ Invisible

Figure 6:4. Visibility of Hierarchy Nodes in Two Consecutive Frames

Implementation Details

The algorithm is easy to follow using the pseudocode, which we show in Listing 6-1.
Let’s discuss some of the details in the code.

To maintain the visibility classification for all nodes over consecutive frames, we use a
visible flag and a frameID, which increments every frame. Nodes visible in the
previous frame are easily identified through lastvisited = frameID - 1 and
visible = true;all other nodes are assumed invisible. This way, we don’t have to
reset the visibility classification for each frame.
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Listing 6-1. Algorithm Pseudocode

TraversalStack.Push (hierarchy.Root) ;
while ( not TraversalStack.Empty() or
not QueryQueue.Empty () )

//~ PART 1: process finished occlusion queries

while ( not QueryQueue.Empty () and
(ResultAvailable (QueryQueue.Front ()) or
TraversalStack.Empty ()) )

node = QueryQueue.Dequeue () ;
// wait if result not available
visiblePixels = GetOcclusionQueryResult (node) ;
if ( visiblePixels > VisibilityThreshold )
{
PullUpVisibility (node) ;
TraverseNode (node) ;

//— PART 2: hierarchical traversal
if ( not TraversalStack.Empty() )
{
node = TraversalStack.Pop();
if ( InsideViewFrustum(node) )
{
// identify previously visible nodes
wasVisible = node.visible and
(node.lastVisited == frameID - 1);
// identify nodes that we cannot skip querieg for
leafOrWasInvisible = not wasVisible or IsLeaf (node) ;
// reset node’s visibility classification
node.visible = false;
// update node’s visited flag
node.lastVisited = framelD;
// skip testing previously visible interior nodes
if ( leafOrWasInvisible )
{
IssueOcclusionQuery (node) ;
QueryQueue.Enqueue (node) ;
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Listing 6-1 (continued). Algorithm Pseudocode

// always traverse a node if it was visible
if ( wasVisible )
TraverseNode (node) ;

TraverseNode (node)
{
if ( IsLeaf (node) )
Render (node) ;
else
TraversalStack.PushChildren(node) ;

PullUpVisibility (node)
{
while (not node.visible)
{
node.visible = true;
node = node.parent;

To establish the new visibility classification for the current frame, we set all nodes we
encounter during the traversal to invisible by default. Later, when a query identifies a
node as visible, we “pull up” visibility; that is, we set all its ancestors to visible as well.

Interior nodes that were visible in the previous frame (that is, not leafOrWasInvisible)

are nodes for which we skip occlusion queries altogether.

Traversing a node means rendering the node for leaf nodes or pushing its children onto

the traversal stack so that they get rendered front to back.

We also assume that the Render () call renders an object only if it hasn’t been ren-
dered before (this can be checked using the frameID). This facilitates the code for
previously visible objects: when we finally get the result of their visibility query, we can
just process them again without introducing a special case or rendering them twice
(since they have already been rendered immediately after their query was issued).
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Another advantage is that we can reference objects in several nodes of the hierarchy,
and they still get rendered only once if several of these nodes are visible.

Furthermore, we have to be careful with occlusion tests for nodes near the viewpoint. If the
front faces of a bounding box get clipped by the near plane, no fragments are generated for
the bounding box. Thus the node would be classified as occluded by the test, even though
the node is most likely visible. To avoid this error for each bounding box that passes the
view-frustum test, we should check whether any of its vertices is closer than the near plane.
In such a case, the associated node should be set visible without issuing an occlusion query.
Finally, note that for the occlusion queries, the actual node bounding boxes can be used
instead of the (usually less tight) nodes of the spatial hierarchy.

Why Are There Fewer Stalls?

Let’s take a step back and see what we have achieved with our algorithm and why.

The coherent hierarchical culling algorithm does away with most of the inefficient
waiting found in the hierarchical stop-and-wait method. It does so by interleaving the
occlusion queries with normal rendering, and avoiding the need to wait for a query to
finish in most cases.

If the viewpoint does not move, then the only point where we actually might have to wait
for a query result is at the end of the frame, when all the visible geometry is already ren-
dered. Previously visible nodes are rendered right away without waiting for the results.

If the viewpoint does move, the only dependency occurs if a previously invisible node
becomes visible. We obviously need to wait for this to be known in order to decide
whether to traverse the children of the node. However, this does not bother us too
much: most likely, we have some other work to do during the traversal. The query
queue allows us to check regularly whether the result is available while we are doing

useful work in berween.

Note that in this situation, we might also not detect some occlusion situations and
unnecessarily draw some objects. For example, if child A occludes child B of a previ-
ously occluded interior node, but the query for B is issued before A is rendered, then B
is still classified as visible for the current frame. This happens when there is not enough
work to do between issuing the queries for A and B. (See also Section 6.5.7, where we
show how a priority queue can be used to increase the chance that there is work to do
between the queries for A and B.)
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6.5.6

6.5.7

Why Are There Fewer Queries?

We have already seen that a hierarchical occlusion-culling algorithm can save a lot of
occlusion queries if large parts of the scene are occluded. However, this is paid for by

large costs for testing interior nodes.

The coherent hierarchical culling algorithm goes a step further by obviating the need
for testing most interior nodes. The number of queries that need to be issued is only
proportional to the number of visible objects, not to the total number of objects in the
scene. In essence, the algorithm always tests the largest possible nodes for occluded

regions.

Neither does the number of queries depend on the depth of the hierarchy, as in the
hierarchical stop-and-wait method. This is a huge win, because the rasterization of large

interior nodes can cost more than occlusion culling buys.

How to Traverse the Hierarchy

We haven’t talked a lot about traversing the hierarchy up to now. In principle, the tra-
versal depends on which hierarchy we use, and is usually implemented with a traversal
stack, where we push child nodes in front-to-back order when a node is traversed. This

basically boils down to a depth-first traversal of the hierarchy.

However, we can gain something by not adhering to a strict depth-first approach. When
we find nodes that have become visible, we can insert these nodes into the traversal, which
should be compatible with the already established front-to-back order in the hierarchy.

The solution is not to use a traversal stack, but a priority queue based on the distance
to the observer. A priority queue makes the front-to-back traversal very simple. When-
ever the children of a node should be traversed, they are simply inserted into the prior-
ity queue. The main loop of the algorithm now just checks the priority queue, instead
of the stack, for the next node to be processed.

This approach makes it simple to work with arbitrary hierarchies. The hierarchy only
needs to provide a method to extract its children from a node, and to compute the
bounding box for any node. This way, it is easy to use a sophisticated hierarchy such as
a k-d tree (Cohen-Or et al. 2003), or just the bounding volume hierarchy of the scene

graph for the traversal, and it is easy to handle dynamic scenes.

Note also that an occlusion-culling algorithm can be only as accurate as the objects on
which it operates. We cannot expect to get accurate results for individual triangles if we
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6.6

6.6.1

6.6.2

6.6.3

only test nodes of a coarse hierarchy for occlusion. Therefore, the choice of a hierarchy
plays a critical role in occlusion culling.

Optimizations

We briefly cover a few optimizations that are beneficial in some (but not all) scenes.

Querying with Actual Geometry

First of all, a very simple optimization that is always useful concerns previously visible
leaf nodes (Sekulic 2004). Because these will be rendered regardless of the outcome of
the query, it doesn’t make sense to use an approximation (that is, a bounding box) for
the occlusion query. Instead, when issuing the query as described in Section 6.3, we
omit step 2 and replace step 3 by rendering the actual geometry of the object. This saves
rasterization costs and draw calls as well as state changes for previously visible leaf nodes.

Z-Only Rendering Pass

For some scenes, using a z-only rendering pass can be advantageous for our algorithm.
Although this entails twice the transformation cost and (up to) twice the draw calls for
visible geometry, it provides a good separation between occlusion culling and rendering
passes as far as rendering states are concerned. For the occlusion pass, the only state that
needs to be changed between an occlusion query and the rendering of an actual object
is depth writing. For the full-color pass, visibility information is already available,
which means that the rendering engine can use any existing mechanism for optimizing
state change overhead (such as ordering objects by rendering state).

Approximate Visibility

We might be willing to accept certain image errors in exchange for better performance.
This can be achieved by setting the VisibilityThreshold in the algorithm to a
value greater than zero. This means that nodes where no more than, say, 10 or 20 pixels
are visible are still considered occluded. Don’t set this too high, though; otherwise the
algorithm culls potential occluders and obtains the reverse effect.

This optimization works best for scenes with complex visible geometry, where each
additional culled object means a big savings.
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Conservative Visibility Testing

Another optimization makes even more use of temporal coherence. When an object is
visible, the current algorithm assumes it will also be visible for the next frame. We can
even go a step further and assume that it will be visible for a number of frames. If we
do that, we save the occlusion queries for these frames (we assume it’s visible anyway).
For example, if we assume an object remains visible for three frames, we can cur the
number of required occlusion queries by almost a factor of three! Note, however, that
temporal coherence does not always hold, and we almost certainly render more objects

than necessary.

This optimization works best for deep hierarchies with simple leaf geometry, where the
number of occlusion queries is significant and represents significant overhead that can
be reduced using this optimization.

Conclusion

Occlusion culling is an essential part of any rendering system that strives to display
complex scenes. Although hardware occlusion queries seem to be the long-sought-after
solution to occlusion culling, they need to be used carefully, because they can introduce

stalls into the rendering pipeline.

We have shown an algorithm that practically eliminates any waiting time for occlusion
query results on both the CPU and the GPU. This is achieved by exploiting temporal
coherence, assuming that objects that have been visible in the previous frame remain
visible in the current frame. The algorithm also reduces the number of costly occlusion
queries by using a hierarchy to cull large occluded regions using a single test. At the
same time, occlusion tests for most other interior nodes are avoided.

This algorithm should make hardware occlusion queries useful for any application that
features a good amount of occlusion, and where accurate images are important. For
example, Figure 6-5 shows the application of the algorithm to the walkthrough of a city
model, with the visibility classification of hierarchy nodes below. The orange nodes
were found visible; all the other depicted nodes are invisible. Note the increasing size of
the occluded nodes with increasing distance from the visible set. For the viewpoint
shown, the algorithm presented in this chapter provided a speedup of about 4 com-
pared to rendering with view-frustum culling alone, and a speedup of 2.6 compared to
the hierarchical stop-and-wait method.
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Figure 6-5. Visualizing the Benefits of Occlusion Queries for a City Walkthrough
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Chapter 7

Adaptive Tessellation of
Subdivision Surfaces with
Displacement Mapping

Michael Bunnell
NVIDIA Corporation

In this chapter we describe how to perform view-dependent, adaptive tessellation of
Catmull-Clark subdivision surfaces with optional displacement mapping. We use the
GPU to do the tessellation calculations, which saves graphics bus bandwidth and is many
times faster than using the CPU. The first part of this chapter explains how to tessellate
subdivision surfaces to polygons for rendering high-quality curved surfaces without visible
polygon artifacts. The second part of this chapter describes how to add displacement-
mapping support for rendering highly detailed models that can be animated in real time.

This chapter takes a repeated subdivision approach to tessellation, implemented by
rendering into 2D textures. The subdivision, flatness test, and final vertex attribute
calculations are done using fragment programs (pixel shaders). This method assumes
that the vertex data of the subdivision surface control mesh are stored in a texture map.
Intermediate results are also rendered to and read from texture maps, and the final
tessellation results (position, normal, and so on) are rendered to a vertex array ready to

be used by a render-primitives call such as glDrawElements ().

Subdivision Surfaces

Subdivision surfaces are arguably the most popular curved-surface representation used
in computer graphics today. Specifically, Catmull-Clark subdivision surfaces are sup-
ported in practically every 3D modeling and animation application. Introduced to the
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7.1.1

7.1.2

big screen by Pixar with A Bug’s Life, they have been used in all of Pixar’s movies since,
including Finding Nemo and The Incredibles. Subdivision surfaces are often combined
with displacement mapping to add extra detail for computer-generated characters in
live-action movies. The most striking example of a displacement-mapped subdivision
surface model is probably the creature Gollum from the recent Lord of the Rings movies.

Subdivision surfaces are curved surfaces (or higher-order surfaces) described by a simple
polygon control mesh and some subdivision rules. The subdivision rules define how to
perform one subdivision step on the surface. Each subdivision step creates a new mesh
with more geometry and a smoother appearance than the previous mesh. Figure 7-1
illustrates such rules applied to a cube.

Some Definitions

« Limit surface—the hypothetical surface created after an infinite number of sub-
division steps

+ Valence (of a vertex)—the number of edges connected to a vertex

+ Extraordinary point—a vertex with a valence other than 4 (for a quad-based sub-
division scheme, such as Catmull-Clark)

Catmull-Clark Subdivision

We use Catmull-Clark subdivision surfaces in this chapter, and so we use the Catmull-
Clark subdivision rules (Catmull and Clark 1978). Catmull-Clark subdivision works
on meshes of arbitrary manifold topology. However, it is considered a quad-based sub-
division scheme because it works best on four-sided polygons (quads) and because all

Figure 7-1. Catmull-Clark Subdivision of a Cube
From left to right: Original control mesh, mesh after one subdivision step, mesh after two steps,
and the limit surface.
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7.1.3

the polygons in the mesh after the first subdivision step are quads. Our implementation
is limited to control meshes consisting only of quads. This implies that the source mod-
els have to be created as all-quad models, a task familiar to artists with a NURBS mod-
eling background or experience using Lightwave SubPatches.

The Catmull-Clark rules to subdivide an all-quad mesh are simple. Split each face of
the control mesh into four faces by adding a vertex in the middle of the face and a ver-
tex at each edge. The positions of these new vertices and the new positions of the origi-
nal vertices can be computed from the pre-subdivided mesh vertex positions using the
weight masks in Figure 7-2. We show only the weight masks for calculating the new
positions of original vertices of valence 3, 4, and 5. The weight masks for higher va-
lences follow the same progression.

If we examine a couple of subdivision steps of a single face, we notice that subdivision
is very similar to scaling a 2D image. The only differences are the filtering values used
and that the vertex position data is generally stored as floating point, while most images
are stored as integer or fixed point. Figure 7-3 shows a single face of a mesh being sub-
divided two times. One thing to note about this figure is that we need a ring of vertices
around the faces that are being subdivided to perform the subdivision. Also, the ex-
traordinary point (the vertex of valence 5) at the upper-left corner of the face in the
original mesh is present in the subdivided meshes too.

Using Subdivision for Tessellation

One obvious way to tessellate subdivision surfaces is to apply a fixed number of subdivision
steps on the original control mesh to create a list of quads to render. In fact, that is how
pre-tessellated surfaces are created with most 3D-modeling packages. The disadvantage of
this method is that parts of a model are over-tessellated and other parts under-tessellated.
Also, it leaves the burden of selecting the number of subdivisions on the application pro-
gram. Under-tessellation leads to visible polygon artifacts. Over-tessellation creates too
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Figure 7-2. Catmull-Clark Subdivision Masks
Used for calculating new vertex positions from pre-subdivided mesh vertex positions.
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7.1.4
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Figure 7-3. Subdividing a Face of a Subdivision Surface

many small triangles that can severely affect rendering performance. Too much geometry
causes the GPU to become vertex-transform or triangle-setup limited. Worse, having many
tiny triangles that are just a few pixels in size can significantly reduce rasterizer efficiency.

Adaptive Subdivision

We use a flatness-test-based adaptive subdivision algorithm to avoid the problems with
the fixed subdivision method. Instead of blindly subdividing a fixed number of steps,
we test the surface for flatness first. In this way, the subdivision adapts to the surface
curvature and the viewpoint. The closer the surface is or the more curved it is, the more
it gets subdivided. See Figure 7-4. We measure flatness as the distance from the polygo-
nal mesh to the limit surface measured in screen pixels. For example, a flatness value of
0.5 means the maximum distance from the polygon approximation of the surface to
the limit surface is half a pixel.

Patching the Surface

We need to store the subdivision control mesh vertex data in a format that allows for
efficient processing. We do this by breaking up the original control mesh into smaller
meshes that can be represented as regular 2D grids and therefore stored in 2D arrays.
See Figure 7-5. Now we can infer the mesh connectivity by the location of vertices in
the array. Vertices next to each other are assumed to be connected by edges. Control
points arranged this way, in a 2D array or matrix, are generally referred to as parches, so
that is what we call them. Our patches are different in that we allow extraordinary

points at the patches’ corners.

The obvious way to divide the control mesh into patches is to create a patch for each
face of the mesh. This method requires a lot of duplicated vertices because we need to
include the vertices from neighboring faces so we can subdivide the patch. We can im-
prove on this situation by creating patches with more faces when possible.
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Figure 7-4. Adaptive vs. Uniform Tessellation
The long, cylindrical object on the left is adaptively tessellated and consists of about one-third as
many polygons as the uniformly tessellated one on the right.

-0 -E-E

>
— x| 9>
X m| ™

Figure 7-5. Patching a Surface
Top: A mesh is broken up into meshes 1, 2, and 3. Bottom: Mesh 1 is converted to a patch.
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7.1.5

Patching a surface is not a trivial process, but fortunately it can be done in a preprocess-
ing step. Even animated meshes generally do not change topology, so the vertex loca-
tions in each patch can be precalculated and stored in a 2D texture. The texture can be
passed to the tessellation code along with the list of patch information, which includes
the size of the patch and the valences of any extraordinary vertices. The demo program
available on the book’s Web site shows one possible implementation of patching an

arbitrary quad model.

The GPU Tessellation Algorithm

The tessellation algorithm works as follows. First, we copy the vertex data of the control
mesh (positions) into the patch buffer texture. The flatness test assumes the vertex co-
ordinates are in eye space. If they are not in eye space, they can be transformed before
or during this copy. Next, we check each patch for flatness (see “The Flatness Test,”
later in this section). Then we compute vertex attribute data, such as positions and
normals, for the patches that are flat and write them to the vertex array, writing the
index information to a primitive index buffer. Patches that are not flat are subdivided
into another patch buffer. Then we swap patch-buffer pointers and go back to the flat-
ness test step. This section describes each step in the tessellation process in more detail.

CPU Processing

We use the CPU to do buffer management and to create the list of vertex indices that
form part of the tessellation result. The CPU does not have to touch the vertex data,
but it does read the flatness test results (using g1ReadPixels) and decides which
patches need further tessellation. It assigns patch locations in the buffers, and it uses a
simple recursive procedure to build the primitive index list based on the edge flatness

results computed by the shaders.

Creating the Patches

Patches are created by rendering a quad per patch at the appropriate location in the
patch buffer, to copy the control mesh vertex position data from a texture. The pro-
gram executed at the quad’s fragments uses a precomputed texture to index the control
mesh vertices discussed in Section 7.1.4. If there are more vertex attributes to sub-
divide, such as texture coordinates, they are copied into a different location in the patch
buffer. Vertex attributes other than position are bilinearly interpolated for performance.

The Flatness Test
The flatness of each edge in the patch is calculated by rendering a quad of appropriate
size into the flatness buffer using the FlatTestl.cg or the FlatTest2.cg shaders. (All of
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the shaders mentioned here can be found with the SubdViewer demo program.) Unlike
the other buffers used for tessellation, this buffer is not floating point. It is an 8-bit-per-
component buffer.

The two flat-test shaders measure the flatness at each edge of the control mesh. Both
shaders treat the four control points along an edge as a b-spline curve and measure the
flatness of the curve. One shader is used before the first subdivision step because it can
handle s-type curves, which are curves whose first derivatives change sign. The second,
faster test is used thereafter, because there are only c-type curves after the first subdivision.
(C-type curves have first derivatives that do not change sign and thus are c-shaped.)

As shown in Figure 7-6, the first shader’s flatness test calculates the distance from the
control point 2 to the midpoint of control points 1 and 3, as well as the distance of
control point 3 to the midpoint of control points 2 and 4. The second flatness test
calculates the distance from the midpoint of control points 1 and 4 to the midpoint of
control points 2 and 3. Both tests compare the calculated distance to the flatness value
given in pixels, scaled appropriately. The flatness value is prescaled to account for the
distance of the b-spline control points from the limit curve, and it is doubled so the
midpoint calculations can be done with only an add. Because the control points are
assumed to be in eye space, the flatness distance is scaled by the z value of the midpoint
of control points 2 and 3 to handle perspective projection.

The flatness test also needs to handle z-scale values that are less than the near render
plane to avoid over-tessellating meshes that cross the near plane. It does so by reflecting
z values less than the near plane to the other side of the plane. This technique results in
good tessellation for patches that cross the near plane without creating too much geom-
etry that would be clipped later.

Results of the flatness test are copied to host memory, so that the CPU can decide
which patches are flat. The results are also saved for each level of subdivision except the
last (we know all edges are flat after the last subdivision), so they can be used to build

1 3

Figure 7-6, Comparing Flatness Tests
Left: Flatness test 1 measures two distances. Right: Flatness test 2 measures only one.
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the array of primitive indices. This data is packed to save bandwidth and averages about
200 times fewer bytes of data than the description of the patch itself.

Subdivision

Subdivision is performed by rendering a quad for each patch into the destination patch
buffer using the Subdiv.cg shader shown in Listing 7-1. The render works similar to a
2x scaled image blit, but it uses the weights for Catmull-Clark subdivision, as dis-
cussed in Section 7.1.2. The source coordinate for rendering is offset from the patch’s
origin by (0.75, 0.75), to account for the ring of extra vertices around the faces that are
being subdivided and to create a similar ring in the destination. See Figure 7-7. The size
of the result patch is twice that of the source patch, minus 3. The Subdiv.cg shader uses
the fractional part of the source coordinates to determine which subdivision mask to
use: the face mask, the edge mask, or the valence-4 vertex mask. Attributes other than

position are interpolated bilinearly in Normal.cg.

Listing 7-1. Subdiv.cg—Subdividing a Regular Mesh Using Catmull-Clark Rules

float4 main(float4 srcCoord,

uniform samplerRECT srcTexMap : TEXUNITO) : COLOR
{
float3 wh, wv; // weight values
float3 sl1, s2, s3;

float2 f;

// calculate weights based on fractiomal part of
// source texture coordinate

//

// x == 0.0, v == 0.0 use face weights (1/4, 1/4, 0}

// (1/4, 1.4, 0)

/7 { o, 0, 0)

// % == 0.5, v == 0.0 use edge weights (horizontal)

// (1/16, 6/16, 1/16)

// (1/16, 6/16, 1/16)

// ( o, 0, 0)

// % == 0.0, v == 0.5 use edge weights (vertical)

/7 (1/16, 1/16, 0}

/! (6/16, 6/16, 0)

// (1/16, 1/16, 0)

// x == 0.5, yv == 0.5 use valence 4 vertex weights

// (1/64, 6/64, 1/64)

// (6/64, 36/54, 6/64)

// (1/64, 6/64, 1/64)
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Listing 7-1 (continued). Subdiv.cg—Subdividing a Regular Mesh Using Catmull-Clark Rules

wh = £loat3(1.0/8.0, 6.0/8.0, 1.0/8.0);
f = frac(srcCoord.xy + 0.001) < 0.25; // account for finite precision
if (f.x !'= 0.0) {

wh = f£loat3(0.5, 0.5, 0.0);

srcCoord.x += 0.5; // fraction was zero — move to texel center

= float3(1.0/8.0, 6.0/8.0, 1.0/8.0);
(f.y 1= 0) {

wv = float3(0.5, 0.5, 0.0);

srcCoord.y += 0.5; // fraction was zero — need to move to texel center

WV
if

// calculate the destination vertex position by using the weighted
// sum of the 9 vertex positions centered at srcCoord

sl = texRECT(srcTexMap, srcCoord.xy + float2(-1, -1)).xyz * wh.x +
texRECT (srcTexMap, srcCoord.xy + float2(0, -1)).xyz * wh.y +
texRECT (srcTexMap, srcCoord.xy + float2(l, -1)).xyz * wh.z;

s2 = texRECT (srcTexMap, srcCoord.
texRECT (srcTexMap, srcCoord.
texRECT (srcTexMap, srcCoord.

+ float2 (-1, 0)).xyz * wh.x +
+ float2(0, 0)).xyz * wh.y +
+ float2(1l, 0)).xyz * wh.z;

888

s3 = texRECT(srcTexMap, srcCoord.
texRECT (srcTexMap, srcCoord.
texRECT (srcTexMap, srcCoord.

+ float2(-1, 1)) .xyz * wh.x +
+ float2(0, 1)).xyz * wh.y +
+ float2(1l, 1)).xyz * wh.z;

888

return floatd4(sl * wv.Xx + s2 * wv.y + s3 * wv.z, 0);

(©, 0) (0, 0)

1
(0.75, 0.75)

° (3.25, 3.25)
4
(4, 4)

(5. 5)

Figure 7-7. Resampling a Patch
The blue 2.5x2.5-pixel square portion of the patch (left) is sampled to create a 5x5-pixel patch (right).
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If there are any extraordinary points at the corners of the patch, they are copied and
adjusted using the extraordinary-point subdivision shader, EPSubdiv.cg. This shader
does not really subdivide per se, because no more data is created. It only adjusts the
positions based on the subdivision rules, using a table lookup to get the appropriate
filter weights. It calculates the coordinates of the weights in the lookup table based on
the valence of the extraordinary point and the relative position of the control point that
it is calculating. This shader is much slower than the regular subdivision shader, but it
runs at many fewer pixels. Each corner of the patch (that has an extraordinary point) is
handled by rendering a separate, small quad. The extraordinary-point shader is run
after the regular subdivision shader and overwrites the control points in the destination

that were calculated incorrectly.

Limit Positions and Normals

We use the limit shaders and normal shaders to create the vertex attributes that are
written to the vertex array for rendering, including the attributes that are bilinearly
interpolated, which are copied in the normal shader. The limit shader calculates the
position on the limit surface corresponding to the vertices of the patch. It uses a
weighted average of each vertex and its eight neighbors (Halstead et al. 1993). The
control points themselves are often not close enough to the limit surface to be substi-
tuted for the limit surface points, especially for neighboring patches that are subdivided
to different depths. The EPLimit.cg shader is used to calculate the limit position for
extraordinary points.

The normal shader calculates two tangents for each control point and then uses their
cross product to calculate the surface normal of the limit surface at that point. The
EPNormal.cg shader does the same for extraordinary points. Both shaders calculate the
tangents using a weighted average of the control vertex’s neighbors. Because the normal
shaders use the same control points as the limit shaders, it is a good idea to combine
them in a single shader and use multiple render targets to write out the position and

normal at the same time.

Watertight Tessellation

Watertight tessellation means thart there are no gaps between polygons in the tessella-
tion output. Even tiny gaps can lead to missing pixels when rendering the surface. One
source of these gaps is the fact that floating-point operations performed in different
orders do not always give the exact same result. Ordering shader calculations so that
they are identical for neighboring patches costs a lot of performance. Therefore, we do
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not rely on positions or flatness data at the edge of a patch to match its neighbor’s. The
index list-building code ensures watertightness by using only one patch’s data for shared
corners and edges.

Another watertight tessellation problem that must be avoided is T-junctions. T-junctions
often crop up with adaptive tessellation schemes. They occur if a patch is split even
though one or more of its edges is flat. If the patch sharing the flat edges is not also split,
then a T-junction is created. There are different methods for avoiding T-junctions during
tessellation, some of which are quite complicated. Our tessellator has the advantage that
index values of all the vertices of a patch are known when building the index list. The
tessellator simply replaces the index of the vertex at the junction with one that is farther
from the edge and fills the gap with a triangle, as illustrated in Figure 7-8. Moving the
vertex at the T-junction avoids zero-area triangles, which can cause artifacts when ren-

dering alpha-blended surfaces.

Figure 7-8. Handling T-Junctions
Left: A T-junction causes a crack in the mesh. Middle: The vertex at the T-junction is replaced with
one away from the edge. Right: The crack is filled with a triangle.

Displacement Mapping

Displacement mapping is a method for adding geometric complexity to a simple, light-
weight model. A displacement map is a texture map containing a scalar value per texel
that describes how much the surface to which it is applied should be displaced in the
direction of its normal. Unlike bump or normal maps, displacement maps change the
actual geometry of the surface, not just the surface normal.

There are several reasons to add displacement mapping to subdivision surfaces. First,
subdivision surfaces provide a nice, smooth surface from which to displace, even when
animated. Second, they are very compact. The control mesh does not need any normal
and tangent data, like polygon models, because they are derived during tessellation.
Third, it is easy to modify our subdivision surface shaders to support adaptive displace-
ment mapping.

e
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7.2.1

7.2.2

Changing the Flatness Test

The trick to efficient displacement mapping is adding geometry where it is really
needed. We can modify our flatness test so that more geometry is added if the maxi-
mum displacement is greater than the flatness threshold. Because the flatness is tested
per edge, we create a table using the displacement map containing the maximum dis-
placement on either side of each edge. Figure 7-9 shows a 2D representation of how the
maximum distance is calculated for each level of subdivision. Note that all the low-
resolution mesh points are located on the displaced surface, because that is where the
tessellated vertices are positioned. In the flatness-test shaders, we add the edge’s maxi-
mum displacement value to the error distance before comparing it to the flatness
threshold. All that is left to do geometry-wise is to add the displacement from the dis-
placement map to the vertex position in the limit shaders.

Figure 7-9. Four Steps o_fthé Max—ir_w1u-m‘Dispiaceme_nt_Calculation

Shading Using Normal Mapping

We use normal mapping to take the displacement into account when shading the sur-
face, instead of adjusting the vertex normals. See Figure 7-10 for an example. This tech-
nique has a couple of advantages. First, normal mapping is done per pixel, so it
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generally allows more detailed shading than is possible with vertex normals. More im-
portant, the surface does not appear to pop when animated, as the amount of geometry
changes due to adaptive tessellation. Normal mapping requires some extra attributes

from the tessellator: a tangent, and normal map texture coordinates.

Figure 7-10. An Example of Displacement Mapping

The displacement and normal maps (top) were used to change the appearance of the low-
resolution model from smooth (left) to detailed (right). Creature model courtesy of Bay Raitt,
Boxrocket Entertainment.

————
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Conclusion

We have described a method to tessellate subdivision surfaces on the GPU using subdi-
vision with a breadth-first recursion algorithm. We described the shaders necessary to
perform flatness testing, to carry out the subdivision, and to compute the limit surface
attributes. We also explained how to modify the shaders to add displacement-mapping
support for increasing the geometric detail of subdivision surface models.
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8.4

Chapter 8

Per-Pixel Displacement
Mapping with Distance
Functions

William Donnelly
University of Waterloo

In this chapter, we present distance mapping, a technique for adding small-scale dis-
placement mapping to objects in a pixel shader. We treat displacement mapping as a
ray-tracing problem, beginning with texture coordinates on the base surface and calcu-
lating texture coordinates where the viewing ray intersects the displaced surface. For
this purpose, we precompute a three-dimensional distance map, which gives a measure
of the distance between points in space and the displaced surface. This distance map
gives us all the information necessary to quickly intersect a ray with the surface. Our
algorithm significantly increases the perceived geometric complexity of a scene while
maintaining real-time performance.

Introduction

Cook (1984) introduced displacement mapping as a method for adding small-scale
detail to surfaces. Unlike bump mapping, which affects only the shading of surfaces,
displacement mapping adjusts the positions of surface elements. This leads to effects
not possible with bump mapping, such as surface features that occlude each other and
nonpolygonal silhouettes. Figure 8-1 shows a rendering of a stone surface in which
occlusion between features contributes to the illusion of depth.

The usual implementation of displacement mapping iteratively tessellates a base sur-
face, pushing vertices out along the normal of the base surface, and continuing until

e e e ———
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Figure 8-1. A Displaced Stone Surface
Displacement mapping (top) gives an illusion of depth not possible with bump mapping alone
(bottom).
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the polygons generated are close to the size of a single pixel. Michael Bunnell presents
this approach in Chapter 7 of this book, “Adaptive Tessellation of Subdivision Surfaces
with Displacement Mapping.”

Although it seems most logical to implement displacement mapping in the vertex shad-
ing stage of the pipeline, this is not possible because of the vertex shader’s inability to
generate new vertices. This leads us to consider techniques that rely on the pixel shader.
Using a pixel shader is a good idea for several reasons:

+ Current GPUs have more pixel-processing power than they have vertex-processing
power. For example, the GeForce 6800 Ultra has 16 pixel-shading pipelines to its 6
vertex-shading pipelines. In addition, a single pixel pipeline is often able to perform
more operations per clock cycle than a single vertex pipeline.

+ Pixel shaders are better equipped to access textures. Many GPUs do not allow tex-
ture access within a vertex shader; and for those that do, the access modes are limited,
and they come with a performance cost.

+ The amount of pixel processing scales with distance. The vertex shader always exe-
cutes once for each vertex in the model, but the pixel shader executes only once per
pixel on the screen. This means work is concentrated on nearby objects, where it is

needed most.

A disadvantage of using the pixel shader is that we cannot alter a pixel’s screen coordi-
nate within the shader. This means that unlike an approach based on tessellation, an
approach that uses the pixel shader cannot be used for arbitrarily large displacements.
This is not a severe limitation, however, because displacements are almost always
bounded in practice.

Previous Work

Parallax mapping is a simple way to augment bump mapping to include parallax effects
(Kaneko et al. 2001). Parallax mapping uses the information about the height of a sur-
face at a single point to offset the texture coordinates either toward or away from the
viewer. Although this is a crude approximation valid only for smoothly varying height
fields, it gives surprisingly good results, particularly given that it can be implemented
with only three extra shader instructions. Unfortunately, because of the inherent as-
sumptions of the technique, it cannot handle large displacements, high-frequency fea-
tures, or occlusion between features.
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Relief mapping as presented by Policarpo (2004) uses a root-finding approach on a
height map. It begins by transforming the viewing ray into texture space. It then per-
forms a linear search to locate an intersection with the surface, followed by a binary
search to find a precise intersection point. Unfortunately, linear search requires a fixed
step size. This means that in order to resolve small details, it is necessary to increase the
number of steps, forcing the user to trade accuracy for performance. Our algorithm does
not have this trade-off: it automatically adjusts the step size as necessary to provide fine
detail near the surface, while skipping large areas of empty space away from the surface.

View-dependent displacement mapping (Wang et al. 2003) and its extension, general-
ized displacement mapping (Wang et al. 2004), treat displacement mapping as a ray-
tracing problem. They store the result of all possible ray intersection queries within a
three-dimensional volume in a five-dimensional map indexed by three position coordi-
nates and two angular coordinates. This map is then compressed by singular value de-
composition, and decompressed in a pixel shader at runtime. Because the data is
five-dimensional, it requires a significant amount of preprocessing and storage.

The algorithm for displacement rendering we present here is based on sphere tracing
(Hart 1996), a technique developed to accelerate ray tracing of implicit surfaces. The
concept is the same, but instead of applying the algorithm to ray tracing of implicit
surfaces, we apply it to the rendering of displacement maps on the GPU.

8.3 The Distance-Mapping Algorithm

Suppose we want to apply a displacement map to a plane. We can think of the surface
as being bounded by an axis-aligned box. The conventional displacement algorithm
would render the bottom face of the box and push vertices upward. Our algorithm
instead renders the top plane of the box. Then within the shader, we find which point
on the displaced surface the viewer would have really seen.

In a sense, we are computing the inverse problem to conventional displacement map-
ping. Displacement mapping asks, “For this piece of geometry, what pixel in the image
does it map to?” Our algorithm asks, “For this pixel in the image, what piece of geome-
try do we see?” While the first approach is the one used by rasterization algorithms, the
second approach is the one used by ray-tracing algorithms. So we approach distance
mapping as a ray-tracing problem.

A common ray-tracing approach is to sample the height map at uniformly spaced loca-
tions to test whether the viewing ray has intersected the surface. Unfortunately, we

 — e —— —
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encounter the following problem: as long as our samples are spaced farther apart than a
single texel, we cannot guarantee that we have not missed an intersection that lies be-
tween our samples. This problem is illustrated in Figure 8-2. These “overshoots” can
cause gaps in the rendered geometry and can result in severe aliasing. Thus we have two
options: either we accept artifacts from undersampling, or we must take a sample for
each texel along the viewing ray. Figure 8-3 shows that our algorithm can render objects
with fine detail without any aliasing or gaps in geometry.

Po
P:

Figure 8-2. A Difficult Case for Displacement Algorithms
An algorithm that takes fixed-size steps misses an important piece of geometry.

Figure 8-3. Rendering Displaced Text

Because of the fine detail, text is a difficult case for some per-pixel displacement algorithms,
particularly those based on uniformly spaced sampling. Note that our algorithm correctly captures
occlusion between letters without aliasing.
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We can draw two conclusions from the preceding example:

1. We cannot simply query the height map at fixed intervals. It either leads to under-

sampling artifacts or results in an intractable algorithm.

2. We need more information at our disposal than just a height field; we need to know
how far apart we can take our samples in any given region without overshooting the

surface.

To solve these problems, we define the distance map of the surface. For any point p in
texture space and a surface S, we define a function dist(p, §) = min{d(p, ) : ¢in S}. In
other words, dist(p, S) is the shortest distance from p to the closest point on the surface
S. The distance map for § is then simply a 3D texture that stores, for each point p, the
value of dist(p, S). Figure 8-4 shows a sample one-dimensional height map and its cor-

responding distance map.
2

This distance map gives us exactly the information we need to choose our sampling
positions. Suppose we have a ray with origin p, and direction vector d, where d is nor-
malized to unit length. We define a new point p, = p, + dist(p,, S) x d. This point has
the important property that if p, is outside the surface, then p, is also outside the sur-
face. We then apply the same operation again by defining p, = p, + dist(p,, S) x d, and
so on. Each consecutive point is a little bit closer to the surface. Thus, if we take
enough samples, our points converge toward the closest intersection of the ray with the
surface. Figure 8-5 illustrates the effectiveness of this algorithm.

Figure 8-4. A Sample Distance Map in Two Dimensions
Left, top: A one-dimensional height map as an array. Left, bottom: The height map visualized in two dimensions.
Right: The corresponding two-dimensional distance map.
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Figure 8-5. Sphere Tracing

A ray begins at point p,. We then determine the distance to the closest point on the surface.
Geometrically we can imagine expanding a sphere S, around p,, until it intersects the surface.
Point p, is then the intersection between the ray and the sphere. We repeat this process,
generating points p,..p,. We can see from the diagram that point p, is effectively the intersection
point with the surface, and so in this case the algorithm has converged in four iterations.

It is worth noting that distance functions do not apply only to height fields. In fact, a
distance map can represent arbitrary voxelized data. This means that it would be possi-
ble to render small-scale detail with complex topology. For example, chain mail could
be rendered in this manner.

Arbitrary Meshes

Up to this point, we have discussed applying distance mapping only to planes. We
would like to apply distance mapping to general meshes. We do so by assuming the
surface is locally planar. Based on this assumption, we can perform the same calcula-
tions as in the planar case, using the local tangent frame of the surface. We use the local
surface tangents to transform the view vector into tangent space, just as we would
transform the light vector for tangent space normal mapping. Once we have trans-
formed the viewing ray into tangent space, the algorithm proceeds exactly as in the
planar case.

Now that we know how to use a distance map for ray tracing, we need to know how to
efficiently compute a distance map for an arbitrary height field.
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8.4 Computing the Distance Map

Computing a distance transform is a well-studied problem. Danielsson (1980) has pre-

sented an algorithm that runs in O(z) time, where 7 is the number of pixels in the map.
The idea is to create a 3D map where each pixel stores a 3D displacement vector to the

nearest point on the surface. The algorithm then performs a small number of sequential
sweeps over the 3D domain, updating each pixel’s displacement vector based on neigh-

boring displacement vectors. Once the displacements have been calculated, the distance
for each pixel is computed as the magnitude of the displacement. An implementation

of this algorithm is on the book’s CD.

When the distance transform algorithm is finished, we have computed the distance
from each pixel in the distance map to the closest point on the surface, measured in
pixels. To make these distances lie in the range [0, 1], we divide each distance by the

depth of the 3D texture in pixels.

8.5 The Shaders
8.5.1 The Vertex Shader

The vertex shader for distance mapping, shown in Listing 8-1, is remarkably similar to
a vertex shader for tangent-space normal mapping, with two notable differences. The
first is that in addition to transforming the light vector into tangent space, we also
transform the viewing direction into tangent space. This tangent-space eye vector is
used in the vertex shader as the direction of the ray to be traced in texture space. The
second difference is that we incorporate an additional factor inversely proportional to
the perceived depth. This allows us to adjust the scale of the displacements interactively.

8.5.2 The Fragment Shader

We now have all we need to begin our ray marching: we have a starting point (the base
texture coordinate passed down by the vertex shader) and a direction (the tangent-space

view vector).

The first thing the fragment shader has to do is to normalize the direction vector. Note
that distances stored in the distance map are measured in units proportional to pixels;
the direction vector is measured in units of texture coordinates. Generally, the distance
map is much higher and wider than it is deep, and so these two measures of distance
are quite different. To ensure that our vector is normalized with respect to the measure
of distance used by the distance map, we first normalize the direction vector, and then

At
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Listing 8-1. The Vertex Shader

v2fConnector distanceVertex(a2vConnector a2v,
uniform float4x4 modelViewProj,
uniform float3 eyeCoord,
uniform float3 lightCoord,
uniform float invBumpDepth)

v2fConnector v2f;

// Projsct position into screen space

// and pass through texture coordinate

v2f.projCoord = mul (modelViewProj, £float4 (a2v.objCoord, 1));
v2f.texCoord = float3(a2v.texCoord, 1);

// Transform the eye vector into tangent space.

// Adjust the slope in tangent space based on bump depth
float3 eyeVec = eyeCoord - a2v.objCoord;

float3 tanEyeVec;

tankEyeVec.x = dot (a2v.objTangent, eyeVec);

tanEyeVec.y = dot(a2v.objBinormal, eyeVec);

tanEyeVec.z = -invBumpDepth * dot(a2v.objNormal, eyeVec);
v2f.tanEyeVec = tanEyeVec;

// Transform the light wvector into tangent space.

// We will use this later for tangent-space normal mapping
float3 lightVec = lightCoord - a2v.objCoord;

float3 tanLightVec;

tanLightVec.x = dot(a2v.objTangent, lightvec);
tanLightVec.y = dot{a2v.objBinormal, lightVec);
tanLightVec.z = dot(a2v.objNormal, lightVec);
v2f.tanLightVec = tanLightVec;

return v2f;

multiply this normalized vector by an extra “normalization factor” of (depth/width,

depth/height, 1).

We can now proceed to march our ray iteratively. We begin by querying the distance
map, to obtain a conservative estimate of the distance we can march along the ray with-
out intersecting the surface. We can then step our current position forward by that
distance to obtain another point outside the surface. We can proceed in this way to
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8.6

generate a sequence of points that converges toward the displaced surface. Finally, once
we have the texture coordinates of the intersection point, we compute normal-mapped
lighting in tangent space. Listing 8-2 shows the fragment shader.

A Note on Filtering

When sampling textures, we must be careful about how to specify derivatives for tex-
ture lookups. In general, the displaced texture coordinates have discontinuities (for
example, due to sections of the texture that are occluded). When mipmapping or
anisotropic filtering is enabled, the GPU needs information about the derivatives of the
texture coordinates. Because the GPU approximates derivatives with finite differences,
these derivatives have incorrect values at discontinuities. This leads to an incorrect
choice of mipmap levels, which in turn leads to visible seams around discontinuities.

Instead of using the derivatives of the displaced texture coordinates, we substitute the
derivatives of the base texture coordinates. This works because displaced texture coordi-
nates are always continuous, and they vary at approximately the same rate as the base

texture coordinates.

Because we do not use the GPU’s mechanism for determining mipmap levels, it is pos-
sible to have texture aliasing. In practice, this is not a big problem, because the deriva-

tives of the base texture coordinates are a good approximation of the derivatives of the

displaced texture coordinates.

Note that the same argument about mipmap levels also applies to lookups into the
distance map. Because the texture coordinates can be discontinuous around feature
edges, the texture unit will access a mipmap level that is too coarse. This in turn results
in incorrect distance values. Our solution is to filter the distance map linearly without
any mipmaps. Because the distance map values are never visualized directly, aliasing

does not result from the lack of mipmapping here.

Results

We implemented the distance-mapping algorithm in OpenGL and Cg as well as in Sh
(http://www.libsh.org). The images in this chapter were created with the Sh implemen-
tation, which is available on the accompanying CD. Because of the large number of
dependent texture reads and the use of derivative instructions, the implementation
works only on GeForce FX and GeForce 6 Series GPUs.
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Listing 8-2. The Fragment Shader

f2fConnector distanceFragment (v2£Connector v2f,
uniform sampler2D colorTex,
uniform sampler2D normalTex,
uniform sampler3D distanceTex,
uniform float3 normalizationFactor)

f2fConnector f2f;

// Normalize the offset vector in texture space.

// The normalization factor ensures we are normalized with respect
// to a distance which is defined in terms of pixels.

float3 offset = normalize(v2f.tanEyeVec);

offset *= normalizationFactor;

float3 texCoord = v2f.texCoord;

// March a ray

for (int i = 0; i < NUM_ITERATIONS; i++) {
float distance = fltex3D(distanceTex, texCoord);
texCoord += distance * offset;

// Compute derivatives of unperturbed texcoords.

// This is because the offset texcoords will have discontinuities
// which lead to incorrect filtering.

float2 dx = ddx(v2f.texCoord.xy);

float2 dy = ddy(v2f.texCoord.xy);

// Do bump-mapped lighting in tangent space.

// ‘normalTex’ stores tangent-space normals remapped

// into the range [0, 1].

float3 tanNormal = 2 * f3tex2D(normalTex, texCoord.xy, dx, dy) - 1;
float3 tanLightVec = normalize(v2f.tanLightVec);

float diffuse = dot(tanNormal, tanLightVec);

// Multiply diffuse lighting by texture color
f2£.COL.rgb = diffuse * £3tex2D(colorTex, texCoord.xy, dx, dy):;
f2£.COL.a = 1;

return f2f;
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In all examples in this chapter, we have used a 3D texture size of 256x256 % 16, but
this choice may be highly data-dependent. We also experimented with maps up to
512x512x 32 for complex data sets. We set the value of NUM_ITERATIONS to 16
iterations for our examples. In most cases, this was more than sufficient, with 8 itera-

tions sufficing for smoother data sets.

Our fragment shader, assuming 16 iterations, compiles to 48 instructions for the
GeForce FX. Each iteration of the loop takes 2 instructions: a texture lookup followed
by a multiply-add. GeForce FX and GeForce 6 Series GPUs can execute this pair of
operations in a single clock cycle, meaning that each iteration takes only one clock
cycle. It should be noted that each texture lookup depends on the previous one; on
GPUs that limit the number of indirect texture operations, this shader needs to be

broken up into multiple passes.

We tested our distance-mapping implementation on a GeForce FX 5950 Ultra and on
a GeForce 6800 GT with several different data sets. One such data set is pictured in
Figure 8-6. On the GeForce FX 5950 Ultra, we can shade every pixel at 1024 x 768
resolution at approximately 30 frames per second. If we reduce the number of iterations
to 8, we obtain approximately 75 frames per second at the same resolution. On the
GeForce 6800 GT, we were able to run at a consistent 70 frames per second, even shad-

ing every pixel at 1280 x 1024 resolution with 16 iterations.

Conclusion

‘We have presented distance mapping, a fast iterative technique for displacement map-
ping based on ray tracing of implicit surfaces. We show that the information contained
in a distance function allows us to take larger steps when rays are farther from the sur-
face, while ensuring that we never take a step so large that we create gaps in the rendered
geometry. The resulting implementation is very efficient; it converges in a few iterations,
and each iteration costs only a single cycle on GeForce FX and GeForce 6 Series GPUs.

In the future we would like to use the dynamic branching capabilities of Shader Model 3
GPUs to improve the performance of our technique by taking “early outs” for pixels that
converge quickly. This would allow us to increase the quality of the technique by devot-
ing more computing power to pixels that converge more slowly.

We would also like to adapt our technique to curved surfaces. Although our algorithm
can be used on any model with appropriate tangents, it results in distortion in regions
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Figure 8-6. A Grating Rendered with Displacement Mapping

of high curvature. In particular, generalized displacement mapping (Wang et al. 2004)
uses a type of tetrahedral projection to account for curved surfaces, and this method
can also be applied to our algorithm. Such a tetrahedral projection can be accomplished
in a vertex shader (Wylie et al. 2002).
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The subject of shading, lighting, and shadows is a broad one, which touches
many areas of real-time 3D applications, from the low-level instructions that
determine how a pixel is colored or a vertex is positioned, to the higher-level
ideas that govern the content creation and art pipeline.

Each year, GPUs with more and more features and higher performance become
available; much of that extra power and flexibility is poured into “solving” the
problem of creating realistic shading, lighting, and shadows. But we are decid-
edly not there yet, and we may never be. Every current algorithm for real-time
shadows, for example, has artifacts in certain cases, or performance problems
in others, or most likely both. Similarly with lighting: you often have to trade
interactivity or scene complexity for guality. This part of the book is all about
making good choices among these trade-offs and creating great-looking and
fast real-time renderings.

In Chapter 9, “Deferred Shading in S.T.A.L.K.E.R.,” Oles Shishkovtsov of GSC
Game World details the deferred shading architecture developed for the game
S.T.A.L.K.E.R. Deferred shading has gained popularity lately, but there are a
number of nonobvious pitfalls when one goes to implement this approach. This
chapter covers solutions to these problems and expiains how to create a robust,
flexible, and fast deferred renderer.

Irradiance environment maps enable fast, high-quality diffuse and specular
lighting, with one significant caveat: the lighting environment must be static.
Gary King of NVIDIA shows how to avoid this limitation in Chapter 10, “Real-
Time Computation of Dynamic lrradiance Environment Maps” by using newer
GPU features to dramatically accelerate irradiance map creation, making it feasi-
ble in real time for use with dynamic scenes.

Accurately rendering complex materials such as denim and wool is a tricky busi-
ness; the usual texture-mapping approaches don’t give realistic results for such
materials. In Chapter 11, “Approximate Bidirectional Texture Functions,” Jan
Kautz of the Massachusetts Institute of Technology presents a method for ap-
proximating BTFs (which are a very general description of a material’s proper-
ties) using precomputation combined with a runtime calculation that is just a
fairly simple pixel shader looking up into a volume texture.

m e ESEN SO Ve Xy
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The amount of texture detail possible in a scene often has the single greatest
impact on the overall visual quality; however, texture detail is often fundamen-
tally limited by hardware texture-size constraints and texture memory space
issues. In Chapter 12, “Tile-Based Texture Mapping,” Li-Yi Wei of NVIDIA works
around these restrictions by synthesizing larger virtual textures at runtime from
a smaller set of texture tiles using pixel shaders.

The increased flexibility of modern GPUs is rapidly narrowing the gap between
renderings that traditionally could only be done using software algorithms and
those that are fully hardware-accelerated. In Chapter 13, “Imptementing the
mental images Phenomena Renderer on the GPU,” Martin-Karl Lefrancois of
mental images introduces the architecture of the mental ray renderer, used in
the production of numerous feature films, and describes the implementation of
its GPU-accelerated components.

The algorithms usually employed for ambient occlusion and indirect lighting are
confined to limited environments that cannot be animated, thus limiting their
usefulness. in Chapter 14, “Dynamic Ambient Occlusion and Indirect Lighting,”
Michael Bunnell of NVIDIA describes a technique for accelerating the computa-
tion of ambient occlusion and indirect lighting using the GPU, turning the algo-
rithms into real-time solutions.

When visualizing complex objects and architectures, perfect photorealism is
often not ideal for understanding structures and object relationships, and non-
photorealistic technigues are necessary to aid comprehension. Marc Nienhaus
and Jiirgen Dollner of the University of Potsdam explain some techniques that
make good use of the latest features of modern GPUs for achieving this goal in
real time in Chapter 15, “Blueprint Rendering and ‘Sketchy Drawings.’”

In Chapter 16, “Accurate Atmospheric Scattering,” Sean O’Neil presents a flexi-
ble real-time hardware-accelerated technique for simulating atmospheric scat-
tering that works as well on the ground as it does from space, producing some
truly gorgeous visuals.

2R BTN BT MR FE
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In GPU Gems (Addison-Wesley, 2004), efficient, high-quality soft shadows were
the focus of a number of chapters. Yury Uralsky of NVIDIA shows there’s still a
lot of life left in the topic in Chapter 17, “Efficient Soft-Edged Shadows Using
Pixel Shader Branching.” Yury covers techniques for rendering high-quality soft
shadow edges as well as optimization techniques based on using pixel shader
early-outs to minimize shadow computation cost.

Yuri Kryachko of 1C:Maddox Games presents an overview of the water effect
from the game Pacific Fighters in Chapter 18, “Using Vertex Texture Displace-
ment for Realistic Water Rendering.” The technique uses the ability of newer
GPUs to perform texture fetches at the vertices of a mesh to do true displace-
ment mapping on the water surface, resulting in very high quality and efficient
animated water that looks incredibly realistic.

Finally, Tiago Sousa of Crytek introduces a technique for simulating refractive
surfaces such as water or glass in Chapter 19, “Generic Refraction Simulation.”
This technique is a generalization of an effect used in the popular game Far Cry.

Looking back on the year since writing my introduction to the Lighting and
Shadows section of the original GPU Gems, it’s clear that the pace of innovation
has not slowed. Indeed, many of the techniques in this section were simply
impossible to achieve a year ago, and many others were impractical. I, for one,
can’t wait to see what new techniques people come up with in the year ahead!

Cem Cebenoyan, NVIDIA
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9.1

Chapterg

Deferred Shading in
S.TA.L.K.E.R.

Oles Shishkovtsov
GSC Game World

This chapter is a post-mortem of almost two years of research and development on a
renderer that is based solely on deferred shading and 100 percent dynamic lighting,
targeted at high-end GPUs. Because no single solution can suit all needs, this chapter
should not be considered a comprehensive guide to performing deferred shading.

Introduction

For those who are not familiar with the concepts of deferred shading, we recommend
Hargreaves and Harris 2004. This presentation is a good introduction to the basics, and
it briefly showcases a number of techniques originally developed for and used in the
game S. 7A.L.K.E.R. With deferred shading, during scene-geometry rendering, we don't
have to bother with any lighting; instead, we just output lighting properties such as the
position and normal of each pixel. Later we apply lighting as a 2D post-process using

this intermediate buffer—usually called a G-buffer (Saito and Takahashi 1990)—as
input to the lighting shader.

When most people first think about deferred shading, they envision nice algorithmic
properties such as perfect depth complexity for lighting, predictable performance pro-
portional to the lights’ screen-space areas, simplified scene management, and more. One
additional crucial fact is usually missed: the ability to cut down on large numbers of
batches, which are inevitable when dynamic shadows come into the game. Ask a

et A ——
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representative of your favorite IHV, who will say that many games are still CPU-limited.
Reduced CPU usage was one of the main reasons we chose deferred shading in
S.TA.L.KE.R Another factor was that forward shading engines (with traditional imme-
diate shading architectures, such as those in Doom 3 or Far Cry) usually unnecessarily
pay the high cost of repeating the same work—vertex transform, anisotropic texture
filtering, parallax mapping, normal map decompression, detail texturing, and so on. In
the case of S.T’A.L. K E.R., where we were limited both by CPU and by vertex processing
and had moderate overdraw, we had almost the ideal case for deferred shading. So, to
meet our goal and to raise the visual bar—rendering high-quality, high-polygon content
with fully dynamic lighting and shadowing-—deferred shading was the inevitable choice.
Figures 9-1 and 9-2 show examples of a scene generated by our forward shading and

deferred shading renderers, respectively.

Figure 9-1. Screenshot from the First, Forward Shading Renderer
The original renderer was based on DirectX 8.
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Figure 9-2. Screenshot from the Second, Deferréd Sh;ding Renderer
The second renderer targets DirectX 9-class hardware.

The Myths

The first myth—“Deferred shading is slow on current hardware”—arises mostly from
the fact that the current generation of games tries to load-balance most of the lighting
work between the vertex and pixel pipelines. When all the calculations are performed at
pixel level (this is the only possible way to go with deferred shading), performance will
be similar, because lighting pixel shaders for deferred renderers are not that much more
complicated than those for forward renderers. The only added work is G-buffer sam-
pling and, possibly, unpacking. But your application is much less likely to become
bottlenecked by the CPU or the vertex pipe. The actual mileage will vary depending on
the data set and, more important, on your rendering engine’s actual overdraw, measured
as the number of pixels passing the z-test divided by the screen area.
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Another myth is that deferred shading is useless for rendering directional lights. In
S.T/A.L.K.E.R’s case, this is true for scenes with a few unshadowed directional lights; but
it’s false even for a single, shadow-casting directional light (such as the sun). A more
detailed explanation appears in Section 9.3.2, on the optimization of the lighting phase.

Because deferred renderers process each object only once, conventional techniques for
handling multiple material types (such as changing shaders per-object) do not trans-
late well. However, by using DirectX 9 multiple render targets (MRT), we can render
up to 16 material attributes during the G-buffer creation phase (four render targets of
four floating-point numbers each). Ten are used to perform basic diffuse and specular
lighting (three each for albedo, normal, and position, plus one for gloss), but this
leaves six components for controlling the lighting functions. In S. TA.L. K E.R., we
stored material and object IDs in the spare components and defined functions in each
light shader (accelerated using 2D and 3D texture lookup tables) that depended on
these values. This freed us from a specific material reflection model, while also allow-
ing us to define a huge number of light shader primitives without the combinatorial
increase in the number of shaders that affects forward renderers. In addition to the
traditional point, spot, and directional light primitives, we also had special light
sources such as wrapped hemispherical sources and volumetric fog. This approach can
be considered an inversion of the shaders in forward renderers: instead of using light
properties to modify material shaders, we used material properties to modify light
shaders. By adapting our material system to take advantage of the benefits of deferred
shading and using textures to efficiently avoid some of the limitations, we created a
deferred rendering engine in which the only limits on the types of materials were the

artists’ and programmers’ imaginations.

During the writing of this chapter, §. TA.L.K.E.R. was in the process of synchronizing
the material look between two renderers: the first one targeted at DirectX 8-class hard-
ware, and a second one targeted at high-end DirectX 9-class hardware. An interesting
discovery was that more than 90 percent of materials used in the first renderer were just
simple modifiers to the base albedo and emissive terms, plus a few that affected the
position and surface normal. Examples are the waving of trees or grass under the wind,
or different sorts of detail texturing. These modifications were performed identically in
every rendering pass, so there was almost a direct mapping to the forward phase of the
second renderer, the G-buffer creation phase.
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9.3 Optimizations

Delivering a product that pushes the newest graphics hardware to its limits while still
offering a playable game requires a great deal of planning. Both technical and artistic
decisions must consider the target audience and the target hardware. Failing to do so
may result in significant wasted effort. This happened to us when we changed the target
for S.T.A.L. K. E.R’s first renderer from fixed-function T&L (DirectX 7-class) GPUs to
first-generation pixel shading (DirectX 8-class). GPUs; we had to rewrite much of our
tool set and engine to accommodate the change. Our goals for S. 7A.L. K E.R.’s second
(deferred) renderer were for it to be a drop-in replacement for the first renderer (so it
would work on the same data set and content, except for the lighting environment),
and for it to run with “maximal eye candy” at 30 frames per second on a GeForce 6800
Ultra at 1024 x 768 resolution. We encouraged our designers to complicate the second
renderer’s lighting environment whenever the performance exceeded this target.

9.3.1 What to Optimize
Given the structure of a deferred renderer, the obvious places that are likely to be per-
formance bottlenecks are deferring, lighting, and post-processing. Our S.TA.L.K.E.R.
performance testing confirmed this:
» Average number of lights per frame in closed spaces: 50
« Average number of lights per pixel in closed spaces: 5
» Average number of lights per pixel in open spaces: less than 1
o Average geometric depth complexity: 2.5
Because one of the primary features of the second renderer is real-time shadowing,
shadow creation was a significant bottleneck; in fact, in some scenes it turned out to be
the largest individual bottleneck. Given this, our optimization goals were obvious:
+ Limit the number of lights drawn to just those that affect the rendered image.
» Convert shadow-casting lights to unshadowed lights where possible.
+ Simplify the lighting shaders as much as possible.
» Optimize post-processing and deferring passes, but not at the expense of quality.

We decided to favor quality over performance for the G-buffer creation and post-
processing (G-buffer shading) passes because these have tightly bounded costs, whereas
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a game player is free to drop multiple torches in the same place, making lighting arbi-
trarily expensive. Also, most artists are comfortable optimizing for forward renderers
(by reducing the number of polygons or the resolution of textures, adding good occlud-
ers, and so on), and these optimizations also benefit the deferring pass.

Lighting Optimizations

The most important optimization for the lighting pass is to render only those lights
that actually affect the final image, and for those lights, render only the affected pixels.
For S.TA.L.K E.R., we used a hierarchical occlusion-culling system that utilized both
the CPU and the GPU. Our coarsest test was sector-portal culling followed by CPU-
based occlusion culling (similar to the hierarchical z-buffer [Greene et al. 1993]). In a
typical closed-space frame, this reduced the number of lights by up to 30 to 50 percent.
Then we used DirectX 9’s occlusion query to eliminate the completely occluded lights.
Finally, we used a stencil mask to tag affected pixels for each light. All together, these
culling optimizations resulted in a twofold or even larger performance increase.

Even with perfect culling, though, lighting is still the most expensive aspect of a de-
ferred renderer. Therefore, it is important to make sure that the shaders and artistic
properties of the light sources are optimized as much as possible. About half of the time
we spent creating S. 7.A.L. K E.R’s deferred renderer was devoted to searching for ways
to squeeze additional cycles out of our lighting shaders. The primary artistic decisions

we made were these:

¢ Does the light need to cast shadows?
— Many lights are needed only to mimic a global illumination-style look, and shad-

ows just ruin the illusion.
* Does the light need a projective image?
— If so, maybe the projection is the same as the shadow-map projection (which saves
a few dpds)?
¢ Does the light need to cast shadows from translucent surfaces? See Figure 9-3.
— If so, are there any translucent surfaces that exist in the light’s frustum?
— If both projective image and translucent color-modifier are required, maybe we
can combine them into one image?
¢ Does the light need to contribute to glossy specular reflection?
— Many lights in S.7/A.L. K E.R. were added to mimic global illumination. For these
lights, we used very simple diffuse-only lighting.
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Figure 9-3. Cast Shadows from Translucent Objects

 Does the light move?

— If it doesnt, we precomputed shadow-caster visibility to make shadow generation
more efficient, by incrementally testing visibility for primitives that are found to
be static to each other in a particular light configuration, thus forming a conserva-
tive potentially visible set (PVS) with a set of rules that can invalidate parts of it.

Additionally, we made some special optimizations for directional lights (such as the sun).

Optimizing the Sun

Although large-scale shadow mapping from directional light sources is a quite interest-
ing and difficult problem, it is beyond the scope of this chapter. We used a single

2048 x 2048-pixel shadow map for most of the sun lighting, using a perspective shadow
map-style projection transform to maximize area near the viewer. A demo showcasing a
variety of related techniques can be found in King 2004. Sun shadows need very careful
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filtering and therefore have a relatively high per-pixel cost, so we want to skip as much
work as possible; this is where deferred shading comes in. The first optimization comes
from the fact that the sky box doesn’t need to be shaded, and it occupies a significant
part of the screen (30 to 40 percent is common in a typical outdoor environment). Also,
in average configurations of the viewer and sun direction, approximately 50 percent of
pixels face away from the sun and don’t need to have complex shading applied. Finally,
the pixels that have an ambient occlusion term of zero cannot be reached by sun rays, so
they can also be excluded from processing. We use a shader to quickly determine these
conditions per-pixel, and store the results in a stencil mask so that the GPU’s hierarchi-
cal culling hardware can avoid applying complex shading on these pixels.

The final algorithm for sunlight accumulation is shown in Listing 9-1.

Note: There is an option to use a single-sample shadow term in pass 0 to avoid the
lighting and shadow filtering cost for points in shadow. This doesn’t work in practice
because (1) the performance was lower, and (2) a single sample is insufficient, because
the percentage-closer filtering (PCF) kernel in pass 1 is quite large.

This idea is more useful for Pixel Shader 3.0 dynamic branching, because it has high
screen-space coherence and because these shadow samples can be utilized in the final

computation. This is left as an exercise for the reader.

We can compute the theoretical performance increase due to this stencil mask: assum-
ing that 15 percent of pixels have an ambient occlusion of zero, and 30 percent of the
frame is occupied by the sky, the expected percentage of pixels that will be shaded is
(1 -0.3) x 0.5 x (1 — 0.15) ~ 30 percent, or about a 3x increase in frames per sec-
ond. The actual performance increase measured in S. 7ZA. L. K E.R. was close to 2 x.

Listing 9-1. Pseudocode for Sunlight Accumulation

Pass 0: Render full-screen quad only where 0x03==stencil count
(where attributes are stored)
If ((N dot L) * ambient_occlusion_term > 0)
discard fragment
Else
color = 0, stencil = 0x01
Pass 1: Render full-screen quad only where 0x03==stencil count
Perform light accumulation / shading

e
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9.3.3 G-Buffer-Creation Optimizations

The biggest individual step you can take to improve the performance of creating the
G-buffer is selecting the appropriate format for the buffer itself.

Contrary to a common misconception, you don’t need a feature-rich GPU to do de-
ferred shading. All you need is DirectX 9 Pixel Shader 2.0 support; no fancy surface
formats or even MRT are strictly required. All of these extras can be considered opti-
mizations for performance and quality. Implementations exist for other platforms as

well, such as the Microsoft Xbox and the Sony Playstation 2 (Geldreich et al. 2004).

First we have to define the space in which we work. Due to the limited range of com-
ponents, we are forced to work in a tight, restricted space. The obvious candidares are
view space and post-projection space. Then comes the question: How much perform-
ance can we dedicate to unpacking?

The drawback of any fat-format encoding (that is, having buffers larger than 32 bits
per texel) is the reading speed. For example, a 64-bit texel can take twice as much time
to load as a 32-bit one, even when the entire surface fits inside the texture cache (and
128-bit texels are even slower).

So let’s start with the assumption (which is not the case, in fact) that we are limited by
MRT surface count.We outline the major features of the most practical solutions first
for position encoding and then for normal encoding. See Table 9-1.

Depth encoding is usually done in one of two ways:

1. Storing z/w of the visible surface at each pixel. Along with the (x, y) pixel coordi-
nates and information from the perspective projection, this is enough information to
reconstruct the 3D eye-space position.

2. Storing distance from the near plane, thus avoiding the division in the G-buffer-
creation phase. Along with interpolated ray direction (from the eye position to the cen-
ter of the pixel on the near plane), this is enough to find the exact point of intersection.

There is no row labeled “Precision of the Method” in Table 9-1 because the methods are
all similar in this respect. There may be differences due to hardware precision, but as-
suming fp32-capable hardware, we can build the following list, from best to worst:

* Depth, encoded as R32F (single-component, 32-bit floating point)

» DPost-projection space, integer encoding, all three components (x, y, z) stored

» Depth, encoded in 24-bit R8G8B8

+ Eye-space, fp16 encoding, all three components (x, y, 2) stored
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Table 9-1. Storage Options for the Position Buffer

Depth Only (32 bits per pixel) Full (x, y, 2) Position (64 bits per pixel)

Post-Projection
R32F A8BR8G8B8 Space Eye Space

Hardware Support GeForce FX or better All GeForce FX or better GeForce FX or better

Radeon 9500 or better Radeon 9500 or betcter  Radeon 9500 or better
G-Buffer Creation Cost Single mov Three texs One rcp Single mov

Low bandwidth Three muls One mul

One mov One mov

Decoding Cost One mov Same as the R32F, plus | Four dp4s None

Four dp4s one dp3 One rcp

One rcp One mul

One mul for screen-
space reconstruction

Similar cost for ray-
based reconstruction

Sampling and Storage 32 bits 32 bits 64 bits 64 bits

Virtual Position Support Limited Limited

Arbitrary, but expensive  Arbitrary

Free Components 0 ! 1 1

152

This ordering depends, of course, on the application, but the differences are not signifi-
cant enough to worry about in a typical open-space, first-person shooter view.

The options for storing the normals (stored in eye space, which has obvious benefits for
lighting calculations) are shown in Table 9-2.

Interestingly enough, S.7ZA.L. K E.R. was actually working using each of the encodings
shown in Table 9-2 at different times during development, and on quite different hard-
ware, with combinations limited only by the fact that rendering targets must have the same
bit depth on current hardware when using MRT. The only interesting exception was the
NVIDIA GeForce FX line of GPUs, where deferring was performed via DirectX 9 multi-
element textures (MET), instead of multiple render targets, but was then decompressed
into ordinary surfaces, mostly because of sampling performance and latency issues.

We can make quality and performance trade-offs using the options enumerated in these
tables and some basic renderer statistics. Because many lights affect every pixel in
S.TA.L.K E.R., sampling and decoding affects performance more than any other prop-
erties. On the other hand, the quality of the stored normals, and the ability to support
virtual position (more about this later) greatly influence the resulting image quality.
Free components can be used to improve performance, too, but only in limited cases.
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9.3.4

Table 9-2. Storage Options for the Normal Buffer

A8R8G8B8 A2R10G10B10 R16G16F A16R16G16B16F
Hardware Support All Radeon 9500 or better ~ GeForce FX or better ~ GeForce FX or better
Radeon 9500 or better ~ Radeon 9500 or better
Deferring Cost One mad One mad None None
Decoding Cost One mad One mad One mov None
One nrm One nrm One dp2a
One rsq
One rcp
Sampling and Storage 32 bits 32 bis 32 bits 64 bits
Quality Poor Good for rough Excellent Excellent
surfaces
Free Components 1 1 0 1

Very low precision

In addition to position and normal, S. 7A.L.K.E.R’s pipeline required three other at-
tributes: gloss mask, an ambient occlusion term, and material index. The ideal configu-
ration for us became: material (FX8), ambient-occlusion (FX8), gloss-mask (FX8),
position (3xFP16), and normal (3xFX16). The closest configuration we were able to
achieve, using DirectX-supported formats, was eye-space position and ambient occlu-
sion stored in AI6GR16G16B1GF, eye-space normal and material ID stored in another
A16R16G16B1GE and RGB albedo and gloss stored in ABR8G8B8. Because of a limi-
tation of current graphics hardware that requires the same bit depth for surfaces used in
the MRT operation, the albedo-gloss surface was expanded to full ALGR16G16B1GE
This encoding could be seen as a waste of video memory bandwidth—and it is indeed.
However, this “wasteful” configuration was actually the fastest on a GeForce 6800
Ultra, even when compared to smaller, lower-quality alternatives, because of its much
simpler decoding. That is why S. TA.L.K.E.R. dropped support for any other layout,
although we do check for MRT_INDEPENDENT_BITDEPTH to try to utilize a 32-bit
format for albedo and gloss, even if no hardware capable of doing so currently exists in
the market.

Shadowing Optimizations

Stencil shadows and shadow maps both work well within deferred renderers. For artistic
reasons, we chose to use shadow maps exclusively in S.7Z4.L.K.E.R. This allowed us to
cast shadows from semitransparent geometry and adjust the shadow boundary based on
each pixel’s virtual position. However, most important, we were able to generate
smooth, soft shadow transitions, which is not possible with stencil shadows.

9.3 Optimizations
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9.4

We implemented only the basic types of shadowed light sources, because highly special-
ized implementations allowed us to optimize them greatly. The next section briefly
touches on spotlights, but our main focus is on omnidirectional lights, which are the
most difficult light sources from which to cast shadows, especially if you're concerned

about performance.

Efficient Omni Lights

There are three major options for omnidirectional shadow mapping in deferred renderers:

¢ Using a cube map for storing distance from the light center, R32F or ABR8G8BS8
packed.

» Using a 2D surface with “unrolled” cube-map faces, with reindexing done through a
small cube map (called virtual shadow depth cube texture [King and Newhall 2004]).

o Treating the point light as six spotlights and rendering each separately.

There is another technique, called “dual-paraboloid shadow maps,” but it is not gener-
ally applicable to deferred shading, because a nonlinear projection applied first at the
vertex level and then ar the pixel level can lead to major artifacts.

Let’s outline the major benefits and drawbacks, as shown in Table 9-3. Here, by scala-
bility we mean using different sizes for different faces, which can enable packing
shadow maps for many lights on one surface. Continuity means we are able to change
the resolution smoothly from, say 1024 x 1024 to 16 x 16 in one-pixel decrements.

Treating point lights like six spotlights is difficult for forward shading engines due to
the amount of retransformed geometry for every face, but for deferred shading, it is
probably the best choice. S. TA. L. K E.R. was doing a lot of shadow-filtering work, so
that was the option we chose. One nuance to keep in mind: leave a small border
around each spotlight (small, but larger than the filter-kernel radius) to avoid filtering

glitches at frustum edges.

Improving Quality

The architecture of a deferred renderer can greatly affect the final image quality, as can the
decisions made on what to store in the G-buffer. This section briefly outlines a few deci-
sions and tricks we used in S. TA.L K E.R. to achieve the level of visual quality we needed.
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9.4.1

Table 9-3. Comparison of Omni Lighting Techniques

Cube Map

Virtual Shadow Depth
Cube Texture

Six Spotlights

Scalability and Continuity Low

Few fixed sizes

All faces are the same

Moderate

Faces can be of different
sizes, but only from a few
fixed sets

Excellent

Any variation of sizes is
possible

Hardware Filtering Support  No Yes Yes
Cost of Filtering Moderate Excellent for bilinear Excellent
Moderate for arbitrary
percentage-closer filtering
Render Targer Switches Six One One
Packing Support No Yes Yes
Cost of Screen Space Stencil  Low Low Moderate
Masking Some stencil overdraw
Memory Cost and High Moderate Excellent

Bandwidth Usage Surface is almost unusable

for everything else

Few fixed sizes limits
packing ability

The Power of “Virtual Position”

Simulated displacement mapping is extremely popular in next-generation engines. (See

Chapter 8 of this book, “Per-Pixel Displacement Mapping with Distance Functions,”

for a related technique.) The simplest (and most popular) of these approaches is paral-
lax mapping (Kaneko et al. 2001, Welsh 2004). It works reasonably well with most
lighting models, except when it comes to shadows. It looks really strange when the

shadows are still, but the underlying surface changes due to different eye position or

lighting conditions. Our trick to hide such objectionable effects was to move the eye-

space position slightly away from the surface in the direction of the per-pixel normal, in

proportion to the height map value at the original sampling point, as shown in Figures
9-4 and 9-5. Doing so adds a greater sense for the bumpiness of the surface close to

shadow boundaries or really close to light sources. Another, unintended, effect of this

trick was alleviating most of the biasing problems associated with shadow maps. The

reason why this works is simple: with good filtering, the worst “surface acne” appears in

areas with low heights—which is almost desirable, because in real life, pits are usually

darker from self-occlusion.
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9.4.2

Sample at Normal at the Point
Current Point f (from Normal Map)

Virtual

Filtered Height
Xy o = Position

Polygon Point Being Rasterized

Figure 9-4. The Virtual Position Trick -

This technique simulates parallax effects in bump-mapped geometry. It offsets the point being
shaded based on the bump map’s normal and the height of the bump map surface at the point.
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Figure 9-5. The Virtual Position Tricl in Action
Note how the shadow follows the bump on the fence in the lower right,

Ambient Occlusion

Our most ambitious goal in writing 8. TA.L.K.E.R’s second renderer was to create a
purely dynamic renderer that didn’t depend on any precalculation, especially for the
lighting environment. We met the goal, with two exceptions:
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9.4.3

1. The sector-portal structure and low-polygonal geometry used for occlusion culling
was already available from the data set created for the first renderer.

2. The ambient occlusion term was available too, but it was stored mostly in light
maps, used by the first renderer.

Using visibility data may seem like a compromise, but this data doesn’t require much
preprocessing (we don't use any sort of PVS and mostly rely on occlusion culling). On
the other hand, using light maps for the ambient occlusion term seemed to be a big
waste of both memory and designer time. Instead, we stored the occlusion term in an
unused per-vertex component, and this worked well enough for S.7A.L.K.E.R. The
way we handle it: tessellating original geometry up to a constant edge length (0.5 me-
ters in our case), then applying adaptive tessellation, estimating both edge error and the
triangle-middle-point error up to a minimum edge length (0.1 meters in our case). The
next step was simplification based on the Quadric Error Metric algorithm (see Garland
and Heckbert 1998 and Hoppe 1999) with intermediate errors recomputed at each
iteration with a simple placement policy of three variants: edge middle, first, or second
vertex. We allow no more than a 10 percent increase in vertex count and use a fixed
maximal error limit, but in practice we did not reach this limit on vertices in any of our
levels. Although we still allowed the usage of light maps to store the ambient occlusion
term, we encouraged our artists to shift to a vertex-based solution. The result: our first
renderer was changed to use the vertex-based ambient occlusion, too.

Materials and Surface-Light Interaction

The generic way of doing materials in a deferred renderer—store all the information
the light-shader needs—is the right way to go in the future, because “Hey! The real
world is shaded by the same shader.” The alternative is to use something like material
index and to apply different fragment programs to different materials branching on this
index—this is fairly questionable on today’s hardware though.

To maintain the target frame rate, we limited ourselves to a material index into a light-
response lookup table. After many experiments to find an optimal re-parameterization
for this texture, we settled on the simplest and most intuitive way: indexing the volume
texture by (V- L, N - H, material). This allows a fairly large range of materials to be
simulated, from dimmed surfaces to glossy reflecting ones, and even a faux-anisotropic
reflection model. Figure 9-6 shows an example.

The beauty of this solution is that materials that come from adjacent layers in the tex-
ture can be blended by the texture-sampling unit for free. We also discovered that when
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Figure 9-6. Metallic Material Forced for All Surfaces

the layers are ordered by increasing shininess (or decreasing roughness), we needed only
four layers to represent almost everything in S. ZA.L.K.E.R. So, the result was a
64x256 x4, A8L8 texture summing up to a 128 K table with fairly coherent access
from the pixel shader. We left the diffuse lookup at this relatively high resolution (64
samples), because the function it stores may not be linear, and linear filtering that is
done by hardware isn't always acceptable.

Antialiasing

A deferred renderer is just incompatible with current hardware-assisted antialiasing,
unfortunately (Hargreaves and Harris 2004). Thus, antialiasing becomes solely the
responsibility of the application and the shader; we cannot rely on the GPU alone.
Because aliasing itself arises from the mismatched frequencies of the source signal and
of the destination discrete representation, a good approximation of an antialiasing filter
is just a low-pass filter, which is simple blurring. This is a zero-cost operation in the

158
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console world, where any TV display works like a low-pass filter anyway. In the PC
world, we need an alternative. Our solution was to trade some signal frequency at the
discontinuities for smoothness, and to leave other parts of the image intact. This was
performed in a way similar to the edge-detection filters used in nonphotorealistic appli-
cations: We detect discontinuities in both depth and normal direction by taking 8+ 1
samples of depth and finding how depth at the current pixel differs from the ideal line
passed through opposite corner points. The normals were used to fix issues such as a
wall perpendicular to the floor, where the depth forms a perfect line (or will be similar
at all samples) but an aliased edge exists. The normals were processed in a similar cross-
filter manner, and the dot product between normals was used to determine the pres-
ence of an edge. Listing 9-2 shows the code.

The two detectors were then multiplied to produce a single value indicating how much
the current pixel “looks like an edge.” This value was used to offset four bilinear texture
lookups into the composited (near-final) back buffer. The result was automatic weight-
ing of samples with a very strong edge-detection policy that seamlessly handles edge
and alpha-test/texkill aliasing without blurring other parts of the image. See Figure 9-7
for a sample result.

Listing 9-2. Edge-Detection Shader Used for Antialiasing

struct v2p

{

float4 tc0: TEXCOORDO; // Center
float4 tcl: TEXCOORD1l; // Left Top
float4 tc2: TEXCOORDZ; [/ Bottom

D
o
NS

o

I
o )R

Lo p
ot

A Ve
I

float4 tc3: TEXCOORD3; ./

Q
Lel

float4 tcd: TEXCOORD4; // Left Bottom
float4 tc5: TEXCOORDS; // Laf:i / Right
float4 tc6: TEXCOORDS; Top / Bottom

}i

FEVITETIT I T80 70 0777777707807 00777870 70820700800007777171177777777
uniform sampler2D s_distort;

uniform half4 e barrier; // x=ncrm(~.8£), y=deptih{~.5f)

uniform half4 e_weights; // xm=norm, y=depth

uniform half4 e_kernel; // ==norm, y=depth

LLLTETIT7 T 7777870007008 007000800700 07 70070000 100700000070077777777777

half4 main(v2p I) : COLOR
{
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Listing 9-2 (continued). Edge-Detection Shader Used for Antialiasing

/7 Normal discontinuity filter
half3 nc = tex2D(s_normal, I.tc0);

half4 nd;

nd.x = dot(nc, (half3)tex2D(s_normal, I.tcl));
nd.y = dot{nc, (half3)tex2D(s_normal, I.tc2));
nd.z = dot(nc, (half3)tex2D(s_normal, I.tc3));
nd.w = dot(nc, (half3)tex2D(s_normal, I.tcd));
nd -= e_barrier.x;

nd = step(0, nd);
half ne = saturate(dot(nd, e weights.x));

// COpposite coords

float4 tcbr = I.tc5.wzyX;
float4 tcbr = I.tcb.wzyX;
// Depth filter ompute gradiental difference:
/7 {e-samplel) +

c
(c-gamplel cpposite)
half4 dc = tex2D(

s_position, I.tc0);

half4 dd;

dd.x = (half)tex2D(s_position, I.tcl).z +
(half) tex2D (s_position, I.tc2).z;

dd.y = (half)tex2D(s_position, I.tc3).z +
(half) tex2D(s_position, I.tcd).z;

dd.z = (half)tex2D(s_position, I.tc5).z +
(half) tex2D(s_position, tc5r).z;

dd.w = (half)tex2D(s_position, I.tcé).z +
( ) (

half) tex2D(s_position, tcér).z;
dd = abs(2 * dc.z - dd)- e_barrier.y;
dd = step{dd, 0);
half de = saturate(dot(dd, e_weights.y));

// Weight
half w = (1 - de * ne) * e_kernel.x; // 0 - no =2z, 1=full aa

J/ Smoothed color
;7 {a-etrw o+ o o= arw o+ o{l-w)
float2 offset = I.tcO * (1-w);

half4 sO0 = tex2D{s_image, offset + I.tcl * w);
half4 sl = tex2D(s_image, offset + I.tc2 * w);
half4 s2 = tex2D(s_image, offset + I.tc3 * w);
half4 s3 = tex2D(s_image, offset + I.tcd * w);

return (sO + sl + s2 + s3)/4.h;
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Figure 9-7. Weight Computed by the Edge-Detection Shader

There is one side note to this approach: the parameters/delimiters tweaked for one
resolution do not necessarily work well for another; even worse, they often do not work
at all. That is because the lower the resolution, the more source signal is lost during
discretization, and blurring becomes a worse approximation of an antialiasing filter.
Visually, you get more and more false positives, and the picture becomes more blurred
than necessary. However, lowering the blur radius according to resolution works fine.

9.5.1 Efficient Tone Mapping

Both high-dynamic-range lighting and automatic exposure control are natural, easy,
and relatively cheap extensions to deferred renderers. But the way S. T/A.L.K E.R. han-
dles this is somewhat different.

The main difference is that we estimate scene luminance based only on the luminance
of a blurred bloom surface. So the desired luminance should be set really low, to some-

thing like 0.01.
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When building the bloom target, we blend information from the current frame into
the previous frame’s bloom target. This gives sharper highlights near the really bright
parts and allows use of a smaller filter kernel; we used a simple 2 x 2 cross filter. The
side effect of this approach is the appearance of a slight motion blur, but this was even
desired by our artists.

After the final average luminance was determined, we blended it into a 1x1 R32F
render target to perform adaptation (as in the DirectX 9 SDK sample); however, the
blend speed needed to be significantly lower than the bloom’s blend speed to avoid

resonance effects.

Our initial implementation used the classical tone-map operator similar to the log-
average one described in the DirectX SDK. We changed this to a simple linear scale and
linear average luminance estimation, because our artists complained that the original
one reduced contrast. This works better for us because our data set was designed
around the low-dynamic-range rendering used in the first renderer.

The result is spectacular and extremely efficient: enabling tone mapping with automatic
exposure control has less than a 1 percent impact on frame rate.

Dealing with Transparency

Unfortunately, deferred renderers are incompatible with any sort of alpha blending.
Depth peeling (Everitt 2001) is not an option, given current GPU performance levels.!
We handled transparency with a straightforward hack: we used forward rendering for
transparent primitives with lighting but without shadows. This was done by copying-
and-pasting from the first renderer’s source tree.

Things We Tried but Did Not Include in the Final Code

Because of our goal to raise the visual bar higher than any game ever written, even
without deep content modification (content was almost fixed at the time of writing,
except for constant small changes required by gameplay flow), we tried a few ideas that
didn’t make it into the actual commercial game.

1. There is another option, usually called “screen-door transparency,” but its use is fairly questionable as a
generic solution. See Foley et al. 1990.
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9.6.1

9.6.2

Elevation Maps

The concept of elevation maps can be found in Dietrich 2000. The first assumption
was that because the layers are drawn only in the first (attribute-deferring) phase, they
should not greatly affect performance. Another assumption was that with little position
modification (perhaps 1 cm total), we should be able to hide layering with a relatively
small number of layers, something like three to five layers.

After implementation of this scheme, we found the following:

+ To make 1 cm of displacement, we need at least 32 layers at 1024 x 768 resolution, so
that layering becomes invisible, but even then, the algorithm fails around the sharp
edges, where it produces something like “fur.”

o Deferring even 4 layers costs an incredible amount of fill and shading power (espe-
cially including texkill, which can work against early-z), dropping the frame rare
by up to 30 percent.

+ The antialiasing method described earlier proved to be quite good at masking out
artifacts between layers.

Although we decided to drop the scheme altogether, it was fun to see adaptive displace-
ment mapping in almost real time, approximately 3 frames per second with 64 layers.
The idea can still be useful for an application with a cheaper G-buffer creation phase.

Real-Time Global Hlumination

An old dream for the author of this chapter was to see global illumination in an interac-
tive application, which doesnt depend on any precomputation and works with 100
percent dynamic lighting conditions and a similarly dynamic environment. The algo-
rithm we chose is similar to photon mapping (Jensen 2001), but without any sort of
“final gathering.” (Although not strictly related, one may want to read a paper of Ingo
Wald’s, such as Wald 2003.) All the lights were modified to track the changes in their
local environment by casting hundreds of rays (on the CPU) in random directions;
selecting the fixed amount of the brightest secondary, indirect lights; adding them to
the database; and then repeating the same process on them until the minimal threshold
was reached or the fixed number of iterations ended. Then everything continued as
usual, up to the end of render-frame, where all the secondary lights were just destroyed
(cached, in fact).

The first results were at least strange from a visual standpoint: lots of bright spots every-
where, crossed by weird shadows. Then the secondary light was modified to be more
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like a hemispherical spot, with the major contribution along the primary axis (parent
reflection vector) and gradually lowering power to the sides. The shadows were disabled
altogether, but CPU-based rays were increased several times to provide some sense of
occlusion. For the sake of optimization, the specular contribution from the secondary
lights was dropped; also the lights used no material information at all—they were pure
Blinn-style. The result really looks like a global illumination and was obtained almost
in real time: up to 10 frames per second with up to 500 indirect lights, where direct-
only lighting runs at around 50 to 60 frames per second on our target hardware.

Although this frame rate is unacceptable for a real-time game application, one can ex-
trapolate the performance growth curve of current GPUs—approximately doubling in
performance every year—to hope that in two years, this approach could be practical.

Conclusion

Deferred shading, although not appropriate for every game, proved to be a great ren-
dering architecture for accomplishing our goals in S. 74.L.K.E.R. It gave us a rendering
engine that leverages modern GPUs and has lower geometry-processing requirements,
lower pixel-processing requirements, and lower CPU overhead than a traditional for-
ward shading architecture. And it has cleaner and simpler scene management to boot.
Once we worked around the deficiencies inherent in a deferred shader, such as a poten-
tially restricted material system and the lack of antialiasing, the resulting architecture
was both flexible and fast, allowing for a wide range of effects. See Figure 9-8 for an
example. Of course, the proof is in the implementation. In S.7A.L. K. E.R., our original
forward shading system, despite using significantly less complex and interesting
shaders, actually ran slower than our final deferred shading system in complex scenes
with a large number of dynamic lights. Such scenes are, of course, exactly the kind in

which you need the most performance!
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10.1

Chapter 10

Real-Time Computation of
Dynamic Irradiance
Environment Maps

Gary King
NVIDIA Corporation

Environment maps are a popular image-based rendering technique, used to represent
spatially invariant' spherical functions. This chapter describes a fully GPU-accelerated
method for generating one particularly graphically interesting type of environment
map, irradiance environment maps, using DirectX Pixel Shader 3.0 and floating-point
texturing. This technique enables applications to quickly approximate complex global
lighting effects in dynamic environments (such as radiosity from dynamic lights and
dynamic objects). For brevity, this chapter assumes that the reader has working knowl-
edge of environment maps, particularly cube maps (Voorhies and Foran 1994) and

dual-paraboloid maps (Heidrich and Seidel 1998).

Irradiance Environment Maps

Imagine a scene with £ directional lights, with directions 4,..d, and intensities 7,..,,
illuminating a diffuse surface with normal 7 and color ¢. Given the standard OpenGL
and DirectX lighting equations, the resulting pixel intensity B is computed as:

B = CZ max(O, dj -n)ij.

j=l.k
Equation 10-1. Diffuse Reflection

1. Kevin Bjorke’s chapter in GPU Gems (Bjorke 2004) describes a technique to use environment maps in
spatially varying ways by applying a spatially varying function to the inpur texture coordinate.

s =
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In this context, an environment map with 4 texels can be thought of as a simple
method of storing the intensities of 4 directional lights, with the light direction implied
from the texel location. This provides an efficient mechanism for storing arbitrarily
complex lighting environments; however, the cost of computing B increases propot-
tionally to the number of texels in the environment map. What we would like is a
mechanism for precomputing the diffuse reflection, so that the per-pixel rendering cost

is independent of the number of lights/texels.

Looking at Equation 10-1, we notice a few things: First, all surfaces with normal direc-
tion » will return the same value for the sum. Second, the sum is dependent on just the
lights in the scene and the surface normal. What this means is that we can compute the
sum for any normal # in an offline process executed once per environment map, and
store the result in a second environment map, indexed by the surface normal. This
second environment map is known as the diﬂiﬁf irradiance environment map (or just
the diffuse environment map), and it allows us to illuminate objects with arbitrarily
complex lighting environments with a single texture lookup. (This includes natural
lighting environments generated from photographs, created by Miller and Hoffman
[1984], popularized by Paul Debevec [1998], and demonstrated in Figure 10-1.) Some

simple pseudocode for generating diffuse environment maps” is shown in Listing 10-1.

Figure 10-2b shows an example of a diffuse environment map.

Figure 10-1. An Image Generated Using Irradiance Environment Maps
Comparison of an object lit by a single directional light (left) and a real-time irradiance
environment map (right).

2. For simplicity, this pseudocode does not properly weight the texels in the input environment map (o
account for the sampling rate differences across environment maps). The example code included on the
book’s CD properly handles this.
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Listing 10-1. Diffuse Convolution Pseudocode

diffuseConvolution (outputEnvironmentMap, inputEnvironmentMap)
{
for all {T,: outputEnvironmentMap}
sum = 0
N = envMap_direction(T,)
for_all {T,: inputEnvironmentMap}
L = envMap_direction(T,)
I inputEnvironmentMap [T, ]
sum += max (0, dot(L, N)) * I
T, = sum
return outputEnvironmentMap

(b) ()

Figure 10-2. Comparing Irradiance Environment Maps -
(a) A cube environment map of St. Peter’s Basilica. The resulting (b) diffuse and (¢) specular maps.
St. Peter’s light probe © 1999 Paul Debevec, http://www.debevec.org/Probes/.

This concept can be trivially extended to handle popular symmetric specular functions,
such as the Phong reflection model. Instead of creating an irradiance environment map
indexed by the surface normal, we create one indexed by the view-reflection vector R;
and instead of computing max (0, dot (L, N)) for each input texel, we compute

pow (max (0, dot(R, L)), s).Theseare known as specular irradiance environment
maps.
10.1 Irradiance Environment Maps 169
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10.2

Spherical Harmonic Convolution

Although rendering with irradiance environment maps is extremely efficient (just one
lookup for a diffuse reflection or two for diffuse and specular), generating them using
the algorithm in Listing 10-1 is not. For M input texels and N output texels, generating
a single irradiance map is an O(MN) operation. In more concrete terms, if we want to
generate a diffuse cube map with an edge length of just 32 texels, from an input cube
map with an edge length of 64 texels, the cost is 32x32x6x64x64x 6 ~ 151 million
operations. Even with CPU speeds approaching 4 GHz, real-time generation of irradi-
ance environment maps cannot be achieved using such a brute-force algorithm.

At SIGGRAPH 2001, a technique was presented that reduced the cost of computing
irradiance environment maps from O(MN) to O(MK), with N >> K (Ramamoorthi
and Hanrahan 2001b). The key insight was that diffuse irradiance maps vary extremely
slowly with respect to the surface normal, so they could be generated and stored more
efficiently by using the frequency-space representation of the environment map. To
convert a spherical function (such as an environment map) into its frequency-space
representation, we use the real spherical harmonic transform®:

Ly = [L(6.¢)y] (6,4)sin0d0dg.
N

Equation 10-2. Spherical Harmonic Transform

For N discrete samples (such as an environment map), Equation 10-2 becomes:

N-1
Ly = > L(i)y; (i) dw (i),
i=0
Equation 10-3. Discrete Spherical Harmonic Transform

where

N-1

Zdu)(z’) = 4n

=0

is the solid angle subtended by each sample,* and definitions for y;” (the spherical har-
monic basis functions) can be found in Ramamoorthi and Hanrahan 2001b, Green
2003, or any spherical harmonics reference.

3. For those with signal-processing backgrounds, the spherical harmonic transform is analogous to the
Fourier transform in Cartesian coordinate systems.
4. The definition of 4w will depend on the type of environment map used, because the different projections
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While a detailed discussion of spherical harmonics is outside the scope of this chapter,
the References section lists a number of excellent articles that provide in-depth explana-
tions (and other applications) of spherical harmonics. In order to use spherical harmon-

ics for computing irradiance maps, all we need to know are some basic properties:

o Any band / has 2/ + 1 coefficients m, defined from —/./ Therefore, an /th-order
projection has (/ + 1)* total coefficients.

o The basis functions are linear and orthonormal.

¢ Convolving two functions in the spatial domain is equivalent to multiplying them in
the frequency domain.

The last property (known as the convolution theorem in signal-processing parlance) is an
extremely powerful one, and the reason why we can use spherical harmonics to effi-
ciently generate irradiance maps: Given two functions that we want to convolve (the
Lambertian BRDF and a sampled lighting environment, for example), we can compute
the convolved result by separately projecting each function into an /th-order spherical
harmonic representation, and then multiplying and summing the resulting (/ + 1)
coefficients. This is more efficient than brute-force convolution because for diffuse
lighting (and low-exponent specular), the L}” coefficients (Equation 10-3) rapidly ap-
proach 0 as /increases, so we can generate very accurate approximations to the true
diffuse convolution with a very small number of terms. In fact, Ramamoorthi and
Hanrahan (2001a) demonstrate that /= 2 (9 coefficients) is all that is required for dif-
fuse lighting, and /= /s is sufficient for specular lighting (where s is the Phong expo-
nent). This reduces the runtime complexity of the example convolution to just
9x64x64x6 ~ 221 thousand operations per function (442 thousand total, 1 for the
lighting environment, and 1 for the reflection function), compared to the 151 million
operations using the brute-force technique.

We can further improve the spherical harmonic convolution performance by noticing
that the reflection function coefficients are constant for each function (Lambert,
Phong, and so on). Therefore, each function’s coefficients can be computed once (in a
preprocess step) and be reused by all convolutions. This optimization reduces the run-
time complexity of the example convolution to just 221 thousand operations.

used by different environment map types (such as spherical, cubic, and azimuth-angle) will cause the
relative sampling densities to vary uniquely across the unit sphere. Therefore, to generate a correct result,
we need to use the correct solid angle subtended by each texel. The included demo has functions that
calculate 4w for both dual-paraboloid and cubic environment maps.
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The only remaining detail is that our diffuse environment map is now stored in a

spherical harmonic representation. To convert it back into its spatial representation,’

we
generate 2 new environment map by using the inverse spherical harmonic transform
(the tilde indicates that the reconstructed function is an approximation):

n—]

L(6,¢) =Y > L'y (6, )

=0 m=—/
Equation 10-4. Inverse Spherical Harmonic Transform

Application of this formula is trivial: for every texel in the output environment map,
multiply the spherical harmonic basis function by the coefficients. This is an O(KN)
process, so the total runtime complexity for generating irradiance environment maps is

O(KN + KM).

Mapping to the GPU

With Pixel Shader 3.0 and floating-point textures (features supported on GeForce 6
Series GPUs), mapping spherical harmonic convolution to the GPU becomes a trivial
two-pass operation®: one pass to transform the lighting environment into its spherical
harmonic representation, and one to convolve it with the reflection function and trans-

form it back into the spatial domain.

Spatial to Frequency Domain

To transform a lighting environment into its spherical harmonic representation, we
need to write a shader that computes Equation 10-3. This equation has some interest-
ing properties that can be exploited to make writing a shader a very straightforward
process:

o The output is (/ + 1) three-vector floats (one for each of red, green, and blue).

e The input is /V three-vector floats, /V scalar dw values, and NV scalar y;” values.

« For any input texel 7 from any environment map L, y"(7) dw(3) is a scalar constant.

The last point is the important one: it means that we can generate one texture per
(4, m) pair as an offline process. This can then be mapped onto the GPU using (/ + 1)

5. Ramamoorthi and Hanrahan (2001b) also demonstrate how to apply the spherical harmonic coefficients
directly, without generating an output environment map.

6. For a sufficiently motivated programmer, the convolution could be performed in multiple Pixel Shader
2.0 passes; however, this distinction does not apply to the author of this chapter.
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rendering passes, where each pass generates a three-vector of spherical harmonic coeffi-
cients by looping over all V texels in the input environment map, and multiplying each
by the corresponding texel in the appropriate lookup table. We can reduce this to a
single pass by tiling the lookup tables, and rendering all of the (/ + 1)* three-vector
coefficients at once, as separate pixels in an output texture. Using Pixel Shader 3.0’
VPOS input register, we can trivially map the output pixel location to a tile in the
lookup table, allowing each of the output pixels to project the input environment map
onto the appropriate spherical harmonic basis function (scaled by 4w). This is shown in
HLSL pseudocode in Listing 10-2 and demonstrated in Figure 10-3.

Listing 10-2. Spherical Harmaonic Projection Pseudocode

float2 map_to_tile_and offset( tile, offsetTexCoord )
{

return (tile / numTiles) +

(offsetTexCoord / (

numTiles * numSamples))

float3 SH_Projection( inputEnvironmentMap,
dwy, .
currentl, : VPOS ) : COLOR

sum = 0

for_all {T,: inputEnvironmentMap}
T, = map_to_tile and offset(currentL,,, T,)
weighted SHbasis = dwY,,[T,]
radiance_Sample = inputEnvironmentMap|[T,]
sum += radiance_Sample * weighted_ SHbasis

return sum

Note that for simplicity, you may want a separate lookup table for each face in the envi-
ronment map. The included demo uses dual-paraboloid environment maps for input,
so two weight lookup tables are generated.

Convolution and Back Again

As described in Section 10.2, the convolution operator in frequency space is just multiply-
ing the L} coefficients generated in Section 10.3.1 with a set of precomputed coefficients

for the desired reflection function (for clarity, we refer to these as the A)" coefficients), and
then evaluating Equation 10-4 for each texel in the output environment map. This is very
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Figure 10-3. Mapping Output Coefficients to Input Lookup Table Tiles for One Face

similar to the process we used with Equation 10-3, and we can use tiling to execute this
operation in a single shader pass, too. Because A"y;" is a scalar constant for any given (/, m)
pair and texel location, we can precompute (/+ 1)* environment maps that store these
values. If the desired output environment map is a cube map, we can instead precompute
six weighting textures (one for each cube-map face), tile the (/, 7) coefficients inside each
face, and generate the final cube map by iteratively setting each face as the active render
target, binding the appropriate weight texture, and executing the pixel shader.

The pixel shader used to perform the convolution plus inverse transformation is very
similar to the one used in Section 10.3.1; however, instead of executing an N-element
loop over K output values, we execute a K-element loop over M output values.
Pseudocode is provided in Listing 10-3.

Listing 10-3. Convolution and Evatuation Pseudocode

float3 SH_Evaluation( L,
Alelm’
thetaPhi : VPOS ) : COLOR

sum = 0

for all {T,: L.}
T, = map_to_tile_and_offset (T,, thetaPhi)
weighted BRDF = A, Y, [T]
light_environment = inputEnvironmentMap [T,]
sum += light_environment * weighted_BRDF

return sum
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As mentioned in footnote 5, Ramamoorthi and Hanrahan (2001b) demonstrate an
alternative method for performing diffuse convolution by generating a 4 x4 matrix from
the first nine L;” terms and using this to transform the normal vector. When per-vertex
lighting is sufficient, this approach may be more efficient than the one described in this
chapter; however, because the convolved cube-map resolution is generally much lower
than the screen resolution, the approach described here offers significant performance
advantages when per-pixel lighting is desired, or in scenes with high polygon counts.

10.4 Further Work

So far, we've managed to show how to use GPUs to accelerate what is traditionally an
offline process. However, because this operation executes in milliseconds on modern
GPUs, by using render-to-texture functionality to generate the input environment
maps, applications can practically generate diffuse and specular cube maps for dynamic
environments. The accompanying demo generates irradiance maps in excess of 300
frames per second on a GeForce 6800 GT. Flat ambient lighting can be replaced with a
cube-map lookup that varies as the sun moves through the sky, or as flares are tossed
into a small room.

One of the deficiencies of using irradiance environment maps for scene lighting is that
correct shadowing is extremely difficult, if not impossible. One technique that offline
renderers use to compensate for this is computing a global shadowing term (called am-
bient occlusion) that is used to attenuate the illumination from the environment map
(Landis 2002). For static objects, the ambient occlusion value can be precomputed and
stored; however, for dynamic objects, this is not possible. In Chapter 14 of this book,
“Dynamic Ambient Occlusion and Indirect Lighting,” Mike Bunnell provides a
method for efficiently approximating ambient occlusion values, so that this same tech-
nique can be applied to dynamic characters.

Also, spherical harmonics have a number of valuable properties not explored in this
chapter. For example, component-wise linear interpolation between two sets of spheri-
cal harmonic coefficients is equivalent to linear interpolation of the spatial representa-
tions. Component-wise addition of two sets of coefficients is equivalent to addition of
the spatial representations. These two properties (combined with the convolution theo-
rem) provide a powerful set of primitives for approximating numerous complex, global
lighting effects. This concept is described in detail in Nijasure 2003.
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10.5

10.6

Conclusion

Rendering dynamic, complex lighting environments is an important step for interactive
applications to take in the quest for visual realism. This chapter has demonstrated how
one method used in offline rendering, irradiance maps, can be efficiently implemented
on modern GPUs. By cleverly applying and extending the techniques presented here,
real-time applications no longer need to choose between complex static lighting and
simple dynamic lighting; they can have the best of both.
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Chapter 11

Approximate Bidirectional
Texture Functions

Jan Kautz
Massachusetzs Institute of Technology

In this chapter we present a technique for the easy acquisition and rendering of realistic
materials, such as cloth, wool, and leather. These materials are difficult to render with
previous techniques, which mostly rely on simple texture maps. The goal is to spend
little effort on acquisition and little computation on rendering but still achieve realistic

appcarances.

Our method, which is based on recent work by Kautz et al. (2004), arises from the
observation that under certain circumstances, the material of a surface can be acquired
with very few images, yielding results similar to those achieved with full bidirectional
texture functions (or BTFs—we give a full definition in the first section). Rendering
with this approximate BTF amounts to evaluating a simple shading model and per-
forming a lookup into a volume texture. Rendering is easily possible using graphics
hardware, where it achieves real-time frame rates. Compelling results are achieved for a
wide variety of materials.

Introduction

One of the long-sought goals in computer graphics is to create photorealistic images. To
this end, realistic material properties are a necessity. It is especially important to capture
the fine spatial variation and mesostructure of materials, because they convey a lot of
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information about the material. Figure 11-1 compares a rendering of a piece of cloth
using only a single diffuse texture map and using our method, which preserves spatial
variation and self-shadowing. The comparison shows how important the mesostructure
of a material is, and it demonstrates that for many materials, simple texture mapping or

even bump mapping is not sufficient to render it realistically.

Unfortunately, the acquisition of such material properties is fairly tedious and time-
consuming (Dana et al. 1999, Lensch et al. 2001, Matusik et al. 2002). This is because
material properties are specified by the four-dimensional bidirectional reflectance distri-
bution function (BRDF), which depends on the local light and viewing directions; the
Phong model is an example of a BRDE If spatial variation across a surface is to be cap-
tured, this function (which is the bidirectional texture function we mentioned earlier
(Dana et al. 1999]) becomes six-dimensional. Obviously, the acquisition of such a
high-dimensional function requires taking many samples, resulting in large acquisition
times (and storage requirements), which is the reason why BTF measurements are not

readily available.

The benefit of capruring all this data is that BTFs generate very realistic renderings of
materials, because they capture not only the local reflectance properties for each point
on a surface, but also all nonlocal effects, such as self-shadowing, masking, and inter-

reflections within a material, as seen in Figure 11-1.

€)) (b)

Figure 11-1. Comparing Simple Diffuse Texture Mapping and Our Method
(a) Simple diffuse texture map. (b) Our BTF method, preserving detail.
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Instead of acquiring a full BTF and rendering with that, we show that it is sufficient to
acquire only some slices of the BTF. This allows for a simple acquisition setup (which can
be done manually) and an even simpler rendering method, which runs in real time on
GPUs even a few years old. An artist can also easily manipulate an acquired material, for
example, making it more or less specular by manipulating a few parameters. To make this
work, we assume that the captured material patch is isotropic (that is, its appearance does
not depend on its orientation) and has only small-scale features (that is, no large self-
shadowing and masking effects). Later on, we discuss in more detail why this is necessary.

11.2 Acquisition

The acquisition and preprocessing steps are very simple, resulting in a fast acquisition
procedure.

11.2.1 Setup and Acquisition

The setup is illustrated in the top of Figure 11-2. A camera is looking orthographically at
the material to be acquired. The material is assumed to be planar, so it is best to place the
material patch on a flat surface. We then illuminate the surface with a parallel light source
(a distant point light source works fine) at different incident elevation angles. The light
source is moved only along an arc; that is, it is not rotated around the surface normal.
With the light source moving along an arc, the material reveals small self-shadowing ef-
fects, which are very characteristic of many materials.

The light source elevation angles are (roughly) spaced in 10-degree steps; that is, we acquire
ten images for every material. For real-time rendering, low-dynamic-range images work
fine, as shown in Section 11.4; however, high-dynamic-range images can also be acquired.

In Figure 11-2, you can see the acquired images for a few different light source angles.
We acquire all images manually, but even then the acquisition of a material takes only a
few minutes, a big advantage over other methods (Dana et al. 1999, Matusik et al. 2002,
Sattler et al. 2003).

11.2.2 Assembling the Shading Map

We now assemble our acquired images as a stack of images. To this end, we first com-
pute the average radiance (or intensity) «, of each acquired image 4. Because we want to
index efficiently into this stack of images later on, it is useful to resample the stack so
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Fixed Camera

Light Positions O !
(10, Along 1D Arc) \ \

N
N

r=f(0, 0;) cos 8,

Figure 11-2. An Overview of the Capture Methodology

Top: We capture images for different light directions and for a fixed orthogonal view, resulting in
the shading map. Bottom: For each image, we compute the average reflected radiance (that is, the
average intensity). During rendering, we compute the value r based on some user-defined lighting
model (such as Phong) and use this value to do a per-fragment lookup into our stack of images
according to the average intensity. Finally, we scale the value with the intensity of the light source.

that the average radiance increases linearly. This is done by first computing what the
average radiance for slice 7 should be, where 7 refers to a slice in the resampled stack:
iXa,, :
by =B i =0.N -1 ey
N —1

Here r, denotes the desired radiance for slice 7, 2, is the maximum acquired average
radiance, and NV is the number of slices. For each resampled slice 7 we now take the two
original images whose average radiances «,, and 4, are above and below the desired
radiance 7, and linearly interpolate between those two images accordingly. The resulting
stack of new images is called the shading map, as shown in Figure 11-3. From now on,
the values stored in the shading map are interpreted as BRDF times cosine value, as

explained in the next section.
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Figure 11-3. Creating a Shading Map
The input images are resampled and form the shading map, in which the average intensity
increases linearly for every image.

11.3 Rendering

As stated before, rendering with our data is fairly simple. First we give a high-level de-
scription and then go into more details.

Consider shading a fragment with an ordinary lighting model—such as the Phong
model—and a point light source. In that case, we compute the amount of reflected light
by evaluating the lighting model with the current view and light direction and a set of
parameters such as diffuseness, specularity, and so on. This value gives us a rough idea of
how bright the pixel should be. Now that we have figured out its brightness, we can use
our stack of images to shade it better. We select the image in our stack that has the same
average brightness as our pixel. We now look up the appropriate texel from that image
and use this value instead. This will introduce the fine detail such as self-shadowing,
which we have captured in our image stack, and make the rendering much more realistic.

11.3.1 Detailed Algorithm

Here we describe the computation necessary for one fragment only; obviously, it has to
be repeated for every fragment. We assume that for a fragment, we are given local view
and light directions (w,, w,), as well as a set of texture coordinates (s, #).

First, we compute the value 7 by evaluating a lighting model, that is, the BRDF £
(which can be any BRDF model) multiplied by the cosine of the incident angle:
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r(w,,w,) = of,(w,w,)cosb,.

The value ¢ is used to fine-tune the shade of the material. It is needed if the acquisition
is not done with a unit light source or if only low-dynamic-range images are captured.

For example, for the simple Phong model, this computation boils down to the follow-

ing formula:

r(wa’wi) = O—(kt/ COSH,- + k: (wa X wi,rcﬂz’ctft/)f)’

where £,and £, are the diffuse and specular coefficients, respectively, and E'is the specu-

lar exponent.

Now we compute the amount of reflected light by multiplying the intensity of the inci-
dent light with the value S(r) from our shading map:

Ly(w,) = S(r(wa,w,))](w,.),

where /(w)) is the intensity of the light source (coming from w)). Using the value

7(w,, w;), we do a lookup into our shading map using the operator S(). It performs the
lookup with the coordinates (s, 2, /a_, x (N — 1)), where (s, £) signifies the position
in the map, and #/a_, x (N — 1) is the layer to be chosen (as before, #__ is the maxi-

mum acquired value and /Vis the number of slices). Trilinear filtering of the shading
map samples should be used to avoid blockiness and contouring artifacts.

One special case needs to be treated. If the required value 7 is higher than the maxi-
mum average value 4, in our shading map, we can either clamp the result at 4, or
scale the brightest image in our shading map to the desired level 7. The smallest average
radiance 7, is always zero (see Equation 1), and no special treatment is required.

Real-Time Rendering

The algorithm for real-time rendering using graphics hardware is straightforward. We
load the shading map as a 3D (volume) texture onto the graphics hardware. In a vertex
shader, we compute 7(w,, w,) (for a single-point light source). The result of the vertex
shader is a set of texture coordinates (s, £, /4, ), which is then used to look up into the
shading map. A fragment shader performs the multiplication with the intensity of the

light source. See Listing 11-1 for a vertex and fragment shader performing this operation.
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Newer graphics hardware supports dependent texture lookups in the fragment shaders.
With this feature, it is possible to compute the BRDF (times the cosine) on a per-
fragment basis and then do a dependent texture lookup into the shading map, which
avoids undersampling artifacts that may occur when using a vertex shader.

Listing 11-1. The Vertex and Pixel Shaders Needed for Rendering
In this example, we used the enhanced Phong shading model.

// Vertex Shader
void btfv( float4 position : POSITION,

float3 normal : NORMAL,

float3 tex : TEXCOORDO,
out float4 HPOS : POSITION,
out float3 TEX : TEXCOORDO,
out float4 COLO : TEXCOORD1,

uniform float4x4 mvp,

uniform float3 lightpos, uniform float3 eye,

uniform float lightintensity, uniform float Ka,
uniform float Kd, uniform float Ks, uniform float N )

// compute light direction
float3 L = lightpos - (float3)position;
L = normalize( L );

// compute reflected direction
float3 R = (2.0f * dot(eye, normal) * normal - eye);

// lighting (enhanced, physically correct Phong model)

const float pi = 3.14159265;

float costh = dot(normal, L);

float specular = pow(dot(R, L), N};

float intensity = Kd/pi + Ks * (N + 2.0) * specular/(2.0 * pi);
intensity *= costh; // * cos(th)

// check boundaries
if ( diffuse < 0.0 || intensity < 0.0 ) intensity = 0.0;
if ( intensity > 1.0 ) intensity = 1.0;

// add ambient
intensity += Ka;

// set coordinates for lookup into volume
TEX.z = intensity; // based on lighting, a max assumed to be 1

TEX.Xy = tex.xy; // copy the 2D part from application
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Listing 11-1 (continued). The Vertex and Pixel Shaders Needed for Rendering

// set light source intensity for scaling in fragment shader
COLO.rgb = lightintensity;

// transform position
HPOS = mul (mvp, position);

// Fragment Shader

float3 btfp( float3 tc : TEXCOORDO,
float3 color : TEXCOORDI1,
uniform sampler3D material : TEXUNITO) : COLOR
{
float3 r = (float3)tex3D( material, tc ).xyz; // lookup into volume
return r * color; // scale by intensity
}
Results

We will show several renderings with acquired materials. All materials were acquired
using ten different light source positions. The images were cropped to 1024 x 1024 and
then downscaled to 512x512. In order to be compatible with graphics hardware,
which usually requires power-of-two texture sizes, we resampled these ten images down
to eight images during linearization. The linearization takes about 5 seconds for each
set of images. For all renderings, we have used the Phong model.

In Figure 11-4, you can see different renderings done with our real-time implementa-
tion. The materials shown are jeans (Stanford bunny and pants), suede (Stanford
bunny), leather (cat), pressed wood (head), wax (head), nylon (pants), cloth (piece of
cloth), and wool (piece of knit cloth).

Figure 11-5 shows a rendering of a sweater made of wool. The left image was done with
a full BTF (6,500 images, compressed using principal components analysis with 16
components). The right image was done with our technique. Differences are visible
mainly at grazing angles, where masking effects become important, which cannot be
reproduced by our technique. This also results in slight color differences (although
some color difference is also caused by the compression). Considering that wool is one
of the materials that violates our initial assumptions (it has a larger-scale structure and

is anisotropic), our method does fairly well.
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Figure 11-4. Different Models and Materials

The materials shown are jeans, suede, leather, pressed wood, wax, nylon, cloth, and wool. All

models are rendered in real time.
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Figure 11-5. A Sweater Made of Wool
(a) Full BTF. (b) New method.

Discussion

Why is it sufficient to acquire images for a fixed view and only several incident illumi-
nation directions? As stated earlier, we are acquiring only the change in illumination
due to a material’s surface structure, and for this purpose our method suffices. The
artist supplies the actual BRDE

We believe that this technique works so well because a human observer expects a cer-
tain kind of variation in materials. Judging from the results, this variation is captured
by our technique and gives a good impression of the actual materials.

Generally speaking, materials with small-scale variations, such as the cloth, suede, jeans,
and other materials shown, work best. Materials with spatially varying reflectance prop-
erties (such as different specularities, and so on) are captured well, too, as can be seen in
the candle wax and pressed wood in Figure 11-4.

For certain materials, though, this technique works less well. For example, the acquisi-
tion of highly specular materials is problematic, mainly because of our use of a point
light source as an approximation to a parallel light source. Our method assumes materi-
als with a fine-scale structure. This is because our technique models variation with the
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incidence angle only, not with the azimuth. Therefore, shadows from larger structures
cannot be captured or represented well, because they always appear in the same direc-
tion. Furthermore, the materials are assumed to be isotropic.

Even for materials violating these assumptions, our technique might still be suitable for
a fast preview, because it is much better than regular texturing, as Figure 11-1 shows.

Conclusion

We have presented a method that enables acquisition and rendering of complex spa-
tially varying materials using only a few images. This empirical method does not cap-
ture the actual BRDF but only how illumination changes due to fine surface structure;
the BRDF can be adapted later. Real-time rendering using the technique can be easily
implemented.
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Chapter 12

Tile-Based Texture Mapping

Li-Yi We:
NVIDIA Corporation

Many graphics applications such as games and simulations frequently use large textures
for walls, floors, or terrain. There are several issues with large textures. First, they can
consume significant storage, in either disk space, system memory, or graphics memory.
Second, they can consume significant bandwidth, during either initial texture loading
or rendering. Third, most graphics cards impose an upper limit on individual texture
sizes. For example, the GeForce 6800 has an upper resolution limit of 4,096 x 4,096 for
RGBAS textures, and many other GPUs have stricter limitations.

One possible solution to address these problems is texture compression. However, exist-
ing GPU texture-compression techniques such as DXT have a limited compression
ratio. In addition, texture compression cannot handle the problem of texture size limit.

An alternative approach is texture tiling, as shown in Figure 12-1. For example, if we
have a large wall or floor consisting of repeating tiles, then obviously we don't have to
store all the tiles. Instead, we could have just one tile and repeat it on the wall. For
more complex patterns, we can dice up the wall or floor into smaller polygons and
apply different texture tiles or texture coordinate transformations for each polygon. The
advantage of this approach is that we can achieve infinite compression ratio in theory,
because we can produce an arbitrarily large output from a few tiles. The disadvantage,
however, lies in the complication of application code and data.
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Figure 12-1. A Tile-Based Texture Map

Given a small set of input texture tiles (left), our system provides a large virtual texture map (right) without
storing the entire texture. Our approach supports native hardware texture filtering and does not require
modifying the geometry or texture coordinates of the application.

Our goal is to present a tile-based texture-mapping scheme that is transparent to the
application. Specifically, we do not require changing the original geometry or texture
coordinates in order to use texture tiles. Instead, we implement the texture tiling as a
fragment program that handles the details of accessing and filtering the tiled texture.
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12.1 Our Approach

12.2

We represent a large texture as a small set of tiles and assemble the tiles into a large
virtual texture on the fly for answering texture requests. To minimize visual repetition,
we assemble the tiles nonperiodically. There is a huge literature on nonperiodic tiling,
but for our method, we chose Wang tiles for their simplicity (Cohen et al. 2003). Wang
tiles are square tiles in which each tile edge is encoded with a color. A valid tiling re-
quires all shared edges between tiles to have matching colors. When a set of Wang tiles
is filled with texture patterns that are continuous across matching tile edges, a valid
tiling from such a set can produce an arbitrarily large texture without pattern disconti-
nuity. A sample Wang tiling is shown in Figure 12-2.

CY it A
o KT (o)
A T R e
Figure 12-2, Texture Tiling Using Wang Tiles
The inputtiles are shown on the left, and a sample tiling is shown on the right. In this example, we

have two vertical and horizontal tile edge colors, represented as red and green, respectively. In the
output, note that adjacent tiles share identical edge colors.

We extend the Wang tiling approach to a GPU-friendly implementation. Given a texture
request (s, £), we first figure out on which tile it lands, based on the (s, #) location. We
then fetch the corresponding texels from that inpur texture tile. Figure 12-3 illustrates the
procedure. We carefully pack the texture tiles into a single texture map so that we can
perform texture fetching and filtering on this single texture via texturing hardware.

Texture Tile Construction

There are several methods to construct the Wang tile set. One possibility is to draw the
tiles manually; all we need to do is to ensure that the drawings are continuous across
tile boundaries while producing sufficiently interesting tiling results. Figures 12-5 and
12-6, later in this chapter, show a tile set drawn by me and the tiling results, respec-
tively. This manual approach works only for line art.

e —
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Figure 12-3. An Overview of Tile-Based Texture Mapping

Left: The packed input tiles. Right: The output virtual texture. Given a texture request (s, £, our
algorithm first determines on which tile the request lands. The algorithm then fetches the
corresponding texels from that input tile.

For natural texture patterns such as those from photographs, there are algorithmic ways
to build the tile set, as described in Cohen et al. 2003, Section 3.2. We have found that
this approach works well for many natural texture patterns, and we provide the source
code on the accompanying CD. The sample tiles previously shown in Figure 12-1 were
generated with this approach.

There are additional methods for constructing the tiles; we refer readers to Cohen et al.
2003 for more details.

Texture Tile Packing

One common problem with previous texture tiling or atlas approaches is the filtering
issue. Specifically, given a collection of tiles, how do we perform filtering for the output
virtual texture, especially when the sample is on the tile border and requires texels from

multiple tiles for bilinear or trilinear filtering?

There are several possible solutions, among them performing texture filtering in the
fragment program, or packing all tiles into a single texture and adding boundary
padding between the tiles so that bilinear filtering would be correct. The first of these
is computationally expensive, and the second consumes a large amount of texture

memory.
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In our approach, we pack all the texture tiles into a single texture map without any
boundary padding, in a way that makes it possible to perform the texture filtering di-
rectly via the texturing hardware without fragment program emulation. We achieve this
by packing a set of Wang tiles into a single texture map, ensuring that any tile edges
shared between two tiles have identical edge color encoding. Because the tiles are built
with a continuous pattern across identical edge colors, bilinear filtering directly across
adjacent tiles produces the correct result. It is possible to prove that, for a complete tile
set (that is, with all possible edge color combinations), it is always possible to pack the
tiles in such a way. In addition, each tile is used only once, so there is no wasted texture
memory.

Here we describe how the packing can be done, without going into detailed mathemat-
ical proofs, which can be found in Wei 2004. For clarity, we begin with packing in one
dimension. We assume that we have a set of tiles with only one horizontal edge color
and that we would like to pack them horizontally. The packing can be achieved with
the following equation:

0, e e, =0

el +2xe, —1, ¢, >e, >0
TileIndexID (e, e,) = 12 X e, + e3, e, > e >0. (1)

(e, +1)" =2, ¢ =¢, >0

(e,+1)2—1, e, >e, =0

Basically, given a tile with left edge e, and right edge e,, where ¢, and ¢, are integer indices
starting from 0, this function computes the horizontal location of this tile within the pack-
ing. A sample 1D packing with three vertical edge colors can be found in Figure 12-4a.

The packing in 2D can be performed by computing vertical and horizontal indices
separately using Equation 1. In other words, the horizontal tile location is computed
from the left and right edges only, and the vertical tile location is computed from the
top and bottom edges only. A 2D sample packing with three vertical and horizontal
edge colors can be found in Figure 12-4b. The computation can be expressed in Cg-like
code as shown in Listing 12-1.
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Figure 12-4. Examples of Tile Packing
(a) 1D packing with three colors. (b) 2D packing with three vertical and horizontal colors.

Listing 12-1. Code for Tile Packing

float TileIndexlD{const float el, const float e2)

{
float result;

if (el < e2) result = (2 * el + e2 * e2);

else if (el == e2)
if (el > 0) result = ((el + 1) * (el + 1) - 2);
else result = 0;

else
if (e2 > 0) result = (el * el + 2 * e2 - 1);
else result = ((el + 1) * (el + 1) - 1);

return result;

float2 Tilelndex2D(const float4 e)

r
1

float2 result;

// orthogonally compute the horizontal and vertical locations
// the x, y, z. w components of e store

// the south, east, north, and west edge coding

result.x = TilelndexlD{e.w, e.y);

result.y = TilelndexlD{e.x, e.2z);

return result;
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12.4 Texture Tile Mapping

Given that the output virtual texture is composed from the tile set, we need to know
which tile is used for each region of the texture. Specifically, for each texture coordinate
(s, £), we need to be able to determine efficiently on which tile it lands.

There are two possible solutions for mapping tiles into the output texture. The first
approach is simply to precompute the mapping and store the result into an index tex-
ture map. For example, if the output is composed of 128 x 128 tiles, then we use a

128 x 128 index texture to store the (row, column) location of each tile as in the input
pack. Because the index texture map will have limited size, this approach isn' able to
handle arbitrarily large textures. However, it is more than enough for most applications,
and it is very efficient. Note that this index map does not require a mipmap pyramid
because we do not require mipmap filtering for the (row, column) locations.

The second approach does not need this index texture at all; instead, the tile for each
output region can be computed on the fly via a special fragment program with hashing.
This approach has the advantage that it does not consume an extra texture map, and it
does not suffer from the restriction on index texture map size, as in the first approach.
However, in our current implementation, we have found the second approach too slow
for real-time applications; so for the rest of this chapter, we discuss only the first ap-
proach. However, the second approach might be faster in future-generation GPUs, and
we refer interested readers to Wei 2004 for more details.

Given that we have a precomputed index texture, the process for our tile-based texture
mapping is actually pretty simple, and is best explained by the actual Cg program, as
shown in Listing 12-2. Given the input coordinate, we first scale it with respect to the
number of tiles in the output. We then use this scaled value to fetch the index texture,
which will tell us which input tile to use. Finally, we use the fractional part of the scaled
texture coordinate to fetch the final texel from the selected input tile. Note that in the
final texture fetch, we need to specify the derivatives ddx and ddy to ensure the correct
level-of-dertail computation.

Listing 12-2. Code for Tile Mapping

struct FragmentInput
{
float4 tex : TEXO;
float4 col : COLO;
}i
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Listing 12-2 (continued). Code for Tile Mapping

struct FragmentOutput

{
float4 col : COL;

float2 mod(const float2 a, const float2 b)

{
// emulate integer mod operationg in a float-only environment
return floor (frac{a/b) * b);

FragmentOutput fragment (FragmentInput input,
uniform sampler2D tilesTexture,
uniform samplerRECT indexTexture)

FragmentOutput output;

// osizeh and osizev are the number of output tiles
// they are compile-time counstants
float2 mappingScale = float2(osizeh, osizev);
// the scaling is required for RECT textures
// we will also need its fractionzl part in the £inal tex read
float2 mappingAddress = input.tex.xy * mappingScale;
// figure out which input tile to use
float4 whichTile = texRECT(indexTexture,
mod (mappingAddress, mappingScale));

// isizeh and isizev are the number of input tiles

// they are compile-time constants

float2 tileScale = float2(isizeh, isizev);

// this is to ensure the correct input mipmap level is accessed

float2 tileScaledTex = input.tex.xy * float2{(osizeh/isizeh,
osizev/isizev);

// fetch the final texel ccler

// note we need to specify ddx/ddy explicitly

output.col = tex2D(tilesTexture,
(whichTile.xy + frac (mappingAddress))/tileScale,
ddx (tileScaledTex), ddy(tileScaledTex));

return output;
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12.5 Mipmap Issues

An inherent limitation of any tile-based texturing system is that mipmaps at lower reso-
lutions are incorrect. There are actually several issues with mipmaps.

First, the maximum number of mipmap levels is constrained by the input tiles, which
are of much smaller size than the output. For example, assuming we pack 4 x 4 tiles
each with 32 x 32 pixels into a single 128 x 128 texture map, then the maximum num-
ber of mipmap levels is 8. Obviously, for any output texture larger than 128 x 128, we
will not be able to access the coarser resolutions. In our experience, this is usually not a
problem, because the tiles would reduce to a homogeneous void at lower resolutions

anyway.

We also need to be careful when constructing the mipmap texture for the packed input.
If you just use the automatic mipmap generation, chances are that the tiles will not be
legal Wang tiles at lower mipmap resolutions. This can produce annoying aliasing arti-
facts when filtering across the tile boundary. Figure 12-5 demonstrates such a case.

As shown in Figure 12-5, in the output we have two tiles, B and , adjacent to each
other. If we have a request (s, #) that lands on the right edge of K, and assuming the
filter kernel is sufficiently large, as can happen in lower-resolution mipmap levels, then a
correct filtering should involve a majority of the tile . Unfortunately, because we al-
ways perform filtering in the input packing, the filtering would involve a majority of B
instead, and this is obviously incorrect. A more serious problem occurs when the filter
footprint just crosses the boundary between ¥ and . In this case, the filtering result
would change discontinuously in the input, with an abrupt switch from filtering tiles ¥
and B to® and . And this artifact could exhibit itself both spatially and temporally.

Figure 12-5. Artifacts Caused by Filtering
Involving tiles |, , B, and ® . Left: Packed input tiles. Right: Output virtual texture.
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To remove these artifacts, we have to sanitize the tiles at all lower-resolution mipmap
levels to ensure that they are legal Wang tiles. We achieve this by averaging all tile edges
with the same color ID across all tiles. This does not produce a theoretically correct
result (unless you store the entire lower-resolution mipmap levels for the output), but it
at least eliminates popping visual artifacts. An implementation of this algorithm is

available on the accompanying CD.

Figure 12-6 demonstrates the sanitization effects on the rendering. Without tile correc-
tion, the rendering would contain noticeable discontinuity, as shown in case (a). With
correction on tile edges, the results look much better, as shown in case (b). A more
correct approach would be to sanitize both edges and corners, but we have found that
this usually produces over-blurry results, as case (c) demonstrates. In our experience,
because most textures are homogeneous at lower mipmap resolutions, it is usually suffi-

cient to sanitize edges only.

Figure 12-6. Filtering Results at Lower-Resolution Mipmap Levels
(a) Incorrect lower-resolution tiles. (b) Corrected tile edges only. (c) Corrected tile edges and
corners. (d) Traditional texture mapping.

Conclusion

We have presented a tile-based texture-mapping system that generates a large virtual
texture from a small set of tiles. We have described a Cg program implementation that
does not require changing geometry or texture coordinates in the application. Our
implementation requires two texture reads to emulate one large virtual texture, and is
roughly 50 to 25 percent slower than a single-texture program (as measured on a
GeForce 6800 GT, depending on various factors such as filtering mode and original
program complexity). However, the speed is still fast enough for most applications, and
the savings in texture memory is substantial. There are quality limitations of our ap-
proach at lower-resolution mipmap levels, but as long as the tile set is built correctly,
the result looks reasonable despite being theoretically incorrect.
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Chapter 13

Implementing the mental
images Phenomena Renderer
on the GPU

Martin-Karl Lefrangois

mental images

Introduction

mental images’ rendering software mental ray is the rendering component of many
leading 3D content-creation tools, including industrial CAD, product design, and
architectural design software packages. mental ray is widely used for the creation of
visual effects and feature animation films, as well as for high-quality visualization and
lighting simulation in industrial and architectural design. Now that modern GPUs can
execute complex programs to compute the color of each shaded pixel, there is an op-
portunity to apply this power to rendering complex scenes that previously could be
handled only by a CPU-based renderer. Given the substantial floating-point computa-
tional power available on GPUs, doing these computations on the GPU can be much
faster than on the CPU. This chapter describes some of the work that mental images
has done to add support for GPU-based rendering to mental ray.

Because the per-fragment mathematical computation done by a GPU can now be identi-
cal to the computation done by a software renderer, it is possible to use the GPU to accel-
erate rendering of the final image. Although some techniques, such as software ray
tracing, cannot yet be replaced with an efficient GPU-based solution due to the limita-
tions of current hardware, there are many scenes that do not require these techniques.
Such scenes can be entirely rendered by the GPU. In some cases, we still have to combine
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software and hardware rendering to achieve the final image, but hardware technology

evolves so fast that we will see more and more of the work shifting to the GPU.

One of the main difficulties with rendering high-quality imagery on the GPU is mak-
ing it possible to use the same shaders on the GPU as on the CPU. Production compa-
nies use a carefully developed set of shaders that they combine to create the final effect
they want. With most GPU programming languages, it is difficult to efficiently com-
bine shaders, because the languages are designed for monolithic programs that imple-
ment a complete effect. However, the release of Cg 1.2 was a breakthrough for the
creation of complex shaders on the GPU: with the addition of shader interfaces and
unsized arrays to the language, it became possible to combine shaders at runtime to
generate GPU programs that render the desired final effect.

In this chapter, we briefly review mental ray’s 3.3/3.4 shading architecture and describe
how we convert combinations of mental ray shaders to GPU programs. The techniques
we use provide a powerful and flexible means of creating complex visual effects. We are
now able to accelerate rendering of final images with the GPU without sacrificing qual-

ity or visual richness.

Shaders and Phenomena

For high-quality offline rendering, the concept of a “shader” is a slightly different one
than for interactive rendering on GPUs. On the GPU, vertex shaders and fragment
shaders operate on the input geometry to compute the color of each pixel. In mental
ray, shaders are plug-in modules that are used in materials, light sources, cameras, and
other elements to control a wide range of effects, from surface material, volume, and
camera lens properties to compositing. High-end visual effects and feature animation
production companies keep separate effect components in separate shaders that are
combined automatically at runtime; it often makes more sense to divide particular
visual effects into smaller elements that separately represent the environment and what
interacts with it. As an example, objects carry surface shaders that define the response
of the surface to incident light (that is, the BRDF). Lights are separate scene elements
that carry light shaders that define the light emission characteristics. Both need to be
combined at runtime to perform shading. Additionally, there are volume shaders; lens
shaders attached to cameras; texture, environment, and other shaders that all contribute

to shading and must be collected to create the fragment program.
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When a software renderer renders a scene, different shaders are called in different stages
of the pipeline. In the following example, the first shader to be called is the material
shader, which defines the color of the illuminated surface. Then the light shaders of all
of the lights illuminating this surface will be called in order to determine how much
illumination they shine on the surface. Light shaders behave differently depending on
whether they are point, spot, or area lights. If the surface is reflective, the environment
shader may be called to add its contribution to the surface. If ray tracing is enabled, a
ray might hit another object, whose material shader will then be called. If the object is
transparent, the material and light shaders will be called again until full opacity is
achieved. In addition to all those shaders, volume shaders, such as fog, can affect the
final image. The volume shader, if attached to the camera, will be called for every sam-
ple. Figure 13-1 illustrates these basic concepts.

The mental ray renderer further extends this idea to include Phenomenon components
(Driemeyer 2005). These look like shaders when they are applied to the scene, but their
functionality is implemented in a different way. Whereas shaders usually function as
standalone components, Phenomena encapsulate sets of subshader nodes connected to
form graphs, as well as associated rendering options, geometry, material, volumes, and
other elements that are automatically integrated at appropriate points in the scene.
(Phenomena are a superset of Maya’s Hypershade graphs, for example.) Both shaders

Yo
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Shaders: (1) Material, (2) Light, (3) Environment, (4) Volume

Figure 13-1. Shaders in a Scene
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and Phenomena have interface parameters that feed data into them and result parameters
that return the result of their evaluation. In the case of Phenomena, the result parame-
ters of the Phenomenon are taken from a specific shader that is called the main root
shadler of the Phenomenon.

Once defined, the shader can be used to control the surface properties of a material.
Shaders and Phenomena can be connected to form shader graphs. In mental ray, users
can assign the result parameter of another shader to an interface parameter.

Figure 13-2 shows an example of a Phenomenon. It uses three input parameter values
to compute the result. These parameter values in turn may be computed by other
shaders, may be constants set by the user, may be the results of texture lookups, and so
on. Note that in this case, the final result value is computed by another “sub” Phenom-
enon in the blue box. This ability to “wire up” Phenomenon graphs in many different
ways, using modular pieces, makes them a powerful paradigm for artists and designers.

In the schematic diagrams in this chapter, boxes represent shaders or Phenomena; their
interface parameters (such as “ambient,” “diffuse,” or “specular”) are on the left side and
the result parameters are on the right side. Phenomenon instances are useful as prepack-
aged effects: a wood Phenomenon, for example, may have parameters that define colors
and wood grain turbulence, and different predefined instances of it can supply parameter
values to make it look like oak, redwood, birch, or other variations.

Phenomenon
| Shader
Ambient *——|—>
- 11
- Phenomenon
b
Diffuse | —_— —> Result
—

Shader

—

Specular ————

Figure 13-2. An Example of a Phenomenon
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When using shaders or Phenomena in a scene, you need to know three properties:

¢ The name of the shader or Phenomenon
e Its interface parameters

o Its result parameter

The shader name is identical to the name of the Cg structure type that implements it.
The interface parameters are a set of named values passed to the shader or Phenomenon
when it runs. For example, a shader implementing Phong shading could have three
interface parameters of type color named ambient, diffuse, and specular and
one of type scalar named exponent. Finally, the result parameters of a shader repre-
sent the values returned by the shaders. Most of the time, this is a single value of type
color, but other types and structures of multiple values are also possible.

13.3 Implementing Phenomena Using Cg
Because GPUs do not support loading multiple shaders and then having one shader call

another shader at runtime, mental ray must collect the Phenomenon—including all sub-
shaders that feed its input parameters, root shaders, and assigned shaders (such as light
shaders that illuminate the surface)—into a single fragment program that can be down-
loaded to the GPU. The shader interfaces feature introduced in Cg 1.2 (Pharr 2004)

facilitates this process.

In our system, we have predefined an abstract Cg interface type for each of the parame-
ter types that may be passed as input, or computed as output, by a shader component.
Shaders and Phenomena are written to use these abstract interface types when declaring
input and output parameters. At runtime, concrete instances of each subshader are
created using the Cg runtime library, and the outputs of each internal subshader are
connected to the proper inputs, as shown in Figure 13-3.

The rest of this section provides details on the GPU programs we use, the interface
types we define, and how output parameters are connected to the inputs of other
shaders to form graphs.

13.3.1 The Cg Vertex Program and the Varying Parameters

We have found that for the majority of effects we want to achieve, we can use the same
vertex program. This vertex program primarily serves as a simple pass-through for the
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Figure 13-3. How a Phenomenon Fits into the Graphics Pipeline

data coming from the application. The most common varying parameters are trans-

formed in the vertex shader and passed to the fragment shader.

In addition to the homogeneous position, the following varying parameters are sent to

the fragment programs: the position, the normal, four texture coordinates, and the

surface’s parametric derivatives in U and V for bump mapping. All data, except texture
coordinates, are transformed to camera space for simplicity. For example, the position
in the fragment corresponds to the vector from the camera to the rendered pixel in eye
space, and the length of the vector corresponds to the distance from the camera. In the
fragment program, transformation matrices are available to convert from one space to
another if needed. The varying parameters from the vertex program to the fragment

program are stored in a structure called vert2frag, shown in Listing 13-1.

Listing 13-1. The Varying Parameters Sent to the Fragment Program

struct vert2frag

{

float4 hPosition POSITION; // Homogeneous position
float2 texCoord0l TEXCOORDO; // Texture coordinates
float2 texCoordl TEXCOORD1; // Texture coordinates
float2 texCoord2 TEXCOORD2; // Texture coordinates
float2 texCoord3 TEXCOORD3; // Texture coordinates
float3 position TEXCOORD4; // Eye-space position
float3 normal TEXCOORDS; // Evye-space normal
float3 derivU TEXCOORD6; // Derivative U
float3 derivVv : TEXCOORD7; // Derivative V
float2 screen : WPOS; // Screen space
floatd4 face COLORO ; // 1 front, -1 back
}:
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13.3.2 Themain () Entry Point for Fragment Shaders

All fragment programs composed from component shaders by mental ray must start
with an entry function. To be able to translate Phenomena to the GPU, we had to
come up with a common main entry point. For all shader graphs, we create amain ()
function that calls the appropriate Phenomenon root shader, which triggers the evalua-
tion of the entire graph of shaders.

This main entry point also handles some general operations required in all shaders. For
example, it includes a test for discarding pixels nearer than the z-depth texture, which is
used for order-independent transparency.

13.3.3 The General Shader Interfaces

Support for interfaces was introduced in Cg 1.2. These interfaces provide a way to ab-
stract how member functions in structures are implemented. We use them heavily to
implement the value returned to a parameter of a shader. To be able to connect the out-
put of one shader with the input parameters of other shaders, we have to define general
Cg interface types that are used by all shaders. These default Cg interface types and their
implementation are automatically inserted in each program. For each paramerer type
found in the description of the shader, an equivalent interface exists. As an example, if
an input parameter is of type scalar in the declaration of the shader, it needs to be
declared miiScalar in the Cgimplementation of the shader.

Table 13-1 shows the corresponding parameter and interface types.

Table 13-1. mental ray Basic Type and Corresponding Cg Interfaces

mental ray Type Cg Interface Type Return Value
light miiLight misLightOut
boolean miiBoolean bool
integer miiInteger int
scalar miiScalar float
vector miiVector float3
color miiColor float4d
color texture miiColorTexture floatéd
matrix miiMatrix floatédx4
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Each Cg interface type defines a single evaluation method, named eval (), that re-

turns a value of the corresponding concrete type. For example:

// integer
interface miilInteger (
int eval (vert2frag params) ;

// vector
interface miiVector (
float3 eval (vert2frag params) ;

);

To write a shader that serves as a concrete implementation of an interface type, we sim-
p y
ly define a struct that implements the appropriate eval () method. This allows us to
ply p
“plug in” the struct wherever the corresponding interface type is called for.

As an example, the following case shows the implementation of miiScalar, in which
we want a simple constant value to be assigned to an interface parameter. We create and
connect a simple implementation of the interface, which causes a constant value to be

returned by the eval () method:

// base scalar implementation
struct miScalar : miiScalar {
float s;
float eval (vert2frag params) {
return s;
}
}i

13.3.4 Example of a Simple Shader

mental ray needs to know how shaders are defined to properly call them and assign
values to the shader’s parameter. Here is an example of a shader declaration as it can be

found when parsing a mental ray scene:

declare shader
color "mib_illum phong" (
color "ambience",
color "ambient",
color "diffuse",
color "specular",
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scalar "exponent”, # phong exponent
integer "mode", # light selection mode 0..2
array light "lights"
)
end declare

When writing fragment shaders, we follow a simple rule: in the Cg file implementing
the shader, we define a structure that implements the interface corresponding to the
return value of the shader as required by the declaration of the shader. The structure
should also have the input parameters of the shader and an eval () method for the
return interface.

The name of the structure is the same name found in the declaration of the shader. It
must implement the return type interface also found in the shader declaration. All of
the shader’s required input parameters must be defined using their equivalent type
interfaces. They also must have the same name as found in the shader declaration.

For a single shader, an instance of the shader will be created and connected to the main
root of the Phenomenon. And when no shaders are attached to the input parameters, a
simple interface that evaluates to a constant is connected, the variability of which is set
to CG_LITERAL using the Cg runtime. Setting the variability to CG_LITERAL allows
the Cg compiler to optimize the resulting fragment shader (by using constant folding)
to a greater degree than if a uniform value were used.

As shown in Listing 13-2, the name of the structure is the same as the shader declara-
tion. The structure implements the interface miiColor, which corresponds to the
output parameter. Not all input parameters are needed; for example, the parameter
mode is ignored in the Cg shader.

The graph in Figure 13-4 shows an example of the connection of values in the shader.
Some parameters are omitted for clarity.

Listing 13-2. Cg Implementation of the Phong Illumination Modet

struct mib_illum phong : miiColor

{
miiColor ambience, ambient, diffuse, specular;
miiScalar exponent;
miiLight lights(];

// Implementation of miiColor

float4 eval (vert2frag p) {
float4 result;
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Listing 13-z (continued). Cg Implementation of the Phong lllumination Model

float4 1diffuse = diffuse.eval(p);
float4 lspecular = specular.eval(p);
float lexponent = exponent.eval(p)

result = ambience.eval (p) * ambient.eval (p);

// Material calculation for each light
for ( int 1 = 0; i < lights.length; i++ ){
// Light shader evaluation

misLightOut light =

lights([i].eval(p);

// Lambert’s cosine law
float d = max (0, light.dot_nl);
result += d * ldiffuse * light.color;

// Phong’s cosine power

if (d > 0) {

float s = mi_phong_specular (lexponent,

return result;

light.dir,

vdir, p.normal);
result += s * lspecular * light.color;

0.30.30.31.0 ~ Phong |
miiColor

Texture Lookup Ambient l
—— miiColor !
Diffuse |

1.01.0 1.0 1.0 ; P Result ——— miiColor
- [ miiCotor_ specular g :
b .| _miiScalar™ Shininess i
Noise Perturbation k—Mmil>calar {

Figure 13-4. An Example of a Simple Shader
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13.3.5 Global State Variables

Shaders may need additional information that is not passed to them via interface pa-
rameters. For example, it might be important to know the current object being ren-
dered or the resolution of the final image. Also, many shaders need to convert from one
coordinate space to another, which requires access to various transformation matrices.
Our system uses specific global state variables to provide these values. For example,
when creating a program, our system iterates through its global parameters looking for
any named “miToWorld”. If the program contains this parameter name and if the type
corresponds to £1loat4x4, it is initialized with the appropriate transformation matrix.
Table 13-2 shows the variables that can be used.

These state variables are created as shared parameters using the Cg runtime. When we
find a known state parameter as a program’s global parameter, we just connect it to the
corresponding global uniform parameter. When the value changes during a frame, we
only have to update the value of the shared parameter to have the value updated in each
shader that has a parameter bound to it. This use of uniform values is illustrated in

Figure 13-5.

13.3.6 Light Shaders

Light shaders implement the characteristics of a light source. For example, a spotlight
shader would use the illumination direction to attenuate the amount of light emitted
within a cone. A light shader is called whenever a material shader uses the light inter-
face to evaluate a light. In production scenes, we often find a lot of different lights illu-
minating 2 model. In our implementation, all light shaders must return a structure
containing the amount of contributed color from the light, the direction to the light,
and the dot product of the light direction and the normal. Because surface shaders are
written to call out to the abstract light interface to get these values back, it is easy to use
any type of light that implements this interface with any type of surface shader.

Light shaders are also responsible for shadow casting, as illustrated in Figure 13-6. In
the light shader, we can compute whether or not the fragment is currently visible to the
light source, using a shadow map rendered in a previous pass or a software-generated
one. If the fragment is not visible, the light will typically return a black color, meaning
there will be no light contribution to the illumination of the material.

Listing 13-3 is 2 sample implementation of a spotlight.

S —— —
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Table 13-2. mental ray Global State Variables

Usage State Variable Name Cg Type Description
Material miToWorld floatdxd4 Matrix for transforming camera-space coordinates found
in vert2frag.position to world space.
miFromWorld floatdx4 Matrix for transforming world-space coordinates to
camera space.
miToObject floatdx4 Matrix for transforming camera-space coordinates to
object space.
miFromObject float4x4 Matrix for transforming object-space coordinates to
camera space.

Light Shaders Only =~ miLightOrigin float3 Position of the light in camera space.
miLightDir float3 Direction of the light in camera space.
miLightSpread float Spread angle for spotlights.
niLightType int Type of the light: 0 = point, 1 = spot, 2 = directional
miLightFace int Lighting face: 1 = front, 2 = back, 0 = both
miToLight floatdx4 Matrix for transforming camera-space coordinates to light

space.
miFromLight float4x4 Matrix for transforming light-space coordinates to camera
space.

Camera miCameraAspect float Aspect ratio: height x aspect = width
miCameraAperture float Aperture size: atan(focal/aperture) = field of view
miCameraFocal float Focal length: atan(focal/aperture) = field of view
miCameraClip float2 Clip plane: x = near, y = far
miCameraRes float2 Resolution of the window.
miCameraOrtho bool Is the camera orthographic?

Shadow Map misShadowMap bool 1f true, the global shadow map option is on.

(Light Shaders Only) ~righadowmaprex samplerRECT[116]  Shadow map textures. 1 for spot and directional lights, 6

for point lights.
miShadowMapTransform  float4dx4 Matrix for transforming vert2frag.position to light
space.
mishadowMapWindow float2 The transformation to apply to UV coordinates.
mishadowMapSize float2 The resolution of the shadow map.
miShadowMapBias float The bias applied to the shadow map.
Shader miRayEnvironment miiColor Connection to the environment shader.
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Shader1 Uniforms |

Literal Uniforms : Shade_r2

Shader2 Uniforms
- Parameters are
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Figure 13-5. How Global Uniforms Are Shared

i

Figure 13-6. Directional, Point, and Spotlight lllumination and Shadow Map

Listing 13-3. Partial Cg Implementation of the mental ray Base Spotlight

struct mib_light_spot : miiLight {
// parameters of the shader
miiColor color;
miiBoolean shadow;
miiScalar factor;
miiBoolean atten;
miiScalar start;
miiScalar stop;
miiScalar cone;

// Information from the light instance

// position of the light
float3 miLightOrigin;

13.3 Implementing Phenomena Using Cg
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Listing 13-3 (continued). Partiat Cg Implementation of the mental ray Base Spotlight

// direction of the light
float3 miLightDir;

// cos angle of the spread
float miLightSpread;

bool miShadowMap; // Shadow active or mnot?
samplerRECT miShadowMapTex{1]; // light shadow map

float4x4 miShadowMapTransfo; // From camera to light space
float2 miShadowMapWindow; // size of the window

float2 miShadowMapSize; // size of the shadow map

float miShadowMapBias;

// Evaluation of the light
misLightOut eval (vert2frag p) {
misLightOut ret_val;
float4 lcolor = color.eval(p);

// vector to light
ret_val.dir = normalize (miLightOrigin - p.position);
ret_val.dot_nl = dot(p.normal, ret_val.dir);

// shadow
if (shadow.eval {p) && miShadowMap) {

float 1lfactor = factor.eval(p);

lcolor.rgb *= lerp(lfactor, 1, map_z/4);

// cone

.

// dist attenuation

ret_val.color = lcolor;
return ret_val;
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13.3.7 Texture Shaders

Texture shaders typically return a color from a texture image. They can also be procedural,
like the classic marble or wood shaders. When a shader input parameter is attached to a
texture image, an explicit miColorTexture parameter is created and its texture ID is
mapped to the sampler2D parameter. By enabling automatic Cg runtime texture pa-
rameter management with a call to cgGLSetManageTextureParameters (), we do
not have to handle the activation of the texture when the program is bound. This way we
can load all textures and simply use cgSetTextureParameter () to access the image
in the shader.

All evaluation methods of the basic interface need only one parameter, the vert2frag
structure, except for the miiColorTexture interface. In addition to the usual vary-
ing parameters, we also add a £1oat2 parameter to pass the UV coordinates.

One nice thing about texture shaders is the ability to generate procedural texture coor-
dinates. Usually UVs are attached to each vertex and are often generated from texture
projections. These projections can be created in fragment programs, which can resolve
all the artifacts that often arise when applying spherical mappings or other parametric
projections at the vertex level.

Figure 13-7 (on the next page) shows a texture shader output, connected to the diffuse
parameter of the Phong shader. The texture coordinates are calculated per fragment
with a spherical projection.

Listing 13-4 is an example of a simple texture-lookup shader that returns a color.

Listing 13-4. Cg Implementation of the mental ray Texture Lookup Shader

struct mib_texture_lookup : miiColor
{
miiColorTexture tex;
miiVector coord;
float4 eval(vert2frag p) {
// Evaluation of the spherical projection shader
float3 lcoord = coord.eval(p);
// EBvaluate to a simple tex2D call
floatd ret_val = tex.eval(p, lcoord.xy);
return ret_val;
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Figure 13-7. A Texture Shader Connected to the Diffuse Parameter of mib_illum_phong

Bump Mapping

In Figure 13-8, the normal vector used for the illumination of a material is perturbed
by the bump-map shader. To apply bump mapping to a material shader, we have to
modify the varying state normal before the evaluation of the material shader. We do
this by adding an extra shader node to our graph, as illustrated in Figure 13-9. The
interface of this node takes two parameters: the first one calls the normal modifier and
returns the value to the varying state normal; the second parameter calls the material
shader. Because the normal used by the material shader has been modified before its
evaluation, the lighting is appropriately affected by the bump.

Because this is a shader returning a vector, the shader implementing the normal modi-
fier can be of any type. It can be a normal texture lookup, it can modify the normal

based on multiple texture lookups, or it can be procedural. The derivatives sent through

the varying parameter ensure that you always sample in the same direction and that the

bumps rotate appropriately with the object.

—
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Figure 13-8. mib_i1lum_phong with the Normal Modified Using a Bump-Map Shader

“Bump Map ~ Normal passthrough
Normal miiVector miiColor
Modifier p.normal = bump.eval(p) ------; —
Y

result = input.e;al(p)

Phong — ~T

Use Modified ;
Normal ) miiColor

Figure 13-9. The Structure of 2 Bump Map Shader

13.3.9 Environment and Volume Shaders

The environment shader is an optional extra root of Phenomena that is evaluated if a
ray goes to infinity. It can be called for reflective or transparent surfaces, or simply
when there are no objects visible in a particular pixel. To make sure we are calling the
environment shader for all such pixels of the rendered image, we draw a plane at ep-

silon in front of the cameras far clip plane.

- I —_— e ———
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Because fully general ray tracing is not yet supported on the GPU, reflective or refrac-
tive materials do not have the option of sending rays and hitting other objects or them-
selves. Therefore, they can only reflect their environment. To call the global
environment shader graph from another shader, we must define a global state variable.
In Figure 13-10, we show the connection between the graph and the global state vari-
able miRayEnvironment of typemiiColor.

Environment Shaser

miiColor -~ ——— —-
t—————| miRayEnvironment ————
i - o R — |

D — e e e e o ———— .

Figure 13-10. The Structure of an Environment Shader

Volume shaders are another Phenomenon root. These shaders need to be called for
every rendered fragment. The volume shader attached to the camera affects the ren-
dered color depending on different factors. One simple volume model is fog, which
attenuates the color based on the distance to the camera. Because volume shaders need
to be called for every fragment, the shader node is placed automatically on top of the
main Phenomenon root, as illustrated in Figure 13-11.

Phenomenon " Volume

miiColor ¢ miiColor
Surface Reoot ——— Input — Qutput Pixel |

Figure 13-11. The Structure of a Volume Shader

In Figure 13-12, the blue shader for the spikes does not need to be modified due to the
fog effect applied in this scene. The layer fog shader attached to the camera modifies
the output of each of the scene’s shaders, giving an atmospheric effect to the scene.

Shaders Returning Structures

Shaders are not limited to returning a single value; they can have multiple results. The
values computed in such shaders are returned as a structure. A shader input parameter
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Figure 13-12. Image Rendered Using a Volume Shader

might connect to one of the members of the structure. Because Cg cannot connect
interfaces of different types, we must implement converters.

First, the shader that returns the structure must implement the interface of this struc-
ture. This interface is needed to connect to a converter. All members of the structure
must have a converter node in order to be connected to a shader parameter. A shader
returning a color and a vector will have to implement two converters: a structure
mystruct_outColor implementing miiColor and a structure mystruct_outVector
implementing miivector. The converter has its input parameter connected to the
output of the shader and returns a member of that structure. The resulting structure
member can now be connected to the destination shader parameter.

Converters can be used by many shaders. To avoid duplicating them, we simply include
the converter code using an #include statement. Figure 13-13 shows the conversion
from an output structure containing a vector to an miivector.

Shader ‘ mystmd_outVedor Shader
struct - - | miiVector
Result — input struct.member; Param
Figure 13-13. A Shader that ‘Re‘tﬂdrns a Structure
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Rendering Hair

In mental ray, hairs are rendered as Bezier curves. Hair width can be specified using a
global radius, a per-hair radius, or a per-vertex radius. The approximation of the curves
can generate millions of triangles when rendered with the GPU, each often smaller
than a fragment. Because hairs are converted to triangles, they can be treated like any
other geometry. We can attach a Phenomenon and use the varying parameter to follow
the tangent of the hair, the distance from the root relative to the tip, and so on. This
information is sufficient to implement any lighting model, because there is no funda-
mental difference between a hair Phenomenon and any other material Phenomenon.
Figure 13-14 shows an example.

Figure 13-14. A Rendered Hairy Bean

Putting It All Together

When rendering a scene, we start collecting all the lights that need to cast shadow
maps. mental ray also uses a Cg shader for evaluating the distance to the light, and the
result is stored in a floating-point pbuffer.
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13.4

We then convert all Phenomena to Cg and construct a unique tree from the different
roots. If the resulting shader tree compiles successfully for the profile of the graphics
card, the object is drawn by the GPU; otherwise, software renders it.

Because some materials are transparent, we draw the entire scene using an order-
independent-transparency technique, also known as depth peeling (Everitt 2001). The
shaders know the distance between each level and adjust the color contribution to the
frame buffer. This is, for example, how we render hair primitives.

When all render passes are completed in hardware, the frame buffer is merged using the
z-depth value and alpha to blend with the software pass.

During this process, 2 number of things can go wrong. For example, there might not be
enough video or texture memory, or the Cg shader may not compile because of hard-
ware limitations. In any of these cases, the objects in which errors occurred are rendered
with software.

Conclusion

Phenomena converted to Cg and Phenomena evaluated by software produce the same
result, and in the end, the hardware-rendered image is not noticeably different from the
software-rendered version, which was our original goal. With hardware multisampling
and supersampling, we can achieve comparable image quality as with software, and
rendering on the GPU takes just a small fraction of the time needed for software to
render a frame.

In complex production scenes, compiling the numerous shaders takes some time during
preprocessing of the scene. Sometimes the Cg compiler overhead can reduce the overall
gain from high-speed hardware rendering. But when shaders are compiled and all tex-
tures reside in video memory, there is no doubt that using the GPU to render the scene
is far faster than using the CPU. With numerous test scenes, we have found that GPUs
consistently render an order of magnitude or more faster than CPUs.

GPUs are now so fast that we can push the limit on the numbers of triangles in a scene.
Because all triangles do not need to be resident in memory, we can render scenes that
are very expensive to render in software. On the other hand, mental ray’s software ren-
derer provides functionality that cannot yet be achieved by hardware. Knowing the
limitations of the hardware, we can create scenes to exploit its strengths and reduce
rendering time by one or two orders of magnitude.
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At the time this chapter was written, we noticed that the time to render a frame was
being cut by more than a factor of two per year. Each new generation of GPUs provides
more power and more memory, and overcomes more limitations. In the near future,
current hardware limitations will disappear and will make the usage of GPUs even
more common. We think that by 2010, almost all rendering will be GPU based.
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14.1

Chapter 14

Dynamic Ambient Occlusion
and Indirect Lighting

Michael Bunnell
NVIDIA Corporation

In this chapter we describe a new technique for computing diffuse light transfer and
show how it can be used to compute global illumination for animated scenes. Our
technique is efficient enough when implemented on a fast GPU to calculate ambient
occlusion and indirect lighting data on the fly for each rendered frame. It does not have
the limitations of precomputed radiance transfer (PRT) or precomputed ambient oc-
clusion techniques, which are limited to rigid objects that do not move relative to one
another (Sloan 2002). Figure 14-1 illustrates how ambient occlusion and indirect light-
ing enhance environment lighting.

Our technique works by treating polygon meshes as a set of surface elements that can

emit, transmit, or reflect light and that can shadow each other. This method is so effi-
cient because it works without calculating the visibility of one element to another. In-
stead, it uses a much simpler and faster technique based on approximate shadowing to
account for occluding (blocking) geometry.

Surface Elements

The first step in our algorithm is to convert the polygonal data to surface elements to
make it easy to calculate how much one part of a surface shadows or illuminates an-
other. Figure 14-2 illustrates the basic concept. We define a surface element as an ori-
ented disk with a position, normal, and area. An element has a front face and a back
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Figure 14-1. Adding Realism with Ambient Occlusion and Indirect Lighting

The scene on the left uses only environment lighting and looks very flat. The middle scene adds
soft shadows using ambient occlusion. The scene on the right adds indirect lighting for an extra
level of realism.

N

X

Figure 14-2. Converting a Polygonal Mesh to Elements
Left: A portion of a polygonal mesh. Right: The mesh represented as disk-shaped elements.

face. Light is emitted and reflected from the front-facing side. Light is transmitted and
shadows are cast from the back. We create one element per vertex of the mesh. Assum-
ing that the vertices are defined with a position and normal already, we just need to
calculate the area of each element. We calculate the area at a vertex as the sum of one-
third of the area of the triangles that share the vertex (or one-fourth of the area for
quads). Heron’s formula for the area of a triangle with sides of length 4, 4, and ¢ is:

224
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14.2

) e s
where s is half the perimeter of the triangle: (2 + & + ¢)/2.

We store element data (position, normal, and area) in texture maps because we will be
using a fragment program (that is, a pixel shader) to do all the ambient occlusion calcu-
lations. Assuming that vertex positions and normals will change for each frame, we
need to be able to change the values in the texture map quickly. One option is to keep
vertex data in a texture map from the start and to do all the animation and transforma-
tion from object space to eye (or world) space with fragment programs instead of vertex
programs. We can use render-to-vertex-array to create the array of vertices to be sent
down the regular pipeline, and then use a simple pass-through vertex shader. Another,
less efficient option is to do the animation and transformation on the CPU and load a
texture with the vertex data each frame.

Ambient Occlusion

Ambient occlusion is a useful technique for adding shadowing to diffuse objects lit with
environment lighting. Without shadows, diffuse objects lit from many directions look flat
and unrealistic. Ambient occlusion provides soft shadows by darkening surfaces that are
partially visible to the environment. It involves calculating the accessibility value, which is
the percentage of the hemisphere above each surface point not occluded by geometry
(Landis 2002). In addition to accessibility, it is also useful to calculate the direction of
least occlusion, commonly known as the bent normal. The bent normal is used in place of
the regular normal when shading the surface for more accurate environment lighting.

We can calculate the accessibility value at each element as 1 minus the amount by
which all the other elements shadow the element. We refer to the element that is shad-
owed as the receiver and to the element that casts the shadow as the emizter. We use an
approximation based on the solid angle of an oriented disk to calculate the amount by
which an emitter element shadows a receiver element. Given that A is the area of the
emitter, the amount of shadow can be approximated by:

B rcosf, max(l, 4cos€R)

A
Z 4
™

Equation 14-1. Shadow Approximation
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As illustrated in Figure 14-3, 8. is the angle between the emitter’s normal and the vector
g E &

from the emitter to the receiver. 8, is the corresponding angle for the receiver element.

The max(1, 4 x cos §) term is added to the disk solid angle formula to ignore emitters

that do not lie in the hemisphere above the receiver without causing rendering artifacts

for elements that lie near the horizon.

Here is the fragment program function to approximate the element-to-element occlusion:

float ElementShadow(float3 v, float rSguared, float3 receiverNormal,
float3 emitterNormal, float emitterArea)
{
// we assume that emitterArea has already been divided by PI
return (1 - rsgrt(emitterArea/rSquared + 1))} *
saturate(dot(emitterNormal, v)) *
saturate(4 * dot(receiverNormal, v));

Figure 14-3. The Relationship Between Receiver and Emitter Elements
Receiver element R receives light or shadow from emitter E with r as the distance between the
centers of the two elements.

The Multipass Shadowing Algorithm

We calculate the accessibility values in two passes. In the first pass, we approximate the
accessibility for each element by summing the fraction of the hemisphere subtended by
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every other element and subtracting the result from 1. After the first pass, some elements
will generally be too dark because other elements that are in shadow are themselves cast-
ing shadows. So we use a second pass to do the same calculation, but this time we multi-
ply each form factor by the emitter element’s accessibility from the last pass. The effect is
that elements that are in shadow will cast fewer shadows on other elements, as illustrated
in Figure 14-4. After the second pass, we have removed any double shadowing. However,
surfaces that are triple shadowed or more will end up being too light. We can use more
passes to get a better approximation, but we can approximate the same answer by using a
weighted average of the combined results of the first and second passes. Figure 14-5
shows the results after each pass, as well as a ray-traced solution for comparison. The bent
normal calculation is done during the second pass. We compute the bent normal by first
multiplying the normalized vector between elements and the form factor. Then we sub-
tract this result from the original element normal.

A B A A
P \ P B S o B
e el
C C C

Figure 14-4. Correcting for Occlusion by Overlapping Objects
Left: Elements A and B correctly shadow C after the first pass. Middle: In this arrangement, B casts
too much shadow on C. Right: B’s shadow is adjusted by the second pass to shadow C properly.
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Figure 14-5. Comparing Models Rendered with Our Technique to Reference Images

Model rendered with ambient occlusion accessibility value calculated after (a) one pass, (b) two
passes, and (c) three passes of the shader. (d) Image made by tracing 200 random rays per vertex
for comparison. Model courtesy of Bay Raitt.
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14.2.2

We calculate the occlusion result by rendering a single quad (or two triangles) so that
one pixel is rendered for each surface element. The shader calculates the amount of
shadow received at each element and writes it as the alpha component of the color of
the pixel. The results are rendered to a texture map so the second pass can be performed
with another render. In this pass, the bent normal is calculated and written as the RGB
value of the color with a new shadow value that is written in the alpha component.

Improving Performance

Even though the element-to-element shadow calculation is very fast (a GeForce 6800
can do 150 million of these calculations per second), we need to improve our algorithm
to work on more than a couple of thousand elements in real time. We can reduce the
amount of work by using simplified geometry for distant surfaces. This approach works
well for diffuse lighting environments because the shadows are so soft that those cast by
derails in distant geometry are not visible. Fortunately, because we do not use the poly-
gons themselves in our technique, we can create surface elements to represent simpli-
fied geometry without needing to create alternate polygonal models. We simply group
elements whose vertices are neighbors in the original mesh and represent them with a
single, larger element. We can do the same thing with the larger elements, creating
fewer and even larger elements, forming a hierarchy. Now instead of traversing every
single element for each pixel we render, we traverse the hierarchy of elements. If the
receiver element is far enough away from the emitter—say, four times the radius of the
emirter—we use it for our calculation. Only if the receiver is close to an emitter do we
need to traverse its children (if it has any). See Figure 14-6. By traversing a hierarchy in
this way, we can improve the performance of our algorithm from O(?) to O(n log ) in
practice. The chart in Figure 14-7 shows that the performance per vertex stays consis-
tent as the number of vertices in the hierarchy increases.
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Figure 14-6. Hierarchical Elements
Elements are traversed in a hierarchy; child elements are traversed only if necessary.
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Figure 14-7. Ambient Occlusion Shader Performance for Meshes of Different Densities

We calculate a parent element’s data using its direct descendants in the hierarchy. We
calculate the position and normal of a parent element by averaging the positions and
normals of its children. We calculate its area as the sum of its children’s areas. We can
use a shader for these calculations by making one pass of the shader for each level in the
hierarchy, propagating the values from the leaf nodes up. We can then use the same
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