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l. INTRODUCTION

1. My name is Sylvia D. Hall-Ellis. | have been retained as an expert on

behalf of Qualcomm Incorporated (“Petitioner”).

2. I have written this report on behalf of Petitioner to provide my expert
opinion regarding the authenticity and public availability of several publications.
My report sets forth my opinions in detail and provides the basis for my opinions

regarding the public availability of these publications.

3. | reserve the right to supplement or amend my opinions, and bases
for them, in response to any additional evidence, testimony, discovery, argument,
and/or other additional information that may be provided to me after the date of

this report.

4. | am being compensated for my time spent working on this matter at
my normal consulting rate of $350 per hour, plus reimbursement for any
additional reasonable expenses. My compensation is not in any way tied to the
content of this report, the substance of my opinions, or the outcome of this

litigation. | have no other interests in this proceeding or with any of the parties.

5. All of the materials that | considered are discussed explicitly in this
declaration.

II.  QUALIFICATIONS

6. I am currently an Adjunct Professor in the School of Information at
2
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San José State University. | obtained a Master of Library Science from the
University of North Texas in 1972 and a Ph.D. in Library Science from the
University of Pittsburgh in 1985. Over the last 50-plus years, | have held various
positions in the field of library and information resources. | was first employed as
a librarian in 1966 and have been involved in the field of library sciences since,

holding numerous positions.

7. | am a member of the American Library Association (ALA) and its
Association for Library Collections & Technical Services (ALCTS) Division, and
| served on the Committee on Cataloging: Resource and Description (which wrote
the new cataloging rules) and as the chair of the Committee for Education and
Training of Catalogers and the Competencies and Education for a Career in
Cataloging Interest Group. 1 also served as the Chair of the ALCTS Division’s
Task Force on Competencies and Education for a Career in Cataloging.
Additionally, I have served as the Chair for the ALA Office of Diversity’s
Committee on Diversity, as a member of the REFORMA National Board of
Directors, as a member of the Editorial Board for the ALCTS premier cataloging
journal, Library Resources and Technical Services, as a Co-Chair of the Library
Research Round Table (LRRT) for the American Library Association, and as a

member of the LRRT Nominating Committee.

8. | have also given over one hundred presentations in the field,
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including several on library cataloging systems and Machine-Readable Cataloging
(“MARC?”) standards. My current research interests include library cataloging

systems, metadata, and organization of electronic resources.

9. My full curriculum vitae is attached hereto as Exhibit 1.

I11. PRELIMINARIES

10.  Scope of this declaration. | am not an attorney and will not offer
opinions on the law. | am, however, rendering my expert opinion on the
authenticity of the documents referenced herein and on when and how each of
these documents was disseminated or otherwise made available to the extent that
persons interested and ordinarily skilled in the subject matter or art, exercising
reasonable diligence, could have located the documents before on or around the

listed dates of their respective publications below.

11. | am informed by counsel that a printed publication qualifies as
publicly accessible as of the date it was disseminated or otherwise made available
such that a person interested in and ordinarily skilled in the relevant subject matter

could locate it through the exercise of ordinary diligence.

12.  While I understand that the determination of public accessibility
under the foregoing standard rests on a case-by-case analysis of the facts
particular to an individual publication, | also understand that a printed

publication is rendered “publicly accessible” if it is cataloged and indexed by a
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library such that a person interested in the relevant subject matter could locate it
(i.e., I understand that cataloging and indexing by a library is sufficient, though
there are other ways that a printed publication may qualify as publicly accessible).
One manner of sufficient indexing is indexing according to subject matter
category. | understand that the cataloging and indexing by a single library of a
single instance of a particular printed publication is sufficient, even if the single
library is in a foreign country. | understand that, even if access to a library is
restricted, a printed publication that has been cataloged and indexed therein is
publicly accessible so long as a presumption is raised that the portion of the public
concerned with the relevant subject matter would know of the printed publication.
| also understand that the cataloging and indexing of information that would guide
a person interested in the relevant subject matter to the printed publication, such
as the cataloging and indexing of an abstract for the printed publication, is

sufficient to render the printed publication publicly accessible.

13. 1 understand that routine business practices, such as general library
cataloging and indexing practices, can be used to establish an approximate date on

which a printed publication became publicly accessible.

14.  Persons of ordinary skill in the art. I am told by counsel that the
subject matter of this proceeding generally relates to system-on-chip (SoC),

interconnect, or networking technologies.
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15. I have been informed by counsel that a “person of ordinary skill in
the art at the time of the inventions” is a hypothetical person who is presumed to
be familiar with the relevant field and its literature at the time of the inventions.
This hypothetical person is also a person of ordinary creativity, capable of

understanding the scientific principles applicable to the pertinent field.

16. | am told by counsel that persons of ordinary skill in this subject

matter or art would be familiar with the relevant technology in the early 2000s.

17. It is my opinion that such a person would have been engaged in
research, learning thorough study and practice in the field and possibly through
formal instruction the bibliographic resources relevant to his or her research.

IV. LIBRARY CATALOGING PRACTICES
A.  MARC RECORDS AND THE ONLINE LIBRARY CATALOG

18. I am fully familiar with the library cataloging standard known as the
MARC standard, which is an industry-wide standard method of storing and
organizing library catalog information.! MARC was first developed in the 1960s
by the Library of Congress. A MARC-compatible library is one that has a catalog

consisting of individual MARC records for each of its items. Today, MARC is the

! The full text of the standard is available from the Library of Congress at

http://www.loc.gov.marc/bibliographic/ (last visited November 21, 2023).
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primary communications protocol for the transfer and storage of bibliographic

metadata in libraries.

19. MARC is a framework into which descriptive bibliographic data are
transcribed to interact with the software in online library catalogs to provide
access to books, journals, and other resources in the collection. Bibliographic data
provide points of access and can be searched by a person of ordinary skill in the
art at the time of the invention (“POSITA,” see paragraphs 14-17 above) to
identify and obtain resources in the library collection. An information seeker (or
POSITA) can search a local online library catalog or the holdings of a group of

libraries in a state or region or in the global catalog WorldCat.

20. MARC records are not designed for public viewing. Although a
significant number of libraries provide access to the MARC version of a
bibliographic record, the public display is designed to show information in a
succinct manner that is quickly understood and useful to the information seeker.
Libraries determine the default search for the online catalog to make the entry
of search terms efficient and result in a successful search. Information seekers can
enter a keyword, title, author, or standard number for the item. Libraries may also
provide a search capability called “Summon” that allows the information seeker to

enter known information about the item to conduct a search.

21.  Since at least the early 1970s and continuing to the present day,
7
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MARC has been the primary communications protocol for the transfer and storage
of bibliographic metadata in libraries.? As explained by the Library of Congress:
You could devise your own method of organizing the
bibliographic information, but you would be isolating your library,
limiting its options, and creating much more work for yourself.
Using the MARC standard prevents duplication of work and allows
libraries to better share bibliographic resources. Choosing to use
MARC enables libraries to acquire cataloging data that is predictable
and reliable. If a library were to develop a “home-grown” system
that did not use MARC records, it would not be taking
advantage of an industry-wide standard whose primary purpose is
to foster communication of information.
Using the MARC standard also enables libraries to make use

of commercially available library automation systems to manage

2 A complete history of the development of MARC can be found in MARC: Its
History and Implications by Henrietta D. Avram (Washington, DC: Library of
Congress, 1975) and available online from the Hathi Trust

(https://babel.hathitrust.org/cqi/pt?id=mdp.39015034388556;view=1up;seq=1; last

visited November 21, 2023).
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library operations. Many systems are available for libraries of all
sizes and are designed to work with the MARC format. Systems are
maintained and improved by the vendor so that libraries can benefit
from the latest advances in computer technology. The MARC
standard also allows libraries to replace one system with another
with the assurance that their data will still be compatible.

Why Is a MARC Record Necessary? LIBRARY OF CONGRESS.®

22.  Thus, almost every major library in the world is MARC-
compatible. See, e.g., MARC Frequently Asked Questions (FAQ), LIBRARY OF
CONGRESS.* (“MARC is the acronym for MAchine-Readable Cataloging. It
defines a data format that emerged from a Library of Congress-led initiative that
began fifty years ago. It provides the mechanism by which computers exchange,
use, and interpret bibliographic information, and its data elements make up the
foundation of most library catalogs used today.”). MARC is the ANSI/NISO
Z239.2-1994 standard (reaffirmed in 2016) for Information Interchange Format.

The full text of the standard is available from the Library of Congress.®

3 http://www.loc/gov/marc/umb/um01to06.html#part2

4 https://www.loc.gov/marc/fag.html

5 http://www.loc.gov/marc/bibliographic/
9
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23.  Examining the MARC records for a specific item reveals the
comprehensive data transcribed about a particular item at the time that cataloging
and classification occurred. In addition to the creator, title, subjects, and standard
numbers, additional information may provide additional and relevant data
depending on the type of resource. Understanding the full extent of bibliographic
data for an item and the points of access associated with it provides essential
information that can be used to determine the indexing and public availability for
documents described in this declaration.

B. MARC RECORDS

24. 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 follow. For example, a
work’s title is recorded in Field 245; the primary author of the work is transcribed
in Field 100; an item’s International Standard Book Number (“ISBN”) consisting
of ten or thirteen digits is transcribed in Field 020; an item’s International
Standard Serial Number (“ISSN”) is transcribed in Field 022; the Library of
Congress classification notation is recorded in Field 050; and the publication date
is recorded in Field 260 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
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enumeration/chronology field.®

25.  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
Online Computer Library Center’s (“OCLC”) bibliographic database, hovering
over this code with the mouse reveals the full name of the library. | used this
method of “mousing over” the library codes in the OCLC database to identify the
originating library for the MARC records discussed in this Declaration. Where
this “mouse over” option was not available, | consulted the Directory of OCLC

Libraries to identify the institution that created the MARC record.’

26. MARC records also include several fields that include subject matter
classification information. An overview of MARC record fields is available
through the Library of Congress.® For example, 6XX fields are termed “Subject
Access Fields.”® Among these, for example, is the 650 field; this is the

“Subject Added Entry — Topical Term” field.° The 650 field is a “[s]ubject added

6 http://www.loc.gov/marc/bibiliographic/bd3xx.html

" https://www.oclc.org/en/contacts/libraries.html

8 http://www.loc.gov/marc/bibliographic/

9 http://www.loc.gov/marc/bibliographic/bd6xx.html

10 hitp://www.loc.gov/marc/bibliographic/bd650.html
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entry in which the entry element is a topical term.” These 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. Further, MARC records include call
numbers, which themselves include a classification number. For example, the 050
field is the “Library of Congress Call Number.”!! A defined portion of the Library
of Congress Call (LCC) Number is the classification number, and “source of the
classification number is Library of Congress Classification and the LC
Classification-Additions and Changes.” Thus, included in the 050 field is a
subject matter classification. Further, the 082 field is the “Dewey Decimal Call
Number.”*? A defined portion of the Dewey Decimal Call (DDC) Number is the
classification number, and “source of the classification number is the Dewey
Decimal Classification and Relative Index.” Thus, included in the 082 field is a
subject matter classification. Each item in a library has a single classification
number. A library selects a classification scheme (e.qg., the Library of Congress
classification scheme just described or a similar scheme such as the

Dewey Decimal classification scheme) and uses it consistently. When the Library

11 http://www.loc.gov/marc/bibliographic/bd050.html

12 hitp://www.loc.gov/marc/bibliographic/bd082.html
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of Congress assigns the LCC classification number, it appears as part of the 050
field. When the Library of Congress assigns the DDC classification number, it
appears as part of the 082 field. If a local library assigns the classification number,
it appears in a 090 field. In either scenario, the MARC record includes a
classification number that represents a subject matter classification.

C. OcCLC

27. The OCLC was created “to establish, maintain and operate a
computerized library network and to promote the evolution of library use, of
libraries themselves, and of librarianship, and to provide processes and products
for the benefit of library users and libraries, including such objectives as
increasing availability of library resources to individual library patrons and
reducing the rate of rise of library per-unit costs, all for the fundamental public
purpose of furthering ease of access to and use of the ever-expanding body of
worldwide scientific, literary and educational knowledge and information.”*3
Among other services, OCLC and its members are responsible for maintaining the

WorldCat database (http://www.worldcat.org/), used by independent and

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

Library Center, Incorporated (available at https://www.oclc.org/content/dam/oclc/

membership/articles-of-incorporation.pdf).
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institutional libraries throughout the world.

28. OCLC also provides its members online access to MARC records
through its OCLC bibliographic 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 tape-loaded into the OCLC database through a
subscription to MARC Distribution Services daily or weekly. Once the MARC
record is created by a cataloger at an OCLC member institution or is tape-loaded
from the Library of Congress, the MARC record is then made available to any
other OCLC members online, and therefore made available to the public.
Accordingly, once the MARC record is created by a cataloger at an OCLC
member institution or is tape- loaded from the Library of Congress or another
library anywhere in the world, any publication corresponding to the MARC record
has been cataloged and indexed according to its subject matter such that a person
interested in that subject matter could, with reasonable diligence, locate and
access the publication through any library with access to the OCLC bibliographic

database or through the Library of Congress.

29.  When an OCLC member institution creates a new MARC record,
OCLC automatically supplies the date of creation for that record. The date of
creation for the MARC record appears in the fixed Field (008), characters
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00 through 05. The MARC record creation date reflects the date on which, or
shortly after which, the item was first acquired or cataloged. Initially, Field 005 of
the MARC record is automatically populated with the date the MARC record was
created in year, month, day format (YYYYMMDD) (some of the newer library
catalog systems also include hour, minute, second (HHMMSS)). Thereafter, the
library’s computer system may automatically update the date in Field 005 every
time the library updates the MARC record (e.g., to reflect that an item has been
moved to a different shelving location within the library). Field 005 is visible
when viewing a MARC record via an appropriate computerized interface, but
when a MARC record is printed to hardcopy, no “005” label appears. The initial
Field 005 date (i.e., the date the MARC record was created) does appear,
however, next to the label “Entered.”* The date upon which the most recent
update to Field 005 occurred also appears, next to the label “Replaced.” Thus,
when an item’s MARC record has been printed to hardcopy—as is the case with

the MARC attachments to this Declaration—the date reflected next to the label

14 Field 005 is visible when viewing a MARC record via an appropriate
computerized interface. But when a MARC record is printed directly to hardcopy
from the OCLC database, the “005” label is not shown. The date in the 005 field

instead appears next to the label “Replaced.”
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“Entered” is necessarily on or after the date the library first cataloged and indexed

the underlying item.

30. Once one library has cataloged and indexed a publication by creating
a MARC record for that publication, other libraries that receive the publication do
not create additional MARC records—the other libraries instead rely on the
original MARC record. They may update or revise the MARC record to ensure
accuracy, but they do not replace or duplicate it. This practice does more than
save libraries from duplicating labor. It also enhances the accuracy of MARC
records. Further, it allows librarians around the world to know that a particular
MARC record is authoritative (in contrast, a hypothetical system wherein
duplicative records were created would result in confusion as to which record is

authoritative).

31. Catalogers can create MARC records for all types of print, online,
and digital resources. 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. Upwards of two-thirds to three-quarters of book sales and magazine
subscriptions to libraries come from a jobber or wholesaler for online and print
resources. These resellers make it their business to provide items to their
customers as fast as possible, often providing turnaround times of only a single
day after publication. Libraries purchase a significant portion of the balance of
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their books and journals directly from publishers themselves, which provide
delivery on a similarly expedited schedule. In general, libraries make these
purchases throughout the year and shelve the newly received items as soon

thereafter as possible to make them available to their patrons.

32.  In preparing this report, | used authoritative databases, such as the
OCLC bibliographic database and the Library of Congress Online Catalog, to

confirm citation details of the various publications discussed.

33. Indexing. A researcher may discover material relevant to his or her
topic in a variety of ways. One common means of discovery is to search for
relevant information in an index of periodical and other publications. Having
found relevant material, the researcher will then normally obtain it online, look for
it in libraries, or purchase it from a publisher, a bookstore, a document delivery
service, or other provider. Sometimes, the date of a document’s public
accessibility will involve both indexing and library date information. However,
date information for indexing entries is often unavailable. This is especially true

for online indices.

34. Indexing services use a wide variety of controlled vocabularies to
provide subject access and other means of discovering the content of documents.
The formats in which these access terms are presented vary from service to

service.
17
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35.  Online indexing services commonly provide bibliographic
information, abstracts, and full-text copies of the indexed publications, along with
a list of the documents cited in the indexed publication. These services also often
provide lists of publications that cite a given document. A citation of a document
Is evidence that the document was publicly available and in use by researchers no

later than the publication date of the citing document.

36. Before the widespread development of online databases to index
articles in journals, magazines, conference papers, and technical reports, libraries
purchased printed volumes of indices. Graduate library school education
mandated that students learn about the bibliographic control of disciplines, the
prominent indexing volumes, and searching strategies required to use them
effectively and efficiently. Half of the courses that I studied in library school were

focused on the bibliography and resources in academic disciplines.

37.  Librarians consulted with information seekers to verify citations,
check availability in union catalogs, printed books catalogs, the OCLC database,
and make formal requests for materials (e.g., books, conference proceedings,
journal articles). Requests were transmitted using Telex machines, rudimentary
email systems, and the United States Postal Service. During my career, | have

performed and supervised staff who handled these resource sharing tasks.

38. A major firm known for the breadth of subjects and comprehensive
18
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treatment in the preparation of index volumes, the H. W. Wilson Company
offered these reference resources since the firm was founded in 1898. The
Reader’s Guide to Periodical Literature is one of the best-known titles
available from H. W. Wilson. Each volume includes a comprehensive index for
300 of the most popular and important periodicals published in the United States
and Canada. Information seekers have subject access expressed in plain language
terminology, author access, and cross references to find the desired results from
their searches. The family of index titles included Science & Technology Index,
Business Periodicals, Applied Science & Technology Index, Humanities Index,
Biological & Agricultural Index, and Industrial Arts Index. These printed indices
have been superseded by digital database offerings available to information

seekers through Ebsco.

39. Online indexing services such as Google Scholar®® or
ScienceDirect!® commonly provide bibliographic information, abstracts, and full-
text copies of the indexed publications, along with a list of the documents cited in
the indexed publication. These services also often provide lists of publications

that cite a given document.

15 https://scholar.google.com/

16 https://www.sciencedirect.com/
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40. A citation of a document by another is evidence that the document
was publicly available and in use no later than the publication date of the citing
document.

V. “NETWORKS ON CHIP” Textbook (Jantsch and Tenhunen, eds.)

41. Attachment 1G to this declaration is a copy of chapters 1 through 4
of a book titled Networks on Chip edited by Axel Jantsch and Hannu Tenhunen
(hereafter “Jantsch” book) and issued by Kluwer Academic. Attachment 1G
contains a true and correct copy of the title page, copyright page, and table of
contents, along with chapters 1-4, as held by the Karl F. Wendt Engineering
Library at the University of Wisconsin — Madison. The text in Attachment 1G is
complete for Chapters 1 through 4; no pages are missing, and the text on each
page appears to flow seamlessly from one page to the next; further, there are no

visible alterations to the document.

42.  Attached hereto as Attachment 1A is a true and correct copy of the
MARC record for this monograph from the Karl F. Wendt Engineering Library at
the University of Wisconsin — Madison online catalog. Library ownership is
indicated by the presence of the library’s code (“GZM?”) in the 049 field. The
library continues to update this MARC record to meet current cataloging rules.
The most recent enhancement to the MARC record occurred on May 12, 2014, as

shown in the 005 field (*20140512”). | personally identified and retrieved the
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library catalog record which is Attachment 1A.

43.  The International Standard Book Number (ISBN) on Exhibit 1014
(1- 4020-7392-5) matches the ISBN in field 020 of Attachment 1A. Therefore,
Attachment 1G is a true and correct excerpt of the same book as the one that the
cataloger at the Library of Congress used to create a MARC record (Attachment
1B) as part of the Cataloging in Publication (CIP) Program.’ A cataloger prepares
basic information about the forthcoming book which is included on the verso of
the title page (also called the copyright page). The information is provided to save
time needed for the cataloging process at the library after the book is purchased.
The CIP data includes the author (field 100), title and subtitle (field 245), ISBN
(field 022), suggested subject headings (field 650), classification numbers for the
Library of Congress classification number (field 050), and the Dewey Decimal
classification number (field 082). These data elements are included in the MARC
record that the Library of Congress contributes to the OCLC bibliographic
database. As can be seen in the “Entered” field in the MARC record for this
exhibit, a cataloger at the Library of Congress created OCLC record number
51477844 on January 8, 2003, as shown in the 008 field (“030108). The library

continues to update and enhance this MARC record to meet current cataloging

17 https://www.loc.qgov/publish/cip/
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rules. The most recent enhancement to Attachment 1B occurred on August 3,
2020, as shown in the 005 field (“200803”). I personally identified and retrieved

the MARC record that is Attachment 1B.

44.  Field 955 indicates that the Jantsch book arrived in the Library of
Congress on April 7, 2003 (“2003-04-07") and exited the cataloging process on
May 12, 2003. Therefore, the book titled Networks on Chip (including the
chapters 1 through 4 excerpted as Attachment 1G) was present and cataloged in
the Library of Congress on May 12, 2003. It would have been able to be located
by a person of ordinary skill in the art using the library catalog system and was

thus publicly accessible as of this date.

45.  Attached hereto as Attachment 1C is a true and correct copy of the
MARC record for the Jantsch book titled Networks on Chip obtained from the
OCLC bibliographic database. | personally identified and retrieved the MARC
record that is Attachment 1C. As previously noted, the library that created the
record is recorded in field 040 with a unique library code. For Attachment 1C,
that library code is “DLC,” which means that the MARC record for this book was
created at the Library of Congress. As can be seen in the “Entered” field in the
MARC record for this exhibit, a cataloger at the Library of Congress created
OCLC record number 51477844 on January 8, 2003 (see Y 43 above) as shown in

the “Entered” field (“20030108). The library continues to update and enhance
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this MARC record to meet current cataloging rules. The most recent enhancement
to Attachment 1C occurred on June 8, 2022, as shown in the “Replaced” field
(“20220608”). | personally identified and retrieved the MARC record that is

Attachment 1C.

46.  Attachment 1C further includes an entry in field 050 (“TK7895.E42
$b N48 2003”)—as described above, this includes a subject matter classification
number consistent with the Library of Congress classification system (analogous
to the Dewey Decimal classification system) and an entry in field 082 (“004.6”), a
subject matter consistent with the Dewey Decimal classification system.
Attachment 1C further includes two descriptor terms reading “Systems on a
chip $x Design and construction” (see Attachment 1D, Library of Congress
subject heading sh2002000568 and Attachment 1E, Library of Congress subject
heading sh87005579) and “Computer networks” (see Attachment 1F, Library of
Congress subject heading sh85029513) in the 650 fields. Thus, as of its
cataloging, the publication corresponding to the MARC record attached hereto as
Attachment 1C was indexed according to its subject matter by virtue of at least
three independently sufficient classifications: the field 050 entry, the field 082
entry, and the field 650 entries. Further, as of January 8, 2003, the MARC record
attached hereto as Attachment 1C was accessible through any library with access

to the OCLC bibliographic database or the online catalog at a library that added
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this book to its collection, which means that the corresponding publication was
publicly available on or before that same date through any library with access to

the OCLC bibliographic database or through an individual library.

47.  Attachment 1C indicates that the Jantsch book cataloged at the
Library of Congress is currently available from 127 libraries. In view of above,
the Jantsch book titled Networks on Chip was publicly available as of May 12,
2003, because by that date it had been cataloged and indexed at the Library of
Congress, made part of the OCLC bibliographic database, and received in the Karl
F. Wendt Engineering Library at the University of Wisconsin — Madison. For
these reasons, it is my opinion that the Jantsch book was published and accessible
to the public no later than May 12, 2003.

VI. DOCUMENT 1: EXHIBIT 1007 (“GOOSSENS2003™)

48.  Exhibit 1007 is a true and correct copy of chapter 4 of the Jantsch
book I discussed above. | obtained Exhibit 1007 from counsel. The text in Exhibit
1007 is complete for those portions excerpted; no pages are missing, and the text
on each page appears to flow seamlessly from one page to the next; further, there
are no visible alterations to the document. Exhibit 1007 is a true and correct copy
of Chapter 4 of the Jantsch book | discussed above in a condition that creates no

suspicion about its authenticity.

49.  For the reasons | explained in Section V above, it is my opinion that
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Exhibit 1007, as a true and correct copy of chapter 4 of the Jantsch book, was
published and accessible to the public no later than May 12, 2003. Exhibit 1007
was published and accessible to the public no later than May 12, 2003 because it
Is contained within the Jantsch book that, as | explained above in Section V, was
published and accessible to the public no later than May 12, 2003.

VIl. DOCUMENT 2: EXHIBIT 1014

50.  Exhibit 1014 is a true and correct copy of the cover, title page and
copyright page, table of contents, preface, and chapters 1 through 3 of the Jantsch
book | discussed above. | obtained Exhibit 1014 from counsel. The text in Exhibit
1014 is complete for those portions excerpted; no pages are missing, and the text
on each page appears to flow seamlessly from one page to the next; further, there
are no visible alterations to the document. Exhibit 1014 is a true and correct copy
of the excerpts of the Jantsch book in a condition that creates no suspicion about

its authenticity.

51. For the reasons | explained in Section V above, it is my opinion that
Exhibit 1014, as a true and correct copy of the cover, title page and copyright
page, table of contents, preface, and chapters 1 through 3 of the Jantsch book, was
published and accessible to the public no later than May 12, 2003. Exhibit 1014
was published and accessible to the public no later than May 12, 2003 because it

Is contained within the Jantsch book that, as | explained above in Section V, was
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published and accessible to the public no later than May 12, 2003.

VIiIl. SUMMARY OF OPINIONS

52.  Inview of the foregoing, it is my opinion that the Jantsch textbook
discussed above, including the excerpts provided as Exhibits 1007 and Exhibit

1014, was publicly available no later than May 12, 2003.

53. Insigning this Declaration, | recognize that the Declaration will be
filed as evidence in a case before the Patent Trial and Appeal Board of the United
States Patent and Trademark Office. | also recognize that I may be subject to
cross-examination in the case and that cross-examination will take place within
the United States. If cross-examination is required of me, | will appear for cross-
examination within the United States during the time allotted for cross-

gxamination.

54. | 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 were made with
the knowledge that willful false statements and the like so made are punishable by
fine or imprisonment, or both, under Section 1034 of Title 18 of the United States

Code.
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DATED: October 24, 2024 By:
via D. Hall-Ellis, Ph,D:
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CURRICULUM VITAE SYLVIA D. HALL-ELLIS

EDUCATION
Ph.D., University of Pittsburgh, Pittsburgh, Pennsylvania, 1985
M.P.S., University of Denver, Denver, Colorado, 2014
Post Graduate Studies, University of Texas — San Antonio, Texas, 1975-1976
M.L.S., University of North Texas, Denton, Texas, 1972
B.A., Rockford University, Rockford, Illinois, 1971

PROFESSIONAL EXPERIENCE
1981- Consultant for higher education, non-profit organizations, and corporations.

2002- Adjunct Professor, School of Information, San José State University, San José,
California. Serve as part-time faculty member teaching graduate students in technical services
(cataloging, bibliographic control, classification), “core courses,” and special topics.

2014-2016 Director, Grants and Resource Development, Colorado Community College System.
Provided leadership and vision to foster the continued growth of rigorous scholarship,
innovative projects, and creative work for statewide system, 13 campuses, and 50 teaching
sites serving 155,000 students. Responsible for leadership and ensured efficient functioning of
contract and grants in compliance with state & federal requirements and successful
implementation and management. Served as a subject matter expert and liaison for college
Grant Directors for all issues relating to grants and subcontracts.

2010-2014 Senior Grant Administrator, Morgridge College of Education, University of Denver
(Colorado). Provided leadership and vision to foster continued growth of rigorous
scholarship, innovative research, and creative work in the Morgridge College of Education.
Ensure that contract and grants processes function effectively and efficiently for 60 faculty and
researchers with a focus on the successful progression and efficient management of grants
totaling $13M. Worked effectively and collegially with Department Chairs and Program
Coordinators on operational grant-related management activities and with a broad range of
internal and external constituencies. Supported the dissemination and promotion of faculty
research and scholarship to outside constituents at conferences and through publications.
Assisted Principal Investigators and grant project teams by coaching, mentoring, and financial
management.

2011-2013 Interim Director & Assistant Dean, Westminster Law Library, Sturm College of Law,
University of Denver. Planned, organized, and directed all administrative activities for the
library serving students, faculty, and alumni; oversaw the employment, retention, promotion,
transfer and termination of library personnel; represented the library at professional
conferences and public meetings; created and promoted a climate and culture of acceptance for
new programs and services, a positive high-quality image of the law library, and that reflect
the organization’s values, encourage excellent performance, and reward high productivity and
innovation; provided leadership and set strategic direction of the organization; ensured that the
library provided excellent customer service through solution-oriented staff response to patron
needs and by responsiveness and continuous improvement of the organization; promoted,
developed, and maintained positive working relationships with colleagues and customers
including key stakeholders and groups, higher education institutions, the legal community,
other regional libraries and districts statewide, and national library organizations.
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2007-2014 Associate Professor, Library & Information Science, Morgridge College of Education,
University of Denver (Colorado). Served in leadership role and worked collaboratively in
program, college, campus and community environments. Advised and supervised students,
taught core and specialized courses at the graduate level in an integrative, student-centered
learning environment. Served on LIS, College, and University committees, and maintained
working relationships with colleagues in other academic units and information professionals in
the Rocky Mountain region and beyond. Served on and chair doctoral student dissertation
committees. Oversaw and facilitated the College and LIS graduate student association.

2002-2007 Assistant Professor, Library & Information Science, College of Education, University of
Denver (Colorado). Served as tenure-track faculty member teaching graduate students in
“core courses,” resource description and access, service learning, and independent studies.
Advised graduate students, participate on LIS and College committees, and serve on doctoral
student dissertation committees. Oversaw and facilitated the LIS graduate student association
and alumni association.

2000-2002 Affiliate Faculty, Library & Information Science, College of Education, University of
Denver (Colorado). Served as part-time faculty member teaching graduate students in
technical services (cataloging, bibliographic control, classification), “core courses,” and
special topics. Oversaw and facilitated the LIS graduate student association and alumni
association.

2000-2001 Special Assistant to the Secretary’s Regional Representative, U.S. Department of
Education, Region VIII, Denver, Colorado. Served as the principal advisor and
representative of the U. S. Secretary of Education’s Regional Representative (SRR). Ensured
the implementation of major goals of the SRR and the Secretary. Provided leadership on
behalf of the SRR in contacts with high-level officials in Region VIII requiring sensitive
policy interpretation in communication with senior Department officials to solve problems and
resolve issues raised by State and local education officials. Served as the primary contact for
School-to-Work/Career, Children’s Health Insurance Program, and Safe and Drug-Free
Schools. Delivered technical assistance to local education agencies and institutions of higher
education in technology, professional development, and school construction.

1999-2000 Catalog Librarian, Jefferson County Public Library, Lakewood, Colorado. Performed
original, copy cataloging and classification of library materials (English and Spanish) using
standard library protocols; completed original descriptive cataloging and subject analysis;
enhanced brief catalog and authority records in III.

1997-1999 Development Officer, McREL International, Aurora, Colorado. Served as senior member
of corporate management team in strategic planning, development of proposals and contracts,
implementation, and evaluation of new services, products, and programs for educational
agencies. Provided creative leadership to corporate committees to solicit ideas, identify goals
and objectives, plan, develop, present, and evaluate professional development opportunities.

1995-1997 Education Specialist, Education Service Center, Region One, Edinburg, Texas. Served as
member of Administrative Cabinet team in strategic planning, development of proposals and
contracts, implementation, and evaluation of telecommunications capabilities, services,
products, and programs for 40 school districts serving 283,000 students in 7 counties. Provided
creative leadership to regional and state committees to solicit ideas, identify strategic goals and
objectives, plan, develop, present, and evaluate funding opportunities and professional
development for 400 librarians.
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1993-1996 Assistant Professor of Library Science, Sam Houston State University, Huntsville, Texas.
Served a faculty member teaching 400 graduate students in technical services (cataloging,
bibliographic control, classification), automation, and networking. Participated in distance
education program and coordinated annual conference. Conducted university and Texas
Library Association-funded field research focused on library collection development and
academic achievement.

1992-1993 Head Librarian, Rocky Mountain College of Art & Design, Denver, Colorado.
Responsible for the daily operation, selection and acquisition of materials, formulation of
policies for library operations, media center, and photography/slides archives. Designed and
implemented library automation and delivery of electronic resources to college community.

1981-1985 Development Officer, PRLC, Inc., Pittsburgh, Pennsylvania. Served as senior member of
corporate management team in strategic planning, development of proposals and contracts,
implementation, and evaluation of new services, products, and programs for 100 institutional
member organizations. Coordinated the development of proposals and contracts totaling
$4,000,000 annually. Provided creative leadership to corporate committees to solicit ideas,
identify goals and objectives, plan, develop, present, and evaluate professional development
opportunities.

1981 Director of Library Development, Pennsylvania Department of Education, Harrisburg,
Pennsylvania. Responsible for statewide development, technical assistance, professional
development, resource sharing, children’s services, institutional library services, networking,
and state aid program for all libraries throughout the Commonwealth. Functioned as liaison to
Governor’s Advisory Council, LSCA Advisory Council, District Administrators, private
colleges, universities, consortia managers, and network directors. Supervised $14,000,000
formula-based state aid program and $3,000,000 grant awards to individual libraries,
consortia, and networks.

1978-1981 Assistant Director, Southern Tier Library System, Corning, New York. Coordinated
operation of system-wide programs (technical assistance, professional development,
resource sharing, technical services, outreach) to 40 public libraries in 5 counties serving
500,000 residents. Solicited ideas, identified goals, sponsored, and evaluated
professional development opportunities and technical assistance sessions.

1976-1978 Division Librarian for Technical Services, Corpus Christi Public Libraries, Corpus
Christi, Texas. Provided leadership in acquisitions, cataloging, serials control, and processing
for main library and 4 branches serving 250,000 residents. Participated as senior member of
library management team. Compiled and prepared technical evaluations, reports, and statistical
analyses of Division operations to measure the achievement and cost of annual goals,
objectives, and staff performance.

1975-1976 System Coordinator, San Antonio Major Resource Center, San Antonio, Texas. Served as
senior member of the management team for District X Office, charged to provide technical
assistance, resource sharing, media services, and professional development to librarians and
staff representing 30 public library jurisdictions in 21 counties serving 1,500,000 residents.
Functioned as liaison to System Director, staff, and members of governing bodies with the
System Board of Directors and the Texas State Library and Historical Commission. Prepared
LSCA grant applications and monitored awards totaling $1,100,000 annually.
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1973-1975 Bilingual Branch Librarian, San Antonio Public Library, San Antonio, Texas. Worked as
librarian providing reference, information, and readers’ advisory services in branch serving
50,000 Spanish-speaking residents in southwest San Antonio. Participated in collection
development and resource acquisition activities, specializing in children’s work, Spanish
language resources, and multicultural studies.

1972-1973 Librarian, Holding Institute, Laredo, Texas. Worked as high school librarian serving 500
boarding students in Spanish-speaking environment of private school. Provided reference,
research assistance, and library instruction to students and 35 faculty members.

1966-1971 Rockford Public Library, Rockford, Illinois. Worked in branches as part-time as a Library
Assistant, Clerk, and Page in city library serving 150,000 residents.

Qualcomm v. Network System Technologies
Page 32 IPR2024-00338
Qualcomm Exhibit 1035



PUBLICATIONS
Editor-reviewed Monographs (Completed and in Progress)

Hall-Ellis, Sylvia D., and Mary Beth Weber. Contemporary Cataloging in an RDA Environment: A Handbook for
Students and Practitioners. Chicago, IL: American Library Association. Under contract & In development.

RDA Testing: Lessons Learned and Challenges Revealed. Sylvia D. Hall-Ellis and Robert O. Ellett, Jr., eds.
Binghamton, N.Y.: Haworth, 2012. 128 p.

Hall-Ellis, Sylvia D., Stacey L. Bowers, Christopher D. Hudson, and M. Claire Williamson. Librarian’s Handbook
for Seeking, Writing, and Managing Grants. Santa Barbara, Calif.: Libraries Unlimited, 2011. 315 p.

Hall-Ellis, Sylvia D., with Ann Jerabek, and Merrie W. Valliant. Contemporary Cataloging: A Handbook for
Practitioners and Students. Open access text. Athens, GA: University of Georgia System Regents, 2011. 767 p.

Grealy, Deborah S. and Sylvia D. Hall-Ellis. From Research to Practice: The Scholarship of Teaching and
Learning in LIS Education. Westport, Conn.: Libraries Unlimited, 2009. 175 p.

Hall-Ellis, Sylvia D. with J. Ann Jerabek. Grants for School Libraries. Westport, Conn.: Libraries Unlimited, 2003.
197 p.

Hall-Ellis, Sylvia D., Doris Meyer, Frank W. Hoffmann, with J. Ann Jerabek. Grant Writing for Small Libraries
and School Library Media Centers. Boulder, Colo.: NetLibrary, 2001. 173 p.

Hall-Ellis, Sylvia D., Doris Meyer, Frank W. Hoffmann, with J. Ann Jerabek. Grant Writing for Small Libraries
and School Library Media Centers. Englewood, Colo: Libraries Unlimited, 2000. 173 p.

Editor-reviewed Chapters (Completed and In Progress)

Hall-Ellis, Sylvia D. “Prepared to Lead: Talent, Skills, and Competencies.” In Telling the Technical Services Story.
Chicago, IL: American Library Association, 2020. Program Presentation for Re-Accreditation by the American
Library Association, School of Information, San Jose State University, 2022.

Hall-Ellis, Sylvia D. “Grant Writing and Sponsored Research Funding for Academic Librarians.” In The New
Librarianship. Vol. 4. Bradford Lee Eden, ed. New York: Scarecrow Press, 2015. (pp. 163-174)

Hall-Ellis, Sylvia D. “Organizing Information: Technical Services.” In Information Services Today: An
Introduction. Sandra Hirsch, ed. Lantham, Md.: Rowman and Littlefield, 2015. (pp. 139-148)

Hall-Ellis, Sylvia D. “Metadata, MARC, and More.” In Rethinking Technical Services, Considering Our Profession
and Ourselves: What'’s the Future of Our Profession? Mary Beth Weber, ed. Lantham, Md.: Rowman and
Littlefield, 2015. (pp. 29-55)

Hall-Ellis, Sylvia D., ed. “Contingent Faculty: Non-Tenure Track Faculty Series.” In the Faculty Personnel
Guidelines Relating to Appointment, Promotion, and Tenure. November 2011. Denver, Colo.: University of
Denver, 2011. 42 p.

Hall-Ellis, Sylvia D., ed. “Standard VII: Information Resources.” In the Sturm College of Law Self-Study
Presentation for Accreditation by the American Bar Association. Denver, Colo.: University of Denver, Sturm
College of Law, 2011. 20 p.
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Hall-Ellis, Sylvia D. “Applying for Grants from Foundations, Corporations, or Government.” In The Volunteers’
Guide to Fundraising: Raise Money for Your School Team, Library or Community Group. 1% ed. llona M. Bray,
ed. Berkeley, Calif.: Nolo, 2011. (pp. 1-38 on accompanying disc)

Hall-Ellis, Sylvia D., ed. “Standard III: The Faculty.” In the Library and Information Science Program Self-Study
Document for Accreditation by the American Library Association. Denver, Colo.: University of Denver,
Morgridge College of Education, 2010. 22 p.

Hall-Ellis, Sylvia D. “Library and Information Science Programs and Education for Catalogers and Metadata
Specialists: Challenges for the Twenty-first Century.” In Conversations with Catalogers in the Twenty-First
Century. Elaine R. Sanchez, ed. Santa Barbara, Calif.: ABC-Clio, 2010. (pp. 226-254)

Hall-Ellis, Sylvia D., ed. “Standard III: The Faculty.” In the Library and Information Science Program Self-Study
Document for Accreditation by the American Library Association. Denver, Colo.: University of Denver, College
of Education, 2003. 15 p.

Lesesne, Teri S. and Sylvia D. Hall-Ellis. “The Selection, Evaluation, and Integration of Culturally Authentic Texts:
A Case for Making the Online Catalog Reflect Parallel Cultures.” In Literacy: Traditional, Cultural,
Technological. Pittsburgh, Pa.: International Association of School Librarianship, 1995. (pp. 110-113)

Lesesne, Teri S. and Sylvia D. Hall-Ellis. The Selection, Evaluation, and Integration of Culturally Authentic Texts:
A Case for Making the Online Catalog Reflect Parallel Cultures. In Conference Proceedings of the 23 Annual
International Association of School Librarianship, Pittsburgh, Pennsylvania, July 17-22, 1994. ERIC Document
ED374816. 17 p.

Hall-Ellis, Sylvia D. “Curriculum Folio for School Library Media Specialist Programs.” In the National Council for
Accreditation of Teacher Education Self-Study for Sam Houston State University. Huntsville, Tex.: Sam
Houston State University, College of Education and Applied Science, 1994. 25 p.

Bruntjen, Scott and Sylvia D. Hall. “Attempting to Automate: Lessons Learned Over Five Years.” In Advances in
Library Administration. Volume 4. Weston, Conn.: JAI Press, 1985. (pp. 177-192)

Peer-Reviewed Journal Articles (Completed and In Progress)

Hall-Ellis-Sylvia D. “Job Design for Cataloging and Metadata Librarians.” Submitted to Journal of Library
Administration. In progress.

Hall-Ellis, Sylvia D. “The Relationship of Situational Leadership and the Dreyfus Model of Skill Acquisition for
Supervisors in Cataloging and Metadata Services.” To be submitted to Library Resources and Technical
Services. In progress.

Hall-Ellis, Sylvia D. The Relationship of Core Competencies on Learning Outcomes and Employers’ Expectations for
Catalog Librarians and Metadata Specialists. To be submitted to the Journal of Education for Library and
Information Science. In progress.

Hall-Ellis, Sylvia D. “Building Cataloger Competencies: The Dreyfus Model as a Prototype for the Education and
Professional Development of Catalog Librarians and Metadata Specialists in Bibliographic Control.” To be
submitted to the Cataloging & Classification Quarterly. In progress.

Hall-Ellis, Sylvia D. “Descriptive Impressions of Entry-Level Cataloger and Metadata Specialists Positions, 2000-
2016: Reflections and Trends.” To be submitted to Library Resources and Technical Services. In progress.
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Hall-Ellis, Sylvia D. “Competencies for Metadata and Cataloging Leaders: What Employers Expect as Reflected in
Position Descriptions, 2000-2016.” Cataloging & Classification Quarterly. In progress.

Hall-Ellis, Sylvia D. “Stackable Micro-credentials — A Framework for the Future.” The Bottom Line 29, no. 4 (April
2016), http://www.emeraldinsight.com/doi/pdfplus/10.1108/BL-02-2016-0006
Ellis, Sylvia D. “Succession Planning and Staff Development — A Winning Combination.” The Bottom Line, 28
no. 3 (May 2015): 95-98.

Hall-Ellis, Sylvia D. “Succession Planning and Staff Development — A Winning Combination.” The Informed
Librarian Online (September 2015),
http://www.informedlibrarian.com/featured Article.cfm?FILE=succession_1509.pdf

Hall-Ellis, Sylvia D. “Nudges and Decision Making: A Winning Combination.” The Bottom Line 28, no. 4 (July
2015): 133-136.

Hall-Ellis, Sylvia D. “Succession Planning and Staff Development — A Winning Combination.” The Bottom Line 28,
no. 3 (May 2015): 95-98.

Hall-Ellis, Sylvia D. “Metadata Competencies for Entry-Level Positions: What Employers Expect as Reflected in
Position Descriptions, 2000-2013.” Journal of Library Metadata 15, no. 2 (June 2015): 102-134.

Hall-Ellis, Sylvia D. “Onboarding to Improve Library Retention and Productivity.” The Bottom Line 27, no. 4
(October 2014).

Hall-Ellis, Sylvia D. “Accept, Coach, and Inspire: A Formula for Success.” The Bottom Line 27, no. 3 (July 2014):
103-106.

Hall-Ellis, Sylvia D. Reward Systems for Staff in Higher Education Institutions: Case Studies of 15 Higher
Education Institutions in Colorado. Capstone Thesis. Denver, Colo.: University of Denver, University College,
2014.

Hall-Ellis, Sylvia D. “Reward Systems Promote High-Performance Work Teams Achieving Library Mission.” The
Bottom Line 27, no. 2 (April 2014): 66-69.

Hall-Ellis, Sylvia D. “Investment in Staff Development for Seeking External Grant Funds.” The Bottom Line 27, no.
1 (January 2014): 22-25.

Hall-Ellis, Sylvia D. “Staff Investments for High Performance Teams.” The Bottom Line 26, no. 4 (October 2013):
149-152.

Hall-Ellis, Sylvia D. and Deborah S. Grealy. “Service Learning in LIS Education: A Case for Holistic Assessment.”
Catholic Library World 82, no. 3 (March 2012): 178-187.

Hall-Ellis, Sylvia D., and Deborah S. Grealy. “The Dreyfus Model of Skill Acquisition: A Career Development
Framework for Succession Planning and Management in Academic Libraries.” College and Research
Libraries (June 2012). http://crl.acrl.org/content/early/2012/06/19/crl12-349.full. pdf+html

Hall-Ellis, Sylvia D. “Cataloger Competencies... What Do Employers Require?” Cataloging & Classification
Quarterly 46, no. 3 (2008): 305-330. http://ccq.haworthpress.com/doi:10.1080/01639370802034565
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Dowlin, Ken. Getting the Money.: How to Succeed in Fundraising for Public and Nonprofit Libraries. Westport,
Conn.: Libraries Unlimited, 2008. 978-1-59158-597-X, $50.00 [Colorado Libraries, February 2009]

Lundahl, Mats. Bebo de Cuba, Bebo Valdés y Su Mundo, by Mats Lundahl. Traduccioén de Linda Oakeshott Dragd.
Barcelona: RBA Libros, 2008. 978-849-86-7259-6, $33.99 [Criticas, November 2008]

Bonelli, Florencia. Marlene, by Florencia Bonelli. Buenos Aires: Aguilar, Altea, Taurus, Alfaguara, 2008. 978-987-
04-0995-3, $24.95 [Criticas, October 2008]

Keret, Etgar. Traduccion de Ana Maria Bejarano. Pizzeria Kamikaze y Otras Relatos. México, D.F.: Editorial Sexto
Piso, 2008. 968-5679-29-0, no price given [Criticas, September 2008]

Littauer, Marita, and Florence Littauer. Enriguece tu Comunicacion. Miami, Fla.: Editorial Unilit, 2008. 978-0-
7899-1521-4, $11.99 [Criticas, August 2008]

Martinez, Guillermo. La Muerte Lenta de Luciana B. New York: Rayo Planeta, 2008. 978-0-06-156551-9, $14.95
[Criticas, May 2008]

Matthews, Joseph R. The Evaluation and Measurement of Library Services. Westport, Conn.: Libraries Unlimited,
2007. 978-1-59158-532-9, $50.00 [Colorado Libraries, April 2008]

Gomez-Jurado, Juan. 4 Masacre de Virginia Tech: Anatomia de una Mente Torturada. Barcelona: Ediciones El
Andén, 2007. 978-84-935789-4-7, €16.50 [Criticas, February, 2008]

Matthews, Joseph R. Library Assessment in Higher Education. Westport, Conn.: Libraries Unlimited, 2007. 978-1-
59158-531-2, $45.00 [Colorado Libraries, February 2008]

Chacon, Inma. La Princesa India: Cuando el Viento Azul. México: Alfaguara, 2006. 970-770398-9, $19.95
[Criticas, June 2006]

Vargas Llosa, Mario. Israel/Palestina: Paz o Guerra Santa. fotogs. by Morgana Vargas Llosa. Spain/U.S.: Aguilar:
Santillana, 2006. 84-03-09691-7, paper, $19.95 [Criticas, May 2006]

Findlay, Diane. Digging into Dewey. Fort Atkinson, Wisc.: Upstart Books, 2005. 978-1-932146-18-9, $16.95
[Colorado Libraries, May 2006]

Pequeriias Resistencias 4: Antologia del Nuevo Cuento Norteamericano y Caribeiio. Menéndez, Ronaldo, Ignacio
Padilla & Enrique del Risco, eds. Madrid: Paginas de Espuma, 2005. 84-95642-59-X, paper, $36.95 [Criticas,
April 2006]

Rueda, André. Vengo a Salvar a Espana: Biografia de Un Franco Desconocido. Madrid: Nowtilus (Investigacion
Abierta), 2005. photogs., bibliog. 84-9763-202-8, paper, $23.95 [Criticas, March 2006]

Becerra, Angela. EI Peniiltimo Suerio. 1 ed. Barcelona: Planeta, 2005. 84-08-05795-2, $25.95. [Criticas, January
2006]

Aguilar Camin, Héctor. La Conspiracion de la Fortuna. 1% ed. México: Planeta, 2005. 970-37-0368-2, $19.95
[Criticas, October 2005]

Meéxico en Sus Libros. Enrique Florescano with Pablo Mijangos, editors & compilers. 1% ed. México, D.F.: Taurus
Aguilar, 2004. 968-19-0783-3, $16.95 [Criticas, September 2005]

Qualcomm v. Network System Technologies
Page 41 IPR2024-00338
Qualcomm Exhibit 1035



Historia Economica de México. Coordinator, Enrique Semo. México: Universidad Nacional Autonoma de México,
Editorial Oceano de México, 2004. 13 vols. 970-32-0805+3 (obra completa), $9.25 each [Criticas, August
2005]

Czarnowsky, Christyne A. and Michael H. Williams. Managing Your Wired Workforce: A Practical Guide. Denver,
Colo.: Bradford Pub., 2003. 1-883726-79-4, $24.95 [Colorado Libraries, 2004]

Abraham Lincoln. Coleccion Grandes Biografias. Madrid: Edimat Libros, 2003. 84-8403-858-0, €4.95 [Criticas,
2004]

Alponte, Juan Maria. Colon: el Hombre, el Navegante, la Leyenda. México, D.F.: Aguilar, 2003. 968-19-1260-8,
$16.95 [Criticas, 2004]

Olcese Salvatecci, Alfieri. Cémo Estudiar con Exito: Téchnicas yHhabitos Para Aprender Major. México, D.F.:
Alfaomega Grupo Editor, 2002. 970-15-0764-9 [Criticas, 2003]

Mugjeres Como Islas: Antologia de Narradoras Cubanas, Dominicanas, Puertoriquerias. Edicion: Olga Marta Pérez,
Thelma Jiménez, Andrés Blanco D., eds. Santo Domingo, Republica Dominicana: Ediciones Ferilibro, 2002.
959-209-419-5 [Criticas, 2003]

Tibol, Raquel. Los Murales de Diego Rivera: Universidad Autonoma Chapingo. México, D.F.: Editorial RM,
Universidad Autéonoma Chapingo, 2002. 968-5208-08-5 [Criticas, 2003]

Lindsay-Poland, John. Emperors in the Jungle: the Hidden History of the U.S. in Panama. Durham, N.C.: Duke
University Press, 2003. 0-8223-3098-9, $18.95 [Criticas, 2003]

Kaplan, Allison G. and Ann Marlowe Riedling. Catalog It! A Guide to Cataloging School Library Materials.
Worthington, Ohio: Linworth Pub., 2002. 1-58683-014-7, $44.95 [Colorado Libraries, 2002]

Bardach, Ann Louise. Cuba Confidential: Love and Vengeance in Miami and Havana. New York: Random, 2002.
0-375-50489-3, $25.95 [Library Journal, 2002]

Swan, James. Fundraising for Libraries: 25 Proven Ways to Get More Money for Your Library. New York: Neal
Schuman, 2002. 1-55570-433-6, $69.95 [Colorado Libraries, 2002]

Puig de Lange, Victoria. Sol Con Agua. Nashville, Tenn.: Editorial Vistazo/Ediciones Reio Negro, 2002. 0-
9724506-0-2, $17.75 [Criticas, 2002]

The Encyclopedia of Latin American Politics. Edited by Diana Kapiszewski; assistant editor, Alexander Kazan.
Westport, Conn.: Oryx Press, 2002. 1-57356-306-4, $74.95 [Library Journal, 2002]

Vargas Lizano, Isabel. Y Si Quieres Saber de Mi Pasado. Con la colaboracion de J.C. Vales. Madrid: Santillana
Ediciones Generales, S.L., 2002. 84-03-09278-4, $18.95 [Criticas, 2002]

Ruy Sanchez, Alberto. Los Jardines Secretos de Mogador: Voces de Tierra. México, D.F.: Alfaguara, S.A., 2001.
968-19-0879-1, $16.95 [Criticas, 2002]

Chavez, Ricardo and Celso Santajuliana. E/ Final de las Nubes. Barcelona: RBA Libros, S.A., 2001. 84-7901-760-
0, $11.95 [Criticas, 2002]
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The Power of Language / El Poder de la Palabra: Selected Papers from the Second REFORMA National
Conference. Edited by Lillian Castillo-Speed and the REFORMA National Conference Publications
Committee. Englewood, Colo.: Libraries Unlimited, 2001. 1-563089459, $35.00 [Colorado Libraries, 2001]

Martinez, Rubén. Crossing Over: A Mexican Family on the Migrant Trail. Metropolitan: Holt, 2001. 0-8050-4908-
8, $26.00 [Library Journal, 2001]

Guevara, Ernesto “Che.” The African Dream: the Diaries of the Revolutionary War in the Congo. Translated from
the Spanish by Patrick Camiller. With an introduction by Richard Gott and a foreword by Aleida Guevara
March. New York: Grove Press, 2001. 0-8021-3834-9, $13.00 [Library Journal, 2001]

Cooper, Gail and Garry Cooper. New Virtual Field Trips. Englewood, Colo.: Libraries Unlimited, 2001. 1-56308-
887-8, $27.50 [Colorado Libraries, 2001]
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NATIONAL SERVICE & PROFESSIONAL AFFILIATIONS

American Library Association, Life Member
Association for Library Collections & Technical Services (now CORE)
Cataloging, Classification, and Metadata Section
ALCTS Editorial Board, Member, 2015-2019
Committee on Cataloging: Description and Access, Member, 2008-2012
Test Site for RDA, Manager, 2009-2011
Nominating Committee, Member, 2007-2008
Committee for Education and Training of Catalogers, Chair, 2006-2007, Member, 2003-2007
Competencies & Education for a Career in Cataloging Interest Group, Chair, 2010-2012; Member, 2010-
President’s Program Committee, 2015-2016
Education Committee, Member, 2005-2007
Task Force on Competencies and Education for a Career in Cataloging, Chair, 2007-2009
2007 Annual Meeting Pre-conference, “What They Don’t Teach in Library School: Competencies,
Education and Employer Expectations for a Career in Cataloging,” Steering Committee Chair
Fundraising Committee, Member, 2004-2006
Office of Diversity
Committee on Diversity, Chair, 2010-2011
Diversity Research Advisory Committee, Member, 2009-2010
Spectrum Scholar Mentor, 2009
Diversity Grants Review Committee, Member, 2007, 2010, 2012
Office of Statistics and Research
Research and Statistics Committee, Member, 2005-2007; Intern, 2003-2005
Library Research Round Table
Nominating Committee, 2022-2023
Membership Committee, 2019-2021
Board of Directors, Member At-Large, 2009-2012
Office of Accreditation
Accreditation Panel Member (training completed 2004)
Accreditation Review Panel Member (training completed 2004)

REFORMA, Life Member
National Board of Directors, 2005-2013
National Fundraising Chair, 2005-2013
National Recruiting and Mentoring Committee, 2008-2010
Colorado Chapter, Secretary, 2004-2005
Colorado Chapter Liaison to National Board of Directors, 2004-2013

American Association of Law Libraries (AALL), Life Member Online Audiovisual Catalogers Association
(OLAC) Colorado Association of Law Librarians (CoALL)

American Association of University Women Association for Library and Information Science Education

(ALISE)
University of Denver ALISE Representative, 2003-2008; 2010-2011

Membership Advisory Committee, 2007-2010

Technical Services Education Special Interest Group, 2003-
Garfield Doctoral Dissertation Award Reviewer, 2012
Garfield Doctoral Dissertation Scholarship Reviewer, 2014

American Association of University Professors (AAUP), 2006-
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American Grant Writers Association, 2014- Grant Professionals Institute, 2016- National Grants
Management Association, 2014-

Grant Reviewer (National and Regional Team Leader), U.S. Department of Education, 1998- Grant
Reviewer, Broadband Technologies Opportunity Program, U.S. Department of Commerce, 2009
Grant Reviewer, Institute of Museum and Library Services, 1998-2000

Grant Reviewer, Colorado Department of Education, 2014-

Grant Reviewer, Colorado State Library, 1998-

Grant Reviewer, American Association of Community Colleges Working Connections program, 1999
Peer Reviewer, Journal for Library and Information Science Education, 2005-

Peer Reviewer, Journal of Library Metadata, 2009

Peer Reviewer, International Journal of Library and Information Science, 2011

Regular Columnist, The Bottom Line, 2013-2016

Book Reviewer, Library Journal, 2001

Book Reviewer, Criticas, 2002-2009

Book Reviewer, Colorado Libraries, 2000-2012

REGIONAL SERVICE & PROFESSIONAL AFFILIATIONS

Mountain Plains Library Association
Professional Development Grants Committee, Member, 2005-2006
Professional Development Policy and Guidelines Sub-committee Chair, 2006

Colorado Association of Libraries
“Student Voices” Column Editor, Colorado Libraries, 2005-2006
Conference Planning Committee, Member, 2002
Technical Services and Automation Division, Chair, 2002-2003; Member, 2000-
Academic Libraries Division, Peer Review Conference Papers Committee, Member, 2007-2009
Education Committee, Member, 1988-1993
Diverse Populations Committee, Member, 2009-2013

SERVICE TO THE UNIVERSITY OF DENVER
Center for Teaching and Learning Faculty Advisory Board, 2007-2008; 2010-2012
Center for Community Engagement and Service Learning Advisory Board, 2007-2012
Faculty Senate
Executive Committee, 2008-2013
Nominations, Rules & Credentials Committee, Chair, 2008-2013; Member 2007-2013
Appointment, Promotion, and Tenure Revision Committee, 2010-2012
Grievance Policy Committee Member, 2007-2010
Law Library Director Search Committee Chair, 2012-2013
PROF Grant Review, College Representative to the University Review Team, 2006, 2008
Project Homeless Connect Evaluations, Principal Investigator, 2006-2009
University Technology Council, 2007-2009
University of Denver Hyde Interviews for Incoming Freshmen, 2003-2012

SERVICE TO THE MORGRIDGE COLLEGE OF EDUCATION
Appointment, Tenure & Review Committee
Member, voting, 2003-2005; 2007- 2009
Chair, Clinical Faculty Promotion & Tenure Policy Subcommittee, 2008-2009
Member, Community Engagement Subcommittee, 2007-2009
Member, Tenure Review Panel, 2003
Advancement and Alumni Relations Committee, Chair, 2003-2007; Member, 2002-2007
College Building Committee Member, 2004-2010
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College of Education Student Association, Faculty Advisor, 2004-2007; 2009-2010
Faculty Senator, 2007-2013

Research and Scholarship Committee, Chair, 2008-2009; Member, 2002-2003, 2008-2009
Research and Grant Mentoring Committee, Chair, 2009-2010

Research Task Force Member, 2010-2012

Search Committee Member, Assistant Professor for Curriculum & Instruction, 2010-2011
Workload Task Force Member, 2010-2011

SERVICE TO THE LIBRARY & INFORMATION SCIENCE PROGRAM

Library and Information Science Student and Alumni Association, Faculty Advisor, 2002-2008
ALA Student Chapter, Faculty Advisor, 2005-2008

Beta Phi Mu Phi Chapter, Faculty Advisor, 2004-2014

Steering Committee Member, Accreditation by the American Library Association, 2001-2004
Search Committee Member, Associate Professor for LIS, 2006

Search Committee Chair, Assistant Professors for LIS, 2003, 2005, 2006, 2007

Search Committee Ex-Officio Member, Director for LIS, 2004

SERVICE TO SAM HOUSTON STATE UNIVERSITY

Rio Roundup: South Texas Literature Conference, Conference Coordinator, 1993
External Relations, Fund Raising, Grants Committee, Chair, 1993-1995
Advisory Council Committee, Chair, 1993-1995

Students, Admissions, and Advisement Committee, Chair, 1994

Institutional Effectiveness Committee, Member, 1993-1995

SERVICE TO THE COLLEGE OF EDUCATION AND APPLIED SCIENCE
Faculty Affairs Committee, Member, 1993-1995

Curriculum Committee, Member, 1993-1995

Continuing Education Committee, Member, 1993-1995

SERVICE TO THE COMMUNITY
French Teacher & Student Exchange with Laon, France, Monarch High School, Boulder Valley School District
(Boulder, Colorado), 2017-

Denver/Boulder Games 2022, Board of Directors, Secretary-Treasurer, 2015-2018

United Way Campaign Committee, College of Education, 2006

Arapahoe County, Election Judge for the County Clerk and Recorder, 2000-2005

Arthritis Foundation, Rocky Mountain Chapter, Certified Educator & Trainer, 1999-2008

Bonfils Blood Center, Silver Level Donor, 2000-2016

Denver Museum of Natural History, Docent, 1992

Tech Prep of the Lower Rio Grande Valley, Inc. (Harlingen, Texas) Board of Directors, 1995-1997
Executive Committee, 1996-1997; Chair, Development Committee, 1995-1997; Chair, Fiscal Agency
Committee, 1995-1996; Chair, Colleges and Universities Committee, 1996-1997

Gilpin County (Colorado) Public Library Board of Trustees, 1986-1989; Vice President, 1987-1989

City of Central (Colorado) Economic Development Committee, 1987-1989

Columbine Family Health Centers, Inc. (Nederland and Black Hawk, Colorado) Board of Directors, 1988-1989

CERTIFICATION
Permanent Public Librarian Certificate - Pennsylvania, New York, Texas
Westlaw Expert Witness, 2008-
Certified Grant Writer®, 2016-

Qualcomm v. Network System Technologies
Page 46 IPR2024-00338
Qualcomm Exhibit 1035



AWARDS AND HONORS

Advanced Practitioner for Service Learning and Community Engagement, University of Denver, 2011
Platinum Star Alumnae, College of Information, Library Science & Technologies, University of North Texas, 2009
Commendation for Integration of Technologies in Teaching & Learning Environment, University of Denver, 2006
Outstanding Adjunct Faculty Member Award, College of Education, University of Denver, 2002

Beta Phi Mu, Pi, University of Pittsburgh, 1985

Alpha Lambda Sigma, University of North Texas, 1972

Albert Nelson Marquis Lifetime Achievement Award, Who'’s Who in America

Who's Who in American Women

Who's Who of Women Executives

Dictionary of International Biography

Who's Who in the East

Who'’s Who in the South and Southwest

Who's Who in the World

Who's Who of Online Professionals

Who's Who in Library and Information Science

2,000 Notable Women

Who's Who of Emerging Leaders

Who's Who in Professional and Executive Women

Who's Who in American Education

International Who's Who of Professional and Business Women

International Leaders in Achievement

International Educator of the Year

Who’s Who in Finance and Industry

Who'’s Who in Finance and Business

Invited International and National Conference Presentations

Driscoll, Margaret, Christy Confetti Higgins, Scott Brown, and Sylvia D. Hall-Ellis. 4 View from
Within: Open House Tour of Three Canvas Core Courses. Presentation to be delivered at the School of
Information, San José State University Professional Development Seminar, San José, California, October 17,
2019.

Hall-Ellis, Sylvia D. Invest in Me -- I'm Your Future: Succession Planning for Libraries. Keynote presentation
delivered at the ALCTS President’s Symposium, Boston, Mass., January 8, 2016.

Seidel, Kent E. and Sylvia D. Hall-Ellis. Making Grants Work for You: Strategies for Doctoral Students and Early
Career Scholars. Presentation delivered at the University Council for Educational Administration, Early
Career Scholars Session, Indianapolis, Ind., November 9, 2013.

Hall-Ellis, Sylvia D. So You Want to be a Manager; Leadership Skills and Competencies for Technical Services
Managers and Administrators. Presentation delivered at the 138" Annual Conference, American Library
Association, Chicago, I11., June 29, 2013.

Seidel, Kent E., Karen S. Riley, Lyndsay Agans, Susan Korach, and Sylvia D. Hall-Ellis. Making Grants Work for
You (Instead of Just Working for Grants). A panel discussion delivered at the University Council for
Educational Administration, Early Career Scholars Session, Denver, Colo., November 17, 2012.

Hall-Ellis, Sylvia D. After the Great TS Reorganization: The Westminster Law Library. Presentation delivered at the
137¢ Annual Conference, American Library Association, Anaheim, Calif., June 23, 2012.
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Hall-Ellis, Sylvia D. Conversations with Catalogers in the 21y Century. A panel discussion sponsored by the
ALCTS Competencies for a Career in Cataloging Interest Group, delivered at the 1374 Annual Conference,
American Library Association, Anaheim, Calif., June 22, 2012.

Hall-Ellis, Sylvia D., moderator. Mid-Career Leaders Program. A panel discussion sponsored by the ALA
Committee on Diversity delivered at the 136" Annual Conference, American Library Association, New Orleans,
La., June 26, 2011.

Hall-Ellis, Sylvia D., moderator. Diversity Town Hall. A community conversation sponsored by the ALA
Committee on Diversity delivered at the 136" Annual Conference, American Library Association, New Orleans,
La., June 24, 2011.

LaBarre, Kathryn, Sylvia D. Hall-Ellis, Karen Anderson, Rick Hasenyager, Christopher Cronin, and Penny Baker.
Briefings from RDA Test Participants. A panel discussion delivered at the Midwinter Conference, American
Library Association, San Diego, Calif., January 7, 2011.

Miksa, Shawne, Marjorie Bloss, and Sylvia D. Hall-Ellis. Educating the Next Generation of Catalogers: Teaching
RDA. A panel discussion delivered at the 97" Annual Conference, Association for Library and Information
Science Education, San Diego, Calif., January 7, 2011.

Hall-Ellis, Sylvia D., Robert Maxwell, John Hostage, and George Prager. RDA Panel: What Cataloging Managers
Need to Know. Presentation delivered at the 103 Annual Conference, American Association of Law Librarians,
Denver, Colo., July 12, 2010.

Hall-Ellis, Sylvia D. and Stacey L. Bowers. Catalogers in the RDA Environment: Skill Sets, Expectations and
Challenges. Presentation delivered at the 103" Annual Conference, American Association of Law Librarians,
Denver, Colo., July 11, 2010.

Hall-Ellis, Sylvia D. Comfortable in Your Cataloging and Metadata Specialist Skin? Or, So You Want to Hire
a Cataloger. Presentation delivered to the ALCTS Research Group at the 134™ Annual Conference,
American Library Association, Chicago, Ill., July 11, 2009.

Perez, Megan, Sylvia D. Hall-Ellis, and Denise Anthony. From Novice to Expert: Collaboration for Succession
Planning. A “hot topic” presentation delivered at the 14" ACRL Conference, Seattle, Wash., March 13, 2009.

Hall-Ellis, Sylvia D. Cataloging in the RDA Environment: Skill Sets, Expectations and Challenges. Presentation
delivered to the ALCTS Research and Publications Committee at the Midwinter Conference, American Library
Association, Denver, Colo., January 24, 2009.

Hall-Ellis, Sylvia D. LIS Cataloging Education for the 21st Century: Expectations and Challenges. A panel
discussion held at the 95" Annual Conference, Association for Library and Information Science Education,
Denver, Colo., January 23, 2009.

Chu, Clara, Sylvia D. Hall-Ellis, and Mark Winston. The Doctoral Degree & Building a Career. A panel discussion
delivered at the ALA Office of Diversity Spectrum Doctoral Fellows E.J. Josey Leadership Institute, Midwinter
Conference, American Library Association, Denver, Colo., January 20, 2009.

Hall-Ellis, Sylvia D. and Robert O. Ellett, Jr. Fundamentals of Cataloging Course: An Overview of the ALCTS
Online Course. Presentation delivered to the ALCTS Big Heads Group, 133™ Annual Conference, American
Library Association, Anaheim, Calif., June 30, 2008.

Qualcomm v. Network System Technologies
Page 48 IPR2024-00338
Qualcomm Exhibit 1035



Hall-Ellis, Sylvia D. Employers’ Expectations for Technical Services Librarians: What We Don’t Know.
Presentation delivered to the ALCTS Research and Publications Committee Program, 133" Annual Conference,
American Library Association, Anaheim, Calif., June 28, 2008.

Hall-Ellis, Sylvia D., Virginia R. Maloney, and Mary Stansbury. Institutional Responses to Engaged Scholarship:
The Carnegie Foundation Engaged University Classification at Two Universities. Presentation delivered to the
94" Annual Conference, Association for Library and Information Science Education, Philadelphia, Pa.,
January 11, 2008.

Hall-Ellis, Sylvia D. Puzzles, Problems, and Predicaments. Presentation delivered to the ALCTS Research
Discussion Group, 132" Annual Conference, American Library Association, Washington, D.C., June 23, 2007.

Hall-Ellis, Sylvia D. Cataloging Education: A New Emphasis for the Library and Information Science Curriculum.
Presentation delivered to the ALCTS Pre-conference, 132" Annual Conference, American Library Association,
Washington, D.C., June 22, 2007. http://www.loc.gov/catdir/cpso/careercat.html

Ellett, Jr., Robert O. and Sylvia D. Hall-Ellis. Copy Cataloging Done Smarter. Presentation delivered to the
International Conference on Interdisciplinary Information Sciences and Technologies (InSciT2006), October 25-
28, 2006.

Hall-Ellis, Sylvia D. and Robert O. Ellett, Jr. Cooperative Cataloging: Challenges and Opportunities for Defense
Libraries. Presentation delivered to the 1% Annual Conference of Defense Libraries, Spanish Ministry of
Defense, Madrid, Spain, July 7, 2006.

Hall-Ellis, Sylvia D. Cataloger Competencies: Do the Employers Require What the Professors Teach? Presentation
delivered to the ALCTS CCS Heads of Cataloging Discussion Group, 1315 Annual Conference, American
Library Association, New Orleans, La., June 26, 2006.

Grealy, Deborah S. and Sylvia D. Hall-Ellis. From Research to Practice: The Scholarship of Teaching and Learning
in LIS Education. Presentation delivered to the at the 92 Annual Conference, Association for Library and
Information Science Education, San Antonio, Tex., January 18, 2006.

Hall-Ellis, Sylvia D. Employers’ Expectations for Entry-Level Catalogers: What Position Announcement Data
Indicate. Research paper delivered to the Technical Services Special Interests Group, 91%* Annual Conference,
Association for Library and Information Science Education, Boston, Mass., January 12, 2005.
http://dlist.sir.arizona.edu/

Hall-Ellis, Sylvia D. Common Errors in MARC Records Prepared by LIS Students: What Does It Mean? Research
paper delivered to the ALCTS CCS Cataloging Norms Discussion Group, Mid-Winter Conference, 90
American Library Association, San Diego, Calif., January 10, 2004.

Hall-Ellis, Sylvia D. Visual Arts as Foundation for Successful Library Automation: The Rocky Mountain College of
Art & Design Experience. Paper delivered at the 6" Annual Conference of Higher Education, Charleston, S. C.,
1993.

Hall, Sylvia D. Design Elements for Bibliographic Databases: An Overview. Paper delivered at the 14™ Online
National Conference, New York, 1983.
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Invited Regional Conference Presentations

Hall-Ellis, Sylvia D., Hudson, Christopher D., Brittany Cronin, and Kathryn Michaels. “The Colorado Law Project:

Meeting the Public's Need for Legal Information.” Panel discussion delivered at the Mountain Plains Library
Association Conference, Billings, Mont., April 9, 2011.

Grealy, Deborah S. and Sylvia D. Hall-Ellis. Education for Information Professionals in New Mexico: Library &
Information Science Graduate Education at the University of Denver. Presentation delivered at the New Mexico
Library Education Summit, Las Vegas, N.M., September 26, 2005.

Hall-Ellis, Sylvia D. Public Library-School Library Partnerships. Presentation delivered at the 3 Annual Colorado
Association of Libraries Conference with the Mountain Plains Library Association, Denver, Colo., October 22,
2004.

Hall-Ellis, Sylvia D. Learn All You Can — Educational Partnership Opportunities for the Lewis and Clark
Bicentennial Commemoration. Paper delivered at the 3" Annual Lewis and Clark Bicentennial Council National
Planning Conference, Bismarck, N.D., April 26, 1998.

Invited State Conference Presentations

Grealy, Deborah S. and Sylvia D. Hall-Ellis. Academic Library Leadership Changes: Using Succession Planning
and Mentoring. Presentation delivered at the Minnesota Library Education Conference, St. Cloud, Minn.,
October 10, 2013.

Hall-Ellis, Sylvia D., Merrie Valliant, and Melissa Powell. RDA: What Is It and What Do You Need To Do With It At
Your Library? Presentation delivered at the Colorado Library Consortium Spring Conference, Ft. Morgan, Colo.,
April 26, 2013.

Hall-Ellis, Sylvia D. Service Learning and the Library & Information Science Graduate Education at the University
of Denver. Presentation delivered at the 4" LEADS Scholars Orientation, Denver, Colo., August 5, 2009.

Hall-Ellis, Sylvia D. Service Learning: Enhancement to Library & Information Science Graduate Education at the
University of Denver. Presentation delivered at the 3™ LEADS Scholars Orientation, Denver, Colo., June 2008.

Hall-Ellis, Sylvia D. Law Librarianship: A Community Conversation. Sponsored by the Colorado Association of
Law Libraries. Paper delivered at the Colorado Supreme Court Library, Denver, Colo., May 14, 2008.

Hall-Ellis, Sylvia D. Opportunities and Challenges in Law Librarianship: A Community Conversation. Presentation
delivered at the Sturm College of Law, Denver, Colo., November 7, 2007.

Ellis, Sylvia D. Grant Writing Resources for Nursing Professionals. Presentation delivered at the Presbyterian / St.
Luke’s Health One Medical Center 1 Annual Research Symposium, Denver, Colo., October 17, 2007.

Hall-Ellis, Sylvia D. Project Homeless Connect 4 Event Evaluation — Insights and Lessons Learned. Presentation
delivered at the Homelessness Research Symposium: What is DU Doing about Homelessness in Denver,
Denver, Colo., September 14, 2007.

Hall-Ellis, Sylvia D. Service Learning and the Library & Information Science Graduate Education at the University
of Denver. Presentation delivered at the 2" LEADS Scholars Orientation, Denver, Colo., August 10, 2007.
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Hall-Ellis, Sylvia D. Education for Information Professionals in a Digital Environment: Library & Information
Science Graduate Education at the University of Denver. Presentation delivered at the 15" Spring Mountains
and Plains Parapros Conference, Denver, Colo., February 24, 2007.

Hall-Ellis, Sylvia D. Public Library Service to Spanish-Speaking and Latino Residents in Denver: A Case Study.
Presentation delivered at the 4™ Annual Colorado Association of Libraries Conference, Denver, Colo.,
November 10, 2005.

Hall-Ellis, Sylvia D. Education for Information Professionals in a Digital Environment: Library & Information
Science Graduate Education at the University of Denver. Presentation delivered at the 14" Annual Mountains
and Plains Parapros Conference, Aurora, Colo., July 29, 2005.

Hall-Ellis, Sylvia D. Educational Opportunities: Library & Information Science Graduate Education at the
University of Denver. Presentation delivered at the 13™ Annual Mountains and Plains Parapros Conference,
Centennial, Colo., August 6, 2004.

Hall-Ellis, Sylvia D. Library Education & Training: Focus on the West: An LIS Faculty Member’s Personal
Response. Presentation delivered at the 1% Annual Colorado Association of Libraries Conference, Keystone,
Colo., October 18, 2002.

Hall-Ellis, Sylvia D. Grant Writing for School Librarians. Presentation delivered at the 2002 Annual Colorado
Education Media Association Conference, Colorado Springs, Colo., February 15, 2002.

Hall-Ellis, Sylvia D. Grants — Opportunities for the Future. Paper delivered at the Southeast Regional Accountability
Annual Conference, Lamar, Colo., November 12, 1998.

Hall-Ellis, Sylvia D. The Texas Library Connection and Interlibrary Loan: An Experiment in Resource Sharing. Paper
delivered at the Texas Computer Educators’ Association Annual Conference, Austin, Tex., February 6, 1997.

Hall-Ellis, Sylvia D. Finding Grant Sources on the Internet: A Guide for Librarians. Paper delivered at the 2" Annual
Institute for School Library Personnel, Pharr-San Juan-Alamo North High School, Pharr, Tex., July 29, 1996.

Hall-Ellis, Sylvia D. Mathematical and Logical Thinking: A Critical Intelligence. Paper delivered at the 3" Annual
Paraprofessional Conference at the University of Texas - Pan American, Edinburg, Tex., March 8, 1996.

Hall-Ellis, Sylvia D. Cataloging Trends and Issues: Update Session. Paper delivered at the 13 Annual Institute for
School Library Personnel, South Texas Community College, McAllen, Tex., July 19, 1995.

Hall-Ellis, Sylvia D. Grant Writing: Tips and Encouragement for School Librarians. Paper delivered at the 1% Annual
Institute for School Library Personnel, South Texas Community College, McAllen, Tex., July 18 and 19, 1995.

Hall-Ellis, Sylvia D. How to Become an Expert Grant Writer. Paper delivered at the 3™ Annual High School
Principals’ Academy, South Padre Island, Port Isabel, Tex., June 19, 1995.

Texas Library Study: Results from Regions I and II. Paper delivered at the 3™ Annual Technology Conference, Texas
A&M University, College Station, Tex., November 18, 1994.

Hall-Ellis, Sylvia D. Academic Achievement and Middle School Students. Paper delivered at the 8" Annual Young
Adult Conference, Sam Houston State University, Huntsville, Tex., November 5, 1994.

Hall-Ellis, Sylvia D. Multimedia Resources for Library Leaders. Paper delivered at the Institute for Librarians in A
Multicultural Environment, Sam Houston State University, Huntsville, Tex., June 10, 1994.
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Hall-Ellis, Sylvia D. Finding the Resource: Empowering the User, or, the Case for Curriculum Based Subject Access
to Learning Resource Center Collections. Paper delivered at the 81% Annual Texas Library Association
Conference, Corpus Christi, Tex., April 12-16, 1994.

Hall-Ellis, Sylvia D. and William H. Pichette. Sam Houston State University Makes Use of OCLC/AMIGOS
Collection Analysis CD. Paper delivered at the 815" Annual Texas Library Association Conference, Corpus
Christi, Tex., April 12-16, 1994.

Hall, Sylvia D. Funding and Library Development in Pennsylvania: A Symbiotic Relationship. Paper delivered at
the Annual Graduate Student Colloquia, University of Pittsburgh, School of Library and Information Science,
1982.

Hall, Sylvia D. Leadership for Public Library Trustees. Paper delivered for the Trustees Division, Pennsylvania
Library Association Annual Conference, Lancaster, Penn., 1981.

Seminar and Professional Development Presentations

Taylor, Meredith, and Sylvia D. Hall-Ellis. Talent Management and Succession Planning. ALCTS eForum, held
March 22, 2017.

Hirsh, Sandra, Heather O’Brien, Michelle Holschuh Simmons, Michael Krasulski, and Sylvia D. Hall-Ellis.
Information Services Today: An Introduction. Part 3: Information Services: Roles in the Digital Age. Rowan
and Littlefield in partnership with Library Journal webinar, recorded February 5, 2015.

Hall-Ellis, Sylvia D. and Jennifer Sweda. Copy Cataloging in an RDA Environment. ALCTS eForum, held May 14
and 15, 2013.

Hall-Ellis, Sylvia D. Law Librarianship: A Community Conversation. Sponsored by the Colorado Association of
Law Libraries, presented at the Colorado Supreme Court Library, Denver, Colo., May 14, 2008.

Hall-Ellis, Sylvia D. and Beatrice Z. Gerrish. Reading and Libraries: Recent Research in Reading. Presentation at
the Ricks Center for Gifted Education, Denver, Colo., March 4, 2008.

Hall-Ellis, Sylvia D. Cataloger Competencies: Do the Employers Require What the Professors Teach? Presentation
for the School of Library and Information Science, San José State University, February 12, 2008.

Hall-Ellis, Sylvia D. and Robert O. Ellett, Jr. Cooperative Cataloging: Rules, Tools, and Conventions for Building a
Multi-institutional Catalog. Sponsored for the Spanish Ministry of Defense, Madrid, Spain, July 10, 2006.

Hall-Ellis, Sylvia D. Cash for Kids: Grant Writing Opportunities for Youth Services Librarians. Sponsored by the
Colorado Young Adult Librarians; presented at Bemis Memorial Library, Littleton, Colo., November 13, 2002.

Hall-Ellis, Sylvia D. MARC Records and Authority Control: Planning for Bibliographic Database Migration.
Sponsored and held at the Douglas County Public Library, Castle Rock, Colo., May 28, 2002.
Grant Writing: A Refresher for Librarians. Sponsored by Library and Information Science
Program, College of Education, University of Denver; presented at University Center at Chaparral, August 12,
2000.

Hall-Ellis, Sylvia D. Shaking the Money Tree — Basic Grant Writing for Colorado Educators. Sponsored by the
Office of Educational Telecommunications of the Colorado Department of Education.
Pikes Peak Community College, Colorado Springs, Colo., November 16, 1998.
Pueblo School District 60, Pueblo, Colo., November 12, 1998.
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University of Northern Colorado, Greeley, Colo., November 10, 1998.
United Technology Educational Partnership, Grand Junction, Colo., November 9, 1998.

Hall-Ellis, Sylvia D. Cataloging Multimedia, Kits, Globes and Map Materials in USMARC. Sponsored and hosted
by Region One Education Service Center, Edinburg, Tex., April 24, 1997 and December 12, 1996.

Hall-Ellis, Sylvia D. New Standards for School Library Media Centers. Sponsored and hosted by Region One
Education Service Center, Edinburg, Tex., April 15, 1997.

Hall-Ellis, Sylvia D. The School Library Media Specialist in the 21*' Century: Visions for the Future.
Sponsored and hosted by Pharr-San Juan-Alamo Independent School District, Pharr, Tex., April 4, 1997.

Hall-Ellis, Sylvia D. Cataloging Sound Recordings and Audio Materials in USMARC. Sponsored and hosted by
Region One Education Service Center, Edinburg, Tex., March 20, 1997 and November 21, 1996.

Hall-Ellis, Sylvia D. Evaluating and Selecting CD-ROMS for School Library Media Collections. Sponsored and
hosted by Region One Education Service Center, Edinburg, Tex., March 18, 1997.

Hall-Ellis, Sylvia D. Cataloging Audiovisual Materials in USMARC. Sponsored and hosted by Region One Education
Service Center, Edinburg, Tex., February 27, 1997, November 7, 1996 and October 24, 1996.

Hall-Ellis, Sylvia D. Introduction to Dialog: Basic Searching Strategies. Sponsored and hosted by Region One
Education Service Center, Edinburg, Tex., February 14, 1997.

Hall-Ellis, Sylvia D. Cataloging Books in USMARC. Sponsored and hosted by Region One Education Service Center,
Edinburg, Tex., January 30, 1997, October 10, 1996, September 26, 1996 and August 8, 1996.

Hall-Ellis, Sylvia D. Advanced Internet Searching Techniques for Librarians. Sponsored and hosted by Region One
Education Service Center, Edinburg, Tex., January 21, 1997.

Hall-Ellis, Sylvia D. Texas Library Connection Full-Text Searching. Sponsored and hosted by Region One Education
Service Center, Edinburg, Tex., December 13, 1996 and October 25, 1996.

Hall-Ellis, Sylvia D. Developing Evaluation Strategies for Grants and Proposals. Sponsored and hosted by Region
One Education Service Center, Edinburg, Tex., December 10, 1996.

Hall-Ellis, Sylvia D. Developing Needs Assessment for Grants and Proposals. Sponsored and hosted by Region One
Education Service Center, Edinburg, Tex., November 12, 1996.

Hall-Ellis, Sylvia D. Texas Library Connection Union Catalog Searching. Sponsored and hosted by Region One
Education Service Center, Edinburg, Tex., November 8, 1996 and September 6, 1996.

Hall-Ellis, Sylvia D. Grant Resources on the Internet. Sponsored and hosted by Region One Education Service
Center, Edinburg, Tex., October 23, 1996.

Hall-Ellis, Sylvia D. Preparing a Response to the Telecommunications Infrastructure Fund Board: Needs
Assessment, Professional Development Framework, and Evaluation Strategies. Sponsored and hosted by
Region One Education Service Center, Edinburg, Tex., October 16, 1996.

Hall-Ellis, Sylvia D. Texas Library Connection: Building the Districtwide Bibliographic Database. Sponsored and
hosted by Mercedes Independent School District, Mercedes, Tex., September 13, 1996 and August 8, 1996.
Sponsored and hosted by Los Fresnos Consolidated Independent School District, Los Fresnos, Tex., August 12,
1996.
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Hall-Ellis, Sylvia D. School-to-Work and Special Education.: An Inclusive Partnership for Success. Sponsored and
hosted by the Office of Special Education, Region One Education Service Center, Edinburg, Tex., September
11, 1996.

Hall-Ellis, Sylvia D. Telecommunications Infrastructure Fund Board: An Overview of Funding for Secondary
Schools. Sponsored and hosted by Region One Education Service Center, Edinburg, Tex., August 31, 1996.

Hall-Ellis, Sylvia D. Cataloging Books, Multimedia, and Realia in USMARC. Sponsored and hosted by Edinburg
Consolidated Independent School District, Edinburg, Tex., August 6, 1996.

Hall-Ellis, Sylvia D. Internet Resources for Grant Writers. Sponsored and hosted by Region One Education Service
Center, Edinburg, Tex., April 20, 1996.

Hall-Ellis, Sylvia D. Enhanced Grant Writing Skills for Mathematics Educators: Writing Skills for Campus Teams.
Sponsored and hosted by the Office of General Education, Region One Education Service Center, Edinburg,
Tex., March 22, 1996.

Hall-Ellis, Sylvia D. Internet Resources for Grant Writers. Sponsored and hosted by the College of Education and
Applied Science, Sam Houston State University, Huntsville, Tex., March 9, 1996.

Hall-Ellis, Sylvia D. Grant Writing for Mathematics Educators: A Development Process for Campus Teams.
Sponsored and hosted by the Office of General Education, Region One Education Service Center, Edinburg,
Tex., March 4, 1996.

Hall-Ellis, Sylvia D. Shaking the Money Tree: Preparing Successful Technology Grant Applications. Sponsored and
hosted by the Office of Technology and Media Services, Region One Education Service Center, Edinburg, Tex.,
February 29, 1996 and April 29, 1996.

Hall-Ellis, Sylvia D. District-wide Technology Planning: Technical Assistance for the Texas Education Agency
Initiative. Sponsored and hosted by the Office of Technology and Media, Region One Education Service Center,
Edinburg, Tex., February 2, 1996.

Hall-Ellis, Sylvia D. Enhanced Grant Writing Skills. Sponsored and hosted by Pharr-San Juan-Alamo Independent
School District, Pharr, Tex., January 27, 1996.

Hall-Ellis, Sylvia D. United States Copyright Act of 1976, Video Transmissions, Computer Software and the
Internet. Sponsored and hosted by the Office of Technology and Media, Region One Education Service Center,
Edinburg, Tex., January 24, 1996.

Hall-Ellis, Sylvia D. The Grant Writing Development Process. Sponsored and hosted by Pharr-San Juan-Alamo
Independent School District, Pharr, Tex., January 20, 1996.

Hall-Ellis, Sylvia D. MARC Cataloging of Materials for Library Media Centers. Sponsored and hosted by the
Office of Media Services, Region One Education Service Center for the Donna Independent School District,

Donna, Tex., August 17, 1995.

Hall-Ellis, Sylvia D. Classification. Sponsored by AJ Seminars, Rockville, Maryland; presented at University Hilton
Hotel, Houston, Tex., May 10, 1995.

Hall-Ellis, Sylvia D. Library Technical Services. Sponsored by AJ Seminars, Rockville, Maryland; presented at
University Hilton Hotel, Houston, Tex., April 26, 1995.
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Hall-Ellis, Sylvia D. Grant Writing: An Introduction for Public School Administrators. Sponsored and hosted by the
Office of Administrative Services, Region One Education Service Center, Edinburg, Tex., April 19, 1995.

Hall-Ellis, Sylvia D. The School Library Media Specialist in the 21*' Century: Visions for the Future.
Sponsored and hosted by the United Independent School District, Laredo, Tex., March 31, 1995.

Hall-Ellis, Sylvia D. Using USMARC. Sponsored by AJ Seminars, Rockville, Maryland; presented at University
Hilton Hotel, Houston, Tex., March 29, 1995.

Hall-Ellis, Sylvia D. Library Media Center Policies and Guidelines: How to Prepare for School Board Adoption.
Sponsored and hosted by the Office of Technology and Media Services, La Joya Independent School District,
La Joya, Tex., March 10, 1995.

Hall-Ellis, Sylvia D. Developing District-wide Policies and Guidelines for Library Media Centers. Sponsored and
hosted by the Office of Technology and Media Services, La Joya Independent School District, La Joya, Tex.,
January 10, 1995.

Hall-Ellis, Sylvia D. MARC Cataloging of Audiovisual Materials for Library Media Centers. Sponsored and hosted
by the Office of Library Media and Technology Services, Cypress-Fairbanks Independent School District,
Houston, Tex., December 1, 1994.

Hall-Ellis, Sylvia D. The School Library Media Specialist in the 21 Century: Visions for the Future. Sponsored and
hosted by United Independent School District, Laredo, Tex., October 14, 1994.

Hall-Ellis, Sylvia D. The School Library Media Specialist in the 21°' Century: Visions for the Future. Sponsored and
hosted by the Laredo Independent School District, Laredo, Tex., October 7, 1994.

Hall-Ellis, Sylvia D. MARC Cataloging for Library Media Centers. Sponsored by the Office of Library Media and
Technology Services, Cypress-Fairbanks Independent School District, Houston, Tex., October 5, 1994.

Hall-Ellis, Sylvia D. Jump to the Head of the Class: Undergraduate Library Resources Available at Sam Houston
State University. Sponsored by the Office of the Associate Vice President for Student Services, Sam Houston
State University, Huntsville, Tex., October 4, 1994.

Hall-Ellis, Sylvia D. CD-ROMs - 1994's Newest and the Best for Secondary Level Media Centers. Sponsored and
hosted by Clear Lake Independent School District, Houston, Tex., June 3, 1994.

Hall-Ellis, Sylvia D. Introduction to Classification. Sponsored by AJ Seminars, Rockville, Maryland; presented at
Holiday Inn, Market Center, Dallas, Tex., May 18, 1994.

Hall-Ellis, Sylvia D. Basic Descriptive Cataloging. Sponsored by AJ Seminars, Rockville, Maryland; presented at
University Hilton Hotel, Houston, Tex., May 4, 1994.

Hall-Ellis, Sylvia D. Shaking the Money Tree - Part I1I: Writing Successful Grant Applications. Sponsored by Donna
Independent School District, Donna, Texas, and Region One Education Service Center Edinburg, Texas;
presented at South Texas Community College Library, McAllen, Tex., April 29, 1994.

Hall-Ellis, Sylvia D. Using MARC. Sponsored by AJ Seminars, Rockville, Maryland; presented at Holiday Inn,
Market Center, Dallas, Tex., April 6, 1994.

Hall-Ellis, Sylvia D. Automated Authority Control. Sponsored by AJ Seminars, Rockville, Maryland; presented at
University Hilton Hotel, Houston, Tex., March 23, 1994.
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Hall-Ellis, Sylvia D. Automating the District School Library Media Centers: Choices and Opportunities. Sponsored
and hosted by the Office of Technology and Library Media Services, Fort Bend Independent School District,
Sugar Land, Tex., March 4, 1994.

Hall-Ellis, Sylvia D. Shaking the Money Tree - Part I: Preparing Successful Grant Applications. Sponsored and
hosted by the Office of Library Media Services, Donna Independent School District, Donna, Tex., February 4,
1994.
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Page 26 of 50
GRADUATE COURSES TAUGHT

San José State University, School of Library and Information Science
INFO 249 — Advanced Cataloging and Classification (Fall 2015, 2016; Summer 2016)
INFO 287 — Special Topics in Cataloging and Classification (Spring 2017, 2018, 2019, 2020, 2021, 2022, 2023;
Fall 2020, 2021, 2022, 2023)
LIBR 248 — Beginning Cataloging and Classification (Summer 2002, 2003, 2004, 2005, 2006)
LIBR 249 — Advanced Cataloging and Classification (Summer 2003; Fall 2014; Summer 2015)

University of Denver, University College
Grant Writing Certificate Seminar for Non-Profit Organizations (Fall 2020, 2021; Spring 2021)

University of Denver, Morgridge College of Education HED
5991 — Grant Writing in Higher Education (Spring 2011)
LIS 4010 — Organization of Information (Fall 2002-2009; Winter 2005; Spring 2004-2006)
LIS 4020 — Professional Principles and Ethics (Summer 2000)
LIS 4040 — Management of Libraries and Information Centers (Fall 2010; Spring 2003, 2009 (DS); Winter 2005)
LIS 4070 — Cataloging and Classification (Winter 2008, 2009, 2010, 2011, 2012; Fall 2009 (DS)) LIS
4321 — Collection Management (Spring 2005)
LIS 4326 — LIS Research (Winter 2009 (DS); Spring 2009 (DS))
LIS 4350 — Adult Materials and Services (Summer 2006, 2009)
LIS 4379 — Social Sciences Resources (Spring 2009)
LIS 4400 — Cataloging and Classification (Spring 2000, 2001; Winter 2002-2009; Summer 2005, 2006 — course
renumbered LIS 4070, September 2007)
LIS 4401 — Descriptive Cataloging (Winter 2001; Spring 2002, 2003, 2006-2009; Summer 2005)
LIS 4402 — Subject Cataloging (Spring 2001, 2009; Summer 2005, 2006, 2007, 2008)
LIS 4403 — Classification Schemes (Fall 2007, 2008, 2009 (DS)) LIS
LIS 4405 — Authority Control (Winter 2009)
LIS 4510 — Materials and Services for Children (Winter 2004; Summer 2005)
LIS 4620 — Grant Writing and Fundraising (Summer 2000, 2002, 2004, 2010; Winter 2006; Fall 2006-2009)
LIS 4700 — Seminar in Technical Services (Fall 2001)
LIS 4700 — Seminar in Public Libraries (Summer 2002)
LIS 4804 — Management of Electronic Records (Spring 2004; Fall 2005)
LIS 4902 — Capstone Projects (Winter 2003, Spring 2008, 2009, 2011)
LIS 4910 — Independent Study (every quarter Winter 2000 through Spring 2011)
LIS 4920 — Service Learning (every quarter Summer 2004 through Spring 2011)
RMS 4954 — Grant Writing (Summer 2013, 2014)
RMS 4959 — Content Analysis Methodology (Spring 2015)
QRM 4978 — Grant Writing (Summer 2011, 2012)

Rutgers University, School of Communication and Information
SC&I 522 — Cataloging and Classification (Summer 2013)

University of Arizona, College of Behavioral and Social Sciences
LIS 602 — Cataloging and Classification (Summer 1995)
LIS 612 — Advanced Online Search and Retrieval (Summer 1995)

Sam Houston State University, College of Education & Applied Science
LIS 532 - Cataloging and Classification (Fall 1993, 1994, 1995)
LIS 563 - Advanced Cataloging and Classification (Summer 1994)
LIS 567 - Research Methods (Spring 1994, Spring 1995)
LIS 591 - Educational Technology (Spring 1994, 1995)
LIS 596 - Networking and Computer Technologies in Education (Fall 1993, Summer 1994, Fall 1995)
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Dissertations at the University of Denver
Bowers, Stacey L. Library Anxiety of Law School Students: A Study Utilizing the Multidimensional Library Anxiety
Scale. Chair, May 5, 2010.

Fattor, Melissa M. Student Engagement Differences by Ethnicity and Scale for Ninth Grade Students. Chair,
November 1, 2010.

Fulton, Roseanne. 4 Case Study of Culturally Responsive Teaching in Middle School Mathematics. Kent Seidel,
Chair, June 18, 2009, Outside Chair.

Grealy, Deborah S. Tribes and Territories in Library and Information Studies Education. Bruce Uhrmacher, Chair,
June 10, 2008, Committee Member.

McCord, J. Michael. Developing a Standard of Care for Educational Malpractice. Chair, April 15, 2011.

Priebe, Sarah J. Distinguishing Effects of Domain and General Knowledge on Passage Fluency and Comprehension.
Jan Keenan, Chair. July 21, 2011, Outside Chair.

Snyder-Mondragon, Sandra M. Iustitutional Factors that Impact the Retention of Graduate Students of Color in
Schools of Library and Information Science: A Metaregression of Accredited Library School Statistics on
Student Retention and Graduation Rates. Kathy Green, Chair, July 24, 2009, Committee Member.

Taylor, Karen Pickles. Effective Teaching. Elinor Katz, Chair, July 15, 2009, Outside Chair.

Thompson, Jennifer. Distinguishing a Western Women'’s College: A History of the Curriculum and Student
Experience at Colorado Women’s College. Edith W. King, Chair, July 16, 2010, Committee Member.

Walker, Emelda. Influence of Organizational Factors on Job Satisfaction of Disability Service Providers at
Postsecondary Institutions. Chair, April 29, 2010.

Dissertation Proposals at the University of Denver
Bowers, Stacey L. Library Anxiety of Law School Students: A Study Utilizing the Multidimensional Library Anxiety
Scale. Chair, November 5, 2009.

McCord, J. Michael. Developing a Standard of Care for Educational Malpractice. Edith W. King, Chair. April 23,
2010.

Thompson, Jennifer. History of Colorado Women'’s College. Edith W. King, Chair, October 30, 2008. Committee
Member.

Walker, Emelda. Influence of Organizational Factors on Job Satisfaction of Disability Service Providers at
Postsecondary Institutions. Chair, July 21, 2009.

Dissertations at Other Institutions
Rodriguez-Mori, Howard. The Information Behavior of Puerto Rican Immigrants to Central Florida, 2003-2009:
Grounded Analysis of Six Case Studies Use of Social Networks during the Migration Process. Kathleen Burnett,
Chair, April 10, 2009, Florida State University, Committee Member.

Schwartz, Brian More than a Look-up Skill: Medical Information Literacy Education in Osteopathic Medical Schools.
D. Mirah Dow, Chair, July 18, 2017. Emporia State University, Committee Member.

Snow, Karen. A4 Study of the Perception of Cataloging Quality among Catalogers. Shawne D. Miksa, Chair, August
1, 2011. University of North Texas, Committee Member.
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Dissertation Proposals at Other Institutions
Schwartz, Brian More than a Look-up Skill: Medical Information Literacy Education in Osteopathic Medical Schools.
D. Mirah Dow, Chair, December 4, 2015. Emporia State University, Committee Member.

Snow, Karen. 4 Study of the Perception of Cataloging Quality among Catalogers. Shawne D. Miksa, Chair, May 11,
2010. University of North Texas, Committee Member.

Master’s Thesis at the University of Denver
Hemingson, Jeff. Recital Paper. Lamont School of Music, February 2010, Outside Chair.

Capstones at the University of Denver
Anthony, Alisa. Correlation of Library and Information Science Program outcomes and Vacant Position
Qualifications Listed on the Colorado State Library Jobline by Employers During the Period September 1, 2000
through August 31, 2002. Chair, Winter Quarter, 2003.

Borden, Donna M. Improving Emergency Communications Systems: Is a Radio Communications Network the
Answer? Fall Quarter, 2014.

Bowden, Heather L.M. Exploring Biological Models for Long-term Data Preservation. Chair, Spring Quarter, 2008.

Casenada, Cassandra Y. Challenges to the Recruitment, Education, and Retention of Librarians of Color. Chair,
Spring Quarter, 2008.

Chang, Jennifer C. Legal Research Practice and Preference: A Law Firm Perspective. Chair, Spring Quarter 2011.

Ellis, Megan S. Fitzgerald. Design of a Public Library Adult Volunteer Recruitment Program and Training
Curriculum. Chair, Winter Quarter, 2003.

Kircher, Kathy. Development of a Library Pathfinder for Exobiology and Posting it on the Internet. Chair, Winter
Quarter, 2003.

Melhado, Loretta. Design of St. John’s Episcopal Church Library. Chair, Spring Quarter, 2008.

Radcliff, Kathy. Original Cataloging of Archival materials in the HERS Collection in Penrose Library. Chair, Winter
Quarter, 2003.

Sass, Carol Ann. ACT Periodical Index: Access to Catholic Thinking Periodical Index: Web Index to Select Catholic
Periodicals. Spring Quarter 2000.

Stone, Sergio D. Conducting Community Analysis for the Bemis Public Library (Littleton, Colorado) Using 2002 U.S.
Census Data and the Online Outcome-Based Evaluation Toolkit. Chair, Winter Quarter, 2003.

Tureson, Tamara. Design and Use of an Information Audit Tool for Use in a Law Library. Chair, Winter Quarter,
2003.

Tweed, Beth. Evaluation of Email Reference Service in a Consumer Health Library Environment. Chair, Winter
Quarter, 2003.
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GRANTS AND CONTRACTS

Student Learning in Agriculture STEM through Teacher Professional Development. Research team: Stanton Gartin
(PD) and Cyndi Hofmeister, Northeast Junior College; Jeff Cash, Cheryl Sanchez, Anne-Marie Crampton, Lamar
Community College; Suzanna Spears, Morgan Community College; Jack Wiley, Kerry Gabrielson, Trinidad
State Junior College; Michael J. Miller, Colorado State University; Michael Womochil (Co-PI), Casey Sacks,
and Sylvia D. Hall-Ellis, Colorado Community College System. U.S. Department of Agriculture, Agriculture
and Food Research Initiative, Food, Agriculture, Natural Resources and Human Sciences Education and Literacy
Initiative, $404,460 (2017-2020)

Leading and Achieving: the Colorado Agriculture Regional Consortium. Research team: Jack Wiley (PI), Kerry
Gabrielson, Trinidad State Junior College; Jeff Cash (PI), Cheryl Sanchez, Anne-Marie Crampton, Lamar
Community College; Suzanna Spears, Morgan Community College; Cyndi Hofmeister, Northeast Junior
College; Michael Womochil (Co-PI), Casey Sacks, and Sylvia D. Hall-Ellis, Colorado Community College
System. U.S. Department of Agriculture, Hispanic Serving Institutions Education Grants Program, $504,414
(2017-2020)

Cyber Prep Program Planning Grant. Research team: Debbie Sagen (P1), Brenda Lauer, Pikes Peak Community
College; Gretchen Martin, Koiosa Insights; and, Sylvia D. Hall-Ellis, Colorado Community College System.
U.S. Department of Commerce, Regional Alliances and Multi-stakeholder Partnerships to Stimulate (RAMPS)
Cybersecurity Education and Workforce Development, $199,681 (2016-2018)

Career and Technical Education in Colorado. Pathways to Education and Employment. Research team: Heather
McKay (PI), Rutgers University; Sarah Heath, Casey Sacks, Sylvia D. Hall-Ellis, Colorado Community College
System. U.S. Department of Education, Institute of Education Sciences, $1,400,000 (2017-2021)

Pre-Alliance Planning Grant Colorado Community College Alliance. Research team: Victor Vialpondo (PI) and
Janel Highfill, Community College of Aurora; Heidi Loshbaugh (Co-PI), Community College of Denver; Rick
Reeves, Bill McGreevy, Liz Cox, and Kristin Aslin, Red Rocks Community College; Cathy Pellish, Front
Range Community College; Samuel DeVries, Arapahoe Community College; Sylvia D. Hall-Ellis, Colorado
Community College System. National Science Foundation, Louis Stokes Alliance for Minority Participation
(LSAMP), $86,817 (2016-2017)

Towards Scalable Differentiated Instruction Using Technology-enabled, Competency-based, Dynamic Scaffolding.
Research team: Karen Wilcox (PI) and Vijay Kumar, Center for Computational Engineering, Massachusetts
Institute of Technology; Flora McMartin, Broad-based Knowledge; Quinsigamond Community College; and,
Casey Sacks, and Sylvia D. Hall-Ellis, Colorado Community College System. U.S. Department of Education,
First in the World Developmental Grant, $2,891,882 (2015-2019)

Colorado Strategic Partnerships Emergency Grant. Research team: Elise Lowe-Vaughn (PI), Amy Hodson, Celia
Hardin, Barbara McBride, James Newby, Christopher Dewhurst, Nina Holland, Kate Anderson, MaryAnn Roe,
Chrystalynn Chrystalynn, Elaine Edon, Mona Barnes, Tom Morgan, Rob Hanni, and Marie Valenzuela,
Colorado Department of Labor and Employment; Steve Anton, Joelle Brouner, and, Katie Griego, Colorado
Department of Human Services; Rebecca Holmes, Judith Martinez, and Jennifer Jirous, Colorado Department of
Education; Emily Templin Lesh, Colorado Workforce Development Council; Cory Everett, Colorado
Department of Regulatory Agencies; and, Casey Sacks and Sylvia D. Hall-Ellis, Colorado Community College
System. U.S. Department of Labor, Strategic Partnerships Emergency Grant, $5,000,000 (2015-2017)

CAEL Jump Start Program: Competency-Based Education. Research team: Jerry Migler (PI), Casey Sacks, Debra
Cohn, Thomas Hartman, and Sylvia D. Hall-Ellis, Colorado Community College System; Matt Jamison,
Front Range Community College; Mike Coste, Red Rocks Community College; Amanda Corum, Pueblo
Community College; Janet Colvin, Pikes Peak Community College; and, MaryAnn Matheny, Community
College of Denver. Council for Adult and Experiential Learning, $15,000 (2015)
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Summit on the Redesign of Developmental Education. Research team: Jerry Migler (PI), Casey Sacks, and Sylvia D.
Hall-Ellis, Colorado Community College System; Chip Nava, Pueblo Community College; Kim Moultney,
Arapahoe Community College; Debbie Ulibarri, Trinidad State Junior College; and, Kris Bernard, Front Range
Community College. American Association of Community Colleges, $15,000 (2015-2016)

Equity in Excellence at Colorado Community Colleges. Research team: Keith Howard (PI) and Sylvia D. Hall-Ellis,
Colorado Community College System; Estela Mata Bensimon, Center for Urban Education, University of
Southern California; and Kerry Gabrielson, Trinidad State Junior College. Colorado Department of Higher
Education, Colorado Opportunity Scholarship Program, $150,000 (2015-2016)

MBA High School of Business in Colorado. Research team: Laurie Urich (PI) and Sylvia D. Hall-Ellis, Colorado
Community College System; Rudolph Sumpter and Beatrice Gerrish, Boulder Valley Schools; Keith Curry
Lance, RSL Research Group. Colorado Department of Higher Education, Colorado Opportunity Scholarship
Program, $501,295 (2015-2016)

Fullbridge Program in Colorado. Research team: Keith Howard (PI) and Sylvia D. Hall-Ellis, Colorado Community
College System; Suzanna Spears, Fort Morgan Community College; and, Cheryl Sanchez and Anne-Marie
Compton, Lamar Community College. Colorado Department of Higher Education, Colorado Opportunity
Scholarship Program, $300,000 (2015-2017)

Colorado Community College System Alternative Credit Program. Research team: Jerry Migler (PI), Keith Howard,
and Sylvia D. Hall-Ellis, Colorado Community College System. American Council on Education, $13,000 (2015)

Internationalization in Higher Education. Researcher: Samuel D. Museus. Technical reviewer for MCE: Sylvia D.
Hall-Ellis. University of Denver, Office of Internationalization, $8,000 (2014-2015)

International Perspectives on Bilingual Education. Researcher: Sharolyn Pollard-Durodola. Technical reviewer for
MCE: Sylvia D. Hall-Ellis. University of Denver, Office of Internationalization, $3,700 (2014-2015)

Cultivating Culturally Relevant and Responsive Curriculum and Pedagogy in College. Researcher: Samuel Museus.
Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, iRise Grant, $5,000 (2014-2015)

Project EMERGE (Educational Model for Evaluation and Replicability in Gifted Environments). Research team:
Norma Hafenstein (PI) and Bruce Uhrmacher. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Lynde and
Harry Bradley Foundation, $235,000 (2014-2015)

Collecting Asian American Refugee Stories. Researcher: Samuel Museus. Technical reviewer for MCE: Sylvia D.
Hall-Ellis. American Educational Research Association, Research Grant, $5,000 (2014-2015)

Developing Expertise in Teaching K-5 Mathematics. Research team: Julie Sarama (PI) and Douglas H. Clements
(Co-PI), in partnership with the School of Education at the University of Michigan. Technical reviewer for
MCE: Sylvia D. Hall-Ellis. National Science Foundation, $130,344 (2013-2015)

Investigation of the Long-Term Outcomes for Special Education Students. Researcher: Antonio Olmos-Gallos.
Technical reviewer for MCE: Sylvia D. Hall-Ellis. Jefferson County School District, Office of Assessment,
$40,000 (2014)

Refugee Community Collaboration. Researcher: Vicki Tomlin (PI) in partnership with the African Community
Center and Jewish Family Service. Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver,
Center for Community Engagement and Service Learning, $14,854 (2014-2015)
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Access to Mathematics for AIl. Research team: Richard S. Kitchen (PI), Nicole M. Russell (Co-PI), and Terrence
Blackman (Co-PI), Curriculum Studies and Teaching Program, Morgridge College of Education; Alvaro Arias
(Co-PI, Department of Mathematics); and, James Gray (Co-PI), Department of Mathematics, Community
College of Aurora. Technical reviewer for MCE: Sylvia D. Hall-Ellis. National Science Foundation, The Robert
Noyce Scholarship Program, Capacity Building Project, $349,926 (2014-2016)

Cognitive Test Battery for Intellectual Disabilities. Research team: Karen Riley (PI), Lyndsay Agans, Jessica
Lerner, and Karin Dittrick-Nathan in partnership with David Hessl (PI), The MIND Institute at the University of
California — Davis, and Elizabeth Berry-Kravis, Rush University Medical Center. Technical reviewer for MCE:
Sylvia D. Hall-Ellis. National Institutes of Health, Outcome Measures for Use in Treatment Trials for
Individuals with Intellectual and Developmental Disabilities (R01), $2,499,996 ($588,672 at DU) (2014- 2019)

Broadening Participation in Engineering among Women and Latino/as: A Longitudinal, Multi-Site Study.
Researcher: Patton Garriott (PI) in partnership with the University of North Dakota and the University of
Missouri. Technical reviewer for MCE: Sylvia D. Hall-Ellis. National Science Foundation, HER Core Research,
$677,390 (369,992 at DU) (2014-2019)

Designing a Teacher Evaluation System to Improve Teacher Effectiveness for Culturally and
Linguistically Diverse Learners. Research team: Maria del Carmen Salazar (PI), Jessica Lerner, and Kathy

Green. Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Professional Research
Opportunities for Faculty, $29,988 (2014-2016)

Developing a College-Going Culture in Latina/O Families: Exploring the Influence of Funds of
Knowledge on Family Outreach Programs. Researcher: Judy Marquez Kiyama. Technical reviewer for
MCE: Sylvia D. Hall-Ellis. University of Denver, Professional Research Opportunities for Faculty, $18,720
(2014-2016)

Assessment of Quality of Life in Neutral Implantation Surgery for the Treatment of Parkinson's Disease. Researcher:
Cynthia McRae. Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Office of
Internationalization, $3,967 (2014-2015)

Pura Vida: Cloud Forest, Curriculum and Cross-Cultural Study. Research team: Norma Hafenstein (PI) and Bruce
Uhrmacher (Co-PI). Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Office of
Internationalization, $8,000 (2014-2015)

Online Course Development for Curriculum and Instruction. Researcher: Ruth Chao. Technical reviewer for MCE:
Sylvia D. Hall-Ellis. University of Denver, Office of Teaching and Learning, $3,000 (2014)

Online Course Development for Curriculum and Instruction. Researcher: Maria del Carmen Salazar. Technical
reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Office of Teaching and Learning, $3,000 (2014)

Online Course Development for Curriculum and Instruction. Researcher: Jessica Lerner. Technical reviewer for
MCE: Sylvia D. Hall-Ellis. University of Denver, Office of Teaching and Learning, $3,000 (2014)

Online Course Development for Curriculum and Instruction. Researcher: Duan Zhang. Technical reviewer for
MCE: Sylvia D. Hall-Ellis. University of Denver, Office of Teaching and Learning, $3,000 (2014)

The Mathematics Education of African Americans, 1866 — 1954. Researcher: Nicole M. Russell. Technical reviewer
for MCE: Sylvia D. Hall-Ellis. National Academy of Education, Spencer Foundation Postdoctoral Fellowship,
$55,000 (2014-2016)
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Early Childhood Care and Education Study. Research team: Carrie Germeroth (PI), Melissa Mincic, and Douglas H.
Clements. Technical reviewer for MCE: Sylvia D. Hall-Ellis. State of North Dakota, Department of Public
Instruction, $73,500 (2013-2014)

Graduate Level Specialty in Addiction Counselor Training with Emphasis on Integration of Native American
Specific Content. Research team: Ruth Chao (PI) and Michael J. Faragher (Co-PI). Technical reviewer for MCE:
Sylvia D. Hall-Ellis. The Galena Foundation, $289,732 (2013-2016)

The Collecting Asian American and Pacific Islander Refugee Stories (CARS) Project. Researcher: Samuel Museus.
Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Center for Community Engagement
and Service Learning, $15,000 (2014)

Parents in Transition: A Multiple Case Study of Parent and Family Orientation Programs. Researcher: Judy
Marquéz Kiyama. Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Faculty Research
Fund, $1,500 (2014-2015)

The Sistah Network: Black Women Graduate Students Supporting and Retaining Each Other. Researcher; Nicole M.
Russell. Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Faculty Research Fund,
$2,708 (2014-2015)

Evaluation of the Northeast Denver Babies Ready for College Program. Research team: Carrie Germeroth (PI),
Melissa Mincic, and Douglas H. Clements. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Mile High
Montessori, $9,922 (2013-2014)

Developing Teaching Expertise in K-5 Mathematics. Research team: Julie Sarama (PI) and Douglas Clements
(University of Denver), in partnership with Timothy Boerst (PI), Meghan Shaughnessy, Deborah Ball, Hyman
Bass (School of Education at the University of Michigan). Technical reviewer for MCE: Sylvia D. Hall-Ellis.
National Science Foundation, $449,827 ($130,344 at the University of Denver (2013-2015)

Early Learning Care and Education Study Program Grant for the State of North Dakota. Research team: Carrie
Germeroth (PI), Melissa Mincic, and Sheridan Green. Technical reviewer for MCE: Sylvia D. Hall-Ellis. State
of North Dakota Department of Public Instruction, $73,500 (2013-2014)

Local Professional Learning Community for School Leaders. Research team: Susan Korach (PI), Kristina Hesbol,
and Rebecca McClure. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Education Development Center,
$10,950 (2013)

Healthy Eaters, Lifelong Movers 2: Implementing Evidence-Based School Environment, Policy, and Curricular
Changes to Increase Opportunities for Healthy Eating and Physical Activity in Low Income, Rural Colorado.
Research team: Elaine Berlansky, University of Colorado at Denver (PI), Nicholas Cutforth, University of
Denver (Co-PI), and Allison Reeds. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Colorado Health
Foundation, $3,103,108 (2013-2017)

Hughes Rare Books Library Room Renovation in the Sturm College of Law. Project team: Patti H. Marks, Sylvia D.
Hall-Ellis, and Leigh Elliott. Mabel T. Hughes Charitable Trust, $34,000 (2013-2014)

The Promise Center Partnership with the Marsico Institute for Early Learning and Literacy and the City and
County of Denver. Research team: Karen Riley (PI), Douglas H. Clements (Co-PI), and Sheridan Green.
Technical reviewer for MCE: Sylvia D. Hall-Ellis. The Piton Foundation, $223,468 (2013-2014)

Center of Excellence for Problem Gambling. Research team: Ruth Chao (PI) and J. Mike Faragher. Technical
reviewer for MCE: Sylvia D. Hall-Ellis. Colorado Department of Behavioral Health, $68,021 (2012-2013)
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United Way Implementation and Validation Review. Research team: Douglas H. Clements (PI), Amanda Moreno,
and Sheridan Green. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Mile High United Way, $19,737 (2013)

Math/Science Partnership in Rural Districts. Research team: Kristen Bunn (PI, Eagle County Schools), Paul
Michalec (Co-PI), and Alegra Reiber. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Colorado Department
of Education, Colorado’s Mathematics and Science Partnership Program, $750,000 (2013-2014)

Mathematics and Science Education of African Americans. Research team: Nicole Russell (PI), Sylvia D. Hall-Ellis,
Steve Fisher (Penrose Library). Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver,
Professional Research Opportunities for Faculty, $29,994 (2013-2015)

Online Course Development for Curriculum and Instruction. Researcher: Nicole Russell. Technical reviewer for
MCE: Sylvia D. Hall-Ellis. University of Denver, Office of Teaching and Learning, $3,000 (2013)

Discourse and Opportunity: Undocumented Students and Higher Education Policy. Researcher: Ryan Gildersleeve.
Technical reviewer for MCE: Sylvia D. Hall-Ellis. National Academy of Education, Spencer Foundation
Postdoctoral Fellowship, $55,000 (2012-2014)

An Anthropological Study of the Latino Graduation Ceremony. Researcher: Ryan Gildersleeve. Technical reviewer
for MCE: Sylvia D. Hall-Ellis. Spencer Foundation, $39,900 (2012-2013)

Fragile-X and Pharmaceutical Company. Clinical Trial of AFQ056. University of California — Davis Children’s
Hospital MIND Institute (Sacramento), Children’s Hospital Denver, and Rush Children’s Hospital at Rush
University Medical Center (Chicago). Karen Riley, PI. Technical reviewer for MCE: Sylvia D. Hall-Ellis.
Novartis Pharmaceuticals Corporation, $394,206 (2012-2014)

Project Engage, Phase 2, a DAPRA Grant in partnership with Total Immersion Systems, Inc., and Texas A&M
University. Research team: Karen Riley (PI) and Lyndsay Agans (Co-PI). Technical reviewer for MCE: Sylvia
D. Hall-Ellis. U.S. Department of Defense, $60,000 (2011-2013)

International School Psychology Practicum Exchange. Researcher: Gloria L. Miller. Technical reviewer for MCE:
Sylvia D. Hall-Ellis. University of Denver, Center for Community Engagement and Service Learning, $14,951
(2012-2013)

Online Course Development for Curriculum and Instruction. Research team: Bruce Uhrmacher (PI) and Norma
Hafenstein (Co-PI). Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Office of Teaching
and Learning, $18,193 (2012-2014)

Writers in the Schools. Research team: Karen Riley (PI) and Amanda Moreno (Co-PI).Technical reviewer for MCE:
Sylvia D. Hall-Ellis. Colorado Humanities, $4,965 (2012-2013)

Learning Ecosystem Validation Grant. Research team: Karen Riley (PI), Lyndsay Agans, Kent Seidel, and Shimelis
Assefa. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Bill & Melinda Gates Foundation, $315,000 (2012-
2013)

Project Words of Oral Reading and Language Development (WORLD). Research team: Jorge E. Gonzalez (PI),
Texas A&M University; Laura Saenz (Co-PI), University of Texas — Pan American; and, Sharolyn Pollard-
Durodola (Co-PI), University of Denver. Technical reviewer for MCE: Sylvia D. Hall-Ellis. U.S. Department of
Education, Institute of Education Sciences, $53,354 (2012-2015); award $640,718, transfer from Texas A&M
University
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Increasing the Efficacy of an Early Mathematics Curriculum with Scaffolding Designed to Promote Self-Regulation.
Research team: Douglas H. Clements (PI) and Julie Sarama (Co-PI). Technical reviewer for MCE: Sylvia D.
Hall-Ellis. U.S. Department of Education, Institute of Education Sciences, $1,445,315 (2008-2014); award
$4,541,975, transfer from University at Buffalo, The State University of New York

Using Rule Space and Poset-based Adaptive Testing Methodologies to Identify Ability Patterns in Early
Mathematics and Create a Comprehensive Mathematics Ability Test. Research team: Douglas H. Clements (PI)
and Julie Sarama (Co-PI). Technical reviewer for MCE: Sylvia D. Hall-Ellis. National Science Foundation,
$323,791 (2010-2014); award $1,194,944, transfer from University at Buffalo, The State University of New
York

Comprehensive Postdoctoral Training in Scientific Education Research. Researcher: Julie Sarama (PI). Technical
reviewer for MCE: Sylvia D. Hall-Ellis. U.S. Department of Education, Institute of Education Sciences,
$133,458 (2010-2014); award $613,353, transfer from University at Buffalo, The State University of New York

Longitudinal Study of a Successful Scaling Up Project: Extending TRIAD. Research team: Douglas H. Clements
(PD), Julie Sarama (Co-PI), and Abt Associates (Carolyn Layzer, Fatih Unlu, Laurie Bozzi, Lily Fesler, Alina
Martinez, Cristofer Price, James van Orden). Technical reviewer for MCE: Sylvia D. Hall-Ellis. Institute of
Education Sciences, $384,940 (2011-2015; award $1,250,286, transfer from University at Buffalo, The State
University of New York

Early Childhood Education in the Context of Mathematics, Science, and Literacy. Research team: Julie Sarama (PI),
Douglas H. Clements (Co-PI). Technical reviewer for MCE: Sylvia D. Hall-Ellis. National Science Foundation,
$990,020 (2010-2014; award $2,285,228, transfer from University at Buffalo, The State University of New York

Early Childhood Clearinghouse Information Center Redesign. Research team: Karen Riley (PI) and Amanda
Moreno (Co-PI).Technical reviewer for MCE: Sylvia D. Hall-Ellis. Office of the Lt. Governor of Colorado,
$12,000 (2012-2013)

Morgridge Rural Educational Leadership Initiative. Research team: Lyndsay Agans (PI), Linda Brookhart (Co-PI),
Susan Korach, and Rebecca McClure. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Morgridge Family
Foundation, $100,000 (2012-2014)

Center of Excellence for Problem Gambling. Research team: Patrick Sherry (PI) and J. Mike Faragher. Technical
reviewer for MCE: Sylvia D. Hall-Ellis. Colorado Department of Behavioral Health, $55,000 (2012-2013)

Intermodal Transportation Institute Research Initiatives. Researcher: Patrick Sherry. Technical reviewer for MCE:
Sylvia D. Hall-Ellis. University Transportation Centers Program, Research and Innovative Technology
Administration, U.S. Department of Transportation. $600,000 (2012-2014)

Mile High United Way Social Innovation Fund Early Literacy Initiative. Gloria L. Miller, PI, Amanda Moreano,
Kim Hartnett-Edwards, and Sheridan Green. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Mile High
United Way, $89,992 (2012-2013)

International School Psychology Practicum Exchange. Researcher: Gloria L. Miller. Technical reviewer for MCE:
Sylvia D. Hall-Ellis. University of Denver, Center for Community Engagement and Service Learning, $1,000
(2012-2013)

Refugee Student Art Outreach. Researcher: Karin Dittrick-Nathan. Technical reviewer for MCE: Sylvia D. Hall-
Ellis. University of Denver, Faculty Research Fund, $3,000 (2012-2013)

Resistance, Resilience, and Reciprocity: Centering the Voices of Black Doctoral Women with Faculty Aspirations.
Researcher: Nicole M. Russell. Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Faculty
Research Fund, $2,965 (2012-2013)
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Assessing Learning through Student Notebooks. Research team: Keith Miller, Nancy Sasaki, and Kathy Green.
Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Professional Research Opportunities
for Faculty, $30,000 (2012-2014)

International School Psychology Practicum Exchange. Researcher: Gloria L. Miller. Technical reviewer for MCE:
Sylvia D. Hall-Ellis. University of Denver, Office of Internationalization, $2,000 (2012-2013)

ELO in Colorado. Research team: Cynthia Hazel and Duan Zhang. Technical reviewer for MCE: Sylvia D. Hall-
Ellis. Colorado Legacy Foundation, $150,000 (2012-2013)

Creating Online LIS Courses. Research team: Mary C. Stansbury (PI), Shimelis Assefa, Denise Anthony, Xiao Hu,
and Krystyna Matusiak. Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Center for
Teaching and Learning, $15,000 (2011-2013)

Maritime Piracy Seminar. Researcher: Ved Nanda, The Nanda Center, Sturm College of Law. Technical reviewer
for Sturm College of Law: Sylvia D. Hall-Ellis. Arsenault Family Foundation, $15,000 (2012-2013).

Early Childhood Librarianship: An Interdisciplinary, Experiential Learning MLIS. Researcher: Mary C. Stansbury
(PI). Technical reviewer for MCE: Sylvia D. Hall-Ellis. Laura Bush’s 21st Century Librarians Program, Institute
for Museums and Library Services, $249,066 (2012-2014)

Learning Ecosystem Planning Grant. Research team: Karen Riley (PI), Lyndsay Agans, Kent Seidel, and Shimelis
Assefa. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Bill & Melinda Gates Foundation, $281,217 (2011-
2012)

Advanced Service Learning Practitioner Faculty Grant, Sylvia D. Hall-Ellis, University of Denver, Center for
Community Engagement and Service Learning, $400 (2011)

Evaluating and Enhancing the EspeciallyMe Program. Research team: Lori D. Patton and Nicole Russell. Technical
reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Center for Community Engagement and Service
Learning, Public Good Fellowship Grant, $24,780 (2012)

Choosing Excellence: Let Every Child Bloom. Research team: Shimelis Assefa (PI) and Mary C. Stansbury (Co-PI).
Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Center for Community Engagement
and Service Learning, Public Good Grant, $7,657 (2012)

K-8 STEM Content Specific Professional Development to Improve Elementary Student Achievement. Research team:
Kent Seidel (PI), Nicole Russell (Co-PI), Kimberly Hartnett-Edwards, Paul Michalec, Jeff Farmer, Keith Miller,
Alegra Reiber, and Nancy Sasaki. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Colorado Department of
Education, Improving Teacher Quality Grant, (Title Il ESEA), $307,299 (2011-2012)

Building a Better Principal Pipeline to Boost Student Achievement. Researcher: Susan Korach. Technical reviewer
for MCE: Sylvia D. Hall-Ellis. Denver Public Schools; a subcontract from the Wallace Foundation Grant,
$170,000 (2011-2017)

Center of Excellence for Problem Gambling. Research team: J. Mike Faragher (Co-PI) and Bobbie Vollmer (PI).
Technical reviewer for MCE: Sylvia D. Hall-Ellis. Colorado Department of Behavioral Health, $79,999 (2011-
2012)

An Exploration of Novice Teachers' Core Competencies: Impacts on Student Achievement, and Effectiveness of
Preparation. Research team: Kent Seidel (PI), Kathy Green (Co-PI), Kimberly Hartnett-Edwards, and Duan
Zhang. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Institute of Education Sciences, Effective Teachers
and Effective Teaching, $990,987 (2012-2015)
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Project Engage, a DAPRA Grant in partnership with Total Immersion Systems, Inc., and Texas A&M University.
Research team: Karen Riley (PI) and Lyndsay Agans (Co-PI). Technical reviewer for MCE: Sylvia D. Hall-Ellis.
U.S. Department of Defense, $49,964 (2011-2014)

User-centered Evaluation of Music Search Engines. Researcher: Xiao Hu. Technical reviewer for MCE: Sylvia D.
Hall-Ellis. University of Denver, Faculty Research Fund, $2,931 (2011-2012)

Educational Practicum in Vietnam and China to Promote the Inclusion of Young Children with Disabilities.
Researcher: Gloria L. Miller. Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Office of
Internationalization, $5,000 (2011-2012)

Evaluation of Colorado’s Enhancing Quality in Infant-Toddler (EQIT) Initiative. Research team: Virginia R.
Maloney and Amanda Moreno. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Buell Foundation, $395,884
(2011-2013)

Creating Engaging Environments to Teach Pre-Algebra Mathematics to Elementary Students. Research team:
Alvaro Arias, Mario Lopez, Maria del Carmen Salazar, and Lyndsay Agans. Technical reviewer for MCE:
Sylvia D. Hall-Ellis. University of Denver Interdisciplinary Grant, $60,000 (2011-2012)

Morgridge Education Technology Accessible (META) Resource Project. Research team: Lyndsay Agans (PI) and
Shimelis Assefa (Co-PI). Technical reviewer for MCE: Sylvia D. Hall-Ellis. Morgridge Family Foundation,
$36,000 (2011)

MCE Connect: A 21*' Century Framework for Faculty Development. Research team: Bruce Uhrmacher (PI),
Shimelis Assefa (Co-PI), Lyndsay Agans (Co-PI), Kimberly Hartnett-Edwards, Norma Hafenstein, Xiao Hu,
Paul Michalec (Co-PI), Maria del Carmen Salazar (Co-PI), and Sandra Snyder-Mondragon. Technical reviewer
for MCE: Sylvia D. Hall-Ellis. University of Denver, Center for Teaching and Learning, $22,355 (2011-2012)

Parent Education and Parent Leadership and Advocacy. Research team: Virginia Maloney (PI) and Amanda
Moreno, Marsico Institute for Early Learning and Literacy. Technical reviewer for MCE: Sylvia D. Hall-Ellis.
Colorado Health Foundation, $27,358 (2010-2011)

Intentional School Culture. Researcher: Cynthia Hazel. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Denver
Public Schools, $38,040 (2010-2011)

Healthy Eaters, Lifelong Movers: Implementing Evidence-Based School Environment, Policy, and Curricular
Changes to Increase Opportunities for Healthy Eating and Physical Activity in Low Income, Rural Colorado.
Research team: Elaine Berlansky, University of Colorado at Denver (PI), Nicholas Cutforth, University of
Denver (Co-PI), and Allison Reeds. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Colorado Health
Foundation, $1,683,277 (2011-2014)

Second Life Learning Community. Research team: Don McCubbrey (PI), Sylvia D. Hall-Ellis (Co-PI), Walter
LaMendola, and Paul Novak. University of Denver, Center for Teaching and Learning, $13,000 (2010-2011)

Reintroducing the Value of Law Librarians to Academic and Public Librarians in Colorado through the
Identification and Use of Emerging Technologies. Research team: Sylvia D. Hall-Ellis (Co-PI), Stacey L.
Bowers (PI), and Christopher Hudson, in partnership with Denver Public Library, Arapahoe Library District, and
the Colorado State Supreme Court Library. University of Denver, Center for Community Engagement and
Service Learning, $5,773 (2010-11)

Reintroducing the Value of Law Librarians to Public Librarians through the Identification and Use of Emerging
Technologies and Resources. Research team: Stacey Bowers (PI) and Sylvia D. Hall-Ellis (Co-PI). American
Association of Libraries, Wolters Kluwer Law & Business Grant Program, $2,725 (2010-2011)
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Faculty Service Learning Pod. Research team: Maria del Carmen Salazar and Nicholas Cutforth (Curriculum and
Instruction Program), Frank Tuitt (Higher Education Program), Cynthia Hazel and Gloria Miller (Child, Family,
and School Psychology Program), and Sylvia D. Hall-Ellis (Library and Information Science Program).
University of Denver, Center for Community Engagement and Service Learning, $8,000 (2010-2011)

Lincoln Collaborative. Research team: Antonio Esquibel (Principal, Lincoln High School), Maria del Carmen
Salazar (Curriculum and Instruction Program), and. Sylvia D. Hall-Ellis. School Improvement Grant, Denver
Public Schools, $375,000 (2010-2012)

Future LEADers of America: Leaders III. Research team: Denver Public Library (Kristen Svendson, PI), the
University of Denver (Sylvia D. Hall-Ellis), the Colorado Chapter of REFORMA (Orlando Archibeque), and the
Colorado Association of Libraries (Martin Garnar). Laura Bush’s Recruiting Librarians for the 21 Century
Program, Institute for Museums and Library Services, $988,366 (2009-2012)

Teaching for Success in the Library Environment: LIS 4030 in Library 2.0. Research team: Deborah S. Grealy (PI)
and Sylvia D. Hall-Ellis (Co-PI). University of Denver, Center for Teaching and Learning, $ 9,350 (2009-10)

Writing Group Faculty Grant, Sylvia D. Hall-Ellis, University of Denver, Center for Community Engagement and
Service Learning, $750 (2008-2009)

Collaborative Learning Faculty Grant, Sylvia D. Hall-Ellis, University of Denver, Center for Teaching and
Learning, $1,500 (2008)

Connecting Information Literacy to Learning. Research team: Lori Micho, Merrie Valliant, Amanda Samland, and
Sylvia D. Hall-Ellis. Colorado State Library, LSTA Discretionary Grant Program, $19,548 (2008-2009)

Law Librarianship Fellows Program. Research team: Sylvia D. Hall-Ellis (PI), Stacey Bowers (Co-PI), and
Christopher Hudson, Westminster Law Library. Laura Bush’s 21% Century Librarians Program, Institute for
Museums and Library Services, $999,370 (2008-2012)

Grant Writing in a Cooperative Learning Environment. Sylvia D. Hall-Ellis. University of Denver, Center for
Teaching and Learning, $2,000 (2008-2009)

Project Homeless Connect 6 Event Evaluation. Research team: Sylvia D. Hall-Ellis and Duan Zhang. University of
Denver Center for Community Engagement and Service Learning, $9,785 (2008)

Project Ecuador: International Learning Service Libraries — A Faculty Development Experience in Ecuador. Sylvia
D. Hall-Ellis, Office of Internationalization, University of Denver, $600 (2007)

Project Ecuador: International Learning Service Libraries — A Faculty Development Experience in Ecuador. Sylvia
D. Hall-Ellis, International Service Learning Office, University of Denver, $400 (2007)

Project Homeless Connect 5 Event Evaluation. Research team: Sylvia D. Hall-Ellis and Duan Zhang. University of
Denver Center for Community Engagement and Service Learning, $1,000 (2007)

Project Homeless Connect 4 Event Evaluation. Research team: Sylvia D. Hall-Ellis and Duan Zhang. University of
Denver Center for Community Engagement and Service Learning, $4,595 (2007)

Future LEADers of America: Leaders II. Research team: Denver Public Library (Kristen Svendson, PI), the
University of Denver (Sylvia D. Hall-Ellis), and the Colorado Chapter of REFORMA (Orlando Archibeque).
Laura Bush’s Recruiting Librarians for the 215 Century Program, Institute for Museums and Library Services,
$988,518 (2007-2010)
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Strategic Planning Assistance for the Denver Medical Library. Sylvia D. Hall-Ellis. Denver Medical Library, Inc.,
$30,000 (2006-2007)

Destiny Software for JMAC Student Lab. Sylvia D. Hall-Ellis, gift from the Sagebrush Corporation, Minneapolis,
Minnesota, $10,000 (2006)

Libraries: Tools for Education and Development Worldwide: A Faculty Development Experience in France. Sylvia
D. Hall-Ellis, Office of Internationalization, University of Denver, $800 (2005)

Denver Public Library: Opportunities for Change. Sylvia D. Hall-Ellis, Colorado Community Based Research
Network, $2,000 (2005)

Future LEADers of America. Research team: Denver Public Library (Letty Icolari and Steve Taylor, PIs), Emporia
State University (Jim Agee), and the University of Denver (Sylvia D. Hall-Ellis). Recruiting Librarians for the
21% Century Program, Institute for Museums and Library Services, $670,315 (2005-2008)

American Association of University Professors Summer Institute Professional Development Grant. Sylvia D. Hall-
Ellis, American Association of University Professors, $300 (2005)

Beta Phi Mu Alumni Tea. Sylvia D. Hall-Ellis, gift from the Office of Alumni and Parent and Relations, University
of Denver, $2,000 (2005)

Spectrum Software for LIS Student Lab. Sylvia D. Hall-Ellis, gift from the Sagebrush Corporation, Minneapolis,
Minnesota, $5,000 (2005)

Developing Research Capacity in Community Organizations and Residents through Training and Technical
Assistance. Nicholas J. Cutforth (PI) and Sylvia D. Hall-Ellis. Piton Foundation, $25,000 (2005-2006)

Libraries: Tools for Education and Development Worldwide: A Faculty Development Experience in Argentina.
Sylvia D. Hall-Ellis, Office of Internationalization, University of Denver, $500 (2004)

Developing Research Capacity in Community Organizations and Residents through Training and Technical
Assistance. Research team: Nicholas J. Cutforth (PI), Gary Lichtenstein and Sylvia D. Hall-Ellis, Piton
Foundation, $25,000 (2003-2004)

Increasing Spanish-Speaking and Hispanic Diversity among Library and Information Science Students at the
University of Denver: Development of a Student Recruitment Model. Researcher: Sylvia D. Hall-Ellis (PI),
Office of Multicultural Excellence, University of Denver, $2,750 (2003-2004)

Collection Development Enrichment to Support the Cataloging & Classification Specialization and School
Librarianship within the Library & Information Science Program at the University of Denver. Research team:
Sylvia D. Hall-Ellis (PI) and Deborah S. Grealy. Women’s Library Association, University of Denver, $4,000
(2003)

Collection Development Enrichment to Support the Library & Information Science Program at the University of
Denver. Research team: Deborah S. Grealy (PI) and Sylvia D. Hall-Ellis. Women’s Library Association,
University of Denver, $4,000 (2001)

Wireless LAN for Library Education. Research team: Deborah S. Grealy (PI) and Sylvia Hall-Ellis. University of
Denver, Center for Teaching and Learning, $24,000 (2001-2002)
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Upward Bound — A Program for South Texas Youth. Research team: Monte Churchill, Executive Director of
Community Relations; Gary R. Sauceda, Outreach Coordinator; Raymond Hernandez, (PI) Associate Dean for

Student Success; and Sylvia D. Hall-Ellis, South Texas Community College (McAllen, Texas). U.S. Department
of Education, Office of Postsecondary Education, $2,672,003 (1999-2003)

Write Now! Improving Elementary Students' Writing Skills. Research team: Caryl G. Thomason, Assistant
Superintendent (PI); Karen Tankersley, Principal; and, Hal Anderson, Director of Technology, Cheyenne

Mountain School District 12 (Colorado Springs, Colorado); and Sylvia D. Hall-Ellis. Colorado Department of
Education, Educational Telecommunications Unit, $189,453 (1999-2001)

Operation Quick Start -- Distance Learning in Rural Colorado. Research team: Randal Weigum, Technology
Coordinator (PI); Bonnie Barns, Director of Federal Programs and Staff Development; and, Adam "Joe" Raskop,
Executive Director, Southeastern Board of Cooperative Educational Services (Lamar, Colorado); and Sylvia D.
Hall-Ellis. Colorado Department of Education, Educational Telecommunications Unit, $400,000 (1999-2001)

Advanced Technological Training for Information Professionals for the 21°' Century. Research team: Mario Reyna,

Division of Business Director (PI) and Sylvia D. Hall-Ellis, South Texas Community College (McAllen, Texas).
Phi Delta Kappa and the National Science Foundation, $250,000 (1999-2001)

Working Connections — Training Information Technologies Professionals for the 21°' Century. Research team:
Mario Reyna, Division of Business Director (PI) and Sylvia D. Hall-Ellis, South Texas Community College

(McAllen, Texas). Microsoft Corporation and the American Association of Community Colleges,
$1,147,775(1999-2001)

The ROAD (Research Oriented Amplification of Development to Literacy) Program. Research team: Deborah J.
Leong (PI), Metropolitan State University; Elena Bodrova, Metropolitan State University; Dmitri Semenov,

Robert J. Marzano, and Sylvia D. Hall-Ellis, Mid-continent Regional Educational Laboratory (Aurora,
Colorado). Hewlett-Packard Foundation, $25,000 (1998-1999)

Press to Literacy. Research team: Deborah J. Leong (PI), Metropolitan State University; Elena Bodrova,
Metropolitan State University; Dmitri Semenov, Robert J. Marzano, and Sylvia D. Hall-Ellis, Mid-continent

Regional Educational Laboratory (Aurora, Colorado). The Denver Post and the Robert S. McCormick
Foundation, $49,818 (1998-1999)

International Telementor Center. Research team: David Neils, David B. Frost (PI), and Sylvia D. Hall-Ellis, Mid-

continent Regional Educational Laboratory (Aurora, Colorado). Hewlett-Packard Philanthropy, $100,000 (1998-
1999)

America Reads: Providing Tutor Training for the America Reads Challenge. Research team: Louis F. Cicchinelli
(PI) and Sylvia D. Hall-Ellis, Mid-continent Regional Educational Laboratory (Aurora, Colorado). U.S.
Department of Education, Office of Educational Research and Improvement, $306,000 (1998-1999)

Comprehensive School Reform. Research team: Louis F. Cicchinelli (PI), J. Timothy Waters, and Sylvia D. Hall-

Ellis, Mid-continent Regional Educational Laboratory (Aurora, Colorado). U.S. Department of Education, Office
of Educational Research and Improvement, $285,000 (1998-1999)

Sustainable Energy Education (SEE) Program for Grades 4-8: Preparing Today’s Youth for Lifelong Learning and
Responsible Actions in Energy Conservation. Research team: Mary Gromko, Colorado Department of
Education; Gene McCarthy, Rocky Flats Field Office, U.S. Department of Energy; Gina Kissell, National
Renewable Energy Laboratory; and Barbara L. McCombs (PI), Janet L. Bishop, and Sylvia D. Hall-Ellis, Mid-

continent Regional Educational Laboratory (Aurora, Colorado). State of Colorado Governor’s Office for Energy
Conservation, $499,936 (1997-1999)
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Review of Kansas Curriculum Standards in Mathematics and Language Arts. Research team: Robert J. Marzano
(PI), John S. Kendall, David B. Frost, and Sylvia D. Hall-Ellis, Mid-continent Regional Educational Laboratory
(Aurora, Colorado). Submitted to the Kansas State Department of Education, $25,903 (1998)

International Telementor Center. Research team: David Neils, John Kuglin, Chris Rapp, David B. Frost (PI), and
Sylvia D. Hall-Ellis, Mid-continent Regional Educational Laboratory (Aurora, Colorado). Hewlett-Packard
Company, $54,752 (1998)

Genesis Mission: Education Public Outreach. Developed in partnership by the Jet Propulsion Laboratory, California
Institute of Technology, Los Alamos National Laboratory, Lockheed Martin Astronautics, and the Mid-
continent Regional Educational Laboratory (Aurora, Colorado). Research team: John T. Sutton (PI), Alice
Krueger, Martha Henry, Greg Rawls, Shae Isaacs, Jeff Johnson, Deb Jordan, Arlene Mitchell, David B. Frost,
Jana Caldwell, J. Timothy Waters, and Sylvia D. Hall-Ellis. National Aeronautics and Space Administration,
$139,700,000; subcontract award, $4,750,000 (1997-2007)

North Dakota Mathematics Assessment Project. Developed in partnership by the North Dakota Department of
Education and Mid-continent Regional Educational Laboratory (Mid-continent Regional Educational
Laboratory). Research team: Ann Clapper, Clarence Bina, Greg Gallagher, North Dakota Department of
Education; Don Burger (PI), Hillary Michaels, and Sylvia D. Hall-Ellis, Mid-continent Regional Educational
Laboratory (Aurora, Colorado). U.S. Office of Education, $1,618,214; subcontract award, $389,076 (1997-
2001)

Pacific Resources for Education and Learning Distance Education: Project Evaluation. Developed in partnership
by the Pacific Educational Community, the Pacific Resources for Education and Learning (PREL), and Mid-
continent Regional Educational Laboratory (McREL). Research team: John W. Kofel (PI), Executive Director,
PREL; J. Timothy Waters, Executive Director; Joan Buttram, Robert Keller, and Sylvia D. Hall-Ellis, Mid-
continent Regional Educational Laboratory (Aurora, Colorado). U.S. Office of Education, Star Schools Program,
$10,000,000; subcontract award, $500,000 (1997-2002)

Identification of Bilingual Gifted and Talented Children: A Comprehensive School Grants for Bilingual Education.
Developed in partnership by Hidalgo (Texas) ISD, Los Fresnos (Texas) CISD, Progreso (Texas) ISD, University
of Texas — Pan American (Edinburg, Texas), and Education Service Center, Region One (Edinburg, Texas).
Research team: Hilda Medrano, Dean, College of Education, University of Texas — Pan American; Linda
Phemister (PI), Janie Navarro, and Sylvia D. Hall-Ellis, Education Service Center, Region One. U.S. Department
of Education, Office of Bilingual Education and Minority Languages Affairs, $1,670,633 (1997-2002)

Academics 2000: First Things First -- The Texas Goals 2000. Developed for Jim Hogg (Hebbronville, Texas)
County ISD, Mirando City (Texas) ISD, and San Isidro (Texas) ISD. Research team: Hilda Medrano, Dean,
College of Education, University of Texas - Pan American (Edinburg, Texas); Angie Lehmann, Amy Mares,
Ellen Gonzalez (PI), and Sylvia D. Hall-Ellis, Education Service Center, Region One (Edinburg, Texas). Texas
Education Agency, $339,987 (1997-2000)

Southwestern Bell’s Learning Communities Initiative. Developed for Tech Prep of the Rio Grande Valley, Inc.
(Harlingen, Texas); the Center for Professional Teacher Development, University of Texas — Brownsville;
Teach for America — Rio Grande Valley (McAllen, Texas); and Education Service Center, Region One
(Edinburg, Texas). Research team: Patricia G. Bubb, Executive Director (PI), Tech Prep of the Rio Grande
Valley; Martin Winchester, Executive Director, Teach for America — Rio Grande Valley; Aileen Johnson,
Director, School of Education, University of Texas — Brownsville; and Sylvia D. Hall-Ellis. Southwestern Bell
Foundation, $100,000 (1997-1998)
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Texas School to Work: Regional Implementation. Developed for Tech Prep of the Rio Grande Valley, Inc.
(Harlingen), South Texas Community College (McAllen), Texas State Technical College (Harlingen), Texas
Southmost College (Brownsville), Empowerment Zone of the Rio Grande Valley (Mercedes), Project VIDA
(Weslaco), Youth Fair Chance (McAllen), and Education Service Center, Region One (Edinburg). Research
team: Patricia G. Bubb (PI), Tech Prep of the Rio Grande Valley; Stephen Vassberg, Texas State Technical
College; Ellen Trevino, Youth Fair Chance; Wanda Garza, Project VIDA; Leonardo Olivares, University of
Texas — Pan American; Michael Bell, South Texas Community College; and Sylvia D. Hall-Ellis. Texas
Workforce Commission, $4,250,000 (1997-2002).

Comprehensive Bilingual Education Grant for Hidalgo ISD and Roma ISD. Developed for Hidalgo (Texas) ISD,
Roma (Texas) ISD, College of Education, University of Texas — Pan American (Edinburg, Texas), and
Education Service Center, Region One (Edinburg, Texas). Research team: Tomas Thomas (PI), Director, Office
of Bilingual Education and Sylvia D. Hall-Ellis. U.S. Department of Education, Office of Bilingual Education
and Minority Languages Affairs, $1,531,361 (1997-2002)

Lopez High School, Porter High School, Rivera High School, Central Middle School, and Perkins Middle School,
Brownsville (Texas) Independent School District. Telecommunications Infrastructure Fund Board, $1,473,611
(1997-1998)

Donna High School, Todd Middle School, and Solis Middle School, Donna (Texas) Independent School District.
Telecommunications Infrastructure Fund Board, $704,052 (1997-1998)

Memorial Middle School and Nellie Schunior Middle School, La Joya Independent School District (Texas).
Telecommunications Infrastructure Fund Board, $293,641 (1997-1998)

Martin High School, Christen Middle School, Cigarroa Middle School, Lamar Middle School, Laredo (Texas)
Independent School District. Telecommunications Infrastructure Fund Board, $1,200,000 (1997-1998).

Lasara Middle School, Lasara (Texas) Independent School District. Telecommunications Infrastructure Fund Board,
$246,210 (1997-1998)

Los Fresnos High School and Resaca Middle School, Los Fresnos (Texas) Consolidated Independent School
District. Telecommunications Infrastructure Fund Board, $500,000 (1997-1998)

Lyford Junior High School, Lyford (Texas) Independent School District. Telecommunications Infrastructure Fund
Board, $354,997 (1997-1998)

Travis Middle School, McAllen (Texas) Independent School District. Telecommunications Infrastructure Fund
Board, $269,139 (1997-1998)

Mission High School, Mission (Texas) Independent School District. Telecommunications Infrastructure Fund
Board, $297,010 (1997-1998)

Progreso High School, Progreso (Texas) Independent School District. Telecommunications Infrastructure Fund
Board, $300,000 (1997-1998)

San Perlita High School, San Perlita (Texas) Independent School District. Telecommunications Infrastructure Fund
Board, $293,490 (1997-1998)

Myra Green Junior High School, Raymondville (Texas) Independent School District. Telecommunications
Infrastructure Fund Board, $225,000 (1997-1998)

Qualcomm v. Network System Technologies
Page 72 IPR2024-00338
Qualcomm Exhibit 1035



Rio Grande City High School, Ringgold Middle School, Gruella Middle School, Rio Grande City (Texas)
Independent School District. Telecommunications Infrastructure Fund Board, $809,934 (1997-1998)

Rio Hondo Junior High School, Rio Hondo (Texas) Independent School District. Telecommunications Infrastructure
Fund Board, $297,024 (1997-1998)

Roma High School, Roma (Texas) Independent School District. Telecommunications Infrastructure Fund Board,
$333,178 (1997-1998)

San Benito High School, Miller Jordan Junior High School, San Benito (Texas) Consolidated Independent School
District. Telecommunications Infrastructure Fund Board, $547,000 (1997-1998)

Santa Maria High School and Santa Maria Middle School, Santa Maria (Texas) Independent School District.
Telecommunications Infrastructure Fund Board, $400,000 (1997-1998)

Salvador High School, United Independent School District (Laredo, Texas). Telecommunications Infrastructure
Fund Board, $250,879 (1997-1998)

Weslaco High School, Cabaza Middle School, Cuellar Middle School, Weslaco (Texas) Independent School
District. Telecommunications Infrastructure Fund Board, $874,242 (1997-1998)

Principals’ Assessment and Training Center. Developed for Education Service Center, Region One (Edinburg,
Texas). Research team: Roberto Zamora, Leonel Barrera, William H. Parry, and Sylvia D. Hall-Ellis. Texas
Principals’ Leadership Initiative, Texas Association of Secondary School Principals, Texas Association of
Elementary School Principals, and the Sid Richardson Foundation. $461,439 (1996-1998)

The Texas Library Connection -- Integrating and Sharing Resources. Developed for Hidalgo County Library System
(McAllen), Cameron County Library System (Brownsville), South Texas Community College (McAllen), the
University of Texas - Pan American (Edinburg), University of Texas — Brownsville, and Education Service

Center, Region One (Edinburg). Research team: William R. McGee, Coordinator, Hidalgo County Library
System; Joe Garcia, Director, Cameron County Library System; Michael D. Bell, Library Director, South Texas
Community College; Eleanor Folger Foster, University Library, University of Texas - Pan American; Jaime Vela
(PI), Director of Instructional Technology and Media Services, Ron Pontius, Instructional Technology, and
Fabiola Fuentes, Media Services, Education Service Center, Region One; and Sylvia D. Hall-Ellis. Office of
Library Media Services, Technology Services, Texas Education Agency. $8,000 (1996-1997)

Developing Leadership Communities for Improving Algebra I for All Students. Developed for a partnership of the
Region One Statewide Systemic Initiative Team. Research team: Noel Villarreal (PI), Eduardo Cancino, and
Sylvia D. Hall-Ellis, Education Service Center, Region One (Edinburg). Texas Statewide Systemic Initiative for
Reform in Mathematics, Science and Technology Education to The Charles A. Dana Center for Mathematics and
Science Education, The University of Texas at Austin. $25,000 (1996-1997)

Academics 2000: First Things First -- The Texas Goals 2000. Developed for Edinburg (Texas) CISD. Research
team: Hilda Medrano, Dean, College of Education, University of Texas - Pan American (Edinburg); Helen
Jones, Director (PI), Gifted and Talented Education, Edinburg CISD; and Sylvia D. Hall-Ellis, Education
Service Center, Region One (Edinburg). Texas Education Agency, $750,000 (1996-2001)
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Texas Teachers Empowered for Achievement in Mathematics (TEXTEAM) Institute for Algebra I. Developed for
Hidalgo ISD, Jim Hogg (Hebbronville) County ISD, La Joya ISD, La Villa ISD, Lyford ISD, Mission CISD,
Pharr-San Juan-Alamo ISD, Rio Hondo ISD, San Isidro ISD, San Perlita ISD, Santa Maria ISD, Santa Rosa,
Sharyland ISD, Valley View ISD, Webb (Laredo) CISD, Weslaco ISD, and Zapata County (Zapata) ISD.
Research team: Noel Villarreal (PI), Chuck Mclnteer, Ellen M. Gonzalez, Education Service Center, Region One
(Edinburg); and Sylvia D. Hall-Ellis. Charles A. Dana Center for Mathematics and Science Education,
University of Texas - Austin, $15,975 (1996)

Community Learning Center for La Villa, Texas. Developed for Edcouch-Elsa Independent School District.
Research team: Noe Gonzalez (PI), Assistant Superintendent, Edcouch-Elsa Independent School District, and
Sylvia D. Hall-Ellis. Delta Region Subzone, Rio Grande Valley (Texas) Rural Empowerment Zone, $325,000
(1996-1997)

Monte Alto (Texas) Community Learning Center. Developed for Monte Alto Independent School District. Research
team: Homero A. Diaz (PI), Superintendent, Monte Alto Independent School District, and Sylvia D. Hall-Ellis.
Delta Region Subzone, Rio Grande Valley (Texas) Rural Empowerment Zone, $300,000 (1996-1997)

Community Learning Center for La Villa, Texas. Developed for La Villa Independent School District. Research
team: Sam Gonzalez (PI), Assistant Superintendent, La Villa Independent School District; and Sylvia D. Hall-
Ellis. Delta Region Subzone, Rio Grande Valley (Texas) Rural Empowerment Zone, $325,000 (1996-1997)

Building Project for Taylor Elementary. Developed for Mercedes (Texas) Independent School District. Research
team: Mrs. Denise Rivera, Librarian, and Eduardo Infante, Principal, Taylor Elementary School; Ismael S. Cantu
(PI), Federal Programs Director, Mercedes Independent School District; and Sylvia D. Hall-Ellis. Delta Region
Subzone, Rio Grande Valley (Texas) Rural Empowerment Zone, $375,000 (1996-1997)

Border Education Network (BEN) - Distance Education through Cable Television. Developed for Edinburg (Texas)
Consolidated Independent School District. Research team: Noe Torres (PI), Library Media Specialist,
Magdalena
Rosas, Library Media and Technology Coordinator, Edinburg Consolidated Independent School District; and
Sylvia D. Hall-Ellis, Education Service Center, Region One (Edinburg). Edinburg (Texas) Consolidated School
District, $250,000 (1996-1997)

Multiservice One-Stop Open Enrollment Charter School. Developed for the Information Referral Resource
Assistance, Inc. (McAllen, Texas). Research team: Pablo Perez and Aguie Pena (PI), Executive Director,
Information Referral Resource Assistance, Inc.; Roberto Zamora and Sylvia D. Hall-Ellis, Education Service
Center, Region One (Edinburg). Texas Education Agency, $3,066,000 (1996-2001)

Project OK: A Community Youth Opportunities Grant for Summer, 1996. Developed for McAllen (Texas)
Independent School District, St. Joseph the Worker Catholic Church, and the Office of Adult Education,
Education Service Center, Region One. Research team: Father Bart Flatt, St. Joseph the Worker Catholic
Church; Noe Calvillo (PI), Office of Adult Education; Maria Louisa Garcia, McAllen Independent School
District; and Sylvia D. Hall-Ellis, Education Service Center, Region One (Edinburg). Texas Protective and
Regulatory Agency through the Office of the Mayor, City of McAllen, $350,000 (1996-2001).

Early Childhood: a Time of Discovery. Developed for a partnership of Lasara ISD, Rio Hondo ISD, San Perlita ISD,
the School of Education, University of Texas - Brownsville, and Education Service Center, Region One
(Edinburg). Research team: Hugo Rodriguez, Dean, School of Education, University of Texas - Pan American;
Leonel Barrera and Jack Damron, Field Service Agents, Ellen M. Gonzalez (PI), Administrator for Student
Instructional Services, Ruth Solis, Education Specialist in Special Education, and Sylvia D. Hall-Ellis, Education
Service Center, Region One (Edinburg). Texas Education Agency, $722,090 (1996-2001)
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Innovative Gifted and Talented Programs for Early Childhood and Elementary Education Students. Developed for a
partnership of Edinburg (Texas) CISD, the School of Education, University of Texas - Pan American
(Edinburg), and Education Service Center, Region One (Edinburg). Research team: Hilda Medrano, Dean,
School of Education, University of Texas - Pan American; Helen de la Garza (PI), Director of Elementary
Curriculum and Instruction, Edinburg CISD; and Sylvia D. Hall-Ellis. Texas Education Agency, $750,000
(1996-2001)

Reading Recovery in Early Elementary Grades. Developed for a partnership of La Villa (Texas) ISD the School of
Education, University of Texas - Pan American (Edinburg), and Education Service Center, Region One
(Edinburg). Research team: Hilda Medrano, Dean, School of Education, University of Texas - Pan American;
Marcario Salinas (PI), Supervisor of Elementary Curriculum and Instruction, La Villa ISD; and Sylvia D. Hall-
Ellis, Education Service Center, Region One. Texas Education Agency, $750,000 (1996-2001)

Connected Mathematics Project for Middle and Junior High Students. Developed for a partnership of Michigan
State University, The Charles A. Dana Center for Mathematics and Science Education, The University of Texas
at Austin and Region One Statewide Systemic Initiative Team. Research team: Jack Damron, Chuck Mclnteer,
Noel Villarreal (PI), and Sylvia D. Hall-Ellis, Education Service Center, Region One (Edinburg). National
Science Foundation through Michigan State University to the Charles A. Dana Center at the University of Texas
- Austin, $539,610 (1996-1999)

Sharing Resources: Testing the Interlibrary Loan Potential of the Texas Library Connection -- Integrating Media
Resources. Developed under the sponsorship of the Hidalgo County Library System (McAllen) and Education
Service Center, Region One (Edinburg). Research team: William H. McGee, Hidalgo County System
Coordinator; Fabiola Fuentes, Library Media; Ronald Pontius (PI), Instructional Technology, Education Service
Center, Region One; and Sylvia D. Hall-Ellis. Library Media Services Program, Office of Technology Services,
Texas Education Agency, $25,000 (1996-1997)

State and Federal Adult Education JOBS Program. Developed for Education Service Center, Region One
(Edinburg). Research team: Noe Calvillo (PI), Director, Adult Education Program, and Sylvia D. Hall-Ellis.
Adult Education Program, Texas Education Agency, $532,846 (1995-1996)

Creating Safe and Drug-Free Schools and Communities. Developed for a partnership of the Region One
Consortium for Safe and Drug-Free Education Environments. Research team: Clara Contreras (PI), Health
Specialist, and Sylvia D. Hall-Ellis, Education Service Center, Region One (Edinburg). Texas Education
Agency, $150,000 (1995-1996)

Developing Leadership Communities for Improving Mathematics Performance for All Students on Title I Campuses.
Developed for a partnership of the Region One Statewide Systemic Initiative Team. Research team: Jack
Damron, Chuck MclInteer, Noel Villarreal (PI), and Sylvia D. Hall-Ellis, Education Service Center, Region One
(Edinburg). Texas Statewide Systemic Initiative for Reform in Mathematics, Science and Technology Education
to The Charles A. Dana Center for Mathematics and Science Education, The University of Texas at Austin,
$50,669 (1995-1996)

The Impact of Library Resource Centers on Academic Achievement in Selected Public Schools in South Texas.
Sylvia D. Hall-Ellis (PI). Developed under the sponsorship of the Department of Library Science, College of
Education and Applied Science, Sam Houston State University (Huntsville). Texas Association of School
Librarians, Children's Services Round Table, and Young Adults Round Table (Austin, Texas), $2,500 (1995)

School Library Media Specialists Fellowship Program. Sylvia D. Hall-Ellis (PI). Developed under the sponsorship
of the Department of Library Science, College of Education and Applied Science, Sam Houston State University
(Huntsville, Texas). U.S. Department of Education, HEA Title II-B, Library Education and Human Resource
Development Program, $44,000 (1995-1996)
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Planning for Educational Technology. Research team: Ruth Ann Riggins (PI), Director of Library Media and
Technology Services, Donna (Texas) Independent School District; Noe Torres, Education Service Center,
Region One; Patricia G. Bubb, Tech Prep of the Rio Grande Calley, Inc; Michael D. Bell, South Texas
Community College; and Sylvia D. Hall-Ellis, Sam Houston State University. Developed under the sponsorship
of Donna (Texas) Independent School District, Education Service Center, Region One (Edinburg), Tech Prep of
the Rio Grande Valley, Inc. (Harlingen), South Texas Community College (McAllen), and the Department of
Library Science, Sam Houston State University (Huntsville). Funded through Infusion of Educational
Technology Planning Grant Program (H.B. 18: Models). Texas Education Agency, $18,000 (1993-1994)

The Impact of Library Resource Centers on Academic Achievement in Selected Public Schools in South Texas.
Sylvia D. Hall-Ellis (PI) and Mary Ann Berry. Developed under the sponsorship of the Department of Library
Science, College of Education and Applied Science, Sam Houston State University (Huntsville). Sam Houston
State University Research Enhancement Fund, $7,500 (1993-1994)

Electronic Mail Resource Sharing System: Management and Operation of the lowa Computer-Assisted Network.
State Library of Towa, $294,000 (1986-1993)

The lowa Locator: A CD-ROM Resource Sharing Tool. State Library of Towa, $567,000 (1986-1992)

Statewide Database Development: An OCLC Tape Analysis To Determine Feasibility. State Library of South
Dakota, $15,000 (1987)

The lowa Locator: A Feasibility Study. State Library of Iowa, $50,000 (1986)

Electronic Mail Resource Sharing System: A Feasibility Study for Libraries in the State of lowa. State Library of
Iowa, $5,000 (1985)

Access Pennsylvania: A Feasibility Study. State Library of Pennsylvania, $50,000 (1984)

Automating Library Administrative and Management Tasks: Procurement and Distribution of Microcomputer
Systems for District Library Centers in the Commonwealth of Pennsylvania. State Library of Pennsylvania,
$495,000 (1982)

Sharing Serial Titles Resources: Procurement and Distribution of Microfiche Readers for 550 Libraries in the
Commonwealth of Pennsylvania. State Library of Pennsylvania, $500,000 (1982)

Electronic Mail System: A Pilot Project for Libraries throughout the Commonwealth of Pennsylvania. State Library
of Pennsylvania, $125,000 (1982)

Literacy Program for Adults in Rural Upstate New York State: Program Outreach and Evaluation - Phase 3.
Appalachian Regional Commission, $50,000 (1981)

Database Building: A Cooperative Project of the Finger Lakes Library System (Ithaca), Four County Library
System (Binghamton), and the Southern Tier Library System (Corning). New York State Library, $450,000
(1980-1985)

Faces of the Southern Tier: A Professional Photographer-in-Residence. New York State National Endowment for
the Humanities, $25,000 (1980)

Literacy Program for Adults in Rural Upstate New York State: Program Implementation - Phase 2. Appalachian
Regional Commission, $50,000 (1980)
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Small Business Resources Center: A Pilot Project for Rural Public Libraries. New York State Library, $50,000
(1980)

Media Programming: A Professional Development Program for Public Librarians in Upstate New York: A Program
in Allegheny, Chemung, Schuyler, Steuben, and Yates Counties. New York State Library, $35,000 (1979)

Information and Library Resources for Inmates and Prisoners in Selected Upstate New York Facilities: A

Cooperative Program in Allegheny, Chemung, Schuyler, Steuben, and Yates Counties. New York State Library,
$25,000 (1979)

Library Resources for Homebound Adults in Upstate New York: An Outreach Program in Allegheny, Chemung,
Schuyler, Steuben, and Yates Counties. New York State Library, $40,000 (1979)

Literacy Program for Adults in Rural Upstate New York State: Program Initiation and Establishment - Phase 1.
Funded by the Appalachian Regional Commission. Awarded to the Corning (New York) Public Library, $50,000
(1979)

Information Reference Services to Homebound Adults. New York State Library, $31,000 (1978)
Books-By-Mail Services to Homebound Adults. New York State Library, $31,000 (1978)

System Headquarters Services and Programs for Public Libraries in District 10. Funded through Library Services
and Construction Act Title I. Texas State Library and Historical Commission, $880,000 (1976)

County Library Development Grant for Atascosita County. Funded through Library Services and Construction Act
Title I. Texas State Library and Historical Commission, $15,000 (1976)

Spanish Language Materials Collection Development Program. Texas State Library and Historical Commission,
$40,000 (1975)

Establishment of System Headquarters for Alamo Regional Library System (District 10) Headquartered at the San
Antonio (Texas) Public Library. Texas State Library and Historical Commission, $800,000 (1975)
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SELECTED CONSULTANTSHIPS
Project Strategic Planning & Funding Proposal Development

Walden University, 2015.

Pikes Peak Library District, 2014.

Douglas County Public Libraries, 2011-2012.

Denver School for Science and Technology, 2008-2011.

Johnson & Wales University, Denver Campus, 2007-2009.

Challenges, Choices, and Images K-12 Charter School, Denver Public Schools, 2007.

Denver Medical Library, Inc., 2006-2010.

Bemis Public Library (Littleton), Ergonomic Design and Facilities Enhancement Consultant, 2003.

Curtis Park Community Center (Denver), Community Technology Center Evaluation and Proposal Development
Consultant, 2003.

Colorado Community Based Research Network (Denver), Funding Research Associate, 2002.

Our Lady of the Rosary Academy (Edgewater), Learning Resource Center Development Project Consultant, 2001-
2003

University of Southern Colorado (Pueblo). Technology Integration and Curriculum Enhancement into Higher
Education Learning Environment. Proposal Development Consultant, 2000.

Jefferson County Library System (Lakewood), 1999-2000.

Southeastern BOCES (Lamar, CO). Distance Learning Curriculum Content Development Project. Proposal
Development Consultant, 1998-2004.

Cheyenne Mountain School District 12 (Colorado Springs, CO). Technology Integration into Elementary Writing
Curriculum Project. Proposal Development Consultant, 1998.

Telecommunications Infrastructure Fund Board Round #2 Application, 1997. Technical assistance to the following:
La Villa (Texas) Independent School District; Mirando City (Texas) Independent School District; Monte Alto
(Texas) Independent School District; San Isidro (Texas) Independent School District.

Telecommunications Infrastructure Fund Board Round #1, 1996. Technical assistance to the following: Brownsville
(Texas) Independent School District; Donna (Texas) Independent School District; Edinburg (Texas)
Consolidated Independent School District; Harlingen (Texas) Consolidated Independent School District; Jim
Hogg County Independent School District (Hebbronville, Texas); La Feria (Texas) Independent School District;
La Joya (Texas) Independent School District; La Villa (Texas) Independent School District; Los Fresnos
(Texas) Consolidated Independent School District; Progreso (Texas) Independent School District; Raymondville
(Texas) Independent School District; Rio Hondo (Texas) Independent School District; San Benito (Texas)
Independent School District; Sharyland Independent School District (Mission, Texas); Weslaco (Texas)
Independent School District; Zapata (Texas) County Independent School District.

South Texas Community College (McAllen). Strategy Development to Meet the Technology Instructional Needs for
Vocational, School-To-Work and Academic Programs, 1994-2000. Development Consultant.

Donna (Texas) Independent School District. Planning for the Infusion of Technology in Middle Schools Serving High
At-Risk Students, 1994-1995. Research Associate.

Pettus (Texas) Independent School District. Planning for District-wide Automation in School Library Media Centers:
Preparation of Data, and CD-ROM Hardware/Software Configuration Evaluation, 1994. Principal Investigator.

Fort Bend Independent School District (Sugar Land, TX). Planning for District-wide Automation in School Library
Media Centers, Preparation of Data, and CD-ROM Hardware/Software Configuration Evaluation, 1994-1995.
Principal Investigator.

Northern Waters Library Services (Ashland, WI). Professional Consulting Services to Make Recommendations on the
Development of System-Wide Efforts of the Northern Waters Library Service, 1988-1989. Research Associate.

State Library of lowa (Des Moines). The lowa Locator Compact Disc to Support Multi-Type Libraries Resource
Sharing including Database Design, Building, Production, and Distribution, 1986-1991. Project Director.

State Library of lowa (Des Moines). lowa Computer-Assisted Network Development, Enhancement, and Operation,
1985-1992. Technical Director.

State Library of South Dakota (Pierre). Statistical Sampling and Analysis of Multi-Institutional OCLC Archive Tape
for Statewide Online Database Building, 1985-1986. Research Associate.

District of Columbia Public Library (Washington, DC). Planning Document for the Retrospective Conversion of
Bibliographic Records and Automation Issues in the 1990's, 1984-1985. Research Associate.
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State Library of Pennsylvania (Harrisburg). Database Development for High School Libraries, 1984-1985. Research
Associate.

MINITEX (Minneapolis, MN). Workshops for Retrospective Conversion, Bar Coding, Library Statistics, and OCLC
Serials Format, 1985. Presenter and Research Associate.

ABC Film Consortium (Altoona, Bellefonte, Johnstown, PA). Database Building, System Design, and
Implementation of Online Film Booking System, 1983-1985. Database Manager.

Library Automation -- System Design & Implementation

Douglas County Library District (Castle Rock, CO). Library Automation Technical and System Performance
Specifications, 2001.

Pharr-San Juan-Alamo Independent School District (Pharr, TX). Library Automation Technical and System
Performance Specifications, 1997. Project Development Consultant.

Harlingen (Texas) Independent School District. Planning for District-wide Automation in Junior High School Library
Media Centers: Preparation of Data, and CD-ROM Hardware/Software Configuration Evaluation, 1996.
Principal Investigator.

Sharyland (Texas) Independent School District. Design and Construction of New Elementary School Library and
Technology Resources Center, 1995-1996. Principal Investigator.

South Texas Independent School District (Mercedes, TX). Design and Construction of a New High School Library
and Technology Resources Center, 1995-1996. Principal Investigator.

Citizens’ Library (Washington, PA). Online Community Resources Files: Design and Implementation, 1984.
Research Associate.

Altoona (Pennsylvania) Hospital. Integrated Online System Upgrade Study, 1984. Research Associate.

State Library of South Dakota (Pierre). Automation Plan and State Database Development, 1982-1983. Principal
Investigator.

State Library of Pennsylvania (Harrisburg). COM Production and Preparation of the Technical Specifications
Document, Procurement, and Distribution of Microcomputers in the Commonwealth of Pennsylvania, 1983-
1984. Research Associate.

Altoona (Pennsylvania) Area Public Library. Integrated System (Circulation/Online Catalog) Study, 1982-1983.
Principal Investigator.

COPSCAULD (Council of Pennsylvania State College and University Library Directors, Edinboro, PA). Design of
Online Media Catalog, 1982. Principal Investigator.

Erie (Pennsylvania) County Library System. Operations Research and Design for Automated Circulation, Hardware
Upgrade and Re-Retrospective Conversion, 1982. Research Associate.

Michigan Library Consortium (Lansing, MI). Tape Management System Design and Implementation, 1982-1984.
Research Associate.

State Library of Pennsylvania (Harrisburg). Preparation of the Technical Specifications Document, Procurement and
Distribution of Microfiche Readers in the Commonwealth of Pennsylvania, 1982. Research Associate.

Community College of Allegheny County, Allegheny Campus (Pittsburgh, PA). Integrated Systems Study, 1981.
Principal Investigator.

Community College of Allegheny County, South Campus (West Mifflin, PA). Retrospective Conversion Training
Program for Handicapped Students, 1981. Technical Director.

Southern Tier Library System (Corning, NY). OCLC Acquisitions Subsystem Evaluation, 1981. Principal
Investigator.

South Central Reference and Research Council (Ithaca, NY). South Central Regional Delivery System, 1980.
Principal Investigator.

Southern Tier Library System (Corning, NY). Newspapers on Microfilm in the Chemung-Southern Tier Library
System, 1979-1981. Principal Investigator.

Cataloging & Bibliographic Database Building

Challenges, Choices, and Images K-12 Charter School, Denver Public Schools, 2007.
Denver Medical Library, Inc., 2006-2010.

Ricks Gifted and Talented School Library, 2005-

American Humane Society (Englewood), 2004-2006.

Fisher Early Learning Center Library, 2004-
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Colorado Community Based Research Network (Denver), 2004-
Boulder Valley School District (Boulder), 2002-2003.
Douglas Public Library District (Castle Rock), 2001-2002.

Bibliographic Center for Research, Inc. (Denver). Original Cataloging, 2001-2003 & 1992-1993. Professional
Cataloger. Libraries include Arapahoe Library District (Centennial); Clarke College (Clarke, IA); Kaiser
Permanente Center for Health Research (Portland, KS); Douglas County Library System (Carson City, NV);
Grinnell College (Grinnell, IA); Kansas State University (Manhattan, KS); Kansas State Library (Topeka, KS);
McPherson College (McPherson, KS); Newman University (Wichita, KS); Montana Technical University
(Helena, MT); Montana State Library (Helena, MT); University of Texas Southwest Medical Center Library
(Dallas, TX); Community College of Southern Nevada (Las Vegas, NV); Pikes Peak Library District (Colorado
Springs); Mesa Community College (Grand Junction); Coe College (Cedar Rapids, IA); Briar Cliff College
(Sioux City, IA); Tri-Care Health Systems (Aurora); The Penrose-St. Francis Healthcare System (Colorado
Springs); Westminster Public Library (Westminster); Lutheran Medical Center Medical Library (Wheat Ridge);
American Heritage Center, University of Wyoming (Laramie, WY); National Wildlife Research Center Library
(Lakewood); University of Colorado Health Sciences Center, Denison Memorial Library (Denver); Water
Resources Library, Denver District Office, Bureau of Land Management (Lakewood); Mesa State Community
College Learning Resources Center (Pueblo); Front Range Community College Learning Resources Center
(Westminster).

Colorado Historical Society Library (Denver). Original Cataloging of Serials for Multi-Institutional Union Listing
Project, 1993. Technical Services Associate. Institutional partners: Denver Art Museum, Denver Museum of
Natural History Library, and Denver Botanical Gardens Library.

Arapahoe Library District (Centennial). Original Cataloging of Major Media, 1991.

Original Cataloging Projects: Davis and Elkins College (Elkins, WV), 1989-1990; Waldorf College (Forest City, 1A),
1989-1990; Kennametal Corporation (Latrobe, PA), 1984-1985; Pennsylvania Public Libraries Film Center
(Harrisburg), 1982-1985.

Retrospective Conversion Projects: North Central Regional Library Service (Mason City, IA), 1987-1988;
Southeastern Library Services (Davenport, [A), 1986-1987; Virginia Theological Seminary (Alexandria), 1984-
1985; California University of Pennsylvania (California, PA), 1984-1985; Kennametal Corporation (Latrobe,
PA), 1984-1985; West Virginia University (Morgantown), 1983-1985; Altoona Area Public Library (Altoona,
PA), 1983-1984; George Washington University (Washington, DC), 1983-1984; Indiana University of
Pennsylvania (Indiana, PA), 1983-1985; Health Education Center (Pittsburgh), 1983-1984; Central Pennsylvania
District Library Center (Bellefonte, PA), 1982-1985; Duquesne University Law School Library (Pittsburgh),
1982-1983; Allegheny County Law Library (Pittsburgh), 1982-1984; Calgon Technical Information Center
(Pittsburgh), 1982; Dow Corning Corporation, Technical Information Center (Midland, MI), 1982-1983; Tri-
System Public Library Retrospective Conversion Project (Binghamton, Corning, and Ithaca, NY), 1978-1981,
Technical Project Director.
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10/24/23, 4:27 PM Staff details - Networks on chip - UW-Madison Libraries

MARC Bibliographic Record

LEADER 01287cam a22004094a 4500

ool 9961071333602122

005 20140512163445.0

008 030108t20032003maua b 000 0 eng

010 $a 2003041603

015 $aGBA3-73254

019 $a51780596

020 $a1402073925 (alk. paper)

035 $a(0CoLC)ocm51477844

035 $a(WU)6107133-uwmadisondb

035 $z(0CoLC)51780596

035 $a(EXLNZ-01UWI_NETWORK)999949359402121
040 $aDLC$beng$cDLCSAUKMSEACHPSAOHX
042 $apcc

049 $aGZMA

050 00 $aTK7895.E42$bN48 2003
072 7 $aTK$21lcco
082 00 $2004.6%$221
https://search.library.wisc.edu/catalog/999949359402121/staff 1/3
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10/24/23, 4:27 PM

245

264

264

300

336

337

338

504

650

650

700

700

856

938

994

997

MMS IDs

Document ID:

00

42

999949359402121

Staff details - Networks on chip - UW-Madison Libraries

$aNetworks on chip /$cedited by Axel Jantsch, Hannu Tenhunen.

$aBoston :$bKluwer Academic Publishers,$c[2003]

$c02003

$aviii, 303 pages :$billustrations ;$c25 cm

$atext$btxt$2rdacontent

$aunmediated$bn$2rdamedia

$avolume$bnc$2rdacarrier

$aIncludes bibliographical references.

$aSystems on a chip$xDesign and construction.

$aComputer networks.

$aJantsch, Axel.

$aTenhunen, Hannu.

$3Table of
contents$uhttp://www.loc.gov/catdir/toc/fy036/2003041603.html

$a0tto Harrassowitz$bHARR$Nnhar035011733%$c117.00 EUR

$ax0$bGZM

$aMARCIVE

Network Electronic IDs:

https://search.library.wisc.edu/catalog/999949359402121/staff 2/3
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10/24/23, 4:27 PM Staff details - Networks on chip - UW-Madison Libraries

Network Physical IDs:
999949359402121
mms_mad_ids:

9961071333602122

https://search.library.wisc.edu/catalog/999949359402121/staff 3/3
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LC Catalog - Item Information (MARC Tags) https://catalog.loc.gov/vwebv/staff View ?searchld=25135&recPointer=...

CATALOG

Search Navigation v

< 7of7

BOOK

Networks on chip

Full Record

MARC Tags

000
001
005
008
906
925
955

010
020
040
042
050
082
245
260
300
504
650
650
700
700

1of2

Page 86

01238cam a22002894a 4500
13051026

20080310123318.0

03010852003 maua b 0000 eng

o

00
00
00

|a7 |bcbc |c orignew |d 1 |e ocip |f 20 |g y-gencatlg
|a acquire |b 2 shelf copies |x policy default

|a pc17 2003-01-08 to ASCD; |c jf03 2003-01-09 to Subj. |d jg12 2003-01-14 |e jf12
2003-01-14 to Dewey |a aa20 2003-01-17 |a ps16 2003-04-07 bk rec'd, to CIP ver. |a jgO0
2003-04-28; |f jg02 2003-05-10 |e jg08 2003-05-12 to Dewey

|a 2003041603

|a 1402073925 (alk. paper)

|aDLC |c DLC |d DLC

|a pcc

|a TK7895.E42 |b N48 2003

|a 004.6 |2 21

|a Networks on chip / |¢ edited by Axel Jantsch, Hannu Tenhunen.
|a Boston : |b Kluwer Academic Publishers, |c c2003.
|a viii, 303 p. : |biill. ; | 25 cm.

|a Includes bibliographical references.

|a Systems on a chip |x Design and construction.

|a Computer networks.

|a Jantsch, Axel.

|a Tenhunen, Hannu.

10/24/2023, 4:49 PM
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LC Catalog - Item Information (MARC Tags) https://catalog.loc.gov/vwebv/staffView?searchld=25135&recPointer=...

856 41 |3 Table of contents |u http://www.loc.gov/catdir/toc/fy036/2003041603.html
856 42 |3 Publisher description |u http://www.loc.gov/catdir/enhancements/fy0820/2003041603-
d.html
Request this Item A LC Find It
ltem Availability >
CALL NUMBER TK7895.E42 N48 2003
Copy 1

Request in Jefferson or Adams Building Reading Rooms

Status Not Charged
2 of 2 10/24/2023, 4:49 PM
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OCLC 51477844 No holdings in XXX - 127 other holdings
Re En200 Re 2022060

(0 tere 301 place 8184913
ENE Stat d 08 d .7
Type | ELvl |* Srce | Audn| Ctd | Lang | %
BLvl | ™ Form | Conf |° Biog | MRec  Ctry | m
Cont |>* GPub| LitF |° Indx |'
Desc |= Ills |» Fest |° DtSt |+ Dates | 2 |

9

010 2003041603

040 DLC Sb eng Sc DLC Sd UKM Sd C#P $d OHX $d BAKER Sd WEA Sd NLGGC $d YDXCP Sd BTCTA Sd
STF $d OCLCQ $d I1G# Sd DEBBG $d OCLCQ $d ILU $Sd OCLCF $d OCLCO $d OCLCQ $d 18M $d OCLCQ Sd
ZAP Sd OCLCQ $d NAG $d OCLCO

015 GBA3Z3254 $2 bnb

016 7 B0309109 $2 bceb

019 51780596

020 1402073925 $q (alk. paper)

020 9781402073922 Sq (alk. paper)

042 pcc

050 00 TK7895.E42 Sb N48 2003

072 7 TK $2 lcco

082 00 004.6 52 21

084 53.57 $2 bcl

090 Sb

245 00 Networks on chip / Sc edited by Axel Jantsch, Hannu Tenhunen.

260 Boston : Sb Kluwer Academic Publishers, Sc ©2003.

300 viii, 303 pages : Sb illustrations ; Sc 25 cm

336 text Sb txt $2 rdacontent

337 unmediated $Sb n $2 rdamedia

338 volume Sb nc $2 rdacarrier

504 Includes bibliographical references.

505 00 Sg 1. 5t Will Networks on Chip Close the Productivity Gap? / Sr Axel Jantsch and Hannu Tenhunen
-- $g 2. St A Design Methodology for NoC-based Systems / Sr Juha-Pekka Soininen and Hannu Heusala --
Sg 3. St Mapping Concurrent Applications onto Architectural Platforms / Sr Andrew Mihal and Kurt
Keutzer -- Sg 4. 5t Guaranteeing The Quality of Services in Networks on Chip / $r Kees Goossens, John
Dielissen, Jef van Meerbergen, Pete Poplavko, Andrei Radulescu, Edwin Rijpkema, Erwin Waterlander
and Paul Wielage -- $g 5. $t On Packet Switched Networks for On-chip Communication / Sr Shashi Kumar
-- Sg 6. St Energy-reliability Trade-off for NoCs / Sr Davide Bertozzi, Luca Benini and Giovanni De Micheli -
- Sg 7. St Testing Strategies for Networks on Chip / $r Raimund Ubar and Jaan Raik.

520 1 "Networks on Chip presents a variety of topics, problems and approaches with the common
theme to systematically organize the on-chip communication in the form of a regular, shared
communication network on chip, an NoC for short." "The book is organized in three parts. The first deals
with system design and methodology issues. The second presents problems and solutions concerning
the hardware and the basic communication infrastructure. Finally, the third part covers operating
system, embedded software and application. However, communication from the physical to the
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Preface

During the 1990s more and more processor cores and large reusable compo-
nents have been integrated on a single silicon die, which has become known un-
der the label System on Chip (SoC). Main difficulties of this era were, and still
are, the standardization of the component interfaces and the validation of the
entire system with respect to its physical and functional properties. Buses and
point to point connections were the main means to connect the components.
Buses are attractive because they provide high performance interconnections
while they can still be shared by several communication partners. Hence they
can be used very cost efficiently.

As silicon technology advances further, several problems related to buses
have appeared. Buses can efficiently connect 3-10 communication partners but
they do not scale to higher numbers. Even worse, they behave very unpre-
dictably as seen from an individual component, because many other compo-
nents also use them. A second problem comes from the physics of deep submi-
cron technology. Long, global wires and buses become undesirable due to their
low and unpredictable performance, high power consumption and noise phe-
nomenon. A third problem comes from the application perspective. Designing
and verifying the inter-task communication in a system is a hard problem per
se. Getting it to work and dimensioning communication resources correctly
is even harder for large bus based communication networks due to the unpre-
dictability of the communication performance. Moreover, every system has a
different communication structure, making reuse difficult.

As a consequence, around 1999 several research groups have started to in-
vestigate systematic approaches to the design of the communication part of
SoCs. It soon turned out that the problem has to be addressed at all levels from
the physical to the architectural to the operating system and application level.
Hence, the term Network on Chip (NoC) is today used mostly in a very broad
meaning, encompassing the hardware communication infra-structure, the mid-
dleware and operating system communication services and a design methodol-
ogy and tools to map applications onto a NoC. All this together can be called a
NoC platform. The breadth of the topic is also highlighted by the scope of this
book which ranges from physical issues to embedded software. Quite natural
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for a young and quickly evolving research area, the terminology is not yet uni-
formly used and different authors use the terms differently, as it will become

- apparent when reading this book.

It should not come as a surprise that the first part deals with design and

methodology issues. The infamous design productivity gap is one of the strongest,

if not the single most important, driving force towards design, architecture and
implementation structures. Only when we succeed to restrict the design space
in a sensible way will we be able to exploit technology potential. Several
chapters of the first part emphasize predictability of the design process and the
guarantee of high level features by all implementations. ,

The second part is concerned with the hardware infrastructure. The net-
work topology, power management, fault tolerance, testing and clocking, among
other topics, are all key issues that must be solved satisfactorily to make NoCs
feasible.

Software and the application perspective is in the center of part three. Not
surprisingly, communication services and the role of the operating system in
future NoC systems are central in the chapters of this part.

Although this book touches upon most of the important NoC issues, many
are only superficially dealt with and some key issues are not addressed. NoC
is a young and emerging area and we still have to learn to asses the quality of a
particular solution, be it for the topology, switch design, communication or op-
erating system services, with respect to an application or application area. We
expect for the near future that NoC specific cost and performance will be devel-

oped that may be application sensitive. An interesting question is for instance,

how to express the communication performance of a NoC. Raw bandwidth may
not be adequate for applications with a highly variable traffic pattern consisting
of a mixture of real-time control messages and high throughput video streams.
In addition, transient faults may occasionally destroy transmitted information,
which may make a fault management and retransmission scheme necessary.
But again, this will depend on the sensitivity of the application data. Hence,
efficiency of a particular NoC system will be more and more expressed in re-
lation to an application or an application area. Existing benchmarks can be
used to address this question but new and modified benchmarks will also be
required.

As it is indicated frequently in this book, NoC could lead to a fundamental
paradigm shift with respect to the way we develop platforms, we design sys-
tems and we model applications. At least it will result in a scalable platform
architecture for the billion transistor chip era. We expect in any case the NoC
area to flourish and prosper and take unexpected and innovative turns and di-
rections and we hope that this book contributes to this exciting research theme.

AXEL JANTSCH AND HANNU TENHUNEN

I

SYSTEM DESIGN AND METHODOLOGY
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Chapter 1

WILL NETWORKS ON CHIP
CLOSE THE PRODUCTIVITY GAP?

Axel Jantsch and Hannu Tenhunen
Royal Institute of Technology, Stockholm
axel@imit.kth.se, hannu@imit.kth.se

Abstract We introduce two properties of the design process called the arbitrary
composability and the linear effort properties. We argue that a design
paradigm, which has these two properties is scalable and has the poten-
tial to keep up with the pace of technology advances. Then we discuss
some of the trends that will enforce significant changes on current de-
sign methodologies and techniques. Finally, we argue that the emerging
Network-on-Chip (NoC) paradigm promises to address these trends and
challenges and has all prerequisites to provide the arbitrary composabil-
ity and the linear effort properties. Consequently we conclude that NoC
is a likely basis for future System-on-Chip platforms and methodologies.

Keywords: Networks on chip, Productivity gap, System on chip design methodology

1. Introduction

To boost design productivity it is crucial that the effort to add new
parts to a given design does not depend on the size of the existing design
but only on the size of the new parts. In other words, the design effort
must be a linear function of the size of the new parts. If this is the
case, large parts and blocks of previous designs can be reused and the
design effort can be invested into the new parts. This is also a necessary
prerequisite to provide a solid methodology, architecture, and thus a
platform, that are sustainable over several technology generations.

The central thesis of this chapter is that a Network-on-Chip (NoC) has
the potential to provide such a sustainable platform and, if successful,
will incur such a significant change on the system-on-chip architecture

3

A. Jantsch and H. Tenhunen (eds.), Networks on Chip, 3-18.
© 2003 Kluwer Academic Publishers. Printed in the Netherlands.

Qualcomm v. Network System Technologies
IPR2024-00338
Qualcomm Exhibit 1035



Page 107

4 NETWORKS ON CHIP

and design process that it can be called a paradigm change. On the other
hand, if it fails to do so, NoC will be just one of several architectures

" and platforms available to embedded system designers.

Arbitrary composability property: Given a set of components
and a set of combinator operators which allow to connect and in-
tegrate the components into larger component assemblages. Com-
ponents and combinators together are arbitrarily composable if a
given component assemblage A can be extended with any compo-

nent by using any of the combinators without changing the relevant
behavior of A.

Please note, that this and the following property are meant as en-
gineering heuristics, not as mathametical properties. As such they are
ideals and can be achieved at higher or lower degrees.

Note further, that this property is defined with respect to what is con-
sidered to be a relevant behavior. Thus depending on the given objectives
and definition of behavior, the same components and combinators may
or may not have the arbitrary composability property.

For instance, the standard logic gates NAND, NOR, INV, etc. have this
property with respect to their logic level I/O behavior because adding
new gates to a netlist of gates will not change the behavior of the original
netlist, unless old connections are broken. A given network of gates can
be used in any context and will exhibit identical behavior whatever the
surrounding netlist may be. New gate netlists can be added to existing
ones, using the outputs and results produced by any other part of the
circuit without changing the older parts. This is the foundation of our
ability to build designs with millions of gates and to reuse large blocks
in arbitrary environments.

It should be noted that this nice property of gates is in part due to
the implementation process which allows the scaling of transistor sizes,
insertion of buffers, and sensible placement and routing by automatic
tools.

It is enlightening to see the effects when the arbitrary composition
property is violated. Two of the most severe problems in today’s designs
stem from violations of this property. Timing closure, i.e. the problem
to get the timing of the circuit implementation right, is difficult because
small changes or addition to the gate netlist may change the timing of
the entire system by adding to the critical path or due to an unexpected
effect of placement and routing on the timing of seemingly unrelated
circuit parts. The system verification problem is so hard because at the
system level behaviors are not easily composable and tiny changes in one

part may have unexpected effects on seemingly unrelated other parts of '

P
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the system. In both cases the design effort grows more than linear with
the system size. .

If this property is guaranteed, the effort of adding new components to
a working system only depends on the new components but not on the
size of the reused system (figure 1.1). Thus, a corollary of the arbitrary

Figure 1.1.  With the arbitrary composability property the design effort to add new
components to an existing system depends on the integration effort a.nd on the new
components but not. on the size of A because the design effort to build A has al-
ready been spent and is reused as well: Deffort(S) = Deffort(B) + Deffort(C) +

Teffort(3)
composability property is the following linear effort property.

Linear Effort Property: Given is a set of components and a set
of combinator operators which allow to connect and integrate the
components into larger component assemblages. A design process
which builds a system from the components and combinators has
the linear effort property if a given set of n assemblages Ay, ..., Ap
can be integrated into a system S by means of the combinators with
an effort dependent on n but not on the size of the assemblages:
Teffort(n). Thus the total design effort for S is

Deffort(S) = Deffort(A;) + - - 4 Deffort(A4s) + Ieffort(n)

Note, that this property implies that the interface complexity of an
assemblage does not depend on the size of the assemblage. Obviously,
this is not true in practice but it is equally obvious that this is a necessary
precondition to build arbitrary large systems. Thus, we must approach
this idea] as close as possible to be able to build larger and larger systems.
The fact, that we have not been sufficiently close to this ideal is the
fundamental reason for the design productivity gap.

We believe that NoC based platforms have a good potential to provide
both the arbitrary composition and the linear effort properties to a high
degree but they do not automatically guarantee them. We will kfaep
these properties in mind throughout this chapter, but first we review
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some of the underlying trends and challenges that lead to NoC and

similar architectures.

2. Trends and Challenges

IC manufacturing technology will provide us with a a few billion tran-
sistors on a single chip within a few years [1]. Assuming that these pre-
dictions hold and that the market will continue to absorb ever higher
volumes of ICs, the key questions are: how will the future chips be
organized and how will future systems, which include these chips, be
designed? There are a few trends which, if continued, will bring about
a significant change for architecture and design of integrated circuits.

Communication versus computation. Technology scaling works
better for transistors than for interconnecting wires. This leads grad-
ually to a domination of performance figures, power consumption and
area by wires and make transistors of secondary importance. At the
system level it has a profound effect by changing the focus from num-
ber crunching and computation to data transport and communication
2, 3, 4]. Communication becomes often the bottleneck because it seems
much harder to design and get right.

Deep submicron effects. Cross-coupling, noise and transient
errors are only some of the unpleasant side-effects of technology scal-
ing [5, 6]. It requires significant skills, experience, knowledge and time
to keep them under control while exploiting the limits of a technology.
A digital or system designer with an expected design productivity of
millions of transistors per day is not able to deal with these effects prop-
erly. Therefore, designers reuse blocks which are carefully designed by
experts with the proper skills. However, it is of critical importance that
the deep submicron effects don’t pop up again when predesigned blocks
are combined in arbitrary ways. Consequently, at the physical design
level the property of arbitrary composability means that the electrical
and physical properties of blocks are not affected when combining them.

Global synchrony. Physical effects of deep sub-micron technology
make it increasingly difficult to maintain global synchrony among all
parts of the chip [7]. The clock signal will soon need several clock cycles
to traverse the chip, clock skew becomes unmanageable, and the clock
distribution tree is already today a major source of power consumption
and cost. The trends of scaling to smaller geometric dimension and
higher clock frequency make these problems more significant every year.

Will Networks on Chip Close the Productivity Gap? 7

Thus, it is unlikely that large chips will be synchronous designs with
only one clock domain.

Design productivity gap. Synthesis and cc;mpiler technology
development do not keep pace with IC manufacturing te.chnology file—
velopment [1]. As a consequence we need faither exponentially growing
design teams or design time to design and 1mp1emer.1t §ystems wh}ch fit
onto a single IC. Since both alternatives are unrealistic we have in the
past escaped from the problem by using ever more coml_)lex components
as primitive design units. These primitive design units have e.vo¥ved
from individual transistors to logic gates to entire ALUs, multipliers,
finite state machines and processor cores. In fact reuse of ever more
complex design elements has been the main device to increase produc-
tivity and will likely remain so in the years to come. It has also kept
us close enough to the ideal of the linear effort property to manage the
increasing number of transistors.

Heterogeneity of functions. Obviously, systems that can be
implemented on a single chip become increasingly more complex. As. a
result different functions and features with vastly different cha,ra,fzterls—
tics and history reside on the same chip. Signal processing algorithms,
that recover and generate radio signals, will coexist with global control,
maintenance and accounting functions as well as with natural language
comprehension and generation functions. These functions are developed
in different contexts, by different teams, with different design languages
and tools. However, they need to be integrated into a single chip.

In order to lead a concrete discussion we describe next a typical NoC
architecture and in section 4 we investigate how a NoC approach could
address the listed problems. To paint a fair picture section 5 ill}lminatfas
the price to pay when adopting a NoC based approach. Finally, in
section 6 we speculate how the design process will change.

3. Network on Chip

The Network-on-Chip (NcC) architecture, as outlined in figure 1.?,
provides the communication infrastructure for the resources. In this
way it is possible to develop the hardware of resources independently
as stand-alone blocks and create the NoC by connecting the blocks as
elements in the network. Moreover, the scalable and configurable net-
work is a flexible platform that can be adapted to the needs of different
workloads, while maintaining the generality of application development
methods and practices.
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Resource witch

Figure 1.2. Each node in the mesh contains a switch and a resource.

A two dimensional mesh interconnection topology is simplest from
a layout perspective and the local interconnections between resources
and switches are independent of the size of the network. Moreover,
routing in a two-dimensional mesh is easy resulting in potentially small
switches, high bandwidth, short clock cycle, and overall scalability. A
NoC consists of resources and switches that are directly connected such,
that resources are able to communicate with each other by sending mes-
sages. A resource is a computation or storage unit. Switches route
and buffer messages between resources. Each switch is connected to
four other neighboring switches through input and output channels. A
channel consists of two one-directional point-to-point buses between two
switches or a resource and a switch. Switches may have internal queues
to handle congestion. We expect that the area of a resource is either
the maximal synchronous region in a given technology or a cluster of
computing elements and memory connected via a bus. We expect the
size of a resource to shrink with every new technology generation. Con-
sequently the number of resources will grow, the switch-to-switch and
the switch-to-resource bandwidth will grow, but the network wide com-
munication protocols will be unaffected.

Will Networks on Chip Close the Productivity Gap? 9

Note, that this is one, fairly simple NoC variant described h.er(_a only
to substantiate the following discussion. Many other more sophisticated
architectures have been proposed [8, 9, 10, 11, 12, 13, 14].

4. How does NoC address the problems

Although there are numerous factors and facets to investigate, we
focus on two mechanisms that work in favor of a NoC based approach:
Reuse and Predictability. We believe these are by far the most important
factors overshadowing other secondary effects.

4.1 Reuse

As mentioned above, reuse has always been the primary means to
bridge the technology gap [15, 16, 17]. More and more complex com-
ponents, from transistors to gates to functional blocks, such as ALUs
and multipliers, to microprocessors and DSP cores, have become the
primitive building blocks. In this way, the designers could move up
the abstraction levels and describe the system’s functionality in more
and more abstract terms relying on more and more powerful “primitive”
components. Curiously, synthesis technology has mostly been used to
bridge one, relatively shallow, level of abstraction. This can be observed
in both the hardware and the software domain. Technology mapping,
logic and RTL synthesis are in principle straight forward steps with a well
characterized optimization space. Synthesis techniques that attempted
to bridge more abstraction levels and to make more profound design de-
cisions have typically failed. Examples are high level and architectural
synthesis. In software the mapping from C to microprocessor instruction
sets is more or less direct and the corresponding compiler technology is
tremendously successful. In contrast, compilation from functional, logic
and other higher level languages lacks efficiency and has never become
mainstream. Thus, we believe that reuse by providing more complex
components will continue to be the main mechanism to exploit the po-
tential of technology. Synthesis and compilation techniques will provide
the surface mapping from more convenient descriptions onto the primi-
tive components.

However, as a difference to the past, communication “components”,
or better, communication structures and services have also to become
primitive design elements. And this is precisely what a NoC based ap-
proach is all about: The reuse of communication services.

Let us briefly review what can be reused in a NoC based approach.
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Components and resources. Arbitrary computation elements
can be connected to the communication network. In fact we expect that
typical NoC based systems may contain processor cores, DSP cores,
memory banks, specialized I/O blocks such as Ethernet or Bluetooth
protocol stack implementations, graphics processors, FPGA blocks, etc.
The size of a resource can range from a bare processor core to a local
cluster of several processors and memory connected via a local bus. Re-
sources have to comply to the interfaces of the communication network
in order to connect to it and use its services.

The reuse of processor cores has been developed during the last ten

years by defining bus interfaces. By defining network interfaces, NoC
takes this concept further because it allows to integrate an arb,itrary
number of resources into a network. In a bus-based system, adding
a new resource has a profound impact on the performance of the rest
of the system because the same communication resource is now shared
among more resources. In a NoC adding new resources also means to
add new communication capacity by adding new switches and inter-
con'nects. This scalability property is a necessary precondition for the
arbitrary composability property but it is not sufficient to guarantee it.
The communication network must further be able to guarantee allocated
bandwidth and to enforce a decent behaviour of the resources to avoid
for instance the monopolization of the entire communication bandwid‘c};
by a single resource. :

However, it is important to acknowledge, that a NoC based approach
has the potential to provide the arbitrary composability property with
tremendous benefits for the design productivity.

Communication infrastructure. The main immediate benefit
from a NoC based approach is clearly due to the possibility to reuse
the communication network. The switches, the interconnects and the
lower level communication protocols can be design, optimized, verified
and implemented once and reused in a large number of prod,ucts. If
r(.equirements on performance, reliability and cost differ too much in
different application domains, domain specific communication networks
can be reused at least for all products in the same domain. For instance
it is likely that mobile, hand-held devices have so different demands’
on power consumption and performance than infra-structur i
that different NoC platforms for these two domains arecxtfl(lelf j?lcggilf?:(lfnt
Apart from the hardwired communication infra-structure, higher level
network services can as well be reused. There is in fact aj long list of
services that would benefit many applications but can impossibly be
developed from scratch for each new product. Examples are
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m the detection, monitoring and management of faults in the net-
work;

m the allocation and management of network resources and possibly
task migration for load balancing and power optimization;

= the management of global and shared memory;

» the provision of sophisticated communication services such as chan-
nels with guaranteed bandwidth and quality of service, multi-cast
and broadcast communication, etc.

Most of these tasks are typically provided by the operating system
in today’s uniprocessor applications. Similarly, a NoC operating system
will be very generic and can be reused for many products. Due to the
increased complexity of future systems as compared to today’s systems,
the operating system will be much more sophisticated and complex, thus
making the case for reuse even stronger.

Application parts and feature reuse. Reuse will not stop with
components and generic services. New products can be composed of ex-
isting, complete features. Peeking into the future we can envision a tra-
ditional mobile phone which is enhanced by speech analysis subsystem,
a speech synthesizer and a language analysis and processing sub-system
to provide a spoken language interface to the phone. The same modules
or features are apparently useful in a wide range of products and should
therefore be reused as much as possible. Obviously, the main challenge
will be to define and standardize the high level interfaces between these
features to allow for an efficient communication and sharing of informa-
tion. However, we can observe that a NoC provides an excellent ground
for this kind of feature reuse. For optimized implementation a feature
may come fully implemented either in software or partially as a dedi-
cated hardware block. Either way, the feature can be plugged into one
or several resource slots and the NoC provides at least the low level
communication and network services for free for the interaction between
the feature and the rest of the system.

Design, simulation and prototype environment. A significant
part of system development costs are typically spent in setting up simu-
lation environments and building prototypes. Since many products are
based on the same NoC platform much of this investment can be shared
by many products. Furthermore, even if different domain specific NoC
platforms vary in their performance and power characteristics, they are
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sufficiently similar to allow the reuse of much of the design and verifica-
tion environment across very different application domains. In contrast,

" application specific platforms which are not derived from the same prin-

ciple concepts but are developed in an ad-hoc way to suit a particular
application domain, will not provide as much potential for cross-domain
reuse.

Verification effort. The system verification effort is frequently as
high as the design effort itself. Hence, by reusing predesigned and prever-
ified parts and services, verification time can be as drastically reduced
as design time. But reuse is even more important for the verification
than for the design activity because the uncertainty about the required
verification time is much higher and more difficult to plan. Moreover,
the uncertainty about the resulting product quality is high and the po-
tential cost of undetected errors in the final product can be enormous.
Since risk and uncertainties around verification and verification effects
are much higher, verification benefits more from reuse than the design
activities. Reused components are typically much better verified, be-
cause they have already been used in other products. Moreover, system
verification can be done much more effectively when correctness and re-
éiability of the components can be assumed, because errors are identified
aster.

In summary, the usage of a NoC based platform boosts the potential
for reuse in many ways.

4.2 Predictability

The second main aspect of our focus is predictability and it is in fact
closely related to reuse.

Communication performance. Due to its regular geometry and
communication network, communication performance becomes poten-
tially much more predictable. “Potentially” and not “necessarily” be-
cause the regular communication hardware will significantly help to an-
alyze and assess performance but measures at higher protocol levels and
network services have to realize this potential. Since the communication
hardware is shared by many resources, the activity of one resource can
delay the communication of other resources. One mis-behaving resource
can monopolize part of the communication hardware and indefinitely
block other resources from accessing it. Therefore, the network has not
only to provide the raw bandwidth but also a policy for bandwidth al-
location. There are many ways to do this with different advantages
and disadvantages. One possibility is to allocate channels with a, maxi-
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mum bandwidth and fixed latency to two communicating resources. By
properly allocating and managing these channels many communication
activities can coexist peacefully and all of them know exactly the avail-
able bandwidth and what latency each data packet will exhibit. This
makes systemwide performance analysis feasible and accurate.

As indicated above, a reliable communication resource allocation pol-
icy resulting in predictable communication performance for all tasks and
applications in the NoC is a central part for establishing the property of
arbitrary composability. If a task or a feature can request, obtain and
use communication bandwidth independent of all other tasks and fea-
tures in the NoC, then the cost of reusing, mixing and matching existing
tasks and features is relatively small, since they have not to be modified
internally.

Electrical properties. Due to the regularity of the layout the
electrical and physical properties of the network are well known. The
switch-to-switch wires, most likely the longest on the chip except for
clock, power and ground wires, have all exactly the same well defined
length. Potential uncertainties and irregularities are confined to the re-
source slots and have most likely no global impact. Thus, the regular
and known geometry leads to the accurate analysis of electrical proper-
ties. Furthermore, since the NoC platform is reused in many products,
elaborate electrical and power models can be developed e.g. to model the
dynamic power consumption caused by the communication in the net-
work. High level traffic pattern models can be combined with electrical
models for the better assessment of noise and power consumption.

Design and verification time. As already elaborated above,
reuse will decrease uncertainties and risk in particular for the verifi-
cation tasks. This naturally makes design and verification time more
predictable. Another reason for increased predictability of the design
process is reduced design freedom. Since the network structure and ba-
sic services are fixed as well as the size of resource slots, the design space
is significantly reduces and the remaining tasks are well separated result-
ing in more smaller and independent tasks. The remaining system level
architectural decisions are the selection of the platform, the network
size and the resource allocation. Then all the resources can be designed
and implemented separately. Hence, the main challenge is the develop-
ment of the overall system functionality, its partitioning into processes
and their mapping onto resources. However, due to the relatively fixed
architecture and the predictable performance and electrical properties
(see above) the behavioural design is to a large extent independent from
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the implementation phase. This increased modularization of the design
tasks makes the overall process more predictable.

5. Disadvantages

Obviously, all these nice properties, outlined above, do not come for
free. Essentially we pay for each of them by loosing optimality. Reusing
components always means that we use something more general, thus
less optimal, than necessary for a particular task. Adopting a’ fixed
and relatively inflexible network topology means that we exclude all the
other topologies that may be more suitable for the problem at hand.
A particular protocol stack with associated services will not be ideal
for all embedded systems and any NoC operating system will often be
too general with unnecessary overhead and lacking important services
at the same time. Only time will tell if it is possible to find a sensible
balance between generality and efficiency which fits sufficiently mam
applications. ¢

One way to alleviate the problem may be offered by a layered protocol
stack and a layered set of services. An application may select a NoC
platform only up to a particular level of the stack, thus avoiding the
ove:'rhead of the upper layers. This flexibility however comes at a price. A
strict layering of protocols and services may not be the optimal soluti.on
An integrated implementation of several layers may result in a mor(;

efficient design at the expense of the possibility to have direct access to
the lower layers.

6. Effect of NoC on the design process

I‘Jet us briefly review a design process based on a NoC platform. The
main activities are:

(?onﬁgyring the platform. Depending on the available configura-
tion options this phase may be extensive or insignificant. A more general
platform suitable for a wider range of applications will have more con-
figuration options.

Every platform will allow to select the size and most likely offer a
selection of communication services that can be included. Every design
will.need the core service for transporting raw data from sending %o
rt?celving resources. This core service may be packet oriented or based on
virtual channels. More sophisticated communication means with varying
levels of fault tolerance, bandwidth and latency control can be optional
Still higher level services could support transparent task migration fron;
one resource to another or a virtual global shared memory.
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Selecting resources. Since every resource slot can receive an arbi-
trary resource, all the resources have to be chosen by the designer. There
may be some constraints because network services like a NoC operating
system have to be implemented also. Part of the resource selection task
is the design of the memory architecture and I/O architecture, which
require specific resources distributed in a particular way.

Reuse of features. The selection of resources is of course intimately
connected to the reuse of features. In our terminology a feature is a
particular functionality together with its implementation. E.g. a speech
analysis feature can be modeled as a task graph and implemented on one
or several DSP processors or custom hardware blocks. Thus, a feature
can occupy several resource slots but it can also share a resource, e.g.
a DSP, with other features. Resource sharing of features has to be
considered carefully because it will most likely compromise the property
of arbitrary composability unless precautions are taken.

Evaluation and integration. The integration of all features and
resources into the final system, the evaluation of performance and the
verification of functionality is the final and perhaps most challenging
task. An efficient and elaborate simulation and prototyping environ-
ment, that can be shared by many design projects, will significantly aid
the successful system integration. But above all, the simplicity and pre-
dictability of the interfaces of resources, the communication network and
features at all levels of the protocol stack will determine how well the
property of linear effort can be approximated.

7. Conclusion

Developing a system with several dozens or hundreds of processor
like resources is a formidable task. It can only be accomplished if fea-
tures and components are aggressively reused and if they are arbitrarily
composable at the physical level, at the architectural and structural level
and at the application level (figure 1.3). Or; in other words, the protocol
stack from the physical layer to the network and transport layer to the
application layer must be well defined such that arbitrary components
and features can be connected to the NoC backbone via the protocol
stack without affecting the rest of the system.

We have focused on two issues which are particularly crucial for pro-
viding the properties of arbitrary composition and linear effort. Reuse
from blocks to services and features allows designers to productively
combine existing parts to new configurations and innovative products.
Predictability makes reuse efficient because adding new components and
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Figure 1 - 3. Features and components must be arbitrarily composable at the physical,
the architectural and the application level to facilitate seamless feature integration.

features does not require redesigning and reverifying the existing parts
thus avoiding a more than linear growth of the design effort. ,

If NoC based platforms are able to provide the arbitrary composabil-
ity and the linear effort properties while still allowing for sufficiently
efficient product implementations, the design of systems-on-chip will be
revolutionized, eventually leading to a “design by feature combination”.
The NoC paradigm is highly suited to provide SoC platforms scalable
and adaptable over several technology generations because it opens the
opportunity to define and standardize a communication service infra-
structure and a protocol stack from the physical to the application layer.
If these are well defined and facilitate the arbitrary composability and
the linear effort properties, it will allow the efficient reuse of large re-
sources, communication and network services, and application features.
The TCP/IP protocol stack and the Internet, which also revolutionized
the use of computers, can be an inspiring example. Indeed, due to their
inherent scalability NoC platforms may allow the design productivity
to grow as fast as technology capabilities and may eventually close the
design productivity gap.

r
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Chapter 2

A DESIGN METHODOLOGY FOR NOC-BASED
SYSTEMS
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90571 Oulu, FINLAND

University of Oulu, Department of Electrical and Information Engineering, P.O. Box 4500,
FIN-90014 University of Oulu, FINLAND

Abstract: Diversity of computational requirements of information technology products
will increase. The products will be based on computers, but the full
exploitation of silicon capacity will require improvements in design
productivity and system architectures. The chapter presents a backbone-
platform-system methodology for development of products that are based on a
network-on-chip concept. Encapsulation of dedicated subsystems into a NOC
system is the key idea of an “integrated distributed embedded system”
approach. The cornerstones of the methodology are the reuse of a NOC
backbone and a platform architecture. The NOC backbone encapsulates the
physical integration problems into communication solution for system
architect. The NOC platform provides application area optimized computation
and storage resources for system developers. Essential parts of the
methodology are decision-support methods for both NOC platform and NOC

system designers,

Key words:  Design methodology, platform-based design, reuse, decision-support

1. INTRODUCTION

Exploitation of a billion-transistor capacity of a single ASIC requires new
system paradigms and significant improvements to design productivity [1].
19
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The Network-on-Chip types of approaches presented in earlier chapters try
to divide and conquer the use of available silicon surface. Integration of tens
or hundreds of computers into a single chip together with asynchronous
message passing network partitions the design into more manageable units
and allows to optimize the subsystems according to application requirements
[2]. Such scalable and modular architectures are natural steps in system
architecture evolution especially when physical implementations are
considered.

Structural complexity and functional diversity of such systems are the
challenges for the design teams. Simple extrapolations of design productivity
roadmaps reveal that already in the near future only the very largest
companies can complete their ASIC projects in case the full silicon capacity
is used. In the longer period, it is clear that design capacity is going to be the
limiting factor for the system complexity.

Structural complexity can be increased by having more productive design
methods and by putting more resources in design work. Design method
improvement using higher abstraction levels leads to the more complicated
and expensive design space exploration and synthesis tasks. When
increasing the number of designers, the communication overheads consume
almost all the benefits. The most attractive approach is the reuse of earlier
designs, because if the design is reused at least three times the cost of
making design reusable is justified. In platform-based design, the reuse is
extended to architectures [3] and recent reconfigurable platforms duplicate
regular structures of computational units [4].

Increasing number of gates can be and will be used for increasing the
functionality of the products. The billion-transistor capacity on silicon and
operation frequency at gigahertz range means that we shall have
teraoperations per second capacity for applications. In addition to software
and computer bardware, the same System can have DSP functions, analog
and radio frequency functions, advanced controlling functions, artificial
intelligence, etc. The system level decisions must take into account all the
different needs of application types. It will require common language,
concepts and terminology. The optimization of the implementations of
applications will mean the integration of a variety of memory technologies,
analog electronics, reconfigurable technologies- and computer technologies
into same platform.

The structural complexity will force us to operate at the system level
when developing NOC-based systems. It will not be possible to go into
details when making decisions concerning reuse or application mappings, for
example. It will also force us to develop platform-type of architectures and
resources. We have to replace the target product requirements with more
abstract concepts. We have to use requirements of the product area,
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istics of typical applications, forecasts on near future applications,

ilcm}clf f:jl rcx)leati’lp the shlilf)t from synthesis or mapping based methods to

is and estimation based approaches. ‘
anagcs:ls?ga;ln methodology is a coherent set of theories, methods, techqlques
and/or principles used to analyze and/or develop'methods f.o.r a'parucutlhar
domain. The main purpose of the methodology }s_t.he partitioning of (el
design problem into manageable tasks _and definition of the tools fejmt
practices for those tasks. When considenng.NO(_Z—based systems, thg irs
problem arises from the diversity of functmnahty.‘l\_/lost of the existing
design methodologies are application area specific. However, tAllxe§e
methodologies are results from long evoluuoy and they have bui t-in
knowledge and expertise that should nothbe ignored. The challenge is
: o combine these different approaches. .
ther’le“lfl(i);ecLapter presents the principles of a NOC design methodology. Since
the NOC-based systems have not been designed or mam:lfactur?d yet, our
approach is based on the extrapolations and fo'recasts.. Section 2 gives a brief
review of most important existing and evolvmg.des1gn methods a_md tof)ls.
Section 3 describes the requirements of NQC design methpdology m.rapldly
changing technological and economical environment. Section 4 describes the
NOC architecture and quality characteristics of NOC. T.he backbon'e-
platform-system design methodology for NOC.-based systems is presented in
Section 5. The novelties of the approach are in the‘ layered §tructure of'the
methodology, in the integration of physical issues 1nt'o'arch1tecture d.es1gn,
and attempt to manage system complexity by empham_m.ng the e_volutlonary
nature of products and product development. The dec151on-'makmg support
required at early phases of design is the Ipost c.hallengmg part in the
presented approach. Finally, Section 6 summarizes this chapter.

2. DESIGN METHODOLOGIES FOR IC BASED
SYSTEMS

otivation behind technological development is the need to produce
proglkll;:n that increase our welfare. Such products.are needed, used, jcmd
profitable. The same basic need is also behmt'l the ‘ technological
development, which in turn enables us to i.ntroduce 1ncFeas1ng1y_ complex
products. The problem is that the increasing cc?mp'lemty requires more
advanced design methodologies, because complexity increases the number

for building them. N

o Sggssigrf(ﬁii;?dology is d:i)endent on the underlying tecl.mology, but itis
also a cultural issue and a business issue. Sexes,_professmns, companies,
nationalities have their background, history and differences, and they may
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need different type of operational environments in order to perform
optimally. Inside the companies, the cumulated knowledge, the existing
products, and the strategic decisions affect to the design methodologies [5].

The design methodology is responsible for product success in a sense that
it must guarantee that the company performs the activities that are needed in
quality validation. The main quality factors are performance, cost and
variability, but these are very generic and cannot be directly used in product
development. Important features of methodology are the transformation of
user needs to physical requirements for different abstraction layers and
partitioning of those needs and requirements to subsystems and technologies.
The quality function deployment (QFD) for example, tries to solve these
problems by introducing correlation matrixes for quality characteristics and
technical requirements [6].

21 Evolution of ASIC techniques and design methods

Since its invention over forty years ago, IC-technology has offered for
designers increasing number of switching elements in planar form. Basic
logic operations needed to be performed in the digital systems on the surface
of a silicon chip are still AND, OR and NOT. So far, the functions of digital
systems are based on the Boolean algebra and combinational logic blocks are
constructed of those basic logic gates. Memory function is brought to the
system by adding feedback connections to a combinational block.

Switching elements are manufactured on the surface of a silicon chip in a
silicon foundry applying different available semiconductor manufacturing
technologies. Nowadays, and most likely for next ten to fifteen years, it is
usually CMOS technology, where every switching element consists of two
complementary connected transistors. The function and elementary structure
of SOC and NOC systems are still, like in the first digital ICs from early
60’s, based on the CMOS switching elements implementing AND, OR and
NOT Boolean functions.

Over forty years, the semiconductor industry has been able to develop
new manufacturing technology generations. The increasing number of
switching elements is offered for designers in different implementation
formats. Therefore, we have general-purpose logic (GPL) devices,
memories, microprocessors, micro-controllers, programmable logic devices
(PLD), field programmable gate arrays (FPGA), ASICs, SOCs and NOCs.
Implementation format can be understood to be a form specifying how
switching elements are grouped and connected on the chip surface. The
format specifies also the customer’s and the manufacturer’s responsibility in

circuit design process.
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The GPL devices, e.g. 74/54 and 4000 families, were the first
implementation format offered by the senﬂconducF0r jndustry in early 60’s.
Billions units of them are still used by the electronics industry every year for
every kind of products. Schematic entry is most efficlgnf design method w1Fh
GPL format. GPL format is an example of reuse of silicon layout blocks in
the form of SSI/MSI level designs of 10 to 100 gates each. If 50 to 100 pages
of schematics is a manageable amount of documentation then.a digital
system consisting of 500 to 1000 SSI/MSI devices could be possible to be
designed in proper time. . .

Soon after the introduction of GPL format, the semiconductor industry
implemented also the first memory devices and then il} 1971 t'he first
microprocessor with 2300 transistor switches on a single chip. _The
combination of microprocessor, memory and GPL devices on the Printed
Circuit Board has formed the heart of digital systems known as 'embedded
systems [7]. Embedded Systems are an example of implementation format
where the HW reuse is in maximum. Many different systems may ha.we the
same HW architecture. The designer personalizes the system by w'ritmg the
SW code and compiling it into a binary pattern of memory devices. The
same amount of man-hours is needed to write 50 to 100 pages of SW code
than 50 to 100 pages of schematics. One line of the SW code corresponds to
a GPL device in schematic documentation. If one line of SW code _could
implement more functionality than one SSIMSI device then SW designers

roductivity is higher.
P Nexttztep wgas the micro-controller device (MCU) in 70’s. MCUs are
whole microprocessor systems on a single chip. The micropr_ocessor of a
micro controller system cannot have the leading edge complexity bf:cause a
large share of the silicon area has to be reserved for memory on peripherals.
Since late 70’s, MCU devices have been the most popular general-purpose
implementation format of digital systems. _

Pure HW formats, after the introduction of GPL devices, have followed
the development from Simple PLD devices, Complex PLDs aqd FPGAs to
different ASIC formats [8]. The problem with schematic entry of
PLD/FPGA and ASIC designs is the management of complexity. Schematic
entry is applicable to the point where the number of pages is less than 50 to
100. If the symbols used in schematics are normal library components then
maximum number of gates in design could be in the range from 5K t‘o 10K.
HW description languages like VHDL and Verilog, and logic synthesis tools
were the solution for complexity management problems in the 90’s [9,10].
The VHDL model of a digital system includes specification of both the HW
structure and behavior of the system. Synthesis tool compiles a VHDL
model to logic schematics. VHDL improves designer’s productivity .if

synthesis of 50 to 100 pages of VHDL model produces more schematic
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sheets. Complexity of HW modeled ASICs is then in the range from 10K to
1M gates and every page of the VHDL model specifies 250 to 10K gates of

- the implemented logic.

System-on-Chip is an ASIC or PLD/FPGA implementation format
where one single silicon chip contain mostly reused IP based logic blocks
like whole microprocessor systems. Manageable logic complexity of SOCs
is somewhere between 1M gates to 100M gates. The new product specific
logic of a SOC could be no more than 1M gates unless more productive
design methodology is available.

Networks-on-Chip implementation formats are needed when the
complexity available on a single chip requires a network of SOCs. Design
documentation of a 1G gate NoC could be 100 pages of schematics where
one page describes a structure of 10 million gates. Basic element, schematic
symbol, could be 1 million gates IP block taken from the IP library of the
design system.

22 System-on-chip design methodologies

In the late 1980’s, it became possible to develop and implement computer
organizations and architectures using ASIC design methods. It was realized
that this introduces new possibilities for system optimization, because
hardware/software partitioning is more flexible and not constrained by the
costs as it was earlier. The first approaches to software/hardware
partitioning were based either on software or hardware specifications, but
very soon the need for functional specification and functional verification
were identified, which resulted to SW/HW codesign approaches [11,12].
Functional specification was done using either a single language for the
complete system [13] or by combining subsystem models that were each
specified using application-specific languages [14]. Granularity at which the
partitioning was done varied in different approaches from fine-grained
instructions and medium-grained coprocessors to coarse-grained architecture
level objects. The verification of the partitioned system required
cosimulation tools, which could simulate both software and hardware [15].

The system synthesis approaches generate both the hardware
implementation and software generation from the characteristics of
functional specification. The design space exploration and evaluation of cost
function are critical phases [16]. In the mapping based approaches the idea
is to evaluate different mappings of functions to architectural elements.
These function/architecture codesign approaches allowed using existing
architectures or separately modeled architectures and the role of quality
evaluation increased [17]. The intellectual property (IP) blocks and virtual
components were proposed as a solution for design productivity problems in

—
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jate 1990’s. The IP-block concept contains both the functionality and
jmplementation. In IP-based design, the main problems are related to the
evaluation of IP-block quality and integration issues. Platform-based design
integrated and extended the earlier methods by reusing also system
architectures and topologies in addition to components. Platform can also
contain the software layer that helps in application development [18].

2.3 System design methodologies

The waterfall model divides the software development process into
requirement analysis, architecture design, coding, testing and manufacturing
phases that are executed sequentially in a top-down fashion [19]. In the V-
model, the role of testing and verification is emphasized. Each phase of the
waterfall model is accompanied by respective validation or verification
phase [20]. The spiral model is based on the idea that the phases of waterfall
model are repeated for different versions of the system [21]. These
sequences of versions include conceptual models, specifications, prototypes,
and product versions. This successive refinement approach is also called as
incremental development approach, because the idea is to bring in more
details during the development. The meet-in-the-middle principle combines
the top-down and bottom-up approaches. The idea is to define the primitive
components and objects and to develop them and to system structure
simultaneously, so that in the middle of design process the final system is
constructed from these primitives. ASIC synthesis tools with libraries and
IP-based design are derivatives of this principle. In the hierarchical design
methods, the system is partitioned to subsystems that are designed
separately. Concurrent engineering attempts to take into account all the
aspects of system design from the very beginning of the development
process. It aims in developing subsystems simultaneously and increasing the
communication between different design teams. Cross-functional teams and
information sharing are the main enablers [22]. In product family
development, the idea is to develop simultaneously a complete set of product
variants [23]. These approaches are based on the ideas of mass
customization, development of platform product that is easy to modify, or
development of core product that can be extended by product features.

3. NOC METHODOLOGY REQUIREMENTS

NOC technology is a solution for complex systems, e.g. systems that can
not be implemented otherwise. NOC-based products will have enormous
amount of computational capacity and storage capacity in a very small
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lvac;h::n;ar.l NOCs will not be feasible unless the number of implementation is
ge. consumer products, the mass production quantities can be achieved

_ » the NOC technology can provide pe

;:;I])Jazlty, but thc? success depends on how usable tI;le NO(gbf:ggl ;?:;:21(11

- :;1 (:V.hen dlffereni types of products are considered. Third alternatives
. fg TIC computation Platforms that are implemented using NOC

platforms. The challenge is the programming model. The methodology

presented in this chapter i i
- pter is mainly targeted to the consumer product

31 - Technology capacity effects

- :::Sc:rf(llzi%hto technology forecasts, the number of transistors is going to
poustble o € next ten years. Wheti we use the 65 nm technology, it is
i ngm(rier 2.4 billion transistors in a single chip. Current system
Complosiiey esign styles do not scale up to such dimensions and
gatcfsf av;z svoirrlzldfer the availaible silicon surface and the characteristics of
g i }fi rom the digital design view, it is obvious that we have to
ek p area to seveial'clock domains that communicate with each
cnengy d)lfstribggously [24]. Smniar Partitioning is required for testability,
e d on, axid c9nununicauon reasons. We need to reserve a part
pplicatr 5 area to this kind of infrastructure and to partition the rest for
ety o ai:quose‘s,'where_ ea}ch part has its own synchronization. This
methodoﬁ, . i)r Jomnt optimization of physical architecture and design
_ When we take the computer science view, then the silicon surface ;
?:]%E-Zaiamt}" corrfipuianon platform. .Sequential processor can not g:pllii?
el glaclitz‘;f ectively due to earlier mentioned reasons. Operation level
Insmlction.hse]s toalexjcremely complex design of dedicated hardware.
erocution ny é)s?‘rieslelﬁniis(gé’f)' lel?df to extremely complex control of
utio s 1cult to extract enougch
applicatioris. ."I.‘hread-level parallelism could be viablegaltg;rli)atfioembﬁrgi:
requires s1gmflcant1y_more threads than in current processors. Te,xsk and
g;(:}zess lt::vel parallelism leads to parallel computer architectures, which
archjtggt(; rlems related to silared memories and communication, bl,lt these
pmgramm;ls cotﬁd exploit the? area more effectively. Besides, the
program g model would be simple [25]. Application level parallelism
S Integration of embedded systems into a single chip and design
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approach that resemble distributed system design. Such architecture could
exploit all the possible area, but the feasibility requires that the ratio of local
and global computations is high [2].

A NOC design methodology has to support both integration and effective
use of different implementation technologies. Technology embedding means
additional costs in ASIC manufacturing process. On the other hand, the use
of different technologies should be justified by final product characteristics.
This linkage between the costs and benefits of technologies and applications
must be created in the design process.

3.2 Product requirements and economics

Already today, the complex SOC projects stretch the capabilities of
companies and all the forecasts imply that product development capacity is
lagging behind the technology capacity. Managing functional diversity and
complexity are product requirement related issues that must be solved by
NOC architecture and methodology.

For example, personal communication devices will have both local and
mobile communication capabilities, various types of multimedia features,
intelligent user interfaces, etc. Good implementation will require various
types of technologies and computing architectures, which means that the
implementation of total functionality may consist of a set of optimized
subsystems that are integrated by common functional “glue”.

Commercial products must meet both the market window and target cost
constraints. Design productivity and design reusability are the critical
parameters in this respect. The cost/object can be used as measure of
effectiveness. If we analyze the cost/transistor in different types of designs it
is easy to see that dedicated logic is more costly than IP-block based design
or memory design, which benefits from regular and repeatable blocks. If we
use cost/function, the software approaches are better than reconfigurable or
hardware approaches. This means that in NOC systems we must favor
flexibility over fixed solutions and regularity over ad hoc solutions.

The cost of design of NOC will be such that design reuse must be
exploited at all levels and reusable units must be very large. In addition to
IP-block reuse, we have to reuse the computation architectures, network
architectures, software platforms, existing chips, and design methods. This
means that we have to have very clearly defined interfaces for connecting
resources to the network and for using the network resources with hardware
or software. The reuse of the architecture requires means to modify and
configure the architecture model so that application area specific platforms
can be designed. The reuse of complete chip needs standardized application
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mapping procedures that hide the architecture and hardware details from
application designers.

33 Diversity and complexity

The product development consists of several areas of expertise and in the
decision-making process, we have to be aware of effects to all aspects of
design. When we start to develop our ideas into the products, the number of
details is increased rapidly and the design methods and practices diverse.
The design process is actually a sequence of design decisions that limit the
design space. In the beginning, the number of possible implementations is
largest and each design decision actually removes possible implementations
until we have only one left. Working  simultaneously in multiple
technologies requires firstly that we partition our system functionality to
technologies. Partitioning requires that we have portable models that can be
transferred between technologies and subsystems. Secondly, we must derive
quality criteria for each abstraction level from the quality criteria of the
product. Thirdly, we have to make trade-off between different technologies
and optimize the complete system instead of subsystems. This means that we
need analysis and estimation methods that can be used at early phases of
design and that take into account the coupling effects between technologies.
Fourthly, we have to validate our decisions at various levels of abstraction,
This needs an ability to combine different models. Finally, we have to be
able to use technology dependent methods and tools. This requires
encapsulation and interfacing capabilities.

In addition to management of work and implementation dependent
issues, also business and economical issues significantly affect on how we
should develop our products. Economical constraints such as time to profit
require the reduction of design effort and design time, which can be achieved
with platform-based approach with reuse both at implementation level and
design level. The problem is how to guarantee adequate performance and
variability. The market success depends on product’s capability to satisfy
users. User needs are diverse and the trend is to customize the products and
services. If it is done with software, we sacrifice the performance features. If
we do it in hardware, it is not cost effective. Naturally, the problem is more
complex and we should consider the competitive strategy and market
situation too.

In NOC design methodology, we must find out how to balance the
system characteristics. Most important are complexity vs. feasibility,
flexibility vs. suitability for purpose, and generic vs. dedicated solutions,
These relate to the problem when and how we should apply reuse instead of
design. Complexity/feasibility relates to the principles on how we design our

B
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NOCs. It relates to both hardware architectures and software architectures.
Flexibility issues relate to how we identify and‘encapsulate those parts of the
system that must be optimized without 100s1ng the programmabﬂxty and
configurability of our system. The genedc/dedlgated trade-off is mamly_a
design effort issue. The problem is the separation of common or generic
problems from those that need special methods. Tpe generic problems
should be solved so that they become as a part of NOC infrastructure.

4. NOC-BASED SYSTEMS

Networks can be applied to very different kinds of integrate‘d systems and
the success of a NOC depends on how effectively it can satisfy th_e of.te_n—
contradictory requirements of applicability and perttormance. Apphca.b111ty
requires flexibility and generality, simple programming mod§1§, and simple
development of final functionality. Performance requires efficiency, power
awareness, dedicated structures, and optimal combinations of resources and
functions. ) .

The NOC design methodology presented in this chapter is meant for
NOC systems that are based on product family type of prodEn-:t deve?opment
presented in Figure 7-1. The NOC systems also use a specific ’?rchltectural
approach that is called “integrated distributed embedded system”. The target
application domain is telecommunication systems, but the ideas can be
applied to other types of systems as well.

High-perforrmance

. communication systems

High-capacity

Baseband plaﬁorr/ . communication
. systems
/
/ - . Personal
assistant
. Database platform//'
T

i . Data
BACKBONE \ collection
. systems

Multimedia plah‘orm\\“. Entertainment
devices

PLATFORMS ) _
SYSTEMS . Virtual reality games

Figure 2-1. NOC-based product family development
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We believe that NOC-based systems are economically feasible, if
implemented chips can be used in several product variants, and if we can
reuse the design in various application areas. However, we also believe that
successful product must provide well enough quality for all users, which
often requires solutions that are designed to specific needs. Achieving this
requires balancing between flexibility and optimality in platforms.

If we compare the different implementation formats for ASIC systems, it
is obvious that good performance characteristics need dedicated solutions.
The configurable hardware or software based systems are lagging behind in
area efficiency and power consumption, for example. If we compare the
design effort and design cost the situation is opposite. We combine the
benefits of both by providing hardware optimized, customizable computation
platforms for each application area. The hardware optimization is done by
embedding computation resources that are application domain specific into
the chip. The design effort is reduced by providing a common basis for the
integration, e.g. the backbone. The role of the backbone is to provide
mechanisms for “distribution” and “integration”. Infrastructure services,
such as communication and interfaces are the best examples.

4.1 Architecture of NOC-based system

The NOC architecture is presented in Figure 7-2. The architecture is 2-D
mesh, which consists of resources and network. The network elements are
switches, channels and resource-network interfaces. The resources are
embedded systems integrated into this architecture. The idea is to separate
infrastructure area and application area also in the physical layout.

The only limitations to resources are related to the sizes of resources and
to the interfaces. Any type of resource that can be implemented in
synchronous area with the silicon technology is possible. From system
perspective, the resources are independent embedded systems that have
standard interfaces to the infrastructure services. The whole network of these
embedded systems can be considered as a distributed system, where the
network elements provide communication services.

The regions are used for embedding different technologies such as large
memory systems, parallel computers, or reconfigurable arrays into our NOC.
The size of the region can be larger than the size of resource, and the
communication between the region and rest of the NOC can be arranged via
specific switches only.
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Figure 2-2. Example of a network on chip architecture. S = switch, rni = resource—.network
interface, P = processor core, C = cache, M = memory, D = DSP core, re = reconfigurable
logic, L = dedicated hardware.

4.2 Quality characteristics

NOC based systems have similar quality characteristics as any othgr
system with respect to performance, cost and vari.ab_ility.' Howeyver, in
addition to generic quality characteristics, we can distinguish the quality
characteristics for the NOC platform, which are different from product
characteristics. Identification of these is important, because they affect our
design decisions and the quality assurance procedures. ‘

When considering the NOC platform quality characteristics, we have to
consider communication systems, flexibility, and system integration issues.
Communication system has to provide performance guarantees for delay,
bandwidth, power consumption, and communication reliability. The.basw
communication functionality has to be accompanied by performance figures
to allow application engineers to build reliable applications with predictable
performance. ' '

Flexibility is a major concern, since the m?in point of a platform is to
support a variety of concrete products and apphpatmns. He.:nce, the .platform
has to support different traffic types with widely v§ry1n.g.requ1rement§.
Safety critical systems will put higher demands on predictability than multi-
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media applications. Power management and efficiency is of highest concern
in hand-held devices. The matter is complicated further by the prospect that
various application types will co-exist in future NOC based products. Thus, a
NOC platform has to be careful at offering a sufficient range of choices to
application engineers. .

In order to support system integration and application mapping, a
methodology has to provide sophisticated means to for system analysis.
Since the final product will contain a large number of different resources, it
will be a formidable task to integrate the performance assessments of the
resources with the performance guarantees provided by the network into a
reliable system performance assessment.

5. BACKBONE-PLATFORM-SYSTEM
METHDOLOGY

The organization of work in our backbone-platform-system NOC design
methodology is based on heavy reuse of existing designs, reuse of software
systems and reuse of platforms. Our NOC concept encapsulates embedded
systems into a network, computers, reconfigurable fabrics, or embedded
memories into resources, and intellectual property blocks, virtual
components and software into embedded computer systems. The hierarchical
encapsulation introduces well-defined interfaces between different layers of
NOC system and allows constructing the complete system from black-box
type of units.

We have partitioned our design methodology in three ways. Firstly, we
have divided the NOC system development in three main layers that are
backbone, platform and system development. Secondly, we have divided the
methodology according to what kind of methods we need for the
development of subsystems. Thirdly, we have divided each design activity
into phases according to the purposes of those phases.

5.1 NOC layers

The layered NOC development separates technology specific e.g.
backbone issues, application area specific €.g. product platform issues and
product instance specific e.g. system issues from each other. The layering
enables the separation of infrastructure design from resource design and
application design.

The NOC backbone layer consists of infrastructure and especially
communication services. Infrastructure part consists of physical components
and wiring for clocking, energy distribution, and testing, for example. The

g
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icati ices consist of physical components such as channels,
Cor?tl(r:rllll;m:xt:(;) I;es;vr‘grck interfaces, arI;dybasic services such as protocqls for
s‘};” sical ,and data link layers. The purpose of the backbone is to prov1de.an
fnt);gmtion framework for platform and resource designgrs 'and to hide
hysical level details from them. It also provides a communication model for
gpplication developer in a form of protocols. The phys1lca1 'des1gn issues have
an important role, because the system-level communication challenges the
hIant;:fI\tJeOan ;}Zt%rm layer describes the computation platform for. target
application area. Its main purpose is to hide the hardware from apphcat%on
designer and to provide a programming model for them. Platform des1g2
requires the understanding of how the target systems ope¥aFe. and what ]nn
of computation they have. Scaling of the network, definition of regions,
design of the resource nodes, and definition of the system cgntrgl are the
activities that must be based on abstract models of applications. The
platform encapsulates the hardwire design dpro})lems and serves as a
ing integration platform for system developers.
manTlg:CIt\’ugggsystergnr layerpdescribes programmed chip in the fin.@ prloduct.
The resource allocation, optimization of network usage and vgnflcat{on' of
performance and correctness are the main problems that are basically similar
to what distributed and parallel system designers have to face.

5.2 NOC design methods

The integrated distributed embedded system concept doe§ not de.fixllc the
embedded resources. The platform designer can use all his creativity to
improve the applicability of the platform in the application area domain.

Freedom of choices challenges the design methodology, because
consistent methodology must provide tools anq techniques that al.low
designing and modifying everything that are not fn‘(ed. We have or.gamzed
our methodology as a hierarchy of subsystem spec1ﬁ_c methodologies. The
lower level methodologies can be used in implemenn{lg the subsystems of
upper levels, as long as upper level constraints are fulfilled. The methods at
each level are following: '

1. System-level design and networked system’s design met'hods. ‘Systcm—
level design deals with application modeling and analys1§, while network
design methods are applied for mapping and load balancing.

2. Parallel computer design, distributed computer system methods,
embedded system design, etc. The choice of the method depends on the
type of region that we are developing. . .

3. Computer system design, software system design, codesign, or
configuration design depending on the resource, are examples.
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4. Basic software, logic and synthesis methods and design flows.
The feasibility of hierarchical methodology depends on how easy it is to
- model and present the constraints for lower levels and how much these
constraints actually effect on the final system. Application programming
interfaces and virtual component interfaces are essential elements in
successful implementation.

5.3 NOC design phases

The complete design flow consists of a sequence of design activities. The
exact set and order of activities is always product specific. In our
methodology, a generic design activity is divided into analysis, estimation,
decision, and validation phases. Analysis phase is needed for understanding
what we have as input for our design decision. For example, when software
system is designed the first task is requirement analysis, where the objective
is to find out what are the user needs that should be implemented but
implementation considerations are strictly forbidden. Estimation is part of
design space exploration where to objective is to forecast the outcome of
possible decision without putting too much effort into the implementation of
the decision. Decision is the phase when selections are implemented as a
new system model. Decision includes the creation of a new model, which
typically includes the refinements and transformations. In the validation
phase, the effects of decisions are measured using the new system model as
input. The validation should consider all the quality characteristics of the
system,

54 NOC design flow

The overview of the design flow for NOC-based systems is presented in
Figure 7-3. In this figure, the design flow is presented as path through the
design plane, where the x-axis direction represent the development of system
resources and the y-axis the development of system functionality. In the
bottom left corner of the plane, the system does not exist, and in the top right
corner, the final NOC-based system is ready. In NOC system development,
we divide the problem according to NOC layers, e.g. the backbone
development, platform development, and system development.

The backbone design aims at providing infrastructure services for
different types of NOC platforms. In backbone design, we have to combine
the technology dependent implementation and very generic architecture
considerations. The analysis phase must consider the silicon characteristics
and general principles of system construction. During the estimation phase,
the focus must be on production yield, power management and
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infrastructure/application area efficiency. In the decision phase, network
topology, switches, channels, resource-network interf.aces ax}d protocols
must be designed as well as the principles of resource integration e.g. 1.10w
the resource are connected to the infrastructure. The quality of these services
should be measured during validation phase as simplicity of resource
integration, cost and performance.

Communication Non-configurable  noc System
hardware

g W Product differentiation
£
Q.
2
H
° Architecture
s design Blatiorm
§ “17" System Services
L
-1-~-Operation principles
i
Product area specialisation E
Syst 1
does Resource development
not exist

Figure 2-3. NOC design flow

The platform design aims at architecture and set of system services tha_t is
optimized for a certain product area. The three major decisions concerning
the platform architecture are the dimensions of the network, types al}d sizes
of technology regions, and the contents of resources. Understanding the
characteristics of typical application workload is the main requirerpent for
analysis phase. The definition of network size and §ha1?e requires the
analysis of the total complexity of computation, communication and storage.
The characteristics of applications affect to technology regions. For example,
do we need memory capacity that does not fit into synchronous resource slot,
or large areas of reconfigurable arrays or processors, or p'arallel‘cogxputer
level capacity? Finally, we have to analyze the characteristics of individual
functions in order to see what kind of computing resources are needed inside
the resource areas. Because of complexity, we have to be able to do these
analyses very rapidly and at very abstract level, and current methods and
tools are not capable to deal with this problem. o

The platform architecture decisions must be supported by feasibility
estimations that take into account the application characteristics, resource
characteristics and function/architecture mappings. These estimations are
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needed both in network level and resource level, and they have to support
the evaluation of relative costs of different implementation formats.
Performance and efficiency are the behavioral criteria to be considered.

In the decision phase, we must design all the regions and resources.
Applying existing design methods and tools is essential. Integration of the
models of different blocks both for implementation and estimation purposes
requires a NOC description language for the modeling of the complete
structure and how resources connect to infrastructure services.

The validation at platform level must cover the quality criteria above.
Since the platform architecture is a programmable and configurable system
that can be used for various types of products, the performance validation
must be done using the methods of distributed and computer system design.
Analytical performance estimation, workload model based performance
simulations, and benchmarks are therefore feasible alternatives.

The final programming and configuration of a NOC system is called the
application mapping. Application mapping consists of four activities. First,
we have to model the whole system. Secondly, we have to partition the
functionality into network resources. Thirdly, we have to implement the
behavior with the resources. Finally, we have to download the complete
system description into our NOC platform and verify it. In various phases of
application mapping, we need to construct a complete description of a
system although the description itself may consist of several different
descriptions. A NOC assembly language is therefore needed for presenting
the application’s mapping to resources and interfacing to platform’s system
services.

During the application mapping the modeling of the behavior of the
system and its workload for the platform elements are main tasks. Modeling
of complete functionality so that we can reuse existing subsystem
implementations requires high-abstraction level methods and means to add
interfacing functions that are platform and resource dependent. Workload
models are required during mapping phase for optimization purposes.

Mapping functions to resources is the decision that must be supported by
estimates on system quality. Feasibility of platform for chosen set of
functions, performances of functions with chosen mappings and utilization
of platform resources are figures of merits that must be considered before
committing to implementation design.

Validation and verification of complete NOC-based system are problems
in which we do not have answers. Built-in self-test structures are most likely
alternatives for verification of the platform, but also hierarchical testing
approaches with separation of communication, data storage and computation
must be developed.
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The presented NOC design flow requires new languages for represent%ng
the NOC specific structures and services and new methods for supporting
NOC related decisions. Proactive decision support methods are needed for
efficient reduction of design space. Complexity and capacity estimations are
peeded for sizing and scaling so that we know the quantities of objects.
Mappability estimates are needed for selections of physical and functional
objects, so that we know the suitability of objects. Performance and
workload estimation is needed for allocation and validation, so that we know
the effectiveness of our design. Cost and quality estimation is needed for
feasibility analysis. We want to know as early as possible if the work is
worth the effort.

Validation methods are needed after decision for analysis of
consequences. Validation methods can be more detailed because only a
small number of alternatives are designed in more detail. However, the
validation methods must also be very effective. Validation must cover all the
quality criteria, but if we consider the performance, for example, then the
quality validation procedure may consist of network simulation, transaction-
level architecture simulations, and instruction-level processor simulations.

6. SUMMARY

NOC-based products will be extremely complex and difficult to design.
Management of structural complexity and functional diversity requires that
the physical issues, architecture issues and methodology issues are
considered and optimized together. Most likely economically feasible
products can be developed only if both designs and implementations are
rensed, and if product functionality and system resources can be separated
during the design.

Principles of a backbone-platform-system design methodology have been
presented. The BPS methodology is based on the manufacturing platform-
based product family development. The application-area specific platforms
are based on the NOC backbone that is a generic NOC architecture allowing
integration of dedicated computation and storage resources and a set of
supporting infrastructure services.

The BPS methodology supports the encapsulation of the design of
network elements, e.g. resources and their functionality, and the capability to
support design decisions. The most important decisions concern technology
and computing architecture selections, system dimensions and mappings at
different abstraction levels.
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Abstract Embedded system designers are faced with an expanding z?rray of challenges
in both application and architecture design. One challer}ge is the task of r'nod-
elling heterogeneous concurrent applications. Another is th'e task of finding a
programming model for heterogeneous nmltiproce.ssor axchxt?culral platforms.
Compounding each of these challenges is the task of 1'rnp1ement1ng heterogeneous
applications on heterogeneous architectures. We.beheve that the key problem un-
derlying each of these challenges is the modelling of concux.ren‘cy, and the ke:y
to modelling concurrency is to capture concurrent comn{un‘lcaltxon formally in
models of computation. This chapter broadly outlines a dlscl.plmed approach t.o
the design and implementation of communication structures.m empedded appli-
cations. Our approach combines the Network-on-Chip Parad1gm with the models
of computation paradigm. We use models of computation to capture the commom-
nication requirements of an application as well as to abstract the capab{hnes of
a communication architecture. Then, application requirements and flrchllte(_:mral
capabilities are matched using a discipline based on Network-on-Chip pnnc1p1.es.
In this chapter we describe this approach and present a case study wh‘cre a Click
network routing application is implemented on a multiprocessor architecture us-

ing this discipline.

model of computation, network on chip, application development environment,
programming model, programmable platform, heterogeneous concurrency, mul-
tiprocessor architecture, design space exploration, mapping

Keywords:

1. Introduction
Embedded system designers are faced with an expanding array of challenges
in both application and architecture design. One challenge is the task of mod-
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elling heterogeneous concurrent applications. The burden of this task is typi-
cally born by an application development environment. An application develop-

" ment environment is a framework that is tailored to modelling (and principally

simulating) system applications. Successful application development environ-
ments have considerable specialized support for application-domain-specific
modelling including domain-specific libraries and domain-specific models of
concurrency.

Examples include environments for Internet packet processing[1], signal pro-
cessing[2, 3], and reactive systems[4, 5] among many others. Although there
are many issues that must be addressed in application development environ-
ments, the critical issue is allowing the system developer to naturally organize,
partition, and model the concurrency of the application.

Another set of challenges arises with each successive generation of archi-
tectural platforms. Moore’s law enables an exponentially growing number
of architectural features in these platforms. In this chapter we focus on pro-
grammable architectural platforms or simply programmable platforms[6]. Fea-
tures in the current generation of programmable platforms include: processing
parallelism, special-purpose functional units, intelligent memory structures,
networks-on-chip, and peripherals[7]. Processing parallelism comes in three
varieties. Process-level parallelism is associated with independent programs
and memory spaces. Instruction-level parallelism involves the parallel execu-
tion of operations from a single thread of program control. Gate-level paral-
lelism encompasses the varieties of parallelism offered by small special-purpose
execution units and reconfigurable structures. The principle challenge of pro-
grammable platforms is finding a way to harvest their capabilities in a program-
ming environment.

Many programming environments for programmable platforms consist sim-
ply of an assembler. Some go as far as to offer a C compiler and a debugger.
Sequential languages like C and assembler do not help the software devel-
oper deal with process-level concurrency. Beyond the issue of merely offering
primitive software development tools there is the deeper issue of allowing de-
velopers to effectively access and exploit the important architectural features
of the programmable platform. Developers need a programming model of the
programmable platform. A programming model is a complete abstraction of
the key features of a programmable platform. Its goal is to enable developers
to exploit the capabilities of the device while hiding less essential details.

A specific example is the challenge of developing a programming model
for the Intel IXP1200 processor[8]. A successful programming model for this
device must allow programmers to efficiently exploit the parallelism of six
microengines with four thread contexts each, a special-purpose hash engine,
and a complex communication architecture with Ethernet peripherals. Although
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there are many issues involved in the development of a programming model,
the central issue is exposing and managing parallelism.

1.1 The Implementation Gap

Suppose that we have been fortunate enough to find an application develop-
ment environment that naturally fits'our system application. Further suppose
that we have found a programming model that adequately abstracts and exports
the key features of our target programmable platform. The remaining chal-
lenge is to correctly map from our application development environment t.o the
programming model of our programmable platform in a way that e]ﬁczently
implements our application. We denote this challenge the implementation gap.

Depending on the application domain, there may be a number of prpblen}s
in crossing the implementation gap. We believe that the fundamenta'I issue is
mapping the concurrency captured in the application development environment
to the parallelism in the programming model of the programmable platform.
This transition needs to be made correctly and efficiently.

Concurrent communication is one aspect of this issue. For example, a signal
processing application may be designed using an application development en-
vironment like YAPI[3] that is natural for signal processing applications. YAPI
contains an abstraction for concurrency based on Kahn Process Networks[9].
This abstraction defines a system of queues that concurrent processes use for
communication. The target architectural platform may provide only a single
shared memory for communication between all processing elements. The way
that the application wants to perform concurrent communication does not match
the structures that the architecture provides for performing concurrent commu-
nication. This implementation gap problem makes the task of mapping from
application development environment to programming model difficult. .

This example shows that the implementation gap exists even when designers
start with a good application development environment that provides formal
abstractions for concurrency. The implementation gap problem can be much
worse. If designers choose poor abstractions for concurrency, or design het-
erogeneous applications that use multiple different abstractions for concurrent
communication, the implementation gap grows in complexity.

R

1.2 A Disciplined Design Methodology

We maintain that modelling concurrency is the core problem behind the de-
sign of a successful application development environment, the exportation of
a successful programming model, and the correct and efficient mapping from
the application development environment to the programming model. The key
to the embedded systems design challenge is modelling concurrency, and the
key to modelling concurrency is to capture concurrent communication formally
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concurrent applications. Section 2 describes how app!jcaﬁon enyiro_nments
use models of computation to define the concurrency in an application. 'In
particular, we present the Communication Imple{mentut:on View, an abstraction
of the application and the model of computation that formally captures the
unication between concurrent components. .

COI/I\ntnthe same time, models of computation are used to export the fun_ctionahty
of the target programmable platform to the develo'per. The programming model
for a specific architecture is that of a machine which performs concuqent com-
munication according to the rules of a particular model of cm'npqtatlou This
style of programming model is an appropriate match for application develop-
ment environments that use models of computation themselves. The concurrent
communication implemented by the programmable platform is. also cz}pture‘zd
in the Communication Implementation View. This technique is described in
Section 3. .

Next, the application development environment and programming model ab-
stractions are combined in a mapping process. In this step, designers match the

applications

Figure 3.1.  Y-chart Design Methodology

in models of computation. A model of computation is a mathematical formal-
ism for describing the interaction between components in a concurrent system.
Space does not permit a detailed discussion of models of computation, but to
understand the principles that are referenced in this chapter the reader should
see [10]. Our design methodology uses models of computation to capture the
concurrency contained in an application as well as the parallelism provided
by a programmable platform. This allows us to compare application require-
ments and architectural capabilities in a common theoretical framework. Then,
we combine models of computation with Network-on-Chip principles to form
a discipline for implementation where application requirements are matched
with architectural capabilities. The fundamental Network-on-Chip principle
we use is the concept of viewing a programmable platform as a composition of
computational modules that communicate over an interconnect topology using
network protocols.

Figure 3.1 graphically describes the steps in our methodology. The arrange-
ment of steps forms a Y-chart[11]. The Y-chart is an iterative strategy for design
space exploration that enables the co-evolution of hardware and software,

In this approach, applications are designed with a high-level application
development environment that uses models of computation. This provides
software programmers with the right abstractions for modelling heterogeneous,

concurrent communication requirements of an application with the concur{ent
communication capabilities of an architectural platform u_sing the (.Iommumca-
tion Implementation View. Section 4 describes a discipl%ne for this task based
on the Network-on-Chip principle of viewing the architecture as a commu-
nication network. The result of the mapping process is a formal model that
describes the implementation of an application on an archite'ctural platfopn. A
code generation process is then used to produce a concrete implementation of
the system. o

The use of our design methodology and mapping discipline is demonstrated
with a network routing application in Section 5. We summarize and draw
conclusions in Section 6.

2, Application Development Environments

The goal of an application development environment is to provide program-
mers with abstractions that are useful for a particular application domain. This
is accomplished by separating the concerns of computation anfl concurrency.
Designers focus on implementing the functionality of the application using a
domain-specific library of computational components. A model ot: computa—
tion provides a model of concurrency that is natural for tl.16 application. It
does the work of defining the interaction between computational components.
Without this separation of concerns, designers would have to use ad hoc tech-
niques to implement the application’s computation and concurrency ‘togeth'er.
Then the definition of the application’s concurrency would be implicit and.m-
formal. Models of computation define the application’s concurrency explicitly
and formally.
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To implement an application that uses models of computation on an archi-
tectural platform, we must implement not only the computation defined by the

" application’s computational components but also the concurrency imposed by

the application’s model of computation. The Ptolemy I system provides a gen-
eral strategy for implementing models of computation[12]: Although Ptolemy
primarily targets simulation on desktop workstations, the separation of concerns
and modular design principles that it uses have broad utility. These underlying
theories enable several features that are important for application development
environments, especially the ability to design heterogeneous application models
that use several different models of computation in combination. In this work
we consider applications designed in application development environments
that use Ptolemy principles to separate the concerns of computation and con-
currency. We extend Ptolemy’s general strategy for implementing models of
computation to target execution on programmable platforms. Next, we describe
the division of labor in the Ptolemy system.

Ptolemy works by separating the functionality of a model of computation
into two parts. First, the communication portion of the model of computation
describes how concurrent application components share data (see Section 2.1).
Second, the control portion of the model of computation describes how applica-
tion components execute relative to each other (see Section 2.2). These aspects
of a model of computation are implemented with modular components that
perform separate communication and control tasks, The model of computation
components work together with domain-specific library components to make
complete, functional application models.

2.1 Communication

Ptolemy library components, called actors, communicate through consistent
interfaces called ports. Ports are connected to other ports with relations. The
semantics of communication of data fokens over a relation is implemented by
a model of computation component called a receiver. A receiver implements
the communication aspect of a model of computation.

Each model of computation has its own receiver, but all receivers implement
the same modular interface. The primary functions in the receiver interface are
put, get, hasToken, and hasRoom. The communication semantics of any model
of computation can be implemented through these functions.

2.2 Control

The director model of computation componentimplements the control aspect
of a model of computation. Directors tell actors when to execute by calling
functions through the executable modular interface, The primary functions in
this interface are initialize, prefire, fire, postfire, and wrapup. Directors can
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implement any combination of sequential or parallel firing semantics that a
model of computation may require. o

The director is a centralized control component. Since Ptolemy pnmanly
targets simulation, it is not inefficient to implement even parallel execution se-
mantics with a centralized controller. However, programmable platforms must
make a firm distinction between distributed and centralized control. Processes
that can execute in parallel should not have to rely on a centralized controller
unless there is an explicit execution dependency. We therefore exten-d Ptolemy’s
system to include a model of computation component called a subdzrector. One
subdirector is instantiated for each actor in an application model. The director
and subdirectors cooperate to implement the control semantics of a model of
computation. The director implements the control functionality fhat is centra.l-
ized in nature, and the subdirectors implement the control functionality that is
distributed in nature.

2.3 The Communication Implementation View

In an application development environment like Ptolemy, the details of how
models of computation are implemented are purposefully hidden. Developers
do not use directors, subdirectors and receivers directly. Rather, a model c?f
computation is simply specified as a property of the appl?cat?on model. This
is exactly the abstraction of concurrency that makes application development
environments useful for modelling concurrent applications. However, the de-
tails of how models of computation are implemented become important once
designers are ready to target a programmable architectural platform. '

Our design methodology provides a useful abstraction for captunng thf:se
details called the Communication Implementation View. The Communication
Implementation View is part of the multiple views methodol.ogy[IS]. . In the
multiple views methodology, designers use specialized abstractions for defBrgnt
aspects of the embedded system design process. In this case, the abstraction
is used for the task of mapping concurrent applications onto programmable
platforms. '

The Communication Implementation View provides an abstraction 9f acon-
current application that graphically depicts the details of how tl:le application’s
concurrency is implemented. Here we make use of the separation of concerns
described above that powers Ptolemy’s general strategy for implementmg' mod-
els of computation. The Communication Implementation View shows designers
an abstraction of an application model that contains the application’s computa-
tional components together with the model of computatior_l co.mp(_mer_lt§ deﬁped
by Ptolemy. This view captures the way in which the application is divided into
computation, communication and control aspects.
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Figure 3.2. Simple Ptolemy Application

Figure 3.3. Communication Implementation View

. For a concrete example, consider the basic Ptolemy application shown in
Figure 3.2. This application model consists of a producer actor and a consumer
gctor that communicate over a single relation. The model has an annotation that
1n.djcates the model of computation used. The Communication Implementation
View generalizes to all models of computation, so in this example we refer to
the application’s model of computation with the variable X.

. Figure 3.3 shows the Communication Implementation View for this applica-
tion. The components in the Communication Implementation View are derived
f.rom the original application actors and their underlying model of computa-
tion components. There is one director that implements the central control for
the model, and one receiver that implements the semantics of communication
for the relation between the application actors. Each application actor has a
subdirector that implements the distributed control of the model.

The Communication Implementation View is useful in particular because it
formally captures the concurrent communication of the application. It divides
the application into components that implement concurrent communication (re-
ceivers) and components that utilize concurrent communication (actors). We
believe that capturing concurrent communication in this manner is the key to
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Figure 3.4. General Architecture

mapping concurrent applications onto programmable platforms. Inthe next sec-
tions we elaborate on how the Communication Implementation View is used in

our design methodology.

3. Programming Models

Formally capturing an application’s concurrency is only part of the design
challenge. There is still the issue of formally capturing the capabilities of an
architectural platform in a programming model. In particular, we are interested
in capturing the concurrent communication capabilities of the target platform’s
communication architecture. In this section, we describe how models of com-
putation can be used to export this functionality to the programmer.

What characteristics of a communication architecture are important to cap-
ture in a programming model? To answer this question, consider the architecture
shown in Figure 3.4. In this figure, two processing elements are connected with
abus. This example is a generalization of a more complicated communication
architecture. It illustrates the level of granularity that is used to identify the
important features of a communication architecture. Bach processing element
has a hardware bus interface. The bus and bus interfaces together implement a
communication link that transfers data between the processing elements. The
programming model for the device must describe how software running on
the processing elements can utilize this communication link. Examples of the
important characteristics of the communication link include:

m Memory: The communication link may exhibit the behavior of a shared
storage location. Transmitting and receiving data is abstracted as reading
or writing to the shared storage. An example is a bus that uses a FIFO
for the intermediate storage of data. An important characteristic of this
type of communication link is the amount of space available for data.
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= Control: How does the communication link influence the flow of control
of the software running on the processing elements? Transmit and recéive
operations may exhibit blocking or non-blocking behavior.

® Data: A communication link may be designed to handle continuous
streams of data, or it may be appropriate only for shorter, intermittent
messages. Are data items guaranteed to arrive at the receiver in the same
order they were transmitted? Does the communication link guarantee
that no data items will be lost, or that the data will arrive without bit
errors?

m Time: Are there any guarantees on the time it takes to transfer data?
Programmers must also know what happens when there is a mismatch
in the transmit and receive rates. If a processing element does not read
incoming data in a timely fashion, it may be overwritten with new data
or the new data may be lost.

The characteristics of a communication link that are used to define a pro-
gramming model are identical to the characteristics used to describe a receiver,
the component that implements the semantics of concurrent communication in
the application development environment. Therefore we can use the concept
of areceiver as an abstraction for the communication link. The functionality of
the communication link is exported to the programmer as a component in the
Communication Implementation View called a virtual receiver. This is shown
in Figure 3.5. This abstraction applies to a specific communication link in the
communication architecture. In general, a complex communication architec-
ture will export a set of these virtual receiver components. Each can implement
a different communication semantics.

The virtual receiver abstraction tells the programmer that the architecture
implements the communication semantics of a particular model of computation.
This is a good abstraction for a programming model because it enables a direct
comparison between the communication semantics required by an application
and those implemented by the architecture. Application requirements appear
in the Communication Implementation View in the form of components that
want to use a particular type of receiver. Architectural capabilities appear
in the Communication Implementation View in the form of components that
implement a particular type of receiver. The next step in the design methodology
is to match the application requirements with the architectural capabilities.

4, Bridging the Implementation Gap

In the mapping stage of a design methodology, designers make a transition
between the application development environment and the programming model.
The challenge in this step is to correctly map the concurrent communication

i e R R

s
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—

Figure 3.5. Exporting Virtual Receivers

requirements of the application to the concurrent communication capabilities of
the programmable platform in a way that efficiently implements the application.
In our methodology, designers tackle this challenge with the Communication
Implementation View abstraction and a discipline based on Network-on-Chip
principles.

In the previous section we placed application components and components
exported from the architecture together in the Communication Implementa-
tion View. The goal of the mapping process is to replace receivers from the
application with virtual receivers from the architectural platform. Then, the
Communication Implementation View will contain a model that describes how
the computational components of the application interact with each other us-
ing the communication architecture of the system. This model is called the
communication implementation model.

Due to the implementation gap, the communication semantics implemented
by the communication architecture may or may not match the communication
semantics specified by the application’s model of computation. Therefore the
architectural virtual receivers may or may not be acceptable substitutes for the
original application receivers. It is a special case when the application and
the architectural platform match naturally. Then, the mapping problem is sim-
plified considerably and high performance implementations can be achieved.
Examples of this “natural fit” principle are given in [11]. Designers can make
connections in the Communication Implementation View such that the com-

Qualcomm v. Network System Technologies
IPR2024-00338
Qualcomm Exhibit 1035

Page 129



Page 130

50 NETWORKS ON CHIP

Figure 3.6. Natural Fit Mapping

putational components of the application are directly connected to the virtual
receivers exported from the architectural platform. This is shown in Figure 3.6.

This communication implementation model represents a complete solution
to the mapping problem. It is a formal model of the interaction between the
application and the architectural platform. A designer can then run a code
generation process on this model to obtain a concrete implementation of the
application that executes on the target programmable platform. This is further
described in Section 5.4.

If the application and the architectural platform are not a perfect match for
each other, additional work is required to solve the mapping problem. Con-
sider a communication architecture that implements non-blocking transmit and
receive operations. The communication semantics implemented by this com-
munication architecture are not an exact match for an application designed
using the Communicating Sequential Processes model of computation, which
calls for a rendezvous style of communication[14]. Alternatively, consider a
communication architecture that does not guarantee that data items will be trans-
mitted without error. These semantics are probably not a good match for any
high-level application model of computation. The functionality of the architec-
tural platform and the application can differ in all of the ways that characterize
communication semantics - memory, control, data and time.

We can leverage Network-on-Chip principles to close these semantic gaps.
The Network-on-Chip paradigm introduces the concept of viewing the architec-
tural platform as a network of communicating computational modules. In our
discipline, we extend this idea to formulate the implementation gap as a com-
munication network problem. By definition, a networking protocol provides a
particular communication abstraction on top of a set of lower level abstractions.
A protocol can be designed to implement rendezvous-style communication on
top of a non-blocking infrastructure, or to guarantee error-free transmission on
top of a lossy bus. Designers solve the implementation gap problem by creat-
ing protocol stacks to match the communication semantics implemented by the
architectural platform with those required by the application.

Figure 3.7 shows a model of a typical protocol. In this model, two instances
of the protocol communicate with each other using a communication link that

v
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Figure 3.7. Protocol Model

Protocol
Virtual

Figure 3.8. Exporting Protocols as Virtual Receivers

implements a particular communication s_ema.mticg ’l_‘he combination of the
two protocol instances and their communication link '1mp_lement a new com-
munication link that provides a higher level comumcaﬂon semantlgs. The
functionality of a protocol-based communication link can be exported mtq the
Communication Implementation View in much the same way as an architec-
tural communication link. The difference between exporting a protocol-ba§ed
Jink and an architectural link stems from the fact that th'e protocoljbased link
not only implements the receiver interface, it also requires a receiver for the
lower-level connection. Therefore the virtual receiver for the pFotocol—tTas;ld
link is split into two halves, as shown in Figure 3.8. The gap in thc? mid et
indicates the protocol’s requirement 1;1)1' a lqwer-level connection. It is mean
in with a lower-level virtual receiver. ‘

° tj‘ianﬁ:ilrce:;llitecturall virtual receiver that was not directly appropnatc? fot the ap-
plication components may be a suitable receiver for thf'a comn_aumc'atlon h;:'k
between the protocol components. Figure 3.9 shows this relationship graphi-
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cally. The bottom layer in this figure represents the architectural platform. The
communication link shown in that layer provides communication functionality
for the protocol components in the middle layer. The protocol builds on top of
this functionality to provide a higher level of communication semantics for the
application actors in the top layer. Figure 3.10 shows how these communication
abstractions are described in the Communication Implementation View.

The use of layers of abstraction to bridge the implementation gap is the core of
our discipline for solving the mapping problem. Designers can chain any num-
ber of protocols together to implement the desired communication abstractions,
using both top-down and bottom-up techniques. Protocol stacks reminiscent
of the OSI model follow directly[15]. Behavioral type checking is used to
determine that all connections between components that require the receiver
interface (application actors and protocols) and components that implement the
receiver interface (protocols and architectural virtual receivers) are valid[16].
This is used to prove that the protocol stacks designers create in the Communi-
cation Implementation View correctly implement the semantics of concurrent
communication required by the application’s modél of computation.

In summary, this discipline is important and useful because it gives designers
the necessary framework for understanding the implementation gap. Instead of
using ad hoc techniques to match the concurrent communication required by an
application with that provided by an architectural platform, designers can think
about the problem as a communication network problem and use networking
principles to reach a solution. Network-on-Chip protocols implement a transi-
tion between the application development environment and the programming
model. The Communication Implementation View|provides a useful high-level
abstraction for making this transition. Theresultis a;formal model that describes
how the computational components of the application interact with each other
using the communication architecture of the system. This technique quickly
reveals the roots of the mapping problem and provides the right abstractions for
a disciplined solution.

5. Design Example

In this section we will apply this design methodology to a network process-
ing application. This application domain is interesting because there exists a
remarkable implementation gap between network processing application de-
velopment environments and network processor programming models.

It is important to clearly distinguish between the network processing ap-
plication area and the Network-on-Chip paradigm for system design. The
network processing application area is concerned with traditional computer
network problems such as IP routing, network address translation, quality of
service, and others. A network processor is an architecture designed specifi-
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Figure 3.9." The Layers of Abstractions Behind a Protocol Stack

Figure 3.10. A Protocol Stack in the Communication Implementation View
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cally for network processing applications[7]. In this example, we consider a
Network-on-Chip architectural platform that implements a network processing

- application. Network-on-Chip and network processing share many of the same

concepts and concerns. The similarity between the application that the system
petforms (the handling of Internet packets) and the internal workings of the
system (communication via Network-on-Chip packets) is merely coincidental.

An efample of a network processing application development environment is
the Click Modular Router[1]. The goal of Click is to provide designers with the
right abstractions for describing the inherent characteristics of packet process-
ing applications. These characteristics include manipulating bits in packets,
buffering packets, and controlling the flow of packets (both spatially and tem-
porally). Click combines an extendable library of components with a model of
computation and a tool set for producing executable implementations. Users
assemble dataflow-like graphs of library components to describe a packet pro-
cessing task. The Click model of computation defines the concurrency in these
graphs. It abstracts away the details of how parallel streams of packets flow
through the graph.

High-level Click models can be executed with reasonable performance on
desktop machines, but there is no current methodology to target any of the
numerous network processor architectures that have been proposed[7]. These
heterogeneous multiprocessor architectures are supposed to excel at packet pro-
cessing. Unfortunately, they are extremely difficult to program. Programming
models for current network processors do not give developers the abstractions
they need to implement concurrent applications like Click routers efficiently
and correctly. The challenges here are twofold. The first challenge is to export
a programming mode! from a network processor architecture that captures the
parallelism implemented by the machine. The second challenge is to map the
concurrency in a Click application to the concurrency captured in the program-
ming model. Our disciplined design methodology can tackle these challenges.

5.1 Application Model

Figure 3.11 shows a graphical model of a Click router application based
on the design in [1]. To simplify this example, we have eliminated the error
handling functionality of the router and have shown only two channels. This
application model was designed in Teepee, one of the core tools of the Mescal
project[13]. Teepee is based on Ptolemy II and provides an implementation of
the Click model of computation following the principles described in Section
2. This Click model can be simulated within Teepee to test for functional
correctness using Ptolemy’s standard simulation capabilities.
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Figure 3.11. Simplified Click Router Application

52 Target Architectural Platform

The target architectural platform consists of six processing elements that are
connected with two shared buses as shown in Figure 3.12. This architecture
is similar to the microengines and internal buses of the IXP1200 processor.
Two external interface units connect the on-chip shared buses to off-chip buses.
One external bus is connected to Ethernet MACs and the other is an external
memory bus. Teepee extends Ptolemy’s Discrete Event modelling capabilities
to describe and simulate architectural platforms such as this one.

53 Mapping

The first step of the mapping process is to choose a partitioning of the com-
putational components of the application onto the processing elements in the
architectural platform. Currently this is done manually. Here we choose to
dedicate one processing element to each FromDevice packet source element.
These elements perform the work of reading in packets from the Ethernet MACs
and separating packet headers from data payloads. A third processing element
will perform the CheckIPHeader and LookupIPRoute operations. Two final
processing elements are used for the output portions of the router application.
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External
Interface

Figure 3.12. Target Architectural Platform

The second step is to implement the connections between the application
components in the Communication Implementation View. The partitioning we
have chosen requires that some of the application components communicate
with application components on different processing elements. These connec-
tions will be made using stacks of virtual receivers.

The communication semantics specified by the Click model of computation
state that the flow of control follows packet headers as they are passed from actor
to actor. Compared to other models of computation, these semantics are not
restrictive and are therefore compatible with a broad range of behavioral types.
However, the broadcast nature of the shared buses makes the hardware virtual
receivers unusable directly. A protocol is required to provide the abstraction of
multiple point-to-point communication links on top of this broadcast medium.
Teepee provides such a protocol, called Address. The Address protocol works
by prepending Network-on-Chip messages with a data field that contains a
destination address. Instances of the Address protocol only keep messages if
they match the destination address.

The communication semantics implemented by the Address protocol ac-
tors are an acceptable match for the Click application actors. A portion of the
communication implementation model is shown in Figure 3.13. This model de-
scribes how the two FromDevice actors communicate with the CheckIPHeader
actor using a shared bus and the Address protocol. The shared bus is exported
into the Communication Implementation View as a SharedBusInterface virtual
receiver with six ports (one for each processing element that the shared bus con-
nects to). Instances of the Address protocol break the shared bus into separate
point-to-point links. The remainder of the connections in the Communication
Implementation View are made in a similar fashion.

54 Code Generation

A complete communication implementation model is a formal model of the
interaction between the application and the architectural platform. Together
with the model of the target architectural platform, it contains all of the infor-
mation necessary to produce a concrete implementation of the system. The
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Figure 3.13.  Portion of Click Router Communication Implementation View

mathematical formalisms behind these models allow us to produce implemen-
tations in a correct-by-construction fashion. This process is called code gener-
ation. Examples of code generation targets include compiled-code simulators,
synthesizable HDL, and executable machine code.

To produce executable machine code for the programmable ple.ltfo%'m, .the
code generation algorithm implements each object in the communication im-
plementation model as a software object on the programmable platform. Appli-
cation actors such as FromDevice and LookupIPRoute are realized as software
processes. The same is true for protocol components such as the Address ac-
tors. Architectural virtual receivers (e.g. SharedBusInterface) are synthesized
as device drivers for the programmable platform’s communication architecture.
Each software object is assigned to a particular processing element according
to the partitioning made in the mapping step.

Our current code generation algorithm produces an individual C++ program
for each processing element. These programs initialize software ol?jects and
manage threads of control. The initialization and execution semantics for all
software objects are specified by the mathematical formalism that powers the
Communication Implementation View. No additional operating system func-
tionality is required. Standard C++ compilation techniques are used to produce
machine code for each processing element.
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6. Conclusion

Embedded system designers are faced with three important challenges. First,

there is the challenge of modelling a heterogeneous concurrent application in

an application development environment. Second, there is the challenge of
capturing the important capabilities of a programmable platform architecture
in a programming model. The third challenge is to correctly map from the
application development environment to the programming model of the target
platform in a way that efficiently implements the application.

We believe that the key to overcoming these challenges is to properly model
concurrency in both the application and the architectural platform. In this chap-
ter, we have introduced a new disciplined design methodology that focuses on
formally modelling concurrency using models of computation. Inthis approach,
application developers use the abstractions provided by models of computation
to model heterogeneous, concurrent applications. At the same time, models of
computation are used to abstract the parallelism of an architectural platform in
a programming model. The use of models of computation in both the appli-
cation development environment and the programming model gives designers
a common theoretical framework for comparing application concurrency and
architectural concurrency. This enables a disciplined approach to the solution
of the mapping problem. Designers use the Communication Implementation
View to abstract the mapping problem as a communication networking problem.
Then, Network-on-Chip principles are employed to close the implementation
gap efficiently and correctly. '

Moore’s law drives the exponential growth in the complexity of embedded
system architectures. The latest generation of heterogeneous, concurrent archi-
tectures are accompanied by the latest generation of heterogeneous, concurrent
applications. Without a disciplined design methodology, designers will have to
resort to ad hoc techniques to implement concurrent applications on complex
architectural platforms - a doubtful proposition. Using the appropriate abstrac-
tions to correctly model concurrency, designers can tackle the design challenges
put forward by these systems.
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Abstract

1.

Users expect a predictable quality of service (Q0S) of embedded systems, even
for future, more dynamic, applications. System-on-chip designers use networks
on chip (NOC) to solve deep submicron problems, and to divide global prob-
lems into local, decoupled problems. NOCs provide services through protocol
stacks, and introducing guaranteed services enables IP re-use and platform-
based design. It also provides globally predictable behaviour, as required by
the user, when combining local, decoupled solutions. There are several levels of
QoS commitment (correctness, completion, completion bounds), with increas-
ing cost. A combination of guaranteed and best-effort (no commitment) services
combines their respective attractive features: predictable behaviour, and good
average resource utilisation. The ZATHEREAL NOC is an example of this ap-
proach, and forms the basis of a Qos-based design style, as advocated in this
chapter.

Future applications and systems on chip

In this section we raise the following question: why and how must systems
implementing future applications guarantee the quality of service (QoS)? We
look at each of the components in turn, in the context of embedded systems
and systems on a chip (SOC). We then observe that new SOC architectures and
design methods divide global problems into local ones, and rely on networks
on chip (NOC) to compose local solutions. We answer the question, in Sec-
tion 2, by presenting a synthesis of a Qos-based design style and networks on
chip. Section 3 explains that QoS can be decomposed into several levels of
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::lim;lEnjtment, with different resource requirements. In Section 4 we introduce
© ZETHEREAL NOC, and compare it to other NOCs, in Section 5.

1.1 Characteristics of future applications

We' are w1tnes_s1ng the convergence of previously unrelated application do-
hains: computation (personal digital assistants, mobile computing), communj
cztlon .((;elephone, videophone, networking), and multimedia (audio,, photozrn;:
Fu Xéﬁxgn:ﬁ;yal;glglzntfd and Yutual realit'y). Convergence leads to increased
pincaon eterogeneity, as pfevmusly unrelated functions are com-

- Dystems become more dynamic, or even unpredictable, as new algo-

(sit;:t filxel p:iocessmg‘(scahng, edge en.h:ancement, and 50 on), to MPEG4 object
ction an sy'nthes1s, to face recognition and scenario detection. Finally, in-
creased interaction with the environment also makes systems mo're d mic
Syst'em functionality can be influenced by the current location (a.ffectirz,;l T:rlrf—
munication or computation capabilities), environmental conditions (precipita-
tion and‘multlpath interference can affect mobile communication), and oth
systems in the proximity (e. g. car guidance, ad hoc networking) , e
TFem?s such as ambient intelligence and the networked hom‘e make futu
apphc-at}?ns embedded and pervasive. Moreover, applications acquire a r:f
:g;)sni)ahsty for t11{1e coptrol of physical objects, such as home heating systems,
app],icationos 'on. eal-time performance and safety are critical in many of these

Below, we examine how users i i
OW, Wi § Interact with these applications, an
what is required to design these systems. » »nd then

1.2 Quality of service: a user view

Usera.~ expect a certain behaviour of applications; in other words they must
be predictable. While those expectations may be low, as is often tile case for
personal' computers, a certain fitness for purpose is always assumed. Consumer
glectromcs are subject to higher demands: a television must have a.robust user
1nt§rface and is not allowed to crash or be unresponsive. Expectations are
stricter yet for real-time applications (e.g. involving audio and video, or control
systems); a television must display at least 50 pictures of a constant :1ua1ity per
secox_ld, for example. The essence of quality of service (Qos) is therefore the
offering of a predictable system behaviour to the user.

A central question is how to reconcile the dynamic, unpredictable nature of
future applications with the requirements for predictable services.
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1.3 Implementing future applications on chip

Having identified the characteristics of future applications and their QoS
requirements, we now turn to the question of their implementation in SOCs.
Moore’s law describes the exponential growth over time of the number of tran-
sistors that can be integrated in an IC. It predicts that chips in 2010 will count
over 4 billion transistors, operating in the multi-GHz range [1]. It is this abun-
dance of computational power that has fuelled the convergence of application
domains described above. However, Moore’s law is only a prediction, and two
major obstacles must be solved to make it a reality [2]. First, to use future VLSI
technologies, several deep-submicron problems must be solved: the increasing
disparity between transistor and wire speeds, power delivery and dissipation,
and signal integrity. Second, the intrinsic computational power of an IC must
not only be used efficiently and effectively, but the time and effort to design
a system containing both hardware and software must also remain acceptable.
The so-called design productivity gap states that the increase in our ability to
design SOCs does not match Moore’s law. To close the gap, system design
methods to implement applications with the latest VLSI technology (including
the definition of architectures, mapping applications to architectures, and pro-
gramming) must harness exponential hardware resource growth in a scalable
and modular manner.

The following two examples show that until recently, architectures and de-
sign methods at both the deep-submicron and system levels have been often
been global in nature. This hampers scalability, and in the next section we
show that approaches that compose local solutions are becoming popular.

The physical communication between intellectual property blocks (IP) has
made use of a mix of local and global wires. When timing constraints of the
design must be verified, 1Ps cannot be checked independently because they
are interconnected; correcting a timing violation in one IP may invalidate the
timing of another. This process does not necessarily converge to a solution, and
is design specific (not re-usable). This global timing closure problem results
from a tight (timing) coupling [3].

The second example considers the model of time. Until now, the dominant
design style has been synchronous; a global notion of time has been imple-
mented by globally synchronous clocking. Increasing processing variations on

a single IC make this style untenable in the future [4]. This will impact clock-
ing regimes, but also the programming model. When using shared memory,
which has been the dominant method to communicate between tasks, if tasks
are not tightly synchronised (requiring a common, global time frame) then task
scheduling may lead to interference and unpredictable behaviour.
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1.4 Composing local subsolutions

To avoid the exponential complexity of global methods and solutions, there
is increasing interest in subdividing global problems into local, decoupled
problems, and then composing the local solutions. This requires, foremost,
compositionality to assemble a global solution from local ones (Figure 4.1).
But solutions must also be scalable (and likely hierarchical, Figure 4.1(c)) be-
cause there will be an exponential number of local solutions. This applies at all

EH B8
OE BE

GE &

®)

@ ©

Figure 4.1. Divide global problem (a) into local problems that are composed flat (b) or hier-
archically (c). Examples are GALS, local timing closure, local shared memory with global fifo
communication or message passing, local busses or switches with global packet switching.

levels of SOC design: lay-out, timing verification, clocking, and programming.
This trend commenced some time ago with IP-based re-use, platform-based
design [5]. The interest in decoupling and composing local solutions can be
observed in hierarchical lay-out and wiring, local clocking strategies such as
GALS (globally asynchronous, locally synchronous) [6], software-programmable
fixed 1Ps or tiles [7, 8], and synthesisable tiles for dedicated silicon [9] or
FPGAs [10, 11]. At the task level, these scalable system architectures (in-
cluding e.g. chip multiprocessing [12, 13, 14]) use tasks with local, indepen-
dent address spaces and time frames that are composed by means of timing-
independent fifo channels (for example, Kahn process networks for stream-
based processing).

1.5 Networks on chip

All the approaches that advocate local solutions have a common reliance on
a scalable and compositional communication medium to efficiently combine
the large number of (hardware and software) IPs or subsystems in a work-
ing system. This challenge is addressed by networks on chip (NOC), which
therefore play a pivotal role in future SOCs. NOCs help to solve both deep-
submicron problems (timing closure, wiring, lay-out, etc.) and compositional
design methods (services and protocol stacks). More detailed argumentation
for the use of NOCs in future SOCs can be found in [15, 9, 16, 17, 2], and
elsewhere in this volume.

In the following section we show that NOCs and QoS naturally combine to
solve the two problems stated in this section: NOCs combine decoupled local
solutions, and a service-based design style makes both the design process and
the QoS of the resulting SOC more predictable.
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2. NoCs and QoS: a synthesis

We advocate system design centred on NOCS and QoS f.or three reasons.
First, services relieve the inherent tension betwe.zen the dymfmlc nan.zre of future
applications and the user requirement for predictable services. This addresses
concerns raised in Sections 1.1 and 1.2. Second, IP re-use and Platform—based
design aim to re-use applications and architectures by decoupling them. fI‘he
use of NOCs and their associated network protocol stacks are a way to achieve
this (cf. Section 1.5). Finally, it is our tenet that Qos, in particular guarfznteed
services, allow us to move towards globally predictable, locqlly predictable
methods and solutions for SOC design. This, in combination th.h NOC§ solves
a need of recent architectures and design methods, introduced in Section 1.4.

We discuss each point in turn.

2.1 Dynamic applications and predictable QoS

A Qos-based design style alleviates the demanding task for the s.ystem de-
signer. He or she must plan systems that reliably provide users with the ex-
pected Qos for future applications. Moreover, systems must always be cost
effective. Higher costs are acceptable when safety is critical, but th?,}f are al-
ways under pressure for consumer products, whether they be television sets
or cars. Systems, especially SOCs, therefore have limited resources, and Fhey
must be shared and managed as the application unfolds its dynamic behaviour.
Resource management depends on two phases: negotiation to obtain resources,
followed by a steady state in which allocated resources are used. As applica-
tions become more dynamic, the first phase, renegotiation, will become more
frequent. Thus, users can be given a predictable QoS by giving resource man-
agement and QoS a prominent place in system design.

2.2 Platform-based design, NoCs, and QoS

The aim of platform-based design [5, 18] is to reduce the cost of system
design through re-use of applications and architectures. A platform decouples
applications and system architectures, by defining a template architt‘:cture and
programming model. In other words, by limiting the freedom in which an ap-
plication can be implemented on an architecture, the interdependence of appli-
cation and architecture is concentrated and reduced (Figure 4.2(a)). However,
the convergence of applications entails an increasing diversity and dynamics
in resource usage (such as communication and computation patterns), and this
results in an increasing need for differentiated services [15]. It is therefore im-
portant that the platform offers the appropriate services (for comm.uni.cati(_)n,
computation, power management, efc.). As a result, the communication in-
frastructure is a critical component of a platform, because it must solve the
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Figure 4.2. Decouple applications and architectures by means of a platform (a), or network
(e.g. NOC, Internet) services (b), or network protocol stacks (c).

appa‘rent contradiction of implementing diverse application behaviours with
application-dependent IPs in an application-independent manner. Using a NOC
for the platform interconnect tackles both problems: it integrates heteroge-
neous IPs in a standard fashion (in other words, the NOC services largely define
the platform, Figure 4.2(a)); and it naturally provides differentiated services by
means of a (partially application-dependent) protocol stack [17].

Figure 4.2(b) shows that NOCs offer a small set of services (“NoC services”)
on top of which different kinds of communication can be implemented (e.gj
shared-memory cache-coherent traffic, message passing). The 0SI transport
layer [19] is a natural place to separate the application and architecture, be-
cause it is the first network-independent layer. The set of services shoufd be
sx_nall, yet allow the upper layers in the protocol stack to offer differentiated ser-
vices [20]. This method has been used successfully in computer networks [21]
wher_e the internet protocol (IP) plays a similar role. Higher layers offer more,
specialised protocols such as TCP and UDP, and FTP and HTTP. For NOCs
there are several proposals [22, 23, 24], but convergence has yet to occur. ’

Concluding, NOCs help IP re-use and platform-based design to combine 1Ps,
and NOC services aid in decoupling applications and architectures.

2.3 QoS enables predictable composition

As.we have seen in Section 1.3, to fully exploit Moore’s law, it is key to
combine and control many local, perhaps autonomous, components in an ef-
ficient and flexible manner resulting in the required QoS. To localise timing
communication, data, scheduling, and so on, means that components (subsys:
tetgs,I Ips, tasks, threads, etc.) must first be identified. After composition,
their interaction is controlled by means of arbitration, scheduling, or resource
management. But we must address the apparent contradiction of providing
globally predictable Qos (cf. Section 2.1) while current approaches tend to
globally unpredictable, locally predictable (GULP!) regimes. How can global
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timing guarantees be given when Jocally synchronous components are com-
bined asynchronously [6]? How can global performance be quantified when
tasks are combined in a latency-insensitive fashion [14, 7]? It is our tenet that
QoS, in particular guaranteed services, allow us to move towards globally pre-
dictable, locally predictable methods and solutions. We elaborate this claim
below, by first defining what role QoS plays, then stating how the local solu-
tions (e.g. IP design) benefit, and finally how Qos eases the composition of
local solutions.

2.3.1 Services. Effective steering of the limited resources in a
NoC (cf. Section 2.1), and hence effective Qos, is contingent on a reliable re-
action of resources to instructions. In other words, a predictable or guaranteed
behaviour of system components is a prerequisite to providing the user with
expected QoS, at whatever level. The essence of QoS-based system design is
to restrict the interaction between components 0 well-defined services. Two
phases can be distinguished: (a) negotiation, followed by (b) resource steer-
ing or scheduling, and observation or inspection. As an example, consider a
microprocessor which negotiates a connection to a memory with guaranteed
bandwidth, but without a constraint on transaction ordering. The NOC that of-
fers communication services will honour the request if has sufficient resources
available, and will reject it otherwise. Later, the microprocessor may renc-
gotiate its connection, e.g. to a higher bandwidth. The NOC will release the
resources of the connection for use by other connections, when it is closed by
the microprocessor.

2.3.2 Advantages for local solutions. QoS-based interaction
has a number of advantages for IP design. By limiting component interac-
tion to a set of well-defined services, their interfaces are simplified because
there are fewer eventualities to take into account. Moreover, failures of ser-
vice users (IPs) are concentrated at the reconfiguration points: after a service
provider (such as a NOC) has committed to the request (such as a connection
with bounded jitter), its provision can be relied upon. Similarly, IPs do not
interfere with each other because the service provider and user have a local
contract. This allows components to be designed and implemented in isola-
tion. An advantageous side effect of negotiation is that the requirements of IPs
must be stated explicitly, aiding the design process.

2.3.3 Advantages in composing local solutions. We now
consider the impact of Qos-based interaction when combining IPs to obtain a
soc. First, services that are guaranteed to an IP are not affected by other IPs
in the network, making reasoning about the IP in isolation possible. This is
essential for a compositional construction (design and programming) of SOCs.
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Moreover, SOCs can be more robust, because rather than relying on cooper-
ation to share resources, resource management enforces the contracts between
“service providers and users. An 1P that (maliciously or erroneously) does not
adhere to a cooperative protocol, such as TCP/IP, cannot, therefore, disturb the
system as a whole [25]. Failure is therefore local in space (one IP) and time (at
one of its reconfiguration points). ’

Next, when components are combined, the performance (i.e. the Qos) of
their composition must be validated. This can be done by analysing the com-
plete system implementation. However, this analysis may be too hard, because
the behaviour of individual components or their interactions are complex to
model accurately (e.g. traffic analysis of NOCs [26], cache behaviour [27]).
Statistical approaches are therefore frequently used [28]. Unfortunately re-
source requests often do not fit models (e.g. bursty traffic versus fractal or
normal traffic distributions [26]) invalidating the verification. The oxymoron
“statistical guarantee” does therefore not guarantee a Qos, but implies a (usu-
ally post hac) analysis relying on a statistical model of the resources and their
usage. Instead, we propose to validate the composition of the local solutions
at the level of services (their interface), instead of having to open them up, and
consider their (global) combination. This abstraction is essential in reducing
the verification state space.

Finally, services can make QoS provision architecture independent, because
how a component, such as a NOC, offers its services is not relevant. This re-
moves the need to second-guess the inner workings of a component, because
its services describe all that is required to know. Interaction becomes prescrip-
tive (state what is required, i.e. what must happen), rather than prognostic (try
to predict the service provider’s behaviour) or reactive (act on how the service

provider behaves).

We can therefore conclude that by abstracting local IP behaviours to their
service requirements or provision, makes the global Qos of their composition

more predictable and hence easier to reason about. This simplifies the design
of SOCs.

3. On the cost of guaranteeing QoS

We have seen that a Qos-based approach is required to implement future
applications, and to offer a predictable performance to users. In essence, offer-
ing a QoS requires a commitment. In this section, we present different levels
of commitment, and their effect on predictability and cost in terms of resource
usage. Although guaranteed services, which offer commitment, have many ad-
vantages over so-called best-effort services, which offer no commitment, we
show that their combination is beneficial. The ATHEREAL NOC, described in
the next section, is an example of that approach.
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3.1 Different levels of commitment

As has been explained before, to offer a certain QoS witl} finite resoyrces,
the service provider and user negotiate to arrive ata contr.act, ie.a commzt{nent
by the service provider to honour the request. Ifa com@ent has be‘:en gltve::
the service is guaranteed, otherwise itis a best.-eﬁ'ort service. C"ommltmen 'i :
ists at several levels: 1) correctness and integrity of the res_ult, if and when it is
delivered. Examples are parity checking and error corre'ctlng cfod.es for }Jnc?r-
rupted data transmission, and redundant computahon W{lth majopt?f vo;:m g tl&:r
safety-critical systems. 2) Promise of comple.twn or delivery. This involves the
cumulative availability (over time) of sufficient resources (_e.g. memory, ;:ﬁ)ut
cycles), and their performance (e.g. absence gf deadlock or hvelocl.c). Note tha
a minimum number of resources may be required: for e_xample, an 1_n-p.1ace FET
needs to store all samples simultaneously, and a mobl}e commumcagonalma;y
require a minimum battery charge to generate a sufﬁglentl.y strong 51gnﬂl. )
Bounds on the performance. Examples are the comgletloq tnpe (when s the dre(;

sult available), cumulative time to completion and its vanat:ions (e.g. bounde
iitter), and (peak and average) energy consumption. '
1ate:10;’1§nstd£;tefr())m of(I::ommitment to progress leads to_ resource allocation
(e.g. memory space, Cpu cycles, communication bandwidth, battery Qower)
and hence requires resource management. Morc?over, levels of commitment
depend on those below them. We illustrate this with two examp}es. .

An 1P connected to a NOC may not always be able to accept incoming _ata.
Assuming its input buffers are finite, several solutions are possible, .Wlth dlrf?fl;
consequences for the service level that can offered: Packets that arrive at a
buffer are dropped, instantly precluding completion pounds SuCl:l as latencg'
and jitter guarantees. General computer networks typlcally use this apiro(a:lc .
Alternatively, packets are not dropped and are left waJ.tmg in the network. t‘;llre
then has to be taken to not introduce deadlock (e.g. _1f re-ordered ‘packets ' at
wait for free buffers do not overtake each other), or llx(elock (e.g. in d?ﬂe(ftIOH
routing [29] packets keep moving, but may never arrive at their destmatlon)l;
In both cases, again, completion bounds may be in ]eo;.)ard.y. An approac
to offer completion bounds (e.g. for a bounded coquumcaﬁon latency) is tltlo
ensure packets never wait in the network by reserving b_uffer resources at the
receiver, and by using end-to-end flow control to constrain the sender to never

ore than the available space. ‘ ' ’
Sen’;‘lh][elilsecond example concerns data transmission in ul_n'ehabl_e media. Tl'nS
is a topic of importance in NOCS because wires suffer mcreasn_xgly from m(-1
terference, such as cross-talk and voltage drops. To ensure data 1s tl"ansportz
unchanged, it can be retransmitted when corrupt_ed., or error correction ;:an e
used. The energy efficiency of both approaches is 11‘1vest1gated by [?0] or un-
reliable busses. What concerns us here, is that using retransmission takes a
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variable, possibly unbounded, amount of time, whereas error correction takes
place in a constant time. Therefore, time-related guarantees, such as minimum
throughput, can only be given by the latter.

We conclude that the strictest guarantees, namely those involving perfor-
mance bounds, pervade the system (all protocol layers): they cannot be grafted
on as an afterthought [17, 31]. In Nocs we should and can choose communi-
cation protocols and styles to offer the required services, but, as the examples
show, this requires vigilance.

3.2 Commitment and resource usage

. The effect of the level of commitment on resource usage is illustrated in
Figure 4.3. Suppose that the resource plotted vertically is bandwidth. For

resources SOUrces

Tr

Figure 4.8. (a,b) Commitment to completion or bounded completion is reflected in resource
usage. (c) Combining guaranteed services with best-effort services, discussed in Section 3.3.

real-time performance, the requested bandwidth must be offered in the same
interval, see Figure 4.3(a). Thus, as many resources must be available as the
largest request (rgr at time tgy). With resources dimensioned for the aver-
age resource usage (ravg in Figure 4.3(b)), completion times may shift to the
future: the peak resource request at time tgy is only completed at time ¢ayc,
?n the example. Depending on the required completion bound and variability
in resource requests more or fewer resources can be added. However, more
resources than rgr do not improve performance, while fewer resources than
ravg Iean that no completion commitment can be given, because the backlog
of requests keeps growing.

Architectures offering only best-effort services do not reserve resources,
and hence can have a better average resource utilisation, at the cost of un-
predictable or unbounded worst-case behaviour.

3.3 Both best-effort and guaranteed services

A service is guaranteed if a commitment is given, and best effort otherwise.
This holds for individual services, not their ensemble. For example, data trans-
port may be uncorrupted (commitment to correctness), and lossless (commit-
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ment to delivery), and without throughput guarantees (best-effort throughput,
ie. no commitment to a completion bound). Moreover, a given service can
be offered both with and without commitment, to flexibly use the available re-
sources. For example, a data transport service can be offered both with and
without completion bounds, to serve different users, in a single SOC. In Fig-
ure 4.3(c), the critical dark traffic, uses the guaranteed service, for real-time
performance. The remaining rrr — Tavc resources atre, on average, available
to other traffic, for example with less strict completion bounds, or with no
completion bound (best-effort completion).

Figure 4.3(c) shows that when resources must be dimensioned for the worst-
case for a given service commitment (e.g. guaranteed latency), the resources
can also be used to give less stringent commitments (e.g. guaranteed delivery),
or even a best-effort service. A combination of best-effort and guaranteed
services gives the advantages of guaranteed services to only part of the system,
but the available resources are used more efficiently. In the next section we
show how this can be put in practice, in the ZTHEREAL NOC.

4. The Athereal network on chip

In this section we introduce the ETHEREAL NOC [17, 2]. It offers guar-
anteed services to obtain the advantages in composability, robustness, and so
on of Qos-based design. These services are used for real-time and critical
functions. The ATHEREAL NOC also provides best-effort services, to take
advantage of their lower resource requirements and potentially better average
performance. We describe the NOC services [24] in the next section.

In Section 4.2, we show how the services can be efficiently implemented,
using a mix of time-division-multiplexed circuit switching, and packet switch-
ing [32, 31]. The programming model (connection creation and closing) and
its advantages are also explained.

4.1 MHthereal Services

The ZAETHEREAL NoOC offers differentiated services with connections. A
connection describes communication between one master and one or more
slaves, with an associated service level, such as fifo transaction ordering, and
maximum latency. Connections must be created stating the requested service
level; this is the negotiation phase. The NOC either accepts or rejects the re-
quest for the connection. Connection acceptance may lead to resource reser-
vations in the NOC, e.g. buffers or a link bandwidth percentage. After usage,
closing a connection frees the resources. Different connections are created and
closed independently, possibly at different points in time. Configurations can
be computed at compile time (i.e. off-line), or at run time. To ensure that

Qualcomm v. Network System Technologies
IPR2024-00338
Qualcomm Exhibit 1035




72 NETWORKS ON CHIP

tl.1e programming model scales as NOCs become larger, negotiations can be
distributed.

4.1.1 N "I‘ransactions. Once a connection has been created, the
master initiates transactions by means of requests which zero or more slaves
execute, perhaps leading to a response. Examples of transactions are read,
write, acknowledged write, test and set, and flush. By offering these transac-
tions th.e ATHEREAL transaction model is similar to existing bus protocols, to
ease migration of IP from current interconnects to NOCS. However, to be able
to take full advantage of increased NOC performance, transactions can also be
pipelined, split, and posted [24].

4..1.2 Conpection Types. The ETHEREAL NOC can offer three
kinds of connections (Figure 4.4). A simple connection contains a master and

simple: master «— slave

slave
narrowcast: master éslave

slave

slave
multicast: master <Eslave

slave

. ' ) Figure 4.5. A narrowcast connection.
Figure 4.4. Connection types.

a single slave. The master initiates transaction which the slave executes, pos-
sibly resulting in a response (e.g. for a read). On a narrowcast connection,
containing a master and one or more slaves, the request from the master is sent
to and executed by exactly one slave. An example of the narrowcast connection
is shown in Figure 4.5, where the master performs transactions on an address
space that is mapped on two memory modules. Depending on the transaction
address, a transaction is executed on one of the two memories. A multicast
connection is a connection between one master and one or more slaves, in
which requests are duplicated and each slave receives a copy of those requests.
Currently, in a multicast connection no return messages are allowed, because
of the volume of traffic they may generate (i.e., one response per destination),
and the increased complexity in the master (because individual responses from
slaves must be merged into a single response).

4.1.3 Connection Properties. We distinguish the follow-
ing services, or connection properties: 1) data integrity, 2) transaction order-
ing, 3) transaction completion, 4) connection flow control, and 5) connection
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throughput, latency, and jitter. A connection can request any combination of
these properties (e.g. a throughput guarantee, flow control, but no transaction
ordering). Recalling the levels of commitment, of Section 3.1, properties 1
and 2, above, commit to correctness (including order) of results. Completion
is guaranteed by property 3 and 4 (4 implies 3). Connection latency and jitter
give completion bounds. We discuss each property in turn.

1) Data integrity means that data is transported unchanged. We assume
that data integrity is solved at the data link layer; every connection therefore
offers data integrity. However, as noted in Section 3.1, this must be done in a
way that supports higher-level commitments, in particular bounds on transport
completion (latency).

2) Transaction ordering. Transaction orders are only defined on a single
connection; transactions on different connections may be transported and exe-
cuted in any order. In general, responses and requests may be reordered during
their transport in the network. This means that requests (responses) may arrive
in a different order at a single slave (master) than they were sent. (Note that
we refer to requests and responses of different transactions. Within a single
transaction, requests and responses are always ordered as follows: the master
sends a request, a slave receives the request and executes it, the slave sends
the response, the master receives the response.) We refer to [24] for a detailed
analysis of different orderings. Here it suffices to state that three connections
orderings are useful. Unordered connections, in which no order is assumed be-
tween any request and response. Locally ordered connections, where requests
sent by the master for each slave are delivered to that slave in order they were
sent. Requests for different slaves are unordered. Responses are delivered to
the master in the order the requests were generated. For example, on a narrow-
cast connection with multiple single-port memory slaves, the read and write
order to a single memory is important, but not between memories. Globally
ordered connections, in which requests for (responses from) all slaves are de-
livered to the slaves (master) in the order the requests were sent. This last
ordering is not offered as a service, because local ordering is usually sufficient,
and because the user can emulate global ordering by means of acknowledged
transactions. Global ordering may be used when the order in which different
devices (slaves) are programmed is of importance.

3) Transaction completion stipulates that transactions requesting a response
(e.g. acknowledged write) guarantee that the master always receives a re-
sponse. The response contains a) a report that the request was not delivered
to the slave, or b) the response of the slave, after it successfully executed the
request, c) a notification that the slave successfully executed the request, but the
response was dropped, d) a report that the slave failed to execute the request.
For connections with flow control, no data will be dropped, and transaction
completion is automatic. Without flow control fewer resources are required in
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the network, but data may be dropped. For example, it may be fine to drop a
transaction, as long as you know it has been lost, so that you can resend it.

- 4) Connection flow control guarantees that data that is sent will fit in the
buffers at the receiving end. End-to-end flow control is one of main techniques
to avoid network congestion, if data cannot be dropped (cf. Section 3.1). If
a slave is slower than its master, and the slave buffers fill up, then the master
will be blocked until there is sufficient free space for a transaction. Similarly,
a slave may be blocked by a slower master on the return path.

5) Bounds on connection throughput, latency, and jitter. The ZETHEREAL
NOC provides connections that guarantee a bandwidth per fixed time interval.
Thus, a combined throughput, latency, and jitter guarantee is given. Depending
the time interval, the latency and jitter bounds may be rather large. This is
acceptable in many applications, such as audio and video streaming, where
throughput is more important than latency. In the next section give the reasons
for giving the throughput guarantee in this form.

The AATHEREAL services include transactions of bus protocols, to ease mi-
gration from current bus-based systems to NOCs. But where in OCP [23] and
VCI [22] connections are used only to relax transaction ordering, we offer a
more general connection property model. Not only are more properties con-
sidered, but the request and response communications can be independently
configured (e.g. for flow control, and throughput guarantees), allowing more
fine-grained resource management. Connection-based service provision there-
fore allows better differentiation of services, and allows users to make full use
of NOC performance.

4.2 Athereal architecture '

The challenge of designing a NOC lies in finding a balance between the NOC
services and their implementation complexity and cost. Moreover, as has been
mentioned in Section 3.1, different services (levels of commitment) are de-
pendent on each other. Offering time-related guarantees (a completion bound)
influences the NOC to the core. The ATHEREAL NOC has both guaranteed and
best-effort services, and an architectural challenge is how to combine these ef-
ficiently. In other words, how can guaranteed worst-case behaviour be joined
with good average resource usage. In the following sections we describe two
conceptually disjoint networks that each solve one part. An efficient combi-
nation is then presented. Both networks contain two components: routers and
network interfaces. Routers transport data and can be described at the 0SI
network layer. As the ATHEREAL services are offered to IP at the transport
layer and are end to end (master to slave and vice versa), network interfaces
are required to bridge the network layer and transport layer views on commu-
nication.

Guaranteeing The Quality of Services [

4.2.1 A guaranteed-throughput router.
guarantees on a connection,
scale) or latency bounds, the
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a high cost: connections have Fo be.
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4.2.2 A best-effort router. The best-effort router uses packet
§witching and has a more conventional structure. Our experiments [31] indi-
cate that both input queueing with worm-hole routing or virtual-cut-through
routing, and virtual output queueing with worm-hole routing are feasible, in
terms of buffering costs. Input queueing uses fewer buffers, but suffers from
head-of-line blocking. Virtual output queueing has a higher performance but
at the cost of more buffers.

4.2.3 A combined GT-BE router. The logically separate
guaranteed (GT) and best-effort (BE) routers are combined (Figure 4.7(a)) to
share the router resources (e.g. switch and data path, Figure 4.7(b)), and to ob-
tain the advantages of both. The GT router offers a fixed end-to-end latency for
its traffic, which has the highest priority, enforced by the arbiter. The BE router

[ | besteffort [~ |

.. -y
guaranteed

throughput

low-priority ! high-priority

T

(a) conceptual view (b) hardware view

Figure 4.7. Two views of the combined GT-BE router.

uses all the bandwidth (slots) that has not been reserved or is not used by GT
traffic. This allows the sharing of links and data path. Resources are therefore
never left unused, when there is data, cf. Figure 4.3(b). They are either used
for critical traffic with real-time requirements (for which a completion bound
has been given), or for best-effort traffic (without a completion bound).

To allow distributed and scalable programming of connections, the GT router
slot tables (cf. Figure 4.6), are programmed by means of BE packets, see the
arrow “program” in Figure 4.7(a&b). This can be done in a pipelined and con-
current (multiple simultaneous negotiations, also from the same the source),
and distributed (active in multiple routers) fashion. Negotiations, resulting in
slot allocations, can be done at compile time, and be configured determinis-
tically at run time. Negotiations can also be done at run time, centrally or
distributed.

4.2.4 A network interface. /ETHEREAL network interfaces
convert the OSI network layer services of the routers to transport layer services
for the user. All connection properties (cf. Section 4.1) that are end-to-end
are implemented by the network interfaces. These are: reordering, transaction
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completion, and flow control. Unordered connections require that transaction
identifiers are used, these are added at the network interfaces. For locally or-
dered connections, reordering buffers are required in the network interfaces.
Since our routers do not reorder traffic in a connection, this is only required
for narrowcast connections at the master for responses. Transaction comple-
tion also requires resource reservations in the network interfaces. Flow control
serves to prevent overflow of buffers at the slave or master network interface.
In a credit-based approach, this requires state (credits for the amount of space
available), and additional communication (when data is consumed credits are
returned to the producer). This is taken care of by the network interface.

IPs negotiate with network interfaces to obtain connections with certain
propetties. For this network interfaces may reserve resources, such as network
interface buffers and credit counters, and slots in router tables.

5. Related work

Differentiated services have received attention in general computer networks
in the context of ATM [36] and the Internet [25]. Real-time traffic schemes have
been described using rate-based and deadline-based scheduling [34, 35].

The differences between single-hop on-chip communication such as busses
and switches and NOCs are described in [24]. Bus protocols such as [22] of-
ten have time-division multiplexing and/or priorities added, such as MicroNet-
work [37], to give throughput guarantees. To reduce the guaranteed but aver-
age high latency, statistical approaches can be used (e.g. Lotterybus [38]). The
bound on completion time is then lost (cf. Section 3.1). Switches [39, 40], also
single-hop interconnects, can also offer performance guarantees.

On-chip busses with bridges [41, 42, 43], but also [44], are potentially
full-blown NOCs. By judiciously placing restrictions on topology, bridging,
and transaction models, many problems that arise in general networks can be
avoided. For example, an appropriate topology simplifies routing to a single
path, and avoids transaction reordering. Limiting a master to a single outstand-
ing transaction has the same effect. By not buffering in bridges, effectively an
end-to-end circuit is set up per transaction, avoiding reordering and the need
for end-to-end flow control. In both cases, the increasing latency of larger
networks make these simplifying assumptions untenable in the future [33, 45].

The octagon interconnect [46] is an interesting combination of packet and
circuit switching. An octagon corresponds to a single 8 x 8 router that uses
circuit switching per transaction (or equivalently, packets of unlimited size),
with a high performance for a connection in an octagon. An individual octagon
can be made larger (the so-called core and edge node strategy), but this does
not scale to larger networks for the reasons mentioned above. Packet switching
can then be used instead, by using so-called bridge and member nodes strategy.
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At this point all general NOC issues appear. This NOC seems a best-effort
architecture, at least when multiple octagons are used. :

- The Spin [28, 29] NOC uses packet switching with worm-hole routing and
input queuing in a fat tree topology. It is a scalable network for data transport,
but uses a parallel network (bus) for control. It is a best-effort network, and is
optimised for average performance (e.g. by the use of optimistic .flow control
coupled with deflection routing). Commitment is given for packet delivery, but
latency bounds are only given statistically.

Dally et al [9] describes a preplaced mesh NOCs, with IPs that are synthe-
sised in the tiles. It uses packet switching on lossless virtual channels with
end-to-end flow control. No details are given on the programming model, but
guaranteed throughput (and latency) services are supported.

In the context of FPGAS using bit-level circuit switching to implement inter-
IP communication is expensive. A first optimisation is to use coarser cir-
cuits [47] to reduce the cost. A packet-switched interconnect with a prede-
fined set of services allows sharing of communication resources, just like for
ASICs, and enables dynamic reconfiguration [10, 11]. The NOC can be synthe-
sised [10], but a preplaced hard-wired NOC is the next logical step.

New soc architectures that rely on NOCs include chip multiprocessing [12,
13, 14, 7, 8, 48], to interconnect the homogeneous or heterogeneous tiles, and
network processors [49].

6. Conclusions

We observe that, although future applications will be more dynamic, users
expect embedded systems to behave predictably. A design style based on guar-
anteed quality of services (QoS) can solve this apparent contradiction. De-
signers of systems on chip (SOC) use networks on chip (NOC) to keep up
with Moore’s law. NOCs solve both deep-submicron problems (e.g. signal
integrity), and narrow the design productivity gap (the efficiency with which
we design SOCs) by dividing global problems into local, decoupled problems,
e.g. GALS.

The combination of NOCs and QoS is natural, through network protocol
stacks, and beneficial for several reasons. It enables IP re-use and platform-
based design to decouple applications and architectures. QoS-based design
also ensures that when global problems, such as clocking, are solved by com-
bining local, decoupled solutions (e.g. GALS), the combination has a globally
predictable behaviour, as required by the user.

There are several levels of QoS commitment, building on each other: cor-
rectness (e.g. uncorrupted transport), completion (e.g. packet delivery), and
completion bounds (e.g. maximum latency). A service without commitment
(a best-effort service, such as unbounded latency), can have a better average
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resource utilisation than a guaranteed service, but at the cost of unpredictable
or unbounded worst-case behaviour. The combination of best-effort and guar-
anteed services is advantageous: critical parts of the system are predictable,
while resources are used more efficiently.

The ZATHEREAL NOC combines best-effort and guaranteed services at dif-
ferent levels. Its programming model and architecture are also described. The
JETHEREAL NOC is at the basis of a Qos-based design style, as advocated in

this chapter.
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) Chapter 5

ON PACKET SWITCHED NETWORKS FOR ON-
CHIP COMMUNICATION

Shashi Kumar
Department of Electronics and Computer Engineering, School of Engineering, Jonkoping
University, Sweden

Abstract:

Designing a system on a chip with large number of cores poses many challenging
problems. Designing a flexible on-chip communication network, which can provide
the desired bandwidth and can be reused across many applications, is the key
problem. In this chapter, we discuss how we can borrow and adapt the concept of
packet switched communication from computer networks to design on-chip
networks. In this new paradigm, the cores on the chip communicate among
themselves by sending packets using a network of switches. We briefly describe the
existing proposals, which have come up in the last couple of years. The network is
built using a set of identical switches connected in regular topology. The important
issues for design of the network are switch design, design of network access by
cores and communication protocols. A particular protocol stack, called Nostrum, is
described as a case study of protocols for on-chip communication. Ideas and tools
can be borrowed from computer networks for evaluating on-chip networks.

Keywords: System on Chip (SoC), interconnection network, communication, protocols, IP |
cores
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1. INTRODUCTION

than fi;t}feI“lg years time, it will be possible for designers to integrate more
cores, each of the size of a small processor, along with many

nunllﬁler (?f heterogeneous cores on a single chip.
e mtgrconnectlon Platform is structured, if the underlyin
I n;ctlszzlirﬁph haij nice properties for its layout and for mathemaz;ca%r
‘ . € architecture, in this context, impli i
' e architecture, \ es that the

rlglhnilr;?t t;chmcal hmltat.lqn in the architecture to builid system wif:; ;:rng
pu t00 d;:qres. Reusability in all aspects of system design is key to ffst
iIltercomlectis1gn 1and test. of cgmplex and large SoCs. A reusable
el (;)n P at.foFm ?vﬂl require that the designer only concentrates on

lon and specialization of cores and a new SoC is configured by

cores iCi .
intercont:: gfﬁcxently exchange information. This implies that the
ection architecture should allow high communication bandwidth

airs of cores, i
:r o ml;)lrt?isml\/(lie}ny comme.raa‘lly Important applications, especially in the
Ay edia communication and processing, require multi-core SoCs
performi cc_)mm}mlcatlon .bandwidth among cores. Therefore high
o l:ﬁe in this cogtext mplies high communication bandwidth ,amon
oor h.nply aﬁse giropeiltlles are related but one property in architecture doe§

other. act, it is difficult to en
ply _ t, sure all th i
propTe‘:rtles 1n an mterconnection network simultaneously e dosirable
y .

propoce (rinigte t%ese challc'mges, many research groups have concurrently
R oposed idea gf using a packet switched communication network,
this chapues n:v eu(s;;l in ctcl)lml(aiuter networks, for on chip communication II;

s ¢ , cuss the develo is i i ;
buildins o chip e pment of this idea and various aspects of
o ae tlll*:; of tl'ils .chapter 1s organized as follows. In section 2, we discuss

evolution of packet switched communication from earlier
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methods used for connecting on chip components. In section 3, we define the
pecessary terms and describe concepts related to packet switched
communication. In section 4, we briefly describe some important proposals
for on chip communication and summarize the state of the art by providing a
brief comparison among them. Section 5, describes in some details a
concrete proposal for communication protocols for on-chip communication.
Section 6, briefly discuss an attempt for evaluation of packet switched
architecture and protocols. Section 7 summarizes the advantages and

limitations of packet switched network

2. EVOLUTION OF ON-CHIP PACKET SWITCHED
NETWORKS

The idea of using direct dedicated wires to connect pairs of
communicating cores is not even considered, let alone used, since it will lead
to large number of pins for every core, large routing time, large routing area,
unpredictable delays in signals and unpredictable signal quality. Such a
system is not scalable, leads to very low utilization of routing resources and
hardly any part of it is reusable. In spite of these limitations, such a scheme
to build SoCs has a potential of highest possible performance.

Bus-based interconnection is the most commonly used architecture for
inter-core communication in present day SoCs. Buses help to time-share the
wires among many communicating cores and lead to reduction of I/O pins in
cores and simplifies wiring. Buses are more scalable and can achieve almost

the same performance as compared to direct connection architecture.
Multiple and hierarchical bus architectures have been proposed for providing
efficient and high performance communication among many communicating
units. Buses have been used to implement single board computers as well as
small multi-processor systems [13]. Unfortunately, buses are also not
scalable beyond some limit and may not provide required performance in
large systems because the available communication bandwidth is shared
among all the units connected to the bus.

Building bus based SoCs has another problem that it require interface
designs or wrappers for every core before it can be connected to on-chip
buses. The Virtual Socket Interface (VSI) Alliance [9] has tried to remove
this problem by proposing a standard, called Virtual Component (VC)
interface. Cores and buses need to be wrapped using this standard for easy
interfacing. Figure 1 illustrates connection of a core to an on-chip bus. The
main focus in VSI Alliance is to enhance the level of reuse from IP cores to
SoC integration platform, which also include on-chip communication buses,
software and SoC development methodology. This platform based
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methodology has been strongly motivated by the success of reusing mother
. boards and templates for fast development of customized personal computers

; Chip Multi-processor
and application specific systems. Since the underlying interconnection Large So |
architecture in these platforms is one or multiple buses, they are inherently ' 1
unscalable in terms of size and performance beyond some limit. O /

Clrck

\Wrsmner

g
A

Figure 2: A cross-road for SoC and Chip-Multiprocessor designers

(a)Point to point connection  (b) Bus based integration (c) Packet switched network based
system integation 3, PACKET SWITCHED NETWORKS: BASIC

CONCEPTS AND COMPONENTS
Figurel. Evolution of packet switched networks

3.1 Definitions

The computer architecture researchers who have been searching for
scalable architectures to build chip multiprocessor [19,20] systems and now Most of the terminology wused for on-chip packet switched

they have met the SoC designers at a crucial cross-road (Figure 2). The communication is adapted, naturally, from computer network and multi-
scalability and success of internet is beckoning them to borrow the idea of

; processor areas.
using routers (or switches) based networks and packet based communication
from computer network design for SoC design and multi-processor systems 311 Switch
on chip.

Packet switched communication, besides providing theoretically The switch is the main component of the interconnection architecture for
unlimited scalability also provides possibility of standardization and reuse of routing information from a source to a destination. The switch has a
communication infrastructure. These features are crucial to chip designers to functionality of transferring information from one of its input ports to any

lower time to design and time to market new products. Recently many one/more of its output ports. Figure 3 shows a schematic of a switch. The
researchers have made proposal of packet switched on-chip networks for number of input and output ports is generally small. The time gap between
connecting cores [1-6], [10]. Most of the researchers call the proposals as when the information enters the input port to the time when the information
Network on Chips (NoC). NoC research is still in its infancy and no real SoC leaves the switch through an output port is called switch-delay. Information
has been built using NoC ideas to the best of our knowledge. However, it is may need to be buffered before going out through the output port. Figure 3
expected that future generations of products will have NoC based shows a schematic diagram of a generic switch required to implement a
components. packet switched communication. The switch has buffers to receive incoming
packets and buffers to store packets before they are put on the output port. A
crossbar switch helps to connect any output of an input buffer to any output
buffer. A switch control helps to configure the crossbar and management
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of the buffers. It may be noted that a specific design of the switch may

include both input and output buffers or only one type of buffers.
* Researchers have also proposed buffer-less switch for packet switched

communication [21].

Output Buffer
Input buffer

> —>

» I

Switch control

Figure3: A Generic Switch

31.2 Switch Network

A switch network consists of an interconnection of many switches to
enable a large number of units (cores) to communicate with each other. In
this chapter, we will call the communicating cores as resources. A switch
network is characterized by its topology, which is basically the underlying
graph, in which a switch is represented by a node and a link between two
switches is represented by an edge. Various topologies have been
used/proposed for building switch networks for multiprocessor systems.
Various types of meshes, hypercubes of various dimensions, shuffle
network, butterfly network, binary trees and fat trees are a few examples of
the topologies used for switching networks for inter-processor
communication or communication between processors and memory modules
[13]. Figure 4 shows some important topologies. A topology is more suitable
for SoC design if it has an area efficient layout on a two dimensional surface.

Therefore, mesh and binary tree topologies are more suitable than hypercube
and butterfly topologies.
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2.D Mesh Hypercube Binary Tree

O Resource

[ switch
Figure 4: Typical Network Topologies

The inter-related parameters which characterize a switching network and
which determine its performance are the network diameter, connectivity,
bandwidth and latency [13]. Network diameter is the maximum number of
intermediate nodes between a source and any destination pair. Connectivity
refers to the number of direct neighbors of any switch node in the network.
Bandwidth is a measure of maximum rate (in bits/second) of information
flow in the network. It is possible to define bandwidth for a single lipk,
single node or the aggregate bandwidth of the whole interconnection
network. Latency is the time taken by a message to travel from the source to
the destination.

313 Connection-oriented and Connectionless Communication
systems

Communication is called connection-oriented if a route is established
between the source and the destination for the information transmission. In
the connectionless case information is encapsulated in entities, which travel
through the network from source to the destination. In the traditional circuit
switched communication, where a physical path is set up and is used for
telecommunication, falls in connection-oriented communication. Packet
based communication is possible on both types of systems. If it is possible to
set up the network in such a way that the packets belonging to thej same
message reach the destination in proper sequence, then the ct_)tpnlumc_:aﬁon
scheme is called virtual channel or virtual circuit. Virtual circuit is obviously
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implementable on connection-oriented it i
' - systems; it is also
connection less systems. mplementble on

3.2 Communication Protocols

A set of rules and methods are required for transfer of information from
one resource to another resource in any system. These rules are generall
referred as  protocols. Hardware handshaking with request anc}il
acknowlt_adge':ment signals is a simple example of control signal protocols for
communication between two units connected through direct wires. A large
number of bus protpcols exist which allow reliable communicatio;l amof
many copne_cted units. The bus protocols provide rules for usage of shareg
communication wires for information exchange and for resolving conflicts
among users. Be.31des specifying the timing relationship among various
control and data signals, it. also provides upper limits on the physical length

protocols.

Ina pa.cket switched network, communication protocols determine how a
Tesource 1s connected to the network as well as how the information flows
from source  to destination. The protocols used for packet switched
Communication are much more complex than bus protocols, and are
gener.ally partitioned and organized in many layers. The a;chitectur
defining the protocol layers is referred as a protocol stack. 7-layered OSe;
mOflel has commonly been used as a standard and as a ref;srencz to stud
various protocol stacks used for communication in computer networks [12]y

Most of the NoC researchers have also. imi
OS T referemn 0 proposed layered stacks similar to

3.2.1 Why layered communication?

_ In a la?'ered protocol, various functions required for communication are
divided .hlerarchmally among various layers. Besides helping to manage
complemty. due to variations in requirements of various hetero eneotgl
resources,l it also provides mechanism to separate out various concefns Fo:
example, in the case of a SoC in which many different processors and <‘)ther
cores have b.ee.n integrated two cores can communicate messages, for
;:xample consisting of an array of pixels representing a picture, at a hi’gher
ayer of protocol stack. At this layer of protocol the two cores need not
worry apout how the message will be broken up into packets and
communicated through the physical network. "
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3.2.2 Functions of protocol layers in SoC context

The lower three layers of the OSI reference model, namely physical
layer, data link layer and network layer, can be used with very little change
in their functionality for on-chip packet switched communication. Because
of the limited scope of on-chip communication, the top four layers are
normally compressed into two layers. Below, we define the functionality of a
five layered protocol stack for on-chip communication [2], [16].

o Physical Layer: This layer is concerned with physical
characteristics of the physical medium used for connecting switches
and resources with each other. In the context of SoC, it specifies
voltage levels, length and width of wires, signal timings, number of
wires connecting two units etc.

e Data Link Layer: This layer has the responsibility of reliably
transferring information across the physical link. The layer provides
functionality of transferring one word of information from one node
to a connected node without error. Since the two connected units
may be working asynchronously, the data link layer takes care of
hardware synchronization besides error detection and correction.
Data link layer may also include data encoding or data rate
management for controlling power consumption etc. _

e Network Layer: The network layer provides the service of
communicating a packet from one resource to another using the
network of switches. Its functionality includes buffering of packets
and taking routing decisions in the intermediate switches.

¢ Transport Layer: This layer has the responsibility of establishing
end-to-end connection and delivery of messages using the lower
layers. Therefore its functionality includes packetization of a
message at the source and depacketization or assembly of packets
into a message at the destination node.

e Application Layer: For on chip communication, the relevant
functionality of upper three layers of OSI reference model can be

merged into this layer. Important services in this layer include
message synchronization and management, conversion of data
formats at receiver and application dependent functionality.

33 Communication backbone

In the context of on-chip communication, the communication backbone is
the communication infrastructure provided for integrating cores for
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developing SoCs. The infrastructure consists of the following three

components:

e Network of switches

o Three lower layers of communication protocol stack

e Communication services :
The communication services corresponding to the lower three levels of
protocol stack need to be implemented in every switch of the network. The
services corresponding to the upper layers of protocol stack need to be
implemented in the resources.

34 Network Access

The other important aspects of on-chip communication are the methods
required to prepare resources to be integrated to the system. This includes
methods to check whether the resource meets the physical, layout, electrical
and timing constraints for integration. A wrapper or an interface needs to be
added to the resource so that its internal working becomes transparent to the
network and other resources in the network. We call this wrapper as
Resource Network Interface (RNI).

34.1 Resources

The resources in the network could have any functionality. Therefore, a
resource could be a standard processor or DSP core, memory of any type, an
ASIC block implementing a sequential or parallel behavior, or a
reconfigurable hardware block. The obvious requirement is that the resource
should be implementable using the same technology as the switch network
and its implementation should meet the constraints on metal layers and
voltage levels. Different NoC architectural proposals may add a few more
constraints on its physical size and layout and its clock frequency.

3.4.2 Resource Network Interface

As mentioned above, every resource requires a wrapper for interfacing to
a given packet switched network. Figure 6 shows a generic resource network
interface (RNI). This interface has the same purpose as a network card in a
computer, which must be connected to the internet. RNI must implement at
least the lower three layers of protocol stack. This means that RNI enables a
resource to communicate with the network using packets. The internal
design of an RNI can be partitioned into two parts. The part connected to

On Packet Switched Networks for On-Chip Communication 95

the network is resource independent and the other part connected is resource
dependent. The resource independent part can be reused for interfacing any
new resource. It depends on its design that is on the three lower level
protocol layers implemented by the switch. In an ideal situation, a switch
should not need to distinguish an RNI from other switches to which it is
connected in the network.

The resource dependent part will depend on the signals available on /O
pins, like data and address bus widths, control signals etc. If a set of cores
follows the same standard, like having standard I/O buses and control
signals, then the same RNI can be used for all the resources in this set. The
major functionality of resource specific part of RNI includes:

o Packetization and depacketization of information.
o Data encoding for error detection and correction
The resource independent part takes care of timing, buffering and

~ synchronization aspects during data communication.

Switch Network

Resource
Independent

Part
Resource

Specif part

Resource

Figure 5: Resource Network Interface

4. EXISTING PROPOSALS

In this section we describe some proposals for building packet switched
communication for on-chip communication. As the area of NoC is in its
infancy, our aim is to illustrate the direction and the state of thinking in this
area rather than completeness. There are four aspects of the packet switched
network that are important. These are: the link, topology of the network, the
packet structure and the communication protocol stack.
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4.1 Scalable, Programmable, Integrated Network (SPIN)

" Guerrier and Greiner have proposed a generic architecture for on-chip
packet switched communication, called SPIN[6]. Their aim was to
demonstrate that this idea is already feasible in the existing technology and
can soon be adapted for building SoCs. They propose two one directional
32-bit data paths between two switches in the network. They also propose a
Fat-tree topology for the switch network because of its lower diameter as
compared to a mesh, and because of its efficient VLSI layout. A packet in
SPIN consists of a sequence of variable number of 32-bit words, with the
first word acting as a header and following words containing the payload.
The packet ends with a special word, which includes checksum. It allows
datagram approach implying that the packets belonging to the same message
can follow different route in the network.

The protocol stack used in SPIN implements the message passing
communication model. The protocol stack is divided in layers such that the
lowest layer has functionality similar to the three lower layers of OSI
reference model. The lowest layer is fully hardwired and is implemented in
wrappers and switches. Other layers can be built over this layer to support
models for data flow streams and address space [6].

They have demonstrated the implementation feasibility of building a
router in 0.13 W process, which can be used to connect 128 units (resources)
and will provide a peak bandwidth of 1.82 Tbits/sec. The SPIN research
group is actively engaged in solving the problem of higher latency in
handling memory access using packet switched network.

4.2 On-Chip Micro-Networks [1]

Benini and De Micheli [1] in their conceptual paper on NoC, predict that
packet switched micro-networks will be essential to handle complexity of
SoC designs of the future. They classify the protocol stack layers for micro-
networks in three parts. The lowest part of the protocol deals with issues
related to physical wiring. The second part deals with the architectural and
logical design of the micro-network and will correspond to data link,
network and transport layers. The highest part of the protocol stack layers
will take care of application and system issues. The researchers rightly
conclude that the major effort in the micro-network design will go in
specializing the protocols to suit the application and its performance
requirement. No concrete details are specified for the network, packet or
protocols.
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4.3 Network on Silicon [5]

Philips Research Laboratory has proposed a communication network,
called Network on Silicon, for integrating IP blocks and memory modules on
the same chip which provides predictable and guaranteed performance [5].
The research group in Philips realized that any proposed communication
petwork should be flexible and efficient. The network must support
guaranteed-throughput (GT) for real time applications and best-effort (BT)
communication where throughput is not guaranteed, but no data is lost. They
propose a connection oriented crossbar based routers to build the network for
GT routing. The data rate of the link is assumed to be same as that of the
routers. Every router maintains a routing table for crossbar configuration.
Every entry in the table, called slot, corresponds to an input to output
connection.

For GT communication pairs, slots are reserved in the routing tables of
the required routers. The un-reserved slots are used for BE traffic using
packet switched communication. Therefore, it is possible to provide high
performance for a few communicating pairs in a flexible general
architecture.

44 Linkoping SoCBUS [23]

The SoCBUS tries to add the benefits of circuit switched communication
to packet switched communication. They define the concept of Packet
Connected Circuit (PCC). The idea is similar to a virtual circuit. A path is
initially searched and set up between the communicating IPs using datagram
based packet switching and then the path is locked. After that the path works
in a circuit switched mode for the rest of the communication period. Such a
scheme can lead to high throughput, short latency and deterministic
communication behavior. But such a scheme may lead to restricted routing
flexibility for the rest of the communication traffic. A demonstrator chip is
planned to be built to show the effectiveness of the scheme.

4.5 KTH-VTT Network on Chip

Royal Institute of Technology (KTH), Stockholm and VTT Electronics,
Oulu have jointly developed a NoC platform [10] for developing large and
complex systems on a chip. This platform consists of a two dimensional
mesh of switches. Resources are placed in the slots formed by the switches.
A direct 2-D layout of switches and resources is assumed providing
physical-architectural design integration. Each switch is connected to one
resource and four neighboring switches, and each resource is connected to
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one switch. A resource could be any computing or memory core, or it could
.be a configurable or fixed hardware block as long as it fits physically into
the slot. The communication network supports packet switched
communication using both datagram as well as virtual path based approach.
In order to reduce the packet delay in the network and reduce the
hardware cost of the switch, researchers have designed a buffer-less switch
with a specialized efficient dynamic routing algorithm. The algorithm uses
the awareness about local traffic around the switch to take a good routing
decision [21]. A five-layered protocol stack, called Nostrum, is proposed to
implement layered communication. The switch in the network implements

the lower three layers of protocol stack. We will discuss more details of the
protocol stack in the next section.

4.6 Discussion

All the proposals discussed above have the common thread that they
support packet based communication, are scalable and are capable of
handling heterogeneity in cores. Various proposals differ in network
topologies. Network on Silicon [5] and SoCBus [23] provide special
mechanisms in the network to ensure that it is possible to set up high
performance communication paths between, at least, a few pairs of resources
in the network. These proposals make packet switched communication
suitable for data intensive real-time applications. KTH-VTT [10] emphasizes
the importance of physical level-architectural level design integration.
Although all resources in their proposal must fit physically in a fixed size
slot, they propose the concept of a Region to accommodate larger resources
like shared memories [10]. All proposals assume a processor type resource
has direct connection to access its program or data memory. It will be too
slow to access such memories through packet switched network. However, a
large memory shared among many resources will be treated as a separate
resource, which is accessed, by other resources using general packet
switched network.

At this stage nobody has reported a comparison of these proposal
regarding cost or performance.
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5. NOSTRUM: A CASE STUDY OF A PROTOCOL
STACK FORNOC

5.1 Protocol Layers

In this seéﬁon, we discuss some details of the protocol stack prc?lgl?sgc(ii iz;
on chip communication network proposed for K’FH—VTT [17]. :;1 1 o
proposed in Nostrum are directly applicable, or easily a;laptable, to c:i eler o

i jcati ks. Like the OSI reference model,
chip communication network: : ' odel, o
jcation i d with different responsibility
communication in Nostrum 18 layere - diff Y
i i functionality of the layers

ferent layers. A clear separation of ®
gigc?ol staZ:k allows independent development and reuse of resources, on

ip network and applications. . .
Chlll)\llz)(:trumw has thI;ee compulsory layers, namely, physi)c:le}l,}ldatg :nuaﬂj(nf:iﬁ

is also defined to establish an
network layers. A transport layer is also de e

icati tination resources. These 10We

communication between source and des 1 168 e s from

:de the service of delivering a packet o
layers put together provide t ‘ o o

twork. Nostrum suppo
resource to any other resource 1n the ne .

ggfagram as well as virtual circuit approach of packet delivery. BeloWChv;e
define the functionality of the lower four layers [17] for on p

communication.

ical Layer . .
%nghysicgl layer models the physical link between the switches and

rovides the service of moving a word of data from outgut of one switch t(;
fhe input of the connected switch. The signal degration, data error ar

modeled by this layer.

Link Layer o
IT)I?;adat:llink liyer is responsible for reliable communication of data through

a link with the specified synchronization, error detection/correction, and
flow control.

rk Layer .
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