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Abstract

Finite element theory, and associated codes, forms the backbone of most computer-based
simulation methods for analysis and design of engineered systems, ranging from structures to fluid
mechanics, heat transfer, and coupled systems. Herein is described the organization and content of
the Internet offering of this pertinent first-level graduate course.  It presents full details on the
pedagogical and technical innovations and investments required created, or reduced to practice, to
enable the necessary functionalities.  The local and remote hardware environment requirements
are detailed, each constituted of no more than respectable PCs with adequate soundcard and free
software.  The website at http://cfdlab.engr.utk.edu contains full information.

Introduction

Finite element theory constitutes the fundamental support for the wide range of computational
theories applicable to analysis and design of engineered systems, ranging from structures to fluid
mechanics, heat transfer, electromagnetics, i.e., computational continuum mechanics.  The
Engineering Science program at UTK has developed and taught the first level graduate course in
this area, specifically tailored for students majoring in computational mechanics.  It has proven
highly useful as well in addressing students across engineering disciplines, and the natural
sciences, with an interest in using scientific simulation in thesis or dissertation projects.

Developing a hands-on practical computing environment has been a course focus, with software
system growth leading to ever broader applications capability.  One outcome of this process was
the introductory textbook Finite Elements 1-2-31,  published in 1991 and containing a PC code on
a 5.25” floppy disc (how ancient!).  Developments since then have led to utilization of matrix
manipulation packages, e.g., MATLAB2, to convert theory to practice in a much more transparent
venue.  Reporting course computational lab results has similarly transcended from paper to html,
admitting full results documentation in color and on-line.

The emergence of the Internet, and in particular high performance communications, has opened
the opportunity to move this instruction process into the web venue, with appropriately
developed, specifically designed courseware (replacing the traditional textbook) and computing
software. For the first time, in fall semester 1998, Finite Elements for the Engineering Sciences
was offered as a live, video-streamed graduate level lecture course over the Web, complete with
the full compliment of supporting lecture/laboratory materials.  The web site
(http://cfdlab.engr.utk.edu/551w) was specifically designed and developed to support P
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functionality requirements for distance and off-campus local students, as well as "resident"
students located in the Internet teaching laboratory at UTK.

This paper details the pedagogical and technical innovations created to enable this functionality.
The remote (and local) environment requires no more than a “respectable” PC with adequate
sound card and some additional (inexpensive and free) software.  Two way live communication is
enabled via a chat room3, and networked email connects all students, support staff and faculty.
The website contains all pertinent general information, e.g., registration, hardware requirements,
e-mail, technical help, etc., as well as the complete course syllabus and problem and computer lab
assignments.

The site also contains the courseware textual material, which is organized as a combination of
conventional mathematical descriptions with supporting “vu-graphs”. This precludes the
requirement for extensive whiteboard writing, via directed referencing, and is enabled using
Adobe Acrobat Reader4. The live video-streaming of each hour and 20 minute lecture uses cutting
edge compression technology5, amenable to modem rates from 28.8Kbps to a direct Internet
connection.  The streaming process induces about a 7-second delay at the receiving end.  No
passage of large files results, even though the video recorded lecture (for post-processing)
amounts to ~14 gigabytes of data. After recording, the lecture is “cleaned up” for voice and
clarity, compressed and loaded onto the web site for viewing by participants anytime thereafter,
via video-streaming, which again precludes large file downloading time delays.

Discussion and Results

The creation of the introductory graduate FE analysis web course required the imagination and
services of a diverse group of people, ranging from website artistic development to the
monumental word-processing tasks associated with creation of the courseware.  The many
colleagues and associates of the authors involved in this process are acknowledged at the end of
this paper.  This discussion section takes the reader through the website, highlighting the issues
associated with the design and implementation of the concept.

The website front page (first attachment) contains a brief description of the course, its history, and
the current offering while providing all necessary detailed information about timing, scheduling for
the class and grading policy.  The key function of the front page is the nest of a dozen hot words
in the upper left-hand corner, which supports navigation for accessing all material pertinent to the
course.  This section briefly discusses the functions accessed at the various hot button sites.

Touching the Instructor hot word brings up the page describing the academic interests,
background and experience of the instructor, see second attachment.  The next left column hot
word is the Course Calendar, presenting the summary of the lecture topic for every class meeting,
along with citations for the appropriate courseware material.

A key course compliment is the design of classwork Problems and computer Lab Assignment
experiences.   On the Course Calendar, the date of assignment of problems and when they are
due are hot words. The student is thus immediately led to the appropriate locations in correlation
with the current subject material.  A printout of the first page in the course calendar, problem and
computer lab assignment areas follows.
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The second column of navigation panel hot words leads to items of specific support to the online
lecture process.  The FEm.PSE Tutorial courseware is consists of textual and vu-graph material
specifically organized for lecturing detailed technical material on the Internet.  The front page of
the Tutorial, attached, gives an introduction to the concept of the "problem-solving environment"
that is a key conceptualization in design and presentation of this course.

The Tutorial table of contents follows, and therein each Chapter heading is a hot-word.  The
entire document is password protected after the first two sessions, which limits access to only
those individuals who are registered.  Page samples from the Tutorial are appended, illustrating
the organization of text and vu-graph material, which in the predecessor hard copy form occurred
on facing pages.  This organization will again be employed, for functionality, when the new
material is made available in hard copy.

Regarding the computer lab experiments, an extensive archival lab report database exists.
Generating computer results can be frustrating, and the archive has proven highly useful in
transcending the tendency of computer experiences to be unreasonably time consuming.  The Lab
Archives is a hot word on the Assignments page, which leads to an index of archived lab reports.
Students are encouraged to read these reports in the process of generating and reporting their
data.  They are further required to archive their lab reports at the website, which thereby makes
them accessible to all other students as well as faculty and staff.

The second key lecture support function is the MATLAB Primer, written as a “just-in-time”
document to define  MATLAB "lingo" in support of the generation of the computational
experiment data. The Primer front page is appended, and following the guidance and hot words
thereon, the students are led through the essential language constructs of MATLAB on a need-to-
know basis.

As with all material on the website, the Primer can be downloaded and printed if a class
participant so desires.  The site also gives access to all FE algorithm template scripts, which have
been prepared for support of the computational experiences.  These scripts, being essential course
content, are password protected.

The third item in the second hot word column is Video, leading to the location where the remote
individual logs into the live video stream for each lecture day.  Additionally, all previous lectures
are archived at this site, such that a participant can review, at their leisure, any of the predecessor
lectures.

Archived lectures have been electronically  “cleaned up” for both audio and video and reside on
the website server.  In the longer term, the entire course, with all supporting material, can be
archived on two CDs. When completed, this will constitute the complete Web-supplement
(replacement) for the correspondence or video-taped distance education experience.  It promises
to make inroads into the classic "lecture-textbook" experience as well.

The last hot word in the central column is Grades which is password protected. Students have
immediate access to the status of their individual material submissions, such that no confusion can
exist on material that has gone through the grading process.
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The right-hand hot word column leads to information of general utility.  First is Communication,
which links to the chat-room in use during the lecture period, see attachment.  The selected
software is I-Chat, and the chat-room operates during each lecture such that any remote student
can, at any time, post a question.  It is then immediately picked up at the lecture site and answered
within a matter of moments.  There is also a forum discussion area, whereby students doing
assignments can communicate to their colleagues, and the faculty and staff, regarding any
questions.  These are broadcast to the entire class, and any student is encouraged to answer
should they have the appropriate knowledge.

The second right column hot word gives instruction on course Registration.  Non-UTK students
may take UT graduate courses for audit/credit by registering as a transient student for a modest
fee.  All participants pay the regular in-state or out-of-state tuition.  The registration process is
entirely electronic, including payment which may employ a credit card.

The third hot word topic in the right column provides access to Technical Help, see attachment.
This site gives full information on both minimal and optimal hardware specifications for receiving
the signals, as well as software requirements. The hardware required is truly nominal, and no
paralyzing technical detraction to the Web presentation of the course has become apparent to
date.  The last hot word in this column returns to the front page from anywhere in the site.

The Investments

The investments required to put together this course are substantial, from the standpoint of
personnel time involved in creation of the courseware and software supporting materials, but only
modest from the viewpoint of hardware and supporting technology acquisition.  The companion
paper [6] details in completeness the hardware and video acquisitions required for live streaming
of the course.  Starting with an operational PC laboratory in the UT College Center for Computer
Integrated Engineering, roughly $12,000 of additional investment was required to complete the
Internet teaching laboratory.  Key investments were a high-quality digital camcorder ($1,500)
with quality video capture card ($200).  The selected capture machine is a Pentium 333 PC with
384 MB Ram ($3,500) with two external 18 gigabyte hard drives ($1,200 each) to handle the
10gigabyte/hour lecture data rate.  Cost of the video editing system was approximately $400, with
the CD burner for archiving the material costing another $400.  There were numerous other
modest software acquisitions, a suitable lighting system was built for the “stage,” and a high
fidelity lapel mike was found necessary.  Complete information and details on the selected brands
are given in the companion paper6.

Personnel effort required for creation of the courseware benefited from initiation of the design of
the system based on several years of organizing industrial and short course presentations.  Starting
with the traditional vu-graphs that support an oral presentation, requests from participants to have
back-up material led to the creation and design of the companion text material organized on a
page-by-page basis.  A rather complete rough draft of this material was present at the beginning
of the course.

However, to tune content to a truly comprehensive graduate course presentation required a
substantial update and editing process to be carried on while the lecture series evolved.  The time

P
age 4.268.4



commitment by the author (Baker) was roughly half a week per week, plus weekends, which was
supported by an equal effort by a word processing specialist.  A similar weekly effort by a Ph.D.
student was required to convert all material to pdf files, add graphics and load it into the website.
The pdf format was selected as truly superior to alternatives, e.g., html, due to the significant
content of differential equation forms and tabular data presentations.

A companion personnel investment was required in organizing the MATLAB constructs for
converting presented theory into practice.  Again, this process benefited from several years of
developing the template instruction procedure, as well as a move to MATLAB in the previous
two regular offerings of this course.  The MATLAB Primer had to be substantially updated, and
loaded onto the website along with the specific instruction sets for each computational laboratory
exercise.  This also required approximately twenty hours per week by a Ph.D. student .

As expected, numerous refinements to the courseware process and course organization became
obvious as the material was presented.  Therefore, updates and corrections to the material online
at the webpage  were continually made, such that students accessing the archived material would
have the most current (correct) form available for review.  This is truly an outstanding feature of
the electronic form for the courseware, in distinction to the traditional hard copy textbook/PC
code that originally supported this graduate course offering.

 Summary and Conclusions

The first graduate level course in finite element analysis for the engineering sciences has been
developed for Internet presentation using real-time video streaming.  All required hardware,
software and courseware functionalities are created to support the pedagogically professional
organization of this distance learning experience.  A key attraction is that the in-class student
environment is identical to that of the remote students, i.e., at a computer with windows open for
the Tutorial and various other functionalities used during the lecture.

 An absolutely key attribute of this Internet course organization is that only a minimal amount of
whiteboard writing is required, even though the technical content is quite detailed.  This
significantly eases the video load, such that students can focus on absorbing knowledge in a multi-
media presentation framework.  The longer-term plans are to extend this development to our
graduate course compliment in computational mechanics.  Accomplishing this will not only serve
the local graduate student population, but also will readily support on-site professional training
appropriately piped to remote industrial locations on an as-needed basis.  The opportunity for true
international collaboration in preparation of cutting edge lecture courses will also become enabled
via this technology.
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qh

F E . 9    O P T I M A L    W E A K    S T A T E M E N T

    M a n y    c h o i c e s    e x i s t    f o r    i m p l e m e n t i n g    W S

    E n g i n e e r ' s    c h o i c e    i s    e N    m i n i m u m !

m a t h e m a t i c i a n s    c a n    p r o v e    t h a t

•  t h e    d i s c r e t e    a p p r o x i m a t i o n    e r r o r    i s    e x t r e m i z e d
   w h e n    t h e    t e s t    a n d    t r i a l    s p a c e    ( b a s i s    f u n c t i o n s )
   a r e    i d e n t i c a l .

    T h e    c o r r e s p o n d i n g    F E    i m p l e m e n t a t i o n    i s    G a l e r k i n    W S h

                       e r r o r    i s    o r t h o g o n a l    t o    t r i a l    s p a c e

GWSWS

q

Ψα(x)

qh

Ψα (x)G W S h

•   d o e s    a n    o p t i m a l    s e l e c t i o n    f o r

   Ψ α  ( x )    a n d    Φ α  ( x )    d i s c r e t i z e d    t r i a l
   a n d    t e s t    s p a c e    b a s i s    s e t s    e x i s t ?
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a p p r o x i m a t i o n : ≈ ≡
α
∑

d i s c r e t i z a t i o n : Ω ≈ Ωh = ∪e Ωe

qN ≡ q h = ∪e {N}T {Q}e

=∑
e

e r r o r    e x t r e m i z a t i o n :

l i n e a r    a l g e b r a : [ Matrix ]{Q} = {b}

e r r o r    q u a n t i z a t i o n : Ωh   refinement

q(x) qN (x) Ψα (x) Qα

GWSh WS e

WS e = ∫Ω
e

{N} L (qh) dτ

≡ {0}

F o r    a r b i t r a r y    g e o m e t r i e s    a n d    n o n - l i n e a r i t y :

p r o b l e m  s t a t e m e n t : L (q) = 0   on   Ω ⊂ ℜn   +   BCs

F E . 1 0    S U M M A R Y ,    F E    W E A K    S T A T E M E N T
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FE.9 The fact that all these choices exist, and have been made, immediately raises
the fundamental  question

• does an optimal selection for Ψα(x) and Φβ(x) exist, hence their
discretized trial and test space basis sets?

One has to define "optimal" to answer this question, and the mathematicians
will work this issue to the point of distraction!

Engineers are not so burdened, and their (obvious) definition would be the
selection that produces the absolutely m i n i m u m  discrete equivalent to the
error eN (x), associated with the discrete approximate solution

qN (x) ⇒ qh (x)

In this instance, and for the linear PDEs describing introductory problem
statements in Engineering Science, the mathematicians directly provide
this answer as

• the discrete approximation error is extremized when the test and
trial space basis functions are defined to be identical.

The Galerkin FE implementation GWSh  is  this choice, hence is optimal!

FE.10 In summary then, the FE discrete implementation guarantees the evaluability

of the weak statement WS for problem domains Ω with arbitrarily non-

regular boundary ∂Ω.

The key theoretical issue is the trial space basis set spanning FE domains  Ωe .
Symbolically, the resultant FE solution process is

approximation: q(x) ≅ q N(x) ≡ Ψα(x)∑
α

Qα

discretization: 
Ω ≈ Ω

h
 = ∪e Ωe

q N ≡ q h = ∪e N T Q e 

error extremization:  
GWSh = WS e∑

e

WS e = N L q h dτ
Ωe

 

linear algebra:  Matrix  Q  = b

error quantization: Ω
h
 refinement

We now fill in some details about problem statement formulations in the
Engineering Sciences.
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