April 30, 1998

Dr. Joy Pauschke

Division of Engineering Education and Centers
National Science Foundation

4201 Wilson Blvd,, Rm 585

Arlington VA 22230

FAX: 703-306-0290

e-mail: jpauschk@nsf.gov

Dear Dr. Pauschke,

This letter documents our intention to submit an ERC proposal in response to NSF-98-68:
An Engineering Research Center for Bicengineering Educational Technology.

Background: [

For the past several hundred years, the so-called hard sciences and engineering have very
effecuvely utilized the dissection model of investigation and analysis, attempting to analyze,
understand, and engineer simple systems. This dissection and penetration approach has served us
well. It has provided us with an enormous depth and range of understanding of simple systems
with an almost infinity of data and detail,

There has been a growing understanding, however, that the problems and opportunities
which we face cannot be addressed solely through our knowledge of simple systems nor even
through modern approaches to more complex systems. We must deal with complex, interacting,
hierarchical systems. Such structures and organisms generally have properties which cannot be
predicted or engineered using a linear or even non-linear additivities, Examples include neural
networks, parallel processing, and indeed the complex relationships between living systems and
“inorganic™ systems in the very stability and dynamic equilibrium of the entire planet. There is a
growing appreciation that we can begin to understand and even design and engineer highly
complex systems, and that the emergent properties and characteristics which we now think of as
“complex” may actually have relatively simple and straight forward bases. We have begun to
appreciate that the complexity of our natural world, including the living world, has arisen as a
result of four billion years of statistical, combinatorial, simple “experimentation” and that much of
the result of that four billion years of evolution has resulted in incredibly “complex™ systems based
on simple principles.

Vision:

Our thesis, our vision, is that we wish to treat education in a more Renaissance-like and
integrated manner and that real understanding of complex systems will come from studies of living
systems coupled with our now over two hundred year old history of being able to dissect, analyze,
reassemble, and reanalyze the components of systems. Some obvious modem examples include
going from neurons to neural networks, from a set of organs and tissues to a living organism,
from an enzyme catalyzed single reaction to a metabolic or biochemical network, from an
individual family unit to an entire culture and social system. Our faculty and our students must

begin to appreciate and understand the scaling concepts, the overlapping hierarchies, the multiple
parallelisms, and the emergent complexities of living organisms—of life itself.

We tentatively call our approach From Simplicity 10 Complexity, and from Complexity 1o
Simplicity (SCCS). What that means, we think, is that we will begin to learn that the “complex”
properties, or emerging characteristics, of highly hierarchical and parallel systems will eventually
yield to relatively simple rules and laws, although we fully realize that there will be statistical and
probabilistic components to those rules.

Research Areas:

1. The Web as an Experimental Tool. The World Wide Web/Internet is being developed
extensively for education purposes, and we also propose to enhance education via the use of
these resources. However, we feel that the Web can also be effectively used as a model, The
Web itself can be used as a metabolic network, a neural network, and can eventually be used to
simulate organisms. The three initial projects will involve metabolic networks, neural
networks, and multi organ systems, the latter leading to the modeling of a complete, complex
organism.

2. Technologies for Enhanced Visualization. A key limitation in the learning and understanding
of “complex™ phenomena and processes is the ability to view or visualize the many variables,
the many components, the many “dimensions” of those highly complex systems. We will
develop and apply technologies in this area.

3. Integrated Poject- icula. The key to learing is motivation. We propose to improve

and enhance the graduate school project-based model in the undergraduate curriculum,

Participants and Collaborators:

er Director:  J.D. Andrade; Professor of Bioengineering, Materials Science and
Engincering, and Pharmaceutics; co-Director of the Center for Integrated Science Education: co-
Chair, effective July 1, 1998, Department of Bioengineering.

L ssociate Dj :_Ken Horch, Professor of Bioengineering and Physiology and
co-Chair, effective July 1, 1998, Department of Bioengineering. R. Rabbitt, Professor of
Bioengineering and Director of Graduate Studies

_Anadditional twelve major University of Utah faculty participants will be involved from a
variety of Departments,

=

ntions:
The Department of Biological Engineering, Utah State University (W. Walker, Chair),

. Drexel University, School of Biomedical Engineering (B. Onaral, Director), Drexel is
submitling an independent letter of intent/preproposal which cross references the University of
Utah as a potential collaborating institution. The Drexel and Utah groups will be meeting during
the months of May and June to work out the details of the potential collaboration,

Yale U_nivtrsilty Center for Advanced Instructional Media (C. Jaffe, Academic Director,
Prqfessor of Diagnostic Radiclogy and Medicine). The Yale Center is a leader in the development
of innovative approaches to education using the power of modem digital communication networks

This appl:’caLlion is enthusiastically endorsed and supported by Dr. David Pershing, Dean
College of Engineering, University of Utah (david.pershing @dean.eng.utah.edu).

Please let me know if you need any further information,




Sincerely,

J.D. Andrade, Ph.D. (joe.andrade @m.cc.utah.edu)
Professor, Bioengineering
co-Chair Designate, Department of Bioengineering

[ D. Pershing, Dean, College of Engineering
K. Caldwell, Chair, Department of Bioengineeribg
K. Horch, co-Chair Designate and Associate Director, Department of Bioengineering
R. Rabbitt, Associate Director, Department of Bioengineering
B. Onaral, Director, School of Biomedical Engineering, Drexel University
C. Jaffe, Director, Center for Advanced Instructional Media, Yale University
W. Walker, Chair, Department of Biological Engineering, Utah State University
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NATIONAL SCIENCE FOUNDATION
4201 WILSON BOULEVARD
ARLINGTON, VIRGINIA 22230

Dr. J. D. Andrade
Department of Bioengineeri
Studies

University of Utah

Salt Lake City, UT 84112

ducational SEP 30 1999

RE: Proposal EEC-9876378

Dear Dr. Andrade:

We regret to inform you that the N

tional Science Foundation is unable to support your proposal
to establish a new Engineering Research Center for Bioengineering Educational Technol
We received seven proposals, and based on the recommendation of an initjal panel, site-visited
two of the proposed centers. As a result of the recommendations of the site visitors and a second
panel, we have selected one of these proposed centers for funding,

The seven proposals received in response to this funding initiative were reviewed under the
review criteria given in the Program Announcement “An Engineering Research Center for
Bioengineering Educational Techn logy™ (NSF 98-68). Fach proposal was reviewed prior to the
first pa neeting by a subset anelists, who then assigned it a rating. When they
assembled at NSF, these panelists discussed each proposal and its individu views, On the
basis of these discussions, the panel arrived at a consensus recommendation for each proposal to
either site visit or not site visit the proposed center. After the two site visits recommended by
this panel were completed, a second panel was convened to make the final recommendation

104

For you

information we have enclosed verbatim reviews on your proposal that contributed to
this decision. If you have any questions regarding the process or the reviews, ple
Joy Pauschke. Program Director for the Eng
1380.

e contact Dr
2 Research Centers Program, at (703) 306-

Sincerely,

Y,

rshall Lih
Division Director
Engineering Education and Centers Division

Enclosures

Copy to: Lynne Chronister
Authorized Org, Rep.
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Project Summary

The University of Utah proposes an Engineering Research Center in Bioengineering
Educational Technology (NSF-98-68) with the tile “From Simplicity to Complexity to
“Simplicity™ (SCS), with J.D. Andrade as principle investigator and Director. )

We propose to develop and implement undergraduate and graduate curricula which will
empower students, faculty, and practitioners to study, interpret, research, and apply the emerging
field of bicengineering from a non-traditional set of perspectives, using a set of new as well as
traditional tools. Our approach is based on the growing appreciation and realization that the spatial
and temporal organization and interaction of living marter provides it with unique sets of properties
and behaviors which cannot be understood using traditional reductionist and even synthesis
approaches and toals. Although we must continue to use and apply those traditional tools, which
have proven so powerful and effective, we can now add and develop powerful new tools and
perspectives. Three research thrusts will develop such key tools.

We specifically propose to research, develop, and implement an integrated biology and
engineering-based four year undergraduate curriculum using a set of complex and challenging bio-
based projects as the basic structure. Students, faculty, graduate students, and advisors will
compose teams with strong interests in a particular project. Graduate students will participate as
mentors, advisors, teachers, and “senior” participants in the projects and courses. Industrial and
academic bicengineering, biology, biotechnology, engineering, and medical professionals will
participate in all aspects of the curriculum, including design and supervision of the projects.
Participating institutions and corporations will play major roles.

The projects will be fully integrated over the four years of the curriculum. The -projects
themselves are considered a “research thrust.” The program is designed primarily for those
students who learn best by doing—by being involved in, committed to, and empowered by a
challenging project. The different project teams will interact, educate, and empower each other.
Many of the project topics and problems will be related to two or more projects. We expect
considerable project synergism and cross fertilization.

A set of courses and related experiences will help provide knowledge, understanding, and
tools directly applicable to the projects. The courses, seminars, and other experiences will connect
and relate to the integrating project. Although project needs and interests will require traditional
tools and courses, new tools and capabilities will be needed, including a set of bio-derived
perspectives. The other three research thrusts will develop tools and resources needed for such
complex and inclusive projects. These thrusts are the “Living” Intemet, Multi-dimensional
Visualization, and Modeling and Simulation.

We propose to utilize the Internet as a participation and involvement vehicle, as a research
tool, and as a means for wide and effective dissemination of the curriculum, project progress, and
relaied information. We further propose to use the Internet itself as a model for biological
processes. Individual computer nodes and their human operators will represent and function as
“self-motivated biological components.” Students themselves will play the role of a particular
biological reaction, function, or device and will interact with other students and functions through
the net. We call this the “Living Internet.” Analysis of the outputs of such complex experiments
will likely lead to a greater understanding of their complexity.

i four year integrated project will be designed to implement our
Simplicity—Complexity—"Simplicity” objective and theme. The bioenginesring/pathological
problem or need will be presented and dissected (reductionist) to enable “simple” subsystems and
components to be modeled, studied, designed, constructed, and analyzed, always keeping the big
picture—ithe complex problem—in mind. These simple components will then be assembled
(synthesis) into more complex subsystems/systems, and the system's properties/characteristics will
be measured and analyzed, Like living systems, the more complex systems will begin to exhibit
complex behavior—new properties/behavior will emerge with the increasing complexity. As this
complexity is characterized and analyzed, new and simple (but different!) rules will evolve and
emerge—aence “simplicity” flom complexity. We will apply many of the new, powerful, and
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Principle of nDV Ltd., whose unique parallel coordinates software is
described in Thrust 3—Visualization.
Chairman, Dept. of Bioengineering Industrial Advisory Board and
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rapidly evolving tools and concepts re resented by the 5 i ali work
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We propose to evaluate and compare this approach with a more traditional approach, usin
our new undergraduate curriculum. Our first undergraduate class will begin in the Fall of 1999
utilizing a traditional undergraduate bioengineering curriculum, We will start this prujsc{-base.d‘
experimental curriculum with a 15 to 20 person “freshman” class in Fall 2000. The project-based
5::!;5 will be assessed and compared with the parallel, traditional class for the entire duration of

ant.

‘We also propose an extensive high school and general public cutreach effort, building on
our existing oufreach activities, emphasizing the involvement and participation of minority
populations. Summer workshops will help provide high school students and some of their
teachers with the motivation and skills to address bicengineering topics and problems,

We will establish a set of advisory boards. An Intemational Advisory Board (IAB) will
focus on project-based undergraduate education and will include individuals with experience in the
key research thrusts. The group will meet annually at the University of Utah to provide advice,
cntique, and assessment. We will also have a rich seminar and visiting faculty program, focused
c:‘n the research thrusts and project topics. These advisors and visitors will actively participate in
the program and in specific project groups. Strong international participation will be a kev
emphasis. The Academic and Industrial Advisory Council, composed of representatives of the
parucipating institutions and companies, will meef twice a year, one of those meetings joint with
the IAB,

The project will be managed by an Executiw j 5 i he day to day
=l a.an b a%oiec ty tive Committee, responsible for the day to day

_ The project’s experiences, output, and deliverables will be disseminated to the co ity

¥ia an aggressive program of faculty lectures and visits to other institutions, pa:::'culnT}; in n;lcglrlsm;:
8. We will also participate extensively in the meetings of the Biomedical Engineering Society, tha
American Sociery for Engineering Education, the Engineering in Medicine and Biology Sociery
and the American Institute for Medical and Biological Engineering. We will also develop internet
;Exfpv‘;;ieofmu]n-medxa vehicles for effective dissemination and delivery, as well as for assessment

Irposes. E
We propose a five year effort with an anticipated three year renewal (eight years total). The

University and the Department are committed to maintaini oy
phased out in yc:usgé? taining the program as NSF funding is

Figure 1. Key components & projects
of the ERC in Bioengineering Education
Technology: Simplicity — <-->
Complexity —-> "Simplicity. The small
group bio-based integrated projects,
discussed in Sections D and F, are the
key integrating and motivational parts of
the program. Dealing with such
challenging projects at the undergraduate
level requires a set of skills and tools to
facilitate |earning, analysis, and design,
Three key research thrusts of the project
will such tools, represented in the three
outer ellipses and described in Sections
Dand F.
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Results from Prior Support

We have not had extensive support in areas of bicengineering or engineering education.

The College of Engincering has each year, for the past 10 years received a small base budget
supplement from the state to enhance undergraduate education. Bicengineering has received funds to
develop undergraduate bioengineering minors or tracts in the traditional departments and to develop its
own undergraduate program.

Our Whitaker Department Development Award was focused on bio-based engineering and resulted
in new faculty, courses, and research activities with a bio-based emphasis. Several key ERC participants
have been involved in revising undergraduate education on this campus (Andrade, Christensen, Horch)
and elsewhere (Rabbitt, Washington University), but we have published little in this area (6, 64, see also
Rabbitt Biosketch in Appendix C).

The University of Utah's major science education and outreach activity, the Center for Science
Education and Qutreach (formerly the Center for Integrated Science Education) was founded by and
operates through the Department of Bioengineering. The Center’s activities, and particularly the Science
Without Walls telecourse and textbook (31) represent a major deliverable, produced solely with local
resources.

Qur bioengineering research activities and productivity are best assessed through the biosketches
and current support in Appendix C and E.
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A. Vision, Goals, and Rationale

Vision

We have a dream. We dream of an integrated, motivaled, creative, and practical
undergraduate experience which will hel p students, graduates, faculty, and practitioners evolve the
skills and interests (o address problems and Oppartunities in a renaissance-like, “conciliate™ (1),
holistic manner. We dream of students and colleagues who choose to work on less defined and
complex problems and are stimulated by, indeed addicted to, the intellectual and inventive
challenges which such problems demand. Part of our dream involves participants who do not
accept the often common attitude in the engineering and education community that “renaissance,”
unitary, conciliate, or holistic approaches equate to superficiality. We believe that the human mind
has the capabilities and even the need to develop an integrated, coherent view of complex
phenomena with as much detail and depth as may be required. We firmly believe that students at
all levels are generally inefficiently and inadequately stimulated and motivated, but that their
potential for enhanced learning and development is almost infinite.

We will work with groups of appropriately selected students to help them evolve strong
backgrounds in the basic sciences, mathematcs, and engineering at the undergraduate level. They
will concurrently develop strong backgrounds in complex, integrated, interdisciplinary projects
which will challenge, enhance, and expand their mathematics, scientific, and engineering skills.
With their engineering design and project development skills, these engineers will be well equipped
1o tackle complex bicengineering projects. ;

We will use a Simplicity to Complexity to “Simplicity” (SCS) approach. By this we mean
that students will be exposed to topics and projects in a societal context, then rapidly and efficiently
apply reductionist principles to break the project down to simple, fundamental primilive
components and models which can be individually studied using their appropriate scientific,
mathematical, and engineering backgrounds. As background knowledge and expertise are
acquired, the simpler building blocks will be connected: the synthesis approach. As those more
complex, multi-component systems are studied and charactenized, new tools will be used to
facilitate their analysis and understanding. As the project evolves in complexity, students will
discover and appreciate that complex systems may exhibit non-linear characteristics (2). As the
project proceeds, their enhanced analytical and engineering skills will allow them to evolve
guidelines and even sets of rules for their now complex system (2, 3). This pew “simplicity” will

not be an extrapolation or additivity of the ariginal simplicity, which was achieved by reduction o
individual components or building blocks, but rather will be a “simplicity” achieved by analyzing
the now complex system from a different hierarchical perspective (2). Such experiences will give
them the perspective and experience o tackle complex systems and problems in their future
endeavors,

We really do want to produce Leonardo da Vinci-like individuals, whose creativity, ideas,
and inspiration are matured and modulated by engineering ethics and the need 1o complete and

deliver projects on time, under budget, and with enhanced specifications and performance,

Our dream is o produce such unique individuals and 10 develop faculty and practitioners
who can disseminate these experiences and processes o the broader community,

Our goal is to apply this conciliate, renaissance-like approach to undergraduate and
graduate bicengineering education. We believe that this will be one of several steps in the
significant restructuring and enhancement of Engineering in general (4-6), The challenges and
problems our society and civilization must now confront, in our opinion, require nothing Jess,

Goals

Qur primary goal is to design, develop, and implement a complex project-based
bioengineering curriculum. The immediate product or deliverable will be the students prepared via




In designing an undergraduate bicengineering program, it is important (o recognize the
interdisciplinary nature of the field. Biomedical engineers are faced with a wide variety of tasks
covenng all fields of engineering, physics, chemistry, mathematics, and the life sciences. The
diverse nature of the field sometimes leads to cumicula that survey a wide number of topics,
forcing the students to memorize a large set of “factoids™. The engineering approach, however,
requires dexterous deductive reasoning o solve practical problems. It is therefore important to
establish within each student a solid foundation upon which he or she can build. Graduates must
be able to dissect the problem, recognize salient physical principles governing the situation, and
apply the scientific methods to arrive at a solution.  In this spirit, we have designed a rigorous
undergraduate program that we believe will provide this training and prepare students for the
luture.
We are committed. The timing and resources are in place. We are eager o begin this

expenment.

B. Bioengineering Education and Curricula

In its 1995 Survey of Academic Bioengineering Programs, the American Institute for
Medical and Biological Engineering (AIMBE) noted that the most often cited skill acquired by
graduates of bicengineering programs was “research/problem solving,” followed by “work at the
engineering/medicine interface” (9), However, the most cited need in undergraduate programs was
for “active involvement with other disciplines, primarily in application areas in the life sciences™.
Although there was agreement that biomedical engineering isand will continue to be an engineering
discipline, current undergraduate programs in the field are viewed as primarily serving to prepare
students for graduate school, rather than for careers in biomedical engineering, per se, in spite of
the fact that less than 25% of bicengineering graduates end up in academic careers. Clearly the
field would benefit from an undergraduate curriculum that betrer prepares graduates for both
academnic and nonacademic careers.

A survey of cumicula from some of the more prominent undergraduate programs in the
country shows that they all tend to follow the traditional academic approach: students start with
basic courses in math, physics and chemistry, and only later get into subjects that are directly
affiliated with their major interests. The typical rationale for such an approach is that students need
the basics before they can understand or appreciate the more specialized, “advanced” topics of a
specific engineering discipline.

The shortcoming of this approach, as the Colorado Commission on Higher Education’s
Physics-2000 Project points out (10), is that there is little context in which the students can place
this material with respect to their interests, which interferes with leaming. Rather, by “proceeding
from familiar technological devices (o the abstract underlying concepts”, the subject “is made more
relevant and the (student) is motivated 1o explore abstract ideas.” In biomedical engineering, this
might take the form of simulating or interfacing with one or more anatomical/physioclogical systems
of the body, from which one would quickly come to appreciate the need to have a basic
understanding of physics and chemistry, and to have the mathematical tools to apply these
principles o a living system.

Itis often claimed that such an approach is unworkable because students can't hope to
obtain any sort of understanding of something as complex as a physiological system without a
background in calculus, differential equations, and matrix algebra. However, it should be kept in
mind that these are just artifacts — tools—created by man in an attempt to make analysis of certain
classes of natural events more amenable 1o solution, In prnciple, with the power of modern day
deskiop computers, by solving difference equations directly rather than by limiting oneself to those
subset of problems for which closed form solutions using calculus are possible, the student can
obiain 2 more intuitive insight into the process being modeled and is free to look af a broader range
of more interesting, non linear problems. Itis the latter, of course, that makes the study of living
processes in general, and bioengineering in particular, such an interesting challenge. Similarly,

once one starts studying living processes, it quickly becomes apparent that knowledge of organic
chemistry, thermodynamics, properties of materials and mechanics is essential to understanding
what is going on.

This approach also has the advantage of mimicking how science itself has deve loped. Itis
not the development of analytical toals that drives scientific exploration. Rather, it is the challenge
of understanding complex, existing natural phenomena that leads fo the development and
application of mathematical and physical tools to scientific endeavors. By presenting students early
on with a “real life,” relevant, practical problem to be solved over the course of their undergraduate
careers, we expect them to be better motivated not only to take the basic course work in math,
physics and chemistry, but to actually leam the material well (as distinct from simply getting high
grades in the courses) since they will have a better appreciation of how it can help them achieve a
goal of real interest o them.

This approach and argument is applicable to engineering education in general (4). The
National Academy of Engineering and the National Research Council's report “Engineering
Education in Practice in the United States” (5) has argued for very significant changes in
undergraduate engineering education, including a project-based emphasis. Although many schools
do indeed include project-based education in their undergraduale curricula, there are very few
which utilize the four year integrated project approach as we propose here.

C. Value Added by the ERC

Please refer to sections D (Strategic Plan) and E (Delivarables).
D. Strategic Plan
Overview

The key components and projects are presented in Fi gure 1, already given in the Project
Summary.
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Thrust 1: Bio-Based Integrated Projects: The Core of the Curriculum (K
Horch and D. Christensen)

The students we attract will have strong interests in significant societal problems, They
will also have strong interests in the Physical sciences, the life sciences, and in
engineering/technology.

The undergraduate bicengineering program utilizes a set of complex, open-ended,
integrating projects and teams. Figure 2 presents the pedagogic rationale for the integrated four
year bio-based, complex project as the key component of this new curmiculum. Time is represented
vertically. Much of the first semester will be devoted to the development of the big picture, a
comprehensive integrated view or perspective of the various projects (the base of the cone in
Figure 2). The students will then be assembled into their respective teams based in large part on
their interests and aptitude. They will then simplify the project, applying the traditional reductionist
approach. The shaded area at the base of the cone (Figure 2) represents their accumulating
academic and engineering knowledge. As time proceeds that knowledge increases, but project
needs will define and demand additional knowledge and tools, Those tools and knowledge will be
acquired via traditional courses, as wel| as by special project short courses, laboratories, and self-
study. The information and skills will be applied to the project, whose growing complexity will
then demand additional knowledge and tools, and the cycle will continue. At the congl usion of the
four years, the student will have a broad and yet deep knowledge in most relevant fields, together
with an unusually rich and comprehensive tool and skill ser. Perhaps most importantly, the
students will have the interest and conf; dence to deal with complex problems and projects.

To new projects
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Figure 2 The integrating project as g driver/motivator for education (see text for
complete description). Refer also to Figure 3.

Figure 3 shows the approximate credit distribution between traditional courses and project-
based activities.
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engineering and biohybrid devices. The Project C list tends to reflect a biomechanics emphasis.
Our faculty has interests and activity in all twelve of these topics. We will briefly describe our
approaches to Projects A, B, and C in Section F.

Each project team will develop multiple approaches to each of their long range goals. For
example, the project on vision could involve a very strong bio-based and even tissue engineered
component, as well as a more traditional photonic device, electro-optical instrumentation approach.
The same could be said for the biomimetic liver one can consider a substitute approach
(transplantation), a purely chemical or biochemical engineering approach, and a tissue engineering
or bichybrid approach. Although the faculty on the project teams will have their own ideas, each
student team will evolve and develop its own relevant approaches (o the challenge.

We will begin the project-based class in Fall of 2000 (see time line in section D). We are
assuming NSF funding begins in April 1999. That gives us one year to recruit and hire
appropniate staff, visiting faculty, and others, and to work closely with our team of advisors and
participating institutions to fully formulate and organize the program. It also gives us a year o
remodel and equip the needed project-based laboratory space.

Our mission is to provide an environment which will enable the students to address
complex problems from both biclogical and engineering perspectives, and to enjoy and almost
literally revel in the complexity itself.

Table 1. Bio-Based Integrated Projects for SCS ERC Program (tentative).

Projects
(Tentative) |
Class/Dates A B C
Class 1 (2000-2004) Neuromimetic Systems: Engineering Cardiomimetic
Vision Biocenergetics System
Class 2 (2001-2005) | Biomimetic Heari ng Biomimetic Liver Biomimetic Knees
| Class 3 (2002-2006) | Bioelectric Fields Bio-batteries Biomimetic Hip
Class 4 (2003-2007) | Biomimetic Touch Bio-photon Devices Biomimetic Lungs ‘
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Figure 4. Typical project ieams and resources. The central circle represents the
Project Team, which includes the 5 to 8 undergraduate students and their faculty
advisor. One or two additional biocengineering faculty and one (o three faculty from
other relevant departments will also be part of the team (they will be partially
compensated from grant funds). Visiting faculty will also be team participants.
Other paid team members and resources include technical staff and 1-3 graduate
TAs.

Thrust 2: The “Living” Internet—The Web as an Experimental Tool (R.

Rabbitt and K. Horch)

Large scale communication networks may be among the most complex man-made systems
in the world. The mult-layered systems designed o control and manage information flow span
multiple abstraction levels from physical signals and switching o service and business
management software. Interestingly, the traffic and signaling in packet networks such as the
internet show emergent, collective phenomena, including fractal network traffic patterns, that are
not seen in single network clements. We see here very strong parallels to biological systems where
interacing components, each of which operates on the basis of its own set of rules, give rise o
emergent behavior and ulimately to behavior of the organism itself (2). Parallelism and
redundancy are key components necessary for emergent behavior and for the ability to invoke self
repair in the event of injury,

We will use the intemet Lo study, learn and teach about biological systems. Our use of the
internet will include powerful tools for information exchange.

We further propose to use the computer network itself as a physical model for biological
signaling and communication, and to use individual computer nodes and their human operalors as
self-motivated biological companents. ;

Student-faculty teams will work together using interactive software to study the behavior of
biological systems via the collective basis of molecular, cellular, tissue, organ, systemic and
organism level phenomena. These levels are not independent, but rather deline a hierarchy of
Interactions that can usually only be understood by invoking higher and higher degrees of




abstraction. Intracellular molecular cascades, for example, can be viewed on an individual
component level and simulated as kinetic reactions taking place on individual computer nodes with
tme delayed signaling to related events taking place on other nodes. The inter-node
communication implemented in this way is interesting in its ability to reproduce stochastic behavior
on a local scale (molecular level diffusion and signaling), blurring on an intermediate scale (Fickian
diffusion), and cumulative or distance related delays on a large scale. Beyond the molecular level,
internet node-based activities can represent the macroscopic behavior of cells.

The internet is being applied (o education at all levels. It has already revolutionized the
exchange of data and information and the enhancements of collaborations and interactions in the
research community. It has also been enthusiastically adopted by the elementary, junior high, and
high school community, including national and even intemational projects (20, 21), such as the
globe weather data gathering project sponsored by the Natonal Cceanic and Atmospheric
Admimistration, NSF, and NASA (www.globe.gov). The World Wide Web has also been
applied as a distributed computing resource, allowing interested parties to participate in
computational projects which otherwise would require relatively inaccessible super computer
capabilities.

We will utlize the web for similar activities and projects, as well as for information
dissemination and information acquisition. We will develop a practical and comprehensive web
site for the project, for our own acquisition of information and advice as well as for dissemination
of project deliverables and for the recruitment of students and participants.

Thrust 3: Multi-dimensional Visualization (S. Kern and K. Horch)

One of the difficulties in dealing with large, complex, non-linear interacting systems is
obtaining a clear understanding of how such a system responds to different inputs and evolves
over ume, particularly in response to changes in its operating characteristics. Ideally one would
like a method of visualizing the system that would work equally well on both a large (macroscopic)
and small (microscopic) scale. The nature of the systems to be developed in the proposed projects
are such that a mathematical description of the system, or even of significant subsets of it, would
be sufficiently complex to preclude such an intuitive or conceptual understanding on the part of the
students (or faculty).

Graphical representation and visualization of the system inputs, the smtes of its nodes
(interacting components), and its outputs would seem to be the answer. However, each such
parameter would represent a single dimension of such a representation, so a method of visualizing
large multi-dimensional (such as hundreds) structures is needed (22). Todo so, we propose (o use
a vaniation of a technique developed by a local company (nDV, LLC) founded by Robert Johnson,
former chairman of the Department of Computer Science (see letter in Appendix A).

nDV has developed several new intellectual structures which provide n-dimensional
graphical viewing to aid in undersianding of structure and relationships in arbitrarily many
dimensions. The techniques are visually intuitive and mathematically tractable.

nDV’s version of Parallel Coordinate representation generates multi-dimensional display
space images that look like overviews of mountainous terrain. As the system changes (for
Instance, in response (o a new input), the terrain changes, and the evolution and propagation of this
change is easily visualized at whatever scale the user desires.

We will also work with Dr. Dwayne Westenskow, Professor of Bioengineering and
Anesthesiology, Who is principal investigalor on a project with Dr. Julio Bermudez from the
School of Architecture. They are applying basic principles of 2D and 3D design (e.g., scale,
shape, color, unity, etc.) and sound o produce “an interactive multi-sensory information system”
that will allow us o more readily see and follow critical events in the functioning of the systems
they have developed. The Bermudez/Westenskow approaches can (and will) be combined with
nDV’s parallel coordinates technology 1o further develop and enhance multi-parameter and
hierarchical visualization.

Our insttution has always been involved in computer graphics, scientific visualization, and
computer art, beginning with the pioneering work of David Evans and [van Sutherland in the early

1960s. The Department of Computer Science is generally well recognized as a leader in computer
graphics and in its application to scientific and engineering problems. We participate in a major
NSF science and technology center titled the Graphics and Visualization Center, directed by R.F.
Riesenfeld and E. Cohen (www.cs.utah.eduwprojects). That Center includes a Scientific
Computing and Imaging Group. Drs. Chris R. Johnson and Robert S. MacLeod are
Bicengineering faculty involved in the Center, specifically in modeling and visualizing cardiac
bicelectric potentials (29, 30, 34, 35). In addition, the new Center for the Simulation of Accidental
Fires and Explosions (C-SAFE), funded primarily by the Department of Energy and directed by
David Pershing, Dean of the College of Engineering, has major activities related to scientific
visualization and multi-parameter, multi-dimensional data presentation (www.csafe.utah.edu),

: We are well aware of the potential of the graphic arts, music, and even the performing arts
in the analysis and presentation of scientific and engineering data and problems. Indeed, the
Bermudez/Westenskow collaboration falls into this category. We have even integrated science,
technology, and art intw a unique liberal education science course for non-science majors (31).
Through collaboration with our colleagues in the Graphics and Visualization Center and in C-
SAFE, we are well aware of the rapid progress being made in enhancing scientific and engineering
visualization of complex systems (32). ¥

Thrust 4: Modeling and Simulation of Complex Systems (J. Wiskin and R.
Macleod)
“Formulation of such a mathematical model Jorces the modeler o identify explicitly
the key components, the key reactions, the key interactions, and also o describe
their quantitative interconmections. This exercise in Systematic organization of
assumplions and key features of the metabolic subsystem of interest can be a
critically important contribution of the modeling effort 1o the intuition and insight af
the researcher, almosi independent of the consequences of the modeling
calculations, The modeling exercise enforces a high level of imellectual rigor,
careful study of prior work on the system, and sysiematic thought about its most
important features.” : K
J.E. Bailey (38)

Modeling and Simulation are well known to bioengineering (16, 33). Indeed, bicengineers
have made many advances and contributions in these areas. The various NIH-NCRR Sim ulation
Resources (33) and other groups and labs have made very significant and important contributions,
some of which are now being called mathematical biclogy (11-19). There is a growing interest in
applying some of these methods and techniques in general undergraduate biology as well as in
molecular and cellular biology (17, 18). We are fortunaie that such programs and interests have
evolved in our own Mathematics and Biology departments in recent years, including collaborative
aciviies.  This growing theoretical biclogy emphasis at our institution, coupled with
Biocengincering’s interest in the application of engineering modeling and simulation in our
undergraduate and graduate curricula, makes this Thrust area timely and important.

: The Departments of Computer Science, Chemical Engineering, Mathematics, and others are
involved in major modeling and simulation activities. C-SAFE, described briefly in the previous
section, is primarily a modeling and simulation activity. We will certainly collaborate closely with
C-SAFE and apply their tools, interests, and cxpertise to bicengineering problems and
opportunities. C-SAFE makes extensive use of the University’s Center for High Performance
C_ompulmg._as do Drs. Joi_mson and MacLeod for their studies on the modeling and visualization
of l:ucge]_ecmr.: potentials for electrocardiology applications. In addition, the Graphics and
é:}sﬂl;;l;ﬁﬂgndf:ﬁ{méy._ referred to briefly in the previous section, has as a major activity
nal Medicine, again represent ' by y
Nl £l (09, 35, 51 1. gain rep ed primanly by the work of C.R. Johnson and R.S.,

The Departments of Pharmaceutics and other components in the College of Pharmacy are

developing programs and interests in pharmacokinetics and pharmacodynamics. We also have a

10




significant medical informatics activity in both the Computer Science and Medical Informatcs
Departments applicd to molecular biology and human genome problems. y

There has been a recent explosion of bocks dedicated to theoretical biology and its
relationship to mathematics (11-15). [t behooves the bioengineering community to continu¢ to lake
advantage of, and to continue o contribute 1o, these abundant resources, and o use them
develop a balanced curriculum. ) )

The students will be exposed 1o a succinct and accurate summary of the various analytic
tools available, including both modern and more traditional mathematics. He/she will then be able
10 assess which techniques would be most appropriate (o histher project and interests. These will
then be explored and developed in more detail. 1

Emergent order in complex systems is one unifying theme. Our approach © this paradigm
is reflected in our motto and subtitle: Simplicity <-—> Complexity -—> “Simplicity”. This phrase
is relevant not only to the actual operation of complex systems, but also 10 our appreciation and
understanding of these systems.

The ECG is a good example, in which medical practice has been based on an almost
empirical linking of disease state and signal features. A more appropriate and in the end much
more powerful approach is to apply reductionist methods to deconstruct the ECG into component
features (cardiac cells, coupled systems, volume conductors) and study the relevant behavior and
features. The subsequent synthesis can then allow us not only to understand the features of the
system we once observed empirically, but 1o see new things in those featre sets, and thereby
improve both fundamental understanding and medical practice. A gain from the ECG example, this
has to some extent occurred in thal we now can interpret, at least partially, the ECG in terms of
fundamental sources and thus interpret more subtle features and pathologies. Examples of that
include at least some ability to localize sites of myocardial infraction or initialing events in some
cardiac rhythm disturbances. So the ability of the SCS approach is to both improve our
understanding of high level data we already collect and use, as well as make these data effectively
richer in content and value.

The purpose of simplified models is not 1o attempt to explain everything, but rather o
isolate or ‘abstract’ those particular elements of the process being modeled that are relevant to the
understanding of a particular behavior exhibited by the system (2, 17, 18)

Nonlinear systems are prevalent in biology and thus in bioengineering. Such systems
exhibit hysteresis, catastrophes, bifurcations, chaos, resonance, fractal dimension, entrainment,
self-sustained oscillations, and quasi-periodicity. All are important in understanding, controlling,
madifying, and engineenng biologically based systems.

An overview Time Line for the ERC's first five years is given on the next page. We will
rapidly implement the Executive Committee and the Biocengineering Summer in Utah Advisory
Committee to begin organizing the high school summer program. The technical and administrative
stafl will be hired and on site shortly after funding is available. As soon as we know thereis a high
probability of receiving the award, we will mitiate a search for those individuals, so that
committments can be made shortly after startup.

The Time Line shows the schedule for class selection and the class start/finish dates for the
first five years of the ERC.

We will also meet via phone and E-mail with both the IAB and the AIAC 1o obtain their
collective inputs early in the project. Their first joint meeting will be in Fall, 1999, to review the
first summer program and (o review our plans [or the projects, courses, and research projects.

E. Deliverables

‘ Ouir initial deliverable will be a set of projects for the first class of students, aswell as a set
of smaller projects to be used in the high school summer workshops. The four year integrated
cumculum projects will be developed during the first 14-15 months of the grant and will be applied
with the first class in the Fall of 2000. Other deliverables will include: a means of organizing,
staffing, and conducting such a complex integrated project and means to efficiently provide needed
resources and analytical tools. The deliverables will also include a set of special courses designed

Time Line Cverview
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to optimally interact with and support the integrated projects. One course is Measurement and
Medicine, an introduction to quanutative biology, physiology, medicine, and pathology, and will
provide the students with a comprehensive perspective of living systems, the basic principles and

concepts of biology, and the challenge of parameterizing and quantitating biology, pathology, and
medicine. The first semester of this course will focus largely on normalcy, i.e. normal blolng'\; and
physiology, whereas the second semester will focus on abnormality, i.e. pathology and medicine.
This course has been in the conceptual design stage for the last year asa joint project of Professors
Andrade, Horch, and Kern. [ts development will be a major effart of the first year of the project.

Professors Rabbitt and Christensen are developing a new freshman bioengineering course
L?:t:‘f_’ new (1999) undergraduate curriculum. Theilr; freshman sequence ir‘;g undergmduate
i I%::"?;ﬂ"ifﬁ]ﬁ“? fundamental laws of physics and chemistry to the analysis of biclogical
Chienioal St ehgngn.of biomedical devices. Diffusion and molecular transport, electro-
s r'inﬁim[cl:m["s' [:[:.Jt.a.nd mass transport, and related topics are used to explain some of the
oo npor' b_f-: &?E;edul.ﬁ. » organ, and systemic physiology. The same tools are also applied to the
consﬁsm Qj_l(mm [I evices such as the artificial kidney and neuroprosthetic devices. The course
et or B n].'e .ecluLcs a.nq orle_ laboratory Session each week. Lectures are unified around the
o b cdi:a.i ﬂeizmmce niﬂmg;ﬂ;a:ms “i“h motivation and applications derived from biology
be taken by the students jngthis pm_iact—basecd?p‘;i;rﬁn# i e e




Other specialized courses and short courses will evolve and develop during the mnduF[ of
the projects themselves (see Section F). These will also be “deliverables” and will be available on
the web site for access by the larger community. ¥

The web site itself is also a “deliverable” in that information on the design, organization,
utilization, and general evolution of the web site will be available for those interested in developing
and constructing other such sites. We will work closely with the Center for Advanced
Instructional Mediaat Yale University (Carl Jaffe, Director) in the design and development of such
asite as well as its use for the assessment of our projects, courses, and general project activities by
the larger community (see Section I, Assessment and letter in Appendix A).

We will develop a set of tools in a range of areas, utilizing existing experience, technology,
and analytical tools as much as possible. This will include a methodology for the analysis,
reduction, and simplification of complex biological and bio-based systems, what we might call
reductionist tools. Much of this is already in place in the literature on theoretical biclogy and on
modeling and system simplification (11). These tools will evolve from our project expeniences, as
the first year of each project will devoted to simplifying it into a set of basic components which can
be modeled, simulated, constructed, tested, and evaluated.

We will also develop a set of synthesis tools, again using the existing literature and
experience, but deriving from our particular expenence in the projects. These will begin to evolve
in the second year of the class projects, as the teams take the components of their complex system
and begin to assemble them into subsystems, the synthesis approach. The means by which these
subsystems are mentally assembled and modeled, the construction of operating subsystems, and
their analysis and assessment will all be part of the synthesis tool kit. We will develop means to
view the assembled subsystem and overall complex sysiem in a hierarchical manner, i.e. from
different perspectives, with the eventual goal of obtaining the new “simplicity” denved from the
hierarchical analysis of this now complex system.

Each of the major research thrusts in the program will also develop a tool kit specific to that
thrust area:

The “Living” Internet as an Experimental Tool
Multi-dimensional Visualization
Modeling and Simulation

We will of course integrate the kits. Twao biology-based “1ools" are of particular interest
There are two key biological concepits which are largely unknown to practically all engineers and
indeed to practically all non-biologists. One is Darwinian evolution, which one might
simplistcally view as survival weighted combinatorial science and engineering. The second such
area is embrvology and development—the means by which incredibly complex organisms can
result from essentially a long string of linear information (53). These two basic biological concepts
have rarely been treated as such in bicengineering education. Appropriate understanding of such
basic concepts are likely to dramatically change how we approach many bicengineenng problems
and cpportunities.

The Department’s goal is to produce a unique undergraduate bicengineering experience
which also challenges and enhances the graduate program. We want o produce student, faculty,
and other participants who are comforiable with complex bioengineering-based problems, but in
addiuon have the communication and leadership skills, and the community and societal interests, (o
selectimportant and relevant problems and to help gamer the resources to permit such problems (o
be successfully addressed. Although we do not anticipale a very large undergraduate or even
graduate program, we do anticipate that those people products from our programs will effectively
disseminate the philosophy, activities, approach, and tools.

This project is entirely consistent with the Department’s long range goals. J. Andrade, the
PI, is Co- Chair of the Department. K. Horch, who leads two of the key thrust areas, is also Co-
Chair of the Department of Bioengineering. The development and implementation of our new
undergraduate program was encouraged, even pushed, by our then Dean of Engineering, David
Pershing, now the Executive Vice President of the University of Utah. Our new President, Bernie
Machen, is deeply committed to the enhancement of interdisciplinary education and research. He is
also deeply committed to significant enhancement and improvement of undergraduate education at
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the University of Utah. Our Vice President for Research, Dr. Richard Koehn, is himself a
bioengineer, having directed a major biotechnology center at the State University of New York
prior to his appointment as VP for Research six years ago. There is strong commitment at all
levels for this program.

The bicengineering community has grown and developed dramatically in recent years.
There are many more departments and programs, in large part fueled by the Whitaker Foundation's
Special Opportunity and Departmental Development Awards. There has also been a considerable
development and expansion in what is called Biomathematics and Quantitative Biology. Indeed,
we feel that Gilbert Chauvet’s three volume treatise, Theoretical Systems in Biology (11), together
with the other works previously cited (12-19), will launch new directions and approaches in both
biclogy and medicine. This may be helped the Whitaker Foundation’s Teaching Matenials
Program, which is striving to induce the community to provide an integrated, quantitative,
engineering approach to basic biology to aid the education of the next generation of bioengineers.

We feel that the bicengineering community, the biology and mathematics communities, and
even the medicine and clinical communities are ready for, indeed anxious for, the programs,
courses, projects, and tools which we propose to develop and evolve. Although effort is required
to disseminale the materials and to inform and involve the community at large, we feel this will be
the easiest part of the project, as the community is eagerly receptive to such activities and
developments (36, 37).

F. Research Program

Thrust 1: Bio-Based Integrated Projects
“It is not the answer that enlightens but the question.”
Eugene lonesco (65)

“Students respond enthusiastically to their first laste of science or engineering in a
research or design project. Their book learning suddenly comes to life, and they
discover talents they never realized they had. Scientisis known only as remote
instructors gfien become meniors, colleagues, or even friends.” (58)

Integrated bio-based projects are the key to our approach to bicengineering education and to
the application and development of technologies for the enhancement of bicengineering education.
The projects have been discussed in earlier sections. Table 2 summarizes ey crileria for the
selection and development of the projects.




Table 2. Project Characteristics and Needs (see also Fi gures 2-4)

Complexity: Must be sulliciently complex to require hierarchical and complexity
analyses and to exhibit non-linear, emergent properties

Must be reducible to a set of subsystems and a larger set of primitives or
components, many of which can be easily analyzed, constructed, and
tested.

Reductionable:

Primitives or components can be combined and assembled inio systems

Synthesizable:
which begin to exhibit complexity.

Bio-based Must mvolve suificient biological knowledge and concepts 1o serve as a
means of leaming biology and deing “bio-based” engineering.

Practical: Must be applicable 10 one or more areas of medicine, industry, or to other
societal needs or problems.

Relevant: Must be of interest to project team and thus serve a5 a pedagogical tool for

motivation and involvement.

Intellectual Resources: | Tn house, on campus, and more extended intelleciial Tesources (Figure 3}

must be available,

Must not require overly expensive tools, malenals, equipment, or
specialized, expensive services.

Matenal Resources:

Must not involve any unreasonable or inapproprate risk or hazard to those

Safety:
involved,

Although the make up of a typical project team was illustrated briefly in Figure 3, Table 3 provides
more complete information.

Although our insttution and College has considerable undergraduate project experience,
most of it is for limited or short term projects. An Engineering Clinic, directed by Electrical
Engineering Professor M. Iskander and sponsored by industry, ulilizes a set of short team-based
projects and is effective. There is a senior design project requirement in the Department of
Mechanical Engineering. The Department of Materials Science has a senior thesis project,
essentially a capstone 12-18 month project. The only group on campus affiliated with engineering
that has such extensive long range projects is the Center for Engineering Design (CED), orgimally
the Center for Biomedical Design, founded and directed by Dr. Stephen Jacobsen in Mechanical
Engineering and Bicengineering. But CED's objectives are somewhat different. The students are
involved in projects for various research and development sponsors, and, although in many cases
students were involved for multiple year periods, they were generally hired to provide services on
a sponsored project. Although these projects did often te to course work and involved
laboratory/project based credits, they again served a different overall need. Dr. Jacobson is our
most experienced faculty member when it comes 1o engineering projects related to those we are
proposing to develop and implement. He has agreed to serve on our advisory board and will play
an important role during the first several years of the program in helping to assess and evaluate our
project development and implementation activities (Appendix A).

o A

Table 3. A Typical Project Team

Selected from the project-based entenng class alter aboll 3 months
of exposure to all projects. Team assignmen! based on interest,
motivation, background, and project balance. Each team will select
a leam chairperson, organize into subteams and tasks, and work
with faculty to select and involve other team members.

Students (5-8)

A faculty resource team will initially design and develop the project
pror fo presentation (o the class and prior to the selection and
formulation of the student team, Faculty will have expertise and
interests in the project topic and will generally commit 1o the project
for the entire 4 years. One faculty member will serve as key or
principle advisor to the team. This position may rotate among the
faculty team each year. The principle faculty advisor will likely
spend ~ 10 hours/week/team. Other faculty will each spend 5-10
hours per week per team. They will be compensated for this work.

Faculty Advisors (3-4)

Visiing faculty are budgeted and will mve lecturcs, shor courses,
and be directly involved with the teams. Visiting periods range from
1 day 10 one semester. There should be 2-7 visit ng laculty per year,
depending on resources. These faculty will also be available via the
Internet and by telephone.

Visiting Faculty (0-1)

Graduate TAs will be second or subsequent year graduate students
working in an allied area. They will spend up o 10
hours/week/team and be compensated for their services They will
be evaluated by the undergraduate team members and retained or
released based on their usefulness to the project.

Graduate TAs (1-2)

Techmical saff will be hired by the ERC specifically 10 assist with
the projects. We expect 1-2 design/prototype engincers, 1-2
biologists, and 1-2 physicists-chemists, and 1 mathematician, These
will be “allocated” 1o the 3-12 projects based on need and time
available. These will be MSME level individuals, generally with
substantial indusirial and/or lab expertise. One staff person with
both administrative and technical skills and interests will manage and
“run” the special projects laboratory and stock room,

Technical Staff (1-2)

Retired and other individuals with appropriale experience will be
recruited as volunteers.  Visitors from industry will also be
involved.

Others (0-1)

Totl (~ 10-15) [

Dr. Robert Romer, Chairman of the Department of Mechanical Engincering (ME) and
Coordinator of ME's senior design activities will also serve as a key project advisor, as will a
number of our industrial representatives and participating institution representatives, particularly
Dr. B. Onaral, Chairman of the Bioengineering Program at Drexel University, because of Drexel's
strong commitment o projeci-based undergraduate education in their College of Engineering
(Appendix A).




Project A: Neuromimetic Systems: Vision (R. Rabbitt, Faculty Advisor)
"Although human genius through various inventions makes instrumenis corresponding o
the same ends, it will never discover an invention more beautiful nor more ready nor more
economical than nature because in her inventions nothing is lacking and nothing is

superfluous.”
P Leonardo da Vinci

INTRODUCTION

Across the ammal Kingdom one can identify common design principles that appear to be
fundamental and perhaps salient to the success of all lifeon earth. On a low level nature routinely
employs elemental redundancy, self organization and self assembly. And on a higher level sensory
fusion, hierarchical control, and adaptive plasticity are common if not universal themes. The
potential for application of these basic principles to solve engineering problems is immense. It is
this promise that underlies recent trends towards biobased and biomimetic systems ]

One of many elegant biological designs is the human visual system. The foveal region of
the human retina spans only 4% of the retinal surface area yet it contains a majority of the sensory
cells (about 7x10" cones and 100x 10F rods). Since resolution of the penipheral region of the retina
15 greatly reduced relative (o the fovea, we articulate our eyes within their orbits to focus visual
targets on the high-resolution foveal region. This multi-resolution design strategy greatly increases
the acuity of selected regions of the visual scene without the massive increase in information
content that would come with spatially homogeneous sensors, such as standard rectangular ccD
arrays. Machine vision would benefit from application of this biclogical approach, *To engineer
such an apparatus it is necessary fo have in place systems to accurately control the motion of the
articulated visual sensors — one that can accommodate head motion, target motion, unexpected
changes in ‘the environment, and/or system degradation. The human ocular control sysiem
achieves exactly this. This system exhibits motor learning, draws from a multiplicity of sensors
(vestibular, ocular, somatosensory), activates a multiplicity of actuators (extraocular muscles, neck
muscles, autonomic system), employs a hierarchical control strategy (peripheral, brain stem,
cercbellum, cortex), and invokes multiple feedback loops between each of these subsystems
(central and efferent).

OBJECTIVE

Our primary objective is leam how the visual system achieves its remarkable multi-
resolution acuity and 10 express these same design strategies in a biomimetic machine vision
system. To accomplish this goal we must study the biological system and develop a guantitative
understanding of the biological sensors, actuators and control systems involved. The engineering
challenge is to identify/design devices to mimic the salient function of each biological component
and to implement a control system capable of accommodating system degradation and/or changes
in the environment in a manner which mimics biology. Your goal as a student is to develop the
skills necessary to meet this challenge and, ultimately, to construct a functional biomimetic vision
system. This challenge has been framed as a series of laboratory projects outlined below.

LABORATORY PROJECTS
Freshman Year
Psychophysics of vision.
Perception of intensity, color and spatial resolution.
Compare visual performance to CCDs and vacuum tubes,
Optical illusions.
Optics.
Geometrical optics. Huygens' principle and refraction. Fermat’s principle.
Camera optics. Role of the aperture and shutter,
Optics of the eye. Comea, lens and pupil.

A

Glasses and contact lenses. Comea transplants, lens implants.
Microscope optics. Polarization. Differential interference CONLrast microscopy.
Computer analysis of optical systems.
Anatomy of the eye.
Dissection. Microsurgical techniques.
Ocular kinematics and ocular muscles.
Histological techniques.
Microscopic study of retina, optic nerve, ocular muscle, comea and lens.
Comparison of the eye to video camera design
Electronic retina
CCDs. Intensified. Integrating.
The VLSI retina.
Spatial sampling and the Nyquist frequency .
Computer-aided design of a multi-resolution biomimetic eye.
Fabnication and testing of a biomimetic eye.

Sophomore Year

Photochemistry of vision.
Ultrastructure of rods and cones.
The chromophore and the visual cycle.
Rhodopsin breakdown to retinal and opsin.
G-protein disfacilitation of Na® channels and neuronal generator polentials,
Chromophore wet lab.
The ocular plant
Statics and dynamics of eye movements.
Muscle mechanics.
Actin-myosin motors
Measurement of force-velocity relationship in skeletal muscle.
Actuators
Hydraulic and pneumatic systems.
Compare dynamics to muscle.
Electric motors. DC, servo, stepper motors.
Open-loop control of actuators.
Biomimetic ocular plant
Computer aided design of articulated ocular plant (eyeball)
Modeling and simulation
Iterate design.
Fabrication
Open-loop testing

Junior Year
Sensors
Muscle spindles. Physiclogy, resolution and coding.
LVDTs, digital encoders, and other position sensors.
Vestibular system. Physiology, resolution, coding, and models.
Gravito-inertial sensors, Accelerometers, tilt sensors and velocity sensors.
Build a biomimetic angular velocity sensor.
Feedback control.
Physiology of the vestibulo-ocular control system - slow phase and saccadic systems.
System modeling. Incorporation of controller in the system model.
Design a biomimetic ocular feedback control system.
Build a system to control angular position of a biomimetic ocular plant.
Optical flow
Visual feedback and the accessory optic system.



Optical flow computations and the retina.
Computational optical flow algorithms.
Hard-wired optical flow sensors.
Construct an optical flow sensor.
Neuronal computations
Visual processing of form, color and motion.
Neurons and the computational brain.
Central pattern generators and small networks. i
Program a large-scale associative neural network for pattern recognition.

Senior Year
Neuromimetic control
Feedback control and neural reflex systems.
Redundant pathways.
Sensory fusion.
Motor learning in neural systems.
Experiments to modify vestibular-ocular interactions with magnifying/minifying goggles.
Senior project
Build a biomimelic vision system with the following features:
- multi-resolution “foveal” optical sensor,
- articulation system to allow for target tracking, movement compensation and
saccades,
- optical flow and gravito-inertial sensors for feedback control,
- neuromimetic feedback control to maintain targets on the foveal sensor and
- video display of captured images.

SUMMARY

Robotc implementation of an articulated biomimetic vision system has never been
attempled before. Your work will have important applications in areas such as machine vision,
biorobotics and tele-robotic man-machine interactions. Present machine vision technologies do not
stabilize images in the presence of sensor motion, are poor at target tracking, do not have mult-
resolution acuity and fall short of providing the appropriate man-machine interface for haptic or
tele-robotic applications. Your biomimetic vision system will speak directly to these engineering
challenges.

Project B: Engineering Bioenergetics (J. Andrade, Faculty Advisor)

“If you want a quantitative answer, you must ask a quantitative question."
H. Kacser (49)

INTRODUCTION

Our chemical and biochemical genealogy go back nearly four billion years 1o the mos!
primitive life forms. These ancient anaerobic reactions likely constitute the oldest part of our
personal biochemistry. Much, much later, after the evolution of photosynthesis dramatically
changed the environment, an asrobic bioenergetics evolved, leading 1o highly efficient means
fuel and power life. We are among the beneficiaries of that four billion year old combinatonal,
chemical genealogy. Our personal biochemistries, albeit complex, are very similar, but not
identical. We are biochemical individuals (52), just as we are unique in features and character,

We wish to understand our personal biochemical individualiies. We must be able
measure it. We often need to modify it, due to abnormalities or perturbations which are
undesirable (diabetes, phenylketonuria, liver disease, etc.). We may wish o engineer the
biochemistry of an organism to enhance a particular biotechnological process. We may need to
grow specific tissues under non- “natural” conditions (tissue engineeri ng). We may want to
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enhance our own physical performance (diet, nutrition, and conditioning). We may wish to
perturb— to slow down— certain aspects of aging, related to changes in metabolism and thus to the
need (o optimize diet and nutrition.

We may also want (o become inspired and stimulated by nature’s bioenergetic processes, in
order to synthesize chemicals and fuels from the air itself—from COQ, (the dark side of
photosynthesis), using only solar photons as energy (the light side). Wewant 1o engineer efficient
energy storage and energy transformation devices (bio-batteries? fuel cells? “artificial”
chloroplasts?).

Metabolism is a very complex interacting chemical network—a complex system. Much of
metabolism and enzyme biochemistry is resolved and mapped, what Koshland calls “The Era of
Pathway Identification” (49). By the early 1980s extensive work led to “the Era of Pathway
Regulation.” Koshland says we are now entering “The Era of Pathway Quantification.” We now
have tools such as metabolic control analysis (42-48). The complex biochemical network charts
found in biochemistry textbooks are being modeled and analyzed. Their complexity, typical of
complex systems, is yielding to a fuller understanding—to a new “simplicity”.

OBJECTIVE

Our immediate (four year!) practical objective is to design and develop an artificial liver
(30, 51). But a deeper objective is 1o be able o design, apply, and “build” biochemical processes
and systems ranging from “simple” biosensors to “complex” livers. The simplicity and complexity
of biochemistry are critical keys to the understanding of life itself.

LABORATORY PROJECTS (tentative)
Freshman Year
Laws of conservation and thermodynamics — Physics rules!
mass and energy balances
Chemical reaction principles—Chemistry builds!
equilibrium, activation energy, catalysts
Multple and driven reactions—“Beating” entropy!
Evolving prokaryotes— “Simple” cell bioenergetics
Evolving eukaryotes— “Complex” cell bicenergelics
dinoflagellates, photosynthesis, respiration
Anatomy of bioenergetics
mitochondnia, chloroplasts

Sophomore Year

Biomacromolecules —Good-bye to chemical “simplicity™

Enzyme and reaction engineering

Modeling coupled reactions

Heterogeniety of biochemistry— Welcome 1o surface and interfacial chemustry!
More anatomy of bicenergetics

Biosensor design and development

Drug and nutrient delivery devices

Beyond dinoflagellates

Junior Year
Coupling of biochemical modules

Channeling

Bioelectronics—electron and proton fluxes
pH, potentials, and ion fluxes

Muluple enzyme reactions and cascades
Amino acid synthesis

Control and regulation




-

I
Liver cells, tissue, and structure i 5
Extremophilia e Structure and function of pumps
; & how does form serve function?
Seni [ear i geometric relationships
Muiltichannel biosensors : law of laplace / pressure/force relationships
Feedback controlled release and delivery power laws related to function, size versus efficiency
Protein design and engineering e L = cardiac work - pressure/volume loops
Mammalian bioenergetics and obesity i scaling and comparative anatomy: elephant heart vs hummingbird
Aging, nutrition, and sensors £
Coupled bio-synthetic systems— biochemical engineering Pressure low relationships
Bio-batteries . bernoulli conditions
Antificial liver i branching networks
1 resistance in tubes
SUMMARY i ) fractal structures
It's been a long, busy, productive, motivating, and educational four years. We now have § X 3
an understanding of and experience with the chemical bases of living systems. We know how © ; Anatomical dissection
perturb, control, regulate, and engineer biochemistry. We have ideas for biochemistry-based i relative chamber thickness )
devices and processes which are probably unique and highly creative. We are now project-based, A 1 mechanical properties of different regions
hands on, chemically confident bioengineers On to other problems and challenges! i functional operating differences between valves
i
Mechanical circulation devices
Project C: Cardiomimetic System (very tentative) (G. Pantaios and S. Kern & 1 comparison to assist devices/bypass machines
Faculty Advisor) 2 functional similarities and differences f
] in situ use of devices, how the plumbing is connecied
INTRODUCTION . building a mechanical analog
Another elegant biologic design is the cardiovascular system. In its simplest : Sophomore Year
representation, the heart is a pump responsible for Muid delivery within the body. However, ! & Physicochemistry of cardiac muscle contraction
unlike most pumps, it modulates its output based on upstream and downstream loading measurement of force/velocity generation
conditions, the presence of chemical agents within the fluid stream that alter the loading conditions i cardiac action potential
and the pump function itself, and by direct signals created from neural pathways. These e i sodium - potassium - calcium roles
mechanical, chemical, and electrical inputs all serve 1o regulate power from the pump in unigue s | 8 muscle mechanics
ways. To mimic this system requires the ability to dynamically respond to multple sensory inputs i 4
to adapt the rate, stroke volume, and force generated by the pump to meet the metabolic demands s | 1 Blood Rheology
of the organism. Like the visual system, this system draws from a multiplicity of sensors, i e properties of blood as a tissue
activates many actuators, employs hierarchical control and uses multiple feedback loops, some of " fluid mechanical properties
short and some of long time constants, to achieve its means. oxygen dissocialion properties
r ' protein binding,osmotic control, diffusional aspects
OBJECTIVE 2 5
The primary design objective of this project is to understand how the cardiovascular svstem ; : Actuators
achieves its dynamic range of function and how that range can be mimicked by an cng:ﬁeered hydraulic and pneumatic systems
system. The engineering challenge is to design a biomimetic system of cardiovascular function comparaive dynamics to muscle
and compare and contrast Yyour system with those developed as ventricular assist devices, artificial motors - electnc, de, stepper motors
hearts, and coronary bypass machines. open loop control concepts
Freshman Year Vascular dynamics
Functional Cardiovascular Control : resistance and compliance relationships, impedance matching
blood flow through the cardiovascular system changes with age, pathology, development
segmentation of the heart pharmacologic changes. endogenous and exogenous
quantifying hemodynamics, measuring pressure and flow

role of valves and flow control
bipump balance
fluid balance within the system, within regions

pulsatile versus continous flow

Cardiomimetic system
modeling and simulation A
lterative design changes to using mechanical analog




computer aided designof pump
fabrication and initial functional testing

Junior Year

Ventricular energetics
conduction/convection/radiation principles
energy balance within the heant
thermoregulation in the body
functional thermodynamics

Cardiopulmonary interactions
diffusion principles
membrane physiology
elastic coupling between chest, lung, and heart
pressure/[low relationships in oxygenation and ventilation.
cardiac interactions
Sensors ;
pressure sensing and impact of cardiovascular muscle
flow sensing and impact on oxygen content
measurement of low concentration substrates
integrating a biomemimetic control system

Feedback control
physiology of cardiovascular control
systolic versus diastolic function
endogenous substance impact on the cardiovascular system
designing control rules for multiple feedback sensors

Senior Year

Cardiomimetic control ! . =
understand the physiologic interrelationships between biomechanical, biochemical, and

bicelectrical phenomenon that alter cardiovascular function in terms of pressure and flow.

Integrative project 1 ’ St
" build a cardiomimetic fluid delivery system that responds to changes in preload, afierload,

oxygen and carbon dioxide concentrations and concentrations of specific endogenous
analytes such as sympathetic amines.

SUMMARY z ! .
Development of a fully operative cardiomimetic system that responds to pressure, flow, an
b]{\:herﬁlcal alterations in the fluid being delivered (blood) represents an extremely challenging
project with implications in many areas outside of bicengineerning. This concept AND comparison
to artificial heart systems and temporary bypass devices will highlight the functionality of the
cardiovascular system as a dynamic pump

Thrusts 2-4: Common Aspects . :
The “research” in this application is defined differently from that in a normal NSF grant,
This ERC application is focused on education. Our “rescarch” here is to develop tools, me'lhod::j,
resources, and programs (0 enhance bicengineering education at both the undergraduate an
duate levels.
e Thrusts 24 have commen objectives and goals: to develop, apply, and continue 1o
improve and enhance a set of “tools”™ which will aid students in the study and understanding of
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complex subjects and systems— efficient] y and effectively. We do not wish to reinvent “wheels"
which already exist. Thus we will thoroughly and completely determine and assess the tools
which already exist, many of which are developed and used by scientists and engineers in their
research and for graduate education. We will test and evaluate these tools using the data sets,
systems, and subjects appropriate to our complex, integrated, bio-based projects. The useful tools
will be modified, improved, and enhanced as required.

Thrusts 2-4 are budgeted most heavily in Years 1 and 2, with the goal that by Year 3 the
tools will be largely developed and will be applied by the students, faculty, and staff in the
respective projects. Funding in Years 3-5 is to lest and improve the tools. Our participating
institutions will also be invalved in tool development, testing, and evaluation, as will the industrial

participants.
Key faculty involvement in the four research thrusts are summarized in Table 4.

Thrust 2: The Living Internet: The Web as an ExperimenraVAnafyﬂca.-‘
Resource

We said in Section D that

“Student-faculty teams will work together using interactive software to
study the behavior of biological systems via the collective basis of molecular,
cellular, tissue, organ, systemic, and organism level phenomena "

This is easy to say and very hard to do. The exponential expansion of information
technology both creates and demands an expansion of our knowledge of the nature of information.
Information networks may be among the most complex and fastest growing man-made systems in
human history. Interestingly, information networks and their use patierns are similar to biological
systems. At a low level, traffic and signaling in packet networks such as the internet show
emergent, collective phenomena, including fractal network traffic patterns, not seen in single
network elements. Likewise, overall network behavior does not onginate centrally nor is it
centrally coordinated, It cannot be explained by technical details of infrastructure, hardware or
software alone. Instead, these structures parallel biological phenomena, in that interacting self-
Autonomous components give rise o emergent behavior, spontaneous self-organization, and self-
repair. Informational relationships become as important as physical and material ones in the
network,

Tools traditionally used to study biclogical systems could be used 1o understand the
behavior of informational structures, through all levels, from the single node hardware, the
interfaces to the network, the network isell, and, ultimately, the different ‘agents' using this
system. Likewise, treating informational structures as expressions of biological phenomena could
enhance the understanding and knowledge of biclogical syslems.

. _ In the context of this proposal, the internet will serve two purposes. First, it will provide
the informational infrastructure serving the intra- and inter-project communication needs. Projects
pursued by the student-faculty teams, while designed to be stand-alone, do revolve around a
common theme of simulating biological systems. Ultimately, these different systems will be
inierconnected into a whole biological organism. This will necessitate communication between the
project teams to exchange information about system-to-system interfaces, contexts of simulated
biological behavior, data and signals generated from each individual system.

Initially, project members will communicate with each other and with members of other
Projects. As the projects mature, software and hardware interfaces will be developed, through
which the modeled and simulated Organ systems communicate. Additionally, the internet will be
used in the lectures, outreach efforts, and administrative coordination aspects of the grant.
Collaborations with other institutions on other campuses will be added to and become part of the
Informational structures growing around this grant.




Table 4. Key laculty involved in the four research thrusts.

Second, this growing informational network, which uses the internet as its infrastructure,
will serve as a 'petri-dish' in which the biological phenomenology of communication networks can
be studied. The informational structure surrounding this grant is expected to be very plastic and
will go through different phases, paralleling that of the grant itself. As project structures change,

monitoring and analysis of the informational structure will accompany each of these different
phases.

F rust 2 Thrust 3 Thrust 4 i :
Fai:zv;'“ EE;:]J:zi; LI\'E; Yuternat| Visualiastion | Simulation The specific aims of these efforts are:
Andrade, J. % b~ 1. Develop tools which allow data acquisition on network traffic, informational relationships, and
biomaterials, X £ 1 network morphogenesis.
biossensors, i Very early in the grant, simple software tools will be assessed and developed, which will
biochemistry i allow automatic monitoring of intemet network traffic associated with this grant. Initially this
Chnstensen, E. i trafTic will be mostly limited to intra-campus communication, making the monitoring task
electrical eng. X 3 relatively easy. Monitoring will include the amount and type of information, but also timing
oplics ] 1ssues. For example, we will analyze how fast information travels between senders and
biosensors ! recipients, when information is received by the participant—- and when the information is
Frazier, B. * { actually acted upon. This will help to characterize the temporal aspects of a local network.
instrumentation f
electrical eng. I 2. Develop tools which allow selective constraining of the informational infrastructure
Hizdy, V. ] X Additional tools will be developed allowing artificial restriction of information flow, for
physical chem. X X i i example, by temporarily slowing down (or dramatically speeding up) traffic within limited
bicmaterials i areas of the informational structure. Biological systems often react to such restrictions with
Horch, K. ] ¥ compensalory actions. We will leam how the informational structure react to these
instrumentation X X X s interventions.
neurophysiology 2 » . . ;
Tohison B B 3. Identify biological phenomena which parallel the development, growth, and plasticity of
computer science X i informational structures. 52 ¢
ihatiarnatios 1 An attempt will be made to draw parallels between the informational structures developing
s, ¥ within this grant and the development of growing and evolving biological structures, such as
anesthesiology X X X X ;| the neural system, the immune system, or metabolic relationships.
“‘;sf_“ljﬂc']';a“(’” 4. Using the tools developed in aims | and 2, gather data to support, quantify, and further
i X X : establish the parallels of informational networks and biological phenomena. ]
Lm&pime' g 3 Biologically based models will be developed 1o attempt to describe the behavior of the
e ] informational structures. The models will be tested for scalability and ability to predict future
Pantalos, (’ . X behavior and structure, as the informational structures evolve and grow,
biomechanics It may be possible o develop techniques to estimate internal network parameters (such as the
physiology ones obtained by the tools mentioned above) by observing easily accessible, less intrusive
Rabbutt, S % ¥ X netwark parameters. Likewise, since low level internal parameters are much more accessible in
biomechanics p 2 this informational structure than they usually are in biological systems, it may be possible to
sensory physiology increase our understanding of relationshi ps between exiermnal biological phenomena and their
Tr;ljlll;\. .E.w‘J = low level, internal counterparts,
iochemical eng
Westenskow, D. X X - Use the internet network infrastructure to simulate biological informational structures,
instrumentation = In the later stages of this grant, the individual projects will have matured to a point where
anesthesiology they can be connected with each other. The infrastructure provided by the internet can then be
Wiskin, J. X used to establish informational links between the different projects. [n this way, the internet is
mathematics -

used 1o simulate aspects of the nervous system, the endocrine system, and metabolic pathways,
Knowledge and understanding of the general behavior of this infrastructure will help in this
effort. The software tools, protocol specifications, and interfaces developed o interconnect the
different projects can form the initial tool set of the next exciting phase of interconnected
distributed biological simulation research,

A straight forward model is a subset of metabolism, wherein a network of interacting

€nzyme reactions can be modulated or modified one reaction at a time by an internet “player,”
noting the effect of that unique perturbation on the behavior and outputs of the reaction network.
This relates closely to the Engineering Metabolism project. There already exists a set of websites

the informational structure will go through periods of renewed growth and degeneration. Close
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with the appropriate networks, data, and seis of simulation and modeling tools with which ©
conduct the analysis. We simply need to implement this on a local intranet with the appropriate
software. Since every active perurbation produces a simulation, the software must carefully
record and analyze all such interactions. Eventually the result of these many individual
perturbations and simulations will be further analyzed by the visualization tools so we can “see” the
behavior and response of a complex biochemical network. We will also apply the novel modeling
and simulation tools to provide higher level analyses of the “livi ng" network.

Such activities must involve faculty from a wide range of disciplines, working closely with
cach other. For example (refer (o Table 4 and larger list of participants):

Andrade, Trujillo, and Hlady (biochemistry)

Johnson and MacLeod (computer science)

Wiskin and Othmer (mathematics)

Westenskow and Horch (both involved in neural networks)

As these activities develop, the appropriate colleagues from across campus, as well as from
participaing institutions, will be motivated and induced (seduced?) to become involved. We are 1:l
highly interdisciplinary place. A few shared graduate students and/or post docs can facilitate much
interdisciplinary actvity. b

Using higher levels of abstraction, we expect to quantify relevant whole-cell beh‘a\-m-rs_
including activation, voltage, motility, and exocytosis. On the next level individual cells will
interact to exhibit collective behaviors, giving rise (o tissues and organs. Internet experiments
designed to model organs will use even higher levels of abstraction to describe the time dependent
state of the organ including variables as temperature, pH, and stress, Health and behavior of the
organ of course depends upon the underlying state of cells and their molecular cascades, levels
which will interact with the organ via network carried signals. The endocrine and nervous systems
will be modeled in this way and implemented to interact with organs such as the heart, kidney and
the brain. This ties directly o the “Project-based curriculum™ in that individual student-faculty
teams will be responsible for implementation of specific aspects of the total system. The effort will
be facilitated by the expentise of our industrial partners and by the diverse skills of cur faculty.

Not all of the internet-based simulations will be striclly mathematical. In some cases,
students themselves will play the role of a particular biological reaction or function and will interact
with other students and functions through the keyboard and mouse. One can imagine very
challenging “games” whose goals and outcomes are the understanding of complex systems and
their emergent properties. Each student will have a limited view of the environment and will react
on the basis of a relevant physiological question. The independent action of cach student will
combine to pive rise to modifiable collective behavior. Different students can operate at different
hierarchical levels for the purpose of integrating various subsystems. [n some cases, graphical
representation of higher level variables will be displayed 0 allow the students to observe the
overall progression of the experiment. The time course of relevant variables will be monitored and
saved for future classroom discussion and case study.

We leamn from both success and failure, The students involved in these experiments will be
encouraged to do both—in some cases by attempting to prevent a pathology though regulation of
their biological role, and in other cases by attempting to generate a pathology through roguish
behavior within their confined domain of influence,

The influence of redundancy, parallelism and competition will be investi gated. Ulumately,
models of simple organisms will evolve to include sensory systems and motor cutputs which, may
allow usto even address animal behavior. Constructed in this way, we will be able to view and
manipulate the simulated living machine at various levels of abstraction. Without a doubt, such
models will exhibit complex emergent behaviors and hence will provide a vehicle through which to
study and understand some of the most com plicated and elusive aspects of nature.
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Thrust 3: Multi-dimensional Visualization

“Strange! I don’t understand how it is that we can write mathematical expressions
and calculate whal the thing is going io do without being able to picture i1,”
R. Feynmann (66)

Y A simple but highly useful approach to multi-dimensional “visualization™ is the use of
spider or star plots utilizing radial, polar, or even spherical 3-D coordinate systems to present
multi-dimensional data (23-26). We have used this in a preliminary way to simplify and to
visualize the complexity of protein interfacial reactions (23). We are now using it as a means to
present multi-parameter clinical chemistry data so that the visual patiern generated by the locus of
points on the spider plot is designed to Teflect particular disease states and metabolic conditions
(24-25).  Although such plots are incorporated in some plotting and graphical analysis packages
and software, and widely used in certain specific fields such as sensory assessment (26), they have
not been widely applied in most other areas of science. There has been limited use in clinical
medicine, demonstrating that such approaches have enormous potential (24). There are many other
very effective means of plotting and presenting data, including n-dimensional data (27-28), bu
which are not really widely applied.

The n-dimensional parallel coordinate approach from the local firm, nDV, was briefly
described earlier. nDV-Explorer isa set of new iniellectual structures for analysis of relationships
of multidimensional data using Parallel Coordinates, Parallel Coordinates are used to allow
representation of arbitranly many dimensions (parameters) or coordinates, allowi ng one to “see” in
many dimensions using a proper display space model. .

Of particular interest 1o our application is their display space model, viewed using 3D
virtual reality techniques, and capable of showing multiple instances (experiments) superimposed
or in adjacency. They also have a directrix technique for mapping geometries back and forth
berween orthogonal and parallel coordinates, This provides the basis for curve fitting, medeling
the data in each coordinate for extrapolation or interpolation, coordinate transformations, and
understanding the relationships between the many coordinates. They also note a new “dimension”
(o functional analysis, in that the data models sfiow that there are finite-difference slopes that are
important in the data spaces, but that are not defined in classical functional analysis,

This is a good case of building on an existing technology which will likely be
commercially available in the next several Yyears. By becoming involved with nDV ar this early
stage, we can provide data sets, challenges, and other mofivation to help them produce a product
highly useful for bioengineering education.

Visualization is also a popular and productive activity in the radiology and medieal imaging
community. We will involve our logal bioengineer/medical imagers and our other collaborators in
discussions to quickly and efTicient] ¥ learn what is available in their communities. The whole issue
Qg-i perception of these visualization tools is critical —a subject also of interest 10 medical imaging
(54).

_We have just leamed that C. Johnson and R. MacLeod will likely soon receive an NIH
grant from the National Center [or Research Resources for a center for Bioelectric Field Modeling
Simulation, and Visualization. This will be discussed in the next section. The relevant part rmfn‘
their proposal for this section is: '

; “Another category of computer applications is scientific visualization.

Visualization is an essential component of virtually every bioelectric field problem

and provides a means for viewing geometric models, experimental resulis

simulation results, and clinical observations. For example, to visualize a three-

dimensional head model along with the MRI scans from the patient and the results

from a source localization simulation would require the integration of many

different types of visualization techniques— visualization of the geometrical mesh.
visualization of the MRI data using volume rendering, visualization of [hc.
shading — integrated into a single frame.,”




ir work is focus : ¢ education applications, we will wor
Although their work is focused on research and graduate E
closely together o simplify and transfer those tools and methods which are appropriale Lo our
isualization needs. ] iy i o
visi We are interesied in very simple ways to illustrate and help undcr&.gnd w?P{;2
phenomena, hence our interest in working with artists (noted in Section 4), cartoonists, eic.  in
words of Martin Kemp and Richard Feynman (66): ' : ,
> "Fevnrﬁ:an diagrams look superficially like the simple graphics 1.h.1t
physicists have uses for centuries. But they are devices of exceptional pl{_\“d Cd
Within their space-lime coordinates, Feynman was able to sidestep the long w ink cq
al gebraic formulas that treated electrons and positrons separately. All the nt-qyal.on\
came together in one picture in a way that preceded and even directed calcu ;uwn':.I
The diagrams mirror his conviction that “there is...a rhythm an ha
pattern between the phenomena of nature which is not apparent to the
eye, but only to the eye of analysis". i :
" Such a potent grammar of diagmms and maiching equations provides a

marvelous tool.”

Thrust 4: Modeling and Simulation of Complex Systems :
“Much has still to be done towards the elaboration of an integrative physiology, i.e.
a formalised general physiology. This would call for the d‘evefupme..in of novel
mathematical methods, the interpretation of experimenial results, and - H{ep
construction of appropriate models inspiring further experimentation. _Irm;rwneruu;
and technological advances are today producing vast amounis of ..fug[‘f!y reﬁn_ela
data which are far too scattered to be readily encompassed. A Jormalised integrative
physiology may be expecied lo rationalise this ﬁ.r(rmrd:_mr_'lr dn'ers:d{): of
information within a sound theoretical framework, thus contributing to a deeper

insight into the wonders of the living organism."”
insight into the wonders of g org G, Chauvet (11), Vol. 3, pe. 626.

A key aspect (o the project based curriculum is the ability to simulate and modc.i ]Jh}'ﬁli'}]i.ngii'_
systems and subsystem components. To do this, we will assemble and develop a toolbox of
simulation algorithms, subroutines, and methods 1o support the individual projects. A significant
core set of tools will be available and used for all the projects in the cumculuz:n_ _,-‘\Is:), tmt:;
specific to each project will be developed or assembled from existing sources 10 augTEm t
simulation aspect of each project. Students will complement a Lmd:u.oml curriculum |:
mathematical foundations, including calculus, linear algebra, and matnx and vector calculus, wit

se applied tools for solving aspects of biologic problems.
s dP,EL emphasis of thc:f: l(]‘fls will be m\\irn.‘-s solving non-linear pmbiemls .duc: 0 I:Je:E
ubiquity and importance in biologic systems, Though non-linear systems are typically applrmra ed
using numerical methods, we will use exact and “almost” exact solutions based on onim.:.r}. .m.d
partial differential equations. Usually the first inclination is 10 linearize these problems to sul\.e
them. Instead we will focus on simplifying models to analytic and semi-analytic solutions. These
simple models can then be evolved to more complex models by increasing dimension or pu_r.;met[cr
space. Finally, simple models and control strategies are abstracted from me complex models. In
this manner, the toolbox and teaching methods will support the Simplicity < Complexity =

nplicity theme of this propasal 3
S [Cg'uﬁne the first E&'cp;ﬁcurs of this project, significant effort will be devoted to assembling
and developing the algorithm toolbox. Following this initial effort, the focus will shift lnw.«-urds
implementation of these modeling and simulation tools, adaptation of tools for specific projects,
and assessment of their utility for iterative medification as the project based curriculum is
continually refined. We will address the following specific aims:

o
il

(]

1. Assemble and develop a toolbox of algorithms for modeling and simulation of physiologic
Systems as examples of classical engineering concepts.

We will begin by searching the Internet for a broad spectrum of codes and subroutines
which are available for public domain use. A large list of bookmarked sites with valuable
subroutines and algorithms will be compiled after these routines have been evaluated and used
by project stafl. Methods and routines which are not readily available will be further
investigated through published sources of software code, Finall ¥, the project staff will wnte
subroutines for use by the student for those critical tools that are not available in a form which
suits the project based curriculum.

The focus in creating this toolbox is to make available to the student algonithms which
can be conceptually explained in brief terms and readily applied once the conditions of the
algorithm’s applications are understcod. A goal of the tolbox is 1o provide as many different
methods for solving similar problem types so that the students can compare the advantages and
shortcomings of different approaches based on the results each produces to a common
problem. It is our belief that many techniques can be fruitfully applied even if the detailed
theory of the method is not known. There are a large number of techniques that are not
covered in elementary courses because (o address them “properly” requires more knowledge
than is generally available to beginning engineering students. However, it is possible 1o
communicate the fundamental ideas of many techniques and see them applied o biologically
relevant systems in order to supplement their comprehension. The important aspects of
theorem proof can then be left to more formal math classes,

Creale introductory and follow up classes to present the mathematical toolbox concepts
developed in Task 1.

There are rarely closed form solutions to linear or nonlinear madels that arise naturally
in hiology. However, there are many techniques available in mathematics and physics
literature which give closed form or almost closed form solutions to ordinary and phmal
differential equations. This course would be an introduction and overview to the full spectrum
of mathematical techniques: exact, approximate, and numerical; available for engineering
pribi!cms. These techniques would be highlighted through the toolbox functions created in
task 1.

The introductory class would cover two semesters and would have two course teachers
who would be responsible for curriculum implementation, administration of the class effort,
and roughly half of the teaching ( initially MacLeod and Wiskin). The remaining portion of the
class would be taught by the individual instructors responsible for each project in the project
based curriculum. The class would begin in the 2™ semester of the freshman year for

bioengineering students and end after the 1™ semester of their second year.

The course will unify and enumeraie many techniques that are useful in applications.
The underlying theory will be minimally considered not because of its lack of importance, but
10 allow students to be exposed to a broad range of mathematical and simulation techniques.
The course will cover topics such as:

Nonlinear systems of equations

Methods for solving dynamic models including topological, analytic and numeric.
Newtownian-Lagrangian dynamics y

Linear dynamic sysicms including phase plane analysis

Chaos in forced oscillation systems ’

Introduction (o fractal analysis and strange attractors

Stability analysis

Nonlinear Progamming functions

Perturbations, Scaling
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Statistics and Probability

The course approach will be similar in style to one already in place in the Mathematical
Biology program at the University of Utah, where simulation and modeling are used as tools in
the context of a specific biclogical problem (60). The goal is not to provide students with a set
of tools that they apply like following a recipe, but instead to instill context based
understanding of principles so that these tools can be applied (o a variety of situations and
problems.

3. Evaluate and assess the progress of conceptual comprehension of students in the project based
curriculum with students in a normal didactic curriculum which will precede this novel
approach. Adapt both curriculums to capture the aspects which work best from both to evolve
a hybrid approach for teaching mathematical concepis (o bioengineering undergraduates

Todo this, we will use formative evaluation techniques which are designed 1o provide
implementation and process feedback for program adaptation. At the end of each program year
for the first three years of the project, a formative evaluation will be conducted to address
whether the program is being phased in appropriately, whether presentation and
comprehension of the mathematical wolbox conceps are succeeding in providing the students
with skills to follow the project goal of Simplicity = Complexity = Simplicity. We will
address issues such as are adequate tools available for students to use, are there issues
regarding access fo tools (hardware or software limitations) that are preventing  full
dissemination of these concepts, is the methodology of project context based presentation of
the material adequate to promote comprehension, are the students succeedi ng in migrating skills
among. problems.

During the fifth year of the program, a summative evaluation will be performed for
students in the project based curriculum and for students in the traditional curriculum. This
evaluation will attempt 0 determine the aspects of each program which appear to be most
successful in order 10 combine them in a hybrid fashion for the next three vears of the program.
Following these recommendations, the formative evaluation will be modified as needed and
reapplied during years six through eight to again address implementation issues pertinent to the
project. A summative evaluation, specific to the modeling and simulation component of the
wtal project will be completed at the end of the funding period.

Our French collaborator, G. Chauvet (11), is now developing a virtual laboratory for
physiologic “experiments” which incorporates theory from his three volume treatise ( 1 1), modeling
and simulation, and multi-media visualization (55). He has already developed modules for ion
transport, membrane-excitability, step-gated and voltage-gated channels, and synaptic
transmission, His efforts, and those of others (56), focusing on individual biophysical or
biochemical components of cells and tissues, constitute an enormous resource. The challenge is to
expand such efforts to address the needs of hierarchical complex systems. Chauvet is, of course,
aware of, versed in, and very interested in expanding his activities, in collaboration with ours, o
consider complex properties. He has agreed (o serve on our International Advisory Board and o
Scrve as a visiing professor on a regular basis (he serves as a Research Professor in the
Department of Biomedical Engincering at the University of Southern California, where he visits
and works regularly)

The new NIH-NCRR Center (noted in the previous section) will conduct research and
development in advanced modeling, simulation, and visualization methods for solving bioelectric
field problems. Johnson, Macl eod, and co-workers will create and disseminate a computational
workbench to drive the development of a bioelectric problem solving environment. [t should be
casy to move around within such a software environment, The programs should be robust enou gh
10 support expert-users and novices alike, With their system, researchers of bicelectric fields wall
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be empowered 1o analyze their data, their methods, and the full range of their problem space in
ways they had never before considered.

The users will be free to apply their expertise where it makes the most sense—1Io steer an
integrated computational system, to visually explore their data, to experiment with model
parameters. When the tools integrate seamlessly, they fade into the background— the user is freed
o concentrale on the problem al hand, rather than on the software tools. Such a seamless
computational workbench is the ultimate goal. The use of computers in the study of biology and
medicine is now ubiquitous. While the range of computational tools and the ways computers are
being used in bicelectricity applications is as broad as the field itself, many fall into categenies that
circumscribe the cope of the proposed Center—modeling, simulation, visualization, and the
development of specialized software for these tasks. !

Although their tools are designed for biocelectricity studies, they clearly have a very wide
applicability. We will work together to adapt and adopt their “computational workbench™ to our
needs for tools for complex projects in an undergraduate environment.

There is a growing interest in what The Economist recently dubbed “virtual biology" (67).
Computer modeling of whole organs, particularly the heart, is well advanced. Bassingthwaighte’s
Physiome Project and the Cardiome Consortium are specific initiatives which are launching this
new field. Even the FDA has agreed that such models may be relevant and useful (67). The
challenge is to transform and translate the output of such activities into a form suitable for
undergraduate bicengineering education. Thatis one of the goals of this research thrust.

G Education :

This has already been covered in Sections A-D and Thrust 1 of Section F. As noted earlier,
we expect most of our graduate students to be directly involved in the project teams. We frankly
expect the graduate students to be challenged and empowered by the undergraduates and by their
projects. We expect that the graduate program will be greatly enhanced as the interests, activities,
and output of the undergraduate program trickle upward.

It is clear that the project teams will emphasize and facilitate teamwork, project
management, communication, and indeed the wide range of skills and experience which we desire
in our graduating engineers (4, 5). As the project proceeds, it is likely that our colleagues in
Physics (R. Price), Mathematics (H. Othmer), and Biclogy (D. Blair) and their colleagues will
begin to involve their undergraduates and graduates in our complex projects. R. Price, Professor
of Physics and an advocate of project-based education, is developing a project-based
undergraduate program which will enroll a group of physics majors. We will, of course, work
closely with him. Perhaps a physics undergraduate will be a member of each of our project teams

Our advisors, visiting faculty, faculty from participating institutions, industrial participants,
and Intemet participants (see Figure 4) will represent all relevant disciplines.

There are a number of practical issues which must be addressed. Our program is designed
for 15 students per class--60 at steady state. We feel that teams of five students are the optimum
size. [n order to allow for attrition, due to a wide range of student personal issues and needs, we
will admit 20 students and organize teams of 6 to 8. We expect several students will choose the
more traditional curriculum, change majors, go to work, etc. We expect to have three teams of 5 to
6 students by the end of the first year. If the anrition rate is less, all students will be accomodated
in the three project teams.

We will strive for diversity in culture and in technical interests in the teams, including
representation of out of state students (see Section H).

We will work clesely with our industnial participants (next section) to provide project-
related internships. Having industrial participants as volunteer members of the teams will facilitate
such opportunities.

The issue of intellectual property for undergraduate projects and inventions is now being
addressed at the University of Utah. The Department of Bioengineering is now drafting a policy
statement on intellectual property as it relates to undergraduates, visitors, and summer participants.




This ERC will certainly “...prepare a diverse group of students for teaching and practice in
bioengineering by encouraging teamwork, providing cross-disciplinary experience in research and
education, and expose...them (o industnal/practitioner view ™ (57).

H. Outreach and Dissemination

Linking High School Students and Teachers to the New Integrated
Project-based Curriculum

INTRODUCTION

Major shifts in the education of undergraduate students in the bioengineering and
biomedical fields are forcing us to look at how we prepare high schoal students who are motivated
by the subjects and prospects in these fields. National reforms in science education at the high
school level have focused on interactive leaming and have begun to shift away from didactic
teaching (31, 59). S

Our new integrated project-based curriculum expects that students come prepared for a new
tvpe of leaning experience; one that engages them in practical application of basic scientfic
knowledge and one that requires team-building skills. Exposing high school science teachers to
the new curriculum has the potential to refreshen their teaching methods, spark new ideas into their
classroom lessons, and allow them the opportunity to interact with research scientists and
engineers. We propose a “mini experience” for high school students and teachers fo introduce
them for the new project-based, team-oriented curriculum..

PROGRAM DESIGN

Each summer twenty high school juniors and five high school teachers will be selected for
a four-week academic program on the University of Utah campus. We will work closely with high
school teachers, counselors, and “resource” faculty to make junior students aware of the mew
program. Our high school colleagues will identify and nominate students for special summer
workshops, which will serve 1o evaluate and identfy those students who could benefit most
from—and contribute to—the program. The course work and activities will be lead by faculty
members from the project areas, together with bicengineening project stall, and graduate students,
and the Center for Science Education and Outreach (CSEQ). An advisory committee composed of
representatives from the ERC faculty, the Center for Science Education and Qutreach, and local
school teachers and administrators will assist in the selection process, selection of curricular
content appropriate to grade level, and in project evaluation.

The Summer Bioengineening Advisory Committee will include Dr. Brett Moulding, Science
Curriculum Coordinator, State Department of Education. We have worked closely with Brett over
the last five vears on a range of scienceftechnology outreach and education activities. Brett will
help identify high school teacher participants and review and assess all aspects of the program
The current president of the Utah Science Teachers' Association (chapter of the National Science
Teachers Association) will also serve on the Advisory Committee.

The Center for Science Education and Qutreach is administered through the Department of
Bicengineering and co-directed by Dr. Joe Andrade, Pl for this ERC request. Dr. Andrade's
interest in science education for the K-12 student and teacher populations was formalized with the
Center's initiation in 1992. Since that time the Center has become established as the University of
Utah's outreach arm to the community with regard to science and engineering education. The
Center's staff has collectively over 20 years experience in providing academically linked
educational programs for students and teachers and will be responsible for administering the
summer program; recruitment of participants, setting up the selection process, arranging industry
visits, making necessary logistical arrangements, and preparing evaluation reports.

Recruitment efforis will be directed toward the Utah MESA (Math, Engineening, and
Science Association) chapter, Utah Science Teachers Association, Utah Science Olympiad, and
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vanous science clubs at the local high schools. These meetings will provide a forum for the
Center's staff to periodically present an outline of the field of bicengineering, carcer opportunities
in the field, and opportunities under the auspices of the summer program. Recruitment efforts will
not be limited to the University of Utsh region. Area-wide effonts will focus on under-represented
groups, and will be coordinated with other diversity programs at the University of Utah and the
Crﬁ]_]r;gc of Engineering, i.e. Program for Diversity in Engineering, Center for Ethnic Student
Affairs.

We will work closely with our participating institutions and companies, and with the
National Science Teachers Association (NSTA) to make the national community aware of the
program. We will seek other funds for the additional expenses associated with the housing and
supervision of out of area participants.

Criteria for selection will be based on motivation, interests, ability to work well in a team
setting, and potential to do well in a project-oriented format. We will ask high school teachers,
counselors, and resource staff to nominate students for the program.. Consideration will be given
o underrepresented students which includes African-Amenicans, Asian-Americans, American
Indians, Hispanics, and Pacific Islanders/Alaska Native. Students who are low income and first
generation college-bound students will be given particular consideration.

Students selected will be awarded a $1,000 scholarship upon successful completion of the
program. This will help encourage low income students who are required to work in the summer
1o consider applying for this unique experience. High school teachers in the summer programs
will function partially as students and partly asstaff, depending on their background. They will be
compensated for their service ($2,000/teacher).

Curricular content will be largely derived from projects areas described earlier. High
school students and teachers will work in teams with lead faculty members, undergraduate
students, graduate students, and staff. The selected projects and related topics will be components
of the larger undergraduate projects, but will be scaled and presented in a manner appropriate to a
high school junior background.

_ The program 1s designed 1o include not only an introduction to project based learning, but,
more importantly, to the skills required to approach a solution through the proper use of scientific
and engineering methodology —including  structured observation, hypothesis formation,
experimental design, profotype design, dala collection and collation, data analysis and
interpretation, scientific wrting, and oral presentation. Projects and activities will need multi- and
inter-disciplinary approaches, thus encouraging the students and their teachers to appreciate an
integrated, synergistic approach 1o the sciences and technology (31, 59). Student-teacher teams
will be introduced to the interactive software that will be used in the undergraduate program to
study the behavior of biological systems.

Over the four weeks, participants will visit with other faculty, tour their labs, and be
introduced (o their research specialties. Participants will also visit local biomedical engineering
companies (o learn how bioengineering research transfers to business and industry.

The high school students and teachers will present their projects to other faculty, graduate
and undergraduate students, and other high school teachers. The participants will be asked to
further present their expenences at regional conferences and events to local audiences.

Summer program alumni will be regularly contacted and “reinforced,” including receiving
invitations to open houses and other activities sponsored by this ERC and by CSEO.

The summer program will begin Summer, 1999, assuming the grant is funded effective
about April 1, 1999. By this ime an advisory team will be established, the appropriate staff and
visiting faculty will be hired, and the other participating institutions will have an opportunity to
review and offer input into the program design. :

. We expect that many “alumni” from the summer program will apply for admission to our
project-based undergraduate program. Alumni from the first program (Summer, 1999) will return
o thenf schools as seniors, hopefully participatng in high school science “fairs” or design
competitions during their senior year. If they are indeed admitted to our program, we will provide
summer opportunities for them during the summer prior to their University enrollment. Some of
them might be involved as peer aids in the on-going summer programs.
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An intenal evaluation will be conducted by the stafl’ and consul tants ol' the Ccz-\msrhgi
Science Education and Outreach. Individual interviews will be part of the evaluation process (s
also Section [). h o
= Lt|J::1r.u-|t'ﬂ.lmis will be used to support student scholarships, provide honor.m.lrhr :;T_
teachers involved, provide salaries for the summer instructors, and provide support for s
ym the Center for Science Education and Outreach. : A
mcmbc?;;c::mm will be organized, managed, and implemented by the CSEO and (,mlc;ic{.n[.
Engineering Dean's office staff, working closely with the ERC Executive Ccmrmnc_c f’\
1cDonald Manager of CSEOQ, has considerable experience in summer programs, leacher
inservices, science museums, and related activities directly relevant to this program.

The General and Wider Public 3

Measurement and Medicine is a liberal education, general science and 'Ic:_:two];ﬂ.g}oj co
now in the advanced planning stages, to be offered in both on campus :u-J i.llblﬁgf usuﬁ-’czm-
formats. We already have experience with such projects Ehruugh the .S‘(.:eme: q.”"’ i o
Science in Your World course and program (31—available on www.utah.edu/cise, clic
Scwme'-t?e“l::lt:\u;oldrlm?»c the resources in this ERC grant to fully develop ,.-\ffeasmﬂr'.z'_'n! (th
Medicine. We do propose, however, to use grant funds in Years 1-5 to mm;,qr:c lhti r.thllgn ﬂd
planning of Measurement and Medicine, and to solicit the funds required to JJJ])“ t:j € o;:l o
implement the course (~ $500,000). Such a course, nfrfcrcd regularly via publ.{d. E‘_{u:aatc }}\1
television distance learning channels (local Channel 9 in Utah) will help. 1Ir110rm and, e Ld 5 i:Ls
public as to bicengineering in particular and engineering in general. Tentative programs and topic
are (each a one hour telecast/video):

Course 1: Measurement in Physiology - Are You Normal?

n

P ou are Abnormal! tog 6. You Can't Even Break Even Prog 11: Newton Rules Biology & You
?mng f[_ E\L\: .u-: 3‘rr' perfect? mg 7. Hot Swff - Warm Blood Prog 122 Where Did the l_u';r.g) Go7
Prog 3: Lies and Electrons Prog 8 The Body Electric Prog 13. Senses and Sensibiliry

Prog & More Powerto You Prog 9 The Body Magnetic? Prog 14: The Photon World

Prog 5 Hiking, Diving, and Running Prog 10: Gravity Wins! Prog 15 Summary

Course 2: Measurement, Pathology, and Medicine - How Abnormal Are You?

Prog 16: You're Even more Abnonmall  Prog 21: Cystic Fibrosis and Oxygen Prog 26 .‘\”cnrme gencrative Diseases
Prog 17° Multiplying and Killing Cells Prog 22 Hypertension and Heart Disease Prog 27. Nerves and Brains

Prog 18: It's Your Parents' Fault! Prog 23: Hopeless Organs Prog 28: New Eves and Ears
°m§ 1% Problem Babies ng 24 Amifical Organs Prog 29: Bio-Hybrid Devices
Prog 20t Diabetes and Metabolism Prog 25 Oid Bones - and Joints Prog 30: Summary
Dissemination

We will work closely with our participating institutions, advisors, the BMES, IEEE-
EMBS, ASEE, AIMBE, Whitaker Foundation, and other groups to inform the wider community
and to encourage their participation and involvement.

I. Assessment, Evaluation, and Advisory Boards

Assessment and Evaluation _
We will work with Carl Jaffe, M.D. (letter in Appendix A) and the Center for Advanced
Instructional Media to structure an assessment program for this project. The Yale .epterdl::-x bu;;
responsible for computer based self-test assessment programs which can be accessed v ia_the \wl:r
wide web. We will determine a set of criteria for comprehensive knowledge and design/ E'rob em
solving skills which we anticipate the students will acquire during their projects and LOU:SL“::.
Irrespective of the specific projects, there will be fundamental tools which will be presented 0 the

students through the curriculum in each year. We will assess the student's ability to understand
these principles via computerized evaluation. The evaluations will present the student with a
situation that is different from their project based curriculum experience yet utilizes the same skills.
The evaluations will enable us to gauge the students' ability to apply these concepls to other areas.
Students will complete these evaluations at regular intervals but will only address the concepts
which they understand at the time of evaluation, As they progress through the curriculum, they
will participate in more extensive evaluations as their education expands.

We will use this information to compare how well these core principles are understood
between project groups. This will provide comparative input between different projects to
determine whether one project's method of presenting a concept may be more lucid than another
project’s. Since different projects will cover these concepts in different sequential order, this
method of evaluation will allow comprehension to be measured at different times rather than at
specified points in the curriculum. The dynamic basis of this evaluation allows for adaptation to be
made in the curriculum for situations where a core principle is not well understood from a
particular project or for a particular project group. This data will be stored in an interactive
database that can be queried.

Yale's Center for Advanced Instructional Media (C/AIM), founded in 1987, develops
innovative educational and communications programs using interactive multimedia by employing
the newly emerging computing and digital network technology. C/AIM is a recognized leader in
information design, medical illustration, and interface design for electronic publications and
networked information systems.

C/AIM has a variety of on-going research and education projects involving multimedia
software design and networked delivery of multimedia educational resources including course for
first-year medical students, biomedical engineering curriculum support programs, Web-based
student testing and professional post-graduate self-assessment, graphic design for the user
interface, and interactive three-dimensional graphics in medical visualization. We have worked
closely with Carl Jaffe on other projects and look forward to learning a great deal from him and
C/AIM on these topics.

We will also work closely with our Advisory Boards (next section) to develop appropriate
assessment tools, with particular attention to the needs and input of our advisors from industry

Advisory Boards

ERC Projects and Thrusts

Thrust 3 Thrust &

Wisualization

Thrust 1

Projects Simulation

Academic/Industry

Advisory Council
(AIAC)

Summer
Bioengineering
in Uh (SBU)
Advisory Commities

International
Advisory Board
(LAB)

University of Utah
Oversite Committee
(UuoC)

Figure 5. The several advisory boards to be organized and utilized in this ERC.




The International Advisory Board (IAB) has not yet been assembled. We have talked with
some prospective members. Some of the people we expect (o involve are represenied in the
References (4, 11, 13, 19, 32, 33, 38, 41, 42, 46, 47, 48, 53-56, 63). There are also several
others we are considering. Gilbert Chauvet will be a key member and participant. We frankly
expect (o ask one or more of the PI’s of other ERC NSF 98-68 applicants (o participate, as all of
these programs certainly have ideas and expenence relevant to our efforts and goals. The IAB will
meet annually at the University of Utah, beginning approximately in September, 1999, to provide
input, criique, advice, and assessment. We are planning for about 12 members. Their expenses
and honorania are budgeted (token honorana of $400/day, well within NSF/NIH guidelines).

The Academic/Industry Advisory Council (AIAC) is discussed in the next section.

The University of Utah Oversight Committee (UUOC) is described in Section K on
Infrastructure. :

The Summer Bicengineening in Utah (SBU) Advisory Committee (the hugh school summer
program noted in Section H) will include the ERC Director (in Section K), Mary McDonald
EMa}lager of the Center for Science Education and Outreach), Brett Moulding (State Office of
Education), and the current President of the Utah Science Teachers’ Associaion (USTA). That
group will meet quarterly to plan and assess the summer programs. Their first meeting will occur
in Apnl, 1999 to rapidly plan the [irst program, Summer, 1999,

Only the International Advisory Board and the academic participants of the AIAB will
receive honorara,

J Industrial and Academic Ccllaboration .
Industnal and academic collaborators were listed in the List of Participants at the very front
of the application.

Farticipating Institutions

Inital participating institutions include the University of Southen Califorma (Los
Angeles), Drexel University (Philadelphia), University of California-Berkeley, Utah State
University (Logan), Marquette University of Angers (France), Uppsala University (Sweden), and
Fachhochschule Hamburg Department of Engineering (Germany). Each participating institution is
represenied on the Academic/Industry Advisory Council, which will provide input and guidance
related to academic issues and opportunities in the ERC. These participating institutions will also
be directly involved in the ERC’s visiting faculty program wherein their faculty members will be in
residence at the University of Utah for periods ranging from days 1o months, depending on
schedules, needs and resources available. In addition, participating faculty in the partici
institutions will be available via the Web and by telephone to serve as advisors and consultan
the student projects and on other components of the ERC (Figure 3). Depending on the specific
institution and 1ts resources and needs, we anticipate an exchange and trade of curticular materials
and even courses via the world wide web. [t is likely that there will be some student exchange as
well.

The basic idea is 10 make the resources and new tools of the ERC available initially to
participating institutions. We expect the number of participating institutions to grow significantly
duning the first several vears of the ERC. Indeed, we plan 1 invite all institutions who submitted
proposals to this ERC competition to participate.

These participating institutions will then serve as a very effective test mechanism for ERC
developed curncula and tools as well as a dissemination mechanism for those deliverables
produced via the ERC.

We will also work with the Council of Academic Programs of the American Institute for
Medical and Biological Engineering (AIMBE) and the Biomedical Engineering Society (BMES)
The participating institutions will assist the University of Utah and the ERC staff in testing and
disseminatng all products and activities of the program.
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Participating Industries

Our Department has substantial industry interaction and involvement. The Department’s
Industrial advisory Board is active and involved, including developing and presenting several
industrially relevant courses and seminar series. Our Center for Biopolymers at Interfaces, V.
Hlady, Director, has 20 member companies. Most of our faculty consult, and many are involved
with start up companies,

Given the short time line from announcement to deadline for NSF 98-68, we have not yel
approached many firms as potential participants. We are confident, however, that there will be
considerable industrial interest and involvement in our activities. First the inlegrating projects
themselves are of interest to specific companies. There are several companies direcily interested in
the WWW as an interactive, collaborative tool. Several software [irms are specifically interested in
Thrusts 2-4, and many firms are interested in the future graduates of this program.

Our confirmed industrial participant list at this time s small, not because of lack of interest
but simply due 1o lack of time.

Those we have approached and involved to date are:

Ash, O. Executive Director, ARUP, Inc. (Associated Regional University
Pathologists, Inc.) a major clinical and diagnostic testing laboratory.
*Blake, L Vice President, Sorenson-Vision, Inc., Logan, Utah—a data

compression company whose technology allows full time video aver
normal telephone lines,
DiCaprio, V Senior Vice President & Chief Technical Officer, Becton-Dickinson Co
*Jacobson, S. President, Sarcos, Inc., Salt Lake City, a pioneering and leading firm in
robotics and advanced biomedical products (www.sarcos.com)

*Johnson, R. Principle of nDV Lid., whose unique parallel coordinates software is
described in Thrust 3— Visualization.

McRea, 1. Chairman, Dept. of Bicengineering Industrial Advisory Board and
President/CEQ, Device-Based Therapeutics, Inc., Salt Lake City

Suggett, A. Director of R & D, Smith and Nephew Ltd., London

*Van Wagenen, R. Vice President for R & D, Protein Solutions, Inc., Salt Lake City

* letter in Appendix A

K. ERC Infrastructure

Leadership and Management

ERC management and administration will be located in the Dept. of Bicengineering.

Center Director Andrade will devote at least 25% time fo the project. The ERC Executve
Committee, chaired by J. Andrade, Director and co-chair of the Department, will include

K. Horch, co-Chair and co-leader of Thrusts 1, 2, and 3:

R. Rabbitt, Director of Graduate Studies and co-leader Thrust 2;

S. Kern, co-leader Thrust 3;

J. Wiskin, co-leader Thrust 4;

R. MacLeod, co-PI of new NIH NCRR and co-leader Thrust 4:

D. Christensen, Director of Undergraduate Studies and co-leader Thrust 1

Andrade, Horch, and Kern, the three co-Pls, will be responsible for day to day
implementation and management.

The Executive Committes will meet at least monthly, as will each of the research thrust
groups. At each monthly meeting each of the thrust groups will present progress reports and plans
for the next month. An annual presentation will be made to the joint meeting of the International
Advisory Board and the Academic/Industry Advisory Council.
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The general vision and development of this proposal is largely due to the members of the
Executive Committee. They will all continue o be actively involved throughout the project. Their
individual time committments to the ERC will be about 25%, largely charged to the ERC budget in
Years1to 5. _ : )

Figure 5 presented the overall organization. The Center will report directly o '-ﬂc_rl.'_Jmn of
Engineening, with direct input and involvement of the Associate Deans for Academic Affairs and
Research.

Personnel

Bio sketches for the key participants are given in App. C. As noted in the Thrust 1
discussion (Section F), we will hire stall' scientists and engineers (o aid the students with Lhn_.‘lr
projects. These same individuals will also work, as appropnate, in Thrusts 2 1o 4 and with the
summer program. All searches and hires will give full consideration to minority participation. A
full tme administrative assistant is also budgeted to help coordinate, plan, implement, and
otherwise facilitate the conduct of the program. There are summer students, advisory boards,
undergraduates, graduate students, faculty, staff, and visitors who all require administrative

support.

Facilities, Space, Equipment

Thrust 1, Projects, will be largely conducted in several new undergraduate project
laboratories, remodeled for this ERC. This 1500 sq. ft. complex is nearly adjacent to the Dept. of
Bioengincering offices and to the offices of Horch, Andrade, and Rabbint. Project tethnical staff
will have desks in the undergraduate laboratory, enhancing their access to students. All participants
will have access (o these facilities on a 24 hour basis. ;

The activities of Thrusts 2 to 4 will be conducted partly in research space assigned o the
faculty participants as well as in the undergraduate project laboratories.

The summer high school program will use the same undergraduate laboratortes.
Administrative space and services for the summer program will be provided by the Center for
Science Education and Outreach, located in the same building.

No major equipment is requested. All needed equipment is less than $5,000, thus no
separale equipment category is budgeted. The College of Engineering will provide funds for small
equipment items and supplies for the undergraduate laboratories from two University sources: the
Base Engineering Equipment Fund (BEEF) and the Research Equipment Support Fund (RESF),
the latter primarily for needs in Thrusts 2 1o 4.

The ERC will have access to all laboratories, equipment, and related resources in the Dept
of Bioengineering for teaching, project, and research purposes. Individual faculty laboratories and
equipment are also generally available. We are a highly cooperative gnd interactive group.

Financial Planning and Support

Management and allocation of support will be the responmsibility of the Executive
Committee, which will consist of seven members, including the Pl/Director. The budget is already
allocated for the different functions and activities (App. B 5 Year Summary Budget and Year 1
Budget - both by areas of activity), thus each Thrust and area knows what it has available.
Nevertheless, it is difficult to prepare Year 3 to 5 budgets from today's information, so some
budget redistribution may be necessary.

We will form a University Oversight Commitiee (UQC) to review the program twice a year
and provide critique and advice. [n the unlikely event of a strong disagreement within the Executive
Commitiee, the UOC will serve asan arbitrator. Members of the UOC will be:

R. Kochn, VP for Research, chairperson;

J. Lighty, Inteim Dean, College of Engineening;

J. Francis, Dean, Undergraduate College;

J. McRea, Chair of Dept. of Bioengineering Industrial Advisory Board;
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Student, Chair of Undergraduate Student Advisory Committee (SAC),
Dept. of Bioengineering,

We have frankly not artempted to secure firm resource committments from industry or from
the State at this time. The State and the University have provided significant new support for the
Dept. of Bioengineering, allowing the tenure tract faculty (FTE slots) to grow by over 60% in the
last three years. [tis indeed this growth that permits us to now initiate an undergraduate program.
Although we expect increasing support and growth, it is not reasonable, particularly given the
short time available to respond to NSF 98-68, 1o secure a significant match. We will request (and
expect to receive) such support in Years 3 and thereafter,

We have leaned heavily on our Industrial Advisory Board for graduate [ellowships and
projects. They are very supportive of our undergraduate initiatives. As they become more aware of
and participate in this unique program, they will provide significant support.

A key question is support of project growth in Years 3 to 5, support for the NSF phase out
in Years 6 to 8, and continuance of the program after Year 8. There are four sources: the State and
University, philanthropists and foundations, industry, and the Dept. of Bioengineering.

The State/University:

As noted earlier, the University of Utah Administration is very supportive. They will work
with us to generate the State appropriations to permit the growth and continued operation of the
program. Utah's Legislature and Govemor are proud of the State’s evolving biotech/health care
industries and reputation. They are well aware of the need for, and the costs of, education in
engineering and related fields. Our Legislature has many rural representatives who appreciate
hands on, project-based, practical education and who are uncomforiable with traditional lecture-
based education. We think they will understand, appreciate, and support this program.

J. Andrade served as Dean of Engineering from 1983-87 and, with the encouragement and
clout of the College’s then new Industrial Advisory Board (IAB), launched the first Engineering
Initiative in Utah, which provided increased base budget support for undergraduate programs. That
initative has gone forward each year to the present. The Engineering Initiative funds have allowed
the significant growth of Bioengineerin g and its new undergraduate program.

We will work closely with the Department and College IABs and with the Administration to
launch a Bioengineering Initative with the goal of providing base budget support for this program
for Years 3 to 8 and beyond, We will work closely with key legislators and the Governor's Office
stalT, involving them in our outreach and dissemination activities, includin 2 the summer program.
Although we cannot promise success, it is a high probability.

Philanthropists and Foundations:

There is a lot of wealth in Utah -- much of it relatively new and derived from technically-
based businesses. For example, the Huntsman family (Hunisman Chemical Corp.) recently
provided $100 million for the Huntsman Cancer Institute, with more to come. Utah has several
billionaires and about ten deci-billionaires. We are just beginning to involve them in our activities.
This ERC will appeal to such self-made individuals, who tend to resonate with a project-based,
hands on approach -- and tend 10 not appreciate more lraditional approaches to education. We are
confident that some of their philanthropic activities will be in Bicengineering.

Industry:

Our local IAB has generally been more interested in undergraduates than PhDs. They are
very supportive of our new undergraduate program. Many of the local firms are owned by large
biomedical companies (Becton Dickinson, Baxter, Bard, eic.). We expect these national firms ©
compete for exposure to our project-based students. We expect that most of the students in this
program will be receiving industry-derived undergraduate fellowships. Indusiry alone cannot fully

suppart this program after Year 8, but it will provide significant assistance.
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Department of Bioengineering:

As the project-based curriculum expands and develops, we expect that most of our
undergraduate students will want to participate. Our traditional undergraduate program is designed
for 35 swdents--this ERC is for 15 to 20. We may well choose to restructure our entire
undergraduate program in Year 8 and beyond t reflect the best of both approaches, perhaps
setlling on a total class of 25 1 35, If this happens existing Department resources could provide
much of the ongoing support. There are also economies of scale with more projects and a larger

class.

Summary:

We are confident that, using the four sources noted above, we can fully support ERC
activiies beyond Year 8. We are commitied. The key fo dealing with complex socio-political
systems is not unlike dealing with complex biological systems — in E. O. Wilson’s words again:
“Knowledge, Obsession, Daring.”

Role of ERC Within Institution

This has already been discussed. We are a collaborative place. Our academic retention,
promotion, and tenure (RPT) criteria are rigorous and require strong, peer-reviewed evidence of
independence, onginality, significance, and quality. But that does not mean that we discourage
collaboration or multi- and inter-disciplinary activity. Just the opposite. The entire Administration,
from Department co-chairs to the President, encourage and support collaborative interests and

activities. ] ) 5
Management issues were discussed in the beginning of this Section.
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Sorenson”
Vision, Inc.

July 22, 1998

J.D. Andrade, Ph.D.

Professor

University of Utah

Depantment of Bioengineering

50 8 Central Campus Dr,, Rm. 2480
Salt Lake City, UT 84112-9202
BOI-581-4379

Dear Joe,

Thank you for the opportunity 10 become involved asa corporate participant in vour &
Research Center on Engineering Education Technology: Sir.].incJt}'-(__t’an!cx_'n"-SE:r:p

Sarenson Vision
and objectives.
absolutely fas

ing. [am aware

citing Engineering
Y.

ique d;-,ra‘v_ucim compression technology is directly applicable to many of your goals
ou're proposed use of the World Wide Web, as a living experimental resource is

of a pumber of projects along that line at the Jjuniaor high'high school

level dealing with local environmental observations and data input which have been very powerful, have

m\'u!m:l literally thousands of scho

ols and tens of thousands of students throughout the world, but your

cation to use the Internet as a as a true experimental tool in it own ri ght with various individuals
ups, or even schools and institutions participating as dynamic nodes or components of that biological or

engineering network is very exciting. 1am sure that this approach will greatly contribute to your objective

of invalving and deducing "simple”

rules for the emergent behavior of complex systems. What better place

to develop such a unique tool and approach than in biomedical engineering and quantitative physiology,

j-\s you know, our technology allows full frame, full color dynamic video to be sent over normal telephone
lines as well as over the Internet. This means that any of your participants and collaboraters :‘m\“w“c"c‘iﬂ
the world who have access to normal telephone communications can be full participants in your u; .-'e
projects. Although most of your academic and industrial participants will have access to .“.i'gh s-pee:jqiqigt

s wriddh lin 1
band width Internet links, the Sorenson Vision technology allows them to participate from home and allows

the participation of those in perhaps

I'kmow that your program has a very

ranscultural experiences and apprec
this regard.

I will pleased 10 serve on your Indus
participating in this unique and timel

Sincerely

Blake, Ph.D.
Chief Operating Officer

Adminisiration ~

mare rural environments and second and/or third world situations,
strong intemnational focus and that part of its goal is 1o help develop

tations. The Sorenson Vision technol ogy will be of great assistance in

trial Advisory Council and look forward 1o warking with you and to
¥ project. ;

Sales & Marketing
VWal




C/AIM

CENTER FOR ADVANCED INSTRUCTIONAL MEDIA
Yale University School of Mediine
47 College Street, Suite 224
New Haven, CT 06510

June 30, 1998

Joseph D. Andrade, Ph.D.

University of Utah

Department of Bioengineering

50 5. Central Campus Dr., Room 2480
Salt Lake City, UT 84112-9202

Dear D;,%:%%-E:

I am particularly pleased to be able to offer my support and future collaboration w1t5!1 your
proposed Engineering Research Center on Biomedical Engineering Education. Clearly, the
approach you have taken will offer a fresh look at an integrated approach to this curriculum
There is no question that the educational need for improved approaches and tools to teach
biomedical engineering is acute.

As academic director of Yale's Center for Advanced Instructional Media, [ have had a great
deal of experience over the last decade in assisting our faculty and others to improve the
process of the electronic curricular material. I believe I can be equally useful in collaborating
with your project and am genuinely enthusiastic about the prospect. We have been investing
considerable resources and time in developing electronic course support for our biomedical
engineering undergraduate major, and I believe there will be many common areas which will
benefit from interactions and the advice and support that I can give.

Knowing your long term commitment and past investments in these areas of educational

development, [ am confident that a successful long term project integrating multiple
collaborators will not only be possible but effective under your leadership.

Sincerely,

C. CarlTaffd, M.D., FACC.
Professor of Medicine
Academic Director, Center for Advanced Instructional Media

ccj/med
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nDV LLC
1338 Kensington
Salt Lake City, UT 84105

J.D. Andrade, PhD

Professor

University of Utah

Dept of Bicengineering

50 s. Central Campus Drive, Rm 2480
Salt Lake City, UT 84112-9202

Dear Dr. Andrade,

Thank you for the opportunity to present nDV's parallel coordinate methods for handling
and visualization of complex, multidimensional data sets. The name of our company,
0DV, stands for n dimensional visualization; I believe we are unique in the world with
our ability to see and understand the (visual) geometry of parallel coordinate spaces. |
am pleased that this has evolved into a major thrust and research area in your proposed
ERC. Wle are delighted to have our techniques and our team plan to play a key role in
Your project.

We are eager to apply our approaches to a range of biological and medical needs.
Although much of our experience to data has been in applying these approaches to
cgrnpt;x economic problems and systems, our major interest and objectives are in
biological and medical systems. As you may recall, my son Royce has a PhD. in
Bioengineering from your program. j

A reason for our interest in biological systems at Utah originates in the contact we have
had with the human genome project here at the University and the Hughes center. In
1987 Ray Gesteland reviewed his program and plans with us in the Computer Science
Dept, and my principle interest and concern at the time was how to search (and match)
those large DNA sequences using classical computer techniques. My interest in biology
and medical systems has continued, and we now think we have a new and uniquely
powerful way for people to see (and tour) multidimensional structures,

The technique we use for this sort of thing we call SB (Single-point Broken-line Parallel )
Coordinates because it allows us to generate a single point (for multidimensional data
spacels] superimposed on classical 3D orthogonal coordinate geometric spaces. This
rectulnque promises to be especially useful for discerning relationships in data defined
multicoordinate (or multiparameter) spaces in conjunction with classical 3D geometries
of other related structures.




Conventional Parallel Coordinate techniques generate n (visualizable) points in n parallel
coordinates from the (conceptual)(not see-able) single point in n coordinate orthogonal
space. These techniques when supplemented with our unique understanding of the visual
geometry of Parallel Coordinate Spaces allow people to understand, and generalize on
(curve fit) what has previously been “seen” to be only noisy, confusing, or apparently
random behavior. This appears to be particularly important when interesting data
structures do not line up with the (parallel) coordinates; rotating the data space allows
generation of “new" coordinates that parallel the data structures of interest. With these
new coordinates that align to the data structures of interest, we believe we will be able to
curve fit and analyse data that has never previously been understood.

Our multidimensional visualization work originated in my personal research aimed at
understanding million dimensional spaces; we used the Digistar projector at the Hansen
Planetarium for this work. nDV"s visualization techniques can be readily projected on
any large dome driven by an E&S Digistar Projector. This huge display literally
envelopes the viewer in his data space. This capability appears to be of interest to people
in the military for Command and Control Situation Management, and | expect it to be of
interest to people working in very large data spaces involving many dimensions or

parameters.
nDV is a small company, so we cannot promise nor commit significant monetary

resources to your Center yet. We can commit and make available our scientists and
engineers, our facilities, and our rapidly evelving technologies for multi-parameter

visualization.
We look forfyard to being a key participant.

R
M\ \E{iﬂawl

RR Johnsau
Principal
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July 22, 1998

Dr. J.D. Andrade

Depariment of Bioengineering
College of Engineering
University of Utah

Salt Lake City, Utah 84112

Dear Joe,

Thank you for the g
1 I 18 opportunity to discuss an i

Serist sl s oinbe; b d review your NSF Engineering Research Center appiication
Protein Selutions Inc. (PS i
| , Ing. 1) is very interested In b, i
asrtet i L_ke‘ v 8ing an industrial participan i I
. e g_J el c.:.ia;y bso!ecnnotr}gy Companies we are logking forpmelklpnjih; l;n |que.and
bbb e YOUr program, 3 While traditiona| Skills, motivation, commit Ry
bt -:radltf} n :.s:f:l'a: F.ha:ac!errslics of a good employea tha craaliiv ity an:dn:ai?lti;r:d d

o XN 'onal project invalving big) hysi i ity i g
Mmulti-disciplinary, b.=utechnnlagy mmpanfsucﬁgz'i?r?mlogy sy Sy ik il /i

As you well know. o i .
+ QUr particular interest and f, is Bi

and eventual mana > 8NC focus is biosensar developmen) if
undergraduate ;l-g;rzinﬁ Ofm?labolls diseases. We ars, therefore, gamcb:zs‘;‘;iw”y‘:hs.m°”'t°””9
producing an e “v; ::g With 2 biomimetic liver. Although we are certain] ﬁo,'i:es-eﬁ' in your
working on that project i o '@ biochemical, metaboiic and bioengineering knovf;sd : ergs,\?a >

p " develop and generate would make them extremely val :*;;\;hlc;\s.hs students

ly valuable to Ps|.

| am also intri ue .
are fo use rhegwag g: ;Dr::a:i: E; ::f World Wide Web as a research tool, Qur present Interests in thi
and heaith care providers. Your ida:rafcnn-g With Both patients suffering from chronic mell.'abajac dise .
Serving as nodes or components is quite faseo . o128 N eXperimental tool with patients or Students.
patients, for example, loarming b, Auile fascinating. One could envision a network of phenylketonuri

’ g 30out and experimenting with the management of thei. disease uesiﬂgu;la

small network model repr, nfin know mponents any fluences on henylalanine
epresent;
Ty ing all the known compone; and influences o P ylalani

Al this time we are stjl|

We can, howgveriﬂ;:ﬁ;n:gli:;fzﬂanf. S0 we cannot promise nor commit major monetary resource

and our rapidly evolving and develg, a.va'lab'sff" your students our scientists and engineers, our fa“'h'h's.

Given our corporate focys on m : hnllfig quantitative dipstick assays for key componants of metab?)ll's 5

tools and modeis you develop ety -, e 200lIC networks, we will certainly wish to il L
€iop related to metabolic network modeling, simulation :ncr visua::z;Itzig;ha

Let me assure you i i
you that yoyr Project and the resulls and students that it produces means a greal deal |
yo 0

us. We look forward tg pei i :
e e t Ng a key participant and wish you the best of luck in abtaining support for this

Sincerely,
/7

Rlick Van Wagenen, Ph.D.
Vice President for Research & Development
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Hopa it's not too late to Tespond to your kind invitation te join your
L Ve &5 a participating instirution. We'd be very pleased to be
) Anne

; ; July 22, 1998
(biomedical engineering] and

ic about your concept and s
sidered as contact faculty at Margue
8 and would be pleased to meet you t 8. 3
elated to her work as a "young investigator®.

Prof. 1.D. Andrade, Ph.D.
S¢chool of Enginsaring Department of Bicengineering

here next year, ! “The University of Utah
Biomedical Enginearing 2480 Memill Engm‘ Bu.ildi.ng
John H. Linehan, Ph.D David Z. D'Arganio Salt Lake City, Utah 84112
Bagozzi Professor and Chair i Professor and Chairman
Biomedical Engineering Department i Dear Prof. Andrade:
Tquette University

o e i R On behalf of the faculty in the Department of Biomedical Engincering at the
Office #'s (414) 288-3375 (Mu) University of Southem California, I enthusiastically accept the invitation to serve as

7 2 Participating Instimtion in your propesed Bicengineering Education Technology
Center,

A)
1/ index. html

hrep: //www.eng.mu. edu /-

As you know, the Department of Biomedical Engineerin g a1 USC has been
actively involved in modeling and simulation of biomedical systems for many
years. Since 1985 these activities have been carried out in the Department under the
auspicies of the Biomedical Simulations Resource (BMSR) Center, which is
supported by the National Center for Research Resources at the NIH, The BMSR

~ focuses on the development of advanced modeling and simulstion methodologies
for studying & variety of biomedical phenomens including mechanisms of memory
and leamning, sleep disorders and mechanisms of action of therapeutic drugs. The
methodologies developed have been applied broadly by ourselves and other
investigators working in neural science, Sensory systems, cardiorespiratory
physiology and therapeutic drug development. Four of the Department's eight
primary faculty (Profs. Berger, D' Argenio, Khoo and Marmegrelis) serve as
principal scientists of the BMSR, which also includes other collaborators including
Dr, Gilbert Chauvet. Dr, Chauvet, who as you know is internationally known for
his texts which implement a rigorous and extensive systems framework for
stdying bicmedical processes, ilsowachcs in our graduate coursc on neural
engineering.

i . S e e L e S e e A S e S
T g e - L e e Rt :

e e

Taken together, the robust research and established academic programs of the
Department of Biomedical Engineering at USC, along with our undergraduate and
graduate student body and aforementionad faculty, could serve as a valusble
member of your group of Participating Insdrutions. We look forward 1o working
with you in the establishment of an Engineering Rescarch Center in Bioengineering
Educational Technology.

Unwersty of

Southern California
Qlin Hall of

Enginssring 500

Los Angeles,

Caifornia gnosg-1a81
Tei: 213 740 0833

Fax. 213 780 0343
=T

Sarger-o@bmars usc edu

| Printed for joe.andrade® m.contah.cdn (Joseph Andrade) 1 |
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BERKELEY LAD

Center for Functional Imaging
June 22, 1998

Joseph D. Andrade, Ph.D.

University of Utah

Department of Bioengineering

30 S Central Campus Drive, Room 2480
Salt Lake City, UT 84112-9202

Dear Joe,

Thank you for the information on your proposed ERC on Biomedical En gineering Education. The
UCB/UCSF team have already begun a proposal with Stanford with Professor James Casey as the
PL T proposed that we interact with your program and, whereas we believe your person:
as institutional strengths would handsomely compliment our approaches, the team here de
submit the UCB/UCSF/Stanford ERC.

In any event, a number of gur faculty will be interested in your proposed visiting professor
program as well as serving as off campus advisors for the projects and other activities

Sincerely,

-t { /
Thomas F. Budinger, M.D., 1; D.
Henry Miller Professor of Medical Research, UCE
Professor of Radiology, UCSF

Head, Center for Functional Imaging, LBNL

TFB:hj

DR_ED :E[ School of Biomedical Engineering,
THIVIiEE Science and Health Systems

Y 32nd and Chestnut Streets
W Philadelphia, Pennsylvania rg1o4
TEL 21§ Bpsg-2214
FAX 215 Bps-4083

July 22, 1998

Joseph D. Andrade, Ph.D.
Department of Bioengineering
2480 Merill Engineering Building
The University of Utah

Salt Lake City, Utah 84112

Tel# 801-581 8528

Dear Dr. Andrade,

On behalf of our faculty, I am delighted to accept your invitation for Drexel University to
take part in the Engineering Research Center proposal titled "From Simplicity to
Complexity to "Simplicity™ which you plan to submit to the National Science Foundation
I'will also be pleased to serve on the Academic Advisory Council as the representative from
Drexel. As a participating institution, we will be prepared to exchange curricular materials,
faculty and students as well as share with you and your colleagues our many vears of
experiences with an integrated engineering curriculum and the project-based approach to
education. As we have discussed, a recent development at Drexel which may have impact
on your project is the ‘Engineering Collaboratory 2001 initiative. This effort is an
extension of our already successfully tested and implememted Web-based Engineering
Design Laboratories which serve our entire class of engineering freshmen and a portion of
our sophomores. We are currently working with a consortium of Universitics willing to
participate in the national deployment of the collaborative experiential leaming opportunities
in engineering education.

At the research thrust level, we are particularly excited about the opportunity to actively
contribute to the Modeling and Simulation of Complex Systems Research Thrust of your
Center. As we have discussed in our earlier meetings, the 'complex systems' and
‘evolutionary systems' curricula have been part of the graduate education experience at
Drexel since early '90s; we have offered, advised and supervised courses and
rescarch/design projects. These emerging concepts, theories and tools have also been .
embedded in our undergraduate Biomedical Engineering curriculum which will begin with
the Fall'98 inaugural class. We look forward to exchanging with you our course and
project material and to enriching our offerings with your contributions.




Let me take this opportunity to review with you once again our counterpart plans to
establish the Center for Educational Research and Development in Biomedical Engineering
and reiterate my invitation to you to serve on our External Advisory Board. As in your
case, we view our Center as an ‘imperative’ for Drexel, an initiative which is an
evolutionary consequence of our traditional investment in targetted engineering research,
our deep commitment to experiential leamning and our decade-long efforts to reengineer
engineering education.

As we have agreed, the synergy between our two centers is enticing. By linking our two
operations and leveraging our complementary resources, | am confident that we are jointly
poised 1o affect biomedical engineering education in a unique and compelling way.

With warm regards,

S%¥aL O W RAS—

Banu Onaral, Ph. D.
H. H. Sun Professor and Director

s rm o < Ve L

27 July 1998

].D. Andrade, Ph.D

Professor

University of Utah

Department of Bicengineering

50 S Central Campus Dr., Rm 2480
Salt Lake City, UT 84112-9202
801/581-4379
BO1/585-536) (fax)
joe.andrade @m.cc.utah.edu

Dear Joe,

1 enjoyed our discussions the other day ar Sarcos on your imtegrated four year, project-
based program for undergraduate bicengineering education. As you know, I have been a
proponent of project-based education for over thirty years, indeed, it is one of the
objectives of the Cemer for Engineering Design (CED) which I established at the
University of Utah over twenty years ago

Iam a firm believer that engineering education should be urned upside down. Rather than
present three to four years of didacuc classroom, cook book laboratory course work and
experience, followed by a relatively small short durarion senior design project, students
should become involved with a project ar the earfiest possible time, possibly even in high
school or junior high. If they have an interest, preferably a passion, in a project or subject
they should be given the opporunity to work on that almost immediately. We both know
and appreciate that motivanion and interest is the key to learning. Leonardo perhaps said it
best: “Study without 2 liking for it spoils the mind and retains nothing.” The wuly
motvated student/engineer will leam what hefshe needs to learn in order o pursue and
complete the project.

Key aspects of a successful engineer include creativity, commitment, perseverance, and
intelligence. The most important attnbute, however, is interest and passion in the subject.
These are the enginesrs we like to hire at Sarcos and our affiliared companies. These are
the engineers that we try to produce via the CED and its projects and acuvites at the
University of Utah, What you are proposing to de is right on and long overdue.

We will be happy to assist in any way we can

Thanks for the oppornity to participate.

Sincerely

acabsen. Ph.D.
enter for Engineering Design

Ceater for Eaginearing Design

Cellege of Eagineering
176 Merrill Enginesring Building
Salt Lake City, Utah 84112
(B01) 581-6499 / FAX (B01) 581-5304
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LOGICAL AND IRRIGATION ENGINEERING
n, UT B4322-4105 USA

85 fax: (BD1) 797-1248

I: breusu@cr. ww edu

July 6, 1998

Dr.J. D. Andrade

Professor

Department of Bioengineering
2480 Mermnll Engincering Building
University of Utah

Salt Lake City, Utah 84112

Dear Dr. Andrade:

The Department of Biological and Irrigation Engineering at Utah State University would
be most interested in collaborating in the proposed “Engineering Research Center on Biomedical
Engineering Technology”, We understand we would be a “participating institution” in the ERC
application

I would have three specific areas of interest, First, I would like to involve one or more of
our biological engineering courses. Those courses that may be considered would include: (1)
BIE 1880 “Biological Processes™, (2) BIE 2330 “Engincering Properties of Biological Materials;
(3) BIE 3000 “Biosensors and Instrumentation; (4) BIE 3200 “Bicenginsering Unit Operations™;
(5) BIE 5160 “Methods of Cell Culture™; (6) BIE 5240 “Protein Purification™ (7) BIE 5260
“Methods of Molecular Cloning”; (8) BIE 581 “Biochemical Engineering”; and (9) BIE 5850
“Biomatenals Engineering”. I can send more detailed descriptions should you need them

The second area of USU interest would be in student exchange. In addition to the use of
our courses by your students, we would be particularly interested in your biomedical courses as
technical electives for our sudents. This is an area of our program that is deficient

And finally, we would enjoy the opportunity to exchange faculty. We would only have
one ar two of ours that would be directly involved as the rest are irrigation engineers. Thus, such
exchanges would substantially enhance our program

I'll be in Ecuador until the week of July 13® but should be at USU for most of the rest of
the summer. I'll lock forward to your visit and an opportunity or renew our discussion of
biological engineering.

Best Regards,
Vi
4y Connn

Wo'nn R Walker
Professor and Head

ilbe;
Gilbert A, Chauver, M.D., Ph.D. Professor of Theoretical Biology
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