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1 Introduction and Overview
The development of novel materials and transducer designs for high performance applications naturally leads
to multiple scales in space and time which must be spanned to achieve the full capabilities of the compounds.
Moreover, model development, numerical approximation, control design, and experimental validation and im-
plementation involve both deterministic and stochastic components which must be addressed in concert to
provide both fundamental understanding of the materials and to achieve stringent design and control spec-
ifications. The goal of the SAMSI Program on Multiscale Model Development and Control Design was to
identify short and long term research directions deemed necessary to achieve both fundamental and tech-
nological advances in this rapidly growing field and to initiate collaborative research programs — between
mathematicians, statisticians, materials scientists, engineers, and physicists — focused on the synergistic
deterministic/stochastic analysis of advanced materials.

A number of these issues can be illustrated in the context of two prototypical materials, piezoceramics and
ionic polymers, which are being considered for applications ranging from quantum storage to artificial muscle
design. In both cases, the unique transducer properties provided by the compounds are inherently coupled
to highly nonlinear dynamics which must be accommodated in material characterization, numerical approxi-
mation, device design and control implementation. For piezoceramic materials, deterministic energy relations
can be constructed at microscopic or mesoscopic levels to quantify constitutive nonlinearities. To construct
macroscopic models suitable for transducer or control design, however, variability in material properties, grain
orientations, and field-stress distributions must be accommodated through either stochastic or deterministic
homogenization techniques. The situation for ionic polymers is significantly more complex due to inherent
coupling between chemical, electrical and mechanical properties of the compounds. Present investigations are
focused on the use of Monte Carlo simulations to characterize material capabilities, and the development of
energy relations through deterministic or statistical mechanics tenets is in its infancy. Furthermore, whereas
statistical inference principles have been employed to construct multiscale hierarchical models for other physi-
cal phenomena, including biological and environmental mechanisms, application of these techniques to material
characterization is in its nascency.

The real-time approximation of comprehensive material models for device design and model-based con-
trol implementation is a significant challenge which must be addressed before novel material constructs and
device architectures can achieve their full potential. The realization of these goals requires the development
of reduced-order models which retain fundamental physics but are sufficiently low-order to permit real-time
implementation. One technique under consideration is based on Proper Orthogonal Decomposition (POD)
techniques — also known as Karhunen–Loève or principal component analysis — which combines both sta-
tistical and deterministic aspects. Significant theoretical and implementational issues remain in the area of
reduced-order model development for characterization and control design and this constitutes one of the focus
topics for the program. Furthermore, issues associated with reduced-order model development transcend this
program and advances made here have the potential for making significant contributions to fields ranging from
flow control to economic analysis.

The final component of the program focused on control design, a crucial aspect of which is robustness
with regard to disturbance and unmodeled dynamics. Deterministic robust control designs often provide un-
certainty bounds which are overly conservative and hence provide limited control authority. Alternatively,
one can provide statistical bounds on uncertainties. In the context of material models, one approach is to
quantify the manner through which uncertainty is propagated between scales to address the goal of improving
the characterization of uncertainty in system-level models used to quantify high performance transducers. To
achieve the efficiency necessary for real-time implementation of model-based control techniques, one must typ-
ically employ reduced-order numerical models such as the previously described POD expansions. Hence model
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development, numerical approximation, control design, and experimental implementation must be considered
in concert to achieve the unique capabilities provided by novel materials and transducer architectures.

Despite the highly interdisciplinary nature of the field, these components have primarily been investigated
in isolation within both the mathematics and statistics communities. Even within the mathematics commu-
nity, investigations have tended to treat model development, numerical approximation, and control design as
segregated topics rather than synergistic facets of a unified field. However, to achieve the program objectives,
it was necessary to investigate materials science, mathematical and statistical issues in concert, and this was
the mandate of the SAMSI Program on Multiscale Model Development and Control Design.

The program included the following components and activities:

• Opening Workshop (January 17–20, 2004): Leading researchers from a variety of fields encompassing
multiscale analysis were asked to provide overview presentations and make recommendations concerning
research directions deemed necessary to make significant advances in the field. This provided a framework
for the research directions pursued in the program.

• Workshop on Multi-scale Challenges in Soft Matter Materials (February 15–17, 2004): Chair:
Greg Forest (UNC). This workshop addressed the identification of open research questions and determina-
tion of collaborations and research directions required to provide significant advances in the fundamental
understanding and utilization of novel soft matter materials — e.g., liquid crystal polymers.

• Workshop on Fluctuations and Continuum Equations in Granular Flow (April 15–17, 2004):
Chair: David Schaeffer (Duke). This exploratory workshop delineated research directions focused on
model development, analysis, and numerical approximation techniques for granular flows.

• Closing Workshop (September 27–28, 2004): Participants in the program outlined progress made
in the development of Monte Carlo simulation models for ionic polymers, homogenization techniques
for complex materials, multiscale models for magnetic materials, and nonlinear control designs which
accommodate uncertainty. Future directions in topics including scale in stochastic differential equations
and stochastic modeling were also discussed by experts in the respective fields.

• Distinguished Lecture: Professor Jonathan Chapman, Oxford University, March 2, 2004, “A Hierar-
chy of Models for Type-II Superconductors.”

• SAMSI University Fellow: Professor Arthur Krener, University of California, Davis.

• SAMSI Postdoctoral Fellow: Emily Lada.

• SAMSI Young Research Fellow: Andrew Newell, University of California, Santa Barbara and North
Carolina State University.

• SAMSI Graduate Fellows: Laura Ellwein (NCSU), Jon Ernstberger (NCSU), Joe Lucas (Duke), Eric
Vance (Duke)

• Short and Long-Term Visitors:

• Working Groups: Four formal working groups were formed to organize, pursue, and communicate
research investigated during the program.
– Paradigms for Bridging Scales: Led by Alan Gelfand (Duke) and Ralph Smith (NCSU)
– Control Design: Led by Arthur Krener (SAMSI University Fellow from UC Davis)
– Homogenization: Led by H.T. Banks (NCSU) and D. Cioranescu (U. Paris VI)
– Model Development for Ionic Polymers: Led by Emily Lada (SAMSI) and Lisa Weiland (VA Tech)
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• Courses: Two courses were taught in conjunction with the program.
– Mathematical and Statistical Techniques for Advanced Materials Synthesis, Cross-listed at NCSU, UNC
and Duke and co-taught by Ralph Smith (NCSU) and Alan Gelfand (Duke).
– Nonlinear Dynamics and Control, Taught at NCSU by Arthur Krener (SAMSI University Fellow from
UC Davis)

• Technical Reports, Papers, and Books:

• Presentations:

Details regarding these activities are provided in subsequent sections.

2 Program Objectives, Anticipated Outcomes and Recruitment

2.1 Objectives
The following program objectives were identified during the Opening Workshop. Details regarding these
activities are provided in Section 4.2 in the context of the program working groups.

• Provide modeling frameworks for advanced materials, including piezoceramic, magnetic and shape mem-
ory compounds, liquid crystal and ionic polymers and granular compounds which, when appropriate,
span spatial scales from angstrom-level quantum behavior to meter-level system dynamics. Temporal
scales range from nanosecond to time scales as long as years. These frameworks will combine determin-
istic energy analysis with stochastic models and homogenization techniques to effectively bridge scales.

• Develop full-order numerical approximation techniques for high fidelity material characterization and
reduced-order numerical models for real-time physical implementation. This will require a synergistic
analysis of deterministic approximation issues in combination with stochastic frameworks such as those
arising in Proper Orthogonal Decomposition (POD) techniques — also known as Karhunen–Loève or
principal component analysis.

• Develop linear and nonlinear control frameworks which incorporate the manner through which uncer-
tainty is transmitted across spatial and temporal scales to enhance efficiency and robustness. Significant
emphasis will focus on the development of nonlinear control techniques that are feasible for real-time
implementation.

• Construct experimental databases and perform validation experiments to establish properties and limi-
tations of models and control designs.

• Catalyze collaboration between mathematicians, statisticians, material scientists, physicists and engi-
neers to pursue the research program.

• Initiate research and educational programs necessary to achieve the long-term goal of providing determin-
istic/stochastic multiscale frameworks for the characterization, control, and design of novel compounds
for aerospace, aeronautic, industrial and biomedical applications. Communicate with program managers
and funding agencies to ensure that they know the directions projected by the program.

• Provide a nucleus for developing models, numerical techniques, and control theory through workshops,
research visits, colloquia, classes, and maintenance of the program web site http://www.samsi.info/

200304/multi/multi-home.htm.
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2.2 Anticipated Outcomes
Expected outcomes at the program level were the following. The methods used to document each outcome
are indicated in brackets. A number of the outcomes were still in progress at the program conclusion and
post-program evaluation will be be performed in these cases.

• Significant research accomplishments by the working groups leading to collaborations and interdisci-
plinary research with the goal of starting to write papers and research proposals by the end of the
program. [Documentation: A fundamental result will consist of documents defining future research di-
rections identified during the program. These documents will be disseminated to program managers at
funding agencies and the general research community. The number of papers, proposals, and research
visitors for the program are being documented.]

• Significant educational benefits for mathematics and statistics graduate students, postdocs, and faculty
through the two semester-long courses. This will provide a common theoretical basis and vocabulary to
pursue truly integrated research focused on the deterministic/stochastic multiscale analysis of advanced
material systems. [Documentation: Formal evaluations and feedback from course participants.]

• Significant educational experience for SAMSI graduate students and postdocs as well as visiting stu-
dents and postdocs. This will strongly enhance their perspectives regarding future research directions
considered as important by experts in the field. [Documentation: Formal evaluations and feedback from
participants.]

• Provide a focal point within the mathematics and statistics communities for synergistic multiscale anal-
ysis of advanced materials through the visitor program and program website. [Documentation: Feedback
from visitors.]

• Dissemination of research directions and results through presentations at international conferences (e.g.,
SIAM Annual Meeting, Portland, OR, July 14 and Joint Statistical Meetings (JSM) in Toronto, Au-
gust 8), articles in society publications (e.g., SIAM News), and publication of the recommendations
from the Soft Matter Workshop in an appropriate proceedings volume. [Documentation: A record of all
presentations and publications is being maintained.]

2.3 Recruitment and Diversity
Two significant goals of the program were to make it as widely accessible to young people as possible and
to recruit a diverse range of participants. Both goals were addressed through aggressive solicitation by the
program leaders and committee via personal and research contacts as well as formal symposia and presenta-
tions. For example, the majority of participants who attended the Opening Workshop were notified by either
the organizers or committee. Of the 82 attendees on the second day of the workshop, 19 were women, 4
were African American and 1 was Hispanic. Similar demographics were observed during the remainder of the
workshop as well as at the other workshops.

Several formal presentations have also made by the program chairs, postdoc, and members of the SAMSI
directorate. As detailed in Section 4.6, Smith gave a SAMSI presentation at the SIAM Annual Meeting in
Portland, OR, on July 14 and Emily Lada gave a similar presentation at the Joint Statistical Meetings (JSM) in
Toronto, Canada, on August 8. Smith has discussed aspects of the SAMSI program at seminars and colloquia
throughout the last year and similar presentations are being made by other SAMSI participants, chairs and
directors.

2.4 Program Conclusions
One of the primary goals of the program was to ascertain the manner through which synergistic mathemat-
ical/statistical investigations could significantly advance characterization and control capabilities of systems

4



exploiting advanced materials. A number of different possibilities were explored by the working groups and
conclusions can be broadly summarized as follows.

The efficiency, robustness and, in some cases, accuracy, of models can be significantly improved by frame-
works constructed using a combination of deterministic energy principles and stochastic homogenization tech-
niques. Characterization in this manner incorporates uncertainty that is inherent in both spatial and temporal
scales while exploiting known physical properties. Model frameworks developed in this manner during the pro-
gram are presently being investigated for a number of advanced materials with one significant goal being the
custom design of compounds that optimize performance for specific applications. The techniques are being
extended to biomedical applications including the characterization of cartilage properties as a step toward
treatment strategies for degenerative diseases.

From a control perspective, it was concluded that the synergy between stochastic and deterministic analysis
has great potential for improving uncertainty bounds in robust control designs and the construction of reduced-
order models for real-time implementation. Both facets are under present investigation.

The concepts of “multiscale analysis” are ubiquitous in both applied mathematics and statistics and one
of the goals of the program was to ascertain the degree to which the concepts could be merged in the context
of material characterization and control. Specifically, we investigated the degree to which the hierarchical
techniques associated with multiscale methods in statistics could be used to quantify the mathematical and
physical behavior associated with multiple spatial and temporal scales in materials. The conclusion was that
this could be accomplished only when there was sufficient data at fine scales to infer properties of statistical
models. In some cases, high fidelity numerical simulations and/or very limited experimental measurements
could be used as data at fine (micro and nanolevel) scales. With present measurement techniques, however,
the dearth of data at fine spatial scales precludes comprehensive hierarchical material characterization. This
may improve as high resolution measurement techniques are developed and fine-scale data becomes available.

3 Program Activities

3.1 Program Leadership
The scientific committee consisted of Ralph C. Smith (Chair: NCSU), Alan Gelfand (Co-Chair: Duke), Doina
Cioranescu (Universite Pierre et Marie Curie), Greg Forest (UNC), Murti Salapaka (ISU), David Schaeffer
(Duke), Chris Wikle (Missouri) and Margaret Wright (NYU).

3.2 Opening Workshop
The SAMSI Opening Workshop for the Program on Multiscale Model Development and Control Design was
held on January 17–20, 2004. The goal of the workshop was to initiate discussion focused on identifying
avenues of multiscale analysis crucial for the success of advanced materials in present and projected transducer
designs for fields ranging from quantum computing and nanopositioning to liquid crystals and granular flows.
A prominent theme throughout the workshop was the necessity of exploiting the natural synergy between
model development, numerical approximation, and control design utilizing a combination of deterministic and
stochastic specifications to explain and achieve the novel performance capabilities of advanced materials.

Tutorials on Energy Techniques for Multiscale Modeling, Principles of Multilevel Stochastic Modeling, and
Control Design for Nonlinear Systems were offered on the first day of the workshop with 75 participants in
attendance. The program during the remaining three days consisted of six focus sessions on topics pertaining
to multiscale materials analysis, oral poster previews, and a poster session. Each session consisted of two 40
minute overview presentations followed by 40 minutes of discussion focused on identifying directions necessary
to achieve significant scientific advances in that facet of the field. The open forums were expanded in the final
session of the workshop to identify objectives and research directions to be pursued in the program.

A total of 92 individuals registered for the workshop of whom 40 were affiliated with mathematics depart-
ments, 24 were in statistics departments, and 28 had affiliations in physics, materials science or engineering.
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The demographics for the second day are representative of those for the full workshop and can be summarized
as follows. There were 82 attendees of whom 19 were women, 4 were African American and 1 was Hispanic.

During the open forum on the final day of the workshop, three focus areas were identified and suggested
as topics for working groups: (i) Paradigms for bridging scales, (ii) Control design, and (iii) Homogenization.
The first focuses on the synergistic construction of deterministic and hierarchical models based on inference
analysis for a prototypical material. It was suggested that the control group focus on the development of
robust control techniques. To permit real-time implementation, the development of reduced-order methods
comprises one aspect of the control design. Finally, it was recommended that the homogenization group focus
on deterministic and stochastic homogenization techniques feasible for numerical and eventual experimental
implementation. It was stressed during the forum that groups communicate frequently through joint meetings
and overlapping participants and this has been promoted during the program.

3.3 Workshop on Multi-scale Challenges in Soft Matter Materials (Greg Forest,
Organizer)

At the outset, the stated primary goal of the meeting was to identify and develop collaborations across dis-
ciplines and across scientific method of emphasis. There is a clear advantage to merge theory, modeling,
simulation, and experiment toward deeper understanding of the many mysteries in soft matter. The mathe-
matical community is warming up to the reality that soft matter systems are pervasive across biology, natural
physical systems, and technology, and yet we do not have robust model equations, primarily because the
“noncovalent” physics and chemistry that dominates such forms of matter are only partially understood. The
numerical algorithms for the simplest classes of isotropic, continuum models of viscoelasticity simply fail in
the limit of high Deborah number when elastic time scales are shorter than fluid time scales.

This unsettled ground for mathematics and theory is ripe for statistical intervention. Proposed models are
routinely generated and tested against sparse data collected in experiments, with no overarching application of
model validation principles across model space, and very little mention of statistical design of experiments. The
data collected, either from imaging or force detection instruments, is rarely directly related to model variables;
thus, interpretation of data is a major issue of unknown proportion, and data mining is rarely discussed in this
context. Often, measurements are made of moments of distribution functions, e.g., degrees of entanglement or
degrees of coil versus stretch in long-chain molecules, or orientational distributions of anisotropic molecules.
These issues are central to the classical problems of non-uniqueness of moment truncations moment-closure
models.

The undercurrent of multiple scales in space and time is now evident and acknowledged, further compelling
the need to intelligently blend all components of the scientific method toward unraveling the phenomena,
form, and function of soft matter. The mix of natural, biological, and synthetic material systems that was
represented at the meeting helped all participants to further reach for unifying perspectives, as well as address
focused model systems. What classification of soft matter model systems will emerge to replace the classical
continuum mechanical, coarse-grained equations and model systems of mathematical physics? This and many
other meta-science questions are the topics of workshops and conferences across the science, health, and
technology communities, and are becoming necessary topics of debate as the cultures of biology and medicine
merge and interact with those of physical, mathematical, statistical, and computational science. . Increased
awareness is mandated for any discipline and culture to access and compete in major funding initiatives of the
federal government (e.g., the multi-agency Nanoscience and Technology initiative and the NIH Roadmap).

The organizing committee was chaired by Greg Forest, and assembled to reflect all components of the
modern scientific method: experiments, theory, modeling, and computation. Day 1 focused on overview
presentations by the Organizing Committee, followed by a rousing poster session which commanded both
floors of the NISS building. Day 2 then went into more detail with specific short talks in each methodology,
again with the presentations focused on current advances and open questions on the near horizon. Day 3 was
dedicated to synthesis, and an attempt to put down in writing the collaborative projects that were spawned
during the meeting.

Additional information about this workshop can be found in the SAMSI 2004-2005 Annual Report.
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3.4 Workshop on Fluctuations and Continuum Equations in Granular Flow (David
Schaeffer and Robert Behringer, Organizers)

The meeting was a great success scientifically. It brought together people of different backgrounds–physicists,
civil engineers, and mathematicians.

The main statistical issue in granular materials is to derive continuum constitutive laws from micromechan-
ical information, which will be of a statistical character. In three of the five sessions, this issue was addressed
from several disciplines–experiments, physical theory, and mathematical analysis. This problem is far from
solved, and there was a stimulating variety of viewpoints.

The applications session focused on the flow of granular materials through a silo. Here the main issue is
reliability. The behavior of flowing and stagnant granular materials is very counterintuitive in many aspects.
Extreme fluctuations from the average behavior happen only too often, and these fluctuations are typically
neglected in design. (Moreover, because of our inability to describe such materials adequately, even an enlight-
ened designer does not know how to allow for them.) Consequently, silo failures are painfully common–100
to 1000 times more frequent than failure of other engineering structures. Despite the frequency of collapses,
ordinary statistical analyses are not possible because of lack of data–instrumentation to collect the relevant
data is extremely expensive, and moreover most designers are unaware of what information is needed.

The fifth session introduced three related classes of problems. (i) Phase transitions in ferromagnets: In
such systems, the statistics of spin flips depend crucially on an order parameter governing randomness in
the system. It seems likely that the ferromagnetic system may provide insights to physical avalanches and
landslides; indeed the term “avalanche” is used to describe events in which a large number of spins flip
simultaneously. (ii) Underwater landslides: Experiments on such phenomena were presented. In this case the
interaction of the granular material with the fluid surrounding it leads to new, interesting phenomena. (iii)
Glasses: Spin glasses are a disordered system much studied in the physics community. It is hoped that this
subject may provide guidance on how to approach a statistical treatment of granular materials.

In the early afternoon of both days we divided into discussion groups. The groups were allowed to form
spontaneously, and each time there were about four groups. These groups were an important, stimulating part
of the meeting. One group focused on the extent to which the response of a granular material can be described
by nonlinear elasticity. A particular problem deserves special focus: i.e., how a delta-function addition to the
stress at the surface of a granular material propagates into the interior. Of course, because granular materials
are disordered, this question must be addressed statistically, both experimentally and theoretically. Some
theories and some experiments suggest that the distribution of added stress at depth will have a two-peaked
distribution, and it is argued that such behavior provides evidence that the equilibrium PDE describing a
granular medium are hyperbolic. However, as was discussed at the session, nonlinear elasticity can also lead to
such a response. We also discussed how the elastic behavior of a medium can be derived from micromechanics.

A variety of state variables have been proposed to characterize granular materials and construct constitutive
equations: (i) a scalar variable is at the basis of Aronson’s Ginzburg-Landau type approach; (ii) a tensorial
state variable emerges in STZ theory; several definitions of granular temperature have been proposed in relation
to fluctuations of either (iii) kinetic, or (iv) elastic energy–and I would add (v) enthalpy; (vi) tensorial kinetic
temperatures have been introduced to account for directional fluctuations of velocities. We need to clarify the
relevance and relation between these different variables: (1) do we need tensorial state variables, and if yes,
do we need tensorial temperatures? (2) What is the relevance of kinetic vs elastic energy fluctuations? (3)
Since deformation is associated to changes in the density, how should this be taken into account?

3.5 Closing Workshop
The SAMSI Closing Workshop for the Program on Multiscale Model Development and Control Design was
held on September 27–28, 2004. A total of 24 applicants registered for the workshop of whom 14 were affiliated
with mathematics departments, 5 were in statistics and 5 had affiliations in mechanical engineering, materials
science or engineering. During the first day, there were 24 attendees of whom 10 were women whereas there
were 16 attendees with 3 women on the second day.

During the first day of the workshop, participants from the four working groups reported on progress made
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during the spring and summer. The homogenization group reported significant progress on the development
of both theory and numerical approximation techniques to provide implementable homogenization models for
complex materials. The ionic polymer group reported on the development of a multiscale characterization
framework comprised of Boltzmann energy principles with densities constructed using Monte Carlo simulation
techniques. The group focusing on the development of paradigms for bridging scales discussed the manner
through which the group evolved to investigate multiscale models for magnetic compounds whereas the control
group report on progress made in the development of reduced-order models and nonlinear control techniques
which employed multiscale analysis to quantify uncertainty.

During the second day of the workshop, presentations focused on open questions arising in scaling issues
for stochastic partial differential equations and stochastic modeling approaches for multiscale modeling.

3.6 Distinguished Lecture
Speaker: Professor Jonathan Chapman, Mathematical Institute, Oxford University

Date: March 2, 2004

Title: “A Hierarchy of Models for Type-II Superconductors”

Abstract: One of the interesting aspects of superconductivity is the variety of models available to describe the
phenomenon at different length scales, ranging from the microscopic theory of Bardeen, Cooper & Schreiffer
through the mesoscopic theories of London and Ginzburg & Landau, to the macroscopic Critical State theories
such as the Bean model. The talk will explore the relationship between these different models by examining
suitable asymptotic limits.

The basic building block in deriving this hierarchy is the superconducting vortex, which is a thin core of
nonsuperconducting material circled by a superconducting electric current. Similar line singularities are found
in other systems, for example, line vortices in an inviscid fluid, or Volterra dislocations in an elastic crystal.
This raises the interesting question of whether analogous hierarchies of models exist in each of these other
systems, and whether similar connections can be established between them.

3.7 SAMSI University Fellow
Arthur Krener (01/01 – 5/01): Arthur Krener received his PhD in mathematics from the University of
California, Berkeley, in 1971. Since 1971 he has been at the University of California, Davis where he has been
Professor of Mathematics since 1980. In 2002 he was named a Distinguished Professor of Mathematics. He
has held visiting positions at Harvard University, the University of Rome, Imperial College of Science and
Technology, NASA Ames Research Center, the University of California, Berkeley, the University of Paris IX,
the University of Maryland, the University of Newcastle, Australia and the University of Padua.

Professor Krener is a Fellow of the IEEE. His 1981 IEEE Transactions on Automatic Control paper with
Isidori, Gori-Giorgi and Monaco won a Best Paper Award. His 1977 IEEE Transactions on Automatic Control
paper with Hermann was recently chosen as one of 25 Seminal Papers in Control in the last century by the
IEEE Control Systems Society. He was a Fellow of the John Simon Guggenheim Foundation for 2001–2002.

His current research interests are in developing methods for the control and estimation of nonlinear dynam-
ical systems and stochastic processes. Along with Wei Kang he developed the theory of control bifurcations. A
control bifurcation is the loss of stabilizability of an equilibrium of a control system. Krener is also working on
methods of developing low order models for control of complex systems. Recently he proved that the extended
Kalman filter is a locally convergent observer for a broad class of nonlinear systems.

3.8 SAMSI Postdoctoral Fellow
Emily Lada (01/01/04 – 1/15/05): Emily Lada received her BA in mathematics from the University of North
Carolina at Chapel Hill. She also hold MS and PhD degrees in operations research from North Carolina State
University. While at North Carolina State University, she was awarded a Selected Professions Fellowship from
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the American Association of University Women, a General Electric Faculty for the Future Teaching Fellowship,
and a North Carolina State University Dean of Engineering Fellowship. Before coming to SAMSI, Emily
was a Senior Research Scientist at Old Dominion University’s Virginia Modeling, Analysis, and Simulation
Center (VMASC) where she participated in the validation of a military logistics model designed to calculate
the feasibility of transportation and sustainment of military forces. She also assisted in the development of
material for overview courses in modeling and simulation.

Emily’s main research interests are in the area of large-scale simulation modeling and analysis. She is
currently investigating the development of a simulation model of nafion, which is one of the ionic polymers
presently under investigation for use in applications ranging from artificial muscle design to chemical sensing.
The polymer chains making up nafion are composed of a hydrophobic back bone with hydrophilic side chains.
In order to develop an energetics model for the hydrophilic regions, it was necessary to estimate the material
properties of the hydrophobic region. The bulk material properties of the hydrophobic region depend on how
stretched out the chains are. This effect is modeled by tracking the distribution of end-to-end distance for a
large number of chains.

3.9 SAMSI Young Research Fellow
Andrew Newell (01/01 – 5/15): Andrew Newell received his PhD in geophysics at the University of Wash-
ington in 1997. He did brief postdoctoral stints at the University of Washington and Scripps Institution of
Oceanography. From 2000 to 2003 he was a Research Assistant in the Department of Geological Sciences at
the University of California Santa Barbara. He is presently a Research Associate in the Center for Research
in Scientific Computation at North Carolina State University.

His research revolves around the magnetic properties of rocks with applications to paleomagnetism and
environmental magnetism. Areas of concentration include micromagnetic modeling, Preisach theory, low
temperature phase transitions in ferromagnets, and magnetotactic bacteria with applications to exobiology.

4 SAMSI Graduate Fellows
• Laura Ellwein (NCSU): Abnormal cerebral blood flow can be an indication of cerebral vascular

disease. Laura’s research is concerned with the simulation of cerebral blood flow during postural change
from sitting to standing. A system of ordinary differential equations is used for a nine-compartment
model representing the systemic arteries and veins in the upper extremities, lower extremities, brain,
and heart. The system is solved with Matlab using steady-state parameters found in literature for
initial values. Optimal control is used to adjust these parameters such that the model can be made
to fit measured blood flow and pressure data. Physiologically based control mechanisms are used to
describe how arterial and cerebral blood pressure drop during the posture change. Future analysis will
include the addition of time delays to analyze the timing of the onset and the duration of the control.
In addition, we plan to investigate the effect of replacing one or several compartments with a more
detailed one-dimensional (with one spatial dimension) fluid dynamics model based on partial differential
equations.

Whereas Laura’s research focused on a biological application, it encompassed a number of multiscale
and control facets. There was also inherent uncertainty which required analysis similar to that under
investigation for materials. Laura additionally participated in the SAMSI Program on Computational
Biology of Infectious Diseases in the Fall of 2004.

• Jon Ernstberger (NCSU): Jon’s research focused on the development of distributed parameter models
(partial differential equation or PDE) for smart material uniforms operating in nonlinear and hysteretic
regimes. In the first step of the model development, nonlinear constitutive relations were constructed
by combining energy principles at the mesoscopic level with stochastic homogenization techniques to
construct macroscopic models which characterize the hysteresis inherent to the materials. PDE based on
these constitutive relations were constructed through conservation of force and momentum. The final step
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of the initial component of the investigation focused on the approximation of these PDE through Galerkin
techniques to obtain finite-dimensional, vector-valued systems appropriate for simulation. The next step
of this analysis will focus on the extension of these models and approximation techniques to more complex
geometries (e.g., plates and shells) and alternative materials including magnetic compounds and shape
memory alloys.

This research program fit very naturally within the context of the multiscale program since it
encompassed aspects of multiscale model development and approximation for advanced material systems.
The models developed in this investigation will employed for model-based control design for applications
ranging from flow control to remote lens cleaning.

• Joe Lucas (Duke): Joe participated in the Multiscale Modeling Program at SAMSI. As part of this
work, he attended the opening Workshop as well as the Tuesday evening class for which he Latexed Eric
Vance’s notes. These were being provided through Jon Ernstberger to Ralph Smith to provide a written
document for the course. Also, he participated in the “Paradigms for Multiscale Modeling” working
group, for which he attended meetings and kept up with the reading.

Joe is studying the uses of partition of unity in simplifying local regression smoothing. Given the
proper choice of weight functions, it can be shown that it is equivalent to splines. He wants to show that
the technique can be arbitrarily close to loess as well (given a different choice of weight functions).

Joe contributed strongly to both the working group and class. While coming from a statistics
background, he obtained a firm grasp of the deterministic energy relations used to construct nonlinear
constitutive relations at the mesoscopic level. He is presently investigating the constructing of stochastic
materials models based on inference principles.

• Eric Vance (Duke): Eric’s involvement in the multiscale program consisted of being a part of the
working group which is investigated paradigms for bridging scales. He attended the weekly working
group meetings and read various articles concerning the items that were discussed. Related to this
work is the SAMSI course on Multiscale Model Development in which he took notes for Joe Lucas to
convert to Latex, and kept up with the readings and the homework assignments. Also, as part of his
involvement with SAMSI, he continued research related to his work last semester in the Data Mining
and Machine Learning program. Eric’s specific research includes developing a model of multiple latent
factors in order to explain the covariance within metabolites for diseased and non-diseased individuals.
This work spawned from the “Large P small n” working group because the number of metabolites is
larger than the number of individuals or data points observed.

Eric also contributed strongly to both the working group and class. While his research does not
directly pertain to multiscale model development or control designs, it provided perspectives which may
prove advantageous for constructing hierarchical models for advanced materials.

4.1 Short and Long-Term Visitors
Short-Term Visitors:

• John Whiteman and Simon Shaw (Senior Faculty – Brunel Unversity, UK, Applied Mathematics,
November, 2003): Pursued research in collaboration with H.T. Banks, J. Hood, N. Medhin and G. Pinter
on multiscale model development and inverse problems for polymers and filled elastomers in which
molecular-based formulations with uncertainty — characterized by probability distributions that must
be estimated — are constructed to explain macroscopic hysteretic phenomena.

• Gabriella Pinter (Junior Faculty – University of Wisconsin, Milwaukee, Applied Mathematics, Novem-
ber, 2003): See the previous research description.

• Doina Cioranescu (Senior Faculty – Universite’ Pierre et Marie Curie, Applied Mathematics, 1/16 –
1/22): Presented an invited lecture during the Opening Workshop and collaborated with local scientists
in the Homogenization working group.
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• Simona Mancini (Postdoctoral Fellow – Universite’ Pierre et Marie Curie, 2/14 – 2/18): Attended the
Workshop on Multi-scale Challenges in Soft Matter Materials, participated in the working groups and
attended the SAMSI class.

• Jonathan Chapman (Senior Faculty – Oxford University, Applied Mathematics, 2/29 – 3/4): Pre-
sented a Distinguished lecture, met with local and visiting scientists, and participated in the working
groups.

Long-Term Visitors:
• Leon Gleser (Senior Faculty – University of Pittsburgh, Statistics, 1/23 – 2/27): Professor Gleser’s

current research interests are in linear and nonlinear measurement error regression models, theories
of statistical inference, statistical meta-analysis, applications of statistical model and methods to the
biological, physical and behavioral sciences.

Professor Gleser participated in the working group on “Paradigms for Bridging Scales” and met with
students, postdocs and both visiting and local faculty during his visit.

• Nicholas Zabaras (Senior Faculty – Cornell University, Applied Mathematics, 2/2 – 3/5): Professor
Zabaras’ research focuses on the development of robust multiscale material models which can be employed
both for optimal material design and optimal design of systems exploiting advanced materials. This
includes the development of spectral stochastic methods for modeling uncertainty propagation in the
analysis, optimization and design of continuum systems, and the development of multi-length scale
algorithms for the analysis and design of microstructures in engineering materials. Aspects of his research
also focus on the development of real time feedback mechanisms for the control of complex material
processes in the presence of uncertainty.

Professor Zabaras participated in working groups on “Paradigms for Bridging Scales” and “Control
Design.” He also worked with students, postdocs and visiting and local faculty during his visit.

• Ricardo del Rosario (Junior Faculty – University of the Philippines, Applied Mathematics, 4/9 –
5/7): Professor del Rosario’s research focuses on the development of full and reduced-order numerical
approximation techniques for smart material systems including piezoceramic shells. He also investigates
the development of control techniques for smart material systems including full-state feedback designs
and compensators employing asymptotically convergent state estimates.

Professor del Rosario participated in all three working groups, contributed to the SAMSI class, and
pursued research with the SAMSI postdoc for the program as well as local and visiting scientists.

4.2 Working Groups

Paradigms for Bridging Scales

This group identified the following high level objectives.

• Pick a prototypical or representative material and build, to the extend possible, a full multiscale analysis
ranging from microscopic to system level. This employed techniques including energy analysis, meta-
modeling, data aggregation and homogenization theory. An important consideration when choosing the
material was to ensure that we had sufficient data at the different scales to motivate physical mechanisms
and permit validation. At the microscopic and mesoscopic levels, this data may be simulated using high
resolution codes.

• Employ inference analysis to develop hierarchical models for material characterization and control de-
sign, and jointly analyze hierarchical and deterministic models to construct unified characterization
frameworks.

• Once the multiscale framework is understood for the prototype, we began to extend it to novel compounds
projected for advanced applications — e.g., piezoceramics, magnetic and shape memory compounds,
liquid crystal polymers.
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• A fundamental component of the investigation focused on the use of statistical methods and models to
reduce computational times for 2-D and 3-D materials models. This is crucial both from the perspective
of transducer design and the real-time implementation of linear and nonlinear control techniques. This
component will take as a starting point the development of reduced-order numerical models using Proper
Orthogonal Decomposition (POD) techniques.

• Identify a source of multiscale data to motivate and validate mathematical/statistical models.

• Determine a prototypical system for investigating failure analysis in high performance systems through
characterization of distribution tails. One goal is to construct a framework which facilitates identification
of microstructures given macroscopic measurement. After considering a number of materials, magnetic
compounds were considered due to the availability of micro-level data obtained both through experiments
and high fidelity simulations.

Present and Future Research

• Newell is investigating the use of high fidelity micromagnetics codes to generate microscale data to be
used in the construction of hierarchical models for ferromagnetic materials.

Control Design

A high level goal of this group was to develop control theories and algorithms which employ multiscale anal-
ysis to enhance robustness and facilitate physical implementation for advanced material transducers operating
in highly nonlinear and hysteretic regimes. To accomplish this, the following objectives were identified.

• Control inputs and sensing often occur on multiple levels. Develop numerical techniques and homoge-
nization theory to integrate multiscale inputs and sensing.

• Quantify the manner through which uncertainty at the fine scale is manifested at coarser scales to
enhance the robustness of resulting control theories and designs.

• Develop stochastic robust control theories, designs and algorithms, based on the models developed under
“Paradigms for Bridging Scales,” which incorporate robustness by quantifying the manner through which
uncertainty is propagated between scales.

• A crucial component of model-based control design entails real-time implementation. A significant
objective of the group focused on deterministic and statistical model reduction techniques to construct
low-order models suitable for linear and nonlinear control implementation.

• Experimentally implement the robust nonlinear designs to demonstrate their feasibility for systems
employing advanced materials.

Present and Future Research

• We are preparing a proposal to fund continued research on the development of reduced-order models
and nonlinear control designs based on directions identified by the working group during the program.

Homogenization

Homogenization techniques provide a natural bridge between a number of stochastic and deterministic
multiscale issues for advanced materials. A high level objective of this group was to start with the theoretical
deterministic foundations discussed by D. Cioranescu during the opening workshop and investigate the manner
though which this framework can be formulated and implemented for advanced materials. A second objec-
tive focused on the investigation of stochastic homogenization techniques to construct macroscopic material
parameters from meso- or microscopic energy relations for the constituent materials.
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Present and Future Research

• Banks and Cioranescu are maintaining an active collaboration focussed on the development of determin-
istic and stochastic homogenization techniques having the capability for real-time implementation. This
is crucial for both design and control implementation.

Model Development for Ionic Polymers

The ionic polymers working group consisted of Emily Lada (SAMSI), Jessica Matthews and Ralph Smith
(NCSU), and Lisa Weiland and Don Leo (VA Tech). This group investigated the development of models for
the ionic polymer Nafion which is presently being investigated for applications ranging from artificial muscle
design to chemical sensing. During the program, the following goals were formulated and addressed.

• Develop Monte Carlo simulation models to characterize the density of polymeric backbone lengths based
on molecular properties of the compound.

• Use statistical mechanics (Boltzmann) principles to relate the identified densities to energy and macro-
scopic stiffness attributes of the compounds.

• Correlate and validate properties of the model with data collected at VA Tech (e.g., dependence of
stiffness on humidity or hydration levels).

• Disseminate findings — papers resulting from this group are summarized in Section 4.4.

• Identify future research directions which exploit theory and techniques developed during the program.

All of these goals were met during the program and the following research directions are being pursued.

Present and Future Research

• Smith and Lada are collaborating with Haider and Ward (NCSU) to develop analogous characterization
techniques for cartilage and tendon structures. We are in the process of writing a proposal for this
research.

• Weiland, Smith and Lada are writing a proposal to continue the modeling, device design and experimental
validation for ionic polymers.

• Smith is collaborating with Zoubeida Ounaies (Texas A&M) on the development of similar models for
carbon nanotubes.

4.3 Courses
1. Mathematical and Statistical Techniques for Advanced Materials Synthesis

Course Listing: MA/ST 810 at NCSU, STA293 at Duke, STAT 331 at UNC

Time and Place: Tuesday, 4:30-7:00 pm, SAMSI/NISS

Instructors: Alan Gelfand (Duke) and Ralph Smith (NCSU)

Prerequisites: Multivariable analysis, advanced calculus, one semester of linear algebra, and one semester
of numerical methods

Average Attendance: 14-20 graduate students, postdocs and visitors

General Description:
MA/ST 810 – STA293 was an introductory graduate course for students in mathematics, statistics, engi-

neering and materials science focused on model development, numerical approximation, and control concepts
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for advanced material designs. The lectures and projects emphasized a synergistic mix of deterministic and
stochastic concepts related to the development of fundamental energy relations, stochastic homogenization
techniques, and quantification of highly variable spatial and temporal scales to provide a framework for char-
acterizing and designing advanced materials for high performance applications. A significant facet of the
characterization process focused on the development of numerical approximation techniques which provide
sufficient accuracy while providing the efficiency necessary for eventual real-time implementation. The control
component of the course focused on the use of both deterministic and stochastic analysis to quantify model
and process uncertainties in a manner facilitates efficient and robust control designs. Examples were drawn
from smart material systems employing piezoceramic, magnetostrictive, shape memory alloy (SMA) and mag-
netorheological devices. All of the topics were developed from first principles and hence were accessible to first
year graduate students from the above-mentioned disciplines.

2. Nonlinear Dynamics and Control

Course Listing: MA 797R at NCSU

Time and Place: Friday, 2:30-3:25 pm, NCSU

Instructor: Art Krener, SAMSI University Fellow from UC Davis

Average Attendance: 10-15 faculty and graduate students

Outline of Topics:
1. Normal Forms of Dynamical Systems including Poincare-Dulac, Siegel and Sternberg-Chen Theorems

2. Invariant Manifolds; Stable, Center, etc.

3. Classical Bifurcations; Fold, Transcritical, Pitchfork, Hopf, etc.

4. Discrete Time analogs of above

5. Normal Forms of Control Systems, Controller form and Observer form

6. Control Bifurcations; analysis and nonlinear stabilization, closed loop classical bifurcations

7. Other problems where invariant manifolds play a critical role: Kazantzis- Kravaris Observer with lo-
cally linear error dynamics, Francis-Byrnes-Isidori Regulator Model Matching Problem, Albrecht’s local
solution to HJB equation

8. Discrete Time Analogs

9. Computational issues

10. Possible extensions to infinite dimensional systems

4.4 Technical Reports and Papers
The following technical reports and papers have been produced during the program.

1. A.G. Hatch, R.C. Smith and T. De, “Model Development and Control Design for High Speed Atomic
Force Microscopy,” Proceedings of the SPIE, Smart Structures and Materials 2004, Volume 5383,
pp. 457–468, 2004.

2. B. Edmonds, Jr., J. Ernstberger, K. Ghosh, J. Malaugh, D. Nfodjo, W. Samyono, X. Xu, D. Dausch, S.
Goodwin and R.C. Smith, “Electrostatic Operation and Curvature Modeling for a MEMS Flexible Film
Actuator,” Proceedings of the SPIE, Smart Structures and Materials 2004, Volume 5383, pp. 134–143,
2004.

3. J.K. Raye and R.C. Smith, “A Temperature-Dependent Hysteresis Model for Relaxor Ferroelectric Com-
pounds,” Proceedings of the SPIE, Smart Structures and Materials 2004, Volume 5383, pp. 1–10, 2004.
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4. B.L. Ball and R.C. Smith, “A Stress-Dependent Hysteresis Model for PZT-Based Transducers,” CRSC
Technical Report CRSC-TR04-14; Proceedings of the SPIE, Smart Structures and Materials 2004, Vol-
ume 5383, pp. 23–30, 2004.

5. R.C. Smith and A.G. Hatch, “Parameter Estimation Techniques for a Polarization Hysteresis Model,”
CRSC Technical Report CRSC-TR04-19; Proceedings of the SPIE, Smart Structures and Materials 2004,
Volume 5383, pp. 155–163, 2004.

6. A.G. Hatch, R.C. Smith and T. De, “Experimental Implementation of a Model-Based Inverse Filter
to Attenuate Hysteresis in an Atomic Force Microscope,” Proc 43rd IEEE Conf. Dec. and Control,
Paradise Island, The Bahamas, pp. 3062–3067, 2004.

7. Sahu, S. K., Gelfand, A.E. and Holland, D.M., “Spatio-Temporal Modeling Of Fine Particulate Matter,”
Journal of Agricultural, Biological, and Environmental Statistics. 11, 61–86, 2006.

8. R.C. Smith, A.G. Hatch, B. Mukherjee and S. Liu, “A Homogenized Energy Model for Hysteresis
in Ferroelectric Materials: General Density Formulation,” CRSC Technical Report CRSC-TR04-23;
Journal of Intelligent Material Systems and Structures, to appear.

9. J.E. Massad and R.C. Smith, “A homogenized free energy model for hysteresis in thin-film shape memory
alloys,” International Journal on the Science and Technology of Condensed Matter Films, submitted.

10. R.C. Smith, S. Seelecke, M.J. Dapino and Z. Ounaies, “A Unified Framework for Modeling Hysteresis
in Ferroic Materials,” Journal of the Mechanics and Physics of Solids, submitted.

11. J.M. Nealis and R.C. Smith, “Adaptive Parameter Estimation Techniques for Magnetic Transducers
Operating in Hysteretic Regimes,” IEEE Transactions on Control Systems Technology, submitted.

12. R.C. Smith and A.G. Hatch, “Parameter Estimation Techniques for a Class of Nonlinear Hysteresis
Models,” Inverse Problems, submitted.

13. J.L. Matthews, E.K. Lada, L.M. Weiland, R.C. Smith and D.J. Leo, “Monte Carlo Simulation of a
Solvated Ionic Polymer with Cluster Morphology,” SAMSI Technical Report 2005-1; Smart Materials
and Structures, submitted.

14. H.T. Banks, V.A. Bokil, D. Cioranescu, N.L. Gibson, G. Griso, and B. Miara, “Homogenization of
Periodically Varying Coefficients in Electromagnetic Materials,” SAMSI Technical Report 2005-2.

15. L.M. Weiland, E.K. Lada, R.C. Smith and D.J. Leo, “Application of Rotational Isomeric State Theory
to Ionic Polymer Stiffness Predictions,” SAMSI Technical Report 2005-3; Journal of Materials Research,
submitted.

16.

4.5 Books
The following books were written in part during the multiscale program.

1. W. Kang and A.J. Krener, Control Bifurcations, The notes were developed in part while Krener taught
the course MA 797R as detailed in Section 3.13. These notes were also typeset during the program.

2. R.C. Smith, Smart Material Systems: Model Development, SIAM, Philadelphia, February, 2005. The
contents of this research monograph reflect certain concepts investigated during the program.
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4.6 Presentations
The following presentations pertained to the multiscale program.

1. R.C. Smith, “Multiscale Models for Smart Material Transducers,” SIAM Annual Meeting, Portland,
OR, July 14, 2004.

2. E.K. Lada, “Multiscale Models for Smart Material Transducers,” Joint Statistical Meetings (JSM),
Toronto, Canada, August 8, 2004.

3. E.K. Lada and R.C. Smith, “Multiscale Model Development for Smart Materials,” SAMSI Undergrad-
uate Workshop, Research Triangle Park, NC, February 19, 2005.

16


