I
:

Y

Eﬂ YARTAT

ﬁﬁn'ﬁﬂ’iﬂg Oo

ZbUﬁﬁ%‘i,i‘i



H X

(BFE5Fo./0Y—-%iRARKREFM] 2011/4/1 B

E =V U= 2 g et al D) 2y = = TSSOSO TR 3
Ml Bz
24 B (TF) (REAR) TR et J > 71ER. StESIER

Modeling, Optimization, and Control of Energy and Other Complex Systems.........cceu...... 4
Hoa Dinh NGUYEN #%i%

247 PhD (Information Science and Technology) (The University of Tokyo)

HF95 8 Modeling, optimization and control toward low-carbon and autonomous energy, transportation and other
interconnected, complex systems. Particular focuses are on renewables and distributed energy resources, smart grid,
intelligent transportation, multi-agent systems, graph theory, artificial intelligence, and decentralized optimization.
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Modeling, Optimization, and Gontrol of Energy and Other Complex Systems

My research theme is Modeling, Optimization, and Control of Energy
and Other Complex Systems. An illustration of such complex systems is
depicted in Fig. 1.

The ultimate goals of this research are: (i) low-carbon, decentralized,
resilient, autonomous, and comfortable energy systems; and (ii)
harmonization of interconnected and complex systems. To achieve that,
the following studies will be conducted. First, mathematical models will
be built for representing the multi-scale, complicated dynamics and
behaviors in energy systems, as well as other systems in engineering and
nature. Then mathematical frameworks will be developed based on the

Hoa Dinh NGUYEN

i PhD (Information Science and Technology) (The University of Tokyo)

5F957%F: Modeling, optimization and contral toward low-carbon and autonomous energy, transportation and other
interconnected, complex systems. Particular focuses are on renewables and distributed energy resources, smart grid,
intelligent transportation, multi-agent systems, graph theory, artificial intelligence, and decentralized optimization.

derived models for optimizing and controlling such complex systems,
given specific system objectives.

A variety of branches in mathematics will be employed in this research,
for example dynamical systems and their stability theories, linear and
nonlinear optimization, graph theory, control theory, multi-agent system,
and artificial intelligence.

Particular applications include smart grid, smart cities, renewable and
distributed energy systems, network systems, wireless power transfer,
intelligent and decarbonized transportation systems, bio systems for
clean energy production and carbon capture.

Graph 2 Second time scale

Physicallayer _ subsystem 1

First time scale

Subsystem 2

Figure 1. lllustration for power systems decision and control over different time scales.
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Finite mixture models for statistical inference

Many real-world datasets are heterogeneous and multipopulational
phenomena. In such contexts, it is insufficient to capture the overall
variation among the data using a single statistical model. Therefore,
a cohesive approach to modeling the multiple subpopulations within
the superpopulation is necessary. In such scenarios, a useful approach
involves modeling each subpopulation and their contributions to the
superpopulation through a weighted averaging construction, known as a
finite mixture model. These models are highly flexible and interpretable,
enabling them to capture and provide inference for known heterogeneities
in the data while also identifying new heterogeneous phenomena that
were previously concealed.

The class of finite mixture models is extensive, and choosing
between different mixture models can be challenging. In my work, | have
studied model selection procedures required to make mathematically
principled choices among competing finite mixture models. | have made
progress in two key directions to address this problem. Firstly, | employ
sequences of hypothesis tests to determine the number of components or
subpopulations required in each mixture model. This approach religs on
a new hypothesis testing method called universal inference, which offers
a straightforward and assumption-light mechanism for deciding whether
a model accurately represents the observed data. Using these universal
inference tests, | have developed a way to construct confidence intervals
for the number of underlying subpopulations in the data, providing
insight into the complexity of the overall superpopulation.

Secondly, by leveraging modern stochastic programming techniques
for optimizing random objects, | have developed new penalization
methods for selecting between different finite mixture models within
broader model selection and decision problems. My novel information
criterion, known as PanlC, offers a more assumption-light alternative
to existing methods like the Bayesian information criterion or Akaike
information criterion. PanlC provides a single-number summary for
choosing between competing models, guaranteed to asymptotically select
the correct model as the dataset size increases.

Beyond their utility for modeling heterogeneous processes, finite
mixtures and their regression variants, the mixture of experts (MoEs)
also serve as excellent functional approximations of probability density
functions (PDFs) and conditional PDFs that characterize statistical
relationships. My colleagues and | have contributed to understanding
the approximation theoretic properties of mixture models and MoEs
for various classes of PDFs. We have provided sufficient conditions for
ensuring that PDFs, conditional PDFs, or mean functions of conditional
PDFs can be effectively approximated using a sufficiently large number
of components in a finite mixture model construction. These results,
often referred to as universal approximation theorems, are valuable for
determining whether a class of functions serves as an adequate basis for
modeling an underlying mathematical phenomenon.
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My research in mixture model computation, estimation, and inference
has found widespread application in real-world scenarios. For example,
| have collaborated with neuroscientists and cell biologists to analyze
heterogeneous biological phenomena, worked with quantum physicists
to characterize switching behaviors of quantum circuitry, assisted
economists in characterizing subpopulations of experimental outcomes,
partnered with civil engineers to study regional differences in traffic
behavior, supported fisheries scientists in characterizing growth stages of
aquatic species, and collaborated with image scientists to segment and
characterize imaging data, among other practical applications.

Figure 1: Traffic crash rate clustering of
different regions in Victoria, Australia.
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[RLERTSEN

o wrcnart g il

Bt o e

Figure 2: Quantization of mandrill
photograph using different mixture models.

Figure 3: Mixture-based false discovery
rate control of p-values for a mouse brain
morphometry experiment.
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Modeling of Solid-to-Solid Phase-Transformations in Shape-Memory Alloys
Homogenization and Gamma-Convergence Problems for Nematic Elastomers

The main focus of my research work is on rigorous mathematical
modeling and analysis of multiscale and multiphysics systems in
materials science. My investigations explore ways information and
disorder emerge and evolve generating complexity and patterns in
smart materials such as martensite, nematic elastomers and liquid
crystals. Understanding the microscale features and mechanisms of
multifunctional materials and predicting their interactions on the overall
macroscopic properties is of strategic importance in the design of
materials for engineering applications. Two specific lines from my past
and current research are summarized below.

1) Solid-to-solid phase-transformations in shape-memory

alloys

Austenite-to-Martensite phase transformation is observed in various
metals, ceramics and biological systems. It is the activation mechanism
of the Shape-Memory effect. Despite the vast potential to the shape-
memory effect, practical implementations have been slow, and to-date,
mostly limited to NiTi. It is strategically important to improve and stabilize
the shape-memory effect in known materials and develop new modeling
strategies. A problem | have considered is the analysis and modeling
of disclinations (topological defects at the lattice level characterized by
rotational mismatch). Disclinations as in Fig. 1-a are characterized by
a self-similar triple-star pattern resulting in intense rotational stretches.
Mathematically, | have shown that such configurations arise as a solution
of differential inclusion problems with special rotational symmetry
and rigidity. By identifying the basic algebraic structure underlying the
differential inclusion | have computed exact solutions both in linearized
and finite elasticity models shedding light on the mechanism that drives
formation of triple-stars. Moreover, | have investigated onset of criticality
and self-organization in the evolution of martensite via sequential
avalanching. Here the modeling strategy describes the nucleation of
martensitic variants as a branching random walk process (see Fig. 1-b).
The question that | addressed is the behavior of certain features of the
self-similar structure thus formed and the computation of power laws
for the length interfaces in a martensitic transformation. This project
involved collaboration with the groups of J. Ball and B. Hambly (Oxford,
stochastic modeling of martensite); E. Vives and A. Planes (Barcelona)
and T. Inamura (TiTech) on experiments on avalanches and disclinations
in martensite. Work is in progress on the investigation of the activation
mechanisms that drive avalanches in metals with the ultimate goal
of mechanically characterizing the dynamics of solid-to-solid phase-
transformations.
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Fig. 1

a) Self-similar triple-star patterns observed in Pb,(V0,), and MgCd
resulting from the rotation of twin boundaries and matching of different
crystal variants via kinematic compatibility.
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b) Numerical realization of a microstructure as a 2D fragmentation
process.

¢) analytical construction of a rank-1 4-phase microstructure in NLCEs.
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2) Homogenization and Gamma-Convergence problems for

nematic elastomers

Nematic Liquid Crystal Elastomers (NLCES) are a class of soft Shape-
Memory Alloys that combine the entropic elasticity of a network of cross-
linked polymeric chains with the peculiar optical properties of nematic
liquid crystals. A thorough understanding of the manipulation of optical
birefringence in thin-films of NLCEs by mechanical, electric and thermal
means is a tremendous mathematical task which has strategical potential
applications in materials design and fundamental sciences. Focusing
on the strain-order coupling in NLCEs, | have investigated mechanisms
that rule the low energy states in mechanically and geometrically
constrained systems such as artificial muscles, sensors and actuators.
The mathematical language required to tackle NLCEs problems is that
of calculus of variations, Gamma-convergence and relaxation. These
are sophisticated techniques at the intersection of the analysis of PDEs,
functional analysis and measure theory based on energy minimization
approach and which are particularly suitable for the study of singularly
perturbed variational problems. Collaborations are in progress with the
experimental Lab of K. Urayama (KyotoTech).
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Algebraic specification

i

Universal logic is a general study of logical structures with no
commitment to any particular logical system in the same way that
universal algebra is a general study of algebraic structures. The term
“universal” refers to the collection of global concepts that allow one to
unify the treatment of the logical systems and avoid repetition of similar
results. One major approach to universal logic, in terms of both number
of research contributions and significance of the results, is institution
theory. This relies upon a category-based definition of the informal
notion of logical system, called /nstitution, which includes both syntax
and semantics as well as the satisfaction relation between them. As
opposed to the bottom-up methodology of conventional logic tradition,
the institution theory approach is top-down: the concepts describe the
features that a logic may have and they are defined at the most appropriate
level of abstraction; the hypothesis are kept as general as possible and
they are introduced only on by-need basis. This has the advantage of
proving uniformly results for a multitude of logical systems. It leads to
a deeper understanding of the logic ideas since the irrelevant details of
particular logics are removed and the results are structurally obtained by
clean causality. My research interests cover, roughly, institution theory
and its applications to computing science.

(1) Foundation of system specification and verification

There are many contributions of institution theory to computing
science, the most visible one is providing mathematical foundations
for the formal methods techniques, i.e. specification, development
and verification of systems. In algebraic specification, one of the most
important classes of formal methods, it is a standard and mandatory
practice to have an institution to underlie each language basic feature
and construct; institution theory sets a standard style for developing an
algebraic specification language that initially requires to define a logical
system formalized as an institution and then develop all the language
constructs as mathematical entities in the framework provided by the
underlying institution.

Laogic f Specification

language

Table 1. Algebraic specification language development

Institution

(2) Reconfigurable software systems

The main direction of my research consists of developing logical
structures supporting the efficient development of correct reconfigurable
software systems, i.e. systems with reconfigurable mechanisms
managing the dynamic evolution of their configurations in response to
external stimuli or internal performance measures. A typical example
of reconfigurable system is given by the cloud-based applications that
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flexibly react to client demands by allocating, for example, new server
units to meet higher rates of service requests. The model implemented
over the cloud is pay-per-usage, which means that the users will pay
only for using the services. Therefore, the cloud service providers have
to maintain a certain level of quality of service to keep up the reputation.
Generally speaking, reconfigurable systems are safety- and security-
critical systems with strong qualitative requirements, and consequently,
formal verification is needed.

Table 2. Lifecycle of reconfigurable software

(3) System development

| am currently maintaining the Constructor-based Theorem Prover
(CITP), a proof management tool built on top of an algebraic specification
language for verifying safety properties of transition systems. The
methodology supported by the tool is not intended for formalizing
mathematics, but for the application to the development of software
systems. In order to achieve the targeted goal, the following important
research directions are pursued:

(a) proposing more expressive logical systems to allow engineers to
specify easily and accurately the software systems,

(b) develop decision procedures that can reason efficiently about these
more sophisticated logics, and

(c) improvements of the proof assistant interface to help the user
understand the current state of the proof and interact with the tool in a
more natural way.

The interest is in the design of software systems as one can see in the
table below.

Design of the

svslam

SBpecification st

Innovative
verification

e

appropriie kel
af abstraction

Table 3. Deductive verification process

The system will be specified at the most appropriate level of
abstraction depending on the requirements for its behavior. The result of
the verification performed with the tool will determine if improvements of
the design are required or not.
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