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[Applied Mathematics and Physics Course]

Application | Division Group

Code

AMP-1 Applied Mathematics Applied Mathematical Analysis

AMP-2 Discrete Mathematics

AMP-3 Applied Mathematical Systems System Optimization

AMP- 4 Control Systems Theory

AMP- 5 Mathematical Physics Physical Statistics

AMP- 6 Dynamical Systems

AMP-7 Applied Mathematical Systems Applied Mathematical Modeling (Adjunct
unit)
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Applied Mathematics and Physics Course

Applied Mathematics and Physics Course

http://www.amp.i.kyoto-u.ac.jp/

Admission Policy

The Applied Mathematics and Physics Course aims to develop human resources with an emphasis on
mathematical modeling, one of the three core principles of the Graduate School of Informatics.

Mathematical models are important for solving problems in production, communication, information processing,
and business efficiency in the information society. Mathematical models make it possible to solve problems by
actively utilizing computers that handle numerical data, even for large-scale systems. To perform accurate
mathematical modeling, analyze them precisely, and control them appropriately, it is necessary to correctly
determine what the computers should do, even when using them for computer simulation. In particular, basic
skills based on knowledge of mathematics and physics are essential.

With this in mind, the Applied Mathematics and Physics Course consists of research groups in systems theory,
OR, mathematics, and physics, and the curriculum is well-balanced in the research fields. In today's world of
remarkable technological innovation, solid basic skills are even more important to sustain individual research
and development capabilities. Students will enhance their basic skills in the classroom courses and research the

cutting-edge themes in their master's theses.

To achieve this goal of human resource development, the Applied Mathematics and Physics Course recruits
a wide range of students interested in "solving problems through mathematical modeling." In the specialized
subjects of the entrance examination for the master's program, there are six problems from the research fields
of the course, and examinees are allowed to choose two problems in each subject to answer.

There are seven groups (laboratories) in the Applied Mathematics and Physics Couse.

1. Applied Mathematical Analysis Application Code: AMP- 1
2. Discrete Mathematics Group Application Code: AMP- 2
3. System Optimization Group Application Code: AMP- 3
4. Control Systems Theory Group Application Code: AMP- 4
5. Physical Statistics Group Application Code: AMP- 5
6. Dynamical Systems Group Application Code: AMP- 6

7. Applied Mathematical Modeling Group Application Code: AMP-7

The pages that follow describe each of these groups and provide examples of their research.
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Applied Mathematics and Physics Course
Application Code (AMP- 1)

Applied Mathematical Analysis Group
Applied Mathematics Division
Professor TSUJIMOTO Satoshi

Applied integrable systems: From discrete integrable systems to
computational mathematics

http://www-is.amp.i.kyoto-u.ac.jp/

We investigate "discrete integrable systems" in relation to orthogonal polynomial and combinatorics, as
well as "computational mathematics" (for example, numerical algorithms based on integrable systems).

"Integrable systems" is a generic name given to non-linear continuous or discrete equation systems that
"can be solved." Originally a concept from mathematical physics, in recent years there have been many
unexpected developments in algebra, geometry, and analysis based on integrable systems. This laboratory, the
founder of “applied integrable systems research”, conducts a wide range of research into areas such as
computational mathematics, orthogonal polynomials and combinatorics.

We are also involved in a wide range of academic societies, mainly participating in Applied Integrable
Systems Research Group and Matrix Computation Research Group of Japan Society for Industrial and
Applied Mathematics (JSIAM), Mathematical Society of Japan (MSJ), are also promoting international
collaborative research projects.

The water wave KdV equation

o du  Pu
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is a famous example of the integrable system. By discretizing this equation based on the orthogonal
polynomial theory, we can obtain the discrete KAV equation:

T2

uftht (14 6™l Y) =) (14 6Mul), (k=0,41,42,..., n=0,1,2,..)

and by applying a technique called ultra-discretization, we can also obtain the following cellular automaton.
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All of the equations listed here have various "good" properties such as the existence of an infinite number
of symmetries, and have been shown to play important roles in informatics. In particular, we proposed a new
algorithm for computing the singular value decomposition of a given matrix by using the discrete KdV
equation as a recurrence relation. Singular value decomposition is the mathematical basis of the big data
information processing, and it is superior to conventional algorithms in terms of the relative accuracy of all
singular values and the accuracy of singular vectors, and it significantly reduces the computation time. In
some recent work, it has become clear that cellular automata obtained from the discrete KdV equation can
lead to new algorithms for finding the Smith standard form of integer matrices. By developing a unified theory
of informatics and mathematical physics, we are currently tackling a wide range of topics related to
informatics.
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Applied Mathematics and Physics Course

Application Code (AMP- 2)

Discrete Mathematics Group

Applied Mathematics Division
Associate Professor HARAGUCHI Kazuya
Developing algorithms for discrete mathematics problems
http://www-or.amp.i.kyoto-u.ac.jp/

As a core area of computer science, the field of Discrete Optimization, alongside with algorithm theory,
undergoes steady development, in step with constant advances in computing power. Discrete optimization finds
its way across a variety of practical applications, from those requiring a large-scale global perspective, to those
requiring minute, detailed design. Its forte is apparent once a practical problem is mathematically modeled, and
one can use discrete mathematical structures to devise and apply high-performance algorithms.

Exemplar applications include network routing, distribution planning, facility layout, distributed computing,
communication/transportation network design, assignment and scheduling, resource allocation and production
planning, theoretical analysis of data and knowledge acquisition, information visualization, and analysis of
genome information; and appear across a wide spectrum of fields, from Operations Research (OR), system
engineering, bioinformatics, to management science and economics, social sciences, and many more.

The main research activity of this Group is in the areas of discrete mathematics and discrete optimization
theory, as well as their application in practical fields such as OR and problems arising thereof. Some of the
recent topics on which our research group has been actively working are as follows.

1. Theoretical topics such as integer polyhedron arising in discrete optimization problems, duality, set
functions, graph connectivity structures and their representations, as well as foundations of algorithmdesign.

2. Developing algorithms of different nature: polynomial-time algorithms, exact sub-exponential algorithms,
FPT algorithms, or approximation algorithms with provable deviation from an optimal answer. These algorithms
are aimed to solve practical problems from network design, scheduling, graph drawing, etcetera.

3. Devising and implementation of Branch-and-Bound algorithms aimed at computationally hard problems.
Thus far we have successfully tackled problems such as MAX2SAT and rectangle packing. Presently we are
working on relaxing some conditions that our exact and efficient "Recta-kun" rectangle packing solveruses.

4. Developing a solver to place 2D and 3D objects of arbitrary shape within a given confined space. By first
approximating each shape by a set of circles or spheres, we can efficiently check if two shapes intersect, a
heuristic approach termed "the Multi-Sphere Method." Based on this method, we are also working on speeding-
up the probabilistic road-map method for motion planning.

5. Contribute to a joint project with a research group headed by Professor Akutsu of Kyoto University's
Institute for Chemical Research, by developing efficient programs for enumerating chemical components as
graphs with a given structure. The conditions on the structure are given as feature vectors, which give the
occurrence of all paths up to a certain length in a graph. Completed programs thus far, for enumerating all
structural isomers of tree graphs, benzene isomers, as well as outer-planar graphs, are bundled as a dedicated
solver called "Enumol," and are available on-line at http://sunflower.kuicr.kyoto-u.ac.jp/tools/enumol2/.

6. In scenarios such as elections or auctions, where multiple players with different individual pay-offs
participate, it is necessary to look for a "stable solution," as some players might deliberately alter their votes for
personal gain. A decision mechanism immune to such self-centered manipulation is called "strategy-proof," and
contriving such mechanisms is a basis of social systems. Thus far we have constructed strategy-proof
mechanisms up to the tree metric, as well as bounded the gap between the decision given by such mechanisms
and a theoretically globally optimal answer.

Candidates aspiring to join our research group are expected to be familiar with or willing to learn topics such
as data structures and algorithms, graph theory and linear programing. For practically implementing and testing
proposed solutions, we mainly use the C/C++ programming language.
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Applied Mathematics and Physics Course

Application Code (AMP- 3)

System Optimization Group
Applied Mathematical Systems Division

Professor YAMASHITA Nobuo, Associate Professor FUKUDA Ellen Hidemi ,
Assistant Professor YAMAKAWA Yuya

Optimization is the key to problem solving

http://www-optima.amp.i.kyoto-u.ac. jp/eng/

Our laboratory researches the theory and application of mathematical optimization. "Mathematical
optimization" is one of the leading methodologies for using mathematical systems approaches to solve a wide
range of issues arising in real social settings. Application fields of optimization are too many to enumerate and
it is virtually certain that these fields will expand in both breadth and importance in the coming years. In our
laboratory, the basic guideline is to conduct research that is oriented towards theory but has a firm grasp of
applications to real-world problems. We examine a wide range of problems and techniques, some of which are
listed below. The research in this laboratory has developed efficient algorithms for non-linear programming
problems, equilibrium problems, and other mathematical programming problems.

1. Development of new algorithms for basic, important mathematical programming problems, such as linear
programming problems, convex programming problems, non-linear programming problems, network
programming problems, combinatorial programming problems, complementarity problems, and
variational inequality problems. We endeavor to provide theoretical descriptions of their nature and to use
computer experiments to verify utility.

2. Research into stochastic optimization and robust optimization, which plays an important role in risk-aware
decision-making, and development of new techniques for equilibrium problems and mathematical
programs with equilibrium constraints (MPEC) arising in fields such as engineering science and social
science.

3. Modeling of optimization problems in traffic engineering, financial engineering, data mining,
communication engineering, and game theory, and development of efficient computational algorithms.
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Applied Mathematics and Physics Course

Application Code (AMP- 4)

Control Systems Theory Group
Applied Mathematical Systems Division

Associate Professor KASHIMA Kenyji, Assistant Professor OHKI Kentaro

Mathematical approaches to control and modeling

http://'www.bode.amp.i.kyoto-u.ac.jp/

Though we can see gee-whiz technologies such as robotics today, there remain many problems that are not
solvable by current control technologies because engineering systems have become more complex and highly
functionalized. To tackle these problems, we study mathematical approaches to modeling, analysis, and
control synthesis and their practical applications.

1. New paradigms in control systems theory

We are working on developing a new control theory for dynamics under various uncertainties that cannot be
avoided in the real world, such as automated driving. In particular, we attempt to focus on the relationship
with statistical learning theory and the properties specific to individual application problems, rather than
vaguely complicating mathematical models. We also research the control of quantum mechanical dynamics.

2. System identification and statistical learning

We have been conducting research on constructing mathematical models of dynamics from data, called
“system identification,” for many years. In recent years, we have also been actively working on the
harmonization with the machine learning field. We are seeking a mathematical foundation for constructing
models for control while incorporating various methods based on statistical learning theory.

3. Networked control systems

We are working on “networked control,” which designs the dynamics of a large number of interacting
subsystems that function properly as a whole, such as a transportation network or a drone formation.
Among other things, we are working to solve problems arising from decentralized decision making,
information acquisition with consideration for communication and privacy, and scalability
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Applied Mathematics and Physics Course

Application Code (AMP- 5)

Physical Statistics Group
Mathematical Physics Division

Professor UMENO Ken, Senior Lecturer UEHARA Erica
The mathematical studies on coupled multi-element network systems and
design theory of complex engineering systems
http://amech.amp.i.kyoto-u.ac.jp/

We aim to gain a mathematical and unified understanding of the complex and diverse phenomena that arise
out of the intense mutual interactions of multiple elements (units) in a system and apply this understanding to
information processing and design of complex engineering system. For example, we will use stochastic process
theory, ergodic theory, statistical physics, dynamical system theory, computer simulations, and large-scale data
processing techniques to analyze information processing and performance evaluation in neural networks; the
structure of the Internet and other complex networks such as social media systems, and the propagation of
information within them; and the dynamical properties of price change, stock markets and other economic
phenomena.

Keywords: Physical Statistics, Stochastic Processes, Ergodic Theory, Applied Chaos, Complex
Communication Sciences, Econophysics, Statistical Physics, Soft Matter, Computational Physics
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Applied Mathematics and Physics Course

Application Code (AMP- 6)

Dynamical Systems Group
Mathematical Physics Division

Professor YAGASAKI Kazuyuki, Associate Professor SHIBAYAMA Mitsuru
Assistant Professor YAMAGUCHI Yoshiyuki
Mathematics of complicated dynamics based on dynamical systems theory
http://yang.amp.i.kyoto-u.ac.jp/

Applying dynamical systems approaches, our group studies complicated phenomena such as chaos and
bifurcations in various systems appearing in sciences, engineering and other disciplines and develops novel
engineering technologies. For this purpose, we not only use standard approaches but also develop new
innovative theories in dynamical systems. We also utilize numerical approaches such as verifiable computation
and large-scale numerical simulation, and tackle the following topics:

1. Development and application of dynamical systems theory in infinite-dimensional systems
We develop new theories for bifurcation and stability of pulse solutions and pattern formations in partial
differential equations and lattice systems such as infinite-degree-of-freedom Hamiltonian systems, and
establish verified numerical methods for bifurcation analysis of these systems.

2. Understanding of bifurcations and chaos in various systems of differential equations
We consider various systems of differential equations including Hamiltonian systems, reversible systems,
time-delay systems, piecewise smooth systems and random dynamical systems, and develop new theories to
reveal nonlinear phenomena such as bifurcations and chaos in these systems.

3. Search for solutions by variational methods
We prove the existence of particular solutions such as periodic and homoclinic solutions, especially in N-
body problems in classical mechanics, using variational methods.

4. Determination of non-integrability
Using differential Galois theory, perturbation approaches, singularity analysis and foliation theory, we prove
the non-integrability of dynamical systems, and study its relation to their dynamics.

5. Equilibrium/Nonequilibrium statistical mechanics and dynamics in many-body Hamiltonian systems
Temporal evolution of the system is described by a distribution function instead of considering each particle.
The kinetic theory reveals collective motion of the system, which yields nonequilibrium phase transitions,
dependence of relaxation time on the number of particles, and existence of algebraic slow relaxation. This
method can be applied to the linear response theory by considering the responses to applied external forces.

6. Applications in natural science, engineering and social science
We establish dynamical systems approaches for design of spacecraft transfer trajectories and control of
quadrotor flying vehicles. We also develop chaos control and optimal control methods based on dynamical
systems theory and apply them to various problems appearing from natural science and engineering to social
science.
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Applied Mathematics and Physics Course

Application Code (AMP- 7)

Applied Mathematical Modeling (Adjunct Unit)
(Conducted through the alliance with R&D Group, Hitachi, Ltd.)
Associate Professor KASHIMA Kenji, Associate Professor HARAGUCHI Kazuya,
Adjunct Professor NONAKA Yoichi,

Adjunct Associate Professor TAKAHASHI Yoshiyasu

Mathematical modeling for the creation of information systems
http://www.bode.amp.i.kyoto-u.ac.jp/amm/

Computers and other information equipment can be found in virtually every aspect of modern society and
life, providing the information systems that support our existence and work. If information systems are to be
fully effective in society and life, it is essential that their objects are accurately modeled. Our research facilitates
this, focusing on a wide range of modeling methodologies within mathematical engineering. Below are some of

the topics we examine.

1. Structural modeling
We research methodologies for the structural modeling of overall system behavior based on object-oriented
concepts and multiagent techniques. These models enable the users, handled objects, and information
behavior of information systems to be identified.

2. Modeling and learning theory of non-linear phenomena
In addition to linear modeling techniques, we research neural networks, data mining, and other approaches
for dealing with non-linear phenomena. Among the challenges in this area are the development of methods
for utilizing human experiences and knowledge, and learning theories that update model structures according
to the passage of time.

3. Data and algorithm structures corresponding format diversification in information systems
Advances in communications networking technologies have made it possible to build decentralized

information systems that combine many different forms of processors and storage. We research the structure
of data and algorithms that is suitable to diverse embodiments within information systems.

The research described above has applications in real systems in areas like manufacturing, transportation and
distribution, finance, medicine, bio and other field-specific information systems, as well as in more generalized
information systems for companies and individuals.
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