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(Tsunami simulation model in Japan Sea)

PDE to approximate real physical system
(continuous time/space)

a_x o e PDE : Partial differential equation physical variable vector §m,t is

ot ¥ assigned at each grid point.

1b 7)l/j\ U XA O) EZF Discrete simulation model 5
m,t

(discrete time/space, FDE)

Suppose a case where we conduct a two-dimensional

simulation experiment for understanding the flow of Fr im

shallow water such as the tsunami. I e { —
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VXa2U—Y3VETIVDRER (2)

(m —1)th grid point

\ - Normal sea surface

mth grid point
e
\\

/MO

{Sea surface height which is J

( . .
Two-dimensional
\water flow vector

measured from the average
sea surface

\ Surface at Tsunami
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(simplified meteorological model around Japan)

PDE to approximate real physical system
(continuous time/space)
PDE : Partial differential equation

State Vector é:
1,¢

ox )
=cx’ +-e
o

Discrete simulation model

(discrete time/space, FDE) é: m,t

x, = f,(x,)

d (t) Depth is taken from the, _ (time varying) X t = é m+1.1
m bottom topography data S%fm (!) 1t)\§+§ R— Boundary conditions "t . ’
(m+1)th grid point Sea bottons @ :
g = Tl v
e U, Nonlinear state space model é M .t
X0 (discrete time/space, stochastic(SDE)) ’
i x, =f(x_, 0
[ In fact, this data set is known to be erroneous. } Vector ! ft ( =1 l) — -
0= Hanmsuis | 10- i
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State Vector (Simulation variables)
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\xt )Z ft(xt—lavt)a
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VATFLETIL
Stochastic simulation model

vth(v |Hsys)
ho(x,w.), w>pw|0,)

S5 BEDNT—H _ Obscrvatlon modcl
aoman Y, =Hx,+w , w~NO,R,) | ~— " e
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At :sampling time of observatio ns

A t ot : simulation time step 51‘

time integration
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BER (PUYUTIV) vs. IFER (BB V)

T S’IUHZCD’()(—‘J
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h(x,)

()bscr\'cd data

— Time

JZX (Aoo4E: ERORHE EER(ATSA0) B RAMIFHEZ LD /X
FHEHXBES, DFEY. Swarm Filter #=KHB

X FRMH|: EnKF (Ensemble Kalman  fXFHl: 4RFTE5iE(Adjointik)
Filter)
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Cyber-physical systems (CPS) are engineered systems that are built from and
depend upon the synergy of computational and physical components.

The term "cyber-physical systems" refers to the tight conjoining of and
coordination between computational and physical resources. &

Mational Science Foundation
An embedding of the multi-agent based mode, that is a person-based model to describe each SILE j:i 4 ;_ E %
behavior, can be easily achieved by replacing a grid with a person in the definition of the state 1 .C ax I:I-I- 1’1-]- 0) ﬁ
vector. if 7 é
Human Modeling . e
ﬁm ; = (variables to specify a behavior | & oy
) m,t m,t
of the m-th agent) =z
% §m+1,t N ff §m+l,t—1
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Application studies carried out by our
group for model improvements

Research PI’O.JeCtS. Watch You{[[[llJ “Data Assimilation
 Typhoon trajectory R&D Center at ISM".
Tsunami, Ocean tide
Auroral phenomena
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Intercellular fluid dynamics

Genome informatics -

Drug response prediction ey
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UQ: Uncertainty Quantification
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Monte Carlo Experiments

Simulation — Data Assimilation = Emulator @ Ve b beemee
Statistical model for predicting an output given input parameters

Emulator
Input Parameter |
N
{z. 1 ‘
1 )i=1
. ) (Experimental Data)
' W
YiJiz1

Statistical Model K
R

Kriging

Result (Prediction)
N
{ m(z, )} i=1

Result

Adjustment and
Interpolation

®

Ele@)]-m(2)

infall (or temperature) Q

Huge i = S;S "ursswarj Plrocess Regression at some location “x
.
.
state vector fdature vector ¥ Scalar Output .

— oo = o(Z)<T

CQ2 emission Temperature averaged over entifg ¢ #o7 =
surface (Global mean temperaturfy

X ‘ Sparsing

@ Sparse Regression

W 0 2
year

2015 B0 A
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2. 2L —avEEHBEELE D,

3. AN—RARICKY ., AANSGA—EARGLIVERIET S,

4. GPRIZKY ., H OB (CER®E)ZHEDHD,
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Emulator and Emulation
Emulate an output of simulation given parameters

Feature Extraction
Simulation (DA) Result

Huge Dimensional Vector
X ) Sparsing

Statistical Model
Parameter Input

|'|I
|| hlli |||||| IHIIII ||| | I |||I

Result (regarded
ms an experiment)

System
Black Box

arse Re;

on

—1Ji=l

mprovement

Monte Carlo experiment
Experimental Design

Simulation
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Climate Prediction : Climate Emulator p(y; , | x"i7)

Simulation Result( 10*~107 ) 3
Observation Vector10°~10%)  (or Assimilation Result) 10°~10°
/ e A _
{( )}T leen Parameter
Sample t , t=1

Vedtor z yl,t

Scalar Variable: Rainfall (Temperature) at some point
- '~,“ * .‘_‘.......'a‘
: = H b( + Y. F Vi,
i —r . 4 G
Y Lt T i € e T

T ) .

=~ Sparse Learning \

\ )

+ +
/ Xt_l :> yi:t v —yL’t—

J

New input from a simulation system

Ensemble prediction of yl .+ by using many samples xt 1

p(yi 1 x2) = Ip(yi,t | x . 2)p(z| x)dz
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3. A/N—X[EF

LASSO, CS, NMF
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LASSO Least Absolute Shrinkage and Selection Operator
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K .

R.Tibshirani (JRSS B,E 1 99 6)
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LARS: Least Angle Regression (Efron ef al., 2004)
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Emulator and Emulation
Emulate an output of simulation given parameters
@ Il;tion (pA)]I{;su{ll Feature Extraction o
X - Sparsing Black Box
‘ | ||||| I
4. Gaussian Process Regression
i mmwwm
Aldinis antlamnc
Parameter Input | { m(zl )}iZI || ‘l‘ ) II"h - Il”
|
{z,}" |
1 )i=1 Result (regarded
Simulation s an experiment)
Monte Carlo experiment
Experimental Design
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Emulator : Statistical Model (Linear Regression+GP)

System Model

Gaussian Process: g is a continuous function of z

p(g)=p(g(2)=N(m(z).k(2,7)- ")

Regression Coefﬁmen‘t". 1
Elg(2)]=m(z)=H ( j Cov[g(2),2(z")]=
Statistical model is given Z Covariance function
Kernel function

k(z Py Z ') = eXp {_ (Z - Z ! )T R(Z - Z' )} Kernel function: Mutual Common variance}
Distance inpu

parameters

— Observation Model

v, =g +e, e~N(, 0'2)0

Posterior Distribution
g is a continuous function

pglY) < pY[g)p(g)

YT :I-)/p“':yN]

g=g2)
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Emulator : Design of Kernel function

£(2).82)|=7k(2.2)+06(z~2) [ E,[2@)]=m()

Kernel function is NOT related
to a mean function m(z).

7l exp{— (z-2)’ } +72 exp{— (z-z)° } +0°8(z—z2")
' 202 g 20%

g2=g(2) L, =60

. i A h\
= 1 ANV

2

0 A\

1 A&

Gaussian Processes for Regression:A Quick Introduction

M. Ebden, August 2008 R ( v) [ ] )
7, exp| — YE +7) expl-2sin’(va(z-z")) [+ 6’5 (z—z")

A
>
=
-
=
-

N
N

1 2 3 4 5 L] T
i
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Emulator : Similar structure to SSM if discretizing

onyon!

discrete point

=m(n)+g, ,+v,, v,~N(0, %)
y, =g +e, e’\*N(O,Gz)

Kernel function should positive definite

k(n,n—1) = exp{-(1)" R()
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Emulator : Online Adjustment (Calibration) and Interpolation

‘or simplicity 5

nacase for — —()

o (@) |)~N(m'(2),k"(2,2)7°)
Difference between input g and some

m' @ =m2)+ (Y M@

hce between Data

Statistical Model Normalization factor

1 u.; /*/r Z, Zl)a' ) k(zs ZN)]
N L § k(z,2)-t"(2)K't(z")

n from data always reduce uncertainty

Posterior distribution J

=[m(z)), - m(z,)]

o’ takes a finite value

.~+"' k(zlazl) k(ZI’ZN)
. : :
-18 -14 -12 -1 -08 -06 -04 -02 o 02
! Gaussian Processes for Regression:A Quick lnlroducli‘on C(ZN’ Zl) ce k(ZN’ ZN)

— M. Ebden, August 2008
Figure 2: The solid line indicates an estimarion of y, for 1,000 values of z, . Poinrwise
40 95% confidence infervals are shaded.
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Emulator : Obtain a TUll Bayes model

For simplicity  »
In a case for — 0

Posterior distribution

: pe@)|Y,2 Hy~N(m'(2).k"(z,2)7")

p(gIN=[p(g|Y,?, H)p(@)p(H)dr’dH
()5, pH)oc]

Gamma distribution
Number of samples

t distribution with a degree of freedom N — ﬂ,
A=dim(z)+1

For a part of Regression model

Emulator

sEXH

J. Sacks et al., “Design and analysis of computer experiments,” Statistical Science, 1989.

M. C. Kennedy and A. O’hagan, “Bayesian calibration of computer models,” J. Roy. Statist. Soc. Ser. B, 2001.
B AEO. “HERELRICETEIIaL—LaviEvd T —4—T—FRETIIaL—ar— U BF
S $R. Vol. 97, No.10. 869-875, 2014.

Rasmussen, C. and C. Williams, Gaussian Processes for Machine Learning, MIT Press, 2006.
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