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The Fourth Paradigm:
Data-Intensive

Scientific Discovery
By Tony Hey, Stewart Tansley,
and Kristin Tolle, Eds.
Microsoft Research, 2009.
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VX2 —=Y3VETILOWER (1)

(Tsunami simulation model in Japan Sea)

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

ox _ x?4... | PDE:Partial differential equation ohysical variable vector gm,t is

ot assigned at each grid point.

Discrete simulation model

(discrete time/space, FDE) ém ¢

Suppose a case where we conduct a two-dimensional

simulation experiment for understanding the flow of o :"-,: m
shallow water such as the tsunami. . =2

Okushiri DBDBV : 1 I

|m +1
é:m +1,t

Efi. i AP EIHIFR M. thE -2 AT LT

S0l RS TERM T PR




2L —Y3VETIVDER (2)

(m —1)th gnd point

Normal sea surface

. Two-dimensional
< e — |water flow vector
ﬂm (t) f:__ - _,_ff_’__ Y AN N ___

Sea surface height which is - ' ;
measured from the average | =T m i -

sea surface

____________________________

‘\ Surface at Tsunami

d { Depth is taken from the_ _
( ) bottom topography data| sedm (t)
(m + )th grid point Sea bottom n ()
I
m,f Um (t)
V(D) |
[ In fact, this data set is known to be erroneous. ] \ector

ST FEESEFIFRERBIEA, R - > AT LB

13/52 il s=tsoeHE R



V2T
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(simplified meteorological model around Japan)

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

Ox )
—=cx"+---
ot

PDE : Partial differential equation

Discrete simulation model
(discrete time/space, FDE)

x, = f,(x,4)
RKAGTE

A4

(time varying)

«——— Boundary conditions

Nonlinear state space model
(discrete time/space, stochastic(SDE))

xt = ﬁ (xl‘—l’ vt)

14/52
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State Vector (Simulation variables)

ARATLETIL
//‘\ Stochastic simulation model
—(xt}: ft(xt—l’vt)1 vth(V‘HSyS)
d S~

ht(xt’wt)’ wt’\/p(w ‘Hobs)

SR BEDT—H . Observation model
stowss Y, = H X AW, w~N (0 Robs) BATTL

At :sampling time of observatio ns

At St :simulation time step 51'

At =1>> 6t N

fime integration

g

::‘. AFIHERIARMEA - 22T LR

Sl st SRR 22 PR
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filter densit
2435

@\/R/\’r Z%Jr% — BRHKET—5%ELDE -
seusan Predictive density: p(x |y, ) 2%3erss

E IS HDRKE

SEFETOT—4IE

y- p(xt yh) 3¢5 BORKEE

smoother density: p(x, | y,,)  ase r-ses<cmes

RIS

p(xj | Vi)

ETIRYIR->T-5 HDIKEE

J g TETHT—4%

_ B3DDFEHENDT

prediction

P (xt—l | yl't—l) = (xt | yl‘t—l)

FEDH=RIKI)L
Yir E{y11 ‘o ’yT}

| filtering

px, | yy,) —»p(xmll Vir)

——————————————————————————————————————————————————————————————————————————
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X, BH (ORGOSHZHE Xy =1X,... X, |

Y, 74 yl:TE{yl’”"yT}
4 | HAET FHS T M
74’;%3)?7‘*? P 1) P, | 3, 2)
. 2 PP py)
T
AR H W, | y,1,0) —mxre
=1
CIRSA—BOERBT . sman
e ﬁ‘«“y )= pPOhr | ﬁ)p(ﬁ)
LT
5 > (. 10)p(6)
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p(_ly) p(ylpx()y)p(x) w{?(ylx) p(_)
S

pE—

Posterior Likelihood Prior

Improved knowledge Feasibility of realization of y Belief

for given x

about values of x about values of x
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~

BEEEA 382 FeH
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ZR (PITVT)L) vs. IEEXR ( &/ VN 2)

&mmm«x—y

T—REMICYZaL—2aV BEHE LR
ht ( X t )

Cbserved data

—'> Tih’te

FR(FUSANE . EFOBE  EFERFTSA)E R IHEELD/ R
FHKEXES, DOFY. Swarm Filter =KD

KFXHI: EnKF (Ensemble Kalman  XZ&HI: 4RFTE 7% (Adjointik)
Filter)

J':?Jtﬁiﬂﬂ?ll!!i)\ 8-> AT LR
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FTRIDAT v T (EnKFEPFTHE)

( (1) (i) i
State X f; xti1|t—1 vtl )_> xt(|t)—1

(1) }N y W
X I (i)
{ t—1t-1);—1 xm_l i1
& (2)
1) j ‘xt|t—1
xt—1|t—1 ‘
(2)
Xy 1)1
| ‘ : ensemble member of predictive PDF
.| xt(li)—l ' : ensemble member of filtered PDF
+M) '
=11\ i (N)
| i1 Prediction step

o
> Time
Ef". i O EIF AR A - AT LR
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PECOI 4 ILIU YT DRAT YT

State X

A

‘ : ensemble member of predictive PDF
‘ : ensemble member of filtered PDF

kelihood

___________ ‘/ o7 Observation: }/;
_______________ .5. |

‘ Calculate [ 0 \
; likelinood for | . _| P lx4l)

each particle | | >y, [xP))
. :xg'_) _________ ’
tlr-1 .
§ Filtered by a resample proportional to likelihood

Xt Q@ N, W —
; _______________ :\ 2 Filtering step
W™

' 4 > Time
-

K73 ] FEILEFIFRERANEE A R AT LB
23/52

S WSt BOIRER TR




—FNKF T2 1 ULV ITDRT Y D

state X, Linear Gaussian @ : paricie for predicive
A Observatlon mOdel . partcie 1or predictive p
((lz)) . H .:particle for filtered pdf
ﬂt Y, = 11,X, +wt
Sample-based Variance I}
Covariance Matrix : tle-1
\ observation: V;
T -1
/@ tht 1H (Ht t|t— 1H +R )
() () () _
t|t tt—1 @(y t + W t|t 1)
Kalman Galn
Filtering
> time
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ADVar vs. 7oy~ —27—A[E1bE

FEEX R EY 2R E
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Merging particle filter (MPF)

SUISIoIN
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R T0ILZ2) T RN %R

D(x,| )= Z »"Gauss (x|, ),m
_ . Swarm Filter
GSF: Gaussian L K" =K. / M \
Sum Filter J Make all Kalnfan EnKF: Ensemble
- gains identical .
O ;P e il e Kalman Filter
e identical

Kernel Density
Approximation

MPF: M
cleF

.LM :> _;'?\"T
iiter

Make a variance
approach to zero v %:} 0

PF: Particle Filter

l< M

Apply no merging opg

No conception to

S \ approximate PDF/

wonte Carlo approximation to P[y

33/52

N: Number of particles in PF

M- Number of the predictive particles for
generating a filter particle in MPF
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DDR3 |

64GBI/s .
1/—k(CPU) = 837
16GFlops x 8 = 128 Gflops

/—FEIF8ALLE

[EE2FE=E]/—FA
OpenMP : XL yKifi 5]
ERLEE

a7 :SIMD1E (3
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DIEERE 23 UHD' 5 =55

JOt 5

MPI

FEIMREB -
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A—HHIETE (TR S)
2Ly K131 (OpeniiP —
FE2kEE-
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Node 1

Node 2

Node 3

Node 4

e0oeec000e 00000000

e0eec000

eeoc0ecc0e

AN

MetaPF: Meta-particle filter &%

Resampling Resampling Resampling

Resampling

00000000

,
00000000
4

00000000

00000000

_- A subset of the ensemble = a ‘super-particle’

Inter-node resampling of ‘super-particles’

ecoo0c0000 eceoco000

eceo0oo000

eoecC0000

NodelZF|Y ZTon =
ensemble @ subset (=&
#ii F)Zresamplingd™ 3.

IFIKTIE, nodelZENY 4
Tonf=EA#NENHL
DTH03ZHAT =6
resamplingg Z&(ZL
TW5.
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T—SAIERRERER Y —TOHRTOI D

- Coupled Ocean-Atmosphere model
= Tsunami model

» Ocean tide
- 3D structure of ring current
» Genome Informatics

- Marketing (with multi-agent simulations)

S T
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e Simulation of Okushiri Tsunami

— Simulation based on topographies made by different
organizations.

— It looks similar, but time series of sea surface
displacement at a point () is ...

Okushiri SKKU : 1

AFIHERIARMEA - 22T LR

W =1 e ze
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25 o Bl [9)[J /S Personalized Simulation

RAKXZE-EMFHRAM BEHEMRELHRHRER
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