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Multiple scales — Tsunami

Spatial Scales:

Tides:
* Ocean-wide/ global range
« 0O(10000) km

# Tsunami Wave Propagation:

-

« Typical Wave Length
« 0O(100) km
Near-shore waves:

« Shoaling effect
« O(1-10) km

Inundation (Parameterized):

HEE

* No resolution of buildings, etc.
* 0O(0.01-0.1) km
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Multiple scales — Cloud Entrainment

Spatial Scales:
Cloud cluster:
» One single (tropical) cloud cluster
« O(10) km3
Mixing processes at boundary:
* Entrainment
« O(1)m3
Microphysics:

* Droplets, nucleation, etc.
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Multiple scales — Computational consequences

Computational cost uniform refinement
Cloud cluster:

« 10%grid points per dimension

* (10%)3= 102 grid points!

« That is without microphysics!

Tsunami:

35

« 10°grid points per dimension
* (10%)2= 10" grid points
 That does not resolve streets, etc.
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Adaptive Methods — Key Questions

When to apply an adaptive method?

What is needed for numerical efficiency?

What is needed for computational efficiency?

S
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Model for adaptive efficiency

a= 0.75, x= 0.50, u= 3.00, v= 10.00

Assumptions: 10
= Tree refinement (binary tree here) 10°
= Qverheads for

o refinement criterion

o Less efficient numerics

number of cells/work

o Mesh management 2

= Refinement area as fraction

= Computational work = no. of unknowns o o |

| |
0 5 10 15 20 25
level of refinement

£

# Example:
» Area of refinement large (a=3/4)
= QOverheads large:
o Refinement criterion (x=1/2 of a computational step)
o Numerics slow (w= 10 times slower as uniform comp.)

o Mesh management demanding (u= 3 times a comp. step)
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Model for adaptive efficiency — small adaptive area

Now:
= Area of refinement small (a=1/10)
= Rest unchanged

8

a=0.10, x= 0.50, u= 3.00, o= 10.00
10 E T T T

number of cells/work

10°F
101 =
C uniform |]
r —©— adaptive |
100 | | | |
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level of refinement
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Model for adaptive efficiency — small adaptive area

Now:

= Area of refinement large (a=3/4)

= But efficient grid management and numerics!
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number of cells/work
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Simulation overview

Simulation chain:

# Source

35

35

Propagation

Inundation

Refined mesh for seamless

Multi-scale representation

e 0 [ o4 98 o8 100
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Basic equations

Shallow Water Equations

Continuity equation (flux form)

0

—C+V'(V(C+H)) =g

ot

Momentum equation
ov | n’vlv R
—+ (v-V)v+gV(Hf x v+ —= HV - (KpVv)[=0
ot / /V' H /
Coriolis term Bottom friction  Viscosity term
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Boundary conditions

Radiation boundary condition (open/liquid boundary)

g

No-slip boundary condition (solid boundary)

v-n=»_0

Note: inundation boundary conditions
according to Lynett/Wu/Liu (2002)
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Inundation boundary conditions

Extrapolation of wave height

Extrapolation based on neighbors

fine 13, coarse 13, timestep 0.1

Lynnet, Wu, Liu, 2002
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Initial conditions

Complex slip distribution

Vectors | 19 Feb 2008 | uxyz Sip o Fob 2008 i
XN

96 98 100 102 104

Babeyko (2007)
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Adaptive algorithm
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1. Efficient Mesh Refinement Strategy

Rivara (1984), Bansch (1991), Grids created with amatos
N
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2. Efficient Refinement Criterion

Gradient based criterion

refine if Vh|; > Oref max(Vh|;)
0..¢ threshold value

vl  Simple
I Easy to compute

Not robust
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3. Efficient Programming Framework

Triangular grids with boundary

# Object oriented + gather/scatter
Built in SFC ordering

Simple programming interface
Generic FEM/SEM support
Coupling capability

Parallel

2D plane and spherical geometries
Documentation, open source
http://www.amatos.info
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amates

the grid generator -~

Welcome to the amatos project home
oreton s an ASective Mesh gererstor for ATmasonerc and Oceanic Sreulaton
orarn s Ceveloped, howed @) maintained ot the - Computing Certre of ATred Wegener Futns

What you can fid on these pagen

o Py Beees Chmming, marTaty, CopTighl
* The amiios crojct 10e map and ticketing Systers (see meny sbove)
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4. Efficient and robust (!) numerical scheme

P1-P1, ¢ finite element combination

Conforming linear for ¢ and H: p1

h: hi=1—z—vy, ho=1; hs=y

Non-Conforming linear for v

Hanert et al. (2005)

A

v: U1=1—-2y; v9=20x+2y—1; v35=1-—2x

Exact discrete mass conservation
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4. Efficient and robust (!) numerical scheme

Explicit RK nodal DG method (See Giraldo)

Cells ssh

- 0.1
l 0.08
-~ 0.08
-~ 0,09

Cells ssh

0.1

[ 0.08
— 0.06
— 0.04
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Adaptive mesh refinement — simple example

037

Model Domain

I
‘

CIS

8

Initial values

(3,1)

&

2% Universitdt Hamburg

=
% KlimaCampus



Andaman-Sumatra Rupture

Cells ssh
1.2

- 08

J.B., W. S. Pranowo
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Error estimation Il (averaging)

Instead of

refine if Vh|, > Oref max(Vh|;)
0.os threshold value

Use

_ PR |
n = |klr=hl, withh=Z > Bl
neighbors t
refine if 7 > 0Orn, with 1) mean error

Oref threshold value

M Simple
M Easy to compute
M Robust

UH N
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Error estimation lll

Instead of

refine if Vh|; > Oref max(Vh|;)
0.or threshold value

Use

refine if h|; > O max(h|;)
0. threshold value

M Even simpler
M Even easier to compute
I Robust for this application!
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Andaman-Sumatra Rupture

>
>
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5. Efficient Data Management

Grid
l Manipulations

UH
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Scatter

Vector

Numerical
Calculations

Vector
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We need data to stay local!
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Optimization Hierarchy Level 1: Parallel Partitioning

Space-filling curve (Sierpinski)

T\

/ J.B., J. Zimmermann, 2000
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Optimization Hierarchy Level 1: Parallel Partitioning

METIS SFC
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SFC: J. B., J. Zimmermann (2000), Metis: G. Karypis, V. Kumar (1998)
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Optimization Hierarchy Level 2: Matrix Optimization

Structure of matrix

quotient reverse reverse SFC
minimum degree Cuthill-McKee

B3

# System with ~200.000 unknowns

2=

@ Utilizes preconditioned BiCGStab

ILU pre-conditioning

- QMD RCM rSFC - QMD RCM SFC

J. B., N. Rakowski, S. Frickenhaus, et al. (2003) lterations Time
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Optimization Hierarchy Level 3: Cache Optimization

Nearest neighbor communication (vertex-wise)

Connectivity matrix with different orderings

unsaned SFC sonted RIM 5o AMD 33001
0 0y 0
\
100 wWoi 100
20 0 0 ’
-
30 4o 0 0 '
' '
0 . 0 0
A N
0 3 50 50
0 W0 X0 30 &0 50 0 10 X0 30 0 50 0 WO X0 30 0 50 0 Y0 X0 X &0 50
ne = 2345 ne = 2345 02 = 2085 "= 2345
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Optimization Hierarchy Level 3: Cache Optimization

Connectivity matrix with different orderings
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Optimization Hierarchy Level 3: Cache Optimization

Nearest neighbor communication (element-wise)

1000
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cache misses

Cache misses
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Observation 1: Refinement tree

Lo £ x £ A £
Lamddisdp £ A 44
0 0 \
e o
1110100111000100...

Refinement tree as bitstream
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Observation 2: Element-wise computation

E

Depth first traversal induces Sierpinski curve

UH

£

Element by element computation
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Observation 3: Nodal computations

® not yet accessed
® just being computed
© waiting for further computation

® computations finished
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Observation 4: Tabulated element types
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Take element types for computing order

Use heap data structures for storing intermediate values

£
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# Use input/output stream

AdGd  UNREGSTERED

2Dnput  red line  green line 2D cutput
stack stack stack stack

=
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# Linearize grid structure by depth-first-traversal/Sierpinski curve

Mehl, Zenger (2004)
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Preliminary result Reentrant corner

UH

Poisson’s eq. with local refinement

b

lig

Solver: MG preconditioned CG

lig

Refinement criterion: hierarchical basis based (Deuflhard)
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Preliminary result Reentrant corner

Memory requirements (500k unknowns)

1000
100 -
™y I Original
E. M Sierpinski
10 -
1 .

mesh

J.B., M. Bader (2009)
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Preliminary result Reentrant corner

Timing results

100

) ‘/r

1 ‘
17!—3(, 432640 959190 2594456 6455242

[s] resp. [ps]
[
\
|
[

0,1
number of unknowns
-l Time per iteration [s] Time per unknown [ps]
2 99% cache hits JB., M. Bader (2009)
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Results for SWE

Bader et al. (2010)
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Results for SWE

Memory requirements

mumber of memory |in MB| | bytes per element
_kj\!l_. elements  unknowns foat dowble float double
16 131,072 393216 | 7.7 14| & 112
18 524,288 1,572,564 o7 533 | 54 106
2 | 20097,162 6,291,466 106 210 | &3 106
28 5358 608 25,165 824 422 K38 53 106
16 | 131,072 1079648 | 11 22 | &8 176
18 524,285 4.718. 552 43 85 S6 170
20 | 2007152 18874368 170 338 | 85 169
22 B3B8 608 TH, 407472 | 678 1356 | &5 169
Tamx 4.1

Memory reguirrment for sclving the shallow eguations on unyformdy refined gride. The data in
the wpper Aalf war obtaimed when seing constant anssts fusctions for £, £, and £v (3 wnknowns per
elownend ), the remits in the lower Kalf are for hneer ansats fanctions (3 x 3 unknowns per elemens,

Bader et al. (2010)
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Results for SWE

Runtime

number of runtime [in s throughput
level | elements  unknowns | total  per clement | fin MB/s]
16 | 131072 393216 | 0072 5491077
18 524288 1572864  0.282 5.38.10
20 | 2,007,152 6,201,456 | 1,217  580-10
22 | 8388608 25165524 | 5068 6.04.10°7 |
16 | 131,072 1179648 | 0147 112.10°F
18 524288 4718592 | 0579  110.10°¢
20 | 2007152 18874368 | 2308 1.10-10*
22 | 8388608 754974729376 112-10°

Tamx 4.2
Erecution tames fo conpgute the shallow eguctiornn on snyformly refined grads unng comsdont
lupper half ) and kuear bans (Tower Aelf ) functions 1n double precasion. Given 1 the sremge renfime
for one time atep, the respactive runtime per grid element, and the reaitng wemory bondurdih weed

1

BREHERIE

Bader et al. (2010)
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Future application — wave interaction and tsunamis

A. Androsov et al. (2010)

Cells ssh

F. Fehsenfeld
M. Ehrhard
F. X. Giraldo
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Future application — cloud simulation

MetStrom




Conclusions

# Multiple scales need numerical representation
Model for adaptive computation gain

5 Efficiency ingredients (meshing, refinement, programming, numerics, data
management)

87K

3 Hierarchies of optimization
Radical approach with SFC

Future applications

x
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