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Minimal kinetic model:

Q

19.04.2007

Lattice-Boltzmann Automata

Wolfram 86, Hasslacher 86

fi(t + At,x +e;At) = fi(t,x) + 24, i

=M1k

mass fractions f
regular grid
propagation
collision
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Collision operator
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Multi- scale analysis with computeralgebra
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Transport phenomena with Lattice-Boltzmann Automata

« Navier-Stokes (d296, d2q7, d2q9, d3qg13, d3g15, d3q19, d39g27)
« advection-diffusion (d295,d2g9,d3q7,...)
« suitable for transport equation
e applications:
— fluid mechanics (large range of Reynolds numbers)
— aero-acoustic
— traffic flow

d3g19-Model

d2g9-Model
V6 v2 Ug

N
3 U1
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Computational aspects

basic cells: squares and cubes

coupled space and time resolution

convergence properties:

LBE second-order accurate with respect to the corresponding solution of
incompressible Navier-Stokes flow

because of their explicit nature and local stencil LBE models are very well suited
for vectorization and parallelization

stress tensor locally available

weakly compressible scheme (no Poisson equation is solved for the pressure)

no numerical viscosity

very efficient explicit time stepping scheme (high cell Reynolds-number)
hydrodynamic boundary conditions are introduced for distributions
conservative scheme for mass and momentum
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Lattice Boltzmann Automata on tree type grids

recursive bipartition of unit cell

(0,0,0) Level O

(1,0,)

Level 1

2525 )N (2,3,1)
(1,0:0)

(221@} (21310) Level 2
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Tree type grids

* Quadtreein 2D * Octreesin 3D
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Tree type grids

* nested time stepping Filippova 98
« scaling of mass fraction
* interpolation in time and space

A
Levet 0 [or S T Y w7 ///////// 777 /7/ Z
Levet 1 [ D
Level 2 P fropaiion P i ropaiion [ Bropagation c>—<>—<7\ 99—
Level 3 %_P_r;;-{} } D }-I-,-r;--D k—};;o;-b } O coarse Node e—scaling fine to coarse
: P ' e fine Node <— scaling coarse to fine
1 1 : - ¢— no-slip BC
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Parallel computing / High performance computing
- S | \ :
- complex geometry ‘“‘ETMWF& m;' - -“ \I:k\
« complex physics = ==
» turbulence (Re”(11/4))
« computational steering
* real-time
« faster than real-time
* many different design cases
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Systems we use

Aman at CAB: HLRB Il in Muich:

Processors: 120 Processors: 4096
Peak-performance: 350 GFlopl/s Peak-performance: 26.2 TFlop/s
Total size of memory : 250 GByte Linpack Performance: 24.5 TFlop/s
Direct Attached Disks: 4000 GByte Total size of memory : 17.5 TByte
Direct Attached Disks: 300 TByte
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Tree type grid parallel a priori

« space filling curves (Peano, Hilbert) for optimization of cache-access
« partition based on graph theory (work load / communication, METIS)

Grid:;

space filling curves:

Po

v v v v v v v vl

top: Peano-Hilbert ,U“-ordering
bottom: Morton ,N“-ordering
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Adaptive parallel tree type grids
« Adaptive Mesh Refinement (AMR)
« blocks on each level RS :::: 0 51111 BEASE REeS
« dynamic (de)allocation of blocks BN ::::: W :::1 B SSE RESS
« compromise performance and flexibility BB i1 i it DBEE BB

Slave 1
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Client 1 Client 2

grid block

standard connector

.......................................

scale connector Typ Il

C——

local transmitter

1+

remote transmitter

© Soéren Freudiger 2007
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Virtual Fluids / LB — Multiphysics library

<<abstract>> * * . 1.*
Adaptation Criterion Grid Cell
1
BoundaryAdapter | — *

<<abstract>>

TopographyGrid Cell Values Descriptor

0 |
memory |

IslandAdapter ] AN

TmTopographyAdapter [ TmTopographyGrid TopographyCVD
AN
L TriangularMeshCVD j

CellRatioAdapter GISTopographyGrid

GISTopographyCVD

FE-Newmark-Solver
RigidBodyMotion
. . <<abstract>> T
| CoordinateTransformation2D | ’ MovingPlugln ‘ —| mllltlphase I
1 o - [bm_d3q19]1

| » o S— —{interactor 1]
NodeGrid2D Interactor }—{ GeoObject2D ‘

[e]
Q
° — freesurface |
o %MD_I
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parallel efficiency (96 processors): 95 %
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Fluid-Structure-Interaction with Lattice-Boltzmann-
Methods on tree type grids

DFG-Research group 493: fluid-structure-interaction:
Modeling, Simulation, Optimization
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Coupling of Structure- and Fluid Solver

Coupling
Scheme
Coupling
Geometry
Fluid Structure
A .

FV-Solver
FASTEST

h-FEM Solve

R

o

Application Application

FV-Solver
LESOCC

p-FEM Solver
AdhoC

LBM-Solver
VirtualFluids

distributed environment
transformation loads / displacements
coupling through moving triangle mesh
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Coupling algorithm (explicit) / Mapping of surface mesh

L B-Fluid-Solver FE-Struktur-Solver

load
, | step=0 e | Step=0

internstep 1

4—
Interpolation surface mesh
4—

v —

) —
internstep 2/€V€!

step=1
NAte At

internstep 1

<—
Interpolation surface mesh
4—

v —

internstep 2/€vel | <

displacements
— step=1
surface mesh

step=n
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Benchmark Fluid-Structure-Interaction (Turek/Hron)

A s Featf.
FSI3 RE288, 2 subcy

2§ O
{
(0,0) = . -
ps = 1000[kg m~3] E = 1.4E6[Pa]
ps = 10000[kg m~3] U =1[ms™!]
v =1/1000[m?s~1] B
ve = 0.4[—]
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Simulation of bubble ’

Simulation of bioreactor ’
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FIMOTUM - Elrst Principle Based MOdelling of
Transport in Unsaturated Media

Co-operation with:

-Institut fur terrestrische Okologie, Paul Scherrer Insitut (ETH-ZUrich)
-Institut fir Wasserbau (Univ. Stuttgart)

-Institut fir Geodkologie (TU-BS)

goal:
Prediction of transport processes in unsaturated soils
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I computer tomography

60 cm
TDR

reconstruction

1819WOISUS | /

fluctuating
water reservoir

S}

comparison with
experiment

ot &
scopic LB-

time ->
BCFitanP_-S, ausKapillarbindelmodell ismu;, k, TUM

l +1cm K -v-
-24cm -\ -4
VG FitanP_-S, aus Kapillarbindelmodell (9mu), K'VG

VG FitanP_-S_ aus Kapillarbiindelmodell (15mu), k, VG
P.S, aus K‘apﬂhrbﬁnd'enlmodeu (15mu), k,, TUM 160

micro

measured outflow (corrected)
VG Fitanast3 P_-S, CAB 22.7.2002 (ohne g), k, VG

4.0 ——a— BCFitanast3 P.-S,, CAB 22.7.2002 (ohne g), K,, TUM 140 —| . .
o = o] (multiphase Navier-Stokes)
—_ 1 5':; 3
§ =0 m 100
8 25 £ 80 - "
E ] E|
S 20 g 0 - '
£ 5 - .
L:E: 1.5 = 40 F
3 1.0 ag 4 06
0.5 0 ~ 04
] a 0.20 0.40 Q50 080
0.0 ~arbaepetilll} 1T 2
10.0 20.0 30.0 40.0 Water saturation N
Time [h] 0 0_2

macroscopic FE-simulation material functions:
(macroscopic multi-phase * relative permeabilities
equations) « capillary pressure
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Reconstruction of geometry ﬂ ﬂ F\ ﬁ/ﬁ
voxel geometry i L T (7
(Scans von Kastner and Lehmann) Iso-contur algorithm: m W m

Marching cube

19.04.2007
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» sand, 100-500 micrometer
* resolution: ca. 5 micron

« marching cube/triangles

» Parallel

* multiphase-model

* up to 500 Mio. grid nodes

e drying curve
© wetting curve

P W [em)
3 8
N\
L 7\

LB - simulation | |

0.2 0.3 24 0< .6 0
saturation 99 [-]
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Hysteresis

1,0
o ——— —VG1, PD
® T
v -—=\G2, PD
0,8
-—FF1, PD
—FF2, PD
0,6
LB, PD
—Mo, PD

0,4

0,2 k

0,0
Pressure
0 2000 4000 [Pa] 600(
1,0
. —PD, LB Min
2T
“ —PI, LB Min
0,8
—5D, LB Min
=—PD, Mo Min
0,6
P1, Mo Min
==5SD, Mo Min
0,2 e
0,0
Pressure
0 2000 4000 {Pa] 6000
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HVAC comfort optimization

DFG-SPP 1103
“Vernetzt-kooperative Planungsprozesse im Konstruktiven Ingenieurbau”
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Optimization of HVAC layout

virtual design space

« Integration of different disciplines in one product model
« efficient methods for model transfer

« Interactive optimization (Computational-Steering)
 visualization of target function immediately
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HVAC Simulation: Predicted Mean Vote Index

,Multi-Physics“ Problem
temperature (LB)

radiation \ /

(Radiosity) .
_— \

clothing (Clo-Index)

\ 8

0.15 CLO

air velocity (LB)

humidity (LB)

metabolic rate (MET-Index)

1.2 CLO
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Modeler

ﬁi,_,-r_.,._--;;,;;,_,ri'rr-_r--n ral Desktop 2005 - SCHULUNGSVERSION - [Berspriel-TEST 2.dwg] ()OQ
Datei Bearbeiten Ansicht Einfiigen Format Fenster GemDoctor 7 -8
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Desktop (ADT)
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30 ;olumenkorptE g l HVACSensar
. . Hyperlink 5 '\\ HVACCeiling1

* Object Modeling mese = S £
Referenzdok. .. )] ™~

- 5 | 1 R - HVACWallInlet1 g

ramewor 5 | W A E

a -

simulation ~ o =

t a

nosip ! £ HVACWallOutiet1 =

pressure 0.000 "E" € FRLEItUE F

rho 0.000 w f zl

string_t table1 g =

g g wall 24.0 E

temperature 20,000 E 5

type 9 &

= [=] 2

-] u_x 0.000 H hai g

E u_y 0.000 l-_é Chair 8

z uz 0.000 i &

E E N =

A E."‘. g Table a

= _

E

|4w

|

4 » AL | apaut /

A Skalierung: 1:100 + Eingabe 1-100 « 7] D——" W v
E=fehl: %
Eefehl : [T ]

4.2691, 01,5723 . 0,0000 FANG RASTER ORTHO![PoLsR OFANG! [0TRaCK [LST [MODELL Hom .

gl | v/ Debug M [Educ.. M [Educ... (:!;!}-i;u'su_::; M [Educ.. M [Edoc 1 COM- M [Educ. £ O [CHGIRE Sl EE- L)
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IFC product model

modeler / CAD

trangulation

octree

CFD Simulation

visualization/
post-processing
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Simulation of spring events and tsunamis

« ,automatic” acquisition of GIS data

« fast mesh generation

« adaptive mesh refinement / coarsening using blocks
« coupling 3D free surface + 2D shallow water

» faster than real-time

GIS-Data from GEBCO Digital Atlas, British
Oceanographic Data Centre

3 I
IIIIIIIIIIIIHIIEIIE?EF
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Simulation of a surf wave

TU Miunchen, Oskar von Miller — Institut,
Versuchsanstalt fur Wasserbau und
Wasserwirtschaft
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CAB TU Braunschweig
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Performance of LB kernels

simple LB D2Q9 kernel, propagation optimized data layout (Wellein 2006):

float F(nx,ny,8,2)

for(y=0 ; y<ny ; y++){
for(x=0 ; x<nx ; x++){
load F(x,y,0,told)
lToad F(x,y,1,told)

load F(x,y,8,told)

// collision
. (complex computations)

// propagation

save F(x,y,0,tnew)
save F(x+1,y,1,tnew)
save F(x,y+1,2,tnew)

save F(x+1,y-1,8,tnew)
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DRAM GAP
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Performance of LB-Kernels

« LUPS: Lattice updates per second

 Limitation by Memory Bandwidth: d2g9
max LUPS = theoretical BW / [ (1(read)+2(write)) * 4 byte * 9 particles ]

Example:
BW=6GB/s
max LUPS = 6.0E9 GB/s/ (3*4*9 Byte/lattice node) = 55E6 LUPS

 Limitation by FLOPS: d2q9
max LUPS = theortical FLOPS / (NCOLL Bytes/lattice node)

Example:

8 GFLOPS=8E9 FLOPS

NCOLL = 200 FLOP (d2g9, MRT)

max LUPS = 8.0E9 FLOPS/ (200 FLOP/Iattice node) = 40E6 LUPS
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nVIDIA. 5555

* NVIDIA GTX 8800

« Compute Unified Device
Architecture (CUDA)
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NVIDIA - G80: the parallel stream processor
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NVIDIA - G80: the parallel stream processor

» The G80 has eight groups of 16 stream processors, for a total of 128 SPs
» Generalized floating-point processors capable of operating on any manner of data.
» G80's stream processors are scalar — each SP handles one component

« SPs are clocked 1.35GHz, giving the GeForce 8800 a tremendous amount of floating-point
processing power: 1.35*2*128 = 345 GFLOPs

» Eight "clusters" of stream processors are connected to six Render Output Unit (ROP) by a
crossbar-style switch

« Each ROP partition has an 64-bits wide interface to graphics memory, which is clocked at
900 MHz.

* Memory Bandwidth: 6*64/8*0.9*2 (DDR) GB/s = 86 GB/s
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GPU

Platform

Peak[Gflops]

MemBW][GB/s]

price [Euro]

Intel Core 2 Duo (2 GHz) 16 6-10 2000
NEC SX-8R A (8 CPUs) 281 563 Ca. 400 000
nVIDIA 8800 GTX 345 86 500
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Application Programming Interface (API)

« Thread Block

* Grid of Thread Blocks

* Function Type Qualifiers (_device , global , host )
« Variable Type Qualifiers (_device , shared )

« Memory management (cudaMalloc, cudaMemcpy)

» Synchronisation (_syncthreads() )

Memory Bandwidth

« Effective bandwidth of each memory space depends significantly on the memory
access pattern
« simultaneous memory accesses of one thread block can be coalesced into a single
contiguous, aligned memory access if:
* thread number N access address BaseAddress + N
« BaseAddress has to be aligned to 16*sizeof(type) bytes ( otherwise memory
bandwidth performance breaks down to about 8 GB/sec)
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Simple example: Multiply a matrix with 0.5

The host code:

19.04.2007

// allocation of host memory
float* fH = (float*) malloc(mem_size_Mat);
// initialize host memory
for(y=0 ; y< ny ; y++){

for(x=0 ; x< nx ; X++){

k = nx*y+x;

fH[k]=1.0;

}
}

// allocate device memory
cudaMalloc((void**) &f0, mem_size_Mat);
cudaMalloc((void**) &fl, mem_size_Mat);

// copy host memory to device
cudaMemcpy (fO, fH, mem_size_Mat, cudaMemcpyHostToDevice);

// setup execution parameters

dim3 threads(num_threads, 1, 1);

dim3 grid(nx/num_threads, ny);

//Execute the kernel

Kernel<<< grid, threads >>> ( nx, f0,fl);
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The device code (kernel):

_global_ void Kernel(int nx,float* f0,float* f1)

{
// number of threads

int num_threads = blockDim.x;

// Thread index
int tx = threadIdx.x;

// Block index x
int bx = blockIdx.x;

// X-Index

int Xx = tx + bx*num_threads;
// Block index y = y-Index
int y = blockIdx.y;

// fO[k]:Load data from device memory
// f1llk]:write data to device memory
int k = nx*y + X;
f1[k]=0.5*f0[k];

}

— 56 GB/s memory throughput : 65% peak perf.
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Nonlocal operations

« Eachthread block has shared memory of 16 KB (2 cycles latency)
» Use shared memory for nonlocal operations (LB: Propagation)

* Synchronize

«  Write back to device memory

« Synchronize Grid of Thread Blocks over borders

Results

Platform MLUPS MemBW|[GB/s] GFlops

Intel Core Duo (2 GHz) 8 1.0 (17 %) 1.6 (20%)
Intel Core 2 Duo (2 GHz) 16 2.0 (25 %) 3.2 (20%)
nVIDIA 8800 GTX 330 25.0 (30 %) 66.0 (19 %)
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CPU versus GPU - The war is on

A Performance

GPU
CPU
Algorithm complexity
Lattice unstructured mesh
Boltzmann implicit solvers



Thank you very much for your attendance!




