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Lattice Boltzmann Method

» Lattice Boltzmann Method:

Computational fluid dynamics

method for solving complex fluid

flows.

» Second order approximation of

the Navier-Stokes equations.

» A set of virtual particles called
populations arranged at the
edges of a discrete regular mesh.

» Particles only have a finite
number of velocity directions:

v—{é&,i=1,...,m}
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Lattice Boltzmann Equation

fi(x +eAt, t+ At) = fi(x, t)+ g (F59(x,t) — fi(x,t)), i=1..m
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Lattice Boltzmann Equation

A
fi(x+ &AL, £+ AL) = fi(x, £)+ Tt (F9(x, ) = f(x, 1)), i=1..m
filx,t) = fi(x — eAt, t), i=1...m

fi(x, t + At) = fi(x, t) + g (f9(x,t) — fi(x,t)), i=1..m




Computational Scheme

1: for all time step do

2: < Set boundary conditions >
3:  for all lattice site do {in parallel}
4: < Propagate >
5 < Collide >
6 end for
7: end for

» In principle propagate and collide could be fused.

» Convenient for benchmarking to keep the memory bound
section separated from the compute intensive one.
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Summary. — Computational experiments are one of the most used and flexible
investigation tools in fluid dynamics. The Lattice Boltzmann Equation is a well
established computational method particularly promising for multi-phase flows at
micro and macro scales. Here we present preliminarv results on verformances of the
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Many architectures... many implementations!

creasingly large number of HPC systems rely on
multi-core CPUs with power efficient accelerators. Designing efficient applications for these systems have

VoL. 32 C, N
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Performance and portability of accelerated lattice Boltzmann
applications with OpenACC
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Solutions for performance portability in HPC

Can we have a single performance-portable code capable of
running efficiently on recent heterogeneous architectures?

Tested solutions

» OpenCL

» Low level approach
» Future support for GPUs uncertain

» Directive based programming models

» High level programming approach.
» Portability becomes a duty of the compiler.
» Several standards ( OpenMP4.x, OpenACC).




Accelerator-based programming model

SIMD/SIMT

AIng
R

JALIE

DEVICE MEMORY

» Host-centric model

» Abstraction supporting both many-core (GPUs, MIC) and
multi-core architectures.




Strategies for accelerator-based implementations

Two possible approaches

1. Map compute intensive sections onto the device

2. Heterogeneous implementation

Implementation aspects common to both approaches:

» Full-matrix lattice representation with equidistant
Cartesian coordinates

» Two copies of the lattice stored in memory in order to
avoid data dependencies

» External halo-layers used to implement boundary
conditions

» Control on data movements




Strategies for accelerator-based implementations

Offload computational intensive sections onto the device

» Pros (1) : Overlap communications with computation.

» Pros (I): Needs to optimize only the code targeting the
accelerator.

» Cons: The host sits idle for most of the simulation time.

DEVICE

Propagate Propagate

Collide Collide

BULK BORDERS

HOST

MPI




Strategies for accelerator-based implementations

Heterogeneous implementation
» Pros: Fully exploits compute capabilities of the cluster.

» Cons (I) : Need for a data-layout optimizing performances
on both host and accelerator.

» Cons (Il): Requires load-balancing.

DEVICE

Propagate
BC
Collide

o Propagate i
BC
Collide

sync —7
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Array of Structures (AoS)

€y ez e
// AoS data—type definition )
#define N (LX*LY)
typedef struct {
data_t p0; // population 0 e >e;
data_t pl; // population 1 )
cli;n':a_t p8; // population 8
} pop_t;
aos_t lattice[N]; eisdx e e
0 | @v4ed TRy
// snippet of collide code kernel 1 .*f<'-’K,KX
// computing density rho
2 |@vAe> ARy
idx = (ix*NY)+iy; 3 |0vted TRy
rho = 0.0; 4|0y ted ARy
for(p = 0; p < NPOP; p++)
rho = rho + lattice[ NPOPxidx + p |;
N-2|@ v 2> x TRy
N-1@ v 4> TRy

AoS




Array of Structures (AoS): Performances

|| | Data Structure |
| Architecture | AoS | | | [
Haswell 10.17

Broadwell 18.91
Xeon Phi 21.58
Tesla K80 16.06
AMD Hawaii 6.07

» Performance figures in term of MLUPS
(Million Lattice Update Per Second).

» Simulations performed on a 2160x8192 lattice.




Structure of Arrays (SoA)

// SoA data—type definition

#define N (LX*LY)

typedef struct {
data_t pO[N]; // population 0O
data_t pl[N]; // population 1

data_t p8[N]; // population 8
} pop_t;

soa_t lattice;

// snippet of collide code kernel
// computing density rho

idx = (ixx*NY)+iy;
rho = 0.0;

for(p = 0; p < NPOP; p++)
rho = rho + lattice[ (p#NXxNY) + idx ];

Po;

NN R W = O

A WL~

N-2
N-1

P

.++++gﬂkx

OV 4>y MRy

OvAe» TRy
[ RZ R A W
OV 4> TRy
[ 22 RIS A S

[ RX R A W

AoS

KAARYy AP O

KAAR Y A> O
KAUAR Yy 4> 0O
KAAR Y 4> <0
KAXAR Yy 4> 0O
KAARYyALAD>CO
KAAR Y 4 >0

SoA




Structure of Arrays (SoA): Performances

|| | Data Structure |
| Architecture | AoS | SoA | | [
Haswell 10.17 9.53

Broadwell 18.91 | 16.60
Xeon Phi 2158 | 9.68
Tesla K80 | 16.06 | 77.97
AMD Hawaii | 6.07 | 16.14

» Performance figures in term of MLUPS
(Million Lattice Update Per Second).

» Simulations performed on a 2160x8192 lattice.




Clusterized Structure of Arrays (CSoA)

// cluster definition
t pop
ypedef struct {
data_t c[VL]; (AN N NN N N LN X N J
} vdata_t; Tlvvvyvvevvy LR 2 2 2
2|4 4040004 (2444
// CSoA data—type definition Jlec e C e
e 4|>>>>>>r> > > >
vdata_t p[NPOP][NXx(NY / VL)]; Dl L KKK
}Csoa;:' ! G AAAAAAASA AAAN
- AL S SLS ¥ ®RKRK
R R I I TR PR R
csoa_t lattice;
VL VL VL
SoA
// snippet of collide code kernel pop i
// computing density rho l@e o dee e@ o oo
tax = 1xx(NY / VL) + iy; eI Do v Heamx)
2 (@D 4 Neaxmx)>
#pragna omp sind Y SO ~
for(k = 05 k < VL; ki) teza s v 2G
rho.c[k] = 0.0; s (@D K ¥ (T ®)
@z A
7€ xR N>
#pragma unroll novector 8 | % e MCEED
for (p = 0; p < NPOP; p++){ CSoA

#pragma omp simd
for(k = 0; k < VL; k++)
rho.c[k] += lattice—>p[p]|[idx].c[k];




Clusterized Structure of Arrays (CSoA):
Performances

|| | Data Structure |
|| Architecture | AoS | SoA | CSoA | ||
Haswell 10.17 | 953 | 16.22

Broadwell 18.91 | 16.60 | 26.69
Xeon Phi 2158 | 9.68 | 30.28
Tesla K80 | 16.06 | 77.97 | 80.34
AMD Hawaii | 6.07 | 16.14 | 32.74

» Performance figures in term of MLUPS
(Million Lattice Update Per Second).

» Simulations performed on a 2160x8192 lattice.




Clusterized Array of Structure of Arrays (CAoSoA)

// CSoA data—type definition o
P0G Stlfuci { pnpoooooooo ceoe
data_t c|[VL];
R . e v v d|evvv| |[vove
;f?*?**?? R
tspnser s {isssisas: Mileee:
whea_ s IR ]); 5w KK KK KKK K KKK
i ezesen_i; 6|7 2 |22 AAARN
. TI®"®"®RRRKRRK ® XK K
caosoa_t lattice[NXx(NY / VL)]; PR PRYERY
VL VL VL
// snippet of collide code kernel SoA
// computing density rho OO R LACEREY
idx = ixx(NY / VL) + iy; Dooo)ii LICETEY
@000 ACETEY
#pragma omp simd
for(k = 01 & < WL; k) Eee oy  xEuEuw
ho . k] = 0.0;
S0.61E] = 0.0f o X GEuaw
CA0SOA
#pragma unroll novector
for (p = 0; p < NPOP; p++){
#pragma omp simd
for(k = 0; k < VL; k++)
rho.c[k] += lattice[idx].p[p].c[k]:
}




Clusterized Array of Structure of Arrays
(CAoSoA): Performances

|| | Data Structure |
|| Architecture | AoS | SoA | CSoA | CAoSoA ||
Haswell 10.17 | 953 | 16.22 | 17.68

Broadwell 18.91 | 16.60 | 26.69 31.10
Xeon Phi 21.58 9.68 | 30.28 40.41
Tesla K80 | 16.06 | 77.97 | 80.34 80.19
AMD Hawaii 6.07 | 16.14 | 32.74 36.65

» Performance figures in term of MLUPS
(Million Lattice Update Per Second).

» Simulations performed on a 2160x8192 lattice.
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Load Balancing

Texe = max{ Tacc, Thost + Tmpi} + Tswap

Tacc X (LX - 2M)LY *Td
Thost X M)LY -7

Tmpi X 7c (constant since we are using a 1D partitioning)

Autotuning:

1. Get an estimate for 7y, 7, 7 by mini-benchmarks

2. Compute M such that T by solving

Tacc(M) — Thost(M) + Tmpf(M)




Load Balancing: Testing the Model

T T T T T T
= 1024x4096 Haswell + KNC ¢ 1024x4096 Haswell + Tesla K80
= 2048x4096 Haswell + KNC * 2048x4096 Haswell + Tesla K80
= 4096x4096 Haswell + KNC *  4096x4096 Haswell + Tesla K80

100

MLUPS

i i i
0.0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
2M /X




Load Balancing: Performance Forecasting

T T T T T T T T

120k _.....| = 1024x4096 Haswell + KNC * 1024x4096 Haswell + Tesla K80
H H = 2048x4096 Haswell + KNC *  2048x4096 Haswell + Tesla K80
: : : = 4096x4096 Haswell + KNC *  4096x4096 Haswell + Tesla K80
TLO - oeeeevmeee b | == 1024X4096 Broadwell + KNC - - - - 1024x4096 Broadwell + Tesla K80
2048x4096 Broadwell + KNC - - - 2048x4096 Broadwell + Tesla K80
4096x4096 Broadwell + KNC - - - 4096x4096 Broadwell + Tesla K80

MLUPS

i i i
0.0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
2M /X
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Tuning of cluster dimension

T T T T T
EE Haswell + KNC
100 Haswell + Tesla K80 7
Haswell + AMD Hawaii
80
60
n
a
2
0.31
=
40 -
038
633
20
034
0.41
0




Scalability performances for Haswell + KNC

1200

1000

800

600

MLUPS

400

200

B 11680x8192-vl  EEE L3360x8192-vl BEEM L6720x8192-vl
BN [1680x8192-v2 [ L3360x8192-v2 HEE L6720x8192 -v2

12 14 16 20
Number of MIC devices



Scalability performances for Haswell 4+ Tesla K80

Bl [1440x8192-v2  EEE L3840x8192-v2 HEE L6720x8192 -v2
1000 T T T T T T T T T T

B [1440x8192-vl  EEE L3840x8192-vl MM L6720x8192 - v1|

MLUPS

10 12
N GPUs
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