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1.1.1 Programmable Graphical Processing Units
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1.1 HPC on a ordable emerging architectures

(a) Floating point performance.

(b) Memory bandwidth

Figure 1.2:
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1.2 Scope and main contributions

GPUlab library



1.2 Scope and main contributions
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1.2 Scope and main contributions

1.2.1 Setting the stage 2010 2013
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1.3 Hardware resources and GPUlab
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[ Name G4 G6 Oscar |

[ No. Nodes 1] 1] 44 ]
CPU Intel Xeon E5620 Intel Core i7-3820 Intel Xeon E5630
Cores 4 4 4
Clock rate 2.40 GHz 3.60 GHz 2.53 GHz
Total memory 12 GB 32 GB 24 GB
GPU Y 2 x GeForce GTX590 2 x K20c 2 x Tesla M2050
CUDA driver 5.0 5.0 5.0
CUDA capability 2.0 35 2.0
CUDA cores 1024 2496 448
Clock rate 1215 MHz 706 MHz 1150 MHz
Peak performance z 2488.3 G ops 3520 G ops 1030.46 G ops
Total memory 1.5 GB 5 GB 3 GB
Mem. bandwidth 328 GBI/s 208 GB/s 148 GB/s
L2 chache 768 KB 1280 KB 768 KB
Shared mem/block 48 KB 48 KB 48 KB
Registers/block 32768 65536 32768

Table 1.1:

G4 *
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Software development for heterogeneous architectures

opaque

visible

GPUlab library

good library design
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2.1 Heterogeneous library design for PDE solvers
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2.1.1 Component and concept design

2.1.2 A matrix-free nite di erence component
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2.1 Heterogeneous library design for PDE solvers 17

Vector

Matrix

typedef value_type;
typedef size_type;

Vector(size_type);

Vector(Vector);
void axpy(value_type,Vector);
void axpby(value_type,Vector)
void copy(Vector);
value_type dot(Vector);
Vector* duplicate();
void fill(value_type);

value_type nrmi();
value_type nrm2();

void scal(vale_type);
size_type size();
N
s
EqgSolver

typedef vector_type;
typedef matrix_type;
typedef monitor_type;
typedef preconditioner_type;

EqSolver(matrix_type
,monitor_type);
void solve(vector_type,vector_type)

void set_preconditioner(
preconditioner_type);

-

typedef vector_type;

void mult(vector_type,vector_type);

- /

e . N
Preconditioner

typedef vector_type;
typedef matrix_type;
typedef monitor_type;

Preconditioner(matrix_type
,monitor_type);
void operator()(vector_type
,vector_type)

. v

( Timelntegrator )

template <typename rhs_type
, typename vector_type
, typename value_type>
void operator()(rhs_type
,vector_type
,value_type
,value_type
,value_type);

Figure 2.1:

#include <gpulab/vector.h>

__global__ void add(double* a, double const* b, int N)
{
int i = blockDim.x*blockldx.x + threadldx.x;
if(i<N)
a[i] += bl[i];
}

int main(int argc, char *argv[])
int N = 1000;

/I Basic CUDA example
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Software development for heterogeneous architectures

}

double *al, *bil;

cudaMalloc((void**)&al, N*sizeof(double));
cudaMalloc((void**)&b1l, N*sizeof(double));
cudaMemset(al, 2.0, N);

cudaMemset(bl, 3.0, N);

int blocksize = 128;
add<<<(N+blocksize -1)/blocksize ,blocksize >>>(al, bl, N);

/I gpulab example
gpulab::vector<double,gpulab::device_memory> a2(N, 2.0);
gpulab::vector<double,gpulab::device_memory > b2(N, 3.0);
a2.axpy(1.0, b2); // BLAS1: a2 = 1*b2 + a2

return O;

Listing 2.1:

u(x)

@u(x;)

@ ChU(Xi+n);
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20 Software development for heterogeneous architectures

#include <gpulab/grid.h>
#include <gpulab/FD/stencil.h>

int main(int argc, char *argv[])

{
/I Initialize grid dimensions
unsigned int Nx = 10, Ny = 10;
gpulab::grid_dim<unsigned int> dim(Nx,Ny);
gpulab::grid<double> u(dim); // 2D function u
gpulab::grid<double> ux(u); // 1st order derivative in x
gpulab::grid<double> uxy(u); // Mixed derivative in x/y
/I Put meaningful values into u here
/I Stencil size, alpha=beta=2, 9pt 2D stencil
int alpha = 2;
/I 1st order derivative
gpulab::FD::stencil_2d<double> stencil(1, alpha);
/I Calculate uxy = du/dx + du/dy
stencil.mult(u,uxy);
/I Calculate ux = du/dx
stencil.diff_x(u,ux);
/I Host and device pointers to stencil coeffs
double const* hc = stencil.coeffs_host();
double const* dc = stencil.coeffs_device();
return 0;

}

Listing 2.2:

2.2 Model problems
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2.2.1 Heat conduction equation

@u —n. . . . .
ot ru=0; (xy)2 ([0:1] [0;1]); t O;
u=0; xy)2 @;
u(x;y;t)
t =1 r 2

(G« + @Qy)

u(x;y;to) =sin( x ) sin(y); (xy) 2

un un u(tn) th
t th = nt n=0;1;:::

%‘::Au; A2 RV N y2RV:
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S 0.5~
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Figure 2.2: t=0s t =0:05s
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struct forward_euler

{
template <typename F, typename T, typename V>
void operator()(F fun, V& x, T t, T tend, T dt)
V rhs(x); /I Initialize RHS vector
while(t < tend)
if(tend-t < dt)
dt = tend-t; /I Adjust dt for last time step
(*fun)(t, x, rhs); /I Apply rhs function
x.axpy(dt,rhs); /I Update stage
t += dt; /I Next time step
}
}
}
Listing 2.3:

2.2.1.1 Assembling the heat conduction solver

Grid.
32

64
RHS.

Boundary conditions.

Time integrator.
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24 Software development for heterogeneous architectures

BLOCK1D GRID1D
RAW_PTR

4 +1
Ny = Ny

template <typename T>
__global__ void set_dirichlet_bc(T* u, int Nx)

int i = blockDim.x*blockldx.x+threadldx.x;
if(i<Nx)
{

uli] = 0.0;

u[(Nx-1)*Nx+i] = 0.0;

u[i*Nx] = 0.0;

u[i*Nx+Nx-1] = 0.0;

b

template <typename T>
struct laplacian

{
gpulab::FD::stencil_2d<T> m_stencil;
laplacian(int alpha) : m_stencil(2,alpha) {}
template <typename V>
void operator()(T t, V const& u, V & rhs) const
{
m_stencil.mult(u,rhs); // rhs = du/dxx + du/dyy
/I Make sure bc is correct
dim3 block = BLOCK1D(rhs.Nx());
dim3 grid = GRID1D(rhs.Nx());
set_dirichlet_bc <<<grid,block>>>(RAW_PTR(rhs),rhs.Nx());
}
b
Listing 2.4:

t = teng ode_solver
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typedef double value_type;
typedef laplacian<value_type> rhs_type;
typedef gpulab::grid<value_type> vector_type;
typedef vector_type::property_type property_type;
typedef gpulab::integration::forward_euler time_integrator_type;
Listing 2.5:

N N

/I Setup discrete and physical
gpulab::grid_dim<int>
gpulab::grid_dim<value_type >
gpulab::grid_dim<value_type >
property_type

/I Initialize vector
vector_type

dimensions
dim(N,N,1);
p0(0,0);
p1(1,1);
props(dim,p0,pl);

u(props);

Listing 2.6:

to

tend

rhs_type rhs(alpha);
time_integrator_type solver;

/I Create right-hand side operator

/I Create time integrator

solver(&rhs,u,0.0f,tend,dt); /I Integrate from 0 to tend using dt

Listing 2.7:
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2.2.1.2 Numerical solutions to the heat conduction problem

10
2:5 2:4
60 : 100 :
I single I single
[ double — 80 || [_Jdouble |
17 i @ 60 [ |
5 4 g
[T [T
O] ] 40 |- |
| 20 |- .
(a) GeForce GTX590. (b) Tesla K20c.
Figure 2.3:
4096 =1:234
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2.2.2 Poisson equation

r2u=f(xy):; (x;y)2 ([0 ;1] [0;1]);
u=0; (xy)2@:

@i =0 fOGy)
u(x;y) f(x;y)
Utrue
f(xy)
f(GY)= 1 2upe = 2 2sin(x ) sin(y):
Au = f; u;f2RY; A2 RN N,
A

O(N?)
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Xt = xk+ M (b A xN);

k

A:M2 RV N

M

AX

A

x;b 2 RN;

while(r.nrm2() > tol)

/I Calculate residual
A.mult(x,r);
r.axpby(1, -1, b);

/I Reset initial guess
d.fill(0);

/I Solve M*d=r
M(d,r);
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2.2 Model problems
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/I Defect correction update
x.axpy(1, d);

Listing 2.8:

2.2.2.1 Assembling the Poisson solver

mult

typedef double

value_type;
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30 Software development for heterogeneous architectures

typedef gpulab::grid<value_type> vector_type;
typedef laplacian<vector_type > matrix_type;

/I MULTIGRID solver types
typedef gpulab::solvers::multigrid_types<
vector_type
, matrix_type
, gpulab::solvers::gauss_seidel_rb_2d

, gpulab::solvers::grid_handler_2d > mg_types;
typedef gpulab::solvers::multigrid<mg_types> mg_solver_type;
typedef mg_solver_type::monitor_type monitor_type;
typedef monitor_type::config_type config_type;

/I DC solver types
typedef gpulab::solvers::defect_correction_types<
vector_type
, matrix_type
, monitor_type

, mg_solver_type> dc_types;
typedef gpulab::solvers::defect_correction<dc_types> dc_solver_type;
Listing 2.9:

solve()
matrix_type A(alpha); /I High-order matrix
matrix_type M(1); /I Low-order matrix

/* Omitted: create and init vectors u, f */

config_type config; /I Create configuration
config.set("iter",30); /I Set max iteration count
config.set("rtol",1e-10); /I Set relative tolerance
monitor_type monitor(config); /I Create monitor
dc_solver_type solver(A,monitor); /I Create DC solver

mg_solver_type precond(M,monitor); // Create MG preconditioner
solver.set_preconditioner(precond); // Set preconditioner
solver.solve(u,f); /I Solve M”-1(Au = f)
if(monitor.converged())

printf("SUCCESS\n");

Listing 2.10:

2.2.2.2 Numerical solutions to the Poisson problem
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(a) Convergence histories for the con-(b) Defect correction convergence his-
jugate gradient (CG) and multigrid tory for three di erent stencil sizes.
(MG) methods, for two dierent
problem sizes.

Figure 2.4:

2.3 Multi-GPU systems
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Ocean-
Wave3D 1

1Development and research based on the OceanWave3D model are currently employed
by researches at the Department of Mechanical Engineering and the Department of Applied
Mathematics and Computer Science at the Technical University of Denmark.
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3.1 Potential ow theory

(u; v; w)T
u

W @ jo=

(x;1)

@:@ ;@ )"

@ =

r

r “+w(l+r ro);

@ = g %(r ~r T ow@+r o))

W

r

Figure 3.1:

@@" ¢

u(x;y;z)
(xy;2)
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kh
S

H=L = 50%(H=L)max

3.2 The numerical model

3.2.1 E cient solution of the Laplace equation
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Figure 3.2:
(x;z;0) = Zdth(t);); ik
dix;t) = (x;t) + h(x)
= 7 = 1,

r2+ r?2@)+2r r(@)+
r r +(@)»@ =0; 0 < 1
nr;@@)=0,; (x;)2@;

(x;5t)= (x;z;1)
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1
r = drh ar,
1 rhrh r
2 _ 2 . 2
r = r h g dr d
1 2 r
7 rhr T(rh+r );
1
@ =3
ro(x;t)
A =b; A2RV N;  p2RN;
N
NxNy Nz

3.2.2 Preconditioned defect correction method

0;8x;t
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PDC (A;x;b) VCYCLE (k; M ;x;b)
1 =0 1 ifk==
2 r=b A x /I Residual 2 Smooth (x;b) // Coarse-smooth
3 while jjrjj > and i<i max 3 else
4 GMG (M ;d;r) /I Precondition 4 Smooth (x;b) // Pre-smooth
5 x=x+d /I Correct 5 r=b M x /I Residual
6 r=b A x /I Residual 6 Restrict (r;d)
7 i=i+1 7 VCYCLE (k 1;M ;e;d)
8 end while 8 Prolongate (e;r)

9 X=Xx+r /I Correct
GMG (M ;x;b) 10 Smooth (x;b) // Post-smooth
1 k=K /T User de ned 11 endif
2 VCYCLE (k; M ;x;b)

Table 3.1:

/I Defect Correction type binder
typedef solvers::defect_correction_types<
vector_type
, matrix_type
, preconditioner_type > dc_types;
typedef solvers::defect_correction<dc_types> dc_solver_type;

/I Create solver, assume vectors x and b, matrix A, and preconditioner P are
already created

dc_solver_type solver( A ); /I Create solver

solver.set_preconditioner( P ); /I Set preconditioner

solver.solve(x, b); /I Solve Ax = b
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L
Listing 3.1:

3.2.3 Time integration

@ )=N(; ) N:RMI RM;

N
4th
Cr
c
Cr= c—t Cr :
X max -
Crmax

Crmax =1

N

3.2.4 Wave generation and wave absorption
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@4= L(9
1
@i=( L@+ gt ax); x2
t o
t (x)
RZ! R
=1 0 <1
@ =0
gen(k)zl (1 k)p
abs(X) = 223 + 3'9(2;
p gen
R=x=(L x) Lx
p=4 Ly =8L
t = [0;40] L =
kh = 1 H=L = 30%(H=L)max
(Nx;Nz) = (513;9) C, = 0:75
L t=40s

X =5
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Figure 3.3:

Figure 3.4: t=40

3.3 \Validating the free surface solver

4th
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z [m]
o

0 5 10 15 20 25 30 35 40
Time [s]

Figure 3.5: (x =5;1)

H = 0:04244
O( x?)
4th
=1:2;3

O(k*+ h? ) k

3.3.1 Whalin's test case

T=1;23 H =0:039Q0:0150 0:0136
257 41 7 Ly =35 Ly =6:096

0:4572 0:1524
t = 50 t
Cr=c x= t=0:8 C
X
0 x=L 15 L
35 2L x 35
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Figure 3.6:



48 Free surface water waves

10 ?
3 T 5 T
o
00
£ 2|, o 7
@ o
g (e}
=
<E( 1 - N
Xg‘gw ..
& )
V. -
v =\
ok= B e A |
0 10 20 30
x [m]
(&) Whalin's case att =50sandT =2s (b) T=1s9)
10 2 10 2
‘ ‘ ‘ o Exp. 1st
o v Exp. 2nd
3 Exp. 3rd
— 1st
- - - 2nd
ELLE] 3rd

Amplitude [m]

d) T =3s)

Figure 3.7: T=1;23



3.4 Performance breakdown

3.4 Performance breakdown

N = Ny Ny N,
N, =9
108

104 5 T T \\\Hw T T \\\\H‘ T \\\\H‘ T \\\HA

I | —e— K20c (double) : E

| | —a— K20c (single) a8 ]

108 |~~~ O(N) e

= [ ]
= I Il
> 102 =
o I~ in
£ = i
[} - 4
= L i
10" | -

= - A

= . ]

100 Ll il Ll Ll [
10* 10° 10° 107 108

N
Figure 3.8:

the



50 Free surface water waves
4 +1 4 +2
r=>b A X

10°
10°

250



3.4 Performance breakdown 51
100 % T L] T LT T \HHH‘ T \HHH‘ T \HHE 100 % T T T | EEE T \HHH‘ T \HHH‘ T \HHE
H—e— =1 FHHH H—e— =1 CEE

- s . - ’ =

10 ! 0 =2 e 10 ! H 0 =2 e
|—e— =3 E |—e— =3 E

- il | --- O(N) il

2 L | 2| |

z 10 °F 1z 10°¢
) - 1 o - ]
£ B 1 E B l
o1t 4F 10 7k E
10 4 E ’ il 10 4 = =

= 7 i = 7 i

-7 il -7 il

10 5 I O A 1 | A MM A 10 5 A O I 1 | MM A
10° 104 10° 108 107 108 10° 10* 10° 108 107 108

N N
(a) Single-precision, Linear (b) Single-precision, Nonlinear

100 f | SR S SRR T \HHH‘ T \HHH‘ T \HHE 100 f | SR SRR T \HHH‘ T \HHH‘ T \HHE
H—e— =1 pantiill H—e— =1 B

10 1 H 0 =2 - 10 1 H 0 =2 A1
|—e— =3 | |—e— =3 |

- -~ O(N) 1 H---O(N) ]

w 10 2 A 10 2 E
° E 1% E ]
£ B 1 E B l
Fo1 it e 4F 10 %k E
10 4 E ," = 10 4 ," =

= 7 E = 7 E

-7 il -7 il

10 5 I O A 1 | A MM A 10 5 A O I 1 | MM A
10° 10% 10° 108 107 108 10° 10* 10° 108 107 108

N N
(c) Double-precision, Linear (d) Double-precision, Nonlinear
Figure 3.9: r=b A X

G4



52 Free surface water waves

100 % T L] T L T \HHH‘ T \HHH‘ T \HH% 100 % T T T S SR T \HHH‘ T \HHH‘ T \HH%

H—a— =1 FHH H—e— =1 i

- s — - e —

1019 =2 : o 1l =2 i

H—e— =3 H—e— =3 ’ E

2 L il 2 L il

z 0 °F 1z 107k

o - 1 o - i

£ B 1 E i i

Fo10 t e 4F 10 E E

10 ‘4 ," = 10 4 ," =

= 7 il F 7 il

7 il -7 il

10 5 O A 1 | N R A 111 10 5 N I | A N A 111
10° 10* 10° 10° 107 108 10° 10* 10° 10° 107 108

N N
(a) Single-precision, Linear (b) Single-precision, Nonlinear

100 ; | EEEE S EEEE T \HHH‘ T \HHH‘ T \HHE 100 ; | EEE SR T T \HHH‘ T \HHH‘ T \HHE

H—e— =1 il H—a— =1 il

1019 =2 1 o =2 I

—e— =3 | |—e— =3 |

2 L il 2 L il

z 10 °F 1z 107k

o - 1 o - i

£ B 1 E i i

U= 4F 10 E E

§ — i § " i

10 4 ==t = 10 4 et =

= 7 b E 7 b

7 il -7 il

10 5 O A 1 | N R A 111 10 5 N I | A N A 111
10° 10* 10° 108 107 108 10° 10* 10° 10° 107 108

N N
C ouble-precision, Linear ouble-precision, Nonlinear
Doubl L d) Doubl Nonl
Figure 3.10: r=b A x

G6



3.4 Performance breakdown 53

102

— \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ 111 102 — \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ 11

= q 100 |

ﬂ - I & - I

(=8 [ = [ 1

o B =] B il

(TR - S TH - o
O] O]

10° | o 10° | i

- —— =1 [ - —— =1 [

B —— =2 [] B —— =2 []

B —— =3 [ B —— =3 |

10 1 Il \HHH‘ Il \HHH‘ L T T IR 10 1 Il \HHH‘ Il \HHH‘ L L T TTTTIT IR

10° 10 10° 105 10" 108 10° 10 10° 105 10" 108
N N
(a) Single-precision (b) Double-precision
Figure 3.11: r=bA X

G4



54 Free surface water waves

3.4.1 Defect correction performance breakdown
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4.1 A multi-GPU strategy
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4.1.1 A multi-GPU strategy for the Laplace problem
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4.2 Library implementation and grid topology



© O N UAWwN

B e R e
@w N P o

14
15
16
17
18
19
20
21
22
23
24
25
26

A w N R

4.2 Library implementation and grid topology

template <typename size_type, typename value_type>
class topology

public:
int N, S, E, W, T, B; /I MPI ranks for neighbors, north, south,
int P, Q, R; /I Global grid topology size
int p, q, r; /I Local grid topology IDs
/**
* Create local grid property dimensions based on global dimensions
*/

template <typename property_type>
void create_local_props(property_type const& gprops, property_type*

Iprops)
/I Fill out local properties (lprops)
}
/**
* Update grid overlapping zones
*/

template <typename grid_type>
void update(grid_type const& g) const

/I Communicate with neighbors to update grid ghost layers

Listing 4.1:

create_local_props

using namespace gpulab;

typedef float value_type;
typedef topology_xy<size_t,value_type> topology_type;
typedef grid<value_type,device_memory,topology_type > grid_type;
Listing 4.2:

topology_xy
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4.3 Performance benchmarks

G4 Oscar
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4.4.1 An algebraic formulation of the Laplace problem
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4.4.2 Validating algorithmic convergence
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4.4.3 The e ect of domain decomposition
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129 129 O 257 257 9 513 513 O 1025 1025 9

Subroutine p  Percent Time Percent Time Percent Time Percent Time

Residual (high) 1 15.2 0.0010 25.9 0.0036 34.2 0.0133 39.1 0.0529
Residual (low) 1 20.9 0.0014 23.5 0.0033 23.6 0.0092 23.0 0.0311
Smoothing 1 37.3 0.0025 325  0.0045 283  0.0110 274  0.0371
Restriction 1 11.9 0.0008 10.3  0.0014 7.0  0.0027 49  0.0067
Prolongation 1 12.1 0.0008 57  0.0008 50  0.0019 39 0.0053
Axpy 1 1.6 0.0001 1.4 0.0002 1.4 0.0005 1.3 0.0018
2-nrm 1 1.0 0.0001 0.7 0.0001 0.6 0.0002 0.4 0.0006
Total 1 100.0 0.0068 100.0  0.0139 100.0  0.0389 100.0 0.1355
Residual (high) 2 6.3 0.0009 100  0.0021 17.0  0.0071 275  0.0271
Residual (low) 2 18.7 0.0026 19.5 0.0042 22.8 0.0096 22.0 0.0216
Smoothing 2 50.7 0.0070 459  0.0099 38.1  0.0160 343  0.0337
Restriction 2 15.6 0.0022 14.2 0.0031 14.5 0.0061 9.4 0.0092
Prolongation 2 7.7 0.0011 9.3 0.0020 6.6  0.0028 55  0.0054
Axpy 2 0.6 0.0001 0.6 0.0001 0.7 0.0003 1.0 0.0009
2-nrm 2 0.5 0.0001 0.4 0.0001 0.4 0.0002 04 0.0004
Total 2 100.0 0.0139 100.0  0.0216 100.0  0.0420 100.0  0.0983
Residual (high) 4 3.7 0.0007 52  0.0014 9.9  0.0041 17.8  0.0139
Residual (low) 4 12.6 0.0023 14.1 0.0037 18.0 0.0074 18.9 0.0149
Smoothing 4 64.1 0.0119 59.1 0.0155 51.8 0.0212 42.0 0.0330
Restriction 4 10.8 0.0020 115  0.0030 132 0.0054 105  0.0083
Prolongation 4 7.8 0.0015 9.2  0.0024 6.3  0.0026 9.7 0.0076
Axpy 4 0.4 0.0001 04  0.0001 05  0.0002 0.7  0.0005
2-nrm 4 0.5 0.0001 0.4 0.0001 0.3 0.0001 0.3 0.0003
Total 4 100.0 0.0186 100.0 0.0262 100.0 0.0409 100.0 0.0784

Table 4.1:
Oscar
K
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Subroutine K =1 K =3 K =5 K =7
Residual (high) 1 1 1 1
Residual (low) 1 3 5 7
Smoothing 8 16 24 32
Restriction 1 3 5 7
Prolongation 1 3 5 7
Axpy 2 4 6 8
2-nrm Y 1 1 1 1
Table 4.2:
K
y
4.4.4 The performance e ect of multigrid restrictions
K
P
1
K =1;25 K=1
P 1 pjP =
2:4,8 1 K
1 1 1 jk=1 1 jk=3 1 jk=s5 1jk=1
K =i
K=i+1 1
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129 129 9 257 257 9 513 513 9 1025 1025 9
P K 1 1 1 1 1 1
1 1 0.0068 1.0 1.0 0.0139 1.0 1.0 0.0389 1.0 1.0 0.1355 1.0 1.0
1 1 0.0042 1.6 1.0 0.0097 1.4 1.0 0.0322 1.2 1.0 0.1218 1.1 1.0
1 3 0.0055 1.2 1.0 0.0119 1.2 1.0 0.0363 1.1 1.0 0.1315 1.0 1.0
1 5 - - - 0.0132 1.0 1.0 0.0376 1.0 1.0 0.1336 1.0 1.0
2 1 0.0139 1.0 0.5 0.0216 1.0 0.6 0.0420 1.0 0.9 0.0983 1.0 1.4
2 1 0.0055 25 0.8 0.0108 2.0 0.9 0.0237 1.8 1.4 0.0735 1.3 1.7
2 3 0.0119 1.2 0.5 0.0164 1.3 0.7 0.0335 1.3 1.1 0.0854 1.2 1.5
2 5 - - - 0.0216 1.0 0.6  0.0400 11 0.9 0.0929 1.1 1.4
4 1 0.0186 1.0 0.4 0.0262 1.0 0.5 0.0409 1.0 1.0 0.0784 1.0 1.7
4 1 0.0074 25 0.6 0.0114 2.3 0.9 0.0185 2.2 1.7 0.0451 1.7 2.7
4 3 0.0153 1.2 0.4 0.0196 1.3 0.6 0.0297 1.4 1.2 0.0590 1.3 2.2
4 5 - - - 0.0262 1.0 0.5 0.0377 11 1.0 0.0709 1.1 1.9
8 1 0.0150 1.0 0.5 0.0210 1.0 0.7 0.0308 1.0 1.3 0.0543 1.0 25
8 1 0.0069 2.2 0.6 0.0084 25 1.1 0.0145 2.1 2.2 0.0288 1.9 4.2
8 3 - - - 0.0177 1.2 0.7  0.0230 13 1.6 0.0416 1.3 3.2
8 5 - - - - - - 0.0308 1.0 1.2 0.0509 1.1 2.6

Table 4.3:
Oscar
(1025 1025 9)
4 1:3
K =3 K =1
2:2
4.45 The algorithmic e ect of multigrid restrictions
x24y2
(x;y;t) = 27, t=0;
=0:15 =0:05 =1
k=2 h=1
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129 129 9 257 257 9 513 513 9 1025 1025 9

K Ny Avg. lter. Avg. lter. Avg. lter. Avg. lter.

1 32 19.31 19.30 19.30 19.30
2 32 10.74 10.64 10.64 10.64
3 32 7.41 7.26 7.24 7.24
4 32 5.97 5.85 5.84 5.84
5 32 5.79 5.75 5.75 5.75
1 32 5.79 5.75 5.74 5.74
1 16 10.95 10.95 10.95 10.95
2 16 7.52 7.51 7.51 7.51
3 16 6.54 6.54 6.54 6.54
4 16 6.46 6.46 6.46 6.46
5 16 6.44 6.44 6.44 6.44
1 16 6.44 6.44 6.44 6.44
1 8 6.34 6.34 6.34 6.34
2 8 4.78 4.78 4.78 4.78
3 8 4.12 4.12 4.12 4.12
4 8 4.08 4.08 4.08 4.08
5 8 4.08 4.08 4.08 4.08
1 8 4.08 4.08 4.08 4.08
1 4 4.73 4.73 4.73 4.73
2 4 4.13 4.13 4.13 4.13
3 4 4.12 4.12 4.12 4.12
4 4 4.12 4.12 4.12 4.12
5 4 4.12 4.12 4.12 4.12
1 4 4.12 4.12 4.12 4.12

Table 4.4:
10 4

4.4.6 Performance Scaling
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4.5 Multi-block breakwater gap di raction
Figure 4.12: 2L
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4.5 Multi-block breakwater gap diraction 81
Ny
No
/I Setup topology connections and dimensions
topology_type topo;
topo.P = 2; // 2x nodes along x-direction
topo.Q = 2; // 2x nodes along y-direction
topo.R = 1; // 1x node along z-direction
BC_TYPE bc_east, bc_west, bc_south, bc_north;
if(rank==0) // This is n0
{
topo.p = 0; /I Grid x-index = 0
topo.q = 0; /I Grid y-index = 0
topo.E = MPI_PROC_NULL; // No neighbor to the east (Breakwater)
topo.W = MPI_PROC_NULL; // No neighbor to the west
topo.N = 2; /I Node 2 to the north
topo.S = MPI_PROC_NULL; // No neighbor to the south
/I Boundary conditions
bc_east = BC_NEU;
bc_west = BC_NEU;
bc_north = BC_DD;
bc_south = BC_NEU;
/I Create grid properties here using the bc types ...
/I ... Do the same for rank=1,2,3 and create grids using topo
Listing 4.3: 2 2
=0 ng
Zgen = 3L
H =0:055m T =0:59 L =0:495n
h=0:125
b=2L 17
NZ = 9
Cr=05 t =0:0184%6
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H comp =H

Figure 4.15:
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Temporal decomposition with Parareal

task-parallelism
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5.1 The Parareal algorithm

5.1 The Parareal algorithm

N N N N N N N AN

Figure 5.1:

N T<Thi1 <Tn;

<Thp
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n=0;1:::

t2 [TO;TN];

u(To) = u’;

A(u)=0;

u
+

@

dt
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A u
For
Un  u(Ty) Th+ T
t T
n=1;2;:::;N
LI)n:FTTn 1;0n1y 0O—Uo
FNTUO U(TN) Gt G
Un
T T t< T< T
Gr
For
Un=Grt To ;00 1 ; Up=u"
Fr Gr
Ut =G+ UYL +F Uk, G oo Uk U=

Ul = G u° =1:::N k=1:1:K N
1

n
K

5.2 Parareal as a time integration component
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typedef gpulab::integration::forward_euler coarse;
typedef gpulab::integration::ERK4 fine;
typedef gpulab::integration::parareal<coarse,fine> integrator;
Listing 5.1:

terk =0 Iterrk =1 lterk =2 lterk =3

Jterk =0 Jerk =1 aerk =2 o erk =3 <.
GPU:1 Tk
GPU:2 T Y Te
GPU:3 Te ™ Y Te
GPU:4 Te Te T Y
GPU:5 T T Te
GPU:6 Te Tr Tr

_Time,

Figure 5.2:

5.3 Computational complexity
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5.4 Accelerating the free surface model using parareal
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Temporal decomposition with Parareal
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Boundary- tted domains with curvilinear coordinates
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6.1 Generalized curvilinear transformations
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Boundary- tted domains with curvilinear coordinates

(x;y) u

@Qu_@@u @@u
@x @x@ O@x@'
@u_ @@y, @ @u
@y Oy @Y@'
@u=@=x Uy

xU + xU ;
yu + yu:

Ux

c
<
|

J =det(J) =det ); =Xy XYVy:

Uy = ————,



6.1 Generalized curvilinear transformations

99

Uxx = (y°u
+[(y?y
+(y?x

Uy = (x%u
+[( X%y
+(x2x

+[(xy
+[(xy

yyu +yiu )=
2yyy +y% )xu xu)

2yyx +y*x )yu yu)=%

2X x u +x%u )=J?

XXy +x% )xu xu)

2Xx x +x% )yu yu)=
Uy =[(Xy +Xy)u xyu X yu ]=J?
Xy )=+(xyJd xyJd)=Iu
Xy )=2+(xyJ xyJd)=u;

y ¥y X X y+y x;
Yy ¥y X X y+y X:

6.1.1 Boundary conditions

@

n = (ny; ny)T

ru=0; (xy)2@,

Ne=(1;0" ny =( 0" n, =(0; 1)

ns = (0;

)7
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100 Boundary- tted domains with curvilinear coordinates

R
0 1
pD_Xx n__x
nx _pr1 N _@ #? "~ FEia N .
n n y p_v n !
y g g

6.2 Library implementation

typedef gpulab::grid<double,gpulab::device_memory> grid_type;
typedef grid_type::transformation_type transformation_type;

grid_type U;
grid_type X;
grid_type Y;

/I Fill X and Y with geometric information

transformation_type transform(alpha);
transform.set_X(&X);

transform.set_Y (&Y);
U.set_transformation(&transform);

Listing 6.1: U
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50%
u
u
16 16
NX = Ny
=2
u;u
__global__
void Ux(double const* u /I Input
, double* ux /I Output
, double const* X
, double const* X_xil // [v2]
, double const* X_xi2 // [v2]
, double const* Y
, double const* Y_xil // [v2]
, double const* Y_xi2 // [v2]
, double dxil
, double dxi2
, int Nx
, int Ny
, double const* Dx // Stencil coeffs
, int alpha)
{
int i = threadldx.x*blockDim.x + threadldx.x;
int j = threadldx.y*blockDim.y + threadldx.y;

/I Shared memory index identifiers
dim3 T(threadldx.x+alpha,threadldx.y+alpha);
dim3 B(blockDim.x+2*alpha,blockDim.y+2*alpha);

/I Load Dx to shared memory Dxs
/I Load u to shared memory Us

/I [vl] Load X to shared memory Xs
/I [vl] Load Y to shared memory Ys
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/I Only internal grid points
if(i>=alpha && i<Nx-alpha && j>=alpha && j<Ny-alpha)

double idxil = 1.0/dxil;
double idxi2 = 1.0/dxi2;

/I First order u-derivatives
double u_xil = FD::FD2D_x(Us,idxil1,T,B,alpha,Dxs);
double u_xi2 = FD::FD2D_y(Us,idxi2,T,B,alpha,Dxs);

/I First order X- and Y-derivatives

double x_xil /I [vl] Compute, [v2] Read

double x_xi2 /I [vl] Compute, [v2] Read

double y_xil /I [vl] Compute, [v2] Read
[

double y_xi2 /I [vl] Compute, [v2] Read
ux[i+j*Nx] = FD::transformation::FD2D_x(u_xil, u_xi2, x_xil, x_xi2, y_xil
, Y_Xi2);
}
}
Listing 6.2:
v2
vl

100

N > 10°

140
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6.3 Free surface water waves in curvilinear coor-
dinates

6.3.1 Transformed potential ow equations
ro(@:a@F

I
ye ye

@ _ —

@ xX@ x @

J

r =

(=@ @ =A@ 2AYY +xx)@ +(Y+x)@ ]
F LM+ T @ x @ +(T+ Ty @ ¥ @)
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Ti=(Yy 2yyy +y% )

T2=(y’x  2yyx +yXx )

Ts = (x%y XXy +x% );

Ta=(X3x 22X X X +x2x );

@ _ 0 @
@~ g O -
| —{z—}
A
(Nx;Ny;Nz)=
(17;33,9)

6.3.2 Waves in a semi-circular channel

x=(ryi+ (r2
y=(ri+ (r2

ri))cos( );

ro)sinC );
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Figure 6.10:
t=60T =3
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6.3.3 Wave run-up around a vertical cylinder in open wa-
ter

Figure 6.11:
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Figure 6.12:

Figure 6.13:

X=(rp+ (rz ri)cos( )=2)(1+( (1+!) !cos(4 ));
y=(ra+ (rz ra)sin( )=2)(1+( (1+!) ! cos(4 ));

!
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Figure 6.15:
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(&) Maximum wave envelope contours. Top: numer-(b) Wave run-up in polar coordi-

ical solution. Bottom: analytic solution. nates.
Figure 6.16:
(@) Wave run-up. (b) Polar
Figure 6.17: kH = 0:122 kh =

1:036 ka=0:374

6.4 Concluding remarks
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7.1 A perspective on real-time simulations

It

| N
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Cr
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7.2 Ship maneuvering in shallow water and lock
chambers
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@ U@ +g +-=0; z=0;
p
u (uv;w)
nr =0; z= h
nr =nug; (XVy;2)2Sg
n  (nx;ny;ny)T Se ug =

(U;0;0)7

using namespace gpulab;

/I Create body and set shape
captive_body<double> ship;
ship.set_shape(/* set ship hull shape */);

/I Assign a pair of time and position
ship.get_time_position().insert( /* time, position */ );

captive_scene <captive_body<double> > scene;
scene.add(ship);

/I Apply pressures on eta at time t=1s
scene.update(1.0,eta);
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L

Listing 7.1:

t=1s

p= (U@ + 3u u+go);

Ny Ny N;=513 193 17
Lpp = 348m
Ly =5 Ly =1 L, = 0:048
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Figure 7.3:

Lpp = 348m

Figure 7.4:

Lpp = 348m

7.3 Ship-wave interaction based immersed bound-
aries
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Figure 7.5:
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Figure 7.6:

Fr=0:2
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7.5 Conclusion and outlook
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7.6 Future work

Large-scale engineering case



7.6 Future work

133

Parareal fault resilience

Autotuning

OpenCL

Green computing
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Appendix A

A.1 Programming guidelines
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The GPUlab library

#include <gpulab/gpulab.h>

int main(int argc, char** argv)

{
using namespace gpulab;
/I Initialize GPUlab
if(gpulab::init(argc, argv))

/I DO STUFF HERE

}
/I Finalize GPUlab
gpulab::finalize();
return O;

}

config.ini

Al1l

Templates

/I Basic type definitions

typedef
typedef
typedef
typedef

typedef
typedef
typedef

float value_type;
gpulab::vector<value_type,gpulab::device_memory > vector_type;
gpulab::vector<value_type,gpulab::host_memory > host_vector_type;

myLaplaceMatrix <device_vector_type > matrix_type;
typename grid_type::property_type property_type;
typename grid_type::dim_size_type dim_size_type;
typename grid_type::dim_value_type dim_value_type;
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A.1.2 Dispatching

typedef gpulab::vector<double,gpulab::device_memory > d_vector_type;
typedef gpulab::vector<double,gpulab::device_memory > h_vector_type;

int main(int argc, char** argv)

if(gpulab::init(argc, argv))
{

d_vector_type x(10); /I Device vector
h_vector_type y(10); /I Host vector

foo(x); /I Will be dispatched to device code
foo(y); /I ' Will be dispatched to host code

}
gpulab::finalize();
return O;

}

template <class V>
void foo(V &a)

/I Dispatch to the right function
foo(a,typename V:i:memory_space());

}

template <class V>
void foo(V &a, gpulab::device_memory)

/I a is a device vector

}

template <class V>
void foo(V &a, gpulab::host_memory)

/I a is a host vector

A.1.3 Vectors and device pointers

typedef gpulab::vector<double,gpulab::device_memory > vector_type;

vector_type a(20); /I vector of size 20
thrust::sequence(a.begin(),a.end()); // Fill a with 1,2,..., 19
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typedef gpulab::vector<double,gpulab::device_memory> vector_type;

vector_type a(10); /I vector of size 10
double* ptr = RAW_PTR(a); /I pointer to device memory

A.1.4 Con guration les

config.ini

double tol;

int N;

GPULAB_CONFIG_GET("N",&N,100); /I Get N from config, default value
= 100

GPULAB_CONFIG_GET("tolerance",&tol,0.0); // Get tolerance from config,
default value = 0

double tol = 0.1;

int N = 30;

GPULAB_CONFIG_SET("N",N); /I Set N to 30
GPULAB_CONFIG_SET("tolerance",tol); // Set tolerance to 0.1

A.1.5 Logging

log_level DEBUG
log_level INFO
log_level WARNING
log_level ERROR
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int N = 100;

GPULAB_LOG_DBG("This is debugging\n");
GPULAB_LOG_INF("For your information, N = %i \n", N);
GPULAB_LOG_WRN("This is a warning\n");
GPULAB_LOG_ERR("This is an error\n");

A.1.6 Input/Output

#include <gpulab/io/print.h>
#include <gpulab/io/read.h>

using namespace gpulab;

vector<double,device_memory > a(100);
vector<double,device_memory > b;

io::print(a,io:: TO_BINARY_FILE,1,"a.bin"); // Print to file a.bin
io::read("b.bin",io::BINARY ,1); /I Read from file b.bin

A.1.7 Grids

#include <gpulab/grid.h>
typedef gpulab::grid<double,gpulab::device_memory> grid_type;

typedef typename grid_type::property_type property_type;
typedef typename grid_type::dim_size_type dim_size_type;
typedef typename grid_type::dim_value_type dim_value_type;
dim_size_type dim(100,50); /I Grid size 100 x 50
dim_value_type pO ( 0, 0); /I Physical x0, y0
dim_value_type pl ( 1, 1); /I Physical x1, y1l
dim_size_type g0 ( 0, 2); /I Ghost layers x0, yO
dim_size_type gl ( 0, 2); /I Ghost layers x1, yl
dim_size_type 00 ( 0, 0); /I Offset x0, yO

dim_size_type o1 ( 0, 0); /I Offset x1, y1

dim_size_type bcO( BC_D’IR, BC_NEU); // Boundary conditions
dim_size_type bcl( BC_DIR, BC_NEU); // Boundary conditions

property_type props2d(dim,p0,pl,90,91,00,01,bc0,bcl);

grid_type U(props2d);
grid_type* W = U.duplicate();
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A.1.8 Matlab supporting le formats

vl = 1:100;
print2gpu('v.bin',vl,'precision’,"double")
v2 = readgpu('v.bin','precision’,'double")

A.2 Con guring a free surface water wave appli-
cation

A.2.1 Con guration le

WAVE CHARACTERISTICS
1.0

4.
1.

oo

X
y
0
283185
.042436
c 1.261316
T 0.792823
percent 30.0
linear 0
periodic 0

TXSrrrr #

dbo
6.
0

# DISCRETIZATION PARAMETERS
alpha 3

Nx 257

Ny 129

Nz 9

Cr 0.6

tend 20

# LAPLACE SOLVER PARAMETERS
iter 20
vl 2
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v2 2

vc 4

K 4

rtol 0.0001
atol 0.00001
mgcycle V

A.2.2 The Matlab GUI
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Figure A.1:
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