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Why C++ ?

FORTRAN 77: wasoutdated
Fortran 90/95: not avalilable
C:to low-level

C++: Initially used as, better C*



OO FEProgramming in C++
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OO FEProgramming in C++
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Template Hnite Eement Lbrary (THL)

t enpl at e<i nt Nodes,

t enpl at e<i nt Nodes>
t enpl at e<i nt Nodes>
t enpl at e<i nt Nodes>

t enpl at e<i nt Nodes>

i nt Din> cl ass Shape base;
cl ass Shape base<Nodes, 1>;
cl ass Shape base<Nodes, 2>;
cl ass Shape base<Nodes, 3>;

cl ass Hexa base : public Shape base<Nodes, 3>

t enpl at e<i nt Nodes> cl ass Hexa;
t enpl at e<> cl ass Hexa<8> : public Hexa base<8>;

t enpl at e<cl ass
t enpl at e<cl ass
t enpl at e<cl ass
t enpl at e<cl ass
t enpl at e<cl ass
t enpl at e<cl ass

t enpl at e<cl ass

t enpl at e<i nt El enlype,

Base> cl ass Shape : public Base;

Shape,

Shape,

Shape>
Shape>
Shape>

Shape,

cl ass Kernel > cl ass MechEngi ne;

I nt Di meShape: : D > cl ass MechKer nel ;

cl ass MechKer nel <Shape, 1>;

cl ass MechKer nel <Shape, 2>;

cl ass MechKer nel <Shape, 3>;

cl ass Ker nel =MechKer nel <Shape> > cl ass MechEngi ne;

cl ass Engi ne> class Elenent : public FEel em

t ypedef Shape<Hexa<8> > Hexas;
t ypedef El enent< 368, MechEngi ne< Hexa8 > > El enB68;



Why HPC ?

10 102 1.0E3
100 @ 1.0et4 @ 1.0E+6
1000 1.0E+6 | 1.0E+9




Hement-by-Hement (EBE)

Axr=b (1)

Avn = vy (2)

A= Zﬁjzﬂ, A® = BA*BT (3)
Ayn = vp 1 (4)



Using OpenMP

int System::build ESYS () {

int error flag = 0;

int max _elem = max elem num() ;
#pragma omp parallel

{

#pragma omp for schedule (dynamic)
for (int e = 1; e <= max elem; e++) {
FEelem* Elem;

if ((Elem = elemie)) != 0) {
if {(Elem->build_esm() = FE_OK)
if (Elem—->build erhs() != FE_OK)
if (Elem->reduce erhs() != FE _OK)
if (Elem->reduce esm() != FE_OK)

i
;

return (error flag == 0) ? FE_OK : FE_ERRORE;

error flag
error flag
error_ flag
error flag
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Using OpenMP

vold System::apply_iBSM (double* Av, double* v, double** AP) |
int eqns = num_egns() ;
int max elem = max elem num();
for (int 1 = 1; 1 <= eqns; i++) |
Av[i] = 0.0;
}

int num_threads = omp get max threads();
#pragma omp parallel
{

int thread num = omp_get_thread num();

for (int i = 1; i <= eqns; i++) |
AP[thread num] [i1] = 0.0;
]

#pragma omp for schedule(runtime)
for (int e = 1; e <= max_elem; e++) |
FEelem* Elem;
if (Elem = elemie)) Elem->apply_esm(AP[thread num],bv);

#pragma omp for schedule(static)
for (int 1 = 1; 1 <= eqgns; i++) {
for (int thread = 0; thread < num threads; thread++) {
Av[i] += AP[thread] [i];
i



Conflict Resolution

#pragma 6mp for schedule(runtime)
for {(int e = 1; e <= max elem; e++) {
FEelem* Elem;

if (Elem = elem(e)) Elem->apply_ esm(AP[thread num],v);

z
[
ml |

#pragma omp for schedule(static)
for (int i = 1; i <= eqns; i++) |

for (int thread = 0; thread < num_threads; thread++) {
Av[i] += AP[thread] [i];
}




Srial Optimization

inline
vold FEelem: :apply esm (double *Ay, double *y) |

C_apply esm(Av, v, num elem vars, eqn_num array, &esm matrix[0]);
i

vold C apply esm(double *Av, double *v,
int num elem vars, int *egn num_array, double *esm_array)
{

ankE 1. 3. 0, 33 ii;
double v]j, S;
if (esm _array == 0) return;
for (j = 0; j < num_elem vars; Jj++) {
o= (j+ 1)*j/2;
jj = eqn_num_array[j];
vjj = vI[jjl;
#pragma pipeloop(0)
for (i = 0; 1 < 9; i++) {
§ = esm_arrayl[o + 1i];
ii = egn_num array[i];
Av[ii] += 5 * vjj;
Av[jj] += s * v[ii];

Av[j]j] += esm_array[o + J] * vi];



Example # 1

Runtime Speedup Efficiency
nproc
. build solve total build solve total build solve total
1 16.9 170.0 03:12.77 1 1 1 100.0% 100.0% 100.0%
2 9.6 93.0 01:47.82 1.75 1.83 1.79 87.7% 91.4% 89.4%
4 5.6 50.0 01:01.29 3 3.4 3.15 75.0% 85.0% 78.6%
8 5.1 26.0 00:35.87 3.32 6.54 5.37 41.5% 81.7% 67.2%
12 57 18.0 00:29.28 2.98 9.44 6.58 24.8% 78.7% 54.9%
16 5.8 14.0 00:25.19 2.91 12.14 7.65 18.2% 75.9% 47.8%
20 5.9 12.0 00:23.21 2.87 14.17 8.31 14.4% 70.8% 41.5%
24 5.8 11.0 00:21.67 2.89 15.45 8.9 12.0% 64.4% 37.1%
Runtime Speedup Efficiency
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Example

# 2

Runtime Speedup Efficiency
nproc
i build solve total build solve total build solve total
1 61.7 502.6 09:27.97 1 1 1 100.0% 100.0% 100.0%
2 32.7 258.4 04:54.26 1.89 1.94 1.93 94.3% 97.2% 96.5%
4 17.2 133.5 02:32.83 3.59 3.77 3.72 89.8% 94.1% 92.9%
8 9.8 72.8 01:25.00 6.3 6.9 6.68 78.7% 86.3% 83.5%
16 7.0 43.0 00:52.35 8.8 11.68 10.85 55.0% 73.0% 67.8%
20 7.3 36.8 00:46.23 8.44 13.67 12.29 42.2% 68.3% 61.4%
Runtime Speedup Efficiency
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Data for Current Timeline Selection

Experiment Mame: ghédouu/henchmark/testl/test.3.er
- Event Type: [Clock Profiling Data
Leaf Function; C_arply esm
Timestamp (sec.); |151.505964
LWP; |1
Thread: |1
CPL: | (unknowm)
Duration (msec.): (10.000
Micra State: [User CPU

Call Stack for Selected Event
C_apply_esm (0xD00CDBBEC) _
“apply_iSM__03_2fedcore6systemFPdT1PPd_1024  paralle
__kmp_invoke_microtask (0x00020620)
__kmpc_invoke_task_func (i]xl_]l]'I]I]DﬁB[l}
__kmp_internal_fork (0x0000D7 AC)
__kmpc_fork_call {l]xl]l]'I]1zBi']l]}
fe:core:system:apphy_iSMidouble *, double *, double **) {0x
fessolver:PCG_Soher:solve(fercorezOptionCollector) {0x00
fersohver:Hewton Solver:solve(fescoresOptionCollector) (0
fexcore:Problem:solve() (0X000CEFED)

[ FElab_Command_2 (0x00022550)

FElab_Cmd (0x000218C8)
FElah_Main {0x00020F94)
main (0x000209E8)
_start (0x00020848)

# Threads: 2 (Nonlinear Case w/ 3 Substepys)




160.000 Equations- 8 Threads




# Threads: 1,2,4,8
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# Threads: 2
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# Threads: 1
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