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Fig. 2.1 Intel(R) Xeon Phi Coprocessor (7120P)
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Fig. 2.2 Thread distribution algorithm of Xeon Phi execution.
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Fig. 2.3 Various Execution options of Xeon Phi



2.2 OpenMP
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2007).



Parallel Tasks

#pragma omp parallel _/,

Fig. 2.4 OpenMP parallel structure
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Reynolds 474 =275 W= A1 4 Sk
olFZA AL 7IHke] fgk AEH H AAXAS AL g Hdy 2

o)

ot 2|8 Table. 3.1 ¥ &

kv

Table. 3.1 A time—domain wave propagation modeling
algorithm. The initializing process includes allocating arrays

and loading velocity and source information.

Initialize
FOR each time Do
Solve finite—difference equation
Inject source
Apply boundary condition
Time march
Write wavefield
END FOR
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o] &, TRA A MHH R ANE FsAE ST

MPIE ©]&3le] b5 M3} RAgS 9Jgh AL ¢arg]5S Table 3.29
A AAEEE e MPIo] He A (MPI_BCAST)E o] &d &£X9 22 4
HE 7} ZRAA ddsiFa 3 7o ZRAM= 3 i $AA (I

)= ALskAl Ao (Fig 3.1).

Table. 3.2 A time—domain wave propagation modeling
algorithm for Multiple source position with MPI. The
initializing process includes allocating arrays and loading

velocity and source information.

Initialize
MPI_BCAST :: velocity, source information
FOR 1 shot per each processor(core) using MPI function
FOR each time Do

Solve finite—difference equation

Inject source

Apply boundary condition

Time march

Write wavefield
END FOR
END FOR
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MP1_BCAST Operation

Process O (core 1} Process | {core 23 Process 2 {core 3)

N VEIOCItydata VEIOCItydata \/elcx:ltydata
Source Source Source
-
r =
<&
MPI_BCAST();
v =l
] 1
F 3
For time Do For time Do For time Do
ig L3 -
oF
W : 3
End For End For:
h 2

Fig. 3.1. MPI_BCAST Operation for Multiple source position. During
a broadcast, one process sends the data(velocity, source) to all

processes In a communicator.
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OpenMPE ] &3 ¥d EAF A= 7[Eell H#3 B OpenMPE ©]&
sto] g FaakEy ¢aelF(Cedric, 2014)0014 A9 F7kek A
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[S)

[e]
23 &=

|#pragma omp parallel
| #Hpragma omp for .

#pragma omp Parallel Num_Thread
!
;
i

|
#pragma omp for |
< for X-Y-Z loop (Apply block_size)|"
' Implicit barrier

FDM Code

By Intel
Y Intel |

Fig. 3.2. Optimized finite—difference equation using OpenMP
directive (#pragma omp parallel, #pragma omp for) by intel.
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Table. 3.3 A Time—domain wave propagation modeling
algorithm for OpenMP Parallel programming. The i1nitializing
process 1includes allocating arrays and loading velocity and

source information.

Initialize
FOR each time Do
Solve Optimized finite—difference equation using OpenMP
Inject source
Apply boundary condition
Time march
Write wavefield
END FOR
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Table. 3.4 3D optimized boundary condition using OpenMP

and cache block.

#pragma omp parallel num_thread
#pragma omp for collapse
FOR each Z_Y_X Do (Apply block_size)
right boundary condition
left boundary condition
front boundary condition
back boundary condition
bottom boundary condition
END FOR
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4. 49 74 % AT

 AFoA= MPI ¥ OpenMPE A&3t WY gbsdandsy diugs
S AABIG o, =4 AAE F3] Xeon Phi 9 CPU 2 <4k A3+ o
8 AR ax &9

71EAH o= MPIx= 22k RS Agste] $AlY e net & H]
WEF i OpenMP+= 32 RS A g3te] Bel F7]d e} a&S ]
waklnh, gk 747b AA SERES A8 FT ztolE gotrgith 4

F3 % (AI, Arithmetic Intensity - WX %% Hjo]E
314 (Flops)) & A& st S E1=8
g o w Faletal Agsise] H o2 yerdt

52 Xeon E5—2650

@ F=(6150)E A&t

AL

A TS o] &

Addel= =5 Intel compiler 15.0.2 WS
28] Xeon Phi
42 CPU A st

S EE

& (Native) WA

21808 Xeon Phi 9A] == 3§}

Table 4.1 Environments of CPU and XeonPhi Coprocessor

CPU X 2 A|A] Xeon Phi X X ZAA
mdr Intel Xeon E5—2650 v2 Intel Xeon Phi 7120P
=g 617 (=E=
Core A 87 (AHE87))
2447Y)
Core clock 2.60GHz 1.238GHz
Memory size | 256GB 16GB
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Table. 4.2 3D modeling parameter about algorithm accuracy
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Fig. 4.1 Surface seismogram (x=1km) from CPU(a) and Xeon Phi
programs(b). (c) Traces extracted from the source. CPU and Xeon

Phi curves show the traces from the CPU and Xeon Phi program.

_22_



] A

7

2=
T

4.2 2214

=
pu

4.2.1 £A9 7ol u}

ZZAAE

o e}

12 CPU% Xeon Phi ¢

S

298 74

4r

B

—~
file)

—_
fite]

ﬂyﬂo

o

Ahg 3t

=
=

(8791), Xeon Phi ©¥ 7}=(6159])

Table 4.3 ¥}

o
8=

3070 58] 330707FA Wal Al A7

Table. 4.3 2D modeling parameter about comparison according to

number of shot

OO O N O
S| O AN —
r=aile]
=)
()
S
—
MMS)))
. — SZ
txm
ea(\mH
g = = =
S| w0
e I T =
< o L5
pVAte
g o 2
= = O
o = QO
o —
T
E
[
s 5
w2

7}F7 Xeon Phi 7} CPU

=
=

“
.

Sk L 3o

BT} Aaxzke] o wEA ko) (Fig. 4.2)

uj, CPU

o]
=

7F 20070 o)X+

2~
T

7N

<

al

A=
& BAY F2

Fel7k A4

v =
- X

g

S

A<
T

_23_



2

4] Xeon Phi ¢ A%< 188 71 &% dAaks B 2= 9

4.3)

,\E}.(Fig.

S

o—e CPU :
a— XEONPHI |
2 Ti]0 | i e S

350

Timel(s)

150

i i i i i | i
0 50 100 150 200 250 300 350
Number of Shot

Fig. 4.2. Execution times of CPU and Xeon Phi modeling according

to number of shot.

_24_



2.5} ;
e—e MIC only |
S bssiormonmt s i s s R e R ]
1.5} 1
o)
=]
=
Q
Q
o
wn
1.0 .
0.0 i ; i ; . ; ;
0 50 100 150 200 250 300 350
Number of Shot

Fig. 4.3. Relative speedups of the Xeon Phi program with respect

to the CPU programs using the number of same shot. No

communication is included in this example.

_25_



Sor AEsr rdo]l ol Marmousi &% E P (Versteeg,
T35l HtE. Marmousi RE& £ &
dyol; T3 A Ax F2RAY 59 @49 AE5AY 7ed dig F7t

H
e del Agda ok

—
©
©
=
&
Ga

~
=~
mlo
gl:t
S
e
o
o

Fig. 4.4. Marmousi velocity model (Versteeg, 1994)

Table. 4.4 Apply 2D marmousi velocity modeling parameter

parameter value

Number of X—Y axis 576,188
Grid interval(m) 16
Sampling interval(ms) 1
frequency(Hz) 10

A& Ay, CPUY AXMA RS 36.5%, Xeon Phi 9 AAMAI7FE 29.1
2 Xeon Phi & AF&3}o] CPU UlH] 79.8% $FOo& AAA7ro] =

o, PN

@) A
2 @ & g9
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Fig. 4.5 Surface seismogram (x=1km) from (a) CPU and (b) Xeon
Phi programs about 2D modeling. (¢) ‘CPU and ‘Xeon Phi’ trace

curves show the traces from the CPU and Xeon Phi programs
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Table. 4.5 3D modeling parameter about comparison according to

grid size
parameter value
Number of X axis(equal to Y—2) 208,400,608,800
Number of X—Y—7 Thread block 124,1,2
Grid interval(m) 20
Sampling interval(ms) 2
frequency(Hz) 10
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Fig. 4.6. Execution times of CPU and Xeon Phi modeling according

to model size.

_30_



2.5 T T ! T
&—4 MIC only ' ;

o

=

-

Q

(4]

o

73]
1.0} .
0.5 |- .

: i : : ;
400 500 600 700 800

0.0 L L
200 300
Grid Size (NX x NY x NZ)

Fig. 4.7. Relative speedups of the Xeon Phi program with respect

to the CPU programs using the same model

_3"_



22F13 w7k 2 SEG/EAGE 329 99 E R (Aminzadeh et
al.,1994)¢] A&S E& CPUS Xeon Phie ¢A2kAzFS Hlwe] HQE
t}.(Fig. 4.8)

1.5 1.8 2.1 2.4 2.7 3.0 3.3 3.6 3.9 4.2
Velocity (m/s)

Fig. 4.8. SEG/EAGE salt—dome model(Aminzadeh et al.,1994)

Al o] &

e
=

=
ScatterE ©] &3}t WEH HEL 2ms=E F

(@)}
P
S
N
fu
o

ol
32
k]
>
o~
9

gl 23} Bael G 84 @ ARWE AT AAxAL W3
O LR
3.

_32_



value
20

2

10

688,684,209
1241,2

3tod CPU tiH] 54.9% 439
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Xeon Phi

frequency(Hz)
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Table. 4.6 Apply 3D SEG/EAGE salt dome modeling parameter
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Phi programs. (c) ‘CPU and ‘Xeon Phi’ trace curves show the

traces from the CPU and Xeon Phi programs.
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Abstract

In this research, We suggested efficient time—domain wave
propagation modeling using parallel programming and Xeon Phi as
parallel calculation accelerator. Using parallel programming and
many—core characteristics of Xeon Phi can perform modeling more
efficiently traditional cpu environments. To confirm this research, we
tested the performance of the program by varying the number of
source position and the size of grid. And we also compared calculation
time and accuracy by applying velocity models. Based on the modeling,
it is possible to expect improvements in performance by applying high
performance data processing such as waveform inversion, reverse time

migration(RTM).

Keywords : Xeon Phi, Accelerator, Wave propagation modeling, Parallel

calculation, finite difference method
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. A3t {8 X Z2a3(Intel Developer zone - Eight Optimizations
for ~ 3—Dimensional Finite  Difference(3DFD) Code  with an
Isotropic(ISO))

void iso_3dfd_it(float  xptr_next_base, float  *ptr_prev_base, float

*ptr_vel_base, float *coeff,

const int nl, const int n2, const int n3, const int num_threads,

const int n1_Tblock, const int n2_Tblock, const int n3_Tblock){

int dimnln2 = nl*n2;

int n3End = n3 - HALF_LENGTH;

int n2End = n2 - HALF_LENGTH:

int nlEnd = nl - HALF_LENGTH:

#pragma omp parallel OMP_N_THREADS default(shared)
{

float* ptr_next;

float* ptr_prev;

float* ptr_vel;

float value;

int izEnd;

int iyEnd;

int ixEnd:

const int vertical_1 = nl, vertical_2 = nlx2, vertical_3 = nl%3, vertical_4 =
nlx4;

const int front_1 = dimnln2, front_2 = dimnln2+2, front_3 = dimnln2x3,
front_4 = dimnln2x4;

const float cO=coeff[0], cl=coeff[l], c2=coeff[2], c3=coeff[3], cd=coeff[4];
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//At this point, we must handle the stencil possible sizes.
#if ( HALF_LENGTH == 8 )
const int vertical_5 = nlxb, vertical_6 = nl*6, vertical_7 = nlx7, vertical_8
= nl*8;
const int front_5 = dimnln2+5, front_6 = dimnln2«6, front_7 = dimnln2x7,
front_8 = dimnlIn2#8;
const float ch=coeff[5], cb=coeff[6], c7=coeff[7], c8=coeff[8]:
#endif
__assume_aligned((void*)vertical_1, CACHELINE_BYTES);
__assume_aligned((void*)vertical_2, CACHELINE_BYTES);
__assume_aligned((void*)vertical_3, CACHELINE_BYTES);
__assume_aligned((void*)vertical_4, CACHELINE_BYTES);
__assume_aligned((void*)front_1, CACHELINE_BYTES);
__assume_aligned((void*)front_2, CACHELINE_BYTES);
__assume_aligned((void*)front_3, CACHELINE_BYTES);
__assume_aligned((void*)front_4, CACHELINE_BYTES);
//Handle all size of stencil
#if( HALF_LENGTH == 8 )
__assume_aligned((void#)vertical_5, CACHELINE_BYTES);
__assume_aligned((void*)vertical_6, CACHELINE_BYTES);
__assume_aligned((void*)vertical_7, CACHELINE_BYTES);
__assume_aligned((void*)vertical_8, CACHELINE_BYTES);
__assume_aligned((void*)front_5, CACHELINE_BYTES);
__assume_aligned((void*)front_6, CACHELINE_BYTES);
__assume_aligned((void*)front_7, CACHELINE_BYTES):
__assume_aligned((void*)front_8, CACHELINE_BYTES):
#endif
__declspec(align(CACHELINE_BYTES)) float div[nl_Tblock]:
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#pragma omp for OMP_SCHEDULE collapse(3)

for(int bz=HALF_LENGTH; bz<n3End; bz+=n3_Tblock){
for(int by=HALF_LENGTH; by<n2End; by+=n2_Tblock){
for(int bx=HALF_LENGTH; bx<nlEnd; bx+=n1_Tblock){

izEnd = MIN(bz+n3_Tblock, n3End);
iyEnd = MIN(by+n2_Tblock, n2End);
ixEnd = MIN(nl1_Tblock, nl1End-bx):

for(int iz=bz; iz<izEnd; iz++) {

for(int iy=by; iy<iyEnd; iy++) {

ptr_next = &ptr_next_base[iz*dimnln?2 + iy*nl + bx];

ptr_prev = &ptr_prev_base[izxdimnln?2 + iy*nl + bx];
ptr_vel = &ptr_vel_baseliz*xdimnln2 + iy*nl + bx]:
__assume_aligned(ptr_next, CACHELINE_BYTES);
__assume_aligned(ptr_prev, CACHELINE_BYTES);
__assume_aligned(ptr_vel, CACHELINE_BYTES).
#ipragma ivdep
for(int ix=0; ix<ixEnd; ix++) {
value = ptr_prev[ix]*c0O
+ ¢l * (FINITE_ADD(ix, 1)
+ FINITE_ADD(ix, vertical_1)
+ FINITE_ADD(ix, front_1))
+ ¢2 * (FINITE_ADD(ix, 2)
+ FINITE_ADD(ix, vertical_2)
+ FINITE_ADD(ix, front_2))
+ ¢3 * (FINITE_ADD(ix, 3)
+ FINITE_ADD(ix, vertical_3)
+ FINITE_ADD(ix, front_3))
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+ c4 * (FINITE_ADD(ix, 4)
+ FINITE_ADD(ix, vertical_4)
+ FINITE_ADD(ix, front_4))
#if( HALF_LENGTH == 8)
+ ¢b * (FINITE_ADD(ix, 5)
+ FINITE_ADD(ix, vertical_b)
+ FINITE_ADD(ix, front_5))
+ ¢6 * (FINITE_ADD(ix, 6)
+ FINITE_ADD(ix, vertical_6)
+ FINITE_ADD(ix, front_6))
+ ¢7 * (FINITE_ADD(ix, 7)
+ FINITE_ADD(ix, vertical_7)
+ FINITE_ADD(ix, front_7))
+ ¢8 * (FINITE_ADD(ix, 8)
+ FINITE_ADD(ix, vertical_8)
+ FINITE_ADD(ix, front_8))
#endif

ptr_next[ix] = 2.0f* ptr_prev[ix] - ptr_next[ix] + valuexptr_vel|ix];
}// end x
1}//end Y and Z
11//end of cache blocking
}//end of parallel

}//end of function
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void iso_3dfd_wave(float *ptr_next, float #*ptr_prev, float =ptr_vel, float
sptr_vdt2, float *coeff, const TYPE_INTEGER nl, const TYPE_INTEGER nZ2,
const TYPE_INTEGER n3, const TYPE_INTEGER num_threads, const
TYPE_INTEGER nreps, const TYPE_INTEGER nl_Tblock, const
TYPE_INTEGER n2_Tblock, const TYPE_INTEGER n3_Tblock)
{
int sz=HALF_LENGTH+2,sy=201,sx=201;
int isrc=nl*n2+*sz+nl*sy+sx;
int rz=sz;
int ry=sy;
int offset=nl*n2*rz+nls*ry;
char buf[2001];
printf("pwd=%s\n",getcwd(buf,200));
float *w;
w=(float*)malloc(sizeof(float)*nreps);
rickerf(w,10.,.DT,nreps);
FILE =*fp=fopen("seismo.bin","wb");
float *tmp;
for(TYPE_INTEGER it=0; it<nreps; it++){
if( it%100 == 0)
printf("it=%d\n",it);
iso_3dfd_it(ptr_next, ptr_prev, ptr_vdt2, coeff,
nl, n2, n3, num_threads, nl_Tblock, n2_Tblock, n3_Tblock);
ptr_next[isrc]+=ptr_vdt2[isrc]*wlit];
// here's where boundary conditions happen
iso_3dfd_bc_omp(ptr_next, ptr_prev, ptr_vel, nl, n2, n3, num_threads,
nl_Thblock, n2_Tblock, n3_Tblock);

fwrite(&ptr_next[offset],sizeof(float),nl,fp);

tmp=ptr_next;

ptr_next=ptr_prev;
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ptr_prev=tmp;
} // time loop
fclose(fp);
free(w);
)
void iso_3dfd_bc_omp(float #*ptr_next, float *ptr_prev, float *ptr_vel, const
TYPE_INTEGER nl, const TYPE_INTEGER n2, const TYPE_INTEGER n3,
const TYPE_INTEGER num_threads, const TYPE_INTEGER nl_Tblock, const
TYPE_INTEGER n2_Tblock, const TYPE_INTEGER n3_Tblock)
{
#pragma omp parallel OMP_N_THREADSH{
const TYPE_INTEGER dimnlnZ2 = nl*n2;
TYPE_INTEGER n3End = n3 — HALF_LENGTH;
TYPE_INTEGER n2End = n2 — HALF_LENGTH;
TYPE_INTEGER nlEnd = n1l — HALF_LENGTH;
const float dtoh=DT/DXYZ;
// right
#pragma omp for collapse(2)
for(TYPE_INTEGER bz=HALF_LENGTH; bz<n3End; bz+=n3_Tblock)
for(TYPE_INTEGER by=HALF_LENGTH; by<n2End;
by+=n2_Tblock){
TYPE_INTEGER izEnd = MIN(bz+n3_Tblock, n3End);
TYPE_INTEGER iyEnd = MIN(by+n2_Tblock, n2End);
TYPE_INTEGER offset,i;
for(TYPE_INTEGER iz=bz; iz<izEnd; iz++)
for(TYPE_INTEGER iy=by; iy<iyEnd; iy++){
offset = iz#xdimnln2 + iy*nl ;
for(TYPE_INTEGER ix=nlEnd; ix<nl; ix++){

i=offset+ix;

ptr_next[i]=ptr_velli]*dtoh*(ptr_prev[i—1]—ptr_prev[il)+ptr_prevl[il;
}

/] left
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#pragma omp for collapse(2)
for(TYPE_INTEGER bz=HALF_LENGTH; bz<n3End; bz+=n3_Tblock)
for(TYPE_INTEGER by=HALF_LENGTH,; by<n2End;
by+=n2_Tblock){
TYPE_INTEGER izEnd = MIN(bz+n3_Tblock, n3End);
TYPE_INTEGER iyEnd = MIN(by+n2_Tblock, n2End);
TYPE_INTEGER offset,i;
for(TYPE_INTEGER iz=bz; iz<izEnd; iz++)
for(TYPE_INTEGER iy=by; iy<iyEnd; iy++){
offset = izxdimnln2 + iy*nl ;
for(TYPE_INTEGER ix=HALF_LENGTH-1; ix>=0; ix——){
i=offset+ix;
ptr_next[i] =
ptr_vel[il*dtoh*(ptr_prev[i+1]—ptr_prevl[i])+ptr_prevlil;
¥

// back
#pragma omp for collapse(2)
for(TYPE_INTEGER bz=HALF_LENGTH; bz<n3End:; bz+=n3_Tblock)
for(TYPE_INTEGER bx=0; bx<nl; bx+=nl_Tblock){
TYPE_INTEGER izEnd = MIN(bz+n3_Tblock, n3End);
TYPE_INTEGER ixEnd = MIN(nl_Tblock, n1—bx);
TYPE_INTEGER offset,i;
for(TYPE_INTEGER iz=bz; iz<izEnd; iz++)
for(TYPE_INTEGER iy=n2End; iy<n2; iy++) {
offset = izxdimnln2 + iy*nl + bx;
for(TYPE_INTEGER ix=0;ix<ixEnd; ix++){
i=offset+ix;
ptr_next[i] =
ptr_vel[il*dtoh*(ptr_prev[i—nl]—ptr_prevl[il)+ptr_prevl[il;
¥
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// front
#pragma omp for collapse(2)
for(TYPE_INTEGER bz=HALF_LENGTH; bz<n3End; bz+=n3_Tblock)
for(TYPE_INTEGER bx=0; bx<nl; bx+=nl_Tblock){
TYPE_INTEGER izEnd = MIN(bz+n3_Tblock, n3End);
TYPE_INTEGER ixEnd = MIN(nl_Tblock, n1—bx);
TYPE_INTEGER offset,i;
for(TYPE_INTEGER iz=bz; iz<izEnd; iz++)
for(TYPE_INTEGER iy=HALF_LENGTH-1; iy>=0; iy——) {
offset = izxdimnln2 + iy*nl + bx;
for(TYPE_INTEGER ix=0;ix<ixEnd; ix++){
i=offset+ix;
ptr_next[i]=ptr_velli]*dtoh*(ptr_prev[i+nl]—ptr_prevl[i])+ptr_prevlil;
G

}
// bottom

for(TYPE_INTEGER iz=n3End; iz<n3; iz++){

#pragma omp for collapse(2)

for(TYPE_INTEGER by=0; by<n2; by+=n2_Tblock)

for(TYPE_INTEGER bx=0; bx<nl; bx+=nl_Tblock){
TYPE_INTEGER iyEnd MIN(by+n2_Tblock, n2);
TYPE_INTEGER ixEnd = MIN(nl_Tblock, n1—bx);
TYPE_INTEGER offset,i;
for(TYPE_INTEGER iy=by; iy<iyEnd; iy++) {

offset = iz#dimnln2 + iy*nl + bx;

for(TYPE_INTEGER ix=0;ix<ixEnd; ix++){

1=offset+ix;

ptr_next[i]l= ptr_vell[il*dtoh*(ptr_prev[i—dimnln2]—ptr_prevl[il)+ptr_prevl[il;
}

}
}//omp
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