Abstract Our 3D model

, L , This implementation was prepared to work with 3D P-wave ve-
Local and regional 3D seismic velocity models of crust and ‘
%

_ , o locity model of Poland (Grad et. al 2015). The model covers
sediments are very important for numerous technics like ——

4/,2,@@ \ area of Poland from topography to 60 km deep. Total grid size

mantle and core tomography, localization of local and regio- IS

| d oth fth hni i | qm is 631 x 536 x 6261 (2.117.570.376) cells. In 1.390.642.955
e e e o y«}\\ - P-wave velocity is provided. To allow simpulation model has to

culation of wave travel time through the 3D model. This can / be converted to convex shape.
be achieved using multiple approaches from simple ray tra-
cing to advanced full waveform calculation. In this study
simple and efficient implementation of fast marching
method is presented. This method provides more informa-

tion than ray tracing and is much less complicated than me- The Si M p I ESt Ssource COd e exam p|e

thods like full waveform being the perfect compromise. Pre-
sented code is written in C++’ well commented and is easy "..‘ mon s wens . binclude <stdioh> This listing presents the simplest implementation of

3 #include <stdlib.h>

to modify for different types of studies. Additionally perfor- - S—— g i traveltime calculation using fast marching method.

: : : : : L epess | .. .. - [ This 300-line code is fully functional and very efficient.
mance is widely discussed including possibilities of mul- * h : ; tinctude <algoritim y y

. . . , : , #include <queue> It's limited to only first approximation finite difference
tithreading and massive parallelism like GPU. Source code . ‘? Y depine pi 5.1418926835597932540 coefficient and has all parameters hard coded. Full

will be published in 2016 as it is part of the PhD thesis. Na- :: :: :: o ns sizes - 535 code has about 1000 lines and will be published soon.
tional Science Centre Poland provided financial support for R
this work via NCN grant DEC-2011/02/A/ST10/00284. (N I R S R R e (N B R - TRy P ——

o } 162 void calculate(int y, int x, int z, double *lat, double *lon, double *H, float *time, bool

e [
2
21 — *accepted, float *MODELVPF, std::priority_queue<NB, std::vector<NB>, CompareTime>
2 void ind2sub(int n, int &y, int &x, int &=z) — &narrow_band)

2

s 1 163 1
y= (@ - 1) % size_y + 1; 164 double dy, dx, dz;
n = (

e s ; - Psizey +; e 5 Single simulation provides traveltime to all grid cells in the
Th e th eo ry 1 11 o S - Do e - model for given source location. Source can be located in one

29 169 if (accepted[sub2ind(y, x, z)] == 0 && MODELVPF [sub2ind(y,x,z)] > 0) . . . .
All calculations in my implementation are done according : : : - 20 dsmes 0 " i 0 thy < siey b s 0 sk < simex b m o 0 th e < simen s or more grid cells with proper time. For example, an interface

>} 172 {

to Sethian & Popovici 1999, Chopp 2001 and Popovici & h h e ) can be assumed as source for reflected wave.

4+ struct NB 174 dx = deg2rad(0.02);

Sethian 2002. L : 3 D e tnaen - it ML Single simulation requires about 20GB of operating memory

float time;

The eikonal equation states: : : : ; i o, Fes 1) G, e O o e o e s o e T and takes 2 hours to complete. By average about 200.000 grid

o 3 180 Neighbour nz = GetNeighbours(y, x, z, 3, time, accepted, lat, H);

, = N cells are calculated every second on modern workstation.
- TR 183 double a = ny.a + nx.a + nz.a; . . . .
(VT) — Z ALl cells: 25 N 3 Bll cells: 25 N Z ALl cells: 25 y i: ‘i£n1ine bool operator() (const NB& s1, const NB& s2) z: double b = ny.b + nx.b + nz.b; Th IS resu It Ca n Stl ” be Im proved depend I ng On expected resu |t.

Cz double ¢ = ny.c + nx.c + nz.c - 1/pow(MODELVPF [sub2ind(y,x,z)],2);
return(sl.time > s2.time);

here T i " dci oc @ : doubl dolta - sartpou(s,) - traro); Unfortunately, due to algorithm construction it is not possible
where | IS traveltime and C IS wave velocCIty. : s EELAsE . B - - : :

. . y 50 struct Neighbour 190 22= S’Edt:):;ai?i:i)ﬁg;w*a) to mlgrate to GPU.

The equation above can be rewritten as: : : : = K " t Coime Louo2ind(y x20] > o || sineloubrind(y o] — O

53 double b; 103 {
2 p— 1/2 54 double c; 104 time[sub2ind(y,x,z)] = u;
B R EREEE S o narrow_band.push(NB(sub2ind(y,x,z) ,u));

195
Neighbour (double a, double b, double c) : a(a), b(b), c(c) {} 196 }

max (D, *T, —D;* T, 0) :
2 - i o
- — Si, j.k : : : s double deg2rad(double deg) o} }

max (D;*T, —D;” T, 0) {

2 . . . 60 . . 200 . . .
—7Z +z 61 return deg * (pi / 180); 200 int main(int argc, const char * argvl[]) X | l
max (De T’ _Df T, 0) .. x =1 x =2 x =3 x =4 x =5 x =1 x =2 x =3 x =4 x =75 x =1 x = 2 x =3 x =4 x =5 62 } 202 {

— Ijk 63 203 double *H = (double*) malloc(size_z*sizeof (double));
4+ void ReadData(double *lat, double *lon, double *H, float *MODELVPF, unsigned char *MODEL) 204 double *lon = (double*) malloc(size_x*sizeof (double));

where s is slowness and D are proper coefficients depen- : s o s s . B by wmaigned shax sMODBL = (umsigned eharey malloe(size. wesize.ywsize zesizaot (unsigned The code was used to calculate traveltime from source located

const clock_t begin_time = clock(); — char)); f 1 t h P I d ( I ti f f t r r I -
d . d ° t t h o oo e x=2, y=3, £=0.3192s o a0 x=2, y=1, £=0.3192s T x=2, y=3, £=0.3192s :; 20 float *MODELVPF = (float*) malloc(size_x*size_y*size_z*sizeof(float)) ; O n S u r a Ce I n n O r e r n O a n Oca O n O O n e O O u r e po ra
INg ON COoOoradinate system cnosen. : | ST | S T | | o o std: :cout << "Reading H\E\t\t";

bool *accepted = (bool*) malloc(size_x*size_y*size_z*sizeof (bool)); . . .
fptr = fopen("H.bin", "rb"); 209 float *time = (float*) malloc(size_x*size_y*size_z*sizeof(float));; y b d b d ) T I II g d ” I I -
T. = T 1ik 71 fread(H, size_z*sizeof (double),1,fptr); 210 std: :priority_queue<NB, std::vector<NB>, CompareTime> narrow_band; r roa an Stahons ¢ rave tlme to a rl Ce S WaS Ca Cu a
L, =47 t = 0.3192 s t = 0.3192 s t = 0.6087 s t = 0.3192 s t = 0.6087 s 72 std: :cout << "done\n"; 211 ° ° °
5r : : : ; int y, %, 2 ted and time at surface is presented on left map below. Right
- - - 74 std: :cout << "Reading lat\t\t\t"; 213
3]-;‘,‘]',}( - 4]}_],1',]; + I;:_QJ,]C 75 fptr = fopen("lat.bin", "rb"); 214 ReadData(lat, lon, H, MODELVPF, MODEL);
Tt = 0.3112 = t = 0.3112 s t = 0.3112 s

TSI B R map shows traveltime from the same source calculated using

26?‘ " " " 77 std: :cout << "done\n"; 216 int total_to_calculate = 0;

I},j,k _ T;',j—l,k Z: std: :cout << "Reading lon\t\t\t"; Z; ior(int P70 T sizeyrsizensize 2l 1Y) 1D IASP refe rence mOdel ®

7'(89 ; - - 80 fptr = fopen("lon.bin", "rb"); 219 if (MODELVPF[i] > 0)
! : : fread(lon, size_x*sizeof (double),1,fptr); 220 { 14° 16° 18" 20" 00 04°

B B B 81
e g — .. .. 82 std::cout << "done\n"; 221 total_to_calculate++;
3Tk — 4T 16+ Ti 2k ; : 5
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222
2r56 s std::cout << "Reading MODEL\t\t"; 223 }
fptr = fopen("MODEL.bin", "rb");
T;',j,k - T;',j,k—] . L cetis: 2 . AL cetisr 3 . ALL cells: 235 86 fread (MODEL, size_x*size_y*size_z*sizeof (unsigned char),1,fptr); 225 // Source location
96 . e . e . e 87 std::cout << "done\n"; 226 z = 245

r COS ¢ MNarrow band size: 6 Narrow band size: 6 MNarrow band size: 5 . 2o y _ 539
3 T ) _ 4T ) + T . t =0.3300s | t -0.6021 s i:é: ?:3: E:gi?g; £ -0.3300 5 | £ -0.6021 s i:%: i:;: E:gi?gz t -0.3300 8 | £t -0.6021 s i:é: ?:i: E:g:é%gﬁz 89 std::cout << "Readillg MD[.)ELVPF\t"; 228 x = 193

—¢ i,],k i,jk—1 i,j,k—2 . et o+ el b+ N o 90 fptr = fopen("MODELVPF.bin", "rb");
DZ T;',j,k - 2 98 > S b e S x=5, y=3, ©=0.6087s 91 fread (MODELVPF, size_x*size_y*size_z#*sizeof(float),1,fptr); 230 time[sub2ind(y, x, z)] = 10e-10;

r COS ¢ 02 std: :cout << "done\n"; 231 accepted[sub2ind(y, x, z)] = 1;

SOl uti O n to t h iS eq u ati O n is ea Sy to Ca Icu Iate beca u Se fo r 1 - . 1 - - 1 - - Zz std: :cout << "Reading compleated in " << float( clock () - begin_time ) / z: clock_t begin_time = clock();

— CLOCKS_PER_SEC << "\n"; 234 clock_t part_time = clock();

each max() in equation we get one or none element depen- N N N - K o o To

. . he ! ! ! o7 Neighbour GetNeighbours(int y, int x, int z, int direction, float *time, bool *accepted, double 237 double goal = total_to_calculate;
ding on data availability (see step by step example). For - ot oo - double last campute_time = 0;
o o o . o - ~ - 99 int diry = O; 240 {
example, if we would like to calculate traveltime in grid cell ; ; ; i£(((float( clock O - part.time ) / CLOGKS_PER.SEQ) > 1) ||
’ 101 int dirz = 0; — ((number_off_accepted/goal) > 0.9995))
{

knOWing time in prEViOUS Ce” in X and y direCﬁon: B B B B B - - - - - 122 Zz last_compute_time =float( clock () - part_time ) / CLOCKS_PER_SEC;

double dy = deg2rad(0.01); 244 double time_to_go = 0; 14 16° 18° 20" 02" 24 4 16° : : 22" 24

DT 4

. ‘ . ' " ‘ 105 double dx = deg2rad(0.02); 245 if (last_compute_time > 0)
7 =1/2 ' o . i . R 106 double dz = 10.0; ads {

» Narrow band 51131.5 Narrow band me;‘5 Narrow band Size;.s 107 double r = 6371000 + H[z]; 24 time_to_go = ((goal - number_off_accepted) /100000) BOt h m a p I OO k Ve ry Si m i I a r (t h iS te I IS t h at t h e COd e iS WO rki ng)’
£ =0.3300s | £=0.6021 s ¥=2, y=3, L=0.3192s x=2, y=3, t=0.3182s x=2, y=2, t=0.5954s 108

— *last_compute_time;

pr—
( b ) -0 gl x=3, y=4, t=0.3300s &= G300 & || & = 05 5 x=3, y=4, t=0.3300s &= 030 s || &= 0602 5 x=2, y=3, t=0.3192s
2 - x=d, y=2, £=0.62325 - x=4, y=2, £=0.4654s - x=3, y=1, £=0.3300s 100 double element = 0; ous }

a
max ( D>T, —D}T, ()) = Sijk : mESm mEEm D e prinst (rconpleated: 13.51 (13.261D\tpart vine: 13.51\ctoral vine: however their mathematical difference show influence of 3D
111 if (direction == 1) — %09.5f\testimated time to go: %06.2f\tNB: %08d\n", last_time,

2 t = 0.3192 s t = 0.6087 s t = 0.3192 s t = 0.6087 s t = 0.3192 s t = 0.6087 s 112 { ((double)number_ off accepted/(double)goal)*100.0
—_— z . . . - - - P g -V, t t .
Max (De z T, — D}_ T, 0) g ' g 113 diry = 1; — last_compute_time, float( clock () - begin_time ) / CLOCKS_PER_SEC, S ru C u reS .

| l_]k 14 element = rdy; < time_to_go, int(narrow_band.size()));
} 250 part_time = clock(Q);

9 9 . A N R . R ol 116 else if (direction == 2) 251 }
Coe g . . A A - . - 1 252 calculate(y + 1, x, z, lat, lon, H, time, accepted, MODELVPF, narrow_band); .
(T’L,j,k TZ—l,j,k) _|_ (E:J:k Eaj_lak) 118 dirx = 1; 253 calculate(y - 1, x, z, lat, lon, H, time, accepted, MODELVPF, narrow_band) ; 14
119

558 5y element = r*cos(deg2rad(lat([y]))x*dx; 254 calculate(y, + 1, z, lat, lon, H, time, accepted, MODELVPF, narrow_band);
-1,

calculate(y,

255 , lat, lon, H, time, accepted, MODELVPF, narrow_band) ;
( direction == 3) 256 calculate(y, x, z + 1, lat, lon, H, time, accepted, MODELVPF, narrow_band); {
zZ - -

9 9 122 257 calculate(y, x, , lat, lon, H, time, accepted, MODELVPF, narrow_band);
2 1 1 —zTi_ljk —2Tij_lk q_li_ljk‘ Tij_lk 1 x =1 X =2 X =3 X =4 X =5 ®x =1 X = 2 X = 3 X = 4 X =25 x =1 X = 2 X =3 X =4 x=25 193 dirz= 1; 258
%I 1 1 Sy 1 3 P = . ] . 1 ==
T_ " —_ _|_ —_— _I_ T?’ e _|_ _I_ _|_ — 0 124 element dz; 259 if (narrow_band.size() 1)
3}1 !jﬂ 125 260
A1l cells: 25 211 cells: 25 A1l cells: 25

i {

dox?  Oy? dx? d1? da? sy2 02

break; 54’

double up = 0; 262 }
if (accepted[sub2ind(y+diry,x+dirx,z+dirz)] == 1 &&

B B > 127
Harrow band size: 7 Harrow band size: 7 HNarrow band size: 6
° ° ° ° ° . . . 128 263
[ ] = = = = = - _ — _ . . . . . . 9 9 _ q

We gEt SI m p I e q u a d ra l IC eq u a l IO n Wlt h ea Sy SOI u l IO n : £-0.3300s | £ o0.6021 5 x2, v-2, 10.3954s € -0.3300 s |t 0.6021 5 xZ, y22, t0.5954 - 0.3300s | t-0.6021 s e ey P < accepted[sub2ind(y-diry,x-dirx,z-dirz)] == 1) 264 while(time [narrow_band.top().index] '= narrow_band.top().time ||

@ x=3, y=1, t=0.6021s L ®=3, y=1, t=0.8021s - x=3, y=4, ©=0.3300s

I x=3, y=4, t=0.3300s I ®=3, y=4, t=0.3300s I x=4, y=2, t=0.4654s 129

= x=4, y=2, t=0.4654s = ®=4, y=2, t=0.4654s = x=4, y=4, t=0.6021s

{ — accepted[narrow_band.top() .index]==1)
if (time [sub2ind (y+diry,x+dirx,z+dirz)] <= time[sub2ind(y-diry,x-dirx,z-dirz)]) 265 {

x=4, y=4, t=0.6021s x=4, y=4, t=0.6021s x=5, y=3, t=0.6087s 130
x=5, y=3, t=0.6087s x=5, y=3, t=0.6087s
131 { 266 narrow_band.pop() ;
b \ Ii' bﬁ 4@{: b | \ .\‘bz 4&6 t = 0.3192 s t = 0.6087 s £ = 0.31%2 s £ = 0.6087 s t = 0.6087 s 132 up = time [sub2ind(y+diry,x+dirx,z+dirz)] ; 267 }
— [ I [ 133 268
— L]

T9
2a

:I:l = 2 = =l =l . _ .
(1l 134 269 accepted[narrow_band.top() .index] = 1;
number_off_accepted++;
up = time[sub2ind(y-diry,x-dirx,z-dirz)]; 271 time [narrow_band.top() .index] = narrow_band.top().time;
+ 272 last_time = narrow_band.top().time;

o o o 136
) ) - - ! 12

AS ﬁ nal SOIUthn We ta ke: 138 + 273 ind2sub(narrow_band.top() .index, y, x, 2z);
t = 0.k02]1 s t = 0.6021 s t = 0.6021 s 139

else if (accepted[sub2ind(y+diry,x+dirx,z+dirz)] == 1 && 274 narrow_band.pop() ;

— accepted[sub2ind(y-diry,x-dirx,z-dirz)] == 0) 275 }
{

- - = 140 276
“ l l. . N maX 141 up = time[sub2ind(y+diry,x+dirx,z+dirz)]; 277 for(int i = 1; i < size_x*size_y*size_z; i++)
2‘.7 k: — $1’$2 ®x =1 X = 2 x =3 x =4 x =5 ® =1 X =2 X =3 X =4 ®x =275 x =1 X = 2 x =3 ®x = 4 x =75 149 } 078 {
b ? 143

else if (accepted[sub2ind(y+diry,x+dirx,z+dirz)] == 0 && 279 if (accepted[i] == 0)
- accepted[sub2ind(y-diry,x-dirx,z-dirz)] == 1) 280 {

This schematic shows how traveltime is being propagated through : e = 07
up = time[sub2ind(y-diry,x-dirx,z-dirz)]; 282 }

the model. Each grid cell is assigned in to one of three states: accep- > ) )
ted (green), narrow band (yellow) and far (white). At the beginning o double a = 1 / pow(element,2); FILE *fptr;

double b = (-2%up) / pow(element,2); 286 fptr = fopen("/Volumes/RAM/time_5000.bin", "wb");

One grid Ce“ iS accepted _ the Source With time 0.0S. Every time grid 1: double ¢ = pow(up,2) / pow(element,?2); z: furite(time, size_x*size_y*size_z*sizeof(float),1,fptr);

if (up > 0) 289 free(H);

cell is accepted all close neighbors get their travel time calculated (6 o { Froaon);

return Neighbour(a,b,c); 201 free(lat);

@)AG U FALL M E E I I NG : neighborsin 3D, 4 in 2D) and marked as narrow band. Grid cell might - . frasoume),
A - have its time recalculated if it has been previously marked as narrow - return Neighbour (0,0,0); o o

San Francisco | 14 -18 December 2015 : band. After all neighbors have been calculated the cell with minimal o e return 0;

$33C: New Developments in Open Source and Academic Seismic Software Posters time is accepted and process continues.

This equation is solved at least once for every grid cell in the
model.




