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e This work aims to create end-to-end workflows to build quality two- and
three-dimensional (2D and 3D) unstructured triangular and tetrahedral
meshes for seismic domains suitable for numerical wave propagators.

* Workstream 4 has been developing:
e SeismicMesh: Software for triangular mesh generation for seismology.

e Automatic (i.e., no manual geometry creation).
* No point clicking or drawing lines!
* Support for distributed memory parallelism in both 2D and 3D.

https://github.com/krober10nd/SeismicMesh

-Open-source

-Cl (89% code coverage)

-PEP compliance.

-Cmake build system
-Self-document%tion (in progress)
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Software Architecture ==

e Python and C++ bound together using Pybind11.

e Computational Graphic Algorithms Library (CGAL) and Boost are used for all
low level geometrical operations.

e  MPIl4py, Numpy, Scipy, MeshlO.

e Pre- and post processing utilities (e.g., input file creation, mesh size function
class, boundary conditions, etc.).



Software Architecture >t

import SeismicMesh

def example_2D():
# Name of SEG-Y file containg velocity model.
fname = "velocity_models/vel_z6.25m_x12.5m_exact.segy" input
bbox = (-12e3, @, 0, 67e3) input

# Construct mesh sizing object from velocity model
ef = SeismicMesh.MeshSizeFunction(

bbox=bbox,

model=fname,

domain_ext=1e3, input

dt=0.001, input

grade=0.15, input

freq=5, input

wl=5, jnput

hmax=1e3, input

hmin=50.0, input

# Build mesh size function
ef = ef.build()

ef.WriteVelocityModel("BP2004")

# Visualize mesh size function

ef.plot()

# Construct mesh generator
mshgen = SeismicMesh.MeshGenerator(
ef, method="cgal"

) # if you have cgal installed, you can use method="cgal"

# Build the mesh (note the seed makes the result deterministic)

output points, facets = mshgen.build(max_iter=50, nscreen=1, seed=0)
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A python package MeshlO is
used for file i/o



Mesh sizing functions

e User parameterizes the distribution of mesh resolution:

Isotropic mesh sizes
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Building the sizing func.

wavelength variability distance
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aw, = number of nodes per min. wavelengt
= number of nodes per std. dev.

,p = number of nodes per std. dev.
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Mesh sizing
functions

- Sizing functions are defined on Cartesian grids
« Faster query than unstructured.

« No need to store connectivity of grid.

- Easy to parallelize.

- Stored as a Scipy.RegularGriddedinterpolant.

rank0 rankl

rank?
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Signed distance e
functions

* Signed distance function/Implicit domain definition:

Qi:{melezd(w)QSO
o) := {wéle:d(a:)Q:O

- Similar to the mesh sizing functions, signed distance functions can also be defined on
structured grids and stored as gridded interpolants
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Signed distance UNSY,
functions (SDFs)
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- For some geometries, analytical signed distance function exists.
- Simple primitives such as cubes, conics, and spheres can be used.

Minimum distance to a rectangle:

d = —min(min(min(—y; + Y,yo = Y), —21 + X), 22 — X)

1-
Set operations with SDF:
0.5
function d=opSmoothUnion(dl, d2, k )
h = max( k-abs(d1-d2), 0.0 );
d = min( d1, d2 ) - h.*h.*0.25./k; N
end O _
function d=opSmoothIntersect(dl, d2, k )
h = max(k-abs(d1-d2),0.0);
d = max(dl, d2) + hxh*0.25/k; 0.5 0.5
end YD 0
0.5
function d=opSmoothSubtraction( di, d2, k) 0.5 0 0.5
h = max(k-abs(-d1-d2),0.0); T -1 X
d = max(-dl, d2) + h*h*0.25/k; y



Mesh generation

 Modifications to DistMesh [2] algorithm.

e Uses signed distance functions to define the domain.
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Algorithm 1: The DistMesh algorithm modified from [3].

Result: A high-quality Delaunay triangulation adapted to a user-defined sizing map and
conforming to a domain defined by the user-defined signed distance function.

1. Form initial point distribution according to sizing map (done in parallel if enabled).;

if iter < max_iter then

2. Compute Delaunay triangulation of points.;

3. Remove triangles with centroids outside of domain.;—» query SDF

4. Move points based on forcing function; — query sizing function

5. Project any points outside the domain back inside;

—
if parallel then query SDF

| 6. Remove halo vertices added in 2.
end

end

11



Mesh generation ot
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50-100 meshing iterations

: Distribute points 3: Triangulate 4-7: Force equilibrium
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: TSP
Parallelism e

1. DistMesh requires a re-triangulation each meshing iteration.
2. Requires ~50-100 iterations to converge to a “high”-quality triangulation.

If we can parallelize Delaunay re-triangulation all other components of DistMesh are trivially
parallel.

Modified the methods proposed [4]:

Block Block
0

Requires one communication step per meshing iteration to re-triangulate point set in parallel.
Simplicity comes from, in part, the domain decomposition topology and Delaunay property.

13



Ion

-1500

73
7
N

VNN

Vavavay,
AVAYAYAY,Y,
N

4v,

Avs
TavaYi
’V

74 VAV

N \/
NS4
SAAYAYAV,S
VAVAVAWAN|

AV
744
VA
SVAVAYS
</

»
VA
e‘ﬂh

\VAVAY
VAYA'

S
vl
Ay 4
vAVAVA
VAYAY/

12\
VA,

AN
N
N4

AVav & VAVAVAYS,
AT Avav,tVave S |
v, VAVAVAVAVAVA Javavav.! V! )

ﬂ;V0N04>0M0><>¢>0>0>NVA'JPAPA»,«EP(P‘»«»«&.& TAVAVAY,

A

D

f
-2000

3

q‘r‘llil‘( = m
o]

i e A —

S o

8 o o S
g 8 @8 ¥ « S
4I -

rank

=2

rank

1

rank

=0

Domain decomposi

rank




Performance
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« 3D parallel mesh generation
- Load balancing has not yet been considered.
- 50 meshing iterations

Strong scaling, EGAGE Salt
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Robusthess

e All Delaunay-based methods suffer from degenerate flat elements called slivers

* Implemented a method to remove the slivers in parallel following [3].
* Sizing distribution is preserved since only slivers are incrementally moved.

sliver element

Algorithm 4: Steps to remove slivers from a 3D tetrahedral mesh.

Result: Sliver removal.
Given p vertices, a SDF defining the domain, and a threshold d degrees for the min.
dihedral angle.;

k + 0;
while slivers exist do vertex perturbation
1. Compute Delaunay triangulation of p*. :
2. Calculate dihedral angles of tetrahedral. ; >
3. slivers < tetrahedral with dihedral angles less than d degrees.; >
for each sliver tetrahedral © with vertices 5 for j =0,1,2,3 do
2. Calculate perturbation vector p, of pfo so that circumradius of the tetrahedral i
increases the quickest.;
1)5?1 = pf, + @ * py;
end
5. Project any points outside the domain back inside;
if parallel then
| 6. Remove halo vertices added in 1.
end
k+=1;
end
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ver removal
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After sliver removal
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Ongoing applications ISt
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e Meshes are used in numerical wave propagators (acoustic and elastic).

acoustic,dt = 0.001s, T = 3Js, f,

max

= 10Hz,4procs , Intel, IPDG, explicit Newmark, w/PML

N = 61,987 vertices
A, = 10, P=1 time = 213.945s difference from uniform mesh

b x position (km) N
N = 5,818 vertices i x positon (k)

Olwl=3,P=3

time = 279.62s difference from uniform mesh

X position (km)
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Ongoing applications

e Used in the training and validation of neural networks.

e Several thousand meshes are generated from synthetic velocity models.

* The pair of synthetic velocity models, meshes, and seismograms are used to validate
predictions of velocity models made by neural networks.
 Meshing workflows ensure consistent results.

Synthetic velocity model dataset

Train and validate
. neural networks with shot/velocity
e model pair
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Ongoing applications

e Performing “grid sequencing” or “continuation” in the time-domain for FWI.
e During FWI after each frequency band is complete, mesh is re-generated to a new source

frequency given the previous model updates.
#eells = 90,211

Algorithm 5: Multiscale time-domain full waveform inversion with mesh adaptation

Result: Optimized velocity model ¢(X) over a range of source frequencies freq.
. \ o

&« initial velocity model;

3 —_— 0 s 2 4 ko 0;
HZ’ a I #Cells - 033 67 for freq < fregmin to freqma, do
Assign source frequency freg;
Perform mesh adaptation for peak freg and cft1;
while V.J >0 & .J >0 or k < (itermar — 1) do
for iter« 0 to (iter,.. — 1) do
for shot « 0 to (nshots — 1) do
Compute forward simulations for shot;:
Calculate J,, at receivers:
Compute local gradient V.J,, via discrete adjoint;
Sum J,, onto master from all shots;
Sum V.J,, onto master from all shots;
if rank is master then
Given V.J and J using L-BFGS produce Ack;
K 4= Ack;

Broadcast ¢**1 from master.

4Hz, 00 = 10 #cells = 375,970
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Thanks for listening!
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input
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A sizing map
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output
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mesh + input files



