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RADIATIVE TRANSFER

® neutron transport

combustion
e optical fomography

e |aser radiation...

Propagation of photons

e absorption
e scattering

® emission




INTEGRO-DIFFERENTIAL EQUATION

Spectral radiance

e space coordinates (x,y, z)
e solid angles (0,v)

e wavelength A

® time t
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STEADY-STATE MONOCHROMATIC RTE

absorption/scattering scaﬁeringX

(§~V+(/€—|—US))/:Js?{go'/dQ—i—FoB
Q

T
)

s = [Sin fcosy sinfsiny cos 0]

k absorption coefficient
e g, scattering coefficient

® » phase scattering function

B black body emissivity function



STEADY-STATE MONOCHROMATIC RTE

absorption/scattering scaﬁeringX emission
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NUMERICAL SCHEMES IN SPACE

Deterministic methods:
e FVM (element-wise conservativity)
e FEM (flexibility)

Statistical methods:
e MC
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NUMERICAL SCHEMES IN SPACE

Deterministic methods:
e FVM (element-wise conservativity)

e FEM (flexibility)

Statistical methods:
e MC

—> FEM with SUPG stabilization for the advection

DG also possible [Le Hardy, Favennec, Rousseau 2016]
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e surrogate angular mesh
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NUMERICAL SCHEMES IN ANGLES

Discretization of the unit sphere:
e guadrature rules

e surrogate angular mesh

Semi-discretized RTE
Vm € [1; N,]:

(S V+(k+0¢))Im =
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ANGULAR DECOMPOSITION




VARIATIONAL FORMULATION

Boundary conditions are not considered here.

Multiplying by a test function, we get Vm € [[1; N,]:

/ [(gm-v+ (5 + 0)) o
D
Na
— 0 angom’,, o, — /@B} (Vv+75m-Vv)=0
n=1
Or in more compact form, Vm € [1; N,]:

Na
3D (I, v) + D @Iy V) = Lin(v)
n=1



MATRICIAL FORMULATION

Given a FE space V), with N, d.o.f., we end up with:
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MATRICIAL FORMULATION

Given a FE space V), with N, d.o.f., we end up with:

Ald + A Ao AN, X1 b,
Ag 1 Agd) il A272 AQ’/\]S X2 . b2
Al\la,l A/\/a72 A,(\ld) + A/\/a,/\/a XN, bNa

a

— global linear system of order N, x N,

To do (from a distributed-memory parallelismm POV)

e assemble the matrix efficiently

e find an appropriate preconditioner
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DISTRIBUTED ASSEMBLY

Domain decomposition in angles (for N, = 4)

Aid) +A Al Ais Ay
Agq Agd) +As0  Agg Agy
Az Agy A AL Ay
Asr Ay Aus Aid) + A4

~ with PU #0O, #1, #2, and #3.

What happens with more PU? #4, #5, #6, and #H7.
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Redistribution

e fraditional solvers: up to N, PU
e our method: up to k- N, PU, with k=1,... N,
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DISTRIBUTED ASSEMBLY

Redistribution

e fraditional solvers: up to N, PU
e our method: up to k- N, PU, with k=1,... N,
= N, = 320, up to 102,400 PU

Distribution of sparse matrices

Most linear algebra backend rely on row-wise 1D distributions

AP+ A Al A3 Al
Ay A+ Asa  Ags Agu
Az Ay A+ Azz  Asy
Al Al Az Agd) + AL
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PRECONDITIONING

® unsymmetric
e mixed dense-sparse structure
e |arge

Block Jacobi with
at most N, blocks

=—> -pc_type bjacobi -pc_bjacobi_blocks N, 10



DOMAIN DECOMPOSITION




VECTORIAL VARIATIONAL FORMULATION

Given a FE space Vf’,\'a =V, XV X X Wy

/D{<§~V+(/i+as))ﬂ

—@:H—HBH]T(V+7§-VV) — 0,

with
Wip11 W12 WN, P1,N;

Wip21  Wa2p22 WN,P2,N;
d = o, . i . )

W1PN, 1 W2PN, 2 WN, PN, N,

n



MATRICIAL FORMULATION

— global linear system of order N, x N,
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MATRICIAL FORMULATION

— global linear system of order N, x N,

e sparse matrix with dense blocks of order N,

e number of nonzeros grows quadratically with N,

2
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Tensor products

e no need to deal with a huge variational formulation
e only assembles elementary matrices

e compute the global matrix using tensor products




EFFICIENT ASSEMBLY

Tensor products

e no need to deal with a huge variational formulation

e only assembles elementary matrices

e compute the global matrix using tensor products

(I, V) € V¥ x Y% {(@V—i—(/ﬁ—l—as))ﬂ
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PRECONDITIONING

Dealing with large dense blocks

e [ U factorization would be too costly
e efficient smoothers for MG

e for angular decomposition, no long-range interaction

e "pruned” matrix by removing off-diagonal elements of
dense blocks



NUMERICAL RESULTS




MANUFACTURED SOLUTION

D = 27 (1 + sin(2mx) sin(4my))
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MANUFACTURED SOLUTION
Angular mesh refinement
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MANUFACTURED SOLUTION
Spatial mesh refinement
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(w = 0.09) inclusions
e MUMPS used as the direct distributed solver

e Curie@TGCC

e Henyey-Greenstein phase scattering function ¢
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LARGE-SCALE EXPERIMENTS
Angular decomposition

N, = 320
6,400 MPI processes

e matrix assembly: 39.93s

e setup: 37.83s

e solve: 104.92s (60.98s for
matrix—vector products)

matrix redistribution: 3.98s
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N, = 320
6,400 MPI processes

e matrix assembly: 39.93s

e setup: 37.83s
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LARGE-SCALE EXPERIMENTS
Domain decomposition

e N, =512 e setup: 17.42s
* 3,192 MPI processes e solve: 39.45s (34.9s for MV
e matrix assembly: 5.96s products)

— 10'2 nnz distributed over 124 - 10° blocked rows
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LARGE-SCALE EXPERIMENTS
Domain decomposition

e N, =512 e setup: 17.42s
* 3,192 MPI processes e solve: 39.45s (34.9s for MV
e matrix assembly: 5.96s products)
— 10'2 nnz distributed over 124 - 10° blocked rows
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CLOSING REMARKS

large-scale RTE solver using FreeFem++

domain decomposition with vectorial FE

matrix-free method

[Badri, Jolivet, Rousseau, Favennec 2018]
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CLOSING REMARKS

large-scale RTE solver using FreeFem++

domain decomposition with vectorial FE

matrix-free method

[Badri, Jolivet, Rousseau, Favennec 2018]

Thank you!
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