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WHAT 18 LIFEV
°

LIFEV PROJECT

Finite Element Library for the solution of PDEs

o C++, object oriented

@ parallel and serial o CMCS - EPFL
versions o E(CM)? - Emory

o distributed under LGPL o MOX — Polimi

@ about 30 active e REO, ESTIME- INRIA

developers

Research code oriented to the development and test of new
numerical methods and algorithms

Aim: effective tool for solving complex "real-life” engineering
problems
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HISTORY

<2001

2001

2006

2008

Lifel, Lifell, Lifelll: Fortran 2D finite element codes (CRS4,
Politecnico di Milano, CMCS)

early development of LifeV at Politecnico di Milano, INRIA,
and EPFL (leaders A. Quarteroni, L. Formaggia, A. Veneziani,
J.F. Gerbau)

development of the parallelism in LifeV. Inclusion of Trilinos
(G. Fourestey, S. Deparis).

E(CM)? — Emory University joins the project
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DEVELOPERS AND TARGET USERS

Research code oriented to the development and test of new
numerical methods and algorithms
Developers are:

@ Researchers

e Post docs

e PhD students
Target users are the developers themselves, master students, and
other researchers.
Aim: effective tool for solving complex “real-life” engineering
problems

Medium term target is to make LifeV more accessible to external
users.
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DEVELOPMENT TOOLS

Autotools, Automake — transition to CMake

nightly builds in opt and debug modes

collaborative tool: Git

Gforge system cmcsforge.epfl.ch,

Google groups for mailing lists

Google app educational for 1lifev.org
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WHY TRILINOS (EXTRACT FORM TRILINOS SURVEY)

Were there alternatives to Trilinos that you investigated? If so,
what made you decide to use Trilinos?

Yes, the most competitive alternative was petsc. However we
found Trilinos more mature and with a larger set of tools (actually
packages). Trilinos allowed us a smooth switch to MPI and offers
interfaces to this API. It was also important that the source is
written in c++ and that the following tools are provided:

distributed sparse matrix data-structures

linear system solvers and preconditioners

parallel 10

generalized eigenvalue solvers.
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TRILINOS’ MOST USED FEATURES

Tools Epetra stack Tpetra stack
Parallel linear algebra Epetra Tpetra/Kokkos

Matrix tools and extensions EpetraExt Teuchos
Graph operations Zoltan & lsorropia Zoltan2
Iterative linear solver AztecOO Belos

Direct solvers Amesos Amesos2

DD preconditioners Ifpack Ifpack2
Multi-level preconditioners ML Muelu

An eventual migration of LifeV to the templated package stack of

Trilinos is desired.
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OVERVIEW OF SOFWARE DESIGN

Overview of sofware design
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BouNDARY CONDITIONS

LifeV provides classes and methods to prescribe the most common
boundary conditions Dirichlet, Neumann, Robin, Defective (flow
rates).

Normal and tangential boundary conditions are also allowed for
vectorial (3D) fields. In addition, a few kinds of boundary
conditions specific for flow problems are available (absorbing,
resistance or lumped parameter models).

Boundary conditions are prescribed by modifying the system matrix
and the right-hand side after the assembling phase.

Parameters: functions of the space and time or finite element
fields.
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TIME DISCRETIZATION 1

LifeV provides the class TimeAdvance to integrate in time a
generic non-linear PDE with derivates in time of order m =1, 2.
This class is virtual and defines the main features of a generic time
advancing scheme:

stores the unknown and its first (and second) derivatives;

provides methods for the extrapolation (in time) of the
unknown (and its first derivative);

it computes the right-hand side associated to the
discretization of the first (and second) derivative;

it provides methods to update the states of the stored
unknown.

The needed coefficients, variables and methods are specified in
derived classes.
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TIME DISCRETIZATION 11

LifeV provides two different implementations, namely:

e Backward Differentiation Formulae (BDF) schemes
(TimeAdvanceBDF . hpp) of order p <5 for m = 1,2;

@ the family of methods obtained from the Newmark schemes
for second order problems (m = 2), and the theta-methods
for the first order problems (m =1)
(TimeAdvanceNewmark.hpp).
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SPACE DISCRETIZATION

LifeV provides classes to quickly and easily perform the assembly
of the Finite Element system matrix.

Assemblers are building blocks that can be combined at will. In
addition, the user has access to lower level structures and
instructions in order to provide the maximal flexibility.

“Classical” FE implemented: continuous P1, P2, P1 bubble
Raviart-Thomas
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o Importers and Exporters: Mesh format: GMSH, Inria,
Netgen, mesh++.
LifeV is designed with large parallel simulations in mind,
which are usually performed on HPC hardware.
LifeV allows to perform the mesh partitioning phase online, in
parallel, or offline, on a workstation

For postprocessing, class Exporter.hpp:

o Ensight (ExporterEnsight.hpp);
o HDF5 (ExporterHDF5.hpp);
o VTK (ExporterVTK.hpp).

We rely on ParaView for creating high quality visualizations.



SOFWARE DESIGN
®0000000000

PRECONDITIONERS IN LIFEV

WITH G. GRANDPERRIN

Preconditioner

|
! ! !

PreconditionerComposition*  Preconditionerlfpack PreconditionerML  PreconditionerTeko
A 4 4
PreconditionerYosida* - 4 , /' PreconditionerLSC*

/

PreconditionerSIMPLE* < 5 @ @
PreconditionerPCD* = 1

PreconditionerRDF* -<A | E

*

Overview of the preconditioners in LifeV
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E.G., NAVIER-STOKES EQUATIONS

The Navier-Stokes equations for an incompressible viscous flow

reads:
%u+u-Vu—yAu+V,D = f inQ
V-u = 0 inQ
u = ¢ onlp
y% —pn = 0 only

where ['p and Iy are the Dirichlet and Neumann parts of the
boundary respectively, u is the fluid velocity, p the pressure, v the
kinematic viscosity of the fluid, and f the external forces.
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DISCRETIZATION

E.g. with semi-implicit Euler scheme:

”ni?“n +u”-Vutl —pAut L Vptt = f inQ
V-ut = 0 inQ

utl = ¢ onlp

8“8':1 — p"*ln 0 onfly

FE discretization using P> — P finite elements:

(75" %) (o) = (567)
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PRECONDITIONING STRATEGY

The PreconditionerComposition class exploits the block
structure of the FE matrix A to create preconditioners.

F BT
= (5 %)

The class is able to

@ manage composition of operators obtained by factorizing the
matrix A.

@ replace the inverses of operators by embedded preconditioners
(e.g. ML, AAS).
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PRECONDITIONING STRATEGY

Let use consider the example of the Pressure Convection-Diffusion

(PCD) preconditioner:
F BT
P = .
(0 %)

S=AFIM,

where

is an approximation of the Schur complement S = BF 1B,

Silvester, Elman, Kay, Wathen. Efficient preconditioning of the linearized Navier-Stokes equations for
incompressible flow. J. Comput. Appl. Math., 2001.

Kay, Loghin, Wathen. A preconditioner for the steady-state Navier-Stokes equations. SIAM J. Sci.
Comput., 2002.
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PRECONDITIONING STRATEGY

The PCD is implemented in LifeV as a child class of
PreconditionerComposition class.

The PCD is factorized into five operators:
p-1_ F~Y 0\ /I —-B"\ /[l 0 /I 0 I 0
N0 1)\o 0 —-M;1)\0 F)\0 Al)"

The inverses F~1, I\/lp_1 and A;l are replaced by embedded
preconditioners.
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BLOOD-FLOW IN RIGID GEOMETRY

Flux evolution with respect to the time

0 05 1 15 2
Time [s]

Baek, Jayaraman, Richardson, Karniadakis. Flow instability and wall shear stress variation in intracranial
aneurysms.J R Soc Interface, 2010.
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GMRES ITERATIONS

GMRES iterations, Palu Cray XEG GMRES iterations, Palu Cray XEG

S

S

]

£

o

m Oss % Ois
P SIMPLE <7 SIMPLE
OPcD -O-PCD.

N R
(a) Coarse mesh (b) Fine mesh

GMRES iterations
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COMPUTING THE PRECONDITIONER

‘CPU time to assemble the preconditioner, Palu Cray XE6 ‘CPU time to assemble the preconditioner, Palu Cray XE6

Ohs

Ons
PSMPLE O\vswm
OPcD -O-PCD

"
:
N -
(c) Coarse mesh (d) Fine mesh

Strong scalability to assemble the preconditioners.
Palu@CSCS, Cray XE®6.
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TIME TO SOLVE THE LINEAR SYSTEM

Time to solve the inear system, Palu Cray XE6
Time to solve the linear system, Palu Cray XE6

Ois
Ohs o\vswm

100) P SIMPLE. Grco

N -
(e) Coarse mesh (f) Fine mesh

Strong scalability of the preconditioned iterations.
Palu@CSCS, Cray XE®6.
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COLLABORATION WITH TRILINOS DEVELOPERS

e The efficiency of the preconditioners inheriting the class
PreconditionerComposition relies on the embedded
preconditioner;

@ Typical embedded preconditioners make intensive use of the
ML and Ifpack packages in Trilinos;

e Collaboration with E. Cyr (Teko), J. Gaidamour, J. Hu, and
C. Siefert (ML, mueLU): Experimentation of techniques for
the preconditioners to achieve fast solve on parallel machines.
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PARALLEL COMPUTING ARCHITECTURES

WwITH R. PoOPEScU

Hardware

@ modern supercomputers or
clusters are not flat

@ a mix of distributed and shared
memory parallel hardware

@ non-uniform memory access
(NUMA) node architecture is
most common

@ memory and interconnect
bandwidth are at a premium

LifeV
o parallelism through
domain-decomposition (DD)
o still an MPI only implementation
o parallel operation is more or less
hardware agnostic

@ better use of hardware is
possible with architecture aware
algorithms
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PARALLEL FINITE ELEMENT LOOP

Global mesh

Lo

Domain
decomposition

Mesh partitions

Eim
Q000 B

FE loop; build A, b M[‘resagoﬁ A

000

'

Plax=b Mesh partitions A
' coeo THEE

Mesh partitions

i
(NN NO) E

—*
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PARALLEL FINITE ELEMENT LOOP

iobal mesh, o Each stage could take
Initalize RN advantage of hybrid parallel
000
_ ) hardware:
Domain Mesh partitions .
decomposition | TZrereren)  EREIEE o parallel preprocessing on
| subdomains
cEms | A H e hybrid parallel solvers and
eeeo preconditioners

1 ¢ Mesh partitions ] para||e| and/or
] = [Parallel GMRES | X |=
Axzo ceeo mEEE A asynchronous 1/0

o All stages of the simulation
pipeline have to be upgraded,
to maintain efficiency!

Mesh partitions

i
(NN NO) E
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PARALLEL ASSEMBLY OF THE LINEAR SYSTEM

(ONGOING WORK)

@ multi-threaded assembly is
useful with a multi-threaded or
hybrid parallel solver

@ graph coloring on the mesh
assures thread-safety (Zoltan
package from Trilinos)

@ this is a scalable solution inside
a uniform memory region

@ it's not scalable to an entire

NUMA node FI1GURE: Example of coloring a 2D
triangular mesh. Courtesy of Linnea
Duvall
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PARALLEL ASSEMBLY PERFORMANCE

Ideal speedup - — Ideal speedup
- 41154 elements r - 41154 elements
207|= 146334 elements - 47|= 146334 elements
-+ 355914 elements //’ + 355914 elements
15 — 3 e
-3 - s
3 e 3 ,—"
3 3
310 g’ /
Q. -~ o =
[ - gﬁ,é n ~
5 1 —
0 . 0
5 -1
-5 0 5 10 15 20 25 R I RN P I 35 47 Tas
Number of threads Number of threads

FIGURE: Speedup Cray XE6 FIGURE: Speedup BG/P

NUMA 4 x 6 cores per node UMA 4 cores per node
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THE ALGEBRAIC ADDITIVE SCHWARZ (AAS)

PRECONDITIONER

AS—}:PAIR

R; is the restriction operator, P; is the prolongation operator, Afl is an exact or

inexact local solve on subdomain
@ Number of GMRES iterations increases with the number of
subdomains
@ Using the implementation from Ifpack

@ No parallel way to solve the local problems

@ 1:1 relationship between number of subdomains and number
of MPI ranks

o Could get better scalability by unlocking these two numbers
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HYBRID PARALLEL AAS

SHYLU DEVEOPERS: S RAJAMANICKAM, E. BoMAN, M. HEROUX

ShyLU (Scalable hybrid LU)

o Flexible MPI subcommunicator ~ Package:
functionality for Ifpack is under o developed at Sandia National
development Labs by Erik Boman and Siva

o It will be possible to use Rajamanickam

multiple MPI ranks inside a @ a hybrid subdomain solver:
subdomain or span multiple o hybrid parallel: uses MPI and
compute nodes with a single multiple threads

e hybrid algorithm: direct and
iterative techniques
@ ShyLU is still not ready for
public use

subdomain

o It is designed to be used in
conjuction with a parallel
subdomain solver
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SOLVERS AND APPLICATIONS

Physical solvers and applications
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DARCY SOLVER

The Darcy equations descibe a fluid flow through a porous medium.
The implementation of the solver (DarcySolver.hpp) uses the
dual-mixed-hybrid formulation, entailing good approximation of the
velocity field as well as of the pressure field.

The global system in saddle point form is recast to an equivalent
positive definite system, using the hybridization and static
condensation procedure.

FE spaces: P1 for the pressure and low order Raviart-Thomas for
the velocity.
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DARCY FLOW

A. FUMAGALLI AND M. KERN

2 phase flow computation in a medium with a fault (i.e. highly
heterogeneous). Water is injected at the top left, and displaces oil.

e fractional flow / global pressure formulation

@ several 2D slices

Darcy (parabolic): mixed finite elements

Buckley Leverett (hyperbolic): Godunov solver
1.4 million tetra / 2.8 million dofs

64 cores, 25 time steps, 10 hours
256 cores, 195 time steps, 24 hours SGI Altix, Genci, France.
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Mesh partitioning
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GIobc:IPressure
29+O7

n I|IIII

le+07 Ae+07

Pressure distribution
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MOVIE
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THREE PHASE FLOW IN THE LIVER

M. PEREGO, M. PICCINELLI E A. VENEZIANI
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CELL CULTURE IN ORBITALLY SHAKEN REACTOR

S. QUINODOZ

Despite their simple
configuration, OSRs represent
high efficiency solution for cell
culture. However, the
mechanisms acting in OSRs are
poorly understood.

LifeV is used to
@ better understanding the hydrodynamics in OSRs
e study gas transfers (mainly of oxygen and of carbon dioxide)

@ simulate the cell growth and eventual sedimentation
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FREE SURFACE FLOW WITH LEVEL SET

BREAKING WAVE

MOVIE
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STRUCTURALSOLVER MODULE

P. TRICERRI, G. MENGALDO, P. CROSETTO

Balance of forces acting on a body By:
0’1

s = psb + Div(P) VX € By x [0, T]. (1)

ps is the solid density;

7 is the displacement field;
o P define the type of material is being modelled;
@ b external loads;
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THE STRUCTURALSOLVER MODULE

Structural
Solver
. Structural
TimeAdvance Material
Exponen-
VenantKirchhoff tial
ElasticData
BDF - Linear Neohoo
s Newmark Elastic St. kean
Venant-
Kirchhoff
Assembly
Elemental

Structure
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MAIN PARTS OF THE MODULE:

e StructuralSolver, for the Newton method to Pb. (1);

e StructuralMaterial & AssemblyElementalStructure, to define
the constitutive relation in Pb. (1);

e VenantKirchhoffElasticData: to insert the material
parameters;

e TimeAdvance: to carry out the time discretization of Pb. (1).

[PhD thesis M-R. De Luca, MOX 2009
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ELECTRICAL ACTIVITY IN THE HEART

Physiology The electrical signal dictates the contraction, the strain
of the soft tissue activates ionic currents (electromechanical
feedback).

Diseases Altered patterns of electrical signals may originate cardiac
arhythmias, yielding an ineffective mechanical contraction and
poor fluid ejection volume.

Unsatisfactory Diagnostics The mere analysis of an
electrocardiogram pattern may not reveal pathologies of the inner
dynamics of the voltage signal in the heart.
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HEART ELECTROPHYSIOLOGICAL SOLVER

Both bidomain (HeartBidomainSolver.hpp) and monodomain
(HeartMonodomainSolver.hpp) models are available as models
for the electrophysiology behavior of cardiac tissue.

These models consist on anisotropic reaction-diffusion equations
governing the propagation of electrical potentials, coupled with a
system of ODEs describing the physics of the cellular membrane
and time evolution of ionic quantities.

Several variants for membrane models are already present in the
library: Luo-Rudy phase |, Rogers-McCulloch and
Mitchell-Schaeffer models.

Currently with P1 Finite Elements.
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MIOCARDIUM WITH SCAR.

L. MIRABELLA
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ELECTROMECHANICAL ACTIVITY IN THE HEART
R. Ruiz

PDEs for electrical Deformation
propagation [ PDEs for nonlinear elasticity ]
—4
potential

—>

[Ca] concentration
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FLUID-STRUCTURE INTERACTION (FSI)

COUPLED PROBLEM

The ALE frame of reference

s A
Q\ /_t\* Q3
/
L G-
Fi1GUurE: ALE mapping

ALE map A;: QL — Qf
Property of the ALE derivative:

Orugx, (X, t) = Orug(x, t) + (w(x, t) - V) ug(x, t)

being w(x) = dAt(x") , x = A¢(x,), the fluid domain velocity.
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THE FLUID MODEL: ALE FORMULATION

How to obtain w from a given vessel wall displacement ds:
The Harmonic Extension equation for the fluid domain:

—Adf =0 in QF
dr=d, onl,
At(x0) = %o + df(xo, t) VX, € Qf,

Alternatives: replace Laplacian by:

@ a linear elasticity problem;
@ Stokes problem (w divergence free)

The Navier—Stokes equations in ALE form:
prOeut|x, + pr(uf —w) - Vug — V- o = fr in Qf
V.u=0 in Qf

Boundary conditions

@ [y, oyt and external wall: problem dependent
@ on Iy defined by the FSI coupling (transmission conditions)



FSI PROBLEM: COUPLING CONDITIONS

A
t Qs

Q\Z B /

Continuity of stresses

out

r

Continuity of velocities

dds
dt

uroA; = onl,
Geometry adherence

At(xo) = Xo + ds(xo) on roa or
dr = d, onl,

SOLVERS AND APPLICATIONS
[e]e]e]e]



NONLINEARITIES AND DISCRETIZATIONS

Nonlinearity due to

@ convective term in Navier-Stokes equations;

@ nonlinear equation for the structure;

e moving fluid integration domain.
Time and space discretizations

o fully implicit (FI)

e convective explicit (CE)

e geometry-convective explicit (GCE) (— linear problem)
Galerkin Finite Element Method

Fluid Structure ALE (Harmonic Extension)
stabilized P1-P1 P1 P1
P1 bubble-P1 P1 P1
P2-P1 P2 P1  (straight triangles!)




WEAK SCALABILITY, F'SI

MESHES

SOLVERS AND APPLICATIONS

Length | # Elements # Vertices
0.5cm 75480 14’487
1cm 149’520 27'405
2.cm 301'920 53'997
4 cm 603'840 106’677
8 cm 1'207'680 212'037
16 cm 2'415'360 422'757
Fluid mesh

Length | # Elements # Vertices
0.5 cm 27'840 6'380
1cm 55'680 12'180
2.cm 111'360 23'780
4 cm 222'720 46'980
8 cm 445'440 93'380
16 cm 890’880 186'180

Solid mesh



RosaA

# iterations

time (s)

GMRES iterations

6x8xN proc

12x2xN proc —©— |

12xN prog -
50 L
1 2 4 8 16
length of the pipe [cm]
preconditioner computation

64 T D
32 |
16
2

0 2 4 8 16

length of the pipe [cm]

solution time (s)

iteration time (s)

Sor RS AND APPLICATIONS

WEAK SCALABILITY, FSI, GCE, oN CraYy XT5H

time per GMRES solution

©

20

10

o 1 2 4 8 16
length of the pipe [cm]

cpu time per time step

0 1 2 4 8 16
length of the pipe [cm]



AoORTIC FLOW

P. CROSETTO

7 ¥

O &
7 S\ )
Boundary Condition for Inflow "5 ’g
%/
H s
T Daﬂm“e‘[s] e r/ .
b o
Mean pressure at "./ :
aortic valve [','7 N

The fluid and the solid meshes are partitioned
in 2x32 subdomains. 380’690 tetrahedra and
486’749 dofs .
[Crosetto, Reymond, SD, Kontaxakis, Stergiopoulos, Quarteroni(2010

and 2011)]
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velocity (cm/s)
25 50 75
1 -

-
100

o

WSS (Dyn/cmA2)
4 8 12 16

0 18

Time: 0.300s. Lifev P. Crosetto @ CMCS
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VAD CONNECTION TO AN AORTA

MD J. BONNEMAIN

WSS and streamlines (steady state simulation)
Recirculation and secondary flows, velocity magnitude

Time: 0.9145,

‘Wall Shear Stress
5

J. Bonhemain @ CMCS
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1-D MODEL

The equations of the 1-D model are (derivation in A. Quarteroni
and L. Formaggia, Mathematical modelling and numerical
simulation of the cardiovascular system, 2004):

(0A  9Q
ot oz

9Q 9 [ Q>\ AdP Q\
afﬂth)+p&+K«A>—°

B B 0 _ /Ai 1 0A
P Pext—q/)(AvA vﬂa’Y)_ﬂ< AO 1) +7A\/23t

1
® o= A s?do is the Coriolis coefficient;
S
® K, = —2us/(r) is the friction coefficient;
® s =070 +2)(1—rY is the “assumed"” velocity profile;
@ [ is the elastic coefficient of the wall;
@ ~ is the viscoelastic coefficient of the wall.

0

\
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1D NETWORK, ORIENTED GRAPH

T. PASSERINI, J. ALASTRUEY, L. FORMAGGIA, J. PEIRO

l 1D model

,“H\ J'

o interface

o
/ H \ D mu-m{T\

T outflow section 1D model

1D model

inflow section

1D network can be seen as oriented graphs

edges stand for the 1D models

vertices represent the interfaces between the models.

vascular districts networks: inflow and outflow sections, = blood
flow path = orientation

Data structures via boost: : graph library (BGL), providing a
generic interface for traversing graphs.
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(GEOMETRICAL MULTISCALE MODELING

Arteriole Venule

Artery Capillaries Tissue cells Vein

The geometrical multiscale approach is a
strategy for modeling the cardiovascular
system, including the reciprocal interactions
between local and systemic hemodynamics,
i.e.:
@ the effect of global circulation on
specific components;

@ the effect of local pathologies and
diseases on the global system.

[Formaggia et al. Comput. Visual. Sci. 1999,
Vignon-Clementel et al. CMAME 2006, Blanco et al.
CMAME 2007]
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GEOMETRIC MULTISCALE 1

MODELS AND APPLICATIONS

¢ 3-D Fluid-Structure Interaction (FSI) models for studying
complex pathologies (e.g., aneurysms, stenoses, ... ), or
specific components which require a detailed geometrical
description;

@ non-linear 1-D models of hyperbolic equations for modeling
the global network of arteries, in particular waves propagation;

@ 0-D models for modeling valves, pulmonary circulation,

capillaries and other peripheral terminations, which can be
described by few parameters.

The objective is to design a flexible framework where different
ingredients can be mixed together.
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GEOMETRIC MULTISCALE I1

€ Models: 0-D, 1-D, 3-D rigid fluid, 3-D FSI, .. .;

# Couplings: pointwise, integrated/averaged, .. .;

@ Algorithms: semi-explicit; implicit with relaxed fix-point,
Newton, Broyden. ...

T. Passerini, M. Piccinelli, U. Villa, A. Veneziani, L. Formaggia. A.
Quarteroni (oriented graph)

C. Malossi, P. Blanco, SD, A. Quarteroni (implicit coupling)
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(GEOMETRICAL MULTISCALE FRAMEWORK

wITH C. MALOsSI, P. BLANCO

FRAMEWORK C++ IMPLEMENTATION

Abstract interfaces between models, coupling conditions, and
algorithms.
0-D
1-D
3-Dp
\T’ 3-Drst
P
Explicit ¢—— [RCC Coupling
—
Aitken Q%
Newton Broyden 580
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MODELING OF THE COUPLINGS

From the geometrical viewpoint, we have two different scenarios for the
couplings:

@ the models are defined in the @ the models are defined in
same geometrical space different geometrical spaces

/_:)\_J 0_:)0_3 .
EEHEN R LD, . ]
. 1D

FLuib A\r"ER.AGED/INTEGRATED COUPLING QUANTITIES

Given a flat coupling interface I' equipped with the outgoing normal n we
have:

€ volumetric flow rate: Q = /u -ndl
r

1
@ normal stress: X = Il /(0' -n)-ndl
r
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1-D NETWORK RESULTS

4§1gm subelavian B, axillary, brachigl, s . Left common carotid «10°
1.8 1.8
9
-20
0 02 04 06 08 02 04 06 08
ts) ts]
Ascending aorta 2 108 Thoracic aorta A «10°
1.8 1.8
1.6:—
= 1.4
g £
< 122,
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SOLVERS AND APPLICATIONS

1-D ARTERIAL NETWORK + 3-D FSI AORTA

PROBLEM NUMBERS

Models:

@ 1 3-D FSI aorta;

€ 95 1-D segments;

@ 46 0-D windkessel RCR terminals.
Couplings:

€ 98 coupling nodes; MOVIE

@ 243 coupling variables
(unknowns).

Algorithms:
@ 3-5 Broyden iters/time step;

@ 30 CPU hours per heart beat (on
4 nodes = 32 cores).
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