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History

MacFEM - PCFEM

syntax analyzer (+ D. Bernardi) freefem
freefem+ (+ Hecht)

freefem++ (Hecht alone)

freefem3D (DelPino, Havé , Pironneau)

an integrated environment + web (Lerouzic)
a new documentation (+ Ohtsuka)
freefem++3D

A web site www.freefem.org

do not mix freefem++3xx and ff3D:
— Fictitious domain & mesh gen by marching cube

— Parallel iterative solver with multigrid




Leading ideas
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» Follow the math => variational formulation
» Algorithms are the user’s responsability

« Blocks: An elliptic + upwinding operator

* Use Finite Element Methods

« Automatic mesh generation with adaptivity
* Follow the research front (if it is FEM it can be done with freefem++)

otu+a-Vu—vAu =T, U|3Q:O

U™t (x) — u™(x — am(x)ét)
ot

—vAu(x) = fM(x)

/(uw+ StvVuvVw) = /(umoXW+ Stiw) Yw € Hy(Q)
Q Q

solve A(u,w) = 1int2d(th) (u*w+ nu*dt*grad (u) *grad (w) )
- int2d(th) (convect (v, [al,a2],-dt)+ f£*w*dt )
+ on(bdy, u=0);




Collaborations

Dev. team ( ff2a3) : F. Hecht (Kernel) , A. le Hyaric (Graphic), J. Morice
(PostDoc 2years, 3d Mesh, Solver ..), G. A. Atenekeng (PostDoc 1 an,
Solver //), S. Auliac (Phd 3 years, automatic Diff. ), O. Pironneau (Tests and
Documentation), ...

Testing sites : LJLL : 4, IRMAR : 3, CMAP : 3, INRIA : 3, Seville : 3 Know
users more than 300 in the world , in more than 20 country

Industry : EADS, Dassault, CEA, Andras, IFREMER, PME...
Teaching : Ecole Polytechnique, Mines, Central, Pont et Chaussées...

Universities : Orsay, UMPC, Rennes, Metz, Grenoble, Seville, Jyvaskyla
Finlande, Kénitra Maroc, Annaba, Setif Algérie, ENIT Tunisie, Belgique,
USA, Japan, Chine , Chili.

FreeFem++ days at IHP (Paris) : 80 participants, 12 nationality,




freefem++
documentation -

IsoValue

Third Edition, Version 3.4-2

http://www.freefem.org/ff++

W1.65863
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Fau v [ dx(ul) cax(vi)
+ ax(u2) *ax(v2)
+ p*qr(0.000001)

- prax(vi) - prdg(v2)
- ax(ui) "q - dyluz) T

)
+ inE1a(Th,aa,bb,dd) (W17V1T0.1)
+ inc2a(Th) (eps* [cemp-35) v1 -al

" fut ezt et 3

real(int] xx(21),77(21), 39 (21)

for (int 1 Fetwt)
yyr-1/20.;
Xx[1]-U1(0.5,1/20.) :
PDU11=p(1/20.,0.958) ;

*(9<0.5) +{o=1)
o1 (740,

Cer-L:iter<ombiter; itertt)

(R R

int nvaicoo: 0] rvas
‘plot (teny, value-1, 211 1-trns

)
cout << “CPU % << clock()-80 <

Laboratoire Jacques-Louis Lions, Université Pierre et Marie Curie, Paris




A Dirichlet Problem
—Au =T, U|aQ =0

Variational formulation

VuvVw) :/ fw Yw € H(Q)
Q

border a(t=0, 2*pi) { x = cos(t); y = sin(t); }

mesh th = buildmesh(a(70));

fespace Vh(th,P2);

func f= exp(x) * sin(y) ;

Vh u,w;

solve A(u,w)=int2d(th) (dx(u)*dx(w)+ dy(u)*dy(w))-int2d(th) (f*w)
+ on(a,u=0);

plot(u, ps= “membrane.eps”);




++-
® FreeFem++-cs v9.10.app freefem CS

rreerem++-C

ute Options Help

boon

‘boxrder a(t=0, Z*pi) { x = cos(t); y = sin(t); }

mesh th = buildmesh(a(70));

fespace Vhith, P2);

func f= expix) * sinly) ;

Vh u,w;

solve A(u,w)=int2d(th) (dx(u) *dx(w)+ dy(u) *dy (w) )
Fint2dith) (f*w) + on(a, uv=0);

plot (u, ps= "membrane.eps");

“Vhuw,;

. solve A(u w)=int2d(th)(dx(u)*dx(w)+ dy(u)*dy(w))-int2d(th)(f*w)
: + on(a,u=0);

. plot(u, ps= "membrane.eps"); sizestack + 1024 =1592 ( 568 )

-- mesh: Nb of Triangles = 880, Nb of Vertices 476
-- Salve : min -0.0502632 max 0.0502847
times: compile 0.01s, execution 0.07s, mpirank:0
CodeAlloc : nb ptr 2265, size 1153276 mpirank: 0

Bien: On a fini Normalement
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ffglut File Edit Window

membrane.edp - /Users/pironneau/Desktop/ff++Conf0909

+ - ° - Q Q

Nouveau Ouvrir Enregistrer Fermer Recherche dynamique Recherche avancée
= 1 verbosity-9; )
e, ed 2 a(t-@, 2%pi) { x = ); y = sin(td; }

I 3 th = ¢ esh(a(70));
4 Vh(th,P2);
S f f= exp(x) * (623
6 Vh u,w;
7 ACu,w)=int2d(th)(dxCu)*du(wd+ dy(u)*dy(w))- Cth)(F*w)
8 + ona,u=2);
9 (u, ps= "membrane.eps");

- Terminal — ffglut <

" M M FreeFem++ / Program ended; enter ESC to exit)

Last login: Wed Sep 9 16:31:28 on ttys@ee
MacIntel4:~ pironneaus /bin/sh -c "cd /; expor
m++,app/Contents/Resources/../lib';export FF_V
sktop/ff++Conf@909'; '/Applications/FreeFem++.
em++' -glut '/Applications/FreeFem++.app/Conte
ane.edp'; cd '/Users/pironneau/Documents/FreeF
s++'; '/Applications/FreeFem++,app/Contents/Re
pplications/FreeFem++.app/Contents/Resources/.

try initfile : /etc/freefem++.pref

try initfile : /Applications/FreeFem++.app/Co

try initfile : /usr/local/lib/ff++/3.3-2/etc/

try initfile : /Applications/FreeFem++.app/Col
efem++.pref

try initfile : /Users/pironneau/.freefem++.pn

try initfile : freefem++.pref

load path :

v
Jusr/local/lib/ff++/3.4-1/1ib/
/Applications/FreeFem++.app/Contents/Resources

(.)

include path :
fusr/local/lib/ff++/3.4-1/edp/ ¥
fusr/local/lib/ff++/3.4-1/idp/
(.)
-- verbosity is set to 5
EXEC of the plot : /Applications/FreeFem++.app/Contents/Resources/../bin/ffglut
-- Freefem++ v 3.400001 (date Sam B8 aol 2009 89:26:47 CEST)

file :membrane.edp verbosity= 5
Load: lg_fem UMFPACK lg_mesh glumesh2D lg_mesh3 eigenvalue
: verbosity=9;
: border alt=8, 2%pi) { x = cos(t); y = sin(t); }
: mesh th = buildmesh(a(70@));
fespace Vh(th,P2);
: func f= exp(x) = sinly) ; !
: Vh u,w; les
: solve Alu,w)=int2d{th) (dx{u)*dx{w)+ dylu)=*dy(w))-int2d(th) (f=w)
+ onla,u=8); -- Problem type ( complex : @ )

BNOWEWN -

: plot{u, ps= "membrane.eps"); sizestack + 1024 =1582 ( 568 )

Integrated Development Environment

- Edit/compile/debug = freefem++-CS (by A. Leyaric)
- Your favorite editor + terminal window

- Smultron (Mac) Crimpson(Windows) + scripts

& Crimson Editor - [C1\B\xpast)055ummer\Linuxfreefem 4+ 1.47-3\examp { o ] P 5
File Edit Search Yiew Document Project Tools Macros  ‘Window Help -|5 zl
T o o - o — =
DELis HO SR 2@ - @ (an s o DEEwsic|en

iz

# solvecdp | @ boderedp | & pioblemeds | & meshedp @ adapteds |

I ‘, "v, x drborder & (t=0,1.0){x=t:

-

2 RS0 OUE (RS
.f[eefemExur\ o cEtFD a 5;{ £
o, 5
h°'d:"3d" d(t=0.5,1) (x=0.5;
NEsech e(t=0.5,1){x=1-t; y=1; label=5;}:

problem ed| 5 s =1t R
il f(t=0.0,1){x=0; v=1-t:label=6:};

savemesh (Th, "th.msh") ;

“fproblem Probeml (u, v, : r=CG.eps=1.0e-6) =

+ int2d(Th, gforder=2) { i(xz-y] "v):

Probeml:

cont << ul] .min << " " << u[] max << endl:
plociu, t=1]:
Th=adaptmesh (Th, u, err=error) ;
plot (Th, wait=1);
u=u;:

Error = error/i;

nfsh Th = buildmesh (a(6) + bid4) + (4] +d(4) + eid) + £(6)):

int2d(Th, qforder=2) [ u™r*l.0e-10+ dxiu) *dxi(v) + dyiu) *dy(s

sl

min —@.116868 max B.113293

= 242, Hb of Uertices 144
a
44, neb = 44

max B.116518
= 547, Hb of Uertic

5]
Nb 6%9. neh = 69
Hbh Of Modes
Mh of DF = 389
— Solue :
§5.120968 B.117362
mesh: Mb of Triangles =
Hb of edg on Mow a
Nb of edges on Boundary = 1ii
B Nbh Of Nodes = 681
Hb of DF
—— Bol

ue
-6.12120%

min -@.120988 max B.117362

1899, Mb of Uertices 681

Bi, neb = 161

min -@.121269 max B.117744

Lnl, Ch2 |2 [ASCILUNIK 2
! F, T
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ubuntu-64

u pironneau@ubuntu: ~/freefem++3.0 =[O x| {(7-november-2005) - Mozilla Firefox - x|
file Edit \View Terminal Tabs Melp
Solution # 129 i p ‘ ~
Dimension 2 e ind e b e -
size of solution 1988 HIEEEBITS
Approximation Pl
Mesh vertices 1988
Mesh triangles 3814 IOWS e 1sovalues \ Enport | Hide optiors
Solution dimension 1 e
-- Solve : ‘mln -0.00243917 max 0.60201228 Une equabicn des ondes - 1=6.45 Nb of vetices : 1568
Solution # 130 Seved scene 130 /130 Nb of triz :
Dimension 2 Nb of iangles : 3614
size of solution 1988 i A [ Showwirtahy
Approximation P1 i
Mesh vertices 1988
Mesh triangles 3814
Solution dimension 1
-~ Solve : min -0.80221702 max 0.88146628

Solution # 131
Dimension 2
Size of solution 1988
Approximation P1
Mesh vertices 1988
Mesh triangles 3814
Solution dimension 1

® -ubuntu (tar+ gzip file) frsd b

® INNOVATION INNOVATION 2¢ kb o ¢

® HISTORY HISTORY 64.8 Kb Wed No 000842 P ‘ré y : A ¥

e HISTORY BEFORE 2005 HISTORY 3 MM 0.00%474 s Y LIRS f B oo —__f‘ 04"

e Now manual (pdf file) fresfs || = B T '8 —y f

¢ 0ld manusl (pdf file) manusl| -00_\* s ‘—9—4)‘___ / ",' o —-jh 02

) —
This directory contalns all the di % e 08 : 2

Page written by

Frégéric Hacht

Done

with openGL graphics by L. Dumont
(to know which ubunto you have do: )




Install of freefem++

Mac OSX: Download + expand+
Download freefem++-cs

Windows:
Download the archive+exe
Download freefem++-cs

Linux: download+unzip+compile
ubuntu-32: download the
freefemt++-v3.5-ubuntu.tar.gz
freefemt++-v3.2-usr-lib.tar.gz

(ﬁ pironneau
/N Applications
' Documents
s

(@} Images

B3 vidéos

ﬁ Musique

¥ RECHERCHER

(L) Aujourd'hui

(- Hier

(- Semaine passée
EE Toutes les images

(_-El Tous les films

(5] Tous les documents

eNn 6 (| FreeFem++4v3.4-1-Universal_MacC
-nn [SSE EIIII | -' :' -‘ :’
¥ APPAREILS Nom -
| Macintel4 _ BUGS
= ~ COPYRIGHT
i BOOTCAMP (] download
(] examples++-3d
¥ EMPLACEMENTS B examples++-bug
E Desktop

(] examples++-chapt3
(] examples++-eigen
] examples++-load
] examples++-mpi
(] examples++-other
(] examples++-tutorial
B FreeFem++.app

% freefem++doc.pdf
| HISTORY

' HISTORY_BEFORE_2005
| INNOVATION
 INSTALL

/8] INSTALL-MacOSX

E} mode-mi-edp.zip

" README

" TODO

ViV, VI Y Y Y'Y Y

&
T Mac (@] N v (@] v (L] FreeFem++v3.4-1-U

1 sur 22 sélectionné, 47.66 Go disponible

sudo tar zxvf freefem++-v3.5-ubuntu.tar.gz -C /
sudo tar zxvf freefem++-v3.2-usr-lib.tar.gz -C / -k




2D Mesh Generation

mesh th = square(5,5); //unit square: bdy 1 is (0,1)x(0)
// bdy 2 is (1)x(0,1)... bdy 4 is (0)x(1,0)

mesh Th = square(5,10,[x-0.5, 10*y]);//(-0.5,0.5)x(0,10)
border a(t=0,2*pi){ x = cos(t); y = sin(t);label=2;}
border b(t=0,2*pi){ x =0.5+0.3*cos(-t); y =0.2*sin(-t);}
mesh thl = buildmesh( a(20) + b(10));

D]
o)
mesh th2 = movemesh(thl,[x+1,y+2]);
mesh th3 = readmesh(“mymesh.msh”); 4 2
func £ = sin(x+1); 1

Rule 1: The domain is on the left of its oriented boundary

Rule 2: Borders are defined piecewise analytically but must make
continuous and closed curves.

Rule 3: borders may not overlap nor cross each other.

Rule 4: Each border is assigned a number but can be refered by
names also. Unless overwritten the number is the order of
appearance of the key word «border».




Finite Element Spaces

PO, Pl, P2, P3, Plnc, Pldc,P2dc, Plb,RTO
P03d, P13d, P23d, RT03d, Edge(03d, Plb3d

fespace Vh(th,Pldc); Vh v,vh;

varf A(v,vh) = int2d(th) (v*vh/dt/2);

varf B(vh,w) =intalledges(th)(vh*mean(w)* (N.x*ul+N.y*u2))
-int2d(th) ( w*(ul*dx(vh)+u2*dy(vh)));

[N.x,N.y]=vecteur normal

Mean(w)=(v+ + v-)/2

otu+avu=20




Boundary Conditions

Dirichlet cond by using on(thebdylabel,u=z)
Neumann cond are in the variational formulation: intld(th,2) (nu*g*w)

ou
u—vAu=0, —=gonly U, =2
14 Y] an g 27 ‘ﬂ

/ (uw +vVuVw) = / vgw Yw|r, =0
Q [
Periodic conditions are within the space definition

mesh Th=square(10,15);
fespace Vh(Th,Pl,periodic= [2,y],[4,Y]1);

Conditions on RTO elements can be tricky to formulate:




Operators

fespace Vh(th,P2);

Vh u;

dx(u), dy(u), dxx(u), dyy(u), dxy(u)
convect(u,[a 1l,a 2],dt), mean(u), Jump(u)

You can make your own

macro div(u,v) ( dx(u)+dy(v) ) //

sin(u), exp(u),
int2d(u), u[].max,

Rule: these are evaluated pointwise when needed . Example:
real I = intalledge(th)(sin(dx(u))”2);

is computed as the sum of the values of the integrand at the
quadrature points of the edges in a loop over all triangles.




Road map for the developments

The first goal was for teaching
The second goal was to solve simple PDE
Then colleagues asked for more

It became clear that all that could be done in C could be
done in freefem++

Many asked for an interface with scilab

Many asked for application templates

Many asked for strong formulations

Currently multiprocessing & GPGPU is the goal in 3D
Load modules: Good for us but too hard for others

15




Quadrature formulae and Solvers

mesh th = square(15,15);
fespace Vh(th,Pl);
Vh u, w, g = x+y;
solve a(u,w,solver=UMFPACK)
= int2d(th)(grad(u)’'*grad(w))
+ intld(th,qfe=qflpE) (1.el0* u*w)
-intld (th, qfe=qflpE)(l.el0*g*w) ;

Because the quadrature points are the vertices, it is the same as

solve a(u,w) = int2d(th)(grad(u)*grad(w))
- int2d(f,w) + on(th,1,2,3,4,u=0);
solver
= LU, CG, Crout, Cholesky, GMRES, sparsesolver, UMFPACK




Syntax: an incomplete extension of C++

mesh Th = square(5,5);
fespace Vh(Th,Pl); Vh u=0;
Vh<complex> uc = x+l.i*y ; //complex FE function or array

int i = 0 ;

real a=2/5 ; // quiz? value of av?

bool b=(a<2) ;

real[int] aa(l1l0) ; // a real array of 10 value

cout<<u(.5,0.6)<<endl ; //value of FE function u at (.5,.6)

if(u<l1.0) a=2; else a=1; // wrong

Vh au = (u<l.0) ? 2.0 : 1.0;

ofstream ff("myfile.txt");

for(i=0;i<Th.nv;i++) // also while, break, continue

for(int j=0;j<3;j++)
cout<<Th[i][]].x<<"\t"<<Th[i][j].y<<"\t"<<u[][Vh(i,3)]

<<endl;

for (int i=0 ;i<u[].n ;++i) { u[][i]=1 ;
plot(u,wait=1,dim=3,£fill=1,cmm=" v"+i) ; u[][1i]=0;}




Finite Volumes / Finite Elements

A volume o is associated to each vertex

atv+V.F(v)=O=>f8tv+fF(v).n=O
o 00

triangle/triangle assembly is possible i

-The first intégral is 1/3 of the same on
triangles

-One needs to write a load module for
the boundary terms

Max=0.43 (very diffusive




Plots

border a(t=0,pi){ x=cos(t); y=sin(t);}

border b(t=pi,2*pi){ x=cos(t); y=sin(t);}
plot(a(20)+b(40),wait=true);

mesh th=buildmesh(a(20)+b(40));

plot(th, wait=1,ps=“th.eps”);

fespace Vh(th,P2); Vh u=sin(x*y), v=x*exp(-Vy);
plot(u,v,wait=1, value=1,£fill=1,dim=3);

RRIOH R
AN

RSN DO
VISERRIRRN

More: cut, link with gnuplot and medit




Interpolation
border a(t=-pi/2,pi/2){ x=cos(t); y=sin(t);}
border b(t=pi/2,3*pi/2){ x=cos(t); y=sin(t);}
mesh thl=buildmesh(a(10)+b(10));

mesh th2=square(5,5,[2*%X,2*y-1]); \/\/&/ﬂ
plot(thl,th2, wait=1l);

fespace Vhl(thl,P2); Vhl wl,ul=0; =
fespace Vh2(th2,P1); Vh2 w2,u2=0; X

macro Grad(u) [dx(u),dy(u)] //
func £=1;
int i; // to avoid refactorization LU
problem Ll(ul,wl,solver=LU, init=i)
= int2d(thl) (Grad(ul) '*Grad(wl))
-int2d(thl) (f*wl) + on(b,ul=0)+on(a,ul=u2);
problem L2(u2,w2,solver=LU, init=i)
= int2d(th2) (Grad(u2) '*Grad(w2))
-int2d(th2) (f*w2)
+ on(4,u2=ul) +on(l,2,3,u2=0);

for(i=0;i<5;i++){
L2; Ll1; plot(ul,u2,wait=1);}
Rule: pointwise evaluation when needed




Multi-Physics

mesh th=square(20,10,[x,y/4+1]1);
fespace Vh(th,P2); Vh u,v,uu,vv;

mesh Th=square(20,20);
fespace Uh(Th,P1lb); Uh uf,vf,uuf,vvef;
fespace Ph(Th,Pl); Ph p,pp;

solve stokes([uf,vE,p],[uuf,vvE,pp]) =
int2d(Th) (dx(uf)*dx(uuf)+dy(uf)*dy(uuf)
+ dx(vf)*dx(vvE)+ dy(vE)*dy(vvE)
+ dx(p)*uuf + dy(p)*vvi + pp*(dx(uf)+dy(vf)))
+ on(l,2,4,uf=0,vE=0) + on(3,uf=1,vE=0);

real s2=sqrt(2.0);

macro epsilon(ul,u2) [dx(ul),dy(u2), (dy(ul)+dx(u2))/s2] // EOM

macro div(u,v) ( dx(u)+dy(v) ) // EOM

real E=21le5, nu=0.28, mu=E/(2*(1l+nu)), lambda=E*nu/((l+nu)*(1l-2*nu)), f=-1;

solve lame([u,Vv],[uu,vv])= int2d(th)( lambda*div(u,v)*div(uu,vv)
+2*mu*( epsilon(u,v) ' *epsilon(uu,vv) ) ) - int2d(th) (f*vv)
+intld(th,1) (50*p*vv) + on(2,3,4,u=0,v=0);

th = movemesh(th,[x,y+400*v]);
Th movemesh(Th, [x, y+400*y*v(x,1.0)1]);

u=u; v=v; uf=uf;vi=vf;
plot(v,[uf,vE],wait=0);




Non-linear problem by your own algorithm

~V-((1 +[uP)Vu) =1, ulsga =0
Try the fixed point scheme:
U™ e HI(Q) - /((1 + [u™P)VuU™T . Y w) :/fw, Yw € H}(Q)
Q Q

mesh th = square(10,10);
fespace Vh(th,Pl);

func f= exp(x) * sin(y) ;

Vh u,w, uold=x*(x-1)*y*(y-1);

problem A(u,w,solver=LU)
=int2d(th) ((1+uold”3) *(dx(u)*dx(w)+ dy(u)*dy(w)))
- int2d(th) (f*w) + on(1,2,3,4,u=0);

for(int m=0;m<5;m++) {
A; w=u-uold;
plot (w,wait=true,value=true);
uold=u;




Optimization e.g. ~V-((1 +|Vuf®)’Vu) =1, ulsa=0
mesh th = square(10,10); A better method is to solve, with q=p+1
fespace Vh(th,P1l); :
fesgace PhichPOi ; m!n (1 T ]VU|2)q B 2q/ fu
; ueH) () J Q
func £=1;
func real F(real v){return (l+v"2)"4; } //v will be |grad(u) |
func real dF(real v){return 8*(1+v"2)"3;}
func real J(real[int] & u) {
Vh w; w[]=u; // copy array u in the FEM function w
return int2d(th)(F( dx(w)"2 + dy(w)"2 ) - 8*f*w) ;
}
func real[int] dJ(real[int] & u) {
Vh w;w[]=u;
Ph rho=dF( dx(w)"2 + dy(w)"2);
varf au(uh,vh)=int2d(th) (rho* (dx(w)*dx(vh)+dy(w)*dy(vh))
-8*f*vh) + on(1,2,3,4,uh=0);
u= au(0,vh); //above with vh replaced by the ith hat function
return u;
}
real[int] u(th.nv);
for(int j=0;j<u.n;j++) u[j]=0;
BFGS(J,dJ,u,eps=1l.e-6,nbiter=10,nbiterline=10);
Vh w; w[]=u; plot(w);




FreeFemsis,easy. to use for simple problems andshard
on complex problem (the no-free lunch.theorem)

Now 3D bl“j\t‘s‘beed«iSWe: ﬁa;rallel version

. “(),/ 1 .l.\\“‘_ :

Sensitivity, optimisation, elgehvalues matrlx form,
optimal control, mesh adaptlwty 'ftc’?




