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Finite Difference Methods for Elliptic Equations
L introduction
LThe definitions of the elliptic equations

The definitions of the elliptic equations — 2nd order

A general second order linear elliptic partial differential equation
with n independent variables has the following form:

Z"”'Jaa +Zb Hc|u=f, (1)

ij=1
with (the key point in the definition)

Za,, x)&i&; > afx Zg,, x)>0, VE€R™\ {0}, VxeQ. (2)

ij=1
Note that (2) says the matrix A = (a;(x)) is positive definite.




Finite Difference Methods for Elliptic Equations
L introduction
LThe definitions of the elliptic equations

The definitions of the elliptic equations — 2nd order

@ L — the 2nd order linear elliptic partial differential operator;
® ajj, bj, c — coefficients, functions of x = (x1,...,Xn);

@ f — right hand side term, or source term, a function of x;

The operator L and the equation (1) are said to be uniformly

elliptic, if inf a(x) =a > 0. (3)
xeQ
Y ai(x)Eig=ad &, a>0, VEeR"\{0}, VxeqQ.
ij=1 i=1




Finite Difference Methods for Elliptic Equations
L introduction
LThe definitions of the elliptic equations

The definitions of the elliptic equations — 2nd order

52 o .
For example, A =37 ; 6 92 is a linear second order uniformly

elliptic partial differential operator, since we have here
aij=1, Vi, a;j=0, Vi#]j,
and the Poisson equation
—Au(x) = f(x)

is a linear second order uniformly elliptic partial differential
equation.




Finite Difference Methods for Elliptic Equations
L introduction
LThe definitions of the elliptic equations

The definitions of the elliptic equations — 2m-th order

A general linear elliptic partial differential equations of order 2m
with n independent variables has the following form:

2m n k
+L(u) £ £ Z Z a 87-%30 u=f, (4)

1 yeeny
i . ! , 8X,'1 e 8x,-k
k=1 i1,...,ixk=1

with (the key point in the definition)

n n
Z ai1»---,i2m(X)£i1 &y = afx) Z‘E/’zm,
iy iom=1 i=1

a(x) >0, VE€R"\ {0}, ¥xeQ. (5)
Note that (5) says the 2m order tensor A = (aj, ..
definite.

) is positive

'7i2m




Finite Difference Methods for Elliptic Equations
L introduction
LThe definitions of the elliptic equations

The definitions of the elliptic equations — 2m-th order

@ L — the 2m-th order linear elliptic partial differential operator;

® aj . ao — coefficients, functions of x = (x1,...,xs);

e f — right hand side term, or source term, a function of x;

The operator L and the equation (4) are said to be uniformly

elliptic, if f -
;gﬂa(x) =a>0. (6)
Z ai17~~-7i2m(X)£il T §i2m Z a Z é-lzm’
i yeeyizm=1 i=1

a>0, V¢eR"\ {0}, ¥xeQ.




Finite Difference Methods for Elliptic Equations
L introduction
LThe definitions of the elliptic equations

The definitions of the elliptic equations

As a typical example, the 2m-th order harmonic equation
(=2A)"u="f
is a linear 2m-th order uniformly elliptic partial differential

equation, and A™ is a linear 2m-th order uniformly elliptic partial
differential operator, since we have here

aj,.ibm(x) =1, if the indexes appear in pairs;

aj,....bm(x) =0, otherwise.

In particular, the biharmonic equation A%u = f is a linear 4th
order uniformly elliptic partial differential equation, and A? is a
linear 4-th order uniformly elliptic partial differential operator.




Finite Difference Methods for Elliptic Equations
L introduction

LSteady state convection-diffusion problem — a model problem for elliptic partial differential equations

Steady state convection-diffusion equation

O xe QCR"
@ v(x): the velocity of the fluid at x;

© u(x): the density of certain substance in the fluid at x;
@ a(x) > 0: the diffusive coefficient;

o f(

x): the density of the source or sink of the substance.

@ J: diffusion flux (measured by amount of substance per unit
area per unit time)

@ Fick's law: J = —a(x)Vu(x).
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Finite Difference Methods for Elliptic Equations
L introduction

LSteady state convection-diffusion problem — a model problem for elliptic partial differential equations

Steady state convection-diffusion equation

For an arbitrary open subset w C £ with piecewise smooth
boundary Ow, Fick's law says the substance brought into w by
diffusion per unit time is given by

/aw J-(—v(x))ds = /6w a(x)Vu(x) - v(x) ds,

while the substance brought into w by the flow per unit time is

/ u(x)v(x) - (—v(x)) ds
Ow

and the substance produced in w by the source per unit time is

/w f(x) dx.
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Finite Difference Methods for Elliptic Equations

L introduction
LSteady state convection-diffusion problem — a model problem for elliptic partial differential equations

Steady state convection-diffusion equation

Therefore, the net change of the substance in w per unit time is
d
u(x) dx = / a(x)Vu(x) - v(x) ds
Ow

dt J,,
_ /@ ulv() - v(x) ds + / £(x) dx.

w
By the steady state assumption, % [, u(x) dx = 0, for arbitrary w,
and by the divergence theorem (or Green's formula or Stokes
formula), this leads to the steady state convection-diffusion
equation in the integral form

/{V-(aVu—uv)—l—f} dx =0, Yw
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Finite Difference Methods for Elliptic Equations
L introduction

LSteady state convection-diffusion problem — a model problem for elliptic partial differential equations

Steady state convection-diffusion equation

The term —[a(x)Vu(x) — u(x)v(x)] is named as the substance
flux, since it represents the speed that the substance flows.

Assume that V - (aVu — uv) + f is smooth, then, we obtain the
steady state convection-diffusion equation in the differential form

—V - (a(x)Vu(x) —uv) = f(x), VxeQ.

In particular, if v=0 and a = 1, we have the steady state diffusion
equation —Au = f.
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Finite Difference Methods for Elliptic Equations
L introduction

L Boundary conditions

Boundary conditions for the elliptic equations

For a complete steady state convection-diffusion problem, or
problems of elliptic equations in general, we also need to impose
proper boundary conditions.

Three types of most commonly used boundary conditions:

First type u=up, Vxe&oo,
0
Second type S g, VxeoQ,
v
. ou
Third type E +au=g, Vxeoi
v

where o > 0, and « > 0 at least on some part of the boundary
(physical meaning: higher density produces bigger outward diffusion flux).
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Finite Difference Methods for Elliptic Equations
L introduction
LBoundar conditions
y

Boundary conditions for the steady state
convection-diffusion equation

1st type boundary condition — Dirichlet boundary condition;

2nd type boundary condition — Neumann boundary condition;

3rd type boundary condition — Robin boundary condition;

Mixed-type boundary conditions — different types of boundary
conditions imposed on different parts of the boundary.
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Finite Difference Methods for Elliptic Equations
L introduction
L General framework of Finite Difference Methods

General framework of Finite Difference Methods

@ Discretize the domain Q by introducing a grid;
@ Discretize the function space by introducing grid functions;

© Discretize the differential operators by properly defined
difference operators;

@ Solve the discretized problem to get a finite difference
solution;

@ Analyze the approximate properties of the finite difference
solution.
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Finite Difference Methods for Elliptic Equations
LA Finite Difference Method for a Model Problem
LA Model Problem

Dirichlet boundary value problem of the Poisson equation

{—Au(x) = f(x), VxeQ,
u(x) = up(x), Vx € 09,

where Q2 = (0, 1) x (0, 1) is a rectangular region.
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Finite Difference Methods for Elliptic Equations
LA Finite Difference Method for a Model Problem
L_Finite Difference Discretization of the Model Problem

Discretize Q2 by introducing a grid

@ Space (spatial) step sizes: Ax = Ay =h=1/N,;
@ Index set of the grid nodes: J = {(i,}) : (x,y;) € Q};

© Index set of grid nodes on the Dirichlet boundary:
Jo ={(i,)) : (xi,y;) € 00},

@ Index set of interior nodes: Jo = J\ Jp.

For simplicity, both (i, /) and (x;, y;) are called grid nodes.
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Finite Difference Methods for Elliptic Equations
LA Finite Difference Method for a Model Problem
L_Finite Difference Discretization of the Model Problem

Discretize the function space by introducing grid functions

e uj; = u(xj,y;), exact solution restricted on the grid;

fij = f(xi, y;), source term restricted on the grid;

Ui j, numerical solution on the grid;

V; . a grid function.
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Finite Difference Methods for Elliptic Equations
LA Finite Difference Method for a Model Problem
L_Finite Difference Discretization of the Model Problem

Discretize differential operators by difference operators

Ui—1,j — 2Ujj + Uit

— a2,
Ax? ~ O,
o Y1~ 2ujj + Uij1 Ru
Ay? yUs

The poisson equation —Au(x) = f(x) is discretized to the 5 point
difference scheme

o Aij—Ui1j—VUij1—Uq1j—Ujj
4 =
The Dirichlet boundary condition is discretized to

Uij = up(xi,y;), Y(i,j) € Jp.

—LhU,'J = f,"j, V(i,j) € Jqg.
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Finite Difference Methods for Elliptic Equations
LA Finite Difference Method for a Model Problem
L_Finite Difference Discretization of the Model Problem

Solution of the discretized problem

The discrete system

AU — U 1 — U+ 4 — Ui — U :
—LyUyy & R — WL S T £ (i, j) € Ja,

Uij = up(xi,y;), V(i,j) € Jb,

is a system of linear algebraic equations, whose matrix is symmetric
positive definite. Consequently, there is a unique solution.
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Finite Difference Methods for Elliptic Equations
LA Finite Difference Method for a Model Problem
LAnalysis of the Finite Difference Solutions of the Model Problem

Analyze the Approximate Property of the Discrete Solution

O Approximation error: e;; = U;j — u;j;

@ The error equation:

s Aeij—ei1j—€j1—

€i+1, — &ij+1 ..
—Lpen; = =) LT = Ty, Y(i,)) € Ja

© The local truncation error
Tij = [(Lp—L)ulij = Lpujj—(Lu)ij = Lpu; j+fij,  V(i,Jj) € Jao.

@ lenll = I(=Ln) " Tall < I(=Ln) Il Tll-
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Finite Difference Methods for Elliptic Equations
LA Finite Difference Method for a Model Problem
LAnalysis of the Finite Difference Solutions of the Model Problem

Truncation Error of the 5 Point Difference Scheme

Suppose that the function u is sufficiently smooth, then, by Taylor
series expansion of u on the grid node (x;,y;), we have

h3 h*

h2
Uitlj = [U + hoxu + ?8fu + F@fu -+ —

h5
ut }
g XU E ot

h? h3 h* h°
Uj j+1 = [u + ho,u + —QPu+ —BPu+ —0u+t —3u+-- }
2 Y 6 Y i

247 120

Since T,'J = Lhu,-’j = fl'J and f,"J' = —AU,"J', we obtain

1 1 ..
= ﬁh2(8iu+8§u);lj+%h4(6§u+8§u);J+O(h6), Y(i,j) € Ja.
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Finite Difference Methods for Elliptic Equations
LA Finite Difference Method for a Model Problem
LAnalysis of the Finite Difference Solutions of the Model Problem

Consistency and Order of Accuracy of L

@ Consistent condition of the scheme (or Ly to L) in /*°-norm:
lim Ty = lim max |T;;| =0,

h—0 h—0 (ij)eda

@ The order of the approximation accuracy of the scheme (or Lj,
to L): 2nd order approximation accuracy, since Tj, = O(h?)
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Finite Difference Methods for Elliptic Equations
LA Finite Difference Method for a Model Problem
LAnalysis of the Finite Difference Solutions of the Model Problem

Stability of the Scheme

Remember that
lenlloo = 11(—La) " Thlloo < I(—Ln) ool Thlloo

lim Ty = lim max |T;j| =0,
h—0 h—0 (i j)edo

therefore limp_o |lenlloo = 0, if ||(—Ln) "} ||oo is uniformly bounded,
i.e. there exists a constant C independent of h such that

max |U;;| < C( max |fi;|+ max |(u ,>
e ((u)%' U e et

[(=Lpn)"|loo < C is the stability of the scheme in /*-norm.
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Convergence and the Accuracy of the Scheme

Remember that
LUy = 4Uij = Uiaj—Uijo1 = Uip1j = Upjer ‘.

h2 iJo V(’7./) € Ja.

4e~-7e',1-—e",1—e- - — e
A TCiy i—1j iy i+1, ij+1 -
= e, = Tij, V(i,Jj) € Ja

therefore, since max; j)e, |€ij| = 0,

—Lpeij

max |U;;| < C| max 4+ max |[(up)ij| ) -
max (U] < € ( max 16,1+ max [(uo))

(ig)edp
implies also
max e :| < C max |T;;| < CTp< Ch max (Mg + M ,
(e |eijl T | Tijl (x,y)eQ( yyyy)

where Myooc = max, ycq O%ul, Myyy, = max(, ,ea |0 ul.



The Maximum Principle and Comparison Theorem

e Maximum principle of Lj: for any grid function V,
Ly >0, ie 4\U,',j < wi—l,j aF wi—i-l,j aF W;J_l aF \U,"_H_l, implies
that W can not assume nonnegative maximum in the set of
interior nodes Jo, unless V is a constant.
o Comparison Theorem: Let F = max(; jcy, |fij| and
O(x,y) = (x — 1/2)% + (y — 1/2)?, take a comparison
function 1
VE =2U;;+ 2P V(i) ed
It is easily verified that L,W* > 0. Thus, noticing that & > 0
and by the maximum principle, we obtain

1 1 ..
+U;; < iU,-J—i-ZFCD,-J < (,max |(uo)iJ\+§F, v (i,j) € Ja.
€

IJ) Jp

Consequently, [|U||oc < & max(; jyeuq |fij| + maxg e, [(Uo)ijl,



Finite Difference Methods for Elliptic Equations
LA Finite Difference Method for a Model Problem
LAnalysis of the Finite Difference Solutions of the Model Problem

The Maximum Principle and Comparison Theorem

Apply the maximum principle and comparison theorem to the error
equation

dejj —€_1j— € j_1— €11 — € ..
_Lhei,j A i.J i—1, Idh21 i+1,j ij+1 _ Ti,j7 V(I,j) c JQ.
we obtain )
e < max |e |+ =T,
|| ||oo = (i,j)eJD| u‘ 8 h

where Tj, = max(j jye, | Tij| is the /°°-norm of the truncation
error.
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Finite Difference Methods for Elliptic Equations
L General Finite Difference Approximations
L Grid and multi-index of grid

Grid and multi-index of grid

@ Discretize Q C R": introduce a grid, say by taking the step
sizes hj = Ax;, i = 1,...,n, for the corresponding coordinate
components;

@ The set of multi-index: _
J = {j: (jlv"' ajn) - X =X = (jlh].?"' vjnhn) EQ},

© The index set of Dirichlet boundary nodes:
Jp = {J €J:x= (jlhl, Tt 7jnhn) € aQD}?

@ The index set of interior nodes: Jg = J\ Jp.

For simplicity, both (7, ) and (x;, y;) are called grid nodes.
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Finite Difference Methods for Elliptic Equations
L General Finite Difference Approximations
L Grid and multi-index of grid

Regular and irregular interior nodes with respect to Ly,

@ Adjacent nodes: j, j € J are adjacent, if >} _; |jk —ji| = 1;

@ Dy, (j): the set of nodes other than j used in calculating LyUj

© Regular interior nodes (with respect to L): j € Jqo such that
DLh(j) C Q;

(o]
@ Regular interior set Jq: the set of all regular interior nodes;

- o
@ Irregular interior set: Jo = Jo \ Ja;

@ Irregular interior nodes (with respect to Lj): j € Ja.
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Finite Difference Methods for Elliptic Equations
L General Finite Difference Approximations

LControl volume, Grid functions and Norms

The control volume, grid functions and norms

@ Control volume of the node j € J:

1
7)hi7 1 S I S n}7

1
wj:{er: (j,'—i)higxi<(ji+2

and denote V; = meas(wj);

@ Grid function U(x): extend Uj to a piecewise constant
function defined on Q

U(x) = U, VX € wj.

© LP(Q) (1<

p < 00) norms of U(x):
1/p
|Ullp = {ZJVJ-|U,-|P} - Ul = max|y|.
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Finite Difference Methods for Elliptic Equations
L General Finite Difference Approximations

L Construction of Finite Difference Schemes

Basic Difference Operators

@ 1-order forward: A4, v(x,x") == v(x + Ax,x") — v(x,x');
@ 1°-order backward: A_,v(x,x’) = v(x,x") — v(x — Ax,x');
© 15-order central: on one grid step
1 1
Sxv(x,x') == v(x + EAX,X,) —v(x — EAX,X/),

and on two grid steps

Noxv(x,x") = % (Djx + Ay) v(x, X)
= % [v(x + Ax,x") — v(x — Ax, X')]

@ 2nd order central: 62v(x,x’) = 6x(6xv(x,x')) =
v(x + Ax,x") = 2v(x,x") + v(x — Ax, x).
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A FD Scheme for the Steady State Convection-Diffusion Equation

=V-(a(x,y)Vu(x, y))+V-(u(x,y) v(x,y)) = f(x,y), Y(x,y) € Q,
Substitute the differential operators by difference operators:

(1] (auX)X|,-J ~ 6X(a,-7j6Xu,'7j)/(Ax)2: where

Ox(3ijoxuij) = a1 (Ui — uig) — a1 (Ui — vima);

@ (auy)ylij ~ dy(aijdyuiy)/(Ay)?: where

dy(aijoyuij) = ai,j+%(ui,j+1 = ujj) — 3;,1'7%(“:',1‘ = Ujj-1);
© (w')ulij2x ~ Dox(uvh)ij = (uvh)igrj — (i1

O (u?)ylij20y ~ Doy(uv?)ij = (uv?)ijs1 — (uv?)ij1;



Finite Difference Methods for Elliptic Equations
L General Finite Difference Approximations

L Construction of Finite Difference Schemes

A FD Scheme for the Steady State Convection-Diffusion Equation

we are lead to the following finite difference scheme for the steady
state convection-diffusion equation:

ai+%J(Ui+1J - Ui,j) - a,;%,j(Ui i — Ui—l,j)

(Ax)?
33 (Uig = Uy) = a3, 1(Uiy — Uiy1)
(Ay)?
(U Disay = (UD)icny  (U)iger = (Uv)ij1 _
2/ X 2Ny s
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A Finite Volume Scheme for the Steady State Convection-Diffusion

Equation in Conservation Form

| (eI Vo) =utxy)uix )y vix.y) ds | x,y)dedy =0
Take a proper control volume w and substitute the differential

operators by appropriate difference operators, and integrals by
appropriate numerical quadratures:

@ for the index (/,)) € Jq, taking the control volume w;; =

{0) € QNG = e (4 b 16 - P G+ N |

@ Applying the middle point quadrature on w; ; as well as on its
four edges;

© Joulxi 1,y) ~ (uipsj— uij)/hx, etc;



A Finite Volume Scheme for the Steady State Convection-Diffusion

Equation in Conservation Form

we are lead to the following finite volume scheme for the steady
state convection-diffusion equation'

ai+%,j(Uf+1J Uij) — ( ij— Uim1y)
(AX)
3 j41(Uijr1 = Uij) — 3 ;_1(Uij — Uij1)
(Ay)?
(Uit + Uig)viy ;= (Ui + Uimag)viy
2/\x
(Ulu—i-l + Ulu) (Uu + Uij- 1)
+ 2Ay = fij,

which is also called a conservative finite difference scheme.

_l’_

l\)\b—l




Finite Difference Methods for Elliptic Equations
L General Finite Difference Approximations

L Construction of Finite Difference Schemes

A Finite Volume Scheme for Partial Differential Equations

in Conservation Form

Finite volume methods:

@ control volume;

® numerical flux;

© conservative form.
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Finite Difference Methods for Elliptic Equations
L General Finite Difference Approximations

L Construction of Finite Difference Schemes

More General Finite Difference Schemes

In more general case, say for triangular grid, hexagon grid,
nonuniform grid, unstructured grid, and even grid less situations, in
principle, we could still establish a finite difference scheme by

@ Taking proper neighboring nodes J(P);
@ Approximating Lu(P) by LyUp := ZieJ(P) ci(PYU(Q));

© Determining the weights c;(P) according to certain
requirements, say the order of the local truncation error, local
conservative property, discrete maximum principle, etc..
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Thank You!
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