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1 Introduction

This is a crash course in the numerical solution of partial differential equations. We will use Python
to illustrate and experiment with different techniques.

The quantities we are interested in calculating are continuous functions of more than one variable,
for example u(x, y) or u(x, t).

If we differentiate such a function with respect to one variable at a time, keeping the others constant,
it is called a partial derivative — e.g.

ou(x,y) — im u(x + h,y)—u(x,y) ou(x, y) _ lim u(x,y +h)— u(x,y)_ (1.0.1)

ox h—0 h ’ oy h—0 h

It is convenient to use subscript notation to indicate partial derivatives, thus

ou ou
= — = —. 1.0.2
Ue =5 uy 3y ( )
Higher derivatives have more than one subscript:
o%u o (du o%u
= — =— == . 1.0.
o =5x2 ™M= 5 <6x> B10x (1.0.3)

A partial differential equation (PDE) is an equation involving a function u of two or more variables
and its derivatives. The order of a PDE is the highest derivative occurring. A PDE is linear if u and
all of its derivatives appear linearly (once per term in the equation).

1.1 Course overview

There are so many examples of PDEs arising in the physical sciences that it is impossible to give a
comprehensive list. This is not our focus in this course. Rather, our aims are to:

1. Introduce the basic numerical methods for solving PDEs through three examples:
(a) The heat equation u; = uyy (a parabolic equation).
(b) The advection equation u; + cuy = 0 (a hyperbolic equation).
(c) The Poisson equation uxy + uy, = f(x, y) (an elliptic equation).
You will see some other PDEs in the tutorials.
2. Equip you to be able to solve other PDEs (or systems of PDEs) that you may encounter, or at
least know where to start!

We won’t worry about the technical definition of “parabolic”, “hyperbolic” or “elliptic”, but rather will
see how these types of equation behave in practice. We will see that their solutions, and hence the
numerical methods needed to solve them, are different for each type of equation.

The central idea behind the numerical solution of PDEs is very simple: turn the continuous dif-
ferential equation into a discrete (finite) set of algebraic equations, which we can solve. Different
methods just correspond to different ways of doing this, but some work better than others.

Throughout the course we will use Python, including standard packages such as numpy. You should
be able to run the examples and solve the tutorial problems in either Python 2 or Python 3, although
you will also find a pencil and paper useful for the tutorials.

There will be a single summative assignment set in week 18.
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2 Parabolic equations

Loosely speaking, parabolic equations are equations where there is a “one-way” time evolution,
so that information is “lost” over time. The simplest example of a parabolic equation is the heat
equation

Ut = Uxx- (2.0.1)

In this section we will study finite difference methods for parabolic equations like the heat equation.

2.1 Forward-Euler method for the heat equation

Suppose u is a function of x and ¢, and that we are given initial conditions u(x, 0) = up(x) in some
finite domain x € [a, b]. We need to find u(x, t) satisfying this initial condition as well as the PDE —
for illustration, we will take the heat equation

Ut = Uyy. (2.1.1)

Step 1. Define the mesh. First, we need to define a discrete grid, or mesh, for our solution. For
simplicity, let us take equally-spaced points

xi=a+jh, j=0,1,...,J, (2.1.2
th=nk, n=0,1,...,N.

L

T
a and k = N are the grid spacing in x and t (up to end time t = T).

The constants h =

We will use a capital U to denote the numerical solution. Since this is only known at mesh points,
we use indices to denote the discrete set of values, thus

U = U(x;, to). (2.1.4)

Step 2. Discretize the PDE. This is the tricky part: we need to “impose” the PDE using only the
values of U/-” at the discrete mesh points. In finite-difference methods, we approximate the partial
derivatives u; and uyy by finite differences, just as we did for ODEs last term.

For example, we could use a forward difference for u;, so that
nel _yn
gyt -y

Ut()(/5 tn) ~ k

(2.1.5)
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For uyy, we could use central differences twice, so

Ux(Xj + 3, 1) — Ux(X; — 3h, tn)

Uxx (X}, tn) = p (2.1.6)
SR A (2.1.7)

h h h o

U, —20"+ U’
= hzf Ly (2.1.8)
Putting (2.1.5) and (2.1.8) together, we try approximating the heat equation as
+1

Uy —ijU=L/jﬁ1—2le”+le’7_1 21.9)

k h? o
— =Uj"+u(ujq1 —2Uj”+Uj’L1), (2.1.10)

k
where u = =z This is called the forward Euler method. If we specify boundary conditions and
, then the interior points satisfy the following system of linear equations:

up! =U1”+;L(U£—2U1”+ ) (2.1.11)
upt = Ug+u<ug—2ug+u1"), (2.1.12)
U™ = U7, + u(uj_1 U, + Uj_S), (2.1.13)
Ul = U7, 4 u( —2U7, + UJ",Z). (2.1.14)

Notice how we have reduced the PDE to a finite-dimensional algebraic problem.

Step 3. Solve the discrete system. Notice that our method is explicit, meaning that if we know all
of the Uj” at time level n, we can calculate one-by-one those at level n + 1. In other words, we can

march forward from the initial data U]o = U (X))

It is useful to think of the formula (2.1.10) in terms of a stencil that we apply at each point on the
grid:

n+1
Uj
n l.h—qI——ﬁ. n
J— J+1
n
Uj

This is coded up in Python in heat_fwdeul.py. Most of the code is concerned with plotting the
solution, and the main calculation loop is very simple:

1+ for n in range(N):
2 U[1:-1] += mux(U[:-2] - 2*U[1:-1] + U[2:])

A couple of points on the implementation:
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1. For an explicit method like this, we only need to store the current U”, so | am using a one-
dimensional array U and updating it “in place” as we step forward in time.
2. In this example, we are imposing the fixed boundary conditions

Up = to(x0),  UJ = to(xy),

so we only need to update the interior values U[1:-1].

Starting with a Gaussian “hump” up(x) = e, the effect of the heat equation is to spread it out.
In the plots below, the initial condition is shown in light blue, and the forward-Euler solution at time
T =1 in dark blue. The dashed red line is the exact solution, which is known to be

1 x2
ulx,t) = exp | — . 2.1.15
0= Vi p( (4t+1>> &1
I took J = 50 in both cases, but on the left  had N = 50 and on the right N = 20.
t=1 t=1
1.0 1.0
u=05 ur p= 1.25 ur

0.8 1 -—- u(x,T) 0.8 1 -—- ulx,T)
0.6 1 0.6 1

0.4 4

0.2 -

0.0

Notice how it worked for N = 50 but not N = 20! Really, it is the value of u that matters. If  is too
large, the forward-Euler method is unstable, meaning that errors grow in time. It is a general feature
of explicit methods that they are only stable if the time step satisfies some restriction.

Important: it is our numerical solution that is wrong here — the real solution of the PDE does not
behave like this!

What about the accuracy of the solution? In other words, how closely does U" approximate u(x, T)?
We measure this with the global truncation error, defined at step n as

To=||U" — u(x;, t = U™ — u(x;, tn)). 2.1.16
n=l u(xj, t)l| oo /.gml, u(xj, tn)| ( )

» For the mathematically inclined, this is called the £-,-norm and is the discrete version of the
L»-norm for continuous functions.

In our Gaussian example, we can compare the error for the two meshes using the Python code

error [n] = np.max(np.abs(U - uexact(x, t)))

which gives
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u= 1.25
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Notice that (i) the error is lower when p is smaller, and (ii) the instability for . = 1.25 eventually
causes the error to grow. We will see how to analyse the error as a function of k and h below.

2.2 Stability

For linear PDEs on regular grids we can assess the stability of a finite-difference method using von
Neumann analysis. The idea is to consider the behaviour of a single discrete Fourier mode, in other
words a sine wave of the form

UP = e = e, (2.2.1)

for some wavenumber ¢ (where i = v/—1) and we have set a = xo = 0 (without loss of generality). It
is conventional (and much easier) to use this complex form, with the implicit understanding that Uf'

is only the real part.

The following plot shows cos(¢jh) for two different modes, where J = 15. The mode on the right has
the highest wavenumber that can be resolved on this mesh (with two grid points per wavelength):

&E=2n/(Jh) E=n/h
== [ ] [ ]
1 I = 1 L, hd LA ~
r g “w T S A Y A U A S AR S A
. . T S T T B Y o
0 &~ L Y 0 :I' 'l‘I : |‘ M ; \ [l '.l K -,ll h \
- ‘o ' [ P \ [ ! \ [
- \ (W) \
-1dlen . . . 2ol ¥ & e w ¥ 4
-4 -2 0 2 4 -4 -2 0 2 4

Because the PDE (or its discrete approximation) is linear, any solution can be written as a superpo-
sition of these Fourier modes, so if we could determine the stability of each Fourier mode we would

know about the stability of any possible solution.
Let us illustrate the analysis using our forward-Euler method for the heat equation. If we have a
Fourier mode (2.2.1), then substituting it into the formula (2.1.10) gives

U = it M<ei§(j+1)h _ ogitih eis(/‘—1)h) (2.2.2)
o L L (2.2.3)
= [1-2u+ " e Uy (2.2.4)
- [1 _ou+2u cos(gh)} Uy (2.2.5)
- [1 4y sinz(gh/z)] up. (2.2.6)
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So under the forward-Euler scheme our Fourier mode evolves by changing its amplitude, with so-
called amplification factor

g(¢) =1 — 4psin’ (?) : (2.2.7)
It is clear that stability will require |g(¢)| < 1 for all £&. Since
max|g(¢)| = max{1,|1 - 4ul}, (2.2.8)
we see that stability requires
1—4p[<1 = —1<1-4p<1 < 0<p<l. (2.2.9)

In other words, stability of forward-Euler imposes the timestep restriction k < %hz, as we saw in our
numerical experiments.

The von Neumann analysis also tells us which Fourier mode is most unstable. This will be the
wavenumber ¢ with largest amplification factor. In this case, it will be when sin(¢h/2) = +1, or in
other words § = =7 /h. These are the modes

Ul = g"e*m (2.2.10)

which have wavelength 2h. This explains the wavelength of the oscillations seen earlier.

2.3 Implicit methods

To avoid timestep restrictions, we can use an implicit method. We will illustrate this for the heat
equation u; = uy and the so-called backward-Euler method. This is the same as forward-Euler,
except that we discretize the spatial derivatives at time t,,1, so

an+1 — U/n+,U,( j’rﬂ _ 2[ij7+1 + lJ/n_+11> (231)

The corresponding stencil is:

n+1 n+1 n+1
Uisn Ui Ui

mn
U;

Now the solution is more difficult because there are unknowns on both sides. We can rewrite the
formula with all of the unknowns on the left:

—MLJ/T?1 +(1 +21~L)an+1 — p,U/-'ﬂ = U (2.3.2)

Now the linear system becomes
—uUM (1 +2u) UM — = Uy, (2.3.3)
—pUf* + (1 + 2u) U3 — pU" = U,

—pUT + (1 +2p)USS — pUTty = U)oy, (2.3.5)

n+1 n+1

—H +(1+2u)UJy — pUJt5 = UJ_y.
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In matrix form,

—K
0

0

1 +2u

K
1+2u

—K

—
1+2u

0

0

—K

—u '1+2u_

n+17]
U

N+
U2

n+1
UJ—1_

n+1
umt|

T
uZ
U3

n
_UJ—1_

+ . (2.3.7)

So we have to solve this linear system of size (J — 1) x (J — 1) at every timestep. Notice how the
boundary conditions can be written in a separate vector.

To implement this, let’s use our previous example of uy(x) = e, We just need to store the three
non-zero diagonals of the matrix:

1A =
2 A[0,1:] =
s A[1,:] =
+ A[2,:-1] =

np.zeros ((3,
-mu
1 + 2*mu
-mu

J_

1))

# upper diagonal

# main diagonal

# lower diagonal

Then we can take advantage of a specialised solver to solve the banded linear system:

1 U[1:-1]1 =

The vector Ub contains the boundary conditions (zero in this example).

solutions for N = 20 and N = 5 (both with J = 50):

10

scipy.linalg.solve_banded((1,1), A, U[1:-1] + mux*Ub)

Here are the resulting

pu=1.25

0.8

0.6 -

0.4

0.2

0.0

un
Lip

=== u(x,T)

1.0

0.8 1

0.6 1

yn
to

=== ulx,T)

Notice how it remains stable even for only 5 timesteps, although the accuracy does suffer.

To explain the improved stability, we can use von Neumann analysis again. Again we start with a
Fourier mode U/" = e’ and we assume that Uj”+1 = g(§)U;" for some amplification factor g(¢) that

COMP52215
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we need to determine. Substituting into (2.3.7) gives

geltin _ gitih “(geig(jﬂ)h _ 2geitih 4 geiﬁ(j—ﬂh), (2.3.8)

= g=1+ pg(e’fh —2+ e"fh), (2.3.9)
- 2,,Lg[1 _ cos(gh)} , (2.3.10)

1 4ugsin? (’52”) | (2.3.11)

= g() 1 (2.3.12)

"1+ 4usin?(¢h/2)’

It follows that 0 < g < 1 for all u, meaning that backward-Euler for the heat equation is uncondi-
tionally stable.

» Implicit methods are mainly needed for parabolic equations like the heat equation. These are
equations where the solution u(x, t + k) depends on the solution u(x, t) at all values of x, so that
“information travels infinitely fast”. It intuitively makes sense to couple together all x values in the
numerical solution. For “hyperbolic” equations like the wave equation, the solution has only a finite
domain of dependence, so implicit schemes are not required.

2.4 Accuracy and convergence

There is a general rule with finite difference methods that convergence to the solution (as the grid
gets finer) requires both accuracy and stability.

We have already seen stability, but what about accuracy? This is the (fairly obvious) requirement
that the discrete formula should tend to the original PDE in the limit of small h and k. In other words,
the method is “solving the correct equation at each time step”. Such a method is called consistent.

To verify this, we define the truncation error to be the extent to which the exact solution fails to
satisfy the finite-difference formula, when written in the same dimensional form as the original PDE.
For example, consider again the forward-Euler method for the heat equation. Let u/-” be the exact
solution on the mesh at t = t,, so u/-” = u(xj, ty). Then the truncation error is defined to be

nl_gn oy oyn eyl
o u; y' o Uiy 2u;" + UL 2.4.1)
= P 2 . 4.

» Notice that it is conventional here to write the forward-Euler formula in the original form (2.1.9),
rather than the rearranged form (2.1.70).

Consistency requires sjf’ — 0 as h, k — 0. The standard way to verify this is to expand each term in
sf in a Taylor series about the common point (x;, #;). We have

h2 3 h4
u/qr1 =u(xj+h ty) = U/n + h(UX)/"7 + ?(Uxx)/,‘7 + E(Uxxx)/,‘7 + ﬂ(uxxxx)/,'7 + O(hs)y (2.4.2)
n n n h2 n h3 n h4 n 5
u_1 = u(xj — h, ty) = U — h(Ux)j + ?(Uxx)j - E(Uxxx)j + Q(Uxxxx)j +O(h?), (2.4.3)
k2
an+1 = u(Xk, th+ k) = an + k(ut)f + E(Uﬁ)}1 + O(ks). (2.4.4)
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So substituting in (2.4.7) gives

k H?
gj’.”’ = (Ul‘)/’" + E(Utl‘)]{7 + O(kz) - (UXX)F - E (Uxxxx);7 + O(h4), (2-4-5)
k H?

In the last step, we used the fact that u;’ is the exact solution of the PDE u; = uyx. From this
expression, we see that s]f’ — 0 as k — 0 and h — 0. In other words, the forward-Euler method is
consistent with the heat equation.

» An inconsistent method would have some term in 51’7 that does not tend to zero as h and k tend
to zero.

The remaining powers of h and k tell you how rapidly gij — 0. This is what we call the order of
accuracy. For this method, we will have asymptotically that sj’-7 = O(k) + O(h?), so we say that the
method is first-order in time and second-order in space. A higher order of accuracy means that you
don’t need such small h or k to get a more accurate solution.
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3 Hyperbolic equations

Hyperbolic equations are those where information propagates in time at a finite speed. The simplest
example is the advection equation
U+ cuy =0, (3.0.1)

where we will assume that ¢ > 0. Solutions are functions of the form

u(x, t) = f(x — ct), (3.0.2)
namely functions moving to the right at constant speed 2—); =C.

1.0 — >0
0.8 - .
0.6 -
0.4 1
0.2 -
0.0 - ; ; ; ; . . ; .

-8 -6 -4 -2 0 2 4 6 8

3.1 Upwind method

The simplest discretization of (3.0.1) would be forward differences in both derivatives. Then

—_yn
I _

k h =0

= UM =(1+3)U" - AU}y, (3.1.2)

J+1

urt —ynun
! Ly (3.1.1)

where A = ck/h. Again, we can check the method for consistency with the PDE by looking at the
local truncation error:

nel _ n no_yn

e = 4 p 4 +cuf”h Y (3.1.3)
1 K2 LLTTRY.
= | K(ur)] + 5 (un )-+O(k3)] ;[h(ux)j+2(uxx)j+0(h3) (3.1.4)
= ()] + ( v); + OK?) +c(ux)j Czh(uxx)j”+0(h2) (3.1.5)
g(un) (Uxx) : 2+ HP). (3.1.6)

Since this tends to zero as h and k tend to zero, the method is consistent, with order of accuracy
O(h + k).
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To check stability, we apply the von Neumann analysis, which gives
urt = (142 =2 Uy (3.1.7)
= g =1+x(1—-¢e"*"). (3.1.8)

Stability requires |g(¢)| < 1 for all §&. We have

19(8)[2 = [1 . Acos(ih)]z + AZsin?(¢h) (3.1.9)
14201 +)) [1 - cos(gh)} . (3.1.10)

So for stability we would need
2A1+3) <0 &  -1<A<0. (3.1.11)

But A = ck/h > 0, so the scheme is unstable! We can see why by thinking about the domain
of dependence of the true solution, which moves at speed ¢ > 0. The true solution at t,,1 is
determined by values at f, that lie to the left of x;. But for the forward-difference in space, these are
outside the numerical stencil:

forward (always unstable) backward (stable) backward (unstable)

To rectify this, we need to replace the forward spatial difference with a backward difference. This is
called the upwind method:
UMt = (1 = U + AU . (3.1.12)

For stability, the above picture suggests that the distance travelled by the true solution in one time
step should be no bigger than the mesh spacing in x, meaning ck < horin other words A < 1. This
is supported by the von Neumann analysis, which now gives

9(§)7 = 1= 2X(1 = X)[1 — cos(gh) . (3.1.13)
so that stability now requires
2X(1 =) >0 — 0< A<, (3.1.14)

This is called the Courant-Friedrichs-Lewy, or CFL condition.

To illustrate the upwind scheme, let ¢ = 1 and consider the exact solution of a Gaussian pulse
u(x, t) = e~ x—1° (3.1.15)

This is implemented in adv_upwind.py. The following plot shows the solution at t = 2 for J = 100,
N = 40, giving X = 1.
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1.0 ~

R
— n
A= 05 1 g v
—== ulx,T)
0.8
0.6
0.4
0.2
0-0 T T

The solution is stable, as predicted by the CFL condition. But, although it has been advected at the
correct speed, the shape of the function has changed — it seems to be smoothed out.

To understand this, let us examine the local truncation error. Using A = ck/h and uy = €% Uyy,

n+1 n n n
u:; —U; u. — U/-_1

g =~ p L ¢! - (3.1.16)
I k()™ )+ 00 + € () = 2 () + 08 3.1.17
_E (Ut)/'+?(uﬂ)j+ ( ) +E (UX)]'_?(UXX)/"" ( ) ( - )
k ch

= (u); +c(u)] + 5 (un)] — > (uxx)] + O(K? + 1) (3.1.18)

c?k ch
= (ut);) + C(ux)/'.7 + <2 — 2> (uxx);7 + O(k? + h?) (3.1.19)
= ()] +c(u)] - %h (1 =) (uxc)] + O(K? + H?). (3.1.20)

So the numerical method behaves as though it is solving the PDE

u,+cux—%h(1 — AU =0, (3.1.21)

which is an advection-diffusion equation. The extra diffusive term explains the smoothing of the
profile that we observed for A = % Our analysis predicts that this term should go away for A = 1.
We can verify this in the code by setting N = 20:

1.0

0.8 1

0.6 1

0.4 1

0.2 1

0.0
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» Usually in practice we don’t have the luxury of taking A = 1. For example, there may be another
term in the PDE that puts a further restriction on N, or the advection speed ¢ may be spatially
non-uniform so that we can’t have the same value of A everywhere.

3.2 Lax-Wendroff method

The upwind method is only first-order, since the global error is O(h + k). To derive a second-order
method, start with the Taylor series in time,

2

UJU” = u/f’ ¥ k(uf)/'.7 + %(u@; + O(K?). (8.2.1)

Now replace the time derivatives by spatial derivatives, using the fact that u; = —cuy and uy = ¢ U.
Thus

n+1 n n Czkz n 2
u™t = ufl — ck(ux)/. + T(Uxx)j + O(Kk?). (3.2.2)
Then approximate the spatial derivatives by central differences, leading to
Un+1 _ Un A n n >‘2 n 2Un n 323
i = /—5( i1 — /—1)+§( Py =207 + Uly), (3.2.3)

called the Lax-Wendroff method. You can show [exercise] that this method has global error O(h? +
k?), and that the stability condition is still A < 1. The method is implemented in adv_laxwendroff .py.
For A = % the solution is more accurate than the upwind method:

1.0

—-== u(x,T)
(2]

0.8

0.6 1

0.4 4

0.2

0.0 T T

To see the limitations of the Lax-Wendroff method, the code adv_laxwendroff_erf.py considers
the advection of a steeper function,

u(x, t) = erf [4(x . t)] . (3.2.4)

With Lax-Wendroff we find:

COMP52215 15 [updated February 12, 2021, ARY]



— U'.IT
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The numerical method has introduced spurious oscillations, called numerical dispersion.

3.3 Dispersion error

To investigate the dispersion error, we can again use Fourier analysis. Unlike in von Neumann
analysis, consider a travelling wave mode, u(x, t) = e/&~%_ |f we substitute this into (3.0.1), we
get

—iwe =Wl 4 jgcel®—wh o — w = c¢. (3.3.1)

This is called the dispersion relation for the advection equation — it says that modes of all wavenum-
bers travel at the same speed w/¢ = c.

Now suppose we compufte‘the dispersion relation for the numerical method. We do this by substi-
tuting U7 = e/&~«h) = /&M=« into the formula (3:2.3) for Lax-Wendroff, giving

. b . b .
—iwk h —i&éh h —iéh
e =1—§(e’g —e ’5)+?(e’g +e %M —2) (3.3.2)
— 14 ,\2(cos(gh) - 1) — ixsin(¢h). (3.3.3)

Notice that for X = 1, this reduces to e~“k = e~¢" so we recover w = ¢éh/k = (c/\)¢ = c£, which
matches the true dispersion relation for the PDE. For || < 1, the real part gives

cos(wk) = 1 + A2 ( cos(¢h) — 1). (3.3.4)

The following plot shows this function for different values of A:
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It is evident for 0 < A < 1 that modes with larger £ have wk /X < &h, or in other words they travel at
speed w/& < c. This explains why the higher wavenumber modes were seen to “lag behind” in the
error function example.

» In fact, it is impossible to find a linear second-order (or higher-order) method that does not pro-
duce unwanted oscillations for the advection equation. This is known as Godunov’s Theorem. To get
around this, fancier advection methods are nonlinear (i.e., the coefficients of the finite differences
depend themselves on U).

3.4 Finite volume methods

PDEs of the form
u+ [f(w)], =0 (3.4.1)
are called conservation laws because
d b b b
— [ udxs= / updx = —/ [f(u)]  dx = flu(a, t)] — f[u(b, 1)]. (3.4.2)
dt a a a

In other words, the integral of u over an interval a < x < b can change only by a net flux in or out
of the boundaries x = a, b. Since this is often an underlying physical principle from which a PDE is
derived, it is desirable to preserve this in a numerical scheme.

The idea of a finite-volume method is to approximate (3.4.2) over an individual cell of the mesh. We

have exactly that
d

dt/x, " udx = flulxi, )] — flu(Xjs1, B)] (3.4.3)

Integrating this from t, to f,.1 gives
Xj1 Xj1 ] tns1
/ u(x, tn+1)dx—/ u(x, ty) dx=/ flulx;, )] dt—/ flu(xi1, 1)] dt. (3.4.4)
X; Xj th th

Writing in terms of spatial or temporal averages, we have

+1 n+y ny
(U] - Uy) = k(A - ), (549
k +1 +1
= Y=gy R(E AT, (49
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In finite volume methods, we use this formula to solve directly for the spatial cell-averages Ufl I
2

1
Different methods correspond to different ways of approximating the time-averaged fluxes an+2 in
terms of the U,Zl

2

Notice that (3.4.5) mirrors the conservation property (3.4.2) of the original PDE, even when summed
over a region of the mesh.

3.4.1 Advection equation

Let us apply the finite volume method to our usual advection equation u; + cuy = 0 with ¢ > 0. In
this case the flux is simply f(u) = cu, so we want to approximate

1 1 tnt
F™2 o / cu(x;, t) dt. (3.4.7)
j k /.,
Remember that the advection equation moves u at constant velocity ¢, without changing its shape.
So

1 thi1 1 thst
k/ cu(x;, t)dt = k/ cu(x; — c(t — t), ta] dt. (3.4.8)
tn tn

We can therefore derive an approximation by choosing a subgrid model for u at t = t,, and integrat-
ing this. The subgrid model has to be based on the known cell averages, U/’ll
2

It is typical to assume a linear subgrid model, where u within the cell x;_1 < x < Xx; is given by

U(X, tn) = UH 1 +O'(7 1(X—X-_1
=3 =3 I3

) (3.4.9)

for some slope o”

i of the straight line. Notice that the subgrid model is defined so that

N

1 (%
h /. I=3
—1
for any slope aj(’_l. Different choices of slope give different finite-volume methods.
2
The resulting approximation of the flux is
N+ 1 et
Fi 2= k/ culx; — c(t — ty), tx] dt. (3.4.11)
tn
Assuming the CFL condition, we know that x; — c¢(t — f,) lies in the cell x;_1 < x < xj, SO
T (T B R ¥ t dt 3.4.12
] c(j_%+aj_1§[xj—c(t—,,)—xjf%D (3.4.12)
n n thei h
= CL]] % + EO']_% /t; (2 — C(t — tn)) dt (3413)
k
n E n ﬁ A /
= ch.f; + kal'l,/o <2 ct) dt (3.4.14)
U+ Son Pk _ ok
=CU_1+ 0, 4 ( > " 5 (3.4.15)
o+ 5o (0
= ch_% * 501 h—ck). (3.4.16)
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So the method is

Ut = Un, —A(UQ1 o 1) _

+3 +3 I+3 =3

o, —o" 1). (3.4.17)
2

It remains to choose the slopes oj’ll.
2

Donor cell method

If we choose alfl 1 = 0 (zero slopes) we get the donor cell method
2

U = un, - A(U."1 oy 1). (3.4.18)
Ths I+3 J+3 =3

2

This is the same formula as the upwind method, except for an h/2 shift. So we expect it to behave
similarly, smoothing out the solution.

Lax-Wendroff method

If we make a “downwind” approximation of the slopes, with

Uy = Uiy
n _ 2 2
01 = p , (3.4.19)
you can show after some algebra [exercise] that we recover the Lax-Wendroff method
ur = ur —5(U” - ur )+l2(u" —2U7, + U",) (3.4.20)
3 T e T 2Ty T ) T ey T e T ) *
again shifted by h/2.
Fromm’s method
If we make a centred approximation of the slope,
ur, —un,
n _ 2 2
R T (3.4.21)
we obtain a new method called Fromm’s method:
A1 =)
n+l _ pyn n __pmn o\ _ n_ g __qyn n
U= U AU - gy - T (U gy - Uy e

The Python code adv_fv.py compares these three methods for the test problem u(x, f) = erf [4(x —

t)],withJ: N = 100:
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1.0 1 —— Donor cell
Lax-Wendroff
—S— Fromm

0.5

0.04

—0.5 1

The donor cell and Lax-Wendroff methods behave the same as before (note that | stretched out the
x-axis for clarity). The Fromm method is better but still shows some overshoot both ahead of the
front and behind it.

3.4.2 Slope limiters

To avoid spurious oscillations, it is a good idea to choose a method that is total variation diminishing

(TVD). This means that
J—1 J—1

S |um —um) < 'u."
, Pz 72 ,
J= J=1

: (3.4.23)

so that new oscillations cannot develop.

It can be shown mathematically that the donor cell method (¢ ; = 0) is TVD, consistent with the

j+3

behaviour that we have seen. On the other hand, Lax-Wendroff énd the Fromm method are not.

It is possible to make a TVD scheme that is less dissipative than donor cell by allowing non-zero
slopes subject to a slope limiter. The simplest example is the minmod limiter, whereby

6", = minmod | L2__J=e it: i (3.4.24)
s h ' h

|
2
and the minmod function is defined by

a if|al <|bland ab >0,
minmod(a, b) = { b if |[a| > |b| and ab > 0, (3.4.25)
0 ifab<0.

This chooses the smallest of the two slopes, provided they both have the same sign, otherwise it
sets the slope to zero. This prevents oscillations from developing.

The Python code adv_fv_minmod. py adds this to the previous plot:
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0.04
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3

» The minmod method is TVD but does still smooth sharp functions a little. A TVD method that
sharpens discontinuities (sometimes excessively) is the superbee.
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4 Elliptic equations

Intuitively, elliptic equations are those with no notion of “time dependence”. The whole domain
is coupled together, and the solution is determined solely by boundary conditions. The classic
example is the Poisson equation

Uxx + Uyy = (X, y). (4.0.1)

We will look at both finite difference methods for regular grids and finite element methods for more
general grids.

The fact that the whole domain is coupled together means that the algebra tends to be more expen-
sive, and techniques are needed to simplify this.

4.1 Finite difference methods

We will discretize the Poisson equation (4.0.1) in a square domain x € [a, b], y € [a, b]. Similar to
before, we use an equally spaced mesh with

Xj=a+jh,  j=0,1,..,J, (4.1.1)
yi=a+lh, 1=0,1,..,J, (4.1.2)
—a

b . .
where the mesh spacing is h = . We approximate u(x;, y;) by the discrete solution U ;.

The simplest method is to use central differencing in both spatial dimensions, approximating the
PDE (@.0-1) by
Uayg—2Uj +U-1; U —2U;+ Uj -4
2 ¥ H2
= U_1+ Uyt — 84U + Uy + Uy = HPFy, (4.1.4)

=11, (4.1.3)

where f;; = f(x;, y;). This is known as the five-point method, and has the following stencil:

Uj,l+1
Uj,i

Uj-1, Ujt1.l

Uji-1

This gives a system of (J — 1)? simultaneous linear equations for the interior points, with boundary
values needing to be supplied.

The matrix that we get depends on the numbering system for the points. The simplest is so-called
lexicographic ordering: start at the bottom left and number consecutively from left to right, bottom
to top. For example, with J = 4 we have the following situation:
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The red points are boundary values and the bold numbers show the lexicographic ordering of the
internal nodes. Centering the stencil at 1 gives

+ U2!1 - 4U1,1 + + U1!2 = h2f1’1. (4.1 5)
Centering the stencil at 2 gives
U1,1 + U3!1 — 4U2!1 + + U2!2 = h2f2,1. (4.1 .6)

And so on. Writing out the equations in full, and moving the boundary terms to the right-hand side,
we have

4 1 0 1 0 0 0 0 07/ [Ux (1]
1 =4 14 0 1 0 0 0 0] |U; o
0o 1 -4 0 0 1 0 0 O] |Us; .1
1 0 0 -4 1 0 1 0 0] |Uyo fi2
0 1 0 1 —4 1 0 1 0/ |Us2| =k - (4.1.7)
0 0 1 0 1 -4 0 0 1]||Usp fy.0
0 0 0 1 0 0 -4 1 0] |Us fi.3
0 0 0 0 1 0 1 -4 1| |Us fo
0 0 0 0 0 1 0 1 -4 [Uss. 53
A

More succinctly, we can write the matrix A in block form as

C 0 -4 1 0
I{, whereC=|1 -4 1]. (4.1.8)

C o 1 -4

I
A=|1 C
0 I
There are 3 blocks in each row/column of A because the mesh has 3 rows of unknowns. Each block
is 3 x 3 because the grid has 3 columns of unknowns.

In general, for a J x K grid, the matrix A will have K — 1 blocks in each direction, with each submatrix
having dimension (J — 1) x (J — 1),

cC 1 0 --- 0 4 1 0 --. 0
I ¢ 1 " 1 -4 1 :

A=lo 1 ¢ ol, whereC=|¢o {1 _—4 "-. o] (4.1.9)
: I 1
0 0 I C| | 0 0 1 —4
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As an example, consider the simple case of f(x, y) = 0 (the Laplace equation) on the unit square,
with boundary conditions u(x, 0) = sin(mx), u(x, 1) = sin(mrx)e~" and u(0, y) = u(1, y) = 0. You can
easily verify (by substituting into the PDE) that the exact solution to this problem is

u(x, y) = sin(rx)e™ ™. (4.1.10)

The 5-point finite difference solution is implemented in 1aplace_5pt.py.

A mathematical trick for constructing the matrix A in Python is to write it as a Kronecker sum
A=B®I,_1+1,_1® B, (4.1.11)

where 1,_4 is the (J — 1) x (J — 1) identity matrix and B is the (J — 1) x (J — 1) matrix

—2 1 0 0

1 -2 1 :
B=|o 1 _2 - ol. (4.1.12)

1

0 0 1 -2

The Kronecker product M® N of two n x n matrices M, N is the n? x n?> matrix obtained by replacing
entry m; by the matrix m;N. For example,

2.4 -2.0 1.1 1.0]7 [-2 0 1 0
2 1]7_[1 o] |20 21 1.0 1-1 0 -2 0 f
[1 —2}‘8[0 1]= i1 1.0 21 2.0/ |1 o -2 of “
1.0 1.1 —2.0 —2-1 0 1 0 -2
You should check that
4 1 1 0
2 17_[1 0] [t o] _[-2 1 1 -4 0 1
[1 —2}‘8’{0 1}*{0 1}‘8’{1 —2]= 1 0 -4 1| (4.1.14)

The scipy.sparse library in Python has a built-in function for the Kronecker sum (4.1.11), so we
can construct A with the following code:

import scipy.sparse as sp

main = [-2 for i in range(J-1)]

upper = [1 for i in range(J-2)]

lower = upper

B = sp.diags([main, upper, lower], offsets=[0,1,-1])

A = sp.kronsum(B, B)

Notice that we are storing A as a sparse matrix, meaning that we don’t waste memory storing all of
the zeros. If you have a sparse matrix, you can turn it into a full matrix with

print (A.todense ())

The tricky part of the Python implementation is to get the boundary conditions correct, which is an
exercise in keeping track of the order of the elements.

Here is the result of our test problem (4.1.10), with J = 16 (top), J = 32 (middle) and J = 64 (bottom):
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Numerical U, ] = 16 Exact u
1.000

1000
0.00108

0.00096
0.00084
0.00072
0.00060
0.00048

0.875 0.875

0.750 0.750

0.625 0.625

0.500 > 0.500 >

0.375 0.375

0.00036
0.00024
0.00012
0.00000

0.250 0.250

0.125 0.125

0.000 0.000

000 025 050 075 1.00

1.000

1000 0.000288
0.000256
0.000224
0.000192
0.000160
0.000128
0.000096
0.000064
0.000032

0.875 0.875

0.750 0.750

0.625 0.625

0.500 > 0.500 >

0.375 0.375

0.250 0.250

0.125 0.125

0.000 0.000 0.000000

1.000 1.000 0.000072

0.875 0.875 0.000064

0.000056

0.750 0.750

0.000048
0.000040
0.000032
0.000024
0.000016
0.000008
0.000000

0.625 0.625

0.500 > 0.500 >
0.375 0.375
0.250 0.250
0.125 0.125

0.000 0.000

The following log-log plot shows how the maximum error (blue points) scales with h:

1071 4

1072 §

1073 §

Max |U—u|

104 4

1075 4

106 4

1072 1071

There is a clear slope of 2 on the log-log plot, indicating that the (global) error scales like O(h?) and
this is therefore a second-order method.

» The “local truncation error” method no longer gives us an obvious way to bound the global error,
but it may be proven mathematically that the global error is indeed O(H?).
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4.2 Fast-Poisson solvers

If you try the 1aplace_5pt.py solution for larger grids, you will see that the computation — solving
the linear system — becomes slower and slower. One way to get around this is to use an iterative
method such as multigrid to solve the linear system. [This is beyond our scope.]

Here, | will discuss a simple but highly effective method for solving the Poisson equation on a regular
grid, called a fast-Poisson solver. This is not really a different method — it is just a trick for solving
the linear system that arises in the 5-point finite-difference scheme.

Consider again the 5-point method for the Poisson equation, namely
Uimt + Ui — U + Uj -1 + Up ey = BPE. (4.2.1)

If the solution u(x, y) is periodic in x and y, then it makes sense to approximate U;, as a discrete
Fourier transform in both x and y, which means we write

1 - ” .
ljj,/ - j m,nez"”/m/Jez"”/n/J. (422)

Here Um,,, is the diiscrete Fourier transform of U; ;. Notice that we don’t sum over the last point m = J
or n = J because it is the same as the first point m = 0 or n = 0 by periodicity.

If we also do a similar transform to the right-hand side,

J—1J-1
1 R , .
)?,/ — 7 E fm’neZWUm/JeZWI/n/J’ (423)

n=0

3

0
then we can substitute these into the finite-difference formula (4.2.1) and cancel common factors to
get

Umn<e—27rim/J +e2mim/J _ 4 g=2min/J | ezm'n/J> . (4.2.4)
P 2 2mwn .
= Unn [2 cos (73m> +2co0s <3> - 4] = hPtnn, (4.2.5)
. Wt
—  Unpn= L (4.2.6)

2 [cos (#77) + cos (237) — 2]
In other words, we have a simple formula for Uy, , in “Fourier space”. We can then transform the
solution back to real space by plugging these values into (4.2.2).

To implement the scheme, we need to be able to compute ?,, which is given by forward discrete
Fourier transform (4.2.3), or

J—1J-1

'fm’n — Z Z f/',/ 6727rimj/J6727Tin//J. (427)
j=0 /=0

Note the change of signs in the exponentials and also the difference in overall normalisation.

This method is implemented in poisson_bptfast_periodic.py. The discrete Fourier transform
assumes periodic boundary conditions. So we try it with the test problem

u(x, y) = sin(2mx) sin(2my) (4.2.8)
which solves the Poisson equation with right-hand side f(x, y) = —87? sin(27x) sin(27y). The fast-

Poisson solver is simply coded as follows:
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U = -8%np.pi**2*np.sin(2*np.pi*X)*np.sin (2*np.pixY) # f

U = np.fft.fft2(U) # f-hat

M, N = np.meshgrid(range(J), range(J))

U = 0.5%h**2%xU/(np.cos (2*np.pi*M/J) + np.cos(2*np.pix*xN/J) - 2) #
U-hat

U[0,0] = 0 # otherwise we divide by zero!

U = np.real(np.fft.ifft2(U)) # U

The method works nicely because of the speed at which the discrete Fourier transform (and its
inverse) can be computed (FFT stands for fast Fourier transform). Notice that | only need a single
array U, which I first use to store the right-hand side, then overwrite several times.

Here is the result:

Numerical U, | = 64

r 0.96 L0 r 0.96

r 0.00072

r0.72 r0.72

r 0.00054

0.8

r 0.48 r 0.48

0.00036

Lo2a o6 L 0.24 H- 0.00018
s, H0.00 > H0.00 > - 0.00000
| _p2q4 04 L _0.24 H —0.00018
| _o.48 L _o.a8 H+ —0.00036
L 072 0.2 | 72 HF —0.00054
X L _p.96 00 L _p.96 - ~0.00072
0.00 025 050 075 1.00 0.00 025 050 075 1.00
X X X

Again we find that the convergence is second-order, as we see from the following plot, where | was
easily able to take J = 8192 on my desktop machine:

10~% 4

Max |U—u|

1075 4
106 4

10-7 4

. ‘ . .
1074 1073 1072 1071

We can deal with non-periodic boundary conditions by restricting the Fourier transform. In particular
1. To specify u — use only sine functions (discrete sine transform).

.. Ou . . . ,
2. To specify an — use only cosine functions (discrete cosine transform).

We will illustrate only the first case, to see how to apply the fast method to our Laplace problem for
Uxx + Uy, = 0 on the unit square with boundary conditions u(x, 0) = sin(rx), u(x,1) = sin(wx)e™",
u(0,y)=u(1,y)=0.
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For these boundary conditions, we write U;, as a discrete sine transform

J—1J—1 .
1 - . (mim\ . [ win
U= i Z Z Um,nsin ({j) sin <J> . (4.2.9)
m=1 n=1

This means that U;; will automatically vanish all around the boundary, due to the symmetry of the
sine functions (and hence we only need to solve for the interior values 1, ...,J — 1). As in equation
(@1.7), we need to modify the right-hand-side vector f;; to include the required boundary conditions.

This scheme is implemented in laplace_5Sptfast.py. Note that numpy doesn’t have a routine for
computing the DST, but scipy does. We have to use the “type I” DST.

import scipy.fftpack as fft

U = fft.dstn(U, type=1)

N = np.meshgrid(range(1,J), range(1,J))
0.5%U/(np.cos(np.pi*M/J) + np.cos(np.pi*N/J) - 2)
fft.idstn(U, type=1)/(2%J)**2

M,
U
U

Notice that the formula (4.2.6) is slightly modified when we use the discrete sine transform; you can
verify that two factors of two are removed. The solution is close to our previous calculation, with a
small difference due to rounding error:

Numerical U, | = 64 Exact u
I 0.96

r 0.96 L 0.0000675

r 0.0000600
r 0.0000525
0.0000450
0.0000375
0.0000300
0.0000225
0.0000150
r 0.0000075
- 0.0000000

r 0.84 - 0.84

r0.72 r0.72

r 0.60 0.60
r0.48 > 0.48 >
- 0.36 0.36

0.24

r0.24

r0.12 0.12

3 LIiEH AL 0.00
000 025 050 075 100

X X X

4.3 Finite element methods

These differ from those we have seen so far because they do not approximate the PDE by finite
differences on a regular mesh. Instead, they approximate what is called the weak form of the PDE.
As we will see, this makes it easier to deal with irregular meshes.

4.3.1 1D Poisson equation

To illustrate the idea, we first consider the 1-dimensional Poisson problem,
U = f(x) for—1 < x <1, u(—1) =u(1) =0. (4.3.1)
With f(x) = 1 the exact solution to this problem is u(x) = 5(x? — 1).

To apply finite elements we first need to derive the weak form of the PDE. To do this, multiply it by
an arbitrary test function v(x) then integrate to get

1 1
/ UxxVdx = / frdx forallv e V. (4.3.2)
—1 —1
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The set V of allowable test functions are those (i) with finite f; v2 dx, and (ii) which vanish at the
boundary, v(—1) = v(1) = 0. We then integrate (4.3.2) by parts to find

1 1 1
<uxv> 1—/ uxvxdx=/ fvdx (4.3.3)
- —1 1

1 1
= —/ Uy Vx dx =/ frdx forallv e V. (4.3.4)
—1 —1

This integral equation is called the weak form of the PDE. It can be shown to have a unique solution,
so if the original PDE has a solution we can find it by solving the weak form.

The idea of finite element methods is to discretize the weak form by approximating v and v with a
finite-dimensional basis {¢o(x), $1(x), ..., dy(x)}. For example, the discrete approximation of u(x)
would be

J
Ux) =Y _ Udj(x), (4.3.5)
j=0

which is described by a finite set of coefficients U;. Unlike with finite-difference methods, the ap-
proximating function U(x) is defined everywhere in [—1, 1]. The basis functions ¢;(x) are chosen for
ease of computation on a given mesh. We will consider only a piecewise-linear basis, so that U(x)
gives a piecewise linear approximation to u(x). The method is as follows.

Step 1. Define a mesh. Just like with finite differences we divide the domain into a discrete mesh.
The individual cells are called elements. For our 1D example, suppose we have an ordered set of

nodes {xo, X1, ..., X;}. Then the elements are line segments. They could be equal or unequal in
length:
0 2 4 6 0 2 4 6
q M3 W3 e
0 1 2 3 4 5 6 7 01 2 3 4 5 5] 7
71100 70I.]'5 70I.50 70125 O.E)D 0.|25 O.ISO 0.".’5 l.lli)O 71100 701?5 70I.50 70125 O.IOD O.éS 0.|50 0.1!5 l.IOO
X x

Step 2. Define the basis functions ¢;. We take each ¢, to be a “hat” function that is equal to 1 at
node x;, equal to 0 at all of the other nodes, and a straight line in between each node. Thus

X — Xj—1
— X1 < X <X,
X — X1
(x) = Xjv1 — X
pi(x)=q 21—~ X <X < X1 - (4.3.6)
Xjs1 = X
0 elsewhere

For the right-hand mesh above, these look as follows:
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Po(x) $1(x) $2(x) $3(x)

1.0 1.0 1.0 1.0
0.5 0.5 0.5 0.5
0.0 0.0 0.0 0.0
-1 0 1 -1 0 1 -1 0 1 -1 0 1
X X X X
@a(x) ¢s(x) ¢s(x) ¢7(x)
1.0 1.0 1.0 1.0
0.5 0.5 0.5 0.5
0.0 0.0 0.0 0.0
-1 0 1 -1 0 1 -1 0 1 -1 0 1
X X X X

Notice that there are exactly two non-zero basis functions on each element, and exactly one non-
zero basis function at each node.

Step 3. Discretize the weak form. If we consider only piecewise-linear test functions on the same
mesh, then it suffices to satisfy (4.3.4) for each of the basis functions ¢«. This gives us a system of
J + 1 equations

_/10 EJ U | 2% ax = /1 fordx  fork=0,..,J (4.3.7)
L Ox o 191 | “ax B Kk y ey, .3.
which can be rewritten in the form
a¢/ ad’k !
E / o ax X = /_1 fex dx fork=0,...,J. (4.3.8)

fx

This is a linear system and the resulting matrix with entries ay; is called the stiffness matrix. The
right-hand-side vector fx is called the load vector. Since the basis functions have compact support
(being non-zero only on two elements), they only overlap with their immediate neighbours and the
stiffness matrix for this 1d problem will be tridiagonal. The diagonal entries have the form

6¢/ ad’/ dx = a¢j 04’/ dx %t 0¢/ a¢/ dx

%= | . x ox . Ox ox /X/ ax Ox (4.3.9)

for1 <j < J—1, and include only a single mtegral at the boundary points j = 0 and j = J. The
off-diagonal entries have the form

Bjju1 = 11 %?agf dx = /X - g";f ag;” dx. (4.3.10)
Inserting the definition gives, for internal points 1 < j < J — 1,
Xj 1 Xje1 1
aj = /)(/1 e dx + /x, o X dx (4.3.11)
1 1
pi ek (4.3.12)
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For the boundary points, we have

1 1
apo = , ajy=—"—"". (4.3.13)
X1 — Xo Xy — Xy—1

For the off-diagonal terms, we get

Xjs1 —1 1 —1
& j+1 =/ ( ) < ) dx = . (4.3.14)
Xj Xjiv1 — Xj Xjis1 — Xj Xjiv1 — Xj

)

This gives the stiffness matrix in terms of the element sizes.

Step 4. Solve the discrete system. We solve the system (4.3.8) using a standard linear solver,
giving the coefficients U;. The solution U(x) can then be evaluated at any x using (4.3.5).

The Python code poissonld_fem.py implements the method for the case f(x) = 1. The 1d array
nodes is a list of the x-coordinates of the nodes, and the 2d array elements is a list of node pairs,
defining the line segments. For example, with five equally-spaced nodes in left-to-right order we
would have

nodes = [-1, -0.5, 0, 0.5, 1]
elements = [[0, 1], [1, 21, [2, 31, [3, 4]1]
We construct the stiffness matrix A by looping through each element [x;, x;.1] and adding the four

contributions of £(x;,.1 — X;) to different cells in the matrix. For the equally-spaced (left-hand) mesh
above, the matrix is

7 -2 0o 0 0 0 O O
-£ 7 -2 0 0 0 0 O
0 -1 7 ~Z 0 0 0 0
S A A SN 4315
o o o o0 -2 7 -1 o
o o o o o -%2 7 -1
Lo o o o o o0 -7 %]

For the right-hand mesh, the matrix is still tri-diagonal, but the entries vary because of the non-
uniform mesh spacing:

10 —10 O 0 0 0 0 07
—10 20 —-10 O 0O 0 o0 O
0 -10 %o —1;?0 0 0 0 O
0 o - 2 -2 0 0 0
A<lo o0 0 2 6 -4 0 o0 (4.3.16)
0 0 0 0 -4 6 -2 0
0 0 0 0 0 -2 6 -4
| 0 0 0 0 0 0 -4 4
1
We also need to construct the load vector with entries f = / fé dx. For our problem f =1 we
simply have 1
1 Xk+1 1
o= [ geox=— [ pud =~ 00— ). (4.3.17)
-1 Xk—1
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» If the function f(x) in the Poisson equation is more complicated, then the integrals f; typically
need to be computed numerically, for example with the trapezium rule.

The code then solves the linear system with numpy.linalg.solve. For our boundary conditions
u(—1) = u(1) = 0, we know that Uy = U, = 0, so we only need to solve for the interior points
1 <j < J—1. The plots below show the solutions on these two meshes — notice that the solution
U(x) is a piecewise-linear function and is defined not only at discrete points:

0.0 0.0
—0.1 —0.1
—0.2 —0.2
—0.3 —0.3
—0.4 —0.4
— ulx) — ulx)
—05{ * U —054 * U
. . . . . . . . . : : . . : . . : :
-1.00 —0.75 —0.50 —0.25 0.00 025 050 075 100 -1.00 -0.75 —0.50 —-0.25 000 025 050 075 1.00
X X

4.3.2 Accuracy

Error analysis is more complex than for finite difference methods, so here we only present the most
important result, on optimality.

Recall that V is the space of functions with (i) finite fi1 v2dx and (i) v(—1) = v(1) = 0. To simplify
notation, we write the inner product of two functions f, g € V as

1
(f, g) = /1 fgdx (4.3.18)

and define the bilinear form

1
a(f,g) = /1 fxgx dx. (4.3.19)

Observe that a(g, f) = a(f, g) — i.e., this bilinear form is self-adjoint.

As usual, let u denote the exact solution to (4.3.1), and let U be our finite element approximation.
In our shorthand notation, the weak form (4.3.4) of the PDE says that

a(u,v)=—(f,v) forallv e V. (4.3.20)

The function u belongs to V, but U belongs to a subset V,, C V, consisting of all piecewise-linear
functions on a fixed mesh of elements. Because it imposes (4.3.8), it follows that U satisfies

alU,V)= —(f,V) forall V € V. (4.3.21)

1. Galerkin orthogonality. We will show that the error u — U is orthogonal to the space V. To see
this, note that V € V for any V € Vy, so by (4.3.20) we have

alu, V)= —(f,V) forall V € V. (4.3.22)

COMP52215 32 [updated February 12, 2021, ARY]



Subtracting (4.3.21) gives

a(u,V)—a(U,V)=—(f, V) +(f, V) forall V € Vp (4.3.23)
— au—-UV)=0 forall V € V. (4.3.24)

2. Céa’s Lemma. This result says that U is the “best possible” approximation to u from the subspace
Vh, when measured by the energy norm

1

1|12 = a(f, f) =/1 (£)2 dx. (4.3.25)

To see this, note first that for any V € Vy,

au—Uu—-U=au—-Uu—-V+V-U) (4.3.26)
=au—U,u—V)+alu— U,V -U) (4.3.27)
=alu—U,u—-V), (4.3.28)

where we used Galerkin orthogonality given that V — U € V;. So we have, for all V € Vy,

Fu—Uu—U=au—-Uu—V) (4.3.29)
— FPu-Uu—-U<au-Uu—Uau—V,u-V) (4.3.30)
— au-Uu-U<alu-V,u-YV). (4.3.31)

Here we used the Cauchy-Schwartz inequality &(f, 9) < a(f, f)a(g, g). It follows that
lu—Ule <|jlu=Vl]e forall V& V. (4.3.32)

In other words, no other piecewise-linear approximation on this mesh could have a lower error, at
least not measured in this norm.

» Of course, we could probably find a more accurate approximation by using a different basis
{#«(x)}. For example, see the “periodic table of the finite elements” athttp://z.umn.edu/femtable,
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